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Introduction

Green fabrication of graphene aerogel using
pineapple juice for efficient degradation of
synthetic dyesT

Lu Thi Mong Thy,® Nguyen Le Hoai Thanh,® Nguyen Van Quy,” Do Thuy Khanh Linh,?
Tran Thi Nhung,® Anh-Tam Nguyen, Dai-Viet N. Vo, Le Kim Hoang Pham @ ¢
and Ly Tan Nhiem @ *?

Synthetic dyes pose significant environmental and health concerns due to their complex chemical
structures and resistance to degradation. Conventional water treatment systems often incorporate
chemical tanks and aerobic treatment to achieve complete dye removal, however, these methods
typically result in high construction costs and operational complexity. In this study, graphene aerogel
(GA) incorporated with FesO4 nanoparticles (NPs) was fabricated using pineapple juice as a reducing
agent, denoted as GA@FeszO,. Vibrating sample magnetometry results showed that the saturation
magnetization values of FesO, and GA@FesO, were 58.59 and 18.02 emu g%, respectively, indicating
that the as-prepared GA@FeszO,4 could be effectively recovered using an electromagnetic field. Further
investigation using scanning electron microscopy and transmission electron microscopy revealed that
the FesO4 NPs, sized approximately 17-20 nm, were evenly distributed on the GA surface. Notably, the
GA@FeszO4, with macropore structures ranging from 2 to 10 um, exhibited degradation capabilities for
reactive dye RB222. Kinetic models were subsequently established, demonstrating that the degradation
followed a zero-order kinetic model with R? = 0.9863, and a rate constant k = 0.07984 (mg L™ min™Y).
The GA@FezO4 synthesized in this study demonstrated high potential as an effective adsorbent for the
degradation of synthetic dyes in the textile industry. Furthermore, pineapple juice, used as a green
reducing agent, was demonstrated to be a viable alternative to other harmful reductants commonly used
in the preparation of GA.

or degradation of synthetic dyes.** Among them, graphene
aerogel (GA) materials, fabricated from chemically derived

The textile industry is a significant contributor to synthetic dye
pollution, which has negatively impacted human life and the
environment.»” These dyes in industrial wastewater are difficult
to degrade due to their resistance to light, heat, and other
oxidizing agents, leading to severe water pollution.** Conven-
tionally, synthetic dyes can be treated using electrocoagulation,®
anaerobic biological methods,® and advanced oxidation,” in
comprehensive wastewater treatment systems. However, such
advanced systems are often complex to construct and involve
high operational costs. Alternatively, a wide range of adsorbent
materials have been developed for the effective adsorption and/

“Ho Chi Minh City University of Industry and Trade, 140 Le Trong Tan Street, Tay
Thanh Ward, Tan Phu District, Ho Chi Minh City, Vietnam

*Faculty of Chemical and Food Technology, Ho Chi Minh City University of Technology
and Education, 01 Vo Van Ngan Street, Linh Chieu Ward, Thu Duc City, Ho Chi Minh
City, Vietnam

“Institute of Applied Technology and Sustainable Development, Nguyen Tat Thanh
University, Ho Chi Minh City 755414, Vietnam
T Electronic  supplementary  information
https://doi.org/10.1039/d5ra02875b

(ESI) available. See DOI:

© 2025 The Author(s). Published by the Royal Society of Chemistry

graphene oxide (GO), show promise in wastewater treatment
due to their superior properties,'™" such as high adsorption
capacity, excellent chemical and thermal stability, and ease of
recovery. Several approaches have been employed to fabricate
GA, including hydrothermal reduction,” chemical reduction,*
and template-directed reduction." Typically, the starting GO
undergoes a reduction process, losing its functional groups,
followed by gelation, where the reduced GO flakes are assem-
bled together through cross-linking agents and/or reducing
agents to form 3D hydrogel structures.'* These methods require
high energy input and the use of strong reductants to achieve
the desired 3D structures, which hinders the practical applica-
bility of such approaches in addressing dye pollution. To
enhance environmental friendliness, plant extracts have been
explored as green reducing agents for GA fabrication. Various
extracts, such as Plectranthus amboinicus,” and grape seed
extract,'® have been utilized in this regard. A promising candi-
date for this purpose is pineapple juice, which contains bioac-
tive compounds such as alkaloids, tannins, saponins,
flavonoids, vitamin C, and polyphenols. Among these, vitamin
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C,” and polyphenols,*® have been widely used as reducing
agents in the synthesis of nanoparticles. Therefore, pineapple
juice is expected to exhibit favorable characteristics as
areducing agent in the fabrication of GA, while also acting as an
effective cross-linker for stabilizing the resulting graphene
aerogel network. In addition, Fe;04 nanoparticles (NPs), known
for their peroxidase-mimic catalytic reactivity, have been
commonly used to generate free hydroxyl radicals ("OH) in
Fenton-like reactions.' These radicals are highly effective in
decomposing organic molecules such as synthetic dyes.*® Fe;0,
NPs also exhibit superparamagnetic properties,' with a satura-
tion magnetization of approximately 20-50 emu g~ * for parti-
cles in the size range of 5-10 nm, enabling strong interactions
with external magnetic fields. Proper integration of Fe;O, NPs
into the GA network is expected to overcome the natural
aggregation tendency of the nanoparticles, enhancing their
catalytic properties.”** Furthermore, GA incorporated with
Fe;0, NPs offers ease of recovery and handling, particularly in
aquatic environments. In this study, pineapple juice was used
as a reducing agent for the preparation of GA with the assis-
tance of polyvinylpyrrolidone (PVP). Fe;O, NPs were also
embedded within the GA network, enabling the recovery of GA
using a magnetic field, and the resulting GA was successfully
employed for degradation of reactive dyes.

Experimental

Materials

Graphite (99.5%), sodium nitrite (NaNO,, 99%), acid sulfuric
(HySO4, 98%), potassium permanganate (KMnO,, 99.5%),
ammonium hydroxide (NH,OH, 25%), ferrous chloride (FeCl,,
98%), ferric chloride (FeClz, 98%), and polyvinylpyrrolidone
(PVP, 95%) were acquired from Sigma-Aldrich. Reactive Blue
222 (RB222) was obtained from Alfa Chemistry. Ethanol
(C,H50H, 99.5%), and acetone (99.7%) were purchased from
Chemsol (Vietnam). Hydrogen peroxide (H,O,, 30%) was ob-
tained from Merck (Germany). De-ionized (DI) water was used
in all experiments.

Preparation of pineapple juice

First, pineapple raw materials were harvested and pre-treated
before being pressed to obtain a juice mixture. The juice was
then centrifuged at 5000 rpm for 20 minutes to obtain clear
pineapple juice, which was ready for use. The juice sample was
subsequently analyzed for total polyphenols (Tables S1, S2 and
Fig. S1t), and vitamin C content (Table S37), following the
methods described in the ESL{ The measured concentrations
were 44.98 £+ 0.85 mg per 100 mL for vitamin C and 579.83 +
0.86 ug GAE per mL juice for total polyphenols.

Preparation of graphene aerogel

Graphene oxide (GO) was synthesized using the modified
Hummers' method,**?** employing NaNO, and KMnO, as
oxidizing agents, and using graphite (Gi) as a starting material.
Meanwhile, Fe;0, nanoparticles (NPs) functionalized with citric
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acid (denoted as Fe;0,@COOH) were prepared via the co-
precipitation method," as described in detail in the ESI.}

For the preparation of graphene aerogel, a 20 mL GO
dispersion (10 mg mL ") was subjected to ultrasonication for 15
minutes. Subsequently, 100 mg of Fe;0,@COOH was dispersed
into the GO suspension to achieve a final concentration of 5 mg
mL ™', The mixture was then heated to 90 °C using an ethylene
glycol heating bath, followed by the addition of 20 mg of PVP to
obtain a final concentration of 1 mg mL™". The solution was
stirred for several minutes to ensure complete dissolution of
PVP. Next, 5 mL of the resulting homogeneous mixture was
transferred into a plastic tube, and 1 mL of DI water along with
4 mL of ethanol was added. The solution was thoroughly shaken
and sonicated for 10 minutes to enhance dispersion. Subse-
quently, 3 mL of pineapple juice was introduced into each tube
containing the GO suspension, and the mixture was shaken for
1 minute to promote uniform distribution. The tubes were then
incubated at 90 °C for 4 hours to facilitate gel formation. After
completion of the heating process, the tubes were removed, and
the formation of a gel-like structure, identified as graphene
hydrogel, was observed. The hydrogel samples were thoroughly
immersed in DI water and washed multiple times to eliminate
residual ethanol. After purification, 10 mL of DI water was
added to each sample, and they were frozen at —40 °C over-
night. Finally, the solidified hydrogel samples were subjected to
freeze-drying to remove water, yielding an ultra-light and highly
porous material, referred to as graphene aerogel decorated with
Fe;0, NPs (GA@Fe;0,). Pristine graphene aerogel (denoted as
GA) was also fabricated following the same procedure described
above, but without the addition of Fe;O, NPs.

Characterization

Fourier-transform infrared spectroscopy (FTIR, PerkinElmer)
was employed to identify the functional groups present in the
synthesized materials. X-ray diffraction (XRD, D8 Phaser,
Bruker) was used to analyze the crystallographic structure of GO
and the aerogel materials, utilizing a Cu-Ka radiation source
with a wavelength of 0.154 nm. X-ray photoelectron spectros-
copy (XPS, PHI 5000 VersaProbe II) with an energy source of
187 eV was used to investigate the chemical composition and
bonding states of GA@Fe;0,. The morphological characteris-
tics of the as-prepared materials were examined using field-
emission scanning electron microscopy (FE-SEM, Hitachi S-
4800) and transmission electron microscopy (TEM, JEM-1010,
JEOL). Raman spectroscopy (RA-TNO5, 532 nm, Horiba Scien-
tific) was conducted to analyze the structural vibrations within
the materials. The Brunauer-Emmett-Teller (BET) was used to
determine the pores size by analyzing N, adsorption-desorption
isotherm. The magnetic properties of Fe;O, nanoparticles were
assessed using a vibrating sample magnetometer (VSM,
MicroSense). Additionally, the UV-vis absorbance spectra were
recorded using a UV-vis spectrometer (UH5300, Hitachi).

Investigation of the dye degradation efficiency of GA@Fe;0,

First, a 40 mL solution of reactive dye RB222 was prepared in DI
water at an initial concentration (C,) of 43.44 mg L™" in an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Erlenmeyer flask. This concentration of RB222 is considered
moderate in textile wastewater. RB222 was selected as the
model dye in this study because it is widely recognized as one of
the most commonly used reactive dyes in the textile
industry.>** It contains both vinyl sulfone and chlorotriazine
functional groups,”® making it a suitable representative for
investigating dye degradation and removal processes. A cubic
piece of GA@Fe;0, (200 mg) was then immersed in the dye
solution. The mixture was placed in a horizontal shaker set at
150 rpm, and 100 pL of 30% H,0, was added to initiate the
degradation process. The shaking was continued throughout
the experiment. At specific time intervals of 30, 60, 90, 120, 150,
180, 210, 240, and 270 minutes, 4 mL aliquots of the solution
were withdrawn from the flask for analysis. The UV-vis absor-
bance of the solution was measured at 612 nm to determine the
residual concentration of RB222 (C,) at each time point. Each
data point represents the average of five independent experi-
ments conducted using as-prepared materials from five
different batches. This method is commonly used in other
studies to quantify residual dye concentrations.

Results and discussion

The chemical structures of the as-prepared materials were
analyzed using FTIR spectroscopy, as shown in Fig. 1a. The FTIR
spectrum of Gi exhibits absorption signals due to differences in
charge states between carbon atoms, leading to minimal elec-
tric dipole induction. Three characteristic peaks observed at
1975, 2025, and 2158 cm ™" correspond to the vibrational modes
of C=C, C=C, and N=C bonds, respectively, within the Gi
network.>” The presence of C=C and N=C bonds is attributed
to impurities introduced during the production process of Gi.
Meanwhile, the FTIR spectrum of GO displayed characteristic
peaks at 684, 1030, 1225, 1409, 1616, 1727, and 3200 cm ™,
corresponding to the bending vibration of C-H, stretching
vibration of C-O (alkoxy), stretching vibration of C-O-C (epoxy),
bending vibration of C-O-H, stretching vibration of C=C in the
aromatic ring, stretching vibration of C=0, and the O-H
stretching vibration in hydroxyl (-OH) groups, respectively.?*>°
These results confirm the successful oxidation and functional-
ization of Gi via the Hummers' method. For GA, the spectrum
still exhibited peaks corresponding to oxygen-containing func-
tional groups. However, the intensities of these peaks were
significantly lower than those observed in GO, indicating the
occurrence of a reduction process during gelation. In the
spectrum of GA@Fe;0,4, the characteristic peaks of GA
remained present. Notably, a dominant peak at 546 cm ™" was
assigned to the Fe-O vibration in Fe;0,.** Additionally, peaks at
1409 and 1590 cm ', corresponding to the bending vibration of
C-O-H and the stretching vibration of C=0 in carboxyl (-
COOH) groups, respectively, confirmed the successful incorpo-
ration of Fe;0,@COOH into the as-prepared GA@Fe;0,.>**" As
demonstrated, GO contains abundant oxygenated groups that
increase hydrophilicity and adsorption of polar dyes. Mean-
while, reduced GO restores the sp” carbon network, enhancing
charge separation in catalyst (e.g., GA@Fe;0,) and promoting
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Fig. 1 Chemical structures of the as-prepared materials, (a) FTIR
spectra, and (b) XRD spectra.

efficient generation of reactive species ("OH, O, ) for dye
degradation.?**

To evaluate the reduction efficiency of oxygen-containing
groups during the transformation from GO to GA, the areas
under the band ranging from 927 to 1486 cm™ ' were calculated,
as illustrated in Fig. S6.1 The corresponding RE was determined
using the following relationship:****

Ago — Aca

RE (%) = % 100,

GO
where Ago and Aga represent the areas under the specified
wavenumber band for GO and GA, respectively. The RE was
calculated to be 45.3%, which is considered favorable for dye
degradation applications. This is because the GA must retain
sufficient hydrophilicity to effectively capture dye molecules
from aqueous solutions. On the other hand, the partial reduc-
tion of oxygen-containing groups renders the material more
hydrophobic, inducing the formation of a three-dimensional
porous network with a more rigid arrangement of macro-
porous channels. This structural transformation plays a crucial
role in facilitating molecular diffusion and enhancing the
adsorption of dye molecules. Therefore, the degree of GO

RSC Adv, 2025, 15, 22411-22418 | 22413
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reduction achieved in this study is expected to exhibit superior
performance in dye degradation.

The crystalline structures and inter-layer spacing of the as-
prepared materials were analyzed using XRD patterns
(Fig. 1b). The XRD spectrum of Gi exhibited a peak at 26 =
26.94°, corresponding to the (002) crystal lattice, which is
characteristic of Gi material.***® Meanwhile, the spectrum of
GO, an oxidized form of Gi, displayed a peak at 26 = 10.90°,
corresponding to the (001) lattice plane.*” This strongly indi-
cates that the interlayer distance within the Gi structure
expanded upon the introduction of oxygen-containing func-
tional groups during oxidation. For GA, two diffraction peaks
appeared at 26 = 10.54° and 23.59°, suggesting that some
oxygen-containing functional groups in GO were reduced
during the gelation process, subsequently causing the graphene
layers to move closer together. These XRD patterns are consis-
tent with previous studies.*®* In the spectrum of GA@Fe;0,,
five additional characteristic peaks of Fe;O0, appeared at 20 =
30.44°, 35.91°, 43.19°, 57.11°, and 62.99°, corresponding to the
(220), (311), (400), (511), and (440) crystal planes, respec-
tively.**® In addition to TEM and Raman results discussed in
the ESI (Fig. S2 and S3),T the incorporation of Fe;0,@COOH
with GO proved to be crucial for the fabrication of GA@Fe;0,.
The redundant carboxyl groups acted as anchoring sites for the
firm attachment of Fe;0,@COOH onto GO via hydrogen
bonding and molecular interactions.*"** Importantly, the Ip/Ig
ratio for GO is 0.96, whereas for GO@Fe;0,, it increases to 1.18.
This enhancement indicates that the incorporation of Fe;O,
NPs induces greater structural disorder within the graphene
oxide matrix.**** These interactions remained stable during the
reduction process facilitated by pineapple juice, leading to
strong signals of Fe;O, NPs observed in both the FTIR and XRD
spectra discussed above. The chemical structures of GA@Fe;0,
were further confirmed using XPS. The spectra of binding
energies (BE) related to valence orbitals in GA@Fe;0, are shown
in Fig. 2, and deconvolution was conducted to clarify the
chemical states. Four different core-level orbitals were exam-
ined, including C 1s, O 1s, N 1s, and Fe 2p. In the C 1s spectrum,
the dominant peak was deconvoluted into three smaller
components at BE = 283.29, 284.88, and 287.08 eV, corre-
sponding to C-C/C=C, C-N, and C-O/C=0 bonds,
respectively.*>*” The presence of C-N bonds can be attributed to
nitrogen-containing impurities in the original graphite, as
previously discussed in the FTIR results. Similarly, the O 1s
spectrum was deconvoluted into three peaks at BE = 530.40,
531.50, and 532.30 eV, corresponding to C=0, C-O, and O-H
bonding states, respectively.*® Interestingly, the N 1s spectrum
revealed three distinct peaks at BE = 398.48, 399.95, and
400.65 eV, assigned to N-C, N-O, and N-H bonds, respectively.*
The relatively low intensity of these peaks compared to those in
the C 1s and O 1s spectra suggests that only a small fraction of
nitrogen-containing species, likely from residual amino acids
present in the pineapple juice, remains in the final product. The
XPS spectrum of Fe 2p orbitals was deconvoluted into smaller
peaks corresponding to the Fe®* and Fe*" oxidation states
present in Fe;O4. The Fe®" 2p;, peak appeared at 709.5 eV,
while the Fe** 2p,,, peak was observed at 711.5 eV.* Similarly,
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the Fe®* 2p,, and Fe*" 2p,,, peaks were located at 723.5 eV and
724.7 eV, respectively.>* Additionally, satellite peaks associated
with the mixed Fe>*/Fe®" oxidation states were identified at BE
of 718.4 eV and 732.3 eV.*>* These results confirm the presence
of Fe;O, with a mixed-valence state. As the results, the chemical
bonding states demonstrated by FTIR were confirmed by XPS,
validating the successful fabrication of GA@Fe;04. For
comparison, the XPS spectra of GA without Fe;O, are also
provided in the ESLf

The morphology of GA@Fe;0, was examined using SEM, as
shown in Fig. 3. The aerogels exhibit a highly interconnected 3D
porous framework, formed through the self-assembly of
reduced graphene oxide (RGO) sheets. The pore walls consist of
overlapping RGO layers, creating a foam-like structure. The
presence of macropores is clearly observed, exhibiting a wide
range of sizes and shapes, typically spanning from 2 to 10 um.
The Fe;0, NPs are non-uniformly distributed within the porous
structure of the GA. In some regions, agglomeration occurs,
leading to areas with higher concentrations of Fe;O, clusters.
Additionally, the edges and wrinkles of the graphene sheets
tend to exhibit a greater accumulation of nanoparticles, which
may be attributed to stronger electrostatic interactions or van
der Waals forces.*>**

Further investigation using BET was conducted, as shown in
Fig. 4. The adsorption-desorption isotherm exhibits a hyster-
esis loop, which is a characteristic feature of capillary conden-
sation in mesoporous materials®*** (Fig. 4a). The results
confirm that GA@Fe;0, follows a type IV isotherm, indicating
the presence of mesopores with cylindrical pore structures.
According to the Barrett-Joyner-Halenda (BJH) pore size
distribution analysis (Fig. 4b), the peak in the differential pore
volume curve (red) around 20-50 A further supports the meso-
porous nature of the material. Additionally, some larger pores
(~100 A and beyond) are present, though they contribute
minimally to the overall pore volume. To investigate the
micropores present in GA@Fe;0,, the Dubinin-Astakhov (DA)
method was applied (Fig. 4c). The results indicated that the pore
sizes were primarily distributed around a peak at 25 A, sug-
gesting that the aerogel material does not contain a high
proportion of micropores (<20 A). As a result, the as-prepared
GA@Fe;0, exhibits a hierarchical porous structure,
comprising both macropores and mesopores. The coexistence
of these pores enhances mass transport, surface area, and
accessibility.

The magnetic properties of GA@Fe;O, were investigated
using VSM. As shown in Fig. 5, the magnetization curves of both
Fe;04 NPs and GA@Fe;0, exhibit a similar shape, symmetrical
about the origin, indicating typical superparamagnetic
behavior.”> The saturation magnetization of Fe;O, NPs was
measured to be 58.59 emu g~ ', while the GA@Fe;0, exhibited
a lower value of 18.02 emu g~ '. This reduction in saturation
magnetization is attributed to the non-magnetic graphene aer-
ogel matrix, which dilutes the magnetic phase. Nevertheless,
despite the significant decrease, the obtained value still
provides sufficient magnetic responsiveness, enabling the effi-
cient and rapid recovery of GA@Fe;0, under an external
magnetic field. These results are consistent with previously

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XPS spectra of GA@FezO4 with orbitals (a) C 1s, (b) O 1s, (c) N 1s, and (d) Fe 2p.

Fig.3 SEM images of the GA@FezO, at two different scale bars, 50 um
(left) and 1 um (right).

reported values in the literature,®®*” further confirming the
successful incorporation of Fe;O, into the aerogel matrix.
Vitamin C and polyphenols found in pineapple juice are known
for their reducing properties as mentioned earlier. Vitamin C, as
a reducing agent, is a well-established approach in nano-
material synthesis, particularly in metal ion reduction.’®*
Meanwhile, polyphenols, a broad class of naturally occurring
compounds rich in hydroxyl groups, also serve as effective
reducing agents in various applications.®>** Their electron-
donating capacity, attributed to the presence of phenolic
hydroxyl groups, makes them powerful antioxidants and
reducing agents. The presence of these two naturally occurring
reducing agents in pineapple juice facilitates the reduction of
GO, leading to the formation of GA@Fe;0,. Notably, the

© 2025 The Author(s). Published by the Royal Society of Chemistry

reduction process was demonstrated to preserve the intrinsic
properties of Fe;O, NPs, particularly their superparamagnetic
behavior.

The as-prepared GA@Fe;0,4 was employed for the adsorption
and degradation of RB222. In this approach, hydroxyl radicals
'OH generated on the catalytic surface of Fe;O, NPs facilitate
Fenton-like reactions. The redox cycling between Fe>" and Fe®*
in Fe;0, enables continuous "OH generation in the presence of
hydrogen peroxide (H,0,), following the reactions:*®

Fe’" + H,0, —» Fe** + 'OH + OH k; =40-80 M's™' (1)
Fe’* + H,0,—>Fe*" + HO, + H" k, = 0.001 — 0.01 M™" s
(2)

Fe’' + HO,—»>Fe’ + 0, + H' k3 =33x 10" M s (3)

The abundant Fe*'/Fe*" in Fe;0, enables continuous and
efficient "OH generation, which is crucial for oxidative degra-
dation. Hydroxyl radicals 'OH are highly reactive and non-
selective, attacking a wide range of organic pollutants,
breaking them into smaller, less toxic compounds, or ultimately
mineralizing them into CO, and H,0.***® RB222, an
anthraquinone-based dye widely used in the textile industry,
exhibits significant resistance to biodegradation but is suscep-
tible to oxidative degradation by "OH radicals. The degradation

RSC Adv, 2025, 15, 22411-22418 | 22415
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of RB222 by 'OH radicals follows multiple pathways.***
Initially, the radicals attack the electron-rich anthraquinone
core, disrupting conjugated m-electron systems and breaking
chromophores, leading to decolorization. Subsequently, oxida-
tive cleavage of N=N bonds and sulfonate groups results in the
formation of smaller organic intermediates. Continued oxida-
tion promotes further breakdown, leading to complete

Pore diameter (A)

Pore diameter (A)

(a) N adsorption—desorption isotherm of GA@FezO,4, (b) pore size distribution of GA@FezO,4 determined by the BJH adsorption method,
(c) pore size distribution of GA@FezO4 determined by the DA method.

mineralization, where the dye is fully converted into CO,, H,O,
and inorganic ions. To evaluate the degradation kinetics,
several kinetic models were established as the following:®**’

Zero-order model, C, = Cy — kot (4)
First-order model, In(C,/Cy) = —kit (5)
Second-order model, (1/C,) = (1/Cy) + kot (6)

where C, and C; are the reactive dye concentrations (mg L") at
initial and at reaction time ¢, respectively, and k, k;, and k, are
the corresponding rate constants. As shown in Fig. 6, the
degradation of RB222 was found to best fit the zero-order
kinetic model, with the equation y = 25.57477 — 0.07984x, R*
= 0.9863, and a rate constant k = 0.07984 (mg L' min™"), the
haft-life time was calculated to be ¢;,, = 160.2 minutes. The
zero-order kinetic behavior can be attributed to the excessive
concentration of hydroxyl radicals relative to the dye mole-
cules,®®® resulting in a constant degradation rate independent
of RB222 concentration. This suggests that nanoscale Fe;O,
provides a high surface area, facilitating catalytic activity and
radical production. Furthermore, as the reaction progresses and
RB222 concentration decreases significantly, a transition from
first-order to zero-order kinetics is observed, supported by the

2.5
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Fig. 6 Plots for RB222 degradation kinetics using GA@FezOy, (a) zero-order kinetic model, (b) first-order kinetic model, and (c) second-order

kinetic model.
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fact that the first-order kinetic model also exhibits good line-
arity, with R*> = 0.9841 and a rate constant of 0.00731 (min™"). In
addition to its catalytic efficiency, the Fe;0,-based system offers
practical advantages, including easy magnetic recovery, which
enhances reusability and minimizes secondary pollution. These
findings demonstrate GA@Fe;0, provide a promising and
effective strategy for wastewater treatment containing dye
pollutants. This approach is particularly beneficial in real
wastewater treatment applications, where maintaining high
degradation rates across various pollutant concentrations is
crucial, as wastewater sources are often unpredictable.

Conclusions

In this study, Fe;O, NPs were incorporated into GO through
a reduction process using pineapple juice as a reducing agent,
resulting in GA@Fe;0,. The juice sample was subsequently
analyzed for total polyphenol and vitamin C content, which
were determined to be 579.83 + 0.86 pg GAE per mL and 44.98 +
0.85 mg per 100 mL, respectively. The chemical structures of
GA@Fe;0, were characterized using FTIR, XRD, and XPS,
revealing the presence of high functionalities in the structures.
SEM and BET results indicated that GA@Fe;0, consists of
macropores (2-10 um) and mesopores (20-50 A), while super-
paramagnetic behavior was confirmed with a saturation
magnetization value of 18.02 emu g’l. Importantly, GA@Fe;0,
was demonstrated to be effective in the degradation of reactive
dye RB222, following a zero-order kinetic model with R* =
0.9863 and a rate constant of k = 0.07984 mg L' min~ ', indi-
cating that an excessive amount of hydroxyl radicals relative to
the dye molecules was generated. GA@Fe;0, exhibits potential
as an efficient material for the degradation of reactive dyes in
the textile industry.
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