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Abstract. a-Fe,O3; material was synthesized by a new green chemistry method extracted from pomelo
with the characteristic structure, a-Fe;Oz shows the OeFe< O functional group, the hexagonal crystal
characteristics and the calculated crystal size is 72.16 nm. In addition, a-Fe,Os; was applied as an
effective adsorbent to remove Congo Red and Brilliant Green dyes as organic dyes from agueous
solution. Best adsorption conditions of a-Fe,O3 were recorded with CR: 60 minutes, temperature 50 °C,
pHS, dosage 1 g/L, concentration of 250 mg/L. Best adsorption conditions of a-Fe;O3 were recorded
with BG: 30 minutes, temperature 30 °C, pH4, dosage 3 g/L, concentration of 100 mg/L. The maximum
absorption capacity under optimal conditions was 33.701 mg/g for BG and 130.700 mg/g for CR. The
adsorption process was predicted to be mainly controlled by physical and chemical interactions on the
monolayer adsorbent surface.
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1. Introduction

Life on Earth is maintained by three environmental factors: soil, water and air.
Water plays a role in the living process of humans and the lives of many types of creatures
on Earth. Due to human development rapid urbanization and industrialization, the water
environment is gradually polluted by many different kinds of pollutants. Pollutants that
are difficult to treat in the environment such as antibiotics, colorants, heavy metals and
some other organic pollutants. Among them, pigments from the textile industry are
considered difficult to handle because they involve the use of toxic pollutants, do not
decompose and are easily absorbed by surface water, sediment and soil. Many methods
have been used effectively in eliminating dyes. The methods divided into 3 large groups
are biological, chemical and physical. Physical and chemical methods include adsorbent,
catalyst, decomposition of adsorption catalysts, ozoneization, coagulation, electrical
coagulation of electrochemical processes, membrane separation methods, ultrasound
methods, Oxidation of wet air, liquid emulsion method, have successfully applied in the
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treatment of different dyes (Chiavola, 2011; Fernandez et al., 2010). Although it brings
many benefits, the process of synthesizing the material creates many solvents that are
toxic to the environment. To minimize negative impacts on the environment, the need to
utilize by-products to create new materials and practical applications has been of interest
and development to researchers for more than a decade. Since then a new synthetic
method has been defined as “Green Chemistry”.

In the method of synthesizing materials using green chemistry, green catalysts and
green solvents are the most economical method. Currently, many researchers have paid
attention to low -cost sources or take advantage of agricultural by -products to create
green catalysts or green solvents (Clarke et al., 2018; Mutlu & Barner, 2022). In
particular, products with high biological activity content or natural energy sources have
been used such as solar energy, wind energy, water energy, pineapple peel, green tea
leaves, orange peel, Lemon peel and pomelo peel. Taking advantage of green solvents
helps the synthesis process avoid creating new pollutants. In recent years, research on
nanomaterials or organic framework materials using green chemistry methods has been
of interest to researchers (Gomez-Lopez et al., 2020). Nanoparticles were synthesized
mainly from plant extracts. Among them, Fe2O3 nanoparticles were widely studied due
to their structural diversity when combined with plant extracts. In 2021, Sushmitha's
group of authors synthesized Fe;O3 nanoparticles using Bauhinia tomentosa extract. The
results show the formation of small Fe2O3 nanoparticles with a size of about 70 nm. The
XRD spectrum also shows the formation of Fe>Os, besides there is still diffraction of
substances with amorphous structure. This can be attributed to the contribution of the
extract and is also shown in the FTIR spectrum (Lakshmnarayanan et al., 2021). In 2023,
the research team of author Bahig A. Eldeeb synthesized a nano solution of FezO4 from
Citrus Sinensis (sweet Orange) fruit peel. The results show that the material could be
antibacterial and antioxidation and dye's decomposition. The structural results clearly
show the formation of FesO4 with Face-Centered Cubic shape, about 19 nm in size. In
which methylene blue was decomposed in 4 hours at a concentration of 2 mM with the
decomposition efficiency about 50% (Eldeeb et al., 2023). In 2024, Fe>O3 nanoparticles
were synthesized by Sithara's research team using orange peel extract. The results show
that the nanoparticles were contained few impurities with the main components to be Fe,
Oxygen and a particle size of 25-80 nm. FTIR spectrum also shows the existence of
organic's groups believed to be in the orange peel extract (Sithara et al., 2024). In general,
research on Fe»Os materials were focused to antibacterial (Kanagasubbulakshmi &
Kadirvelu, 2017), anti-oxidant (Bouafia et al., 2021), anti-inflammatory (Eldeeb et al.,
2023; Mahmoudi et al., 2020) and some biological activities (Abbas et al., 2024;
Abdullah et al., 2020; Bashir et al., 2020; Bouafia et al., 2021; Eldeeb et al., 2023,
Jegadeesan et al., 2019; Mahmoudi et al., 2020; Nasiri, 2023; Ramesh et al., 2019;
Sathishkumar et al., 2018). Besides, there were still quite limited studies on the treatment
of dyes and antibiotics, heavy metal (Ali et al., 2017; Nguyen et al., 2020; Sithara et al.,
2024).

Fe>O3 materials synthesized by green chemistry methods are still quite limited. In
some studies, Pomelo, orange and lemon peels have been used to synthesize Fe>O3
materials (Bashir et al., 2020; Dehbi et al., 2020; Yarmohammadi et al., 2022). Pomelo
of scientific name's is Citrus maxima, belongs to the Rutaceae family and the largest citrus
fruit. Pomelo is a purebred variety of the citrus family with a main distribution in
Southeast Asia with many pomelo varieties of high economic value (Van Hung et al.,
2021). According to the food and agricultural organization (FAQ), Vietnam has an output
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of 1034 million tons with a part of growing 80,291 thousand hectares (accounting for
about 22.2% of the developing area worldwide). The revenue of pomelo products has
been collected for Vietnam from $ 644 million to $ 723 million from 2019 to 2021. Comes
with large output, related products caused the manufacturing industry to release a large
amount of PP. PP contains many natural compounds such as flavonoids, limonoids,
alkaloids, chimpanzee Oil, pectin and organic acid. In which ingredients such as
Limonene, 1-Octanol, 3,7-Dimethyl-1,6-Ectadien-3-ol (B-linalool), a-Tyrineol, 3.7-
Dimethyl-6-olen-1-ol (Cis-Geraniol, B-Citral, Guariol (Lemonol), (E) -3,7-Dimethyl-2,6-
Ctadienal (Kahrilas et al., 2014). The components in PP contain free functional groups
like B-linalool, 1-ctanol contains OH group; Limonene, a-Tyrineol contains CHs and CH:
groups; 6-Ctadienal contains CH3 group and links C=0. These compounds contribute to
solvents for synthesizing Fe>Os materials. Using green solvents helps the synthesis
process avoid producing new pollutants. Fe.Os material after the synthesis is used to
assess the adsorption or decomposition of organic dyes. In this study, o-Fe2Os
nanoparticles would be synthesized by green chemical method using PP extract. The
affecting factors of the adsorption process were also evaluated. Kinetic and isotherm
models were used to predict the processor adsorbent mechanism that could take place
between materials and dyes.

2.  Experimental Methods

Pretreatment and Chemicals

For the PP extract with a low impurity content, PP were pre-treated before the
extraction process. PP were washed (remove dirt and damaged parts), dried at 50 °C for
48 hours (remove water) and crushed into powder. Several chemicals and dyes were used
to synthesise and evaluate the material's adsorption. Iron (I11) chloride hexahydrate
(FeClz-6H20), Sodium hydroxide (NaOH) and ethanol (> 95% purity) were produced by
Xilong Scientific Co., Ltd. Methyl Blue (MB), Brilliant Green (BG), Congo Red (CR)
and Methyl Red (MR) were produced by Sigma-Aldrich Co, Switzerland.

Preparation of extracted PP and synthesis a-Fe>O3

Extracted from PP: Organic compounds in PP were extracted through the soaking
method and showed in Figure 1A. 1 gram of PP powder was added in Erlenmeyer with
15 ml of 70% ethanol. The mixture was impregnated for 24 hours, at 30 °C. The extracted
solution was filtered in a Buchner flask. The PP extract was in tube samples in a
refrigerator at 10 =5 °C.

Preparation of synthesis a-Fe2Os: The synthesis of Ferric Oxide (o-Fe203)
nanoparticles with some modifications was based on Bashir et al. (2020) research and
showed in Figure 1B. Fe3* solution (0.1M) stirred at 70 °C for 60 minutes combines
FeCls-6H20 and deionized water. 100 ml of PP extract was slowly added to the Fe3*
solution and stirred at 70 °C for 60 minutes (the solution would change from yellow brown
to brown). 50 mL (1 mM) of NaOH was slowly added to the solution every 30 min (the
solution would change from brown to turn black). The solution would indicating the
formation of colloidal iron oxide nanoparticles.
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Figure 1. PP extract extraction process (A) and a- Fe;Os synthesis process (B)

Characterization

The surface morphology and element of o-Fe.Os were examined by Energy
Dispersive X-ray Spectroscopy (EDX) and Scanning Electron Microscopy (SEM) using
Hitachi S-4800 system, Japan. The functional groups of the a-Fe>O3 were analyzed in the
range of 4000 cm™ - 400 cm™ coated with KBr powder by a Nicolet 6700 Spectrometer
(FTIR). Crystallinity and structure were determined via X-ray diffraction at a scan rate of
2°.min! (20) with CuK radiation (1.5406 A) using a Siemens D5000 diffractometer. The
surface area and pore size of a-Fe>O3 were analyzed by Static Volumetric Gas Adsorption
(SVGA) using N2 gas adsorption/desorption with 1 g.(cm®)* degas at 150 °C for 12 h and
tested in the Micro Active for TriStar Il Plus 2.03 (High Throughput Surface Area and
Porosity Analyzer). A UV-Vis spectrophotometer (Metash UV-5100 spectrophotometer)
was used to analyze dyes concentrations in solution samples.

Adsorption experiment

Adsorption evaluation experiments were performed based on the procedure
performed in previous studies with some changes (Lam et al., 2023; Quyen et al., 2023;
Van Phuoc et al., 2023). 0.1 gram of Fe2O3 nanoparticles and 100 mL of dyes solution
(concentration of 50 mg/L, pH6) were added to 250 mL Erlenmeyer. Then, the sample
was shaken in Incubator shaker (JEOTECH IST-4075R - Korean) at 30 °C for 2 hours.
The sample mixture was centrifuged 6000 rpm to recover the color solution after
adsorption. Adsorption capacity (ge) and adsorption efficiency (H%) were calculated by
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applying Formula (1)-(2). In which, the initial dye concentration (Co) and the equilibrium
dye concentration (Cs) were determined by a UV-Vis spectrophotometer.

-1y — Co=Cp) (mg.L™D)
qe(mg'g ) = Dosage (g.L™1) (1)
B 21
H (%) — M X 100 (2)

Co (mg.L™1)

The acids/bases surface and zeta potential measurement (pHpzc)

The pH point zero charge (pHpzc) was tested by the method reported in Thuan and
Bich et al. (2021), Van Tran et al. (2017) study. 0.1gram Fe.O3 nanoparticles and 100 mL
KCI solution (0.1 mol/L) were added in Erlenmeyer with pH from pH2 to pH10 values
(Adjust with KOH and HCI concentrations of 0.1M and 0.01M). The samples were
shaken for 3 hours and stabilized for 24 hours at room temperature. The initial pH (pHi)
and pH final (pHf) values were recorded by using a Hanna Instruments HI2210-02 bench
machine pH meter. pHpzc was determined at crosspoint between pHi and pHf on the pH
value chart (Kosmulski, 2020, 2023; https://goldbook.iupac.org/terms/view/P04775).

Washing and reuse process

The material was evaluated at the best condition selected after the evaluation of
influencing factors. The material after the initial adsorption process was washed with 3
solvents: water, ethanol and actone to select the appropriate solvent. In which, 1g of
material was washed with 100 mL of solvent and the washing process was repeated 4
times to remove all organic dyes. Then the material was dried at 70 °C for 36 hours to dry
completely, when the humidity was below 5%. Next, the material was adsorbed at the
initial evaluation conditions. The reuse process stopped when the difference between the
initial adsorption capacity and the n time > 50%.

Adsorption kinetics and isotherm model

The adsorption mechanism helps explain the interaction between a-Fe>Os
nanoparticles and dye through prediction from models. Kinetic and isothermal models
were executed from the equations in the form of nonlinear models based on Quyen et al.
(2023). The model's coefficients with the adjusted coefficient (R%qj) were calculated
based on formulas and presented in Table 1.

Table 1. Equations of kinetic and isothermal models

Model name Equation Ref
Adsorption isotherm

Langmuir qe = %ﬁgj (R, = ﬁ) (Quyen et al., 2023)
Freundlich qe = K.CJ'" (Quyen et al., 2023)
Dubinin—-Radushkevich (DR) Qe = qme‘B’E2 (E:\/ZLB; € :R.T.In(1+ci)) (Quyen et al., 2023)
Temkin qe = By In(K;C,) (Br = %) (Quyen et al., 2023)
Adsorption Kinetics

Pseudo—first—order (PFO) qe = qe(1 —e~kat) (Quyen et al., 2023)

Zk,t
Pseudo-second-order (PSO) q; = _de2t (Quyen et al., 2023)
1+ k,tq,
Bangham q: = kgt“B (Quyen et al., 2023)
1
Evlovich q: = Eln(l + afit) (Quyen et al., 2023)

486


https://goldbook.iupac.org/terms/view/P04775

B.N. HOANG et al.: EFFECT OF POMELO PEEL EXTRACT ON THE FORMATION OF IRON OXIDE...

3. Results and Discussion

Structural Characteristics

The sample was centrifuged to collect solids and washed several times with
deionized water and ethanol to remove residual iron and residual extract from the sample.
After washing, the sample was dried at 80 °C for 48 hours and fine crushing to obtain
pretreatment Fe.Os powder. Then the Fe2Oz powder was calcined in a furnace at 450 °C
for 5 hours, to get the most stable Fe>Os product. The overall reaction mechanism is
explained in Equations (3)-(9) based on the research of Bashir et al. (2020):

FeCls — Fe*® + 3CI, (3)
nFe*? + 3(Ar — OH)n — nFe? + 3n(Ar = O) + 3nH*, (4)
nFe + nH20 — 2Fe*? + 2Fe*® + H, + 20H", (5)
nFe*® + nOH™ — nFe(OH)s, (6)
nFe(OH); — nFeOOH | +H0, (7)
nFeOOH — nFe203 + nH20, (8)
2Fe;03 + O — 2Fe;0a. )

The morphology of iron oxide nanoparticles mediated by PP extraction was
analyzed by scanning electron microscopy (SEM). SEM results are shown in Figure 2
with dimensions of 5 um and 1 pm. The iron oxide particles have a heterogeneous cubic
shape due to the interaction of phytochemical compounds contained in the PP extract with
the precursor material. The SEM image clearly shows the morphology of Fe,O3 at a much
larger size, consistent with the results in Sayed Farheen's study. The FeCls precursor used
to synthesize Fe2O3 will have the form Fe2Os with a cubic shape at the size of 120nm
(Sayed & Polshettiwar, 2015). This shows that Fe.O3 material using PP extract has been
successfully synthesized.

(A) - (B)

$-4800 10.0kV 8.0mm x10.0k SE(M) 5.00um S$-4800 10.0kV 8.0mm x40.0k SE(M)

Figure 2. SEM image of Fe;O3 at size 5 pm (A) and 1 um (B)

Crystal structure of Fe»Os material from PP extract was determined by XRD and
EDX methods and shown in Figure 3. The XRD spectrum clearly shows the crystalline
phases of Fe>Os, in which 20 = 24.19° (012), 33.19° (104), 35.68° (101), 40.91° (113),
49.49° (024), 54.09° (116), 57.66° (122), 62.47° (214), 64.04° (300). The observed
narrow and intense peaks can identify the well-crystalline structure of a-Fe.O3 of green
chemical synthesis (Ali et al., 2017). The diffraction peaks show the hexagonal crystal
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characteristics of a-Fe2O3 and were similarly demonstrated in the research of Hang and
Anh (2021), Sayed and Polshettiwar (2015). The crystal size calculated using Debye
Scherrer's formula is 72.16 nm (Fatimah et al., 2021). EDX spectroscopy was used to
study the elemental composition of nanoparticles. The results show that the detected
elements include Fe (iron), O (oxygen) and C (carbon). In which the mass ratio of Iron
and Oxygen in the samples is 50.96% and 35.56% respectively, in addition carbon is
13.48%. The carbon content existing in the sample is believed to be from the extract left
over during the synthesis process. The presence of these bioactive derivatives can act as
a reducing agent, which is a necessary step in the synthesis of the material (Sithara et al.,
2024). It can be seen that the production of iron oxide nanoparticles using PP extract has
potential.
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Figure 3. XRD (A) and EDX (B) Spectrum of Fe;O3
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Infrared spectroscopy (FTIR) analysis method was used to identify functional
groups on the surface of a-Fe»Os particles from PP extract, the results of FTIR
spectroscopy are shown in Figure 4A. FTIR analysis of the nanoparticles revealed the
presence of several characteristic bands. The peak at 3411 cm™ characterizes the
stretching vibration of the O—H group. The peak at 1631 cm™ represents the bending
vibration of the OH group. This functional group OH is thought to be due to water
adsorbed in the sample during synthesis (Ali et al., 2017; Ramesh et al., 2019). The peaks
at 546 cm™ and 470 cm™ are attributed to the existence of the metallic oxygen (Fe—O)
band (Richard & Ronal, 1971). In Ramesh et al. (2019) study, the formation of Fe-O
nanoparticles was similarly confirmed from the strong absorption peaks. In Saeid Taghavi
Fardood's study the stretching at the 546 cm™ peak corresponds to the knife intrinsic
stretching action of Fee©O. For the 470 cm™ peak is assigned to the bending vibration of,
OeFeeO (Taghavi et al., 2017). The results of N2 adsorption and desorption are shown
in Figure 4(B), indicating the surface area of the material and the formation of pores when
a-Fe2O3 molecules are stacked on top of each other. BET analysis results show that a-
Fe203 has a specific surface area of 2.68 m?/g and a pore size of 13.91 nm. N2 the isotherm
of the material at a very small pressure difference shows that the material has a rough,
flat, non-porous surface. The characteristics of the adsorption isotherm show that the
material tends to follow a second-order isotherm with the mechanism of gas molecules
dispersing into the pores on the o-Fe.O3 surface, creating an adsorption force with
chemical bonding of the a-Fe,Os surface. The adsorption process is described by
adsorption constants and energy parameters of the adsorption process such as maximum
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adsorption energy and activation energy of the adsorption process, according to the
standard classification of isotonic curves in IUPAC adsorption heat.
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Figure 4. FTIR diagram (A) and N adsorption-desorption isotherm (B) of Fe;Os

Selective adsorption evaluation

The selective adsorption ability was evaluated on 4 dyes of the cation group
(Methylene Blue (MB), Brilliant Green (BG)) and anion group (Congo Red (CR), Methyl
Red (MR)). Selective evaluation results were shown in Figure 5, the material had better
adsorbent than the anion group and the cation group. In the anion dyes group, o-Fe2O3
was the best adsorbent with CR with an adsorbent capacity of 13 mg/g. In the Canion
group, a-Fe2O3 was the best adsorbent with BG with an adsorbent capacity of 10 mg/g.
Two pigments (BG and CR) were selected to predict the adsorbent mechanism of a-Fe2O3

materials.
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Figure 5. Evaluate the adsorption capacity of MB, BG, CR and MR

The effect results of the a-Fe>O3 dosage on the adsorption capacity were presented
in Figure 6. With BG, the adsorption efficiency was increased rapidly from 25% to 68%
when the a-Fe>O3 dosage increased from 0.5 g/L to 3 g/L. The dosage increases from 3
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g/L to 4 g/L, but the adsorption capacity as well as the adsorption efficiency both
decreases. This was thought to be the a-Fe.O3 dosage due to excessive use and hindering
the adsorption process. With CR, the treatment efficiency was increased rapidly from
18% to 53% when the o-Fe>O3z dosage increased from 0.5 g/L to 1 g/L. When the
concentration was increased from 1 g/L to 4 g/L, the efficiency increased steadily from
55% to 100%. The results showed that the maximum adsorbent material was at the dosage
of 3 g/L with BG and 4 g/L with CR. Therefore, dosages of 3 g/L and 4 g/L were selected
to evaluate the next factor.
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Figure 6. The effects of dosage on the adsorption capacity BG (A) and CR (B)

Temperature was one of the factors that affected the adsorption process. When the
temperature increases, the molecules in the solution were also disturbed. Therefore, the
temperature factor was evaluated at different temperature ranges (30 °C, 40 °C, 50 °C, 60
°C). The adsorption results were shown in Figure 7A with corresponding values for each
temperature range. The adsorption process recorded that the adsorption capacity did not
change much at different temperature ranges. The highest adsorption capacity of CR color
is 20 mg/g at 50 °C and BG is 8 mg/g at 30 °C and 50 °C. From the results it can be seen
that the a-Fe2Os material from PP extract is little affected by environmental temperature.
Therefore, the temperature value of 50 °C was chosen to evaluate the next factors due to
the highest adsorption capacity in the temperature ranges. The pH of the solution can
affect the adsorption process through affecting surface complexation reactions and
electrostatic interactions between CR, BG and a-Fe,O3 surface. According to Figure 7B,
the solution pH of BG dye gives the highest adsorption capacity at pH4 (5 mg/g). The
solution pH of CR colorant gives the highest adsorption capacity at pH8 (20 mg/g). In
particular, the adsorption capacity at pH points>6 (favoring basic environment) tends to
be higher than the adsorption capacity at pH points<6 (favoring acidic environment). This
shows that the material works well in basic environments. In Satheesh's research, a-Fe>Os
material also showed good adsorption capacity in basic environments. This is explained
by the increase in H* ion concentration in the solution which may have promoted the
accumulation of H* ions on the a-Fe203 surface when a-Fe2O3 adsorbed at low pH. This
increase in protonation causes a strong repulsive force between the H* ions on the a-Fe203
surface and the protonated CR. Therefore, CR removal is inhibited at lower pH values.
On the contrary, at alkaline pH, excess OH™ ions can accumulate on the a-Fe>Os surface,
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causing the electrostatic repulsion between the negative charge on the adsorbent surface
and the anionic CR molecule to increase (Satheesh et al., 2016). This shows that the
capacity. The adsorption amount of CR increased while that of BG decreased. Therefore,
pH8 for CR and pH4 for BG were selected as the best pH values to evaluate the next
factors.
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Figure 7. The effects of temperature (A) and pH (B)

The effect of time on the adsorption capacity of a-Fe>Os to CR and BG was
conducted with time intervals from 0 to 240 minutes. According to the results in Figure
8A, the adsorption capacity of a-Fe>Os with CR dye increased from 0 to 22 mg/g in the
first time period from O minutes to 30 minutes. Time from 30 minutes to 120 minutes
shows that the adsorption capacity ranges from 22 mg/g to 25 mg/g, time from 120
minutes to 210 minutes, the adsorption capacity begins to decrease from 23 mg/g to 18
mg/g. mg/g. It can be said that the adsorption process has reached an equilibrium state
between 30 and 120 minutes. The highest CR color adsorption capacity was recorded at
the 60 minute time point of 24.7 mg/g. For BG dye, the adsorption capacity increased
from 0 to 5 mg/g in the first time period from 0 minutes to 30 minutes. The time from 30
minutes to 240 minutes shows that the adsorption capacity is in the range of 5 = 1 mg/g.
It can be said that the adsorption process has reached an equilibrium state starting from
the 30 minute time point. Therefore, the adsorption time was chosen as the optimal value
for the next experiments with CR dye being 60 minutes and BG being 30 minutes.

The results of the investigation of the influence of the concentration of CR and BG
dye solutions on the adsorption capacity of a-Fe>Osz are presented in Figure 8B. The
concentration of CR dye solution was evaluated from 10 mg/L to 300 mg/L. In the
concentration range from 10 mg/L to 100 mg/L, the adsorption capacity increased from
8.7 mg/g to 85 mg/g. The adsorption process still increased gradually when the
concentration increased to 250 mg/L. When the concentration reached 300 mg/L, the
adsorption capacity decreased slightly. It can be seen that the CR adsorption process
reached equilibrium at a concentration of 250 mg/L. For BG dye, the adsorption capacity
increased from 4.5 mg/g to 24 mg/g in the concentration range from 10 mg/L to 100 mg/L.
The adsorption process reached equilibrium when the concentration increased from 100
mg/L to 200 mg/L. When the concentration reached 300 mg/L, the adsorption capacity
gradually decreased. It can be seen that the BG adsorption process reached equilibrium at
a concentration of 100 mg/L. Therefore, the values chosen were 100 mg/L for BG color

491



NEW MATERIALS, COMPOUNDS AND APPLICATIONS, V.9, N.3, 2025

and 250 mg/g for CR color. In summary, the best adsorption capacity of Fe>Os was
recorded with CR colorant: time 60 min, temperature 50 °C, pHS8, concentration 1 g/L,
concentration 250 mg/L. The best adsorption capacity of Fe.O3 was recorded with BG
colorant: time 30 min, temperature 30 °C, pH4, concentration 3 g/L, concentration 100
mg/L. This is the best adsorption condition selected to predict the adsorption mechanism
based on mathematical models.
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Figure 8. The effects of time (A) and concentration (B)

Evaluation of the kinetic model
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Figure 9. Adsorption kinetics of a-Fe,O3; with CR dye (A) and BG dye (B)

The adsorption kinetic model was used to predict the adsorption process of a-Fe20s.
The parameters obtained from the adsorption kinetic model of a-Fe>O3 with CR and BG
pigments have been summarized in Table 2. The diagrams for the first-order pseudo-
adsorption Kinetics, second-order pseudo-adsorption kinetics, Elovich kinetics and
Bangham kinetic models are presented in Figure 9. Table 2 shows that the R%g; of the
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four kinetic models has values in the following order: first-order pseudo-equation (0.958)
< second-order pseudo-equation (0.951) < Elovich (0.931) ) < Bangham (0.905), which
corresponds to the order of compatibility of the models with the experimental data. The
PSO and PFO kinetic models are suitable for the adsorption process of the material with
high correlation coefficients of R?%g; = 0.955 and 0.95, respectively. In addition, the error
functions (¥2, MRE, SSE) of the PSO model are the lowest at 2.205 - 10.471. The results
show that the adsorption of CR on o-Fe2Os is mainly controlled by the chemical
interaction process on the material surface. Besides, the rate constant k2 = 0.03 shows that
the rate occurs very quickly with the formation of chemical interactions. For BG pigment,
the R2g; of the four kinetic models has the following values in the following order: first-
order pseudo-equation (0.937) < second-order pseudo-equation (0.903) < Elovich (0.847)
< Bangham (0.841), which corresponds to the order of the compatibility of the models
with the experimental data. The PSO and PFO Kkinetic models are suitable for the
adsorption process with R%g = 0.937 and 0.903, respectively. In addition, the error
functions (2, MRE, SSE) of the PFO model are the lowest at 0.217 - 6.790. The results
show that the adsorption of BG on a-Fe;O3 is mainly controlled by the physical
interaction process on the material surface. Besides, the rate constants k., = 0.076 and ki
= 0.202 show that the speed occurs very quickly. Although the adsorption rate by
chemical interactions is faster than by physical interactions, BG is largely adsorbed
thanks to physical interactions. Proving that the adsorption of CR and BG on a-Fe20Os3 is
controlled by physical and chemical interaction mechanisms on the material surface.
However, the physical interaction mechanism largely accounts for controlling the
adsorption process of CR and BG on a-Fe20s.

Table 2. Parameters for adsorption of Fe,O3 from PP extract

Name model Parameter CR BG
ge (Mg/g) 24.077 5.115
ki (min™) 0.060 0.202
- R 0.958 0.937
Chi-square (x2) 2.407 0.217
MRE 9.865 6.790
SSE 20.442 1.303
ge (Mg/g) 27.726 5.347
kz (min™) 0.003 0.076
PSO R 0.951 0.903
Chi-square (x2) 2.205 0.332
MRE 10.471 9.653
SSE 2.893 1.994
B (g/mg) 0.172 2.477
a (mg/(g.min)) 4.080 1692.387
. RZadj 0.931 0.847
Elovich Chi-square (;2) 5.507 0.526
MRE 10.131 13.222
SSE 33.580 3.155
ks (mL/(g/L)) 6.260 3.627
as 0.299 0.078
RZ; 0.905 0.841
Bangham Chi-square (;2) 7.650 0.548
MRE 13.382 13.612
SSE 45.897 3.286
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Evaluation of the isothermal model
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Figure 10. Adsorption isotherm of Fe,O3 with BG dye (A) and CR dye (B)

The adsorption isotherm model is used to determine the adsorption capacity and
explain the mechanism of the combination of color molecules into the adsorbent and the
relative affinity of the color molecules to the adsorbent. The Langmuir, Freundlich,
Temkin and D — R adsorption isotherm models are presented in Figure 10. The parameters
obtained from the adsorption isotherm model of a-Fe>Os with CR and BG pigments are
summarized in Table 3. For CR color, the fit of the experimental data with the models
isotherm is determined by its corrected R2gj in the following order: Langmuir (0.964) >
DR (0.952) > Temkin (0.943) > Freundlich (0.874). Furthermore, the error functions (y2,
MRE and SSE) of the isotherm models also confirm that the Langmuir isotherm has the
lowest error function values so it is a good model fit. best for CR adsorption onto a-Fe2Os.
In addition, the maximum adsorption capacity recorded from the model is 130.700 mg/g.

For BG color, the fit of the experimental data with the models isotherm is
determined by its corrected R%;j in the following order: DR (0.962) > Langmuir (0.912)
> Temkin (0.906) > Freundlich (0.837). Furthermore, the error functions (32, MRE and
SSE) of the isotherm models also confirm that the Langmuir isotherm has the lowest error
function values so it is a good model fit. best for BG adsorption onto a-Fe>Os. In addition,
the maximum adsorption capacity recorded from the model is 33.701 mg/g. It can be seen
that the Langmuir isotherm model appropriately describes the adsorption process of CR
and BG on a-Fe;03 corresponding to the R%gj > 0.90. The results show that o-Fe;Os is a
monolayer material, interactions occur on the surface. The results show that the a-Fe>Os
adsorption process is a monolayer adsorption, physical and chemical interactions
occurring on the a-Fe;O3 surface play an important role in the adsorption process of CR
and BG. In Saima Noreen's research, similar results were obtained when the o-Fe2O3
material showed a high correlation coefficient with the Langmuir model when adsorbing
CR dye. This shows that the characteristics of a-Fe;Os materials when synthesized from
natural extracts will have nearly the same adsorption tendency (Noreen et al., 2020).
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Table 3. Isothermal parameters for the adsorption of Fe O3z from PP extract

Name model Parameter CR BG
K. (L/mg) 0.058 0.046
am (Mg/g) 130.700 33.701
R% 0.964 0.912
Langmuir Chi-square (x2) 70.099 8.454
MRE 13.669 20.957
SSE 700.991 76.082
RL 0.428 0.438
Kr (mg/g) 22.456 4.222
1/n (min?) 0.336 0.426
. R%q 0.874 0.837
Freundlich Chi-square (x2) 245.727 15.595
MRE 33.352 30.371
SSE 2457.266 140.349
B~ 26.695 8.262
kr (L/mg) 0.609 0.336
. R% 0.943 0.906
Temkin Chi-square (x2) 112,214 8.961
MRE 92.420 86.892
SSE 69605.991 3432.196
B (mol?/kJ?) 17.767 23.418
am (Mg/g) 111.303 25.985
E (kd/mol) 0.168 0.146
D-R R% 0.952 0.962
Chi-square (x2) 93.656 3.624
MRE 96.149 99.998
SSE 67128.987 4128.807

Reusability assessment

The materials after the adsorption evaluation process were evaluated for reusability
in order to improve their applicability. The materials were adsorbed under the best
conditions for CR (time 60 min, temperature 50 °C, pH8, concentration 1 g/L,
concentration 250 mg/L) and BG (time 30 min, temperature 30 °C, pH4, concentration 3
g/L, concentration 100 mg/L). Then, the material was washed with different solvents and
reused. The results of the evaluation of the washing and reused solvents are shown in
Figure 11. It can be observed that water and ethanol are the two most effective solvents
for removing BG and CR from the material. The washing process was repeated many
times to remove them completely. In which water is the best solvent for CR, with an
adsorption capacity of 65.45 mg/g of material after washing. Ethanol is the best solvent
for BG, with an adsorption capacity of 18 mg/g of material after washing. In addition, the
reuse process was performed three times, with the adsorption capacity reduced by more
than 90% compared to the initial one. The results showed that the initial adsorption
capacity was 122 mg/g for CR and 26 mg/g for BG. After the first reuse, the adsorption
capacity decreased to 65 mg/g for CR and 18 mg/g for BG, corresponding to a decrease
of 31% to 47%. In the second reuse, the adsorption capacity was 9.3 mg/g for BG and
18.7 mg/g, corresponding to a decrease of 64% to 84%. The third reuse showed that the
material had almost lost its adsorption capacity. The results showed that the material
could only be reused once. This shows that the material after the adsorption process is
very difficult to wash and remove the dyes again. This is a point that needs to be studied
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adsorbed material for the next treatment process.
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Figure 11. Effect of washing solvent and reusability of material

Comparison with other studies

Table 4. Comparison with other studies.

Adsorption
Sample extract pollutant capacity ref
_ (mg/g)
rGO/y- Fe;0s g"r:('e?fh'te 64.26 (Zhu et al., 2025)
Fe,0s3- basalt As(I11) 5.39 (Song et al., 2025)
Fe,0s3- basalt As(V) 5.71 (Song et al., 2025)
pectin/ Fe;O3 Brilliant green 27.79 (Hien et al., 2025)
pectin/ Fe;O3 Crystal violet 23.43 (Hien et al., 2025)
Fe;0s Congo red 104.17 (Borth et al., 2021)
Fes0,4 Titan yellow 30 (Pietrzyk et al., 2022)
graphene-iron Congo red 31.71 (Ahmed et al., 2023)
Y- Fe;Os orange peel Congo red 1417.7 (Hoang et al., 2024)
Fe;0s microalgae Crystal violet 256.4 (Shalaby et al., 2021)
Fe;0s microalgae Methyl orange 270.2 (Shalaby et al., 2021)
a-Fe203 cactus cladode tI;/IIS;[}hylene 358.48 g’g‘gg? dayem et al.,
Fe20s ﬁgailsmon tii Brilliant green 60 g%gg;’ dhary etal.,
Fe;0s Piper haba steam | Congo red 88 (Yesmin et al., 2024)
Fe203-Ag guajava leaves Cr(VI) 71.34 (Biswal et al., 2020)
Fe;0s Microalgal Crystal violet 55.62 (Bhukal et al., 2022)
a-Fe;03 Pomelo peel Congo red 130.70 This work
a-Fe;03 Pomelo peel Brilliant green 33.70 This work

To have an objective assessment of the material, comparison with other studies has
been discussed and shown in Table 4. The results show that Fe.O3 synthesised by the
chemical method had a low adsorption capacity. In which Congo red had the highest
adsorption capacity of 104.17 mg/g. Next was Malachite green with an adsorption
capacity of 64.26 mg/g. For other dyes, the adsorption capacity was only about 20-30
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mg/g. The adsorption capacity of metal ions was very low, with almost no adsorption
capacity. In addition, Fe>O3 synthesised by the green chemistry method (using extraction)
has significantly improved adsorption capacity. The results show that for the dye Congo
red, the adsorption capacity was recorded from 88 to 1417 mg/g. For other dyes, the
adsorption capacity was recorded from 33 to 350 mg/g. It could be seen that, depending
on the type of extract, the adsorption capacity was also different. In which Fe-.O3 with the
a-Fe;Os3 structure has lower adsorption than the Y- FeoOs3 structure. Overall, it can be seen
that the green synthesis method is both environmentally friendly and has good adsorption
capacity. This is a bright spot for further research.

4. Conclusion

In this study, a-Fe>Os materials were synthesized by the new green chemical method
of PP extract. Through the methods of analyzing SEM, FTIR, XRD and BET methods, it
shows that the object had a heterogeneous shape. Materials were identified and iron
oxygen by identifying iron and oxygen elements with a ratio of 50.96% and 35.56%.
Along with vertices 20 = 24.19 ° (012), 33.19 ° (104), 35.68 ° (101), 40.91 ° (113), 49.49
©(024), 54.09 ° (116), 57.66 ° (122), 62.47 ° (214), 64.04 ° (300). The crystal size was
calculated by the Debye Scherrer's formula of 72.16 nm. The vertices at 546 cm™ and 470
cm were given the existence of metal oxygen bands (M - O) clearly defined. In addition,
OH groups were thought to be the presence of the extract of the PP skin. Best adsorption
conditions of a-Fe;O3 were recorded with CR: 60 minutes, temperature 50 °C, pHS,
dosage 1 g¢/L, concentration of 250 mg/L. best adsorption conditions of Fe.O3z were
recorded with BG: 30 minutes, temperature 30 °C, pH4, dosage 3 g/L, concentration of
100 mg/L. This was the best adsorption condition to predict the adsorption mechanism
based on mathematical models. The adsorption process was consistent with the PSO and
PFO kinetic models, which are mainly controlled by physical and chemical interactions
on the surface. Lamguir adsorption isotherm with monolayer adsorption mechanism,
occurring on a-Fe2O3 surface. This was a point that requires further in-depth research. In
summary, Fe,Oz from green chemistry was a potential material to replace materials
synthesized from conventional chemical methods. It has good adsorption capacity which
reduces production costs and disposal problems.
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