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Abstract

In this study, nano-zero-valent iron (nZVI) was successfully synthesized via a green
method using Cleistocalyx operculatus leaf extract as a natural reducing agent. The
synthesized nZV1 was characterized by XRD, SEM-EDS, FT-IR, and BET analyses. The
XRD pattern confirmed the formation of crystalline a-Fe® while SEM images revealed
spherical aggregates in the 50-100 nm size range. FT-IR analysis identified organic
functional groups from the plant extract on the nanoparticle surface, indicating bio-capping.
BET analysis showed a specific surface area of 67.484 m?/g with a mixed micro-
mesoporous structure. Batch degradation experiments were conducted at an initial
Rhodamine B (RhB) concentration of 10 mg/L, using an nZVI dose of 0.3 g/L, H»O; dose
of 0.01 M, and initial pH of 7.0. Results demonstrated that nZVI alone mainly adsorbed
RhB, whereas H,O. alone exhibited limited oxidation. In contrast, the combined
nZVI1/H.0, system achieved nearly complete decolorization within 50 min, following a
pseudo-first-order kinetic model with an apparent rate constant of 0.083 min™?. The
enhanced efficiency was attributed to a heterogeneous Fenton-like process generating
highly reactive -OH radicals. These findings highlight that C. operculatus-mediated nZVI
provides a sustainable and efficient strategy for the removal of organic dyes from
wastewater, underscoring its promise for advanced water treatment applications.
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1. Introduction

The discharge of synthetic dyes into water bodies poses serious environmental and
health risks due to their toxicity, persistence, and resistance to conventional treatment
processes. Among them, Rhodamine B (RhB), a xanthene dye widely used in textiles,
cosmetics, and analytical laboratories, is of particular concern because of its high
stability, potential carcinogenicity, and adverse effects on aquatic ecosystems [1].
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Developing efficient and sustainable methods for dye removal is therefore a pressing
environmental challenge.

Nano-zero-valent iron (nZVI1) has attracted considerable attention for water and
wastewater treatment owing to its high surface reactivity, strong reducing power, and
ability to activate oxidants such as hydrogen peroxide (H.O2) for the generation of
hydroxyl radicals (-OH) through heterogeneous Fenton-like reactions. These reactive
radicals can degrade a wide range of recalcitrant organic pollutants, including dyes,
pharmaceuticals, and pesticides [2], [3]. However, conventionally synthesized nZVI
often suffers from particle agglomeration, rapid oxidation, and the use of hazardous
chemical reducing agents, which limit its large-scale application.

Green synthesis of nZVI using plant extracts has emerged as a promising
alternative to chemical or physical routes. Plant-derived biomolecules such as
polyphenols, flavonoids, and proteins can act as reducing and stabilizing agents,
facilitating the formation of nanoparticles with improved stability and reduced
environmental footprint. Several studies have reported successful plant-mediated
synthesis of nZVI for contaminant removal, such as using Ricinus communis seeds
extract for methylene blue degradation, or Psidium guajava leaves extract for
antibacterial applications [4], [5]. In Vietnam, natural resources rich in polyphenols are
abundant; however, their potential in green nanomaterial synthesis for water treatment
remains underexplored.

Cleistocalyx operculatus, a medicinal plant widely distributed in Southeast Asia,
is known to contain diverse polyphenolic compounds with strong reducing properties.
Several studies have demonstrated the effectiveness of using Cleistocalyx operculatus
extract for the green synthesis of nZVI [6], [7]. However, its potential for producing
bio-capped nZV1 with application in dye removal is still limited. This study addresses
this gap by synthesizing nZVI using C. operculatus leaf extract, characterizing the
structural and surface properties of the nanoparticles, and evaluating their performance
in RhB removal under different treatment conditions [8], [9]. The novelty of this work
lies in demonstrating the synergistic effect of nZVI and H>O> in achieving rapid and
efficient RhB degradation through a heterogeneous Fenton-like process, highlighting the
potential of C. operculatus-mediated nZVI as a sustainable and effective material for
wastewater treatment.

2. Materials and methods

2.1. Materials

Iron (I1) chloride tetrahydrate (FeCl2-4H,0O, > 99%), ethanol (C2HsOH, > 99%),
and Rhodamine B (RhB) dye were purchased from Xilong Chemicals (China) and used
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without further purification. Deionized water was used as the solvent. Polyphenols
extracted from Cleistocalyx operculatus leaves, obtained from a local market, served as
a green reducing agent.
2.2. Extraction of Polyphenols from Cleistocalyx operculatus leaves

Fresh Cleistocalyx operculatus leaves were thoroughly washed with deionized
water to remove surface impurities and then oven-dried at 60°C until constant weight.
The dried leaves were ground into fine powder using a mechanical grinder. For each
extraction batch, 10 g of the leaf powder was dispersed in 200 mL of deionized water
and subjected to ultrasonic treatment for 1 h to enhance the extraction efficiency. The
resulting mixture was then heated and magnetically stirred at 60-70°C for 30 min. After
cooling to room temperature, the suspension was centrifuged at 6000 rpm for 10 min to
remove insoluble residues. The supernatant was further filtered through a 40 um PTFE
membrane to obtain the final leaf extract, which was subsequently used as a green
reducing agent in the synthesis of nZV1.

2.3. Preparation of nZVI

A 10 mL of 0.1 M Fe?* solution was prepared by dissolving FeClz-4H20 in
deionized water. The synthesis of nZVI was carried out in a three-necked round-bottom
flask equipped with a magnetic stirrer and heating mantle. The Fe?* solution was heated to
60-70°C under continuous stirring. Subsequently, 10 mL of the prepared Cleistocalyx
operculatus leaves extract was slowly added dropwise into the solution. The reaction was
allowed to proceed for approximately 30 minutes. The formation of nZVI was indicated
by a distinct color change of the reaction mixture from light orange to black. Throughout
the synthesis, nitrogen gas was continuously purged into the flask to minimize oxidation
of zero-valent iron. After the reaction, the black precipitate was separated by
centrifugation and washed three times with deionized water and twice with ethanol. The
final product was dried overnight in a desiccator to obtain the nZV1 particles.

2.4. Characterization

The crystalline characteristics of nZVI was analyzed using X-ray diffraction
(XRD) with Cu K, radiation (A=0.154 nm), performed on a Bruker D8 Advance
diffractometer. Surface morphology and elemental composition were investigated
through scanning electron microscopy (SEM) using a Hitachi S-4600 microscope
equipped with an EDS detector. Fourier-transform infrared spectroscopy (FT-IR, Bruker
Tensor I1) was employed to identify functional groups in the wavenumber range of
400-4000 cm™. The specific surface area and pore structure were evaluated using
nitrogen adsorption-desorption isotherms obtained with a Quantachrome NOVA Touch
2LX analyzer.
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2.5. Batch experiments of decolorization of RhB

Decolorization of RhB experiments was carried out at room temperature and at an
initial pH of 7.0. In this study, the as-synthesized nZVI, prepared according to the
procedure described above, was added at a dosage of 0.3 g/L into 50 mL of RhB
solution with an initial concentration of 10 mg/L. The mixture was stirred for certain
period of time (10, 20, 30, 40, and 50 min), using a magnetic stirrer to find out the effect
of contact time in the removal of RhB. At each time interval, a 3 mL aliquot was
withdrawn and centrifuged to remove solids. RhB removal performance was evaluated
under three conditions: (i) nZV1 alone, (ii) 2 mL H20. (0.01 M) alone, and (iii) a
mixture of nZVI with 2 mL H>O> (0.01 M). The concentration of RhB was determined
by UV-Vis spectroscopy (Drawell) at 553 nm.

3. Results and discussion

3.1. Characterization of nZVI

The XRD pattern of the synthesized nZVI (Fig. 1) exhibits two prominent diffraction
peaks at 20 = 44.9° and 65.4°, corresponding to the (110) and (200) planes of body-centered
cubic a-Fe® (JCPDS 00-001-1267), confirming the presence of zero-valent iron.
Additionally, low-intensity peaks observed at approximately 26.7°, and 35.2° are attributed
to the characteristic reflections of iron oxide hydrate (FeOOH), suggesting partial surface
oxidation of the nanoparticles [10], [11]. These results confirm the successful formation of
crystalline nZVI, with a predominant o-Fe® phase and minor oxidized species,
demonstrating the effectiveness of the plant-mediated reduction approach.

Figure 1b shows the EDX spectrum of the synthesized nZVI. The main elements
detected are carbon (C), oxygen (O), and iron (Fe), with weight percentages of 37.61%,
46.72%, and 15.67%, respectively. The presence of Fe peaks confirms the successful
formation of iron-based nanoparticles, while the high oxygen content likely originates
from surface oxidation or residual oxygen-containing functional groups derived from
the plant extract. The strong carbon signal can be attributed to capping organic
compounds present in the Cleistocalyx operculatus extract, which may contribute to the
stabilization of the nZV1 particles. These results are consistent with previous studies on
green-synthesized nZV1, where carbon and oxygen are frequently observed as dominant
surface components due to bio-organic residues and surface oxidation [12].

As shown in Fig. 2, the synthesized nZVI exhibits aggregated, roughly spherical
particles with sizes ranging from 50 to 100 nm. The aggregation is typical for nZVI due
to magnetic attraction and high surface energy. The surface morphology appears
moderately rough, which may enhance surface reactivity. These observations are
consistent with previous reports on plant-mediated nZV1, where bio-organic compounds
provide partial stabilization but limited control over particle dispersion [13].
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Fig. 1. (a) XRD pattern and (b) EDX spectrum of nZVI.
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Fig. 2. SEM images of nZVI.

The FT-IR spectrum of the synthesized nZVI (Fig.3a) reveals characteristic
absorption bands associated with both organic functional groups and iron-oxygen
vibrations. The peak observed at 1572 cm™ is attributed to C=0 and/or aromatic C=C
stretching, indicating the presence of polyphenolic compounds from the Cleistocalyx
operculatus extract. The bands at 1336 cm™ and 1067 cm™ correspond to C-N and C-O
stretching vibrations, respectively, further confirming the existence of plant-derived
organic moieties acting as capping agents. In the lower wavenumber region, absorption
bands at 761, 647, 433, and 412cm™ are ascribed to Fe-O stretching vibrations,
verifying the formation of iron nanoparticles with partially oxidized surfaces. These
results are in agreement with previous studies on green-synthesized nZVI, where similar
Fe-O and bio-organic functional group signals were reported in FT-IR spectra of
materials synthesized using oak leaf and Psidium guajava extracts [5], [13]. Overall, the
FT-IR findings support the presence of a bio-organic coating on the nanoparticle
surface, which likely contributes to their colloidal stability.
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Fig. 3. (&) FT-IR spectrum, and (b) N, adsorption-desorption isotherm
and the pore size distribution (insert) of nZVI.

Figure 3b shows the nitrogen adsorption-desorption isotherm of the synthesized
nZVI1, which corresponds to a type IV isotherm with a clear H3 hysteresis loop
according to IUPAC classification, indicating the presence of mesoporous structures
formed by slit-like pores [1]. The BET surface area was calculated to be 67.484 m2/g,
with a total pore volume of 0.176 cm3/g and an average pore radius of 1.659 nm.
Although the average pore radius lies close to the boundary between micropores
(< 2 nm) and mesopores (2-50 nm), the pore size distribution (inset) shows a distinct
contribution from both micropores and mesopores. These features suggest that the
material exhibits a micro-mesoporous structure, where slit-like mesopores coexist with
significant microporosity. Such hierarchical porosity is favorable for enhancing both the
reactivity and diffusion of target contaminants in environmental applications of nZVI.

3.2. RhB removal performance

RhB removal was evaluated under three conditions - (i) nZVI alone, (ii) 2 mL
H20. (0.01M) alone, and (iii) nZVI + 2 mL H20 (0.01M) - and monitored at the time
intervals indicated in Fig. 4.

The UV-Vis absorption spectra presented in Fig. 4 clearly demonstrate the distinct
performance of RhB removal under different experimental conditions. When only nZVI1
was applied (Fig. 4a), the characteristic absorption band of RhB at 553 nm decreased
only slightly with reaction time, indicating that the removal was mainly attributed to
adsorption of dye molecules onto the surface of nZVI particles, with limited contribution
from reductive degradation. In contrast, treatment with H>O> alone (Fig. 4b) resulted in a
more pronounced decrease in absorbance compared with nZVI, but complete
discoloration was not achieved within 50 min. After 50 minutes, the RhB degradation
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efficiencies using nZVI, H20., and the nZVI1/H;0, system were 82.16%, 70.12%, and
99.53%, respectively. This limited performance can be ascribed to the fact that H20:
alone exhibits relatively weak oxidizing ability under ambient conditions, and its
decomposition rate is insufficient to generate a significant amount of hydroxy! radicals
(-OH) without a proper catalyst.
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Fig. 4. UV-Vis spectra of RhB solution using (a) nZVI, (b) 2mL H.0, 0.01M,
and (c) nZVI + 2 mL H20, 0.01M.

Notably, the combined nZVI1/H.0, system (Fig. 4c) showed a rapid and substantial
reduction in the absorption intensity, leading to almost complete disappearance of the
RhB peak within 50 min. This enhanced performance is attributed to the heterogeneous
Fenton-like process, in which Fe® present in nZVI reacts with H2O2 to generate -OH
radicals through redox cycling between Fe?*/Fe3*. These highly reactive species
effectively attack the chromophoric structure of RhB, breaking down its conjugated
system and accelerating the decolorization of the dye. Similar synergistic effects of nZVI
and H20> have been reported in previous studies, where the coupling of zero-valent iron
with hydrogen peroxide significantly improved the degradation rates of various organic
contaminants compared with the use of either reagent alone [3], [14], [15].

The kinetic data of RhB degradation fitted well with a pseudo-first-order model,
as shown in Fig. 5. The calculated rate constants (k) were 0.001 min? for nZViI,
0.017 min?t for H202, and 0.083 min* for the combined nZVI/H,0, system. These
results clearly indicate that nZV1 alone mainly contributed through surface adsorption
with negligible degradation activity, while H>O. alone exhibited only a limited
oxidative effect under ambient conditions. In contrast, the nZVI/H.O, system achieved
a reaction rate approximately five times higher than H>O> alone and more than eighty
times higher than nZVI alone. This significant enhancement confirms the synergistic
role of nZVI as a catalyst in activating H20 to generate highly reactive -OH radicals
via a heterogeneous Fenton-like process, thereby accelerating the breakdown of the
RhB chromophore.
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Fig. 5. Pseudo-first-order kinetic plots for Rhodamine B degradation
under different treatment conditions (nZVI, H20, and nZVI/H;0,).

Overall, the superior performance of the nzZVI/H20; system highlights its
potential as an efficient advanced oxidation process for wastewater treatment. The
results not only confirm the pivotal role of -OH radicals in dye degradation but also
provide further evidence supporting the application of heterogeneous Fenton-like
reactions in the removal of recalcitrant organic pollutants

4. Conclusion

Nano-zero-valent iron (nZVI1) was successfully synthesized using Cleistocalyx
operculatus leaf extract, yielding crystalline o-Fe® nanoparticles with partial surface
oxidation and bio-organic stabilization. The material exhibited favorable surface area
and porosity, supporting efficient contaminant interaction. Batch experiments showed
that the nZVI1/H,0; system achieved nearly complete removal of Rhodamine B within
50 min, driven by a heterogeneous Fenton-like mechanism. These results confirm the
potential of plant-mediated nZV1 as a sustainable and effective material for wastewater
treatment applications.
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TONG HOP XANH NANO SAT HOA TRI KHONG
BANG DICH CHIET LA VOI CHO HIEU QUA PHAN HUY
RHODAMINE B

Nguyén Bac Thiéu', Nguyén Thi Bich Phugng? H6 Phuong Hién?,

Nguyén Vin Bang®, Nguyén Thi Phuong?, Tran Van Chinh?

1Pai hoc Cong nghiép Ha Ngi

2Truong Pai hoc Su pham Ha Ngi

3Vien Vat liéu, Sinh hoc va Méi triong, Vién Khoa hoc va Cong nghé quan su

Tém tit: Trong nghién clru ndy, sit zero héa tri kich thudc nano (nZVI) da duogc tong
hop thanh cong bang phuong phap xanh str dung dich chiét 1a Cleistocalyx operculatus nhu mot
tac nhan khu ty nhién. Vat liéu nZVI thu dugc dugc dac trung be‘ing cac ky thuat XRD,
SEM-EDS, FT-IR va BET. Gian d6 XRD xéac nhan sy hinh thanh pha tinh thé a-Fe?, trong khi
anh SEM cho thdy cac tdp hop hinh cdu c6 kich thudc trong khoang 50-100 nm. Phan tich
FT-IR nhan dién cac nhém chire hitu co tir dich chiét thuc vat hién dién trén bé mat hat nano,
ching t6 c6 16p bao phii sinh hoc. Phan tich BET cho thiy dién tich bé mat riéng dat
67,484 m?/g voi cdu triic vi mao quan - trung mao quan hdn hop. Thi nghiém phéan huy theo mé
dugc tién hanh v6i ndng do ban dau ciia Rhodamine B (RhB) 1a 10 mg/L, sir dung lidu lwong
nZV10,3 g/L, H,0, 0,01 M va pH ban dau 7,0. Két qua cho thdy nZVI don 1é chii yéu hap phu
RhB, trong khi H,O, don 1¢ thé hién kha ning oxi héa han ché. Ngugc lai, hé két hop
nZVI1/H,0; dat hiéu sudt khir mau gan nhu hoan toan sau 50 phut, tuan theo mé hinh dong hoc
gia bac nhat v6i hing sb tde dd biéu kién 0,083 phat™. Hiéu qua gia ting nay dwoc quy cho qua
trinh Fenton di thé tao ra cac gc -OH co hoat tinh cao. Nhitng phat hién nay cho thdy nZVI
tong hop tir C. operculatus mang lai mét giai phap bén vimng va hiéu qua trong loai bo thudc
nhudém hitu co khoi nude thai, nhin manh tiém ning ing dung trong xt 1y nudc tién tién.

Tir khéa: Sit nano héa tri khéng (nZVI); tong hop xanh; Cleistocalyx operculatus (Id véi);
Rhodamine B; xi Iy nuée; hdp phu.
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