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GREEN SYNTHESIS OF nZVI/GNP NANOCOMPOSITE
AS AN OXIDATION CATALYST FOR RHODAMINE B DEGRADATION
IN AQUEOUS MEDIUM
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ABSTRACT

The advancement of sustainable nanomaterials for wastewater remediation has garnered considerable interest in recent years. This study successfully
produced a nano zero-valent iron/graphene nanoplatelet (nZVI/GNP) nanocomposite using a green synthesis approach and assessed its efficacy as an oxidation
catalyst for the degradation of Rhodamine B (RhB) in an aqueous environment. The synthesized nZVI/GNP shown exceptional catalytic performance, attaining
over 90% elimination of RhB after 120 minutes, owing to improved electron transport and reactive oxygen species (ROS) production resulting from the synergistic
interactions between nZVI and GNP. Kinetic analysis revealed that RhB degradation adhered to a pseudo-second-order kinetic model (R® = 0.97863), signifying
chemisorption as the prevailing process. The second-order rate constant k, = 0.00119L/g-min was markedly greater than the first-order rate constant
ki = 0.04944min"", hence affirming the enhanced catalytic efficacy of nZVI/GNP. The green synthesis method not only mitigates environmental effect but also
improves the stability and reactivity of nZVI, rendering it a viable option for sustainable water treatment applications. This research underscores the efficacy of
nZVI/GNP as a powerful oxidation catalyst for the elimination of organic pollutants. Future study should concentrate on enhancing the synthesis method,
expanding its applicability, and evaluating the long-term stability and recyclability of the nanocomposite for effective wastewater treatment.

Keywords: nZV/I/GNP nanocomposite, Rhodamine B, Fenton-like oxidation, wastewater treatment, advanced oxidation process (AOP).
TOMTAT

Su tién b cta vat liéu nano bén viing dé phuc hdi nudc thai da thu hut dugc su quan tam dang ké trong nhiing nam gan day. Nghién ctiu nay da san xuat
thanh cong nanocomposite sat/graphene héa tri khong (nZVI/GNP) béng cach st dung phuang phap tng hgp xanh va danh gia hiéu qué ctia né nhu mot chat
Xtic tac oxy héa dé phan hdy Rhodamine B (RhB) trong méi trudng nudc. nZVI/GNP tong hap cho thay hiéu suat xic tac dac biét, dat dugc hon 90% loai bo RhB
sau 120 phiit, nhd cai thién van chuyén dién ti va san xudt cac loai oxy phan ting (R0S) do tuong téc hiép dong gitia nZVI va GNP. Phan tich ddng hoc cho théy
su phan hdy RhB tuan thi theo mé hinh ddng hoc bac hai gia (R* = 0,97863), biéu thi su hdp phu héa hoc la qua trinh chd dao. Hang s6 tdc do bac hai
k, = 0,00119L/g-min I6n hon dang k€ so véi hang s6 toc dd bac nhét k; = 0,04944min™", do d6 khang dinh hiéu qua xtic téc dugc tang cubng cdia nZVI/GNP.
Phuang phap tng hop xanh khdng chi lam gidm téc dong d&n méi trudng ma con cai thién do 6n dinh va kha nang phan tng cia nZVI, bién né thanh mot lua
chon kha thi cho céc ting dung xt Iy nudc bén viing. Nghién cu nay nhdn manh hiéu qué ctia nZVI/GNP nhu mot chat xtc tac oxy hda manh mé dé loai b cac
chdt 6 nhiém hitu ca. Cac nghién ctiu trong tuong lai nén tap trung vao viéc ting cung phuong phap tng hop, mé rdng kha nang ting dung ctia né va danh gia
do on dinh va kha nang tai ché lau dai ciia nanocomposite dé xi Iy nudc thai hiéu qua.

Tir khéa: Nanocomposite nZVI/GNP, Rhodamine B, oxy hda gidng Fenton, xt Iy nudc thdi, quy trinh oxy hda tién tién.
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1. INTRODUCTION

Because of their long-lasting nature and the
possibility of being poisonous, synthetic dyes are a major
source of water pollution, a serious environmental
concern. Rhodamine B (RhB), a widely utilized xanthene
dye, is present in a wide variety of applications, including
biological staining, cosmetics, and textiles. However, due
to its resistance to traditional wastewater treatment
techniques, RhB poses environmental and human health
concerns. As a result, the development of technologies
that are both effective and sustainable for the
degradation of RhB is essential. Various degradation
technologies have been explored to remove RhB from
aqueous solutions, including physical, chemical, and
biological approaches. In Nidheesh et. al.’s study, RhB
removal using a graphite-graphite electro-Fenton system
was optimized at 8V and 4 - 5cm electrode spacing,
achieving 99.2% removal in 180 min, with efficiency
influenced by electrode area, immersion depth, and dye
concentration [1]. In Muhammad et al.'s research, the
discharge of RhB from wastewater by employing NaOH-
treated rice husk reached 83%, with the adsorption
capacity being 1.66mg/g [2]. Krzysztof et al. compared
four minerals (zeolite, halloysite, chalcedonite, and
Devonian sand) for RhB adsorption with zeolite showing
the highest capacity (6.964mg/g) [3]. Maedeh et al. used
palm shell-derived activated carbon (476.8m?/g BET) for
RhB removal, achieving 95% efficiency under optimal
conditions (62.6umol/L, pH 3, 50°C) [4]. Seyyed et al. used
stalk corn-based activated carbon (SCBAC) for RhB
removal, achieving a maximum adsorption capacity of
5.6mg/g at optimal conditions (pH 3, 2.5g/L dosage) [5].

The capacity of nanoscale zero-valent iron (nZVI) to
degrade organic pollutants through redox reactions and
catalytic oxidation has garnered a significant amount of
attention in recent years. nZVI possesses the capability to
decompose various chlorinated chemicals and is
extensively employed for the treatment of contaminated
water [6-8]. However, the particles of nzZVI have a
tendency to agglomerate, which decreases their
reactivity and stability. Nanocomposites that incorporate
carbon-based materials, such as biochar activated
carbon, carbon nanotubes, and graphene, have been
investigated as a means of improving dispersion and
catalytic performance in order to circumvent this
constraint [9-12]. Graphene nanoplatelets (GNPs) are a
class of carbon-based nanomaterials composed of
multiple layers of graphene with lateral dimensions in the
micrometer range and thicknesses in the nanometer
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scale. They exhibit exceptional electrical, thermal, and
mechanical properties, making them valuable in various
applications, including catalysis, energy storage, and
environmental remediation [13-15]. As a result of its high
surface area, superior conductivity, and robust
interaction  with iron  nanoparticles, graphene
nanoplatelet (GNP) improve electron transport and
overall degrading performance for the nZVI composite.

In this study, we synthesized an nZVI/GNP
nanocomposite and investigated its catalytic activity for
RhB degradation in an aqueous medium. The synergistic
effect between nZVI and GNP was evaluated in terms of
degradation efficiency, reaction kinetics, and potential
mechanisms. This work contributes to the development
of advanced nanocomposite catalysts for wastewater
treatment, offering a promising approach for the removal
of persistent organic pollutants.

2. MATERIALS AND METHODS
2.1. Preparation of Terminalia catappa leaf extract

Terminalia catappa leaves that were fresh were
gathered from the city of Ha Noi in the country of
Vietnam. The Terminalia catappa leaves were cleaned by
washing them with deionized (DI) water, and then they
were dried and milled into a powder. After that, five
grams of the dried leaves were dispersed in 100mL of
ethanol (GHsOH, more than 99.7%, China) by means of
ultrasonication for 60 minutes. A vacuum filtering system
was used to collect the extract after the reducing agent
was extracted at a temperature of 60°C for two hours. The
Terminalia catappa leaf extract that was obtained was
diluted with DI water at a ratio of 1:20, and the solution
that was obtained was utilized as a reducing agent for the
reduction of Fe ions.

2.2, Preparation of nZVI/GNP composite

Weigh 6.75g of FeCl;-6H,0O and transfer it to a flask.
Add 25mL of distilled water to the flask and stir to ensure
complete mixing. Utilize ultrasonography to verify full
disintegration. Introduce 0.2g of GNP into 50mL of FeCls
solution and sonicate for 30 minutes. The gradual
addition of 50mL of Terminalia catappa leaf extract while
stirring for 2 hours. Permit the mixture to repose
overnight. Following the overnight period, filter the
mixture and purify the resultant substance with an
ethanol/water solution; then, centrifuge at 8000rpm for
15 minutes to produce the precipitate.

2.3. Characterization of nZVI/GNP composite

The infrared (IR) spectra of the substance were
acquired using an FT-IR spectrometer in the range of 400
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- 4000cm™. Scanning electron microscopy (SEM) was
employed to visualize the surface and morphologies of
the nZVI/GNP composite. X-ray diffraction (XRD) patterns
of the powder were obtained using a diffractometer
employing CuKa radiation at 15mA and 40kV.

2.4. Rhodamine B removal

The degradation of Rhodamine B (RhB) using nZVI/GNP
was conducted under controlled laboratory conditions to
evaluate the catalytic efficiency of the material. In a typical
experiment, a known concentration of RhB solution
(typically ranging from 2.5 to 15mg/L) was prepared in a
fixed volume, commonly 100mL. A specific amount of
nZVI/GNP catalyst (from 0.05 to 0.30g/L) was then added
to the solution, and the mixture was stirred at a constant
speed (typically 150 - 200rpm) at room temperature. At
predetermined time intervals (0, 10, 20, 30...., 120 minutes),
samples were withdrawn and immediately filtered or
centrifuged to remove the solid catalyst. The remaining
concentration of RhB in the solution was measured using a
UV-Vis spectrophotometer at the maximum absorbance
wavelength of 553nm.

The efficiency of RhB removal on nZVI/GNP was
calculated by the following equation:
H% = €0 x 100% (1)

0
where Co and C; (mg/L) are the initial and residual RhB
concentrations, respectively.

The first-order kinetic model was employed to
simulate experimental data to ascertain the surface
photodegradation rate constant:

2t — kit 2)

The second-order kinetic model was utilized to
simulate the elimination kinetics of RhB by nZVI/GNP in
solution:

C 1

c_:, ~ Ttk Cot (3)

where Co, G (ppm) are concentration of RhB at intial
and t moment, respectively; ki (min™) is the pseudo-first-
order rate constant; k; (L.(mg.min)") is the pseudo-

second-order rate constant.
3. RESULTS AND DISCUSSION
3.1. Characterization of nZVI/GNP composite

Figure 1 presents SEM images depicting the
morphology of a nZVI/GNP (nanoscale zero-valent
iron/graphene nanoplatelet) composite at various
magnifications. At a magnification of 10,000x, the
graphene nanoplatelets (GNP) manifest as slender,
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stratified, and crumpled sheet-like formations. The nzZVI
particles are dispersed over the GNP surface, creating
agglomerates in certain regions. The sheet-like structure
of GNP offers a substantial surface area, advantageous for
stabilizing nZVI particles and mitigating excessive
aggregation. At a magnification of 50,000x%, a detailed
examination uncovers spherical nZVI nanoparticles,
which manifest as clusters or chains, likely attributable to
magnetic interactions. The significant dispersion of nZVI
on the GNP surface indicates a robust interaction,
perhaps augmenting reactivity and stability. The
diminutive particle size of nZVI enhances its surface
reactivity, rendering it beneficial for environmental
applications, including pollutant removal. The composite
structure indicates that GNP functions as a support
matrix, diminishing nZVI aggregation and enhancing its
dispersibility. The observed morphology validates the
effective synthesis of the nZVI/GNP composite, indicating
possible applications in water treatment, dye removal, or
environmental remediation.

IMS-NKL 5.0kV 5.8mm x50.0k SE(M)

Figure 1. SEM images of nZVI/GNP composite

The graphene nanoplatelets (GNP, blue) and a
composite of nanoscale zero-valent iron on graphene
nanoplatelets (nZVI/GNP, yellow) are compared in the
X-ray diffraction (XRD) patterns that are displayed in Figure
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2. Graphitic nanoparticles (GNP) exhibit a prominent peak
at around 26.6° (26), which corresponds to the (002)
diffraction plane of graphitic carbon. The presence of this
peak is indicative of the distinctive structure of graphene
nanoplatelets. Some structural disorder or probable
contaminants may be present, as indicated by the
presence of additional small peaks in the lower 26 range.
While the peak at approximately 26.6° is still evident with
the nZVI/GNP composite, it has been significantly
decreased. This suggests that the graphene structure is still
present, but it may be altered as a result of the nzVi
deposition which has been applied. The presence of zero-
valent iron (Fe% is confirmed by the appearance of a
conspicuous peak at approximately 44.71°, which
corresponds to the (110) plane of body-centered cubic
(BCQ) iron [16]. The creation of the nZVI phase on the
graphene surface is suggested by the fact that the total
intensity of peaks is higher than that of pure graphene
nanoparticles (GNP). Additionally, distinct peaks at
20 = 35.2°,39.8°, and 53.1° correspond to the characteristic
reflections of 3-FeOOH (akaganeite), with the most intense
peak at 35.2° attributed to the (310) plane. This phase
coexists with Fe® nanoparticles when synthesized using
iron chloride salt, as chloride ions facilitate its tunnel-like
structure formation. As a result of the existence of Fe°
peaks, the XRD results provide proof that the synthesis of
the nZVI/GNP composite was successful. The decrease in
strength of the GNP peak at approximately 26.6° implies
interactions between nZVl and graphene, which may have
an effect on stacking or dispersion. The absence of
significant iron oxide peaks is indicative of the fact that the
material is primarily composed of Fe° rather than oxidized
forms; yet, it is possible that some amorphous oxide layers
are still present.
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Figure 2. The XRD patterns of GNP (blue) and nZVI/GNP composite (yellow)
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Figure 3. The EDX patterns of nZVI/GNP composite

Figure 3 presents the EDX spectrum, which offers an
elemental analysis of the nZVI/GNP composite. The
elemental composition indicates that carbon constitutes
57.76%, so affirming that the elevated carbon content
corroborates the presence of graphene nanoplatelets
(GNP) as the principal structural element of the
composite. The oxygen level is 28.11%, indicating the
presence of oxygen and suggesting the partial oxidation
of nZVI, possibly resulting in the formation of FeOOH
species. Oxygen may also originate from functional
groups on GNP, including hydroxyl (-OH) and carboxyl
(-COOH) groups. The presence of 14.13% weight iron and
the Fe peaks validate the integration of nanoscale zero-
valent iron (nZVI) within the composite. The reduced
atomic percentage of Fe indicates that nZVI is uniformly
distributed within the GNP matrix, rather than
aggregating into huge clusters. The spectrum has distinct
Fe peaks at around 0.7 eV, 6.4 eV, and 7.1 eV, indicative of
iron. The pronounced C peak (~0.3 eV) is associated with
the GNP structure. The O peak (~0.5 eV) further
corroborates the existence of iron oxides or oxygen-
containing moieties. The elevated carbon content verifies
that GNP is the predominant phase in the composite. The
presence of oxygen indicates partial oxidation of Fe°,
potentially influencing the material's reactivity and
stability. The modest iron level (14.13 wt%) signifies that
nZVI particles are effectively incorporated into the GNP
matrix. The composite structure indicates that GNP serves
as a support, facilitating the dispersion of Fe
nanoparticles and possibly augmenting their efficacy in
environmental or catalytic applications.

Figure 4 displays FTIR spectra that elucidate the
functional groups in GNP and nZVI/GNP composites. At
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GNP Spectrum, 2988cm™, a faint peak corresponds to
C-H stretching vibrations, perhaps originating from
residual organic impurities or functional groups on the
GNP surface. 1066cm™ signifies C-O stretching, denoting
the existence of oxygen-containing functional groups
(e.g., epoxy, hydroxyl, or carboxyl groups). The extensive
absorption in the 1000 - 1500cm™ region indicates C=C
vibrations, typical of graphitic materials. In the nZVI/GNP
Spectrum, a novel peak at 485cm™ is observed
exclusively in the nZVI/GNP composite, which can be
ascribed to the Fe-O stretching vibration, signifying the
partial oxidation of Fe(0) to FeOOH. The 1066cm™ (C-O
stretching) peak in GNP exhibits diminished intensity,
indicating that the interaction of nZVI with GNP may have
altered the surface oxygen-containing groups. The GNP
spectrum verifies the existence of oxygen-functionalized
graphene structures. The Fe-O peak at 485cm™ in the
nZVI/GNP composite indicates the partial oxidation of Fe°
resulting from exposure to air or water. The reduction in
C-0O peak intensity in the composite suggests that nzVi
particles may have engaged with oxygen-containing
groups on GNP, perhaps promoting chemical bonding or
charge transfer interactions. The data validate the
successful integration of nZVl onto GNP, while also
suggesting a certain extent of Fe oxidation, which may
affect reactivity in applications like environmental
remediation or catalysis.

70

60+

485 =

50 {4

40 GNP

Transmittance (%)

30 A

2988

1066

20 T T T T
4000 3500 3000 2500 2000

1500 1000 500

Wavenumber (cm™)
Figure 4. The FTIR spectroscopy of GNP (blue) and nZVI/GNP composite
(yellow)
3.2. Rhodamine B removal

The effect of initial RhB concentration on its
degradation by nZVI/GNP was investigated, as shown in
Figure 5. At lower concentrations (2.5 - 7.5mg/L), the
degradation efficiency (H%) increased rapidly, reaching
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over 90% within 120 minutes, indicating that sufficient
active sites were available on the nZVI/GNP surface to
effectively interact with dye molecules. The degradation
rate was notably highin theinitial 30 minutes, suggesting
fast adsorption and reduction reactions under low
pollutant loading. However, as the initial concentration
increased to 10.0 - 15.0mg/L, the removal efficiency
decreased significantly. At 15.0mg/L, only about 70%
degradation was achieved after 120 minutes. This decline
is attributed to the saturation of reactive sites and
increased competition among dye molecules for
adsorption, which slows down the overall reaction rate.
Moreover, higher dye concentrations may result in the
accumulation of intermediate products that interfere
with the degradation process or hinder the diffusion of
reactive species, such as Fe** ions and hydroxyl radicals,
into the bulk solution. At high concentrations, the
increased density of RhB molecules may enhance the
chances of molecular interactions. However, this can lead
to diffusion limitations and uneven distribution, which
ultimately reduces the effective interaction between RhB
molecules and the reactive sites on nZVI/GNP. These
findings suggest that the degradation efficiency of RhB
by nZVI/GNP is inversely related to its initial
concentration, emphasizing the importance of
optimizing dye loading in real wastewater applications to
achieve maximum treatment performance.

100 4
80 4
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X
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Figure 5. Effect of initial concentration on degradation rate of RhB with
nZVI/GNP

Figure 6 presents the effect of nZVI/GNP dosage on
the degradation efficiency (H%) of RhB over time. As the
dosage increases from 0.05 to 0.30g/L, a significant
enhancement in degradation efficiency is observed. At
the lowest dosage (0.05g/L), the removal efficiency
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reaches only about 70% after 120 minutes, indicating
limited availability of active sites for RhB interaction. With
increasing dosage, especially from 0.10 to 0.25g/L, the
degradation rate improves markedly due to the increased
surface area and availability of reactive sites, which
promote more effective adsorption and redox reactions
with RhB molecules. The fastest degradation occurs
within the first 20 - 40 minutes, particularly at higher
dosages. However, beyond 0.25g/L, the improvement in
degradation efficiency becomes less pronounced, as seen
in the curves for 0.25 and 0.30g/L which nearly overlap.
This plateau effect suggests that excessive nZVI/GNP may
lead to particle aggregation, reducing the effective
surface area and possibly scavenging reactive species.
Overall, the results indicate that increasing the nZVI/GNP
dosage enhances RhB removal efficiency up to an optimal
point, beyond which further addition provides minimal
benefit. This highlights the importance of optimizing
material dosage for cost-effective and efficient
wastewater treatment using nanomaterials.
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Figure 6. Effect of dosage on degradation rate of RhB with nZVI/GNP

Figure 7 depicts the temporal degradation of
Rhodamine B (RhB) under irradiation with nZVI/GNP. The
initial RhB concentration is 10.1259mg/L, and within the
first 30 minutes, the C; exhibits a significant decline,
signifying a swift early degradation phase. After 120
minutes, C; attains around 0.7388mg/L, indicating
significant RhB elimination. The degrading efficiency (H)
exhibits an upward trend, surpassing 92% after 120
minutes. The majority of degradation transpires within
the initial 60 minutes, after which the rate of efficiency
enhancement diminishes, likely due to a reduced number
of remaining RhB molecules and the saturation of active

Vol. 61 - No. 5B (May 2025)

sites. The abrupt initial decline in RhB concentration
indicates a pseudo-first-order response, wherein the
degradation rate correlates with the residual RhB
concentration. The deterioration curve stabilizes after 90
minutes, suggesting the potential establishment of
reaction equilibrium or catalyst deactivation. The
nZVI/GNP system demonstrates exceptional efficacy in
degrading RhB, with over 90% elimination within 120
minutes. The reaction occurs most rapidly within the
initial 30 - 60 minutes and then decelerates, indicating an
ideal duration for effective treatment. Additional
optimization may concentrate on enhancing reaction
efficiency beyond 60 minutes or augmenting catalyst
stability.
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Figure 7. The degradation efficiency of RhB vs irradiation time with
nZVI/GNP

Figure 8 illustrates two kinetic models, pseudo-first-
order and pseudo-second-order, for the degradation of
RhB utilizing nZVI/GNP. The slope of the fitted line in
pseudo-first-order kinetics yields k; = 0.04944 min~". The
coefficient of determination R* is 0.94793, signifying a
strong fit, albeit not flawless. In the context of pseudo-
second-order kinetics, the slope of the fitted line yields
k, = 0.00119L/g-min. The R? value is 0.97863, surpassing
that of the first-order model, signifying a superior fit. The
pseudo-second-order model demonstrates a superior R®
value (0.97863 compared to 0.94793), indicating that RhB
degradation by nZVI/GNP adheres more closely to
second-order dynamics. The elevated correlation in the
pseudo-second-order model suggests that the
degradation process may be governed by chemisorption
instead of merely mass transfer or diffusion mechanisms.
The pseudo-first-order model remains a satisfactory fit,
suggesting that certain elements of the process may be
governed by a diffusion-limited step. The degradation of
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RhB by nZVI/GNP seems to adhere more closely to a
pseudo-second-order kinetic mechanism, indicating a
more robust connection between RhB molecules and the
active adsorption sites on the material.
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Figure 8. The first-pseudo order (left) and second-pseudo order (right)
models of RhB degradation on nZVI/GNP

4. CONCLUSION

This study successfully produced a nano zero-valent
iron/graphene nanoplatelet (nZVI/GNP) nanocomposite
via a green synthesis method and assessed its catalytic
efficacy for the degradation of Rhodamine B (RhB) in an
aqueous environment. The synthesized nanocomposite
demonstrated significant catalytic efficiency, owing to
the synergistic interactions between nZVl and GNP,
which improved electron transport and the formation of
reactive oxygen species (ROS). The nZVI/GNP system
exhibits remarkable effectiveness in degrading RhB,
achieving over 90% removal after 120 minutes. Kinetic
study demonstrated that RhB degradation adhered to a
pseudo-second-order kinetic model (R* = 0.97863),
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suggesting that chemisorption was the predominant
mechanism in the degradation process. The reaction rate
constants further validated the catalyst's efficacy, with
the second-order rate constant k, = 0.00119L/g-min
markedly exceeding the first-order model's k; = 0.04944
min~". The data indicate that nZVI/GNP functions as an
efficient oxidation catalyst, promoting the degradation of
RhB in aqueous environments. This study's green
synthesis method diminishes environmental effect while
improving the stability and reactivity of nzVI. This
method is consistent with sustainable water treatment
methods and presents a viable solution for eliminating
organic contaminants from contaminated water sources.
Future investigations should concentrate on refining the
synthesis method, enhancing the application scale, and
evaluating the long-term stability and recyclability of the
nanocomposite for effective wastewater treatment.
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