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Abstract

At the nanoscale, various materials exhibit significant changes in their electrical and optical
properties, showing optical and electrical performance that is entirely different from that of
macroscopic materials, and thus have been widely applied. Among them, zinc oxide nanoclusters
(ZnONCs) are commonly applied in the fields of antibacterial and bacteriostatic, photocatalysis,
ultraviolet shielding, sensor preparation, and dye removal. In this paper, to reduce the use of toxic
and harmful chemical reagents, the leaf extract of Aralia elata was used as the chemical modifier
and stabilizer, and the functionalized zinc oxide nanocluster material (AE-ZnONCs) was prepared
by the green hydrothermal synthesis method, which can be used for the removal of organic dyes in
wastewater. SEM confirmed that the surface of AE-ZNONCs was a loose lamellar structure, with
AE extract adhering to the material surface. TEM characterization shows that the internal structure
of AE-ZnONCs is a loose lamellar structure. EDS and XRD confirmed that the nanomaterials
contained zinc oxide and AE plant components. TGA characterization confirmed that the mass
proportion of AE extract attached to the material surface was 18.3%. AE-ZnONCs could rapidly
and efficiently adsorb methylene blue (MB) and sunset yellow (SY) dyes from water, with the
adsorption process following second-order kinetics and adhering to the Freundlich-type multilayer
adsorption isotherm model. The green hydrothermal preparation method for functionalized zinc
oxide boasts advantages such as abundant raw materials, high cost-effectiveness, environmental
friendliness, controllable parameters, simple equipment, and easy operation, with broad application
prospects.
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Abbreviations

NCs: Nanoclusters

AE: Aralia elata

ZnO: Zinc oxide

ZnONC:s: Zinc oxide nanoclusters

AE- ZnONCs: Aralia elata- zinc oxide nanoclusters
MB: Methylene blue

SY: Sunset yellow

1. Introduction

Nanomaterials, owing to their unique optical, mechanical, and electromagnetic properties, are
currently widely applied across diverse fields including medicine, materials industry, chemical
engineering, and catalyst materials'-*. Commonly encountered nanomaterials include ZnO, Ag, Au,
and Pt, amongst which ZnO nanomaterials exhibit antibacterial properties, ultraviolet absorption,
dye adsorption, and photocatalytic efficacy® >. In the preparation methods of nanomaterials, ball
milling (physical method) and sol-gel (chemical method) are currently predominant® 7; however,
ball milling tends to cause dust pollution, and chemical methods often involve the use of toxic and
harmful reagents, resulting in irreversible environmental pollution. To improve these processes, this
paper adopts the green hydrothermal method, which belongs to the green chemical synthesis and
preparation methods. Green hydrothermal synthesis typically involves creating a local high-
temperature and high-pressure environment in a sealed container by artificially adjusting external
heating temperature, system pH value, and other parameters, thereby synthesizing, preparing, and
modifying functionalized nanomaterials in a relatively short period of time® °. The advantages of
this method include: fast reaction rate, predominantly aqueous reaction system, mild reaction
conditions, high cost-effectiveness of the process, no introduction of impurities, and environmental
friendliness. Nanometer-sized ZnO materials exhibit significant application value in various fields
such as chemical engineering and medicine. Future research focuses will continue to be on
optimizing and enhancing the comprehensive performance of materials and optimizing green and
friendly preparation processes!'® ',

In the green hydrothermal synthesis process for preparing nanomaterials, natural plant extracts
are commonly used as reaction reagents. By wholly or partially replacing toxic and harmful
chemical reducing agents, stabilizers, and modifiers, the damage and pollution to the environment
are minimized to the greatest extent'> '3, In specific synthesis reactions, organic compounds such
as polysaccharides, alkaloids, organic acids, flavonoids, polyphenols, and terpenoids contained in
plant extracts provide groups such as carboxyl, hydroxyl, and amino groups, which promote the
uniform growth of ZnO nanomaterials through chelation. Due to the differences in active ingredients
contained in different types of plants, the morphology and internal structure of the synthesized ZnO
also vary'#. Aida et al. used hexamethylenetetramine as a slow precipitant for ZnCl, and modified
the synthesized nano-ZnO materials using Hibiscus and Artemisia plant extracts, respectively.
Experimental results showed that different types of plant extracts control the uniform and non-
uniform growth processes by altering the properties of the solution. The Hibiscus extract has a lower
viscosity, resulting in a predominance of uniform ZnO precipitation.

In contrast, the Artemisia extract has a higher viscosity, leading to a predominance of non-
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uniform ZnO precipitation'. Kurbanova et al. used Zn(NO3),, AgNO3, and Juniperus plant extracts
as raw materials to prepare Ag-modified ZnO nanomaterials with a mushroom-like appearance. The
preparation conditions did not require thermal treatment or adjustment of the solution pH value.
These materials exhibited potent antibacterial activity against Staphylococcus aureus and
Escherichia coli and can be used as a sustainable antimicrobial agent in medical and environmental
fields'®. Aralia elata, a common wild plant in the Northern Hemisphere, contains multiple active
ingredients such as polysaccharides, saponins, polyphenols, and flavonoids in its leaf extracts,
which can serve as stabilizers and modifiers for nanomaterials. Functionalized nano-zinc oxide
materials (AE-ZnONCs) are synthesized under hydrothermal conditions. The preparation of
functional nanomaterials also demonstrates the multi-level and high-value utilization of wild plant
resources.

In various production processes in the industrial sector, synthetic dyes have advantages over
natural dyes in terms of color variety, dyeing efficiency, physicochemical stability, and price, thus
gaining widespread application. Among them, methylene blue (cationic species dye) and sunset
yellow (anionic species dye) are common organic pollutants in water bodies and are widely used in
multiple fields'” 3. The extensive use of organic dyes has caused significant pollution and damage
to water bodies and the environment. How to quickly remove dyes from water bodies has gradually
become a research hotspot. Currently, methods for removing organic dyes from water bodies mainly
include physical co-precipitation, biological microorganisms, and chemical adsorption. The
operation process using the nanomaterial adsorption method is relatively simple, has a wide range
of applicability, and achieves remarkable results'® 2°. The functionalized nanomaterial AE-ZnONCs
prepared in this paper have dye removal efficacy, and their synthesis method is simple, green, and
environmentally friendly, possessing particular research value and significance.

2. Materials and methods

2.1. Materials

Aralia elata leaves were purchased from Yichun, Heilongjiang Province. The zinc sulfate
heptahydrate, methylene blue (MB), sunset yellow (SY), and sodium hydroxide were purchased
from Sinopharm Group (analytical grade). The Milli-Q water (Electrical resistivity =18.2MQ-cm)
was self-made in the laboratory.

2.2. AE-ZnONC:s synthesis steps

2.2.1. Synthesis on AE leaf extracts

The leaves of Aralia elata were washed, dried, and crushed to obtain AE solid samples. Mix AE
powder and an appropriate volume of Milli-Q water evenly in a glass beaker and ultrasonically treat
for 30 min. Then, heat and extract for 30 min at a water temperature of 75°C and a stirring rate of
500 r/min. The extracted mixture was filtered and centrifuged to retain the supernatant, and then
diluted with an appropriate amount of Milli-Q water to obtain 5% AE leaf extract.

2.2.2 Synthesis of ZnO NCs

Mix SmL of AE leaf extract (5%) with 20mL of Milli-Q water in a beaker and stir for 20 min at a
stirring speed of 400 r/min. Slowly add 5 mL of ZnSO4 (1%), then add a small amount of 1mol/L
NaOH solution to adjust the pH of the mixed solution to 8.0, and continue to stir for 30 min. The
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mixed solution was transferred to the polytetrafluoroethylene high-pressure tank reactor, and the
reactor was heated in an oven with the heating temperature set at 140°C. After the reaction, the AE-
ZnONCs mixed suspension was obtained. To optimize the reaction conditions, the heating times
were set at 1h, 2h, 3h, 4h, and 5h. The optimal heating duration was determined by the surface
morphology and structure to be characterized. The suspension of AE-ZnONCs was centrifuged for
30 min (rotational speed 8000 r/min). The precipitated part was washed three times with Milli-Q
water, and the precipitate was dried in an oven at 40 °C to obtain the solid sample of AE-
ZnONCs.Figure 1 shows the synthesis steps for the preparation of AE-ZnONCs colloid. The AE
leaf aqueous extract is light-green in color, while the AE-ZnONC:s colloidal solution exhibits earthy

yellow-green.

AE leaves

AE leaf extract

‘Water extraction

Cleaning Crushing
) § )
Drying Centrifugation l
AE leaf extract AE-ZnONCs
ZnSO; (1%) Ad_]llSt pH=8.0 140°C heatmg for 3h
Stlr 30min

| Stir 20min

Figure 1. The synthesis steps of the AE leaf extract and AE-ZnONC:s colloid

2.3. AE-ZnO NCs characterization

2.3.1. Scanning electron microscope and energy dispersive spectroscopy (SEM and EDS)

The morphology and structure of AE-ZnONC:s solids heated for 1 to 5 hours were characterized by
scanning electron microscopy, and the optimal synthesis process was determined based on the
morphological and structural characteristics. The 50 mg AE-ZnONCs sample was fixed on both
sides of the sample stage with conductive carbon-based materials, and Pt metal was sputtered on its
surface using a metal sputtering instrument. The processed samples were placed in the sample
chamber of the electron microscope. The morphology and structure of the samples were observed
under an acceleration voltage of 10kV and an appropriate current. The elemental composition and
content were identified by an energy scattering spectrometer. According to the SEM characterization
results, the heating duration of the nanomaterials was determined. (Instrument model: Thermofisher

Apreo 2¢)



2.3.2. Ultraviolet-visible absorption spectroscopy (UV-vis)

The liquid samples of AE-ZnONCs were tested and characterized using a ultraviolet-visible
spectrophotometer. An appropriate amount of AE-ZnONCs colloidal solution was ultrasonically
treated, diluted with a proper amount of Milli-Q water, shaken well, and the UV-vis absorption
spectra were scanned in the full wavelength range of 200nm to 800nm. (Instrument model: Persee
TU-1901)

2.3.3. Transmission electron microscopy (TEM)

The transmission structure of AE-ZnONCs colloid samples was characterized by transmission
electron microscopy. After ultrasonic treatment of AE-ZnONCs suspension for 15 min, 100uL to
300uL of AE-ZnONCs colloidal solution was dropped onto a carbon alloy mesh. After natural
drying, the TEM test was conducted, with an acceleration voltage set at 200k V. (Instrument model:
JEOL JEM-F200)

2.3.4. X-ray diffraction (XRD)

X-ray diffraction instruments identified AE leaf and AE-ZnONCs solid samples. The crystal
structure and its component characteristics were determined by analyzing the diffraction angle and
the corresponding relative intensity. Approximately 500mg of the sample was laid flat and
compacted in the bracket. Set the scanning mode to continuous scanning in the instrument, with a
step width of 0.01°, scanning speed of 20°/min, high voltage potential of 40 kV, current of 30 mA,
X-ray wavelength of 0.1540593 nm, and record experimental data within the range of 4° ~
90°(Instrument model: Rigaku SmartLab-SE). Based on the XRD characterization results, in this
paper, the Scherrer formula was used to calculate the size of the crystal particles. The Scherrer
equation: D=k * /(B * cos0). D: crystallite size (nm); k: Scherrer constant; A: X-ray wavelength (A),
B: Half-width of diffraction peak(rad); 0: Bragg angle in degrees (deg)?!22.

2.3.5. Fourier transform infrared spectroscopy (FTIR)

The Fourier Transform infrared spectrometer characterized the FTIR spectrum of AE-ZnONCs.
Grind 300mg of dry spectral pure grade KBr and 3mg of the solid sample (AE leat/ AE-ZnONCs)
evenly in a mortar. Weigh 80mg of the mixture and press it into a tablet. Prepare the sample under
pressure at 20MPa for 1 min. Taking the spectral pure grade KBr salt plate as the blank control, with
the FTIR scanning resolution of 1 cm™, the data within the wavenumber range of 400 cm™' ~ 4000
cm™!' were recorded. (Instrument model: Thermo Nicolet-IS10)

2.3.6. Thermogravimetric analysis (TGA)

TGA, DSC, and DTG data curves characterize the thermogravimetric properties of materials. Smg
to 15mg of the dried sample(AE leaf/ AE-ZnONCs materials) were placed in an alumina crucible.
The N> is used as the protective gas (flow rate 20mL/min). The heating process ranges from 40 °C
to 800 °C, with a heating rate of 10 °C/min. Record the data curves of TGA, DSC, and DTG of the
samples. (Instrument model: Netzsch STA449-F3)

2.3.7. Dye removal kinetics experiment
Based on dynamic experiments, this paper investigates the efficacy of functionalized nanomaterials
(AE-ZnONCs) colloid in removing methylene blue (MB) and sunset yellow (SY) dyes.
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160 mL of AE-ZnONC:s colloidal solution with 40 mL of MB (10mg/L)/ SY (30mg/L) solution
were mixed under room temperature (25°C), dark conditions, and 600r/min stirring speed. The
reaction times were: 0, 1, 2, 5, 10, 20, 30, 40, 50, 60, 600 min. It was confirmed that complete
adsorption was achieved after 600 min in multiple experiments. When the set reaction time was
reached, extract 8mL of the mixed solution and centrifuge it at 8000r/min for 20min. Measure the
absorbance value of MB dye at A=665 nm and the absorbance value of SY dye at A=485 nm using
a UV-visible spectrophotometer. Calculate the dye removal rate and draw the dye removal kinetics
curve. Blank controls were made using AE-ZnONCs colloidal solution and distilled water (volume
ratio 4:1). Dye removal rate (%) =[(Co-C1)/Co]*100% (where Co: initial dye concentration mg/L;
Ci: post-reaction dye concentration mg/L).

The adsorption kinetic models on organic dyes by AE-ZnONCs can be fitted by pseudo-first-
order or pseudo-second-order formulas?®. The following formulas exhibit the two adsorption kinetic
models. The Pseudo-first-order model formula: In (Qe - Qt) = In Qe - k; * t; The Pseudo-second-
order model formula: t/Qt = 1/(kz * Q?) +t/ Q..

Note: Q.: The adsorption capacity in equilibrium state; Q. The adsorption capacity at the
adsorption time t; ki: The rate constant of pseudo-first-order; t: The adsorption time; ko: The rate
constant of pseudo-second-order. This article calculates the dynamic fitting curve based on
experimental results, calculates the fitting equation, and studies its adsorption principle.

2.3.8. Dye removal isotherm experiment

Based on isothermal experiments, this paper studies the efficacy of functionalized nanomaterial
(AE-ZnONC:s) colloids in the removal of methylene blue (MB) and sunset yellow (SY) dyes. Six
copies of AE-ZnONCs (8.0mL) samples were mixed separately with 2.0 mL solutions of dyes
(MB/SY) at concentrations of 5, 10, 15, 20, 25, and 30 mg/L. The reaction temperature was set at
25°C, and the mixture was stirred in a dark shaking incubator for 600min. After reaching the
adsorption equilibrium, the supernatant was collected by centrifugation, and the remaining dye
concentration was measured. Blank controls were made using AE-ZnONC:s colloidal solution and
distilled water (volume ratio 4:1).

The isotherm kinetic models on organic dyes by AE-ZnONCs can be fitted by the Langmuir or
the Freundlich formulas?*. The following formulas exhibited the two isotherm kinetic models.

The Langmuir isotherm model formula: Ce/Qe = 1/(Qmax * Kr) + Ce/Qmax; The Freundlich isotherm
model formula: Ln(Qc¢) = Ln(Ky) + 1/n * Ln(Ce).

Note: Q.: The adsorption capacity in equilibrium state; Qmax: The maximum adsorption
capacity; ki: The Langmuir constant related to adsorption capacity; ks The constant related to
adsorption; n: The parameter related to adsorption strength or surface heterogeneity. This article
calculates the isotherm fitting curve based on experimental results, calculates the fitting equation,
and studies its adsorption principle.



3. Experimental characterization and discussion
3.1. SEM and EDS characterization

Figure 2. SEM characterization results of AE-ZnONCs samples with different heating durations
(Magnified 10,000 times, Figures 1~5 represent heating durations of 1 h~5 h)

—
100,000 5.0V SEI

Figure 3. SEM characterization results of AE-ZnONCs samples with different heating durations
(Magnified 100,000 times, figures 1~5 represent heating durations of 1 h~5 h)



Figure 2 is a 10000 magnified photo of the AE-ZnONCs sample; Figure 3 is a 100000 magnified
photo of the AE-ZnONCs sample; Figure 4 shows the EDS characterization results of AE-ZnONCs
samples (heated for 4h). From the characterization results of the five samples with heating durations
ranging from lh ~ 5h, it can be concluded that as the heating time extends from 1 h ~ 4 h, the
functionalized AE-ZnONCs gradually change from the amorphous precipitate state to the polygonal
layered morphology. As the heating time continued to expand, the lamellar structure of the sample
heated for Sh gradually transformed into a compacted, contracted, and agglomerated state, and no
longer had a high relative surface area®.

It can be seen from Figure 3 that the extract of AE leaves adheres to the surface of the lamellar
material. Powder materials usually experience agglomeration during high-temperature processing,
which is typically classified into soft agglomeration and hard agglomeration. Soft agglomeration
results from van der Waals forces and electrostatic attraction, and these forces are relatively weak.
Hard agglomeration results from the reconstruction of the internal structure of the crystal under
high-temperature conditions, transforming from an amorphous state to a regularly arranged crystal
form, generating covalent bonds, and making the forces more robust. After being heated, the inner
lining of the reaction vessel generates a specific high-pressure environment, gradually transforming
the amorphous Zn(OH), produced in the aqueous reaction into closely arranged ZnONCs with a

lamellar structure.
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Figure 4. Particle size distribution, EDS characterization, and elemental atomic ratio results of
AE-ZnONCs sample (heating duration 4h)

(1) Particle size distribution graph of the sample; (2) EDS characterization and atomic ratio of elements

Figure 4 shows the particle size distribution, EDS characterization, and elemental atomic
ratio results of the AE-ZnONCs sample heated for 4 hours. From Figure 4-1, it can be seen that the
average particle size of AE-ZnONCs is 31.71nm (with the maximum particle size of 52.73nm and
the minimum particle size of 14.16nm). In Figure 4-2, the EDS characterization reveals that the
nanomaterial sample contains C, N, O, Na, S, and Zn elements, with Zn accounting for 16.18% of
the atomic ratio. The Na and S elements may originate from Na* and SO4* carried during the
precipitation process in the solution. The C, N, and O elements are derived from plant extracts®’.



3.2. Ultraviolet-visible spectra characterization
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Figure 5. Ultraviolet-visible characterization results (1) AE leaf extract; (2) AE-ZnONCs colloid

Figure 5 presents the UV-Vis spectral absorption characterization results of the AE leaf extract
solution and AE-ZnONCs. As shown in the figure, AE-ZnONCs exhibit absorption in the 200
nm~350 nm UV region but show no significant absorption peaks in the 400 nm~800 nm range. The
absorption curve of AE-ZnONCs resembles that of the AE leaf extract solution®®. After high-
pressure hydrothermal reaction in the autoclave, while generating flake-like ZnONCs solids, some

active substances from the AE leaf extract were retained.

3.3. TEM characterization

100nm ;
Figure 6. TEM characterization results of AE—ZnONC colloid
(1) AE-ZnONC:s scale of 200 nm; (2) AE-ZnONC:s scale of 100 nm

Figure 6 presents the TEM characterization results of the AE-ZnONC:s colloidal solution. From the
figure, it can be seen that the internal morphological structure of the AE-ZnONCs colloid is an
irregular layered shape with some agglomeration features, which is consistent with the SEM surface
morphology characterization results. All the images are bright-field scanning results. The dark parts
represent polygonal stacked zinc oxide; the light parts represent the AE leaf extract?. The AE extract
is attached to the surface of ZnONCs and has a specific chemical modification effect.



3.4. XRD characterization
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Figure 7. XRD characterization results of AE leaf powder and AE-ZnONCs powder
(1) AE leaf powder; (2) AE-ZnONCs powder

Figure 7 shows the XRD test characterization results of AE leaf powder and AE-ZnONC:s. In
Figure 7-1, the diffraction pattern of the AE leaf extract shows a broad diffraction peak near 20°,
confirming that its internal structure is amorphous. The XRD characterization results in Figure 7-2
still contain the broad diffraction peaks shown in Figure 7-1, confirming that the AE leaf extract
has a specific structural modification effect on the surface structure of functionalized
nanomaterials. In Figure 7-2, the characteristic diffraction peaks of ZnO are located at 31.6°,34.2°,
36.0°,47.4°, 56.4°, 62.7°, and 67.9°. Corresponding to the five structural planes of ZnO cubic
crystals (100),(002),(101),(102),(110),(103), and (112) (JCPDS serial number 36-1451), which
confirmed that under the conditions of closed high pressure, high temperature, and appropriate
heating duration, AE-ZnONCs has a stable crystal structure®.

The Scherrer formula was used to calculate crystallite size: D=k * A/(B * cosf). Note: D:
photocatalyst material crystallite size (nm); k: shape factor; A: the X-rays wavelength (A), B: Full
width at half maximum; 0: Bragg angle in degrees (°) 3'-32.

Based on the XRD diffraction peak results (Figure 7-2), the average size of functionalized
ZnONCs was calculated to be 35.85nm using the Scherrer formula, which is consistent with the
SEM morphological characterization results (31.71nm). Appropriate heating duration facilitates
the formation of dense and compact layered structures’® 3*; Polysaccharides in the AE leaf extract
serve as stabilizers and modifiers, resulting in a solution with high overall viscosity, which tends
to produce heterogeneous and relatively smaller-sized ZnONCs?.
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3.5. FTIR characterization
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Figure 8. FTIR spectrum characterization results
(1)AE leaf powder; (2) AE-ZnONCs powder
Figure 8 shows the infrared spectral characterization results of AE leaf powder and AE-ZnONCs.

In the figure 8-1, the broad peak at 3400 cm™! represents the stretching vibration of a large number

of -OH groups within the polysaccharide molecules in the AE leaf extract; The 2928 cm™! absorption

peak is derived from the extension and contraction vibration of the C-H bond within the

polysaccharide molecule. 1636 cm™ and 1400 cm™! represent the asymmetric and symmetric

stretching vibrations of the carboxyl group -COO-. Vibrations of 1046 cm™! and 882cm ™' represent

the six-membered polysaccharide carbon skeleton of C-O-C3%, confirming that the surface layer of

the functionalized nanomaterial AE-ZnONC:s is attached with components of AE leaf extract. A

peak of 560 cm™! represents the bending vibration of the C-C=0 bond between aldehydes and

ketones. The infrared absorption at 440nm is composed of inorganic ZnO?*’. In figure 8-2, the

functionalized nanomaterials basically maintain some peak shapes of the raw materials of the AE

leaf extract. However, due to a specific interaction between ZnONCs material and AE leaf extract,
the FTIR peak shapes of -OH and -COO" are partially shifted.

3.6. TGA characterization
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Figure 9. TGA/DTG/DSC characterization on AE leaf and AE-NPs powder

(1) AE leaf powder; (2) AE-ZnONCs powder
Figure 9 presents the TGA/DTG/DSC characterization curves of AE leaf and AE-ZnONCs powder.
Overall, both samples exhibit the most tremendous mass loss between 200°C ~ 500°C, with the
200°C ~ 350°C range corresponding to the cleavage of polysaccharide glycosidic bonds and the
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350°C ~ 500°C range indicating the deep decomposition of the polysaccharide carbon-hydrogen
skeleton®®. The AE leaf extract shows adhesion to the functionalized material.

The main component of AE leaves is insoluble cellulose, which belongs to the polysaccharide
compound category; the extract of AE leaves primarily consists of soluble polysaccharides, saponins,
and acidic substances. As shown in figure 9-1, the mass of the AE leaf sample in the TG curve
decreases from 100% to 27.6%, resulting in a mass loss of 72.4%. At point 320°C, the AE leaf
sample exhibits rapid mass loss, accompanied by a peak in the DTG curve. The DSC curve overall
confirms that the decomposition of AE leaves is an endothermic process. From figure 9-2, the mass
of the AE-ZnONCs sample in the TG curve decreases from 100% to 81.7%, with a mass loss of
18.3%. When the temperature reaches 280°C, the TG curve shows the fastest mass reduction, while
peaks appear in both the DTG and DSC curves. The DSC curve overall confirms that the
decomposition of AE-ZnONCs material is an endothermic process, as the decomposition of surface-

adsorbed AE leaf extract requires heat absorption®.

3.7. Dye removal kinetics results
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Figure 10. Experimental results on dye removal kinetics
(1) The MB adsorption capacity by AE-ZnONCs; (2) The SY adsorption capacity by AE-ZnONCs;
(3) The MB t/Qt-t linear fitting by AE-ZnONCs; (4) The SY t/Qt-t linear fitting by AE-ZnONCs

Table 1. Summary of kinetic model fitting parameters for AE-ZnONCs adsorption of MB and SY dyes

Pseudo-first-order model Pseudo-second-order model
Types of dyes
Kimin") QuugmL’) R? [ KymL-pgmin') QugmL’)  R?
MB 0.0118 0.0576 0.899 9.70 0.261 0.999
SY 0.0222 0.0819 0.974 3.02 0.124 0.989
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Figure 10 showed the AE-ZnONCs experimental results of dye removal kinetics. From Figure
10, it can be known that the adsorption capacity of AE-ZnONCs for dye MB is approximately 0.25
pug/mL, and for dye SY, it is approximately 0.15 pg/mL. The adsorption process rapidly increases
within 5 min and is basically completed within 20 min. As time goes on, the increase in adsorption
capacity becomes less significant, and the adsorption reaction rate first increases quickly and then
slows down. Table 1 summarizes the kinetic model fitting parameters for the adsorption of MB and
SY dyes by AE-ZnONCs. From the table, it can be seen that based on the fitted R? value, the
adsorption process follows second-order kinetics, with chemical adsorption playing a dominant role.
Meanwhile, experiments demonstrate that AE-ZnONCs exhibit excellent and rapid adsorption for
both cationic dyes (MB) and anionic dyes (SY)*.

3.8. Dye removal isotherm results

(1)4 ¢ MB adsorption isotherm (2) 0 SY adsorption isotherm
by AE-ZnONCs by AE-ZnONCs
24
-2

) )

< 0 =

= =

- ~ /

/ -4
224
Y =0.7965X - 1.7842 Y = 0.5806X - 4.0494
4 R?=10.9877 6 R?=10.9925
-1 1 3 -1 1 3
Ln(Ce) Ln(Ce)
Figure 11. Experimental results on dye removal isotherms
(1)MB adsorption isotherm by AE-ZnONCs; (2) SY adsorption isotherm by AE-ZnONCs
Table 2. Summary of fitting parameters for the isotherm model of
AE-ZnONCs adsorbing MB and SY dyes
Langmuir Freundlich
Types of dyes
Qmax(mg-L")  Ky(L-mgh R? n Ki(mg-L") R?

MB 1.590 0.116 0.650 1.26 0.168 0.988
SY 0.0792 0.255 0.952 1.72 0.0174 0.993

Figure 11 showed the AE-ZnONCs experimental results for the dye removal isotherms. Table
2 is a summary table of the fitting parameters for the isotherm model of AE-ZnONCs adsorbing MB
and SY dyes. From figure 11 and table 2, it can be seen that based on the fitted R? value, the
Freundlich model can better fit the adsorption process of AE-ZnONCs for MB and SY dyes. The
isotherm adsorption process belongs to the Freundlich adsorption process, which is a heterogeneous,
multilayer adsorption process characterized by surface inhomogeneity and intermolecular
interactions*!> 42,

3.9. Summary on dyes removal mechanisms

Figure 12 showed a schematic diagram of the removal mechanism of the AE-ZnONCs colloidal
material. The functionalized nanoscale AE-ZnONCs material synthesized in this study exhibits a
polygonal lamellar structure, providing abundant adsorption sites. The AE leaf extract contains

compounds such as polysaccharides, flavonoids, and polyphenols, which also supply functional
13



groups like -COOH and -OH to adsorb dye molecules. The adsorption mechanism of functionalized
nanocomposites for MB and SY dyes in water can be attributed to multiple mechanisms, including
electrostatic attraction, hydrogen bonding, and van der Waals forces**. The dye removal experiments
conducted in this study were carried out under light-avoidance conditions*. Rapid stirring facilitates
the dispersion of AE-ZnONCs and their binding with MB and SY dye molecules, enabling swift

adsorption of the dyes and achieving the goal of water purification.

® . ZnONGs
* T
' m AE leaf extract

@® MBdye molecule

® SY dye molecule

Figure 12. The diagrams on the mechanism for MB and SY dye removal by AE-ZnONCs.

4. Conclusions

This study successfully prepared functionalized AE-ZnONCs materials using Aralia elata leaf
extract as a stabilizer and modifier through a green hydrothermal method. The green hydrothermal
synthesis process offers advantages such as simple workflow, environmental friendliness, high cost-
effectiveness, and energy-saving and emission-reduction capabilities. SEM characterization of the
material's surface structure confirmed that 4h was the optimal heating time; The average particle
size of the ZnONCs material is 31.71nm. TEM verified the loose layered structure of AE-ZnONCs;
The characterization results of EDS, XRD, and TGA confirmed that the material contains ZnO and
AE leaf extract components. Dye removal experiments demonstrated the material's efficacy in
rapidly eliminating organic dyes like methylene blue (MB) and sunset yellow (SY) in aquatic
environments. The adsorption process of AE ZnONCs colloids towards MB and SY dyes belongs
to second-order kinetics (chemical adsorption process), and the isotherm adsorption process is more
in line with the Friedrich model. The application of AE leaf extract in modifying functionalized
nanomaterials contributes to the high-value utilization of wild plant resources. Future research will

further optimize material performance and green preparation processes.
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