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Abstract

Intensive mechanical stirring, commonly used for gold nanoparticle (AuNP) recovery, suffers from drawbacks such as
mechanical wear and high operational costs. Self-propelled catalytic composites capable of autonomous motion present
a promising alternative, yet their applicability and influence on AuNP recovery efficiency remain insufficiently
explored. Hence, this study aimed to fabricate palm shell-supported manganese dioxide (MnO2) composites and
investigate the effect of their dosage on AuNP recovery via hydrogen peroxide reduction. The composites were
characterized using Field Emission Scanning Electron Microscopy with Energy Dispersive X-Ray Spectroscopy
(FESEM-EDX) to assess their morphology, particle size, and elemental composition, while UV-Vis spectroscopy was
used to monitor AuNP formation through localized surface plasmon resonance (LSPR) responses. Results revealed that
a composite dosage of 0.2 g/L produced the sharpest LSPR peak at 530 nm, indicating the highest yield of spherical
AuNPs with particle sizes ranging from 20 to 80 nm. Motion analysis showed that the composites exhibited autonomous
bubble-propelled motion at an average speed of 25.5 pm/s, following linear and semi-circular trajectories that enhanced
mass transfer and AuNP recovery efficiency. Overall, palm shell-supported MnO2 composites demonstrate great
potential as an alternative to conventional mechanical stirring-based methods for recovering AuNPs.
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AuNPs are easy to synthesize, can be readily
surface-modified, and exhibit excellent colloidal
stability, making them highly suitable for medical
applications such as diagnostics, therapeutics,
and drug delivery [2,4,5]. From a sustainability
perspective, AuNPs can be recovered from gold
complexes in aqueous solutions [6-9] typically
obtained by leaching secondary sources such as e-
waste and spent catalyst, followed by separation
and purification using different techniques

1. Introduction

Gold nanoparticles (AuNPs) have gained
considerable attention across various scientific
and industrial fields due to their unique optical
properties, which distinguish them from other
metals. These properties arise from their ability to
interact with light through localized surface
plasmon resonance (LSPR) [1-3]. In addition,
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[10,11]. Among the available recovery methods
[3,12—15], chemical reduction using hydrogen
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peroxide (H202) has proven particularly effective
in reducing Au3* to Au® from AuCls complexes,
while being cost-efficient and generating no
harmful byproducts [16-19].

Like many heterogenous chemical reactions,
efficient fluid mixing is crucial to enhance reaction
rates and gold recovery during vreduction.
However, mechanical stirring is known for being
problematic, wear and tear over time, the need for
regular maintenance, and producing significant
heat during long-hour operations which results in
high operational cost. To address these
challenges, self-propelled, chemically powered
catalytic composites have emerged as a promising
alternative, offering autonomous mixing and
enhanced reaction efficiency without mechanical
input [20]. Biomass-based materials are ideal
support for such composites, as they are
abundant, inexpensive and easy to process
[21,22], and exhibit high adsorption capacity
when pyrolyzed. In this study, palm shell, an
abundant biomass resource in Malaysia [23], was
selected as the support material due to its rigid
and highly porous structure, which allows for
effective catalyst immobilization [24]. Manganese
dioxide (MnQO2) was chosen as the catalytic
component due to its ability to decompose H202
into water and oxygen gas bubbles, which drive
composite propulsion and improve AuNP recovery
efficiency [25,26].

To date, only a limited number of studies have
explored the wuse of self-propelled catalytic
composites for metal recovery from aqueous
solutions [20]. For instance, iron/platinum-based
self-propelled composites activated by H20sg,
serving both reagent and fuel, have been
employed to treat organic pollutants in
wastewater [25]. However, research on using self-
propelled composites specifically for AuNP
recovery remains scarce and has thus far been
reported only by Srivistana et al. [26]. However,
the use of platinum-based support materials is
costly. In contrast, palm shell offers a significantly
cheaper and more environmentally friendly
alternative, making it a more sustainable option
for research. Furthermore, studies on the motion
performance of micro scavengers in AuNPs
recovery remain underexplored and will therefore
be a key focus of this work.

Therefore, this study aimed to fabricate palm
shell-supported MnO2 composites and evaluate
their effectiveness in recovering AuNPs from
aqueous solutions. The specific objectives include:
(1) fabricating palm shell-supported MnOz
composites, and (ii) investigating the effects of
composite dosage on AuNPs recovery. The
composites were characterized by Field Emission
Scanning Electron Microscopy with Energy
Dispersive X-Ray Spectroscopy (FESEM-EDX) to
determine their morphology, size and elemental
composition. The effectiveness of the composites

in AuNP recovery was assessed by analysing their
LSPR peaks using a UV-vis spectrophotometer.
Additionally, the motion behavior and speed of the
composites were examined under a microscope
and quantified using Image J software.

2. Materials and Method
2.1 Materials

Palm shell Dbiochar was provided by
Malaysian Palm Oil Board (MPOB). Gold (III)
chloride solution (HAuCls, 30 wt% in dilute HCI)
was supplied from Sigma-Aldrich with analytical
grade purity. Hydrogen peroxide (H202, 30-32%),
and sodium hydroxide pellets (NaOH) were
purchased from Quality Reagent Chemical
(QRec). Potassium permanganate powder
(KMnO4) and polyvinyl alcohol powder (PVA)
were supplied from R&M Chemicals.

2.2 Fabrication of Palm Shell-supported MnO:2
Composites

Palm shell biochar was crushed using mortar
and pestle into fine particles, then sieved with 120
mesh into 125 um powder. 1 gram of palm shell
biochar powder was immersed in 100 mL of
deionized water and ultrasonicated for 5 minutes.
1 gram of KMnOs powder was added into the
solution and stirred overnight for 24 hours.
Afterward, the mixed solution was filtered using
vacuum filtration, and the newly coated powder
was rinsed with distilled water. The powder was
then dried in an oven at 105 °C for 24 hours.

2.3 Recovery of AulNPs from Gold Aqueous
Solution using Palm Shell Supported MnO:2
Composites

Specifically, 25 mL of 0.50 mM of gold
solution was prepared from stock solution
(HAuCly). A clear 1 M of PVA solution was
prepared by constant heating PVA pellets at 80 °C
and then added into the gold solution. Dosages of
0.1 g/LL palm shell-supported MnO2z composites
were added into the mixture. Afterwards, 5 mL of
1 M of H202 was added into the solution drop by
drop, and the color changes were observed after 10
minutes. This experiment was repeated with
different dosages of palm shell-supported MnO:2
(0.2, 0.3, 0.4 and 0.5 g/L)).

2.4 Characterization Methods

Different aqueous colloidal AuNP samples
were subjected to UV-Vis Spectrophotometry
(Cary 60, Agilent) analysis to measure their LSPR
peaks. Disposable plastic cuvettes were used to
hold the AuNP samples during the analysis to
prevent adhesion of the nanoparticles. The
presence of gold nanoparticles was confirmed by
their LSPR absorption band in the range of 510 —
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600 nm. Surface morphology and elemental
distribution of palm shell-supported MnO:2
composites were examined by field emission
scanning electron microscopy and energy-
dispersive X-ray analysis (FESEM-EDX, Thermo
Fisher Scientific, Quanta 450 FEG). The motion
behavior and trajectory of the palm shell-
supported MnO2 composites were examined under
an Olympus BX53 microscope, and their speed
and movement patterns were quantitatively
analysed using Image J software.

3. Results and Discussion

3.1. Morphology, Composition and Structure of
Palm Shell-supported MnOz2 Composites

The morphology, structure and composition of
the palm shell-supported MnOz composites were
analyzed using FESEM coupled with EDX. This

analysis aimed to confirm the successful
formation of palm shell-supported MnO2
composites, consistent with previous related

studies. As shown in Figure 1 (a), the composite
shows a highly porous surface structure, typical of
pyrolyzed biomass materials. This porosity is due
to the release of volatile organic compounds
during pyrolysis, which leaves behind numerous
voids and channels in the carbonaceous structure.
These pores play a important role in facilitating
ion transport and enhancing the surface area of
the composites [27]. Similarly, Abnisa et al. [29]
reported that palm shell-based biochar with a rich
porous structure exhibits high absorption capacity
for methylene blue molecules.

Additionally, the MnO:z nanoparticles were
observed to be well-dispersed and anchored within
the pores on the surface of the palm shell biochar.
This confirms the successful formation and strong
surface interaction between MnO, and the palm
shell support. Previous studies have also
demonstrated uniform MnO:z deposition on other
types of biochar such as rice husk [28], coconut
shell [29], and peanut shell [30]. This behavior is
due to superior specific surface area and excellent
pore structure of biochar, which promotes the
uniform dispersion of MnO2 nanoparticles [31], as
observed for the palm shell-supported MnOz in
this work. The observed uneven and rough surface
texture may result from partial agglomeration of
MnO: nanoparticles during synthesis. It is
generally known that smaller MnO:z particles
exhibit higher catalytic activity compared to
larger aggregates [32].

The elemental composition of the palm shell-
supported MnO:z composites was further verified
by EDX analysis, as shown in Figure 1 (b). The
EDX spectra revealed the presence of carbon (C)
(79.94 wt%), oxygen (0O) (13.57 wt%), manganese
Mn) (4.99 wt%), and potassium (K) (1.49 wt%).
The high carbon content originates from the palm
shell biochar, which is inherently rich in organic

-

F

carbon. The existence of element K is due to the
reduction of KMnOs during MnO: formation,
releasing K+ ions in the process. The presence of
elements Mn and O confirmed the successful
synthesis and deposition of MnO2 nanoparticles
on the palm shell surface. Overall, these findings
confirm that the fabrication of palm shell-
supported MnQO:2 composites was successful,
producing a material with a porous biochar matrix
effectively decorated with MnO2z nanoparticles.

3.2. Effect of Palm Shell-supported MnO:2
Composite Dosage on AuNP Recovery from
Aqueous Gold Solutions

The effect of palm shell-supported MnO:2
composite dosage (0.1, 0.2, 0.3, 0.4 and 0.5 g/L)) on
the recovery of AuNPs from aqueous gold
solutions was  evaluated wusing UV-vis
spectrophotometry. Previous studies have shown
that wvariations 1in composite dosages can
significantly influence their metal recovery
performance [33]. As shown in Figure 2 (a). the
color of the recovered AuNP suspensions ranged
from purplish to reddish, which is characteristic of
colloidal AuNPs, consistent with previous studies
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Figure 1. FESEM images of (a) palm shell-
supported MnOz composites showing the porous
palm shell biochar surface and MnO, particle
dispersion, and (b) the corresponding EDX
spectrum confirming the elemental composition of
palm shell-supported MnO2 composites.
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[16,17,34]. This observation was further
confirmed by the LSPR spectra in Figure 2 (b),
where the absorption peaks appeared between
525 and 535 nm, confirming the successful
formation of AuNPs [35]. The peak intensity
increased sharply as the composite dosage rose
from 0.1 g/L to 0.2 g/L,, showing a prominent peak
at 525 nm. This peak indicates AuNP with size
range of 20-80 nm. This enhancement can be
attributed to the improved catalytic
decomposition of H202 by MnOz into H2O and Osg,
as represented by Equation (1) [36]. The rapid
decomposition of H202 generates electrons, which
facilitate the reduction of Au3* to metallic Au®
[17]:

MnOs
2H;0p () ———— 2H,0 () + O3 (g) (1)

However, beyond 0.2 g/L, the LSPR peaks
gradually decreased up to 0.5 g/L. This decline
may result from excessive decomposition of Hz2Oz,
which generates an abundance of Oz bubbles that
obstruct access to active catalytic sites of MnO2
[37,38], thereby hindering the mass transfer of
Au3* ions. Another possible explanation is
mechanical attrition of the composites caused by
frequent collisions or chaotic motion induced by
vigorous bubble propulsion. Such interactions can
lead to agglomeration or fragmentation of the
composites, reducing the number of available
active sites and ultimately diminishing MnO:z
catalytic activity [39,40].
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Figure 2. Effect of palm shell-supported MnOsz
dosage on (a) the color of AuNP suspensions and
(b) UV-vis LSPR peaks recorded at 0.1-0.5 g/L in
a 0.5 mM HAuCls solution containing 1.0 M H20:2
and 2% PVA with pH of 6.5.

Meanwhile, LSPR can indicate the presence
of colloidal AuNPs and provide an estimation of
their shape and size, it should only be considered
semi-quantitative. More reliable quantitative
data, such as from inductively coupled plasma
(ICP) analysis, are required to determine the
percentage of Au(IIl) reduced. As this study
mainly focuses on the LSPR trends at different
composite dosages, quantitative recovery data of
reduced Au(IIl) is recommended for future
studies to further verify the reduction efficiency.

3.3. Motion Analysis of Palm Shell-supported
MnO:2 Composites

Typical time-lapse images captured from the
videos of the moving palm shell-supported MnO2
composites in a 0.5 mM HAuCl: solution
containing 1 M H202 and 2% PVA, are presented
in Figure 3. In this video, a single particle of palm
shell-supported MnOz composites was tracked
and three independent replicates were conducted
to determine the average speed, with a % RSD of
less than 5%. The figure shows that composites
propel themselves autonomously in presence of
H:20:2 as fuel, achieving an average speed of
25.507 um/s. This autonomous motion is
attributed to the synergistic interaction between
palm shell and MnOgz, as well as the large
catalytic area provided by the hierarchically
porous and rough inner surface of the composites,
which enhances the decomposition of H2Os.

Different motion patterns were observed
during the experiment. At 10 and 60 seconds, the
composites exhibited semi-circular trajectories,
at 20, 40 and 50 seconds, they displayed linear
motion. This behavior i1s due to the rapid
decomposition of H2O2 at MnOz2 sites, releasing

Figure 3. Time-lapse images depicting the
propulsion behavior of 0.2 g/ palm shell-
supported MnO:z composites in a 0.5 mM HAuCls
solution containing 1 M H202 and 2% PVA, with
pH of 6.5 recorded over a period of 0 to 70 seconds.
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multiple small oxygen bubbles that generate
thrust in the opposite directions. However, no
notable movement was observed at 30 and 70
seconds, possibly due to an uneven distribution of
MnOs catalytic sites, leading to non-uniform
bubble release in multiple directions
simultaneously. In addition, the size and
frequency of bubbles significantly affect the
motion trajectory and speed. Previous studies
have shown that as H202 concentration rises, the
bubble sizes increase while the bubble release
frequency decreases [41]. Larger bubbles hinder
free motion by increasing drag, while a lower
bubble frequency provides results in reduced
thrust, thereby decreasing the propulsion speed of
the composites.

The surfactant concentration also influences
composite  motion. At  high  surfactant
concentrations, fluid viscosity increases, leading
to greater vicious resistance and reduced speed
[42]. A related study reported that increasing SDS
concentration from 5% to 15% reduced composite
speed from 572 pm/s to approximately 200 pm/s
[41]. However, no clear correlation between the
speed and the motion behavior of composites has
been established to date. Hence, further
optimization of H202-to-surfactant ratio 1is
recommended for future work. Despite these
variations, the results conclusively demonstrate
that the palm shell-supported MnO2 composites
are capable of autonomous, bubble-propelled
motion driven by H202 decomposition, thereby
supporting the hypothesis of this study.

4. Conclusions

In summary, palm shell-supported MnO:
composites have been successfully prepared
through an in-situ chemical precipitation process.
The excellent porosity of palm shell biochar
provides a strong anchoring surface for MnO:
formation. The decomposition of H202 over the
MnO: catalyst facilitates rapid electron
distribution in the reaction medium for the
reduction of Au3* ions to Au® while
simultaneously enhancing mass transfer through
oxygen bubble propulsion. The synthesized AuNP
exhibited purplish to reddish coloration,
consistent with reports in the literature. The
LSPR wavelengths of AuNPs recovered with
different palm shell-supported MnO:2 dosages fell
within the range of 525 - 535 nm, aligning well
with the characteristic range typically observed
for AuNPs. Furthermore, the 0.2 g/L. composites
dosage produced the highest LSPR peak intensity,
which decreased at higher dosages (up to 0.5 g/L)),
possibly due to excessive motion of the MnO:
composites leading to  partial catalyst
deactivation. Various motion patterns, including
semi-circular and linear trajectories, were
observed for the palm shell-supported MnOs2

composites, which moved at an average speed of
25.507 um/s. The irregular frequency and size of
the generated oxygen bubbles may have
contributed to the inconsistencies in particle
motion. A higher PVA concentration could also
increase the overall viscosity of the medium,
thereby reducing propulsion speed. Nevertheless,
the motion and speed can be further optimized by
adjusting the ratio of H2O2 to surfactant in future
studies. Overall, this work has successfully
achieved its objective by fabricating palm shell-
supported MnO:z composites, recovering AuNPs
from aqueous gold solutions via H202 reduction,
and confirming their motion behavior under
microscopic observation.
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