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Abstract

This study investigates the development and characterization of multifunctional gold-doped silica
(Au@SiO:) membranes for water distillation and antibacterial applications. The manufacturing
process integrated gold nanoparticles into silica matrices using sol-gel techniques. Structural analysis
was conducted using SEM (showing uniform pore distribution with an average pore size of 40-50 nm),
FTIR (confirming Si-O-Si and Si-Au-Si bonding peaks at 525 cm™ and 1310 c¢m™ respectively), EDX
(revealing gold nanoparticle content of 1.5 wt%), and UV-Visible spectroscopy (indicating an optical
band gap decrease from 2.6 eV to 1.8 V). Permeation tests demonstrated a water vapor transport rate
of 3.2 kg/m2h, with heavy metal rejection rates exceeding 99.5% for Pb2*and Cd?". Antibacterial efficacy
was validated through microbial assays, showing a reduction of bacterial colonies by 98% for K.
pneumoniae and 96% for S. aureus. Density functional theory (DFT) calculations showed that doping
with gold led to a 1.2 eV reduction in the band gap, a 15% decrease in total stress, increases in elastic
modulus and thermal conductivity, a 20% rise in bond energy, and an 18% increase in potential energy.
The large ionic radius of gold prevented its incorporation into the silica matrix, as supported by
experimental data. These results highlight the potential of (Au@SiO:) membranes in achieving energy-
efficient water distillation and effective antibacterial performance, marking a significant advancement
in water purification technology.
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selective separations. Gold nanoparticles enhance direct contact membrane distillation (DCMD) by
reducing fouling, improving hydrophaobicity, and enhancing thermal conductivity. This boosts DCMD
efficiency for desalination and antibacterial applications (4, 5, 6). Study reveals that during the process
of membrane fabrication metal (Cu, Ti, Zn, Fe, Al etc.) could enhance the membrane antifouling,
antibacterial and filtration capabilities(1, 7, 8).

Water demand is rising due to urbanization and industry, posing economic challenges. Toxic heavy
metals, like Hg, As, Pb, Cr, Ni, Cu, Zn, Fe, Mn and Cd etc., threaten water quality and human health.
Nanomaterials are promising candidates for wastewater treatment, offering selective pollutant removal
(9, 10, 11). A nanofibrous membrane composed of polyacrylonitrile (PAN) and embedded with gold
nanoparticles (Au NPs) was engineered to efficiently separate oil from water and remove dyes from
contaminated water. Known as Au@ZIF-8@PAN-TD, this membrane demonstrated remarkable
effectiveness in both oil-water separation and catalytic breakdown of organic dyes, such as 4-
nitrophenol. With its porous design, it offers a promising solution for the purification of polluted water
sources (12, 13, 14, 15).

Doped membranes for direct contact membrane distillation (DCMD) desalination were created by
blending hydrophobic macromolecules and hydrophilic polymers. Parameter variations affected
performance, with longer evaporation times decreasing flux, and higher contact angles and fluorine
content lowering permeate flux. These superior membranes outperformed commercial ones, achieving
a 55% higher permeate flux and over 99% NaCl separation. For uniform silica films incorporating stable
gold nanoparticles, a controlled sol-gel process was utilized. XPS analysis confirmed stable AuNP
properties within the films, displaying altered optical characteristics. SiO, nanoparticles increased
membrane roughness and contact angle, improving liquid repellency and wetting resistance, achieving
nearly 100% salt rejection (16, 17, 18, 19).

This research enhances the global efforts to address water challenges by creating scalable, cost-
effective, and eco-friendly Au@SiO. membranes. This cutting-edge technology aims to combat water
scarcity and bacterial contamination, supporting a safer and more sustainable future for water resources
while contributing to the goals of SDG 7 by fostering clean and accessible water solutions. This study
innovatively combines gold nanoparticles with SiO. membranes, a novel approach not extensively
explored in the literature. The comprehensive DFT analysis reveals unique improvements in material
properties, leading to superior filtration performance for heavy metals and pathogens, surpassing
existing methods.

EXPERIMENTAL WORK
Chemicals

PVP (polyvinylpyrrolidone), butanol, PVA (polyvinyl alcohol), PEG (polyethylene glycol), sodium
citrate, ammonia solution (NHsOH), tetraethyl orthosilicate (TEOS), distilled water,
trimethoxyoctylsilane (CsTMQOS), gold chloride (AuCls). All chemicals were used without further
purification.

Fabrication of Gold Doped Silica Membrane

Silica sol. Was prepared by adding 20 ul of Tetraethyl orthosilicate (TEOS — Si(OC:Hs)4) and 10 pl
of Trimethoxyoctylsilane (CsTMOS) and the mixture is stirred for 15 minutes. After that a separate sol
is prepared by combining 6 ml of distilled water with 0.20 g of sodium citrate, followed by the addition
of ammonia solution (NH+«OH). This solution is stirred for 15 minutes and then merged with the silica
mixture, followed by an additional 15 minutes of stirring. Separately, polyethylene glycol (PEG),
polyvinylpyrrolidone (PVP), and polyvinyl alcohol (PVA) are dissolved in butanol, with PVP
((CsHsNO)n) acting as the precursor. Precisely, 9 g of PVP is dissolved in 8 ml of butanol, and then 30
ml of distilled water is added. This solution is stirred for 30 minutes at a speed of 350-550 rpm.
Subsequently, 3 g of PEG and 3 g of PVA are introduced, and the mixture is stirred for an additional
15 minutes. The combined silica sol and other mixtures are incorporated into the polymer solution, and
entire mixture is stirred for few minutes. The gold dopant is introduced at this stage in varying
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concentrations (5wt%, 10wt%, 15wt% and 20 wt%) at room temperature. Afterward, the mixture is left
to rest at room temperature for 24 hours. The synthesized membranes are then dried in an oven at 50°C
for 4 hours.

The nutrient agar was dissolved in distilled water to prepare the culture medium, which was then
sterilized by autoclaving at 120°C. After sterilization, the medium was poured into petri dishes and left
to solidify at room temperature (23°C). Bacterial cultures, including K. pneumonia and S. aureus, were
transferred to agar plates and incubated for 24 hours at 37°C. To create a saline solution, NaCl was
dissolved in water, and the resulting solution was inoculated with bacteria. Dilution steps were carefully
followed to ensure the preservation of bacterial integrity for use within a 15-minute timeframe (20).

The antibacterial properties of Au@SiO. membranes were assessed through the Ager disk diffusion
method. Diluted bacterial samples were applied onto agar plates, and sterilized cotton swabs were used
to ensure uniform inoculation across all plates. Proper labeling of all plates was done prior to creating
the composite sample.

The antibacterial efficacy of Au@SiO. membranes was assessed using the agar disc diffusion
technique. For the antibacterial tests, *Staphylococcus aureus* (Gram-positive) and *Klebsiella
pneumoniae* (Gram-negative) were chosen as the test organisms. The chosen microorganisms were
cultured in broth for approximately 24 hours at a concentration of 106 cells/ml and subsequently
filtered. Prior to the antibacterial studies, sterilization was carried out using an autoclave. Nutrient agar
plates were prepared, sanitized, and solidified. These plates were first treated with 85% methanol and
then air-dried within the biosafety cabinet. The membranes, with consistent spacing between each other,
were placed onto the agar surface. Membranes containing different concentrations of gold-doped Silica
membranes were placed in the incubation chamber and incubated at 37°C for 24 hours before being
removed from the incubation chamber.

RESULTS, AND DISCUSSION
FTIR (Fourier Transform Infrared Spectroscopy) for compositional Analysis

Fourier-transform infrared (FTIR) spectra were obtained using an IRTracer-100 spectrometer within
the 4000-400 cm™ range. As shown in Figure 1, the resulted spectrum revealed a distinct pike at 1310
cm~—1, which is attributed to the asymmetric stretched vibration for Si-Au-Si, confirming the presence
of silica materials. Additionally, a pike at 1800 cm—1, related with NH stretching, additional verified
that the prepared nanoparticles primarily consisted of silica materials with an amine group. The FTIR
spectrum also displayed characteristic bands corresponding to the gold-doped nanoparticles (Table 1).
Specifically, peaks at 1495 c¢cm—1, indicative of the C=C deformation vibration, and 2259 cm—1,
representing the C-O stretch vibration, were observed. Peaks at 1000 cm—1. (C-N stretching), 841
cm—1 (asymmetric CH2 stretch), 2880 cm—1 (C-H stretch), and 3470 cm—1 (OH stretching) were
consistently detected, indicating the presence of gold particles within the membranes. These gold
particles influence the molecular vibrations, enhancing the stretching of specific bonds in the composite
material and confirming the successful doping of the nanoparticles.

Table 1. Vibrational frequencies (cm™) and groups in FTIR spectra of gold doped silica membranes
(20).

No. | Wavenumber cm? | Vibrational group
1 3470 OH stretching

2 2880 C-H stretching

3 2259 C-0

4 1800 NH

5 1495 c=C

6 1310 Si-Au-Si

7 1000 C-N

8 841 CHz2—Asymmetric
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Figure 1. Comparison FTIR spectra of Au 5%, Au 10%, Au 15%, and Au 20% gold doped silica
nanoparticles.
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Figure 2. (A) comparison graph of UV-Visible absorption spectra of gold doped silica nanoparticles
with different concentration of dopant. (B) comparative band gap of UV-Visible absorption spectra of
gold doped silica nanoparticles with different concentrations

UV-Visible Optical Analysis

Optical measurements were conducted by using a U-2800 HITACHI spectrometer, covering a
wavelength range from 200-800 nm. The UV/visible resulted spectrum of the fabricated Au@SiO:
nanoparticles showcased a prominent peak situated around 536 nm (Figure 2(A)). As the gold
concentration increases, the absorbance peak undergoes a red shift, meaning it moves to a longer
wavelength. It revealed that greater gold content leads to stronger absorbance, indicating more light
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absorption. Concurrently, Figure 2 (B) showed that the values of the energy gap (Eg) exhibited a
consistent decrease (2.6 eV to 1.8 eV) in correspondence with the incremental elevation of the gold
dopant concentration. This observed decline can be attributed to the emergence of structural anomalies
within the polymer matrix and an escalated dispersion of the nanoparticles within the membrane (22).
The emergence of these structural irregularities stems from the localization of electronic states within
the energy bandgap. These localized states lead to overlapping interactions, which in turn reduce the
overall energy bandgap. This phenomenon is a consequence of the heightened accumulation of gold
dopant content within the membrane matrix.

Morphological and Elemental Analysis

The surface and cross-sectional morphologies of both undoped and Au@SiO. membranes were
subjected to analysis working on a scanning electron microscope, (SEM) (JEOL: JSM-6480) on an
acceleration voltage. of 10 kV. Figures 3(a) to (d) provide a progressive depiction of the top surface of
the membrane under varying levels of magnification. As anticipated, in Figure 3(A) (a), the highlighted
area showed the undoped membrane on top which demonstrated a uniform and smooth appearance
without evident open pores. Conversely, the Au@SiO. membranes exhibited an augmented surface
roughness as the dopant concentration increased. The SEM images highlighted bright regions denoting
the presence of gold particles on the membrane's surface, which were randomly dispersed. In contrast,
dark regions indicated the pores of the membranes. An introduction of dopants led to noticeable
alterations in the surface structure. At a gold concentration of 5 wt%, distinctive wrinkle structures
emerged on the top surface (Figure 3(a)), attributed to turbulence induced by the dopant. Increasing the
gold concentration to 10 wt% resulted in the development of porous structures on the previously dense
surface (Figure 3(b)). At 15 wt% and 20 wt% concentrations, the initially dense skin layer was
completely transformed into a thoroughly rough and porous membrane surface (Figures 3(c) and 3(d)).
Notably, at 15 wt%, the silica membranes exhibited multilevel particulate structures (Figure 3(c)), while
the top surface predominantly displayed amorphous characteristics. As the gold doping concentration
increased to 5%, 10%, 15%, and 20% by weight, the resulting cross-sectional structures remained
consistently smooth and porous, as shown in Figures 3(e) through 3(h). Figure 3, with a 5 wt% gold
concentration, exhibited a uniform nanostructure, indicating a consistent integration of gold
nanoparticles within the silica matrix. Figure 3(f), at 10 wt%, displayed a more intricate and dense
morphology, suggesting areas where gold doping may have caused agglomeration or enhanced
structural stability. Figure 3(g), with a 15 wt% gold concentration, revealed a porous architecture that
is advantageous for applications like water desalination, as it increases surface area and potentially
improves filtration efficiency. Figure 3(h), at 20 wt%, demonstrated a highly porous structure with
distinct pores distributed throughout the membrane, likely resulting from the higher doping
concentration, which could have introduced additional voids or channels within the membrane.

SEM images clearly revealed that gold doping has significantly altered the morphology of the silica
membrane. The analysis confirmed a homogeneously distributed pore structure with an average
diameter of 40-50 nm, promoting effective water vapor diffusion.

An increase in surface roughness and porosity (as measured by Image J software) can enhance
properties like catalytic activity, surface area, and mechanical strength. It could be advantageous for
filtration applications, such as in distillation, where greater surface area and controlled porosity are
beneficial.

Figure 3(C) the explored the elemental arrangement through Energy Dispersive X-ray (EDX)
analysis, aimed at confirming the presence of gold (Au) content. The dispersion pattern of Au within
the scrutinized particles concurred within the observed results. Each spectrum distinctly presented the
peaks corresponding to Au, in addition to peaks representing elements such as carbon (C), antimony
(Sb), nitrogen (N), and oxygen (O), Scandium (Sc), Tellurium (Te), Xenon (Xe), Zinc (Zn), Sodium
(Na) etc. These peaks help to identify the main components of the sample, any additional materials
present, leftover substances from production, and potential analysis errors.
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Flgure 3. (A) SEM images of gold doped silica membranes with different dopant concentrations (a)
SEM image of surface for gold 5wt% doping, (b) surface morphology for gold 10wt%, (c) surface
morphology for gold 15wt%, (d) surface morphology for gold 20wt%. (e) Cross-sectional SEM image
of 5wt% dopant, () cross-sectional SEM image for 10wt% dopant, (g) cross-sectional SEM image of
15wt% dopant, (h) cross-section SEM image of 20wt% dopant. (B) Pore size measurement by ImageJ
software. (C) EDX plot to show the content of gold dopant in prepared membranes.
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Figure 4. (A) Dynamics photograph of a water droplet on the gold doped silica membranes (a=Au20%,
b= Aul5%, c=Aul0%, d=Au5%) surface at different times from 30 s to 120 s. (B) water contact angle
vs time graph of gold doped silica membranes.

Wettability of Prepared Membrane by Contact. Angle

The contact angles of the prepared membranes were determined using a high-resolution digital
camera (12 megapixel). The wettability and adhesiveness characteristics of membranes containing
Au@SiO: were assessed using water contact angle (WCA) measurements under ambient conditions.
Upon introducing a 3 pL water droplet onto the surface of the Au-doped silica membrane, an average
WCA of 130.9° of was recorded. This significant contact angle persisted for 120 seconds, underscoring
the membrane's hydrophobic attributes (depicted in Figure 4a to 4d). Conversely, the initial WCA of
the silica membrane stood at 111.8° for Au5%, with the water droplet penetrating the membrane within
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a mere 30 seconds (shown in Figure 4(A) (a to d). Remarkably, placement of a water droplet on the
Aul0%, Aul5% and Au20% doped silica membrane led to a heightened WCA of about 145.5°,
maintaining this value steadfastly beyond 120 seconds (illustrated in Figure 4(A). This phenomenon
was accompanied by the water droplets remaining situated on the surface, exemplifying the Au@SiO-
membrane's super hydrophobic nature. The water contact angle vs. time graph Figure 4B illustrates the
effect of gold doping on the wettability and stability of silica membranes. The membrane's surface
hydrophobicity changes over time, indicating dynamic interactions with water. Understanding these
variations is vital for enhancing membrane performance in applications such as water desalination.

Direct Contact Membrane Distillation for Water Purification

Membrane distillation (MD). is a thermal process that allows volatile components in vapor form to
pass through a hydrophobic membrane. To improve the membrane's resistance to liquid wetting, silica
membranes doped with gold nanoparticles. Tests were then showed to compare the performing of the
modified membranes with that of the undoped membranes in the presence of sodium dodecyl sulfate.
The performance evaluation of gold-doped silica membranes was conducted using a DCMD system
featuring three stainless-steel cells. These cells, each with dual chambers (10 cm diameter, 235.6 cm?
total area), were enclosed by 2.5 to 3 cm compartments with O-rings. Temperature control involved
heating the feed chamber and cooling the permeate chamber. The membranes allowed for effective
separation. Prior to temperature measurement, steady-state conditions were achieved. Permeate flux
was determined by observing water levels in containers for both streams while maintaining equilibrium
to prevent water leakage. Flux data points were obtained by averaging three measurements and
sometimes using separate sheets for specific membranes (23, 24).

Several DCMD investigations were showed at UGA (University of Georgia, USA) using heavy metal
either 0.5 M PbCI; and Cd (NO3) 2 H,O aqueous solution as the feed. The source temperature ranged
from 40° to 70°C, while the filtrate temperature remained within 10-15°C for PbCl; and 65°C was
maintained alongside a permeate temperature of 15°C for Cd (NOs) 2H.O. The DCMD rejection of
heavy metals from Au@ SiO. membranes were systematically compared with those of the pure silica
membrane displayed in Figure 6B and 6D. DCMD fluxes plotted against the feed inlet temperature,
using PbCI; as the feed (Figure 6(A)) and feed of 0.5 M Cd (NOs) 2.H20 (Figure 6(B)). Evidently, both
the unadulterated silica membrane and the Au@SiO: membranes demonstrate an exponential
augmentation in DCMD flux with the escalation of the feed inlet temperature. A consistent trend
emerges from both figures, showcasing the flux order as

Au20wt% > Aul5wt% > AulOwt% > AuSwt% > pure.

Comparatively, the prepared doped membranes exhibited an elevated permeate fluxes in comparison
to the silica membrane. Among the different doping concentrations, the 20 wt% Au@SiO> membrane
(Au20wt%) exhibited the most superior performance for DCMD applications. Particularly noteworthy,
the DCMD flux of the Au4 membrane surpassed that of the pure silica membrane by an impressive
65%. When considering the utilization of a Cd (NOs) ».H-O agueous solution as the feed, the obtained
permeate flux was found to be 25-30% lower in comparison to the flux obtained using PbCl; as the
feed. This discrepancy is attributed to the diminished vapor pressure of the salt solution. Furthermore,
a decline in the DCMD flux can be attributed to concentration polarization arising from the presence of
the Cd (NOs) 2.H20 solute on the source side of the prepared membrane.

A= (1- Cp/Cf) 100

Where, Cp and Cf are the feed meditation in filtrate and bulk feed, respectively. In reference to
experiments involving the heavy metal solution, the solute division factor, denoted by o, was
consistently calculated above 99% for all five membranes tested. This indicated the efficacy of the gold-
doped membranes (AuSwt%, AulOwt%, Aulbwt%, and Au20wt%) as potential MD membranes,
aligning with prior research (25, 26). Conversely, Figure 6(B) and (D) showed that the AuOwt%
membrane displayed an inability to reject metals. So, we concluded that the incorporation of gold
nanoparticles in silica membranes not only improved their hydrophobicity but also enhanced their heavy
metal rejection capabilities, making them promising candidates for desalination and water purification
processes.

© STM Journals 2025. All Rights Reserved 19



Au@SiO,@PVP-DCMD Membranes

Idrees et al.

]

Temperature
controller

_

Heating

_Permeate data

recording by PC

H
side

Magnetic
contactor @)
B X Pressure
Pressure T & TDS
indicator indicator
Q X
S Hot === =m==—— _ ﬁ
X Xsige  jMembrnei< (]
Cold
Temperature side
‘:\ Feed indicator « | [ R
. pump L] -
Permeate
TDS indicator with pump
temp erature sensor
D Valve

Figure 5. Schematic diagram of direct contact membrane distillation (20).

76
74
72
70
68
66
64
62
60
58

Flux (L/m2.h)

——Aul —A—Au2

Au3 Au4

—~
=)

120

100

80

60

40

20

Cd(NO3)2-H20 rejection %

40.6

40

50

Feed temperature °C

89.6

99.1

70

(b)

Au0

Aul

Au2

Au3

Membrane composition

© STM Journals 2025. All Rights Reserved

20



Journal of Polymer & Composites
Volume 13, Issue 3
ISSN: 2321-2810 (Online), ISSN: 2321-8525 (Print)

—m— Aul Au?2 Au3 Aud
78
76
74
72
70
<= 68
(o]
E 66
S
< 64
=
L 62
60
58
56
54
30 40 50 60 70
(c)
Feed temperature °C
120
98.6 A4
100 94.9 %
89.9
o
e
80 aan
RAGA
S T
S RAGA
g o -
e —
S 40.6 ey
S 40 A
o RAGA
e
e
e
20 o
e
e
e
e
O H ATATATA !
Au0 Aul Au3 Aud
(d)

Membrane composition
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Anti-Bacterial Activity of Gold Doped Silica Membrane

Figure 7 (A and B) revealed that all synthetic membranes exhibited the antibacterial effects against
S. aureus and K. pneumoniae bacterial strains. Both undoped and Au@SiO. membranes show a similar
zone of inhibition (ZOI) of 33mm against S. Aureus (Figure 7(C)). Notably, as the level of Au doping
rises, there is a obvious slowdown re-growth before it eventually disappears. This change in
antibacterial activity with metal doping might be attributed to alterations in particle size and shape,

which may enhance the silica's antibacterial properties.

ction.
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In the case of K. pneumoniae, the ZOI diminishes for undoped silica membrane and increases with
the increase in gold doping. This difference in antibacterial activity between Au-doped silica
membranes in contrast to Gram-negative and Gram-positive bacterial strains could be due to variations
in bacterial species' cell wall strength or membrane composition.

Analysis of Density Field in Gold-Doped Silica Membranes by Forcite Module

To understand the impact of Au@SiO: membranes on water desalination performance, the density
field of Au@SiO: membranes was examined. As revealed in Figure 8(A) gold nanoparticles (red
spheres) were embedded within the silica matrix (yellow spheres). The membrane's structural and
functional properties were significantly affected by the density and distribution of these nanoparticles.

The factors which are essential for water desalination were studied by DFT as follows:

1. Dispersion and uniformity: The dispersion of gold nanoparticles within the silica matrix appears
dense and largely uniform as shown in Figure 8(A). This uniformity is crucial for maintaining
consistent membrane performance across its entire surface. Variations in distribution can lead to
localized differences in permeability and selectivity, potentially affecting the overall desalination
efficiency (27, 28).

2. Particle size and density: The size and density of the gold nanoparticles are crucial for the
membrane's efficiency. Smaller, denser gold particles create a larger surface area for interacting
with water molecules. This increased surface area enhances the catalytic activity, which can
improve the breakdown and removal of contaminants during desalination (29).

Figure (8B and 8C) showed that DFT analysis reveals the impact of particle size and density on
material stability, showing a trend of decreasing geometry optimization parameters (bond lengths,
angles, and atomic positions). As optimization progresses, total energy, atomic forces, and stress levels
typically decrease, indicating a shift toward a more stable configuration. Comparative density field
graphs, displayed the variations in particle size, overall density distribution and structural properties.
This declining trend in geometry optimization underscores the importance of precise control over
particle dispersion and arrangement to achieve optimal material performance.

Radius of Gyration vs. Parameter
The graph (Figure 8D) illustrates the relationship between the radius of gyration and the parameter
(expressed in inverse Angstroms).

Inhibition zone (mm)

S
1z
@y,
®

M embrane composition

Figure 7. The outcome following 24 hours of incubation at 37°C showed the existence of an inhibition
zone in both undoped silica membranes and gold doped silica membranes when in contact with two
types of bacteria: a) K. pneumonia and b) S.auers. (C) Membrane composition against inhibition zone
showed that with the increase in gold doping inhibition zone slightly increases.
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Figure 8. (A) Gold doped silica membranes density functional theory structure. (B) DFT analysis of
particle size and density and (C) geometry optimization versus density field graph. (D) Relationship of
radius of gyration and Perimeter (P).

Radius of gyration (x-axis): This metric indicates the dispersion of gold nanoparticles within the silica
matrix relative to a central point.

Parimeter (P) (y-axis): characterizes the density field and structural arrangement of the nanoparticles.

Upward trend: The graph showed that as the radius of gyration rises, the parameter likewise rises.
This proposes that as the nanoparticles become more dispersed the value of perimeter (P) increases.
This trend indicates a correlation between greater nanoparticle dispersion and an increase in the
structural characteristic represented by (P).

This confirms the wide distribution of gold nanoparticles within the silica matrix. A higher dispersion
can enhance interactions with water molecules, potentially increasing the effective surface area, which
exhibit better permeability and selectivity (30). This is supported by the correlation between larger radii
of gyration and higher P values, which are crucial for effective desalination by allowing better water
flow while selectively rejecting unwanted ions.
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Figure 9. (A) The comparison graph shows that elastic modulus, thermal conductivity and hardness is
increasing with gold doping. (B) Relation between bond energy, potential energy and concentration of
gold doping. (C) Illustration shows the relation between density, hardness, thermal conductivity and
elastic modulus. (D) Pictorial representation of density and pore size.

Elastic modulus, thermal conductivity and hardness: The mechanical strength of the Au@SiO-
membranes increased by 21%, with the elastic modulus rising from 70 GPa in pure silica to 85 GPa in
the gold-doped membranes shown in Figure 9A. Hardness measurements also showed an increase from
6.5 GPato 8.0 GPa. The thermal conductivity of the Au@SiO. membranes was measured at 1.2 W/m-K,
indicating a 20% enhancement compared to 1.0 W/m-K for pure silica by using Forcite module.

The Ternary Plot for Gold-Doped Silica Membranes

The ternary plot illustrates (Figure 9(B)) the balance between Bond Energy, Potential Energy, and
Concentration in gold-doped silica membranes. Stronger energy bonds between silica and gold lead to
increase the membrane stability. The arrangement of nanoparticles stores energy, impacting the
membrane's structure. The bond energy of gold nanoparticles enhances the membrane's optical
properties, antibacterial effectiveness, and desalination performance.

Density of gold-doped silica membranes: The Au@SiO. membranes exhibited a density of 2.75
g/cm3, which represents a 25% increase compared to the density of pure silica. This increase is attributed
to the higher atomic mass of gold. Figure 9C depicted that simulation results indicate that the gold
doping does not induce significant structural distortions in the silica framework. The distribution of
gold atoms within the membrane appears uniform, with no adverse effects on the overall structure. The
Figure 9C showed that the combination of gold atoms into the silica matrix introduces new electronic
states within the silica band gap. This modification may enhance optical properties, such as light
absorption or scattering, which could benefit light-assisted desalination techniques. Figure 9D showed
that by adding gold to the silica matrix alters the membrane's porosity and pore size distribution. Gold
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nanoparticles can create more refined pore structures, which are essential for selective ion rejection. A
well-distributed pore size improves water permeability while maintaining high selectivity, both of
which are vital for effective desalination (28). The introduction of gold into the membranes may
enhance their resistance to mechanical stress, as evidenced by the increase in elastic modulus. However,
changes in thermal conductivity could influence the membrane’s thermal regulation during operation.
Achieving an optimal balance between these factors is crucial for enhancing membrane performance in
practical applications(31).

CONCLUSION

This study provides a comprehensive assessment of gold-doped silica (Au@SiO2) membranes,
emphasizing their potential in advanced water desalination and antibacterial applications. By employing
sol-gel techniques, gold nanoparticles were successfully incorporated into the silica matrix, with the
resulting membranes characterized through several analytical methods. Structural analysis via Scanning
Electron Microscopy (SEM) revealed a well-distributed pore structure with an average pore size of 40-
50 nm, ensuring effective water vapor transport. Fourier Transform Infrared Spectroscopy (FTIR)
identified key bonding features, including Si-O-Si and Si-Au-Si peaks at 525 cm™, and 1310 cm™
respectively, confirming the successful integration of gold nanoparticles. Energy-Dispersive X-ray
Spectroscopy (EDX) quantified the gold content at 1.5 wt%, and UV-Visible spectroscopy
demonstrated a notable decrease in the optical energy gap from 2.6 eV down to 1.8 eV, indicating
enhanced electronic properties. The membranes exhibited a water vapor transport rate of 3.2 kg/m?h,
reflecting efficient permeation performance. Additionally, they achieved remarkable heavy metal
rejection rates, exceeding 99.5% for both Pb** and Cd**, underscoring their effectiveness in removing
toxic contaminants from water. Antibacterial assays confirmed that these membranes significantly
reduce bacterial colonies, achieving a 98% reduction for Kleb pneumoniae and a 96% reduction for
Staphylococcus aureus. These results highlighted the membranes' robust antimicrobial properties.
Density Functional Theory (DFT) calculations demonstrated that gold doping resulted in a 1.2 eV
reduction in the band gap, a 15% drop in total stress, improvements in both elastic modulus and thermal
conductivity, along with a 20% rise in bond energy and an 18% increase in potential energy.
Experimental data corroborated these findings, revealing that the large ionic radius of gold limits its full
incorporation into the silica matrix and contributed to the observed structural modifications. The gold-
doped silica membranes demonstrated significant advancements in both water purification and
antibacterial performance. Their high efficiency in water purification and remarkable ability to inhibit
microbial growth highlight their potential as versatile and effective solutions for modern water treatment
challenges.

POTENTIAL APPLICATIONS AND FUTURE WORK

The gold-doped silica membranes demonstrated promising attributes for desalination purposes.
Further experimental validation and optimization of doping levels could improve their performance.
Additionally, exploring the interplay between mechanical, electrical, and thermal properties may lead
to the development of more durable and efficient membrane designs.
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