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Comparative study on antibacterial
activities and removal of iron ions
from water using novel modified
sand with silver through the
hydrothermal technique
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The hydrothermal-calcination technique was used to modify raw sand with silver (Ag) at different
weight percentages: 2%, 5%, and 10% using silver nitrate. The raw and sand-coated Ag nanoparticle
samples were analyzed using various techniques, including scanning electron microscopy (SEM),
transmission electron microscopy (TEM), energy-dispersive X-ray spectroscopy (EDS), X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy (FTIR), and
Brunauer-Emmett-Teller (BET) analysis. The antibacterial properties of the raw and modified sand
samples were evaluated using the zone of inhibition test and the minimum inhibitory concentration
(MIC) method. This study aims to determine the efficiency of sand-coated Ag nanoparticles in
removing iron ions and bacteria, specifically Escherichia coli (E. coli) and Staphylococcus aureus

(S. aureus), compared to raw sand. The results showed that the Ag content in the modified sand
increased proportionally with the silver nitrate concentration. The modification of raw sand with 2%
Ag nanoparticles resulted in a significant increase in surface area (85.78%), adsorption pore diameter
(138%), and micropore volume (65.65%). The sand modified with 2% Ag exhibited a 31.29% higher
removal efficiency and 14.6 mg/g greater adsorption capacity for iron ions than raw sand. A feed pH
level between 4 and 10 was found to be optimal for iron removal efficiency (99.95%) using a 1.5 g/L
sand-coated with 2% Ag. The maximum adsorption capacity of iron ions obtained in this study was

64 mg/g using sand-coated 2%Ag (dose =0.2 g/L) at 24 °Cin 4 h. Studies utilizing zone of inhibition and
MIC methods revealed that the modified sand exhibits strong antibacterial properties against both
Gram-positive and Gram-negative strains. In contrast, the raw sand shows no antibacterial activity. All
sand-coated Ag nanoparticle samples achieved 100% growth inhibition at 72 pg/mL.

Sand is abundant globally, and it can play a major role in water treatment by being used as an adsorbent medium
in water filters'7. Modified sand for water treatment was reported such as oxide-coated sand?®, iron-coated sand’
and graphene oxide-coated quartz sand'’. Sand is very cheap compared to other adsorbents such as activated
carbon (AC), silica, zeolite, and kaolinite. In addition, the natural composition and easy availability make it
an excellent and sustainable choice for water treatment in many regions. One of the disadvantages of sand
as a filtration material is that it is not highly efficient in removing microorganisms from wastewater, and the
bacteria grow over time on sand filters. This drastically diminishes the efficiency of the sand filtration process.
To minimize biological colonization, the sand can be coated with silver (Ag).

Ag nanoparticles, Ag ions, and Ag composite materials have extensively been studied for their antibacterial
and antiviral properties!!"!>. Ag is nontoxic to human cells in low concentrations!®~!%, while Ag nanoparticles
show excellent antibacterial activity by binding to microbial DNA and preventing bacterial duplication. Ag
nanoparticles are used in medical products like burn dressings and medical device coatings and have the potential
to treat drug-resistant bacterial infections'®-2!. Moreover, the use of Ag nanoparticles has shown promise in
combating viral infections by inhibiting viral replication and entry into host cells. These unique properties
make Ag-based materials a valuable tool in the fight against both bacterial and viral pathogens, offering new
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possibilities for developing effective treatments and reducing the spread of infectious diseases. Silver-zeolite, a
complex of alkaline earth metal and crystal aluminosilicate, is used in Japan for food preservation, disinfection,
and decontamination of ceramics. It was reported that Ag cations have no or minimal tissue effect, no antibiotic
resistance, and no antibacterial resistance, suggesting Ag and its composite materials could be a useful
antibacterial agent for dental materials®>?*. Its bactericidal properties include absorbing silver ions by bacterial
cells and generating reactive oxygen species, which inhibit respiratory enzymes, causing cell damage?.. Two
potential mechanisms by which silver zeolite acts on bacteria were proposed?*: (1) the bacteria absorb silver ions
from the zeolite when they come into contact with it, which damages the bacteria; and (2) the bacterial cells are
damaged by the production of reactive oxygen species, which is caused by the inhibition of respiratory enzymes
by the silver ions. Kvitek et al.!® reported that silver nanoparticles are a more effective antibacterial agent than
ionic silver due to their lower toxicity. They effectively suppress bacterial and yeast growth at concentrations of
1-3 mg/L, which are not toxic to human cells or other organisms. This does not pose any risk to humans when
used in medical applications.

High ironlevel is another challenge in the water treatment of ground water. Excessive iron content can be found
in groundwater due to corrosion of iron pipes, extensive use of iron-based coagulants, and industrial activities?’.
Although the WHO recommended maximum iron level is 0.3 mg/L, iron concentration in untreated surface
water ranges from zero to 50 mg/L?*?’, while in groundwater levels of the range (2.01-5 mg/L) in Bangladesh?®
have been observed. High iron levels can cause staining, metallic odor, and blockages in pipes, affecting water
pressure and plumbing systems. This can be a significant problem for many people who rely on groundwater
as their main source of drinking water®. It is important to find effective solutions to this problem to ensure
that everyone has access to safe and clean drinking water?®?°. Exposure to air causes ferrous and manganese to
precipitate, giving groundwater a reddish colour. There are various methods available for removing iron from
water sources such as electro-coagulation, oxidation, filtration, ion exchange, lime softening, and adsorption.
The adsorption process is an efficient and cost-effective method for removing various contaminants, including
heavy metals and iron ions, from water**3!. Some commonly applied adsorbents for iron ion removal include
activated carbon®?-3, metal oxides®, and carbon-based materials®.

The main objectives of this study are to evaluate the efficiency of sand modification with silver on the removal
of (1) iron ions and (2) bacteria, namely Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) bacteria,
from water. The morphology and structure of the modified sands were also studied. The antibacterial activity of
the modified sand was evaluated by using zone of inhibition and minimum inhibitory concentration assays. The
present study proposes a new strategy for the simultaneous removal of both bacterial contaminants and iron ions
through the incorporation of silver nanoparticles positioned onto low-cost modified sand using hydrothermal-
calcination method. The modified sand is used with two application functionalities. In contrast to most of
the traditional methods which are witheringly targeting microbial removal or metal ion extraction, this study
shows a method that can achieve both antibacterial activities as well affinity for iron ion in one material. While
the antimicrobial action of silver nanoparticles exhibits a significant increase in the antibacterial activity, the
hydrothermal-calcination method for sand modification provides an even high-yield and efficient deposition
of silver which represents a new cost-effective way to fabricate low-cost adsorbing materials from naturally
available resources that is easily scalable for water purification. This study also provides further investigation
into the synergistic nature of modified sand in different concentrations of silver, new manners toward the
optimization of its antibacterial and ion removal characteristics. This interaction of both abilities, together
with the sustainable utilization of sand for support material, offers a novel and efficient way to purify water in
locations under heavy contamination stress such as many areas unaffordable to low-cost treatment technologies,
particularly in developing regions.

Materials and methods

Materials

Fine brown natural sand was taken from the Qatari desert environment. Silver nitrate (AgNO, >99%), sodium
hydroxide (NaOH, 98.0%), and iron (III) chloride (FeCl,, 97%) were purchased from Sigma Aldrich, USA. All
aqueous solutions were prepared using deionized water (DIW) with a conductivity of 18.2 MQ/cm.

Preparation methods

The sand was first sieved (300 um) and washed with distilled water. The modification was done by preparing three
sand samples with three different AgNO, loadings (2, 5 and 10% wt.). Three portions of sand, each weighing
20 g, were mixed with 50 mL of 2%, 5%, and 10% wt. AgNO, salt solutions. The mixture was stirred magnetically
for 10 min and then placed in an ultrasonic bath for 20 min. The mixture was then moved to an autoclave and
heated at 180 °C for 18 h. The modified sand with Ag samples were centrifuged, washed multiple times with
DIW, and finally calcined in air at 600 °C for 2 h. Figure 1 shows a schematic diagram of the experimental steps
to prepare the modified sand with Ag nanoparticles.

Characterizations

The morphology of the raw and modified sand samples was analyzed using a field emission scanning electron
microscope (FE-SEM, QUANTA FEG 650, Thermo Fisher Scientific, USA) and TEM (FEI Talos200X). The
elemental composition of the samples was studied by the energy dispersive spectrometer (EDS, Bruker Xflash
6160, Germany). The broad beam ion milling technique was employed to prepare the cross-section of Ag-
coated sand grains for backscattered electron scanning electron microscopy (BSE-SEM) imaging. The grains
were adhered to carbon glue and ion milled at 8 kV for 19 h using the Gatan PECS II system. The structural
and phase identification of the samples was evaluated by X-ray diffraction (XRD) (Bruker D8 Advance X-Ray
diffractometer with Cu-Ka radiation source). The X-ray photoelectron spectroscopy (XPS) measurement
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Fig. 1. A schematic diagram illustrates the preparation steps for the sand-Ag composite. Some parts are
created with BioRender.com.

is conducted on a Thermo Fisher Escalab 250Xi platform. All XPS measurements are performed in an ultra-
high vacuum (7-10 mbar) at room temperature. All binding energies are calibrated to the C-C signal (Cls)
at 284.8 eV. The deconvolution of the spectra was conducted with a Voigt-type profile (GL 30) after a proper
Shirley background subtraction. Brunauer-Emmett-Teller (BET) analysis was done by an ASAP-2020 surface
analyzer to investigate the surface area and porous properties of both raw and modified sand samples. The
Fourier transform infrared spectroscopy (FTIR) spectra of the samples were analyzed in transmittance mode
utilizing 32 scans per sample and background using Thermo Scientific Nicolet iS50 FT-IR spectrometer to study
their functional groups and vibrational modes (see Fig. S1 in Supplementary Information). The zeta potential of
both raw and modified sand with 2%Ag was determined using the Zetasizer Ultra from Malvern Panalytical. The
measurements were conducted at various pH levels (2, 4, 6, 8, and 10) at room temperature by dissolving the raw
and modified sand in deionized water, utilizing the MPT-3 Multi-Purpose Titrator from Malvern Panalytical.
Dynamic light scattering was performed with a laser wavelength of 632 nm, and the signal was collected using a
backscattering configuration at an angle of 173°.

Batch adsorption experiments
Iron ion solutions used in this study were prepared from FeCl,-6H,0 and DIW with different concentrations
(145, 100, 75, and 30 mg/L).

In a 150 mL flask, the raw and modified sand samples were combined with 25 mL of iron solution to conduct
the batch adsorption experiments. The final solution volume was calculated after adjusting the pH values of iron
ion solution using either 0.01 M NaOH or 0.01 M HCI solutions. The solutions were then shaken using a Grant
OLS Aqua Pro temperature-controlled shaker (Model OLS26, UK) at a rate of 150 rpm. The samples were filtered
through a 0.22-micron PTFE membrane syringe filter before being taken for analysis after the adsorption. The
iron concentrations were examined with a Hach SL1000 (Iowa, USA) and confirmed by Agilent 5800 Vertical
Dual View ICP-OES. The effects of iron concentration, adsorbent type, time, pH, temperature, and adsorbent
dose were investigated, as will be detailed in the following sections.

To investigate the effect of sand loading on adsorption, the dose of sand-coated with 2%, 5%, and 10% silver
nanoparticles, was varied from 0.2 to 3 g/L at 24 °C, pH of 6.5+ 0.5, shaking speed of 150 rpm, and contact time
of4h.

The effect of pH on the adsorption performance of the modified sand was studied at a pH range of 2.5-10.5 at
the same other adsorption conditions. The effect of time on the adsorption performance and adsorption kinetics
was also investigated after various contact times (9 to 1440 min). The other adsorption conditions were fixed.

Equations (1) and (2) were used to determine the removal efficiency of iron ions from water (%) and the
adsorption capacity (Q,) in mg of iron ions/g of the raw and modified sand samples:

(Co —Co)

Removal ef ficiency (%) = X 100 (1)
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where, C_and C, is the initial and final concentration of iron ions in water (mg/L), V' is the volume of the iron
solution (L), and m is the raw and modified sand mass (g). Each of the adsorption tests was repeated 3 times and
the mean values were reported.

Antibacterial activity of prepared materials

Zone of Inhibition

To attain the exponential phase, cultures of S. aureus and E. coli were cultivated in Lysogeny broth (LB) broth
overnight and then re-cultured for 4 h the following morning. After the suspension was centrifuged to extract
the pellet, it was again suspended in a PBS phosphate buffered saline (PBS) solution. Each material, raw sand
and sand-coated with 2%, 5%, and 10% silver nanoparticles, was arranged in a circle on the bacterial culture
plate, which held the cultures of S. aureus and E. coli. 10 mg of material was used for each zone of inhibition test.
To evaluate each material’s antibacterial activity, the plate was incubated at 37 °C overnight. To see the zone of
inhibition, the plate was examined using a lens. Measured surrounding the substance, the zone of inhibition was
calculated, and the result was reported in millimeters. The bacterial strain was commercially purchased from
ATCC Source and the media used for the zone of inhibition test was Mueller Hinton Agar. The concentration of
bacteria was used for the Zone of Inhibition test 1 x 108 CFU/mL S and two replicates were used for each sample.

Minimum inhibitory concentration

E. coli and S. aureus cultures were inoculated in 30 mL of LB Broth and incubated in a shaking incubator at
35-37 °C overnight to allow bacterial growth. The culture was then centrifuged at 3500 rpm for 10 min to obtain
pellets, respectively. The pellets were washed and re-suspended with sterile PBS. This process was repeated 3
times. After re-suspending the E. coli and S. aureus pellets in PBS for the final time, the optical density was then
measured to determine the concentration. The E. coli and S. aureus solution was further diluted in PBS until it
reached the concentration of 1x 105 CFU/mL.

Two separate solutions of the material were prepared: a 1000 ppm solution and a 5000-ppm solution. To
prepare the 1000 ppm solution, 5 mg of each material was added to 5 mL of deionized water and vortexed for
10 min to get proper dispersion. The same process was repeated for the 5000-ppm solution, but with 25 mg of
each material in 5 mL deionized water. These solutions were then added to the 1x10° CFU/mL S. aureus and
E. coli in the following concentrations (shown in Table 1) to evaluate its antibacterial activity. A control group
(replacing the 1x 10® CFU/mL S. aureus and E. coli solution for LB broth) was created, as well.

The above solutions were incubated at 37 °C in a shaking incubator overnight and plated on LB agar plates
afterwards. The plates were incubated at 37 °C overnight and the number of colonies were counted the next day.

Results and discussion

Morphological and structural study

SEM, TEM, EDS, and XRD analysis

SEM and TEM analysis is used to study the morphologies of raw and modified sand samples, as seen in Fig. 2a-1.
The SEM images of raw sand are shown in Fig. 2a—c, while the SEM images of modified sand with Ag are presented
in Fig. 2d-1. The SEM images offer visual evidence of the morphological changes in the sand particles following
modification with Ag nanoparticles. These images demonstrate that the addition of Ag nanoparticles modifies
the surface structure. Ag nanoparticles grow regularly on the surface of sand grains. This observation suggests
that the interaction between sand structure and Ag nanoparticles may play a significant role in modifying the
sand. The SEM images also reveal that the size and distribution of the Ag nanoparticles on the sand surface
vary depending on the concentration used. This suggests that controlling this factor could potentially lead to
tailored modifications of sand properties for specific applications. SEM images (Fig. 2d-1) and EDS (Fig. 3)
show that silver content in modified sand increased from 2 to 10% wt. with more Ag salt, indicating successful
incorporation of Ag into the sand particles. This successful incorporation of Ag into the sand particles suggests
that the modification process effectively enhanced the sand coated with silver content. These findings have
significant implications for potential applications in areas such as water purification systems and antibacterial
coatings. The TEM images of raw sand and modified sand with 2%Ag and its EDS elemental mapping of Ag are
shown in Fig. 2m-o, respectively. The EDS elemental mapping of all elements is shown in Fig. S2. From Fig. 2n,

# | S. aureus and E. coil (1 x10° CFU/mL) | Material concentration ‘ Amount of material added | DI water | Final material concentration
1 0 ppm 4mL 0 ppm (control)

2] 1000 ppm 0.04 mL 196mL | 8 ppm

T 0.12mL 1.88 mL | 24 ppm

4] 1mL 0.36 mL 1.64mL |72 ppm

5 | 1.08 mL 092mL | 216 ppm

E 5000 ppm 0.648 mL 1.352mL | 648 ppm
7 1.944 mL 0.056 mL | 1944 ppm

Table 1. Various concentrations of materials in 1 x 10° CFU/mL S. aureus and E. coli.
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Fig. 2. SEM images of sand-coated with silver nanoparticles: (a—c) images are raw sand, (d-f) images are sand-
coated with 2% Ag, (g-i) images are sand-coated with 5% Ag, and (j-1) images are sand-coated with 10% Ag.
TEM images of raw sand (m), modified sand with 2%Ag (n), and its EDS elemental mapping of Ag (o). The
EDS elemental mapping of all elements is shown in Fig. S2.
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Fig. 3. EDS analysis of sand-coated silver nanoparticles: (a) is raw sand, (b) is sand-coated 2% Ag, (c) is sand-
coated 5% Ag, and (d) is sand-coated 10% Ag.

o, it is obvious that Ag nanoparticles are also found inside the ground sand grains, not just on the surface. It is
worth noting that studying sand grains using TEM analysis is challenging due to the need for ultra-thin sample
preparation, the limited electron transparency of silica, potential charging effects, and low image contrast. SEM
analysis is often more practical for analyzing sand morphology.

Figure 3 shows the EDS analysis of raw and modified sand with Ag nanoparticles to determine elemental
composition, purity, and effectiveness of the doping process. The elemental composition of raw sand includes
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C, Na, Mg, Al, Si, Ca, O, and Fe. Once modified with silver (2, 5, and 10 wt%) nanoparticles, the elemental
composition of the modified sand samples includes C, Mg, Al, Si, Ca, Fe, O, and Ag. It should be noted that Na
and K are present in the raw sand samples, while absent in the modified sand samples. This might be due to the
disappearance of salt compounds (Na and K) after washing.

SEM image analysis of ag nanoparticles on the sand grains

The SEM image of sand-coated with 2% Ag was analyzed using Mountains software from DigitalSurf to study the
distribution of silver particles on the surface of a sand grain. The SEM image displays bright silver nanoparticles
dispersed over the rough sand surface, Fig. 4a. A processed version of the image highlights the detected particles,
outlining their boundaries for size and distribution analysis, Fig. 4b.

The histogram of particle size distribution indicates that most particles fall between 20 and 500 nm, with
a considerable portion having an equivalent diameter of less than 50 nm, making them the most frequently
occurring size group as shown in Fig. 4c. This suggests that silver deposition primarily results in nanometer-
scale clusters rather than larger aggregates.

Statistical data shown in Fig. 4d confirms these findings, showing particle sizes ranging from 20.99 nm
(minimum) to 937.1 nm (maximum). The number of detected particles is 62, with a coverage of 11.2% and a
density of 1,370,800 particles/mm?.

The broad-beam ion milling technique was used to prepare the cross-section of sand grains coated with
2% Ag for SEM with backscattered electron (BSE) imaging. Figure 5a presents a broad overview of the cross-
section of sand particles, which exhibit irregular shapes and varying sizes. The bright contrast observed in
certain areas suggests the presence of Ag-rich regions, as heavier elements like silver (Ag) appear brighter in
BSE-SEM images (a-d). Figure 5b—d shows BSE-SEM images of a single sand grain at different magnifications.
These images reveal surface cracks, pores, and distinct textural features. The relatively uniform contrast suggests
that Ag is distributed in smaller inclusions rather than forming large deposits. In Fig. 5¢, d, the presence of Ag
is highlighted, appearing as bright spots due to its higher atomic number. White arrows and circles highlight the
presence of diffused silver nanoparticles within the sand matrix and pore spaces, indicating that silver is either
mechanically entrapped or chemically integrated into the sand grains. Additionally, the coating on the sand
demonstrates an inter-diffusion zone.

Figure 6a shows the powder XRD patterns for the pristine sand along with the coated ones with different
concentrations of Ag, 2%, 5%, and 10%. The major crystalline phases of the natural compounds in sand were
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Fig. 4. Analysis SEM image of sand-coated with 2% Ag using Mountains software to study the distribution of
silver nanoparticles on the surface of a sand grain.
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Fig. 5. BSE-SEM images of the cross-section of sand grains coated with 2% Ag nanoparticles.

identified such as quartz, calcite, albite, and dolomite, by matching the peaks with data entries from the powder
diffraction files (PDF) provided by the International Centre for Diffraction Data (ICDD). All indexed phases
were labeled with their respective PDF reference numbers as listed in Fig. 6a. It can be deduced from the XRD
patterns that no secondary phases were formed upon Agloading, indicating that Ag nanoclusters were deposited
on sand particles as a separate phase. This observation is consistent with what was observed in SEM images (see
Fig. 2) where Ag nanoclusters are observed to be on sand particles. It is evident from the XRD patterns that the
diffraction peak attributed to Ag (111) becomes more prominent with loading concentration (see Fig. 6b). The
crystallite size for Ag nanoparticles in coated sand samples was calculated using Scherrer equation:

KX
=7 (©)

B cos
where D is the crystallite size; K is the Scherrer constant~0.9; X is the X-ray wavelength; 3 is the peak full
width at half maximum (FWHM); € is the peak position. The Ag crystallite size for all samples was found
to be ~46-48 nm, indicating that the nonstructural morphologies in the samples are independent of the Ag
loading concentration. Table 2 shows some physicochemical properties of raw and sand-coated with 2%Ag.
The BET surface area of raw sand is 0.2356 mz/g, while the coated sand has a surface area of 0.4377 mz/g,
representing an increase of approximately 85.75%. This enhancement suggests that Ag nanoparticles contribute
to forming a more porous structure, improving the material’s potential for adsorption. Similarly, the micropore
area increased from 0.3121 m?/g to 0.4605 m?/g, reinforcing that silver nanoparticles modify the pore network.
The shift in pH zc from 2.3 of raw sand to 5.8 after modification by Ag nanoparticles, indicates a shift in surface
charge behavior. This suggests that Ag-modified sand exhibits different adsorption properties, influencing its
interactions with anionic and cationic contaminants.

Figure 6¢ displays the nitrogen adsorption-desorption isotherm of sand modified with 2%Ag sample,
indicating a characteristic hysteresis loop, suggesting the presence of mesoporous or macroporous materials.
Figure 6d shows the pore size distribution curves, indicating a wide pore size distribution, including mesopores
(2-50 nm) and possibly macropores (> 50 nm). The shift between adsorption and desorption peaks suggests pore
network effects or ink-bottle pores, where desorption occurs at lower pressure due to restricted pore necks®®.

Growth mechanism

The growth mechanism of Ag nanoparticles on sand grains will be discussed based on the XRD results and
experimental conditions. The XRD analysis indicates that the sand comprises, which contains quartz (SiO,),
albite (NaAlSi,Oy), calcite (CaCO,), and dolomite CaMg(CO,),. Sand can adsorb clusters of Ag from aqueous
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Fig. 6. (a) XRD patterns for raw sand and sand samples with different Ag doping. (b) A magnified view of the
XRD diftraction peak for Ag (111). (¢) Nitrogen adsorption-desorption isotherm of modified sand with 2%
silver. (d) BJH adsorption and desorption pore size distribution curves.

AgNO, that underwent hydrothermal treatment at 180 °C for 20 h, followed by calcination in air at 600 °C for
2 h. During the hydrothermal process, the following reaction can occur:

AgNO, (s) %5 Ag™ (ag) + NOs™ (aq) (@)

During the surface modification, silver ions (Ag*) from the decomposition of silver nitrate may also be adsorbed
and interact with the sand surface. At high temperature, these silver ions can diffuse into the sand surface and get
reduced to form metallic silver nanoparticles within the surface or subsurface layers of quartz, albite, dolomite,
and calcite as follows:

AgT +e 20F ag (s) (5)
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Physicochemical properties Raw sand Sand-coated 2%Ag

BET Surface Area® (m%/g) 0.2356 0.4377

Micropore volume (cm®/g) 0.000131 0.000217

Micropore area (m?/g) 0.3121 0.4605

Adsorption pore diameter (4 V/A) (A) | 180.663 430.243

Desorption pore diameter (4 V/A) (A) |298.071 284.284

The average particle size® (um) 100-300 100-300 coated Ag nanoparticles
l:'H(pzc)c gé}:his work 58

Table 2. Physicochemical properties of Raw and sand-coated 2%ag. *BET Surface Area was measured by
using N, adsorption-desorption analysis at 77 K using a Micromeritics ASAP-2020 surface analyzer (USA).
PThe average partials size was determined using SEM. PH,: PH at point of zero charge was determined
using Malvern Zetasizer Ultra equipment. Adsorption of anions occurs when pH is below the pzc value, while

cations are adsorbed when pH is above the pzc value.

The electrons (e”) needed for the reduction could come from the thermal environment or other surface
interactions. As a result, metallic silver nanoparticles are embedded into the sand structure as shown in Figs. 2
and 5.

It should be noted that most metal nitrates decompose when heated, producing metal oxides. However, silver
nitrate decomposes differently, resulting in the formation of elemental silver instead®.

Thermal decomposition of AgNO,
When silver nitrate is heated to around 600 °C, it undergoes thermal decomposition, which results in the
breakdown of AgNO, into silver oxide (Ag,0), nitrogen dioxide (NO,), and oxygen (O,) as follows:

2AgNO, (5) 20 Ag,0 (s) +2NOs (g) + 1/2 05 (9) )

However, the Ag,O produced in Eq. (6) is unstable at high temperatures and further decomposes into metallic
silver and oxygen gas will occur as follows:

Ag,0 (s) ™2 244 (s) + 1/2 05 (9) )

The Ag,0 intermediate underwent complete thermal decomposition to produce Ag nanoparticles and O, gas
at about 400 °C (673 K)*. Ag nanoparticles are finally embedded within the sand structure (quartz, albite,
dolomite, and calcite), as illustrated in Figs. 2 and 5.

XPS study

Figure 7 shows the comparison of the XPS survey spectra of sand samples before and after doping. The sand
sample (black curve) gives elements of Cls, Ols, Ca2p and Si2p, probably related to the CaCO, and SiO,.
Doping gives the corresponding signal of Ag3d in Sample2 (red curve) and Fe2p in Sample3 (blue curve). Table 3
presents the atomic ratio (%) calculated from the respective high-resolution core levels. It is worth noting that
the Ag concentration in Sample 2 was 2.9% and it decreased to 0.4% after Fe doping; meanwhile, despite a small
amount of Fe detected in the raw sand sample, the major Fe2p appears mainly in Sample 3 after doping of Fe. The
attenuation of Ag and the enhancement of Fe indicate a possible ion exchange process.

The detailed comparison of high-resolution core levels is given in Fig. 8, where the major signals of Fe2p,
Ag3d, Cls, and Ols are selected in (a-d); with the rest given in the supplementary information Figs. S3 and
S4. As shown in Fig. 8a, the raw sand sample 1 contains a certain amount of Fe. Doping with Ag significantly
attenuates its content in S2; while in S3, the Fe 2p was strongly enhanced after adsorbing Fe ions by the sand-
coated 2%Ag sample. The profile of Fe 2p indicates a possible Fe,O, state and deconvolution reveals its Fe?*,
Fe**, and Fe'* at 710 eV, 711 eV, and 713 eV, respectively (see Fig. S3 in the supplementary information). The
Ag3d gives a similar (reversed) trend in intensity to the Fe2p signal. The deconvolution of the Ag gives possible
Ag!* states, while in sample 3, an Ag chalcogenide bond is given, shown in Fig. 8b, sample 2. The Cls evolution
is given in Fig. 8c, where a strong carbonate (~289 eV) signal is observed, which becomes more significant in
sample 2 after Ag doping but strongly attenuated in sample 3. The loss of carbonate is also proven by the Ca2p
in Fig. 8d, where a clear shift is given in sample 3 from the initial carbonate position (~ 347 eV) of the other 2
samples. The comparison of Mgls, the Ols, and the Si2p core levels is shown in Fig. 4.

Adsorption results

Effect of sand dose on removal efficiency and adsorption capacity

As seen in Fig. 9, the sand-coated with 2% Ag removes 99.85% of Fe?* from the deionized water at a dose loading
of 1.5 g/L within 4 h of contact time. The varying colors in the photo indicate the effectiveness of the adsorption
process at different doses. This visual representation helps determine the optimal dosage for achieving the desired
level of iron ion removal. For water containing 70 ppm of iron, the optimal dosage for effective purification is
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Fig. 7. The comparison of the survey spectra of raw sand (S1), sand-coated 2%Ag (S2), and sand-coated 2%
Ag after adsorbing iron ions (S3).

Sample Si |C Ca |Ag|O |Fe Mg
Raw sand (S1) 122 |16.7 | 6.1 |0 589 |12 4.8
Sand-coated 2% Ag (S2) 43 (163 | 154 |29 |56.7 | 1.0 | 3.4
Sand-coated 2% Ag+iron ions(S3) | 4.9 | 30.7 | 16.5 | 0.4 | 32.7 | 5.7 | 9.0

Table 3. The atomic ratio (%) of the main elements on the surface of the 3 samples.

1.5 g/L of sand-coated with 2% Ag. This suggests that the material has potential for use in water treatment
applications targeting iron removal. However, the optimal adsorption capacity is 64 mg/g, which is achieved
at a dosage of 0.2 g/L. At higher dosages, the adsorption capacity decreases as shown in Fig. 9ii, possibly due
to the agglomeration of adsorbent particles*!*2. According to Eq. (2), as the adsorbent loading increases, the
adsorption capacity at a given loading decreases because larger loading results in a higher number of adsorption
sites while maintaining a constant amount of adsorbate. Thus, using a dosage of 0.2 g/L is recommended for
achieving the highest adsorption capacity (64 mg/g).

Effect of adsorbent type on iron removal
Figure 10 presents a comparative study of various adsorbents, including raw sand, sand-coated with 2% Ag,
commercial activated carbon (1100 m?/g), and commercial activated carbon (1600 m?/g) (Zhulin Activated
Carbon Co., Ltd, China), under identical experimental conditions. The results indicate that sand-coated with
2% Ag demonstrated the highest iron ion removal efficiency (88.96%), as shown in Fig. 10a, and the highest
adsorption capacity (41.51 mg/g), as displayed in Fig. 10b. This performance was followed by raw sand and
activated carbon with a surface area of 1600 m?/g. These findings suggest that incorporating silver into sand
enhances its adsorption capabilities, potentially making it a sustainable alternative to high-surface-area activated
carbon for iron removal from water. Therefore, we have selected it for further study in this work.

Table 4 summarizes the maximum adsorption capacities of iron ions for different adsorbents. After
comparing three sand samples coated with 2%, 5%, and 10% Ag, the sand modified with 2% Ag exhibited the
best performance in terms of removal efficiency and adsorption capacity.

Effect of contact time on iron removal

The study aimed to determine the effect of contact time on the removal efficiency of iron ions using 1.5 g/L
sand-coated with 2% Ag. The contact time varied between 9 min and 24 h while keeping all other parameters
constant. The findings illustrated in Fig. 11 indicate that the adsorption process occurs rapidly. After 30 min, the
removal efficiency of iron ions reached 86.04%, as demonstrated in Fig. 11a, while the adsorption capacity was
measured to be 40.15 mg/g, also shown in Fig. 11b. However, after 4 h of adsorption, the removal efficiency and
adsorption capacity increased to 99.85% and 46.60 mg/g, respectively. Therefore, the optimized contact time was
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Fig. 8. The comparison of the selected core levels of (a) Fe2p, (b) Ag3d, (c) Cls, and (d) Ca2p. S1 is raw sand,
S2 is sand-coated 2%Ag, and S3 is sand-coated 2%Ag after adsorbing iron ions.

determined to be 4 h, and this was used throughout the rest of the study. Increasing the contact time beyond 4 h
did not significantly increase the removal efficiency since the adsorption sites on the sand-coated 2% Ag surface
had become saturated.

Effect of pH and adsorption mechanism

The removal efficiency of pollutants by any adsorbent is influenced by factors such as the surface charge of the
adsorbent and the solute speciation in water. The point of zero charge (PZC) is the point where the zeta potential
is zero, indicating that the amount of positive and negative charges on the material’s surface are balanced. The
surface of a material carries a positive charge when the pH value is less than the PZC. However, the surface
charge becomes negative when the pH value is above the PZC value. Understanding the PZC is crucial for many
applications, including water treatment using adsorption methods. Knowledge of the PZC can help determine the
optimal conditions for removing contaminants from wastewater. It can also be useful in the development of new
materials with specific surface properties. The PZC of raw sand is found to be 2.3, which has a negative surface
charge over a wide pH range. However, sand-coated 2% Ag nanoparticles increased its PZC to 5.8, resulting in a
successful modification of raw sand as shown in Fig. 12a. In our new sand-coated 2% Ag nanoparticles, anions
will adsorb below the pzc value of 5.8 while cations will adsorb above it.

The effect of pH study on iron removal efficiency and adsorption capacity is presented in Fig. 12b and c,
respectively. At pH 4 and above, the highest iron removal rate (99%) and adsorption capacity (46.64 mg/g) were
found because it has a negative surface charge that attracts positive iron ions above the PZC. This suggests that
to achieve the best iron removal efficiency and adsorption capacity, a pH level that is slightly acidic to neutral
must be maintained. On the other hand, reducing the pH to 2.5 led to a marginal drop in iron removal (75%),
and adsorption capacity (35.01 mg/g), suggesting that excessive acidity can marginally decline the adsorption
efficacy and capacity. This implies that, for the best iron removal efficiency and adsorption capacity, a pH level
between 4 and 10 is required. A pH level between 4 and 10 was found to be optimal for iron removal using
a 1.5 g/L dose of sand-coated 2% Ag in 4 h. The highest iron removal efficiency at pH 4, despite being below
the pH zc (5.8), can be attributed to multiple factors. At this pH, the sand surface remains positively charged,
promotlng the adsorption of negatively charged Fe(III) hydroxy complexes such as Fe(OH),” and Fe(OH),*".
Additionally, Fe* oxidation to Fe** leads to Fe(OH), precipitation, enhancing removal efﬁc1ency via adsorptlon
and surface complexation®®. These combined effects explain the observed high removal rate at pH 4*°.

Iron exists in different oxidation states in aqueous solutions, with ferrous ions (Fe?*) and ferric ions
(Fe**) being the most common®’. The presence of various iron species depends on factors such as pH and
temperature®'~>*. Fe?* jons are stable in acidic and neutral conditions, while Fe3* ions are stable only in strongly
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Fig. 9. The dose effect of sand-coated 2% Ag on removal % (i) and adsorption capacity of Fe** (C_ =70 mg/L)
from deionized water at RT (24 °C) in 4 h, pH 6.5+ 0.5 and agitation speed 150 rpm. The photo shows the
filtered water after adsorption at various doses (a-h).

acidic conditions®>**. In the pH range of 3 to 6, Fe(OH), species dominate, transitioning to Fe(OH), as the
solution becomes more basic®. Iron (III) chloride species in an aqueous solution can be positive and negative
ions: FeCL*, FeCI?*, FeCl, and FeCl,~ ions>. The PZC of sand-coated with 2%Ag nanoparticles is around pH
5.8. This makes the sand surface suitable for adsorbing positive and negative ion pollutants compared to raw
sand with PZC at pH 2.3. Sand has many active sites that can adsorb iron species. When silver nanoparticles
are added to the sand surface, they enhance adsorption by forming complexes with iron ions and helping them
stick to the sand particles®. Silver nanoparticles also could have catalytic activity, which helps to oxidize Fe?* to
Fe3*58%9 This oxidation reaction is facilitated by the presence of oxygen in water. The resulting ferric ions and all
iron (III) chloride species can then be adsorbed onto the sand surface.

Effect of initial concentration on removal and adsorption capacity of iron ions

Figure 13 illustrates the effect of the initial concentration of iron ions on their removal and adsorption capacity.
The initial concentration from 30 to 145 mg/L effect in the removal of iron ions study shows that an increase
in the initial iron ions concentration results in a decrease in the removal of iron ions from 99.96 to 43.45% as
shown in Fig. 13a. This result can be attributed to the fact that for a fixed adsorbent dose (1.5 g/L), the total
available adsorption sites are limited?®. Thus, due to the saturation of the adsorbate into the adsorbent and fewer
binding sites, with increasing initial iron ion concentration, the removal ratio decreases from 99.96 to 43.45%.
This indicates that at higher initial concentrations, the adsorbent becomes overwhelmed and less effective at
removing iron ions. It is important to consider the balance between the initial concentration and the adsorbent
dose for optimal removal efficiency and adsorption capacity. The optimal adsorption capacity was 46.6 mg/g at
an initial concentration of 70% as shown in Fig. 13b. Therefore, we chose the initial concentration of 70% for
our study. The efficiency of the adsorption process will be evaluated through isotherm and kinetic studies of the
adsorbent in the next work.
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Fig. 10. Effect of adsorbent type on removal efficiency (a) and adsorption capacity (b) of iron ions removal:
adsorbent dose is 1.5 g/L, pH 6.5+0.5, C (Fe**) =70 (mg/L), agitation speed is 150 rpm, RT=24+0.5°C for 1 h
contact time. The photo shows the filtered water after adsorption by various adsorbents (c).

Pecan shell based activated carbon | 3 55 90 3 30 | 41.66 s
nMa:‘;gCZ‘:f‘;Z‘:ﬁLde (Mn,04/Mn,0) | 5 5 50 625 5 RT | 18.52 %
Modified manganese sand 3.54 Ratio of Fe/Mn=3.80 | 720 7.02 RT* |0.395 4
Aerobic activated sludge 2 50 360 3 20 | 75.756 4
Anaerobic activated sludge 2 50 360 3 20 69.444 45
Cow bone charcoal 0.2 20 20 5.1 25 35 46
Sand-coated 2%Ag 0.2 70 240 6.5+0.5 | 24 64 This study

Table 4. The maximum adsorption capacity of iron ions by different adsorbents. *RT is room temperature.
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Fig. 11. Effect of contact time on (a) removal efficiency and (b) adsorption capacity of iron ions. Conditions
are dose 1.5 g/L (sand-coated with 2% Ag), pH=6.5+0.5, initial concentration of Fe**=70 (mg/L) and
agitation speed = 150 rpm at RT=24+0.5 °C.

Antibacterial activity of prepared materials

Zone of Inhibition

The zone of inhibition and bacterial growth inhibition in aqueous medium were used as model Gram-
negative and Gram-positive bacteria, respectively, to examine the antibacterial properties of sand-coated silver
nanoparticles against E. coli and S. aureus. The outcome confirmed the strong bactericidal effects of all the sand-
coated silver nanoparticles. The sand treated with 2% silver nanoparticles, as opposed to raw sand, has a better
zone of inhibition.

According to research presented in the “Materials and methods” section, the antibacterial qualities of raw
sand and sand-coated silver nanoparticles against gram-negative (E. coli) bacteria have been investigated,
and the inhibition zone data are displayed in Fig. 14; Table 5. On the other hand, Fig. 15 shows antibacterial
properties towards gram-positive bacteria (S. aureus) of (a) raw sand, (b) sand-coated 2 wt% Ag; (c) sand-coated
5 wt% Ag and (d) raw sand-coated 10 wt% Ag.

As seen in Figs. 14 and 15, the raw sand did not display an inhibitory zone with the E. coli and S. aureus
bacteria. Although this result was anticipated, raw sand’s non-antibacterial characteristic may help to explain
it. Conversely, Fig. 14; Table 5 display distinct zones of inhibition against E. coli bacteria for sand-coated Ag
nanoparticles at different Ag concentrations. However, Fig. 15; Table 5 demonstrated the significant zones of
inhibition for sand-coated Ag nanoparticles with different silver concentrations against S. aureus bacteria. The
antibacterial activity of sand-coated Ag nanoparticles appears to be greater against E. coli bacteria than against S.
aureus bacteria. Due to the existence of an outer membrane (peptidoglycan-porin proteins) that shields the cell
wall, E. coli bacteria are, however, often more resistant to antibiotics. Many antibiotics are unable to pass through
this membrane because lipopolysaccharides (LPS) form a barrier that keeps them from doing s0®%°!.

An increase in Ag loading in the composite materials causes the inhibition zone’s diameter to expand to
9.0 mm for S. aureus and E. coli. The coated Ag’s bactericidal action on S. aureus and E. coli cells is what caused
the sizable inhibitory zones to be seen. Since silver is not very harmful to people, research on the antibacterial
qualities of materials containing silver is highly valued!"®%. The exact processes behind these materials’
bactericidal effect have not yet been determined. According to some research, silver nanoparticles may attach to
and enter E. coli bacterium, harming the bacterial cell®*. It has also been proposed that certain bacterial enzymes
may bind to silver ions, which would then disrupt the respiratory chain and kill the bacterial cell®’. Rendering
reactive oxygen species in the presence of free oxygen and silver, which can attack and damage a bacterial cell’s
outer membrane and ultimately cause it to die, was suggested as a typical mechanism of bactericidal action
of silver-coated materials. Another possibility is that a bacterial cell may sorb silver ions, disrupting DNA
replication in the process®*.

The presence of Ag ions suggests that the bacteria are either killed by the ions’ strong electrostatic interactions
with the negatively charged bacterial cell membrane or by the activation of internal reactive oxygen species.
Sand-coated Ag nanoparticles demonstrated a significant antibacterial effect when membrane function was
disrupted and biomacromolecules were oxidized. According to Figs. 12 and 13, and Table 5, the highest zone
of inhibition value was 9 mm for both S. aureus and E. coli, observed for the sand-coated 2% Ag nanoparticles
sample.

Minimum inhibitory concentration
We further examined the antibacterial efficiency of sand-coated with Ag nanoparticles against E. coli and S.
aureus at different concentrations (8, 24, 72, 216, 648 and 1944 pg/mL) after overnight incubation. Figure S5
displays the control group of S. aureus and E. coli.

Figures S6-S9 and Table 6 show the amount of CFUs loss of E. coli, while Figs. S10-S13 and Table 7 display
the amount of CFUs loss of S. aureus as the concentrations of sand-coated Ag nanoparticle suspensions increase.
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Fig. 12. (a) Zeta potential of raw sand and sand-coated with 2% Ag. The pH effect on removal efficiency of
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4 h, with an agitation speed of 150 rpm, using 1.5 g/L of sand-coated with 2% Ag.
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pH=6.5+0.5, agitation speed = 150 rpm, and sand-coated 2%Ag dose=1.5 g/L in 3 h.

The corresponding photographs show a decrease in the number of colonies with increasing concentration. For
E. coli cells, bacterial inhibition was more pronounced at 24 pg/mL. Doping with 2% Ag nanoparticles showed
greater suppression of cell growth compared to sand-coated 5% and 10% Ag nanoparticles at all doses. The
growth inhibition of 100% was achieved using sand-coated Ag nanoparticles at 72 pg/mL. For S. aureus cells,
bacterial inhibition was more pronounced at 24 pg/mL. Sand-coated 2% Ag nanoparticles showed slightly
higher cell growth inhibition than sand-coated 5% and 10% Ag nanoparticles for all concentrations. At 72 pg/
mL, sand-coated 5% and 10% Ag nanoparticles reached growth inhibition of 100%. In the case of both bacteria,
it was observed that as the concentration of sand-coated Ag nanoparticles increased, a lower inhibition rate was
observed in sand-coated 10% Ag nanoparticles as compared to sand-coated 5% and 2% Ag nanoparticles. The
reason for this might be the uniform distribution and shape of the Ag nanoparticles, which is shown in Fig. 2.
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Fig. 14. Zone of Inhibition for synthesized material against Gram Negative Bacteria (E. coli).

Raw sand 0 0
Sand-coated 2% Ag nanoparticles Simple impregnation—calcination | 9 9
Sand-coated 5% Ag nanoparticles Simple impregnation-calcination | 9 7.5
Sand-coated 10% Ag nanoparticles Simple impregnation-calcination | 7 6.5

Table 5. Antibacterial composite materials and their Preparation methods and effects on Inhibition zones for
E. coli and S. aureus bacteria.

The relative cell viability of E. coli and S. aureus is displayed in Tables 8 and 9 as the concentrations of sand-
coated Ag nanoparticle suspensions rise, respectively. Figures S6-S13, display the related photographs, which
demonstrate how the number of colonies decreases as concentration increases. Growth inhibition of 100%,
96.23%, and 47.70% for E. coli was observed at a concentration of 2%, 5%, and 10% Ag nanoparticles at 24 pg/
mL. Bacterial suppression was more noticeable for S. aureus cells at 24 pg/mL, resulting in cell viability decreases
of 4.91%, and 35.85% for sand-coated 2%, 5%, and 10% Ag nanoparticles, respectively. In comparison to sand-
coated 5% and 10% Ag nanoparticles, 2% Ag nanoparticles inhibited cell proliferation more strongly across all
doses. All sand-coated with Ag nanoparticles attained 100% growth inhibition at 72 ug/mL.

Previous studies on concentration-dependent antibacterial activity for graphene oxide and reduced graphene
oxide at 80 pg/mL for E. coli shown 91.6% and 76.8% growth inhibition, respectively®’. Another study showed
the growth inhibition for E. coli at 99% after 24 h of incubation using 21%Ag@MXene®. Previous studies
about the zone of inhibition on E. coli and S. aureus were found 8 mm and 12 mm using Ag-ZnO/activated
carbon®, 9.7 mm and 8.3 mm using ZnO-doped Ag nanoparticles®’ and 8 mm and 4 mm using Ag-loaded ZnO
nanoparticles®®, respectively.
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Fig. 15. Zone of Inhibition for synthesized material against Gram-Positive Bacteria (S. aureus).

1 | 0 (control) 239 239 239 239
218 239 238 235 235
3124 169 0 9 125
4172 151 0 0 0
5 |216 0 0 0
6 | 648 0 0 0
7 | 1944 0 0 0

Table 6. Amount of E. coli colonies in various concentrations of Raw sand, sand-coated 2, 5, and 10% ag
nanoparticles.

All the microbiological experiments revealed that sand-coated 2% Ag nanoparticles exhibited the highest
antibacterial properties against both gram-positive and gram-negative bacteria compared to other sand-coated
Ag nanoparticles.

The challenges and limitations
Table 10 summarizes the main challenges and limitations of this study and proposes solutions for future research
aimed at overcoming these challenges to improve practical applications.
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1 | 0 (control) 265 265 265 265
2|8 210 247 209 198
3|24 171 0 13 95
4172 125 0 0 0
5216 0 0 0
6 | 648 0 0 0
7 | 1944 0 0 0

Table 7. Amount of S. aureus colonies in various concentrations of Raw sand, sand-coated 2, 5 and 10% ag
nanoparticles.

1 8 100% 99.58% 98.33% 98.33%
2 24 70.71% 0% 3.77% 52.30%
3 72 63.18% 0% 0% 0%
4| 216 0% 0% 0% 0%
5| 648 0% 0% 0% 0%
6 | 1944 0% 0% 0% 0%

Table 8. Relative cells viability of E. coli in various concentrations of Raw sand, sand-coated 2, 5 and 10% ag
nanoparticles.

1 8 79.25% 93.21% 78.87% 74.72%
2 24 64.53% 0 4.91% 35.85%
3 72 47.17% 0 0 0
4| 216 0 0 0 0
5| 648 0 0 0 0
6 | 1944 0 0 0 0

Table 9. Relative cells viability of S. aureus in various concentrations of Raw sand, sand-coated 2, 5 and 10% ag

nanoparticles.

Large-scale application challenges: Scaling up the modified sand with Ag using the
hydrothermal method for real-world applications could face cost and efficiency issues

Optimize the synthesis process to reduce costs and improve efficiency

Study alternative preparation methods and materials

Testing alternative materials to silver such as ZnO and CuO to reduce the cost and
maintain antibacterial properties

Long-term stability: The durability of the silver coating over time is uncertain, with
potential leaching concerns

Conduct long-term stability studies under various environmental conditions
Develop protective coatings or binding techniques to improve adhesion
Reducing the percentage of silver

Regeneration and Reusability: The material’s effectiveness after multiple uses needs
further study

Explore regeneration techniques such as chemical or thermal treatment to restore activity
Conduct reusability tests to determine the optimal number of cycles

Reusing modified sand with Ag in the production of building materials, thus preserving
the foundations of buildings from biological corrosion

Table 10. Summarizes the challenges and suggests potential solutions for future research.
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Conclusions

Batch adsorption studies were conducted to investigate the effect of sand-coated with Ag at different adsorbent
doses (0.2-3.0 g/L), initial solution pH (2.5-10.5), contact time (9-1440 min), initial iron ions concentration
(70-145 mg/L), and temperature (25-45 °C) on the adsorptive removal of iron from synthetic water. The findings
of the adsorption tests indicate that the use of modified sand infused with silver demonstrates a higher removal
efficiency of 31.29% and an increased adsorption capacity of 14.6 mg/g for iron ions compared to raw sand. A
pH range of 4 to 10 was found to be ideal for iron removal, achieving 99.95% when using a 1.5 g/L dose of sand-
coated with 2% Agin 4 h. In comparison to raw sand, modified sand exhibits antibacterial activity, making it more
effective in preventing bacterial growth. The maximum adsorption capacity for iron ions was 64 mg/g, achieved
experimentally using sand-coated 2% Ag nanoparticles. This was demonstrated by the zone of inhibition and
minimum inhibitory concentration (MIC) studies, which showed that the modification process enhances the
sand’s ability to inhibit the growth of both Gram-positive and Gram-negative strains. In the microbiological
tests, the sand coated with 2%Ag showed the highest antibacterial properties against both gram-positive and
gram-negative bacteria, outperforming the sand-coated with 5 and 10%Ag. Sand-coated with Ag can be recycled
after adsorption and used in the production of building materials. For instance, it can be used to make bricks
that are resistant to bacterial corrosion and are suitable for use in wet foundations and all types of buildings. This
process not only helps to reduce waste but also provides a sustainable solution for the construction industry.
Future work will focus on studying the isotherm, kinetic, and thermodynamic investigations of the adsorbent
and exploring further optimization of the adsorption process. The recyclability test will be conducted in the
production of building materials.

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.

Received: 19 September 2024; Accepted: 29 April 2025
Published online: 08 May 2025

References
1. Baig, S. A, Sheng, T., Hu, Y,, Lv, X. & Xu, X. Adsorptive removal of arsenic in saturated sand filter containing amended adsorbents.
Ecol. Eng. 60, 345-353 (2013).
2. Xiong, B. et al. Moringa oleifera f-sand filters for sustainable water purification. Environ. Sci. Technol. Lett. 5, 38-42 (2018).
3. Freitas, B. L. S. et al. A critical overview of household slow sand filters for water treatment. Water Res. 208, 117870 (2022).
4. Vignola, M., Werner, D., Wade, M. J., Meynet, P. & Davenport, R. ]. Medium shapes the microbial community of water filters with
implications for effluent quality. Water Res. 129, 499-508 (2018).
5. Shah, S. H., Mahmood, Q. Raja, I. A,, Pervez, A. & Kalsoom, A. Bio-sand filter to treat arsenic contaminated drinking water.
Desalin. Water Treat. 53, 2999-3006 (2015).
6. Kumar, P, Cledon, M. & Brar, S. K. A low-cost graphitized sand filter to deliver MC-LR-free potable water: Water treatment plants
and household perspective. Sci. Total Environ. 747, 141135 (2020).
7. Verma, S., Daverey, A. & Sharma, A. Slow sand filtration for water and wastewater treatment—A review. Environ. Technol. Rev. 6,
47-58 (2017).
8. Vaishya, R. C. & Gupta, S. K. Coated sand filtration: An emerging technology for water treatment. J. Water Supply: Res. Technol.
AQUA. 52, 299-306 (2003).
9. Ahmedzeki, N. S. Adsorption filtration technology using iron-coated sand for the removal of lead and cadmium ions from aquatic
solutions. Desalin. Water Treat. 51, 5559-5565 (2013).
10. Hou, W, Zhang, Y., Liu, T., Lu, H. & He, L. Graphene oxide coated quartz sand as a high performance adsorption material in the
application of water treatment. RSC Adv. 5, 8037-8043 (2015).
11. Hamad, A., Khashan, K. S. & Hadi, A. Silver nanoparticles and silver ions as potential antibacterial agents. J. Inorg. Organomet.
Polym. Mater. 30, 4811-4828 (2020).
12. Salleh, A. et al. The potential of silver nanoparticles for antiviral and antibacterial applications: A mechanism of action.
Nanomaterials 10, 1566 (2020).
13. Jeevanandam, J. et al. Synthesis approach-dependent antiviral properties of silver nanoparticles and nanocomposites. J. Nanostruct.
Chem., 1-23 (2022).
14. Teirumnieks, E., Balchev, I., Ghalot, R. S. & Lazov, L. Antibacterial and anti-viral effects of silver nanoparticles in medicine against
COVID-19—A review. Laser Phys. 31, 013001 (2020).
15. Demchenko, V. et al. Nanocomposites based on polylactide and silver nanoparticles and their antimicrobial and antiviral
applications. React. Funct. Polym. 170, 105096 (2022).
16. Panacek, A. et al. Strong and nonspecific synergistic antibacterial efficiency of antibiotics combined with silver nanoparticles at
very low concentrations showing no cytotoxic effect. Molecules 21, 26 (2015).
17. Vréek, I. V. et al. Comparison of in vitro toxicity of silver ions and silver nanoparticles on human hepatoma cells. Environ. Toxicol.
31, 679-692 (2016).
18. Kvitek, L. et al. Journal of Physics: Conference Series. 012029 (IOP Publishing).
19. Paladini, F. & Pollini, M. Antimicrobial silver nanoparticles for wound healing application: Progress and future trends. Materials
12, 2540 (2019).
20. Konop, M., Damps, T., Misicka, A. & Rudnicka, L. Certain aspects of silver and silver nanoparticles in wound care: A minireview.
J. Nanomater. 47-47 (2016). (2016).
21. Rai, M. K., Deshmukh, S., Ingle, A. & Gade, A. Silver nanoparticles: The powerful nanoweapon against multidrug-resistant
bacteria. J. Appl. Microbiol. 112, 841-852 (2012).
22. Kawahara, K., Tsuruda, K., Morishita, M. & Uchida, M. Antibacterial effect of silver-zeolite on oral bacteria under anaerobic
conditions. Dent. Mater. 16, 452-455 (2000).
23. Guggenbichler, J. P, Boswald, M., Lugauer, S. & Krall, T. A new technology of microdispersed silver in polyurethane induces
antimicrobial activity in central venous catheters. Infection 27, S16-S23 (1999).
24. Matsumura, Y., Yoshikata, K., Kunisaki, S. I. & Tsuchido, T. Mode of bactericidal action of silver zeolite and its comparison with
that of silver nitrate. Appl. Environ. Microbiol. 69, 4278-4281 (2003).
25. Hodaifa, G., Ochando-Pulido, J., Alami, S. B. D., Rodriguez-Vives, S. & Martinez-Ferez, A. Kinetic and thermodynamic parameters
of iron adsorption onto Olive stones. Ind. Crops Prod. 49, 526-534 (2013).

Scientific Reports |

(2025) 15:16097 | https://doi.org/10.1038/s41598-025-00591-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

26.
27.

28.

29.

30.

Chaturvedi, S. & Dave, P. N. Removal of iron for safe drinking water. Desalination 303, 1-11 (2012).

Stegpniak, L., Kegpa, U. & Stanczyk-Mazanek, E. The research on the possibility of ultrasound field application in iron removal of
water. Desalination 223, 180-186 (2008).

Hossain, M. A., Haque, M. L, Parvin, M. A. & Islam, M. N. Evaluation of iron contamination in groundwater with its associated
health risk and potentially suitable depth analysis in Kushtia Sadar Upazila of Bangladesh. Groundw. Sustain. Dev. 21, 100946
(2023).

Khatri, N, Tyagi, S. & Rawtani, D. Recent strategies for the removal of iron from water: A review. J. Water Process. Eng. 19,291-304
(2017).

Rashid, R, Shafiq, I., Akhter, P, Igbal, M. J. & Hussain, M. A state-of-the-art review on wastewater treatment techniques: The
effectiveness of adsorption method. Environ. Sci. Pollut Res. 28, 9050-9066 (2021).

31. Rathi, B. S. & Kumar, P. S. Application of adsorption process for effective removal of emerging contaminants from water and
wastewater. Environ. Pollut. 280, 116995 (2021).

32. bin Jusoh, A., Cheng, W., Low, W., Noraaini, A. & Noor, M. M. M. Study on the removal of iron and manganese in groundwater by
granular activated carbon. Desalination 182, 347-353 (2005).

33. Maneechakr, P. & Karnjanakom, S. The essential role of Fe (III) ion removal over efficient/low-cost activated carbon: Surface
chemistry and adsorption behavior. Res. Chem. Intermed. 45, 4583-4605 (2019).

34. Corral-Bobadilla, M., Lostado-Lorza, R., Somovilla-Gomez, E. & Escribano-Garcia, R. Effective use of activated carbon from olive
stone waste in the biosorption removal of Fe (III) ions from aqueous solutions. J. Clean. Prod. 294, 126332 (2021).

35. Moreno-Pirajan, J. C., Garcia-Cuello, V. S. & Giraldo, L. The removal and kinetic study of Mn, Fe, Ni and Cu ions from wastewater
onto activated carbon from coconut shells. Adsorption 17, 505-514 (2011).

36. Samadani Langeroodi, N., Farhadravesh, Z. & Dehno Khalaji, A. Optimization of adsorption parameters for Fe (III) ions removal
from aqueous solutions by transition metal oxide nanocomposite. Green Chem. Lett. Rev. 11, 404-413 (2018).

37. Duan, C., Ma, T., Wang, J. & Zhou, Y. Removal of heavy metals from aqueous solution using carbon-based adsorbents: A review. J.
Water Process. Eng. 37, 101339 (2020).

38. Kong, D., McGilp, L., Klyashtorin, A., Wilson, I. & Wilson, L. D. Pilot test of the permeable reactive barrier for removing uranium
from the flooded Gunnar pit. J. Geosci. Environ. Prot. 8, 155 (2020).

39. Stern, K. H. High temperature properties and decomposition of inorganic salts part 3, nitrates and nitrites. J. Phys. Chem. Refer
Data. 1, 747-772 (1972).

40. Waterhouse, G. I., Bowmaker, G. A. & Metson, J. B. The thermal decomposition of silver (I, III) oxide: A combined XRD, FT-IR
and Raman spectroscopic study. Phys. Chem. Chem. Phys. 3, 3838-3845 (2001).

41. Maurya, R. et al. Biosorption of methylene blue by de-oiled algal biomass: Equilibrium, kinetics and artificial neural network
modelling. PloS One. 9, 109545 (2014).

42. Fernandez-Pérez, A. & Marban, G. Titanium dioxide: A heterogeneous catalyst for dark peroxidation superior to iron oxide. J.
Environ. Chem. Eng. 8, 104254 (2020).

43. Kaveeshwar, A. R. et al. Pecan shell based activated carbon for removal of iron (II) from fracking wastewater: Adsorption kinetics,
isotherm and thermodynamic studies. Process. Saf. Environ. Prot. 114, 107-122 (2018).

44. Kang, H,, Liu, Y,, Li, D. & Xu, L. Study on the removal of iron and manganese from groundwater using modified manganese sand
based on response surface methodology. Appl. Sci. 12, 11798 (2022).

45. Wu, Y, Zhou, J., Wen, Y., Jiang, L. & Wu, Y. Biosorption of heavy metal ions (Cu?*, Mn?*, Zn?*, and Fe**) from aqueous solutions
using activated sludge: Comparison of aerobic activated sludge with anaerobic activated sludge. Appl. Biochem. Biotechnol. 168,
2079-2093 (2012).

46. Moreno, J. C., Gémez, R. & Giraldo, L. Removal of Mn, Fe, Ni and Cu ions from wastewater using cow bone charcoal. Materials 3,
452-466 (2010).

47. Hmamou, M., Maarouf, F, Ammary, B. & Bellaouchou, A. Adsorption of citric acid on iron (III) hydroxide: Mechanisms and
stability constants of surface complexes. RASAYAN J. Chem. 14, 1255-1264 (2021).

48. Dzombak, D. A. & Morel, E M. Surface Complexation Modeling: Hydrous Ferric Oxide (Wiley, 1991).

49. Bhattacharyya, K. G. & Gupta, S. S. Adsorption of Fe (III) from water by natural and acid activated clays: Studies on equilibrium
isotherm, kinetics and thermodynamics of interactions. Adsorption 12, 185-204 (2006).

50. Huang, J. et al. Fe (II) redox chemistry in the environment. Chem. Rev. 121, 8161-8233 (2021).

51. Hem, J. D. & Cropper, W. Chemistry of iron in natural water. Report US Geological Survey, 1-31 (1962).

52. Morgan, B. & Lahav, O. The effect of pH on the kinetics of spontaneous Fe (II) oxidation by O2 in aqueous solution-basic principles
and a simple heuristic description. Chemosphere 68, 2080-2084 (2007).

53. Pliego, G., Zazo, J. A., Casas, J. A. & Rodriguez, J. ]. Fate of iron oxalates in aqueous solution: The role of temperature, iron species
and dissolved oxygen. J. Environ. Chem. Eng. 2, 2236-2241 (2014).

54. Chvatalovd, K., Slaninovd, L., Bfezinovd, L. & Slanina, J. Influence of dietary phenolic acids on redox status of iron: Ferrous iron
autoxidation and ferric iron reduction. Food Chem. 106, 650-660 (2008).

55. Ngobeni, P. V., Basitere, M. & Thole, A. Treatment of poultry slaughterhouse wastewater using electrocoagulation: A review. Water
Pract. Technol. 17, 38-59 (2022).

56. Stefansson, A., Lemke, K. H. & Seward, T. M. Iron (III) chloride complexation in hydrothermal solutions: A combined
spectrophotometric and density functional theory study. Chem. Geol. 524, 77-87 (2019).

57. Elliott, H. & Huang, C. The effect of complex formation on the adsorption characteristics of heavy metals. Environ. Int. 2, 145-155
(1979).

58. Williams, O. C. & Sievers, C. Active oxygen species in heterogeneously catalyzed oxidation reactions. Appl. Catal. Gen. 614, 118057
(2021).

59. Solyman, S. M., Darwish, M. S. & Yoon, J. Catalytic activity of hybrid iron oxide silver nanoparticles in methyl methacrylate
polymerization. Catalysts 10, 422 (2020).

60. Tamaki, S., Sato, T. & Matsuhashi, M. Role of lipopolysaccharides in antibiotic resistance and bacteriophage adsorption of
Escherichia coli K-12. J. Bacteriol. 105, 968-975 (1971).

61. Zhang, G., Meredith, T. C. & Kahne, D. On the essentiality of lipopolysaccharide to Gram-negative bacteria. Curr. Opin. Microbiol.
16, 779-785 (2013).

62. Marambio-Jones, C. & Hoek, E. M. A review of the antibacterial effects of silver nanomaterials and potential implications for
human health and the environment. J. Nanopart. Res. 12, 1531-1551 (2010).

63. Choi, O. et al. The inhibitory effects of silver nanoparticles, silver ions, and silver chloride colloids on microbial growth. Water Res.
42, 3066-3074 (2008).

64. Rai, M., Yadav, A. & Gade, A. Silver nanoparticles as a new generation of antimicrobials. Biotechnol. Adv. 27, 76-83 (2009).

65. Pandey, R. P. et al. Ultrahigh-flux and fouling-resistant membranes based on layered silver/MXene (Ti, C, T,) nanosheets. J. Mater.
Chem. A. 6,3522-3533 (2018).

66. Taha, A., Ben Aissa, M. & Da’na, E. Green synthesis of an activated carbon-supported ag and ZnO nanocomposite for photocatalytic
degradation and its antibacterial activities. Molecules 25, 1586 (2020).

67. Pascariu, P. et al. Photocatalytic and antimicrobial activity of electrospun ZnO: Ag nanostructures. J. Alloys Compd. 834, 155144
(2020).

68. Nguyen, V. T. et al. Antibacterial activity of TiO,-and ZnO-decorated with silver nanoparticles. . Compos. Sci. 3, 61 (2019).

Scientific Reports|  (2025) 15:16097 | https://doi.org/10.1038/s41598-025-00591-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Acknowledgements

The authors express their gratitude to the Qatar Environmental and Energy Research Institute as well as Hamad
Bin Khalifa University for their invaluable support. They would also like to acknowledge Mr. Mujaheed Pasha,
Mr. Abdulaziz M. Al-Emadi and Dr. Said Mansour from HBKU Core Labs for performing SEM and EDS analy-
sis. Additionally, they extend their thanks to Mr. Simjo Simson for conducting BET and zeta potential analysis.

Author contributions

R.G.: is the first and corresponding author. He conducted the material preparation and characterization in the
lab, prepared all figures and wrote the original draft. M.W.A. and K.A.].: did antimicrobial properties and wrote
the section. Y.T.: did the XPS study and wrote the section. A.A.: did XRD analysis and wrote the section. K.M.:
did FTIR analysis. V.K.: revised the manuscript. ].L.: supervised the work and revised the manuscript. All authors
revised and improved the manuscript.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/s41598-025-00591-5.

Correspondence and requests for materials should be addressed to R.A.-G.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Scientific Reports |

(2025) 15:16097 | https://doi.org/10.1038/s41598-025-00591-5 nature portfolio


https://doi.org/10.1038/s41598-025-00591-5
https://doi.org/10.1038/s41598-025-00591-5
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Comparative study on antibacterial activities and removal of iron ions from water using novel modified sand with silver through the hydrothermal technique
	﻿Materials and methods
	﻿Materials
	﻿Preparation methods
	﻿Characterizations
	﻿Batch adsorption experiments
	﻿Antibacterial activity of prepared materials
	﻿Zone of Inhibition
	﻿Minimum inhibitory concentration


	﻿Results and discussion
	﻿Morphological and structural study
	﻿SEM, TEM, EDS, and XRD analysis


	﻿SEM image analysis of ag nanoparticles on the sand grains
	﻿Growth mechanism
	﻿Thermal decomposition of AgNO﻿3﻿

	﻿XPS study
	﻿Adsorption results
	﻿Effect of sand dose on removal efficiency and adsorption capacity
	﻿Effect of adsorbent type on iron removal
	﻿Effect of contact time on iron removal
	﻿Effect of pH and adsorption mechanism
	﻿Effect of initial concentration on removal and adsorption capacity of iron ions



