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Featured Application: This study highlights the potential of biochars for industrial
and domestic wastewater treatment by leveraging their adsorption properties. Convert-
ing renewable agricultural waste into value-added products enhances environmental
sustainability. Our findings demonstrate the dual functionality of activated rice husk
biochar, combining adsorption with antimicrobial effects, and offering a significant
advancement for real-world water purification applications.

Abstract: The objective of this research was to investigate silver adsorption on biochars
prepared by the carbonization of desiliconized rice husks and cotton fabric, and to eluci-
date the adsorption mechanism. The biochars were characterized using various instru-
mental techniques, including thermogravimetric analysis (TGA), X-ray diffraction (XRD),
Fourier-transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), X-
ray photoelectron spectroscopy (XPS), and low-temperature nitrogen adsorption. The
adsorption process was studied under multiple parameters affecting silver adsorption and
was best described by the pseudo-second-order kinetic model. Both the Langmuir and
Freundlich isotherm models provided good correlations for the adsorption of silver ions
onto the biochars. Thermodynamic analysis indicated that the adsorption of Ag+ ions
was spontaneous and exothermic. XPS confirmed the presence of metallic silver (Ag0) in
the biochars RHB and ARHB, suggesting that a reduction process occurred during silver
adsorption. Additionally, in vitro studies were conducted to evaluate the antimicrobial
activity of silver-loaded activated rice husk biochar against E. coli strains.

Keywords: biochar; adsorption; silver ions; antimicrobial activity

1. Introduction
In recent years, the production, research, and application of biochar across various

fields has been rapidly advancing and gaining widespread popularity [1,2]. As defined by
the International Biochar Initiative (IBI), biochar is a solid material containing stable carbon
obtained by the thermal conversion of plant biomass at temperatures below 700 ◦C under
limited oxygen conditions [3]. This process breaks down the lignin–cellulose matrix into
solid carbon while releasing a substantial number of volatile compounds [4]. The resulting
pyrolyzed carbon has a well-developed porous structure and a high specific surface. In
addition, its surface contains various active functional groups, which impart high reactivity
and excellent cation exchange capacity [5]. The production process for biochar is relatively
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simple and energy-efficient, utilizing a wide range of waste materials as feedstock. Ad-
ditionally, the pyrolysis process generates environmentally friendly energy byproducts,
including pyrolysis gas and oil. The totality of the listed advantages makes biochar, either
in its raw form or after modification, applicable in various sectors of industry [6,7].

Numerous studies have shown that adding biochar to soil enhances its physicochem-
ical and biological properties, as well as soil fertility [8–11]. Moreover, biochar use is
closely linked to soil carbon sequestration [12]. The unique structure of biochar, along with
its tunable properties, makes it an attractive material for various advanced applications,
including as a filler or electrode material in lithium-ion batteries, sodium-ion batteries,
supercapacitors, and more [13–16]. Biochar also exhibits excellent adsorption capacity, mak-
ing it a promising candidate for water purification, capable of removing various organic
and inorganic pollutants [17–23]. The possibility of producing biochar from renewable
lignocellulosic agricultural waste and using it to clean up the environment multiplies the
environmental impact of processing this renewable waste. The alarming rise in household
and industrial waste worldwide, driven by population growth and economic expansion,
underscores the urgent need for improved waste management and treatment methods.
Current disposal practices often harm the environment and public health, necessitating
more sustainable solutions.

Among water pollutants, silver occupies a special role. Silver is a noble metal highly
valued for its esthetic appeal and versatile applications, from jewellery to electronics. It is
known that silver prevents the growth of bacteria and algae in water media [24–26].

Silver acts as a powerful sanitizer when combined with oxygen. However, it can also
have toxic effects on humans and aquatic ecosystems. Silver ions can harm fish, algae, and
other aquatic organisms that are found in aquatic environments, disrupting the ecological
balance. Addressing silver contamination requires considering both environmental and
economic factors and prioritizing the enhancement of recovery techniques [27].

Conventional methods like chemical precipitation and ion exchange are expensive
and lead to secondary pollution. Adsorption has emerged as a promising method for this
purpose. Researchers continue to search for effective adsorbents, exploring a diverse range
of materials, including activated carbon, zeolites, metal oxides, and various organic poly-
mers. Biochar derived from lignocellulosic renewable waste has emerged as a sustainable
and cost-effective alternative. Their structural properties and surface functionalities enable
selective binding of silver ions, making them ideal candidates for the removal and recovery
of silver [28,29].

Numerous studies confirm that biochar-based adsorbents exhibit high silver uptake
capacities [11,28,29]. For instance, rice husk biochar has demonstrated significant potential
for removing or concentrating Ag+ ions from wastewater, making it an economical and
environmentally friendly option [30]. Cotton, containing over 90% cellulose, is another
promising feedstock for biochar production through direct carbonization or activation
processes [13,31,32].

Unlike some chemical methods, the use of biochar generates less secondary waste,
further enhancing its environmental benefits. Ongoing research and development in this
area are critical to fully harness the potential of biochar-based adsorbents.

In the present research, the efficiency of biochars prepared by the carbonization of
desiliconized rice husks and cotton fabric in adsorbing silver ions from aqueous solutions
was investigated. The kinetics, equilibrium, and thermodynamics of the adsorption process
were analyzed in detail.

As has been stated above, silver and silver ions have impressive antimicrobial and
antiseptic properties, making them valuable for various applications. Silver has been
used since ancient times for its ability to inhibit the growth of bacteria, viruses, and fungi.
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These properties have found applications in medical devices, wound dressings, and water
purification systems. Silver nanoparticles are also being incorporated into textiles, coatings,
and consumer products to impart antimicrobial properties, reduce the spread of pathogens,
and improve hygiene. Research continues to explore the exact mechanisms of silver’s
antimicrobial action [33,34].

Considering the increasing resistance of microorganisms to antibiotics and the ur-
gent need for alternative solutions, this study investigated the antimicrobial activity of
biochar with adsorbed silver ions. In vitro studies were conducted to evaluate the antimi-
crobial properties of biochar produced by the pyrolysis of desiliconized rice husks that had
adsorbed Ag+ ions.

2. Materials and Methods
Rice husks separated after processing the arpa were used to produce biochar. The

rice husks used in this investigation were provided by the rice factory LM Ltd., Parardjik,
Bulgaria.

The husks were pre-washed three times with deionized water to remove the mechani-
cal impurities. They were then dried in an electric dryer at 120 ◦C until a constant weight
was achieved, ensuring complete moisture removal. The cotton used in the experiments
was a commercial product. It was previously mercerized in an alkaline solution. All
chemicals used in the study, including HF acid, ZnCl2, HCl acid, and AgNO3, were of pure
grade and supplied by Honeywell Fluka.

2.1. Preparation of the Samples

Three biochar samples were prepared:

• Rice Husk Biochar

The dried rice husks were treated with concentrated HF acid for ten days to completely
remove the biogenic SiO2 from the lignin–cellulose matrix fully. The husks were then
washed several times with deionized water until the wash water was neutral, and dried
at 120 ◦C. The husks were subjected to pyrolysis under static conditions in a corundum
crucible with limited air access at 480 ◦C for 3 h. A heating rate of 5 ◦C/min was applied.
This biochar was designated as sample RHB.

• Activated Rice Husk Biochar

The second sample was obtained by the chemical activation of the RHB sample. A
portion of the RHB sample was mixed with a concentrated ZnCl2 solution at ~60 ◦C under
continuous stirring for 1 h. After cooling, the mixture was filtered, and the wet sludge was
dried at room temperature. The air-dried sample was pyrolyzed at 700 ◦C under vacuum
for 1 h. After cooling, the biochar was treated with a 1:1 water solution of HCl for 1 h to
remove excess ZnO. The material was washed with deionized water until the wash water
was neutral, and then dried at 110 ◦C. The sample was designated as ARHB.

• Cotton Biochar

The sample labelled CB was obtained by carbonizing commercial cotton that had been
pre-mercerized. The cotton was treated with a 17.7% NaOH solution at room temperature
for 24 h, then washed with deionized water until the wash water was neutral. It was
subsequently dried at 120 ◦C to a constant weight. The dried cotton was pyrolyzed under
static conditions in a corundum crucible with limited air access at 320 ◦C for 3 h.
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2.2. Materials Characterization

The fixed carbon content in the samples was determined using thermogravimetric
analysis on a LABSYSEvo (SETARAM, Calure, France), employing a corundum crucible
and a heating rate of 10 ◦C/min in air.

The phase composition of the samples was examined through powder X-ray diffraction
(XRD). Diffraction patterns were recorded between 5 and 80 degrees 2θ using a Bruker
D8-Advance diffractometer equipped with CuKα radiation, and a LynxEye detector from
Karlsruhe, Germany. Phase identification was conducted using the EVA v4 software, which
references the ICDD-PDF-2(2021) database.

Fourier-transform infrared (FTIR) spectra of the biochars were obtained by mixing
them with KBr. This mixture was then analyzed with a Thermo Nicolet Avatar 360 FTIR
spectrometer from Thermo Fisher Scientific, based in Waltham, MA, USA. The instrument
operated at a resolution of 2 cm−1, enabling detailed spectral analysis.

The surface morphology of the biosorbents was observed on a scanning electron
microscope (SEM), Tescan model SEM/FIB Lyra I XMU, sourced from Tescan Orsay Hold-
ing, Brno, Czech Republic, utilizing secondary electron imaging (SEI) modes. Elemental
analysis was performed using a Quantax200 EDX detector from Bruker, Berlin, Germany.

Low-temperature nitrogen adsorption at 77 K was conducted using a Quantachrome
Nova 1200e instrument(Anton Paar Quanta Tech Inc., Boynton Beach, FL, USA) to deter-
mine the texture parameters of the samples. The specific surface area was calculated using
the BET equation, while the total pore volume and mean pore diameter were determined
at p/p0 ≈ 0.99, following the Gurvitch rule. Pore size distributions were analyzed using
the BHJ method.

The surface state of biochars after adsorption of silver ions was investigated with
X-ray photoelectron spectroscopy (XPS). The analysis was carried out with an ESCALAB
MKII spectrometer (VG Scientific, Manchester, UK), quipped with an unmonochromatized
Al Kα source at 1486.6 eV, achieving a total instrumental resolution of approximately 1 eV,
under a base pressure of 10−8 mbar. The Ag 3d photoelectron lines were recorded and
referenced to the C1s line at 285.0 eV. The XPSPEAK 4.0 software was used to deconvolute
the photoelectron peaks, with all data being collected at a 45◦ take-off angle.

2.3. Adsorption Studies

Adsorption experiments were conducted using 50 mL conical flasks, each containing
0.1 g of biochar mixed with 10 mL of a silver ion solution. These mixtures were then agitated
on a rotary shaker for different periods to investigate the adsorption process. After shaking,
the solid particles were separated from the solution by filtration. The concentrations of
silver ions in the filtrate were measured by inductively coupled plasma optical emission
spectrometry (ICP-OES) using a Prodigy 7 ICP-OES spectrometer (Teledyne Leeman Labs,
Mason, OH, USA).

A stock solution of silver ions at 1000 mg L−1 was prepared using Titrisol (Merck,
Darmstadt, Germany), and was diluted to the required initial concentrations for the experi-
ments. All reagents used were of analytical grade. Batch experiments were performed to
determine the influence of variables such as contact time, pH, initial silver ion concentra-
tion, and temperature on the adsorption process. The equilibrium adsorption capacity (Qe,
expressed in mg/g) was calculated using the following formula:

Qe = (C0 − Ce) × V/m (1)

where C0 is the initial concentration of silver ions, Ce is the equilibrium concentration, V is
the volume of the solution, and m is the mass of the biosorbent used.
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The adsorption behaviour of silver ions (Ag+) was explored under various conditions
to understand how different factors influence the process. First, the effect of contact time
was studied at a pH of 3.5 with a silver ion concentration of 50 mg L−1. Next, to determine
the impact of acidity on silver ion removal, experiments were conducted over a pH range
of 1.9 to 5.5 using a silver ion concentration of 20 mg L−1. The influence of initial silver
ion concentration on adsorption capacity was examined by testing concentrations from
10 to 200 mg L−1 at a pH of 3.5. Additionally, the effect of temperature on the adsorption
process was investigated at three different temperatures, 293 K, 303 K, and 333 K, with a
silver ion concentration maintained at 200 mg L−1. For all experiments, the pH of the initial
solutions was precisely adjusted to the required level using 0.1 M nitric acid and 0.1 M
sodium hydroxide solutions before mixing the suspensions.

2.4. The In Vitro Antimicrobial Effect of Biochars Adsorbing Silver Ions

Microorganisms: Pure cultures of four strains of Escherichia coli were tested: 1 reference,
ATCC 8739, and 3 clinical isolates. The clinical strains used were from the Microbial Strain
Collection of the Microbiological Laboratory, Faculty of Veterinary Medicine, University
of Forestry, Sofia, Bulgaria, which belongs to the Global Register of Scientific Collections.
Suspensions with a density of 2 by McFarland were prepared in sterile saline and brought
to a concentration of 107 cells/mL.

Nutrient media: Nutrient agar and the selective and differentiating Endo agar for
Gram-negative aerobic and facultatively anaerobic bacteria (BUL BIO—National Centre for
Infectious and Parasitic Diseases—NCIPD—Sofia, Bulgaria) were used.

Antimicrobial tests: The antibacterial effect was investigated using the classic agar-gel
diffusion method of Bauer–Kirby, according to Weinstein and NCCLS [35–37], designed
for rapidly growing microbes under aerobic conditions on nutrient agar with a pH of
7.2–7.4 and a layer thickness of 4 mm. The 10% suspension of biochar loaded with silver in
saline solution, homogenized at Vortex model Heidolph, 100–2500 rpm, was administered
by the instillation of 0.1 mL into wells with a diameter of 9 mm. The control antibiotic
thiamphenicol was tested by instilling into wells 0.1 mL of a solution in sterile saline at
standard final concentrations of 30 µg per well. Inoculation of the bacterial suspensions at
a dose of 2.106 cells/mL was followed by cultivation at 35–37 ◦C for 18–24 h.

The results were recorded by measuring the diameters of the inhibitory zones in
millimetres, rounded to the nearest whole millimetres. This measurement included the
diameter of the well and was performed using a transparent ruler on the outside bottom of
the Petri dishes.

The measured zones of inhibition were interpreted according to the Bauer–Kirby
three-level categorization system. The sensitivity of the tested microorganisms to the
examined product was determined, as in the case of non-antibiotic agents, as sulfonamides,
namely: resistant (R)—for areas with diameters <12 mm; intermediate (I)—for areas within
13–16 mm; and sensitive (S)—>17 mm. For thiamphenicol, the corresponding limits were
R < 12 mm; I—13–17 mm; and S—>18 mm [35,37].

Suspension method: Suspensions of the tested plant material with silver were made at
a ratio of 1:10 in a sterile physiological saline solution. To 9 mL solutions of the studied
material, 1 mL of a suspension of each studied strain with a concentration of 107 cells/mL
was added. At such a tenfold dilution, a bacterial cell density of 106 cells/mL was achieved.
Cultures were made on nutrient agar and Endo agar at different time intervals (0 min,
30 min, and 60 min) of exposure to the studied product with silver. Cultures were also
made directly from the tested bacterial strains, with a concentration of 106 cells/mL without
treatment serving as controls. They were cultured at 37 ◦C for 24 h. Colonies that developed
were then counted and compared to those in untreated controls.
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The broad-spectrum antibiotic thiamphenicol (Nikovet—Sofia) was used as a positive
control. Sterile saline served as a negative control.

The statistical analysis of the results was carried out using the classic Student–
Fisher method.

3. Results and Discussion
3.1. Materials Characterization by Thermogravimetry and XRD

Pyrolysis of the cotton at 320 ◦C is associated with the degradation of cellulose and
its structure, producing sample CB. At temperatures above 300 ◦C, the degradation of the
carbohydrate contributes to an increased fixed carbon content, which reaches 6 wt.% in
sample CB.

Sample RHB was prepared by the pyrolysis of rice husks at 480◦ C, while sample
ARHB was synthesized by chemically activating sample RHB at 700◦ C. In this higher
temperature range, the lignocellulose matrix undergoes significant decomposition, releas-
ing large amounts of volatile matter and increasing the carbon fraction in the biochar.
The amount of fixed carbon in both samples is about 10 wt.%, as shown in Figure 1. The
pyrolysis process is associated with an increase in the sp2 content of biochar, which is
proportional to the pyrolysis temperature [38].
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Figure 1. TG analysis of the biochars, heating rate 10 ◦C min−1; atmosphere—air.

In general, the solid pyrolysis residue retains the structure of the lignocellulosic matrix
if the latter has not been subjected to chemical pretreatment. The typical three well-defined
crystalline peaks in cellulose around 16◦, 22◦, and 35◦ 2θ, as reported by Ishak et al., are
not present in the spectrum of the CB sample (Figure 2) [39]. Despite the low pyrolysis
temperature, the two prominent peaks at 24.5◦ and 43◦ 2θ degrees in the CB sample
indicate the presence of an ordered carbon structure. The preliminary removal of Si from
the lignocellulosic matrix, associated with hydrolysis processes, leads to more disordered
carbon structures in the RHB and ARHB samples, as shown in Figure 2.

The adsorption of silver onto ARHB resulted in structural changes, as evidenced by the
appearance of new diffraction peaks in the 10–35◦ 2θ range (Figure 2b). These peaks suggest
the formation of silver-related crystalline phases, potentially due to the presence of silver
nanoparticles, silver oxide (Ag2O), or silver clusters interacting with the biochar surface.
Such transformations could arise from the reduction in Ag ions or their complexation with
functional groups on the biochar, leading to distinct XRD features.
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3.2. FTIR Analysis

Biochars derived from rice husks and cotton exhibit FTIR bands that reflect the pres-
ence of typical organic and inorganic components found in pyrolyzed biomass. During
pyrolysis, emitted gases partially condense onto the solid residue, contributing to surface
functionalities. All three biochars (RHB, ARHB, and CB) show common bands at approxi-
mately 3450 cm−1, corresponding to O-H stretching of hydrogen-bonded hydroxyl groups,
and a doublet between 2930 and 2850 cm−1, attributed to aliphatic C-H stretching (see
Figure 3).
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Figure 3. FTIR spectra of the biochars before and after Ag adsorption: (a) ARHB; (b) ARHB/Ag;
(c) RHB; (d) RHB/Ag; (e) CB; and (f) CB/Ag.

The FTIR spectra of RHB and ARHB (Figure 3a,c) are similar, with peaks at 1617 cm−1

(aromatic C=C or C=O stretching, possibly indicative of carbonyl groups in amides),
1453 cm−1 (C-H bending in aliphatic chains), 1112 cm−1 (C-O stretching or Si-O-Si bonds),
850 cm−1 (aromatic C-H bending or Si-O/Si-O-C bonds), and 658 cm−1 (Si-O-Si symmetric
stretching). However, ARHB, exhibits additional oxygen-containing groups due to acti-
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vation, as evidenced by stronger bands at 1100 cm−1 and 1005 cm−1, corresponding to
C-O and Si-O stretching. This activation increases the availability of functional groups,
enhancing ARHB’s reactivity compared to RHB. Residual SiO2 remains in both RHB and
ARHB, indicating incomplete extraction during preparation.

The FTIR spectrum of CB (Figure 3e) shows distinct bands at 1730 cm−1 (carbonyl
group stretching), 1654 cm−1 (C=C stretching in aromatic rings, or possibly C=O stretching
in conjugated carbonyl groups, such as amides), 1370 cm−1 (aliphatic structures or oxygen-
containing groups), 1154 cm−1 (C-O stretching), and 1030 cm−1 (cellulose derivatives and
oxygen-containing groups).

After silver ion adsorption, all three biochars exhibit notable changes in their FTIR
spectra, indicating interactions between silver ions and oxygen-containing functional
groups on their surfaces. These changes include shifts in peak positions, the appearance
of new peaks, and variations in peak intensities. Specifically, shifts are observed in peaks
associated with O-H stretching, aliphatic C-H stretching, aromatic C=C and C=O groups,
and C-O stretching (Figure 3b,d,f). For RHB and ARHB, the disappearance of peaks at
850 cm−1 and 658 cm−1 suggests strong interactions between Ag+ and Si-O/Si-O-Si groups,
leading to structural rearrangements and bond modifications. These interactions may
involve chemical bonding or electrostatic attraction, disrupting the vibrational modes
associated with Si-O-Si symmetric stretching and Si-O/Si-O-C bonds, causing these peaks
to vanish from the FTIR spectrum.

The observed spectral changes after silver ion adsorption suggest that the silver ions
primarily interact with oxygen-containing functional groups, such as hydroxyl, carbonyl,
and silicate sites, on the biochar surface. These interactions likely involve coordination
bonds with oxygen-containing functional groups, electrostatic attractions, surface com-
plexation, and possible chemical bonding, resulting in alterations to the biochar’s surface
structure and functional group.

3.3. SEM Analysis and Textural Characterization

Scanning electron microscopy was employed to analyze the structural characteristics
of the biochar samples (Figure 4).

After the removal of silica and pyrolysis, the inner surface of rice husk biochar (RHB)
reveals a well-organized, dense, and compact cellular structure with a homogeneous porous
texture. Some areas are smooth, while others display a honeycomb-like pattern. The visible
macropores may facilitate the effective transport of adsorbates. Despite the chemical and
thermal treatment of the feedstock, the laminar structure of the raw rice husk is preserved,
as shown in Figure 4a1,a2. Chemical activation of the RHB sample does not alter its external
surface; however, it induces the development of a three-dimensional network of pores
between the external and internal surfaces of the husk, as illustrated in Figure 4b1,b2. In
contrast, the CB biochar consists of distinct, well-formed fragments with irregular shapes.
This biochar exhibits a more compact and solid structure compared to the other samples, as
depicted in Figure 4c1,c2.

The N2 adsorption isotherms of the three biochars exhibit behaviour without a clear
plateau of maximum adsorption (see Figure 5). According to the International Union of Pure
and Applied Chemistry (IUPAC) classification, these are Type IV isotherms. Adsorption
and desorption curves do not coincide, describing isotherms with hysteresis regions that
are characteristic of adsorbents with a wide range of pore size distributions.

For the biochar CB, a Type H3 hysteresis loop, as per the IUPAC classification, is
observed during the desorption of condensed gas from the mesopores of the adsorbent.
The Type H3 loop is characteristic of materials with non-rigid aggregates of plate-like
particles or slit-shaped pores. This loop appears in the hysteresis region of the isotherm,
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and is typically associated with mesoporous materials that have non-uniform sizes and
shapes. Biochars RHB and ARHB exhibit H4 hysteresis in their nitrogen adsorption–
desorption isotherms. H4 hysteresis loops are indicative of materials with narrow slit-like
pores, which can be found in some mesoporous materials but are particularly characteristic
of microporous materials (pores less than 2 nm in width). The microporous materials
often display H4 hysteresis due to capillary condensation and adsorption–desorption
mechanisms occurring within these very small pores [40].
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The pore size distribution was calculated using the BJH method. It was observed
that biochar CB exhibits a multimodal distribution in both the micropore and mesopore
domains, whereas micropores are dominant in biochars RHB and ARHB.

The surface characteristics of the analyzed materials are presented in Table 1.

Table 1. Texture characteristics.

Sample SBET,
(m2 g−1)

SMI
(m2 g−1)

V,
(cm3 g−1)

Dav,
(nm)

Vmi,
(cm3 g−1)

CB 76 14 0.38 20 0.03

RHB 17 6 0.08 7 0.05

ARHB 844 770 0.42 2 0.38

where SBET is BET surface area; Smi is micropore surface area; V is total pore volume;
Dav is average pore diameter; and Vmi is micropore volume.

As shown in the table, the ARHB biochar demonstrates the best textural parameters,
including the highest specific surface area and the largest total pore volume, predominantly
comprising micropores. These characteristics are expected to enhance the adsorption of
silver ions through physisorption.

3.4. Adsorption Studies
3.4.1. Effect of Interaction Time on Adsorption

The graphs in Figure 6 illustrate the adsorption capacity (Qt, in mg/g) of three biochars
(CB, RHB, and ARHB) over time (in minutes). Initially, all three samples show a rapid
increase in adsorption capacity, eventually reaching a plateau. Biochar RHB demonstrates
the fastest adsorption rate, achieving its maximum capacity within 10 min, while the
ARHB sample attains the highest final adsorption capacity. Equilibrium is reached for all
three materials within 30 min. The fast speed of the adsorption process is one of its most
important advantages.
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Adsorption mechanisms can be described and understood through various kinetic
models, including pseudo-first-order and pseudo-second-order kinetics, as well as diffusion
mechanisms. These models help elucidate the rate and pathways by which adsorbates are
removed from solutions by adsorbents. The linear equations of these models are the follows:

log (Qe − Qt) = log (Qe) − (k1/2.303) t (2)

(t/Qt) = (1/k2Qe) + (1/Qe) t (3)

Qt = kid t1/2 + C (4)
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where Qt represents the adsorbed amount of Ag+ at a certain time t; Qe is the equilibrium
adsorption capacity; and k1, k2, and kid is the rate constant for pseudo-first-order adsorp-
tion, pseudo-second-order adsorption, and the intraparticle diffusion, respectively. The
kinetic parameters and their statistics are presented in Table 2. In comparison to other
kinetic models, the pseudo-second-order model demonstrates exceptional fit with the ex-
perimental data, achieving values of 0.9996 or higher and calculated adsorption capacities
close to those obtained experimentally. This strong correlation suggests that the adsorption
of silver ions is predominantly governed by chemisorption mechanisms, facilitated by the
reactive functional groups and minerals present on the biochar surface [17]. It should be
noted that the diffusion model graphs do not pass through the origin of the coordinate
system, indicating that intraparticle diffusion is not the sole mechanism controlling the
adsorption process.

Table 2. Calculated values of the kinetic parameters.

Sample

Pseudo-First- Pseudo-Second- Intraparticle

Order Constants Order Constants Diffusion Constants

Qe k1 r2 Qe k2 r2 kid C r2

(mg g−1) (min−1) (mg g−1) (g mg−1 min−1) (mg g−1 min−1/2) (mg g−1)

CB 0.63 0.008 0.7740 4.07 0.66 0.9999 3.18 0.090 0.6637

RHB 0.29 0.005 0.8213 3.35 0.99 0.9998 2.99 0.034 0.7852

ARHB 1.90 0.009 0.8978 5.26 0.28 0.9996 3.26 0.192 0.8093

3.4.2. Effect of pH

Figure 7 illustrates the adsorption of Ag+ ions onto the studied biochars (CB, RHB,
and ARHB) at varying pH levels. pH plays a critical role in the adsorption process of metal
ions like Ag+, as it influences both the surface charge of the adsorbent and the availability
of the ions for adsorption. From Figure 7, it is evident that the adsorption of Ag+ increases
with pH up to a certain point, with the maximum adsorption occurring in the pH range of
3.5 to 5.5. At lower pH levels, the increased concentration of H+ ions causes competition
between protons and Ag+ ions for adsorption sites on the surface of the biochars. This
leads to a reduced uptake of Ag+ ions, as the presence of H+ ions can hinder the adsorption
of Ag+ through competitive ion exchange mechanisms.
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Interestingly, ARHB shows a more pronounced increase in Ag+ adsorption with pH,
continuing to rise at higher pH values (above 5.5), which could be due to the greater
deprotonation of surface functional groups, increasing the negative surface charge and
enhancing electrostatic attraction to Ag+ ions. In contrast, RHB and CB show a plateau or
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slight decrease in Ag+ adsorption beyond pH 4. This suggests that the surface characteristics
of these biochars limit their ability to further adsorb Ag+ ions at higher pH values.

3.4.3. Adsorption Isotherms

Adsorption isotherms describe the relationship between the amount of solute adsorbed
onto a sorbent surface at equilibrium and the concentration of the solute in the solution
(Figure 8). They provide insights into the adsorption capacity and mechanism of the sorbent.
In this research, the adsorption equilibrium data for silver ions were evaluated using three
commonly utilized isotherm models: Langmuir, Freundlich, and Dubinin–Radushkevich.
The linear equations for these models are the follows:

Langmuir isotherm: Ce/Qe = 1/KLQ0 + Ce/Q0 (5)

Freundlich isotherm: lnQe = lnkF + (1/n)lnCe (6)

Dubinin–Radushkevich isotherm: ln Qe = ln Qm − βε2 (7)

where Ce is the concentration of metal ions in the equilibrium solution (mg L−1); Qe is the
amount of Ag+ adsorbed (mg) per unit mass of adsorbent (g); Q0 and Qm are the maximum
adsorption capacity (mg g−1); KL and kF are the Langmuir and Freundlich constants; β
is the adsorption energy constant (mol2 J−2); and ε is the Polanyi potential, calculated by
Equation (8):

ε = RTln(1 + 1/Ce) (8)

R is the universal gas constant (J mol−1 K−1) and T is the temperature in K.
The mean adsorption energy E (KJ mol−1) can be calculated using the parameter β by

Equation (9):
E = 1/(−2β)1/2 (9)
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On the other hand, the Langmuir model assumes monolayer adsorption onto a surface
with uniform adsorption sites, where adsorption is limited once the surface is fully covered.
It predicts a linear relationship between the adsorbed amount and the equilibrium concen-
tration of the solute. The Freundlich model is an empirical equation describing adsorption
onto heterogeneous surfaces, suggesting multilayer adsorption with non-uniform energies
on the surface. It describes a non-linear relationship between the adsorbed amount and the
equilibrium concentration, reflecting the heterogeneous nature of the adsorbent surface.
The Dubinin–Radushkevich model is used to characterize physical adsorption onto porous
materials. It relates the logarithm of the equilibrium adsorption capacity to the square of
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the equilibrium concentration, indicating that the adsorption occurs due to the filling of
micropores within the sorbent material.

The calculated isotherm constants and correlation coefficients for the Langmuir, Fre-
undlich, and Dubinin–Radushkevich models are presented in Table 3. The data reveal that
both the Langmuir and Freundlich models provide good correlations for the adsorption of
silver ions on the three biochars. However, based on the correlation coefficient (r2) values,
it is evident that the Freundlich model most accurately describes the adsorption process
for materials CB (r2 = 0.9992) and ARHB (r2 = 0.9894), indicating multilayer adsorption on
heterogeneous surfaces. In contrast, the Langmuir model shows the best fit for material
RHB (r2 = 0.9949), which suggests monolayer adsorption on a homogenous surface.

Table 3. Isotherm constants and correlation coefficients for silver adsorption.

Sample

Langmuir Parameters Freundlich Parameters Dubinin–Radushkevich
Parameters

Q0
(mg g −1)

K1
(L mg −1) r2 kF

(mg1− nLn g−1)
n

(L mg−1) r2 Qm
(mg g−1)

E
(kJ mol−1) r2

CB 19.49 0.125 0.9125 2.38 1.16 0.9992 10.60 0.86 0.6783

RHB 10.84 0.077 0.9949 1.08 1.90 0.9418 5.74 0.35 0.8348

ARHB 23.11 0.173 0.9202 3.91 2.09 0.9894 8.73 3.74 0.7907

The values of “n” derived from the Freundlich isotherm model for the investigated
biochars range from 1.16 to 2.09, indicating that the adsorption process is favourable for
all three materials. The Dubinin–Radushkevich (D-R) isotherm model provides further
insights into the adsorption mechanisms through the calculated adsorption energy (E)
values. For biochars CB (E = 0.86 kJ/mol) and RHB (E = 0.35 kJ/mol), the low energy values
confirm that physical adsorption, driven by Van der Waals forces, is the predominant mech-
anism. In contrast, the higher energy value for biochar ARHB (E = 3.74 kJ/mol) suggests a
stronger interaction, potentially involving a degree of chemical adsorption. These findings
highlight the coexistence of physisorption and chemisorption in the adsorption of silver
ions by biochars, underscoring the complex nature of the process. While physisorption,
is characterized by weaker interactions between silver ions and the biochar surface, is
dominant for most materials, the variation in adsorption energy reflects differences in
surface properties and mechanisms across the biochars. This interplay of chemical and
physical processes collectively determines the overall adsorption capacity.

The data also reveal that the ARHB material exhibits the highest adsorption capacity,
which can be attributed to its superior textural properties, such as specific surface area
and pore volume. The high pore volume enhances accessibility and provides increased
sorption sites for Ag species. Furthermore, the presence of additional functional groups
and structural defects in the carbon matrix, which act as active sites, contributes to the
material’s enhanced affinity for Ag ions. This combination of a well-developed porous
structure and surface functionalization makes ARHB a highly efficient adsorbent for Ag+.

ARHB demonstrates an impressive and competitive adsorption capacity for silver
ions, positioning it as a highly promising biosorbent (see Table 4). Its performance suggests
that ARHB could serve as an effective and sustainable alternative for silver ion removal in
various applications.
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Table 4. Adsorption capacity of various biosorbents for silver ions.

Adsorbent Adsorption Capacity, mg g−1 References

Biochar from biosolids 48.31 [41]

Biochar from wood waste 17.8 [42]

Biochar from sunflower husks 22.3 [42]

Biochars from sunflower husks +
rapeseed pomace 14.0 [42]

Expanded 4ice husk 18.6 [43]

Rice husks 1.6 [44]

Biomaterials based on Populus
alba L. and Robinia pseudoacacia L. 2.94.2 [45]

ARHB 23.1 Present study

3.4.4. Effect of Temperature

Silver adsorption experiments were performed at temperatures of 298 K, 313 K, and
333 K to investigate the effect of temperature (Figure 9). At higher temperatures, the
amounts adsorbed for three biochars decreased, indicating that adsorption is exothermic
and energy in the form of heat is liberated during the adsorption process. Adsorption
thermodynamics and calculating the corresponding thermodynamic parameters (∆G0,
∆H0, and ∆S0) is an integral part of the study of adsorption and plays an important
role in estimating the adsorption mechanism. The equilibrium distribution constant (K)
characterizes the balance between silver (Ag) in the solid and liquid phases [46,47].

Kd = Qe/Ce (10)

∆G0 = −RT lnKd (11)

lnKd = ∆S0/R − ∆H0/RT (12)

where Kd is the equilibrium constant, R is the gas constant (J mol−1 K−1), and T is the
temperature (K). The enthalpy change, ∆H0, and the entropy change, ∆S0, are determined
from the slope and intercept of the plot of lnKd versus 1/T, respectively (Figure 9). The
values of ∆G0, ∆H0, and ∆S0 parameters are summarized in Table 5.
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∆G0 signifies the feasibility of the process, while ∆S0 reflects the disorderliness at the
solid–liquid interface during adsorption. The negative ∆G0 values observed for the adsorp-
tion of silver ions indicate that the process occurs spontaneously in all studied biochars,
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underscoring its thermodynamic favourability and suggesting potential applications across
various fields.

Table 5. Values of ∆G0, ∆H0, and ∆S0 at different temperatures for Ag adsorption.

Sample
∆H0, ∆S0, ∆G0, (kJ mol−1)

(kJ mol−1) (J mol−1 K−1) 293 K 313 K 333 K

CB −15.00 3.09 −15.91 −15.98 −16.03

RHB −8.46 9.27 −11.18 −11.39 −11.55

ARHB −19.79 −9.23 −17.08 −16.90 −16.72

The dominance of physisorption is evident from the ∆G0 values, which fall within the
range of 0 to 20 kJ mol−1, indicating that physical adsorption is the prevailing mechanism.
The negative ∆H0 values confirm the exothermic nature of Ag+ adsorption, further sup-
porting its physical character. As temperatures increase, the weakening of hydrogen bonds
and van der Waals interactions diminish the physical affinity between the sorbent’s active
sites and silver ions, resulting in a decrease in removal efficiency.

3.4.5. XPS Study of Ag Adsorption

The chemical composition of the biochars surface after Ag+ adsorption was analyzed
using X-ray photoelectron spectroscopy (XPS). The XPS spectra confirmed the presence of C,
N, O, and Ag in all the biochar samples, indicating that these elements are key components
of the biochar surface. The elemental composition data reveal that the ARHB sample has a
higher percentage of nitrogen and oxygen compared to the other biochars (see Table 6). This
suggests a greater presence of functional groups, such as amines, hydroxyl, and carboxyl
groups, which are known to play a critical role in adsorption processes. The increased
number of these functional groups likely enhances ARHB’s ability to adsorb silver ions,
resulting in its higher adsorption capacity. This is further supported by the fact that ARHB
shows the highest amount of silver, reinforcing the idea that its surface functionalization
contributes to a more efficient adsorption process compared to the other samples.

Table 6. The atomic surface elemental content in the biochars.

Sample C, at.% O, at.% N, at.% Ag, at.%

CB/Ag 94.86 4.01 0.88 0.25

RHB/Ag 83.00 13.82 1.01 0.16

ARHB/Ag 80.78 14.40 4.47 0.35

The detection of the Ag 3d peak in the XPS spectra is a significant observation, as it
confirms the successful adsorption of silver ions onto the biochar surfaces. The binding
energies associated with the Ag 3d5/2 and Ag 3d3/2 orbitals, shown in Figure 10, serve as
reliable indicators of silver’s presence [48,49].

However, accurately determining the oxidation state of silver can be challenging due
to the minimal chemical shifts observed in XPS spectra. Differences in binding energy
reflect changes in electron density due to the oxidation state, with Ag+ showing slightly
higher binding energy due to the reduced electron density around the silver nucleus.

Specifically, the binding energies for the RHB and ARHB samples are observed at
approximately 368.1 eV (Ag 3d5/2) and 374.0 eV (Ag 3d3/2). In contrast, the CB sample
exhibits slightly shifted peaks, with binding energies near 368.8 eV (Ag 3d5/2) and 374.9 eV
(Ag 3d3/2). This shift suggests a difference in the chemical environment of the adsorbed
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silver, likely due to the phenomenon of “charge transfer states”, as discussed in previous
studies [50]. These values are more likely consistent with the presence of ionic silver (Ag+).
For the RHB and ARHB samples, both the peak separation (6.0 eV) and the binding energy
positions suggest the presence of metallic silver (Ag0) [51]. These observations highlight the
complex nature of Ag+ ion adsorption on the biochars, affirming the formation of metallic
Ag clusters on the surfaces of RHB and ARHB.

The findings establish a basis for further research into the antibacterial properties and
effectiveness of the biochars. Preliminary studies focused on the ARHB material, which
showed the highest adsorption capacity for silver ions.
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3.5. Antibacterial Activity of Silver-Loaded Biochar

The ARHB sample, produced by the pyrolysis of rice husks and subsequent chemical
activation, exhibited the best structural characteristics and adsorption capacity among the
tested biochars. SEM analysis revealed its well-defined, porous structure (Figure 4b1,b2).
Figure 11a demonstrates the distribution of silver on the surface of the ARHB sample,
with elemental mapping (visible as magenta highlights) indicating a relatively uniform
dispersion of silver nanoparticles across the biochar structure. This suggests effective ad-
sorption and integration of silver ions, likely facilitated by the material’s surface functional
groups and porosity. Additionally, the EDS spectrum in Figure 11b confirms the presence
of silver (Ag) peaks, alongside other elements such as oxygen (O), carbon (C), and trace
metals, indicating a complex surface chemistry. The prominent Ag peaks further support
the conclusion that silver is effectively adsorbed onto the biochar surface. Consequently,
ARHB was selected for antibacterial activity testing.
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Table 7 presents the summarized results of testing the effect of the biochars with silver
on E. coli in a suspension with a density of 106 cells mL−1 after different exposure intervals.
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It can be seen that after 30 and 60 min, there was a decrease in the number of colonies, but
in this exposure time interval, a full bactericidal effect was not observed.

Table 7. Investigation of the action of plant material with Ag+ on E. coli in a suspension with a
concentration of 106 cells mL−1.

Antimicrobial Mean

Growth of E. coli (Number of Colonies) After Different
Intervals of Exposure to Materials with Ag+

0 min 30 min 60 min

Silver-loaded ARHB 100% 83% 81%

Control (saline solution) 0 0 0

The summarized results reflecting the effect of the tested plant material with silver
on the experimental strains, determined by the suspension method, are presented in
Table 8. From the data, it can be seen that the diameters of the inhibitory zones during their
application were an average of 13.25 + 1.3 mm, while the control antibiotic showed higher
activity with zones 18.80 + 0.4 mm. This is an indicator of medium–high sensitivity in vitro
of the studied strains of E. coli to the silver loaded biochar.

Table 8. In vitro antimicrobial action of plant material with Ag+ on E. coli.

Antimicrobial Mean Inhibitory Zones, mm

Sample ARHB with Ag+ 13.25 ± 1.3

Control thiamphenicol 18.80 ± 0.4

Control (saline solution) 9.00 ± 0.0

The results show that the rice husk biochar with Ag+ exhibits an inhibitory effect
against the tested E. coli strains, although this was not strongly expressed. The differences
in the results of the three products with Ag+ and the control antibiotic were significant
(p < 0.01). The results are consistent with those of other authors, who have studied the
effects of silver-loaded biochar products obtained from various plants and other materials
by different methods [52–54].

4. Conclusions
This study evaluated the efficiency of biochars derived from plant biomass, specifically

rice husks and cotton fabric, for silver ion removal. Among them, activated rice husk
biochar (ARHB) exhibited the highest adsorption capacity (23.11 mg/g), attributed to its
superior structural properties, including a high specific surface area (844 m2/g) and total
pore volume (0.42 cm3/g).

The adsorption mechanism was a multi-step process involving physisorption,
chemisorption, cation exchange, and reduction, as also confirmed by thermodynamic
and XPS analyses. Physisorption played a dominant role, while metallic silver (Ag0)
formation on RHB and ARHB indicated partial chemical transformation during adsorption.

Beyond adsorption, ARHB exhibited significant antibacterial properties, reducing E.
coli colonies by 83% within 30 min, demonstrating its potential as a dual-function material
for wastewater treatment.

These findings highlight the potential of biochars derived from renewable agricul-
tural waste as sustainable and efficient adsorbents for silver ion removal and recovery,
contributing to waste valorization, water purification, and circular economy principles.
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