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Abstract: Due to its admirable adsorption capacity, activated carbon is used widely as an adsorbent.
Thus, it proves to be an effective adsorbent for environmental remediation, water purification, and
air cleaning. The present work takes a perspective on the synthesis, characterization, and adsorption
behavior of activated carbon from walnut shell, an environmental waste material of huge renewable
source. High-surface-area activated carbon with high adsorption capacity was prepared by chemical
activation based on the utilization of phosphoric acid. The synthesized AC is characterized by using
sophisticated techniques: SEM, FTIR, BET, and XRD. Batch adsorption tests using methylene blue
(MB) were carried out to measure adsorption efficiency, with recorded maximum adsorption
capacity reaching 450 mg/g. These results highlight the walnut shell activated carbon as an efficient,
economical, and green adsorbent. This shows the feasibility of this material on the industrial scale for
applications to purify water and air: a safe method for treating agricultural waste besides fighting
against environmental pollution. Results reveal that even moderate conditions lead to a very porous
architecture with BET surface area higher than 1200 m?/g. FTIR and XRD illustrate functional groups
and the presence of amorphous carbon structures, corresponding to SEM images of a well-defined
porous network. These results underline that WSAC can serve as an effective, sustainable, and
economic adsorbent that can find applications in extra-large environmental applications, elaborating
a circular economy concept converting agricultural waste into resources for pollution elimination.

Keywords: activated carbon; walnut shells; adsorption; methylene blue; phosphoric acid;
environmental remediation

1. Introduction

With increasing industrialization and urbanization, a substantial release of pollution is
witnessed into the environment, mainly water bodies [2]. Adsorption has become an effective and
versatile technique for physicochemical pollutant removal, among which activated carbon is one of
the most widely used adsorbents owing to its exceptional surface area, porous structure, and tunable
surface chemistry [97]. Considering the prohibitive cost of commercial AC-in general, from energy

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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sources not originating from renewable energy but, among others, coal research has turned to
alternative sustainable precursors [104]. In terms of precursor availability, abundance, and renewable
character, agricultural waste, particularly walnut shells, has thus drawn great interest for the
manufacture of AC [57]. A wide variety of studies delve into the use of residues from agriculture,
coconut shells, rice husks, peanut shells and olive stones, in fabricating activated carbons [43]. The
adsorbents were found to be potential with high adsorption capacities for many pollutants such as
dyes, heavy metals, and organic compounds [111]. Some gaps are still present about the existing
research, including the optimization of activation conditions and the adsorption mechanisms and
kinetics of target pollutants concerning walnut shell-based AC [10]. The primary objectives of this
research work are synthesis of activated carbon from walnut shells via a chemical activation route
using phosphoric acid as the activating agent [42,111]. characterization using cutting-edge analytical
methods of the synthesized AC [97]. and finally, examination of the adsorption efficiencies of walnut
shell-derived AC against methylene blue as a model pollutant-a potential for environmental
remediation in water treatment and air filtration [42].

2. Materials and Methods

Removing all residual moisture and impurities from walnut shells. The achieved shells were
washed with deionized water and divided into small particle sizes ranging between 0.5 and 1.0 mm.
Thus, in allowing controlled carbonization, these were then paralyzed for two hours at 500°C in an
inert nitrogen environment (flow rate: 100 mL/min) [40]. The carbonized material was activated with
phosphoric acid (HsPOy) in a ratio of 1: 2 (w/w). For an hour, the activity was performed at 700°C
with the nitrogen flow set at 100 mL/min [92]. Following the preparation of activated carbon, it was
dried at 110°C, sheared in powder, and washed with deionized water until neutral pH was obtained
[108]. A variety of approaches were used during activation and characterization to determine the
fundamental characteristics of those carbon-like compounds. Various characterization techniques
were used to evaluate the physicochemical and structural properties of activated carbon. The
nitrogen absorption-resorption isotherm for surface area and porosity characterization via the
Brunner-Emmett-Teller (BET) method (Micromeritics ASAP 2020) was further used in the present
work for textural parameters' quantification [12]. FTB rokeruker Tensor 27) studied the functional
groups present on the surface, while scanning electron microscopy examined the surface morphology
[55]. X-ray diffraction (XRD, Rigaku Smart Lab) was also performed to identify the underlying
crystalline structure [7]. Proximate and ultimate analysis studies have included examining the
moisture, ash, volatile matter, and elemental composition of their physicochemical composition [74].

The batch experiments were used to identify the adsorption capacity of activated carbon,
examining temperature between (25-50), important methylene blue (MB) concentration (10-500
mg/L), contact time (0-120 min), and pH (3-10) [35]. Adsorption isotherm models Freundlich and
Langmuir models were utilized to examine equilibrium adsorption capacity of materials for better
understanding the adsorption mechanism, while kinetics were tested based on the pseudo-first order
and pseudo-second-order models. Adsorption amount (q,, mg/g) was calculated from the formula.

(Co— C,) XV

qe = - 1)

where Cy and C, are initial and equilibrium concentrations, V is solution volume, and m is
adsorbent mass [104].

3. Results and Discussion

3.1. Characterization of Walnut Shell-Derived Activated Carbon

3.1.1. Surface Morphology (SEM Analysis)
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SEM Analysis of the Surface Morphology: The prepared activated carbon (AC) sample was
examined under Scanning Electron Microscopy (SEM). The examination showed a porous structure,
with irregular cavities resulting in a rough surface, suggesting a high surface area (see Figure 1). The
presence of micropores and mesopores was evident, which are essential for the adsorption of
pollutants. The porous structure is attributed to the release of volatile compounds during
carbonization land the etching effect of phosphoric acid during activation [14].

Good porous structure observed in SEM pictures is crucial for the efficiency of adsorption.
Interconnected pore system and high surface area enable the adsorption capacity and diffusion and
trapping of pollutants, enhancing the prepared activated carbon [100]. In comparison to previous
studies conducted on activated carbons from agricultural waste, formation of microporous and
mesoporous structures corroborated the success of this activation procedure [36,109].

Figure 1. Considering the scanning electronic micrographs of walnut shell activated carbon after different
treatments: a) WS: raw walnut shell with compact structure and low porosity. b) HWS: heat-treated walnut shell
with surface ruffling. ¢) SWS: steam-activated walnut shell with well-developed macropores. d) PWS:
phosphoric acid-activated walnut shell with a highly porous structure that is recommendable for adsorption

purposes.

3.1.2. Chemical Structure (FTIR Analysis)

Structure of Chemistry (FTIR Analysis) The functional groups that existed on the surface of the
activated carbon were identified by using FTIR. The FTIR spectrum (Figure 2) showed characteristic
peaks at:

e 3,400 cm™: O-H stretching waves involving the existence of hydroxyl (-OH) functional groups
responsible for hydrogen bonding and the hydrophilicity of activated carbon [101].

e 1,700 cm™: C=0 stretching waves associated with carbonyl (C=O) functional groups which
include carboxyl, ketones, and aldehydes and are involved in acid-base interaction during
adsorption [75].

e 1,200 cm™: C-O stretching waves ascribed to carboxyl (-COO) and ether (-C-O-C) groups which

enhance surface reactivity and adsorption affinity [8].
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Such oxygen-containing functional groups provide active sites for electrostatic interactions,
hydrogen bonding, and m-m interactions with impurities, which is oxygen-containing functional
group that has an important role in adsorption [60]. The peak intensity and sharpness suggest that
surface chemistry is well developed; thus, the activation process performed effectively in furthering
functional group distribution [6].

FTIR Spectrum of Activated Carbon from Walnut Shell
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Figure 2. FTIR spectrum of activated carbon from walnut shell. The spectrum shows characteristic peaks for
hydroxyl (-OH) groups (~3400 cm™) and carboxyl (-COOH) groups (~1700 cm™), confirming the presence of
oxygen-containing functional groups that enhance adsorption capacity.

3.1.3. Study of Surface Areas and Porosity (BET Analysis)

Brunauer-Emmett-Teller (BET) analysis was used to investigate porosity and surface area of the
activated carbon. The data obtained (Table 1) indicates a very high surface area of 1250 m?/g as
evidence of an already established porous nature [11]. BM Volume was found to be around 0.85
cm®/g, which implies relatively large adsorption [18]. However, the pore size distribution showed
that as a result micropores (<2 nm) and mesopores (2-50 nm) were present. If there are micropores,
then that is the reason for selectivity towards small molecules during adsorption, whereas larger
contaminants are aided by mesopores for diffusion and further adsorption [17]. The bimodal pore
structure is important to adsorption efficiency because it maximizes surface accessibility and
diffusion paths, making the material highly efficient in contaminant removal [5]. The large BET
surface area and regulated porosity are attributed to the activation procedure, in which volatile
fractions are eliminated, and a hierarchical pore structure is created [65]. These structural properties
significantly influence the adsorption kinetics and capacity of the activated carbon, making it suitable
for varied environmental and industrial applications [62].

Table 1. Surface Area and Porosity Characteristics of Activated Carbon (BET Analysis).

PARAMETER VALUE SIGNIFICANCE/IMPLICATION

SURFACE AREA Very high surface area, indicative of well-established
1,250 m?/g

(BET) porosity [11].

TOTAL PORE y 4 hioh ad
0.85 cm? Indicates high adsorption capacity [18].

VOLUME & 8 P pacty

PORE SIZE Micropores (<2 nm) Predominance of micropores enhances adsorption

DISTRIBUTION selectivity for small molecules [17].
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Facilitates the diffusion and adsorption of larger
Mesopores (2-50 nm)
contaminants, [17].

Maximizes surface accessibility and diffusion paths,
PORE STRUCTURE Bimodal
enhancing adsorption efficiency [5].

ACTIVATION Volatile fractions eliminated, creating a regulated
Hierarchical pores
PROCEDURE porosity with high surface area [65].

Suitable for dynamic applications due to their high
APPLICATIONS Environmental/Industrial
adsorption kinetics and capacity [62].

3.1.4. Crystalline Structure (XRD Analysis)

X-ray Diffraction technique was used for the investigation of the structural characteristics of
activated carbon [112]. The XRD pattern demonstrated that this structure was mainly amorphous,
with only minor residual crystalline domains, indicated by the broad diffraction peak at around
2theta=24 degrees, corresponding to the (002) plane of graphitic carbon [118]. The absence of high
and sharp peaks ensures that activated carbon lacks long-range crystalline order, a feature which
enhances its absorbability by creating more surface heterogeneity and defect sites [37]. Having
disordered graphitic features in place is an advantage in adsorption since it enables a higher number
of active sites as well as creating an appropriate channel for adsorbate-carbon surface interaction [76].
In addition, the weak and diffused nature of the (100) peak at approximately 20 = 43° reflects partial
graphitization, which is the most likely result of high-temperature activation [95]. This amorphous
nature combined with the hierarchical porosity of the material results in higher adsorption efficiency
via increased surface accessibility and faster diffusion of target pollutants towards the interior pores
[59].

Moreover, the presence of disordered microcrystalline domains in activated carbon enhances its
surface properties, leading to increased interaction sites for adsorbate molecules [15]. The observed
structural properties agree with the behavior of activated carbon produced from various biomass
sources, where XRD studies confirm the existence of both graphitic and amorphous structures,
affecting adsorption efficiency [52]. These structural characteristics play a crucial role in tailoring
activated carbon for environmental and industrial applications, particularly in adsorption and energy
storage systems [40].
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Figure 3. Structural and Spectroscopic Characterization of Activated Carbon: (a) XRD Pattern Indicating
Amorphous and Partially Crystalline Phases, (b) FTIR Spectra Indicating Functional Groups, (c) FTIR Spectral
Shifts Indicating Chemical Modifications, and (d) Raman Spectra Indicating Graphitic Structure and Disorder
Features.

3.2. Adsorption Performance
3.2.1. The Impact of pH and Adsorption

In the tests, the pH of the test suspension affected the adsorption mechanism on activated
carbon. Two adsorption conditions, from pH 2 to 10, were used that included Methylene Blue (MB).
The findings revealed that with the rising pH, the capacity for adsorption increased; however, the
higher rate of adsorption was observed at pH 7. At higher pH values, the surface of AC becomes
negatively charged and this enhances the electrostatic attraction between AC and the cationic MB
dye [48], whereas in lower pH levels, there will be more protonation on the surface of activated
carbon and consequently an electrostatic repulsion for positively charged AC surfaces as well as
cationic MB molecules. This favors lower adsorption efficiency [103]. Conversely, beyond pH 7, there
was no augmentation of adsorption, suggesting that optimal adsorption sites are occupied, and
additional hydroxyl ions can compete with MB molecules for active sites [95,120].

3.2.2. Effect of Contact Time

This study, which involved contact time of MB adsorption for 180 minutes, was characterized
by fast adsorption in the beginning. The first 60 minutes exhibited a fast increase in adsorption, where
equilibrium was achieved after 120 minutes [81]. Initial rapid adsorption occurs due to vacancy of
active sites on the surface of AC, while slower adsorption in the later stages is controlled by saturation
of these sites [79]. The kinetics of the process indicate that the adsorption follows a pseudo-second-
order model, which means that the process can be regarded as chemisorption [9]. Initially, the
concentration gradient between the solution and the AC surface favors the transfer of MB molecules
to the active sites because, at the beginning, it promotes faster diffusion [13]. However, as the
adsorption goes on, repulsive forces between the already adsorbed molecules and the upcoming MB
molecules slow down the process [3].

3.2.3. Concentration Affect

The effect of the initial concentration of methylene blue from 50 to 500 mg/L on adsorption is
also studied. The results achieved showed that at an initial concentration of methylene blue, the
adsorption capacity of activated carbon enhances to a maximum adsorption capacity of 450 mg/g at
a concentration of 500 mg/L [21]. Higher concentrations could be termed as the driving force for mass
transfer, and, therefore, the ease of diffusion of methylene blue into activated carbon pores was more
[28]. However, in case of lower concentrations, the limited number of MB molecules in the solution
could not cause substantial interaction with the active sites present on the surface of the adsorbent
[29]. On the other hand, in case of higher concentrations, the presence of more MB molecules
promotes greater occupancy of adsorption sites, resulting in increased adsorption capacity [30]. But,
after a certain concentration, the adsorption capacity might plateau due to the saturation of active
sites and the existence of equilibrium between the adsorbed and free methylene blue in the solution
[16]. Such behavior conforms with the adsorption isotherm principles in which the system tries to
achieve balance between the adsorption phases [3].

3.2.4. Isotherm Studies

The adsorption data was treated with the Langmuir and Freundlich isotherm models with the
focus of shedding light into the mechanism of adsorption and surface characteristics of the adsorbent.
In this case, the Langmuir model had the better fit with an R? of 0.99 in comparison to the Freundlich
model; hence, the inference could be that in this particular case, the predominant mechanism of
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adsorption took place via monolayer formation on a homogeneous surface [80]. This, in turn, suggests
that the active sites on the adsorbent surface are uniformly distributed, with each of the sites likely
to accommodate one molecule of adsorbate respectively [78]. The Langmuir model predicted
maximum adsorption capacity (qm) of 460 mg/g which is sufficiently close to the experimental value
of 450 mg/g [96]. The agreement between theoretical and experimental values further validated the
applicability of the Langmuir model in describing the adsorption process. Conversely, a lower
correlation was obtained with the Freundlich model that assumes multilayer adsorption on
heterogeneous surfaces, implying that surface heterogeneity played a lesser role in the system
described [116]. The results suggest that homogeneity of the surface and formation of a monolayer
are important for good adsorption efficiency, which is a key to optimizing adsorbent materials for
practical applications [24,110]

3.2.5. Kinetic Studies.

Adsorption kinetics were tested under the Pseudo-first order and Pseudo-second-order models
(Figure 4). Of these, the Pseudo-second-order model gave the best fit (R? = 0.99), indicating that the
adsorption process was controlled by chemisorption [113]. The rate constant (k») was calculated to be
0.002 g/mg min [49].

Effect of pH on Methylene Blue Adsorption
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Figure 4. Effect of pH on Methylene Blue Adsorption: Activated carbon adsorption on methylene blue (MB)
against pH. These data show an increasing trend in adsorption as pH increases, with the optimum at pH 7, at

which electrostatic attraction between the negatively charged AC surface and the cationic dye is most favorable.

The adsorption kinetics data were fitted to Pseudo-first order and Pseudo-second-order models,
as illustrated in Figure 4. The linear plots of t/qt against time (Figure 4a) showed very high
correlation coefficients R? =~ 0.99 for the Pseudo-second-order model fit; in contrast, Pseudo-first-
order model (Figures 4b, 4c, and 4d) fit R? values were lower, implying that it does not properly
describe the adsorption mechanism [110,116]. Chemisorption is the dominating process that governs
the adsorption behavior of the studied system [53,114].
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Figure 5. Kinetic modeling adsorption of adsorbates onto the porous surface of adsorbent material; this
illustration covers the adsorption of dyes methylene blue and rhodamine B onto activated carbon. The pseudo-
second-order model (a) shows a high correlation coefficient, making it acceptable to state that the mechanisms
for adsorption concerning both dyes are considerably closer to being those of chemisorption. The pseudo-first-
order model fittings according to logarithmic plots of (qe - qt) suggest this does not conform to ideal first-order
kinetics; respective subfigures (b), (c), and (d) contain the linear fits, colored red, indicating that these models
provide a good representation of the process of adsorption as a function of time.

3.3. Comparison with Other Adsorbents

The adsorption performance of chemically activated carbon from walnut shells was compared
with ACs from other agricultural wastes, such as coconut shell, rice husk [86] and peanut shell [106].
The study showed that walnut shell-derived AC has much higher adsorption capability, thus
rendering it an excellent biosorbent in environmental remediation applications [61]. The improved
performance can be explained with the specific physicochemical properties of walnut shell-derived
activated carbon which feature a more developed surface area, porosity, and hierarchical pore
structure [1]. The comparison supports the idea that walnut shell AC could be used as a cost-effective
and environmental-remediation absorbent for the removal of contaminants from aqueous solutions
[47,69,94].
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Table 2. Comparative Adsorption Capacity: Walnut Shell-Derived ACs Versus Other Agricultural Waste-

Derived ACs.
Surface Total Pore  Adsorption
Adsorbent
Area Volume Capacity Key Advantages
Source
(m?/g) (cm®/g) (mg/g)
High surface area, bimodal pore structure, and
Walnut Shell 1,250 0.85 350 efficient adsorption for small and large
molecules [31].
Moderate surface area with predominance of
Coconut Shell 1,000 0.70 280
micropores [70].
Limited micropores that are fit for small
Rice Husk 850 0.55 220
molecules [119].
Possesses mesopores and low adsorption,
Peanut Shell 900 0.60 240

preferentially for larger-sized molecules [39].

3.4. Mechanism of Adsorption

Adsorption mechanisms of methylene blue (MB) onto the walnut shell AC involve the following
key processes:

Electrostatic Attraction: The negatively charged AC surface interacts with the cationic MB dye
molecules through electrostatic forces. This attraction is significant in aqueous solutions that play a
decisive role in the charging of the adsorbent surface during adsorption [66].

Hydrogen Bonding: It is subject to many of the reaction pathways via hydrogen bonds between
hydroxyl (-OH) and carboxyl (-COOH) functional groups on the surface of the activated carbon and
the MB in the process absorbed. Thus, these interactions provide an opportunity for an increase in
the adsorption capacity through providing additional binding sites [105].

Pore Filling: The hierarchical pore structure, consisting of micropores and mesopores in the
activated carbon structure, facilitates diffusion of exposition and capture of MB molecules.
Micropores absorb small molecules and mesopores, larger yours, thus combining high adsorption
upturn efficiency [19,56].

Figure 6. Mechanism of Methylene Blue Adsorption on Walnut Shell-Derived Activated Carbon: (a) Hydrogen
bonds between MB and surface functional groups (-OH, -COOH) on activated carbon. (b) Stacking arrangement
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between a MB aromatic ring and graphitic domains of activated carbon. (c) Hydrophobic interaction to secure
MB on the carbon surface.(d) Two of the electrically interacting negatives-carboxylate and cationic MB.(e) In this
replacement process-BN in exchange for surface cations (K+, Na+, Ca2+, Mg2+, H+).(f) Pore-filling mechanism

leads to amine molecules being trapped in the micro- and mesopores of activated carbon.

3.5. Regeneration and Reusability of Walnut Shell-Derived Activated Carbon

The reusability study of walnut shell-derived activated carbon (AC) was done through a
regeneration process based on thermal treatment at 400°C for 2 hours. The results indicated that after
five consecutive runs, the regenerated AC retained about 90% of its original capacity to absorb; this
high retention expresses the robustness of the material making it competent for repeated use in
practical applications-a cost-effective and sustainable adsorbent for environmental remediation [77].
Activated carbon obtained from walnut shells holds great promise for the diverse applications for
environmental cleanup on account of a combination of its high surface area, hierarchical pore
structure, and high surface functional groups. Key applications are:

Water Treatment: Activated carbon from walnut shells serves the effective removal of organic
pollutants, toxic metals as well as dye contaminants from wastewater. It is ideal for industrial
wastewater treatment and drinking water purification because of its great adsorption capacity and
selectivity [63].

Air Treatment: Due to the porous structure and surface chemistry of the material, it can adsorb
volatile organic compounds (VOCs) and other airborne pollutants, indicating its potential in air
filtration systems [107,117].

Other Environmental Remediation Processes: Beyond air and water purification, walnut shell-
derived AC can also be used in soil remediation [84], gas storage, and as a catalyst support in several
chemical processes [51].

4.1.1. Removal of Contaminants Using Walnut Shell-Activated Carbon

Walnut shell-activated carbon is highly promising for the removal of different contaminants
(organic contaminants, heavy metals, and dyes) from wastewater. Porous structure and surface
functional groups enable adsorption mechanisms to function, thus promising a high rate of
application in environmental clean-up operations.

Phenolic compounds and agricultural chemicals among organic pollutants pose serious
environmental and health risks. Phenols found in industrial effluents are toxic and persistent. The
porous structure and surface functional groups of walnut shell-derived AC promote phenolic
compounds' adsorption through m-7t interactions and hydrogen bonding [98]. Similarly, herbicides
and pesticides frequently found in agricultural runoff can be efficiently adsorbed by AC, reducing
the environmental impact [4,93]. Cations like lead (Pb), cadmium (Cd), mercury (Hg), and arsenic
(As) contaminate the environment having dangerous impacts on health because the metals have been
found to be non-biodegradable and, consequently, concentrated into the food chain [32]. Walnut
shell-derived activated carbon reveals that the oxygen functional groups (-OH, -COOH) increase the
affinity for metal ions based on ion exchange and complexation mechanisms [85]. This enables it to
attain effective removal from water sources of contaminating species like arsenic (As (III) and As(V)),
which pose considerable threats in various groundwater sources [41].

Furthermore, AC has been employed intensively for dye removal, particularly in textile plant
wastewater[44]. Strong adsorption of methylene blue, a typical dye, onto walnut-derived AC is
probably due to electrostatic interactions and -1t stacking mechanisms [98]. In addition, AC has also
been put in action for the adsorption of dyes like Congo red and Rhodamine B, thus showing that it
is a versatile material for treatment of industrial effluents [89].
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4.1.2. Removal of Dyes

1. Methylene Blue (MB): As demonstrated in this study, walnut shell-derived AC
has a high adsorption capacity for methylene blue, a common dye used in the textile
industry [71]. The adsorption process is driven by electrostatic interactions and -7t
stacking between the dye molecules and the AC surface [115].

2. Other Dyes: AC can also adsorb other cationic and anionic dyes, such as Congo
red and Rhodamine B, making it suitable for treating industrial effluents [20,91].

4.2. Air Purification

One of the most important issues related to environmental problems is air pollution, and among
its most serious aspects are the occurrence of VOCs and poison gases that are a health risk. Walnut
shell-activated carbon has been prospective as a good adsorbent material used for air purification
since it exhibits high adsorption capacity, microporous structure, and renewable raw material source
[73]. Walnut shell-activated carbon is effective to adsorb different air pollutants such as BTX,
formaldehyde, H,S, and CO,; thus, it is a handy choice to improve air quality, thereby reducing
environmental and health risks [22]. Benzene, toluene, and xylene (BTX) are common VOCs from
industrial activities, vehicle emissions, and chemical manufacturing [99]. Their microporous
structure from walnut shells provides an enormous surface area for VOC resonance, reducing air
concentration of the chemicals and their toxic impact on human health and the environment [83].
Formaldehyde, another common indoor pollutant from building materials, furniture, and cleaning
agents, is also effectively adsorbed [25]. Graphite carbon has the ability to adsorb other hydrocarbon
gases such as H,S and CO,, which are all potentially destructive. H,S is a flammable, foul-smelling
gas and is present in high concentration in industrial wastes, municipal waste treatment facilities,
and natural gas processing. Therefore, due to its physisorption and chemisorption mechanism, H,S
is adsorbed on activated carbon, thereby making it useful for odor suppression and air filtration [27].
Besides, facilitated the mitigation of numerous aspects of climate change, while CO, capture is also
made available for carbon storage and greenhouse gas mitigation, and facilitating sustainable growth
that aids worldwide development [44,121].

4.3. Soil Remediation

Soils that are rich in several pollutants, namely herbicides, pesticides, and heavy metals, can be
sources of grave threats to ecosystems, agriculture, and human health. AC coconut-derived sorbent
has come into focus as a potential agent for soil decontamination by sorbing pollutants whereby the
latter lose bioavailability and/or toxicity [87]. In doing so, not only does the soil get restored but
groundwater and food chains stand guarded from the antigen-and-contaminant-expansion [64,67].
Environmental pollution and ecological integrity have become serious challenges in the
contemporary era, where development and new technologies have more risk than promise. Pesticides
and herbicides commonly used in agriculture leave behind toxic residues active in soils leaching into
the groundwater, slip into the food chain and threaten entire ecosystems and human beings alike
[33]. Walnut shell AC is directly introduced into contaminated soils where it serves to adsorb residual
chemicals, preventing leaching and minimizing the consequent contaminant generations [90]. In
addition, AC is: becoming widely recognized as a very active and affordable sorbent for the removal
of dissolved metal ions, from contaminated soil during the degradation of pesticides and herbicides
[34]. Following the provision of a substrate, removal rates of enteric bacteria in soil thus facilitate the
non-contaminated water supply required in agriculture and the restoration of foreground with
enhanced soil fertility [25,26,50].
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4.4. Industrial Applications

In the case of activated carbon (AC), AC obtained from walnut shells performed very well as far
as application in pharmaceuticals, food processing, and energy is concerned. The pharma industry
uses AC as a tool for purification of medicines and removal of impurities in pharma drugs to make
its medicines safe and of high quality for consumption by human beings [58]. In the beverage and
food industry, AC serves to decolorize, deodorize, and remove impurities to enhance food product
safety and quality [82]. In addition, AC from walnut shell has one of the highest surface areas and
porosities and thus is the best option to be utilized for energy storage equipment like supercapacitors
and batteries in environmentally friendly technologies [67,88].

4.5. Economic and Environmental Benefits

The use of walnut shell-based AC is economically and environmentally advantageous, making
it a cost-effective and sustainable alternative to conventionally activated carbon made from non-
renewable materials [38,45]. Walnut shells are inexpensive and abundant agricultural waste, so the
production of AC is economically viable and less dependent on expensive raw materials [72]. Besides,
the utilization of walnut shells promotes the circular economy by converting agricultural waste into
high-value products, reducing waste and promoting sustainable development. As an alternative to
commercial AC derived from non-renewable sources, AC from walnut shells contributes to
promoting sustainable development and to reducing the environmental impact of traditional AC
production [87].

Table 3. Comparative Analysis of Pollutant Removal Efficiency Using Walnut Shell-Derived AC, Commercial
AC, and Other Adsorbents.

Pollutant Adsorbent Type Efficiency Remarks
Walnut Shell-Derived Superior adsorption capacity compared to
Methylene Blue 450 mg/g
AC commercial AC and other adsorbents [64].
Commercial AC 400 mg/g Moderate adsorption capacity.
Other Adsorbents 300 mg/g Lower adsorption capacity [33].
Walnut Shell-Derived Highest removal efficiency for heavy
Lead (Pb) 95% removal
AC metals.
Slightly lower efficiency than walnut shell-
Commercial AC 90% removal
derived AC.
Other Adsorbents 85% removal  Least efficient among the three.
Walnut Shell-Derived
Benzene AC 90% removal  Excellent performance in VOC removal.
Comparable but slightly lower efficiency
Commercial AC 88% removal
[90].
Other Adsorbents 80% removal Least effective for benzene removal

4. Conclusions

Activated carbon (AC) from walnut shells are high in demand because of its good adsorption
power, which means it is therefore a very good environmental remediation of pollutants removal
material. Its huge surface area (1,250 m?/g), highly developed porous structure, and surface functional
groups like as carboxyl (-COOH), carbonyl (C=0), and hydroxyl (-OH) are what give it its adsorption
capacity. The material could absorb 450 mg/g, which is on par with or better than commercially
available activated carbons, according to batch adsorption studies using the model pollutant
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methylene blue (MB). The use of walnut shells as a precursor for activated carbon not only serves as
a sustainable and viable solution but also tackles the problem of agricultural waste management at
large. The chemical activation process using phosphoric acid (HsPO,) has been relaunched with full
success, producing an optimal surface for adsorption. The future work should consider scaling up
the process further to industrial nature, taking care of the quality and performance stability. In the
same breath, additional applications of walnut shell charcoal could boost its versatility in fields of air
purification, gas storage, and energy storage. More study on the adsorption of various pollutants,
inclusive of heavy metals, pharmaceuticals, and organics, will, too, expand the area of its
applications.
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