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household, and agricultural wastes, and heavy metals (HMs) 
[3] are reused as an ingredient in an industrial process to 
make a useful product. For this reason, many researchers 
have focused on the major challenge to collect, recycle, 
treat, and dispose of waste materials [4]. Carbon is one of 
the most abundant elements on Earth. All living things on 
earth contain carbon, especially plants are almost half car-
bon. Traditionally, coal, lignite, and wood were often used 
as raw materials for carbon. The preparation of activated 
carbon (AC) from these materials not only increases pro-
duction costs but also wastes non-renewable resources [5]. 
Besides, the fast growth of global demand and consumer 
awareness certainly requires sustainable alternatives and 
utilizing agricultural wastage including rice husk, walnut 
shell (WS), coconut shell, palm shell, pecan shell, bam-
boos, wheat stalk, poplar wood, cashew nutshell, etc [6]. 
. These biomass products can be used to prepare AC with 
high specific surface area (SSA), low pore size, high porous 
structure, and good electrical conductivity for excellent elec-
trochemical performances [7]. Owing to the global demand 
for environmental awareness, research on the development 

1  Introduction

At present, the world’s resources, energy crisis, and envi-
ronmental problems have become increasingly prominent. 
In most developed and developing countries, global envi-
ronmental contamination from various hazardous wastes 
[1] with particular emphasis on industrial [2], medical, 
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Abstract
The scientific community is becoming increasingly interested in the production of activated carbon (AC) using pyrolyzed 
biomass wastes as potential sustainable precursors. Both chemical and physical methods may have a significant impact 
on the chemical and physical properties of AC, making it suitable for a variety of applications such as water pollution 
treatment, CO2 capture, dye, and heavy metal (HM) removal, and energy storage. The properties of AC are significantly 
influenced by feedstock composition, pyrolysis conditions, and carbon activation parameters. In comparison to traditional 
AC, activated biochar appears to be a new potentially cost-effective, and environmentally friendly carbon material with a 
wide range of applications. Walnut is a well-known member of the Juglandaceae family. Walnut Shell (WS) is extremely 
tough and degrades very slowly, and the multiple synthesis procedures employ the shell to prepare AC. In this review 
article, a detailed list of products and different applications of AC from the WS is provided. The cited results explain the 
optimal conditions for an adsorption process, which include pH, adsorbent dosage, temperature, agitation speed, contact 
time, efficiency, adsorption capacity, fitting model, kinetics, and thermodynamics. In addition, it also describes the removal 
of a few organic compounds, and energy storage applications using parameters such as BET, different electrolytes, and 
specific capacitance.
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of composites prepared using various waste materials is 
being vigorously pursued [8].

The development of alternative clean and sustainable 
energy solutions has benefited greatly from the use of car-
bon materials [9–11]. Carbon-based materials, such as AC, 
carbon nanotubes (CNTs), graphene, carbon quantum dots 
(CQDs), carbon dots (CDs), etc., typically have excep-
tional physicochemical, adsorption, and electrical proper-
ties. Excellent chemical, mechanical, thermal, and electrical 
capabilities are particularly found in carbon-based mate-
rials with various nanostructures [12]. Pore diameters in 
conventional ACs fluctuate widely, mostly from 2 to 2000 
Å. Although they have a huge surface area (approximately 
1000 m2/g), the shape and size of the molecules limit their 
ability to selectively adsorb substances [13]. Energy storage 
is notably increased by tunable porosity, sufficient active 
sites, strong electrical conductivity, and high thermal/elec-
trochemical stability [14]. In general, AC can be prepared 
from the vast majority of carbonaceous materials. There-
fore, the more suitable material to prepare the AC should 
contain higher carbon content, volatility, and less ash [15]. 
There have been many studies about biomass waste materi-
als which led to the main objective of carbon material. AC 
and biochar are frequently employed to clean up the environ-
ment, for example, in water treatment to remove pesticides 
and enhance taste and odor. It also can remove numerous 
drugs, including antibiotics, by adsorption which is fre-
quently followed by biodegradation on the AC surface bio-
film [16, 17]. Furthermore, crop residues, food processing 
waste, and manures, such as sewage sludge and biosolids, 
are treated with biochar [18]. Biochar obtained from vari-
ous plant sources promotes the phytoremediation capacity 
of plants grown in HMs polluted soils. Plant-based biochar 
is a promising and sustainable approach for soil remediation 
[19]. In this aspect, WS is considered as one of the waste 
materials. Chemically modified and unmodified WSs have 
been prepared and studied for different applications. In ear-
lier publications, both modified and unmodified WS sources 
have been discussed. However, no study has been done in 
detail about the use of biochar and AC produced from WS 
to date. Therefore, in this short review, we summarize the 
(i) properties and composition of WS, (ii) synthesis of AC 
from WS, (iii) removal of dye molecules and HMs through 
the adsorption process, and (iv) supercapacitor application, 
followed by future perspectives.

2  Properties and composition of WS

Of the overall biomass, lignocellulosic substances make up 
about 70%. The Juglandaceae family, which includes wal-
nuts (juglans regia), is widely cultivated in Iran, China, the 

United States, and Eastern Europe [20]. Lignin, cellulose, 
hemicellulose, and tannins are the primary components of 
WSs and can be isolated and used to produce additional 
chemicals and materials that are very comparable to those 
found in wood biomass [21].

Around 2,000,000 and 890,000 Tons of walnuts (in 
the shell form) and kernels are produced worldwide each 
year, respectively [22, 23]. WS is an abrasive that is hard, 
chemically inert, non-toxic, and biodegradable. Soft metals, 
fiberglass, wood, plastics, and stone can all be cleaned and 
polished using a WS abrasive. When used to tumble and 
polish metal components, jewelry, ink pens, and gun cas-
ings, it is an effective soft abrasive [24]. The WS is also 
mainly focused on utilizing in the filtration application to 
separate crude oil from water, which is characterized in 
different ways to produce the desirable product [25]. Fur-
thermore, WS contains phenolic compounds that produce 
different beneficial health effects such as anticarcinogenic, 
antimutagenic, and cardioprotective activities which have 
been attributed to their antioxidant activity [26, 27]. Owing 
to this aspect, most of the researchers focus on the natural 
antioxidant activities of biomass from WS. As a result, the 
processing of walnuts produces a lot of waste, which can 
be an important source of energy [28]. A variety of walnut 
components, including kernels and fruits, are employed in 
solar cells, batteries, supercapacitors, textile, dyeing, and 
biological applications [29].

Compared to cellulosic materials, WSs include more 
hydrophobic materials (lignin) and less hydrophilic ones 
(hemicellulose and cellulose) [30]. Around 50.3% of the 
chemical composition is lignin, followed by 22.4% hemi-
cellulose, 23.9% cellulose, and 3.4% ash [31]. The main 
benefits of lignocellulosic WSs over other organic materi-
als are their widespread availability and renewable nature. 
Na (554  mg/kg), K (5202  mg/kg), Ca (9081  mg/kg), Mg 
(1283 mg/kg), P (691 mg/kg), S (791 mg/kg), Fe (3095 mg/
kg), Cu (6.2  mg/kg), Zn (18  mg/kg), Mn (111  mg/kg), B 
(29.7 mg/kg), and Mo (9.9 mg/kg) are the minerals iden-
tified in WS [32]. High lignin content makes a material 
more brittle, whereas cellulose makes a material less brit-
tle (Table 1) [33]. Moreover, the presence of several polar 
hydroxyl groups in cellulose and hemicellulose might spark 
interactions between the filler and polymeric matrix. WSs 
have several benefits provided with sufficient reactive func-
tional groups, a high carbon content, and compatibility with 
a variety of industrial chemicals making them a potential 
candidate for use as a reinforcing material in polymer com-
posites. They also have good stability and mechanical prop-
erties due to the presence of aromatic rings. The use of WSs 
as inexpensive materials in various industries has been well-
documented [34].
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The chemical composition of lignocellulosic compounds 
mainly involves cellulose, hemicellulose, and lignin, which 
contain two or more –OH groups per molecule [35]. This 
results in an “energy content” that is comparable to coal 
along with increased moisture resistance. The combustion 
of WSs generates carbon as solid waste that can find some 
applications in wastewater treatment, adsorption, superca-
pacitors, batteries, etc [28]. .

3  Synthesis of carbon from WS

Biomass materials of the waste WS are the best raw mate-
rial to prepare the carbon precursor due to their large scale, 
low cost, sustainability, and eco-friendliness. Waste WS has 
been successfully well developed to prepare carbon materi-
als by two basic methods, namely, carbonization and acti-
vation process. Biochar is generated through carbonization, 
which is carried out at a high temperature in an inert atmo-
sphere through pyrolysis and/or gasification [36]. At this 
point, the volatile stuff was removed from the carbonaceous 
substance using thermal degradation to prepare the carbon 
content [37]. Significant parameters are the temperature, 
heating rate, gas (N2) flow rate, and residence time. Due to 
the limited adsorption capacity of the obtained biochar, an 
activation step is necessary to increase pore volume, pore 
diameter, and surface area [38]. The disordered carbon 
was initially removed during the activation process, expos-
ing the lignin to the activating chemicals and creating the 
microporous structure [39]. Chemical or physical activation 
procedures can even be used to achieve the activation pro-
cess. Chemicals including phosphoric acid (H3PO4), zinc 
chloride (ZnCl2), sulfuric acid (H2SO4), potassium hydrox-
ide (KOH), citric acid (C6H8O7), iron (III) chloride (FeCl3), 
potassium carbonate (K2CO3), boric acid (H3BO3), nitric 
acid (HNO3), and sodium hydroxide (NaOH) can all be used 
to perform chemical activation (CA). In physical activation 
(PA), it is subject to partial and controlled gasification at the 

predetermined condition of high temperature and gas flow 
rates such as steam, CO2, air, or a mixture of others [40]. 
The polarity and hydrophobicity of the surface’s chemical 
characteristics are altered during the PA process [41]. Even 
though the PA process does not include the use of chemicals 
and is less expensive than other activation methods, the CA 
process is where the majority of the reactions take place.

3.1  Chemical activation (CA) method

This method explores several strategies for producing 
sustainable energy as well as various techniques for gen-
erating carbon materials. Generating carbon materials out 
of waste biomass, a different type of carbonaceous source 
that is frequently used as a starting material. These bio-
mass waste materials are used as starting materials by many 
researchers and employed in different applications. X. Qiu 
et al. clearly explain the preparation of porous carbon mate-
rials through KOH activation of carbonized WS (Fig.  1a) 
[42]. The obtained porous carbon material was activated at 
600  °C which exhibits an SSA of 736.2 m2/g. This high-
specific surface area material shows excellent microwave 
absorption performance. Few other researchers have also 
performed KOH activation and successfully increased the 
surface area and pore size volume (Fig.  1d-f) [43–45]. A 
general mechanism for KOH activation is shown in the fol-
lowing equations (Eqs. 1–5) which implies that there is no 
specific reaction [46]. However, upon using HNO3, ZnCl2, 
and con. H2SO4 the surface area and pore volume increase, 
when compared to the high-surface-area KOH activation 
procedure.

6KOH + 2C → 2K + 3H2 + 2K2 CO3� (1)

K2 CO3 → K2O + CO2� (2)

CO2 + C → 2C� (3)

K2 CO3 + 2C → 2K + 2CO � (4)

K2O + C → 2K + CO� (5)

WS biomass was transformed into activated porous carbon 
through carbonization and activation with HNO3 treatment 
(Fig. 1b). This derived AC from WSs exhibited better elec-
trochemical performance with a high specific capacitance 
of 137 F/g− 1 at 1 A/g− 1 [47]. Straightaway, the AC derived 
from WSs has been an effective absorber when used for 
environmentally friendly remediation of Alachlor-contam-
inated soils (Fig.  1c) [48]. A fast hydrothermal technique 
was used to create the porous carbon material from WSs and 
subsequently activated with K2CO3 (Fig. 1e). This porous 

Table 1  Chemical composition percentage of the total dry mass of WS 
[34]
Total extractives Percentage (%)
Ash 0.6
Total lignin Klason lignin 29.3

Soluble lignin 0.6
Polysaccharides Rhamnose 0.6

Arabinose 0.7
Galactose 1.4
Glucose 21.7
Xylose 19.3
Galacturonic acid 2.6
Glucuronic acid 0.1
Acetyl 3.3
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and substantial micropore volume. Furthermore, it has been 
shown that the activation procedure yields samples with 
metal impregnation of surface reactive AC (Fig. 2e) [51].

Successfully developed pyrolusite-templated catalyst 
functioned as a powerful persulfate (PS) activator for the 
synthesis of pyrolusite–template mesoporous catalyst 
(PMC) (Fig.  2c). It provides a sustainable and affordable 
way to utilize WS waste resources to the fullest possible 
extent and can be very beneficial for the structural design 
and property adjustment of carbonaceous material to obtain 
a catalyst with excellent properties for the efficient removal 
of organic pollutants in real wastewater [52]. Zhang et al. 

carbon-derived material showed good electrode character-
istics in a symmetric all-solid-state supercapacitor [49]. In 
another approach, using ZnCl2 proved effective in produc-
ing WSs-based nanoporous carbon (Fig. 2a). Due to their 
inadequate dielectric loss capacity, WS calcined at 600 °C 
directly demonstrated poor microwave absorption perfor-
mance. Fascinatingly, the SSA, dielectric loss capacities, 
and microwave absorption performances of the samples 
were considerably increased when the WSs were activated 
by ZnCl2 (Fig. 2b) [50]. Both the DFT technique and the 
matched isotherms of low-temperature N2 adsorption dem-
onstrate the activated materials’ significant mesoporosity 

Fig. 1  Different types of CA pro-
cesses of WS. (a) KOH activation 
[42], (b) HNO3 activation [47], (c) 
Con. H2SO4 activation [48], (d) 
KOH activation [43], (e) K2CO3 
activation [44], and (f) KOH activa-
tion [45]
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composition was used for supercapacitor electrochemical 
performance. In another method, two different types of bio-
carbons were generated as a lightweight, porous, affordable, 
and environmentally acceptable supporting matrix up on 

recently developed a unique hybrid nanomaterial by car-
bonization, followed by the generation of AC through CA 
(Fig.  2d) [53]. The AC and Ni-MOF/SPANI are success-
fully combined and the resulting WS@Ni-MOF/SPANI/AC 

Fig. 2  Diverse methods of the CA of WS. (a) ZnCl2 acti-
vation [49], (b) KOH activation [50], (c) H3PO4 activation 
[52], (d) KOH activation [53], (e) HNO3 activation [51], 
and (f) ZnCl2 activation [54]
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In terms of bioimaging and illness diagnosis, these CQDs 
exhibit promise [59]. The chemical reaction of the PA pro-
cess is illustrated by the following equations (Eqs.  6–8) 
[60]. The PA technique typically results in a high yield and 
uses no chemicals when used in various applications. The 
produced synthesis contains PA mostly using the application 
of water vapor adsorption and capturing carbon dioxide.

C + H2O → CO ↑ + H2 ↑ � (6)

C + CO2 → 2CO � (7)

CO + H2O ↔ CO2 ↑ + H2 ↑ � (8)

3.3  Pyrolysis process

Compared to the pyrolysis approach, the synthesis of AC 
via CA and PA is considerably more prevalent. Both CA 
and PA give a high yield and less environmental pollution 
[62]. The preparation of biomass-based AC was proposed 
by using pyrolysis liquids as activators, which enables the 
entire process of AC preparation. This method allows for 
the production of AC from biomass throughout the entire 
process. Although the pyrolysis of liquid bio-oil has the 
highest AC yield, its low adsorption efficiency and under-
developed pore structure make it challenging to utilize as a 
porous adsorption material. Other components of the pyrol-
ysis process primarily become trapped in the pores of the 
carbon and produce a low adsorbent. For this reason, the 
activation process (CA and PA) must be performed to gener-
ate these pores and be used as an adsorbent.

Using the pyrolysis method, biomass was heated to 500–
900 °C to produce gas, liquids, and char. There are many 
options for the products, for example, pyrolysis liquids can 
be refined into chemicals, biodiesel, pitch, etc. Due to the 
complicated compositions, surplus water content, high oxy-
gen content, and strong acidity, the refinery process could 
be challenging [63]. Figure  4 shows reported methods of 
pyrolysis and preparation of biochar, carbon, bio-oil, etc. 
reported the preparation of WS biochar by pyrolysis pro-
cess, and these were modified by ZnCl2, KOH, H2SO4, 
and H3PO4 (Fig.  4a) [64]. The modified biochar of the 
WS showed a good adsorption mechanism in the follow-
ing order: ZnCl2 > KOH > H3PO4 > H2SO4. From this order, 
it is confirmed that ZnCl2 has a good adsorption property 
but a low SSA compared to KOH. The different reagents 
of modified biochar have different SSAs and pore volumes 
as ZnCl2, KOH, H2SO4, and H3PO4 with 534.40, 712.07, 
114.38, 117.64 m2/g, and 0.3086, 0.4082, 0.0495 and 0.0926 
cm3/g, respectively. Figure 4b-d shows a few pyrolysis and 
activation processes [65–67] Further, pyrolyzed at different 

carbonizing and chemically activating WSs (Fig. 2f). The 
carbon generated from WS and activated WSC (SC) was 
assessed as novel shape stabilizers and thermal conductivity 
enhancers for methyl palmitate (MP), which was chosen as 
the preferred phase change material (PCM) for thermal reg-
ulating applications in buildings [54]. The CA process led 
to the activation of several compounds like KOH, ZnCl2, 
HNO3, K2CO3, and H2SO4. Due to their high SSA and supe-
rior porosity, they have good adsorption capabilities and 
make ideal energy storage materials. From the above syn-
thesis, The ZnCl2 activated achieved an excellent adsorption 
mechanism application, and other supercapacitor applica-
tions received a high specific capacitance.

3.2  Physical activation (PA) method

The raw materials are initially carbonized at high tem-
peratures in this process. A physical or thermal activation 
employing a single gas or mixture of gases, such as steam, 
air, or CO2, with predetermined settings of temperatures 
between 1100 and 1250  K [55] and gas flow rate [40] is 
known as partial gasification of biomass. In the PA process, 
initially, disorganized materials are removed which subse-
quently increases the pore volume and elementary crystal-
lites. Then it becomes exposed to the activation for further 
development of porosity with increasing surface area [55]. 
The PA by using steam (heating rate 40 °C/min) takes place 
after the carbonization process step (Fig. 3a). However, this 
method is eco-friendly, inexpensive to get a good yield of 
AC, and doesn’t require any chemicals [56]. Zheng et al. 
successfully prepared AC by thermal activation (TA) under 
an N2 atmosphere and found the SSA of AC as 410.84 m2/g, 
and pore volume as 0.61 cm3/g (Fig. 3c) [57]. The fine pow-
der was recovered and used as a precursor for producing AC 
after being crushed, powdered, and sieved (200 m in size).

Very recently, when a precursor is physically activated at 
high temperatures, water vapor is used as an adsorbent for 
monoethanolamine (MEA) was reported. The use of AC gen-
erated from waste WS improves the absorption efficiency of 
the MEA solution [56]. A plethora of research is being done 
on improved porous carbon-based materials, especially for 
the utilization and capture of CO2. This study used distinct 
KOH activation methods on melamine-modified WS to cre-
ate renewable, microporous granular N2-doped carbons at a 
comparatively low pyrolysis temperature (650 °C) (Fig. 3d) 
which shows that nanoporous N2-doped carbon has con-
siderable promise for capturing CO2 [58]. A chemical cut-
ting technique was used to synthesize water-dispersible 
Carbon Quantum Dots (CQDs) from the pre-oxidation of 
sustainable bio-precursors. The effectiveness of the WS-
based CQDs as bioimaging agents for intracellular transport 
was confirmed by the Raman mapping approach (Fig. 3e). 

1 3

896



Adsorption (2024) 30:891–913

methylene blue (MB) as a pigment model, the study of the 
liquid-phase adsorption performance revealed that modified 
biochar made from biomasses had a mesoporous structure. 
Although KOH treatment produced the largest modified 
biochar SSA, the alkaline modification was more conducive 
to the creation of pores in biomass-modified biochar materi-
als [64]. The hard carbon was generated using WS at high-
temperature (1000  °C) pyrolysis in an inert atmosphere, 

temperatures (300 ℃, 450 ℃, 600 ℃) for 2 h and followed 
by other activation of β-cyclo-dextrin-chitosan. Using this 
modification and preparing biochar improved the physico-
chemical properties, SSA, porosity, and thermal stability 
and provided an uptake of 206 mg/g [68].

Utilizing the limited oxygen pyrolysis method, WS 
biochar was generated (Fig.  4a). To modify this biochar, 
ZnCl2, KOH, H2SO4, and H3PO4 were employed. Using 

Fig. 3  Various PA processes of WS. (a) steam activation 
[56], (b) thermal treatment [61], (c) thermal activation 
[57], (d) carbonization [58], and (e) pre-oxidation activa-
tion [59]
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achieving high La use efficiency (Fig. 4c). Furthermore, it is 
reported that La-loaded biochar after phosphorus adsorption 
by burned to recycle La or by spreading it on the soil as fer-
tilizer to increase future crop yields [66]. A variety of ACs, 
including N2-doped AC produced from WSs (N/WSAC), 
was developed for catalytic fast pyrolysis (CFP) of WS to 

which results in a large interplanar and a low surface area 
(Fig. 4b). This functions well in Na-ion battery-based energy 
storage devices [65]. After being gently pyrolyzed, WS bio-
char was loaded with numerous La(OH)3 nanorods utilizing 
the parallel flow co-precipitating technique. It maintained 
outstanding phosphate adsorption characteristics while 

Fig. 4  Pyrolysis processes such as (a) oxygen pyrolysis 
[64], (b) direct pyrolysis [65], (c) slow pyrolysis [66], and 
(d) fast pyrolysis [67]
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chemical adsorption between the adsorbent and the adsor-
bate. Adsorption is regulated by environmental physical 
and chemical factors, such as temperature, pH, and redox 
conditions, like every other chemical reaction [71]. In the 
surface process for adsorption, the adsorbent’s surface plays 
a significant role. The best adsorbents of porous materials 
with a higher surface area per unit volume are therefore 
preferred (for example, AC and clay) [72]. Due to its high 
level of porosity and large surface area, AC is the most pop-
ular adsorbent for the removal of dyes, HMs, and organic 
waste. The carbonization of biomass and subsequent acti-
vation contribute to the formation of AC [73]. Because of 
its substantial Brunauer-Emmett-Teller (BET) SSA, well-
developed pore structure, and consistent physical-chemical 
characteristics, AC is an efficient and cost-effective material 
to remove water vapor from the gas stream [5].

4.1  Removal of dye molecules, HMs, and organic 
compounds by adsorption method

Several million tons of dyes are produced and widely used 
in various industries, such as dyestuffs, textiles, paper, print-
ing, plastics, leather, food, pharmaceutical, petrochemical, 
and cosmetics [74]. Dyes are typically classified into three 
types, specifically, cationic, anionic, and nonionic dyes 
(water-insoluble) based on the charge of the chromophore 
group dissolved in the aqueous solution [75]. Some dyes are 
more harmful and some are insoluble in water. Untreated 
dyes that are disposed of in the hydrosphere will con-
taminate the water. As the concentration of dyes in water 
increases, the biological activity of amphibians decreases 
atmospheric oxygen levels and blocks sunlight from reach-
ing plants and animals. Furthermore, the waste liquids can 
create serious problems such as allergies, dermatitis, skin 
irritations, malignancies, mutations in humans, and dete-
rioration of water quality (odor and color), thereby reveal-
ing toxicity [76]. Dye removal with the use of agricultural 
wastes and forestry residues has recently attracted consider-
able attention due to the abundance and low price of these 
by-products [77]. Excitingly, WS is used for the removal 
of different dyes such as reactive brilliant red K-2BP (RBR 
K-2BP) [78], C. I. Acid Red 97 (AR97) [79], Maxilon Red 
(MR GRL) [80], Crystal Violet (CV) [81], MB [82], and 
Rhodamine B [83]. In addition, hazardous metals such as 
Mercury (Hg2+), Copper (Cu2+), Cadmium (Cd2+), Cesium 
(Cs1+), Chromium (Cr3+/6+), Iron (Fe2+), Nickel (Ni2+), 
Lead (Pb2+), Zinc (Zn2+), Manganese (Mn2+), etc. are also 
contaminating the aquatic environment. Industrial and min-
ing wastewaters are the major sources of these metals’ pol-
lution. The presence of these HMs affects both humans and 
animals due to their high toxicity, non-biodegradability, and 
carcinogenic nature [84]. This problem can be resolved by 

create alkylphenols (Fig. 4d). Due to the electron-transfer 
or charge-transfer interactions, the N2 functional groups in 
N/WSAC provided the catalytic active sites to support the 
depolymerization of lignin and produce monomeric phe-
nolics. It also catalyzed the demethoxylation and deoxy-
genation reactions of the primary phenolics to produce 
alkylphenols [67]. Temperatures between 300 and 1000 ℃ 
were used throughout the pyrolysis process. In this process, 
various products, including carbon, biochar, bio-oil, and 
modified biochar, are usually obtained.

3.4  Comparision of CA and PA processes

CA and PA are the two main ways used to activate the car-
bonized material. The raw material is activated in the PA 
process following the carbonization of the porous structure 
that has formed both inside and outside of the carbon mate-
rial. Typically, activation is carried out in anaerobic condi-
tions at temperatures between 800 and 1000 °C to reduce 
carbon loss. Using an inert gas as a protective heat source, 
chemical agents are introduced to the raw materials in the 
CA process before being heated. The carbonization and 
activation steps advance simultaneously in this preparation 
procedure. Among these processes are taking advantage of 
CA compared to PA processes, lower treatment temperature, 
shorter treatment times, as well as products with high BET 
surface area and well-developed pore structure [69]. Eco-
friendly and simple to recover by simply dissolving the salts 
in water and recycling them back into the process, is one of 
the CA reagents [70]. In the CA method has been obtained 
the SSA of 736.2 m2/g and PA method contains 410.84 
m2/g. During the preparation of AC, PA, CA, and pyroly-
sis are very common processes. The CA approach, which is 
more popular, offers a higher AC yield than the PA method 
at a more suitable temperature. It also produces less envi-
ronmental pollution. Steam or CO2 are used as activating 
agents in PA. The CO2 activation produces microporous car-
bons, whereas steam activation produces meso and macro-
porous carbons. The activation is affected by variables such 
as activation temperature and time. The variable activation 
time and temperature caused a considerable change in the 
textural features and CO2 capture capacity of the produced 
ACs. Prolonged activation time resulted in pore damage, 
reducing the surface area, and pore volume.

4  Applications of WS

For the two types of adsorption processes, chemical and 
physical adsorption, specific surface chemistry is necessary. 
Physical adsorption uses a very weak van der Waals force 
in place of the chemical force that is said to be present in 
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surface area and high adsorption capacity. An alternative 
to the adsorption technique, which uses limited organic 
resources like coal or wood, is to employ biomass waste 
from WS to prepare AC [89].

To remove dyes like CR, MB, CV, RR2, and others, pro-
cessing biomass waste (from WS) to generate AC is one 
possibility. WSAC was prepared with ZnCl2 to study MB 
and CR dye removal. The adsorption of MB and CR dyes 
on WSAC was measured at different (i) temperatures (298–
318 K), (ii) pHs, (iii) amounts of adsorbent, (iv) rate, and (v) 
contact time. The adsorption capacity for all the dye mol-
ecules was analyzed. Noteworthy to mention that there is a 
decrease in the adsorption parameter when the temperature 
is increased during these degradation/adsorption processes. 
WSAC adsorbs CR and MB with an adsorption capacity of 
442.56 mg/g over a pH range of 7 at a reported stirring speed 
of 300 rpm (Fig. 5) [70]. In a different approach, MB was 
adsorbed at pH 7 at a stirring speed of 270 rpm, and an AC 
dosage of 0.75 g/L. The AC showed an adsorption capac-
ity of 315 mg/g and 99% efficiency. The isotherm of this 
heterogeneous surface adsorption was determined by the 
Redlich-Peterson model [90]. Appealingly, AC was spon-
taneously prepared through WS, and its RR2 adsorption 
aptitude was investigated in an aqueous solution. Different 
adsorption doses (0.5–2.0  g) of AC were applied and the 
Langmuir adsorption isotherm at 25 °C was analyzed [91].

4.1.2  Purging of HMs

Nowadays, the increasing concentration of HMs causes the 
most serious environmental threat due to their toxic nature. 
HMs are described as metallic elements, with high specific 
density (5.0 g/cm3) than that of water, and are non-biode-
gradable [92]. Pb2+, Cd2+, Hg2+, As3+, etc. are examples of 
HMs [93]. HMs can be found in wastewater from indus-
try [94] and overcome by the adsorption, ion exchange 
process, etc. The maximum adsorption capacity of HMs 

the removal of HMs through several conventional methods 
such as chemical precipitation, ion exchange, and adsorp-
tion by AC.

The method of adsorption has been widely used due to 
its low cost and high efficiency. The sorption process by 
using bio-sorbent is based on the use of organic sorbents, 
for example, agricultural residues, and microbial and algal 
biomass [85]. The functional groups including carboxyl, 
hydroxyl, sulfhydryl, and amide present on the surface of 
biomaterials are responsible for the sorption of metal ions 
from wastewater [86]. In adsorption studies, most of them 
show the removal of a single HM from the aqueous solu-
tion and are carried out by parameters and mechanisms of 
kinetic, isotherm, and thermodynamics. In this section, we 
summarize the removal of various dye molecules, and HMs 
by using WS through adsorption processes.

4.1.1  Removal of various dye molecules

Natural dyes produced from shells, flowers, roots, insects, 
and even insects have been used by humans to color cloth-
ing, animal hides, and food. However, the majority of the 
utilization of natural colors has been replaced by inexpen-
sive and mass-produced synthetic dyes [87]. When it comes 
to the various organic compounds discharged into industrial 
effluents, dyes, and pigments are by far the most prevalent 
and harmful water pollutants. Dyes are manmade chemi-
cal compounds with a specified color that can chemically 
bond to the substrate (such as fiber, paper, or fur) to impart 
a beautiful color [78]. More than 10,000 dyes are now used 
in the textile, paper, cosmetic, and food industries, produc-
ing a considerable volume of dye effluent [88]. Even at 
low concentrations, several of these effluents are extremely 
dangerous and can cause cancer and mutagenesis in both 
humans and aquatic life [83]. The most common and effi-
cient method for removing color is adsorption, where AC is 
usually employed as an adsorbent because of its substantial 

Fig. 5  X-ray mapping of sulfur 
on the surfaces WSAC after the 
adsorption of (a) MB, and (b) 
CR [75]
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techniques have been used to extract Cu2+ from wastewater. 
After being chemically altered to insert or inhibit its sur-
face functional groups, WS-based AC was successfully used 
by Xie et al. [107]. The contribution of various functional 
groups on AC to the adsorption of Cu2+ was assessed, and 
the findings from the adsorption equilibrium fit the Lang-
muir isotherm well. The Oxidised Activated Carbon (OAC) 
has a maximum Cu2+ capacity of 89.29 mg/g. Furthermore, 
it was discovered that the kinetic data at 20 ± 1 °C followed 
the pseudo-second-order model.

Though Ni2+ is occurring in a very low quantity in the 
environment, it is an essential element for some animal 
species. The nutrients with Ni2+ must be consumed daily 
in amounts of approximately 170 g by humans [108]. The 
main sources of Ni2+ include dust from volcanic emissions 
and the weathering of rocks and soils [109]. Inorganic fertil-
izers, particularly, phosphate fertilizers have variable levels 
of Ni2+ depending on their resources [110]. The deficiency 
of Ni2+ seriously affects human health such as allergies, car-
diovascular and kidney diseases, lung fibrosis, and lung and 
nasal cancer [111, 112]. Georgieva et al. studied disposing 
of industrial wastewater, the removal of Ni2+ by adsorption, 
the mechanism of isotherm, and kinetic and thermodynamic 
reactions of the adsorption process [113]. Thus, the removal 
of Ni2+ using bio-char of WS-biochar adsorbent (WSBA) 
shows a good fit with the Toth isotherm model, kinetics fol-
lowing pseudo-second-order, and thermodynamic reaction 
is spontaneous or exothermic (Fig. 6b). Further, adsorbate 
dosage, temperature, and adsorption capacity are found as 
6.53 g/L, 288 to 303 K, and 13.25 mg/g, respectively.

The earth’s crust contains the element Cr3+, which can 
exist in oxidation states (also known as valence states) rang-
ing from Cr3+ to Cr6+ [92, 114]. Cr6+ differs from Cr3+ in 
terms of its characteristics. Cr3+ is less hazardous than Cr6+ 
because it is insoluble, mostly present in organic stuff, and 
stationary in ambient settings. Since Cr6+ is more soluble, 
mobile, and poisonous than Cr3+, it has more detrimental 
effects on both people and animals [115]. The WHO recom-
mends ranges of 0.03–0.13 µg/kg and 20–30 µg/l of Cr3+ 
as acceptable daily doses per kilogram of body weight and 
normal blood concentration, respectively [116]. Even Cr6+ 
is harmful to people if consumed in big dosages and at high 
concentrations. Both humans and animals may pass away 
from exposure to hexavalent Cr6+, which is a powerful, 
exceedingly deadly carcinogen [117]. Yet, the use of Cr6+ 
in numerous industrial processes including textile dyeing, 
electroplating, leather processing, steel manufacturing, and 
the tanning industry leads to the release of effluents that 
contain chromium. In the end, this causes a significant rise 
in chromium content in the environment [118]. Nethaji et 
al. [119] prepared the AC by different impregnation with 
NaOH ratios of 1:1, 1:3, and 1:5. The different ratios of AC 

using WS following this order are Cd (76.9  mg/g) > Fe 
(62.6  mg/g) > Cu (38.8  mg/g) > Zn (33.3  mg/g) > Ni 
(29.4 mg/g) > Mn (28.6 mg/g) and these are confirmed by 
SEM micrographs [95].

Hg2+ is one of the most harmful HM in the environment. 
As a key component of both organic and inorganic mer-
cury, Hg2+ can interact with the cysteine in human proteins 
to form CH3Hg and cause substantial bioaccumulation in 
food chains [96]. Human carcinogenesis, renal dysfunction, 
lung damage, and a variety of syndromes can occur when 
the dosage of Hg2+ is increased [97]. On the other hand, 
Hg2+ has been used for the treatment of syphilis, calomel 
(Hg2Cl2) has been used as a diuretic, and mercury amal-
gam is still used to fill teeth cavities [93]. As per the World 
Health Organization (WHO) report, the maximum permis-
sible Hg2+ concentration in wastewater and drinkable water 
is 5.0 and 1.0 g/L, respectively [98]. Compared with other 
methods, adsorption methods for removing Hg2+ ions from 
wastewater provide several advantages. Wide pH range, low 
cost, strong metal binding capabilities, and simple operat-
ing conditions are some of its most advantageous features, 
which may afford high removal efficiency [99]. M. Zabihi 
et al. utilized powder-activated carbon (PAC) derived from 
the WS for the removal of Hg2+ in an aqueous solution 
[100]. This adsorption process is well fitted by pseudo-sec-
ond-order kinetic and Langmuir isotherm models with an 
adsorption capacity of 151.5 and 100.9 mg/g, respectively, 
at 29 °C, pH 5, and an adsorbate dosage of 0.05 g/L. Asl 
et al. also carried out the removal of Hg2+ using carbona-
ceous adsorbents derived from Iranian WSs which was 
prepared by the CA method using ZnCl2 as an activating 
reagent [101]. It was determined that the adsorption mecha-
nism follows both Langmuir and Freundlich isotherms as 
well as pseudo-second-order kinetics. The suitable prepara-
tion condition resulted in microporous AC with a density of 
0.45 g/cm3, BET surface area of 780 m2/g, and adsorbate 
dosage of 9.7–10.7  g/L at pH 5. The monolayer sorption 
capacity of this superior adsorbent was determined to be 
151.5 mg/g at 29 °C.

The production of chlorophyll, photosynthesis, respira-
tory electron transport chains, oxidative stress defense, and 
the metabolism of proteins, carbohydrates, and cell walls all 
depend on naturally occurring Cu2+ in plants [102]. Cu2+ 
pollution of plant and human ecosystems is rising. Cu2+ 
in drinking water is only allowed up to 0.05 mg/L [103]. 
It causes mental difficulties, heart issues, sleeplessness, 
autism, stuttering, and other issues over this level [104, 
105]. Mining, the burning of fossil fuels and waste, resi-
dential wastewater, landfills, the manufacture of phosphate 
fertilizer, the manufacturing of wood, volcanoes, wind-
blown dust, sea spray, forest fires, and decaying vegetation 
are the main sources of Cu2+ [106]. Owing to this, various 
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using a variety of biomass materials and WS as adsorbents 
[122]. Yi et al. investigated the equilibrium and kinetics of 
Pb2+ adsorption onto Chinese WS-AC (CWSAC) [123]. The 
adsorption isotherm was defined by the Langmuir equation 
over the initial Pb(II) concentration range. The maximum 
Pb2+ adsorption capacity calculated from the Langmuir 
model was 81.96 mg/g.

Cd2+ has an atomic number of 48 and a specific density 
of 8 g/cm3, is listed in the periodic table’s 12th group, and 
has an electronegativity of 1.69 [124]. Even though Cd2+ is 
incredibly rare in the earth’s crust, numerous human activi-
ties such as mining and smelting, application of sewage 
sludge and compost, and the use of fertilizers, pesticides, and 
insecticides, have led to elevated Cd2+ soil concentrations 

and NaOH showed different adsorptive properties. Among 
the three ratios, 1:5 has good chromium adsorption capac-
ity with the fitting mechanism of D–R isotherm, pseudo-
second-order, and thermodynamic adsorption process was 
an endothermic reaction.

Owing to a lack of biodegradation and the potential of 
HMs like Pb2+, there is a risk concomitant with their pres-
ence in the water [120]. Pb2+ has the worst effects on human 
health. But, Pb2+ is used in industries like the preparation of 
batteries, paints, and other products. Domestic uses include 
cooking and adulteration [121]. The removal of Pb2+ from 
surface water through adsorption using traditional coagula-
tion techniques is a promising and economical method. Pb2+ 
from aqueous solutions has been recovered or removed 

Fig. 6  (a) Removal efficiency of Cu2+ using walnut carbon [107], and (b) adsorption of Ni2+ onto WSBA under different experimental parameters 
[113]
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This adsorption process follows Freundlich’s isothermal 
and pseudo-second-order kinetics [134]. All the experimen-
tal parameters utilized during these aforementioned dyes, 
HMs, and organic matter adsorption by WS-based carbon 
materials are summarized in Tables 2 and 3.

4.2  Supercapacitor application

Due to the world economy’s rapid expansion, there is a 
large rise in the usage of fossil fuels, which results in two 
key related problems. The rapid depletion or exhaustion 
of the world’s fossil fuel reserves is the first problem. The 
second concern is related to environmental issues, such as 
general air and water pollution and rising greenhouse gas 
emissions [135]. Electric double-layer capacitors (EDLCs), 
also known as supercapacitors (SCs), or rapid surface redox 
reactions (named pseudocapacitors) are two ways that 
supercapacitors (SCs), also referred to as ultracapacitors, 
store energy. They have a substantially higher capacitance 
than regular physical capacitors as electrochemical energy 
storage devices [136]. Supercapacitors have a substantially 
higher power/energy density and charge/discharge rate than 
other batteries. This supercapacitor is divided into three 
types, namely, EDLC, pseudocapacitor, and hybrid superca-
pacitor. Each type of supercapacitor uses different materials, 
for example, EDLC uses carbon materials, a pseudoca-
pacitor uses metal oxide (MO), and polymers and a hybrid 
supercapacitor uses both EDLC and pseudocapacitor mate-
rials [137]. Using carbon materials, an EDLC contains a 
high surface area, good specific capacitance, and long-life 
cycling stability [138].

[125]. Cd2+ is highly mobile in the soil-plant system, which 
makes it simple for plants to absorb [126]. Cd2+ is poison-
ous and can build up over time in the environment and liv-
ing things [127]. Research on the negative consequences 
of ambient Cd2+ contamination on health, particularly its 
adverse effects on bone and kidneys, is plentiful [128]. The 
carbon material produced from WS adsorbed Cd2+ in 0.1 g 
of adsorbent dosage, at a pH range of 6–10, with 50.9% effi-
ciency was reported [129].

4.1.3  Elimination of organic compounds

Organic water contamination from substances like polycy-
clic aromatic hydrocarbons is a significant global problem 
[130]. The primary anthropogenic sources of polycyclic 
aromatic hydrocarbons (PAHs) in the environment are com-
bustion, waste incineration, and filtration, petroleum and 
petrochemicals, automobile exhaust, and the manufacture 
of coke, asphalt, coal tar, and carbon black [131]. PAHs 
can enter natural water bodies through atmospheric fallout, 
urban runoff, municipal sewage, industrial runoff, and oil 
spills or spills [132]. Several methods such as chlorination, 
oxidation, ultrasonic irradiation, adsorption, etc. have been 
proposed to remove PAHs from wastewater. Among these 
methods, adsorption is widely used due to its high removal 
efficiency of organic compounds in wastewater [133]. The 
adsorption process is intended to remove organic matter 
such as naphthalene and phenanthrene by using AC and 
modifying the parameters. The adsorption parameters were 
set as pH 3, 10 mg/l adsorbent dosages, and 170 rpm stirring 
speed, with adsorption capacities of 93.62, and 145.62 mg. 

Table 2  Optimum experimental condition for the removal of dyes, HMs, and organic matter using AC
S.No. Adsorbate pH Adsorbent (AC)

dosage
Temperature Agitation 

speed 
(rpm)

Contact 
time (min)

Efficiency 
(%)

Ref.

1. Cr2+ 2 100 mg/l 313 K 200 99%  [18]
2. Fe2+ 4.5 100 mg/l 313 K 200 96.2%  [18]
3. CR & MB 7 0–100 & 0–50 mg/l 298 K &

318 K
300 540 min  [75]

4. MB 7 0.75 g/L 450 °C 270 24 h 99%  [90]
5. RR2 6.7 0.5 to 2 25 °C  [91]
6. Hg2+ 5 0.05 mg/l 29 °C 720 60 min 90%  [100]
7. Hg2+ 5 9.7–107 mg/l 25 °C 720 60 min  [101]
8. Cu2+ 1–6 25 mg/l 20 ± 1 °C 150 6 h  [107]
9. Ni2+ 6.5 3 g/L 288 to 303 K 300 120 min  [113]
10. Cr2+ 2 1.5 g/150 ml 300 K 150 24 h  [119]
11. Pb2+ 5.5 2 g/l 25–55 °C 140 150 min 94.12%  [123]
12. Pb2+ 6–10 0.1 g Ambient temperature 96%  [129]
13. Cu2+ 7 0.1 g Ambient temperature 97.5%  [129]
14. Zn2+ 6–10 0.1 g Ambient temperature 71%  [129]
15. Cd2+ 6–10 0.1 g Ambient temperature 50.9%  [129]
16. Naphthalene & 

Phenanthrene
3 10 mg/L 25 °C 170 160 min  [134]

1 3

903



Adsorption (2024) 30:891–913

Xu et al. prepared a porous carbon material by hydrother-
mal method and conducted symmetric all-solid-state elec-
trode system studies using polyvinyl alcohol (PVA)/KOH 
gel electrolyte [45]. This system shows a specific capaci-
tance of 255 F/g at a current density of 0.5 A/g and 96% 
retention in the 3000 cycles shown. In another method, a 
porous carbon was prepared by the CA method using KOH 
[139]. In this system, chemical activation of porous car-
bon has shown a good specific capacitance of 186.68 F/g 
at 0.5 A/g in a 6.0 M KOH electrolyte solution. Moreover, 
this porous carbon showed cycling stability of 20,000 at a 
current density of 2.0 A/g and retention of 100%. Notably, 
bio-char carbon prepared from the WS (ACWS) with a high 
SSA (3577 m2/g) showed a specific capacitance of 330 F/g 
at 0.1 A/g current density and retention of 81% in a 6.0 M 
KOH electrolyte [136].

In another typical approach, upon doping the metal in 
carbon materials, high specific capacitance (462 F/g) was 
achieved at a current density of 1 A/g in the 6.0 M KOH 
electrolyte [140]. Excitingly, this system comprises a high 
surface area (BET is 2635 m2/g) and good retention of 
cycling stability (94.2% at 5000 cycles). Agricultural WS 
biowaste served as a precursor for the KOH activation pro-
cess used to create AC-based compounds. At a current den-
sity of 0.5 A/g in 6.0 M KOH, the AC successfully achieved 
a specific surface area of 1016.4 m2/g and a specific capaci-
tance of 169.2  F/g [141]. At various activation tempera-
tures, it was proposed that biowaste (Wn) could easily be 
converted into porous AC (Wn AC). Wn-600, Wn-700, and 
Wn-800 are further terms for the AC from WSs used to 
make the supercapacitor electrode materials. In the range of 
temperatures 600–800 ºC, Wn-800 had the highest specific 

The MOs are getting very good specific capacitance and 
low stability in cycling. However, ruthenium oxide (Ru2O) 
is the best material for supercapacitors because of its high 
specific capacitance and long-life cycling stability, but it is 
very expensive and toxic. Notably, carbon from low-cost 
materials is non-toxic, provides good specific capacitance, 
and has long-life cycling stability. In addition, the carbon 
that is produced from biomass generates energy that is sus-
tainable and clean. Biomass waste products have attracted 
tremendous attention as carbon sources due to their abun-
dance, sustainability, and low cost. For example, bean 
dregs, dead leaves, waste coffee beans, banana peels, and 
pomelo peels have all been used to prepare carbon materials 
with good electrochemical performances in supercapacitors. 
The biomass-derived carbon materials fabricated to poly-
mer like sulfonated polyaniline (SPANI), increase specific 
capacitance, and well retention performance reported [53]. 
They showed good novelty in hybrid nano-materials pre-
senting carbonized materials from WS and nickel metal-
organic framework (MOF) in SPANI. The asymmetric 
method was utilized for the fabrication of material, WS@
Ni-MOF/SPANI, which exhibits 14 times higher specific 
capacitance than biochar and high cycle stability (reten-
tion rate of 90.4% after 20,000 cycles) (Fig. 7). In addition, 
the assembled asymmetrical supercapacitor (ASC) shows a 
high energy density of 34.79 Wh kg− 1 at a power density of 
824 W kg− 1. It can be concluded that utilizing these biomass 
waste products in this way not only reduces environmental 
waste but also provides new energy storage materials [45]. 
The parameters such as surface area, current density, spe-
cific capacitance, and retention of different biomass carbon 
derived from WS are listed in Table 4.

Table 3  Adsorption capacity, a fitting and kinetic model for removal of dyes, HMs, and organic matters using AC
S.No. Adsorbate qmb Fitting model Kinetics Thermodynamic nature Ref.
1. Cr2+ 43.12 Langmuir and Freundlich Pseudo-nth-order Spontaneous and endothermic  [18]
2. Fe2+ 43.12 Langmuir and Freundlich Pseudo-nth-order Spontaneous and endothermic  [18]
3. CR & MB 281.45 to 442.56 & 

345.17 to 632.13
Endothermic  [75]

4. MB 315 mg/g Redlich - peterson Exothermic  [90]
5. RR2 1 mg Langmuir  [91]
6. Hg2+ 151.5 & 100.9 Langmuir Pseudo–second–order  [100]
7. Hg2+ 151.5 Langmuir Pseudo–second–order  [101]
8. Cu2+ 89.9 Langmuir Pseudo–second–order  [107]
9. Ni2+ 13.25 mg/g Toth isotherm Pseudo–second–order Spontaneous and exothermic  [113]
10. Cr2+ D – R isotherm Pseudo–second–order Spontaneous and endothermic  [119]
11. Pb2+ 81.96 mg/g Langmuir Pseudo–first–order  [123]
12. Pb2+  [129]
13. Cu2+  [129]
14. Zn2+  [129]
15. Cd2+  [129]
16. Naphthalene & 

Phenanthrene
93.62 & 145.62 mg Freundlich isotherm Pseudo–second–order  [134]
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porous carbon material achieved was 557.9 F/g (at 1 A/g) 
and 291.0 F/g (at 30 A/g) in 1 M H2SO4 [146]. Mukhtar et 
al. prepared the graphene-like porous carbon (GLC) from 
WS by carbonization and thermochemical activation pro-
cess, which contains a high specific surface area of 2800 
m2/g and a specific capacitance value of 263 F/g at 1 A/g in 
6 M KOH. The surface area has efficient adsorption of ions, 
which has a positive effect on the capacity for electrochemi-
cal applications including catalysts, fuel cells, sorbents, and 
sensors [147].

The surface area mainly focused on the porous structure 
and porosity within the carbon material. Porosity refers to 
the presence of void spaces in the material and enhances 
the electrochemical performances. The most advantages 
of high surface area are (i) an increase in the electrode-
electrolyte interface (the presence of the porous structure 
provides more active sites for the electrolyte to come into 
contact with the electrode and enhance charge storage) 
[148], (ii) improved ion diffusion (the porous structure help 
to easy diffusion of ions within the electrode material, these 
improve the capacitance and charge/discharge) [149], (iii) 
enhanced accessibility (the interconnected porous provide 
a pathway for electrolyte penetration, leading to improve 
the utilization of the electrode material) [150]. Therefore, 
enhancing the porosity and porous structure in supercapaci-
tor electrode materials is a crucial aspect of optimizing their 
performance. It significantly influences the surface area, 
electrode-electrolyte interface, ion diffusion, and overall 
efficiency of the supercapacitor, making it an area of active 

capacitance, measuring 595 F/g at 1.0 A/g in 1.0 M KOH 
electrolyte [142].

A commercial AC was prepared from WS by using an 
ultrasound-assisted extraction method and applied to pseu-
docapacitance and asymmetric supercapacitor application. 
The prepared AC-WS contains a hierarchical structure, spe-
cific area, and highly porous structure. The structure expands 
the active site of particles and obtains a specific capacitance 
of 248 F/g at a current density of 0.5 A/g. It also improved 
the cyclic stability up to 75% in 3000 cycles [143]. Rohit 
Yadav et al. prepared AC-W from WS biomass with optimal 
activation temperature at 700 ℃ by the CA method. The 
fabricated electrode was employed in a symmetric superca-
pacitor and obtained the high specific capacitance of 50 F/g 
at 1 A/g [144]. The synthesized nanoporous carbon from 
WS modified with NiO was prepared by the thermal activa-
tion method. This nanocomposite forms a uniform size and 
develops a porous structure in carbon material with 2200 
m2/g surface area. The modified AC/NiO electrode obtained 
the specific capacitance of 205  F/g at 500  mA/g in the 
basic medium of 6 M KOH [145]. A hierarchically porous 
structural carbon material was prepared by facile method 
by pyrolyzing C10H14N2Na2O8/KOH (dual-porogen) and 
walnut peel biomass as a carbon source with HCl. Based 
on this synthesis, the hierarchically porous carbon materials 
with a regulated structure with an appropriate pore volume, 
broadened pore-size distribution, ultrahigh specific surface 
area, as well as the effective remarkable capacitor perfor-
mances obtained. The highest specific capacitance for a 

Fig. 7  Asymmetric supercapacitor 
model of WS@Ni-MOF/SPANI 
[53]
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The green synthesis of AC is a good innovative solution 
for exhaustive environmental remediation and energy stor-
age applications. Various studies have been carried out by 
different research groups regarding the production of bio-
mass-derived carbon. A few expansions are proposed for the 
development of resource utilization. Developing biomass of 
carbon composition with improved surface area and pore 
volume by activation process, showing a very good perfor-
mance in adsorption and energy storage applications. During 
the activation by chemicals, harmful gases may be released 
and will affect the environment [155]. The pore characteris-
tics (specific surface area, pore volume, micropore volume, 
and mesopore volume) of the prepared walnut-based AC 
[156–161] are summarized in Table 5.

The relationship between the surface functional groups 
of ACs and their removal capacity of various contaminants 
is significant to describe. Adsorption is based on two pro-
cesses, i.e. chemisorption, and physisorption. Chemisorp-
tion is directly induced by the number of active sites in the 
surface functional group of AC. Physisorption is related to 
weak van der Waals interaction between the target contami-
nant and the adsorbent. These adsorbents do not undergo 
any chemical changes. The removal process depends heav-
ily on electrostatic interactions between cationic dyes, HMs, 
organic compounds, and the functional groups on the sur-
face of the AC. For example, as a cationic dye, MB natu-
rally induces an electrostatic attraction between a positively 
charged object and a negatively charged surface [162]. 
On the other hand, in phenanthrene molecule π-π bonding 
occurs between the C = C double bond or benzene rings of 

research and development in energy storage technologies 
[151]. Interestingly, Table  4 implies that when nitrogen 
or metal are doped into low-cost porous carbon material 
derived from bio-mass, the specific capacitance, surface 
area, and retention of cycling stability increase.

5  Conclusion and future perspectives

Based on the results in this review article, we propose that 
AC is a possible option and has remarkable qualities for use 
in adsorption and energy storage applications [152]. The 
adsorption process carried out with exact adsorbent dosage, 
appropriate contact time, and specific pH showed a very good 
adsorption capacity and followed an interesting mechanism. 
Even though the pH is neutral, AC has worthy dye adsorp-
tion capacity when it is activated by a suitable chemical. For 
example, using H3PO4 (Low SSA), ZnCl2, FeCl3 (dehydra-
tion agent), and KOH, NaOH (High SSA) increases porous 
structure and pore volume [153]. When CA is done purpose-
fully to increase the surface functional group, adsorption is 
carried out at low pH, and with less contact time, a decent 
adsorptive capacity is achieved. Appealingly, the presence 
of ultra-small micropores with a low surface area showed 
outstanding performance in energy storage and adsorption 
applications. In addition, upon doping with different metals, 
the AC materials displayed excellent energy storage capac-
ity. In conflict, whatever AC possesses excellent character-
istics, studies based on its intrinsic properties are lacking 
due to its hydrophobic nature [154].

Table 4  The specific capacitance of different biomass carbon prepared from WS
S.No Precursor Method BET(m2/g)/ 

surface area
Electrolyte Current 

density
(A/g)

Specific 
capacitance
(F/g)

Retention
(%)

Ref.

1. AC CA 2 M KOH 1 A/g 137 F/g 5000 cycles at 96%  [44]
2. PC Hydrothermal PVA/KOH 

gel
0.5 A/g 255 F/g 3000 cycles at 96%  [47]

3. PC CA 1037.31 m2/g 6 M KOH 0.5 A/g 262.74 F/g 3000 cycles at 93.71%  [50]
4. WS@Ni–MOF/SPANI Activation and fabri-

cation to SPANI
6 M KOH 1 A/g 1722 F/g 2000 cycles at 90.4%  [53]

5. ACWS Activation method 3577 m2/g 6 M KOH 0.1 A/g 330 F/g 10,000 cycles at 81%  [136]
6. PC (porous carbon) CA 6 M KOH 0.5 A/g 186.68 F/g 20,000 cycles at 100%  [139]
7. N-PC Hydrothermal and 

Activation method
2635 m2/g 6 M KOH 1 A/g 462 F/g 5000 cycle at 94.2%  [140]

8. AC Activation method 1016.4 m2/g 6 M KOH 0.5 A/g 169.2 F/g 1000 cycle at 94.6%  [141]
9. Wn – AC CA 1 M KOH 1 A/g 595 F/g 6000 cycle at 91%  [142]
10. AC Ultrasound-assisted 

extraction
1055 m2/g 1 M 

H2SO4

0.5 A/g 248 F/g 3000 cycle at 75%  [143]

11. AC CA - 1 M NaOH 1 A/g 50 F/g -  [144]
12. AC/NiO Thermal activation 2200 m2/g 6 M KOH 500 mA/g 205 F/g 2000 cycle at 98%  [145]
13. AC Pyrolyzing 2165.60 m2/g 1 M 

H2SO4

1 A/g 557.9 F/g 10,000 cycle at 88.7%  [146]

14. GLC Thermochemical 
activation

2800 m2/g 6 M KOH 1 A/g 265 F/g 5000 cycle at 99.4%  [147]
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nanocomposites for photocatalytic and energy storage appli-
cations are underway.
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