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AbstractAdsorption is a prominent and cost-effective water treatment method that has been used to remove a vari-
ety of contaminants due to its efficacy, ease of use, and environmental friendliness. Biosorbents developed from agri-
cultural wastes have been extensively studied. This review gives insight into the potential of carbonaceous coconut
shells as a source of biomass material to prepare adsorbents for wastewater treatment. The feasibility of coconut shells
as a precursor material is beneficial for extensive industrial-scale applications due to their natural properties and long-
term availability. This review article also illustrates the excellent adsorption performance of adsorbents derived from
coconut shells that can be an alternative precursor to commercial carbons with a high market price. This review points
out the applications of coconut shell-based adsorbents in removing a wide range of contaminants and actual industrial
wastewater. Additionally, literature shows that modified coconut shell-based adsorbents show better adsorption perfor-
mance in removing hazardous pollutants due to enhancement in adsorbents’ structural characteristics. The discussion
on the environmental and economic perspectives on utilizing coconut shell-based adsorbents is also of the highlights of
this review. It is prospective for industries to explore converting agricultural wastes into low-cost green adsorbents for
wastewater treatment.
Keywords: Biosorbent, Waste Biomass, Heavy Metal, Wastewater, Adsorption

INTRODUCTION

The agricultural sector is crucial to economic transformation as
it is a powerful tool for ending poverty, providing food security and
raw materials for various applications [1]. The agriculture sector’s
contribution to Gross Domestic Product (GDP) at the ASEAN
level ranges from 0.03 to 22.8% and Malaysia is ranked eighth out
of all the ASEAN countries. In 2020, the agriculture sector con-
tributed 7.4% to Malaysia’s GDP. The total agricultural exports
increased to RM118.6 billion in 2020 from RM115.5 billion in the
previous year [2]. Therefore, the agriculture sector has been indi-
cated as a potential source of high capital investment and employ-
ment opportunities. However, agricultural activity is one of the main
sectors that produce significant waste from their multiple processes,
including preparation, storage, processing, depending on the agri-
cultural products. Agricultural solid wastes can be classified into
food processing solid waste, crop production solid waste, chemical
waste, and industrial agricultural solid waste. About 1.2 million tons
of agricultural wastes are disposed of in Malaysia’s landfills annu-
ally. And Malaysia is expected to generate 0.21 kg/cap/day of agri-
culture waste in 2025 [3]. Malaysia is the second largest exporter
or producer of palm oil in the world, which recorded 99.07 mil-
lion tons in 2019 [4]. The massive plantation of oil palm accounts
for about 5.4 million hectares contributing to about 90% of over-

all lignocellulosic biomass wastes in Malaysia [5]. Besides oil palm,
Malaysia is also one of the important exporters of coconut prod-
ucts. The production of coconuts is mainly for heat and electricity
supply, organic fertilizer, animal feeds, health drinks, etc. However,
most of the biomass residues are not treated properly but aban-
doned at the site to decompose naturally or subjected to open burn-
ing, which causes severe water and air pollution [6]. To overcome
the challenges in handling the waste disposal problem, the approach
of converting these biomass wastes into significant materials for
industrial application has been dedicated. With this, sustainable
energy can be maintained and cleaner environment can be sus-
tained.

Recently, agricultural wastes have been widely explored as a pre-
cursor in developing green adsorbents for wastewater treatment
due to environmental considerations. There are several methods
mainly used for wastewater treatment, including coagulation, floc-
culation, Fenton-like process, nano-filtration, osmosis, and adsorp-
tion [7]. Among all the techniques, adsorption process shows ex-
cellent potential in recalcitrant wastewater treatment because of its
practicality, simplicity, cost-effectiveness, and sludge-free method
[8-12]. Many conventional sorbents, including zeolite, fly ash, chi-
tin, and activated carbon (AC), have been utilized for wastewater
treatment. Among them, AC is preferred due to having various
functional groups on surface, large surface area, and high porosity.
Any low cost and eco-friendly materials that are rich in carbon con-
tent and have low ash content can be developed as carbon-based
adsorbent for wastewater remediation. Different types of agricul-
tural wastes have been utilized for the scavenging of dyes from
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wastewater under different operating conditions. The potential of
pomegranate fruit peels has been investigated as a low/zero cost
precursor to develop AC for sequestering Methylene Blue (MB)
dye from aqueous solution, as reported by Ahmad et al. [13]. More-
over, effective removal of Crystal Violet (CV) dye by biochar devel-
oped from mango leaves has been also reported by Vyavahare et
al. [14]. This study howed that 99.85% of maximum CV dye ad-
sorption achieved by biochar derived from mango leaves, which
justified the potential of mango leaves as a feedstock mterial to
treat contaminated wastewater. Oribayo et al. [15] and Hoang et al.
[16] utilized coconut shell (CS) as a source of material to develop AC
for the removal of MB and Rhodamine B dyes with cationic prop-
erties. The maximum adsorption capacity of MB and Rhodamine
B dyes over coconut shell activated carbon (CSAC) was 320.5 mg/g
and 94.08 mg/g, respectively. Other than dyes, the ability CS-derived
adsorbent to remove sodiumdodecyl benzene sulfonate [17], lead
(II) ions [18] and POME [19] from aqueous solution has been stud-
ied by in the past years. These studies revealed that CS demon-
strated good adsorption performance on the removal of these
chemical substances due to its excellent natural structure. All of
these studies showed that biomass wastes can be alternative pre-
cursors to existing commercial carbons for recalcitrant wastewater
treatment.

Chemical structures such as pores, hydroxyl group, methyl group,
and carbonyl group add value to the utilization of agricultural CS
[20]. CS also has a high content of carbon, is abundantly available,
with low ash level, high volatile content, and high hardness, which
validates that it is a suitable precursor to develop biomass based
adsorbents [21]. Therefore, this article reviewed the recent advances
of carbonaceous CS as a precursor in synthesizing adsorbents to
remove pollutants from wastewater. This review also focuses on
providing the different synthesis methods of CS-based adsorbents.
In addition, it gives insight into the overview of significant effects
of modification on the adsorbent structure, such as changes in total
pore volume, specific surface area, removal percentage, and adsorp-
tion capacity in removing pollutants. Lastly, this review summa-
rizes the environmental and economic perspectives of utilizing
CS-based adsorbents.

BIOMASS-BASED ADSORBENT

Agricultural and plant-based wastes have shown good bio-sorp-
tion potential for heavy metal ions, dyes, persistent organic pollut-
ants, pesticides, pharmaceutical waste and other recalcitrant pollu-
tants. Some important features of biomass waste make it an ideal
option for developing adsorbents, including the presence of cellu-
lose, hemicellulose, and lignin [22]. Cellulose and hemicellulose
contain hydroxyl, ether, and carbonyl functional groups, which are
highly biodegradable, reusable, high melting point polymers and
insoluble in most solvents due to the high crystallinity of struc-
ture and hydrogen bonding that links the structure. Additionally,
carbonyl, methoxyl, and hydroxyl groups are important in deter-
mining the hydrophobicity or hydrophilicity of adsorbents and
their adsorptive mechanism [23]. Therefore, all these functional
groups play a significant role in achieving high dye adsorption. Vari-
ous types of biomass wastes, including biomass leaves, fruit peels,

crop stalks, and seed/nutshells, are widely used to synthesize bio-
sorbents.

Guerrero-Coronilla et al. [24] studied the preparation of adsor-
bents from water hyacinth leaves to treat anionic amaranth dye
along with the isotherm, kinetic and thermodynamic studies. They
reported that 70 mg/g of maximum biosorption capacity was
achieved using an adsorbent developed from water hyacinth leaves
[24]. The Langmuir isotherm and pseudo-second-order kinetic
model best represented the equilibrium data, which suggests a mono-
layer chemisorption process on the homogeneous layer. The posi-
tive values obtained for the changes in activation enthalpy and Gibbs
free energy revealed that the process was endothermic and non-
spontaneous. This study showed that water hyacinth leaves are a
promising candidate to become a precursor during the synthesis
of AC because they can remove both organic and inorganic com-
pounds. Besides dye removal, Riyanto and Prabalaras [25] reported
that AC developed from water hyacinth leaves via physical and
chemical activations successfully removed heavy metals such as
Co(II) with a maximum adsorption capacity 140.725 mg/g. Iso-
therm and kinetic studies revealed that the Co(II) adsorption by
water hyacinth leaves-based AC, multilayer, and chemisorption
was predominant. From the results obtained, it can be concluded
that water hyacinth leaves based AC can reduce the concentration
of heavy metals ions Co(II).

Moosa et al. [26] studied the adsorptive removal of lead ions
(Pb2+) using a green adsorbent synthesized from aloe vera leaves.
The surface chemistry of adsorbent developed from aloe vera leaves
shows the presence of H-bonded acetyl, carboxyl, phenolic, and
amine groups. The maximum adsorption efficiency for removing
lead ions was 97.29% and 97.28% for non-modified aloe vera AC
(2.2 g, pH 5 and 6 hr) and modified aloe vera AC (1.6 g, pH 5 and
6 hr), respectively, at optimum conditions. On the hand, aloe vera
leaves can treat toxic aniline, methylene blue (MB), and methyl
orange (MO) dyes from aqueous solution with maximum adsorp-
tion capacity of 185.18, 129.87, and 196.07, respectively, as reported
by Khaniabadi et al. [27]. Similarly, SEM analysis of chemically acti-
vated aloe vera AC with H2SO4 activation shows a regular porous
structure with a larger surface area and subsequently more active
sites in the adsorbent surface than non-modified aloe vera AC. These
studies show that chemically modified AC of biomass leaves recorded
higher surface area and adsorption properties than non-modified
material.

On the other hand, Ahmad et al. [28] synthesized AC from lem-
ongrass leaves and chemically activated it with NaOH solution to
exclude MB dye. The surface morphology of lemongrass leaves
char showed that the pores were not well developed with a rough
surface. But the surface morphology of chemically activated lem-
ongrass leaves-based adsorbent revealed that the chemical activa-
tion process has resulted in the formation and widening of the AC
pore. The enhancement in structure porosity and surface area is
advantageous in achieving excellent MB dye adsorption perfor-
mance Adsorption study showed that lemongrass leaves AC achieved
342.9 mg/g of MB dye adsorption capacity. This study concluded
that chemically modified lemongrass leaves AC can perform the
MB dye adsorption process better than non-activated lemongrass
leaves char. Do et al. [29] also prepared AC from Moringa oleifera
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leaves with NaOH activation to treat MB dye. Similarly, the sur-
face morphology showed that un-activated Moringa oleifera leaves
have a less porous surface. But the SEM analysis showed that Mor-
inga oleifera leaves AC with chemical activation have a honey-
comb structure with large pores on the surface, which leads to a
larger surface area for adsorption. The chemically activated Mor-
inga oleifera leaves achieved 136.99 mg/g of MB dye adsorption
capacity, the overall process was exothermic, and physisorption
was predominant. These studies have proven that chemical activa-
tion is significant in developing the porous structure of biomass
leaves-based AC to remove recalcitrant pollutants effectively.

Besides leaves, researchers also widely explored fruit peels, which
are biodegradable, non-toxic, and abundant to synthesize adsor-
bents for dye adsorption [30]. For example, Fernandez et al. [31]
studied the preparation of AC from orange peel through H3PO4 acti-
vation to remove MB and Rhodamine B dyes. The surface chem-
istry of H3PO4-treated orange peel AC shows the strong vibrations
of H-bonded O-H from phenols or alcohol and carboxyl groups,
carboxylate groups and ester groups. They reported that the BET
surface areas exhibited by raw orange peel precursor and H3PO4-
treated orange peel AC were 1.1 m2/g and 1,090 m2/g, respectively.
Besides, 1.2×103 and 1.2 cm3/g of pore volumes were recorded for
raw orange peel and H3PO4-treated orange peel AC. These results
showed a significant porous structure development during the
H3PO4 treatment, which benefits the MB and Rhodamine B dye
adsorption. On the other hand, Dey et al. [32] studied ammonia
and nitrate removal by utilizing a biosorbent developed from bio-
mass orange peel. Similarly, the surface chemistry of orange peel
biosorbent shows the presence of hydroxyl, carbonyl, amine and
aromatic groups, which are crucial in removing ammonia and nitrate
molecules from an aqueous solution. They reported that the sur-
face area achieved was up to 45.42 m2/g, and pore volume of up to
0.512 cm3/g was exhibited by orange peel biosorbent. These stud-
ies showed that hydroxyl and carbonyl groups have a high affinity
toward pollutants. Thus, it can be concluded that these significant
functional groups contribute to the attraction of pollutants by adsor-
bents through binding and trapping.

Ahmad et al. [13] studied the development of AC from pome-
granate peel using CO2 gasification and chemically activated with
KOH for MB dye adsorption. The surface morphology analysis
showed that the raw pomegranate peel had a rough and non-porous
surface. But widening and enhancement of pores were identified
in modified pomegranate peel AC. The surface area of raw pome-
granate peel was 1.01 m2/g and 845.96 m2/g for modified pome-
granate peel AC. This study showed that modified pomegranate
peel AC has a higher porosity than raw peel, thus enhancing the
MB dye adsorption. On the other hand, AC developed from pome-
granate peel using potassium carbonate (K2CO3) as an activating
agent able to adsorb CO2 with a high adsorption capacity (717 mg/
g), as stated by Saadi et al. [33]. Based on the surface morphology
analysis, the non-modified pomegranate peel was uneven and
rough. However, numerous cavities were discovered on the modi-
fied pomegranate peel AC’s external surface, which increases the
porosity of the adsorbent. The BET surface area achieved by mod-
ified AC developed from pomegranate peel was up to 1,860 m2/g.

Moreover, hard shells such as walnut and coconut shells (CS),

which are highly degradable, have high regeneration capacity and
low cost, have been used for adsorbent preparation. Dahri et al.
[34] studied adsorbent preparation from walnut shells to remove
malachite green (MG) dye and isotherm; kinetic and thermody-
namic studies were investigated. Characterization of walnut shells
showed hydrogen (5.63%) and carbon (48.46%) groups, which are
important for dye adsorption. The walnut shell successfully removed
MG dye with a maximum adsorption capacity of 90.8 mg/g (dos-
age: 0.03 g/20 mL, pH: 5, agitation rate: 250 rpm, time: 2 h) under
optimum conditions. Experimental data on MG dye adsorption
revealed that MG dye adsorption is a spontaneous monolayer
chemisorption process and endothermic. On the other hand, wal-
nut shells also can remove other dyes, such as MB dye, based on a
study reported by Uddin et al. [35]. The elemental analysis showed
the existence of carbon (45.93%) and oxygen (54.07%) in the wal-
nut shells, which helped enhance the adsorption property of wal-
nut shells towards MB dye molecules.

Similarly, MB dye adsorption follows a monolayer pattern of
the chemisorption process. In addition, the exothermic and spon-
taneous MB dye adsorption process was also concluded from the
study. These studies have proven that walnut shell is a promising
biomass material to prepare adsorbents for the removal of recalci-
trant pollutants from aqueous solutions.

Oribayo et al. [15] studied the MB dye adsorption using AC
developed from CS with zinc chloride (ZnCl2) activation. Based on
the surface morphology analysis, the surface of non-activated CS
has low porosity. On the other hand, the surface of AC has high
porosity after activation of CS. The maximum MB dye adsorp-
tion capacity achieved by CSAC was 320.5 mg/g under optimum
conditions (pH: 7, dosage: 0.02 g, and contact time: 4.5 h). The iso-
therm, kinetic and thermodynamic studies revealed that MB dye
adsorption by ZnCl2-treated CSAC was spontaneous monolayer
chemisorption process and endothermic. On the other hand,
Aljeboree et al. [36] stated that CS could treat textile dyes (maxi-
mum blue GRL and direct yellow DY 12 dyes) from contaminated
solutions. The surface morphology of CSAC was well developed
with a significant pore, which enhances the adsorption of textile
dyes. Fritz-Schlunder isotherm and pseudo-second-order kinetic
model best described the experimental data at equilibrium, which
suggested that chemisorption is predominant. The thermodynamic
study demonstrated that the textile dye’s adsorption was exother-
mic and spontaneous. The literature revealed that biomass wastes
are promising biomaterial for synthesizing biosorbents for recalci-
trant wastewater treatment. Modifying the biosorbents greatly
affects the surface chemistry and morphology of the structure,
which significantly enhances the affinity of biosorbents toward
pollutants.

CARBONACEOUS MATERIAL FROM
COCONUT SHELL

Coconut trees are abundant in Asia and South America, with a
total global production of up to 62.5 million metric tons in 2019.
Coconut fruits are processed into different products, including coco
fibre, desiccated coconut, cosmochemical, coconut oil, and nata de
coco. In 2019, Malaysia ranked as the 10th largest world coconut
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producer with a production of 0.54 million metric tons of coconuts
[37]. According to the Department of Agriculture of Malaysia
(2017), Selangor with the highest production amount of coconut
(99,674tons/year), Johor with the second-highest production amount
(95,677 tons/year), followed by the third highest coconut produc-
tion state, Perak accounted for 87,890 tons/year in the year 2016.
However, the high production of coconuts leads to high genera-
tion of coconut shell wastes.

CS is composed of lignin, hemicellulose, and cellulose. These
components comprise hydroxyl and carboxyl groups that are essen-
tial for adsorption [38]. Therefore, CS can be a precursor for pro-
ducing AC and graphene materials besides being used for handicrafts
and as firewood for cooking. Gunawan et al. [39] reported that CS
adsorbent obtained a surface area of 220.47 m2/g with a pore vol-
ume of 0.201cm3/g. The result of surface area analysis of the CSAC
indicated that CS is classified as macropores. Besides, the pres-
ence of the C=O indicates that CSAC contains active carbon sub-
stances, which help to improve the adsorption performance. On
the other hand, Sujiono et al. [40] used CS waste in South Sulawesi
province, Indonesia, to produce AC with the aid of different acti-
vating agents, including alkaline earth metal salts, phosphoric acid
(H3PO4), sodium hydroxide (NaOH), and zinc chloride (ZnCl2).
The surface area analysis shows that CS with NaOH activation
had the highest surface area value (516 m2/g) compared to other
activations. And the total dissolved solids (TDS) measurement
showed that AC with NaOH activation meets the requirements
for drinking water standards.

Physicochemical characteristics of CS are crucial in assuring the
efficiency of converting biomass CS wastes into biosorbents for
recalcitrant wastewater treatment. Ahmad et al. [41] reported that
CS exhibits a fixed carbon (21.8%), carbon (41%), volatile content
(70.8%), ash content (1.8%), low moisture content (5.6%) and high
density (412 kg/m3). They reported that amorphous and crystal-
line structure was observed in carbonaceous CS. Besides, the sur-
face morphology of CS heterogeneous shapes and pores is well
developed with large surface area. These properties make CS an
ideal biomass precursor in developing an AC. Biomass materials
with low ash content, high carbon content, a considerable amount
of volatile content, and high density are preferable to develop an
AC. Dongardive et al. [42] reported that the high fixed carbon con-
tent in CS contributes to the production of solid residues, which
consist of carbon and ash to prepare AC. With the high level of
carbon and lignin content, Maniarasu et al. [43] reported that CS
could withstand high-temperature changes during the conversion
process of CS into adsorbent. It can be concluded that high car-
bon and lignin content contribute to the high hardness properties
of CS.

Additionally, Itodo et al. [44] reported that high CS density helps
to enhance the carbon’s structural strength to withstand high exter-
nal pressure onto biomass structure. Finally, Das et al. [45] stated
that AC prepared from CS is commonly used to remove toxic pol-
lutants from wastewater because of the development of the pore
on the surface of CS, which makes CS have a high affinity toward
a wide range of pollutants. These are the properties that justify the
potential of CS as the precursor material to develop an effective
adsorbent.

SYNTHESIS METHOD OF COCONUT SHELL 
ACTIVATED CARBON

The synthesis method of AC greatly influences the surface chem-
istry of adsorbents, including the porous structure and surface area.
Therefore, selecting the proper synthesis technique is crucial to
enhance the affinity toward a wide range of pollutants. Generally,
carbonization and activation are the two fundamental steps for
synthesizing coconut shell-activated carbon (CSAC). Carboniza-
tion is defined as a slow pyrolysis process where the conversion of
biomass wastes into charcoal-like adsorbents with high carbon con-
tent occurs under oxygen-free or oxygen-limited conditions [46].
During carbonization, thermal degradation prepares carbonaceous
material with enhanced carbon content. Carbonization is controlled
by significant parameters, including nitrogen gas flow rate, reten-
tion time, temperature, and heating rate. Biochar is the primary prod-
uct through pyrolysis or gasification at high temperatures under
inert conditions. An activation process is required if the devel-
oped biochar shows low adsorptive ability. During activation, the
activating agent creates a microporous structure with a larger sur-
face area by eliminating disorganized carbon present in carbona-
ceous material and breaking the walls between the pores. Depending
on the type of activation, the activation process can be before or
after the carbonization process. Fig. 1 shows the flow diagram for
the synthesis of CSAC.
1. Carbonization
1-1. Pyrolysis

Pyrolysis is the thermal decomposition of biomass waste in the
furnace in an inert environment to enhance fixed carbon content
[47]. During pyrolysis, non-carbon species, including oxygen, nitro-
gen, and hydrogen, are removed by optimizing the parameters to
form well-developed AC. The carbonization temperature affects
the process the most, followed by heating, nitrogen gas flow, and
retention time. Higher carbonization temperature produces lower
yields in biochar with higher carbon and ash content. This phe-

Fig. 1. Flow diagram for synthesis method of coconut shell acti-
vated carbon.
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nomenon is due to the de-volatilization of biomass and cracking
of biochar residue. The pyrolysis method is widely studied in devel-
oping an effective adsorbent for wastewater treatment and can be
classified into one-step or two-step pyrolysis. One-step pyrolysis is
a simultaneous process of carbonization and activation steps with-
out a separate carbonization step and obtains AC directly by pyroly-
sis [48]. The two-step pyrolysis process includes a separate car-

bonization step followed by char activation [49]. One-step pyroly-
sis is more favorable due to lower cost, lower energy consump-
tion, and lower processing time, which meets the requirement from
an economic perspective [50].

Table 1 summarizes the adsorbents developed through the car-
bonization method. In Devens et al. [51], biochar was synthesized
from green CS precursors through a pyrolysis process in a muffle

Table 1. Synthesis methods of coconut shell activated carbon

No. Adsorbent Synthesis
method Operating conditions Types of

pollutants Remark Ref.

1. CSAC

Pyrolysis

Temp.: 350 oC
RT: 1 h NA Ash: 33.56±0.41%

VC: 29.53±8.77% [51]

2. CSAC Temp.: 300-500 oC NA

Ash: 1.34-1.53%
VC: 71.50-75.93%
Pore vol.: 0.15 cm3/g
BET SA: 308 m2/g

[52]

3. CSAC
Temp.: 850 oC
RT: 60 min
Pyrolysis: Single step

NA BET SA: 1,152 m2/g [53]

4. CSAC/
iron oxide

Carbonization Temp.: 1,000 oC
Activation Temp.: 1,000 oC
Impregnation ratio (acidic): 125 ml of 20%
HNO3 mix with 125 ml of 20% H2SO4

Impregnation ratio (base): 1 : 3 (Carbon: KOH)
Pyrolysis: Two-step

Oil spill

BET SA:
Acid activation: 580 m2/g
Base activation: 1,650 m2/g
Oil retention capacity: Good

[55]

5. CS char
Carbonization Temp.: 1,000 oC, 2 h
Activation Temp.: 900 oC. 120 min
Pyrolysis: Two-step

NA
BET SA: 1,926 m2/g
Total Pore vol.: 1.26 cm3/g
Micropore vol.: 0.931 cm3/g

[56]

6.
AC of CS+
Municipal
Sludge

Single-step pyrolysis:
Temp.: 800 oC,
RT: 1 h

Two-step pyrolysis:
Carbonization Temp.: 500 oC, 45 min
Activation Temp.: 800 oC, 1 h

Impregnation ratio: 1 : 1.5 (Mixture: KOH)

MB dye

Single-step pyrolysis:
BET SA: 285.33 m2/g
Total pore vol.: 0.35 cm3/g
Adsorption capacity: 101.88 mg/g

Two-step pyrolysis:
BET surface area: 683.82 m2/g
Total pore vol.: 0.72 cm3/g
Adsorption capacity: 602.88 mg/g

[48]

7. CSAC
hydrochar

Hydrothermal
Carbonization

Temp.: 200 oC
RT: 2 h
Impregnation ratio: 3 : 1
(NaOH : CS hydrochar)

MB dye

Adsorption Type: Monolayer,
Chemisorption
BET SA: 876.14 m2/g
Adsorption capacity: 200.01 mg/g

[21]

8. CSAC
hydrochar

Temp.: 200 oC
RT: 20 h NA

BET SA: 21.82 m2/g
Pore vol.: 0.09 cm3/g
CC: 58.55 wt%

[59]

9.
CS+Sewage
Sludge
hydrochar

Temp.: 180 oC
RT: 4 h
Activation: KOH

MB dye BET SA: 873.54 m2/g
Adsorption capacity: 172.4 mg/g [58]

10. CSAC
Physical
activation

Carbonization Temp.: 500 oC
Activation Temp.: 850 oC, 60 min
Oxidizing agent: CO2

Physical activation: Single-step

NA BET SA: 1,152 m2/g [53]

11. CSAC
Activation Temp.: 900 oC, 140 min
Oxidizing agent: CO2

Physical Activation: Single-step
NA BET SA: 1,667 m2/g

Total pore vol.: 0.8949 cm3/g [50]
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furnace at 350 oC for 1 h without any nitrogen flow and separate
activation process. CS biochar was characterized to determine the
ash and volatile content. The result revealed that CS biochar ex-
hibited 29.53±8.77% and 33.56±0.41% for volatile and ash con-
tent. In addition, they observed micropores, mesopores, and mac-
ropores make up the structure of CS biochar. The resulting material
also exhibits a honeycomb-like structure of large tubes connected.
Similarly, Samsudin et al. [52] developed biochar from CS at self-
sustained and low carbonization temperature without any chemi-

cal activation. The authors used one-step carbonization of CS at
300-500 oC without any chemical activation process. The CS bio-
char yield obtained from carbonization was around 30-32%, with
0.15 cm3/g of pore volume and the BET of 308 m2/g. Similar to
Devens et al., the characterization of CS biochar aimed to observe
the effect of temperature on the ash and volatile content [51]. CS
biochar developed by Samsudin et al. achieved 71.50-75.93% of
volatile content and 1.34-1.53% of ash content [52]. This result jus-
tified that CS biochar developed by Samsudin et al. is more desir-

Table 1. Continued

No. Adsorbent Synthesis
method Operating conditions Types of

pollutants Remark Ref.

12. CSAC
Chemical
activation
(Acidic)

Activation: H2SO4

Maxilon
Blue GRL

dye
Direct
Yellow
12 dye

Adsorption Type: Multilayer,
Chemisorption [36]

13. CSAC Activation: H2SO4 MB dye Adsorption capacity: 50.6 mg/g [65]

14. CSAC
Carbonization Temp.: 600 oC
Activation: ZnCl2
Impregnation ratio: 1 : 1

MB dye Adsorption capacity: 320.5 mg/g [15]

15. CSAC
Carbonization Temp.: 550 oC
Activation: ZnCl2
Impregnation ratio: 1 : 1

MG dye BET SA: 544.66 m2/g
Adsorption capacity: 19.724 mg/g [67]

16. CSAC
Carbonization Temp.: 500 oC, 1 h
Activation: ZnCl2
Impregnation ratio: 2 : 1 (char: ZnCl2)

MB dye BET SA: 935.46 m2/g
Adsorption capacity: 156.25 mg/g [68]

17. CSAC
Activation: H3PO4

Activation Conc. & Time: 3 M
concentration, 9 h

- Iodine number: 248.5811 mg/g [69]

18. CSAC
Activation: H3PO4

Activation Conc. and Time: 3 M
concentration, 12 h

- Iodine number: 889.36 mg/g [70]

19. CSAC
Activation: NaOH
Carbonization Temp.: 500 oC
Impregnation ratio: 2 : 1 (NaOH: char)

MB dye BET SA: 1,842 m2/g [73]

20. CSAC
Activation: KOH
Carbonization Temp.: 500 oC
Impregnation ratio: 2 : 1 (KOH: char)

Pb2+ BET SA: 1,135 m2/g [18]

21. CSAC
Microwave-
assisted
Activation

Irradiation power: 500 W
Irradiation duration: 5 min POME BET SA: 629.43 m2/g

Color removal: 95% [19]

22. CSAC
Activation: KOH
Irradiation power: 500 W
Irradiation duration: 4 min

Benzene
&

toluene

BET SA: 1,354 m2/g
Removal %: 85% [74]

23. CSAC

H2O Dielectric
Barrier Discharge
Plasma
Modification

Discharge power: 160 W
RT: 100 s NA BET SA: 846.0 m2/g

Specific capacitance: 84.6% [75]

24. CSAC
Self-activation
Using
Pyrolysis Gas

Temp.: 900 oC
RT: 6 h MB dye

BET SA: 1,194.4 m2/g
Adsorption capacity: 315 mg/g
Specific capacitance: 258 F/g
Retention rate: 97.2%

[76]
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able as an adsorbent for recalcitrant wastewater treatment due to
the lower ash content and high volatile content.

On the other hand, Tsai and Jiang [53] developed AC from car-
bonaceous CS by using one-step pyrolysis, where both the carbon-
ization and activation process happen simultaneously. In their study,
dried CS was heated in a tube reactor for 500 oC with heating rate
of 10 oC/min. Then when the samples turned to charcoal, activa-
tion was done immediately at different temperatures from 700 oC
to 900 oC for other holding times (0 min, 5 min, 15 min, 30 min,
45 min, and 60 min). They concluded that activation temperature
at 850 oC for 60 min was optimal for obtaining the largest BET-
specific surface area (1,152 m2/g) in AC. On the other hand, Jin et
al. [54] reported that a longer activation time leads to a higher activa-
tion degree of carbon until the optimum value is achieved.

Additionally, the adsorption performance of the adsorbent in-
creased when the activation temperature increased. However, car-
bon content may be lost if the activation temperature exceeds the
optimum value. The activation temperature and retention time sig-
nificantly affect the porosity and textural characteristics of devel-
oped AC. Besides, the researcher also widely used two-step pyrolysis
to synthesize CS-based adsorbents. Raj and Joy [55] used two-step
pyrolysis to CSAC/iron oxide composite. CS was first pyrolyzed in
a tubular furnace at 1,000 oC with the aid of nitrogen gas flow and
then chemically activated with both HNO3 and H2SO4 acid (125
ml of 20% HNO3 mix with 125 ml of 20% H2SO4 at 110 oC for
90 min) and potassium hydroxide (KOH) solution at a ratio of
1 :3 (carbon: KOH). The acid-treated CS samples were then washed
and dried. But for the KOH-treated CS samples, pyrolysis was
repeated in the tubular furnace at 1,000 oC under argon gas flow.
Lastly, the prepared sample was washed several times to obtain
neutral pH before undergoing the drying step in the oven. The
samples were then kept in a tightly closed container. The result
revealed that the surface areas of KOH-treated CS samples (1,650
m2/g) are higher than acid-treated CS samples (580 m2/g). The
results obtained from the study revealed that two times pyrolysis
before and after the KOH activation helps to enhance the porosity
and surface area compared to one-time pyrolysis before activation.
Li et al. [56] also used the two-step pyrolysis method to develop car-
bonized CS char and AC-CS char. Their study aimed to determine
how the carbonization temperature affects the pore characteristics
of CS char, and AC prepared from CS char at varying tempera-
tures (400, 600, 800, and 1,000 oC) and activation times (30, 60, 90,
120 min). During the adsorbent preparation, the CS samples were
heated at different temperatures (400, 600, 800, and 1,000 oC) for
2 h under a nitrogen gas stream with an increment of 10 oC per
minute. The samples were crushed and physically heated to differ-
ent temperatures from 750 oC to 950 oC for every 30 minutes up to
120 minutes. They found that CS samples carbonized at a high
temperature of 1,000 oC and physically activated at 900 oC for 120
min achieved the largest surface area (1,926 m2/g), micropore vol-
ume (0.931 cm3/g), and total volume (1.26 cm3/g) than other tem-
perature and holding time conditions. Based on the results, the
high porosity of adsorbent structure and large surface area of CS
char was mainly contributed by higher carbonization temperature
and longer retention time.

Yang et al. [48] evaluated the AC prepared by single-step and

two-step pyrolysis from the mixture of CS and municipal sludge
(MS) for MB dye removal. They carried out one-step pyrolysis after
impregnating the mixture of CS and MS with KOH solution at
1 : 1.5 (mixture: KOH) for 24 h. The dried and impregnated mix-
ture was heated in a box-type electric furnace at 800 oC for 1 h,
incrementing 40 oC per minute. The samples were then cooled,
washed, and dried. They also carried out two-step pyrolysis by add-
ing the carbonization step before the impregnation of the mixture.
The steps were the same as one-step pyrolysis, except that Yang et
al. pyrolyzed the dried mixture samples in a box-type electric fur-
nace at 500 oC for 45 min in the inert atmosphere before impreg-
nating the mixture with KOH solution [48]. The study shows that
AC prepared with the two-step pyrolysis method is more effective
with a larger surface area (683.82 m2/g), adsorption capacity (602.8
mg/g), and total pore volume (0.72 cm3/g) than single-step pyro-
lyzed activated carbon (BET surface area=285.33 m2/g, total pore
volume=0.35 cm3/g, adsorption capacity 101.88 mg/g). Yang et al.
revealed that the porous structure of AC developed using the two-
step pyrolysis method is well developed and more desirable for
adsorption purposes [48]. Compared to the one-step pyrolysis
method, the two-step method is more advantageous in develop-
ing AC with higher porosity and lower cost. However, single-step
pyrolysis is more beneficial economically. By analyzing the previ-
ous studies, pyrolysis temperature, retention time, nitrogen gas flow,
and heating rate have significant impacts on the structural proper-
ties of AC. Furthermore, pyrolysis occurs under high-temperature
conditions, where the release of volatile species happens and the
increase in fixed carbon content. Thus, a higher pyrolysis tempera-
ture prepares a better quality of biochar.
1-2. Hydrothermal Carbonization

The hydrothermal carbonization process (HTC) includes heat-
ing biomass precursors at moderate temperatures of 140 oC-350 oC
[57]. As a result, solid hydrochar with low ash content, high carbon
content, and an abundant amount of oxygen-enriched functional
groups will be formed. During HTC, dehydration and polymer-
ization may occur that optimizes the pore structure of the precur-
sor and forms a larger BET surface area in the adsorbent [58]. HTC
has several properties, such as it consumes lower energy and time,
is eco-friendly, and has higher energy efficiency and chemical reactiv-
ity. These properties validate its suitability as an ideal method to
produce hydrochar. However, the extensive application of HTC is
limited by its poor porosity, small surface area, and low degree of
carbonization. Therefore, the chemical activation process is com-
monly proposed after HTC for the enhancement of surface area
and also the development of porous structure [58].

Table 1 summarizes the adsorbents prepared through HTC.
Islam et al. [21] developed hydrochar from CS with chemical acti-
vation of sodium hydroxide (NaOH) for MB dye removal. Param-
eters including solution pH and initial MB dye concentration were
studied and recorded. During the adsorbent preparation, they car-
ried out a hydrothermal process with 5 g of CS and 100 ml of dis-
tilled water at 200 oC for 2 h. The activation process was conducted
by impregnating the CS hydrochar with NaOH solution at differ-
ent ratios of 1 : 1, 2 : 1, and 3 : 1 (NaOH: CS hydrochar) for 4 h.
Then, the samples were pyrolyzed in a tubular reactor at 600 oC
for 1 h (heating rate: 10 oC/min) under nitrogen flow. They found



2578 A. A. Chan et al.

October, 2022

that the optimum impregnation ratio of NaOH solution for MB
dye adsorption (neutral pH, 30 oC) was at the ratio of 3 : 1 (NaOH:
CS hydrochar) with an adsorption capacity of 200.01 mg/g. The
NaOH-treated CS hydrochar exhibited a surface area up to 876.14
m2/g. A monolayer pattern of the chemisorption process on the
homogeneous surface could be observed for MB dye adsorption
by NaOH-treated CS hydrochar.

Similar to the study by Islam et al., Danso-Boateng et al. [59]
conducted HTC at 200 oC but with a longer HTC time (20h) during
adsorbent preparation. Based on the study of Danso-Boateng et
al., they developed and analyzed the adsorption characteristics of
hydrochar via HTC from different kinds of biomass wastes such
as CS, coco-peat, lemon peel, rice husk, and eggshell [59]. The
operating conditions were 200 oC for 20 h. After HTC, the carbon-
ized samples were rinsed with methanol followed by deionized
water to remove the organic impurities. Finally, the biomass hydro-
char was stored at 4 oC for analysis purposes. SEM/EDS, FTIR,
and BET analysis characterized the hydrochar developed from CS,
coco-peat, lemon peel, rice husk, and eggshells through SEM/EDS,
FTIR, and BET analysis. From this study, Danso-Boateng et al.
concluded an overall increase in BET surface area of hydrochar for
all types of biomass waste after hydrothermal treatment [59]. Among
all the biomass wastes, the largest increment in surface area was
observed for CS (from 0.71 to 21.820 m2/g) compared to coco-
peat (from 1.23 to 2.14 m2/g), rice husk (from 0.46 to 15.74 m2/g),
lemon peel (from 0.31 to 6.89 m2/g), and eggshell (from 0.09 to
0.5 m2/g). CS exhibited the most significant increment in pore vol-
ume after HTC from 0.003 to 0.09 cm3/g Their analysis showed
an increment in carbon content for CS (from 48.07 to 58.55 wt%)
but a decrement in H/C (from 0.12 to 0.09 wt%) and O/C (from
0.96 to 0.61 wt%). Therefore, a high degree of aromaticity and
oxygen-containing functional groups are favorable for heavy met-
als adsorption. This study summarized that increasing pores and
surface area volume results in more active sites to adsorb contami-
nants, thus enhancing adsorbents' adsorptive ability. In compari-
son to Islam et al. [21], CS hydrochar with NaOH activation de-
veloped by Islam et al. achieved a higher surface area than bio-
mass wastes-based hydrochars developed by Danso-Boateng et al.
This result may be due to NaOH activation’s contribution during
the hydrochar preparation by Islam et al. Chemical activation is
advantageous in developing carbon with higher porosity, which
leads to a larger surface area [60].

Tu et al. [58] explored HTC during composite preparation. They
aimed to find the best carbonization temperature and time for the
highest yield of hydrochar. Different operating conditions, such as
activation time and temperature, the concentration of solution,
HTC time, temperature, and pH, were investigated. HTC and acti-
vation process using sewage sludge (SS) and CS by preparing 8 g
of raw material with different impregnation of ratio of SS and CS
and 70 mL of deionized water was carried out in the hydrother-
mal reactor. After obtaining the solid hydrochar, activation of hy-
drochar with potassium hydroxide (KOH) solutions (1-4 mol/L)
was carried out. The mixtures were then pyrolyzed at 300 oC-900 oC
for 10-70 min under nitrogen flow (heating rate: 10 oC/min). CS
composite with a large surface area (873.54 m2/g) porous struc-
ture was synthesized. The adsorption capacity of 0.6 g/L of SS and

CS composite (623.37 mg/g) improved through HTC and activa-
tion processes compared to the study of sewage sludge activated
carbon (SSAC) (33.47 mg/g) alone investigated by Silva et al. [61].
The optimal hydrothermal condition for best MB dye adsorption
capacity (172.41 mg/g) was at pH of 8.5 and the highest hydro-
char yield (around 75%) obtained was at temperature of 180 oC
and 4 h of HTC time [58]. The carbonaceous material produced
with shorter or longer hydrothermal time is not favorable to develop
porous structure. The optimal activation temperature for excellent
pore formation was at 700 oC for 50 min with 2.5 mol/L of KOH
solution. In conclusion, HTC reaction time is crucial in develop-
ing adsorbent with highly porous structure. Subsequently, chemi-
cal activation helps to enhance pore formation, which justifies the
broad applications of HTC and chemical activation in wastewater
treatment industries.

By analyzing the results obtained by Islam et al. and Tu et al.,
the surface area obtained was 876.14 m2/g and 873.54 m2/g, respec-
tively. The adsorption capacity obtained by Islam et al. was 200.01
mg/g and 172.41 mg/g by Tu et al. From the results obtained, the
BET surface area and adsorption capacity obtained were slightly
higher in CS hydrochar developed by Islam et al. This phenome-
non was related to where they developed hydrochar through HTC
process followed by chemical activation. However, the HTC tem-
perature and duration and the chemical activation agent were dif-
ferent. HTC process temperature was shorter in study of Islam et
al. (200 oC, 2 h) compared to Tu et al. (180 oC, 4 h). This study
showed that HTC temperature and duration greatly affect the
porosity of hydrochar. Moreover, the chemical activating agents
used in both studies were different. In conclusion, chemical acti-
vating agents have a significant impact in determining the poros-
ity of hydrochar. Till date, very limited studies have been reported
on the production of CSAC through HTC. Studies by Islam et al.
and Tu et al. involved the HTC process followed by the activation
process, but Danso-Boateng et al. only used the HTC process.
HTC is more favorable when followed by the activation process
because the activation step helps enhance the surface area, struc-
ture porosity, and adsorption capacity. From the previous studies
discussed above, hydrothermal carbonization usually occurs below
200 oC to produce deep brown solid called hydrochar. Note that
researchers did not widely explore the study of HTC on CS pre-
cursors.
2. Adsorbent Activation
2-1. Physical Activation

The carbonization process and activation step are essential to
enhance the adsorbent structure. Carbonization of raw precursors
occurs typically in an inert atmospheric condition. Volatile con-
tent in raw precursors can be removed, and fixed carbon can be
formed by thermal decomposition. While, the activation process
will be carried out after carbonization, aiming to develop a porous
network within carbon atoms [62] to form highly carbonaceous
material through physical or chemical activation methods [50].
The activating agents, including carbon dioxide (CO2), air, or water
vapor are common physical activators [63]. Physical activation
produces a highly developed microporous structure and is two-
step activation in general. The carbonization process will be con-
ducted first by pyrolyzing the raw precursor at a temperature below
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700 oC and then activation of charcoal formed from carboniza-
tion will be carried out at temperature above 700 oC with the aid
of oxidizing gas such as CO2 or steam (H2O) [53]. Tsai and Jiang
[60] used one-step physical activation by carbonizing precursor at
500 oC under nitrogen flow, and activation step was carried out
right after the formation of charcoal with the help of oxidizing
CO2 gas at 700 oC-900 oC with an increment of 50 oC using hold-
ing time of 0-60 min. The optimal temperature and holding time
for activation were 850 oC and 60 min, respectively, for the prepa-
ration of CSAC with BET surface area of 1,152 m2/g. The differ-
ence between conventional physical activation method and method
studied by Tsai and Jiang [53] is the separation of carbonization
from activation step or simultaneous occurrence of activation pro-
cess right after carbonization.

Yang et al. [50] also used the one-step CO2 activation method,
as shown in Table 1. In their study, CS precursor was heated in a
tubular furnace at activation temperature in the range of 750 oC-
950 oC for 60 min-160 min, the heating rate at 10, 30, 50 oC/min,
and flow rate of CO2 was set at 60-600 cm3/min. The study indi-
cated that activation temperature of 900 oC, 200 cm3/min of CO2

flow-rate, 10 oC of temperature increase per minute for 140 min
were the optimal conditions to achieve maximum BET surface
area (1,667 m2/g) and micropore volume (0.8949 cm3/g). In con-
clusion, the pore characteristics of adsorbent are greatly affected by
heating rate, CO2 flow rate, holding time, and activation tempera-
ture. CSAC developed by Yang et al. revealed a higher BET of
1,667 m2/g [50] compared to CSAC developed in the study of Tsai
and Jiang with 1,152 m2/g of the surface area [53]. The results con-
cluded that higher activation temperature and longer holding time
help to enhance the adsorbents’ pore properties. In summary, porous
structure of adsorbent can be developed using physical activation.
During physical activation, activation temperature and retention
time have significant impacts on the porosity of adsorbent struc-
ture. Thus, optimal operating condition for activating temperature
and retention time is important in enhancing the performance of
adsorbents.
2-2. Chemical Activation
2-2-1. Acidic Modification

Chemical activation generally includes acidic and basic modifi-
cations. Acidic treatment helps to develop cross-link within the mate-
rial structure and therefore forms porous matrix as well as surface
oxidation. Introduction of oxygenated (acidic) chemical functional
groups onto carbon surface thus enhances the surface’s hydro-
philic properties to increase the affinity of adsorbent towards anionic
pollutants [64]. This is due to the decrease level of mineral in the
carbon surface. Chemical activation forms the mesoporous struc-
ture and large surface area in AC by causing swelling, dehydration,
and condensation interactions with carbon [48]. The utilization of
sulfuric acid (H2SO4) as an oxidizing activator in acidic treatment
is beneficial due to its super oxidative power, ability to enhance
surface functionality, and cost [65]. Aljeboree et al. [36] and Jawad
et al. [65] studied the H2SO4-treated CS-based adsorbent for dye
removal applications. Both groups conducted a study on the treat-
ment of cationic dyes by CS-based adsorbent chemically activated
with H2SO4, but they obtained different results. Based on Table 1,
Aljeboree et al. [36] reported that maxilon blue GRL and direct

yellow 12 (DY 12) dyes adsorption by H2SO4-treated CSAC was
favorable at acidic pH of 3. In addition, the uptake of both dyes
onto H2SO4-treated CSAC conformed to Fritz-Schlunder isotherm
model and pseudo-second-order kinetic model, which confirmed
the occurrence of multilayer heterogeneous process and limited by
chemisorption process. However, Jawad et al. [65] reported that
MB dye adsorption by H2SO4-treated CS biosorbent was favor-
able at alkaline pH of 8. Moreover, the adsorption of MB dye was
best fitted with Freundlich isotherm model and pseudo-second-
order kinetic model with the maximum adsorption capacity of
50.6 mg/g. Similar to the study of Aljeboree et al., a multilayer pat-
tern of MB dye adsorption was observed on the heterogeneous sur-
face and was limited by the chemisorption process too. From the
studies investigated by Aljeboree et al. and Jawad et al., all of the
three types of dye used in their studies were cationic dyes, but the
optimum dye adsorption pH was in different range. It is possible
to conclude that adsorption mechanism for dye adsorption not
only depends on electrostatic attraction, but also on hydrogen bond-
ing (H-H) and - interactions [66].

Besides H2SO4, preparation of CSAC was also done via chemi-
cal modification by using ZnCl2 to promote the char formation.
The potential of ZnCl2-treated CSAC to remove MB dye was ex-
plored by Oribayo et al. [15]. The carbonized CS was impregnated
with ZnCl2 at ratio of 1 : 1. From the results obtained, ZnCl2 had
increased the carbon content in material from 41.185% to 72.04%
by removing H and O component from CS precursor. Increase in
carbon content provides hardness and thus promotes the suitability
of CSAC in removing pollutants from aqueous solution. 320.5mg/g
of adsorption capacity was achieved for MB dye adsorption under
optimum conditions (pH: 7, contact time: 4.5 h of contact time
and adsorbent dosage: 0.02 g). Oribayo et al. [15] stated that the
surface of ZnCl2-treated CSAC surface was rougher and more
porous compared to un-activated carbon. It can be concluded that
ZnCl2 was successfully incorporated into CSAC and managed to
change the structure of adsorbent, which is more beneficial to an
effective adsorption process. Based on Piriya et al. [67], carboniza-
tion temperature of 550 oC with the aid of nitrogen flow and
impregnation of CS-based adsorbent in ZnCl2 solution at ratio of
1 : 1 (precursor: ZnCl2) successfully removed MG dye with adsorp-
tion capacity of 19.724 mg/g. In comparison to study by Oribayo
et al. [16], the impregnation of CS with ZnCl2 at same ratio of 1 : 1
(precursor: ZnCl2) and carbonized at 600 oC without nitrogen flow
successfully removed 320.5 mg MB dye per gram of adsorbent from
aqueous solution. Under inert condition, the porosity of adsor-
bent structure was enhanced [67]. In both studies, the carboniza-
tion temperature was just 50 oC difference with the aid of nitrogen
flow. It was revealed from the result that, ZnCl2-modified CS-
based adsorbent is more suitable in removing MB dye compared
to MG dye. In addition, it can be concluded that carbonization
temperature may have an impact on the adsorption performance
of adsorbent by developing more porous structure in adsorbent.

Piriya et al. reported in their study that CSAC obtained larger
surface area of 544.66 m2/g after acidic treatment with ZnCl2 at ratio
of 1 : 1 and carbonized at 550 oC under nitrogen flow compared to
un-activated carbon (425 m2/g). This result could be compared to
the study of Yağmur and Kaya [68] in developing ZnCl2-treated



2580 A. A. Chan et al.

October, 2022

CSAC for MB dye adsorption. According to their study, there was
an increment in surface area of CSAC from 3.39 to 935.46 m2/g
after being impregnated with ZnCl2 at ratio of 2 : 1 (char: ZnCl2)
and carbonized at 500 oC under nitrogen flow for 1 h. By compar-
ing Piriya et al. and Yağmur and Kaya, it was observed that the
carbonization temperature was just 50 oC difference and impreg-
nation ratio of chars: ZnCl2 were different in both studies. In con-
clusion, large increment of surface area in ZnCl2-treated CSAC
developed by Yağmur and Kaya is mainly contributed by impreg-
nation ratio of chars: ZnCl2, which helps to enhance the porosity
of adsorbent. Moreover, chemical activation of CS with phosphoric
acid (H3PO4) also is used to develop AC, widely. Lutfi et al. [69]
and Wang et al. [70] have been discussing about the influences of
H3PO4 concentration and immersion time on the AC developed
from CS precursor. From both studies, iodine number was com-
pared and discussed further. Iodine number is very crucial in indi-
cating the adsorptive ability of developed AC [69]. Lutfi et al.
discovered that the optimum H3PO4 concentration to develop AC
was 3 M and immersion time was 9 h. With this condition, iodine
number of 248.5811 mg/g was reported. However according to
Wang et al., 3 M H3PO4 and immersion time of 12 h were the opti-
mum conditions for the development of AC with iodine number
of 889.36 mg/g. Although same H3PO4 concentration was used in
both studies, the resulting iodine numbers were in large difference.
The results conclude that the longer the immersion time of CS in
H3PO4 solution, the larger the iodine number thus leads to better
adsorptive ability. Higher degree of iodine adsorption is ascribed
to larger surface area and microporous structure. Lutfi et al. sup-
ported this statement in their research study [69]. Previous studies
clearly showed that the types of acids that were commonly used in
acidic treatment are H2SO4, ZnCl2, H3PO4 [71]. The significant effect
of acidic modification on adsorbent could be observed through
the changes in porous structure and surface area of adsorbent. In
conclusion, acid-modified adsorbent has higher porosity and sur-
face area. Therefore, it is possible to state that acidic modification
helps in enhancing the adsorption performance of adsorbent in
removing wide range of pollutants.
2-2-2. Alkaline Modification

Alkaline treatment on the AC enhances the adsorption of nega-
tively charge pollutants as it induces the formation of positive charges
on the surface [72]. Reagents such as NaOH and KOH solutions
are normally used as alkaline activating agent on CS precursor to
develop AC. To date, researchers very rarely apply alkaline modifi-
cation on CS. Cazetta et al. [73] developed CSAC with NaOH
activation for MB dye adsorption. The equilibrium experimental
data was perfectly described by pseudo-second-order model and
Langmuir model. The maximum monolayer adsorption capacity
achieved was 916mg/g. The best impregnation ratio of NaOH acti-
vation to develop AC for MB dye adsorption was 3 : 1 (NaOH: char)
and carbonization temperature at 500 oC. With this impregnation
ratio, the developed CSAC achieved 2,825 m2/g of surface area.
However, if the impregnation ratio of NaOH: char was 2 : 1, the
surface area obtained by CSAC was up to 1,842 m2/g. Since the
surface area obtained by CSAC was different according to different
impregnation ratios, it can be summarized that the higher NaOH
ratio incorporated into adsorbent, the better the adsorption per-

formance. The result of CSAC with impregnation ratio of 2 : 1
(NaOH: char) developed by Cazetta et al. [73] was compared to
the result obtained from Song et al. [18] with different chemical
activating agent.

Song et al. [18] reported that CS carbon prepared with KOH
activation at ratio of 2 : 1 (KOH: sample) and carbonization tem-
perature of 500 oC for Pb2+ removal application achieved surface
area of 1,135 m2/g. By analyzing the results from studies of Cazetta
et al. and Song et al., it was observed from Table 1 that under con-
dition of same impregnation ratio, higher surface area was obtained
in NaOH-modified CSAC compared to KOH-modified CSAC. It
can be concluded that KOH and NaOH have different activation
mechanism, and NaOH activation helps to develop AC with larger
surface area than KOH even with the same impregnation ratio. In
conclusion, chemical activation including acidic and alkaline mod-
ification helps to enhance the surface area and porosity of adsor-
bent, thus helps to enhance the adsorptive ability of adsorbent.
2-3. Microwave-assisted Activation

Microwave-assisted activation is the process where heat transfer
and uniform distribution is facilitated by interior heat generated
from dipole rotation and ionic conduction between char particles,
compensating the char activation period and energy consump-
tion. Based on Table 1, Abdulsalam et al. [19] studied the color
removal of palm oil mill effluent (POME) using CSAC, which was
pre-treated by microwave irradiation at 100 W for 5 min. Result of
their study revealed that microwave irradiated CSAC achieved BET
surface area up to 629.43 m2/g. and successfully removed 95% of
color from POME at optimum condition (pH: 2, contact time: 5 h
and adsorbent dosage: 5 g/100 mL). Langmuir model was the best-
fitted to explain the adsorption mechanism, suggesting the color
removal process of POME is monolayer on homogeneous surface.
In addition, Mohammed et al. [74] also synthesized CSAC using
KOH activation and CSAC was pretreated with microwave irradi-
ation for the removal of benzene and toluene. They did microwave
heating on CSAC at power of 500 W for 4 min. The result revealed
that KOH-treated CSAC under microwave irradiation achieved
surface area of 1,354 m2/g and successfully removed only 85% of
benzene and toluene, and Langmuir isotherm was accurately de-
scribed for adsorption mechanism, which suggested monolayer
adsorption on homogeneous surface. The surface area of CSAC
developed by Mohammed et al. is higher than that of Abdulsalam
et al. This may possibly be due to the contribution of KOH activa-
tion, which helps to develop more porous structure in CSAC. Addi-
tionally, microwave heating power and duration also may possibly
affect the adsorption mechanism of adsorbent.
2-4. H2O Dielectric Barrier Discharge Plasma Modification

Dielectric barrier discharge plasma method is a process where
water (H2O) plays role as medium to introduce the oxygen con-
taining functional groups without causing any destruction on pore
structure of developed adsorbent, and this method has been used
rarely used [75]. As stated by Wang et al. [75], AC developed from
CS precursor was cleansed with distilled water to get rid of the ash
content. Then, the AC was soaked in deionized water for one day,
and then it was washed with 1 M of HCl solution. The pH value
was then adjusted until pH 7 by using deionized water and AC
was dried for 12 hours at 110 oC. The following steps are signifi-
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cant about H2O dielectric barrier discharge plasma method. About
500 mg of AC with thickness of around 1 mm was placed in the
reactor chamber for each cycle. Water bath connected beside was
used to heat the water and a vacuum pump was connected to main-
tain the pressure in the reactor chamber at 30 kPa. They reported
that larger surface area of 846.0 m2/g was observed in AC after
modification with H2O plasma compared to unmodified activated
carbon with 779.8 m2/g. Besides, enhancement of hydrophilicity of
CSAC surface was observed. The result revealed that electrochem-
ical properties of CSAC could be improved by simple H2O plasma
modification by introducing oxygen functional groups to carbon
surface.
2-5. Self-activation Using Pyrolysis Gas

Process of self-activation using pyrolysis gas is carried out in a
closed reactor containing CS and the air inside reactor or O2 adsorbed
by biomass wastes can be the activating agents to develop microp-
ores in biochar at autogenerated pressure condition [76]. Till now,
the study of self-activation method on CS-based adsorbent has
been limited. However, this method has been studied to develop
microporous CSAC to enhance the performance of electric dou-
ble layer. Sun et al. [76] conducted self-activation experiment by
setting up an autoclave to keep the autogenerated pressure during
self-activation process. They reported that the autoclave reactor must
be sealed all the time because large amounts of pyrolysis gases were
generated, thus generating autogenerated pressure under very high
temperature (700-1,000 oC). The self-activated CSAC at 900 oC for
6 h obtained a surface area of 1,194.4 m2/g and MB dye adsorp-

tion capacity of 315mg/g. Moreover, AC achieved 258F/g of specific
capacitance and retention rate of 97.2% even after 3,000 cycles.

PREPARATION METHODS OF HYBRID COCONUT 
SHELL ACTIVATED CARBON

1. Impregnation
Impregnation is a process where other composite materials are

loaded on the carbon surface to enhance adsorption performance
of adsorbent [73]. Table 2 summarizes the recent studies on the
various impregnation methods used for the development of AC
from CS precursor. Van et al. [77] developed CSAC loaded with
silver nanoparticles (AgNPs) for the removal of MB dye from aque-
ous solution. AgNPs were loaded on AC through incipient wet-
impregnation technique, where AC surface was contacted with solu-
tion containing AgNPs. Different impregnation ratios ranging from
0-1.5% w/w of AgNPs and AC were carried out, but the result
showed that the best impregnation ratio was 0.5% w/w. In addi-
tion, 172.22 mg/g of maximum adsorption capacity of was achieved
under conditions of pH 10, 120 min of contact time and 250 mg/
25 mL of adsorbent dosage. Sips model, pseudo-first and pseudo-
second kinetic models described the adsorption of MB dye very
well. Besides AgNPs, Prajapati and Mondal [78] investigated the
effect of loading of copper oxide nanoparticles (CuO-NPs) on nano-
porous AC for MB dye removal. The result revealed that the max-
imum adsorption of MB dyes occurred at pH 9 within 180 min.
Successful impregnation of CuO-NPs on CSAC successfully

Table 2. Preparation methods of hybrid coconut shell activated carbon

No. Adsorbent Synthesis
method

Operating
conditions

Types of
pollutants Remark Ref.

1. CSAC

Impregnation

Loading particle: AgNPs
Impregnation ratio: 0.5% w/w MB dye Adsorption capacity: 172.22 mg/g [77]

2. CSAC Loading particle: CuO-NPs MB dye Adsorption capacity: 464.2 mg/g [78]

3. CSAC/
CoFe2O4

Temp.: 700 oC
RT: 3 h
Impregnation ratio: 1 : 2 : 200
(Cobalt : iron : CSAC)
Pyrolysis: Single step

Rhodamine B dye Adsorption capacity: 94.08 mg/g [16]

4. Fe3O4/
AC/TiO2

Temp.: 800 oC
RT: 2 h
Impregnation ratio: 1 : 2
(Fe3O4/AC: TiO2)
Pyrolysis: Single step

MB dye Degradation rate: 98% [82]

5. CSAC/
iron oxide

In-situ Co-
Precipitation Impregnation ratio: 1 : 1 Oil spills Oil retention capacity: Good [55]

6. CSAC/
iron oxide

Fenton reagent: H2O2

Loading %: 2% MB dye Adsorption capacity: 85.45% [79]

7. CAC/CoFe2O4
Single-step
Refluxing Router

Impregnation ratio: 1 : 2 : 200
(Co : Fe : CAC) Rhodamine B dye Adsorption capacity: 94.08 mg/g [16]

8. AC/CoFe2O4 Immersion solution: NaOH MG dye Adsorption capacity: 89.29 mg/g [80]
9. AC/CoFe2O4 Immersion solution: NaOH GV dye Adsorption capacity: 184.2 mg/g [81]
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removed 464.2 mg of MB dye per 1 g of CSAC loaded with CuO-
NPs at 318 K. The uptake of MB dye onto CSAC loaded with
CuO-NPs was best presented by Sips model and pseudo-second
order kinetic model, where the MB dye adsorption could be any
one of monolayer or multilayer and is limited by chemisorption
process. Moreover, CSAC/CuO-NPs composite obtained high de-
sorption rate (93.51%) with 0.1 M HCl solutions. Therefore, it can
be justified that CuO impregnated AC developed from CS is an
excellent choice to be utilized as adsorbent.

The result revealed that CSAC/CuO-NPs composite synthe-
sized by Prajapati and Mondal achieved higher adsorption capac-
ity [78]. The doping of CuO-NPs enhances the adsorptive ability
of CSAC. The result revealed that larger amount of dyes can be
adsorbed when contact time increases. Therefore, it can be con-
cluded that loading of CuO-NPs and contact time play a signifi-
cant role in MB dye adsorption. To date, only few researchers have
studied the impregnation on CS-based adsorbent.
2. In-situ Co-precipitation

In-situ co-precipitation is widely used to prepare magnetite par-
ticles such as iron oxide nanoparticles. Raj and Joy [55] prepared
CSAC/iron oxide nanocomposite through in-situ co-precipitation
method for removing oil spills. The weight ratio of AC developed
from CS to iron oxide was fixed at 1 : 1. Result showed that CSAC/
iron oxide composite is a high potential adsorbent with good oil
retention capacity. In-situ co-precipitation method was also stud-
ied by Amelia et al. [79] for developing magnetic CSAC for MB
dye degradation with the aid of Fenton reagent (H2O2). Amelia et
al. [79] loaded different impregnation amounts (0.5%, 1% and 2%)
of iron on CSAC during the adsorbent preparation. As a result,
they found that loading of iron on CSAC at 2% achieved the high-
est MB dye adsorption capacity (85.45%) compared to loading
amount of 0.5% (79.98%) and 1% (83.85%), respectively, without
Fenton reaction. With the presence of Fenton reaction, reduction
of MB dye concentration from 20 ppm to 4 ppm within 180 min
was observed. On the contrary, reduction from 20 ppm to 7 ppm
in MB dye concentration was observed within 180 min. Signifi-
cant reduction of MB dye in the presence of Fenton reagent was
mainly caused by the simultaneous occurrence of degradation and
adsorption processes. Degradation of MB dye was contributed by
the reaction between hydroxyl radicals obtained from H2O2 and
iron particles. Therefore, it can be concluded from Table 2 that
higher loading percentage of iron on CS-based adsorbent leads to
more effective and fast catalytic reaction, which brings to higher
adsorption capacity. It was found that MB dye adsorption and
degradation are more effective with the addition of Fenton reagent.
In conclusion, the presence of Fenton reagent and loading amount
of iron plays a significant role in determining the effectiveness of
catalytic reaction.
3. Single-step Refluxing Router

Single-step refluxing router method was also used by some
researchers to synthesize CS-based adsorbents for dye removal
application. NaOH solution was diluted in distilled water and stirred
for half an hour at room temperature before CSAC was added into
solution to obtain AC suspension. Hoang et al. [16] developed coco-
nut activated carbon/cobalt ferrite (CAC/CoFe2O4) composite for
the exclusion of Rhodamine B dye from aqueous solution. The

composition of CAC was calibrated with different molar ratios of
cobalt: iron: coconut activated carbon (Co : Fe : CAC) at 1 : 2 : 300,
1 : 2 : 250, 1 : 2 : 200, 1 : 2 : 150 and 1 : 2 : 100. Hoang et al. found
that the molar ratio of Co : Fe : CAC at 1 : 2 : 200 was the best con-
dition to adsorb Rhodamine B dye with the highest adsorption
capacity of 94.08 mg/g under optimum conditions (pH 4, 0.05 g/
25 mL of adsorbent dosage and 350 mg/L of initial concentration).
The chemisorption process of Rhodamine B dye by CAC/CoFe2O4

composite was contributed by hydrogen bonding, electrostatic attrac-
tion and - interactions based on their result. The single-step
refluxing router method was also used by Ai et al. [80] in synthe-
sizing AC/CoFe2O4 adsorbent to adsorb Malachite Green (MG)
dye (adsorption capacity: 89.29 mg/g) and Liang et al. [81] in pre-
paring magnetic AC/CoFe2O4 composite to adsorb Gentian Violet
(GV) dye (adsorption capacity: 184.2 mg/g). From these studies,
the remarkable results of adsorption capacity have proven that
CoFe2O4 was successfully incorporated onto AC and has justified
the potential of single-step refluxing router method in synthesiz-
ing adsorbent.

PROPERTIES OF COCONUT SHELL ADSORBENT

Applications of adsorbents prepared from CS have gained sig-
nificant interest recently in wastewater treatment, as biomass CS
are beneficial in terms of long-term sustainability and cost-effec-
tiveness [72]. However, the performance of adsorbents in terms of
adsorption capacity and removal efficiency could be enhanced fur-
ther by modifications. Therefore, a suitable activation process is
required to target the precursors’ structure to enhance adsorbent
reactivity towards pollutants. Factors including porosity and sur-
face functional groups affect the adsorption performance of AC in
terms of color removal efficiency, adsorption capacity, COD removal,
etc. Modifying surface functional groups according to suitability is
crucial in determining adsorbent characteristics, whether acidic,
basic, or neutral [83]. For instance, acidic treatment introduces a
more considerable amount of oxygenated functional groups in
material, which causes oxidation and increases the acidic property
of adsorbent [72]. The characterization of adsorbents mainly was
focused on the changes in pore size, specific surface area, and micro-
pore volume. Fourier transform infrared spectroscopy (FTIR), scan-
ning electron microscopy/energy dispersive spectroscopy (SEM/
EDS) and Brunauer-Emmett-Teller (BET) surface analyzer have
been used to study the surface chemistry and morphology before
and after the adsorption process. FTIR was used to present the sur-
face functional groups of modified and unmodified adsorbents.
SEM/EDS shows the surface morphology and elemental composi-
tion of AC. The number of pores present in the AC can deter-
mine the porosity of the adsorbent structure. In addition, EDS
confirms any addition or increment in the percentage of compo-
nents in the adsorbent structure after modification. BET surface
analyzer presents the changes in specific surface area of adsor-
bents before and after modification and adsorption process.

Das et al. [45] studied the difference between raw CS precursor
and CSAC by comparing their structure and characteristics. The
result reported that raw CS precursor has certain limitations com-
pared to modified CS, such as carbon content, micropore volume,
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ash content, and BET specific surface area. In the case of raw pre-
cursor, the study revealed that raw CS precursor has a lower BET
surface area (59.728 m2/g) than CSAC (995.799 m2/g). This result
indicates that CSAC has better adsorption performance as it can
adsorb more contaminants with larger surface area. In contrast, raw
CS precursor’s low specific surface area limits the adsorptive abil-
ity to remove pollutants from wastewater. Besides, the ash content
of raw CS and CSAC was determined to be 2.564% and 0.902%,
respectively, which shows that CSAC is an excellent choice for
adsorbent development. Dongardive et al. [42] supported this state-
ment by saying that precursor with lower ash content is more suit-
able to develop adsorbents. CSAC is a more effective adsorbent
than raw CS precursor because adsorbent with larger micropore
volumes can adsorb more pollutants. Besides these characteristics,
Das et al. also reported that raw precursor has lower carbon content
(41.185%) than CSAC (72.04%). High carbon content in CSAC
justifies its potential as a promising candidate to treat dyes in the
future compared to raw CS due to its strong withstand ability under
high-temperature conditions during adsorption or conversion. The
modified CSAC achieved higher removal efficiency of MB dye
(~85%) than raw CS, which only reached around 68% by using
4 gm of adsorbents.

Tan et al. [72] studied non-modified and modified CSAC by
analyzing CSAC, CSAC treated with 1 M HCl, and CSAC treated
with 1M NaOH. The analysis result showed an increment in micro-
pore volume, BET specific surface area, average pore diameter, and
total pore volume in 1 M HCl treated AC compared to untreated
AC. 525 m2/g, 0.272 cm3/g, and 0.291 cm3/g were achieved by 1M
HCl treated AC for BET surface area, micropore volume, and total

pore volume. However, the result showed that untreated AC only
performed 436 m2/g, 0.218 cm3/g, and 0.229 cm3/g of BET surface
area, micropore volume, and total pore volume. The results con-
cluded that acidic treatment on the AC helps to improve the hy-
drophilic nature of the surface by increasing the acidity property
of the carbon surface, thus changing the pore structure and chem-
ical properties of the adsorbent. But, unfortunately, according to
Tan et al. [72], decrement in BET surface area (from 436 to 346
m2/g), micropore volume (from 0.218 to 0.186 cm3/g) and total
pore volume (from 0.229 to 0.199cm3/g) was observed when treat-
ing AC with 1 M of NaOH. The assumption was that blockage of
pores by oxygen-containing functional groups happened during
acidic treatment. Thus, a decrease in surface area is highly associ-
ated with a reduction in pore volume. In summary, the analysis
results indicated that the acidic and alkaline treatment could alter
the surface morphology and properties of AC that can affect their
adsorption capacity. Through acidic and alkaline treatment, sur-
face area and porosity of adsorbent will be enhanced due to for-
mation of cross-link, which helps to increase the affinity of adsorbent
towards pollutants.

Table 3 summarizes different types of modifications on AC
developed from carbonaceous CS and results of BET surface area
of non-pretreated and pre-treated AC. Raj and Joy [55] developed
CSAC/iron oxide composite and compared the non-pretreated and
pre-treated composite with KOH. CSAC/iron oxide composite
activated with KOH at the ratio of 1 : 3 (carbon: KOH) achieved a
larger surface area (1,650 m2/g) than non-modified composite (580
m2/g). It is advantageous to use higher weight ratio of KOH : carbon
because a wider pore diameter could be formed (up to 25 Å) from

Table 3. Modifications of coconut shell activated carbon
No Type of modifications BET surface area (m2/g) Ref.
Impregnation of iron oxide+base treatment
1 CSAC-iron oxide 580 [55]
2 CSAC-iron oxide (1 : 3 carbon to KOH) 1,650 [55]

Microwave radiation
3 Raw CSAC 562.5786 [19]
4 CSAC-microwave radiation (pre-treated) 629.4341 [19]

CoFe2O4 loading
5 CSAC 867.449 [16]
6 CSAC-CoFe2O4 759.638 [16]

CuONPs loading
7 CSAC 387.48 [78]
8 CSAC-CuONPs 262.35 [78]

Impregnation of iron oxide+acidic treatment
9 CSAC (activated with ZnCl2) 935.46 [68]

10 Magnetic AC (activated with ZnCl2) 747.71 [68]
AgNPs loading
11 CSAC 691.64 [77]
12 CSAC-AgNPs 705.32 [77]
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the fusion of micropores compared to non-pretreated composite
(up to 14 Å). Romanos et al. [84] supported this statement by con-
cluding that the amount of potassium material incorporated into
carbon matrix increased by increasing the weight ratio of KOH :
carbon and resulted in enlargement of pores and increase in poros-
ity. The statement made by Romanos et al. is in line with the result
that adsorbent pre-treated with KOH in the ratio of 1 :3 has higher
surface area than non-pretreated CSAC. These results conclude
that porosity is highly dependent on the weight ratio of the car-
bon: activating agent.

Abdulsalam et al. [19] also identified a similar trend for micro-
wave irradiation treatment on CSAC. By comparing non-pretreated
and pretreated CSAC, they observed an increase in surface area
from 562.5786 to 629.4341 m2/g after pre-treated CSAC with mi-
crowave irradiation. This phenomenon was due to the oxidation
process that produced volatile compounds and led to porous struc-
ture formation on the carbon surface. In conclusion, the larger the
pore volume, the larger the total micropore volume, ascribed to
the increment in surface area. Besides studies of Raj and Joy and
Abdusalam et al., Van et al. [77] also discovered an increment of
surface area after loading of metal materials on CSAC. According
to the result obtained, a small increment of surface area from
691.64 to 705.32 m2/g after impregnating AC with AgNPs indi-
cated the successful incorporation of AgNPs onto AC. Even though
there was only a slight increment of surface area, a noticeable incre-
ment in maximum adsorption capacity of CSAC-AgNPs (84.81
mg/g) compared to AC (38.89 mg/g) without loading of any parti-
cles was observed. In conclusion, adsorbent with a larger surface
area has better adsorption capacity.

Hoang et al. [16], Prajapati and Mondal [78], and Yağmur and

Kaya [68] reported that BET surface area was observed to be de-
creased after loading other composite materials onto the AC. CSAC
loaded with CoFe2O4 by Hoang et al. and the BET surface area
shows slight decreases compared to unloaded AC from 867.449 to
759.638 m2/g, and average pore volume was also affected and
experienced reduction from 0.381 to 0.321 cm3/g [16]. This phe-
nomenon was due to the successful deposition of CoFe2O4 and
managed to cover the carbon surface. In addition, Hoang et al.
reported that elements such as Co, Fe, and O after the loading
process had proven the successful deposit of CoFe2O4. However,
the surface area was still significant even after loading CoFe2O4

particles on AC. Prajapati and Mondal observed a similar trend
when loading CuO-NPs onto the AC. They reported that there
was a reduction in surface area from 387.48 to 262.35 m2/g after
loading CuO-NPs onto the AC. This phenomenon was due to the
pores being filled by the deposition of CuO-NPs on the surface. It
is possible to conclude that a decrease in pore volume causes a
decrease in BET surface area. Moreover, Yağmur and Kaya reported
a reduction in surface area from 935.46 to 747.71m2/g when impreg-
nating iron onto CSAC [68]. This phenomenon also indicated the
successful loading of iron oxide on the porous structure of AC.
The previous studies summarized that deposition or loading of
other composite materials onto CS-based adsorbent changes the
characteristic of adsorbent in terms of porosity and surface area.

APPLICATION OF COCONUT SHELL BASED 
ADSORBENT FOR POLLUTANT REMOVAL

Table 4 summarizes the recent studies on the role of CS adsor-
bents in removing pollutants from wastewater, including dyes, heavy

Table 4. Applications of coconut shell-based adsorbent for pollutants removal
No. Adsorbent Operating conditions Types of pollutants Remark Ref.
Dyes

1. CSAC

pH: 12
RT: 50 min
Temp: 353.15 K
Initial dye conc.: 10 mg/L

Reactive Blue19 dye

Changes in enthalpy: 7.771 kJ/mol
Changes in entropy: 0.035 kJ/mol K
Activation energy: 57.84 kJ/mol
Isotherm: Langmuir & Freundlich
Kinetic: P-S-O

[86]

2. CS charcoal
pH: 11
Adsorbent size: 500-710m
Initial conc.: 100 mg/L

Basic Yellow 13 dye
Basic Red 14 dye

Removal efficiency: 23.6% & 55.7%
Adsorption capacity: 19.76 mg/g & 22.93 mg/g
Isotherm: Langmuir

[87]

3. CSAC

pH: 3
Adsorbent dosage: 0.005 g
Particle size: 50m
Temp.: 10 oC
Activation: H2SO4

Maxilon Blue GRL
Direct Yellow 12

Isotherm: Fritz-Schlunder
Kinetic: Chemisorption [36]

4. CSAC-AgNPs

pH: 10
Impregnation ratio: 0.5% w/w
Initial dye conc.: 500 mg/L
RT: 120 min
Adsorbent dosage: 250 mg/
25 mL

MB dye
Adsorption capacity: 172.22 mg/g
Isotherm: Sips
Kinetic: P-F-O & P-S-O

[77]
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Table 4. Continued
No. Adsorbent Operating conditions Types of pollutants Remark Ref.
Dyes

5. CSAC

pH: 8
Temp.: 700 oC
RT: 60 min
Adsorbent dosage: 0.1 g
Activation: Physical

MB dye

Adsorption %: 99.42%
Adsorption capacity: 15.553 mg/g
Isotherm: Freundlich
Kinetic: P-S-O

[85]

6. CSAC

pH: 8
RT: 40 min
Adsorbent dosage: 0.1 g
Activation: H3PO4

MB dye

Adsorption %: 98.64%
Adsorption capacity: 15.478 mg/g
Isotherm: Freundlich
Kinetic: P-S-O

[85]

7. CSAC-CuO-
NPAC

pH: 9
Temp.: 318 K
RT: 180 min
Activation: Physical
Adsorbent dosage: 3 g/L

MB dye
BET SA: 262.35 m2/g
Adsorption capacity: 464.2 mg/g
Isotherm: Sips

[78]

8.
Iron Oxide-
CSAC-
Titanium Oxide

Optimum pH: 12
RT: 60 min
Impregnation ratio:
1 : 2 (Fe3O4 /AC/TiO2)

MB dye Degradation rate: 98% [82]

9. CSAC-
CoFe2O4

Optimum pH: 4
Initial conc.: 350 mg/L
Adsorbent dosage:
0.05 mg/25 mL
RT: 150 min

Rhodamine B dye

BET SA: 759.638 m2/g
Pore vol.: 0.321 cm3/g 
Adsorption capacity: 94.08 mg/g
Isotherm: Freundlich

[16]

10. CSAC
pH: 7
Adsorbent dosage: 0.02 g
RT: 4.5 h

MB dye
Adsorption capacity: 320.5 mg/g
Isotherm: Langmuir
Kinetic: P-S-O

[15]

11. Magnetic
CSAC

Activation: ZnCl2
Impregnation ratio:
1 : 2 (ZnCl2 : Chars)
Magnetization: Fe2+/Fe3+

MB dye Adsorption capacity: 156.25 mg/g
Isotherm: Freundlich [68]

12. CSCA-Zn(OH)2

Optimum pH: 7
Temp.: 318 K
Adsorbent dosage: 0.1 g/100 mL
RT: 60 min
Initial dye conc.: 100 mg/L

MG dye
Adsorption capacity: 303.03 mg/g
Isotherm: Langmuir 
Kinetic: P-S-O

[88]

Heavy metals

13. CS Carbon

pH: 5
Adsorbent Dosage: 4 g/L
RT: 2 h
Activation: KOH
Impregnation ratio:
2 : 1 (KOH: sample)

Pb2+

BET SA: 1,135 m2/g 
Pore vol.: 0.442 cm3/g 
Adsorption capacity: 151.52 mg/g
Isotherm: Freundlich & Halsey
Kinetic: P-S-O

[18]

14.
CS Active
Charcoal
with Chitosan

Optimum pH: 4 Cr (VI)
Removal %: 99.19%
BOD: 99.95%
COD: 99.825%

[89]

15. CS Optimum pH: 2
Activation: steam Cr (VI)

BET SA: 610 m2/g
Adsorption capacity: ~26 mg/g
Isotherm: Langmuir
Kinetic: P-S-O

[90]
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metals, and other organic compounds. The adsorption mecha-
nism of CS-based adsorbents on pollutants was studied and the
possible interactions between adsorbents and pollutants were clas-
sified into hydrogen bonding, electrostatic attraction and - interac-
tion, as shown in Fig. 2. The adsorption process of pollutants is
contributed by hydrogen-bonding interactions between N atom in
the structure of pollutants and H atom on the surface of adsor-
bent. Electrostatic attraction is also involved in the adsorption pro-
cess, where the interactionsare between opposite charges in pollutants
and adsorbent surface. Besides hydrogen bonding and electro-
static attraction, - interaction also assists in adsorption through
- electron coupling.

As shown in Table 4, MB dye is the most common cationic dye
model used in researchers’ studies. Oribayo et al. [15] and Khuluk
et al. [85] developed CSAC to treat MB dye. Khuluk et al. physi-
cally activated the CSAC by heating the CS precursor in a furnace
up to 700 oC and chemically activated using H3PO4. Oribayo et al.
reported that CSAC without any activation successfully removed
320.5 mg/g of MB dye at optimum conditions (pH: 7, adsorbent

dosage: 0.02 g, and contact time: 4.5 h) [15]. The uptake of MB
dye was ascribed to the monolayer chemisorption process on a
homogeneous surface. However, Khuluk et al. reported that CSAC
with physical activation successfully removed 99.42% (~15.553
mg/g) of MB dye at pH 8 and 0.1 g of adsorbent dosage within
60 min [85]. In addition, Khuluk et al. reported that CSAC with
H3PO4 activation managed to remove 98.64% (~15.478 mg/g) of
MB dye at pH 8 and 0.1 g of adsorbent dosage within 40 min.
Adsorption isotherm and kinetic studies revealed that MB dye
adsorption is a multilayer chemisorption process on a heteroge-
neous surface. Based on the results obtained by Oribayo et al. and
Khuluk et al., removal of MB dye was ideal at pH 7 or greater than
7, which cationic character of MB dye could explain. Moreover,
the study revealed that almost complete MB removal percentage
was achieved by physically and chemically activated CSAC in a
shorter duration compared to non-modified CSAC synthesized by
Oribayo et al. This phenomenon could be related to the usage of
higher adsorbent dosage and modification done on CSAC, which
enhances the adsorptive ability of MB dye. Although a smaller

Table 4. Continued
No. Adsorbent Operating conditions Types of pollutants Remark Ref.
Heavy metals

16. CS-based
Charcoal

pH: 5
Adsorbent dosage: 10 g/L
Initial conc.: 2 ppm

Copper Removal %: 70% [91]

17.
CSF/Mg-Al
composite
oxide

pH: 6
Temp: 45 oC
RT: 2 h
Optimum dosage: 25 mg
Initial conc.: 100 mg/L

Phosphorus

BET SA: 38.97 m2/g
Pore vol.: 2.45 nm
Adsorption capacity: 60.39 mg/g
Isotherm: Langmuir
Kinetic: P-S-O

[92]

Other chemical compounds

18. CSAC-
Iron Oxide

Activation: KOH
Impregnation ratio:
1 : 3 (carbon: KOH)

Oil Spill Surface area: 1,650 m2/g [55]

19.
Thermo-
Chemical
Activated CS

pH: 2
Temp.: 293 K
Adsorbent dosage: 3 g/L
Activation: H3PO4

Sodium
Dodecyl
Benzene
Sulfonate

Adsorption capacity: 28.57 mg/g
Isotherm: Langmuir 
Kinetic: P-S-O

[17]

20. Coconut
Coir AC

Temp.: 304 K
RT: 105 min
Agitation speed: 100 rpm
Activation: KOH
Impregnation ratio:
2 : 1 (carbon: KOH)

Oil Spill

BET SA: 691.8 m2/g
Adsorption capacity: 4,859.5 mg/g
Isotherm: Freundlich
Kinetic: P-S-O

[93]

21. CS-modified
Biochar

pH: 7
Adsorbent dosage: 2.0 g/L
Activation: H3PO4

Diazinon
Pesticide

BET SA: 508.072 m2/g
Pore vol.: 0.146 cm3/g
Adsorption capacity: 10.33 mg/g
Isotherm: Langmuir

[94]

22.
Activated
Coconut
Charcoal

Optimum pH: 7
RT: 60 min

Organophosphorus
Pesticide
Monocrotophos

BET SA: 79.4 m2/g
Adsorption capacity: 103.9 mg/g
Isotherm: Langmuir

[95]
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adsorbent dosage is needed to remove MB dye in the study of
Oribayo et al., the contact time required was up 4.5h. In conclu-
sion, modification is significant to determine the efficacy of adsor-
bents in removing a wide range of pollutants.

Besides chemical and physical activation, the mixture of AC
with metal oxide composite materials also has gained attention in
wastewater treatment. Magnetic adsorbent has been investigated
by Prajapati and Mondal [78], Moosavi et al. [82], and Yağmur
and Kaya [68] for the case of loading different metallic components
such as copper oxide, titanium oxide, and iron oxide onto the acti-
vated carbon. The incorporation of iron oxide onto AC helps to
improve the catalytic activity of adsorbent and prevents the parti-
cles from agglomerating. The magnetic adsorbent is ideal due to
the ease of separation and high catalytic activity [96].

Moosavi et al. [82] loaded iron oxide and titanium dioxide on
the AC (Fe3O4/AC/TiO2) for degradation of MB dye to determine
the adsorption performance and photocatalytic activity of the
adsorbent. As stated by Moosavi et al., modification of carbona-
ceous material such as AC with titanium dioxide and magnetic
particles improved photocatalytic activity and reusability proper-
ties [82]. Moreover, limitations of titanium dioxide could be over-
came by the AC because AC can cause fast charge separation and
can accept electrons generated by titanium dioxide, as stated by
Moosavi et al. The mixture of AC/iron oxide composite with tita-
nium dioxide is significant in increasing the surface area, enlarging
the adsorption area of titanium dioxide, and improving the stabil-

ity of photocatalyst during regeneration process. Even after seven
successive regeneration cycles, Fe3O4/AC/TiO2 catalyst still main-
tains high efficiency, with only 5% of reduction in photo-activity.
The result shows an increment in carbon’s size from 50.22 to 62.342
nm when the ratio of AC/iron oxide:titanium dioxide increased
from 1 : 1 to 1 : 2. However, particle size decreased when the tita-
nium dioxide ratio increased from 50.22 nm to 45.31 nm when
ratio increased from 1 : 2 to 1 : 4. This result showed that aggrega-
tion of titanium dioxide might occur on the AC rather than cover-
ing it. In conclusion, stable photocatalyst regeneration proves that
loading titanium dioxide on AC/iron oxide composite is an effec-
tive method to synthesize hybrid CSAC for wastewater treatment.

Prajapati and Mondal [78] also studied the incorporation of
metal oxide on AC by loading copper oxide nanoparticles (CuO-
NPs) on the CSAC with physical activation. The binding of cop-
per oxides on AC has gained interest for dye degradation because
CuO-NPs can bind to the surface of AC through copper and oxy-
gen reactive centers. BET surface area analysis’ result confirmed the
successful binding of copper oxide onto AC. Prajapati and Mon-
dal [78] reported that there was a reduction in surface area for
copper oxide loaded-AC (262.35 m2/g) compared to AC alone
(387.48 m2/g). The SEM analysis result indicated that only a small
number of unoccupied pores were present in the MB dye treated
AC. This phenomenon indicates that copper oxide-loaded AC has
successfully removed MB dye by filling up most of the pores in
the adsorbent. Moreover, the shifting and reduction of peaks for

Fig. 2. Adsorption mechanism.
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copper oxide loaded AC composite after MB adsorption was because
functional groups present in the AC composite are reacting during
the adsorption process.

Besides wide applications in dye removal, CS-based adsorbents
also have been used in removing heavy metals from aqueous solu-
tion. The utilization of biomass material and metal oxide compos-
ite mixture has gained interest in industrial wastewater treatment
applications. A study of utilizing coconut shell fibre/magnesium-
aluminium (CSF/Mg-Al) as adsorbent has been conducted by
Yuan et al. [92] in removing phosphorus from wastewater. Yuan et
al. studied the adsorption process of phosphorus via physical and
chemical adsorption. The weak bonds between CSF/Mg-Al lami-
nates and interlamellar anions can easily break down to form a
new bond leading to the combination of phosphate, magnesium
oxide, and aluminum oxide. Besides, an electrostatic attraction forms
a bond between the positively charged surface of CSF/Mg-Al and
negatively charged phosphate ions. As a result, chemical adsorp-
tion occurs between adsorbent and pollutant particles. This phenom-
enon indicates that the synergistic effect between CSF biomass,
magnesium oxide, and aluminum has achieved excellent physical
and chemical adsorption of phosphorus from wastewater. In addi-
tion, Yuan et al. studied the adsorptive and recycle ability of CSF/
Mg-Al composite to remove actual domestic sewage [92]. The
result showed that CSF/Mg-Al material has excellent adsorption
(60.39 mg/g) and recycling performance than the commercial AC.
About 46% of the average removal rate still can be reached even
after three times of recycling process compared to the commercial
AC (28%). In summary, CSF/Mg-Al adsorbent is a promising candi-
date to remove total phosphorus from wastewater in the future.

Other than dyes and heavy metals, focusing on removing other
chemical compounds has gained significant interest. Raj and Joy
[55] investigated the ability of CSAC-iron oxide magnetic adsor-
bent with KOH activation to remove oil spills (carbonization temp:
1,000 oC, activation temp: 1,000 oC). Raj and Joy reported that acti-
vation of CS-based adsorbent with a high carbon: KOH ratio (1 : 3)
shows a higher surface area (1,650 m2/g) compared to AC with-
out KOH impregnation (580 m2/g). This may possibly be due to
the addition of potassium into the carbon structure and intense
gasification induced by extreme oxidation [55]. In conclusion, the
development of a large surface area resulting from KOH activation
can maximize the uptake of oil spills by the adsorbent. Shokry et al.
[97] also studied the oil spill removal application using CS-based
adsorbent. They reported coconut coil AC impregnated with KOH
at the ratio of 1 : 2 (sample: KOH), carbonized at 600 oC, and acti-
vated at 800 oC exhibited surface area of only 691.8 m2/g. By ana-
lyzing the results obtained by Raj and Joy and Shokry et al., a higher
KOH activation ratio is more effective in developing an adsorbent
with a larger surface area, thus enhancing the removal ability of
the adsorbents.

Besides KOH, H3PO4 is also one of the most common activat-
ing agent uses for chemical activation purposes. Baharum et al.
[94] used H3PO4 activation on CS-modified biochar to remove dia-
zinon pesticides from an aqueous solution. The result showed that
surface area and total pore volume achieved by CS-modified bio-
char with H3PO4 activation (surface area: 508.072 m2/g, total pore
volume: 0.203 cm3/g) was higher than CS-modified biochar with-

out chemical activation (surface area: 434.833 m2/g, total pore vol-
ume: 0.174 cm3/g). H3PO4 activation on CS-based adsorbent im-
proved the porosity of structure, thus leading to better adsorption
of adsorbent. Large pore volumes present in the adsorbent struc-
ture can perform rapid adsorption process. H3PO4 can be used as
a cost-effective activating agent to enhance the surface area and
increase the micropore volume of adsorbents so that adsorbent
can attain the maximum adsorption capacity of pollutants.

Bhandari and Gogate [17] studied a similar concept on remov-
ing sodium dodecylbenzene by CS-based adsorbent. They reported
that Thermo-chemical activation gave a larger surface area (674
m2/g) compared to only chemically activated adsorbent (0.3667
m2/g). Bhandari and Gogate explained that thermo-chemically
activated adsorbent caused breaking of organic chains and a de-
crease in packing density [17]. The surface area increases when
the pores open up to leave the carbon structure. Thermo-chemi-
cally activated CS-based adsorbent can attain large surface area
and maximum sodium dodecylbenzene sulfonate adsorption capac-
ity, which is beneficial for the pollutant removal process.

Physical activation also plays an important role in developing a
better adsorbent for pollutants. Chandana et al. [90] conducted
physical activation on CSAC to remove Cr(VI). The study showed
that physical activation of CSAC with steam successfully achieved
the largest surface area (610 m2/g) compared to activation with
carbon dioxide (523 m2/g) and ozone (470 m2/g). Chandana et al.
[90] stated that partial oxidation of carbon by oxidizing gas such
as steam and carbon dioxide increased the surface area, which
favors the utilization of physical activation for the adsorption pro-
cess. In summary, the literature study revealed that modification of
CS-based adsorbents dramatically affects the surface morphology
of adsorbents, especially changes in surface area and pore volume.
Types of modifications also determine maximum adsorption capac-
ity. Therefore, it is important to modify adsorbents with a suitable
method to achieve a high adsorption capacity of pollutants.

ACTUAL WASTEWATER APPLICATION OF 
COCONUT SHELL BASED ADSORBENTS

The vast development of coconut industries has led to the dis-
posal of CS waste into landfills and streams without appropriate
treatment, which has become an environmental concern. There-
fore, converting CS wastes into valuable adsorbents for industrial
applications has become a great initiative. In the past years, many
researchers have used CS in real wastewater treatment. Kaman et
al. [98] conducted a batch adsorption study on POME using CSAC
to reduce chemical oxygen demand (COD), total suspended sol-
ids (TSS), and color using CSAC. They carried out physical activa-
tion by using steam on CSAC and studied the effects of contact
time and initial concentration on adsorption. The result showed
that physically activated CSAC achieved a BET surface area of
744.118 m2/g and pore volume of 0.4359 cm3/g. Kaman et al. [98]
also reported that CSAC gave the highest adsorption capacity for
COD (10.215 mg/g), TSS (1.435 mg/g), and Color (63.291 PtCo/g).
CSAC can meet the standard limit of Environmental Quality Act
(EQA) ruled by the Department of Environment (DOE). Thus,
CSAC is a promising candidate for POME treatment in palm oil
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industries. In addition, Hayatu et al. [99] used CS-based adsor-
bent with microwave KOH activation at a ratio of 1.5 : 1 (KOH:
char) to identify the feasibility of CS precursor for methane (CH4)
adsorption to overcome the challenge of compressed natural gas
(CNG). They carried out the activation of CSAC using the micro-
wave irradiation method at 500 W for 5 min and performed CH4

adsorption at different pressures (4, 5, and 7bar). The result showed
that the amount of CH4 uptake increased when pressure increased.
In conclusion, CS wastes can be converted into adsorbents for
CH4 adsorption to replace CNG as fuel for vehicles, which adds
value to the agricultural waste.

In addition, CS carbon was combined with limestone to explore
the potential and effectiveness of modified CS carbon in remov-
ing the Cr(III) from wastewater solution, which was under the
research area of Bakar et al. [100]. According to the World Health
Organization (WHO), the concentration of Cr(III) in drinking
water must meet the guideline where the value does not exceed
0.05 mg/L. Provisional guideline value of 0.05 mg/L is a safe drink-
ing water standard that does not expose human health to a high
risk of getting acute diseases [101]. Bakar et al. carried out an
adsorption study to identify contact time and pH influences on
the CS carbon/lime stone adsorption capacity. CS carbon/limestone
achieved up to 98% of Cr(III) removal percentage at optimum pH
of 5, agitation at 250 rpm, and 60 min of contact time by mixing
CS carbon and limestone as adsorbent. In summary, mixing CS
carbon and limestone has excellent potential to become an effec-
tive adsorbent to reduce Cr(III) concentration in industries.

Modification of CS into adsorbents also became the main con-
cern for the leather tanning industry. Leather industrial wastewater
contains harmful chemical materials, especially metallic chrome
(Cr). Liquid waste quality was tested with (Cr: 0.5 mg/l, BOD:
128 mg/l, COD: 1,146.08 mg/l) and without (Cr: 644.85 mg/l, BOD:
1,200.1 mg/l, COD: 3,400 mg/l) treatment plant but failed to meet
with quality standard determined by Regulation of DIY Governor
number 7/2010 (Cr: 0.4 mg/l, BOD: 40 mg/l, COD: 90 mg/l). To
deal with the pollution caused by the leather tanning industry,
Lasindrang et al. [89] coated chitosan on CS active charcoal to in-
crease adsorptive ability in removing Cr. Biological oxygen demand
(BOD) and chemical oxygen demand (COD). Chitosan is an effec-
tive bio-adsorbent because it contains free amino groups and has
high deacetylation rate capable of binding heavy metals. However,
chitosan has lower adsorption ability at low pH due to protona-
tion and is greatly affected by anions in the solution. In contrast,
active charcoal has an amphoteric characteristic that depends on
the pH of the solution to adsorb pollutants. Therefore, in this study,
Lasindrang et al. [89] developed chitosan-coated CS active char-
coal and studied the effects of pH and concentration of adsorbent
on the measurement of Cr, BOD and COD. Lasindrang et al. [89]
reported that chitosan-coated CS active charcoal successfully re-
moved 99.19% of Cr, 99.95% of BOD, and 99.825% of COD. The
results showed that chitosan-coated CS active charcoal is an effec-
tive adsorbent that can reduce >99% of chemical parameters ob-
tained from leather industrial wastewater. The literature justified
the potential of CS-based adsorbents for treating actual wastewa-
ter, including POME, CH4, Cr(III) and metallic Cr adsorption.
The broad utilization of CS wastes for industrial applications is

mainly due to its feasibility as an adsorbent to replace the usage of
high-cost commercial AC [89].

ENVIRONMENTAL AND ECONOMICAL 
PERSPECTIVE OF CONVERTING COCONUT SHELL 

INTO ADSORBENT

Carbonaceous CS is a high potential precursor to prepare ad-
sorbents for wastewater treatment because it manages to reduce
the release of greenhouse gases and also minimizes the severe issue
of global warming. The main environmental concern is that when
CS is disposed in the landfill, open burning of CS wastes produces
large amount of CO2 and CH4, which has devastating impacts on
both humans and the environment. Recently, the vast growth of
the industrial field has caused critical environmental issues such as
the emission of heat-trapping greenhouse gases such as CO2, chlo-
rofluorocarbon (CFC), CH4, etc. [102]. Moreover, a concentrated
amount of CO2 gas in the atmosphere has caused a sudden increase
in global temperature, leading to global warming, climate change,
and ocean level rise [103]. Therefore, the adsorption method is an
initiative to reduce the harmful effects caused by high CO2 con-
centration by capturing the excess amount of CO2. Furthermore,
the adsorption process only requires low energy consumption,
simple operation, and low cost, and is applicable over a wide range
of experimental conditions such as temperature and pressure [45].

Carbonaceous CS is an ideal precursor to prepare AC for CO2

gas adsorption because CS has high volatile content, low ash con-
tent, and high density, which meet raw material requirements to
develop an effective adsorbent [42]. Huang et al. [102] stated that
high porosity and large BET surface area of CS are also essential
requirements in selecting it as raw material during adsorbent
preparation. They compared the CO2 adsorption capacity between
CSAC and commercial AC under similar conditions (Tactivation=
1,000 oC, tactivation=120 min). As a result, they found that the removal
of CO2 for CSAC was 14.3 mg/L while commercial AC was only
13.2 mg/L. Huang et al. explained that CSAC had a higher BET
surface area (824 m2/g) than commercial AC (800 m2/g) at Tactivation=
1,000 oC and tactivation=120 min [102]. The result indicates that a
larger surface area contributes to higher adsorption capacity. How-
ever, the adsorption capability of both CSAC and commercially
prepared AC dropped to 1.9 and 1.7 mg/L after 30 min. Huang et
al. explained that CO2 particles filled up most of the pores. This
study concludes that CSAC possesses better characteristics and
performance in adsorbing CO2 gas than commercially prepared
AC. Therefore, CS-based adsorbents can be applied to reduce severe
environmental issues.

The industrial revolution caused tremendous energy demand,
and fossil fuel is one source that provides energy worldwide. How-
ever, the combustion of fossil fuels has led to a rise in CO2 con-
centration to around 413 ppm in 2020. Accumulation of excessive
CO2 has given rise to global warming issues. Therefore, the pro-
duction of energy from organic waste such as CS and microbial
fuel cells (MFCs) as an alternative energy supply solution is increas-
ing demand [104]. MFCs can transform chemical energy into elec-
trical energy [105]. For the working principle, cathode, the (oxygen)
catalyst determines the efficiency and operation cost of MFCs.
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Therefore, a highly effective oxygen catalyst is essential for the
excellent performance of MFCs. Koo et al. [106] reported that AC
is a promising oxygen catalyst due to its low cost ($1.4 kg 1) com-
pared to platinum, costing $625 g1. Reduction in the price of AC
is possible by converting agricultural waste such as CS wastes into
AC. The cost-effectiveness and simple operation method of ad-
sorption in developing agricultural wastes-based adsorbents jus-
tify the utilization of CSAC as oxygen catalyst in MFCs systems
[7]. However, the electro-catalytic activity of AC is low for the oxy-
gen reduction reaction. Therefore, a metal-nitrogen-carbon (M-N-
C) framework with high porosity was proposed to modify the AC
and improve the catalytic performance. Koo et al. prepared the
AC by combining it with the cobalt-nitrogen framework through
ultrasonication and solution precipitation method [106]. The results
revealed that when active sites for oxygen reduction reaction in-
creased, charge transfer impedance decreased, and the reaction
rate improved.

In addition, Koo et al. [107] reported that enhancement of
cathodic performance can improve the electrical power genera-
tion by MFCs. Carbon black is the standard material used as con-
ductive supporting material in AC-based cathode. However, Koo
et al. discovered that replacing carbon black with reduced graphene
oxide at the ratio of 1 : 1 could further improve cathodic perfor-
mance due to having five times greater electrical conductivity and
broader shape [107]. Furthermore, the introduction of current col-
lectors could enhance the cathodic performance of MFCs, which
are made from stainless steel, as reported by Nam et al. [108]. The
study revealed that cathodic charge transfer impedance decreased
up to 39%, which significantly helps to increase the effectiveness of
oxygen reduction reaction. Besides cathodic performance, Jung et
al. [109] stated that current metal collectors could also improve
anodic performance. Their study introduced two types of current
collectors: titanium wires and stainless steel mesh. The result showed
that carbon-felt anode with stainless steel mesh is advantageous in
short-term performance due to having a more prominent collec-
tor, but not for long-term performance due to interference with
mass transfer and microbial growth. On the other hand, a carbon-
felt anode with titanium wires is advantageous in long-term per-
formance. Therefore, the introduction of stainless steel could fur-
ther enhance the cathodic performance but not the anodic per-
formance. Besides energy production, MFCs are implemented for
wastewater treatment in the next generation. They reported that
anode arrangement plays a significant role [110,111] in maximiz-
ing the capability of MFCs to treat wastewater and produce energy.
The result revealed that agricultural CS waste-based AC as an oxy-
gen catalyst is advantageous from economical and environmental
perspectives.

Moreover, Arena et al. [112] considered the environmental per-
spective in their study. They assessed the input and output during
the production of CSAC through the life cycle assessment (LCA).
The inputs included resources and energy, while output included
the emission of waste products to the environment. Arena et al.
[112] demonstrated different scenarios to observe the environ-
mental performance of AC. Different scenarios were referring to
scenario 1 (utilization of coconut shell for electric energy produc-
tion in Indonesia), scenario 2 (release of distillate product from

carbonization process to the atmosphere), scenario 3 (allocation of
AC production in-country nearby to Indonesia), and scenario 4
(utilization of CS for both activated carbon and electric energy
production). As a result, the analysis showed that the reduction of
global warming potential reached around 80%. Furthermore, cost
reduction is possible when the CS wastes are used as biofuel gen-
erators for other needs, referring to scenario 4 conducted by [112].
This study concluded that AC developed from biomass such as CS
is beneficial in reducing environmental issues such as global warm-
ing by reducing the use of electrical energy during the process and
by utilizing the electrical energy produced by biomass material.

The cost of adsorbents is a significant criteria when choosing an
effective adsorbent because it has a considerable impact on a modal
for operating the adsorption process. Commercial AC is widely
used in adsorption, but a high cost is required for manufacturing
due to increased electricity usage during production [113]. Accord-
ing to Sigma Aldrich (2019), the cost of commercially prepared
activated carbon is RM 596.00/kg. This expense can be a financial
issue for industrial applications because large quantities of adsor-
bents are needed. So, various studies of converting CS waste into
useful adsorbents aim to replace the use of commercial AC. The
economic perspective survey has been investigated by comparing
different adsorbents in removing Cr(IV) ions. Babel and Kurni-
awan [114] reported that the commercial price of CSAC per kg is
US$0.34, while the price for commercial AC is US$1.37 and chi-
tosan is US$1.14. The result showed that 1 kg of CSAC treated
with nitric acid successfully removed 10.88 g of Cr (IV) ions,
which only cost US$0.34. In comparison, 1 kg of commercial AC
successfully removed 15.47 g of Cr(IV) ions, but it required US$
1.37 to remove such an amount of Cr(IV) ions from an aqueous
solution. Without considering the costs involved in operation, trans-
portation, maintenance of adsorbents, CSAC is more beneficial than
commercially prepared AC in removing Cr(IV) ions. In summary,
the development of CS wastes-based adsorbents is beneficial from
an environmental and economic perspective, meeting the need for
large-scale industrial applications.

CONCLUSION

This review gives an overall view of the feasibility of carbona-
ceous CS as a precursor material to develop adsorbents for waste-
water treatment applications. Preparation of CS-based adsorbents
has two fundamental steps: carbonization and activation. Both car-
bonization and activation processes have significant impact on the
adsorbent’s structure. As discussed in this review, different synthe-
sis methods of CS-based adsorbents from the previous studies
have given other researchers significant insight to choose the suit-
able modification method for developing an effective adsorbent.
Till date, studies on hybrid CS-based adsorbents are still lacking.
Therefore, research in finding the effective metallic materials to
hybrid with CS-based adsorbents should be the main focus because
the selection of precursors significantly impacts the adsorption per-
formance of the adsorbents. This review also discussed the per-
spectives from environmental and economic viewpoints in utilizing
CS-based adsorbents. Development of green adsorbents from agri-
cultural wastes is an exciting technique used for wastewater treat-
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ment to replace the utilization of commercially prepared and high-
cost AC in the adsorption process to keep the principle of green
chemistry. Besides recalcitrant pollutants in aqueous solution, CS-
based adsorbents are ideal in reducing the concentration of car-
bon dioxide gas, which has caused a severe global issue. From com-
prehensive studies, CS-based adsorbents are high potential candidates
for large-scale usage in industries to treat contaminated wastewa-
ter due to their unique properties, such as being environmentally
friendly, cost-effective and abundantly available. The environmen-
tal and economic perspectives of converting CS into adsorbents
are also the main concerns in preparing adsorbents to avoid sec-
ondary pollution and high operation cost.
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ABBREVIATIONS

-OH : hydroxyl
AC : activated carbon
AgNPs : Silver Nanoparticles
BB 3 : Basic Blue 3
BET : Brunauer-Emmett-Teller
BG : Brilliant Green
BOD : Biological Oxygen Demand
BR 14 : Basic Red 14
BY 13 : Basic Yellow 13
C-H : carbon hydrogen bond
C=C : carbon carbon double bond
C=O : carbonyl
CAC/CoFe2O4 : coconut activated carbon/cobalt ferrite
CC : carbon content
CFC : chlorofluorocarbon
CH4 : methane
CNG : compressed natural gas
Co : Fe : CAC : cobalt : iron : coconut activated carbon
CO2 : carbon dioxide
COD : chemical oxygen demand
Cr : chrome
CR : congo red
CS : coconut shell
CSAC : coconut shell activated carbon

CSF/Mg-Al : coconut shell fibre/magnesium-aluminium
CuO-NPs : copper oxide nanoparticles
CV : crystal violet
DOE : department of environment
DY 12 : Direct Yellow 12
DY 12B : Direct Yellow 12B
EB : eriochrome black
EQA : environmental quality act
FTIR : fourier transform infrared spectroscopy
H-H : hydrogen bond
H2O : water
H2SO4 : sulfuric acid
H3PO4 : phosphoric acid
HCl : hydrochloric acid
HTC : hydrothermal carbonization
LCA : life cycle assessment
MB : methylene blue
MFCs : microbial fuel cells
MG : malachite green
MO : methyl orange
MS : municipal sludge
NaOH : sodium hydroxide
Pb2+ : Lead (II) ion
POME : palm oil mill effluent
RB 19 : Reactive Blue 19
RBBR : remazol brilliant blue R
SA : surface area
SEM/EDS : scanning electron microscopy/energy dispersive spec-

troscopy
SS : sewage sludge
SSAC : sewage sludge activated carbon
TSS : total suspended solids
VC : volatile content
WHO : World Health Organization
ZnCl2 : zinc chloride
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