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There are two types of adsorbents, namely, natural and synthetic adsorbents. Several examples of natural adsorbents include
clay and zeolite (abundant and cheap). On the other hand, researchers can produce synthetic adsorbents (activated carbon)

via agricultural waste, industrial waste, and household waste.

activated carbon adsorption zeolite dyes Langmuir model

pseudo-second-order kinetic model

| 1. Introduction

The rapid development of industrial production throughout the globe has been followed by increasing wastewater. The
discharge of wastewater (e.g., brine) degrades water quality 2!, and thus water cannot be directly used for potable water (via
desalination) and industrial applications [ZE], Wastewater containing pesticides, dyes, phenol, and phenolic compounds may
be life-threatening to humans and marine aquatic species, even at low concentrations. Phenols are employed in the
manufacture of nylon, resins, and fibers. It is classified as highly toxic due to being carcinogenic in nature [4 and very difficult
to degrade through biological methods. Pesticides (including herbicides, insecticides, and fungicides) are used to control
pests and cultivate plants . However, they can cause acute and chronic effects on humans and animals. Dyes, described as
a colored substance €, are utilized to impart color in several industries (paper, ink, leather, textiles). Highly colored
wastewater should be treated prior to discharge in order to comply with environmental-protection laws. In recent years,
numerous techniques I have been reported by different researchers from around the globe to remove these pollutants. The
advantages of these methods were highlighted such as ozonation (no sludge production), oxidative process (simplicity of
application), fenton reagents (high efficiency of water soluble, non-water soluble pollutants), photo chemical degradation (no
sludge production), adsorption (high efficiency for removal of different types of dyes and metal ions), ionic exchange
(regeneration-no adsorbent loss), electro kinetic coagulation (low cost), irradiation (effective oxidation at lab scale), biological
process (ecological feasible) and coagulation/flocculation (low cost). However, some of these techniques have major issues.
For example: high sludge production (electro kinetic coagulation), low adsorption capacity (ionic exchange), high costs
(irradiation), very slow process (biological process) and Heavy chemical consumption (coagulation/flocculation). The
adsorption process (so-called surface phenomenon) has some advantages [, such as simple design, lower capital cost, and
lower operating cost. Recently, researchers have been looking for low-cost adsorbents that can be produced by using
agricultural wastes, industrial wastes, and natural materials. The selection of adsorbent mainly depends on factors & such as
low-cost production, adsorption capacity, re-generability properties, high surface area, and high pore volumes. During the
adsorption process, the solute will be deposited onto the adsorbent’s surface due to the forces of attraction 22, Eventually, it
can form a monolayer [ or multilayer (Figure 1) based on the experimental results. Researchers observed that the
adsorption process was spontaneous, a low temperature is favorable, and the concentration of substance will be increased
(on the adsorbent surface) over longer timeframes. The adsorption process can be classified into two groups (Figure 2),
namely, physical adsorption and chemical adsorption 111,
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Figure 2. Physical adsorption (a) and chemical adsorption (b) (1],

| 2. Types of Adsorbents

There are two types of adsorbents, namely, natural and synthetic adsorbents 22, Several examples of natural adsorbents
include clay and zeolite (abundant and cheap). On the other hand, researchers can produce synthetic adsorbents (activated
carbon) via agricultural waste, industrial waste, and household waste. Each of these adsorbents has a unique surface area

(23] and porosity structure that enhance the adsorption capacities.

Chitosan can be prepared from chitin (aminopolysaccharide polymer). Chitin occurs in nature (skeletons of crab, shrimp, and
lobster), as indicated in Figure 3, contributing to the second most abundant polysaccharide. Chitosan is a non-toxic
biopolymer 24! biodegradable, and biocompatible. Chitosan consists of $-(1-4)-D-glucosamine 22!, which can be considered
a partially deacetylated product of chitin (Figure 4). Chitosan contains nitrogen, in contrast to other polysaccharides, and the
hydroxyl group in cellulose is replaced by an amino group at carbon-2 in chitosan (Figure 5) in terms of structure. It has been
noted that flake chitosan is a non-porous material with a lower surface area (less than 10 m?/g). Therefore, physical and
chemical modifications are required to enhance the surface area and improve the adsorption capacity. Chitosan has been
used to remove pollutants due to several advantages 18!, such as chemical stability, being the cheapest adsorbent, excellent
reactivity (due to hydroxyl and amino groups), and selectivity. The world chitosan market size was USD 1.7 billion in 2019 and
is expected to reach USD 4.7 billion in 2027 due to a rapid growth in waste (seafood industry) and full support from the
government 7. Nowadays, the top global chitosan manufacturers include Primex (Siglufiordur, Iceland), AgraTech (New
Jersey, United States), Advanced Biopolymers (Haugesund, Norway), NovaMatrix (Sandvika, Norway) and Dainichiseika
Color & Chemicals Mfg. Co., Ltd. (Tokyo, Japan), Bioline (Chonburi, Thailand).
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Figure 3. Chitin content can be observed in various sources 12!,
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Figure 5. Chemical structure of chitosan and chitin 23],

Fly ash is considered a waste residue from the coal-combustion process and results in water, air, and soil pollution if not
treated well 281, |t is deposited in different ways, such as in dry landfills and ash ponds 19 Fly ash is considered a natural
adsorbent and shows unique properties, such as very high carbon content, excellent adsorptive capacity (hydrophilic surface),
highly porous structure with a large surface area 29, and large pore volume. In addition, it is composed of SiO, (93%) and
Al;03 (90.79%) with small amounts of Fe,O3 TiO,, CaO, P,05, MgO, Na,0O, BaO, K,0, SrO, MnO, Cr,03, and NiO. Some
researchers have concluded that fly ash is readily available and cheaper compared to activated carbon. Activated carbon is
costly and has high production costs. Experimental results showed that chemically modified fly ash successfully improved the
surface area and pore volume, with low energy consumption and better adsorption capacity. For example, the surface area
and total pore volume were found to be 4.975 and 45.716 m2/g and 0.0137 and 0.157 cm3/g in raw fly ash and acid-treated
(hydrochloric acid) fly ash, respectively 21, A variety of factors, such as combustion conditions, the type of coal, collector
setup, and air—fuel ratio, may have an effect on the properties of fly ash. Experimental findings showed that the average size
and bulk density were 20 pm and 0.54-0.86 g/cm?, respectively. Morphology analysis revealed that 70-90% of the particles
were solid glassy spheres, while the balance consisted of magnetite, hematite, mullite, quartz, and a small part of unburned
carbon. Sanjuan and co-workers 22 studied the morphology of coal fly ash obtained from a coal-fired power station
(Spain). Figure 6 indicates the SEM image and particle size distribution of the samples. The scanning electron microscopy
(SEM) image showed that the coal fly ash contained many fine particles that were spherically shaped and had a
predominantly amorphous structure. Fly ash is fine powder that is a by-product of burning coal in power plant. Most of the fly
ash is mainly spherical, produced in high temperature conditions. Particle sizes were in the range of 0.3 um to 250 um. The

major fraction was observed in the range of 20 um to 25 um.
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Figure 6. Scanning electron microscopy image (a) and particle size distribution (b) of the coal fly ash 22,

Carbon nanotubes were identified as carbon-based materials 281 and successfully discovered by Sumio lijima in the 1990s.
They can be divided into single-walled (single graphite sheet) carbon nanotubes and multi-walled (multiple concentric) carbon
nanotubes 24 based on the number of layers (Figure 7). There are several methods (laser deposition, chemical vapor
deposition, and arc discharge method) that can be used to produce carbon nanotubes from different sources (xylene,
methane, acetylene, benzene, and carbon monoxide ethylene). Chemical vapor deposition has several advantages (low
temperature, economical, and potential for mass production) compared to the arc discharge method (which requires high
temperatures such as 900-1200 °C). Danikiewicz and co-workers [22! have produced a multi-walled carbon nanotube using
the chemical vapor deposition technique. A high-resolution transmission electron microscopy (HRTEM) image confirmed

homogeneity morphology with a diameter of 10 nm. A Raman spectrum showed that three peaks appeared at 1345
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cm™1 (structure disorder (D)), 1576 cm™! (nanotube graphitization (G)), and 2685 cm™ (stresses (2D)). Several researchers
found that carbon nanotubes were more attractive than activated carbon and clay because of their high selectivity and
favorable physico-chemical stability 28], Other unique properties, such as excellent electric properties, large specific surface
area (Table 1), good superior thermal conductivity (2000—6000 W/(m.K)), high elastic modulus (1000-3000 GPa), and high
tensile strength (50-100 GPa) were also highlighted. In 2017, the world carbon nanotube market was USD 15.3 billion and is
expected to achieve USD 103.2 hillion in 2030 2. Currently, major global carbon nanotube producers are Arkema SA (multi-
walled CNT), Nanocyl SA (multi-walled CNT), Nanoshell LLC (multi-walled CNT), Carbon Solutions Inc. (single-walled CNT),
Hyperion Catalysis International (multi-walled CNT), SHOWA DENKO KK (CNT), and Klean Commodities (single-walled

CNT).
(a)swcnT (b)mwcenT
Figure 7. Internal view of single-walled carbon nanotube (SWCNT) and multi-walled nanotube (MWCNT) [24],
Table 1. Physical properties of prepared carbon nanotube.
Type Physical Properties

Pore volume = 0.8 cmd/g
Specific surface area = 40-600 m?/g
Outside diameter = 40—60 nm
Core diameter = 5-10 nm [28]
Length = 5-15 pm
Surface area: 1000 m?/g

Multi-walled carbon nanotube
Microspore volume = 0.5 cm?/g 22
Surface area = 407-650 m?/g
Average pore width = 2.77 to 2.13 nm 9
Surface area = 98.7 m?/g
Average pore diameter = 30.9 nm [

Pore volume = 0.764 cmq/g

Single-walled carbon nanotube Surface area = 381 to 1068 m2/g
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Type Physical Properties

Average bundle size = 10-30 nm (22
Surface area = 302 m?/g 22!

Pore volume of the bundles = 0.14 cm®/g
Skeletal density = 0.806 g/cm®

Pore volume = 0.1 cm®/g

Surface area = 911 m?/g

Diameter = 9-25 A [24

Surface area = 398 m?/g 22

Average pore size = 10.8 nm

_ 3
ACUVAled carnon can pe synnesizea rom any T ore volume =0.92 cm®/g ‘he plants,

biomass) containing high amounts of carbon and less inorganic content 28] The obtained activated carbon (powdered,
granular, fibers, and extruded form) showed a high surface area and high-porosity structure 7 and can be used to remove
pollutants from aqueous solutions. Granular activated carbon can be used in the food and beverage industry, wastewater
treatment, and air and gas purification 2. There is a high demand for the granular form due to its simple regeneration and
reusability 89 On the other hand, powdered activated carbon showed a larger surface-area-to-volume ratio with a particle
size less than 0.177 mm. It can be employed for the removal of unwanted odor, taste, and color. Generally, activated carbon
can be categorized into three groups, namely, microporous (smaller than 2 nm), mesoporous (2 to 50 nm), and macroporous
(more than 50 nm), depending on pore sizes based on the IUPAC definition. During the preparation of activated carbon, there
are various types of precursors that can be converted into activated carbon through physical activation (under an inert
atmosphere in the carbonization process) and chemical activation (activating agent: acidic, basic, or salt). Octoli and co-
workers 49 have produced sago waste-based activated carbon by using different activating agents, such as phosphoric acid,
zinc chloride, potassium permanganate, and potassium hydroxide. The textural properties of these activated carbons are
highlighted in Table 2. Mistar and co-workers 1] pointed out that the surface area was strongly dependent on the
experimental conditions (pyrolysis temperature and weight ratio between carbon and sodium hydroxide (NaOH)).
The Bambusa vulgaris-based activated carbon produced by using a weight ratio of 1:1 (carbon to NaOH) at a temperature of
700 °C and at 800 °C showed that the surface area was 308 m?/g and 560 m?/g, respectively. In addition, experimental results
revealed that a higher surface area could be obtained when the weight ratio was increased from 1:2 (635 m?/g) to 1:3 (1041
m?/g). It was noted that a similar trend result was observed in the total pore volume as well. When the residual loss of
hydrocarbons increased, it resulted in more pores, an increased surface area, and contributed to a bigger pore diameter.
Based on Equation (4), NaOH reacted with carbon (C) to produce carbon dioxide (CO2) gas, corroded the carbon wall, and

formed new pores.

4NaOH + C — 4Na + CO, + 2H,0 )

Table 2. Textural properties of sago wastes-based activated carbon produced by using different chemical activation agents
[@]
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Microporous Mesoporous ;%tra; Surface A‘Si:?ge Yield Fixed Ash
Activating Agent Volu3me Volt;me Volume Arzea Diameter (%) Carbon (%)
m m m 9
(cmlg) emie)  (emyg) ™19 Tnm) (%)
KOH 0.101 0.085 0.186 374.03 5.12 305 4378 109
H3PO, 0.194 0.097 0.291 480.23 4.21 22.39 2.56 29.6
Zine chioride 0.225 0.076 0301  546.61 3.32 2334 409 238
(ZnCly)
Potassium
Permanganate 0.152 0.092 0.244 274.92 4.3 29.98  14.02  26.02
(KMnO4)

Toni and co-workers 42 have reported the influence of zinc chloride on the properties of peat-based activated carbon. The
percentage of yield reduced (45.7% to 14.2%), while total carbon increased (87.2% to 96%) with an increase in the
carbonizing temperature (723 K to 1073 K). The volatilization process and decomposition of the carbon occurred rapidly
(enhanced pore development) when the carbonization temperature was increased. The percentage of yield increased when
reducing the impregnation ratio (from 2 to %) due to zinc chloride reacting with hydrogen atoms and oxygen atoms to form a
water molecule and hydrogen molecule, respectively. However, the mesoporosity structure increased when the impregnation
ratio was increased from % (57.9% to 65.5%) to 2 (65.7% to 80.2%). Jiang and co-workers 43 compared the psychical
properties of commercial activated carbon and acid-treated carbon (sulfuric acid). Research findings confirmed that BET
surface area (1126 to 1234 m2/g), acidic surface oxygen complexes (0.071 to 1.986 meq/g), and mesoporous volume (0.243
to 0.452 mL/g) were increased after the impregnation process (concentrated sulfuric acid). When the treatment temperature
was at 250 °C, several observations could be described. These included the opening of micro pores, the destruction of pore

walls, and the production of carboxyl and hydroxyl groups.

The world’s activated carbon market volume increased from 2015 (2.7 million metric tons), 2017 (3.4 million metric tons),
2019 (4.3 million metric tons) to 2021 (5.4 million metric tons) due to the environmental regulations 4!, Activated carbon has
been used in water treatment (38%), air purification (24%), and food processing (19%). China accounted for the world's
largest consumption 2! of activated carbon in 2020, followed by the United States and Western Europe (Figure 8). Currently,
the major activated carbon manufacturers globally include Jacobi Carbons Groups located in Kalmar, Sweden (coconut shell),
Kuraray Co. Ltd. Located in Tokyo, Japan (coal and coconut shell), Haycarb (Pvt) Ltd. Located in Chennai, India (coconut
shell), General Carbon Corp located in New Jersey, United States (wood, coal, coconut shell), and Cabot Norit located in

Amersfoort, The Netherlands and Texas, United States (wood, peat, coconut shell).
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Figure 8. Global consumption of activated carbon in 2020 [45],

Zeolite has been used in gas adsorption 48, water treatment, soil amendment, construction, agriculture, petroleum refining,
detergent builders, catalysts, and animal feed additives. Zeolite is produced from alumina (AlO5-4) and silica (SiO4-4) via the
interlinkage of oxygen atoms 44, The primary (consisting of the central atom and terminal oxygen) and secondary building
blocks (bridging via oxygen—oxygen atoms) can be observed (Figure 9) in zeolites 48], Generally, zeolite can be classified into
natural zeolites (volcanic and sedimentary rocks) and synthetic zeolites, which account for 37% and 63% of the total zeolite
consumption, respectively. Currently, China is the largest producer (of natural zeolite) in the world, followed by South Korea
and Slovakia.
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Figure 9. Primary and secondary building units of zeolites (48],

Synthetic zeolite can be produced by using different methods, including hydrothermal, solvothermal, and inothermal methods.
Zeolite X and zeolite Y showed a bigger void space with a rigid structure. Zeolite A, produced from sodium aluminosilicate,
had an excellent ion-exchange capacity with a specific particle size (4 to 10 um). Zeolite can be prepared by using natural
sources. These zeolites are low in cost and exhibit interesting properties (hydrophilic in nature, highly porous cavities, and
specific surface area). In addition, experimental results showed that the size was estimated to be 0.3 to 1 nm, and thermal

stability and resistance to acid were increased when the silicon to aluminum ratio was increased 22!,

Sometimes, modified zeolite (to improve adsorption capacity) is created in the laboratory through different methods such as
physical modification (thermal and ultrasonic modification), chemical modification (by using salt, acid, base, a cationic
surfactant, and rare earth), and composite modification. Thermal (muffle or microwave heating) and ultrasonic modification
(sound waves) have been observed to reduce surface resistance and eliminate impurities in the pores. Acid has the potential
to dissolve impurities in the pores; the H* ions replaced K*, Ca?*, and Mg?* in order to increase porosity. In the alkali-
modification process, NaOH reduced the ratio of silicon to aluminum and formed a mesoporous structure. Salt modification
can be carried out through ammonium chloride, aluminum chloride, sodium chloride, and magnesium chloride. During the
modification process, the salt solution removed impurities and exchanged the zeolite cations with cations from the salt

solution.

The surfactant-modified zeolite Y was created by mixing a cationic surfactant with natural zeolite (Figure 10). The negative
charge (zeolite surface) could adsorb surfactant cations through electrostatic force when the concentration of surfactant was
equal to or smaller than the critical micelle concentration. However, the alkyl chain of the surfactant was attracted via
hydrophobic interaction when the concentration of the surfactant exceeded the critical micelle concentration. Eventually, a

positive charge was produced on the zeolite to remove anionic contaminants.

s b
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Figure 10. The cationic surfactant on surface of zeolite can remove cation ion (a), anion ion (b), and organic ion (c) 11,

(c)

Rare earth modification can be achieved through lanthanum, zirconium, and cerium hydroxide. These zeolites can remove
ammonium (cation exchange with zeolite) and phosphate (exchange of the ligand and electrostatic attraction) effectively.
Composite modification can be carried out through several techniques. Alkali/acid/salt composite modification can reduce the
adsorption period. Zeolite was treated at high temperatures to increase the porosity under heating composite modification.

The ultrasound and salt-modification process can dissolve impurities and reduce the reaction time as well (29,

Currently, the largest manufacturing companies 52 include Zeolyst International located in Pennsylvania, United States
(zeolite Y, zeolite beta, ZSM-5, ferrierite, Mordenite), Rota Mining Co located in Istanbul, Turkey (clinoptilolite), Clariant
located in Bitterfeld, Germany (advanced zeolite powder), W.R. Grace & Co. located in Maryland, United States (zeolite
molecular sieves), Zeocem AG, located in Bystre, Slovak Republic (natural zeolite), CWK Chemiewerk Bad Kostritz GmbH,
located in Bad Kostritz, Germany (zeolite molecular sieves), Bear River Zeolite Co, located in Montana, United States (natural
zeolite), Northern Filter Media Inc located in Lowa, United States (resin zeolite), Grace & Co, located in Worms, Germany
(zeolite catalysts), Zeo Inc. located in Texas, United States (natural zeolite), Anten Chemical Co. Ltd. Located in Xiamen,
China (zeolite powder), Arkema located in Paris, France (molecular sieves), and ZeoliteMin located in Xiamen, China (natural

zeolite).
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