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Abstract 

Environmental pollution from chemicals utilized in manufacturing, phar-
maceuticals, and chemical process industries is of serious concern nowa-
days due to the contamination that ensues when these chemicals are dis-

charged into water bodies. Activated carbon adsorption provides an effi-
cient and economically viable means for mitigation of toxic chemicals (i.e., 

heavy metals, dyes, pharmaceutics, and antibiotics). However, the exorbi-
tant cost of commercial activated carbons has resulted in the search for 
low-cost alternatives for the treatment of contaminated effluents. An ex-

haustive literature survey in this area is necessary to know the extent of 
work done in this area and seek out the gaps that future research will pro-
vide answers to. In this review, various works on activated carbon utiliza-

tion, batch adsorption, fixed-bed adsorption (experimental and numerical 
studies) are summarized. This review elucidates the different kinetic and 

isotherm models of agrowastes-derived activated carbon materials in con-
text with pollutants (dyes, heavy metals, pharmaceuticals, miscellaneous 
adsorbates) removal through batch and column methods. In addition, 

fixed-bed column adsorption/regeneration methods using various acti-
vated carbons derived from agrowastes are discussed. Among these meth-
ods, heavy metal adsorption from aqueous solutions by the activated car-

bons is the most efficient. The deployment of mathematical and machine 
learning approaches (ANN and novel GMDH algorithms) in optimization 
of batch and continuous adsorption processes are also highlighted. Numer-

ical simulation of fixed-column adsorption systems for more improved in-
dustrial-scale column designs is described. Conclusions and future chal-

lenges of chemicals removal from polluted wastewater utilizing 
agrowaste-derived activated carbons are also presented. 
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Key findings 

● Numerical modeling and simulation provide faster, inexpensive means of assessing the quality of alternative acti-

vated carbons for wastewater treatment applications.  

● Fixed-Bed adsorption column studies for wastewater treatment are still in its nascent stages, thus more research 

studies are required. 

● Soft computing techniques such as ANN and particularly GMDH have seldom been applied to evaluate activated 

carbon adsorption performance in batch/fixed-bed adsorption systems. This application of these computational meth-

ods can significantly improve the design and optimization of activated carbon adsorptive separation processes. 
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1. Introduction 

Adsorption refers to the process of extracting adsorbates 

(such as atoms, ions, and molecules) from gaseous and liq-

uid solutions by retaining them on the surface of a solid 

substrate. In this adsorption process, the performance is 

influenced by fluid-solid equilibria and adsorption rates 

[1]. Adsorption can occur through both batch and fixed-

column methods. Batch adsorption is commonly employed 

to separate pollutants from fluid media, especially when 

only small amounts of solute (adsorbate) are present in 

the solution. In a batch system, the concentration of ad-

sorbate in contact with a specific quantity of adsorbent 

gradually diminishes as the adsorption process continues, 

ultimately reducing the adsorbent’s efficacy for sorbate 

removal (Figure 1) [1, 2]. Batch adsorption studies are es-

sential for assessing solute adsorption capacity, kinetic 

constants (k2), and diffusive parameters (Di,e) of the ad-

sorbent(s). Mass transfer and adsorption properties are 

typically determined through batch experiments. How-

ever, in real-life water treatment/purification systems, 

operational constraints occur due to hydrodynamic effects 

(axial dispersion), channeling and non-equilibrium condi-

tions. 

The fixed-bed adsorber is a commonly used system in 

industrial applications for solute adsorption [2] for per-

forming operations such as adsorption and desorption, ef-

fectively separating gaseous and liquid pollutants from 

fluid media. This system consists of a vertical cylindrical 

tube filled with adsorbent materials, typically activated 

carbon. The bed height ranges from 3 to 12 cm and is sup-

ported by materials such as glass wool, perforated plates, 

or screens (Figure 2) [1, 4]. Fixed-bed adsorbers are com-

monly operated in either downflow or upflow mode, with 

downflow being the preferred choice. However, upflow at 

high feed rates can result in attrition, fines loss, and par-

ticle fluidization [5]. 

In downflow mode, contaminated fluid (liquid or gas) 

enters the fixed-bed column from the top and interacts with 

the adsorbent particles. During this process, adsorbed mol-

ecules move through diffusion, convection, and dispersion 

from the bulk fluid into the adsorbent particle. As the ad-

sorbate molecules come into contact with the adsorbent, in-

tra-pellet diffusion and surface diffusion take place, result-

ing in the accumulation of sorbate molecules on the adsor-

bent material [7].  

Solute adsorption in a fixed-bed column operating in 

downflow mode is influenced by several factors, including 

equilibrium conditions between the surrounding fluid and 

the adsorbent, mass transfer rates to the adsorbent parti-

cles, flowrates, and intra-particle diffusion. The adsorption 

process within the fixed-bed adsorber is characterized by 

unsteady state behavior and dynamics. Specifically, it can 

be divided into three distinct zones: the clean zone, the 

mass transfer zone, and the saturated zone. The clean zone 

marks the initiation of solute molecule adsorption, while 

the mass transfer zone is where non-equilibrium adsorp-

tion of the adsorbate occurs. Finally, in the saturated zone, 

the adsorbent reaches its maximum capacity, and no fur-

ther adsorption takes place [8–10]. The height of the mass 

transfer zone within the adsorber that significantly influ-

ences the concentration changes is related to fluid velocity. 

In addition, the usable bed capacity, determined by the time 

at which the effluent concentration reaches the maximum 

permissible level (exhaustion time), plays a crucial role in 

the design of fixed-bed adsorbers [1, 2, 11]. For adsorption-

based separation applications, activated carbon stands out 

as the preferred adsorbent due to its remarkable effective-

ness, surface reactivity, thermal stability and versatility in 

separating various pollutants, including dyes, pharmaceu-

ticals, heavy metals, and antibiotics, commonly found in 

wastewater [12, 13]. 

Activated carbon adsorption offers an efficient and eco-

nomically viable solution for reducing polluted effluent 

[14]. However, industrial activated carbons derived from 

natural sources like wood, coal, and peat are costly and not 

readily available in-situ. The high expenses associated with 

commercial activated carbons have prompted the explora-

tion of low-cost alternatives, including agricultural wastes 

[15]. Unmodified agricultural wastes (biomass), when used 

as alternative adsorbents, demonstrate partial to moderate 

adsorption capacities, rendering them ineffective for treat-

ing polluted wastewater. 

 
Figure 1 Batch adsorption set-up for removal of contaminants from 

aqueous solutions [3]. 

 
Figure 2 Schematic of experimental setup for adsorption in the 

fixed-column [6]. 
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However, modifying agricultural wastes through phys-

ical methods (such as thermal activation) or with chemical 

reagents (like chemical activation) enhances their adsorp-

tion capacity by creating a well-organized crystalline 

structure and improving pore texture in the resulting solid 

carbon [16, 17].  

In this review, we will delve into the mechanisms of ad-

sorption, isotherm, and kinetic models. These models are 

applicable for assessing the quality of produced activated 

carbons. Furthermore, we will explore various works re-

lated to adsorptive separation of dyes, heavy metals, phar-

maceuticals, and other miscellaneous sorbates from pol-

luted effluents. Furthermore, we will review fixed-bed ad-

sorption through both experimental and numerical ap-

proaches. Lastly, we will identify research gaps and pro-

pose new directions for future research work. 

2. Mechanism of adsorption 

Activated carbon adsorption typically involves a four-step 

process: transport of solute through the adjoining liquid 

film to the external surface of the adsorbents (film diffu-

sion), bulk transfer of diffusing molecules (solute) within 

the adsorbent particle (intra-particle pore diffusion), mi-

gration of the solute on the surface-active sites within the 

micropores of the activated carbons (intra-particle surface 

diffusion), and adsorption/desorption at surface active 

sites on the adsorbent surface (surface reaction phenome-

non) [18].  

In the aqueous (water) adsorption process, three main 

interactions affect the adsorption of sorbate molecules by 

activated carbon: 1) adsorbate-water (solvation effect); 2) 

adsorbate-activated carbon (hydrogen bonding, π–π inter-

actions, surface complexation, ion exchange, electrostatic 

interactions, precipitation), and 3) activated carbon-water 

(Figure 3) [19]. 

2.1. Adsorbate-water interactions 

The physico-chemical properties (molecular weight, solu-

bility, PKa, molar volume, surface area etc.) of the adsorb-

ate can impact the interactions between the molecules and 

water solvent. The hydrophilic (water-loving) nature of me-

tallic adsorbates ions (cations) can result in interaction of 

the partial charges of the cations with partial charges on 

the water solvent. The negative poles of the water solvent 

(hydroxyl ions) surround the positive pole of the adsorbate 

ions. Clustering of the hydroxyl ions (OH–) around the ad-

sorbate molecules results in dissolution of the solute (ad-

sorbate). Hence, the much stronger adsorbate-water molec-

ular interactions relative to those of water-water or adsorb-

ate-adsorbate molecules will lead to reduced adsorption. On 

the other hand, a hydrophilic adsorbate (organic com-

pound) will outflow from the aqueous solution and adhere 

to the surface of activated carbon, which also has little af-

finity for water (enhanced adsorption). This behavior is 

known as solvent-motivated adsorption [21]. 

2.2. Adsorbate-activated carbon interactions 

The porous structure (BET surface area, pore size distribu-

tion, and pore volume) and chemical surface (surface chem-

istry) significantly influence the adsorption equilibria and 

kinetics for each specific adsorbate (pollutant). A large sur-

face area composed of a huge number of carbon atoms 

(sorption sites) is necessary for retention of the adsorbate 

molecules on the activated carbon. The micropores consti-

tute most of the specific surface area of the activated car-

bon. Hence, the size of the adsorbate molecules adsorbed 

must be slightly smaller than the size of these smaller pores 

to allow them to reach the internal adsorption surface of 

the porous carbon. Thus, pore size distribution is an im-

portant property for characterizing the absorption capacity 

of activated carbon. The surface chemistry (acidity, aro-

matic degree, and polarity) of the activated carbon as well 

as the solution chemistry can retard or augment adsorption. 

Oxygen is major non-carbon element present in the func-

tional groups on the pore walls of the activated carbon. These 

surface functional groups augment the polarity of the carbon 

surface and promote different adsorbate-activated carbon in-

teractions (chemical adsorption reactions) unique to the ac-

tivated carbon [19]. Hence, the reactivity of each individual 

activated carbon is more or less dependent on its character-

istic surface functional groups.  

The interactions that can occur between adsorbate and 

activated carbon include hydrogen bonding, electrostatic 

interactions, π–π interactions, precipitation, ion exchange, 

and surface complexation. 

2.2.1. Hydrogen bonding 

Hydrogen bonding is a physical adsorption mechanism, 

which can be attributed to the large partial positive charge 

(σ+) on hydrogen (acceptor) atom covalently bonded to the 

oxygen and/or nitrogen atoms present in the adsorbate 

molecule. The H-bond polar interactions with adsorbate 

(pollutants) favours the adsorption process due to the for-

mation of hydrogen (coordinate) bonds between the amine 

(N–H) or hydroxyl (OH–) groups in the activated carbon and 

the heavy metal (adsorbate) acceptor ions in solution.  

 
Figure 3 Mechanisms of adsorption in activated carbons [20]. 

https://doi.org/10.15826/chimtech.2024.11.2.02
https://doi.org/10.15826/chimtech.2024.11.2.02


Chimica Techno Acta 2024, vol. 11(2), No. 202411202 REVIEW 

 4 of 25 DOI: 10.15826/chimtech.2024.11.2.02

   

2.2.2. Electrostatic interactions 

Electrostatic interaction is a major mechanism for the ad-

hesion of adsorbate molecules onto activated carbon. 

Mostly, activated carbons are amphoteric in nature, with 

variable surface charges dependent on surface charge den-

sity and solution chemistry. The ionic environment of the 

solution (solution pH) affects the speciation of adsorbate 

molecules in solution and surface charge of activated car-

bon (AC’s). If the solution pH is greater than the pH zero-

point charge (zero surface charge density) of the activated 

carbon, the surface acidic/basic functional groups are 

deprotonated and become predominantly negatively 

charged. Consequently, electrostatic attraction occurs be-

tween the adsorbate molecules (metallic cations) and neg-

atively charged adsorption sites on the activated carbon’s 

(AC’s) surface. Electrostatic attraction ensues between the 

adsorbate molecule and activated carbon surface when the 

surface charges are dissimilar (opposite). In the process, 

the Gibbs free energy of adsorption decreases, favoring ad-

sorption reaction (higher adsorption capacity). Electro-

static attraction can also be a secondary mechanism for the 

sorption of adsorbate molecules by activated carbon, occur-

ring in conjunction with other mechanisms such as surface 

complexation, ion exchange, and precipitation (cooperative 

mechanism). 

2.2.3. π–π interactions 

π–π interactions are mainly attributed to interactions be-

tween the graphitic (aromatic ring) π-electrons of activated 

carbon and the electron-donating (positively charged) ad-

sorbate molecules. π–π interactions are also known as π–π 

electron donor-acceptor (EDA) interactions. Notably, π–π 

interactions (non-covalent) involving the π system are at-

tenuated by the presence of nitrogen and oxygen containing 

surface functional (electron-withdrawing) groups, result-

ing in a significant drop in the π electron density of individ-

ual grapheme (aromatic) layers within the carbon matrix. 

π–π interactions are analogous to electrostatic attractions. 

2.2.4. Precipitation 

The precipitation mechanism involves the formation of 

chemical precipitates (solid products), either on a solid 

phase (activated carbon) or in solution. Precipitation is a 

major mechanism for heavy metals removal by activated 

carbons, which occurs synchronously with other mecha-

nisms such as electrostatic interactions, surface complexa-

tion, and ion exchange during adsorption. In the process, 

heavy metals are separated from solution as solid pigments, 

minerals, crystals, etc. The precipitation of adsorbates 

(contaminants) from aqueous solutions, can promote ad-

sorbate mass transport (diffusion), possibly enhancing ad-

sorption kinetics comparative to other adsorption mecha-

nisms. 

2.2.5. Ion exchange 

The ion exchange mechanism involves ion exchange via 

chemical reactions between adsorbate molecules (metallic 

cations) in solution and protons on oxygen containing func-

tional groups in the solid phase (activated carbon). In the 

process, electroneutrality must be maintained. The ion ex-

change efficiency for heavy metals adsorption by activated 

carbons is largely dependent on the molecular area of the 

adsorbate molecule (metallic cation) and surface chemistry 

of the activated carbon. The ion exchange process can be 

represented as follows: 

Pb2+
(solution) + –COOH(solid carbon) ⇌ 

–COOPb+
(solid carbon) + H+

(solution) 

(1) 

Positively charged adsorbate (Pb2+) in solution diffuse 

into the pores of the activated carbon and exchange with 

the H+ in the carboxyl surface groups present in activated 

carbon. The solution pH is a key parameter affecting the ion 

exchange process. At low (acidic) pH, ion exchange is more 

likely the predominant mechanism due to increased num-

ber of protons (H+) available to saturate the adsorbate 

(metal)-binding sites. Further, the ionic environment of the 

solution (solution pH) is altered after H+ is released from 

metal-occupied sorption sites on activated carbon surface 

during the adsorption. 

2.2.6.  Surface complexation 

Surface complexation involves the interaction of metallic ad-

sorbate ions with carboxylic and other weakly acidic func-

tional groups in activated carbons to form multi-atom struc-

tures (e.g., surface complexes). The surface complexation 

process can be represented as follows: 

≡C–OH + Pb2+ ↔ C–OPb+ + H+ (Monodentate com-

plexes) 
(2) 

≡C–OH 

+ 2Pb2+ ↔ 

≡C–OH  

Pb+2H+ (3) 
  

 

 

≡C–OH ≡C–OH  

  (Biden-

tate com-

plexes) 

  
 

The oxygen containing functional (phenol) groups on 

the activated carbon’s (AC’s) surface bind with Pb2+ ions to 

form surface complexes. The pKa values of the phenolic 

groups play an essential role in explicating the surface 

charge on the AC’s surface. The pKa value is equal to the pH 

of a semi (partial) dissociated acid surface functional group 

(complex). When, the solution pH is higher than the pKa of 

the surface functional groups, the phenol groups dissociate 

and become predominantly negatively charged. The metal-

lic sorbate ions can then be effectually bound to the nega-

tively charged phenol groups in activated carbon by com-

plexation. Surface complex formation (-inner and -outer 

sphere) is one of the principal mechanisms for the adsorp-

tion of heavy metals onto activated carbons. During surface 

complexation, adsorption is more favourable, when Gibb’s 

free energy of adsorption is more negative. Hence, a simi-

larly negatively charged adsorbate (co-ion) tends to be re-

jected (thermodynamically unfavourable), whilst an 
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oppositely charged adsorbate (counter-ion) tends to be ad-

sorbed onto the activated carbon surface (thermodynami-

cally favorable) [18, 19, 21]. 

2.3. Activated carbon-water interactions 

The surface charge (polarity) of activated carbon is varia-

ble, dependent on the different surface functional groups 

present. This is evident on immersion of activated carbon 

in aqueous solution, where the surface functional groups 

undergo dissociation, and, consequently, modify the polar-

ity of the carbonaceous adsorbent. Likewise, oxygen and ni-

trogen containing (polar) groups can act as nucleation sites 

for accumulation of water molecules (micro-clusters) on 

the oxygen and nitrogen centers in the carbon surface (hy-

drogen bond formation) and, subsequently, the continuing 

stages of cluster formation and pore-filling. This interac-

tion of basic, acid and neutral surface functional groups 

with water molecules increases the affinity of the activated 

carbon with water (hydrophilicity) and blocks the various 

pore openings. Thereby reducing the number of vacant 

sorption sites and restricting accessibility to adsorbate mol-

ecules for adsorption [21, 22, 23].  

Distinguishing the predominant phenomena occurring 

in a distinctive adsorption system will provide insights into 

adsorption behavior and identify rate-determining step(s) 

to modify and improve the process rate. 

3. Batch adsorption kinetic models 

Adsorption kinetics plays a crucial role in determining the 

adsorbate uptake, which directly influences the residence 

time. In batch adsorption, the solute concentration reaches 

a steady state over time [24, 25]. According to Zhu et al. 

[26], ‘Kinetic analysis is a fundamental aspect of under-

standing the rate of adsorption onto the adsorbent and the 

underlying adsorption mechanism.’ Adsorption kinetic 

studies involve employing models to represent the adsorp-

tion process and determine the kinetics of sorption. These 

mathematical models are typically categorized as adsorp-

tion diffusion models and adsorption reaction models. Their 

purpose is to provide useful information for evaluating the 

performance of adsorbents [24]. The adsorption diffusion 

model involves a three-step process: the transport of solute 

through the liquid film surrounding the adsorbent to reach 

its external surface (known as film diffusion), the bulk 

transfer of diffusing molecules (solute) within the adsor-

bent particle (referred to as intra-particle diffusion), and 

finally, adsorption/desorption occurring at the surface-ac-

tive sites during the liquid/solid adsorption process [17, 

18]. The adsorption diffusion model was developed under 

the premise that mass action plays a negligible role in de-

termining the overall rate of the adsorption process. In-

stead, the overall rate is governed by film diffusion and/or 

intra-particle diffusion processes, which operate differ-

ently from the rapid mass action (surface reaction) step. 

Consequently, in the study of adsorption kinetics, 

researchers often focus on the intra-particle diffusion and 

film diffusion steps, while overlooking the mass action step. 

Notable adsorption diffusion models used for determining 

kinetics include Boyd’s model (Eq. 2.5), the Weber-Morris 

model (Eq. 2.8), and the Homogeneous Solid Diffusion 

model (Eq. 2.9) [28, 29].  

3.1. Boyd model 

Boyd et al. introduced an intra-particle diffusion model to an-

alyze adsorption kinetics [30]. The Boyd model is character-

ized by the following kinetic expressions [31, 32]:  

𝐹 = 1 − (6
П2⁄ ) ∑ 1

𝑛2

𝛼

𝑁−1
exp(−𝑛2𝐵 ∙ 𝑡), (4) 

where B is the time constant, 

𝐵 =  
π2𝐷𝑖

𝑅2
. (5) 

Simplifying Equation 4 by applying Fourier transform 

and integrating, we obtain the following linear approxima-

tion for 𝐹 =
qt

qe
⁄ < 0.85 [33]: 

𝐵 ∙ 𝑡 = (√π − √π − (π2 ∙ 𝐹
3⁄ ))

2

, (6) 

where 𝐹 =
qt

qe
⁄  is the function of solute adsorbed at differ-

ent times, 𝐵 ∙ 𝑡  is a mathematical function of F, n is the 

Freundlich isotherm constant of the adsorbate, 𝑞e is the 

amount of metal ions adsorbed at equilibrium (mg∙g–1), B is 

the Boyd number(-), Di is the effective intra-particle diffu-

sion coefficient (
m2

s
), qt amount of metal ion adsorbed at any 

given time t (mg∙g–1) and R is the radius of the adsorbent 

particle (m). 

The Boyd model has been effectively utilized for kinetic 

modeling of diverse adsorption systems, including the ad-

sorption of phenol using a polymeric adsorbent (NDA-100) 

under varying conditions of temperature and initial concen-

tration [34, 35]. 

3.2. Weber-Morris model 

Weber-Morris introduced an intra-particle diffusion model 

to analyze adsorption kinetics. This model is based on the 

observation that, in most adsorption processes, the rate of 

solute removal (or solute uptake) is nearly proportional to 

the square root of the contact time (𝑡
1

2⁄ ) [34, 36, 37].  

𝑞𝑡  =  𝑘𝑖𝑑𝑡
1

2⁄  +  𝐶𝑖 , (7) 

where, 𝑡
1

2⁄   is the square root of time, 𝑞t is the amount of 

metal ions adsorbed at any given time t, 𝑘id is the intra-

particle diffusion rate constant (mg g min
1

2⁄⁄ ) and Ci is the 

thickness of the boundary layer(mg g⁄ ).  

3.3. Homogeneous solid diffusion model  

Matthews and Weber [38] proposed an intra-particle diffu-

sion model suitable for evaluating mass transfer in a homo-

geneous and amorphous sphere. The homogeneous solid 
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diffusion model (HSDM) is described by the equations be-

low [26, 39]:  

∂𝑞

∂𝑡
=  

𝐷s

𝑟2

∂

∂𝑟
(𝑟2

∂𝑞

∂r
). (8) 

Overall mass balance 

d𝐶b

d𝑡
𝑉 =  −𝑀

d�̅�

d𝑡
. (9) 

Solid phase mass balance 

�̅� =  
3

(𝑅)3
∫ 𝑞

𝑅

0

(𝑟, 𝑡)𝑟2d𝑟. (10a) 

Initial condition 

(𝑞(𝑟, 0) = 0). (10b) 

Boundary conditions 

(
∂q

∂r
= 0 for r = 0); (10c) 

ρp 𝐷s

∂𝑞

∂r
= 𝑘f(𝐶𝑏 − 𝐶s), (𝑟 =  𝑅); (11) 

𝑞s = 𝐾F𝐶s
𝑛, (𝑟 =  𝑅), (12) 

where Ds is the intra-particle diffusion coefficient (m2/s), q 

is the average solid phase concentration in equilibrium with 

liquid phase concentration at solid-liquid interface (mg/g), 

r is the radial coordinate (m), t is time (min), Cb is the bulk 

liquid phase concentration (mg/m3), V is the liquid phase 

volume (m3), 𝑞 ̅is the average adsorbed phase concentration 

(mg/g), M is the total mass of carbon (g), R is the radius of 

adsorbent particle (m), 𝑞(𝑟, 𝑡) is the adsorbed phase concen-

tration (mg/g), ρp is the apparent density of particle 

(g/m3), 𝑘f is the external mass transfer coefficient (m/s), Cs 

is the liquid phase concentration at the solid-liquid inter-

face (mg/m3), 𝑞s is the adsorbed phase concentration at 

solid-liquid interface (mg/g), 𝐾f is the Freundlich isotherm 

capacity constant (µg/mg) and n is the Freundlich isotherm 

constant. 

Kwon [40] utilized the orthogonal collocation method to 

transform the previously mentioned partial differential 

equations (PDEs) into a system of ordinary differential 

equations (ODEs). Subsequently, Laplace transforms are 

employed to convert these ODEs into algebraic equations. 

Solving these algebraic equations yields the adsorbed phase 

concentration denoted as q(r,t). Finally, this solution is sub-

stituted into Equation 7 [39, 41]: 

�̅�

𝑞0
= 1 −  

6

π2
∑

1

𝑛2

∞

𝑛=1

exp (
−𝐷𝑠𝑛2π2𝑡

𝑅2
). (13) 

Simplifying Equation 13, we obtain the following linear 

forms. 

For a short residence time (�̅� 𝑞∞⁄ < 0.3), 

�̅�

𝑞∞
 = 6 (

𝐷𝑠

𝑅2π
)

1 2⁄

𝑡1 2⁄ . (14) 

For a long residence time (�̅� 𝑞∞⁄ > 0.3), 

ln (1 − 
�̅�

𝑞∞
) =  

−𝐷𝑠π2

𝑅2
𝑡 +  ln

6

π2
. (15) 

The HSDM has demonstrated successful application in 

kinetic studies for diverse adsorption systems. Examples 

include the adsorption of pentachlorophenol using acti-

vated carbon and the adsorption of salicylic acid using hy-

percross-linked polymeric adsorbent (NDA-99) [39]. 

Similarly, adsorption reaction models have been widely 

employed to elucidate adsorption kinetics. Unlike adsorp-

tion diffusion models, these models do not account for the spe-

cific mechanisms underlying the adsorption process [24, 42]. 

Instead, adsorption reaction models are utilized under 

the premise that the overall adsorption rate primarily de-

pends on the sorbate’s rate of adsorption onto active sites 

at the adsorption front (a surface reaction phenomenon) 

[24]. Notable adsorption reaction models include the 

pseudo-first-order kinetic model, pseudo-second-order ki-

netic model, and the Elovich kinetic model [43, 44]. 

3.4. Pseudo first order kinetic model 

Lagergren proposed a first-order rate equation to describe 

the kinetics of adsorption for malonic acid and oxalic acid 

onto charcoal. This model takes the form [39, 45]: 

d𝑞t

d𝑡
=  𝑘1(𝑞e  −  𝑞𝑡). (16) 

Boundary conditions 

q = 0 at  time = 0, (17) 

where, 𝑞𝑡  is the amount of metal ions adsorbed (mg∙g–1) at 

any given time t (min), 𝑞e is the amount of metal ions ad-

sorbed at equilibrium (mg∙g–1) and 𝑘1 is the pseudo first or-

der rate constant for the adsorption process (min–1). 

Integrating Equation 16, applying the stated boundary 

conditions gives: 

log(𝑞𝑒 −  𝑞𝑡) = log 𝑞𝑒 −  
𝑘1

2.303
𝑡. (18) 

Rearranging Equation 18, we obtain the non-linearized 

form: 

𝑞𝑡 = 𝑞𝑒 − 𝑞𝑒exp(−𝑘1𝑡). (19) 

The first-order rate equation proposed by Lagergren for 

adsorption process kinetics (related to adsorption capacity) 

is commonly known as the pseudo first-order rate equation. 

This distinction is necessary to differentiate it from the 

well-established kinetic equations correlated with the con-

centration of adsorbate in solution (associated with chemi-

cal reactions) [39, 45]. 

Recently, researchers have extensively applied this 

model in kinetic studies for various adsorption systems. 

These systems include the removal of malachite green using 

https://doi.org/10.15826/chimtech.2024.11.2.02
https://doi.org/10.15826/chimtech.2024.11.2.02


Chimica Techno Acta 2024, vol. 11(2), No. 202411202 REVIEW 

 7 of 25 DOI: 10.15826/chimtech.2024.11.2.02

   

oil palm trunk fiber, lead adsorption from aqueous solu-

tions using peat moss, and methylene blue adsorption using 

broad bean peels [39, 46–48]. 

3.5. Pseudo second order kinetic model 

Ho et al. [49] developed a pseudo-second-order rate equa-

tion to investigate the adsorption of bivalent metal ions 

onto peat adsorbent. This chemisorption kinetics model is 

expressed as follows [50]:  

d𝑞𝑡

d𝑡
=  𝑘2(𝑞𝑒 −  𝑞𝑡)2, (20) 

where 𝑞t  is the amount of metal ions adsorbed (mg/g) at 

any given time t (min), 𝑞e is the amount of metal ions ad-

sorbed at equilibrium (mg/g) and 𝑘2 is the pseudo-second-

order rate constant for the adsorption process  

(g∙mg–1∙min–1). 

Rearranging Equation 20, we obtain the kinetic expres-

sion: 

d𝑞𝑡

(𝑞e  −  𝑞t)2
 = 𝑘2d𝑡. (21) 

Boundary conditions 

𝑞 = 0 at time = 0. (22) 

Integrating Equation 21 applying the stated boundary 

conditions, then rearranging gives: 

𝑡

𝑞𝑡
=  

1

𝑞𝑒
2𝑘2

 +  
𝑡

𝑞𝑒
. (23) 

Ho’s second-order rate equation is commonly known as 

the pseudo-second-order rate equation, distinguishing it 

from the kinetic equations that rely on solution concentra-

tion. This model postulates that the rate-determining step is 

the surface reaction phenomenon (mass action) [32, 50, 51].  

Recently, researchers have effectively employed the 

pseudo-second-order rate equation in kinetic studies across 

diverse adsorption systems. These systems include the ad-

sorption of dyes, metal ions, organic substances, oils, and 

herbicides from aqueous solutions, utilizing various adsor-

bents like peat, tamarind fruit shell, and oil palm trunk fi-

ber [39, 52, 53]. 

3.6. Elovich kinetic model 

Zeldowitch [54] proposed a chemisorption kinetic model to de-

scribe the rate of carbon monoxide adsorption onto solid man-

ganese dioxide. This kinetic equation, also referred to as the 

Roginski-Zeldovich equation, is expressed as follows [55]: 

d𝑞t

d𝑡
 = β𝑒−𝛼𝑞 . (24) 

Boundary conditions 

𝑞 = 0 at time = 0. (25) 

Integrating Equation 24 applying the stated boundary 

conditions gives, after rearranging: 

For αβ𝑡 >> 1, 

𝑞t =  
1

β
ln αβ  +  

1

β
ln 𝑡, (26) 

where 𝑞t is the amount of adsorbate (mg∙g–1) adsorbed at 

any given time t (min), α is the initial adsorption rate 

(mg∙g–1∙min–1) and β is the desorption constant (g∙mg–1).  

The Elovich equation, widely employed for modeling 

gas/solid adsorption processes, has successfully described 

the kinetics of various adsorption systems. These include 

the adsorption of Cr (VI) ions by chitin, cadmium removal 

from effluents using bone char, and Cu (II) ions adsorption 

using chitosan [39, 56]. 

Common adsorption reaction models do not precisely 

capture the intricacies of the adsorption process. Conse-

quently, they fail to provide sufficient insights into the as-

sociated adsorption (diffusion) mechanisms. In physical ad-

sorption processes, the rates of adsorption and desorption 

within porous adsorbents are primarily governed by mass 

transfer within the pore network rather than kinetics related 

to adsorption on the adsorbent surface. For a more accurate 

representation of the adsorption process, utilization of ad-

sorption diffusion model(s) is considered. These models can 

yield valuable information for designing fixed-bed systems, 

including parameters such as the surface diffusion coeffi-

cient (Ds) and the rate-controlling step [31, 57, 58]. 

4. Batch adsorption isotherm models 

Adsorption isotherms describe the mathematical and exper-

imental relationships between the equilibrium concentra-

tion of the adsorbate (solute) on the adsorbent (solid phase) 

and the concentration of the residual solute in the fluid 

phase at a fixed temperature [59, 60]. These isotherms can 

be represented by a general expression [61, 62]:  

Q =  
𝑉

𝑚
(𝐶𝑎𝑜 − 𝐶) + 𝑄𝑎𝑜. (27) 

For most adsorption systems, the initial solute concen-

tration (QaO) is considered negligible. Thus, simplifying 

Equation 27 gives: 

Q =  
𝑉

𝑚
(𝐶𝑎𝑜 − 𝐶), (28) 

where Q is the amount of solute retained on the adsorbent 

(mg/g), QaO is the initial amount of solute retained on the 

adsorbent (mg∙L–1), V is the volume of the solution (L), m is 

the mass of adsorbent (g), CaO is the initial concentration 

of solute in solution (mg∙L–1) and C is the final concentra-

tion of solute in solution (mg∙L–1). 

The adsorption isotherm provides insight into the dis-

tribution of adsorption potentials, which represent the in-

tensity of attractive forces on the surface and within the 

pores of the adsorbent. These forces, including van der 

Waals (London dispersion) and chemical bond interactions, 

play a crucial role in the adsorption process [23]. The ad-

sorption isotherm provides valuable insights into various 

aspects, including the equilibrium amounts of adsorbate 

molecules (representing adsorption capacity), the structure 
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of porous networks, geometric arrangements, pore texture, 

surface functionalities, and the non-uniform distributions 

of adsorption potential (referred to as energetic heteroge-

neity) within the adsorbent material. Consequently, under-

standing the adsorption isotherm is crucial for optimizing 

the use of adsorbents and designing effective adsorption 

systems [63, 64]. 

The commonly used two-parameter equations for ana-

lyzing equilibrium isotherm data include Langmuir, Freun-

dlich, Temkin, Dubinin-Radushkevich, and Harkins-Jura 

isotherm models [64–66].  

4.1. Langmuir isotherm model 

In 1916, Irving Langmuir introduced a semi-empirical iso-

therm model to investigate the adsorption of gases onto 

solid surfaces. The derived equation, based on presumed ki-

netic theory, establishes a relationship between the number 

of occupied adsorption sites on the adsorbent surface and 

the pressure at equilibrium for a fixed temperature. The 

Langmuir equation describes adsorption phenomena by as-

suming maximal uni-molecular (single-layer) adsorption 

onto a solid surface composed of a limited number of sur-

face-active sites. These sites exhibit equivalent (uniform) 

adsorption potentials (energies) and highly localized inter-

actions between the adsorbate and the adsorbent. Im-

portantly, there is virtually no transmigration of adsorbate 

within the surface plane (no adsorbate-adsorbate interac-

tions) [67, 68]. McCabe et al. [1] asserted that the Langmuir 

equation is suitable for adsorption systems characterized 

by weak interactions between gas (adsorbate) and solid 

(adsorbent). This relationship is expressed as follows [69]: 

P (X m⁄ )⁄ =  1 𝑎 +  (𝑎 𝑏⁄ )⁄ 𝑃, (29) 

where P is the equilibrium pressure for a given amount of 

substance adsorbed (kg∙m∙s–1), m is the amount of adsor-

bent (g), X is the amount substance adsorbed (mg), a and b 

are Langmuir constants. 

Alternatively, 

𝑞e =  
𝑄0𝑏𝐶𝑒

1 + 𝑏𝐶𝑒
. (30) 

The linearized form of Equation 27 is represented as 

[67]:  

1

𝑞e
=  

1

𝑄𝑜
+

1

𝑏𝑄𝑜𝐶𝑒
, (31) 

where 𝑞e  is the amount of adsorbate per unit mass of adsor-

bent at equilibrium (mg/g), Q0 is the monolayer adsorption 

capacity of adsorbent for monolayer adsorption (mg∙g–1), b is 

Langmuir constant related to the net enthalpy or energy of 

adsorption (L∙mg–1) and Ce is the liquid phase concentration 

of adsorbate at equilibrium (mg∙L–1).  

In their work, Hall et al. [70] introduced a dimension-

less equilibrium parameter denoted as “R”, which is also 

known as the separation factor. This parameter was em-

ployed to investigate the application of the Langmuir ad-

sorption isotherm. The fundamental assumption underlying 

this study is the conformity of the adsorption process with 

the Langmuir model. Notably, the parameter “R” offers val-

uable insights into the characteristics of the adsorption iso-

therm. It serves as a tool to determine the favorability of 

the adsorption process (Table 1). 

The separation factor R is defined as [67]: 

𝑅 =
1

1 + 𝑏𝐶0
, (32) 

where C0 is the initial solute concentration (mg∙L–1). 

4.2. Dual-site Langmuir isotherm model 

The variations in adsorption energy across distinct sorbent 

surface sites are elucidated by modifying the Langmuir iso-

therm model. This particular model is constructed based on 

the assumption that the sorbent possesses two types of ad-

sorption sites: strong (type 1) and weak (type 2) sorption 

sites [71, 72]. Experimental adsorption data for liquid-solid 

adsorption systems can be interpreted using the dual-site 

Langmuir isotherm model, as expressed in Equation 33: 

𝑞𝑒 =  
𝑄1𝑏1𝐶𝑒

1 + 𝑏1𝐶𝑒
 +  

𝑄2𝑏2𝐶𝑒

1 + 𝑏2𝐶𝑒
, (33) 

where Q1 and Q2 are the monolayer adsorption capacities of 

adsorption site 1 and 2 (mg∙g–1), b1 and b2 are the Langmuir 

constants for the respective adsorption site (L∙mg–1) and Ce 

is the liquid phase concentration of adsorbate in equilib-

rium (mg∙L–1) [72, 73]. 

4.3. Freundlich isotherm model 

Freundlich [74] proposed an empirical relation to describe 

the adsorption of acetic acid onto charcoal. The equation 

establishes a connection between the amount of solute ad-

sorbed per unit mass of adsorbent (specific adsorption) and 

the equilibrium concentration of adsorbate in solution at a 

constant temperature. The Freundlich equation sheds light 

on equilibrium behavior on inhomogeneous surfaces, con-

sidering non-uniform distribution of adsorption potentials 

(energetic heterogeneity) and infinite adsorptive capacity 

as the sorbate concentration approaches its saturation 

point [75, 76]. The Freundlich isotherm applies to reversi-

ble adsorption processes characterized by variations in ad-

sorption energy associated with progressive multilayer for-

mation (surface coverage). However, its applicability is 

limited in predicting adsorption behavior for gases at pres-

sures exceeding the saturation pressure (Ps) [77, 78]. The 

Freundlich equation is empirically represented as [69]: 

𝑥 𝑚⁄ = 𝐾𝐶n, (34) 

Table 1 Values of separation factor R indicating nature of adsorp-

tion isotherm [67]. 

Value of R Information about the adsorption 

R > 1 Unfavourable 

R = 1 Linear 

0 < R < 1 Favourable 

R = 0 Irreversible 
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where m is the amount of adsorbent (g), x is the amount of 

substance adsorbed (mg), C is the equilibrium liquid phase 

concentration of adsorbate (mg), K and n are Freundlich 

constants related to amounts of adsorbate and adsorbent. 

Alternatively, 

𝑞e = 𝐾𝐹𝐶𝑒

 1
𝑛⁄

. (35) 

The linearized form of Equation 35 is represented as 

[62, 67, 68, 79]. 

log 𝑞e = log 𝐾F + (
1

𝑛
) log 𝐶e. (36) 

For the Freundlich isotherm, qe is the amount of adsorb-

ate adsorbed per unit mass of adsorbent (mg/g), KF is the 

Freundlich capacity factor indicative of the relative adsorp-

tion capacity of the adsorbent(mg1−1
𝑛⁄ 𝐿

1
𝑛⁄ g), Ce is the con-

centration of adsorbate in solution at equilibrium (mg/L), 

while n (dimensionless) is the adsorption intensity param-

eter indicative of surface heterogeneity or magnitude of the 

adsorption driving force. For Freundlich exponent (n) val-

ues within the range of 0 < n < 10, the adsorption isotherm 

displays a convex upward shape, analogous to favorable ad-

sorption. However, for n > 10, the adsorption isotherm ap-

proaches a limiting case of favorable adsorption, which cor-

responds to irreversible adsorption [64, 80]. 

4.4. Temkin isotherm model 

Temkin and Pyzhev [81] developed an isotherm equation 

based on experimental observations related to nitrogen 

(N2) adsorption using iron catalysts (chemisorption mech-

anism). The equation relies on the assumption that the free 

energy (heat) associated with adsorption decreases linearly 

with surface coverage due to interactions between the ad-

sorbent and adsorbate molecules [81, 82]. The Temkin iso-

therm equation provides insights into the occurrence of 

chemical adsorption mechanisms. This equation is ex-

pressed as [65, 83, 84]: 

𝑞e =
𝑅𝑇

𝑏T
ln 𝐴T 𝐶eq. (37) 

The linearized form of Equation 37 is represented as: 

𝑞𝑒 =  
𝑅𝑇

𝑏𝑇
ln 𝐴T +

𝑅𝑇

𝑏𝑇
ln 𝐶eq. (38) 

Substituting B for (
𝑅𝑇

 𝑏𝑇
) in Equation 38 gives: 

𝑞𝑒 = 𝐵 ln 𝐴T + 𝐵 ln 𝐶eq, (39) 

where qe is the amount of adsorbate adsorbed per unit mass 

of adsorbent (mg∙g–1), AT is the equilibrium binding con-

stant indicative of maximum binding energy (L∙g–1), B 

(𝑅𝑇 𝑏T⁄ ) is the Temkin isotherm constant related to heat of 

adsorption (dimensionless), bT is the variation of adsorp-

tion energy (J/Mol), R is the universal gas constant 

(8.314 J/Mol∙K), T is the absolute temperature (K) and Ceq 

is the concentration of adsorbate in solution at equilibrium 

(mg∙L–1). 

4.5. Hakins-Jura isotherm model 

Harkins and Jura [85] introduced an isotherm model to in-

vestigate the adsorption of solutes from both ideal and at-

tenuated (dilute) solutions onto solid surfaces [85]. The 

Harkins-Jura isotherm equation was formulated to consider 

the impact of non-uniform (heterogeneous) pore distribu-

tion on multilayer adsorption onto the adsorbent. The 

Harkins-Jura correlation is expressed as follows [86, 87]: 

𝑞𝑒 = (
𝐴

𝐵 + log 𝐶𝑒
)

1
2⁄

, (40) 

𝐵 =  
−𝑞𝑆2

4.606𝑅𝑇𝑁
. (41) 

The linearized form of Equation 40 is represented as: 

1

𝑞𝑒
2  =

𝐵

𝐴
+ (

1

𝐴
) log 𝐶𝑒 , (42) 

where 𝑞𝑒  is the amount of adsorbate per unit mass of ad-

sorbent at equilibrium (mg∙g–1), S is the specific surface 

area of the adsorbent (m2.g–1), q is a constant independent 

of the nature of adsorbent, T is the absolute temperature 

(K), N is the Avogadro number (6.022∙1023), R is the univer-

sal gas constant (8.314 J/Mol∙K), Ce is the liquid phase con-

centration of adsorbate at equilibrium (mg∙L–1) and A and B 

are isotherm constants.   

The Harkins-Jura isotherm equation has found applica-

tion in various fluid/solid adsorption systems. These in-

clude the adsorption of nitrogen using carbon black (Sphe-

ron 6), aniline adsorption from toluene using charcoal or 

titanium dioxide, and the adsorption of argon using nitrile. 

Additionally, it has been employed for the adsorption of al-

cohol vapors using charcoal [66, 86]. 

4.6. Dubinin-Radushkevich isotherm model 

In 1947, Dubinin and Radushkevich proposed a semi-empir-

ical relation to investigate the adsorption of benzene onto 

activated carbon. This isotherm equation has found exten-

sive application in elucidating multilayer formation within 

microporous solids (adsorbents) characterized by energeti-

cally heterogeneous surfaces [88, 89]. The Dubinin-Ra-

duskevich equation quantitatively describes adsorption 

data by plotting the logarithm of the adsorbed amount 

against the square of the potential energy. This relationship 

is known as the characteristic adsorption curve and is 

closely tied to the porous structure of the adsorbent [87, 

90]. The Dubinin-Raduskevich isotherm equation describes 

multilayer adsorption on the adsorbent surface, based on 

the Polanyi potential theory of adsorption. This theory as-

sumes that adsorptive-adsorbate interactions primarily 

arise from London-dispersion forces and the presence of 

surface-active sites with non-uniform adsorption energies 

(energetic heterogeneity) [88]. The Dubinin-Raduskevich 

equation is mathematically expressed as follows [87, 91]:  

𝑞𝑒 = 𝑞𝑚 𝑒
−𝛽𝜀2

, (43) 
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𝜀 = 𝑅𝑇 (1 +
1

𝐶𝑒
). (44) 

The linearized form of Equation 43 is represented as: 

ln 𝑞𝑒 = ln 𝑞𝑚 − 𝛽𝜀2, (45) 

where qm is the theoretical saturation capacity of adsor-

bent(mg∙g–1), qe is the amount of metal ions adsorbed at 

equilibrium (mg∙g–1), 𝜀 is the Polanyi potential indicative of 

the amount of energy required to extract an adsorbate mol-

ecule from its adsorption site to infinity in the solution 

(J2∙g–2), T is the absolute temperature (K), R is the universal 

gas constant (8.314 J/Mol∙K), Ce is the liquid phase concen-

tration of adsorbate at equilibrium (mg/L) and 𝛽 (g2∙J–2) is 

the constant related to the mean free energy E, of sorption 

per mole of the sorbate as it migrates to the surface of the 

solid from infinite distance in the solution. 

The adsorption energy, denoted as (E) (in kJ/mol), is 

calculated using the following equation [88]: 

𝐸 =
1

(2𝛽)0.5
. (46) 

The value of E provides important information for deter-

mining the mechanism of the adsorption process (Table 2). 

The Dubinin-Radushkevitch (D-R) isotherm equation 

has been employed to describe a variety of adsorption sys-

tems. These include the sorption of nitrogen using activated 

carbon, the adsorption of benzene using activated carbons, 

the adsorption of acid dyes using activated carbons, and the 

adsorption of subcritical vapors using zeolites [88, 90]. 

4.7. Modified Freundlich isotherm model 

A number of multi-component isotherm models have 

been suggested to explain equilibrium adsorption data. 

These models include the Langmuir isotherm for multisite 

adsorption, the modified Freundlich model for competitive 

adsorption, and the Ideal Adsorption Solution Theory 

(IAST) model [40, 61, 92]. The commonly employed model 

for accurately describing equilibrium data in multi-compo-

nent adsorption systems is the multi-component Freundlich 

isotherm. Initially proposed by Sheindorf et al. [93], this 

model is based on the assumption of a heterogeneous dis-

tribution of energies, which was originally used in deriving 

the single-component Freundlich isotherm. Also, the model 

considers competitive adsorption coefficients to account for 

the influence of other solutes (components) [94, 95]. For 

binary component systems, the modified Freundlich equa-

tion representing the behavior of each solute is given as 

[92]: 

Table 2 Values of adsorption energy E indicating nature of adsorp-

tion mechanism [18]. 

Values of E (kJ/mol) 
Information about the  

adsorption process 

E <8 Physical adsorption 

8 < E < 16 Ion exchange process 

E >16 Chemical adsorption 

𝑞1 = 𝐾1𝐶1(𝐶1 + 𝑎12)
1

𝑛1
−1

, (47) 

𝑞2 = 𝐾2𝐶2(𝐶2 + 𝑎21)
1

𝑛2
−1

. (48) 

The linearized form of Equations 47 and 48 are repre-

sented as [96]: 

𝐶1

𝐶2
=

1

𝐶2
𝛽1 − 𝑎12, (49) 

𝐶2

𝐶1
=

1

𝐶1
𝛽2 − 𝑎21, (50) 

𝛽1 =  (
K1𝐶1

𝑞1
)

1

(1− 
1

𝑛1
)
, (51) 

𝛽2 =  (
K2𝐶2

𝑞2
)

1

(1− 
1

𝑛2
)
, (52) 

where a12 (dimensionless) is the competition coefficient of 

component 1 in the presence of component 2, 𝑎21 (dimen-

sionless) is the competition coefficient of component 2 in 

the presence of component 1, (dimensionless), q1 is the 

amount of component 1 adsorbed per unit mass of adsor-

bent (mg/g), q2 is the amount of component 2 adsorbed per 

unit mass of adsorbent (mg/g), K1 is the single component 

Freundlich capacity factor for component 1 (mg1−1
n⁄ 𝐿

1
𝑛⁄ g), 

K2 is the single component Freundlich capacity factor for 

component 2 (mg1−1
𝑛⁄ 𝐿

1
𝑛⁄ g), n1 (dimensionless) is the 

Freundlich isotherm parameter for component 1, while n2 

(dimensionless) is the Freundlich isotherm parameter for 

component 2. This equation has been effectively utilized to 

describe the competitive adsorption behavior of organic 

compounds (such as p-nitrophenol and benzene sulfonate) 

onto activated carbon [93, 97]. 

5. Application of Agrowastes-derived acti-

vated carbons for dye removal  

In their study, Zarzour et al. [98] developed activated car-

bon from various samples of the organic fraction of munic-

ipal solid waste (OFMSW) using ZnCl2 as the activating 

agent. They investigated the impact of different impregna-

tion ratios of ZnCl2 to OFMSW (ranging from 0.2:1 to 1.5:1) 

on the adsorption properties of iodine and methylene blue 

from aqueous solutions. Their findings revealed that an im-

pregnation ratio of 0.6:1 (corresponding to a 60% ZnCl2 

concentration) resulted in optimal values for the BET sur-

face area (549.6 m2∙g–1), methylene blue adsorption capac-

ity (112.4 mg∙g–1), and iodine adsorption capacity 

(134 mg∙g–1). Additionally, they explored the removal of 

chromium (VI) ions from aqueous solutions using ZnCl2-ac-

tivated organic fraction municipal solid waste (OFMSW). 

The adsorption of chromium (VI) ions increased with 

higher initial concentrations (up to an optimal concentra-

tion of 70 mg∙L–1), longer contact times (reaching an 
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optimum of 90 min), and lower pH levels, with maximum 

adsorption occurring at an acidic pH of 2. They postulated 

that the electrostatic attraction between the highly proto-

nated adsorbent surface and the anionic radicals, which are 

predominant at low solution pH, contributes to the en-

hanced uptake of Cr (VI) ions from aqueous solutions. Fur-

thermore, the abundance of accessible vacant adsorption 

sites at low initial concentrations of chromium (VI) ions 

also facilitated this adsorption process. Their study con-

cluded that the optimal parameters for effective Cr (VI) re-

moval were as follows: solution pH of 2, contact time of 90 

min, initial chromium (VI) concentration of 70 mg∙L–1, and 

Cr(VI) adsorption capacity of 66.7 mg∙g–1. Furthermore, the 

experimental data aligned well with the Langmuir isotherm 

model, representing monolayer coverage of dye molecules 

on the adsorbent surface, as well as following pseudo sec-

ond-order kinetics with a rate constant (k) of  

16.47∙10–3 g∙mg–1∙min–1. 

Subramaniam and Ponnusamy [101] examined the re-

moval of methylene blue dye from aqueous solutions using 

activated carbon derived from cashew nutshell. They em-

ployed potassium hydroxide as the activating agent. The 

study examined several variables, including initial dye con-

centration, pH, contact time, and adsorbent dosage. Batch 

equilibrium experiments were conducted across a range of 

initial dye concentrations (50 to 250 mg∙l–1), solution pH (2 

to 10), adsorbent dosage (0.5 to 3 g∙L–1), and contact time 

(0 to 120 min). Utilizing Response Surface Methodology 

(RSM), the researchers optimized the experimental results 

to identify the ideal conditions for methylene blue dye re-

moval, achieving an optimal pH of 6. The study revealed 

that dye adsorption increased linearly with higher solution 

pH, greater adsorbent dosage, longer contact time, and 

lower initial dye concentration. This enhancement was at-

tributed to electrostatic interactions between positively 

charged dye ions (cations) and the negatively charged ad-

sorbent surface as well as improved mobility of dye mole-

cules from the bulk solution to active sites on the surface of 

the cashew nutshell activated carbon. Based on their find-

ings, the recommended batch adsorption conditions were as 

follows: adsorbent dose of 2.1846 g, contact time of 63 min, 

pH of 10, and initial dye concentration of 50 mg∙l–1. 

AlOthman et al. [102] investigated the adsorption of 

methylene blue using activated carbon derived from a mix-

ture of waste materials, including polystyrene, palm tree 

trunks, and waste cartons. The initial concentration of the 

methylene blue stock solution was 1000 mg∙l–1. In batch 

mode, 0.03 grams of ZnCl2-activated mixed waste carbon 

was combined with 80 ml of methylene blue solution. The 

study focused on solution pH, initial methylene blue con-

centration, and contact time as variables. They observed 

that the adsorption of methylene blue increased with longer 

contact time and higher initial dye concentration. Surpris-

ingly, the amount of methylene blue adsorbed remained inde-

pendent of solution pH. The removal mechanism was at-

tributed to electrostatic interactions between the adsorbing 

ions and the carbon surface (physical adsorption). Notably, the 

adsorption process exhibited significant dependence on the in-

itial dye concentration. Optimal conditions were achieved with 

initial dye concentration of 150 ppm, contact time of 480 min, 

and MB dye adsorption capacity of 140.03 mg∙g–1. 

Kooh et al. [32] investigated the adsorption behavior of 

Malachite Green (MG) using three types of activated Azolla 

Pinnata: non-activated (UAP), NaOH-activated (NAP), and 

H3PO4-activated (PAP). The study involved batch equilib-

rium experiments with varying parameters, including tem-

perature (25 to 65 °C), ionic strength (0 to 0.80 mol.l–1), 

contact time (5 to 240 min), adsorbent dosage (0.01 to 0.06 

g), and initial ion concentration (20 to 600 mg∙l–1). They 

observed that the adsorption of MG increased with higher 

adsorbent dosage, initial ion concentration, pH, tempera-

ture, and contact time, while it decreased with increasing 

ionic strength. Competitive adsorption by cations (Na+ and 

K+) at elevated salt concentrations inhibited MG adsorp-

tion. Additionally, pH studies revealed that mechanisms be-

yond physical adsorption, such as hydrogen bonding and 

hydrophobic interactions, contributed to MG removal on 

the surfaces of UAP and NAP. In contrast, PAP exhibited 

chemical adsorption for MG removal. Optimal pH values for 

MG adsorption were 5.9, 5.0, and 5.0 for NAP, PAP, and UAP, 

respectively. Among the activated carbons, H3PO4-activated 

Azolla Pinnata (PAP) demonstrated the highest adsorption 

capacity (68.3 mg∙g–1) for MG removal from aqueous solu-

tions. In conclusion, PAP proved to be the most effective ad-

sorbent for Malachite Green removal. Unfortunately, the au-

thors did not accurately ascertain the adsorption mecha-

nism’s nature by employing the isotherm parameter. Calcu-

lating the mean free energy of adsorption per molecule of ad-

sorbate (E) from the Dubinin-Raduskevich (D-R) isotherm 

equation could have significantly enhanced their research.  

Kang et al. [101] conducted a study utilizing corn stalk 

and walnut shell as raw materials for mix-based activated 

carbon production. Phosphoric acid served as the activating 

agent, and an orthogonal experimental design resulted in 

nine carbon samples with varied concentrations of phos-

phoric acid (3 mol∙L–1 to 5 mol∙L–1), mass ratios of corn stalk 

to walnut shell (3:7 g∙g–1 to 7:3 g∙g–1), activation tempera-

tures (300 °C to 500 °C), and activation times (1 h to 3 h). 

Optimization of activation conditions, including phosphoric 

acid concentration, mass ratio, temperature, and time, led 

to the preparation of mix-based H3PO4-activated carbon 

(CWAC) under specific conditions (4 mol∙L–1, 3:7, 400 °C, 

1 h). This CWAC exhibited superior adsorption properties, 

with iodine number of 720.5 mg∙g–1, methylene blue num-

ber of 195.0 mg∙g–1, and surface area of 1187 m2∙g–1. Char-

acterization involved textural analysis and surface chemis-

try studies. They found that the mix-based activated carbon 

had a predominantly mesoporous architecture. Kang et al. 

also conducted batch studies with varying adsorption time 

(ranging from 0 to 140 min) and initial solution pH (rang-

ing from 3 to 9). The adsorption data was analyzed using 

adsorption isotherms (specifically Langmuir and 
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Freundlich models) and kinetic models (both Pseudo-first 

order and Pseudo-second order). Their findings revealed 

that malachite green adsorption onto mix-based activated 

carbon (CWAC) followed pseudo second-order kinetics, 

with a calculated kinetic rate constant (k₂) of 

3.01∙10⁻⁴ g∙mg⁻¹∙min⁻¹ and an adsorption capacity (qₑ,ᶜᵃˡ) of 

198.41 mg∙g⁻¹. This behavior was attributed to a chemisorp-

tion process involving valency forces, either through shar-

ing (covalent bonding) or exchanging (ionic bonding) of 

electrons between the dye and the mix-based activated car-

bon (CWAC). A comparison of malachite green adsorption 

capacities across various materials – raw materials, CWAC, 

CSAC, WSAC, and commercial activated carbons – revealed 

that CWAC exhibited the highest adsorption capacity of 

450.78 mg∙g⁻¹. This enhanced capacity can be attributed to 

the mesoporous nature of CWAC, which facilitates the ad-

sorption of larger macromolecular dyes like malachite 

green. Further, they conducted four consecutive desorp-

tion-adsorption cycles for CWAC regeneration via filtration. 

Subsequently, they utilized the retained CWAC for mala-

chite green adsorption from an initial concentration of 

500 mg∙L⁻¹. In a subsequent run, CWAC was regenerated a 

fifth time through calcination at 400 °C and then employed 

for malachite green adsorption. Interestingly, the percent-

age removal of malachite green decreased from a maximum 

of 80.4% to an acceptable rate of approximately 30%. 

These results confirm that the H₃PO₄-activated mixed corn 

stalk-walnut shell adsorbent (CWAC) holds promise for im-

proved reutilization after regeneration. 

Haki et al. [102] conducted a comprehensive study on 

the adsorption of crystal violet (CV) dye using NaOH-acti-

vated Avocado Pear Seed (NaOH-AS). The research investi-

gated various process parameters, including contact time, 

initial CV dye concentration, ionic strength (NaCl₂ and 

CaCl₂), temperature, and pH. The adsorption data were an-

alyzed using Langmuir, Freundlich, Pseudo-first order ki-

netic, Pseudo-second order kinetic, and Intraparticle diffu-

sion models. The equilibrium data aligned well with the 

Freundlich isotherm model, indicating multilayer and het-

erogeneous (physical) adsorption. The study revealed that 

CV dye removal efficiency increased with higher initial dye 

concentration, longer contact time, elevated pH, and de-

creased temperature, Na²⁺, and Ca²⁺ concentrations. Ki-

netic studies confirmed that the CV dye uptake followed a 

second-order rate equation, with calculated kinetic param-

eters (Qe,2 = 78.68 mg∙g⁻¹, k₂ = 0.0020 g∙mg⁻¹∙min⁻¹). Addi-

tionally, they employed thermodynamic modeling to deter-

mine thermochemical data, resulting in Gibb’s free energy, 

enthalpy, and entropy values of –9.501 kJ∙mol⁻¹,  

–33.486 kJ∙mol⁻¹, and –80.487 J∙mol⁻¹, respectively. The 

findings suggest that the CV adsorption process is sponta-

neous, physical, and exothermic. The primary mechanisms 

for CV dye removal involve electrostatic interactions be-

tween dye molecules and the NaOH-AS adsorbent surface, 

as well as mass diffusion through the liquid film adjacent 

to the adsorbent surface (external film diffusion) and 

within the adsorbent pores (intraparticle diffusion). Nota-

bly, the maximum adsorption capacity of NaOH-Avocado 

Pear Seed adsorbent for CV dye was 179.80 mg∙g⁻¹. Further-

more, in successive adsorption-desorption cycles (four cy-

cles) with NaOH-AS regeneration using HCl solution, CV 

dye desorption yields reached a maximum of 76.4%, 

demonstrating the satisfactory reusability of NaOH-Avo-

cado Pear Seed adsorbent. In conclusion, NaOH-AS showed 

good potential for practical applications. 

Khang et al. [103] synthesized activated carbon from 

cashew nut shells (CNS) to remove methylene blue (MB) 

dye from textile industry wastewater. They conducted ex-

periments under varying activation conditions, including 

time, temperature, and pH, to determine the optimal pa-

rameters (T = 85 °C, t = 70 min, and pH = 9) for producing 

the activated carbons. Subsequently, they analyzed the ef-

fects of pH and initial methylene blue dye concentration us-

ing kinetic models (Webber and Morris, Pseudo-first order, 

Pseudo-second order, and Elovich) and adsorption isotherm 

models (Langmuir, Freundlich, n-layer BET, Guggenheim 

Anderson de Boer (GAB), and Dubinin Raduskevitch). Their 

findings revealed that the adsorption capacity of MB dye in-

creased with higher solution pH and initial dye concentra-

tions. The n-layer BET model provided a better description 

of MB dye adsorption onto cashew nut activated carbon, 

suggesting heterogeneous and multilayer (physical) ad-

sorption on the CNS activated carbon. The maximum ad-

sorption capacity of activated cashew nut shell for MB dye 

was 38.5 mg∙g–1. During the initial adsorption stages (0 to 

100 mg∙L–1), the Pseudo-second order kinetic model fit the 

experimental data well. Subsequently, the pseudo-first or-

der kinetic model was more suitable for the later stages of 

Methylene Blue (MB) dye adsorption (150 to 200 mg∙L–1), 

while the Elovich kinetic model (R2 = 0.9986) described the 

final stages. These results confirmed the dependence of MB 

dye adsorption on initial dye concentration. The adsorption 

mechanism involved an adsorbate (Methylene Blue dye)-

Adsorbent (A-CNS) interaction occurring on the external 

adsorbent surface. The researchers emphasized that incon-

sistencies in the best-fit kinetic model could hinder a de-

tailed understanding of the MB dye adsorption process. 

Therefore, a different approach towards investigating such 

fluid-solid adsorption systems such as mathematical mod-

eling and simulation should be considered. 

6. Application of Agrowastes-derived  

activated carbons for miscellaneous 

pollutant removal 

The research conducted by Rocha et al. [104] explored the 

removal of phenol from aqueous solutions using activated 

carbon derived from corncobs treated with phosphoric acid. 

Their study involved batch experiments, where they inves-

tigated various initial phenol concentrations ranging from 

100 to 500 mg∙L–1, while maintaining an adsorbent 
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concentration of 10 g∙L–1. The adsorption kinetics of phenol 

onto corncob activated carbon exhibited an initial rapid ad-

sorption rate followed by a slower approach to equilibrium 

conditions over a 6-hour period. Interestingly, the Freun-

dlich isotherm accurately described the adsorption data, 

suggesting multilayer and heterogeneous (physical) ad-

sorption. The primary mechanism for phenol removal in-

volved boundary layer diffusion in the concentration range 

of 100–300 mg∙L–1, transitioning to pore diffusion predom-

inantly in the concentrated solution range (C1 > 300 mg∙L–

1). They concluded that the phenol adsorption onto corncob 

activated carbon was considered favorable. 

Walnut shells have been studied using chemical treat-

ment and low activation temperature (450 °C) by Nazari et 

al. [105]. In this investigation, ZnCl2 served as the activat-

ing agent, with a consistent impregnation ratio of 1:1. Their 

primary focus was on examining the batch adsorption be-

havior of Cephalexin (CFX) from aqueous solutions using 

ZnCl2-activated walnut shell. They also developed a mathe-

matical model to describe the batch adsorption process, em-

phasizing the significance of pore diffusion mechanisms. 

Key variables investigated included initial CFX concentra-

tion, contact time, pH, and adsorbent dosage. Through par-

ametric studies, they found that the amount of CFX ad-

sorbed increased with increase in adsorbent dosage and in-

itial solution pH with a maximum adsorption capacity of 

6.5 mg∙g–1. This enhanced Cephalexin uptake was attributed 

to factors such as electrostatic interactions, interference 

between binding sites, solute availability, and the abundant 

concentration of negatively charged CFX species in the so-

lution. The optimal parameter values for initial CFX con-

centration, initial pH, adsorbent dosage, contact time, and 

Cephalexin adsorption capacity (based on the Langmuir iso-

therm) were identified as 200 mg∙L–1, 6.5, 0.6 g∙L–1, 20 h, 

and 233.1 mg∙g–1, respectively. Furthermore, the estimated 

model parameter-effective macropore diffusivity of CFX 

was validated through close agreement with experimental 

results. 

In their study, Menkiti et al. [106] explored the removal 

of suspended and dissolved particles (SDP) from brewery 

effluent using Chrysophyllum albidium seed shell activated 

carbon. The researchers investigated various process pa-

rameters in batch mode, including biosorbent dose, pH, 

temperature, and contact time. Their findings revealed that 

SDP removal increased linearly with an increase in adsor-

bent dosage (optimal dose of 50 g∙L–1), time (optimal time 

of 30 min), temperature (optimal temperature of 30 °C), 

and pH (optimal pH value of 6.95). This enhancement was 

attributed to electrostatic attraction between the cationic 

adsorbate (BRE) molecules and the negatively charged ad-

sorbent surface, along with improved mobility of SDP mol-

ecules from the bulk solution to vacant sites on the adsor-

bent surface. They concluded that the optimal conditions 

for adsorbent dosage, temperature, contact time, and pH 

were 50 g∙L–1, 30 °C, 30 min, and 6.95, respectively. 

Zhu et al. [26] conducted a study on the adsorption of 

ammonium ions using activated carbon derived from avo-

cado seeds. The avocado seeds were impregnated with 70% 

(by weight) methanesulfonic acid (with an impregnation 

ratio of 0.8:1) and then carbonized at 700 °C for 15 h. The 

resulting activated product underwent thorough rinsing 

with deionized water and subsequent drying. Subsequently, 

0.3 g of avocado seed activated carbon was introduced into 

a 100 ml solution containing ammonium ions (NH4
+) for a 

batch adsorption study. The research investigated the im-

pact of various experimental parameters, including initial 

solution pH (ranging from 3 to 9), initial NH4
+ ion concen-

trations (ranging from 50 to 459 mg∙l–1), adsorbent dosage 

(ranging from 1 to 20 g∙L–1), and contact time (ranging from 

0 to 350 min), on the removal of ammonium ions from 

aqueous solutions using the batch method. The study re-

vealed that the adsorption of ammonium (NH4
+) ions in-

creased with rising pH (reaching an optimal value at pH 5), 

higher adsorbent dosage, longer contact time, and greater 

initial adsorbate concentration. Interestingly, the equilib-

rium time remained unaffected by the initial sorbate con-

centration. The primary mechanism responsible for ammo-

nium ion removal was attributed to strong ionic interac-

tions between the predominantly acidic surface functional 

groups of the sorbent and the NH4
+ ions. Additionally, the 

increased availability of NH4
+ ions and the greater number 

of adsorption sites on the adsorbent surface contributed to 

the overall adsorption effectiveness. The maximum adsorp-

tion capacity of the avocado seed adsorbent for ammonium 

(NH4
+) was determined to be 5.4 mg∙g–1. 

The study conducted by Sellaoui et al. [107] investigated 

the adsorption of 3-aminophenol (3ANP) and resorcinol 

(RSC) from aqueous solutions using activated carbon de-

rived from avocado seeds. The preparation involved micro-

wave heating and ZnCl2 activation. During the study, they con-

ducted batch studies with varying initial concentrations of the 

phenolic compounds (ranging from 100 to 1800 mg∙l–1) while 

maintaining a fixed contact time of 480 min. To analyze the 

equilibrium adsorption data, they employed several statis-

tical physics models including Multilayer model with satu-

ration (MLMS), Monolayer model with one energy (MLIE) 

and Double layer model with two energies (DLM2E). 

Amongst these models, the monolayer model with one en-

ergy (MLIE) provided the best fit to the experimental ad-

sorption data. The maximum adsorption capacities were 

determined to be 406 mg∙g–1 for resorcinol and 455 mg∙g–1 

for 3-aminophenol. Additionally, the steric parameter was 

found to be less than 0.5 for both sorbates, indicating that 

they were bonded to the activated carbon surface in a par-

allel orientation. Moreover, the researchers performed a 

thermodynamic analysis of the adsorption data for 3ANP 

and RSC. The calculated values for Gibbs’s free energy, en-

thalpy, entropy, and adsorption energy were all negative. 

This confirms that the adsorption of both molecules onto 

the avocado seed activated carbon was exergonic and spon-

taneous. The optimal conditions for 3ANP and RSC 
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adsorption onto the avocado seed activated carbon were so-

lution temperature of 50 °C and pH of 7, respectively. 

7. Agrowastes-derived activated carbon 

utilization for heavy metals removal  

In their study, Rahman et al. [108] investigated the removal 

of heavy metal ions (Ni, Pb, Cr) from aqueous solutions us-

ing activated carbon derived from two types of lignocellu-

losic materials: coconut shells and oil palm kernel shells. 

The activation process involved chemical treatment with 

H3PO4 as the activating agent, with impregnation ratios of 

0.5:1 and 1:1. They studied different variables, including in-

itial ion concentration and solution pH. For all activated 

carbons, individual batch equilibrium studies were con-

ducted with varying initial concentrations of Ni(II) and 

Pb(II), ranging from 6 to 227 mg∙l–1 and 50 to 600 mg∙l–1, 

respectively. The solution pH was maintained at a constant 

value of 5. Additionally, batch equilibrium studies were per-

formed with varying initial concentrations of Cr(VI) ions, 

ranging from 40 to less than 600 mg∙l–1, while maintaining 

an initial solution pH of 3. The study revealed that the ad-

sorption of lead (II) and Ni (II) ions increased with higher 

pH values above the point of zero charge (pHzpc) of the ad-

sorbent surface (approximately 3.6±0.1 mg∙g–1). Con-

versely, the adsorption capacity decreased with increasing 

initial metal ion concentrations. They attributed this phe-

nomenon to the electrostatic attraction between the nega-

tively charged adsorbent surface and the cations (Pb2+ and 

Ni2+), which facilitated the uptake of metal ions from the 

aqueous solutions. Regarding the efficiency of activated 

carbons for removing Pb(II) and Ni(II) ions at low concen-

trations, the order was as follows: PSW-P-ad-500 (acti-

vated palm kernel shell, impregnation ratio 0.5:1) > CPW-

P-500 (coconut shell) > PSW-P-500 (activated palm kernel 

shell, impregnation ratio 1:1) > CAC (commercial activated 

carbon). Furthermore, PSW-P-ad-500 exhibited the highest 

Ni(II) and Pb(II) adsorption capacities, measuring 

19.6 mg∙g–1 and 74.6 mg∙g–1, respectively (based on the 

Freundlich Isotherm). They also discovered that the adsorp-

tion of Chromium (VI) ions decreased as the initial ion con-

centration and pH increased. At a maximum value of 

20 mg∙g–1 (pH 3), this trend was observed across all acti-

vated carbons. Their analysis indicated that the electro-

static repulsion between the negatively charged adsorbent 

surface and the negatively dichromate ions played a crucial 

role in reducing their uptake from aqueous solutions. Among 

the various activated carbons tested, PSW-P-ad-500 exhibited 

the highest efficiency for removing chromium (VI) ions, with 

an impressive removal efficiency of 98.9% and an adsorption 

capacity of 46.30 mg∙g–1. In addition, batch equilibrium 

studies were conducted to simultaneously recover three 

heavy metal ions (Pb, Ni, and Cr) from aqueous solutions. 

The selective order of metal ion adsorption by PSW-P-ad-

500 was found to be Pb>Ni>>Cr, corresponding to their in-

creasing electronegativity values (1.85, 1.854, and 1.60). 

The researchers concluded that PSW-P-ad-500, derived 

from acid-activated oil palm kernel shells, is a suitable ad-

sorbent for efficiently removing Ni(II), Pb(II), and Cr(VI) 

ions at low concentrations. This finding highlights the po-

tential of PSW-P-ad for use in drinking water purification 

to eliminate heavy metal contaminants.  

The study conducted by Erhayem et al. [109] investi-

gated the adsorption of mercury (Hg) using activated car-

bon derived from Rosmarinus officinalis leaves (referred to 

as ACROL). Their research involved utilizing stock solutions 

with mercury concentrations ranging from 100 to  

400 mg∙l–1 at a consistent pH of 2.4. Additionally, they ex-

plored temperatures between 298 K and 318 K to identify 

optimal adsorption conditions. Erhayem and colleagues ob-

served that the adsorption of Hg (II) increased with rising 

temperature and higher initial ion concentrations. They 

concluded that the removal of mercury ions from aqueous 

solutions occurred primarily through chemical adsorption 

onto the ACROL material. This phenomenon was attributed 

to strong ionic interactions between the positively charged 

Hg (II) ions and the negatively charged surface of the ad-

sorbent. The most effective conditions for Hg (II) ion ad-

sorption onto ACROL were found to be a temperature of 

318 K and an initial Hg (II) concentration of 300 mg∙l–1. 

These findings contribute to the elucidation of mercury re-

moval processes using natural adsorbents like Rosmarinus 

officinalis leaves activated carbon.  

Maheshwari et al. [110] investigated the adsorption of 

copper and zinc using activated carbon derived from neem 

bark through sulphuric acid treatment. The study involved 

two sets of simulated wastewater samples with varying in-

itial concentrations of zinc and copper, ranging from 60 to 

200 mg/l. The researchers examined the impact of process 

variables, including adsorbent dosage (4–40 g∙L–1), contact 

time (0–48 h), temperature (35–60 °C), and pH (1.1–12.2), 

on the removal of Zn(II) and Cu(II) ions individually. The 

results indicated that both Zn(II) and Cu(II) adsorption in-

creased with longer contact times (up to an optimal value 

of 48 h), higher initial ion concentrations (up to an opti-

mum concentration of 200 mg∙l–1), reduced adsorbent dos-

age (from an optimum dose of 6 g∙L–1), lower pH (from an 

optimum pH of 1.2), and decreased temperature (from an 

optimum temperature of 35 °C). The removal mechanism 

for Zn(II) and Cu(II) was attributed to intra-particle diffu-

sion and film diffusion, respectively. The maximum adsorp-

tion capacities obtained for Zn(II) and Cu(II) adsorption 

onto neem bark activated carbon were 11.904 mg∙g–1 and 

21.23 mg∙g–1, respectively. The corresponding optimal val-

ues for contact time, adsorbent dosage, initial concentra-

tion, pH, and temperature were 48 h, 6 g∙L–1, 200 mg∙l–1, 

1.2, and 35 °C, respectively. Furthermore, batch equilib-

rium studies were conducted to simultaneously recover 

three heavy metal ions (Zn(II), Cr(IV), and Cu(II)) from 

aqueous solutions. The researchers utilized an initial con-

centration of 200 mg∙l–1 for each studied metal to evaluate 

the overall adsorption capacity of neem bark activated 

https://doi.org/10.15826/chimtech.2024.11.2.02
https://doi.org/10.15826/chimtech.2024.11.2.02


Chimica Techno Acta 2024, vol. 11(2), No. 202411202 REVIEW 

 15 of 25 DOI: 10.15826/chimtech.2024.11.2.02

   

carbon. They found that the overall adsorption capacity of 

neem bark activated carbon, obtained for simultaneous 

multiple metal ion adsorption (including zinc, lead, and 

hexavalent chromium), was 38.95 mg∙g–1. This value signif-

icantly surpasses the earlier evaluations for Cu(II) 

(21.23 mg∙g–1) and Zn(II) adsorption (11.904 mg∙g–1). The 

enhanced adsorption capacity is attributed to the absence 

of selective affinity of the adsorption sites toward any spe-

cific metal ion. Consequently, surface binding sites remain 

unoccupied by any of the remaining metallic ions during the 

adsorption process of Zn(II), Cr(VI), and Cu(II) from aque-

ous solutions. They concluded that the neem bark activated 

carbon is a more efficient adsorbent for the removal of mul-

tiple ions from aqueous solution.   

Salman et al. [111] investigated the adsorption of lead 

using dried diatomite, sepiolite, and dried activated carbon 

derived from activated sludge biomass. In their batch stud-

ies, they examined the adsorption of Pb2+ from aqueous so-

lutions, considering factors such as adsorbent dosage 

(ranging from 1 to 20 g∙L–1), contact time (1 to 60 min), in-

itial Pb2+ concentration (1 to 100 mg∙l–1), and pH (2 to 6). 

Their findings revealed that the uptake of lead (Pb2+) ions 

increased with higher adsorbent dosage (optimal at 5 g∙L–1), 

elevated pH (optimal at 4), and longer contact time (opti-

mal at 50 min). Conversely, the initial metal ion concentra-

tion had an inverse effect, resulting in decreased adsorption 

of lead (Pb2+) ions as the concentration increased. Notably, 

solution pH played a critical role in batch performance, 

with lead removal efficiency significantly improving at 

higher pH levels. The primary mechanism for lead removal 

was attributed to electrostatic interactions between lead 

(II) ions in solution and the adsorbent surface, driven by 

Van der Waals forces (physical adsorption mechanism). In 

all, sepiolite derived activated carbons demonstrated the 

highest efficiency for removing lead (II) ions from aqueous 

solutions, making it a more suitable adsorbent for treating 

lead-contaminated wastewaters. 

El-Naggar et al. [112] investigated the adsorption behav-

ior of Cu2+, Pb2+, and Cd2+ using activated carbon produced 

through both physical and chemical treatments. The chem-

ical treatment involved using activating agents such as KOH 

and ZnCl2 on Cornocarpus Pruning waste. Consequently, 

two types of chemically activated carbons were generated: 

ZnCl2-activated carbon and KOH-activated carbon, along-

side the physically activated Cornocarpus waste (referred 

to as non-activated carbon). The stock solutions employed 

had concentrations of 1000 mg∙L–1 at a fixed pH of 5.0. 

Batch studies explored varying initial solute concentrations 

(ranging from 5 to 50 mg∙L–1) and examined the effects of 

contact time and initial concentration. The results indicated 

that the adsorption of copper (II), lead (II), and cadmium 

(II) ions increased with higher initial metal ion concentra-

tions and longer contact times. The adsorption capacities of 

the activated carbons for heavy metal ions followed this or-

der: KOH-activated carbon (CK) > Non-activated carbon 

(CH) > ZnCl2-activated carbon (CZ) > Commercial activated 

carbon (CC). Notably, KOH-activated carbon exhibited the 

highest adsorption capacities for Cu (II), Pb (II), and Cd (II), 

with values of 16.5, 39.5, and 21.0 µmoL∙g–1, respectively. 

Additionally, the selective order of metal ions adsorption by 

KOH-activated carbon was Pb2+ > Cd2+ > Cu2+, correspond-

ing to increasing ionic radius (0.118, 0.097, and 0.073). The 

adsorption mechanism for these heavy metal ions involved 

both chemisorption and ion exchange processes. Further-

more, batch adsorption studies explored the recovery of 

multiple solutes (Cd2+, Pb2+, and Cd2+) from aqueous solu-

tions, considering both individual (single solute) and con-

current (multi-solute) scenarios. Throughout these experi-

ments, the solution was maintained at a constant concen-

tration of 5.0 mg/L and pH of 5.0. They found that metal 

interactions played a pivotal role in the adsorption of metal 

ions from the multi-solute system. Each metal ion compet-

ing for available adsorption sites on the carbon surfaces. 

The tested adsorbents demonstrated varying efficiencies in 

removing heavy metal ions (Cd²⁺, Pb²⁺, and Cu²⁺) from so-

lution, with the order being CK > CH > CZ > CC. Addition-

ally, the selective order of metal ion adsorption by KOH-

activated carbon (CK) followed the sequence 

Cu²⁺>Pb²⁺>Cd²⁺, based on increasing electronegativity (1.9, 

1.8, and 1.7) and decreasing hydroxide solubility product 

(1∙10⁻²⁰, 2.5∙10⁻¹⁶, and 3.2∙10⁻¹⁴). Their findings indicated 

that KOH-activated carbon outperformed other activated 

and non-activated carbons for removing heavy metal ions 

from aqueous solutions. They concluded that activated con-

ocarpus waste holds promise for effectively purifying heavy 

metals-contaminated wastewater. 

Mise and Patil [113] conducted a study on the removal of 

Cr(VI) from synthetic wastewater using physically acti-

vated mango seed shells, NaCl-activated mango seed shells, 

and CaCl2-activated mango seed shells. They investigated 

various experimental parameters, including adsorbent dose 

(ranging from 0 to 300 mg), impregnation ratio (from 0.25 

to 0.75), contact time (from 0 to 60 min), and solution pH 

(ranging from 0 to 3.0) in batch mode. Their findings re-

vealed that the adsorption of Cr(VI) on all the activated car-

bons exhibited rapid initial uptake followed by a gradual 

approach toward equilibrium (saturation) concentration 

over approximately 50 min. Moreover, they observed that 

Cr(VI) adsorption increased with higher adsorbent dosage, 

greater impregnation ratio, and lower solution pH. These 

trends were attributed to the increased surface area of the 

activated carbons, resulting in more available adsorption 

sites. The equilibrium data obtained from their study were 

well represented by the Freundlich isotherm for Cr(VI) ad-

sorption across all the activated carbons. Notably, CaCl2-ac-

tivated carbon demonstrated the highest Chromium (VI) re-

moval efficiency, achieving 90% removal. Based on these 

results, they recommended optimal batch adsorption con-

ditions of impregnation ratio (0.75), pH (1.5), contact time 

(35 min), and adsorbent dosage (150 mg). 

Siripatana et al. [114] investigated the adsorption of 

lead (II) using non-activated cashew nut shells (CNS). In 
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their batch adsorption studies, they varied the initial ion 

concentrations and particle sizes, ranging from 10 to 

50 mg∙l–1 and 0.25 to 1.0 mm, respectively. They found ob-

served that lead adsorption on CNS exhibited a rapid initial 

uptake followed by a gradual approach toward equilibrium 

(saturation) over a 4 h period. Furthermore, they noted that 

the percentage of lead removal increased as the initial lead 

(II) ion concentration decreased and the particle size de-

creased. To analyze the equilibrium adsorption data, they 

employed various kinetic models, including Pseudo-first or-

der, Pseudo-second order, Elovich, intra-particle, and liq-

uid-film correlations. The evaluated kinetic rate constants 

(k2) fell within the range of 0.085 to 5.517 g∙mg–¹∙min–¹. 

These findings suggest that the overall lead adsorption pro-

cess is simultaneously influenced by electrostatic attraction 

(ionic bonding) between positively charged lead (II) ions 

and the CNS adsorbent surface (chemisorption), as well as 

diffusion within the adsorbent pores (intra-particle diffu-

sion). The maximum adsorption capacity of the cashew nut 

adsorbent (CNS) for lead (Pb²⁺) adsorption was ascertained 

to be 1.149 mg∙g–¹. 

Nuithitikul et al. [115] investigated the removal of lead 

(Pb2+) ions from aqueous solutions using activated cashew 

nut shell treated with various chemicals: H2SO4, HNO3, and 

NaOH. Their research focus was on the adsorption capaci-

ties of these activated carbons for lead (II) ions. The study 

revealed that the combination of numerous surface func-

tional groups, enlarged surface areas, and wider porosities 

significantly enhanced the lead adsorption capabilities of 

the activated carbons. H2SO4-activated cashew nut shell ex-

hibited the highest lead adsorption capacity of all the tested 

carbons, 8.30 mg∙g–1. The other activated carbons followed 

in decreasing order: HNO3-activated cashew nut shell 

(6.39 mg∙g–1), NaOH-activated cashew nut shell (3.22 mg∙g–

1), and untreated cashew nut shell (2.08 mg∙g–1). Further, the 

researchers conducted batch studies to explore lead (II) 

ions adsorption across varying initial concentrations (rang-

ing from 10 to 50 mg∙l–1). They analyzed the adsorption data 

using several isotherm models, including Langmuir, Freun-

dlich, Temkin, and Dubinin-Raduskevitch, as well as kinetic 

models such as Pseudo-first order, Pseudo-second order, 

Elovich, and Intra-particle diffusion. Interestingly, the lead 

adsorption capacities of H2SO4-activated CNS exhibited a 

non-monotonic increase with rising initial lead ion concen-

tration. This non-linear relationship was attributed to sorp-

tion site exhaustion at high concentrations (40 and 50 mg∙l–

1). Moreover, the researchers found that the lead uptake 

rate followed both pseudo-first order and intra-particle dif-

fusion kinetics, with calculated rate constants (k1 and kint) 

falling within the ranges of 0.0014 to 0.04 min–1 and 0.314 

to 0.644 mg∙g–1.min–1, respectively. The Langmuir isotherm 

provided the most accurate description of lead adsorption 

onto H2SO4-activated CNS. The results indicated that the 

adsorption process primarily relies on physical interac-

tions. The highest adsorption capacity for lead (II) ions on 

H2SO4-activated CNS was determined to be 8.734 mg∙g–1. 

Consequently, Nuithitikul et al. concluded that the practi-

cability of H2SO4-activated CNS in the adsorptive treatment 

of Pb(II)-contaminated water was promising.  

8. Packed-Bed adsorption models 

In a fixed-bed column, the process of fluid-solid adsorption 

involves several distinct steps. First, there is liquid-phase 

mass transfer. Next, film (external) diffusion occurs, fol-

lowed by intra-pellet diffusion. Finally, we have adsorp-

tion/desorption reactions [57]. To model this behavior, re-

searchers have developed ab-initio mathematical models 

for simulating packed-bed adsorption. These models incor-

porate parameters such as adsorption (uptake) rate, solid-

liquid material balances, and equilibrium relationships 

(isotherms). However, due to their non-linear differential 

form, these models often require complex numerical meth-

ods to obtain reasonably accurate solutions. In practice, 

simple classical analytical models are widely used to pre-

dict the dynamic performance of packed-bed adsorption 

systems [116]. Some commonly employed packed-bed ki-

netic models include the Thomas, Yoon-Nelson, Modified 

Dose-Response, and Bohart-Adams models [104, 116–119]. 

8.1. Bohart-Adams model 

Adams and Bohart [120] proposed an equation based on ex-

perimental observations related to the adsorption of chlo-

rine using charcoal. This fundamental equation relies on 

the assumption of ideal plug flow and irreversible adsorp-

tion [117]. The Bohart-Adams (BA) model finds common ap-

plication in describing the initial segment of the break-

through curve (concentration-time profile) in continuous 

flow adsorption systems, specifically when the concentra-

tion ratio (Ce/C0) is less than 0.15 [118]. The Bohart-Adams 

(BA) model can be expressed as proposed by Xu et al. [57]:  

𝐶𝑒

𝐶0
 =  

1

1 + exp (
𝑘BA𝑁0𝑍

𝑢 − 𝑘BA𝐶𝑜𝑡)
. 

(53) 

The linearized form of Equation 53 is represented as: 

ln [
𝐶𝑜

𝐶𝑒
−  1] =  ln [exp [𝑘BA𝑁𝑜

𝑍

𝑢
] − 1] − 𝑘BA𝐶𝑜𝑡, (54) 

where Ce is the solute concentration in the fluid phase 

(mg∙L–1), Co is the influent adsorbate concentration  

(mg∙L–1), No is the equilibrium volumetric adsorption capac-

ity (mg∙L–1), Z is the bed height (cm), t is the flow time (h), 

u is the linear flow velocity (cm∙h–1) and kBA is the Bohart-

Adams rate constant (Lh–1∙mg–1).  

8.2. Thomas model 

In 1944, Thomas proposed a model to describe the behavior 

of the adsorption process in a continuous-flow (fixed bed) 

adsorption system. This model is derived based on second-

order reaction kinetics and the Langmuir equilibrium iso-

therm [57, 121]. The simplified packed bed model ignores 

interphase (intra-particle and film diffusion) mass transfer 
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and axial dispersion, implying that the adsorption process 

is solely controlled by surface reaction phenomena [122, 

123]. The Thomas model is expressed by Equation 52, as 

proposed in [118] and [121]: 

𝐶𝑒

𝐶𝑜
 =  

1

1 + exp [
𝑘Th
𝑄

(𝑞𝑜𝑀 − 𝐶𝑜𝑉)]
. 

(55) 

The linearized form of Equation 55 is represented as: 

ln [
𝐶𝑜

𝐶𝑒
− 1] =

𝑘Th𝑞𝑜𝑀

𝑄
−

𝑘Th𝐶𝑜𝑉

𝑄
, (56) 

where Ce is the effluent adsorbate concentration (mg∙L–1), 

Co is the influent adsorbate concentration (mg∙L–1), qo is the 

maximum solid phase concentration of the solute (mg∙g–1), 

kTh is the Thomas rate constant (L∙min–1∙mg–1), V is the ef-

fluent volume (mL), Q is the volumetric flow-rate  

(mL∙min–1) and M is the mass of the adsorbent (g).  

The Thomas model is widely employed to describe ad-

sorption kinetics, evaluate model parameters (kTh and qo), 

and predict breakthrough curves for continuous flow 

(fixed-bed) adsorption systems. It is generally regarded as 

the optimal packed-bed model for modeling breakthrough 

behavior [56, 67, 117]. 

8.3. Yoon-Nelson model 

Yoon and Nelson [124] proposed a fairly simple kinetic 

model for investigating the adsorption of vapors and gases 

onto activated coal. According to this model, the rate of de-

cline in the likelihood of each adsorbate molecule being ad-

sorbed is directly proportional to the probability of the ad-

sorbate molecule’s adsorption and breakthrough on the ad-

sorbent (Kavak and Ozturk, 2004). The Yoon-Nelson model 

is expressed in Equation 57 [4, 117, 118]: 

𝐶𝑒

𝐶𝑜
=

1

1 + e𝐾YN(𝑡−𝜏)
. (57) 

The linearized form of Equation 57 is represented as: 

ln
𝐶𝑒

𝐶𝑜 − 𝐶𝑒
=  𝐾YN𝑡 − 𝜏𝐾YN, (58) 

where KYN is the Yoon-Nelson rate constant (h–1), τ is the 

time required for removal of 50% of initial metal concen-

tration (h), t is the breakthrough (sampling) time (h), Ce is 

the effluent sorbate concentration (mg∙L–1) and Co is the in-

itial sorbate concentration (mg∙L–1). 

The Yoon-Nelson model is relatively straightforward 

compared to other kinetic models and does not necessitate 

extensive data on the adsorbate and adsorbent characteris-

tics or the physical properties of the fixed-bed. However, 

this simplification can lead to a reduction in model accuracy 

when determining process variables such as exhaustion 

time and predicting breakthrough curves under various 

conditions [57, 122]. 

According to Chatterjee and Schiewer [117], the previ-

ously mentioned models are mathematically equivalent. 

Consequently, utilizing one model renders the use of other 

models unnecessary. The generalized model representing 

the Bohart-Adams, Yoon-Nelson, and Thomas models is ex-

pressed as: 

𝐶𝑒

𝐶0
=

1

1 + exp(𝑏 − 𝑎𝑡)
. (59) 

The linearized form of the generalised (BA/Th/YN) 

model, Equation 59, is represented as: 

ln [
𝐶𝑒

𝐶𝑜
−  1] =  ln[exp[𝑏] − 1] − 𝑎𝑡, (60) 

where a and b denote the lumped parameters representing 

the characteristics of various models (Table 3). Here, C0 

represents the influent concentration in milligrams per li-

ter (mg∙l–1), Ce corresponds to the effluent concentration 

(also in mg∙l–1), and t signifies the flow time in hours. 

8.4. Modified dose-response model 

Yan et al. [126] postulated an empirical relationship to de-

scribe metal biosorption in fixed columns based on the em-

pirical dose-response model commonly employed in phar-

macological studies. The modified dose-response model can 

be expressed as follows [57]:  

𝐶𝑒

𝐶𝑜
= 1 −

1

1 + (
𝑡
𝛽

)
𝛼. 

(61) 

The linearized form of Equation 61 is represented as: 

ln
𝐶𝑒

𝐶𝑜 − 𝐶𝑒
=  𝛼 ln 𝑡 − 𝛼 ln 𝛽, (62) 

where α represents the model constant, β denotes the time 

at which the effluent concentration reaches 50% of the in-

fluent concentration (in hours), Ce stands for the effluent 

adsorbate concentration (in mg∙L–1), and t represents the 

flow time (in hours). 

The modified dose-response model has found successful 

application in describing the adsorption of metals in diverse 

continuous-flow adsorption systems [127, 128]. 

9. Packed bed adsorption studies 

Xu et al. [57] asserted that fixed bed adsorption is the primary 

choice for practical-scale wastewater treatment applications. 

Fixed-bed adsorption studies allow convenient evaluation 

of adsorbent performance, considering process variables 

such as influent concentration, adsorbent dosage (bed 

height), and flow rate. 

The evaluation is facilitated through breakthrough curves 

obtained either via mathematical modeling or experimental 

determination [121]. 

Table 3 Model expressions for lumped parameters a and b in terms 

of packed bed model parameters [117]. 

Lumped 

parameter 
Thomas (Th) 

Yoon-Nelson 

(YN) 

Bohart-Adams 

(BA) 

a 𝑘Th𝐶𝑜 𝑘YN 𝑘BACo 

b 𝑘ThqTh 𝑀 𝑄⁄  𝑘YNτ 𝑘BA𝑁o 𝑍 𝑢⁄  
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Column experiments more accurately represent the dy-

namic behavior typical of industrial wastewater treatment 

plant operations. Various researchers have recently con-

ducted both numerical and experimental fixed-bed column 

studies to assess the performance of activated carbon adsor-

bents [129–131].  

Garcia-Mateos et al. [33] conducted numerical studies 

on the adsorptive removal of paracetamol in fixed-bed col-

umns using biomass activated carbon. Their investigation 

involved analyzing batch adsorption data and employing ki-

netic and isotherm models to determine kinetic and adsorp-

tion equilibrium parameters (KL, De, qL) necessary for pre-

dicting breakthrough profiles in a lab-scale fixed adsorp-

tion column. Additionally, they developed two distinct 

mathematical models for the fixed-bed column. The first 

model utilized a heterogeneous diffusivity coefficient ap-

proach, accounting for the dependence of diffusion on the 

surface coverage of paracetamol. The second model em-

ployed a constant pattern linear driving force (CP-LDF) ap-

proximation approach. Several assumptions were made, in-

cluding negligible radial concentration gradients, isother-

mal column operation, constant axial velocity, and inter-

particle mass transfer characterized by an effective diffu-

sion coefficient (De). Mass transport between the bulk 

phase and solid-particle interface was described by the ex-

ternal film mass transfer coefficient, ki. Numerical solu-

tions were obtained for the resulting ordinary differential 

equations (ODEs) using the finite differences method. By 

applying the 4th order Runge-Kutta method, they deter-

mined the time-dependent paracetamol bed concentration 

(Cb) at the exit of the packed column. The breakthrough 

profiles predicted using both mass transfer resistance mod-

els (heterogeneous diffusion coefficient and CP-LDF) were 

validated against experimental data. Markedly, the experi-

mental heterogeneous diffusion coefficient-based model 

provided the best representation of the breakthrough curve, 

whilst the CP-LDF model did not accurately predict the 

breakthrough profile. Furthermore, they estimated design 

parameters (Bed service time, BST, and Height of mass 

transfer zone, HMTZ) based on the calculated and experi-

mental breakthrough curves. They also investigated the im-

pact of various operational parameters such as flow rate, 

adsorbent dosage, fixed bed length, temperature, and inlet 

paracetamol concentration on the performance of an ad-

sorption column. Their findings revealed that changes in 

flow rate had minimal influence on the shape of the break-

through curve, indicating the absence of external mass 

transfer control. Additionally, they observed that break-

through time increased with higher adsorbent dosage, sug-

gesting a direct correlation between breakthrough time and 

the amount of activated carbon used. Furthermore, at ele-

vated temperatures, the adsorption phenomenon is charac-

terized with higher diffusion coefficients but reduced para-

cetamol adsorption capacities. Interestingly, altering the 

adsorbent dosage had negligible impact on the break-

through curve shape, implying the absence of adverse 

pressure gradients (no back-mixing) in the fixed bed col-

umn. They concluded that precise knowledge of activated 

carbon adsorbent performance, obtained from batch exper-

iments, enables accurate prediction of breakthrough pro-

files and design parameters (such as BST and HMTZ) in rapid 

small-scale column experiments.  

Mendes et al. [132] proposed a mathematical model to 

predict the kinetic separation of hexane isomers and the ef-

fluent outlet composition in a fixed-bed column. Their as-

sumptions included a non-isothermal, non-adiabatic col-

umn with axial heat dispersion, spherical adsorbent parti-

cles, linear driving force (LDF) mass transfer approxima-

tion, negligible radial temperature gradients, and a linear 

equilibrium relationship between the liquid and solid 

phases. They did not consider the effect of adsorbent parti-

cle geometry on mass and heat transfer in the solid phase. 

By deriving and solving material and heat balances for the 

target solute species and solid particles over a differential 

volume, they described the breakthrough behavior of the 

fixed-bed column. The resulting set of coupled partial dif-

ferential equations was reduced to a system of ordinary dif-

ferential algebraic equations (DAEs) using orthogonal col-

location techniques along the spatial (Z-axis) coordinate. 

Solving this system of 128 DAEs involved applying a fifth-

order Runge-Kutta method in conjunction with Gaussian 

elimination. By adjusting the residence time (tfb) and the 

characteristic time of diffusion (tdif), they explored the im-

pact of adsorption kinetics on the model-predicted break-

through curves. Their simulation results indicated that the 

separation between normal (nHex) and branched paraffins 

(3MP/22 DMB) is kinetically driven and can be predicted us-

ing diffusivity data from existing literature. They concluded 

that a proper combination of the bed residence time, tfb= L⁄vi, 

and the characteristic time of diffusion, tdif = 1⁄KF (diffusivity 

parameters) of the (normal and branched) paraffins and 

gas mixtures within the adsorbent ZIF-8 fixed-bed column 

can lead to complete separation of hexane isomers. 

Anisuzzaman et al. [133] conducted an investigation on 

phenol adsorption in an activated carbon packed bed col-

umn with a focus on dynamic simulation. Their study ex-

plored the dynamic behavior of phenol adsorption within a 

fixed-bed column containing activated carbon. By examin-

ing simulation model assumptions—specifically, convection 

with constant dispersion, convection with estimated dis-

persion, and convection with inlet liquid flow rate — they 

evaluated the impact on the phenol adsorption rate. The dy-

namic simulation was carried out using Aspen Adsorption 

Version 7.1. Based on their findings, the researchers con-

cluded that the adsorption column was not a feasible choice 

for large-scale treatment of phenol-contaminated 

wastewater. 

Arim et al. [134] investigated trivalent chromium bio-

sorption onto modified pine bark in a fixed-bed column us-

ing a mechanistic model. They developed a dispersion-ad-

vection-reaction model to simulate an isothermal fixed col-

umn operation. In the proposed model, they assumed that 
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the equilibrium relationship between the liquid and solid 

phases is described by the Langmuir isotherm, and intra-

particle mass transfer is characterized by the linear driving 

force (LDF) approximation. The set of coupled partial dif-

ferential equations derived from material balances was 

converted to ordinary differential equations (ODEs) using 

the finite difference method (truncated Taylor’s series ex-

pansion). The resulting ordinary differential equations 

were solved through a program script implemented in the 

MATLAB environment. The mathematical model was 

demonstrated in various scenarios, including changes in 

bed height (Ho), superficial velocity (u0), and initial feed 

concentration (CE). In addition, they analyzed the impact of 

operational variables (bed depth – H0 and superficial veloc-

ity – u0) on column performance parameters, such as the 

fraction of the saturated bed (FSB) and the difference be-

tween exhaustion and breakthrough time (ΔTabs), using the 

Design of Experiments (DOE) method. Furthermore, they 

employed classical analytical solutions (Bohart-Adams, 

Yoon-Nelson, and Thomas models) for correlative modeling 

of the experimental data. They discovered that the classical 

analytical models provided a better description of trivalent 

chromium biosorption compared to the developed mathe-

matical model. The inaccuracies in the model’s prediction 

of the experimental breakthrough curve stemmed from 

their failure to properly account for intra-particle mass 

transport (diffusion effects). To address this, the classical 

analytical models were further adjusted using estimations 

of key model parameters (such as rate constants kyn, kth, and 

kba) that describe the dynamics of the continuous adsorp-

tion process. They concluded that the mechanistic model for 

biosorption of Cr(III) could be extended to handle other pol-

lutants, including heavy metals and dyes. 

Haroon et al. [135] synthesized five types of impreg-

nated activated carbon through thermal pyrolysis of Euca-

lyptus Camaldulensis Sawdust (ECS). The ECS was pre-

treated with different reagents, including H3PO4, HCL, 

CH3COOH, and H2SO4. These activated carbons were then 

evaluated for their ability to remove hexavalent chromium 

(Cr(VI)) using batch experiments. Amongst the synthesized 

materials, the H3PO4-activated carbon (AC-ECS) exhibited 

the highest chromium adsorption efficiency, exceeding 

80%. Subsequently, AC-ECS was selected for further batch 

studies. They investigated various process parameters, in-

cluding particle size, initial metal ion concentration, adsor-

bent dosage, contact time, temperature, pH, and column 

mode (bed height). Sensitivity analysis using experimental 

measurements helped optimize these parameters. They 

found that breakthrough and exhaust times increased with 

higher adsorbent dosage (bed height), attributed to the 

availability of more adsorption sites for hexavalent chro-

mium. The bed depth service time (BDST) kinetic model 

was employed to analyze the data, revealing adsorption ca-

pacities of 11.353, 14.509, and 25.098 mg∙l–1 for normalized 

exit solute concentrations of 0.2, 0.4, and 0.6, respectively. 

For full-scale column operation, the recommended 

operational conditions for AC-ECS were a bed height of 15 

cm, an initial Cr(VI) solution concentration of 50 mg∙l–1, a 

pH of 3.0, and a flow rate of 10 mL∙min–1. They also ex-

plored various regeneration methods for AC-ECS, including 

de-ionized water, KOH, copper sulfate (CS), citric acid (CA), 

sulphuric acid (SA), nitric acid (NA), acetic acid (AC), etha-

nol (EC), phosphoric acid (PA), sodium hydroxide (NaOH), 

hydrochloric acid (HCL), N-hexane (NX), methanol (ML), 

acetonitrile (AN), ferrous sulfate (FS), ethyl acetate (EA), 

and acetone (AC) solutions. The highest recovery and de-

sorption percentage of hexavalent chromium Cr(VI) from 

exhausted AC-ECS were 15% and 6 mg/L, respectively, us-

ing KOH solution. The observed low values for adsorbate 

recovery (regeneration) indicate that the adsorption pro-

cess is chemical and irreversible in nature. They concluded 

that scaling-up the use of AC-ECS adsorbent to column 

lengths, as encountered in environmental engineering ap-

plications for remediating hexavalent chromium-contami-

nated groundwater, is an efficient treatment strategy. 

Antil et al. [136] conducted fixed-bed column experi-

ments using rice husk as an adsorbent to optimize the re-

moval of arsenite ions from aqueous solutions. Their study 

investigated the impact of bed depth (adsorbent dosage), 

initial metal ion concentration, and flow rate on the process 

of arsenite adsorption by rice husk. To estimate model pa-

rameters, they employed a correlative modeling approach, 

fitting the Bed Depth Service Time (BDST) and Bohart-Ad-

ams (BA) kinetic models to experimental breakthrough 

curves. They also applied Michael and Hutchin’s equations 

to determine adsorption bed parameters (tZ, hZ, VZ, and % 

bed saturation). They observed that breakthrough time (the 

point when 10% of influent concentration is detected in the 

effluent) increased with decreasing flow rate, increasing 

bed depth, and decreasing initial concentration of arsenite 

ions. The decrease in rice husk adsorption efficiency at 

higher initial ion concentrations was attributed to in-

creased competition among adsorbed molecules for unoccu-

pied binding sites on the adsorbent surface. Furthermore, 

the Bohart-Adams kinetic model demonstrated excellent 

agreement with both experimental and literature values. 

The corresponding optimum process parameters were de-

termined as bed depth (60 mm), flow rate (20 mL∙min–1), 

and influent concentration (50 mg∙l–1). The maximum arse-

nite adsorption capacity of the fixed-bed column was found 

to be 4.5 mg∙g–1. They concluded that the column study 

proved rice husk to be a potential and efficient adsorbent 

for the adsorption of arsenite.  

Yahya et al. [14] conducted a study in which they syn-

thesized and characterized sulphuric acid (H2SO4)-

activated cashew nut-shell for the purpose of adsorbing 

hexavalent chromium (Cr6+) and manganese (Mn2+) ions 

from electroplating wastewater using a column method. To 

analyze the adsorption process, they employed experi-

mental breakthrough curves under varying operational con-

ditions, including flow-rate, influent concentration, and 

bed depth. The Yoon-Nelson, Adams-Bohart, and Clark 
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kinetic models were fitted to the data. The Yoon-Nelson 

model provided the best fit to the experimental break-

through curves, with the lowest residual sum of square er-

rors (SSE). They discovered that the breakthrough time, ex-

haustion time, percentage removal, and adsorption capaci-

ties for both Mn2+ and Cr6+ ions were influenced by factors 

such as initial metal ion concentration, bed height, and 

flow-rate. These effects were attributed to shorter contact 

times, increased availability of vacant adsorption sites (due 

to a larger surface area), and intensified competition 

among metal ions for binding sites on the adsorbent sur-

face. The maximum adsorption capacities of H2SO4-

activated cashew nutshell (HCNS) were 10.79 mg∙g–1 for 

Cr(VI) and 9.82 mg∙g–1 for Mn(II) ions. This indicated that 

Cr(VI) adsorption was more favorable than Mn(II) adsorp-

tion in the HCNS adsorbent fixed-bed column. The primary 

mechanism for adsorption of Mn2+ and Cr6+ ions in the 

fixed-bed column was electrostatic attraction between the 

positively charged carbonyl and hydroxyl surface groups of 

the CNS adsorbent and the dissociated metallic ions. They 

concluded that activated cashew nut shell (HCNS) is a suit-

able adsorbent for removal of hexavalent chromium and 

manganese ions from electroplating wastewater. 

From the examination of literature, it is evident that 

packed bed columns are increasingly utilized for industrial 

(practical) scale wastewater treatments. However, there is 

still room for improved column performance because a lot 

of the analytical models utilized for predicting the break-

through curves essential for column design have not been 

able to elucidate the fixed bed adsorption process entirely. 

Typically, experimental studies also involve several time-

consuming and expensive screening tests for evaluating ad-

sorbent performances in the fixed column. Numerical mod-

eling offers a cheaper and effective option for assessing the 

quality of adsorbent as well as the design and scale-up of 

industrial adsorptive separation processes. There are two 

main categories of numerical models, namely, physics-

based and data-driven (black-box) models. Physics-based 

models are developed considering the basic physical princi-

ples and underlying theoretical knowledge. These models 

are useful for gaining insight into the underlying physics of 

the physical system. Notwithstanding, most real-life sys-

tems are complex, non-linear in nature, and contain un-

known parameters that may not be possible to consider in 

the physical model [137]. Data-driven models can be used 

as substitutes for ab-inito models to describe complex phys-

ical systems. Amongst the data driven techniques, Artificial 

Neural Networks (ANN) is preferred due to its ability to un-

ravel the intrinsic pattern within a group of experimental 

observations (linear/non-linear function approximation) 

without need of expert knowledge of the problem domain. 

An Artificial Neural Network (ANN) is a non-linear map-

ping of output dataset corresponding to a definite input pat-

tern in the region of interest [138, 139]. ANN comprises of 

a number of simulated information processing elements 

(neurons) connected together to form a neural network. 

Artificial neural networks have become a widely utilized 

tool in area of process modeling, and simulation due to their 

inherent advantages of low computational demand, adapt-

ability, non-linearity and noise tolerance [139]. Nonethe-

less, the problems associated with ANN technique include 

likelihood of network overtraining (over-fitting), network 

convergence at local minima, and the empiric process colli-

gated with user-led specification of network architecture. A 

novel polynomial-type neural network that circumvents the 

drawbacks associated with standard ANN is the group 

method of data-handling (GMDH) [140]. GMDH utilizes 

mathematical models and numerical methods for com-

puter-based modeling of experimental data characterized 

by fully automated determination of model structure, net-

work architecture and parametric model optimization [141, 

142]. GMDH is a novel tool in the area of process analysis, 

modeling and optimization [143]. Recently, data-driven 

models such as ANN have been successfully applied in the 

optimization of chemical processes [144–151]. However, 

ANN has seldom seen application for optimization of batch 

and continuous-flow adsorption processes. Likewise, the 

GMDH method has never been applied in the modeling and 

optimization of adsorption separation (batch and fixed-

bed) processes. Soft computing techniques (i.e., GMDH and 

ANN method) will facilitate modeling and optimization of 

complex and difficult to understand processes such as 

fixed-bed adsorption systems without the need of human 

cognition. 

10. Conclusion 

From the literature surveys undertaken, it can be concluded 

that adsorption using activated carbons is an effective op-

tion for treatment of contaminated wastewaters. However, 

the high cost of commercially activated carbons is a limiting 

factor in their application for wastewater treatment. 

Hence, there is need for low-cost alternatives derived from 

abundant, readily available agricultural waste materials. 

Further, the adsorption capacities, kinetic and adsorption 

equilibrium parameters calculated using equilibrium ad-

sorption data are normally overestimated due to attain-

ment of equilibrium conditions (contact time) that is typi-

cally not observed in practical-scale applications [6]. Con-

sequently, fixed-bed column studies are essential for design 

and scale-up of continuous (flow) adsorption systems at in-

dustrial-scale. Moreover, fixed-bed column utilization stud-

ies for evaluating adsorbent performance are still in its nas-

cent stages. Therefore, it is important that fixed-bed col-

umn studies are paid more attention in future works per-

taining to treatment of contaminated effluents. 

Noteworthy, numerical (mathematical and machine 

learning) studies for modeling and simulation of activated 

carbon adsorbent batch/fixed-column system have seldom 

been conducted. The processes involved in the retention of 

adsorbate onto the adsorbent (adsorption mechanisms) and 

adsorption rates (kinetic effects) differ contingent on the 
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individual (distinct) batch/fixed-bed column adsorption 

system. Hence, there is necessity to simulate the static 

(batch) and continuous fixed-bed columns on a case-by-

case basis to evaluate the adsorption performance of the ac-

tivated carbon adsorbents. The substantial loss of adsor-

bent capacity during regeneration is another factor limiting 

the application of locally activated carbons for wastewater 

treatment. It is important, that numerical regeneration 

studies are performed to effectively remove the adsorbed 

pollutants from exhausted activated carbons to determine 

desorption efficiencies and effective regeneration times for 

restoration of initial carbon activity. 

11. Abbreviations 

GMDH – Group Method of Data Handling 

ANN – Artificial Neural Network 

AC – Activated Carbon 

BA – Adams-Bohart Model 
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