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ABSTRACT 
 

In this chapter, applications are provided for batch and fixed-bed column adsorption 

processes using coconut bagasse, an economic, effective, and efficient material for metal 

ion removal from wastewater.  

Investigations of the parameters that influence the performance of metal ion 

adsorption, such as, effect of initial metal ion concentration, pH, flowrate, bed height, and 

adsorption isotherm have been studied for selecting the most suitable treatment of 

wastewater. Modeling of adsorption isotherm (Langmuir, Freudlich, Temkin, and Halsey 

equations), adsorption kinetics (pseudo-first, pseudo-second and intraparticle equations) 

and breakthrough curves (Thomas equation) were also applied to the experimental data to 

find a better application and performance of the bio-adsorbent on the metal ion removal.  
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1. INTRODUCTION 
 

The water contamination by toxic metals through the discharge of industrial wastewaters 

is a worldwide environmental problem. The industries responsible for the discharge of 

wastewaters containing metals are mining and mineral processing, pigment manufacture, 

photographic industries and painting, metalworking, electroplating and finishing processes. 

Since metals are non-biodegradable and may be bio-accumulated in living tissues, their 

removal from wastewaters is nowadays legally imposed [1].  

Conventional methods for removing metals from industrial effluents include coagulation, 

chemical precipitation, solvent extraction, electrolysis, membrane separation ion exchange 

and adsorption [2-6]. Even though these methods are efficient, some of them have limited 

applications. Precipitation processes generate large quantities of sludge, which needs further 

treatment and disposal. The high operational costs, particularly due to the high energy 

consumption associated with electrolytic and membrane processes, limit their use, moreover 

the secondary wastes generated are sometimes difficult to treat.  

In recent years, considerations of public health, environmental and economic pressure 

have made it desirable to reconsider the methods employed for treatment and disposal of toxic 

wastes. From the waste generated, it is possible to highlight the toxic metals such as copper, 

nickel and zinc. These metal ions are not degradable and can accumulate in the environment 

where components manifest their toxicity and are movable. It can be very difficult to follow 

the destination of these metal species in the ecosystem [7,8].  

The high prices and regeneration cost of these materials limit their large-scale use for 

metal ion removal. Thus, it has encouraged researchers to look for low cost sorbing materials 

[8]. Attention has been focused on the various adsorbents, which have metal-binding 

capacities and are able to remove unwanted heavy metals from contaminated water at low 

cost [8]. Because of their low cost and local availability, natural materials such as zeolites and 

clay, or certain waste products from industrial operations such as fly ash, coal, and oxides are 

classified as low-cost adsorbents. The potential use of these residues as adsorbent materials 

has two advantages, the reuse and its low cost. They can be disposed of without cost. 

Among the numerous techniques of toxic metal removal, adsorption is the procedure of 

choice and gives the best results because it can be used to remove different types of metal 

species. The adsorption process has proven to be an excellent way to treat industrial effluents, 

offering significant advantages like low-cost, availability, ease of operation and efficiency in 

comparison with conventional methods especially from economical and environmental 

viewpoints [7, 8].  

 

 

2. ADSORPTION PROCESS 
 

Adsorption can be defined as the accumulation of substances or materials at the interface 

between a solid surface and solution. The adsorbing surface is the adsorbent, and the material 

concentrated or adsorbed at the surface is the adsorbate (Figure 1). The adsorption process 

involves a solid phase (sorbent or bio-sorbent; biological material) and a liquid phase 

(solvent, normally water) containing a dissolved species to be adsorbed (i.e. adsorbate, metal 

ions) [9,10,11]. 
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Due to a higher adsorbent affinity for the adsorbate species, the latter is attracted and 

removed by different mechanisms. The adsorption process at equilibrium is established 

between the amount of solid-bound adsorbate species and its portion remaining in the 

solution. The degree of sorbent affinity for the adsorbate determines its distribution between 

the solid and liquid phases. 

 

 

2.1. Classification of Adsorption 
 

According to the nature of the interaction between adsorbate and adsorbent, there are two 

types of adsorption; physisorption and chemisorptions. The physisorption interaction is 

relatively non-specific and is due to the operation of weak forces between species. In this 

process, the adsorbed molecule is not affixed to a particular site on the solid surface; it is free 

to move over the surface [12].  

 

 

Figure 1. Adsorption process scheme of a surface. 

 

Table 1. Properties of physisorption and chemisorption 

 

Chemisorption Physisorption Reference 

Monolayer adsorption Multilayer adsorption 

[11,12,13] 

High degree of specificity. Depends on the 

number of actives sites 

Low degree of specificity 

High values to enthalpy of chemisorption Low values to enthalpy of 

chemisorption 

Endothermic or Exothermic Exothermic 
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The physical interactions among species, based on electrostatic forces, include Vander 

Waals interactions, dispersion interactions and hydrogen bonding. On the other hand, 

chemisorption involves the formation of chemical bonds with the adsorbate being chemically 

changed [12, 13-15]. Chemisorption is also based on electrostatic forces, but much stronger 

forces play a major role in this process. In chemisorption, the attraction between adsorbent 

and adsorbate is a covalent or ionic bond between atoms, with shorter bond length and higher 

bond energy [13-15]. The differences between chemisorption and physisorption are given in 

Table 1. 

 

 

2.2. Interface Chemical Study 
 

The ions interaction in the hydrosphere with solid components is subject to various types 

of factors related to water properties such as temperature and pH. 

It is very impressive to observe the growing number of papers reporting on applications 

of adsorption processes involving environmental technologies of protection. The purification 

of wastewaters, for instance, has become one of the largest industries now. To optimize the 

cost and performance of the adsorption technology, one has to consider both the cost of 

sorbents, and the efficiency of the adsorption process. Efficiency is related not only to the 

equilibrium features of an adsorption system but also to the kinetics of the adsorption process. 

In technological processes, a sorbent and a solution are brought into contact for a limited 

period of time, so, the rate of the transport of solute molecules from the bulk to the adsorbed 

phase is of primary importance. According to some generally expressed views, a sorption 

process can be described by four consecutive kinetic steps [16]: 

 

1. Transport in the bulk solution; 

2. Diffusion across the film surrounding the sorbent particles; 

3. Diffusion in the pores of the sorbent; 

4. Sorption and desorption on the solid surface is viewed as a kind of chemical reaction. 

 

One of these steps is the slowest and controls the rate of sorption. Depending on the 

assumption of which of these steps is the rate-controlling one, a variety of equations has been 

proposed in literature to describe the kinetic step. The knowledge of the nature of that kinetic 

and its theoretical description are very crucial for practical applications, as a key to design the 

adsorption equipment and conditions for an optimum efficiency to be achieved. Bulk solution 

transport involves the movement of the material to be adsorbed through the bulk liquid to the 

boundary layer of a fixed film of liquid surrounding the adsorbent, typically by dispersion. 

Film diffusion transport involves the transport by diffusion of the material through the 

stagnant liquid film to the entrance of the pores of the adsorbent. Pore transport involves the 

transport of the material to be adsorbed through the pores by a combination of molecular 

diffusion through the pore liquid and/or by diffusion along the surface of the adsorbent. 

Adsorption, in summary, involves the attachment of adsorbate to adsorbent at an available 

adsorption site. 
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2.3. Adsorbent 
 

Adsorption at the solid–fluid interface plays a significant role in many fields of science 

and underlies a number of technological processes. 

An adsorbent material must have a high internal volume, which is accessible to the 

components being removed from the fluid. Such a highly porous solid may be carbonaceous 

or inorganic in nature, synthetic or naturally occurring, and in certain circumstances may have 

true molecular sieving properties. The adsorbent must also have good mechanical properties 

such as strength and resistance to attrition and it must have good kinetic properties, that is, it 

must be capable of transferring adsorbing molecules rapidly to the adsorption sites. 

Adsorption on solid surfaces is certainly a challenging scientific field for the 

development of theories, including recent advances in statistical physics. In spite of the fact 

that modern statistical mechanics gives a general foundation for the description of many-

particle systems, the development of the theory of interfacial phenomena is difficult because 

of their great variety and complexity [13-15]. The majority of the problems in surface science 

are not exactly soluble. Therefore, additional assumptions are indispensable in obtaining 

analytical expressions describing adsorption equilibrium. The key to theoretical studies of 

adsorption is a precise formulation of the model. However, adsorption depends on many 

parameters connected with the nature of the adsorbate and adsorbent. In this situation, the 

choice of the basic elements of the model system is extremely important. In most applications 

the adsorbent must be regenerated after use and therefore it is desirable that regeneration can 

be carried out efficiently and without damaging the mechanical and adsorptive properties. 

The raw materials and methods for producing adsorbents must ultimately be inexpensive for 

adsorption to compete successfully on economic grounds with alternative separation 

processes. 

 

 

2.4. Equilibrium 
 

Heavy metals such as cadmium, copper, nickel and zinc are the common pollutants found 

in industrial effluents. Metal ions form both outer and inner sphere complexes with solid 

surfaces. These cations can associate with a surface as an inner-sphere or an outer-sphere 

complex, depending on whether a chemical bond is formed (i.e., a largely covalent bond 

between the metal and the electron-donating oxygen ions, as in an inner-sphere complex) or 

whether a cation of opposite charge approaches the surface groups within a critical distance.  

Functional groups on the interface of natural solids (minerals, bio-sorbents, and particles) 

with water provide a diversity of interactions through the formation of coordinate bonds with 

H
+
, metal ions, and ligands.  

A number of factors influence metal interactions with surfaces, including the chemical 

composition of the surface, the surface charge, and the nature and speciation of the metal ion. 

Many mechanisms have been postulated for metal ion adsorption, such as cation exchange, 

surface complexation (inner-sphere and outer-sphere surface complexation), diffusion into 

particle micropores, etc. 

The metal ions speciation in an aqueous solution significantly affects their interaction 

with a solid adsorbent. In solution, metal ions such as Zn (II), Ni (II), Cd (II), and Cu (II) are 
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mainly present in the form of mononuclear hydrolysis products, but their species distributions 

are related to many factors, such as pH, ionic strength, anions, and metal ion concentration. 

The dynamic of chemical equilibrium of aqueous complex species of heavy metals are 

needed for solving many fundamental and applied problems of chemistry, chemical 

engineering, environmental sciences, geochemistry, etc.  

The distribution of metal-complexes in industrial effluent is extremely important in the 

adsorption process because metal-complex systems not only reflects the current species in the 

wastewater, but also provides vital information about conditions to produce the best 

performance of the adsorbent.  

To obtain a high performance of the adsorbent, it is necessary to know the chemical 

species of element in the effluent. The adsorption process, in this case, can be explained by 

considering different kinds of chemical and physical interactions among the functional groups 

present on the adsorbent surface and the heavy metals species in the solution [17]. 

 

2.4.1. Soluble Metal-Complex Formation 

A variety of soluble complex metal ions can be formed in solution when conditions are 

changed; in this case all possible species must be considered potential adsorbates. The free 

hydrated metal ion M(H2O)6
n+

 is in equilibrium with all of its hydrolysis products, M(H2O)6-x 

(OH)
(n-x)+

 and ligand complexes M(H2O)6-y L
(n-y)+

, where L represents the ligand [18]. 

In solution, the concentration of metal-complex species depends on equilibrium constant 

Kn (n=1, 2, 3) and the stability constant.  

 

M(aq)
n+ 

+ H2O(aq) ↔  + H
+                          

                 (1) 

 

 + H2O(aq) ↔  + H
+     

                  (2) 

 

 

The equilibrium constant for the complex and the stability constant are expressed in 

terms of the following symbolisms: 

 

M(aq)
n+ 

+  ↔ ,                           (3) 

 

where, Kf, [M], and [L] are the complex formation constant, the molar metal and the molar 

ligand concentration, respectively. 

All these complexes will in turn be distributed between the solution and the interface, 

depending on the total adsorption energy for each type of ion and the number of sites 

available in the adsorbent. 

Depending on the composition of the solution, a large fraction of the soluble metal ion 

insolutions may actually be complexed with inorganic (hydroxides, chlorides, cyanide, etc.) 

or organic ligands (acetate, EDTA, amine acid, etc.) For example, the toxic metal mercury 

(Hg
2+

) has a tendency to complex with as many as four Cl
-
 ions. The reactions can be written 

as four step-wise additions of one Cl
-
ligand, or as the overall (cumulative) complexation 

reactions of Hg
2+

: 



Equilibrium and Kinetic Studies in Adsorption of Toxic Metal Ions ... 151 

 +  ↔                      K1= 10
6.64

= (4) 

 

 + ↔ HgCl2(aq)                                  K2= 10
6.48 

= (5) 

HgCl2(aq) +  ↔                   K3= 10
0.85

 =               (6) 

 

 +  ↔                K4= 10
1.00 

= (7) 

 

Here, the brackets denote concentrations of the complexed Hg, free Hg
2+

, and free Cl, 

respectively, and the activity corrections have been ignored. The total soluble Hg is given by 

the summed concentrations of all the molecular species: 

 

[Hg]tota l= [Hg
2+

] + [HgCl
+
] + [HgCl2] + [HgCl3

-
] + [HgCl4

2-
]       (8) 

 

Now, by substituting the appropriate expression for [HgCl
+
], [HgCl2], [HgCl3

-
], and 

[HgCl4
2-

] from equations (4-7) into equation (8), total soluble Hg can be expressed in terms of 

[Hg
+2

], [Cl
-
] and the Kn values [18]: 

 

[Hg]total = [Hg
2+

] + K1[Hg
2+

][Cl
-
] + K1K2[Hg

2+
][Cl

-
]

2
+ K1K2K3[Hg

2+
] 

[Cl
-
]
3  

+ K1K2K3K4 [Hg
2+

][Cl
-
]
4
      (9) 

 

By factoring out [Hg
2+

] on the right-hand side of equation (9), a final equation is obtained 

for the activity of the free Hg
2+

 ion, and Figure 2 shows the distribution of Hg
2+

 as a function 

of log[Cl
-
]. 

 

   (10) 

 

   (11) 

 

where the following parameters are defined  

 

 = αo; =α1; =α2;  = α3;and  =α4. 

 

There is no doubt that the adsorption process depends on the nature of the adsorbent 

surface and the type of the metal species in the water solution. For example, the type of the 

species of Cd (II)
 
in the water solution depends strongly on the pH. Figure 3 shows the 

relative concentrations of the Cd (II) species in the solution as a function of pH. It can be 

shown by stability constant calculations that in the presence of CH3COO
-
, at pH range 4.5- 

5.5 charge species [Cd(H2O)6
+2

] (I) and [Cd(H2O)5R
+1

] (II) are dominant [19]. The adsorbent 

chosen to be employed under these conditions must have pHPZC<5.5 because in these 

environmental conditions, at pH = 5.5, the surface charge of this adsorbent (pHpzc= 4.5) might 

be negative. 
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Figure 2. Distribution of Hg

+2
 species as a function of log[Cl

-
], where [Hg

+2
] = 1x10

-3
mol L

-1
; for K1 = 

10
6.48

, K2 = 10
6.64

, K3 = 10
0.85

, and K4 = 10
1
. 

 
Figure 3. Distribution of Cd(II) species as a function of pH, where R=CH3COO

-
. [CH3COOH] = 5x10

-3 

molL
-1

; Ka = 1.8x10
-5

, log 1 = 1.93; log 2 = 3.15. Reproduced with permission from Neto et al. Bio 

Resources. 2012, 7, 1504-1524. Copyright©2011, Bio Resources Online Journal. 

 

3. ADSORPTION BATCH PROCESS 
 

Adsorption is considered to be a fast physical/chemical process, and the type of the 

process governs its rate. In another sense, it can also be defined as a collective term for a 

number of passive accumulation processes which in any particular case may include ion 

exchange, coordination, complexation, chelation, adsorption and microprecipitation [17, 20, 

21]. The adsorption process can be explained by considering different kinds of chemical and 

physical interactions among the functional groups present on the surface adsorbent and the 

heavy metals in the solution. It involves different processes, and the identification of these 
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mechanisms and their characterization are fundamental steps for the optimization of the 

operating conditions in product development and process design. 

For adsorption of heavy metals, the surface chemistry of the adsorbent plays a key role 

since adsorption is favored by the presence of oxygen-containing functional groups that can 

be very different according to the nature of the adsorbent. Carboxylic, phosphate, sulphate, 

amino, amide and hydroxyl groups are the most commonly found. These specific functional 

groups are essential for the adsorption of heavy metals due their chelating attributes. Proper 

analysis and design of adsorption/bio-sorption separation processes requires relevant 

adsorption/bio-sorption equilibria as one vital piece of information.  

In equilibrium, a certain relationship prevails between solute concentration in solution 

and adsorbed state (i.e., the amount of solute adsorbed per unit mass of adsorbent). Their 

equilibrium concentrations are a function of temperature. Therefore, the adsorption 

equilibrium relationship at a given temperature is referred to as adsorption isotherm. 

Over the years, a wide variety of equilibrium isotherm models (Langmuir, Freundlich, 

Brunauer-Emmett-Teller, Redlich-Peterson, Dubinin-Radushkevich, Temkin, Toth, Koble-

Corrigan, Sips, Khan, Hill, Flory-Huggins and Radke-Prausnitz isotherm), have been 

formulated in terms of three fundamental approaches [22,23,24].  

Kinetic consideration is the first approach to be referred. Hereby, adsorption equilibrium  

is defined being a state of dynamic equilibrium, where both adsorption and desorption rates 

are equal. Whereas thermodynamics, being a base of the second approach, can provide a 

framework for deriving numerous forms of adsorption isotherm models, potential theory, as 

the third approach, usually conveys the main idea in the generation of characteristic curves. 

However, an interesting trend in the isotherm modeling is the derivation in more than one 

approach, thus directing the difference in the physical interpretation of the model parameters 

[14,25,26]. The application of these isotherms on adsorbent-assisted heavy metal removal 

from water and wastewater will be discussed in this topic.  

 

 

3.1. Applications of Adsorption Isotherms Models 
 

In general, an adsorption isotherm is an invaluable curve describing the phenomenon 

governing the retention (or release) or mobility of a substance from the aqueous porous media 

or aquatic environments to a solid-phase at a constant temperature and pH [27, 28]. 

Adsorption equilibrium is established when an adsorbate containing phase has been in contact 

with the adsorbent for a sufficient time; beyond this the adsorbate concentration in the bulk 

solution is in a dynamic balance with the interface concentration. Typically, the mathematical 

correlation, which constitutes an important role towards the modeling analysis, operational 

design and applicable practice of the adsorption systems, is usually depicted by graphically 

expressing the solid-phase against its residual concentration. 

Its physicochemical parameters together with the underlying thermodynamic assumptions 

provide an insight into the adsorption mechanism, surface properties as well as the degree of 

affinity of the adsorbents. 

 

3.1.1. Freundlich Isotherm 

One among the most widely used isotherms for the description of adsorption equilibrium 

is the Freundlich isotherm model. The Freundlich isotherm gives the relationship between 
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equilibrium liquid and solid phase capacity based on the multilayer adsorption (heterogeneous 

surface). This isotherm is derived from the assumption that the adsorption sites are distributed 

exponentially with respect to the heat of adsorption and was furnished initially by Freundlich 

[29]. This isotherm is an empirical equation but it is capable of describing the adsorption of 

organic and inorganic compounds on a wide variety of adsorbents. This equation has the 

following non-linear form: 

 

        (12) 

 

Eq. (12) can also be expressed in the linearized logarithmic form 

 

,       (13) 

 

where KF(mg g
-1

) (L mg-1)
1/n 

and n are Freundlich constant and affinity parameter, 

respectively. 

The plot of log(qe) versus log(Ce) has a slope with the value of 1/n and an intercept 

magnitude of ln(kf). ln(KF) is equivalent to ln(qe) when Ce equals unity. However, in other 

cases when 1/n ≠ 1, the KF value depends on the units upon which qe and Ce are expressed. 

On average, a favorable adsorption tends to have a Freundlich constant n between 1 and 10. 

The larger value of n (smaller value of 1/n) implies a stronger interaction between adsorbent 

and adsorbate while 1/n equal to 1 indicates linear adsorption leading to identical adsorption 

energies for all sites. When n < 0, it implies the solvent has more affinity to surface adsorbent 

than adsorbate. 

 

 
Figure 4. Freundlich adsorption isotherm obtained by using the linear method for the sorption of Cu(II) 

onto coconut bagasse submitted controlled aldehyde polymerization in acidic medium (BCFP). 

Experimental conditions: agitation time of 420 min; pH = 5.5 acetate buffer; 2 g L
-1

 adsorbent dose. 

(Reproduced with permission from Souza, T.J.N.; Sousa et al, In: 8
th
Brazilian Adsorption Congress, 

Foz do Iguaçu (Paraná), September 19-22, Ed. Universidade Estadual de Londrina, 2010. Copyright © 

2010, EBA). 

Studying the copper adsorption by coconut bagasse Neto et al. [30] showed that a 

linearized plot of Ce/qe versus Ce is obtained from the Freundlich linear model as shown in 

Figure 4. The values of n and KF were computed from the slopes and intercepts of linear 

analyses. Figure 5 shows a good agreement between experimental and calculated dates to low 
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concentrations. Freundlich value parameters are listed in Table 2 for the adsorption of Cu(II) 

onto coconut bagasse submitted controlled aldehyde polymerization in acidic medium 

(BCFP) and other kind of adsorbents in similar conditions [31-35]. 

 

 
Figure 5. Freundlich linear equation obtained by using the linear method for the sorption of Cu(II) onto 

coconut bagasse submitted controlled aldehyde polymerization in acidic medium (BCFP) at 28
o
C. 

Experimental conditions: agitation time of 420 min; pH = 5.5 acetate buffer; 2 g L
-1

 adsorbent dose 

(Reproduced with permission from Souza, T.J.N.; Sousa et al, In: 8
th
Brazilian Adsorption Congress, 

Foz do Iguaçu (Paraná), September 19-22, Ed. Universidade Estadual de Londrina, 2010. Copyright © 

2010, EBA). 

Table 2.Freundlich parameters for Cu(II) adsorption using biosorbents  

(Reproduced with permission from Neto et al. Bio Resources. 2011, 6, 3376-3395. 

Copyright©2011, Bio Resources Online Journal) 

 

Sorbent 

Conditions Parameters 

Reference pH T(
o
C) KF(mg g

-1
) 

(L mg-1)
1/n

 

n R
2
 

Crab shell particles 5.0 - 8.75 2.16 0.895 [31] 

Tea industry waste 5.5 25 0.45 1.18 0.992 [32] 

Cedar sawdust 5.0-6.0 25 0.59 1.02 0.938 [33] 

Tea waste 5.0-6.0 22 0.70 1.35 0.984 [34] 

Coconut bagasse modified 
BCFP 

5.5 28 10.22 2.7 0.988 [35] 
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The Freundlich isotherm has the ability to fit nearly all the experimental adsorption–

desorption data, and is especially excellent for fitting data from highly heterogeneous sorbent 

systems. 

It is important to mention that the Freundlich equation has limitations because it is unable 

to predict adsorption equilibria data at high concentration. Furthermore, this equation is not 

reduced to linear adsorption expression at very low concentration and it does not have limit 

expressions at very high concentration. However, researchers rarely face this last problem, 

because moderate concentrations are frequently used in most adsorption studies. 

 

 

Figure 6. Langmuir adsorption isotherm obtained by using the linear method for the sorption of Cu(II) 

onto coconut bagasse submitted controlled aldehyde polymerization in acidic medium (BCFP). 

Experimental conditions: agitation time of 420 min; pH = 5.5 acetate buffer; 2 g L
-1

 adsorbent dose 

(Reproduced with permission from Souza, T.J.N.; Sousa et al, In: 8
th
Brazilian Adsorption Congress, 

Foz do Iguaçu (Paraná), September 19-22, Ed. Universidade Estadual de Londrina, 2010. Copyright© 

2010, EBA). 

3.1.2. Langmuir Isotherm 

Adsorption isotherm is important to describe how solutes interact with adsorbents and so 

is critical in optimizing the use of adsorbents. Correlation of isotherm data by empirical or 

theoretical equations is thus essential to practical operation. The Langmuir equation relates to 

the coverage of molecules on a solid surface to concentration of a medium above the solid 

surface at a fixed temperature. This isotherm is based on three assumptions, namely (i) 

adsorption is limited to monolayer coverage; (ii) all surface sites are alike and can only 

accommodate one adsorbed atom and (iii) the ability of a molecule to be adsorbed on a given 

site is independent of its neighboring sites occupancy. By applying these assumptions, and a 

kinetic principle (rate of adsorption and desorption from the surface is equal), the Langmuir 

equation can be written in the following form 

 

        (14) 
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This equation is often written as 

 

,         (15) 

 

where, qe (mg.g
-1

) and Ce (mg.L
-1

) are the equilibrium concentrations of solute in solid and 

liquid phases, respectively. Also, KLis the Langmuir constant (Lmg
-1

) and qm is the amount of 

adsorption corresponding to maximum adsorption capacity (mg.g
-1

). The value of qm is 

recognized as the adsorption capacity, which is commonly a measure of adsorption ability of 

an adsorbent. The Langmuir parameters of KL and qm can be graphically obtained by equation 

(15) plotting  against Ce from Figure 6. 

 

3.1.2.1. Dimensionless Form of Langmuir Equation 

If Cref is a reference concentration that is assigned as the highest Ce during an adsorption 

process, then in this case, the corresponding qe is set to be qref. from Eq. (15): 

 

       (16) 

 

Dividing Eq. (16) by Eq. (15): 

 

      (17) 

 

Eq. (17) is called the dimensionless form of Langmuir equation, in which kLCref is the 

unique parameter when (qe/qref) is plotted against (Ce/Cref). 

Figure 7 shows the dimensionless Langmuir equation for the sorption of Cu(II) onto 

bagasse coconut(BC) at 28
o
C. 

 

3.1.2.2. Separation Factor 

To determine if the adsorption process is favorable or unfavorable for the Langmuir type 

adsorption process, the isotherm can be classified by a term ‘RL’, a dimensionless constant, 

the separation factor which is defined by the equation 18[36]: 

 

        (18) 

 

where C0 is the highest, initial solute concentration in the liquid phase. The RL value implies 

that adsorption is unfavorable (RL> 1), linear (RL = 1), favorable (0 < RL< 1), or irreversible 

(RL = 0). Based on a similar concept, another dimensionless separation factor RL (also named 

as the approaching equilibrium factor) is defined as follows: 

 

        (19) 
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Combination of Eqs. (17) and (19) yields 

 

      (20) 

 

Eq. (20) is the dimensionless form of the Langmuir equation in terms of RL. The 

characteristic equilibrium curves based on Eq. (20) are shown in Figure 7. In the region of 

favorable adsorption (0 <RL< 1), the equilibrium curve is subdivided into 2 types, slightly 

curved (0.4355< RL<0.3164), or largely curved (0.2783< RL< 0.2045). The pseudo-

rectangular curve was not achieved in the RL studied. Souza et al., [35] and Neto et al. [30] 

have reported, as seen in Figure 8, RL values for copper (II) adsorption onto bagasse coconut 

modified (BCFP- bagasse coconut submitted controlled aldehyde polymerization in acidic 

conditions) and unmodified (BC) at 28
o
C. 

 

 

Figure 7. Characteristic equilibrium curves based on the Langmuir equation. The dimensionless 

Langmuir isotherm for the sorption of Cu(II) onto coconut bagasse 28
o
C. Experimental conditions: 

agitation time of 420 min; pH = 5.5 acetate buffer; 2 g L
-1

 adsorbent dose (Reproduced from Neto et al. 

Bio Resources 2011, 6, 3376-3395. Copyright © 2011, Bio Resources Online Journal). 

It can be seen that RL values were found in the range 0 to 1 in all experimental systems, 

which confirms the favorable uptake of the copper process. Lower RL values at higher initial 

Cu(II) concentrations and lower temperature showed that adsorption was more favorable at 

higher concentration and lower temperature. The Langmur parameters KL and qm to BCFP 

adsorbent are listed in Table 3. In the same table is shown adsorption of Cu(II) by various 

kinds of bio-sorbents in similar conditions [35,37,38,39]. 
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Figure 8. RL values for Cu (II) adsorption onto coconut bagasse (BC) and coconut bagasse submitted 

controlled aldehyde polymerization in acidic medium (BCFP). Experimental conditions: agitation time 

of 420 min; pH = 5.5 acetate buffer; 2 g L
-1

 adsorbent dose (Reproduced with permission from Souza, 

T.J.N.; Sousa et al, In: 8
th
Brazilian Adsorption Congress, Foz do Iguaçu (Paraná), September 19-22, 

Ed. Universidade Estadual de Londrina, 2010. Copyright © 2010, EBA). 

Table 3. Langmuir parameters for adsorption of Cu(II) by various kinds of biosorbents 

in similar conditions (Reproduced with permission from Neto et al. Bio Resources. 2011, 

6, 3376-3395. Copyright©2011, Bio Resources Online Journal) 

 

Sorbent 
Operational conditions Parameters 

Reference 
pH T(

o
C) qm(mg.g

-1
) KL(L.mg

-1
) 

Coconut bagasse 

Modified (BCFP) 
5.5 28 125 1.11x10

-2
  [35] 

Caulerpalentillifera 5.0 - 5.57 0.076 [37] 

Lignin tannin gel 5.5 20 22.87 0.4309  [38] 

Rice husk 

(tartaric acid odified 
5.2 27 29.00 0.100  [39] 

 

3.1.3. Temkin Isotherm 

Temkin and Pyzhev [40] considered the effects of some indirect sorbate/adsorbate 

interactions on adsorption isotherms and suggested that because of these interactions the heat 

of adsorption of all the molecules in the layer would decrease linearly with coverage. The 

Temkin isotherm has been generally applied in the following form: 
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       (21) 

 

and can be linearized as: 

 

       (22) 

 

where B = RT/b, b is the Temkin constant related to heat of sorption (J.mol
-1

); A is the 

Temkin isotherm constant (L.mg
-1

), R the gas constant (8.314 J.mol
-1

.K
-1

) and T the absolute 

temperature (K). Therefore, by plotting qe versus lnCe enables one to determine the constants 

A and b using the Figure 9. The constants A and b are listed in Table 4 [41, 42, 43]. 

 

3.1.4. Dubinin–Radushkevich (D-R) Isotherm 

Langmuir and Freundlich isotherms do not give any idea about the sorption mechanism 

but the former describes sorption on a single type of sorption site. In this respect the D-R 

isotherm is an analogue of Langmuir type but it is more general because it does not assume a 

homogeneous surface or constant sorption potential. 

The equilibrium data can be also applied to the D-R model [44, 45] to determine the type 

of sorption (physical or chemical). The linear form of D-R isotherm is presented as the 

following equation: 

 

ln(qe) = ln(qm) - βε
2
         (23) 

 

where qe is the amount of Cu(II) adsorbed onto the per unit dosage of BC  

(mol.g
-1

), qm is the theoretical monolayer sorption capacity (mol.g
-1

), β is the constant of the 

sorption energy (mol
2
J

-2
), which is related to the average energy of sorption per mole of the 

sorbate as it is transferred to the surface of the solid from infinite distance in the solution and, 

 is the Polanyi potential, which is described by equation (24) where T is the solution 

temperature (K) and R is the gas constant. 

 

RTln(1+ )         (24) 

 

The value of mean sorption energy, E (kJ/mol), can be calculated from D-R parameter β, 

which is obtained from Figure 10, as follows: 

E=          (25) 

 

The value of mean sorption energy gives information about chemical and physical 

sorption. The E value ranges from 1 kJ.mol
-1

to 8 kJ.mol
-1

 for physical sorption and from 8 

kJ.mol
-1 

to 16 kJ.mol
-1

 for chemical sorption [46]. Souzaet al., [35] found mean sorption 

energy, E (kJ/mol) = 10.85 kJ.mol
-1 

indicating that the type of sorption of Cu(II) on coconut 

bagasse submitted controlled aldehyde polymerization in acidic medium (BCFP) is a 

chemical sorption process (Figure 10). In Table 5, the D-R parameters are shown.  

)ln( ee AC
b

RT
q 










)ln()ln( ee CBABq 
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The estimated parameters of the several models (Langmur, Freundlich, Temkin, and 

Dubinin-Raduskevich) are shown in Table 5. Figure 11 shows the isotherm models are in 

good agreement with experimental data. 

 

Table 4. Temkin parameters for adsorption of Cu(II) by various kinds of biosorbents in 

similar conditions (Reproduced with permission from Neto et al. Bio Resources. 2011, 6, 

3376-3395. Copyright©2011, Bio Resources Online Journal) 

 

Sorbent 

Conditions  Parameters 

Reference pH T(
o
C) A 

(L mg
-1

) 

b 

(J.Mol
-1

) 

R
2
 

Coconut bagasse modified 

BCFP 
5.5 28 0.3071 137 0.934 [35] 

Undariapinnatifida 4.0 - 0.617 144.1 0.982 [41] 

Mimosa tannin gel 5.0 25 0.019 404 0.964 [42] 

H3PO4-activated rubber wood 

sawdust 
6.0 30 0.140 3467 0.938 [43] 

 

Figure 9. Temkin adsorption isotherm obtained by using the linear method for the Cu(II) sorption onto 

coconut bagasse submitted controlled aldehyde polymerization in acidic medium. Experimental 

conditions: agitation time of 420 min; pH = 5.5 acetate buffer; 2 g L
-1

 adsorbent dose (Reproduced with 

permission from Souza, T.J.N.; Sousa et al, In: 8
th
Brazilian Adsorption Congress, Foz do Iguaçu 

(Paraná), September 19-22, Ed. Universidade Estadual de Londrina, 2010. Copyright © 2010, EBA). 
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Figure 10. D-R linear equation obtained by using the linear method for the sorption of Cu(II) onto 

coconut bagasse submitted controlled aldehyde polymerization in acidic medium. Experimental 

conditions: agitation time of 420 min; pH = 5.5 acetate buffer; 2 g L
-1

 adsorbent dose (Reproduced with 

permission from Souza, T.J.N.; Sousa et al, In: 8
th
Brazilian Adsorption Congress, Foz do Iguaçu 

(Paraná), September 19-22, Ed. Universidade Estadual de Londrina, 2010. Copyright © 2010, EBA). 

 

Figure 11. Theoretical adsorption isotherms and experimental data for Cu (II) adsorption onto bagasse 

coconut. Experimental conditions: agitation time: 420 min; pH = 5.5 acetate buffer; adsorbent dose: 2 g 

L
-1 

at 28
o
C (Reproduced with permission from Neto et al. Bio Resources. 2011, 6, 3376-3395. 

Copyright © 2011, Bio Resources Online Journal). 
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Table 5. Langmuir, Freundlich, Temkin, and D-R isotherm model parameters and 

correlation coefficients for Cu (II) adsorption onto coconut bagasse modified BCFP at 

28oC (Reproduced with permission from Neto et al. Bio Resources. 2011, 6, 3376-3395.  

Copyright©2011, Bio Resources Online Journal) 

 

Isotherm parameters Parameter values 

Langmuir   

qm(mg g
-1

) 115 

KL(L mg
-1

) 1.2x10
-3

 

R
2
 0.978 

Freundlich  

N 2.70 

KF(mg g
-1

)(L mg
-1

)
1/n

 10.22 

R
2
 0.969 

Temkim  

A(L mg
-1

) 0.307 

B 18.27 

bT(J mol
-1

) 137 

R
2 

0.934 

Dubinin-Redushkevich  

qDR(mg g
-1

) 178.7 

(Mol J
-1

)
2 4.24x10

-9
 

E (kJ Mol
-1

) 10.85 

R
2
 0.976 

 

 

4. ADSORPTION KINETICS 
 

Kinetic studies help in predicting the progress of adsorption, but the determination of the 

adsorption mechanism is also important for design purposes. In a solid–liquid adsorption 

process, the transfer of the adsorbate is controlled by either boundary layer diffusion (external 

mass transfer) or intra-particle diffusion (mass transfer through the pores), or by both.  

 

 

4.1. Applications of Kinetic–Batch System 
 

In order to understand the Cd (II) adsorption kinetic by low cost adsorbent (coconut 

bagasse treated with thiourea/ammonia solution) pseudo first-order (PFO), second-order 

(PSO), and intra-particle diffusion models were applied to the experimental data obtained 

from batch studies. Kinetics is the study of the rates of chemical processes to understand the 

factors that influence the rates. The study of chemical kinetics includes careful monitoring of 

the experimental conditions which influence the speed of a chemical reaction and hence, help 

attain equilibrium in a reasonable length of time. For example, Figure 12 shows the effect of 

contact time on Cd (II) adsorption, and at least 51% Cd uptake was achieved for a 

concentration of 100 mgL
-1

 in a very short period of contact of 5 min. Overall, the uptake rate 
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of Cd (II) was high during the first 30 min, and about 90% of the total metal uptake occurred 

during this period. However, the system continued to equilibrate for 25 to 120 min with 

respect to Cd (II). Such studies yield information about the possible mechanism of adsorption 

and the different transition states on the way to the formation of the final adsorbate-adsorbent 

complex and help develop appropriate mathematical models to describe the interactions. 

 

 

Figure 12. The effect of contact time on Cd (II) adsorption onto coconut bagasse treated with 

thiourea/ammonia solution. Experimental conditions: Cd (II) = 100 mg L
-1

, pH = 5.5 acetate buffer, 

adsorbent dose of 2 g L
-1 

(Reproduced with permission from Neto et al. Bio Resources. 2012, 7, 1504-

1524. Copyright © 2012, Bio Resources Online Journal). 

The kinetic parameters are helpful for the prediction of the adsorption rate, which gives 

important information for designing and modeling the processes. In this chapter the 

adsorption kinetics data experiment are analyzed using the pseudo-first-order, pseudo-second-

order, and intra-particle diffusion models are shown in Figures 13 and 14. 

 

4.1.1. Pseudo-First-Order Kinetic Model (PFO) 

Lagergren [47] suggested a rate equation for the sorption of solutes from a liquid 

solution. This pseudo first-order rate model can be expressed as:  

 

,        (26) 

 

where k1 (min
−1

) is the pseudo first order adsorption rate coefficient. The integrated form of 

the Eq. (26) for the boundary conditions of t=0,qt=0 and t=t, qt=qt, is 

 

,       (27) 
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where qe and qt are the values of the amount adsorbed per unit mass at equilibrium and at any 

time t. The values of k1 can be obtained from the slope of the linear plot of ln(qe- qt) versus t. 

It is necessary to know the value of qe for fitting the experimental data to the Eq. (27). 

Determining qe accurately is a difficult task, because in many adsorbate–adsorbent 

interactions, the chemisorption becomes very slow after an initial fast response and it is 

difficult to ascertain whether equilibrium is reached or not. 

In such cases, an approximation has to be made about qe introducing an element of 

uncertainty in the calculations. It is possible that the amount adsorbed even after a long 

interaction time (taken as equivalent to equilibrium) is still appreciably smaller than the actual 

equilibrium amount [48]. The value of k1 depends on the initial concentration of the adsorbate 

that varies from one system to another. It usually decreases with the increasing initial 

adsorbate concentration in the bulk phase [24]. For many adsorption processes, the Lagergren 

pseudo first order model is found suitable only for the initial 20 to 30 min of interaction and it 

is not good for the whole range of contact time [49]. 

 

 

Figure 13. Pseudo first-order model for Cd (II) onto coconut bagasse treated with thiourea/ammonia 

solution. Experimental conditions: Cd(II) = 100 mg L
-1

, pH = 5.5 acetate buffer, adsorbent dose of 2 g 

L
-1

 (Reproduced with permission from  Neto et al. Bio Resources. 2012, 7, 1504-1524. Copyright © 

2012, Bio Resources Online Journal). 

A straight line of ln(qe-qt) versus t would indicate good applicability of the first-order 

kinetics model since the experimental data agrees with the model data (see Figures 13 and 

15). If this test is not valid, then higher order kinetic models are to be tested with respect to 

the experimental results. In a true first-order process ln(qe) should be equal to the intercept of 

a plot of ln(qe- qt) against t. The use of this linearization is based on the assumption that qe is 

greater than qt. Finally if the Lagergren equation does not fit well in the whole range of 

interaction time [49] obviously the adsorption process is following a much more complex 

mechanism than the one based on simple first order kinetics. The value of the sorption rate 

constant (k1) for Cd (II) adsorption by CBT was determined from the plot of ln(qe-qt) against t 

(Figure 13). Although the coefficient of determination was higher than 0.97, the experimental 

qe (33.5 mg g
-1

) value did not agree with the calculated one (qe,cal = 23.6 mg g
-1

).  
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Thus, the pseudo-first-order model was unable to describe the time-dependent Cd (II) 

sorption by CBT, as shown in Figure 15. 

 

4.1.2. Pseudo Second-Order Model (PSO) 

Another model that has been used for the analysis of sorption kinetics is the pseudo 

second-order model. This model, proposed by Ho and McKay [50] is based on the 

assumption that the adsorption follows second-order chemisorption. The pseudo second-order 

model can be expressed as: 

 

        (28) 

 

Separation of the variables followed by integration and application of the boundary 

conditions (qt=0 at t=0 and qt=qt at t=t) yields a linear expression of the form 

 

        (29) 

 

In this equation qe is the adsorption capacity at the equilibrium, qt(mg.g
-1

) is the 

individual capacity in a given time, k2 is the pseudo-second-order rate constants, and t is the 

time. In cases where the pseudo-second-order model is well suited to the data, a plot of ( ) 

versus t gives a straight line with a slope of ( ) and an intercept of ( ). Values of these 

parameters were obtained from Figure 14. 

 

 

Figure 14. Pseudo second-order model for Cd(II) onto coconut bagasse treated with thiourea/ammonia 

solution. Experimental conditions: Cd(II) = 100 mg L
-1

, pH = 5.5 acetate buffer, adsorbent dose of 2 g 

L
-1 

(Reproduced with permission from Neto et al. Bio Resources. 2012, 7, 1504-1524. Copyright © 

2012, Bio Resources Online Journal).  

As shown in Figure 15, results obtained by using the pseudo-second-order rate equation 

showed that the calculated value agreed very well with the experimental data, as can be 
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observed in Table 5. The results obtained using the pseudo first-order and the pseudo second-

order equations with the parameters values for kineticrates (k1,k2); adsorption capacity 

(qe,calcalculated, qe,exp, experimental), correlation coefficient (R
2
) and average percentage error 

(APE) are presented in Table 6.  

 
Figure 15. Comparison of experimental and predicted kinetic models in Cd(II) adsorption process onto 

coconut bagasse treated with thiourea/ammonia solution.. Experimental conditions: Cd(II) = 100 mg L
-

1
, pH = 5.5 acetate buffer, adsorbent dose of 2 g L

-1
 (Reproduced with permission from Neto et al. Bio 

Resources. 2012, 7, 1504-1524. Copyright © 2012, Bio Resources Online Journal). 

Table 6. Results for the Cd(II) sorption onto coconut bagasse treated with 

thiourea/ammonia obtained by the pseudo first-order and pseudo second-order rate 

equations using the linear method (Reproduced with permission from Neto et al. Bio 

Resources. 2012, 6, 1504-1524. Copyright©2012, Bio Resources Online Journal) 

 

qe, exp 

(mg.g-1) 

Pseudo first-order Pseudo second-order 

qe,cal 

(mg g-1) 

k1 

(min-1) 

R2 APE 

(%) 

qe,cal 

(mg g-1) 

k2 

(g mg-1min-1) 

R2 APE 

(%) 

         

33.5 23.6 5.91x10-3 0.971 5.2 35.5 4.45x10-3 0.997 0.23 

 

Results of related studies also have indicated the pseudo second-order kinetic model as 

being suitable for Cd (II) sorption by non-treated biomasses [51-56]. 

 

4.1.3. Intra-Particle Diffusion Model 

An intra-particle diffusion process tends to control the adsorption rate in systems 

characterized by high concentrations of adsorbate, good mixing, and big particle size of 

adsorbent [57]. Also, it has been noticed in some studies that boundary layer diffusion is 

dominant during the initial adsorbate uptake, and then gradually the adsorption rate becomes 

controlled by intra-particle diffusion after the adsorbent’s external surface has become loaded 

with the adsorbate. In order to gain insight into the mechanisms and rate-controlling steps 

affecting the kinetics of adsorption, it is possible to use different models. In this chapter we 
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decided to discuss two of the most common diffusion models: Weber’s intra-particle diffusion 

model [58] and Boyd’s diffusion model [59, 60]. 

 

4.1.4. Weber’s Intra-Particle Diffusion Model 

Weber’s pore-diffusion model is commonly used in adsorption studies. It is defined by 

the equation: 

 

        
(30) 

 

where C is the intercept and kid is the intra-particle diffusion rate constant (mg/g min 
1/2

), 

which can be evaluated from the slope of the linear plot of qt versus t
1/2

. The values of C 

provide information about the thickness of the boundary layer. In general, the larger the 

intercept, the greater the boundary layer effect [61]. 

If intra-particle diffusion is controlling, then qt versus t
1/2

 will be linear, and if the plot 

passes through the origin, then the rate limiting process is due only to intra-particle diffusion. 

Otherwise, some other mechanism along with intra-particle diffusion must also be involved. 

Pore-diffusion plots often show several linear segments. It has been proposed that these linear 

segments represent pore-diffusion in pores of progressively smaller sizes [50].  

Eventually, equilibrium is reached, and adsorption (qe) stops changing with time, and a 

final horizontal line is established at qe. When points in a group are identified as belonging to 

a linear segment, linear regression can then be applied to these points, and the corresponding 

kid is estimated. Neto et al. [62] studied the mechanism involved on Cd(II) adsorption onto 

CBT adsorbent. The Cd(II) adsorption data were plotted according to Eq. 30, as shown in 

Figure 16. As seen in Figure17, the points were not linear over the whole time range, 

implying that more than one process affected the adsorption, and this deviation might be due 

to the difference in the mass transfer rate of the initial and final stage of adsorption. This 

indicates that diffusion into one class of pores was not the only rate-limiting mechanism in 

the adsorption process. Applying Weber’s model in the step (I) the values of kid(I), C(I), and R
2
 

obtained for the plots were 4.12 mg g
-1

min
-1/2

, 8.19 mg g
-1

, and 0.976, respectively. In the step 

(II) kid(II), C(II), and R
2
 were 0.672 mg g

-1
min

-1/2
, 26.55 mg g

-1
, and 0.961, respectively. The 

break point in Figure 17 is 28 min. To determine whether the adsorption process occurs via 

external diffusion or intraparticle mechanism, the kinetic data were investigated by the model 

of Boyd et al. [59, 60]. If diffusion inside the pores is the rate-limiting step, then the results 

can be expressed as, 

 

      (31) 

 

where B is a constant, and F is the fractional attainment of equilibrium at different times t 

given by Eq. (32), 

 

F = qt/qe         (32) 

 

where qt and qe are the Cd(II) uptakes (mg/g) in equilibrium, at a time t.  

The term Bt is calculated by the following equations, due to Reichenberg [63]: 

 

Ctkq idt  2/1
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For F values > 0.85 Bt = -0.4977 - ln(1-F)      (33) 

 

and, for F values < 0.85 
2
     (34) 

 

In order to apply this model, the product term Bt is calculated for each value of F, and 

then the resulting Bt values are plotted against t (Boyd plot), as given in Figure 18. If the plot 

is linear, then the slope is equal to B, and it can be concluded that pore-diffusion is the rate-

controlling step. The effective diffusion coefficient, Di, (cm
2
s

-1
) can be calculated from Eq. 

(35). 

 

B = (π
2
Di)/r

2
         (35) 

 

Linear segments can also be encountered in Boyd plots, and in such cases every segment 

is analyzed separately to obtain the corresponding diffusion coefficient. Applying Boyd’s 

model in step (I), the values of B(I),Di(I), and R
2
 obtained for the plots were found to be 0.0587, 

1.05x 10
-4

 cm
2
.s

-1
, and 0.984, respectively. In step (II) B(I), Di(I), and R

2
 were found to be 

0.032, 5.40x10
-5

 cm
2
.s

-1
, and 0.986, respectively. The break point in Figure 18 is 25 min. The 

estimated parameters of these two models, Weber’s intra-particle diffusion model and Boyd’s 

diffusion model are shown in Table 7. 

 

 

Figure 16. Pore diffusion plot for the Cd(II) adsorption onto coconut bagasse treated with 

thiourea/ammonia solution. Experimental conditions: Cd(II) = 100 mg L
-1

, pH = 5.5 acetate buffer, and 

adsorbent dose of 2 g L
-1

(Reproduced with permission from Neto et al. Bio Resources. 2012, 7, 1504-

1524. Copyright © 2012, Bio Resources Online Journal). 
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Figure 17. Intraparticle-diffusion plots for the Cd(II)
 
adsorption onto coconut bagasse treated with 

thiourea/ammonia solution. Experimental conditions: Cd(II) = 100 mg L
-1

, pH = 5.5 acetate buffer, and 

adsorbent dose of 2 g L
-1

 (Reproduced with permission from Neto et al. BioResources. 2012, 7, 1504-

1524. Copyright © 2012, Bio Resources Online Journal). 

 

 

Figure 18. Boyd plot for adsorption of Cd(II) onto coconut bagasse treated with thiourea/ammonia 

solution and initial feed concentration 100 mg L
-1

 at pH 5.5 (acetate buffer). In step I, F < 0.85, Eq. (9) 

was applied; in step II, F > 0.85, Eq. (8) was applied (Reproduced with permission from Neto et al. Bio 

Resources. 2012, 7, 1504-1524. Copyright © 2012, Bio Resources Online Journal). 
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Table 7. Results for the Cd(II) sorption onto coconut bagasse treated with 

thiourea/ammonia obtained by Weber’s pore-diffusion model and Boyd’s diffusion 

model by using the linear method (Reproduced with permission from Neto et al. Bio 

Resources. 2012, 6, 1504-1524. Copyright©2012, Bio Resources Online Journal) 

 

 Webers’s pore-diffusion model 

I II 

Kid(I) 

(mg.g
-1

min
-1/2

) 

C1 

mg.g
-1

 

R
2
 Kid(II) 

(mg.g
-1

min
-1/2

) 

C2 

mgg
-1

 
R

2
 

4.12 8.19 0.976 0.672 26.55 0.961 

 Boyd’s diffusion model 

I II 

B Di(I) 

(cm
2
.s

-1
) 

R
2
 

B 
Di(II) 

(cm
2
.s

-1
) 

R
2
 

0.0587 1.05x 10
-4

 0.9838 0.032 5.40x10
-5

 0.9858 

 

 

5. COLUMN ADSORPTION MODELS 
 

The performance of the column can be predicted by various mathematical models. In this 

chapter the Thomas model [64] and the Empty-bed Contact Time (EBCT) [65] model have 

been applied to the predicted breakthrough curve and to calculate the column kinetics 

constant, maximum capacity adsorption of fixed bed adsorption. 

 

 

5.1. Thomas Model 
 

This model assumes a behavior of continuous flow and uses the Langmuir isotherm for 

equilibrium and reversible second-order kinetics reaction. It is applicable for favorable and 

unfavorable adsorption conditions [66].  

Traditionally, this model is used to determine the maximum adsorption capacity of bio-

sorbent in continuous systems considering external and internal as the limiting steps. The 

Thomas model is expressed by Eq. 36. [67, 68, 69, 70]. 

 

        (36) 

 

The adsorption capacity of the bed q0 and the coefficient Kt may be obtained from the 

intercept and slope, respectively, of a curve obtained by plotting ln (C/C0 - 1) as a function of 

t or Ve from the breakthrough point Cb until exhaustion point Cx, but these constants can be 

obtained using non-linear regression analysis. 

The Thomas model can be linearized as  

 

      (37) 
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where: C is the adsorbate concentration at determinate volume; C0 is the initial solution 

concentration (mg L
-1

); Kt is the kinetic adsorption rate constant (L min
-1

 mg
-1

); q0 is the 

maximum solid phase concentration (mg g
-1

), the maximum adsorption capacity; ms is the 

amount of bio-sorbent (g); Fm is the volumetric flow rate (L min
-1

) and Ve is the effluent 

volume (L). 

 

 

5.2. Empty-Bed Contact Time (EBCT) Model  
 

In some systems of real scale where a default behavior is not observed, the breakthrough 

curve depends on the column length. This dependence can be determined by performing 

experiments on a pilot scale column, at the same flow rate, varying lengths of the bio-sorbent 

bed. Then the breakthrough times are determined, obtained from the concentration of rupture 

that must be the same for all breakthrough curves. The empty bed contact time (EBCT) is a 

measure of how much time a parcel of fluid spends in the column, on the basis that the 

column contains no solid packing [65, 67]. The EBCT is represented by Eq. 38. Another 

important parameter is the “bio-sorbent usage rate” that is the ratio between the weight of bio-

sorbent in the column and the amount of liquid passed into the column at the time 

breakthrough occurs (Eq.39) [65]. 

 

         (38) 

 

where: VL is the total volume of the empty column (mL); H is the hydraulic loading; Asec is 

the bed cross-sectional area. 

 

-         (39) 

 

where: ML is the total mass of bio-sorbent inside the column (g); Vb is the volume of treated 

solution at breakthrough point (L). 

 

 

5.3. Applications of Metal Ions Columns Models 
 

A conventional fixed bed system is compound of a column where particles of bio-sorbent 

are placed in contact with the solution to be treated. The dynamic behavior and efficiency of a 

fixed-bed column are described in terms of effluent/influent (C/C0) concentration versus time 

or volume of treated liquid, called breakthrough curve [70, 71, 72, 73]. 

Study of chemical kinetics includes careful monitoring of the experimental conditions 

which influence the speed of a chemical reaction and hence, help attain equilibrium in a 

reasonable length of time. For example, breakthrough curves at different bed heights (100 and 

160 cm) and flow rates (100, 200 and 100 mL min
-1 

) for initial concentration of 200 mgL
-1

 of 

ternary mixture of Cu(II), Ni(II) and Zn(II) were studied to understand the factors that 

influence the rates. The column data were fitted to the Thomas model and EBCT model. 



Equilibrium and Kinetic Studies in Adsorption of Toxic Metal Ions ... 173 

The characterization of bio-sorbent bed (green coconut shell powder) used for this study 

is given in Table 8.  

 

Table 8. Physical parameters of biosorbent (green coconut shell powder)  

and column system 

 

Property Green coconut shell 

Column diameter (dL) (cm) 6.2 6.2 6.2 

Bed height (cm) 100 100 160 

Total area of the column (cm
2
) 2007.15 2007.15 3175.23 

Volume of the empty column (VL) (cm
3
) 3017.54 3017.54 4828.06 

Mass of biosorbent in the column (g) 402 480 600 

Apparent density (ρap) (g cm
-3

) 0.188 0.188 0.188 

Packing density (ρE) (g cm
-3

) 0.133 0.159 0.124 

Particle volume (Vap) (cm
3
) 2138.29 2553.2 3191.48 

Porosity of the bed (ε) 0.292 0.154 0.338 

 

5.3.1. Breakthrough Curves 

 

5.3.1.1. Flow Rate Effect 

The experimental and theoretical breakthrough curves for three flow rates studied are 

shown in Figure 19. Adsorption capacities of bio-sorbent were determined by equation 36.  

According the Vb and Vx values in Table 9, it can be seen that as the flow rate increases, 

the rupture volume of metal ions studied decreases, and there is a decrease in the adsorption 

capacity of the adsorbent for each metal. The increase in flow rates implies the reduction of 

the hydraulic retention time (HRT) of metal ions inside the column.  

According to Cooney [65], HRT is a typical parameter of design and operation for 

columns and the usual residence times range from 15 to 30 minutes. Residence times larger 

than these can lead to a decrease in the removal of the contaminant, while shorter times do not 

allow an effective contact interaction to occur between the sorbent and sorbate [65,74].  

The HRT is given by the ratio between the reactor volume (in this case, column) and flow 

rate. Table 9 shows that HRT decreased from 30 to 10 minutes when the flow rate increased 

from 100 to 300 mL min
-1

. Thus, analyzing the breakthrough curves, the adsorption capacity 

and the HRT, the flow rate of 200 mL min
-1

 can be chosen for the following studies. 

The Thomas model was applied to the experimental data (continuous line in Figure 19). 

Except for copper, the Thomas model well represented the flow rate data. A linear plot of 

ln[(C0/C) - 1] versus Ve(L) to data located at 0.05 < C/C0 < 0.90 enabled a previous 

determination of the Thomas rate constant, Kt, and adsorption capacity of the bed, q0, 

according to equation 37. Nonlinear regression analysis was performed using Eq. (36). 

 



 

Table 9. Breakthrough volumes (Vb), exhaustion volumes (Vx) and adsorption capacity (when C/C0 = 0.5) obtained for each metal  

on studied flow rates 

 

Metal ion Flow rate (mL min
-1

) / HRT (min) 

100 / 30 200 / 15 300 / 10 

Vb (L) Vx (L) q0 (mg g
-1

) Vb (L) Vx (L) q0 (mg g
-1

) Vb (L) Vx (L) q0 (mg g
-1

) 

Cu (II) 30.7 55.0* 14.8 25.3 61.0* 13.83 18.75 78.0* 10.95 

Ni (II) 9.5 16.0 4.17 8.6 14.6 5.43 7.0 11.1 2.98 

Zn (II)
 

9.9 16.9 4.67 9.0 13.9 4.53 7.0 12.3 3.29 

* Estimated values. 

 

Table 10. Parameters by linear (L) nonlinear regression (NL) analysis with Thomas model for metal ions Cu (II),  

Ni (II) and Zn (II) for three flow rates studied 

 

Metal ion Flow rate (mL min
-1

) Kt (mL min
-1

 mg
-1

) q0 (mg g
-1

) SSE 

  L NL Theoretical Experimental L NL 

L NL 

Cu (II) 100 0.102 0.113 15.40 15.36 14.80 0.061 1.36 E-29 

200 0.091 0.270 16.34 14.90 13.83 9.142 2.31 E-07 

300
 

0.292 0.299 12.13 11.43 10.95 0.428 1.69 E-29 

Ni (II) 100 0.462 0.460 4.43 4.42 4.17 1.53 E-3 3.77 E-32 

200 1.008 1.141 5.65 5.36 5.43 0.357 4.44 E-31 

300
 

3.478 3.464 3.16 2.90 2.98 1.42 2.99 E-14 

 



 

Table 10. (Continued) 

 

Metal ion Flow rate (mL min
-1

) Kt (mL min
-1

 mg
-1

) q0 (mg g
-1

) SSE 

  L NL Theoretical Experimental L NL 

L NL 

Zn (II) 100 0.412 0.410 4.90 4.89 4.67 3.35 E-4 1.17 E-28 

200 1,203 1.119 4.67 4.67 4.53 6.737 4.07 E-31 

300
 

2.716 1.991 3.73 3.27 3.29 1.059 6.84 E-13 
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The sum of the squares of the errors (SSE) Eq. (37) was examined for every experimental 

data set and the parameters of Kt and q0 were determined for the lowest error values in each 

case, by adjusting and optimizing the functions themselves using the solver add-in for 

Microsoft Excel®. The values of Kt and q0 obtained for the lowest error values are shown in 

Table 10. The sum of the squares of the errors (SSE) is given in Eq. (40) [75]: 

 

       (40) 

 

where qe is the adsorption capacity determinate from the column experiment i; qcal is the 

estimated adsorption capacity and P is the number of parameters in the regression model. The 

smaller function value indicates the best curve fitting. In general, the theoretical and 

experimental maximum adsorption capacities were closed. The increase in the flow rate 

resulted in an increase of Thomas rate constant and a decrease in maximum adsorption 

capacities for the metals studied.  

In Figure 19 we see that for copper, the model does not fit well with experimental data at 

the three flow rates studied. For nickel and zinc, there was a better fit until C/C0 = 1, from 

which there was desorption of metal ions, and distance between experimental data and 

theoretical model. The non-linear (NL) regression analyses represented the data better than 

linear (L) regression analyses.  

In the Table 10 we can see that the errors for NL were lower than L, showing a better fit. 

The increase in the flow rate (100 to 300 mL min
-1

) resulted in the increase of Thomas 

rate constant and a decrease in maximum adsorption capacities for all metals ions studied for 

an initial metal concentration of 200 mg L
-1

. 

The Thomas rate constants for the metal ion system investigated follow the order. 

According to Table 10, by increasing the flow rate at 3 times the Thomas rate constant (Kt) 

increases 3, 8 and 10 times for Cu(II), Ni (II) and Zn (II) respectively, due the metal ions rate 

transfer from the solution to the bed fixed column because of the driving force for adsorption 

[66]. However, in contrast with increasing flow rate (100 to 300 mL min
-1

) the adsorption 

capacity values decrease, (qo ,mg g
-1

) but not all the metal ions will have enough time to 

penetrate from solution to the coconut shell pores and bind to the functional group, resulting 

in a lower removal of Cu(II), Ni(II) and Zn(II). 

 

 
A 

Figure 19. (Continued) 
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B 

 
C 

Figure 19. Comparison of experimental and theoretical breakthrough curves of metal ions at varied flow 

rates of: (A) 100 mL min
-1

, (B) 200 mL min
-1

 and (C) 300 mL min
-1

. 

This can be due to the driving force for adsorption caused by the higher ion 

concentration. A similar trend was observed by Shahbazi et al.[76] on the Pb(II), Cu(II) and 

Cu(II) removal by functionalized mesoporous silica. On the other hand, Revathi et al. [66] 

observed that as the flow rate increased, the adsorption capacity and kinetic rate constant of 

Thomas increased with higher zinc concentration on exchange resin of Amberlite IR 120. In 

Figure 19 we can see that for copper, the model does not fit well with experimental data at the 

three flow rates studied. For nickel and zinc, there was a better fit until C/C0 = 1, from which 

there was desorption of metal ions, and distance between experimental data and theoretical 

model. Having the values of Kt and q0 of each metal, it is possible to obtain the total mass of 

bio-sorbent required to treat wastewater in a column, under the same conditions, requiring 

only to know the feed concentration of each metal, the daily flow rate and volume of solution 

to be treated. 
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5.3.2. Bed Height 

From the breakthrough curves (shown in Figure 20) obtained by the study of two bed 

heights 100 cm (Figure 20a) and 160 cm (Figure 20b) filled with 480 and 600 g of bio-

sorbent, respectively. Multi-component synthetic solutions were percolated through the 

column at a flow rate of 200 mL min
-1

.  

Height and the adsorption capacities, and EBCT model are given in Tables 11 and 12, 

and can be noted (Table 11) that the breakthrough volume of each metal increased with the 

increase of bed height. Several works report that the greater the bed height is, the greater the 

service time of the column, since the surface area of bio-sorbent is increased as the amount of 

active sites available for metal-bio-sorbent interaction. In addition, the bio-sorbent capacity of 

the material also increases with increasing bed height [65, 77, 78]. The maximum HRT, cited 

by Cooney [65], of 35 minutes, is not exceeded when column increases from 100 to 160cm. 

 

Table 11. Breakthrough volumes (Vb), exhaustion volumes (Vx) and adsorption capacity 

(when C/C0 = 0.5) obtained for each metal on studied bed heights 

 

 

Metal Ion 

Bed Heights (cm) / HRT (min.) 

100 / 15 160 / 24 

Vb (L) Vx (L) Q (mg.g
-1

) Vb (L) Vx (L) Q (mgg
-1

) 

Cu (II) 25.3 61.0* 13.83 44.0 68.0* 16.84 

Ni (II) 8.60 14.6 5.43 11.3 28.0 6.56 

Zn (II)
 

8.90 13.9 4.53 13.0 17.8 4.96 

* Estimated values. 

 

Table 12. EBCT and biosorbent usage rate at different bed height 

 

Metal ion 
Bed heights 

(cm) 

EBCT 

(min) 

Biosorbent mass 

(g) 

Breakthrough 

volume (L) 

BUR  

(g L
-1

) 

Cu (II) 
100 15 480 25.3 18.97 

160 24 600 44.0 13.63 

Ni (II)
 100 15 480 8.6 55.8 

160 24 600 11.3 53.1 

Zn (II)
 100 15 480 8.9 53.9 

160 24 600 13.0 46.15 

 

Applying EBCT model and bio-sorbent usage rate (Equations 38 and 39), for 

experimental data in Table 12 can be observed that increasing the bed height, the HRT and 

breakthrough volume (Vb) increases. Consequently, the amount of bio-sorbent used per liter 

of effluent solution processed decreases. [65, 77, 78] It was reported that the greater the 

EBCT, the lower the bio-sorbent amount required to treat the same volume of solution at the 

same concentration. The bio-sorbent usage rate (BUR) is lower for copper due to the effect of 

competition between metal ions in solution by bio-sorbent sites. 
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A 

 
B 

Figure 20. Breakthrough curves of metal ions to bed heights: (a) 100 cm and, (b) 160 cm.  

 

CONCLUSION 
 

In this study the results showed that the coconut bagasse modified with 

thiourea/amonium and coconut bagasse are promising adsorbents for the removal of Cd(II) 

and Cu(II) from aqueous solutions. Adsorption equilibrium data showed good fits to the 
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Langmuir, and Temkin isotherm models, as well as adsorption kinetic data following a 

second order kinetic model, but intra-particle diffusion was not the only rate-controlling step.  

The study of fixed-bed column adsorption for the removal of Cu(II), Ni(II) and Zn(II) 

showed that greater the bed height, the greater is the bio-sorbent adsorption capacity and a 

smaller amount of bio-sorbent material is required per liter of solution to be treated. 

Since that investigation new adsorbents are continuously being developed, introducing 

new applications for adsorption technology, and coconut bagasse can be exploited as a bio-

adsorbent for metal removal from aqueous solutions. Additionally, the use of modeling for 

adsorption equilibrium and adsorption kinetic is important in order to select the optimum 

condition for full-scale batch and column processes for metal removal from industrial 

effluent. 
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