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Chapter 11
Low-Cost Crop Waste Biosorbent 
Technology for Removing Toxics 
and Pollutants from Wastewater

Mayra Vera, Christian Cruzat, and María Eulalia Vanegas

Abstract Wastewater pollution is an urgent environmental concern. The negative 
effects of pollution on both humans and the environment have become a subject of 
intense discussion. Several techniques have been developed for the removal of pol-
lutants from water. Most of these techniques adopt a combination of physical, 
chemical, and biological processes, which include photo-oxidation, chemical coag-
ulation, sedimentation, filtration, disinfection, and adsorption. Nevertheless, adsorp-
tion is one of the most efficient methods for removal of pollutants from water, 
offering many economical, technological, and ecological advantages. The search 
for new low-cost technologies to remove contaminants from aqueous solution will 
be well embraced. Low-cost adsorbents can be employed to remove recalcitrant 
compounds from aqueous solution inexpensively and can be effective for removing 
both organic and inorganic contaminants. Biosorption technology using different 
biomasses (agro-industrial waste or organic waste that are considered composting 
material) is a promising alternative for the treatment of effluents that contain phar-
maceuticals and heavy metals. These processes have certain advantages from both 
economic and environmental points of view, such as availability, abundance, the 
renewable nature of the adsorbent material, their low cost, and ease of operation of 
the treatment plant. Consequently, it is important to find low-cost alternative materi-
als instead of traditional. Among the different agro-industrial wastes, sugarcane 
bagasse, cocoa shell, peanut husk, among others, are attractive materials for remov-
ing toxic heavy metals and pharmaceutical products from wastewater. To date, sev-
eral researchers have reported on removal of different pollutants by using sorbents.
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 Introduction

Contamination of the environment by heavy metals has become a major concern in 
recent years. Various industries produce and discharge wastewater containing heavy 
metals into the environment, posing a serious environmental threat to human health 
and the ecosystem. Untreated wastewater from industries and homes eventually end 
up in rivers and other aquatic systems that are a source of livelihood for humans. 
Most of these rivers are used as source of drinking water by rural dwellers without 
any form of treatment, thus increasing the chances of suffering ill health. 
Contamination and redistribution of toxic metals, metalloids, radionuclides in the 
environment as well as introduction of a plethora of organic pollutants necessitates 
ever-increasing standards of pollutant detection and treatment. The deleterious 
effects of organic and inorganic pollutants on ecosystems and on human health are 
well known, and huge expenditure is devoted to industrial treatment methods to 
prevent or limit discharges. Apart from physical and chemical methods of treatment, 
biological methods have been in place for many years such as standard sewage and 
water purification treatments as well as auxiliary reed bed and wetlands approaches.

Heavy metals are known to persist in the environment and become a risk for 
aquatic organisms. Biosorption uses the ability of dead/inactive biomass to remove 
heavy metals from aqueous solutions. The major advantages of the biosorption tech-
nology are its effectiveness in reducing the concentration of heavy metal ions to 
very low levels and the use of inexpensive biosorbent materials. The utilization of 
agro-wastes as adsorbent is currently receiving wide attention because of their 
abundant availability and low cost. In recent years, applying biotechnology in con-
trolling and removing heavy metal pollution has received much attention, and grad-
ually became a hot topic in the field of metal pollution control because of its potential 
application. An alternative process is (bio)sorption, which can be defined as the 
removal of metal or metalloid species, compounds, and particulates from solution 
by biological materials. The idea of using locally available, low-cost agricultural 
plant materials for the research make sorption the preferred method.

 Biosorption

Biosorption can be defined as a physico-chemical process used for removing sub-
stances from solution by biological material through spontaneous redistribution; 
traditional definitions were generally related to removal of heavy metals by micro-
bial material (Gadd 2008). However, due to recent research, new applications have 
extended the definition, and nowadays the term biosorption has been extended to 
remove other compounds, such as dyes, pharmaceutical products, drugs, fertilizers, 
and pesticides, using living or dead biomass including all kinds of microbial, plants, 
and derived products.
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Biosorption process therefore involves a liquid phase (aqueous solution) con-
taining the sorbate (inorganic or organic pollutants) and biosorbent (substrates of 
biological origin).

There are a lot of biological materials that have a high potential for removing 
pollutants under environmental applications, including living biomass (fungi, algae, 
other microbial cultures) (Kumar et  al. 2016), industrial solid wastes (sewage 
sludge, activated sludge, fermentation) (Norton et al. 2004; Hammaini et al. 2003), 
agricultural solid waste (fibres, leaves, fruit peels, rice straw, sugarcane bagasse) 
(Ali et  al. 2012; Nahar et  al. 2018), and natural residues. However, the constant 
challenge is employing biomass that is cheap, abundant, renewable, efficient, and 
environment-friendly.

The cost and value (valorization) are the major principles of sustainable develop-
ment in a strategy for using local available agriculturally based biosorbents. This 
overall concept evaluates the technical feasibility for biosorption processes that can 
give added value. Agricultural wastes have high percentages of cellulose, hemicel-
lulose, and lignin that contain a variety of functional groups (amine, carbonyl, 
hydroxyl) responsible for adsorption. Many researchers used cheap biosorbents 
such as nut shells, fruit peels, bagasse waste, risk husk, corncobs, olive oil factory 
waste (Abdolali et al. 2014; Malkoc et al. 2006; Peñafiel et al. 2019b), among oth-
ers. The modification with pretreatments can modify the surface, increasing binding 
sites (de Oliveira et al. 2019). Therefore, by-product or agro-industrial waste are 
promising materials for being readily available and low-cost biomaterials, and these 
materials can be disposed of without expensive regeneration, reducing total treat-
ment cost.

 Mechanism of Biosorption

Due to the high variety of functional groups, biosorption is a complex process 
affected by several mechanisms that can operate simultaneously. The activity of the 
functional group can appear as a possibility for ion exchange and for formation of a 
donor–acceptor complex, as well as the ability to form chelate poly-ligand spatial 
complexes (Nikiforova and Kozlov 2016). There are many factors affecting bio-
sorption processes, such as chemical structure, molecular size, charge, and available 
surface area.

Physical adsorption is a surface phenomenon with no specific interaction, and 
can involve weak Van der Waal forces, hydrogen bonds, polarity and steric interac-
tions, dipole-induced dipole interaction, π − π or electrostatic interaction (Ali et al. 
2012); therefore, it is a reversible process and dependent on pressure as well as 
temperature. The functional groups have non-selective affinity for the metal ion spe-
cies and bind to a wide range of metals and have been evaluated as monocompo-
nents; but in most cases, when there are more than one type of metal ion, the removal 
of one may be influenced by the presence of other (Sud et  al. 2008). In a 
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multicomponent system, there exist a competition for the adsorption sites on the 
surface, although the metals have generally the same charge, and the smallest size 
ion has a best adsorption favourable with highest adsorption capacity. For example, 
when metal ions such as Cd(II) and Pb(II) are studied in a bimetal solution in batch 
mode using banana peel, the mobility of the lighter ion (CdII) is more than the 
heavier ion (PbII) and makes adsorption favourable (Muhamad et al. 2010; Anwar 
et al. 2010).

Ion-exchange, where the metal ions are binding by replacing the initially occu-
pied charged ion on biosorbent, is a reversible mechanism. Witek-Krowiak and 
Reddy (2013) reported the removal of Cr(III) and Cu(II) from aqueous solutions 
using soya bean meal, and the biosorption mechanism was due to ion-exchange, 
chelation and further precipitation of metal ions on the surface of biomass.

Another mechanism is the precipitation of insoluble metal species as metal 
oxides and hydroxides on biomass surfaces. Many cases are reported where the 
sorption is enhanced with pH value, but that is not a real adsorption process improve-
ment; it is an alternate sorption mechanism, where the bulk solubility limit is 
reached, and the metal ion is removed from aqueous solution by the bulk precipita-
tion. A surface precipitation model includes an initial, rapid, adsorption mechanism 
followed by a slower surface precipitation covering the adsorbed layer (Schneider 
et al. 2001). Therefore, it is important to consider the metal ion speciation as a func-
tion of pH in order to evaluate the precipitation contribution in biosorption process.

Complexation involves a ligand centre in the biomass (atoms with lone pair elec-
trons to donate) like divalent oxygen (hard acids), trivalent nitrogen atoms or sul-
phur atoms (soft acids), and can form monodentate or multidentate ligands for 
binding metal species. The concept of hard/soft ligands predicts the bonds formed, 
ionic or covalent respectively (Gadd 2008). This mechanism can inhibit desorption.

Chelation can be defined as a binding of a metal ion with an organic molecule 
(ligand) to form a ring structure. Amine groups play an important role in metal ion 
binding. The chelation takes place through dative bonds with the lone pair of elec-
trons within nitrogen present in the –NH2 groups of biomasses. Panda et al. (2007) 
reported that the binding of Ni(II) on husks of Lathyrus sativus was probably chela-
tion through dative bond formation.

Finally, when other pollutants are present in synthetic and real aqueous solution 
(other metal ions and organic materials), metal biosorption capacity can change 
through synergism, antagonism and non-interaction. Calculating the adsorption 
rates can illustrate the effects in multicomponent conditions, and the presence of 
co-solutes could enhance the intermolecular forces between pollutants.

 Parameters Affecting Biosorption

Different factors affect the biosorption rate which include temperature, pH value of 
solution, nature of biosorbents, surface area-to-volume ratio, concentration of bio-
mass, initial metal ion concentration and metal affinity to biosorbent.
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Under batch conditions, a biosorbent is mixed with a metal-containing solution 
within a simple reactor and operated until thermodynamic equilibrium is reached. 
In a continuous-flow system (packed bed), synthetic wastewater is continuously fed 
to a biosorbent column with an upward or downward stream.

 Factors Influencing Batch Biosorption

Studies in adsorption by batch experiments (discontinuous) provide a measure of 
the efficiency of adsorption in removing specific elements and the maximum adsorp-
tion capacity. In addition, they are useful in determining optimum operating condi-
tions (solution pH, particle size, contact time, solute concentration, temperature, 
agitation rate, etc.) as well as the mechanisms involved in the process. Of these, the 
pH usually plays a major role in biosorption and seems to affect the solution chem-
istry of metal ions or another pollutant (metal, dyes, pharmaceutical compounds) 
and the activity of the functional groups of the biomass.

Temperature For efficient removal of metal ions from environment samples, the 
optimum temperature needed to be investigated. It is generally assumed that bio-
sorption is carried out between 20 and 35 °C. High temperatures above 45 °C may 
result in adsorbent damage which in turn affects metal uptake process (Abbas et al. 
2014; White et  al. 1997; Ahalya et  al. 2003; Goyal et  al. 2003). As temperature 
increases, it usually enhances biosorptive removal of adsorptive pollutants by 
increasing surface activity and kinetic energy of the adsorbate but may damage 
physical structure of biosorbent (Park et al. 2010).

pH The pH of the solution is the most important parameter which affects the sur-
face charge of biosorbent, the degree of ionization, and speciation of the adsorbate – 
all of which affect the sorption of the sorbent material, solubility of metal ions and 
number of binding sites on the biomass. The kinetics of sorption strongly depends 
on the initial pH of the solution since at lower pH, the biosorption of metals is 
affected (Greene and Darnall 1990; Deng and Wang 2012). General range of pH for 
metal uptake is between 2.5 and 6. Above this limit, metal uptake ability of biosor-
bent gets compromised (Abbas et al. 2014).

It has been shown that the affinity of cationic species for the functional groups 
present on the cellular surface is strongly dependent on the pH of the solution. The 
biosorptive capacity may be low at low pH values, and increases with pH until 
reaching an optimum level. However, at higher pH (8 and upwards), metals begin to 
precipitate due to formation of M(OH). At low pH values, cell wall ligands are 
closely associated with hydronium ions and restrict the biosorption of Mn+ as a 
result of competition between H3O+ and Mn+ with bacterial biosorbent cell wall 
ligands. As the pH increases, more ligands, such as carboxyl, phosphate, imidazole, 
and amino groups, would be exposed and carry negative charges which attract Mn+ 
and biosorb it onto the cell surface (Joo et al. 2010).
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Effect of agitation speed As agitation speed increases, it enhances biosorptive 
removal rate of adsorptive pollutant by minimizing its mass transfer resistance, but 
may damage the physical structure of a biosorbent (Park et al. 2010).

Effect of biosorbent size If biosorbent size decreases, it is favourable for batch 
process due to higher surface area of the biosorbent, but not for column process due 
to its low mechanical strength and clogging of the column (Park et al. 2010).

Concentration of biomass The concentration of biomass is directly proportional 
to the metal uptake (Abbas et al. 2014; Gadd and White 1985; Modak and Natarajan 
1995). Metal uptake depends on biding sites. More biomass concentration or more 
metal ions may restrict the access of metal ions to binding sites (Nuhoglu and 
Malkoc 2005). The dosage of a biosorbent strongly influences the extent of biosorp-
tion. In many instances, lower biosorbent dosages yield higher uptakes. An increase 
in the biomass concentration generally increase the amount of solute biosorbed, due 
to the increased surface area of the biosorbent, which in turn increases the number 
of binding sites. Conversely, the quantity of biosorbed solute per unit weight of 
biosorbent decrease with increasing biosorbent dosage, which may be due to the 
complex interaction of several factors. An important factor at high sorbent dosages 
is that the available solute is insufficient to completely cover the available exchange-
able sites on the biosorbent, usually resulting in low solute uptake. Also, as sug-
gested by the interference between binding sites due to increased biosorbent dosages 
cannot be overruled, as this will result in a low specific uptake (Bilal et al. 2018).

Initial metal ion concentration The initial concentration provides an important 
driving force to overcome all mass transfer resistance of metal between the aqueous 
and solid phases (Zouboulis et al. 1997). Increasing amount of metal adsorbed by 
the biomass can be dependent upon initial concentration of metals. Optimum per-
centage of metal removal can be taken at low initial metal concentration. Thus, at a 
given concentration of biomass, the metal uptake increases with increase in initial 
concentration (Abbas et al. 2014).

Effect of contact time It is necessary to identify the step that governs the removal 
rate of sorption process using different models kinetic.

Effect of initial concentration of sorbate In general, the isotherm studies for 
solid–liquid systems are carried out by changing the amount of sorbate in the solu-
tion. The performance of the sorbents is usually gauged by its uptake, which can be 
calculated by fitting the Langmuir isotherm model to the actual experimental data.

Taking account that biosorption is an eco-friendly and cheap method of remov-
ing metals from the environment, research conducted during last five decades has 
provided vast amounts of information about different types of biosorbents and their 
mechanism of metal uptake, with examples given in the following sections.
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Fly ash was used as a low-cost sorbent for the removal of Cd(II), Pb(II), and 
Cr(VI) ions from aqueous solutions. The influence of pH, initial concentration of 
metal ions, equilibrium contact time, and temperature were studied using batch 
sorption experiments. The equilibrium for Cd(II), Pb(II), and Cr(VI) ions was 
attained with 90-, 100-, and 120-min contact times, respectively. The optimum pH 
values for Cd(II), Pb(II), and Cr(VI) removal were found to be 8.5, 6.5, and 2, 
respectively, with the sorption kinetics fitting a first-order kinetic model (Khan 
et al. 2009).

Dinesh and Kunwar (2002) investigated the use of low-cost activated carbon 
derived from bagasse, an agricultural waste material, as a replacement for the cur-
rent expensive methods of removing heavy metals from wastewater. With a view to 
find a suitable application of the material, activated carbon has been derived, char-
acterized and utilized for the removal of cadmium and zinc. The uptake of cadmium 
was found to be slightly greater than that of zinc and the sorption capacity increased 
with increase in temperature. The adsorption studies were carried out both in single- 
and multi-component systems. Studies were conducted to delineate the effect of 
temperature, initial adsorbate concentration, particle size of the adsorbent and solid- 
to- liquid ratio. It was concluded that the adsorption occurs through a film diffusion 
mechanism at low as well as at higher concentrations.

The biosorption characteristics of Cr6+ from aqueous solution using sugarcane 
bagasse was investigated. Experimental parameters affecting the biosorption pro-
cess, such as pH, contact time, initial metal concentration, and temperature were 
studied. The Cr6+ biosorption onto sugarcane bagasse was favoured by pH, tempera-
ture 25 °C, and with 10 g.L−1 biosorbent dosage (Alomá et al. 2013).

A biosorption experiment of the heavy metals (Fe, Cr, Cu, Mn, and Zn) was 
conducted without controlling for any experimental parameters (e.g., pH, tempera-
ture, or other compounds present in the effluent samples) by using four agricultural 
wastes or byproducts, namely rice husk, sawdust, lemon peel, and eggshell in which 
20 g of each biosorbent was added to 1 L of effluent samples and stored for 7 days. 
The biosorption capacity of each biosorbent is ranked as follows: eggshell, sawdust, 
rice husk, and lemon peel. Furthermore, the biosorption affinity of each metal ion 
was found in the following order: Cu and Cr (both had similar biosorption affinity), 
Zn, Fe, and Mn (Nahar et al. 2018).

In this study, two agricultural residues, cotton stalks and apricot seeds, were used 
to adsorb copper and lead in solutions. Sorption capacities of agricultural wastes 
were significantly affected by solution pH, adsorbent mass and adsorbent particle 
size. The adsorption efficiency of two agricultural waste was in the order cotton 
stalk > apricot seed and the agricultural wastes adsorbed metal ions in the order of 
Pb  >  Cu. This study has indicated that cotton stalk and apricot seed could be 
employed as low-cost alternatives in wastewater treatment for the removal of heavy 
metals (Kahraman et al. 2008).

Pagnanelli et al. (2002) have carried out a preliminary study on the use of olive 
mill residues as heavy metal–sorbent material. The results revealed that copper was 
maximally adsorbed in the range of 5.0–13.5  mg.g−1 under different operating 
conditions.
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Vera et al. (2016) investigated the use of sugarcane bagasse as a biosorbent in 
removing lead and cadmium from a mining wastewater sample. The parameters 
affecting the biosorption process, such as pH, contact time, concentration of the 
metal species and kinetic biosorption was studied. According to Fig. 11.1, best per-
cent cadmium removal was 77.81% at a working pH equal to 6, and 99.76% for lead 
at pH of 5, which is reached after 10 min. It was noted for both lead and cadmium 
that as the metal concentration increases the amount of metal adsorbed per gram of 
adsorbent. The experimental data of biosorption of lead and cadmium favourably 
reproduce Elovich models and pseudo-second order, with correlation coefficients 
(R2) for lead 1 and cadmium from 0.9986.

 Characterization Techniques

Among the different types of heavy metal bio-absorbents, we have a wide range of 
analyses that can characterize these compounds and observe their encapsulation 
power, and their physico-chemical relationship with samples to be absorbed with 
respect to the bio-absorbents, but there are some techniques that stand out for their 
ease and depth in characterizing of bio-absorbent and analyte. These efforts are to 
detect physical and chemical changes in the structure of compounds and thus better 
understand the phenomena they utilize (Hamza et  al. 2019). Among these tech-
niques, we can include scanning electron microscopy (SEM), Fourier transform 
infrared spectroscopy (FTIR), X-ray diffraction (XDR), thermogravimetric analysis 
(TGA), and the different adsorption isotherm studies.

Normally it is necessary to analyse which is the group or chemical component in 
lignocellulosic residues (which in many cases are similar but the quantity varies) 
and is this the real cause of metal retention. Functional groups such as hydroxyl, 
carboxyl, sulfhydryl, sulphonate, etc. have been proposed to be responsible for 
metal sorption binding by different biosorbents, and their importance for uptake 
depends on factors such as, quantity of sites, accessibility, chemical state, or affinity 
between metal and site. Analysing the structure of lignocellulosic compounds, cel-
lulose provides 30–50% of the structure as units composed of β-D-glucopyranose 
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sugars, with approximately 65% of cellulose highly oriented, without leaving access 
to water or other solvents. On the other hand, hemicellulose and lignin provide 
between 20–30% and 15–25%, respectively of the remaining biomass. Therefore, it 
is through these latter groupings that are supposed to interact with the heavy metals. 
There are also small amounts of water, ash, cyclic hydrocarbons, and organic and 
inorganic materials present in lignocellulosic sources (Chabannes et al. 2018).

Fourier transform infrared spectroscopy (FTIR) is a valuable technique to iden-
tify functional groups present on the surface of the adsorbents before and after the 
adsorption process. This technique can determine the presence and interaction anal-
ysis of certain chemical groups in all samples, such as amino radicals (NH−), car-
boxyl (−COOH), and hydroxyl (OH−). When FTIR spectra show a strong peak at 
3445 cm−1, it represents the –OH stretching of phenol group of cellulose and lignin, 
and if a peak appears at 2927 cm−1, this indicates the presence of a –CH2 aliphatic 
compound. The appearance of peaks at 1735 cm−1 and 1633 cm−1 indicates the pres-
ence of C–O stretching of an aldehyde group and C–C stretching of a phenol group, 
respectively. Similarly, the peaks between at 1508 cm−1 and 1372 cm−1 in the spec-
trum of a bio-absorbent can be due to C=C of aromatic ring. After adsorption, the 
shifting of –OH and the slight decrease in intensity indicate the involvement of OH 
in the adsorption phenomena. Scanning electron microscopy (SEM) is performed in 
order to obtain information about the surface morphologies of un-activated, acti-
vated and activated with metals-loaded adsorbent, at different magnifications, and 
to enhance the electron conductivity of the samples, it can be done by coating with 
gold particles. The particle size(s) and Polydispersity Index of adsorbent before 
accumulation of metal were determined using zeta-sizer (Zetasizer). X-ray diffrac-
tion (XRD) spectra are performed to determine changes in the structure of bioadsor-
bents that can help determine the existence of interactions between heavy metals 
and biosorbents. Thus, because of the amorphous nature of biosorbent compounds 
it yields complex spectra, with no defined peaks in the absence of metals. On the 
contrary, when we have absorption of heavy metals, defined peaks appear, charac-
teristic of the crystalline structures of heavy metals inserted in a mixture of complex 
peaks of an amorphous structure (Noli et al. 2019).

Also and complementary to the above methods, thermogravimetric analysis 
(TGA) is used for the characterization of thermal degradation of adsorbent before 
and after metal accumulation. In addition, it is used to measure the material’s ther-
mal stability and the rate of change of weight of a sample as a function of time and 
temperature in a controlled atmosphere. It is primarily used to determine the ther-
mal and/or oxidative stability of materials as well as their compositional properties. 
The weight of a sample is recorded as a function of temperature under air or inert 
atmosphere, such as helium or argon. To slow down the oxidation, the measurement 
is performed under a lean oxygen atmosphere (1–5% O2 in N2 or He). To obtain 
information about the elemental compositions of the biosorbents, the carbon (C), 
hydrogen (H), nitrogen (N) and sulphur (S) contents of each sample are measured 
by using a CHNS Analyzer. The percentage of oxygen is calculated by subtracting 
the C, H, N, and S contents from 100%. Subsequently, the adsorption studies are 
also focused on determining the effect of the presence of one adsorbate on the 
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adsorption of a second adsorbate. The adsorption isotherms are usually modelled by 
using the Langmuir and Freundlich isotherm models (Wang et al. 2019). A sum-
mary of different characterization techniques using agro-waste materials is shown 
in Table 11.1.

 Modelling

Parallel to the extensive experimental activity carried out during the last decades on 
heavy metal biosorption, several mathematical models, most in the form of empiri-
cal correlations, have been developed to elucidate and represent the heavy metal 
adsorption on biomass binding sites (Volesky and Schiewer 2000). Mathematical 
modelling represents a useful tool to describe the complex mechanisms character-
izing the biosorbent and the solute interactions and assists in the optimization and 
design of biosorption processes. The biosorption models are classified into two 
main categories based on the mode of operation (batch or continuous) used to con-
duct the process. Although most industrial applications prefer a continuous mode of 
operation, batch experiments have to be used to evaluate the required fundamental 
information, such as biosorbent efficiency, optimum experimental conditions, bio-
sorption rate and possibility of biomass regeneration.

 Batch System

 Equilibrium Study

Biosorption process generally started with batch mode, this experiment compares 
the biosorption capacity (qe, mg.g−1) and percentage of removal (%) versus the 
residual concentration of the pollutant in the solution at equilibrium, Eqs. (11.1) 
and (11.2):
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Where C0, Ce are the concentration of pollutant in the initial solution and at equilib-
rium in the aqueous phase after adsorption (mg.L−1), V is the volume of the solution 
(L), and m is the mass of the biosorbent (g).

The main operating factors are evaluated in order to optimize the experimental 
conditions (solution pH value, biosorbent dose, initial sorbate concentration, 
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temperature). Different isotherm model equations are used to study the biosorption 
equilibrium, of which the Langmuir and Freundlich are probably the most widely 
used with a high rate of success.

Langmuir isotherm. Biosorption takes place at specific homogeneous sites on the 
surface of the biosorbent forming monolayer coverage and the molecule adsorption 
capacity on one site is independent of its surroundings Eq. (11.3):

 
q

q K C

K Ce
m L e

L e

=
+1  

(11.3)

where qm is the maximum binding capacity (mg.g−1), and KL is the Langmuir con-
stant that represents affinity between the sorbent and sorbate through to the free 
energy of biosorption (L.mg−1).

Freundlich, is empirical model, and assumes a multilayer biosorption on a het-
erogeneous surface with no uniform distribution of heat of adsorption Eq. (11.4):

 q K C n
e F e= 1/

 (11.4)

where KF is a constant relating the biosorption capacity (mg.g−1)(L.mg−1)n and 1/n 
is a dimensionless empirical parameter relating the biosorption intensity, higher the 
1/n value, more favourable is the adsorption, which varies with the heterogeneity of 
the material and when n = 1, all sorption centres are equivalent. The model is widely 
used to describe the adsorption from diluted solution but yields no maximum value 
of adsorption at saturation.

Sips model takes account three parameters from Freundlich and Langmuir mod-
els, and assumes that each adsorption site interacts with a single molecule or ion of 
the adsorbate surface Eq. (11.5):

 

q
q K C

K C

n

ne
m s e

s e

=
( )

+ ( )

1

1
1

/

/

 

(11.5)

Where Ks is sips binding constant (L mg−1)n, and n is the heterogeneity factor; n 
close to or equal to 1 takes place in biosorbents with homogeneous active sites 
whereas a value close to 0 takes places in biosorbents with heterogeneous active 
sites. The ns parameter obtained with the Ni(II) and Cr(III) adsorption data in simple 
systems was 0.51 and 0.65 respectively, these values between 0 and 1 describe the 
degree of homogeneity/heterogeneity of the adsorption sites due a greater concen-
tration of superficial groups with the same capacity of adsorption in terms of energy 
according Guarín-Romero et al. (2019).

BET (Brunauer, Emmett and Teller) isotherm equilibrium model is a multilayer 
model, and it assumes that a Langmuir isotherm applies to each layer and that there 
is equal energy of adsorption for each layer except for the first layer Eq. (11.6):
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(11.6)

Where qs is the theorical saturation capacity using the Langmuir isotherm (mg g−1), 
CBET the BET constant which indicates energy of surface interaction (L.mg−1). In 
Table 11.2, the main results of different types of natural agro-industrial wastes and 
by-products for heavy metal removal are summarized.

In most cases, Langmuir isotherms were able to simulate the experimental data 
better than Sips and Freundlich models with a high correlation coefficient and is 
often used to determine the maximum sorption capacity of biosorbent.

The majority of authors consider the low sorption capacity of byproducts and 
agro-industrial waste to be a main problem for their application but is necessary to 
note that those sorbents work most effectively in treatment of very dilute solutions, 
enabling very low concentration of pollutants to be achieved.

Table 11.2 Adsorption isotherms models data obtained on biosorption of different ion metals and 
other pollutants on agro-waste biosorption

Biosorbent Pollutant
Operation 
conditions Results References

pH
T 
(°C)

C0

(mg.
L−1)

qexp

(m.
g−1)

Isotherm 
model

qcal

(m.g−1)

Banana 
peels

Cd (II)
Pb (II)

3
5

25 0.05 Langmuir qm: 2.18
5.71

Anwar et al. 
(2010)

Soybean 
meal

Cr (III)
Cu(II)

5 20 100 15.6
14

Sips qm: 23.5
39.6

Witek-
krowiak 
(2013)

Olive oil Cr (VI) 2 60 200 16.49 Langmuir qm:18.69 Malkoc 
(2006)

Aloe vera 
waste

U(VI)
Cd(II)

4
5

201.2
70.4

Noli et al. 
(2019)

Pretreated 
orange 
peel

Cr(III)
Fe(III)

3 10
30

Langmuir qm: 9.43
18.19

Lugo-Lugo et 
al. (2012)

Corncobs Sulfamethoxazole 6 20 20 0.56 BET qs: 0.50 Peñafiel et al. 
(2019a)

Grape 
pomance

Aflatoxin B1
Zearalenone
Ochratoxin A
Fumonisin B

7 37 1
1
2
2

4.9
1.12
0.64
0.12

Sips
Langmuir
Freundlich
Langmuir

qm: 4.7
2.7
2.5
1.6

Avantaggiato 
et al. (2013)
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 Kinetics Study

The adsorption rate between sorbate and biosorbent in equilibrium is evaluated with 
kinetic models and rate limiting steps. The pseudo-first and pseudo-second order are 
the most widely used kinetic models to evaluate the biosorption of heavy metals and 
emerging compounds on agro-waste.

Pseudo-first order. Adsorption process occurs through first-order chemical reac-
tions, where the rate constant is independent of concentration Eq. (11.7):

 

dq

dt
k q qt = −( )1 e t

 
(11.7)

Where k1 is rate constant of pseudo-first order model (min−1) and qt is amount 
adsorbed at time t (mg.g−1). Generally, the calculated qe differs significantly of 
experimental qe although high correlation coefficient is obtained.

Pseudo-second order. Also considered a chemical reaction but second order. 
Involving valence forces through sharing or exchange of electrons between biomass 
and metal ions Eq. (11.8):

 

dq

dt
k q qt = −( )2

2

e t

 
(11.8)

Where k2 is rate constant of pseudo-second order model (g.mg−1.min−1).
Intraparticle diffusion model presented by Weber and Morris is a model derived 

from Fick’s second law of diffusion Eq. (11.9):

 
q k t Ct p= +1 2/

 
(11.9)

Where Kp is the intraparticle diffusion rate constant (mg.g−1.min−1/2) and C is a con-
stant for any experiment (mg/g) and has been reported by several researchers to 
involve two forms, the first one to get a straight line that passes through the origin 
when adsorption capacity at any time (qt) plotted against the square root of time 
(t1/2), and the second one, when two or three steps are involved in the whole process, 
in the plot qt versus t1/2, has multilinearity, the first step considers an external instan-
taneous surface adsorption, the second step is controlled by intraparticle diffusion 
therefore is a gradual adsorption, and the third step is the final equilibrium step (Wu 
et al. 2009). Wu et al. plotted the curves with various initial adsorption factors (Ri) 
and considered four zones of the initial adsorption according to Ri value; from 0 to 
1 were classified, zone 1 for weakly initial adsorption, zone 2 for intermediately 
initial adsorption, zone 3 for strongly initial adsorption and zone 4 pro completely 
initial adsorption. For example, the kinetics for phenol compounds on active car-
bons belonged to zone 3. Therefore, the shape of adsorption isotherm is so impor-
tant and is associated with the formation of monomolecular or multimolecular layer 
adsorption via both strong and weak adsorbate–adsorbent interactions (Abdolali 
et al. 2014)
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 Continuous Systems

Most research using biosorbents for metal ions are based on batch kinetic and batch 
equilibrium studies. However, in the practical operation of full-scale sorption pro-
cesses, continuous-flow fixed-bed columns are often chosen. In such systems, the 
concentration profiles in the liquid and sorbent phases change in both space and 
time. From the perspective of process modelling, the dynamic behaviour of a fixed- 
bed column is described in terms of the effluent concentration–time profile, that is, 
the breakthrough curve. As a result, the development and application of predictive 
and simulative mathematical models for the design of continuous biosorption pro-
cesses represent an important area in environmental engineering. The determination 
of model parameters and the verification of model validity can be obtained by well- 
designed, laboratory-scale experiments. With potentially enormous environmental 
applications in detoxification of metal-bearing industrial effluents, biosorption pro-
cesses are considered as not only technically feasible but also economically very 
attractive.

 Mathematical Backgrounds

From a practical point of view, biosorption processes to great scales are carried out 
in a continuous way (Park et al. 2010). In these systems, the concentration in the 
liquid phase and in the solid phase varies both in space and in time, due to which, 
the design and optimization of fixed-bed columns is especially difficult if not 
approached through a quantitative model. In this sense, the dynamic behaviour of 
fixed-bed columns is described in terms of ‘exit concentration–time’, that is to say, 
what is known as breakthrough. A typical breakthrough curve represents the rela-
tionship of the entry concentrations to the exit concentrations in time or the circu-
lated volume. When the fluid passes through the column, an area of mass-transfer is 
defined that varies from 0% of the initial concentration (corresponding to the sor-
bent without solute) to 100% of the initial concentration (corresponding to the total 
saturation).

The point where the metal concentration in the effluent reaches a certain value, 
generally related with the permitted limit for that metal by regulations and environ-
mental norms, is called the breakthrough point, and corresponds to the breakthrough 
time (tb) that allows determining the volume of treated effluent. From a practical 
point of view, the saturation time (ts) is set when the metal concentration in the efflu-
ent has a value between 90% and 95% of the initial concentration of that metal in 
solution.

To describe the breakthrough curve, numerous models have been proposed that 
can be from semi-empiric simple models of a few parameters that exist and easy to 
solve mathematically, to rigorous models that consider axial dispersion in the flow 
direction, resistance to the film diffusion, diffusion intra matter, which can include 
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diffusion in the surface and in the pores that generally require complicated numeric 
solutions (Chu 2003). These models are not only used to analyse and interpret 
experimental data, they also are used to predict the response of the systems when 
the operation conditions are changed (Joo et al. 2010). The performance of packed- 
bed column is described according to the concept of the breakthrough curve that is 
the plot of time versus effluent concentration:

Effluent volume is calculated from Eq. (11.10):

 V Qteff t=  (11.10)

where tt represents the total time (min) and Q is the flow that circulates through the 
column (mL. min−1).

The area under the breakthrough curve obtained by integrating the adsorbed con-
centration versus time plot can be used to find the total adsorbed metal quantity. 
Total adsorbed metal quantity in the column (qt) for a given feed concentration and 
flow rate is calculated from Eq. (11.11):

 
q

Q
C dt

t t

t

t R
t

= ∫
=

=

1000

0

 
(11.11)

where CR is the concentration of retained metal (mg.L−1).
Total amount of metal sent to column is calculated from Eq. (11.12):

 
m

C Qt
t

t= 0

1000  
(11.12)

Total removal percent of metal (column performance) with respect to flow volume 
can also be calculated from the ratio of total quantity of metal adsorbed to the total 
amount of metal passed through the column from Eq. (11.13):

 
Removal % total

total

( ) =
q

m  
(11.13)

The breakthrough curve, typically S-shaped, represents a valuable tool for evaluat-
ing the biosorbent efficiency. Indeed, the amount of solute removed at saturation 
can be easily evaluated by calculating the area above the breakthrough curve, whose 
slope provides information about the column service time. The main features of the 
breakthrough curve are the breakthrough and saturation/exhaustion points which 
theoretically correspond to an abrupt rise (infection point) in the effluent concentra-
tion plot and the complete column saturation, respectively. The time elapsed until 
attaining the breakthrough point directly affects the service time of the column. In 
laboratory experiments, packed bed columns are usually operated until the satura-
tion point is attained. Conversely, in industrial applications, the column is usually 
regenerated when the effluent metal concentration exceeds a breakthrough/service 
point, which is prefixed depending on the metal toxicity. When the breakthrough 
point is attained, the effluent concentration can slowly rise to the saturation point 
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Table 11.3 Column adsorption models  (Patel 2018; Ahmed and Hameed 2018; Acheampong 
et al. 2013; Vijayaraghavan and Prabu 2006)

Breakthrough 
curve model Equation Remarks Nomenclature

Thomas 
model

C

C

k

F
Q M C V0

0 01= + −( )





exp TH

eff

One of the most 
widely used 
methods to describe 
column biosorption, 
which assumes 
Langmuir kinetic of 
sorption–desorption 
and second- order 
reversible reaction 
kinetic

kTH is the Thomas 
model rate constant 
(mg−1 g−1), Q0 is 
the maximum 
solid-phase 
concentration of 
the solute (mg g−1), 
Veff is the volume of 
metal solution (L)

Adams–
Bohart

C

C
k C k N Z v

0
0 0= −( )exp /AB AB

Rate of adsorption 
depends upon 
concentration of the 
sorbing species and 
residual capacity of 
adsorption

kAB is the kinetic 
parameter 
(L.mg−1.min−1) N0 
is the saturation 
concentration (mg.
L−1), Z is the bed 
length (cm) and υ 
is the superficial 
velocity (cm.min−1)

Yoon–Nelson 
model C

C

k t k

k t k0 1
=

−( )
+ −( )
exp

exp
YN YN

YN YN

τ
τ

Assumes that the 
rate of decrease in 
the probability of 
adsorption for each 
sorbate molecule is 
proportional to the 
probability of 
sorbate sorption and 
the probability of 
sorbate 
breakthrough on the 
sorbent

kYN is the Yoon–
Nelson model rate 
constant (min−1), τ 
is the time required 
for 50% adsorbate 
breakthrough (min)

Modified 
dose–response 
model

C

C V b
a

0

1
1

= −
( )eff MDR

MDR/

aMDR and bMDR are 
the modified 
dose–response 
model constants

(continued)

(flattened breakthrough curve). However, it is preferable to have a steep slope which 
corresponds to a shorter mass transfer zone (Vijayaraghavan and Yun 2008). The 
shape of the breakthrough curve is affected by many parameters, such as flow rate, 
inlet metal concentration, pH, bed height and bed particle size (Kumar et al. 2016).

Most of the models for continuous sorption systems have been developed to 
predict the breakthrough curves. Some examples are reported in Table 11.3. The 
Adams–Bohart model is usually applied to the initial part of the breakthrough curve 
and is obtained by combining two kinetic equations, the first describing the solute 
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transfer from the liquid phase, the second governing the sorption accumulation on 
the biosorbent A similar equation has been obtained by Wolborska (1989), who also 
takes the solute axial diffusion into account. The Thomas model has been used in 
the linear form to quantify the maximum adsorption capacity of the adsorbent bed. 
In the Clark model, the breakthrough curve is obtained by adopting the Freundlich 
equation. The model introduced by Yoon and Nelson (1984) is much simpler as it 
does not require specific information about the adsorbate/adsorbent system.

Vera et al. (2019) investigated the use of lead(II) and cadmium(II) biosorption 
with sugarcane bagasse and cocoa shell in fixed-bed columns. The hydrodynamic 
study was performed by varying the diameter and height of the column, as well as 
the diameter and mass of the biosorbent, to determine the best hydrodynamic condi-
tions, which resulted in a flow through the column of 2.12 mL.min−1. The experi-
mental data were adjusted to several models that describe the rupture curve for one 
and two component systems.

As we see in Fig.  11.2a, b, for single-component systems the area under the 
curve is greater for Cd+2 than for Pb+2, deducing that the greater absorption corre-
sponds to Pb+2, which it is due to a greater affinity to the bagasse active sites for Pb+2 
more than Cd+2. Table 11.4 shows the parameters obtained from the analysis of the 
experimental data presented in the rupture curves, for single-components and two- 
components with the sugar cane bagasse.

Table 11.3 (continued)

Breakthrough 
curve model Equation Remarks Nomenclature

Bed depth 
service time 
(BDST)

t
N

C v
Z

k C

C

C
= − −









0

0 0

01
1

BDST t

ln
Based on the Bohart 
and Adams 
quasi- chemical rate 
law, the rate of the 
sorption process is 
directly proportional 
to the fraction of 
sorption capacity 
still remaining on 
the media. This 
model is provided 
by the relationship 
between bed depth 
and service time

kBDST is the rate 
constant 
(L.mg−1.h−1), υ is 
the linear velocity 
(cm.h−1)

Clark model

C

C

a

A rt

n

0

1

1

1
=

+( )










−

−

Ce

Column adsorption 
is mass-transfer 
concept with 
combination of 
Freundlich isotherm 
and behaviour of 
flow in column is of 
piston type.

n is the Freundlich 
parameter and A 
and r are the Clark 
Constants. The 
introduction of 
parameter a to take 
into account that 
the curve is not 
perfectly 
symmetrical at the 
point C = 0.5C0

M. Vera et al.



209

According to data obtained by the rupture curves, in the single-component and 
two-component system, the amount of metal that passes through the column 
(Mtotal) and the maximum adsorption capacity (qt), they are equivalent to Pb+2 and 
Cd+2. In the single-component system, the parameters which varied in lead and cad-
mium, they are the times of rupture and saturation (tr y ts), the volume treated at 
rupture point (Vr), the adsorption capacity (qb), the not used fixed lying (SNU), 
being reported higher values for Pb+2 than for Cd+2.

Regarding removal, the bagasse showed an adsorption percentage, practically 
equal for lead and cadmium. However, in the two-component system, data shows 
that lead and cadmium interaction in solution caused a significant decrease in all 
values of the variant parameters from single component systems, though some 
parameters were superior for cadmium and others for lead, as in case of rupture 
time, in lead (47 min) it was slightly superior than cadmium (43 min), so the volume 
treated for lead (76.6 mL) is superior than cadmium (70.09 mL), moreover for satu-
ration time, the higher value registered was for cadmium, (129 min) compared to 

Table 11.4 Rupture curves parameters for adsorption of Pb+2 and Cd+2 in columns of fixed bed 
using sugar cane bagasse

Parameters
Single-component system Two-component system
Pb(II) Cd(II) Pb(II) Cd(II)

Rupture curves tr (min) 74 70 47 43
ts (min) 168 128 88 129
Vr (mL) 118.4 112 76.61 70.09
qb (mg.g−1) 0.154 0.146 0.1 0.091
SNU (cm) 15.67 5.14 13.05 18.67
Mtotal (mg) 2.29 2.29 2.33 2.33
qt (mg) 2.08 2.07 2.08 2.16
% adsorption 91 90 89.3 92
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Fig. 11.2 (a) Rupture curve for adsorption of Pb+2 and Cd+2, in a column of fixed bed filled with 
sugar cane bagasse in single-component system. (b) Rupture curve for adsorption of Pb+2 and Cd+2 
in a column of fixed bed filled with sugar cane bagasse in two-component system
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lead (88 min), that means after the rupture, the competition of the active sites by 
metals of concern, favoured Cd+2, this one which had the highest affinity for lead. 
The adsorption capacity proved to be equal for both metals, at the no used fixed bed, 
cadmium reported the highest value with 18.63  cm. About removal, the bagasse 
showed a higher adsorption percentage for cadmium with a removal of 92% instead 
of lead which showed 89%. In conclusion, in the single-component system, lead has 
greater affinity to sugar cane bagasse active sites than cadmium, however, when 
these two metals are in interaction, there is a greater affinity by cadmium, the affin-
ity order being Cd > Pb.

As shown in the Fig. 11.2a, Dose–Response model is the best-adjusted model to 
the rupture curve of experimental adsorption of Pb+2, with a R2 factor correlation of 
0.97. The Thomas model is the least adjusted to rupture curve, though its R2 is more 
than 0.9. The Yoon–Nelson model adjusts acceptably to experimental data with a R2 
equal to 0.99; however the values of the time required to retain 50% of initial metal, 
τ, they are very similar to those obtained experimentally in sugar cane bagasse, 
which coincides with the findings of several researchers studying different biosor-
bent–metal systems in fixed bed column. For the adsorption of cadmium (Fig. 11.2b), 
the Yoon–Nelson model is the best curve that fits to the experimental data with a R2 
registered of 0.99; the values of τ, experimentally and calculated by the model are 
equal. The Dose–Response model has an allowable adjustment with cadmium 
experimental rupture curve, with a R2 of 0.9. The least adjusted model is Thomas’, 
though its R2 is equal to 0.97 the generated curve, underestimates the experimen-
tal values.

For two-component system, Yoon–Nelson, Thomas, and Dose–Response models 
were separately applied, in order to appreciate the adjustments of rupture curves 
modelled with experiments. Figure 11.3a compares experimental rupture curves of 
lead and cadmium with those adjustment curves obtained from the Yoon–Nelson 
model. The Yoon–Nelson model does not adjust properly to experimental rupture 
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Fig. 11.3 (a) Comparison between Pb+2 experimental rupture curves and those obtained by 
applied models based on time in column filled with sugar cane bagasse. (b) Comparison of the 
experimental rupture curves of Cd+2 with those obtained by applied models based on time in col-
umn filled with sugar cane bagasse
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curves of lead and cadmium in a two-component system; the modelled curves with 
Yoon–Nelson showed a R2 of 0.94 for lead and 0.93 for cadmium. Figure 11.3b 
compares the experimental rupture curves of lead and cadmium with those adjusted 
curves obtained from Thomas model (based on time). The curves obtained by the 
Thomas model does not adjust to any studied metals (Fig. 11.4).

From all models based on time, the Dose–Response model is the best adjusted to 
experimental data for both lead and cadmium. With R2 values equal to 0.96 for lead 
and 0.99 for cadmium. Regarding the adsorption capacities, the experimentally 
obtained values for sugar cane bagasse in a two-component system, corresponds to 
0.1 mg.g−1 for lead and 0.09 mg.g−1 for cadmium, similar values were obtained from 
Thomas model, 0.094  mg.g−1 for lead and 0.11  mg.g−1 for cadmium. Using the 
parameters found with this model, it is possible to obtain an expression that repro-
duces the columns behaviour in other experimental conditions, with no need for 
further experiments. The biosorption of Pb+2 and Cd+2 with cocoa shell in fixed bed 
was also investigated. The experimental data were fitted to several models describ-
ing the breakdown curve for single component and two component systems. The 
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Fig. 11.4 (a) Comparison of the experimental rupture curves of Pb+2 y Cd+2 with those obtained 
by Yoon–Nelson model in column filled with sugar cane bagasse in T–C system. (b) Comparison 
of the experimental rupture curves of Pb+2 y Cd+2 with those obtained by Thomas in column filled 
with sugar cane bagasse in T–C system. (c) Comparison of the experimental rupture curves of Pb+2 
y Cd+2 with those obtained by Dose–Response model in column filled with sugar cane bagasse in 
T–C system
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removal percentages of lead and cadmium in single-component systems are 91% 
and 90%, respectively. In bicomponent systems with Pb–Cd the percentage of lead 
removal was 88% and cadmium was 90%. The Dose–Response model in two- 
component and single-component systems was the one that best reproduced the 
experimental rupture curves throughout the measured range (Vera et al. 2018).

Rodriguez (2015) investigated the removal Cr6+ and Ni2+ by sugarcane bagasse in 
two up-flow fixed-bed columns in series have been presented. The experimental 
data were adjusted for several kinetic models that described the breakthrough curve 
obtained for a single column and for two columns in series. The Dose–Response 
model is the one that better adjusts the experimental data for the studied metals with 
a high correlation coefficient.

 Perspectives

Over the last years, biosorption has received considerable attention from academic 
researchers, becoming one of the most promising and cost-effective alternative 
technologies for heavy metal removal and recovery from industrial wastewaters. 
However, despite the high number of scientific studies on biosorption, several tech-
nical and scientific aspects still need to be clarified for the commercialization and 
the spread of this technology at industrial scales. Based on these considerations, 
future research may be focused on the characterization and identification of new 
materials to be used as biosorbents with higher cost-effectiveness and biosorption 
efficiency, enhancement of selective metal biorecovery through biosorption in 
multi-metal systems, and development of analytical tools based on deterministic 
mathematical models able to describe multi-sorbate systems.
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