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a b s t r a c t
Nowadays, heavy metal ions produced from industrial and human activities are considered as a major 
source of environmental contamination that led to deterioration of many ecosystems and social health. 
This situation represents a big challenge to develop sustainable treatment methods to remove these 
contaminations. Among the treatment processes that are being applied to remove these hazardous 
wastes from different types of wastewater, bioadsorption process using low-cost bioadsorbents has 
been proven as one of the most feasible decontamination method. Unlike other treatment methods, 
bioadsorption which represents a biotechnological innovation is simple and permits regeneration of 
toxic metallic sludge. For this reason, this review is devoted to give the reader suitable information 
about the risk of heavy metal ions and an overview of some potential of biosorbents such as natural 
or modified agricultural wastes and microorganisms used as bioadsorbents. It was clear that surface 
modification improves their bioadsorption capacities and performance. In addition, some attention 
has been given to the role of some functional groups in forming bonds with the ions and the mecha-
nism of the removal process. Since mathematical modelling is one of the important features of engi-
neering processes, this review concentrated on different kinetic, isotherm and diffusion models that 
have been developed to describe bioadsorption processes. Moreover, the effect of some parameters 
such as temperature and pH on the bioadsorption process was reviewed and discussed.
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1. Introduction

During the last decades, there has been a significant 
increase of industrial technologies and human activities that 
utilize heavy metal ions or compounds [1]. This remarkable 
industrialization has led to the continuous accumulation of 
heavy metal ions in ecosystem and caused deterioration of 
many ecosystems and social health [2–6]. Anthropogenic 
inputs such as agricultural activities, energy conversion and 

production, metallurgy and mining, microelectronics, solid 
and liquid waste disposal have been the major sources of 
heavy metal ions accumulated in our environment. Both soils 
and sediment have been found to be major sink for metal 
contaminants in terrestrial and aquatic system, respectively.

As a result of their natural toxicity and their ability to dif-
fuse into the different water recourses, metal ions pose a seri-
ous risk and danger to the different ecosystem. Metal ions are 
not degradable and most of them have been acknowledged to 
be persistent in nature, dispersed in water resources [7] and 
been able to be bioaccumulated [8,9] and bioaugmentated 
[10]. In addition, most of heavy metal ions and their salts are 
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found to be soluble in aqueous solution. Therefore, it is very 
difficult to separate these ions using traditional separation 
processes like precipitation [11]. Since these ions cannot also 
be degraded [12] and converted to harmless products [13–16], 
it is of paramount to treat and remove these toxic species 
from all types of wastewater effluents prior its disposal [8,17].

The concept heavy metal ions refer to elements of a specific 
gravity more than 5.0 such as transition elements. Industrial 
activities such as mining, electroplating, textile, metallurgy, 
paints and non-ferrous metals industry are considered as the 
major sources of these heavy metal ions [7,18]. These heavy 
metal ions are generally toxic and have adverse effects to 
human health and to other life forms. Their toxic effects could 
range from physical discomfort to life-threatening illness 
including irreversible damage to vital body system.

Table 1 shows the major sources and toxic effects in addi-
tion to the maximum contamination limits standards of some 
heavy metal. It is clear in Table 1 that metals like lead, mer-
cury, chromium(IV) and cadmium, are topping the toxicity 
list compared with other metals [5].

There are several effective removal processes that have been 
used to achieve the efficient removal of environmental con-
taminations such as heavy metal ions [1,27,28]. The processes 
that have been applied to treat aqueous solutions and indus-
trial wastewater include biological treatment [29], coagula-
tion, membrane filtration, activated carbon [30,31], electrolyte 

process [32], solvent extraction [33], chemical precipitation 
[14,15], ion-exchange [34], reverse osmosis [35,36], sedimen-
tation, flotation [7], air stripping, stem stripping, cementation, 
dialysis/electrodialysis [37], resin chelation, liquid–liquid and 
solid–liquid extraction [15], electrocoagulation [38,39], floc-
culation or coagulation, neutralization, adsorption and using 
lignocelluloses as well [3]. However, some of these physico-
chemical methods are considered as unfeasible, particularly, if 
the ions contents in wastewater are in the range of 1–100 mg 
L–1 [10,14,40]. In addition, complete metal removal consumes 
large amounts of reagents and energy [8,15] and this also leads 
to new environmental problems related to waste disposal [41]. 
Moreover, most of the previous treatment methods are not 
feasible for relatively small scale industries [42]. Table 2 shows 
a summary of treatment methods applied for heavy metal ions 
and their advantages and disadvantages [28,43,44]. It is clear 
from Table 2 that all the present methods have serious techni-
cal and economical disadvantages that justify the search for 
sustainable treatment methods.

During the last decades there have been a tremendous 
number of publications on using bioadsorption as a prom-
ising treatment process for heavy metal ions removal found 
mainly from industrial wastewater. These publications 
have studied the use of new bioadsorbents and testing their 
performance, the development and application of several 
new or revised kinetic, isotherm and diffusion models as 

Table 1
Sources of some heavy metals, their toxic effects and the maximum contamination limits standards (MCLS)

Heavy metal Main sources Major toxic effects MCLS (mg L–1) Reference

Arsenic Combustion of fossil fuel, 
mining, pesticides

Bronchitis, bone marrow, skin cancer 
depression, pigmentation changes, 
neurological disorders, muscular weakness, 
dermatitis, hepatomegaly

0.05 [19]

Cadmium Mining, smelting, plastic, 
welding, refining pesticide, 
fertilizer

Kidney damage, emphysema, weight loss, 
gastrointestinal disorder, Itai–Itai disease, 
bronchitis, hypertension

0.01 [20]

Chromium Steel, electroplating, dyes 
and textile industry

Carcinogenic, severe diarrhoea, skin rashes, 
respiratory problems, kidney and liver 
damage, vomiting, weakened immune 
systems and genetic material

0.05 [21]

Copper Electroplating, mining, 
pesticides, batteries, copper 
cooking pots,

Neurotoxicity, anaemia, hyperactivity, 
schizophrenia, postpartum psychosis, 
insomnia, cystic fibrosis. Autism, stuttering, 
inflammation and dizziness

0.25 [22]

Lead Batteries, mining, paint, 
pigments, explosives, 
electroplating

Anaemia, malaise, brain damage, anorexia, 
liver, kidney, gastrointestinal damage, mental 
retardation

0.006 [23]

Mercury Mining, paper and paint, 
industries, batteries

Damage to kidney and nervous system, 
protoplasm poisoning, dermatitis, corrosive 
to skin, eyes, muscles

0.002 [24]

Nickel Electroplating, porcelain 
enamelling, storage 
batteries, paint

Dermatitis, lung cancer, chronic bronchitis, 
pulmonary fibrosis, rapid respiration, 
headache, dizziness

0.20 [25]

Zinc Mining, refineries, brass 
manufacturing, plumping

Gastrointestinal distress, metal-fume fever 5.0 [26]
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well as some reviews on bioadsorption and bioadsorbents. 
Accordingly, this paper will be another effort to review the 
latest publication concerning low-cost natural bioadsorbents 
as well as modified ones in addition to the most popular 
kinetic, equilibrium and diffusion models that have been 
applied. The impact of some parameters such as temperature 
and pH on the bioadsorption capacity will be discussed.

2. Bioadsorption of heavy metal ions

The technology of bioadsorption of aqueous environ-
mental pollutants has been popular among researchers in the 
past 20 years [3]. Bioadsorption process uses natural materi-
als of biological origins which have metal-sequestering prop-
erty to reduce the heavy metals ions concentrations from 
ppm to ppb level [41,45,46]. Bioadsorption of heavy metals 
is the physicochemical removal process of heavy ions or their 
compounds, from wastewater by using bioadsorbents [6]. 
The term bioadsorption refers to any system which involves 
interactions between an adsorbate which could be an atom, 
molecule or a simple or complex ion with a bioadsorbent such 
as a solid surface of a biological material. This interaction 
leads the adsorbate accumulation on the adsorbate–bioad-
sorbent interface. Consequently, the adsorbate concentration 
in the wastewater decreases until an equilibrium is reached 
[9]. This technique also allows performing kinetic and equi-
librium studies using very sophisticated instruments [47].

Bioadsorption has been recognized as a promising treat-
ment technology due to its high efficiency [48] minimal 
chemical and/or biological waste sludge [3,37], relatively 
low-cost and short time [30], the ability to reuse the bioad-
sorbent [4,14], versatility of bioadsorbents [47], no additional 
nutrient requirement [49], eco-friendly [35], locally available 
material [8], the ability to use selective bioadsorbents for spe-
cific metals of interest, the ability to remove heavy metal ions 
regardless of their toxicity, no production of secondary toxic 
compounds [11], simplicity and availability of the low-cost 
bioproducts that could be used as bioadsorbents [9].

Nevertheless, bioadsorption also has several disad-
vantages such as the early saturation of all bioadsorbents 
active sites by the adsorbate ions. Therefore, metal ions 
desorption and bioadsorbent regeneration is required for 
efficient further use. The mechanisms of the bioadsorp-
tion process are rather complex and basically difficult to 
be understood. However, it may be one or combination of 
several processes that include complexation, ion-exchange, 
electrostatic interaction, coordination, chelation, adsorp-
tion and microprecipitation. A large variety of bioadsor-
bents have been used for the metal ions removal. These 
bioadsorbents have been classified to several categories 
bacteria, yeast, fungi, algae, agricultural and industrial 
waste, and others [45]. Bioadsorbent biomass can be sub-
divided to produce small and stable particles. The parti-
cles of biosorbents can be filled in columns to continuously 

Table 2
Common methods to remove heavy metals from wastewater

Number Process Advantages Disadvantages

1 Adsorption using activated 
carbon 

High efficiency (99%) Costly, no regeneration, performance 
depends on adsorbent

2 Adsorption using industrial 
by-products or mineral 
substances

Low-cost, high efficiency Production, reservation and regeneration of 
the adsorbent still cause much attention

3 Bioadsorption using 
modified biopolymers 

Good adsorption capacity, 
selectivity

Challenges concerning the proper synthetic 
methods and optimizing the operating 
conditions

4 Chemical coagulation Ease of sludge settling, dewatering Costly, high consumption of chemicals
5 Chemical precipitation Ease of operation, cheap Large quantity of sludge, sludge disposal 

problems 
6 Electrochemical methods Selectivity for metal ions, no 

chemical consumption, most of the 
metals can be removed

High capital and operational cost, current 
density

7 Electrodialysis High selectivity High operation cost due to membrane 
fouling and energy consumption

8 Ion-exchange Selective for metal ions, 
regeneration of materials

Costly, available for less number of metal 
ions

9 Membrane filtration Low space requirement, low 
pressure, high separation selectivity

High operation cost

10 Nanofiltration Easy operation, reliability, high 
efficiency

Low anticompacting ability compared with 
ultrafiltration

11 Photocatalysis Simultaneous removal of metals 
and organic pollutant, less harmful 
by-products

Long-time duration, limited applications
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remove heavy metals [36]. Generally, several factors could 
affect the bioadsorption capacity of any adsorbate such 
as the presence of electric charge, the types of functional 
groups, pore size, surface area, pH and temperature of bio-
adsorption medium [8]. In addition, the selection process 
of a suitable bioadsorbent for certain adsorbate is difficult 
since it is influenced by several factors [44]. These factors 
include easy availability, low-cost high adsorption capac-
ity and selectivity [42,50–52]. A sustainable treatment pro-
cess should use an adsorbent that meets most of the above 
requirements especially high adsorption capacity, high 
selectivity, low-cost, easy desorption and regeneration, 
negligible leaching into aqueous systems [18,44].

3. Natural and low-cost bioadsorbent

Table 3 shows some examples of these natural bioadsor-
bents and the values of temperature and pH, and some of the 
major results concerning the removal efficiency or the bioad-
sorption capacity.

As shown in Table 3, many cheap bioadsorbents obtained 
from natural bioadsorbents such as agricultural wastes and 
some microorganisms have been used for the removal of metal 
ions. Additional examples of bioadsorbents including oil palm, 
coconut-based [4], sorghum straw, agave bagasse, oats straw 
and waste olive cake [8], banana, orange and lemon peels [9], 
barley straws [24], jack fruit seed [26,33], pine [48], Uncaria gam-
bir [55], orange waste [61], juniper [62], nutshell [63], ground 
coffee [64], Moringa oleifera leaves [65] and many others.

These natural and agricultural products are readily avail-
able and the principle objective of their use as biosorbents 
is basically to utilize them in a useful and efficient way and 
to leave them to cause waste disposal problems if not being 
managed properly [2,18].

To describe the extent of the bioadsorption process, it is 
very important to calculate the quantity of metal uptake [49]. 
For this purpose, the two important parameters that could 
be used to express metal uptake are the removal percentage, 
R% and q, mg g–1, values:

R
C C
C

e% %=
−







×

0

0

100  (1)

and

q
C C
m

Ve=
−







×0  (2)

where Ce and C0 are the metal ion equilibrium and initial 
concentrations, mg L–1, m is the dry bioadsorbent mass of 
the biomass used, g, V is the solution volume, L and q is 
the adsorbed metal ions mass per 1 g of adsorbent, mg g–1. 
Eq. (2) has been found to be more appropriate to compare the 
adsorption capacities of different adsorbents, since R% value 
does not give any information concerning the used adsor-
bent quantity which will be misleading upon the comparison 
between different types of bioadsorbents [5].

4. Chemical composition of natural by-products for 
bioadsorbents

The use of agricultural by-products has shown many 
advantages. The cell walls of the plants is usually rich in 
polysaccharides especially pectin cellulosic compounds. 
Alkaline treatment usually ionizes pectin compounds to gen-
erate negative charges which can bind to metallic cations. 
Another advantage of agricultural by-products is the ease of 
their preparation without the need of any microorganisms 
such as yeast, since these materials are basically obtained 
from agricultural by-products and industrial wastes. In addi-
tion, undesired microbial growth is also inhibited by the 
adsorbed heavy metal ions. Moreover, the high potential of 
metal recovery has also been considered as a further advan-
tage. When the adsorbent becomes saturated, the metal can 
be separated from the organic materials by incineration and 
to be reused in other applications [9].

Table 3
Natural bioadsorbents used for heavy metal ions bioadsorption

Bioadsorbent Metal ion pH T (°C) % Removal or Qmax Reference

Chitosan Cu(II), Mn(II), Fe(II), 
Ni(II)

5.3–5.5 30 99.25 [53]

Coconut husk Cu(II), Fe(II), Pb(II) 5–7 50 90 [54]
Palm fruit fibre Pb(II), Cu(II) 10 Room temperature 100 [55]
Grape bagasse Cd(II), Pb(II) 7, 3 25 0.774, 0.428 mg g–1 [56]
Bran Cd(II) 8.6 20 87 [11]
Durian shell Cr(VI) 2.5 60 117 mg g–1 [23]
Tea waste Ni(II) 4 25 15.26 mg g–1 [2]
Cortex fruit wastes Cd(II), Pb(II), Cu(II) – 40 50 [9]
Seaweed biomass Cr(IV) 2 25 113.6 mg g–1 [57]
Algae Pb(II), Cd(II) 4 25 283 mg g–1 [58]
Fungi Pb(II) 5 25 45 mg g–1 [59]
Yeast biomass Cr(IV) 4 30 87 mg g–1 [60]
Ballota undulata Cd(II) 2–10 20–50 121.1 mg g–1 [17]
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Many authors have reported cellulosic materials as good 
bioadsorbents for heavy metal ions [36]. The main constitu-
ents of cellulosic materials are cellulose, hemicellulose and 
lignin [20,48]. Other constituents include extractives lipid, 
proteins, sugar and water [5]. It also includes many polar 
functional groups of lignin such as carboxylic, hydroxyl, lac-
tone [33], alcoholic, ketones, aldehydes, phenolic and ethe-
ric groups as shown in Table 4. These functional groups can 
form coordination bonds with heavy metal ions [61] via an 
electron pair donation and to from complexes [20]. Some 

bioadsorbents have shown abundance of carboxylic groups 
which are considered as good binder with the ions [61]. 
Table 4 shows the main functional groups found in natural 
bioadsorbents. The most active functional groups include the 
hydroxyl, carboxylic, carbonyl and amino groups.

Lignin is an aromatic polyphenolic and highly branched 
polymer with three-dimensional structure [30] and of an 
infinite molecular weight [3]. However, lignin molecular 
weight can be lowered by mechanical cleavage of the long 
chains. Lignin is a filler in the pores in the cell wall and it 

Table 4
The main functional groups found in natural bioadsorbents

Formula of functional group Name Ligand atom Class of compound
Hydroxyl O Alcohols, carbohydrates, phenols 

Etheric O Ethers, polysaccharides

Carboxylic O Fatty acids, proteins, organic acids

Carbonyl group O Aldehydes, carbohydrates

Esters O Lipids, oils

Amide N Proteins

=NH Imine N Amino acids
Phosphate O DNA, RNA, ATP

Thiols S Cysteine, amino acids

Imidazole N Amino acids

Phospodiester P Teichoic acid
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increases the mechanical strength of the cell wall [61]. Lignin 
is chemically inert material that characterized by relatively 
high surface area of 180 m2 g–1, and a molecular weight in the 
range of 2,000–15,000 g mol–1. Accordingly, these good prop-
erties present lignin as a promising bioadsorbent for metal 
ions removal from wastewater [3]. Fig. 1 shows the chemical 
structure of a lignin unit.

On the other hand, cellulose has been acknowledged to 
be the primary component of green plants and wood [66]. 
Cellulose is a straight chain biopolymer, made of d-glu-
cose as a building block. d-Glucose units bind by the stable 
β-(1,4)-glycosidic linkage [3]. The molecules of cellulose are 
combined together to form microfibrils [30]. Moreover, cellu-
lose is an insoluble in water and is not affected by acids and 
enzymatic hydrolysis [3]. Fig. 2 shows the schematic illustra-
tion of cellulose structure. It is clear from Fig. 2 that cellulose 
contains many active functional groups such as hydroxyl, 
etheric and carbonyl groups. Some of these functional groups 
participate in the bioadsorption process of heavy metal ions 
depending on the properties of the ion.

5. Modification of bioadsorbents

In general, metal ions bind with the bioadsorbents 
through certain active functional groups of ligands such as 
carbonyl, carboxyl, phenolic or amino groups. These func-
tional groups are found in some raw bioadsorbents and are 
reported as the active functional groups towards heavy metal 
ions that attach them onto bioadsorbents [54]. However, raw 
bioadsorbents in many cases need surface modification by 
chemical treatment to improve their sorption capacity [18]. 
These chemical treatments can be performed using different 
types of chemical modifying agents. These agents included 
basic solutions such as sodium hydroxide, acidic solutions 
like nitric and hydrochloric acid, oxidizing agents like hydro-
gen peroxide [30], citric acid [65]. Table 5 shows some mod-
ified bioadsorbents, the conditions of their application and 
the removal efficiency or the adsorption capacity.

Among these chemical treatment methods are the hydro-
lysis process using sodium hydroxide (NaOH), which is able 
to increase the adsorption capacity of bioadsorbents. The 
use of NaOH has been reported to remove soluble organic 
components as well as improving surface properties of the 
biosorbents [48]. On the other hand, sulphonation treatment 
of juniper has led to increase its adsorption capacity of cad-
mium twice as much as the capacity of the unsulphonated 
juniper. The introduction of phenolic groups to the bioadsor-
bent also caused the formation of complexes with heavy met-
als [32]. Pyrolysis treatment which involved heating process 
to convert lignin to activated carbon with high surface area 
is another treatment process that improves the adsorption 
capacity. Other chemical treatment modification methods 
include esterification, phosphorylation, methylation and 
hydrolysis of amide and carboxylate groups [3].

Activated carbon has also been reported, which is consid-
ered as the most efficient technology to remove adsorbates 
such as heavy metal ions from wastewater [15]. Activated 
carbon usually has a relatively large specific surface area 
with a highly microporous structure. In addition, it has a 
relatively high mechanical strength that made it suitable 
adsorbents for heavy metal ions from wastewaters [12,37]. 

Fig. 1. Building units of lignin (adapted from Malkoc and 
Nuhoglu [3]); Elsevier license number: 4110800364631.

Fig. 2. The structure of cellulose (adapted from Malkoc and Nuhoglu [3]); Elsevier license number: 4110800364631.
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The activated carbon surface usually has heteroatoms that 
play an important role in the adsorption process mecha-
nism. The heteroatoms such as hydrogen, oxygen, nitrogen, 
sulphur and halogen are bonded to the carbon layers edges. 
The oxygen-containing functional groups which are also sig-
nified as surface oxides have been acknowledged as the com-
mon species that exists on the carbons surface. These groups 
can be formed by chemical, mechanical and electrochemical 
reactions could significantly influence the adsorption pro-
cesses. Oxidizing agents have been found to be used to gen-
erate three types of oxygen containing groups; basic, acidic 
and neutral.

Abia and Asuquo [2] used both untreated palm fruit fibre 
and modified palm fruit fibre (MOPF) treated by 0.5 and 1 M 
mercaptoacetic acid solution, respectively. They investigated 
the kinetic models of nickel(II) and lead(II) ions bioadsorp-
tion from wastewater. They reported that the ions removal 
efficiency increased with chemical modifications in the order 
of 1.0 M MOPF > 0.5 M MOPF > UOPF (unmodified palm fruit 
fibre). They reported that the specific surface area of the three 
adsorbents also increased by the chemical modification with 
methylene blue method. They also found that, nickel(II) ion 
was adsorbed faster than that of lead(II) ion. It was attributed 
to the ionic radii of both metals; nickel(II) ion (0.72 Å) and Pb 
(1.20Å), in which smaller ionic radius diffuse faster through 
the adsorbents sites compared with the larger ionic radius.

The use of sulphuric acid, H2SO4, has also been reported 
by Martín-Lara et al. [78]. They found that H2SO4 could be 
utilized to improve the bioadsorption of lead from wastewa-
ter by sugarcane bagasse. Treatment by H2SO4 leads to the 
formation of negative groups at relatively low or acidic pH 
range and increases the surface area. In addition, the acid 
used acts as an oxidizing agent that could oxidize bagasse to 
acidic groups to carboxylic groups.

Al-Qodah et al. [18] modified green algae by phosphor-
ylation to enhance the bioadsorption of Cu2+ ions. They used 
Fourier transform infrared (FTIR) analysis to determine the 
functional groups that existed in the raw and phosphorylated 
algal species Spirogyra biomass. Fig. 3 shows the FTIR spec-
trum of both samples of a raw and a phosphorylated green. 
It could be seen in Fig. 3 that the FTIR window from 400 to 
1,300 cm–1 indicates a considerable changes of phosphor-
ylated green algae spectra. It seems that phosphorylation 

treatment increases the phosphate groups in the algal struc-
ture. The shoulders at 504 and 531 cm–1 of P–O stretching 
become sharper in the phosphorylated algae. In addition, 
C–O–P stretching in phosphate esters at 1,064 cm–1 also shows 
a small shoulder. Finally, sharper peaks present at 1,240 cm–1 
as a result of P=O asymmetric stretching. This indicated that 
chemical treatment changes the chemical structure of bioad-
sorbents and could enhance their bioadsorption capabilities.

6. Adsorption mechanism

It is very necessary to understand how the metal ion binds 
to the biomass. This will be accomplished by identifying the 
active functional groups that are able to bind with metal ions. 
As indicated in section 4, the functional groups are basically 
found in the cell wall of plants or microorganisms. The hygro-
scopic and affinity for water characteristic of lignocellulosic 
material allow water to permeate in the non-crystalline part 
of the cellulose, hemicellulose and lignin. Consequently, in 
an adsorption process, solutions can interact with different 
cell wall constituents [3,79,80].

In most cases, this interaction is referred as chemi-
cal adsorption since it produces strong chemical bonds 
via selective, irreversible and an endothermic reactions. 
Hui et al. [81] explained the adsorption mechanism of Cu(II) 

Table 5 
Some modified bioadsorbents

Bioadsorbent Metal ion pH Temperature, °C % Removal Reference

Chitosan-coated acid Cr(IV), Cr(III) 5.0 NS 86 [67]
Modified rice husk with polyaniline Cd(II) NS 30 93.08 [68]
Modified cashew nuts Cd(II),Cu(II), NI(II), Zn(II) 2–7 30–60 90–95 [69]
Modified sugarcane bagasse Cd(II) 6 30 23 mg g–1 [70]
Modified sugarcane bagasse Cd(II) 6 30 189 mg g–1 [71]
Chitosan/sisal/banana composite Cu(II) 5 30 89 [72]
Wood-based adsorbents Cd(II), Pb(II) 7 50 NaOH (98%), KOH (96%) [73]
Phosphorylated green algae Cu(II) 6 30 65 mg g–1 [18]
Acetic acid treated blue green algae Cr(IV), Ni(II) 5.5 30 84.6, 83.1 [74,75]
MaNO3 modified brown algae Co(II) 7 45 80.55 mg g–1 [76]
Pretreated Aspergillus niger biomass Cu(II) 6 NS 23.62 [77]
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Fig. 3. FTIR analysis for raw green algae and phosphorylated 
green algae (adapted from Al-Qodah et al. [18]).
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on adsorbent containing amino group (–NH2) and reported 
that chemical adsorption or surface complexation Cu(II) in 
such adsorbents is accompanied by an ion-exchange process. 
Hui et al. [81] reported that the mechanism of metal ion by 
fungal bioadsorbents was accompanied by Ca2+ and Mg2+ 
release into the medium, which suggests the presence of 
ion-exchange mechanism. For this reason, Hui et al. [81] con-
sidered the adsorption mechanism in this case as a combined 
ion-exchange–surface complexation [82]. Hui et al. [81] sum-
marized the interaction between Cu(II) and the adsorbents at 
optimized pH using by the following reaction scheme:

− + ⇔ −+ +NH H NH2 3  (3)

− + ⇔ −+ +NH Cu NH Cu22
2 2  (4)

− + + ⇔ − ++ + +NH Cu H O NH Cu(OH) H2 22
2  (5)

− + ⇔ − +− +NH H O NH OH H2 22  (6)

− + ⇔ −− + + −NH OH Cu (CuOH NH OH
                           

2 2
2 ) ....

   Cu NH OH CuOH2
+ − +−2( .... )

 (7)

These subsequent pH dependent reactions include 
protonation/deprotonation reactions of the amino group, 

Eq. (3), formation of complex from Cu2+(CuOH1+) and 
amino group via coordinate bond shown in Eq. (7). As pH 
increases an ion-exchange occurs between the amino groups 
with hydroxyl groups from the solution through hydrogen 
bond, reacting with Cu2+(CuOH1+) through surface complex-
ation and/or electrostatic attraction, Eqs. (6) and (7). In sum, 
the main contributions are surface complexation which is 
chemisorption and electrostatic attraction.

Hansda and Kumar [83] reported that the bioadsorption 
of metal ions by non-living biomass is based on metal bio-
adsorption due to the high affinities between biomass and 
metal ions. They simplified the complex nature of the mech-
anism by Fig. 4.

The main many parameters that affect heavy metal ions 
bioadsorption process include initial concentration metal, 
pH, temperature and bioadsorbent dosage [7]. The pH of 
the bioadsorption solution is a major controlling parameter 
that could affect the performance of metal ions bioadsorp-
tion process [29,63]. The magnitude of the electric charges on 
the adsorbate ions and on the adsorbent functional groups 
is usually affected by solution pH value [48]. The pH value 
usually affects the solubility of the metal ions [40], the charge 
of the adsorbent functional groups and their availability to 
bind with metal ions and the competition between metal ions 
on the bioadsorbent active sites [40,84].

Mukhopadhyay et al. [77] reported a model for the 
reaction between H+ ions and the surface functional groups 

Fig. 4. A simplified diagram for the complex nature of bioadsorption mechanism (adapted from Hansda and Kumar [83] with 
permission from the publisher).
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of algae at different values of pH. The proposed model 
expressed as:

[ ] [ ] [ ]
( . )

H A
pH

pH
HA H

pH
2

+ +
≥

≤
+

−4

2

4 6 5u ruuuuuuus uuuuuuuu u ruuuuuuuuuuuuuu [ ] [ ]A H− ++ 2  (8)

This equation shows that different values of pH lead to 
the formation of three different functional groups on the cell 
surface. They are A–, HA and H2A+. The possible reactions 
between metal ions such as Cu2+ and these active sites could 
be expressed by:

2 2A Cu A[Cu(A− ++ → [ )]]  (9)

2 22HA Cu A[Cu(A H+ → ++ +[ )]]  (10)

2 42
2H A Cu A[Cu(A) H+ + ++ → +[ ]]  (11)

Eqs. (7)–(9) depict that there are three possible bioad-
sorption reactions between Cu2+ ions and the three different 
charged active sites or ligands. However, only one reaction 
takes place at certain pH value since only one type of ligands 
is predominant for each value of pH. Actually, each heavy 
metal ion has an optimum pH value where its bioadsorption 
is maxima. In the case of Cu2+ ions, the optimum pH value 
falls between 5 and 6. Beyond this range, Cu(OH)2 starts to 
precipitates [63,77]. Eq. (8) indicates the active sites in this 
range of pH are in the form A–. For this reason, the reaction 
in Eq. (8) should be considered when dealing with kinetics of 
bivalent Cu2+ ions with algae.

Yang et al. [45] reported that the bioadsorption of Fe, Al, 
Zn and Pb increased as the initial value of pH increased. They 
found that the metal ions bioadsorption was inhibited at rela-
tively low values of pH where pH < pKa [48]. This behaviour is 
attributed to the protonation of lignocellulosic functional groups 
at low pH values. This will cause repulsion and competition 
between hydrogen ions and cations approaching the proton-
ated functional groups [21]. When the pH values increase, such 
that pH > pKa, the bioadsorbent surface will have more negative 
charges and will become as negatively charged moieties due to 
the deprotonation of the functional groups [45]. In these condi-
tions, the negatively charged moieties of the bioadsorbent start 
to attract the positive metal ions. Accordingly, as pH increases 
from a highly to a slightly acidic region this will convert charge 
of the biomass from a positive to a negative one [5].

There is an optimum pH for bioadsorption of any metal 
ion. This pH value corresponds to a state where the amount 
of negative and positive charges on the bioadsorbents is equal 
and the net charge on the bioadsorbent functional groups 
is zero. This pH value is called the pH of zero net charge 
or pHpzc. Below or above this pHpzc value, the net charge on 
the bioadsorbent becomes positive or negative, respectively. 
The functional groups exist at the bioadsorbent may become 
positive or negative charge depending on the pH value. 
These functional groups will be protonated and become pos-
itive when the pH values of the solution are less than pKa, 
and become negative when the pH of the solution is greater 
than pKa. Positively charged functional groups could attract 
the negatively charged ions present in the solution whereas 

deprotonated or negative functional groups will bind with the 
positive ions [34]. Consequently, the maximum bioadsorption 
is expected to take place at pH values greater than pHpzc [65].

7. Adsorption models

The behaviour of a bioadsorption process can be 
described by using suitable mathematical models. These 
models are necessary for process scale up and optimization 
studies. There are several kinetic models that have been 
used in previous researches to express metal ion bioadsorp-
tion processes. The models can be divided into three types: 
kinetic, equilibrium and diffusion models [41].

7.1. Adsorption kinetic models

There are several adsorption kinetic models that describe 
the bioadsorption of heavy metal ions. Table 6 shows a list 
of kinetic models that can describe the bioadsorption pro-
cesses of heavy metal ions by bioadsorbents. As shown 
in Table 6, these models include zero-order, first-order, 
pseudo-first-order, second-order, pseudo-second-order, 
first-order reversible reaction models and others [85].

The most used kinetic models in the case of heavy metal 
ions are second-order, pseudo-second-order and Elovich 
models.

Currently, the linear regression is being often used to inves-
tigate the most suitable kinetic model. The so-called linear least 
squares method has also been practiced with the linearization 
of the kinetic rate equation to fit the experimental results by 
using coefficients of determination. In this method, as the deter-
mination coefficient, R2, value approaches unity this indicates a 
good fit. In addition, this method is also used to estimate model 
parameters. However, some researchers have also utilized a 
non-linear optimization modelling because the linearization of 
the model equations could affect the error variance and nor-
mality assumptions of the standard least squares [94].

Generally, adsorption kinetic experiments are basically 
performed to investigate the effect of various parameters on 
the reaction rates to calculate the time required to achieve equi-
librium during the bioadsorption process [47]. In addition, 
chemical kinetic models can explain the reaction pathways to 
describe the efficiency of the adsorbents [18]. Moreover, bio-
adsorption kinetics usually depends on the physicochemical 
properties of the bioadsorbent used in a particular study [41].

Some of the most popular models that have been applied 
in metal ion bioadsorption will be discussed below. One of 
the most common models is the pseudo-first-order model 
which has been developed by Lagergren [95]. This model has 
been used in adsorption processes to describe the uptake of 
an adsorbate such as metal ions from aqueous solutions by 
an adsorbent [7]. It is based on the solid adsorption capacity 
[63]. The pseudo-first-order model can be described as:

− = −
dq
dt

k q qt
s e t1( )  (12)

where qe and qt are the equilibrium adsorption capacities of 
an adsorbent and that capacity at any time t, respectively, 
ks1 (min–1) is the first-order rate constant of this adsorption 
model [6,41,88].
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Eq. (12) can be integrated with the boundary conditions 
for and qt = 0 at t = 0 and qt = qt at t = t to give:

q
q q

ee

e t

k ts

−
= 1  (13)

The linear form of Eq. (13) is expressed as:

ln( ) lnq q q k te t e s− = − 1  (14)

If a plot of ln(qe – qt) vs. t gives a straight line, this will 
confirm the applicability of this empirical model. The values 
of qe and ks1 can be obtained from the values of the intercept 
and that of the slope of the straight line, respectively [6].

The pseudo-second-order kinetic model assumes the 
presence of chemisorption that involves electrons exchange 
between the –OH or the ligand groups and the metal ions 
[63] as described by Eqs. (7)–(9). The differential form of this 
model can be described as [48]:

− = −
dq
dt

k q qt
e t2

2( )  (15)

where k2 (g mg–1 s–1) is the model rate constant. By integrat-
ing Eq. (15) after separating the variables with the boundary 
conditions of qt = 0 at t = 0 and qt = qt at t = t to give Eq. (16) 
or Eq. (17):

1 1
2( )q q q
k t

e t e−
= +  (16)

1 1 1

2
2q k q q

t
t e e

= +  (17)

For Eq. (16), a plot of 1/(qe – qt) vs. t could give a straight 
line of a slope of 1/qe and intercept of k2. On the other hand, 
for Eq. (17), a plot of 1/qt against t will give a straight line with   
1/k2qe

2 as an intercept and a slope of 1/qe. In both cases qe can 
be estimated and compared with the experiment data.

Table 6
A list of rate kinetics equations for the bioadsorption of heavy metal ions by bioadsorbents

Kinetics Rate equation Integral equation Reference

Zero-order
− =
d A
dt

k[ ] [ ] [ ]A A kto= − [A] vs. t [23]

First-order
− =
d A
dt

k A[ ] [ ] ln[ ] ln[ ]A A kto= − ln[A] vs. t [86]

Second-order
− =
d A
dt

k A[ ] [ ]2 1 1
[ ] [ ]A A

kt
o

= +
1/[A] vs. t [86]

nth-order 
− =
d A
dt

k A n[ ] [ ] 1 1 11 1[ ] [ ]
( )

A A
n ktn

o
n− −

− = −
1/[A]n–1 vs. t [86]

Pseudo-first-order
− = −
dq
dt

k q qt
s e t1( ) log( ) log

.
q q q

k
te t e

s− = − 1

2 303
log( )q qe t− vs. t [87] 

Reversible first-order 
model

dC
dt

k C k X= − −1 1 −
−
−












=ln

( )
( )

C C
C C

kte

o e

ln
( )
( )

C C
C C

e

o e

−
−













vs. t
[88]

Pseudo-second-order
− = −
dq
dt

k q qt
e t2

2( )
1 1

2( )q q q
k t

e t e−
= +

1
( )q qe t−

 vs. t
[87] 

Elovich model dq
dt

ae q= −α q t
a a

= +








 −

1 1 1 1
α α α α
ln ln q vs. ln t

a
+











1
α

 
[89]

Ritchie’s model d
dt

nθ
α θ= −( )1 1

1
1 11( )

( )
−

= − +
−θ

αn n t
q

q q
∞

∞ −
 vs. t

[90]

Sobkowsk and 
Czerwiński 

d
dt

k nθ
θ= −( )1 θ

θ1 2−
= k t , when n = 2 θ

θ1−
 vs. t

[91]

Blanchard et al. 
− = −
dn
dt

k n no[ ]2 1
n n

kt
o −

− =α
1

n no −
 vs. t

[92]

Ho 
− = −
dq
dt

k q qt
e t( )2 1 1 1

2q kq q
t

t e e

= +
1
qt

 vs. t
[93]
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Elovich’s model was formulated based on the adsorp-
tion capacity in a chemisorption process. Zeldowitsch [89] 
reported that the adsorption rate decreased exponentially as 
the amount of adsorbed gas increased, q. This model known 
as the Elovich’s model can be expressed as:

dq
dt

ae q= −α  (18)

where a is the desorption constant and α is the initial adsorp-
tion rate. Integration of Eq. (18) will give:

q t
a a

= + −
1 1 1 1
α α α α
ln( ) ln  (19)

Eq. (19) was simplified by Chien and Clayton [96] who 
assumed that aαt >> 1 and applied the boundary conditions 
of q = 0 at t = 0 and q = q at t = t to give:

q a t= +α α αln( ) ln  (20)

Therefore, a and α can be calculated from the intercept 
and the slope of the linear plots of q against ln(t).

The second-order model of Ritchie [90] was developed 
to express the adsorption process of gaseous systems. In this 
model, θ was assumed as the fraction of occupied surface 
sites by an adsorbed gas, n is the number of occupied surface 
sites by the adsorbent and α is a rate constant. The adsorption 
process was assumed to completely depend on the unoccu-
pied fraction of sites at time t, then the differential form of the 
model can be described by Eq. (18) [56]:

d
dt

nθ
α θ= −( )1  (21)

Integrating Eq. (21) will give Eq. (22) or Eq. (23):

1
1

1 11( )
( )

−
= − + ≠

−θ
αn n t n for 1  and  (22)

θ α= − −1 e t   for n = 1  (23)

Usually, θ = 0 at t = 0. If q, or the adsorption capacity is 
introduced instead of θ.

Eqs. (22) and (23) will become as Eqs. (24) and (25), 
respectively:

q
q q

n t∞

∞ −
= − +

( )
( )1 1α  (24)

q q e t= −∞
−( )1 α  (25)

where q∞ is the amount adsorbate adsorbed after infinite 
time. For Eq. (24), a plot of q∞/(q∞ – q) vs. t will generate a 
straight line with (n – 1)α as the slope. On the other hand, for 
Eq. (25), a plot of ln(q/q∞) vs. t will give a straight line with α 
as a slope and an intercept of zero.

7.2. Adsorption isotherm models

Adsorption isotherm models are being applied to predict 
the capacity of adsorbents [3,80]. In addition, these isotherm 
models are being used to further explore the adsorption 
mechanism [73]. These isotherm models describe an adsor-
bent capacity and the equilibrium between the adsorbate 
loaded on the adsorbent and the adsorbate still in the solution 
at certain temperature [5]. For this reason, isotherm models 
are important to optimize the quantity of the used adsorbent 
[15]. Many isotherm models are being used to investigate the 
adsorbate distribution between the solution and the adsor-
bent. These models include Freundlich, Langmuir, Temkin, 
Redlich–Peterson, Dubinin–Radushkevich (D–R) [5], BET, 
Koble–Corrigan, Toth isotherm models and others as 
shown in Table 7 [41]. Among these models, Freundlich and 
Langmuir isotherms are the most popular models [10,79].

The first model Freundlich model which usually used to 
describe the bioadsorption of an adsorbate ions onto solid 
bioadsorbent. In this model, it is assumed that the solid sur-
face is heterogeneous and non-equivalent binding sites. The 
general Freundlich model can be defined by:

q K Ce F e
n=

1
 (26)

where Ce is the metal ion concentration at equilibrium 
(mg L–1), KF is Freundlich constants relating to the bioad-
sorption capacity and n is a measure of the bioadsorption 
intensity and how favourable is the adsorption process. In 
addition, n which varies with the heterogeneity of the adsor-
bent [52]. Freundlich isotherm also states that the adsorp-
tion energy is exponentially decreased on completion of the 
adsorption sites of the adsorbent used [30]. The non-linear 
form of Freundlich model is:

q K Ce F e
n=
1

 (27)

A plot of lnqe against lnCe gives a straight line with 1/n as the 
slope and lnKF as the intercept, respectively [10,97] (Fig. 5). The 
value of KF determines the degree or strength of adsorption. 
Large KF values indicate maximal adsorption and vice versa as 
shown in Fig. 5. On the other hand, 1/n is a heterogeneity factor 
which could indicate the adsorption intensity. If the values of 
n > 1, this indicates favourable adsorption conditions.

In contrast to Freundlich model, the Langmuir model 
assumes that the adsorption active sites are evenly distrib-
uted on the adsorbent surface. This finite distribution leads 
to a monolayer formation of the adsorbate ions on the adsor-
bent surface. The general Langmuir model can be defined as:

q
q K C
K Ce

m a e

a e( )1+
 (28)

where qmax is the maximum adsorption capacity at certain 
conditions, mg g–1, Ka is the Langmuir model constant, L mg–1 
[52]. In addition, Ka is also equal to the ratio of adsorption/
desorption rates [41]. Linearization of Eq. (28) gives:

C
q K q

C
q

e

e a m

e

m

= +
1

 (29)
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Table 7
List of bioadsorption isotherms, equations, linearized form and constants significance

Isotherm model Equation Linearized form Constants Reference

Two parameters isotherm models
Freundlich q K Ce F e

n=
1

log log logq K n Ce F e= + 1 KF and n: constants 
that determine the 
isotherm curvature and 
steepness

[100]

Langmuir 
q
q K C
K Ce

m a e

a e( )1+
C
q q K

C
q

e

e m a

e

m

= +
1 Ka and qm (mg g–1) are 

Langmuir constant and 
adsorption capacity

[101]

Langmuir constant
K

K Ca
a o

=
+

1
1( )

Ka indicates the 
adsorption type:
Ka = 0, irreversible, 
Ka = 1, linear
0 < Ka < 1, favourable 
Ka > 1, unfavourable

[102]

Dubinin–Radushkevich
q q

Ce
e

= − +


































max exp lnβ RT 1 1

2

ln ln lnmaxq q RT
Ce
e

= − +






















β 1 1
2 qD isotherm constant β 

is related to free energy 
of adsorption

[103]

BET model
q

q BC

C C B
C
C

e
e

e e
e

s

=

− + −










max

( ) ( )1 1

C
C C q Bq

B C
Bq C

e

s e e

e

s( )
( )

max max−
= +

−1 1 Cs is the adsorbate 
saturation 
concentration, B is a 
constant related to the 
interaction energy

[41]

Flory–Huggins Θ
Θ

C
K

o

n= −FH( )1 log log log( )Θ
Θ

C
K n

o

= + −FH 1
Θ degree of surface 
coverage, n number 
ions occupying 
sorption site, KFH 
equilibrium constant 

[104]

Temkin q K Ce T e
b= ln ln lnq K b Ce T e= + KT adsorption 

equilibrium constant, 
b relates to the heat of 
adsorption 

[105]

Frumkin
β

θ
θ

θX a=
−

−
1

2exp( ) log log
. .

θ
θ

β θ
1 55 55

2
2 303−









 =









 +C a Θ = M/Mad, 

β = exp[ΔGad/RT)
[106]

Three parameters isotherm models
Redlich–Peterson

q
AC
BCe
e

e
g=

+1
ln ln lnA

C
q

g C Be

e
e− = +1

A, B and g are constants [107]

Langmuir–Freundlich 
(Sips) q

bq C
bCe
m e

n

e
n=

+

1

11

/

/

1 1
q

C
bq qe

e
n

m m

= +
b constant [108]

Radke–Prausnitz
q

K C
K F C

Ke
e

N=
+ −

RP

RP RP1 1( / ) RP

Solved by a non-linear statistical 
method

KRP , FRP and NRP are the 
model parameters

[109]

Khan
q

q b C
b Ce
k k e

k e
ak

=
+( )1

Non-linear optimization method qk, bk (L mg–1) and ak 
represent the model 
parameters

[110]

Toth
q

q b C
bCe
t t e

t e
t t=

+( ) /1 1

Non-linear optimization method qt, bt (L mg–1) and t 
represent the model 
parameters

[110]



351Z. Al-Qodah et al. / Desalination and Water Treatment 85 (2017) 339–357

A plot of Ce/qe against Ce gives a straight line with 1/qmax 
and 1/Kaqmax values are the slope and an intercept, respectively 
[35,97] (Fig. 6). If the qmax values increase as the temperature 
increases this indicates that the adsorption process is favour-
able and endothermic in nature. An opposite behaviour indi-
cates that the adsorption process is exothermic [15].

The applicability of both Freundlich and Langmuir and 
isotherms models have been found to be limited to batch 
adsorption processes. Batch processes permits sufficient 
contact time to achieve equilibrium between the adsorbate 
and the adsorbent [3]. As mentioned above, Langmuir iso-
therm model, as the most popular model of all non-linear 
isotherms, assumes that the adsorbent is structurally homog-
enous and the available adsorption sites are energetically 
identical or equivalent. Accordingly, the adsorption capacity 
of the adsorbent is finite from an adsorbate at certain condi-
tions [33]. The entire process involves the same mechanism, 
in which it has the same structure of the complete sorbent 
complex, the same affinity for sorbent sites and there is no 
interaction or competition between the adsorbed solutes and 
the process occurs is reversible [98].

Freundlich isotherm model is commonly regarded as an 
empirical model [98]. It assumed that the adsorbents have het-
erogeneous surface in which the heat of adsorption involves 
a non-uniform distribution. The total amount of the adsorbed 
material equals the sum of all adsorbed particles in all sites. 
The model also can represent the reversible adsorption pro-
cesses and not restricted to the case of monolayer formation 
[33]. The Langmuir isotherm model is more successfully used 
in comparison with Freundlich isotherm model, indicating 
that most metal ions are adsorbed in monolayer fashion [5].

Both Langmuir and Freundlich equations can be com-
bined altogether to form [41]:

q
bq C
bCe
m e

n

e
n=

+

1

11

/

/  (30)

This form of the model assumes a homogenous surface 
of the adsorbent and the adsorption process is a cooper-
ative process due to the interaction between the adsorbate 
constituents.

In addition, there is an essential feature of Langmuir 
model that it could be expressed in terms of dimensionless 
equilibrium or separation factor, RL, as expressed [99]:

R
bCL

o

=
+ +

1
1 1( )

 (31)

where b and C0 are the Langmuir constant and the initial con-
centration of the metal ion (mg L–1), respectively. The RL value 
could give an idea about the shape and the isotherm type and 
feasibility as well. The possible values of RL are: RL > 1, RL = 1, 
RL = 0 and 0 > RL > 1 which corresponds to unfavourable, lin-
ear, irreversible and favourable adsorption, respectively. A 
plot of RL vs. C0 could show the isotherm type [5,34,49]. The RL 
values also could indicate the order of selectivity or the pref-
erence order for bioadsorption process of several metal ions 
by a bioadsorbent. This information is very useful to design 
the experimental procedure for multimetal ion systems.

The chemical or physical nature of bioadsorption process 
can be investigated by calculating the mean value of the bio-
adsorption free energy, E, shown as:

E =
1

2 1 2( ) /β
 (32)

where β is a coefficient related to the mean value of the 
adsorption free energy (mol2 J–1) and can be estimated using 
Dubinin–Radushkevich (D–R) model, as:

q qe = −max exp( )βε2  (33)

where ε is called as Polanyi potential (J mol–1) which can be 
expressed as:

ε = +RT
Ce

ln( )1 1  (34)

The linearized form of D–R model is shown as:

ln ln lnmaxq q RT
Ce
e

= − +






















β 1 1
2

 (35)

Fig. 5. Linearized Freundlich isotherm model representing the 
variation of ln(qe) vs. ln(Ce) for adsorption of metal ions onto 
Activated Teff Straw (adapted from Desta [97] with permission 
from the publisher).

Fig. 6. Linearized Langmuir isotherm model representing 
the variation of Ce/qe vs. the equilibrium concentration, Ce, for 
adsorption of metal ions onto activated Teff Straw (adapted from 
Desta [97] with permission from the publisher).
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The slope of the plot of lnqe vs. ε2 will give the β value.
Therefore, the nature of adsorption could be determined 

using the value of E. A physical adsorption process occurs 
when E < 8 kJ mol–1. Chemical adsorption or chemisorption 
occurs for 8 < E < 16 kJ mol–1. Therefore, it is very useful to 
comprehend the bioadsorption mechanism [11,35].

The Brunauer, Emmett and Teller model or BET equation 
has also been used. This model is an extension of Langmuir 
isotherm model to represent a multilayer adsorption iso-
therm at the surface of the adsorbent. The BET model states 
that the Langmuir equation is applicable for each layer and a 
next layer can be formed before the completion of the previ-
ous one. The model can be described as [41]:

q
q BC

C C B C
C

e
e

e e
e

s

=

− + −










max

( ) ( )1 1
 (36)

where Cs is the adsorbate saturation concentration and B 
is a constant related to the interaction energy between the 
adsorbate and the surface. The other symbols have been pre-
viously described. The linearized form of the BET equation 
is expressed by:

C
C C q Bq

B C
Bq C

e

s e e

e

s( )
( )

max max−
= +

−1 1
 (37)

A plot of Ce/[(Cs – Ce)qe] vs. Ce will yield a straight line 
with (B – 1)/[BqmaxCs] as a slope and 1/[Bqmax] as an intercept.

Table 7 shows some more isotherm models such as 
Redlich–Peterson model can be applied in both systems of 
homogenous and heterogenous due to its high versatility, 
Radke–Prausnitz, Khan, Temkin and Toth models. These 
models are not common and used for special applications.

7.3. Adsorption diffusion models

In liquid–solid systems, diffusion usually occurs before 
the adsorption step. The diffusion process involves two 
subsequent steps including liquid phase mass transfer, film 
diffusion, intraparticle diffusion [111]. Xu et al. [112] used a 
macroscopic schematic illustration for these diffusion models 
as shown in Fig. 7. Accordingly, in the case of good mixing, 
the bioadsorption process could be classified as either film 
diffusion or particle diffusion controlled process. The slower 
step becomes the rate-determining step of the adsorption 
process. The adsorption intraparticle diffusion models that 
have been used to describe different adsorption or bioad-
sorption processes as listed in Table 8.

Weber and Morris [113] found that the adsorbate 
removal from aqueous solution by an adsorbent usually 
proportional to square route of the adsorption time, t0.5 as 
expressed by [114]:

q K tt = id( )
.0 5

 (38)

where qt is the quantity of metal ion adsorbed, t is the pro-
cess time and kid is the intraparticle diffusion coefficient. The 
linear form of Eq. (38) is:

log log . logq K tt = +id 0 5  (39)

A plot of log(qt) vs. 0.5log(t) could produce a straight 
line that goes through the origin if the intraparticle diffusion 
step is the sole rate-determining step. The positive intercept 
equals the log of intraparticle diffusion coefficient, kid. The 
value of kid is proportional to the rate of adsorption, which 
means the higher the kid value indicates the higher is the bio-
adsorption rate.

Another intraparticle diffusion model was developed 
by McKay and Poots [115]. They applied this model to 
describe the mechanism of an adsorption process when 
they observed that the fraction of adsorbate adsorbed was 

Fig. 7. Macroscopic schematic illustration of basic diffusion and 
adsorption steps inside the pore. (a) Surface diffusion. (b) Pore 
diffusion. (c) Pore diffusion with significant Knudsen diffusion. 
(d) Combination of intrapellet diffusion and adsorption: 1, pore 
diffusion; 2, surface diffusion; 3, adsorption; and 4, desorption 
(adapted from Xu et al. [112] with permission from the publisher).
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related to the square root of time, t0.5. Accordingly, McKay 
and Poots equation can be given as:

q X K tt i= + 1 0 5

( )
.

 (40)

where Xi is the diffusion effects of the boundary layer and 
K1 is the intraparticle diffusion rate constant, mg g–1 min–0.5.

If the data fit McKay and Poots equation shown from 
Eq. (40), a plot of qt, the amount adsorbed at any time t, vs. 
t0.5 will give a straight line. This will confirm the intraparticle 
diffusion adsorption. The slope of the linear part of the plot 
gives K1, mg g–1 min–0.5, and the intercept is Xi which is pro-
portional to the thickness of the boundary layer. The initial 
curved part of the plot is referred to external film resistance.

Dumwald–Wagner proposed another intraparticle diffu-
sion model as [116]:

F
q
q n

n Ktt

e

= = − −∑1 6 1
2 2

2

π
exp( )  (41)

where K, min–1, is the rate constant of adsorption. Eq. (41) can 
be simplified as:

log( )
.

1
2 303

2− = −F K t  (42)

A plot of log(1 − F2) vs. t will give a straight line and 
the rate constant K can be obtained from the slope. It was 
shown that Dumwald–Wagner model is satisfactory to model 
different adsorption processes such as the adsorption of 
p-toluidine from aqueous solutions using hyper crosslinked 
polymeric adsorbents.

8. Effect of some parameters on the kinetics of the 
bioadsorption process

8.1. Effect of pH

As mentioned above and shown in Eq. (8), pH of the 
adsorption medium affects the adsorbent surface charge and 
the degree of ionization of the functional groups. Accordingly, 
pH affects the mechanism, kinetics and equilibrium condi-
tions of the adsorption process. The effect of the pH on the 
equilibrium state of the adsorption process can be expressed 
by the following simplified equation [117]:

pH AH
A

= −
+

−
pka log [ ]

[ ]
 (43)

where ka is the acid hydrolysis constant.
However, this equation does not show the direct effect of 

pH on the adsorption capacity, qe. For this reason, Esposito and 
Reverberi [118] proposed the following several semi-empirical 
equations which were used to fit bioadsorption experimental 
data for copper into four different bioadsorbents:
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where α1, α2, α3, α4 and α5 are constants.
It is clear that the above four equations are built based 

on considering Langmuir isotherm model as a reference iso-
therm and the effect of pH appeared in the two Langmuir 
isotherm parameters, the maximum adsorption capacity, 
qmax and Ks. Actually, if the pH value is kept constant, the 
above semi-empirical models reduce to the simple Langmuir 
isotherm.

Vilar et al. [84] used what they called the discrete model 
to describe the effect of pH on the bioadsorption of copper 
by algal biomass. They assumed two assumptions: the basic 
mechanism of the bioadsorption process includes two steps 
which are complexation and ion-exchange and in the range 
of pH values used there will be only one predominant active 
sites. Accordingly, they assumed the following reversible 
reactions:

L H LH K
q

Q q q Cs s H
H

H M H

+ ⇔ =
− −

+
aq ( )max

 (48)

L M LM K
q

Q q q Cs s M
M

H M M

+ ⇔ =
− −aq ( )max

 (49)

Table 8
List of rate kinetics equations for the biosorption of heavy metal ions by bioasdsorbents

Name Rate equation Integral equation Reference

Weber and Morris R K t a= id( ) log log logR K a t= +id
log R vs. log t [113]

Mckay and Poots q X K tt i= + 1 1 2/ q X K tt i= + 1 1 2/ qt vs. t1/2 [115]

Dumwald–Wagner 
model log( )

.
1

2 303
2− = −F K t log( )

.
1

2 303
2− = −F K t log( )1 2− F  vs. t [45]

Elovich dq
dt

q tt
t= −α β( ) q tt = +

1 1
β

αβ
β

ln( ) ln
qt vs. ln t [3]
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where L stands for an active functional group, KH, L mmol–1 
and KM, L mmol–1 are the hydrogen ion and the metal equi-
librium constants, respectively. If Eq. (49) is solved for qH and 
substituted into Eq. (48), an equation relating the adsorption 
capacity, qM and the equilibrium hydrogen ion CH and the 
equilibrium metal CM as expressed by:

q
Q K C
K C K CM

M M

H H M M

=
+ +

max

1
 (50)

It is clear from Eq. (50) that hydrogen ion concentration 
appears in the model equation for the adsorption capacity of 
the metal by a bioadsorbent.

Recently, Al-Shannag et al. [17] studied the effect of pH 
on Cd(II) adsorption onto Ballota undulata bioadsorbent at 
various aqueous solutions with different initial concentra-
tions. With solution volume of V = 200 mL, adsorbent dose of 
m = 100 mg, adsorbent particle size of Dp = 297 mm and contact 
time of t = 2 h, it is found that that the optimum pH value was 
6 at which the corresponding mean removal efficiencies were 
33.3%, 20.8% and 14.9% for initial Cd(II) concentration of 150, 
250 and 350 ppm, respectively (Fig. 8).

8.2. Effect of temperature

Temperature is an important parameter in the bioadsorp-
tion process of metal ions. The medium temperature affects 
the process thermodynamics via its effect on the kinetic 
energy of the adsorbate ions. Consequently, a change in the 
adsorption medium temperature will change the adsorbed 
quantity of the adsorbate by the biomass. Usually, any change 
in temperature will cause changes in some thermodynamic 
parameters such as Gibbs free energy of activation, ΔG°, 
enthalpy of activation, ΔH°, and entropy of activation, ΔS°, 
which are important in elucidating the adsorption process 
[48]. For example, ΔG° explains the possibility and feasibility 
of the adsorption process. If ΔG° of a process has a negative 
value this indicates that the process is spontaneous and fea-
sible. If ΔG° decreases as the temperature increases this indi-
cates that the adsorption capacity will increase. The route of 

the energy is shown by ΔH° in which the positive and the 
negative values indicate the process is endothermic and exo-
thermic, respectively. On the other hand, negative ΔS° means 
that the metal ions were stable when they adsorbed on the 
active sites.

The thermodynamic parameters for the bioadsorption 
process can be expressed by the following equations [119]:

lnK S
R

H
RTd = −

∆ ∆ο ο

 (51)

where R is the gas constant, T is the absolute medium tem-
perature, Kd is the distribution coefficient given by:

K
C
Cd
Ae

e

=  (52)

where CAe, mg L–1, is the amount of Cu2+ ions adsorbed on 
algae at equilibrium and Ce, mg L–1, is Cu2+ ions equilibrium 
concentration. A plot of lnKd vs. 1/T will give a straight line of 
a slope equal –DH°/R, and an intercept of DS°/R. On the other 
hand, DG° can be estimated using:

∆G RT Kd
ο = − ln  (53)

On the other hand, Al-Shannag et al. [17] performed 
adsorption isotherm experiments for the removal of 
cadmium ions, Cd(II), from aqueous solutions using 
B. undulata at different operating temperatures (20°C, 30°C, 
40°C and 50°C). Fig. 9 shows their results under the following 
operating condition: solution volume, V = 200 mL, adsorbent 
dose, m = 100 mg, adsorbent particle size, Dp = 297 mm, contact 
time of t = 2 h and pH = 6. It is found that the optimum val-
ues of all temperature were considered. They found that the 
loading capacity, qe, increases significantly at relatively low 
equilibrium concentration, Ce, followed by a slight increase 
at Ce level to reach asymptotic value (Fig. 9). At the same 
equilibrium concentrations, Fig. 9 shows that the loading 
capacity of B. undulata slightly increases with increasing 
temperature. For example, as the temperature increases from 
20°C to 50°C, qe, increases by about 20%.

9. Conclusions

In this article, models and some parameters affecting the 
biosorption process of heavy metal ions from wastewater is 
reviewed. It is clear that this treatment technology has been 
developed to be one of the promising treatment methods 
for heavy metals ions. This development was in the applica-
tion of many new effective bioadsorbents, investigating new 
modification procedures of the bioadsorbents to enhance 
their adsorption capacity and in the reduction of the bioad-
sorption costs and feasibility. In addition, a remarkable prog-
ress has been achieved in understanding the mechanism of 
the bioadsorption process and in developing suitable math-
ematic models to fit their equilibrium, kinetic and diffusion 
experimental data. However, there should be more research 
to clarify the mechanisms in different operational conditions 
and different surface functional groups.

This review indicates that the researches on bioadsorption 
and the use of low-cost by adsorbents are still in the laboratory 
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Fig. 8. Effect of pH on the removal of Cd(II) heavy metal ions 
onto Ballota undulata from aqueous solutions by batch adsorp-
tion at different initial concentrations. V = 200 mL, m = 100 mg, 
Dp = 297 mm and t = 2 h (adapted from Al-Shannag et al. [17]).
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scale. Scaling up of this technology to a pilot plant or indus-
trial scale levels is a vital step to examine the applicability of 
this technology from one side and to test its sustainability 
from the other side. It is very crucial to develop sustainable 
technologies with very limited and recyclable wastes. In other 
words, any treatment method for heavy metal ions should 
consider an easy and feasible method for the metal regenera-
tion. Otherwise, scaling up of processes that do not fulfil this 
criterion will be impossible. Moreover, most bioadsorption 
researches consider a single ion or multicomponent ions in 
synthetic wastewater and not a real wastewater. It should be 
pointed out that real wastewater unlike laboratory synthetic 
wastewater contain many pollutants other than heavy metal 
ions. For this reason, most of the results will be limited unless 
it is verified by results obtained by using real wastewater. 
This will encourage the search to develop some low-cost 
bioadsorbents characterized by the presence of powerful 
but non-selective function groups that are able to remove all 
pollutants existing in the wastewater. Otherwise, multistage 
adsorption process could be applied to remove different pol-
lutants using several adsorbents in subsequent steps.

References
[1] Z. Al-Qodah, Biosorption of heavy metal ions from aqueous 

solutions by activated sludge, Desalination, 196 (2006) 164–176.
[2] A. Abia, E. Asuquo, Lead (II) and nickel (II) adsorption kinetics 

from aqueous metal solutions using chemically modified and 
unmodified agricultural adsorbents, Afr. J. Biotechnol., 5 (2006) 
1475–1482.

[3] E. Malkoc, Y. Nuhoglu, Removal of Ni(II) ions from aqueous 
solutions using waste of tea factory: adsorption on a fixed-bed 
column, J. Hazard. Mater., 135 (2006) 328–336.

[4] A. Demirbas, Heavy metal adsorption onto agro-based waste 
materials: a review, J. Hazard. Mater., 157 (2008) 220–229.

[5] A. Bhatnagar, V.J. Vilar, C.M. Botelho, R.A. Boaventura, 
Coconut-based biosorbents for water treatment—a review of 
the recent literature, Adv. Colloid Interface Sci., 160 (2010) 1–15.

[6] U. Farooq, J.A. Kozinski, M.A. Khan, M. Athar, Biosorption of 
heavy metal ions using wheat based biosorbents–a review of 
the recent literature, Bioresour. Technol., 101 (2010) 5043–5053.

[7] R.B. Garcia-Reyes, J.R. Rangel-Mendez, Adsorption kinetics 
of chromium(III) ions on agro-waste materials, Bioresour. 
Technol., 101 (2010) 8099–8108.

[8] N. Abdel-Ghani, A.K. Hegazy, G. El-Chaghaby, E.C. Lima, 
Factorial experimental design for biosorption of iron and zinc 
using Typha domingensis phytomass, Desalination, 249 (2009) 
343–347.

[9] G.-R.R. Bernardo, R.-M.J. Rene, Chromium (III) uptake by 
agro-waste biosorbents: chemical characterization, sorption–
desorption studies, and mechanism, J. Hazard. Mater., 170 
(2009) 845–854.

[10] K. Kelly-Vargas, M. Cerro-Lopez, S. Reyna-Tellez, E.R. Bandala, 
J.L. Sanchez-Salas, Biosorption of heavy metals in polluted 
water, using different waste fruit cortex, Phys. Chem. Earth, 
Parts A/B/C, 37 (2012) 26–29.

[11] H. Hussein, S.F. Ibrahim, K. Kandeel, H. Moawad, Biosorption 
of heavy metals from waste water using Pseudomonas sp., 
Electron. J. Biotechnol., 7 (2004) 30–37.

[12] A. Sarı, M. Tuzen, Biosorption of As(III) and As(V) from 
aqueous solution by macrofungus (Inonotus hispidus) biomass: 
equilibrium and kinetic studies, J. Hazard. Mater., 164 (2009) 
1372–1378.

[13] N. Ahmad Khan, S. Ibrahim, P. Subramaniam, Elimination of 
heavy metals from wastewater using agricultural wastes as 
adsorbents, Malaysian J. Sci., 23 (2004) 43–51.

[14] E. Pehlivan, T. Altun, S. Parlayıcı, Utilization of barley straws as 
biosorbents for Cu2+ and Pb2+ ions, J. Hazard. Mater., 164 (2009) 
982–986.

[15] F.d.J. Cerino-Córdova, A. García-León, E. Soto-Regalado, M. 
Sánchez-González, T. Lozano-Ramírez, B. García-Avalos, J. 
Loredo-Medrano, Experimental design for the optimization of 
copper biosorption from aqueous solution by Aspergillus terreus, 
J. Environ. Manage., 95 (2012) S77–S82.

[16] J. Egila, B. Dauda, Y. Iyaka, T. Jimoh, Agricultural waste as a low 
cost adsorbent for heavy metal removal from wastewater, Int. J. 
Phys. Sci., 6 (2011) 2152–2157.

[17] M. Al-Shannag, Z. Al-Qodah, M. Nawasreh, Z. Al-Hamamreh, 
K. Bani-Melhemd, M. Alkasrawi, On the performance of Ballota 
undulata biomass for the removal of cadmium(II) ions from 
water, Desal. Wat. Treat., 67 (2017) 223–230.

[18] Z. Al-Qodah, M. Al-Shannag, E. Assirey, B. Mustafa, K. Bani-
Melhem, M. Al-Kasrawi, Impact of surface modification of 
green algal biomass by phosphorylation on the removal of 
copper (II) ions from water, Turk. J. Chem., 41 (2017) 190–208.

[19] F. Granados-Correa, J. Serrano-Gómez, CrO4
2− ions adsorption 

by Fe-modified pozzolane, Sep. Sci. Technol., 44 (2009) 924–936.
[20] K. Singh, A. Singh, S. Hasan, Low cost bio-sorbent ‘wheat bran’ 

for the removal of cadmium from wastewater: kinetic and 
equilibrium studies, Bioresour. Technol., 97 (2006) 994–1001.

[21] G.M. Gadd, Metals, minerals and microbes: geomicrobiology 
and bioremediation, Microbiology, 156 (2010) 609–643.

[22] H.M. Zalloum, Z. Al-Qodah, M.S. Mubarak, Copper adsorption 
on chitosan-derived Schiff bases, J. Macromol. Sci., Part A, 46 
(2008) 46–57.

[23] J.N. Edokpayi, J.O. Odiyo, T.A. Msagati, E.O. Popoola, A novel 
approach for the removal of lead(II) ion from wastewater 
using mucilaginous leaves of Diceriocaryum eriocarpum plant, 
Sustainability, 7 (2015) 14026–14041.

[24] A. Öztürk, Removal of nickel from aqueous solution by the 
bacterium Bacillus thuringiensis, J. Hazard. Mater., 147 (2007) 
518–523.

[25] H. Singh, V. Rattan, Adsorption of nickel from aqueous solutions 
using low cost biowaste adsorbents, Water Qual. Res. J. Can., 46 
(2011) 239–249.

[26] A. Bhattacharya, S. Mandal, S. Das, Adsorption of Zn(II) from 
aqueous solution by using different adsorbents, Chem. Eng. J., 
123 (2006) 43–51.

[27] A.A. Syukor, S. Sulaiman, M.N.I. Siddique, A. Zularisam, M. 
Said, Integration of phytogreen for heavy metal removal from 
wastewater, J. Cleaner Prod., 112 (2016) 3124–3131.

[28] M. Zhao, Y. Xu, C. Zhang, H. Rong, G. Zeng, New trends in 
removing heavy metals from wastewater, Appl. Microbiol. 
Biotechnol., 100 (2016) 6509–6518.

[29] A. Sarı, M. Tuzen, Ö.D. Uluözlü, M. Soylak, Biosorption of 
Pb(II) and Ni(II) from aqueous solution by lichen (Cladonia 
furcata) biomass, Biochemical. Eng. J., 37 (2007) 151–158.

Ce (ppm)
0 100 200 300 400

q e
 (m

g/
g)

70

80

90

100

110

120

130

Measurements at 50 oC
Measurements at 40 oC
Measurements at 30 oC
Measurements at  20 oC
Langmuir isotherms

Fig. 9. Variation of equilibrium adsorption capacity with equi-
librium concentration for Cd(II) adsorption onto Ballota undulata 
at different temperatures. V = 200 mL, m = 100 mg, Dp = 297 mm, 
pH = 6 and t = 2 h (adapted from Al-Shannag et al. [17]).



Z. Al-Qodah et al. / Desalination and Water Treatment 85 (2017) 339–357356

[30] P. Miretzky, A.F. Cirelli, Cr(VI) and Cr(III) removal from 
aqueous solution by raw and modified lignocellulosic materials: 
a review, J. Hazard. Mater., 180 (2010) 1–19.

[31] M.A. Yahya, Z. Al-Qodah, C. Ngah, M.A. Hashim, Preparation 
and characterization of activated carbon from desiccated 
coconut residue by potassium hydroxide, Asian J. Chem., 27 
(2015) 2331–2336.

[32] E.W. Shin, R.M. Rowell, Cadmium ion sorption onto 
lignocellulosic biosorbent modified by sulfonation: the origin 
of sorption capacity improvement, Chemosphere, 60 (2005) 
1054–1061.

[33] H. Parab, M. Sudersanan, Engineering a lignocellulosic biosorbent 
– coir pith for removal of cesium from aqueous solutions: 
equilibrium and kinetic studies, Water Res., 44 (2010) 854–860.

[34] N. Kannan, T. Veemaraj, Batch adsorption dynamics and 
equilibrium studies for the removal of cadmium (II) ions from 
aqueous solution using jack fruit seed and commercial activated 
carbons – a comparative study, Electron. J. Environ. Agric. Food 
Chem., 9 (2010) 327–336.

[35] S. Hasan, P. Srivastava, M. Talat, Biosorption of Pb(II) from 
water using biomass of Aeromonas hydrophila: central composite 
design for optimization of process variables, J. Hazard. Mater., 
168 (2009) 1155–1162.

[36] H. Aljendeel, Removal of heavy metals using reverse osmosis, J. 
Eng., 17 (2011) 647–658.

[37] A. Fernando, S. Monteiro, F. Pinto, B. Mendes, Production 
of biosorbents from waste olive cake and its adsorption 
characteristics for Zn2+ ion, Sustainability, 1 (2009) 277–297.

[38] M. Al-Shannag, Z. Al-Qodah, K. Bani-Melhem, M.R. Qtaishat, 
M. Alkasrawi, Heavy metal ions removal from metal plating 
wastewater using electrocoagulation: kinetic study and process 
performance, Chem. Eng. J., 260 (2015) 749–756.

[39] Z. Al-Qodah, M. Al-Shannag, Heavy metal ions removal 
from wastewater using, electrocoagulation processes: a 
comprehensive review, Sep. Sci. Technol., (2017). DOI: 
10.1080/01496395.2017.1373677.

[40] R. Say, A. Denizli, M.Y. Arıca, Biosorption of cadmium(II), 
lead(II) and copper(II) with the filamentous fungus Phanerochaete 
chrysosporium, Bioresour. Technol., 76 (2001) 67–70.

[41] B. Saha, C. Orvig, Biosorbents for hexavalent chromium 
elimination from industrial and municipal effluents, Coord. 
Chem. Rev., 254 (2010) 2959–2972.

[42] J. Anwar, U. Shafique, Waheed-uz-Zaman, M. Salman, Z. 
Hussain, M. Saleem, N. Shahid, S. Mahboob, S. Ghafoor, M. 
Akram, Removal of chromium from water using pea waste – 
a green approach, Green Chem. Lett. Rev., 3 (2010) 239–243.

[43] T. Nguyen, H. Ngo, W. Guo, J. Zhang, S. Liang, Q. Yue, Q. Li, 
T. Nguyen, Applicability of agricultural waste and by-products 
for adsorptive removal of heavy metals from wastewater, 
Bioresour. Technol., 148 (2013) 574–585.

[44] M. Salman, M. Athar, U. Farooq, Biosorption of heavy metals 
from aqueous solutions using indigenous and modified 
lignocellulosic materials, Rev. Environ. Sci. Biotechnol., 14 
(2015) 211–228.

[45] J. Yang, Q. Wang, Q. Luo, Q. Wang, T. Wu, Biosorption behavior 
of heavy metals in bioleaching process of MSWI fly ash by 
Aspergillus niger, Biochem. Eng. J., 46 (2009) 294–299.

[46] A.P. Lim, A.Z. Aris, A review on economically adsorbents on 
heavy metals removal in water and wastewater, Rev. Environ. 
Sci. Biotechnol., 13 (2014) 163–181.

[47] A. Mittal, L. Kurup, J. Mittal, Freundlich and Langmuir 
adsorption isotherms and kinetics for the removal of Tartrazine 
from aqueous solutions using hen feathers, J. Hazard. Mater., 
146 (2007) 243–248.

[48] A. Ofomaja, E. Naidoo, S. Modise, Removal of copper(II) from 
aqueous solution by pine and base modified pine cone powder 
as biosorbent, J. Hazard. Mater., 168 (2009) 909–917.

[49] M.A. Ashraf, K. Mahmood, A. Wajid, M.J. Maah, I. Yusoff, 
Study of Low Cost Biosorbent for Biosorption of Heavy 
Metals, Proceedings of the International Conference on Food 
Engineering and Biotechnology, IPCBEE, 2011, pp. 60–68.

[50] S.Z. Ali, M. Athar, M. Salman, M.I. Din, Simultaneous removal of 
Pb(II), Cd(II) and Cu(II) from aqueous solutions by adsorption 

on Triticum aestivum—a green approach, Hydrol. Curr. Res., 2 
(2011) 1–8.

[51] K. Chojnacka, Biosorption and bioaccumulation – the prospects 
for practical applications, Environ. Int., 36 (2010) 299–307.

[52] J. Wang, C. Chen, Biosorbents for heavy metals removal and 
their future, Biotechnol. Adv., 27 (2009) 195–226.

[53] I. Uzun, F. Güzel, Adsorption of some heavy metal ions from 
aqueous solution by activated carbon and comparison of 
percent adsorption results of activated carbon with those of 
some other adsorbents, Turk. J. Chem., 24 (2000) 291–298.

[54] O.O. Abdulrasaq, O.G. Basiru, Removal of copper (II), iron 
(III) and lead (II) ions from mono-component simulated waste 
effluent by adsorption on coconut husk, Afr. J. Environ. Sci. 
Technol., 4 (2010) 382–387.

[55] T. Ideriah, O. David, D. Ogbonna, Removal of heavy metal 
ions in aqueous solutions using palm fruit fibre as adsorbent, J. 
Environ. Chem. Ecotoxicol., 4 (2012) 82–90.

[56] N. Farinella, G. Matos, E. Lehmann, M. Arruda, Grape bagasse 
as an alternative natural adsorbent of cadmium and lead for 
effluent treatment, J. Hazard. Mater., 154 (2008) 1007–1012.

[57] V. Murphy, H. Hughes, P. McLoughlin, Comparative study 
of chromium biosorption by red, green and brown seaweed 
biomass, Chemosphere, 70 (2008) 1128–1134.

[58] A. Yipmantin, H.J. Maldonado, M. Ly, J.M. Taulemesse, E. 
Guibal, Pb(II) and Cd(II) biosorption on Chondracanthus 
chamissoi (a red alga), J. Hazard. Mater., 185 (2011) 922–929.

[59] A. Javaid, R. Bajwa, U. Shafique, J. Anwar, Removal of heavy 
metals by adsorption on Pleurotus ostreatus, Biomass Bioenergy, 
35 (2011) 1675–1682.

[60] E. Bayoumi Hamuda, N. Toth, Functioning of divalent alkaline 
metal on yeast multiplication in heavy metal contaminated soil, 
Tájökológiai Lapok, 10 (2012) 195–208.

[61] A.P. Marín, J. Ortuno, M. Aguilar, V. Meseguer, J. Saez, M. 
Lloréns, Use of chemical modification to determine the binding 
of Cd(II), Zn(II) and Cr(III) ions by orange waste, Biochem. Eng. 
J., 53 (2010) 2–6.

[62] S.-H. Min, T. Eberhardt, J. Min, Base-treated juniper fiber 
media for removing heavy metals in stormwater runoff, Pol. J. 
Environ. Stud., 16 (2007) 731–738.

[63] E. Demirbas, N. Dizge, M. Sulak, M. Kobya, Adsorption 
kinetics and equilibrium of copper from aqueous solutions 
using hazelnut shell activated carbon, Chem. Eng. J., 148 (2009) 
480–487.

[64] N. Azouaou, Z. Sadaoui, H. Mokaddem, Removal of lead from 
aqueous solution onto untreated coffee grounds: a fixed-bed 
column study, Chem. Eng. Trans., 38 (2014) 151–156.

[65] D.H.K. Reddy, K. Seshaiah, A. Reddy, S. Lee, Optimization of 
Cd(II), Cu(II) and Ni(II) biosorption by chemically modified 
Moringa oleifera leaves powder, Carbohydr. Polym., 88 (2012) 
1077–1086.

[66] S. Collinson, W. Thielemans, The catalytic oxidation of biomass 
to new materials focusing on starch, cellulose and lignin, Coord. 
Chem. Rev., 254 (2010) 1854–1870.

[67] M. Saifuddin, P. Kumaran, Removal of heavy metal from 
industrial wastewater using chitosan coated oil palm shell 
charcoal, Electron. J. Biotechnol., 8 (2005) 43–53.

[68] F. Kanwal, R. Rehman, J. Anwar, T. Mahmud, Adsorption 
studies of cadmium (II) using novel composites of polyaniline 
with rice husk and saw dust of Eucalyptus camaldulensis, 
Electron. J. Environ. Agric. Food Chem., 10 (2011) 2972–2985.

[69] N.T. Abdel-Ghani, G.A. El-Chaghaby, Biosorption for metal ions 
removal from aqueous solutions: a review of recent studies, Int. 
J. Latest Res. Sci. Technol., 3 (2014) 24–42.

[70] V. Vinodhini, N. Das, Mechanism of Cr (VI) biosorption by 
neem sawdust, American-Eurasian J. Sci. Res., 4 (2009) 324–329.

[71] O. Karnitz, L.V.A. Gurgel, J.C.P. De Melo, V.R. Botaro, T.M.S. 
Melo, R.P. de Freitas Gil, L.F. Gil, Adsorption of heavy 
metal ion from aqueous single metal solution by chemically 
modified sugarcane bagasse, Bioresour. Technol., 98 (2007) 
1291–1297.

[72] K.B. Lakshmi, P. Sudha, Adsorption of copper (II) ion onto 
chitosan/sisal/banana fiber hybrid composite, Int. J. Environ. 
Sci., 3 (2012) 453–470.



357Z. Al-Qodah et al. / Desalination and Water Treatment 85 (2017) 339–357

[73] M.E. Argun, S. Dursun, Removal of heavy metal ions using 
chemically modified adsorbents, J. Int. Environ. Appl. Sci., 1 
(2006) 27–40.

[74] E. Parameswari, A. Lakshmanan, T. Thilagavathi, Effect of 
pretreatment of blue green algal biomass on bioadsorption of 
chromium and nickel, J. Algal Biomass Util., 1 (2009) 9–17.

[75] A. Kurniawan, V.O.A. Sisnandy, K. Trilestari, J. Sunarso, N. 
Indraswati, S. Ismadji, Performance of durian shell waste as 
high capacity biosorbent for Cr(VI) removal from synthetic 
wastewater, Ecol. Eng., 37 (2011) 940–947.

[76] F. Soleymani, H. Pahlevanzadeh, M. Khani, M. Manteghian, 
Biosorption of cobalt (II) by intact and chemically modified 
brown algae: optimization using response surface methodology 
and equilibrium, dynamics and thermodynamics studies, Iran. 
J. Chem. Eng., 11 (2014) 57–77.

[77] M. Mukhopadhyay, S. Noronha, G. Suraishkumar, Kinetic 
modeling for the biosorption of copper by pretreated Aspergillus 
niger biomass, Bioresour. Technol., 98 (2007) 1781–1787.

[78] M.Á. Martín-Lara, I.L.R. Rico, I.d.l.C.A. Vicente, G.B. García, 
M.C. de Hoces, Modification of the sorptive characteristics of 
sugarcane bagasse for removing lead from aqueous solutions, 
Desalination, 256 (2010) 58–63.

[79] Z. Al-Qodah, W. Lafi, Adsorption of reactive dyes using shale 
oil ash in fixed beds, J. Water Supply Res. Technol. AQUA, 52 
(2003) 189–198.

[80] Z. Al-Qodah, Adsorption of methylene blue with diatomite, J. 
Eng. Technol., 17 (1998) 128–137.

[81] L. Hui, D.-l. Xiao, H. Hua, L. Rui, P.-l. Zuo, Adsorption 
behavior and adsorption mechanism of Cu(II) ions on amino-
functionalized magnetic nanoparticles, Trans. Nonferrous Met. 
Soc. China, 23 (2013) 2657–2665.

[82] S.I. Lyubchik, A.I. Lyubchik, O.L. Galushko, L.P. Tikhonova, J. 
Vital, I.M. Fonseca, S.B. Lyubchik, Kinetics and thermodynamics 
of the Cr(III) adsorption on the activated carbon from 
co-mingled wastes, Colloids Surf., A, 242 (2004) 151–158.

[83] A. Hansda, V. Kumar, Biosorption of copper by bacterial 
adsorbents: a review, Res. J. Environ. Toxicol., 9 (2015) 45–58.

[84] V.J. Vilar, C.M. Botelho, J.P. Pinheiro, R.F. Domingos, R.A. 
Boaventura, Copper removal by algal biomass: biosorbents 
characterization and equilibrium modelling, J. Hazard. Mater., 
163 (2009) 1113–1122.

[85] Z. Al-Qodah, A. Shawaqfeh, W. Lafi, Two-resistance mass 
transfer model for the adsorption of the pesticide deltamethrin 
using acid treated oil shale ash, Adsorption, 13 (2007) 73–82.

[86] M. Ungarish, C. Aharoni, Kinetics of chemisorption. Deducing 
kinetic laws from experimental data, J. Chem. Soc., Faraday 
Trans. 1, 77 (1981) 975–985.

[87] Y.-S. Ho, G. McKay, Pseudo-second order model for sorption 
processes, Process Biochem., 34 (1999) 451–465.

[88] M. Ncibi, B. Mahjoub, M. Seffen, F. Brouers, S. Gaspard, 
Sorption dynamic investigation of chromium(VI) onto Posidonia 
oceanica fibres: kinetic modelling using new generalized fractal 
equation, Biochem. Eng. J., 46 (2009) 141–146.

[89] J. Zeldowitsch, Über den mechanismus der katalytischen 
oxydation von CO an MnO2, Acta Physicochim. URSS, 1 (1934) 
364–449.

[90] A. Ritchie, Alternative to the Elovich equation for the kinetics of 
adsorption of gases on solids, J. Chem. Soc., Faraday Trans. 173 
(1977) 1650–1653.

[91] J. Sobkowski, A. Czerwiński, Kinetics of carbon dioxide 
adsorption on a platinum electrode, J. Electroanal. Chem. 
Interfacial Electrochem., 55 (1974) 391–397.

[92] G. Blanchard, M. Maunaye, G. Martin, Removal of heavy metals 
from waters by means of natural zeolites, Water Res., 18 (1984) 
1501–1507.

[93] Y.-S. Ho, Absorption of Heavy Metals from Waste Streams by 
Peat, University of Birmingham, 1995.

[94] S. Chowdhury, P. Saha, Pseudo-second-order kinetic model for 
sorption of malachite green onto sea shell: comparison of linear 
and non-linear methods, IIOAB J., 1 (2010) 3–7.

[95] S. Lagergren, About the theory of so-called adsorption of 
soluble substances, K. Sven. Vetensk.akad. Handl., 24 (1898) 
1–39.

[96] S. Chien, W. Clayton, Application of Elovich equation to the 
kinetics of phosphate release and sorption in soils, Soil Sci. Soc. 
Am. J., 44 (1980) 265–268.

[97] M.B. Desta, Batch sorption experiments: Langmuir and 
Freundlich isotherm studies for the adsorption of textile 
metal ions onto Teff Straw (Eragrostis tef) agricultural waste, J. 
Thermodyn., 2013 (2013) 1–6.

[98] S. Mazlum, N. Mazlum, M. Kılıç, M.E. Keskin, H. Karakaya, 
A critical study on the efficacy of kinetic sorption modeling 
to elucidate the effective removal pathways, Colloids Surf., A, 
337 (2009) 185–193.

[99] T.W. Weber, R.K. Chakravorti, Pore and solid diffusion models 
for fixed-bed adsorbers, AlChE J., 20 (1974) 228–238.

[100] H. Freundlich, Over the adsorption in solution, J. Phys. Chem., 
57 (1906) e470.

[101] I. Langmuir, The constitution and fundamental properties of 
solids and liquids. Part I. Solids, J. Am. Chem. Soc., 38 (1916) 
2221–2295.

[102] K. Hall, L. Eagleton, A. Acrivos, T. Vermeulen, Pore- and solid-
diffusion kinetics in fixed-bed adsorption under constant-
pattern conditions, Ind. Eng. Chem. Res., 5 (1966) 212–223.

[103] M. Horsfall Jnr, A.I. Spiff, Studies on the effect of pH on 
the sorption of Pb2+ and Cd2+ ions from aqueous solutions 
by Caladium bicolor (Wild Cocoyam) biomass, Electron. J. 
Biotechnol., 7 (2004) 14–15.

[104] G. Nechifor, D. Pascu, M. Pascu, GA Traistaru, PC Albu, 
Comparative study of Temkin and Flory-Huggins isotherms 
for adsorption of phosphate anion on membranes, U.P.B. Sci. 
Bull., Series B, 77 (2015) 63–72.

[105] M. Suzuki, Adsorption Engineering, Kodansha Publisher, 
Tokyo, 1990.

[106] S.H. Abbas, I.M. Ismail, T.M. Mostafa, A.H. Sulaymon, 
Biosorption of heavy metals: a review, J. Chem. Sci. Technol., 3 
(2014) 74–102.

[107] O. Redlich, D.L. Peterson, A useful adsorption isotherm, J. 
Phys. Chem., 63 (1959) 1024–1024.

[108] A. Khan, T. Al-Bahri, A. Al-Haddad, Adsorption of phenol based 
organic pollutants on activated carbon from multi-component 
dilute aqueous solutions, Water Res., 31 (1997) 2102–2112.

[109] F.B. Aarden, Adsorption onto Heterogeneous Porous 
Materials: Equilibria and Kinetics, Technische Universiteit 
Eindhoven, 2001.

[110] O. Amrhar, H. Nassali, M. Elyoubi, Two and three-parameter 
isothermal modelling for adsorption of Crystal Violet dye 
onto natural illitic clay: nonlinear regression analysis, J. Chem. 
Pharm. Res., 7 (2015) 892–903.

[111] R. Al-Shawabkah, Z. Al-Qodah, A. Al-Bsoul, Bio-adsorption of 
triadimenol pesticide from aqueous solutions using activated 
sludge of dairy plants, Desal. Wat. Treat., 53 (2015) 2555–2564.

[112] Z. Xu, J.-g. Cai, B.-c. Pan, Mathematically modeling fixed-bed 
adsorption in aqueous systems, J. Zhejiang Univ. Sci. A, 14 
(2013) 155–176.

[113] W.J. Weber, J.C. Morris, Kinetics of adsorption on carbon from 
solution, J. Sanit. Eng. Div., 89 (1963) 31–60.

[114] M. Alkan, Ö. Demirbaş, M. Doğan, Adsorption kinetics and 
thermodynamics of an anionic dye onto sepiolite, Microporous 
Mesoporous Mater., 101 (2007) 388–396.

[115] G. McKay, V.J. Poots, Kinetics and diffusion processes in colour 
removal from effluent using wood as an adsorbent, J. Chem. 
Technol. Biotechnol., 30 (1980) 279–292.

[116] H.-l. Wang, J.-l. Chen, Z.-c. Zhai, Study on thermodynamics 
and kinetics of adsorption of p-toluidine from aqueous 
solution by hypercrosslinked polymeric adsorbents, Environ. 
Chem., 23 (2004) 192–196.

[117] E. Romera, F. González, A. Ballester, M. Blázquez, J. Munoz, 
Comparative study of biosorption of heavy metals using 
different types of algae, Bioresour. Technol., 98 (2007) 3344–3353.

[118] A. Esposito, A. Reverberi, Copper adsorption on 
calcium alginate beads: equilibrium pH-related models, 
Hydrometallurgy, 65 (2002) 43–57.

[119] V.K. Gupta, I. Ali, Removal of DDD and DDE from wastewater 
using bagasse fly ash, a sugar industry waste, Water Res., 35 
(2001) 33–40.


