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1. Introduction

Water quality policy over the world concerning trace pollutants is defined by environmental 
quality standards expressed in terms of concentrations in water (Canadian Environmental 
Quality Guidelines (CEQGs); EU [1, 2]), guidelines (CEQGs; (Environment Canada [3])), 
ambient water quality criteria (United States Environmental Protection Agency (US EPA), n.d. 

[4]), and peer reviewed literature on thresholds for effects on aquatic biota (e.g., No observ-

able effect concentrations (NOECs); lowest observable adverse effects) is a major driver of 
continuing interest in these measurements as part of risk/exposure (Lepom et al. [5]) as well 
as trend assessments (Fliedner et al. [6]).

In Europe, the adoption of the water framework directive (WFD) [7] provides a policy tool 

that enables sustainable protection of water resources. WFD presents a positive example of 
complex legislative in water quality protection.

The Decision No 2455/2001/EC of the European Parliament and the Council of November 
2001 [8] established the list of 33 priority substances or group of substances, including the pri-
ority hazardous substances, presenting a significant risk to water pollution or via the aquatic 
environment including risks to waters used for the abstraction of drinking water.

The WFD daughter Directive 2013/39/EU [1] extended the list of priority substances to 45, 
including priority metal species cadmium, lead, mercury, and nickel. It also stresses the need 
for the development of new water and wastewater treatment technologies to address the 
problem of pollution by priority and river basin specific pollutants.

Nowadays, micropollutants occurring in the environment are considered to be a serious 
problem [9]. Aquatic environment is polluted by a broad range of these compounds from 
various sources including industry, agriculture, and municipal wastewaters. Many of those 
compounds are present at low concentrations in the environment, but they still pose and 
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toxic effects to aquatic organisms, and human health. Their efficient removal from water and 
reduction of risk presents a new challenge for water managers and development of new water 
treatment technologies present a challenge for the scientific community [10].

The most problematic micropollutants in waters are heavy metals, pesticides, industrial chemi-
cals and byproducts, personal care products, pharmaceuticals, and other substances that can be 
toxic to wild animals and humans at low concentrations. Currently, available wastewater treat-
ment technologies are often expensive or ineffective [11]. Research results confirm that large 
amounts of conventional waste, including egg shells, bones, peat, mushroom, seaweed, yeasts, 
and carrots [12, 13] show the ability to effectively remove heavy metals from pickled water.

Biosorption refers to a set of processes that involve physical and chemical adsorption, ion 
exchange, electrostatic interactions, complexation, chelation, and microprecipitation, that 
occur in the cell wall and precede the anaerobic or aerobic biodegradation processes. It is 
characterized by high selectivity and efficiency (high performance and low cost). Natural 
materials, such as marine algae or weeds, or industrial waste, such as excess activated sludge 
or fermentation wastes, may be used as biosorbents.

Biological sludge wastewater treatment processes utilize biosorption and bioaccumulation 
as part of organic and inorganic pollutants, priority substances, heavy metals, and organic 
pollutants/micropollutants removal mechanisms.

The idea of using biomass in technologies to protect the environment originates at the early 
twentieth century when Arden and Lockett found that some species of living bacteria are 
capable of removing nitrogen and phosphorus from wastewater during aeration [14–16]. This 

process is known as activated sludge process. The removal mechanism has been explained in 
the context of bioaccumulation capacity. This phenomenon as well as the activation process 
itself has continued to be widely used. The break occurred in the late 1970s of the last cen-

tury. Knowing the sequestration nature of biologically inactive biomass has led to a shift in 
research from bioaccumulation to biosorption [17].

The interest in biosorption of organic and inorganic pollutants stems from the fact that these 
substances are toxic and can destabilize the food chain [18]. The absorption of substances 
by microbial biomass is generally referred to as biosorption. The mechanism responsible for 
this accumulation is complex and includes, among other processes, adsorption to the cell 
surface and/or absorption of the substances into various compartments of the microbial cell. 
Microbial cells have a disposition to concentrate chemicals from the aquatic environment. 
Therefore, it is necessary and important to understand the mechanisms and kinetics of bio-

sorption, bioaccumulation and biodegradation processes, and their interactions that govern 
the fate of hazardous inorganic and organic pollutants in biological treatment of wastewater.

2. Mechanisms and kinetics of biosorption

2.1. Biosorption and bioaccumulation

Biosorption is a physicochemical process that utilizes the mechanisms of absorption, adsorp-

tion, ion exchange, surface complexing, and precipitation processes. It is a spontaneous process 
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independent of the metabolism of microorganisms. In biotechnology, it is used to separate 
inorganic and organic substances from the solution using biosorbents. Biosorption is an impor-

tant process also in protecting the environment.

Biosorption is defined as the passive adsorption of toxic substances by dead, inactive or bio-

logically derived materials. Biosorption is a consequence of several metabolic processes inde-

pendent of the cell membrane, the mechanisms responsible for the absorption of the pollutant 
vary according to the type of applied biomass.

Bioaccumulation is defined as the phenomenon occurring in living organisms. More specifi-

cally, bioaccumulation is defined as the absorption of toxic contaminants by living cells or 
organisms. Compounds are passively or actively transported into cells, accumulated inside 
them, and they also enter the metabolic cycle through the cell membranes. Bioaccumulation 
is therefore often dependent on cell metabolisms.

Both bioaccumulation and biosorption have certain advantages and disadvantages. In gen-

eral, the use of living organisms is not suitable for continuous water purification processes 
from highly toxic organic/inorganic contaminants. If the concentration of the toxic substance 
is too high or the process step takes a long-time period, the accumulated substance quan-

tity may reach partition equilibrium, or saturation. Due to the high accumulated pollutant 
concentration the metabolism of the organism will be disturbed and death may occur. This 
scenario can be avoided by using inactive, dead biomass. Moreover, if the sorption process is 
reversible, compounds may be desorbed back to the treated water if the concentration drops. 
To avoid desorption, a high sorption capacity has to be provided. This is not always feasible 
in processes applying living cells, because of various restrictions such as requirements of 
nutrients, aeration, maximum cell density, and so on. This is why we devote more attention 
to biosorption than bioaccumulation.

2.2. Mechanisms of biosorption

Biosorption of heavy metals and organic compounds occur due to the physicochemical 
interactions between the metal and the functional groups present at the surface of the 
biosorbent. The processes involved include physical adsorption, ion exchange, and chemi-
cal sorption that are not related to metabolism. The cell walls of microorganisms consist 
mainly of polysaccharides, proteins and lipids and have carboxyl, sulfate, phosphate and 
amino groups to form bonds with metals, and their complexes. Such biosorption occurs 
relatively rapidly and can be reversible [19]. Various mechanisms of removal of heavy-
metal by activated sludge microorganisms are discussed in more details e.g. by Pagnanelli 
et al. [20].

Organic pollutants differ significantly in their structure. As a result, biosorption is affected by 
molecule size, charge, solubility, hydrophobicity, and reactivity. The biosorbent process can 
also significantly influence the type of biosorbent and the composition of wastewater [21].

The lipophilic nature of the hydrophobic compounds allows them to pass through cell mem-

branes and absorb into the organic cell matrix. An important component of biosorption of 
organic pollutants may be absorption in cell membranes or lipid containing cell structures. 
Other mechanisms are involved in biosorption include surface adsorption, chemisorption, 
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and complexation [22]. For more detailed information we refer the reader to the work Fomina 
and Gadd [21].

2.3. Modeling of biosorption

The equilibrium distribution of the sorbed pollutant (sorbate) between the sorbent and the 
aqueous phase is required to determine the maximum sorbent’s uptake capacity for a sorbate 
and to understand the sorption mechanism.

Besides sorbate distribution at equilibrium, the sorption kinetics provides additional impor-

tant information about the sorption mechanism, especially the rate of pollutant removal. 
When applied in water treatment technology, information on sorption kinetics is important 
for setting an optimum residence time of the wastewater at the biosolid phase interface.

2.3.1. Adsorption isotherms

To describe the concentration-dependent equilibrium between the pollutant amount adsorbed 
on the cells (a) and the pollutant concentration dissolved in aqueous solution (C

e
) at equilib-

rium conditions and constant temperature, which is referred to as the adsorption isotherm. 
Langmuir, Freundlich, Langmuir-Freundlich, Redlich-Peterson, Brunauer-Emmett-Teller (BET), 
and Radke-Prausnitz models are the most frequently cited literature in the literature [23–26].

When sorption equilibrium is reached, the adsorption capacity can be calculated from mass 
balance in a batch sorption system consisting of a discrete volume of water and adsorbent:

  a =   V __ m   ( C  0   −  C  
e
  )   (1)

where a is the sorption capacity (kg.kg−1), V is the volume of water/wastewater (m3) treated 
in a single sorption step, m is the mass of the adsorbent (kg), C

0
 and C

e
 are the initial and 

equilibrium aqueous adsorbate concentration (kg.m−3), respectively.

Most often, pollutant distribution is concentration-dependent and in such case non-linear 
forms of adsorption isotherms are used to describe experimental data resulted from batch 
adsorption measurements. Langmuir isotherm is defined assuming that adsorption takes 
place at specific homogeneous sites at the surface of the adsorbent. This means that once the 
molecule of the adsorbed substance occupies a sorption site, no further adsorption can occur 
at this site. The Langmuir adsorption isotherm [23] has the form:

  a =   
 a  

max
   . b .  C  

e
  
 __________________________ 

1 + b .  C  
e
  
    (2)

Where a
max

 (kg.kg−1) is the maximum biosorbent capacity of the adsorbent in the formation of 
a saturated monomolecular adsorption layer and b (L.kg−1) is Langmuir’s empirical constant 
associated with the free energy of biosorption.

Freundlich’s isotherm [24] was postulated for adsorption at heterogeneous surfaces and it 
takes the form:
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  a = k .  C   1/n   (3)

where k (L.kg−1) is a Freundlich constant referring to biosorbent capacity and n (dimension-

less) is a Freundlich constant indicating the intensity of biosorption. Freundlich isotherm does 
not take into account the saturation of biosorbents.

Tempkin isotherm [25] assumes that biosorption energy decreases linearly with increasing 
saturation of biosorption sites, rather than decreasing exponentially, as Freundlich isotherma 
suggests. Tempkin isotherm is given as follows:

  a =   R . T _____________ 
 b  

Te
  
   . ln  ( a  

Te
   .  C  

e
  )   (4)

where a
Te

 is the Tempkin isotherm constant, b
Te

 is the Tempkin constant referring to the bio-

sorption energy, R is the universal gas constant (8.314 J.mol−1.K−1), T is the thermodynamic 
temperature (K), and C

e
 is the equilibrium pollutant concentration in solution.

BET (Brunauer, Emmett, and Teller) isotherm is described by the following equation [26]:

  a =   
 a  

max
   . d . C

  _____________________________________   
 ( C  

e
   − C)  .  (1 +  (d − 1)  . C /  C  

e
  )     (5)

where C
e
 is the equilibrium concentration of adsorbate (kg.m−3), d is the constant expressing 

the energy of sorbate interaction with the sorbent surface.

2.3.2. Kinetics of adsorption

A pseudo-first order model [27] and the pseudo-second order kinetic model [28] can be 
applied to fit the experimental data and evaluate the adsorption kinetics.

The Lagergren pseudo-first order model suggests that the rate of sorption is proportional to 
the number of sites unoccupied by the solutes. The pseudo-first order model can be written 
in linearized form as follows:

   a  
t
   =  a  

e
   (1 − exp  (−  k  

1
   . t) )   (6)

where a
e
 is the amount of pollutant biosorbed at equilibrium (mg.g−1), a

t
 is the amount of pol-

lutant biosorbed (mg.g−1) at any time t, and k
1
 is the first order rate constant (min−1).

The pseudo-second order kinetic model can be written in linearized form as follows:

   a  
t
   =  a  

e
   ( (1 −   1 _____________________ 

1 +  a  
e
  .  k  

1
   . t

  ) )   (7)

where k
2
 is the second order rate constant (g.mg−1.min−1).

The pseudo-second order model does not identify the diffusion mechanism.
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From the majority of biosorption-related work, it follows that the pseudo-first order equation 
does not describe well-meaning values throughout the contact time. Generally, this equation is 
only applicable in the initial phase of the adsorption process. This is due to the fact that, using 
the linearized form of Eq. (6) it is necessary to know the value of the equilibrium adsorption 
capacity, which can be approximated by the extrapolation of experimental data for infinite 
time, i.e., the trial and error method. On the other hand, it is not necessary to know this value 
for the use of the linearized form of the kinetic equation of the pseudo-second-order.

In this context, it should be emphasized that using a non-linear method of determining the 
values of parameters of non-linear equations in general it is possible to avoid such errors in 
the modeling of process kinetics.

3. Biosorbents

For several decades, biosorption has been referred to as perspective, low-cost biotechnology 
applicable in wastewater treatment. However, despite intensive research, significant advances 
in the knowledge of these complex processes and rich magazines and book publications, the 
practical application of this process and related technologies are not adequate so far [20].

Previous research has focused on testing the development of more suitable and available 
biological materials. The biosorbent materials used may be alive or deactivated microorgan-

isms and their components, plant materials, industrial and agricultural wastes, and natural 
processing residues, e.g. wood, wood bark, and sea algae.

Both live and dead biomass can be used to remove hazardous substances. The inactive (steril-
ized, dried, and/or otherwise chemically treated) biomass benefits from no need of supplies 
of substrate, nutrients, eventually oxygen, which would otherwise be needed in order to 
maintain viable biomass during adsorption. Also, the toxicity of pollutants to be removed by 
biosorption poses no problem.

Biosorbents for the removal of toxic metals or organic pollutants mainly use biomass of bac-

teria, yeasts, fibrous fungi, algae, as well as wastes from food and pharmaceutical production, 
agricultural waste, and other polysaccharide materials. All biomaterials should demonstrate 
good biosorption capacity and affinity for all types of inorganic ions and organic compounds.

Important biosorbents of the fungus family include the filamentous fungi of the genus 
Alternaria, Aspergillus, Rhizopus, Penicillium, and the yeast Saccharomyces cerevisiae and 

Saccharomyces carlsbergensis. These microorganisms are widely used in the food and pharma-

ceutical industry and end up as waste that is available from individual free or low-cost pro-

duction. Another important biosorbent to which attention is focused are marine algae, which 
are also biological resources. The algae include red, green and brown algae, with brown algae 
being among the excellent biosorbents, for example, Chlorella vulgaris.

This is due to the alginate content that is present in the form of gel in the cell walls. The macro-

scopic structure of the algae provides a conventional basis for the production of biosorbents suit-
able for the application of sorption processes. It should be noted that algae are not considered 
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waste; in fact, they are the source for the production of agar, alginate and, carrageenan. This 
means that the choice of algae for biosorption purposes needs to be given the utmost attention.

Scientists work mainly with brown algae using one of the best metal sorbents seaweed, 
Sargassum seaweed. They focus on the study of sorption properties and biosorption mecha-

nisms. Biosorbents using algae, bacteria, fibrous fungi, and yeasts are also used for analyti-
cal techniques, specifically for solid phase extraction to determine metals present in trace 
amounts in different aqueous matrices [29].

Microbial biomass (bacteria, fungi, and micorrhagia) shows better results of biosorption of 
dyes than macroscopic materials (seaweed, squirrel crabs, etc.). The reason is the difference in 
cell wall and functional groups involved in dye binding. Many bacteria, fungi, and microor-

ganisms bind different types of dyes.

The results of the study by Simionato et al. [9] show that the use of chitosan obtained from 
silkworm chrysalis is a viable alternative for the removal of blue remazol and black rem-

azol five dyes from the wastewater of the textile industry. Potential biosorbents belonging 
to the class of bacteria include Bacillus, Geobacillus, Lactobacillus, Pseudomonas, Streptomyces, 

Staphylococcus, Streptococcus, and others.

Several studies have recently been carried out to develop cheap sorbents from industrial and 
agricultural waste. Partial attention was paid in particular to crab shells, activated sludge, rice 
husks, egg shells, mosses, and lichens. The results showed that, in particular, crab shells have 
excellent sorption abilities in relation to arsenic, chromium, cobalt, and nickel.

A preferred biosorbent material is activated sludge. There are a large number of binding sites on 
the cell walls of microorganisms, which are predominantly composed of polysaccharides, pro-

teins, and lipids. This is due to the high biosorption capacity of activated sludge. The amount of 
excess sludge produced mostly outweighs the possibilities of its use and represents one related 
problem of wastewater treatment. Thus, this biosorbent is reely available and low-cost.

Authors [30–32] disclose the advantages of using aerobic and anaerobic deactivated sludge 
to remove dyestuffs and hazardous effluent from wastewater. Qiu et al. [33] presented the 

results of research into the use of active aerobic and anaerobic sludge for sewage treatment.

The extent of biosorption depends on the type of biomass [34]. In the past, biosorbent phenom-

ena have often been found to bioaccumulate highly hydrophobic organic substances directly 
depending on the lipid content of biomass. However, non-polar substances have been found to 
accumulate in organisms according to the distribution equilibrium between the medium and 
the lipid content of the organism [35]. Other authors found the opposite phenomenon to track 
DDT [Dichloro-Diphenyl-Trichloroethane or 1,1,1-Trichloro-2,2-bis(p-chlorophenyl)-ethane] 
adsorption by different soil fractions [36]. Some soil fractions were first extracted with ether 
and ethanol to remove lipid-like substances. Absence of lipid-like materials did not decrease, on 
the contrary, increased DDT adsorption with soil, indicating that other substances other than 
lipids may also play a role in biosorption. A similar finding was obtained by monitoring the 
adsorption of chlorites with microbial biomass [37]. Bacterial biomass with the highest lipid 
content among the observed samples had the lowest biosorption capacity. Further, it has been 
found that in different samples of fibrous fungi biomass, despite the similar lipid content in the 
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cells, the biosorption capacity varied within a wide range. Interestingly, however, it was found 
that the biosorption capacity of different biomass samples depended directly on the amount of 
total organic carbon released during the contact of biomass with the pollutant. However, this 
phenomenon is not elucidated, it can only be assumed that the biosorption capacity increases 
with the growing proportion of cells destroyed in the medium, which correlates with the total 
organic carbon content released into the medium. Cell fragments have a larger surface and thus 
a higher sorption capacity [38]. The authors further found that the biosorption capacity of active 
and deactivated (inactive/dead) biomass is almost the same for highly biodegradable pollutants.

4. Research and applications of biosorption

4.1. Removal of organic pollutants

Biosorption acquires meaning for the removal of hazardous substances. It can be used as 
an individual separation process or may be a part of others, biological processes. Aksu, in 
the review paper [39], deals with the application of biosorption to remove organic pollut-
ants. Among the studied pollutants are pesticides, phenols that are toxic and persistent in the 
environment.

Various types of pesticides are used in agriculture. Some of them are persistent, have muta-

genic and carcinogenic effects, and are generally toxic. Suitable sorbent for removing them 
appears to be activated carbon. Its disadvantage is the high price. Regeneration of granular 
activated carbon is also costly.

This has motivated researchers to explore the possibility of using alternative materials that 
originate in nature or are the waste of other processes, peat, soil, wood, eucalyptus bark, rice 
husk, chitin, fly ash, or surplus activated sludge. These are relatively inexpensive materi-
als but are usually characterized by low adsorption power values. This disadvantage can be 
compensated by larger amounts of adsorbent [40, 41]. An alternative for the recovery and/or 
environmentally acceptable disposal of pollutants could be, passive adsorption of pollutants 
from aqueous solutions using a renewable non-living microbial mass. The specific surface 
properties of bacteria, fungi, yeasts, and algae allow the adsorption of various types of pollut-
ants from solutions. More advantageous is the use of inactivated microorganisms. They are 
not dependent on creating conditions for maintaining metabolic function, including eliminat-
ing the effects of toxic substances. They can be stored for a longer period, easily regenerated 
and reused [39].

The biosorption mechanism on inertial biomass is influenced by the biomass itself, the prop-

erties of its surface characteristics, the physical and chemical properties of the adsorbed sub-

stances, their mutual affinities, and experimental conditions (pH, temperature, ionic strength, 
existence of competing organic substances or inorganic ligands in solution).

Conversely, due to the fact that hydrophobic organic pollutants show a high tendency to 
accumulate on microbial cells or sludge, living biomass can be used to remove very low con-

centrations of hazardous organic substances from wastewater [42, 43].
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Most dyes are of synthetic origin. They are characterized by an aromatic structure, greater 
stability, and a worse biodegradability. They can affect the processes of photosynthesis in the 
aquatic environment to toxicise the aquatic ecosystem [44, 45]. Research results [44–46] show 

that there is a wide range of microorganisms, including bacteria, fungi, and algae, which are 
capable of biodegradation or bioaccumulation of azo dyestuffs in wastewater by anaerobic/
aerobic processes.

For the modeling and optimization of processes using sorption on the activated sludge, the 
necessary is knowledge about the sorption of organic matter to the sludge. Modin et al. [47] 

compares primary, anaerobic, and aerobically activated sludge as biosorbent materials. Bio-
sorptive capacity values were determined, process kinetics was studied, and some charac-

teristics of sorbed organic matter were studied. Biosorption of dissolved organic substances 
occurred almost immediately. This was followed by a slower process that corresponded to first-
order kinetics. Biosorption of undissolved particles also corresponded to first order kinetics. 
However, there was no immediate sorption, but the particles were released during mixing.

Biosorption is used for wastewater treatment since the beginning of the last century, when 
the activation process was discovered. Controlled withdrawal of excess sludge together with 
significant participation of biosorption a bioaccumulation processes enable intensification of 
organic pollutants, nitrogen, and phosphorus removal. Bioaccumulation is usually an active 
process that is part of the metabolism of microorganisms. Biosorption is a passive process of 
adsorbing pollutants on the surface of microorganism cell walls. This leads to a decrease in 
the concentration of these substances in the purified water. However, such contamination 
remains a part of the activated sludge and its re-release to the environment is dependent 
on further treatment with the excess sludge produced, especially if the biosorption of these 
substances is reversible.

An increasingly serious challenge is dangerous (organic) and so-called emerging pollutants, 
e.g. pesticides, estrogens, personal care products, or pharmaceuticals. These can be removed 
in the wastewater treatment plant by biotic and abiotic processes, or they can pass through 
the sewage treatment plant to the recipients without any significant change. In the context of 
minimizing the production of excess sludge, its disintegration prior to the process of biologi-
cal stabilization and degradation of biosorbable pollutants on activated sludge, the combined 
processes of biosorption and chemical oxidation, e.g. using ozone.

The solubility of the pollutant is an important property affecting biosorption. The inverse 
relationship between water solubility and accumulation of organic molecules with biomass 
was found [9]. In general, the different types of biomass observed had a greater biosorption 
capacity for less soluble pollutants. Organic molecules accumulate better in microbial bio-

mass, the higher the biomass-water distribution coefficient (octanol-water model system), but 
as already mentioned above, there is no direct correlation between biosorbent capacity and 
lipid content in biomass.

If the contaminant dissociates in the aqueous phase (on a weak acid or a weak base), sorption 
of the dissociated and non-dissociated forms can take place with different sorption coefficient 
values for both forms [15]. The effect of the initial concentration of the pollutant on the rate of 
biosorption was monitored. After 10-fold increase in the initial concentration of the pollutants 
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studied (lindane pesticides and diazinone), the rates of biosorption of these substances on 
activated sludge were higher for higher concentrations of pollutants.

It can be assumed that in a system containing a mixture of several pollutants of a similar 
nature, the biosorption capacity of the individual components of the mixture will be affected 
by the concentration of the other substances in the mixture. A reduction in biosorbent capac-

ity of tetrachloroethane on the Rhizopus arrhizus biomass has been shown to be up to 14% 
in the presence of the same concentration of trichloroethane [13]. Biosorption is usually an 

exothermic process, so biosorption capacity usually increases with decreasing temperature. 
However, the change in temperature does not significantly affect the rate of biosorption [8].

Simjonato et al. [9] studied the process of adsorption of blue remazol and black remazol five 
dyes with chitin and chitosan, which they performed in the column and an aqueous suspen-

sion. The results show that better results were obtained in the column with arthritis than in the 
chitin-packed column. Comparing the results measured in the column and suspension results 
in better suspension results. A very good description of Langmuir isothermal experimental 
values was obtained, with the difference between the measured and calculated adsorption 
capacity values being insignificant.

Biosorption of hazardous pollutants is a suitable technology for removing dyestuffs from 
municipal and industrial wastewater. Various low-cost biosorbents, such as, for example, 
biomass of algae, yeast, fungi, vegetable waste, fiber, fruit waste, chitosan, and agricultural 
waste were studied [48].

4.2. Removal of heavy metals

Biosorption and bioaccumulation can also be applied to remedy environments contaminated 
with heavy metals as complementary methods to currently used physical and chemical meth-

ods. It was found that removal of heavy metals from the environment with biotechnologi-
cal methods should consider a number of physicochemical factors such as temperature, pH, 
contact time of biomass, and a solution containing metals, concentration and age of biomass, 
and toxicity when living microorganisms are applied. Improving the efficiency of removal of 
metals can be performed through physical and chemical modifications and immobilization of 
biomass. The most frequently applied reactors include stirred tank reactors, fixed-bed, reac-

tors and fluidized-bed reactors [49].

In the process of biosorption, ions of metals are adsorbed on the surface of a sorbent. 
Biosorption is a metabolically passive process that uses dead biomass. Biosorption is the first 
step of bioaccumulation [49].

Environmental pollution of heavy metals is one of the most serious environmental problems. 
Various biosorbents such as fungi, yeast, bacteria, and algae are used to remove them. These 
biomaterials are considered to be cost-effective for high-volume and low-heavy wastewater 
treatment (from 1 to 100 mgl−1). The promising biomaterials for heavy metal removal include 
Saccharomyces cerevisiae fungus. This fungus is commonly used in food and beverage produc-

tion. Low-cost media is sufficient to cultivate it. It is a by-product/waste from the fermentation 
industry.
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Mustapha and Halimoon [19] examined the microorganisms and mechanisms of heavy metal 
biosorption in the environment.

Bacterial biosorption is mainly used to remove pollutants from wastewater contaminated by 
pollutants that are no1t biodegradable, such as metal ions and dyes [19]. Rats are efficient 
and inexpensive biosorbents, because the requirement for algal nutrition is low. Based on 
a statistical analysis of algae potential in biosorption, algae were reported to absorb about 
15.3–84.6%, which is higher than other microbial biosorbents. All types of brown algae were 
known to have a high absorption capacity. The metal ion biosorption occurs on the cell surface 
using the ion exchange method. Brown marine algae have the ability to absorb metals through 
chemical moieties on their surface such as carboxyl, sulfone, amino, as well as sulfhydryl [19].

The use of fungi as a biological sorbent has been shown to be an effective material, and is also 
one of the cost-effective and environmentally friendly methods that serve as an alternative 
to the chemically bonded processing process. The ability of many types of fungi to produce 
extracellular enzymes to assimilate complex carbohydrates for previous hydrolysis causes 
the degradation of various degrees of pollutants. Compared to yeast, fibrous fungi are less 
sensitive to nutrient sweeps, aeration, pH, temperature, and have a lower content of nuclei in 
biomass [50, 51].

Microbial biomass is one of the cheap and effective biosorbents for removing heavy metals 
from solutions. The biosorption process has many attractive properties including the removal 
of metal ions in a relatively wide range of pH and temperature. Many researchers have stud-

ied the biosorbent performance of various microbial biosorbents that provide good arguments 
for introducing biosorption technologies for removing heavy metals from solutions, as well as 
understanding the mechanism responsible for biosorption [19].

4.3. Removal of micropollutants

The large occurrence and presence of micropollutants (MPs) in the aquatic environment is 
one of the major challenges worldwide. For example, in 2012, some 143,000 compounds were 
registered on the European market, many of which at some point in their life cycle would 
end up in the aquatic environment. Most of them are not removed or transformed into con-

ventional wastewater treatment plants (WWTPs), they can persist in the aquatic environment 
or create new chemicals by reaction with humic substances and sunlight, and they can be 
bioactive and can bioaccumulate [52–56].

Although present in almost undetectable (ppb; part per bilion) concentrations, their presence 

in the aquatic environment is associated with various deleterious effects in organisms such as 
estrogenicity, mutagenicity, and genotoxicity [57].

There is no legal regulation for removing MPs in WWTPs. However, there are some (EU) 
regulations that set limit values for certain substances that have specific MP properties, pesti-
cides, lindane, nonylphenol, and synthetic hormones [58] in water.

MP can be divided into several categories such as pharmaceuticals personal care products 
(PPCP), household chemicals and industrial chemicals. A comprehensive list of 242 chemicals 
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is included in the EU 7PP [59] project of which approximately 70% are pharmaceutical and 
personal care products, and 30% are industrial products, including perfluorinated com-

pounds, pesticides, herbicides, and food additives.

The vast majority of MP in municipal wastewater belongs to the class of personal hygiene 
drugs and products PPCP, the fate and processes for removing these compounds are dis-

cussed in detail in this text.

About 70% of the wastewater products come from the household, 20% come from livestock, 
5% come from hospital wastewater, and the remaining 5% come from outflows from non-
specified sources [60].

The removal of micropollutants in wastewater treatment plant depends on their solubility, 
octanol/water partition coefficient, and Henry’s constant. For removing micropollutants in 
wastewater treatment plants significantly contributes their sorption on suspended particles of 
primary and secondary sludge. Removal of dissolved organic compounds also involves coag-

ulation, flocculation and biodegradation processes. The majority of conventional wastewater 
treatment plants do not completely remove these substances. Their removal is influenced 
significantly by the operational conditions, the biochemical environment (aerobic, anaerobic, 
anoxic, sludge age (SRT), temperature, pH, and redox potential.

4.4. Biosorption in municipal wastewater treatment

Biosorption and bioaccumulation mechanisms continue to play an important role in newly 
developed processes and technologies for wastewater treatment.

The fate of the priority substances and micropollutants that are transported by wastewater to 
wastewater treatment plants (WWTPs) depends on their adsorption on suspended particu-

lates, dissolved humic substances, primary and secondary sludge. Adsorption of insoluble 
matter in primary and secondary treatment units is an important process of MP removal from 
wastewater. Adsorption may occur as a result of hydrophobic interactions between aliphatic 
and aromatic groups of lipid fractions in the primary sludge and the lipophilic cell mem-

brane of the microorganisms in secondary sludge. Interactions also occur between positively 
charged MP groups and negatively charged microorganisms in secondary sludge.

4.4.1. Integrated and hybrid processes

Both the development of the activated sludge process and the increasing wastewater pollution 
are also developing biosorption applications. It is, for example, hybrid activated sludge pro-

cess with activated carbon. Interaction of bio-degradation and adsorption on activated carbon 
benefits from the higher efficiency and performance of the process due to the concentration 
of organic matter on activated carbon, consequently higher rates of biological oxidation, as 
well as better conditions for the degradation of resistant substances, especially for industrial 
wastewater treatment and groundwater remediation.

In the 1950s of the last century, the activated sludge process with separate sludge regeneration was 
put into full-scale operation, where the ability to accumulate a substrate was restored. In addition 
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to reducing the volume of aeration tank required and reducing investment costs, this bioreac-
tor configuration is characterized by a high resistance to filamentous sludge bulking. The above 
mechanisms are also used as part of enhanced biological phosphorus removal processes [14–16].

In a hybrid system, slow and fast biodegradable substances and simultaneous macronutrient 
removal processes can be carried out by combined activated sludge and immobilized bio-
mass [61]. Higher biomass concentrations and two different solid retention times significantly 
influence biosorption/bioaccumulation processes and ultimately, their participation in the 
whole complex of the biological wastewater treatment.

Biosorption and biodegradation also increase the efficiency of anaerobic sludge stabilization. 
Current research is mainly focused on increasing the efficiency of sludge stabilization. It is 
also focused on the research of anaerobic decomposition of micro-pollutants. However, there 
is little information and knowledge about biosorption potential and biosorption mechanisms 
of these substances. Information on pollutant biosorption on anaerobic sludge is important 
not only for the removal of pollutants themselves but also for the modeling of biological 
sludge stabilization systems [33].

Accumulation of dangerous hydrophobic organic pollutants, e.g. in activated sludge biosorp-
tion results in their removal from the wastewater stream, but the resulting disposal of con-
taminated sludge then poses a new environmental problem, especially when pollutants are 
bound to microbial sludge reversibly [33]. Reduction of sludge mass during stabilization leads 
to concentration of accumulated compounds, but potentially also to increase of their chemical 
activity as a result of reduction of sludge sorption capacity in the stabilization processes. This 
may lead to an increased risk related to compounds sorbed to the stabilized sludge.

However, such contamination remains a part of the activated sludge. Its release to the envi-
ronment is dependent on further treatment with the excess sludge produced, especially if the 
biosorption of these substances is reversible.

One of the current trends in the sludge management and the minimization of the release of 
priority substances and micro-nutrients through the application of the sludge in agriculture 
is the research of integrated biological and chemical processes to minimize the production of 
excess sludge and carry out the simultaneous transformation/degradation of micropollutants 
sorbed on activated sludge [62–63].

5. Conclusions

The past decades brought intensive research leading to an understanding of biosorption pro-
cesses with the aim of their application in water treatment technology t. Numerous papers 
were published that significantly contributed to a better characterization of complex phenom-

ena involved in biosorption. Information was gathered on the bioprocess mechanisms and the 
influence of various factors in the removal of inorganic and organic pollutants by biosorption.

In spite of targeted research on alternative low-cost sorption materials and extensive knowledge 
and publication results, it was not possible to apply this process practice in great extent, so far.
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Further research into the practical use of biosorption to remove specific organic and inorganic 
pollutants will obviously be geared toward increasing the overall efficiency of the process, not 
only in terms of cost but also its performance.

The importance of sorption and biosorption processes in wastewater treatment processes 
and technologies, aerobic and anaerobic sludge stabilization is increasing. New develop-

ment trends include integrated and hybrid processes aimed at minimizing sludge production 
and preventing the release of priority substances and micropollutants into the environment 
through the application of sludge to the soil.

Acknowledgements

The work was carried out in the RECETOX Research Infrastructure supported by the 
Czech Ministry of Education, Youth and Sports (LM2015051), and the European Structural 
and Investment Funds, Operational Programme Research, Development, Education (CZ.
02.1.01/0.0/0.0/16_013/0001761). This work was supported also by the Slovak Research and 
Development Agency under the contract No. APVV-0450-17.

Author details

Ján Derco1* and Branislav Vrana2

*Address all correspondence to: jan.derco@stuba.sk

1 Faculty of Chemical and Food Technology, Institute of Chemical and Environmental 
Engineering, Slovak University of Technology, Bratislava, Slovak Republic

2 Faculty of Science, Research Centre for Toxic Compounds in the Environment (RECETOX), 
Masaryk University, Brno, Czech Republic

References

[1] 1EU. Directive 2013/39/EU of the European Parliament and of the council of 12 august 
2013 amending directives 2000/60/EC and 2008/105/EC as regards priority substances in 
the field of water policy. Official Journal of the European Union. 2013;L226:-17

[2] EU. Directive 2008/105/EC of the the European parliament and of the council of 16 
December 2008 on environmental quality standards in the field of water policy. Official 
Journal of the European Union. 2008;L348:84-96

[3] Environment Canada. 2014. Canadian Environmental Quality Guidelines [WWW Docu-
ment]. Can. Counc. Minist. Environ. URL https://www.ccme.ca/en/resources/canadian_
environmental_quality_guidelines/index.html [Accessed: 3-2-2018]

Biosorption14



[4] US EPA. n.d. National Recommended Water Quality Criteria [WWW Document]. URL 
https://www.epa.gov/wqc/national-recommended-water-quality-criteria [Accessed 
3-2-2018]

[5] Fliedner A, Lohmann N, Rüdel H, Teubner D, Wellmitz J, Koschorreck J. Current lev-

els and trends of selected EU water framework directive priority substances in fresh-

water fish from the German environmental specimen bank. Environmental Pollution. 
2016;216:866-876. DOI: 10.1016/J.ENVPOL.2016.06.060

[6] Lepom P, Brown B, Hanke G, Loos R, Quevauviller P, Wollgast J. Needs for reliable ana-

lytical methods for monitoring chemical pollutants in surface water under the European 
water framework directive. Journal of Chromatography. A. 2009;1216:302-315. DOI: 
10.1016/j.chroma.2008.06.017

[7] Directive 2000/60/EC of the European Parliament and of the council of 23 October 2000 
establishing a framework for community action in the field of water policy. Official 
Journal of the European Communities. 2000;L 327:1

[8] Decision no. 2455/2001/EC of the European Parliament and of the council establishing 
the list of priority substances in the field of water policy and amending directive 2000/60/
EC. Official Journal of the European Union. 2001;OJ L 44:1-5

[9] Ribeiro AR, Nunes OC, Pereira MFR, Silva AMT. An overview on the advanced oxi-
dation processes applied for the treatment of water pollutants defined in the recently 
launched directive 2013/39/EU. Review. Environment International. 2015;75:33-51

[10] Luo Y, Guo W, Ngo HH, Nghiem LD, Hai FI, Zhang J, Liang S, Wang XC. A review on 
the occurence of micropollutants in the aquatic environment and their fate and removal 
during wastewater treatment. Science of the Total Environment. 2014;473-474:619-641. 
DOI: 10.1016/j.scitotenv.2013.12.065

[11] Simionato JI, Guerra Villalobos LD, Keller Bulla M, Garcia Coró FA, Garci JC. Application 
of chitin and chitosan extracted from silkworm chrysalides in the trea tment of textile 
effluents contaminated with remazol dyes. Acta Scientiarum. Technology Maringá. 
2014;36(4):693-698. DOI: 10.4025/actascitechnol.v36i4.24428. ISSN printed: 1806-2563, 
ISSN on-line: 1807-8664

[12] Reza FF, Azimi AA, Nabi Bidhendi GR. Batch kinetics and isotherms for biosorption of 
cadmium onto biosolids. Desalination and Water Treatment. 2011;28(1-3):69-74. DOI: 
10.5004/dwt.2011.2203

[13] Ahalya N, Ramachandra TV, Kanamadi RD. Biosorption of heavy metals. Research 
Journal of Chemistry and Environment. 2003;7(4):71-79

[14] Sawyer Clair N. Milestones in the development of the activated sludge process. Water 
Pollution Control Federation. 1965;37(2):151-162. JSTOR 25035231

[15] Alleman James E, Prakasam TBS. Reflections on seven decades of activated sludge his-

tory. Water Pollution Control Federation. 1983;55(5):436-443. JSTOR 25041901

Introductory Chapter: Biosorption
http://dx.doi.org/10.5772/intechopen.78961

15



[16] Jenkins D, Wanner J, editors. Activated Sludge - 100 Years and Counting. IWA Publishing; 
2014; ISBN 9781780404943

[17] Lesmana Sisca O, Novie F, Soetaredjo Felycia E, Jaka S, Suryadi I. Studies on potential 
applications of biomass for the separation of heavy metals from water and wastewater. 
Biochemical Engineering Journal. 2009;44(1):19-41. DOI: 10.1016/j.bej.2008.12.009

[18] Velásquez L, Dussan J. Biosorption and bioaccumulation of heavy metals on dead and 
living biomass of Bacillus sphaericus. Journal of Hazardous Materials. 2009;167(1-3): 
713-716. DOI: 10.1016/j.jhazmat.2009.01.044. PMID 19201532

[19] Mustapha MU, Halimoon N. Microorganisms and biosorption of heavy metals in 
the environment: A review paper. Journal of Microbial and Biochemical Technology. 
2015;7:253-256. http://dx.doi.org/10.4172/1948-5948.1000219

[20] Pagnanelli F, Mainelli S, Bornoroni L, Dionisi D, Toro L. Mechanisms of heavy-metal 
removal by activated sludge. Chemosphere. 2009;75(8):1028-1034. DOI: 10.1016/j.
chemosphere.2009.01.043

[21] Fomina M, Gadd GM. Biosorption: Current perspectives on concept, definition and 
application. Special issue on biosorption. Bioresource Technology. 2014;160:3-14. DOI: 
10.1016/j.biortech.2013.12.102

[22] Crini G, Badot PM. Application of chitosan, a natural aminopolysaccharide, for dye 
removal from aqueous solutions by adsorption processes using batch studies: A review 
of recent literature. Progress in Polymer Science. 2008;33:399-447. DOI: 10.1016/j.
progpolymsci.2007.11.001

[23] Langmuir I. The adsorption of gases on plane surfaces of glass, mica and platinum. 
Journal of the American Chemical Society. 1918;40:1361-1403

[24] Freundlich HMF. Over the adsorption in solution. The Journal of Physical Chemistry. 
1906;57:385-470

[25] Tempkin MI, Pyzhev V. Kinetics of ammonia synthesis on promoted iron catalyst. Acta 
Phys Chim USSR. 1940;12:327-356

[26] Weber WJ Jr. Adsorption. In: Physicochemical Processes for Water Quality Control. 
New York: Wiley; 1972. pp. 206-211

[27] Lagergren S. Zur theorie der sogenannten adsorption gelöster stoffe Kungliga Svenska 
Vetenskapsakademiens. The Hand. 1898;24:1-39

[28] McKay G, Ho YS. Pseudo second order model for sorption processes. Process Bioche-
mistry. 1999;34:451-465

[29] Okenicová L, Žemberyová M, Procházková S. Biosorbents for solid-phase extraction of 
toxic elements in waters. Environmental Chemistry Letters. 2016;14:67-77

[30] Otero M, Rozada F, Calvo L, Garcia AI, Moran A. Elimination of organic water pollut-
ants using adsorbents obtained from sewage sludge. Dyes and Pigments. 2003;57:55-65. 
DOI: 10.1016/S0143-7208(03)00005-6

Biosorption16



[31] Ju DJ, Byun IG, Park J, Lee CH, Ahn GH, Park TJ. Biosorption of a reactive dye 
(Rhodamine-B) from an aqueous solution using dried biomass of activated sludge. 
Bioresource Technology. 2008;99:7971-7975

[32] Caner N, Kiran I, Ilhan S, Iscen CF. Isotherm and kinetic studies of Burazol blue ED dye 
biosorption by dried anaerobic sludge. Journal of Hazardous Materials. 2009;165:279-284

[33] Qiu B, Xu X, Dang Y, Wang Q, Sun D, Wei S, Guo Z. Biotransformative removal of cat-
ionic red X-GRL by anaerobic activated sludge. RSC Advances. 2015;5:25699-25707. DOI: 
10.1039/C5RA01331C

[34] Bell JP, Tsezos M. The selectivity of biosorption of hazardous organics by microbial bio-

mass. Water Research. 1988;22(10):1245-1251

[35] Lal R, Saxena DM. Accumulation, metabolism, and effects of organochlorine insecticides 
on microorganisms. Microbiological Reviews. 1982;46(1):95-127

[36] Shin YO, Chodan J, Wolcott AR. Adsorption of DDT by soils, soil fractions and biological 
materials. Journal of Agricultural and Food Chemistry. 1970;18:1129-1133

[37] Tsezos M, Seto W. The adsorption of chloroethanes by microbial biomass. Water 
Research. 1986;20(7):851-857

[38] Tsezos M, Bell JP. Comparison of the biosorption and desorption of hazardous organic 
pollutants by live and dead biomass. Water Research. 1989;23(5):561-568

[39] Zümriye A. Application of biosorption for the removal of organic pollutants: A review. 
Process Biochemistry. 2005;40(3-4):997-1026. DOI: 10.1016/j.procbio.2004.04.008

[40] Otero M, Rozada F, Calvo LF, Garcia AI, Moran A. Kinetic and equilibrium model-
ling of the methylene blue removal from solution by adsorbent materials produced 
from sewage sludge. Biochemical Engineering Journal. 2003;15(1):59-68. DOI: 10.1016/
S1369-703X(02)00177-8

[41] Aksu Z, Yener J. A comparative adsorption/biosorption study of mono-chlorinated 
phenols onto various sorbents. Waste Management. 2001;21(8):695-702. DOI: 10.1016/
S0956-053X(01)00006-X

[42] O’Mahony T, Guibal E, Tobin JM. Reactive dye biosorption by Rhizopus arrhizus 
biomass. Enzyme and Microbial Technology. 2002;31(4):456-463. DOI: 10.1016/S0141- 
0229(02)00110-2

[43] Aksu Z, Gönen F. Biosorption of phenol by immobilized activated sludge in a continu-

ous packed bed: Prediction of breakthrough curves. Process Biochemistry. 2004;39(5): 
599-613. DOI: 10.1016/S0032-9592(03)00132-8

[44] Fu Y, Viraraghavan T. Fungal decolourization of wastewaters: A review. Bioresource 
Technology. 2001;79(3):251-262

[45] Robinson T, Mcmullan G, Marchant R, Nigam P. Remediation of dyes in textile efflu-

ent: A critical review on current treatment technologies with a proposed alternative. 
Bioresource Technology. 2001;77(3):247-255. DOI: 10.1016/S0960-8524(00)00080-8

Introductory Chapter: Biosorption
http://dx.doi.org/10.5772/intechopen.78961

17



[46] Manu B, Chaudhari S. Anaerobic decolourization of simulated textile wastewater con-

taining azo dyes. Bioresource Technology. 2001;82(3):225-231

[47] Modin O, Saheb Alam S, Persson F, Wilén BM. Sorption and release of organics by pri-
mary, anaerobic, and aerobic activated sludge mixed with raw municipal wastewater. 
PLoS One. 2015;10(3):e0119371. DOI: 10.1371/journal.pone.0119371

[48] Han R, Ding D, Xu Y, Zou W, Wang Y, Li Y, Zou L. Use of rice husk for the adsorp-

tion. Of Congo red from aqueous solution in column mode. Bioresource Technology. 
2008;99(8):2938-2946. DOI: 10.1016/j.biortech.2007.06.027

[49] Zabochnicka-Świątek M, Krzywonos M. Potentials of biosorption and bioaccumula-

tion processes for heavy metal removal. Polish Journal of Environmental Studies. 
2014;23(2):551-561

[50] Leitão AL. Potential of Penicillium species in the bioremediation field. International 
Journal of Environmental Research and Public Health. 2009;6(4):1393-1417. DOI: 10.3390/
ijerph6041393

[51] Li X, Li A, Long M, Tian X. Equilibrium and kinetic studies of copper biosorption by 
dead Ceriporia lacerata biomass isolated from the litter of an invasive plant in China. 
Journal of Environmental Health Science and Engineering. 2015;13:37. DOI: 10.1186/
s40201-015-0191-1

[52] Ternes TA. Occurrence of drugs in German sewage treatment plants and rivers. Water 
Research. 1998;32(11):3245-3260. DOI: 10.1016/S0043-1354(98)00099-2

[53] Kreuzinger N, editor. Occurrence of highly discussed pollutants in the stretch of the 
Austrian Danube related to the Catchment Area. Oral Presentation at SETAC Europe 
12th Annual Meeting, Vienna, Austria; 2002

[54] Heberer T. Occurrence, fate, and removal of pharmaceutical residues in the aquatic envi-
ronment: A review of recent research data. Toxicology Letters. 2002;131(1):5-17

[55] Hollender J, Zimmermann SG, Koepke S, Krauss M, McArdell CS, Ort C, Singer H, 
Gunten UV, Siegrist H. Elimination of organic micropollutants in a municipal wastewa-

ter treatment plant upgraded with a full-scale post-ozonation followed by sand filtration. 
Environmental Science & Technology. 2009;43(20):7862-7869. DOI: 10.1021/es9014629

[56] Fromme H, Küchler T, Otto T, Pilz K, Müller J, Wenzel A. Occurrence of phthalates and 
bisphenol a and F in the environment. Water Research. 2002;36(6):1429-1438

[57] Baronti C, Curini R, D'Ascenzo G, Di Corcia A, Gentili A, Samperi R. Monitoring natural 
and synthetic estrogens at activated sludge sewage treatment plants and in a receiving 
river water. Environmental Science & Technology. 2000;34(24):5059-5066. DOI: 10.1021/
es001359q

[58] Eggen RI, Hollender J, Joss A. Schã±¥r M, Stamm C. Reducing the discharge of micro-

pollutants in the aquatic environment: The benefits of upgrading wastewatertreatment 
plants. Environmental Science & Technology. 2014;48(14):7683-7689. DOI: 10.1021/
es500907n

Biosorption18



[59] Schüth PDC. Demonstrating Managed Aquifer Recharge as a Solution to Water Scarcity 
and Drought: An EU FP7 Project. http://www.marsol.eu/files/marsol_d14-1_list-ofmi-
cropollutants.pdf [Accessed: 31 May 2016]

[60] Hey G. Relevant studies related to the presence of micropollutants in the environ-

ment, Published date: May 18, 2016. http://micropollutants.com/About-micropollutants 
[Accessed: 31 May 2016]

[61] Grandclement C, Seyssiecq I, Piram A, Wong-Wah-Chung P, Vanot G, et al. From the 
conventional biological wastewater treatment to hybrid processes, the evaluation of 
organic micropollutant removal: A review. Water Research. 2017;111:297-317. DOI: 
10.1016/j.watres.2017.01.005

[62] Ak S, Muza M, Komesli OT, Gokcay CF. Enhancement of bio-gas production and xeno-

biotics degradation during anaerobic sludge digestion by ozone treated feed sludge. 
Chemical Engineering Journal. 2013;230:499-505. DOI: 10.1016/j.cej.2013.06.113

[63] Nie YF, Qiang ZM, Zhang HQ, Ben WW. Fate and seasonal variation of endocrine-
disrupting chemicals in a sewage treatment plant with A/A/O process. Separation and 
Purification Technology. 2012;84:9-15. DOI: 10.1016/j.seppur.2011.01.030

Introductory Chapter: Biosorption
http://dx.doi.org/10.5772/intechopen.78961

19




