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Chapter 14
Microbial Biofilm Cell Systems 
for Remediation of Wastewaters
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Ziaur Rahman, Abdul Rehman, Fazal Adnan, Sadia Qayyum, 
and Ajmal Khan

14.1  Introduction

The increasing pollution in water is of great alarm for the public about recalcitrant 
hazardous compounds from different sources. It is important to know that environ-
ment is contaminated via different pollutants like heavy metals, pesticides, phenolic 
compounds, dyes, nutrients and organic compounds which pose serious environ-
mental issues (Mohamed et al. 2016; Rodgers-Vieira et al. 2015; Smułek et al. 2015; 
Bhat et al. 2017).

The majority of wastewater comes from different industries, and these wastewa-
ters are deleterious and pose serious environmental and human health issues. Thus, 
it is of prime importance to control these pollutants via effective treatment technolo-
gies which must be efficient and cheap. Treated water must be recycled back to 
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the  same process or reused. Various methods have been tested to treat industrial 
wastewaters such as chemical, biological and mechanical treatment methods. 
Biotechnological methods that use microbes for degradation of pollutants in waste-
water have been largely used (Zhang et al. 2018). These biological treatment strate-
gies are cheap and in these treatment processes no toxic chemical is added. Also, 
these methods have the ability to completely degrade pollutants (Sharma 2012). 
However, using microbes for the removal of pollutants from wastewater, there is 
also difficulty of separating microbes after treatment of wastewater (Tam et al. 2010).

Treatments of pollutant control methods have mainly two limitations: the micro-
bial cells are difficult to separate after treatment process; their reuse and long-term 
stability. Thus, immobilized microbial cells via physical or chemical ways can over-
come these limitations (Hartmeier 2012; Yiğitoğlu and Temoçin 2010). Immobilized 
microbial cells are gaining huge significance due to their numerous benefits com-
pared to free cell methods for the treatment of wastewater. Immobilized microbial 
cells provide high mechanical strength, high mass, reuse, stability and resistance to 
toxic pollutants (Kadimpati et al. 2013).

Microbial cells can be attached or entrapped on/in different support materials. 
These support materials can be organic or inorganic or water-insoluble materials. 
Different immobilization cell systems and support materials were used for various 
wastewaters (Kadimpati et al. 2013). Whole cell immobilization for wastewater pro-
vides simple separation from treated water. Also, whole cell microbial immobiliza-
tion makes available long-term stability of microbial stability of enzymes and 
activity of enzymes (Stolarzewicz et al. 2011).

In this chapter, we have comprehensively discussed the role of immobilized 
microbial cells and focused on immobilization methods and support materials for 
immobilization of microbial cells. Also, the role of microbial immobilized cell sys-
tems in the bioremediation of contaminated wastewater is discussed. Lastly, conclu-
sions and future prospects in biofilm-based bioremediation are highlighted.

14.2  Microbial Immobilization

Microbial immobilization is the attachment or entrapment of microbial cells using 
support materials. Generally immobilization is the imprisonment or restriction of 
the movement of a cell (Zhang et al. 2004). Usually immobilization can be used for 
plant cells, animal cells, microbial cells or enzymes. In recent studies, whole micro-
bial cells have been immobilized on support materials for the control of environ-
mental pollutants. Immobilized microbial cells are of three types which consist of 
growing, dead and living. Therefore, it is important to select the suitable type of 
immobilized cells for a particular application (Rahman et al. 2006).

Microbial immobilized cells are more stable compared to immobilized enzymes. 
In this system, it is not necessary to extract enzymes from microbial cells. When 
using enzymes, they are prone to less stability in harsh conditions; moreover, 
enzyme systems’ unnecessary reactions take place (Stolarzewicz et al. 2011). It is 
important to know that the area of whole cell immobilization is different from health 
sciences to food industries. Immobilized microbes on support materials can be 
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reused in fresh bioprocess reactions for treatment of wastewater or production of a 
variety of products. Reuse of immobilized cells can reduce cost of the production or 
treatment process (Mrudula and Shyam 2012; Ohta et al. 1994).

14.3  Support Materials for Immobilization

For microbial cell immobilization, it is important to select a suitable support mate-
rial. Support materials must meet the following norms (Zacheus et al. 2000):

 (a) Immobilization support materials must have long shelf life.
 (b) Support materials must be non-biodegradable and must be nonhazardous.
 (c) Materials must be cheap and easily available.
 (d) These support materials must be easily separated from cells.
 (e) Support materials must have high chemical and mechanical stability.
 (f) These materials can be sterilizable.
 (g) Materials must be suitable for regeneration.

It is vital to know that the choice of support material for anoxic biomass immobili-
zation can greatly affect the efficacy of a bioreactor or fermenter. Microbial cells 
attached on the surface depend on the support material which directly affects the 
number of microbes attached to it. Support materials are mainly classified in two 
main sets: organic and inorganic support materials (Lu and Toy 2009). Organic sup-
port materials are used such as dextran, celluloses, and agarose, while inorganic 
materials are porous glass, activated charcoal, clay, etc. (Lu and Toy 2009).

Organic support materials are available in large variety compared to inorganic 
support materials. Also, organic immobilization materials can be acquired with 
desired porosity. These materials are sensitive to pH, while inorganic support mate-
rials are resistant to chemicals, pH and microbial degradation. These support mate-
rials are also more feasible in scale-up process (Ispas et al. 2009; Magner 2013).

Also, organic support materials can be classified into synthetic and natural poly-
mers. Different synthetic polymers such as polyvinyl, resins, acrylamide and poly-
urethane are also employed for microbial immobilization. Few examples of organic 
natural materials are agar, agarose and carrageenan (Hartmann 2005). In most of the 
studies, alginate polymers were used due to various benefits like they are 
environment- friendly and nontoxic to humans. Also, they are cheap and obtainable 
in huge amount. Moreover, immobilization in alginate also avoids changes in physi-
ological condition (Buque et al. 2002).

14.4  Immobilization Methods

Recently, there is more focus on using immobilization methods for bioremediation of 
wastewater. Different types of immobilization methods have been employed for 
immobilization. Among these methods most important are encapsulation, adsorption, 
binding on surface and entrapment (Kourkoutas et  al. 2004). This method is also 
elaborated briefly in Fig. 14.1.
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14.4.1  Adsorption

This method is simple and quick. This method is reversible. Adsorption is the most 
commonly used method for bioremediation of wastewater via immobilization tech-
nique. Adsorption can be defined as immobilization of enzymes or microbes via 
their physical interaction with surface of support materials. There is no need for 
addition of chemical additives. Adsorption method is cheap and environment- 
friendly. Adsorption completely is achieved via formation of weak bonds (hydro-
gen, ionic and van der waals forces, etc.). Also, these interactions are not strong and 
unstable; hence there is possibility of leakage in environment (Hou et al. 2014).

14.4.2  Covalent Binding

This method of immobilization is reversible due to covalent bond formation with 
the support material and microbial cell when a cross-linking material is present. 
This method is mostly used for immobilization of enzymes. In rare cases covalent 
binding method is applied owing to the toxicity which causes cell death. Covalent 
binding method is different from electrostatic binding (Groboillot et al. 1994).

14.4.3  Entrapment in Porous Matrix

Entrapment of microbial cells is widely used for pollutants treatment. Once microbes 
are entrapped, they can move inside the entrapped support material. Depending on 
the support materials, it can reduce the leakage of materials across the support mate-
rial. Also, it can reduce the passage of nutrients. It is found that those microbes 
which stay near the surface have high activity and metabolic process, while other 
microbes have less activity (Bleve et al. 2011). There are numerous advantages of 
entrapment method such as it is environmentally friendly, cheap and nontoxic 
(Wojcieszyńska et al. 2012). This method helps in protection of microbes from the 
harsh environmental conditions. It is vital to understand that pore sizes of the sup-
port entrapment material must be smaller than the microbes. If these support materi-
als have large pore size, there is possibility of leakage (Bleve et al. 2011).

a)Adsorption b) Covalent Binding c)Entrapment d) Encapsulation

Fig. 14.1 Different immobilization methods (Bayat et al. 2015)
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14.4.4  Encapsulation

This method is quite similar to the method of entrapment. It is irreversible method 
of immobilization of microbial cells. In this method particles are isolated from 
external environment. The major benefit of this method is the protection of cells 
from toxic or extreme conditions. The protective barrier around the microorganism 
allows the passage of nutrients. This technique is cheap and fast. In addition to its 
benefits, there are also some limitations which hinder the large-scale application of 
this technique. Among the major limitations is injury can occur to the encapsulation 
material. Due to the limitations discussed here, this method is not widely used for 
bioremediation of wastewater. Pore size is also important, and if immobilization 
support material leaks, it can decrease the loading, and hence, it affects the effi-
ciency of bioremediation process (Klein et al. 2012).

14.5  Role of Microbial Biofilm Cell Systems 
in Bioremediation of Wastewater

The increasing water pollution poses serious environmental concerns. It is impor-
tant to find new ways to control water pollution. Recently, microbial biofilm-based 
strategies for the control of water pollution are increasing to cater this issue. In this 
section of the chapter, we will focus on the bioremediation of different wastewaters 
via immobilized microbial cells.

14.5.1  Bioremediation of Heavy Metals

Most of the industrial wastewaters contain hazardous metals such as copper, lead, 
cadmium, etc. (Jencarova and Luptakova 2017). These wastewaters produce free 
radicals which can cause serious environmental hazards and concerns (Gumpu et al. 
2015). Hence, it is of prime important to treat heavy metals containing wastewater. 
Several methods have been tested for the treatment of heavy metal wastewater, but 
most of these methods are expensive and have various limitations. In few methods, 
several adsorbents are used but mostly are not efficient. Also their efficiency is usu-
ally augmented by increasing the surface area of the adsorbents (Ahmed et al. 2015). 
In one of the study reported, Penicillium citrinum was entrapped sodium alginate 
matrix. Sodium alginate beads containing Penicillium citrinum were produced, and 
beads were used for bioremediation of Cu(II) removal. It was observed that immo-
bilized beads containing microbe remove Cu(II) up to 84.5%. However, for free 
cells it was 82.4%. From these results, it was exhibited that immobilized microbial 
cells are more efficient in removal of tested metal. Table 14.1 also demonstrates 
other methods for bioremediation of heavy metals using immobilized microbes. 
In another study, under batch conditions, 95% metal removal was achieved using 
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sulphate- reducing bacteria in sodium alginate. A continuous removal strategy was 
also employed in which 99% of Cu(II) and 95.8% of Zn(II) were achieved (Kiran 
et al. 2018).

14.5.2  Bioremediation of Refractory Organic Wastewater

Bioremediation of phenolic- or aniline-based compounds is difficult to achieve 
(Luan et al. 2017). Most of the refractory compounds such as aniline or phenolic 
compounds are not degraded efficiently through present conventional treatment 
methods (Cesaro et al. 2013). It is owing to the long time needed for the microbial 
cells to grow and stay in the reaction process. However, immobilized microbial cells 
provide higher mass of cells and also microbial cells are more stable. In one of the 
study, Bacillus sp. SAS19 for phenol degradation was immobilized on porous car-
bonaceous gels. In this study it was exhibited that immobilized bacteria were more 
efficient in degradation of phenolics. It was found that immobilized bacteria can 
degrade phenol (1600 mg/L) up to 100% in 24 h (Ke et al. 2018). Lu and Toy (2009) 
also reported application of Phanerochaete chrysosporium. This fungus was immo-

Table 14.1 Role of immobilized microbial cells in bioremediation of different pollutants

Pollutants Microbes Support materials References

Phenol Bacillus thuringiensis 
J20

Sodium alginate Ereqat et al. (2018)

Phenol Bacillus cells Polyvinyl alcohol-sodium 
alginate

Ismail and Khudhair 
(2015)

Cu, Ni Chlorella vulgaris Alginate Mehta and Gaur 
(2001)

Uranium Chlamydomonas 
reinhardtii

Cellulose beads Erkaya et al. (2014)

As(III), as(V) Corynebacterium 
glutamicum

Neem leaves Podder and Majumder 
(2015)

Cr(VI) Bacillus species Biomass of tea Gupta and 
Balomajumder (2015)

Nitrite Nitrite-oxidizing 
bacteria

Chitosan Lertsutthiwong et al. 
(2013)

NH4-N Nitrifier cells Polyvinyl alcohol and 
sodium alginate

Wang et al. (2016)

Phosphorus and 
nitrogen

Scenedesmus 
intermedius

Alginate Jimenez-Perez et al. 
(2004)

Nitrate Chlorella vulgaris Chitosan nanofibres Eroglu et al. (2012)
Reactive dyes Pseudomonas putida 

and Bacillus
Licheniformis

Sodium alginate and 
polyacrylamide
Gel beads

Suganya and Revathi 
(2016)

Methylene blue Bacillus subtilis Calcium alginate bead Upendar et al. (2016)
Polyazo dye Bacillus firmus Tubular polymeric gel Ogugbue et al. (2012)
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bilized on wood chips. Immobilized fungus was applied for biodegradation of phe-
nolic compounds from coking wastewater. Immobilized fungus exhibited 87.05% 
degradation of phenol which was higher compared to non-attached fungus. The 
optimal removal of phenol was 84% in 3 days.

14.5.3  Bioremediation of Industrial Dyes

Different industries utilize dyes for different purposes including textile, leather, 
pharmaceutical, etc. After these processes, a huge amount of wastewater containing 
these dyes is discharged into the water bodies which pose different environmental 
concerns. Also, these dyes cause mutation and deleterious health concerns. Thus, it 
is important to treat these dyes containing wastewater. Many studies are performed 
to cater this issue and control dye wastewater before its discharge into the water 
streams. Different microorganisms are tested for dye treatment under different con-
ditions in batch and continuous mode. Most common microbes are funguses which 
are more efficient in removal and degradation of dyes from wastewater (Couto 
2009). In one of the study, Brevibacillus parabrevis was immobilized on coconut 
shell biochar. It was exhibited that under optimum conditions and with inoculum of 
3 ml, removal of 95.7% of Congo red dye was achieved after 6 days (Talha et al. 
2018). Hameed and Ismail (2018) found that using immobilized mix cells, reactive 
red dye (10 mg/L) was completely decolourized within 30 h under anaerobic condi-
tions. For other studies, Table 14.1 shows different methods of bioremediation of 
dye wastewater.

14.5.4  Bioremediation of Nitrogen and Phosphorus

Nutrients are vital for the growth of microorganisms, but their increase in water 
bodies causes eutrophication (Tang et al. 2017).

Hence, it is necessary to treat water containing excessive nutrients before dis-
charging it into rivers and lakes. Various techniques have been used for the control 
of nutrients (e.g. nitrogen and phosphorus). These conventional processes are 
adsorption, membrane processes, chemical precipitation, biological processes, etc. 
(Kumar et al. 2018). Due to the tremendous benefits of immobilized microbial cell 
technology, various studies have utilized immobilized cells for the bioremediation 
of nitrogen and phosphorus removal from wastewater. Shi et al. (2007) tested two 
green microalgae (Chlorella vulgaris and Scenedesmus rubescens) for phosphorus 
and nitrogen removal. Microalgae were immobilized via twin-layer system. It was 
exhibited that both algae tested removed nitrate from wastewater. When they have 
used secondary wastewater, both algae removed nitrate and phosphate to less than 
10% in 9 days. Table 14.1 illustrates different immobilized microbial cells to control 
nutrients from wastewater.
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14.6  Conclusions

It is exhibited from the studies that immobilized microbial cells have great potential 
for bioremediation of wastewater. In many studies it was found that immobilized 
cells are efficient compared to free cells for bioremediation of polluted water. 
Immobilized microbial cell systems provide numerous benefits compared to free 
cells for treatment of wastewater. In various studies, it was reported that immobi-
lized cells have longer stability, lower cost, and higher degrading ability. Also, 
immobilized cells increase tolerance to harsh conditions which also makes them 
more suitable compared to free cells.

14.7  Future Prospects

Cloning of genes for biosurfactant synthesis and chemotactic ability of Genetically 
Engineered Microbes (GEMs) can further enhance the biodegradative capability of 
modified microbes. Nevertheless, the release and use of GEM in the nature and 
transmission is under much debate and controversial. However, the majority of 
organisms usually have other disabling mutations that will not permit the microbes 
to grow outside a given environment. Reengineering of secreted proteins in biofilm 
matrix is also an area for further development in the field of bioremediation. 
Bioremediation studies to test the effectiveness of biofilm under conditions similar 
to those encountered in natural environment still remain few. Many issues remain 
unclear such as the correlation between biofilm microstructure and biodegradation 
process, long-term behaviour of biofilms exposed to fluctuations in pollutant con-
centrations and the detail of the correlation between soil composition and biofilm 
behaviour. Solutions to these issues will provide a predictive and quantitative model 
for bioremediation using biofilm-based methods, so to improve this large scale of 
application of this environmentally sustainable technology.
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