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Chapter 16
Role of Fungi in the Removal of Heavy 
Metals and Dyes from Wastewater 
by Biosorption Processes

Ajay Kumar, Vineet Kumar, and Joginder Singh

16.1  �Introduction

World population is increasing day by day; hence, to meet the demand of the growing 
population, clean water is the major concern. Water is being polluted by human acti-
vates and industrial discharges. These pollutants are categorized into three major 
groups: organic, inorganic, and biological particles. Heavy metals and dyes as waste 
from various industries including textile, pharmaceutical, leather, etc. are the major 
pollutant present in water (Burakov et al. 2018). Heavy metal ions are elements from 
the fourth period of the periodic table, mostly chromium (Cr), cobalt (Co), nickel (Ni), 
copper (Cu), zinc (Zn), arsenic (As), lead (Pb), and mercury (Hg). Removing heavy 
metals is necessary because they are toxic substances with carcinogenic nature that 
should not to be discharged directly into the environment. Conventional techniques like 
membrane separation, precipitation, coagulation, and flocculation are widely used for 
removal of heavy metals (Azimi et al. 2017; Marzougui et al. 2017). Biosorption is 
preferred over these conventional techniques due to high affinity, capacity, and selectiv-
ity of the materials from the solution. There are different mechanisms involved in bio-
sorption phenomenon (Fig. 16.1). There are different kinds of adsorbent available for 
wastewater treatment. Adsorbents are broadly classified into conventional and noncon-
ventional. Biosorbents are nonconventional adsorbents and have several advantages 
over other conventional and nonconventional methods (Fig. 16.2).

Microorganism is one type of biosorbents that has been used for wastewater 
treatment. Many living or dead microorganisms such as bacteria, fungus, and 
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algae are widely used for heavy metal removal because of high adsorption capacity, 
low cost, and its availability in large quantities (Kour et al. 2019a; Rastegari et al. 
2019). However, it suffers from some of the drawbacks like waste may be con-
verted into more potential toxic compounds. Most of the microorganism-based 
methods deal with discoloration of dye instead of removal of dye or other wastes. 
Dyes are mostly used in textile, leather, and pharmaceutical industries. Discharge 
of dyes directly into the water bodies causes threats to aquatic fauna and flora as 
it interferes with gas solubility. Higher concentration of dyes resulted in carcino-
genicity and toxicity. Use of fungi for wastewater treatment is one of the promis-
ing alterative to physical and chemical process (Couto 2009; Yadav et al. 2016, 
2019b). Classification of dyes according to the chemical structure is depicted in 
Fig. 16.3.

However, nanomaterial-based approaches of wastewater treatment are consid-
ered more useful as they allow comparatively better removal of wastewater (Masoudi 
et al. 2018). With advances in nanotechnology, more and more useful nanomaterials 
such as graphene, carbon nanotubes, and fullerenes are being produced for waste-
water treatment. Along with wastewater treatment, these nanomaterials are also use-
ful for various other environmental applications (Hegab et al. 2018; Nyairo et al. 
2018; Park et al. 2017). Figure 16.4 shows nanomaterials used for heavy metal treat-
ment of water. Synthesis of bionanocomposite is now in practice for wastewater 
treatment. Wang et al. (2018) reported the removal of methylene blue by adsorption 
on yeast composite assisted with Fe2O3 nanoparticles. Figure 16.5 shows the scheme 
diagram for the synthesis of bio-nanocomposites.

Fig. 16.1  Different mechanisms involved in biosorption phenomenon (Asgher 2012)
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16.2  �Fungi as Biosorbent

Fungi are osmo-heterotrophic eukaryotes placed in the kingdom Fungi. The fungal 
cell wall is composed of acid polysaccharides such as chitin (a polymer of acetyl-
glucosamine unit), and chitosan, which is characterized by phosphate, amine, and 

Fig. 16.2  Various methods for wastewater treatment methods (Crini et al. 2018)
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hydroxyl groups, is involved in biosorption of heavy metals, dyes, and phenolic 
compounds (Zhu et al. 2019). They lack chlorophyll and their vegetative structure 
may be filamentous or unicellular. They reproduce through spore formation 
(Raghukumar 2017). Figure 16.6 shows the structure of chitin (Fig 16.6a) and chi-
tosan (Fig 16.6b) and their binding with metal ions. Table 16.1 shows the character-
istics of major fungal divisions.

Fig. 16.3  Classification of dyes according to the chemical structure (Yagub et al. 2014)

Fig. 16.4  Nanomaterials for heavy metal treatment of water (Lu and Astruc 2018)
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Fig. 16.5  The scheme diagram for the synthesis of bio-nanocomposites

Fig. 16.6  (a) The units of a chitin polymer molecule. (b) Chitosan is deacetylated chitin. (c) Binding 
of metal anions on chitin or chitosan (Kotrba 2011)
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Table 16.1  Characteristics of major fungal divisions (Stajich et al. 2009)

Division Characteristics

Chytridiomycota The fungi produce zoospores capable of moving on their own through a 
liquid medium by simple flagella

Zygomycota The hyphae do not have one nucleus per cell but rather have long 
multinucleate, haploid hyphae that comprise their mycelia. Asexual 
reproduction is by spores produced in stalked sporangia

Ascomycota They contain more than 30,000 species of unicellular (yeasts) to 
multicellular fungi. Yeasts reproduce asexually by budding and sexually by 
forming a sac/ascus

Basidiomycota Mushrooms, toadstools, and puffballs are commonly encountered 
basidiomycetes. These conspicuous features of the fungi are the 
reproductive structures. Sexual reproduction involves the formation of 
basidiospores on club-shaped cells known as basidia

Deuteromycota A group of fungi that either lack the perfect stage (i.e., sexual 
reproduction) or whose perfect stage is as yet undiscovered. They 
reproduce most frequently by conidia or conidia-like spores. Many forms 
of deuteromycota are pathogenic, affecting man, animals, or plants

For removal of dyes from wastewater, different forms of fungal sorbents are used 
such as fungal pellets, mycelium, or dead fungus by many researchers (Yagub et al. 
2014). Many molds and filamentous microorganisms such as Aspergillus niger, 
Penicillium simplicissimum, Aspergillus fumigatus, Termitomyces clypeatus, 
Penicillium brevicompactum, Saccharomyces cerevisiae, Trichoderma, etc. are used 
for removal of heavy metals and dyes (Rana et al. 2019a, b; Yadav et al. 2019a, b). 
Fungus can survive in the presence of high metal concentration. So it can be used 
for heavy metal removal from wastewater. Heavy metal adsorption by fungi through 
ion exchange and coordination is due to the presence of chitin–chitosan, glucuronic 
acid, phosphate, and polysaccharides present in/on the cells of fungi. Different 
kinds of functional groups such as amine, carboxyl, hydroxyl, phosphate, and sulf-
hydryl pay a vital role in the adsorption of heavy metals and dyes by fungal stains 
(Yin et al. 2018). Fungi especially white-rot fungi and their enzymes (laccase, lignin 
peroxidase, and Mn peroxidase) can be used to bioremediate various xenobiotics 
and wastewaters (Kour et al. 2019b; Yadav et al. 2017a, b; 2018). Figure 16.7 shows 
the schematic diagram of adsorption mechanism model.

16.3  �Growth Models for Filamentous Organisms

Fungal biomass can be easily cultivated, or it can be available as industrial waste 
product such as Aspergillus niger (waste from citric acid production) and 
Saccharomyces cerevisiae (brewery industry waste) (Dhankhar and Hooda 2011). 
At high cell density, filamentous organisms such as molds often form microbial pel-
lets in suspension culture. During the growth process, filamentous organism 
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increases in their size and mass. Thus, in the absence of mass transfer limitations, 
the radius of the microbial pellet increases linearly with time.

	

dR

dt
k cons t= =p tan

	
(16.1)

The growth rate of mold colony can be expressed as follows:
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where γ = kp(36πρ)1/3

The mass of spherical pellet as a function of time is given as follows:
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Fig. 16.7  (a) Schematic diagram of adsorption mechanism model. (b) SEM images of fungus 
mycelia and (c) dyes adsorbed onto fungus mycelia (Li et al. 2019)
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where M0 is the initial mass which is very small as compared with the M and there-
fore M varies with cubic power with time.

16.4  �Surface Modification of Fungal Biomass

Surface modification of biomass is one of the strategies used for adsorption of heavy 
metals and dyes. Various pretreatment methods such as acid, base, and thermal 
treatment are used for surface modification of biomass to enhance the adsorption 
capacity of biomass (Yin et al. 2018) as shown in Fig. 16.8.

16.4.1  �Acid Pretreatment

Biomass treated with acid improved the positive charge density on the surface which 
provide strong electrostatic attraction for negatively charged heavy metal ions.

16.4.2  �Base Pretreatment

Biomass treated with alkali may increase negative charge on the surface of biomass 
to enhance the electrostatic attraction for positively charged heavy metal ions.

Fig. 16.8  Enhancing heavy metal removing efficiency of biomass through surface modification 
(Yin et al. 2018)
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16.4.3  �Thermal Treatment

The porosity and surface area of biomass can be enhanced by thermal treatment for 
adsorption capacity of biomass. The thermal treatment can also increase the surface 
functional groups by adding metal-binding groups.

16.5  �Biosorption Models and Isotherms

Biosorption is defined as the removal of substance from biological materials whether 
it is living or dead which involves the phenomenon of the mass transfer. Biosorption 
involves both the adsorption and absorption processes.

Sorption mechanism can be divided into four consecutive steps:

	 (i)	 Transport of solute in the bulk solution
	(ii)	 Diffusion of solute through the liquid film surrounding the adsorbent particles
	(iii)	 Diffusion of solute in the pores of the sorbent (intraparticle diffusion)
	(iv)	 Chemical reaction as adsorption and desorption on the solid surface

16.5.1  �Adsorption Thermodynamics

Thermodynamic behavior of heavy metals and dyes on biosorbent is cited as exo-
thermic or endothermic sorption processes. Free energy gives the information about 
the physical sorption or chemical sorption (Yao et al. 2010; Madala et al. 2017).

	 ∆G RT K = − ln 	 (16.5)

	 ∆ ∆ ∆G H T S  = − 	 (16.6)
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(16.7)

where ∆G0 (J/mol) is Gibb’s energy, R is the ideal gas constant (8.314 J/mol K), T 
is temperature in Kalvin (K), ∆S0 (J/mol K) is adsorption entropy, and ∆H (J/mol) 
is adsorption enthalpy.

K can be obtained from qe/Ce, while the values of ΔH0 and ΔS0 were determined 
from the slope and intercept of the van’t Hoff plot of ln K versus 1/T.

The negative values of ΔGo suggested the spontaneous behavior of adsorption 
process. The positive values of ΔHo indicate the endothermic process for the adsorp-
tion of metals and dye. The positive value of ΔSo suggested the increasing random-
ness between the solid and solution interface during the adsorption process.
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16.5.2  �Adsorption Isotherm

Several mathematical models have been developed by the researchers to validate the 
process of adsorption (Lei et al. 2018). Kumari and Abraham (2007) describe bio-
sorption of anionic textile dyes by nonviable biomass of fungi and yeast.

The Freundlich model assumes that the adsorbent surface is heterogeneous and 
sorption on its surface is multilayer.

	 q K c n
e f e= 1/

	 (16.8)

	
ln ln lnq K

n
ce f e= +

1

	
(16.9)

where Ce (mg/L) is the equilibrium concentration in solution, qe (mg/g) is the lead 
adsorbed at equilibrium, n is Freundlich constant related to adsorption intensity, and 
Kf is adsorption constant for Freundlich model.

Thermodynamic parameters of adsorption of silver onto biochar were calculated 
from Langmuir isotherm as documented by Antunes et al. (2017).
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The linear form of Langmuir isotherm model equation
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where ce (mg/L) is the equilibrium concentration of Cu(II), qe (mg/g) is the adsorp-
tion capacity, qm (mg/g) is the theoretical maximum sorption capacity, and b (L/mg) 
is the Langmuir constant related to adsorption energy.

The plot of Ce/qe against Ce gives a straight line with a slope and intercept of 1/qm 
and 1/qmb, respectively.

The separation factor, RL, can be determined from Langmuir plot as per the fol-
lowing relation:

	

R
bCL =

+( )
1

1 0 	

(16.12)

where RL values indicate the type of adsorption to be irreversible (RL = 0), favorable 
(0 < RL < 1), linear (RL = 1), or unfavorable (RL > 1), and C0 is the initial metal or 
dye concentration (ppm).
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The Dubinin–Radushkevich (D-R) equation is described for adsorption nonpo-
rous, macroporous, and mesoporous adsorbents. The linear D-R isotherm model 
equation
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where BD is related to the free energy of adsorption and qD is the D-R isotherm con-
stant related to the degree of adsorption by the adsorbent.

The Temkin isotherm is based on the assumption that heat of adsorption would 
decrease linearly with increase of coverage of adsorbent due to adsorbate/adsorbent 
interactions.

The linearized Temkin isotherm equation

	 q Q K Q Ce T T T e= +ln ln 	 (16.14)

where QT = RT/bT, bT is the Temkin constant related to the heat of adsorption (kJ/
mol), KT is the Temkin isotherm constant (l/g), R is the gas constant (8.314  J/
mol · K), and T is the Kelvin temperature (K).

16.5.3  �Adsorption Kinetics

Adsorption kinetics was studied by Bayramoglu and Yilmaz (2018). Aljeboree et al. 
(2017) have described the pseudo-first-order and pseudo-second-order kinetics and 
equilibrium study for the adsorption of textile dyes on coconut shell activated 
carbon.
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where qt and qe (mg/g) are adsorbed lead amount at time t (h) and equilibrium and 
k1 (1/h) and k2 (g/(mgh)) are the rate constant for the pseudo-first-order and pseudo-
second-order adsorption kinetics, respectively.

Elovich equations
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where qe (mg/g) is the experimental amount of dye adsorbed at equilibrium and qt 
(mg/g) is the amount of dye adsorbed at time t. For Elovich equations, α is the initial 
adsorption rate (mg/g/min), and the parameter β is related to the extent of surface 
coverage and activation energy for adsorption (g/mg).

16.5.4  �Intraparticle Diffusion Model on Metal or Dye 
Adsorption

For most adsorption process, the amount of adsorption varies almost proportional 
with t1/2 .

	 q K t Ct diff= +1 2/

	 (16.18)

where qt is the adsorption capacity at time t, t1/2 is the half-life time in second, and 
Kdiff (mg/g min1/2) is the rate constant of intraparticle diffusion.

To find out the rate constants, plot qt versus t1/2 gives a linear relationship, and 
Kdiff can be determined from the slope of the plot.

Arrhenius equation is to determine the adsorption activation energy using the 
kinetic data. The kinetic constants (k) at each temperature are derived from the 
intraparticle diffusion models.
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The adsorption activation energy is calculated by depicting ln(k) versus 1/T .
A is the Arrhenius constant, R is the gas constant (8.314  J/mol  K), Ea is the 

adsorption activation energy (J/mol), and T is temperature (K).

16.6  �Characterization of Fungal Biosorbent

Several techniques are used for the characterization of fungal biosorbent, namely, 
ultraviolet (UV) spectroscopy, scanning electron microscopy (SEM), transmission 
electron microscopy (TEM), energy dispersive X-ray spectroscopy (EDX), 
Brunauer–Emmett–Teller (BET), Fourier-transform infrared spectroscopy (FTIR), 
Zeta potential analyzer, particle size analysis, and differential scanning calorimetry 
(DSC). Figure 16.9 shows the determination of the basic properties of an adsorbent 
by multifarious techniques.
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16.7  �Adsorption Study

Adsorption studies are mainly done through batch and column study such as packed 
bed study.

16.7.1  �Batch Adsorption Study

Adsorption of the heavy metals on fungal biomass is carried out in batch mode until 
equilibrium is established. The adsorption capacity of each metal ion adsorbed by 
the fungal biomass is determined (qe, mmol g−1) as the difference between their 
initial and final concentrations as given by Karunanayake et al. (2018) and Liu et al. 
(2018). Schematic diagram of batch biosorption equilibrium experimental proce-
dure is represented in Fig. 16.10.

Fig. 16.9  Determination of the basic properties of an adsorbent by multifarious techniques 
(Unuabonah et al. 2019)
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where Co and Ce (mg L−1) are the initial and equilibrium concentrations after adsorp-
tion and Qe (mg g−1) is the equilibrium adsorption capacity. V (L) is the volume of 
acid dye solution, and m (g) is the mass of the adsorbents.

16.7.2  �Column Adsorption Study

The fixed-bed column is made of a glass tube and packed with fungal biosorbent. 
The effluent samples are collected periodically from the bottom of the column dur-
ing the experiment to determine the concentration of each collected sample 
(Fig. 16.11). A 45 mL of sample is placed in the Teflon liner with 4 mL of 15.9M 
HNO3 and 1  mL of 12.1M HCl. The final extract was filtered through 0.45  μm 
syringe filter and analyzed using inductively coupled plasma mass spectrophotom-
etry (ICP-MS) (Östman et al. 2017).

Biosorbent

Solute

Filter

Filtrate analyzed

Agitation
C0 initial

Cf Final

After
Equilibrium

Fig. 16.10  Schematic diagram of batch biosorption equilibrium experimental procedure 
(Vijayaraghavan and Yun 2008)
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16.7.3  �Breakthrough Analysis

In the fixed-bed adsorption system, the breakthrough curve (BTC) behavior is 
affected by the operational parameters (i.e., Q, Co, Z, and % nps) and the designed 
parameters (length over diameter) of the column as well as the characteristic of the 
adsorbent (size and shape) (Fig. 16.12).

16.7.4  �Packed Bed Column Model

Packed bed column is an effective process for cyclic sorption/desorption, as it makes 
the best use of the concentration difference known to be a driving force for pollutant 
sorption and results in a better quality of the effluent. Two frequently used models, 
i.e., Thomas and Bed Depth Service Time (BDST), were used to analyze the com-
patibility of experimental data of the tested metals.

16.7.4.1  �Thomas Model

The Thomas model can be implemented to analyze the breakthrough curves and 
adsorption capacity for sorbent.

Packed-bed

sampling

Syringe
pump

Wastewater
source

Diatomite embedded with
PEI-PY nanoparticles

Fig. 16.11  Schematic representation of the fixed-bed experimental setup (Hethnawi et al. 2018)
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where C0 and C are the inlet and the effluent solute concentrations at any time 
t (m); kTh is the Thomas model constant (mL m−1 mg−1); q0 is the maximum 
solid-phase concentration of solute (mg  g−1); and M is the total mass of the 
adsorbent (g).

The model constants kTh and q0 can be determined from slope and intercept of a 
plot of ln[(C0/C) – 1] against t, respectively.

16.7.4.2  �BDST Model

The BDST model is used to predict the column performance of any bed length, if 
data for some depths are known.
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where t is the service time (h), N0 is the adsorption capacity (mg cm−3), Z is the 
height of column (cm), Cb is the breakthrough sorbate concentration (mg L−1), ϑ is 
the linear velocity (cm h−1), and Ka is the rate constant (L mg−1 h−1) at time t.

Outlet 
concentration Outlet concentration

Inlet concentration
 level

Adjustable plunger To collection

B
iosorbent

Breakthrough
point

Breakthrough
curve

Elution
curve

Elutant
solution

Metal/dye
solution

TimeTime
Two way valve

Glass beads

Fig. 16.12  Schematic diagram of packed column arrangement with biosorption breakthrough and 
elution curves (Vijayaraghavan and Yun 2008)
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16.8  �Validation of Adsorption Kinetics Models

The kinetic data was fit using the nonlinear form of the PFO and PSO models, 
where the best-fit was estimated by coefficient of determination (R2) as validated by 
Jawad et al. (2019).
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qt.meas and qt.cal are the measured and calculated adsorption capacity at time t, and n 
is the number of observations.

Chi-square and the normalized standard deviation are used to validate the kinetic 
models as cited by Inyinbor et al. (2016).
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where N is the number of data points, while qexp and qcal are experimentally deter-
mined quantity adsorbed at equilibrium and calculated quantity adsorbed at equilib-
rium, respectively.

16.9  �Factors Affecting Fungal Biosorption

Several factors affect the process of biosorption (Dhankhar and Hooda 2011; Arief 
et al. 2008; Bankar and Nagaraja 2018). Common factors are as follows:

	 (i)	 Type and nature of biomass
	(ii)	 Initial solute concentration
	(iii)	 Biomass concentrations (biosorbent dose/solution volume) in solution
	(iv)	 Physicochemical factors like temperature, pH, and ionic strength

16.10  �Factors Affecting Desorption

Numerous factors such as effect of desorption reagent, desorption temperature, and 
desorption time have been investigated by several researchers (Zhang and Wang 
2015; Mahfoudhi and Boufi 2017). Desorption or recovery is an essential concept, 
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especially if the pH has an effect in the sustainable manner of adsorption study. 
But the regeneration process should not damage the adsorbent inside the fixed-bed 
column; otherwise, their reuse will be inefficient; 0.05 mM of HNO3 at pH 5 can be 
used for desorption study.

	
DesorptionEfficiency de

ad

%( ) = ×
q

q
100

	
(16.28)

where qde is the quantity desorbed by each of the eluent and qad is the adsorbed 
quantity during loading.

16.11  �Fungal Bioreactor for Wastewater Treatment

For the growth of fungus, different bioreactor configurations such as stirred tank 
reactor (STR), bubble column, airlift, and fluidized bed reactors are used. These 
reactors are used for wastewater treatment. Figure 16.13 shows fungal pellet reactor 
for removal of pollutants in wastewater, although batch reactors are also used for 
wastewater treatment (Espinosa-Ortiz et al. 2016).

	 (i)	 STR: Stirred tank reactor is widely used for culturing fungal pellets and com-
monly used for removal of heavy metals and dyes during wastewater treatment.

	(ii)	 Bubble column bioreactor: Bubble column reactor belongs to the category of 
multiphase reactors, and it is advantageous for the use of fungal pellets to treat 
pollutants from wastewater.

	(iii)	 Airlift bioreactor: Airlift bioreactor is similar to bubble column bioreactor but 
contains draft tube which is always an internal or an external tube to improve 
circulation and oxygen transfer. It is used for wastewater treatment.

	(iv)	 Fluidized bed reactor: The fluidized bed reactor is characterized by its plug 
flow nature of fluid movement inside the reactor. The fluidization occurs when 
solid material (i.e., biomass) is suspended in an upward-flowing stream of 
fluid, which can be either liquid or gas. These reactors are used in wastewater 
treatment.

16.12  �Conclusion and Future Prospects

Methods exist for wastewater treatment, but they have some disadvantages like 
chemical methods used chemicals that are threat to environment. Biological meth-
ods have advantages over chemical methods. Fungal biomass can be a novel inex-
pensive biosorbent for removal of heavy metals and dyes from aqueous solution. 
The structural arrangements of various functional groups collectively make fungal 
biomass a good biosorbent. Actually, the sorption (adsorption/absorption) is affected 
by interaction of waste material with functional groups of fungal biomass with various 
waste materials.
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