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Preface 

Environmental pollution is the burning issue of this era and has taken great 

attention of the society as well as governmental organizing bodies due to its 

detrimental impact on human health and the environment. Water pollution is one 

of it that causes serious health problem due to different types of hazardous 

substances such as heavy metal, pesticides, dyes, etc. Heavy metal polluted 

wastewater is generated from different types of industrial activities. Hexavalent 

chromium (Cr(VI)) and divalent nickel (Ni(II)) are two of most precious heavy 

metal widely used in different industrial process including electroplating, paint 

manufacturing, paper & pulp, leather tanning and mining of Cr and Ni. Huge 

amount of wastewater is generated from these processes containing Cr and Ni as 

contaminant and without proper treatment it is disposed off in natural water 

body or land that affect the flora and fauna of the environment. Contamination 

caused by these processes is directly or indirectly affect the human health too. 

Cr(VI) and Ni(II) are highly toxic, carcinogenic and mutagenic and number of 

human health dilemma such as eye and skin irritation, severe diarrhea, corrosion 

of skin and respiratory tract, kidney dysfunction and probably lung carcinoma 

has been reported that are caused by Cr(VI) and Ni(II) that’s why World Health 

Organization (WHO) has set the permissible limit 0.05 mg/L for Cr and 0.07 

mg/L for Ni for drinking water.  

Many of the physicochemical techniques are utilizing for treatment of such type 

of wastewater but insufficient treatment efficacy, high associated cost, 

generation of huge amount of sludge, requirement of high energy and skilled 

man power are the major shortcoming of these techniques. Bioremediation 

implies microbes and plants that can destruct many of the physicochemical 

technique’s drawbacks and can become a sustainable way for treatment of 

wastewater. Fungi exhibited high potency to survive in adverse environment and 

play crucial role in ecosystem functioning. Fungi that have high metal tolerance 

capability can be exploited for treatment of metal contaminated wastewater 

under in situ as well as engineered systems. The present study entitled 

“Remediation of Cr(VI) and Ni(II) contaminated water by Metal Tolerant 

fungi isolated from Electroplating effluent” is aimed to isolate the heavy 
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metal tolerant fungi from extremely heavy metal contaminated electroplating 

wastewater and give scientific knowledge about the Cr(VI) and Ni(II) tolerance 

and removal efficiency and mechanisms of isolated heavy metal tolerant fungal 

species for their potential application in the field of bioremediation of Cr(VI) 

and Ni(II) contaminated wastewater. In this investigation, the heavy metal 

tolerant fungal species were isolated from electroplating wastewater. Their 

heavy metal tolerance efficiency, Cr(VI) and Ni(II) reduction/removal potential 

was investigated and to establish the tolerance and reduction/removal 

mechanism of fungi for Cr(VI) and Ni(II), SEM-EDX, FTIR, XRD, XPS and 

many biochemical assays such as oxidative stress, enzymatic and non-enzymatic 

response that work as molecular signaling in the response of metal stress, were 

performed. The present thesis has been categorized into six chapters.  

Chapter 1 is entitled “Introduction” that cover the background of the present 

work and describes the need for the treatment of Cr(VI) and Ni(II) contaminated 

wastewater.  

Chapter 2 accomplished with seventh foremost objectives of the present work. 

Chapter 3 is about Review of Literature. This chapter contains knowledge of 

the existing treatment techniques such physicochemical, filtration, adsorption, 

electrochemical, etc. Application of fungi and their mechanism that are involved 

in tolerance and removal of heavy metal including Cr(VI) and Ni(II) are also 

discussed.  

Chapter 4 is on “Materials and Methods” that comprise the detail of methods 

and methodology followed during the journey of this study.  

Chapter 5 is the “Results and Discussion”. This chapter is divided into 8 

sections. Section 5A described the physicochemical characteristics of collected 

electroplating wastewater. Section 5B deals with isolated fungal species from 

electroplating wastewater. In Section 5C heavy metal tolerance efficacy of the 

fungi are discussed. Section 5D is explaining the molecular characterization of 

isolated fungal species. Section 5E is on Chromium reduction and Removal by 

A. flavus CR500: Biochemical and morphological response and phytotoxicity 

investigation. Section 5F comprises the detail investigation on T. lixii CR700 
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and its Cr(VI) remediation mechanism and entitled as “T. lixii CR700 and 

Cr(VI): Reduction, removal and Biochemical analysis”. Section 5G and 5H 

deals with Ni(II) removal and mechanism by A. flavus CR500 and T. lixii 

CR700 and entitled as “A. flavus CR500 and Ni(II): Removal, morphological 

and Biochemical analysis” and “T. lixii CR700 and Ni(II): Removal, 

morphological and Biochemical Study” respectively. The multiple-metal 

removal ability of A. flavus CR500 from wastewater is discussed in the section 

5I.  

Chapter 6 is emphasizing chief finding and conclusion of this investigation and 

entitled as “Summary”.  

Chapter 7 is on “conclusion”. At the end of the thesis a list of publications 

(Appendix I) and conference and workshop attended (Appendix II) have been 

applauded. 

Date Vinay Kumar 
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NBT: Nitroblue tetrazolium 

Ni(II): Divalent nickel 
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PDA: Potato dextrose agar 

PDB: Potato dextrose broth 

POD: Peroxidase 

PPO: Polyphenol oxidase 

PVP: Polyvinylpyrrolidone 

ROS: Reactive oxygen species 

rpm: Round per minutes 
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SOD: Superoxide dismutase 
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M:    mole 
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v:     volume 
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Chapter-1               Introduction 
Present scenario of industrial and developmental activities are altering the 

natural flow of the materials and introducing foreign compounds into the environment 

(Faisal and Hasnain, 2004). Environmental pollutants including halogenated solvents, 

petroleum hydrocarbons, explosives, agro-chemicals, heavy metal/loids and 

radionuclide’s are the serious problem to the environmental concern. Out of these 

pollutants, heavy metals (HMs) (cadmium, Cd; copper, Cu; mercury, Hg; lead, Pb; 

manganese, Mn; arsenic, As; nickel, Ni; zinc, Zn; iron, Fe etc.) are extensively used in 

different types of industries and released in high amount with their disposing 

effluents. These contaminants directly or indirectly come into the environment. A few 

number of metals including Fe, Mg, Cu, Mn, Co and Zn are the micronutrients for 

most of the organisms; while, not for all living organism and increasing concentration 

from their limit causes toxicity (Manorama et al., 2016; Singh et al., 2017). HMs as 

micronutrient may play essential role in metabolic activity e.g. metalloenzyme (Tahir 

et al., 2017). Because of high solubility of HMs in the aquatic medium, they can be 

easily absorbed or intake by the organisms. On another hand, being metal, they are 

non-biodegradable and have multiple threats to living organisms due to their 

persistence in nature, high toxicity characteristics and long half-lives after coming 

into the food chain (Ali et al., 2015; Jamali et al., 2007; Mondal et al., 2017). They 

have multiple ways to come into the food chain such as by seeping in ground water 

from wastewater, by drinking of water from polluted water body, crop irrigation by 

wastewater etc. (Jamali et al., 2007). After accumulation into the living organism they 

causes multiple threats to human (Table 1.1) as well as other organism. So, due to 

extensive use and toxic in nature heavy metal has rises number of environmental and 

human health issues and become a serious concern to resolve at present (Dhankar and 

Hooda, 2011; Mishra and Malik, 2012). 

From the last four-five decades, it has been greatly focused to control 

hazardous chemical, especially toxic HMs. At present, there is a great requirement of 

economical and efficient techniques for treating HMs contaminated industrial 

wastewater (Dhankar and Hooda, 2011). There are some conventional technologies 

including chemical coagulation, adsorption, precipitation, membrane filtration, 

reduction and ion exchange that are being used to treat HMs polluted wastewater 

(Barakat, 2011; Fu and Wang, 2011). However, most of these methods are ineffective 
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to remove HMs below 100 mg/L (Dixit et al., 2015) and generate secondary pollution 

(Kumar et al. 2019). Their high cost and eco-unfriendly nature limits its application 

and required alternative cheap and ecofriendly technique to treat HMs contaminated 

wastewater. Bioremediation have been seen as cheaper and ecofriendly alternative 

which implies the application of bacteria, fungi and plant to treat wastewater, and 

have taken a great attention from the last 3-4 decades.    

 

Table 1.1. Heavy metals permissible limit in drinking water (WHO Standard), 

their sources and Human health impact 

 

Metal 

species 

 

Maximum 

permissible 

limit in 

drinking 

water*  

(mg L
-1

) 

 

**Major sources 

 

**Human health impact 

Hg 0.006 Pesticides, batteries and 

paper industries 

Damage to nervous system, 

Protoplasm poisoning 

Cd 

 

0.003 Electroplating, welding, 

pesticide fertilizer, Cd and 

Ni battery industries 

Kidney damage, bronchitis, 

gastrointestinal disorder, bone 

marrow, cancer 

Pb 

 

0.01 Paints, pesticides, smoking, 

automobile emission, 

mining, burning of coal 

Liver, kidney & gastrointestinal 

damage, mental retardation in 

children 

Cr 

 

0.05 Chrome plating, ceramics, 

metallu-rgical processes, 

paints, dyes, magnetic tapes 

Persisting diarrhoea, skin 

ulceration, “chrome holes”, 

bronchial asthma 

Cu 

 

2.0 Agricultural fungicides, 

algicides, Fertilezers,  

plumbing corrosion, 

Electroplating, photography 

Gastrointestinal disorder, liver 

and kidney malfunctioning, 

nausea, vomiting, diarrhoea, 

intestinal cramps, anaemia 

As 0.01 Pesticides, fungicides, metal 

smelters, mining of coal and 

ores 

Loss of appetite and nausea, 

vomiting, oesophageal and 

abdominal pain, and bloody 

“rice water” diarrhoea 
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Bronchitis, dermatitis, skin 

thickening (hyperkeratosis) 

neurological disorders, 

muscular weakness  

Mn 

 

0.5 Welding, fuel addition, 

ferromanganese Production 

Inhalation or contact causes 

damage to central nervous 

system 

Ni 

 

0.02 Nickel- or chromium-plated 

taps, bore-hole equipment 

Skin sensitizer, dermatitis, 

prenatal mortality 

Co 

 

- Aircraft engines, magnets, 

grinding and cutting tools, 

artificial hip and knee joints, 

glass, ceramics and paints 

Congestive heart failure, 

dermatitis, liver and kidney 

effects, nausea, vomiting, 

diarrhoea, bleeding, coma 

Zn 

 

3.0 Refineries, brass 

manufacture, metal 

plating, plumbing 

Zinc fumes have corrosive 

effect on skin, cause damage to 

nervous membrane 

 

Fe 

 

- Blister packaging, iron 

pipes, and cookware 

Liver, cardiovascular system, 

and kidney malfunctioning 

*WHO's drinking water standards, 2017, **Sources of pollutants and their impact on 

human health is adopted from Ayangbenro and Babalola (2017) and Dhankar and 

Hooda (2011). 

 

Microorganisms have capacity to survive in almost every adverse environment 

because of their innate ability to take up the pollutants as nutrients like HMs due to 

accumulative and absorptive capability. Microorganism not only accumulates or 

adsorbs HMs but also having the ability to reduce HMs from toxic to non/less-toxic 

form (Chen et al., 2019; Sakthivel et al., 2016). Number of microorganisms has been 

explored for the mobilization and immobilization potential of metal ions, thereby 

varying their accessibility to plants (Birch, 1990; Bachofen, 1990; Deng et al., 2013; 

Rhee et al., 2014). Fungi have been reported to exhibit significant tolerance/resistance 

towards HMs and turn out to be dominant organisms in some contaminated aquatic 
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water bodies and other habitats (Gola et al., 2016; Mishra and Malik, 2012). The 

tolerance and accumulation characteristics of fungi are the major criteria for selection 

to introduce their application in the field of bioremediation. In case of growing fungi, 

their application in remediation is called as mycoremediation. Aspergillus niger 

(Fomina et al., 2017; Holda et al., 2016; Mondal et al., 2017; Sriharsha et al., 2017; 

Tahir et al., 2017), Trichderma harzianum (Adebiyi et al., 2017; Cecchi et al., 2017; 

Mohammadian et al., 2017) are reported as multi metal tolerant fungi. Numbers of 

species from diverse group of fungi (Penicillium, Aspergillus, Trichoderma, 

Fusarium, Rhizopus, etc.) have been reported which have different types of HMs 

removal capacity. A number of mechanistic strategies are involved in microorganisms 

(bacteria, fungi and algae) for resistance towards metals including enzymatic 

detoxification, accumulation inside the cell via active/passive uptake, adsorption on 

their outer cell structures, precipitation on cell surface, exclusion by permeability 

barrier, efflux pumps and alteration of the cellular objects (Bruins et al., 2000; Kumar 

et al., 2019; Merroun et al., 2001; Zhang et al., 2005; Cao et al., 2018; Yin et al., 

2011; Dang et al., 2018). In the HMs removal, resistance/tolerance and homeostasis, 

fungi go through one or combination of more than one of the basic mechanisms.   

The electroplating processes are widely used to deposit the preferred coating 

on metallic object via electrolysis to alter the characteristics of object surface in order 

to improve the physical appearance, protection from corrosion, surface properties or 

combination of them (US EPA, 2016; Martín-Laraet al., 2014; Ajmal et al., 2001). In 

the process, by passing the electricity through the electrolytic bath, the dissolved 

metal at the electrolytic bath are deposited on the cathode, whereas the platters dip the 

object into a series of the chemical bath to get desired result (US EPA, 2016; Martín-

Laraet al., 2014). The metals including nickel (Ni), copper (Cu), zinc (Zn), chromium 

(Cr), cadmium (Cd), manganese (Mn), lead (Pb) or combination of them are 

commonly used in the electroplating process (US EPA, 2016; Martín-Laraet al., 2014; 

Machado et al., 2010a, b; Peng et al., 2005). Day by day, the growth of electroplating 

industries is increasing due to immense growth in developmental activities. Prominent 

factors that are playing a significant role in the growth of Electroplating Market are 

growing demand for automobiles, consumer goods and aircraft (MRR, 2017; Daylan 

et al., 2013). In India, as estimated by CPCB (Central Pollution Control Board) the 

growth of electroplating industries is going to increase by 100% in next ten years and 

also listed in the red category of industries (CPCB, 2007). There are above 15,000 
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electroplating plants or workshops in china producing about 4×10
9 

m
3
 electroplating 

wastewater per annum (Peng et al., 2005; Liu et al., 2011). However, in Europe, 1% 

of hazardous waste is generated by electroplating industries (Daylan et al., 2013). 

According to the Market Research Report (MRR) the global electroplating market has 

reached to 14,540.5 US$ in 2016 and expected to increase at a CAGR (Compound 

Annual Growth Rate) of 3.7 % during the periods of 2016-2026 (MRR, 2017).  
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Chapter-2             Objectives 
 

2.1. Isolation and identification (morphological and molecular) of fungi from 

electroplating waste water and sludge sample. 

2.2. Screening of multi-metal tolerance capacity of isolated fungi against selected 

heavy metal. 

2.3. Analysis of heavy metal removal capacity of HM tolerant fungi for specific 

metal and growth optimization at pH,
 

temperature, time and metal 

concentration, a batch sorption study.  

2.4. Analysis of heavy metal removal capacity of metal tolerant fungal isolates 

from multi-metal contaminated aqueous medium.  

2.5. Determination of Catalase (CAT), Peroxidase (POD), Superoxide dismutase 

(SOD) Glutathione (GSH) and Protein, Proline and total phenolic content in 

tolerant fungi under the stress of Cr(VI) and Ni(II).  

2.6. Absorption characterization of heavy metal in selected fungi by SEM, EDS, 

FTIR and XRD. 
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Chapter-3               Review of Literature 

3.1 Sources and chemistry of Cr and Ni in wastewater 

Chromium and Nickel are d-block transition element. Ni is the 24
th

 most rich 

element of the earth crust with predictable concentration of 0.008%. The atomic 

number of Cr and Ni are 24 and 28 respectively. The electronic configuration of Cr is 

[Ar] 4s
1
, 3d

5
 and Ni is [Ar] 4s

2
, 3d

8
 with atomic mass of 51.9 and 58.71 amu 

respectively (Malaviya and Singh, 2016; Kerfoot, 2005). Cr shows -2, -1, 0, +1, +2, 

+3, +4, +5, and +6 and Ni shows -1, 0, +1, +2, +3 and +4 with an associated ample 

variety of chemical and physical characteristics (Coman et al., 2013; Pradhan et al. 

2017). The most stable Ni is found when the oxidation state is +2 (divalent or Ni(II)), 

while stable oxidation state for Cr are +6 (Cr(VI); hexavalent) and +3 (Cr(III); trivalent). 

The common species of Cr(VI) in water are CrO4
2─

, Cr2O7
2─

, H2CrO4 and HCrO4 and 

the species of Cr(III) are Cr
3+

, Cr(OH)2
─
, CrO2

─
, CrO

+
, HCrO2 (Barrera-Díaz et al., 

2012). Ni(II) occur in water in the form of Ni
2+

 and with persulfate or halides generate 

the insoluble Ni(III) oxide (β-NiO(OH)) whereas Ni(II) hydroxide oxidation by 

persulfate results in Ni(IV) oxide (NiO2) (Coman et al., 2013).  

Nickel a silver white, hard and squashy metal, usually found as face-centered 

cubic crystal lattice with ferromagnetic characteristics at room temperature. With non-

ferromagnetic characteristics, a hexagonal form of Ni is also known. There are 

numbers of uses are associated with Ni, Ni-compound and Ni alloys for industrial and 

commercial purposes. It is mostly used in the production of temperature and corrosion 

resistance stainless steel, non-ferrous alloys and Ni-based super alloys. Its alloys are 

used in range of areas from industrial machineries to precision electronic (Coman et 

al., 2013). Its compound and complex are also used as potential catalyst in a variety of 

syntheses. NiSO4 and NiCl2 is the common Ni(II) compound very excessively used for 

electroplating purpose in electroplating plants (Kiptoo et al., 2004). However, 

phosphorus, organic chelating agents and high amount of Ni(II) are used for without 

electric current plating where chelating agents prevent the Ni(II) precipitation and 

phosphorus work as reductant in the deposition of Ni on the object (Ying et al., 1988; 

Shih et al., 2013). This mechanism complete in following reaction:  

2C6H8O7(aq) + 3Ni
2+

(aq) → C12H10Ni3O14(aq) + 6H
+
     (1) 
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C12H10Ni3O14(aq) + 2H2PO4
─

(aq) + 2H2O → 3Ni(s) + 2HPO3
─

(aq) + 2C6H8O7(aq) + 2H
+
 + 

H2          (2) 

These sources collectively generate huge amount of Ni contaminated 

wastewater via seepage and discharge of Ni-containing effluents. Ni laterite ores 

usually produces by open cut mining and produces huge amount of potentially acidic 

waste rock. There downstream flow to the environment via surface water flow also 

causes Ni contamination. In water, Ni typically occurs in soluble of Ni
2+

, but its other 

form may also occur predominantly combined with sulfate and chloride. However, Ni 

speciation is dependent upon different types of factors including pH, temperature, 

ionic strength, ligand type and concentration, dissolved organic carbon (DOC), 

hardness (e.g., Ca and Mg concentration) and other cations etc. (Binet et al., 2018).  

 Chromium metal has a metallic shine, steely-grey in color, hard and breakable, 

resists tarnishing, and has high melting (1907 °C) and boiling point (2671 °C). It is 

passivated by oxidation reaction which form protective thin layer and prevent the 

oxygen diffusion onto the core metal. It shows a BCC crystal system analogous to α-

iron crafting, proficient in stainless steel alloy (Malaviya and Singh, 2016; Haynes, 

2014). These characteristics make it appropriate element to improve alloy and change 

the hardness, metallic lusture and colour and boost corrosion resistance property 

(Wallwork, 1976). The fraction of stainless steel and oxidation of used Cr in 

refractory bricks contaminate the soil and water as a result of leaching. Na2CrO4, a 

Cr(VI) compound is generated in huge amount throughout the lime treatment of 

ferrous-chromite and chromite ores which result into the formation of different highly 

water soluble Cr(VI) compound such as CrO4
2─

, CrOCl4, H2Cr2O7, CrF6, CrO3, 

Cr2O7
2─

,  H2CrO4 and  HCrO4
─
 (Langard, 1990). Potassium dichromate (K2Cr2O7) and 

Na2Cr2O7 (sodium dichromate) are used as titration standard. However, Na2Cr2O7 is 

less preferable due its hygroscopic property for the redox titration. H2Cr2O2 is 

extensively used in various manufacturing industries including dyes and paint 

pigments, electroplating, analytical grade chemicals, leather tanning and others. Huge 

amount of effluent is produced from these industries, major cause of Cr(VI) 

contamination of water and soil (Fig. 3.1).   
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Fig. 3.1. Sources and Effect of Ni(II) and Cr(VI) on Human health and other organisms. 
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The compound of Cr(III) form several octahedral co-ordination complexes, 

show various colour as a result of diverse crystal field transition in the association of 

coordinating ligands and the stability of the complexes confirmed by crystal field 

stabilization energy as of configuration of d
3
. Cr(III) easily oxidized into Cr(VI) in 

alkaline condition but stable in acidic condition, while Cr(III) compounds are less 

soluble than Cr(VI) in water. The oxides of Cr(III) to some extent is water soluble below 

pH 5.0 and pH 5.0 forms hydrated Cr(III) compounds, very less soluble in water. In 

water, Cr(VI) forms anionic species increases solubility up to 60 g/L in a broad range 

of temperature (Kimbrough et al., 1999).  

3.2 Toxicity of Cr(VI) and Ni(II)  

Chromium is basically found in its trivalent and hexavalent state in which 

Cr(III) is a vital trace element necessary for metabolism of lipid, glucose and amino 

acid (Pradhan et al., 2017). However, Cr(VI) and Ni(II) are highly toxic species even at 

low concentration. Cr(VI) is basically found in the form of CrO4
2─

, structurally similar 

to SO4
2─

 (sulphate ion), by replacing the SO4
2─

 species, CrO4
2─ 

easily transported 

inside the cell via sulphate transport system (Zhitkovich et al., 2011). After uptake 

inside the cell, both of the species (Cr(VI) and Ni(II)) are redox active and induces the 

reactive oxygen species (ROS) production such as O (nascent oxygen), O2
─ 

(superoxide anion), OH
─
 (hydroxide ion), HO2

─
 (peroxo ions) and OH

●
 (hydroxyl 

radicals) (Das et al., 2013; Barrera-Díaz et al., 2012). ROS inside the cell depends on 

the concentration of Cr(VI) and Ni(II) as high concentration exposure increases free 

radical generation inside the cell. High content of ROS causes oxidative stress inside 

the cell and oxidative damages to cellular micro and macro constituent. Cr(VI) also 

known to cause non-oxidative damage of DNA. The most unambiguous form of 

damage caused by Cr is its binding with DNA (Cr-DNA), detected in various cultural 

cell, the major cause of Cr induced mutations and chromosomal breaks (Zhitkovich et 

al., 2011). Cr(III), end products of Cr(VI) metabolism inside the cell can make Cr(III)-

DNA complex via electrostatic interaction with negatively charged phosphate group 

of DNA. Cr(III)-DNA complex is mutagenic and toxic which affect DNA replication 

and translation and can lead mutagenesis. While, produced ROS during Ni(II) and 

Cr(VI) metabolism react with DNA-proteins to form variety of intermediary products 

and byproducts, described as oxidative DNA damage. Cr(VI) metabolism also linked 

with the fabrication of single strand breaks, can affect the cell functions and cause 
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cancer in kidney, liver and lungs (Singh and Chowdhuri, 2017). It has been also 

reported that Ni(II) can replace Fe(II) from hemoglobin and produces hybrid non-

functional hemoglobin that affect the O2 carrying capacity of blood and causes 

permanent intracellular hypoxia (Lynn et al., 1998).  

Direct contact of Ni(II) and Cr(VI) causes dermatitis, dermal corrosion and 

dermal necrosis (Kadota and Kurita, 1955; Kimbrough et al., 1999). Occupational 

contact via inhalation of Ni(II) and Cr(VI) increases the chance of respiratory cancer 

(USEPA, 1998). Nickel carbonyl is highly hazardous species of Ni causes lungs 

disorder (Sunderman et al., 1975). Long term occupational Ni(II) and Cr(VI) exposure 

from mining and industrial areas can cause carcinomas in bronchial system (Gibb et 

al., 2000). Ni(II) is also marked as immune sensitive and allergen and reduces the 

antibody circulation response (Fig. 3.1) (Das et al., 2020). Cr(VI) causes neurotoxicity 

by reducing the neuronal cells (Pradhan et al. 2017), while significant neurological 

disorder is also reported due to Ni(II) toxicity in mice (ABC, 1988).  

3.3 Treatment methods for Ni(II) and Cr(VI) contaminated wastewater 

3.3.1 Physicochemical methods  

3.3.1.1 Chemical Precipitation 

The most frequent way of Cr(VI) removal is its reduction in trivalent chromium 

Cr(III) subsequently Cr(III) precipitation as Cr(III) hydroxide. Typically sulfur compound 

such as sulfur dioxide (SO2) and sodiumbisulfite (NaHSO3) are abundantly used for 

reduction of Cr(VI) (Barrera-Díaz et al., 2012; Canning, 1982). After dissolution in 

water SO2 and NaHSO3 converted into reducing agent H2SO3 as shown in equation. 

SO2 + H2O → H2SO3(aq)       (1) 

 NaHSO3(aq) + H
+

(aq) → H2SO3(aq)     (2) 

After the production of reducing agent, the equation (3) takes place in the system 

almost instantaneously at pH of 2.5 and reduces the Cr(VI) to Cr(III). However, 

theoretically 3 kg of NaHSO3 (sodium bisulfite) and 2–3 kg of H2SO4 (sulfuric acid) 

are needed to reduce the 1 kg of Cr(VI).  
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4CrO4
2─

(aq) + 6NaHSO3(aq) + 3H2SO4 + 8H
+

(aq) → 2Cr2(SO4)3(aq)  + 3Na2SO4(aq) + 

10H2O            (3) 

The SO2 can react as follows (equation 4).  

2CrO4
2─

(aq) + 3SO2(g) + 4H
+

(aq) → Cr2(SO4)3(aq) + 2H2O   (4) 

After getting reduced of Cr(VI) into Cr(III), it is precipitated as Cr(OH)3 by adding 

NaOH or Ca(OH)2 slurry into the system to neutralize the pH.  

 Cr2(SO4)3 + 6NaOH(aq) → Cr(OH)3(s) + 3Na2SO4(aq)   (5) 

The nickel is chemically removed from the system by elevating the solution 

pH up to 9.0-10.0 (Kurniawan et al., 2006; Coman et al., 2013). With rise in the pH of 

the Ni(II) containing solution, Ni(II) get precipitated as Ni(OH)2. 

Ni
2+

(aq) + 2OH
─

(aq) → Ni(OH)2(s)     (6) 

The most basic problem of this technique is the generation of large amount of 

sludge. The generated sludge make difficulties in managing, transporting as well as in 

its final disposal and also the associated cost of this technique is adding another 

disadvantage with this technique. Thus, it is required to develop new technology to 

address these issues.   

Iron is another probable agent for the reduction of Cr(VI) that is used for 

treatment of Cr(VI) containing wastewater (Jacobs et al., 2001; Jobby et al., 2018). Iron 

mediated Cr(VI) reduction mainly occur at lower pH value due to presence of iron in its 

divalent and trivalent forms and easily participate in Cr(VI) reduction. The most 

common iron salts, iron chloride (FeCl2) and iron sulfate (FeSO4) are basically 

utilized in this process subsequently precipitated by raising the pH of the solution as 

mentioned above (Barrera-Díaz et al., 2012). Iron induced Cr(VI) reduction occur as 

follows:   

6Fe
2+

(aq) + Cr2O7
2─

(aq) + 14H
+

(aq) → 6Fe
3+

(aq) + 2Cr
3+

(aq) + 7H2O  (7) 

Cr
3+

(aq) + 3OH
─

(aq) → Cr(OH)3(S)↓      (8) 
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3.3.1.2 Ion flotation  

Some time pollutants are also present in non-surface active form that can be 

removed by adding surfactant. Surfactants basically react with pollutants via either 

electrostatic attraction or chelation mechanism and are removed by creating foam 

phase via sparging of air into the solution. Sodium dodecyl sulfate was used for Ni
2+

 

removal and was successfully removed from the solution (Doyle and Liu, 2003). In 

another study, dodecyldiethylenetriamine was used which revealed its selective ion 

flotation behavior of Ni
2+

 and other pollutant. At pH 9.0, the removal effectiveness for 

Ni
2+

 was almost 93%.  Lu et al. (2020) utilized the binary solution of sapindus 

saponin and cetyl trimethyl ammonium bromide surfactant for removal of Cr(VI) and 

recorded 94% removal. Some studies also reported high removal potential of Cr(VI) by 

cationic surfactant modified adsorbent (Jin et al., 2014).    

3.3.1.3 Ion exchange  

Basically in ion exchange, undesired ions are replaced by non-toxic ions. Ion 

exchange is widely used for treating heavy metal containing wastewater. Various 

types of resins and zeolite have been applied for efficient elimination of Ni(II) and 

Cr(VI). In many of the work, ion exchange was applied with other treatment technique 

to enhance the removal potential of the system. A water-stable cationic metal-organic 

framework {[Cu(L)0.5(bpe)(H2O)](NO3)•(H2O)0.5}n (1) (H4L = bis(3,5-

dicarboxypyridinium)-p-xylylene) fabricated by Shao et al. (2019) was used for 

exclusion of chromate ion from aqueous medium. Synthesized material showed high 

uptake efficiency (190 mg/g) for Cr(VI) via substituting the Cu(II) cation from the 

central metal ion positions. In another work, silica-based pyridine resin (SiPyR-N4) 

was able to remove 99.3% of Cr(VI) via ion exchange and reduction mechanism (Ye et 

al., 2019). Abbasi et al. (2018) investigated the Ni(II) loading onto an iminodiacetic 

acid ion exchange resin (TP207XL), Ni(II) loading happened via the combination of 

intraparticle diffusion/ion exchange reaction mechanisms.   

3.3.2 Membrane filtration  

Membrane filtration is advanced and broadly used technology for management 

of heavy metal contaminated wastewater. It is mainly used due to its several 

compensation such as semi-permeability, require less chemical and space and has 

https://www.sciencedirect.com/science/article/abs/pii/S0959652619324813#!
https://www.sciencedirect.com/science/article/abs/pii/S0304386X16307381#!
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/ion-exchange-resins
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high adoptability. In respect of Ni(II) and Cr(VI) treatment, the membrane filtration can 

be categorized into ultrafiltration, nanofiltration and reverse osmosis. The 

fundamental design of membrane technique is illustrated in Fig. 3.2b that is 

commonly used in treatment of water.   

The pore size of the ultrafiltration membrane is higher (2-100 nm) than 

dissolved, hydrated and low molecular weight metal complexes. The heavy metal ions 

can easily pass through the membrane as it is not applied in treatment of dissolved 

metal containing wastewater. But, by modifying the surface of the membrane as 

adsorptive membrane, can be used with dual-function by adsorptive-filtration 

membrane. The adsorbing material may be natural material, silica, synthetic polymer 

and industrial by-product. In a study, Bisheh et al. (2020) used porous organic 

polymer modified adsorptive ultrafiltration membrane and also functionalized with 

amino monomer for Ni(II) and Pb(II) removal. They found 86 and 92 % elimination of 

Ni(II) and Pb(II) respectively from the solution. In another research, ultrafiltration 

membrane synthesized from cellulose acetate polymer mixed with polyethylene 

glycol additive and amine modified TiO2 was used for exclusion of Cr(VI). The 

membrane illustrated high removal potential of Cr(VI) which was 99.8% (Gebru and 

Das, 2018). Li et al. (2018a) prepared a hybrid ultrafiltration membrane (PAA/ZIF-

8/PVDF-membrane). They used the prepared membrane for exclusion of Ni(II) from 

highly saline conditions and hybrid ultrafiltration membrane, could effectively 

remove Ni(II) (219.09 mg/g).  

 Nanofiltration (NF) is an advance membrane filtration technique, as low 

pressure driven membrane with molecular weight cut-off in the range 200 –1000 Da 

have been widely used in the studies for the separation of different types of salts and 

heavy metal. It can be operated at the pressure ~0.5–2 MPa. NF membrane possesses 

electrostatic charge on surface for better selectivity of ion together than size 

selectivity. Thus, the main separation mechanism of NF membrane filtration in 

removal of pollutants is charge effect and size exclusion (Hosseini et al., 2017; Otero-

Fernandez et al., 2017; Coman et al., 2013). In a study, polyether-imide-thin film 

nanocomposite nanofiltration membrane was fabricated for the separation of CrSO4 

and some other pollutant and reported 81% removal of CrSO4 from water (Bandehali 

et al., 2020). In another research, NF membrane AFC80 reduced the Cr(VI) 

concentration below WHO standard permissible limit of drinking water (Otero-
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Fernandez et al., 2017). Basaran et al. (2016) investigated the Ni
2+

 and Cr
6+

 rejection 

efficiency of commercial NF90 and NF270 membrane. They reported 99.2 and 96.5% 

rejection of Ni
2+

 and Cr
6+

 by NF90 membrane and 98.7 and 95.7% by NF270 

membrane respectively. NF300 and PN40 membrane also has high rejection 

competence for Cr(VI) which are able to remove 97 % and 88% respectively (Gaikwad 

et al., 2017).  

Reverse osmosis is the trendiest technique. This technique is being applied 

presently for treatment of drinking water and can be also used for treatment of 

wastewater. RO is the pressure driven technique. Through RO membrane, water 

molecule easily passed while ionic compounds are retained (Fig. 3.2a). The pore size 

of RO membrane can be 0.1nm or less. RO can be applied to treat contaminated water 

containing metal concentration in the range of micromole to mille mole (Coman et al., 

2013). Gaikwad and Balomajumder (2017) studied Cr(VI) rejection efficiency of sheet 

polyamide RO membrane and reported 99.97% rejection of Cr(VI) from binary 

solution of Cr(VI)-fluoride. In a research, two types of membrane namely sea water 

high rejection membrane (SWHR-membrane) and high rejection brackish water 

membrane (AG-membrane) was employed for removal of Cr(VI) and 91% rejection 

was recorded with AG membrane (Çimen et al., 2014). In low pressure reverse 

osmosis process associated with EDTA complexation using commercial flat 

membrane of polyamide, 99% Ni(II) removal was recorded (da Silva et al., 2015). Ipek 

(2005) also found high rejection efficiency of Ni(II) and other pollutant using RO 

membrane.    

Many others types of filtration membrane including forward membrane, direct 

membrane, adsorptive membrane, nano-fibrous membrane, ceramic membrane, 

chemically modified microporus membrane, ion exchange membrane etc. have been 

investigated by many researcher and also showed high rejection/removal efficiency 

for different types of pollutant including Ni(II) and Cr(VI) (Taha et al., 2012; Daraei et 

al., 2013; Pagana et al., 2008; Coman et al., 2013; Hosseini et al., 2017). These 

membrane become an option to chemical and environmental engineers for Ni(II) and 

Cr(VI) contaminated water treatment.    

https://www.sciencedirect.com/science/article/pii/S030147971200357X#!
https://www.sciencedirect.com/science/article/abs/pii/S1387181107005999#!
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Fig. 3.2. Different types of treatment strategies for Cr(VI) and Ni(II) contaminated 

industrial wastewater. (a) reverse osmosis, (b) different filtration methods, (c) 

electrodialysis, (d) electrocoagulation/electroflotation, (e) Ion exchange and (f) 

Adsorption.  

 

3.3.3 Adsorption  

Presently many types of material have been investigated for removal of 

contaminants from industrial wastewater.  Adsorption is mainly preferred due low 

cost, easy operation and simple design. Adsorption is basically physical phenomenon 

where molecules adhere on the surface of solid material via physical forces or 
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chemical bond. The substance that adsorb on the solid surface is known as adsorbate 

and the solid surface where phenomenon occur is called adsorbent. There are many 

types of material including activated carbon, nano, micro and meso particle, agro 

waste biochar, agro-waste ash, low cost agriculture originated material, zeolite, 

nanofibers, nanotubes, nanocomposites, nanoparticle assisted membrane etc. have 

been reported for their high potential to remove diverse range of organic and 

inorganic contaminants including Cr(VI) and Ni(II) (Table 3.1; Fig. 3.2f).               

3.3.3.1 Biochar  

Biochar is by-product of pyrolysis of woody organic matter. Mostly it contains 

high lignin content when prepared at low temperature (200-400 °C) and with increase 

in the pyrolytic temperature, the content of ash also increases while the amount of 

biochar decreases (Georgieva et al., 2020; Wang et al., 2019). Biochar has high 

adsorption efficiency for pollutants due to presence of adsorptive active surface 

functional group, high surface area and present surface charge on the biochar (Table 

3.1) (Bogusz et al., 2017; Fan et al., 2019). However, the adsorption properties of 

biochar vary with feed stock material, pyrolysis temperature, particle size, nature of 

pollutant, pH of the medium, interaction rate etc. (Fan et al., 2019; Wang et al., 2019; 

An et al., 2019). Most of the studies has focuses on production with minimal cost for 

successful removal of contaminants hence, the researcher have utilizes many types of 

agricultural residue, municipal waste, industrial waste etc. for the preparation of cost 

effective biochar for the removal of various types of contaminant as well as Cr(VI) and 

Ni(II). In some studies mineral rich ash prepared at high pyrolysis temperature (above 

700 °C) have been utilized for removal of Cr(VI) and Ni(II) from aqueous conditions 

and effective removal of Ni(II) and Cr(VI) was reported. Qu et al. (2020) used KOH to 

amplify the surface area of biochar prepared from corn straw by two steps pyrolysis 

and employed for removal of Cr(VI). They reported that after activation of biochar, the 

adsorption ability of biochar was raised and was 116.97 mg/g. An et al. (2019) studied 

the Ni(II) removal capacity of peanut shell derived biochar activated with KMnO4 and 

KOH. They reported 87.15 mg/g of Ni(II) removal and removal was driven by co-

precipitation and complexation (chemi-sorption). Number of studies have also 

explored several types of activated and without activated biochar for efficient removal 

of Cr(VI) and Ni(II) from contaminated industrial wastewater (Bogusz et al., 2017; 

Fan et al., 2019; Georgieva et al., 2020; Gazi et al., 2018). However, activation of 

https://www.sciencedirect.com/science/article/abs/pii/S0959652619313733#!
https://www.sciencedirect.com/science/article/abs/pii/S0959652619313733#!
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biochar is another way of the biochar utilization with high removal efficiency for 

pollutants that has taken the attention of the research community.    

3.3.3.2 Activated carbon  

Activated carbon is carbon rich material prepared by physicochemical pre-treatment 

of feed stock and post-treatment of biochar. In addition of pyrolysis of feed stocks, 

hydrothermal carbonization is also claimed as effective method for preparation of 

carbon rich material and obtained product from hydrothermal process is known as 

hydrochar (Wong et al., 2018). In recent days, microwave assisted preparation of 

activated carbon is also reported in many studies (Ao et al., 2018). Frequently 

exploited feed stocks for the preparation of activated carbon for wastewater treatment 

are coal, coconut shell, lignite and woods (Demirbas, 2009; Wong et al., 2018). Most 

of the time, different types of chemical such as KOH, zerovalent, iron oxide etc. are 

used for activation of carbon rich material hence, it is termed as activated carbon 

(Basta et al., 2009). Acid-base treatment has been reported by several researchers that 

enhance the adsorption characteristic of activated carbon (Wong et al., 2018; Kan et 

al., 2017). Adsorption property of activated carbon is basically owing to its high 

porosity and large surface area together with surface chemistry of adsorptive 

functional group. The activated carbon has been reported in many studies for effective 

removal of Ni(II) and Cr(VI) from contaminated aqueous medium (Table 3.1). Tu et al. 

(2020) conducted an study using Bermuda grass derived activated carbon in the 

removal of Cr(VI) and they reported 403.23 mg/g of adsorption capacity for Cr(VI). 

However, the removal was happened via reduction and precipitation in addition of 

adsorption. In a study, carbon rich material was extracted from waste lignocellulosic 

material of Ziziphus jujuba cores and activated with rubidium carbonate to enhance 

the surface area. The activated carbon showed high removal efficiency for Cr(VI) 

which was 62% (Benturki et al., 2018). Effective removal of Ni(II) was also found 

with graphite derived activated carbon functionalized by Tetraethylenepentamine (El-

Magied et al., 2018). In a research, Onundi et al. (2010) studied the Ni(II) removal 

ability of granular activated carbon prepared from shell of palm kernel and reported 

55% Ni(II) removal. Cr(VI) and Ni(II) removal efficiency of activated carbon have been 

reported in many studies with successful removal (Chen et al., 2018; Krishnan et al., 

2011; Niazi et al., 2018; Maneechakr and Karnjanakom, 2017).

https://www.sciencedirect.com/science/article/pii/S0960852411011771#!
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Table 3.1. Cr(VI) and Ni(II) experimental conditions, removal efficiency and mechanism by different types of adsorbent  

Adsorbent  Cr(VI)/Ni(II) Concentratio

n (mg/L), 

dose (g/L), 

pH, 

temperature 

(° C), time 

(min) and 

shaking rate 

(rpm) 

Adsorptio

n capacity 

Mechanism Fitted 

Kinetic 

model 

Isotherm 

model 

References  

Biochar 

Rice straw biochar 

prepared at 400 °C 

Ni(II) 20, 1.0, 5.5, 

25, 1440 and 
200 

27.3 mg/g Cation exchange, 

precipitation, adsorption 
and surface complexation  

Pseudo-

second 
order 

 Langmuir 

model  

Deng et al. 

(2019) 

Rice straw biochar 

prepared at 700 °C 

Ni(II) 20, 1.0, 5.5, 

25, 1440 and 
200 

54.6 mg/g Cation exchange, 

precipitation, adsorption 
and surface complexation  

Pseudo-

second 
order 

 Langmuir 

model  

Deng et al. 

(2019) 

pine cone biochar –Na-

alginate hybrid 

adsorbent 

Ni(II) 25, 1.0, 5.5, 

25, 120, and 

130 

15.82 mg/g Adsorption Pseudo-

first, 

Pseudo 
second 

order and 

Weber – 
Morris 

model 

 Langmuir 

model  

Biswas et al. 

(2019) 

Date fruit biochar 
pretreated with HCl  

Ni(II) 4.0 (mmol/L), 
10, 6.0, 23, 

1440 and 30 

0.34 
mmol/g 

C=C, C=O, C-O, and 
phenolic groups mediated 

adsorption 

Pseudo-
second 

order 

Sips 
model 

Mahdi et al. 
(2019) 

distillers grains (DG)-

biochar 

Cr(VI) 50, 1.25, 2.0, 

25, 1440 and 
300 

8.1 mg/L Adsorption Pseudo-

second 
order 

Langmuir Lian et al. 

(2019) 

Phosphogypsum modified 

(PM)-biochar 

Cr(VI) 50, 1.25, 2.0, 

25, 1440 and 
300 

38.2 mg/L Adsorption Pseudo-

second 
order 

Freundlich 

model 

Lian et al. 

(2019) 

Wheat straw biochar Cr(VI) 100, 1.25, 5.6, 2.4 mg/L Adsorption - - Zhang et al. 
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room 

temperature, 
1440 and 160 

(2019) 

Wheat straw biochar-nZVI Cr(VI) 100, 1.25, 5.6, 

room 

temperature, 
1440 and 160 

8.06 mg/L Adsorption - - Zhang et al. 

(2019) 

Sweet lime peels biochar Cr(VI) 20, 0.50, 2.0, 

30, 720 and 
120 

9.92 mg/L O-H, C=O, COOH 

participated in Cr(VI) 
adsorption 

pseudo 

second 
order 

Langmuir Shakya et al. 

(2019) 

Activated carbon 

Banana peels 
hydrothermally prepared 

activated BAC600-H 

Ni(II) 100, 1.0, 6.0, 
20, 1440 and 

150 

78% Electrostatic attraction 
b/w COO─ and Ni

2+
 

- Langmuir
–

Freundlich 

model 

Bibaj et al. 
(2019) 

Banana peels pyrolysed 
activated carbon  

BAC600-P 

Ni(II) 100, 1.0, 6.0, 
20, 1440 and 

150 

84% Electrostatic attraction 
b/w COO─ and Ni

2+
 

- Langmuir
–

Freundlich 

model 

Bibaj et al. 
(2019) 

Activated carbon prepard 

from Phragmites  

Australis  

Ni(II) 30, 0.6, 6.0, 

25, 160 and 

125 

12.3 mg/g Complexation by Oxygen 

containing functional 

group, electrostatic 

attraction ion exchange 
by deprotonated Phenolic 

and Carboxyl group 

pseudo 

second 

order 

Langmuir Yu et al. 

(2019) 

Activated carbon prepared 
from Phragmites  

Australis activated by 

manganese  formate  
hydrate  

Ni(II) 30, 0.6, 6.0, 
25, 160 and 

125 

20.9 mg/g Complexation by Oxygen 
containing functional 

group, electrostatic 

attraction ion exchange 
by deprotonated Phenolic 

and Carboxyl group 

pseudo 
second 

order 

Langmuir Yu et al. 
(2019) 

Modified Powdered 

activated carbon with 15% 
nitric acid 

Ni(II) 2, 1.0, 7.0, 

room 
temperature, 

120, and  120 

98% Deprotonated COOH and 

PhOH cause electrostatic 
attraction with Ni2+ 

Pseudo-

second 
order  

Langmuir 

model 

Su et al. 

(2019) 

ZnO-tetrapods/activated Cr(VI) 10, 2, 2, room 96% Electrostatic attraction  Pseudo- - Sharma et al. 
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carbon (ZAC) 

nanocomposite 

temperature, 

420, 240 

second-

order and 
Elovich 

model 

(2019) 

ZnO-nanoparticles loaded 

parthenium weed activated 
carbon (ZnONPs-PWAC) 

Cr(VI) 50, 1.0, 3, -, 

90, - 

99% Electrostatic interaction 

and chemical reaction 

- - Kamaraj et al. 

(2020) 

Polysulfide rubber (PSR) 

coated granular activated 
carbon 

Cr(VI) 10, 11.0, 4.0,  

22, 2880, 40 

100% diffusion, electrostatic 

attraction by protonated 
polysulfide  

Pseudo-

second 
order  

Langmuir 

model 

Mortazavian 

et al. (2019) 

Nano-adsorbent  

Fe3O4 nanoparticles 
incorporated with 

hydroxyapatite nanorods 

Ni(II) 10, 2.0, 7.0, 
room 

temperature, 

1440, - 

94% Surface complexation, 
calcium exchange, 

electrostatic attraction 

and precipitation  

Pseudo-
second 

order 

Freundlich 
model 

Thanh et al. 
(2018) 

 Polyacrylonitrile (PAN)–
titanium oxide (TiO2) 

nanofiber functionalized 

with 
aminopropyltriethoxysilan

e (APTES) 

Ni(II) 100, 1.0, 5.0, 
25, 300, - 

30 mg/g Complexation and 
Electrostatic attraction 

Double-
exponential 

model 

Langmuir 
isotherm 

Mokhtari and 
Keshtkar 

(2016) 

sodium dodecyl sulphate 

coated magnetite 

nanoparticles 

Ni(II) 10, 1.0, 6.0, 

25, 5,  

69.80% Adsorption - - Adeli et al. 

(2017) 

Magnetic  magnetite  

(Fe3O4) nanoparticles  

Cr(VI) 25, 1.0, 2.0, 25 

and 1440, - 

9.69 mg/L electrostatic attraction pseudo-

second-
order 

Sips  and  

Langmuir 

Rajput et al. 

(2016) 

Magnetic nanoparticle-

multiwalled carbon 

nanotubes composites  

Cr(VI) 5, 1.0, 2.0, 25, 

240 and 150 

95% Adsorption, intraparticle 

diffusion 

Pseudo-

second-

order 

Langmuir  Lu et al. 

(2017) 

carbonaceous nanofi bers Cr(VI) 0.3 mmol, 0.2, 
30, -, - 

90% Reduction, adsorption   Langmuir Cheng et al. 
(2016) 

Zeolite  
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Zeolite P hydrothermally 

synthesized from C Fly 
ash 

Ni(II) 100, 2, -, 480 

and 150 

32 mg/g Adsorption first-order 

empirical 
kinetic 

model 

Langmuir Liu et al. 

(2019a) 

Zeolite 3A modified with 

Mg(OH)2 

Ni(II) 200, 12, 7.0, 

300, - 

95% Adsorption pseudo-

second-

order 
kinetic 

model and 

intraparticle 
diffusion 

model 

Freundlich Pahlavanzade

h and 

Motamedi 
(2020) 

Core-Double-Shell 

Structured Magnetic 
Polydopamine@Zeolitic 

Idazolate Frameworks- 8 

Microspheres 

Cr(VI) 30, 0.2, 5.0, 

20, 960, - 

82% Reduction, chelation, 

electrostatic attraction 

pseudo-

second-
order 

kinetic 

model 

- Zhu et al. 

(2017) 

Zeolitic imidazolate 

framework-8 

Cr(VI) 5, 20, 7.0, -, 

60, - 

57% electrostatic attraction - Langmuir, 

Sips and 
Toth 

Shahrak et al. 

(2017) 
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3.3.3.3 Nanomaterial  

The pollutant removal performance of different types of nano-scaled material 

is reported in many studies. The materials, which size is less than 100 nm are 

considered as nanomaterial which includes nano-particle, nanofiber, nanosheet, 

nanotubes, nano-composite, etc. (Table 3.1) (Cai et al., 2019; Agarwal et al., 2018; 

Adeli et al., 2017; Mokhtari and Keshtkar, 2016; Cheng et al., 2016; Lu et al., 2017; 

Samuel et al., 2019). Nanomaterial have been extensively explored for removal of 

Cr(VI), Ni(II) and other inorganic and organic pollutants. Agarwal et al. (2018) 

synthesized γ-alumina nanoparticles and multiwalled carbon nanotubes for Ni(II) 

removal and reported 99.41 and 87.65 % removal respectively from aqueous medium. 

The sodium dodecyl sulphate-coated Fe3O4 nanoparticles (SDS–Fe3O4NPs) can 

remove 41.2 mg/g of Ni(II) via adsorption (Adeli et al., 2017). Liu et al. (2017) 

synthesized birnessite/carbon nanotubes (HB/CNTs) nanocomposites for removal of 

Ni
2+

 and Zn
2+

 from wastewater and found highest removal ability of 89.5 and 96.6 

mg/g. While, polyacrylonitrile (PAN)–titanium oxide (TiO2) nanofiber activated with 

aminopropyltriethoxysilane (APTES) removed 147 mg/g of Ni(II) (Mokhtari and 

Keshtkar, 2016) and green extract capped superparamagnetic iron oxide nanoparticles 

showed 227.20 mg/g of Ni(II) removal. Successful removal of Cr(VI) have been also 

explored in different study using various types of nanomaterial. Some of the utilized 

nanomaterials are bifunctional MOF/Titanate nanotube composites (Wang et al., 

2019), chitosan grafted graphene oxide (CS-GO) nanocomposite (Samuel et al., 

2018), magnetic iron oxide nanoparticle-multiwalled carbon nanotube composites (Lu 

et al., 2017), chitosan-modified multi-walled carbon nanotube composite (Huang et 

al., 2018a), graphene/SiO2@polypyrrole nanocomposites (Fang et al., 2018), 

carbonaceous nanofibers (Cheng et al., 2016), chitosan/MWCNT/Fe3O4 composite 

nanofibers (Beheshti et al., 2015) that showed high efficiency for evacuation of Ni(II) 

and Cr(VI).    

3.3.3.4 Zeolite  

Zeolite is the crystalline, porous structure composed of silicon, allumium and 

oxygen as aluminosilicate ([AlO4]
4─

 and [SiO4]
4─

) on three dimensional networks 

which form open frame work with cations positioned cavities and channels (Abdullahi 

et al., 2017; Zhu et al., 2017). The cations neutralize the negative charge on the lattice 
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and add unique features like catalytic and ion-exchange property on zeolites or similar 

materials (Table 3.1) (Xu et al., 2008; Abdullahi et al., 2017). An important 

characteristic of zeolite is that their frame works basically build up of four co-

ordinated atoms forming tetrahedral (Baerlocher et al., 2007). Zeolite is also some 

time referred as molecular sieve. Numbers of zeolite are known presently but most of 

them are synthesized from different types of materials including agro-waste ash, fly 

ash, Kiolinite, Bauxite residue, glass and alum sludge (Abdullahi et al., 2017; Collins 

et al., 2020; Liu et al., 2018; Shahrak et al., 2017). Shahrak et al. (2017) synthesized 

zinc-based zeolitic imidazolate framework materials (ZIF-8) for its application in 

Cr(VI) removal. They recorded 70% removal efficiency of ZIF-8 for Cr(VI). Zeolite P 

synthesized by hydrothermal process from fly ash for removal of Ni(II) and achieved 

77.0 mg/g of Ni(II) removal (Liu et al., 2019a). In another work, Liu et al. (2018) 

synthesized zeolite Y using the same stock material by fusion-hydrothermal method 

and successful removal of Ni(II) and Cu(II) was recorded. Effective removal of Cr(VI) 

and Ni(II) is also reported in many other studies using synthesized zeolite (Zhu et al., 

2017).  

3.3.4 Photocatalysis 

Photocatalysis is one of the advance treatment technique where 

semiconductors such as TiO2 is used for photocatalytic degradation (oxidative 

reduction) of pollutants from wastewater. In the photocatlytic reaction, when UV-A 

(315-400 nm) or visible light fall on the semiconductors surface, the electron of the 

valence bond gain energy from absorbed photon and become excited, as a result 

budge to conduction band (Gopinath et al., 2020). This incident creates positive 

(Hole; h
+
) as well as negative charge (electron; e

─
) on the surface of semiconductors 

(Eq. 9). In case of Cr(VI), it reduces in its trivalent form Cr(III) by one electron transfer 

from conduction band via making charge transfer complex (semiconductor-Cr(VI) 

complex for Ex. Cr(VI)-TiO2 complex) for fast photocatalytic reduction (Eq. 10-12) 

(Kretschmer et al., 2019). While, attack of holes to absorb water produces hydroxyl 

group produces OH
●
, H2O2, superoxide radical (O2

●─
) as proposed in several studies 

(Eq. 13-16) (Kretschmer et al., 2019; Chen et al., 2017a).          

TiO2 + hʋ (photon) → e
─
 (electron) + h

+
 (hole)   (9) 

Cr(VI) + e
─
 →  Cr(V)       (10) 
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Cr(V) + e
─
 → Cr(VI)       (11) 

Cr(VI) + → Cr(III)       (12) 

H2O + h
+
 → OH

●        
(13) 

OH
─
 + h

+
 → OH

●
        (14) 

2OH
● 
→ H2O2        (15) 

H2O2 + h+ → HO2
● 

+ H
+
      (16) 

Presently, this technique is trending and taken lot of attention of the researcher 

to develop effective photocatalyst. Number of effort have been made for synthesizing 

photocatalyst for reduction of Cr(VI). For example, Chen et al. (2017a) designed and 

synthesized TiO2 by thermal hydrolysis of titanium tetra chloride (TiCl4) under the 

presence of diethylene glycol (DEG). Further they found that DEG was chemically 

bonded on TiO2 and increased the internal hole-scavenging consequences and electron 

releasing ability of the material. In Cr(VI) reduction assessment, the synthesized TiO2 

nanocrystal showed 95% Cr(VI) reduction  potential up to three cycle. In a research, 

nontoxic Nitrogen−sulfur codoped carbon dots (NSCD) was fabricated by single-step 

microwave-assisted method. The synthesized NSCD successfully used for 

photocatalytic reduction of Cr(VI) and showed high Cr(VI) reduction efficiency (Saini et 

al., 2020). However, the synthesis of photocatalyst by physicochemical method has 

some disadvantages. Thus, to get greener way for synthesis of photocatalyst many 

researches have been conducted. In most studies plant extract were used for the green 

synthesis of photocatalyst (Goutam et al., 2018; Padhi et al., 2017; Khosravi et al., 

2019; Esfahani et al., 2020) whereas in some of the studies microorganism were 

applied (Chatterjee et al., 2020). The green synthesize photocatalyst also showed high 

efficiency in the reduction of Cr(VI) from aqueous medium. Padhi et al. (2017) 

hydrothermally synthesized photocatalytically stable and magnetically separable g-

Fe3O4/RGO nanocomposite with Averrhoa carambola leaf extract. Averrhoa 

carambola leaf extract changed the structural, electronic and optical features of the 

Fe3O4 nanoparticle and at room temperature g-Fe3O4/RGO nanocomposite showed 

high photocatalytic Cr(VI) (97%) reduction performance. Similarly, in another work, 

Jatropha curcas L. was used for the synthesis of TiO2 nanoparticle which showed 

https://www.sciencedirect.com/science/article/abs/pii/S138589471933205X#!
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efficient photocatalytic Cr(VI) reduction and COD removal capability (Goutam et al., 

2018).   

3.3.5 Electrochemical method  

3.3.5.1 Electrocoagulation  

Electrocoagulation (EC) is different from conventional coagulation, has wide 

application for the treatment of wastewater. EC unit consist of electrolytic cell that 

contain anode and cathode metal electrodes and tenuously connected with direct 

current (DC) control source (Fig. 3.2d) (Ye et al., 2016). EC is a complex successive 

process that comprises the release of cations from “Sacrificial electrode”, hydrogen 

generation at the cathode and coagulant development by aggregation of released 

cations in the system solution. The important stage in EC is the encroachment of 

coagulant. It is advancement in the area of wastewater treatment that colonizes the 

workplace of floatation/coagulation and electrochemistry. EC can remove many of the 

pollutants such as suspended solid, dissolve organic matter, heavy metal, 

microorganism etc. from wastewater. In the process, the adsorption effect of flocs 

escorted by many mechanism such as adsorption, coagulation, electrophoresis, 

electrostatic attraction, electro-oxidation, electro-deposition, electrical neutrilization 

and co-precipitation of the pollutants (Un et al., 2017; Ye et al., 2016; Lu et al., 2016; 

GracePavithra et al., 2019). The pollutants removal effectiveness of EC depends upon 

turbidity, conductivity and suspended solid of the wastewater, and high electricity and 

skilled man-power requirement become major disadvantage of electrocoagulation. 

Electrocoagulation process deals with Faraday Law. According to Faraday Law the 

number of moles transmitted in an electrochemical process is specifically equivalent 

to quantify of charge delivered between the elctrodes (GracePavithra et al., 2019). In 

an investigation, Un et al. (2017) studied the competence of iron (Fe) electrode for 

evacuation of Cr(VI) from electroplating wastewater which contains 1000 mg/L of 

Cr(VI). Under the optimum operational parameters current density 20 mA /cm2, 0.05 

M NaCl electrolyte and pH 2.4, the removal efficiency of iron electrode was 100%. 

The resulting sludge from EC process was also utilized for ceramic pigment synthesis 

which was black and reddish brown color in transparent glaze. Further they stated that 

this process can be applied for Cr(VI) removal from wastewater with zero waste 

production. Lu et al. (2016) also studied iron electrode for removal of Cr(VI). They 
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reported that the maximum removal competence of Cr(VI) from water was highest at 

lower pH (2.0) and with rise in the pH of the system solution, the residual amount of 

Cr(VI) in the medium was increased. They suggested that removal of Cr(VI) was done 

via reduction in its trivalent Cr(III) form by release of Fe
2+

 ion subsequently 

precipitation, co-precipitation and also specific adsorption on iron hydroxide. 

However, the current density, electrolytic time and type of used electrode also 

affected the removal of Cr(VI). In a research, Liu et al. (2017a) utilizes the 

aluminium/iron/carbon (Al/Fe/C) hybrid electrodes for Ni(II) and fluoride (F) removal 

from wastewater generated by real flue gas desulfurization in coal-fired power plant. 

The affecting parameters such as pH of the solution, applied current density and time 

were considered. It was found that with increase in time and current density removal 

of Ni(II) and F positively affected and maximum removal with a current density of 

5.00 mA/cm2 in 25 min at pH 4 and was 98% and 86% respectively.  

Presently, In the EC process many types of electrode are applied for treatment 

of wastewater. Aluminium and iron electrode are the two most trending electrode and 

are frequently studied. In the acidic and basic medium the iron electrode differently 

act with two types of mechanism. When iron electrode used in acidic medium, the 

following mechanism happened on cathode and anode (Ye et al., 2016; Lu et al., 

2016): 

Anode  

4Fe(S) → 4 Fe
2+

(aq) + 8e
─
       (17) 

4Fe
2+

 + 10H2O + O2 → 4Fe(OH)3(S)↓ + 8H
+

(aq)    (18) 

Cathode 

8H
+

(aq) + 8e
─
 → 4H2(g)↑       (19) 

Overall  

4Fe(S) + 10H2O(l) + O2(g) → 4Fe(OH)3(S) + 4H2(g)↑   (20) 

While, in basic condition the following mechanisms occur in the electrolytic cell:  

Anode  
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Fe(S) → 4Fe
2+

(aq) + 2e
─
       (21) 

Fe
2+

(aq) + 2OH
─

(aq) → Fe(OH)2(S)↓     (22) 

Cathode  

2H2O + 2e
─
 → H2(g)↑ + 2OH

─
(aq)      (23) 

Overall 

Fe(S) + 2H2O(l) → Fe(OH)2(s)↓ + H2(g)↑    (24) 

The Fe(OH)n(S) precipitate in wastewater as gelatinous suspension can drive out the 

Cr(VI) and Ni(II) from solution by electrostatic attraction or complexation, subsequently 

coagulation. The released ferrous ion from the electrode reduces the Cr(VI) into Cr(III) 

at basic and acidic condition both but precipitation of Cr(III) and Ni(II) occur in basic 

condition as shown in following reactions (Liu et al., 2017; Un et al., 2017):  

 CrO4
2─

(aq) + 3Fe
2+

(aq) + 4H2O(l) + 4OH
─

(aq) → 3Fe(OH)3(S)↓ + Cr(OH)3(S)↓  

(25) 

xNi
2+

(aq) + Fen(OH)3n(S) ↔ Fen(OH)3n-xNix(S)↓ + xOH
─
   (26) 

Ni
2+

(aq) + 2OH
─

(aq) → Ni(OH)2(S)↓     (27) 

Couple of reaction also occurs with using aluminium (Al) electrode and it also 

differently work in the basic and acidic medium. Aluminium ion generated from Al-

electrode (anode) and form hydroxylated species of Al. In basic condition, following 

mechanism happen in electrolytic cell (Al-Qodah and Al-Shannag 2017):  

Anode  

Al(S) → Al
3+

(aq)
 
+ 3e

─
        (28) 

Cathode  

3H2O(l) + 3e
─
 → 1.5H2(g) + 3OH

─
(aq)     (29) 

 Overall  

Al(S) + 3H2O(l) → Al(OH)3(S)↓ + 1.5H2(g)↑     (30) 
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In acidic medium the reactant and product were the same but reaction happen 

differently as follows:  

Anode  

Al(S) → Al
3+

(aq) + 3e
─
       (31) 

Al
3+

(aq) + 3H2O(l) → Al(OH)3(S)↓ + 3H
+

(aq)     (32) 

Cathode 

3H
+

(aq) + 3e
─
 → 1.5H2(g)↑       (33) 

Overall  

Al(S) + 3H2O(l) → Al(OH)3(S)↓ + 1.5H2(g)↑     (34) 

In above reaction produced Al
3+

 react with OH
─
 and generate Al(OH)3(s), the present 

Ni(II) and Cr(VI) and other pollutant in the wastewater adsorbed on Al(OH)3(s).  In an 

investigation, Heidmann and Calmano (2008) studied the effect of removal efficiency 

of Al-electrode in removal of different heavy metal. They also considered the 

parameters like initial metal ion concentration and applied current density in the 

study. It was found in the study that rise in the initial concentration of Ni(II) and other 

metal did not affect their removal rate, but increase in Cr(VI) concentration increases 

its removal rate. They stated that, all the tested metal other than Cr(VI) have same 

electrochemical behavior, get hydrolyzed and co-precipitated as hydroxide while, 

Cr(VI) first reduced to Cr(III) subsequently co-precipitated as Cr(III) hydroxide. They 

also found that increased current density enhances the Cr(VI) removal rate but reduces 

the efficiency of Al-electrode but highly efficient for Ni(II) removal. In another 

investigation, Zongo et al. (2009) also found the same problem in Cr(VI) removal by 

Al-electrode. While, successful and efficient removal of Cr(III) and COD (chemical 

oxygen demand) was reported by Elabbas et al. (2016) using Al-electrode. To 

increase the Cr(VI) removal efficiency of Al-electrode in electrocoagulation process, 

hybrid technologies and pairship with other electrode has been reported in some 

studies (Liu et al., 2017; Akbal and Camci, 2011). Akbal and Camci (2011) applied 

pair of aluminium-iron electrode for removal of Ni, Cr and other metal and at pH 3.0 

and a current density of 10 mA/cm
2  

in electrocoagulation time of 20 min, the removal 

rate of Ni and Cr was 100%. In another investigation, high removal efficiency was 

https://www.sciencedirect.com/science/article/abs/pii/S0304389407010953#!
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recorded with Al-Titanium composite electrode and authors stated that Al-Ti 

composite electrode can be applied in Cr(VI) removal that will not change in color 

index of the solution (Li et al., 2019b).   

     The development and study on some other types of electrode were also carried out 

by many researchers. In an experiment, Rana-Madaria et al. (2005) tested the carbon 

aerogels as an electrode for the Cr(VI) decontamination from water. In this study, Cr(VI) 

concentration was reduced from 2 to 0.008 mg/L with a removal efficiency of 99.6%. 

Velasco et al. (2016) studied titanium and graphite electrodes for the reduction of 

Cr(VI) at steady state potential employing electrochemical reactor. With change in the 

hydrogen and oxygen and reducing the current efficiency, the Cr(VI) reduction was 

reported. A research was conducted using cylindrical graphite as cathode and packed-

bed made up of iron scrap used as anode. This arrangement was applied for Ni(II)-

EDTA removal. Optimum condition for maximum removal of Ni(II)-EDTA was 0.5 A 

(applied current), air-purged rate 0.2 L min-1, initial pH 3.0, temperature of 313 K, 

anode packed density of 400 kg m
3
 and time of 30 min. Gaikwad and Bolamajumdar 

(2017) derived activated carbon from Limonia acidissima shells and prepared carbon 

electrode. By utilizing the prepared carbon electrode successful reduction of Cr(VI) and 

removal of F was reported simultaneously. However, this study is different from EC 

process, but providing an insight to move greener way to synthesize new bio-based-

electrode for such type of treatment processes. The authors concluded that it will be 

useful for Cr(VI) and F removal from less contaminated water (Gaikwad and 

Bolamajumdar, 2017).  

3.3.5.2 Electrodialysis 

Electrodialysis (ED) method is broadly used for removal and recovery of ionic 

species from contaminated water (Fig. 3.2c). It is a separation process where ions 

transport through the ionic-membrane from the solution by electrostatic force 

generated by the electric potential between anode and cathode (dos Santos et al., 

2019). Solid membrane application have been extensively studied for heavy metal 

removal including Cr(VI) and Ni(II). Using Dowex HCR-S ion exchange resin in ED 

process, Ni(II) efficient recovery was observed from the 1 M NiSO4 solution but other 

ion exchange membrane such Dowex MSC- 1, Purolite C 100E and KU 2-8 was less 

effective (Dzyazko et al., 2004). In the recent years, liquid membrane integration with 

https://www.sciencedirect.com/science/article/pii/S1383586617329581#!
https://www.sciencedirect.com/science/article/pii/S1383586617329581#!
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ED process is trending. In a study, a liquid membranes having tri-n-octylamine or 

trialkylbenzylammonium chloride in 1,2-dichloroethane was used for separation of 

Ni(II) by galvanostatic electrodialysis process. The effect of electrodialysis parameters 

were studied and at optimum conditions, with rise in the concentration of Ni(II) the 

separation was increased (Sadyrbaeva, 2015). In another study, ionic liquid-based 

polymer inclusion membrane (PIM) and integrated ED was successfully applied for 

Cr(VI) separation (Li et al., 2020). Similarly, Wang et al. (2020) also studied poly 

vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) in PIM and found higher 

Cr(VI) transport with PVDF-HFP in comparison to cellulose triacetate (CTA) and poly 

(vinyl chloride) (PVC) based membrane.    

3.3.5.3 Electrodeioization  

Electrodeionization (EDI) process combines the resin and ion-exchange 

membrane and removes ions from the solution by applying the electricity between 

cathode and anode (Coman et al., 2013; GracePavithra et al., 2019). EDI is basically a 

hybrid process of ion exchange and the electrodialysis. Combination of ED and ion 

exchange membrane resin hybrid process employed for recovery of Ni(II) from 

contaminated solution and successfully demonstrated the Ni(II) recovery using 

Amberjet 1200 H cation-exchange resin (Gabli et al., 2020). Zhang et al. (2014) 

applied ion exchange resin in the EDI process for continuous recovery and removal of 

Cr(VI) and Cr(III) and reported high removal efficiency with very low electricity 

consumption. In a study, using an integrated two-stage electrodeionization (EDI) 

process, Ni(II) removal and pure water production was done from simulated Ni-

electroplating rinse water. In the process, 94% removal was found in first stage of 

EDI with 99.8% (as compare to initial Ni concentration) removal from final stage of 

EDI (Lu et al., 2015). In continuous EDI process, Cr(VI) removal was investigated by 

Xing et al. (2009) and they suggested that voltage required in Cr(VI) removal was  not 

only dependent on applied current density but also vary with flow rate of effluent.    

3.3.5.4 Electroflotation  

Electroflotation (EF) is efficient for removal of different types of organic and 

inorganic pollutant removal. In the EF process, hydrogen (H2) and oxygen (O2) are 

produced by electrolysis of water via electrochemical reaction on cathode and anode 
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(applied electrode) respectively (Fig. 3.2d). Due to bubbling of water, the present 

contaminants came out from the wastewater and float on the surface. While, bubble 

generation by electrolysis is completed in three steps: nucleation, growth and 

detachment (Santos et al. 2018). In an investigation, EF process was investigated for 

removal of less soluble Cr(III) from wastewater. EF affecting parameters such as 

solution pH, presence of flocculants, surfactants particle size, ionic composition, 

electrokinetic potential, current density and solution temperature were optimized. It 

was found in the study that removal potential depend upon solution composition, size 

of the particle and minimum surface charge (Perfil’eva et al., 2016). They also found 

that using anionic M-10 and LT-30 flocculants and rising in solution temperature 

enhance the particle size that increases the removal efficiency from 81-99%. 

Kolesnikov et al. (2018) studied the EF process in removal of Ni(II), Cr(III) and other 

metal hydroxide from solution by using sodium sulfate as supporting electrolyte. They 

reported that non-ionogenic flocculant N-300 rise the EF efficiency in removal of 

metal. Increase in the efficiency for removal of Ni(II) and other metal was also 

reported by applying different types of surfactant in EF process (Kolesnikov et al., 

2015). In a study, Ti and RuO2/TiO2-Ti were utilized as cathode and anode 

respectively in two compartments of EF membrane reactor. Nafion 117 membrane 

was used to separate the catholyte (spent liquor effluent) and anolyte (0.01 N H2SO4). 

Highest removal was reported for Cr(III) with successful application of recovered 

Cr(OH)3 in tanning of cowhide (Selvaraj et al., 2018). To advance the removal 

competence, EF process was also studied with combination of electrocoagulation 

process. Khelifa et al. (2013) reported that EF process effectively remove the Ni(II) 

and Cu(II) by utilizing Ti/RuO2 (anode)  and stainless steel (cathode) but the presence 

of EDTA, drastically inhibited the removal capacity of EF. To overcome this 

problem, the combination of EC-EF was applied and removal efficiency of Ni(II) was 

increased up to 77% and 78% for copper under the same condition. Similar technique 

was investigated for Cr(VI) removal where, Cr(VI) first reduced into Cr(III) by EC-

process and further removed from the solution by combination of EF-EC process 

(Gao et al., 2005).     

3.3.5.5 Electrochemical reduction  

Electrochemical reduction (ECR) of Cr(VI) to Cr(III) is extensively reported in 

Cr(VI) removal from contaminated water. In an investigation, single chambered cell 
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with titanium anode was utilized for indirect reduction of Cr(VI) and precipitation of 

Cr(III). Decreased in the pH of the solution increases the Cr(VI) reduction, but reduces 

the Cr(III) precipitation. It was also found that during the reaction mechanism, Ti 

anode could corrode and produces the Ti
2+

 and Ti
3+

 make available the free electron 

for Cr(VI) reduction. Simultaneously, the continuous generation of OH anion on 

cathode caused formation of solid product (TiO2(6x-y-z+5/2)Cl2y Cr2x(OH)2z(s)) as 

precipitate (Yao et al., 2020). Hu et al. (2017) investigated the Cr(VI) reduction 

followed by precipitation in an stirred batch reactor using a low-carbon steel 

electrode. They reported high removal effectiveness of Cr(VI) from seawater, synthetic 

wastewater and concentration of Cr(VI) was dropdown below the permissible limit (0.5 

mg/L) from all the types of water. In a recent study, discarded cigarette filters (DCFs) 

were utilized as a bed for immobilization of palladium nanoparticle placed between 

porous anode and as cathode, graphite felt was used in the study. The system was 

intended for the Cr(VI) removal and disinfection of water via producing chlorine gas 

(Cl2) from ground water. On cathode, produced hydrogen gas converted into 

hydrogen radical, act as an effective reducing agent for Cr(VI) reduction and produced 

hydroxyl anions on the surface of cathode increases the medium pH, resulted into 

Cr(III) precipitation with 96% efficiency. While, Cl2 produced on the surface of anode 

was effective for water disinfection (Dorosti et al., 2020). Effective electrochemical 

Cr(VI) reduction followed by Cr(III) precipitation using steel rods connected in unipolar 

mode and NaCl as electrolyte was reported by Lakshmipathiraj et al. (2008). The 

modification of cathode and anode with nanoparticle and other substances also proven 

for enhanced Cr(VI) reduction in ECR process. For example: Pd-coated copper rod 

enhanced the Cr(VI) reduction in ECR process (Tabatabaei et al., 2020). Use of organic 

material as electrolyte such as urea and oxalic acid in ECR process also influences the 

reduction efficiency of ECR process (Sriram et al., 2018; Liu et al., 2018).        

3.3.6 Biological remediation  

Cr(VI) and Ni(II) are toxic for living organism, affect the growth and 

developmental activity of plant, animal and microbes. Their toxicity have been 

reported at cell organelles, cellular, tissue and whole organism level. In most of the 

studies it has been reported that Cr(VI) and Ni(II) causes oxidative stress can affect the 

cell membrane, protein, lipid and DNA via oxidative and non-oxidative damages (Das 
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et al., 2018; Barrera-Díaz et al., 2012; Zhitkovich et al., 2011). Cellular level toxicity 

is also detected using scanning and transmission electron microscopy. In addition, 

some of the metal tolerant species of microbes and plants have hyper accumulation 

ability of Cr and Ni inside the cytoplasm and cell organelles. Some species also have 

the potential to reduce Cr(VI) to Cr(III) via enzyme catalyzed or electron mediated 

mechanism. Cell wall of plant and microbes is also made up of carbohydrate, protein 

and lipid which carry number of functional group on their surface and provide better 

opportunity for adsorption of pollutants including Cr(VI) and Ni(II) on their surface. 

Thus, combinely the surface functional group and accumulation mechanism offering 

best applicability of metal tolerant plant and microbes for removal of Ni(II) and Cr(VI).     

Bioremediation of heavy metal as well as organic pollutant have been reported 

extensively in the literature. The living organism such as bacteria, yeast, fungi, algae 

and plant has been found as efficient bioremediation agents (Table 3.2). Biosorption is 

another phenomenon where bio-originated product and byproduct are used as 

adsorbent. In the biosorption process, pollutant removal is basically driven by the 

functional group present on the surface of applied bio-adsorbent. Many types of 

bioadsorbent such biochar, saw dust, straw, dried fungal, bacterial, algal and plant 

biomass have been utilized by researchers for successful removal of Ni(II), Cr(VI) and 

other various types of pollutants (Georgieva et al., 2020; Wong et al., 2018; Liu et al., 

2018; Fan et al., 2019). In the biosorption of pollutant, the most affecting parameters 

are pH of the medium, initial pollutants concentration, temperature and surface 

properties of bio-adsorbent including functional group. But, the bioremediation is 

different from biosorption, performed by living organism via accumulation, 

degradation, mineralization, transformation and also sorption by the functional group 

present on the organism cell surface. The degradation, mineralization and 

transformation are basically performed by different types of enzyme-catalyzed 

mechanism which convert the pollutant into carbon dioxide, methane, water and 

biomass. The accumulation is reported for heavy metal and some recalcitrant organic 

compound such as DDT accumulation in plant, involved whole cell system, makes a 

chain of different types of bio-process such as interaction with organism, surface 

sorption, transportation outside to inside the cell, intracellular precipitation or 

translocation inside vacuoles. Living organism, most preferably utilized the pollutant 

as nutrient and energy sources to catalyze them in less toxic forms. Some time, 
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pollutant also exported to outside of the cell by microbes through efflux pump to 

lessen the toxicity of pollutant and maintaining cellular homeostasis. Temperature, 

pH, moisture, initial metal concentration, chemical nature of pollutant, availability of 

nutrients and microbial community of the contaminated sites are the most 

considerable parameters that can affect the bioremediation process. Microbial 

interaction with Ni(II) and Cr(VI) causes surface sorption of Ni(II) and Cr(VI) with 

chemical binding between available functional group surface. Surface absorbed Cr(VI) 

and Ni(II) accelerate their transportation in microbial cell. Transported Ni(II) may 

accumulate or transported to outside of the cell while, Cr(VI) either accumulated or 

transformed into less toxic Cr(III) by chromate reductase or Cr(VI) to Cr(III) happen 

spontaneously inside the cell.      
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Table 3.2. Experimental condition, removal efficiency and mechanism of microbes and plant for Cr(VI) and Ni(II).  

Name of the species  Cr(VI)/Ni(II) Initial metal 

concentration 

(mg/L), pH, 

temperature 

(°C), time (h 

or d) and 

agitation rate 

(rpm)  

Removal 

rate (%) 

Associated mechanisms in removal of Cr(VI)/Ni(II) References  

BACTERIA 

Rhodococcus 

erythropolis 

Cr(VI) 50, 5.0, 28, 

120h, - 

89.5 Accumulation, biosorption and bioreduction   Banerjee et al. 

(2017) 

Serratta marcescens Cr(VI) 25, 8.0, 30, 
36h, - 

100 Accumulation, biosorption and bioreduction  Kafi lzadeh 
and Saberifard 

(2016) 

Pediococcus acidilactici 
applied in anaerobic two-

phase bioreactor  

Cr(VI) 900, -, -, -, - 100 Reduction happen by extracellular secreted lactate 
produced in glycolysis path way 

Lytras et al. 
(2017) 

Geobacter or 
Desulfovibrio with 

combination of  

Ferrovibrio in presence 

of Fe(0) 

Cr(VI) 5, -, -, 60d, - 98.1 ± 1.2 Reduction happened by providing electron from Fe 
(solid state electron transfer) to Cr(VI) anaerobic bacteria 

(Geobacter or Desulfovibrio) 

Shi et al. 
(2019) 

Bacillus  megaterium  

1295S 

Ni(II) 0.5, -, -, -, - 80.46 accumulation and surface sorption Gheethi et al. 

(2017) 

Bacillus aryabhattai 
HU-39 

Ni(II) 25, -, 30, 72h, 
- 

89 Accumulation and surface sorption  Khadim et al. 
(2019) 

YEAST 

Saccharomyces 
cerevisiae BY4741 

Cr(VI) 300 µM, -, 30, 
24h, 180  

48.43 
µM/g FW 

Accumulation Huang et al. 
(2013) 

Wickerhamomyces 

anomalus M10 

Cr(VI) 1 (mM), -, 25, 

72, 250 

95 Accumulation Fernández et 

al. (2017) 

Saccharomyces 
cerevisiae 

Cr(VI) 90, 5.0, 25, 
3h, 120 

99.6 Biosorption Rossi et al. 
(2018) 
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Yarrowia lipolytica Ni(II) 100, 6.0, 30, 

60h, 120 

68.99 Biosorption Wierzba et al. 

(2017) 
Candida sp.  Ni(II) 321.5, 4.0, 25, 

8d, 150 

46.8 mg/g Bioaccumulation Donmez and 

Aksu (2001) 

FUNGI 

Penicillium oxalicumSL2 
used in stired tank 

bioreactor  

Cr(VI) 164.6, -, 30, +  89.1 Reduction of Cr(VI) driven by acidic metabolite such as 
oxalic acid, gluconic acid, malic acid, citric acid 

subsequently absorb or precipitated on cell surface as 

chromium oxalate 

 Long et al. 
(2020) 

Phanerochaete  

chrysosporium 

Ni(II)  16, 6.0, 36, 

9h, well 

mixing 
condition 

89.4 adsorption by surface functional group  

Noormohamadi 

et al. (2019) 

Trichoderma harzianum Ni(II)  400, -, 24, 

14d, - 

11,000 

mg/Kg 

Accumulation inside of the mycelia  Cecchi et al. 

(2017) 

Aspergillus flavus 
CR500 

Ni(II)  10, 7.0, 28, 
144h, 80 

73.1 Accumulation inside of the mycelia as well as 
biosorption on mycelia 

Kumar and 
Dwivedi 

(2020) 

Trichoderma asperellum  
TS141 

Ni(II)  200, 8.0, 29, 
8d, 200 

78 Accumulation inside of the mycelia Hoseinzadeh et 
al. (2017) 

ALGAE 

Oscillatoria subbrevis 
and Gloeocapsa atrata 

Cr(VI) 17.5, 7.0, -, 
6.5, -  

71.65  Kushwaha et 
al. (2014) 

Chlorella sp. Cr(VI) 12.7, 5.6, 

27.5, 12d, - 

73.1 Binding on cell surface and accumulation inside the cell Ajayan et al. 

(2018) 

Limnococcus limneticus 

and Leptolyngbya 
subtilis 

Cr(VI) 10, 9.0, 25±2, 

9d, - 

52 Bioaccumulation and binding on cell surface  Sen et al. 

(2017) 

Chlorella vulgaris Cr(VI) 1, -, 25, 3d 88.1 Reduction of Cr(VI) to Cr(III) by oxidation-reduction 

reactions between Cr(VI) and the acetate-type ligand in 
addition of Chromate reductase, binding on surface and 

intracellular accumulation 

Zou et al.( 

2020) 

Dunaliella sp.  Ni(II) 300, -, 29 ±1, 

7d, - 

80.8 Bioaccumulation and binding on cell surface Moussa et al. 

(2018) 
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Durvillaea antarctica  Ni(II) 50, 5.0, 20±1, 

4h, 150 

32.8 mg/g Biosorption Guarí n-

Romero et al. 
(2019) 

Cystoseria indica Ni(II) 100, 6.0, 25, 

1.5, 175 

18.17mg/g Biosorption Khajavian et 

al. (2019) 
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3.3.6.1 Bacteria 

Microorganisms have potential application in removal of Ni(II) and Cr(VI) 

(Table 2.2). Both types of bacteria (gram negative and gram positive) have shown 

high efficiency in removal of Ni(II) and Cr(VI) and also enzyme-catalyzed Cr(VI) 

reduction into Cr(III). A study demonstrated the Ni(II) removal efficiency of Bacillus 

aryabhattai HU-39. At 250 mg/L of initial Ni(II) concentration and at 30°C, the 

removal of Ni(II) by strain HU-39 was 89%, Ni(II) removal happen via bio-precipitation 

of Ni(II) as NiCO3 (Khadim et al., 2019). Gheethi et al. (2017) investigated the 

potential of Bacillus megaterium 1295S and Sporosarcina pasteurii 586S for removal 

of Ni(II). They reported that with rise in the concentration of Ni(II) the removal 

effectiveness of  B. megaterium 1295S and S. pasteurii 586S was decreased and 

highest at lower concentration. The major mechanism involved in removal of Ni(II) are 

intracellular accumulation and surface sorption, driven by cell surface functional 

group (Ozturk, 2007; Khadim et al., 2019). In the case of Cr(VI), in addition of 

accumulation and surface sorption, its reduction to Cr(III) is reported extensively. A 

research showed that Rhodococcus erythropolis has high Cr(VI) reduction efficiency, it 

accumulated inside the cell and adsorbed outside of the cell Cr(VI) in the form of Cr(III) 

with great removal efficiency (Banerjee et al., 2017). In another investigation, a 

bacterium that have 99% similarity with Pediococcus acidilactici, was utilized for 

removing Cr(VI) in Sequencing Batch Reactor (SBR) in anaerobic and mesophilic 

conditions. The authors achieved 100 % Cr(VI) removal using sequencing batch reactor 

process. The authors reported extracellular Cr(VI) reduction, mediated by lactate, 

extracellularly generated by Pediococcus acidilactici from the glycolysis process 

(Lytras et al., 2017). A research conducted by Karthik et al. (2017) isolated a new 

aloalkaliphilic bacterial strain, Cellulosimicrobium funkei AR8. The complete Cr(VI) 

reduction was reported at optimum pH 7.0 within 120 h and the reduced Cr(III) either 

extracellularly absorbed on its cell surface or accumulated inside the cell as detected 

by TEM, fourier transform infrared (FTIR) and x-ray diffraction analysis. A quinone-

reducing bacteria, Shewanella strain Y2 investigated for Cr(VI) reduction with the 

function of electron shuttling compounds (DOM), sodium formate (NaFc) and Fe(III). 

Results illustrated that Fe(III)/DOM  appreciably  endorsed  the  reduction  of  Cr(VI) 

at 0.8 mM of anthraquinone-2-sodium sulfonate and 5 mM of sodium formate 

concentration (Huang et al., 2016). In an investigation conducted by Zinicovscaia et 
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al. (2020), the biofilm of Shewanella xiamenensis supported on zeolite was utilized in 

selective exclusion of Ni(II), Cr(VI) and other metal from metal complex system with 

different combination. The greatest removal of Ni(II) was attained within one hour at 

pH 5.0 and 6.0 by bio-sorption and bioaccumulation. Cr(VI) removal was occurred via 

bio-sorption, bioaccumulation and long time reduction process but the removal rate 

for Cr(VI) was less as compare to Ni(II) and inclusive reduction of Cr(VI) was recorded 

in 35 days. The mechanism that deals with Cr(VI) reduction is differently performed by 

aerobic and anaerobic bacteria.    

3.3.6.2 Yeast  

Yeast broadly utilized in fermentation and also has promising capability in 

removal of different types of pollutant (Table 3.2). In an investigation, Baker’s yeast 

(Saccharomyces cerevisiae) immobilized on mango leaves was employed in the 

removal of Ni(II). The highest Ni(II) removal was recorded at neutral pH (7.0) and the 

biosorption of Ni(II) was 250 mg/g, even it was highly efficient in removal of Ni(II) 

after 5
th
 cycle of regeneration using 0.2 M HCl (Yakout et al., 2016). In a study, Luo 

et al. (2016) examined intracellular content of Ni(II) in different sensitive and Ni(II)-

tolerant mutant budding yeast Saccharomyces cerevisiae. They found that 

intracellular Ni(II) content was increased in the response of Ni(II) concentration in Ni-

tolerant mutant as compare to wild type but decreased in sensitive strains. Further, in 

functional genomics study they identified 22 nickel-tolerant diploid deletion mutants 

of budding yeast genes that were involved in transportation, vacuolar translocation, 

protein synthesis, Ni-sensitivity etc., collectively in Ni-homeostasis. Fernández et al. 

(2017) examined the evacuation of Cr(VI) by Wickerhamomyces anomalus M10 in an 

alternative culture and using the Plackett-Burman design. They found that K2HPO4, 

inoculum size and sucrose had noteworthy effect on Cr(VI) removal. For complete 

reduction of Cr(VI), the optimum culture condition was 1mM Cr(VI) concentration, 400 

rpm agitation and air flow (1 vvm). Rossi et al. (2018) treated the Saccharomyces 

cerevisiae biomass with KOH and also thermally treated to enhance its biosorption 

potential of Cr(VI). They studied the affecting factor such as initial Cr(VI) 

concentration, pH and contact time, under optimum conditions the removal of Cr(VI) 

was 99.66%. Chromate reductase (ChrR), responsible for Cr(VI) have been reported in 

bacteria, fungi and also in yeast. To confirm the yeast ChrR activity and its potential 
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to reduce the Cr(VI), Martorell et al. (2012) isolated Pichia anomala M10 and Pichia 

jadinii M9 from textile effluent and analyzes the ChrR activity in the both strains. 

They found that ChrR activity was increased in both strain after addition of NAD(P)H 

as an electron donor but the presence of Hg
2+

 and Mn
2+

 inhibited the activity of ChrR. 

In a study, demonstrated by Guillén-Jiménez et al. (2008) reported that the sulfate ion 

can improve the growth and tolerance ability of Candida sp. FGSFEP towards Cr(VI). 

The yeast strain was capable in complete reduction of Cr(VI) at 1.7 mM concentration 

in the presence 23.92 mM sulfate concentration. These studies suggested the potential 

of yeast exploitation in Cr(VI) and Ni(II) removal.  

3.3.6.3 Fungi 

Fungi are the key player of ecosystem; naturally cleaning the environment by 

their saprophytic characteristics, have wide application in industrial, food and 

beverage processing. In addition, fungi are the consortium of enzymes and have 

potential application in degradation of organic pollutant for environmental cleanup. 

Heavy metal including Cr(VI) and Ni(II) accumulation, detoxification, mineralization, 

transformation etc. are greatly reported in fungi (Table 3.2). A study examined the 

biosorption potential of Phanerochaete chrysosporium for removal of Ni(II). P. 

chrysosporium can accumulate 16 mg/L with high removal efficiency at pH 6.0 and 

30 °C within under well mixing conditions (Noormohamadi et al., 2019). In our study, 

the multiple metal removal potential of A. flavus CR500 was investigated from multi-

metal contaminated tannery wastewater. Under the optimized condition (pH 7.0, 28 ± 

1 °C), the removal of Ni(II) and Cr(VI) was 38.6 and 58.2 % from Pb(II), Cr(VI), Ni(II) 

and As(III) amended (5 mg/L of all metal/loid) and diluted (1:2) tannery wastewater 

(Kumar and Dwivedi, 2020). In an investigation, Cecchi et al. (2017) reported high Ni 

accumulation efficiency (11,000 mg Ni/kg of fungal biomass) of Trichoderma 

harzianum at 24 °C in 14d. T. asperellum TS141 and T. harzianum TS103 also has 

excellent Ni(II) removal ability from aqueous medium (Hoseinzadeh et al. 2017). In 

addition, fungi also exhibited outstanding Cr(VI) reduction performance in aqueous 

medium. Some amount of Cr(VI) was accumulated inside the cell and also absorb on 

the surface of fungus cell via surface functional group or as precipitate of Cr(III) 

species. ChrR enzyme played role in reduction of Cr(VI) with the help of electron 

donor such as NADH or NADPH (Irazusta et al. 2018). Long et al. (2020) reported 

https://www.sciencedirect.com/science/article/pii/S0964830512000935#!
javascript:;
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that Penicillium oxalicum SL2 can reduce Cr(VI) extracellularely by secreting acid 

metabolite such as gluconic acid, oxalic acid, citric acid, malic acid, and tartaric acid. 

The Cr(VI) removal performance of SL2 was 89.1%  in a stirred tank bioreactor, 

cylindrical 10×40 (diameter and height) oxygen supplied from the bottom of the 

reactor and operated at 30 °C using potato dextrose liquid (PDL) medium amended 

with Cr(VI). Consortium development with metal resistant species of fungi or bacteria 

is also studied by several researchers for the treatment of wastewater. In a study, 

Penicillium commune, Cladosporeum perangustum, Paecilomyces lilacinus and 

Fusarium equiseti were used to develop fungal consortium in tannery wastewater 

treatment. Fungal consortium was immobilized on Nylon mesh. Wastewater treatment 

efficiency of fungal consortium immobilized with nylon mesh was investigated in 

stirred tank bio-reactor (12 cm diameter and 20 cm height). With 1L of working 

tannery wastewater (amended with glucose (1%) and ammonium nitrate (0.01%)) at 

pH 4.0 and 28 °C, the treatment performance of immobilized fungal consortium was 

very high with removal efficiency of 82.52% for COD (chemical oxygen demand), 

86.19% for color, 100% for Cr(VI) and 99.92% for total Cr (Sharma and Malaviya, 

2016). Talukdar et al. (2020) tested the metal Cr(VI) removal efficiency of A. flavus 

(FS4) and A. fumigatus (FS6) for consortium development. Both fungal spore 

suspension was used as fungal consortium for removal of Cr(VI) from liquid medium 

and industrial wastewater too. Developed fungal consortium can remove 81.25 ± 

0.25% of Cr(VI) from PDB medium while 68 % removal was recorded from battery 

effluent.  

3.3.6.4 Algae  

Algae have excellent biological characteristic such as high photosynthetic 

competence and simple in structure, can grow in extreme ecological situation such as 

high salinity, presence of heavy metal, polluted water streams, nutrient stress 

conditions, high temperature (Leong and Chang, 2020; Moussa et al., 2018). Algae 

have been reported for production of lipid, so algae have dual approach as their 

utilization in wastewater treatment and use of produced biomass in energy production 

(Ramadoss and Subramaniam, 2018; Sen et al., 2017). In case of Cr(VI) and Ni(II) 

removal, algae have been utilized in live as well as in dead form. For example, dry 

and dead biomas of Cladophora glomerata was employed for adsorptive evacuation 
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of Cr(VI) from polluted aqueous medium. At the operational condition 20 mg/L Cr(VI), 

45 ºC and pH 2.0, C. glomerata removed 66.6% in 60 minutes of contact time (Al-

Homaidan et al., 2018). In another work, blue-green marine algae were utilized for 

Ni(II) removal and at the experimental conditions of pH 6.0, biomass dose 2 g, and 

shaking rate 120 rpm, the removal of Ni(II) was 42.05 mg/g (Ramadoss and 

Subramaniam, 2018). But, in case dried biomass application another energy 

production strategy can’t be implemented. While, live application of algae in removal 

of Cr(VI) have been studied with efficient removal and high amount of biomass 

production was reported in many studies that can be used for production of bio-fuel. 

Sen et al. (2017) studied Cr(VI) removal efficiency of cynobacterial consortium. The 

consortium was consisted of Leptolyngbya subtil and Limnococcus limneticus. They 

found efficient removal rate at an initial concentration 15 mg/L of Cr(VI), pH 9.0 and 

with an inoculum size of 10% in 12 days. When both alga were applied in consortium, 

raise in dry biomass, the lipid content was reported with high Cr(VI) removal 

performance as compared to individual use. Similarly, Moussa et al. (2017) studied 

the Ni(II) removal capability of live alga Dunaliella sp. which reduces the Ni(II) 

concentration solution with removal efficiency of 93.63%. Excess of Ni(II) 

concentration reduced the growth of the alga, level of protein and carbohydrate 

content while, significantly accelerated the total lipid, carotenoid content and phenolic 

content. The algal species such as Oscillatoria subbrevis, Gloeocapsa atrata and 

Chlorella sp. can also remove the pollutants including Cr(VI) and Ni(II) with enhanced 

lipid content in obtained biomass (Ajayan et al., 2018; Kushwaha et al., 2014). An 

experiment was conducted for the assessment of tannery wastewater treatment 

efficiency of Scenedesmus sp. The alga had removed 96% of Cr and other pollutants 

(Cu, Pb, Zn) and nutrients (phosphate and nitrate) within 12 days from diluted tannery 

wastewater amended with BG11 culture medium (Ajayan et al., 2015).   

3.3.6.5 Plants 

Plants have enormous potential in remediation of heavy metal contaminated 

sites and can be applied in situ for effective remediation in sustainable way. 

Phytoremediation is a cheapest, ecofriendly and economical technique for remediation 

purposes, uses their growth for removal, extraction, reduction, degradation and 

stabilization of pollutants that are driven by plant and sun light (as energy source) 

(Bello et al., 2018). Plants use various mechanisms in removing heavy metal from soil 
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and water such as accumulation, trans-evaporization, transformation, stabilization etc. 

(Table 3.2) (Saha et al., 2017). Several studies have reported the successful utilization 

of plants in treatment of Cr(VI) and Ni(II) contaminated wastewater especially aquatic 

plant has more advantage in wastewater remediation. In a study, the Ni(II) and other 

heavy metal removal potential of Phragmites australis was performed. The study was 

conducted in deep-water hydroponic system and Ni(II) concentration was 5 mg/L. 

Over 6
th

 week periods, the removal of Ni(II) was very high with removal rate of 93% 

via phytostabilation (Bello et al., 2018). Bingöl et al. (2017) utilized Lythrum 

salicaria L. in removal of Ni(II) from contaminated water. The maximum 

accumulation of Ni(II) was at pH 7.0, 10 mg/L of Ni(II) concentration and Ni(II) 

distribution was higher in root followed by shoot and leaves. In another work, 

Chaudhary and Sharma (2019) evaluated the Cr removal potential of Lemna gibba 

from liquid nutrient medium. At 5 mg/L of Cr concentration, removal of Cr was 

highly increased up to 98.6%. In a study Limnobium laevigatum efficacy for removal 

of Cr, Ni, Pb and Zn from multi-metal contaminated aqueous system was performed. 

Accumulation of these heavy metals was reported much higher in root as compare to 

shoot and with rise in the concentration of metal; the concentration of metal in root 

was extremely higher than metal concentration in the solution (Arán et al., 2017). 

Saha et al. (2017) utilized water hyacinth (Eichhornia crassipes) on large scale (100 

L) for chromite mine wastewater treatment. Hundred liter of chromite mine 

wastewater was taken in rectangular container and experiment was performed in 

ambient condition (25-30 °C). At 15
th
 day of experiment, the water hyacinth achieved 

99.5 % removal of Cr(VI) with efficient reduction in BOD (biological oxygen 

demand), COD and TDS (total dissolve solid). Phytoremediation is a time taking 

process, the main disadvantage of this technique. However, researchers have also 

investigated the effect of plant on removal of Cr(VI), Ni(II) and other pollutants in 

constructed wetland. Studies have successfully demonstrated the plant utilization in 

constructed wetland and effective removal of Cr(VI) and Ni(II) was recorded (Li et al., 

2017; Madera-Parra et al., 2015). In an investigation, Typha domingensis was utilized 

for treatment of metallurgical effluent containing Cr, Ni and other pollutants in free-

water surface constructed wetland for 5 years. Higher Cr and Ni concentration was 

reported in root and rhizome than aerial and submerged part of leaves (Hadad et al., 

2018). 
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3.4. Heavy metal tolerance and removal by fungi including Cr(VI) and 

Ni(II)  

3.4.1 Metal tolerance in fungi  

 Tolerance is the ability of organism to survive in an adverse environment. 

HMs are toxic in nature for most of the organisms. Ability of fungi to grow in HMs 

polluted environment is the metal tolerance of the fungi (Mondal et al, 2017, 

Mohammadian et al, 2017). There are some mechanisms in fungi to tolerate and 

detoxify the HMs such as enzymatic detoxification, accumulation inside the cell via 

active (transport systems) and/or passive (diffusion) uptake mechanism, exclusion by 

permeability barrier, adsorption on extracellular structures (cell wall, capsule, slime), 

extra and intracellular precipitation, efflux pumps, adjustment in the cellular targets, 

methylation, volatilization and chelation of metal/loids etc. (Baldrian, 2003; Gadd, 

2017; Merroun et al., 2001; Zhang et al., 2005) in which some mechanisms are based 

on the production of extracellular and intracellular chelating agent (for molecular 

mechanism of HMs tolerance and removal see Section 3.4.3) (Gadd, 2007; Cao et al., 

2018; Yin et al., 2011; Dang et al., 2018). Many morphological responses also have 

been observed in fungi under the presence of HMs. Growth inhibition, change in 

colour morphology, cell elongation, constriction, protrusion less, ruptured, 

snubbed/flatted, outward growth of mycelia are reported in presence of HMs in 

several studies (Chen et al., 2017). Contaminated sites (soil and water) are the major 

source to isolate the metal tolerant fungi (Mohammadian et al., 2017). Fungal 

response to metal and their resistance depends on the concentration, toxicity and 

bioavailability of HMs and characteristics of the fungi (Baldrian, 2003). The 

resistance nature of the fungi varies with genetic background of the fungi, HMs 

concentration, existing environmental condition, nutrient availability and types of 

HMs. Aspergillus niger (Cu , Pb , Cr, Zn, Cr, Ni and V) (Coreño-Alonso et al., 2014; 

Sepehr et al., 2014;  Iram et al., 2015; Saravanan et al., 2015; Holda et al., 2016; 

Sakthivel et al., 2016;  Fomina et al., 2017)  and Trichoderma harzianum (Cd, Pb, Cu, 

Zn Ni, Fe) (Adebiyi et al., 2017; Cecchi et al., 2017; Mohsenzadeh et al., 2014) are 

multimetal resistant fungal species. Table 3.3 is listed for many fungal species which 

have the potential to tolerate HMs.  
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Table 3.3 depicted that most of the fungal species that are reported for 

tolerance towards HMs belongs to the class ascomycetes. This class of fungi is also 

very widely distributed in different type of habitats and play important role in 

ecosystem like nutrient cycling and soil stabilization (Challacombe et al., 2019). 

However, there is no any clear evidence that relates them with each-other that why 

they are highly metal tolerant and belongs from the same class of fungi. To get insight 

on the ascomycetes, here it is to be mentioned that Challacombe et al. (2019) 

investigated the genomic and secrotomic similarities to assess their role in biomass 

decomposition and pathogenesis in arid environment by five different fungal species 

(Aspergillus CK392, Coniochaeta CK134, Embellisia CK46, Chaetomium CK152 

and Phoma CK108) of ascomycetes class. In genomes and secretomes analysis, they 

found that all the tested fungi have melanized structure and genetically capable to 

synthesize melanin which make survivable to these tested ascomycetous fungus in 

arid environment. There is also some category of proteins that expressed in all tested 

condition and common for some of the fungi which provids common nature of 

ascomycete fungus.  

Table 3.3. The Heavy metal tolerant fungi applied in removal HMs in growing 

form. 

Class of Fungi Name of the Fungi Name of 

the 

Pollutants  

References  

A
sc

o
m

y
ce

te
s 

Aspergillus aculeatus Cd  Xie et al. (2014) 

Aspergillus flavus Cu, Pb, & 

Cr 

Iram et al. (2015), 

Qayyum et al. (2016) 

Aspergillus flavus strain 

KRP1 

Hg Kurniati et al. (2014) 

Aspergillus foetidus Cd (Chakraborty et al., 2014) 

Aspergillus fumigates Cr Panda et al. (2014), 

Sakthivel et al. (2016)  

Aspergillus fumigatus PD-18 Cd, Cr,Ni, 

Pb and Zn 

Dey et al. (2016)  

Aspergillus niger Cu , Pb , Cr, 

Zn, Cr, Ni & 

V 

Coreño-Alonso et al. 

(2014), Sepehr et al. 

(2014), Mirazimi et al. 

(2015), Iram et al. (2015), 

Saravanan et al. (2015), 

Holda et al. (2016), 

Olubunmi et al. (2016), 

Sakthivel et al. (2016),  
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Fomina et al. (2017),  

Mondal et al. (2017), 

Sriharsha et al. (2017), 

Tahir et al. (2017)  

Aspergillus niger 

(CMCC98003) 

Pb, Hg, & 

Cd 

Cui et al. (2018) 

Aspergillus niger A40 Pb Sharma et al. (2017) 

Aspergillus niger MSR4 Cr Melvin et al. (2015) 

Aspergillus niger strain SF-

6095 

Cr  Manorama et al. (2016) 

Aspergillus oryzae Cr  Sepehr et al. (2014) 

Aspergillus sp. Cu, Zn & Cr Pundir et al. (2015), 

Sathvika et al. (2015), 

Pundir et al. (2018)  

Aspergillus sp. UF3   Lead and 

Strontium 

Dhami et al. (2017) 

Aspergillus terreus Pb, Cr and 

Cu 

Khadiga et al. (2017), 

Sriharsha et al. (2017)  

Aspergillus terreus AML02 Cd, Pb & Zn Dey et al. (2016)  

Aspergillus terreus PD-17 Cd, Cr, Ni, 

Pb & Zn 

Dey et al. (2016)  

Acremonium persicinum Cd, Pb, Cu 

& Zn 

Mohammadian et al. 

(2017) 

Acremonium sp. Cr Herath et al. (2014) 

Beauveria bassiana Zn, Cu, Cd, 

Cr & Ni 

Gola et al. (2016) 

Beauveria bassiana  4580 Cd, Cr, Ni, 

Pb & Zn 

Dey et al., (2016)  

Botrytis cinerea CuO Kovacec et al. (2017) 

Candida albicans Cd Nadeem et al. (2015) 

Chaetomium globosum Cu Karunasekera et al. (2017) 

Cheatomium .sp Co, Zn, Cd Sani et al. (2017) 

Cyberlindnera jadinii M9   Cr   Irazusta et al. (2018) 

Exophiala sideris As Seyedmousavi et al. 

(2011) 

Flammulina velutipes Cu, Zn & 

Hg 

Li et al. (2018) 

Fusarium oxysporium Cr and Pb Migahed et al. (2017) 

Fusarium oxysporum UF8 Pb & Sr Dhami et al. (2017) 

Fusarimum solani Cd Kumar et al. (2019) 

Humicola sp. Cd Netpae et al. (2015) 

Neurospora sp. Pb, Ni, Co, 

Cr, Cu, & 

Zn 

Joshi et al. (2014), Desai 

et al. (2016)  
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Paecilomyces chysogenum Cr Olubunmi et al. (2016) 

Paecilomyces fumosoroseus 

4099 

Cd, Cr, Pb 

& Zn 

Dey et al. (2016)  

Paecilomyces javanicus Pb Rhee et al. (2016) 

Penicillium chrysogenum Zn & Cu Tahir et al. (2017) 

Penicillium chrysogenum 

CS1 

Cr & Pb Qian et al. (2017) 

Penicillium griseofulvum 

MSR1 

Cr Abigail et al. (2014) 

Penicillium janthinillum 

(GXCR) 

Cu, Pb, & 

Cd 

Cai et al. (2016) 

Penicillium simplicissimum Cd, Pb, Cu, 

Zn & Cr 

Xu et al. (2015), 

Mohammadian et al. 

(2017)  

Penicillium simplicissimum 

(iso 10, KP713758) 

Al, Cr, Pb Chen et al. (2017) 

Penicillium sp.  Ni,  Cd &  

Cr    

Netpae et al. (2015), Butt 

et al. (2017), Costa et al. 

(2017)  

Phialophora malorum Cu Karunasekera et al. (2016) 

Phialophora mutabilis Cu Karunasekera et al. (2016) 

Saccharomyces cerevisiae Cu   Sivakumar et al. (2017) 

Saccharomyces cerevisiae 

(transgenic strains) 

Co, Mn & 

Ni 

Ruta et al., (2017) 

Simplicillium chinense Al, Cr  & Pb Chen et al. (2017) 

Trichoderma asperellum Cd Mohsenzadeh et al. (2014) 

Trichoderma asperellum (iso 

11, KP792512) 

Al, Cr & Pb Chen et al. (2017) 

Trichoderma asperellum 

PTN7 

Cr Chang et al. (2016) 

Trichoderma ghanense Cd, Cu, Pb, 

As & Fe 

Oladipo et al. (2018) 

Trichoderma harzianum  Cd, Pb, Cu, 

Zn Ni, Fe 

Mohsenzadeh et al. 

(2014), Adebiyi et al. 

(2017), Cecchi et al. 

(2017), Mohammadian et 

al. (2017)  

Trichoderma koningiopsis Cu Salvadori  et al. (2014) 

Trichoderma logibrachiatum Pb Devi et al. (2017) 

Trichoderma sp. Cd Bazrafshan et al. (2015) 

Trichoderma tomentosum Cd Mohsenzadeh et al. (2014) 

Trichoderma viride Cr & Pb Sugasini et al. (2015),  

Migahed et al. (2017) 

Wickerhamomyces anomalus 

M10 

Cr Irazusta et al. (2018) 
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B
a

si
d

im
y

ce
te

s 

Antrodia xantha Shiga-1F Cu Hattori et al. (2015) 

Auricularia polytricha Cu, Zn & 

Hg 

Yang et al. (2014), Li et al. 

(2018) 

Cantharellus cibarius Fr. Cd Drewnowska et al. (2017)  

Coriolopsis sp. (1c3 

KM403574) 

Al, Cr, Pb Chen et al. (2017) 

Fomitopsis cf. meliae Zn, Cu, & 

Pb 

Kaewdoung et al. (2016) 

Fomitopsis meliae Cd, Cu, Pb,  

& Fe 

Oladipo et al. (2017) 

Fomitopsis palustris TYP-

0507  

Cu Hattori et al. (2015) 

Ganoderma aff. 

Steyaertanum 

Zn, Cu, Cd 

and Pb 

Kaewdoung et al. (2016) 

Phanerochaete 

chrysosporium 

Cd, Cr, Zn, 

Pb, Cu, & 

Ni 

Sepehr et al. (2014), Chen 

et al. (2015), Zuo et al. 

(2015), Huang et al. 

(2017)  

Pleurotus eryngii Cu, Zn & 

Hg 

Li et al., (2018) 

Pleurotus florida Cu Packiyam et al. (2014) 

Pleurotus ostreatus Cu, Zn,  Hg 

& CdS 

Borovaya et al. (2015), Li 

et al. (2018)  

Pleurotus ostreatus HAU-2 Cd & Cr Li et al. (2017) 

Deuteromycetes Alternaria sp. Ni & Cd Netpae et al. (2015), Costa 

et al. (2017)  

 

 

 

Zygomycetes 

Mucor Cr Sakthivel et al. (2016) 

Mucor indicus Pb Samadi et al. (2017) 

Rhizomucor pusillus   Pb, Cr & Cd Qayyum et al. (2016) 

Rhizophagus irregularis Cd Yao et al. (2013), Huang 

et al. (2018)  

Rhizopus arrhizus UCP 402 Cd Freitas et al. (2015) 

Rhizopus microspores Cd, Cu, As 

and Fe 

Oladipo et al. (2017) 

Rhizopus oryzae Zn and Cu Tahir et al. (2017) 

 

In case of metal tolerance in fungi, the listed studies in Table 3.3 are not much 

focused on HMs tolerance mechanism, so a clear insight on fungal (from ascomycete 

class) tolerance towards HMs is not clear. But, metal tolerance and removal 

mechanism that have been discussed in section 3.4.3 are common for all the types of 

fungi, not specific to ascomyctes. Besides, it is a question remains to resolve that why 
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majority of HMs tolerant fungus belong to ascomycete class and need detailed 

experimentation as investigated by Challacombe et al. (2019) to resolve this question.          

3.4.2 Heavy metal removal by fungi 

The interaction between fungi and HMs may be positive (no or less affected 

with presence of HMs) or negative (inhibition of growth and metabolic rate or death 

of the fungus in presence of HMs). The positive interaction of fungi with HMs (higher 

fungal resistance towards HMs) are seems to a new approach of fungi in HMs 

removal from wastewater. The researchers have reported number of fungi having 

multi-metal removal capacity in growing/viable form and in dead biomass form of the 

fungi (Chakraborty et al., 2014; Kan et al., 2015; Kariuki et al., 2017; Li et al., 2018; 

Xu et al., 2015; Zang et al., 2016). In the field of bioremediation, fungi have great 

potential for their application in HMs remediation. In the ecosystem, fungi are already 

working as decomposer with number of enzymatic activity which specifying them for 

remediation of HMs and other pollutants. 

3.4.2.1 Fungi and their process of Application 

The HMs pollution is the serious problem of the environment to be concern. The 

issues of HMs pollution in water are important to concern due to their harmful impact 

on human health as well as the environment. The researcher reported diverse group of 

fungi for the reduction of HMs from wastewater in which Aspergillus, Trichoderma, 

Fusarium, Penicllium species have potential to remediate many HMs contaminated 

wastewater (Chen et al., 2017; Dey et al., 2016; Dhami et al., 2017; Mohsenzadeh et 

al., 2014; Pundir et al., 2018; Sharma et al., 2016; Xie et al., 2014). In remediation of 

HMs, fungi have been used in two ways; (a) in growing form (b) in dead biomass 

form. In growing/viable form, fungus should have tolerance ability towards pollutant 

(HMs) because HMs may toxic in nature and can inhibit the growth of the fungi. 

While, in case of dead or dried biomass form, the heavy metal removal is basically 

driven by surface functional groups of biomass, so there is no need of tolerance 

characteristics of fungus. Infact there is importance of adsorption characteristics of 

fungus biomass for a particular pollutant that has been selected to be removed from 

contaminated water. An overview on remediation of HMs by fungi from wastewater 

is shown in Fig. 3.3. 
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Fig. 3.3. Techniques in removal of heavy metal by growing fungi and fungal biomass 

from waste water. 

 

3.4.2.1.1 Growing form of fungi 

Fungi application in growing form is an important method which is based on 

the tolerance and metabolic rate of selected fungi against particular pollutant. The 

benefit of growing fungi utilization in wastewater is that it has self-replenishment 

ability which specified its use in continuous condition. Fungal tolerance towards HMs 

may be because of bio-accumulation or biotransformation (bio-synthesis or bio-

reduction) or surface adsorption etc. In the growing form, fungi are applied by their 

immobilization on any supporting medium for application in continuous mode 

(Sathvika et al., 2015; Sriharsha et al., 2017) or their direct implementation with 

contaminant solution in batch mode (Chang et al., 2016; Li et al., 2018; Oladipo et al., 

2017). Some fungal species such as Aspergillus niger has capacity to remove different 

types of HMs such as lead; Pb, cadmium; Cd, nickel; Ni, chromium; Cr, copper; Cu, 

cobalt; Co, zinc; Zn and manganese; Mn (Fomina et al., 2017; Iram et al., 2015; 

Holda et al., 2016; Mirazimi et al., 2015; Mondal et al., 2017; Olubunmi et al., 2016; 

Sakthivel et al., 2016; Sriharsha et al., 2017; Tahir et al., 2017). Trichoderma 

harzianum and Trichoderma viride showed the tolerance against Cd, Pb, Cu, Zn Ni, 

Fe and reported as multi-metal adsorptive fungi (Joshi et al., 2011; Mohsenzadeh et 
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al., 2014; Migahed et al., 2017; Sugasini et al., 2015; Wang et al., 2013). A number of 

fungal species have been reported to remove HMs from aqueous system and some of 

them are listed in Table 3.4 which has been used in growing form in batch mode and 

some of them in continuous mode too.  

3.4.2.1.2 Fungal biomass form 

Fungal biomass basically represents the dead and dried biomass of the fungi. 

In this case, HMs removal is mainly driven by adsorption mechanism which depends 

on functional group available on the cell-surface of the applied fungal biomass. 

Surface functional groups availability varies with molecular composition of adsorbent 

(fungal biomass) and its surface area. However, physicochemical modification of 

biomass enhanced the adsorption potential of pollutant. There are two types of 

techniques used to enhance the adsorption properties of biomass; physical and 

chemical treatment.  

Physical treatment: Physical modification is basically done to create 

uniqueness (such as increase the surface area) in fungal biomass such as heat 

treatment which generally applies to remove the moisture from adsorbent. But some 

time it is helpful in reduction of anti-adsorptive functional group and also helpful to 

expose some adsorptive functional group (active sites). Heat or thermal activation of 

biomass are using from the ancient time such as biochar preparation. Conversion of 

fungal biomass into micro/nano scale adsorbent is the emerging research field which 

attributed with fast growing fungi. Because the fast growing fungi can be easily 

cultivated for the large scale biomass production. The micro/nano conversion of 

fungal biomass increases the surface area which is directly associated with increase in 

availability of active sites. Inthorn et al. (2014) reported magnetically modified 

biogenic manganese oxides (MMBMOs) by Acremonium strictum strain KR21-2 as 

adsorbent in removal of Cd
2+

, Cu
2+

, Ni
2+

 and Co
2+ 

which revealed a new field in 

biomass treatment.
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Table 3.4. Fungal species and their heavy metal removal capacity from different type of medium and their affecting factors 

S.N. Name of the 

Fungi 

Name of the 

Pollutant 

Removed 

amount 

Applied 

Medium 

Initial 

Concentration 

of pollutant 

pH of 

the 

Medium 

Incubation 

Temperature 

Duration of 

Experiment 

Agitation 

rate 

Reference 

1 Aspergillus 

flavus 

  

Cu (II) 97% Aqueous 

solutions 

- 9 - 20 hours 150rpm Iram et al. 

(2015) 

Pb(II) 99% Yeast peptone 

glucose 

medium 

- - 25°C 7 days two step 

process, 

150 rpm 

Qayyum et al. 

(2016) 

Fe 94% Fe treated 

PDB medium 

1000mg/L - room 

temperature 

14 days - Bano et al. 

(2018) 

Mn 91% Mn treated 

PDB medium 

1000mg/L - room 

temperature 

14 days - Bano et al. 

(2018) 

2 Aspergillus 

flavus strain 

KRP1 

Hg 97.50% - 10 mg/L 5.7 30°C 7 days 130 rpm Kurniati et al. 

(2014) 

3 Aspergillus 

foetidus 

Cd 79% Liquid 

medium 

100 mM 5 32 ±1°C 24 hours 175rpm Chakraborty et 

al. (2014) 

4 Aspergillus niger Pb(II) 23% Liquid 

medium 

250 Mm - 28 °C 24 hours 120 rpm (Chakraborty 

et al., 2014) 

5 Beauveria 

bassiana 

Cr(VI) 61.10% Cr treated 

composite 

media 

30 mg/L 6.5–7.0 30°C 5 days 150 rpm Gola et al. 

(2016) 

Cd(II) 63.40% Cd treated 

composite 

media 

30 mg/L 6.5–7.0 30°C 5 days 150 rpm Gola et al. 

(2016) 

Zn(II) 67.80% Zn treated 

composite 

media 

30 mg/L 6.5–7.0 30°C 5 days 150 rpm Gola et al. 

(2016) 

6 Indigenous Pb(II) 92.73% Pb treated - 6 28–30 °C 96 hours 150 rpm Gururajan et 
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fungal isolates 

(Mangalore, 

India) 

Dextrose 

Peptone 

medium 

al. (2018) 

7 Mucor indicus Pb(II) 97–99% Lead treated 

sugar soln. 

300 mg/L - - 24 hours - Samadi et al. 

(2017) 

8 Penicillium 

simplicissimum 

Cu 230 

mmol/kg 

Cu treated 

PDB medium 

- - 28±1°C 4 days - Mohammadian 

et al. (2017) 

9 Penicillium sp. Cd 140mg/g Aqueous 

solutions 

100mg/L - 37°C - 150 rpm Costa et al. 

(2017) 

10 Phanerochaete 

chrysosporium 

Pb(II) 91.30% aqueous 

medium 

50 mg/L -  168 hours - Huang et al. 

(2017) 

11 Rhizomucur 

pusillus 

Cd 77% Yeast peptone 

glucose 

medium 

- - 25°C 7 days two step 

process, 

150 rpm 

Qayyum et al. 

(2016) 

12 Simplicillium 

chinense 

(KX425621) 

Pb(II) 80.60% Aqueous 

solutions 

100mg/L 5 ± 0.2 25 ± 2°C 7 days 150 rpm Chen et al. 

(2017) 

13 Sterigmatomyces 

halophilus 

Cd 91% Cd treated 

PDB medium 

1000mg/L - room 

temperature 

14 days - Bano et al. 

(2018) 

14 Trichoderma 

asperellum 

Cd 91.06% Aqueous 

solutions 

100mg/L 9 room 

temperature 

2 months -  Mohsenzadeh 

et al. (2014) 

15 Trichoderma 

asperellum 

(KP792512) 

Pb(II) 57.10% Aqueous 

solutions 

100mg/L 5 ± 0.2 25 ± 2°C 7 days 150 rpm Chen et al. 

(2017) 
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Chemical treatment: Chemical treatments are generally used to enhance the active 

sites and its uniform distribution on surface of adsorbent which are responsible for 

adsorption of HMs. In case of plant biomass, the researchers have used many types of 

chemical (such as zero valent iron) to enhance the adsorptive properties. While, for 

fungal biomass activation workers have reported the use of some chemical such as 

NaOH, HCl, acetone, ether etc. to enhance the adsorptive properties of fungal biomass 

(Zang et al., 2017).     

Generally fast growing fungi are used for adsorption of HMs because the biomass 

cultivation is easy in case of fast growing fungi. Pleurotus ostreatus (Vaseem et al., 

2017), Pleurotus eryngii (Kan et al., 2015; Amin et al., 2016), Aspergillus niger 

(Hajahmadi et al., 2015; Holda et al., 2016) and Agaricus sp. (Ertugay et al., 2010) are 

well known as fast growing fungal species which have been applied in dead form as 

an efficient adsorbent. Many fungal species have been used in dead forms which are 

listed in Table 3.5. Some time fungal biomass is also applied after treatment with 

some chemicals to increase active sites on its surface. Zang et al. (2017) boiled 

Auricularia auricular biomass in 0.5N NaOH solution, then applied in adsorption of 

Cr(VI) and reported incremental change in adsorption of Cr(VI). 

Fungal biomass have high potential to remove HMs from wastewater, however 

their adsorption vary with types of pollutants, medium pH, pollutant’s concentration 

and agitation rate. Another most important thing is the characteristics of biomass, 

basically surface functional groups which primarily affect the adsorption of HMs, has 

been discussed in section 3.4.3.1. In the HMs adsorption investigation many types of 

kinetic and isotherm model have been used to describe the effect of time on 

adsorption and HMs interaction with applied adsorbent. Most fitted kinetic model in 

adsorption of HMs by fungal biomass is pseudo-second-order kinetic model (Hassan 

et al., 2018; Rashid et al., 2016), however some studies also found that pseudo-first-

order kinetic model is best fitted in HMs adsorption to explain adsorption rate 

(Shokoohi et al., 2019) (Table 3.5).  

To examine the relationship between the adsorption and equilibrium 

concentration, various sorption isotherm models are widely employed for fitting the 

data. These models basically determine the adsorption behavior of adsorbate 

(pollutant) on adsorbent (fungal biomass). Most fitted isotherm model in adsorption 
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are Langmuir and Freundlich isotherm model that describes the adsorption of HMs on 

fungal biomass (Amin et al., 2016; Hassan et al., 2018; Manorama et al., 2016). The 

Langmuir isotherm theory assumes monolayer adsoprtion of HMs over a 

homogeneous biosorbent surface. It support single-layer biosorption theory based on 

the assumption that all the biosorption sites have equal affinity for adsorbate 

molecules and there is no transmigration of adsorbate on the surface. While, the 

Freundlich isotherm is an empirical isotherm employed to describe heterogeneity of 

system and support the multilayer adsorption of adsorbate on the surface of the 

adsorbent. Hassan et al. (2018) used Neopestalotiopsis sp ASU1 biomass for the 

biosorption of Cd(II) and Zn(II) and they found that Langmuir isotherm model is best 

fitted in the Cd(II) and Zn(II) biosorption. While, Freundlich isotherm model is well 

fitted in the biosoprtion of Hg(II) on the surface of Pleurotus eryngii (Amin et al., 

2016). Some studies are listed in Table 3.5 which showed that Langmuir and 

Freundlich isotherm model are the most fitted and can be used to describe the HMs 

biosorption onto the fungal biomass.  

In recent days, plant biomass originated biochar has also attracted the researcher 

and has been broadly investigated its application in HMs biosorption. Studies showed 

it as an efficient biosorbent for HMs removal. Biosorption basically varied with 

characteristic of biosorbent and nature of the pollutants, but the preparation cost of 

biochar may affect its use in the treatment of contaminated water. Because, studies 

have suggested that biochar prepared at high temperature (above 400 °C) are efficient 

in biosorption of HMs (Shi et al., 2019). However, fungi can be cultivated on low 

graded waste materials (agro-waste) that enhance their applicability in treatment of 

wastewater and thus, water treatment cost can be reduced.  
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Table 3.5. HMs adsorption efficiency of some fungal bio-adsorbent and plant originated biochar   

Name of the 

adsorbent 

Name of 

the 

pollutant 

metal 

concentration 

pH Temperature dose of 

adsorbent 

contact 

time 

Removal fitted kinetic 

model 

Isotherm 

model 

Reference 

Fungi used as bio-adsorbent 

Pleurotus eryngii Hg(II) 1 mg/L 7 30 °C 0.35 g 30 min 77.40% pseudo- second 

order 

Freundlich 

model 

 Amin et al. 

(2016) 

Neopestalotiopsis 

sp ASU1 

Cd(II) 200 mg/L 7 30 °C 50 mg 30 min 185.3 mg/g pseudo-second-

order 

Langmuir 

model 

Hassan et al. 

(2018) 

Neopestalotiopsis 

sp ASU1 

Zn (II) 200 mg/L 6 30 °C 50 mg 30 min 153.8 mg/g pseudo-second-

order 

Langmuir 

model 

Hassan et al. 

(2018) 

Pencillium 

fellutinum 

biomass 

immobilzed with 

Na-bentonite 

Ni(II) 100 mg/L 6 30 °C 0.05 g 60 min 76 mg/g pseudo-second-

order 

Langmuir   

model 

Rashid et al. 

(2016) 

Pencillium 

fellutinum 

biomass 

immobilzed with 

Na-bentonite 

Zn (II) 100 mg/L 5 30 °C 0.05 g 60 min 56 mg/g pseudo-second-

order 

Langmuir   

model 

Rashid et al. 

(2016) 

Aspergillus niger 

strain SF-6095 

Cr(VI) 200 mg/L 2 room 

temperature 

1 g/L 300 min 98.25% - Langmuir 

Model 

 Manorama et 

al. (2016) 

Aspergillus 

awamori 

Ni (II) 55 mg/L 6 25 °C 0.25 g/ 100 

mL 

3 h 7.5 mg/L - Redlich–

Peterson 

Shahverdi et 

al. (2015) 

Aspergillus 

terreus 

Cd(II) 20 mg/L 7 25 °C 1g 90 min 94% pseudo-first-

order 

Freundlich 

isotherm 

 Shokoohi et 

al. (2019) 
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Aspergillus 

terreus 

Cr(VI) 20 mg/L 7 25 °C 1 g 90 min 89% pseudo-first-

order 

Freundlich 

isotherm 

 Shokoohi et 

al. (2019) 

Penicillium sp . 

M RF1 

Ni(II) 639 mg/L 5.5 30 °C 7.5 g/L 140 min 74.60% - Freundlich 

isotherm 

model 

 Sundararaju 

et al. (2020) 

Plant biomass originated Biochar 

Artemisia argyi 

(AS600) 

Cu(II) 50 mg/L - - 0.1 g/50 mL 45 18 mg/g pseudo-second-

order 

Langmuir 

model 

Song et al. 

(2019) 

Artemisia argyi 

(AS600) 

Cr(VI) 50 mg/L - - 0.1 g/50 mL 45 15 mg/g pseudo-second-

order 

Freundlich 

isotherm 

Song et al. 

(2019) 

Tobacco petiole 

pyrolytic biochar 

(TPBC300) 

Cr(VI) 250 mg/L 1 ambient 

temperature 

2.5g/L 540 min 99.02% pseudo-second-

order 

Temkin 

model 

Zhang et  al. 

(2019) 

Rice husk biochar 

(RH700) 

Pb 1 mM 6 - 0.1g/20 mL 48 h 26.7 mg/g pseudo-second-

order 

Freundlich 

isotherm 

Shi et al. 

(2019) 

Date seed-derived 

biochar 

Pb 0.50 mM 6 23  ± 2 °C 0.10 g/10mL 24 h 0.045 

mM/g 

pseudo-second-

order 

Langmuir 

and 

Freundlich 

Mahdi et al. 

(2018) 
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Another basic problem which is associated with the use of biochar as well as 

fungal biomass is its treatment and disposal after its final application in wastewater 

treatment which needs high cost. To remove this disadvantage, researcher applied 

reuse approach for these adsorbent where it can be washed with low (pH<4) or high 

(pH>8) pH washing solution to desorbs the adsorbed HMs from the surface of the 

adsorbent and can be reused (Rashid et al., 2016). But, after few cycles, the 

adsorption efficiency of adsorbent gets reduced. On another hand used washing 

solution is corrosive and its direct disposal can cause harmful impact on the 

environment. As an alternative to these disadvantages, different techniques are 

developed and can be applied including production of composite material and 

production of construction bricks etc. (Isaza-Pérez et al., 2020).     

3.4.2.2 Application of growing form of fungi 

3.4.2.2.1 HMs removal by single fungal species  

Most of the studies in the field of bioremediation have applied as single 

bioremediation agent for the study. Here this approach is more basic and easy to 

optimize the other influencing parameter. Similarly, in mycoremediation one fungus 

has been utilized for removal of one HM (Table 3.4) or more than one HMs in most of 

the studies (Xu et al., 2015; Desai et al., 2016; Chen et al., 2017; Qian et al., 2017). It 

is found in the literature that most studies are focussed on only single heavy metal for 

removal because all the fungal species are unable to tolerate all the types of HMs and 

due to metal toxicity the growth of the fungus is severely inhibited at very less 

concentration of some HMs. Several studies targeted the binary metal solution for 

removal by tolerant fungus and some recent studies also targeted multiple metal 

contaminated aqueous solution or wastewater for removal of multiple HMs with 

single fungal isolate (Bano et al., 2018; Gola et al., 2016). But, it is to be remembered 

that very few isolate has been reported that have the potential to remove more than 

two HMs. So, this field is remains to explore and has great importance for industrial 

effluent treatment due to the fact that industrial effluent contains multiple HMs. 

Aspergillus flavus, A. gracilis (Bano et al., 2018), Beauveria bassiana (Gola et al., 

2016), Aspergillus lentulus (Mishra and Malik, 2012) are the species that have the 

potential to remove multiple HMs from wastewater. 
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It is right that all the types of fungal species are unable to tolerate more than 

one metal but posses many types of metabolic activities and are the major sources of 

enzyme that are able to degrade many types of organic pollutants. The industrial, 

developmental and agricultural activities produce not only heavy metal but they also 

produces number of organic pollutant that have serious environmental concern. These 

pollutants may be dyes, phenolic products, pesticides, polyaeromatic hydrocarbon etc. 

In the recent year it attracted the researcher for simultaneous removal/bio-

transformation of HM and degradation of organic contaminant. This field of the study 

is very emerging that offering a big gap for the study. Gola et al. (2018) investigated 

the applicability of Beauveria bassiana for the removal of dyes (Reactive remazol 

red, Yellow 3RS, Indanthrene blue and Vatnovatic grey) and HMs [Cr(VI)., Zn(II), 

Cu(II), Cd(II), Pb(II) and Ni(II)] from mix solution and significant amount of removal 

was reported. Acremonium sp. P0997 showed efficient removal potential for 

polyaeromatic hydrocarbon (naphthalene, fluorene, phenanthrene, anthracene, and 

fluoranthene present alone) and also has high resistance to HMs (Mn
2+

, Fe
2+

, Zn
2+

, 

Cu
2+

, Al
3+

, and Pb
2+

) (Ma et al., 2014).  

3.4.2.2.2 Synergistic application of two or more microbes 

Synergistic microbial utilization is a novel approach in HMs remediation 

where two microbes are used with their synergistic action in HMs removal. But here 

compatibility test is needed for both microbes with each-other because microbe 

generally produces many types of metabolites in normal as well as in stressed 

conditions. So, these metabolites may have negative consequences on the synergist 

microbes, can inhibit the growth of synergist and affect the HMs removal potential of 

the implemented system. Therefore, compatibility test is an important step in this 

method and by this test we can verify the survivability of both microbes with each-

other in normal or stress conditions. There can be made a pair-ship of fungus-fungus 

or fungus-bacteria. The synergistic mechanism also played by large plant with their 

rhizospheric fungi and other microbes which increases the HMs tolerance capacity of 

plants (Xie et al., 2014; Yao et al., 2013). Some researchers worked on synergistic 

action of fungus with another fungi and bacterial species in HMs remediation (Herath 

et al., 2014; Huang et al., 2018; Migahed et al., 2017; Olubunmi et al., 2016). Fungal 

consortium is the best example of synergistic action in fungi that have more efficiency 

to remove HM from wastewater.  
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3.4.3 Heavy metal tolerance and Removal mechanism in fungi 

3.4.3.1 Fungal cell wall and its role in metal sorption   

Heavy metal frequently found in the polluted environment. HMs present in 

polluted environment first interacts with cell surface of the organism. The fungal cell 

surface is different from the other organism. So, to understand the interaction of cell 

surface of the fungi with HMs and its possible role in adsorption and accumulation of 

metal, the structure of the cell wall of the fungi and its composition should be known. 

It is found with the electron microscopic investigation of the negative stained cell wall 

of the fungi that the thickness of electron-transparent internal layer is of about 70-100 

nm. However, thickness of the cell wall may vary with fungal growth conditions and 

their genetic status, and an electron-dense outer layer (Osumi et al., 1998). The 

brewing yeast may be composed of 200 nm of the electron-transparent inner layer. 

The inner layer maintained the mechanical strength of the wall which is made up of 

chitin and β1, 3-glucan. It carries about 50-60% weight of the total dry weight of cell 

wall (Moukadiri et al., 1999; Kang et al., 2018). The carbohydrate of the cell surface 

contains multiple phosphodiester bridges by their side chains resulting in abundant 

negative charges on surface of the cell at physiological pH values (Jigami et al., 

1999). The negative charged cell wall surface play crucial role in adsorption of 

positively charged metal ion via electrostatic attraction. The heavily glycosylated 

mannoproteins of outer layer of the cell wall (Cappellaro et al., 1994; Kang et al., 

2018) is implicated among in others cell-cell recognition mechanism (Reynolds et al., 

2001) and also restricts the accessibility of plasma membrane and internal part of the 

cell to foreign compounds (enzymes, protein and pollutants) (Cappellaro et al., 1994). 

Polysaccharides and β 1, 3-glucon generate alkaline sensitive linkage in cell wall 

which supports fungal growth in acidic medium (Moukadiri et al., 1999). These side 

chains also provide hydrophilic properties to the cell wall which may be useful to 

retain water on fungal cell surface and provide resistance to drought conditions. 

About one third part of the wall (dry weight) is accounted by the outer protein layer. 

The carbohydrate fraction of well glycosylated mannoproteins of the outer cell wall 

layer is frequently accounts over 90% (w/w). The proteins of the cell wall covalently 

linked to β 1, 3-glucan-chitin network either directly or indirectly via a β 1, 6-glucan 

moiety (Fig. 3.4). Furthermore, some of proteins are also disulfide-bonded to other 

proteins of the cell wall  that may also provide active sites for metal sorption via 
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metal-thiol group complexation (Moukadiri et al., 1999; Kang et al., 2018). The 

numerous negative charges are on the cell surface of yeast due to phosphodiester 

bridges in both N- and O-linked mannosyl side chains (Jigami et al., 1999) which is 

also helpful in metal binding via electrostatic attraction. It can be concluded that 

fungal cell wall mostly made up of protein, polysaccharides, polyphosphates, 

polypeptide, lipid, chitin, inorganic ions etc. (Ayangbenro et al., 2017; Kang et al., 

2018) which contain number of functional groups such as –COOH, -OH, -NH2, =NH, 

-SH, –O-CH3 etc. These functional groups are also detected at different spectra with 

FTIR analysis and with some other techniques on dead fungal biomass (Sathvika et 

al., 2015; Kumar et al. 2019) which is mainly responsible for the adsorption of HMs 

on the surface of fungal cell.  

Bioadsorption is basically a surface phenomenon that occurred on the surface 

of biomass. In case of fungi, it can also be pronounced as mycoadsorption. Mondal et 

al. (2017) reported that IR (infra red) bands 3265 cm
─1

 (alcoholic –OH stretching), 

1618 cm
─1

 (carboxylic acid (–COOH), and 1417 cm
─1

 (–C–H and –N–H stretching) 

of unloaded Aspergillus niger are shifted to 3280 cm
─1

 (─OH and –NH stretching), 

1614 cm
─1

 and 1361 cm
─1

 after adsorption of Cr(VI). They concluded that –OH and –

N–H group are mostly accountable for the decontamination of Cr(VI). Lopez-

Fernandez et al. (2018) reported a new band of 938 cm
─1

 in adsorption of U(VI) which 

was shifted from 917 cm
─1

 (Romero-Gonzalez et al., 2016) represent the stretching of 

U=O associated to the accumulation of UO2
2+

 on the surface of fungal cell wall. Role 

of oxalic acid as signified by the IR spectrum at 2495 ± 5, 1700 ± 5, 1201 ± 5, 1261 ± 

5 and 1126 ± 5 cm
─1

 and thiol groups (-SH) at 2561 ± 5 cm
─1

 respectively in the 

biosynthesis of PbS by Aspergillus terreus have been studied (Jacob et al., 2016) 

(Table 3.6). Decrease in the intensities of IR spectrum ranges from 1650 to 1450 cm-1 

and 1230 to 1030 cm
─1

 are recognized after adsorption of Cd(II) in Thamnidium 

elegans cells embedded in acrylic network of p(3-Methoxyprophyl) acrylamide 

p(MPA) enriched with 2-Akrylamido-2-methyl-1-propane sulfonic acid (AMPS). 

Copper ions adsorption with the amine, carboxyl and phosphate groups was reported 

by Majumdar et al. (2008) (Table 3.6). Majumder et al. (2017) reported that C–O 

groups oxidized into C=O under Cr(VI) and also found the involvement of phosphate 

and sulfonyl groups in coordination of chromate ions. They also found the shift in the 

peak from 1029 cm
─1

 to 1033 cm
─1

 and 531 cm
─1

 to 576 cm
─1

 which represents the 

formation of Cr(III)-phosphate compound and formation of Cr(OH)3. Mohanty et al. 
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(2016) reported that IR band of 476.33 cm
─1

 and 417.51 cm
─1

 attributed to MnOx 

stretching, bending and wagging vibrations for Mn2O3 and MnO2 respectively in Mn 

treated Aspergillus oryzae biomass. 

 

Fig. 3.4. Schematic diagram shows the structure of fungal cell wall. 

Table 3.6. IR bands and observed Functional group in HMs treated fungal 

biomass 

Fungal 

Biomass 

IR Band   Functional Group Stretching Reference  

Aspergillus 

niger 

3265 cm
−1

 alcoholic –OH stretching  Mondal et 

al. (2017) 1618 cm
−1

 carboxylic acid –COOH, 

1417 cm
−1

 –C–H, –N–H stretching  

1031 cm
−1

 amine –C–N stretching 

  

 

 

Rhodotorula 

mucilaginosa 

 

1543 cm
−1

 double bond of the carbonyl, C=O, 

group from amides 

Lopez-

Fernandez 

et al. 

(2018) 

1050 and 1150 

and 1070-1150 

cm
−1

 

C-O stretching 

1390 cm
−1

 stretching of carboxylate anions 

(COO
─
) 

Mucorales 

fungi 

3447 cm
−1

 O-H stretching vibrations Berger et 

al. (2018) 2888 cm
−1

 stretching vibrations of aliphatic C-H; 

1657 cm
−1

 carbonyl groups stretching of C=O 

1555 cm
−1

 N-H deformation in CONH plane, 

including amide 

1381 cm
−1

 CN bond stretching plus CH3 wagging 

1086 cm
−1

 C-O-C bonds 

 

Aspergillus 2561±5 cm
−1

 thiol groups Jacob et al. 



Vinay Kumar/Ph.D. Thesis/DES /BBAU, Lucknow, India/2021  64 
 

terreus 2495±5, 1700±5, 

1261±5, 1201±5 

and 1126±5 cm
−1

 

involvement of biosynthesis of PbSe (2016) 

Aspergillus 

fumagatus  

3383 cm
−1

 Amide C=O Kalyani et 

al. (2018) 2361 cm
−1

 O-H stretching acid  

1723 cm
−1

 C=O stretching of Aldehyde, Ketone, 

Ester  

1581 cm
−1

 C=C stretching Aromats 

1389 cm
−1

 C-O stretching 

1112 cm
−1

 C-C stretching of Ketones  

616 cm
−1

 C-Cl stretching Chloroalkanes  

Polyethyleni

mine-

Modified 

Penicillium 

chrysogenum 

biomass 

3200 to 3600 cm-

1 

overlapping of OH and NH stretching Deng et al. 

(2005) 

1115 cm
−1

 alcoholic C-O stretching  

1161 cm
−1

 C-N stretching vibration 

1663 cm
−1

 CdO stretching in carboxyl or amide 

groups 

1551 cm
−1

 N-H bending 

1740 cm
−1

  -COO
─
 stretching of ester  

Thamnidium 

elegans cells 

in acrylic 

network of 

p(3-

Methoxyprop

hyl)acrylami

de p(MPA) 

enriched with 

2-

Akrylamido-

2-methyl 1-

propane 

sulfonic acid 

(AMPS) 

3442 and 3078 

cm
−1

 

O-H and N-H stretching Çelik et al. 

(2017) 

2932 cm
−1

 C-H stretching vibrations of CH2 and 

CH3 

1404 cm
−1

 CH2 bending vibrations 

1363 cm
−1

 CH3 bending vibrations 

1663 cm
−1

  C=O stretching of acids and amides 

(amide I) 

1555 cm 1 and 

1458 cm
−1

 

N-H and C-N stretching of the amide II 

and III 

1223 cm
−1

 asymmetric stretching of C-O-C 

vibrations 

1192 cm
−1

 symmetric stretching of C-O-C 

vibrations 

1042 cm
−1

 S=O stretching vibration 

627 and 528 cm
−1

 C-N-C scissoring vibrations 

Hexadecyl-

trimethylam

monium 

bromide and 

dodecylamin

e treated 

Penicillium 

chrysogenum 

3423.8 cm
−1

 NH2 asymmetric stretch mode of 

amines 

Loukidou 

et al. 

(2003) 2925.1 cm
−1

 C–H groups stretching 

1636.1 cm
−1

 CO stretching mode, conjugated to a 

NH deformation mode (amide 1) 

1559.7 cm
−1

 NH deformation mode conjugated to 

C=N (amide 2) 

1384.2 cm
−1

 amide 3 or sulfamide band 
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biomass 1071 cm
−1

 C–O stretching in carbonyl 

1673 cm
−1

 C=O stretching in carboxyl groups 

 1150 cm
−1

 P=O stretching 

1040–910 cm
−1

 P–OH stretching 

1050–970 cm
−1

 P–O–C stretching  

Mucor rouxii 3398.3 cm
−1

 N–H or O–H stretching vibrations Majumdar 

et al. 

(2008) 

2920–2850 cm
−1

 alkyl chains 

1654.8 cm
−1

 C=O stretching mode (amide 1) 

1654.8 cm
−1

 N–H bending (amide II) 

1544.9 cm
−1

 C–N stretching 

1407.9 cm
−1

 COO− of the carboxylate group 

1078.1–995.2 

cm
−1

 

phosphate group 

Arthrinium 

malaysianum 

3422 cm
−1

 –NH stretching in amides and O–H 

stretching vibration in alcohol and/or 

phenol 

Majumder 

et al. 

(2017)  

2958 cm
−1

 C–H stretching vibrations of –CH3  

2927 cm
−1

 C–H stretching vibrations of CH2 

1404 cm
−1

 C–N stretching 

1239 cm
−1

 C–H stretching in amide III and C–O 

stretching 

1077 cm
−1

 P–O–C and P–OH stretching 

Aspergillus 

oryzae 

1089.58 cm
−1

 C-N stretching of Aliphatic amines Mohanty et 

al. (2016) 775.24 cm
−1

 N-H wag of Primary and Secondary 

amines 

688.46 cm
−1

 C=C stretch of alkynes  

540.94, 464.76 

cm
−1

 

CH2 vibrations of Polysaccharides 

1377.89 cm
−1

 C-O stretching of Alcohols, Carboxylic 

acid, esters, ethers 

1249.65 cm
−1

 C-N stretching of Aliphatic amines 

Termitomyce

s clypeatus 

1299.79 cm
−1

 P=O bands of polysaccharides Ramrakhia

ni et al. 

(2011) 

1078.01 cm
−1

  C–O bands of polysaccharides 

1500 to 1650 

cm
−1

 

primary, secondary and tertiary amines 

and ammonium salts of carboxylic acid 

1403.92 cm
−1

 sulfonyl, sulfonamide 

 

3.4.3.2 Reactive oxygen species (ROS) production and Heavy metal 

All living organisms showed many types of responses (morphological, 

physiological and molecular) in stress conditions and also under HMs stress condition 

due to its toxic characteristic. ROS production under HMs stress is more frequently 

reported phenomenon in plant and other living organisms (Singh et al., 2016). This 
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phenomenon is also reported in fungi such as Fusarium solani, Penicillium 

janthinellum and Pleurotus ostreatus HAU-2 in the presence of Cr(VI), Cd and Pb (Li 

et al., 2018b; Kumar et al., 2019; Teng et al. 2017). In higher plant, many pathways 

have been reported for ROS production such as chloroplast, mitochondria, 

peroxisome etc. (Singh et al 2016). However, in fungi, over reduction of electron 

transport chain in mitochondria is might be possible site for ROS production (Keunen 

et al., 2011). The well known mechanism Haber–Weiss and Fenton reactions may 

also involve in production of ROS via reacting with redox active heavy metals 

(Halliwell, 2006; Keunen et al., 2011). Although the ROS production is common 

phenomenon and its alleviation depends upon its production and consumption. Toxic 

HMs possibly accelerates the production of ROS in comparison to its consumption in 

fungi and also in other organism such as Cr(VI) increases the production of ROS. The 

hydroxyl (OH
●
), superoxide radical (O2

●─
), singlet oxygen (O) and hydrogen peroxide 

(H2O2) are collectively called as reactive oxygen species due their high reactivity. Out 

of them hydroxyl radical is most reactive and highly damaging one (Singh et al., 

2016). The ROS have positive and negative consequences for all types of organism. 

ROS are unstable and very reactive and can react with protein, membrane lipid, 

peptides and macromolecules and oxidizes them, causes many types of negative 

consequences or oxidative injuries and some time causes cell death (Sharma and 

Dietz, 2009; Hossain et al., 2012). Collectively negative consequences are called as 

oxidative stress (Singh et al. 2016). Conversely, ROS has been also seen as signaling 

molecule and reported as regulator of the several biomolecules. In HMs stress 

condition, ROS may work as signaling molecules for the production of glutathione, 

metallothionine, phytochelatines and other thiolic compound that work as metal 

chelating agents and transport them into vacuoles or outside of the cell through efflux 

pump (Kumar et al. 2019; Chen et al. 2019; Singh et al. 2016; Banerjee et al., 2019). 

A complex mechanism of metal tolerance, response, transportation and accumulation 

in fungi are shown in Fig. 3.5.  

3.4.3.3 Fungal response to oxidative stress and Heavy metal 

3.4.3.3.1 Enzymatic response to oxidative stress  

The redox active HMs highly induces the production of ROS in fungi, one of 

the major factors for damaging the cell constituents due to oxidative injuries. Fungi 
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generally counter the oxidative stress by multiple antioxidants mechanism. The 

antioxidant mechanisms are driven by many types of antioxidants (enzymatic and 

non-enzymatic) as the cellular immune system. The catalase (CAT), peroxidase 

(POD) and superoxide dismutase (SOD) are the major enzymatic antioxidants 

produced under HMs stress. Pleurotus ostreatus HAU-2 produces CAT, POD and 

SOD under the presence of Pb stress (Li et al. 2017a). They reduces/neutralizes the 

ROS. SOD act with super oxide radical, while CAT react with H2O2 and catalyses it 

into H2O (Xu et al., 2012; Li et al., 2017a; Karigar et al., 2011; Irazusta et at., 2012, 

2018). Bannister et al. (1987) classified the SOD into two families on the basis of 

their evolutionary homology and metal binding cofactor at the active sites; copper or 

zinc-containing SOD (Cu/ZnSOD) and manganese or iron-containing SOD 

(Mn/FeSOD). Cu/ZnSOD and MnSOD induced in the response of ROS toxicity. 

Jacob et al. (2004) reported that SOD activity increases with increase in incubation 

period in cadmium-treated ectomycorrhizal fungus Paxillus involutus which is 

essential in detoxification mechanisms of ROS. Teng et al. (2017) found a significant 

increase in activity of SOD, CAT, POD, Glutathione reductase (GR), glutathione-S–

transferase (GST), and level of GSH, GSSG in Penicillium janthinellum BC109-2 

under Zn stress. The increase in the activity of CAT also reported in Fusarium solani 

(Kumar et al., 2019). The extracellular activity of glucose oxidase (GOD) reported in 

bioleaching of Cd, Cu, Pb, Zn, Mn, and Cr (Deng et al., 2013). Extracellular GOD 

activity influences the excretion of metabolites by HMs (Ren et al., 2009). Bbakr1, a 

member of aldo-keto reductase (AKRs) family, homologous to 2,5-diketo-D-gluconic 

acid reductase, involved in the development of Beauveria bassiana against Cr stress 

(Wang et al., 2018). 
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Fig. 3.5. Heavy metal sorption mechanism in fungi, figure (schematic representation) 

shows the hypothesized metal ion (red sphere) stress response or tolerance 

mechanisms in fungi. Metal interact with surface cell wall and may adsorb on the 

surface or uptake by cell inside with the help of transporter. After coming inside of 

the cell, metal stress produces superoxide anion (O2
-
) which stimulate the production 

of superoxide peroxidase (SOD) and SOD react with O2
-
 and coverted it into H2O2. 

Hydrogen peroxide stimulates the production of peroxidase (POD) and catalase 

(CAT). POD and CAT catalyzes H2O2 into H2O. The remaining H2O2 convert into OH 

(hydroxyl radical) which is most active agent of reactive oxygen species (ROS) and 

stimulate the production of glutathione (GSH). GSH and/or metal stimulate the 

metallaothioneine (MT) and phytochelatein (PC) production, bind metal ion, and also 

react with OH and form oxidized glutathione (GSSG). Glutathione reductase (GR) 

reduces GSSG into GSH. MT, PC and GSH involved in metal chelation may 

transport inside vacuole with the help of transporter. ROS causes alteration in 
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metabolisms and respiration, DNA damage, protein oxidation, lipid peroxidation, 

alteration of cell membrane and some time cell death. Diffused metal ion in 

cytoplasm causes binding of protein, DNA and –SH and -COOH containing molecule 

and alteration of cell metabolisms and respiration.  

3.4.3.3.2 Non-enzymatic response to oxidative stress 

Uptake of essential and non-essential metal is a well-known mechanism in the 

removal of HMs. The essential characteristic of live fungi in the removal of HMs is its 

tolerance and accumulation of a particular metal (Rehman et al., 2010). The tolerance 

of the fungi is maintained by many mechanisms. Other than enzymatic antioxidants, 

non-enzymatic antioxidants also are the major factor that provides tolerance ability to 

specific fungus for specific metal. However, it is often seen that in single organism, 

more than one antioxidant are involved in antioxidation mechanism which can be 

pronounced as multiple antioxidants system. It has been also found that antioxidants 

vary with the types of pollutant (HMs) within the same organism. Glutathione (GSH) 

reduces Cd
2+

 toxicity and induces the production of metallothionein to increase the 

tolerance of the fungi (Singhal et al., 1987). While, in the yeast, glutathione (GSH)-

metal complex formation and its exporting into the vacuoles of the cell is one of the 

major mechanisms of Cd(II) tolerance and detoxification (Li et al., 1997). Rehman et 

al. (2010) incubated Candida tropicalis in Cd(II) and glutathione amended medium 

and found that intracellular oxidized glutathione level raised from control level, an 

increase in glutathione and non-protein thiole content was also observed. Thiole is an 

essential agent in cellular redox signaling and it control/management in fungi and 

other living organism (algae and plant) (Moran et al., 2001; Pócsi et al., 2004). The 

presence of Mn(II) induces manganese peroxide (MnP) in detoxification of metal 

(Karigar et al., 2011). GSH could also react with H2O2 in the presence of peroxidase 

(POD) enzyme and produces oxidized glutathione (GSSG) (Huang et al., 2017; Zhang 

et al., 2016). In another report, it was found that GSH accumulated inside the cell and 

could involve in the synthesis of metal sulphide (de Almeida et al., 2004). Li et al. 

(2017c) reported that Cd improve the level of GSH content while, Cr(VI) did not 

affected the level of GSH in Pleurotus ostreatus HAU-2 . Delalande et al. (2010) 

suggested that GSH contain two-tailed structure: one tail has thiole groups which can 

react with Cd and form cadmium-bis-glutathionate (Cd-GS2) and another tail have γ-

Glu residue which is not associated with Cd chelation. Total phenolic component and 



Vinay Kumar/Ph.D. Thesis/DES /BBAU, Lucknow, India/2021  70 
 

proline has also been reported in plant as non-enzymatic antioxidants to relive the 

oxidative stress by donating the H
+ 

in neutralization of ROS. The non-protein thiol 

content was found as Cr(VI) and arsenate complexing agent in fungus (Chen et al. 

2019; Wu et al., 2015).  

3.4.3.3.3 Role of Protein under HMs stress  

Several specific proteins such as heat shocked protein over synthesis are also 

reported in fungi (Irazusta et al. 2018). They have important role in detoxification and 

accumulation of HMs. Chaperones protein helped to protect Candida fukuya-maensis 

RCL-3 and Rhodotorula mucilaginosa RCL-11 against copper-induced oxidative 

stress (Irazusta et al., 2016, 2018). A detailed proteomic-based investigation of Cu 

tolerant Penicillium janthinellum strain GXCR and EC-6 have been done by Feng et 

al. (2017). They found that many proteins are in abundance such as heat shock 

proteins (Hsps), 60S ribosomal proteins (RPs)/ATP-dependent RNA helicases 

(ADRHs), 40S RPs/eukaryotic translation initiation actors, elongation factor 1, 

histone/26S protease regulatory subunit, actin, and proteasome/protein transport 

proteins. Palmieri et al. (2000) reported over expression of 14-3-3 proteins in 

Pleurotus ostreatus under the exposure of Cu.  

3.4.3.3.4 Role organic organic acid under HMs stress 

Organic acid secretion has been also reported to relive the HMs stress via 

binding/chelating of heavy metal in plants. Similarly, the synthesis of organic acid 

such as malic acid, oxalic acid, pyruvic acid, citric acid, gluconic acid, and succinic 

acid were detected in Penicillium chrysogenum in bioleaching of Cd, Cu, Pb, Zn, Mn 

and Cr (Deng et al., 2013; Rhee et al., 2016). These organic acid productions have 

been reported as extracellular and intracellular metabolites. Extracellular secretion 

mostly causes solubilization of metal and minerals from their surroundings. 

Extracellular organic acid production by fungi emphasizes its use in biomining 

purpose to extract metal from low graded ores. However, intracellular organic acid 

production causes intracellular precipitation of metal and also their translocation for 

compartmentation in vacuoles (Borovaya et al., 2015; Rhee et al., 2015). The 

intracellular production of these organic acids may also belong to their intracellular 

HMs precipitation (Rhee et al., 2015).    
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3.4.3.3.5 Energy metabolism under HMs stress 

Several researchers have reported that metal stress increases the energy 

demand in fungi (Feng et al., 2017; Irazusta et at., 2016). Some metal transporter or 

hyper-accumulation processes are closely associated with energy metabolisms or 

ATP-driven mechanism (Visioli and Marmiroli, 2013; Feng et al., 2017; Irazusta et 

al., 2018). Decreased in the level of glucose and D-fructose indicates that the demand 

of energy increase under Cu stress (Feng et al., 2017). Glycolysis, gluconeogenesis 

and the citrate cycle (TCA) greatly affected by Cu treatment in P. janthinellum strain 

GXCR. Decreased in acetyl-CoA, carboxylase and fatty acid synthetase are found in 

P. janthinellum strain GXCR and EC-6 under the stress of Cu (Feng et al., 2017). 

Over synthesis of alcohol dehydrogenase, enolase 1, phosphoglycerate kinase, and 

glyceraldehyde-3-phosphate dehydrogenase increases the demand of energy because 

these enzymes are related to the glycolytic pathway (Irazusta et al., 2018). The first 

responder of imbalanced homeostasis is the mitochondria which act as an important 

place for the Cu dependent ATP production (Zischka and Lichtmannegger, 2014). 

Mitochondrial cristae was greatly affected by Cu stress toxicity and causes deformity 

via peroxidation and inhibited the ATP transport to outside of mitochondria 

(intercellular ATP deficit) (Zischka and Lichtmannegger, 2014; Visioli and 

Marmiroli, 2013).  

3.4.3.4 Metal transportation  

Metal is generally occur in the environment, come into the contact of 

organisms and adhere on their surface. But after adherence on the surface, organisms 

accumulate the metal from outside to inside the cell via active (metabolic dependent) 

or passive mechanisms. In passive mechanism the metal may come inside the cell via 

ion exchange, osmotic mechanism etc. while in case of active transport it is driven by 

many type of transporting agents which are called as transporter. The transporter also 

involved in transport of the metal from cytoplasm to periplasm or vacuoles of the cell. 

Similarly, in fungi many types of transporters have been reported for the transport of 

the HMs from outside to inside of the cell or from periplasm to cytoplasm or from 

cytoplasm to vacuoles or from inside to outside of the cell (in case efflux pump). Cd-

conjugate ATP- binding cassette (ABC) transporter, manganese transporter, iron 

transporter, copper transporter, metal transporting ATPase and some other metal 
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transporter are involved in metal transport from outside to cytoplasm and from 

cytoplasm to cell organelles (Bellion et al., 2006). Functionally ABC transporters are 

diverse and mediate ATP dependent import and/or export of solute. Structurally it 

revealed a transmembrane domain that contains substrate or nucleotide binding 

domain that bind and hydrolyzes ATP to drive the transport cycle (Verhalen et al., 

2017). The copper transporters (CTR) are the small integral membrane proteins. It 

contains three transmembrane domains with the C-terminus and N-terminus located at 

cytosol and extracellular respectively (Tamayo et al., 2014). CTR1 and CTR3 are the 

efficient transporters found in the plasma membrane of Saccharomyces cerevisiae that 

obtain Cu from the environment, while CTR2 found in tonoplast which transport Cu 

into the cytosol (Puig and Thiele, 2002). Copper-transporting ATPases belongs to 

HMs P-type ATPase family (HMA), posses eight transmembrane domain. These 

proteins coupled with ATP hydrolysis for the efflux of metal cation from the 

cytoplasm (Tamayo et al., 2014). Siderophore production and special group protein 

are involved in uptake of Fe (Haas et al., 2008). Fungal siderophore is basically 

hydroxamates. A set of hydroxamates siderophore production was reported in 

Laccaria bicolor (Haselwandter et al., 2013).  Putative ferrireductase, a protein 

present in Rhizophagus irregularis can reduce Cu
2+

 and Fe
3+

, which is taken up by Fe-

oxidase and permease complex consisted high-affinity transporter, oxidase-dependent 

Fe
2+

 transporter (Tamayo et al., 2014). Vacuolar iron transporters are implicated in 

the transfer of metal from the cytoplasm to the vacuoles (Li et al., 2001). Zinc-iron-

permease and cation diffusion facilitators are a family of protein for the transportation 

of Zn (Eide, 2006).  

Transmembrane containing histone-rich region is necessary for the selectivity 

of Zn for the fungi (Nishida et al., 2008). Cation diffusion facilitators transport the 

metal from the outside to the cytoplasm and from cytoplasm to lumen of cell 

organelles and classified into three groups (Tamayo et al., 2014). The proton gradient 

of transmembrane is usually used by divalent metal transporters to facilitate the 

transport of many types of divalent metal cations (Tamayo et al., 2014). In 

Saccharomyces cerevisiae four types of transporter are involved in uptake of Zn, 

Zrt1p (transport Zn from low concentrated environment), Zrt2p (transport Zn from 

high concentrated environment), Fet4p (involve in uptake of Cu, Fe and Zn) and 

Pho84p (involve in transportation of phosphate and Zn) (Tangsombatvichit et al., 
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2015; Khouja et al., 2013). The Zhf1 and HcZnT1 from Schizosaccharomyces pombe 

and Hebeloma cylindrosporum respectively are localized on endoplasmic reticulum 

membrane and involve in Zn tolerance (Blaudez and Chalot, 2011). Cu enhanced the 

many Cu-responding signaling pathway such as calcium signaling pathway (CSP), 

insulin signaling pathway (ISP), NOD-like receptor signaling pathway (NOD), 

Hedgehog signaling pathway (HD), GnRH signaling pathway (GnRH), MAPK 

signaling pathway (MAPK), neurotrophin signaling pathway (NSP) in Penicillium 

janthinellum strain GXCR and EC-6 (Feng et al. 2017). Vaccaro et al. (2016) reported 

that proton motive forces drive the CDF protein or P-type ATPase to transport the 

HMs inside to outside of the cell via multiple transportation steps such as from 

cytoplasm to periplasm and from periplasm to outside of the cell that is also called as 

active efflux mechanism. 

3.4.3.5 Metal compartmentation  

Metal localization in fungi has great importance in metal accumulation inside 

the cell of fungus. Cd proportion has been quantified in the cytosol and vacuoles of 

Paxillus involutus which are 20% and 30% respectively (Blaudez et al., 2000). Cd-

conjugated glutathione (Cd-GSH) or Cd-conjugated PCs and/or Cd-conjugated MTs 

may involve in detoxification of Cd via ATP-binding and transport it into vacuoles 

which is a crucial step in Cd detoxification (Bellion et al., 2005). X-ray microanalysis 

revealed the Cd accumulation correlated with electron dense accumulated sulfur in the 

vacuolar compartment which also indicated the involvement of thiolic compound in 

metal complexation (Ott et al., 2002). Compartmentalization or sequestration of metal 

depends on ionic radius of metal and electronegativity (Teng et al., 2017).  Soluble 

fraction contains organo-ligands such as sulfur-rich organic alkali, peptides and 

organic acids which detoxify the metal by complexation are stored in vacuoles (Bhatia 

et al., 2005). Metal compartmentation in vacuoles is well known intracellular 

detoxification mechanisms which driven by metal transporter (Li et al., 2001; Blaudez 

et al., 2000). Vacuolar proton-pyrophosphatase (V-Ppase) pump and vacuolar proton 

ATPase (V-ATPase) pump energizes vacuolar uptake of metal in plants (Singh et al., 

2016). Schematic presentation of metal compartmentation is shown in Fig. 3.6.  
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 Fig. 3.6. Schematic diagram shows the possible metal accumulation site in a cell of the 

fungi. Dark black sphere (metal ion) diffused in cytoplasm and conjugated metal with 

glutathione (GSH-M), phytochelateine (PC-M) and metallothioneine (MT-M) are 

transported in vacuole. M=metal ion.  

3.4.3.6 Metal chelating agents 

3.4.3.6.1 Phytochelatins 

Out of above mentioned mechanisms biochelation and biocomplexation, bio-

oxidation etc. are also involved to remove HMs by fungi. Some chelating agents such 

as Metallothionein (MT) (Vaseem et al., 2017) and phytochelatins (PC) (Jacob et al., 

2016) are present inside the fungal cells and play an important role in detoxification 

of HMs. These chelating agents form complex compounds by binding with the metal 

ion which are usually secreted by fungi as secondary metabolites or can be 

accumulated inside the vacuoles of the cell (Vaseem et al., 2017). The PCs are the 

family of small cysteine-rich peptides which carry –SH group having the capacity to 

bind metal ion. The PC synthesis catalyzes by phytochelatins synthetase (e.g. 

dipeptidyltranspeptidase, γ-glutamylcysteine dipeptidyl transpeptidase; EC 2.3.2.15), 

enzymes required HMs as an activating factor (Grill et al., 1989). GSH works as an 

activator for phytochelatin synthetase production which reduces the ROS into GSSG. 

Induction of ROS by the toxicity of HMs has been reported in many fungi (Xiang et 

al., 1998; Hirata et al., 2005). Candida glabrata produces PC in the response of Cd 
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(Mehra and Winge, 1991). Courbot et al. (2004) isolated thiol compound Cys and 

their derivates, γ-GluCys and glutathione to PC (up to polymerization degree n=8) 

from Paxillus involutus mycelium treated with Cd. Increase in glutathione and γ-

GluCys in Cd-stressed in P. involutus formed a stable complex compound of Cd and 

other thiophilic metal (e.g. Hg, Cu, and Zn). Specific permease such as the Ycf1 

membrane transporter is involved in Cd-γ-GluCys2 transportation to vacuoles in fungi 

(Li et al., 1997; Courbot et al., 2004). In Penicillium janthinellum EC-6 (a mutant 

strain), the synthesis of PC significantly increased under the stress of Cu that form a 

complex PC-Cu (Feng et al., 2017). 

3.4.3.6.2 Metallothionein  

High cysteine containing the low molecular mass of polypeptide is 

metallothionein, first reported in the equine kidney (Ruta et al., 2017). Three 

metallothionein protein classes are recognized as: class I resemble with equine kidney 

protein; class II has different extensive sequence homology from class I protein 

(Howe et al., 1997). Poly(γ-glutamylcysteinyl)-glycin is the general structure of 

metallothioneine (MT). These MTs are known to be widespread in fungi (Kneer et al., 

1992). Howe et al. (1997) reported Cu binding metallothioneine in Paxillus involutus 

GPaxRSp2, Paxillus involutus Pax4 and Laccaria laccata (GLac4 and ELacl). In 

Brewer’s yeast and Candida glabrata, MTs are reported for Cu tolerance (Jensen et 

al., 1996; Sutherland and Stillman, 2014). Transpeptidase works as an intracellular 

metal sensor in control of (y-EC)nG peptide formation by the metalloactivation 

mechanism. It was found in yeast that transpeptidase is involved in structural metal 

discrimination of Zn and Cu (Mehra and Winge, 1991; Sutherland and Stillman, 

2014). In Schizosaccharomyces pombe, copper binding component (y-EC)nG peptides 

of  (y-EC)2G through  (y-EC)4G devoid of sulfide have been reported (Reese et al. 

1980). The absorption spectroscopy and luminescence measurement suggested the 

Cu(I)-thiolate cluster in peptides (Mehra and Winge, 1991). The low-molecular-

weight cysteine-rich protein found in Neurospora crassa in the presence of Cu, 

classified as MTs because of the presence of N-terminal sequences of animal MT and 

Cys-X-Cys motif (Lerch, 1980). Two domains exist in metallothiooneine: α-domain 

containing 11 cysteine residues have potential to react with four Cd
2+

 and Zn
2+

 or six 

Cu
+2

 ions while β-domains including 9 cysteines have potential to chelate three Cd
2+

, 

three Zn
2+

 or six Cu
+
 ions (Sutherland and Stillman, 2014). 
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3.4.3.6.3 Melanin 

Negatively charged hydrophobic dark-brown pigment containing high 

molecular weight produced by some fungal species is known as melanin (Sandra et 

al., 2017; Eisenman et al., 2012). Generally, it is found in outermost layer of the cell 

wall linked with chitin; and in some fungi, it is also located at outside of the fungal 

cell in granulous form. Oxidative polymerization of compounds (indolic and/or 

phenolic compounds) such as glutaminyl-3,4-dihydroxybenzene (GDHB) or 3,4-

dihydroxyphenylalanine (DOPA) or catechol or 1,8-dihydroxynaphthalene (DHN) is 

the major mechanism involved in the formation of melanin (Eisenman et al., 2012). 

High antioxidant potential of melanin reported in Fonsecaea pedrosoi which showed 

via reducing Fe(III) to Fe(II) (Cunha et al., 2010). Various functional (phenolic, 

carboxyl, alcoholic hydroxyl, carbonyl and methoxy groups etc.) present in the 

melanin are mainly responsible for the chelating potential of fungi (Butler et al., 1998; 

Sandra et al., 2017). Siegel (1987) reported that melanin-rich fungal strain 

Cladosporium cladosporioides has more potential to biosorbed Cd, Ni, Cu, Zn, and 

Pb compared to non-melanized Penicillium digitatum (Gonçalves et al., 2012). 

Melanin over producing A. nidulans mutant strain (MEL1) has more potential to 

biosorption of neodymium and lanthanum. Significant uptake of radio cesium (
137

Cs) 

and radio cobalt (
60

Co) is reported in A. alternate and Aspergillus pulverulents 

(Mahmoud, 2004). Antioxidant characteristic of melanin is reported by Hoogduijn et 

al. (2003). They found that melanin defends keratinocytes and melanocytes from the 

induction of DNA strand broken down by ROS (H2O2).  

3.4.3.6.4 Siderophore  

Chemically siderophore is made up of alcoholates, hydroxamates and α-

hydroxycarboxylates which contain negatively charged oxygen atoms and have the 

capacity to make tight interaction with metal ions such as Fe
3+

 ion (Kurth et al., 

2017). Nitrogen and sulfur are also present as bidentate ligands but they exhibited 

lower selectivity. These moieties are featured by siderophore which is capable to 

make a complex with metal ion other than ferric ion (Hider and Kong, 2010). 

Siderophore mostly involves in the uptake of ferric ion. In the presence of water, 

ferric ion react with water molecules and produces octahedral Fe(H2O)6
3+

 complexes 

(Kurth et al., 2017). Hexadentate ligands (siderophore) can make a stable complex 
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with Fe
3+

 ion. Cupriavidus metallidurans applied in metal contaminated soil treatment 

in bioreactor produces citrate siderophore staphyloferrin B with a 16-fold reduction in 

HMs (Diels et al., 2009). Arsenic contaminated soil washing with siderophore 

removed 92.8% arsenic from the soil as compared to washing with medium (Kurth et 

al., 2017). However, bacteria are mostly reported for production of siderophore which 

is important in metal bioremediation. Some plants are dependent on bacterial 

siderophore for uptake of ferric ion and they uptake ferric ion by direct uptake of 

bacterial metal chelates or chelate degradation, or ligand exchange reactions. 

Bioaugmented Cr polluted soil with Ralstonia metallidurans and Pseudomonas 

aeruginosa increased Cr accumulation up to 5.4 times in maize plant (Braud et al., 

2009). Dimkpa et al. (2009) found that culture filtrate of Streptomyces tendae F4 

containing siderophores improved the Fe and Cd uptake capacity in sunflower and 

increases its growth. It is investigated by Yun et al. (2001) that ferrireductase (Fre) 

protein might involve in the uptake of Fe by siderophore.  

3.4.3.7 Bioreduction 

In the bioreduction mechanism toxicity of metal is reduced due to the 

reduction in their oxidation state which is driven by living organisms (Li et al., 

2017a). Chromium is commonly exist in the environment in its stable form Cr(III) and 

Cr(VI) however, Cr(VI) almost 100 times more toxic than its Cr(III) form (Ramırez-

Ramırez et al. 2004; Romo-Rodríguez et al. 2015; Long et al. 2018). Its reduction in 

Cr(III) form mitigate its toxicity potential. Aspergillus tubingensis Ed8 produces 

glucose oxidase (GOX) in Cr(VI) reduction into Cr(III) which indicate that GOX 

enzyme is important for the transformation of Cr(VI) to Cr(III) and this transformation 

reaction is dependent on glucose, indicated that Cr(VI) reduction require more energy 

(Romo-Rodríguez et al., 2015), it was also confirmed by over synthesis of 

phosphoglycerate kinase, enolase 1, glyceraldehyde-3-phosphate dehydrogenase and 

alcohol dehydrogenase under the presence of Cr(VI) that is commonly involved in 

glycolytic pathway (Irazusta et al., 2018). Organic acids including citrate and 

salicylate enhanced the rate of Cr(VI) bioreduction which indicate that decrease of 

medium pH is more favorable for Cr(VI) reduction (Coreño-Alonso et al., 2009; Romo-

Rodríguez et al., 2015). Shi et al. (2018) reported the production of citric acid, oxalic 

acid and maleic acid to decrease the pH of the solution that lead higher reduction of 

Cr(VI) to Cr(III) by Pisolithus sp1. Increase in the ROS (H2O2) production is also 
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associated with Cr(VI) reduction via multiple steps mechanism by forming Cr(V) and 

Cr(IV) (as intermediate mediate product) and final product of Cr(III) (Wani et al., 

2018). This mechanism is called a multistep electron transfer reaction which may 

enzyme dependent or substrate dependent (Qamar et al., 2011). Sometimes these 

mechanisms are extracellularly completed and do not dependent on the enzyme and 

driven by the functional group or negative charges present on the cell surface of the 

fungi (Cao et al., 2018; Yin et al., 2011; Dang et al., 2018).  

Mitochondrial Ferredoxin-NADP reductase Yah1 was over synthesized under 

the stress of Cr(VI) may involve in the reduction of Cr(VI) (Irazusta et at., 2018). 

Chromate reductase enzyme reported in several fungal and bacterial species that is 

responsible for the reduction of Cr(VI) to Cr(III) via electron transfer mechanism 

donated from NADH or electron donating agents (Irazusta et al., 2018). Wani et al. 

(2018) hypothesized two types of mechanisms for reduction of Cr(VI): Direct 

mechanism and indirect mechanism. Direct mechanism includes Cr(VI) reduction 

under aerobic and anaerobic condition while indirect mechanisms include 

extracellular Cr(VI) reduction, membrane-bound Cr(VI) reduction, cytochrome c (Cyt-c) 

dependent reduction and intracellular Cr(VI) reduction etc. In case of growing fungi, 

bioreduction is mostly metabolic dependent but in the case of dead fungal biomass, it 

happened mostly extracellular or through surface attached reaction. Electrostatic 

attraction and one electron transfer reaction mechanisms are reported by many 

researchers for the reduction of Cr(VI) by dead fungal biomass (Pradhan et al., 2017). It 

is investigated by Yun et al. (2001) that Ferrireductase (Fre) protein might involve in 

the uptake of Fe by siderophore. Fre1p, a plasma membrane is necessary for the 

uptake of Fe inside the cell of the fungi and plants from their growth medium or 

environment (Radisky and Kaplan, 1999). The reductase abundant plasma membrane 

of S. cerevisiae contained Fre1 protein exhibited a comparable activity towards Fe
3+

 

and Cu
2+

 and one electron acceptor activity was found by paraquat (methyl viologen), 

INT (iodophenyl nitrophenyl tetrazolium chloride) and TTC (triphenyltetrazolium 

chloride) (Hassett and Kosman, 1995).  

3.4.3.8 Mycoprecipitaion 

Bioprecipitation is one of the main mechanisms which involve in the removal 

of HMs by microbes from wastewater (Maisa et al., 2018). In case of fungi, it can be 

pronounced as mycoprecipitation which is the part of bio-precipitation. The main 
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anionic species involved in bio-precipitation are PO4
2─

, CO3
2─

, S
2─

, OH
─
, C2O4

2─
, 

O
2─

, Cl
─
 etc. Bioprecipitation can be categorized into two types: 1) extracellular bio-

precipitation and 2) intracellular bio-precipitation. In intracellular precipitation, metal 

ion come inside the cell through the fungal cell wall and precipitate (sable/insoluble 

compound) as their minerals by reacting with respective anionic species while, in 

extracellular precipitation, metal ion extracellularly synthesized into their precipitate 

where anionic species is donated by the fungus or may provided from their 

surrounding medium. While fungal cell surface provide base to take place the 

reaction. In intracellular precipitation, precipitate products are mostly adhere to 

intracellular surface of the cell, while in extracellular precipitation the precipitate 

product may occur on the fungal cell surface or diffused in the surrounding medium 

after precipitation. Liang et al. (2015) reported phosphate, sulfate, oxide anion 

involvement for removal of lead and found lead phosphate (Pb3(PO4)2), anglesite 

(PbSO4) and pyromorphite (Pb5(PO4)3Cl) the lead oxides massicot and litharge (PbO) 

as lead precipitate. Phosphate ion is also reported for the precipitation of uranium (U) 

that form uranium complex compound such as meta-ankoleite, chernikovite, bassetite 

and uramphite (Liang et al., 2016). Aspergillus niger produces uranyl acetate hydrate 

(organo-uranyl complex) mineral from low grades ore of uranium (Maisa et al., 

2018). Sutjaritvorakul et al. (2015) reported zinc oxide (ZnO) formation fungus 

isolated from the zinc mining site. Li et al. (2015) studied Ca and Sr precipitation by 

fungus and found CaCl2 and/or SrCl2, calcite(CaCO3), strontianite (SrCO3), vaterite in 

different forms [CaCO3, (CaxSr1−x)CO3] and olekminskite [Sr(Sr,Ca)(CO3)2] as bio-

precipitate. Sulfide and Phosphate of Cd was found by Borovaya et al. (2015) and 

Kumar et al. (2019) in fungal mediated Cd precipitation. Paecilomyces javanicus 

precipitated the lead as plumbonacrite (Pb10(CO3)6O(OH)6), cerussite (PbCO3) and 

lead oxalate (PbC2O4) (Rhee et al., 2014). Dhami et al. (2017) also reported Pb co-

precipitation into lead carbonate, Plumbonacrite, Shannonite (Pb2O(CO3)), vaterite 

and aragonite and Sr into Strontianite, Strontium calcium carbonate  

(SrO5CaO5(CO3)), carbocernaite along with calcite by two calcifying fungal isolates 

Aspergillus sp. UF3 and Fusarium oxysporum UF8.  

3.4.3.9 Biovolatilization 

 Biovolatilization is basically deal with the biological volatilization of 

metal/loid from the water and soil into the environment. Biovolatilization is broadly 
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reported for volatilization of As and Hg by microorganism (bacteria, fungi and algae) 

and plants. In case of As, the methylation is the basic mechanism that convert the 

non-volatile As-species to volatile As-species. The methylation of As was firstly 

observed in fungus Scopulariopsis brevicaulis involving As(V) reduction into As(III) 

followed by the oxidative addition of a methyl group (-CH3) (Challenger, 1945). 

Challenger (1945) proposed the pathway of As methylation where, As(V) 

(AsO(OH)3; arsenic acid) is first reduced to As(III)
 
(As(OH)3; arsenious acid) and 

then bio-methylated to monomethylarsonic acid (AsO(OH)2(CH3)) → dimethylarsinic 

acid (AsO(OH)(CH3)2) → trimethylarsineoxide (AsO(CH3)3) → arsenobetaine 

((CH3)3As
+
(CH2)COO

−
), and other multifarious As-compounds such as 

arsenoribosides (AsRib). Recently, these compounds also have been reported in many 

other fungi such as Penicillium sp., Aspergillus sp. (Guimarães et al., 2019) and 

Rhizophagus irregularis (Li et al., 2018d) that interlinked with the methylation 

pathway as proposed by Challenger (1945). In addition, some microorganism also 

degrade or/and synthesize As-compound into volatile As (such as arsine (AsH3), 

monomethylarsine (AsH2(CH3)), dimethylarsine (AsH(CH3)2) and trimethylarsine 

(As(CH3)3). This mechanism has been also reported by Guimarães et al. (2019) in 

Penicillium sp., Aspergillus sp. at the time As-volatilization using potato dextrose 

broth medium. However, the methylation and bio-volatilization is commonly occured 

in ecosystem (contaminated with As) and majorly contributed in As global flux 

(Wang et al., 2014; Mestrot et al., 2013).  

 Hg is one of toxic metal and volatile in nature, can also bio-volatilize by 

microorganism. Bacterial as well as fungal-volatilization of Hg is frequently reported 

in many studies that play important role in decontamination of Hg-polluted site (Urík 

et al., 2014; Chen et al., 2018; Chang et al., 2020). Generally, bacteria and archaea 

utilize the mer operon which is capable in enzymatic reduction of Hg(II) or methyl 

mercury (MeHg) to less toxic Hg(0), volatile species of Hg (Boyd and Barkay, 2012; 

Giovanella et al., 2016). In fungi, the mechanism of bio-volatilization of Hg is not 

well characterized. However, in a recent report, it is found that mer genes (merA) up-

regulated in the exposure of Hg(II) in Penicillium spp. DC-F11, a potential isolate for 

volatilization of Hg (Chang et al., 2020). They have also analyzed the activity of 

mercuric reductase that is responsible for reduction of Hg(II) to Hg(0). Thus, mer 

operon is basically involved in enzymatic reduction of Hg(II) to Hg(0) as well as its 
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volatilization. Some other fungal species such as Candida albicans, Saccharomyces 

cerevisiae (Yannai et al., 1991), Scopulariopsis brevicaulis (Boriova et al., 2014), 

Aspergillus niger and Cladosporium sp. (Urík et al., 2014) also have been reported for 

volatilization of Hg, but no any other clear Hg volatilization pathway has yet been 

observed in fungi. Some other metal/loid such as Se (Selenium), Sb (Antimony), Tl 

(Thallium) and Bi (Bismuth) are also reported for volatilization by fungi (Boriova et 

al., 2014). Despite it, some time fungi change the less toxic form of metal/loid into its 

high toxic form. Yannai et al. (1991) tested the tolerance ability of Candida albicans 

and Saccharomyces cerevisiae towards Hg (HgCl2) and reported that Candida 

albicans and Saccharomyces cerevisiae are unable to grow above 0.75 µg/mL. 

Further they investigated the end product of Hg at the tested concentration (below 

0.75 µg/mL) and found that an amount of Hg (proportional to Hg tested 

concentration) is transformed in organo-mercury (methyl mercury) compound. 

Methyl mercury, highly toxic species of Hg, can inhibit the growth of fungi as well as 

other organism.  

3.4.3.10 Methylation  

 The synthesis and transfer of methyl group is a vital metabolic process 

(Bentley et al., 2002).  Basically the C, O, N and S atom of organic compounds serve 

as methyl group acceptor in metabolic process. Metal and metalloids also reported in 

many studies as methyl group acceptor and resultant into methylated end products. 

However, the term “biomethylation” consider the formation of both either volatile or 

non-volatile methylated compound of metals and metalloids. The methylation of As is 

widespread, occurring in bacteria, fungi, algae and plants. As methylation was first 

proposed in fungus S. brevicaulis by Challenger (1945). In As methylation, As(V) 

first reduced in As(III) followed by oxidative addition of methyl (-CH3) (earlier 

discussed in section 3.4.3.9). Similar pathway has been proposed for antimony (Sb) 

methylation, it was first proposed for Sb methylation in fungus S. brevicaulis and P. 

notatum as methylation of phenylstibonic acid (C6H5SbO(OH)2) to 

phenyldimethylstibine (C6H5SbO(CH3)2) via reduction of Sb(V) to Sb(III) followed 

by methylation (Challenger, 1945). Later some other fungal species are reported for 

methylation of Sb such as Cryptococcus humicolus (Hartmann et al., 2003) and 

Phaeolus schweinitzii (Andrew et al., 2001). Andrew et al. (2001) reported that P. 
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schweinitzii efficiently transforms the antimony (III) compounds potassium antimony 

tartrate and antimony trioxide (Sb2O3) to nonvolatile dimethylantimony and 

trimethylantimony species. Mercury is another metal reported for its methylation by 

bacteria and fungi. In bacteria, clear Hg-methylation pathway, genes responsible for 

Hg-methylation and Hg transporting agents have been reported (Regnell and Watras, 

2018). Fungi such as Coprinus comatus, C. radians, Candida albicans and 

Saccharomyces cerevisiae have been reported for Hg-methylation potential (Fischer 

et al., 1995; Yannai et al., 1991). But in fungi, mechanism of Hg-methylation is least 

known.   

3.4.3.11 Biooxidation 

Manganese peroxidase is a heme enzyme extracellularly produced by lignin-

degrading fungus (basidiomycetes) that can oxidize Mn
2+

 to oxidant Mn
3+

 in a 

multiple step electron transfer reaction (Have et al., 2001). Extracellular protein 

involvement in Mn oxidation in anamorphic ascomycete strain KR21–2 and L. 

discophora SS-1 has been reported by Miyata et al. (2004). The proteins such as p-

phenylenediamine and 2,2’-azinobis (3-ethylbenzothiazoline-6-sulfonic acid) are the 

extracellular Mn oxidizer. The peroxide-oxidized enzyme catalyzes Mn(II) into 

Mn(III) in the presence of suitable Mn(III) chelator. Purified laccase enzyme isolated 

from Stropharia rugosoannulata can catalyze the Mn(II) into Mn(III) (Schlosser et 

al., 2002).  

3.4.3.12 Other mechanisms  

Many of known and unknown other mechanism may also involved in the 

tolerance and accumulation of HMs in fungi. Such as the ion exchange is the major 

interactive manner among some divalent metal ions and the extracellular polymeric 

substances (EPS) (Sheng et al., 2010). It was found that the binding between the metal 

ions (divalent; Ca
2+

, Ni
2+

 and Mg
2+

) and EPS is one of the most important 

intermolecular interactions behind microbial aggregate structures. Simultaneous 

release of Ca
2+

 and Mg
2+

 into solution during metal removal mechanism by microbial 

aggregate indicating the ion exchange involvement (Yuncu et al., 2006). However, 

strong binding capacity are also seen in neutral and extreme acidic eukaryotic 

biofilms for heavy metals (Co, Ni, Zn, Cu, As, Cd, Cr, Hg and Pb) which might be by 

producing colloidal materials such as protein, or affecting the ionic values of metal 
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(e.g., the transformation of Hg
2+

 to Hg0 or transformation of Cr(VI) into Cr(III)) (Choi 

et al., 2009; Neu and Lawrence, 2010). There are some specific transport systems 

involved through the membrane and carriers may consist of all the metabolically-

coupled and H+ gradient drove transport system. They play important role in metal 

efflux pump system. Metal efflux pump maintains the salinity inside of the cell and 

their surroundings. Adriaensen (2005) found enhanced in Zn efflux which may act as 

a tolerance mechanism in Suillus bovines. The GSH as above discussed is reported for 

the binding of HMs. 

3.4.3.13 Genes involved in HMs tolerance and detoxification  

Exploration of basic molecular mechanism of tolerance and adaptation of 

fungi in HMs stress environment is an important field of scientific interest. Gene 

expression have imperative role on biological process which establish the growth and 

development of fungi as well as HMs tolerance in HMs stress condition. In plants, 

many types of set of gene expression have been triggered under HMs stress. Different 

types of stressor induces the expression of a set of gene in microbes and plants in 

order to link the signaling pathway with HMs and other stress tolerance (Viti et al., 

2013; Singh et al., 2016). The regulatory genes and functional genes are the two 

group of genes expressed under stress condition. Various transcription factors (TFs) 

encoded by group of genes are called as the regulatory genes group. It can regulate 

many stress responsive genes separately or cooperatively and make up a gene system. 

However, metabolic compound such as amines, alcohol, sugar, enzymes etc. play 

important role in tolerance of HMs are encoded by group genes, known as the 

functional genes group (Singh et al., 2016). 

Flores-Alvarez et al. (2012) reported CHR-1 gene expression under Cr(VI) 

exposure in Neurospora crassa that encoded CHR-1 protein (homologous to ChrA 

protein), sensitive  upon Cr(VI) exposure and promote its accumulation inside the cell. 

The expression of Glutathione-S-Transferase (GST) encoding six GintGst genes 

found in an arbuscular mycorrhizal fungus Glomus intraradices in exposure of Cd, 

Zn, and Cu (Waschke et al., 2006) which confirm its role in adaptation of G. 

intraradices in Cu, Cd and Zn contaminated environment. However, Shen et al. 

(2015) identified 24 GST genes in Exophiala pisciphila. These all EpGSTs up-

regulated by Pb stress but differentially expressed some of them under stress of Cd, 

Cu and Zn. Metallothionein (MT) is cystolic peptides reported for binding of HMs via 
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cysteinyl-thiolate bonds and participate in metal homeostasis. MT family genes 

expression belongs to functional genes group are reported in many fungal species in 

exposure of heavy metal: Neclu_MT1 gene induced by Cd in Heliscus lugdunensis 

(Loebus et al., 2013), Cu-specific MT genes (CMT1 and CMT2) expressed under 

exposure of Cu in Cryptococcus neoformans (Palacios et al., 2014), LbMT1 gene up-

regulated by Cu and Cd in Laccaria bicolor (Reddy et al., 2014), Cu-dependent 

expression of HcMT1and HcMT2 genes in Hebeloma cylindrosporum (Ramesh et al., 

2009), Transcription of AsMT1s and AsMT3 in Amanita strobiliformis inducible with 

treatment of Ag and Cu and Zn and Cd respectively (Hlozkova et al., 2015).  

Recently, Bakti et al. (2018) reported PcaA gene expression in A. fumigatus 

induced under exposure of Cd which was associated with induction of GFP-PcaA 

fusion protein. This protein is specifically produced under exposure of Cd neither Cu 

nor Zn or Fe and localized in membrane as found in confocal microscopic observation 

and strongly correlated with detoxification of Cd.  However, Bakti et al. (2018) also 

studied the role of AfYap1 (ortholog of the yeast Yap1 transcription factor) in metal 

sensing by A. fumagatus Af293 (Wild Type) and they found that AfYap1 is involved 

in sensing of Cd and Cu both. The Cd and Cu are also up-regulated the GintABC1 

gene in Glomus intraradices that encoded the GintABC1 protein which belong to the 

sub-family of ABC transporter and possibly involved in Cu and Cd detoxification 

(González-Guerrero et al., 2010). In recent study, Li et al. (2018) investigated Cd 

tolerance in Pleurotus eryngii which differentially expressed 15 unigenes. These 

differentially expressed genes (DEGs) are specifically up-regulated upon Cd exposure 

which is mainly related with heat shocked protein (HSP) genes including three HSP 

70 genes, one HSP 9 gene, one HSP 20, one HSP 60, and one HSP 78. Some other 

unigenes such as “carbohydrate-binding module family 13 protein”, “3-beta-hydroxy-

delta 5-steroid dehydrogenase activity”, “uncharacterized aromatic compound mono-

oxygenase”, and “mannose-6-phosphate isomerase” are of them that up-regulated in 

Cd stress. Further, they were added NO with Cd stress and found an increase in the 

biomass of P. eryngii. They found in transcriptomic analysis that putative 

oxidoreductase, transferase, reductase, dehydrogenase genes and TFs such as 

“GTPase activator activity”, “GTP binding”, “transcription factor complex”, “enzyme 

activator activity” and “ATP binding” are up-regulated significantly and enhance the 

Cd tolerance capacity in P. eryngii. These studies confirmed that there are sets of gene 
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expression in fungi that up-regulated under HMs stress and interlinked with metabolic 

activity and development of fungi. However, single HM induced gene expression may 

vary from species to species and also in a same fungal species different HMs may 

induce various set of genes expression which might be specific for each HM. These 

expressed set of genes are strongly associated with tolerance and detoxification 

mechanisms of HMs in fungi and very essential for fungi to survive in HMs stressed 

environmental condition.  
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Chapter -4         Materials and Methods 

4.1 Collection of Electroplating wastewater sample 

 The pre-sterilized glass bottle was used to collect the electroplating 

wastewater from electroplating industrial area, Ballabhgarh, Faridabad (28°19’19”N, 

77°17’59” E), India in the month of April 2018,brought to the Laboratory of 

Department of Environmental Science, BBAU, Lucknow, India (26°49’03” N, 

80°55’37” E), stored at 4 °C and further experiments were conducted.  

4.2 Physicochemical analysis of Electroplating wastewater 

 The physicochemical parameters of electroplating wastewater; pH and 

Electrical Conductivity (ELICO, PE 138, Water Quality Analyzer), biochemical 

oxygen demand (BOD) (5-day dilution methods), chemical oxygen demand (COD), 

Total solid and selected heavy metal (nitric-perchloric acid digestion method) was 

analyzed as per the standard protocol outlined in “Standard Methods for the 

Examination of Water and Wastewater” (APHA, 2012). Heavy metals (Cr, Cd, Cu, Ni 

and Pb) were analyzed in acid digested electroplating wastewater using atomic 

absorption spectrophotometer (AAS) (Varian, AA240FS) and As was analyzed using 

a publish standard method (Dhar et al., 2004) and absorbance was read at 880 nm 

using double beam spectrophotometer (Systronics, Model: 2203).  

4.3. Microorganism Isolation 

 The chromium tolerant fungal species were isolated by serial dilution method 

(Sharma et al., 2016). To isolate the chromium tolerant fungal species, the serial 

dilution was made up to 10
─3

 and vertex for a minute. The wastewater suspension (0.5 

mL) was spread on Cr(VI) (100 mg/L; K2Cr2O7, Purity; 99.5%, Molychem, Mumbai, 

India) amended potato dextrose agar (PDA) (HiMedia, Mumbai, India) plate and was 

incubated at 28 ± 1°C for six days. Four morphologically distinct fungi grew on 100 

mg/L of Cr(VI) amended potato dextrose agar (PDA) plate. 

4.4 Heavy metal Tolerance assay 

First, the tolerance assay of isolates was conducted towards Cr(VI) for 

screening purpose to select the isolate for detail investigation and minimize the 
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number of isolates. Two fungal isolate showed high tolerance towards Cr(VI) and on 

the basis of their tolerance towards Cr(VI) they were renamed as isolate CR500 and 

isolate CR700. After selecting the best Cr-tolerant fungal isolates, their tolerance 

towards other heavy metal was also conducted including Ni(II). The tolerance of 

fungal isolates towards different heavy metal/oid was evaluated using the plate assay 

method. The stock solution of Cr, Mn, Cu, Ni, Cd, Pb and As was prepared using their 

respective salts (K2Cr2O7 and MnSO4 were obtained from Molychem, Mumbai, India; 

CuSO4.5H2O, NiSO4.6H2O, CdCl2, PbSO4 and As2O3 were procured from Loba 

Chemie, Mumbai, India). The metal concentrations: 0, 100, 200, 400, 600, 800, 1000, 

1200, 1400, 1600 and 2000 mg/L was used for the study of tolerance of selected 

isolates using plate assay method (Kumar et al., 2019). A disc of 0.5 cm diameter of 

seventh day grown mycelia of fungal isolate was inoculated on different concentration 

of heavy metal amended PDA plates separately. The inoculated plates were incubated 

for ten days in the incubator at 28 ± 1°C. The growth of isolates was estimated by 

measuring the colony diameter on tenth day after incubation. The formula [Ti = T/C] 

was used to calculate the tolerance index (Ti) where T; growth of fungus on metal 

contaminated PDA plate and C; growth of fungus on without heavy metal 

contaminated PDA plate (Chen et al., 2017).  

4.5 Molecular Identification 

The molecular identification of isolate was carried out at the sequencing 

facility of the National Centre for Microbial Resource (NCMR), National Centre for 

Cell Science, Pune, India. For DNA isolation, the mycelia (50 mg) of isolates were 

collected from 7
th

 day grown on PDA plate. The genomic DNA was isolated by the 

standard phenol/chloroform extraction method (Sambrook et al., 1989), followed by 

PCR amplification of the ITS regions using universal primers ITS1 [5'-

TCCGTAGGTGAACCTGCGG -3'] and ITS4 [5'-TCCTCCGCTTATTGATATGC -

3'] (White et al. 1998). The amplified ITS PCR product was purified by PEG-NaCl 

precipitation and directly sequenced on ABI® 3730XL automated DNA Sequencer 

(Applied Biosystems, Inc., Foster City, CA) as per manufacturer’s instructions. 

Essentially, sequencing was carried out from both ends so that each position was read 

at least twice. For identification, the sequenced data were analyzed and assembled 

using BLAST (Basic Local Alignment Search Tool; 

https://blast.ncbi.nlm.nih.gov/Blast.cgi) NCBI (National Center for Biotechnology 
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Information) (Boratyn et al. 2013). The ITS region sequence of fungal isolates was 

deposited in GenBank, NCBI. To assess the confidence limits of the branching, the 

Bootstrap analysis was performed. The neighbor-joining tree was reconstructed using 

a standard parameter of CLUSTAL W alignment with a gap opening penalty 15 and a 

gap extension penalty of 6.66 for both pairwise alignment and multiple alignments. 

The evolutionary analysis was inferred using the Neighbor-Joining method (Saitou 

and Nei 1987). The tree is drawn to scale, with branch lengths in the same units as 

those of the evolutionary distances used to infer the phylogenetic tree. The 

evolutionary distances were computed using the Maximum Composite Likelihood 

method (Tamura et al. 2004) and are in the units of the number of base substitutions 

per site. Evolutionary analysis was conducted in MEGA X (Kumar et al. 2018).  

4.6 Experimental design   

The batch study was conducted in 250 mL Erlenmeyer flask containing 100 

mL Cr(VI) (K2Cr2O7)  or Ni(II) (NiSO4) amended potato dextrose broth (PDB) at pH 

6.5 separately. The concentration of metal ranged from 0 to 200 mg/L (0, 5, 20, 50, 

70, 100, 200 and 500 mg/L) and inoculated with 1 mL of 3 × 10
4
 mL fungal spore 

suspension (in case of isolate CR500) or 0.5 cm block mycelia grown on PDA plate 

(in case of isolate CR700) (Kumar et al., 2019). Inoculated flasks were incubated at 

28 ± 1 °C for 6 d in an incubator shaker at 80 rpm. Five mL of culture was taken out 

from the incubated flask after incubation period of 24, 48, 72, 96, 120 and 144 h and 

centrifuged at 10000 rpm for 10 min. All the treatments were made in triplicates. The 

supernatant was used for the determination of the concentration of Ni(II), Cr(VI) and 

total Cr. The same process with different Cr(VI) and Ni(II) concentration (0, 5, 20, 50 

and 100 mg/L) was followed to obtain the biomass for enzymatic and biochemical 

analysis and the biomass was harvested by centrifuging at 5000 rpm and 4°C for 10 

min. 

The Cr(VI) reduction and Ni(II) removal experiment was also conducted under 

the presence of 10 mg/L of heavy metal/loid (As, Cd, Cu, Mn, Ni and Pb 

individually), 5 mM of phenol, EDTA, glutathione (GSH) and acetate and 2% glucose 

amended PDB medium separately (Arévalo-Rangel et al., 2013). For the assessment 

of Cr(VI) reduction and removal potential of isolates in real wastewater, the PDB 

medium was diluted with sterilized tannery effluent (TEF) and amended with 50 mg/L 
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of Cr(VI). To study the effect of pH and temperature, the Cr(VI) reduction and Ni(II) 

removal ability of isolates was determined at different temperature (20, 28, 35 and 40 

°C) and pH (5.0, 6.5 and 8.0 and 9.0; 0.1M HCl and NaOH was used to adjust the pH) 

at 50 mg/L of Cr(VI) concentration (Liu et al., 2007). Inoculation and incubation were 

done as above mentioned condition and 5 mL of culture medium was taken out on 6
th

 

day after incubation for determination of Cr(VI) and Ni(II) concentration.  

To get the obtained biomass, the culture was filtered through pre-dried and 

weighed Whatman filter paper No. 1 and dried (60 °C for 4 h) and weighed using the 

weighing balance (Sartorius BT224S). For the estimation of accumulated Cr and Ni 

concentration, the dried biomass was washed with 0.1M HNO3 (Shen et al., 2019) to 

remove adsorbed chromium from the fungal cell surface and digested using acid 

oxidative solution of HNO3:H2SO4 (3:1 ratio) (Li et al., 2017a). Without acid washed 

biomass was also subjected to acid digestion for the determination of total 

immobilized Cr and Ni, by subtracting the accumulated Cr and Ni from total 

immobilized Cr and Ni, the surface adsorbed Cr and Ni concentration was calculated.  

Total Cr and Ni concentration in the supernatant and acid digested samples 

was determined using a fast sequential atomic absorption spectrophotometer (Varian, 

AA240FS). The hexavalent chromium concentration in the supernatant was 

determined by 1, 5-diphenylcarbazide method as described by American Public 

Health Association (APHA, 1992; Bai et al., 2018). The percentage of removal and 

reduction was calculated using the equation (Eq. 1) and (Eq. 2) respectively. 

   
     

  
                             (Eq. 1) 

    
     

  
                             (Eq. 2) 

 [Where, A; Removal percentage, y; Reduction percentage, Ci; Initial Cr(VI) or Ni(II) 

concentration, Cf; final Cr or Ni(II) concentration, Cb; final Cr(VI) concentration] 

4.7 Multipl metal Removal from simulated Wastewater by isolate CR500 

For determination of multimetal removal ability of the A. flavus CR500, three 

types of SWW were prepared:  i) 5 mg/L, ii) 10 mg/L and iii) 20 mg/L of each metal 

(Pb, As, Ni, and Cr using the respected salts) in PDB medium. To study the effect of 
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pH on the removal of metal from SWW, the pH of the SWW (containing 10 mg/L of 

each metal in PDB medium) was adjusted to 5.0, 6.0, 7.0, 8.0 and 9.0 using 0.1M HCl 

and 0.1M NaOH. Fifty mL of prepared SWW was taken in different 250 mL 

Erlenmeyer flask separately and further autoclaved, inoculated and incubated as per 

above mentioned condition. 

4.8 Growth and multimetal removal from TWW by isolate CR500 

The growth and multimetal removal ability of A. flavus CR500 was also 

investigated in TWW collected from the Common Effluent Treatment Plant (CETP), 

Jajmau Unit, Kanpur (26°24'51"N and 80°25'09"E), Uttar Pradesh, India 

(physicochemical parameters of TWW are shown in supplementary section). The 

TWW was diluted with distilled water (in the ratio of 1:2 and 1:4 (TWW: distilled 

water) in separate flask) to optimize the growth and metal removal ability of A. flavus 

CR500. Fifty mL of undiluted and diluted TWW was taken in 250 mL flask and 

supplemented with 1.2 g PDB and 0.25 mL of 1000 mg/L of metal (Cr, Ni, Pb and 

As) solution to get 5 mg/L of multimetal contaminated TWW and the pH of the 

obtained solution was adjusted to 7.0. Further, the solution was inoculated and 

incubated as per the condition mentioned in section 4.6. After ten days of incubation, 

the culture medium was centrifuged at 5000 rpm and metal concentration and 

obtained biomass was determined as explained in section 4.6. 

4.9 SEM-EDS analysis 

Fresh fungal biomass was fixed in 2.5 % of glutaraldehyde at 4 °C for 6 hours, 

washed with phosphate buffer (pH 7.0) and subsequently dehydrated with different 

concentration of ethanol (20, 30, 40, 50, 60, 70, 80, 90 and 100%) for 10 min at each 

concentration. The final dehydration was carried out with absolute acetone for 20 

minutes and samples were mounted on aluminium studs with help of carbon tape 

(Coreño-Alonso et al., 2014). The surface analysis was done using a scanning electron 

microscope (JEOL, Japan; model JSM-6490LV) coupled with an energy dispersive x-

ray spectrophotometer (EDS). 

4.10 FTIR and XRD analysis  

For FTIR analysis, dried fungal biomass (60 °C for 6 h) was ground with 

potassium bromide (KBr) in the ratio of 1:100 (w/w). The hydraulic press (130 lbs) 
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was used to form pellets and IR absorbance of the sample was read using Fourier 

transform infrared spectroscopy (Thermo-Scientific Nicole 6700, USA) in the range 

from 400-4000 cm
─1

. After Cr(VI) biosorption, the crystalline structure in the biomass 

of Isolate CR500 was determined using the x-ray diffraction (XRD) technique (Mini 

Flex 600). 

4.11 XPS analysis 

The x-ray photoelectron spectroscopic (XPS) analysis was performed to 

determine the valence state of chromium adsorbed on the mycelia surface of Isolate 

CR700. The fungal biomass was harvested from reduction experiment at 100 mg/L of 

Cr(VI) by centrifugation at 10000 rpm for 10 minutes. The pellet was dried at 70°C for 

6 h and subjected to XPS analysis using X-ray photoelectron spectroscopy (PHI Versa 

Probe II with AES). 

4.12 Lipid peroxidation assay  

The malondialdehyde (MDA) is the final decomposition product of lipid 

peroxidation used for the indexing of lipid peroxidation. Five mL of the solution 

containing 20 % trichloroacetic acid and 0.5 % 2-thiobarbituric acid was used to 

homogenize the 200 mg of fungal pellets. The homogenized mixture was heated at 95 

°C for 30 minutes and the reaction was arrested by quickly transferring into an ice 

bath. The reaction mixture was centrifuged at 5000 × g for 10 min and the absorbance 

of the supernatant was recorded at 532 nm and 600 nm. After subtracting the turbidity 

at 600 nm, MDA concentration was calculated by its molar extinction coefficients 155 

mmol L
─1

 cm (Zhang et al. 2007). 

4.13 Determination of H2O2  

The total phenolic compound was estimated following the method described 

by Qiu et al. (2010). The reaction mixture was prepared to contain 100 µL of sample 

(culture broth), 0.5 mL of Folin-Ciocalteau reagent, 1.5 mL distilled water and 1 mL 

of 20 % sodium carbonate (w/v) and incubated for two hours at room temperature in 

the dark condition. The absorbance was taken at 760 nm using the UV-visible double 

beam spectrophotometer (Systronics 2203 Smart UV-VIS. Spectrophotometer). 

Different concentration of gallic acid was prepared in 95 % ethanol to obtain the 
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calibration curve and absorbance was taken at 273 nm. The results were expressed in 

milligram of gallic acid equivalent per milliliter of culture broths.  

4.14 Determination of Total phenolic content  

Fungal biomass (0.5 g) was homogenized in 5.0 mL of 0.1 % trichloroacetic 

acid in the ice bath followed by centrifugation at 12000 × g for 15 min. The reaction 

mixture was prepared by adding 0.5 mL of the supernatant, 0.5 mL of 10 mmol 

potassium phosphate buffer (pH 7.0) and 1 mL of 1 mol Potassium Iodide (KI). After 

shaking the absorbance of the mixture was recorded at 390 nm. The concentration of 

H2O2 was calculated using the standard curve of H2O2 (Velikova et al. 2000). 

4.15 Proline, GSH and Non-protein thiol content 

Proline content was estimated as described by Gratao et al. (2012). Fresh 

washed fungal pellets (0.5 g) was homogenized with 5 mL of 3 % sulphosalicylic acid 

and the homogenate was centrifuged at 10000 rpm for 10 min at 4 °C. The reaction 

mixture was prepared by adding 2 mL of supernatant, 2 mL of glacial acetic acid, 2 

mL of ninhydrin and kept in boiling water for 45 minutes. Cold toluene (4 mL) was 

added and separated. Absorbance was taken at 520 nm against toluene reference. 

To estimate the GSH content, 1 mL of supernatant and 100 µL of 3 mmol 

5′dithio-bis-(2-nitrobenzoic acid) was added in 1 mL of reaction buffer [0.1 M 

phosphate buffer (pH 7.0), 0.5 mM EDTA] and kept at room temperature for 5 

minutes; absorbance was read at 412 nm. Reduced GSH was used to prepare a 

standard curve to calculate GSH content (Rehman and Anjum 2010). 

To estimate the non-protein thiol content, 200 µL of supernatant and 1 mL of 

1 mM 5′ dithio-bis-( 2-nitrobenzoic acid) was added to 1 mL of reaction buffer 

containing 0.1 M phosphate buffer (pH 7.0) and 0.5 mM EDTA. The mixture solution 

was incubated at room temperature for 10 minutes and absorbance was taken at 412 

nm. Non-protein thiol content was calculated by comparing with the cysteine standard 

curve (Rehman and Anjum 2010). 
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4.16 Estimation of intracellular protein content, activity of Chromate reductase, 

Polyphenol oxidase (PPO) and Phenyl ammonia lyase (PAL) 

Fresh fungal pellet (0.5 g) was grinded with mortar pestle in 2 mL of 

phosphate buffer (pH 7.0) and centrifuged at 1000 rpm for 10 minutes. Filtered 

supernatant was employed as cell-free extract (CFE) for the estimation of protein and 

activity of chromate reductase. Intracellular protein content was estimated by 

following the method described by Lowery et al. (1951). 

To determine the activity of PPO, 100 µL of CFE was added in the reaction 

mixture (1.5 mL of 0.1 mol L
─1

 sodium phosphate buffer (pH 7.0) and 200 µL 0.01 

mol L
─1

 catechol). The changes in absorbance was recorded every 30 s for 3 minutes 

at 495 nm. PPO activity was expressed as unit per minute per milligram of protein 

(Mayer et al. 1965). 

Phenyl ammonia lyase (PAL) activity was assayed by determining the 

production of trans-cinnamic acid. 0.4 ml of CFE was added with the reaction mixture 

containing 1.5 mL of 0.1 mol L
─1

 sodium borate buffer (pH 8.8) and 0.5 mL of 12 

mmol L
─1

 of phenylalanine and incubated at 25 °C under light for 1hour. The reaction 

was stopped by incubating at 47 °C for 10 min and the absorbance was taken at 290 

nm, and the amount of trans-cinnamic acid was calculated (Dickerson et al. 1984). 

4.17 Estimation of activity of SOD, POD and CAT 

Total protein was extracted by grinding 0.5 g of fresh mycelia in chilled 

mortar pestle and suspended in 3 mL of extraction buffer which contained 1 % (w/v) 

polyvinylpyrrolidone (PVP), 50 mM sodium phosphate buffer (pH 7.5) and 0.1 mM 

ethylenediaminetetraacetic acid (EDTA). 

SOD activity was determined by the method as described by Xu et al. (2010). 

Three mL of the reaction mixture was prepared, which contained 25 mM nitroblue 

tetrazolium (NBT), 50 mM phosphate buffer (pH 7.8), 10 mmol methionine, 0.1 

mmol EDTA, 2 μmol riboflavin, 50 mM sodium carbonate and 100 μL extract. The 

reaction mixture was incubated at 30 °C for 15 minutes under a light intensity of 150 

µ mol m
─2

 s
─1

. The absorbance of the obtained mixture was read at 560 nm. 
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To determine the CAT activity, 3 mL of reaction mixture was prepared 

containing 25 mM sodium phosphate buffer (pH 7.0), 0.05% guaiacol, 0.1 mM 

EDTA, 1 mM H2O2, and 50 μL extract. The activity CAT was determined via a 

decrease in H2O2 and absorbance was taken at 470 nm. CAT activity was calculated 

with an extinction coefficient of 39.4 mM
─1

 cm
─1

 and expressed as μ mol H2O2 min
─1

 

mg
─1

 protein (Xu et al. 2010). 

To determine the POD activity, Three mL reaction mixture was prepared 

which contained, 25 mM sodium phosphate buffer (pH 7.0), 0.05% guaiacol, 0.1 mM 

EDTA, 1 mM H2O2, and 50 μL of extract. The activity of POD was determined via 

measuring the change in absorbance at 470 nm and values were calculated with molar 

extinction coefficient of 26.6 mM
─1

cm
─1

 (Zhu et al. 2004). 

 4.18 Chromate reductase  

The activity of chromate reductase (ChrR) was determined by following the 

method explained by McLean and Beveridge (2001) and modified by Ontañon et al. 

(2018). Fresh fungal pellet (0.5 g) was ground with chilled mortar pestle in 2 mL of 

phosphate buffer (pH 7.0) and centrifuged at 3000 rpm for 10 min. Three mL of 

reaction mixture was prepared which contained 100 µL CFE, 10 mg/L Cr(VI), 50 

mmol phosphate buffer (pH 7), with and without 6.5 mg/L NADH. The obtained 

reaction mixture was incubated at 30 °C for 60 min, the sample was taken every 15 

minutes to analyze the remaining Cr(VI) concentration using 1,5-diphenylcarbazide 

reagent. The specific activity of ChrR was defined as units of activity of chromate 

reductase per milligram of protein.  

4.19 Phytotoxicity test 

The Cr(VI) detoxification ability of A. flavus CR500 and T. lixii CR700 was 

studied using Mung bean (Vigna radiata) and chickpea (Cicer arietinum) seeds. 

Fungal treated (supernatant of 100 mg/L of Cr(VI)/Ni(II) from Section 4.6) and without 

treated 100 mg/L of Cr(VI)/Ni(II) and sterilized distilled water was taken for 

comparative study. Vigna radiata and Cicer arietinum seeds were surface sterilized 

using 10% H2O2 (Ahmad et al., 2008) and washed thrice with sterilized distilled 

water, distributed at equidistance in Petri plate (90 mm diameter) containing sterilized 

double layered Whatman filter paper No. 1 (Chen et al. 2019). The plates were 
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watered at alternate day with above-taken solution separately for comparative study 

and incubated at room temperature. The shoot and root length of seedling was 

measured at the sixth day and the seed germination rate was calculated using the 

following equation (Kannan and Upreti, 2008): 

                 
                          

                     
       (Eq. 3) 

4.20 Statistical analysis 

To improve the analytical precisions of the variables, all the experiments were 

conducted in three replicate. The obtained data were statistically analyzed using SPSS 

software (version 20.0) with one Way Analysis of Variance (ANOVA) and the mean 

of the data were compared using post-hoc DMRT (p ≤ 0.05). Paired t-test (p ≤ 0.05) 

was performed to compare the chromate reductase activity.  
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Chapter-5           Results and Discussion  

 

5A. Physicochemical characteristic of collected Electroplating wastewater 

Plating industries use a large amount of water as raw material to prepare 

electrolytic bath using respective chemical as per their requirement for the plating and 

finishing purposes. Another use of water in plating industries is rinsing and cleaning 

of objects as the pretreatment process (US EPA, 2016; Martín-Lara et al., 2014). The 

electroplating industries uses number of metals and chemicals; therefore, the 

generated waste contain high amount of toxic metals and chemicals via rinsing of 

products, due to spillage and dumping of baths (CPCB, 2007; US EPA, 2016). The 

wastewater stream generated from plating industries is usually extremely variable (1 

liter to 500 liters per square meter of surface plated) but frequently high in heavy 

metals (including Cd, Cr, Pb, Cu, Zn, and Ni), cyanide (CN), fluoride (F), and oil and 

grease, all of which are process dependent (Table 5.1) (WBG, 1999; Cui et al., 2014; 

Sochacki et al., 2014; Bhateria and Dhaka, 2017). Some studies reported the high 

content of TS, TDS, COD, total hardness, sulfates, phosphate, nitrate and metals such 

as sodium, potassium, calcium, magnesium and manganese in electroplating 

wastewater (Bhateria and Dhaka, 2017; Borgia et al., 2015; Angelin et al., 2015; 

Machado et al., 2016). Moreover, air emissions from the electroplating industries may 

contain toxic organics such as trichloroethylene and trichloroethane (WBG, 1999; 

CPCB, 2007).  

EWW is very toxic and hazardous due to the presence of high amount of toxic 

heavy metals and chemicals. In most of the cases, the EWW is dominated with heavy 

metal as contaminant that is a major cause of its hazardous in nature (Borgia et al., 

2018; Bhateria and Dhaka, 2017; Borgia et al., 2015; Angelin et al., 2015). All the 

organic and inorganic pollutants present in EWW have a serious impact on human 

health and the environment. Out of the heavy metal contaminants, Cr, Cd, Sn and Pb 

are the most concernable pollutants due to their toxic, carcinogenic, mutagenic in 

nature even they can cause serious impact to living being at very least concentration 

(Vutukuru, 2005; Golovanova, 2008; Cima, 2011; Balabaskaran et al., 1987; Eisler, 

1989). EWW is of serious environmental concern to all the national and international 

pollution control organizations. 
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Fig. 5.1. Image showing the electroplating wastewater sample collection site. 

In the present study it was found that the collected electroplating wastewater 

was basic in nature and highly dominated with Ni, Cr and Cu. Total solid of the 

wastewater was 3830.6 ± 13.13 and the BOD and COD was 670.00 ± 6.6 and 1130.0 

± 11.12 mg/L respectively. The concentration of Ni, Cr, Cu and Cd was 140.21 ± 1.2, 

54.84 ± 2.09, 23.76 ± 0.02 and 2.43 ± 1.20 mg/L respectively (Table 5.1). Trace 

amount of As and Pb was also detected in collected electroplating wastewater. These 

parameters also investigated in some previous studies and their results are shown in 

Table 5.1 to compare with present study. The concentration of Ni, Cr, and Cu varied 

from 0.8-27562, 0.2-36756 and 2.2-335.0 mg/L respectively in different types of 

electroplating wastewater as reported in different studies (Bhateria and Dhaka, 2017; 

Borgia et al., 2015; Machado et al., 2016). The results of the previous studies (Table 

5.1) and present study suggested that pollutant types and their concentration vary with 

the use of their respective chemical and type electroplating industries (Angelin et al., 

2015; Choi and Meier, 2001; Bhateria and Dhaka, 2017; Borgia et al., 2015; Zare et 

al., 2015). 
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Table 5.1. The physicochemical characteristic of Electroplating wastewater. 
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**** - - - - - - - - - - - 3675
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“-” represent parameter did not evaluated in the respective study, EC (Electrical Conductivity), TS (Total Solid), TDS (Total 

Dissolve solid), BOD (Biological Oxygen Demand), DO (Dissolve Oxygen), COD (Chemical Oxygen Demand), CN (Cynide), 

Ca (Calcium), Cr(chromium), Cu (Copper), Ni (Nickel), Zn(Zink), Cd(Cadmium), Mn(Manganese), Co(Cobalt), Pb (Lead), 

Fe(Iron) , *Ozhuhinasery Tamilnadu, India, **Electroplating, effluent treatment plant, Rohtak, Haryana, India, ***collected at 

neutralization step from Vale dos Sinos, Rio Grande do Sul, Brazil, ****Electroplating unit near Choolaimedu at Chennai, Tamil 

Nadu, India, ***** Ballabhgarh, Faridabad, India, 
#
In the present study, values are mean of two replicates. 
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5B. Fungal species isolated from Electroplating wastewater 

The isolated fungal species from electroplating wastewater are shown in Fig. 

5.2. Four morphologically different fungal isolates were grown on the 100 mg/L 

amended PDA plate. These isolates were purified on without metal amended PDA 

plate and denoted as Isolate A, B, C and D. The colony of Isolate A was greenish in 

color and isolate B was brownish black, whereas cottony mycelia with white colony 

was appeared by isolate C which later transformed into green in color at the periphery 

of the colony after 3-4 d of incubation period while at the centre of PDA plate no 

mycelia was appeared but after 6-7 d of incubation the plate was fully occupied by the 

isolate C with vertical mycelia. The pinkish brown color colony was observed in 

isolate D.  

 

Fig. 5.2. Isolated fungal species on 100 mg/l of Cr(VI) amended PDA plate. 
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5C. Heavy metal Tolerance and coding of Fungal isolates 

The tolerance of isolated fungal isolates was first tested at different 

concentration of Cr(VI). However, before conducting the tolerance assay it was 

hypothesized that the fungal isolate which will not be able to tolerate above 300 mg/l 

of Cr(VI) concentration, will not be selected to proceed for further study and 300 mg/L 

of Cr(VI) concentration will be considered as CR0 (critical minimum Cr(VI) 

concentration for selection of fungal isolate for further study) for nomenclature 

purposes of the isolates. In the tolerance test, Isolate B and D was unable to grow 

above 300 mg/L of Cr(VI) concentration. Isolate A and C showed their growth up to 

the concentration of 800 and 1000 mg/L of Cr(VI) respectively, subsequently renamed 

as Isolate CR500 and Isolate CR700 by following the equation. 

             

Where, CR? represent the unknown Cr(VI) tolerant fungal isolate, Tm represent the 

maximum Cr(VI) tolerance concentration of isolate and CR0 represent critical 

minimum concentration (300 mg/L) for the selection of isolate. 

5C.1 Tolerance of Isolate CR500 at different concentration of selected heavy 

metals 

 The tolerance of Isolate CR500 at different heavy metals is presented in Fig. 

5.3. Cd and Cu were extremely toxic to Isolate CR500 and the growth was severely 

inhibited above 100 and 200 mg/L respectively. However, Cu is micronutrients, but 

the extreme concentration of Cu (200 mg/L) and Cd (100 mg/L) inhibited the growth 

of Isolate CR500. It was previously reported that oxidative damages caused by Cd 

inhibited the growth of Phanerochaete chrysosporium and Fusarium solani (Chen et 

al., 2019; Kumar et al., 2019). Severe inhibition in the growth of CR500 above 800 

mg/L of Cr(VI) might be due to ROS production (see section 5E.4) and 1200 mg/L of 

Pb was found and the Ti (Tolerance index) was 0.15 ± 0.01 and 0.09 ± 0.01 

respectively, which suggested that the above these concentrations toxic effects of both 

the metals were more prominent. Ni and Mn showed the toxic effect above 1600 

mg/L in Isolate CR500 (Fig. 5.3). Trichoderma harzianum exhibited tolerance above 

the concentration of 500 mg/L of Ni (Cecchi et al., 2017). Aspergillus humicola strain 

SKP102 produces oxalic acid in the response of Ni stress to minimize its toxic impact 

and exhibited the tolerance above 9.0 mmol (Ghosh and Paul, 2016). In the present 
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work, Isolate CR500 showed most significant tolerance towards As (2000 mg/L; Ti: 

0.22) among the tested metal/loid (Fig. 5.3). Oladipo et al. (2018) investigated the 

tolerance potential of Aspergillus spp. towards As and recorded the growth at 500 

mg/L concentration of As. The higher concentration of As, Pb and Ni might produces 

H2O2 in CR500 (Table 5.2), causes oxidative stress thereby the growth of Isolate 

CR500 might be inhibited at elevated concentration of As, Pb and Ni. However, at the 

lower concentration, multiple antioxidants (SOD, POD, CAT, proline and phenolic 

content; Table 5.2) involve in scavenging of ROS and minimize the oxidative stress 

impact. These antioxidants may enable the fungus to tolerate 1200, 1600 and 2000 

mg/L of Pb, Ni and As respectively. Metal tolerance index revealed that Isolate 

CR500 is a multimetal tolerant fungus while above a specific concentration of the 

metal the growth of the fungus was inhibited. Tolerance of Isolate CR500 was most 

significant towards As, Pb and Ni and were selected for further study.   

5C.2 Tolerance of Isolate CR700 at different concentration of selected heavy 

metals 

The Isolate CR700 showed strong tolerance towards As, Ni, Cr, Zn, and Cu 

and poor tolerance towards Pb and Cd (Fig. 5.4). With the increase in the 

concentration of heavy metal (in case of As and Ni above 200 mg/L) significant (p ≤ 

0.05) decrease in value of Ti (Tolerance index) of isolate CR700 was found. No 

growth of isolate CR700 was recorded above 100 mg/L of Pb and Cd (Ti: 0.00) while 

towards Cu and Zn the growth of isolate CR700 was recorded up to 1200 mg/L and 

the values of Ti were 0.15 ± 0.02 and 0.11 ± 0.02 respectively. In this work, it was 

found that beyond a certain concentration, Cu and Zn toxicity were prominent, 

although both metals are the essential micronutrient (Chen et al., 2019). Due to 

oxidative stress caused by cadmium, it was toxic to Phanerochaete chrysosporium 

and Penicillium simplicissimum at the concentration of 0.5 mmol and 100 mg/L 

respectively (Bhainsa et al., 2014; Chen et al., 2019). In the present study, at the 

concentration of 1000 mg/L of Cr(VI), the Ti was 0.20 ± 0.02 and no growth of Isolate 

CR700 was found over 1000 mg/L of Cr(VI). It was evaluated in this study that Cr(VI) 

causes oxidative stress via generating ROS (Fig. 5.17), however; it minimizes the 

oxidative stress impact by scavenging the ROS by enzymatic (CAT, POD and PPO) 

and non enzymatic (proline and Phenolic content) (Fig. 5. 18) antioxidants but the 



Vinay Kumar/Ph.D. Thesis/DES /BBAU, Lucknow, India/2021  103 
 

excess of Cr(VI) might caused severe cellular damages and inhibited the growth of 

isolate CR700 after 1000 mg/L concentration of Cr(VI).  

Moreover, Isolate CR700 showed growth up to 1500 mg/L of Ni (Ti: 0.07 ± 

0.02) and 2000 mg/L of As (Ti: 0.20 ± 0.02) (Fig.S1), while Trichoderma harzianum 

was able to tolerate 500 mg/L of Ni (Cecchi et al., 2017). Aspergillus humicola strain 

SKP102 exhibited tolerance up to the concentration of 9.0 mmol of Ni and produces 

oxalic acid to minimize its toxic impact (Ghosh et al., 2016). Oladipo et al. (2018) 

investigated the As tolerance ability of A. tubingensis, A. fumigatus, A. terreus, A. 

nidulans and A. nomius and reported the tolerance up to the concentration of 500 

mg/L. In this work, based on the tolerance potential of isolate CR700 the tested metal 

can be categorized into three groups for isolate CR700; strongly tolerable: As and Ni, 

medially tolerable: Cr, Zn and Cu and poorly tolerable: Pb and Cd. 
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Fig. 5.3. Tolerance index of Isolate CR500 against different concentration of Cr, Ni, As, Cu, Mn, Cd and Pb (Mean ± standard deviation 

of three replicates, Value within each column followed by the same letter are not significantly different using DMRT[p < 0.05]). 
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5D. Molecular Identification fungal isolates 

The ITS region sequence of A. flavus isolate CR500 was determined for 

phylogenetic analysis. As can be seen in Fig. 5.5, Isolate CR500 showed the closest 

relation with A. flavus, A. flavus strain APBSMLF54, A. flavus strain M68, and A. 

flavus isolate DTO 213 I2. The neighbor-joining tree (Fig. 5.5) based on ITS region 

sequences showed that Isolate CR500 formed a distinct branch with the most closely 

related species, A. flavus, A. flavus strain APBSMLF54, A. flavus strain M68 and A. 

minisclerotigenes isolate DTO 045-I9 separated from the other member of genus 

Aspergillus. Similar to this study, some previous studies was also performed the ITS 

region sequencing of fungal DNA for their identification using BLAST, NCBI and 

identified the fungi at their species level (Dey et al., 2016; Lotlikar et al., 2018; 

Sharma et al., 2016; Shi et al., 2018). 

The ITS region sequence of Trichoderma lixii isolate CR700 was determined 

for phylogenetic analysis. Isolate CR700 showed highest sequence similarities with 

Trichoderma lixii isolate A705, Trichoderma sp. isolate yi0852_1, Trichoderma sp. 

isolate yi0413_1 and Trichoderma sp. isolate yi0091_1. A neighbor-joining tree based 

on ITS region sequences showed that isolate CR700 formed a distinct branch with 

most closely related species, Trichoderma lixii isolate A705, Trichoderma sp. isolate 

yi0852_1, Trichoderma sp. isolate yi0413_1 and Trichoderma sp. isolate yi0091_1, 

separated from the other members of the genus Trichoderma (Fig.5.6) 
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Fig. 5.4. Tolerance index of T. lixii CR700 towards heavy metals (Mean ± standard deviation of three replicates, Value within each 

column followed by the same letter are not significantly different (p < 0.05) using Duncan’s Multiple Range Test). 
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Fig. 5.5. Phylogenetic position of A. flavus isolate CR500 along with other closely related species of the genus Aspergillus. The percentage 

of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) is shown next to the branches. The 

tree was reconstructed using neighbor-joining analysis based on 578 bases of aligned ITS region sequences
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Fig. 5.6. Phylogenetic position of T. lixii isolate CR700 along with other closely related species of the genus Trichoderma. The percentage 

of replicate tree in which the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to the branches. The 

tree was constructed using neighbor-joining analysis (on MEGA X) based on 641 bases of aligned ITS region sequences and the optimal 

tree with the sum of branch length 0.18467182 is shown. 
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5E. Chromium reduction and Removal by A. flavus CR500: 

Biochemical and morphological response and phytotoxicity study 

5E.1 Reduction of Cr(VI) by A. flavus CR500 

A. flavus CR500 showed efficient reduction potential in the concentration 

range from 5 to 100 mg/L and reduces almost 99% of Cr(VI) to Cr(III) at all the 

concentration (Fig. 5.7a) which was higher than Paecilomyces lilacinus XLA (96.6%) 

at 100 mg/L
 
(Xu et al., 2017a). Further increase in the Cr(VI) concentration up to 200 

mg/L, the reduction potential of isolate CR500 was decrease to 77.5%. However, 

Trichoderma asperellum strain PTN7 and T. asperellum strain PTN10 reduces 2.70 

and 8.35 mg/L of Cr(VI) at concentration of 10 mg/L (Chang et al., 2016). In this study, 

with increase in the Cr(VI) concentration the removal of Cr(VI) decreased significantly 

(p < 0.05) up to 50 mg/L and an instant increase of 73.4% in the removal was 

recorded at 70 mg/L of Cr(VI) (Fig. 5.7a). Chen et al. (2019) reported 88% 

Cr(VI)removal by Penicillium simplicissimum at 100 mg/L concentration of Cr(VI) in 

seven days and S. rolfsii showed 60% removal of Cr(VI) at the concentration of 10 

mg/L (Rafi et al., 2017) via accumulation and surface adsorption mechanisms. In this 

study, decrease in the removal percentage with increase in the Cr(VI) concentration 

might be due to decrease in obtained biomass that reduces the availability of 

functional group and also affect the accumulation potential of isolate CR500 (Kumar 

et al., 2019; Chen et al., 2019). Increase in the Cr(VI) concentration also saturate active 

sites that is responsible for Cr(VI) surface adsorption as found in FTIR analysis 

(section 5E.8) that’s why removal percentage was decreased with increase in Cr(VI) 

concentration. Interestingly, with increase in the Cr(VI) concentration from 50 to 100 

mg/L, the level of non-protein thiol and proline content instantly increased (Table 5.3) 

in which non protein-thiol is the metal complex forming agents (Chakraborty et al., 

2014; Mukharjee et al., 2010) and proline is the oxidative stress reducing components 

(Gratao et al., 2008; Islam et al., 2016) that might be led the maximum accumulation 

of Cr at 70 mg/L. However, in the present study, removal of Cr by isolate CR500 

happened via accumulation, adsorption and precipitation mechanism.  

The Cr(VI) reduction experiment was also conducted at different incubation 

periods and results revealed that A. flavus CR500 could reduce 90% Cr(VI) to Cr(III) 

within 24 h at 50 mg/L which was increased up to 99.3% at 72 h of incubation (Fig. 
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5.7b). A. niger reduces 99% of Cr(VI) within 84 h at the same concentration (Gu et al., 

2015). A previous study also reported complete Cr(VI) reduction by Shewanella 

oneidensis MR-1 below 16 mg/L of Cr(VI) concentration (Xafenias et al., 2013). 

Moreover, in this study 4.9 ± 0.12 and 0.53 ± 0.02 mg Cr per gram of dried biomass 

accumulation and adsorption respectively was recorded at 50 mg/L of Cr(VI) 

concentration after six days of incubation which revealed that A. flavus CR500 not 

only reduces the Cr(VI) into Cr(III) but is able to remove the Cr via accumulation inside 

the cell and adsorption/precipitation on mycelia surface.  

 

Fig. 5.7. Effect of (a) different initial concentration on reduction and removal of Cr(VI) 

A. flavus CR500 (Mean ± standard deviation of  three replicates, Value within each 

column followed by the same letter are not significantly different  using DMRT(p < 0.05)). 

(b) Effect of various pH, time, temperature, metals (Mn; MnSO4, Cu; CuSO4, Ni; NiCl2, 
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Pb; PbSO4, Cd; CdCl2, As; As2O3), metabolic inhibitor, electron donor and sterilized 

tannery effluent on reduction of Cr(VI)to Cr(III)by A. flavus CR500 and biomass 

production (values within each are representing mean of two replicates and bar 

representing standard deviation).  

Schematic diagram of Cr(VI) reduction and removal mechanism by isolate 

CR500 is shown in Fig. 5.9. Reduction of Cr(VI) to Cr(III) in isolate CR500 was mainly 

driven by the enzyme ChrR (Martorell et al., 2012; Irazusta et al., 2018). Cr(VI) 

induced ChrR activity was recorded in A. flavus CR500 which was a major factor that 

driven the Cr(VI) reduction into Cr(III) where NADH, GSH, acetate and glucose (Fig. 

5.7b) played a role of electron donor (Arévalo-Rangel et al., 2013; Banarjee et al., 

2019). Some studies also suggested that one electron transfer mechanism might 

involve in Cr(VI) reduction (Pradhan et al., 2017; Cui et al., 2011). Reduced Cr(III) 

might be either efflux to outside of the cell through efflux pump such as proton 

motive force, CDF protein (able to transport the heavy metal from cytoplasm to 

periplasm and outside of the cell) (Vaccaro et al., 2016; Banerjee et al., 2019) or went 

to vacuolar compartmentation via Cr-thiol complex formation (Bhatia et al., 2005; 

Cánovas et al., 2003). Chromium removal by A. flavus CR500 was occurred due to 

accumulation and adsorption/precipitation. Increased in GSH and non-protein thiol 

content (Table 5.3) might lead to Cr-thiol complexation which went to vacuolar 

compartmentation also inferred by SEM analysis (Fig. 5.10) (Cánovas et al., 2003; 

Long et al., 2018). Cr bioadsorption and precipitation was inferred by EDS, FTIR and 

XRD analysis (Fig. 5.10, 5.11, 5.12). Cr precipitation happened on the surface of 

fungi mainly in the form of Cr2O3 as reported in some previous studies (Karthik et al., 

2017; Raza et al., 2016; Dhal et al., 2018).   

5E.2 Bioreduction potential under different stress conditions  

In the bioremediation process, natural sites have multiple factors (conditions) 

that can reduce the growth and bioremediation efficiency of bio-remediators. In this 

context, the growth and reduction ability of A. flavus CR500 was also determined 

under the different stress conditions (Fig. 5.7b). The A. flavus CR500 could able to 

reduce 50 mg/L of Cr(VI) efficiently in a range of temperature 20 to 40°C. The 

reduction percentage was 90, 99.3, 98.5 and 82.5 % at the temperature of 20, 28, 35 

and 40 °C respectively (Fig. 5.7b). Murugavelh et al. (2013) investigated the 
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reduction efficiency of immobilized Phanerochaete chrysosporium in the temperature 

ranges from 10-40 °C and maximum was 98.3 at 25 °C which is lower than the 

present study at 28 °C (99.3%). In this work, reduced in the reduction percentage at 

20 and 40 °C might be due to decrease in the activity of ChrR and obtained biomass at 

these temperature played a role in reduction of Cr(VI)in isolate CR500 (Kathiravan et 

al., 2010). However, the most favorable temperature was 28 to 35 °C for Cr(VI) 

reduction by isolate CR500.  

The pH of the solution is an important factor that can influence the metal 

solubility, microbial growth, surface functional group of the cell and ultimately 

reduction efficiency of the microbes (Das et al., 2014; Kathiravan et al., 2010). In the 

present work, isolate CR500 exhibited efficient Cr(VI) reduction ability in the pH 

ranges from 5.0 to 9.0. However, a maximum of 99.4% reduction of Cr(VI) was 

recorded at pH 6.5 followed by 96.4, 94.3 and 90.0% at the pH 8.0, 5.0 and 9.0 

respectively (Fig. 5.7b). Murugavelh et al. (2013) reported an increase removal 

(98.3%) at pH 5.0 using immobilized spore of Phenerocheate chrysosporium on Ca 

alginate due to physicochemical interaction between metal ion and matrix. Bacillus 

amyloliquefaciens showed maximum reduction (92.4%) at pH 7.0 (Das et al., 2014) 

and Xu et al. (2017) reported maximum Cr(VI)reduction in the pH ranges from 5.5 to 

6.5 by fungus Paecilomyces lilacinus XLA. In the present study, decrease in the 

biomass productivity (Fig. 5.7b) and the activity of ChrR enzyme with change in the 

pH (optimum pH 6.5) of the solution might be possible explanation for decrease in 

reduction percentage with change in the solution pH (Das et al., 2014; Xu et al., 

2017). However, at higher pH the negatively charged mycelia may cause the repulsion 

between the mycelia surface and chromate ions that also could negatively influence 

the reduction ability of isolate CR500.   

Most of the studies investigated the reduction potential of fungi at different 

pH, temperature and initial concentration of Cr(VI) (Murugavelh et al., 2013; Xu et al., 

2017; Chang et al., 2016; Gu et al., 2015). The presence of heavy metals and different 

types of metabolic inhibitor in wastewater is common which can affect the growth 

and reduction capability of fungi due to their toxicity. However, in the present study, 

isolate CR500 showed efficient reduction potential and high biomass productivity 

with different heavy metal and metabolic inhibitors that’s really harsh to grow for all 

fungi. Isolate CR500 exhibited 96, 95, 91.4, 89.5, 88.5 and 79.8% reduction of Cr(VI) 
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with 10 mg/L of Mn, As, Pb, Cd, Cu, Ni respectively (Fig. 5.7b). The presence of 

EDTA (a metabolic inhibitor) decreased the reduction percentage to 67% (Arévalo-

Rangel et al., 2013), while 96% reduction was recorded in presence of phenol by 

isolate CR500. The GSH, glucose and acetate are the electron donor provide the 

electron in the Cr(VI) reduction via enzyme chromate reductase (Banerjee et al., 2019) 

and positively affect the reduction ability of isolate CR500 (Fig. 5.7b).  

Moreover, isolate CR500 showed slow growth in 50% diluted PDB medium 

with sterilized TEF and reduce 32.2% of the externally added 50 mg/L of Cr(VI), 

however, showed fast growth in one fourth diluted PDB medium with sterilized TEF 

and reduce 74.4% of the externally added 50 mg/L of Cr(VI) (Fig. 5.7b) and also 

showed 39% removal of total Cr at the same concentration. The ability of A. flavus 

CR500 to grow and reduce the Cr(VI) under such conditions especially TEF and heavy 

metals which are the key challenges in the bioremediation process, that make it 

promising bio-agent for bioremediation of Cr(VI). None of the studies is available over 

the reduction potential of fungi under such stress conditions (metals and metabolic 

inhibitors); however, some studies have been reported the multimetal tolerance 

potential of fungi (Li et al., 2017; Chen et al., 2019; Gola et al., 2016). 

5E.3 Chromate reductase (ChrR) activity 

The ChrR activity was determined as Cr(VI) reduction potential of Cr(VI)induced 

CFE (ChrR at 50 mg/L of Cr(VI)) and without Cr(VI) induced CFE (ChrR at 0 mg/L of 

Cr(VI))  of Isolate CR500. The activity of ChrR increased from 6.3 ± 0.16 to 10.4 ± 

0.31 U/mg proteins in without Cr(VI) induced CFE and Cr(VI) induced CFE (Fig. 5.8f). 

The Cr(VI)reduction by without Cr(VI) treated CFE indicate that either ChrR is involved 

in the mechanism other than Cr(VI) reduction or some other enzymes are also 

accountable in Cr(VI) reduction. However, the activity of ChrR was increased up to 

63.7% by the exposure of Cr(VI) in isolate CR500 compared to control. A similar result 

was reported in Cyberlindnera jadinii M9 and Wickerhamomyces anomalus M10 

(Irazusta et al., 2018). The ChrR is a soluble intracellular type of enzyme (Martorell et 

al., 2012) and its activity is also reported on the plasma membrane of C. jadinii M9 

and W. anomalus M10 (Irazusta et al., 2018; Martorell et al., 2012) which is 

responsible for the extracellular reduction of hexavalent chromium. Other than ChrR, 

flavoprotein wrbA (Ycp4), Type II nitroreductase (Frm2) and putative nitroreductase-
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like proteins Hbn1 might be responsible for Cr(VI) reduction; were over-synthesized 

under chromium exposure in Saccharomyces cerevisiae, W. anomalus M10 and C. 

jadinii M9 (de Oliveira et al., 2007; Irazusta et al., 2018; Kwak et al., 2003).  

5E.4 Oxidative stress under Cr(VI) exposure 

Hexavalent chromium is redox active transition metal, catalyzes the 

production of ROS such as O2
●─

, H2O2 and OH
●
 by Haiveber–Weiss and Fenton 

reactions and thus causes oxidative damage inside the cells (Halliwell and Gutteridge, 

1984; Wu et al., 2010). The strong oxidative property of ROS oxidizes unsaturated 

fatty acid, protein and DNA and giving rise into multiple oxidative damages 

(Scandalios, 2005). In this study, the levels of H2O2 and lipid peroxidation were 

significantly increased in isolate CR500 under the stress of Cr(VI) (Table 5.2). This 

study directly correlates to increase in lipid peroxidation with hydrogen peroxide 

production under Cr(VI) stress and indicated that the Cr(VI) toxicity was due to ROS 

production. However, a maximum of 9.18 n mol/g FW H2O2 and 35.2 mU/mg protein 

of MDA was recorded at 100 mg/L of Cr(VI). Li et al. (2017a) reported that higher 

concentration of Cr and Cd exhibited the production of H2O2 and increase the lipid 

peroxidation in Pleurotus ostreatus HAU-2.  

5E.5 Enzymatic antioxidants response 

The ROS scavenging properties of the antioxidants make them an important 

component of cellular immune system (Scandalios, 2005; Zhang et al., 2016). SOD, 

POD, CAT, and PAL belongs to the group of induced enzymatic antioxidants and 

reduce the impact caused by oxidative stress (Xu et al., 2012). In this study, the 

activity of polyphenol oxidase (PPO) significantly increased with increase in the Cr(VI) 

concentration (p < 0.05) (Fig. 5.8b). The similar result for PPO and PAL was reported 

in S. rolfsii under Cr stress (Rafi et al., 2017). In present study, the activity of SOD 

and CAT increased significantly (p ≤ 0.05) with the increase in the concentration of 

Cr(VI) (Fig. 5.8a,d). Similarly, with increase in the Cr(VI)concentration the activity of 

POD and PAL was also increased in A. flavus CR500 (Fig. 5.8c,e). Increase in the 

activity of SOD, POD and CAT were also reported in Pleurotus ostreatus HAU-2 and 

Fusarium solani under stress of Cr and Cd (Li et al., 2017; Kumar et al., 2019). The 

significant increase in activities of PPO, SOD, POD, CAT and PAL is directly 

associated with an increase in the production of H2O2 and lipid peroxidation (Table 
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5.2). The results revealed that CAT, SOD, POD, and PPO are associated with 

scavenging of ROS as reported in plants (Wu et al., 2010; Yang and Li, 2011; Xu et 

al., 2012).  

 

 

Fig. 5.8. Effect of Cr(VI) on activity of (a) CAT, (b) Polyphenol oxidase (PPO), (c) POD, 

(d) SOD, (e) Phenyl ammonia lysae (PAL),  and (f) Chromate reductase in A. flavus 

CR500 (Mean ± standard deviation of  three replicates, Value within each column 

followed by the same letter are not significantly different  using DMRT(p < 0.05)) (*data 

are significantly different using Paired t-Test(p < 0.05)). 
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Fig. 5.9. Schematic diagram showing that Cr(VI) (red ball) after coming in the contact of 

isolate CR500, inter inside the cell of the fungus and causes oxidative stress via 

producing the ROS. In response of the oxidative stress, the level of multiple antioxidants 

increase inside the cell to minimize the oxidative impact by scavenging the ROS and on 

another hand Cr(VI) induces the activity of ChrR that detoxified Cr(VI)via transferring 

into its less toxic Cr(III) form (green ball). Cr(III) might be effluxes from inside to outside 

of the cell of the isolate CR500 or accumulated inside the cell via thiol-Cr complex 

formation and vacuolar compartmentation. Effluxes Cr(III) might goes to extracellular 

precipitation in the form of Cr2O3 on the surface of the fungus. Some cell surface 

functional groups (─C≡C─, NH2, COO
─
, C=O and O─H) also contributed to total Cr 

removal from the aqueous medium via adsorption by electrostatic attraction and π-

bond─Cr interaction.    

5E.6 Biochemical and Non-enzymatic antioxidants 

The intracellular protein content was first increased with increase in 

Cr(VI)concentration up to 20 mg/L and then significantly (p ≤ 0.05) decreased (Table 

5.2). The level of GSH and non-protein-thiol-content in A. flavus CR500 was 
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significantly (p ≤ 0.05) increased with increase in Cr(VI) concentration (Table 5.2) and 

maximum of 40.4 mmol/g FW and 473.4 µmol/g FW was recorded at 100 mg/L of 

Cr(VI). The GSH is less abundant than Non-protein thiol content. It might minimize 

the Cr(VI) stress via chelation and antioxidation mechanisms (Qin et al., 2007). 

Increase in the level of GSH was also recorded in Pleurotus ostreatus HAU-2 under 

Cd and Cr (Li et al., 2017). In plants, GSH not only involved as an antioxidant in 

redox homeostasis of the cell but it is also a defender of heavy metal detoxification by 

inducing the phytochelatins production (Rausch and Wachter, 2005; Anjum et al., 

2012). In this study, a significant increase in non-protein-thiol content indicates its 

involvement in Cr-thiol complexation. Similar results were reported for the 

complexation of cadmium-thiol and arsenic-thiol in A. foetidus and A. niger 

respectively (Chakraborty e al., 2014; Mukharjee et al., 2010). Total phenolic content, 

GSH and proline are the non-enzymatic antioxidant and play a significant role in the 

scavenging of ROS (Islam et al., 2016). In this study, with the increase in the Cr(VI) 

concentration the proline and total phenolic content production was also significantly 

(p ≤ 0.05) increased in A. flavus CR500  and maximum production of proline (0.89 µ 

mol/g FW) and phenolic content (53.84 µg/mL) was recorded at 100 mg/L of Cr(VI) 

(Table 5.2). The phenolic content protects the cell from the adverse effect of heavy 

metal stress through scavenging the reactive oxygen species via donating the 

hydrogen atoms from its hydroxyl group (Hernandez et al., 2009). However, in plants, 

proline and phenolic content production were found in the response of heavy metal 

stress, drought, osmotic stress, and high levels of salinity (Ashraf and Foolad, 2007; 

Gratao et al., 2008; Islam et al., 2016). 



Vinay Kumar/Ph.D. Thesis/DES /BBAU, Lucknow, India/2021  118 
 

Table 5.2. Effect of different concentration of Cr(VI) on biomass production, intracellular protein content, proline, total 

phenolic content, Lipid peroxidation (MDA), H2O2 content, GSH and non-protein thiol content in A. flavus CR500. All the 

values are mean of three replicates ± SD. ANOVA post  hoc  DMRT was  done  to  check  the  variation  within  the  variable. 

Identical letter denote no significance differences at the level of p ≤ 0.05. 

Cr(VI)concentration 

(mg/L) 

Obtained 

Biomass 

(g/L) 

Protein 

(µg/g FW) 

Proline  (µ 

mol/g FW) 

Total 

Phenolic 

Content 

(µg/mL) 

MDA 

(mU/mg 

protein) 

H2O2 (n 

mol/g FW ) 

GSH (mmol/g 

FW ) 

Non-protein 

thiol content  

(µmol/g 

FW) 

0 6.18 ± 

0.41
d
 

469.6 ± 6.3
c
 0.69  ± 0.018

d
 0.65 ± 0.10

a
 16.7 ± 0.7

a
 0.92 ± 0.14

a
 15.5 ± 0.77

a
 87.1 ± 4.3

a
 

5 6.10 ± 

0.33
d
 

454.3 ± 2.5
b
 0.40 ± 0.007

c
 2.94 ± 1.51

a
 24.2 ± 0.5

b
 1.45 ± 0.14

a
 19.3 ± 0.61

ab
 143.5 ± 6.2

b
 

20 5.84 ± 

0.10
c
 

518.3 ± 4.5
d
 0.13 ± 0.004

a
 23.26 ± 1.30

b
 27.1 ± 0.4

c
 2.36 ± 0.57

b
 22.4 ± 4.78

b
 233.7 ± 7.3

c
 

50 5.53 ± 

0.17
b
 

479 ± 7.4
c
 0.31 ± 0.023

b
 42.70 ± 2.14

c
 29.7 ± 0.5

d
 5.44 ± 0.11

c
 32.2 ± 0.84

c
 308.2 ± 7.8

d
 

100 4.85 ± 

0.15
a
 

303 ± 13.0
a
 0.89 ± 0.011

e
 53.84 ± 2.23

d
 35.2 ± 1.5

e
 9.18 ± 0.55

d
 40.4 ± 1.39

d
 473.4 ± 11.3

e
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5E.7 SEM analysis 

Cr(VI) accumulation and biosorption were inferred from the lack of globular 

protrusions mycelia (smooth hyphae) after exposure of Cr(VI) (Fig. 5.10a, f; red and 

black arrow). While rough with dense globular protrusions mycelia of Isolate CR500 

was found in the absence of Cr(VI) (Fig. 5.10a, e; red arrow). A similar result was also 

reported in Penicillium simplicissimum for the adsorption and accumulation of Zn, 

Cu, and Cd (Chen et al., 2019). The constriction in hyphae also occurred under the 

exposure of 100 mg/L of Cr(VI) (Fig. 5.10c; yellow circle) which might be associated 

with the tolerance mechanism of Isolate CR500. Liu et al. (2011) reported the 

aggregation of P. simplicissimum mycelia under the stress of Cd which leads to 

detoxification by reducing the surface area. However, under the exposure of 500 mg/L 

of Cr(VI), swelled or outward growth (Fig. 5.10f; yellow arrow) and ruptured hyphae 

of isolate CR500 (Fig. 5.10f; black circle) was found which might be associated with 

an increase in number/size of vacuoles due to compartmentation of chromium 

thiolic/organic compound (Cánovas et al., 2003; Wu et al., 2015; Chen et al., 2019). 

In this study, the increase in level of non-protein thiol content (Table 5.2) might 

associated with Cr-thiol production and due to its vacuolar compartmentation, 

intracellular outward pressure was increased and causes swelling/outward growth and 

rupture of mycelia. Similar result was reported in Aspergillus sp. and P. oxalicum SL2 

under arsenate stress and Cr stress respectively (Cánovas et al., 2003: Long et al., 

2018). Moreover, the presence of Cr (1.82 weight%) was also detected by EDS (Fig. 

5.10b, d) analysis at 100 mg/L treatment of Cr(VI) which is a shred of evidence to the 

biosorption of Cr(VI)on the mycelia surface of A. flavus Isolate CR500. Zn, Cu, and Cd 

biosorption was also detected on the surface of P. simplicissimum by EDS analysis 

(Chen et al., 2019). 
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Fig. 5.10. Effect of Cr(VI) on the morphology of A. flavus Isolate CR500 (a) and (e) SEM 

image at different magnitude (red aero sowing the rough mycelia of isolate CR500) (c) at 

100 mg/L (yellow circle showing mycelial constriction under Cr(VI) and black aero 

showing protrusionless mycelia) (F) 500 mg/L (black circle representing to ruptured 

hyphae and yellow aero showing swelling/outward growth) (b) EDS micrograph of 

control and (d) treated with 100 mg/L of Cr[VI]. 
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5E.8 FTIR and XRD analysis 

The change in the vibrational frequencies was detected using FTIR analysis 

(Fig. 5.11a, b; Table 5.3) which is associated with Cr(VI) biosorption (Liu et al., 2011). 

The disappeared peak from Cr(VI) treated biomass at 2134.8 cm
─1

 (C≡C Stretching) 

indicated to metal-π bond (Cr[VI]─π) interaction involvement in Cr(VI) biosorption . 

The disappeared peak at 1374.3 and 1744.6 cm
─1

 assigned to amide III band 

represents to COO
─
 anions and stretching of C═O group respectively which indicate 

the electrostatic attraction involved in biosorption of Cr(VI). The shift in the peak 

3407.5 to 3375.6 cm
─1

 assigned to ─OH stretching vibration and ─NH stretching of 

the protein, indicated to lone pair (lp)-metal interaction in the binding of Cr(VI) where, 

OH have two lp and NH have one lp (Fig. 5.11a, b; Table 5.3). The shift in the peak 

1648.9 cm
─1

 to 1650.5 cm
─1

 and 1554.9 cm
─1

 to 1549.0 cm
─1

 was clearly indicated 

the involvement of the protein associated functional group in the complexation of 

Cr(VI) (Fig. 5.11a, b; Table 5.3) (Damodaran et al., 2013). Heavy metal biosorption 

using fungi is known to engage different functional groups (Chen et al., 2019; Xu et 

al., 2017a). The involvement of amine and hydroxyl group of Rhizopus arrhizus was 

found in Cr(III) biosorption (Shoaib et al., 2013) whereas, OH, NH, C=O and 

phosphate groups of P. simplicissimum were involved in the removal of Cd, Cr, Cu 

and Pb (Chen et al., 2019).  

To identify the presence of Cr minerals, Cr(VI) treated fungal biomass of isolate 

CR500 was scanned by the XRD. The diffract gram of Cr(VI) treated fungal biomass is 

shown in Fig. 12, carried multiple peaks of Cr2O3. The peaks at 2θ = 23°, 35.8° and 

41° corresponding to (220), (221) and (221) planes respectively, assigned the 

presence of Cr2O3 (Nayak et al., 2018, Raza et al., 2016). Some similar results of 

Cr(VI) reduction were reported in A. fumigatus, Cellulosimicrobium funkei strain AR8 

and Bacillus cereus strain and concluded the same (Karthik et al., 2017; Dhal et al., 

2018; Nayak et al., 2018). 

5E.9 Phytotoxicity test 

In sight of ecotoxicological assessment, the phytotoxicity test of fungal treated 

and without treated 100 mg/L of Cr(VI) and sterilized distilled water was subjected to 

phytotoxicity test using Mung bean (Vigna radiata) seeds. The Vigna radiata was 

also used in some previous studies to assess the toxicity of treated and without treated 
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heavy metal solution (Chen et al., 2019; Sharma and Malaviya, 2016). In the present 

study, Longer shoot (13.2 ± 1.6 and 14.1 ± 1.4 cm) and root (4.5 ± 2.1 and 4.0 ± 0.9 

cm) of Vigna radiata was recorded for sterilized distilled water and fungal treated 100 

mg/L of Cr(VI) respectively (Fig. 5.13a). However, the root and shoot growth of Vigna 

radiata was 0.0 and 0.14 ± .05 cm respectively in without fungal treated 100 mg/L of 

Cr(VI) (Fig. 5.13a). The seed germination rate of Vigna radiata was 100% for sterilized 

distilled water and fungal treated 100 mg/L of Cr(VI)  while 73.5 ± 5.5% was in 

without fungal treated 100 mg/L of Cr(VI) solution (Fig. S5b). The results revealed that 

the toxicity of Cr(VI) was successfully detoxified after treating with A. flavus CR500. 

 

Table 5.3. The FTIR spectra and assigned functional groups of 100 mg/L of 

Cr(VI) treated and without Cr(VI) treated biomass A. flavus CR500.  

Untreated 

fungal biomass 

(cm
─1

) 

Cr(VI) treated 

fungal biomass 

(cm
─1

) 

Suggested assignment 

3407.5 3375.6 ─OH Stretching vibration and –NH 

stretching of protein or acetamide groups of 

chitin fraction 

2925.3 2927.3 ─CH Stretching vibration of fatty acid in 

membrane phospholipid 

2856.4 ─ C─H stretching vibration 

2134.8 ─ C≡C Stretching  

1744.6 ─ Stretching of C═O group 

1648.9 1650.5 Amide I of N-acetyl glucosamine polymer or 

the protein peptide bond 

1554.9 1549.0 Amide II of N-Acetyleglucosamine polymer 

or the protein  

─ 1409.3 C─N stretching in Amide III   

1374.3 ─ Amide III band represents to COO
─
 anions  

1241.4 1241.0 SO3 group   

1150.3 1150.4 Phosphates group 

1076.9 1078.5 Phosphate groups 

1036.7 1036.9 C─N stretching vibration of the chitin-

chitosan and protein 

─ 888.6 CH2 out of plane wagging  

608.6 611.0 C=O in amides 

The ‘─’ denote peak not detected and Bold values denotes shift in peak when 

compared to control.  
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Fig. 5.11.  FTIR image of (a) control and (b) treated with 100 mg/L of Cr(VI) fungal 

biomass of A. flavus CR500. 
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Fig. 5.12. XRD image of 100 mg/L of Cr(VI) treated biomass of A. flavus CR500. 

 

 

Fig. 5.13. Phytotoxicity test using Mnng bean (Vigna radiata) seeds (a) growth of 

seedling and (b) germination rate in different solution taken for the study (Mean ± 

standard deviation of  three replicates, Value within each column followed by the same 

letter are not significantly different  using DMRT(p < 0.05)).  
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5F. T. lixii CR700 and Cr(VI): Reduction, removal and Biochemical 

analysis  

5F.1 Chromium reduction by T. lixii CR700 

The reduction potential of isolate CR700 was investigated at different 

concentration ranged from 0 to 200 mg/L of Cr(VI) and the results are shown in Fig. 

5.13a. The maximum 99.4% reduction of Cr(VI) into Cr(III) was recorded at the 

concentration of 50 mg/L which was higher as previously reported 96.6% reduction 

by Paecilomyces lilacinus XLA at 100 mg/L of Cr(VI) concentration (Xu et al., 2017). 

Chang et al. (2016) investigated reduction potential of T. asperellum strain PTN7 and 

T. asperellum strain PTN10 at 10 mg/L of Cr(VI) and reported that 2.70 and 8.35 mg/L 

of Cr(VI) was reduced into Cr(III) respectively. However, Arthrobacter sp. SUK 1201 

was able to reduce 62% of Cr(VI) to Cr(III) at the concentration of 2 mmol/L (Dey et al. 

2012). In the present study, with increase in the Cr(VI) concentration from 5 to 50 

mg/L the reduction percentage of Cr(VI) was increased significantly (p ≤ 0.05) from 95 

to 99.4%, however further increase in the Cr(VI) concentration at 100 and 200 mg/L, 

the reduction percentage was decreased to 98.9 % and 93.6 % respectively. With 

increase in the Cr(VI) concentration, decrease in reduction percentage was also 

recorded by A. flavus CR500 (see section 5E.1).     

The time-dependent reduction potential of isolate CR700 was recorded at 50 

mg/L of Cr(VI) (Fig. 5.13b). The results showed that with the increase in the time of 

exposure, the reduction of Cr(VI) was significantly (p ≤ 0.05) increased and reached a 

maximum of 99.4% within 120 hours. Gu et al. (2015) reported 99% reduction of 

Cr(VI) into Cr(III) by Aspergillus niger within 84 hours at the same concentration of 

Cr(VI), while 90% reduction was recorded within 24 hours by A. flavus CR500 (see 

section 5E.1), Bacillus methylotrophicus reduces Cr(VI) from 95 µM to 7.14 µM in 48 

hours (Mala et al., 2015) and 98.3% reduction was achieved within 52 hours by 

Phanerochaete chrysosporium (Murugavelh, 2013). Moreover, 2.12 ± 0.15 mg/g of 

dried biomass accumulation and 2.54 ± 0.16 mg/g of dried biomass of total chromium 

immobilization was recorded by isolate CR700 at 50 mg/L of Cr(VI) after 144 hours of 

exposure while the surface adsorbed metal concentration was 0.42 ± 0.02 mg/g of 

dried biomass. The remaining chromium in the supernatant was 4 ± 0.9 mg/L at the 

same concentration and time duration which revealed that most of the amount of 
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reduced form of chromium (Cr(III)) was adsorbed or precipitated or accumulated by 

isolate CR700. Long et al. (2018) reported 0.79 mg of Cr per gram of dry biomass 

accumulation by Penicillium oxalicum SL2 and 4.9 mg of Cr per gram of dried 

biomass was found in A. flavus CR500 (see section 5E.1).  

 

Fig. 5.13.  Effect of (a) initial concentration, (b) incubation period on reduction of Cr(VI) 

by T. lixii CR700 (Mean ± standard deviation of three replicates, Value within each 

column followed by the same letter are not significantly different (p < 0.05) using 

Duncan’s Multiple Range Test) and (c) Effect of pH, temperature, different heavy metal, 

metabolic inhibitor and electron donor on reduction of Cr(VI) by T. lixii CR700 (bar 

above the column denotes standard deviation (n = 2)). 
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5F.2 Reduction potential of isolate CR700 under different stress conditions 

In view of different stress conditions, that generally encountered at natural 

sites, the reduction potential of the isolate CR700 was evaluated under the different 

stress conditions (Fig. 5.13c). The isolate CR700 was able to grow and efficiently 

reduced the Cr(VI) in the range of pH 5.0 to 8.5 and the temperature (20 to 35 °C) (Fig. 

5.13c) while optimum pH and temperature was 6.5 and 28 ± 1 °C. Decrease in the 

reduction percentage above and below the optimum pH and temperature might be due 

to decrease in the activity of chromate reductase and biomass production (Xu et al., 

2017; Das et al., 2014). The isolate CR700 could also reduce the Cr(VI) (74.4 to 97%) 

under the 10 mg/L of different heavy metal (Zn, Cu, Ni, Pb, Cd and As) (Fig. 5.13c). 

The EDTA, a metabolic inhibitor negatively affected the growth and reduction 

capability of isolate CR700, while it could able to reduce Cr(VI) efficiently under the 

stress of phenol (Fig. 5.13c) (Banerjee et al., 2019). The presence of GSH, glucose 

and acetate enhanced the reduction ability of isolate CR700 which might be due to 

their electron donating properties which is helpful in enzymatic Cr(VI) reduction 

(Banerjee et al., 2019; Mala et al., 2015). Moreover, isolate CR700 could grow in 

one-fourth diluted sterilized tannery wastewater with PDB medium and 85.7 % 

externally added 50 mg/L of Cr(VI) was reduced within six days with a slower growth 

(Fig. 5.13c). Such conditions are stressful to grow for the living organism especially 

under heavy metals. The ability of isolate CR700 to grow and reduce Cr(VI) under the 

presence of metals (Zn, Cu, Ni, Pb, Cd and As) metabolic inhibitors and a range of pH 

and temperature; make it a promising candidate for the bioremediation of Cr(VI).       

5F.3 Fungal cell and cell wall response under Cr(VI) stress 

The SEM-EDS analysis suggested the tolerance of isolate CR700 towards 

Cr(VI) associated with sorption and accumulation mechanism (Fig. 5.14). The 

morphology of isolate CR700 under stress of Cr(VI) was changed, before Cr(VI) 

treatment smooth and cylindrical mycelia were found (Fig. 5.14a), while with an 

irregular surface with tightly aggregated and swelled mycelia was found after 

treatment with Cr(VI) (Fig. 5.14b). Mycelial aggregation under Cr(VI) might be due to 

detoxification mechanism of isolate CR700 via reducing the surface. Cd tolerance 

mechanism via mycelial aggregation was also reported for P. simplicissimum (Liu et 

al., 2011). A. flavus CR500 also responded towards Cr(VI) by reducing the surface area 
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via mycelial constriction (see section 5E.7). In addition, the presence of chromium 

(2.52 total effective weight %) was also found in EDS analysis of the 100 mg/L of 

Cr(VI) treated mycelia surface of isolate CR700 (Fig. 5.14c, d), evidenced to Cr 

biosorption. Moreover, in the present study it was found that Cr(VI) treated mycelia 

swelled compared to control, might be due to the accumulation of Cr(VI) via vacuolar 

compartmentation (Cánovas et al., 2003). 

The FTIR analysis of Cr(VI) treated and without treated biomass of isolate 

CR700 was performed to explore the functional group’s contribution in sorption of 

Cr(VI) on the mycelial surface (Fig. 5.15a, b). The shift in the peaks from 3423.1 

(O─H Stretching vibration and N─H stretching of protein or acetamide groups of 

chitin fraction) to 3425.9 cm
─1

, 1646.9 (amide I of N-acetyl glucosamine polymer or 

carbonyl group stretching) to 1645.3 cm
─1

, 1547.3 (amide II of N-acetylglucosamine 

polymer or the protein) to 1545.2 cm
─1
, 1405.5 (C─N stretching in amide III) to 

1415.3 and 1076.1 (C─N stretching vibration of amine groups) to 1074.4 cm
─1

 

indicates the functional group associated with protein involvement in Cr(VI) 

biosorption (Chen et al., 2018; Karthik et al., 2017; Rossi et al., 2018). Because, N of 

N─H (amine) and amide group carry one lone pair (lp) electron and O of O─H and 

carbonyl group carry two lp electron which indicated the metal-lp interaction in 

complexation of Cr(VI) (Kumar et al., 2019). However, carbonyl group also indicated 

the presence of carboxylate anions that may possibly cause electrostatic attraction 

between carboxylate anion and metal ion (Kumar et al., 2019). The shifted peak from 

2916.1 (C─H Stretching vibration of fatty acid in membrane phospholipid) to 2925.6 

cm
─1

 indicated the peroxidation of membrane lipid due to increase in H2O2 content 

(Fig. 5.17a, b) under stress of Cr(VI). 
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Fig. 5.14. SEM-EDS analysis of without treated (a; showing loosely bound cylindrical 

mycelia and c; Absence of Cr peak on EDS micrograph) and 100 mg/L of Cr(VI) treated 

mycelia (b; showing closely aggregated mycelia with irregular morphology and d; 

presence of Cr peak on EDS micrograph) of T. lixii CR700.  
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Fig. 5.15. FTIR analysis of control (a) and Cr(VI) treated (b) biomas of T. lixii CR700.   

The presence of chromium at 100 mg/L of Cr(VI) treated mycelia surface of 

isolate CR700 was strongly supported by X-ray photoelectron spectroscopic (XPS) 

analysis. The survey scan of Cr(VI) treated mycelia of isolate CR700 confirmed the 

presence of chromium on its surface (Fig. 5.16a). The Cr2p3/2 peak was found on the 

high-resolution spectra of Cr2p, which deconvoluted into two peak range 576.1-576.9 

eV and 578.4-574.4 eV correspond to Cr(III) and Cr(VI) respectively (Fig. 5.16b) (Shi et 

al., 2019). The presence of Cr(III) on the mycelia surface confirmed the reduction of 

Cr(VI) into Cr(III), which might be due Cr(III) precipitation in the form of Cr2O3 (Kang et 
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al., 2015). A similar result was reported on the Cr(VI) reduction and its precipitation in 

the form Cr2O3 by spore of Aspergillus niger (Ren et al., 2018). Some other 

researches also reported the same and reached the same conclusion as found in this 

study (Kang et al., 2017; Gardea-Torresdey et al., 2000; Kang et al., 2015; Shi et al., 

2019).  

 

Fig. 5.16. XPS survey scan of Cr(VI) treated mycelia of T. lixii CR700 (a) and high 

resolution spectra of Cr2p (b).  

5F.4 Effect of Cr(VI) on Intracellular Protein and Activity of Chromate Reductase 

(ChrR) 

The intracellular protein content in the isolate CR700 was significantly (p ≤ 

0.05) decreased with increase in the concentration of Cr(VI) (Fig. 5.18i). A maximum 

of 178.6 ± 4.5 µg/g FW of  protein content was recorded at concentration of 0 mg/L 

of Cr(VI) which was decreased by 18.4% at 50 mg/L of Cr(VI) followed by 12.6% and 

5.9% at 20 mg/L and 5 mg/L respectively compared to control. The similar result was 

reported in Sclerotium rolfsii (Rafi et al. 2017). In this study, the decrease in the level 

of intracellular protein with the increase in the Cr(VI) concentration might be due to the 

increase in the production of reactive oxygen species (H2O2; Fig. 5.17a), resulting 

intracellular oxidative damages and Cr(VI) toxicity (Chakraborty et al., 2014). 

The cell free extract (CFE) obtained from culture (isolate CR700) grown in 

control and 50 mg/L of Cr(VI) treated potato dextrose broth (PDB) medium showed 

rapid Cr(VI) reduction and the activity of chromate reductase was significantly 

different in all the sample (Fig. 5.18f). The activity of ChrR was found in both types 
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of extract however, 174% higher activity was found with the CFE obtained from 50 

mg/L of Cr(VI) treated fungal biomass which was significant at the level of p ≤ 0.05. A 

small amount of activity of ChrR was also encountered in the supernatant of isolate 

CR700 treated with 50 mg/L of Cr(VI) amended PDB medium which was 75% less 

compared to control while no activity was found in the supernatant of control 

treatment (0 mg/L of Cr(VI)). Results suggested that Cr(VI) induces the activity of ChrR 

in isolate CR700 and ChrR was also extracellularly secreted by isolate CR700 under 

the exposure of Cr(VI). The increase in the activity of ChrR under the Cr(VI) exposure 

was also reported in Cyberlindnera jadinii M9 and Wickerhamomyces anomalus M10, 

suggested that the Cr(VI) induced ChrR production (Irazusta et al. 2018). Cr(VI) induced 

ChrR also reported in A. flavus CR500, Bacillus spp. (Mala et al., 2015; Ontañon et 

al., 2018). The activity of ChrR in CFE of control fungal biomass suggested that ChrR 

play role in mechanism other than reduction or some other enzyme also responsible 

for the reduction of Cr(VI) as secondary function. Similar phenomenon was also 

reported with A. flavus CR500 (see section 5E.3). No literature is available over ChrR 

involvement in mechanism other than the reduction of Cr(VI) into Cr(III), however some 

studies suggested that enzymes such as Type II nitroreductase (Frm2), flavoprotein 

wrbA (Ycp4) and putative nitroreductase-like proteins Hbn1 are involved in the Cr(VI) 

reduction as their secondary function in Saccharomyces cerevisiae, W. anomalus M10 

and C. jadinii M9 (de Oliveira et al., 2007; Martorell et al., 2012; Irazusta et al., 

2018).  

5F.5 Oxidative stress under Cr(VI) exposure  

The reactive oxygen species have strong oxidative properties which oxidize 

unsaturated fatty acid and pigments (multiple biomacromolecules) and thus giving 

rise many types of damages such as membrane damage, enzyme inactivation and 

nucleotide damages (Scandalios, 2005; Zhang et al., 2016; Wu et al., 2010). The ROS 

induction via heavy metal was intensively reported in plants and microbes (Li et al., 

2017; Scandalios, 2005; Rafi et al., 2017). The lipid peroxidation was expressed in 

terms of malondialdehyde (MDA) concentration, a peroxidation product of membrane 

lipid and this is observed as a stress physiological index (Zhang et al., 2007; Li et al., 

2017; Chakraborty et al., 2014). In the present study, with an increase in the 

concentration of Cr(VI), MDA concentration was significantly (p ≤ 0.05) increased in 

isolate CR700 (Fig. 5.17a). At the lower Cr(VI) concentration (5 mg/L) the lipid 
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peroxidation was neutral and with increase in the Cr(VI) concentration above 20 mg/L, 

the MDA instantly increased up to 114.75 ± 1.33 mU/mg protein which was 201% 

more over control. Li et al. (2017) also reported an increase in the MDA and H2O2 

content in Pleurotus ostreatus HAU-2 under the stress of chromium and cadmium. 

The induction of H2O2 via Pb and Cd was found in Pleurotus ostreatus HAU-2 and 

Fusarium solani respectively (Zhang et al., 2016; Kumar et al., 2019; Prasad et al., 

2018). In this study, the induction of H2O2 content was significantly (p ≤ 0.05) 

increased in isolate CR700 with an increase in the concentration of Cr(VI) (Fig. 5.17b). 

The maximum (36.33 ± 1.40 nmol/g FW) H2O2 content was recorded at the 

concentration of 50 mg/L of Cr(VI). The results revealed that Cr(VI) induces the 

production of reactive oxygen species, the primary cause of Cr(VI) toxicity in hyphae 

of isolate CR700.   

 

Fig. 5.17. Effect of Cr(VI) on MDA and H2O2 content in T. lixii CR700 (Mean ± standard 

deviation of three replicates, Value within each column followed by the same letter are 

not significantly different (p < 0.05) using DMRT). 

5F.6 Enzymatic Antioxidants response under Cr(VI) stress 

The SOD, POD, CAT and PPO have potential to capture ROS from the cell, 

and they are the essential components of the cellular immune system and protect the 

cells against oxidative damages. These compound belong from the group of induced 

enzymes and are produced in the large amount under the stress of heavy metals as had 

been reported in various studies (Li et al., 2017; Scandalios, 2005; Zhang et al., 2016; 

Rafi et al., 2017; Kumar et al., 2019). In this research, it was found that the activity of 
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CAT decreased by increasing the concentration of Cr(VI) in Isolate CR700 (Fig. 

5.18a). The similar result was reported in P. ostreatus HAU-2 and Fusarium solani 

under stress of Cr(VI) and Cd respectively (Li et al., 2017; Kumar et al., 2019). The 

activity of SOD and POD significantly (p ≤ 0.05) changed as compared to control 

(Fig. 5.18b, d). The activity of SOD was significantly decreased by 5% at 5 mg/L of 

Cr(VI) and then increased up to 6% at 20 mg/L and further decreased by 83% at 50 

mg/L of Cr(VI) as compared to control and almost similar pattern was recorded in the 

activity of POD (Fig. 5.18b). The activity of PPO and PAL was significantly 

increased with the increase in the Cr(VI) concentration (Fig. 5.18c, e). Similar result 

was reported in Sclerotium rolfsii under the exposure of Cr(VI) (Rafi et al., 2017). 

The results of this study revealed that 20 mg/L of Cr(VI) induces the activities 

of POD, CAT and SOD, but with the increase up to 50 mg/L of Cr(VI), the activity of 

SOD decreased. However, 50 mg/L of Cr(VI) induces the activity of PAL. The activity 

of PPO, POD and CAT is directly associated with an increase in the lipid peroxidation 

(MDA concentration) and H2O2 content which might be involved in the removal of 

ROS. The decreased in SOD activity might be due to excess toxicity of Cr(VI) which 

severely damage the cell, consequently, suppress the SOD activity (Li et al., 2017). 

5F.7 Non-enzymatic antioxidants response under Cr(VI) stress 

Proline can play the role of electron sink, osmolyte radical scavenger, 

stabilizer of cell wall components and macromolecules (Matysik et al., 2002; 

Chakraborty et al., 2014; Hayat et al., 2012; Dubey et al., 2010). Various studies 

reported Proline production in high content in metal stressed population which may 

act as antioxidants. Chakraborty et al. (2014) reported that Aspergillus foetidus 

increases the production of proline under the exposure of Cadmium. In the present 

study, Proline content in isolate CR700 was significantly (p ≤ 0.05) decreased by 

treating with increasing concentration of Cr(VI) (Fig. 5.18i). Total phenolic content 

was significantly (p ≤ 0.05) changed in isolate CR700 under the exposure of different 

Cr(VI) concentration. First, with increase in Cr(VI) concentration up to 5 mg/L, the 

phenolic content significantly (p ≤ 0.05) increased by 28.1% (Fig. 5.18h) and at 50 

mg/L of Cr(VI), the phenolic content was decreased by 18.8% over control. Total 

phenolic content help to protect the cell from the adverse consequences of heavy 

metal, belongs from the group of stress-induced non-enzymatic antioxidants (Islam et 
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al., 2016). It played an important role in scavenging the reactive oxygen species by 

donating the hydrogen atoms from its hydroxyl group (Hernandez et al., 2009; 

Tripathi et al., 2012; Posmyk et al., 2009). 

 

Fig. 5.18. Effect of Cr(VI) on activity of CAT (a), POD (b), PAL (c), SOD (d), PPO (e) 

and Chromate reductase (f) and the level of protein (g), total phenolic content (h) and 

proline (i) in T. lixii CR700 (Column and bar denote mean of three replicates and 

standard deviation, Subscripts same letter denotes no significant differences (p < 0.05) 

within the variables using DMRT).  

5F.8 Phytotoxicity study 

Phytotoxicity studies on Vigna radiata and Cicer arietinum demonstrated that 

toxicity of Cr(VI) was successfully reduced through the reduction by T. lixii CR700. V. 
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radiata displayed longer shoots and roots with distilled water (shoot 12.3 ± 2.7 and 

root 4.5 ± 2.1 cm) and fungal treated solution of 100 mg/L of Cr(VI) (shoot 10.8 ± 0.2 

cm and roots 3.0 ± 1.0), compared to without treated 100 mg/L of Cr(VI) (0.31 ± 0.02 

and 0.0 ± 0.0 cm respectively). The shoots of C. arietinum in fungal treated Cr(VI) 

supernatant was higher (3.2 ± 0.6 cm) compared to distilled water (2.6 ± 0.7) and 

without treated 100 mg/L of Cr(VI) solution (1.4 ± 0.14). However, the roots were 

longer in distilled water (5.6 ± 1.7 cm) than treated Cr(VI) supernatant (3.3 ± 1.0) and 

without treated 100 mg/L of Cr(VI) solution (1.8 ± 0.3) (Fig. 5.19a, b). These results 

revealed that T. lixii CR700 effectively detoxified Cr(VI) by the reduction and removal 

mechanism (Chen et al., 2019). A. flavus CR500 also reduces the toxicity of Cr(VI) (via 

reduction and removal mechanism) for V. radiata (see section 5E.9). The germination 

rate of V. radiata and C. arietinum seeds were 100% in distilled water and fungal 

treated Cr(VI) solution compared to without treated 100 mg/L of Cr(VI) solution (V. 

radiata; 76.67 and C. arietinum; 96.6%) (Fig. 5.19c) which also confirmed that 

isolate CR700 successfully detoxified the Cr(VI) solution. 

 

Fig. 5.19. Seedling growth of Vigna radiata (a) and Cicer arietinum (b) and seeds 

germination rate V. radiata  and C. arietinum (c) in sterilized distilled water, isolate 

CR700 treated 100 mg/L of Cr(VI) supernatant and without treated 100 mg/L of Cr(VI) 

solution (Mean ± standard deviation of three replicates, Value within each column 

followed by the same letter are not significantly different using DMRT(p < 0.05)). 

5F.9 Cr(VI) Tolerance and remediation mechanism 

Schematic diagram of the Cr(VI) tolerance and remediation mechanism in 

fungus has been shown in Fig. 5.20. Due to the small size and highly permeable to the 
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cell wall, Cr(VI) quickly introduced to intracellular space of the fungi. Another way of 

introduction of Cr(VI) inside the cell is ATP-binding cassette (ABC) transporter, heat 

shock protein and CHR protein (Bellion et al., 2006; Brunetti et al., 2015; Yung et al., 

2014; Díaz‐Pérez et al., 2007). The Cr(VI) induced the production of ROS (Fig. 5.17a, 

b) and caused oxidative stress, migh be a primary cause of its toxicity in isolate 

CR700. In response of oxidative stress, isolate CR700 increased the activity of 

enzymatic antioxidant (POD, PAL and PPO; Fig. 5.18b, c, e) and the level of non-

enzymatic antioxidant (Proline and phenolic content; Fig. 5.18h, i) which scavenge 

the ROS and minimizes the impact of oxidative stress. Cr(VI) induced ChrR activity 

was found in isolate CR700 (Fig. 5.18f) which mainly driven Cr(VI) reduction to Cr(III) 

(Irazusta et al., 2018; McLean and Beveridge, 2001; Ontañon et al., 2018). The 

NADH and NADPH might be used as an electron donor for the Cr(VI) reduction into 

Cr(III) via ChrR activity as previously reported (Martorell et al., 2012; Irazusta et al., 

2018). After the reduction of Cr(VI) into Cr(III), the cell might be gone two way. 

First, effluxed from inside to outside of the cell through efflux pump such as proton 

motive forces drive the P-type ATPase or CDF protein to transport the heavy metal 

from the cytoplasm to periplasm or from the periplasm to outside of the cell (Vaccaro 

et al., 2016; Banerjee et al., 2019). Second, reduced Cr(III) goes to vacuolar 

compartmentation that leads the accumulation of Cr and accounted up to 2.54 ± 0.16 

mg/g of dried biomass by isolate CR700 (Bhatia et al., 2005; Cánovas et al., 2003). 

One electron transfer mechanism from the substrate (such as organic acid) is another 

mechanism of Cr(VI) reduction to Cr(III) as suggested by Cui et al. (2011). In one 

electron transfer mechanism, Cr(VI) transformed into Cr(III) via their intermediate form, 

pentavalent (Cr(V)) and tetravalent (Cr(IV)) where substrates are used as an electron 

donor (Pradhan et al., 2017; Cui et al., 2011). Moreover, EDX analysis confirmed the 

presence of chromium on the mycelial surface of isolate CR700 (Fig. 5.14c, d) and 

XPS analysis revealed the oxidation state of adsorbed chromium in the form of Cr(III) 

(Fig. 5.16a, b) indicated to chromium precipitation as Cr2O3. However, the presence 

of Cr(VI) was also recognized by XPS analysis on the mycelia surface of isolate 

CR700 which might be due to Cr(VI) complexation as found in FTIR analysis (Fig. 

5.15a, b). 

https://febs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=D%C3%ADaz-P%C3%A9rez%2C+C%C3%A9sar
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Fig. 5.20. Cr(VI) tolerance and remediation mechanism of Trichoderma lixii CR700. 

 

 

 

 

 

 

 

 

 

 

 



Vinay Kumar/Ph.D. Thesis/DES /BBAU, Lucknow, India/2021  139 
 

5G. A. flavus CR500 and Ni(II): Removal, morphological and 

Biochemical analysis 

5G.1 Effect of initial Ni(II) concentration 

 The results of the initial Ni(II) concentration on its removal by A. flavus CR500 

are shown in Fig. 5.21a. Results depicted that with an increase in the Ni(II) 

concentration the removal rate of Ni(II) by A. flavus CR500 was decreased. The 

maximum removal of Ni(II) was 74.3% at lower concentration (10 mg/L)  of Ni(II) and 

decreased to 14.2 % at 500 mg/L. Rise in the metal concentration also affected the 

biomass productivity of fungus and was reduced from 6.87 to 3.2 g/L (Fig. 5.21a). 

These results are in accordance with previous finding (Mishra and Malik, 2012). 

Reduction in biomass with increase in the Ni(II) concentration indicated its toxicity on 

A. flavus CR500 growth and metabolic process (Gola et al., 2016). As found in the 

FTIR and metal accumulation adsorption quantification investigation that Ni(II) 

removal occurred via surface sorption and accumulation mechanisms. So, decrease in 

the metabolic activity of fungus obstruct the accumulation of Ni(II) inside the cell 

because accumulation is the metabolic dependent mechanisms (Wu et al., 2015). In 

addition, the reduction in the growth of the fungus reduce the availability of surface 

functional groups that leads to decrease in the Ni(II) adsorption on the surface of the 

fungus (Chen et al., 2019). That’s why accumulation and surface adsorption 

simultaneously affected by the increase in the Ni(II) toxicity under the excess 

concentration of Ni(II).  

 

Fig. 5.21. Effect of different initial concentration of Ni(II) (a) and incubation periods (b) 

on removal of Ni(II) by A. flavus CR500 (bar represents standard deviation of three 

replicates).  
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5G.2 Effect of incubation periods  

Time course is an important factor in bioremediation process for growth of the 

bioremediation agent and accumulation of the pollutants. In this study, the Ni(II) 

removal ability of fungus was increased with increase in the incubation period (Fig. 

5.21b). The maximum removal of Ni(II) occurred at 192 h of incubation and was 

87.8%. In a study, it is reported that Aspergillus niger can remove 99% Ni(II) of total 

Ni(II) from the solution (Magyarosy et al., 2002). Moore et al. (2008) reported 49.7% 

removal of Ni(II) using fungal isolate in 72h at 21 mg/L of Ni(II) concentration via 

accumulation. Rise in the incubation periods enhanced the biomass productivity of the 

fungus and duration of metabolic process that boost the adsorption of Ni(II) on the 

surface due to high availability of active site and accumulation of Ni(II) inside the cell 

(Moore et al., 2008). At 192 h of incubation and 50 mg/L of Ni(II) concentration, the 

accumulation and surface sorption amount of Ni was 4.91 ± 0.161 and 0.12  ± 0.08 

mg/g dried biomass of A. flavus CR500. A significant amount of Ni(II) accumulation 

was also reported in several species of fungi such as Aspergillus niger, Phanerochaete 

chrysosporium, Macrolepiota procera and Aspergillus sp. (Congeevaram et al., 2007; 

Cao et al., 2018; Moore et al., 2008; Magyarosy et al., 2002). 

5G.3 Effect of pH  

The pH of the medium is the most important aspect for the growth and 

development of living creatures. Bioremediation utilize living form of potential 

pollutant in removing organisms that can be greatly influenced by the pH of the 

solution. In the present study, with change in the pH of the solution biomass 

productivity of A. flavus CR500 was notably affected (Fig. 5.22a). With increase in 

the pH from 5.0 to 7.0 the biomass productivity was expanded from 4.23 to 6.87 g/L 

and reduced to 5.41g/L at pH 9.0. The similar trend was recorded for Ni(II) removal 

of Ni(II) at different pH and maximum removal of Ni(II) by A. flavus CR500 was 

obtained at pH 7.0 which was 72.3% at 100 mg/L of Ni(II) in incubation time of 192h. 

Congeevaram et al. (2007) reported maximum removal of Ni(II) at pH 5.0 with 

Aspergillus sp. However, in this investigation, Ni(II) removal was higher at pH 9.0 

than 7.0 but it was due to occurrence of precipitation of Ni(II) as Nickel hydroxide 

(Ni(OH)2) due to excess availability of OH
─ 

(hydroxide anion). The neutral pH favour 

the growth of the fungus as well as removal rate of Ni(II). While, in acidic and basic 
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conditions the growth of the fungus was reduced that leads to decrease in the 

metabolic process and biomass productivity (Kumar et al., 2019; Gola et al., 2016). 

The slower metabolic process cause reduction in accumulation of Ni(II) and low 

biomass productivity cause less availability of responsible surface functional group 

for adsorption of Ni(II) on mycelia of fungus (Gola at al., 2016). Another, possible 

reason for less removal of Ni(II) at lower pH is that in acidic condition, active site on 

the surface of mycelia occupied by H
+
 ions and the surface is positively charged. 

Because Ni(II) exist as cationic Ni
2+

 so, repulsion occurred between positively charged 

fungus surface and Ni
2+

 that affected the removal rate (Khalid et al., 2011).     

 

Fig. 5.22. Effect of different pH (a) and temperature (b) on Ni(II) removal and biomass 

productivity of A. flavus CR500 (bar represent standard deviation of three replicates).  

5G.4 Effect of Temperature 

Temperature is the most influencing parameter that affects the growth of the 

living organism. It can also affect the bioremediation process by reducing the growth 

and metabolic process of applied bioremediating agents (Murugavelh and Mohanty, 

2013; Kathiravan et al., 2010). The results of Ni(II) removal potential and biomass 

productivity of A. flavus CR500 at different temperature are shown in Fig. 5.22b. It is 

recorded that with rise in the temperature from 20 to 28 °C the biomass production of 

A. flavus CR500 was raised by 48% but reduced to 3.12 g/L at 40 °C. The trend of 

Ni(II) removal by A. flavus CR500 was parallel to its biomass productivity and was 

higher (64.4%) at 28 °C (Fig. 5.22b). The optimum temperature for growth of A. 
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flavus CR500 and removal of Ni(II) was 28 °C which is in agreement with previous 

results (see section 5E.1, 5F.1).  

 

Fig. 5.23. Effect of different mono and divalent anions, cations and salts (a) and Heavy 

metal (Cr; K2Cr2O7, Zn; ZnSO4, Cu; CuSO4, Mn; MnSO4, Pb; PbSO4, As; As2O3 and 

Ni; NiSO4) on removal of Ni(II) by A. flavus CR500 and its growth.  

5G.5 Effect of different co-occurring contaminant  

The co-occurrence of anions, salts and heavy metal in Ni(II) polluted 

wastewater is commonly reported in the studies. These pollutants can affect the 

bioremediation potential of microbes and plants by affecting their growth and 

metabolic process. In view of the effect of these anions, salts and heavy metal, Ni(II) 

removal potential of A. flavus CR500 was investigated in the presence of 10 mg/L of 

these co-occurring contaminants. Out of selected heavy metal (Cr, Zn, Cu, Mn, Pb 

and As), Cr and Pb greatly affected the growth of A. flavus CR500 as well as removal 

rate of Ni(II). Even the trend of biomass productivity and Ni(II) removal by A. flavus 

CR500 was parallel with each-other. The Ni(II) removal efficiency of A. flavus CR500 

was 63.8, 60.3, 58.5, 57.0, 50.2 and 45.5% in the presence of 10 mg/L of As (As2O3), 

Mn (MnSO4), Cu (CuSO4), Zn (ZnSO4), Cr (K2Cr2O7) and Pb (PbSO4) (Fig. 5.23b). 

Toxic effect of Cr, Pb, Cu and As has been reported in many studies for microbes and 

plants. Oxidative stress caused by heavy metal is one of major cause in the reduction 

of growth of the fungus (Fig. 5.24; Wu et al., 2010; Scandalios, 2005; Li et al., 2017). 

However, reduction in the removal of Ni(II) was due to reduction in the growth and 

metabolic process of fungus that cause lower accumulation of Ni(II) inside the cell and 

also reduces the availability of surface functional group by reducing the amount of 
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biomass that is responsible for binding of Ni(II) on mycelia surface (Moore et al., 

2008). On another hand, competition may also happen between co-occurring 

contaminant and Ni(II) for binding with active sites on the mycelia surface that also 

cause reduction in Ni(II) removal (Gola et al., 2016).    

The removal of Ni(II) in presence of NO3
─
 was 70.8% which was higher than 

its absence while the biomass productivity was 6.56 g/L confirm its role in Ni(II) 

removal. No significant change in the removal and biomass production was observed 

under the co-occurrence of NaCl, NH4Cl, SO4
2─

 and Ca
2+

. (Fig. 5.23a). EDTA is the 

metabolic inhibitor, negatively affected the growth of the fungus and Ni(II) removal 

rate under its presence was 51.5% (Fig. 5.23a) (Banerjee et al., 2019). Reduction in 

the growth is due to toxicity of the respective agent while reduction in the removal 

rate of Ni(II) might be due to the reasons that discussed above.  

5G.6 Effect of Ni(II) on H2O2 and Lipid peroxidation 

 

Fig. 5.24. Effect of different concentration of Ni(II) on the level of (a) H2O2 and (b) Lipid 

peroxidation (Bar represent standard deviation of three replicate and different letter 

above the column denotes significant differences at the level p<0.05 followed by DMRT 

(post hoc test)).  

Oxidative stress under the presence of stress conditions such as presence of 

heavy metal, pesticides, drought, water logging, etc. in microbes and plants have been 

reported in many studies (Azevedo et al., 2007; Zadrąg-Tęcza et al., 2018; Huang et 

al., 2017a; Xu et al., 2015). In the present study, to observe the oxidative stress in A. 

flavus CR500 under the presence of different concentration Ni(II) was analyzed by 
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measuring the level of H2O2 content and melandialdehyde (MDA), the end product of 

lipid membrane peroxidation. The H2O2 content was higher at 10 and 20 mg/L of 

Ni(II) as compared to 0 mg/L but lower at 50 and 100 mg/L of Ni(II) (Fig. 5.24a). 

However, with rise in the metal concentration from 0 to 100 mg/L the level of MDA 

was recorded in an increasing order. At 100 mg/L of Ni(II) concentration, MDA 

content was increased by 316%  as compare to control. The changes in level of H2O2 

and lipid peoxidation confirm the toxicity of Ni(II) on A. flavus CR500 is due to 

oxidative stress (Xu et al., 2012; Mukherjee et al., 2010).   

5G.7 Effect of Ni(II) on activity of enzymatic antioxidants 

 

Fig. 5.25. Effect of different concentration of Ni(II) on the activity of (a) CAT, (b) SOD 

and (c) POD (Bar represent standard deviation of three replicate and different letter 

above the column denotes significant differences at the level p<0.05 followed by DMRT 

(post hoc test)).  

SOD, POD and CAT play role as reactive oxygen species scavenger and often 

reported their activity under the oxidative stress conditions caused by stressed 
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situation such as heavy metal in fungi, bacteria and plants (Huang et al., 2017a; 

Kumar et al., 2019; Mostofaet al., 2017; Xu etal., 2015). Increased in the SOD, POD 

and CAT activity was also recorded in A. flavus CR500 under the presence of Cr(VI) 

(see section 5E.5). Here, with rise in Ni(II) concentration, the activity of CAT was first 

reduced at 10 mg/L and after that no significant (p<0.05) change was observed (Fig. 

5.25a). The activity of SOD was first increased at 10 mg/L than reduced significantly 

up to the concentration of 100 mg/L (Fig. 5.25b). However, the activity of POD was 

first increased at 10 mg/L than decreased significantly up to the concentration of 50 

mg/L and instantly increased by 7.3 times at 100 mg/L as compared to control (0 

mg/L) (Fig. 5.25c). These changes were also observed in the studies under the 

presence of heavy metal in some fungi P. chrysosporium, F. solani, A. niger, A. 

fumigatus 32 (Huang et al., 2017; Kumar et al., 2019; Krumova et al., 2016; 

Mukherjee et al., 2010).    

5G.8 Effect of Ni(II) on level of protein and non-enzymatic antioxidants  

Heavy metal toxicity due to oxidative stress is reported in many studies and 

antioxidants play important role in scavenging the ROS. Induction of proline is sign 

of stress condition in plants and microbes that play important role in ROS removal 

(Chakraborty et al., 2014; Mukherjee et al., 2010). In the present study, the level of 

proline was significantly (p<0.05) increased by 1.7 folds as increase in the 

concentration of Ni(II) from 0 to 50 mg/L, while decreased instantly to 0.29 m mol/g 

FW at 100 mg/L (Fig. 5.26). The total phenolic content participate in elimination of 

ROS by dissociating its H
+
 ion and donating an electron which is its mechanistic 

pathway for scavenging of ROS (Hernándezetal., 2009). It is observed in the present 

investigation that level of total phenolic content was significantly increased with 

increased in the concentration of Ni(II). The highest level of total phenolic content was 

found at 100 mg/L which was 1456 % higher as compared to control. These finding 

confirm the importance of proline and phenolic content in minimization of Ni(II) 

induced toxicity in A. flavus CR500 via inducing ROS level (Chakraborty et al., 2014; 

Mukherjeeetal., 2010).  

The metal toxicity can affect the growth and developmental activities of living 

organisms. Protein is the most essential macromolecules that has significant role in 

metabolic, growth and developmental activities of bacteria, fungi, plants and other 
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living organism. Alteration in the level of protein in organisms under the presence of 

any agents is the sign of its effect of respective agents on the metabolic, growth and 

developmental activities of the organism. In this study, the level of intracellular 

protein content significantly reduces the level of intracellular protein content in A. 

flavus CR500. The level of intracellular protein content was first decreased slightly up 

to 50 mg/L of Ni(II) and increased at 100 mg/L of Ni(II) (0.43 µg/g FW) which lower 

than control but higher than protein content at 50 mg/L of Ni(II) (Fig. 5.26).  

 

Fig. 5.26. Effect of different Ni(II) concentration on level of (a) intracellular protein 

content, (b) proline and (c) total phenolic content (Bar represent standard deviation of 

three replicate and different letter above the column denotes significant differences at 

the level p<0.05 followed by DMRT (post hoc test).   
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Fig. 5.27. The mycelia surface morphology of A. flavus CR500 grown in PDB medium 

without amended (a) and amended with 100 mg/L of Ni(II) (c) for six days. EDX graph 

showing (b) absence of Ni representing peak on fungus surface grown in without Ni(II) 

amended PDB medium and (d) Ni representing peaks on mycelia surface grown in Ni(II) 

amended PDB medium for six days.  

5G.9 Effect of Ni(II) on mycelia morphology of CR500  

In stressed environment all the types of organism showed many types of 

physical responses that may unique for specific types of stress conditions. Similarly, 

microbes also sowed many of the responses in stress environment such as drought, 

salinity, heavy metal, pesticides, etc. (Azevedo et al., 2007; Luna et al., 2015; Tu et 

al., 2020). In the present study, under the presence of Ni(II) hypha surface of A. flavus 

CR500 was smooth, protrusion less and swelled. However, in the absence of Ni(II), 

hyphae were rough, cylindrical and thin (Fig. 5.27a, c). Changes were observed in the 

surface morphology might associated with Ni(II) accumulation inside the cell as 

hyphae are swelled and the toxicicological response as protrusion less mycelia with 

smooth surface. Similar responses of A. flavus CR500 were also observed under stress 

of Cr(VI) (see section 5E.7). These observed changes are due to toxicity and 
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accumulation of Ni(II) to the cell of the fungi (Luna et al., 2015; Canovas et al., 2003; 

Cao  et al., 2018; Chen et al., 2019).    

 

Fig. 5.28. IR graph of fungus grown in (a) normal and (b) 100 mg/L of Ni(II) amended 

PDB medium for six days.  

5G.10 IR analysis  

Based on the finding of FTIR analysis hydroxyl (-OH), carbonyl (C=O), 

amino (NH2), phosphate group and Nitro groups are the major functional groups 
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involved in metal biosorption (Fig. 5.28) which also have been previously reported 

(Yuan et al., 2012; Chen et al., 2019). Treatment of CR700 with Ni causes a strong 

shift in the peak at 3376.9 cm
─1

, 1550.7 cm
─1

 and 605.2 and weak shift at 1649.4 

cm
─1

, 1077.4 cm
─1

 (Phosphate group), 1038.2 cm
─1

 and 885.3 cm
─1

 (aromatic C-H 

stretching). The peak at 1149.8 cm
─1 

representing phosphate group shifted under 

stress of Ni. The peak at 2362.2 cm
─1

 (C=C stretching) disappeared with the treatment 

of all metals. The shift in the peak 3376.9 cm
─1

 (─OH and N-H Stretching) and 

1149.8 cm
─1

 (phosphates group) on Ni treated biomass suggested the electrostatic 

attraction between the biomass and positively charged metal ions (Chen et al., 2019). 

The disappeared peak 2362.2 cm
─1

 (C=C stretching) on Ni treated biomass might be 

due to the metal─π─bond interaction in biosorption of metals. Amino, hydroxyl and 

carboxyl group involvement in Pb and As biosorption was reported in Westerdykella 

sp., Penicillium sp., Rhizopus sp., Trichoderma sp. (Velmurugan et al., 2010; 

Chakraborty et al., 2014). 

 

 

 

 

 

 

 

 

 

 

 



Vinay Kumar/Ph.D. Thesis/DES /BBAU, Lucknow, India/2021  150 
 

5H. T. lixii CR700 and Ni(II): Removal, morphological and 

Biochemical Study 

5H.1 Removal of Ni(II) by T. lixii CR700 

The results of the removal of Ni at its different initial concentration by T. lixii 

CR700 is shown in Fig. 5.29b. A maximum removal percentage for Ni was 64.4 % at 

the 10 mg/L of Ni(II) concentration after 144 h of incubation which was higher than 

uptake efficiency of 49.7% at 21.5 mgL
─1

 of Ni by a metal tolerant fungus (Moore et 

al., 2008). A significant amount of Ni removal was also reported by Aspergillus sp. 

and Phanerochaete chrysosporium either via accumulation or surface sorption 

mechanism (Cao et al., 2018; Congeevaram et al., 2007). In this work, with an 

increase in the concentration of Ni(II) from 10 to 500 mgL
─1

, the removal rate percent 

was decreased significantly to 11.7% (Fig. 5.29b). No significant change in the 

obtained biomass of T. lixii CR700 was recorded up to 50 mgL
─1

 of Ni(II) which was 

almost 7.8 gL
─1

, while decreased significantly above this concentration (Fig. 5.29b). 

The data of the obtained biomass is closely associated with the removal rate. Decrease 

in the removal rate below 50 mgL
─1

 was might be due to limited availability of metal-

binding surface functional group as well as accumulation space (vacuoles) and 

binding agent (thiol content) inside the cell of T. lixii CR700 (Canovas et al., 2003; 

Thorsen et al., 2007; Ilyas and Rehman, 2015) because obtained biomass was not 

significantly changed up to 50 mgL
─1

. But, a decrease in removal rate above 50 

mgL
─1

 of Ni(II) might be also influenced by the reduction in biomass, possibly due to 

toxicity of Ni(II) (Brown et al., 2014; Urrialde et al., 2017). Reduction in biomass of T. 

lixii CR700 with increase in the concentration of Ni(II) may be due to increase in the 

oxidative stress (Fig. 5.32a, b) that ultimately reduces the values of removal rate 

(Mukherjee et al., 2010; Urrialde et al., 2017). 

Change in the duration of the incubation period significantly affected the 

removal efficiency of the fungi and was increase with an increase in the incubation 

period (Noormohamadi et al., 2019; Mukherjee et al., 2010; Mohd et al., 2019). The 

present study, the maximum (67.6%) removal of Ni(II) was recorded at 240 h after 

incubation at the concentration of 50 mgL
─1

 (Fig. 5.29a). To confirm the contribution 

of mechanism that is involved in the removal of Ni, at 50 mgL
─1

 and 144 h of 

incubation period the amount of Ni(II) accumulated and surface adsorbed values were 
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also investigated. Results showed that accumulation of Ni(II) was 2.42 ± 0.25 mgg
─1

 

of dried biomass. In the removal process by T. lixii CR700, an amount of 1.12 ± 0.19 

mgg
─1

 of dried biomass of Ni(II) was also contributed by surface sorption mechanism 

at the same concentration and incubation period (Cao et al., 2018). This phenomenon 

was also confirmed by FTIR investigation as the involvement of the surface 

functional group in Ni(II) removal (Fig. 5.35; Table 5.4). This investigation confirmed 

that the removal of Ni(II) was driven by mainly accumulation inside the cell of the 

CR700.  

 

Fig. 5.29. Effect of (a) incubation periods and (b) different initial conetration of Ni(II) on 

its removal by T. lixii CR700. 

5H.2 Effect of pH and temperature on removal of Ni(II) 

Factors such as pH, temperature, presence of other metals, anions, cations and 

metabolic inhibitors significantly affected the removal ability of the bioremediation 

agents. In this study, all these factors have been studied to assess their effect on the 

removal ability of T. lixii CR700 in the removal of Ni(II). The pH of the medium 

significantly affected the removal of Ni by T. lixii CR700, and optimum pH for the 

removal of Ni(II) was slight basic (pH 8.0) where removal percentage was significantly 

higher than at all the tested pH. The removal percentage by T. lixii CR700 at pH 8.0 

was 40.9 for Ni at 50 mgL
─1

 and 144 h after incubation (Fig. 5.30a). However, the 

result of Ni(II) removal by T. lixii CR700 was opposite to the previous work studied by 

Salvadori et al. (2015). They analyzed Ni removal in the pH range from 2.0 to 6.0 and 

reported maximum removal of Ni at pH 4.0 by live, dried and dead biomass of 
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Hypocrea lixii possibly due to pH-dependent ionization of surface functional group. 

In this study, the obtained biomass in the presence of Ni(II) was higher at pH 7.0 as 

compared to all the tested pH (Fig. 5.30a). Because, the removal of Ni is mainly 

driven by accumulation, so decrease in the removal percentage below pH 7.0, closely 

associated with decreased in the obtained biomass which was due to unfavorable 

condition for the growth, development and metabolic activity of the organism (Kumar 

et al., 2019; Pundir et al., 2016). Removal was also driven by surface sorption 

mechanism and a decrease in the pH causes positive charged cell surface of T. lixii 

CR700 due to increase in hydronium (H3O
+
) concentration in the medium (Daoud and 

 Selatnia, 2019; Pundir et al., 2016). This may cause repulsion between the metal ion 

and positively charged cell wall of the T. lixii CR700 that possibly led to decrease in 

the removal rate of Ni(II). However, above pH 7.0 the phenomenon is reverse to this 

and causes a negatively charge on the cell surface of the fungi due to OH
─
 anions 

which enhanced the electrostatic attraction between the negatively charged surface 

and metal ions and increases the removal rate at pH 8.0. Above pH 8.0, the decrease 

in the removal is possibly due to instant decrease in obtained biomass (Fig. 5.30a) that 

affected the accumulation as well as surface sorption mechanism. Above pH 8.0, Ni 

also occurs in their hydroxide form [Ni(OH)2] that may also affect its solubility and 

interferes with its translocation inside the cell (Felmy et al., 1984; Daoud and 

 Selatnia, 2019). 

 

Fig. 5.30. Effect of (a) different pH and (b) Temperature on removal of Ni(II) by T. lixii 

CR700. 

The temperature is the most important variable that can affect the removal 

ability of Ni(II) by altering the growth and metabolic activity of T. lixii CR700 (Prasad 
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et al., 2018; Kumar et al., 2019). It was found in the present study that optimum 

temperature for removal of Ni(II) by T. lixii CR700 was 28 ± 1 °C and the removal 

percentage was 36.8% for Ni(II) at 50 mgL
─1

 and 144h after incubation (Fig. 5.30b). 

The temperature is the major variable for growth and development of the living 

organism. So, the maximum obtained biomass was also recorded at an optimum 

temperature of 28 ± 1 °C which was 7.84 ± 0.11 gL
─1

 in presence of Ni(II) at the same 

concentration and incubation periods (Fig. 5.30b). The decrease in the removal 

percentage with the change in the temperature from their optima was due to a 

decrease in the biomass that affected the accumulation potential of T. lixii CR700 

(Pundir et al., 2016; Srivastava et al., 2006). Similar change was observed in previous 

studies for Cd, Ni and As removal by fungi (Kumar et al., 2019; Congeevaram et al., 

2007; Salvadori et al., 2015; Wu et al., 2012). Change in the temperature from 

optimum also affected the availability of surface functional group due to decrease in 

the obtained biomass that involve in the removal of Ni(II) (Fig. 5.30b) (Pundir et al., 

2016; Prasad et al., 2018). 

5H.3 Effect of different anions, cations, salts and EDTA on the removal of As 

and Ni by CR700 

The presence of anions, salts and other contaminants in wastewater are a 

common phenomenan that can significantly affect the removal ability of the 

microorganism (Banerjee et al., 2019). The removal ability of Ni(II) by T. lixii CR700 

was assessed under the presence salts (NaCl and NH4Cl), anions (NO3
─
 and SO4

─2
), 

Ca
++

 and EDTA, a metabolic inhibitor (Banerjee et al., 2019). These variables 

significantly affected the removal of Ni(II) as compare to their absence at the same 

concentration of Ni(II). Maximum reduction in removal of Ni(II) was recorded in the 

presence of SO4
2─

 and EDTA which was 24.9 and 25.8% respectively (Fig. 5.31a). 

EDTA might inhibit the removal percentage due to its metabolic inhibiting 

characteristics as reported in previous studies (Banerjee et al., 2019). The presence of 

NO3
─
 significantly increases the removal of Ni(II) from 36.4 to 41.4%. A significant 

change in the obtained biomass was also recorded under the presence of these 

variables which followed the similar pattern as found in the removal of Ni(II) in the 

presence of these variables (Fig. 5.31a). The presence of different types of cations and 

anions (NH4Cl, NO3
─
, Ca

++
 and SO4

─2
) affect the metabolic mechanism, development 

and growth of the fungi that probably affected the obtained biomass as well as 
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removal percentage. However, some of them (NO3
─
, NaCl and PO4

─3
) may be utilizes 

as nutrients that can improve the removal efficiency of the microbes (Johri et al., 

2015; Barua et al., 2012). 

5H.4 Effect of different heavy metals on removal of Ni(II) by CR700 

The co-occurrence of other heavy metal with Ni(II) in wastewater was 

encountered in many studies that severely inhibit the growth of the living organism. 

The removal capability of Ni(II) by CR700 was checked in the presence of Chromium 

(Cr), Zinc (Zn), Manganese (Mn), Lead (Pb) by using their respective salts K2Cr2O7, 

ZnCl2, MnCl2, CuCl2 and PbSO4 respectively. Results showed that Pb, Cr and As 

highly affected the removal of Ni(II) and the removal percentage was 10.5, 23.7 and 

24.4% respectively (Fig. 5.31a). Most of the heavy metals are toxic and reported to 

cause oxidative stress in plants and microbes, so their co-occurrence with Ni(II) also 

affected the obtained biomass of T. lixii CR700 (Ye et al., 2018; Ong et al., 2017; 

Khullar and Reddy, 2017). The results have been shown in Fig. 5.31a which depicted 

that co-occurrence of Ni-Cu, and Ni-Pb were highly affected the obtained biomass of 

T. lixii CR700. Here, it is to be mentioned that used salts for Pb was PbSO4 where 

SO4
─2

 also reduced the obtained biomass and removal rate of Ni(II) (Fig. 5.31b). 

 

Fig. 5.31. Effect of (a) different heavy metal and (b) anions, cation, salts and EDTA on 

removal Ni(II) by T. lixii CR700. 

The effect of Cr(VI) was investigated on T. lixii CR700 and found an increase 

in oxidative stress as well as antioxidants response that may reduces the growth and 

removal ability of T. lixii CR700 for Ni(II) with presence of Cr(VI) (see section 5F.5). 
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Similarly, Pb, Cu and Zn were also reported for their toxicity to other microbes and 

plants at their elevated concentration that might be affected the growth and removal 

ability of T. lixii CR700 (Ye et al., 2018; Govarthanan et al., 2018; Luna et al., 2015). 

The simultaneous presence of As and Ni(II) may cause competition between them to 

bind with thiol content where Ni(II) was failed to bind and its removal rate was 

reduced from 36.8 to 24.4% while, As make strong relation with GSH and thiol 

content and its removal rate was increased by T. lixii CR700 (Fig. 5.31a) (Canovas et 

al., 2003; Thorsen et al., 2007). Some of the removed amount of Ni(II) was also 

contributed by surface sorption mechanism. It was found in FTIR investigation that –

OH, ─NH, ─COOH and phosphate group are major functional groups that are 

probably involved in Ni(II) sorption (Fig. 5.35; Table 5.4) which indicates that these 

surface functional groups are another site where competition may occur between co-

contaminant and Ni(II). Results of the Ni(II) removal (as mentioned above) again 

favoring the failure of Ni(II) in competition for biosorption on the mycelia surface of 

isolate CR700. These mechanisms may also occur with Ni(II) removal in presence of 

other heavy metal (Pb, Cu, Cr and Zn) and other variables (NH4Cl, NO3
─
, Ca

++
 and 

SO4
─2

) that probably reduces the removal percentage of Ni(II). 

5H.5 Effect of Ni(II) on H2O2 and Lipid peroxidation in T. lixii 

Oxidative stress caused by heavy metal including Ni(II) in plant and microbes 

has been reported in many studies that could cause oxidative damages inside the cell 

via oxidizing unsaturated fatty acid, protein, membrane lipid, DNA and 

macromolecules (Scandalios, 2005; Yilmaz and Parlak 2011; Kalita et al. 2018; 

Pandey and Bhatt 2016; Das and Sarkar 2018). In the present study, lipid peroxidation 

and H2O2 content production in T. lixii CR700 under the presence of Ni(II) was 

demonstrated as a measure of oxidative stress. Results showed that with the increase 

in the concentration of Ni(II), first the MDA content was significantly decreased at 50 

mgL
─1

 of Ni(II) (Fig. 5.32a). However, no significant change was recorded at 100 

mgL
─1

, but at 200 mgL
─1

 of Ni(II), MDA content was significantly increased up to 

12.35 nmol g
─1

 FW which was 40% higher than control (Fig. 5.32a). The results of 

the effect of Ni(II) on H2O2 content in T. lixii CR700 is shown in Fig. 5.32b. It was 

found in the results that with an increase in the Ni(II) concentration from 0 to 200 

mgL
─1

, the H2O2 content was increased significantly from 22.1 to 34.1 nmol g
─1

 FW 

(Fig. 5.32b). T. lixii CR700 showed a clear response towards increasing concentration 
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of Ni(II). Previous studies suggested that MDA and H2O2 content were increased with 

an increase in Ni(II) concentration in plant and microbes (Shri et al., 2009; Spagnoletti 

et al., 2016; Urrialde et al., 2017). These results confirmed that Ni(II) has more toxicity 

to T. lixii CR700 at their elevated concentration, Ni(II) can cause oxidative stress in 

CR700 (Pandey and Bhatt, 2016; Das and Sarkar, 2018; Shri et al., 2009). 

 

Fig. 5.32. Effect of different Ni(II) concetartion on MDA and H2O2 content in T. lixii 

CR700 (bar denotes standard deviation of three replicates and different letter denotes 

significant differences at the level of p<0.05 followed by DMRT). 

5H.6 Effect of Ni(II) on enzymatic antioxidants 

Enzymatic antioxidant activity has been reported to be increased under the 

presence of stress conditions in plants and microbes such as drought, salts stress, in 

presence of heavy metal and other toxicants for scavenging of ROS (Sharma, 2012; 

Urrialde et al., 2017; Kannaujia et al., 2019; Shri et al., 2009). In this study, the 

activity of POD was increased with an increase in the concentration of Ni(II) and a 

maximum of 1.62 Umg
─1

 protein of POD activity was recorded at 200 mgL
─1

 of Ni(II) 

(Fig. 5.33a). Similarly, the CAT activity was also increased in presence of Ni(II) in T. 

lixii CR700 as an increase in POD was recorded. The maximum CAT activity (41.12 

µmol H2O2 min
─1 

mg
─1

) was recorded at 200 mgL
─1

 of Ni(II) which was 169% higher 

than control (Fig. 5.33b). When, we critically compared the activity pattern of 

enzymatic antioxidant and level of oxidative (H2O2 and MDA) stress in presence of 

Ni(II), we found that both of them are associated with each-other and their response 
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was possibly just because of each-other. Results suggested that in T. lixii CR700, 

oxidative stress caused by Ni(II) provoked by different combinations of antioxidants 

(CAT and POD in presence of Ni(II) Fig. 5.33a, b). 

 

Fig. 5.33. Effect of different concentration of Ni(II) on activity of (a) POD and (b) CAT 

in T. lixii CR700 (bar denotes standard deviation of three replicates and different letter 

denotes significant differences at the level of p<0.05 followed by DMRT). 

5H.7 Effect of Ni(II) phenolic content, GSH and Non-protein Thiol content 

Results of the total phenolic content, GSH and non-protein thiol content 

production in T. lixii CR700 under the presence of Ni(II) are shown in Fig. 5.34. 

Results showed that level of phenolic content in T. lixii CR700 was first increased by 

16% in the presence Ni(II) at 50 mgL
─1

 but as the concentration of Ni(II) was above 50 

to 200 mgL
─1

, the phenolic content production rate was decreased by 38% as 

compared to control (Fig. 5.34a). Increased in phenolic compound production are 

reported in stress conditions and causesa oxidative stress in plants and microbes. Total 

phenolic content plays an important role in scavenging of ROS produced under heavy 

metal stress via donating their hydrogen ion from the hydroxyl group (Hernandez et 

al., 2009). Probably it reacts with hydrogen peroxide and superoxide and converts into 

water and hydrogen peroxide molecules respectively either in presence of enzyme or 

directly by reacting with these molecules as substrate. 

GSH is an important component of immune system of the cell and it has been 

reported as an antioxidant as well as a good chelating agent for heavy metals inside 
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the cell (Ilyas and Rehman, 2015; Canovas et al., 2003; Mukherjee et al., 2010; 

Thorsen et al., 2007). After chelation with the heavy metals, it translocated to 

vacuoles of the cell and this phenomenon was also reported for non-protein content 

(Su et al., 2015; Zeng et al., 2015; Rausch and Wachter, 2005; Kumar et al. 2019). 

However, no significant change in the GSH level was recorded with increase in the 

concentration of Ni(II) up to 100 mgL
─1

 and was decrease significantly at 200 mgL
─1

 

Ni(II). While, the thiol content was increased significantly by increase in the 

concentration of Ni(II). A maximum of 77.9% increase in the level of thiol content in 

T. lixii was recorded in the presence of 200 mgL
─1

 of Ni(II) as compared to control 

(Fig. 5.34c). Non-protein thiol content has been reported for their metal chelating 

properties that could cooperate in accumulation of Ni(II) inside the cell of T. lixii 

CR700 (Rausch and Wachter, 2005; Su et al., 2015; Zeng et al., 2015). 

 

Fig. 5.34. Effect of different Ni(II) concentration on (a) phenolic content, (b) GSH and (c) 

non-protien thiol content in T. lixii CR700 (bar denotes standard deviation of three 

replicates and different letter denotes significant differences at the level of p<0.05 

followed by DMRT). 
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5H.8 FTIR analysis 

The changes in the IR band of treated (100 mgL
─1

 of Ni(II)) and without treated 

fungal biomass detected by FTIR investigation and their assignments are shown in 

Table 5.4 and Fig. 5.35. The minor shift (from 3423.1 to 3425.7 cm
─1

) was found with 

the treatment of Ni which represents ─OH and ─NH group stretching (Chen et al., 

2019; Li et al., 2019). The atom “O” of -OH contains two lone pair (lp) while “N” of 

N-H contain one lp electron which suggested the metal-lp electron interaction in Ni(II) 

biosorption (Kumar et al., 2019). The peak at 1646.9 cm
─1

 shifted to 1650.7 cm
─1

 

with the treatment of Ni(II), represent C=O stretching of -COOH and the peak at 

1405.5 cm
─1 

shifted to 1412.2 cm
─1

 respectively assigned to C─N stretching (Chen et 

al., 2019). Two new bands were also recognized at 1384.1 and 1315.7 cm
─1

 that might 

be assigned to carboxylate anion while these peaks were not detected in control 

biomass. The shift in C=O of -COOH representing peak and appearance of new 

COO
─
 assigning peak suggested the involvement of COOH via its dissociation into 

COO
─
 and H

+
 and simultaneous electrostatic attraction of Ni(II) ions by COO

─
 anions. 

Phosphate group representing peak at 1076.1 cm
─1

 shifted to 1072.7 cm
─1

 by treating 

with Ni which also sahow the electrostatic attraction between phosphate anions and 

positively charged Ni(II) cations (Akar et al., 2012). 

The band 1241.1 cm
─1

 was shifted to 1242.4 cm
─1

 with the treatment of Ni(II) 

that assigned SO3 group which may have a possible role in Ni(II) biosorption. 

Interestingly, it was found in the metal quantification experiment that the surface 

biosorption of Ni(II) was 1.79 ± 0.47 mgg
─1

 of dried biomass. This investigation 

revealed that the cell wall of T. lixii CR700 also participated in the removal of Ni(II) 

via adsorption with the help of its surface functional groups. 
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Fig. 5.35. FTIR image of T. lixii CR700 biomass grown in (a) control and (b) 100 mg/L 

Ni(II) amended PDB medium.   

Table 5.4. The IR spectra of biomass of T. lixii CR700 grown in control and 100 

mg/L of Ni and As amended PDB medium and their assigned functional groups.  

Control (0 

mgL
─1

) 

Ni (100 

mgL
─1

) 

Functional group Assignments  

3423.1 3384.1 -O─H Stretching vibration and -N─H stretching of 

protein or acetamide groups of chitin fraction 

2926.1 2925.8 -C─H Stretching vibration of fatty acid in membrane 

phospholipid 
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The “-” denotes no peaks were detected, Bolded values denotes major shift in the peak and 

“*” denotes minor shift in the peaks as compared to control. 

5H.9 Scanning electron microscopic (SEM) analysis 

In scanning electron microscopic analysis, dense, aggregated, swelled and 

irregular surface mycelia of T. lixii CR700 were observed under the presence of 100 

mgL
─1

 of Ni(II) (Fig. 5.36b, c) that is different from control treatment which was 

cylindrical with smooth surface mycelia (Fig. 5.36a). These morphological responses 

of T. lixii CR700 was also found under the presence of Cr(VI), a sign of tolerance and 

removal mechanism of Cr(VI) (see section 5F.3). Fungi possess many types of 

morphological responses when coming under the stress condition such as heavy 

metal, organic pollutants, pesticides, drought and other stress conditions. These 

responses are the basically tolerance mechanisms of the fungi that deal with stress 

condition and provide the tolerance ability to fungi to adopt in the adverse conditions. 

Ni(II) is the toxic metal that can affect the growth and its removal efficiency of fungi. 

Dense and aggregated mycelia of P. chrysosporium and Hypocrea lixii was reported 

under the presence of Ni (Pakshirajan et al., 2013). Swell and aggregated mycelia of 

Aspergillus sp. was reported in the presence of As (Cánovas et al., 2003). They found 

that mycelium swelling is basically due to As-thiol compound vacuolar 

compartmentation. In another report, it was found that Phanerochaete chrysosporium 

produces extracellular polymeric substances in the presence of Ni (Cao et al., 2018) 

that possibly lead mycelial aggregation and helpful to protect the cell from the 

toxicity of the Ni(II) via adsorption on its surface and impaired the way of introduction 

of Ni inside the cell. In the present study, dense/aggregated, comparatively, swell and 

irregular surface mycelia are the tolerance mechanisms of T. lixii CR700 and vacuolar 

1646.9 1650.7* C=O group in Amide I of N-acetyl glucosamine polymer 

or the protein peptide bond or Carboxylic acid group  

1547.3 1553.6 Amide II of N-Acetyleglucosamine polymer or the protein 

1405.5 1450.7 C─N stretching in Amide III 

- 1384.1 Amide III band  represents to COO
─
 anions 

- 1315.7 Amide III band  represents to COO
─
 anions 

1241.1 1242.4* SO3 group 

1076.1 1072.7 Phosphate group of glycoprotein  

631.0 617.2  
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compartmentation of Ni(II) inside the cell of T. lixii CR700 (Cánovas et al., 2003; Cao 

et al., 2018). 

 

Fig. 5.36. Scanning electron microscopic image of T. lixii CR700 biomass grown in 

control and 100 mg/L of Ni(II) amended potato dextrose broth medium. 

5H.10 Ecotoxicological assessment  

Results of the phytotoxicity test on Vigna radiata confirmed that the toxicity 

of 100 mgL
─1

 of Ni(II) solution was reduced after getting treated with T. ixii CR700. 

The roots and shoots length of V. radiata in fungal-treated (f-treated) Ni(II) was 1.48 ± 

0.25 and 4.94 ± 1.05 cm respectively which was higher than without fungal-treated Ni 

(0.44 ± 0.19 and 1.32 ± 0.13 cm respectively) but lower than control (4.96 ± 1.15 and 

9.12 ± 1.92 cm respectively) (Table 5.5). These results showed that T. lixii not only 

removed Ni(II) from the solution but also biotransform from toxic to non/less-toxic 

(Chen et al., 2019). However, growth of V. radiata was higher in control than the 

fungal treated Ni(II) solution which might be due to remaining concentration of Ni(II) in 
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solution (at 100 mgL
─1

), the removal percentage of Ni(II) was not recorded to 100% 

(Das and Sarkar, 2018). Seed germination rate of V. radiata was 100% for control and 

f-treated Ni(II). These results are also the agreement that T. lixii CR700 has the ability 

to reduce the toxicity of Ni(II) via accumulation, adsorption and biotransformation 

mechanisms. 

Table 5.5. Phytotoxicity assay of fungal treated and without fungal treated 100 

mgL
─1

 of Ni(II) solution on Vigana radiata seeds in terms of seed germination 

rate and shoot and root length. 

Types of Treatment Shoot Length 

(cm) 

Root Length 

(cm) 

Germination rate 

(%) 

Control 9.12 ± 1.92 4.96 ± 1.15 100.0 ± 0.0 

Without treated Ni(II) 1.32 ± 0.13 0.44 ± 0.19 80.0 ± 10.0 

Fungal Treated Ni(II) 4.94 ± 1.05 1.48 ± 0.25 100.0 ± 0.0 

The values are mean of three replicates ± Standard deviation. 
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5I. Multiple metal removal from Simmulated wastewaster (SWW) by 

A. flavus CR500 

5I.1 Metal Removal from SWW 

Increase in the metal concentration in SWW from 5 to 20 mg/L of mixture of 

each metal the biomass production was reduced by 22% (Fig. 5.37). However, 

efficient metal removal potential of A. flavus CR500 was also recorded in SWW (Fig. 

5.37). A. flavus CR500 could remove 97.5% of As followed by 93.3, 82.2, 46.6% of 

Pb, Cr, and Ni from SWW containing 5 mg/L of each metal respectively. By increase 

in the metal concentration from 5-20 mg/L in the SWW, the removal percentage of 

As, Ni, and Cr significantly decreased which was similar as decreased in metal 

removal from single metal exposure (Fig. 5.37). However, a significant increase 

(93.3-95.1%) in the Pb removal was recorded (Fig. 5.37). Similar to our results, an 

increase in removal of Cu from three metal combinations than individual Cu was 

reported in Trichoderma atroviride (Errasquın and Vázquez, 2003). While the 

decrease in the removal of As, Cr and Ni was similar to the observation of Açikel and 

Alp (2009). The authors observed that due to antagonistic nature, the removal of Cu 

and Ni was decreased with increase in the multimetal concentration in comparison to 

single metal by Rhizopus delemar. In this work, the removal of metal from SWW was 

low as compared to the individual metal which might be due to competition that occur 

between metal ions for the adsorption on the surface functional groups as found in 

FTIR investigation (Gola et al., 2016). Another possible explanation might be the 

multimetal toxicity to the cell of the fungi, as discussed above that Pb increases the 

level of H2O2 and MDA content and similar phenomenon was recorded in the 

presence of Cr (see section 5E.4). That’s why simultaneous presence of these metal 

may resultant into multimetal toxicity for CR500 and decreases the metabolic activity, 

biomass production (22.3%; Fig. 5.37) as well as metal removal rate. Moore et al. 

(2008) reported the inhibitory effect of Ni and Cu causes a decrease in the production 

of biomass.  

5I.2 Effect of pH on Growth and multimetal removal from SWW 

The biomass production of fungus was negatively affected by the change in 

the pH of the medium (Fig. 5.38). At neutral pH (7.0) of SWW, the obtained biomass 
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was 6.2 g/L and with an increase in the pH to 9.0, the obtained biomass was reduced 

to 4.2 g/L (Fig. 5.38). Similarly, with decrease in the pH to 5.0, the obtained biomass 

was 4.1 g/L. The results revealed that with influence in the pH of the medium, 

biomass production was negatively affected. A. flavus CR500 could remove 83-94.8% 

of As, 80-93% of Pb, 53-75% of Cr and 24-43.6% of Ni at different pH (5.0-9.0) from 

SWW containing 10 mg/L of each metal while optimum pH was 7.0 (Fig. 5.38). The 

lower pH (5.0) highly reduces the metal removal ability of A. flavus CR500 than 

higher pH (9.0) (Fig. 5.38). At lower pH, the association between hydronium ion and 

fungal cell wall may causes positive charge on the surface of the fungi and create 

repulsive forces between metal ions and fungal cell wall (Khalid et al., 2011). A 

similar trend of effect of pH was reported for Beauveria bassiana and Metarhizium 

anisopliaein in the removal of Cd, Pb, Ni, Cr, Zn and Cu from the single as well as 

multimetal contaminated medium (Khalid et al., 2011; Gola et al., 2016). However, 

higher pH (8.0), increased the level of hydroxyl anions cause negative charge on the 

surface of fungal biomass and may favour the maximum removal of metal via 

electrostatic attraction between negatively charged cell surface and positively charged 

metal ions (Rawat et al., 2020; Kumar et al., 2019). In the present study, it was found 

that metal removal was mainly occurred due to accumulation while change in the pH 

of the SWW, biomass production was reduced which results into decrease in the metal 

removal (Gola et al., 2016).     

 

Fig. 5.37. Metal removal by A. flavus CR500 from different metal contaminated simulated 

wastewater at different concentration.  
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Fig. 5.38. Effect of pH on multiple metal removal efficiency of Heavy metal by fungus 

A. flavus CR500. 

5I.3 Growth and multimetal removal in TWW 

The physicochemical characteristics of the tannery wastewater are listed in 

Table 5.6. In without metal and PDB supplemented TWW, no growth of CR500 was 

observed and after supplementation of TWW with PDB and metal the growth of the 

CR500 was 2.73 g/L which was comparatively higher than growth in SWW. Slow 

growth of A. flavus CR500 in TWW might be due to presence of different types of 

other recalcitrant organic compounds as found in a study in TWW collected from the 

same site (Bharagava et al., 2018). The similar result was recorded in the biomass 

production of A. lentulus in undiluted and growth medium supplemented 

electroplating effluents (Mishra and Malik, 2012). CR500 showed efficient removal 

potential from diluted TWW in a ratio of 1:2 and supplemented with metal and PDB 

and could remove 76.8% of externally added Pb followed by 61.2, 58.2 and 38.6% of 

externally added Cr, As, Ni respectively and the obtained biomass was 3.7 g/L which 

was 70% higher than undiluted TWW (Fig. 5.39). At the dilution in the ratio of 1:4 of 

TWW, the obtained biomass was increased by 32% as compared to 1:2 diluted TWW 

and this much increase in the biomass led to significant increase in the metal removal 

rate (Fig. 5.39). Mishra and Malik (2012) investigated the removal capability A. 
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lentulus in electroplating effluents with supplementation of growth medium glucose 

and Yeast extract, maximum removal was recorded for Cr and Pb. The results of the 

present study revealed that due to complexity and toxicity of undiluted TWW 

(Bharagava et al., 2018), the growth of the fungus was inhibited while after the 

dilution of TWW in the ratio of 1:2 and 1:4 the toxicity of TWW was decreased that 

favoured the fungus growth and its metal removal efficiency. 

 

Fig. 5.39. Growth and Multiple metal removal effieciecny of A. flavus CR500 from real 

tannery wastewater (TWW). 

Table 5.6. Physicochemical characteristics of tannery wastewater (TWW). 

S. N. Physicochemical 

Parameters 

Recorded values* 

1 pH 8.49 ± 0.012 

2 Electrical Conductivity (mS 

cm
─1

) 

21.60 ± 0.03 

3 BOD (mg L
─1

) 860.00 ± 5.65 

4 COD (mg L
─1

) 1730.0 ± 6.12 

5 Total Solid (mg L
─1

) 5631.65 ± 8.13 

6 Cr (mg L
─1

) 18.84 ± 0.09 

7 Cd(mg L
─1

) 0.43 ± 0.002 

8 Cu (mg L
─1

) 0.76 ± 0.02 

9 Ni (mg L
─1

) 0.10 ± 0.002 
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10 Pb (mg L
─1

) 0.63 ± 0.002 

11 As (mg L
─1

) 0.11 ± 0.007 

*The values are mean of tow replicates ± standard deviation. 
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Chapter-6              Summary 
 

Heavy metal pollution has magnetized the public concern due to negative 

consequences on human health and the environment. Cr(VI) and Ni(II) are two heavy 

metals have serious issues. These both metals are generated from different types of 

industrial and commercial activities such as electroplating, tannery, mining, paper-

pulp, paint and pigment, etc. and discharged into the natural water bodies with their 

generating effluents without proper treatment. Discharged Cr(VI) and Ni(II) 

containing effluents disrupt the aquatic life by making number of alteration in their 

metabolic and physiological processes and get accumulated inside them as well as 

in plants too. Discharged effluents also contaminate the ground water through 

percolation from the discharged sites. Consumption of contaminated water and 

food is the way by which human being come in exposure of Cr(VI) and Ni(II). Cr(VI) 

and Ni(II) are toxic, carcinogenic and mutagenic and causes eye and skin irritation, 

severe diarrhoea, corrosion of skin and respiratory tract, kidney dysfunction, and 

probably lung carcinoma in human after coming in exposure via ingestion, 

inhalation and consumption.  

Many physicochemical treatment systems are being used for the remediation of 

heavy metal contaminated water including Cr(VI) and Ni(II). But, their cost, 

insufficient treatment potency, generation of huge amount of sludge as a secondary 

pollutant, high energy and skilled man power requirement are the disadvantages 

that possess a need of new and advance treatment system for remediation of heavy 

metal polluted wastewater. Biological treatment system utilizes microbes and 

plants and can remove the disadvantages of the existing systems and may become 

more appropriate system for treatment purpose. In this regards many work has been 

done and several species of microbes and plants have been explored for the 

treatment perspective. Fungi possess several features such as easy in handle and 

use, adopted to stress environment such drought, saline, heavy metal, etc. They can 

be cultivated with low graded material and applied on sites as well engineered 

treatment systems without making hard efforts. Because, heavy metals are very 

toxic for living organisms, so only adopted fungi to heavy metal can be applied in 

the treatment system for the treatment of heavy metal polluted wastewater. The 
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electroplating wastewater often contains different type of heavy metal such as Cr, 

Ni, Pb, Cu, Mn, etc. The electroplating wastewater discharged site is contaminated 

with many metals. The microbes (bacteria and fungi) present in these contaminated 

sites may highly adopted to heavy metal including Cr(VI) and Ni(II) contaminated 

environment and may have high potency for reduction and removal of Cr(VI) as 

well as Ni(II). These heavy metals adopted organism which have the ability for 

reduction and removal of Cr(VI) and Ni(II) can be alternative for the bioremediation 

of heavy metal polluted wastewater. However, the tolerance and remediation 

mechanism of Cr(VI) and Ni(II) also not well explored presently in fungi and this is 

major gap to resolve for better applicability of fungi in remediation process. 

Keeping into mind these hypotheses, this work has been performed and some key 

finding of the entire study after critical evaluation and elucidation of the 

experimental data are as follows:  

6.1. Physicochemical characterization of electroplating wastewater  

 The electroplating wastewater was collected from the electroplating industrial 

area of Faridabad, India. This area is highly dense and clustered with different 

types of electroplating factories.  

 The electroplating wastewater was highly laden with different types of heavy 

metal (Ni, Cr, Pb and Cu) and other pollutant which are presented in Table 

6.1.  

Table 6.1. Physicochemical characteristics of electroplating wastewater. 

S. 

N. 

Physicochemical 

Parameters  

Recorded 

values* 

1 pH 9.49 ± 0.12 

2 Electrical Conductivity 

(mS/cm) 

39.60 ± 3.3 

3 BOD (mg/L) 670.00 ± 6.6 

4 COD (mg/L) 1130.0 ± 11.12 

5 Total Solid (mg/L) 3830.6 ± 13.13 

6 Cr (mg/L) 54.84 ± 2.09 

7 Cd (mg/L) 2.43 ± 1.20 
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8 Cu (mg/L) 23.76 ± 0.02 

9 Ni (mg/L) 140.21 ± 1.2 

10 Pb (mg/L) 0.83 ± 0.04 

11 As (mg/L) 0.11 ± 0.02 

*Values are mean of three replicates. 

6.2. Isolation fungal isolate from electroplating wastewater  

 Chromium tolerant fungal isolates were isolated on 50 mg/L of Cr(VI) amended 

potato dextrose agar plate.  

 At 50 mg/L of Cr(VI) amended PDA plate four morphologically distinct 

microbes were recorded, that were further purified on PDA plate.  

6.3. Screening of Heavy metal tolerance of isolated fungi 

 First, the isolated fungal species were tested for their tolerance towards 

different concentration of Cr(VI) only two (isolate A and C) of them were able 

to grow above 300 mg/L of Cr(VI). That’s why only two species were selected 

for further study (as per the plan of wok).  

 Isolate A was able to tolerate 800 mg/L of Cr(VI), while isolate C was able to 

tolerate 1000 mg/L of Cr(VI).  

 Isolate A was renamed as isolate CR500 and isolate C as isolate CR700.  

 The metal tolerance ability of both the isolates toward different concentration 

of some co-occurring metal contaminant was investigated.  

 Isolate CR500 able to tolerate As(2000 mg/L), Mn(1600 mg/L), Ni (1600 

mg/L), Pb (1200 mg/L), Cr(800 mg/L), Cu (200 mg/L) and Cd (100 mg/L).   

 Isolate CR700 showed its tolerance towards As (2000 mg/L), Ni (1500 mg/L), 

Zn (1200 mg/L), Cu (1200 mg/L), Cr (1000 mg/L), and 100 mg/L of Pb and 

Cd.  

6.4. Molecular Identification of fugal isolates  

 For molecular identification, internal transcribed spacer region sequencing 

was done. For identification, blast tool, NCBI database was used to identify 

the fungal species using sequenced data.  

 Isolate CR500 showed maximum similarities with Aspergillus flavus species. 
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 Isolate CR700 showed maximum similarities with Trichoderma lixii species.  

6.5. Aspergillus flvaus CR500 and Cr(VI): Reduction, removal and 

biochemical response analysis 

 

 For the reduction of Cr(VI) using A. flavus CR500, batch study was conducted 

and A. flavus CR500 showed high efficiency (almost 100%) for the reduction 

of Cr(VI) up to the concentration of 100 mg/L of Cr(VI). At lower Cr(VI) 

concentration, removal ability of Cr(VI) was also higher.   

 Fungus also showed significant Cr(VI) reduction efficiency in the pH ranges 

from 6.0 to 8.0, temperature (28-35 °C) and under the presence of co-

occurring different salts, anions, cations, metabolic inhibitor and heavy metal 

(Ni, Pb, Cu, Mn, Cd, As, etc.). The fungus also showed high Cr(VI) reduction 

efficiency in the Tannery wastewater.  

 Intracellular Chromate reductase activity was recorded in the presence of 

Cr(VI) in A. flavus CR500 that played important role in intracellular reduction 

of Cr(VI) to Cr(III), while reduce form Cr(III) may exported to outside of the cell 

or accumulated inside the cell. Some amount of Cr(III) was also precipitated as 

Cr2O3 on the surface of cell wall.  

 The removal of Cr(VI) happen through reduction, accumulation, adsorption 

and precipitation mechanism as explored in FTIR, SEM-EDX, XPS and Cr 

removal and adsorption experimentation.  

 SEM results showed that in Cr(VI) exposure fungus showed different types of 

morphological responses (swelling in mycelia, protrusion less, ruptured, 

constricted mycelia). The functional group such as COO
─
, O─H, N─H and 

C≡C are participated in adsorption of Cr(VI) on the surface of A. flavus CR500 

evinced from FTIR analysis.  

 Cr(VI) induced oxidative stress has been found which might reduce the growth 

of the fungus at higher concentration of Cr(VI).   

 Enzymatic (CAT, SOD, POD, PPO and PAL) and non-enzymatic (total 

phenolic content, Proline, GSH and non-protein thiol content) antioxidants 

might play role in alleviation of ROS in A. flavus CR500 demonstrated from 

their increased activity and level under the presence of Cr(VI) in A. flavus 

CR500.  
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 In the phytoxicity assessment, Vigna radiata seeds showed good germination 

and shoot/root growth in fungal 100 mg/L of Cr(VI) solution as compared to 

without fungal treated 100 mg/L of Cr(VI) solution confirming the reduction in 

the toxicity of Cr(VI) solution.   

6.6. Trichoderma lixii CR700 and Cr(VI): reduction, removal and 

biochemical response  

 In batch study, T. lixii CR700 showed 99% reduction of Cr(VI) to Cr(III) up to 

the concentration of 100 mg/L of Cr(VI). 

  

 T. lixii CR700 also showed efficient Cr(VI) reduction capacity in the 

temperature of 28-35 °C and pH (6.0 to 8.0), under the presence of different 

heavy metal (Cr, As, Ni, Pb, Cu and Mn), salts, anions and metabolic 

inhibitor (EDTA) and showed efficient Cr(VI) reduction capability in tannery 

wastewater.  

 Under the presence of hexavalent chromium, the activity of intracellular as 

well as extracellular chromate reductase enzyme was recorded in T. lixii 

CR700 that possibly involved in reduction of Chromium. 

 T. lixii CR700 removed Cr(VI) via reduction, accumulation, surface adsorption 

and precipitation mechanism evinced from different investigation (SEM-

EDX, XRD, FTIR, etc.). 
 

 Elevated concentration of Cr(VI) induces ROS production in T. lixii CR700 

that might be due the toxicity of Cr(VI) to fungus and is the possible cause for 

the reduction growth and biomass productivity of the fungus. 

 At higher concentration of Cr(VI), activity of antioxidants enzyme (CAT, POD 

and SOD) and the level of non-enzymatic antioxidants (proline, total phenolic 

content, non-protein thiol content) was increased.  

 Reduction in the toxicity of Cr(VI) solution was confirmed from good 

germination rate and shoot/root growth of Cicer arietinum and Vigna radiata 

in T. lixii CR700 treated Cr(VI) solution. 

6.7. A. flavus CR500 and Ni(II): Removal, biochemical and 

morphological analysis 
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 A. flavus CR500 has high Ni(II) removal potential. The maximum removal (73 

%) potential of A. flavus CR500 was recorded at lower concentration (10 

mg/L) of Ni(II). 

 A. flavus also exhibited removal efficiency under the presence of different 

salts, anions, metabolic inhibitor and co-occurring heavy metal contaminant 

of electroplating wastewater. 

 SEM analysis revealed that morphology of the mycelia of A. flavus CR500 

was changed from protrusion full, straight and cylindrical to protrusion less 

and swollen mycelia that might be due to toxicity response of fungi or due to 

accumulation of Ni(II) inside the cell of the fungus that results into swollen 

mycelia.  

 FTIR study suggested the involvement of surface functional group in 

adsorption of Ni(II) ion the surface of fungal mycelia. However, removal Ni(II) 

is mostly driven by accumulation of Ni(II) inside the cell of the fungus as 

observed from determination of accumulation and adsorption study.  

 Due to toxicity, Ni(II) induced ROS production was recorded that possibly 

reduces the growth of the fungus at elevated concentration.  

 Increased SOD, CAT, POD activity and level of total phenolic content and 

proline was recorded in A. flavus CR500 in the response of Ni(II) that possibly 

reduces the effect of ROS and maintain the cellular homeostasis. 

 Vigna radiata seeds showed high germination rate and shoot and root growth 

in fungal (A. flavus CR500) treated Ni(II) solution compared to without fungal 

treated solution in phytotoxicty test.   

6.8. T. lixii CR700 and NI(II): Biochemical, morphological and Ni(II) 

removal investigation 

 

 T. lixii CR700 has potential for effective removal of Ni(II). It has been 

investigated under the different stress condition and was able to remove Ni(II) 

under the presence of other co-occurring pollutants such heavy  metal, mono 

and bi-anions and salts. The removal efficiency of T. lixii CR700 was high at 

low concentration of Ni(II) and was 64 % at 10 mg/L of Ni(II).  
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 The removal happen via surface adsorption and accumulation mechanism, 

confirmed from metal accumulation and surface sorption investigation. The 

electrostatic attraction and hydrogen bond were the major mechanism of the 

surface functional group such as COO, OH, NH, etc. that played role in 

adsorption of Ni(II) onto the mycelia surface of the fungus.  

 Ni(II) stress induces the ROS production that possibly diminished the fungal 

growth via causing oxidative damages. Increased CAT and POD activity and 

level of total phenolic content and proline may be participated in ROS 

reduction.  

 In SEM investigation, it was found that mycelia surface of T. lixii CR700 after 

Ni(II) exposure swelled and enhanced than unexposed mycelia of T. lixii 

CR700 that might indicated the Ni(II) adsorption on the surface of mycelia as 

well as production extracellular polymeric substances. 

 The toxicity of fungal treated Ni(II) solution was reduced as confirmed from 

high germination rate and growth of shoot/root in T. lixii CR700 treated Ni(II) 

as compared to untreated Ni(II) solution.  

6.9. Multiple metal removal by A. flavus CR500 from simulated 

wastewater (SWW) 

 The multiple removal ability of A. flavus CR500 was investigated in batch 

study. A. flavus CR500 was able to remove 97.5% of As followed by 93.3, 

82.2, 46.6% of Pb, Cr, and Ni from SWW containing 5 mg/L of each metal 

respectively. Increasing metal concentration up to 20 mg/L of each in SWW 

significantly reduces the biomass and metal removal potential of A. flavus 

CR500.  

 

 The pH of the medium was also optimized for multiple metal removal from 

SWW using 5 mg/L of each metal. A. flavus CR500 exhibited high metal 

removal efficiency at pH 7.0.  

 The removal of efficiency of A. flavus CR500 was also investigated in real 

tannery wastewater to assess its applicability for real wastewater treatment. A. 

flavus could remove 76.8% of externally added Pb followed by 61.2, 58.2 and 
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38.6% of externally added Cr, As, Ni respectively from diluted tannery 

wastewater (in ratio of 1:2; v:v) and amended with PDB. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 
Chapter-7 

Conclusion 

 

 

 

 

 



Vinay Kumar/Ph.D. Thesis/DES /BBAU, Lucknow, India/2021  177 
 

Chapter-7            Conclusion  

In this study, four morphologically distinct fungal isolate was isolated from 

electroplating wastewater. Two of them showed high tolerance potential towards 

heavy metal including Cr(VI) and Ni(II) and were identified as Aspergillus flavus 

CR500 and Trichoderma lixii CR700 based on ITS region sequencing. Both of the 

isolates showed high efficiency (99 %) in reduction of Cr(VI) up to the concentration 

of 100 mg/L of Cr(VI) and also showed high Ni(II) removal potential. The proficient 

Cr(VI) reduction and Ni(II) removal ability was also recorded in the pH ranges from 6.0 

to 8.0, temperature 28-35 °C and under the presence of co-contaminant such as salts, 

mono and bidentate anions, cations, metabolic inhibitor and in the presence different 

heavy metal (Pb, Cu, Ni, Mn, As etc.) even both the isolate showed distinct Cr(VI) 

reduction efficiency in real tannery wastewater. A. flavus CR500 also exhibited 

multiple metal removal efficiency from simulated as well as real tannery wastewater 

which can be exploited for treatment of multiple-metal contaminated wastewater. In 

the removal process both fungi uses enzyme catalyzed reduction (for Cr(VI)), 

accumulation, precipitation and surface sorption mechanism in remediation of Cr(VI) 

and Ni(II) contaminated water. In fungi, Cr(VI) and Ni(II) induced oxidative stress 

diminished by enzymatic (CAT, POD and SOD) and non-enzymatic antioxidants 

(proline, GSH, phenolic content). While, fungal treated Cr(VI) and Ni(II) solution 

showed no/less toxicity as compared to their pure solution, observed from good 

germination rate and growth of plant seeds (Vigna radiata). Therefore, both can 

become possible candidates for the treatment of Cr(VI) and Ni(II) contaminated 

wastewater in ecofriendly, safe and economical way. However, all the data recorded 

in this study are from the experiments that were run in controlled condition. So, the 

field experiment data may differ from the results obtained in this study. While, to get 

better reduction and removal efficiency with A. flavus CR500 and T. lixii CR700 for 

Cr(VI) and Ni(II) from wastewater, the reduction and removal ability of the fungi should 

be analyzed with used growth medium, applied wastewater and experimental 

conditions should be optimized before large scale application of both isolates. 
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a b s t r a c t

The present era is seeking our attention on the dilemma caused by the contamination of the aquatic
system with chromium (Cr) and nickel (Ni). Amid Ni and Cr oxidation states, hexavalent Cr (Cr(VI)) and
divalent Ni (Ni(II)) often found in the contaminated water body with prominent toxicity on flora and
fauna. The negative consequences of the Cr and Ni are strongly connected with human health. The ef-
fluents discharged by ventures such as plating, tannery, battery, mining, coloring, material, paint, metal
processing etc. industries also bring Cr and Ni into the water body. The removal of Cr and Ni from waste/
industrial water faced the difficulties owing to inappropriate selection of technologies in aspects of cost,
technique, efficiency and sustainability. Thus, in this review we discussed the chemistry and toxicity of
Cr(VI) and Ni(II) and have bring together all the possible methods that can be effectively exploited for the
treatment of Cr(VI) and Ni(II) contaminated water. We have also focused on the recent advances in
integration/combination of biological or natural processes with other existing methods that have high
scope for future research and have great opportunity in treatment of Cr and Ni contaminated water in
ecofriendly and sustainable way in upcoming days.

© 2021 Elsevier Ltd. All rights reserved.
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Abstract
Industrial processes and mining of coal and metal ores are generating a number of threats by polluting natural water bodies.
Contamination of heavy metals (HMs) in water and soil is the most serious problem caused by industrial and mining processes
and other anthropogenic activities. The available literature suggests that existing conventional technologies are costly and
generated hazardous waste that necessitates disposal. So, there is a need for cheap and green approaches for the treatment of
such contaminated wastewater. Bioremediation is considered a sustainable way where fungi seem to be good bioremediation
agents to treat HM-polluted wastewater. Fungi have high adsorption and accumulation capacity of HMs and can be potentially
utilized. The most important biomechanisms which are involved in HM tolerance and removal by fungi are bioaccumulation,
bioadsorption, biosynthesis, biomineralisation, bioreduction, bio-oxidation, extracellular precipitation, intracellular precipitation,
surface sorption, etc. which vary from species to species. However, the time, pH, temperature, concentration of HMs, the dose of
fungal biomass, and shaking rate are the most influencing factors that affect the bioremediation of HMs and vary with charac-
teristics of the fungi and nature of the HMs. In this review, we have discussed the application of fungi, involved tolerance and
removal strategies in fungi, and factors affecting the removal of HMs.

Keywords Metal tolerance .Molecular mechanism . Heavymetal . Reactive oxygen species . Bioprecipitation . Bioremediation

Introduction

The present scenario of industrial and developmental activities
is altering the natural flow of the materials and introducing
foreign compounds into the environment (Faisal and Hasnain
2004). Environmental pollutants including halogenated sol-
vents, petroleum hydrocarbons, explosives, agrochemicals,
heavy metal/loids, and radionuclides are a serious problem
to the environment. Out of these pollutants, heavy metals
(HMs) (cadmium; Cd, copper; Cu, mercury; Hg, lead; Pb,
manganese; Mn, arsenic; As, nickel; Ni, zinc; Zn, iron; Fe,
etc.) are extensively used in different types of industries and
released in high amount with their disposing effluents. These
contaminants directly or indirectly come into the environment.

A few numbers of metals including Fe, Mg, Cu, Mn, Co, and
Zn are the micronutrients for most of the organisms, while not
for all living organisms, and increasing concentration from
their limit causes toxicity (Manorama et al. 2016; Singh
et al. 2016). HMs as micronutrients may play an essential role
in metabolic activity, e.g., metalloenzyme (Tahir et al. 2017).
Because of the high solubility of HMs in the aquatic medium,
they can be easily absorbed or taken by the organisms. On the
other hand, being metal, they are non-biodegradable and have
multiple threats to living organisms due to their persistence in
nature, high-toxicity characteristics, and long half-lives after
coming into the food chain (Ali et al. 2015; Jamali et al. 2007;
Mondal et al. 2017). They havemultiple ways to come into the
food chain such as by seeping in groundwater from wastewa-
ter, by drinking of water from the polluted water bodies, crop
irrigation by wastewater, etc. (Jamali et al. 2007). After accu-
mulation into the living organism, they cause multiple threats
to humans (Table 1) as well as other living organisms. So, due
to extensive use and toxicity, heavy metal has a rising number
of environmental and health issues and has become a serious
concern to resolve at present (Dhankhar and Hooda 2011;
Mishra and Malik 2012).
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A B S T R A C T   

Present study investigated the Cu2+ removal potential of Trichoderma lixii CR700, isolated from enormously 
heavy metal polluted electroplating wastewater. In the batch study, actively growing CR700 was able to remove 
84.6% of Cu2+ at the concentration 10 mg/L of Cu2+ within 120 h after incubation and the accumulated and 
surface adsorbed amount of Cu was 0.51 and 0.47 mg/g of dry biomass respectively. T. lixii CR700 also showed 
efficient Cu2+ removal potential in the pH ranges from 5.0 to 8.0, in the presence of other co-occurring 
contaminant such as heavy metal, anions and metabolic inhibitor as well from real tannery wastewater. Alter
ation on cell surface of Cu2+ treated mycelia of T. lixii CR700 was analyzed using scanning electron microscope. 
Fourier transform infrared spectroscopic analysis was performed to identify the role of surface functional group 
in Cu2+ adsorption which revealed that COO─ functional group lead Cu2+ adsorption onto the surface of T. lixii 
CR700. Thus, T. lixii CR700 uses simultaneous surface sorption and accumulation mechanism in Cu2+ removal 
and can be potentially applied for bioremediation of Cu2+ contaminated wastewater in ecofriendly, safe and 
sustainable way.   

1. Introduction 

Heavy metal pollution in an aquatic ecosystem is the worldwide 
(especially developing countries) issues at the present, caused by in
dustrial, developmental and modern agricultural practices (Cui et al., 
2012; Ma et al., 2017). Industries associated with mining, battery, fer
tilizer and metal plating generating huge amount of effluent containing 
high concentration heavy metal including Cu that was mostly dis
charged into the aquatic environment (Pathak et al., 2017; Fage et al., 
2014; Ong et al., 2017; Angelin et al., 2015). Runoff from irrigation and 
agricultural soil containing pesticide and fertilizer also contribute to 
metal pollution in aquatic bodies (Kaushik et al., 2009). Thus, Copper 
(Cu) is the heavy metal widely spread in aquatic bodies. Most of the 
organism uses Cu2+ as an essential element for their growth and 
development (Serra et al., 2009). However, excess intake of Cu2+ will 
mean adverse health issues to humans as well as environment (Ong 
et al., 2017; Dubey et al., 2014). The liver and kidney damage are the 
chronic effects of copper intake in excess in humans (Karabulut et al., 
2000; Luk et al., 2017). As per the World Health Organization (WHO) 
guideline, the upper limit of Cu2+ intake should not exceed 2 mg/L (Luk 
et al., 2017). 

The physical and chemical methods such as ion exchange, membrane 
filtration technologies, adsorption on biochar or activated carbon, 
electrochemical treatment and precipitation have been developed to 
remove heavy metal pollution including Cu from wastewater (Fu and 
Wang, 2011; Fage et al., 2014; Serra et al., 2009). These technologies 
have several demerits such as low efficiency, high cost and produces 
huge amount of toxic sludge as a secondary pollutant, these methods 
cannot be used to treat heavy metal polluted wastewater at large scale 
(Das et al., 2008; Pathak et al., 2017; Jobby et al., 2018). Biological 
method is an alternative approach of physicochemical methods, uses 
bacteria, fungi, algae and plants to treat polluted wastewater and 
aquatic environment (Malik, 2004; Das et al., 2008; Kumar and Dwivedi, 
2020). Many species of bacteria, fungi and plants have been reported for 
their efficient bioremediation potential to treat heavy metal contami
nated sites. Microbial bioremediation has their own merits such as high 
efficiency, easy to handle, cost-effective etc. make it more prominent for 
wastewater treatment (Malik et al., 2004; Soares and Soares, 2012). 
Active cell (growing form) utilization in bioremediation has 
self-replenishment ability and has great potential application for 
bioremediation in batch and continuous mode for treatment of waste
water which is another merit of microbial bioremediation (Malik, 2004). 

* Corresponding author. 
E-mail address: skdwivedibbau@gmail.com (S.K. Dwivedi).  

Contents lists available at ScienceDirect 

Journal of Environmental Management 

journal homepage: http://www.elsevier.com/locate/jenvman 

https://doi.org/10.1016/j.jenvman.2020.111370 
Received 1 August 2020; Received in revised form 5 September 2020; Accepted 7 September 2020   

mailto:skdwivedibbau@gmail.com
www.sciencedirect.com/science/journal/03014797
https://http://www.elsevier.com/locate/jenvman
https://doi.org/10.1016/j.jenvman.2020.111370
https://doi.org/10.1016/j.jenvman.2020.111370
https://doi.org/10.1016/j.jenvman.2020.111370
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jenvman.2020.111370&domain=pdf


Environmental Technology & Innovation 20 (2020) 101075

h
2

Contents lists available at ScienceDirect

Environmental Technology & Innovation

journal homepage: www.elsevier.com/locate/eti

Multimetal tolerant fungus Aspergillus flavus CR500with
remarkable stress response, simultaneousmultiplemetal/loid
removal ability and bioremediation potential of wastewater
Vinay Kumar ∗, S.K. Dwivedi
Department of Environmental Science, Babasaheb Bhimrao Ambedkar University, Lucknow 226025, India

a r t i c l e i n f o

Article history:
Received 22 January 2020
Received in revised form 22 July 2020
Accepted 26 July 2020
Available online 28 July 2020

Keywords:
Multimetal
Oxidative stress
Antioxidants response
Phytotoxicity
Bioremediation
Simulated wastewater

a b s t r a c t

Microbial bioremediation of multimetal contaminated wastewater can mitigate its
environmental toxicity and human health risk. A multimetal tolerating fungus Aspergillus
flvaus CR500, able to tolerate As (2000 mg/L), Ni (1600 mg/L), Mn (1600 mg/L), Pb
(1200 mg/L), Cr (800 mg/L), Cu (200 mg/L) and Cd (100 mg/L), evident by the tolerance
index of 0.22, 0.16, 0.19, 0.09, 0.15, 0.12 and 0.29 respectively A. flavus CR500 adopted
multifarious biochemical (enzymatic and non-enzymatic) and morphological strategies
(observed by scanning electron microscopic analysis) to deals with As, Pb and Ni toxicity.
During the batch study, isolate CR500 could able to remove 99.0, 97.7 and 73.1% of As,
Pb and Ni respectively from individual metal contaminated potato dextrose broth (PDB)
medium via bioaccumulation and surface adsorption mechanism. A. flavus CR500 also
exhibited excellent multimetal (As, Ni, Pb and Cr) removal potential from simulated
wastewater (SWW) and Tannery wastewater (TWW) with a high amount of biomass
production rate. The removal from 5 mg/L of each metal amended SWW was 97.5, 93.3,
82.2 and 46.6% for As, Pb, Cr and Ni respectively. The toxicity of fungal treated metal
solution was reduced, observed from good germination rate and growth of Vigna radiata
seeds. Thus A. flavus CR500 has single as well as multimetal removal ability and can be
used for ecofriendly treatment of multimetal contaminated wastewater.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

The present scenario of industrial and developmental activities and modern agriculture practices are introducing
heavy metal/loid laden wastewater in huge amount into the environment Bhattacharya et al., 2015; Gupta et al., 2014.
Lead, cadmium, nickel, copper, arsenic and chromium have a number of applications in metal plating, battery, paint,
fertilizers, pesticides, automobiles, leather tanning, and petrochemicals processing Kumar and Dwivedi, 2019a,b; Shao-
Hong et al., 2014; Sudarsan et al., 2015; Acikel and Alp, 2009. Due to toxic, carcinogenic, corrosive, accumulative and
non-biodegradable/persistence properties, heavy metal/loid causes number of issues to the environment and human
health. As reported, many serious diseases such as autoimmune disorder, heart disorders, digestive disorder, liver, kidney
and stomach and lung cancer are associated with exposure of these toxic metals (Gola et al., 2016; Huang et al., 2017;
Velmurugan et al., 2010; Ayangbenro and Babalola, 2017). Hence, heavy metals must be removed from wastewater before
discharging into the environment or crop irrigation. Conventionally, the physicochemical processes are used for removing
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A B S T R A C T

In the present study we are investigating the Cr(VI) reduction potential of a multi-metal tolerant fungus (isolate
CR700); isolated from electroplating wastewater. Based on the ITS region sequencing, the isolate was identified
as Trichoderma lixii isolate CR700 and able to tolerate As(2000 mg/L), Ni(1500mg/L), Zn(1200mg/L), Cu
(1200mg/L), Cr(1000mg/L), and 100mg/L of Pb and Cd evident from tolerance assay. Cr(VI) reduction ex-
periment was conducted in Erlenmeyer flasks containing different concentration of Cr(VI) (0–200mg/L) amended
potato dextrose broth medium followed by inoculating with a disk (0.5 cm diameter) of 7 days grown isolate
CR700, and achieved a maximum of 99.4% within 120 h at 50mg/L of Cr(VI). However, the accumulation of total
Cr by isolate CR700 was 2.12 ± 0.15mg/g of dried biomass at the same concentration after 144 h of exposure.
Isolate CR700 showed the capability to reduce Cr(VI) at different physicochemical stress conditions such as pH,
temperature, heavy metals, metabolic inhibitor and also in tannery wastewater. Fungus exhibited multifarious
morphological and biochemical response under the exposure of Cr(VI); the scanning electron microscopic analysis
revealed that Cr(VI) treated mycelia of isolate CR700 comparatively irregular, aggregated and swelled than
without treated mycelia which might be due to the tolerance mechanism and vacuolar compartmentation of
chromium. Moreover, energy dispersive spectroscopy and x-ray photoelectron spectroscopic analysis exposed
the Cr(III) precipitation on the mycelia surface of isolate CR700 and Fourier-transform infrared spectroscopic
analysis suggested the contribution of the protein associated functional group in the complexation of Cr(VI). The
phytotoxicity test of fungal treated 100mg/L of Cr(VI) supernatant on Vigna radiata and Cicer arietinum revealed
the successful detoxification/remediation of Cr(VI).

1. Introduction

The electroplating processes basically applied the metal on the
material surface to provide resistance against corrosion (Arshad et al.,
2014; Hackbarth et al., 2016). The wastewater generated from elec-
troplating industries has potential risk for livings organisms and the
environment due to containing a very high concentration of heavy
metals (nickel, chromium, lead, cadmium, zinc, arsenic and copper)
(Shao-Hong et al., 2014; Sudarsan et al., 2015). Out of heavy metals,
chromium is common environmental contaminant due to its extensive
use in different other types of anthropogenic activities such as leather
tanning and mining and are generating a considerable amount of Cr
contaminated wastewater and disposed-off into the natural water
bodies or used in crop irrigation (Tian et al., 2019; Coreño-Alonso et al.,
2014; Angelin et al., 2015; Hang et al., 2009; Kaushik et al., 2009). The

Cr(VI) (hexavalent) and Cr(III) (trivalent) form of chromium are the most
common species which are predominant in wastewater (Mala et al.,
2015; Gu et al., 2015). Cr(VI) is highly soluble, carcinogenic and 100
times more toxic than the trivalent form of chromium (Fernandes et al.,
2002; Dey and Paul, 2012; Kaushik et al., 2009). Cr(VI) produces re-
active oxygen species and causes oxidative damages inside the cell
which is the major cause of its toxicity to living organisms (Wu et al.,
2010; Li et al., 2017; Halliwell and Gutteridge, 1984). Cr(VI) has number
of problems to human health including bronchopneumonia, chronic
bronchitis, diarrhea, emphysema, headache, irritation of the skin,
itching of respiratory tract, liver diseases, lung cancer, nausea, renal
failure, reproductive toxicity, vomiting (Coreño-Alonso et al., 2014;
Rafi et al., 2017; Ayangbenro and Babalola, 2017). It has also promi-
nent toxicity to plants causes chlorosis, delayed senescence, wilting,
biochemical lesions, reduced germination, stunted growth, and
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g r a p h i c a l a b s t r a c t
� A. flavus CR500 show multifarious
biochemical and morphological
response to deals with Cr[VI] toxicity.

� Cr[VI] induced chromate reductase
play a major role in the reduction of
Cr[VI] to Cr[III].

� Accumulation, precipitation and
adsorption mechanism involve in Cr
removal by isolate CR500.

� Isolate CR500 has excellent Cr[VI]
bioremediation potential.
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Hexavalent chromium reduction by microbes can mitigate the chromium toxicity to the environment. In
the present study Cr[VI] tolerant fungal isolate (CR500) was isolated from electroplating wastewater, was
able to tolerate 800mg/L of Cr[VI. Based on the ITS region sequencing, the isolate was identified as
Aspergillus flavus CR500, showed multifarious biochemical (reactive oxygen species, antioxidants
response and non-protein thiol) and morphological (protrusion less, constriction and swelling/outwards
growth in mycelia) response under Cr[VI] stress. Batch experiment was conducted at different Cr[VI]
concentration (0e200mg/L) to optimize the Cr[VI] reduction and removal ability of isolate CR500; results
showed 89.1% reduction of Cr[VI] to Cr[III] within 24 h and 4.9± 0.12mg of Cr per gram of dried biomass
accumulation within 144 h at the concentration of 50mg/L of Cr[VI]. However, a maximum of 79.4%
removal of Cr was recorded at 5mg/L within 144 h. Fourier-transform infrared spectroscopy, energy
dispersive x-ray spectroscopy and X-ray diffraction analysis revealed that chromium removal also
happened via adsorption/precipitation on the mycelia surface. Fungus treated and without treated
100mg/L of Cr[VI] solution was subjected to phytotoxicity test using Vigna radiata seeds and result
revealed that A. flavus CR500 successfully detoxified the Cr[VI] via reduction and removal mechanisms.
Isolate CR500 also exhibited efficient bioreduction potential at different temperature (20e40 �C), pH (5.0
e9.0), heavy metals (As, Cd, Cu, Mn, Ni and Pb), metabolic inhibitors (phenol and EDTA) and in sterilized
tannery effluent that make it a potential candidate for Cr[VI] bioremediation.

© 2019 Published by Elsevier Ltd.
mar).
1. Introduction

Multiple metals are used in electroplating processes in metal
plating industries (Arshad et al., 2014; Hackbarth et al., 2016) thus,
generated wastewater contain metals such as chromium (Cr),
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Abstract
Newly biosynthesized metallic nanoparticle with antimicrobial characteristic attracted its demand in the field of disease

management. The present study deals with the synthesis of silver nanoparticle using the extract Aspergillus flavus CR500

under the presence of sunlight. The characterization via scanning and transmission electron microscope revealed their size

distribution ranges from 60 to 130 nm with a high content of Ag, confirmed by energy dispersive X-ray spectroscopic

analysis. X-ray diffraction and Fourier transform infrared analysis exposed the crystalline nature and active functional

group availability on silver nanoparticle (AgNPs). Photobiosynthesized AgNPs have high antimicrobial property and

completely inhibited the growth of plant pathogenic fungi Rhizoctonia solani GPB and Sclerotium rolfsii at the concen-

tration of 150 and 300 lg/L respectively. AgNPs exposure increases the lipid peroxidation (via reactive oxygen species

production) in R. solani and S. rolfsii, might be a primary cause of AgNPs toxicity to fungal cell. However, fungal cell

responded to oxidative stress caused by AgNPs by increasing the catalase and peroxidase activity. In order to assess the

AgNPs applicability in seed protection and its impact on germination, growth and development of the crop, Cicer

arietinum and Vigna radiata seeds were used for growth and germination assay under AgNPs exposure.

Keywords Nanoparticle � Shape and size of AgNPs, Antifungal mechanism � Oxidative stress � Antioxidants

Introduction

In recent year, the demand of newly synthesized silver

nanoparticles (AgNPs) has been significantly increased for

the application in the agricultural and industrial sectors.

The antimicrobial (antibacterial, antifungal and antiviral

activity) property of AgNPs is major cause of considerable

attraction for its potential use in controlling the bacterial,

fungal and viral pathogen in medical, industrial and agri-

culture field [1–4]. These days agriculture being challenged

due to insect and pathogen (fungi and bacteria) attack [5]

and the ability to adopt the stress conditions, the pathogens

adopted resistance against traditional pesticides resulting

spectacular crop loss [6, 7]. Chemical pesticide is also eco-

destructive, persistent in nature, affect to soil micro-biota

and causes number of human health issues. In this regards,

there is need of novel strategies to control the pathogen and

improve agriculture productivity. The implementation of

nanoparticle in the agriculture sector is believed as navel

strategies to deal with plant pathogen that will transform

agricultural performance and help to improve crop pro-

ductivity [5].

The chemical based synthesis of metallic nanoparticle is

associated with number of disadvantages at all the stages

due to applying toxic chemically originated organic sol-

vents, reducing agents, and stabilizers, consequently are

not environmental friendly [3, 8]. However, the green

synthesis of nanoparticle can remove the disadvantages.

The biologically originated bioactive materials from vari-

ous sources such as microbes (bacteria and fungi) and plant

(plant extract) are being utilized for synthesis of AgNPs,

having potential antimicrobial activity [4, 9–12]. Fungal

mediated synthesis of metallic nanoparticle is described to

be more compensation than using bacteria in the processes
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Exploring the Cadmium Tolerance and Removal Capability of a Filamentous
Fungus Fusarium solani
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ABSTRACT
Cadmium is one of the most toxic contaminant causing many problems to human health and the
environment. These days the world is moving toward ecofriendly and efficient techniques to
remove the pollutant from the wastewater. The present study aims to investigate the tolerance of
Fusarium solani toward cadmium (Cd), nickel (Ni), and lead (Pb). Maximum tolerance was observed
with Cd. Cadmium removal ability of F. solani was examined from contaminated PDB medium. pH,
initial concentration and time optimization for maximum removal of Cd by F. solani was also
studied. The maximum removal (92.4%) was recorded at initial concentration of 50mg/L after
144h of incubation. Cadmium exposure increased the level of glutathione (GSH) and oxidized
glutathione (GSSG) contents and the activity of catalase (CAT) in F. solani. Fourier-transform infra-
red spectroscopy (FTIR) analysis indicated the involvement of the different surface functional
group in biosorption of Cd while Scanning Electron Microscopy coupled with Energy Dispersive
Spectroscopy (SEM-EDS) analysis revealed the presence of Cd on the surface of fungal cell. The
changes observed in compositions of S, P, and Cd using EDS analysis on biomass surface indicated
the precipitation of Cd as CdS and Cd3(PO4)2. The XRD analysis revealed the presence of Cd3(PO4)2
on mycelia surface of F. solani.
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Introduction

Unmanaged exploitation of heavy metal due to wide applica-
tion alters the natural flow of environment and threats to
human health and the environment (Chen et al. 2008).
Among the heavy metals, cadmium is highly toxic because
of its high transfer potential from soil and water to plant tis-
sues with strong bio-toxicity even at low concentrations
(Chen et al. 2015; Goswami et al. 2016; Yadanaparthi et al.
2009). Many metabolic disorder such as hypertension, renal
damage, testicular atrophy, emphysema and itai-itai disease
caused by cadmium exposure (Çelik et al. 2017), and it is
also identified as B1 Carcinogen by Environmental
Protection Agency (EPA). Cadmium-loaded effluents arise
from many industrial processes such as metal coating and
production, nickel-cadmium batteries, pigments, alloys, sta-
bilizers, solar cells, and also from mining activities (Singh
et al. 2006; Su et al. 2017).

Conventional technologies such as chemical precipitation,
electrochemical treatment, and reduction using ion
exchange, filtration and flocculation are used for the
removal of heavy metal to minimizes the impact (Chen
et al. 2015; Fu and Wang 2011). But, these conventional
methods have considerable disadvantages including incom-
plete metal removal, requirements for expensive equipment
and monitoring systems, high reagent and energy require-
ments and generation of toxic sludge or other waste

products that necessitate disposal (Huang et al. 2017;
Rojjanateeranaj et al. 2017) while, biological treatment offers
the advantages of low operating costs, fewer waste products,
high efficiency, and convenience of operation (Akar et al.
2013; Elwakeel and Guibal 2015; Munagapati et al. 2010).
However, excess metal ions may negatively affect and reduce
the efficiency of biological treatment systems (Taboski et al.
2005; Li et al. 2018). Microorganisms possess a number of
mechanisms to tolerate heavy metals such as intra and
extra-cellular chelation using metal chelating ligands like
metallothioneins and gluthione, enhanced efflux, subcellular
compartmentation, enzymatic oxidation-reduction, etc.
(Bellion et al. 2006; Borut et al. 2010). In the midst of vari-
ous bioremediator (bacteria, fungi, algae, and others), fungi
are very striking options due to their easy and immense
growth with the economical substrate in processes of waste-
water treatment (Abdolali et al. 2006; Vilar et al. 2009).
Several studies suggested that many species of fungi are pro-
ficient for removing heavy metals from wastewater such as
Phanerochaete chrysosporium, Aspegillus awamori, Aspegillus
flavus, and Trichoderma viride. They able to remove Cd, Pb,
Cr, and Ni up to 400mg/L of heavy metal contaminated
liquid media (Tabosk et al. 2005; Abdolali et al. 2006;
Mohsenzadeh and Shahrokhi 2014; Paria et al. 2018). Luo et
al. (2010) reported the biosorption of cadmium on the sur-
face of Rhizopus cohnil. The efficient removal of Cd2þ ions
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A combined effect of adsorption and reduction potential of biochar derived
from Mentha plant waste on removal of methylene blue dye from aqueous
solution
Abhay Prakash Rawat, Vinay Kumar, and Devendra Pratap Singh

Department of Environmental Science, Babasaheb Bhimrao Ambedkar University, Lucknow, Uttar Pradesh, India

ABSTRACT
Plant biochars were prepared by slow pyrolysis of Mentha plant waste to remove cationic dye
methylene blue (MB) from aqueous solution. The biochars were characterized by X-Ray diffraction,
IR-spectroscopy, thermogravimetric analysis, scanning electron microscope, cyclic voltammetry
(CV), Brunauer-Emmett-Teller analysis, and zeta potential analyzer. Adsorption isotherms and
kinetics applied on the MB dye removal by biochars showed monolayer chemisorption of MB
dye. Present investigation revealed that removal of MB dye was due to synergistic action of
chemisorption coupled with reductive electron transfer mechanisms. CV test showed a reversible,
coupled redox reaction at interface of MB dye and biochar particles.

ARTICLE HISTORY
Received 27 February 2018
Accepted 6 February 2019

KEYWORDS
Mentha plant waste;
biochar; methylene blue;
decolorization;
electrochemical reduction

Introduction

Food, textiles, dyeing, and printing industries are the key
sources for release of dye containing waste water into
natural water bodies. Synthetic dyestuffs are the major
water pollutants discharged by the paper industry, dye
houses, textile, and printing industries[1,2] which contri-
bute to environmental contamination and serious health
problems due to their extensive application.[3] Most of
the organic dyes used in various industrial processes are
found to be more stable against photobleaching and
remain unaffected by aerobic digestion because of their
large molecular size and complexity of their structure.[4]

Methylene blue (MB), a basic cationic dye, has been
extensively applied for dyeing of wool, silk, jute, and
leather due to its low price and easy availability.[5] MB
dye has chemical properties which contribute to its
mutagenic and carcinogenic properties in a wide range
of living beings including humans. Therefore, a complete
elimination of these dyes from the dye-laden industrial
effluents is desirable before its discharge into the water
bodies.

During the last few years, several physico-chemical
methods have been employed for dye removal from aqu-
eous media, including photo-catalytic degradation,[6] coa-
gulation and ultrafiltration,[7] electrochemical,[8] oxidative
degradation,[9] adsorption,[10] and other electrochemical
methods.[11,12] Among these methods, dye removal by
using different biosorbents is considered to be more

economical and effective method. Since the adsorption
potential of many biosorbent materials depend upon
their physico-chemical properties and selection of an effi-
cient adsorbent is, therefore a prime concern for treatment
of dye-laden waste water.

Applicability of different adsorbents for treatment of
waste water is limited as they are usually prepared from
non-renewable materials and are also found to be
expensive. In recent years, different types of biomater-
ials have been applied for removal of dyes and heavy
metals from waste water due to their low cost and
enhanced adsorption potential.[13] This has led many
researchers to find some cheaper and efficient alterna-
tive materials for treatment of waste water. The biochar
is a carbon-rich biomass derived from biomaterials by
slow pyrolysis under oxygen-limited condition. Biochar
has been considered as an efficient adsorbent compar-
able to activated charcoal in removal of organic and
inorganic toxicants from industrial waste water due to
its porous structure, surface active binding ligands, and
large surface area.[14]

In order to reduce the material cost of adsorbents,
low price agro-waste materials including crop residues,
animal maures, forestry, and many food materials are
being used for biochar production. The post-distillation
Mentha plant residues is a by-product of Mentha dis-
tillation industry with no further application. India is
the main producer of post-distillation Mentha plant
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INTRODUCTION

India is a geographically subtropical country with
warm and humid climate that provides an appropriate
environment for developing and spread of numerous plant
pathogens (Amin et al., 2015). Fusarium solani is a
soil-borne fungus and is worldwide in distribution.
Fusarium solani produced mycotoxin which is secondary
metabolites that creates a serious threat to plants and
animals. In case of plant, it causes wilt and rot disease
on wide variety of crop at least 111 plants species (Bogale
et al., 2008). Fusarium solani causes disease in pearl
millet and decreases plant yield productivity and
consequently economic losses. Pearl millet (Pennisetum
glaucum) is an economic crop which grown for food
and forage in India, Africa and worldwide. It belongs

from family Poaceae. India was the first producer and
developed hybrids seeds of pearl millet in 2014-15 with
the total production (Malik, 2015). Pearl millet contains
carbohydrates, proteins, vitamins, fats and high amount
in minerals i.e. iron, zinc, calcium, magnesium,
phosphorus, potassium, sodium, copper, manganese,
selenium and dietary fibre content that help human health
(Prasad and Dwivedi, 2017).

The chemical affects serious threat to the
environment, health hazardous and toxicity of some
beneficial microbes present in soil which promote plant
growth (Dwivedi and Prasad, 2016). The use of medicinal
plant extract is an eco-friendly way to control Fusarium
solani. The aqueous medicinal plant’s extract has
effective antagonistic properties against pathogen at

Antifungal activity of some selected medicinal plants against
Fusarium solani causing wilt and rot in Pearl millet
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Fusarium solani is a soil-borne fungus which causes wilt and rot disease in pearl millet. Pearl millet belongs to family Poaceae,
contains carbohydrates, vitamins, protein and high amount in minerals i.e. iron, zinc, calcium and other minerals. It maintains
human health. To control the soil-borne diseases in Pearl millet with the use of chemicals under in field condition is hazardous,
loss of soil fertility and causes serious environmental pollution, thus use of plant extract as an ecofriendly means is needed.
Fusarium solani treated with Allium sativum, Zingiber officinale, Momordica charantina, Mentha arvensis, Allium cepa and
Capsicum annum using poisoned food technique at 10%, 25%, 50% and 75% concentration on 3rd, 5th, 7th day incubation period
under in vitro condition. The selected plant extracts were significantly (P<0.05) effective against F. solani but Allium sativum was
most effective compared to others. Allium sativum inhibited 100% mycelial growth of F. solani at 10% concentration on 3rd day of
incubation period. Zingiber officinale and Capsicum annum inhibited 71.2% and 75.7%  mycelial growth of F. solani under in
vitro condition respectively.
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Appendix - II  Conferences and Workshops attended  

 

Conferences attended  

 

 Presented Poster entitled “Nickel tolerant Trichoderma sp. isolated from 

Electroplating wastewater: Removal ability and mechanism” in 

“International Conference on Environmental Sustainability: Innovations, 

Traslations Dimensions and Way forward” held on 11
th

 to 12
th
 February, 

2020 at Department of Environmental Science, Babasaheb Bhmrao Ambedkar 

University, Lucknow.   

 

 Presented poster entitled “Tolerance of a Filamentous fungus against some 

chemicals Isolated from Rhizospheric soil of Pearl Millet” in “I
st
 North 

Indian Science Congress” healed on January 10
th

-11
th

, 2018 at Babasaheb 

Bhimrao Ambedkar University, Lucknow, Uttar Pradesh, India.  

 

Workshops attended 

 

 Attended one day work shop on “Publication Ethics and Patenting” 

organized by Department of Environmental Science, Babasaheb Bhimrao 

Ambedkar University, Lucknow at 10
th

 of February, 2020. 

   

 Participated in three days Hands-on-Workshop on “Molecular 

Characterization of Microorganism” organized by Division of 

Biotechnology, CytoGene Research and Development, Lucknow during the 

period of 9
th

 to 11
th

 November, 2018.  

 

 Participated in two days Workshop on “High Performance Liquid 

Chromatography (HPLC) & Its Application” organized by Division of 

Biotechnology, CytoGene Research and Development, Lucknow during the 

period of 21
st
 to 22

nd
 April, 2018.  
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 Participated in the Workshop on “Socio-environmental Dimensions in the

Rejuvenating River Gomati” on 23
rd

 April, 2018 organized by Department

of Environmental Science, Babasaheb Bhimrao Ambedkar University,

Lucknow in association with Lokbharti.

Honor and Award 

o International Distinguished Researcher in Environmental Microbiology,

Research Leadership Awards of the Year 2020 awarded by RULA

Awards accredited by World Research Council, United Medical Council

and Internatinal Journal of Research Under Literal Access (IJRULA).

o Research Excellence Award in Life Science of the year 2021 by Vice

Cahncellor, Babasaheb Bhimrao Ambekar University, Lucknow, India.
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