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Abstract 

The melanoidin-containing wastewater, particularly distillery spentwash possesses very high loads of 

chemical oxygen demand (COD) and other organic and inorganic pollutants. The discharge of this 

dark brown colour wastewater to water bodies results in eutrophication, reduction of dissolved 

oxygen level, obstruction of sunlight penetration, inhibition of photosynthesis of aquatic plants and 

groundwater contamination. The treatment efficacies of the conventional methods are quite low due 

to the poor biodegradability of melanoidin. In this regard, the present study explores adsorption, 

advanced oxidation process, and photocatalysis to remove melanoidin from wastewater. In addition, 

the bioprocessing of molasses to produce alternative metabolite biosurfactants has been investigated 

to decrease the pollution load of wastewater. Chapter 1 and chapter 2 demonstrate the introduction 

and literature review on melanoidin removal in distillery spentwash. 

In chapter 3, low-cost bio-sorbents were prepared from different plant sources and further amine-

modified by forming self-assembled monolayers (SAMs). The experimental parameters like 

temperature, pH and adsorbent doses have been optimized by RSM-CCD for the maximum removal 

of melanoidin. Amine-modified Phyllanthus emblica leaf resulted in the maximum adsorption of 

melanoidin (616 mg g-1). These adsorbents were tested for reusability and retained their adsorption 

capacity up to the 5th consecutive adsorption/desorption cycle. 

In chapter 4, the photochemical degradation of melanoidin has been investigated by the photo-Fenton 

process. The experimental parameters such as temperature, time, H2O2 and Fe concentrations were 

optimized.  At the optimized condition (34°C, 117 min, 158 mM of H2O2 and 0.74 mM of Fe), the 99 

± 1 % degradation of 1 % w/v of melanoidin solution was observed along with 88 ± 2 % of COD 

reduction.  
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Chapter 5 investigates the photocatalytic degradation of melanoidin using different photocatalysts 

such as ZnO, TiO2, Fe doped ZnO (FZO) and WO3. The FZO and synthesized WO3 nanoparticles 

were investigated with excellent results under UV light and visible light illumination, respectively, 

for melanoidin degradation. The FZO showed 98 ± 0.5 % and 85 ± 2 % of melanoidin and COD 

reduction, respectively of 1 % (w/v) of initial melanoidin concentration at the optimized conditions: 

34 °C, contact time of 117 min, 163 mM of H2O2 and 261 ppm of FZO. Similarly, the WO3 showed 

99 ± 1 % of colour and 93 ± 1 % of COD reductions, at 0.5 % (w/v) of initial melanoidin concentration 

under the optimized conditions. These photocatalysts also displayed complete degradation of 4 % 

(v/v) of real spentwash and excellent reusability for multiple cycles. 

In the last chapter (Chapter 6), microbial utilization of molasses has been investigated to produce 

biosurfactants using an isolated inherent microbe Bacillus subtilis RSL-2. At the optimized 

conditions, a large biosurfactant concentration of 12.34 ± 0.1 g L-1 was obtained. The produced 

biosurfactant was identified to be lipopeptide in nature. Further, a reactor study was performed in a 5 

L bioreactor, and the biosurfactant concentration was enhanced to 13.92 g L-1. The produced 

wastewater had 75 to 80 times lower COD value as compared to distillery spentwash. 
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k1 First Order Rate Constant (h-1) 

k1 Pseudo-First-Order Rate Constant (min−1) 

k2 Pseudo-Second-Order Rate Constant (g mg−1 min−1) 

Kad Adsorption Energy Constant (mol2 J−2) 

k-Da Kilodaltons (molecular weight) 

Kf Freundlich Constant (mg g−1) 

KL Langmuir Isotherm Constant (L mg−1) 

KT Temkin Isotherm Equilibrium Coefficient (L g−1) 

m/z Mass to Charge Ratio 

n Adsorption Intensity (L g−1)1/n 

qe Adsorption at Equilibrium Time (mg g-1) 

qm Maximum Adsorption Capacity (mg g−1) 

qt Adsorption at Time t (mg g-1) 

qt Concentration at a Time Interval (mg g−1) 
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R Universal Gas Constant (8.314 J mol−1 K−1) 

R2 Correlation Coefficient 

T Temperature (K) 

t Time 

V Volume of Solution (mL) 

W Weight of the Adsorbent (mg) 

YP/S Biosurfactant Yield 

Yx/s Biomass Yield 

α Adsorption Rate (mg g−1 min−1) 

β Elovich Constant (g mg−1) 

δ Chemical Shift (ppm) in NMR 

ΔG Change in Gibbs free energy (J mol−1) 

ΔH Change in Enthalpy (J mol−1) 

ΔS Change in Entropy (J mol−1 K−1) 

θ Half of the Diffraction Angle/Bragg angle 

μ Specific Growth Rate 
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Chapter 1 

Introduction 

 

The entire world is facing the major water crisis of land and groundwater quality issues in the twenty-

first century [1]. The World Health Organization (WHO 2015) has reported that about 1.1 billion 

people do not have adequate drinking water [2]. Urbanization, industrialization and uncontrolled 

increase in the global population are the main cause of over-exploitation of groundwater [3]. The 

chemical and biochemical industries are quite water-intensive and thus generate a huge quantity of 

wastewater. Distilleries are one of the water-intensive industries and generate about 12-15 times of 

effluent per litre of alcohol produced. The disposal of untreated water into the environment is a 

significant source of water pollution. The consumption of this contaminated water is the leading cause 

of death and numerous health-related issues worldwide. Hence, the wastewater needs to be treated to 

meet the prescribed standards for discharge or reuse.  

Further, by-products of agro-based industries are rich in carbon contents, which are being extensively 

utilized in fermentation (biochemical) industries. Sugarcane is a global crop and is cultivated in most 

countries. After Brazil, India is the second-largest sugar-producing country using sugarcane [4]. 

Molasses and bagasse are the main by-products of these sugar industries. There are a lot of industries 

that use molasses, such as distilleries, fermentation industries, sugar mills, and other molasses-based 

businesses. Molasses is the primary source of alcohol production in India. Indian distilleries use 

molasses as a raw material (carbon source) to produce ethanol by the microbial fermentation process 

[5]. Molasses is a dark brown coloring compound that is a by-product of the sugar industry. It contains 

melanoidin compounds produced by the Maillard reaction at 140 °C - 150 °C temperature by 

combining amino acids and sugar [6]. For example, melanoidin is produced by the glucose and 
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glycine reaction at 125 °C for 2 h [5].  Melanoidins are very high molecular weight organic 

compounds (mw of 40 kDa - 40,000 kDa).  At the higher concentrations, the melanoidin compound 

is genotoxic and cytotoxic [7]. The distilleries generate two types of wastewater. The first is 

spentwash produced during the distillation of fermented broth containing alcohol. The second one is 

wastewater generated by the washing of fermenters, cooling towers, boilers, etc. The primary source 

of the dark brown color of distillery wastewater is the melanoidin compound produced by the non-

enzymatic chemical reaction (Maillard reaction) [8]. 

The melanoidin-containing wastewater (spentwash) possesses very high loads of biological oxygen 

demand (BOD), chemical oxygen demand (COD), other organic and inorganic pollutants along with 

acidic pH [5]. This makes it highly polluted wastewater. Thus, the Ministry of Environment, Forest 

and Climate Change, India, has categorized these industries in the “red category.” The discharge of 

untreated melanoidin-containing wastewater in water bodies or land causes hazardous and 

carcinogenic effects on living and non-living systems [9]. Its release into the environment leads to 

the soil, groundwater and river water contaminations, eutrophication and hampering the 

photosynthesis rate of aquatic plants. This reduces the penetration of sunlight into water bodies and 

inhibits the quality and production of crops [3, 6]. On the other hand, if directly disposed of on land, 

it decreases the soil's alkalinity, which causes inhibition of seed germination and low quality of crop 

production [3]. The central pollution control board (CPCB) places distilleries among India's topmost 

polluting industries. Hence, treatment is a mandatory requirement before these effluents are released 

to the ecosystem.  

Various physical, chemical and biological methods have been applied to treat distillery wastewater. 

Biological techniques such as bacterial, fungal, and algal treatment methods have been applied to 

remove the melanoidin compounds before discharging them into the environment [9]. However, the 
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treatment efficacies of these methods are quite low due to the poor biodegradability of melanoidin 

[10]. Thus various alternatives to conventional methods such as the use of activated carbon, 

electrochemical degradation, integrated biochemical adsorption, oxidation, coagulation, membrane 

filtration,  have been applied for melanoidin removal [11]. However, due to the high organic loadings 

and the presence of melanoidin chemicals in the water, the efficacy of the above treatment procedures 

is severely hampered [3, 12]. The drawbacks of these methods include higher operational and 

maintenance costs, a requirement of a large number of chemicals, generation of by-products 

(secondary waste) in large amounts and various harmful effects on the ecosystem. 

The present thesis explores various physical, chemical and biological methods to manage the 

distillery spentwash. Firstly, adsorption, advanced oxidation process, and photocatalysis have been 

investigated to remove melanoidin followed by the treatment of real from wastewater (spentwash). 

In addition, the bioprocessing of molasses to produce alternative metabolite biosurfactants has been 

investigated to decrease the pollution load of wastewater. The objectives of this thesis are formulated 

accordingly. 

 

1.1.  Objectives 

With the aim to bridge the knowledge lacuna as discussed in Chapter 2, the objectives of the thesis 

are as follows: 

1. Melanoidin removal by biosorption using low cost and biogenic adsorbents 

2. Treatment of melanoidin and real spentwash samples using advanced oxidation processes  

3. Photocatalytic degradation of melanoidin under UV/Visible light illumination 

4. Exploring molasses as a sole nutrient for the production of alternative metabolite 

biosurfactants 

TH-2999_166152005



Page | 4  
 

1.2.  Thesis Outline 

The thesis has been arranged into seven chapters based on the above-mentioned four objectives. A 

chapter-wise thesis outline is briefed as follows: 

Chapter 2 

This chapter reviews existing literature on the present status of distillery effluents and their 

physicochemical and biological methods applied for the treatment of molasses-based distillery 

wastewater, along with their potential and limitations. 

Chapter 3 

In this chapter, Phyllanthus emblica, Citrus limon and Tamarindus indica leaves have been explored 

to remove synthetic melanoidin. The surface of these leaf powders was modified by amine (self-

assembled monolayers) SAMs to improve the adsorption properties. The experimental conditions 

(pH, temperature and adsorbent dose) were optimized using the Response Surface Methodology-

Central Composite Design (RSM-CCD) to maximize the adsorption capacity. 

Chapter 4 

The photochemical degradation of melanoidin has been investigated in this chapter by the photo-

Fenton process. The experimental parameters such as temperature, time, H2O2 and Fe(II) 

concentrations were optimized. At the optimized condition, degradation of melanoidin solution was 

observed associated with COD reduction. The experimental data were fitted for kinetics and 

thermodynamic analysis.  

Chapter 5 

In this chapter, photodegradation of melanoidin and distillery spentwash were investigated. Various 

nanomaterials such as ZnO, TiO2, Fe doped ZnO (FZO) and WO3 were tested for the photocatalytic 
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degradation of the melanoidin under different light conditions. The degradation efficiency of the real 

spent wash samples was also studied at the optimized conditions. 

Chapter 6 

This chapter explores sugarcane molasses as the sole nutrient source (media) for biosurfactant 

production using an isolated inherent microbe, Bacillus subtilis RSL-2. This study puts forward the 

potential waste to strategic wealth applications through microbial fermentation of molasses. 

Chapter 7 

This chapter summarizes the overall conclusions of the present research work and also suggests the 

possible directions to extend the research work in the future. 
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Chapter 2 

Literature review 

 

 

 

(Decontamination of distillery spentwash through advanced oxidation methods. Advanced Oxidation 

Processes for Effluent Treatment Plants, Rahul Verma, L.M. Kundu, and L.M. Pandey. 2021, 

Elsevier. p. 103-117) 

 

 

This chapter reviews existing literature on the present status of distillery effluents and their 

physicochemical and biological methods applied for the treatment of molasses-based distillery 

wastewater, along with their potential and limitations. In distilleries, ethanol production generates a 

large amount of highly polluted brown-colored acidic spentwash. If discharged without treatment, it 

causes the death of aquatic flora and fauna, lowers the pH of the soil and water, contaminates the 

water and soil, and hinders the use of water for humans, animals and plants. In order to minimize the 

effect of spentwash, it is necessary to treat it (decontaminate) before discharging. Mostly, the 

anaerobic digestion process is applied by industries to treat spentwash. However, the conventional 

methods have reached their limits due to very high organic loadings and the presence of melanoidin 
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compounds. AOPs have emerged as efficient methods for the reclamation of organic pollution and 

have been explored for the treatment of distillery spentwash. 

 

2.1. Introduction 

The distilleries are one of the most polluting industries on the planet, as it generates a significant 

amount of wastewater every year. Extensive amounts of organic and inorganic pollutants, in addition 

to toxic heavy metals and their oxides, are detected in distillery effluent wastewater. This has 

significant ramifications on the ecosystem as well as human health. 

In order to successfully remove melanoidin from water while also decreasing the levels of COD and 

BOD in the water, several physiochemical (adsorption, coagulation-flocculation, oxidation, 

membrane filtration etc.) and biological (bacterial, fungal, and algal) treatment processes have been 

applied. 

 

2.2. Distilleries in India and process description for ethanol production and waste generation 

India has more than 350 distilleries, mainly in Andhra Pradesh, Haryana, Uttar Pradesh, Tamil Nadu 

and Maharashtra [3].  Molasses-based distilleries play an essential role in the world economy and 

generate highly polluted wastewater, called spentwash, which contains very high COD and other 

pollutants. The annual ethanol production in India is >4.27 × 109 L. Subsequently, effluent generated 

by this is >53.2 × 1010 L, i.e., at the rate of 12 to 15 L spentwash produced per L of alcohol production. 

A detailed flow diagram of spentwash production in a distilleries has been shown in Figure 2.1 [13]. 
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Fig. 2.1: Steps of alcohol production and spentwash generation [Adopted from [12]]. 
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2.3. Characteristics of distillery effluent  

Molasses-based distilleries play an essential role in the world economy and generate highly polluted 

wastewater, called spentwash, which contains high COD (110k-190k mgL-1) and BOD (50k-90k mg 

L-1). The general characteristic of untreated distillery effluent is shown in Table 2.1 [14] [15]. The 

high molecular weight of melanoidin (40kDa to 40000kDa) and elemental composition depend on 

the Maillard reaction conditions, temperature, pH, concentration, reaction time, etc. The Maillard 

reaction produces small molecules to large polymers. The consumption of higher concentrations can 

produce a genotoxic and cytotoxic effect on cells [7, 16, 17]. The melanoidin-containing effluents are 

harmful to the environment because they have high COD and BOD loads. These effluents have a dark 

brown colour that is very hard for bacteria and other organisms to break down. People use dark brown 

sludge as fertilizer after diluting it several times with water to get rid of the colored water. As a result, 

the resources of freshwater got contaminated. Another big problem caused by distillery wastewater 

is that the pH level of the streams drops. This leads to more organic waste and an obnoxious smell. 

The waste from distilleries is a big problem for water quality in some parts of the country and direct 

disposal into land or soil causes polluting the environment. 
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Table 2.1: General characteristics of untreated raw distillery spentwash [Adopted from [15]]. 

Parameters  Range (mg L-1) 

pH 3.0-4.5 

BOD5 50,000-90,000 

COD 110,000-190,000 

Total volatile solids (TVS) 80,000-120,000 

Total suspended solids (TSS) 13,000-150,000 

Total dissolved  solids (TDS) 90,000-150,000 

Total solids (TS) 110,000-190,000 

Sulphate 7500-9000 

Phosphate 2500-2700 

Total nitrogen 5000-7000 

Chloride 8000-8500 

Phenols 8000-10,000 

 

2.4. Distillery effluent treatment technologies 

Various physicochemical and biological methods have been investigated and applied to achieve the 

discharge standard of melanoidin-containing wastewater. Different conventional physicochemical 

methods such as activated carbon, electrochemical degradation, integrated biochemical adsorption, 

oxidation, coagulation, membrane filtration, photocatalytic degradation, Fenton and photo-Fenton 

processes have been applied for the treatment of melanoidin containing wastewater [3, 11]. The 

biological treatment technology utilized microbial activity (Bacteria, Algae, Fungi, Enzymatic 

activity, etc.) for the effective treatment of melanoidin-containing wastewater [18]. 

 

 

 

TH-2999_166152005



Page | 11  
 

2.4.1. Physico-chemical Treatment technologies for distillery wastewater 

Before discharging, various physical and chemical treatment processes have effectively treated 

distillery wastewater. In physicochemical treatment methods, the color pigments are removed either 

by the breakdown of pigments or by concentrating the color into sludge. The physiochemical process 

involved coagulation, flocculation, adsorption, electrocoagulation, advanced oxidation processes, 

catalysis, membrane filtration, etc. [19]. 

 

2.4.1.1. Distillery effluent treatment through adsorption 

In a physicochemical treatment method, adsorption is the most applied technique for pollutants and 

color removal. It is a surface-based phenomenon in which the organic and inorganic contaminants 

from wastewaters are removed by attaching them to the surface of the adsorbent. Adsorption on the 

activated carbon (AC) surface mainly treats ions, metals, specific organic pollutants, and color 

(Figure 2.2). AC is used as an effective adsorbent due to its microporous structure, high surface area, 

a very high degree of surface reactivity, and a very high degree of adsorbent capacity [20]. An 

extensive literature has been published on the studies of the use of the adsorbent such as chemically 

modified/treated powdered activated carbon, biochar, sugarcane bagasse, chitosan activated charcoal, 

etc., for distillery wastewater (DWW) treatment. [12]. Activated carbon and commercially available 

activated carbon prepared by various agriculture waste, sugarcane bagasse, etc. are also used to 

decolorize melanoidin. In a study, commercially available activated carbon with a surface area of 

1400 m2 g L-1 was used on a packed bed to anaerobically treat spentwash. Almost 90 % decolorization 

was achieved [21]. Lalov et al. used chitosan in the amount of 10 g L-1 as at a concentration of 

adsorbent for the contact time of 30 min. The effective treatment of diluted DWW found 98 % in 
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color removal 99 % in COD reduction [22]. Further, Mane et al. have testified 50 % color removal 

from distillery effluent using chemically modified sugarcane bagasse in a concentration of 0.5 g 

per100 mL in wastewater using chloride hydrochloride and 3-chloro-2-hydroxypropyl trimethyl 

ammonium chloride (CHPTAC) and 2-diethyl laminoethyl (DEAE) for the treatment of distillery 

effluent. [23]. Shivayogimathand et al. reported 89.8 % TDS, 95.4 % COD, and 62.83 % color 

reduction from distillery wastewater using activated bagasse carbon [24]. 

 
Fig. 2.2: Adsorption on the surface of an adsorbent. 

 

2.4.1.2. Distillery effluent treatment through coagulation and flocculation 

The coagulation and flocculation process is widely used for wastewater treatment to separate the 

suspended molecules by neutralizing the positive and negative charge. The particles attached to each 

other form the larger particle (Flocs). Generally, the coagulation process is an expensive process in 

the form of chemicals and as well as sludge disposal. Thus, the industries required the development 

of new and low-cost alternative techniques for wastewater treatment. Migo et al. used a polymer of 

ferric hydroxy sulfate, a commercially available inorganic flocculant for the treatment of distillery-

based wastewater; the treatment resulted in 87 % decolorization of biomethanated effluent [25]. Alum 
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and iron salts were used with coagulation and were ineffective for melanoidin color removal. Further, 

they used lime and ozone to treat anaerobically digested distillery effluent, resulting in 67.6 % color 

removal and 82.5 % COD removal using an optimum dosage 10 g L-1 in a 30 min time duration. FeCl3 

and AlCl3 were also used for melanoidin pigments decolorization of bio-methanated effluent and 

showed 76 % removal of total organic carbon and about 93 % in color [26].  

 

2.4.1.3. Distillery effluent treatment through the oxidation process 

AOPs are proven to be excellent methods for the decontamination of wastewater, which are based on 

the in-situ formation of extremely reactive and strong oxidizing radicals. Hydroxyl radicals (⦁OH) 

and ozone (O3) are very powerful oxidants and oxidise the organic and inorganic compounds present 

in wastewater [27]. Once O3 is dissolved in water, it reacts with the organic compounds present in 

wastewater. The reaction occurs in two different ways, (1) By the indirect reaction with available 

organic compounds through the formation of free radicals and (2) Direct oxidation. This promising 

technology has been explored for the treatment of distillery effluent. AOPs are found to quickly 

degrade the melanoidin pigments into their intermediate products, depending on the treatment period 

and concentration. There are many oxidation processes used for the colour removal and 

decontamination of distillery spent wash such as O3, Fenton’s reagent, H2O2 and O3 combined with 

H2O2. Fenton reagent is a mixture of iron salts and hydrogen peroxide, which generates ⦁OH radicals 

in the homogenous reaction. These ⦁OH radicals decompose the organic compounds, which leads to 

decolorization and COD removal [28]. 
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2.4.1.3.1 AOPs: Principles and applications 

AOPs is a well-defined process involved in the formation and use of nonselective powerful ⦁𝑂𝐻 

radicals in large quantities, which oxidize a large number of organic compounds present in the 

wastewater. ⦁OH radicals have the second strongest oxidation potential after fluorine radical. 

However, fluorine radicals are not applied for the decontamination of effluent wastewater treatment 

due to its highly toxic nature. Hence, ⦁OH radicals have been broadly used for AOPs because of its 

non-toxicity. Further, the AOPs reaction mechanisms are classified into two categories [29]. 

(a) Production of free OH radicals 

(b) The oxidation of organic molecules by free radicals 

The highly reactive free radicals are generated by the use of hydrogen peroxide (H2O2), ozone (O3), 

iron salts, semiconductors with ultraviolet light (UV). These generated radicals react with organic 

pollutants and convert them into CO2 and H2O. On the basis of light, the AOPs are differentiated into 

two main types: non-photochemical and photochemical (Figure 2.3).  
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Fig. 2.3: Classifications of AOPs. 

 

Non-photochemical AOPs include ozonation, ozonation with hydrogen peroxide (O3/H2O2), wet air 

oxidation, Fenton process, and Cavitation, while the photochemical system includes homogenous and 

heterogeneous AOPs. Homogenous AOPs are photolysis, UV with the combination of hydrogen 

peroxide (UV/H2O2), UV with the combination of ozone (UV/O3), UV with the combination of ozone 

and hydrogen peroxide (UV/O3/H2O2) and photo-Fenton process. The heterogeneous process 

includes semiconductors and electro-Fenton-based AOPs. 
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2.4.1.3.2. Non-photochemical AOPs 

These methods are performed in the absence of light and classified as (a) Ozonation; (b) Ozonation 

with hydrogen peroxide (O3/H2O2); (c) Wet air oxidation; (d) Fenton process; (e) Cavitation; and (f) 

Electrochemical Oxidation. Most of these methods use O3 for ⦁OH radicals production while Fenton 

process uses Fe+2 ions as a catalyst. Out of them O3, O3/H2O2 and Fenton process is widely applied 

processes for the industrial wastewater treatment. These processes are widely applied for the 

decolorization of spent wash and reduction of COD level. A brief explanation and examples of these 

methods for distillery effluent treatment are discussed below. 

(a) Ozonation  

Ozonation is well known as a very powerful oxidizing method for industrial wastewater treatment. 

Once ozone dissolves in water, it reacts with organic and inorganic compounds present in two 

different ways, named as indirect reaction with ⦁OH radicals by the help of intermediates and direct 

molecular reaction. Both types of ozonation reactions occur simultaneously [30]. Ozonation shows a 

higher efficiency of wastewater treatment at higher pH levels (above 9) [31]. In an acidic condition, 

the protons (H+) combine with O3 to generate O2 and H2O (Eq. 2.1), which prevents a direct 

interaction of O3 with the contaminants and lowers the degradation rate of pollutants [32]. 

O3 + 2H
+ + 2e− → O2 + H2O                                              (2.1) 

In an alkaline pH, the impact of OH− is favorable for the mineralization of pollutants, where O3 

immediately attacks OH− to form ⦁OH radical.  The accelerated decomposition of ozone generates 

more hydroxyl radicals, responsible for the improved colour and COD removal effectiveness. as 

shown in the following equations (Eq.  2.2 and 2.3) [33-35] 

O3 + OH
−  →  O2

⦁− + 𝑂𝐻2
⦁                                                   (2.2) 
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𝑂3 + 𝑂𝐻2
⦁ → 2𝑂2 + ⦁OH                                                     (2.3) 

Therefore an increase of the amount of ⦁OH free radicals and consequently, the efficiency of the 

treatment should be improved when ozonation occurs in alkaline pH. The reaction mechanism of the 

ozonation process is given below (Eq.  2.4). Three molecules of ozone are utilized for the generation 

of two ⦁OH radicals [29]. 

3𝑂3 + 𝑂𝐻
− + 𝐻+ → 2⦁𝑂𝐻 + 4𝑂2                                                     (2.4) 

Benton et al. applied the ozonation process as post-treatment for anaerobically digested distillery 

spent wash. The highest colour removal of 80 % and total organic carbon (TOC) reduction of 18 % 

were achieved at an intermediate flow rate of 45 mg O3 L
-1 min-1 [36]. In another study, Siles et al. 

applied combined chemical–biological treatments (ozonation pre-treatment followed by bio-

methanization) for the treatment of spent wash. Pre-ozonation reduced more than 50% phenols, which 

resulted in three-fold higher methane (biogas) generation (41 %) during bio-methanization because 

of the improved biodegradability of pre-treated effluent [37]. Recently, Sameena et al. observed COD 

and colour reduction of 28 % and 30 %, respectively of anaerobically digested (bio-methanated) spent 

wash, which was utilized for the bio composting. Ozone pre-treatment enhanced the biodegradation 

rate during composting as compared to untreated spent wash [38].  

(b) Ozonation with hydrogen-peroxide (O3/H2O2) 

The combination of ozone with hydrogen peroxide resulted in the significant removal of contaminants 

from wastewater. Due to the high cost of ozone production, the combination of O3/H2O2 is also 

economically feasible. The combined use of O3/H2O2 accelerates the conversion of O3 to ⦁OH and 

enhances the rate of oxidization of pollutants, reducing the reaction time.  
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O3 molecules have the ability to oxidize different pollutants by breaking the different bonds (C=C 

bonds) as well as aromatic rings, which enhances in the presence of H2O2 due to the high generation 

of ⦁OH radicals. H2O2 molecules dissociate into hydroperoxide ion formation. In an aqueous solution, 

the ozone reacts with water molecules and produces 2 ⦁OH radicals (Eq. 2.4) [39]. Two molecules of 

O3 react with one molecule of H2O2 and produce two ⦁𝑂𝐻 radicals (Eq.  2.5). 

𝐻2𝑂2 + 2𝑂3 →  2⦁𝑂𝐻 + 3𝑂2                                                       (2.5) 

During the combined O3/H2O2 process, H2O2 partially decomposes in water and generates a conjugate 

base of H2O2 in the form of hydroperoxide anion (𝐻𝑂2
−), which interacts with O3 to produce ⦁OH and 

also promotes the radical chain reaction (Eq. 2.6, 2.7 and 2.8) [40, 41]. 

𝐻2𝑂2  →  𝐻
+ + 𝐻𝑂2

−                                                    (2.6) 

𝑂3 + 𝐻𝑂2
−  → ⦁OH + 2𝑂2

− + 𝑂2                                             (2.7) 

2𝑂3 + 𝐻2𝑂2  → 2⦁OH + 3𝑂2                                             (2.8) 

Rosenfeldt et al. estimated the efficiency of ⦁OH radicals formation during ozonation and the 

advanced oxidation processes (O3/H2O2). They experimented with O3 and the addition of H2O2 (1:2 

or 1:1 on a molar basis H2O2:O3 ratio) and determined the 𝑂𝐻⦁  radicals production per unit 

consumption of O3. They resulted in more ⦁OH radicals exposure in O3/H2O2 combined process 

compared to O3 alone and also stated 35 % greater energy consumption over the O3 only process [42]. 

The combination of ozone with other oxidizing agents such as hydrogen peroxide under UV light is 

used for the treatment of wide range of toxic organic pollutants [43]. Tizaoui et al. reported that 

comparing to using ozone or hydrogen peroxide alone, ozone with small amount of hydrogen 

peroxide demonstrated to improve the treatment process. Also, Tizaoui et al. estimated the cost of 

O3, H2O2 and O3/H2O2 for per kg of COD removed and found to be 2.7, 3.2 and 2.3 USD, respectively 
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[44]. Hadavifar et al. found that the combination of H2O2 and O3 are much more efficient than their 

individual applications on distillery wastewater and observed almost complete colour removal (98.4 

%) and COD reduction [45]. Kolte et al. performed an experiment on anaerobically digested spent 

wash with the ozone at a flow rate of 0.3 m3 h-1 and found 62 % colour and 47 % COD removals [46]. 

(c) Wet air oxidation  

Wet air oxidation (WAO), also known as hydrothermal treatment is a well-established pre-treatment 

technique for the decontamination of distillery effluents. The WAO process involves the oxidization 

of organic and inorganic substances in the liquid medium [47]. Oxidation of organic contaminants 

occurs at elevated temperature (120-350 °C) and high pressure (1-60 bar) using O2 containing gas. 

Mainly two steps are involved in WAO process as shown in Figure 2.4 i.e. destruction of higher 

organic molecules into lower molecular organic compounds (acids) and complete mineralization of 

these organic compounds into H2O and CO2 [48]. 

 

Fig. 2.4: Mechanism of wet air oxidation (WAO) process. 
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Recently, WAO has successfully applied and found great potential in the decontamination process of 

distillery wastewater. Dominguez et al. employed the WAO method for the treatment of real winery 

wastewater and found to be 80 % COD and 85 % of TOC removal in 4 hours [49]. In a catalytic WAO 

experiment ferrous sulphate was used as a catalyst for the bio-methanated distillery wastewater as 

shown in Figure 2.5. The process condition was the temperature in a range of 150 to 225 °C, oxygen 

partial pressure from 0.69 to 2.07 MPa and the catalyst loading (16 to 48 mg L-1). 91 % COD reduction 

was achieved along with the improved quality of biogas (69 % methane) [50]. Chandra et al. reported 

64% biogas (Methane) generation along with 55 % COD reduction and 98% melanoidin degradation 

as pre-treatment of bio-methanated spent wash [51]. 

 

 

Fig. 2.5: WAO of biomethanated distillery wastewater. 

 

(d) Fenton process  

The Fenton process was first proposed by H.J.H. Fenton in 1894 as expressed by equation 2.9 [52]. 
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𝐹𝑒+2 + 𝐻2𝑂2 → 𝐹𝑒
+3 + 𝑂𝐻− +   ⦁𝑂𝐻                                                (2.9) 

The reaction of Fe+2 ion and H2O2
 is very fast and ferrous ion oxidizes into ferric ion in a very short 

time (within few minutes) in the presence of excess H2O2. The application of Fe+2/H2O2 process for 

the treatment of wastewater is much effective because of (i) Fe has highly abounded and non-toxic 

element (ii) H2O2 is environmentally benign and easy to handle, and (iii) It is cost-effective, degrades 

a wide range of organic compounds and easy to apply. Heredia et al. employed the Fenton process 

for wine-based pre-treated distillery wastewater and achieved 80 % COD reduction [53].  

(e) Cavitation 

The cavitation process is considered as pre-treatment process for the bio-methanated distillery 

wastewater. This method is described as the generation and collapse of microbubbles or cavities 

formation in milliseconds to microseconds time intervals, which generates a significant magnitude of 

energy in different small regions in the reactor [54]. When the cavity or bubbles collapse and it creates 

hot spots which have transient pressure and temperature up to 1000 atm and 10000 K, respectively 

[55]. Under this condition releasing highly reactive ⦁OH free radicals are dissociated from water 

molecules, which diffuse in the liquid medium and react with organic contaminants present in 

wastewater and mineralize them. Padole et al. pre-treated the bio-methanated distillery wastewater 

by applying hydrodynamic cavitation under the optimized condition and observed the reduction of 

COD, TOC and colour up to 32 %, 31 % and 48 %, respectively [56]. In a similar study, Pardkar et 

al. treated the biomethanated spent wash by hydrodynamic cavitation and 36 % COD reduction was 

achieved [57]. 

(f) Electrochemical Oxidation 

The electrochemical process is an effective and easy technique for the decontamination of various 

types of water and wastewater [58, 59]. This process offers a high removal efficiency of organic 
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pollutants in a compact reactor. The efficiency depends on solution pH, supporting electrolyte type 

and electrode, applied current and initial concentration of pollutants in wastewater [60]. Prasad et al. 

treated the distillery spent wash (10 times diluted) by electrochemical degradation and reported 83 % 

colour and 40 % COD removals at pH 5.5, applying 3h electrolysis time and 14.29 mA cm-2 current 

density [61]. In a similar study, 94 % colour removal of diluted distillery spent wash (18 %) were 

reported through the electrochemical process at a current density of 31 mA cm-2 for 4 hours [62]. 

 

2.4.1.3.3. Photochemical AOPs 

Conventional H2O2 and O3 methods do not fully oxidize the organic contaminants into CO2 and H2O. 

In some reactions, the complete degradation of organic compounds does not occur and the 

intermediate products formed through oxidation remains in the solution. These intermediates may be 

(more/less) toxic compared to the original compounds. So their complete oxidative destruction is 

required by supplementing the reaction with applying UV or solar radiation. These UV/solar radiation 

acts as catalyst in the reaction and encouraging the recalcitrant contaminants to decompose them by 

appropriate break down (Figure 2.6). The photochemical AOPs are classified into two types based on 

the number on phases i.e. homogenous and heterogeneous photochemical AOPs. 
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Fig. 2.6: Advanced oxidation process and the degradation processes of organic pollutants. 

2.4.1.3.4. Homogenous photochemical AOPs 

These methods are classified as (a) photolysis; (b) UV with hydrogen peroxide (UV/H2O2); (c) UV 

with ozone (UV/O3); (d) UV with ozone and hydrogen peroxide (UV/O3/H2O2); and (e) Photo-Fenton 

process. The photolysis process usually involves the use of a photo-oxidation reaction. The photon 

stimulates the electron of organic compounds from their ground state to an excited state, which further 

stimulates the oxygen molecules. The reaction rate of photolysis depends on the concentration of 

dissolved molecular oxygen, quantum yield and photon generation rate [63]. The reaction mechanism 

of the UV/H2O2 process is as follows (Eq.  2.10) [29]:  

𝐻2𝑂2 + ℎ𝑣 →   2⦁O𝐻                                                                     (2.10) 

Photolysis of O3 with UV light in water solution produces H2O2 as an intermediate compound which 

further decomposes in ⦁OH free radicals (Eq.  2.11 and 2.12 [64]).  

𝑂3 + 𝐻2𝑂
ℎ𝑣
→ 𝐻2𝑂2 + 𝑂2                                                                  (2.11) 
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𝐻2𝑂2
ℎ𝑣
→ 2⦁𝑂𝐻                                                                        (2.12)  

O3 has a very fast absorption rate of UV light and consequently produces a large number of ⦁OH free 

radicals. In comparison to the UV/H2O2 process, the UV/O3 process produces more ⦁OH free radicals 

and enhances the treatment efficiency of wastewater. Further, a combination of the above three 

processes (UV/O3/H2O2) appears to be most effective. In another approach, when Fe+2 and H2O2 are 

added in the presence of solar or UV radiations, the process is called as Fenton like system or photo-

Fenton process, which improves the rate of decontamination than a non-photochemical Fenton 

process.  

Lucas et al. performed the ozonation process for treatment of winery-based wastewater (Initial COD 

4650 mg L-1) and investigated the effectiveness of photolysis, O3, O3/UV and O3/UV/H2O2 combined 

processes. Direct photolytic treatment was insignificant in COD removal while O3 removed COD by 

12 %, O3/UV removed COD by 21 % and O3/UV/H2O2 removed COD by 35 % at the optimized 

condition of pH 4, O3 flow rate 100 mg min-1 for 3 hours [65]. In a similar study, Asaithambi et al. 

investigated AOPs with a different combination of UV, O3, H2O2 and Fenton process for the treatment 

of distillery effluent containing initial COD of 1500 mg L-1. The observed treatment efficiencies of 

various processes are listed in Table 2.2 [66]. These studies concluded that individual processes 

perform less efficiently as compared to their combinations. O3/UV/Fe2+/H2O2 process resulted in 100 

% COD and colour removals at the optimized condition of pH 3, 100 mM of H2O2, 0.25 mM of Fe+2 

and 240 min of reaction time consuming the least energy. As Asaithambi et al. have mentioned in the 

following table (table 2.2), “At the optimized conditions of pH 3, 100 mM of H2O2, 0.25 mM of Fe+2 

and 240 min of reaction time, the electrical energy determination (kWh/m3order1) has been shown as 

0.097 for UV/H2O2/Fe2+ and 0.01 for O3/UV/H2O2/Fe2+. Since the duration and colour removal (%) 
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are almost the same, the electrical energy consumption in O3/UV/H2O2/Fe2+ processes should be 

higher than in the UV/H2O2/Fe2+ process.” 

 

Table 2.2: Performances of various AOPs along with energy requirements [Adopted from [66]] 

Various AOPs 

process 

Color removal 

(%) 

COD removal 

(%) 

Electrical energy determination 

(kWh/m3 order1) 

O3 39.62 29.17 0.64 

O3/UV 50.92 41.67 1.19 

O3/Fe2 53.95 48 0.64 

O3/UV/Fe2+ 57.71 59 0.76 

H2O2/Fe2+ 55.97 53.85 – 

UV/H2O2 73.72 66.67 0.27 

O3/UV/H2O2 81.72 92 1.04 

UV/H2O2/Fe2+ 100 99.99 0.097 

O3/UV/Fe2+/H2O2 100 100 0.01 

 

2.4.1.3.5. Heterogeneous photochemical AOPs 

These processes are classified as (a) photocatalysis and (b) electro-Fenton process. Photocatalysis is 

a catalysis-based reaction occurs on a solid surface (semiconductor). In an aqueous suspension, 

energy equal or higher than the bandgap of the photocatalyst induces the charge separation process, 

which leads to the formation of the valence band hole (h-) and conduction band (e-) (Eq.  2.13). This 

electron-hole reacts with water to generate hydroxyl radicals by transferring the electrons (Eq.  2.14-

2.16). Oxygen molecules present in water react with these electrons and contribute to the oxidation 

reactions [64]. 

𝑇𝑖𝑂2 + ℎ𝑣 → ℎ
+ + 𝑒−                                                              (2.13) 

TH-2999_166152005



Page | 26  
 

𝑒− + 𝑂2 → 𝑂2
−.                                                                         (2.14) 

𝐻2𝑂 + ℎ
+ → ⦁𝑂𝐻 + 𝐻+                                                                                    (2.15) 

ℎ+ + 𝑂𝐻− →  ⦁𝑂𝐻                                                                (2.16) 

Semiconductor oxide photocatalysts (TiO2, ZnO, CdS, ZnS, Fe2O3,) are proven to be outstanding 

catalysts for the mineralization of organic contaminants. Among them, TiO2 and its alloys have 

received great attention because of their potential oxidizing activity, long-standing photostability, 

non-toxicity and cost-effectiveness. The combination of electrochemical oxidation with different 

photochemical process enhances the removal efficiency of pollutants [67]. This heterogeneous 

photocatalysis system is very robust and caused a quick degradation of melanoidin pigments into their 

intermediate products [68].  

David et al. studied various combinations (pure kaolin, pure ZnO, ZnO/kaolin, light/ZnO, and 

light/ZnO/kaolin) for spent wash treatment (10 times diluted). Kaolin immobilized nano ZnO 

photocatalyst achieved the highest color removal (91 %) along with 35 % COD removal at pH 11 

within 3 hours due to better surface adsorption and photocatalysis [69]. In another study 

photocatalytic color and COD removal of the distillery effluent was performed in the presence of 

solar light. TiO2, H2O2 and their combination was examined for the treatment of diluted spent wash. 

Colour removal was observed 45 %, 70 % and 84 % in the presence of TiO2, H2O2 and TiO2/H2O2 

along with solar radiation [70]. Table 2.3 shows the comparison study of photocatalytic degradation 

of various distillery effluents. 

In the electro-Fenton process, the H2O2 and Fe+2 are generated electrochemically (concurrently or 

separately in the reaction). H2O2 are electro-generated by the reduction of dissolved oxygen and the 

ferrous ion (Fe+2) generated by the reduction of ferric ion (Fe+3) (Eq.  2.17-2.18)  [71]. 
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𝑂2 + 2𝐻
+ + 2𝑒− → 𝐻2𝑂2                                                         (2.17) 

𝐹𝑒+3 + 𝑒− → 𝐹𝑒+2                                                                     (2.18) 

Davarnejad et al. reported that modified electro-Fenton process for treatment of spent wash (diluted) 

and removes the COD 69.29 % (unmodified electro-Fenton process removes only 51 % COD) at pH 

2.84, a current density of 52 mA and reaction time of 70 min  [72]. In a laboratory-scale experiment 

the Fenton, electro-Fenton and electrocoagulation  process was examined on raw spent wash (initial 

COD 98400 mg L-1), the colour removal efficiency was achieved 66 % by Fenton process (pH 3, 4 

hours of treatment time), 44 % by electro-Fenton process (pH 3, current 4 A for 3 hours of electrolysis 

time) and 79 % by electrocoagulation process at the optimized condition (pH 7, 5 A current for 2 

hours) [73]. 
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Table 2.3.  Literature review of photocatalytic degradation of distillery effluents. 

 

Effluent type 

 

Catalyst Source of light Time 
% 

Degradation 
Ref. 

Vinasse wastewater Nb2O5–TiO2 Sunlight 5 days 80 [74] 

Molasses wastewater PbWO4 HPMVL 2 hrs 90 [75] 

Distillery spentwash Ti electrode Electro chemical 3 hrs 40 [76] 

Molasses wastewater TiO2/PbWO4 HPMVL 2 hrs 92 [77] 

Vinasse wastewater TiO2 Anatase Sunlight 24 hrs 40 [78] 

Vinasse wastewater TiO2 P25 UV lamp 40 hrs 80 [79] 

Distillery effluent TiO2 Sunlight 4 hrs 79 [80] 

Distillery wastewater TiO2 UV lamp 25 days 85 [81] 

Molasses wastewater TiO2/Zeolite UV lamp 5.8 hrs 25 [82] 

Distillery spentwash Ag/TiO2 Sunlight 4 hrs 74 [83] 

Vinasse wastewater TiO2 UV lamp 48 hrs 22 [84] 

Vinasse wastewater TiO2 Sunlight 3 days 86 [85] 

Vinasse wastewater TiO2 UV lamp 3 hrs 95 [86] 

Distillery wastewater ZnO/kaolin Visible light 3 hrs 71 [87] 

 

 

2.4.2. Biological/microbial treatment 

Several microorganisms such as bacteria, fungi, algae, etc., have also been used to break down 

complex, toxic, and recalcitrant compounds. Biological treatment approaches are eco-friendly and 

cost-effective. Thus, these organisms have also been applied to degrade the melanoidin pigment and 

treat distillery effluent. 
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2.4.2.1. Treatment of distillery effluent through bacterial  

Different bacterial cultures have the ability to decolorize and bioremediate the distillery spentwash. 

In recent years, the treatment by pure bacterial culture has been frequently reported. Bacillus sp. was 

reported to decolorize distillery spentwash under the aerobic condition up to 35.5 % in 20 days at 55 

°C [88]. Kumar et al. reported 84 % of COD removal (without aeration) in 4-5 days by a bacterial 

strain isolated from sludge [89]. Pseudomonas was isolated by Dahiya et al. from a reactor liquid and 

could decolorize the distillery wastewater up to 76 % in non-sterile conditions and up to 90 % in a 

sterile condition. The difference in the % decolorization could be due to the change in stability of 

melanoidin concerning pH and temperature. During the sterilization of the melanoidin compound at 

a higher temperature, the melanoidin pigments break into the low molecular weight compound [90]. 

Ohmomo et al. used calcium alginate immobilized Lactobacillus hilgardi cells to decolorize 

melanoidin pigments, resulting in 40 % decolorization. A limited amount of oxygen was continuously 

supplied by aeration for achieving the optimum decolorization[91]. Jain et al. isolated three bacterial 

strains B. megaterium, B.cereus and B. fragairae from the activated sludge of a distillery effluent, 

which removed color in the range of 38-58 % and COD in the range of 55-68 %, respectively [92]. 

Sirianuntapiboon et al. used waste fruit juice and vegetable samples to isolate an acetogenic strain, 

which showed the decolorization of spentwash 73-76 % in 5 days by providing the glucose and 

nitrogen source as a supplement. [93]. Patel et al. reported 26, 81 and 96 % decolorization of distillery 

spentwash through bio-flocculation by Synechocystis sp., Lyngbya sp. and Oscillateria sp., 

respectively [94]. Ghosh et al. isolated some bacterial strain from the soil at the effluent discharge 

site, capable of degrading the recalcitrant compounds from anaerobically digested spentwash [95]. 

Pseudomonas, Enterobacter, Stenotrophomonas, and Acinetobacter were identified, all of which 

could degrade distillery effluent and a maximum of 44 % COD reduction was achieved either single 
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or collective use of the identified strains [96]. A detailed and comparative study of melanoidin 

treatment by various bacteria are listed in Table 2.4. 

 

2.4.2.2. Treatment of distillery effluent through fungi 

In recent studies, various ascomycetes and basidiomycetes fungi have been studied in the 

decolorization of distillery wastewater. The organic substances were consumed by the fungi and had 

the capability to purify the effluent substances i.e., spentwash, and also reduce the COD and BOD. 

In comparison to bacteria, fungi have less sensitivity to variations in environmental factors such as 

temperature, pH, nutrients, aeration, etc. [97]. The most studied fungi Aspergillus sp., for example, 

A. niger, A. fumigatus, A. niveus, A. fumigatus showed about 69-75 % decolorization of spentwash 

and 70-90 % COD reduction [98]. The Coriolus sp. no. 20 from class basidiomycetes was the first 

strain used to remove color from the spentwash sample [99]. Ohmomo et al. obtained 80 % 

decolorization under optimum conditions in darkness used strain Coriolusversicolour Ps4a for 

spentwash decolorization. Fungi P.decumbens and P. lignorum belong to the ascomycetes group, 

resulting in 50 % color and COD reduction and 70 % phenol removal from distillery spentwash. 

Sirianuntapiboon et al. studied the strain Rhizoctonia sp. D-90 which decolorized molasses and 

synthetic melanoidin pigments by 87.5 % and 84.5 %, respectively, under optimal conditions [100]. 

Malandra et al. studied color removal from spentwash by fungi Aspergillus niger and they found that 

83 % of color was removed by biologically and 17 % by adsorption on the mycelium [101]. The 

anaerobically treated distillery has the capability to decolorize by the Trametes versicolor, it was 

found that the reduction in COD was 75 % and decolorization was 80 % [102]. Pant et al. recently 

isolated three fungal strains: Penicillium pinophilum TERI DB, Pleurotusflorida EM 1303 and 

Alternariagaisen TERI DB6; these cultures showed the decolorization efficiency 50, 47 and 86 % of 
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spentwash [103]. Fungus Coriolushirsutus showed an Inhibitory effect on melanoidin decolorization 

by at the same time organic nitrogen and glucose were also required as a supplemented for increasing 

decolorization [104]. In another study, nitrogen was reported as the supplement and increased the 

activity of fungi C. versicolour sp. no. 20 [99]. Raghukumar et al. isolated a marine fungus 

Flavodonavus, and this fungus showed the decolorizing activity of spentwash up to 80 % [105]. 

Aspergillus niveus was used by Angayarkanni et al. for the decolorization of spentwash, and sucrose 

was used as the carbon source for the growth of strain in the effluent [98]. The decolorization 

efficiency in this study was due to alkaline condition (pH 9.0) and the melanoidin pigment which 

were more soluble in the acidic condition. In the acidic condition, the melanoidin pigments might be 

precipitated and removed easily [106]. In another study, a decolorization study of an aerobically 

treated spentwash and anaerobically treated (UASB) was performed by fungi, Aspergillus species 

isolated from the soil sample and 75 % decolorization was achieved. After the decolorization 

experiment, it was suggested that decolorization by fungi species was due to the breakdown of 

melanoidin pigments. The longer time duration for aeration period causes the adsorption of 

melanoidin pigments which result of endogenous respiration and death of cells, hence it reduces the 

decolorization efficiency after a long time [107]. A detailed and comparative study of various fungi 

involved in melanoidin treatment are listed in Table 2.4. 

 

2.4.2.3. Treatment of distillery effluent through Yeast 

A yeast called Citeromyces is the most studied organism for treating melanoidin-containing 

wastewater, and it has been shown to remove a lot of colour and organic matter [100]. Malandra et 

al. isolated a yeast that was able to reduce COD in synthetic wastewater by 95 % and 46 % in 24 

hours [101]. Hansenula et al. isolated two yeast strains that were used to remove TOC from 
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wastewater of beet molasses spirits. They removed 25.9 % and 28.5 % of TOC from the wastewater 

without dilution, respectively [108]. Similarly, Phanerochaete et al. found removing color from MSW 

with white-rot fungi [109]. Another fungus, the basidiomycete Coriolus sp. No. 20 used glucose 

oxidase and showed 60 % of the colour removal [105]. A comparative study of melanoidin treatment 

through yeast are listed in Table 2.4. 
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Table 2.4. A detailed list of bacteria, fungi, and yeast tried for decolorization of distilled effluent. 

Species 

 

% 

Decolorization 

% BOD 

decrease 

% COD 

decrease 

Type of 

sample 

Parameters 

[Temp. (°C), pH, Time 

(Days), Conc. ] 

Ref. 

Bacterial species 

Acetobacteraceti 76.4 58.5 35.5 Synthetic Temp. = 30, pH = 6, 

Time = 5, Conc. = 1 % 

[93] 

Bacillus spp. 50.56 56.19 63.39 Synthetic Temp. = 37, pH = 7, 

Time = 2, Conc.= 10 % 

[110] 

Pediococcus acidilactici B-25 79 94 85 Real Temp. = 37, pH = 7, 

Time = 3, Conc. = 1 % 

[111] 

Pseudomonas 

aeruginosa 

67  51 Synthetic Temp. = 37, pH = 6, 

Time = 5, Conc. = 1 % 

[112] 

P. aeruginosa 67  50 Synthetic Temp. = 37, pH = 7, 

Time = 5, Conc. = 4 % 

[113] 

P. aeruginosa 69 59.4 60.7 Synthetic Temp. = 37, pH = 7.5, 

Time = 15, Conc. = 12.5 

% 

[114] 

Pseudomonas putida 60  44.4 Real Temp. = 37, pH = 7, 

Time = 5, Conc. = 30 % 

[115] 

Xanthomonas fragariae 75  81 Real Temp. = 39, pH = 7, 

Time = 32, Conc. = 5 % 

[92] 

Fungal species 

Aspergillus niger 

UM2 

80   Synthetic Temp. = 39, pH = 5.5, 

Time = 27, 

[97] 

Aspergillus niveus 56 94 97.14 Synthetic Temp. = 30, pH = 5.5, 

Time=5, Conc. = 0.5 % 

[98] 

Citeromyces sp. WR-43-6 68.91   Synthetic Temp. = 30, pH = 6, [100] 
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Time = 8, Conc. = 2 % 

Coriolus versicolor sp no. 20 52  52 Real Temp. = 30, pH = 7, 

Time = 9, Conc. = 10 % 

[99] 

Flavodonflavus 80   Synthetic Temp. = 35, pH = 5, 

Time = 8, Conc. = 10 % 

[105] 

P. chrysosporium 56.81  54.21 Synthetic Temp. = 30, pH = 5, 

Time = 6 Conc. = 5 % 

[116] 

Penicillium sp. 30  52.1 Synthetic Temp. = 30, pH = 5.5, 

Time = 7, Conc. = 2 % 

[117] 

Phanerochaete chrysosporium 

JAG-40 

80   Real Temp. = 30, pH = 6, 

Time = 40, Conc. = 5 % 

[118] 

Phanerochaete 

Chrysosporium 

55  48 Synthetic Temp. =35, pH =5, 

Time =8, Conc. = 2 % 

[119] 

Pleurotus 

 florida 

37   Synthetic Temp. = 30 [120] 

Williopsissaturnus 

strain CBS 5761 

  43 Synthetic - [101] 

Yeast species 

Candida tropicalis RG-9 75   Synthetic Temp. = 30, pH = 6, 

Time = 12, Conc. = 1 % 

[121] 

Citeromyces sp. 75 

 

  Synthetic Temp. = 35, pH = 5, 

Time = 24, Conc. = 2 % 

[93] 

Vyanobacteria 

oscillotoriaboryana 

62   Real Temp. = 35, pH = 5.5, 

Time = 7, Conc. = 5 % 

[122] 
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2.4.2.4.  Treatment of distillery effluent through mixed consortium 

During the last few years, several efforts have been applied to investigate all possibilities for 

the technology of aerobic wastewater treatment using cell immobilization [123]. Early 

experiments for wastewater treatment were restricted to using single bacterial cultures 

immobilized on solid surfaces to degrade particular organic or toxic compounds. After some 

time, the immobilized consortia of selected two or more culture strains were applied. After that, 

the activated sludge has been immobilized on many carriers and used to treat wastewater [124]. 

In a recent study decolorization of molasses-based spentwash without applying any additional 

nitrogen or carbon source using soil as an inoculum for mixed consortium source, 69 % 

decolorization was obtained using 12.5 % (v/v) melanoidin containing wastewater and 10 % 

(w/v) soil after 7 days incubation time [125].  

 

2.4.2.5.  Treatment of distillery effluent through phytoremediation approach 

Treatment of distillery effluent by phytoremediation is a low-cost developing technique for 

treating melanoidin pigments, including removal of color, organic and inorganic pollutants of 

distillery effluents. [15, 125]. Kumar et al. used bacterium Bacillus thuringiensis to break down 

melanoidin components of the distillery effluent, followed by Spirodelapolyrrhiza to reduce 

organic and inorganic pollutants in a two-stage process [110]. A similar two-step treatment 

process used B. thuringiensis and Typhaangustata in a constructed wetland, reduced color, 

COD and 98-99 % of BOD after 7 days. In a recent study, a macrophyte named Potamogeton 

pectinatus was used for the removal of color and bio-accumulating the heavy metals from 

distillery wastewater [126]. In a constructed wetland Typhalati pholia used for the treatment of 

distillery effluent resulted in 47 % BOD and 78 % COD reduction in a period of 10 days, 

respectively [18]. Valderrama et al. reported 52 % color removal using a combined treatment 
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of two macrophytes Lemnaminuscula and Chlorella vulgaris, from distillery effluent. The 

microalgal treatment methods removed organic, inorganic matters and nutrients from 

wastewater and generate oxygen. The macrophyte present in wastewater consumes organic 

matter as nutrients and removes pollutants. These macrophytes have a very high potential for 

cleaning the wastewater and by using these plants in constructing a low-cost treatment 

technique is still at an experimental stage. In the future, phytoremediation approach can be 

considered as a potentially very important area of wastewater treatment and also in 

environmental management [15, 127]. 

 

2.4.2.6. Treatment of distillery effluent through cyanobacteria 

Cyanobacteria are widely used in the industries for the color removal, and they are considered 

an ideal source for the breakdown of melanoidin pigment and reduction of the COD and BOD 

levels [15]. Kalavathi et al. reported a marine cyanobacterium for the treatment of distillery 

effluent and this bacterium strain could utilize the melanoidin pigments as a nutrient source for 

carbon and nitrogen. First, the microalgal treatment method removed the organic pollutants 

and further treatment with marine macrophytes removed the color, inorganic pollutants and 

precipitated the microalgae [122]. Saha et al. reported that a marine cyanobacteria Oscillatoria 

willei, when grown under low nitrogen content, showed increased oxidative stress with 

increased anti-oxidative enzymes such as laccase and superoxide dismutase, phenol oxidase, 

lignin peroxidase, catalase, ascorbate peroxidase, and peroxidase. They concluded that these 

enzymes are responsible for treating distillery effluent and decolorizingze the spentwash up to 

52 % in 7 days using cyanobacterium O. willei [128]. Sankaran et al. have given the 

phytoremediation mechanism of distillery effluent. The coupling of the microalgal treatment 

process produces bioenergy, representing an important milestone with pollutant and nutrient 
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removal from distillery wastewater [129]. Travieso et al. used a laboratory-scale microalgal 

pond for the treatment of spentwash using Chlorella vulgaris SR/2 in a previously digested 

AFBR. This Chlorella vulgaris Sr/2 removed TSS 53.4 %, VSS 78.8 %, TS 60.6 %, BOD 88.0 

% and COD 83.2 % from the effluent [130]. More recently, Solovchenko et al. reported 

phytoremediation of distillery spentwash with a novel strain Chlorella sorokiniana which was 

isolated from the sea. These algal strains showed the reduction of phosphate 77 %, nitrate 95 

%, sulphate 35 % and COD 92.55 within 4 days [131]. Another marine cyanobacterium 

Oscillatoria boryana showed the decolorization efficiency of melanoidin pigment and crude 

pigment in the distillery effluents spentwash about 75 % and 60 %, at 0.1 % and 5 % 

concentration respectively, in 30 days [122]. 

 

2.4.2.7. Treatment of distillery effluent through actinomycetes 

Until 1992, hardly known about the decolorization efficiency by applying actinomycetes for 

melanoidin-containing wastewater. However, Murata et al. found the strain of Streptomyces 

werraensis TT14, after screening about 75 actinomycetes. At the optimized pH 5.5 and 40°C 

for 4 days, the strain showed 64 % decolorization activity [132]. 

 

2.4.3. Treatment of distillery effluent using miscellaneous reactors 

Some conventionally used reactors like single and biphasic fixed-film reactor, high rate upflow 

anaerobic sludge blanket reactors (UASB), continuous stirred tank reactors (CSTR) etc. have 

become more commercialized for the treatment of different types of wastewaters including 

distillery wastewater in recent few years [133]. The UASB reactors have a high rate of 

anaerobic wastewater treatment capacity, which is mainly applied for the treatment of distillery 

wastewater in worldwide. The efficiency and function of UASB reactors depend on various 
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factors such as temperature, concentration, pH, organic loading rate and the composition of 

wastewater, etc. Distillery wastewater treatment has been testified in both single system and as 

well as in a biphasic system, which results in an effective reduction in COD and BOD [134]. 

Tansengco et al. reported the COD and BOD reduction 60 % and 86 % with methane gas 

production throughout the treatment of distillery wastewater in ASBR at the 8 h reaction time 

[135]. In a recent study, Wolmarans et al. reported 90 % COD removal from DWW using 

UASB reactor [136]. Yu et al. reported 82 % COD removal using laboratory condition of 

DWW by up-flow anaerobic filter, ranging the temperature from 19 to 27 °C and HRT of 8 h 

from DWW [137]. High organic content makes anaerobic treatment more appealing than 

aerobic treatment for molasses-containing wastewater than other types of waste treatment. 

Anaerobic digestion is a complex ecosystem in which different microorganisms work together. 

There is a lot of methane and carbon dioxide production in the process [138]. Molasses 

wastewater treatment with an anaerobic process is a very promising new technology with many 

advantages over traditional aerobic treatment. It doesn't make a lot of sludge, uses less energy, 

and can be used with a lot of organic material; additionally, biogas generation can be used for 

energy needs [139]. Further, low nutrient needs and stable sludge production are two more 

benefits [140]. Anaerobic microbes have a slow growth rate, which means longer hydraulic 

retention times (HRT). Several high rate reactors have been used to treat wastewater at shorter 

HRTs to solve these problems [141].  

In this regard, the treatment of molasses-containing wastewater by anaerobic lagoons is the 

best choice. Rao et al. did the first research in distillery waste management by using anaerobic 

lagoons resulting in a BOD removal rate of 92 % [142]. However, lagoon systems require 

significant space, smell bad, and there's a chance of groundwater pollution [143]. Continuous 

stirred tank reactors (CSTR) are the closed reactor's most straightforward digesters with the 

gas collection. Treatment of molasses wastewater in a CSTR has been reported in both single 
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and biphasic operations, with COD reductions of up to 90 % in 10–15 days [144]. An anaerobic 

sequencing batch reactor (ASBR) was also investigated for winery wastewater treatment. The 

reactor operates at an OLR of 8.6 kg COD m-3 d1 with a soluble COD removal efficiency of 

more than 98 % and an HRT of 2.2 days [145]. Banerjee and Biswas made a semi-continuous 

batch digester for biomethanation of distillery waste at different temperatures. At a BOD 

loading rate of  2.74 kg m3 of achieving 86 % of BOD reduction and 73.23 % methane 

production at 50 °C [146]. Table 2.5 shows how anaerobic reactors work for lab experiments 

and profitable operations that clean up waste from alcohol-based distilleries. 

 

Table 2.5. List of reactors used for decolorization of distillery effluent. 

Reactors 

Reactor type 

SW 

Conc. 

(%) 

Initial 

BOD 

(g L-1) 

% 

BOD 

removal 

Initial 

COD 

(g L-1) 

% 

COD 

removal 

 

HRT 

(Days) 
Ref. 

Anaerobic contact 

filter 
10 58 - 120 73 to 98 4 [147] 

Anaerobic filter and 

UASB 
10-30 24-27 - 49-53 90 1.3 [148] 

Anaerobic granular 

sludge reactor 
5 - - - 80 - 90 1 [149] 

Diphasic (upflow) 

fixed film reactor 
- 45-60 - 70-98 67.1 4 [150] 

Downflow fluidized 

bed reactor 
- - - - 85 

1.3 to 

3.3 
[151] 

Granular bed 

anaerobic baffled 

reactor (GRABBR) 

10-25 9-30 90 17-58 82 to 92 4 [152] 

Thermophilic UASB 

reactor 
- - - - 87 0.3 [153] 

UASB - - - - 75 - [154] 

UASB - - - 45-50 93 
1 to 

1.5 
[136] 

Upflow anaerobic 

fixed film bioreactor 
- 50-60 56 110-190 64 8 [155] 

UASB - - - - 90 - 95 - [156] 

UASB - - 80 - 39 to 67 - [157] 
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2.4.4. Treatment of distillery effluent through activated sludge process 

The activated sludge process is the most common way to deal with wastewater. Research is 

focused on improving the reactor configuration and performance. For example, an aerobic 

sequencing batch reactor (SBR) was said to be an excellent way to deal with waste from small 

wineries [158]. Due to the higher efficiency of aerobics systems, many researchers have been 

treating them with pure cultures even though the treatment of molasses containing distillery 

wastewater is treated by conventional activated sludge, which reduces higher COD load and 

energy consumption.  

Heterotrophic microorganisms break down carbonaceous materials through the aerobic 

pathway, depending on the availability of organic materials and the presence of inorganic 

materials that help them grow. This process is called bio-composting. Composting is very good 

at turning wet materials into something that can be used. This makes the organic materials more 

stable and kills the pathogenic organisms after significantly drying the wet substrates. In the 

process of composting, organic wastes that are at least 40 % moisture content are broken down 

by thermophilic organisms to make durable, hummus-like materials [159]. 

 

2.4.5. Potential enzymatic treatment of distillery wastewater 

Even though the enzymatic degradation of melanoidins is not entirely known, it seems to be 

very important for melanoidin degradation. The white-rot fungi have a complex enzymatic 

system that is extracellular and non-specific. Under lack of nutrients, they can break down 

ligninolytic compounds, melanoidins, and polyaromatic compounds that other microorganisms 

can't break easily [59]. Many enzymes from plants and microorganisms from all over the world 

have been found to be important in a wide range of waste treatment applications. Several 

studies have shown that basidiomycetes can break down melanoidins, humic acids, and other 
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compounds with the help of at least one laccase enzyme from fungi in the family Trametes 

(Coriolus) [160]. Ohmomo et al. used C. versicolour Ps4a, which removed 80 % of the colour 

from molasses wastewater in the dark under the optimized conditions [161]. Sugar-dependent 

and sugar-independent intracellular enzymes were used to remove the colour. Few of these 

enzymes didn't need sugar or oxygen to work and could change the colour of melanoidin 

containing wastewater up to 20 % in the dark [161]. These enzymes produce H2O2, part of a 

complex enzymatic system that fungi use to break down melanoidin. Miyata et al. conducted 

detailed enzyme studies on melanoidin decolorization. They found the melanoidin removal by 

involvement of peroxidases and extracellular H2O2 produced by glucose-oxidase, in the 

presence of small amount of fungal laccase C. hirsutus [104]. Similarly, after inoculating with 

the fungus Trametes sp. I-62, Mansur et al. saw a maximum decolourization of about 60 % on 

day 8 [162]. 

 

2.4.6. Effect of environmental factors on the treatment process 

Many environmental factors affect the activity of enzymes in the process of microbial 

decomposition of industrial waste. These environmental factors include the source of carbon, 

nitrogen, potassium, pH, temperature, air, and inoculum [93, 110]. Hayase et al. applied H2O2 

at pH 3 to 13 and at optimized pH of 10, achieved 94 % of melanoidin degradation [163]. 

Mohana et al. found that at pH 7.0, the most decolorization happened and reported that 

melanoidin is less soluble in acidic pH than in alkaline pH.  They stated that if the pH is more 

or less than pH 7.0, the decolorization activity and the growth of microbes both decreased, 

which is why they found the most decolorization at pH 7.0 [112]. In another study. Color 

removal (80 %) and COD removal (75 %) were the best when the pH was 5 [59]. They also 

found that the temperature rises from 20°C to 37°C, which led to a rise in decolorization from 
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35 % to 67 %. When the temperature rose above 40°C, the ability of microbes to remove 

melanoidin was lost. The strain D90 grew best and removed the most colour at 30°C, while 

Coriolus versicolor grew best at 35°C and Phanerochaete chrysosporium grew best at 40°C 

and effectively removed the colour [164, 165]. Having a carbon source is essential for mold 

growth and eliminating melanoidins from the soil. The researchers who looked at the effect of 

different carbon and nitrogen sources on the MDA of Aspergillus fumigatus G-2-6 found that 

glucose was the best carbon source for the maximum degradation of melanoidins [166]. There 

were a lot of different nitrogen sources, including yeast extract, peptone, beef extract, and 

tryptone; these all reduce the level of decolorization. It has also been found that the 

decolorization of melanoidins increases with the size of the inoculums. The maximum 

decolorization was reached at 15 % (v/v) inoculum size (about 11×106 CFU mL-1), and further 

increases in inoculum size did not improve the decolorization of melanoidins [112]. Dahiya et 

al. found that 5 % (w/v) dry weight Phanerochaete chrysosporium JAG-40 mycelial 

suspension in melanoidin medium with glucose and peptone was best for maximum 

decolorization [90]. 

 

2.4.7. Production of alternative metabolites  

To increase its value, valuable and/or beneficial substances can be extracted from raw material. 

Value-added products such as eco-friendly biopolymer, polyhydroxyalkanoates (PHAs), 

fermentative hydrogen production and biosurfactants; can be extracted depending upon the raw 

material. The concentration of bioactive compounds in fermented for ethanol production is 

influenced by various factors such as genetic and environmental factors and exposure of 

substrates to stress [167]. As a result, selecting the best settings for the recuperation process is 

critical. Liquid-liquid extractions and solid-phase extractions are the most popular substrate 
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recovery procedures [168]. Various organic solvents such as acetone, ethyl acetate, methanol, 

ethanol, propanol, and their multiple combinations are employed to recover value-added 

products. Green chemistry-compliant recovery methods are increasingly in demand because of 

their environmental benefits. Therefore, new green procedures and solvents are being studied 

to retrieve valuable chemicals [167, 169]. However, there are several limitations to using 

supercritical fluids, such as a limited range of molecular solubility, high costs of equipment, 

and cleaner effluent generation. In other words, this technology has extensive exposure and 

lots of challenges. Alternatively, it may be possible to use biomass-derived solvents such as 

ethyl lactate, glycerol, or 2-methyl tetrahydrofuran as an alternative option. These solvents are 

renewable, non-toxic, and inexpensive in nature; however, their application possibilities are 

limited [170]. According to the above assertion, researching and creating environmentally 

friendly solvents to improve extraction efficiency is difficult. Bioethanol, a bio-solvent 

produced through alcoholic fermentation of sugar or starch-containing food wastes, is 

commonly utilized in traditional solvent extraction [171]. Reduced energy consumption and 

the application of nontoxic solvents should be characterized as environmentally friendly 

extraction along with high-efficiency substance recovery, which would appear to be a potential 

approach toward long-term manufacturing. 
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Table 2.6. Comparisons study of different treatment methods of distillery wastewater. 

Treatment technology Advantages Disadvantages 

Biological 

treatment 

method 

Anaerobic 

Aerobic 

Bacterial 

Fungal 

Eco-friendly 

Cost-effective 

High dilution requires 

Time-consuming 

Very slow process 

Required large space 

Treatment 

using 

other 

organisms 

Yeast 

Microalgae 

Cyanobacteria 

 

Used photosynthesis for energy 

No use to add nutrients 

Biogas or biodiesel are produced 

By-products are used as a fertilizer 

 

 

The growth rate is 

very slow 

Light-dependent 

process 

Physico-

chemical 

treatment 

method 

Adsorption 

Coagulation/ 

Flocculation 

Photocatalysis 

Oxidation 

process 

Simultaneous adsorption and 

degradation of many pollutants 

Widely accepted 

Simple and cost-effective 

Significant color removal 

Removal of other contaminants 

Used low-cost chemicals 

Enhances filtration process 

Oxidized the broad range of organic 

compounds 

These methods can be applied over 

AOP, so it can be used either in the 

pretreatment process or in the final 

treatment process 

Separates many kinds of organic 

pollutants and particles from 

wastewater 

pH-sensitive 

Temperature-sensitive 

Use of chemicals 

Sludge generated 

High energy lost 

Must be fully oxidized 

The commercially 

available adsorbent is 

very costly 

 

 

 

 

2.5. Conclusions 

In general, these hazardous by-products/wastes of distillery effluent have an unfavorable effect 

on the environment when discharged into the environment without treatment [79]. Removing 

these organic-inorganic pollutants and color from this distilleries wastewater is essential from 

the environmental and aesthetic point of view [18]. Conventional methods like oxidation, 

coagulation, membrane filtration, precipitation, adsorption, and biological treatments are 

employed to decolorize the wastewater and reduce the residual organic load. A conclusive table 
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along with the advantages and disadvantages of physiochemical and biological treatment 

methods for distillery effluent treatment are listed in Table 2.5. But these methods or techniques 

are generally not viable or lead to incomplete treatment of the organic and inorganic 

compounds present in it [172]. So, the distilleries need a robust method with the incorporation 

of new techniques along with the existing approaches to solve these issues.  
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Chapter 3 

Melanoidin removal by biosorption using low cost and biogenic adsorbents 

 

(Enhanced melanoidin removal by amine-modified Phyllanthus emblica leaf powder. Rahul 

Verma, L.M. Kundu, and L.M. Pandey (2021), Bioresource Technology, 339, 125572) 

In this chapter, melanoidin was removed through adsorption using amine surface-

modified Phyllanthus emblica, Citrus limon and Tamarindus indica leaf powder as a low-cost 

natural adsorbent. The amine-modified adsorbents were prepared by forming self-assembled 

monolayers (SAMs). The experimental conditions (pH, temperature and adsorbent dose) were 

optimized using the Response Surface Methodology-Central Composite Design (RSM-CCD) 

to maximize the adsorption capacity. The modified leaf-powder was characterized using 

various analytical techniques such as FTIR, EDX, FESEM, TGA, etc. The design tool plotted 

the 3D response under the optimized condition of temperature, pH, and adsorbent dose on 

melanoidin. 

 

3.1. Introduction 

As discussed in chapter 2, various physical, chemical and biological methods have been applied 

to treat distillery wastewater. The biological techniques such as bacterial, fungal, and algal 

treatment methods have also been applied to remove the melanoidin compounds before 
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discharging them into the environment [9]. However, the treatment efficacies of these methods 

are quite low due to the poor biodegradability of melanoidin [10]. Thus various alternatives to 

conventional methods such as the use of activated carbon, electrochemical degradation, 

integrated biochemical adsorption, oxidation, coagulation, membrane filtration, Fenton and 

photo-Fenton process have been applied for melanoidin removal [11]. The drawbacks of these 

methods include higher operational and maintenance costs, a requirement of a large number of 

chemicals, generation of by-products (secondary waste) in large amounts and various harmful 

effects on the ecosystem. 

Among different physical methods, adsorption is the most explored process because of its 

simplicity, effectiveness, and economic viability [173]. In this direction, several methods have 

been used to treat melanoidin by applying natural materials as adsorbents over conventional 

materials such as activated charcoal, bagasse, slag, clays, and various plants and wood-based 

adsorbents promising as cheap, effective and eco-friendly [174, 175]. Different kinds of plant 

and agro-waste biomass have been investigated for melanoidin adsorption. Arulmathi et 

al. used activated carbon prepared from Piper nigrum to decolorize the distillery spentwash. 

The maximum removal was 75 % at the optimized condition of pH 7.5 after 195 min of contact 

time [176]. Similarly, Wongcharee and Aravinthan applied mesoporous magnetic nano-sorbent 

derived by macadamia nutshell for melanoidin adsorption and the maximum adsorption 

capacity was achieved 14.7 mg g−1 at the temperature of 41.7 °C, pH of 6.3 and 240 min of 

contact time [175]. Ahmed et al. utilized fly ash as an adsorbent for melanoidin and achieved 

281 mg g−1 of maximum adsorption capacity with 84 % of melanoidin removal at pH 6 and 

120 min of contact time [174]. However, a lower adsorption capacity of bio-sorbents limits 

their practical applications and thus researchers are exploring this aspect. 

Surface properties of the adsorbents regulate the interfacial interactions among adsorbent, 

solvent and adsorbate and thus can be tuned by surface modifications. The plant leaf-based 
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adsorbents of different trees contain various organic and inorganic compounds such as lignin, 

pectin, cellulose, hemicellulose, and various functional groups such as amino, nitro hydroxyl, 

carbonyl and carboxyl [177]. It has been reported that multiple intermolecular forces, including 

van der Waals, hydrogen bonding and electrostatic regulate the adsorption process. Hence, 

activating adsorbent materials by treating different chemical methods such as acid, base, 

inorganic and organic salts and self-assembled monolayers (SAMs) significantly improve the 

effectiveness and adsorption capacity [178]. SAMs are formed spontaneously on surfaces 

through van der Waals interactions, ionic interactions and covalent bonding, which impart 

stability in an aqueous environment. Different SAMs like CH3, NH2 and COOH has been 

reported to alter the hydrophobicity and charge [179-182]. 

In the present chapter, Phyllanthus emblica, Citrus limon and Tamarindus indica leaves were 

investigated for the removal of synthetic melanoidin. Phyllanthus emblica, Citrus limon and 

Tamarindus indica are common medicinal plants widely distributed in tropical and subtropical 

areas of Asia, Africa, Australia, and South America. The surfaces of leaf powder were modified 

by forming self-assembled monolayers (SAMs) to enhance the surface adsorption capacity. 

The experimental conditions (pH, Temperature and adsorbent doses) for maximum adsorption 

capacity were optimized by employing the Response Surface Methodology-Central composite 

design (RSM-CCD) method. The novel amine-modified leaves powder was characterized by 

several techniques such as Fourier-transform infrared spectroscopy (FTIR), Differential 

Scanning Calorimetry/ Thermo Gravimetric (DSC/TG), Brunauer–Emmett–Teller (BET) 

surface area analyzer, Energy dispersive spectrum (EDX), Field Emission Scanning Electron 

Microscope (FESEM) and Dynamic Light Scattering (DLS). Equilibrium isotherms were 

studied by Langmuir, Freundlich and Temkin model to investigate the maximum adsorption 

capacity of modified adsorbent while kinetic studies for adsorption were also tested by pseudo-

first-order, pseudo-second-order, intra-particle diffusion, and Elovich models to investigate the 
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effect of change of Physico-chemical properties on the adsorption process. Thermodynamic 

and reusability were also studied to find the role of temperature and efficiency of bio-adsorbent. 

The effectiveness of the modified leave powder of these plants was also evaluated for 

decolorizing the actual spentwash. 

 

3.2. Material and methods 

3.2.1. Materials 

3-aminopropyl-triethoxysilane (APTES) (APTES, Cat. No. 440140) was purchased from 

Sigma Aldrich, India and used for the formation of amine self-assembled monolayers (SAMs). 

Glucose (Cat. No. GRM077) and Glycine (Cat. No. MB013) were obtained from HiMedia 

Laboratories, India for the synthesis of melanoidin. Ferrous ammonium sulfate (Cat. No. 

GRM302), potassium dichromate (Cat. No. GRM1033), mercuric sulphate (Cat No. 

GRM1088) and silver sulphate (Cat. No. GRM1412) were purchased from HiMedia 

Laboratories, India and used for the analysis of chemical oxygen demand (COD). Ethyl alcohol 

(Cat. No. 64–17-5) was purchased from Merck, India and sulfuric acid (Cat. No. 7664–93-9) 

was procured from Finar Limited, India. 

 

3.2.2. Sample collection and preparation of the adsorbent 

Phyllanthus emblica, Citrus limon and Tamarindus indica leaves were collected from the rural 

areas of Pratapgarh district, Uttar Pradesh, India. The collected leaves were washed several 

times with deionized water to remove the dust particles and impurities from the surfaces and 

dried under sunlight for 48 h and stored in a hot air oven at 50 °C. The dried leaves were 

grounded with the help of a grinder to form the fine powder. The powder was sieved using a 
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sieving machine having a pore size of 300 μm to separate the large particles and fibers. These 

fine leaf powders were stored in a closed container for further modification. The powder was 

kept overnight in a 10 % sulfuric acid solution in a ratio of 1:4 (w/v) to remove the cellulose 

content, chlorophyll pigments, etc., and increase the adsorption capacity. Further, it was 

washed thoroughly with deionized water until neutral pH was obtained. The acid-treated 

powder samples were oven-dried at 110 °C for 24 h until the constant weight was conquered 

[183, 184]. 

 

3.2.3. Surface modification of adsorbent 

The surface of acid-treated powder was modified by forming self-assembled monolayers 

(SAMs) of amine (NH2) according to our reported methods [179, 185]. Briefly, the activated 

PELP were dipped in 1 % (v/v) APTES silane solution prepared in anhydrous toluene under an 

inert N2 atmosphere inside a closed glove bag for 24 h at room temperature (25 °C). After 

modification, samples were twice washed with absolute ethanol (99.9 %) and oven-dried at 

70 °C. 

 

3.2.4. Characterization of adsorbent 

The presence of functional groups was analysed using Fourier-transform infrared (FTIR) after 

preparing potassium bromide (KBr) discs. The surface morphology and Elemental 

investigation of samples were examined by and Field Emission Scanning Electron Microscope 

(FESEM) (Zeiss-Sigma 300), and energy dispersive spectrum (EDX) (Zeiss-Sigma), 

respectively. The surface charge of samples in de-ionized water was analyzed using Dynamic 

Light Scattering (DLS) (Anton Paar, Litesizer 500). The specific surface area and porosity were 

investigated using Brunauer–Emmett–Teller (BET) analyzer (Quantachrome, Autosorb-IQ 
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MP). 90 mg of sample was stored in a glass crucible and kept for degassing at 150 °C for 4 h 

to achieve the constant weight. After degassing, the final weight was measured and analyzed 

for surface area analysis [186]. The thermal stability of modified powder was investigated 

using Thermo Gravimetric analysis (TGA) (Netzsch, STA449F3A00) in a temperature range 

of 0 to 600 °C with an increment of 10 °C/min. 

 

3.2.5. Preparation of melanoidin 

Synthetic melanoidin pigments were prepared using amino acids and sugars. 0.05 M glycine 

(18.75 g) and 0.05 M of Glucose (45 g) were dissolved in 100 mL of distilled water. The 

solution was kept at 125 °C in the oven for 2 h [187]. The chemical reaction is stated as 

Eq. (3.1). Prepared melanoidin was then transferred into a mortar pestle and ground into a very 

fine powder. The prepared melanoidin was stored in a closed airtight container. 

𝐴𝑚𝑖𝑛𝑜 𝑎𝑐𝑖𝑑 + 𝑆𝑢𝑔𝑎𝑟 

𝑀𝑎𝑖𝑙𝑙𝑎𝑟𝑑 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛
(𝐻𝑖𝑔ℎ 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 (120−150℃))
→                          𝑀𝑒𝑙𝑎𝑛𝑜𝑖𝑑𝑖𝑛                     (3.1) 

 

3.2.6. Optimization of the experimental conditions by response surface methodology 

(RSM) 

Optimization of environmental conditions for the maximum decolourization was carried out 

by applying RSM technique. RSM is an empirical technique that involves mathematical and 

statistical calculations to evaluate the actual and experimental data. Minitab statistical software 

and Central composite design (CCD) were applied to design the experimental set-ups. In this 

chapter, three independent variables such as temperature (A), pH (B) and adsorbent doses (C) 

were varied in the range of 25–55 °C, 3–11 and 0.2–2.0 % w/v, respectively. Decolourization 

(%) of the melanoidin solution was considered as a response. The software suggested a total of 
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20 experimental conditions by applying these independent variables as listed in Table (3.2) to 

predict the most suitable conditions for obtaining maximum removal (decolourization) on the 

adsorbent. The obtained experimental data was applied in Analysis of variance (ANOVA) 

software to get the regression analysis. 

 

3.2.7. Adsorption studies 

The batch adsorption experiments were performed at the suggested experimental conditions by 

RSM-CCD in 100 mL of 0.5 % w/v melanoidin solution in a 250 mL conical flask. All 

experimental setups were incubated in a shaker incubator (Scigenics Biotech-Orbitek) for 5 h 

and 180 rpm. After the adsorption, samples were collected and centrifuged at 10000 rpm for 

10 min at 25 °C temperature using a centrifuge (Sigma 4–16 K) [188]. The optical 

density (OD) of the supernatant was measured at 475 nm to estimate the concentration of 

melanoidin [189]. The % removal of melanoidin was calculated by the following equation (Eq. 

3.2). 

% 𝐷𝑒𝑐𝑜𝑙𝑜𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛 =
(𝐶𝑖 − 𝐶𝑓)

𝐶𝑖
 × 100                                               (3.2) 

where ci and cf are the concentrations of melanoidin solution before and after adsorption, 

respectively. 

In addition, the closed reflux process followed by a titrimetric method analysed for chemical 

oxygen demand (COD) values of untreated and treated samples. The protocol for COD analysis 

of the samples was followed from the American Public Health Association (APHA) manual 

[190]. 
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3.2.8. Equilibrium and kinetic studies of adsorption 

The adsorption process of melanoidin on surface-modified Phyllanthus emblica leaf-powder 

(PELP), Citrus limon leaf-powder (CLLP) and Tamarindus indica leaf-powder (TILP) were 

examined at the optimized conditions predicted by RSM-CCD. The samples were collected at 

different time intervals till 300 min for the kinetic studies. The equilibrium adsorption studies 

were performed at optimized conditions by varying the adsorbate concentrations in the range 

of 0.1 to 1.0 % w/v. Adsorption kinetic models were tested by pseudo-first-order, pseudo-

second-order, intra-particle diffusion, and Elovich models to investigate the rate parameters 

[191]. The four classical adsorption isotherm models such as Langmuir, Freundlich, Temkin 

and Dubinin–Radushkevich were employed to analyze the equilibrium behavior [192]. The 

adsorption experiments were also carried out at different temperatures (25, 35, 45 and 55 °C) 

to decipher the thermodynamics of the process. The expressions used for the kinetic and 

equilibrium models are listed in Table 3.1. 
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Table 3.1. Isotherm/kinetic/thermodynamic models, linear expression forms, and their 

plots. 

Models Linear expression Plot 

Kinetic models 

Pseudo 1st order 𝑙𝑛(𝑞𝑒 − 𝑞𝑡) = ln (𝑞𝑒) − 𝑘1𝑡 𝑡 𝑣𝑠. 𝑙𝑛( 𝑞𝑒 − 𝑞𝑡) 

Pseudo 2nd order 

𝑡

𝑞𝑡
= 

1

𝑘2𝑞𝑒2
+
𝑡

𝑞𝑒
 

ℎ = 𝑘2𝑞𝑒
2 

𝑡  𝑣𝑠.  
𝑡

𝑞𝑡
 

Intra-particle 

diffusion 
𝑞𝑡 = 𝑘𝑝𝑡

1/2 + 𝐶 𝑡1/2 𝑣𝑠.  𝑞𝑡 

Elovich models 𝑞𝑡 =
1

𝛽
ln(𝛼𝛽) +

1

𝛽
𝑙𝑛𝑡 𝑙𝑛𝑡 𝑣𝑠.  𝑞𝑡 

Isotherms 

Langmuir 
𝐶𝑒
𝑞𝑒
=
𝐶𝑒
𝑞𝑚
+

1

𝐾𝐿𝑞𝑚
 𝐶𝑒 𝑣𝑠.  

𝐶𝑒
𝑞𝑒

 

Freundlich 𝑙𝑛𝑞𝑒 = 𝑙𝑛𝐾𝐹 + 
1

𝑛
𝑙𝑛𝐶𝑒 𝑙𝑛𝐶𝑒 𝑣𝑠.  𝑙𝑛𝑞𝑒  

Temkin 𝑞𝑒 = 
𝑅𝑇

𝑏𝑇
𝑙𝑛𝐾𝑇 +

𝑅𝑇

𝑏𝑇
𝑙𝑛𝐶𝑒 𝑙𝑛𝐶𝑒 𝑣𝑠.  𝑞𝑒 

Dubinin–

Radushkevich 

𝑙𝑛𝑞𝑒 = 𝑙𝑛𝑞𝑚 − 𝐾𝑎𝑑 ∈
2 

∈ = 𝑅𝑇𝑙𝑛 (1 +
1

𝐶𝑒
) 

𝑙𝑛𝑞𝑒 𝑣𝑠.  ∈
2 

 

Thermodynamic 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆 

∆𝐺 = −𝑅𝑇𝑙𝑛𝐾𝑐 

𝑙𝑜𝑔 𝐾𝑐 = 
∆𝑆

2.303𝑅
−

∆𝐻

2.303𝑅𝑇
 

1

𝑇
 𝑣𝑠.  𝑙𝑜𝑔 𝐾𝑐 

 

Here, qt (mg g−1) is the amount of melanoidin adsorbed per gram of adsorbent at a time interval 

of t. k1 (min−1) is the pseudo-first-order rate constant. k2 (g mg−1 min−1) refers to the pseudo-

second-order rate constant and h (mg g−1 min−1) is defined as the initial adsorption rate of 

pseudo-second-order and calculated as h=keqe
2. kp (mg g−1 min−1/2) is the intra-particle 

diffusion rate constant, c is a constant. α (mg g−1 min−1) and β (g mg−1) are the initial adsorption 

rate and Elovich constant, respectively. 
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Ce (g L-1) is defined as the equilibrium concentration of adsorbate and qe (mg g−1) is the amount 

of melanoidin adsorbed per gm of the adsorbent at the equilibrium. qm (mg g−1) refers to the 

maximum adsorption capacity of the adsorbent and KL (L mg−1) is the Langmuir 

isotherm constant. Kf (mg g−1) is the Freundlich constant and n (L g−1)1/n denotes the adsorption 

intensity. bT is defined as Temkin constant related to the heat of adsorption (J mol−1) and KT is 

Temkin isotherm equilibrium coefficient (L g−1). Kad and ∈ are expressed as adsorption energy 

constant (mol2 J−2) correlated to the mean free energy and Polanyi potential related to 

the equilibrium constant in the D-R isotherm model, respectively. ΔG (J mol−1), ΔH (J mol−1), 

and ΔS (J mol−1 K−1) refer to the change in Gibbs free energy, enthalpy and entropy, 

respectively, while Kc is expressed as qe/Ce. R and T are the universal gas 

constant (8.314 J mol−1 K−1) and temperature (K), respectively. 

 

3.2.9. Regeneration and reusability study 

Regeneration and reusability are essential factors of any adsorbent, which indicate their 

economics and feasibility for actual applications. Reusability study was investigated using 

0.1 M NaOH solution [193, 194]. After the adsorption, the adsorbents were separated by 

centrifugation at 10000 rpm for 10 min. The pellet was placed in 30 mL of 0.1 M NaOH 

solution at 180 rpm and 25 °C for 120 min. Then, the adsorbent was separated from the NaOH 

solution and rinsed in distilled water several times to neutralize (pH 7). The washed adsorbent 

was dried in an oven at 70 °C for overnight. The dry weight of the adsorbent was noted and the 

dried adsorbent was reused for the next cycle of adsorption study under the same conditions. 
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3.2.10. Colour removal of the real sample (spentwash) 

An industrial-based real spentwash sample was collected from DCM Shriram Ltd, a sugar cane 

molasses-based distillery plant in Hardoi, India. The spentwash samples were contained in a 

mouth-capped glass bottle and stored in a cool and dry place for further analysis. It was brown 

colour effluent with acidic pH (4.8) and very high COD (193 ± 1 g L-1). 1 % v/v spentwash 

was used for the colour removal at the optimized conditions and % decolourization was 

analyzed as discussed in section 3.2.7. 

 

3.3. Results and Discussion 

3.3.1. Characterization of surface-modification 

FTIR analysis of unmodified and modified powder was conducted to confirm the formation of 

amine SAMs as shown in Figure 3.1. The appearance of new characteristic peaks confirmed 

the presence of the amine group. Peak position at 1196 and 1585 cm-1 in PELP indicated the 

C–N stretching and N-H bending vibrations of the amine group and similarly the peak position 

at 1215 cm-1 in CLLP marked the C–N stretching of the amine group, respectively [42, 47]. 

While the peak at 1514, 1516 and 1515 cm-1 reflected the presence of stretching vibration of 

the nitro group (N-O) in PELP, CLLP and TILP, respectively [47]. This confirmed the 

successful surface modification with amine SAMs. 
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Fig. 3.1: FTIR spectra of unmodified and amine-modified (A) PELP (B) CLLP and (C) 

TILP. 

 

3.3.2. Thermal stability, surface area and pore size analysis 

The thermostability of modified powders was analyzed using TGA in the range of temperature 

0 to 600 °C. The thermal behavior of modified PELP, CLLP and TILP can be classified into 

three phases as shown in Figure 3.2 (A, B and C). In PELP, the first phase was observed 

between the temperature 0-100 °C, indicating the slight weight loss (≤ 10 %) due to moisture 

removal. The second phase was between 100-180 °C and no substantial weight loss (≤ 2 %) 

was observed, indicating thermal stability up to 180 °C. The last phase was noted from 180-

600 °C, in which a rapid weight loss was observed due to thermal degradation [19]. Similarly, 

in the case of CLLP and TILP, the first phase was observed between the temperature 0-260 and 
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0-120 °C, indicating the weight loss of ≤ 10 and ≤ 15 % due to the removal of moisture. In the 

second phase CLLP showed sudden weight loss of weight upto 300 °C while the TILP showed 

the thermostability upto temperature 220 °C. The last phase in both the plants showed thermal 

degradation. Using a BET analyzer, the surface area and pore size of PELP, CLLP, and TILP 

were determined and found to be 25.28, 21.79, 17.24 m² g-1 and 83, 47, 19 nm, respectively. 

 

(A) 
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Fig. 3.2: Thermostability analysis of amine-modified (A) PELP (B) CLLP and (C)TILP. 

(B) 

(C) 

TH-2999_166152005



 

Page | 61  
 

3.3.3. Optimization of experimental conditions for the maximum removal of melanoidin 

Three independent variables such as temperature (A), pH (B), and amine-modified adsorbent 

concentration (C) were selected to optimize the maximum adsorption of melanoidin using 

RSM-CCD [195, 196]. The lower/upper bounds of variables A (°C), B and C (% w/v) were 

25/55, 3/11, and 0.2/2.0, respectively. The mini-tab software suggested a total of 20 

experimental set-ups by applying these independent variables as listed in Table 3.2. The 

percentage decolourization was selected as the response. The obtained responses were fitted to 

a quadratic polynomial equation and predicted response values were compared with the 

experimental values as listed in Table 3.2. The obtained model equation for PELP, CLLP and 

are as follows; 

% 𝐷𝑒𝑐𝑜𝑙𝑜𝑢𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑓𝑜𝑟 𝑃𝐸𝐿𝑃 =  91.84 + 3.48𝐴 − 9.15𝐵 + 30.14𝐶 − 1.25𝐴𝐵 −

1.75𝐴𝐶 + 0.36𝐵𝐶 − 12.77𝐴2 − 4.82𝐵2 − 15.60𝐶2                                                                             (3.3)  

% 𝐷𝑒𝑐𝑜𝑙𝑜𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑓𝑜𝑟 𝐶𝐿𝐿𝑃 = 60.94 − 10.72𝐴 − 9.02𝐵 + 26.23𝐶 + 7.73𝐴𝐵 −

4.25𝐴𝐶 − 1.01𝐵𝐶 − 13.00𝐴2 − 6.06𝐵2 − 5.87𝐶2                                                                  (3.4). 

% 𝐷𝑒𝑐𝑜𝑙𝑜𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑓𝑜𝑟 𝑇𝐼𝐿𝑃 = 25.10 − 3.52𝐴 − 3.13𝐵 + 9.45𝐶 + 2.81𝐴𝐵 + 0.53𝐴𝐶 −

4.52𝐵𝐶 − 2.57𝐴2 − 5.47𝐵2 − 3.39𝐶2                                                                                        (3.5). 

The regression study was performed by ANOVA analysis [197]. The higher correlation 

coefficient value (R2) of experimented and predicted data indicates the closeness of 

experimented and predicted results (Table 3.3) [198]. The significance of the ANOVA model 

is evidenced by the lesser p-values and higher F-values (Table 3.3). The ANOVA analysis of 

independent variables A, B and C (Temperature, pH and Adsorbent concentration) and their 

interactions such as AB, AC, BC, A2, B2, C2 are listed in Table 3.4. All model terms and their 

squares are found to be significant for PELP and CLLP and insignificant for TILP, respectively. 

The predicted optimized conditions (Temperature, pH and Adsorbent concentration) by mini-
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tab software was found to be 44°C, 5.93 and 1.34 % for PELP, 26.7°C, 3.1 and 2.0 % for CLLP 

and 25°C, 3.5 and 2.0 % for TILP, respectively. PELP shows efficient results in terms of 

maximum adsorption (616 mg g-1) of melanoidin compound in comparison of the modified 

CLLP (213 mg g-1) and TILP (30 mg g-1), respectively. The experimental response (melanoidin 

decolourization) was 99 ± 1 %, which agreed to the predicted value at the optimized conditions.  

The 3D response surface plots for maximum decolorization under the optimized conditions are 

shown in Figure 3.3.  
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Table 3.2.1. Experimental and predicted values of melanoidin decolourization at different 

experimental set-ups of independent variables for amine-modified PELP (Temperature, 

pH and adsorbent concentration) in RSM-CCD. 

Serial 

No. 

Independent Variable Response (% decolorization) 

Temp 

°C (A) 

pH 

(B) 

Adsorbent 

Conc. % w/v (c) 
Actual Value Predicted Value 

1 25 3 0.2 34.14 31.55 

2 55 3 0.2 37.03 44.49 

3 25 11 0.2 15.05 15.04 

4 55 11 0.2 21.26 22.99 

5 25 3 2 94.69 94.59 

6 55 3 2 98.91 100.56 

7 25 11 2 85.35 79.52 

8 55 11 2 76.26 80.49 

9 14.8 7 1.1 44 49.86 

10 65.2 7 1.1 69.73 61.56 

11 40 0.3 1.1 96.62 93.59 

12 40 13.7 1.1 62.12 62.84 

13 40 7 0 0.18 0 

14 40 7 2.61 97.58 98.41 

15 40 7 1.1 93.59 91.84 

16 40 7 1.1 92.15 91.84 

17 40 7 1.1 90 91.84 

18 40 7 1.1 92.29 91.84 

19 40 7 1.1 94.34 91.84 

20 40 7 1.1 88.26 91.84 
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Table 3.2.2. Experimental and predicted values of melanoidin decolourization at different 

experimental set-ups of independent variables for amine-modified CLLP (Temperature, 

pH and adsorbent concentration) in RSM-CCD. 

Serial 

No. 

Independent Variable Response (% decolourization) 

Temp 

°C (A) 
pH (B) 

Adsorbent 

Conc. % w/v 

(c) 

Actual Value Predicted Value 

1 25 3 0.2 22.81 31.99 

2 55 3 0.2 7.40 3.60 

3 25 11 0.2 4.44 0.51 

4 55 11 0.2 3.62 3.04 

5 25 3 2.0 92.99 94.96 

6 55 3 2.0 44.25 49.56 

7 25 11 2.0 54.26 59.45 

8 55 11 2.0 52.76 44.97 

9 14 7 1.1 48.91 42.20 

10 65 7 1.1 1.40 6.15 

11 40 0.3 1.1 65.81 58.95 

12 40 13.7 1.1 23.73 28.62 

13 40 7 0 0.09 0.24 

14 40 7 2.6 90.57 88.45 

15 40 7 1.1 63.96 60.94 

16 40 7 1.1 55.48 60.94 

17 40 7 1.1 59.50 60.94 

18 40 7 1.1 65.76 60.94 

19 40 7 1.1 59.13 60.94 

20 40 7 1.1 61.47 60.94 
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Table 3.2.3. Experimental and predicted values of melanoidin decolourization at different 

experimental set-ups of independent variables for amine-modified TILP (Temperature, 

pH and adsorbent concentration) in RSM-CCD. 

Serial 

No. 

Independent Variable Response (% decolourization) 

Temp 

°C (A) 
pH (B) 

Adsorbent Conc. 

% w/v (c) 
Actual Value Predicted Value 

1 25 3 0.2 5.86 9.69 

2 55 3 0.2 2.75 0 

3 25 11 0.2 3.38 6.85 

4 55 11 0.2 4.31 4.38 

5 25 3 2 36.87 36.59 

6 55 3 2 28.67 24.98 

7 25 11 2 9.10 15.66 

8 55 11 2 19.34 15.29 

9 14.8 7 1.1 31.94 23.76 

10 65.3 7 1.1 3.44 11.92 

11 40 0.3 1.1 10.90 14.91 

12 40 13.7 1.1 8.08 4.38 

13 40 7 0 0.07 0 

14 40 7 2.6 30.64 31.40 

15 40 7 1.1 18.24 25.10 

16 40 7 1.1 29.91 25.10 

17 40 7 1.1 26.51 25.10 

18 40 7 1.1 22.13 25.10 

19 40 7 1.1 28.76 25.10 

20 40 7 1.1 25.13 25.10 
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Table 3.3. Comparison of correlation coefficient value (R2) and significance of the 

ANOVA model by the lesser p-value and higher F-value for amine-modified PELP, CLLP 

and TILP. 

 PELP CLLP TILP 

R2 >0.99 0.97 0.85 

P-value <0.0001 <0.0001 0.0039 

F-value 79.69 39.25 29.80 

Lack of fit <0.05 0.04 0.11 

Significant/Insignificant Significant Significant Insignificant 

 

 

Table 3.4.1. ANOVA table of quadratic model for PELP. 

Source 
Sum of 

squares 
df 

Mean 

Square 
F-value p-value 

Model 19160.87 9 2128.99 79.69 < 0.0001 

A (Temp.) 165.28 1 165.28 6.19 0.03 

B (pH) 1141.83 1 1141.83 42.74 < 0.0001 

C (Ads.) 12402.88 1 12402.88 464.23 < 0.0001 

AB 12.47 1 12.47 0.47 0.51 

AC 24.35 1 24.35 0.91 0.36 

BC 1.03 1 1.03 0.04 0.85 

A2 2350.58 1 2350.58 87.99 < 0.0001 

B2 334.21 1 334.20 12.51 0.0054 

C 3505.34 1 3505.34 131.20 < 0.0001 

 

 

 

TH-2999_166152005



 

Page | 67  
 

Table 3.4.2. ANOVA table of quadratic model for CLLP. 

Source 
Sum of 

squares 
df 

Mean 

Square 
F-value p-value 

Model 15721.34 9 1746.82 39.25 < 0.0001 

A (Temp.) 1568.79 1 1568.79 35.25 0.0001 

B (pH) 1110.32 1 1110.32 24.95 0.0005 

C (Ads.) 9392.91 1 9392.91 211.05 < 0.0001 

AB 477.87 1 477.87 10.74 0.01 

AC 144.59 1 144.59 3.25 0.1 

BC 8.14 1 8.14 0.18 0.68 

A2 2435.10 1 2435.10 54.72 < 0.0001 

B2 529.93 1 529.93 11.91 0.01 

C 495.89 1 495.89 11.14 0.01 

 

Table 3.4.3. ANOVA table of quadratic model for TILP. 

Source 
Sum of 

squares 
df 

Mean 

Square 
F-value p-value 

Model 2347.14 9 260.79 6.37 0.0039 

A (Temp.) 169.21 1 169.21 4.13 0.07 

B (pH) 133.90 1 133.90 3.27 0.1 

C (Ads.) 1220.26 1 1220.26 29.80 0.0003 

AB 63.17 1 63.17 1.54 0.3 

AC 2.23 1 2.23 0.054 0.8 

BC 163.62 1 163.62 4.00 0.1 

A2 95.01 1 95.01 2.32 0.2 

B2 430.68 1 430.68 10.52 0.01 

C 165.92 1 165.92 4.05 0.1 
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Fig. 3.3.(A): 3D response surface plots of amine-modified PELP for the melanoidin 

adsorption considering their independent parameters as temperature, pH and 

concentration of adsorbent. 

 

 

Fig. 3.3.(B): 3D response surface plots of amine-modified CLLP for the melanoidin 

adsorption considering their independent parameters as temperature, pH and 

concentration of adsorbent. 
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Fig. 3.3.(C): 3D response surface plots of amine-modified TILP for the melanoidin 

adsorption considering their independent parameters as temperature, pH and 

concentration of adsorbent. 

 

3.3.4. Surface morphology analysis by FESEM 

The surface morphology of the modified PELP was analysed using FESEM. The roughness of 

surfaces was masked due to the adsorption of melanoidin as shown in Figure 3.4. The 

adsorption of melanoidin compound on the surface of amine-modified adsorbents was due to 

the trapping of melanoidin particles on rough surfaces. Amine-treated PELP and CLLP show 

adequate morphological properties as adsorbents due to the presence of irregular pores and 

activated functional groups on its surface. As a result, the activated binding sites or reactive 

groups were occupied on the surfaces of modified PELP and CLLP. The differences of rough 

surfaces and occupied surfaces of modified and used PELP and CLLP can be clearly 

distinguished in Figure 3.4.a and b. After the adsorption of melanoidin, an increase in N and C 

contents were observed as listed in Table 3.10. This also indicated the adsorption of melanoidin 
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on modified PELP, CLLP and TILP. The images of these adsorbents were analyzed at very 

high resolution (2k) to study and compare their morphological properties. 

 

Fig. 3.4.(A): FESEM images of modified PELP (a1) before and (a2) after adsorption of 

melanoidin. 

 

 

Fig. 3.4.(B): FESEM images of modified CLLP (b1) before and (b2) after adsorption of 

melanoidin. 

TH-2999_166152005



 

Page | 71  
 

 

Fig. 3.4.(C): FESEM images of modified TILP (c1) before and (c2) after adsorption of 

melanoidin. 

 

3.3.5. Adsorption equilibrium isotherms 

Adsorption equilibrium is an important study to determine the adsorption capacity and 

adsorption process. Out of several reported adsorption isotherms; Langmuir, Freundlich, 

Temkin and Dubinin-Radushkevich (D-R) isotherms were applied to the experimental data for 

determining the adsorption equilibrium (Figure 3.5). Langmuir adsorption isotherm describes 

the quantitative adsorption on the outer surface of the adsorbent [199]. Homogenous monolayer 

adsorption on the surface takes place till the saturation stage. Further that no more adsorption 

occurs on the surface of the adsorbent. Freundlich isotherm model represents the heterogeneous 

adsorption on the surfaces of the adsorbent and describes the exponential distribution of 

adsorption sited concerning their bond energy [200]. This model states that the binding affinity 

exponentially decreases with occupying the binding sites of the adsorbent [193]. Temkin 

isotherm model assumes that there is an inverse relationship between the heat of adsorption of 

all molecules in a layer with surface coverage on adsorbent; i.e. the linear decrease in heat of 

TH-2999_166152005



 

Page | 72  
 

adsorption of all molecules in a layer occurs as a result of the increment of adsorbate on the 

surface of the adsorbent [201]. Adsorption is characterized by a uniform distribution of binding 

sites on the surfaces of the adsorbent. D–R Isotherm is a semiempirical equation and a popular 

model to develop the adsorption potential onto a porous surface by Gaussian energy 

distribution [202]. This model considers multilayer adsorption involving physical forces i.e., 

Van der Waals interactions. 

The expressions used for the above equilibrium models are listed in Table 3.1. The 

experimental data were fitted to these models and estimated model parameters along with 

respective root mean square error (RMSE) are listed in Table 3.5. The Langmuir isotherm 

constant KL (L g-1) and qm (mg g-1) were estimated for amine-modified PELP (0.22 and 616), 

CLLP (0.08 and 213) and TILP (0.32 and 30), respectively. RL value indicates the nature of 

adsorption feasibility i.e; irreversible (if RL = 0), favourable (if 0< RL<1), linear (if RL =1) and  

unfavourable (if RL>1) [193]. RL values varied in the range of 0.15 to 0.35, indicating the 

favorable adsorption process. The value of 1/n in the Freundlich isotherm between 0 to 1 

reflects a favorable heterogenous adsorption process, while 1/n > 1 states a cooperative 

adsorption process [203]. In the present study, the 1/n value was found to be 0.53, 0.93 and 

0.62 for amine-modified PELP, CLLP and TILP, respectively, and reflected a homogeneous 

adsorption process. The Temkin isotherm model estimated the heat of adsorption (bT) as 17.40, 

22.50 and 86.07 kJ mol-1 and adsorption energy constant (mol2 J−2) correlated to the mean free 

energy (Kad) was predicted from D-R isotherm to be 0.81, 7.07 and 1.85 kJ mol-1 for amine-

modified PELP, CLLP and TILP, respectively. These values indicated the presence of the 

physical adsorption process.  

The R2 values of the Langmuir, Freundlich, Temkin and D-R isotherms for amine-modified 

PELP are nearly same (listed in Table 3.5). Based on the RMSE values of Langmuir, 

Freundlich, Temkin and D-R isotherms, the D-R isotherm model better agreed with the 
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experimental data followed by Temkin, Langmuir and Freundlich isotherms of amine-modified 

PELP. Similarly, Temkin isotherm better agreed with the experimental data followed by 

Freundlich, D-R and Langmuir isotherms by amine-modified CLLP. The experimental data of 

amine-modified TILP better agreed with D-R isotherm followed by Temkin, Freundlich and 

Langmuir isotherms. 

The higher R2 values of the Langmuir, Freundlich, Temkin and D-R isotherms indicated the 

surface adsorption proportional to the available surface area/ binding sites. The maximum 

adsorption capacity, qm (mg g-1) of the amine-modified PELP was found to be 616, followed 

by 213 and 30 for CLLP and TILP, respectively. While the same for the unmodified PELP was 

found to be 243 mg g-1. This indicated 2.5 folds enhanced adsorption capacity after surface 

modification with amine SAMs. A comparison of melanoidin removal between the present 

study and different reported adsorbents are listed in Table 3.6, which indicated excellent 

melanoidin adsorption capacity by amine-modified leaves powder. 
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Table 3.5. Comparison of Langmuir, Freundlich, Temkin and D-R isotherm models for 

the sorption of melanoidin on amine-modified PELP, CLLP and TILP. 

 Parameters PELP CLLP TILP 

Langmuir 

R2 0.98 0.98 0.92 

qm (mg g-1) 616.2 213.23 30.34 

KL (L g-1) 0.22 0.08 0.32 

𝑅𝐿 = 1/(1 + 𝐾𝐿𝐶0) 0.15 0.31 0.35 

RMSE 0.0343 0.1312 0.0382 

Freundlich 

R2 0.95 0.99 0.97 

1/n 0.53 0.93 0.62 

KF (mg g-1) (L g-1)1/n 129.2 50.56 25.35 

RMSE 0.0458 0.0801 0.0259 

Temkin 

R2 0.97 0.98 0.99 

BT (kJ mol-1) 17.40 22.50 86.07 

KT (L g-1) 1.66 1.45 2.26 

RMSE 0.0319 0.0304 0.0196 

D–R 

R2 0.96 0.99 0.98 

𝐾𝑎𝑑 mol2 J-2 7.58×10-7 1.0×10-8 2.0×10-7 

𝐸 = 1/√2𝐾𝑎𝑑 (kJ mol-1) 0.81 07.07 1.58 

qm (mg g-1) 406.1 252.30 69.27 

RMSE 0.0265 0.1004 0.0110 
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Fig. 3.5: Fitting and comparison of Langmuir, Freundlich, Temkin and D-R isotherm 

models of melanoidin adsorption with experimental data of amine-modified PELP. 
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Table 3.6. Different adsorbents used for melanoidin removal and their maximum 

adsorption capacity. 

Adsorbents Substrate 
Adsorption 

conditions 

𝒒𝒎 

(mg g-1) 

% 

removal 
Ref. 

Coal fly ash Distillery spent wash 
25 °C, pH 6, 

120 min 
281 85 [174] 

Bagasse fly ash Distillery spent wash 
27 °C, 140 

min 
125 76 [204] 

Bagasse fly ash 
Synthetic 

melanoidins 

25 °C, pH 3, 

240 min 
125 64 [184] 

Activated 

bagasse fly 
Distillery spent wash 

25 °C, pH 8, 

240 min 
92 62 [183] 

Magnetic carbon 

nanocomposites 

Synthetic 

melanoidins 

40 °C, pH 3, 

30 min 
315 80 [205] 

Chitin 

nanofibers 
Synthetic melanoidin 

60 °C, pH 4, 

60 min 
353 89 [206] 

Activated carbon Synthetic melanoidin 
27 °C, pH 3, 

8 days 
232 - [207] 

Coal fly ash Synthetic melanoidin 
50 °C, pH6, 

24 hr 
53 86 [208] 

Amine-modified 

TELP 
Synthetic melanoidin 

25 °C, pH 

3.5, 300 min 
30 20.3 ± 2 

Present 

study 

Amine-modified 

CLLP 
Synthetic melanoidin 

27 °C, pH 

3.1, 300 min 
213 85.6 ± 2 

Present 

study 

Amine-modified 

PELP 
Synthetic melanoidin 

44 °C, pH 

5.9, 300 min 
616 98.5 ± 1 

Present 

study 
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3.3.6. Kinetic studies of melanoidin adsorption on modified leaves powder 

The adsorption kinetics for melanoidin removal by amine-modified leaves powder was carried 

out as a function of contact time at the optimized conditions. Rapid adsorption at initial contact 

time followed by slower adsorption by intra-particle diffusion analysis to reach 

equilibrium/saturation in 300 min were observed by intra-particle diffusion analysis. 

Experimental data were fitted into pseudo-first-order, pseudo-second-order, intra-particle 

diffusion, and Elovich models to investigate the order of reaction and rate constant. The 

expressions used for the above equilibrium models are listed in Table 3.1. The experimental 

data were fitted to these models and estimated model parameters are listed in Table 3.7.  

The experimental data were better fitted to the pseudo 2nd order kinetic model (RMSE = 

0.0014) for amine-modified Phyllanthus emblica, pseudo 2nd model (RMSE = 0.0357) for 

amine-modified Citrus limon and pseudo 1st and 2nd order kinetic models (RMSE = 0.0047) 

for amine-modified Tamarindus indica leaves powder, respectively (Figure 3.6) (Table 3.7).  
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Fig.3.6: Kinetic model fitting of experimental data for the melanoidin adsorption and 

comparison with Pseudo-first-order, Pseudo-second-order and Elovich isotherm models 

and their parameters. 

 

The adsoption process can be distinguished as a multi-process system, which proceeds by 

following boundary layer diffusion, adsorption on active binding sites of adsorbent and finally 

intra-particle diffusion [203, 209]. The intra-particle diffusion rate constant kp was separated 

as kinitial (from 0 to 150 min for rapid adsorption) and Kintra (from 150 to 300 min for slow 

adsorption), respectively (Table 3.8). Thus, the total adsorbed amount is the sum of surface 

adsorption (0-150 min) and intra-particle diffusion (150-300 min) (Figure 3.7).  

Summarily, this adsorption process is comprised of at least two distinguished steps. The initial 

150 min faster adsorption followed by slower adsorption until 300 min. The adsorption kinetics 

followed pseudo 1st order. The rapid adsorption occurs due to the availability of binding sites 

on the surfaces of modified leaves, while the slower adsorption happens possibly due to intra-
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particle diffusion of melanoidin into the interior structure of modified leaves. At the optimized 

conditions, a complete decolourization of melanoidin was observed in 300 min (98 ± 1 %) in 

the presence of modified PELP followed by CLLP (92 ± 2 %) and TILP (28 ± 1 %), while only 

66 ± 3, 44 ± 1 and 21 ± 1 % decolourization was achieved with unmodified PELP, CLLP and 

TILP, respectively (Figure 3.8). Simultaneously, decolourization also resulted in the reduction 

of COD values. Overall, 93 ± 1, 86 ± 2 and 21 ± 2 % of COD reduction was achieved using 

the modified PELP, CLLP and TILP in 300 min, respectively. 
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Fig. 3.7: Fitting of intraparticle diffusion kinetic model to experimental data of the 

melanoidin adsorption on modified (A) PELP (B) CLLP and (C) TILP, indicating two 

processes: the rapid adsorption (blue line) and intraparticle diffusion (red line). 
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Fig. 3.8: Decolorization of melanoidin at optimized condition by PELP, CLLP and TILP 

before and after amine-modification at their respective RSM optimized conditions. 
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Table 3.7. Comparison of kinetic studies of melanoidin adsorption on modified PELP, 

CLLP and TILP. 

Kinetic models Constant PELP CLLP TILP 

Pseudo-first-

order 

R2 0.99 0.96 0.99 

k1 (min-1) 1.29×10-2 2.75×10-2 1.47×10-2 

qe (mg g-1) 378.1 471.6 71.2 

RMSE 0.0083 0.2460 0.0047 

Pseudo-second-

order 

R2 0.98 0.99 0.99 

qe (mg g-1) 493.3 252.90 81.29 

k2 (g mg-1min-1) 2.38×10-5 8.89×10-5 20.29×10-5 

h (mg g-1min-1) 5.79 54.9 1.41 

RMSE 0.0014 0.0357 0.0047 

Elovich 

R2 0.97 0.98 0.98 

α (mg g-1 min-1) 12.17 4.67 0.12 

β (g mg-1) 9.0×10-2 9.25×10-3 1.19×10-2 

RMSE 0.0017 0.4955 0.1566 

 

 

Table 3.8. Comparison of intraparticle diffusion analysis of amine-modified PELP, CLLP 

and TILP. 

 Constant PELP CLLP TILP 

Rapid 

adsorption 

R2
initial 0.98 0.98 0.97 

K initial (mg g-1 min-1) 32.4 24.6 62.9 

c initial (mg g-1) -58.5 -90.1 3514.0 

% Contribution initial 95 71 87 

Slow 

adsorption 

R2
intra 0.91 0.71 0.99 

k intra (mg g-1 min-1/2) 3.5 2.5 33.7 

c intra (mg g-1) 303.5 174.0 7311.7 

% Contribution intra 5 29 13 
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3.3.7. Thermodynamic analysis of melanoidin adsorption 

The thermodynamic studies investigate the role of temperature / thermal energy on adsorption 

kinetics. This study outlines the driving forces applied by the system to regulate the entropy 

and energy to enhance the adsorption capacity. The adsorption experiments were performed in 

batch at 298, 308, 318 and 328 K of temperatures for 300 min at the optimized conditions. The 

thermodynamic parameters such as changes in ΔS, ΔH and ΔG were investigated by applying 

the expressions listed in Table 3.1. The plot between 1/T vs. log Kc is shown in Figure 3.9. The 

estimated thermodynamic parameters are listed in Table 3.9. The negative value of ΔG at all 

the experimental temperatures indicated spontaneous adsorption of melanoidin on amine-

modified leaves [210]. A decrease in ΔG value with an increase in temperature (from 298 to 

328 K), suggested that the adsorption capacity of modified leaves was also augmented (Table 

3.9). In fact, the positive value ΔH indicated the endothermic nature of the melanoidin 

adsorption process. The positive value of ΔS also revealed the enhancement of melanoidin 

adsorption capacity on the surface binding sites. 
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Fig. 3.9: Thermodynamic analysis of melanoidin adsorption on amine-modified (A) PELP 

(B) CLLP and (C) TILP. 
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Table 3.9. Thermodynamic parameters for melanoidin adsorption on amine-modified 

leaves. 

Adsorbents Constants 
Temperature (K) 

298.15 308.15 318.15 328.15 

PELP 

ΔG (kJ mol-1) -10.33 -10.82 -11.37 -11.61 

ΔH (kJ mol-1) 5.15 

ΔS (J mol-1 K-1) 51.90 

R2 0.99 

CLLP 

ΔG (kJ mol-1) -9.6 -9.8 -9.9 -10.1 

ΔH (kJ mol-1) -5.67 

ΔS (J mol-1 K-1) 13.43 

R2 0.98 

TILP 

ΔG (kJ mol-1) -6.63 -6.38 -5.79 -5.06 

ΔH (kJ mol-1) -2.67 

ΔS (J mol-1 K-1) -65.81 

R2 0.99 

 

3.3.8. Reusability study 

Reusability of any bio-adsorbent is a significant phenomenon to establish the system on an 

industrial scale as well as economically feasible. In the present study, the amine-modified 

PELP and CLLP resulted in ˃ 75 and ˃ 70 % removal efficiency up to four successive cycles 

while TILP was inefficient in reusability, as shown in Figure 3.10. The removal efficiency 

decreased to 52 and 48 % after the fifth adsorption and desorption cycle by PELP and CLLP, 

respectively. A slight decrease in removal efficiency up to the 4th cycle also accounts for the 

loss of adsorbent quantity during consecutive recycling. These results showed very effective 

adsorption and desorption of melanoidin by the prepared adsorbent. The repetitive use of 

adsorbent demonstrates the economic feasibility. These eco-friendly bio adsorbents reduce 

sludge handling and further can be utilized as a bio-compost. 
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Fig. 3.10: Adsorption-desorption efficiency of modified PELP, CLLP and TILP up to 5th 

consecutive cycles. 

 

3.3.9 Adsorption mechanism 

The adsorption mechanism of melanoidin over modified PELP, CLLP and TILP was 

investigated by FTIR, EDX and Zeta potential analysis. 

 

3.3.9.1. Adsorption mechanism through FTIR 

FTIR spectra of melanoidin and modified PELP before and after adsorption are shown in 

Figure 3.11. The appearance of different peaks after the adsorption at 1220, 1373 and 1730 cm-

1 corresponded to C-N stretching, C-H bending and C=O stretching of melanoidin in PELP, 

respectively. Similarly, the presence of extra peaks at the 1025 and 1230 cm-1 in TILP and the 
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presence of a peak at 1215 cm-1 in CLLP corresponded to C-N stretching of the amine group. 

These peaks are marked in green colour. This agreed to the presence/adsorption of melanoidin 

on the surface. In addition, blue shifts from 756 to 757 cm-1 and 1033 to 1036 cm-1 in modified 

PELP, 1101 to 1105 cm-1 in CLLP and 1306 to 1313 cm-1 in TILP indicated the involvement 

of bonding between amine-modified powders and melanoidin [194]. Further, new peaks at 

1055 and 1671 cm-1 specified the presence of C-N stretching of amine groups and C=O 

stretching of amide groups in PELP while the presence of new peaks at 1065 and 1259 cm-1 

corresponds the presence of C-N stretching and 1441 cm-1 specified the presence of C-H 

bending, respectively (denoted by the purple line) [211]. 

 

 

(A) PELP 
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Fig. 3.11: Analysis of adsorption mechanism through FTIR spectra indicating (a1) 

(modified adsorbent post adsorption), (a2) melanoidin and (a3) modified adsorbent before 

adsorption of (A) PELP (B) CLLP and (C) TILP. 

 

(B) CLLP 

(C) TILP 
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3.3.9.2. Adsorption mechanism through zeta potential analysis 

Zeta potential (Ψ𝑑) values of the adsorbent and adsorbate were measured at different pH as 

shown in Figure 10 (b). The point of zero charge (pzc) was estimated using the following 

expression: Ψ𝑑 = RT/z𝑖F  ln 𝑐𝑖/𝑐𝑖
𝑝𝑧𝑐

 [212]. Here z𝑖, R, T, F and 𝑐𝑖 refer valency, gas constant, 

temperature, Faraday’s constant and molar concentration of 𝐻+, respectively. The pzc of 

melanoidin and anime-modified PELP were found to be 6.9 and 3.8, respectively. This 

indicated a positive change on melanoidin and a negative charge on modified PELP at a pH 

value of 5.9, which resulted in electrostatic attraction between them. The zeta potential of 

melanoidin at working pH (5.93) was +6.55 mV while the charge on the modified PELP was 

showing -35.7. It is noted that unmodified PELP was negatively charged (-12.95 mV) at pH 

value of 5.93, which become positively charged (+6.55 mV) after the formation of amine SAMs 

(Figure 3.11(a)). From the graph, it is clearly observed that the differences between the zeta 

potential of melanoidin and modified adsorbent are maximum at the optimized pH value of 

5.93. The difference in zeta potential between them suggested the involvement of electrostatic 

interaction in the adsorption process [213, 214]. In the case of CLLP and TILP, the pzc of 

melanoidin and anime-modified CLLP and TILP was found to be 4.3, 6.3 and 4.5, 6.2, 

respectively. This indicated the positive change in melanoidin and amine-modified CLLP and 

TILP leaves at their respective working pH value of 3.1 and 3.5, respectively. The same charge 

on melanoidin and amine-modified adsorbent (CLLP and TILP) is inherent in the electrostatic 

interaction in the adsorption process (Figure 3.12(b and c)). 
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Fig. 3.12: Zeta potential values of melanoidin, unmodified and modified (A) PELP (B) 

CLLP and (C) TILP at different pH. 

 

3.3.9.3 Adsorption mechanism through EDX 

EDX analysis of modified PELP after the adsorption of melanoidin also resulted in increased 

contents of N and C elements, as listed in Table 3.10. These findings confirm the 

complexation/bonding between melanoidin and adsorbent [186, 194]. 
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Table 3.10. Elemental analysis (wt %) of amine-modified PELP, CLLP and TILP before 

and after adsorption of melanoidin. 

 PELP CLLP TILP 

Elements 
Before 

adsorption 

After 

adsorption 

Before 

adsorption 

After 

adsorption 

Before 

adsorption 

After 

adsorption 

C 90.4 ± 1.3 91.1 ± 1.9 83.2 ± 2.1 85.2 ± 1.9 88.0 ± 2.0 88.0 ± 2.2 

N 5.0 ± 1.3 6.9 ± 1.0 8.4 ± 1.4 8.6 ± 1.3 5.0 ± 1.3 7.3 ± 1.4 

S 4.6 ± 0.2 1.9 ± 1.4 8.2 ± 1.8 6.2 ± 1.6 6.0  ± 1.6 4.3 ± 1.4 

 

3.3.10. Application of amine-modified PELP, CLLP and TILP in real spentwash sample 

To demonstrate the usefulness of the present study on an industrial scale to the treatment of 

melanoidin compound, the same adsorption study was performed with a real spentwash sample 

collected from a molasses-based distillery. The experiment was performed at the optimized 

conditions with 1 % v/v spentwash. The decrease in COD of the solution along with efficient 

decolourization is listed in Table 3.11. This study clearly highlights the potential of amine-

modified PELP, CLLP and TILP for melanoidin removal from industrial wastewater (Figure 

3.12). 
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Table 3.11. Comparison study of COD and colour reduction of melanoidin and real 

spentwash samples by amine-modified PELP, CLLP and TILP. 

 

 Parameters PELP CLLP TILP 

Melanoidin 

Initial COD (mg L-1) 28576 ± 452 

Final COD (mg L-1) 2016 ± 10 4000 ± 450 22560 ± 450 

% COD Reduction 94 ± 0.1 85.6 ± 2 20.3 ± 2 

% Colour Reduction 98.50 ± 1 93.2 ± 2 27.7 ± 1 

Spentwash 

Initial COD (mg L-1) 1920 ± 26 

Final COD (mg L-1) 312 ± 31 400 ± 18 1576 ± 16 

% COD Reduction 84 ± 2 79 ± 1 18 ± 1 

% Colour Reduction 91 ± 3 84.5 ± 1 21 ± 1 
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Fig. 3.13: The difference in the colour of samples before and after the adsorption of 

spentwash and melanoidin by amine-modified PELP, CLLP and TILP at optimized 

conditions. 
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3.4.  Conclusions 

In the present study, we have successfully explored the amine-modified adsorbents prepared 

by forming self-assembled monolayers (SAMs) for melanoidin removal as a cheap, effective 

and eco-friendly adsorbent prepared by the widespread Indian plants Phyllanthus emblica and 

Citrus limon leaf. The RSM-CCD was applied to optimize experimental parameters 

(temperature, pH and % adsorbent doses) and was found to be 44 °C, 5.93 and 1.34 % for PELP 

and 27 °C, 3.1 and 2.0 % for CLLP, respectively, in terms of maximum adsorption of 

melanoidin compound. The adsorption isotherm was well described by Langmuir, Freundlich, 

Temkin and D-R Isotherm models. Langmuir (R2 = 0.98) and Temkin (R2 = 0.97) isotherm 

models agreed better with the PELP experimental data while Freundlich (R2 = 0.99) and D-R 

Isotherm (R2 = 0.99) models agreed better with the CLLP experimental data. Pseudo first-order 

kinetic model was fitted better with PELP, while Pseudo-second-order kinetic model was fitted 

better with CLLP of experimental data of melanoidin removal. Initial 150 min was dominated 

as rapid adsorption and attained equilibrium followed by intraparticle diffusion. The adsorption 

process was described as spontaneous and exothermic in the respects of negative and positive 

values of ΔG and ΔH, respectively. The maximum adsorption capacity of novel adsorbents was 

estimated to be 616 and 213 mg g-1 for PELP and CLLP, respectively. Reusability up to 5th 

consecutive adsorption/desorption cycles suggested modified adsorbent's good stability and 

efficiency. The FTIR and Zeta potential analysis explains the chemo-adsorption of melanoidin 

onto the surface of modified PELP. Overall the modified adsorbent (PELP and CLLP) can be 

suggested as a suitable adsorbent for melanoidin removal applications and can be applied on 

an industrial scale in distilleries as cheap, effective and environment friendly. 
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Chapter 4 

Treatment of melanoidin and real spentwash samples using 

advanced oxidation processes 

 

The photochemical degradation of melanoidin has been investigated in this chapter by the 

photo-Fenton process. The experimental parameters such as temperature, time, H2O2 and Fe(II) 

concentrations were optimized. At the optimized condition, degradation of melanoidin solution 

was observed associated with COD reduction. The individual and combined role of 

Fe(II)/H2O2/UV/Visible/Dark were also investigated in different combinations of 

Fe(II)/H2O2/UV, Fe(II)/H2O2/Visible, Fe(II)/H2O2/Dark, H2O2/UV, Fe(II)/UV and only under 

UV radiation. The experimental data were fitted for kinetics and thermodynamic analysis. The 

degradation efficiency of the real spent wash samples was also studied at the optimized 

conditions. It was found that the optimized photo-Fenton condition effectively removes the 

color of the real spentwash sample. 
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4.1. Introduction 

As discussed in previous chapters, the distilleries are one of the most polluting industries on 

the planet, as it generates a significant amount of wastewater every year. Extensive amounts of 

organic and inorganic pollutants, in addition to toxic heavy metals and their oxides, are detected 

in distillery effluent wastewater. This has significant ramifications on the ecosystem as well as 

human health. There are two forms of wastewater generated by the distillery business; the first 

is spentwash, which is generated after the distillation of fermented broth to separate alcohol 

[215, 216]. Washing fermenters, cooling water, boilers and other similar activities contribute 

to the second form of wastewater. There are considerable quantities of COD and BOD load 

present in spentwash [217]. Untreated sewage has been shown to have hazardous and 

carcinogenic effects on humans and plants and as a consequence, it is a threat to the ecosystem 

[5, 218, 219]. 

In order to successfully remove melanoidin from water while also decreasing the levels of COD 

and BOD in the water, several physiochemical (adsorption, coagulation-flocculation, 

oxidation, membrane filtration etc.) and biological (bacterial, fungal, and algal) treatment 

processes have been applied [5, 174, 220-223]. However, due to the high organic loadings and 

the presence of melanoidin chemicals in the water, the efficacy of the above treatment 

procedures is severely hampered [3, 12]. 

Advanced oxidation processes (AOPs) have been discovered in the recent few decades to 

rapidly degrade pigments like melanoidin into their intermediates, depending on the treatment 

period and concentration utilized [12, 224-227]. This decolorizes the wastewater. AOPs 

generate extremely potent oxidants such as hydroxyl (⦁OH) radicals which are produced by 

ozone (O3), hydrogen peroxide (H2O2), photocatalysis, the Fenton process, and ultraviolet 

radiation [6, 228]. These free radicals oxidize and terminate organic and inorganic molecules, 
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causing them to degenerate and decay. These approaches are widely recognized as being quite 

effective for the treatment of various kinds of wastewater [65, 66, 228-231].  

 

4.2. Material and methods 

4.2.1. Materials 

The list of major chemicals used has been stated in section 3.2.1. Chemicals for Fenton reagents 

such as Ferrous Sulphate Heptahydrate (Cat. No. 7782-63-0) was acquired from Sisco Research 

Laboratories in India, with a hydrogen peroxide solution 30 percent w/v (Cat No. 7722-84-1) 

was purchased from Finar Limited, India. To analyse the total iron (Fe), the standard Fe salt 

(Cat. No. 84425) were purchased from SRL Limited, India and to analyse Fe(II) and Fe(III), 

Ferrous ammonium sulphate hexahydrate (Cat.No. GRM1026) and ferrous chloride anhydrous 

(Cat. No. GRM1178) were purchased from HiMedia Laboratories, India, respectively. 

Further, a 15 W (6 Nos) mercury lamp (254 nm) for the Fenton reactor was purchased from 

OSRAM light groups. 

 

4.2.2. Preparation of Melanoidin 

Please refer to section 3.2.5.  

 

4.2.3. Design of Photo-reactor 

All the batch experiment was performed inside a house-built closed wooden reactor (24-inch 

× 18-inch × 15-inch). The reactor contained 6 nos of low-pressure mercury vapor lamp (254 

nm) for UV irradiation source (15 W each) procured locally from OSRAM light groups. The 

mercury vapor lamp was placed in the set of 3 opposite and parallel to the other side as shown 

in Figure 4.1. All the experiments were performed under this UV-irradiation reactor, having an 

average UV light intensity of 59 mW/cm2. A heating magnetic stirrer was placed at the centre 

TH-2999_166152005



 

Page | 99  
 

of the reactor box for providing the proper mixing and maintaining the temperature of the 

reaction mixture. The inner wall of the reactor was covered with an aluminum sheet for 

adequate reflection of the UV light. 

 

Fig. 4.1: Photo-Fenton reactor equipped with UV light source. 

 

4.2.4. Optimization of the experimental conditions by response surface methodology 

(RSM) 

The RSM-CCD was applied for the optimization of the key process parameters. Please refer to 

section 3.2.6 and 3.3.3 for the detailed methodology. The four independent variables, 

temperature (A), time (B), H2O2 concentration (C) and Fe(II) concentration (D) were varied at 

the temperatures ranging from 25 to 55 °C, time ranging from 30 to 200 minutes, H2O2 

concentration concentrations ranging from 10 to 200 mM and Fe(II) concentration ranging 

from 0.1 to 1.0 mM, respectively in the present work. Melanoidin degradation (%) was used as 
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a response of the reaction. To forecast the best conditions for the maximal removal (% 

degradation) by the Fenton process, the software generated 30 experimental sets indicated in 

Table 4.2. The ANOVA program was used to perform regression analysis based on the 

experimental data [232, 233]. 

 

4.2.5. Melanoidin degradation studies 

The batch experiments for melanoidin degradation (%) were carried out under the RSM-CCD 

recommended experimental conditions in a 100 mL of 1.0 % w/v initial melanoidin 

concentration in a 150 mL of quartz beaker. All the batch experimental setups were performed 

in the reactor chamber, providing 500 rpm of mixing speed using a stirrer. The samples were 

collected and centrifuged at 10000 rpm for 10 minutes at 25 °C temperature using a centrifuge 

(Sigma 4-16K). The melanoidin content was determined by measuring the optical density of 

the supernatant at a wavelength of 475 nm [14]. All the experiments were performed in 

triplicates. The following calculation was used to compute the percentage 

degradation/elimination of melanoidin (Eq. 4.1). 

% 𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 =  
(𝐶𝑖 − 𝐶𝑓)

𝐶𝑖
× 100                                                           (4.1) 

Where 𝐶𝑖 is the initial concentration of melanoidin solution and 𝐶𝑓 is the concentrations of 

melanoidin solution after degradation. 

In addition, a titrimetric approach was used to determine the chemical oxygen demand (COD) 

values of both untreated and treated samples in the closed reflux process. The reagents and 

protocol for the COD analysis were prepared in accordance with the American Public Health 

Association (APHA) manual's standard examination techniques for water and wastewater 

[234]. 

The melanoidin degradation by the Fenton process was further analysed by HPLC (Agilent 

Technologies, Model: 1260 Infinity Ⅱ) equipped with a reverse phase C-18 column (having 
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the dimension of 250 × 4.6 mm, with a particle size diameter of 5 μm) along with a UV detector. 

The 20 μl samples collected at different time interval were injected, after filtering through a 

0.2 μm syringe filter followed by a progression of 100 % ultrapure Mili-Q water with a flow 

rate of 0.5 mL min-1 as mobile phase, at 25 °C for 20 min in isocratic mode. The wavelength 

of the UV detector for the monitoring of degradation of melanoidin was set at 290 nm [96, 235, 

236]. 

To understand the mechanism of the photo-Fenton process, the concentrations of total iron 

(Fe), Fe(II) and Fe(III) in the samples at different time intervals were calculated using Atomic 

Absorption spectrophotometer (AAS) (Make: Varian, Netherlands, Model-AA240). 

 

 4.2.6. Kinetic and thermodynamic studies 

The kinetics of melanoidin degradation was carried out under optimum conditions predicted 

by RSM-CCD, with samples taken at various time intervals up to 120 minutes. In order to 

explore the rate parameter of the degradation, the first-order kinetic model was tested. The 

degradation studies were also conducted at three different temperatures (35, 45 and 55 °C) to 

decipher the thermodynamics of the process. The expressions that were employed in the kinetic 

and thermodynamic models are listed in the following Table 4.1 [5]. 
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Table 4.1. Expressions of the kinetic and thermodynamic models used to fit the 

experimental data. 

Models Equations 

Kinetic model 

First-order 

𝐶𝑡 = 𝐶1 × 𝑒
−𝑘𝑡 + 𝐶2 

 

𝐶1 + 𝐶2 = 𝐶0 
 

Thermodynamic model 

Thermodynamic 

∆𝐺 =  ∆𝐻 − 𝑇∆𝑆 
 

∆𝐺 =  −𝑅𝑇𝑙𝑛𝐾𝑐 
 

𝑙𝑛 𝐾𝑐 = 
∆𝑆

𝑅
−
∆𝐻

𝑅𝑇
 

 

 

Where, C0 is the initial concentration of melanoidin at time t = 0, Ct is the concentration of 

melanoidin at any time t. Kc is expressed as 𝐶𝐴𝑒/𝐶𝑆𝑒 [237] where 𝐶𝐴𝑒 and 𝐶𝑆𝑒 refer to the 

amounts of degraded melanoidin and residual concentration in solution at equilibrium, 

respectively. R and T are the universal gas constant (8.314 J mol−1 K−1) and temperature (K). 

 

4.2.7.   Colour removal of the real sample (spentwash) 

Please refer to the section 3.2.10 

 

4.3.     Results and Discussion 

4.3.1. Optimization of experimental conditions for the maximum degradation of 

melanoidin 

To optimise the maximal degradation of melanoidin using RSM-CCD, four independent 

variables were chosen: (A) temperature, (B) time, (C) H2O2 concentration, and (D) Fe(II) 

concentration. The variables' lower and upper bounds were set to (A) 25/55 °C, (B) 30/200 

min, (C) 10/200 mM, and (D) 0.1/1.0 mM, respectively. The mini-tab software proposed a total 
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of 30 experimental setups based on these four variables (Table 4.2). The melanoidin 

degradation (%) was selected as the response. Table 4.2 compares the actual response values 

with the expected values obtained from fitting the data to a quadratic polynomial equation. The 

model equation for the degradation of melanoidin is as follows (Eq. 4.2): 

% 𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑚𝑒𝑙𝑎𝑛𝑜𝑖𝑑𝑖𝑛 = 87.79 + 7.97𝐴 + 19.54𝐵 + 35.28𝐶 + 34.06𝐷 −

1.96𝐴𝐵 + 3.66𝐴𝐶 + 5.00𝐴𝐷 + 6.37𝐵𝐶 + 10.09𝐵𝐷 + 26.30𝐶𝐷 − 0.98𝐴2 − 10.05𝐵2 −

6.23𝐶2 − 14.80𝐷2                                                                                                                              (4.2) 

To acquire the results of the regression study, the experimental data were subjected to an 

ANOVA analysis. The experimental and predicted data had an R2 value of 0.85. The ANOVA 

model's higher F-value (5.93) and lower p-value (< 0.01) demonstrated its relevance. Table 4.3 

lists the independent variables A, B, C, and D (temperature, time, H2O2 concentration, and 

Fe(II) concentration) and their interactions including AB, AC, AD, BC, BD, CD, A2, B2, C2 

and D2 of the ANOVA analysis. This study found that model terms B, C, D, CD and D2 were 

significant (p-value < 0.05). Minitab program projected optimal conditions for melanoidin 

breakdown at 34 °C, 117 min, H2O2 concentration of 158 mM, and Fe(II) concentration of 0.74 

mM, respectively. Figure 4.2 shows 3D response surface plots for maximal melanoidin 

degradation under optimal conditions. The experimental response (% melanoidin degradation) 

at the optimal conditions showed almost complete degradation (99.0 ± 1 %) and 88.0 ± 2 % of 

COD reduction, which agreed to the closeness of the predicted value (Figure 4.3).  

The degradation of melanoidin at RSM optimized conditions was also quantified by HPLC 

analysis by comparing the chromatograms of standard melanoidin samples of known 

concentrations (Figure S4 A). The reduction in the peak area at different time interval was 

compared to control samples to analyse the degradation efficiency of melanoidin. The 

melanoidin peak was eluted at the retention time of 5.2 minutes (Figure S4 (B and C)). The 

exponential decrease in peak area and intensity justify the degradation of melanoidin over the 
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time. The degradation (%) measured using UV-Visible Spectrophotometer was comparable 

with that determined using HPLC as shown in Figure 4.4. The HPLC analysis also estimated 

98 ± 1 % of melanoidin degradation within 120 minutes by the photo-Fenton treatment.   
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Table 4.2. The experimental set-ups of four independent variables along with actual and 

predicted response values. 

 

Serial 

No. 

Independent variable Response (% degradation) 

Temp. 

°C (A) 

Time 

min (B) 

H2O2 

mM (C) 

Fe(II) 

mM (D) 

Actual 

Value 

Predicted 

Value 

1 25.00 200.00 10.00 0.10 21.54 18.43 

2 25.00 30.00 200.00 1.00 78.97 96.78 

3 70.00 115.00 105.00 0.55 96.36 99.81 

4 40.00 30.00 295.00 0.55 99.60 91.11 

5 55.00 200.00 200.00 0.10 35.66 51.14 

6 40.00 115.00 105.00 0.55 98.84 87.79 

7 40.00 285.00 105.00 0.55 98.70 86.69 

8 25.00 30.00 10.00 1.00 17.85 6.32 

9 25.00 200.00 200.00 0.10 29.89 41.79 

10 40.00 115.00 105.00 0.55 96.83 87.79 

11 25.00 200.00 10.00 1.00 32.72 44.15 

12 55.00 30.00 10.00 1.00 26.54 16.21 

13 55.00 30.00 200.00 0.55 92.13 93.50 

14 40.00 115.00 105.00 0.00 6.87 24.05 

15 55.00 115.00 105.00 0.55 99.94 94.78 

16 40.00 115.00 105.00 1.45 99.92 96.72 

17 40.00 115.00 105.00 0.55 97.19 87.79 

18 10.00 115.00 105.00 0.55 65.20 67.93 

19 55.00 30.00 10.00 0.10 17.54 10.88 

20 40.00 115.00 0.00 0.55 3.97 41.18 

21 40.00 0.00 105.00 0.55 1.38 42.96 

22 55.00 200.00 10.00 0.10 27.14 13.12 

23 40.00 115.00 105.00 0.55 96.00 87.79 

24 25.00 30.00 200.00 0.10 23.20 6.24 

25 40.00 115.00 105.00 0.55 96.07 87.79 

26 25.00 30.00 10.00 0.10 8.79 8.34 

27 40.00 115.00 105.00 0.55 95.49 87.79 
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28 25.00 200.00 105.00 0.55 98.41 90.30 

29 55.00 200.00 10.00 1.00 46.31 58.83 

30 55.00 30.00 200.00 0.10 29.73 23.43 

 

 

 

Table 4.3. ANOVA table of quadratic model for melanoidin degradation. 

Source 
Sum of 

squares 
df 

Mean 

Square 
F-value p-value 

Model 35938.43 14 2567.03 5.93 < 0.01 

A (Temp.) 1386.89 1 1386.89 3.20 0.09 

B (Time) 5600.51 1 5600.51 12.94 < 0.01 

C (H2O2) 15261.37 1 15261.37 35.27 < 0.01 

D (Fe(II)) 15183.10 1 15183.10 35.08 < 0.01 

AB 54.54 1 54.54 0.13 0.73 

AC 163.04 1 163.04 0.38 0.55 

AD 274.71 1 274.71 0.63 0.44 

BC 391.49 1 391.49 0.90 0.36 

BD 997.36 1 997.36 2.30 0.15 

CD 6250.50 1 6250.50 14.44 < 0.01 

A2 26.74 1 26.74 0.062 0.81 

B2 1675.83 1 1675.83 3.87 0.07 

C2 460.04 1 460.04 1.06 0.32 

D2 3878.23 1 3878.23 8.96 < 0.01 

Residual 6491.41 15 432.76   

Lack of Fit 6484.22 10 648.42 451.04 < 0.01 

Pure Error 7.19 5 1.44   

Cor Total 42429.84 29    
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Fig. 4.2: 3D response surface plots with their respective independent variables such as 

(A) Temperature in °C, (B) Time in min, (C) H2O2 concentration in mM and (D) Fe(II) 

concentration in mM for the maximum degradation of melanoidin. 
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Fig. 4.3: Degradation of melanoidin and COD reduction at RSM optimized conditions of 

temperature 34°C, time 117 min, 158 mM of H2O2 concentration and 0.74 mM of Fe(II) 

concentration. 

 

Fig. 4.4: Comparison of melanoidin degradation (%) estimated through HPLC and UV-

Spectrophotometer methods. 
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4.3.2. Effect of pH on photo-Fenton reaction for melanoidin degradation 

The previous chapter shows that pH plays a main parameter for the adsorption of melanoidin. 

Similarly, the role of pH in the Fenton process for melanoidin degradation was also 

investigated. The experiment was carried out under the RSM optimized conditions by ranging 

the pH of the solution from 3 to 11 with the initial melanoidin concentration of 1 % (w/v). As 

observed by Figure 4.5, a slight decrease in melanoidin degradation efficiencies was obtained 

by increasing solution pH to the alkaline values of 9 and 11. This corresponds to the reduction 

in the rate of generation of ⦁OH free radicals during the process of melanoidin degradation. In 

the alkaline medium, the ⦁OH radicals may have been scavenged after a significant level of 

H2O2; as a result, the phenomena of melanoidin degradation efficiencies decrease with an 

increase in pH. Similar trends of effects of pH on melanoidin degradation were also reported 

by various literature studies [66, 238, 239]. 

 

Fig. 4.5: Consequence of solution pH on melanoidin degradation at photo-Fenton 

optimized condition. 
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4.3.3. Kinetic study on melanoidin degradation  

As depicted in Figure 4.6, the effects of various physicochemical conditions of the Fenton 

process have been investigated on melanoidin degradation. In the absence of H2O2, only 7 ± 1 

% of melanoidin degradation was found. The poor degradation efficiency may be due to the 

generation of a significantly less amount of ⦁OH free radicals in the absence of H2O2. Similarly, 

only 12 ± 2 % of melanoidin degradation was found in the absence of Fe(II) ions. The poor 

degradation efficiency occurred due to the lack of Fe(II) catalyst. As mentioned in equation 

4.2, the Fenton reaction cannot be completed without the Fe(II) catalyst. The degradation 

efficiency of melanoidin by the Fenton process was also performed without solar irradiation 

(dark), visible and UV light irradiation. The degradation efficiencies of melanoidin were 

achieved as 13 ± 1, 76 ± 2 and 99 ± 1 % under dark, visible and UV light irradiation, 

respectively.  

The degradation kinetics of melanoidin by the photo-Fenton process was carried out as a 

function of contact time at the optimized conditions. As discussed in the above section (sec. 

4.3.3), the degradation rate of melanoidin compounds depends on the availability of H2O2 

concentration and variations in the total iron (Fe), Fe(II), and Fe(III) concentrations in the 

reaction. The kinetics studies may adequately explain the degradation response in terms of 

melanoidin concentration during the period of exponential utilization of H2O2. The 

experimental data at RSM optimized conditions including various control experiments were 

applied in the equation 𝑪𝒕 = 𝑪𝟏 × 𝒆
−𝒌𝒕 + 𝑪𝟐  to estimate the model parameters. The plot of 

time (t) vs. relative concentration of melanoidin (Ct/Co) with respect to time is shown in Figure 

4.6 [240, 241]. The experimental data are shown as symbols while fitted data are plotted as 

dotted lines. The correlation coefficient value (R2) of 0.99 indicated the fitness of the first-

order kinetic model. The fitted parameters are listed in Table 4.4. The reaction rate constants 

(k) under UV light at the optimized condition (UV light photo-Fenton) were found to be 0.04 
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± 0.01 min-1, which decreased to 0.02 ± 0.01 min-1 for the visible light photo-Fenton. The 

degradation rate in visible light is slower than UV light irradiation because the difference in 

⦁OH free radicals produced by the Fenton reaction under higher energy UV light that the lower 

energy visible light. Thus the degradation of organic pollutants (melanoidin) is slower in visible 

light rather than UV light [241].  

 

 

 

 

Fig. 4.6: The fitting of first-order kinetic models of experimental data obtained at the 

optimized conditions of temperature 34°C, time 117 min, H2O2 concentration of 158 mM 

and Fe(II) concentration of 0.74 mM under UV and visible lights. The control 

experiments were performed in the dark and in the absence of Fe(II). The experimental 

data are shown as symbols while the dotted lines refer the fitted data.  
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Table 4.4. The kinetic parameters were obtained by fitting the experimental data to the 

first-order kinetic model at different conditions of the photo-Fenton process. 

S. 

No 

Experimental 

conditions 

C1 

(g L-1) 

K 

(min-1) 

C2 

(g L-1) 

% Degra- 

dation 
R2 

1 H2O2 (UV) 1.24 ± 0.24 0.05 ± 0.01 9.50 ± 0.24 12 ± 2 0.98 

2 H2O2 + Fe(II) (Dark) 1.37 ± 0.15 0.04 ± 0.01 9.37 ± 0.15 13 ± 1 0.94 

3 H2O2 + Fe(II) (Visible) 9.65 ± 0.39 0.02 ± 0.01 1.09 ± 0.39 76 ± 5 0.97 

4 H2O2 + Fe(II) (UV) 10.74 ± 0.29 0.04 ± 0.01 0.02 ± 0.03 99 ± 1 0.99 

 

 

4.3.4. Thermodynamic analysis of melanoidin degradation at RSM optimized conditions 

In addition, the effect of temperature on the rate of melanoidin degradation under RSM optimal 

situations was examined. The thermodynamic analysis investigated the ΔS, ΔH and ΔG of the 

melanoidin degradation process. The examinations of melanoidin degradation were carried out 

in batches for 120 minutes under optimal conditions at 308, 318, and 328 K temperatures. The 

thermodynamic expressions listed in Table 4.1 were used to estimate ΔS, ΔH and ΔG. Plot of 

1/T vs. lnKc was used to determine the thermodynamic parameters (Figure 4.7). Table 4.5 lists 

the estimated thermodynamic parameters. At all three experimental temperatures, the negative 

value of ΔG value suggests the spontaneous degradation of melanoidin [210]. The impulsive 

increase in ΔG value with an increase in temperature (from 298 to 328 K) indicated a decrease 

in the degradation efficiency of melanoidin (Table 4.5). The negative values of ΔH reflected 

the exothermic nature of melanoidin degradation and hence lower degradation is observed at a 

higher temperature. The negative values ΔS indicated the decrease in randomness at the 

interface due to a decline in the solution concentration.  
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Fig. 4.7: Thermodynamic investigation of melanoidin degradation at RSM optimized 

conditions. 

 

Table 4.5. Thermodynamic investigation of melanoidin degradation and its 

characteristics under RSM optimized conditions. 

 

Temperature 

(K) 

ΔG 

(kJ mol
-1

) 

ΔH 

(kJ mol
-1

) 

ΔS 

(J mol
-1

 K
-1

) 
R

2

 

308.15 -13.46 

-78.91 -212.80 0.99 318.15 -10.94 

328.15 -9.2 

 

4.3.5. Mechanism of melanoidin degradation by the photo-Fenton process 

The photo-Fenton process generates extremely potent oxidants such as ⦁OH radicals [228]. 

These ⦁OH free radicals oxidize and terminate organic and inorganic molecules, causing them 
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to degenerate and decay. Thus have a lot of potential for treating extremely polluted distillery 

wastewater.  

In 1894, H.J.H. Fenton proposed the Fenton method for the first time, as expressed by Eq. (4.3 

and 4.4) [242]. 

𝐹𝑒(𝐼𝐼) + 𝐻2𝑂2 →  𝐹𝑒(𝐼𝐼𝐼) + 𝑂𝐻
− + ⦁𝑂𝐻                                            (4.3) 

Fe(III) + 𝐻2O + ℎ𝜗 → 𝐹𝑒(𝐼𝐼) + 𝐻
+ + ⦁𝑂𝐻                                          (4.4) 

(𝐹𝑒(𝐼𝐼𝐼) + 3𝑂𝐻−  →  𝐹𝑒(𝑂𝐻)3                                                   (4.5) 

𝐻2𝑂2
ℎ𝜈
→  2⦁𝑂𝐻                                                                     (4.6) 

𝑶𝒓𝒈𝒂𝒏𝒊𝒄 𝒑𝒐𝒍𝒍𝒖𝒕𝒂𝒏𝒕𝒔 + ⦁𝑶𝑯 → 𝑫𝒆𝒈𝒓𝒂𝒅𝒂𝒕𝒆 𝒑𝒓𝒐𝒅𝒖𝒄𝒕𝒔                       (4.7)  

 

When Fe(II) and H2O2 are combined in the presence of sun or ultraviolet radiation, the process 

is referred to as a photo-Fenton method, and it significantly enhances the decontamination as 

compared to a non-photochemical Fenton process. Equations 4.4 and 4.6 describe the role of 

light irradiation (4.6) [64]. Fe(II) interacts with H2O2 and generates Fe(III) ions (Eq. 4.3), which 

participate in the photo-Fenton process (Eq. 4.4). A part of Fe(III) precipitates in the form of 

Fe(OH)3 (Eq. 4.5) [243, 244]. 

The utilization of total iron Fe, Fe(II) and Fe(III) concentrations were measured as a function 

of time as shown in Figure 4.8. At the beginning of the photo-Fenton reaction, the iron was 

present as Fe(II) from ferrous sulphate heptahydrate. Fast interaction between Fe(II) ions and 

excess hydrogen peroxide (H2O2) results in the formation of ferric (Fe(III)) ions within minutes 

(Eq. 4.3). The Fe(II) concentration rapidly decreased from 0.74 to 0.03 mM and the 

concentration of Fe(III) reached to 0.73 mM. Further, the Fe(III) was gradually converted into 

Fe(II) (Eq. 4.4), which was rapidly consumed during the Fenton reaction [245, 246]. This 

resulted in a slight increase in the concentration of Fe(II) during the photo-Fenton process.  
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Due to the limitation of H2O2 availability in the reaction, the rate of reaction (Eq. 4.3 and 4.5) 

gradually starts to decrease and resulted in the reduction in the ratio of Fe(II) consumption and 

Fe(III) generation (Figure 4.8). In fact, the pH of the reaction system decreases slightly during 

the early degradation phase due to the presence of a higher concentration of H2O2 and 

subsequently increased slightly during the final degradation because of the depletion/utilization 

of H2O2 as shown in Figure 4.8. The series of catalytic cycles between Fe(II) and Fe(III) for 

producing radicals impact the availability of H2O2 concentration in the reaction [240]. Figure 

4.8 also illustrates that the concentration of total iron (Fe) also decreased in the Fenton reaction 

due to the diversion of a part of Fe(III) for the formation of ferric oxyhydroxides through 

equation 4.5.  

 

 

Fig. 4.8: Change in concentrations of Fe, Fe(II), Fe(III) ions and pH of the solution during 

the melanoidin degradation process (Fe(II)t=0 = 0.74 mM, pHt=0 = 4.4). 
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4.3.6. Treatment of real spentwash samples by the photo-Fenton process 

A similar degradation investigation was carried out with real spent wash samples collected 

from a molasses-based distillery to evaluate the applicability of the photo-Fenton process for 

practical applications. The experiment was carried out under optimized conditions of 

temperature 34°C, time 117 min, H2O2 concentration of 158 mM and Fe(II) concentration of 

0.74 mM. The concentration of spentwash was varied from 1 to 10 % v/v. Almost complete 

degradation of sepntwash was observed up to 5 % of real spentwash including with 87 ± 2 % 

of COD reduction, and further degradation efficiency was gradually decreased with an increase 

in the concentration from 5 to 10 % (Figure 4.9). Table 4.6 lists the various forms of 

melanoidin-containing wastewaters treated by the photo-Fenton process. In the present study, 

the melanoidin degradation and COD reduction efficiencies were improved several times 

compared to the literature. The higher H2O2/Fe(II), COD/H2O2 and COD/Fe(II) ratio evidently 

highlights the photo-Fenton process's potential at the optimized conditions for the effective 

treatment of melanoidin-containing wastewater from visible and UV-light irradiations, 

respectively (see Table 4.9). 
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Fig. 4.9: Performance of optimized photo-Fenton conditions on actual spentwash 

samples. 
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Table 4.6. Comparison of the current study and experimental circumstances with several types of wastewater treated by the photo-fenton 

procedure.  

Source of 

wastewater 

Experimental 

condition 

Light 

Source 

Initial 

COD 

% 

Decolorization 

% COD 

reduction 

H2O2/Fe(II) 

molar ratio 

COD/H2O2 

ratio 

COD/Fe(II) 

ratio 
Ref. 

Melanoidin 

containing 

H2O2 = 2.0 mM 

Fe(II) = 0.71 mM 

pH = 8.7 

Time = 30 min 

Visible 4500 92 25 2.82 66.18 113.18 [247] 

Synthetic 

melanoidin 

H2O2 = 173 mM 

Fe(II) = 10.71 mM 

pH = 3 

Time = 90 min 

Visible 8000 77.1 74.4 16.15 1.36 13.34 [248] 

Synthetic 

melanoidin 

H2O2 = 240 mM 

Fe(II) = 9.82 mM 

pH = 3 

Time = 90 min 

Visible 8000 84.7 76.2 24.44 0.98 14.55 [249] 

Distillery 

spentwash 

H2O2 = 1.8 M 

Fe(II) = 22 mM 

pH = 3.8 

Time = 60 min 

Visible 100000 N/A 48 81.82 1.63 81.17 [250] 

Distillery 

spentwash 

H2O2 = 282 mM 

Fe(II) = 0.13 mM 
Visible 400 N/A 54 2169 0.04 54.95 [251] 
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pH = 3 

Time = 60 min 

Distillery 

Spentwash 

H2O2 = 49 mM 

Fe(II) = 89 mM 

pH = 5.5 

Time = 80 min 

Visible 40700 N/A 47 0.55 24.43 8.17 [252] 

Distillery 

effluent 

H2O2 = 120 mM 

Fe(II) = 0.40 mM 

pH = 2.0 

Time = 180 min 

Visible 1500 52 49 300 0.37 66.96 [253] 

Distillery 

effluent 

H2O2 = 500 mM 

Fe(II) = 50 mM 

pH = 3 

Time = 60 min 

Visible 19000 N/A 44 10 1.12 6.79 [254] 

Distillery 

effluent 

H2O2 = 16 mM 

Fe(II) = 4.3 mM 

pH = 2.84 

Time = 70 min 

Visible 60000 N/A 66 3.72 110.29 249.17 [72] 

Distillery 

spentwash 

H2O2 = 158 mM 

Fe(II) = 0.74 mM 

pH = 4.8 

Time = 117 min 

Visible 11600 77 ± 1 66 ± 2 213.51 2.16 279.92 
Present 

study 
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Synthetic 

melanoidin 

H2O2 = 158 mM 

Fe(II) = 0.74 mM 

pH = 4.2 

Time = 117 min 

Visible 54400 76 ± 4 63 ± 2 213.51 10.13 1312.74 
Present 

study 

Distillery 

spentwash 

H2O2 = 206 mM 

Fe(II) = 4.6 mM 

pH = 3 

Time = 180 min 

UV 12550 N/A 80 44.78 1.79 48.72 [255] 

Distillery 

spentwash 

H2O2 = 49 mM 

Fe(II) = 89.3 mM 

pH = 5.5 

Time = 80 min 

UV 40700 N/A 73 0.55 24.43 8.14 [252] 

Distillery 

effluent 

H2O2 = 7.4 mM 

Fe(II) = 0.05 mM 

pH = 3 

Time = 120 min 

UV 120 75 70 148 0.48 42.86 [256] 

Distillery 

effluent 

H2O2 = 29.4 mM 

Fe(II) = 0.36 mM 

pH = 3 

Time = 240 min 

UV 10300 75  81.6 10.30 510.91 [257] 

Distillery 

effluent 

H2O2 = 120 mM 

Fe(II) = 0.40 mM 

pH = 4.5 

UV 1500 100 95 300 0.37 66.96 [253] 
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Time = 180 min 

Distillery 

effluent 

H2O2 = 98 mM 

Fe(II) = 107 mM 

pH = 3 

Time = 240 min 

UV 825 N/A 36 0.92 0.25 0.14 [258] 

Distillery 

spentwash 

H2O2 = 158 mM 

Fe(II) = 0.74 mM 

pH = 4.8 

Time = 117 min 

UV 11600 92 ± 1 85 ± 2 213.51 2.16 279.92 
Present 

study 

Synthetic 

melanoidin 

H2O2 = 158 mM 

Fe(II) = 0.74 mM 

pH = 4.2 

Time = 117 min 

UV 54400 99 ± 1 88 ± 2 213.51 10.13 1312.74 
Present 

study 
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4.4. Conclusions 

In the present study, photochemical degradation of melanoidin has been investigated by the photo-

Fenton process. The experimental parameters such as temperature, time, H2O2 and Fe(II) 

concentrations were optimized. At the optimized condition (34°C, 117 min, 158 mM of H2O2 and 

0.74 mM of Fe(II)), the 99 ± 1 % degradation of 1 % w/v of melanoidin solution was observed 

along with 88.2 ± 2 % of COD reduction. The treatment of distillery effluent was investigated in 

this inquiry employing a variety of Fenton processes such as Fe(II)/H2O2/UV, Fe(II)/H2O2/Visible, 

Fe(II)/H2O2/Dark, H2O2/UV, Fe(II)/UV and only in UV and resulted in 99 ± 1 %, 76 ± 5 %, 13 ± 

1 %, 12 ± 1 %, 7 ± 1 % and ≥1 % of melanoidin degradations, respectively. Fitting of the First-

order kinetics and thermodynamic analysis was also performed. The degradation experiment was 

performed at different pH and observed that the degradation is more effective on acidic pH than 

basic pH. The HPLC was also investigated for the quantification of melanoidin degradation. The 

degradation efficiency at optimized conditions was investigated in an industrial-scale spentwash 

sample to validate the usefulness of the present study. It was found that the optimized photo-Fenton 

state ultimately removal (100 %) of the colour from 1 to 5 % v/v of real spentwash. 
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Chapter 5 

Photocatalytic degradation of the melanoidin under UV/Visible light 

illumination 

 

In the 21st century, nanomaterials are widely used in all prospective fields. Decontamination of 

environmental pollutants by applying nanoparticles is one of the great interests to researchers. In 

this prospect, we have investigated the nanomaterials for effective photodegradation of melanoidin 

and distillery spentwash. Various nanomaterials such as ZnO, TiO2, Fe doped ZnO (FZO) and 

WO3 were tested for the photocatalytic degradation of the melanoidin under different light 

conditions. The synthesized WO3 and FZO nanoparticles were investigated under visible light and 

UV light illumination, respectively, for the degradation of melanoidin. These nanomaterials were 

found to efficiently degrade the melanoidin (˃ 98 %) under optimized conditions. These 

photocatalysts also displayed complete degradation of real spentwash and excellent reusability for 

multiple cycles.  
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5.1. Introduction 

During the COVID pandemic, the use of disinfectants has increased significantly, which are 

mainly formulated using ethanol. Bioethanol is majorly produced by microbial fermentation of 

molasses and a considerable amount of effluent (spentwash or vinasse) is generated [259]. India 

ranks second (followed by Brazil) for ethanol production [260]. Currently, India has more than 

300 distilleries producing above 4.27 × 109 liters of ethanol per year and subsequently generating 

53.1×109 liters of waste effluent [3]. Spentwash is distinguished by its dark brown colour due to 

the presence of melanoidin compounds [216, 261].  

The spentwash contains a high amount (load) of COD and is acidic in nature [262]. Melanoidin 

has the potential to pollute aquatic habitats due to its dark colour and poor biodegradability. The 

sunlight is blocked by the deep brown colour of the substance, which results in the inhibition of 

photosynthesis [3, 5, 263]. Consequently, the Ministry of Environment, Forests, and Climate 

Change (MOEF), Government of India has designated these businesses as belonging to the "red 

category" of polluting industries. In order to treat the melanoidin-containing wastewater, a variety 

of wastewater treatment methods have been developed, including biological treatment, 

physiochemical treatment and an advanced oxidation process [15, 218, 264-267]. 

Semiconductor photocatalysts have gained the interest of researchers in the domains of 

electrochemistry, catalysis, and photochemistry for a long time due to their chemical stability and 

photocatalytic activity [66, 268, 269]. A few of the most common semiconductor photocatalysts 

are titanium oxide (TiO2), zinc oxide (ZnO), Cadmium sulfide (CdS), Zinc sulfide (ZnS), ferric 

oxide (Fe2O3) etc. The photocatalysts have wide-bandgap energy, enormous exciting binding 

energy, and diverse activity [270-274]. Consequently, these semiconductor photocatalysts have 

received widespread interest in environmental applications for prospective uses in photocatalytic 
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degradation of various organic and inorganic pollutants [275]. Various factors including size, 

shape, defects and surface morphology affect photocatalytic activity [276, 277]. The photocatalytic 

activity of nanostructured semiconductors is significantly improved as compared to the bulk 

material [278]. Photocatalysts typically react with water molecules when they are introduced to 

light irradiations. The hole (h+) in the catalyst valence band (VB) combines with the water 

molecule to generate ⦁OH radicals. These generated ⦁OH radicals have a high redox potential, and 

as a result possess a tendency to oxidize a variety of organic/inorganic contaminants [6, 224]. 

In this regard, the production of semiconductor nanoparticles has been a significant focus of 

research for various purposes. The recent advances in nanotechnology have enabled to design of 

visible light as well as UV light active photocatalysts by tuning the material properties [279, 280]. 

However, these semiconductors are not extensively explored for the degradation of melanoidin, 

spentwash or other dyes [96, 281-283]. The acid-treated zeolite was applied with Fenton catalyst 

to enhance the rate of degradation and resulted in excellent decolourization (90 %) and COD 

reduction (60 %) up to two consecutive cycles under UV-light irradiation [239]. A similar study 

was also performed by Benton et al. by applying activated carbon (30 %) with TiO2–ZnO 

nanohybrid photocatalyst synthesized via reflux method in a ratio of 3:1 and resulted in 97 % 

degradation of synthetic melanoidin (initial COD load of 3000 mg L-1) at the optimized conditions 

under UV-light irradiation [283]. 

Visible light photocatalysts were also explored for the degragation of dyes. Li et al. reported 

complete degradation of Rhodamine B (RhB) and 69.2 % of Orange (II) by multiple-metal oxide 

photocatalyst Ag2ZnGeO4 under visible light illumination [284]. Rahman et al. synthesized WO3 

nanomaterials in bulk by applying argon/oxygen plasma beam inside a novel plasma chemical 

reactor and applied for photocatalytic degradation of Rh-B dye. Almost complete degradation of 
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20 ppm dye solution in 150 min under visible light was reported [278]. Vineetha et al. reported 

that distillery spentwash treatment by photodegradation resulted in 79 % of colour reduction using 

the catalyst TiO2 at the optimum conditions under solar radiation [269].  In a recent study, ZnO 

was immobilised by kaolin by co-precipitation method and applied as a photocatalyst for 

spentwash treatment. 91 % decolourization was observed at the optimized conditions of pH 7, 

catalyst dose of 2.5 g L-1, and reaction time of 240 min under visible light illumination [87]. In a 

similar study, 1 % vanadium-doped TiO2 nanoparticles were synthesized applying a sol-gel 

method and resulted in 65 % of spentwash decolourization in 300 min under solar light irradiation 

[285].  

Thus nanomaterial photocatalysts like WO3 particles can be employed as an efficient and cost-

effective substance for distillery wastewater treatment. Further, the generation of hydroxyl radicals 

was boosted by adding H2O2 which improved photocatalytic processes (by generating ⦁OH free 

radicals) and enhanced the melanoidin degradation rate [163, 286, 287]. Similarly, the iron-doped 

ZnO was investigated as a potential substrate for melanoidin degradation. In this regard, the 

present study used a chemical co-precipitation approach to synthesize photocatalytic 

nanomaterials [214, 288]. We investigated the photocatalytic efficacy of synthesized 

nanomaterials under UV and sunlight irradiation for the breakdown of molasses. The significance 

of the present study is that synthesized semiconductors (WO3 and iron-doped Zinc oxide (FZO)) 

were principally first time investigated for the melanoidin degradation and also compared the 

degradation efficiencies with few most common semiconductors photocatalysts (TiO2 and ZnO). 
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5.2. Materials and methods 

5.2.1. Materials 

The major chemicals and reagents used were of analytical grade, and the aqueous solution was 

prepared in ultrapure Mili-Q water. Titanium dioxide (TiO2 - Cat. No. GRM3065), Zinc oxide 

(ZnO - Cat. No GRM3978) and Hydrochloric Acid (HCl - Cat. No. TC536M) were purchased 

from HiMedia Laboratories, India. Sodium tungstate dihydrate (Na2WO4.2H2O - Cat. No. 

223336), Tungsten (VI) oxide (WO3 - Cat. No 550086) were purchased from Sigma Aldrich 

Limited, India and Hydrogen peroxide (H2O2 - Cat. No. 70776L2M50) was purchased from Finar 

Limited, India. Na2WO4.2H2O and HCl were used for synthesis for the tungsten oxide. Glucose 

(C6H12O6 - Cat. No. GRM077) and Glycine (C2H5NO2 - Cat. No. MB013) were also obtained from 

HiMedia Laboratories, India for the synthesis of the melanoidin pigments. 

 

5.2.2. Preparation of Melanoidin 

Please refer to section 3.2.5 for the preparation of synthetic melanoidin. 

The synthesis of melanoidin was characterized by HPLC. The HPLC chromatogram shows the 

main characteristic peak at the retention time of 5.2 minutes, which corresponded to the reported 

data [236, 289]. This confirmed the synthesis of melanoidin.  

 

5.2.3. Synthesis of WO3 and FZO nanoparticles 

WO3 nanoparticles were synthesized via the co-precipitation method with slight modifications 

[290, 291]. 0.1 M Na2WO4.2H2O (1.65 g in 50 mL of Mili-Q water) were continuously stirred at 

80 °C for 2 h. After that 50 mL of 1N HCl solution was mixed dropwise in the solution and further 

kept for continuous stirring for the next 2 h. The solution was allowed to settle down for 24 h. The 
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pellets were separated and calcined at different temperatures for 4 h to form the crystalline 

structure for better photocatalytic activity [292, 293]. The iron dopped zinc oxide (15 % Fe) 

nanoparticles were also synthesized via the co-precipitation method. In brief, 0.15 molar 

Zn(NO3)3.6H2O solution was mixed with 1 molar of anhydrous FeCl3 in 100 mL of Mili-Q water 

at 65 °C. The prepared solution was dropwise titrated in a 65 °C preheated 100 mL of 2 M NaOH. 

After complete titration of this solution, the synthesis reaction was followed by continuous stirring 

for 3 h. The residue was extracted out and washed several times with ultrapure Mili-Q water to 

neutralize the pH. The prepared samples were oven-dried at 80 °C for overnight, followed by the 

calcination process at 650 °C [294]. 

 

5.2.4. Characterization of WO3 and FZO Nanoparticles 

The powder UV–visible spectra of synthesized WO3 and FZO nano-powder was recorded for band-

gap analysis using UV-VIS Spectrophotometer (Shimadzu, Japan - UV-2600 with ISR 2600 

attachment). A small amount of BaSO4 powder was spread out into a thin layer and used as the 

standard (control). X-ray diffraction (XRD) analysis was performed using an X-ray diffractometer 

to determine the crystalline phase (Rigaku - SmartLab 9kw). The synthesized WO3 and FZO 

nanoparticles were characterized using Fourier-transform infrared (FTIR) spectroscopy (Perkin–

Elmer - Spectrum 2) in the range of 4000–400 cm−1 after preparing potassium bromide (KBr) discs. 

Raman analysis of synthesized nanomaterials was also performed to analyze the functional groups. 

A Raman microspectroscopy (Horiba Jobin Vyon - LabRam HR) device with a Peltier-cooled 

CCD detector was used for this analysis. In this device, the excitation source was a laser line with 

a wavelength of 633 nm. 
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The surface morphology of samples was visualized using a Field Emission Scanning Electron 

Microscope (FESEM) (Zeiss - Sigma 300) and elemental analysis was investigated by energy 

dispersive spectrum (EDX) (Zeiss - Sigma). The structure of synthesized nanoparticles was 

monitored using Field-Emission Transmission Electron Microscope (FETEM) analysis (JEOL-

2100F). The surface charge of synthesized nanoparticles in de-ionized water was analyzed by zeta 

potential measurement using Dynamic Light Scattering (DLS) (Anton Paar - Litesizer 500). The 

specific surface area was investigated using Brunauer–Emmett–Teller (BET) analyzer 

(Quantachrome - Autosorb-IQ MP). 

 

5.2.5. Photocatalytic degradation experiment 

Photocatalytic degradation experiments were performed inside a house-built closed wooden 

reactor chamber (24-inch × 18-inch × 15-inch) that contains an 80W-LED lamp as a visible light 

source emitting an average light intensity of 400 mW/cm2 (Figure S5.1). Also, the reactor 

comprises with mercury vapor lamp (254 nm) for UV irradiation, which emits an average of 59 

mW/cm2 of the UV light intensity, as discussed in the previous chapter. The chamber contains one 

magnetic stirrer for continuous shaking and maintaining the temperature of the reaction mixture. 

All photocatalytic degradation experiments were performed in a 150 mL quartz beaker. Initially, 

the melanoidin solution was prepared followed by the addition of the photocatalyst. This 

suspension was continuously stirred in the dark for 30 min and allowed to obtain adsorption-

desorption equilibrium between the melanoidin solutions and photocatalyst. After this, the lights 

were illuminated along with the addition of the optimized H2O2 concentration in the suspension 

solution to enhance the production of ⦁OH radicals and promote photocatalytic activity [295]. 1 

mL sample was collected after specific intervals of time and centrifuged at 10000 rpm for 10 min 
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at 25 °C temperature using a centrifuge (Sigma 4–16 K) [5]. The optical density of the supernatant 

was immediately recorded at a wavelength of 475 nm using a spectrophotometer (Shimadzu - UV-

1900) to analyze the concentration of the residual melanoidin [296]. All the experiments were 

performed in triplicates. The % degradation of the melanoidin was calculated by the following 

equation 5.1. 

% 𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 =  
𝐶𝑖−𝐶𝑓

𝐶𝑖
 × 100                                              (5.1) 

where Ci and Cf are the concentrations of the melanoidin solution before and after photocatalytic 

degradation, respectively. 

HPLC analysis was also used to examine the breakdown of the melanoidin by the synthesized 

photocatalysts WO3 and FZO using an HPLC system (Agilent Technologies - 1260 Infinity II) 

equipped with a reverse phase C-18 column (with 250 × 4.6 mm diameter and particle size 

diameter of 5 mm) and an ultraviolet detector. Syringe filtered (0.2 μm pore size) 20 μl of samples 

were injected into the system to determine the residual concentration and analyze the degradation 

efficiency. Mili-Q water was injected at a flow rate of 0.5 mL min-1 as a mobile phase. The 

experiment was conducted in isocratic mode at 25 °C for 20 min. The UV detector's wavelength 

was set at 290 nm to monitor the concentration of the melanoidin [96, 235, 236, 296]. 

 

5.2.6. Optimization of the experimental conditions by response surface methodology (RSM) 

The RSM algorithm has been used to optimize the experimental factors in order to maximize the 

degradation capability. Minitab statistical tool and Central Composite Design (CCD) were used to 

create the experimental matrix [31, 216, 297]. The four independent variables were selected as 

listed in Table 5.1. The response of the reaction was measured in terms of the melanoidin 

degradation (%) and COD reduction (%). The RSM-CCD application designed 30 trial conditions 
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listed in Table S5.1 and the batch studies for the % melanoidin degradation and % COD reduction 

were conducted. Based on the experimental data, the ANOVA algorithm was used for the 

regression analysis [297-299]. 

 

Table 5.1. Independent Variables and their ranges were scrutinized in the RSM-CCD design. 

Factors (Independent Variables) Unit Coded name Lower limit Upper limit 

Temperature °C A 25 55 

Time Minutes B 30 300 

H2O2 concentration mM C 10 200 

WO3 concentration ppm D 100 300 

 

 

5.2.7. Kinetic and thermodynamic study 

The first-order kinetic degradation model was examined to estimate the rate parameters for the 

degradation of melanoidin. The kinetic study was performed at the optimized conditions and 

samples were collected at the different time intervals to analyze % degradation and COD reduction. 

A set of degradation experiments at three different temperatures (35, 45, and 55 °C) were also 

conducted to understand the thermodynamics of the process. The following Table 5.2 lists the 

equations used in the kinetic and thermodynamic models. 
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Table 5.2. Plots for graphical representations of the kinetic and thermodynamic models. 

Models Equations 

First-order Kinetic model 

𝑪𝒕 = 𝑪𝟏 × 𝒆
−𝒌𝒕 + 𝑪𝟐 

Where 𝑪𝟏 + 𝑪𝟐 = 𝑪𝟎 

 

Thermodynamic model 

∆𝑮 =  ∆𝑯 − 𝑻∆𝑺 

∆𝑮 = −𝑹𝑻𝒍𝒏𝑲𝒄 

𝒍𝒏 𝑲𝒄 = 
∆𝑺

𝑹
−
∆𝑯

𝑹𝑻
 

 

Where, C0 is the initial concentration of melanoidin at time t = zero and Ct is the concentration of 

melanoidin at any time t. Kc is expressed as 𝐶𝐴𝑒/𝐶𝑆𝑒 [237] where 𝐶𝐴𝑒 and 𝐶𝑆𝑒 refer to the amounts 

of degraded melanoidin and residual concentration in solution at equilibrium, respectively. R and 

T are the universal gas constant (8.314 J mol−1 K−1) and temperature (K). 

 

5.2.8. Reusability study of photocatalyst 

The phorocatalyst's reusability is an essential element indicating the viability of its economical and 

practical operations. After the photocatalytic experiments, the supernatant and pellet were 

separated by centrifugation at 10000 rpm for 10 min. The nanoparticle-containing pellets were 

washed several times with ultrapure Mili-Q water to clean and desorb adsorbate. The washed 

nanoparticles were dried in an oven at 80 °C for overnight. The dry weight of the photocatalyst 

was measured and then proceeded for the next loop of photocatalytic degradation under the above 

conditions to investigate the reusability [300]. 
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5.2.9. Application of photocatalyst in real-life industrial spentwash sample 

The real spentwash sample was collected from DCM Shriram Ltd, a distillery factory based on 

sugar cane molasses in Hardoi, India. The brown-colored collected spentwash sample was acidic 

in nature (pH 4.8) and had a very high COD load (193 ± 1 g L-1). This spentwash in varying 

concentrations of 1-10 % v/v was explored for decolourization and COD removal at the optimized 

conditions. The reusability of photocatalysts was also investigated on this industrial-grade 

spentwash sample. 

5.2.10. Analysis of the antibacterial property of the synthesized WO3 and FZO nanoparticle 

in real wastewater sample (Spentwash sample) 

For practical applications, the antimicrobial activity of treated samples was investigated using the 

plate count test method by comparing the microbial pollution of untreated spentwash, and treated 

spentwash samples at optimized conditions. The untreated (108 times diluted) and treated samples 

were pleated in nutrient agar plates and incubated at 37°C for overnight [186]. The number of 

visible colonies was multiplied by the dilution factor and reported as cell forming unit per milliliter 

(CFU/mL) [301]. 

𝐶𝐹𝑈/𝑚𝐿 =  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 ×𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑐𝑢𝑙𝑡𝑢𝑟𝑒 𝑝𝑙𝑎𝑡𝑒𝑑 𝑖𝑛 𝑚𝐿
                                       (5.2) 
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5.3. Results and Discussion 

5.3.1. Bandgap calculation of the nanoparticles 

The absorbance broadband of the synthesized WO3 and FZO nanoparticles along with reference 

WO3, TiO2 and ZnO nanoparticles was analyzed at the wavelength range of 200 to 700 nm as 

shown in Figure 5.1 (A). The bandgap of these nanoparticles was determined by Tauc's method 

(Eq. 5.3) based on the UV–vis absorbance spectrum. 

∝ =  
𝐵(ℎ𝜐 − 𝐸𝑔)

𝑛

ℎ𝜐
                                                                     (5.3) 

Where α is the absorption coefficient, ℎ𝜐 denotes photon energy, B represents a constant, Eg 

indicates optical bandgap energy and n is the absorption coefficient constant. The plot between 

(𝛼ℎ𝜐)2 vs. ℎ𝜐 demonstrates the bandgap energy (Figure 5.1 (B)). The bandgap energy of 

synthesized WO3 and FZO nanoparticles were found to be 2.44 eV and 2.88 eV, respectively, 

which are almost equal to the reported values [291, 302, 303]. Also, the commercial WO3. TiO2 

and ZnO nanoparticles showed the bandgap energy of 2.34 eV, 3.22 eV and 3.01 eV, which are 

similar bandgap energy as reported in various literature and standards [304-307]. The lower value 

of bandgap energy of WO3  indicated that it reasonably extends into the visible range, while FZO 

with higher bandgap energy extends towards UV light. 
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Fig. 5.1: (A) UV–vis diffused reflectance spectra and (B) Bandgap calculation by the Tauc’s 

plot of synthesized WO3 and FZO nanoparticles along with the commercial WO3, TiO2 and 

ZnO nanoparticles. 

 

5.3.2. Characterization of synthesized photocatalysts 

5.3.2.A. Characterization of synthesized WO3 photocatalyst 

5.3.2.A.1. Phase analysis through X-ray diffractometer 

The synthesized WO3 samples were analyzed using the powder X-ray diffractometer in the 2𝜃 

range of 20o-80o. The samples calcined at 300℃, 500℃, 700℃ and 900℃ showed different peak 

patterns. The characteristic peaks were obtained for the 2 𝜃 values of 23.09o, 23.61o, 24.30o, 

28.98o, and 41.80o. The peaks obtained with the calcined samples were matched with the 

monoclinic phased tungsten oxide (WO3) (ICDD file 01-083-0950) [308]. The peak obtained at 

25.7o value of 2 𝜃 can be observed to disappear after the calcination due to water removal for the 

tungstite sample. The commercial WO3 showed the peaks for the 2 𝜃 values of 25.7o, 33.34o, 

34.21o, 52.57o and 57.43o. The obtained peaks matched to the tungstite (WO3.H2O) as per the 

International Centre for Diffraction Data (ICDD) file 01-084-0886. The diffraction pattern of the 

(A) (B) 
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synthesized samples was compared with that of commercially purchased tungsten oxide (reference 

sample). All the calcined samples have shown similar peak patterns concerning the commercial 

sample (Figure 5.2).  

The crystallite size was calculated using the Debye-Scherrer’s formula given as follows (Eq. 5.4), 

𝐷 =
0.9×𝜆

𝛽×𝑐𝑜𝑠𝜃
                                                       (5.4) 

Where, 𝜆 is the X-ray wavelength, 𝜃 is the Braggs’s angle (in degrees) and 𝛽 is the full width at 

half maximum. The average crystallite size for the non-calcinated tungstite sample was measured 

as 31.8 nm. While for the calcined samples, the crystallite size was observed as 31.7 nm, 33.50 

nm, 34.50 nm, and 38.60 nm at 300℃, 500℃, 700℃ and 900℃, respectively. The crystallite size 

of the reference sample was calculated as 34.10 nm, matching the sample calcined at 700℃. Due 

to the higher temperature calcination, the increased surface energy has resulted in the coalescence 

of the smaller particles; hence increase in the crystallite size was observed [309, 310]. 
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Fig. 5.2: XRD spectra of synthesized WO3 nanoparticles calcinated at different temperatures 

along with the reference WO3 sample. 
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5.3.2.A.2. Functional group analysis using FTIR and Raman spectroscopy 

The FTIR analysis of synthesized WO3 nanoparticles (300, 500, 700, 900 ℃) and reference WO3 

was conducted to reveal their functional similarity. The similar FTIR spectra for commercial and 

synthesized WO3 nanoparticles confirm identical compounds [311]. The peaks at 726 cm-1 

correspond to W-O stretching vibration [312]. Interestingly, the peak intensities of WO3 gradually 

increased with an increase in calcination temperature from 300 to 700 ℃ due to the increase in 

stretching mode of vibrations, while at 900 ℃ calcination temperature, the peak intensity relatively 

decreased. At higher temperatures, the reduction in peak intensities occurs due to the deformation 

of particles and causes a decrease in the intensity of vibrations [313]. Raman analysis of 

synthesized nanomaterials was also performed to analyze the functional moieties. Similar Raman 

peaks were recorded for reference and synthesized WO3 nanoparticles corresponding to the peak 

positions of 270, 325, 717 and 806 cm-1 (Figure 5.4). The characteristic peak position at 270 cm-1 

corresponded to lattice vibration of WO3 particles while peak positions at 325, 717 and 806 cm-1 

corresponded to the O-W-O stretching, W2O6 stretching and W-O-W anti-symmetric stretching, 

respectively [314, 315]. 
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Fig. 5.3: FTIR spectra of reference WO3 and synthesized WO3 nanoparticles at different 

calcined temperatures. 
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Fig. 5.4: Raman spectra of synthesized WO3 nanoparticles calcined at different 

temperatures. 
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5.3.2.A.3. Morphological and Elemental Analysis through FETEM, BET, FESEM and EDX 

Figure 5.6 shows FESEM images of the synthesized WO3 nanoparticles revealing approximately 

spherical nanoparticles accompanied by sheet-like structures. The FESEM micrograph of the 

synthesized WO3 displayed aggregated nanoparticles. The average particle sizes were found to be 

58, 62, 63 and 66 nm for the WO3 samples calcined at 300, 500, 700 and 900 °C, respectively. The 

average hydrodynamic diameter of WO3@700 ℃. was also measured using DLS and found to be 

92 ± 16 nm. This value is overestimated due to the formation of the hydration layer. In FESEM 

analysis, WO3 nanoparticles calcined at 700 ℃ resulted in similar morphology as compared to 

reference WO3 nanoparticles [313].  

The FETEM analysis of the synthesized WO3@700 ℃ sample showed a spherical shape with an 

average diameter of 45 ± 2 nm (Figure 5.5 A and B) [316, 317]. The high-resolution TEM images 

revealed the crystalline nature of the samples with clear lattice fringes of 0.184 ± 0.03, which was 

in good correlation with the d-spacing (0.188 nm) obtained through XRD analysis (Figure 5.5 C) 

applied in following Bragg’s (Eq. 5.5).  

𝑛𝜆 = 2𝑑 𝑆𝑖𝑛𝜃                                                                         (5.5) 

Where λ is wavelength of incident X-ray (Å), θ is peak position (in radians), n denoted the order 

of diffraction and d is the interplaner spacing or d-spacing (Å). 

The SAED pattern of the synthesized WO3-700 ℃ nanoparticle confirmed the crystalline planes of 

the nanoparticle (Figure 5.5 D). Furthermore, TEM and SAED studies revealed that the 

synthesized sample has high crystallinity. The surface area of WO3 determined using a BET 

analyzer was found to be 5.56 m2 g−1 [316].  

The elemental analysis of synthesized WO3 nanoparticles was done using an energy dispersive 

spectrum (EDX). The elements identified in reference WO3 sample were W and O with atomic % 
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of 74.5 and 25.5, respectively (Figure 5.7 A). The synthesized WO3-700 resulted in 75.7 and 24.3 

atomic % of W and O, respectively, which are almost similar to the reference sample (Figure 5.7 

B).  

 

 

Fig. 5.5: FETEM micrographs of (A) synthesized WO3@700 °C nanoparticles (B) a 

synthesized single WO3@700 °C nanoparticle (C) atomic crystal planes and (D) SAED 

pattern.  

(A) (B) 

(C) (D) 
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Fig. 5.6: FESEM images of (A) Reference WO3 and synthesized WO3 calcinated at (B) 300 ℃, 

(C) 500 ℃, (D) 700 ℃  and (E) 900  ℃.

(A) (B)  (C) 

(D) (E) 
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Fig. 5.7: Energy-dispersive X-ray spectroscopy of (A) Reference WO3 sample and (B) 

Synthesized WO3@700 ℃ sample. 

 

5.3.2.A.4. Colloidal stability of the synthesized WO3 nanoparticles 

The colloidal stability of the synthesized WO3 nanoparticles was analysed by measuring the 

surface charges using DLS at various pH levels. As depicted in Figure 5.8, photocatalyst WO3 had 

negative zeta charges. The surface charge at the working pH value of 5.0 was found to be -21 ± 1 

mV, which indicated the good colloidal stability of the synthesized WO3 nanoparticles [318]. 

Further, an increase in the pH values resulted in a decline in the surface charge (Figure 5.8).  

 

(A) (B) 
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Fig. 5.8: Zeta potential values of WO3 photocatalysts and melanoidin at different pH values.  

The surface charge of WO3 photocatalysts was found to be -21 ± 1 mV confirming its colloidal 

stability. The point of zero charge (pzc) of melanoidin was estimated as 6.9.  

 

5.3.2.B. Characterizations of synthesized FZO photocatalyst 

5.3.2.B.1. Phase analysis using X-ray diffractometer 

The synthesized Fe doped ZnO nanomaterials were also analyzed using XRD to confirm the 

formation of the desired nano-assembly. The diffraction patterns of the FZO, Fe3O4 and ZnO are 

as shown in Figure 5.19. The hexagonal wurtzite structure was confirmed by diffraction pattern, 

which is the most stable form of ZnO [319]. The peaks obtained at 31.81° (0 1 0), 34.37° (0 0 2), 

36.32° (0 1 1), 47.54° (1 0 2), 56.61° (1 1 0), 62.95° (1 0 3), and 68.01° (1 1 2) were corresponsive 

to ZnO with slight redshifts (ICDD No. 01-070-8072). The small peaks at 2𝜃 values of 30.06° and 
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35.51° were observed belonging to Fe3O4 (ICDD No. 01-084-9337). This indicated that Fe3+ 

precursors were integrated into the ZnO lattice at 65℃, which prevented the oxidation and valency 

transition of Fe [294, 319, 320]. The average crystalline size for the FZO nanomaterials was 

calculated to be 20.45 nm. 

 

Fig. 5.9: XRD spectra of synthesized FZO nanoparticles confirm the formation of the desired 

nano-assembly. 

 

5.3.2.B.2. Functional group analysis using FTIR and Raman spectroscopy 

FTIR analysis of the synthesized FZO nanomaterials is shown in Figure 5.10. Peaks at the position 

of 455 and 517 cm-1 in the synthesized FZO nanoparticles correspond to the stretching vibration 

of Zn–O, which confirmed the formation of Fe doped ZnO nanoparticles [319, 321-324]. The 

Raman analysis of the FZO nanoparticles was done as explained in the previous section. The broad 
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Raman peaks were recorded at peak positions of 331, 435 and 650 cm-1 for synthesized FZO 

nanoparticles (Figure 5.11). The peak positions for the synthesized nanoparticles were also 

documented by various works corresponding to FZO [304, 319, 325-327]. 

 

 

Fig. 5.10: FTIR spectra of synthesized FZO nanoparticles. 
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Fig. 5.11: Raman spectra of synthesized FZO nanoparticles. 

 

5.3.2.B.3. Morphological and Elemental analysis of synthesized FZO photocatalyst 

The FETEM analysis of the synthesized FZO samples showed rod-shaped morphology with an 

average diameter of  40 ± 3 nm [316, 317] and an average length of 103 ± 14 nm (Figure 5.12 A 

and B). The high-resolution TEM images revealed a highly crystalline sample with lattice fringes 

of 0.301 ± 0.03 nm. The fringe width correlated with the d-spacing obtained through XRD analysis 

(0.3 nm) (Figure 5.12 C). The SAED pattern further supported the higher crystallinity of the 

synthesized FZO nanoparticles (Figure 5.12 D). The BET analysis calculated the surface area of 

the nanoparticles to be 13.64 m2 g−1 [316].  

Figure 5.13 shows a FESEM image of the synthesized FZO nanoparticles revealing approximately 

rod shape geometry of the nanoparticles along with aggregates. The average diameter and length 
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were estimated to 55 ± 9 nm and 135 ± 20 nm, respectively, which agreed to the FETEM data. The 

average hydrodynamic size of FZO was also measured using DLS and found to be 131 ± 5 nm, 

which corresponded to the larger dimension of the nanorods. The elemental analysis of the 

prepared FZO nanomaterial through EDX confirmed the presence of Zn (43.4 at %) and O (51.8 

at %) as major elements and Fe (4.5 at %) as a trace element (Figure 5.14). These elemental 

descriptions validated the synthesis of FZO nanoparticles.  

 

 

Fig. 5.12: FETEM images of (A-B) synthesized FZO nanoparticles, (C) Atomic crystal planes 

and (D) SAED pattern. 

(A) (B) 

(C) (D) 
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Fig. 5.13: FESEM image of synthesized FZO nanoparticles. 

 

 

Fig. 5.14: Energy-dispersive X-ray spectroscopy of synthesized FZO sample 
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5.3.2.B.4. Colloidal stability of FZO nanomaterials 

The colloidal stability of the synthesized FZO nanomaterials was analysed by measuring the 

surface charges using DLS at various pH levels. As depicted in Figure 5.15, photocatalyst FZO 

had positive zeta charges below the pH of 9.0. The surface charge was maximum at the pH value 

of 3.0 (37 ± 2 mV) and was found to decrease with the increase in pH value from 3 to 11 (Figure 

5.15). The surface charge at the working pH value of 4.0 was estimated to be 30 mV, which 

indicated the good colloidal stability of the synthesized FZO nanomaterials.  

 

Fig. 5.15: Zeta potential values of FZO photocatalysts and melanoidin at different pH values. 

The surface charge of FZO photocatalysts was found to be 24 ± 1 mV confirming its colloidal 

stability at the pH value of 5.0.  
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5.3.3. Degradation study of the melanoidin under visible light using WO3 as photocatalyst 

  

5.3.3.1. Effect of initial melanoidin concentrations and calcination temperature of WO3 

The initial experiments were performed using 200 ppm WO3 photocatalyst calcined at different 

temperatures and 100 mM of H2O2 in a solution of 0.1, 0.2 and 0.5 % of melanoidin concentrations. 

Degradation of melanoidin was observed up to 300 min. The calcined WO3@700 was found to be 

most effective followed by WO3 calcined at 900, 500 and 300 °C as shown in Figure 5.16. The 

degradation efficiency was found to be 96 ± 1 % for  0.5 % of initial melanoidin solution after 

300 min in the presence of WO3@700. A similar experiment was also performed using the 

reference WO3 purchased commercially for comparison. The reference WO3 resulted in 93 ± 2 % 

of degradation efficiency of  0.5 % of initial melanoidin solution after 300 min. This suggested the 

better degradation performance of the synthesized WO3 calcined at 700 C. Further investigations 

were performed using WO3@700 as a photocatalyst. Other environmental parameters such as 

temperature (°C), time (min), H2O2 concentration (mM) and WO3@700 °C concentration (ppm) 

were further optimized by RSM-CCD to determine the optimized condition for the maximum 

degradation of melanoidin. 
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Fig. 5.16: Effect of initial melanoidin concentrations and calcination temperature of WO3 

on melanoidin degradation (%). 

 

5.3.3.2. Optimization of Experimental parameters by RSM-CCD to enhance the melanoidin 

degradation 

Four independent factors such as temperature, time, H2O2, and WO3 concentration were optimized 

to maximize the melanoidin degradation using RSM-CCD [328]. The lower and upper limits of 

temperature, time, H2O2 concentration and WO3 concentration were 25/55 °C, 30/300 minutes, 

10/200 mM, and 100/300 ppm, respectively. The mini-tab software suggested 30 experimental set-

ups based on these independent variables as listed in Table S5.1.  The % melanoidin degradation 

and % COD reduction were consided as responses. A quadratic polynomial equation fitted to the 
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experimental data to predict the expected responses. The model equations for the melanoidin 

degradation and COD reduction are given by equations 5.6 and 5.7, respectively. 

% 𝑀𝑒𝑙𝑎𝑛𝑜𝑖𝑑𝑖𝑛 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 = 92.58 + 5.53𝐴 + 8.92𝐵 + 8.28𝐶 + 11.25𝐷 + 0.54𝐴𝐵 +

0.058𝐴𝐶 + 0.036𝐴𝐷 − 0.64𝐵𝐶 − 1.64 𝐵𝐷 + 2.22𝐶𝐷 − 2.20𝐴2 − 7.12𝐵2 − 1.78𝐶2 − 5.82𝐷2

 (5.6) 

% 𝐶𝑂𝐷 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = 82.67 + 3.05𝐴 + 10.48𝐵 + 8.86𝐶 + 12.28𝐷 + 1.28𝐴𝐵 − 0.71𝐴𝐶 +

0.43𝐴𝐷 − 0.43𝐵𝐶 − 1.57 𝐵𝐷 + 3.00𝐶𝐷 − 1.60𝐴2 − 7.02𝐵2 − 2.02𝐶2 − 5.74𝐷2 (5.7) 

 

ANOVA analysis was performed for the regression analysis [197]. There was a strong correlation 

between the experimental and predicted data, as evidenced by the R2 value of 0.90 and 0.92 for 

the % melanoidin degradation and % COD reduction, respectively [329]. The relevance of the 

ANOVA model was proved by the higher F-values (9.62 and 11.55) and lower p-values (< 0.0001) 

[5]. The independent variables A, B, C and D and their various intersections for the melanoidin 

degradation and COD reduction are listed in Table S5.2 and Table S5.3, respectively. The 

independent variables B, C, D and their interactions B2 and D2 were found to be statically 

significant for melanoidin degradation and COD reduction with p-values ≤ 0.01. Figure S5.2 and 

S5.3 illustrate 3-D response surface plots for optimal melanoidin degradation and COD reduction. 

The Minitab algorithm predicted the ideal situation for the maximum melanoidin degradation and 

COD reduction as the temperature of 38 °C, time of 231 min, H2O2 concentration of 119 mM and 

WO3 concentration of 250 ppm. The predicted melanoidin degradation and COD reduction at the 

optimized conditions were 100 % and 93 %, respectively. The experimental results under 

optimized conditions resulted in approximately complete degradation (99 ± 1 %) and 93 ± 1 % of 
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COD reduction (Figure 5.17), which corresponded to the predicted values and confirmed the 

suitability of the model equations.  

HPLC analysis was also performed to determine the melanoidin concentrations to confirm the UV-

spectrophotometer data. The residual melanoidin concentrations were evaluated from the peak area 

of HPLC chromatograms. As per the HPLC analysis, photocatalyst WO3 resulted in 97 % of 

melanoidin breakdown at the RSM optimized conditions (Figure S5.4). The degradation efficiency 

of melanoidin by UV-spectrophotometer and HPLC analysis were linearly related with R2 value 

of 0.98 (Figure 5.18). Hence, the subsequent analysis of the residual melanoidin concentrations 

was performed using UV-spectrophotometer. 

 

 

Fig. 5.17: Degradation of the melanoidin and COD reduction at RSM optimized conditions 

of temp. 38 °C, time of 231 min, H2O2 concentration of 119 mM and WO3 concentration of 

250 ppm. (C0 is the initial concentration of melanoidin and Ct is the concentration at any time 

t). 
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Fig. 5.18: Comparison of melanoidin degradation using HPLC analysis and UV-

Spectrophotometer. 

 

5.3.3.3. Role of pH on photocatalytic degradation of the melanoidin 

In previous chapters, pH has been shown to be an essential factor in the adsorption/degradation of 

melanoidin. Similarly, the pH effect on the melanoidin degradation in the photocatalytic process 

was also examined. The pH of the solution was varied from 3 to 11 with a constant melanoidin 

concentration of 0.5 % (w/v) for WO3 photocatalytic degradation at the optimized conditions. The 

melanoidin degradation efficiency decreased from 99 ± 1 % to 67 ± 1 % for WO3 photocatalysts 

as the pH of the solution was increased from 3 to 11 as shown in Figure 5.19. The photocatalysts 

resulted in a high degradation rate in an acidic medium. This corresponds to a decrease in the rate 

of production of ⦁OH free radicals during the melanoidin degradation with increasing the solution 
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pH. The ⦁OH radicals in the alkaline medium may have been scavenged due to the excess amount 

of H2O2 present in alkaline pH [330, 331]. As a result, the phenomenon of melanoidin breakdown 

efficiency decreases with increasing the pH value. According to several literature findings, a 

complementary relationship between the effects of pH on melanoidin degradation has also been 

observed [330, 331]. 

 

Fig. 5.19: Effects of solution pH on the melanoidin degradation using WO3 photocatalyst at 

the optimized conditions. 

 

Further, the surface charge of the melanoidin and WO3 photocatalysts were investigated using 

DLS at various pH levels. The following model equation was used to calculate the point of zero 

charges (pzc) (Eq. 5.8). 

 Ψ𝑑 = 𝑅𝑇 𝑍𝑖⁄ 𝐹𝑙𝑛 𝐶𝑖 𝐶𝑖
𝑝𝑧𝑐⁄                                                         (5.8) 
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where Ψd, R, T, Zi, F and Ci refer to Zeta potential, gas constant, temperature, valency, Faraday’s 

constant and molar concentration of H+ ions, respectively [212]. The pzc value of the melanoidin 

was found to be 6.9. As depicted in Figure 5.8, photocatalyst WO3 had a negative zeta charge while 

melanoidin occupied a positive zeta charge at the working pH value of 5.0. This reveals the 

electrostatic interaction. WO3 and melanoidin solution had the greatest zeta potential difference 

(25.89 mV) at the working pH of 5.0. The positive charge on melanoidin and negative charge on 

WO3 resulted in e- transfer to the phase interface. The charge-charge interaction was amplified and 

improved the dispersion stability of particles and resulting in active site accumulation between the 

melanoidin and WO3 nanoparticles. This enhanced the rate of melanoidin degradation at the 

working pH of 5.0 [332, 333]. 

 

5.3.3.4. Kinetic and thermodynamic study 

The degradation kinetics of melanoidin by the WO3 photocatalyst was carried out as a function of 

contact time at the optimized conditions. The plot of time (t) vs. relative concentration of 

melanoidin (Ct/Co) is shown in Figure 5.20. The experimental data at RSM optimized conditions, 

including various control experiments, were applied in the equation 𝐶𝑡 = 𝐶1 × 𝑒
−𝑘𝑡 + 𝐶2 (Table 

5.2) to estimate the model parameters [240, 241]. The fitted data are shown as dotted lines in Figure 

5.20. The correlation coefficient value (R2) of 0.98 indicated that the first-order kinetic model is 

better defined to the experimental data. The rate of reaction constants, melanoidin degradation 

efficiency and correlation coefficient values of various experiments are listed in Table 5.3. The 

reaction rate constants (k) were found to be 2 ×10-2 min-1.  
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Fig. 5.20: Degradation kinetics of melanoidin at optimized conditions of temperature 38 °C, 

time 231 min, H2O2 concentration 119 mM and WO3 concentration of 250 ppm along with 

control experiments under dark. The experimental data are presented as symbols, while 

fitted data are depicted as dotted lines.   

 

The melanoidin degradation at the optimum conditions was also investigated at different 

temperatures. The melanoidin degradation was studied at 308, 318, and 328 K. Entropy and 

enthalpy were examined as potential moderators of the melanoidin degradation rate. The 

thermodynamic parameters were determined by plotting 1/T vs. ln Kc (Figure 5.21) [334]. Table 

5.2 lists the equations used to scrutinize the thermodynamic parameters (ΔS, ΔH and ΔG). The 

thermodynamic parameters estimated for the degradation of melanoidin by WO3 photocatalyst 

under visible light are listed in Table 5.4. The negative value of ΔG suggests the spontaneous 
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degradation of the melanoidin at all experimental temperatures [189, 193]. As the temperature 

increased from 298 to 328 K, the degrading efficiency of the melanoidin had also increased. The 

positive value of ΔH specified the endothermic nature of the melanoidin degradation indicating 

the enhancement of the melanoidin degradation capacity by increasing temperature. This also 

resulted in an increase in the entropy as reflected by the positive value of ΔS. 

 

 

Fig. 5.21: Thermodynamic analysis of melanoidin degradation using WO3 photocatalyst at 

the optimized conditions. 
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Table 5.3. Kinetic parameters of melanoidin degradation using WO3 photocatalyst at the 

optimized conditions along with control experiments in the dark. 

S 

No. 

Experimental 

conditions 
C1 (g L-1)  K (min-1) C2 (g L-1) 

% 

Degradation 
R2 

1 WO3 in dark 0.14 ± 0.02 0.02 5.24 ± 0.24 2 ± 0.2 0.99 

2 WO3+H2O2 (Dark) 0.29 ± 0.01 0.02 5.08 ± 0.01 5 ± 1 0.99 

3 WO3+H2O2 (Visible) 5.18 0.02 0 99 ± 1 0.98 

 

Table 5.4. Thermodynamic parameters during melanoidin degradation using WO3 

photocatalyst at the optimized conditions. 

Temperature 

(K) 

ΔG 

(kJ mol
-1

) 

ΔH 

(kJ mol
-1

) 

ΔS 

(J mol
-1

 K
-1

) 
R

2

 

308.15 -11.61 

43.36 178.18 0.99 318.15 -13.17 

328.15 -15.19 
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5.3.4. Photocatalytic degradation of melanoidin under UV light using FZO as photocatalyst 

5.3.4.1. Optimization of Experimental parameters by RSM-CCD to enhance the melanoidin 

degradation using FZO photocatalyst 

Using RSM-CCD, H2O2 (mM) and FZO (ppm) concentration were optimised (following the 

Fenton optimized conditions of temperature = 33.85, time = 116.49 min, melanoidin concentration 

= 1 % w/v) to maximise the melanoidin degradation. Lower and upper limits were set as 10/200 

mM for H2O2 and 100/300 ppm for FZO. The mini-tab program predicted 13 experimental 

configurations as listed in Table S5.4. The melanoidin degradation (%) was considered as the 

response. The model equations for the melanoidin degradation is projected as equation 5.9.  

% 𝑀𝑒𝑙𝑎𝑛𝑜𝑖𝑑𝑖𝑛 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 = 82.93 + 24.66𝐴 + 12.93𝐵 +  9.32𝐴𝐵 − 12.82𝐴2 − 9.80𝐵2 

          (5.9) 

 

Table S5.4 shows the predicted response values from a quadratic polynomial model.  The R2 value 

of 0.95 evidenced the strong correlation between the experimental and predicted data. The 

ANOVA analysis indicated the higher F-value (22.60) and lower p-value (< 0.01) for the 

melanoidin degradation, which evidenced the relevance of the model [5]. The independent 

variables A and B as H2O2 and FZO concentrations and their interactions (A2 and B2) for the 

melanoidin degradation were found to be significant with p-values ≤ 0.02 as listed in Table S5.5. 

Figure S5.5 illustrates the 3-D response surface plots for the maximum melanoidin degradation at 

the RSM optimized condition. The Minitab software predicted 163 mM of H2O2 and 261 ppm of 

FZO concentrations for maximum degradation at photo-Fenton optimized conditions of the 

temperature of 34°C, time of 117 min and 1 % (w/v) of the initial melanoidin concentration. The 

experimental response (% melanoidin degradation) at optimized condition demonstrated 
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practically the total melanoidin degradation of 98 ± 1 %, which agreed to the predicted value.  

Correspondingly, the COD reduction was also found to be 85 ± 2 % as shown in Figure 5.22. The 

HPLC analysis of the residual melanoidin also resulted in 97 % of melanoidin degradation (Figure 

S5.6). In fact, the melanoidin degradation analyzed by UV-spectrophotometer and HPLC analysis 

were linearly related with the R2 value of 0.99 (Figure 5.23). 

 

 

 

Fig. 5.22: Degradation of the melanoidin and COD reduction at optimized conditions of 

temperature 34°C, time 117 min, 163 mM of H2O2, and 261 ppm of FZO concentration.  C0 

is the initial concentration of melanoidin and Ct is the residual melanoidin at any time t. 
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Fig. 5.23: Comparison of melanoidin degradation using HPLC and UC-Spectrophotometer 

analysis at optimized conditions of temperature 34°C, time 117 min, 163 mM of H2O2, and 

261 ppm of FZO concentration.   

 

5.3.4.2. Role of pH on photocatalytic degradation of the melanoidin 

The pH of the solution was varied from 3 to 11 with a starting melanoidin concentration of 1 % 

(w/v) for photocatalytic degradation using FZO at the optimum conditions. The melanoidin 

degradation efficiency decreased from 98 ± 1 % to 58 ± 1 % as the pH of the solution was increased 

from 3 to 11, as shown by Figure 5.24. As discussed in the previous section (5.3.3.3) the 

photocatalysts resulted in a high degradation efficiency in an acidic medium [330, 331]. 
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Fig. 5.24: Effect of solution pH on photocatalytic degradation of melanoidin using FZO at 

the optimized conditions. 

 

The surface charge analysis of FZO nanoparticles resulted in a positive surface charge at the 

working pH of 4.0. The pzc values of the synthesized FZO was found to be 9.8, while the same 

for the melanoidin was 6.9. Thus at the working pH of 4.0, both the melanoidin and synthesized 

FZO nanoparticles had a positive zeta charge on their surfaces. This reveals that there is no 

electrostatic interaction occurring between nanoparticles and melanoidin compounds during the 

degradation process. The change of zeta potential with the change in the pH was observed as given 

in Figure 5.15.  FZO and melanoidin solution had the zeta potential difference of 25.04 mV at the 

working pH of 4.0. The positive charge on melanoidin and FZO surfaces resulted in the excess 

generation of e- which participated in redox reaction and oxidized the melanoidin compound to 
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enhance the degradation. The charge-charge repulsion caused the dispersion of particles and 

resulted in the increased impact of applied illuminance intensity [335, 336].  

 

5.3.4.3. Kinetic and thermodynamic study 

The experimental kinetic data of the melanoidin degradation were well fitted to the first-order 

kinetic model with the correlation coefficient value (R2) of 0.99. The fitted data are shown as 

dotted lines in Figure 5.25. The rate of reaction constants, melanoidin degradation efficiency and 

correlation coefficient values at optimized conditions along with various control experiments are 

listed in Table 5.5. The reaction rate constant (k) for the photocatalytic degradation of melanoidin 

using FZO was found to be 3 × 10-2 min-1 in the UV irradiation, which was three folds higher as 

compared to that in the visible light. This agreed with the better photocatalytic activity of FZO in 

UV light due to its higher bandgap energy.  
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Fig. 5.25: The photocatalytic degradation kinetics of melanoidin using FZO under UV 

irradiation at optimized conditions of temperature 34°C, time 117 min, H2O2 concentration 

of 163 mM and FZO concentration of 261 ppm. The control experiments were performed in 

dark and under visible light. The experimental data are shown as symbols, while fitted data 

are represented as dotted lines.  

 

The thermodynamic parameters during the photocatalytic degradation of melanoidin using FZO 

were determined by plotting lnkc vs 1/T as shown in Figure 5.26. The estimated thermodynamic 

parameters for the photocatalytic degradation of melanoidin using FZO are listed in Table 5.6. The 

negative value of ΔG suggested the spontaneous degradation of the melanoidin at all experimental 

temperatures [189, 193]. The positive value of ΔH indicated the endothermic nature of the 
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degradation process. Thus the degradation efficiency was enhanced at a higher temperature. 

Correspondingly the increased randomness is reflected by the positive value of ΔS.   

 

 

Fig. 5.26: Thermodynamic analysis during photocatalytic degradation of melanoidin using 

FZO at optimized conditions. 
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Table 5.5. The kinetic parameters for photocatalytic degradation of melanoidin using FZO 

at optimized conditions along with control experiments. 

 

S 

No. 

Experimental 

conditions 
C1 (g L-1) K (min-1) C2 (g L-1) 

% 

Degradation 
R2 

1 FZO in dark 0.48 ± 0.24 1.0 × 10-2 10.50 ± 0.24 3 ± 1 0.99 

2 FZO+H2O2 (Dark) 3.58 ± 0.08 1.0 × 10-2 7.40 ± 0.08 23 ± 1 0.96 

3 FZO+H2O2 (Visible) 10.98 1.0 × 10-2 0 80 ± 1 0.97 

4 FZO+H2O2 (UV) 10.98 3.0 × 10-2 0 98 ± 1 0.98 

 

Table 5.6. Thermodynamic parameters for photocatalytic degradation of melanoidin using 

FZO at optimized conditions. 

Temperature 

(K) 

ΔG 

(kJ mol
-1

) 

ΔH 

(kJ mol
-1

) 

ΔS 

(J mol
-1

 K
-1

) 

R
2

 

308.15 -10.31 

8.63 61.39 0.98 318.15 -10.86 

328.15 -11.54 

 

 

5.3.5. Reusability study 

The ability to re-use a photocatalyst is crucial for industrializing the process and making it 

economically viable. The reusability studies of synthesized photocatalysts (WO3 and FZO) at the 

respective optimized conditions were performed. The synthesized WO3 nanoparticles were found 

to attain a melanoidin degradation and COD reduction efficiency of greater than 81 and 75 %, 

respectively, up to eight consecutive cycles (Figure 5.27 A). While FZO retained above 81 and 68 
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% of melanoidin degradation and COD reduction, respectively, up to five consecutive cycles 

(Figure 5.27 B). However, after the eighth and fifth cycles of the melanoidin degradation by WO3 

and FZO, the removal efficiency dropped due to the significant loss of catalysts quantity during 

recycling. The repetitive usage of the synthesized photocatalysts demonstrated their practical and 

economic feasibility. 

 

Fig. 5.27: Reusability study of synthesized (A) WO3 nanoparticles up to 8th consecutive cycles 

and (B) FZO nanoparticles up to 5th consecutive cycles for the photocatalytic degradation of 

melanoidin and COD reduction at the respective optimized conditions. 

 

5.3.6. Proposed mechanism of photocatalytic degradation of melanoidin 

The mechanism of photocatalytic degradation of melanoidin succeeded by following several 

segments. A schematic representation of the photocatalytic degradation of melanoidin is given in 

Figure 5.28. In initial, the photo-excited (visible/UV) WO3/FZO catalysts generated an electron 

(e-) and hole pairs (h+) at the conduction band and valance band, respectively (Eq. 5.10) [337]. 

These generated e- and h+ migrated to the surface of WO3/FZO catalysts and participated in a redox 

reaction with melanoidin. Subsequently, hydrogen peroxide (H2O2) breaks into 2⦁OH molecules 

(A) (B) 
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in the presence of light (Eq. 5.11), and water molecules dissociated into ions (Eq. 5.12) [338]. The 

oxygen (O2) molecules acted as an acceptor and generate superoxide radical (O2
−) (Eq. 5.13). The 

h+ also reacted with  water molecules and OH− to generate the ⦁𝑂𝐻 radicals (Eq. 5.14 and 5.15) 

[339]. The ⦁OH radicals oxidized the melanoidin compounds on the surface of WO3/FZO particles 

and break the melanoidin compounds into intermediate compounds (RCOO⦁) [340, 341]. These 

intermediate compounds again reacted with ⦁OH resulting in the complete degradation of 

melanoidin in the form of  CO2, H2O and inorganic ions (Eq. 5.16) [338, 339]. 

  

 

 

Fig. 5.28: Schematic diagram of the photocatalytic mechanism for melanoidin degradation. 

𝑆𝑒𝑚𝑖𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟𝑒 +  ℎ𝜐 →  𝑒− + ℎ+                                                                                                (5.10) 

𝐻2𝑂2 +  ℎ𝜐 →  2⦁𝑂𝐻                                                                                                                           (5.11) 

𝐻2𝑂 →  𝑂𝐻
− + 𝐻+                                                                                                                              (5.12) 

𝑂2 + 𝑒
− → ⦁𝑂2

− + 𝐻+                                                                                                                           (5.13) 
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ℎ+ + 𝐻2𝑂 → ⦁𝑂𝐻 + 𝐻
+                                                                                                                   (5.14) 

ℎ+ + 𝑂𝐻−  →   ⦁𝑂𝐻                                                                                                                              (5.15)  

𝑅 − 𝐻 + ⦁𝑂𝐻 → 𝑅𝐶𝑂𝑂⦁ +  ⦁𝑂𝐻  →  𝐶𝑂2 + 𝐻2𝑂 + 𝑖𝑛𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑖𝑜𝑛𝑠                                    (5.16) 

 

5.3.7. Application of photocatalysts for the real (industrial-grade) spentwash samples 

The applicability of the photocatalytic degradation efficiencies of WO3 and FZO nanoparticles for 

the melanoidin were evaluated for real spentwash samples collected from a molasses-based 

distillery located in Hardoi, Uttar Pradesh, India. The spentwash concentrations were varied from 

1 to 5 % v/v. WO3 under visible light resulted in almost complete decolourization of spentwash up 

to 2 % at the RSM optimized condition. Further increase in the concentration of spentwash from 

3 to 5 % (v/v) reduced the decolourization efficiencies as 97 ± 2, 92 ± 1 and 73 ± 1 % for 3, 4 and 

5 % spentwash, respectively. Similarly, the COD reduction for 1 to 5 % v/v spentwash samples 

were also found to be 89 ± 2, 87 ± 1, 86 ± 1, 78 ± 2 and 66 ± 1 %, respectively (Figure 5.29 A). 

FZO photocatalyst under UV light was also examined for the decolourization of spentwash at the 

RSM optimized conditions. The FZO resulted in almost complete decolourization of spentwash 

up to 3 % v/v of spentwash and a further increase in the concentration of spentwash from 4 to 5 % 

(v/v) decreased the decolourization efficiencies as 95 ±1  and 84 ± 1 %, respectively. The COD 

reductions were also measured to be 96 ± 2, 93 ± 2, 84 ± 2, 80 ± 4 and 73 ± 2 % for 1 to 5 % v/v 

of spentwash concentrations, respectively (Figure 5.29 B).  

A comparison between the results of this present investigation and those of other relevant studies 

based on the melanoidin degradation and COD removal efficiencies in various forms of 

melanoidin-containing wastewaters is presented in Table 5.7. The developed combinations of 

WO3/H2O2/Visible and FZO/H2O2/UV could be selected as one of the most competitive systems 
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among the other systems based on the % decolourization, % COD, lower H2O2/COD ratio and 

multiple cycles of reusability. Compared to other photocatalytic systems for melanoidin and  COD 

removal, the synthesized WO3 and FZO photocatalyst exhibited better oxidation efficiency 

presumably due to the formation of sufficient active catalysis binding sites. The organic content 

(melanoidin) was oxidized and low molecular organic/inorganic compounds were agglomerated 

and settled down during the oxidation reaction, which was easily separated from the solution. This 

resulted in efficient decolourization of spentwash and significant reduction of COD. 

 

 

Fig. 5.29: Application of the developed combinations of WO3/H2O2/Visible and 

FZO/H2O2/UV at the respective RSM optimized conditions of the decolourization of a real 

spentwash sample.
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Table 5.7. Comparison of relavent studies for decolourization and COD reduction of melanoidin containing wastewater. 

Methods/Catalyst Wastewater Source 

Light 

source 

Initial COD 

(mg L-1) 

% 

Decolorization 

% COD 

Reduction 

H2O2/ 

COD 

Re-

usability 

Ref. 

Fe-doped Activated carbon Synthetic melanoidin Visible 8000 84.7 72.6 1.02 5 cycles [249] 

AAC–CH–Fe) Synthetic melanoidin Visible 8000 77.1 74.4 0.02 N/A [248] 

Vanadium-doped TiO2 Distillery spentwash Visible N/A 65 N/A N/A N/A [285] 

Fe2O3-graphite composite Distillery effluent Visible N/A N/A 66.15 N/A N/A [72] 

TiO2/H2O2 Distillery effluent Visible 500 79 N/A 20.40 N/A [342] 

WO3/H2O2 Synthetic melanoidin Visible 28160 99.6 93 0.14 8 cycles Present study 

WO3/H2O2 Distillery spentwash Visible 9840 73 66 0.41 6 cycles Present study 

UV/H2O2 AOP Synthetic melanoidin UV N/A 99 N/A N/A N/A [287] 

TiO2–ZnO-Activated Carbon Synthetic melanoidin UV 3000 97 N/A N/A N/A [283] 

UV/H2O2/TiO2/Zeolite Synthetic melanoidin UV 5000 97 N/A 0.01 N/A [281] 

Natural zeolite-Fe/H2O2 Distillery effluent UV 1000 90 60 2 2 cycles [239] 

Fe-doped ZnO/H2O2 Synthetic melanoidin UV 53600 98 85 0.10 5 cycles Present study 

Fe-doped ZnO/H2O2 Distillery spentwash UV 9840 84 73 0.56 4 cycles Present study 
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5.3.8. Antibacterial property of the synthesized WO3 and FZO nanoparticles in real wastewater sample 

After treatment with synthesized WO3 and FZO nanoparticles, the bacterial count in spentwash sample 

decreased from 9.08 × 1011 CFU/ml to 0, as shown in Figure 5.30. This result demonstrated the synergistic 

effects of synthesized WO3 and FZO nanoparticles as excellent photocatalysts and antimicrobial activity [278, 

294]. Hence, the synthesized WO3 and FZO nanoparticles can be promised as a powerful nanomaterial for 

distillery wastewater treatment. 

 

Fig. 5.30: Antibacterial activity of WO3 and FZO nanoparticles on real wastewater sample 

(spentwash) for removal of microbes. 

 

5.4.     Conclusions 

In the present study, photochemical degradation of melanoidin has been investigated by WO3 and Fe 

doped ZnO nanoparticles. The experimental parameters such as temperature, time, H2O2 and 

WO3/FZO concentrations were optimized using RSM-CCD. At the optimized conditions (Temp 

38°C, Time 231 min, H2O2 concentration of 119 mM and WO3 concentration of 250 ppm) WO3 

photocatalyst resulted in almost complete (99.6 ± 0.1 %) degradation of 0.5 % w/v of melanoidin 

solution along with 92.6 ± 1 % of COD reduction under visible light illumination. Similarly, at the 
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optimized conditions (Temp 34°C, Time 117 min, H2O2 concentration of 163 mM and FZO 

concentration of 261 ppm) FZO photocatalyst showed 98 ± 1 % degradation of 1.0 % w/v of 

melanoidin concentration along with 85.1 ± 2.0 % of COD reduction under UV light irradiation. The 

first-order kinetic model better described the degradation process. The degradation study was 

conducted at various pH levels, and it was observed that the degradation of melanoidin in acidic pH 

is more efficient than basic pH. The degradation process was found to be as spontaneous and 

endothermic. The synthesized photocatalysts were resulting 1.5 to 2 times higher melanoidin 

degradation efficiency than commercially available very common photocatalysts (TiO2 and ZnO). 

The findings of the present investigations were validated on a real industrial spentwash sample and it 

was found that the synthesized photocatalysts efficiently removed the colour up to 5 % v/v of real 

spentwash. The repetitive use of catalysts up to the 8th and 5th cycles of WO3 and FZO nanoparticles, 

respectvely, for melanoidin degradation demonstrated the practical and economic feasibility. 
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Chapter 6 

Exploring molasses as a sole nutrient for the production of alternative 

metabolite biosurfactants 

 

(Experimental investigation of molasses as a sole nutrient for the production of an alternative 

metabolite biosurfactant. Rahul Verma, S. Sharma, L.M. Kundu and L.M. Pandey (2020). Journal 

of Water Process Engineering, 38, 101632.) 

 

(Enhanced Production of Biosurfactant by Bacillus subtilis RSL2 in Semicontinuous Bioreactor 

Utilizing Molasses as A Sole Substrate. Rahul Verma, S. Sharma, L.M. Kundu, S.K. Maiti and L.M. 

Pandey (2022). Journal of Biotechnology, 362, 24-35.) 
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This chapter explores sugarcane molasses as the sole nutrient source (media) for biosurfactant 

production using an isolated inherent microbe, Bacillus subtilis RSL-2. The experimental conditions 

(pH, temperature and molasses %) were optimized using the Response Surface Methodology-Central 

composite design (RSM-CCD) method for the maximum biosurfactant production, considering 

molasses as the sole nutrient. This study puts forward the potential waste to strategic wealth 

applications through microbial fermentation of molasses. 

At the optimized condition, remarkable biosurfactant concentration and surface tension were 

obtained. The key finding of this study is the enhanced biosurfactant concentration by many folds 

using only molasses. The produced biosurfactant was identified to be lipopeptide in nature, 

characterized by FTIR, NMR, LCMS and MALDI-TOF. The produced biosurfactant has higher 

thermostability, low CMC value and negative zeta potential. These properties of the biosurfactant 

endorsed its applicability in medicinal, environmental and food industry applications. The produced 

biosurfactant showed excellent surface activities, thermal and colloidal stability. The present study 

endorsed the suitability of molasses as a suitable substrate (media) for the remarkable production of 

biosurfactants. 

 

6.1. Introduction 

Biosurfactant has become the demand of the decade due to its versatility. Biosurfactants are 

amphiphilic molecules of biological origin with the potentiality of lowering the interfacial 

tension/energy without any harmful ill-effects to flora and fauna. Such distinct features have led 

various researchers across the globe to overtake the commercial chemical surfactants [343]. Several 

biosurfactants are widely used in food, cosmetics, medicines, petroleum and environmental sectors 
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[297-299, 344]. Microbial biosurfactants are gaining attention due to lower critical micelle 

concentration (CMC), stability and biodegradability [299]. However, the higher production, 

extraction and separation costs of biosurfactants restrict the practical applicability. Various researches 

are being undertaken to utilize waste or low-cost substrate, strains with high production yield, and 

easy extraction processes [345-347]. 

Microbial biodegradation is the most eco-friendly and economical effluent remediation tool for 

controlling environmental pollutants. Various genera of fungi and bacteria such as Aspergillus, 

Fusarium, Stenotrophomonas, Bjerkandera, and Bacillus have been reported to utilize these 

organometallic compounds as a source of energy for their metabolic activity [348-350]. In this 

direction, molasses are low-cost and renewable substrates produced as a bulk by-product of sugarcane 

industries. Its nutritional composition, enriched in carbohydrates, vitamins and minerals, makes it 

highly suitable for microbial consumption without any pre-treatment expenditures. Molasses are 

being utilized for ethanol fermentation, producing highly polluted spent wash, featuring high COD 

and BOD [351]. Various research works are being carried out to use molasses as a low-cost substrate 

to produce alternative metabolites like biosurfactants [352-356], a highly commercial value product. 

Most of the studies utilized molasses as a carbon (C) source in minimal salt media. However, the 

utilization of molasses as the sole nutrient source for biosurfactant production is yet to be extensively 

explored. Among various potential molasses degraders, Bacillus sp. have shown tremendous activity 

in degrading molasses and producing value-added products such as biosurfactants [357-360]. These 

bacteria produce biosurfactants as surface-active metabolites during the degradation of molasses-rich 

effluents, thus accelerating its solubility and bioavailability for microbial utilization [361, 362]. 

Various bioremediation strategies have been developed for improving the bacterial molasses 

biodegradation ability. Optimization of bacterial growth conditions such as temperature, pH, and 
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substrate concentrations are the major driving factor for microbial biodegradation. Though effective 

during the early growth stage, these parameters' role becomes less pronounced during the late stage 

of bacterial growth due to the accumulation of by-products and deprivation of substrates.  

In the present study, we have explored the molasses as the sole nutrient source (media) for the 

biosurfactant production using an isolated inherent microbe Bacillus subtilis RSL-2 [363]. The 

experimental conditions (pH, temperature and molasses %) were optimized using the Response 

surface methodology-Central composite design (RSM-CCD) method for the maximum biosurfactant 

production. The produced biosurfactant's physical, chemical and interfacial properties are analysed 

using various analytical techniques. A few studies explored the suitability of a semicontinuous mode 

of operation as a solution to sustain bacterial growth for the long term with an intermittent fill-and-

draw strategy [364, 365]. This study also employed the semicontinuous mode of operation with a fill-

and-draw strategy to intermittent replenishment of substrate and harvesting of product for improving 

biomass growth, substrate utilization and product yield. The produced biosurfactant has been 

characterized using various analytical techniques like FTIR, NMR and MALDI. The colloidal and 

interfacial properties of the produced biosurfactant have also been analyzed to highlight the potential 

applications.  

 

6.2. Materials and methods 

6.2.1. Materials 

Bushnell Haas (BH) media (M350), Sucrose (GRM601-500G) 3,5-Dinitrosalicylic (DNS) reagent 

(GRM1582), Toluene (108883), Hexadecane (544763), Sodium hydroxide (NaOH) pellets 

(GRM467), Hydrochloric (HCl) acid (AS004) and Nutrient broth (NB) media, (MB002) were 

purchased from HiMedia Laboratories, India. COD reagents such as Ferrous ammonium sulfate (Cat. 
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No. GRM302), Potassium dichromate (Cat. No. GRM1033), Mercuric sulfate (Cat No. GRM1088), 

and Silver sulfate (Cat. No. GRM1412) were also purchased from HiMedia Laboratories, India. 

Paraffin oil (11079LM500), Methanol (70930LC250) and Ethyl acetate (70680LC250) were 

purchased from Finar Limited, India. Sinapinic acid (CAS no. 530-59-6) and Trifluoracetic acid 

(TFA, CAS no. 76-05-1) were procured from Sigma-Aldrich, India. n-Hexane (110543) was 

purchased from SRM, India. Silicone oil (GRM704-100G) were purchased from HiMedia 

Laboratories, India, and used as an antifoam agent 0.1 % (w/v) for this study. All chemicals and 

reagents for this investigation were of analytical grade. 

 

6.2.2. Sample collection and media preparation 

As discussed in previous chapters, the industrial-based Sugar cane molasses sample was collected 

from DCM Shriram Ltd, a sugar cane molasses-based distillery manufacturing plant in Hardoi, India. 

The molasses sample was contained in a mouth-capped glass bottle and stored in a cool and dry place 

for further analysis. For the experimental work, the desired concentrations of molasses (1–5 % w/v) 

were prepared in distilled water. Molasses contain a high sugar content (30–50 %) along with other 

nitrogen (N), phosphorous (P) and minor elements. Along with sugar, N and P are utilized by 

microbes for the biosynthesis of biomass and product (biosurfactant). The minor elements act as 

cofactors for various cellular metabolic pathways. Hence molasses solution was used as a sole nutrient 

(media) without supplementing any chemicals. Diluted molasses samples were centrifuged (Thermo-

Fischer, Legend XTR) at 10,000 rpm for 10 min to remove solid residues. The pH of the sample was 

adjusted with 1 N NaOH and HCl solutions and autoclaved at 15 psi, 121 °C for 20 min [363]. 
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6.2.3. Production of biosurfactant 

The bacteria (Bacillus subtilis RSL-2) was isolated by our group from a sludge sample of Guwahati 

Refinery [363]. The isolated bacteria were incubated in Bushnell-Haas (BH) media for 24 h at 37 °C, 

180 rpm in a shaker incubator. 5 % (v/v) of this seed culture (Optical density, OD = 1) was inoculated 

in molasses media and incubated at 37 °C, 180 rpm for 8 days [366]. The growth profile of bacteria 

was observed at every 12 h by measuring the OD at 600 nm wavelength.  

 

6.2.4. Determination of biomass concentration 

Biomass concentration was determined by estimating the dry cell weight after removing the 

fermentation broth by centrifuging at 10,000 rpm, 4 °C for 15 min. The supernatant was collected for 

the extraction of biosurfactant and the pellet was dried in a hot air oven at 80 °C to obtain a constant 

biomass weight [345]. 

 

6.2.5. Extraction of produced biosurfactant 

The concentration of overall biosurfactant produced by bacterial during biodegradation of molasses 

was estimated using acid precipitation followed by solvent extraction technique [367]. Upon 

completion of the incubation period, the culture was centrifuged to separate cell-free supernatant. 

This supernatant was acidified to pH 2.0 using 6.0 M HCl and left overnight at 4°C. Next, the acidified 

solution was solvent-extracted using ethyl acetate and Methanol (4:1, v/v). Afterward, the organic 

phase containing biosurfactant was separated using a separating funnel and concentrated using a 

rotary evaporator (Rotavapor® R-300, Buchi), and extracted crude biosurfactant was quantified 

gravimetrically. Thus, the obtained crude biosurfactant was stored in a cool, dry, and dark place for 

further analysis. 
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6.2.6. Estimation of residual sugar in molasses  

The total reducing sugar from the samples collected at different time intervals was opted by a 

colorimetric technique using the 3,5-dinitrosalicylic acid (DNS) method [368, 369]. 45 g of Sodium 

potassium tartrate reagent was dissolved in 75 mL of distilled water. 1.5 g of DNS was dissolved in 

30 mL of 2 M NaOH solution. Both reagents were mixed and a total volume of 150 mL with distilled 

water was maintained. The concentration of residual sugar was assessed at a regular time interval of 

8 h. First, 100 µL of a sample was mixed with 3 mL of acidic water (pH=2). Then 300 µL of DNS 

reagent was added and the mixture was heated in a water bath at 90 °C for 5 min. The absorbance 

was measured at 540 nm after cooling at room temperature using a multiplate reader (Infinite 200 pro 

Tecan) [370]. Different known concentrations of sucrose were used for the preparation of the standard 

curve. 

 

6.2.7.  Optimization of culture condition by response surface methodology 

Response surface methodology (RSM) was utilized to optimize the culture conditions for the 

maximum production of biosurfactants. It is an empirical technique applied for the optimization of 

multiple experimental parameters such as pH, temperature, molasses concentration [195, 196, 371]. 

It is a statistical and mathematical tool and evaluates the actual experimental data. Minitab statistical 

software was used to design all experimental conditions. Central composite design (CCD) was 

applied to design the different experimental conditions with variable ranges [372]. In this study, three 

independent variables were used as pH (4–8), temperature (25–45 °C) and, molasses concentration 

(1–5 %) for the maximum biosurfactant production. Biosurfactant production and surface tension 

(ST) values were the dependent variables (responses). A total of 20 experimental conditions were 
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suggested with the interaction of these variables to predict the output (optimized conditions). Analysis 

of variance (ANOVA) was applied to analyse the experimental data for the regression analysis [297-

299, 345]. 

 

 

6.2.8. Determination of bacterial growth kinetics 

At a regular interval, the specific growth rate (𝜇) was determined using equation 6.1; 

𝜇 =
1

𝑥

𝑑𝑥

𝑑𝑡
                                                                                            (6.1) 

Where, ‘x’ stands for the biomass concentration and ‘t’ represents the time of incubation [373]. Also, 

the specific biosurfactant production rate, (qp), and specific substrate (molasses) utilization rate, 

(qs) were estimated using equation 6.2 and 6.3 [373]. Here mS stands for the maintenance coefficient 

which describes the specific rate of substrate utilized for cellular maintenance and is assumed to be 

negligible during the bacterial growth. 

𝑞𝑝 = µ
𝛶𝑝/𝑠

𝛶𝑥/𝑠
                                                                                       (6.2) 

𝑞𝑠 =
𝜇

𝛾𝑥/𝑠
+
𝑞𝑝

𝛾𝑝/𝑠
+𝑚𝑠                                                                         (6.3) 

Additionally, the coefficient of yield for biosurfactant (𝑌𝑃/𝑆), and biomass (YX/S) were calculated 

using equations 6.4 and 6.5, respectively [373]. 
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𝑌𝑃/𝑆 =
∆𝑃

∆𝑆
                                                                                    (6.4)                                                        

 𝑌𝑋/𝑆 =
∆𝑋

∆𝑆
                                                                                    (6.5) 

 

6.2.9. Batch bioreactor study using molasses as a sole nutrient 

The bacterial growth and biosurfactant production ability using molasses as the sole nutrient source 

was previously optimized in a shake-flask study [216] at pH 6.6, temperature 41°C, and 5 % (w/v) of 

molasses. These conditions were applied for the bioreactor study using a 4 L reactor system (Minifors, 

Switzerland) at a working volume of 1.5 L. The aeration rate and stirring speed were constant 

throughout the reactor operation at 1 vvm and 250 rpm, respectively. The bacterial growth was 

determined by measuring the optical density of the culture medium at different time intervals. The 

bacterial cells were separated from samples by centrifugation at 10000 rpm for 10 min. Later, the 

cells were washed with distilled water twice and re-suspended in distilled water for the measurement 

of optical density (O.D) at 600 nm using a UV-Vis spectrophotometer (Cary 60, Agilent). The batch 

operation was continued until the culture entered to the death phase. Later, the cells were separated 

from the culture media using centrifugation (10000 rpm for 10 min at 4°C), washed with sterile water, 

and dried at 80°C to determine the dry cell biomass. Also, the cell-free supernatant was analyzed for 

residual sugar, reduction in surface tension, and biosurfactant concentration.  

 

6.2.10. Semicontinuous fermentation based on a fill-and-draw strategy 

A semicontinuous bioreactor study was performed to extend the exponential growth phase of bacteria 

targeting to (i) replenish the sugar, (ii) improve the sugar utilization ability of bacterial [374] and (iii) 

minimize the product inhibition. For this purpose, bacteria were grown in semicontinuous mode with 
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initial culture conditions similar to the batch bioreactor, i.e., 4 L bioreactor holding a working volume 

of 1.5 L, initial molasses concentration of 5 % (w/v) and 10 % (v/v) inoculum. As stated above, the 

bacterial growth was assessed at a regular interval of 8h by measuring O.D. The semicontinuous mode 

of operation was commenced at the 56th hour of culture age, which was the starting period of the 

stationary phase in the batch culture. Then a fixed volume of culture was harvested and replenished 

with sterile molasses solution of a fixed concentration to maintain the working volume of the 

bioreactor set at 1.5 L. The process was performed at intermittent intervals of 8 h and continued until 

the culture O.D. was accomplished at the stationary phase. The operation was stopped at the beginning 

of the death phase i.e. no further growth in the O.D. of culture with the supplementation of fresh 

molasses. Finally, residual sugar, biosurfactant concentration and dry cell mass were estimated as 

mentioned in section 6.2.9. 

 

6.3. Characterization of biosurfactant 

6.3.1. Chemical characterization  

The functional group analysis of the crude biosurfactant was performed using Fourier-transform 

infrared (FTIR) spectroscopy (Perkin-Elmer, Spectrum Two). 1 mg of crude biosurfactant was mixed 

with 100 mg of anhydrous potassium bromide (KBr) and pelletized using hydraulic press followed 

by recording spectra in the range of 400–4000 cm-1 by averaging 32 scans at a resolution of 4 cm-1 

[216]. Proton (1H) nuclear magnetic resonance (NMR) was also recorded to 600MHz 

NMRSpectrometer (AVANCE III HD, Bruker). 200 μL of the crude biosurfactant was mixed with 

600 μL of deuterium oxide (D2O). Matrix-Assisted Laser Desorption/Ionization-Time of Flight 

(MALDI-TOF, AUTOFLEX SPEED, BRUKER) technique was used to estimate the molecular 

weight of the biosurfactant. 3 mg of sinapinic acid was dissolved in 100 µL of 30 % acetonitrile in 
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water containing 0.1 % TFA as a matrix solution. The biosurfactant was mixed with different matrix 

ratios (1:1 to 1:6, v/v) and analyzed using mass spectroscopy [366, 375].  

 

6.3.2. Thermal stability of biosurfactant 

 The thermal stability of crude biosurfactant was analyzed using thermogravimetry (TG) (Netzsch, 

STA449F3A00). 10 mg of crude biosurfactant placed on the aluminium crucible and subjected to 

heating at the rate of 10 °C min-1 to a temperature range of 0 to 1000 °C under an argon atmosphere. 

A thermogram was prepared by plotting the weight loss of biosurfactant with the increase in 

temperature [376]. 

 

6.3.3. Critical micelle concentration (CMC) determination  

The CMC of the crude biosurfactant was measured using a tensiometer (Dataphysics, DCAT 11EC) 

based Du Nouy ring method where the reduction of surface tension of water with the subsequent 

addition of different concertation of biosurfactant was determined [376].  The concentration of 

biosurfactant where it starts to form micellar structure causing no more change in the reduction of 

surface tension (ST) of water is deciphered as the CMC value for the crude biosurfactant. 

 

6.3.4. Oil displacement test 

The ability of biosurfactant to disperse hydrophobic surfaces was assessed using an oil displacement 

test. For this, 0.5 % (v/v) of oil was allowed to form a uniform layer on distilled water's surface in a 

Petri plate of 90 × 10 mm diameter. Further, 0.05 % (v/v) of biosurfactant (at CMC) was added to the 

uniform layer of oil, and the dispersion caused to the oil film was instantly recorded. The oil 
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displacement was calculated from the diameter of the halo zone formed after biosurfactant addition 

using distilled water as negative control [345]. 

 

6.3.5. Colloidal stability and hydrodynamic diameter 

The colloidal stability of the produced biosurfactant was analyzed by measuring the zeta potential 

and hydrodynamic diameter of the biosurfactant solution using Litesizer (Anton Paar). The produced 

biosurfactant at CMC concentration was dissolved in distilled water at varying pH ranging from 3 to 

11. An electrode cuvette was used to measure the zeta potential. The experiment was performed at 

25°C, providing 30 seconds of equilibration time and an average of 200 scans. Similarly, the 

hydrodynamic diameter of the biosurfactant solution was measured at 25°C in a transparent glass 

cuvette.  An average of 20 scans and an integration time of 10 seconds was employed with the 

backscattered angle of 175° [373]. 

 

6.3.6. Determination of Emulsification index (E24) 

The emulsification activity was assessed accordingly by Cooper and Goldenberg's method. The 

emulsification index of the cell-free supernatant was determined in various organic solvents such as 

mustard oil, kerosene oil, paraffin oil, n-hexane, Toluene, and Hexadecane. Approximately 4 mL of 

cell-free supernatant was thoroughly mixed with an equal volume of aforementioned organic solvents 

using vortexes for 5 min and kept idle for 24 h at room temperature. The emulsion index was 

determined by the following equation (Eq. 6.6) [345]; 

𝐸𝑚𝑢𝑙𝑠𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑑𝑒𝑥 (𝐸24 %) =  
𝐻𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑒𝑚𝑢𝑙𝑠𝑖𝑓𝑖𝑒𝑑 𝑙𝑎𝑦𝑒𝑟

𝑇𝑜𝑡𝑎𝑙 ℎ𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑙𝑖𝑞𝑢𝑖𝑑 𝑐𝑜𝑙𝑢𝑚𝑛
× 100            (6.6) 
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6.3.7. Determination of wettability alteration 

The wetting characteristics of produced biosurfactant on the hydrophobic surface were analyzed by 

measuring the contact angle using the Goniometer, Drop Shape Analysis System (Make: 

HOLMARC). The contact angle of cell-free supernatant and produced biosurfactant (at CMC) were 

measured on the hydrophobic surface of coverslips/paraffin sheet providing ambient of 25 ◦C of 

temperature and 1 atm of atmospheric pressure by following the described protocol. All the contact 

angle measurements of cell-free supernatant and produced biosurfactant solution were performed 

multiple times and the average values along with standard deviations are reported. 

 

6.4. Results and discussion 

6.4.1. Growth profile of Bacillus subtilis RSL-2 bacteria 

The bacterial growth in molasses (5 % (w/v)) media was observed at every 12 h by recording the OD 

at 600 nm wavelength. A typical sigmoidal bacterial growth pattern was observed (Figure 6.1). The 

lag phase was found up to day one and after it entered the exponential phase up to 4 days and further 

reached to the stationary phase. After 6 days, the death phase was observed. The specific growth rate 

during the exponential phase was found to be 0.57 ± 0.2 day−1, which corresponded to the reported 

data for Bacillus subtilis MG 495086 [366]. 
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Fig. 6.1: Growth profile of Bacillus subtilis RSL-2 bacteria at 37 °C, 180 rpm and 1 % (w/v) 

molasses. 

 

 

6.4.2. Optimization of culture conditions for the maximum production 

Three independent variables such as pH (A); temperature (B); and molasses concentration (C) were 

selected to optimize the biosurfactant production using RSM-CCD. The lower/upper bounds of A, B 

(°C) and C (% w/v) were 4/8, 25/45 and 1/5, respectively. The mini-tab software designed 20 

experimental set-ups as listed in Table 6.1. The responses including ST, biosurfactant concentration 

and dry-biomass were measured experimentally at the predicted conditions. The obtained 

experimental responses (ST, Biomass and BS conc.) were fitted to the model. The predicted response 

values are listed in Table 6.1, and found to be quite close to the experimental results. ANOVA was 
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applied for the regression analysis. The obtained correlation coefficient values were R2 > 0.96, 

indicating the very similar results between the experimental and predicted values. The lesser p-value 

(<0.0001) and the higher F-value proved the significance of the model. The quadratic polynomial 

equations were obtained for each response factors as mentioned in Table 6.2. In addition, ANOVA 

analysis of independent variables (A, B and C) and their interactions (AB, BC, AC, A2, B2, C2) are also 

tabulated in Table 6.2. The optimized conditions were predicted at pH of 6.6, temperature of 41 °C 

and 5 % (w/v) of molasses concentration. The 3D response surface plots are shown in Figure 6.2. 

Under the optimized conditions, the experimental responses i.e. biomass, biosurfactant concentration 

and ST, were obtained as 5.2 ± 0.2, 12.34 ± 0.1 and 24.09 ± 0.11 mN m-1, respectively (Figure 6.3). 
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Table 6.1. Experimental and predicted values of ST, biosurfactant concentration and biomass 

with respect to independent variables (pH, temperature and molasses concentration) in RSM-

CCD runs. 

Independent variables 
Experimental results 

(Responses) 

Predicted results 

(Responses) 

S. 

No. 

pH 

(A) 

Temp 

°C 

(B) 

Molasses 

% (w/v) 

(C) 

ST 

(mN m-1) 

BS 

conc. 

(g L-1) 

Biomass 

conc. 

(g L-1) 

ST 

(mN m-1) 

BS conc. 

(g L-1) 

Biomass 

conc. 

(g L-1) 

1 8 25 1 39 4.4 3.1 39.17 4.91 3.16 

2 6 35 6.4 25.39 9.1 5.9 25.55 8.71 5.09 

3 6 35 3 24.46 4.9 6.3 24.59 4.45 6.54 

4 6 35 3 24.49 4.1 7.8 24.59 4.45 6.54 

5 6 51.8 3 37.18 5.7 4.7 36.89 5.94 5.27 

6 6 18.2 3 34.15 2.2 3 34.35 1.56 2.76 

7 6 35 3 24.52 4.3 6.3 24.59 4.45 6.54 

8 8 45 1 30 5.5 5 29.96 5.22 4.00 

9 8 45 5 28 7.5 5.9 28.20 7.80 6.45 

10 8 25 5 28 3.9 3.7 27.58 4.14 3.86 

11 4 25 5 29 4.7 2.6 29.11 5.27 3.37 

12 4 45 1 47.79 2.9 3.2 48.27 2.94 2.81 

13 4 25 1 46 1.4 3.2 45.87 1.39 2.42 

14 2.6 35 3 46.09 5.4 3.6 45.91 5.32 3.91 

15 9.3 35 3 29.16 6.6 5.3 29.25 6.28 5.32 

16 6 35 3 24.5 4.46 6.3 24.59 4.45 6.54 

17 6 35 3 24.56 4.41 6.3 24.59 4.45 6.54 

18 6 35 0 41.36 3.3 1.1 41.11 3.29 2.24 

19 4 45 5 41.44 10.4 5.8 41.34 10.17 5.50 

20 6 35 3 25 4.48 6.3 24.59 4.45 6.54 
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Table 6.2. Quadratic model fitting to the experimental parameters with ANOVA analysis. 

 

Response factor 
Quadratic 

polynomial equation 
ANOVA analysis 

Surface Tension 

+128.13 − 12.17A − 2.15B 

− 13.20C − 0.15AB + 

0.12AC + 0.32BC + 1.15A2 

+ 0.04B2 + 0.77C2 

A, B, C, AB, AC, BC, A2, 

B2, C2 are significant model 

terms 

R2 = 0.99 

   

Biosurfactant 

concentration 

−5.03 + 0.13A + 0.27B + 

0.26C - 0.02AB + 0.04 AC – 

0.29BC + 0.12 A2 + 

0.002B2 + 0.14C2 

 

A, B, C, AC, BC, A2, C2 are 

significant model terms 

R2 = 0.98 

Biomass 

−14.77 + 2.11A + 0.60B + 

1.28C + 0.01AB + 0.02AC 

− 0.02BC − 0.17A2 − 

0.01B2 – 0.25C2 

B, C, A2, B2, C2 are 

significant model terms 

R2 = 0.87 
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Fig. 6.2: 3D response surface plots for the (A) biomass, (B) ST and (C) biomass concentration 

considering their independent parameters as pH, temperature and concentration of molasses. 
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Fig. 6.3: Profile of ST, dry biomass, biosurfactant production and residual sugar at the 

optimized conditions (pH 6.6, 41 °C and 5 % (w/v) of molasses) in shake-flask study. 

 

6.4.3. Production of biosurfactant at optimized conditions in shake- flask study 

Figure 6.3 shows the ST, biomass and biosurfactant concentration profiles of the shake-flask study 

for the isolated bacterial strain Bacillus subtilis RSL-2 at the above predicted optimized conditions 

of pH 6.6, temperature 41 °C and 5 % of molasses (w/v). The ST gradually decreased up to 6 days 

and reached towards the saturation at 24.09 ± 0.11 mN m-1. Corresponding to the ST decrement, the 

dry biomass concentration of the culture was increased. The maximum dry biomass concentration 

was 5.2 ± 0.2 g L-1, which was comparable to the reported data [355]. Dry-biomass and the 

biosurfactant concentration showed a linear relationship indicating the growth associated production 

of biosurfactant. The maximum biosurfactant concentration was 12.34 ± 0.1 g L-1. Table 
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6.3 compares the biosurfactant production ability of various Bacillus strains using molasses as the C 

source. Various literatures have used molasses as a suitable C source along with mineral salt media 

and other basal media. It is observed that very few bacteria (Bacillus licheniformis SA9 and Bacillus 

licheniformis TR7) are capable of using only molasses as a sole nutrient (media). However, in the 

present study, the biosurfactant concentration was improved by many folds as compared to the 

literature (see Table 6.3). Further, the surface-active property (i.e. surface tension) of the produced 

biosurfactant was found to be 24.09 mN m-1, which is comparable or better than the literature [355]. 

This highlighted the potential of the isolated strain to produce the biosurfactant utilizing using a low-

cost substrate (sole medium) like molasses. The economy is the major bottleneck in the biosurfactant 

production and limits its practical applications. Typically, raw materials account for 10–30 % of the 

overall production costs in most of the biotechnological processes [377]. The average price of 

molasses across the globe in about 7–8 INR/kg [378, 379], while the same of minimal media used for 

bacterial growth is about 7000 INR/kg [380]. This suggested molasses as a suitable low-cost substrate 

for the production of biosurfactants. It is clear that the use of molasses as the sole raw material is 

expected to reduce the overall production cost of biosurfactants. Further, during the scale-up process, 

media choice, geometrical and dynamic similarities play vital roles [381]. Variations in any one of 

these factors significantly influence the performances of a bioprocess i.e., product yield compared 

with laboratory-scale experiments. In this laboratory study, molasses was used as the sole raw 

material and the use of the same raw material during the scale-up shall ensure the similarity of media. 
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Table 6.3. List of biosurfactant production ability of Bacillus sp. using molasses as whole 

substrate/C source. 

S. 

N. 
Microbes Substrates 

Conc. 

(% 

w/v) 

Culture 

medium 

Reaction 

conditions 

(pH, Temp 

°C, RPM, 

Time (hr.)) 

Decrease 

in ST 

(mNm-1) 

/CMC 

(mg L-1) 

Biosurfa-

ctant conc. 

(g L-1) 

Ref. 

1 

Bacillus 

subtilis 

RSL-2 

Molasses 5 

Whole 

molasses 

medium 

 

pH 6.6, 41 °C, 

180 rpm, and 

240 h 

24.09/80 12.34 

Present 

study 

[216] 

2 

Bacillus 

subtilis 

SA9 

Molasses 4 

Whole 

molasses 

medium 

 

pH 6, 30 °C, 

150 rpm, and 

48–51 h 

29.5/30 3.78 [355] 

3 

Bacillus 

lichenifor

mis TR7 

Molasses 4 

Whole 

molasses 

medium 

 

pH 6, 30 °C, 

150 rpm, and 

48–51 h 

28.5/10 3.30 [355] 

4 

Bacillus 

subtilis 

B20 

Date 

molasses 
8 

Basal 

mineral 

salt 

medium 

 

pH 6.5–7.5, 

40 °C, 200 

rpm and 30 h 

25/NA 2.29 [353] 

5 

Bacillus 

lichenifor

mis W16 

Molasses 2 

Minimal 

productio

n media 

 

pH 7.3-10, 40 

°C, and 72 h 
38.28/NA 0.52 [382] 

6 

Bacillus 

subtilis 

ANR 88 

Molasses 4 

Minimal 

medium 

 

 

pH 7, 30 °C, 

and 36 h 
27.9/NA 0.513 [383] 

7 

Bacillus 

subtilis 

ATCC 

6633 

 

Molasses 3 
Minimal 

medium 

pH 6.8-7.0, 45 

°C, 200 rpm, 

and 48 h 

30.48/NA 0.381 [384] 

8 

Bacillus 

subtilis 

B30 

Date 

molasses 
2 

Minimal 

medium 

pH 7, 40 °C, 

160 rpm, and 

72 h 

26.63/33 0.3–0.5 [385] 

 

6.4.4. Analysis of residual sugar 

The cell-free supernatant was analysed by DNS method to estimate the residual sugar. The initial 

sugar concentration (at t = 0) was 24.7 ± 0.1 g L-1, which decreased along with cell growth and 

biosurfactant production and the final residual sugar at day 10 was 4.10 ± 0.3 g L-1, which 
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corresponded to the presence of un-fermentable sugar in molasses. This indicated 83.40 % utilization 

of the sugar to produce biosurfactant and biomass. The overall synthesis reaction is summarized in 

equation 6.7. The biomass and product (biosurfactant) yield were estimated. The biomass yield 𝛶𝑥/𝑠 

was found to be 0.25 g g-1, which agreed to the reported data of Bacillus strains [386]. The 

biosurfactant yield 𝛶𝑝/𝑠 was estimated to be 0.60 g g-1, which suggested the improved biosurfactant 

production ability of the present strain. The qp and qs were obtained as 0.057 g of biosurfactant g-1 of 

biomass h-1 and 0.19 g of substrate g-1 biomass h-1. In a study, Bacillus subtilis LAMI005 showed 𝛶𝑝/𝑠 

of 0.11 g g-1 when provided with glycerol as C source [387]. Similarly, upon using simple glucose as 

substrate, Bacillus subtilis strains resulted in YP/S in the range of 0.03−0.05 [386, 388]. Another 

strain, Bacillus sp. BMN 14 was used for the biosurfactant production using simple glucose and 

exhibited qp and qs as 0.00011 and 0.00027 g g-1 h-1, respectively [389]. These findings indicated that 

the isolated bacterial culture in the present study resulted in the tremendous biomass growth and the 

remarkable biosurfactant production without using any other media except molasses. 

𝑀𝑜𝑙𝑎𝑠𝑠𝑒𝑠(𝐶𝑥𝐻𝑦𝑂𝑧𝑁𝑎) → 𝐵𝑖𝑜𝑚𝑎𝑠𝑠(𝐶𝐻1.5𝑂0.5𝑁0.2) + 𝐵𝑖𝑜𝑠𝑢𝑟𝑓𝑎𝑐𝑡𝑎𝑛𝑡(𝐶53𝐻93𝑁7𝑂13)             (6.7) 

C balance between substrate utilization, biomass and biosurfactant production was performed to 

determine the fermentation efficiency. The molasses was considered to be sucrose (C12H22O11, 

molecular weight (MW) of 342.3). The molecular structure of biomass (Bacillus subtilis) was 

assumed as CH1.8O0.5N0.2 (MW of 24.6). As discussed in the next section, the produced biosurfactant 

was identified as surfactin (C53H93N7O13, MW of 1036). The substrate (sugar) amount was first 

utilized for the biomass production and the remaining substrate was considered for the biosurfactant 

as 𝐶𝑆𝑢𝑔𝑎𝑟 = 𝐶𝐵𝑖𝑜𝑚𝑎𝑠𝑠 + 𝐶𝐵𝑖𝑜𝑠𝑢𝑟𝑓𝑎𝑐𝑡𝑎𝑛𝑡. Based on the C-balance, the theoretical product (surfactin) 

concentration was estimated to be 9.98 g L-1. The higher concentration of the experimental value 
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(12.34 g L-1) of the biosurfactant than the theoretical one is presumably because of the presence of 

impurities and moisture in the crude biosurfactant. This confirmed the ∼100 % fermentation 

efficiency and the complete utilization of molasses for the biomass and biosurfactant production. 

In general, The hydrophilic head of surfactin contains a peptide chain while the hydrophobic tail is a 

chain of hydroxylated fatty acids of varying lengths and isoforms [390]. Thus, the biosynthesis of a 

lipopeptide comprises the production of (i) lipid and (ii) peptide. Further, surfactin synthetase 

enzymes catalyse the synthesis of surfactin [391]. 

 

6.4.5. Batch bioreactor study using sole molasses as nutrient 

Figure 6.4 shows the profiles of biomass (Bacillus subtilis RSL2) growth and residual sugar during 

batch culture at previously optimized conditions of pH 6.6, temperature 41°C, and 5 % (w/v) of 

molasses [216]. The biomass had a short lag phase, an exponential phase up to 68 h, and a short 

stationary phase followed by the death phase within 96 h of incubation. The specific growth rate 

during the exponential phase in the batch bioreactor mode of operation was estimated to be 0.059 ± 

0.015 h-1, which was 2.5 times greater than the bacterial growth reported during shake-flask 

incubation [216] as listed in Table 6.4. An exponential reduction in the residual sugar concentration 

was observed during the exponential phase of culture growth and reached a constant minimum value 

at the end of the death phase (Figure 6.4). An approximate 90 % of molasses utilization was obtained 

during batch bioreactor, whereas only 83.4 % of utilization was previously reported during the shake-

flask study [216]. A gradual reduction in the COD was also observed along with a decrease in residual 

sugar and biomass growth in the batch bioreactor (Figure 6.4). 73.4 % decrease in COD value was 

also obtained. The improved bacterial growth and molasses sugar utilization in the batch bioreactor 
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as compared to the shake-flask is a result of the enhanced/improved mass transfer in the bioreactor 

[216]. 

The supernatant was examined for the reduction in surface tension, which was found to be 25.68 ± 

2.8 mN m-1, signifying the production of biosurfactant by the bacteria. The production of 

biosurfactant was quantified after solvent extraction and lyophilization and estimated to be 13.7 g L-

1. The yields, 𝑌𝑃/𝑆  and 𝑌𝑋/𝑆 were calculated as 0.58 and 0.22 g g-1, respectively, which were 

comparable to the shake-flask data (Table 6.4).   

 

 

Fig. 6.4: Growth and sugar utilization ability of Bacillus subtilis RSL 2 in batch bioreactor 

study using 5 % (w/v) molasses as a sole nutrient source at pH 6.6 and temperature 41°C. 
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Table 6.4. Comparison of the ability of selected bacterial strains to utilize molasses as the sole 

nutrient source in 3 different growth modes.  

Parameters 

Shake-flask 

[216] 

Batch 

bioreactor 

Semicontinuous 

mode of bioreactor 

Working volume (L) 0.25 1.50 13.00 

Initial sugar (g L-1) 26 26 26 

Sugar utilization (%) 83.4 90 98.3 

Biosurfactant production (g L-1) 12.30 13.70 13.92 

µ (h
-1) 0.024 0.059 0.055 

YP/S 0.57 0.58 0.97 

YX/S 0.25 0.22 0.43 

 

 

6.4.6. Semicontinuous operation of the bioreactor 

In a fermentation process, the exponential phase mainly ceases either due to substrate limitation or 

product inhibition [392] and biomass enters a short stationary phase followed by the death phase 

(Figure 6.4). To extend the exponential phase, a semicontinuous mode of bioprocessing was explored. 

The semicontinuous process started with the batch mode at similar conditions pH 6.6, temperature 

41°C, and 5 % (w/v) of molasses. The profiles of biomass growth, residual sugar and biosurfactant 

concentration are shown in Figure 6.5.  
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Fig. 6.5: Growth profile of B.subtilis RSL2 in a semicontinuous mode reactor with intermittent 

feeding of 14.05 g L-1 per 8 h of incubation. 

It was observed that ~50 % of sugar was utilized within the exponential phase of bacterial growth and 

at the onset of the stationary phase within 64 h of incubation in the batch study (Figure 6.4). Thus 

residual was about 50 %. This indicated that the accumulation of biosurfactants in the culture media 

during the exponential phase affected biomass growth. From a batch study, it was found that the 

bacterial growth rate (µ) started declining with the increase in biosurfactant concentration > 10 g L-1  

[216]. In the present study, the biosurfactant concentration was observed as 12 g L-1 at 64 h of 

incubation. Thus, to lower the biosurfactant concentration in the bioreactor, a fill-and-draw strategy 

was performed in the semicontinuous mode for maintaining the biosurfactant concentration of 10 g 

L-1 within the bioreactor. The rate of biosurfactant production up to 64 h was observed to be 0.2 g L-

1 h-1. Accordingly, 250 mL of culture broth was harvested every 8 h and replenished with sterile 

molasses of a fixed concentration to maintain (i) biosurfactant concentration of 10 g L-1 and (ii) 
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constant working volume of the bioreactor as 1.5 L. Similarly, the rate of sugar utilization rate 

(∆𝑆/∆𝑡) during the exponential phase was obtained as 0.17 g L-1 h-1 and the residual sugar of 14 g L-

1 was present at 56 h. Hence, an intermittent additional feed of 1.4 g L-1 of sugar was added every 8 

h i.e. at the rate of 0.17 g L-1 h-1 to stimulate bacterial growth without substrate deprivation in the 

semicontinuous mode of bioreactor study. 

This fill-and-draw strategy enabled them to extend the stationary phase in the semicontinuous mode 

as compared to batch operation due to replenishing the nutrients and harvesting product 

(biosurfactant) from the bioreactor, as shown in Figure 6.5. The strategy extended the exponential 

phase up to 432 h (18 days). During this period, a constant sugar concentration of 14 g L-1 was 

maintained (Figure 6.5) due to intermitted feeding. This indicated the balance between the rates of 

utilization and the supply of sugar.  

Figure 6.5 evidenced that the growth rate was improved in the semicontinuous feeding mode of 

bioreactor operation. The specific growth rate 'µ' at the beginning of semicontinuous mode (i.e. batch 

operation) was calculated as 0.055 h-1, which was comparable to the batch study (Table 6.4). Further, 

µ values were calculated during the batch and semicontinuous studies at different time intervals. A 

constant value of µ was observed during the fill-and-draw duration as shown in Figure 6.6, which 

corresponded to the semicontinuous or the constant volume fed-batch modes of operation [393].  

While in the case of the batch study, a gradual decrease in the µ values was observed due to the short 

stationary phase followed by the death phase (Figures 6.4 and 6.6).  
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Fig. 6.6: Change in bacterial specific growth rate (µ) with time in the batch and semicontinuous 

mode of bioreactor studies. 

 

During the extended semicontinuous mode of operation, a total of 13 L of media was fed 

comparatively 1.5 L of the batch reactor.  The overall sugar utilization was 98.3 %, which was better 

as compared to the batch study (Table 6.4).  The biomass yield (𝑌𝑋/𝑆) was improved to 0.43 g g-1. 

Similarly, the product (biosurfactant) yield (𝑌𝑃/𝑆) was enhanced to 0.97 g g-1 i.e. more than 1.5 folds 

higher yield than batch culture. This also indicated the growth associated with biosurfactant 

production [216, 366]. The improved yield of biosurfactants was reported in previous studies using a 

fill-and-draw strategy. Joy et al. utilized lignocellulosic hydrolysate for the cost-effective production 

of rhamnolipid. The enhanced production of rhamnolipid was achieved using a fill-and-draw strategy 

as compared to a batch study [394]. Chen et al. also performed a similar experiment to enhance the 
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production of rhamnolipid. A pH-stat fed-batch culture with a fill-and-draw strategy resulted in an 

extended operation period of 500 h and improved rhamnolipid concentration of 9.4 g L-1 [395]. 

The mass balance of C species was done to estimate the theoretical concentration of the biosurfactant 

using the equation (6.7).  

Molasses (𝐶12𝐻22𝑂11) ⟶ Biomass (𝐶𝐻1.8𝑂0.5𝑁0.2) + Biosurfactant (𝐶53𝐻93𝑁7𝑂13)      (6.7) 

                                                                              

The molecular weights of molasses, biomass and biosurfactant are 342.3, 24.6 and 1036, respectively. 

The data of sugar and biomass listed in Table 6.4 were used for the calculation of the product yield. 

On the basis of the C-balance, the theoretical concentrations of biosurfactant were estimated to be 

12.23 and13.08 g L-1 in batch and semicontinuous bioreactors, respectively.  The experimental values 

were found to be slightly higher than the theoretical values as listed in Table 6.4 presumably due to 

the presence of moisture/impurities in the crude biosurfactant.  

The synthesis of biosurfactant was corroborated by the decrease in the surface tension as shown in 

Figure 6.5. The production of biosurfactants and reduction of surface tension are inversely related. In 

general, an increase in biosurfactant concentration results in a decrease in surface tension. Thus, the 

reduced surface tension is a better indicator of biosurfactant production. In optimization study, the 

surface tension was used as a response during the optimization of biosurfactant production [366]. In 

this study, the surface tension value was reduced to 22.80 mN m-1. Comparative performance of 

various studies utilizing molasses for the production of biosurfactants is reported in Table 6.5, which 

highlights the significant yield of biosurfactants and reduction in the surface tension by utilizing 

molasses as a sole substrate in the present study.  

The COD value was also monitored during the fermentation, which followed a similar profile as the 

residual sugar. At the end of the bioreactor operation, the initial COD of 11600 ± 200 mg L-1 declined 
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to 2400 ± 100 mg L-1 (i.e. 79.3 % of reduction). The COD value was found to be 50-80 times lower 

than that of distillery spent wash with COD of 110000−190000 mg L-1 [5, 18]. Overall, the 

semicontinuous mode of the bioreactor resulted in greater utilization of molasses (sugar) and 

biosurfactant yield than the batch bioreactor. In addition, downtime of bioreactor also reduces due to 

extended period of operation in semicontinuous mode. These findings indicate that the 

semicontinuous mode can be further scaled up. 
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Table 6.5: Various studies utilizing molasses for the production of biosurfactants 

 

Culture 

media 

Conc. 

of 

molasse

s 

Micro-organism 
Operation 

mode 

Working 

volume 

(mL) 

Experimental 

Conditions 

S 

(mN m-

1) 

CMC 

(mg L-1) 

B.S. 

conc. 

(g L-1) 

Ref. 

Only sugarcane molasses 
4 % 

(w/v) 

B. licheniformis 

TR7 

Shake flask 

study 
50 

30°C, pH 6 

150 rpm, 48 h 

 

28.5 
10 3.30 [355] 

Only sugarcane molasses 
4 % 

(w/v) 

B. subtilis 

SA9 

Shake flask 

study 
50 

30 °C, pH 6 

150 rpm, 48 h 
29.5 30 3.78 [355] 

Only sugarcane molasses 
7 % 

(v/v) 

P. aeruginosa 

GS3 

Shake flask 

study 
50 

30 °C, pH 7 

180 rpm, 48 h 
- - 0.24 [396] 

Basal mineral salt + Date 

molasses 

8 % 

(w/v) 

B. subtilis 

B20 

Shake flask 

study 
50 

40 °C, pH 6.5 

200 rpm, 30 h 
25 - 2.29 [397] 

Minimal production media 

+ Sugarcane molasses 

2 % 

(v/v) 

B. licheniformis 

W16 

Shake flask 

study 
50 

40 °C, pH 7.3 

72 h 
38.28 - 0.52 [382] 

Minimal media 

+ Sugarcane molasses 

4 % 

(v/v) 

B. subtilis 

ANR 88 
- - 

30 °C, pH 7 

160 rpm, 36 h 
27.9 - 0.51 [383] 

Minimal media + Date 

molasses 

2 % 

(v/v) 
B. subtilis B30 

Shake flask 

study 
50 

40 °C, pH 7 

160 rpm, 72 h 
26.63 33 0.50 [385] 

Basal mineral salt + 

Sugarcane molasses 

6 % 

(w/v) 

L. paracasei 

subsp. tolerans N2 

Shake flask 

study 
1000 33 °C, pH 6.7 37.85 - 2.70 [398] 

Minimal media + 
Sugarcane molasses 

2% 
(v/v) 

B. subtilis 
MTCC 2423 

Shake flask 

study 
250 

45°C, 200 rpm 

pH 6.8, 96 h 
29  1.0 [399] 

Yeast mold agar + 

Sugarcane molasses 

2.5 % 

(v/v) 

Candida tropicalis 

UCP0996 

Shake flask 

study 
500 

28 °C, pH 5.5 

200 rpm, 120 h 
30.4 60 4.11 [400] 

Only sugarcane molasses 
5 % 

(w/v) 

B. subtilis 

RSL-2 

Shake flask 

study 
100 

41 °C, pH 6.6 

180 rpm, 120 h 
24.09 80 12.34 [216] 

Only sugarcane molasses 
5 % 

(w/v) 

B. subtilis 

RSL-2 

Batch reactor 

study 
1500 

41 °C, pH 6.6 

200 rpm, 96 h 
25.68 70 13.7 

Presen

t study 

Only sugarcane molasses 
5 % 

(w/v) 

B. subtilis 

RSL-2 

Semicontinuo

us reactor 

study 

13000 
41 °C, pH 6.6, 

200 rpm, 504 h 
22.80 70 13.92 

Presen

t study 
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6.4.7. Analysis of functional groups of crude biosurfactant using FTIR and NMR 

The secondary structure of produced biosurfactant was characterized by resolving functional groups 

using FTIR and NMR analysis (Figure 6.7). The peak at the 2926 cm-1 corresponded to the presence 

of stretching of symmetric aliphatic (CH, CH2 and CH3) chains, and the peak position at the 3414 

cm-1 represents the presence of stretching bending of –OH groups. The peaks position at 634 cm-1 

and 779 cm-1 correspond to the existence of aromatic CH2 bending groups. The peak positions of 

1146 cm-1 and 1240 cm-1 represented the presence of alkoxy groups. Similarly, the presence of sharp 

peaks at the points of 1390 cm-1, 1650 cm-1, and 1726 cm-1 represented the presence of stretching of 

alkane groups (C-H) and amide groups (C=O), respectively. Hence, the produced biosurfactant was 

obtained as lipopeptide in nature [216, 366] [401]. Similarly, the 1H-NMR spectrum of produced 

biosurfactant was also analysed to support the function groups identified by the FTIR analysis. The 

broad peak at the position of 4.75 ppm corresponded to the presence of the solvent D2O. The peaks 

at the position of 2.06 and 2.1 ppm corresponded for the presence of alpha carbonyl substrate. The 

peaks position between 0.98 to 1.17 ppm confirms the presence of –CH2C-O group. The peak at the 

position of 3.82 confirms the appearance of CH2 group. These identified groups are reported in 

various literature for a lipopeptide biosurfactant [402, 403]. 
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Fig. 6.7: Functional group analysis of the produced biosurfactant by (A) FTIR (B) 1H NMR. 

 

(A) 

(B) 
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6.4.8. Estimation of molecular weight by using LCMS and MALDI-TOF 

The molecular weight of the produced biosurfactant was investigated using LCMS and MALDI-TOF 

analyses (Figure 6.8 (A and B)). From the LCMS spectrum, the presence of peaks (m/z) at 1086, 

1072, 1058, 1044 and 1030 represented [M + Na] + of C-17 to 13 acyl chains of the surfactin. 

Similarly, other characteristic peaks (m/z) at 998, 959 and 804 also corresponded to aliphatic surfactin 

product ions [M + Na-H2O] +, [M + Na-Leu] +, [M + Na-Leu-Leu] +, respectively. These peaks were 

in the agreement with the reported peaks in the literature [404, 405]. From MALDI-TOF also, similar 

results were obtained. Ions at m/z 1007, 1035, and 1022 were hypothesized to be C13[M + H]+, C13 

[M + Na]+, and  C14 [M + H]+ surfactin, respectively, as also reported in the literature [406-408]. The 

peak at m/z value of 1144 represented the presence of high molecular weight Iturin A lipopeptide 

C18[M +K]+ in small amount within the crude biosurfactant mixture [409].  The presence of 

fragmentation peaks at 895, 918, 695, and 673 represented the disintegration of surfactin C13[M + 

H]+,[410], C13 [M + Na]+, and C14 [M + H]+ ions respectively, as also reported previously [357, 406, 

411]. Therefore, the crude biosurfactant was identified as a heavy molecular weight surfactin of 

carbon chain C18-C13. 
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Fig. 6.8: (A) LC–MS and (B) MALDI TOF analysis for the produced biosurfactant. 

 

6.4.9. Determination of CMC of crude biosurfactant 

The CMC value is defined as the minimum concentration of biosurfactant at which the optimum 

reduction of surface tension is achieved and further no decrease in surface tension is observed with 

an increase in the concentration of biosurfactant. The surface tension was monitored at biosurfactant 

concentrations ranging from 1 to 1000 mg L-1 as shown in Figure 6.9. The surface tension reduction 

of pure water decreased from 72 mN m-1 to the minimum value of 22.80 ± 0.08 mN m-1 i.e. 68 % 

reduction at the minimal concentration of 70 mg L-1 of the produced biosurfactant. Further, increasing 

the biosurfactant concentration did not affect surface tension. Thus, the CMC value of the produced 

biosurfactant was estimated to be 70 mg L-1. This value was found to be comparable to other reported 

data [216, 366, 412].  
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Fig. 6.9: The reduction in surface tension with increased biosurfactant shows the CMC value 

for crude biosurfactant. 

 

6.4.10. Oil displacement test and emulsification activity  

The oil displacement test was performed to check the produced biosurfactant's surface activity and 

wetting property on oil. The diameter of displaced oil is directly proportional to the surface activity. 

A clear zone was observed after immediate contact with biosurfactant concentration. The larger 

diameter of the formed clear zone indicates vigorous biosurfactant surface activity. The experiment 

was carried out at a CMC concentration (0.07 g L-1). The average diameter of the formed clear zone 

was found to be 2.1±1 cm (Figure 6.10 (A)), which is relatively better than the reported data. The 

control experiment was also performed with distilled water, and no clear zone was observed. The 
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obtained diameter of the clear zone indicates the produced biosurfactant as an excellent surface-active 

agent. 

The surface activity potential screening of produced biosurfactant was also performed by 

emulsification index analysis. This is the most widely used method for the screening of biosurfactants. 

The biosurfactant production rate leads to an increase in cell development and biomass concentration 

in the bioreactor. The produced biosurfactant showed the highest emulsification activity against 

Paraffin oil, followed by Toluene and hexadecane. The paraffin oil showed 68.75 % emulsification 

activity, while 37.5 % and 12.5 % emulsification activity were observed with Toluene and hexadecane 

(Figure 6.10 (B)). The remaining organic solvents were not showing any emulsification activity with 

produced biosurfactant. 

 

Fig. 6.10: (A) Oil displacement and (B) Emulsification activity of produced biosurfactant. 
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6.4.11. Colloidal stability and hydrodynamic diameter measurement 

The colloidal stability of produced biosurfactant was characterized by measuring the mean zeta 

potential of produced biosurfactant. The zeta potential of produced biosurfactant was measured at 

different pH ranging from 3 to 11 act CMC concentration (70 mg L-1). The produced biosurfactant 

resulted in a mean negative charge of -32.73 ± 0.46 mV at the neutral pH. The negative charge (-ve) 

of produced biosurfactant strongly demonstrates the anionic nature of the produced biosurfactant 

(surfactin). A zeta potential ≥ ± 20 mV reflects excellent surface activity and colloidal stability 

(Figure 6.11) [376]. The hydrodynamic diameter of produced biosurfactant was also estimated at 

CMC concentration, and it was found to be 148 ± 26 nm, which indicated inter-micelle interactions. 

It was reported that the formation of inter-micelle H-bonding formed bigger aggregates leading to the 

increased particle diameter [413]. The colloidal stability and smaller hydrodynamic diameter of 

produced biosurfactant endorsed its aptness for various applications. 

 

Fig. 6.11: The surface charge of produced biosurfactant at various pH values. 
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6.4.12. Thermal stability of produced biosurfactant 

The thermostability of produced biosurfactant plays an important role in various industrial and 

environmental applications. The thermal behavior of produced biosurfactant was analyzed by 

Differential Scanning Calorimetry/ Thermo Gravimetric (DSC/TG). The thermostability was 

analyzed in the range of temperature 0 to 1000 °C with an increment of 10 °C/min. The thermal 

behavior of produced biosurfactant can be classified in four-phase as shown in Figure 6.12. The first 

phase was observed between the temperature 0-100 °C, indicating the slightly unstable (≤ 10 %) due 

to the moisture content. The second phase was between 100-450 °C indicating the exponential loss 

of weight (about 60 %). The third phase between the temperature range of 450 °C to 750 °C showing 

the excellent thermostability of produced biosurfactant and no substantial weight loss (≤ 2%) proved 

that the produced biosurfactant could be applied for extreme applications such as enhanced oil 

recovery and remediation of polluted soil. The last phase was from 750-1000 °C, in which exponential 

weight loss was observed due to thermal degradation [414]. 
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Fig. 6.12: Thermostability analysis of produced biosurfactant using TGA. 

 

6.4.13. Determination of wettability alteration  

The amphiphilic nature of biosurfactants is related to wetting behaviour. The wetting property of the 

produced biosurfactants signifies the alternation in interfacial tension as described by Young’s 

equation [180]. The contact angles of media and produced biosurfactant on a hydrophobic paraffin 

film (model surface) were measured to analyze the wetting property. The drop shape images are 

shown in Figure 6.13. The contact angle of un-incubated media containing molasses was found to be 

92 ± 1˚, which indicated the hydrophobic paraffin surface. However, the contact angles of cell-free 

supernatant and the biosurfactant (at CMC) were reduced to be 41 ± 1˚ and 38 ± 1˚, respectively due 

to a decrease in the liquid-vapor and solid-liquid interfacial tensions. Further, the adsorption of 
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biosurfactants on the surface also lowers the surface tension of the solid [363]. The hydrophobic 

nature influences the adhesion on various surfaces such as oil-water, water-air, and solid-surfaces 

adhesion. This property of the produced biosurfactant is required for tuning the interfacial interactions 

for various applications like enhanced oil recovery and remediation of crude oil on contaminated 

sites. 

 

 

 

Fig. 6.13: Analysis of wettability alteration by contact angle analysis of (A) Molasses media (B) 

Cell-free supernatant and (C) produced biosurfactant at CMC value. 

 

6.5. Conclusions 

In the present study, sugar cane molasses was explored as a cheap and sole nutrient source (media) 

for the production of biosurfactant. The RSM-CCD was applied for optimization of experimental 

parameters (pH, temperature and concentration of molasses) in terms of maximum biosurfactant 

concentration and minimum ST. The ability of biosurfactant-producing bacteria B. subtilis RSL-2 to 

thrive on a high concentration of molasses (5 %, v/v) as the sole nutrient source was explored using 

a bioreactor system. In the shake-flask study, the bacteria Bacillus subtilis RSL-2 showed 
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exceptionally high biosurfactant production ability of 12.34 ± 0.1 g L-1. The bacteria showed 

improved biosurfactant production (13.7 g L-1) and molasses utilization ability (~90 %) in the 

bioreactor system compared to the shake flask study. To further enhance the molasses biodegradation 

ability of selected strain, a sequential fed-batch bioreactor study was operated under similar reaction 

conditions with slight improvisations. Further, the exponential phase got extended up to 18 days by 

employing a semicontinuous mode of operation. The sugar utilization ability was improved to > 98 

% along with 13.92 g L-1 of biosurfactant production. The semicontinuous operation for 21 days and 

a total of 13 L of media was fed as compared to 1.5 L of working volume in the batch reactor. The 

biosurfactant yield was enhanced by 1.5 times and was found to be 0.97 g g-1. These results 

demonstrate the potential applicability of B. subtilis RSL2 in high biosurfactant production using a 

semicontinuous mode of operation. The produced biosurfactant was characterized as high molecular 

weight lipopeptide with characteristically high stability at a broad range of pH and temperature.  The 

biosurfactant showed excellent surface properties in terms of lower ST (24.09 ± 0.11 mN m-1), higher 

thermostability (160 °C), low CMC value (0.07 g L-1), negative zeta potential (−-32.73 ± 0.46 mV), 

high emulsification and oil displacement activity. The key finding of this study is the enhanced 

biosurfactant concentration by many folds using only molasses. These results illustrate the potential 

applicability of B. subtilis RSL-2 in distillery wastewater treatment and high biosurfactant production 

using a sequential fed-batch mode of operation. These properties of the biosurfactant endorsed its 

applicability in the medicinal, environmental and food industry applications. 
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Chapter 7 

Overall conclusion and future works 

7.1. Overall conclusion 

In this adsorption study, the amine-modified Phyllanthus emblica leaf powder, formed by SAMs, was 

explored for melanoidin removal as a cheap, effective and eco-friendly adsorbent. The RSM-CCD 

was applied to optimize experimental parameters (temperature, pH and adsorbent doses). 2.5 folds 

enhance the maximum adsorption capacity of the novel adsorbent as compared to unmodified PELP. 

The adsorption process was described as spontaneous and exothermic. The adsorption mechanism 

was explained through complexation and electrostatic interactions. Overall the modified PELP can 

be suggested as a cheap, effective and environment-friendly adsorbent for melanoidin removal in the 

distilleries. 

Similarly, the degradation efficiency at the optimized condition for the photo-Fenton process and 

photo-Fenton-like catalyst were investigated in real spent wash samples. It was found that the 

optimized photo-Fenton condition is effectively removing the color (99 ± 1 %) from 5 % v/v real 

spentwash sample while the FZO sample was effectively removing the 84 ± 1 % of real spentwash 

sample in a 120 min contact under UV light. Furthermore, the degradation of melanoidin pigments 

showed efficient colour removal by synthesizing WO3 nanoparticles at optimized conditions. 

Effectively removing the colour (73 ± 2 %) from 5 % v/v real spentwash was achieved under visible 

light illumination. The synthesized nanoparticle was showing reusability up to 8th consecutive cycles, 

suggested the good stability and efficiency of WO3. Overall the optimized photo-Fenton condition, 

Fenton-like catalyst and synthesized WO3 nanoparticle can be recommended as suitable applications 
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for melanoidin removal. It can be applied on an industrial scale in distilleries as cheap, effective and 

environment friendly. 

Simultaneously the molasses was explored as a low-cost substrate for the alternative metabolites like 

biosurfactant for various medicinal, environmental and food applications. Additionally, the batch and 

fill and draw strategy were investigated for optimum biodegradation of molasses to maximize the 

production of metabolites (biosurfactant). The produced biosurfactant exhibited excellent CMC 

value, surface activity, wettability, and colloidal and thermal stability. These characteristics propose 

the potential applications of produced biosurfactants in various bioremediation and biotechnological 

sectors. Hence, the obtained biosurfactant holds great potential for diverse environmental 

remediation, medicinal and material science applications. 

 

7.2. Future Scope 

Presently, the sugar industry has occupied a very strong place worldwide, including India. The co-

operative sugar factories play a vital role in the rural economy; most distilleries are planted in rural 

areas. The government strategies on pollution control and environmental management are becoming 

more and more strict. The government forces distilleries to look for more effective and eco-friendly 

treatment technologies. The use of such advanced technologies would be not only cost-effective but 

also be beneficial to the environment. In 2003, the Central Pollution Control board (CPCB) restricted 

distilleries to achieve zero discharge in the environment. Therefore, distillery wastewater requires 

extensive treatment to meet the stipulated environmental norms. Based on the existing research gaps, 

could be focused and fulfilled by considering the following future scopes. 
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7.2.1. The reaction mechanism of melanoidin breakdown by the physiochemical as well as a 

biological process is still unknown 

Melanoidins are challenging to define because they appear in a variety of sizes and have varying 

chemical structures depending on the kind of sugar and amino acid involved in the reaction. The 

elemental composition, structure, and molecular weight of the melanoidins are heavily influenced by 

reaction circumstances such as the Temp, pH, concentration, duration of the reaction etc. In order to 

understand the degradation pathway of melanoidin involved by the various physicochemical and 

biological processes could be focused in the future. The metabolites involved in degradation and 

intermediate products will strongly depend on multiple factors such as initial concentration, 

temperature, time, pH of the solution, etc. So it is a very challenging and interesting task to optimize 

the breakdown pathway. 

7.2.2. An integrated approach is required to enhance the efficiency of the melanoidin removal 

One of the most challenging aspects of melanoidin degradation is the low yield of treatment 

efficiencies. Numerous physiochemical and biological experiments have been carried out separately 

for melanoidin degradation. Yet the treatment efficiencies of these approaches are not validating at a 

significantly higher concentration of the melanoidin solution. In order to overcome this issue, the use 

of multiple techniques are required that might result in degradation efficiency. In this regard, the 

combined approach such as chemical pretreatment followed by biological treatment, Integration of 

two or more approaches could be examined in the future to enhance the efficiency of melanoidin 

removal. 
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7.2.3. Application of genetically modified microorganisms 

Biological treatment is not much explored due to its very slow degradation compared to other 

physiochemical methods or applications. In general, microbial treatment of melanoidin containing 

wastewater is an eco-friendly and cost-effective approach and the best alternate option of the chemical 

processes. However, only certain organisms have been identified that have the ability to break down 

melanoidin and still those are not suitable for melanoidin treatment after a certain limit. In this regard, 

genetically modified microbial organisms can also be applied for treatment. It is essential to find 

extreme microbial strains that can be applied to achieve a high yield of melanoidin degradation rate. 

7.2.4. Field treatment application can be performed on the contaminated site to investigate 

real impacts 

As discussed initially, the distilleries generate a very large amount of melanoidin containing 

wastewater. The laboratory-scale treatment approaches are not efficient enough to treat a large 

volume of melanoidin containing wastewater. Also, it is impossible to expect the same outcomes in 

the field treatment as in the lab because several environmental factors such as temperature, pH, 

concentration, light conditions vary in actual conditions. Hence, the melanoidin degradation 

efficiency will be influenced. So it is important to investigate the real impacts of these methods on 

melanoidin degradation for field treatment applications. Also, the scale-up studies of various 

approaches are required to enhance the treatment efficiencies in large volumes. 
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7.2.5. Production of alternative metabolites using raw materials to reduce the spentwash 

generation 

Microbial biodegradation is the eco-friendliest and economic effluent remediation tool for controlling 

environmental pollutants. Various species of fungi and bacteria such as Aspergillus, Fusarium, 

Stenotrophomonas, Bjerkandera, and Bacillus have been reported to utilize these organometallic 

compounds as a source of energy for their metabolic activity. In this direction, molasses are low-cost 

and renewable substrates produced as a bulk by-product of sugarcane industries. Its nutritional 

composition, enriched in carbohydrates, vitamins and minerals, makes it highly suitable for microbial 

consumption without any pre-treatment expenditures. In this prospects, molasses/melanoidin-

containing wastewater can be applied as a high nutrient source to cultivate various microorganisms. 

These micro-organisms can be incorporated with these nutrients. Their metabolic activities can 

produce value-added products such as volatile fatty acids (VFAs), polyphenolic compounds, 

biosurfactants and polysaccharides, etc. 

7.2.6. Cost analysis  

The economy is the major bottleneck in the application of various techniques applied for melanoidin 

degradation as well as the production of value-added substrates. Cost analysis could be investigated 

with different strategies that would be very helpful to understand the feasibility of these techniques 

in industrial-based field applications. 
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Appendices 

Appendix Chapter 4 

 

 

 

Fig. S4 (A): Standard curve of melanoidin. 
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Fig. S4 (B): HPLC chromatogram of a standard melanoidin sample having the initial 

melanoidin concentration of 10000 ppm (1 % w/v).  
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Fig. S4 (C): HPLC chromatogram of a 120 min treated sample at RSM optimized photo-Fenton 

conditions. 

 

HPLC analysis 

The reduction in the peak area of different time intervals samples was compared to control samples 

to analyse the degradation efficiency of melanoidin. The melanoidin peak was eluted at the retention 

time of 5.2 minutes (Figure SB). Exponential decrease in peak area and intensity justify the 

degradation of melanoidin concerning the time. The degradation efficiency was also quantified by 

HPLC analysis by comparing the chromatograms of standard melanoidin samples of known 

concentration (Figure SC). The HPLC analysis also evaluated 98 ± 1 % of melanoidin degradation 

within 120 minutes by photo-Fenton treatment (Figure 4.8 D). Similar peak patterns of melanoidin 
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were reported by Bharagava et al. and Morales et al. in their respective studies on HPLC analysis of 

the melanoidin, which confirms the authentication of the melanoidin compounds [236, 289].  
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Appendix Chapter 5 

Table S5.1. The experimental set-ups of independent variables (Temperature, time, H2O2 and 

WO3 concentration) and comparison of the experimental and predicted responses (% 

melanoidin degradation and % COD reduction). 

Serial 

No. 

Independent variable 
Responses (%) 

Melanoidin degradation COD Reduction 

Temp. 

°C 

(A) 

Time 

Min 

(B) 

H2O2 

mM 

(C) 

WO3 

PPM 

(D) 

Actual 

Value 

Predicted 

Value 

Actual 

Value 

Predicted 

Value 

1 32.5 97.5 57.5 150 52.16 45.21 41.14 33.62 

2 47.5 97.5 57.5 150 53.01 49.01 41.14 37.71 

3 32.5 232.5 57.5 150 66.42 66.62 57.14 56 

4 47.5 232.5 57.5 150 68.04 72.57 59.43 65.23 

5 32.5 97.5 152.5 150 67.5 58.51 56 47.62 

6 47.5 97.5 152.5 150 66.61 62.53 51.43 48.86 

7 32.5 232.5 152.5 150 73.16 77.35 62.88 68.3 

8 47.5 232.5 152.5 150 85.03 83.53 75.43 74.67 

9 32.5 97.5 57.5 250 67.62 66.58 56 54.48 

10 47.5 97.5 57.5 250 74.16 70.52 65.14 60.29 

11 32.5 232.5 57.5 250 76.63 81.26 67.43 70.57 

12 47.5 232.5 57.5 250 80.9 87.35 75.41 81.51 

13 32.5 97.5 152.5 250 92.72 88.74 85.71 80.47 

14 47.5 97.5 152.5 250 95.66 92.91 84.57 83.43 

15 32.5 232.5 152.5 250 99.39 98.85 93.71 94.86 

16 47.5 232.5 152.5 250 99.67 97.17 94.86 92.95 

17 25 165 105 200 74.48 78.73 64 70.19 

18 55 165 105 200 91.1 88.85 86.86 82.38 

19 40 30 105 200 29.56 46.28 17.14 33.62 

20 40 300 105 200 96.67 81.95 90.29 75.53 

21 40 165 10 200 69.99 68.91 56 56.85 

22 40 165 200 200 98.94 98.02 91.43 92.29 

23 40 165 105 100 39.49 46.8 29.71 35.14 

24 40 165 105 300 97.12 91.81 88 84.28 

25 40 165 105 200 90.29 92.58 81.14 82.67 

26 40 165 105 200 95.4 92.58 84.57 82.67 

27 40 165 105 200 91.65 92.58 82.29 82.67 

28 40 165 105 200 93.81 92.58 83.43 82.67 

29 40 165 105 200 90.52 92.58 83.43 82.67 

30 40 165 105 200 93.79 92.58 81.14 82.67 

 

TH-2999_166152005



 

Page | 229  
 

Table S5.2. ANOVA table of the quadratic model for the % melanoidin degradation by WO3 

photocatalyst. 

Source 
Sum of 

squares 
df 

Mean 

Square 
F-value p-value 

Model 8925.93 14 637.57 9.62 < 0.0001 

A (Temp.) 153.62 1 153.62 2.32 0.15 

B (Time) 1908.52 1 1908.52 28.79 0.01 

C(H2O2) 1645.07 1 1645.07 24.82 0.01 

D (WO3) 3039.30 1 3039.30 45.86 0.01 

AB 4.62 1 4.62 0.07 0.80 

AC 0.05 1 0.05 0.01 0.98 

AD 0.02 1 0.02 0.01 0.99 

BC 6.60 1 6.60 0.10 0.76 

BD 45.36 1 45.36 0.68 0.42 

CD 78.59 1 78.59 1.19 0.29 

A2 132.38 1 132.38 2.00 0.18 

B2 1388.77 1 1388.77 20.95 0.01 

C2 86.72 1 86.72 1.31 0.27 

D2 928.47 1 928.47 14.01 0.01 

Residual 994.20 15 66.28   

Lack of Fit 972.92 10 97.29 22.86 0.01 

Pure Error 21.28 5 4.26   

Cor Total 9920.13 29    
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Table S5.3. ANOVA table of the quadratic model for % COD reduction by WO3 photocatalyst. 

Source 
Sum of 

squares 
df 

Mean 

Square 
F-value p-value 

Model 10572.86 14 755.20 11.55 < 0.01 

A (Temp.) 222.77 1 222.77 3.41 0.09 

B (Time) 2634.67 1 2634.67 40.29 < 0.01 

C(H2O2) 1883.64 1 1883.64 28.80 < 0.01 

D (WO3) 3621.62 1 3621.62 55.38 < 0.01 

AB 26.37 1 26.37 0.40 0.54 

AC 8.15 1 8.15 0.12 0.73 

AD 2.94 1 2.94 0.05 0.84 

BC 2.91 1 2.91 0.044 0.84 

BD 39.63 1 39.63 0.61 0.45 

CD 143.88 1 143.88 2.20 0.16 

A2 69.78 1 69.78 1.07 0.32 

B2 1353.14 1 1353.14 20.69 0.01 

C2 112.34 1 112.34 1.72 0.21 

D2 903.31 1 903.31 13.81 0.01 

Residual 980.98 15 65.40   

Lack of Fit 971.39 10 97.14 50.64 0.01 

Pure Error 9.59 5 1.92   

Cor Total 11553.84 29    
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Table S5.4. The experimental set-ups of independent variables (H2O2 and FZO concentrations) 

and comparison of the experimental and predicted responses (% melanoidin degradation and 

% COD reduction). 

Serial No. 

Independent variable Responses (%) melanoidin degradation 

H2O2 

mM 

(A) 

WO3 

PPM 

(B) 

Actual Value Predicted Value 

1 37.82 129.29 22.69 25.03 

2 172.18 129.29 50.49 59.72 

3 37.82 270.71 31.34 36.26 

4 172.18 270.71 88.42 89.22 

5 10.00 200.00 14.61 12.41 

6 200.00 200.00 94.11 82.17 

7 105.00 100.00 50.3 45.04 

8 105.00 300.00 90.51 81.62 

9 105.00 200.00 83.17 82.93 

10 105.00 200.00 88.9 82.93 

11 105.00 200.00 81.37 82.93 

12 105.00 200.00 79.73 82.93 

13 105.00 200.00 81.46 82.93 
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Table S5.5. ANOVA table of the quadratic model for the melanoidin degradation by FZO. 

Source 
Sum of 

squares 
df 

Mean 

Square 
F-value p-value 

Model 9022.60 5 1804.52 22.60 < 0.01 

A (H2O2) 4866.40 1 4866.40 60.95 < 0.01 

B (FZO) 1337.62 1 1337.62 16.75 < 0.01 

AB 214.33 1 214.33 2.68 0.15 

A2 2209.03 1 2209.03 27.67 0.01 

B2 667.75 1 667.75 8.36 0.02 

Residual 558.94 7 79.85   

Lack of Fit 508.40 3 169.47 13.41 0.02 

Pure Error 50.53 4 12.63   

Cor Total 9581.54 12    
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Fig S5.1: Photocatalytic reactor equipped with Visible and UV light sources. 
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Fig. S5.2:  3D response surface plots for the melanoidin degradation (%) by WO3 considering 

their independent parameters as (A) temperature (°C), (B) time (min), (C) H2O2 (mM) and (D) 

WO3 (ppm) concentrations. 
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Fig. S5.3:  3D response surface plots for the COD reduction (%) by WO3 considering their 

independent parameters as (A) temperature (°C), (B) time (min), (C) H2O2 (mM) and (D) WO3 

(ppm) concentrations. 
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HPLC analysis of the melanoidin degradation by the photocatalyst 

The degradation efficiency of the melanoidin was determined by comparing the peak area reduction 

of samples collected at different time intervals. The melanoidin peak was observed after 5.2 minutes 

of retention time. The degradation of the melanoidin with time is justified by an exponential decline 

in peak area and intensity. HPLC analysis was used to determine photocatalytic degradation by 

evaluating the chromatograms of residual melanoidin samples with known concentrations. As per the 

HPLC analysis, photocatalyst WO3 resulted in 97 % of melanoidin degradation (Figure S4) and 

photocatalyst FZO resulted in 99 % of melanoidin degradation (Figure S6) at their respective RSM 

optimized conditions. 
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Fig. S5.4: HPLC chromatograms of (A) melanoidin sample at t = 0 min having the initial 

melanoidin concentration of 5000 ppm (0.5 % w/v), (B) Residual melanoidin at 231 min after 

photocatalytic degradation using WO3 at RSM optimized conditions and (C) Reduction in the 

peak area and degradation of the melanoidin samples at different time intervals evaluated by 

HPLC analysis. 
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Fig. S5.5: 3D response surface plots for the melanoidin degradation (%) by FZO considering 

their independent parameters as (A) H2O2 (mM) and (B) FZO (ppm) concentrations. 
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Fig. S5.6: HPLC chromatograms of (A) melanoidin sample at t = 0 min having the initial 

melanoidin concentration of 10000 ppm (1.0 % w/v), (B) Residual melanoidin at 120 min after 

photocatalytic degradation using FZO at RSM optimized conditions (C) Standard curve of the 

melanoidin and (D) Reduction in the peak area and degradation of the melanoidin samples at 

different time intervals evaluated by HPLC analysis. 
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