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ABSTRACT 

Lignin is a complex polymer of aromatics and a part of lignocellulosic biomass. Several 

paper/pulp industries and biorefineries are producing a huge amount of lignin as a by-product 

and still facing challenges for its management and further use. This study relates to the 

utilization of lignin to improve its importance in process development. Castor is a renewable 

non-edible source of long-chain hydrocarbons. India contributes nearly 80% of castor oil 

around the world. It is mainly exported from India at a very low price of 1.62-15.21 USD/kg. 

There are very few indigenous technologies of castor oil processing into value-added products 

and mostly depends on chemical catalysis which is usually non-sustainable. 

For this study, a new strain of Aspergillus flavus BU20S was isolated and identified by 

sequence analysis of ribosomal internal transcribed spacer (ITS) regions and cyp51A gene. An 

unknown metabolite produced by the strain was identified by elucidation of molecular structure 

using a combination of 13C and 1H-NMR, MS, FTIR, XRD, UV, and HPLC analysis. The 

metabolite was found to be kojic acid, which showed the potential to treat methicillin-resistant 

Staphylococcus aureus (MRSA) infection, among other industrial applications. It was observed 

that the isolated strain can produce kojic acid from castor oil and product titer can be increased 

by supplementing the medium with rice straw-derived depolymerized lignin. The substrate 

concentrations were optimized by response surface methodology using Design-Expert® 

software. As high as 6.69 ± 0.24 g/L of kojic acid was obtained using castor oil (20 g/L) and 

depolymerized rice straw lignin (3 g/L). For the first time, kojic acid has been reported from 

castor oil in this study. 

Kojic acid titer was also enhanced by a sequential fed-batch strategy. There was a 2 

times increase in the product when sequential feeding was executed. Along with that, the effect 

on nitrogen source, C/N ratio was also studied. A 3.63-times increase in the kojic acid (4.43 ± 

0.47 g/L) was found when only the ammonium chloride was supplemented in glucose (10 g/L) 

medium than all minimal salts. The molecular carbon/nitrogen ratio (C/N) was found optimal 

at 23.58 which gives a high titer of 5.17 ± 0.84 g/L from 10 g/L of glucose. At this optimal 

molecular nitrogen value, the nitrogen supplement cost can be reduced by 99% compared to 

yeast extract. The antimicrobial activity of purified kojic acid showed a ~20 mm zone of 

inhibition at a 2.5 mg dose loaded over 7.4 × 109 CFU/mL of MRSA. Compared to the control, 

around 85% decrease in cellular growth of MRSA was observed when kojic acid (10 mg/mL) 

was supplemented at initial Absorbance600nm of 0.03. 
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Another aspect of lignin has been investigated as an adsorber in the form of a 

ferromagnetic hybrid to treated textile wastewater effluent. Dyes are the major pollutant found 

in wastewater where the textile sector is majorly discharging a huge quantity of dyes. The 

physical adsorption of dye using lignin encapsulated iron-oxide hybrid was studied. In this 

study, natural biopolymer lignin was used to couple with ferromagnetic particles via 

Simultaneous Depolymerization and Co-precipitation (SDCP) process. The resulting hybrids 

were used for adsorbing dyes from water, especially methylene blue which is mostly considered 

a dye contaminant in textile wastewater. These hybrids were found very effective for the 

adsorption of several dyes. More than 90% of adsorption efficiency, 60.81 mg/g of adsorption 

capacity, complete recyclability, and high adsorption till 17 repeatable cycles were achieved. 

The low desorption efficiency (<26%) signifies stable complex formation. Effective parameters 

i.e., pH, temperature, and dye loading were also examined using response surface 

methodology. Along with that, the hybrid and control materials were analyzed using FTIR and 

FESEM+EDS techniques. For identifying intermolecular bonding, a theoretical model was also 

proposed using ChemAxon MarvinSketch®. This study can reduce the load of toxic 

components in preparation and also toward the more sustainable process of making adsorbers. 

This study suggests that these lignin ferromagnetic adsorbers have useful applications in 

cleaning wastewater.  



xiii 
 

LIST OF ACRONYMS AND ABBREVIATIONS 
 

  

Abs Absorbance 

AN Atomic Number 

AU Absorbance Unit 

AFB1 Aflatoxin B1 

AMS All Minimal Salts 

Al2O3 Aluminium Oxide 

NH4Cl Ammonium Chloride 

ANOVA Analysis of Variance 

ARTP Atmospheric & Room Temperature Plasma 

at.% Atomic Percentage 

BlastN Basic Local Alignment Search Tool for Nucleotides 

BU20S Bennett University 20 Sumit 

BTX Benzene Toluene Xylene 

BOD Biological Oxygen Demand 

COD Chemical Oxygen Demand 

BR-F0 Bioreactor Fed 0 Day 

BR-F20 Bioreactor Fed 20 Days 

BB G250 Brilliant Blue G250 

BB R250 Brilliant Blue R250 

Cd Cadmium 

CaCl2 Calcium Chloride 

CO2 Carbon Dioxide 

C/N Carbon/Nitrogen 

CO Castor Oil 

cm-1 Centimeter Inverse or Per Centimeter 

CI Chloroform Isoamyl alcohol  

Cr Chromium 

R2 Coefficient of Determination 

CFU Colony Forming Unit 

CR Congo Red 



xiv 
 

CF Coniferyl Alcohol 

Cu Copper 

CPFmC Co-Precipitated Ferromagnetic Control  

CrO Corn Oil 

CV Crystal Violet 

cyp51A Cytochrome P450 monooxygenase (CYP) superfamily 51A 

dNTPs Deoxynucleoside Triphosphates 

DNA Deoxyribonucleic Acid 

DLg Depolymerized Lignin 

C2D6OS Deuterated Dimethylsulfoxide 

DMSO Dimethylsulfoxide 

K2HPO4 Di-potassium Hydrogen Phosphate 

Na2HPO4 Di-Sodium Ortho-Phosphate 

DO Dissolve Oxygen 

DOT Dissolved Oxygen Tension 

eV Electron Volt 

El Elements 

ESI Electrospray Ionization 

EDS Energy Dispersive X-ray Spectrometry 

EDTA Ethylenediaminetetraacetic acid 

ETD Everhart–Thornley Detector 

F/g Farad Per Gram 

FeCl3 Ferric Chloride 

FeCl2 Ferrous Chloride 

FeSO4 Ferrous Sulphate 

FESEM Field Emission Scanning Electron Microscopy 

Fg Fungi 

C5 Five Carbons 

FAD Flavin Adenine Dinucleotide 

FTIR Fourier Transform Infra-Red 

GRAS Generally Recognized As Safe  

G4 Grade 4 (Crucible Filter Size) 

G10 Glucose 10 g/L 



xv 
 

G50 Glucose 50 g/L 

Gly Glycerol 

g Gram 

g/g Gram Per Gram 

g/L Gram Per Litre 

g/L/h Gram Per Litre Per Hour 

g/mol Gram Per Mole 

HPLC High Performance Liquid Chromatography 

HFW Horizontal Field Width 

h-1 Hour Inverse 

HCl Hydrochloric Acid 

H2O2 Hydrogen Peroxide 

HTT Hydrothermal Treatment 

-OH Hydroxyl Group 

INR Indian National Rupees 

ITS Internal Transcribed Spacer 

IU International Unit 

Fe3O4 Iron (II, III) oxide 

IR Infra-Red 

IRT Iron Regulated Transporter 

KA10 Kojic Acid 10 mg/mL 

KA50 Kojic Acid 50 mg/mL 

kb Kilo Base Pair 

kcal/mol Kilo Count Per Mole 

Kcounts/s Kilo Counts Per Second 

Kv Kilo Volt 

kg Kilogram 

C6H6O4 Kojic Acid 

LCB Lactophenol Blue 

Lg Lignin 

L-72 Lignin Extracted at Sulfuric acid 72% 

L-63 Lignin Extracted at Sulfuric acid 63% 



xvi 
 

LC/MS Liquid Chromatography/Mass Spectroscopy 

LiCl Lithium Chloride 

MgCl2 Magnesium Chloride 

MgSO4.7H2O Magnesium Sulphate Heptahydrate 

MG Malachite Green 

MA Maleic Acid 

MS Mass Spectroscopy 

m/z Mass/Charge 

Mb Mega Base Pairs 

MHz Mega Hertz 

MRSA Methicillin-Resistant Staphylococcus aureus 

MB Methylene Blue 

MT Metric Ton 

µL Microlitre 

µm Micrometer 

µM Micromolar 

µs Microseconds 

mM Milli Molar 

mg Milligram 

mg/g Milligram Per Gram 

mg/L Milligram Per Litre 

mL Millilitre 

mm Millimeter 

mmol Millimole 

mmol/g Millimole Per Gram 

M Molar 

MEGA Molecular Evolutionary Genetics Analysis 

MoO3 Molybdenum Trioxide 

MH Muller-Hilton 

MO Mustard Oil 

ng Nanogram 

nm Nanometer 

NCBI National Center for Biotechnology Information 



xvii 
 

NAD Nicotinamide adenine dinucleotide 

NS No Salt 

NMR Nuclear Magnetic Resonance 

OD Optical Density 

Ox Oxacillin 

O2 Oxygen 

ppm Parts Per Million 

Pa Pascal 

PCI Phenol Chloroform Isoamyl alcohol 

PHA Poly Hydroxy Alkenoate 

PLA Poly Lactic Acid 

PBAT Polybutylene Adipate Terephthalate 

PCR Polymerase Chain Reaction 

KH2PO4 Potassium Di-hydrogen Phosphate 

PDA Potato Dextrose Agar 

pH Potential of Hydrogen 

P-KA Purified Kojic Acid 

RSM Response Surface Methodology 

RPM or rpm Revolution Per Minute 

RNA Ribonucleic Acid 

rDNA Ribosomal Deoxyribonucleic Acid 

RSL Rice Straw Lignin 

RT Room Temperature 

SAF Safranin 

SDCPFmH SDCP Ferromagnetic Hybrids 

Si Silica 

SDCP Simultaneous Depolymerization and Co-precipitation 

SRL Sisco Research Laboratories 

C6 Six Carbons 

NaCl Sodium Chloride 

NaOH Sodium Hydroxide 

Na2S Sodium Sulfide 



xviii 
 

SSF Solid-state Fermentation 

SO Soybean Oil 

S-KA Standard Kojic Acid 

SmF Submerged Fermentation 

H2SO4 Sulfuric Acid 

TIFAC Technology Information Forecasting and Assessment Council 

Taq Thermus aquaticus 

TLC Thin Layer Chromatography 

–SH Thiol Group 

SOCl2 Thionyl Chloride 

TiO Titanium Oxide 

TCA Tri-Carboxylic Acid 

TRP B Trypan Blue 

UV Ultra Violet 

UV-PDA Ultra Violet-Photo Diode Array 

USD United States Dollar 

USD/kg United States Dollar Per Kilogram 

USD/ton United States Dollar Per Ton 

U/mL Units Per Millilitre 

UPGMA Unweighted Pair Group Method with Arithmetic Mean 

UEO Used Engine Oil 

v/v Volume by Volume 

KLa Volumetric Oxygen Mass Transfer Coefficient 

w/w Weight by Weight 

wt.% Weight Percentage 

XRD X-Ray Diffraction 

XC Xylene Cyanol 

YE Yeast Extract 

Zn Zinc 

ZRT/ZIP Zinc Regulated Transporter/ ZRT/IRT-Related Protein 

γFe2O3 γ-Ferric Oxide/Maghemite 

1/3rd  One-Third 

1/10th One-Tenth 



xix 
 

LIST OF SYMBOLS 
 

α Axial Point 

% Percentage 

> More Than a Value 

ºC Degree Celsius  

𝐷𝑃𝑒 Depolymerization Efficiency 

𝐿𝑔𝑖  Initial Lignin Concentration 

𝐿𝑔𝑓  Final Lignin Concentration 

≥ More Than or Equal To 

Θ Theta 

𝑌  Response 

𝑘0  Overall Coefficient 

𝑘𝑖 , 𝑘𝑗, 𝑘𝑥 , 𝑘𝑦, 𝑘𝑦𝑧 Linear Coefficients 

𝑘𝑖𝑖 , 𝑘𝑗𝑗 , 𝑘𝑥𝑥 , 𝑘𝑦𝑦 , 

𝑘𝑧𝑧  

Quadratic Coefficients 

𝑘𝑖𝑘𝑗, 𝑘𝑥𝑘𝑦, 𝑘𝑦𝑘𝑧, 

𝑘𝑥𝑘𝑧 

Interaction Coefficients 

𝐴 , 𝐵, 𝐶 Independent Variables 

* Multiply 

± Plus-Minus Sign 

δ Delta 

< Less Than 

K Additional Logarithmic Constant 

× Multiply 

Ae  Adsorption Efficiency 

𝐶𝑖  Initial Dye Concentration 

𝐶𝑓  Final Dye Concentration 

𝑉 Volume 

m Mass 

[M] Molar Mass in mass spectrometry 

De  Desorption Efficiency 



xx 
 

𝐶𝑑  Concentration of Dye Desorbed 

𝐶𝑎  Concentration of Dye Adsorbed 

+ Plus 

𝑌𝐴𝑒 Absorption Efficiency Response 

𝑌𝐴𝑐 Absorption Capacity Response 

~ Around/Nearby 

YGc Glucose Consumption Response 

YKa Kojic Acid Response 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xxi 
 

 

 

LIST OF FIGURES 
 

Figure 

Number 

Caption Page 

Number 

1.1 Every year different types of lignocellulosic waste (in million tons) 

are generated in India (TIFAC survey, 2007) 

2 

1.2 Lignin and its aromatic precursors 2 

1.3 Chemical structure of kojic acid 4 

2.1 Commercial price competence of different types of lignin in the 

market, the number values represent the price (USD/ton) and 

different sectors for worldwide consumption of lignin 

9 

2.2 Different kinds of lignin and their respective uses 10 

2.3 Lignin derived potential products via specific derivatizations 11 

2.4 Price based distribution of lignin-derived products 12 

2.5 Price vs. Market (bubble)-based comparative analysis of lignin-

derived products 

13 

2.6 Worldwide distribution of major key players of lignin manufacturer 15 

2.7 Sustainable route of lignin toward fine chemicals development 17 

2.8 Major commodity chemicals that can be derived from bio-based 

succinic acid coming through lignin low-value chain 

17 

2.9 Various industrial applications of lignin derivatives based on their 

category 

19 

2.10 Castor plant, beans, and oil 20 

2.11 Different derivatives of castor oil 21 

2.12 Market price assessment of castor oil derived products, Green: kojic 

acid 

22 

2.13 Structure of kojic acid, methods of formation, and applications  23 

2.14 Competitive and non-competitive renewable resources for kojic 

acid 

29 

2.15 Various molecular mechanisms proposed for the biosynthetic route 

of kojic acid 

33 



xxii 
 

2.16 Genetic construction of kojic acid biosynthetic genes and role of their 

specific expression (normal gene function), disruption (such as 

disruption of genes kojA, kojR and kojT by mutation), and 

overexpression (by transferring genes or by adding exogenous kojic 

acid) on kojic acid production; The promoter activation also disrupts 

the kojA expression and lead to produced other metabolites (PkojA: 

Promotor of kojA gene) 

37 

2.17 Chemical and enzymatic conversion of kojic acid into its various 

derivatives 

44 

3.1 Lignin content in different types of biomasses 51 

3.2 Depolymerization efficiency comparison among different acidic, 

alcoholic, and alkaline reagents with 1% concentration at lignin 2 

g/L 

51 

3.3 Surface response for depolymerization of rice straw lignin 52 

3.4 Effect of increase in concentration on depolymerization efficiency 

(%) at a range of rice straw lignin (RSL) from 2 g/L to 10 g/L 

53 

3.5 Effect of reaction time on depolymerization efficiency 53 

3.6 L-72 and L-63 type lignin extracted from rice straw by acid 

hydrolysis 

54 

3.7 The schematic representation of depolymerization of L-72 and L-63 55 

3.8 FTIR spectrum showing the bond interlinkage comparison of the 

structural changes in lignin L-72 and L-63 

56 

3.9 Proposed diagram of the structural integrity of the L-72 and L-63: 

Occurrence of inaccessible, breakable, and unbreakable bonds 

57 

4.1 A significant peak observed for an unknown metabolite in HPLC 64 

4.2 Different organic acids screened for the unknown metabolite on 

HPLC chromatogram 

64 

4.3 Comparison between maleic acid and unknown metabolite using 50 

mM phosphate buffer on HPLC chromatogram 

65 

4.4 Comparison between maleic acid and unknown metabolite using 

50% acetonitrile/water on HPLC chromatogram 

65 

4.5 Mass spectrum analysis of fermented broth for identification of 

unknown metabolite 

66 



xxiii 
 

4.6 Upper: Novel strain isolation and purification, Lower: Fungal 

isolate growing on PDA plate: Left: after 2-days; Centre: after 4-

days; Right: microscopic image of sporangium 

71 

4.7 Molecular analysis and sequence similarity of fungal isolate BU20S 

using ITS and cyp51A primer, M: 1kb DNA ladder of different 

types 

73 

4.8 Standard kojic acid and purified metabolite: (a) Visible appearance; 

(b) HPLC chromatogram 

76 

4.9 FTIR spectrum of standard kojic acid and purified metabolite 77 

4.10 XRD pattern of standard kojic acid and purified metabolite 77 

4.11 Mass spectrum of standard kojic acid and purified metabolite;  

[M+H]+, m/z = 143.03  

78 

4.12 13C-NMR spectrum of standard kojic acid and purified metabolite 79 

4.13 1H-NMR spectrum of standard kojic acid and purified metabolite 80 

4.14 UV spectrum of standard kojic acid and purified metabolite in 

HPLC  

81 

4.15 UV spectrum of standard kojic acid and purified metabolite in 

spectrophotometer  

82 

4.16 FeCl3 based colorimetric test for kojic acid analysis; red color 

complex 

82 

4.17 Product profile matching with kojic acid: (a) 5 mM H2SO4/water; 

(b) 50 mM phosphate buffer/water; (c) 50% acetonitrile/water 

mobile phase in HPLC; MA: Maleic acid, (d) Metabolite in broth 

and purified form 

83-84 

4.18 Kojic acid comparison among all 5 sets: Set 1: Pure castor oil 10 

g/L (CO10), Set 2: Pure glucose 10 g/L (G10), Set 3: Pure 

depolymerized lignin 3 g/L (DLg3), Set 4: Depolymerized lignin 3 

g/L with castor oil 10 g/L (DLg3CO10), Set 5: Depolymerized 

lignin 3 g/L with glucose 10 g/L (DLg3G10) 

85-86 

4.19 (a) Effect of pH on kojic acid production; (b) Buffering capacity 

assessment of depolymerized lignin with the cyclic addition of HCl 

by volume; Concentrated HCl (37%) was added as 16 × 200 µL in 

87 



xxiv 
 

each then additional 350 µL and 850 µL in without and with DLg, 

respectively) 

4.20 Kojic acid production in different aromatic supplementation with 

castor oil; CO: Castor oil, DLg: Depolymerized lignin 

88 

4.21 (a) Effect of depolymerized lignin concentration; (b) Effect of 

castor oil concentration; (c) Comparison between different oil 

substitutes for kojic acid production; CO: Castor Oil, DLg: 

Depolymerized lignin, MO: Mustard Oil, SO: Soybean Oil, CrO: 

Corn Oil, Gly: Glycerol, UEO: Used Engine Oil 

89-90 

4.22 Effect of temperature on kojic acid production  90 

4.23 Effect of use of Na2S for lignin depolymerization on kojic acid 

production  

90 

4.24 Kojic acid surface response in a range of castor oil and 

depolymerized lignin in medium 

91 

5.1 Studies for kojic acid production in shake flask at high substrate 

loadings; (a) Direct loading CO 100 g/L: One-time addition of 

castor oil 100 g/L, Sequential Fed (CO20×5 g/L): Feeding of castor 

oil 20 g/L after every 4 days (b) Direct loading CO 50 g/L: One-

time addition of castor oil 50 g/L, Sequential Fed CO20+10×3 g/L: 

Initiated with castor oil 20 g/L, and sequential fed of castor oil 10 

g/L after every 4 days 

99 

5.2 Sequential fed-batch study for kojic acid production in a bioreactor; 

BR-F0 to BR-F20: Bioreactor Fed 0 day to 20 days; Fed1 to Fed 5 

showed the sequential fed of castor oil after every 4 days of 

incubation up to 20 days at 180 rpm and 30 ºC 

100 

5.3 (a) Kojic acid titer and yield at different glucose concentrations 

from G10 (glucose 10 g/L) to G50 (glucose 50 g/L) after 10 days of 

incubation (b) Comparison among different salts used for kojic acid 

production; AMS: All minimal salts, NS: No salt 

102 

5.4 Effect of ammonium chloride vs yeast extract supplementation on 

kojic acid, Glucose 10 g/L supplemented with 1 g/L of ammonium 

chloride/yeast extract, Incubation 10 days, at 180 rpm and 30 ºC 

103-104 



xxv 
 

5.5 C/N ratio optimization for kojic acid production in glucose medium, 

Glucose 10 g/L supplemented with different ratios of C/N from 20 

to 5 using ammonium chloride (g/L) 

105 

5.6 (a) Zone of inhibition against MRSA using S-KA (Std. Kojic acid), 

P-KA (Purified Kojic acid), and Ox (Oxacillin) in mg/mL); An 

increase in Ox dose from 25, 50, and 75 µL has been given (upper 

and left-center) for the zone of inhibition, P-KA (100 µL) at right-

center, and S-KA (100 µL) at bottom-center 

(b) Effect of a range of kojic acid from KA10: Kojic acid 10 mg/mL 

to KA50: Kojic acid 50 mg/mL on the growth of MRSA at different 

time intervals (c) Effect of a range of starting culture in the 

presence of KA10 (Kojic acid 10 mg/mL) on the growth of MRSA 

at different time intervals 

109-110 

6.1 (a) CPFmC, (b) SDCPFmH 118 

6.2 (a) Adsorption efficiency and (b) adsorption capacity comparison of 

CPFmC, SDCPFmH, and Lg: Lignin (20 g/L) with methylene blue 

(100 µM); (c) Adsorption efficiency of several dyes using 

SDCPFmH (20 g/L) with dye concentration 100 µM; BB G250: 

Brilliant Blue G250, BB R250: Brilliant Blue R250, XC: Xylene 

Cyanol, CV: Crystal Violet, SAF: Safranin, MG: Malachite Green, 

LCB: Lactophenol Blue, TRP B: Trypan Blue, CR: Congo Red, 

MB: Methylene Blue 

119-120 

6.3 Adsorption efficiency and capacity on the recyclability of 

SDCPFmH with MB (100 µM) up to 33 cycles (from MB 1 to MB 

33), MB: Methylene blue 

122 

6.4 Maximum adsorption efficiency and capacity of SDCPFmH, MB: 

Methylene blue 

123 

6.5 (a) Response surface plots, (b) Interaction plots of adsorption 

efficiency (c) Interaction plots of Predicted vs actual, cube diagram 

and perturbation, related to adsorption efficiency and adsorption 

capacity of SDCPFmH at a range of pH (3-10), temperature (40 °C 

to 80 °C), and dye loading (100 µM to 300 µM) 

125-127 



xxvi 
 

6.6 (a) Adsorption (b) desorption kinetics of SDCPFmH against 

methylene blue at dye loadings 100 µM, 200 µM, and 300 µM with 

1 minute, 5 minutes, and 10 minutes courses of time 

128 

6.7 (a) FTIR response for the samples; CPFmC, SDCPFmH, 

CPFmC+MB, SDCPFmH +MB, Lg (Lignin), and Lg+MB (Lignin 

+ methylene blue); Adsorbers: 20 g/L, MB: 100 µM (b) FESEM 

images of CPFmC, SDCPFmH, and SDCPFmH +methylene blue 

(MB) at 500 nm, 4 µm, and 10 µm scale (c) EDS mapping of 

CPFmC, SDCPFmH, and SDCPFmH+methylene blue (MB); El: 

Elements, AN: Atomic number, C: Concentration, wt %: Weight %, 

at %: Atomic % (d) Particle size distribution of the CPFmC and 

SCDPFmH 

131-133 

6.8 Predicted illustration of interaction among Fe3O4 with lignin (Lg) 

and Methylene blue (MB); Fe: orange, O: Red, C: Gray, N: Blue, S: 

Yellow, and Cl: Green 

134 

7.1 Fermentation potential of Aspergillus flavus BU20S on variety of 

substrates 

141 

7.2 (a) Product formation in glucose, glucose+lignin, and lignin 

medium (b and c) A 3-D contour graph representing glucose 

consumption and kojic acid production, (d) Interaction study for 

glucose consumed and kojic acid, (e) Desirability prediction for 

maximum response 

143-144 

7.3 Utilization of depolymerized lignin by the fungi in HPLC; CF: 

Coniferyl alcohol 

145 

7.4 Inhibitory effect of lignin on lignocellulosic constituents 146 

7.5 (a) Hydrothermal treatment morphology of pine needle, (b) Content 

analysis-HTT at 1, 2, 4, and 6 hours of time interval at 180 ºC; 

HTT: Hydrothermal Treatment, (c) HTT at different % solid for 4 

hours and (d) fermentation; W: Water; M: Methanol, Fg: Fungi 

147-148 

  

  



xxvii 
 

LIST OF TABLES 
 

Table 

Number 

Caption Page 

Number 

1.1 Profiling of fatty acid content found in castor oil 4 

2.1 Output of nitrogen supplements on titer and yield of kojic acid. 28 

2.2 Kojic acid from competitive and non-competitive renewable resources 30-32 

3.1 Experiment design of depolymerizing agents used for depolymerization 

efficiency 

48 

3.2 Experiment design and response for depolymerization efficiency of 

lignin using sodium hydroxide and sodium sulfide   

52 

3.3 Comparison between L-72 and L-63 at different parameters 55 

4.1 List of products produced by Aspergillus sp. 67 

4.2 Independent variables and their corresponding levels for optimizing 

concentration of depolymerized lignin and castor oil 

70 

4.3 Kojic acid yield and productivity reported in different carbon sources and 

calculated in this study 

92 

5.1 C/N ratio distribution in the medium using glucose and ammonium 

chloride 

97 

5.2 Determination of comparative cost of the medium supplement with 

nitrogen source in literature and in this study 

106 

5.3 Zone of inhibition values at different CFUs of MRSA using S-KA, P-KA, 

and Ox 

108 

6.1 Independent variables and their corresponding levels for adsorption 

efficiency and capacity at different pH, temperature, and dye 

concentration 

115 

6.2 Experiment design and responses of adsorption efficiency and adsorption 

capacity corresponding to pH, temperature, and dye concentration 

124 

7.1 Experiment design of depolymerized lignin and glucose used for kojic 

acid 

138 

7.2 Experiment design of different combinations of lignocellulosic 

constituents 

139 



1 
 

CHAPTER 1 

INTRODUCTION 

1.1.Lignin 

Lignin is gaining commercial demand, while still it is undervalued due to value-addition 

challenges. The recent advancements in the field of biorefinery valorize the lignocellulosic 

material for high-value products. Every year ~500 million tons of lignocellulosic waste is 

generated in India, to which rice, wheat, and sugarcane residues contribute the most (Figure 

1.1). These residues are extensively studied for making bio-based fuels such as bioethanol, and 

biobutanol, or platform chemicals such as succinic acid, lactic acid, acetic acid, etc. During the 

lignocellulosic bioprocessing, the cellulosic fractions are being majorly utilized due to easy 

access to sugar substrate for fermentation. However, the remaining lignin [1] of the cellulosic 

biorefinery is still an undervalued waste and raises challenges for its management as well as its 

conversion into other value-added products. Currently, lignin is used for several low-value 

activities such as fuel for boilers, concrete admixture, activated carbon, bitumen or asphalt, 

road binders, dye dispersants, etc. [2,3].  However, the aromatic phenols of lignin [4] have a 

vast potential to convert into value-added products via chemical or biological routes. 

Lignin contributes around 1/3rd part of the lignocellulosic material. It is made up of aromatic 

precursors such as p-Coumaryl alcohol, Coniferyl alcohol, and Sinapyl alcohol (Figure 1.2). 

The renewable nature of lignin and its abundance on earth made it a valuable resource for 

converting into a valuable product. Many studies showed that it has the potential for chemical 

as well as biological conversion into simple phenols or high-value products like muconic acid. 

Several paper/pulp industries and biorefineries are producing a huge amount of lignin as a by-

product and still facing challenges for its management and further use. These industries sell 

lignin at a very cheap price of nearly 30 USD/ton and named it an undervalued product. 

Because of these challenges, lignin is becoming the major substrate of study. This study relates 

to the utilization of lignin to improve its importance in process development. 
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Figure 1.1: Every year different types of lignocellulosic waste (in million tons) are generated 

in India (TIFAC survey, 2007) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2: Lignin and its aromatic precursors 
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1.2.Castor Oil 

Castor oil is a non-competitive oil and renewable resource. India is a giant producer of castor 

oil. In the year 2020, around 1.8 million tons of castor oil seeds were accounted for in India 

[5]. By default, India holds a monopoly in exporting around 83% of the total global export of 

castor oil which is nearly 5.72 lac metric tons generated from 11.27 lac metric tons of castor 

seeds [6]. In 2018-19, Indian castor oil exports were valued at INR 5,562 crores [6]. China is 

the major importer with every year demand of nearly 30% [7]. In addition to the above facts, 

India is not getting leverage for this monopoly because of a shift towards soybean oil due to 

higher export demand of soyabean oil as well as its beans. The consumption of castor oil is 

limited in India itself. Therefore, India is dependent on other countries to sell castor oil at a low 

cost and does not have control over pricing. It is majorly imported from India at a very low 

price of 1.62-15.21 USD/kg for making high-value products such as undecylenic acid 72.46-

104.14 USD/kg, and Zinc Undecylenate 200-225 USD/kg (depending on purity). These 

products are sold around the world and are also being purchased back by India.  

With the lack of value-addition technologies and inadequate infrastructure to handle a huge 

amount of this non-edible oil, India has become a weak player. Castor oil constitutes various 

types of fatty acids majorly Ricinoleic acid (Table 1.1) [8]. Various manufacturers of castor 

oil also contribute to new advancements and establishing methods for value addition of castor 

oil like sebacic acid. Sebacic acid is majorly demanded by China. These methods are mostly 

depending on chemical catalysis that may have environmental safety issues. As the whole 

world is dependent on India for castor oil, more cohesive research work, and technology 

development can lift India as a major key player in this market. Many government 

organizations also taking part in improving these standards and have started challenging 

schemes to develop new indigenous technologies for making high-value products from castor 

oil. Therefore, this study is important and focused on developing a bio-based indigenous 

technology for making a high-value product from castor oil.  

  



4 
 

Table 1.1: Profiling of fatty acid content found in castor oil 

Fatty acid % 

Ricinoleic acid 85- 90 

Linoleic acid 4-5 

Oleic acid 3-4 

Stearic acid 1-2 

Linolenic acid 0.5-0.7 

 

1.3.Kojic Acid 

Kojic acid is a pyrone ring-structured secondary metabolic compound produced by fungi 

(Figure 1.3) [9,10]. It functions as a tyrosine kinase inhibitor for reducing melanin formation, 

therefore known as a skin-whitening component. Its application is distributed in medicine, 

food, agriculture, chemistry, and cosmetics [11,12]. Currently, the antimicrobial property of 

kojic acid is emerging as an effective agent in the form of ester derivatives [13], grafted 

oligosaccharides [14,15], and nano-bio catalysts [16], or liposomes [17], which ultimately leads 

to high demand for kojic acid. It also has the potential to treat methicillin-resistant 

Staphylococcus aureus (MRSA) infection. The present status displays that the major carbon 

source is glucose to produce it, while utilization of other non-competitive feed can also provide 

an alternative substrate.  

 

Figure 1.3: Chemical structure of kojic acid 

The market price of kojic acid is in the range of 264.32-15,534.78 USD/kg (depending upon 

purity). The direct utilization of castor oil for making kojic acid has not been reported earlier. 
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Generally, metabolic engineering is used to modify the microorganism to enhance its ability to 

utilize a substrate. However, it requires knowledge of pathway engineering, substrate 

constituents, step-by-step metabolic intermediates, etc. The case of kojic acid which is 

commonly studied on glucose substrate still lacks scientific proof of the metabolic pathway 

and enzymes involved in its biosynthesis. This study was focused on oil i.e., castor oil, which 

itself is a new substrate for kojic acid production that has not been used so far. 

1.4.Dye Pollution 

Dyes are the major pollutant found in wastewater where the textile sector is majorly discharging 

a huge quantity of dyes [18]. Dye affects the waterbodies by reducing light transfer, lowering 

photosynthesis, increasing BOD and COD, and sometimes entering the food chain, which leads 

to bioaccumulation. These all promote toxicity and health-related issues [19]. Lignin has been 

known as an effective adsorber. This means lignin can be further explored for dye removal. 

1.5.Research Problem and Motivation 

1.5.1. Research Problem 

a) Lignin is an undervalued natural renewable substrate that has management issues. It is 

generally used as cheap low-grade fuel or sold at a very cheap price for admixture-type 

applications. However, it has the potential to generate high-value products. 

b) Castor oil is also a non-edible renewable resource. India is not getting leverage of castor 

oil's monopoly although it is the largest producer of the commodity. This is mostly 

because of its in-edible nature, less consumption, and fewer indigenous technologies. 

Therefore, there is a need for a novel sustainable process to be developed for producing 

high-value compounds from castor oil.  

1.5.2. Research Motivation 

a) Utilization of lignin and castor oil as a substrate for biobased product formation. 

b) Other utilizations of lignin. 

 

1.6.Research Hypothesis 

The lignin can be used as an effective substrate for high-value product formation through 

microbial fermentation. Firstly. Lignin should be converted into depolymerized form to get its 

free monomers. The substrate modification of castor oil by supplementing lignin as a co-

substrate may show a novel substrate utilization as well as produce an important industrial 
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product. A novel microbial candidate is required to isolate that can grow on lignin as well as 

castor oil. The metabolic profiling can give a valuable product that can be derived from a lignin-

based castor oil medium. The unknown metabolite can be screened and identified through 

various analytical techniques. The novel substrate, microorganism, and product can be 

optimized for high product titer and yield. The production can be further optimized for reducing 

medium cost by media optimization and sequential fed strategies for higher yield. 

Another aspect of lignin can be explored for the adsorption of wastewater dye contaminants. 

The physical adsorption of dye using lignin-based ferromagnetic hybrids can be studied. 

Simultaneous depolymerization of lignin and co-precipitation with an iron-oxide approach can 

be used to prepare ferromagnetic hybrids. These hybrids might be effective for removing dye 

contaminants from wastewater. 

1.7.Research Objectives 

1) Objective 1- Extraction of lignin and optimizing its depolymerization. 

2) Objective 2- Isolation and identification of a novel strain of microorganism capable 

to grow on lignin and other substrates. 

3) Objective 3- Molecular structure elucidation of the metabolite produced by the 

microorganism. 

4) Objective 4- Co-substrate utilization of castor oil and lignin for producing kojic 

acid. 

5) Objective 5- Process and media optimization to enhance kojic acid titer. 

6) Objective 6- Utilization of lignin for adsorption of industrial dyes. 

 

1.8.Research Significance 

This research is focusing on the waste-to-value approach. The utilization of lignin and castor 

oil will impact a great significance in the field of utilization of undervalued resources. Both 

resources are renewable therefore will be long-lasting. The major goal of the study is to develop 

a close-to-room temperature process so that a sustainable and environment-friendly process 

can be developed. In the current scenario, this research is the need of the hour where lignin 

management is a global challenge and India is producing a large quantity of castor oil which 

needs better value. Overall, this research would be beneficial for the Indian economy. 
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1.9.Outline of Thesis 

This research is distributed among 8 chapters. 

Chapter 1- constitutes the basic understanding of research, problem statements and 

motivation, objectives, and research significance. 

Chapter 2- contributes to the literature study compiled for lignin, castor oil, and kojic acid. It 

describes the studies done so far on lignin, castor oil derivatization, and the product from lignin 

by various methods. The importance of castor oil and kojic acid and their market potentials. 

Chapter 3- is starts with objective 1. The lignin extraction from rice straw and the method for 

depolymerization was screened. After that, the optimization of lignin depolymerization was 

investigated. 

Chapter 4- is the experimentation to complete objectives 2 to objective 4. It describes the 

isolation of a novel fungal microorganism able to grow on lignin and castor oil as well as its 

molecular identification. Then, molecular structure elucidation of the product formed by the 

microorganism was performed. The product was identified through combinational analysis by 

various analytical techniques. Then, the co-substrate utilization and process optimization were 

accomplished for high product titers. 

Chapter 5- is all about the enhancement of the product concentration by medium and process 

improvements for better yield and low production cost. It completes objective 5. 

Chapter 6- defines another application of lignin as an adsorber for removing dye contaminants 

from wastewater. It completes objective 6 of the thesis. The ferromagnetic hybrids were formed 

using lignin and iron oxide by novel simultaneous depolymerization and co-precipitation 

technique for effective adsorption and recyclability. 

Chapter 7- describes the co-fermenting ability of fungal isolate and the inhibitory effect of 

lignin on sugar for kojic acid production. 

Chapter 8- is the conclusions and future aspects of the study. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1.Introduction 

This review describes the literature study of lignin, castor oil, and kojic acid. The detail of 

lignin-derived potential products was mined from reported literature to prepare the list of 

products formed via chemical as well as biological routes. Then, information related to the 

market value, and market size of products were gathered from trading and market analysis 

websites. After that, all the values were comparatively analyzed through a bubble chart to find 

the commercial feasibility of the products. In addition, the sustainable route for enhancing the 

value of biobased products and their intermediating role in value addition was evaluated. The 

deep understanding was towards shifting the path of low-value lignin into a platform chemical 

such as succinic acid [20]. The platform chemicals are likely to produce a diverse range of 

commodity products. The current emerging applications of lignin and its preparation routes 

were also studied to expand its applicability. This comparative knowledge is a piece of valuable 

information to select and identify the product with great commercial compatibility as well as 

the current diversity of lignin playing new roles in the industry.  

Castor oil is a rich source of fatty acid and can be derived into a valuable compound through 

chemical and biological transformations. Here, several castor oil-derived products were 

compiled to study a variety of products. Kojic acid is also a high-value product and was found 

to be a value-addition in the castor oil-based product chain. Kojic acid is a fungal secondary 

metabolic compound commonly known for its tyrosinase inhibition activity, that acts for skin-

lightning. Renewable resources are the alternative feedstocks that can fulfill the demand for 

free sugars which are required to ferment kojic acid. This review highlighted the current 

progress and importance of bioprocessing of kojic acid from various types of competitive and 

non-competitive renewable feedstocks. The bioprocessing advancements, secondary metabolic 

networks, gene clusters and regulations, strain improvement, and process design have also been 

discussed. The importance of nitrogen sources, amino acids, ions, agitation, and pH have also 

been summarized which is needed to optimize the process. Two fungal species Aspergillus 

flavus and Aspergillus oryzae were extensively studied for kojic acid due to their versatile 
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substrate utilization and high titer ability. The most valuable concern about Aspergillus flavus 

competing with industrial security and strategies to surpass this issue has been deeply studied. 

2.2.Lignin Feedstock: Types and Uses 

Lignin is extracted majorly in the form of lignosulfonates through sulfite pulping because it is 

soluble in water and has a vast number of applications [21]. Lignosulfonates account for nearly 

65% of the total worldwide lignin production (nearly 1 billion USD market) [22]. In 

comparison, different varieties of lignin have diverse price ranges depending on the purity. 

Low-purity lignin costs 50-180 USD/ton while high-purity lignin price reached up to ~750 

USD/ton [23]. A comparison between varieties of lignin and world consumption (%) can be 

seen in Figure 2.1. [23]. Lignosulfonate covers major applications used by lignin, for example- 

in drywall, concrete preparation, oil well-drilling fluid, emulsifying agent, dispersant, animal 

feed binder, agrochemicals, and resin preparations [24]. Kraft lignin is used as a 

fertilizer/pesticide carrier, carbon fiber, activated carbon, etc. [24]. Soda lignin is a kind of 

sulfur-free lignin that is different from lignosulfonates and is used for phenolic resins and 

polymer synthesis [25]. Organosolv lignin has applications in paint additives and varnishes 

also [26]. Hydrolyzed lignin is generally used for adsorbing ability [27]. This means lignin is 

used in various applications (Figure 2.2). The price of lignin is compromised by its 

applications, therefore low purity lignin is in high demand. Hence, the derivatization of lignin 

is needed to increase its value by further converting it into more valuable products like fine 

chemicals. 

  

Figure 2.1: Commercial price competence of different types of lignin in the market, the 

number values represent the price (USD/ton) and different sectors for worldwide 

consumption of lignin 
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Figure 2.2: Different kinds of lignin and their respective uses 

2.3.Value-Added Derivatives of Lignin 

The core components of lignin are aromatic compounds. Aromatic monomers of lignin showed 

potential for advanced products and applications. Resins and composites are used for making 

finished polymers while adipic acid is used to form polyester and nylon-66 [28,29]. For 

product-based processes, lignin can be further tailored by processes categorized as Gasification 

[30], Hydrocracking or Pyrolysis [31,32], Oxidation [33], Chemical modifications [34], and 

fermentation (Figure 2.3). But these all processes and applications are maximally moving 

towards low-value finished products.  

Gasification is an approach for producing syngas-related products such as methanol, ethanol, 

ethane, or other types of gases under high temperatures and in the presence of oxygen [35]. 

Hydrocracking breakdowns lignin into hydrocarbons by treating it at a high temperature (350 

°C – 450 °C) using a catalyst (MoO3 over Al2O3), and by keeping high hydrogen pressure (30-

100 bar) [30]. The derivatized product can be benzene, toluene, xylene, cyclohexane, cumene, 

styrene, phenol, etc. The phenol-based products can be derived from lignin by direct pyrolyzing 

with no oxygen and at high temperatures (150 °C – 550 °C)  [31,32]. A few of the phenol-

based structural forms such as phenol, catechol, cresol, resorcinol, eugenol, syringol, coniferol, 

guaiocol can be derived through pyrolysis treatment. To produce oxidative products, lignin is 
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wet-oxidized by employing a catalyst over it, and this kind of solvolysis is assigned for the 

separation of C-C and C-O bindings [33]. Major oxidative products that can be formed from 

lignin are vanillin, vanillic acid, dimethyl sulfoxide, dimethoxy formamide, hydroxy 

benzaldehyde, and quinones. As lignin consists of a macromolecular structure, its modification 

is helpful in directly derivatizing it into macro-molecule derivatives such as polyurethanes [34].  

Another high-value product named “Carbon Fiber” can be made from lignin [36]. For making 

carbon fiber, lignin solution is wet spanned into fiber and then oxidized at mild temperature 

and carbonated at high temperature, which generates high-strength carbon fiber, which has 

many specific applications [37,38]. The specialized applications of carbon fiber are in the 

aerospace, sports, and automobile sectors.  This high-value product when derived from lignin 

can lower the production cost by 78% because lignin precursor cost can be reduced to 10% 

from 51% of the conventional polyacrylonitrile precursor to lignin precursor [39]. The multiple 

applications of lignin macromolecules are functional in making carbon fibers, thermoset resins, 

adhesives, binders, polyols, polymer extenders, composites, hydrogels, etc. [40].  

 

Figure 2.3: Lignin-derived potential products via specific derivatizations  

Along with all chemical-type processes, the bio-based approach has also been emerging for 

developing products from lignin precursors. Microbial fermentation is a process of utilizing 

microorganisms to convert lignin into valuable products. Muconic acid (a high-value product) 

was derived from the genetically engineered bacteria Pseudomonas putida by shifting its route 
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from protocatechuate chain to produce it from catechol, benzene, and coumaryl alcohol 

substrates [41]. Similarly, other valuable products [42] such as adipic acid [43], vanillin [44], 

pyruvate [45], lactate [45], polyhydroxyalkanoates [46], hydroxybenzoic acid [47], methane 

[48], lipids [49] have been reported from lignin via bio-based processes using 

natural/engineered microorganisms. The bio-based approach is an alternative to the chemical 

and fossil fuel-based process that can help in establishing sustainability and reducing carbon 

credits. However, on a large scale, low product yield, high processing cost, and low purity 

standards may limit the commercial acceptance of bio-based products derived from lignin. 

2.4.Market Assessment of Lignin Derivatives 

In the current scenario, lignin is an important source for developing commercially important 

products. For this, the product pricing and its market value are important parameters to be 

known. A low to high value and low purity lignin to fine chemicals as well as potential 

derivatives have been compared according to their price (in USD/ton) (Figure 2.4) as well as 

the market value (in million USD) (Figure 2.5). Some products have very high value but the 

market size does not stand at a high scale, while some highly demanding products do not come 

across high pricing. Therefore, it has a significant impact on the market concerning high market 

size and price compatibility. Syngas and hydrocarbon-based products have a lower price range 

as compared to the other four categories such as phenol derivatives, oxidative, macromolecule 

derivatives, and microbiologically converted products. Among all kinds of products, muconic 

acid, resorcinol, benzoquinone, and carbon fiber are in the category of high-value pricing 

products. 

 

Figure 2.4: Price-based distribution of lignin-derived products  
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The market stability of a product depends on its market size and pricing. Some of the products 

such as methanol, toluene, and xylene do not have high pricing, but their demand is very high 

and has a very large market size. For example, the adhesive market demand reaches 60,000 

million USD while the market price is only around 332 USD/ton [50]. In comparison, the cresol 

market price is more than 1,000 USD/ton while the market size is only 676 million USD [51]. 

So, it concludes that price vs market size plays a vital role in evolving a commercially viable 

product. For this, a price vs market size-based bubble chart has been mapped for lignin-based 

products and potential derivatives to understand the value of the product (Figure 2.5). Current 

market status showed that the largest bubble size of the market covered by polyurethane is 

around 1 lac million USD [52] and the price is also >1,000 USD/ton. However, there is a 

significant difference between muconic and resorcinol pricing compared to polyurethane.  

 

 

Figure 2.5: Price vs Market (bubble)-based comparative analysis of lignin-derived products1 

 
1 All price in USD/ton and market size in USD million were read out from websites such as www.alibaba.com, www.echemi.com, 

www.indiamart.com, www.tradeindia.com, www.made-in-china.com, www.zauba.com, www.grandviewresearch.com, 

www.marketresearchmarket.com, www.gminsights.com, www.prnewswire.com, and www.mordorintelligence.com 
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The price difference is around 15-20 folds higher, while the market size is 800-900 folds lower. 

It showed that to balance the stability of products between pricing and demand it may be more 

feasible to target mid to high-range and largely demanding products as compared to very high-

value products. For example, hydrogel, phenol resins, and polyol are meeting mid-range value 

standards. It has also been studied that there are other ways of replacing muconic acid i.e., the 

same product can be made from adipic acid or succinic acid. This concludes that the lignin-

based derivatives can be chosen not only based on pricing but also on the market. 

2.5.Commercial Efforts to Valorize Lignin 

To make a profit from lignin and to sustain it in the market various key players named 

Boregaard, Domsjö, Domtar, Rayonier Advance Materials, Dallas group, Ingevity, Bisley, 

Stora Enso, Nippon Paper Group, etc., are pointed on the world map in Figure 2.6 [53]. These 

players are selling a large amount of lignin but compromising with the very low price of 30-50 

USD/ton. Boregaard Lignotech is the world leader in spreading applications of lignin in 

multiple fields such as agriculture, feed additives for animals, additives for batteries, dispersive 

items, admixtures, emulsifiers, road binders, water treatment cleaners, oil mudding and 

controlling dust particles [54]. Similarly, Domsjö (a subsidy of Aditya Birla Group) is the 

second leader in lignin bio-refinery and producing major products such as bio-ethanol and the 

remaining by-product lignin is being sold as concrete admixture. Domsjö also studied the utility 

of lignin towards carbon emission and estimated that 1 kg of lignin can reduce CO2 emissions 

from the production of cement by 20 kgs. 1,20,000 tons production capacity of lignin per year 

can reduce CO2 emissions to 2.4 million tons [55]. It shows that there are different uses of 

lignin but it is still under-valued. The asphalt industry is always looking for a sustainable 

replacement for asphalt pavement. There is around 50 kg/ton of CO2 released during hot asphalt 

mixing at the time of pavement [56]. Moretti et al. (2022) studied the impact of climate change 

on replacing asphalt from biorefinery lignin. The study showed that climate change can be 

lowered by 35-70% when lignin is used in top-layer asphalt and 25-50% in the case of base-

layer asphalt [57]. The addition of alternative and sustainable binders such as lignin in the 

replacement of asphalt modifier, extender or mixture, and bitumen can contribute to reducing 

CO2 emission in pavement engineering [58–60]. Under various forms, lignin has been utilized 

as a ligand to capture CO2. Recently, an advanced biocarbon was prepared from lignin by facile 

chemical activation at 600 ºC and found effective for CO2 capturing capacity of 2.01 mmol/g 

at 25 ºC [61]. 
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Figure 2.6: Worldwide distribution of major key players of lignin manufacturer  

2.6.Emerging Transformations of Lignin 

Lignin is continuously emerging as a sustainable material for multiple applications, a few of 

them are medical wound dressing hydrogels, biosorbents, photocatalysts, nanofibers, etc. [62]. 

Lignin-based anti-microbial hydrogels are being synthesized for wound healing by pre-

derivatization of lignin into amines and cross-linking with polyvinyl alcohol [63]. Similarly, 

the lignin-based model polymer in alginate gives hydrogels having antimicrobial properties 

and non-toxicity on epithelial cells [64]. Multi-functional lignin-based composites [65] were 

also derived due to high carbon, good biocompatibility, and mechanical strength. PLA/Lignin 

[66] and PBAT/Lignin [67] based composites showed promising plasticity and low cost of 

preparation. Lignin can also work as a sustainable biosorbent, actively used for removing heavy 

metals from wastewater [68]. Lignin can act as a chelating agent with a negative functional 

charge to attract positively charged heavy metals such as Cr, Cu, Cd, and Zn. Wu et al. found 

92.64% and 95.44% of Cr (III) and Cu (II) removal efficiency in wastewater using a 20 mg/L 

dosage of lignin [69]. A recent report showed the photocatalytic property of lignin applied in 

the formation of H2O2 from O2 reduction and H2O oxidation [70]. An up-gradation of lignin 

into TiO/Lignin composite photocatalyst prepared in a 1:0.5 ratio by sol-gel microwave 

technique was observed for vanillin with a yield of 1.68% [71]. Carbon nanofibers preparation 

is also one of the segments of lignin by electrospinning technique to be used as an effective 

adsorbent. Biobased lubricants like oleo gels were prepared by electrospinning of lignin with 



16 
 

polyvinylpyrrolidone to form nanofibers and their dispersion in castor oil [72]. Phosphating 

lignin with cellulose impregnated with phosphoric acid derives nanofibers that can act as 

energy-storing supercapacitors measured with a 346.6 F/g capacitance [73]. Another spinning 

technique is solution blow spinning in which the solution is blown to a defined distance, also 

used for making lignin-based carbon fibers. Carbon nanofibers (diameter ~ 228.5 nm) were 

made by solution blow spinning of Polyacrylonitrile/Lignin (20:80 ratio) and successively 

converted into carbon nanofiber [74] by carbonization at 600-900 ºC. It signifies the 

replacement of inexpensive and renewable lignin over petrochemical-based polymers. Carbon 

nanofibers have versatile applications in tissue engineering and drug delivery [75] because of 

their high biocompatibility. It concludes that the multifunctional properties of lignin captured 

its attention in developing novel sustainable materials that have a significant role in commercial 

applications. 

2.7.Breaking the Barrier Toward Sustainability  

Lignin is mostly used for burning as fuel for boilers in pulp industries [76]. Low purity lignin 

(180 USD/ton) [23] has been valued up subsequently as concrete admixture (210 USD/ton) 

[77], bio-coal (250 USD/ton) [78], bitumen (290 USD/ton) [79], BTX: Benzene Toluene 

Xylene (503 USD/ton) [80–82], activated carbon (600 USD/ton) [83], pure phenol (844 

USD/ton) [84], phenol derivatives such as cumene (1,124 USD/ton) [85] and carbon fiber 

(6,270 USD/ton) [86], etc. The potential of lignin for fine chemical preparation is also very 

high, and the price can reach up to 20,000 USD/ton (Figure 2.7). It can cover low to high-

value fine chemicals range. The lignin derivatives generated through chemical and bio-based 

approaches have been described earlier also. Here, a combined sustainable approach of 

producing bio-based succinic acid through a microbial conversion route has also been 

discussed as a potential method for making fine chemicals from lignin. Succinic acid is a point 

of interest chemical that is a top platform chemical and also called a building block for making 

valuable industrial products. Succinic acid can be derived into 1,4 butanediol (1,323 USD/ton), 

itaconic acid (1,630 USD/ton), gamma-butyrolactone (1,700 USD/ton), malic acid (1,800 

USD/ton), tetrahydrofuran (1,860 USD/ton), 2-pyrrolidinone (2,500 USD/ton), polyvinyl 

pyrrolidinone (4,790 USD/ton) and many more (Figure 2.7). The route of lignin from low 

purity to fine chemical can increase the price value by 26 folds and can be a next-generation 

alternative to fossil fuel sources. 



17 
 

 

Figure 2.7: Sustainable route of lignin toward fine chemicals development 

In the context of the market point of view, the market size of succinic acid-derived products 

should also meet a high standard value. After comparative analysis as shown in Figure 2.8, 1, 

4-butanediol has a bigger bubble size of nearly 8,960 million USD irrespective of a lower price, 

while itaconic acid is low in price as well as low in market size (83 million USD). It was found 

that the best compatible product with the price range is polyvinylpyrrolidone, higher in price 

(4,790 USD/ton) as well as high in market size (2,750 million USD) (Figure 2.8). Therefore, 

it showed that polyvinyl pyrrolidone and pyrrolidone are the major compatible products in price 

and market value. 

 

Figure 2.8: Major commodity chemicals that can be derived from bio-based succinic acid 

coming through lignin low-value chain 

2.8.Market Boundaries Towards Commercial Applications 

Mostly all lignin-derived products may not have established high-demand markets. Various 

applications have been addressed here for lignin-derived products used in various domains but 
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the use of waste and its dark brown color as well as phenolic precursors may restrict its use to 

derived fine chemicals typically used in healthcare and food. These are challenges still facing 

the commercial acceptance of a fine product coming from lignin until or unless proper 

purification has not been implemented. It becomes hard for a manufacturer to follow all 

guidelines in the context of the purity of the product. According to the reported literature, 

microbial processing opens the path toward sustainability and adds fewer carbon credits than 

chemical conversions. However, multiple products derived from lignin can be applied as same 

the industrial products are running in the market. The major challenge is gaining profit and 

matching the production cost as the typical manufacturing process is used with several rounds 

of purification for purity standards and yields are also comparatively low.  

Phenol derivatives have applications in disinfection, polycarbonate, epoxy preparation, and 

also as an intermediate of industrial polymer synthesis [87,88]. On account of hydrocarbons, 

the applications are unlimited because it is the major compound that comes from the fossil fuel 

industries to be used for various applications. On the other hand, hydrocarbon is mostly used 

as fuel [89] but is also used for making plastics, nylon, and other synthetic fabrics. Lignin can 

be modified into polyol and has the potential to be converted into hydrocarbon chains and can 

be a drop-in the chain of oil refinery. Petro-based compounds are source-limited and require 

more purification and separation processes to extract from crude oil. However, lignin can be 

extracted through a simple hydrolysis method and then hydrocracking into hydrocarbons and 

also has an unlimited renewable source. To deliver applications into flavor formations, fibers, 

adhesives, and coating materials, phenolic aldehydes play a major role and can easily be 

derived from lignin [90]. The oxidized product can be used as a reactive compound for 

industrial forms. Lignin can be oxidized via peroxidation either by hydrogen peroxide or by 

the enzyme lignin peroxidase. Lignin is also known for its strength and flexibility in plants. It 

makes the plant straight upwards. So, high strength gives immense opportunities for making 

durable and compact products. The macromolecular forms of lignin such as carbon fiber have 

applications in making parts for aircraft, sports equipment, racing cars, tires, gaskets, and other 

textile materials [91,92]. The salient features like high durability, lightweight, high tensile 

strength, and biodegradability give advantages over conventional products. Due to the complex 

structure, bio-based production has also been studied enormously by engineering microbes for 

making specialized building blocks via sustainable routes. Several products have been 

produced via fermentation of lignin precursor or similar substrates (benzoate, coumarate, 

catechol, etc.) are muconic acid, adipic acid [43], lactic acid [45], and PHA [46], which have 



19 
 

food, pharmaceutical, polymeric and cosmetic applications. As of now, microbial conversion 

is still being explored for high-value products from lignin. Here, many potential products are 

proposed as fine chemicals that can be derived through some novel sustainable route of 

production. Various product-based applications are highlighted in Figure 2.9. These products 

and applications are far beyond the simple use of lignin as a burning fuel. It concludes that the 

renewable bio-resource lignin is a potential substrate for making industrially valued products. 

 

Figure 2.9: Various industrial applications of lignin derivatives based on their category 

2.9.Castor Oil 

Castor oil is a commercial vegetative oil extracted from the castor plant (Ricinus communis) 

seeds. Castor plant grows within 4-5 months and their seed can be harvested for oil (Figure 

2.10). Due to the presence of the toxic enzyme ricin in castor beans, it is considered to be non-

edible. It is a yellowish-colored oil used in the manufacturing of lubricants, soaps, paint, waxes, 

dye coatings, and other fuel additives. There is 45-50% of the oil content found in castor seed 

can be extracted by crushing and pressing [93]. Castor seeds are dried, dehulled, cleaned, 

cooked, and dried before oil pressing. During pressing, an expeller is used for high-pressure 
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screw pressing, and crude oil is removed. Then, it is filtered for clean oil. There is around 8% 

of oil remains in the cake after extraction. The extracted oil can be further treated by oxidation, 

thermal, or hydrogenation methods to derivatize into special products. 

 

Figure 2.10: Castor plant, beans, and oil 

2.10. Castor Oil Derivatives 

Castor oil is an emerging source of functional materials. Castor oil is rich in fatty acids 

consisting of Ricinoleic, linoleic, oleic, stearic, palmitic, linoleic acid, etc. Ricinoleic acid is 

one of the major compounds that contribute around 90%. Mubofu et. al (2016) summarized 

various functional products derived from the chemical transformation of Ricinoliec acid via 

hydrogenation, pyrolysis, caustic fusion, etc. that resulted in 12-hydroxystreatic acid, 

undecylenic acid, dehydrated oil, sebacic acid, capryl alcohol, etc. [94]. Various derivatives of 

castor oil (based on their value in the market) are compiled in Figure 2.11. It shows the 

importance of castor oil as a valuable crop. Its direct utilization in the industry proves that it is 

a great bio-based raw substrate with an easily available source, non-competitive feed, and low 

cost. These processes are being saturated at the industrial level and increase the need for other 

valuable products to be derived from castor oil. Few bio-based methods were identified using 

oil-utilizing microorganisms such as Yarrowia lipolytica for γ-decalactone [95], as well as 

enhancement by immobilization [96], or fed-batch [97] methods. 
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Figure 2.11: Different derivatives of castor oil 

Castor oil itself showed an antimicrobial effect [98,99], therefore, the microbes growing on and 

utilizing castor oil must have tolerance against its toxicity. This reason limits the use of general 

microbes for castor oil fermentation. During microbial isolation, castor oil should be a part of 

the medium for isolating microbes having tolerance against castor oil.  

The comparative pricing was also estimated with castor oil-derived products (Figure 2.12) and 

kojic acid. Several kinds of products can be formed from castor oil and have a price from low 

to high depending upon purity/pricing/branding and value. The products are valued at INR per 

kg, where the highest pricing is assigned for ricinoleic acid. High-purity kojic acid also resides 

in a range of 800,000-820,000 INR per kg. It suggested that castor oil is a valuable platform 

for high-value product formations. 
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Figure 2.12: Market price assessment of castor oil derived products, Green: kojic acid 

2.11. Kojic Acid 

There is always a demand for developing new technologies and alternative substrates for value-

added compounds. Kojic acid is a high-value and high-demand chemical compound that has 

broad applications in the cosmetic and pharmaceutical industry [11,100–103]. It has potential 

applications [104–110] in the field of medicine as an anti-bacterial, anti-fungal, anti-

inflammatory, pain reliever, anti-diabetic, free radical scavenger; as an anti-speck, anti-

browning agent; inhibits the action of polyphenol oxidase in the food industry; as a chelating 

agent in the field of agriculture and has various other uses (Figure 2.13). The chemical 

synthesis of kojic acid follows a complex mechanism of acetylation/deacetylation. Diacylated 

kojic acid is formed by acetylation of the tetra-acetylgalatosone hydrate by the action of acetic 

anhydride and pyridine, followed by deacetylation in the presence of ammonia/methoxide in 
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methanol or methoxide [111]. However, kojic acid can be produced naturally through the 

biological route. Kojic can be produced by sugar-fermenting fungi, which is a sustainable and 

environment-friendly approach. It is a kind of secondary metabolite produced by fungi, 

commonly Aspergillus flavus [112] and Aspergillus oryzae [113]. Structurally, it is a pyran-4-

one, [104] with molecular formula C6H6O4 (mol. wt. 142.11 g/mol). Due to its typical structure 

and being produced during secondary metabolism, its metabolic pathway is still under 

investigation. Lassfolk et al. (2019) reported a three-step chemo-enzymatic conversion of 

glucose into kojic acid via an intermediate glucosone. Initial enzymatic conversion occurs from 

glucose to glucosone by pyranose oxidase and catalase in the presence of oxygen. This is 

followed by acetylation and deacetylation to yield kojic acid [111]. The biological synthesis of 

kojic acid from glucose was proposed via an enzymatic cocktail of oxidase and dehydrogenase 

enzymes that reacted with glucose [114,115]. Kojic acid is a valuable compound and is known 

as a major cosmetic ingredient [116]. Its tyrosinase inhibition activity reduces melanin 

formation and improves skin-lightening [117]. Along with the inhibition of tyrosinase enzyme, 

it also plays a role in the inhibition of various other enzymes such as catechol oxidase, laccase, 

dioxygenase, and D-amino acid oxidase. It concludes that kojic acid is a valuable product that 

has numerous applications. 

 

Figure 2.13: Structure of kojic acid, methods of formation, and applications 

 

 

 



24 
 

2.12. Kojic Acid Bioprocessing and Optimizations 

Currently, at the industrial scale, kojic acid is preferred to be produced from glucose (as a major 

carbon source) supplemented with yeast extract (to fulfill the nitrogen demand). To improve 

its production, continuous advancements in the medium and process are needed. Kojic acid can 

be produced from various sugar alternatives. Yamada et al. (2014) studied glucose, starch, and 

cellulose for kojic acid from Aspergillus oryzae [118]. Other carbon sources such as sucrose 

[119,120] and glycerol [121] were also studied for their impact on kojic acid production. Along 

with carbon sources, the type and amount of nitrogen sources also have been investigated which 

showed a larger impact on yield. Different types of N2 sources such as yeast extract, peptone, 

ammonium salts (sulfate, persulphate nitrate, and chloride), and urea have been studied for 

kojic acid yield. The product titer and yield concerning nitrogen source supplementation are 

illustrated in Table 2.1. Compared to other nitrogen sources, yeast extract resulted in better 

yield as it is a direct source of organic nitrogen. The biosynthesis of kojic acid depends not 

only on the nitrogen sources but also on other process constraints such as pH, temperature, and 

salt supplementation. The optimum pH is also significantly important for effective 

fermentation. Mohamad et al. (2000) studied the effect of pH on kojic acid and found that pH 

3 was suitable with a maximum titer of 62 g/L, yield 0.516 g/g and 0.22 g/L/h productivity by 

using Aspergillus flavus [122]. At a pH lower than 3, the microorganism was unable to produce 

kojic acid and retarded growth was observed. Rasmey and Basha (2016) found effective 

production at pH 3.5 with 29 g/L of the product by using A. oryzae 124A [123]. Similarly, 

Hassan et al. (2014) estimated the 49.5 g/L product at pH 4 from Aspergillus oryzae var. efusus 

NRC14 [124]. It concludes that a pH ranging from 3-4 is optimal to produce significant kojic 

acid. Fungi generally prefer the mesophilic range of temperature from 25-30 ºC. The optimal 

temperature studied for kojic acid production was observed to be 28 ºC [123,125] to 30 ºC 

[124,126]. A drop in product formation was detected at a higher temperature such as 36 ºC 

[127]. The product formation was also found to be reduced from 12 g/L at 30 ºC to 3 g/L at 40 

ºC [128]. 

Not only the production conditions but also the constituents of the medium are also important. 

Rasmey and Abdel-Kareem (2021) reported the effect of specific ions for better yield of the 

product. The optimal phosphorus concentration in the form of KH2PO4 was found to be 0.5 g/L 

and 2 g/L, when glucose and starch were used, respectively [113]. Along with phosphorus, zinc 

ions (Zn2+ ) were also reported to improve the production rate [113]. It shows that Zn2+ may be 
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acting as a co-factor for biosynthetic enzymes or taking part in gene expression. Marui et al. 

(2011), identified a Zn2+
2Cys6 transcriptional activator that acts as a kojic acid-expressing gene 

kojR that relates to the role of Zn2+ in biosynthesis [129]. There are reports of amino acid 

supplementation that also result in kojic acid reduction. The reason was proposed that there 

may be competition for amino acids by other metabolic enzymes involved in other pathways 

[113]. It concludes that various conditional parameters and medium ingredients affect kojic 

acid production. Therefore, optimized values are greatly important in large-scale productions. 

Complex substrates such as starch or cellulose need additional enzymatic hydrolysis. The 

process requires the production of additional enzymes (amylase or cellulase). For the 

preparation of those enzymes, amino acids are the major ingredients, which may cause shifts 

in the rate of formation of kojic acid synthesizing enzymes towards hydrolyzing enzymes. Due 

to the competition in utilizing amino acids between different enzymes, the production rate may 

fall. In this context, the media composition for supplementing nitrogen sources rich in amino 

acids such as polypeptone was optimized by using the Box-Wilson method. The optimized 

polypeptone was 4.8 g/L when glucose was 148 g/L [130]. Along with medium ingredients, 

fungi also demand a sufficient amount of oxygen for efficient growth and fermentation. Ariff 

et al. (1996) studied the role of aeration by determining levels of dissolved oxygen tension 

(DOT). DOT is like the partial pressure of oxygen dissolved in water. 80% DOT at the growth 

phase+yeast extract and 30% DOT+no yeast extract was the best suitable combination for a 

maximum accumulation of kojic acid in the production phase. This showed a synergistic role 

of aeration with nitrogen sources that can be optimized by controlling DOT value at production 

time [131]. The volumetric oxygen mass transfer coefficient (KLa) was also studied as an 

important parameter in providing efficient aerobic conditions to fungi. Takamizawa et al. 

(1996) obtained the optimized KLa value should be 164.7 h-1 [130]. It concludes that process 

conditions and medium optimization are crucial parameters in the improvement of kojic acid 

production. Several other strategies irrespective of the process such as reactor type-air-lift 

[132], or Ca-alginate immobilization [133], were also reported for kojic acid. 

2.13. Kojic Acid from Renewable Resources 

Renewable resources are generally considered for their continuous availability and abundance, 

which means these resources are not limited. Renewable resources are generally categorized 

into two types: (1) Competitive renewable resources and (2) Non-competitive renewable 

resources (Figure 2.14), based on their competition against the food chain or whether they are 
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part of day-to-day life or not. Both types can be used for kojic acid depending on their 

competition against food security. 

2.13.1. Kojic Acid from Competitive Renewable Resources 

As kojic acid fermentation is solely dependent on the bioprocessing of fungi, the selection of 

carbon sources is also an important aspect of commercialization. Fungi grow well on glucose; 

therefore, glucose is the major substrate used for its production. The easy availability and the 

abundance of glucose also showed its use in commercial production. However, glucose is a 

food source and takes part in the food chain, so its use always competes with the essential need 

for sugar in daily usage. Glucose always competes with the essential need for sugar in daily 

usage. Towards setting these facts, the demand for renewable resources is increasing for kojic 

acid production. There are several competitive renewable sources similar to glucose (Table 

2.2) such as starch [134], sucrose [119,135], fructose [136], maltose, cellulose, and lactose can 

be used for kojic acid fermentation. Starch types such as sago starch, potato starch, corn starch, 

and cassava starch, [134,137,138] have already been used. Concerning starch as a potential 

substrate, starch is a complex carbon source and needs additional hydrolysis to release free 

sugars by the action of the amylase enzyme [137]. By this route, the kojic acid production relies 

on the hydrolyzing rate of the enzyme and the availability of starch per unit of the enzyme. At 

high substrate loading of starch, enzyme requirement is also high [139], because after a certain 

concentration of starch (for example 4%) the enzyme becomes saturated and activity lowers. 

It thereby results in unhydrolyzed starch which could remain unused. Therefore, the conversion 

of starch to sugar should be complete. If the hydrolysis is not complete, the leftover starch 

cannot take part in the production. This type of issue may also be justified for using other 

complex substrates such as cellulose that need to first be hydrolyzed into sugars. Sucrose and 

starch are widely used as sugar alternatives and are being studied for generating higher yields. 

But these are also part of edible crop products, are extensively used in food processing, and 

compete with the food chain to fulfill sugar demands. Therefore, non-competitive renewable 

resources are better alternatives. 

2.13.2. Kojic Acid from Non-Competitive Renewable Resources 

To find an alternative to competitive renewable resources, non-competitive renewable 

resources are the finest options. These are non-edible, don’t take part in the food chain, are 

abundant, and are commonly generated in the form of residues. These wastes can be agro-
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industrial by-products such as fruit and vegetable by-products for example- apple pomace 

[140], or lignocellulosic biomass [141]: for example- hardwoods (poplar, oak, eucalyptus), 

softwoods (pine, douglas fir, spruce), agricultural residues (wheat straw, barley hull, rice straw, 

corn cob, sugarcane bagasse, and sorghum straw), grasses (switchgrass). Biomass is non-

competitive and provides a sustainable resource to produce bio-based chemicals [141]. El-

Kady et al. (2014) studied agro-industrial by-products mainly fruit-vegetable waste, corn steep 

liquor, cheese whey, and molasses for their potential to be converted into kojic acid. Out of all 

types of by-products, molasses (100 g/L) showed maximum kojic acid (53.5 g/L) production 

by using the Aspergillus flavus number 7 strain [142]. This showed that agro-industrial by-

products are potential substrates. Hence, alternative renewable resources are the better options 

for kojic acid. Lignocellulosic biomass is also a good carbon source but there are very few 

reports on using lignocellulosic biomass for kojic acid.  

Some of the studies are illustrated in Table 2.2. By comparing the yield of competitive and 

non-competitive resources, it was observed that the product yield is very low in non-

competitive resources especially lignocellulosic biomass as compared to free sugar sources. It 

shows there are some metabolic restrictions for sugar availability in lignocellulosic slurry and 

chances of inhibition may be caused by lignin. Because lignin was studied to be a roadblock of 

enzymatic action for the saccharification of biomass [143]. Secondly, the microorganism itself 

is hardly capable of producing cellulases for direct biomass conversion, therefore additional 

hydrolysis was executed. Till now, there is a lack of experimental evidence to prove these 

assumptions or that further methods can be applied for improvement needed in this area. 

Various studies have been carried out to extract sugars by pre-treatment and enzymatic 

saccharification [144]. The sugar released is in the form of C6 and C5 carbon. Therefore, 

production does not depend only on one type of sugar. The yield can be enhanced by 

simultaneous saccharification and co-fermentation which is the most valuable approach used 

in current biorefinery [145]. It concludes that the non-competitive renewable resources are 

valuable feedstocks for kojic acid fermentation. Instead, they need some additional processing, 

but these alternative feedstocks do not interfere with the food chain. 
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Table 2.1: Output of nitrogen supplements on titer and yield of kojic acid. 

 

Substrate  

Glucose 

(g/L) 

Nitrogen  

source 

(g/L) 

Microorganism Duration 

(days) 

Titer  

(g/L) 

Yield 

(g/g) 

Refs 

80 Yeast Extract 

(2.5) 

A. oryzae RIB40 14 16.4 0.205 [118] 

100 Yeast Extract 

(0.5) 

A. oryzae ATCC 

10124 

10 1.13  0.0113 [146] 

100 Peptone 

(0.5) 

A. oryzae ATCC 

10124 

10 

 
 

0.92 0.0092 [146] 

100 Ammonium Sulphate 

(0.5) 

A. oryzae ATCC 

10124 

10 1.14  0.0114 [146] 

100 Yeast Extract (0.5) +  

Ammonium Sulphate 

(0.5) 

A. oryzae ATCC 

10124 

10 1.58 0.0158 [146] 

100 Peptone (0.5) + 

Ammonium Sulphate 

(0.5) 

A. oryzae ATCC 

10124 

10  1.03 0.0103 [146] 

50 Yeast Extract 

(2.5) 

A. oryzae 

IPBCC 

9  0.433 0.00866 [147] 

50 Urea 

(2.5) 

A. oryzae 

IPBCC 

9  - - [147] 

50 Ammonium Sulphate 

(2.5) 

A. oryzae 

IPBCC 

9  0.311 0.00622 [147] 

100 Yeast Extract 

(5) 

A. flavus Link 

44-1 

11  36.5 0.365 [148] 

100 Yeast Extract 

(5) 

A. flavus Link 

44-1 

21  39.9 0.399 [149] 

100 Peptone 

(5) 

A. flavus Link 

44-1 

21  36.40 0.364 [149] 

100 Ammonium 

persulphate (5) 

A. flavus Link 

44-1 

21   0.06 0.0006 [149] 

100 Ammonium nitrate  

(5) 

A. flavus Link 

44-1 

21  12 0.120 [149] 

100 Ammonium Sulphate  

(5) 

A. flavus Link 

44-1 

21  0.05 0.0005 [149] 

100 Ammonium Chloride  

(5) 

A. flavus Link 

44-1 

21   0.012 0.00012 [149] 
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Figure 2.14: Competitive and non-competitive renewable resources for kojic acid 

2.14. Kojic Acid Biosynthetic Pathway 

Secondary metabolism is a complex metabolic response that occurs in cells, especially during 

any stressful environment. It is also considered for the products formed outside the cell 

membrane. Kojic acid is also a secondary metabolic product of fungi. Many researchers tried 

to find its metabolic pathway from glucose [114,115]. Kojic acid is an aerobic fermentation 

product. Various routes were proposed to link the transformation of glucose into kojic acid 

(Figure 2.15). The easiest chance of conversion of glucose into kojic acid was proposed due 

to pyranose and pyrone ring structural similarities found in both glucose and kojic acid, 

respectively [150]. The study suggested that glucose converts into gluconic acid and followed 

the enzymatic dehydration into kojic acid by the fate of oxidase and dehydrogenase enzymes, 

while its exact pathway is still unknown. The enzymatic conversion may also be a multi-step 

process. The synthetic pathway was proposed to follow the oxidation of glucose into 

ketoglucose and dehydration into kojic acid [115,150].



30 
 

Table 2.2: Kojic acid from competitive and non-competitive renewable resources. 

Renewable 

Resource 

Category 

Resource 

Type 

Resource Pre-

treatment 

Hydrolysis Microorganism Temp 

(ºC)  

pH Agitation 

(rpm) 

Duration 

(days)  

Kojic 

acid 

(g/L) 

Yield 

(g/g) 

Test Method Refs 

                        C
o

m
p

e
titiv

e 

S
im

p
le su

g
ar 

Glucose - - Aspergillus flavus 30 3 150 13 30.1 0.301 Colorimetric [126] 

Fructose - - Aspergillus flavus  30 3 150 13 25.2 0.252 Colorimetric [126] 

Maltose - - Aspergillus flavus  30 3 150 13 17.1 0.171 Colorimetric [126] 

Lactose - - Aspergillus flavus  30 3 150 13 18.4 0.184 Colorimetric [126] 

Sucrose - - Aspergillus oryzae M-23 30 4 150 17 27.1 0.216 Colorimetric [135] 

C
o

m
p

lex
 su

g
ar 

Starch - - Aspergillus oryzae 1034 

 

28 5 - 11 68.8 - Colorimetric [113] 

Corn 

Starch 

- - Aspergillus oryzae 

IHJ2K 

28 5 180 10 5.22 0.522 TLC 

densitometry 

[134] 

Cellulose 

(Avicel 

PH-101) 

Phosphoric 

acid 

- Aspergillus oryzae 

NSPlD1/pIS1-

kojR/pIS1sC-CBHI-EGI-

BGL1 

30 5 150 6 0.18 - Colorimetric [118] 
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N
o

n
-co

m
p

e
titiv

e 

A
g

ro
-in

d
u

strial b
y

-p
ro

d
u

ct 

Sugarcane 

bagasse 

Autoclave 

at 121 ºC 

- Aspergillus oryzae 

 

28 6 160 20 0.5 0.05 TLC [151] 

Banana 

peel 

Autoclave 

at 121 ºC 

- Aspergillus oryzae HAk2 

Aspergillus flavus HAK1 

30 4-5 - 10 

7 

- 

- 

- 

- 

Colorimetric [152] 

Pine apple 

peel 

Autoclave 

at 121 ºC 

- Aspergillus oryzae HAk2 

Aspergillus flavus HAK1 

30 4-5 - 10 

7 

- 

- 

0.4011 

0.0196 

Colorimetric [152] 

Potato peel Autoclave 

at 121 ºC 

- Aspergillus oryzae HAk2 

Aspergillus flavus HAK1 

30 4-5 - 10 

7 

- 

-  

0.0110 

0.0127  

Colorimetric [152] 

Orange 

peel 

Autoclave 

at 121 ºC 

- Aspergillus oryzae HAk2 

Aspergillus flavus HAK1-

M2 

30 4-5 - 10 

7 

- 

- 

0.2986 

0.1892 

Colorimetric [152] 

Wheat 

bran 

Autoclave 

at 121 ºC 

- Aspergillus oryzae HAk2 

Aspergillus flavus HAK1-

M2 

30 4-5 - 10 

7 

- 

- 

0.2218 

0.0197 

Colorimetric [152] 

Apple peel Autoclave 

at 121 ºC 

- Aspergillus oryzae HAk2 

Aspergillus flavus HAK1 

30 4-5 - 10 

7 

- 

- 

0.8282 

1.1786 

Colorimetric [152] 

Sugarcane 

molasses 

Autoclave 

at 121 ºC 

- Aspergillus flavus HAk1-

M2 

30 4-5 - 7 

 

- 

 

0.383 Colorimetric [152] 

Sugar-beet 

molasses 

Autoclave 

at 121 ºC 

- Aspergillus flavus HAk1-

M2 

30 4-5 - 7 

 

- 

 

0.376 

 

Colorimetric [152] 

Ragi bran - - Aspergillus oryzae  

RSM2 

30 5 - 14 - 0.101 Colorimetric [153] 
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N
o

n
-co

m
p

e
titiv

e 

A
g

ricu
ltu

ral resid
u
e 

Rice straw Autoclave 

at 121 ºC 

- Aspergillus oryzae HAk2-

M26 

Aspergillus flavus HAK1 

30 4-5 - 10 

7 

- 

- 

0.0268 

0.0064 

Colorimetric [152] 

Rice stalk Autoclave 

at 121 ºC 

- Aspergillus oryzae HAk2-

M26 

Aspergillus flavus HAK1 

30 4-5 - 10 

7 

- 

- 

0.1601 

- 

Colorimetric [152] 

Wheat 

straw 

Autoclave 

at 121 ºC 

- Aspergillus oryzae HAk2 

Aspergillus flavus HAK1-

M2 

30 4-5 - 10 

7 

- 

- 

- 

0.0126 

Colorimetric [152] 

Corn cob Autoclave 

at 121 ºC 

- Aspergillus oryzae HAk2 

Aspergillus flavus HAK1 

30 4-5 - 10 

7 

- 

- 

0.0179 

0.0110 

Colorimetric [152] 

Cornstalk 2.0 % 

NaOH at 

90 ºC for 1 

hour 

Cellulase (20 

µg/g) and 

xylanase (15 

µg/g)) 25 % 

(w/v)  

Aspergillus oryzae B008 30 6 200 10 33.1 0.36 Colorimetric [154] 

Sago 

hampas 

Heat at 60 

ºC  

Dextrozyme 

(225 

AGU/mL) 

0.3% w/v  

Aspergillus flavus Link 

44-1 

30 3 140 14 5.88 - Colorimetric [155] 
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Figure 2.15: Various molecular mechanisms proposed for the biosynthetic route of kojic acid 

The proposed biosynthetic pathway may be followed as dehydrogenation of glucose into 

gluconic acid-δ-lactone by glucose dehydrogenase, then into 3-ketogluconic acid lactone by 

gluconate dehydrogenase, reduced to 3-ketoglucose and finally dehydrated into kojic acid 

[115]. There are some other bypass metabolisms proposed for the translation of gluconic acid-

δ-lactone into oxykojic acid through dehydration/dehydrogenation and further subjected to 

reduction/dehydration into kojic acid [115]. In a few studies, kojic acid was found to be 

produced from other non-sugar substrates such as glycerol [121] and ethyl alcohol [156] which 

questions the involvement of other enzymes for their metabolic conversion that is not only 

limited to pyranose structural similarity. 

2.15. Kojic Acid Gene Cluster  

Aspergillus has a highly diverse metabolism and takes part in various secondary metabolisms. 

Despite knowing the fact that kojic acid is produced from glucose, its pathway, and enzymatic 

conversion are still mysterious. The kojic acid pathway is far behind the investigation of genes 

accountable for enzymatic conversion. A few trials were done in 1953 by the isotope tracer 

technique that proposed the involvement of 2 to 3 steps of enzymatic catalysis [157]. However, 

the exact metabolic route and its genes have not been revealed. The reason could be the lack of 

knowledge of intermediates formed and how they are involved in catalyzing different types of 

substrates. It also showed that there are lots of genetic regulations that happened during the 

utilization of metabolic intermediates for funneling glucose into kojic acid. In context to these 
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unknown facts, the study of the genes such as kojA- encoding FAD-dependent oxidoreductase, 

kojT-encoding transporter, and kojR-encoding transcriptional activator responsible for kojic 

acid are being continuously studied to connect the metabolic networks (Figure 2.16) 

[129,158,159].

This identification also became convenient when the whole genome of Aspergillus oryzae (36.7 

Mb) and Aspergillus flavus (36.8 Mb) was made available [160,161]. With this curiosity, 

Terabayashi et al. (2010) studied the genes accountable for biosynthesis through reverse 

genetics. A DNA-microarray-based genomic profile was compared based on a high 

transcriptional and induction scale. Nine putative genes were selected based on the up-

regulation during the production phase as compared to the non-production phase. It showed 

that an oxidoreductase motif and a synaptic vesicle transporter motif have some relationship in 

secondary metabolism. This was also confirmed in deleted mutants constructed by disruption 

of two candidate genes, AO090113000136 (kojA- encoding FAD-dependent oxidoreductase) 

and AO090113000138 (kojT-encoding transporter). The mutants were formed through fusion 

PCR, which showed no production in mutants (Δ-kojA and Δ-kojT) as compared to wild-type 

Aspergillus oryzae RIB40  [158]. These two genes were localized at chromosome 5.  

Marui et al. (2011), continued the research for genetic regulation of kojic acid biosynthesis at 

the transcriptional level. A Zn2+
2Cys6 transcriptional activator (containing 6 cysteines bound to 

2 Zinc atoms) was found to play a role in secondary metabolism. An intermediate gene 

AO090113000137 (kojR-encoding transcriptional activator) is sandwiched between kojA and 

kojT genes. This showed that kojR gene has some regulatory framework in kojic acid 

biosynthesis and was studied by preparing a disrupted mutant (Δ-kojR) through homologous 

recombination of kojR gene by pyrG gene and an over-expressing mutant (OE-kojR). There 

was an increase (19.8 g/L) in kojic acid estimated in OE-kojR than in the control strain (4.5 

g/L). In case of Δ-kojR, no kojic acid was found [129]. This showed that kojR gene is taking 

part in the gene cluster. There was another observation found with the effect of exogenous kojic 

acid. When 0.5 mM of kojic acid was added externally, there was an immediate rise in the kojR 

transcription level which was found to be a 2-fold increase. It shows that additional kojic acid 

induces intermediate protein expression or activates genetic expression [129]. It concludes an 

interesting fact of reverse stimulation of feedback inhibition by the end-product that may be a 

kind of feedback induction. These studies trigger the role of kojic acid biosynthetic genes in 

another secondary metabolism. The kojA gene promoter was used for the expression of other 

secondary metabolic pathways. The kojA promoter was expressed in Δ-kojA_niaD- mutant 
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which showed no kojic acid but showed the continuous production of polyketide YWA1 in 

Aspergillus oryzae [159]. It defines that kojA promoter took part in another secondary 

metabolism also. The disruptions were not only studied inside the gene cluster but also in the 

adjacent regions. A novel transporter gene Aokap4 (AO090113000139) located apart from kojT 

showed its significant role [162]. The deletion strain formed by using CRISPR/Cas9 system 

showed a 92% reduction in kojic acid than the control. This gives a perception of other related 

genes found to play a role in biosynthesis. In context to this, the same group of researchers 

found another gene Aokap6 close to the gene cluster to have some important role in 

biosynthesis. A disrupted mutant of Aokap6 gene was developed by using CRISPR/Cas9 

system and found a decrease in kojic acid as well as gene expression of the kojic acid cluster 

[163]. When gene cluster knockout was formed, a reduction in Aokap6 gene expression was 

found. This showed some relationship between the gene Aokap6 and the kojic acid gene cluster. 

2.16. Strain and Process Improvements for Kojic Acid 

One of the major factors in developing an industrial-scale process is to develop a high-yielding 

microorganism (by mutation or overexpression) or a better-optimized upstream/downstream 

process or solid-state/sub-merged (in the case of fungi) process. It should also introduce low-

cost medium, energy efficient, scalable, feasible, comparable, repeatable, easy, and low-cost 

recovery standards. Here, the genetic improvements in the strain and fermentation complexity 

have been discussed. 

2.16.1. Mutation 

Ammar et al. (2017) examined the mutagenic effect on kojic acid yield by mutating the strain 

using gamma radiation of 60Co. The mutated strains A. oryzae HAk2-M26 and A. flavus HAk1-

M2 performed well and showed a 2.03- and 1.9-fold increase in kojic acid yield than wild types, 

respectively [152]. Feng et al. (2019) also studied the different types of mutagenesis tools for 

mutating kojic acid genes. Aspergillus oryzae KA-11 strain was subjected to successive 

mutagenesis by microwave radiation, UV-radiation, heat-LiCl, and ARTP (atmospheric & 

room temperature plasma) treatments. The mutant Aspergillus oryzae AR-47 showed a 47%, 

87%, 126%, and 292% increase in production (maximally 96.5 g/L) with respect to each 

mutagenic treatment within 5 days of fermentation [164]. It shows that the mutation greatly 

influences the genetic changes in the strain and directly impacts the kojic acid yield. 
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Mutations in some genes resulted in increased kojic acid production. A novel gene Aokap1 has 

been identified by its role in kojic acid synthesis [165]. The disrupting mutant formed by 

Aokap1-deletion showed higher production of kojic acid but restricted its growth. By this 

deletion, the kojic acid cluster genes kojA, kojR , and kojT were up-regulated. The genetic 

disruption into the middle of the sequence was also studied by a novel kojic acid production 

enhancement gene A (KpeA- AO090003001186) acts as a transcriptional regulator. The mutant 

formed by the substitution of Cys to Ala in KpeA formed the disruptant Δ-kpeA. There was a 

6-fold increase in the kojic acid found in disruptant Δ-kpeA as compared to the wild type. It 

was also observed that the transcriptional level of a few genes such as brlA abaA, and wetA 

decreased and the expression levels of kojR and kojA increased [166]. 

Recently, a new regulatory role of histone chaperone was investigated. A gene HirA 

(AO090012000864) encoding for histone chaperone subunit has been disrupted. The disrupted 

mutant Δ-HirA showed an interesting result in liquid and plate culture [167]. There was a 

decrease in kojic acid found in liquid culture while it was increased in plate culture. This means 

gene disruption can play an opposite role in kojic acid formation. A histone deacetylase enzyme 

was also studied for its role in histone modification and regulations basically for transcriptional 

repression. Kawauchi et al. (2013) reported the role of fungus-specific NAD+-dependent 

histone deacetylase gene HstD/A. oryzae Hst4 (AoHst4) located upstream of laeA regulates the 

expression of laeA and kojic acid production [168]. The disrupted mutant Δ-hstD formed by 

fusion PCR showed higher expression levels of laeA indicating the genetic interactions in 

secondary metabolism. Δ-hstD also showed an increase in kojic acid production. 
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Figure 2.16: Genetic construction of kojic acid biosynthetic genes and role of their specific expression (normal gene function), disruption (such 

as disruption of genes kojA, kojR and kojT by mutation), and overexpression (by transferring genes or by adding exogenous kojic acid) on kojic 

acid production; The promoter activation also disrupts the kojA expression and lead to produced other metabolites (PkojA: Promotor of kojA gene) 
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2.16.2. Over-Expression 

To improve kojic acid genetic expression, the gene encoding for biosynthesis has been over-

expressed. The overexpression of genes also relates to the inhibition of growth and shifts the 

metabolism toward product formation. A novel gene Aokap2 was identified was overexpressed 

along with amyB promotor and resulted in the inhibition of mycelium, conidia, and biomass 

development [169]. This over-expression leads to the enhanced expression of kojA and also a 

universal secondary metabolism regulator gene laeA. This study found novel gene targets for 

modification in kojic acid biosynthesis. Another study revealed that not only cluster genes took 

part in kojic acid biosynthesis regulation but other related genes also show an effect. A related 

gene AoZip2 from the ZRT, IRT-like protein (ZIP) family showed that kojic acid expression 

was down-regulated when AoZip2 gene was over-expressed [170]. 

2.16.3. Solid State vs Submerged Fermentation 

There is always a question about fungal fermentation, whether solid-state fermentation (SSF) 

or submerged fermentation (SmF) should be favored. Under solid-state conditions, fungi grow 

mycelium at solid support in a limited amount of water, and the rate of growth is steady which 

takes time to utilize the substrate. SSF is a cost-effective and convenient process that includes 

no need for parameter controls, low power consumption, less water needed, no foaming, and 

easy access to recover the product [171–173]. In a heterogeneous environment, no real-time 

monitoring of biomass/substrate/product and no process parameter regulations are needed. 

However, the product release needs further processing of extracting the product from 

biomass/solid by solubilization/acidification/extraction are the real challenges for 

commercialization. 

For industrial metabolites, SmF is preferred over SSF [173], but it may be uneven for the 

metabolite as well as the microorganism used until easy and specific practices [174] are applied 

to meet the commercialization standards. During submerged fermentation, uniform distribution 

of biomass, substrate, and product occurs. The product is released extracellularly in the liquid 

broth and may be directly extracted [175] through the solvent, and fewer efforts are needed for 

cell separation and downstream processing [173]. However, submerged fermentation needs 

continuous agitation for uniform mass transfer. External mixing, aeration, high effluent 

volume, and needing more energy are the several factors that need consideration, which are not 

required for solid-state. While, during submerged fermentation, continuous monitoring and 
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analysis help to find the exact time of substrate limitation and maximum production 

accumulation, which finally reduce the process time and cost. The submerged fermentation can 

be run in batch, fed-batch, or continuous operations.  

Badar et al. (2021) compared the static and shaking condition for kojic acid and found a higher 

production of kojic acid during the static condition (16 g/L, 11 g/L) than in the submerged 

condition (6 g/L, 5 g/L) using Aspergillus flavus and Aspergillus oryzae, respectively [128]. 

Solid-state fermentation is still not effectively explored for kojic acid production for better 

optimization and product development. One of the agro-industrial wastes, pineapple residue 

was used for solid-state fermentation using Aspergillus flavus Link 44-1, and the yield was 

measured as 0.263 g/g [176]. A few other substrates residues such as rice straw, rice stalk, 

wheat straw, corn cob, and cornstalk were used in submerged fermentation (Table 2.2) [152]. 

It concludes that the SSF is preferred for fungal growth and metabolite release on various solid 

residues, whereas, for extracellular releasing of secondary metabolites and their easy process, 

continuous monitoring and regulation, and their commercialization benefits, etc., SmF is 

favorable. 

2.17. Biosafety Concerns of Industrial Use of Aspergillus flavus 

According to studies, Aspergillus flavus was found to be a high kojic acid-yielding species. 

However, Aspergillus flavus is considered to be an opportunistic pathogen because it produces 

toxic compounds, especially aflatoxin, during fermentation [177]. Therefore, Aspergillus 

flavus may not be considered safe for commercial production. To overcome this fact, a non-

pathogenic, non-toxin-producing fungus i.e., Aspergillus oryzae is being accepted for the same 

product (kojic acid) because it comes under the GRAS (Generally recognized as safe category). 

Aspergillus oryzae is also well studied and found to match a similar genetic profile of 

Aspergillus flavus except for the absence/suppressed genes of aflatoxin. The reason may be due 

to evolutionary changes that happened during successive generations of Aspergillus flavus or 

by the effect of agricultural trends [178].  

Apart from these options of utilizing Aspergillus oryzae over Aspergillus flavus, several studies 

show certain Aspergillus flavus strains have a higher yield compared to Aspergillus oryzae, 

which makes Aspergillus flavus commercially important. Various strategies can be considered 

to overcome the challenge of aflatoxin such as isolation of a non-aflatoxin-producing strain of 

Aspergillus flavus, genetic deletion/suppression of toxin gene, supplementation of substrate 
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analogs, the addition of solvent or other competitive metabolites [179–181], and toxin 

degrading enzymes [182,183]. One of the best applicable methods is toxin gene deletions in 

Aspergillus flavus which forms a non-pathogenic/non-toxic disrupted mutant. The deletion of 

a highly conserved gene cluster of aflatoxin and single-nucleotide polymorphism formation 

has been applied for developing non-aflatoxin strains of Aspergillus flavus [184]. But it is a 

costly as well as time-consuming process and various trials are needed to develop the strain. 

There are chances of attenuation on the performance of the mutant after a generation or other 

environmental stress issues also took part. Therefore, a more acceptable and feasible approach 

can be the medium improvements. 

2.17.1. Toxin Inhibitors/Gene Repressors 

The most proficient and feasible improvement is the supplementation of toxin inhibitors in the 

production medium. Zhang et al. (2014) added D-glucal (a glucose analog) in the medium and 

found that the microorganism was unable to utilize it to form aflatoxin. The supplementation 

of D-glucal showed the inhibition of aflatoxin biosynthesis along with the suppression of genes 

involved in its synthesis [179]. An upsurge in the kojic acid was also detected in the D-glucal 

augmented medium, which could be due to the total sugar availability for kojic acid while 

earlier, some fraction was being used for aflatoxin synthesis.  

Ethanol is also studied to suppress the production of toxins. Ethanol upregulates the oxidative 

stress-related gene and inhibits the aflatoxin B1 biosynthesis. The competitive transcriptome 

and RNA-Seq analysis have shown the down-regulation of aflatoxin cluster genes (aflR, aflD, 

aflM, and aflP) and over-expression of anti-oxidant enzyme genes (Cat, Cat1, Cat2, CatA) 

when ethanol was supplemented at 3.5% [180]. This showed ethanol acts as an anti-aflatoxin 

agent. In addition to this, some of the compounds that promote the aflatoxin are being used to 

act as an inhibitor after auto-oxidation by air exposure. Yen et al. (2015) found that auto-

oxidized linolenic acid inhibits the aflatoxin production and expression of its regulatory genes 

(aflR, aflS, afl0, cypA, and ordA) as well as enhancing the kojic acid production, mycelium 

growth, and sporulation [185]. It was also identified through mass spectrometry that oxylipins 

derived from linolenic acid play a role in aflatoxin inhibition.  

Another approach of co-culturing was also implemented to inhibit aflatoxin. The co-culturing 

of non-aflatoxigenic species with aflatoxigenic species of Aspergillus flavus also showed the 

inhibition of aflatoxin may be by direct contact/touch or upregulation of genes involved in the 
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release of other inhibitory/degrading metabolites such as asperfuranone, imizoquin, kojic acid, 

and orsellinic acid [186]. It concludes that toxin-inhibitory compounds can be used to combat 

toxin production.  

2.17.2. Toxin Degrading Enzymes 

There were various types of aflatoxin-degrading enzymes studied as toxin-degraders such as 

oxidase, peroxidase, and laccase [183]. Aflatoxin is a difuran ring structure therefore, the 

enzymatic action occurs at the ring structure by opening the furan ring, hydrolyzing the lactone 

ring, reducing ester moieties, or peroxidation. Most of the enzymes are extracellular in nature. 

Aflatoxin-oxidase isolated from an edible fungus Armillariella tabescens acts on AFB1 -furan 

ring [187] and reduces toxicity. An extracellular enzyme produced by the bacteria Myxococcus 

fulvus ANSM068 showed degradation ability for a variety of aflatoxins (AFB1, AFG1, AFM1 ) 

[188]. Another extracellular enzyme from the commonly used oyster mushroom Pleurotus 

ostreatus acts on the lactone ring [189]. The catalytic reduction of aflatoxin ester moiety was 

performed by Mycobacterium smegmatis enzymes, which showed the detoxification of 

aflatoxin [190]. Manganese-dependent peroxidase was also found to detoxify AFB1 found in 

the extract of Phanerochaete sordida YK-624 [191]. Laccase is an important enzyme studied 

for aflatoxin degradation. Alberts et al.  (2009) estimated 87.34%, 55%, 40.45%, and 35.90% 

of AFB1 degradation from the laccase enzymes of Trametes versicolor (1 U/mL), Aspergillus 

niger D15-Lcc2#3 (0.118 U/mL), Peniophora sp. SCC0152 (0.496 U/mL), P. ostreatus St2-3 

(0.416 U/mL), respectively [192]. It concludes that various routes can be applied to eliminate 

the toxicity of aflatoxin in Aspergillus flavus which directly diminishes the industrial security 

concern of Aspergillus flavus at the commercial scale. 

2.18. Derivatization/Modification of Kojic Acid 

The direct use of kojic acid is not acceptable in the commercial market due to its short shelf-

life, prone to oxidization, loss of activity with time, and self-toxicity. It is one of the major 

cosmetic ingredients of beauty products. To provide the effective use of kojic acid in 

commercial products, its derivatization is needed to stabilize and enhance shelf-life. There are 

various methods applied to derivatize kojic acid via chemical or enzymatic routes (Figure 2.17) 

[193–196]. Many derivatives of kojic acid such as mono-oleate [197], di-palmitate, palmitate, 

mono-laurate, and octanoate [198] can be formed for commercial use. The major ester 

derivative of kojic acid is kojic acid di-palmitate because it enhances its shelf-life from a few 
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months to years and also reduces its direct action on skin in context to toxicity. Kojic acid di-

palmitate can be derived through enzymatic esterification by the action of lipase on kojic acid 

and palmitic acid in acetone [199]. It means enzymatic derivatives can be used in cosmetic 

products due to long-shelf life and less toxicity.   

In replacement to kojic acid, the kojic acid alternative arbutin (derived from the blueberry 

plant) is also used in cosmetic products for skin lightening [200]. However, kojic acid is more 

effective than arbutin. Arbutin is a hydroquinone attached to a glycoside that limits its toxicity 

without losing its action [201], but its direct action is limited, which may be due to the side 

chain. The major drawbacks of arbutin are its dependency on the plant source, long harvesting 

time, less yield, and the expensive extraction and purification process. Likewise, kojic acid can 

be produced through bioprocessing at any high scale without any time dependency. For 

improving shelf-life and developing a similar structure to arbutin, kojic acid can be derivatized 

into its grafted form with saccharides/glycosides as chitosan/chitosan oligosaccharides 

[202,203]. This means by derivatization kojic acid regains its importance in the market.  

There are various chemical derivatives of kojic acid produced through chlorination, reduction, 

and amine attachments. Kojic acid provides a promising chemical platform to be derived into 

hydroxy pyrone derivatives such as chlorokojic acid, allomaltol, and pyromeconic acid [193]. 

Chlorokojic acid (chlorine replaced the hydroxyl group) forms by chlorination in the presence 

of thionyl chloride (SOCl2). Chlorokojic acid is highly effective against tyrosinase than kojic 

acid. When chlorokojic acid is reduced by Zn catalyst in HCl results in another form called 

allomaltol (methyl replaced the chlorine group). These derivatives showed significant 

antifungal activity also. Specific derivatization at the 6-positon of kojic acid structure 

proceeded with the secondary amine to form mannich bases. This kind of reaction can be 

applied to kojic acid, chlorokojic acid, and allomaltol by the action of dimethylamine, 

diethylamine, or morpholine in the presence of formalin [193]. 

Apart from chemical derivatives, enzymatic conversion was also studied to make the process 

sustainable. Lipase enzyme has been especially used to form esterified forms of kojic acid with 

the addition of long-chain fatty acids. Chen et al. (2002) prepared the monolaurate form of 

kojic acid using the lipase enzyme of Pseudomonas cepacia to stabilize the kojic acid. The 

maximum molar conversion of 82% was found when the enzyme (38%) was used for 19 hours 

at 44 °C at a 2:1 molar ratio [194]. Various other commercial enzymes such as Lipozyme 

RMIM, Novozym 435, and Lipase (Amano PS), were also used to form palmitate, oleate, and 
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linoleate derivatives of kojic acid, respectively. These enzymes are highly active and studied 

for catalytic reactions in the presence or absence of solvent. Kojic acid palmitate was formed 

using Lipozyme RMIM in the presence of acetone [195], as well as acetonitrile, while a 

solvent-free enzymatic reaction was optimized by Novozym 435 lipase to form kojic acid 

oleate from kojic acid and oleic acid [196]. This showed that the enzyme can actively 

participate in forming easter derivatives with or without solvents depending on their specificity 

or method of preparation.  

The use of commercial enzymes at a certain value costs higher because of their non-

recyclability, where, the active enzyme can remain in the mixture and be remained unused. 

Immobilized enzymes are the better options for this. Immobilized enzymes are the better 

options for this. An immobilized lipase (Lipozyme RMIM) from Rhizomucor miehei was used 

to form kojic acid palmitate. The enzyme was immobilized on macro-porous Duolite ES-562 

via adsorption [195] and used to form kojic acid palmitate. The maximum yield was obtained 

to be 64.47% when 1.97% (w/v) of the enzyme was loaded at a 6.47 molar ratio (Palmitic acid: 

Kojic acid) when the reaction was catalyzed for 20 hours at 45.9 °C [195]. Sometimes the use 

of free fatty acid also adds cost to the process, due to extraction and purification being needed 

before use. Fatty acid-rich palm oil contains the highest palmitic acid, similarly, castor oil 

contains majorly ricinoleic acid [204]. These can be considered better substrates for direct 

enzymatic esterification. The lipase enzymes can hydrolyze oil into free fatty acids and kojic 

acid can be esterified enzymatically with these free fatty acids to form kojic acid esters. 

Khamaruddin et al. (2008) used palm oil as the fatty acid source and found the conversion yield 

of palmitate (8.88%), oleate (7.56%), and linoleate (1.10%) ester forms of kojic acid by the 

action of enzyme lipase from Pseudomonas cepacia [205]. However, crude oil produces a 

mixture of esters that may be further needed to separate and purify. It concludes that stabilized 

forms of kojic acid can be formed chemically as well as by sustainable enzymatic route. These 

kojic acid esters can be derived easily, and are effective for use in cosmetics without 

compromising shelf-life and stability. 
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Figure 2.17: Chemical and enzymatic conversion of kojic acid into its various derivatives 
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2.19. Conclusions 

Lignin is gaining commercial demand, while still it is undervalued due to value-addition 

challenges. The recent advancements in the field of biorefinery valorize the lignocellulosic 

material for high-value products. This review summarized the necessary information to 

prioritize the economic value of a lignin-based product. To convert lignin into valuable 

products, the knowledge of the current status of lignin-derived products, their current market 

potential, acceptability, and commercial feasibility are needed. Therefore, a comparative 

analysis of the market value and price was analyzed in the form of product maps. The value-

added scheme to find a sustainable route was also critically studied to find the breakdown of 

the value-addition chain and to fit the products as drop-in chemicals in commercially valuable 

and demanding products. 

Castor oil is also a valuable feedstock with a renewable nature. It has vast commercial 

applications and also has the potential to be converted into high-value products. Fungi are the 

easiest microbial fermentation platform for producing a variety of secondary metabolites. Kojic 

acid can be produced from non-competitive renewable resources while there is still 

improvement needed to enhance titer and to study the role of inhibitor on secondary metabolites 

production from lignocellulosic biomass. The secondary metabolism explores different 

pathways of formation of kojic acid from single source glucose, while the experimental proofs 

are still lacking. The genetic clustering was thoroughly studied using over-expression and 

disruption studies which also showed the gene regulation of other secondary metabolites as 

well as the role of adjacent regions in kojic acid synthesis. The improvements of using 

Aspergillus flavus vs Aspergillus oryzae at the commercial level without compromising yield 

and aflatoxin toxicity are critically discussed. It gives an idea of utilizing several approaches 

for using valuable toxicogenic fungi at the industrial level without compromising 

pathogenicity. This review also summarizes kojic acid production with several improvement 

factors that can be considered to accelerate fermentation yield.  
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CHAPTER 3 

LIGNIN EXTRACTION AND DEPOLYMERIZATION 

 

3.1.Introduction 

Lignin waste management is the major challenge faced by cellulosic refinery and wood pulp 

industries [206,207]. Lignin utilization as a simple source is difficult due to its polymeric 

structure that is made up of aromatic rings [208]. These rings are divided into 3 kinds of 

aromatic alcohols (sinapyl, coniferyl, and coumaryl forms) bound by aryl-ether bonds. These 

bonds are not easily breakable by the acid treatment process used recently in biorefineries to 

obtain higher cellulosic sugar yield [209]. 

The lignin generated from these treatments is a phenolic complex [210] and its 

depolymerization depends on structural integrity. The depolymerization rate is directly linked 

with the extent of lignin complexity. If it is too high, the bond breakage is very difficult and 

may need a higher temperature with a catalyst [211]. More complex means condensed lignin 

and less complex simpler form can be called free-form lignin. For complete hydrolysis of sugar, 

a higher concentration of acid can be used but it may de-hydrate the other reactive compounds 

and condense them into a complex structure. Therefore, an acid-water balance is required. 

Otherwise, it may cause difficulty in the further degradation of lignin into a product. The use 

of this abundant waste requires a simpler process for its treatment such as depolymerization.  

Alkaline-based depolymerization is a way to convert it into a simpler form [212]. Due to high 

complexity, the access of alkaline functional components such as –OH and –SH group to 

oxidize the lignin into simple form becomes unavailable. The free space, as well as the active 

site, may be closed inside the complex [213]. The nucleophilic attack of the functional group 

of solvent is only accessible to the outer surface and the inter-bound aryl-ether bonds become 

inaccessible [213,214]. This directly affects the decrease in the rate of depolymerization of 

lignin. Here in this study, the effect of acid concentration on lignin extraction from rice straw 

biomass and its depolymerization challenges have been focused on. It also attempted to find 

out how structural complexity plays a role in lignin de-polymerization efficiency. The amount 

of solid, type of reagent, reaction time, and temperature are being optimized for better 

depolymerization efficiency. 
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3.2.Material and Methods 

3.2.1. Extraction of Lignin from Biomass 

Five kinds of biomass were collected from different regions of India. Rice straw and cotton 

stalks were collected from the Palwal district of Haryana. Wheat straw and Sugarcane bagasse 

were collected from the Faridabad district, Haryana. Pine needles were collected from 

Pithoragarh district, Uttarakhand. The dried biomass was used for lignin extraction and 

estimation. Lignin was extracted by using a well-accepted sulfuric acid-based treatment 

method developed by Sluiter et al. [215] along with some modifications. A fine powder of 1 

mm sized biomass was prepared by grinding in a mixture grinder and was sieved through a 1 

mm sieve. 0.3 g of dried biomass was treated with 72% w/w sulfuric acid in a 1:10 ratio of 

solid: liquid. The first acid hydrolysis of the biomass was carried out in a screw cap bottle 

rotating at 150 rpm for 60 minutes at 30 °C. After 60 minutes, treated biomass was diluted with 

distilled water for the second hydrolysis by reducing the acid to 4%. Then, the reaction mixture 

was autoclaved at 121 °C, for 30 minutes. After autoclaving, hydrolyzed biomass was cooled 

to 40 °C and passed through sintered gooch crucible filter (G4). The residual solid was washed 

3-5 times with distilled water. Then, the solid was left for complete air drying. The dried solid 

mass was used as a lignin substrate. Out of all kinds of lignocellulosic biomass, rice straw was 

further used for lignin depolymerization, because of its major issue of stubble burning and air 

pollution problem.  

3.2.2. Lignin Depolymerization 

To screen the lignin depolymerization efficiency at 30 °C, different acidic, alcoholic, and 

alkaline reagents were reacted with 2 g/L of lignin at 1% concentration. The reaction mixtures 

were treated for 30 minutes at 30 °C and 160 rpm. After treatment, separated by centrifugation 

at 8,000 rpm, 25 °C for 10 minutes. The upper liquid was removed as depolymerized lignin 

(DLg) and the residual solid was washed 3 times with distilled water. The remaining solid was 

dried in the oven and back-calculated for depolymerization efficiency (%).  Out of which, 

Alkaline reagents- sodium hydroxide and sodium sulfide showed the best response. Therefore, 

these two reagents were used further for optimization study. 

The depolymerization efficiency (𝐷𝑃𝑒) was calculated by the following equation (𝐸𝑞. 3.1). 

𝐷𝑃𝑒 =  (
𝐿𝑔𝑖 −  𝐿𝑔𝑓

𝐿𝑔𝑖
) × 100% (3.1) 
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Where, 𝐷𝑃𝑒 is depolymerization efficiency (%), 𝐿𝑔𝑖 is initial lignin concentration given (g/L), 

𝐿𝑔𝑓 is final lignin concentration remained (g/L). 

3.2.3. Optimizing Lignin Depolymerization By RSM 

An RSM (Response surface methodology) approach was used with a two-factorial design for 

the depolymerization of lignin in a range of 0.5-1.5% and 0.1-0.5% concentrations of sodium 

hydroxide and sodium sulfide, respectively. The Design-Expert® software v.12 [216] was used 

for generating coded levels with alpha values (illustrated in Table 3.1) with their corresponding 

independent variables. 2 g/L lignin was treated with 13 different combinations obtained from 

central composite design in a 50 mL volume.  

Table 3.1: Experiment design of depolymerizing agents used for depolymerization efficiency 

Independent 

variables (%) 

Symbols  Coded levels 

-α -1 0 +1 +α 

Sodium hydroxide A 0.292 0.5 1 1.5 1.70 

Sodium sulfide B 0.0175 0.1 0.3 0.5 0.582 

 

3.2.4. Effect of Amount of Solid Loading and Reaction Time 

After optimizing the best value of depolymerizing reagents, a range of lignin was also treated 

at 2 g/L- 10 g/L at 30 °C.  The effect of time was also screened using 4 g/L lignin with a reaction 

time of 0.5 hours, 2, 4, 6, and 24 hours.  

 

3.2.5. Role of Acid Hydrolysis Behaviour on Structure of Lignin 

Chemical reactions mostly have a dependency on catalyst concentration. Sometimes, the action 

of higher concentration enhances the rate very high but disrupts the product's appearance and 

structural integrity. It is also applicable to biological material degradation. Therefore, a higher 

acidic condition was compared for lignin extraction and its structural changes. Here in this 

study, the degradation of rice straw biomass was executed for lignin extraction at two different 

sulfuric acid concentrations for acid hydrolysis treatment. This technique generally helps in the 

removal of maximum cellulosic parts like cellulose and hemicellulose by converting them into 

soluble sugars and remaining left-out acid-insoluble lignin. 
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3.2.5.1.Lignin Extraction at Different Acid Concentrations 

Rice straw lignin was extracted by a method developed by Sluiter et al. (2011) [215] along with 

some modifications and at two different concentrations of sulfuric acid 72% v/v (~80% w/w-

higher value) and 63% v/v (~72% w/w-lower value suggested in method). The method was 

followed as: rice straw was subjected to acid solutions in a 1:10 ratio and kept for incubation 

for 60 minutes at 30 °C at 150 rpm. After incubation, diluted to 4 % by calculating the dilution 

in v/v. The remaining procedure was followed as before for lignin extraction. The solid pellet 

was dried at room temperature (RT) for 24-48 hours. Both kinds of solid materials named L-72 

and L-63 were weighed to find out the lignin percentage and then stored in glass vials at room 

temperature for further use. Different parameters like the appearance of color, texture, and 

solubility in water were investigated. 

3.2.5.2.FTIR Analysis of L-72 and L-63 

For identifying the carbon bonding and functional group attachment, Fourier transform infrared 

(FTIR) analysis was performed, which represents the structural complexity of a compound. L-

72 and L-63 fine powder samples were placed on the sample platform of the FTIR spectrometer 

(PerkinElmer Spectrum Two™). The sample was scanned using the software Spectrum10® at 

400 to 4000 wavenumbers (cm-1) for estimating transmittance (%). Firstly, a background blank 

was run to normalize all the background noise. Then, samples were run for estimating 

transmittance with respect to wavenumber from 400 to 4000 cm-1. The comparison profile of 

inter-linkage bonds was analyzed after plotting a graph between wavenumber (cm-1) and 

transmittance (%). 

3.2.6. Depolymerization of L-72 and L-63 

De-polymerization of both types of lignin was done with an alkaline solution of NaOH (1.5%) 

and Na2S (0.5%). 2 g/L of L-72 and L-63 were treated with reagents at two sets of temperatures: 

30 °C and 80 °C and incubated for 60 minutes (mixed after every 10 minutes) in a water bath. 

After incubation, removed from respective temperatures and kept for settling and cooling. The 

remaining procedure was followed as before for lignin depolymerization. The dried remaining 

lignin was weighed for calculating depolymerization efficiency. 
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3.3.Results and Discussion 

3.3.1. Lignin Content in Biomass and Its Depolymerization 

The lignin was extracted from each kind of biomass and estimated the amount as shown in 

Figure 3.1. Pine needles showed maximum lignin (42.98 ± 0.08%) and sugarcane bagasse 

(27.72 ± 0.82%) showed minimum. Rice straw was chosen as biomass of concern due to the 

current management problem and developments of bioethanol refineries using rice straw as 

feedstock. The initial screening of depolymerization agents on rice straw lignin showed that 

the depolymerization was more favorable towards the alkaline region where sodium hydroxide 

(86.25 ± 1.77%) and sodium sulfide (77.50 ± 0.71%) showed higher depolymerization 

(Figure 3.2). Therefore, these two alkaline reagents were used for further optimization. For 

optimizing depolymerization efficiency, RSM was applied with a range of 0.5% to 1.5% of 

sodium hydroxide and 0.1 to 0.5% of sodium sulfide. The response surface graph showed that 

depolymerization was increased with an increase in sodium hydroxide and a decrease in 

sodium sulfide. It was found that depolymerization on average was 77.62 ± 4.67% and reached 

a maximum of 82.3% using 2 g lignin/L of reagent mixture at 30 °C (Table 3.2.). 

The maximum response showed towards sodium hydroxide 1.5 % and sodium sulfide 0.1% 

(Figure 3.3). This best value of reagents was also used for lignin depolymerization at a high 

range of lignin from 2 g/L to 10 g/L that showed a maximum 82.5 ± 0.70% and minimum 67.3 

± 16.82%, as the amount of lignin increased (Figure 3.4). Another study done with the 

reaction time showed that there was a mild increase in the depolymerization efficiency from 

80 ± 0.71% (after 0.5 hours) to 86.25 ± 1.06% (after 24 hours) (Figure 3.5). It concludes that 

the lower reaction time of 0.5 hours is suitable to reduce the process cost and time.  
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Figure 3.1: Lignin content in different types of biomasses 

 

Figure 3.2: Depolymerization efficiency comparison among different acidic, alcoholic, and 

alkaline reagents with 1% concentration at lignin 2 g/L 
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Figure 3.3: Surface response for depolymerization of rice straw lignin 

Table 3.2: Experiment design and response for depolymerization efficiency of lignin using 

sodium hydroxide and sodium sulfide 

Run Independent variables Response values 

Sodium Hydroxide (%) Sodium Sulfide (%) Depolymerization efficiency (%) 

1 0.5 0.1 81.1 

2 0.5 0.5 79.4 

3 1 0.3 82.3 

4 1 0.3 81.5 

5 1 0.3 79.5 

6 0.292 0.3 65.6 

7 1 0.0175 80.5 

8 1 0.3 79.6 

9 1.70 0.3 78 

10 1.5 0.1 79.7 

11 1.5 0.5 74.6 

12 1 0.582 72.1 

13 1 0.3 75.2 
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Figure 3.4: Effect of increase in lignin concentration on depolymerization efficiency (%) at a 

range of rice straw lignin (RSL) from 2 g/L to 10 g/L 

 

Figure 3.5: Effect of reaction time on depolymerization efficiency 

3.3.2. L-72 vs L-63 Characteristics 

The condensed and free-form lignin extracted with two different concentrations of sulfuric acid 

showed a great impact on their structures. The condensed lignin L-72 was dark brown in 

appearance while the free-form lignin L-63 was light brown. A high dense weight L-72 and 

lightweight L-63 indicate that in a high acid concentration, the condensation of lignin increases, 
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and the structure becomes more complex and denser. Xu et al. (2006), also found an increase 

in condensation of lignin with an increase of organic acid in wheat straw pre-treatment [217] 

and the reason behind this was an increase of guaiacol units in biomass. It was also proposed 

by Sannigrahi et al. (2011) that condensation at higher acid leads to the production of pseudo-

lignin [218] and enhances the complexity. At higher acid catalysis, dehydration of sugars 

generates furans, and these furans are tied with aromatic precursors of lignin resulting in highly 

condensed polymeric lignin [209].  

L-72 was observed as a highly condensed form of lignin. L-72 and L-63 comparison at different 

parameters has been illustrated in Table 3.3. The texture was observed as rough and hard for 

L-72 whereas smooth and soft for L-63. When solubility was tested in water, it was found that 

both are fairly insoluble in distilled water. The final weight of both the lignin was nearly similar 

to 30-32% of the total dry weight of rice straw biomass, which means there was a negligible 

difference in loss of solid lignin during acid treatment. However, the condensation of lignin was 

observed at a higher acid concentration. Figure 3.6 depicts the visible appearance of both types 

of lignin. The surface area on visual appearance was also observed lower for condensed lignin 

than free-form lignin when a similar amount of lignin was valued in mass. After all the 

comparative analysis, it was found that the L-63 is a definite lignin that can be used further for 

depolymerization, while the comparative depolymerization study was done with both kinds of 

lignin to validate their structural complexity. 

 

Figure 3.6: L-72 and L-63 type lignin extracted from rice straw by acid hydrolysis 
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Table 3.3: Comparison between L-72 and L-63 at different parameters 

Different Parameters  L-72  L-63 

Color Dark brown Light brown 

Texture Rough Smooth 

Density High Low 

Solubility in water Insoluble Insoluble 

Lignin (%) 31 ± 1 31 ± 1 

Visible Surface area Small Large 

 

3.3.3. Depolymerization Efficiency Between L-72 and L-63  

The rate of depolymerization of both the lignin was identified by treating Sodium hydroxide 

(NaOH): at 1.5% and Sodium sulfide (Na2S.xH2O) at 0.5%. L-72 showed very less 

depolymerization at both temperatures 30 °C and 80 °C as compared to L-63. A step-wise 

graphical illustration of the method can be shown in Figure 3.7. The dense form of L-72 does 

not show proper depolymerization in an alkaline reagent while the free-form L-63 showed 

higher depolymerization. It was found that L-63 de-polymerized 88.3% at 30°C and 98.3% at 

80°C, while L-72 de-polymerized 30% at 30°C and 34% at 80°C. It concludes with to use of L-

63 as good-quality lignin. 

 

Figure 3.7: The schematic representation of depolymerization of L-72 and L-63 
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3.3.4. FTIR Interlinkages in L-72 and L-63 

 

The FTIR plot curve depicts the significant difference between the L-72 and L-63 structural 

bonding. It was found that the L-72 lignin consists of CO-O-CO (anhydride) and C=C (alkene) 

stretching and more carbon-carbon bonding [219]. While, in L-63, simple C-O and C=O 

stretching was found which showed the free form of the lignin structure (Figure 3.8). Remli et. 

al (2014) also found that maximum bond linkages are placed at a wavenumber between 1,700 

-1,300 cm-1 which was also matching with the FTIR spectrum of this study [220]. The O-H and 

C-H bond stretching were shown in both kinds of lignin at 3,400 and 2,900 cm-1 respectively. 

Watkins et al. (2015) also studied the lignin interlinkages using different biomass and found a 

similar FTIR pattern of lignin bond linkage when treated with 85% acid treatment [221]. It was 

proposed that L-72 may have a higher number of C=C bonds than the C=O bonds that is 

opposite in L-63. It states that L-63 is more accessible by the alkaline functional groups as 

compared to the more complex inaccessibility of L-72 lignin. Kong et. al. (2015) studied that 

more ether linkages were present in kraft lignin modified to cationic lignin using NaOH and 

glycidyl trimethylammonium chloride [222], which demonstrates that the structural changes by 

any means making the changes in the lignin internal bond linkages. FTIR analysis showed that 

L-63 was more feasible to use further than L-72 due to more freely accessible bonds and can 

be easily used for depolymerization. 
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Figure 3.8: FTIR spectrum showing the bond interlinkage comparison of the structural 

changes in lignin L-72 and L-63 

3.3.5. Proposed Structural Integrity of L-72 and L-63 

The depolymerization rate is directly linked with the extent of lignin complexity. If it is too 

high, the bond breakage is very difficult, it dehydrates the reactive compound and condenses 

them more and more. This causes difficulty in further depolymerization. Due to high 

complexity, access to alkaline reagents becomes inaccessible, and the free space and action site 

close inside the complex. Guadix-Montero [223] and Shuai [213]  explained the presence of 

inaccessible and unbreakable bonds formed due to the condensation of reactive compounds in 

the lignin that occurred during the extraction process. A diagrammatic representation of the 

proposed structural integrity can be visible in Figure 3.9. There are chances of a larger number 

of unbreakable bonds and inaccessible bonds being present in the L-72 than in the L-63. The 

breakable bond can be present inside the vicinity of the complex which is more accessible in L-

63 than L-72, because, L-63 is more accessible from the surface also. Therefore, free-form 

lignin (L-63) showed higher depolymerization efficiency than condensed lignin (L-72). 

 

Figure 3.9: Proposed diagram of the structural integrity of the L-72 and L-63: Occurrence of 

inaccessible, breakable, and unbreakable bonds 
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3.4.Conclusions 

Lignin is gaining importance as feedstock for industrial products, while still it is undervalued 

due to value-addition challenges, process development, and especially evaluation of the 

commercially valued product. Lignin depolymerization efficiency is ≥80% using NaOH 

(1.5%) and Na2S (0.1%) at 4-6 g/L lignin at 30 ºC after 30 minutes. The effect of acid 

concentration was found to directly affect the lignin structural changes. Similarly, further 

depolymerization efficiency was also affected. The availability of a free form of lignin groups 

is needed for the action of reactive functional groups of reagents. The use of the alkaline 

medium was very effective in depolymerizing nearly the maximum amount of L-63 and only 

one-third of L-72. So, it was concluded to use the free-form, soft, and light-brown lignin (L-

63) for depolymerization. 
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CHAPTER 4 

A NEW ASPERGILLUS STRAIN MOLECULAR 

CHARACTERIZATION AND MOLECULAR STRUCTURE 

ELUCIDATION OF UNKNOWN METABOLITE AND PROCESS 

OPTIMIZATION 

4.1.Introduction 

Castor oil is a non-edible renewable resource that consists of long-chain hydrocarbons such as 

ricinoleic acid [94].  Its utilization as a primary carbon source for kojic acid production has the 

potential to add value to the raw material. Kojic acid is a pyrone ring-structured secondary 

metabolic compound produced by fungi [9,10]. It functions as a tyrosine kinase inhibitor for 

reducing melanin formation, therefore known as a skin-whitening component. Its application 

is distributed in medicine, food, agriculture, chemistry, and cosmetics [11,12]. Currently, the 

antimicrobial property of kojic acid is emerging as an effective agent might be in the form of 

ester derivatives [13], grafted oligosaccharides [14,15], nano-biocatalysts [16], or liposomes 

[17], which ultimately leads to high demand for kojic acid. The present status shows that 

glucose is the major carbon source to produce it, while utilization of other non-competitive 

feed can also provide an alternative substrate.  

Lignocellulosic biorefineries are also being set up rapidly to fulfill fuel demand against 

petroleum refineries. However, after the use of cellulose and hemicellulose fractions, lignin is 

produced in abundance and is raising management and utilization challenges [224]. For 

decades, lignin has mostly been undervalued and used in the paper/pulp industries as a low-

grade fuel for heat and power generation [225]. There have been various options evaluated to 

tackle lignin residue such as concrete admixture, animal feed pellets, road binders, dye 

dispersants, battery components, carbon fiber, activated charcoal, etc. [3,226]. However, 

finding a route to utilize for microbial fermentation has much value. Lignin is a phenolic 

polymer [227] and a rich source of aromatics. The de-polymerized form of lignin is categorized 

into 3 types of precursors: coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol [227,228]. 

Microbial utilization of aromatic compounds is specific to only those microorganisms having 

their degradation ability [229].  
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In this context, several microbes such as Pseudomonas putida and Rhodococcus jostii have 

been reported for using lignin precursors to produce industrial products like muconic acid [41], 

adipic acid [43], nylon [230], vanillin [44], etc. However, all these approaches need pathway 

engineering such as deletion and/or insertion of the gene of interest. Here in this study, both 

the renewable substrates castor oil and lignin have been evaluated for microbial fermentation 

from a fungus isolated from lignin waste, and the product has been identified as kojic acid. 

Kojic acid has the potential to treat methicillin-resistant Staphylococcus aureus (MRSA) 

infection. Lignin was studied as a co-substrate to enhance kojic acid production. 

 

4.2.Material and Methods 

4.2.1. Raw Material and Chemicals  

A fully dried 4-5 mm size milled rice straw was collected from Palwal district, Haryana, India. 

For this study, acid-insoluble lignin was extracted from rice straw by acid hydrolysis treatment. 

Castor oil and other chemicals were procured from SRL (Sisco Research Laboratories, India). 

Oil substitutes were purchased from the local market. All chemicals used in this study were of 

analytical grade. 

4.2.2. Isolation of Microorganism  

The strain was growing on lignin waste generated in the laboratory. It was isolated and tested 

for the potential product by growing in a medium containing depolymerized lignin (3 g/L) 

supplemented with different substrates. Following 25 different kinds of substrates (3 g/L) were 

screened: dextrose, fructose, maltose, lactose, xylose, sucrose, galactose, cellulose, cellobiose, 

starch, sorbitol, yeast extract, peptone, Luria Bertani broth, sodium salts of (acetate, carbonate, 

bicarbonate, citrate, and pyruvate), castor oil, corn oil, soybean oil, glycerol, tween-20, and 

control. For medium preparation, lignin and one of the substrates were added to all minimal 

salt (AMS) medium having the following composition: Na2HPO4 (6 g/L), KH2PO4 (3 g/L), 

NaCl (0.5 g/L), NH4Cl (0.8 g/L), MgSO4.7H2O (0.02 M), CaCl2 (0.002 M) [231]. The medium 

was autoclaved, cooled down, inoculated with the 5% waste sample, and incubated at 30 °C 

for 5 days. After 5 days, screening of substrate was done for fungal growth. The growth was 

found in xylose, sorbitol, cellobiose, soybean oil, and castor oil. Growth was maximum in the 

case of castor oil-containing medium. The selected fungal strain was isolated using potato 

dextrose agar (PDA) medium, and spore suspension was stored for further use. 



61 
 

4.2.3. Identification of Isolated Fungi 

4.2.3.1.Morphological Identification 

The isolated microorganism was subjected to morphological and molecular identification. The 

microorganism was examined on a potato dextrose agar plate for 4 days for morphological 

identification, and microscopically using methylene blue staining of 4.8 × 106 spores suspended 

in 0.9% NaCl solution.  

4.2.3.2.Method for DNA Extraction from Fungi 

Genomic DNA was extracted from the seed culture of fungal isolate (grown in potato dextrose 

broth) by the method described by Carter-House et al. (2020) [232]. 2 mL of fungal mycelium 

sample was crushed under liquid nitrogen until fine powder formed. Then, nearly 100 mg 

powder with 870 µL of lysis buffer containing proteinase K and polyvinyl pyrrolidone-K was 

heated at 65 °C, for ½ hour. Then, 5 M potassium acetate (280 µL) and 500 µL of PCI (25:24:1) 

were mixed slowly and kept in ice for 5 minutes; centrifuged at 12,000 rpm, for 10 minutes. 

Then added with the same volume of CI (1:1) to the aqueous layer formed. Mixed and 

centrifuged as before and repeated until a clear aqueous layer formed. Then, 3 M sodium 

acetate (1/10th volume) and the same volume of Isopropanol were added to the aqueous layer, 

mixed slowly by inversion, and left undisturbed in ice, for 10 minutes. Then, the mixture was 

centrifuged at 12,000 rpm, for 10 minutes. Then, the pellet was washed with 70% ethanol, air-

dried, and re-suspended in 50 µL of 1x Tris-EDTA (pH 8) buffer [232]. DNA quantification 

was done by using a micro-drop spectrophotometer (MultiskanGO®, Thermo Scientific) and 

qualitative observation was done at 1% agarose gel.  

4.2.3.3.PCR Amplification and Sequence Analysis 

Molecular characterization of the fungal isolate was done by sequence analysis of conserved 

ribosomal internal transcribed spacer (ITS) regions. The PCR product of isolated DNA was 

generated by annealing of forward primer 18S ITS1-F (5'-TCCGTAGGTGAACCTGCGG-3') 

and reverse primer 28S ITS4-R (5'-TCCTCCGCTTATTGATATGC-3') [233] at 58 °C [234]. 

PCR amplification of DNA was done by running a 50 µL reaction mixture with reagent 

concentrations: 200 µM dNTPs, 1.5 mM MgCl2, 0.2 µM primers, DNA (100 ng) and Taq 

polymerase (1.25 IU) on HiMedia® Wee32 series thermocycler. The reaction conditions were 
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followed as 1 × (95 °C, 180 seconds), 35 × (95 °C, 60 seconds; 58 °C, 30 seconds; 72 °C, 60 

seconds), 1 × (72 °C, 10 minutes), and 4 °C (forever). The resulting amplicon was sequenced, 

and nucleotide sequence similarity was identified using NCBI BlastN [235]. The test of 

multiple sequence alignment and phylogenetic tree preparation was carried out using MEGA 

11 [236]. The ITS primers may not be able to differentiate the species of the isolated genus of 

Aspergillus. Therefore, a secondary biomarker of cytochrome P450 family 51 i.e., cyp51A was 

used for PCR-based identification [237]. The PCR product was generated using forward primer 

cyp51A F 5'-CCAGATTAGGCATACACATTG-3' and reverse primer cyp51A R 5'-

CGCTAACTATGGTTGACTCTA-3' annealed at 52 °C for 30 seconds. The PCR reaction 

mixture and the cycle conditions were followed by the study done by Nargesi et al. (2021) 

[237]. 

4.2.4. Molecular Structure Elucidation of Unknown Metabolite 

After incubation, 2 mL sample was clarified by centrifugation (10,000 rpm, 10 minutes), the 

supernatant was filtered through a 0.2 µm filter, and the filtrate was used for HPLC analysis. 

Initially, the product was proposed to be an organic acid. Therefore, a range of standard organic 

acids (100 mg/L) such as oxalic acid, malic acid, lactic acid, acetic acid, citric acid, succinic 

acid, fumaric acid, and maleic acid was screened using HPLC in isocratic mode with mobile 

phase 5 mM H2SO4/water by injecting 20 µL of the filtered sample in the HPLC separation 

module (Waters, Breeze QS®) was passed via SunFireTM C18 reverse-phase column (4.6 mm 

× 250 mm, 5 µm). The sample was run at 40 °C, 0.5 mL/minute flow for 30 minutes, and the 

peak was detected by the UV-PDA detector. The chromatogram was observed at 210 and 260 

nm wavelengths using BreezeTM 2 software. An unknown significant product peak was 

observed on the HPLC chromatogram at 20.5 ± 0.2 minutes (Figure 4.1). Out of all the organic 

acids, it did not match with any of the tested standard organic acids (Figure 4.2). To confirm 

further, different types of mobile phases were used like 50 mM phosphate buffer (2.5 pH) and 

50% acetonitrile/water. The changed mobile phase cleared the difference in the retention time 

of unknown metabolite and maleic acid (Figures 4.3 and 4.4). HPLC was unable to identify 

the unknown metabolite after running with several standards. Therefore, it was proposed to 

find the molecular mass of the product. The sample (in water) was subjected to analyze mass 

spectrum by using the mass analyzer (Agilent 6540® LC/MS) using ESI+ scan mode along 

with fragmentation done at 150 eV, run for 0.285 minutes. The ESI+ scan showed m/z at 
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144.1021 (Figure 4.5). It showed that the product has a molecular weight near 144 g/mol. 

Then, a range of products reported for fungi Aspergillus sp. was listed and the molecular weight 

was matched with all possible products (Table 4.1).  

According to the mass spectrum, the proposed product matched the molar mass of kojic acid 

(142.11 g/mol) at m/z near 144.10. After all these observations, it was concluded that the 

product may be kojic acid which has a molecular weight of 142.11 g/mol. For further 

confirmation, the metabolite was purified from the fermented broth using the ethyl acetate 

method (purification method given in subsequent section) [238]. The purified metabolite was 

further subjected to molecular structure elucidation by various analytical techniques to validate 

the product to be kojic acid. The purified metabolite was analyzed for functional group 

characteristics using an FTIR instrument (PerkinElmer, Spectrum TwoTM). FTIR spectrum of 

dried powder was scanned from 400 to 4000 cm-1 wavenumber and plotted for % of 

transmittance (%T). 13C-NMR and 1H NMR (Bruker, Ascend® 400 Mhz, 9.4 Tesla) based 

comparison was also done to categorize carbon and hydrogen in the purified metabolite and 

standard kojic acid prepared in Deuterated DMSO (C2D6OS). An XRD-based comparison of 

dried powder was also performed using an X-ray Diffractometer (Bruker, D8 Advance®) using 

DIFFRAC.EVATM scanned at coupled 2 Theta/Theta with the continuous fast mode at 1 

step/sec starting from 5Θ to 80Θ. Further confirmation of the purified metabolite was done with 

a comparative mass spectrum analysis (fragmentation done at 120 eV) with the standard kojic 

acid.  

The qualitative determination was also done by adding FeCl3 solution in which a red-colored 

product formation indicates the presence of kojic acid [239]. 0.1 mL of 0.01 M FeCl3 was 

reacted with 0.5 mL of sample for a red color appearance. HPLC-PDA-based detection with 

UV-spectrum from 210-400 nm was also scanned to identify the maximum absorbing 

wavelength. It was also compared with a UV-Visible spectrophotometer at a range of 200-400 

nm. Finally, the unknown metabolite was compared with standard kojic acid in HPLC.  The 

product concentration was calculated by using the standard graph analyzed by HPLC at 260 

nm in 5 mM H2SO4/water with a clear appearance of the chromatogram. 



64 
 

Figure 4.1: A significant peak observed for an unknown metabolite in HPLC 

 

Figure 4.2: Different organic acids screened for the unknown metabolite on HPLC 

chromatogram 
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Figure 4.3: Comparison between maleic acid and unknown metabolite using 50 mM 

phosphate buffer on HPLC chromatogram 

 

Figure 4.4: Comparison between maleic acid and unknown metabolite using 50% 

acetonitrile/water on HPLC chromatogram 
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Figure 4.5: Mass spectrum analysis of fermented broth for identification of unknown 

metabolite  
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Table 4.1: List of products produced by Aspergillus sp. 

Sl. 

No. 

Product Name Molecular weight 

(g/mol) * 

Microorganism Refs 

1 Paspalinine 85.15 A. flavus [240] 

2 Oxalic acid 90.03 A. flavus [241] 

3 Lactic acid 90.08 A. oryzae [242] 

4 Glyceric acid 92.09 A. oryzae [242] 

5 Malonic acid 104.06 A. oryzae [242] 

6 Fumaric acid 116.07 A. oryzae [243] 

7 Succinic acid 118.09 A. saccharolyticus [244] 

8 3-nitropropionic acid 119.08 A. oryzae [245]. 

9 Itaconic acid 130.09 A. terreus [246] 

10 Malic acid 134.08 A. oryzae [247] 

11 Kojic acid 142.11 A. oryzae [245] 

12 Shikimic acid 174.15 A. oryzae [242] 

13 Citric acid 192.12 A. oryzae [242] 

14 Gluconic acid 196.16 A. oryzae [242] 

15 Dihydroxy-methoxycoumarin 208.17 A. oryzae [245] 

16 Maltoryzine 208.21 A. oryzae [245] 

17 Asperfuran 218.3 A. oryzae [245] 

18 Aspergillic acid 224.3 A. oryzae [245] 

19 Sporogen AO1 248.3 A. oryzae [245] 

20 Pentahydroxy-anthraquinone 288.21 A. oryzae [245] 

21 Aspergillomarasmine A 307.26 A. oryzae [245] 

22 Aflatoxin B1 312.27 A. flavus [177] 

23 Aflatoxin B2 314.29 A. flavus [177] 

24 Aflatoxin G1 328.27 A. flavus [177] 

25 Aflatoxin B2A 330.29 A. flavus [177] 

26 Cyclopiazonic acid 336.38 A. oryzae [245] 

27 Aspirochlorin 360.8 A. oryzae [245] 

28 13-desoxypaxilline 419.6 A. oryzae [245] 

*Compounds are listed in increasing order of molecular weight 
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4.2.5. Substrate Screening 

The selected fungal isolate was further screened for individual substrates as well as with the 

lignin co-substrate because it was isolated using the lignin-based medium. Fermentation of 

pure castor oil, pure glucose, pure depolymerized lignin, and combined substrates of 

depolymerized lignin with castor oil/glucose was compared for kojic acid production using 

fungal isolate. Every experiment for screening and optimization has been done in duplicates 

(2n) throughout. As glucose was studied well for kojic acid, therefore glucose was taken as a 

reference substrate. 5 different sets of substrates at 50 mL volume were investigated. Set1: 

Pure castor oil-10 g/L (CO10), Set2: Pure glucose-10 g/L (G10), Set3: Pure depolymerized 

lignin-3 g/L (DLg3), Set4: Depolymerized lignin with castor oil (DLg3CO10), Set 5: 

Depolymerized lignin with glucose (DLg3G10). All samples were prepared with AMS. 

Depolymerized lignin solution was neutralized before use by concentrated H2SO4/HCl. The 

medium was autoclaved and inoculated with 8% spore suspension containing 4.8 × 106 

spores/mL and further incubated at 180 rpm for 5 days at 30 °C. The fermented product was 

analyzed by a modified HPLC method described earlier [248,249] for organic acid analysis. 5 

days of sampling time was considered after observing the propagation of product peak with 

time in pure glucose medium (data not shown). The oil consumption analysis was performed 

by dissolving methylene chloride [250] in a 1:2 (oil: solvent) ratio in a separating funnel. The 

mixture was mixed vigorously for 10 minutes and then kept undisturbed to separate the two 

layers. After settling, the lower layer was removed and kept for evaporating solvent in a pre-

weighed flask. The pre-and- post-weight were compared to calculate the residual oil and 

consumption. 

4.2.6. Preliminary Investigation of the Effect of Process Parameters 

The effect of process parameters such as pH, oil concentration, and DLg concentration was 

examined. The substitutes of castor oil were also used for kojic acid production from different 

oils. To identify the effect of pH, a range from pH 3 to pH 8 was adjusted in the medium 

containing DLg (3 g/L) and castor oil (10 g/L). The buffering capacity of the lignin against pH 

drop was also studied using concentrated HCl. After optimizing pH, the effect of 

depolymerized lignin was evaluated at different concentrations of DLg with castor oil. A series 

of DLg concentrations from 0-5 g/L was prepared with AMS and constant castor oil (10 g/L). 

To identify the effect of castor oil concentration, a range of increases in castor oil 10-50 g/L 
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was set up with constant DLg (3 g/L). Different oil substitutes were also compared for kojic 

acid production. Different types of oil substitutes: 1) Castor oil, 2) Mustard oil, 3) Soybean oil, 

4) Corn oil, 5) Glycerol, 6) Used engine oil at 10 g/L with DLg (3 g/L) were used to compare 

the better oily substrate. Inoculation, incubation, sample preparation, and analysis were 

performed as before. 

4.2.7. Comparison Among Different Aromatics 

The presence of different aromatic compounds related to lignin precursors such as phenol, 

guaiacol, and catechol was studied with similar supplementation. 3 g/L of pure phenol, 

guaiacol, catechol, and depolymerized lignin was supplemented with castor oil 10 g/L. 

Inoculation, incubation, sample preparation, and analysis were done as before. 

4.2.8. Effect of Temperature and Na2S Reagent 

The microorganism was subjected to two different kinds of temperatures for kojic acid 

production. The CO20DLg3 medium was screened at 30 °C and 37 °C. This is because the 

microorganism and enzyme's survival are greatly dependent on temperature. The incubation 

was followed for 5 days and the product formation was compared. As per the reports, Na2S is 

used in combination with NaOH for lignin depolymerization, but it causes the release of sulfur 

and toxic fumes during the depolymerization and neutralization process, as well as also forms 

sodium sulfate residues. Therefore, the depolymerization with Na2S and without Na2S was 

executed and the resulting type of depolymerized lignin was supplemented with castor oil 20 

g/L for kojic acid production to compare the effect of Na2S. 

4.2.9. Process Parameter Optimization Using RSM 

The synergistic effect of lignin and castor oil substrate on kojic acid production was also 

investigated by using a response surface methodology designed by Design-Expert® software. 

A central composite model was prepared using two independent variables (A) depolymerized 

lignin and (B) castor oil for the response of kojic acid. There were 13 runs experimented with 

the coded levels: low (-1), medium (0), and high (+1) (illustrated in Table 4.2). The range of 

DLg and castor oil were 1-5 g/L and 5-15 g/L, respectively. The quadratic equation followed 

for optimizing the response of A and B is (Eq. 4.1) 
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(4.1) 

Where, 𝑌1is the response, 𝑘0  is an overall coefficient, 𝑘𝑖 and 𝑘𝑗 are linear coefficients, 𝑘𝑖𝑖 

and 𝑘𝑗𝑗 are quadratic coefficients, 𝑘𝑖𝑘𝑗 is the interaction coefficient, and 𝐴 and 𝐵 are 

independent variables. ANOVA test was done using design parameters for evaluating P-value, 

F-test value, R2, and standard deviation. 

 

Table 4.2: Independent variables and their corresponding levels for optimizing concentration 

of depolymerized lignin and castor oil  

Independent variables Symbols  Coded levels 

-α -1 0 +1 +α 

Depolymerized lignin (g/L) A 0.1715 1 3 5 5.828 

Castor oil (g/L) B 2.92 5 10 15 17.07 

 

4.2.10. Purification of Kojic Acid  

The crude fermented broth contains residual oil, emulsion, and other primary organic 

compounds. Therefore, a modified ethyl acetate method [238] for fermented oil broth was used 

to purify kojic acid. The methylene chloride was used to dissolve the remaining oil/organics as 

kojic acid is less soluble in methylene chloride. The crude fermented broth was filtered through 

Whatman filter paper to prepare the cell-free extract. Then, 50 mL of filtrate was mixed with 

ethyl acetate in a 1:2 ratio. The two-phase solution was stirred at 800 rpm for 1 hour at 30 °C. 

After stirring, left undisturbed for 1 hour for the separation of clear phases. After that, the upper 

ethyl acetate phase containing kojic acid was separated and transferred to another beaker and 

kept for evaporation at 100 °C until the volume was reduced to 10%. Then the hot liquid was 

kept at room temperature overnight for further evaporation without heating for the 

crystallization of kojic acid. When crystals were visibly wet with ethyl acetate, further treated 

with 10 mL of methylene chloride or chloroform. Mixed well to dissolve oil and other organic 

impurities. The mixture was transferred into a tube and kept for the settling of crystals. Then, 

the upper liquid was removed carefully and the wet crystals were dried under a vacuum for the 
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next 12 hours. After complete drying, dried kojic acid crystals were stored in a cool place in a 

closed glass vial until further use. 

4.3.Results and Discussion 

4.3.1. Isolation and Identification of Microorganism  

The initial stage of growth showed a white color appearance at 2 days and green-colored mold 

was observed after 4 days on the PDA plate (Figure 4.6). Under microscopic examination, a 

sporangium attached to the substratum was visible and spores were spreading out of it. As per 

these visible observations, the microorganism was proposed to be the genus Aspergillus. For 

definite recognition, the molecular characterization was done using sequence analysis of ITS 

regions. After NCBI BlastN analysis, multiple sequence alignment, and phylogenetic tree 

analysis, it was found that the fungal isolate belongs to the Aspergillus sp. with ≥99% identity 

match. Therefore, the strain was named Aspergillus sp. BU20S. 

 

Figure 4.6: Upper: Novel strain isolation and purification, Lower: Fungal isolate growing on 

PDA plate: Left: after 2-days; Centre: after 4-days; Right: microscopic image of sporangium 



72 
 

4.3.1.1.ITS region and Cyp51A Sequence of Isolate BU20S 

• BU20S ITS region sequence 

AATGGATTAGGTTTGGAACGGAAGGTGGGTTCCTAGCGAGCCCAACCTCCCACCCGTGGTTTACTG

TACCTTAGTTGCTTCGGCGGGCCCGCCATTCATGGCCGCCGGGGGCTCTCAGCCCCGGGCCCGCGC

CCGCCGGAGACACCACGAACTCTGTCTGATCTAGTGAAGTCTGAGTTGATTGTATCGCAATCAGTT

AAAACTTTCAACAATGGATCTCTTGGTTCCGGCATCGATGAAGAACGCAGCGAAATGCGATAACT

AGTGTGAATTGCAGAATTCCGTGAATCATCGAGTCTTTGAACGCACATTGCGCCCCCTGGTATTCC

GGGGGGCATGCCTGTCCGAGCGTCATTGCTGCCCATCAAGCACGGCTTGTGTGTTGGGTCGTCGTC

CCCTCTCCGGGGGGGACGGGCCCCAAAGGCAGCGGCGGCACCGCGTCCGATCCTCGAGCGTATGG

GGCTTTGTCACCCGCTCTGTAGGCCCGGCCGGCGCTTGCCGAACGCAAATCAATCTTTTTCCAGGT

TGACCTCGGATCAGGTAGGGATACCCGCTGAACTTAAGCATATCAATAAAGCGGAGGAAA 

• BU20S cyp51A region sequence 

 
GTCGGTAATCTTCTAGGTCTTCGCACTTCCCTTCCTCTTCGTCCTTGTCTTCACGATCTTCTCACGCA

GCATGGCATCCTTCACTCTCGTCAGCGCCTACGCGGCTGCTGGCCTGCTGGCAATCATCGTCCTAA

ATCTGTTGCGCCAGCTCCTCTTCCGTAATAAGACTGATCCACCCCTTGTTTTCCACTGGATCCCTTT

CCTGGGTAGTACCGTTACCTATGGGATGGACCCTTATGCGTTTTTCTTTTCTTGCAGACAAAAGGTC

AGTCGGCCGCCGTAATGTTCATTCCACAATGTTGTACGGAGCCCGCTACTAATCCAATTGGCAGTA

TGGCGACATCTTTACCTTCATATTGCTTGGTCGAAAGATCACAGTGTATCTGGGCATTCAAGGCAA

CGAATTCATTCTCAATGGCAAGCTGAAGGATGTCAATGCCGAGGAGATCTATAGCCCGCTCACCAC

GCCAGTCTTTGGCTCCGACATTGTGTATGATTGTCCAAATTCAAAGCTTATGGAGCAGAAAAAATT

CATAAAGTTTGGCCTTACTCAGGCGGCACTGGAGTCGCATGTACCATTGATTGAAAAAGAAGTGCT

TGACTACCTCAAGACATCCCCCAACTTCAAAGGGACCTCTGGCAGGGTCGAAATCACGGATGCCA

TGGCTGAAATAACTATTTTCACTGCCGGTCGAGCATTGCAAGGCGAGGAGGTTCGCAAAAAGCTC

ACTGCAGAATTCGCAGACTTGTATCATGACCTTGATCGGGGGTTCACTCCGATCAACTTCATGCTT

CCGTGGGCACCGCTGCCGCGTAACCGGAAGCGGGATGCAGCCCATGCGCGCATGAGGGAGATCTA

TATGGATATCATTAACGAGCGCCGCAAGAACCCAGACCGAGAGACCTCGGACATGATCTGGAACC

TCATGCATTGTACCTACAAGAATGGACAGCCTCTGCCGGACAAGGAGATCGCCCATATGATGATC

ACTTTACTAATGGCAGGTCAGCACTCATCGTCATCTATCAGCTCTTGGATCATGTTACGAC  

4.3.1.2.PCR Amplicons and Evolutionary Relationships 

The UPGMA method was used to show the optimal tree method (Figure 4.7) [251]. The 

replicate percentage can be seen before the branching resulting in 500 bootstrap replicates 

[252]. The Maximum likelihood method [253] was used to distance the tree. The final data set 

of 637 positions involving 9 sequences was analyzed and the whole analysis was done by 

MEGA 11 [236]. The sequencing analysis of ITS primers revealed that the microorganism 

named to be Aspergillus sp. which defines the species name as similar to flavus or oryzae. 

Further confirmation was done by secondary barcode analysis using cyp51A gene. The 

sequencing results of the PCR product confirmed that the species name matched 99.16% of 

identity with 100% query cover to flavus (Figure 4.7). Therefore, the isolated microorganism 

was named Aspergillus flavus BU20S. 
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Figure 4.7: Molecular analysis and sequence similarity of fungal isolate BU20S using ITS 

and cyp51A primer, M: 1kb DNA ladder of different types 



74 
 

4.3.2. Structure Elucidation of Unknown Metabolite 

The molecular structure of the unknown metabolite was elucidated using various analytical 

techniques such as MS, FTIR, 13C and 1H NMR, XRD, UV, and HPLC (Figure 4.8-4.16). 

4.3.2.1.Mass Spectrometry 

For identification of the unknown metabolite, molecular mass was analyzed using mass 

spectrophotometry (Figure 4.11). The molecular mass spectra showed the presence of a 

molecular ion with m/z of 143.0335. The molecular weight of kojic acid is 142.11 g/mol. It is 

possible due to hydrogen ion abstraction in the presence of protic solvents like water by direct 

photoionization of [M], as per the mechanism reported by Syage (2004), there is a change in 

m/z value [254]. The [M+H]+ ion has given an m/z value of 143.033 for kojic acid. The standard 

kojic acid also showed [M+H]+ m/z at 143.0337 [255,256]. Sudhir et al. (2005) also reported 

the [M+H]+ peak of kojic acid at m/z at 143.0 [257]. This result indicates that the metabolite 

could be kojic acid.  

4.3.2.2.Crystal Morphology 

To further confirm its morphological and structural characteristics, the metabolite was purified 

from the fermented broth. The morphology of purified crystals was similar to standard kojic 

acid (Figure 4.8a). Chib et al. (2019) also observed a similar crystal appearance of the product 

during kojic acid purification [119].  

4.3.2.3.FTIR and XRD 

The purified dried solid was analyzed by FTIR (Figure 4.9). As per the reference IR table of 

Sigma Aldrich [219], the FTIR spectrum showed peaks at wavenumber 3,200 cm-1 (for an 

alcoholic -OH), at 3,000-2,800 cm-1 (for alkane C-H), at 1,685-1,666 cm-1 (for ketone C=O), 

at 1,650-1,610 cm-1 (for cyclic alkene C=C), at 1,050-1,040 cm-1 (for anhydride C-O-C). The 

pattern of peak observation was also similar to the standard kojic acid. The FTIR spectrum and 

peak evaluations were also similar to kojic acid as reported by Devi et al. (2015)[255]. The 

XRD spectrum (Figure 4.10) also showed similar diffraction peaks, especially at ~19Θ when 

compared to the standard kojic acid spectrum [255]. 

4.3.2.4.NMR Analysis 
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The 13C NMR analysis also showed the δ-values (ppm) corresponding to aromatic ring 

structure and carboxy bonding (Figure 4.12). 13C NMR of standard kojic acid (101 MHz) 

depicts δ (ppm) = 174.37, 168.54, 146.17, 139.70, 110.30, 59.94, 40.65, 40.60, 40.44, 40.40, 

40.24, 40.19, 40.03, 39.98, 39.77, 39.56, 39.35. 13C NMR of unknown metabolite (101 MHz) 

depicts δ (ppm) = 179.12, 173.29, 150.92, 144.45, 115.05, 75.71, 64.69, 45.35, 45.20, 45.15, 

44.99, 44.94, 44.78, 44.73, 44.52, 44.31, 44.10, 35.88. The carbon positions were examined to 

elucidate the structure. Six δ values between 180 ppm to 60 ppm showed the carbon positions 

and the other remaining <60 δ values were designated to the solvent (DMSO). An observation 

identified by Nurunnabi et. al (2018) was followed to denote carbon numbers to kojic acid 

structure [258]. The product identity was depicted according to δ values for C4 (C=O; bound 

with no hydrogen and 2 carbons) and C2 (bound with no hydrogen, 2 carbons, and 1 oxygen) 

between 160-180 ppm. C5 (bound with no hydrogen, 2 carbons, and 1 hydroxyl) and C6 (bound 

with 1 hydrogen and 1 oxygen) in between 130-160 ppm, and C3 (bound with 1 hydrogen and 

2 carbons) between 100-130 ppm. At last, C7 (bound with 2 hydrogens, 1 carbon, and 1 

hydroxyl) showed a peak between 50-70 ppm, which is mostly due to methyl groups.  

Nurunnabi et. al (2018) also identified a similar chemical shift (δ-ppm) in 13C NMR while 

identifying kojic acid extracted from Colletotrichum gloeosporioides [258]. 1H NMR of 

standard kojic acid (400 MHz) depicts δ (ppm) = 9.05, 8.03, 6.35, 6.34, 6.34, 5.68, 5.66, 5.65, 

4.30, 4.30, 4.29, 4.29. 1H NMR of unknown metabolite (400 MHz) depicts δ (ppm) = 13.80, 

12.78, 11.10, 11.09, 11.09, 10.43, 10.41, 10.40, 9.47, 9.46, 9.46, 9.46, 9.44, 9.05, 9.04, 8.11, 

7.66, 7.64, 7.64, 7.64, 7.63, 7.27, 7.27, 7.26, 7.25, 6.74, 4.75. The 1H spectrum showed identical 

chemical shifts at 8 and 9 ppm (Figure 4.13). There were few additional peaks were observed 

in the purified product. This could be due to a trace of impurities present in the purified product.  

4.3.2.5.Qualitative Analysis 

The FeCl3 test showed a red-color appearance on the sample as well as standard kojic acid 

[239]. However, in comparison, it was not found in other standard organic acids such as oxalic 

acid, malic acid, lactic acid, citric acid, acetic acid, succinic acid, fumaric acid, and maleic acid 

(Figure 4.16). This result showed the presence of kojic acid in the sample.  

4.3.2.6.UV-Spectrum 

The UV-spectrum scan in HPLC also showed a similar pattern as UV/Visible (Water) at λmax 

values at 215.8 nm and 267.8 nm in both the unknown product and standard kojic acid (Figure 
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4.14 and Figure 4.15). Ola et al. (2019) also found a similar UV spectrum of kojic acid during 

kojic acid production [112]. 

4.3.2.7.HPLC 

After all these confirmations, the HPLC-based comparison was performed in three types of 

mobile phases (Figure 4.17) which showed the presence of kojic acid. Finally, the HPLC 

chromatogram of metabolite was compared with increasing concentrations of standard kojic 

acid (100 ppm to 500 ppm) (Figure 4.8b). After all types of molecular structure elucidations, 

the unknown metabolite was confirmed to be kojic acid. 

 

 

 

 

 

 

 

Figure 4.8: Standard kojic acid and purified metabolite: (a) Visible appearance; (b) HPLC 

chromatogram  

 (a)

 (b)
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Figure 4.9: FTIR spectrum of standard kojic acid and purified metabolite 

 

Figure 4.10: XRD pattern of standard kojic acid and purified metabolite 
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Figure 4.11: Mass spectrum of standard kojic acid and purified metabolite;  

[M+H]+, m/z = 143.03   
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Figure 4.12: 13C-NMR spectrum of standard kojic acid and purified metabolite   
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Figure 4.13: 1H-NMR spectrum of standard kojic acid and purified metabolite 
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Figure 4.14: UV spectrum of standard kojic acid and purified metabolite in HPLC  
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Figure 4.15: UV spectrum of standard kojic acid and purified metabolite in 

spectrophotometer  

 

 

Figure 4.16: FeCl3-based colorimetric test for kojic acid analysis; red color complex 
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 (a) 

 

 (b) 
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 (c) 

 

(d) 

 

Figure 4.17: Product profile matching with kojic acid: (a) 5 mM H2SO4/water; (b) 50 mM 

phosphate buffer/water; (c) 50% acetonitrile/water mobile phase in HPLC; MA: Maleic acid, 

(d) Metabolite in broth and purified form 
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4.3.3. Screening of Substrate for Kojic Acid Production  

Castor oil as a non-edible and non-competitive oil was focused on for this study and glucose 

was used as a reference substrate. During the preliminary screening, five different sets: CO10, 

G10, DLg3, DLg3CO10, and DLg3G10 were screened to identify the role of each substrate on 

kojic acid production. There was a very small amount of 0.09 ± 0.06 g/L of kojic acid found in 

CO10, which denotes the microorganism was unable to utilize castor oil in pure form. 

However, a significant increase in the kojic acid production around 2.01 ± 0.55 g/L was found 

when 3 g/L of depolymerized lignin was included with castor oil i.e., DLg3CO10 (Figure 

4.18). There was no product found in pure depolymerized lignin (DLg3) and in pure 

depolymerized lignin (DLg3) with glucose (G10).  
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Figure 4.18: Kojic acid comparison among all 5 sets: Set 1: Pure castor oil 10 g/L (CO10), Set 

2: Pure glucose 10 g/L (G10), Set 3: Pure depolymerized lignin 3 g/L (DLg3), Set 4: 

Depolymerized lignin 3 g/L with castor oil 10 g/L (DLg3CO10), Set 5: Depolymerized lignin 

3 g/L with glucose 10 g/L (DLg3G10)  

These observations showed that depolymerized lignin enhances the transport of fatty acids into 

cells. In response to this, Reddy et al. (2011) used the lipase enzyme-producing microorganism 

C. antarctica to prepare capsiate analogs using fatty acid with vinyl alcohol [259]. Capsiate is 

a kind of phenolic fatty acid ester formed by enzymatic esterification of phenol and fatty acid 

[260–262]. There are chances of a similar mechanism followed by ligno-capsiates formation 

from lignin aromatics and oil fatty acids [263]. However, the authors do not have any 

experimental evidence to prove the proposed mechanism. For substrate utilization efficiency, 

78.38 ± 5.13 % oil consumption was found in castor oil with lignin medium. This showed that 

castor oil was effectively utilized by the microorganism. 

4.3.4. Investigation of the Effect of pH on Kojic Acid Production 

It was found that the product was formed at pH 8, 7, and 6, while there was no product at pH 

5, 4, and 3. A maximum of 2.28 ± 0.01 g/L of kojic acid was found at pH 6 and the final pH of 

the sample was reduced to 4.83 (Figure 4.19a). This means pH 6 is more favorable for 

maximum product titer. It was also observed that the depolymerized lignin enhances the 

buffering capacity of the medium by maintaining pH with the effect of the addition of acid. 

This effect was analyzed by comparing the buffering capacity using alkaline solutions: (1) 

without depolymerized lignin and (2) with 5 g/L of depolymerized lignin. It was found that 

lignin resists the drop in pH with the addition of concentrated HCl. The depolymerized lignin 

solution needed an additional 400 µL and 500 µL HCl (12.1 M) to drop the same value of pH 

6.1-6.2 and 2.3-2.5, respectively, from 12.88-12.92 (Figure 4.19b). 

4.3.5. Different Aromatics 

It was observed that the pure form of aromatics does not impact similarly to lignin aromatics. 

The product formation was only found in DLg medium as compared to a negligible amount in 

phenol, and guaiacol (Figure 4.20). No product in the catechol-supplemented medium. It may 

be due to the aromatic toxicity in monomeric pure forms while the depolymerized lignin is a 

combination of various aromatics in monomeric as well as oligomeric forms. 
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Figure 4.19: (a) Effect of pH of kojic acid production; (b) Buffering capacity assessment of 

depolymerized lignin with the cyclic addition of HCl by volume; Concentrated HCl (37%) was 
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added as (16 × 200 µL in each then additional 350 µL and 850 µL in without and with DLg, 

respectively) 

 

Figure 4.20. Kojic acid production in different aromatic supplementation with castor oil;  

CO: Castor oil, DLg: Depolymerized lignin 

4.3.6. Effect of Depolymerized Lignin, Castor Oil, and Different Oil Types 

The effect of DLg concentration with the castor oil showed an increase in kojic acid from DLg0 

(0.03 ± 0.01 g/L) to DLg4 (2.35 ± 1.21 g/L). While DLg 3-5 g/L showed quite a similar product 

range. Therefore, DLg 3 g/L is a suitable concentration with castor oil (Figure 4.21a). This 

means 3 g/L DLg concentration is optimum for higher kojic acid and favorable with the castor 

oil. When DLg concentration was less than 3 g/L, the low availability of lignin precursors may 

reduce the effect of lignin. With the effect of change in castor oil concentration with DLg3, it 

was found that the kojic acid concentration significantly increased to 6.69 ± 0.24 g/L in castor 

oil 20 g/L and gradually decreased with further increase of castor oil (Figure 4.21b). This may 

be due to the change in mass ratio and feedback inhibition by the increase in oil concentration 

which may also inhibit product formation. Among different types of oil substitutes, it was 

observed that kojic acid production (2.14 ± 0.94 g/L) was higher in castor oil. A lower product 

concentration was found in corn oil and no product in used engine oil (Figure 4.21c). It was 

concluded that castor oil is a better substrate with DLg for maximum product formation and it 

also has a competitive advantage over the other edible oils currently used for cooking. 
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Figure 4.21: (a) Effect of depolymerized lignin concentration; (b) Effect of castor oil 

concentration; (c) Comparison between different oil substitutes for kojic acid production; CO: 

Castor Oil, DLg: Depolymerized lignin, MO: Mustard Oil, SO: Soybean Oil, CrO: Corn Oil, 

Gly: Glycerol, UEO: Used Engine Oil 

4.3.7. Effect of Temperature and Sodium Sulfide 

Due to the increase in temperature from the mesophilic range, the rate of survival of fungi and 

their production rate may diminish. There was a drastic decrease in the production found when 

compared with the value of kojic acid from 30 °C to 37 °C (Figure 4.22). It concludes that the 

optimum temperature for kojic acid is 30 °C. When the temperature increases, there will be a 

reduction in the product. Secondly, there was a similar amount of product found when the 

depolymerized lignin was prepared with and without Na2S and the supplemented medium did 

not show any toxic gas release as well as no additional precipitation of sodium sulfate (Figure 

4.23). It means the product can be formed without using Na2S in the process of 

depolymerization of lignin. 

 

Figure 4.22: Effect of temperature on kojic acid production  

  

Figure 4.23: Effect of use of Na2S for lignin depolymerization on kojic acid production  

0

2

4

6

8

30 °C 37 °C

K
o
ji

c 
ac

id
 (

g
/L

)

Temperature

0

2

4

6

8

With Na2S Without Na2S

K
o
ji

c 
ac

id
 (

g
/L

)



91 
 

4.3.8. Process Parameter Optimization Using RSM 

Design-Expert® software v.12 was used for the optimization of substrate concentration of 

depolymerized lignin and castor oil. The estimated kojic acid concentration was placed in a 

central composite design layout. The surface plot diagram showed that the increase in the 

concentration of both the substrates in a certain ratio is directly proportional to the increase in 

the product concentration, respectively (Figure 4.24). When only the DLg concentration was 

increased but not the CO, then the product titer was less. When only CO concentration was 

increased but not the DLg, then the product titer was less. A 3D-response graph transformed 

into a natural log i.e., 𝑌′ = ln (𝑌1+K) was distinctly shown maximum towards depolymerized 

lignin concentration near 3-4 g/L and castor oil concentration to 10-15 g/L. A second-order 

polynomial quadratic equation (Eq. 4.2) was generated for the response of kojic acid (𝑌′) from 

DLg and castor oil. 

Y′ = −9.79174 + 1.66635 A + 0.968216 B + 0.0159808 AB

− 0.196334 A2 −  0.0293039 B2 
(4.2) 

The statistical ANOVA test for 𝑌′ showed the sequential p-value ≤ 0.0001, F-test = 31.15, 

R2 = 0.9570, and standard deviation = 0.4603. A comparative literature study among different 

substrates used for kojic acid production along with titer (product concentration g/L), yield, 

and productivity is illustrated in Table 4.3. It was concluded that this study also signifies the 

role of substrate optimization to produce high kojic acid using oil and depolymerized lignin.   

Figure 4.24: Kojic acid surface response in a range of castor oil and depolymerized lignin in 

medium 



92 
 

Table 4.3: Kojic acid yield and productivity reported in different carbon sources and calculated in this study 

S: Substrate; Y: Yield; P: Productivity; Titer: Product concentration in g/L 

Carbon Source Microorganism Type of 

Microorganism 

Time 

(Days) 

Titer 

(g/L) 

S  

(g/L) 

Y  

(g/g) 

P  

(g/g/d) 

Refs 

Glucose Aspergillus oryzae Wild type 14 16.4 80 0.205 0.015 [118] 

Glucose Aspergillus oryzae  

NSPlD1/pIS1-kojR 

Engineered 14 26.4 80 0.330 0.024 [118] 

Glucose Aspergillus oryzae, MK107-39 Mutant 8 28 100 0.280 0.035 [264] 

Starch Aspergillus oryzae Wild type 18 6.2 80 0.078 0.004 [118] 

Starch Aspergillus oryzae 

NSPlD1/pIS1-kojR  

Engineered 18 19.4 80 0.243 0.013 [118] 

Pretreated 

Cellulose 

Aspergillus oryzae NSPlD1/pIS1-

kojR/ pIS1sC-CBHI-EGI-BGLI 

Engineered  6 0.18 10 0.018 0.003 [118] 

Sucrose Aspergillus sojae  

SSC-3 

Wild type 5 12 100 0.120

  

0.024 [119] 

Sucrose Aspergillus flavus  

link S44-1 

Wild type 11 40.2 150 0.268 0.024 [120] 

Glycerol Aspergillus flavus NRRL 626 Wild type 20 29 220 0.132 0.007 [121] 

Peanut oil Aspergillus flavus NTCC 10124 Wild type 19 0.454 40 0.011 0.001 [265] 

Castor oil +Lignin Aspergillus flavus BU20S Wild type 5 6.69 23 0.291 0.058 This Study 
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4.4.Conclusions 

For the first time, this study demonstrates that castor oil and lignin can be used as co-substrate 

for microbial metabolites such as kojic acid production. The strain was morphologically and 

molecular biologically identified as Aspergillus flavus BU20S. The co-substrate depolymerized 

lignin (3 g/L) and castor oil (20 g/L) showed a higher kojic acid titer (6.69 g/L) at an optimized 

pH of 6. Castor oil was found to be a better oil substitute. DLg was found to be a better aromatic. 

The optimum temperature was 30 °C. The product can be formed without using Na2S during 

the depolymerization process. It was found that lignin plays a significant role in enhancing 

castor oil utilization. This work provides a platform to explore the metabolic pathway of the 

microorganism involved in castor oil metabolism and further process optimization to enhance 

kojic acid production. 
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CHAPTER 5 

ENHANCED PRODUCTION OF KOJIC ACID AND ITS 

ANTIMICROBIAL EFFECT AGAINST MRSA STRAIN  

5.1.Introduction 

Kojic acid is a pharmaceutical agent used for various applications such as tyrosinase inhibitor, 

skin-whitening agent, anti-bacterial, anti-inflammatory, etc. [11]. It is a secondary metabolite 

produced by fungi grown on sugars [9,104]. Previously, its production using an oil substrate 

has been studied in castor oil supplemented with lignin. Castor oil and lignin both are renewable 

and non-competitive feedstocks. To reach a higher yield, high substrate loading is required. 

The challenges of high-substrate loading always cause high medium viscosity, insufficient 

substrate mixing, less biomass growth, the effect of enzymatic action, less mass transfer, etc. 

[266–269] that may lead to feedback inhibition. The fed batch is a known process used to 

reduce substrate-based feedback inhibition. This challenge, especially for castor oil, has not 

been studied earlier. The consequences of the fed-batch of castor oil were unknown for kojic 

acid because there is an oil/water interface and the product is in the water phase. Proper 

hydrolysis, enzymatic action, and mass transfer are required for metabolite production. 

Therefore, a sequential feeding approach has been applied in this study. Generally, during 

feeding of glucose or some other substrate, the concentrated form needed with salt and medium 

broth may lead to an increase in the broth volume, and dilute the product also. In the case of 

castor oil, only an oil substrate is required with no extra medium/salts/water added, and the 

product formed in the water phase. The second concern was studied to optimize the nitrogen 

source for commercial sugar i.e., glucose, to reduce the production cost. The commercial 

production of kojic acid is mostly preferred on glucose with the addition of a commercial 

nitrogen source i.e., yeast extract [126,270,271]. However, yeast extract is an expensive 

supplement, and special preparations like fermentation in carbohydrate-rich medium, cell 

separation, lysis, and drying [272] are required. It contributes up to 20% to medium cost [118]. 

It is also a kind of undefined medium and its composition differs batch by batch. Therefore, an 

alternate, definite, commonly available, comparatively effective, and cheap nitrogen source 

such as ammonium chloride [273–275] was investigated in this study. Here, the carbon-to-

nitrogen ratio was also optimized to improve yield and productivity, because it plays an 

important role in optimized molecular nitrogen requirement for amino-acids/enzyme 
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formations [276]. The major goal of the study was to evaluate castor oil as an alternative 

substrate for enhanced production. Secondly, the low cost of medium and optimized value of 

nitrogen source can directly reduce the load of production cost. Along with this, many studies 

proposed for kojic acid to act as an effective antimicrobial agent. This study was also focused 

on identifying the antimicrobial effect of kojic acid extracted from fermented broth at high 

CFU/mL and high McFarland Standard value. The reported literature used majorly up to 106 

CFU/mL or McFarland Standard 1 only, while in this study 109, 1010, and 1011 CFU/mL and 

McFarland Standard >10 were investigated. 

5.2.Material and Methods 

5.2.1. Microorganism and Chemicals 

The microorganism Aspergillus flavus BU20S previously isolated was collected from an in-

house laboratory repository and used in this study. The microorganism was revived from 

glycerol stock in potato dextrose broth medium and incubated at 30 °C at 180 rpm for 4 days. 

The fresh seed culture was grown on a potato dextrose agar plate and then used for spore 

suspension preparation. 8% inoculum was used for fermentation in castor oil and 4% in glucose 

medium. For the antimicrobial effect, a methicillin-resistant Staphylococcus aureus-colistin-

resistant (MRSA-col) strain (kindly provided from the In-house microbiology laboratory 

repository) was used. All chemicals such as kojic acid, castor oil, salts, etc. used in the study 

were procured from SRL (Sisco Research Laboratory, India) as per analytical standards.  

5.2.2. Direct vs Sequential Fed Loading in Shake Flask  

The shake flask-based study was done to compare the presence of high direct loading (100 g/L 

of castor oil with 3 g/L depolymerized lignin) and Sequential Fed (100 g/L of castor oil with 3 

g/L depolymerized lignin by addition of 20 g/L of castor oil sequentially after every 4 days of 

incubation i.e., 5 cycles). Samples were prepared to 50 mL final volume added with all minimal 

salts (AMS) composition: Disodium hydrogen phosphate: 6 g/L, potassium dihydrogen 

phosphate: 3 g/L, ammonium chloride: 0.8 g/L, sodium chloride: 0.5 g/L, magnesium sulfate: 

0.12 g/L, calcium chloride: 0.0029 g/L as per the medium used previously. The medium was 

autoclaved, inoculated with 8% inoculum (containing nearly 4.2 × 105 spores/mL), and 

incubated at 30 °C, 180 rpm for 20 days. Samples were withdrawn after every 4 days and 

analyzed by the HPLC method. Another set of the sequential-fed was executed for medium 
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substrate loading (50 g/L) by initiating with 20 g/L of castor oil and 10 g/L was sequentially 

added. 

5.2.3. Sequential Fed in Bioreactor 

The fermentation profile was screened in a 2-liter bioreactor (NBS BioFlo 120, Eppendorf, 

USA, equipped with an air compressor, magnetic hot plate, chilled water recirculating unit, 

Ruston-disc turbine 6-blade impeller, and a controlling unit) with a working volume of 1 liter 

of medium with similar components used in shake-flask (castor oil started with 20 g/L to final 

100 g/L and depolymerized lignin 3 g/L in AMS). The sterile medium was inoculated with 8% 

spore suspension and fermented at 200 rpm. The micro-aerobic condition was provided using 

an air supply of 2.5-4.7% DO. The fermenter was run for 20 days with sequential feeding of 

castor oil 20 g/L after every 4 days. A 5 mL sample was withdrawn every day for analysis. 

5.2.4. Kojic Acid Screening on Glucose and Salts Supplementation 

The production was screened on AMS medium with a glucose range of 10-50 g/L with an 

increase of 10 g/L each time. Samples were prepared to 50 mL final volume added with AMS 

used previously by [277], autoclaved at 121 °C, and inoculated with 4% inoculum (containing 

nearly 4.8 × 106 spores/mL) and incubated for 5 days. The sample was withdrawn after 5 days 

and kojic acid was estimated by the HPLC. Glucose was estimated by the Di-nitro salicylic 

acid method [278]. A total volume of 50 mL in a shake flask (duplicate) was fermented for 5 

days. To find the role of actual salt in the medium, each component of the AMS was screened 

with separate salts and all minimal salts in a glucose 10 g/L (pH 6) medium. After sterilization, 

inoculation, and incubation, filtered samples were analyzed for kojic acid and glucose 

estimation. 

5.2.5. Comparing Yeast Extract and Ammonium Chloride 

Ammonium chloride (NH4Cl) and yeast extract were supplemented with glucose as nitrogen 

supplementation of 1.0 g/L. A 10 g/L of glucose with N2-supplement was prepared as 

previously and incubated for 10 days. Samples were analyzed by withdrawing after 5 days and 

10 days. 

5.2.6. Carbon/Nitrogen Ratio Optimization 

The nitrogen supplementation showed better yield; therefore, the C/N ratio was optimized for 

the range from 5 to 20 (molecular C/N = 7.78 to 31.13) as shown in Table 5.1. All sets were 
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prepared in duplicates accordingly, and pH was found to be between 6-7. The medium 

preparation was done as per Table 5.1. Inoculation., incubation, and analysis were done as 

previously. 

Table 5.1: C/N ratio distribution in the medium using glucose and ammonium chloride 

Glucose 

(g/L) 

NH4Cl 

(g/L) 

Glucose/ 

NH4Cl  

 (g/g) 

ratio 

% C 

in glucose 

% N 

in NH4Cl 

Molecular 

C % 

Molecular 

N% 

Molecular 

C/N ratio 

10 0.5 20 39.99 25.69 3.999 0.12846 31.13 

10 0.57 17.5 39.99 25.69 3.999 0.14645 27.31 

10 0.66 15 39.99 25.69 3.999 0.16957 23.58 

10 0.8 12.5 39.99 25.69 3.999 0.20554 19.46 

10 1 10 39.99 25.69 3.999 0.25693 15.57 

10 1.33 7.5 39.99 25.69 3.999 0.34171 11.70 

10 2 5 39.99 25.69 3.999 0.51386 7.78 

 

5.2.7. Antimicrobial Activity of Purified Kojic Acid Against MRSA 

Kojic acid is an effective antimicrobial agent and is being studied for various therapeutic 

applications [11]. Here, it is extensively studied against methicillin-resistant Staphylococcus 

aureus (MRSA). Kojic acid was purified from the fermented broth by using the ethyl acetate 

method described by [277]. The antimicrobial effect was measured in the form of the zone of 

inhibition (qualitatively) and cell proliferation was measured by an increase in absorbance at 

600 nm (quantitatively). The cell viability was not measured because the study was to check 

whether the cell further grows in the presence of kojic acid or not.  

5.2.7.1.Well-Diffusion Method 

A 100 mg of the product was purified and a 50 mg/mL solution was prepared in sterilized 

deionized water. It was filter sterilized and used for a well-diffusion analysis against MRSA-

col (colistin-resistant) strain grown on Muller-Hilton (MH) Broth (CFU = 7.46 × 1011/mL). 
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Three sets of CFU 7.46 × 1011/mL, 7.46 × 1010/mL, and 7.46 × 109/mL were screened for the 

zone of inhibition using respective agents. Standard Kojic Acid (S-KA): 50 mg/mL; 50 µL and 

100 µL loading, Purified Kojic Acid (P-KA): 50 mg/mL; 50 µL and 100 µL loading, and 

Positive Control Oxacillin (Ox): 10 mg/mL; 25, 50,75 µL and 100 µL loading were used. A 

100 µL of each CFU sample was plated on MH agar and incubated at 37 ºC for 24 hours. After 

incubation, the inhibiting zone was observed and calculated in mm.  

5.2.7.2.Turbidimetric Assay 

Apart from the well-diffusion method, the antimicrobial activity was estimated by following a 

growth pattern using a Turbidimetric assay. The MH broth was supplemented with kojic acid 

from 0, 10, 20, 30, 40, and 50 mg/mL in a 5 mL medium. 0.5 mL of seed culture was inoculated 

in the sterile medium. The growth was observed for a 100 µL sample loaded on a microtiter 

plate and OD was measured using MultiSkan GO® (Thermo Scientific) titer plate reader at 

600 nm up to 30 hours (after every 3 hours) and then at 48 and 72 hours. Similarly, a range of 

seed cultures from 0.5 to 3.0 mL, containing 10 mg/mL constant concentration of kojic acid in 

MH broth to the final volume of 5 mL with remaining sterile water. The samples were 

withdrawn at 4, 12, 24, 48, and 72 hours.  

5.3.Results and Discussion 

5.3.1. Shake Flask Fermentation 

The comparison between the direct loading and sequential fed approach was performed for 

high oil substrate loading-based challenges. Figure 5.1a showed that the product concentration 

was increased by nearly 2 times (8.36 g/L)) in the sequential fed as compared to direct mode 

(4.26 g/L). Mohamad et al. (2002) also studied the comparison of fed-batch over batch mode 

using sago starch addition once after 2 days and product concentration was increased 3.6 times 

in fed-batch (16.43 g/L) than in batch mode (4.51 g/L) using 100 g/L of starch [279]. Here, a 

similar observation was found when sequential fed was investigated up to 50 g/L of castor oil 

at medium loading (Figure 5.1b), where, total product concentration was again almost 2 times 

in sequential fed. It shows the sequential addition strategy effectively worked for castor oil. 

This also showed the high initial substate loading may reduce the oil hydrolysis. But when 

sequencing fed was applied, feedback inhibition may be reduced. It concludes that the 

sequential fed strategy can be applied to obtain a high yield at a similar amount of substrate 

used.  
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Figure 5.1: Studies for kojic acid production in shake flask at high substrate loadings; (a) 

Direct loading CO 100 g/L: One-time addition of castor oil 100 g/L, Sequential Fed (CO20×5 

g/L): Feeding of castor oil 20 g/L after every 4 days (b) Direct loading CO 50 g/L: One-time 

addition of castor oil 50 g/L, Sequential Fed CO20+10×3 g/L: Initiated with castor oil 20 g/L, 

and sequential fed of castor oil 10 g/L after every 4 days 
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5.3.2. Fermentation Using a Bench Scale Bioreactor 

As the sequential fed showed enhanced production, the study was investigated at the bioreactor 

level. A 1-liter medium was started with the sequential feeding of 20 g/L of castor oil at every 

4-day intervals at 200 rpm. A gradual rise in production concentration was observed to reach a 

maximum value of 1.66 g/L (Figure 5.2). When compared to the shake flask, there was less 

product titer. This may be due to insufficient mass transfer, less utilization of substrate, or less 

uniform distribution of biomass. Secondly, the DO was constantly maintained near 2.5-4.7 

DO%, which showed there may be a limited supply of oxygen as compared to the shake flask. 

This means a high agitation and high airflow is needed to reach a high product titer. There is 

still more work needed at the bioreactor scale. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2: Sequential fed-batch study for kojic acid production in a bioreactor; BR-F0 to BR-

F20: Bioreactor Fed 0 day to 20 days; Fed1 to Fed 5 showed the sequential fed of castor oil 

after every 4 days of incubation up to 20 days at 180 rpm and 30 ºC 
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5.3.3.  Study in Glucose and Salt Supplement Comparison 

There was an increase in the product formation with the increase of glucose from 10 g/L to 50 

g/L in the medium. A slight increase and nearly similar product concentration were found from 

20 g/L (7.17 ± 0.23 g/L) to 50 g/L (9.40 ± 1.28 g/L), while the yield of 0.35 g/g was maximum 

at glucose 20 g/L medium. (Figure 5.3a). There may be a feedback inhibition developed as the 

substrate and product concentration increase. The glucose 10 g/L showed 1.33 ± 0.14 g/L of 

kojic acid and still has the chance to increase product concentration without compromising the 

product or substrate feedback inhibitions. Therefore, glucose 10 g/L medium was further used 

for the salt supplementation study.  

Each salt composition of AMS was added separately in the glucose 10 g/L medium and 

compared for kojic acid production. It was found that ammonium chloride showed 3.63 times 

increase in product formation (4.43 ± 0.47 g/L) as compared to the AMS medium (1.22 ± 0.13 

g/L). A negligible amount of product was formed with other salts added (Figure 5.3b). This 

means nitrogen plays a major role in product formation. Promsang et al. (2019) also reported 

that yeast extract and ammonium sulphate combinedly enhanced the kojic acid from 1.14 to 

1.58 g/L from 100 g/L of glucose [146]. It defines nitrogen helps in enhancing kojic acid 

formation and here significant improvement was observed. There are many studies reported 

for different nitrogen sources like yeast extract (yield: 0.205 g/g) [118], Peptone (yield: 0.009 

g/g) [146], ammonium sulphate (yield: 0.011 g/L) [146], Urea (no yield) [147], ammonium 

persulphate (yield: 0.0006 g/L) [149], ammonium nitrate (yield: 0.120 g/L) [149], ammonium 

chloride (yield: 0.0012 g/L) [149]. Here in this study, ammonium chloride showed a maximum 

yield of 0.443 g/g which was 369 times higher than the 0.0012 g/g reported by [149]. 
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Figure 5.3: (a) Kojic acid titer and yield at different glucose concentrations from G10 (glucose 

10 g/L) to G50 (glucose 50 g/L) after 10 days of incubation (b) Comparison among different 

salts used for kojic acid production; AMS: All minimal salts, NS: No salt 
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5.3.4. NH4Cl vs Yeast Extract 

The supplementation of yeast extract and ammonium chloride in a glucose medium was 

examined. It was found that the yeast extract fastens the production process and maximum 

kojic acid 2.93 ± 0.03 g/L was achieved in 5 days while in NH4Cl the production was initially 

slow reaching only 0.56 ± 0.15 g/L after 5 days. When comparing the product titer after 10 

days, the production was stringent and reduced to 2.02 ± 0.06 g/L in yeast extract while NH4Cl 

titer reached 2.52 ± 0.56 g/L (Figure 5.4). This means the maximum production was achieved 

in 5 days in yeast extract medium and started decreasing after that, but NH4Cl showed a steady 

increase till 10 days and reached a similar titer of yeast extract. The yeast extract is an organic 

source of nitrogen and abundant in amino acids that boost the enzyme production and growth 

of microorganisms at a faster rate. Yeast extract took part in the growth as well as the 

fermentation phase. There was significant growth observed in the yeast extract medium. In the 

case of NH4Cl, it is an inorganic nitrogen source and might take time for the formation of amino 

acids/other proteins and then start production. It contributes only in the fermentation phase as 

growth is lesser. It was also observed that NH4Cl showed clear production and easy separation 

of cells than yeast extract medium which was full of growth. So, there is a compromise between 

time, cost, and cleaner production. The yeast extract resulted the product in less time, but the 

cost is high and needs further additional separation/handling of biomass. NH4Cl took a longer 

time to reach a similar titer but lowers the medium cost and easy separation/handling of 

biomass.  
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Figure 5.4: Effect of ammonium chloride vs yeast extract supplementation on kojic acid, 

Glucose 10 g/L supplemented with 1 g/L of ammonium chloride/yeast extract, Incubation 10 

days, at 180 rpm and 30 ºC 

5.3.5. Carbon/Nitrogen 

The optimization of the C/N ratio is a very important tool in processing any biobased product 

[280]. For example, lipid generation from Rhodosporidium toruloides-1588 was improved by 

10.5 % at a C/N ratio of 70.50 using ammonium sulphate [280]. By optimizing the molecular 

C/N ratio, the product titer can be increased using NH4Cl which may reduce the production 

cost. Mohamad and Ariff (2000) optimized kojic acid concentration at a high C/N of 93.3 using 

yeast extract to improve the yield by 1.75 times [149]. Here, ammonium chloride was used for 

C/N optimization due to its low cost than yeast extract. The comparative study among different 

C/N ratios showed that molecular C/N= 23.58 (actual C/N 15) produces a high amount of 

product (5.17 ± 0.84) and yield (0.5 g/g), which is 1.37 times higher than actual C/N 12.5 used 

in earlier experiments. For reducing production medium cost and high sugar utilization, the 

molecular C/N= 23.58 is suitable for further use (Figure 5.5). 
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Figure 5.5: C/N ratio optimization for kojic acid production in glucose medium, Glucose 10 

g/L supplemented with different ratios of C/N from 20 to 5 using ammonium chloride (g/L) 

5.3.6. Cost Comparison 

To reduce the load of production cost, the cost of the medium should be low. To produce kojic 

acid from glucose, generally, yeast extract is generally used as a major nitrogen source. The 

yeast extract is an undefined medium because it is prepared directly from the yeast which is a 

combination of carbohydrates, proteins, lipids, etc. It means the actual nitrogen ratio against 

carbon is not defined for yeast extract. Eventually, yeast extract is an expensive ingredient and 

costs around 20% of the total medium cost. Therefore, a defined nitrogen source i.e., 

ammonium chloride is needed. The addition of only ammonium chloride is sufficient for higher 

kojic acid production from glucose. The yeast also splits the fermentation towards the feast and 

famine phase, while ammonium chloride only contributes towards the famine phase. The cost 

comparison analysis showed that ammonium chloride comparatively may reduce nitrogen 

supplement cost by 99.24% (Table 5.2).  
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Table 5.2: Determination of comparative cost of the medium supplement with nitrogen source in literature and in this study 

Medium Glucose medium 

(Reported) [118] 

Starch medium 

(Reported) [118] 

Cellulose medium 

(Reported) [118] 

Glucose medium 

(This Study) 

Substrate 

/liter 

Glucose 80 g = 2.88 Starch 80 g = 2.8 Cellulose 10 g = 1.9 Glucose 10 g = 0.36 

Supplement 

/liter 

Yeast extract  

2.5 g = 0.875 

K2HPO4 1 g = 0.09 

MgSO4  

0.5 g = 0.005 

Yeast extract  

2.5 g = 0.875 

K2HPO4 1 g = 0.09 

MgSO4  

0.5 g = 0.005 

Yeast extract  

2.5 g = 0.875 

K2HPO4 1 g = 0.09 

MgSO4  

0.5 g = 0.005 

NH4Cl  

0.66 g = 0.0066 

Total Cost/10 g 0.481 0.471 2.87 0.3666 

Total Yield g/10 g 2.05 0.77 0.18 5.17 

Total medium Cost reduction    23.78% 

Total supplement cost reduction    99.31% 

NH4Cl vs YE cost reduction    99.24% 

YE: Yeast Extract; Cost is calculated in INR (1 INR = 0.012 USD, dated on 22-Dec-2022)
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5.3.7. Antimicrobial Study of Purified Kojic Acid 

Kojic acid has been preferentially used for antimicrobial testing against various 

microorganisms such as Pseudomonas aeruginosa (105 CFU/mL) [258] and Micrococcus 

luteus (105 CFU/mL) [258], Listeria monocytogenes (106 CFU/mL) [281], Bacillus subtilis(106 

CFU/mL) [281], Staphylococcus aureus (106 CFU/mL) [281], Salmonella typhimurium (106 

CFU/mL) [281], Escherichia coli (106 or 108 CFU/mL) [281,282], Candida albicans (108 

CFU/mL) [282], Staphylococcus aureus (MRSA) (108 CFU/mL) [282], etc. As per this 

reported literature, the CFU/mL was maximally used up to 108 CFU/mL or McFarland 

Standard value 01. This study starts from McFarland Standard value >10 i.e., 3.0 × 109 

CFU/mL. 

5.3.7.1.Zone of Inhibition 

Due to the vast therapeutic potential of kojic acid, an antimicrobial study against MRSA was 

conducted for its importance against antibiotic-resistant microorganisms. As kojic acid is a 

secondary metabolite and non-antibiotic category, therefore may surpass the resistance 

developed against commercial antibiotics. In the well-diffusion assay, there was a clear 

appearance of the zone of inhibition found with S-KA, P-KA, and Ox. Comparative zone of 

inhibitions (in mm) against respective CFU/mL are illustrated in Table 5.3. There was a 

gradual increase in the zone of inhibition observed by S-KA and P-KA when CFUs were 

decreased. At 7.46 × 1011 CFU/mL, the zone of inhibitions values of S-KA, P-KA, and Ox 

were 14, 14, and 25 mm, respectively at 100 µL loading (Figure 5.6a), while the dose value 

was 5 mg. A low dose value of 2.5 mg was found effective with the zone of inhibition of 20 

mm with P-KA at 7.46 × 109 CFU/mL. It concludes that the purified metabolite kojic acid is 

quite stable and effective against MRSA and showed good antimicrobial activity at certain high 

CFUs. It was also observed that the kojic acid is heat stable too, and showed similar 

antimicrobial activity when autoclaved kojic acid was used.  

5.3.7.2.Cell Proliferation Study 

Apart from visible appearance, the Turbidimetric method was also applied to the cell 

proliferation study. The growth pattern showed that the kojic acid at a minimum of 10 mg/mL 

was also effective for inhibiting the growth of the microorganism when initial Absorbance600nm 

was ~0.030 (Figure 5.6b). There was an increase in OD value when no kojic acid was 

supplemented and reached from 0.0296 to 0.7682 after 72 hours, while in the presence of kojic 
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acid 10 mg/mL supplementation, it was only 0.0311 to 0.1109. A similar pattern was observed 

from kojic acid 20, 30, 40, and 50 mg/mL supplementations. It concludes that kojic acid shows 

great antimicrobial activity against MRSA. Similarly, when the different amount of starting 

culture at constant kojic acid 10 mg/mL was used, up to 85% reduction in growth was found 

as compared to the control (from Abs600nm 0.76 reduced to Abs600nm 0.11). There was little effect 

of starting culture observed with a constant 45-46% increase in the OD value found in all 

samples (Figure 5.6c). 

Table 5.3: Zone of inhibition values at different CFUs of MRSA using S-KA, P-KA, and Ox 

MRSA 

CFU/mL 

Compound 

name 

Load Conc. 

(mg/mL) 

Load vol 

(µL) 

Dose value 

(mg) 

Zone of 

inhibition (mm) 

7.46 x 1011 S-KA 50 100 5 14 

7.46 x 1011 P-KA 50 100 5 14 

7.46 x 1011 Ox 10 100 1 25 

7.46 x 1010 S-KA 50 100 5 18 

7.46 x 1010 P-KA 50 100 5 18 

7.46 x 1010 Ox 10 25 0.25 15 

7.46 x 1010 Ox 10 50 0.50 20 

7.46 x 1010 Ox 10 75 0.75 24 

7.46 x 109 S-KA 50 50 2.5 20 

7.46 x 109 P-KA 50 50 2.5 20 

7.46 x 109 S-KA 50 100 5 22 

7.46 x 109 P-KA 50 100 5 22 

S-KA: Std. Kojic Acid, P-KA: Purified Kojic Acid, Ox: Oxacillin 
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Figure 5.6: (a) Zone of inhibition against MRSA using S-KA (Std. Kojic acid), P-KA (Purified 

Kojic acid), and Ox (Oxacillin) in mg/mL); An increase in Ox dose from 25, 50, and 75 µL has 

been given (upper and left-center) for the zone of inhibition, P-KA (100 µL) at right-center, 

and S-KA (100 µL) at bottom-center (b) Effect of a range of kojic acid from KA10: Kojic acid 

10 mg/mL to KA50: Kojic acid 50 mg/mL on the growth of MRSA at different time intervals 

(c) Effect of a range of starting culture in the presence of KA10 (Kojic acid 10 mg/mL) on the 

growth of MRSA at different time intervals 

5.4.Conclusions 

To improve the kojic acid yield, the process, and medium composition were optimized. The 

sequential fed strategy was greatly effective in enhancing the production by 2 folds as 

compared to the batch process using castor oil-lignin medium. Ammonium chloride a suitable 

nitrogen source which directly involved in the fermentation process enhances kojic acid by 3.6 

folds and is advantageous over yeast extract supplementation by reducing maximum 

supplement cost by up to 99%. It was also observed that product yield can also be increased by 

optimizing molecular C/N= 23.58 (actual C/N 15). This study showed significant improvement 

in production after optimization of the whole production process. The purified kojic acid 

showed a similar zone of inhibition as standard kojic acid and both were effective against 

MRSA. It concludes that kojic acid acts as an effective antimicrobial agent against MRSA 

strain. 
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CHAPTER 6 

DYE ADSORPTION BY LIGNIN-COUPLED 

FERROMAGNETIC HYBRIDS 

6.1.Introduction 

Industrial dyes in wastewater streams cause water pollution and may affect aquatic diversity 

[283]. Textile, paint, ink, leather, paper, and cosmetic industries release heavy dosages of dyes 

in the effluent [19,284]. Physical adsorption is a phenomenon of separating dyes from water. 

Various adsorbers like zeolite, activated charcoal, and bentonite have been applied for the 

adsorption of different dyes. The use of such materials comes with certain disadvantages like 

high cost, trouble in regeneration, and relatively lower adsorption efficiency [285]. Lignin is a 

renewable, inexpensive material studied well as an adsorbent for the removal of dyes [286]. It 

is abundantly available as an important component of agricultural residues [221,287]. 

Currently, cellulosic biorefineries are unleashing lignin as waste after processing cellulosic 

material for ethanol production [288]. The unleashed lignin is further considered for 

management issues. Lignin has the potential to be used as a micro-nano carrier [289]. Apart 

from various methods that exist in the cleaning of the waste stream, the nano-particle-based 

cleaning strategy has been used nowadays [290]. Nano-particles possess a large surface area 

and high adsorption characteristics [291]. The magnetic properties of iron-based nanoparticles 

can be used for their regeneration [292], and these can be easily recycled using a strong magnet 

[293].  

The lignin-encapsulated iron-oxide nanoparticles are being currently studied as an effective 

adsorber for dyes. To make this feasible, lignin pre-derivatization is followed to enhance the 

adsorption capacity. The processes like pre-treatment [294] pre-carbonation [295] or pre-

activation [289], and pre-depolymerization of lignin followed before co-precipitation. Several 

attempts were made to prepare nanoparticles using lignin and iron such as graphitic carbon-

iron nanoparticles [296], lignin-hydrochar coated iron nanoparticles [297], magnetic lignin-

based nanoparticles [295],  lignin amine coated iron nanoparticles [294], and direct lignin 

without iron as nanoparticles [298]. However, Simultaneous Depolymerization and Co-

precipitation (SDCP) of lignin may not be studied. Secondly, the use of ammonia in preparation 

gives a lower breakdown efficiency of lignin to bind with iron-oxide and also releases fumes 
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during addition, which causes environmental issues. It was studied that sodium hydroxide is 

more effective than ammonia in lignin depolymerization and no toxic fumes are released into 

the environment. Therefore, NaOH was used in this process to raise the pH for better 

depolymerization of lignin, better magnetic properties, smaller size, strong basicity, and fast 

nucleation [299,300]. The use of FeCl2 was also studied for iron-nanoparticle formation for 

better ionic bonding, while it causes self-precipitation issues [301]. To overcome this, FeSO4 

was used in the replacement of FeCl2.  

The utilization of lignin-based hybrids is focused on in this study. In India, rice straw 

management is a big issue and one of the major air pollution sources. The current use in 

biorefinery leads to a large amount of lignin residue generated. Therefore, rice straw was 

selected as a feedstock for lignin. The whole idea behind this study was the direct 

depolymerization of lignin in the alkali NaOH solution without any pre-derivatization and that 

simultaneously cross-linked with the FeSO4 iron-oxide to form ferromagnetic hybrids. This 

study can reduce the load of toxic components in preparation and also toward the more 

sustainable process of making adsorbers. This study showed the effective adsorbing capacity 

of the hybrid while the ratio of the hybrid to dye should be high enough to reach the adsorption 

capacity reported in the literature. 

 

6.2.Material and Methods 

Single-pot simultaneous depolymerization of acid-insoluble lignin and co-precipitation with 

iron-oxide was performed for generating SDCP-derived ferromagnetic hybrids. These 

adsorbers were studied for adsorption efficiency, adsorption capacity, and desorption rate for 

effective separation of dyes from water. All the chemicals such as sulfuric acid, NaOH, FeCl3, 

FeSO4, and dyes were purchased from Sisco Research Laboratories, India.  

6.2.1. Acid-Insoluble Lignin 

Dried rice straw stalks of 5-6 mm length were collected from Baghpur Khurd, Palwal, Haryana 

(India) (28.2095° N, 77.4967° E). 1 mm sized rice straw was prepared after grinding and 

sieving. The resulting biomass was subjected to the acid treatment method developed by Sluiter 

et al. (2011) [215] to extract acid-insoluble lignin. The method was followed as previously. The 

dried solid was crushed by a pestle in a mortar into a fine powder and was used as a lignin 

source. To identify the ash content, the solid residue was burned at 500 °C in a muffle furnace 

for 4 hours. The remaining solid was weighed as ash content and calculated in percentage. For 
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this study, acid-insoluble lignin included with ash was used, which was extracted via the acid 

treatment method, while the biorefinery waste lignin or commercial lignin can also be used 

directly as a lignin source. 

6.2.2. Fabrication of Adsorbers with and without SDCP 

The most common co-precipitation reaction-based method of preparing iron nanoparticles was 

used for preparing adsorbers. There were two preparations executed: (1) adsorbers without 

SDCP; and (2) adsorbers with SDCP. The procedure was followed as 10 grams of FeCl3 was 

dissolved in 200 mL of ion-free water, the solution was kept for stirring at 500 rpm and the 

temperature was set at 80 °C on a magnetic stirrer under atmospheric pressure without nitrogen 

pressure. The heating started at 25 °C and kept on raising to reach the final temperature of 80 

°C. When the raising temperature reached 50 °C, 5 grams of FeSO4 was added to the reaction 

mixture. When the temperature reached 70 °C, 5 gm of rice straw lignin powder was added. 

The mixture was kept for stirring till the temperature reached 80 °C. Then, 20 % NaOH (100 

mL) was added drop by drop signifying simultaneous depolymerization of lignin as well as its 

precursor co-precipitation with iron-oxides. After a 50 mL addition of sodium hydroxide 

solution, precipitate formation started, and after the complete addition of 100 mL of sodium 

hydroxide, a dark black or brownish-colored precipitate was formed. A separate experiment of 

lignin depolymerization was also done at a similar NaOH concentration at 80 °C to find the 

depolymerization efficiency. The precipitate was kept on stirring for the next 30 minutes, at 80 

°C and 500 rpm.  Then, stirring and heating were stopped and the mixture was allowed to cool. 

When the temperature of the mixture reached 40 °C, the content was filtered using Whatman 

filter paper 1 and the residual solid was washed two times with water. The solid obtained was 

kept for air drying at room temperature for 24-48 hours. Then, the dried solid was powdered 

using mortar-pestle and subjected to a magnetic field to extract materials that had only magnetic 

properties. Both the materials Co-precipitated Ferromagnetic Control (CPFmC) and SDCP 

Ferromagnetic Hybrids (SDCPFmH) were stored at room temperature until used for further 

examination of dye adsorption efficiency. 

 

6.2.3. Determination of Adsorption Efficiency and Adsorption Capacity  

For the removal of dyes, one must know the concentration of adsorbers that should be used. 

For identifying the best suitable concentration of adsorbers, a constant 100 µM (32 mg/L) 

concentration of methylene blue dye solution was used as the concentration above 100 µM 



114 
 

showed condensed blue color, and was interfering with finding a significant difference in the 

adsorption efficiencies. A series of CPFmC and SDCPFmH from 10 g/L to 100 g/L (g: a dosage 

of the adsorber, L: liter volume of methylene blue solution) was added at room temperature 

(nearly 25 °C) and vortexed for 1 minute. The adsorbers were pulled out under a magnetic 

field. The upper liquid (supernatant) was taken for estimating adsorption efficiency by 

measuring the absorbance at 650 nm [302] using MultiSkan GO® with (SkanItTM v5.0, Thermo 

Fisher) micro-titer plate reader containing a 200 µL volume of supernatant in each well. For 

the purpose of comparison among adsorbers, 100 µM dye solution was treated for up to 4 cycles 

using 20 g/L of CPFmC, SDCPFmH, and pure Lg (Lignin). Adsorption efficiency was 

calculated in % using optical density differences between the control (without adsorbers) and 

the treated samples. 

The adsorption efficiency (Ae) and adsorption capacity (Ac) was calculated by the 

following equations (𝐸𝑞. 6.1)and (𝐸𝑞. 6. 2) applied by Li et al. (2018) [294]. 

Ae =  (
𝐶𝑖 − 𝐶𝑓

𝐶𝑖
) × 100% (6.1) 

Where Ae is Adsorption efficiency (%), 𝐶𝑖 is initial dye concentration (mg/L), 𝐶𝑓 is the 

final dye concentration (mg/L). 

Ac =  
(𝐶𝑖 −  𝐶𝑓)  × 𝑉

𝑚
 (6.2) 

Where Ac is Adsorption capacity (mg/g), 𝐶𝑖 is initial dye concentration (mg/L), 𝐶𝑓 final 

dye concentration (mg/L), 𝑚 is the dosage of adsorbers in g, 𝑉 is the volume in liter (L). 

6.2.4. Adsorption Efficiency of SDCPFmH for Other Relevant Dyes 

Apart from methylene blue, other similar and relevant dyes were also investigated for 

adsorption. 100 µM concentration of each dye named Brilliant Blue G250 (BB G250), Brilliant 

Blue R250 (BB R250), Xylene Cyanol (XC), Crystal Violet (CV), Safranin (SAF), Malachite 

Green (MG), Lactophenol Cotton Blue (LCB), Trypan Blue (TRP B), Congo Red (CR), 

Methylene Blue (MB) was treated with 20 g/L of SDCPFmH and were evaluated for adsorption 

efficiency. 

6.2.5. Cycle Repetition and the Maximum Adsorption  
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The stability and recyclability of SDCPFmH were investigated by using a standard 

concentration of SDCPFmH 20 g/L with their repeated use for 100 µM dye. Each time the 

separated liquid was transferred to a fresh tube for OD measurement at 650 nm and the 

remaining wet adsorbers were mixed with further successive sets of methylene blue (100 µM). 

The procedure was repeated for 33 cycles (MB 1 to MB 33) until the adsorption efficiency was 

reduced to very low and absorbance was stable. The adsorption efficiency and capacity were 

calculated from control vs sample values. Another set of 100 µM, 1000 µM, and 10,000 µM 

dye concentrations was also treated with 20 g/L adsorbers to estimate the maximum adsorption 

efficiency and capacity of SDCPFmH. 

6.2.6. Effect of pH, Temperature, and Dye Concentration Using RSM 

A full central composite design was prepared in DesignX® v.12 software using three variables 

in a range of A: pH (3-10), B: temperature (40 °C to 80 °C), and C: dye concentration (100-

300 µM) to find their role on adsorption efficiency and capacity that signifies the stability of 

the adsorbers. The low (-1), medium (0), and high (+1) coded levels of independent variables 

are shown in Table 6.1. The design was experimented with 20 runs to find out the effect of 

each parameter. 20 g/L adsorbers were used for each sample and temperature was given using 

a water bath set for 30 minutes reaction time. Adsorption efficiency and capacity were 

estimated as the above determinations. Each independent variable was analyzed for 

interactions, perturbations, actual vs prediction analysis, cube diagram, and the surface 

response of the process design. 

Table 6.1 Independent variables and their corresponding levels for adsorption efficiency and 

capacity at different pH, temperature, and dye concentration 

A quadratic model equation (𝐸𝑞. 6.3) can be followed for the calculation of the adsorption 

response 𝑌2, 

𝑌2 =  𝑘0 + 𝑘𝑥 ∑ 𝐴𝑥
𝑛
𝑥=1 + 𝑘𝑦 ∑ 𝐵𝑦

𝑛
𝑦=1 + 𝑘𝑧 ∑ 𝐶𝑧

𝑛
𝑧=1 + (6.3) 

Independent 

variables 

Symbols  Coded levels 

-α -1 0 +1 +α 

pH A 0.61 3 6.5 10 12.38 

Temperature (°C) B 26.36 40 60 80 93.63 

Dye concentration 

(µM) 

C 31.82 100 200 300 368.17 
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𝑘𝑥𝑘𝑦 ∑ ∑ 𝐴𝑥𝐵𝑦
𝑛
𝑦=1

𝑛
𝑥=1 + 𝑘𝑥𝑘𝑧 ∑ ∑ 𝐴𝑥𝐶𝑧

𝑛
𝑧=1

𝑛
𝑥=1 + 𝑘𝑦𝑘𝑧 ∑ ∑ 𝐵𝑦𝐶𝑧

𝑛
𝑧=1

𝑛
𝑦=1 +

  𝑘𝑥𝑥 ∑ 𝐴𝑥
2𝑛

𝑥=1 + 𝑘𝑦𝑦 ∑ 𝐵𝑦
2𝑛

𝑦=1 + 𝑘𝑧𝑧 ∑ 𝐶𝑧
2𝑛

𝑧=1   

Where 𝑌2 is the response variable, 𝑘0 is an overall coefficient, 𝑘𝑥, 𝑘𝑦, and 𝑘𝑧 are linear 

coefficients, 𝑘𝑥𝑥, 𝑘𝑦𝑦, and 𝑘𝑧𝑧 are quadratic coefficients, 𝑘𝑥𝑘𝑦, 𝑘𝑥𝑘𝑧, and 𝑘𝑦𝑘𝑧 are interaction 

coefficients, and 𝐴, 𝐵, and 𝐶, are independent variables. 

6.2.7. Kinetic Study of Adsorption and Desorption 

A kinetic study was done using dye concentrations of 100 µM, 200 µM, and 300 µM with a 

reaction time of 1 minute, 5 minutes, and 10 minutes for each concentration. The adsorption 

was studied at room temperature, and the time of vortex was varied as 1 min, 5 min, and 10 

min. After adsorption, the adsorbers containing maximally adsorbed dyes were studied for dye 

desorption by adding water to make a 20 g/L concentration of adsorbers, heated at 95 °C with 

a 30-minute reaction time. 

The adsorption efficiency (Ae) was calculated as the previous equation and the desorption 

efficiency (De) was calculated by the following equation (𝐸𝑞. 6.4). 

De =  (
𝐶𝑑 

𝐶𝑎
) × 100% (6.4) 

Where  De is Desorption efficiency (%), 𝐶𝑑 is the concentration of dye (mg/L) desorbed 

in water, 𝐶𝑎 the concentration of dye (mg/L) adsorbed on the adsorbers 

6.2.8. Characterization of the Adsorbers 

For identification of bonding and presence of aromatic structures, FTIR spectrum analysis of 6 

samples CPFmC, CPFmC+MB (+ methylene blue), SDCPFmH, SDCPFmH +MB (+ 

methylene blue), Lg (Lignin), and Lg+MB (Lignin + methylene blue) was done. The samples 

were run from 400 to 4000 wavenumbers for estimating % of transmittance. The sample was 

subjected to the platform of the sample in FTIR spectrometer (PerkinElmer Spectrum Two™) 

and was run through Spectrum™10 software. The bondings were compared among all samples 

by plotting a graph between wavenumber (cm-1) vs transmittance (%). For structural and 

elemental analysis of the hybrid material, dry powdered samples of CPFmC, SDCPFmH, and 

SDCPFmH+MB were analyzed by a FESEM+EDS analyzer (Nova NanoSEM 450) at 15 Kv 

HV, 4.14-207 µm HFW, pressure 3.80e-3 Pa to 7.47e-3 Pa, WD 5.0-5.8 mm, magnification 

from 2,000× to 100,000× with field-free lens mode along with ETD detection at 1 µm - 40 µm 
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scale run for 20 µs dwell. The major analysis of the elements was focused on the 

increase/presence of the sulfur and oxygen compounds in the treated sample and the presence 

of silica in the lignin samples as lignin was used along with silica ash. The particle size was 

also examined with a diluted suspension of samples using a density light scattering particle 

analyzer (Anton Paar, Litesizer™ 500). 

6.2.9. Structural Modeling Using Marvin Sketch 

An interlinked structure was proposed and designed by using the ChemAxon Marvin sketch® 

v.5 software. The Fe3O4 molecule was centrally placed and surrounded by one of the lignin 

(Lg) monomers i.e., Coumaryl alcohol (as an intermediate ligand) bound to the -O bonding of 

the Fe3O4. Subsequently, Methylene blue (MB) was bound to lignin as a carbon-nitrogen bond 

arrangement. Along with this, using molecular mechanics, various parameters such as 

elemental particulars, molecular weight, empirical formula, m/z ratio, molecular weight, 

energy, polar surface area, Vander Waals surface area, and refractivity were also proposed. 

 

6.3. Results and Discussion 

Overall, the CPFmC and SDCPFmH were compared for dye adsorption efficiency and capacity 

and also considered for other dyes. The repeatability, maximum adsorption, desorption effect 

of pH, the effect of temperature, the effect of dye loading, structural integrity, and theoretical 

modeling observation are summarized and discussed. 

6.3.1. CPFmC and SDCPFmH 

A very fine dried powdered extracted acid-insoluble lignin (Lg) including ash, was measured 

at nearly 32 ± 1 % of the dry biomass of rice straw. Lignin accounted for 24 ± 1 % with ~8 % 

ash, which was similarly identified by Jia et.al. (2018) as 22.1 % of lignin in the rice straw 

[303]. Lignin was brown, soft, and lightweight and showed depolymerization in a highly 

alkaline medium (6.2 % of NaOH) used in the reaction mixture, which depolymerized the lignin 

up to 75-80 % into aromatics [304]. This means a mixture of monomers and oligomers of lignin 

was present in the reaction mixture [305] and the size may vary from micro to nanometer. 

These free aromatic alcohols are co-precipitated with iron oxide during the preparation. The 

general mechanism of co-precipitation describes that magnetite (Fe3O4) and maghemite 

(γFe2O3) are generally formed by the reaction of ferrous and ferric oxides under atmospheric 

conditions, Therefore, it was assumed that the adsorbers formed would be a mixture of 
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magnetite and maghemite because the reaction was done under atmospheric condition [306] 

but it does not cause any effect on the magnetic behavior of the iron-oxides. The stoichiometric 

equation (𝐸𝑞. 6.5) follows as: 

2𝐹𝑒3+ +  𝐹𝑒2+ + 8𝑂𝐻−  →  𝐹𝑒3𝑂4 ↓  +4𝐻2𝑂 (6.5) 

The completely washed, dried, and magnetically separated adsorbers were indicated with 

different visible appearances. A black-colored precipitate formed in the case of CPFmC 

(Figure 6.1a), while SDCPFmH showed a slightly brownish color appearance (Figure 6.1b). 

Around 8 g of ferromagnetic adsorbers were estimated from the procedure used. 

 

 

 

 

 

 

Figure 6.1: (a) CPFmC; (b) SDCPFmH 

6.3.2. Adsorption Efficiency and Capacity of CPFmC vs SDCPFmH 

It was observed that the dosage of 20 g/L was the best suitable amount to add (data not shown). 

The adsorption capacity pattern followed similarity with the increase in adsorber dosage with 

a maximum capacity of 1.5 mg/g (data not shown). It was found that the CPFmC started losing 

its efficiency while SDCPFmH remained steady after every adsorption cycle. This can be due 

to weak interaction or the low adsorption capacity of CPFmC. SDCPFmH and Lg showed 

consistent/increased efficiency. Figure 6.2a showed that the repeated use of CPFmC was very 

much less efficient and negligible adsorption was found after 3 cycles. While, in the case of 

SDCPFmH and Lg, the efficiency was nearly constant and was found a maximum of 95.5 % 

and 97.7 % after 4 cycles, respectively (Figure 6.2a). Similarly, the adsorption capacity 

reached 1.53 mg/g and 1.56 mg/g after the 4 cycles, respectively (Figure 6.2b). This showed 

the efficiency of CPFmC was decreased by repeated use while the efficiency was consistent 

for SDCPFmH. Lg itself showed high adsorption efficiency, but it needs a centrifugation 

approach to separate the clear liquid after every cycle, this means SDCPFmH is more efficient, 
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separable, and sustainable for real-life applications. The adsorption behavior of SDCPFmH 

was also investigated for other similar dyes. Out of 10 dyes, CV, MG, LCB, CR, and MB 

showed more than 50% adsorption efficiency, maximally 98.42% in methylene blue and a 

minimum of 0.09% in Xylene cyanol (Figure 6.2c). 
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Figure 6.2: (a) Adsorption efficiency and (b) adsorption capacity comparison of CPFmC, 

SDCPFmH, and Lg: Lignin (20 g/L) with methylene blue (100 µM); (c) Adsorption efficiency 

of several dyes using SDCPFmH (20 g/L) with dye concentration 100 µM; BB G250: Brilliant 

Blue G250, BB R250: Brilliant Blue R250, XC: Xylene Cyanol, CV: Crystal Violet, SAF: 

Safranin, MG: Malachite Green, LCB: Lactophenol Blue, TRP B: Trypan Blue, CR: Congo 

Red, MB: Methylene Blue 

6.3.3. Maximum Adsorption and Performance of SDCPFmH 

During the initial 3 cycles, the adsorption efficiency was nearly 80%. Then, it picked up the 

maximum efficiency of more than 90% till the 17th cycle and attained a maximum adsorption 

efficiency of 96.7%. After the 17th cycle, the adsorption efficiency started decreasing and 

reached as low as 3.9% after 33 cycles. Figure 6.3 shows the pattern of dye adsorption that 

includes the maximum values from 4 to 17 cycles. It means SDCPFmH is repeatable up to 17 

cycles using 20 g/L of adsorbers. The recyclability was still shown in adsorbers even after the 

17th cycle. For estimating maximum capacity, the comparative adsorption of MB was converted 

into mg/g. The maximum capacity of SDCPFmH was estimated at 60.81 mg/g (shown in 

Figure 6.4). Filho et.al (2007) used the modified lignin extracted from sugarcane bagasse and 

found an adsorption capacity of 34.20 mg/g, lignin was used as such without iron-oxide [307]. 

Similarly, Zhang et al. (2016) found an adsorption capacity of 20.38 mg/g by using the 

organosolv lignin extracted from rice straw [308].  Several reports showed the potential of 

using lignin as an adsorber. When organsolv lignin extracted from coconut fiber was prepared 
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with Fe3O4 nanoparticles, found that the adsorption capacity was increased to 203.66 mg/g, but 

the adsorption efficiency was reduced to 43.68 % after 4 cycles [286]. In this work, the 

adsorption efficiency was stable and >90% till the 17th cycle at low dye loading and reduced to 

43.90 % after the 24th cycle. In some studies, phenolation and acetylation of lignin were done 

to enhance methylene blue adsorption. Taleb et al. (2020) modified the lignin extracted by the 

sulfuric acid hydrolysis of spent coffee grounds [309] by phenolation and alkylation in 1:6 and 

1:1 solid-liquid ratios and found an increase in adsorption capacity to 93.45 mg/g and 71.45 

mg/g, respectively, from 66.22 mg/g. It shows that modification may enhance the adsorption 

efficiency but may reduce the repeatability.  

6.3.4. Effect of pH, Temperature, and Dye Loading 

Stat-Ease Design-Expert® v.12 software was used for adsorption response determination with 

the interaction among variables like pH, temperature, and dye loading. Table 6.2 illustrates 

adsorption efficiency and capacity against 20 different suggested combinations experimented 

with for evaluating surface plot diagrams. 

It was observed that the adsorbers are effective and stable at alkaline pH near 10 and the effect 

of temperature was not much. While very low and very high pH values are not suitable for 

effective binding. This means the adsorbers are strongly bound to the dye at the mid-alkaline 

range. It was also found that, when pH was reduced and dye concentration was increased, the 

efficiency decreased. Temperature fairly plays a role in adsorption change. The adsorption 

capacity was also maximum when pH was 10, the temperature was 80 °C, and the dye loading 

was 300 µM or more. 

The equations generated in two responses for 𝑌2, a second-order polynomial quadratic equation 

(𝐸𝑞. 6.6) for the adsorption efficiency response (𝑌𝐴𝑒) and a 2-FI model equation (𝐸𝑞. 6.7) for 

adsorption capacity response 𝑌𝐴𝑐 for evaluating the effect of pH, temperature, and dye loading.  

𝑌𝐴𝑒 =  53.9403 + 12.0841 ∗  𝐴 + (−0.138645) ∗  𝐵 + (−10.9129) ∗  𝐶 

+ (−0.3725) ∗  𝐴𝐵 +  4.7925 ∗  𝐴𝐶 +  0.3125 ∗  𝐵𝐶 

+ (−2.05568) ∗  𝐴2  +  4.49213 ∗  𝐵2 +  7.79608 ∗  𝐶2 

(6.6) 

𝑌𝐴𝑐 =  1.83055 +  0.431474 ∗  𝐴 + (−0.00154393) ∗  𝐵 +  0.755783 

∗  𝐶 + (−0.005875) ∗  𝐴𝐵 +  0.409875 ∗  𝐴𝐶 

+  0.030125 ∗  𝐵𝐶 

(6.7) 

 



122 
 

 

Figure 6.3: Adsorption efficiency and capacity on the recyclability of SDCPFmH with MB (100 µM) up to 33 cycles (from MB 1 to MB 33), 

MB: Methylene blue 
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Figure 6.4: Maximum adsorption efficiency and capacity of SDCPFmH, MB: Methylene 

blue 

Response surface analysis showed an increase in adsorption efficiency with an increase in pH 

up to 10. No significant effect of temperature and dye loading was observed (Figure 6.5a). The 

statistical ANOVA test for 𝑌𝐴𝑒 and 𝑌𝐴𝑐 showed the sequential p-value = <0.0125, 0.0289, and 

R2 = 0.8828, 0.8992, respectively. The interaction between the pH and temperature favored the 

adsorption efficiency (from ~40 to ~80%) and capacity (~1.5 to ~2 mg/g) but not with pH and 

dye loading, and temperature and dye loading; a boat-shaped curve formed (Fig. 6.5b). It was 

concluded that the adsorption efficiency and capacity both are greatly affected by the change 

in the pH values. By observing perturbation effects, it was found that the adsorption efficiency 

increased with the increase of pH, steady with temperature, and decreased with dye loading 

(Figure 6.5c). While the perturbation of adsorption capacity was straightforward and the same 

for pH and temperature, but reversed for dye loading. The combined effect of all three-

parameter, and cube diagrams were prepared which showed the maximum adsorption 

efficiency at pH 10, dye loading at 100 µM, and the adsorption capacity at pH 10 and dye 

loading at 300 µM. The overall observations from the plots showed that the adsorption 

efficiency followed the trend with pH but may not follow adsorption capacity. Adsorption 

capacity is proportional to the dye loading within the mid-alkaline pH range. Finally, the 

temperature does not affect many changes in the adsorption behaviour (Figure 6.5c) but pH 

and dye concentration showed significant changes.  
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Table 6.2: Experiment design and responses of adsorption efficiency and adsorption capacity 

corresponding to pH, temperature, and dye concentration 

 

 

 

Run 

Independent variables Response values 

pH Temperature  

(°C) 

Dye 

concentration 

(µM) 

Adsorption 

efficiency (%) 

Adsorption 

capacity (mg/g) 

1 10 80 100 87.83 1.405 

2 10 40 100 87.48 1.400 

3 10 80 300 81.01 3.888 

4 6.5 60 200 52.39 1.676 

5 6.5 93.63 200 58.40 1.869 

6 6.5 26.36 200 65.46 2.095 

7 3 40 300 36.23 1.739 

8 6.5 60 200 54.56 1.746 

9 0.61 60 200 32.49 1.040 

10 10 40 300 77.86 3.737 

11 3 40 100 63.47 1.016 

12 12.68 60 200 54.33 1.739 

13 3 80 300 39.32 1.888 

14 6.5 60 200 51.04 1.633 

15 6.5 60 31.82 94.41 0.481 

16 6.5 60 200 57.66 1.845 

17 3 80 100 66.86 1.070 

18 6.5 60 200 54.09 1.731 

19 6.5 60 200 55.52 1.777 

20 6.5 60 368.17 48.14 2.836 
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(a) 
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Figure 6.5: (a) Response surface plots, (b) Interaction plots of adsorption efficiency (c) Interaction plots of Predicted vs actual, cube diagram 

and perturbation, related to adsorption efficiency and adsorption capacity of SDCPFmH at a range of pH (3-10), temperature (40 °C to 80 °C), 

and dye loading (100 µM to 300 µM)

(c) 
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6.3.5. Adsorption and Desorption Kinetics 

There was no significant effect of reaction time found on the adsorption efficiency. At room 

temperature, all three dye concentrations 100 µM, 200 µM, and 300 µM (Figure 6.6a) showed 

maximum adsorption efficiency (%) of 82.40 ± 0.45, 66.65 ± 1.57, 78.05 ± 1.72, respectively.  

There was an increase in the desorption efficiency found with the reaction time at a high 

temperature of 95 °C. A slight increase in desorption was found from 10 to 14 % at 100 µM, 

and from 12 to 22% at 200 µM dye, while a mild increase from 18 to 26% at 300 µM sample 

(Figure 6.6b) over time. The desorption percentage was less than 26% in all the cases, which 

concludes high stability and strong interaction between dye and adsorbers which was not 

affected by higher temperature either. 

 

 

Figure 6.6: (a) Adsorption (b) desorption kinetics of SDCPFmH against methylene blue at 

dye loadings 100 µM, 200 µM, and 300 µM with 1 minute, 5 minutes, and 10 minutes 

courses of time 
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6.3.6.  Structural Characteristics 

 

FTIR and FESEM+EDS were used for comparative analysis of the structure and element-based 

interactions. All the comparative results were compiled and plotted in the form of graphs. 

 

6.3.6.1. FTIR Analysis 

 

The comparative plot between transmittance (%) and wavenumber (cm-1) shown in Figure 6.7a 

stretched over a broad spectrum. An inverted loop band near 3,300 cm-1 assigned for O-H 

stretching presented the part of aromatic alcohols. C-H stretching at 2,900 cm-1 represented the 

methyl group attachment, and C=C (1,650 cm-1) stretching in the SDCPFmH sample assigned 

for cyclic alkenes. Kong et al. (2015) also observed a similar pattern in cationic-modified lignin 

for direct dye removal [222]. The presence of Fe-O was found at 530 cm-1. There was a C-H 

vibration observed nearly 1,700 cm-1-1,300 cm-1 that showed the aromatic core structure. This 

observation ensured the attachment of lignin precursors with the iron oxide. There was a long 

stretch of carbon bondings covering the range from 1,700-1,300 cm-1 in Lg and Lg+MB 

samples. This kind of stretch of lignin was also found by Remli et al. (2014) when studying the 

effect of alkaline treatment on rice straw structure [310] that showed the lignin used in this 

study has similar structural integrity. Strong C=C bindings at 730 cm-1 were also present in Lg 

and Lg+MB spectrum showing the presence of complex covalent bonds in samples. A large 

drop of the peak near 1,100 cm-1 was observed in Lg and Lg+MB samples, which showed the 

presence of a higher number of aryl-ether inter-linkages of lignin.  

 

6.3.6.2. FESEM+EDS Analysis 

 

There was an irregular shape of CPFmC seen in the SEM images, while SDCPFmH had a 

compact and round or oval-shaped structure (Figure 6.7b). After binding with MB, the 

structure of SDCPFmH+MB was seen to the more emerged surface to the top. For actual atomic 

estimations, the EDS spectrum was analyzed. The atomic concentration of elements was 

calculated from the tables shown against the respective graphs (Figure 6.7c). The iron content 

was higher in pure CPFmC and nearly equal in the lignin samples. An increase in O and S 

atomic concentration showed the interaction of lignin monomers and methylene blue. 

Methylene blue has sulfur (S) at the center and an increase in sulfur content by 2.27 folds was 
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found in the treated sample defining that methylene blue was adsorbed by the adsorbers. The 

presence of silica (Si) in both samples depicts that the lignin was bound with the adsorbers 

because lignin was used including silica during co-precipitation. 

 

6.3.6.3. Particle Size 

The present study does not signify the actual size of the nanoparticles. A diluted suspension 

of nanoparticles was tested for particle size and showed a range from 29 nm to 900 nm size of 

the particles. Hybrids were formed with varieties of lignin precursors; therefore, size may 

differ. On average, the diluted suspension of nanoparticles showed a particle size of 103.26 nm 

(Figure 6.7d). 
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Figure 6.7: (a) FTIR response for the samples; CPFmC, SDCPFmH, CPFmC+MB, 

SDCPFmH +MB, Lg (Lignin), and Lg+MB (Lignin + methylene blue); Adsorbers: 20 g/L, 

MB: 100 µM (b) FESEM images of CPFmC, SDCPFmH, and SDCPFmH +methylene blue 

(MB) at 500 nm, 4 µm, and 10 µm scale (c) EDS mapping of CPFmC, SDCPFmH, and 

SDCPFmH+methylene blue (MB); El: Elements, AN: Atomic number, C: Concentration, wt 

%: Weight %, at %: Atomic % (d) Particle size distribution of the CPFmC and SCDPFmH 

(d) 
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6.3.7. Structural Modeling of SDCPFmH 

From the experimental validations, it was found that the methylene blue is binding with the 

lignin and highly adsorbed by the SDCPFmH. There was an interaction proposed for Fe3O4 

with lignin precursor coumaryl alcohol (Lg) which was directly bound with the -OH group of 

the aromatic ring with Fe. The -H bond acted as an intermediate ligand to make a complex with 

Lg and MB. Zhang et al. (2019) revealed the direct binding of FeO with MB requires O- charge 

binding with the N+ charge of MB by electrostatic interactions [311]. Here in this study, the 

proposed interaction showed that MB bound with -H at the alkane side-chain terminal alcohol 

group to form an amide bond with the ammonia end of the MB. The molecular view of the 

proposed structure is shown in Figure 6.8. Some other structural parameters were also 

predicted using molecular mechanics elemental composition- C: 57.75 %, H: 3.92 %, Cl: 8.12 

%, Fe: 9.598 %, N: 9.628 %, O: 3.668 %, S: 7.348 %; molecular weight- 1,747.12 g/mol; 

empirical formula- C84H68Cl4Fe3N12O4S4; m/z ratio- 0.84 at 1,747 mol. weight; energy- 498.74 

kcal/mol; LogP- 15.96; polarizability- 179.65; pI- 9.89; polar surface area- 239.88; Vander 

Waals surface area- 1,787.88; and refractivity- 472.80. It was also found that the H donor sites 

decreased from 16 to 8 and acceptor sites increased from 12 to 20 when the pH was provided 

from 0 to 14.  

 

 

 

 

 

 

 

 

 

 

Figure 6.8: Predicted illustration of interaction among Fe3O4 with lignin (Lg) and Methylene 

blue (MB); Fe: orange, O: Red, C: Gray, N: Blue, S: Yellow, and Cl: Green. 
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6.4. Conclusions 

Lignin-based ferromagnetic material fabrication has been explored for several years. In this 

study, an interbond linking approach of simultaneous depolymerization and co-precipitation 

was attempted without pre-derivatization of lignin, and the adsorption efficiency of dye was 

estimated at more than 90% at 100 µM. The change in pH showed a direct relation to the 

adsorption efficiency, dye loading to adsorption capacity and the temperature does not affect 

any of them. The recyclability and repeated use of SDCPFmH showed promise to use it for the 

removal of dye from the waste stream. 
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CHAPTER 7 

CO-FERMENTING POTENTIAL OF ISOLATED 

ASPERGILLUS STRAIN 

 

7.1.Introduction 

To reach a high titer from lignocellulosic material, total utilization of sugar is needed. The total 

sugar includes C6 and C5 sugars released after pretreatment and hydrolysis of cellulose and 

hemicellulose fractions. Most microbes are generally able to utilize only the C6 sugar 

(glucose), while some special species have co-fermentation ability. The co-fermenting 

microbes such as yeast/fungi may also contribute to simultaneous saccharification by releasing 

cellulase/xylanase enzymes and co-fermentation of hexose and pentose sugar. This kind of 

concept is currently being implemented in biorefinery for high titer and maximum utilization 

of the cellulosic part of the lignocellulosic biomass [145].  The ability of microbe gains more 

importance when it also has ligninolytic potential. It means that it can grow on lignin or utilize 

its precursors. Lignin is made up of 3 kinds of aromatic precursors (sinapyl, coniferyl, and 

coumaryl forms) that can be utilized as the depolymerized form of lignin. But lignin may also 

cause hindrance in cellulosic content utilization. Many studies reported that lignin is the main 

culprit in inhibiting the hydrolysis of cellulose by inevitable bindings like adsorption [312] to 

cellulase enzymes as well as reducing the fermentation rate [143,313]. This kind of study was 

related to bioethanol production from lignocellulosic biomass using yeast. There is very little 

experimental evidence reported for the inhibitory effect of lignin on bioproduct formation or 

specific to the secondary metabolites. Here in this study, the effect of lignin was studied on a 

C6 and C5 sugar co-fermenting fungi on its secondary metabolite i.e., Kojic acid. This study 

also revealed the co-fermenting ability of the microorganism Aspergillus flavus BU20S was 

able to convert glucose as well as xylose into kojic acid. The microorganism also showed its 

ability to grow on pure lignin medium and can consume lignin in its depolymerized form. This 

study also reported experimental evidence of the inhibitory effect of lignin on sugar utilization 

for kojic acid production. The non-utilization of real biomass was also investigated on pre-

treated and pre-saccharified pine needle biomass that concludes the presence of lignin inhibits 

the kojic acid formation from lignocellulosic biomass. 
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7.2.Material and Methods 

7.2.1. Lignocellulosic Biomass and Lignin Extraction 

Rice straw and Pine needles were extensively studied for lignin extraction, lignin 

depolymerization, and their effect on microbial product formation, because these two are the 

major cause of stubble burning and forest fire in India, respectively. Rice straw was collected 

from the Palwal district of Haryana, India. The pine needles sample was collected from the 

Pithoragarh district area (latitude 29.5377°N and longitude 80.1715°N) of Uttarakhand, India. 

The lignin extraction was performed as the previous method. 

7.2.2. Microorganisms 

Two fungal candidates Aspergillus sp. BU20S (for kojic acid) [277] and Trichoderma sp. THS8 

(for cellulase enzyme) [314] was used for this study. 

7.2.3. Co-Fermentation Potential of Aspergillus flavus BU20S 

Before processing the lignocellulosic biomass, the saccharification ability of Aspergillus flavus 

BU20S to utilize both C6 and C5 sugars for kojic acid was determined. Free substrates in 20 

±2 g/L of cellulose, xylan, glucose, and xylose were used to make fermentation medium 

containing yeast extract 1 g/L, and ammonium chloride 2 g/L. The 25 mL autoclaved medium 

was added with 4% inoculum and incubated at 30 ºC for 6 days. Samples were taken at 0, 2, 4, 

and 6 days, and analyzed for glucose and xylose by DNS (Di-nitro salicylic acid) method [278] 

and kojic acid by HPLC. 

7.2.4. Screening of Product from Glucose and Glucose+Lignin 

A 10-gram glucose and 3 g/L depolymerized lignin were screened separately as well as using 

RSM for kojic acid production. The Design Expert® v.12 software was used for preparing a 

two-factorial fraction of substrates A: Depolymerized lignin and B: Glucose. A low range of 

depolymerized lignin (500 mg/L to 1,500 mg/L) and glucose (2 g/L to 10 g/L) was used 

because, at a higher range, the product formation was inhibited. The experiment was designed 

to find the effect of concentrations of both substrates (Table 7.1). All the samples were 

prepared with minimal salt composition. After autoclaving and inoculation, samples were kept 

for incubation at 30 °C at 180 rpm for 5 days. After glucose and kojic acid estimations, values 

were put in the software again to generate the response. A quadratic equation was proposed for 
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optimizing the response of two factors i.e. A (Depolymerized lignin) and B (Glucose). ANOVA 

test was done using design parameters for evaluating p-value, F-value, predicted vs adjusted 

R2, and standard deviation. Surface plots were prepared using the final quadratic equation (Eq. 

7.1) outputs. 

𝑌3 =  𝑘0 + 𝑘𝑖 ∑ 𝐴𝑖

𝑚

𝑖=1
+ 𝑘𝑗 ∑ 𝐵𝑗

𝑚

𝑗=1
+ 𝑘𝑖𝑘𝑗 ∑ ∑ 𝐴𝑖𝐵𝑗

𝑚

𝑗=1

𝑚

𝑖=1

+   𝑘𝑖𝑖 ∑ 𝐴𝑖
2

𝑚

𝑖=1
+ 𝑘𝑗𝑗 ∑ 𝐵𝑗

2
𝑚

𝑗=1
 

(7.1) 

Where, 𝑌3  is the response, 𝑘0  is an overall coefficient, 𝑘𝑖 and 𝑘𝑗 are linear coefficients, 𝑘𝑖𝑖 

and 𝑘𝑗𝑗 are quadratic coefficients, 𝑘𝑖𝑘𝑗 is the interaction coefficient, and 𝐴 and 𝐵 are 

independent variables.  

Table 7.1: Experiment design of depolymerized lignin and glucose used for kojic acid 

Independent 

variables 

Symbols  Coded levels 

-α -1 0 +1 +α 

Depolymerized 

lignin (mg/L) 

A 2.928 500 1,000 1,500 1,707.1 

Glucose (g/L) B 0.343 2 6 10 11.65 

The whole study was focused on utilizing lignin precursor in any form for making a product. 

Therefore, the ligninolytic potential of fungi was also investigated. To screen lignin precursors, 

the modified HPLC method consists of mobile phase 15% acetonitrile in 0.1% ortho-

phosphoric acid, flow 0.5 mL/min, temperature 40 °C, and time 60 minutes was used to detect 

peak at 320 nm. The coniferyl alcohol was used as one of the lignin precursor standards for 

analysis. 

7.2.5.  Inhibitory Effect of Lignin on Lignocellulosic Constituents 

To identify the inhibitory effect of lignin on lignocellulosic contents, further screening of kojic 

acid was studied in different combinations. Different types of medium prepared with the major 

constituent difference of lignocellulose as shown in Table 7.2. All the combination was 

prepared for 25 mL and autoclaved. A 4% spore suspension was inoculated and incubated at 

30 °C for 5 Days. After incubation, samples were analyzed for kojic acid. 
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Table 7.2: Experiment design of different combinations of lignocellulosic constituents 

Sl. No. Glucose 

(20 g/L) 

Xylose 

(20 g/L) 

Cellulose 

(20 g/L) 

Xylan 

(20 g/L) 

Lignin 

(3 g/L) 

1 20 - - - - 

2 - 20 - - - 

3 - - 20 - - 

4 - - - 20 - 

5 - - - - 3 

6 20 - - - 3 

7 - 20 - - 3 

8 - - 20 - 3 

9 - - - 20 3 

10 10 10 - - 3 

11 - - 10 10 3 

 (-): Absence of substrate 

7.2.6. Hydrothermal Pretreatment of Pine Needles 

To study, the role of lignin availability towards kojic acid production from real biomass. The 

pretreatment of biomass was performed. 1 gram of pine needle biomass was mixed in 10 mL 

of distilled water inside the hydrothermal autoclave (Teflon chamber). The tightly closed 

hydrothermal autoclave was placed inside the muffle furnace. The hydrothermal treatment 

(HTT) was carried out by heat at 180 ºC for 1 hour, 2 hours, 4 hours, and 6 hours. The sample 

was kept overnight for cooling. A comparison among the solid loading of the pine needle at 

1.25%, 2.5%, 5%, and 10% were also compared for the release of reducing sugar. Apart from 

this, an organosolv treatment with 50% methanol/water was also compared. 



140 
 

7.2.7. Kojic Acid from Hydrothermally Pretreated Pine Needle Slurry 

The slurries of all HTT hours (1, 2, 4, and 6 hours) samples were diluted to 5% solid loading 

at 20 mL volume including yeast extract (1 g/L) and ammonium chloride (2 g/L) and then 

autoclaved at 121 ºC for 20 minutes. After cooling down, inoculated with 10% spore inoculum 

of Aspergillus flavus BU20S (~4.8 ×106 spore/mL). The medium was incubated at 30 ºC for 6 

days. 0-, 2-, 4-, and 6-days samples were withdrawn and analyzed. 

7.2.8. Kojic Acid from Pine Needles by Co-Culturing 

Two fungal isolates were used in this study. One cellulolytic fungus THS8 effectively converts 

cellulose into sugar and another isolate Aspergillus flavus BU20S produces kojic acid. These 

two isolates were used for co-culturing into hydrothermally pretreated pine needles at 5% solid 

loading. The inoculums were used as co-cultures and incubated for 6 days. 

7.2.9. Kojic Acid from Pretreated/Pre-Saccharified Pine Needles 

5 grams of fine powder biomass was dissolved in 50 mL of 0.5% H2SO4. The solid was mixed 

well and kept for soaking at room temperature under static conditions for 30 minutes. After 

soaking, the biomass slurry was autoclaved at 121 °C for 20 minutes at 15 psi pressure. After 

autoclaving and cooling down, the pretreated biomass was adjusted to pH 5.0 using 25% liquor 

ammonia. The slurry was subject to enzymatic hydrolysis by adding 5 mL of enzymatic broth 

(CMCase 0.25 ± 0.04 IU/mL/min) of the isolated cellulolytic fungi THS8. The pretreated, pH-

adjusted biomass was enzymatically hydrolyzed at 55 °C in the water bath for 6 hours. The 

mixing was done after every 30-40 minutes. The pretreated-pre saccharified pine needle 

biomass was inoculated with 5 mL seed inoculum of Aspergillus flavus BU20S. The 

fermentation of 60 ± 2 mL volume having ~ 8% solid loading was carried out at 30 °C for 10 

days, at 180 rpm. 2 mL sample was withdrawn after every 2 days of incubation. Glucose and 

kojic acid were analyzed as before. 

7.3.Results and Discussion 

7.3.1. Co-Fermentation Potential of Aspergillus flavus BU20S 

The kojic acid-producing fungi Aspergillus flavus BU20S was screened for co-fermenting 

ability towards both C6 and C5 sugar types. Four kinds of substrates such as cellulose, glucose, 

xylan, and xylose were investigated. Out of all four substrates, the microorganism was able to 

produce kojic acid from glucose (2.50 ± 0.07 g/L), xylan (1.40 ± 0.09 g/L), and xylose (2.66 ± 



141 
 

0.24 g/L), while unable to utilize cellulose (Figure 7.1). The kojic acid production was less in 

xylan in comparison to pure sugars. Due to the non-cellulolytic activity of Aspergillus flavus 

BU20S, a pre-saccharification step was added by using enzymatic broth extracted from 

cellulolytic fungal isolate THS8. 

 

Figure 7.1: Fermentation potential of Aspergillus flavus BU20S on variety of substrates 

7.3.2. Kojic Acid in Glucose and Glucose+Lignin Medium 

The screening of kojic acid production was done using HPLC in the glucose, glucose+ lignin, 

and lignin medium. It was found that the kojic acid was effectively produced from glucose, 

while there was a drastic decrease in kojic acid by 98.2% when lignin (3 g/L) was added and 

no product in the lignin-only medium (Figure 7.2a). Similarly, surface responses were also 

generated with the glucose+lignin combinations. From previous observation, it was reminded 

that higher depolymerized lignin concentration may interfere with microorganisms to utilize 

the substrate properly. Therefore, a low range of 500 mg/L to 1500 mg/L depolymerized lignin 

and 2 to 10 g/L of glucose concentration was used for central composite design experiments. 

3D transformed graphs for glucose consumption and kojic acid production were prepared and 

analyzed. It was found that an increase in glucose and a decrease in depolymerized lignin 
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concentration were suitable and found in the region of 6-8 g/L of initial glucose and 500-700 

mg/L of depolymerized lignin (Figure 7.2b). The kojic acid production pattern also followed 

a similar pattern with 0.51 g/L of maximum product titer (Figure 7.2c) The equations generated 

in two responses for 𝑌3 as a second-order polynomial quadratic equation (Eq. 7.2) was 

generated for glucose consumption response (YGc) and a linear equation (Eq. 7.3) was generated 

for kojic acid response (YKa) from depolymerized lignin and glucose. The glucose utilization 

was effective when depolymerized lignin concentration was very low. 

𝑌𝐺𝑐 =  4.07 + (−0.270156) A + 0.543848  B + (−0.345 ) AB 

+ (−0.065625) A2 + (−1.75312) B2 
(7.2) 

𝑌𝐾𝑎 =  0.1765 + (−0.1278) A +  0.1068  B + (−0.0940) AB (7.3) 

The statistical ANOVA test for 𝑌𝐺𝑐 showed the sequential p-value = <0.0001, F-value = 67.42 

implies the model was significant. Predicted R2 = 0.8970, adjusted R2 = 0.9653, actual R2 = 

0.9797, standard deviation = 0.2717, and lack of fit value 2.32 implies for not significant 

relative to the pure error. The statistical analysis for 𝑌𝐾𝑎 followed the linear equation model 

with p-value = 0.0008, F-vale =14.74 and R2 = 0.8309, standard deviation = 0.0763 implies 

significant model. A contour 3-D graph was prepared for the best response. It was concluded 

that maximum product can be formed with the increase of glucose and decrease of lignin 

content. The optimized glucose and lignin concentrations were observed as 6 g/L and 300-500 

mg/L (Figure 7.2b and 7.2c). Similarly, as per the desirability and overlay plot, the suitable 

run can be with glucose and depolymerized lignin near 6 g/L and 1,000 mg/L, respectively.
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(a) 
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Figure 7.2: (a) Product formation in glucose, glucose+lignin, and lignin medium, (b and c) A 3-D contour graph representing glucose 

consumption and kojic acid production, (d) Interaction study for glucose consumed and kojic acid, (e) Desirability prediction for maximum 

response 

(d) 
(e) 
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It was also observed that as the depolymerized lignin concentration decreased, there were 

chances of reduction in toxicity as well as the availability of free sugars that may improve 

hydrophilicity. 

7.3.3. Ligninolytic Potential of Aspergillus flavus BU20S 

The ligninolytic ability of fungi was identified by the reduction of lignin precursor compared 

with standard coniferyl alcohol (100 ppm) after the incubation with fungi. After 5 days, there 

was a maximum utilization of coniferyl alcohol found on the HPLC chromatogram (Figure 

7.3). This confirms that depolymerized lignin substrate has been utilized by the microbe and 

has the potential to tolerate and consume lignin. It concludes that this fungus can utilize, 

glucose, xylan, xylose, and lignin but not cellulose. 

Figure 7.3: Utilization of depolymerized lignin by the fungi in HPLC; CF: Coniferyl alcohol 

7.3.4. Lignin Based Inhibition on Lignocellulosic Constituents 

From the RSM analysis, it was concluded that the lignin is playing as a barricade in the 

consumption of glucose. Further confirmation was done for a different combination of simple 

sugars like glucose and xylose as well as complex sugars such as cellulose and xylan found in 

lignocellulosic biomass. Out of all the different combinations, glucose, xylose, and xylan 

showed product formation in free form, while a significant reduction was observed when 

supplemented with lignin (Figure 7.4). Pure lignin, pure cellulose, and in combination do not 
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show product formation. It concludes that fungi were unable to produce secondary metabolite 

when lignin was present in the medium. This may be due to the inhibition of metabolic 

enzymes or lignin making some other complex with C6 or C5 sugars that limits the direct 

utilization of sugar. There are chances of hydrophilicity change that limits the transport of 

sugar into the cells. 

 

Figure 7.4: Inhibitory effect of lignin on lignocellulosic constituents 

7.3.5. Hydrothermal Pretreatment Analysis 

The pretreatment of the pine needle was executed under sub-critical water conditions inside a 

hydrothermal autoclave. The pretreatment profile of the pine needle biomass was screened at 

an increase of time interval while the solid loading was kept constant at 10% w/v. The visible 

appearance showed an increase in the pretreatment over time (Figure 7.5a). The treatment 

profile was measured by estimating the amount of sugar released and the remaining wet 

biomass. There was a 47 % increase in sugar concentration and a 32% decrease in wet biomass 

was found as the pretreatment time increased (Fig. 7.5b). 4 hours of treatment time was found 

suitable because there was no significant difference in estimating values at 4 and 6 hours of 

treatment time. Therefore, it is suggested to keep the pretreatment time at 4 hours for further 

analyzing the effect of solid loading on sugar release. The reduced sugar concentration 
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increased with the increase of the solid % from 1.25% to 10% (Fig. 7.5c), while it was low in 

methanol treatment. 

7.3.6. Kojic Acid from Pine Needles Biomass 

After all kinds of analysis, it was found that the product was not formed by the microorganism 

even at the initial sugar concentration reached a maximum of 4 g/L (Figure 7.5d). There was 

growth observed in the broth but the product was not formed even after 14 days of incubation.  

The fermentation potential of Aspergillus flavus BU20S fungi was seen in glucose, xylan, and 

xylose but not when the lignin was there. This means lignin is acting as a barrier to the 

utilization of free sugar in the medium. Therefore, fewer reports found on utilizing renewable 

lignocellulosic biomass for kojic acid and lignin may also be the reason for the low yield in 

reported kinds of literature. 
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Figure 7.5: (a) Hydrothermal treatment morphology of pine needle, (b) Content analysis-HTT 

at 1, 2, 4, and 6 hours of time intervals at 180 ºC; HTT: Hydrothermal Treatment, (c) HTT at 

different % solid for 4 hours, and (d) fermentation of pre-treated biomass; W: Water; M: 

Methanol, Fg: Fungi 
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7.4.Conclusions 

This study showed that lignin inhibits the utilization of sugar for kojic acid production. The 

rice straw lignin in a depolymerized form was mixed with sugar and subjected to kojic acid 

production. The resulting product was lower than without a lignin medium. It was also not 

applicable to the actual pine needle hydrolysate; however, the fungi were able to produce kojic 

acid from xylan, xylose, and glucose which are part of lignocellulosic sugars. The RSM-based 

configuration also depicts that less use of lignin with the medium is more feasible for kojic acid 

production. Therefore, it is evidently shown that lignin plays some role in restricting product 

formation. It concludes that lignin-free sugars are needed for fungal secondary metabolite 

production from lignocellulosic biomass.  
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CHAPTER 8 

CONCLUSIONS AND FUTURE SCOPE 

8.1. Conclusions 

This study describes the use of lignin for the production of kojic acid from castor oil. Lignin 

also showed its effectiveness as an adsorber in the removal of dye from wastewater. Lignin is 

gaining commercial demand, while still it is undervalued due to value-addition challenges. The 

recent advancements in the field of biorefinery valorize the lignocellulosic material for high-

value products. process development, and especially evaluation of the commercially valued 

product. A systematic literature review was summarized for the necessary information to 

prioritize the economic value of the lignin-based products. To convert lignin into valuable 

products, the knowledge of the current status of lignin-derived products, their current market 

potential, acceptability, and commercial feasibility is required. Therefore, a comparative 

analysis of the market value and price was analyzed in the form of product maps. The value-

added scheme to find a sustainable route was also critically studied to fit the products as drop-

in chemicals in commercially valuable and demanding products. 

Lignin was extracted from biomass such as rice straw by acid-hydrolysis method. The lignin 

depolymerization was much more effective (>80%) with sodium hydroxide (1.5%) and sodium 

sulfide (0.1%) at 30 °C. The effect of acid concentration change was found to directly affect 

the lignin structural changes. Similarly, further depolymerization efficiency was also affected. 

The availability of a free form of lignin groups is needed for the action of reactive functional 

groups of reagents. The use of the alkaline medium was very effective in depolymerizing nearly 

the maximum amount of L-63 and only one-third of L-72. So, it was concluded to use the free-

form, soft, and light-brown lignin (L-63) for depolymerization. It also helps in the purification 

and separation of phenolic monomers. 

For the first time, this study demonstrates that castor oil and lignin can be used as co-substrate 

for microbial metabolites such as kojic acid production. The strain was morphologically and 

molecular biologically identified as Aspergillus flavus BU20S. The co-substrate depolymerized 

lignin (3 g/L) and castor oil (20 g/L) showed a higher kojic acid titer (6.69 g/L) at an optimized 

pH of 6. Castor oil is a better oil substitute. DLg is the better aromatic. The optimum 

temperature was 30 °C. The product can be formed without using Na2S during the 

depolymerization process. It was found that lignin plays a significant role in enhancing castor 
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oil utilization. This work provides a platform to explore the metabolic pathway of the 

microorganism involved in castor oil metabolism and further process optimization for 

enhanced kojic acid production. 

To improve the kojic acid yield, the process as well as medium composition improvements 

were studied. The sequential fed strategy was greatly effective in enhancing the production by 

2 times as compared to the batch process in castor oil-lignin medium. Ammonium chloride is 

a suitable nitrogen source which directly involved in the fermentation process and enhances 

the kojic acid by 3.6 times. Ammonium chloride is advantageous over yeast extract 

supplementation by reducing maximum supplement cost by up to 99%. It was also observed 

that product yield can also be increased by optimizing molecular C/N= 23.58 (actual C/N 15). 

This study showed significant improvement methods applied to optimize the whole production 

process. The purified kojic acid showed a similar zone of inhibition as standard kojic acid and 

both were effective against MRSA. It concludes that kojic acid acts as an effective 

antimicrobial agent against MRSA strain.  

Lignin-based ferromagnetic material fabrication has been explored for several years. In this 

study, an interbond linking approach of simultaneous depolymerization and co-precipitation 

was attempted without pre-derivatization of lignin. The adsorption efficiency of the dye was 

estimated at more than 90% at 100 µM. The change in pH showed a direct relation to the 

adsorption efficiency, dye loading to adsorption capacity and the temperature does not affect 

any of them. The recyclability and repeated use of SDCPFmH showed promise to use it for the 

removal of dye from the waste stream. 

Another study showed that lignin inhibits the utilization of sugar for kojic acid production. The 

rice straw lignin in a depolymerized form was mixed with sugar and subjected to kojic acid 

production. The resulting product was lower than without a lignin medium. It was also not 

applicable to the actual pine needle hydrolysate; however, the fungi were able to produce kojic 

acid from xylan, xylose, and glucose which are part of lignocellulosic sugars. The RSM-based 

configuration also depicts that less use of lignin with the medium was more feasible for kojic 

acid production. Therefore, it is evidently shown that lignin plays some role in restricting 

product formation. It concludes that lignin-free sugars are needed for fungal secondary 

metabolite production from lignocellulosic biomass. 
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8.2. Future Scopes of This Study 

This study opens many areas of research and understanding of the role of microorganisms and 

substrate constituents. This is the first report of kojic acid from castor oil. Therefore, it gives a 

platform to identify the metabolic pathways for kojic acid from oil. It also opens the research 

toward enzymes involved in the pathway. At many points, the study discussed the role of lignin 

with castor oil and showed that medium constituent modification is also a point of research in 

the future. There is a scope of study about the transport mechanism of the oil/water phase of 

kojic acid as well as substrate utilization into the cell. As the product is extra-cellular secondary 

metabolism provides many complex mechanisms to study. This concludes this study pointed 

out many studies to be explored in the future to provide a better understanding of this kind of 

research. 

Apart from this, it was observed that the product showed a reduction in lignocellulosic 

constituents. The microorganism was able to ferment both kinds of sugars such as glucose and 

xylose (even the lignin), but in combination with lignin, it is diminished. Therefore, it is an 

area of research to know the role of lignin in the inhibition of product and if there is a chance 

of substrate modification that may be inhibiting the consumption of sugars when lignin is 

present in the medium. This may be the result of fewer reports of kojic acid from lignocellulosic 

materials. It concludes there is still a knowledge gap in identifying the lignin-based inhibition 

of fungal secondary metabolites such as kojic acid. 

The lignin was studied as a ferromagnetic adsorber and showed great potential for adsorbing 

several dyes, especially methylene blue. There is still an area left for dye regenerative study 

for desorbing the dye from adsorber and also regenerating it. This means there is a great scope 

for studying dye regeneration and its reuse as a fresh dye. 

The kojic acid also showed its antimicrobial effect against MRSA strain and opened the area 

of study about the mechanistic role of kojic acid in the lysis of cells or inhibiting cell growth. 

Still, there is research needed to find out the exact mechanism of the antimicrobial activity of 

kojic acid.   
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Abstract 

Lignin is a complex polymer of aromatics and a part of lignocellulosic biomass. Several 

paper/pulp industries and biorefineries are producing a huge amount of lignin as a by-product 

and still facing challenges for its management and further use. This study relates to the 

utilization of lignin to improve its importance in process development. Castor is a renewable 

non-edible source of long-chain hydrocarbons. India contributes nearly 80% of castor oil 

around the world. It is mainly exported from India at a very low price of 1.62-15.21 USD/kg. 

There are very few indigenous technologies of castor oil processing into value-added products 

and mostly depends on chemical catalysis which is usually non-sustainable. 

For this study, a new strain of Aspergillus flavus BU20S was isolated and identified by 

sequence analysis of ribosomal internal transcribed spacer (ITS) regions and cyp51A gene. An 

unknown metabolite produced by the strain was identified by elucidation of molecular structure 

using a combination of 13C and 1H-NMR, MS, FTIR, XRD, UV, and HPLC analysis. The 

metabolite was found to be kojic acid, which showed the potential to treat methicillin-resistant 

Staphylococcus aureus (MRSA) infection, among other industrial applications. It was observed 

that the isolated strain can produce kojic acid from castor oil and product titer can be increased 

by supplementing the medium with rice straw-derived depolymerized lignin. The substrate 

concentrations were optimized by response surface methodology using Design-Expert® 

software. As high as 6.69 ± 0.24 g/L of kojic acid was obtained using castor oil (20 g/L) and 

depolymerized rice straw lignin (3 g/L). For the first time, kojic acid has been reported from 

castor oil in this study. 

Kojic acid titer was also enhanced by a sequential fed-batch strategy. There was a 2 

times increase in the product when sequential feeding was executed. Along with that, the effect 

on nitrogen source, C/N ratio was also studied. A 3.63-times increase in the kojic acid (4.43 ± 

0.47 g/L) was found when only the ammonium chloride was supplemented in glucose (10 g/L) 

medium than all minimal salts. The molecular carbon/nitrogen ratio (C/N) was found optimal 

at 23.58 which gives a high titer of 5.17 ± 0.84 g/L from 10 g/L of glucose. At this optimal 

molecular nitrogen value, the nitrogen supplement cost can be reduced by 99% compared to 

yeast extract. The antimicrobial activity of purified kojic acid showed a ~20 mm zone of 

inhibition at a 2.5 mg dose loaded over 7.4 × 109 CFU/mL of MRSA. Compared to the control, 

around 85% decrease in cellular growth of MRSA was observed when kojic acid (10 mg/mL) 

was supplemented at initial Absorbance600nm of 0.03. 
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Another aspect of lignin has been investigated as an adsorber in the form of a ferromagnetic 

hybrid to treated textile wastewater effluent. Dyes are the major pollutant found in wastewater 

where the textile sector is majorly discharging a huge quantity of dyes. The physical adsorption 

of dye using lignin encapsulated iron-oxide hybrid was studied. In this study, natural 

biopolymer lignin was used to couple with ferromagnetic particles via Simultaneous 

Depolymerization and Co-precipitation (SDCP) process. The resulting hybrids were used for 

adsorbing dyes from water, especially methylene blue which is mostly considered a dye 

contaminant in textile wastewater. These hybrids were found very effective for the adsorption 

of several dyes. More than 90% of adsorption efficiency, 60.81 mg/g of adsorption capacity, 

complete recyclability, and high adsorption till 17 repeatable cycles were achieved. The low 

desorption efficiency (<26%) signifies stable complex formation. Effective parameters i.e., pH, 

temperature, and dye loading were also examined using response surface methodology. Along 

with that, the hybrid and control materials were analyzed using FTIR and FESEM+EDS 

techniques. For identifying intermolecular bonding, a theoretical model was also proposed 

using ChemAxon MarvinSketch®. This study can reduce the load of toxic components in 

preparation and also toward the more sustainable process of making adsorbers. This study 

suggests that these lignin ferromagnetic adsorbers have useful applications in cleaning 

wastewater.  
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1. Introduction 

Lignin is gaining commercial demand, while still it is undervalued due to value-addition 

challenges. The recent advancements in the field of biorefinery valorize the lignocellulosic 

material for high-value products. Every year ~500 million tons of lignocellulosic waste is 

generated in India, to which rice, wheat, and sugarcane residues contribute the most (Figure 

1.1). These residues are extensively studied for making bio-based fuels such as bioethanol, and 

biobutanol, or platform chemicals such as succinic acid, lactic acid, acetic acid, etc. During the 

lignocellulosic bioprocessing, the cellulosic fractions are being majorly utilized due to easy 

access to sugar substrate for fermentation. However, the remaining lignin [1] of the cellulosic 

biorefinery is still an undervalued waste and raises challenges for its management as well as its 

conversion into other value-added products. Currently, lignin is used for several low-value 

activities such as fuel for boilers, concrete admixture, activated carbon, bitumen or asphalt, 

road binders, dye dispersants, etc. [2,3].  However, the aromatic phenols of lignin [4] have a 

vast potential to convert into value-added products via chemical or biological routes. 

Castor oil is a non-competitive oil and renewable resource. India is a giant producer of castor 

oil. In the year 2020, around 1.8 million tons of castor oil seeds were accounted for in India 

[5]. By default, India holds a monopoly in exporting around 83% of the total global export of 

castor oil which is nearly 5.72 lac metric tons generated from 11.27 lac metric tons of castor 

seeds [6]. In 2018-19, Indian castor oil exports were valued at INR 5,562 crores [6]. China is 

the major importer with every year demand of nearly 30% [7]. In addition to the above facts, 

India is not getting leverage for this monopoly because of a shift towards soybean oil due to 

higher export demand of soyabean oil as well as its beans. The consumption of castor oil is 

limited in India itself. Therefore, India is dependent on other countries to sell castor oil at a low 

cost and does not have control over pricing. It is majorly imported from India at a very low 

price of 1.62-15.21 USD/kg for making high-value products such as undecylenic acid 72.46-

104.14 USD/kg, and Zinc Undecylenate 200-225 USD/kg (depending on purity). These 

products are sold around the world and are also being purchased back by India.  

With the lack of value-addition technologies and inadequate infrastructure to handle a huge 

amount of this non-edible oil, India has become a weak player. Castor oil constitutes various 

types of fatty acids majorly Ricinoleic acid [8]. Various manufacturers of castor oil also 

contribute to new advancements and establishing methods for value addition of castor oil like 

sebacic acid. Sebacic acid is majorly demanded by China. These methods are mostly depending 
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on chemical catalysis that may have environmental safety issues. As the whole world is 

dependent on India for castor oil, more cohesive research work, and technology development 

can lift India as a major key player in this market. Many government organizations also taking 

part in improving these standards and have started challenging schemes to develop new 

indigenous technologies for making high-value products from castor oil. Therefore, this study 

is important and focused on developing a bio-based indigenous technology for making a high-

value product from castor oil.  

Kojic acid is a pyrone ring-structured secondary metabolic compound produced by fungi 

[9,10]. It functions as a tyrosine kinase inhibitor for reducing melanin formation, therefore 

known as a skin-whitening component. Its application is distributed in medicine, food, 

agriculture, chemistry, and cosmetics [11,12]. Currently, the antimicrobial property of kojic 

acid is emerging as an effective agent might be in the form of ester derivatives [13], grafted 

oligosaccharides [14,15], and nano-bio catalysts [16], or liposomes [17], which ultimately leads 

to high demand for kojic acid. It also has the potential to treat methicillin-resistant 

Staphylococcus aureus (MRSA) infection. The present status displays that the major carbon 

source is glucose to produce it, while utilization of other non-competitive feed can also provide 

an alternative substrate.  

The market price of kojic acid is in the range of 264.32-15,534.78 USD/kg (depending upon 

purity). The direct utilization of castor oil for making kojic acid has not been reported earlier. 

Generally, metabolic engineering is used to modify the microorganism to enhance its ability to 

utilize a substrate. However, it requires knowledge of pathway engineering, substrate 

constituents, step-by-step metabolic intermediates, etc. The case of kojic acid which is 

commonly studied on glucose substrate still lacks scientific proof of the metabolic pathway 

and enzymes involved in its biosynthesis. This study was focused on oil i.e., castor oil, which 

itself is a new substrate that has not been used so far. For this study, the substrate modification 

by supplementing lignin as co-substrate to castor oil was also studied that showed significant 

production of kojic acid from a novel strain of fungi Aspergillus flavus BU20S which was 

isolated from lignin-laboratory waste.  

The assessment of lignin in chemical processing for making magnetic adsorbers for dye 

removal was also studied. The physical adsorption of dye using lignin encapsulated iron-oxide 

nanoparticles was studied. The direct depolymerization of lignin in the alkali NaOH solution 

without any pre-derivatization and simultaneous cross-linking with the iron-oxide was 
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performed to form ferromagnetic hybrids. This study can reduce the load of toxic components 

in preparation and also toward the more sustainable process of making adsorbers. This study 

showed the effective adsorbing capacity of the hybrid against methylene blue dye which is 

mostly considered a dye contaminant in textile wastewater. 

2. Literature Review and Objectives 

2.1.Lignin 

Lignin is a bulk renewable feedstock rich in carbon content, biocompatible, and 

multifunctional. On a large scale, its utilization and derivatization challenges still stand as an 

under-value substrate that is mostly used as cheap burning fuel. However, its everlasting 

availability and the current trend toward sustainable conversion into industrial products gaining 

focus in various industrial applications. To widen the valuable product formations from lignin, 

its commercial feasibility, market size, and sustainable process knowledge are desirable. This 

literature identifies the commercial feasibility and huge market potential of lignin-based value-

added products in the form of a product map. Lignin is extracted majorly in the form of 

lignosulfonates through sulfite pulping because it is soluble in water and has a vast number of 

applications [21]. Lignosulfonates account for nearly 65% of the total worldwide lignin 

production (nearly 1 billion USD market) [22]. In comparison, different varieties of lignin have 

diverse price ranges depending on the purity. Low-purity lignin costs 50-180 USD/ton while 

high-purity lignin price reached up to ~750 USD/ton [23].  

Lignosulfonate covers major applications used by lignin, for example- in drywall, concrete 

preparation, oil well-drilling fluid, emulsifying agent, dispersant, animal feed binder, 

agrochemicals, and resin preparations [24]. Kraft lignin is used as a fertilizer/pesticide carrier, 

carbon fiber, activated carbon, etc. [24]. Soda lignin is a kind of sulfur-free lignin that is 

different from lignosulfonates and is used for phenolic resins and polymer synthesis [25]. 

Organosolv lignin has applications in paint additives and varnishes also [26]. Hydrolyzed lignin 

is generally used for adsorbing ability [27]. This means different varieties of lignin are used in 

various applications (Figure 2.1). The price of lignin is compromised by its applications, 

therefore low purity lignin is in high demand. Hence, the derivatization of lignin is needed to 

increase its value by further converting it into more valuable products like fine chemicals. 
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Figure 2.1: Different kinds of lignin and their preparation and respective uses 

Aromatic monomers of lignin showed potential for advanced products and applications. Resins 

and composites are used for making finished polymers while adipic acid is used to form 

polyester and nylon-66 [28,29]. For product-based processes, lignin can be further tailored by 

processes categorized as Gasification [30], Hydrocracking or Pyrolysis [31,32], Oxidation [33], 

Chemical modifications [34], and fermentation (Figure 2.2). But these all processes and 

applications are maximally moving towards low-value finished products.  

Along with all chemical-type processes, the bio-based approach has also been emerging for 

developing products from lignin precursors. Microbial fermentation is a process of utilizing 

microorganisms to convert lignin into valuable products. Muconic acid (a high-value product) 

was derived from the genetically engineered bacteria Pseudomonas putida by shifting its route 

from protocatechuate chain to produce it from catechol, benzene, and coumaryl alcohol 

substrates [41]. Similarly, other valuable products [42] such as adipic acid [43], vanillin [44], 

pyruvate [45], lactate [45], polyhydroxyalkanoates [46], hydroxybenzoic acid [47], methane 

[48], lipids [49] have been reported from lignin via bio-based processes using 

natural/engineered microorganisms. The bio-based approach is an alternative to the chemical 

and fossil fuel-based process that can help in establishing sustainability and reducing carbon 
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credits. However, on a large scale, low product yield, high processing cost, and low purity 

standards may limit the commercial acceptance of bio-based products derived from lignin. 

 

Figure 2.2: Lignin derived low and high-value products via a specific derivatization process 

Industrial dyes in wastewater streams cause water pollution and may affect aquatic diversity 

[283]. Textile, paint, ink, leather, paper, and cosmetic industries release heavy dosages of dyes 

in the effluent [19,284]. Physical adsorption is a phenomenon of separating dyes from water. 

Various adsorbers like zeolite, activated charcoal, and bentonite have been applied for the 

adsorption of different dyes. The use of such materials comes with certain disadvantages like 

high cost, trouble in regeneration, and relatively lower adsorption efficiency [285]. Lignin is a 

renewable, inexpensive material studied well as an adsorbent for the removal of dyes [286]. It 

is abundantly available as an important component of agricultural residues [221,287]. 

Currently, cellulosic biorefineries are unleashing lignin as waste after processing cellulosic 

material for ethanol production [288]. The unleashed lignin is further considered for 

management issues. Lignin has the potential to be used as a micro-nano carrier [289]. Apart 

from various methods that exist in the cleaning of the waste stream, the nano-particle-based 

cleaning strategy has been used nowadays [290]. Nano-particles possess a large surface area 
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and high adsorption characteristics [291]. The magnetic properties of iron-based nanoparticles 

can be used for their regeneration [292], and these can be easily recycled using a strong magnet 

[293].  

The lignin-encapsulated iron-oxide nanoparticles are being currently studied as an effective 

adsorber for dyes. To make this feasible, lignin pre-derivatization is followed to enhance the 

adsorption capacity. The processes like pre-treatment [294] pre-carbonation [295] or pre-

activation [289], and pre-depolymerization of lignin followed before co-precipitation. Several 

attempts were made to prepare nanoparticles using lignin and iron such as graphitic carbon-

iron nanoparticles [296], lignin-hydrochar coated iron nanoparticles [297], magnetic lignin-

based nanoparticles [295],  lignin amine coated iron nanoparticles [294], and direct lignin 

without iron as nanoparticles [298]. However, Simultaneous Depolymerization and Co-

precipitation (SDCP) of lignin may not be studied. Secondly, the use of ammonia in preparation 

gives a lower breakdown efficiency of lignin to bind with iron-oxide and also releases fumes 

during addition, which causes environmental issues. It was studied that sodium hydroxide is 

more effective than ammonia in lignin depolymerization and no toxic fumes are released in the 

environment. Therefore, NaOH was used in this process to raise the pH for better 

depolymerization of lignin, better magnetic properties, smaller size, strong basicity, and fast 

nucleation [299,300]. The use of FeCl2 was also studied for iron-nanoparticle formation for 

better ionic bonding, while it causes self-precipitation issues [301]. To overcome this, FeSO4 

was used in the replacement of FeCl2. In India, rice straw management is a big issue and one 

of the major air pollution sources. Therefore, rice straw was selected as a feedstock for lignin. 

 

2.2.Castor Oil 

Castor oil is a commercial vegetative oil extracted from the castor plant (Ricinus communis) 

seeds. Castor plant grows within 4-5 months and their seed can be harvested for oil (Figure 

2.3). Due to the presence of the toxic enzyme ricin in castor beans, it is considered to be non-

edible for general purposes. It is a yellowish-colored oil used in the manufacturing of 

lubricants, soaps, paint, waxes, dye coatings, and other fuel additives. There is 45-50% of the 

oil content found in castor seed can be extracted by crushing and pressing [93]. Castor seeds 

are dried, dehulled, cleaned, cooked, and dried before oil pressing. During pressing, an expeller 

is used for high-pressure screw pressing, and crude oil is removed. Then, it is filtered for clean 

oil. There is around 8% of oil remains in the cake after extraction. The extracted oil can be 
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further treated by oxidation, thermal, or hydrogenation methods to derivatize into special 

products. 

 

Figure 2.3: Castor plant, beans, and oil 

Castor oil is an emerging source of functional materials. Castor oil is rich in fatty acids 

consisting of Ricinoleic, linoleic, oleic, stearic, palmitic, linoleic acid, etc. Ricinoleic acid is 

one of the major compounds that contribute around 90%. Mubofu et. al (2016) summarized 

various functional products derived from the chemical transformation of Ricinoliec acid via 

hydrogenation, pyrolysis, caustic fusion, etc. that resulted in 12-hydroxystreatic acid, 

undecylenic acid, dehydrated oil, sebacic acid, capryl alcohol, etc. [94]. Various products that 

can be derived from castor oil (based on their value in the market) are compiled in Figure 2.4. 

It shows the importance of castor oil as a valuable crop. Its direct utilization in the industry 

proves that it is a great bio-based raw substrate with an easily available source, non-competitive 

feed, and low cost. These processes are being saturated at the industrial level and increase the 

need for other valuable products to be derived from castor oil. Few bio-based methods were 

identified using oil-utilizing microorganisms such as Yarrowia lipolytica for the production of 

γ-decalactone [95], as well as enhancement by immobilization [96], or fed-batch [97] methods. 
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Figure 2.4: Different derivatives of castor oil 

Castor oil itself showed an antimicrobial effect [98,99], therefore, the microbes growing on and 

utilizing castor oil must have tolerance against its toxicity. This reason limits the use of general 

microbes for castor oil fermentation. During microbial isolation, castor oil should be a part of 

the medium for isolating microbes having tolerance against castor oil.  

2.3.Kojic Acid 

There is always a demand for developing new technologies and alternative substrates for value-

added compounds. Kojic acid is a high-value and high-demand chemical compound that has 

broad applications in the cosmetic and pharmaceutical industry [11]. It has potential 

applications [104] in the field of medicine as an anti-bacterial, anti-fungal, anti-inflammatory, 

pain reliever, anti-diabetic, free radical scavenger; as an anti-speck, anti-browning agent; 

inhibits the action of polyphenol oxidase in the food industry; as a chelating agent in the field 

of agriculture and has various other uses (Figure 2.5). The chemical synthesis of kojic acid 

follows a complex mechanism of acetylation/deacetylation. Diacylated kojic acid is formed by 
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acetylation of the tetra-acetylgalatosone hydrate by the action of acetic anhydride and pyridine, 

followed by deacetylation in the presence of ammonia/methoxide in methanol or methoxide 

[111]. However, kojic acid can be produced naturally through the biological route. Kojic can 

be produced by sugar-fermenting fungi, which is a sustainable and environment-friendly 

approach. It is a kind of secondary metabolite produced by fungi, commonly Aspergillus flavus 

[112] and Aspergillus oryzae [113]. Structurally, it is a pyran-4-one, [104] with molecular 

formula C6H6O4 (mol. wt. 142.11 g/mol). Due to its typical structure and being produced during 

secondary metabolism, its metabolic pathway is still under investigation. Lassfolk et al. (2019) 

reported a three-step chemo-enzymatic conversion of glucose into kojic acid via an 

intermediate glucosone. Initial enzymatic conversion occurs from glucose to glucosone by 

pyranose oxidase and catalase in the presence of oxygen. This is followed by acetylation and 

deacetylation to yield kojic acid [111]. The biological synthesis of kojic acid from glucose was 

proposed via an enzymatic cocktail of oxidase and dehydrogenase enzymes that reacted with 

glucose [114,115]. Kojic acid is a valuable compound and is known as a major cosmetic 

ingredient [116]. Its tyrosinase inhibition activity reduces melanin formation and improves 

skin-lightening [117]. Along with the inhibition of tyrosinase enzyme, it also plays a role in the 

inhibition of various other enzymes such as catechol oxidase, laccase, dioxygenase, and D-

amino acid oxidase. It concludes that kojic acid is a valuable product that has numerous 

applications. 

 

Figure 2.5: Structure of Kojic acid, methods of formation, and applications 
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Currently, at the industrial scale, kojic acid is preferred to be produced from glucose (as a major 

carbon source) supplemented with yeast extract (to fulfill the nitrogen demand). To improve 

its production, continuous advancements in the medium and process are needed. Kojic acid can 

be produced from various sugar alternatives. Yamada et al. (2014) studied glucose, starch, and 

cellulose for kojic acid from Aspergillus oryzae [118]. Other carbon sources such as sucrose 

[119,120] and glycerol [121] were also studied for their impact on kojic acid production. Along 

with carbon sources, the type and amount of nitrogen sources also have been investigated which 

showed a larger impact on yield. Different types of N2 sources such as yeast extract, peptone, 

ammonium salts (sulfate, persulphate nitrate, and chloride), and urea have been studied for 

kojic acid yield. The product titer and yield concerning nitrogen source supplementation are 

illustrated in Table 2.1. Compared to other nitrogen sources, yeast extract resulted in better 

yield as it is a direct source of organic nitrogen. The biosynthesis of kojic acid depends not 

only on the nitrogen sources but also on other process constraints such as pH, temperature, and 

salt supplementation. The optimum pH is also significantly important for effective 

fermentation. Mohamad et al. (2000) studied the effect of pH on kojic acid and found that pH 

3 was suitable with a maximum titer of 62 g/L, yield 0.516 g/g and 0.22 g/L/h productivity by 

using Aspergillus flavus [122]. At a pH lower than 3, the microorganism was unable to produce 

kojic acid and retarded growth was observed. Rasmey and Basha (2016) found effective 

production at pH 3.5 with 29 g/L of the product by using A. oryzae 124A [123]. Similarly, 

Hassan et al. (2014) estimated the 49.5 g/L product at pH 4 from Aspergillus oryzae var. efusus 

NRC14 [124]. It concludes that a pH ranging from 3-4 is optimal to produce significant kojic 

acid. Fungi generally prefer the mesophilic range of temperature from 25-30 ºC. The optimal 

temperature studied for kojic acid production was observed to be 28 ºC [123,125] to 30 ºC 

[124,126]. A drop in product formation was detected at a higher temperature such as 36 ºC 

[127]. The product formation was also found to be reduced from 12 g/L at 30 ºC to 3 g/L at 40 

ºC [128]. 

Not only the production conditions but also the constituents of the medium are also important. 

Rasmey and Abdel-Kareem (2021) reported the effect of specific ions for better yield of the 

product. The optimal phosphorus concentration in the form of KH2PO4 was found to be 0.5 g/L 

and 2 g/L, when glucose and starch were used, respectively [113]. Along with phosphorus, zinc 

ions (Zn2+ ) were also reported to improve the production rate [113]. It shows that Zn2+ may be 

acting as a co-factor for biosynthetic enzymes or taking part in gene expression. Marui et al. 
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(2011), identified a Zn2+
2Cys6 transcriptional activator that acts as a kojic acid-expressing gene 

kojR that relates to the role of Zn2+ in biosynthesis [129]. There are reports of amino acid 

supplementation that also result in kojic acid reduction. The reason was proposed that there 

may be competition for amino acids by other metabolic enzymes involved in other pathways 

[113]. It concludes that various conditional parameters and medium ingredients affect kojic 

acid production. Therefore, optimized values are greatly important in large-scale productions. 

Complex substrates such as starch or cellulose need additional enzymatic hydrolysis. The 

process requires the production of additional enzymes (amylase or cellulase). For the 

preparation of those enzymes, amino acids are the major ingredients, which may cause shifts 

in the rate of formation of kojic acid synthesizing enzymes towards hydrolyzing enzymes. Due 

to the competition in utilizing amino acids between different enzymes, the production rate may 

fall. In this context, the media composition for supplementing nitrogen sources rich in amino 

acids such as polypeptone was optimized by using the Box-Wilson method. The optimized 

polypeptone was 4.8 g/L when glucose was 148 g/L [130]. Along with medium ingredients, 

fungi also demand a sufficient amount of oxygen for efficient growth and fermentation. Ariff 

et al. (1996) studied the role of aeration by determining levels of dissolved oxygen tension 

(DOT). DOT is like the partial pressure of oxygen dissolved in water. 80% DOT at the growth 

phase+yeast extract and 30% DOT+no yeast extract was the most suitable combination for a 

maximum accumulation of kojic acid in the production phase. This showed a synergistic role 

of aeration with nitrogen sources that can be optimized by controlling DOT value at production 

time [131]. The volumetric oxygen mass transfer coefficient (KLa) was also studied as an 

important parameter in providing efficient aerobic conditions to fungi. Takamizawa et al. 

(1996) obtained the optimized KLa value should be 164.7 h-1 [130]. It concludes that process 

conditions and medium optimization are crucial parameters in the improvement of kojic acid 

production. Several other strategies irrespective of the process such as reactor type-air-lift 

[132], or Ca-alginate immobilization [133], were also reported for kojic acid. 
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Table 2.1: Output of nitrogen supplements on titer and yield of kojic acid. 

Substrate  

Glucose 

(g/L) 

Nitrogen  

source 

(g/L) 

Microorganism Duration 

(days) 

Titer  

(g/L) 

Yield 

(g/g) 

Refs 

80 Yeast Extract 

(2.5) 

A. oryzae RIB40 14 16.4 0.205 [118] 

100 Yeast Extract 

(0.5) 

A. oryzae ATCC 

10124 

10 1.13  0.0113 [146] 

100 Peptone 

(0.5) 

A. oryzae ATCC 

10124 

10 

 
 

0.92 0.0092 [146] 

100 Ammonium Sulphate 

(0.5) 

A. oryzae ATCC 

10124 

10 1.14  0.0114 [146] 

100 Yeast Extract (0.5) +  

Ammonium Sulphate 

(0.5) 

A. oryzae ATCC 

10124 

10 1.58 0.0158 [146] 

100 Peptone (0.5) + 

Ammonium Sulphate 

(0.5) 

A. oryzae ATCC 

10124 

10  1.03 0.0103 [146] 

50 Yeast Extract 

(2.5) 

A. oryzae 

IPBCC 

9  0.433 0.00866 [147] 

50 Urea 

(2.5) 

A. oryzae 

IPBCC 

9  - - [147] 

50 Ammonium Sulphate 

(2.5) 

A. oryzae 

IPBCC 

9  0.311 0.00622 [147] 

100 Yeast Extract 

(5) 

A. flavus Link 

44-1 

11  36.5 0.365 [148] 

100 Yeast Extract 

(5) 

A. flavus Link 

44-1 

21  39.9 0.399 [149] 

100 Peptone 

(5) 

A. flavus Link 

44-1 

21  36.40 0.364 [149] 

100 Ammonium 

persulphate (5) 

A. flavus Link 

44-1 

21   0.06 0.0006 [149] 

100 Ammonium nitrate  

(5) 

A. flavus Link 

44-1 

21  12 0.120 [149] 

100 Ammonium Sulphate  

(5) 

A. flavus Link 

44-1 

21  0.05 0.0005 [149] 

100 Ammonium Chloride  

(5) 

A. flavus Link 

44-1 

21   0.012 0.00012 [149] 
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2.4.Research Problem and Motivation 

Research Problem 

a) Lignin is an undervalued natural renewable substrate that has management issues. It is 

generally used as cheap low-grade fuel or sold at a very cheap price for admixture-type 

applications. However, it has the potential to generate high-value products. 

b) Castor oil is also a non-edible renewable resource. India is not getting leverage of castor 

oil's monopoly although it is the largest producer of the commodity. This is mostly 

because of its in-edible nature, less consumption, and fewer indigenous technologies. 

Therefore, there is a need for a novel sustainable process to be developed for producing 

high-value compounds from castor oil.  

Research Motivation 

a) Utilization of lignin and castor oil as a substrate for biobased product formation. 

b) Other utilizations of lignin. 

 

2.5.Research Objectives 

1. Objective 1- Extraction of lignin and optimizing its depolymerization. 

2. Objective 2- Isolation and identification of a novel strain of microorganism capable 

to grow on lignin and other substrates. 

3. Objective 3- Molecular structure elucidation of the metabolite produced by the 

microorganism. 

4. Objective 4- Co-substrate utilization of castor oil and lignin for producing kojic acid. 

5. Objective 5- Process and media optimization to enhance kojic acid titer. 

6. Objective 6- Utilization of lignin for adsorption of industrial dyes. 
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3. Material and Methods 

3.1.Raw Material and Chemicals  

Five kinds of biomass were collected from different regions of India. Rice straw and cotton 

stalks were collected from the Palwal district of Haryana. Wheat straw and Sugarcane bagasse 

were collected from the Faridabad district, Haryana. Pine needles were collected from 

Pithoragarh district, Uttarakhand. Castor oil and other chemicals were procured from SRL 

(Sisco Research Laboratories, India). Oil substitutes were purchased from the local market. All 

chemicals used in this study were of analytical grade. 

3.2.Extraction of Lignin from Biomass 

The dried biomass was used for lignin extraction and estimation. Lignin was extracted by using 

a well-accepted sulfuric acid-based treatment method developed by Sluiter et al. [215] along 

with some modifications. A fine powder of 1 mm sized biomass was prepared by grinding in a 

mixture grinder and was sieved through a 1 mm sieve. 0.3 g of dried biomass was treated with 

72% w/w sulfuric acid in a 1:10 ratio of solid: liquid. The first acid hydrolysis of the biomass 

was carried out in a screw cap bottle rotating at 150 rpm for 60 minutes at 30 °C. After 60 

minutes, treated biomass was diluted with distilled water for the second hydrolysis by reducing 

the acid to 4%. Then, the reaction mixture was autoclaved at 121 °C, for 30 minutes. After 

autoclaving, hydrolyzed biomass was cooled to 40 °C and passed through sintered gooch 

crucible filter (G4). The residual solid was washed 3-5 times with distilled water. Then, the 

solid was left for complete air drying. The dried solid mass was used as a lignin substrate. Out 

of all kinds of lignocellulosic biomass, rice straw was further used for lignin depolymerization, 

because of its major issue of stubble burning and air pollution problem.  

3.3.Lignin Depolymerization 

To screen the lignin depolymerization efficiency at 30 °C, different acidic, alcoholic, and 

alkaline reagents were reacted with 2 g/L of lignin at 1% concentration. The reaction mixtures 

were treated for 30 minutes at 30 °C and 160 rpm. After treatment, separated by centrifugation 

at 8,000 rpm, 25 °C for 10 minutes. The upper liquid was removed as depolymerized lignin 

(DLg) and the residual solid was washed 3 times with distilled water. The remaining solid was 

dried in the oven and back-calculated for depolymerization efficiency (%).  Out of which, 
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Alkaline reagents- sodium hydroxide and sodium sulfide showed the best response. Therefore, 

these two reagents were used further for optimization study. 

The depolymerization efficiency (𝐷𝑃𝑒) was calculated by the following equation (𝐸𝑞. 3.1). 

𝐷𝑃𝑒 =  (
𝐿𝑔𝑖 −  𝐿𝑔𝑓

𝐿𝑔𝑖
) × 100% (3.1) 

Where, 𝐷𝑃𝑒 is depolymerization efficiency (%), 𝐿𝑔𝑖 is initial lignin concentration given (g/L), 

𝐿𝑔𝑓 is final lignin concentration remained (g/L). 

After optimizing the best value of depolymerizing reagents, a range of lignin was also treated 

at 2 g/L- 10 g/L at 30 °C.  The effect of time was also screened using 4 g/L lignin with a reaction 

time of 0.5 hours, 2, 4, 6, and 24 hours.  

3.4.Isolation of Microorganism  

The strain was growing on lignin waste generated in the laboratory. It was isolated and tested 

for the potential product by growing in a medium containing depolymerized lignin (3 g/L) 

supplemented with different substrates. Following 25 different kinds of substrates (3 g/L) were 

screened: dextrose, fructose, maltose, lactose, xylose, sucrose, galactose, cellulose, cellobiose, 

starch, sorbitol, yeast extract, peptone, Luria Bertani broth, sodium salts of (acetate, carbonate, 

bicarbonate, citrate, and pyruvate), castor oil, corn oil, soybean oil, glycerol, tween-20, and 

control. For medium preparation, lignin and one of the substrates were added to all minimal 

salt (AMS) medium having the following composition: Na2HPO4 (6 g/L), KH2PO4 (3 g/L), 

NaCl (0.5 g/L), NH4Cl (0.8 g/L), MgSO4.7H2O (0.02 M), CaCl2 (0.002 M) [231]. The medium 

was autoclaved, cooled down, inoculated with the 5% waste sample, and incubated at 30 °C 

for 5 days. After 5 days, screening of substrate was done for fungal growth. The growth was 

found in xylose, sorbitol, cellobiose, soybean oil, and castor oil. Growth was maximum in the 

case of castor oil-containing medium. The selected fungal strain was isolated using potato 

dextrose agar (PDA) medium, and spore suspension was stored for further use. 

3.5.Identification of Isolated Fungi 

The isolated microorganism was subjected to morphological and molecular identification. The 

microorganism was examined on a potato dextrose agar plate for 4 days for morphological 

identification, and microscopically using methylene blue staining of 4.8 × 106 spores suspended 

in 0.9% NaCl solution.  
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Genomic DNA was extracted from the seed culture of fungal isolate (grown in potato dextrose 

broth) by the method described by Carter-House et al. (2020) [232]. DNA quantification was 

done by using a micro-drop spectrophotometer (MultiskanGO®, Thermo Scientific) and 

qualitative observation was done at 1% agarose gel. Molecular characterization of the fungal 

isolate was done by sequence analysis of conserved ribosomal internal transcribed spacer (ITS) 

regions. The PCR product of isolated DNA was generated by annealing of forward primer 18S 

ITS1-F (5'-TCCGTAGGTGAACCTGCGG-3') and reverse primer 28S ITS4-R (5'-

TCCTCCGCTTATTGATATGC-3') [233] at 58 °C [234]. The ITS primers may not be able to 

differentiate the species of the isolated genus of Aspergillus. Therefore, a secondary biomarker 

of cytochrome P450 family 51 i.e., cyp51A was used for PCR-based identification [237]. The 

PCR product was generated using forward primer cyp51A F 5'-

CCAGATTAGGCATACACATTG-3' and reverse primer cyp51A R 5'-

CGCTAACTATGGTTGACTCTA-3' annealed at 52 °C for 30 seconds. The PCR reaction 

mixture and the cycle conditions were followed by the study done by Nargesi et al. (2021) 

[237]. 

3.6.Molecular Structure Elucidation of Unknown Metabolite Produced by the Strain 

Out of all organic acids, an unknown metabolite significant peak was observed on the HPLC 

chromatogram at 20.5 ± 0.2 minutes, which did not match with any of the tasted standard 

organic acids. Therefore, it was proposed to find the molecular mass of the product. The sample 

(in water) was analyzed by mass spectrum analysis by the mass analyzer (Agilent 6540® 

LC/MS) using ESI+ scan mode. The ESI+ scan showed m/z at 144.1021. It showed that the 

product has a molecular weight near 144 g/mol. Then, a range of products reported for fungi 

Aspergillus sp. was listed and the molecular weight was matched with all possible products. 

According to the mass spectrum, the proposed product matched the molar mass of kojic acid 

(142.11 g/mol) at m/z near 144.10. After all these observations, it was concluded that the 

product may be kojic acid which has a molecular weight of 142.11 g/mol. For further 

confirmation, the purified product (purification method given in the subsequent section) was 

analyzed using an FTIR, 13C-NMR, 1H-NMR, and XRD. The qualitative determination was 

also done by adding FeCl3 solution in which a red-colored product formation indicates the 

presence of kojic acid [239]. Finally, the product profile was compared with standard kojic acid 

in HPLC.  The product concentration was calculated by using the standard graph. 
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3.7.Substrate Screening 

The selected fungal isolate was further screened for 5 different sets at 50 mL volume. Set1: 

Pure castor oil-10 g/L (CO10), Set2: Pure glucose-10 g/L (G10), Set3: Pure depolymerized 

lignin-3 g/L (DLg3), Set4: Depolymerized lignin with castor oil (DLg3CO10), Set 5: 

Depolymerized lignin with glucose (DLg3G10). All samples were prepared with AMS. The 

depolymerized lignin solution was neutralized before use by concentrated H2SO4/HCl. The 

medium was autoclaved and inoculated with 8% spore suspension containing 4.8 × 106 

spores/mL and further incubated at 180 rpm for 5 days at 30 °C. The fermented product was 

analyzed by a modified HPLC method [248,249] for organic acid analysis. The oil consumption 

analysis was performed by dissolving methylene chloride [250] in a 1:2 (oil: solvent) ratio. The 

pre-and- post-weight were compared to calculate the residual oil and consumption. 

3.8.Preliminary Investigation of Process Parameters on Kojic Acid Production 

To identify the effect of pH, a range from pH 3 to pH 8 was adjusted in the medium containing 

DLg (3 g/L) and castor oil (10 g/L). After optimizing pH, the effect of depolymerized lignin 

was evaluated at different concentrations of DLg with castor oil. A series of DLg 

concentrations from 0-5 g/L was prepared with AMS and constant castor oil (10 g/L). To 

identify the effect of castor oil concentration, a range of increases in castor oil 10-50 g/L was 

set up with constant DLg (3 g/L). Different oil substitutes were also compared for kojic acid 

production. Different types of oil substitutes: 1) Castor oil, 2) Mustard oil, 3) Soybean oil, 4) 

Corn oil, 5) Glycerol, 6) Used engine oil at 10 g/L with DLg (3 g/L) were used to compare the 

better oily substrate. Inoculation, incubation, sample preparation, and analysis were done as 

before. 

3.9.Purification of Kojic Acid  

The crude fermented broth contains residual oil, emulsion, and other primary organic 

compounds. Therefore, a modified ethyl acetate method [238] for fermented oil broth was used 

to purify kojic acid. The methylene chloride was used to dissolve the remaining oil/organics as 

kojic acid is less soluble in methylene chloride. The crude fermented broth was filtered through 

Whatman filter paper to prepare the cell-free extract. Then, 50 mL of filtrate was mixed with 

ethyl acetate in a 1:2 ratio. The two-phase solution was stirred at 800 rpm for 1 hour at 30 °C. 

After stirring, left undisturbed for 1 hour for the separation of clear phases. After that, the upper 
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ethyl acetate phase containing kojic acid was separated and transferred to another beaker and 

kept for evaporation at 100 °C until the volume was reduced to 10%. Then the hot liquid was 

kept at room temperature overnight for further evaporation without heating for crystallization 

of kojic acid. When crystals were visible wet with ethyl acetate, and further treated with 10 mL 

of methylene chloride or chloroform. Mixed well to dissolve oil and other organic impurities. 

The mixture was transferred into a tube and kept for the settling of crystals. Then, the upper 

liquid was removed carefully and the wet crystals were dried under a vacuum for the next 12 

hours. After complete drying, dried kojic acid crystals were stored in a cool place in a closed 

glass vial until further use. 

3.10. Direct vs Sequential Fed Loading in Shake Flask  

The shake flask-based study was done to compare the presence of high direct loading (100 g/L 

of castor oil with 3 g/L depolymerized lignin) and Sequential Fed (100 g/L of castor oil with 3 

g/L depolymerized lignin by addition of 20 g/L of castor oil sequentially after every 4 days of 

incubation i.e., 5 cycles). Samples were prepared to 50 mL final volume added with all minimal 

salts (AMS) composition: Disodium hydrogen phosphate: 6 g/L, potassium dihydrogen 

phosphate: 3 g/L, ammonium chloride: 0.8 g/L, sodium chloride: 0.5 g/L, magnesium sulfate: 

0.12 g/L, calcium chloride: 0.0029 g/L as per the medium used previously [277]. The medium 

was autoclaved, inoculated with 8% inoculum (containing nearly 4.2 × 105 spores/mL), and 

incubated at 30 °C, 180 rpm for 20 days. Samples were withdrawn after every 4 days and 

analyzed by the HPLC method [277].  

 

3.11. Antimicrobial Activity of Purified Kojic Acid Against MRSA 

This study was focused on identifying the antimicrobial activity of kojic acid extracted from 

fermented broth at high CFU/mL and McFarland Standard value. The reported literature used 

majorly up to 106 CFU/mL or McFarland Standard 1 only, while in this study 109, 1010, and 

1011 CFU/mL and McFarland Standard >10 were investigated. Kojic acid was purified from 

the fermented broth by using the ethyl acetate method. A 100 mg of the product was purified 

and a 50 mg/mL solution was prepared in sterilized distilled water. The solution was filter 

sterilized and used for well-diffusion analysis against MRSA-col (colistin-resistant) strain 

grown on Muller-Hilton (MH) Broth (CFU = 7.46 × 1011/mL). Three sets of CFU 7.46 × 

1011/mL, 7.46 × 1010/mL, and 7.46 × 109/mL were screened for the zone of inhibition using 
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Standard Kojic Acid (S-KA): 50 mg/mL; 50 µL and 100 µL loading, Purified Kojic Acid (P-

KA): 50 mg/mL; 50 µL and 100 µL loading, and positive control Oxacillin (Ox): 10 mg/mL; 

25, 50,75 µL and 100 µL loading. 100 µL of each CFU was plated on MH agar and incubated 

at 37 ºC for 24 hours. After 24 hours, the zone of inhibition was observed and calculated in 

mm. 

3.12. Screening of Separate Minimal Salts in the Medium  

To find the role of actual salt in the medium, each component of the AMS was screened with 

separate salts and all minimal salts in a glucose 10 g/L (pH 6) medium. After sterilization, 

inoculation, and incubation, filtered samples were analyzed for kojic acid and glucose 

estimation. 

3.13. Fabrication of Adsorbers With and Without SDCP 

The most common co-precipitation reaction-based method of preparing iron nanoparticles was 

used for preparing adsorbers. There were two preparations executed: (1) adsorbers without 

SDCP; and (2) adsorbers with SDCP. The procedure was followed as 10 grams of FeCl3 was 

dissolved in 200 mL of ion-free water, the solution was kept for stirring at 500 rpm and the 

temperature was set at 80 °C on a magnetic stirrer under atmospheric pressure without nitrogen 

pressure. The heating started at 25 °C and kept on rising to reach the final temperature of 80 

°C. When the rising temperature reached 50 °C, 5 grams of FeSO4 was added to the reaction 

mixture. When the temperature reached 70 °C, 5 gm of rice straw lignin powder was added. 

The mixture was kept for stirring till the temperature reached 80 °C. Then, 20 % NaOH (100 

mL) was added drop by drop signifying simultaneous depolymerization of lignin as well as its 

precursor co-precipitation with iron-oxides. After a 50 mL addition of sodium hydroxide 

solution, precipitate formation started, and after the complete addition of 100 mL of sodium 

hydroxide, a dark black or brownish-colored precipitate was formed. A separate experiment of 

lignin depolymerization was also done at a similar NaOH concentration at 80 °C to find the 

depolymerization efficiency. The precipitate was kept on stirring for the next 30 minutes, at 80 

°C and 500 rpm.  Then, stirring and heating were stopped and the mixture was allowed to cool. 

When the temperature of the mixture reached 40 °C, the content was filtered using Whatman 

filter paper 1 and the residual solid was washed two times with water. The solid obtained was 

kept for air drying at room temperature for 24-48 hours. Then, the dried solid was powdered 

using mortar-pestle and subjected to a magnetic field to extract materials that had only magnetic 
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properties. Both the materials Co-precipitated Ferromagnetic Control (CPFmC) and SDCP 

Ferromagnetic Hybrids (SDCPFmH) were stored at room temperature until used for further 

examination of dye adsorption efficiency. 

3.14. Determination of Adsorption Efficiency and Adsorption Capacity  

For identifying the best suitable concentration of adsorbers, a constant 100 µM (32 mg/L) 

concentration of methylene blue dye solution was added to CPFmC and SDCPFmH 20 g/L (g: 

a dosage of the adsorber, L: liter volume of methylene blue solution) at room temperature 

(nearly 25 °C) and vortexed for 1 minute. The adsorbers were pulled out under a magnetic 

field. The upper liquid (supernatant) was taken for estimating adsorption efficiency by 

measuring the absorbance at 650 nm [302] using MultiSkan GO® with (SkanItTM v5.0, Thermo 

Fisher) micro-titer plate reader containing a 200 µL volume of supernatant in each well. 100 

µM dye solution was treated for up to 4 cycles using 20 g/L of CPFmC, SDCPFmH, and pure 

Lg (Lignin).  

The adsorption efficiency (Ae) and adsorption capacity (Ac) was calculated by the following 

equations (𝐸𝑞. 6.1)and (𝐸𝑞. 6. 2) applied by Li et al. (2018) [294]. 

Ae =  (
𝐶𝑖 − 𝐶𝑓

𝐶𝑖
) × 100% (3.2) 

Where, Ae is Adsorption efficiency (%), 𝐶𝑖 is initial dye concentration (mg/L), 𝐶𝑓 is the final 

dye concentration (mg/L). 

Ac =  
(𝐶𝑖 −  𝐶𝑓)  × 𝑉

𝑚
 (3.3) 

Where, Ac is Adsorption capacity (mg/g), 𝐶𝑖 is initial dye concentration (mg/L), 𝐶𝑓 final dye 

concentration (mg/L), 𝑚 is the dosage of adsorbers in g, 𝑉 is the volume in liter (L). 

3.15. Estimation of Adsorption Efficiency of SDCPFmH for Other Relevant Dyes 

Apart from methylene blue, other similar and relevant dyes were also investigated for 

adsorption. 100 µM concentration of each dye named Brilliant Blue G250 (BB G250), Brilliant 

Blue R250 (BB R250), Xylene Cyanol (XC), Crystal Violet (CV), Safranin (SAF), Malachite 

Green (MG), Lactophenol Cotton Blue (LCB), Trypan Blue (TRP B), Congo Red (CR), 

Methylene Blue (MB) was treated with 20 g/L of SDCPFmH and were evaluated for adsorption 

efficiency. 
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3.16. Kinetic Study of Adsorption and Desorption 

A kinetic study was done using dye concentrations of 100 µM, 200 µM, and 300 µM with the 

reaction time of 1 minute, 5 minutes, and 10 minutes for each concentration. The adsorption 

was studied at room temperature, and the time of vortexing was varied as 1 min, 5 min, and 10 

min. After adsorption, the adsorbers containing maximally adsorbed dyes were studied for dye 

desorption by adding water to make a 20 g/L concentration of adsorbers, heated at 95 °C with 

a 30-minute reaction time. 

The adsorption efficiency (Ae) was calculated as previous equation and desorption efficiency 

(De) was calculated by the following equation(𝐸𝑞. 3.4). 

De =  (
𝐶𝑑 

𝐶𝑎
) × 100% (3.4) 

Where  De is Desorption efficiency (%), 𝐶𝑑 is the concentration of dye (mg/L) desorbed in 

water, 𝐶𝑎 the concentration of dye (mg/L) adsorbed on the adsorbers 

3.17. Co-Fermentation Potential of Aspergillus flavus BU20S 

Before processing the lignocellulosic biomass, the saccharification ability of Aspergillus flavus 

BU20S to utilize both C6 and C5 sugars for kojic acid was determined. Free substrates in 20 

±2 g/L of cellulose, xylan, glucose, and xylose were used to make fermentation medium 

containing yeast extract 1 g/L, and ammonium chloride 2 g/L. The 25 mL autoclaved medium 

was added with 4% inoculum and incubated at 30 ºC for 6 days. Samples were taken at 0, 2, 4, 

and 6 days, and analyzed for glucose and xylose by DNS (Di-nitro salicylic acid) method [278] 

and kojic acid by HPLC. 

3.18. Inhibitory Effect of Lignin on Lignocellulosic Constituents 

To identify the inhibitory effect of lignin on lignocellulosic contents, further screening of kojic 

acid was studied in different combinations. Different types of medium prepared with the major 

constituent difference of lignocellulose as shown in Table 3.1. All the combination was 

prepared for 25 mL and autoclaved. A 4% spore suspension was inoculated and incubated at 

30 °C for 5 Days. After incubation, samples were analyzed for kojic acid. 

Table 3.1: Experiment design of different combinations of lignocellulosic constituents 
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Sl. No. Glucose 

(20 g/L) 

Xylose 

(20 g/L) 

Cellulose 

(20 g/L) 

Xylan 

(20 g/L) 

Lignin 

(3 g/L) 

1 20 - - - - 

2 - 20 - - - 

3 - - 20 - - 

4 - - - 20 - 

5 - - - - 3 

6 20 - - - 3 

7 - 20 - - 3 

8 - - 20 - 3 

9 - - - 20 3 

10 10 10 - - 3 

11 - - 10 10 3 

 (-): Absence of substrate 

4. Results and Discussion 

4.1.Lignin Content in Biomass 

The lignin was extracted from each kind of biomass and estimated the amount as shown in 

Figure 4.1. Pine needles showed maximum lignin (42.98 ± 0.08%) and sugarcane bagasse 

(27.72 ± 0.82%) showed minimum. Rice straw was chosen as biomass of concern due to the 

current management problem and developments of bioethanol refineries using rice straw as 

feedstock.  

 



Synopsis-28 
 
 

 

Figure 4.1: Lignin content in different types of biomasses 

4.2.Lignin Depolymerization Efficiency 

The initial screening of depolymerization agents on rice straw lignin showed that the 

depolymerization was more favorable towards the alkaline region where sodium hydroxide 

(86.25 ± 1.77%) and sodium sulfide (77.50 ± 0.71%) showed higher depolymerization 

(Figure 4.2). Therefore, these two alkaline reagents were used for further optimization. For 

optimizing depolymerization efficiency, RSM was applied with a range of 0.5% to 1.5% of 

sodium hydroxide and 0.1 to 0.5% of sodium sulfide. The response surface graph showed that 

depolymerization was increased with an increase in sodium hydroxide and a decrease in 

sodium sulfide. It was found that depolymerization on average was 77.62 ± 4.67% and reached 

a maximum of 82.3% using 2 g lignin/L of reagent mixture at 30 °C. 

The maximum response showed towards sodium hydroxide 1.5 % and sodium sulfide 0.1%. 

This best value of reagents was also used for lignin depolymerization at a high range of lignin 

from 2 g/L to 10 g/L that showed a maximum 82.5 ± 0.70% and minimum 67.3 ± 16.82%, as 

the amount of lignin increased (Figure 4.3). Another study done with the reaction time 

showed that there was a mild increase in the depolymerization efficiency from 80 ± 0.71% 

(after 0.5 hours) to 86.25 ± 1.06% (after 24 hours) and a less significant increase. It concludes 

that the lower reaction time of 0.5 hours is suitable to reduce the process cost and time.  
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Figure 4.2: Depolymerization efficiency comparison among different acidic, alcoholic, and 

alkaline reagents with 1% concentration at lignin 2 g/L 

 

Figure 4.3: Effect of increase in lignin concentration on depolymerization efficiency (%) at a 

range of rice straw lignin (RSL) from 2 g/L to 10 g/L 

4.3.Isolation and Identification of the Microorganism  

The initial stage of growth showed a white color appearance at 2 days and green-colored mold 

was observed after 4 days on the PDA plate (Figure 4.4). Under microscopic examination, a 
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sporangium attached to the substratum was visible and spores were spreading out of it. As per 

these visible observations, the microorganism was proposed to be the genus Aspergillus. For 

definite recognition, the molecular characterization was done using sequence analysis of ITS1 

and ITS4 regions. After NCBI BlastN analysis, multiple sequence alignment, and phylogenetic 

tree analysis (Figure 4.5), it was found that the fungal isolate belongs to the Aspergillus sp. 

with ≥99% identity match. Therefore, the strain was named Aspergillus sp. BU20S. 

The sequencing analysis of ITS primers revealed that the microorganism named to be 

Aspergillus sp. which defines the species name as similar to flavus or oryzae. Further 

confirmation was done by secondary barcode analysis using cyp51A gene. The sequencing 

results of PCR product confirmed that species name matched 99.16% of identity with 100% 

query cover to flavus (Figure 4.5). Therefore, the isolated microorganism was named 

Aspergillus flavus BU20S. 

 

 

Figure 4.4: Upper: Novel strain isolation and purification, Lower: Fungal isolate growing on 

PDA plate: Left: after 2-days; Centre: after 4-days; Right: microscopic image of sporangium 
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Figure 4.5: Molecular analysis and sequencing similarity of fungal isolate BU20S using ITS 

and cyp51A primer, M: 1kb DNA ladder of different types 
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4.4.Structural Elucidation of Unknown Metabolite 

The molecular structure of the unknown metabolite was elucidated using various analytical 

techniques such as MS, FTIR, 13C and 1H NMR, XRD, UV, and HPLC. 

4.4.1. Mass Spectrometry 

For identification of the unknown metabolite, molecular mass was analyzed using mass 

spectrophotometry. The molecular mass spectra showed the presence of a molecular ion with 

m/z of 143.0335. The molecular weight of kojic acid is 142.11 g/mol. It is possible due to 

hydrogen ion abstraction in the presence of protic solvents like water by direct photoionization 

of [M], as per the mechanism reported by Syage (2004), there is a change in m/z value [254]. 

The [M+H]+ ion has given an m/z value of 143.033 for kojic acid. The standard kojic acid also 

showed [M+H]+ m/z at 143.0337 [255,256]. Sudhir et al. (2005) also reported the [M+H]+ peak 

of kojic acid at m/z at 143.0 [257]. This result indicates that the metabolite could be kojic acid.  

4.4.2. Crystal Morphology 

To further confirm its morphological and structural characteristics, the metabolite was purified 

from the fermented broth. The morphology of purified crystals was similar to standard kojic 

acid (Figure 4.6a). Chib et al. (2019) also observed a similar crystal appearance of the product 

during kojic acid purification [119].  

4.4.3. FTIR and XRD 

The purified dried solid was analyzed by FTIR. As per the reference IR table of Sigma Aldrich 

[219], the FTIR spectrum showed peaks at wavenumber 3,200 cm-1 (for an alcoholic -OH), at 

3,000-2,800 cm-1 (for alkane C-H), at 1,685-1,666 cm-1 (for ketone C=O), at 1,650-1,610 cm-1 

(for cyclic alkene C=C), at 1,050-1,040 cm-1 (for anhydride C-O-C). The pattern of peak 

observation was also similar to the standard kojic acid. The FTIR spectrum and peak 

evaluations were also similar to kojic acid as reported by Devi et al. (2015)[255]. The XRD 

spectrum also showed similar diffraction peaks, especially at ~19Θ when compared to the 

standard kojic acid spectrum [255]. 

4.4.4. NMR Analysis 
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The 13C NMR analysis also showed the δ-values (ppm) corresponding to aromatic ring 

structure and carboxy bonding. 13C NMR of standard kojic acid (101 MHz) depicts δ (ppm) = 

174.37, 168.54, 146.17, 139.70, 110.30, 59.94, 40.65, 40.60, 40.44, 40.40, 40.24, 40.19, 40.03, 

39.98, 39.77, 39.56, 39.35. 13C NMR of unknown metabolite (101 MHz) depicts δ (ppm) = 

179.12, 173.29, 150.92, 144.45, 115.05, 75.71, 64.69, 45.35, 45.20, 45.15, 44.99, 44.94, 44.78, 

44.73, 44.52, 44.31, 44.10, 35.88. The carbon positions were examined to elucidate the 

structure. Six δ values between 180 ppm to 60 ppm showed the carbon positions and the other 

remaining <60 δ values were designated to the solvent (DMSO). An observation identified by 

Nurunnabi et. al (2018) was followed to denote carbon numbers to kojic acid structure [258]. 

The product identity was depicted according to δ values for C4 (C=O; bound with no hydrogen 

and 2 carbons) and C2 (bound with no hydrogen, 2 carbons, and 1 oxygen) between 160-180 

ppm. C5 (bound with no hydrogen, 2 carbons, and 1 hydroxyl) and C6 (bound with 1 hydrogen 

and 1 oxygen) in between 130-160 ppm, and C3 (bound with 1 hydrogen and 2 carbons) 

between 100-130 ppm. At last, C7 (bound with 2 hydrogens, 1 carbon, and 1 hydroxyl) showed 

a peak between 50-70 ppm, which is mostly due to methyl groups.  Nurunnabi et. al (2018) 

also identified a similar chemical shift (δ-ppm) in 13C NMR while identifying kojic acid 

extracted from Colletotrichum gloeosporioides [258]. 1H NMR of standard kojic acid (400 

MHz) depicts δ (ppm) = 9.05, 8.03, 6.35, 6.34, 6.34, 5.68, 5.66, 5.65, 4.30, 4.30, 4.29, 4.29. 1H 

NMR of unknown metabolite (400 MHz) depicts δ (ppm) = 13.80, 12.78, 11.10, 11.09, 11.09, 

10.43, 10.41, 10.40, 9.47, 9.46, 9.46, 9.46, 9.44, 9.05, 9.04, 8.11, 7.66, 7.64, 7.64, 7.64, 7.63, 

7.27, 7.27, 7.26, 7.25, 6.74, 4.75. The 1H spectrum showed identical chemical shifts at 8 and 9 

ppm. There were few additional peaks were observed in the purified product. This could be 

due to a trace of impurities present in the purified product.  

4.4.5. Qualitative Analysis 

The FeCl3 test showed a red-color appearance on the sample as well as standard kojic acid 

[239]. But in comparison, it was not found in other standard organic acids such as oxalic acid, 

malic acid, lactic acid, citric acid, acetic acid, succinic acid, fumaric acid, and maleic acid. This 

result showed the presence of kojic acid in the sample.  

4.4.6. UV-Spectrum 
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The UV-spectrum scan in HPLC also showed a similar pattern as UV/Visible (Water) at λmax 

values at 215.8 nm and 267.8 nm in both the unknown product and standard kojic acid. Ola et 

al. (2019) also found a similar UV spectrum of kojic acid during kojic acid production [112]. 

4.4.7. HPLC 

After all these confirmations, the HPLC-based comparison was performed in three types of 

mobile phases, which showed the presence of kojic acid. Finally, HPLC chromatogram of 

metabolite was compared with increasing concentrations of standard kojic acid (100 ppm to 

500 ppm) (Figure 4.6b). After all types of molecular structure elucidations, the unknown 

metabolite was confirmed to be kojic acid. 

 

 

 

 

 

 

Figure 4.6: Standard kojic acid and purified metabolite: (a) Visible appearance; (b) HPLC 

chromatogram 

 (a)

 (b)
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4.5.Screening of Substrate for Kojic Acid Production 

Castor oil as a non-edible and non-competitive oil was focused on for this study and glucose 

was used as a reference substrate. During the preliminary screening, five different sets: CO10, 

G10, DLg3, DLg3CO10, and DLg3G10 were screened to identify the role of each substrate on 

kojic acid production. There was a very small amount of 0.09 ± 0.06 g/L of kojic acid found in 

CO10, which denotes the microorganism was unable to utilize castor oil in pure form. 

However, a significant increase in the kojic acid production around 2.01 ± 0.55 g/L was found 

when 3 g/L of depolymerized lignin was included with castor oil i.e., DLg3CO10 (Figure 4.7). 

There was no product found in pure depolymerized lignin (DLg3) and in pure depolymerized 

lignin (DLg3) with glucose (G10). These observations showed that depolymerized lignin 

enhances the transport of fatty acids into cells. In response to this, Reddy et al. (2011) used the 

lipase enzyme-producing microorganism C. antarctica to prepare capsiate analogs using fatty 

acid with vinyl alcohol [259]. Capsiate is a kind of phenolic fatty acid ester formed by 

enzymatic esterification of phenol and fatty acid [260–262]. There are chances of a similar 

mechanism followed by ligno-capsiates formation from lignin aromatics and oil fatty acids 

[263]. However, the authors do not have any experimental evidence to prove the proposed 

mechanism. 

Figure 4.7: Kojic acid comparison among all 5 sets: Set 1: Pure castor oil 10 g/L (CO10), Set 

2: Pure glucose 10 g/L (G10), Set 3: Pure depolymerized lignin 3 g/L (DLg3), Set 4: 

Depolymerized lignin 3 g/L with castor oil 10 g/L (DLg3CO10), Set 5: Depolymerized lignin 

3 g/L with glucose 10 g/L (DLg3G10)  
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4.6.Investigation of the Effect of pH, Depolymerized Lignin, Castor Oil, and Other 

Substitutes on Kojic Acid Production 

A maximum of 2.28 ± 0.01 g/L of kojic acid was found at pH 6 and the final pH of the sample 

was reduced to 4.83 (Figure 4.8). The effect of DLg concentration with the castor oil showed 

an increase from DLg0 (0.03 ± 0.01 g/L) to DLg4 (2.35 ± 1.21 g/L). While DLg 3-5 g/L showed 

quite a similar product range. Therefore, DLg 3 g/L is a suitable concentration with castor oil 

(Figure 4.9a). This means 3 g/L DLg concentration is optimum for higher kojic acid and 

favorable with the castor oil. With the effect of change in castor oil concentration with DLg3, 

it was found that the kojic acid concentration significantly increased to 6.69 ± 0.24 g/L in castor 

oil 20 g/L and gradually decreased with further increase of castor oil (Figure 4.9b). Among 

different types of oil substitutes, it was observed that kojic acid production (2.14 ± 0.94 g/L) 

was higher in castor oil. A lower product concentration was found in Corn oil and no product 

in Used engine oil (Figure 4.9c). It was concluded that castor oil is a better substrate with DLg 

for maximum product formation. 

 

Figure 4.8: Effect of pH on kojic acid production 
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Figure 4.9: (a) Effect of depolymerized lignin concentration; (b) Effect of castor oil 

concentration; (c) Comparison between different oil substitutes for kojic acid production; CO: 

Castor Oil, DLg: Depolymerized lignin, MO: Mustard Oil, SO: Soybean Oil, CrO: Corn Oil, 

Gly: Glycerol, UEO: Used Engine Oil 

4.7.Sequential Fed-batch 

The comparison between the direct loading and sequential fed approach was performed for 

high oil substrate loading-based challenges. Figure 4.10 showed that the product concentration 

was increased by nearly 2 times (8.36 g/L)) in the sequential fed as compared to direct mode 

(4.26 g/L). Mohamad et al. (2002) also studied the comparison of fed-batch over batch mode 

using sago starch addition once after 2 days and product concentration was increased 3.6 times 

in fed-batch (16.43 g/L) than in batch mode (4.51 g/L) using 100 g/L of starch [279]. It shows 

the sequential addition strategy effectively worked for castor oil. 

 

 

 

 

 

 

 

Figure 4.10: Studies for kojic acid production in shake flask at high substrate loading; Direct 

loading CO 100 g/L: One-time addition of castor oil 100 g/L, Sequential Fed (CO20×5 g/L): 

Feeding of castor oil 20 g/L after every 4 days 

4.8.Antimicrobial Study of Purified Kojic Acid 

There was a clear appearance of the zone of inhibition found with S-KA, P-KA, and Ox. 

Comparative zone of inhibitions (in mm) against respective CFU/mL are illustrated in Table 

4.1. There was a gradual increase in the zone of inhibition observed by S-KA and P-KA when 

CFUs were decreased. At 7.46 × 1011 CFU/mL, the zone of inhibitions values of S-KA, P-KA, 

and Ox were 14, 14, and 25 mm, respectively at 100 µL loading (Figure 4.11), while the dose 
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value was 5 mg. A low dose value of 2.5 mg was found effective with the zone of inhibition of 

20 mm with P-KA at 7.46 × 109 CFU/mL. It concludes that the purified metabolite kojic acid 

is quite stable and effective against MRSA and showed good antimicrobial activity at certain 

high CFUs. 

 

 

 

 

 

 

 

Figure 4.11: The visible appearance of the zone of inhibitions showing against MRSA; S-

KA: Standard kojic acid, P-KA: Purified kojic acid, Ox: Oxacillin; An increase in Ox dose 

from 25, 50, and 75 mg/mL has been given (upper and left-center) for the zone of inhibition, 

P-KA (100 mg/mL) at right-center, and S-KA (100 mg/mL) at the bottom center 

Table 4.1: Zone of inhibition values at different CFUs of MRSA using S-KA, P-KA, and Ox 

MRSA 

CFU/mL 

Compound 

name 

Load Conc. 

(mg/mL) 

Load vol 

(µL) 

Dose value 

(mg) 

Zone of 

inhibition (mm) 

7.46 x 1011 S-KA 50 100 5 14 

7.46 x 1011 P-KA 50 100 5 14 

7.46 x 1011 Ox 10 100 1 25 

7.46 x 1010 S-KA 50 100 5 18 

7.46 x 1010 P-KA 50 100 5 18 

7.46 x 1010 Ox 10 25 0.25 15 

7.46 x 1010 Ox 10 50 0.50 20 

7.46 x 1010 Ox 10 75 0.75 24 

7.46 x 109 S-KA 50 50 2.5 20 

7.46 x 109 P-KA 50 50 2.5 20 

7.46 x 109 S-KA 50 100 5 22 

7.46 x 109 P-KA 50 100 5 22 

S-KA: Std. Kojic Acid, P-KA: Purified Kojic Acid, Ox: Oxacillin 
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4.9. Salt Supplement Comparison 

Each salt composition of AMS was added separately in the glucose 10 g/L medium and 

compared for kojic acid production. It was found that ammonium chloride showed 3.63 times 

increase in product formation (4.43 ± 0.47 g/L) as compared to the AMS medium (1.22 ± 0.13 

g/L). A negligible amount of product was formed with other salts added (Figure. 4.12). This 

means nitrogen plays a major role in product formation. Promsang et al. (2019) also reported 

that yeast extract and ammonium sulphate combinedly enhanced the kojic acid from 1.14 to 

1.58 g/L from 100 g/L of glucose [146]. It defines nitrogen helps in enhancing kojic acid 

formation and here significant improvement was observed. There are many studies reported 

for different nitrogen sources like yeast extract (yield: 0.205 g/g) [118], Peptone (yield: 0.009 

g/g) [146], ammonium sulphate (yield: 0.011 g/L) [146], Urea (no yield) [147], ammonium 

persulphate (yield: 0.0006 g/L) [149], ammonium nitrate (yield: 0.120 g/L) [149], ammonium 

chloride (yield: 0.0012 g/L) [149]. The yield with yeast extract and ammonium nitrate is higher 

but yeast extract is an expensive supplement and commercial use of ammonium nitrate needs 

special permission due to its frame in the explosive act. Here in this study, ammonium chloride 

showed a maximum 0.443 g/g yield which was 369 times higher than the 0.0012 g/g reported 

by [149]. 

 

Figure 4.12: Comparison among different salts used for kojic acid production; AMS: All 

minimal salts, NS: No salt  
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4.10. CPFmC and SDCPFmH Ferromagnetic Adsorbers 

The completely washed, dried, and magnetically separated adsorbers were indicated with 

different visible appearances. A black-colored precipitate formed in the case of CPFmC (Fig. 

4.13a), while SDCPFmH showed a slightly brownish color appearance (Figure 4.13b). Around 

8 g of ferromagnetic adsorbers were estimated from the procedure used. 

 

 

 

 

 

 

Figure 4.13: (a) CPFmC; (b) SDCPFmH 

4.11. Adsorption Efficiency and Adsorption Capacity of CPFmC vs SDCPFmH 

It was observed that the dosage of 20 g/L is the most suitable amount to add (data not shown). 

The adsorption capacity pattern followed similarity with the increase in adsorber dosage with 

a maximum capacity of 1.5 mg/g (data not shown). It was found that the CPFmC started losing 

its efficiency while SDCPFmH remained steady after every adsorption cycle. This can be due 

to weak interaction or the low adsorption capacity of CPFmC. SDCPFmH and Lg showed 

consistent/increased efficiency. Figure 4.14a showed that the repeated use of CPFmC was very 

much less efficient and negligible adsorption was found after 3 cycles. While, in the case of 

SDCPFmH and Lg (Lignin), the efficiency was nearly constant and was found a maximum of 

95.5 % and 97.7 % after 4 cycles, respectively (Figure 4.14a). Similarly, the adsorption 

capacity reached 1.53 mg/g and 1.56 mg/g after the 4 cycles, respectively (Figure 4.14b). This 

showed the efficiency of CPFmC was decreased by repeated use while the efficiency was 

consistent for SDCPFmH. Lg itself showed high adsorption efficiency, but it needs a 

centrifugation approach to separate the clear liquid after every cycle, that is why SDCPFmH is 

more efficient, separable, and sustainable for real-life applications. The adsorption behavior of 

SDCPFmH was also investigated for other similar dyes. Out of 10 dyes, CV, MG, LCB, CR, 

and MB showed more than 50 % adsorption efficiency, maximally 98.42 % in methylene blue 

and a minimum of 0.09 % in Xylene cyanol (Figure 4.14c). 
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Figure 4.14: (a) Adsorption efficiency and (b) adsorption capacity comparison of CPFmC, 

SDCPFmH, and Lg: Lignin (20 g/L) with methylene blue (100 µM); (c) Adsorption efficiency 

of several dyes using SDCPFmH (20 g/L) with dye concentration100 µM; BB G250: Brilliant 
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Blue G250, BB R250: BB-R250, XC: Xylene Cyanol, CV: Crystal Violet, SAF: Safranin, 

MG: Malachite Green, LCB: Lactophenol Blue, TRP B: Trypan Blue, CR: Congo Red, MB: 

Methylene Blue 

4.12. Adsorption and Desorption Kinetics 

There was no significant effect of reaction time found on the adsorption efficiency. At room 

temperature, all three dye concentrations 100 µM, 200 µM, and 300 µM (Figure 4.15a) showed 

maximum adsorption efficiency (%) of 82.40 ± 0.45, 66.65 ± 1.57, 78.05 ± 1.72, respectively.  

There was an increase in the desorption efficiency found with the reaction time at a high 

temperature of 95 °C. A slight increase in desorption was found from 10 to 14 % at 100 µM, 

and from 12 to 22% at 200 µM dye, while a mild increase from 18 to 26% at 300 µM sample 

(Figure 4.15b) over time. The desorption percentage was less than 26% in all the cases, which 

concludes high stability and strong interaction between dye and adsorbers which was not 

affected by higher temperature either. 
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Figure 4.15: (a) Adsorption (b) desorption kinetics of SDCPFmH against methylene blue at 

dye loadings 100 µM, 200 µM, and 300 µM with 1 minute, 5 minutes, and 10 minutes course 

of time 

4.13. Co-Fermentation Potential of Aspergillus flavus BU20S 

The kojic acid-producing fungi Aspergillus flavus BU20S was screened for co-fermenting 

ability towards both C6 and C5 sugar types. Four kinds of substrates such as cellulose, glucose, 

xylan, and xylose were investigated. Out of all four substrates, the microorganism was able to 

produce kojic acid from glucose (2.50 ± 0.07 g/L), xylan (1.40 ± 0.09 g/L), and xylose (2.66 ± 

0.24 g/L), while unable to utilize cellulose (Figure 4.16). The kojic acid production was less 

in xylan in comparison to pure sugars.  

 

Figure 4.16: Fermentation potential of Aspergillus flavus BU20S on variety of substrates 

4.14. Lignin Based Inhibition on Lignocellulosic Constituents 

From the RSM analysis, it was concluded that the lignin is playing as a barricade in the 

consumption of glucose. Further confirmation was done for a different combination of simple 

sugars like glucose and xylose as well as complex sugars such as cellulose and xylan found in 

lignocellulosic biomass. Out of all the different combinations, glucose, xylose, and xylan 

showed product formation in free form, while significant reduction was observed when 

supplemented with lignin (Figure 4.17). Pure lignin, pure cellulose, and in combination do 
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not show product formation. It concludes that fungi were unable to produce secondary 

metabolite when lignin was present in the medium. This may be due to the inhibition of 

metabolic enzymes or lignin making some other complex with C6 or C5 sugars that limits the 

direct utilization of sugar. There are chances of hydrophilicity change that limits the transport 

of sugar into the cells. 

 

Figure 4.17: Inhibitory effect of lignin on lignocellulosic constituents 

5. Conclusions 

This study describes the use of lignin for the production of kojic acid from castor oil. Lignin 

also showed its effectiveness as an adsorber in the removal of dye from wastewater. Lignin is 

gaining potential towards commercial demand and its valuation for industrial products, while 

still it is undervalued due to value-addition challenges, process development, and especially 

evaluation of the commercially valued product. A systematic literature review was summarized 

for the necessary information to prioritize the economic value of the lignin-based products. 

Lignin was extracted from biomass like rice straw by acid-hydrolysis method. The lignin 

depolymerization was much more effective (>80%) with sodium hydroxide (1.5%) and sodium 

sulfide (0.1%) at 30 °C. For the first time, this study demonstrates that castor oil and lignin can 

be used as co-substrate for microbial metabolites such as kojic acid production. The strain was 
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morphologically and molecular biologically identified as Aspergillus flavus BU20S. The co-

substrate depolymerized lignin (3 g/L) and castor oil (20 g/L) showed a higher kojic acid titer 

(6.69 g/L) at an optimized pH of 6. Castor oil is a better oil substitute. DLg is the better aromatic. 

The optimum temperature was 30 °C. The product can be formed without using Na2S during 

the depolymerization process. It was found that lignin plays a significant role in enhancing 

castor oil utilization. This work provides a platform to explore the metabolic pathway of the 

microorganism involved in castor oil metabolism and further process optimization for enhanced 

kojic acid production. 

To improve the kojic acid yield, the process as well as medium composition improvements 

were studied. The sequential fed strategy was greatly effective in enhancing the production by 

2 times as compared to the batch process in castor oil-lignin medium. Ammonium chloride is 

a suitable nitrogen source which directly involved in the fermentation process and enhances 

the kojic acid by 3.6 times. The purified kojic acid showed a similar zone of inhibition as 

standard kojic acid and both were effective against MRSA. It concludes that kojic acid acts as 

an effective antimicrobial agent against MRSA strain.  

Lignin-based ferromagnetic material fabrication has been explored for several years. In this 

study, an interbond linking approach of simultaneous depolymerization and co-precipitation 

was attempted without pre-derivatization of lignin. The adsorption efficiency of dye was 

estimated at more than 90% at 100 µM. The change in pH showed a direct relation to the 

adsorption efficiency, dye loading to adsorption capacity and the temperature does not affect 

any of them. The recyclability and repeated use of SDCPFmH showed promise to use it for the 

removal of dye from the waste stream. 

Another study showed that lignin inhibits the utilization of sugar for kojic acid production. The 

rice straw lignin in a depolymerized form was mixed with sugar and subjected to kojic acid 

production. The resulting product was lower than without a lignin medium. The fungi were 

able to produce kojic acid from xylan, xylose, and glucose which are part of lignocellulosic 

sugars. Therefore, it is evidently shown that lignin plays some role in restricting product 

formation. It concludes that lignin-free sugars are needed for fungal secondary metabolite 

production from lignocellulosic biomass.  
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