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Abstract

Milk, one of the most complete nutrition mixes for human consumption, also presents
itself as the most potent nutrient medium for bacterial growth. This becomes especially
pronounced for a hot country like India with highly fragmented milk production, spoiling the
milk before it reaches processing plants. In recent years, the search for less expensive alternatives
to cold chain preservation and heat-based shelf-life improvement has intensified. Hence, the
study of the impact of Ultraviolet (UV) radiation and plasma on the physicochemical properties
of various substances, including milk, has gained prominence. UV-C (200-280 nm) is also well-
known for inactivating various bacteria and spores in the aqueous solution based on its DNA
absorption capacity. However, the hazardous impact of conventional UV lamps on individuals
and the environment due to the presence of mercury limits their usage for sterilization purposes.
Far UV-C (222 nm) treatment has emerged as a potential method to replace conventional 254 nm
low-pressure mercury UV-C lamps to ensure the microbiological safety of food items.

In this thesis, research focuses on utilizing dielectric barrier discharge (DBD) plasma
sources and DBD based mercury-free 222 nm and 253 nm exciplex sources to investigate the
microbial and physicochemical properties of milk. In the first study, we demonstrate a DBD based
mercury-free 222 nm exciplex source and compare it with 253 nm and pasteurization methods.
The UV dose delivered to the milk samples has been estimated using the chemical actinometry
method and found to be 10.9 J/ml. The methylene blue reduction test (MBRT) of milk has been
increased more than 5 h, within just 2.5 min of far UV-C treatment. Approximately 2.6 log and 2.1
log decrease in the E. coli and S. aureus have been achieved after 2.5 minutes of 222 nm treatment
of whole milk. We infer that 222 nm UV light is more efficacious vis-a-vis 253 nm and
pasteurization in increasing milk quality without altering its physicochemical properties,
indicating its potential use as a more efficient sterilizing source for enhancing milk safety, quality,
and shelf life.

In a further study, we have focused on designing a continuous milk treatment annular UV
reactor. The MBRT of milk has again increased more than 5 hours, within just four passes through
the UV reactor. Approximately 5 log reductions in the Salmonella typhimurium and S. aureus have
been achieved in three passes of whole milk. We found that the proposed UV reactor has an
identical performance in inactivating the microorganisms compared to pasteurization without
altering its physicochemical properties.

In another study, an effort has been made to design a DBD based large volume surface
plasma discharge system for direct treatment of milk. The developed system is optimized for
operational parameters, and raw milk has been treated at different time intervals. The pH and
color characteristics of raw milk samples have not been affected by the proposed cold plasma
treatment. Nevertheless, the conductivity of the milk significantly increases with presence of
charged ions assisting reduction of harmful bacteria in the milk. After continuous operation of
the system for more than 30 minutes, there was no significant change in the raw milk temperature,
which is a key requirement for milk decontamination without milk heating up using a cold
plasma treatment in the developed DBD geometry.

This thesis presents a promising potential for the use of mercury-free far UV-C irradiation
as a viable and non-thermal technology in the dairy industry, food sector, and overall sterilization
applications. It highlights the capabilities of dielectric barrier discharge based cold plasmas to
enhance milk safety, quality, and shelf-life, presenting a more efficient alternative for improving
these aspects compared to traditional methods.






List of Publications

Research Articles

Gadodia V, Ahlawat K, Jangra R et al. (2024) Potential use of DBD based 222 nm exciplex
light source for milk sterilization and its comparative analysis with 253 nm UV-light and
conventional pasteurization. Journal of Food Measurement and Characterization 18 1-
12.

https:/ /doi.org/10.1007/511694-024-02751-z

Ahlawat K, Gadodia V, Yadav P et al. (2024) Surface Modification of Banana Fibres using
DBD Plasma based KrCI* and Xel* Exciplex Sources. Fundamental Plasma Physics 12
100068.

https:/ /doi.org/10.1016/j.fpp.2024.100068

Gadodia V, Ahlawat K, Jangra R et al. (2025) “Assessing the Influence of Far UV-C (222
nm) and UV-C (254 nm) Treatment on the Physicochemical and Microbial Properties of
Milk in an Annular Flow Reactor”. AIP Advances 15, 025004.

https:/ /doi.org/10.1063/5.0250337

Gadodia V, Ahlawat K, Jangra R et al. (2025) Cold Plasma Treatment of Raw Milk and
Analysis of its Physicochemical and Microbial Properties. Recent Trends In Engineering
and Science for Resource Optimization and Sustainable Development CRC Press 287-
291.

ISBN: 9781003596721

Ahlawat K, Jangra R, Gadodia V et al. (2024) Efficacy Analysis of 222 nm Far UV-C
Radiation on Degradation of Organic Micropollutants in Water. Radiation Effects and
Defects in Solids 179(7-8), 1032-1039.

https:/ /doi.org/10.1080/10420150.2024.2378445

International and National Conferences

Gadodia V, Ahlawat K, Jangra R, Prakash R, “Cold plasma treatment of raw milk and its
physical properties analysis” presented Orally at 36t National Symposium on Plasma
Science and Technology (Plasma-2021) from 20-22 Dec, 2021 held at BIT Jaipur, India.

Ahlawat K, Gadodia V, Jangra R, Prakash R, “DBD plasma based far UV-C excimer light
source: A new paradigm for safe use of UV light” presented Poster at 37th National
Symposium on Plasma Science and Technology (Plasma-2022) from 12-14 Dec, 2022
held at IIT Jodhpur, India.

AhlawatK, Jangra R, Gadodia V, Prakash R, “Wastewater treatment using an indigenous
plasma DBD based 222 nm far UV-C excimer lamp” presented Orally at 38t National
Symposium on Plasma Science and Technology (Plasma-2023), from 4-8 Dec, 2023 held
at UPES Dehradun, India.

Ahlawat K, Jangra R, Gadodia V, Prakash R, “DBD-Based Planar 222 nm Kr/CI2
Excilamps: Effective for Surface Sterilization” presented Flash talk and Poster at 10t
PSSI - Plasma Scholars Colloquium (PSC-2024), from 4-6 July, 2024 held at IIT Delhi,
India.

vii


https://doi.org/10.1007/s11694-024-02751-z
https://doi.org/10.1063/5.0250337
https://sites.google.com/view/PSC-2023
https://sites.google.com/view/PSC-2023

5. Gadodia V, AhlawatK, Jangra R, Prakash R, “Milk Sterilization Studies using DBD Based
222 nm and 253 nm Excimer UV Lamps and Physicochemical Properties Analysis”
presented Poster at 1st International Workshop on Cold plasma and pulse power
technologies for Food, Health and Agriculture (COFHA-2024) from 21-22 Dec, 2024
held at IIT Jodhpur, India (Best Poster Award).

viii



Acknowledgements

In the beginning, I would like to extend my sincerest thanks to my research advisor Prof.
Ram Prakash to encourage me and guide me well throughout the research work from domain
selection to finding the results. His immense knowledge, motivation and patience have given me
more power and spirit to excel in the research writing. Conducting the academic study regarding
such a challenging domain could not be as simple as he made this for me. He is a mentor and an
advisor that I will wish for any doctorate student to guide them through tough times.

Apart from my supervisor, I will not forget to express the gratitude to my doctoral
committee members: Prof. Ambesh Dixit, Prof. V Narayan and Prof. Neha Jain, for giving the
encouragement and sharing insightful suggestions. They all have played a major role in polishing
my research temperament. Their endless guidance and patience is hard to forget throughout my
life.

I offer my gratitude to Prof. Purnendu Ghosh and Prof. Medicherla Krishna Mohan with whose
support this entire research idea germinated and their constant support and advice to improve
my work.

A very special thanks to my fellow and friends Ms. Kiran Ahlawat and Mr. Ramavtar Jangra,
(now Dr. Ahlawat and Dr. Jangra) who have been tirelessly motivating me during the ups and
downs of my PhD and helping me with their brilliant technical insights to overcome obstacles we
faced. I would always remember my fellow Cold Plasma Technology Group (CPT-G) lab-mates
(Ritesh Mishra, Sushma Jangra, Abhijit Mishra, Shikha Pandey, Pankaj Sharma, Yomesh Saini, Jyoti
Verma, Yasir Hussian Siddiqui) too for the fun-time we spent together, sleepless nights that gave us
the courage to complete tasks before deadlines and for stimulating the discussions.

I would also like to take this opportunity to thank Mr. Chandra Prakash, Mr. Ashok Kumar,
Mr. Tomis, and many other friends for making this journey enjoyable and memorable at IIT
Jodhpur. Last but not the least, I am grateful to my parents Mr. S. K Gadodia and Mrs. Sarla
Gadodia, my uncle Mr. G. K. Todi and aunt Mrs. Sarla Todi, my sibling Mr. Vidhyut Gadodia, who
have always kept me in their prayers and most importantly my sister Mrs. Sanchita Agarwal and
my niece Ms. Vaaridhi Agarwal who constantly encouraged me in pursuit of my doctorate, be my
moral compass and helped me in preparing my presentations. Without their tremendous
understanding and encouragement in the past few years, it would be impossible for me to
complete my study.

Vigyan Gadodia
Ph.D. Student






Contents

Page
Abstract \Y
Acknowledgements Vii
Contents ix-xi
List of Figures Xii-xiv
List of Tables Xvii
List of Symbols Xix
List of Abbreviations Xxi

Chapter 1: Introduction
1.1 Background 1-2
1.2 About Ultraviolet (UV) Radiation 2-3
1.2.1 Potential Applications of the Ultraviolet radiations in Food Sterilization 3-7
1.2.2 Challenges Associated with Conventional UV Sources 7-8
1.3 About Dielectric Barrier Discharge (DBD) 8-9
1.3.1 Light Generation through DBD Plasmas and Mechanism of Excimer Formation 9-12

1.4 Research Plan

1.4.1 Research Gaps in Literature 12-13
1.4.2 Formulation of Research Objectives 13
1.4.3 Thesis Outline 13-14

Chapter 2: Experimental Setup: DBD based Excilamp and Plasma Sources Fabrication,
Diagnostic Techniques, and UV and far UV-C based Milk Sterilization Systems

2.1 Introduction 15
2.2 Design and Development of DBD-based Plasma Source and Excilamps

2.2.1 Dielectric Barrier Discharge based KrCl* and Xel* Excilamps 15-16
2.2.2 Dielectric Barrier Discharge Plasma Reactor 16-17
2.2.3 Annular UV Reactor 17-18
2.3 Vacuum System for Experimentation 18-19
2.4  Experimental Setup for Electrical and Optical Measurements 20
2.5 Electrical and Optical Characterization of the Plasma Source and Excilamps 20-22
2.6 UV Dosage Measurements using Actinometry Method 2223
2.7 DBD Plasma and Exciplex UV Source based Milk Treatment System 23-24
2.7.1 Investigation of Physicochemical Properties of Milk 24-25
2.7.2 MBRT and Bacterial Analysis 25-26
2.8 Limitations of the used Diagnostics 26-27

Chapter 3: Development of DBD Plasma based KrCl* (222 nm) and Xel* (253 nm)
Excilamps and their Characterization

3.1 Introduction 29-30
3.2 Design and Development of far UV-C KrCl* (222 nm) and UV-C (253 nm) Excilamps 30-31
3.3 Exciplex Source Characterization
3.3.1 Formation of KrCI* and Xel* Excimer 32
3.3.2 Electrical Characteristics of Exciplex Sources 32-33

Xi



3.4
3.5
3.6

Optical Characteristics of Exciplex Sources
Electrical Input to Optical Output Power Conversion Efficiency
Conclusion

Chapter 4: Potential use of DBD based 222 nm Exciplex Light Source for Milk
Sterilization and its Comparative Analysis with 253 nm UV-light and Conventional

Pasteurization
4.1 Introduction
4.2 Experimental Setup and Characterization
4.3 Results and Discussion
4.3.1 Electrical and Optical Characterization of Exciplex UV Sources
4.3.2 Physicochemical Properties Analysis
4.4  MBRT and Bacterial Reduction Testing
4.5 Cold Plasma Treatment of Raw Milk
4.5.1 Characterization of Discharge
4.5.2 Physicochemical Properties and Microbial Analysis
4.6 Conclusion

Chapter 5: Assessment of Physicochemical and Microbial Properties of Milk Processed

with an Annular UV-C Reactor: A Comparative Analysis with Pasteurization

5.1
5.2
5.3

5.4
5.5

Introduction

UV Reactor Design and Experimental Setup

Results and Discussion

5.3.1 UV Dosage using Actinometry Method

5.3.2 Physicochemical Properties Analysis

5.3.3 MBRT and Bacterial Reduction Testing
Comparison with the Standard Pasteurization Process
Conclusion

Chapter 6: Conclusions and Future Scope

6.1 Conclusions
6.2 Future Scopes
References

xii

33-38
38-40
40

41-42
4243

43-46
46-51
51-56

56
56-57
57-59

59

61-62
62-63

63-64
64-68
68-70
71-72
72

7374
74-76

77-85



List of Figures

Figures Title Page
1.1 Schematic of the milk chain in India 2
1.2 UV radiation and wavelengths, and applications of UV radiation in different sectors 3
1.3 Important factors that affect the UV-light processing of food items 6
1.4 Absorption spectra of Milk at different UV wavelengths 7
1.5 Typical dielectric barrier discharge configuration for plasma Generation 9
1.6 Basic configurations of DBDs used for the generation of light 10
2.1 Cross sectional view of the designed far UV-C (222 nm) and UV-C (253 nm) excimer lamps 16
2.2 (a) Schematic view, and (b) original view (not operational) of the far UV-C (222 nm) and 16

UV-C (253 nm) excimer lamps.
2.3 Schematic view of co-axial DBD plasma source. 17
2.4 (a) Schematic view, and (b) original view of the annular UV reactor. 18
2.5 (a) Schematic view of the high vacuum system (b) Pictorial image of the high vacuum 19
system.
2.6 Complete experimental setup for electrical and optical measurements of developed DBD 21

based plasma and excimer sources.

2.7 (a) Pictorial image of the UV power meter with photodetector head and (b) Geometry of 22
the measured UV output system

2.8 (a) Schematic view of the exciplex UV light-based milk treatment system. Enlarge pictures 24
show the original view of developed exciplex source and reactor and (b) Schematic
diagram of UV light-based continuous milk treatment system

2.9 Detailed process for the MBRT analysis of whole milk. 26

3.1 (a) Schematic view of designed exciplex UV sources, original view of the exciplex UV lamp 30-31
(b) KrCI* (222 nm), and (c) Xel* (253 nm).

3.2 Actual picture of the H.V. electrodes with IR camera images of developed lamp (a) with 31
solid aluminium rod, (b) helical electrode with pitch 0.99 mm, and (c) helical electrode
with pitch 2.1 mm.

3.3 Typical V-I characteristics of (a) KrCl* (222 nm) exciplex lamp (b) Xel* (253 nm) exciplex 34
lamp at 9 kV/27.5 kHz. Typical waveform of pulse power source at (c) 27.5 kHz PRF and
5.5% duty cycle, (d) 25 kHz PRF and 5% duty cycle.

3.4 Temperature and emission intensity with respect to the different electrode configurations 35

3.5 Absolute UV intensity at different combinations of applied voltages and total gas pressure 36
(a) for UV222 lamp at a fixed frequency of 27.5 kHz and (b) for UV253 lamp at a fixed
frequency of 25 kHz.

3.6 Optical emission spectra and absolute UV irradiance of (a, ¢) UV222 nm and (b, d) UV253 38
nm exciplex lamps.

3.7 Effect of the distance on absolute UV irradiance (a) for the developed UV222 lamp, (b) for 39
the developed UV253 lamp.

3.8 The electrical to the optical conversion efficiency of (a) UV222 and (b) UV253 excilamp at 40
varying gas pressure and optimized electrical parameters.

4.1 Original view of the exciplex UV lamp (@) KrCl* (222 nm), and (b) Xel* (253 nm). 43

xiii



4.2

43
4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

5.1
5.2
5.3

5.4

Typical V-l characteristics of exciplex lamps (a) KrCl* (222 nm), and (b) Xel* (253 nm), ()
discharge power of both the excilamp at different applied voltages and at a fixed
frequency, (d) optical emission spectra of KrCl* and Xel* excilamps.

Measured UV intensity with and without whole milk outside the container.

(a) UV dose delivered to milk samples at different treatment times, and (b) absorbance of
whole milk (3 mm quartz cuvette).

(a) Temporal behaviour of temperature of milk before and after exciplex treatment and
(b) Temperature profile for the exciplex UV 222 and UV 253 nm treated milk at different
treatment times. The error bars indicate the mean+SD of samples and the statistical
significance (¥, **, and *** indicates P <=0.05, P <= 0.01 and P <= 0.001, respectively) was
calculated between the untreated and exciplex 222 nm and 253 nm treated samples at
different treatment times/UV dosages.

(2) Temporal behaviour of electrical conductivity of milk before and after exciplex
treatment and (b) Electrical conductivity profile for the exciplex UV 222 and UV 253 nm
treated milk at different treatment times. The error bars indicate the mean+SD of samples
and the statistical significance (¥, **, and *** indicates P <=0.05, P <= 0.01and P <= 0.001,
respectively) was calculated between the untreated and exciplex 222 nm and 253 nm
treated samples at different treatment times/UV dosages.

Pictorial representation of MBRT analysis of raw milk from the developed DBD based 222
exciplex light source at different treatment times/UV dosages.

Pictorial representation of MBRT analysis of raw milk from the developed DBD based 253
exciplex light source at different treatment times/UV dosages.

(a) MBRT results of raw milk following exciplex treatment at 8 kV/ 27.5 kHz for 222 nm and
8.5 kV/27.5 kHz for 253 nm at different treatment times, and (b) efficiency comparison of
UV 222 and UV 253 for MBRT of raw milk. The error bars indicate the mean+SD of samples
and the statistical significance (¥, **, and *** indicates P <=0.05, P <= 0.01and P <= 0.001,
respectively) was calculated between the untreated and exciplex 222 nm and 253 nm
treated samples at different treatment times/UV dosages.

(a) S. aureus counts in milk following UV 222 and UV 253 exciplex treatment at different
treatment times, (b) efficiency comparison of UV 222 and UV 253 for S. aureus reduction,
(c) E. coli counts in milk following UV 222 and UV 253 exciplex treatment at different
treatment times, and (d) efficiency comparison of UV 222 and UV 253 for E. coli reduction.
The error bars indicate the mean+SD of samples and the statistical significance (¥, **, and
*** indicates P <=0.05, P <= 0.01 and P <= 0.001, respectively) was calculated between the
untreated and exciplex 222 nm and 253 nm treated samples at different treatment
times/UV dosages.

Comparison of physicochemical and microbial parameters of raw milk such as (a)
temperature, (b) pH, (c) titratable acidity, (d) electrical conductivity, (e) fat, (f) SNF, (g)
MBRT, (h) E. coli reduction, and (i) S. aureus reduction, before and after treatment with
222 nm exciplex, 253 nm exciplex, and pasteurization process of milk.

(a) Typical V-l characteristic of the DBD plasma discharge at 4.5 kV/20 kHz, and (b) current
and voltage mapping of the DBD plasma discharge.

(2) MBRT analysis of raw milk from developed DBD-NTP source and (b) Raw milk
conductivity analysis from developed DBD-NTP source.

Schematic diagram of UV light-based continuous milk treatment system
UV dosage supplied to milk at different passes.

Temperature results of untreated milk after exposure to UV-C treatment at various flow
rates. The error bars represent the mean+SD of the samples, while the symbols (*, **, and
***) correspond to P values less than or equal to 0.05, 0.01, and 0.001, respectively.

Electrical conductivity results of untreated milk after exposure to UV-C treatment at
various flow rates. The error bars represent the mean=zSD of the samples, while the
symbols (¥, **, and ***) correspond to P values less than or equal to 0.05, 0.01, and 0.001,
respectively.

Xiv

44

45
46

48

50

52

52

53

54

55

57

58

63
64
65

67



5-5

5.6

5.7

MBRT results of untreated milk after exposure to UV-C treatment at various flow rates.
The error bars represent the mean+SD of the samples, while the symbols (*, **, and ***)
correspond to P values less than or equal to 0.05, 0.01, and 0.001, respectively.

(a) Salmonella typhi counts and (b) S. aureus counts in milk following UV treatment at
different passes. The error bars represent the mean=SD of the samples, while the symbols
(*, **, and ***) correspond to P values less than or equal to 0.05, 0.01, and 0.001,
respectively.

Comparison of before and after UV treatment (after the fourth pass) physico-chemical
and microbiological parameters of raw milk with the pasteurization process (a)
temperature, (b) pH, (c) titratable acidity, (d) electrical conductivity, (e) fat, (f) SNF, (g)
MBRT, (h) Salmonella typhi reduction, and (i) S. aureus reduction.

XV

69

70

71






List of Tables

Table Title Page
1.1 Effects of ultraviolet radiation technology on the microbial inactivation of dairy product 4-5
1.2 Wavelengths of the principal radiative transitions in exciplex molecules and the theoretical 11
maximum efficiency of B-X transition

3.1 Average input power and power in one DC for UV222 and UV253 lamps at optimized 33
frequencies

3.2 The UV output power for the UV222 and UV253 excilamp with respect to the increasing gas 39
pressure of the lamp.

4.1 pH and titratable acidity measurements after o, 5, 10, 15, and 20 minutes of post-treatment. 49

4.2 Fat (%) and SNF (%) measurements after o, 5, 10, 15, and 20 min of post-treatment 50

4.3  Colour difference of treated milk samples at different exposure times using the CIE colour 51
system

4.4  Effect of cold plasma on different physicochemical properties of milk. 57

5.1 Measurement of temperature following milk post-treatment with excimer 222 nm lamp. 65

5.2  Measurement of pH and titratable acidity following milk post-treatment with UV-C lamp 66
(253.7 nm) and 222 nm excimer lamp.

5.3  Measurement of electrical conductivity following milk post-treatment with excimer 222 nm 66
lamp.

5.4  Fat (%) and SNF (%) measurements after post-treatment of milk with UV-C lamp (253.7 nm) 67

and 222 nm excimer lamp.

5.5  Colour difference of UV-treated milk samples with respect to the number of flows (in case 68
of conventional UV-C lamp) using the CIE colour system.

5.6  Measurement of MBRT following milk post-treatment with excimer 222 nm lamp. 69

xvii






Symbol

eV
°C
K

%
Hz
kHz
MHz
nm
um
mm
cm

S

Description

Electron Volt
Degree Celsius
Kelvin
Percentage
Hertz
Kilo-hertz
Mega-hertz
Nanometer
Micro-meter
Millimeter
Centimeter
Meter

Watt

Volt

Kilo-volt

Feet
Nanosecond
Seconds
Minutes

Hour
Coulomb
Electron Mobility
Milliliter

Liter

Gram
Milligram
Diffraction Angle
Lattice Spacing
Wavelength
Angstrom
First-order Reaction Rate Constant
Ampere
Milli-ampere
Micro-molar
Milli-molar
Molar
Kilo-byte
Capacitance
Frequency
Joule

Xix

List of Symbols



XX



Abbreviation

uv
DNA
RNA
VUV
DBD
LED
AC
VDBD
SDBD
LP

Clx
KrCI*
RF
FWHM
SARS
H202
O3

DP
LPUV
MPUV

NTP
RONS
NOs
NO;
Xel*
DDBD
Ero
FTIR
VD
PMT
OES
CFU
LB
HRTEM
XPS
XRD
PTW
HV
MBRT

PF
DF
RF

Full form

Ultraviolet

Deoxyribonucleic Acid

Ribonucleic Acid

Vacuum Ultraviolet

Dielectric Barrier Discharge

Light Emitting Diodes

Alternating Current

Volume Dielectric Barrier Discharge
Surface Dielectric Barrier Discharge
Low Pressure

Krypton

Chlorine

Krypton Chlorine Exciplex

Radio Frequency

Full Width Half Maxima

Sever Acute Respiratory Diseases
Hydrogen Peroxide

Ozone

Direct Photolysis

Low Pressure Ultraviolet

Medium Pressure Ultraviolet
Hydroxyl Radical

Non thermal Plasma

Reactive Oxygen and Nitrogen Species
Nitrates

Nitrites

Xenon lodide Exciplex

Double Dielectric Barrier Discharge
Electrical Energy per Order

Fourier Infrared Spectroscopy
Volume Discharge

Photomultiplier Tube

Optical Emission Spectroscopy
Colony Forming Units

Luria Bertani

High Resolution Tunnelling Electron Microscopy
X-ray Photoelectron Spectroscopy
X-Ray Diffractometer

Plasma Treated Water

High Voltage

Methylene Blue Reduction Test
Water Factor

Petri Factor

Divergence Factor

Reflection Factor

xxi

List of Abbreviations



