Investigation on the valorization of lignin: Base catalyzed
lignin depolymerization to aromatic monomers and their
further functionalization and defunctionalization using
heterogeneous catalysts

Thesis Submitted to AcSIR For the Award of
the Degree of

DOCTOR OF PHILOSOPHY
In CHEMISTRY

AcSYR

By
Dheerendra Singh
(Enrollment No. 10CC15J26009)

Under the guidance of
Dr. Paresh Laxmikant Dhepe

Catalysis & Inorganic Chemistry Division
CSIR-National Chemical Laboratory
Pune- 411 008, India
May 2020






DECLARATION BY RESEARCH SCHOLAR

| hereby declare that work reported in the thesis entitled “Investigation on the valorization of
lignin: Base catalyzed lignin depolymerization to aromatic monomers and their further
functionalization and defunctionalization using heterogeneous catalysts” submitted for the
Degree of Doctor of Philosophy to Academy of Scientific and Innovative Research (AcSIR), has
been carried out by me at Catalysis and Inorganic Chemistry Division, National Chemical
Laboratory, Pune-411008, India, under the supervision of Dr. Paresh L. Dhepe. The work is
original and has not been submitted in part or full by me for any other degree or diploma to this or

any other University.

May 2020 ey

Dheerendra Singh

(Enrollment No. 10CC15J26009)



Dedicated to...

My Family



Acknowledgments

At this very special juncture of my scientific career, this thesis not only represents my work but a
milestone in many ways. | am indebted to many people for their continuous support and guidance.
This journey has been a beautiful ride through lot of lifetime lessons, successes, failures, and most
importantly the enjoyment | had working these years to reach to this destination. This thesis is also
the result of many experiences | have from remarkable Individuals who | also wish to

acknowledge.

Firstly, 1 would like to express my sincere and special appreciation to my supervisor, Dr. Paresh
L. Dhepe for the patience, tremendous support, guidance and endless encouragement, he has given
me throughout this journey which will continue to be felt for rest of my career. It was truly a
pleasure to work under his guidance and therefore without his patience, advice, support,
constructive suggestions, criticism, and continuous deliberation on the subject of my study, this
thesis would not have been possible. His dedication to science is truly an inspiration and lessons |
have learnt from him will guide me in my future endeavors as well. He has made research

incredibly enjoyable and | simply could not have wished for a better supervisor.

| would like to thank my previous co-supervisor Dr. Satyanarayana Chilukuri as well for his
support in boosting my confidence with my research work and helping me to find the way forward
in difficult times. My sincere gratitude goes to Dr. Nandini Devi for extending her constant
support and lab facilities. She has been very kind and helpful, without which none of this work

would have been possible.

My sincere thanks to Dr. Gopinath Chinnakonda, Head of the division for providing overall
support and extending all the facilities required for carrying out research work. This work was

possible due to whole hearted support of the entire catalysis division.

| take this opportunity to sincerely thank my Doctoral Advisory Committee (DAC) members
Dr.Vilas Rane, Dr. B.L.V Prasad, and Dr. Nandini Devi for continuously monitoring my
progress through all course work, its critical evaluation, constructive and valuable inputs in all

DAC meetings.



| would like to extend my gratitude to Dr. T.Raja, Mr. Jha, Dr. Kelkar, Dr. Vinod, Dr.
Umbarkar and Dr. Sakya, for letting me use their lab facilities, equipments and their support
throughout these years along with their students for the help with respect to handling instruments
and sharing reagents in urgency. | am also thankful to Dr. Sailaja Krishnamurty, and her lab
members, for providing me the opportunity to work with them and to extend my avenues to

collaborative research work.

My sincere thanks to former HOD Dr. Srinivas, Catalysis and Inorganic chemistry division, for
his support and lab facilities. I am very thankful to Director, CSIR-National Chemical Laboratory
for allowing me to carry out my research in this Esteemed Institute and providing the infrastructure
facilities. I am also thankful to SAC office staff, CSIR-NCL for facilitating all the documentation

and Academy of Scientific and Innovative Research (AcSIR), New Delhi for the Ph.D. registration.

My sincerest thanks to Council of Scientific and Industrial Research (CSIR) and UGC, New Delhi
for the Ph.D. fellowship.

My lab of group biomass has been an extended part of my family and | was blessed to have lab
mates Jyoti, Kalyani, Lavanya, Dr. Manisha, Manuraj, Dr. Nilesh, Neha, Priya, Dr. Richa, Dr.
Sandeep, Shiv, Tufeil, Titto, and Yayati. You all have made my work in the Lab more enjoyable
and time we spent together will remain with me for rest of my life. I will miss you all and most,

the fun we had working together.

It is really amazing to have friends like Anurag, Dr. Atul, Govind, Dr. Hanumant, Himanshu,
Indrajeet, Lakshmiprasad, Dr. Nishi, Prachati, Pranjal, Dr. Richa, Seema, Sourik, Shiva, Dr.
Sreekant, Sumantha, Suraj, Dr. Swamy, Vipul, Venkat, and Vankena Babu. | have great amount
of respect for help, support, advice, encouragement, patience, and humour during all these years.
Thanks for all the fun.



Few people have special place in my life and it is not enough to thank them in words. However, |
would like to take this opportunity to thank my wonderful and loving friends Anupam, Archana,
Nirbhik, Parag, Priya, Pavan, Shibin and Shunottara. Thank you for being there all the time during
good time and not letting me feel bad in hard times. You all have been my pillar of strength in this

journey.

This thesis would not have been possible without a loving, caring, and affectionate family. 1 am
thankful to my parents Sh. Shiv murti Singh and Smt. Shiv Devi, my uncle Sh. Shiv Pratap
Singh & Aunt Smt. Vidya Devi, my elder brother CA. Sushil Singh and my brother in law
Aparna Singh. My gratitude will not be over unless I thank the rest of my family members brother
Shailendra, Yogendra, Gyanendra, Dharmendra, Satendra, sister Sheela, brother in law Priyanka,
& Shimpi and niece Anika & Anjali and nephew Aniket. The list will not be complete if | do not
include canine member Rosy as well as piscine friend Prutha. I am thankful to all of them for

supporting me spiritually throughout writing this thesis and my life in general.

Last but most importantly, | thank God for all the strength and courage he has bestowed upon me
in every phase of my life. I also wish to thank you each member who has shared a smile knowingly

or unknowingly.

Thank you !!
Dheerendra Singh




Table of contents

Page
List of figure Xiii
List of scheme XX
List of tables XX
Abbreviation/ Notations XXii
Chapter 1
Introduction and literature survey
1. Introduction 2
2
1.1. Biomass: availability and composition
1.1.1. Plant-derived biomass 3
1.1.1.1. Edible biomass 3
1.1.1.2. Non-edible biomass 3
1.1.1.3. Energy crops 4
1.1.2. Animal-derived biomass 4
1.2. Composition of lignocellulosic biomass 4-8
1.3. Bio-refinery concept 8-10
1.4. Lignin isolation techniques 10
1.4.1. Kraft process 11
1.4.2 Sulfite process 11
14.3. Organosolv process 11
1.4.4, Soda process 11-
12
1.5. Lignin application 12-
13
1.6. Recent advancement in lignin 13-
14

Ph.D. Thesis Submitted to AcSIR




1.6.1.
1.6.1.1.
1.6.1.2.

1.7.

1.7.1.

1.7.2.

1.7.3.

1.7.4.

1.7.5.

1.7.6.
1.8.

1.9.

1.9.1.
1.9.2.

1.10.

1.10.1.
1.10.2.

1.10.3.

1.11.

Ph.D. Thesis Submitted to AcSIR

Thermal depolymerization
Pyrolysis
Gasification

Thermo-chemical depolymerization
Acid-catalyzed
Base catalyzed

Metal catalyzed
Supercritical fluid

lonic liquid

Oxidative depolymerization

Application of depolymerized products

Catalyst and catalysis

Heterogeneous catalysis

Homogeneous catalysis

Closest available literature for the present
work

Lignin depolymerization

Upgradation of lignin-derived monomers
using
defunctionalization/hydrodeoxygenation
path Lignin characterization technique
Upgradation of lignin derived monomers
using functionalization pathways

Motivation of the work

14
14

15
15
15
15-
16
16
17
17-
18
18
18-
19
19-
20
20
20-
21
21

21
22-
23

25
25



1.12. Objective and scope of the thesis 25-

27
1.13. Outline of the thesis 27-
28
1.14. Reference 28-
36
Chapter 2A

Lignin Characterization
2A.1. Introduction 39
2A.2. Materials 39
2A.3. Lignin characterization methods 40
2A.3.1. CHNS elemental analysis 40-
42
2A.3.2. ICP —OES 42-
43
2A.3.3. SEM-EDAX analysis 43-
45
2A.3.4. FT-IR Spectroscopy 46-
51
2A.3.5. Solid state ¥ C NMR 51-
54
2A.3.6. XRD analysis 54-
55
2A.3.7. TGA —DTA analysis 55-
59
2A.3.8. Solubility of lignin 59-
61
2A.4. Conclusion 61
2A.5. Reference 61-
63

Ph.D. Thesis Submitted to AcSIR




Chapter 2B

Catalyst characterization

2B.1.

2B.2.

2B.2.1.

2B.2.2.

2B.3.

2B.3.1.

2B.3.2.

2B.3.3.

2B.3.4.

2B.3.5.

2B.3.6.

2B.3.7.

2B.3.8.

2B.4.

2B.4.1.

2B.4.2.
2B.4.3.

Ph.D. Thesis Submitted to AcSIR

Introduction

Synthesis of Ru-metal based supported
metal catalyst

Materials

Synthesis of catalyst

Catalyst characterization

X-Ray diffraction (XRD) analysis

N2 Sorption analysis

ICP-OES analysis

Transmission electron microscopy (TEM)
analysis

CO chemisorption

Determination of reducibility of metal

XPS analysis

Acidity and basicity study

Synthesis of non-precious metal (Co, Ni)
based supported catalyst

Materials

Synthesis of Alumina fibre (AHF)

Synthesis of Alumina fibre (AHF) supported
(M/AHF) catalyst

66-
67
67

83
83
84



2B.5.

2B.5.1.

2B.5.2.

2B.5.3.

2B.5.4.

2B.5.5.

2B.5.6.

2B.5.7.

2B.5.8.

2B.6.

2B.6.1.
2B.6.2.
2B.6.3.

2B.6.4.
2B.6.5.

2B.7.

2B.8.

Catalyst characterizations

X-ray diffraction (XRD) analysis

N2 Sorption analysis

ICP-OES analysis

Transmission electron microscopy (TEM)
analysis

CO chemisorption

Determination of reducibility of metal
XPS analysis

Acidity and basicity study
Characterization of solid acid catalysts
Material

X-Ray diffraction (XRD) analysis
NHs—TPD analysis of solid acid catalysts
N2- sorption study of the solid acid catalysts
ICP —OES analysis of solid acid catalyst

Conclusion

Reference

Chapter 3

85
85-
86
86-
87
87-
88

89
89-
90
90-
91
91-
93
93-
94
94
94
95

97
97
98
98

99

Base catalyzed depolymerization of lignin into low molecular

weight compounds

Ph.D. Thesis Submitted to AcSIR v



3.1.

3.2.
3.2.1.

3.2.2.

3.2.3.

3.2.4.

3.2.5.

3.25.1.

3.2.5.2.

3.3.

3.3.1.

3.3.2.

3.3.3.

3.3.4.

3.3.5.

3.3.6.

3.3.7.

Ph.D. Thesis Submitted to AcSIR

Introduction

Experiment Section
Chemical & materials

Homogeneous base catalyzed
depolymerization of lignin

Extraction of the products

Analysis of reaction mixture Analysis
Yield calculation

Mass balance calculation

Substrate/ catalyst (S/C) calculation

Results and discussion

Employment of various homogeneous bases
for the lignin depolymerization
Identification of depolymerized products
Quantification of depolymerized products
Effect of temperature and pressure

Effect of time

Effect of lignin/NaOH ratio

Effect of various lignin substrate

102-
103
103
103-
104
104

104-
105
105-
106
106-
107
107-
108
108
108
109-
112
113-
115
115-
117
117-
121
121-
123
123-
124
126-
128

v



3.3.8. Confirmation of low molecular weight 129-
products formation : GC-MS, LC-MS, 133

MALDI -MS
3.3.9. Lignin and products characterization 134-
137
3.3.10. Proof for the solubility of lignin and 137-
depolymerized products 140
3.4. Conclusion 141
3.5. Reference 141-
142

Chapter 4A

Understanding the influence of alumina supported Ruthenium
catalyst synthesis and reaction parameters on the

hydrodeoxygenation of lignin derived monomers

4A.1. Introduction 145-
148

4A.2. Experimental section 148
4A.2.1. Materials 148-

149

4A.2.2. Catalyst synthesis 149
4A.2.3. Catalytic runs 149
4A.2.4. Recycle experiment 149
4A.2.5. Analysis of reaction mixture 149-

150

4A.3. Results and discussion 150
4A.3.1. Catalyst characterization 150
4A.3.2. Catalyst activity 151
4A.3.2.1. Effect of support on the HDO of Guaiacol 151-

154

Ph.D. Thesis Submitted to AcSIR vii



4A.3.2.2. Effect of temperature 154-

159

4A.3.2.3. Effect of S/C ('substrate to Ru catalyst molar  160-

ratio) 161

4A.3.2.4. Effect of time on hydrodeoxygenation of 162-

guaiacol 164

4A.3.2.5. Effect of H2 pressure 164-

165

4A.3.2.6. Effect of solvent 165-

168

4A.3.2.7. Effect of reduction temperature of catalyst 168-

on the catalytic activity 169

4A.3.2.8. HDO of different substrate 172-

177

4A.3.2.9. Recycle study of catalyst 177-

178

4A4. Characterization of spent catalyst 179-
180

4A.5. Conclusion 180
4A.6. Reference 180-
184

Chapters 4B
Pathway for the transfer hydrogenation of lignin derived
monomers: Mechanistic and kinetic study over the alumina

supported Ruthenium catalyst

4B.1. Introduction 187-
190
4B.2. Experiment section, Materials, Catalyst 190-

synthesis,  Catalytic  runs, Recycle 191

experiments, analysis of the reaction mixture

Ph.D. Thesis Submitted to AcSIR il



4B.3.
4B.3.1.
4B.3.1.1.

4B.3.2.
4B.3.2.1.

4B.3.2.2.

4B.3.2.3.

4B.3.2.4.

4B.3.2.5.

4B.3.2.6.

4B.3.2.7.

4B.3.2.8.

4B.3.2.9.

4B.3.2.10.

4B.3.2.11.

4B .4.

4B.5.

Ph.D. Thesis Submitted to AcSIR

Results and discussion
Catalyst characterization

Determination of catalyst morphology

Catalyst activity
Effect of support on the HDO of guaiacol

Effect of temperature

Effect of S/C (Substrate to Ru catalyst)
molar ratio

Effect of time on hydrodeoxygenation of
guaiacol

Effect of N2 pressure

Effect of solvent

Effect of reduction temperature of catalyst
on the catalytic activity

Kinetics of Guaiacol hydrogenolysis
Comparative Drift study toward
mechanistic path of phenolic CTTH over
Ru/Al20s-Acidic Catalyst

HDO of different substrate

Recycle study of the catalyst

Characterization of the spent catalyst

Conclusion

191
191
191-
192
192
192-
195
195-
196
197-
198
198-
200
201-
202
202-
203
203-
205
205-
207
208-
212

212-
215
216-
217
217-
218
218



4B.6.

Reference

Chapter 5A

218-
224

Catalytic defunctionalization of lignin-derived low molecular

weight compound using AHF supported catalyst

SA.1.

S5A.2.

5A.2.1.
5A.2.2.
5A.2.3.
5A.2.4.
5A.2.5.

5A.3.

5A.3.1.
5A.3.2.

5A.3.2.1.

5A.3.2.2.

5A.3.2.3.

5A.3.24.

5A.3.2.5.

5A.3.2.6.

5A.3.2.7.

Introduction

Experiment section

Materials

Catalyst synthesis

Catalyst runs

Recycle experiment

Analysis of reaction mixture

Results and discussion

Catalyst characterization

Catalyst activity

Effect of support on the HDO of guaiacol

Effect of metal on the HDO of guaiacol
Effect of temperature on the HDO of
guaiacol

Effect of catalyst weight on the HDO of
guaiacol

Effect of time on the HDO of guaiacol

Effect of pressure on the HDO of guaiacol

Recycle study

227-
228
228
228
228
228
228
228
229
229
229
229-
231
231-
233
233-
234
234-
235
235-
236
236-
238
238-
239

Ph.D. Thesis Submitted to AcSIR X



SA4.
SA.5.

5A.3.2.8.

Recycle study: Characterization of spent
catalyst
Conclusion

Reference

Chapter 5B

Alumina Hollow Fiber (AHF) supported Co catalyzed

239-
241
241
242

continuous defunctionalization of guaiacol into cyclohexanol

5B.1.

5B.2.

5B.2.1.
5B.2.2.
5B.2.3.
5B.2.4.

5B.2.5.

5B.3.

5B.3.1.
5B.3.2.

SB.4.

Ph.D. Thesis Submitted to AcSIR

5B.3.2.1.

5B.3.2.2.

5B.3.2.3.

5B.3.2.4.

5B.3.2.5.

Introduction

Experiment section

Materials

Catalyst synthesis

Catalytic runs

Durability of the 5 Co/AHF@ capillary
catalyst

Analysis of reaction mixture

Results and discussion

Catalyst characterization

Catalyst activity

Effect of temperature on the HDO of
guaiacol

Effect of H, pressure in the HDO of guaiacol

Effect of WHSV on the HDO of Guaiacol

Effect of gas flow on the HDO of guaiacol

Long —term on the stream stability of 5

Co/AHF @capillary

Conclusion

246-
247
248
248
248
248
240

248
249
240
249
250-
251
252-
253
253-
254
254-
255
256

257

Xi



5B.5.

Reference

Chapter 6

257

Functionalization of lignin derived monomers: Altering the O/C

ratio of lignin derived monomers without sacrificing atom

6.1.
6.2.
6.2.1.
6.2.2.
6.2.3.
6.3.
6.3.1.
6.3.2.

6.3.2.1.

6.3.2.2.

6.3.2.3.

6.3.2.4.

6.3.2.5.

6.3.2.6.

6.3.2.7.

efficiency by alkylation

Introduction

Experiment section
Materials
Catalytic runs

Analysis of the reaction mixture
Results and discussion

Catalyst Characterization

Catalytic activity

Effect of different solid acid catalyst

Effect of temperature on the alkylation of
Guaiacol using hexanol as alkylating agent
Effect of pressure on the alkylation of
Guaiacol using hexanol as alkylating agent
Effect of time on the alkylation of guaiacol
using hexanol as alkylating agent

Effect of concentration
Effect of different solvents

Effect of Guaiacol to hexanol molar ratio

Ph.D. Thesis Submitted to AcSIR

260-
262
262
262
262-
263
263
263
263
263
263-
269
270-
271
271-
272
273

273-
281
281-
283
283

xii



6.3.2.8. Substrate and alcohol study

6.3.2.9. Recycle study of catalyst
6.3.2.10. Characterization of spent catalyst
6.3. Conclusion
6.4. Reference
Chapter 7

Summary and Conclusion

Summary and novelty of the work

Appendix
Research Publications
Work Presented
Notes
List of Figures (Fig.)
Fig. 1.1. Significant biomass resource
Fig. 1.2. Structure of cellulose
Fig. 1.3. Structure of hemicellulose
Fig. 1.4. General structure of lignin
Fig. 1.5. Structural unit present in lignin
Fig. 1.6. Structure of lignin monomers
Fig. 1.7. Conceptualization of refinery and Bio-refinery
Fig. 1.8. Bio-refinery concept
Fig. 1.9. Various application of lignin
Fig. 1.10. Various pathway used for the valorization of lignin
Fig. 2A.1. SEM and EDAX analysis of lignin
Fig. 2A.2. FT-IR spectra of Lignin, (a) Lignin, Alkaline; (b) Lignin, Dealkaline; (c)
Lignin, Alkali; (d) Na-Lignosulfonate lignin;

Ph.D. Thesis Submitted to AcSIR

283-
285
289
290-
292
293
293-
296

298-
310

311
312
313




Fig. 2A.3. FT-IR spectra of lignin, (e) Industrial -K lignin; (f) Industrial - N lignin;
Fig. 2A.5.1. Solid state 3C NMR spectra of lignin (a) Lignin, Alkaline; (b) Lignin,
Dealkaline; (c) Lignin, Alkali; (d) Na-lignosulfonate lignin;

Fig. 2A.5.2. Structural unit present in the lignin sample

Fig. 2A.6. XRD patterns of Lignin samples. (a) Lignin, Alkaline; (b) Lignin,
Dealkaline; (c) Lignin, Alkali; (d) Industrial-K lignin; (e) Industrial-N lignin;

Fig. 2A.7. TGA analysis of lignin samples. (a,b) Lignin, Alkaline (N2 and Air); (c,d)
Lignin Dealkaline (N2 and Air); (e,f) Lignin, Alkali (N> and Air); (g) Na-
lignosulfonate lignin (Air);

Fig. 2A.8. Figure 2A.8. TGA analysis of lignin samples. (h,i) Industrial - N lignin
(N2, Air); (j) Industrial-K lignin (Air);

Fig. 2B.1. Impregnation of metal on the supports

Fig. 2B.2. XRD patterns of support and supported Ru catalysts. (a) Al2O3; (b)
Ru/Al,0O3-Acidic (commercial); (¢) Ru/AlOsz-Acidic; (d) Ru/Al,Os-Neutral; (e)
Ru/AlOs-Basic; (f) Si02-Al203; (g) Ru/Si02-Al203;(h) SiO2; and (i) Ru/SiOz;

Fig. 2B.3. (a) HAADF-STEM; (b) TEM; (¢, d) EDX Elemental mapping of
Ruw/AlO,-Acidic;

Fig. 2B.4. TEM images of (a) Ru/Al,Oz-Acidic; (b) Ru/Al>Os-Basic; (c) Ru/Al>Os-
Neutral;

Fig. 2B.5. TEM images of (a) Ru/SiOz; (b) Ru/SiO.-Al>0s3;

Fig. 2B.6. TPR of support and supported Ru metal catalyst (a) Al.Oz; (b) Ru/Al>,O3-
Acidic;

Fig. 2B.7. Deconvoluted XPS spectra of Ru/Al>O3-Acidic catalyst

Fig. 2B.8. Deconvoluted XPS spectrum of Ru/Al>Os3-Basic catalyst

Fig. 2B.9. Deconvoluted XPS spectrum of Ru/Al>Os-Neutral catalyst

Fig. 2B.10. Deconvoluted XPS spectrum of Ru/SiO,-Al;03 catalyst

Fig. 2B.11. NH3-TPD of supported Ru metal catalyst (a) Al2Os-Acidic; (b) Ru/Al,Oz-
Acidic; (c) Ru/Al,Oz-Acidic (commercial); (d) Al.Os-Neutral; (¢) Ru/Al.O3-Neutral;
(f) Al203-Basic (CO2-TPD); (g) Ru/Al203-Basic; (CO.-TPD); (h) Ru/Al,Oz3-Basic
(NHs3-TPD); (i) SiO2-Al20s3; (j) Ru/SiO2-Al20Og; (k) SiO2; () Ru/SiO2;

Ph.D. Thesis Submitted to AcSIR

52

53
55

57

58

68

69

73

74

75
78

78
79
80
80
82

Xiv



Fig. 2B.12. XRD patterns of support and supported Co, Ni catalysts. (a) Al,Os-
Acidic, (b) 5Co/Al0O3-Acidic; (c) AlOs3-Acidic@cal@1500; (d) 5Co/AlOs-
Acidic@cal@1500; (e) AHF; (f) 5Co/AHF@imp; (g) 5Co/AHF@capillary; (h)
SNi/AHF@capillary;

Fig. 2B.13. TEM images of synthesized catalysts (a) 5 Co/Al2Oz-Acidic; (b) 5
Co/AlLO3-Acidic@cal@1500; (c) 5 Co/AHF@imp; (d) 5 Co/AHF@capillary; (e) 5
Ni/AHF@capillary;

Fig. 2B.14. TPR of support and supported Co, Ni catalysts. (a) Al203-Acidic; (b) 5
Co/AL,03-Acidic; (c) AHF; (d) 5 Co/Al,O3-Acidic@cal@1500; (f) 5 Co/AHF@imp;
(g) 5 Co/AHF@capillary; (h) 5 Ni/AHF@capillary;

Fig. 2B.15. XPS spectra of Co, Ni catalysts (a) 5 Co/Al,O3-Acidic@cal@1500; (b)
5 Co/AHF@imp; (c) 5Co/AHF@capillary; (d) SNi/AHF@capillary;

Fig. 2B.16. TPD of support and supported Co, Ni catalysts. (a) Al,O03-Acidic; (b) 5
Co/ALLOs-Acidic; (¢) Al2O3-Acidic@cal@1500; (d) 5 Co/Al2Os-Acidic@cal@1500;
(e) AHF; (f) 5 Co/AHF@imp; (g) 5 Co/AHF@capillary; (h) 5 Ni/AHF@capillary;
Fig. 2B.17. XRD patterns of catalysts. (a) Clay K-10; (b) Al-pillared clay; (¢) H-USY
(SI/Al= 15); (d) Si02-AL0Os (S1/Al= 5.3);

Fig. 2B.18. NH3-TPD of fresh catalysts. (a) Clay K-10; (b) Al-pillared clay; (c) H-
USY (Si/Al=15); (d) Si02-Al03 (Si/Al=5.3);

Fig. 3.1. Methodology used for the extraction of the products

Fig. 3.2. Depolymerization of lignin using various Bases

Fig. 3.3. GC-MS profile of low molecular weight compounds extracted from the
liquid layer using DEE solvent (a) LiOH; (b) NaOH; (c) KOH; (d) CsOH; (e)
Na,COsz: (f) CaCOs;(g) Cs2C0s: (1) guaiacol; (2) catechol and creosol; (3) vanillin;
(4) acetovanillone;

Fig. 3.4. GC-MS chromatogram of products isolated in DEE ether (liquid layer)
Fig. 3.5. Comparative GC-MS chromatograms of products isolated in DEE (liquid
layer, solid layer)

Fig. 3.6. Comparative GC-MS chromatograms of products isolated in EtOAc (liquid
layer, solid layer)

Fig. 3.7. Effect of temperature on the depolymerization of Lignin, Alkaline

Ph.D. Thesis Submitted to AcSIR

86

89

91

92

94

95

96

105

111
112

113
114

115

118

XV



Fig. 3.8. Comparative GC-MS chromatograms of DEE soluble product for the
reaction conducted at different temperatures

Fig. 3.9. Effect of pressure on the depolymerization of Lignin, Alkaline

Fig. 3.10. Comparative GC-MS chromatograms of reaction conducted at different
pressure

Fig. 3.11. Effect of time on the depolymerization of Lignin, Alkaline

Fig. 3.12. Comparative GC-MS chromatograms of DEE soluble product for the
reaction conducted at different temperatures

Fig. 3.13. Effect of Lignin/NaOH ratio on the depolymerization of Lignin, Alkaline
Fig. 3.14. Comparative GC-MS chromatograms of DEE soluble products for the
reaction conducted at different Lignin/NaOH (wt/wt)ratio

Fig. 3.15. Reaction mechanism of base catalyzed depolymerization of Lignin,
Alkaline

Fig. 3.16. Depolymerisation of different lignin

Fig. 3.17. Comparative GC-MS chromatograms of DEE soluble product for the
reactions conducted with different Lignin substrates

Fig. 3.18. Comparative LC-MS chromatograms of depolymerized products extracted
from liquid layer

Fig. 3.19. Comparative LC-MS chromatograms of depolymerized products extracted
from the solid layer

Fig. 3.20. Comparative MALDI-MS chromatograms of depolymerized products
extracted from the liquid layer

Fig. 3.21. Comparative MALDI-MS chromatograms of depolymerized products
extracted from the solid layer

Fig. 3.22. FT-IR spectra of lignin, Alkaline and organic solvent soluble low
molecular weight compounds

Fig. 3.23. Solubility behavior of lignin and depolymerized products

Fig. 3.24. Model compound study for the solid product formation

Fig. 3.25. Model compound study for the solid product formation

Fig. 4A.1. Effect of support on the hydrodeoxygenation of guaiacol

Fig. 4A.2. Effect of temperature on the hydrodeoxygenation of guaiacol

Ph.D. Thesis Submitted to AcSIR

119

120
121

122
123

124
125

126

127
128

130

131

132

133

136

139

140

140

151
155

XVi



Fig. 4A.3.1. Cyclohexanol stability in N2; (a) before reaction; (b) after reaction 157
Fig. 4A.3.2. Cyclohexanol stability in H> 158
Fig. 4A.4. TGA pattern of fresh and spent Ru metal catalyst (a) Fresh Ru/Al,O,- 159

Acidic; (b) Spent Ru/Al,O,-Acidic @200; (c) Spent Ru/Al,O,-Acidic @250; (d)
Spent Ru/AlLO,-Acidic @225,

Fig. 4A.5. Effect of substrate to catalyst (S/C) molar ratio 160
Fig. 4A.6. TGA profile of cyclohexanol reaction carried out with Al.O3z-Acidic 161
Fig. 4A.7. Effect of time on the HDO of guaiacol 162

Fig. 4A.8. trans-2-methoxycyclohexanol reaction to find out reaction intermediate, 163
(a) after reaction, (b) before reaction

Fig. 4A.9. Effect of Hz pressure 164
Fig. 4A.10. Effect of solvent on the HDO of guaiacol 166
Fig. 4A.11. Representative GC spectra of substrate adsorption in different solvent 168
Fig. 4A.12. Effect of catalyst reduction temperature with hexane as a reaction solvent 170

Fig. 4A.13. Effect of catalyst reduction temperature with cyclohexane as a reaction 171

solvent.

Fig. 4A.14.1. Representative GC profile. Phenol 173
Fig. 4A.14.2. Representative GC-MS profile. Phenol 174
Fig. 4A.15.1. Representative GC profile. Veratrol 174
Fig. 4A.15.2. Representative GC-MS profile. Veratrol 175
Fig. 4A.16.1. Representative GC profile. Anisole 175
Fig. 4A.16.2. Representative GC-MS profile. Anisole 176
Fig. 4A.17.1. Representative GC profile. Eugenol 176
Fig. 4A.17.2. Representative GC-MS profile. Eugenol 177
Fig. 4A.18. Recycle study of catalyst 178
Fig. 4A.19. TPR of spent catalyst (a) fresh catalyst (b) spent catalyst 179
Fig. 4A.20. TEM of spent Ru/Al>Os-Acidic (commercial) catalyst 180
Fig. 4B.1. Effect of support on the CTH of guaiacol 192
Fig. 4B.2. Effect of temperature on the hydrodeoxygenation of guaiacol 196

Fig. 4B.3. Effect of Substrate to catalyst surface exposed Ru metal (S/C) molar ratio 197
Fig. 4B.4. Effect of time on the HDO of guaiacol 198

Ph.D. Thesis Submitted to AcSIR Xvii



Fig. 4B.5. Reaction with trans-2-methoxycyclohexanol. (A) GC-MS profile for (a) 200
after reaction, (b) before reaction. (B) GC-MS fragmentation profile.
Reaction condition: 225°C, Hz, 1 MPa; 1 h

Fig. 4B.6. Effect of N2 pressure 201
Fig. 4B.7. Effect of solvent on the HDO of guaiacol 203
Fig. 4B.8. Effect of catalyst reduction temperature 205

Fig. 4B.9A. Conversion of guaiacol over Ru/Al2O3 —Acidic catalyst with different 206
temperature and time

Fig. 4B.9B. Arrhenius Plot 206
Fig. 4B.10. DRIFT spectra of (A) Guaiacol adsorption over Al2Os, (B) Anisole 208-
adsorption over Ru/Al>Os-Acidic, (C) Guaiacol adsorption over Ru/Al.Oz-Acidic, 209
(D) Phenol adsorption over Ru/Al,Oz-Acidic, (E) Successive adsorption of Phenol

and Anisole over Ru/Al>O3-Acidic, Summary of FT-IR bands present in lignin and
products. (F) Adsorption of guaiacol, cyclohexanol and trans-2-methoxycylohexanol

atR.T

Fig. 4B.11. Representative GC profile. Phenol, 4.0 mmol; Ru/Al,O,-Acidic, 0.0245 213

mmol of Ru; cyclohexane, 30 mL; H, pressure, 1 MPa at room temperature; 4 h;

1000 rpm. Before reaction; (b) After reaction
Fig. 4B.12. Representative GC profile. Anisole, 4.0 mmol; Ru/Al,O,—-Acidic, 0.0245 214

mmol of Ru; cyclohexane, 30 mL; H, pressure, 1 MPa at room temperature; 4 h;

1000 rpm; (a) Before reaction; (b) After reaction
Fig. 4B.13. Representative GC profile. Eugenol, 4.0 mmol; Ru/AlO,-Acidic, IPA, 215

30 mL; N, pressure, 0.7 MPa at room temperature; 2 h; 1000 rpm; (a) Before reaction;

(b) After reaction,;

Fig. 4B.14. Recycle study of catalyst 216
Fig. 4B.15. TPR of spent catalyst (a) fresh catalyst (b) spent catalyst 217
Fig. 4B.16. TEM of spent catalyst 218
Fig. 5A.1. Effect of support on the hydrodeoxygenation of guaiacol 229
Fig. 5A.2. Effect of metal on the hydrodeoxygenation of guaiacol 231
Fig. 5A.3. Effect of temperature on the hydrodeoxygenation of guaiacol 233

Ph.D. Thesis Submitted to AcSIR xviii



Fig. 5A.4. Effect of catalyst weight on the hydrodeoxygenation of guaiacol

Fig. 5A.5. Effect of time on the hydrodeoxygenation of guaiacol

Fig. 5A.6. Effect of pressure on the hydrodeoxygenation of guaiacol

Fig. 5A.7. Recycle study on the hydrodeoxygenation of guaiacol

Fig. 5A.8. TPR profiles of 5 Co/AHF@capillary catalyst (a) Fresh; (b) Spent

Fig. 5A.9. TEM image of spent catalyst, 5 Co/AHF@capillary

Fig. 5B.1. (a) Model reactor set up with the loaded catalyst; (1) Thermocouple (2)
Thermowell (3) Topside cap with holes (4) Co/AHF@capillary catalyst (5) Bottom
container with holes at the bottom, (6) Flow reactor; (b) Model Co/AHF@capillary
catalyst loaded module; (c) Real image of the reactor set up with loaded 5
Co/AHF@capillary

Fig. 5B.2. Effect of Temperature on the hydrodeoxygenation of guaiacol

Fig. 5B.3. Effect of pressure on the hydrodeoxygenation of guaiacol

Fig. 5B.4. Effect of WHSV on the hydrodeoxygenation of guaiacol

Fig. 5B.5. Effect of gas flow on the hydrodeoxygenation of guaiacol

Fig. 5B.6. Time on stream

Fig. 6.1. Typical GC-MS profile of the reaction mixture

Fig. 6.2. XRD pattern of (a) Fresh and (b) Spent H-USY catalyst

Fig. 6.3. TGA patterns of (a) Spent and (b) Fresh H-USY catalyst

Fig. 6.4. Crystal structure of H-USY Zeolite

Fig. 6.5. Effect of temperature on the product distribution

Fig. 6.6. Effect of catalyst concentration on the alkylation of guaiacol

Fig. 6.7. Effect of catalyst concentration on the alkylation of guaiacol.

Fig. 6.8. Guaiacol adsorption on the SiO2-Al>Os3 catalyst

Fig. 6.9. GC profile of guaiacol adsorption study done over SiO2-Al>Os catalyst
Fig. 6.10. Hexanol adsorption on the SiO2-Al>Os3 catalyst

Fig. 6.11. GC profile of hexanol adsorption study done over SiO>-Al>O3 catalyst
Fig. 6.12. TGA profiles of catalysts after adsorption of guaiacol

Fig. 6.13. TGA profiles of catalysts after adsorption of hexanol

Fig. 6.14. Effect of solvent on the alkylation of guaiacol

Fig. 6.15. Products identified from GC-MS using various substrates

Ph.D. Thesis Submitted to AcSIR

234
235
237
238
240
241
247

250
252
254
255
256
267
269
269
269
271
275
276
278
277
278
279
279
280
282
285

Xix



Fig. 6.16. Conversion of substrates
Fig. 6.17. Products identified from GC-MS using various alkylating agents
Fig. 6.18. Conversion of guaiacol with different alkylating agents
Fig. 6.19. NH3-TPD of spent catalysts (a) Cay K-10; (b) Al-pillared clay; (¢) H-USY
(SI/Al= 15); (d) Si02-AL0Os (S1/Al= 5.3);
List of Schemes

Scheme 4A.1. Hydrodeoxygenation/defunctionalisation of lignin derived low
molecular weight compound, guaiacol

Scheme 5A.1. Hydrodeoxygenation/defunctionalization of lignin-derived low
molecular weight compounds (guaiacol)

Scheme 5B.1. Hydrodeoxygenation/defunctionalization of lignin-derived low
molecular weight compounds (guaiacol)

Scheme 6.1. Alkylation of lignin derived monomers with alcohols as alkylating agent

List of Tables

Table 2A.1. Summary on the lignin substrates used in the depolymerization study

Table 2A.2. Summary on the elemental analysis of different lignins used in
depolymerization studies

Table 2A.3. Summary on the Na concentration present in different lignin samples
Table 2A.4. Summary on the various functional groups observed in FT-IR of
different lignins

Table 2A.5. 3C NMR chemical shift summary of lignin

Table 2A.6. Solubility of various lignins in different solvents
Table 2B.1. List of Ru based supported metal catalysts
Table 2B.2. Summary of nitrogen sorption data

Table 2B.3. Summary on ICP-OES analysis

Table 2B.4. CO chemisorption results for supported Ru catalysts

Ph.D. Thesis Submitted to AcSIR

286
287
288
291

145

228

247

262

39-
40
41-
42
43
48-
50
53-
54
60
68
70-
71
71-
72
76

XX



Table 2B.5. NH3-TPD and CO,-TPD study of catalysts 83

Table 2B.6. List of Cobalt (Co) and Nickel (Ni) based supported metal catalyst 85
Table 2B.7. Summary on nitrogen sorption data 87
Table 2B.8. Summary on ICP-OES analysis 88
Table 2B.9. CO chemisorption results for supported Ru catalysts 90
Table 2B.10. NHs-TPD study of fresh and spent catalysts 97
Table 2B.11. Summary of nitrogen sorption data of fresh catalysts 97
Table 2B.12. Summary of ICP-OES analysis of fresh and spent catalysts 98
Table 3.1. Summary on TGA analysis of various lignins 107
Table 3.2. Quantification of identified lignin depolymerized products 116-
117

Table 3.3. Correlation between different functional groups between lignin and 137

depolymerized products

Table 4A.1. CHNS analysis of spent and fresh catalyst reaction done at different 158

temperature

Table 4A.2. CHNS analysis of spent and fresh catalyst to evaluate the stability of 167

solvent

Table 4A.3. CO chemisorption study of the catalyst reduced at different temperatures  170-
172

Table 4A.4. CHNS analysis of fresh and spent catalysts for reaction carried out in 172

hexane solvent

Table 4B.1. CO chemisorption study of the catalyst reduced at different temperatures  204-

205
Table 4B.2. Rate and activation energy of guaiacol HDO 207
Table 4B.3. IR band of guaiacol adsoption in DRIFT spectra 210-
211
Table 6.1. Effect of different solid acid catalysts on the alkylation of guaiacol 265
Table 6.2. NH3-TPD study of fresh and spent catalysts 268
Table 6.3. Effect of temperature on the alkylation of guaiacol 270-
271
Table 6.4. Effect of pressure on the alkylation of guaiacol 272

Ph.D. Thesis Submitted to AcSIR XXi



Table 6.5. Effect of time on the alkylation of guaiacol using hexanol as alkylating 273

agent

Table 6.6. CHNS analysis of spent and fresh catalyst after adsorption of guaiacol

Table 6.7. CHNS analysis of fresh and spent catalysts after adsorption of hexanol.

Table 6.8. Solubility of hexanol and guaiacol in different solvents

Table 6.9. Recycle study of catalyst

Table 6.10. Summary on nitrogen sorption data of fresh and spent catalysts

Table 6.11. Summary on ICP-OES analysis of fresh and spent catalyst
Table 6.12. NH3-TPD study of fresh and spent catalysts.
Table 6.13. CHNS elemental analysis of fresh and spent catalyst

BET
BHT
CHNS
DEE
EDAX
EtOAC
FID
FTIR
GC
GC-MS
GPC
HPLC
H-USY
HDO
ICP-OES
LC-MS
MPa
NMR
RT

RI

List of Abbreviations

Braunauer-Emmett-Teller

Butylated hydroxyl toluene

Carbon, Hydrogen, Nitrogen, Sulfur
Diethyl ether

Energy Dispersive X-Ray Analysis

Ethyl acetate

Flame ionization detector

Fourier Transform Infrared

Gas Chromatography

Gas Chromatography Mass Spectrometry
Gel Permeation Chromatography

High Performance Liquid Chromatography
Ultra Stable Zeolite Y (H-form)
Hydrodeoxygenation

Inductively Coupled Plasma-Optical Emission
Liquid Chromatography Mass Spectrometry
Mega Pascal

Nuclear Magnetic Resonance

Room Temperature

Refractive Index

280
281
283
289
290
291
292
292

Ph.D. Thesis Submitted to AcSIR XXii



SEM
TCD
THF
TPD
TGA-DTA

UV-Vis
XRD

Scanning Electron Microscopy

Thermal Conductivity Detector

Tetrahydrofuran

Temperature Programmed Desorption

Thermo Gravimetric Analysis-Differential Thermal
Analysis

Ultraviolet-Visible

X-Ray Diffraction

Ph.D. Thesis Submitted to AcSIR xxiii



Abstract of the Thesis

Introduction

The high consumption rate of fossil feedstock throughout the world is responsible for decrease
in its availability. Moreover, geo-political reasons and fluctuating prices are also playing
crucial role in its utilization. At the same time, demand is increasing for the renewable,
environment friendly resource for generating energy. Biomass, a sustainable and renewable
resource has the potential to synthesize fuels and chemicals instead from fossil feedstock.
Lignocellulosic biomass is readily available throughout the world at a lower cost.

Lignocellulosic biomass is made up of cellulose (40-50%), hemicelluloses (15-30%),
lignin (10-25%) and many more smaller components such as protein, wax and nutrients %2,
Value addition to cellulose and hemicellulose is well studied by researchers. However,
valorization of lignin is still not done extensively because of its complex structure. Effective
utilization of lignin has potential to replace the fossil based carbon resources partly. Lignin, a
aromatic polymer is a good source of aromatic compounds and is made up of phenyl propane
units, such as sinapyl alcohol, coumaryl alcohol, coniferyl alcohol linked together via various
C-O-C and C-C linkages. Depolymerization of lignin will produce complex mixture of low
molecular weight aromatic compounds and separation of formed monomers is very difficult
due to their similar polarity. Hence, up-gradation of depolymerized products is an alternative
pathway used to enhance the value of depolymerized products.

In this thesis, base-catalyzed depolymerization of lignin is discussed to obtain low

molecular weight aromatic compounds and their further functionalization and
defunctionalization is also discussed using solid acid catalysts and supported metal catalysts
(Scheme 1 & 2).
Thesis work is divided into 7 chapters, excluding introduction chapter. Thesis discusses lignin
characterization (Chapter 2), catalyst synthesis and characterization (Chapter 2), catalytic
details, reaction results of lignin depolymerization (Chapter 3), and up-gradation strategy used
for lignin model compounds (Chapters 4A, 4B, 5A, 5B, 6), and lastly overall summary and
novelty of the work is also discussed (Chapter 7).
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Scheme 1. Base catalyzed lignin depolymerization
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Scheme 2. Defunctionalization and functionalization of lignin derived low molecular weight

aromatic compounds

Statement of problem
Lignin depolymerization is reported using homogeneous acids,*  solid acids,>” ionic liquids,®
% supported metal catalysts,'%* and supercritical fluids ** * to produce low molecular weight

compounds. However, problems associated with the reported literature are given below:

= Due to complex chemistry of lignin (structure, properties etc.), most of the work is done
with model compounds of lignin.
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= Low molecular weight aromatic compounds formed after depolymerization are useful, but
their value-addition is must.
= Catalyst stability and recyclability is a significant concern due to poisoning, coke

formation.

Objective of the thesis work

Herein depolymerization of actual lignin is reported using homogeneous base catalysts to
obtain low molecular weight aromatic compounds and further up-gradation of these products
over solid acids and supported metal catalysts is reported to obtain value added products. The
main objective was to develop novel methodologies with newer catalysts which are stable

under reaction condition and are economical and will give better yields of desired products.

Methodology used

= Employment of homogeneous bases in depolymerization of lignin.

= Use of supported metal catalysts in up-gradation or defunctionalization of lignin-derived
aromatic compounds into chemicals by destructive pathways.

= Use of solid acid catalysts in up-gradation or functionalization of lignin-derived aromatic
compounds into chemicals by the constructive pathway.

Synthesized catalysts were characterized using different physico-chemical techniques like
XRD, TPD-NH3/CO2, N2 sorption, ICP-OES, TEM and SEM to understand their morphologies
and properties.

Catalytic experiments were carried out using Parr make batch mode autoclave and Hi-TECH
engineering Make Fixed Bed Reactor (FBR). Reaction products analysis was done using GC,
GC-MS, HPLC, LC-MS, Microanalysis, FT-IR, and MALDI-MS.

Reaction results of base-catalyzed lignin depolymerization

Effective depolymerization of lignin was possible in aqueous media using homogeneous base
at 250 °C for 1 h under 2 MPa N2 @RT. Various type of lignins were possible to depolymerize
using NaOH as a base under similar condition, however depending upon the properties of
lignin, yields of depolymerized products soluble in diethyl ether (DEE) and ethyl acetate
(EtOAC) were varying between 33-49% (Figure 1). Among all the used bases, NaOH was the
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best catalyst to give low molecular weight aromatic compounds. Effects of the basic sites and
pH of the reaction mixture were studied and it was observed that they exert high impact on
depolymerization activity. Studies carried out with model compounds revealed that the yield
of solid product formation was due to increased hydrophobicity of depolymerized products.
Identifications and quantifications of low molecular weight aromatic compounds formed after
depolymerization were done using GC, GC-MS, HPLC, LC-MS, Microanalysis, NMR and FT-

DEE Soluble S EtOAc Soluble @ THF soluble
100 +
80
$ 60
T
[<5)
< 40 A
20 - &\\
0 . IS . - . -
Alkaline Lignin ’ Alkali Lignin ‘Dealkaline Lignin‘ Na-lignosulfonte ‘Industrial K lignin |Industral N Lignin
Lignin
Mw. ( Da) 60,000 28000 60,000 52,000
pH of R.M. 12.65 12.53 12.30 12.48 12.35 12.38
(%) 100 100 100 100 100 100
solubility in
alkaline H,0

Figure 1. Lignin depolymerization using NaOH

Defunctionalization of lignin model compounds

Depolymerization of lignin prodcuces low molecular weight aromatic compounds, which have
higher oxygen content and thus restricts their use as fuels. Defunctionalization of aromatic
compounds via hydrodeoxygenation (HDO) process improves the fuel efficiency of
compounds. Various oxygen-containing aromatic monomers such as guaiacol, veretrol,
eugenol, phenol were studied using hydrodeoxygenation path because these monomers posses
similar functional groups which are present in the lignin.

Precious metal (Ru), and Non-precious metals (Co, Ni) in combination with various supports
such as Al;0s3 (Acidic, Basic, Neutral), Alumina hollow fiber (AHF), SiO,, and SiO2-Al>03
were employed for the hydrodeoxygenation of these compounds. Defunctionalization
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experiments were carried out in both batch and flow mode reactors at temperature between
225-300 °C for 1- 4 h (batch reactor) in cyclohexane solvent either using molecular Hz or in
situ generated hydrogen from secondary alcohol (Figure 2).

It was found that the defunctionalization of aromatic monomers is heavily dependent on the
nature of support. While it is possible to achieve 100% conversion of guaiacol with 72% yield
of cyclohexanol using precious metal and molecular Hz, with catalytic transfer hydrogenation
(CTH) of guaiacol again 100% conversion with 74% cyclohexanol yield was possible to
achieve. Non-precious metal based catalyst was also used to carry out hydrodeoxygenation of
guaiacol in both batch and continuous flow reactor and with this catalyst, 86% and 66%

cyclohexanol yield, respectively were observed.

OH _
OH
Precious metaI/HZ hydrodeoxygenatlon
hydrogenatlon
v /
(0]
OH
OH Destructi
hydlodeoxygenauon estructive
Precious metaI/N2 Oi (hydrodeoxygenation)
(Ar (C)-O bond cleavage)
v —

O

OH OH
Non-precious metal/H, hydrogenatlon
hydrodeoxygenatlon J
o~

Figure 2. Defunctionalization/hydrodeoxygenation of lignin model compounds

Functionalization of lignin model compounds

Functionalization of aromatic monomers is another pathway used for the up-gradation of
lignin-derived aromatic compounds by retaining their aromaticity and atom efficiency. Solid
acid-catalyzed functionalization experiments were carried out in cyclohexane solvent in batch
mode reactor at 250 °C for 1- 4 h under N2 atmosphere. Products analysis was done using GC,
GC-MS. It was seen from the obtained results that high functionalization activity is possible
with electron rich aromatic compound (phenol, guaiacol,veretrol) as compared to electron-

deficient (toluene). Functionalization activity also depends on polarity and steric of alkylating
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agent (alcohols). The formation of mono and di-substituted alkyl functionalized products was
seen and their yields were dependent on the catalyst used, either structured or amorphous. The

MAP/DAP ratio was crucial to differentiate the activity of the catalysts.

R
e
Rs d
R 2
1 Miomo-alkylated praduct (MAP)
R3O + HD\%" Solid acid catalyst
Rz
Suhstrate R
R,-H,-OH fleohel ‘
F:-H-OH,-OCH, o o
R, -H, -OCH,, CH, 2
n 2
Di-alkydated product (DAF)

Figure 3. Functionalization of lignin model compounds

Summary

This thesis work is devoted to the overall development of lignin valorization. Lignin
depolymerization was achieved using homogenous bases to obtain aromatic compounds and
their defunctionalization and functionalization was carried out to reduce the oxygen content
using solid acids and supported metal catalysts. Overall, a simple strategy was developed to
increase the value of lignin and depolymerized products. Thesis covers the successive
development of the lignin valorization process.
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Chapter 1

Introduction and literature survey
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1. Introduction

More than 95% of carbon-based chemicals currently manufactured by the chemical industry
are derived from fossil reserves such as crude oil, coal, natural gas, etc.l. However, fossil
reserves experience fluctuating costs and are not sustainable. Moreover, large consumption of
fossil reserves is responsible for the greenhouse effect for increase in earth temperature. In
view of these global and local factors, extensive research and development programs on
biomass conversion by possible economical routes for making chemicals and fuels are globally
undertaken in last two decades. In this context, many recent studies have evaluated the relative

merits of applying different crop wastes for chemicals production 2

. Among numerous
renewable resources (e.g., solar energy, tidal, wind, etc.), biomass is the only renewable
organic carbon resource in nature, which allows its distinctive advantage in producing value-
added products *®. Historically, humans have been harnessing biomass as a source of energy
since the time they knew to make a fire from woods. Even today, some countries depend on
woods as a main source of energy. Biologically, biomass comprises C, H and O based matters
those unify in a solid material and can be potentially converted in to fuels and chemicals.

1.1. Biomass: availability and composition

Biomass, a renewable source of carbon, is a material derived from plants and animals (Figure
1.1). It can be used in the production of chemicals and fuels after undergoing various
conversions. Chemical composition of biomass includes a complex mixture of organic
molecules containing approximately 47 to 53% of carbon, 5.9 to 6.1% hydrogen, and 41 to
45% of oxygen. Along with these, small amounts of nitrogen and sulfur, as well as traces of

other elements, including metals, are also present ©.
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Figure 1.1. Significant biomass resources

Typically biomass is derived from either plants or animals. The main classification and
subclassification of biomass is as follows:

1.1.1. Plant-derived biomass

Plant-derived biomass further can be categorized in the following parts

1.1.1.1. Edible biomass

Crops (sugarcane, sugar-beet, and cassava)

.‘||+||..

.‘||+||..

Starch crops (wheat, maize, potatoes)

..”“\.,

Oil crops (rapeseed, soy)
.1.1.2. Non-edible biomass

Forestry wood

[y

..||+||..

..||+||..

By-products agriculture (straw, corn stover)

‘.||+||.,

By-products industry (bagasse, paper-pulp)

‘.||+||.,

Algal crops from land and sea forming
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1.1.1.3. Energy crops
Short rotation coppice (SRC) (poplar, willow, eucalyptus)

,.‘M.,

High-yield perennial grass (miscanthus, switchgrass)

,‘||+||‘,

Non-edible oil plants (jatropha, camelina, sorghum)

,‘||+||‘,

1.1.2. Animal-derived biomass

Chitin can be considered as the most abundant source of animal-derived biomass. It can be
extracted from the insect's crustaceans and microorganisms. The primary source of chitin
biomass is the shell of shrimp and crab, lobster and krill, and commercially supplied by the
shellfish processing industry.

Among all available resources of biomass, lignocellulosic biomass is considered as a more
promising renewable feedstock due to its following properties:

= Non-edible to humans: use will not affect the food chain

= |nexpensive, locally available, and abundant

I

1.2. Lignocellulosic Biomass Composition

Lignocellulosic biomass contains three main components: cellulose, hemicellulose, and lignin
linked to each other through various covalent and non-covalent linkages. Typically,
lignocellulosic biomass has a composition of cellulose (30-50%), hemicellulose (15-40%), and
lignin (10-30%) along with some macro and micronutrients 8. The composition of these
biopolymers is dependent on its origin.

Cellulose is a linear high molecular weight polysaccharide made up of the D-glucose units
linked to each other by p-1,4 glycosidic bonds (Figure 1.2) °. Degree of polymerization in
cellulose ranges from few hundred up to several thousand units, depending on the origin of the
material. Due to the presence of intramolecular and intermolecular hydrogen bonding in
cellulose, highly ordered microfibrils known as crystalline cellulose, with high packing
densities, are formed. Complete hydrolysis of cellulose yields Ce sugar known as glucose
(CeH1206). However, the presence of hydrogen bonding makes it difficult to undergo

hydrolysis.
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Figure 1.2. Structure of cellulose

Hemicellulose is a class of heteropolysaccharides made up of hexoses (D-glucose, D-mannose,
and D-galactose), pentoses (D-xylose, L-arabinose, and D-arabinose), and deoxyhexoses (L-4
rhamnose or 6-dexoy-L-mannose and rare L-fucose or 6-deoxy-L-galactose) with small
amounts of uronic acids, acetic acid, and other minor sugars present. These sugars are linked
with each other by a- or B- (1,2; 1,3; 1,4; 1.6) linkages., The structure presented in Figure 1.3
10 js for arabinoxylan. Hemicellulose typically has much lower molecular weights than
cellulose. It can be readily hydrolyzed to pentose or hexose sugars it is made up of. Due to the
lack of crystallinity and lower degree of polymerization than cellulose, the chemical and

thermal stability of hemicellulose is lower than that of cellulose.

\O O

0]

OH

o}

0
OH
O |n o
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HO
HO OH OH OH
HO OH

Figure 1.3. Structure of hemicellulose

Lignin is the most considerable non-carbohydrate fraction in lignocelluloses. In lignocellulosic
biomass, lignin is predominantly cross-linked polymer that gives strength and rigidity to the
cell wall. Lignin and hemicellulose form a sheath that is embedded with cellulose in the
lignocellulosic biomass. It creates a seal around cellulose microfibrils and has limited covalent

association with hemicellulose °. Lignin composition and its content in biomass vary between
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the types of plants and also between the botanical species and even between trees and
morphological parts of the tree 1. It is known in the literature that in softwood, 30% by weight
lignin is found, while in hardwood, the weight percentage falls to 20%—25% *2. Lignin derived
from grass contain only 10—-15% of the total plant mass 2 (Figure 1.4 -1.5).

OH OH

Figure 1.4. General structure of lignin
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Figure 1.5. Structural units present in lignin

Lignin is a complex amorphous 3-dimensional phenyl propane based polymer made up of three
primary units: sinapyl (3,5-dimethoxy 4-hydroxycinnamyl), coniferyl (3-methoxy 4-
hydroxycinnamyl), and p-coumaryl (4-hydroxycinnamyl) alcohols, linked to each other via C-
O-C and C—C linkages. These three monolignols are also known as syringyl (S), guaiacyl (G),
and p-hydroxyphenyl (H) units, respectively (Figure 1.6). Monolignol contains a phenyl group
and a propyl side chain; hence aromatic unit in lignin is usually called a phenylpropane unit
(ppu). The monomers differ in the number of methoxy groups which are linked to the aromatic
ring and thus are known as S, G or H. The content of each monolignol in lignin is associated
with plants taxonomy. For example, while softwood (gymnosperm) lignin contains more
guaiacyl units, hardwood (angiosperm) lignin has a mixture of guaiacyl and syringyl units, and
grass lignin contains a mixture of all three aromatic units 2. Depending on the composition of

the three basic units in lignin, these polymers can be classified as type-G (softwood lignin),
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type-G-S (hardwood lignin), type-H-G-S (grass lignin), and type-H-G (compression wood
lignin) .

OH

Propyl side

Phenyl group

Sinapyl alcohol (S) Coniferyl alcohol (G) p-Coumaryl alcohol (H)

Figure 1.6. Structures of lignin monomers

1.3. Bio-refinery concept

In context to the finite availability of fossil reserves, like oil and natural gas, the use of
renewable raw materials, specifically, biomass becomes a vital issue for the future chemical
industries. The distribution of fossil reserves is limited to few areas, and this leads to
geopolitical conflicts. However, the biomass is ample and more evenly distributed over the
planet. Incorporating biomass in the industrial profile by the countries having limited fossil
resources can contribute to preserve energy and chemicals independence.

In the current scenario, the generation of energy and chemicals is based mostly on the
use of fossil reserves. Industries producing useful fuels, chemicals, and energy by the use of
petroleum-based feedstocks gives rise to air pollution by greenhouse gases (GHGSs), particle
matters (PMs), toxic gases as NOx and SO, as well as water and soil pollution through toxic
industrial wastes. In 1965 the total world hydrocarbon consumption was about 3.7 billion toe
(tons oil equivalent), which increased to 9.3 billion toe/y in 2000 and 12.7 billion toe/y in 2013
14 Considering the huge rise of world’s population and the genuine need for a better life, it is
apparent to develop bio-refinery model based on renewable resources. Figure 1.7 shows the

concept of refinery and biorefinery.
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Figure 1.7. Conceptualization of refinery and Bio-refinery

Biomass is a natural energy carrier from the sun to the terrestrial life. Modern chemical
technology called bio-refinery can solve the challenging task for replacing fossil hydrocarbon
processing by biomass conversion into similar or new products which delivers, fuels,
chemicals, and energy for substantial needs of the society. The implementation of bio-refinery
could minimize the use of energetic and material resources, as well as practice recycling of
waste from agriculture, industry, or domestic activities. It includes the sustainable and green
approach, and compatible with sustainable development. It ensures economic development
based on renewable resources, by generating opportunity in both industry and agriculture, and

shielding the environment 3,
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Figure 1.8. Bio-refinery concept

Figure 1.8 represents the bio-refinery concept; in the first step, the feed is subjected to pre-
processing, which produces primary products directly. For example, biomass pyrolysis leads
to pyrolysis oil from which some valuable chemicals such as alcohol, esters, phenols, and
complex organic molecules could be formed, which otherwise requires complicated organic
synthesis. After pre-processing, the treated biomass is sent to distinct technology platforms,
where it is converted into targeted products.

In most of the available biorefinery literature, utilization of cellulose and hemicellulose is well
reported while lignin fraction is underutilized due to its complexity and used as low-value
products by burning to generate heat. In cellulosic ethanol production, a large amount of lignin
is produced as a by-product. Utilization of it will boost the economy of cellulosic ethanol,
which is required to enhance the use of cellulosic ethanol.

1.4. Lignin isolation techniques

Lignin isolation is achieved by giving the physical and chemical pre-treatment to solubilize it.
Variation in properties of isolated lignin can be seen and dependent on the method used for its
isolation. Common factors found in all the known process are the pH of the system, nature of
solvent and solute participating in lignin isolation, the ability of solvent and solute to stop the
recondensation and nature of the solvent to dissolve the lignin . Currently, isolation of lignin
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is carried out using four available processes on industrial scale, namely; Kraft, Sulfite,
Organosolve, and Soda. Further, it can be categorized as sulfur free and sulfur enriched lignin.
Lignin isolated using Kraft and Sulfite methods are typically enriched with sulfur while lignin
isolated from Organosolv and Soda methods does not contain sulfur and shows similarity to
the native structure of lignin.

1.4.1. Kraft process

Lignin isolation using Kraft process is achieved by the addition of lignocellulosic biomass into
the solution of sodium hydroxide, and sodium sulfide then heated between 150 °C-180 °C
around two hours, which will break the bond between cellulose, hemicellulose, and lignin
followed by acidification and precipitation. Lignin produced using Kraft process contains a
small amount of sulfur impurity.

1.4.2. Sulfite process

It is the largest known process used for the isolation of lignin to produce approximately 1000
tonnes per year of lignin 8. In a typical procedure, lignocellulosic biomass is dissolved in the
aqueous solution of sulfite and bisulfite salt with changing the counter ion such as calcium,
magnesium, ammonium, and sodium 7. The pH of the solution varies between 1-13.5
depending on the counter cation. Aliphatic chain of lignin is sulfonated at different positions
depending on the pH of solution, which helps in the solubility of resulting lignosulfonate with
hemicellulose impurity. Further purification of lignin is required to remove carbohydrate
impurity using different technologies such as precipitation, ultrafiltration, and destruction of
sugars.

1.4.3. Organosolv process

In this method, lignin isolation is carried out using the aqueous-organic solvent mixture, like
acetone, methanol, ethanol, or acid (formic acid, acetic acid, sulphuric acid) heated up to 180
°C 8 The high impact of this method is the use of low temperature and pressure, along with
the production of sulfur free lignin. Commercial-scale production of lignin through this method
is yet to explore, but in the future, it has the potential to replace the Kraft process due to the
production of high purity lignin.

1.4.4. Soda process

This method is extensively used for the non-woody biomass source, €.g., sugar cane or flax. In

a typical procedure, lignocellulosic biomass is first dissolved into aqueous NaOH *° and heated
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up to 160 °C. The primary step involves the depolymerization of lignin by cleaving ether
linkages (o and ), resulting in the free phenolic group. Pre-treated lignin is now soluble in an
aqueous medium and can be separated from pulping liquor using precipitation and filtration
method. High purity sulfur free lignin is produced using this method as compared to the sulfite
process, but obtained lignin has much lower molecular weight.

1.5. Lignin applications

Various functional groups (phenolic hydroxyl, aliphatic hydroxyl, carbonyl, methoxyl) present
in lignin make it a versatile raw material for the various application. It has the potential to be

converted into value-added products. Currently, lignin is being utilized in various ways (Figure

1.9) such as:

1. Macromolecule synthesis

2. Fuel-syngas production

3. Source of aromatic compounds (phenol, hydrocarbon and oxidized product)

Among all known uses of lignin, aromatic compounds obtained from depolymerization of

lignin has the highest value %°.
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Figure 1.9. Various applications of lignin

1.6. Recent advancement in lignin depolymerization

In continuation of the above discussion, since the synthesis of chemicals adds the most value
to lignin, its depolymerization into value-added chemicals is carried out using various thermal
and thermo-chemical processes. In the current scenario production of the aromatic compounds
from lignin instead of fossil/petroleum feedstock is gaining the attention of the researcher.
Various reports have been published on the valorization of lignin. This section is dedicated to
discussions on the various methodologies being used for the valorization of lignin. Figure 1.10
represents the schematic of lignin valorization under various conditions such as thermal and

thermo-chemical.
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Figure 1.10. Various pathways used for the valorization of lignin

1.6.1. Thermal depolymerization

Pyrolysis and gasification of lignin come under the thermal depolymerization of lignin.
1.6.1.1. Pyrolysis

Pyrolysis process operated at high temperature (370-550 °C) under the anaerobic condition for
few seconds to minutes produces mixture of low molecular weight compounds such as
guaiacol, syringol derivatives. These can be used as it or can be further converted into value-
added chemicals and fuels. The yield of low molecular weight compound can be increased by
using catalyst Cr.03/Al,03 and NiMO/SiO,-Al.03 2. HZSM-5 was also reported for the
pyrolysis of lignin and enhanced the yield of low molecular weight compound . Pyrolysis is
a known commercial-scale process for the utilization of lignin. Currently in Wisconsin, USA
50 tons of biomass/day; Vancouver, Canada 10-100 tons of biomass/day; and Finland 12 tons
of biomass/day is commercially converted into value-added products 23-2°,

1.6.1.2. Gasification
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Gasification is a process in which biomass is gasified in the presence of an oxidant such as
oxygen or air under high temperatures. Gasification of lignin is carried out using supercritical
water or without it (Tc=374 °C, Pc=218 atm) for 60 minutes 3%, Under these conditions, a
mixture of CO and H> (synthesis gas) along with CO, CO2, hydrogen, methane (producer gas)
are generated 3% 3, The advantage of using this process is its thermal efficiency because it
operates in aqueous media, so drying of biomass is not required. Optimization of reaction
condition and catalyst help in getting many products from this route like olefin, alcohol,
gasoline, and many other essential chemicals *. Gasification of alkyl phenol as a lignin model
compound was reported for the synthesis of syngas using Ru/TiO. under supercritical water at
400 °C *®. Lignin gasification activity was checked with commercial Ni catalyst and showed
20% yield of the gaseous product within 1h *7.

1.7. Thermo-chemical depolymerization

1.7.1. Acid catalyzed

Earlier lignin isolation was achieved using acid pulping from lignocellulosic biomass instead
of depolymerization of lignin into value-added chemicals *8. The same strategy was used for
hydrolysis of lignin and model compounds to yield low molecular weight compounds using
Lewis acids 3% 40, zeolites 44, acidic ionic liquids *> %6, mineral acids #” *¢ and organic acids
38,49 In acid catalyzed depolymerization, hydrolytic cleavage of a.and B ether linkages is more
prominent as compared to C-C bond cleavage, because aryl-aryl ether and phenolic C-O bond
are more stable as compared to them *°. Lewis acid (AICIs, BFs3, FeCls, ZnCls, catalyzed lignin
depolymerization uses thermodynamically favorable path and highly dependent on reaction
temperature yielding low molecular weight compounds . It was reported in the comparative
study of crystalline and amorphous solid acids that solid acids can effectively depolymerize
the various lignins to produce low molecular weight compounds at 250 °C under N2 atmosphere
in methanol and water (5:1 ratio) solvent 5> 5 to achieve ca.62% of low molecular weight
compound formation.

1.7.2. Base catalyzed

Base catalyzed lignin depolymerization is usually carried out using commercially available
cheaper homogeneous bases like LiOH, NaOH, KOH, and CsOH at 270-350 °C. Base catalyzed
lignin depolymerization involve in the cleavage of an aryl-alkyl bond, including B-O-4, which

is the weakest bond present in the lignin ®*°°. Base catalyzed lignin depolymerization is known
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for high yielding low molecular weight compounds because coke and char formation can be
restricted in basic media Product selectivity is dependent on the reaction parameters employed
for depolymerization like time, temperature, pressure, base concentration and lignin/solvent
ratio °> 57 %8 In base catalyzed depolymerization reaction basic strength of used bases has a
high impact on lignin conversion and product selectivity >* . The extent of depolymerization
is also observed to increase when the reaction is carried out in phenol or alcohol as compared
to aqueous solution due to the increase of the solvolysis effect of ether linkages. Solid product
formation is a significant concern in base catalyzed depolymerization due to
repolymerization/condensation reactions taking place at the same time in reaction media, which
in turn lowers the yield of monomers. Few efforts are made to minimize the repolymerization
reactions using capping agents such as boric acid, phenol, 2-naphtol and p-cresol by capturing
the reactive species responsible for repolymerization reactions °" % %2 In base catalyzed
depolymerization, some acidic molecule are also formed, decreasing the active catalytic site by
the time due to acid/base neutralization reaction. Efficient depolymerization of lignin is too
reported using solid base in ethanol and water media at 250 °C and shows ca. 51% yield of low
molecular weight compounds 3.

1.7.3. Metal catalyzed

The effect of the metal is also well studied in the depolymerization of lignin. The
depolymerization using NiCl,, or FeCls gives only 2.5% yield of catechol at 305 °C %. Two-
step strategy used for the depolymerization of Kraft lignin firstly treated by Si-Al catalyst in
H.O/butanol solvent followed by the use of ZrO,-Al.O3-FeOx to increase the overall yield of
phenol is possible with a yield of 6.5 -8.6 % of methoxy phenol ®°. The activity of 20 wt% Pt/C
catalyst was checked in formic acid, and ethanol solvent for depolymerization of lignin isolated
from switchgrass using Organosolv method shows improvement in the yield of guaiacol
derivative. A combination of Pd with SAC-13 was checked for the depolymerization of dry
spruce lignin in agueous medium at 300 °C gave less than 5% yield of the phenolic compound,
including guaiacol, pyrocatechol, and resorcinol. Metal catalyzed depolymerization is also
possible at a lower temperature (200 °C), but lots of effort are required to understand and clarify

the mechanism and function of metal and acid in depolymerization of lignin.
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1.7.4. Supercritical fluid

The low viscosity of supercritical fluids helps in the dissolution of lignin, enhancing the use of
it for the depolymerization of lignin. Carbon dioxide, acetone, ethanol, and methanol are known
as supercritical fluids. Depolymerization of lignin and model compound using supercritical
fluid such as methanol and ethanol are reported at 239 °C and 8 MPa. In addition, the use of
homogeneous bases along with alcohols found to enhance the yield of low molecular weight
compound (catechol, guaiacol, p-cresol, o-cresol) due to solvolysis of C-O-C linkages ¢ 57
while C-C linkages remain stable. Depolymerization of Organosolv lignin is reported between
235-600 °C and up to 10 MPa in supercritical water along with phenol as a capping agent,
which is helping in the suppression of repolymerization and char formation at high temperature
%8, An increase in the yield of water-soluble products such as catechol, m-cresol, p-cresol, o-
cresol, and phenol was found in supercritical water at 350-400 °C, and 25-40 MPa and also
evidence of both C-O-C and C-C bond cleavage is seen ®°. The advantages associated with the
use of supercritical fluid is high solubility of lignin in these solvents and easy separation of
depolymerized products. However, high temperatures and pressures associated with this
process is a disadvantage.

1.7.5. lonic liquid

The high solubility of lignin in ionic liquids enhances the degree of depolymerization of lignin
following carbocation reaction pathway > . An improvement in depolymerization activity
was found when the ionic liquid was used in combination with Lewis acids. Lewis acids, like
metal halides, help in the cleavage of p-O-4 bond 2. In-situ generated hydrochloric acid by the
hydrolysis of metal halide is an active catalytic species in this process. The ionic liquid can
also act as a catalyst and solvent in the lignin depolymerization reaction. The use of 1-H-3-
methylimidazolium chloride has been reported for the hydrolysis of the lignin model compound
at 150 °C and resulted in 70% vyield of guaiacol . The reaction mechanism of the hydrolysis
of the lignin model compound depends on acidity as well as the nature of cation and anion and
their interaction with substrate ". Raw lignocellulosic biomass can be converted directly in
ionic liquid due to its inherent ability to dissolve it "*. Conversion of raw biomass is reported
using (Amim)CI ionic liquid, which is helping in the complete hydrolysis of cellulose and

hemicellulose along with depolymerization of lignin into substituted phenols . Efficient
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depolymerization of lignin was reported using BAILs with —SO3zH group at 120 °C in methanol
and water solvent gave 78% yield of low molecular weight aromatic compounds ®.

1.7.6. Oxidative depolymerization

Oxidative depolymerization of lignin is reported between 140-160 °C using hydrogen peroxide
as an oxidant along with alkali metal and mineral acid, which increases the functionality of the
depolymerized products by incorporating oxygen in the products ’’. Gaseous oxygen is also
employed for the oxidative depolymerization of lignin to yield products like vanillin,
syringaldehyde 788, Oxidative depolymerization of lignin can be achieved using both
homogeneous and heterogeneous system, but the ease of separation from reaction media make
the heterogeneous system more preferable.

1.8. Applications of depolymerized products

Depolymerization of lignin produces low molecular weight compounds, and those can be used
in various applications. Few of the applications are summarised below:

= Guaiacol

Guaiacol can be used in the synthesis of active pharmaceutical components. It also has
applications in flavoring, food, and perfumery industries. The medical application of guaiacol
is also known and can be used as antiseptic and local anaesthesia.

= Catechol

Catechol generally is used in the synthesis of pesticides and intermediate products of the
perfumery industry. It has a potential application in the polymer industry. It can be used as a
building block for the production of various polymeric materials consisting of fascinating and
interesting properties such as white and black photographic developers to increase the contrast
of the image.

<= Eugenol

Eugenol is important in dentistry due to its anaesthetic and analgesic effects. It has a potential
application in the design of new drug delivery. It can also be used in the flavor and perfumery
industry.

= Resorcinol

Resorcinol is used as a raw material in many reactions. It is used in the rubber industry for the
production of polyester, nylon, rayon fiber, etc. Moreover, it is being used in the synthesis of

various fine chemicals such as fire retardants, UV absorbers, elastomers, and polycarbonates.
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= Vanillin

Vanillin is used in the food and fragrance industry. Application of vanillin in food is a flavor
enhancer at many places such as chocolate, biscuit, bread, beverage, and ice-creams. It is also
used to create a milk-like fragrance in cosmetics and perfumery products.

= Phenol

Phenol is an important intermediate product used in various places, such as in the production
of polycarbonates, bakelite, detergent, and herbicides.

Overall, Lignin has the potential to produce variety of chemicals, which can be used in various
places. Depolymerization of lignin produces low molecular weight compounds, those have
variety of potential applications. Although various reports are present for the depolymerization
of lignin, those have some limitations like the use of precious metal, formation of coke, use of
high temperature and pressure. It was also noted that the depolymerization of lignin produces
a complex mixture of low molecular weight compounds. These low molecular weight
compounds can be used in various places, but their separation or further conversion will
improve the use of it.

1.9. Catalyst and Catalysis

Catalyst is a material used in many chemical reactions to help in selecting the faster path for
desired product formation without affecting thermodynamics of reaction, and it remains
unchanged at the end of the process. The process in which catalyst is used and participates in
the reaction is called catalysis. The inherent properties and concepts related to catalysts and

catalysis are summarized below:

“.|H|\.,

Catalyst activity can be explained in terms of conversion (mole of reactant converted/mole
of reactant charged), turnover number (mole of product/mole of active catalyst site), and
reaction rate (mole of product/volume of the catalyst). However, if catalyst activity is very
high and forming more selective products, then a lower quantity of catalyst is also sufficient

to complete the reaction.

,“H“..

Higher stereoselectivity of the catalyst reduces the cost of separation of products in the

chemical reaction.

"”H“’

Easy regeneration of the spent catalyst increases the catalytic cycle of the catalyst.

"”H“’

Catalyst should be economical.
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Catalysis can be categorized into two categories based on phases involve in chemical reaction
i.e., heterogeneous and homogeneous.

1.9.1. Heterogeneous catalysis

In heterogeneous catalytic system, phases of solvent, reactant, product, and/or catalyst are
different. Generally, catalyst is present in the solid phase, and reaction and product can exist in
liquid or vapor phase. Mostly, metal oxides, supported metal catalysts, zeolites, resins,
inorganic solids are categorized in this category. Advantages and disadvantages of using
heterogeneous catalysis are as follows:

Advantages:

= Easy separation from reaction media

= Avoid liquid waste treatment

= Avoids corrosion of the reaction vessels

= Easy and safe handling

= Easy recovery and regeneration

Disadvantages:
= Control of temperature in the exothermic reaction
= Diffusion limitation

Restricted access to active sites

,‘||+||..

,‘||+||..

Reproducibility of catalyst properties

1.9.2. Homogeneous catalysis

The reaction mixture, including reactants, products, solvent, and catalyst are present in the
same phase. It includes organometallic complexes, soluble acids, bases, and salts. Advantages
and disadvantages associated with the homogenous system are as follows:

Advantages:

= All catalytic sites are involved in the chemical reaction

= Reaction temperature of the exothermic reaction can be controlled

Disadvantages:

= Recovery of catalyst from reaction media is difficult

= Corrosion of system with homogenous acid

<= Treatment cost of waste is high
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= Product contamination

The present work is focused on the homogeneous base catalyzed depolymerization of lignin
and understanding of the products formed in the reaction. It was reported in the literature that
after the depolymerization reaction and neutralization process, two-layers are formed in the
reaction mixture i.e., liquid layer and solid layer. This system is interesting because in an
alkaline aqueous medium, almost all lignin is soluble and thus overall process becomes
homogeneous. In view of this, the present work is carried out to explore the study of base
catalyzed lignin depolymerization and understanding the nature of the product.

1.10. Closest available literature for the present work

1.10.1. Lignin depolymerization

Base catalyzed lignin depolymerization was studied to explore the effect of an alkaline base
such as NaOH, KOH, Na>COz, and K>COs. Product analysis shows that the alkaline additive
promotes the depolymerization process by decarboxylation and removal of the unsaturated
alkyl chain. A two-step process was developed for the base catalyzed depolymerization of
lignin in which the first step is depolymerization of lignin and second step involves partial
removal of oxygen, to produce mixture of compounds like phenyl, cycloalkyl methyl ethers,
alkylbenzene, alkylated cycloalkane 8. Depolymerization of softwood lignin was reported
using 5% NaOH solution in aqueous media between 300-330 °C and 9-13 MPa (N2) pressure
82_Organosolv lignin was depolymerized into syringol and hydroxyacetophenone at 300 °C and
25 MPa (N2) pressure 8. Lignin model compound was studied using Cs,CO3 at 180 °C and
produced methoxy benzene as a product. Lignin model compound, 2-phenoxy-1-phenethanol
was studied over Ni supported on hydrotalcite at 270 °C in which cleavage of p-O-4 aryl ether
linkages gave phenol and acetophenone as products. The same reaction condition was
employed for the depolymerization of Organosolv lignin, mixture of product like guaiacol,
catechol, eugenol, vanillin was observed 8. The catalytic activity of copper supported porous
metal oxide (Cu/PMOQ) was investigated for the Organosolv lignin depolymerization between
140-220 °C and under 3-6 MPa H: to yield catechol derivative along with some oligomeric
products &. Solid base MgO is reported for the depolymerization of pine lignin at 250 °C, and

13% vyield of substituted phenol was achieved.
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1.10.2. Upgradation of lignin-derived monomers using
defunctionalization/hydrodeoxygenation path

Guaiacol is one of the depolymerized product of lignin and widely studied as a model
compound of lignin. It has similar types of carbon-oxygen linkages which are present in the
lignin like oxygen-carbon bonds: C(sp3)-OAr (methoxy group), C(sp2)-OMe and C(sp2)-OH
(hydroxyl) having bond energies about 247, 356 and 414 kJ/mol, respectively 8. Considering
this, research is devoted to use guaiacol as a representative compound of lignin-derived
chemicals for hydrodeoxygenation (HDO) reactions. It is known in the literature that solid
acids 8" 8 solid bases & and acidic ionic liquids ° °! can depolymerize lignin under milder
conditions (<250 °C, N) to yield low molecular weight compounds including guaiacol.

Since cyclohexanol and cyclohexanone (KA oil) are industrially important chemicals
in the synthesis of adipic acid, which is being used as an intermediate in the production of
polymeric material, it is desirable to produce them from bio feedstock instead of fossil
feedstock derived benzene, phenol, and cyclohexene. The expected market of adipic acid is
approximately USD7000 million in 2019, which makes it one of the interesting molecule to
synthesize. A large number of studies are there in literature for hydrodeoxygenation of guaiacol
using the precious and nonprecious supported metal catalyst to produce cyclohexanol.

Ru supported on carbon is reported for HDO of bio-oil at 340 °C and 8 MPa Ha in
aqueous medium showing formation of mixture of upgraded monomers %2. Ru/ZrO,-WOx
catalyst is also reported for the formation of mixture of products (cyclohexanol,
cyclohexanone, cyclopentanone) at 270 °C and 4 MPa H; pressure %. Pd-WO/Al,O3 catalyst
at 300 °C and 7 MPa Hz in n-decane solvent is reported to give 88% cyclohexane yield ®*.
Comparative study of Pd, Ru (240-330 °C), and Mo2C (330-375 °C) supported on carbon is
done at 3.4 MPa H: in decaline solvent, and it was observed that the ring hydrogenation occurs
at 240 °C and C-O bond cleavage occurs above 300 °C %. Previously from our group guaiacol,
HDO reported in the presence of Pt, Pd, and Ru metals loaded on various supports (acidic,
basic and neutral) at 250 °C under 3 MPa H> in hexadecane solvent and the results showed that
distribution of products is a function of nature of support *. The comparative study of Pt/HY
and Pt/HZSMS5 catalyst is reported for HDO of guaiacol at 250 °C and 4 MPa H: in decane
solvent where Pt/HY catalyst has shown better activity for the formation of complete HDO

product (cyclohexane) ®’. Ru/SiO; catalyst has shown complete conversion of guaiacol with
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55% yield of cyclohexane in n-dodecane at 300 °C and 5 MPa H; 8. The activity of bimetallic
RuRe/C and RuRe/MWCNT is also monitored for HDO of guaiacol at 200 °C, and 2 MPa H>
in n-heptane medium and cyclohexanol formation was seen as a major product.®®

Besides precious metal, significant research is also devoted to the use of non-precious
transition metal based catalysts (CoMoS, NiMoS, or Mo2N) under similar condition for the up-
gradation of crude oil in flow system at 300 °C and 4 MPa H *°°. However, these catalysts are
associated with limitations like low activity and contamination with sulfur containing products
along with desired products (cyclohexane, toluene, and catechol) 1% 191 Few other Ni and Fe
containing catalysts are also used for the HDO of lignin model compounds, but those showed
respectable activities at higher temperature (>350 °C), resulting in undesired by-product
formation like CHs and CO 92194 NiCo/Al.Os catalyst is reported for the HDO of guaiacol to
yield cyclohexanol as a major product (70%) at 200 °C and 5 MPa H> pressure in aqueous
medium 1%, Recently, CuNi/Ti-MCM-41 catalyst is used for HDO of guaiacol at 260 °C and
10 MPa Hz in heptane solvent showing 74% conversion of guaiacol with 48% selectivity of
cyclohexane 1%,
Typically, it is seen in the reported literature multiple factors involves in HDO reaction to get
maximum yield. Among all factors nature of support and solvent has significant role in HDO
activity. In a bifunctional supported metal catalyst, metal splits H and support is responsible
for the cleavage of C-O bond(s) 107110,
1.10.3. Upgradation of lignin derived monomer using functionalization pathways
The depolymerization of lignin produces low molecular weight compounds. These phenolic
monomers have high O/C ratio, which reduces its fuel quality, hence to improve the fuel quality
of lignin derived low molecular weight compounds, the O/C ratio should be reduced, or C/H
ratio should increased. HDO process is generally preferred to reduce the O/C ratio 11114 and
the alkylation process is favored to adjust the carbon number to improve the carbon number of
the product °. The possible route for alkylation is either through C-O bond activation or
through C-H bond activation 16-119,

The alkylating agent used for alkylation is either olefins or alcohols 12122, Alkylation
of phenols is an electrophilic aromatic substitution. In the case of alcohols, the electrophile can
be the protonated alcohol (an alkoxonium species) or a carbenium ion resulting from alcohol

dehydration. In the alkylation reaction, O-alkylation products are formed by the electrophilic
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attack on the phenolic OH while, C-alkylation products are formed when electrophile attack on
the aromatic ring. It has also been proposed that C-alkylation products could be formed through
intramolecular rearrangement of the kinetically favoured O-alkylation product, i.e., via an aryl
alkyl ether intermediate product 1% 117118 These alkylated phenolic compounds have wide
applications as additives in gasoline, lubricants, and consumer products 23 124,

Upgradation of various lignin derived phenolic monomers were carried out to produce
alkylphenol over different solid acid catalysts 12°12°, The effect of acid-base property of
catalyst was investigated for alkylation of phenol with methanol over modified MgO catalyst.
The result showed an increase in phenol conversion and 2,6-xylenol selectivity with acidity,
whereas the selectivity to o-cresol decreased since the reaction proceeds further (phenol—o-
cresol—2,6-xylenol—2.4,6-trimethylphenol 2. Immobilized ionic liquids were used as acid
catalysts for the alkylation of phenol with dodecane, which showed higher selectivity for
monoalkylated products %6, a-zirconium phosphate (ZP) nanoparticles solid acid catalyst were
studied in the alkylation of phenol with cyclohexanol under solvent-free conditions resulted in
excellent conversion of phenol and selectivity toward 4-cyclohexylphenol *27. The alkylation
of phenol with cyclohexanol and cyclohexene in the presence of HY and
dealuminated/ultrastable Y zeolite catalysts were studied over a range of temperatures 140-
220 °C at atmospheric pressure for 2-12 h. A mixture of isomeric cyclohexylphenol was
obtained, consisting mainly of 4-cyclohexylphenol 2. The alkylation of m-cresol with
isopropanol over HY zeolite was studied in a liquid phase system. Isopropanol favours O-
alkylation while propylene favors C-alkylation.'?®. More than 85% conversion of various
phenolic monomer is achieved at 250 °C within 2 h to produce various alkylphenols without
the addition of gaseous hydrogen. A series of sulphate-promoted ZrO> solid acid catalysts were
tried for the liquid-phase alkylation of catechol to guaiacol in a fixed-bed down-flow reactor,
showed 82% conversion of catechol with 84% selectivity of guaiacol at 200 °C and 0.1 MPa
pressure. This study reveals the direct correlation between the catalytic activity and surface
acidity of sulphated zirconia **°. The alkylation of phenol with methanol over copper aluminum
hydrotalcite catalysts has been reported. Their result showed selective C-alkylation of phenol
to produce o-cresol and 2,6-xylenol due to the higher acidity of these catalysts 23, From this

literature survey, it reveals that solid acid catalyst shows better activity in the alkylation of
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phenolic monomers. Hence in this thesis, we have tried to study the effect of different solid

acid catalysts in the alkylation of guaiacol as a model compound with different alcohols.

1.11. Motivation of the work

Lignin is recognized as a renewable source of an aromatic compound. Depolymerization of it
will produce phenolic monomers, can be utilized as a fuel additive and intermediate products
in many applications such as food, chemical, and polymer industry. However,
depolymerization of lignin provides complex mixture of aromatic monomers, and separation
of obtained monomers is still challenging task. Various efforts were made for the value addition
of lignin still there is a need to developed an effective method for the depolymerization lignin
and utilization of obtained monomers. Among all known method base catalyzed
depolymerization is an efficient method operated at the milder condition. Generally, the
solubility of lignin is very high in an alkaline medium; however, base -catalyzed
depolymerization produces two separate layers after depolymerization. In this thesis, we have
used homogeneous base for the lignin depolymerization and focused on understanding the
product distribution based on the solubility of lignin and depolymerized product. Another
perspective of this work focuses on the use of the depolymerized product by its value addition.
Many reports are present for the value addition of depolymerized product using precious and
nonprecious supported catalyst at high temperature and pressure, so the inspiration of this thesis
is to depolymerize lignin to get aromatic monomers and their value addition using the catalytic
pathway.

1.12. Objective and scope of the thesis

Based on the overall discussion about lignocellulosic biomass, depolymerization of lignin
produces aromatic monomers, has a potential to replace the variety of chemical and fuel derived

from the fossil feedstock, We have set following objective of my work,

,.|H|\.,

Use of actual lignin for the depolymerization process

,‘||*||..

Use of homogeneous bases for depolymerization of lignin

,“H“..

Understanding of the product distribution

"”H“’

Correlation between lignin and depolymerized product

"”H“’

Up-gradation of lignin model compound using supported metal and solid acid catalyst
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Details background study of lignin suggests structural property of lignin is dependent on the

plant species and isolation technique. Therefore before depolymerization, it is desirable to
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Scheme 1: Base catalyzed lignin depolymerization into monomers

understand the nature of lignin. Various physicochemical methods were used for detailed
characterization of lignin such as FTIR/ATR for functional group analysis, CHNS for the
correlation of molecular formula, ICP-OES for trace metal analysis, XRD for the confirmation
of cellulose impurity and amorphous nature, TGA-DTA for the thermal degradation.
Synthesis of supported metal and solid acid were carried out to complete another objective of
the work, i.e., upgradation of lignin model compound to provide a complete solution for the
value addition of lignin.

Characterization of synthesized catalysts was done to correlate the catalytic activity of the
respective catalyst.
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Scheme 2: Upgradation of lignin derived monomers

1.13.  Outline of the thesis

The thesis is divided into seven Chapters, the current Chapter includes discussion about the
component of biomass, isolation technique used for lignin extraction from the lignocellulosic
biomass, the requirement of the lignin value addition, up-gradation of lignin model compound.
In the end, the motivation of the work followed by the scope and objective of the thesis
incorporated in this Chapter.

The second Chapter discusses lignin characterization and catalysts characterization, which was
synthesized to carry out the up-gradation of the lignin model compound. This Chapter is
divided into two subparts. In 2A, various lignin used for the depolymerization were thoroughly
characterized. Moreover, 2B, detailed characterization of supported metal and solid acid
catalyst using XRD, NH3/CO.-TPD, ICP-OES, TEM, SEM, BET, CHEMISORPTION.
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Chapter three, Base catalyzed lignin depolymerization into phenolic monomers and
identification and quantification of products using GC, GC-MS, LC-MS, ATR. A unique model
compound study is also carried out to correlate the relation between depolymerized products
and lignin.

The fourth and fifth Chapters are about the up-gradation/defunctionalization of the lignin
model compound using supported metal catalyst. These Chapters further divided into two
subchapters. Chapter 4A, Hydrodeoxygenation/defunctionalization of lignin model compound
using precious metal (Ru) and external H> source, Chapter 4B, is the same but using transfer
hydrogenation pathways. Chapter 5A, hydrodeoxygenation/defunctionalization of lignin
model compound using non-precious metal (Co,Ni) and external source of H, above all
reactions are carried out using Parr make batch mode reaction. However, Chapter 5B discusses
hydrodeoxygenation /defunctionalization of the lignin model compound using continuous flow
reactor.

Chapter 6, Upgradation/functionalization of lignin derived monomers using solid acid catalyst

Chapter 7, Conclusion, discuss the main results and novelty of the work.
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Chapter 2A

Lignin Characterization
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2A.1. Introduction

Lignin is mainly comprised of three structural units namely, p-coumaryl, coniferyl, and sinapyl
alcohols, those are joined with each other either via ether (C-O-C, p-O-4, a-O-4, 4-O-5) and
C-C (BB, B-5, B-4, 5-5) linkages *. Waste produced from the paper and pulp industry is rich
in lignin fraction, which could be used for the production of value added chemicals. The global
production of lignin in Kraft pulp mills is over 70 Mt-yr™, primarily in the form black liquor, 2
which is used for the production of electricity 3. However, lignin is the only potential renewable
source for the synthesis of high-volume aromatic compounds for the chemical industry 5. At
present, more than 98% of lignin is burned as a feedstock of energy, mostly in the paper and
pulp industry 8. Moreover, some low value applications of lignin are known such as phenolic
resins, polyurethane foams, epoxy resins, printed circuit boards, dispersing or emulsifying
agents, low-grade-fuel, wood panel products, automotive brakes, etc. >1. The proper utilization
of this black liquor generated from paper mills will not only resolve the disposal issue but also
will play significant role in the production of aromatic chemicals in biorefinery concept. The
heterogeneous molecular structure of lignin creates difficulty in development of
depolymerization processes for the production of commercial high-value products from lignin
12 Different chemical processes, such as pyrolysis, hydrocracking, hydrogenolysis, hydrolysis

and oxidation have been used to depolymerize lignin 316,

The structure and properties of lignin depend upon different factors such as age/type of plant
species, weather, soil nutrients, isolations procedures, etc.t’2°, Since, in the present work,
lignin depolymerization reactions were carried out using real lignin, it is important to
characterize lignin before depolymerization reactions to understand their various physico-
chemical properties 2123,

2A.2. Materials

Different types of lignin substrates purchased from commercial sources are summarized in

Table 2A.1. and those were used as it is without any further pre-treatment.

Table 2A.1. Summary on the lignin substrates used in the depolymerization study

Sr.No. | Substrate Mw (KDa) Supplier Product code

Ph.D. Thesis Submitted to AcSIR 2020 39



Industrial -N lignin - - -

1 Lignin, Alkaline 60 TCI Chemicals L0082
2 Lignin, Dealkaline 60 TCI Chemicals L0045
3 Lignin, Alkali 28 Sigma Aldrich 370959
4 Na-lignosulfonate lignin 52 Sigma Aldrich 471038
)
6

Industrial -K lignin - - -

Lignin obtained from different sources were characterized using different physico-chemical
techniques because it is known from the literature that properties of lignin differ from each
other.

2A.3. Lignin characterization methods

Lignins were characterized using different physico-chemical techniques like elemental analysis
(C,H, N, S), TGA-DTA, XRD, ICP-OES, SEM-EDAX, ATR, NMR etc.

2A.3.1. CHNS elemental analysis

CHNS elemental analysis is used for the calculation of C, H, N and S present in given organic
and inorganic matrices. It is used for the wide variety of samples in different states like solids,
liquid, volatile and viscous, in the fields of pharmaceuticals, polymers, chemicals,
environment, food and energy. The analysers are constructed in modular form and it is set up
in number of different configurations to determine, the varying combination of elements like
CHN, CHNS, CNS or N depending on the application. Various range of sample weights can
be used from a fraction of a milligram to several grams (macro-systems). CHNS analysis
usually carried out at high-temperature in oxygen medium and is based on the classical Pregl-
Dumas method 2*. Combustion of substance can be executed in two ways i.e. static and
dynamic, in static combustion fixed volume of oxygen, and in dynamic condition constant flow
of oxygen is passed over the sample. Often, combustion of catalyst also can be achieved to
calculation complete combustion measurement. Elemental analysis studies were done in
Thermo Finnigan, Italy; model EA1112 Series Flash Elemental Analyzer. This analyser
measures the amount of C, H, N and S in samples by rapid combustion of small amounts (1-2
mg) of the sample in pure Oz (Dumas method or “flash combustion”). The analysis of all
elements in the CHNS group was performed simultaneously. General monomer molecular

formula of lignin sample was calculated and expressed as CxHyOz (x = 7-10; y =5.4-13; z =
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3-6.3). The obtained results were correlated with available literature 2> 2% and summarized in
Table 2A.2 Except industrial N lignin, other lignin samples contain small amount of sulphur
which is the indication of isolation procedure used for lignin i.e. Kraft process. Higher heating
value (HHV) and double bond equivalence (DBE) of lignin samples were calculated and
summarized in Table 2A.2. Higher heating value showed the amount of heat generated by the
combustion of particular fuel. In lignin samples HHV varies between 34-46. Double bond
equivalence is expressed as the degree of unsaturation in molecule. In case of benzene and
phenol DBE is 4 (considering one for each double bond and one for ring). Except for Na-
lignosulfonate lignin, other lignin samples have DBE between 4.5-5.1, which is an agreement
of basic monomers unit of lignin (coumaryl alcohol, sinapyl alcohol, coniferyl alcohol) which

have DBE number 5 similar to lignin samples.

Table 2A.2. Summary on the elemental analysis of different lignins used in depolymerization

studies

Sr. | Lignin Elemental composition | MMF2 HHV® | DBE®
No. (%)
C H O S

1 | Lignin, Alkaline | 52.0 |5.0 [40.9 | 2.0 | Cs7H91051S013 | 34.0 4.5

2 | Lignin, 65.0 | 7.0 | 258 |0.9 | C10H1303S0.09 36.8 5.1

Dealkaline

3 | Lignin, Alkali 66.1 | 7.0 |259 |0.7 | C10H1303S0.04 345 4.5

4 | Na-lignosulfo- |42.0 |5.0 [49.3 |3.7 | C7H91062S0.04 46.1 3.4

nate lignin
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5 Industrial -N 326 |49 |619 |- C4H7.1605.72 - 1.4

lignin

6 | Industrial -K|616 |56 |328 |- C10H10.8104 22.9 5.5

lignin

(@ MMF —monomer molecular formula

(b) HHV(MJ-kg™)-higher heating value, calculated using Dulong formula,
HHV=0.3383 x C + 1.442 x (H-0O/8) + 9.248 x S
Where C = weight basis % of carbon, H = weight basis % of hydrogen, O= weight
basis % of oxygen and S= weight basis % of the sulphur,

(c) DBE — double bond equivalence, calculated using formula

(d) DBE =C- (H/2) + (N/2) + 1
Where C, H and N = number of carbon, hydrogen and nitrogen atoms obtained form
MMF

2A.3.2. ICP-OES

Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) is one of the most
common techniques for quantitative elemental analysis. It is highly specific with good
detection capability of multi-element, hence used in a large variety of applications. All kinds
of dissolved samples can be analyzed, including solutions containing high salt concentrations
to diluted acids. A plasma source is used to convert elements into its constituent atoms or ions
by exciting them to a higher energy level. When it returns to the ground state it emits photons
of a characteristic wavelength based on the element present. This emitted light is recorded by
an optical spectrometer. Calibration against standards the technique provides a quantitative

analysis of the elements present in the sample.

For ICP-OES analysis of lignin samples, SPECTRO ARCOS Germany, FHS 12 instrument
was used. The preparation of the samples for ICP analysis was done by following standard

protocol, in which 0.5 g of lignin sample was taken in a crucible and then kept in the muffle
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furnace. Under air, sample was heated to 650 °C for 6 h with a ramp rate of 5°C-min. It is
suggested that during this process, C, H and O will get burned off in the form of CO, CO,, and
CHa etc. and in the crucible only unburned residue will remain. This residue was then dissolved
in millipore water and subjected to ICP-OES analysis, and obtained results are summarized in
Table 2A.3.

Table 2A.3. Summary on the Na concentration present in different lignin samples

Sr. No. | Lignin Na concentration (mg-g?)
1 Lignin, Alkaline 52
2 Lignin, Dealkaline 29
3 Lignin, Alkali 70
4 Na-lignosulfonate lignin 40
5 Industrial -N lignin 23
6 Industrial -K lignin -

ICP-OES analysis shows presence of Na metal in the lignin samples. Since these are
commercial samples and details on their isolation procedures are not mentioned, it was
interesting to know by which method lignins were isolated. Based on the ICP-OES data it is
suggested that mostly, Kraft process is used for the isolation of lignin in which Na,S and NaOH
are used as reagent. It is also evident from the data that in case of lignin, dealkaline after
isolation of lignin by Kraft method, neutralization might have performed, and hence lower Na

content is observed.

2A.3.3. SEM-EDAX analysis

Another technique used to confirm the presence of elements in lignin samples was SEM-EDAX
2128 In this technique, sample is exposed to a source of X-ray, which ejects an electron from
inner shell and creates a hole. When an electron from a higher energy shell fills this hole, energy
is released in the form of X-rays. These X-rays generated are recorded, which is characteristic
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for particular element. The SEM-EDAX analysis of the lignin was performed and presented in
Figure 2A.1. using Stereoscan 440 scanning electron microscope Leo Leica Cambridge UK
Model, with an electron beam of 5-50 eV. SEM analysis shows irregular pattern of lignin and
EDAX analysis is showing presence of sodium (Na) and sulphur element in lignin.
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Figure 2A.1. SEM and EDAX analysis of lignin
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2A.3.4. FT-IR Spectroscopy

Fourier transform infrared (FT-IR) spectroscopy involves vibration of chemical bonds in a
molecule at particular frequencies depending on the elements and types of bonds. After
absorption of electromagnetic radiation, the vibration frequency of a bond increases leading to
transition between ground state and excited states. These excitations of vibrations of the
chemical bonds are specific to the type of bond and the group of atoms involved in the
vibration. The energy corresponding to these frequencies are in the range of mid-infrared
region (4000-400 cm™) of the electromagnetic spectrum. The term Fourier transform (FT)
refers to the collection of data and conversion of an interference pattern to an infrared
absorption spectrum which is like a molecular "fingerprint"”. IR technique has been widely used
for the identification of functional groups in lignin 24, There are about 20 main asymmetric
absorption bands, which are typically observed for high molecular weight compounds with
irregular structures (eg. lignin). Functional group analysis of lignin was performed using
Bruker Optics ALPHA-E spectrometer, USA; with a universal Zn-Se ATR (attenuated total
reflection) accessory in the 600-4000 cm™ region and correlated with open source literature >

% FT-IR analysis of all lignin samples are shown below in Figures 2A.2-3. And Table 2A.4.
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Figure 2A.2. FT-IR spectra of Lignin, (a) Lignin, Alkaline; (b) Lignin, Dealkaline; (c)
Lignin, Alkali; (d) Na-Lignosulfonate lignin.
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(e) Industrial — K lignin (f) Industrial — N lignin
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Figure 2A.3. FT-IR spectra of lignin, (e) Industrial -K lignin; (f) Industrial - N lignin

Table 2A.4. Summary on the various functional groups observed in FT-IR of different

lignins
Band | Type of Wavenumber (cm™) observed in lignin samples
(cm?) | vibration | Alkali | Alka | Dealkali Na- Industrial - | Industrial
-ne -li -ne lignosulfon K -N
-ate

3500- | Alcoholic | 3349 | 3335 | 3350 3350 3347 3345
3100 | and

phenolic

O-H

stretching
2970- | C-H 2932, | 2914 | 2831 - 2929 -
2830 | asymmetr | 2833 | 2833 2831

ic

stretching

in methyl

and
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vibration
of C-H
bond in
syringyl
rings
1030- | C-O 1024 | 1025 1029 1030 1030 1028
1010 | stretching

in
alcohol,
ether/ in
plane
deformati
on
vibration
of C-H
bond in
aromatic

rings

In Table 2A.4 peaks observed in various lignin samples are summarized. Appearance of broad
peak between 3500-3100 cm™ in almost all the lignins is due to presence of phenolic and
alcoholic groups in lignin. Vibrational band between 2970-2830 cm™ arises due to C-H
stretching vibration of methoxy and aldehyde group. Group of bands appears at 1615-1590 cm’
1 1530-1500 cm™ and 1470-1410 cm™ is dedicated to aromatic ring (C-C) vibration and
stretching vibration of C=0 in syringyl guaiacyl unit. An adsorption band present between
1370-1350 is arises due to stretching vibration of aliphatic —-C-H and phenolic —-OH. C-H
stretching vibration of guaiacyl unit shows band between 1300-1200 cm™ A common but major
peak present in all the lignin samples between 1030-1010 cm™ is designated to C-O stretching
in ether and alcohol. Presence of an intense peak at 1107 cm™ Lignin, Dealkaline refer to the

aromatic in plane C-H deformation. Functional groups present in lignin sample are almost
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similar to each other. However, difference in intensity and minimal change in position can be
attributed to their slight structural change originated from different plant species and growing

environment. Also, it can be due to different extraction processes employed for their isolation.

2A.3.5. Solid state *C NMR

Similar to the FT-IR analysis,’*C NMR analysis of lignin samples were carried out to confirm
the aromaticity and functional groups present in the lignin samples. NMR spectra of lignin
samples were recorded using Bruker AV300, Germany, operated at 10 kHz and pulse program
Cp, av. Various reports are present in which NMR technique is used to confirm the
functionality and aromatic nature of lignin.*” 3C NMR spectra of lignin samples are
represented in Figure 2A.5.1- 2A.5.2 and Table 2A.5. Presence of carbonyl (R-CHO) group
in lignin sample was confirmed by the peaks at chemical shift between 180-210 ppm. An
intense peak appearing at 110-150 ppm resembles sp? carbon of alkene and aromatic
compound. Presence of peak at chemical shift between 160-180 ppm confirms the presence of
(R-CO-OR) ester group. A common intense peak found at 55-56 ppm can be assigned to
methoxy group (R-OCHz) linked to aromatic ring. Presence of chemical shift between 55-90
ppm is due to sp3 carbon directly linked to oxygen atom of (R-CH2-O, R1-C-O, R2-CHO, where
R, R1, Ro refers to alkyl and aryl group). Monomer units of lignin such as guiacyl, syringyl and
coumrayl alcohol can be identified using NMR chemicals shifts. Presence of basic monomers
unit of lignin can be explained based on the chemical shift. Appearance of peak at 115.18 ppm
is typically characteristic of guaiacyl unit, and another peak appeared at 114.6 ppm is dedicated
to presence of coumaryl alcohol. Presence of syringyl unit can be seen if peak appears at 106.2
ppm. Results of lignin samples obtained using NMR and FT-IR are in good agreement with
each other regarding functionality present in the lignin and can be correlated with each other.
Both the technique confirms the presence of ether linkages, aromatic nature of lignin, carbonyl

compound in lignin samples.
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Figure 2A.5.1. Solid state *C NMR spectra of lignin (a) Lignin, Alkaline; (b) Lignin,
Dealkaline (c) Lignin, Alkali (d) Na-Lignosulfonate lignin
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(e) Structure units

P-hydroxybenzoate

Syringyl (S) Guaiacyl (G) P-hydroxyphenyl (H)

Figure 2A.5.2. Structural unit present in the lignin sample

Table 2A.5. 3C NMR chemical shift summary of lignin

Functional group Chemical Shift (ppm)
Alkaline | Dealkaline | Alkali | Na-lignosulfonate
C=0 group in ketone 182.13 180.83 178.83 | 180.78
C, and C, in etherified 147.49 147.98 147.98 | 147.80
guaiacyl unit
C, ¢ in p-hydroxyphenyl units | 129.41 125.95 124.95 | 125.99
123.12
C, 5 in p-hydroxyphenyl units | 114.63 115.42 115.42 | 115.18
Cy in B-O-4 substructures 69.98 - 67.35 | 66.07
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C-H in methoxyl group 55.50 55.75 56.05 | 55.75

2A.3.6. XRD analysis

X Ray diffraction (XRD) technique is used on wide-angle elastic scattering of X-rays is the
single most important tool to determine the structure. The XRD patterns are obtained by the
measurements of the angles at which the X-ray beam is diffracted by the sample.

Bragg’s equation relates the distance between two hkl planes (d) and angle of diffraction (26)
as: nA = 2dSin0,

where A = wavelength of X-rays, n = an integer known as the order of reflection (h, k, and |
represent Miller indices of respective planes).

Diffraction patterns provide valuable information regarding the uniqueness of structures,
purity, degree of crystallinity and unit cell parameters of the semi crystalline hybrid materials.
The identification of phase is based on the comparison of a set of reflections of the sample with
that of pure reference phases distributed by International centre for Diffraction Data (ICDD).

Unit cell parameter of a cubic lattice can be determined by the following equation:

ag=dp/(h% + k2 +12).

where d = distance between two consecutive parallel planes having Miller indices h, k, and 1.
XRD analysis has been widely used to characterize supported metal crystallites in the
nanoscale. The average size of nanoparticles can be calculated using Debye-Scherrer equation:
D=k M Bcosb,

where D = thickness of the nanocrystal, k is a constant, A = wavelength of X-rays, = width
at half maxima of reflection at Bragg’s angle 20.

Powder XRD analysis of lignin was performed using PANanalytical X’pert Pro, Netherlands;
with duel goniometer diffractor. The source of X-ray was Cu Ko (1.5418 A) radiation with Ni
filter and sample scanning was done from a 20 value of 5 to 90 ° at the rate of 4.3 °min’1 and
presented in the Figure 2A.6. It is known in literature that lignin is amorphous in nature. XRD
analysis of lignin samples showed the broad peak between 10-30 ° which is an agreement with

the available literature for lignin and the peak is indicates amorphous nature of lignin. The
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presence of some sharp peaks in Lignin, Dealkaline are due to presence of impurity (S, Na).
Presence of these elements in lignin is also confirmed by ICP-OES and CHNS data. Based on

these analysis, it is suggested that the isolation method used to extract lignin is Kraft process.

(a) Lignin, Alkaline (b) Lignin, Dealkaline (c) Lignin, Alkali
3 E :
) E, ~
(%]
5 15 25 35 45 55 65 75 85
5 15 25 35 45 55 65 75 85 5 15 25 35 45 55 65 75 85
26
20 20
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Figure 2A.6. XRD patterns of Lignin samples. (a) Lignin, Alkaline; (b) Lignin, Dealkaline;
(c) Lignin, Alkali; (d) Industrial-K lignin; (e) Industrial-N lignin;

2A.3.7. TGA-DTA analysis

Thermogravimetric Analysis-Differential Thermal (TGA-DTA) analysis, used to calculate the
change in weight of the sample as a function of temperature or time. TGA-DTA instruments
are used to quantify loss of water, loss of solvent, decarboxylation, pyrolysis, oxidation,
decomposition etc. occurring at particular temperatures and also the weight % of ash (unburnt
residue or inorganics) obtained after the analysis. TGA instrument comprises a sample pan
which is supported by a precision balance. Pan is placed in a furnace and is heated or cooled
during the experiment. The change in the mass of the sample is checked during the experiment.
A sample purge gas is used to control the sample environment. This gas may be inert or a
reactive gas (air) which flows over the sample and exits through an exhaust. TGA analysis for
lignin samples were studied using METTLER TOLEDO TGA/SDTA851 series, USA;

instrument with a heating rate from 25°C to 900 °C at a rate of 10 °C-min’, to study the
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complete decomposition. Thermal degradation studies were done in both N2 and air atmosphere
and presented in Figures 2A.7-8. All lignin samples have shown weight loss below 100 °C due
to removal of moisture. Further on increasing the temperature, degradation of lignin was found
between 150-400 °C, which is due to weight loss from cleavages of ether linkages followed by
aliphatic side chain and then C-C bonds present in lignin. Aromatic moiety present in lignin
degraded around 400-650 °C. Observed degradation pattern of lignin samples were compared
with available literature and it was found that degradation pattern of lignin samples in both N>

and air media is matching with available literature3-4,
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Figure 2A.7. TGA analysis of lignin samples. (a,b) Lignin, Alkaline (N2 and Air); (c,d)
Lignin Dealkaline (N2 and Air); (e,f) Lignin, Alkali (N2 and Air); (g) Na-lignosulfonate

lignin (Air);
() Industrial - N'lignin N, (§) Industrial - K lignin Air
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Figure 2A.8. TGA analysis of lignin samples. (h,i) Industrial - N lignin (N2, Air); (j)
Industrial-K lignin (Air);

Another aspect of TGA analysis is high unburnt residue (27-57%) if conducted in N2> medium.
Obtained results can be explained based on the elements (C,H,O) present in lignin. Under inert
(N2) medium, combustion of carbon will occur to form CO, CHs as per the availability of
oxygen and hydrogen in lignin. It is also possible that insufficient oxygen will increase the
unburnt carbon, which is contributing to high residual content. This phenomena was confirmed
when TGA analysis was carried out in Air medium in which percentage of inorganic residue
(0-10%) is very less compared to TGA done under N> medium. It was expected that complete
degradation is possible when analysis was conducted in air medium, because lignin is made up

of organic elements (C,H,0). Residual content present in lignin samples can be correlated with
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EDX and XRD analysis of lignin samples, which shows presence of inorganic element i.e. Na,
S in lignin. In air medium, these elements can form their oxide and are not degraded at high
temperature.

2A.3.8. Solubility of lignin

Solubility of lignin was checked in different solvents to identify the appropriate reaction
solvent to carry out depolymerization reactions and isolation of depolymerized products.
Obtain Solubility data is summarized in Table 2A.6. High solubility of lignin in particular
solvent will help in depolymerization reaction, however less solubility of lignin in particular

solvent will be suitable for the isolation of depolymerized products.
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Table 2A.6. Solubility of various lignins in different solvents

Solvent Lignin Solubility (%)
(Polarity
Index)
Alkaline | Dealkaline | Alkali | Na- Industrial | Industrial
lignosulfonate
-N -K
Water 100 40 1.6 100 8.0 2.0
(9.0)
Alkaline water | 100 100 100 100 100 100
(pH, 12.65)
Ethyl acetate 1.0 Insol. 0.58 Insol. 2.6 5.5
(4.4)
Tetrahydrofuran
2.4 Insol. 12.5 2 5.6 92.0
(4.0)
Diethyl ether | 0.3 Insol. 0.52 | Insol. Insol. 4.8
(2.8)
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Among all the solvents checked for solubility of lignin (Table 2A.6), water was found to be
suitable solvent for conducting the depolymerization reactions as maximum solubility was
observed in this solvent. More solubility of alkaline and Na-lignosulfonate lignin is also the
evidence of its hydrophilic nature while other lignins are hydrophobic in nature. Since lignin
is more soluble in water solvent, depolymerization reactions were conducted in water medium,
and isolation of depolymerized product was done in diethyl ether and ethyl acetate solvents
due to relatively less solubility of lignin in these solvents. It is important to note that lignin
depolymerization reactions are performed in alkaline medium and at pH 12.65 lignins were
completely soluble in alkaline water.

2A.4. Conclusions

Lignin characterization was completed using different physico-chemical technique like CHNS,
XRD, TGA-DTA, NMR, etc., in this study four commercially available lignin along with two
industrial lignin are used. Obtained result suggests that properties of lignin are differing from
each other. It is due to their origin, age of plant and isolation method sued for separation of
lignin. CHNS elemental analysis confirms the presence of carbon (32-66 %), hydrogen (4-7%)
along with sulphur impurity. SEM-EDAX and ICP-OES analysis confirms the irregular nature
of lignin along with Na and S impurity which is attribution of lignin isolation process (Kraft or
Sulphite pulping). Functional group and aromatic nature of lignin samples were investigated
using FT-IR and * C NMR confirm the presence of similar group in all lignin sample with
different intensity. TGA-DTA analysis was conducted in both Nitrogen (N2) and air medium
shows difference in thermal degradation pattern and inorganic residue. Irregular and
amorphous nature of lignin sample was also confirmed using XRD analysis. While presence
of cellulose impurity in dealkaline sample was also confirmed from XRD. Further, solubility
of lignin was performed in different solvent and obtained results suggest the use of water as a
reaction media for depolymerization reaction and diethyl ether and ethyl acetate for the

isolation of depolymerized product.
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Chapter 2B

Synthesis of supported metal catalyst and
characterization of supported metal catalyst and

solid acid catalyst
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2B.1. Introduction

As discussed in Chapter 1, current work is focused on the lignin depolymerization and up-
gradation of lignin-derived low molecular weight compound. In view of this, base catalyzed
lignin depolymerization was done to obtain low molecular weight compounds, and up-
gradation of these low molecular weight compounds was carried out using supported metal
catalysts and solid acid catalysts. It is suggested that the bifunctional nature of supported metal
catalysts could alter the O/C ratio present in low molecular weight compounds. Solid acids will
also alter the oxygen concentration present in the low molecular weight compounds. Two
pathways were selected for the up-gradation of lignin-derived low molecular weight

compounds.

= Use of supported metal catalysts in up-gradation of lignin-derived low molecular weight
compounds using defunctionalization/HDO pathway
= Use of solid acid catalysts in the up-gradation of lignin-derived low molecular weight

compounds using functionalization/alkylation pathway

The bifunctional nature of supported metal catalysts can catalyze defunctionalization/HDO
process by activating molecular hydrogen if an external source of hydrogen is used 1. Metal
will also help in the generation of in-situ hydrogen from the hydrogen donor solvent. Solid
acid-catalyzed functionalization/alkylation of lignin-derived low molecular weight compound
reduces the oxygen content. In view of this, the synthesis of supported metal catalysts was done
using wet impregnation process. The commercial solid acid catalyst used for the
functionalization process was purchased and used as such *®. Synthesized supported metal
catalysts and commercial solid acid catalysts were thoroughly characterized, and catalytic
activity was correlated with their morphology. Initially, defunctionalization/HDO of lignin-
derived low molecular weight compounds was carried out using (Ru) metal in combination
with Al,Os3 (acidic, basic, and neutral) along with SiO2 and SiO2-Al2Os as supports. Different
supports were selected based on their nature because it is known that the nature of support
alters the selectivity of the product ‘. This study was focused on the partial deoxygenating of
lignin-derived low molecular weight compounds. Partial deoxygenation of lignin-derived low
molecular weight compound has more industrial importance as compared to complete

deoxygenated product. In the current study, guaiacol was used as a model compound because
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it has similar functionality, which is present in the lignin. Partial deoxygenation of guaiacol
compound produces cyclohexanol and cyclohexanone (KA oil), which is an intermediate
product of adipic acid production. So, intentionally it was decided to carry out the reaction with
milder acidic support, i.e. Al2O3, and compare the activity of this catalyst with more acidic
support SiO2-Al203, which is known for complete deoxygenation. Later in the study of
defunctionalization, reactions were conducted with non-precious metal (Co, Ni) along with
modified Al20s support, Also functionalization of lignin-derived low molecular weight
compounds was studied by solid acid catalysts to avoid the use of expensive metal and

molecular hydrogen.

2B.2. Syntheses of Ru-metal based supported metal catalysts

2B.2.1. Materials

Various supports such as SiOz-Al203, y-Al.03 (Acidic, Basic, Neutral) and metal precursor,
Ruthenium chloride (RuCls-3H.0) (45-50% Ru) were purchased from Sigma Aldrich, India
and used as received.

2B.2.2. Synthesis of catalysts

Ru-based supported metal catalysts were synthesized using the well studied wet impregnation
method. Before the synthesis of a catalyst, supports (Al20s, SiO2, SiO2-Al>03) were activated
at 150 °C under vacuum for 6 h to remove any moisture adsorbed. In a catalyst synthesis
procedure, 2 g of activated support was immersed in 10 mL of water and kept under stirring
for 30 min. To this, 2 mL aqueous solution of RuCls containing 0.098 mmol of Ru (0.5 wt%
Ru/Support) was added dropwise, and the resultant mixture was stirred for 16 h at room
temperature. This is followed by the evaporation of water at 60 °C using a rotary evaporator.
The powder obtained was dried at 60 °C in the oven for 16 h, followed by vacuum drying at
150 °C for 6 h. Further, this dry powder was reduced under flow of hydrogen (Hz, 10 mLemin™?)
for 2 h at 150 °C. Schematic representation of the process is represented in Figure 2B.1 The
obtained catalyst was named as Ru(0.5)/Al>0s-Aidic. Similar procedure was used to prepare all
the catalysts (Ru(0.5)/Al>03-Basic, Ru(0.5)/Al20s- Neutral, Ru(0.5)/SiO2, Ru(0.5)/SiO-
Al>O3).
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16 h stirring followed m
. \
by rotary evaporation

RuCl;-3H,0 60 °C
Solution >
Reduction at
400 °C, 2h Ru/Support,

Support in water for stirring
Figure 2B.1. Impregnation of metal on the supports
The synthesized catalysts are enlisted in Tables 2B.1

Table 2B.1. List of Ru based supported metal catalysts

Sr.No. | Catalyst Metal loading (wt.%0)
1 Ru/Al203-Basic 0.5
2 Ru/Al2O3-Neutral 0.5
3 Ru/Al,Oz-Acidic (commercial) 0.5
4 Ru/Al>Oz-Acidic 0.5
5 Ru/SiOz 0.5
6 Ru/SiO,-Al,03 0.5

All the synthesized catalysts were characterized thoroughly to understand their morphology,
and catalyst activity was correlated with their morphologies.

2B.3. Catalyst characterizations

Synthesized supported metal catalysts were characterized using various physico-chemical
techniques such as XRD, ICP-OES, TEM, Nz-sorption, and NH3s/CO>—TPD. Instrumentation
and operating principles of XRD and ICP-OES are well explained in Chapter 2A Instrument
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details of other techniques used in the characterization of synthesized catalysts such as Na-

sorption, NH3/CO-TPD, CO chemisorption are discussed in the following sections.

2B.3.1. X-Ray diffraction (XRD) analysis

XRD analysis of synthesized catalysts was conducted to confirm the phases of metal and
support. XRD patterns of all Ru catalysts are presented in Figure 2B.2. It was seen that besides
characteristic peaks for support, no peak for Ru metal and RuOx were observed. This suggests
that Ru is well dispersed on the supports. Another reason for the absence of Ru and RuOx peak
is very low metal loading (0.5 wt%) on the supports. In the XRD patterns of the Ru/SiO2 and

Ru/SiO2-Al>03 catalysts broad peak for amorphous nature of support was observed between
12-32°,

Intensity (a.u)

20
Figure 2B.2. XRD patterns of support and supported Ru catalysts. (a) Al203; (b) Ru/Al2Os-
Acidic (commercial); (¢) Ru/Al>O3-Acidic; (d) Ru/Al,O3-Neutral; (¢) Ru/Al,Os-Basic; (f)
Si02-Al203; (g) Ru/Si02-Al203; (h) SiO2, and (i) Ru/SiO;

2B.3.2. N2 Sorption analysis
N2 sorption analysis is generally used for the determination of surface area and porosity of

porous materials. This technique involves exposure of solid material to gases or vapors at
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different conditions, and evaluation is done on the basis of uptake of weight or volume of
sample. Analysis of these data provides information regarding the physical characteristics of
the solid, including porosity, total pore volume (TOPV), and pore size distribution. Nitrogen
gas used as the probe molecule is exposed to a solid material during analysis at liquid nitrogen
temperature (i.e., 77 K). This gives adsorption isotherms of nitrogen. The surface area is
calculated on the basis of measured monolayer adsorption capacity and the cross-sectional area
of the molecule being used as a probe. The cross-sectional area of nitrogen is taken as 16.2 A?
molecule™,

The analysis was done in Autosorb iQ Quantachrome, instrument, USA. Before the
starting of the analysis, the samples were activated in a vacuum at 250 °C for 3 h. The specific
surface area was determined using the BET method, and pore size data was obtained using the
BJH method and pore volume using the t-plot method.

The N sorption analysis data for all the synthesized and commercial catalysts are
summarized in Table 2B.2 The Ru/SiO2 (305 m?sg’) and Ru/SiO,-Al,03 (376 m?sgt) catalysts
showed higher surface area than Ru/Al,Os-Neutral (143 m?eg™!), Ru/Al,Os-Basic (147 m2eg™?),
Ru/Al;Os-Acidic (142 m2egt) and Ru/Al,Oz-Acidic (commercial) (144 m2sg™) catalysts owing

to the difference in the surface area of respective supports.

Table 2B.2. Summary of nitrogen sorption data

Catalyst BET surface area | Pore volume | Pore radius

(e (V) (nm)
(cmieg?)

Ru/SiO2 305 0.51 3.35

Al>,Oz-Acidic 155 0.22 251

Ru/Al203-Acidic 142 0.22 2.59

Ru/Al>,Oz-Acidic (commercial) 144 0.22 2.60

Ru/Al>,O3-Neutral 143 0.22 2.52
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Ru/Al>,03-Basic 147 0.23 2.52

SiO2-Al203 374 0.48 3.01

Ru/SiO2-Al203 376 0.43 2.29

2B.3.3. ICP-OES analysis

This technique is used for the analysis of metal in trace amounts (in ppm level). It is the type
of atomic emission spectroscopy where plasma is used to excite the atoms or ions. After
excitation, they emit electromagnetic radiation and goes to the ground state. The wavelength
of the emitted radiation is characteristic for a particular element and shows the peak in the
spectrum at that particular wavelength. The quantitative analysis of the elements can be done
by calibrating the instrument with standard solutions. Metal contents in the catalysts were
determined by ICP-OES analysis using SPECTRO ARCOS Germany, FHS 12 instrument.
Before analysis, the sample was digested in aquaregia. All ICP-OES samples were diluted with
deionized water and filtered (through 0.22 pum syringe filter). The results suggest that except
in the case of SiO: support, experimental loadings are almost similar to that of theoretical
loadings (Table 2B.3).

Table 2B.3. Summary on ICP-OES analysis

Catalyst Theoretical Ru wt% Experimental Ru wt%
Ru/SiO; 0.50 0.42
Ru/Al>Os-Acidic 0.50 0.49
Ru/Al>Os-Acidic 0.50 0.48

(commercial)

Ru/Al>Os-Neutral 0.50 0.45

Ru/Al,Os-Basic 0.50 0.49

Ph.D. Thesis Submitted to AcSIR 2020 71



Ru/SiO2-Al203 0.50 0.49

2B.3.4. Transmission electron microscopy (TEM) analysis

In this technique, highly accelerated beam of electrons with high voltage (200 kV) is focused
on the magnetic lens under the vacuum passes through the specimen and transmits the light.
Tungsten filament is the source of the electron beam. Transmitted light carries information
about the structure of the specimen in the form of an image. The vacuum is applied throughout
the whole optical system in order to avoid the scattering of the electron due to the collision of
an electron with an air molecule. In the column, to focus the electron beam magnetic coils are
fixed. Which works as an electromagnetic condenser lens. Before analysis, the specimen
stained with an electron-dense material and is placed in the vacuum. TEM images were
obtained using FEI TECNAI T20 model instrument, working at an accelerating voltage of 200
kV. Samples were dispersed in isopropyl alcohol (IPA) by sonication and the drop casted on
carbon-coated copper grid.

From the TEM images of Ru/Al,Oz-Acidic (Figure 2B.3), it is seen that Ru particles
with an average size of 3-5 nm are well dispersed on the support. The similar trend was found
with other Al>Os supported (Basic and Neutral) catalysts as seen from Figure 2B.4 With a
change of support to SiO, the average particle size of metal was 10-14 nm, and with SiO.-

Al203 support, it was 7-11 nm (Figure 2B.5).
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Figure 2B.3. (a) HAADF-STEM,; (b) TEM; (¢, d) EDX Elemental mapping of

Ruw/AlO,-Acidic;
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Figure 2B.4. TEM images of (a) Ru/Al20s-Acidic; (b) Ru/Al.O3-Basic; (¢) Ru/Al20s-
Neutral;
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Figure 2B.5. TEM images of (a) Ru/SiOz; (b) Ru/SiO2-Al20s;

2B.3.5. CO chemisorption

Ru metal dispersion was determined through CO chemisorption using Quantachrome
Autosorb-iQ instrument. Prior to the sorption experiment, samples were in-situ reduced in Hy
at 150 °C for 2 h. Subsequently, samples were evacuated for 2 h at the same temperature and
later were cooled to 50 °C under vacuum to record CO adsorption isotherm. The isotherm
included both the physisorption and chemisorption portion. Chemisorbed CO uptake was
determined by extrapolating the linear portion of isotherm to zero pressure. The dispersion of
Ru metal was calculated assuming linear adsorption of CO on the metal surface.

CO chemisorption studies of synthesized catalysts are summarized in Table 2B.4 For
Ru/SiO; catalyst, the volume of chemisorbed CO was 5.6 umolsg™> which indicates 11.4%
dispersion of Ru with 11.8 nm of the particle size of Ru. In the case of AlO3 supported Ru
catalysts, dispersion of Ru was in the range of 59 to 72% with an average particle size in the
range of 1.84 to 2.27 nm, respectively which essentially reflects the fact that dispersion is
almost similar, and we can compare the activity of these catalysts with each other. The
Ru/Si0O,-Al>03 catalyst showed 44% dispersion with 3.05 nm of particle size. The particle size
determined from CO chemisorption data is in line with the particle size calculated from TEM
images.
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Table 2B.4. CO chemisorption results for supported Ru catalysts

Catalyst Average crystallite size Metal Monolayer
(nm) dispersion (%) | uptake (umolsg?)
Ru/Si0O2 11.8 11.4 5.6
Ru/Al2Osz-Acidic 1.86 70 35
Ru/Al;0s-Acidic 1.84 72 35.8
(commercial)
Ru/Al2Os-Neutral 2.18 61 30.3
Ru/Al203-Basic 2.27 59 29.1
Ru/SiO2-Al,03 3.05 44 21.6

2B.3.6. Determination of reducibility of metal

The Temperature Programme Reduction (TPR) studies were done using Micromeritics

Autochem-2920 instrument in the temperature range of 50-800 °C in the presence of 5% H in

He with a ramping rate of 5 °C smin*. The catalyst was treated at 300 °C for 1 h in the presence

of He gas before the TPR analysis. The measurement of H> consumption in the TPR analysis

was done by a thermal conductivity detector (TCD) detector. TPR study reveals that Ru was

reduced at very low temperature of 85 °C (Figure 2B.6), possibly due to very low loading of

metal (0.5 wt%) on the support and very high dispersion (72%, Table 2B.4) observed.
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Figure 2B.6. TPR of support and supported Ru metal catalyst (a) Al2Os, (b) Ru/Al;03-
Acidic

2B.3.7. XPS analysis

It is also known as electron spectroscopy and used to provides the oxidation state of the element
present on the surface of the material being studied. The average depth of XPS measurement
analysis is approximately 5 nm. It can provide spectrum with a lateral spatial resolution as
small as 7.5 um. Spatial distribution information can be obtained by scanning the micro-
focused X-ray beam across the sample. In this technique, the surface of a sample is excited by
mono-energetic Al ka X-rays, which results in photoelectrons ejection from the sample surface.
The energy of the emitted photoelectrons is measured by an electron energy analyzer. From
the binding energy and intensity of a photoelectron peak, the elemental identity, chemical state,
and quantity of a detected element can be determined.

The binding energy of the emitted electron is calculated by using the following formula
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Binding Energy = Ex-ray — (Ekinetic + ®)
Where,
Ex-ray - Energy of X-ray
Exinetic - Kinetic energy of ejected photoelectron

@ - Work function depends on spectrometer and material.

XPS spectrum is plotted as binding energy vs. intensity, deconvolution of which gives the
oxidation state of metal by comparing with reference binding energies. The electronic states of
metals were analyzed by X-ray photoelectron spectroscopy (XPS, Perkin-Elmer PH 15000C)
having x-ray source Al Ka radiation. The mode of the lens was LAXPS and Energy Step Size
0.1 eV. The peak in the spectrum was deconvoluted by XPSPEAK-41. All binding energy
values were calibrated using the value of carbon (Cls= 284.4 eV) as a reference.Ru 3dz;2 XP
spectra was observed to be overlapping with C1s (B.E. = 284.8 eV) (Figures 2B.7-2B.10) and
hence no conclusion could be drawn regarding oxidation state of Ru. A small peak observed at
B.E. of 279.9 eV can be attributed to the 3ds level of Ru for Ru metal (0). Since, for RuO>
species, the peak is typically observed at higher B.E. related to Ru(0), again due to overlapping
of the broad peak for C1s, no conclusions could be drawn. Subsequently, XPS measurements
for Ru were done at 3P level. The spectrum was deconvoluted with two peaks, peak observed
at B.E. of 461.2 eV indicated the presence of Ru(0), and the peak at B.E. of 463.7 eV implied
presence of RuO- species 8.

5/2 . = 2
Cls and Ru 3d3/2 Ru3pa/2, B. E.=40l.2

. 3ps/2, B. E. = 463.7 RuO2
B. E. = 284.3¢V. RWRuOx Ru3piid, B. .= 493.7 Ra

Bu 3d52
\13 E. =279.9 eV, Ru(0)

/
v A

200 185 280 275 1540 } 80 170 160 150

B.E. (eV) B.E. (eV)
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Figure 2B.7. Deconvoluted XPS spectra of Ru/Al,Osz-Acidic catalyst

Cls and Ru 3d3/2 3ds/2
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Figure 2B.8. Deconvoluted XPS spectrum of Ru/Al>O3-Basic catalyst
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Figure 2B.9. Deconvoluted XPS spectrum of Ru/Al>Os-Neutral catalyst
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Figure 2B.10. Deconvoluted XPS spectrum of Ru/SiO»-Al>O3 catalyst
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2B.3.8. Acidity and basicity study

Temperature programmed desorption (TPD) is used to quantify the acidic or basic sites present
in the material. Ammonia (NHs3) is used as a basic probe molecule which gets adsorbed on the
acid sites, and carbon dioxide (COy) is an acidic probe molecule which adsorbs on the basic
sites of the material. As the temperature increase, the probe molecule is desorbed and is
recorded using a TCD detector. Analysis was conducted using Micromritics Autochem 2910
instrument. The sample was activated at 400 °C in He flow (30 mLemint) for 1 h.
Subsequently, the temperature was brought down to 50 °C, and the probe molecule was
adsorbed by exposing the samples to a stream of 10% NHs in He (30 mLemin™*) for 0.5 h. The
temperature was then raised to 100 °C and flushed with He for 1 h at 100 °C to remove the
physisorbed NHs. The desorption of NHs was carried out in He flow (30 mLsmin™t) for NH3
TPD and CO; for CO,TPD, by increasing the temperature to 800 °C at 10 °Cemin?, while
monitoring the concentration of molecule desorbed using a thermal conductivity detector. As
can be seen from the (Figure 2B.11 and Table 2B.5.) bare support Al2Os-Acidic showed NH3
desorption peak at 200 °C, and when Ru was loaded on the support, an additional sharp peak
for NH3 desorption was observed at 335 °C. Similarly, an additional peak in Ru/Al.Os-Neutral
catalyst and Ru/SiO»-Al>O3 catalyst was also observed at 335 °C. The broad peak with peak
maxima observed at around 200 °C in all the catalysts along with bare supports was suggested
to be due to the desorption of NH3 from the surface of the sample. However, an additional
sharp peak observed after Ru loading can be assigned for the desorption of NH3z from the
different sites of the catalyst, which is indicated to be a Ru species. While electron-rich Ru in
metallic state may not interact with NHs, it is possible that Ru in electron deficient state such
as Ru present in higher oxidation states (I, V) may have interaction with NHs. Since this
interaction would be stronger than the interaction of NH3 with Al.O3 support, higher desorption
temperature of 335 °C was seen. Nevertheless, to prove that Ru is present in higher oxidation
state, XPS analysis was performed, and data suggests that Ru is indeed present in higher
oxidation state along with the metallic state. Nonetheless, with SiO- as a support, no peak for
NHs desorption was seen, which was obvious because SiO; is considered as neutral support
but, even after loading of Ru on SiO», no peak at around 335 °C was seen. These observations
clearly suggest that metal-support interaction plays very crucial role in stabilizing Ru in

different oxidation states. Later, TPD with CO2 as a probe molecule was carried out for
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Ru/Al20s-Basic catalyst. However, no peak for the CO, desorption was observed. From the
catalysts characterization study, it is revealed that Ru is highly dispersed on the Al,O3 support

with small crystallite size, and mainly it is present in higher oxidation state.
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Figure 2B.11. NH3-TPD of supported Ru metal catalyst (a) Al.Os-Acidic; (b) Ru/Al20s-
Acidic; (c) Ru/Al>0z-Acidic (commercial); (d) Al.Os-Neutral; () Ru/Al,O3-Neutral; (f)
Al>Oz-Basic (CO2-TPD); (g) Ru/Al>0s-Basic (CO2-TPD); (h) Ru/Al.Os-Basic (NHs-TPD);
(i) SiO2-Al203; (j) Ru/SiO2-Al,0s; (k) SiO2: (I) Ru/SiO2:
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Table 2B.5. NH3-TPD and CO2-TPD study of catalysts

NH3-TPD
Catalyst Total acidity (mmol-g™)
Ru/Si0O2 -
Al,03-Acidic 0.23
Ru/Al,03-Acidic 0.46
Ru/Al,Oz-Acidic (commercial) 0.47
Ru/Al,Os-Neutral 0.16
Si02-Al203 0.54
Ru/Si0,-AL03 0.76
CO:-TPD
Catalyst Total basicity (mmol-g™)
Ru/Al>Os-Basic 0.17

2B.4. Synthesis of non-precious metal (Co, Ni) based supported catalysts

2B.4.1. Materials

Al203 powder, N-methyl-2-pyrrolidone (NMP) used as a precursor for the synthesis of
Alumina hollow fiber (AHF), was purchased from Alfa Asser, India. Polysulfone (PSF) was
purchased form Solvay Specialties India Pvt. Ltd. and used as received. Metal precursor, Cobalt
Nitrate (Co(NO3)2.3H20 (97%), and Ni (NOz)2.6H20 ( 99%) were purchased from Loba
chemical, India.

2B.4.2. Synthesis of Alumina fibers (AHF)

The green AHFs was extruded from the specially designed spinneret by using reported
literature by well known phase inversion method °!'. Al.Os powder (3um) in a polymer
solution of polysulfone (PSf) and N-Methyl-2-pyrrolidone (NMP) was dispersed to prepare the
dope solution. This green AHF was then calcined between (800-900 °C) for 2 to 4 h (8%min
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1), to remove the solvent and polymer. Further, AHF was again calcined between 1400 °C to
1600 °C for sintering to occur. The calcined AHF has been taken from the Dr. R Nandini Devis
Lab as a Alumina support for the further reaction.

2B.4.3. Synthesis of Alumina fibers (AHF) supported (M/AHF) catalyst

Calcined AHF was then subjected to the metal impregnation. Capillary action was performed
for the impregnation of metal to AHFs, in which the required quantity of metal precursor was
dissolved in the deionized water, and AHFs was dipped into the solution about 1cm. In the
impregnation procedure of metal over the AHFs, metal precursor is allowed to rise up through
capillary action for 5 hours and oven-dried at 100 °C for 1 h. This action was repeated multiple
times until the whole solution was deposited on the AHF support. Then, the metal deposited
AHFs was subjected to reduction at 400 °C under H, flow (10°%min™) for 2h. The obtained
catalyst was named as M/AHF@capillary. To compare the effect of capillary action in the
catalytic activity of M/AHF@capillary, the catalyst was also synthesized using conventional
wet impregnation method and reduced at 400 °C, named as M/AHF@imp. The current study
is also focused on the effect of support in the catalytic activity, and since AHF is calcined
between 1400-1500 °C, Al>Os-Acidic was also calcined at 1500 °C and metal deposited using
wet impregnation method and reduced at 400 °C for the comparison of activity, and named as
M/AI>O3-Acidic@cal@1500. The catalyst was also synthesized with y-Al,Oz-Acidic support
and metal deposited through wet impregnation method and reduced at 400 °C and named as
M/AIl>0s-Acidic. All synthesized catalyst are summarized (Table 2B.6).
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Table 2B.6. List of Cobalt (Co) and Nickel (Ni) based supported metal catalyst

Sr.No. | Catalyst Metal loading (wt.%0)
1 5 Co/Al;,0s-Acidic 5
2 5 Co/Alz0s-Acidic@cal @1500 5
3 5 Co/AHF@imp 5
4 5 Co/AHF@capillary 5
5 5 Ni/AHF@capillary 5

All the synthesized catalysts were characterized thoroughly to understand their morphology,
and catalyst activity was correlated with their morphologies.

2B.5. Catalyst characterizations

Synthesized supported metal catalysts were characterized using various physico-chemical
techniques such as XRD, ICP-OES, TEM, N.-sorption, and NHz-TPD.

2B.5.1. X-ray diffraction (XRD) analysis

XRD analysis of all the synthesized catalysts was done and presented in Figure 2B.12. As can
be seen from the Figure 2B.12, Al,Osz-Acidic is present in y-phase while Al>Os-
Acidic@cal@1500 obtained after the calcination of y-Al>Os-acidic at 1500 °C is existed in o-
phase (rhombohedral, JCPDS: 80-0786). AHF support is also found in a-phase (rhombohedral,
JCPDS: 80-0786). Co metal loaded in Al,Os-Acidic did not show any peak. While XRD pattern
of Cobalt loaded Al,Os-acidic@cal@1500 and AHF confirmed the presence of Co in cubic
(111) form (JCPDS:15-0806), Ni loaded on AHF also exists in cubic (111) form (JCPDS:04-
0850).
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Figure 2B.12. XRD patterns of support and supported Co, Ni catalysts. (a) Al,O3-Acidic; (b)
5Co/AlL03-Acidic; (c) Al2O3-Acidic@cal@1500; (d) 5Co/AlLO3-Acidic@cal@1500; (e)
AHEF, (f) 5Co/AHF@imp; (g) SCo/AHF@capillary; (h) SNi/AHF@capillary;

2B.5.2. N2 Sorption analysis

The N2 sorption analysis data for all the support and synthesized catalysts were summarized in
Table 2B.7 Al,Os-Acidic (163 m2eg!) and 5 Co/Al,Os-Acidic (148 m2sg’) showed higher
surface area. Al;Os-acidic@cal@1500 (0.7 m2g?), which is obtained after calcination of
Al,03-Acidic (163 m?g™), has a lower surface area due to sintering happened at higher
temperature. The same trend can be seen in surface area of AHF (2.6 m?eg™), which is also
sintered at high temperature. Loading of metal on the support is not affecting the surface area
of the catalyt. Catalysis showed similarty in the surface area as 5 Co/Al,O3-Acidic@cal@1500
(0.7 m2eg!) and 5 Ni/AHF@capillary (2.7 m?.g?), 5 Co/AHF@imp (2.5 m?g?) and 5
Co/AHF@capillary (2.9 m?.g?). Small difference in the surface area is resemble to the

respective support.
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Table 2B.7. Summary on nitrogen sorption data.

Nitrogen sorption
Catalyst BET surface | Pore volume Pore
area (V) radius

(m>g?) (cmdeg™) (nm)
Al O,-Acidic 163 0.260 2.1
5 Co/Al,O,-Acidic 148 0.270 2.4
Al O,-Acidic@cal@1500 0.7 0.002 2.5
5 Co/ALO, @cal@1500 imp 0.7 0.002 2.4
AHF 2.6 0.002 2.1
5 Ni/AHF 2.7 0.001 1.8
5 Co/AHF@imp 2.5 0.002 1.6
5 Co/AHF@capillary 2.9 0.001 1.6

2B.5.3. ICP-OES analysis

Metal contents in the catalysts were determined by ICP-OES analysis as mentioned above in
section 2B.3.3. The results suggest that experimental loadings are almost similar to that of
theoretical loadings (Table 2B.8).

Ph.D. Thesis Submitted to AcSIR 2020 87



Table 2B.8. Summary on ICP-OES analysis

Catalyst Theoretical M (wt%) Experimental M
(wt%)
5 Co/ALO,-Acidic 5 4.6
5 Co/AlL,O, @cal 1500 imp 5 4.9
5 Ni/AHF@capillary 5 4.8
5 Co/AHF@imp 5 4.7
5 Co/AHF @capillary 5 4.8

2B.5.4. Transmission electron microscopy (TEM) analysis

TEM image of supported metal catalyst presented in Figure 2B.13., As can be seen from the
Figure, metal is well dispersed on the AHF support as compared to other support. It can also
be seen from the Figure, the metal deposited using capillary action is helping in more uniform
distribution in case of 5 Co/AHF@capillary and 5 Ni/AHF@capillary as compared to 5
Co/AHF@imp.
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Figure 2B.13. TEM images of synthesized catalysts (a) 5 Co/Al203-Acidic; (b) 5 Co/Al203-
Acidic@cal@1500; (c) 5 Co/AHF@imp; (d) 5 Co/AHF@capillary; (e) 5
Ni/AHF@capillary;

2B.5.5. CO chemisorption

CO chemisorption studies of synthesized catalyst are summarized in Table 2B.9 For 5
Co/Al,Oz-Acidic catalyst, the volume of chemisorbed CO was 18.2 umolsg™ which indicates
2.15% dispersion of Co with 46 nm of the particle size of Co. In the case of 5 Co/Al>Oz-
Acidic@cal@1500, the dispersion of Co was 0.5 with particle size of 160 nm. While metal
deposited on AHF support showed metal dispersion between 1.09-2.26 and average particle
size between 40-91 nm. The particle size determined from CO chemisorption data is in line

with the particle size calculated from TEM images.
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Table 2B.9. CO chemisorption results for supported Ru catalysts

Catalyst Average particle Metal Monolayer
size (nm) dispersion uptake(umolesg™)
(o)

5 Co/ALO,-Acidic 46 2.15 18.2

5 Co/ALO,@cal@1500 160 0.5 5.006

5 Ni/AHF 44 2.26 19.4

5 Co/AHF@imp 91 1.09 9.27

5 Co/AHF@capillary 40 2.12 20.1

2B.5.6. Determination of reducibility of metal

TPR analysis of the synthesized catalyst presented in Figure 2B.14 As can be seen from the
Figure 2B.14, 5 Co/Al,O3-Acidic is not consuming any hydrogen, and the reduction peak is
absent. However, consumption of Hz can be seen in the other catalysts like 5 Co/Al>Os-
Acidic@cal@1500, 5 Co/AHF@capillary, and 5 Ni/AHF@capillary. The above result
suggested that cobalt loaded on the AlOz-Acidic support might be present in oxidized form
and Co loaded on the Al,O3-Acidic@cal@1500 and Ni, Co loaded on AHF support might be

present in metallic form.
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Figure 2B.14. TPR of support and supported Co, Ni catalysts. (a) Al2O3-Acidic; (b) 5
Co/Al,03-Acidic; (¢) AHF; (d) 5 Co/AlO3-Acidic@cal@1500; (f) 5 Co/AHF@imp; (g) 5
Co/AHF@capillary; (h) 5 Ni/AHF@capillary;

2B.5.7. XPS analysis

XPS analysis was done to find out the oxidation state of metal and the deconvoluted spectra
are represented in Figure 2B.15 All binding energy values were calibrated using the value of
carbon (Cls = 284.4 eV) as a reference. Deconvoluted XPS spectra of Cobalt (Co) loaded
catalyst showed, cobalt is present in the metallic state (0) as well as higher (+2/+3) oxidation
state in all the catalysts. Apperence of peak at 803 eV is resemble to metallic cobalt and peak
appear at 780 eV and 797 eV is dedicated to oxidized cobalt (+2/+3). XPS spectrum of 5

Ph.D. Thesis Submitted to AcSIR 2020 91



Ni/AHF@capillary is showed only the presence of metallic Nickel (879 eV, 873 eV, 855 eV).

and oxididized Nickel.
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Figure 2B.15. XPS spectra of Co, Ni catalysts (a) 5 Co/Al,O3-Acidic@cal@1500;(b) 5
Co/AHF@imp; (c) 5 Co/AHF@capillary;(d) 5 Ni/AHF@capillary;

2B.5.8. Acidity and basicity study

NHs-TPD analysis of Cobalt/Nickel supported catalyst were carried out using the same
program which was used for Ru supported metal catalyst and presented in Figure 2B.16 It can
be seen from the TPD analysis that only Al,O3-Acidic and 5 Co/Al203-Acidic catalysts are
showing the desorption peak of NHzat 230 °C, and other support and metal-supported catalysts
do not show any desorption peak for NHs. This phenomenon could be explained based on the
higher sintering temperature used for the synthesis of support which is inforcing the loss of

acidity present in the support.
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Figure 2B.16. TPD of support and supported Co, Ni catalysts. (a) Al,O3-Acidic; (b) 5
Co/Al03-Acidic; (¢) AOs3-Acidic@cal@1500; (d) 5 Co/Al,03-Acidic@cal@1500; (e) AHF
(f) 5 Co/AHF@imp; (g) 5 Co/AHF@capillary; (h) 5 Ni/AHF@capillary;

2B.6. Characterization of the solid acid catalysts
2B.6.1. Material

Zeolite, H-USY (Si/Al = 15), was obtained from Zeolyst International. Prior to use, zeolite was
calcined at 400 °C for 16 h in air flow. SiO.—Al.O3 (Si/Al = 5.3), K10 clay, and Al pillared
clay were purchased from Sigma Aldrich, USA.
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2B.6.2. X-Ray diffraction (XRD) analysis

X-Ray diffraction pattern of all the solid catalysts confirms the characteristic phase structure
of solid acid catalyst (Figure 2B.17). It can be seen from Figure 2B.17 that SiO2-Al;03 is

amorphous in nature, and other solid acids are crystalline in nature.
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Figure 2B.17. XRD patterns of catalysts. (a) Clay K-10, (b) Al-pillared clay, (c) H-USY
(S1/Al= 15), (d) Si02-Al,03 (Si/Al=5.3)

2B.6.3. NHs-TPD analysis of solid acid catalysts

NHz-TPD analysis of all solid catalysts was carried out to calculate the acidity of a solid acid
catalyst (Figure 2B.18, Table 2B.11). It can be seen from the Table 2B.10 that the Al-pillared
clay has maximum acidity (0.65 mmoleg™), and H-USY (Si/Al=15) showed the lowest acidity
(0.28 mmolsg™).
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Figure 2B.18. NH3-TPD of fresh catalysts. (a) Clay K-10, (b) Al-pillared clay, (¢) H-USY
(SI/AI=15), (d) Si02-ALOs (Si/Al=5.3)
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Table 2B.10.NHs-TPD study of fresh and spent catalysts.

Catalyst Total acidity (mmolsg™)
Si0,-Al,03 (Si/AI=5.3) 0.61
Clay K-10 0.36
Al-pillared clay 0.65
H-USY (Si/AI=15) 0.28

2B.6.4. N2-sorption study of the solid acid catalysts

N2-sorption study of the solid acid catalysts was done to calculate the available surface area for
the catalytic reaction and summarized in Table 2B.11. As seen H-USY (Si/Al=15) (631 m2eg"
1y shows the highest surface area, and Al- pillared clay (170 m?g™) shows the lowest surface

area amongst all the catalysts used in this study.

Table 2B.11. Summary of nitrogen sorption data of fresh catalysts

BET surface Pore volume )
Catalyst Pore radius
area V)
(nm)
(MmPeg™) (cm3eg™)
Si02-Al;03
) 374 0.35 3.81
(Si/Al=5.3)
Clay K-10
192 0.21 1.89
Al-pillared clay
170 0.16 1.84
H-USY
] 631 0.41 nd
(Si/Al=15)
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2B.6.5. ICP-OES analysis of solid acid catalyst

ICP-OES analysis of solid acid catalyst was done to calculate the Si/Al ratio and summarized
in Table 2B.12.

Table 2B.12. Summary of ICP-OES analysis of catalysts.

i . ) Experimental Si/Al ratio of
Catalyst Theoretical Si/Al ratio
fresh catalyst
SiO2-Al,03
) 5.30 5.20
(Si/Al=5.3)
Clay K-10
Nd Nd
Al-pillared cla
p y Nd N
H-USY
_ 15.0 14.90
(Si/Al=15)

2B.7. Conclusion

Base catalyzed lignin depolymerization produces low molecular weight compounds.
Upgradation of those low molecular weight compound were studied using the supported metal
catalyst and solid acid catalyst. Precious metal (Ru) supported metal catalysts were synthesized
using conventional wet impregnation method, and nonprecious (Co/Ni) metal-supported
catalyst was synthesized using the wet impregnation and modified impregnation method i.e.,
capillary action.Wet impregination method was also employed for the synthesis of non-
precious metal supported catalyst to compare the activity of Al>Os-Acidc support, which is
mostly used in this study, Al>Os-Acidic were modified and catalyt activity checked for the
upgradation of low molecular weight compound. Synthesized catalyst was characterized by
several Physico-chemical methods. Solid acid catalyst used for the upgradation of low
molecular weight compounds was also characterized using the various physico-chemical

techniques.
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Chapter 3

Base catalyzed depolymerization of lignin into low

molecular weight compounds
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3.1. Introduction

Demand of carbon-based resources is increasing with high rate. Presently, this demand is
fulfilled by fossil reserves. High consumption and limited resource of fossil reserves are
limiting its availability. Lignocellulose, considered as a renewable source of carbon-based
products, can be used in the production of various chemicals, which are currently being
produced by fossil reserves. Lignocellulose is made up of three-components i.e., cellulose (30-
50%), hemicellulose (15-40%), and lignin (10-30%). The potential use of cellulose and
hemicellulose is well known, as those can be converted into cellulosic ethanol through
biochemical conversion and variety of other products such as sugars, furans, acids etc.
However, lignin, which is a by-product of cellulosic ethanol and pulp and paper industry is
underutilized. Mostly, it is burnt to create energy and burning of it has environment concerns.
Effective utilization of lignin will improve the economy of cellulosic ethanol process and also
reduces the dependency of fossil reserves for the production of aromatic products because it is
considered as a renewable source of aromatic products. Lignin is a 3D amorphous polymer
made up of three basic units those are, p-coumaryl alcohol (H), guaiacyl alcohol (G), and
syringyl alcohol (S). Monomer unit of lignin is connected via C-O-C and C-C linkages, namely
B-O-4, a-O-4, 4-O-5 and BB, B-5, B-4, 5-5 linkages 1. The global production of lignin in Kraft
pulp mills is over 70 Mt-yr®, primarily in the form black liquor,? which is used for electricity
generation in pulp mills 3. However, lignin can produce high-volume aromatic compounds for
the chemical industry % °. Presently, more than 98% of lignin is burnt as a source of energy in
the pulp and paper industry & ’. Moreover, some low-value applications of lignin are known
and being utilized in the form of low-value products such as (phenolic resins, polyurethane
foams, epoxy resins, printed circuit boards, dispersing or emulsifying agents, low-grade-fuel,
wood panel products, automotive brakes etc.) 1% The proper utilization of lignin generated
from pulp and paper industry and cellulosic ethanol plant will not only resolve the disposal
issue but also will play a significant role in the production of aromatic chemicals in biorefinery
concept. The heterogeneous molecular structure of lignin creates difficulty in the development
of depolymerization process for the production of commercially high-value products from
lignin 1. Different chemical processes, such as pyrolysis, hydrocracking, hydrogenolysis,

hydrolysis, and oxidation have been used to depolymerize lignin 1215,
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The limited solubility of relatively high molecular weight lignins in most common
organic solvents at ambient temperature is another difficulty in depolymerization of lignin.
Catalytic depolymerization of lignin is carried out at higher temperatures (250 °C) and leads to
a variety of side reactions and favors the formation of biochar. This results in decrease of
valuable carbon yield and catalyst deactivation ®. In order to overcome this issue, various
alternative reaction mediums are used, such as supercritical solvents (methanol, water) '8 or
ionic liquids (100-120 °C) ° 20 for the depolymerization of lignin. Considering the complex
structure of lignin, homogeneous system would have the benefit of penetrating the three-
dimensional lignin structure and easy access to the target linkages. Whereas heterogeneous
catalysts have limited accessibility due to the steric hindrance of the lignin backbone and the
heterogeneous nature of the substrate itself 2. This way, after deep insight into structure-
activity relationships, a homogeneous catalyst is the most preferred one for depolymerization
of lignin that operates under lower reaction temperatures (<300 °C) than the reported ones. An
additional advantage of homogeneous catalysis is the possibility for simultaneous or cyclic
processes in the presence of different catalysts by targeting different linkages. Base catalyzed
depolymerization of lignin has been widely used 2% 23, in which NaOH was found to be more
useful for the depolymerization of lignin 24. Although significant advances have been made in
recent research, the understanding of product distribution and effective conversion of lignins
is still challenging. In the present work, homogeneous base-catalyzed lignin depolymerization
is carried out and emphasis is given on the understanding of depolymerized product formation
under the employed reaction conditions. Detailed model compound study is carried out to

correlate the reaction results with reaction parameters.

3.2. Experimental section

3.2.1. Chemicals & materials

Lignins used in this study, were purchased from TCI chemicals, India, such as (Lignin,
Alkaline, Lignin, Dealkaline, Kraft lignin). Na-lignosulfonate lignin was purchased from
Sigma Aldrich, India. Two industrial lignins were also used in this study. All the lignins,
including industrials lignin were used without any pre-treatments. VVarious aromatic monomers
such as guaiacol, catechol, veretrol, eugenol, vanillin, 4-methylphenol, pyrocatechol,

resorcinol, 2,6-dimethoxyphenol, homovanillic acid, 4-hydroxy benzyl alcohol, 2,4-di-tert-
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butylphenol, acetovanillone,4-hydroxy-3-methoxybenzyl alcohol, 1,2,4-trimethoxybenzene
were purchased from Alfa Aesar, India and used for the identification and quantification of the
depolymerized products. Various bases such as NaOH, KOH, CsOH, Na.COs3, Cs,CO3, CaCOs3
were purchased from Loba Chemie, India, and acids HCI and H2SO4 were also purchased from
Loba Chemie, India. Various solvents such as, diethyl ether (DEE), Ethyl acetate (EtOAC),
tetrahydrofuran (THF) were purchased from Loba Chemie, India. All the catalytic runs were
carried out using distilled water.

3.2.2. Homogeneous base catalyzed depolymerization of lignin

Depolymerisation of different types of lignins was performed in a 100 mL stainless steel high-
pressure high-temperature Parr make reactor by charging 50 mL solvent (water); 0.5 g lignin;
3.4 mmol NaOH in the reactor. The reactor was flushed with N for 3-4 times to remove any
air. Then, the reactor was pressurized with N2 up to desired pressure (1-2 MPa) and was heated
slowly until desired temperature (225-250 °C) under slow stirring (100 rpm). After attaining
the reaction temperature, stirring was increased to 1000 rpm, and this time was considered as
the starting time of the reaction.

3.2.3. Extraction of the products

After completion of the reaction, the reactor was cooled to room temperature under air and
water flow. Acidification of the reaction mixture was done with 2 N H2SO4 solution until the
pH reached to 1-2. Acidified reaction mixture was collected in the centrifuge tube and kept for
centrifugation. It was observed that the centrifuged reaction mixture has two layers, i.e., solid
layer (solid cake) and liquid layer. Both layers were separated from each other. Then, the
isolation of depolymerized products was done. For that, both liquid and solid obtained after
centrifugation were subjected to the liquid-liquid and liquid-solid extraction. The extraction
process was carried out using diethyl ether (DEE), ethyl acetate (EtOAc), and tetrahydrofuran
(THF) making use of insolubility of lignin in these solvents (Chapter 2A.1., Table 2A.5). The
soluble fraction was filtered and the undissolved solid (residual lignin, oligomers, trimer, or
high molecular weight compounds) was oven-dried at 55 °C. The organic solutions obtained
after treatment of the liquid and solid layer were vacuum evaporated to obtain the oily products.
The percentage of organic solvent-soluble products were calculated based on the solid
recovered after evaporating the respective solvents. The schematic flow of the procedure

involved in the process is represented in Figure 3.1.
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Figure 3.1. Methodology used for the extraction of the products

3.2.4. Analysis of reaction mixture

The reaction mixture soluble in organic layer was analyzed by GC and GC-MS. GC was
equipped with HP-5 capillary column (0.25 pm x 0.32 mm x 50 m), FID detector (30 mLemin !
N2 flow as carrier gas) and the oven temperature program was as follows: 100°C (hold time 4
min) to 275 °C (hold time 20 min) at 10 °Cemin"! ramp rate. The injector temperature was 270
°C. The detector was kept at 275 °C. The GC-MS (Agilent-7890 GC and Agilent MS-5977A
MSD) equipped with the DB-5-MS column (0.25 pm % 0.25 mm x 30 m) was used for the
identification of the products. The temperature program was similar to that of GC-FID. The

NIST library was used for the identification of the product. The reaction mixture was also
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analyzed using HPLC (Agilent make) and LC-MS (Agilent make). Both were equipped with
Cigcolumn (4.6 mm x 250 mm), and the RID detector kept at 40 °C. Methanol and water (1:1
v/v) was used as mobile phase with 0.6 ml/min flow rate. Products were identifying by injecting

standards.

3.2.5. Yield calculations

Depolymerized low molecular weight compounds were extracted from the reaction mixture
using diethyl ether (DEE), ethyl acetate (EtOAc), and tetra hydrofuran (THF). The percentage
yield calculation of low molecular weight compounds was done on solid weight basis after
evaporating the respective solvent from the reaction mixture.

Solvent contribution in the percentage weight of low molecular weight compound was
avoided by keeping oily mass into an oven at 55 °C for 16 h. It was expected that pretreatment
would remove solvent entrapped in the respective organic mixture. Further, vacuum drying
was also done to ensure complete removal of organic solvent at 60 °C and 10* MPa under
vacuum for 2 h. After this, the weight of obtained solid was collected and used for yield
calculation. Moreover, to ensure the presence of the volatile components in the respective
solvent, solvents collected from the collection flask of the rotary evaporator was injected in
GC-FID, but the only solvent peak was observed. The quantification of identified low
molecular weight compounds was done using available standards by calibrating the GC and
GC-MS. Substrate weight calculation i.e., Lignin was based on the results obtained from the
TGA analysis conducted in the air medium presented in Table 3.1 and results showed that
Lignin, Alkaline contains around 12% moisture and 10% unburnt residue (inorganic
residue/ash). Reactions were carried out using 0.5 g lignin, out of which moisture presence in
the Lignin, Alklaine will be 0.06 g (12 wt%), and inorganic residue will be 0.05 g (10%).
Hence,the actual weight of lignin charged in the catalytic reaction was (0.5 — (0.06 +0.05)).

The actual weights of other lignins were also calculated using the same procedure.
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Table 3.1. Summary on TGA analysis of various lignins

Na-
Lignin, Lignin Lignin, Industrial | Industrial
Properties lignosulfonate
Alkaline | Dealkaline | Alkali K lignin | N Lignin
lignin
Moisture
12 10 4 21 29 13
(o)
TGA
residue (%) 10 14 13 7 0 19
Air

Yield of DEE soluble products (%) =

Weight of DEE soluble products (g)

x 100

Weight of lignin (g)

Yield of EtOAc soluble products (%)

Yield of THF soluble products (%) =

_ Weight of EtOAc soluble products (g)

Weight of lignin (g)

x 100

Weight of THF soluble products (g)

Weight of lignin (g)

x 100

Weight of Lignin, alkaline (g) = weight of lignin charged (g) — weight of (moisture +ash) (g)
=0.5¢g - (0.06 + 0.05)

=0.390 g

3.2.5.1. Mass balance calculations

Mass balance of catalytic reactions were calculated using following formula,

Mass Balance (%) =

Initial mass (g) — final mass (g)

Initial mass (g)

x 100

The initial mass of catalytic reaction is lignin charged in the reaction, and final mass is the total

weight of organic solvent soluble products.
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Weight of DEE soluble and EtOAc soluble prodcuts (g) +
Weight of EtOAc insoluble prodcuts (g)
Weight of lignin charged (g)

Mass Balance (%) = x 100

Mass balance of catalytic reaction was calculated based on the above equation as follows:

Reaction condition: Lignin, Alkaline (0.5g), NaOH (3.4 mmol), water (50 mL), 250 °C, 1 h,
N2, 2 MPa; 1000 rpm.

Solid charged before the reaction Solid recovered after the reaction

Lignin, Alkaline =0.44 g Depolymerized lignin (DEE, EtOAc soluble
(0.5 g—0.06 g of moisture) products + EtOAc insoluble ) =0.42 g

Total solid charged = 0.44 g ( including ash) | Total solid recovered = 0.42 g

Based on above observation, mass balance was calculated as

Mass balance = (0.42/0.44) x100=95%

3.2.5.2. Substrate/catalyst (S/C) calculations

The substrate to catalyst ratio was calculated by considering the average molecular weight of
lignin monomer unit as 180, based on the monomeric molecular formula (MMF) of lignin
(C10H1203), calculations are explained in detail in Chapter 2A, Section 2A.2, Table 2A.2. Mol
of Lignin, alkaline was calculated based on actual lignin charged in catalytic reaction by
considering the moisture and inorganic residue present in the lignin and calculated using TGA
analysis as mentioned above. Hence, 0.390 g lignin was considered for the mol calculations.
0.390 g of Lignin, alkaline/180 = 2.16 x 10 mol (2.16 mmol). Mol of the catalyst was
calculated based on their weight taken for the catalytic run.

3.3. Result and discussion

As discussed, homogeneous bases were used for the catalytic depolymerization of lignin in
aqueous medium using batch mode reactor. After completion of the reaction, and acidification
process, low molecular weight compounds were extracted in organic solvents by the liquid-

liquid and liquid-solid extraction procedure.
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3.3.1. Employment of various homogenous bases for the lignin depolymerization

The depolymerization of lignin was carried out to explore the catalytic activity of various bases
at 250 °C for 1 h. Different types of bases were used in the catalytic run to identify the best
catalytic system for the depolymerization process because different bases have different
catalytic behavior and basic strengths. It was also seen from the TGA analysis that degradation
of lignin substrates starts around 180 °C, and a sharp decrease was seen between 300-350 °C.
Moreover, it is known in the literature that lignin has around 60-70% ether linkages. Cleavage
of ether linkages (C-O-C) is possible at lower temperatures as compared to carbon linkages (C-
C). Itis also known in the literature that effective depolymerization of lignin is possible using
solid base %, homogeneous base 2° and mixture of solid base and homogeneous base 2’ between
250 °C-300 °C. Considering this, initially, catalytic experiments were decided to be carried out
at 250 °C. Moreover, all catalytic experiments were carried out with Lignin, Alkaline, unless
specified. Catalytic and workup procedure was followed as mentioned in the experiment
section. Here, it is also desired to mention that the presence of low molecular weight
compounds is high in DEE soluble fraction compared to EtOAc and THF fraction. This
observation is based on the GC and GC-MS profiles. As can be seen from Figures 3.2 and 3.3,
those represents the employment of various bases in depolymerization of Lignin, Alkaline and
GC-MS profile of DEE soluble product extracted from the liquid layer. Reaction results
presented in Figure 3.2 showed that, on increasing the basic strength of the catalyst, the
percentage of DEE soluble products increases. It is known in the literature that the basicity of
homogenous base changes with change in the counter cation part, and optimum basicity of
catalyst is required to maximize the depolymerized product yield. Initially, catalytic experiment
was done with LiOH (pH, 11.81) and obtained 25% yield of DEE soluble products along with
27% yield of EtOAc soluble products and 42% yield of THF soluble products. Further, counter
cation of the base changed to Na (NaOH; pH, 12.65) and found that yield of DEE soluble
products increased from 27% to 31% whereas the yield of EtOAc soluble products decreased
from 27% to 18 %. The same trend can be seen in GC-MS profile, wherein the peak intensity
of depolymerized products increased on changing the counter cation. Obtained results suggest
that on increasing the basic strength of catalyst, the yield of depolymerized products is
increasing. So, depolymerization of lignin was done with KOH (pH, 12.88), but surprisingly
yield of DEE soluble products decreased from 31% to 12%, and THF soluble products yield
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increased from 46 to 63 %. The possible reason for this behavior is higher basic strength of
KOH compared to NaOH, which might be encouraging the repolymerization process in the
catalytic run. To confirm this behavior, the reaction was carried out with CsOH (pH, 13.11),
which has higher basic strength as compared to KOH and it was found that yield of DEE soluble
products is almost similar while the yield of THF soluble products decreased from 63% to 56%.
The decrease in the yield of THF soluble products is contradictory to the results obtained with
KOH and the expectation that with an increase in basic strength repolymerization may increase.
However, DEE soluble products yield is low in CsOH catalyzed reaction and THF soluble
product yield is higher compared to NaOH. These results suggest that depolymerization activity
increases with increase in basic strength of a catalyst, but it also encourages the
repolymerization activity in the reaction. For the minimization of repolymerization, reactions
were done with the weak bases such as Na,COs (pH, 11.1), CaCOs (pH, 9.0) and Cs>COs (pH,
11.1) and found that Na,CO3 (24%) and CaCOs (23%) showed similar DEE soluble products
compared to Cs,CO3 (18%). Difference in the catalytic activity of Na2COz and Cs;COs is
difficult to correlate based on reaction pH (11.1), but it is well known fact that basic strength
increases on increasing the size of counter cation. High basic strength encourages the
repolymerization and decreases the yield of DEE soluble products. Results are consolidated
and represented in Figure 3.2A and B From Figure 3.2B, it is clear that among all the bases
used for the depolymerization reaction, NaOH is an efficient catalytic system producing high
DEE soluble products thus further reactions are carried out with this as a catalyst. GC-MS

profiles are represented in Figure 3.3,

and results are explained by selecting four peaks, guaiacol (1); catechol and creosol (2); vanillin
(3); acetovanillone (4). Peak pattern is similar in all cases but intensity is changing with respect
to basic strength. Although, peak intensity of DEE soluble products is similar in case of NaOH
(31%) and Na2COs3 (24%) but the yields were different. This difference in DEE soluble yield
might be due to the change in basic strength as, NaOH is considered as the strong base and
Na>COzas a weak base. With strong base NaOH, the degree of depolymerization will be higher,
leading to the formation of different molecular weight compounds, some of them might not be
detectable (for instance due to repolymerization to dimers, trimers etc. but still those are soluble
in DEE). So that, NaOH has high DEE soluble products yield but intensity is similar to Na2COs.
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The same trend can be seen with LiOH, CsOH, CaCOs, and Cs2COs, in which difference in the

peak intensity and DEE soluble product yield is dependent on the basic strength of used bases.
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Figure 3.2. Depolymerization of lignin using various Bases

Reaction condition: Lignin, Alkaline 0.5 g; Base, 3.4 mmol; H>O, 50 mL; 250 °C; 1 h; N, 2
MPa @ RT; 1000 rpm. DEE:diethyl ether, EtOAc:ethyl acetate, THF:tetrahydrofuran; (a) DEE
soluble products yield; (b) DEE, EtOAc and THF soluble products yield.
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Figure 3.3. GC-MS profile of low molecular weight compounds extracted from the liquid
layer using DEE solvent (a) LiOH; (b) NaOH; (c) KOH; (d) CsOH; (e) Na2COs; (f)
CaCO03;(g) Cs2CO0s3; (1) guaiacol; (2) catechol and creosol; (3) vanillin; (4) acetovanillone;
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3.3.2. Identification of depolymerized products

The identification of low molecular weight compounds formation was confirmed by GC-MS
analysis. GC-MS profiles (Figure 3.4-3.6) of depolymerized products soluble in DEE and
EtOAc suggests presence of low molecular weight compounds high in liquid layer compared
to the solid layer, and most of them have molecular weight (Mw. < 350 Da). Obtained low
molecular weight compounds were categorized as disubstituted monomer (guaiacol, 124 Da;
veretrol, 138 Da; pyrocatechol, 110 Da; hydroquinone, 110 Da) and trisubstituted compound
like 4-hydroxy-3-methoxybenzaldehyde, 152 Da; 1-(4-hydroxy-3methoxyphenyl)ethan-1-
one, 332 Da; 1,2,3- trimethoxybenzene, 168 Da; 2,6-dimethoxyphenol, 154 Da; 3-
methoxybenzne-1,2-diol, 140 Da; 3-ethyl-2-methoxyphenol, 152 Da; 2-methoxy-
4methylphenol, 138Da; 1,2-dimethoxy-4propylbenzene, 180 Da; 4-(3-hydroxypropyl)-2-
methoxyphenol, 182 Da).

CI,. b 2
lo] HO
o” Clo o
o 9 o o .0
‘r A ’—T
OH o~ 0

4 5 (3 7 S o 10 114 12 13 14 15
NMinutes

Figure 3.4. GC-MS chromatogram of products isolated in DEE ether (liquid layer)
Reaction condition: Lignin Alkaline, 0.5 g; NaOH, 3.4 mmol; H,O, 50 mL; 250 °C; 1 h; Na,
2 MPa @ RT; 1000 rpm.
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Figure 3.5. Comparative GC-MS chromatograms of products isolated in DEE (liquid layer,
solid layer)
Reaction condition: Lignin Alkaline , 0.5 g; NaOH, 3.4 mmol; H>O, 50 mL; 250 °C; 1 h; N,
2 MPa @ RT; 1000 rpm
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Figure 3.6. Comparative GC-MS chromatograms of products isolated in EtOAc (liquid

layer, solid layer)

A careful analysis of GC-MS chromatograms (Figure 3.4- 3.6) of DEE and EtOAc extracted
products from liquid and solid layers reveal that concentration of low molecular weight
compounds is higher in liquid layer compared to solid layer. This phenomenon can be
explained based on the isolation procedure, where DEE was used for the isolating products
followed by EtOAc. However, the obtained weight of products isolated using EtOAc is high
as compared to DEE. It is expected that low molecular weight compounds are present in the
DEE layer whereas EtOAc layer contains low molecular weight compounds along with some

high molecular weight compounds such as dimers and trimers.

3.3.3. Quantification of depolymerized products
Lignin depolymerization produced low molecular weight compounds and identified by GC-
MS analysis. Identified compounds were quantified by procuring commercially available

standards. Details of quantified products and their structure are summarized in Table 3.2.
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Table 3.2. Quantification of identified lignin depolymerized products

Reaction condition: Lignin, Alkaline 0.5 g; NaOH, 3.4 mmol; H,O, 50 mL; 250 °C; 1 h; Na,

2 MPa@RT; 1000 rpm

C)\
©)
I

o

Monomer Structure Yield (wt%o)
Guaiacol OH 6
@)
Veretrol O\ 0.1
O/
Hydroquinone OH 0.09
HO :
Pyrocatechol OH 0.8
: OH
Vanillin HO 2.8
Acetovanillone @) 1.8
Nen
HO
1,2,3-trimethoxybenzne O/ 0.1
ON
O/
2,6-dimethoxyphenol 0.08
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3-methoxybenzene-1,2-diol OH 0.09

5
e

OH 1.8
1,2-dimethoxy-4- O\ 0.1
propylbenzene O/

0.3

O\ CI)

3-ethyl-2-methoxyphenol 0.06

O\CI)

2-methoxy-4-methylphenol

4-(3-hydroxypropyl)-2-

OH
methoxyphenol H OM\/@O/

Presence of alcohol functionality in almost all depolymerized products confirms the

depolymerization taking place via hydrolysis path.

3.3.4. Effects of temperature and pressure

It was seen from the study with various bases that maximum yield of low molecular weight
compound is possible with NaOH at 250 °C within 1 h. Further, temperature study was done
to check the effect of temperature on depolymerization activity (Figure 3.7) and found that
when the reaction was carried out at lower temperature 225 °C, decrease in the yield of DEE
soluble products was observed from 31% to 14%. However, yield of THF soluble products is
high (65%) compared to 250°C i.e., 46%. This result imply that depolymerization reaction
required high energy to cleave the ether linkages, which is being supplied in the form of
temperature. The same trend can be seen in GC-MS profile (Figure 3.8) wherein by lowering
the temperature, peak intensity decreases and decrease in peak intensity is clear evidence of

lower depolymerization activity.
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Due to the decrease in depolymerized products yield upon lowering the temperature, it
was decided to conduct the reaction at high temperature i.e., 275 °C but surprisingly decrease
in DEE soluble products yield to 25% and an increase in the yield of THF soluble product
(56%) was found. This phenomenon is the evidence of repolymerization reaction occurring at
high temperatures. Moreover, it is essential to discuss that generally, depolymerization reaction
was conducted at 2 MPa N2 pressure (@RT), but system limitation restricted the use of the
pressure tol.5 MPa N2 (@RT) at 275 °C. However, it is important to note that the final pressure
at both the temperatures was almost similar (7.2 MPa) and thus it is suggested that temperature
plays crucial role in deciding the product distribution in the reaction. It was also decided to
check the effect of pressure in depolymerization activity at constant temperature. The results
are represented in Figures 3.9 and 3.10, and a reduction in the yield of DEE soluble product
from 31% to 24% could be seen with reduction of pressure from 2 MPa to 1.5 MPa N3, and

further decrease in the pressure does not have significant effect on depolymerization activity.
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&E<1DEE soluble
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Figure 3.7. Effect of temperature on the depolymerization of Lignin, Alkaline
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Reaction Condition: Lignin, Alkaline, 0.5 g; NaOH, 3.4 mmol; H,0, 50 mL; 1 h; N», 2 MPa;

#At 275 °C, 1.5 MPa @RT; 1000 rpm; DEE: diethyl ether, EtOAc: ethyl acetate, THF:
tetrahydrofuran

(c) 275°C

(b) 250°C

(a) 225°C

4 6 8 10 12 14 16 18 20
Minutes

Figure 3.8. Comparative GC-MS chromatograms of DEE soluble product for the reaction

conducted at different temperatures
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Figure 3.9. Effect of pressure on the depolymerization of Lignin, Alkaline
Reaction Condition: Lignin, Alkaline, 0.5 g; NaOH, 3.4 mmol; H, O, 50 mL; 250 °C; 1 h; 1000

rpm; DEE: diethyl ether, EtOAc: ethyl acetate, THF: tetrahydrofuran

Ph.D. Thesis Submitted to AcSIR 2020 120



2 MPa N, @RT

1.5 MPa N, @RT

1 MPaN, @RT

4 6 8 10 12 14 16 18 20
Minutes

Figure 3.10. Comparative GC-MS chromatograms of reaction conducted at different pressure

3.3.5. Effects of time

Time studies were carried out to find out the effect of time on depolymerization activity. It was
observed that 31% vyield of DEE soluble low molecular weight compounds and 18% EtOAc,
46% THF soluble products yield was possible within 1 h at 250 °C. It was also reported and

can be seen in temperature study that repolymerization reaction is dominating under this
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reaction condition. So, the reaction was carried out for 0.5 h (Figures 3.11 and 3.12), but
decreased in the yield of DEE soluble products from 31% to 25% and EtOAc soluble products
14% to 12% was seen. But increase in the yield of THF soluble products from 46% to 58%
was obtained. Higher yield of THF soluble products on lowering the time might be possible
due to lower catalytic interaction and thus lower depolymerization activity. These results
suggest that 0.5 h is not sufficient time to get maximum depolymerization products. Further,
reaction time was increased to 1.5 h and found that again DEE soluble products yield decreased
to 23%, which is even less than the yield obtained within 0.5 h and increased in the yield of
EtOAc to 15% and THF to 54%. This indicates that on increasing the time, repolymerization
of low molecular weight compounds is dominating in the reaction and responsible for the

decrease in the yield of DEE soluble products.
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Figure 3.11. Effect of time on the depolymerization of Lignin, Alkaline
Reaction condition: Lignin, Alkaline 0.5 g; NaOH, 3.4 mmol; H,0, 50 mL; 250 °C; N2, 2 MPa

@RT; 1000 rpm; DEE: diethyl ether, EtOAc: ethyl acetate, THF: tetrahydrofuran
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Figure 3.12. Comparative GC-MS chromatograms of DEE soluble product for the reaction

conducted at different temperatures

3.3.6. Effect of lignin/NaOH ratio

All the above mentioned catalytic experiments were conducted using lignin/NaOH ratio of 3.6
(wt/wt) and (pH, 12.65). It was decided to increase the lignin/NaOH ratio for the
depolymerization reaction. Generally, it is good to have high substrate to catalyst ratio, so
catalytic activity was checked by increasing the ratio from 3.6 (pH, 12.65) to 7.3 (pH, 12.40)
and 11 (pH, 12.29) Figures 3.13 and 3.14. It can be seen from the figure that the yield of DEE
soluble products decreased to 19% at 7.3 and 17 % at 11 ratio. The decrease in the activity can
be explained based on the availability of active catalytic sites and respective pH of the reaction
mixture which is decreasing on increasing of the substrate to catalyst ratio. High substrate to
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catalyst ratio implies lower catalytically active centers in the reaction. On increasing of the
substrate to catalyst ratio yield of DEE soluble product is decreasing, so it was thought that
lowering of the substrate to catalyst ratio may improve the yield of the DEE soluble product.
So, the reaction was carried out with a ratio of 2.5 (pH,12.82) but decreased in the yield of
DEE soluble products was seen, and this result is again the evidence of repolymerization, if
catalytic active sites are more in the reaction mixture. Appearance of peak after 18 minute RT
in the GC-MS profile of DEE soluble products presented in Figure 3.14 is a clear indication
of repolymerization. It is well known fact that repolymerization is the major concern of base
catalyzed depolymerization reaction. Proposed reaction mechanism in Figure 3.15 of the base-
catalyzed depolymerization stated that repolymerized product formed in the reaction could not

further be depolymerized due to formation of C-C bond 8,

DEE soluble EtOAcC soluble @ THF soluble
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o
1
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o
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Figure 3.13. Effect of Lignin/NaOH ratio on the depolymerization of Lignin, Alkaline
Reaction condition: Lignin Alkaline 0.5 g; NaOH; H O, 50 mL; 250 °C; N2, 2 MPa@RT;

1000 rpm; DEE: diethyl ether, EtOAc: ethyl acetate, THF: tetrahydrofuran
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Figure 3.14. Comparative GC-MS chromatograms of DEE soluble products for the reaction
conducted at different Lignin/NaOH (wt/wt)ratio
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Figure 3.15. Reaction mechanism of base catalyzed depolymerization of Lignin, Alkaline 2

3.3.7. Effect of various lignin substrates

The base catalyzed depolymerisation of different lignins (Lignin, Alkaline; Lignin, Dealkaline;
Lignin, Alkali, Na-lignosulfonate lignin, Industrial K lignin, Industrial N lignin) was
performed in water medium under the following reaction condition.

Lignin, 0.5 g; NaOH, 3.4 mmol; H20, 50 mL; 250 °C, 1 h, N2, 2 MPa@RT

As seen in the Figures 3.16 and 3.17, with a change in lignin substrate, DEE soluble products
yield was changed. Careful analysis of results suggests that catalytic activity depends on pH of
the reaction mixture and molecular weight of the lignin substrate. In case of Lignin, Alkaline,
DEE soluble products yield is maximum (31%) as compared to Lignin, Alkali (26%); Lignin,
Dealkaline (27%) and Na-lignosulfonate lignin (29%). It was also noticed that pH of lignin
sample is almost similar and vary between (12.35-12.65), but the corresponding molecular
weight is different. The molecular weights of three lignins such as Lignin, Alkaline; Lignin,
Dealkaline and Lignin, Alkali are in the range between 52000-60000 Da and their DEE soluble
products yield varies between 27%-31%. The small difference in the activity is due to the

difference in their chemical environment. However, Lignin, Dealkaline has molecular weight
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of 60000 Da, and showed lower DEE soluble products yield (27%). It may be due to lower in
pH of the reaction mixture and same trend can be seen in both industrial lignin, in which pH
of reaction mixture is almost similar to the Lignin, Dealkaline and showed lower DEE soluble
products yield i.e., industrial K lignin 25% and industrial N lignin 14%.

© DEE Soluble O EtOAC Soluble @ THF soluble
100 +
80
60
2 w0
SN NN NN\

Alkaline Lignin ‘ Alkali Lignin ‘Dealkaline Ligninr Na-lignosulfonte ‘Industrial K Iignin’lndustral N Lignin‘

Lignin
Mw. ( Da) 60,000 28000 60,000 52,000
pH of R.M. 12.65 12.53 12.30 12.48 12.35 12.38
(%) 100 100 100 100 100 100
solubility in
alkaline H,0O

Figure 3.16. Depolymerisation of different lignin
Reaction conditions: Lignin, 0.5 g; NaOH, 3.4 mmol; H20, 50 mL; 250 °C; 1 h; N2, 2 MPg;
DEE: diethyl ether; EtOAc: ethyl acetate; THF: tetrahydrofuran
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Figure 3.17. Comparative GC-MS chromatograms of DEE soluble product for the reactions
conducted with different Lignin substrates
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3.3.8. Confirmation of low molecular weight products formation: GC-MS, LC-MS,
MALDI-MS

Initially, formation of low molecular weight compounds was confirmed by GC-MS technique.
There is a chance that the products soluble in organic solvent (DEE, EtOAc), may degrade at
high operating temperature of GC-MS as compared to the reaction temperature to form low
molecular weight compounds. To eliminate this possibility, organic solvent-soluble products
were analyzed by LC-MS and MALDI-TOF techniques. Based on these two techniques, it was
found that low molecular weight compounds are present in the organic mixture. Another aspect
of this study is the distribution of products isolated from the solid layer and liquid layer. It was
seen that peak intensity of low molecular weight compounds is high in the liquid layer as
compared to solid layer (Figures 3.5 & 3.6), and the presence of high molecular weight
compounds was seen in EtOAc and THF soluble products (Figures 3.18 - 3.21). This is in
agreement with previous observation, where it was stated that DEE contains low molecular
weight compounds and EtOAc has low molecular weight compounds as well as oligomers and

high molecular weight compounds.
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LC-MS profile of depolymerized product present
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Figure 3.19. Comparative LC-MS chromatograms of depolymerized products extracted from

Ph.D. Thesis Submitted to AcSIR 2020

131



0

i
-
g
I i
2 1
g N
= g
&
g F L .
= o B B & -
- BH=d o BF|a2
seg d L Ed ulla |2 Eag [ EP - £ =
22 gt 29 2HE 1= He Bl |= |82 B B
SN N | Al Al =@

150 200 250 300 250 400 450

Mass (m/z)
DEE soluble liquid

2040214
260354
160173
2006

3120460

3% 0440

22061

=54 ()

i
80159
e ey
wen
314 035%
8030

o3t
B0

260%4

240 0410 3380323
¥00492

140474

05 1000

21602%
260204
=240 (364

N, E—2510m
IR
A

i
so =00  =so
Mass (m/z)
DEE soluble solid

Figure 3.20. Comparative MALDI-MS chromatograms of depolymerized products extracted

from the liquid layer

Ph.D. Thesis Submitted to AcSIR 2020 132



EtOAc soluble liquid

=]
=]

500
Mass (m/z)

EtOAc soluble solid

Mass (m/z)

THF soluble solid

]

[

Mass (m/z)

Figure 3.21. Comparative MALDI-MS chromatograms of depolymerized products extracted
from the solid layer

133

Ph.D. Thesis Submitted to AcSIR 2020



3.3.9. Lignin and products characterization

Characterizations of the depolymerized products were done to correlate the presence of
different functionalities which are present in the substrate i.e., Lignin and products. FT-IR
analysis of organic solvent (DEE, EtOAc) soluble products was done and represented in Figure
3.22 A close analysis of FT-IR spectra of lignin, alkaline and depolymerized products soluble
in DEE and EtOAc layer suggests that peak intensity of hydroxyl group (3500-3100 cm™),
methyl and methylene group (2970-2830 cm™) has been increased in the depolymerized
products. It is obvious because depolymerized products contains free hydroxyl and methoxy
groups linked to aromatic backbone. The number of these groups increases after
depolymerization. Other functional groups present in the lignin substrate matches well with
depolymerized products. These results indicate that lignin is effectivity depolymerized into low
molecular weight compounds and depolymerized products have retained the functional groups

present in parent lignin sample.

Ph.D. Thesis Submitted to AcSIR 2020 134



Lignin, Alkaline

Transmittance (a.u.)

3800 3300 2800 2300 1800 1300 800 300
Wavenumber(cm-1)

DEE Soluble liquid

Transmittance (a.u.)

3800 3300 2800 2300 1800 1300 800 300
Wavenumber(cm-1)

DEE soluble solid

V\

1518 1263 1203

Transmittance (.u)

380033002800230018001300 800 300
Wavenumber(cm-1)

Ph.D. Thesis Submitted to AcSIR 2020 135



EtOACc soluble liquid

-

™\

L 1737 ‘\\\ 1042
1231

3800 3300 2800 2300 1800 1300 800 300
Wavenumber (cm1)

Transmittance (a.u)

EtOACc soluble solid

1604

Transmittance (a.u)

380033002800230018001300 800 300
Wavenumber(cm-1)

THF soluble

Transmittance (a.u)

|
380033002800230018001300 800 300
Wavenumber (cm-1)

Figure 3.22. FT-IR spectra of Lignin, Alkaline and organic solvent soluble low molecular

weight compounds
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Table 3.3. Correlation between different functional groups of lignin and depolymerized

products
Band | Type of vibration Wavenumber (cm!)
(cm?) Lignin, Products Products extracted
Alkaline | extracted from from liquid/solid
liquid/solid layer | layer using EtOAc
using DEE

3500- | Alcoholic and phenolic O-H 3349 3367/3367 3382/3382
3100 | stretching
2970- | C-H asymmetric stretching | 2932, 2938/2938 2931/2935
2830 |in methyl and methylene 2833/2833

group
1615- | C=0O stretching with 1590 1590/1590 -
1590 | aromatic skeleton vibrations
1530- | Aromatic skeleton vibrations - 1510/1518 -
1500
1300- | C-C, C-O, C=0 stretching in 1264 -/1263 1231
1200 | guaiacyl units
1195- | Deoformation vibration of 1196 1104 -
1124 | C-H bond in syringyl rings
1030- | C-O stretching in alcohol, 1024 1023/1025 1023/1023
1010 | ether/ in plane deformation

vibration of C-H bond in

aromatic rings

3.3.10. Proof for the solubility of lignin and depolymerized products
It was seen in catalytic experiments that initially lignin is soluble in alkaline water and after

the completion of reaction when the reaction mixture was acidified by 2N H.SO4 and kept for
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centrifugation, two layers are formed (liquid layer and solid layer). Products after the catalytic
reaction were isolated from both the layers and analyzed using GC-MS, LC-MS, and MALDI-
MS. It was also seen that peak intensity of products isolated from liquid layer is higher as
compared to the solid layer. To confirm the probability that the solid layer may contain lignin
or depolymerized products, controlled experiment was carried out without temperature and
pressure treatment as represented in Figure 3.23, After the experiment, reaction mixture was
acidified and centrifuged. It was seen that only one layer was present in the reaction mixture
as against two layers observed in typical reaction. Thus, the results of the controlled experiment
proved that solid layer may also contain the depolymerized products. It is fascinating to see
that the lignin substrate is soluble in similar conditions, but the depolymerized product is not.
To find out the reason of the unusual behavior, another controlled experiment was designed
with lignin model compounds. In this experiment, mixture of lignin model compounds such
guaiacol, vanillin, and eugenol and their mixture as represented in Figure 3.23 and 3.25 was
made. Initially, substrates (guaiacol, vanillin, eugenol and mixture of three of 0.2 g each) were
taken in 20 mL water. It is observed that guaiacol and vanillin are sparingly soluble in aqueous
solution where as eugenol was insoluble. Possible reason of this observation is that may be due
to alkyl chain present in eugenol substrate, it has become more hydrophobic than other
substrates. Further, 0.05 g of NaOH was added in the corresponding solution and it was found
that the solubility of all the substrates increased and dissolves completely in alkaline water.
This is obvious because in alkaline water exists in ionic form. Thus their solubility was
increased. Then the resultant mixture was acidified by 2N H2SO4 and kept for centrifugation
and noticed that guaiacol and vanillin is soluble in water solution, but eugenol settled down to
the bottom of the centrifuge tube. This behaviour can be explained based on hydrophobicity
and hydrophilic nature of lignin and depolymerized product. Initially lignin is soluble in
alkaline water because it has various functional groups (heteroatom) and attached to it, but after
the depolymerization cleavage of linkages decreases the functional group present in the
depolymerized product and its hydrophilic nature changed to hydrorophobic nature. A careful
analysis of base catalyzed depolymerization reaction mechanism (Figure 3.13) suggested that
in repolymerization process C-C bond formation is preferred, which will also decrease the

functionally of depolymerized product.
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Figure 3.23. Solubility behavior of lignin and depolymerized products
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Figure 3.25. Model compound study for the solid product formation

3.4. Conclusion

In summary, various sources of lignin was effectively depolymerized into low molecular
weight in alkaline water at 250 °C under 2 MPa N2 pressure using homogeneous bases. Among
all used bases NaOH was found as best catalytic system for the lignin depolymerization.
Model compound study was carried out to understand the product distribution of base
catalyzed lignin depolymerization. It was seen that decrease in solubilty of depolymerized
product is due to decrease of hydrophilicity and alkyl chain compound present in
depolymerized product. FT-IR study of depolymerized product suggests that most of functional
group retain, which were present in the lignin. This proves that total atom efficiency is

maintained in this process.
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Chapter 4A

Understanding the influence of alumina supported
Ruthenium catalyst synthesis and reaction
parameters on the hydrodeoxygenation of lignin

derived monomers
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4A.1. Introduction

As discussed earlier (Chapter 3), base catalyzed lignin depolymerization produced low
molecular aromatic compounds. It was also discussed that these low molecular weight
compounds have high potential applications to replace fossil based fuel and chemicals, but
complexity (mixture of various aromatic monomer) of formed low molecular weight
compounds restricted their applications. Another discussion was made that up-gradation of
these low molecular weight compounds will help in improving its efficiency as the potential
candidates for the application as fuels and chemicals. A simple calculation for the O/C ratio of
lignin, alkaline (Cg.7H9.105.1S0.13, O/C, 0.58), and its derived low molecular weight compound
such as guaiacol (C7HsO2, O/C, 0.28) suggests that they have high O/C ratio. Up-gradation of
these low molecular weight compounds reduces the O/C ratio and improves its potential
application as a fuel and chemical. So, it was decided to carry out up-gradation of obtained low
molecular weight compounds, firstly up gradation was carried out by defunctionalisation of
lignin derived low molecular weight compounds using supported metal catalysts and external
source of molecular Ho. This strategy IS known as HDO
(Hydrodeoxygenation/Defunctionalisation) of lignin derived low molecular weight compounds
(Scheme 4A.1).

OH

Scheme 4A.1. Hydrodeoxygenation/defunctionalisation of lignin derived low molecular

weight compound, guaiacol
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Various reports describe the HDO of lignin derived low molecular weight compound, and it
was seen that HDO is improving the fuel efficiency of lignin derived low molecular weight
compounds. So, it was decided to carry out catalytic hydrodeoxygenation (HDO) reaction to
lower the oxygen content and improve its energy value 2. Thus, in order to produce fuels from
lignocellulosic biomass two prong strategy needs to be developed in which first step is the
conversion of lignocellulosic biomass to crude bio-oil and in a second step, up-gradation of
bio-oil through HDO process to decrease the oxygen content is required 3.  Further,
cyclohexanol and cyclohexanone (KA oil) are the intermediates in the synthesis of adipic acid
however, currently KA oil is obtained either by hydrogenation of phenol or oxidation of
cyclohexane/cyclohexene which are obtained from fossil feedstock #. It can be suggested that
if the KA oil is obtained from lignin instead of fossil feedstock, it would be beneficial for the
bio-refinery concept. The expected market for adipic acid is approximately USD7000 million
in 2019, which makes it one of the most interesting molecule to synthesize. In view of this,
research is devoted on the KA oil synthesis from lignin via depolymerisation and HDO-ring
hydrogenation of depolymerized aromatic monomers. In a typical HDO process, oxygenates
are reacted with hydrogen in the presence of a catalyst to remove oxygen via C-O bond
cleavage °>’. Precious metals like Ru, Pt, Pd with high loading decorated over various supports
are required for the HDO of bio-oil at elevated temperatures (>300 °C) and pressures (~7 MPa
H>) to cleave C-O bonds due to i) higher bond dissociation energy (414 kJ/mol) and ii) partial
double bond character to C-O bond in phenolic compounds due to resonance 8 °. Guaiacol is
one of the depolymerized product of lignin, and it has different types of oxygen-carbon bonds
similar to those found in lignin: Ar(C)-O-CHs [C(sp3)-OAr (methoxy group), C(sp2)-OMe]
and C(sp2)-OH (hydroxyl) having bond energies of 247, 356 and 414 kJ/mol, respectively °.
Considering this, much of the research is devoted on the use of guaiacol as a representative
compound of lignin derived chemicals for HDO reactions. In the earlier works, from our group
it is shown that the solid acids,*"*? solid bases *3 and acidic ionic liquids ** > can depolymerize
lignin under milder conditions (<250 °C, N) to yield low molecular weight compounds
including guaiacol.

It is reported that Ru/C could catalyze HDO reaction of bio-oil at 340 °C under 8 MPa H>
pressure inaqueous medium to yield mixture of upgraded monomers °. Ru/ZrO,-WOx catalyst
is too reported for the formation of mixture of products (cyclohexanol, cyclohexanone,
cyclopentanone) at 270 °C and 4 MPa H; pressure 6. Pd-WO,/Al,Os catalyst at 300 °C and 7
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MPa H. in n-decane solvent is shown to give 88% cyclohexane yield . Comparative study of
Pd, Ru (240-330 °C) and Mo02C (330-375 °C) supported on carbon is done at 3.4 MPa of Hz in
decaline solvent and it was observed that at lower temperatures (240 °C) predominantly ring
hydrogenation occurs and at elevated temperature of 300 °C, C-O bond cleavage is possible 8.
Earlier from our group it has been exemplified that with a change of support from basic (HT)
to neutral (AC) to acidic (Al203), product selectivity (ring hydrogenation to partial HDO) alters
and with highly acidic support (SiO2-Al.Oz), complete HDO activity is possible to achieve.
Incidentally, change in selectivity of the products was devoid of metal used (Pt, Ru, Pd with
3.5 wt% loading) '°. Recently, in a comparative study of Pt/HY and Pt/HZSMS5 catalysts on
the basis of strength and amount of acidic sites, HDO of guaiacol at 250 °C and under 4 MPa
H> in decane solvent is reported. It has been shown that due to optimal acidic properties in
Pt/HY catalyst compared with Pt/HZSMS5 catalyst, it showed better HDO activity 2°. Ru/SiO;
catalyst has shown complete conversion of guaiacol with 55% yield of cyclohexane in n-
dodecane at 300 °C and 5 MPa H, 2. The HDO activities of bimetallic catalysts like, 4wt%-
1wt%RuRe/C and RuRe/MWCNT are also evaluated at 200 °C and 2 MPa H> in n-heptane
medium and with guaiacol as a substrate, approximately 60% cyclohexanol formation was seen
22 A careful look at the literature suggests that with precious metals, high activity is obtained
at high temperatures (typically >250 °C) and high hydrogen pressures (2 MPa — 8 MPa). It is
also suggested that since precious metals are highly active, those may catalyse further reactions
and coke formation and gaseous products formation becomes predominant at the expense of
desired compounds, cyclohexanol and cyclohexanone.

Though precious metals demonstrate good HDO activity, but due to high loadings (>3wt%)
required to achieve respectable activity, researchers have extensively focused their works on
the use of non-precious transition metal based catalysts. In view of this, CoMoS, NiMoS or
MozN catalysts are evaluated for HDO at 300 °C and 4 MPa H, 232?°. However, these catalysts
have exhibited lower activity and contamination of products with sulfur was also seen 2%,
Besides sulfur containing catalysts, Ni and Fe based catalysts are also used for the HDO of
lignin model compounds but those showed respectable activities at very high temperatures
(>350 °C) resulting in undesired by-product formation like CHs and CO 333, NiCo/Al,O3
catalyst is also reported for the HDO of guaiacol to yield cyclohexanol as a major product
(70%) at 200 °C and 5 MPa H; pressure in aqueous medium *. Recently, CuNi/Ti-MCM-41
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catalyst is demonstrated for HDO of guaiacol at 260 °C and 10 MPa H: in heptane solvent to
achieve 74% conversion of guaiacol with 48% selectivity to cyclohexane *°.

Typically, it is seen that the catalysts with higher acid sites show better activity for HDO.
Additionally, different studies have shown that the activation of hydroxyl group is possible in
presence of the transition metal along with acid sites. In a bifunctional supported metal catalyst,
metal splits Hz and acidic sites are responsible for the cleavage of C-O bond(s) %-3°.

A careful study of the published research reveals that with aqueous and high boiling solvents
like decane (174.1 °C), dodecane (216.3 °C) and hexadecane (286.9 °C), HDO reactions
typically occur >250 °C and >3 MPa H> pressure. However in low boiling solvents such as
heptane (98.4 °C), HDO activity can be achieved at lower temperatures and lower Hz pressures
(<250 °C and <2 MPa Hy). This indicates that for a HDO reaction to occur, minimum threshold
pressure is required which can be achieved with high boiling solvents at higher temperatures
but with low boiling solvents is achieved at lower temperatures. Nevertheless, possibility of
solubility of hydrogen in these solvents at given temperatures is required to be examined. Thus,
it becomes essential to understand this underlying chemistry and develop a catalytic system
which would use lower precious metal loading and operate under lower temperature and
pressures. It is anticipated that in the presence of low boiler solvent, and bifunctional catalyst
having noble metal in combination with acidic support, could be the better alternative to
achieve HDO activity under moderate temperature (175-225 °C) and lower H> pressure (<2
MPa). Moreover, in most of the earlier studies, higher loading (> 3wt%) of precious metals is
reported which might not be economically viable. Hence the objective of this work was to use
very low loading of noble metal and study the effect of support in presence of low boiler as
well as thermally stable solvents like hexane (B.P = 68 °C) and cyclohexane (80.7 °C). Earlier
it is shown by experimental and theoretical evidence that cyclohexane is stable at higher
temperature 4% 4. Additionally, effect of catalytic system on various other lignin derived
aromatic monomers was also checked.

4A.2 Experimental section

4A.2.1. Materials

n-hexane (99%), cyclohexane (99.9%), phenol (99.5%), eugenol (99%), RuCls (45-55%),
Ru/AlOs-Acidic (commercial) catalyst and various supports (SiO2-Al203, y-Al2Os acidic,
basic, and neutral) used in the catalyst synthesis were procured from Sigma Aldrich Chemicals,
USA. It is typically known that AlOs when precipitated during synthesis is done under alkaline
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condition (pH ~10) and later it can be washed with acid to make either neutral or acidic. Acidic
Al>O3 has typically pH of 4-6. Guaiacol (99%), anisole (99%), veratrol (98%), and 4-propyl
cylohexanol (>98%) were purchased from Loba Chemie, India. 2-methoxy cyclohexanol
(99%) was procured from Alfa Aesar, India. 4-propyl phenol (99%) was purchased from TCI
Chemicals, India. Besides supports, all the other chemicals were used as received.

4A.2.2. Catalyst synthesis

Supported Ru metal catalysts (Ru/Al>Oz, Ru/SiO2, Ru/SiO2-Al>03) with 0.5 wt% Ru loading
were prepared by wet impregnation method. More details on the materials and synthesis
procedure used for the synthesis of supported metal catalyst are described earlier (Refer chapter
2B, Section 2B.2.2).

4A.2.3. Catalytic runs

Hydrodeoxygenation of guaiacol was performed in a 100 mL hastelloy high pressure high
temperature Parr make reactor. In a typical reaction, 2.15 wt% guaiacol solution (23 g) in
cyclohexane with guaiacol/Ru molar ratio of 165 was charged in the reactor. The reactor was
flushed with Ha for 3-4 times to remove any air. Then, the reactor was pressurised with Hz up
to desired pressure (0.3-1 MPa at R.T) and was heated under slow stirring (100 rpm) until
desired reaction temperature (175-250 °C) was reached. After attaining the reaction
temperature, stirring was increased to 1000 rpm and this time was considered as a starting time
of the reaction. Reactions with other substrates (eugenol, veretrol, anisole, phenol) were carried
out using similar charge. With 1 MPa pressure charged at R.T, under reaction temperature of
225 °C, 3.1 MPa pressure was observed.

4A.2.4. Recycle experiments

After completion of a reaction, the catalyst (solid) was recovered by centrifugation of the
reaction mixture. The recovered wet catalyst was used in the next reaction without any pre-
treatment. In addition, to check the catalyst activity by maintaining S/C ratio (substrate to
catalyst molar ratio) constant, the residual solvent of recovered wet spent catalyst from third
run was removed by heat treatment of catalyst at 60 °C for 12 h. The dried catalyst was used
to carry out the fourth run without further treatment.

4A.2.5 Analysis of reaction mixture

After completion of reaction, reactor was allowed to cool to room temperature under air flow.
The reaction mixture was collected and centrifuged to separate solid and liquid. The liquid was

then filtered through a 0.22 um syringe filter and used for gas chromatography (Agilent GC)
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analysis. GC was equipped with HP-5 capillary column (0.25 pm x 0.32 mm x 50 m), flame
ionization detector (FID) (30 mLemin ! N, flow as carrier gas) and the oven temperature
programme was as follows: 100 °C (hold time, 1 min) to 270 °C (hold time, 10 min) at 10
°Cemin ! ramp rate. The injector temperature used was 270 °C. Detector was kept at 275 °C.
The GC-MS (Agilent-7890 GC and Agilent MS-5977A MSD) equipped with DB-5 MS column
(0.25 um x 0.25 mm x 30 m) was used for the analysis. Temperature program used was similar
to that for GC-FID. The NIST library was used for product identification. Following formulae
are used for the calculation of conversion and yields.

C on (%) = moles of substrate converted (based on GC) 100
onverston 170) = moles of substrate charged X

Yield (%) = moles of product formed (based on GC) 100
e /™ moles of theoretical product formed based on substrate converted x

4A.3. Result and discussion

4A.3.1. Catalyst characterization

All the synthesized catalysts were characterized thoroughly to understand their morphology
and to correlate the activity of the catalysts with their morphologies. For details of
characterization technique used Refer (Chapter 2B, Figure 2B.2. XRD analysis). XRD analysis
of supported metal catalysts was done to confirm the phase of support and metals. ICP analysis
was done to confirm the % of metal loading in respective catalyst (Chapter 2B, Section 2B.3.3.
Table 2B.3. ICP analysis). NH3/CO2 TPD analysis of synthesized catalysts was done to
calculate respective acidity and basicity present in catalyst (Chapter 2B, Figure 2B.11. and
Table 2B.5). XPS analysis was done to check the oxidation state of metal (Chapter 2B, Figure
2B.7.-2B.10.). N2 physisorption analysis of synthesized catalysts were done to check available
surface area for the catalytic activity (Chapter 2B, Table 2B.2.). CO chemisorption analysis
was done to calculate % metal dispersion and crystallite site of the synthesized catalyst and
tabulated in (Chapter 2B, Table 2B.4.). TEM analysis was done to check the particle size of
supported metal catalyst (Chapter 2B, Figure 2B.3-2B.5).
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4A.3.2. Catalyst activity
Hydrodeoxygenation (HDO) reactions were carried out in high pressure high temperature batch
mode reactors and the analysis of the reaction mixture was done on GC (for details please refer

experimental section, 4A.2).

4A.3.2.1. Effect of support on the HDO of guaiacol

E=3Cyclohexanol  ==trans-2-methoxycyclohexanol ~ —e—Conversion

P N
N & N X
8(,&% &&,&

Figure 4A.1. Effect of support on the hydrodeoxygenation of guaiacol.

Reaction condition: Guaiacol/Ru molar ratio, 165; 2.15 wt% Guaiacol in cyclohexane; Ho, 1

MPa at room temperature; 225 °C; 4 h; 1000 rpm.

As can be seen from the Figure 4A.1, with constant Ru (0.5wt%) loading but with the change

in the support; activity of the catalyst with selectivity for the product formation has changed
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when reactions were carried out at 225 °C under 1 MPa Ha pressure for 4 h in cyclohexane as
a solvent. With neutral SiO> as a support, formation of 47% cyclohexanol was observed with
72% conversion of guaiacol. However, when instead of SiO2, Al.Oz-Neutral was used to
support Ru, increase in the conversion (100%) was seen along with increase in cyclohexanol
formation (55%). Additionally, formation of an intermediate product, trans-2-
methoxycyclohexanol with 25% yield was also seen. This result was surprising considering
that both SiO, and Al>Os-Neutral were considered as neutral supports. However, as shown
above, in case of Al,Os-Neutral support very weak acidity (0.16 mmoleg™) was seen.
Moreover, CO chemisorption data indicated that crystallite size of Ru on Al2Os-Neutral was
too small (2.18 nm) compared to on SiO2 support (11.8 nm). These two factors might have
played important role in increasing the overall activity of the catalyst. Considering this, acidic
Al>03 was used to support Ru and the activity was evaluated under similar conditions. As
observed, with Ru/Al,Oz3-Acidic catalyst, improvement in the yield for cyclohexanol (77%)
was achieved compared to neutral Al,O3 (55%). Besides cyclohexanol as a product, formation
of trans-2-methoxycyclohexanol (12%) was seen, which was lower than Al>Os-Neutral
supported catalyst (25%). In view of this result, crystallite size of Ru was checked for both the
catalysts (Al2Os-Neutral, Al2Os-Acidic) and it was seen that over both the supports, Ru
crystallite size is almost similar (1.86 nm, 2.18 nm; Chapter 2B, Table 2B.4). Hence, it can be
effectively said that the acidity of the support is playing an important role in the cleavage of C-
O bond and thus acidic Al.O3 supported Ru catalyst showed higher cyclohexanol yield than
neutral Al>Os3 supported Ru catalyst. These results suggest that the adsorption of oxygenated
compound(s) on the acidic supports might be higher which results in the formation of
cyclohexanol as a product. In regard to this, activity of basic Al.Os supported Ru catalyst was
evaluated and it was seen that the catalyst gave 64% cyclohexanol yield with 31% yield for
trans-2-methoxycyclohexanol. As expected on the basic support, C-O cleavage activity was
lower however, higher GC based carbon balance (considering GC based conversions and yields
of products) was observed (95%) compared to acidic Al.O3 (89%) and neutral Al203 (80%)
supported Ru catalysts. This can be explained on the basis of coke formation on the catalyst
during the reaction. In order to substantiate this suggestion, CHNS elemental analysis of spent
Ru/SiO2-Al>03and spent Ru/Al>O3-Basic catalysts was carried out and it proved the adsorption
of coke on the catalyst surfaces was more on acidic support [Ru/SiO2-Al>.03 (9.50% C and 1.12
% H) than Ru/Al>Oz-Basic (4.15% C and 0.54% H)]. This is due to a well-known fact that on
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basic supports formation of coke is always lower compared to acidic supports over which
cracking reactions are predominant. To discuss this further, on acidic sites if noble metals are
present they show higher hydrogenation activity due to higher dispersion and stability of metals
and thus can reduce the coke formation but with relatively higher acidity, problems of strong
adsorption of substrate/intermediate/products is possible, which will lead to coke formation by
undergoing further degradation reactions. In this work, since very low loading of Ru (0.5wt%)
is used, it was believed that it may not be possible to use highly acidic supports as it may lead
to coke formation and the same is proven by above data. Moreover, phenolic compounds are
mildly acidic and thus can interact with basic supports weakly by losing H+ and forming
phenoxide ion and thus these supports can be of use to carry out these reactions. Since, best
cyclohexanol formation activity was seen on Ru/Al,O3-Acidic catalyst, commercially procured
Ru/Al>Os-Acidic (commercial) catalyst, which is known to have mild acidity was also checked
for its activity and almost similar activity was observed with the catalyst synthesized in the
laboratory. Later, Ru/SiO2-Al>O3 catalyst was also evaluated for its activity for HDO of
guaiacol nevertheless even if 68% conversion of guaiacol was observed, no cyclohexanol
formation was seen. This can be explained on the fact that SiO2-Al>Oz has higher acidity (0.54
mmolsg™) with Ru crystallite size of 3.05 nm and thus catalyst might be highly active to yield
cyclohexane as a product, which incidentally we could not quantify as reaction media is same.

To compare the activity of different catalysts and the role of support on the reaction,
TOF calculations were done while reactions were performed for shorter time of 1 h at 225 °C

under 1 MPa H> pressure. Following order of TOF was observed:

Ru/Si0236% (4 h™') < Ru/SiO2-Al,03 34% (13 ht) < Ru/AlO3-Basic 40% (22 h') < Ru/AlOs-
Neutral 42% (24 ht) ~ Ru/Al;Os-Acidic 37% (24 h') < Ru/AlxOs-Acidic (commercial) 39%
(26 h'l)

TOF calculation was done for the all the catalyst, and it can be seen from the obtained
result, Ru/SiO> catalyst has lowest TOF, it is obvious due to bigger particle size of Ru compared
to other catalysts, and all Al,O3 supported catalyst showed higher TOF due to better metal
dispersion and lower particle size. Nonetheless, TOF values need to be explained based on the

structure sensitive/insensitive aspect of HDO reaction.
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To check whether during the reactions methane is obtained as methanol would form
after the cleavage of C-O bond (Ar-OCHa), vent gas was analysed by GC equipped with TCD.
However, formation of methane or any other gases was not detected. Moreover, based on the
GC equipped with FID analysis of reaction mixture, formation of methanol with almost 92%
equivalent to HDO of guaiacol was seen, which confirmed that methanol does not undergo any
further conversions.
4A.3.2.2. Effect of temperature
Since, Ru/Al,Os3-Acidic catalyst showed the best cyclohexanol yield (77%) in the reaction
amongst all the catalysts when reaction was carried out at 225 °C, to improve the yield of
cyclohexanol further, effect of reaction temperature (175, 200, 225 and 250 °C) on the HDO
activity of this catalyst was studied and the results are shown in Figure 4A.2. Catalyst could
even at 175 °C exhibit 100% conversion of guaiacol however, at this temperature, C-O bond
cleavage activity was lower as is evident from the higher yield of ring hydrogenation product,
trans-2-methoxycyclohexanol (40%). With an increase in temperature to 200 °C, enhancement
in the yield of cyclohexanol (82%) along with 17% yield of trans-2-methoxycyclohexanol was
observed (99% carbon balance). However, with further increase in temperature to 225 °C,
catalyst showed slight decrease in cyclohexanol vyield (77%) and also trans-2-
methoxycyclohexanol yield (12%) (89% carbon balance). In order to check whether at higher
temperature, cyclohexanol yield remains constant, reaction was done at 250 °C but lower yields

were seen.

Ph.D . Thesis Submitted to AcSIR 2020 154



Ez@trans-2-methoxycyclohexanol
Cyclohexanol

—e—Conversion
100 7 ® ®

80

60

T

40

Conversion / Yield (%0)

20

0007
00

D%

175 200 225 250
Temperature (°C)

Figure 4A.2. Effect of temperature on the hydrodeoxygenation of guaiacol
Reaction condition: Guaiacol/Ru molar ratio, 165; 2.15 wt% Guaiacol in cyclohexane; Hz, 1
MPa at room temperature; 4 h; 1000 rpm.

Based on these results, it can be suggested that at lower temperature (175 °C) the activity of
catalyst for the formation of HDO product is low and at 250 °C since the significant decrease
in the yield of cyclohexanol (37%) was observed with only 15% trans-2-methoxycyclohexanol
formation, side reactions such as coke formation or gaseous products formation are
predominant. Moreover, this is implied due to observance of lower carbon balance (52%) with
an increase in temperature to 250 °C. To check whether gaseous products are formed at higher
reaction temperatures, after the reaction, gas analysis was done on GC equipped with TCD but
no gaseous product formation was seen. As one of the possibility, the decrease in the yield of
cyclohexanol at 250 °C could be due to its complete HDO to form cyclohexane, which
incidentally we could not analyze as same is used as a reaction media. In order to check this
possibility, the stability study of cyclohexanol was carried out at 225 °C under N2 and H>

atmospheres under similar reaction conditions. The result showed that under N2 atmosphere
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cyclohexanol was more stable with 20% conversion compared to under H, atmosphere wherein
50% conversion of cyclohexanol was seen (Figures 4A.3.1-4A.3.2). Incidentally, as mentioned
above, quantification of cyclohexane as product was not possible since reactions were carried
out in the same solvent. However, stability study results imply that under the reaction
conditions employed in this study, cyclohexanol is unstable and converted into deoxygenated
product cyclohexane or coke. Further, to investigate the loss in carbon balance at higher
reaction temperature, spent Ru/Al,O3-Acidic catalyst was subjected to the elemental analysis
and TGA analysis (Table 4.1, and Figure 4A.4). The calculated weight loss at 225 °C was 9.4%
(TGA, difference in weight loss between spent and fresh catalyst at 800 °C) which reflects into
loss of 0.046 g of substrate or product. Further, based on the mass balance (89% GC based),
loss of substrate was calculated to be 0.055 g. Thus it is suggested that lower mass balance is
due to strongly adsorbed substrate or product on the catalyst surface or coke formation.
However, the first possibility is negligible because it can happen at lower temperature too like
at 200 °C but where higher mass balance was achieved (99%). Surprisingly, at higher reaction
temperature of 250 °C, calculated weight loss was 6.3% based on TGA study. The similar trend
was also observed from CHNS elemental analysis. As summarized in Table 4A.1, in fresh
Ru/AlOz-Acidic catalyst, no carbon was present. But, over Ru/Al,O3-Acidic@200 spent
catalyst, 1.20% carbon and on Ru/Al:Os3-Acidic @225 spent catalyst, the content of carbon
was 5.35%. This shows that with an increase in reaction temperature, either coke formation or
adsorption of reactant/products on the catalyst surface is possible. Moreover, with an increase
in reaction temperature to 250 °C, decrease in carbon content (3.67%) was observed. From this
it is concluded that in the temperature range of 200-225 °C, the formation of partial oxygenated
products was predominant and those were adsorbed on the acidic support and can further be
converted into carbonaceous deposits. There is a possibility that once carbon (either in coke or
intermediate oxygenated products form) is deposited on the catalyst, active sites are buried
under it and thus adsorption of reactant and/or intermediate products is prohibited on these
active sites. This may result in the lower yield of desired products. The TGA and elemental
analysis data are complimentary with each other and this proves that with an increase in
temperature from 175 to 225 °C, adsorption of oxygenated products or coke on the catalyst
surface increases. Now to investigate further on whether coke is deposited on the catalyst
surface or oxygenated intermediate products, it is essential to delve deeper into the elemental
and TGA results. A simple calculation of elemental analysis suggests that if cyclohexanol
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(CeH120) is considered as a product adsorbed on the catalyst surface then with the
consideration of carbon content (5.35%, spent catalyst @225 °C from elemental analysis),
1.18% of oxygen (5.35x16/72) is present on the catalyst. Additionally, 0.89% of H will be
present (5.35x12/72). However, from elemental analysis we understand that only 0.62% H is
calculated. The total for cyclohexanol adsorption should give 7.44% weight loss
(5.35+1.18+0.89=7.42%). Yet, TGA analysis of spent catalyst @225 °C, showed 9.4% weight
loss. Along with this, there is a mismatch between hydrogen present on catalyst, experimentally
(0.62%, elemental analysis) and theoretically should be present from cyclohexanol adsorption

(0.89%). Considering this, it is expected that partially, oxygenates and coke are deposited on

the catalyst.
™ .
I (b)
_[__ ‘ @
4 5 6 7 8 9 10 11 12

Minutes

Figure 4A.3.1. cyclohexanol stability in N2; (a) before reaction; (b) after reaction
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Figure 4A.3.2. Cyclohexanol stability in H»

Table 4A.1. CHNS analysis of spent and fresh catalyst reaction done at different temperature

Catalysts Ru/Al20s- | Ru/Al20s3-Acidic | Ru/Al20s-Acidic Ru/Al20s-
Acidic @ 200 °C - @ 225 °C - Acidic @ 250
Fresh Spent Spent °C -

Spent

Elemental 0 1.20 5.35 3.67

analysis 0.44 0.35 0.62 0.42

of catalyst

(%)
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Figure 4A.4. TGA pattern of fresh and spent Ru metal catalyst (a) Fresh Ru/Al,O,-Acidic;(b)
Spent Ru/AlO,-Acidic @200; (c) Spent Ru/Al,O,-Acidic @250; (d) Spent Ru/Al,O,-Acidic
@?225;
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4A.3.2.3. Effect of S/C (substrate to Ru catalyst) molar ratio

Ez3trans-2-methoxycyclohexanol
E=3Cyclohexanol
—e—Conversion

100

N (@] (0]
o o o
1 1 1

Conversion / Yield (%0)

N
o
1

0

O Q “
O&'q’ S/C molar ratio
Q

Figure 4A.5. Effect of substrate to catalyst (S/C) molar ratio

Reaction condition: 2.15 wt% Guaiacol in cyclohexane; Hz, 1 MPa at room temperature; 225
°C; 4 h; 1000 rpm. # 8 h reaction.

To achieve the best results with lower Ru content, molar ratio of substrate to Ru was varied
from 165 to 500 and the results are summarized in Figure 4A.5. With highest S/C molar ratio
of 500, 72% conversion with 42% vyield of cyclohexanol and 23% vyield of trans-2-
methoxycyclohexanol was achieved. Reaction with S/C molar ratio of 325 showed 100%
conversion of guaiacol with 54% vyield of cyclohexanol and 24% vyield of trans-2-
methoxycyclohexanol. Subsequently, ratio of 220 was used and 100% conversion with 72%

yield of cyclohexanol and 21% yield of trans-2-methoxycyclohexanol was observed. Further,
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decrease in the S/C molar ratio to 165, 78% yield of cyclohexanol with 12% yield of trans-2-
methoxycyclohexanol was achieved. This shows that with a deficiency of the catalyst or active
sites (Ru), side reactions are predominant. Interesting observation is that reaction carried out
without catalyst showed no conversion, which means that guaiacol is thermally stable
compound at 225 °C. But it eventually suggests that in the absence of Ru, Al>Oz itself can
catalyse guaiacol conversion however, to undesired products (which could not be detected on
GC/GCMS). With decrease in ratio, improvement in overall mass balance was seen which
means that with presence of Ru active sites, mass balance improves and also conversion of
guaiacol and intermediate, trans-2-methoxycyclohexanol to cyclohexanol enhances. Later with
lower ratio of 220 reaction was carried out for 8 h and slightly lower yield of cyclohexanol
(65%) and trans-2-methoxycyclohexanol (19%) was observed as compare to 4 h reaction with
similar ratio. This might be because of two reasons, 1) due to conversion of cyclohexanol to
cyclohexane over Ru or 2) contribution of Al2Os to yield side products from intermediate or
cyclohexanol due to lack of Ru active sites. To ascertain this fact, reaction with only Al.O3 was
carried (225 °C, 4 h, 1 MPa H>) out and found that cyclohexanol is stable under reaction
condition. TGA (Figure 4A.6.) and elemental analysis (C, 3.99%; H, 0.57%) of Al.O3

suggested very low adsorption of cyclohexanol on the surface.
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Figure 4A.6. TGA profile of cyclohexanol reaction carried out with Al,Os-Acidic
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4A.3.2.4. Effect of time on hydrodeoxygenation of guaiacol

As shown above with S/C molar ratio of 165, within 4 h, it was possible to achieve 77% yield
for cyclohexanol with complete conversion of guaiacol at 225 °C. As complete conversion of
guaiacol was possible within 4 h and as per my earlier observation that cyclohexanol is unstable
at 225 °C, reactions with shorter time were carried out (Figure 4A.7.). It was observed that
within 2 h of reaction, mass balance was improved but cyclohexanol formation was decreased

to 65% compared to 77% observed within 4 h,
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Figure 4A.7. Effect of time on the HDO of guaiacol.

Reaction condition: Guaiacol/Ru molar ratio, 165; 2.15 wt% Guaiacol in cyclohexane; Hz, 1
MPa at room temperature; 225 °C; 1000 rpm.

Additionally, as expected, intermediate formation was increased to 30% from 12%. The

improvement in the mass balance reflects the fact that shorter reaction times are better to
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suppress side reactions of cyclohexanol. Later, to check whether cyclohexanol yield can
improve with further conversion of intermediate, reaction was carried out for 6 h. It was
expected that with longer reaction time, trans-2-methoxycyclohexanol will convert into
cyclohexanol and on the same line decrease in the yield of intermediate was seen (9%)
compared to 4 h (12%). However, this decrease in the intermediate concentration did not reflect
in the formation of cyclohexanol as lower yield of it was observed (73%) compared to 4 h
reaction (77%). From the time study, it was observed that the first step in this reaction is
formation of trans-2-methoxycyclohexanol which further gets converted in to cyclohexanol
and cyclohexanone by the cleavage of C-O bond. Hence it is believed that reaction proceeds
via cyclohexanone species which further undergoes hydrogenation to yield cyclohexanol. From
this, it is proposed that on the catalyst surface ring hydrogenation of guaiacol occurs to form
cis and trans-2-methoxycyclohexanol, however the trans form is more stable than cis form
hence the trans-2-methoxycyclohexanol was observed in reaction and cis-
methoxycyclohexanol immediately gets converted to cyclohexanol due to its low stability. To
prove this, reaction was carried out with trans-2-methoxycyclohexanol as a substrate under
similar reaction condition (225 °C, 4 h) and it was observed that trans-2-methoxycyclohexanol
isomerise into cis-2-methoxycyclohexanol which further converts into cyclohexanol (Figure
4A.8).
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Figure 4A.8. trans-2-methoxycyclohexanol reaction to find out reaction intermediate, (a)

after reaction, (b) before reaction

4A.3.2.5. Effect of H2 pressure

Typically, literature reports HDO reactions under high H, pressure (>3 MPa)® 16 19 however,
in this work it is shown that HDO can be achieved even at 1 MPa pressure with high yield of
cyclohexanol (82%). In order to check whether Ru/Al,Os-Acidic catalyst could show
consistent HDO activity further under lower Ha pressures, reactions were carried out using 0.5

MPa Ha pressure and the results are summarized in Figure 4A.9.
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Figure 4A.9. Effect of H» pressure
Reaction condition: Guaiacol/Ru molar ratio, 165; 2.15 wt% Guaiacol in cyclohexane; 1000
rpm. # 0.3 MPa Hz + 0.7 MPa N2; 225 °C; 1000 rpm.

However, at lower pressure, conversion of guaiacol was decreased to 40% with only 10%

cyclohexanol and 20% trans-2-methoxycyclohexanol formation. This result is very poor
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compared with 1 MPa pressure reaction (guaiacol conversion, 100%; cyclohexanol yield, 77%
and trans-2-methoxycyclohexanol yield, 12%). The better activity observed at 1 MPa may be
attributed to two factors, 1) increased solubility of Hz in cyclohexane, which in turn gives more
concentration of H> on the catalyst and 2) better interaction between substrate (solubalized)
and catalyst (solid). To check these possibilities, reaction was carried out with 0.3 MPa partial
pressure of Hz + 0.7 MPa partial pressure of N2 (total 1 MPa pressure). Under this reaction
condition, the conversion of guaiacol was only 15% with 7% cyclohexanol and 2% trans-2-
methoxycyclohexanol formation. This suggests that even if total pressure of 1 MPa is applied
with lower partial pressure of hydrogen, reaction does not proceed and in turn it leads to the
conclusion that availability of hydrogen on the catalyst is more important than increase in
interaction between catalyst and substrate due to higher pressures. Further, in order to study
the effect of higher Ha pressure, reaction was carried out at 1.5 MPa H> and 100% conversion
of guaiacol was obtained but the yields of both, cyclohexanol (67%) and trans-2-
methoxycyclohexanol (7%) were decreased. The possible reason behind this could be the
excess availability of Hz resulted in the formation of the complete deoxygenated product i.e
cyclohexane, which as mentioned earlier | could not detect due to same is used as a reaction
media. The hydrogen solubility study “? reveals that in all the organic solvents like
methylstyrene, cumene, cyclohexene, and cyclohexane; solubility of hydrogen increases with
increase in temperature (30 °C-100 °C) and pressure (0.68 MPa to 6.89 MPa). Interestingly,
maximum hydrogen solubility was observed in cyclohexane as a solvent. In yet another study,
solubility of hydrogen in organic solvents such benzene, cyclohexane, decaline, phenol, and
cyclohexanol was checked and it was found that cyclohexanol had the second highest hydrogen
solubility after decaline under atmospheric pressure between 25-150 °C #3,

4A.3.2.6. Effect of solvent

Since, lignin depolymerization reactions are typically carried out in alcohol-water mixture,*-
14 jt was decided to carry out HDO reactions in the presence of MeOH:H0 (5:1 v/v). Although,
this solvent system is good for depolymerization reaction but it unfortunately did not yield
good HDO activity (Figure 4A.10). This might be because of competition between guaiacol,
methanol and water to interact with catalyst surface. Water (29.27 A?) and guaiacol (29.46 A?),
have almost similar Molecular Polar Surface Area (PSA), i.e., surface belonging to polar atoms,
which is higher compared to methanol (20.23 A?) and this might play role in the interaction

with catalyst surface.
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Figure 4A.10. Effect of solvent on the HDO of guaiacol.
Reaction condition: Guaiacol/Ru molar ratio, 165; 2.15 wt% Guaiacol; H> pressure, 1 MPa at
room temperature; 225 °C; 4 h; 1000 rpm.

Al>O3 is predominantly considered as polar material with some ionic character to Al-O bond
due to Al being electropositive and O being electronegative. Even though, water and guaiacol
can interact with Al.O3 almost with a similar extent however, difference in concentration of
those in the reaction system reduces the extent of interaction of guaiacol (4 mmol) with Al>Os
surface in comparison to water (227 mmol). This less interaction with catalyst surface of
guaiacol in turn can lower its interaction with active sites and thus, reaction did not progress.
Moreover, oxygenated solvents (polar solvents) may interact with catalyst surface and thus
devoid any interaction of guaiacol with catalyst surface. When reaction was carried out in
presence of hexane (PSA, 0.00 A? due to absence of surface ‘O’ atoms), conversion of guaiacol
reached to 85% with the formation of 17% cyclohexane along with 34% cyclohexanol and 8%
trans-2-methoxycyclohexanol (69% carbon balance). However, when the reaction was carried
out in the presence of cyclohexane (PSA, 0.00 A? due to absence of surface ‘O’ atoms),

complete conversion of guaiacol was achieved along with 77% yield of cyclohexanol and 12%
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yield of trans-2-methoxycyclohexanol. As seen, non-oxygenated (non-polar) solvents may not
interfere with the interaction of guaiacol with catalyst surface and thus can enhance the activity
of a catalyst. The decrease in the activity of a catalyst in presence of hexane could be due to
deactivation of catalyst by the adsorption of coke on the catalyst surface as in this solvent,
either cyclohexanol was further converted into cyclohexane and then into coke or hexane itself
is converted to coke. To check this, reaction was carried out under similar reaction condition
(225 °C, 4 h) in absence of substrate (guaiacol) in both, cyclohexane and hexane solvents and
the spent catalysts were subjected to elemental analysis (Table 4A.2). As seen, almost double
the quantity of carbon was deposited on the catalyst used in hexane solvent compared to
cyclohexane. Moreover, lower carbon balance observed using hexane as a solvent, implies that
it might not be a good solvent to carry out reactions. Another interesting fact was seen about
the extent of adsorption of guaiacol on the catalyst surface in different solvents. With polar
solvent such as water+methanol mixture, guaiacol adsorption on catalytic surface was
negligible but with nonpolar solvent such as cyclohexane and hexane, it was 52% and 46%,
respectively (Figure 4A.11). This is obvious because as discussed above, due to difference in
PSA of water and non-polar solvents, interaction of guaiacol with catalyst surface is lower.

Table 4A.2. CHNS analysis of spent and fresh catalyst to evaluate the stability of solvent

Catalysts Fresh Spent Ru/Al20s-Acidic
Ru/Al20s-
Acidic Cyclohexane Hexane
Elemental 0 0.95 1.95
analysis (%) 0.44 0.36 0.42
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Figure 4A.11. Representative GC spectra of guaiacol adsorption in different solvent
Guaiacol, 0.1 g; Al2O3, 1 g; solvent, 10 mL; room temperature; 4 h; (a) Cyclohexane
(Before); (b) Cyclohexane (After); (c), Hexane (Before); (d), Hexane (After); (¢), MeOH :
H>O0 (Before); (f) MeOH : H>O (After);

4A.3.2.7. Effect of reduction temperature of catalyst on the catalytic activity

Typically, metal catalysts are reduced at higher temperatures (>300 °C) in order to achieve
complete reduction of metal. In view of this, initially Ru/Al,Os-Acidic catalyst was reduced at
400 °C and the activity of the catalyst was evaluated at 225 °C for 4 h under 1 MPa Hz in hexane
solvent (Figure 4A.12). Although, 50% conversion of guaiacol was observed but no formation
of cyclohexanol or trans-2-methoxycyclohexanol was seen. But in this reaction, 11% yield of
cyclohexane was obtained (hexane was used as a solvent). To understand whether at lower
reduction temperatures, activity increases, catalyst was reduced at 250 °C and 150 °C and with
decrease in reduction temperature, higher activity of the catalyst was seen (Figure 4A.12). The
same trend of dependence of catalytic activity as a function of reduction temperature was

observed with cyclohexane as a reaction solvent (Figure 4A.13). With cyclohexane as solvent
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complete conversion of guaiacol was achieved with all the catalysts. In presence of Ru/Al>Oz-
Acidic catalyst, the yield of cyclohexanol reached up to 77% with 12% vyield of trans-2-
methoxycyclohexanol. The catalyst reduced at 150 °C showed almost similar activity (76%
cyclohexanol and 9% trans-2-methoxycyclohexanol yield) as that with non-reduced catalyst.
However, the activity of catalyst drastically reduced with increase in the reduction temperature
to 250 °C (48% cyclohexanol yield and 8% trans-2-methoxycyclohexanol yield) and 400 °C
(cyclohexanol yield, 25%). This proves that with an increase in reduction temperature,
interaction of substrate with active catalyst site is either reduced ** “°. The other plausible
explanation is want of higher oxidation state metal in this reaction. However, this aspect needs
further probe to be done.

To understand whether with an increase in reduction temperature crystallite size of Ru
has increased which in turn has reduced the concentration of active sites for the reaction, CO
chemisorption analysis was performed and the results are summarized in Table 4A.3. However,
almost similar crystallite size was seen for all the catalysts, which then emphasize the fact that
besides particle size, some other factor is playing a role in deciding the catalyst activity. To
study this further, elemental analysis of catalysts was done and the results are summarized in
Table 4A.4. As seen, with an increase in the catalyst reduction temperature, higher amount of
carbon was deposited on the catalyst surface which suggests that in the initial time, activity of
the catalyst may actually increase for the catalysts reduced at higher temperatures however,
later coke formation may happen, that would bury the active sites and thus lower the conversion

and yields for desired products.
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Figure 4A.12. Effect of catalyst reduction temperature with hexane as a reaction solvent.
Reaction condition: Guaiacol/Ru molar ratio, 165; 2.15 wt% Guaiacol; hexane; H> pressure,
1 MPa at room temperature; 225 °C; 4 h; 1000 rpm.

Similarly, all the catalyst with different reduction temperature were used in the presence of

cyclohexane solvent and the results are shown in Figure 4A.13.
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Figure 4A.13. Effect of catalyst reduction temperature with cyclohexane as a reaction
solvent.
Reaction condition: Guaiacol/Ru molar ratio, 165; 2.15 wt% Guaiacol; cyclohexane, H:
pressure, 1 MPa at room temperature; 225 °C; 4 h; 1000 rpm.

Table 4A.3. CO chemisorption study of the catalyst reduced at different temperatures

Catalyst Average Metal Monolayer
crystallite size dispersion uptake
(nm) (%) (Umoleg™)
Ru/Al;0s-Acidic 1.8 72.7 35.7
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Ru/Al20s3-Acidic 1.6 80.7 39.6
@250
Ru/Al0s3-Acidic 1.5 88.4 43.4
@400

Table 4A.4. CHNS analysis of fresh and spent catalysts for reaction carried out in hexane

solvent
Catalysts Ru/Al203 |  Ru/Al20sz- Ru/Al20s- Ru/Al20s- Ru-Al20s3-
-Acidic | Acidic@spen Acidic Acidic Acidic
fresh t @150@spen | @250@spen | @400@spen
t t t

Elementa | C 0 3.21 4.58 6.09 6.12

| analysis

(%) H| 044 0.37 0.44 0.44 0.38

4A.3.2.8. HDO of different substrates

Since Ru/Al>Oz-Acidic catalyst was active in guaiacol conversion into cyclohexanol, it was
worth evaluating catalysts HDO performance with other lignin derived substrates like phenol,
veratrole, anisole, and eugenol. Reactions with these substrates were carried out under similar
reaction conditions those were used for guaiacol. In all the reactions, complete conversion of
substrate was achieved. With phenol as a substrate, (Figures 4A.14.1- 4A.14.2) yield of
cyclohexanol was 20% with the formation of pentane, cyclopentane as other products. There
is a possibility of formation of cyclohexane in reaction mixture which could not be quantified
due to similar reaction medium. Reaction with veratrole (Figures 4A.15.1- 4A.15.2.) showed
20% cyclohexanol and 9% trans-2-methoxycyclohexanol formation along with observance of
dimethoxy cyclohexanol. HDO of anisole (Figures 4A.16.1- 4A.16.2) gave 22% cyclohexanol
and 15% methoxycyclohexane formation and in HDO of eugenol (Figures 4A.17.1- 4A.17.2)

27% propyl cyclohexanol (2-propylcyclohexan-1-ol) yield was obtained. As can be seen from
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the GC and GCMS profiles of all these reactions various ring hydrogenated and partial
hydrogenated products could be identified however, few of those could not be quantified due

to lack of commercial samples.
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Figure 4A.14.1. Representative GC profile. Phenol, 4.0 mmol; Ruw/Al0,-Acidic, 0.0245

mmol of Ru; cyclohexane, 30 mL; H, pressure, 1 MPa at room temperature; 4 h; 1000 rpm.

(a) Before reaction (b) After reaction
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Figure 4A.14.2. Representative GC-MS profile. Phenol, 4.0 mmol; Ru/Al,0,-Acidic
(commercial), 0.0245 mmol of Ru; cyclohexane, 30 mL; H, pressure, 1 MPa at room

temperature; 4 h; 1000 rpm.
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Figure 4A.15.1. Representative GC profile. Veratrol, 4.0 mmol; Ru/Al,O,-Acidic, 0.0245

mmol of Ru; cyclohexane, 30 mL; H, pressure, 1 MPa at room temperature; 4 h; 1000 rpm.
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Figure 4A.15.2. Representative GC-MS profile. Veratrol, 4.0 mmol; Ru/Al,O,-Acidic, 0.0245

mmol of Ru; cyclohexane, 30 mL; H, pressure, 1 MPa at room temperature; 4 h; 1000 rpm.
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Figure 4A.16.1. Representative GC profile. Anisole, 4.0 mmol; Ru/Al,0,-Acidic, 0.0245

mmol of Ru; cyclohexane, 30 mL; H, pressure, 1 MPa at room temperature; 4 h; 1000 rpm.
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Figure 4A.16.2. Representative GC-MS profile. Anisole, 4.0 mmol; Ru/Al,O,-Acidic, 0.0245

mmol of Ru; cyclohexane, 30 mL; H, pressure, 1 MPa at room temperature; 4 h; 1000 rpm.

[ = |
,- " " T w _a hl'
propyievelopentane i
W 2opropnloyclobenan- -0l
a propyicyckohenas HO.
| lmebontompriochbeus oA

| d-alhyl-2-methoryphenol

| (b)

; i — @)

3 4 5 6 7 8 9 10 11 12 13 14 15 1
Minutes

Ph.D . Thesis Submitted to AcSIR 2020 176



Figure 4A.17.1. Representative GC profile. Eugenol, 4.0 mmol; Ru/Al,0,-Acidic, 0.0245

mmol of Ru; cyclohexane, 30 mL; H, pressure, 1 MPa at room temperature; 4 h; 1000 rpm.
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Figure 4A.17.2. Representative GC-MS profile. Eugenol, 4.0 mmol; Ru/Al,O,-Acidic, 0.0245

mmol of Ru; cyclohexane, 30 mL; H, pressure, 1 MPa at room temperature; 4 h; 1000 rpm.

4A.3.2.9. Recycle study of catalyst

The reusability of Ru/Al.Oz-Acidic catalyst was done by carrying out multiple catalytic runs
with spent catalyst. During the recycle study the recovery of spent catalyst was done by
centrifugation. The recovered wet catalyst was used in the next catalytic run without any pre-
treatment. In addition, to check the catalyst activity by maintaining S/C ratio constant, the
recovered wet catalyst obtained after 3" catalytic run was dried at 60 °C for 12 h and used for

41 ryn.,
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Figure 4A.18. Recycle study of catalyst.

Reaction condition: Guaiacol/Ru molar ratio, 165; 2.15 wt% Guaiacol; cyclohexane, H:
pressure, 1 MPa at room temperature; 225 °C; 4 h; 1000 rpm. In the 2" and 3" run, Guaiacol/Ru
molar ratio was not maintained as catalyst was not dried. # In 4™ run, wet recovered catalyst

from 3™ run was dried at 60 °C for 12 h and Guaiacol/Ru molar ratio of 165 was maintained.

Recycle study shown in Figure 4A.18. represents drop in the catalyst activity till 3 run this
was due to increase in substrate to catalyst ratio due to loss of catalyst during recovery of spent
catalyst. Hence in fourth run S/C ratio was maintained which showed improvement in the
activity of catalyst correlating with the result of 1% catalytic run. This shows that catalyst is

stable under reaction condition and reusable till 4™ run.
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4A.4. Characterization of spent catalyst

The N2 sorption data of spent Ru/Al>Os-Acidic catalyst shows slight decrease in the surface
area of spent catalyst (114 m2.g™). This is due to adsorption of coke on the catalyst surface as
is proven above. ICP-OES analysis shows no leaching of Ru metal as the Ru content in fresh
and spent was same. CO chemisorption data also showed similar crystallite size of fresh and
spent catalyst (1.8 nm) with 72% dispersion. The TPR profile of fresh and spent catalyst were
exactly matching with each other as shown in (Figure 4A.19.). TEM profile shows similar

morphology of spent catalyst (Figure 4A.20.). Due to the stability of the catalyst, it showed
similar activity in recycle runs.
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Figure 4A.19. TPR of spent catalyst (a) fresh catalyst (b) spent catalyst
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Ruw/ALO;-Acidic (commercial) spent

Figure 4A.20. TEM of spent Ru/Al>Os-Acidic (commercial) catalyst

4A.5. Conclusion

Hydrodeoxygenation reactions of guaiacol and various other lignin derived monomers were
carried out in presence of different Ru based supported metal catalyst. Effect of support study
shows that acidic support plays an important role in the improvement of catalyst activity
towards HDO reaction. A unique study on the effect of reduction temperature of catalyst shows
that with decrease in reduction temperature activity of catalyst increases due to metal is
partially present in higher oxidation state that helps in suppressing coke formation. In
cyclohexane medium in presence of Ru/Al>Os-Acidic catalyst, 82% yield of cyclohexanol was
achieved with 100% conversion of guaiacol, which is one of the highest reported until now.

The recycle study of catalyst shows that catalyst is stable under reaction condition.
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Chapter 4B

Pathway for the transfer hydrogenation of lignin
derived monomers: Mechanistic and kinetic study

over the alumina supported Ruthenium catalysts
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4B.1. Introduction

Reducing O/C content of lignin derived monomers via hydrodeoxygenation (HDO) is mainly
used in up gradation to produce value-added chemicals and fuel grade products. Organic
molecule such as alcohol, can transfer hydrogen to minimise the O/C ratio in monomer called
catalytic transfer hydrogenation (CTH). However, it is less studied compare to molecular
hydrogen based HDO process. Herein we are reporting up gradation of lignin derived
monomers via catalytic transfer hydrogenation (CTH) to make overall bio-refinery process
economical. Although, few studies are devoted based on (CTH). Strategic development in the
study of commercially viable (low loading of metal, mild conditions, high selectivity, etc.) is
necessary under mild conditions. Herein, we report, the systematic (CTH) study over the
numerous supports (SiO2, Al>O3 (acidic, basic and neutral), SiO2-Al>03) on the (CTH) of lignin
monomers like phenol, veretrol, eugenol and guaiacol by using minor concentration of Ru i.e
0.5wt% Ru metal in the catalyst. Drift IR technique was used to understand the mechenistic
pathways for the of (CTH) process. We could achieve 74% cyclohexanol yield from guaiacol
by using isopropyl alcohol (IPA) solvent and Ru/Al2O3 as an acidic catalyst at 225 °C in the
presence of 0.7 MPa N gas. Based on guaiacol conversion detailed kinetic study has been done
based on nature of various (CTH) agent, stability of both reactants & products. Our observation
justify the formation of less stable targeted products which undergoes further reactions.
Detailed characterization of fresh and spent catalysts was studied to understand catalytic
behavior of (CTH) process. Lignocellulosic biomass, a renewable resource is an alternate
resource to fossil feedstock and is profusely available for the synthesis of chemicals and fuels.
Lignin, the third largest component of lignocellulosic biomass is available in plenty as a by-
product in the pulp and paper industry and as a by-product in the synthesis of bio-ethanol.
Lignin is an amorphous aromatic biopolymer made up of substituted oxygenated aromatic
monomers such as, coniferyl, sinapyl, p-coumaryl alcohols linked together via various =C-C=
and =C-O-C= linkages 2. Lignin upon depolymerization produces phenolic monomers, those
may find utilization in the manufacture of variety of precursors for polymers, fuels, and other
high value added industrially important products. Thus, valorization of lignin, is considered as
a key to make the overall bio-refinery process economically viable. Lignin has typically
oxygen to carbon ratio (O/C) of 0.3-0.5 and importantly this ratio is also retained after

depolymerization of lignin when carried out in presence of either solid acids, solid bases, or
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ionic liquid catalysts *°. The bio-oil obtained after depolymerization consists of mixture of
various oxygen containing compounds like substituted phenols, furans, etc. with varying
concentrations & 7. Though, these chemicals are very important, but their further conversions
into various other useful chemicals are also targeted via various functionalization and
defunctionalisation reactions. One of the way to upgrade these chemicals is subject them to
catalytic dehydration and hydrodeoxygenation (HDO) reactions, both of which are known as
defunctionalization reactions. Through these reactions, oxygen from these monomers can be
either partially or fully removed via loss of water, cleavage of C-O bonds, hydrogenation of
double bonds etc. Hydrodeoxygenation over heterogeneous catalysts has received substantial
consideration in the last couple of years for the valorization of oxygenates obtained from
biomass to yield fuels and chemicals 82, HDO reactions usually occur on metal, acid, and
bifunctional sites present in optimal amount on a catalyst. The typical reactions involved in
HDO are hydrogenation, deoxygenation by decarbonylation, cleavage of C-O bond etc. and
thus make HDO process a complicated one. Consequently, the choice of active sites for
achieving these reactions in controlled manner is critical when designing effective
heterogeneous catalysts for HDO processes " 1314, One of the chemical which can be targeted
to be obtained from lignin is cyclohexanol as it is derived from phenol, which is currently
obtained from fossil feedstock and similar type of monomers are also typically obtained after
depolymerization of lignin. Thus by combining lignin depolymerization and up-gradation of
bio-oil obtained through dehydration/HDO reactions can yield cyclohexanol as a product. As
is known, commercial production of adipic acid proceeds via two key intermediates formation
namely cyclohexanol and cyclohexanone (KA oil), which in turn are obtained either from
hydrogenation of phenol or oxidation of cyclohexane/cyclohexene, both of which are derived
from fossil feedstock °. It is anticipated that successful establishment of the bio-refinery model
is possible if the KA oil is obtained from lignin. In reference to this, lignin derived KA oil via
depolymerisation, HDO and ring hydrogenation of aromatic monomers has been widely
studied over various catalysts. Most of the HDO reactions are performed using molecular
hydrogen as a hydrogen source in presence of organic solvents since the chemistry is very well
known and activation of substrates and molecular hydrogen is easily possible over various
precious metals. Generally, precious metals like Ru, Pt, Pd loaded over various supports as

catalysts are known to catalyse HDO reactions with molecular hydrogen as hydrogen source
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under high temperatures (>275 °C) and pressures (>5 MPa Hz). The employment of severe
reaction conditions is necessary to cleave strong C-O bonds (bond dissociation energy, 414
kJ/mol) present in phenolic compounds ! . Guaiacol having almost similar chemical
environment (C-O bonds) as present in lignin: Ar(C)-O-CHs [C(sp3)-OAr (methoxy group),
C(sp2)-OMe] and C(sp2)-OH (hydroxyl) having bond energies of 247, 356 and 414 kJ/mol,
respectively is typically used as a model compound for these reactions 8. The effects of various
metals **3, supports 33" | solvents etc. are well studied in these reactions. Besides, precious
metal, these reactions are also catalyzed by sulfided Co and Mo catalysts 3¥*°, Although
effective way for HDO, the low solubility of molecular hydrogen in most solvents used in these
reactions, demands use of higher hydrogen pressures. Moreover, employment of higher
hydrogen pressure, may also lead to side reactions. Additionally, infrastructure required to
handle high hydrogn pressures in a safe way also adds up the cost of the process. To ally these
issues, few reports demonstrate that catalytic transfer hydrogenation (CTH involving addition
of hydrogen across C=C or C=0 bonds) and/or catalytic transfer hydrogenolysis (CTH
involving cleavage of C-C and C-O bonds) can be an alternative methodology. Through this
methodology, in-situ hydrogen generation from organic solvents (hydrogen donors) is
achieved. In view of this, Ru/C and RuRe/C catalysts are reported for CTH of guaiacol in
isopropanol system at 200 °C and 2 MPa N> pressure and within 5 h, cyclohexanol formation
was observed as a major product (60%) °*. Recently, comparative study based on CTH of lignin
is reported in presence of PtRe/TiO2, Re/TiO;, Pt/TiOz at 240 °C in inert He media 2. However,
it is emphasized that more research in this area is required to evaluate detailed catalytic
parameters to achieve better results in terms of selectivity, TON etc 3. It is shown that over
Ni/C catalyst, in-situ generation of hydrogen from various alcohols (methanol, ethanol, and
ethylene glycol) thus in effect CTH pathway is more effective than high-pressure hydrogen (5
MPa) for the depolymerization of birch sawdust °*. CTH with supercritical methanol over Cu
decorated porous metal oxides (Cu-PMO) is also disclosed for depolymerization of lignin *°.
Supported Pd/Ag bimetallic catalyst, is also shown to be active for the CTH of vanillin, a lignin
derived monomer °®. CTH using Raney Ni catalyst in presence of isopropanol as a hydrogen
source is known from the literature®” °8. Besides this, use of Pd metal supported on FesOa is
also known in presence of isopropanol as a hydrogen source to carry out CTH of benzyl phenyl

ether™. Although, huge body of work is done on CTH for other substrates, work on HDO with
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CTH pathway for reduction of oxygen content from lignin derived monomers is in initial
stages®®®2, CTH of lignin derived monomers opens up a scope for the designing and
optimization of HDO processes. It is known that organic hydrogen donors transfer hydrogen
via different mechanistic pathways such as intermolecular hydride transfer etc. and competition
amongst adsorption of organic hydrogen donors with reactants, intermediates and products is

also challenging to study and thus achieve alternate results.

4B.2. Experimental section
4B.2.1. Materials

For the details on all the materials used in this study, please refer Chapter 4, section 4A.2.1.

4B.2.2. Catalyst synthesis

Supported Ru metal catalysts (Ru/Al>Oz, Ru/SiO2, Ru/SiO2-Al;03) with 0.5 wt% Ru loading
were prepared by wet impregnation method. More details on the materials and synthesis
procedure used for the synthesis of supported metal catalyst are described earlier (Refer
Chapter 2B, Section 2B.2.2)

4B.2.3. Catalytic runs

CTH of guaiacol was carried out in high pressure, high temperature 100 mL hastelloy make
Parr reactor. 2.13 wt% guaiacol solution in (24 g) IPA with Guaiacol/surface exposed Ru metal
molar ratio, 35520 is charged in the reactor. At the starting of the reaction, reactor was flushed
with N2 for 3-4 times to make autoclave environment free of air. Then, N2 gas was filled in the
reactor (0-1.5 MPa at R.T) and heating was started with slow stirring rate (100 rpm) until
desired reaction temperature was attained (175-250 °C). After attaining the reaction
temperature, stirring rate was increased up to 1000 rpm and this time was recorded as initial
time of the reaction. CTH reactions of other aromatic monomers (phenol, anisole, veretrol,
eugenol) were carried out by following similar protocol mentioned above. It was also noticed
that with an initial 0.7 MPa N pressure charged at R.T, at desired reaction temperature of 225

°C, final pressure of the reaction reached upto 5.4 MPa.
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4B.2.4. Recycle experiments

After completing the reaction, wet catalyst was recovered from the reaction mixture via
centrifugation and subsequently next reaction with the same wet catalyst was carried out
without any treatment. In addition, experiments are also carried out by maintaining S/C ratio
(substrate to catalyst molar ratio) constant after drying the catalyst. Spent catalyst recovered
after the third run was given heat treatment at 60 °C for 12 h after centrifugation. Then this

dried catalyst was used for subsequent fourth run.

4B.2.5. Analysis of reaction mixture

Reaction mixture was analysed using GC and GC-MS techniques and for the details about the
methodologies used and instruments used for the analysis of reaction mixture, please refer
Chapter 4, section 4A.2.5.

c on (%) = moles of substrate converted (based on GC) 100
OMvETSIon L) = moles of substrate charged X

Yield (%) = moles of product formed (based on GC) 100
e o) moles of theoretical product formed based on substrate converted x

4B.3. Result and discussion
4B.3.1. Catalyst characterization
Before employing the catalysts for the CTH reactions, those were characterized to understand

their morphologies and properties.

4B.3.1.1. Determination of catalysts morphology

All the synthesized catalysts were characterized thoroughly to understand their morphology
and to correlate the activity of the catalysts with their morphologies. For details of
characterization technique used Refer (Chapter 2B, Figure 2B.2. XRD analysis). XRD analysis
of supported metal catalysts was done to confirm the phase of support and metals. ICP analysis

was done to confirm the % of metal loading in respective catalyst (Chapter 2B, Section 2B.3.3.
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Table 2B.3. ICP analysis). NH3/CO2 TPD analysis of synthesized catalysts was done to
calculate respective acidity and basicity present in catalyst (Chapter 2B, Figure 2B.11. and
Table 2B.5). XPS analysis was done to check the oxidation state of metal (Chapter 2B, Figure
2B.7.-2B.10.). N2 physisorption analysis of synthesized catalysts were done to check available
surface area for the catalytic activity (Chapter 2B, Table 2B.2.). CO chemisorption analysis
was done to calculate % metal dispersion and crystallite site of the synthesized catalyst and
tabulated in (Chapter 2B, Table 2B.4.). TEM analysis was done to check the particle size of
supported metal catalyst (Chapter 2B, Figure 2B.3-2B.5).

4B.3.2 Catalyst activity

Catalytic transfer hydrogenation (CTH) reactions were conducted in high temperature, high
pressure, batch mode reactors and reaction mixture was analysed by using gas chromatography
(please refer experimental section for details).

4B.3.2.1. Effect of support on the HDO of guaiacol
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Figure 4B.1. Effect of support on the CTH of guaiacol.
Reaction condition: Guaiacol/surface exposed Ru metal molar ratio, 35520; 2.13 wt%
Guaiacol in IPA; N2, 0.7 MPa at room temperature; 225 °C; 2 h; 1000 rpm.

It has been seen from the Figure 4B.1 that catalytic activity and selectivity for the formation of
product has changed from different supports with constant Ru (0.5 wt%) loading. Reactions
were carried out at 225 °C, under 0.7 MPa N pressure for 2 h by using IPA as a solvent. 28%
cyclohexanol and 10% trans-2-methoxycyclohexanol formation was observed with 48%
guaiacol conversion by using SiO2 (Neutral) as a support. When Al>Os-Neutral was used as a
support instead of SiO. (Neutral), increase in the guaiacol conversion (55%) was seen along
with the increase in the formation of cyclohexanol (39%) and 12 % trans trans-2-
methoxycyclohexanol. This observation was not surprising since both SiO, and Al,Os are
known as neutral supports. Regardless, as shown above, very weak acidity (0.16 mmoleg™)
was seen in case of Al.Oz-Neutral support. Also, CO chemisorption data indicated that
crystalline size of Ru on Al,Oz-Neutral was too small (2.18 nm) compared to SiO2 support
(11.8 nm). These two factors are playing significant role in increasing the overall activity of
the catalyst. Additionally, presence of Ru in different oxidation states on Al,O3 (+2/+3) SiO-
(+2/+3 is also responsible for the change in activity. Considering this fact, acidic Al,O3 was
used to support Ru metal or particles and the catalytic activity was estimated under similar
conditions. As an evidence of acidity playing a role, enhancement in the yield for cyclohexanol
(74%) with Ru/Al>Os-Acidic catalyst, was attained as compared to neutral Al.Oz (39%).
Besides this, formation of trans-2-methoxycyclohexanol (9%) and 5 % cyclohexane with
cyclohexanol as a product was seen, which was lower than Al,Oz-Neutral supported catalyst
(12%). Taking everything into account, crystallite size of Ru was examined for both the
catalysts (Al2Os-Neutral, Al.O3-Acidic) and it was perceived that over both the supports, Ru
crystallite size is nearly equivalent 1.8 nm, 2.1 nm; Chapter 2B, Table 2B.4). Moreover, it has
been observed that on both Al>Os supported Ru, it is present in higher oxidation state as is
evident from TPD studies. Hence, it can be effectively proven that the acidity of the support
has a significant role in the cleavage of C-O bond and hence, acidic Al>O3 supported Ru catalyst
is showing higher cyclohexanol yield than neutral Al>Os supported Ru catalyst. These results

recommended that the adsorption of oxygenated compound(s) on the acidic supports has
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greater influence and it has resulted into the formation of higher cyclohexanol as a product.
With reference to this, activity of basic Al.O3 supported Ru catalyst was estimated and it was
found that the catalyst showed 33% cyclohexanol yield along with 21% yield for trans-2-
methoxycyclohexanol. It was likely to give lower C-O cleavage activity on the basic support.
As noticed, best cyclohexanol formation activity was found with Ru/Al.Oz-Acidic catalyst,
which is identified to have milder acidity. Later, Ru/SiO2-Al,O3 catalyst was also examined
for CTH activity of guaiacol however, no conversion of guaiacol was observed. Yet, acid
catalyzed dehydration of solvent (IPA) was predominant resulting in the formation of ether.
This might be because of the fact that SiO»-Al2O3 has higher acidity (0.54 mmolsg™) than
Al>;O3-Acidic with Ru crystallite size of 3.05 nm and thus catalyst might be highly active to
dehydrate alcohols yielding ether as a product. Another aspect in this study was lower mass
balance reported in the reaction. This phenomena is due to formation of isomeric intermediate
product (cis-2/trans-2 methoxy cyclohexanol). Nonetheless, unavailability of standard
compound (cis-2-methoxycyclohexanol) restricted its quantification. Moreover, considerable
similarity in GC area of both the isomers suggested similar quantity of cis-2.methoxy

cyclohexanol which is forming in almost similar amount.

To compare the activity of different catalysts and the role of support on the reaction, TOF
calculations were done while reactions were performed for shorter time of 0.5 h at 225 °C under
0.7 MPa N2 pressure. Following order of TOF was observed:

RU/SiO2 12% (2.4 (0.5 hl)) < Ru/Al;Os-Neutral 15% (7.2 (0.5 h))) < - Ru/Al,03-Basic 13%
(14.2 (0.5 h'%)) < Ru/AlOs. Acidic 37% (48 (0.5 h))

Higher TOF was seen for Ru/Al>Oz catalyst in shorter reaction time, which is obvious due to
smaller particle size of Ru compared to other catalysts, showed conversions (100%, 2 h) and
high yield of cyclohexanol (74%, 2 h). Nonetheless, TOF values need to be explained based
on the structure sensitive/insensitive aspect of CTH reaction.

To check whether during the reactions methane is obtained as methanol would form
after the cleavage of C-O bond (Ar-OCHz), vent gas was analysed by GC equipped with TCD.
However, absence of any peak for methane or any other gas was seen and thus it is suggested
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that methanol does not undergo any reaction. Based on the GC equipped with FID analysis of
reaction mixture, formation of methanol with almost 75% equivalent to CTH of guaiacol was

seen, which confirmed that methanol does not undergo any further conversions.

4B.3.2.2. Effect of Temperature

Amongst all the catalytic systems, with Ru/Al.Os-Acidic catalyst higher CTH activity with
formation of 74% cyclohexanol was achieved when reaction was carried out at 225 °C. For the
improvement of cyclohexanol yield, further effect of reaction temperature (175, 200, 225 and
250 °C) on the CTH activity of Ru/Al,Os-Acidic catalyst was studied and the results are
presented in Figure 4B.2, At 175 °C no conversion of guaiacol has been seen, which can be
explained based on the fact that normally CTH does not happen <170 °C. When temperature
was increased to 200°C, 50% vyield of cyclohexanol along with 22% vyield of trans-2-
methoxycyclohexanol and 2 % cyclohexane was found. With further increase in temperature
to 225 °C, CTH activity of catalyst increased with formation of cyclohexanol (74%) and trans-
2-methoxycyclohexanol yield (9%) and 5% cyclohexane seen. In order to investigate whether
at higher temperature, more cyclohexanol yield is possible, reaction was carried out at 250 °C
but lower yields of cyclohexanol (68%) with 6% trans-2-methoxycyclohexanol and 14 %
cyclohexane formation were seen. This is obvious since, at higher temperature, further HDO
of cyclohexanol is possible to yield cyclohexane as product. Interesting fact in all these results
is that intermediate is not completely converted into cyclohexanol. This suggests that cleavage
C-O bond is RDS.
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=21 Cyclohexane Cyclohexanol

Figure 4B.2. Effect of temperature on the hydrodeoxygenation of guaiacol
Reaction condition: Guaiacol/ surface exposed Ru metal molar ratio, 35520; 2.13 wt%

Guaiacol in IPA; N2, 0.7 MPa at room temperature; 2 h; 1000 rpm.
Based on the obtained results, it can be suggested that at lower temperature (175 °C) the CTH

activity of catalyst is low due to lower partial pressure generated (2.1 MPa). It was seen that

very high pressure was observed (7.3 MPa) at 250 °C, that encourages the higher CTH activity.
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4B.3.2.3. Effect of S/C (Substrate to Ru catalyst) molar ratio
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Figure 4B.3. Effect of Substrate to catalyst surface exposed Ru metal (S/C) molar ratio.
Reaction condition: 2.13 wt% Guaiacol in IPA; N2, 0.7 MPa at room temperature; 225 °C; 2
h; 1000 rpm.

To achieve the best results with lower Ru content, molar ratio of substrate to surface exposed
Ru metal was varied from 35520 to 65573 and the results are summarized in Figure 4B.3. With
highest S/C molar ratio of 65573, 55% conversion with 33% yield of cyclohexanol and 5%
yield of trans-2-methoxycyclohexanol with 2% cyclohexane was achieved. Reaction with S/C
molar ratio of 43478 showed 91% conversion of guaiacol with 66% yield of cyclohexanol and
18% yield of trans-2-methoxycyclohexanol with 2% yield of cyclohexane. Subsequently, ratio
of 35520 was used and 100% conversion with 74% vyield of cyclohexanol and 9% yield of
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trans-2-methoxycyclohexanol and 5% cyclohexane was observed. One of the interesting
observation is that in non-catalytic reaction, guaiacol did not show any conversion which

indicates that guaiacol is thermally stable compound until 225 °C.
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Figure 4B.4. Effect of time on the HDO of guaiacol.
Reaction condition: Guaiacol/surface exposed Ru metal molar ratio, 35520; 2.13 wt%
Guaiacol in IPA; N2, 0.7 MPa at room temperature; 225 °C; 1000 rpm,

4B.3.2.4. Effect of time on hydrodeoxygenation of guaiacol

As mentioned above with S/C molar ratio of 35520, within 2 h, it was possible to attain 74%
yield for cyclohexanol with complete conversion of guaiacol at 225 °C. As 100% conversion
of guaiacol was achieved within 2 h, reaction was carried out by shortneing the reaction time
from 2 h to 1 h. It was found that guaiacol conversion decreases to 59% with decrease in yield

of cyclohexanol (33%) (Figure 4B.4). Conversely, reaction time increased from 2 hto 3 h
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and100 % conversion of guaiacol was achieved but there was marginal decrease in the yield of
cyclohexanol (72%) at the expense of formation of cyclohexane. To check the stability of
cyclohexanol in a reaction further, reaction time was increased to 4 h and it was found that
again cyclohexanol yield was decreased to 69% with increase in the yield of cyclohexane upto
11%. From these observations, it can be suggested that cyclohexanol is slightly unstable under
reaction conditions and gets converted to fully deoxygenated product i.e.cyclohexane.

Time study reveals that the first step in this reaction is formation of cis-2-/trans-2-
methoxycyclohexanol. Further, cleavage of C-O bond gives cyclohexanol and cyclohexanone
as products. Hence, it is believed that reaction proceeds via cyclohexanone species which
further undergoes hydrogenation to yield cyclohexanol. From this fact, it is anticipated that
hydrogenation of guaiacol occurs on the catalyst surface to form cis-2-/trans-2-
methoxycyclohexanol. However, since formation of cis-2-methoxycyclohexanol was not
observed in the GC, it was believed that the trans-2-methoxycyclohexanol form is more stable
than cis-2-methoxycyclohexanol form and hence, the trans-2-methoxycyclohexanol was
observed in the reaction and cis-2-methoxycyclohexanol instantly get consumed to form
cyclohexanol due to its lower stability. To prove this fact, reactions were carried out with both
guaiacol and trans-2-methoxycyclohexanol as a substrate under similar conditions (0.5 h). It
was seen that guaiacol conversion was 37% with 19% of cyclohexanol formation. On the other
hand, when reaction was carried out with trans-2-methoxycyclohexanol, 21% conversion was
seen with the 9% formation of cyclohexanol. This means guaiacol conversion to cyclohexanol
is faster and it is happening through cis-2-methoxycyclohexanol isomer formation, which is
less stable than trans-2-methoxycyclohexanol. When trans-2-methoxycyclohexanol was used
as a substrate, from the GC-MS profiles it is suggested that with the decrease in intensity of
peak for trans-2-methoxycyclohexanol (RT=3.87) another peak was appeared (RT=3.74).
Since, this peak is very close to trans-2-methoxycyclohexanol it is considered as peak for cis-
2-methoxycyclohexanol. Moreover, mass fragmentation patterns of both the peaks is observed
to be analogous. Hence, it is proposed that these peaks are for cis-2-/trans-2-
methoxycyclohexanol isomers. This is a natural phenomena that trans-2-methoxycyclohexanol
will be more stable than cis-2-methoxycyclohexanol due to highly unfavorable steric
interaction of functionality present in cis-2-methoxycyclohexanol isomer compared to trans-2-

methoxycyclohexanol isomer of same. This in turn is because of difference in the exothermic
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heat of combustion factor of isomers. Conventionally, it is known that thermodynamically

trans-2-methoxycyclohexanol form of disubstituted cyclic hydrocarbon is more stable than cis

form. Hence, we believe that cis-2-methoxycyclohexanol is an intermediate for final product

cyclohexanol (Figure 4B.5).
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Figure 4B.5. Reaction with trans-2-methoxycyclohexanol. (A) GC-MS profile for (a) after

reaction, (b) before reaction. (B) GC-MS fragmentation profile.
Reaction condition: 225 °C; Hz, 1 MPa; 1 h;
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4B.3.2.5. Effect of N2 pressure

Typically, HDO reactions are reported under high Hz pressure (>3 MPa) 17293051 however, in
this work high yield of cyclohexanol (74%) could be achieved even at 0.7 MPa N2 pressure
with CTH process generated in-situ Hz. Furthermore, under lower N2 pressures, reactions were
carried out using 0.1 MPa N pressure in order to check consistent HDO activity of Ru/Al>Os-

Acidic catalyst and the results are summarized in Figure 4B.6.
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Figure 4B.6. Effect of N, pressure
Reaction condition: Guaiacol/surface exposed Ru metal molar ratio, 35520; 2.13 wit%
Guaiacol in IPA; 1000 rpm. 225 °C; 1000 rpm.

It is seen from the Figure 4B.6 that at lower pressure of 0.1 MPa, conversion of guaiacol was
decreased to 38% with only 15% cyclohexanol, 13% trans-2-methoxycyclohexanol and 1 %
cyclohexane formation. Obtained result was not satisfactory as compared with 0.7 MPa N>

pressure reaction (guaiacol conversion, 100%; cyclohexanol vyield, 74% and trans-2-
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methoxycyclohexanol yield, 9% cyclohexane 5%). The better activity observed at 0.7 MPa
pressure can be attributed to two factors, 1) Increased solubility of in-situ generated Hz, which
in turn gives more concentration of H, on the catalyst and 2) Better interaction between
substrate (solubalized) and catalyst (solid) at high autogenous pressure (5.4 MPa). To check
these possibilities, reaction was carried out without pressurizing N2 (total final pressure 2.1
MPa). Under this reaction condition, the conversion of guaiacol was only 17% with 8%
cyclohexanol and 5% trans-2-methoxycyclohexanol formation. If nitrogen developed pressure
was not playing any role and only in-situ generated hydrogen was driving the reaction, then
under similar temperature condition with same catalyst, even without nitrogen, reactions should
have shown similar results like obtained under 0.7 MPa N2 pressure reaction. Since, this is not
the fact, it is believable that nitrogen developed pressure plays crucial role in the reaction,
which is better interaction between substrate and catalyst. Further, in order to study the effect
of higher N pressure, reaction was conducted at 1.5 MPa N pressure and 100% conversion of
guaiacol was obtained but the vyields of both, cyclohexanol (69%) and trans-2-
methoxycyclohexanol (7%) decreased with increase in the yield of cyclohexane (11%). This
might be because of the fact that there can be stronger and better interaction between catalyst
and substrate/product to drive the reaction further.

4B.3.2.6. Effect of solvent

Since, IPA is well known CTH reagent, it was obvious choice to carry out the reaction in same.
It is well reported in the literature that most of the lignin depolymerization processes are carried
out in alcohol-water mixture,®®> and hence it would be interesting to check whether CTH
reaction can be done in this solvent system (Figure 4B.7). As known, when reaction was carried
out in IPA solvent, conversion of guaiacol reaches upto 100% with formation 74% yield of

cyclohexanol and 9% yield of trans-2-methoxycyclohexanol.
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Figure 4B.7. Effect of solvent on the HDO of guaiacol
Reaction condition: Guaiacol/surface exposed Ru metal molar ratio, 35520; 2.13 wt%
Guaiacol in solvent; 0.7MPa N2, 1000 rpm. 225 °C; 1000 rpm.

Although the reaction was carried out in the presence of n-propanol solvent, only 16 %
conversion of guaiacol was achieved along with 7% yield of cyclohexanol and 3% yield of
trans-2-methoxycyclohexanol. As seen, n-propanol, which is a primary alcohol is less active
for CTH process in comparison with IPA (secondary alcohol). This is because, IPA is more
active due to formation of corresponding ketone, a stable form. To prove this fact, another
secondary alcohol Iso-Butanol was tested for CTH process, and 100 % guaiacol conversion,
71% vyield of cyclohexanol with 12 % yield of trans-2-methoxycyclohexanol were achieved.
From the obtained results, it is suggested that secondary alcohol is more active for CTH process

than primary alcohol.

4B.3.2.7. Effect of reduction temperature of catalyst on the catalytic activity
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Typically, reduction of supported metal catalyst was carried out at high temperature (>300 °C)
in order to attain complete reducton of metal. In view of this, initially Ru/Al,Os-Acidic catalyst
was reduced at 400 °C and the catalyst activity was estimated at 225 °C for 2 h under 0.7 MPa
N2 in IPA solvent (Figure 4B.8.) At 400 °C, only 39 % conversion of guaiacol was achieved
with 22% cyclohexanol, 6% trans-2-methoxycyclohexanol, and 2 % cyclohexane formation.
To understand whether lower reducing temperatures will help in better CTH activity, catalyst
was reduced at 250 °C and 150 °C and with the decrease in reduction temperature, higher
activity of the catalyst was seen (Figure 7) in IPA as a solvent. When reaction were carried out
at 225°C, with a catalyst reduced at 250 °C, guaiacol conversion reaches upto 65% with
corresponding yield of cyclohexanol of 41 %, trans-2-methoxycyclohexanol of 14%, and
cyclohexane of 3%. With catalyst reduced at 150 °C, guaiacol conversion reached upto 100%
with corresponding yield of cyclohexanol of 74%, trans-2-methoxycyclohexanol of 9%, and
cyclohexane of 5%. This proves that with increase in reduction temperature, interaction of
substrate with active catalyst site decreases either due to change in oxidation state or change in
particle size® ®4. Another acceptable reason is that higher oxidation state metal is required to
carry this reaction. Moreover, this characteristic phenomena requires further investigation.

Another aspect is increase in crystallite size of active metal at higher reduction temperature,
for that CO chemisorption analysis was done and tabulated in Table 4B.1. However, almost
similar crystallite size were found for all the catalysts. Apart from particle size some other
unknown factor is playing a role. There is room for futuristic investigation in this area of

research.

Table 4A.3. CO chemisorption study of the catalyst reduced at different temperatures

Catalyst Average Metal Monolayer
crystallite size dispersion uptake
(nm) (%) (Umoleg™)
Ru/Al;0s-Acidic 1.8 72.7 35.7
Ru/Al;0s-Acidic 1.6 80.7 39.6
@250
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Ru/Al20s3-Acidic 1.5 88.4 43.4

@400

=== Cyclohexne ™= Cyclohexanol =z trans-2-methoxycyclohexanol —e—Conversion

100 -
S 80 -
°
2
>.
= 60 -
S
[
S
(5]
5 40 A
>
[
(@]
(@)
20 -
0 .

Reduction Temperature (°C)

Figure 4B.8. Effect of catalyst reduction temperature
Reaction condition: Guaiacol/surface exposed Ru metal molar ratio, 35520; 2.13 wt%
Guaiacol in IPA; 0.7 MPa N2, 1000 rpm. 225 °C; 1000 rpm.

4B.3.2.8. Kinetics of guaiacol hydrogenolysis

As presented in Scheme 4B.1, hydrogenation of guaiacol and hydrogenolysis of intermediate
2-methoxycyclohexanol are main steps involved in guaiacol CTH, so detailed kinetic
evaluation were carried out over Ru/Al,Os-Acidic catalyst. Conversion versus time and
Arrhenius plot for CTH of guaiacol to cyclohexanol are plotted in Figure 4B.9.A-4B.9.B. The
R (reaction rate in mmolegescat*+h) and corresponding activation energy (Ea) are tabulated in
Table 4B.2. It was found that the reaction rate of guaiacol conversion increases with increase

in temperature.
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Figure 4B.9A. Conversion of guaiacol over Ru/Al,Oz —Acidic catalyst with different

temperature and time
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Reaction Condition: Guaiacol/surface exposed Ru metal molar ratio, 35520; 2.13 wt%
Guaiacol in IPA; 0.7MPa N2, 1000 rpm. Temperature; 1000 rpm.

Hydrogination

' o ,

OH
RwALO;-Acidic Ru/ALO;-Acidic
5 / 5 /
guaiacol 2-methoxycyclohexanol Cyclohexanol

A )

Hydrogenolysis

Scheme 4B.1. Reaction paths for guaiacol HDO over Ru/Al>Os-Acidic

Table 4B.2. Rate and activation energy of Guaiacol HDO

Hydrogenation of guaiacol | Rate (mmolegcatsh) | Ea (KJ*mole)
200 220 250
3.79 | 475 | 5.49 15.35
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4B.3.2.9. Comparative Drift study towards mechanistic path of phenolic CTH over
Ru/Al20s3-Acidic Catalyst
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Figure 4B.10. DRIFT spectra of (A) Guaiacol adsorption over Al2Os, (B) Anisole adsorption
over Ru/AlO3-Acidic, (C) Guaiacol adsorption over Ru/Al,0s-Acidic, (D) Phenol adsorption
over Ru/Al,Oz-Acidic, (E) Successive adsorption of Phenol and Anisole over Ru/Al2Os-
Acidic, Summary of FT-IR bands present in lignin and products. (F) Adsorption of guaiacol,
cyclohexanol and t-2-methoxycylohexanol at R.T

Reaction condition: Substrate 0.5 g, cyclohexane 30 mL, P (H), (a) 100 °C, (b) 125 °C, (c)
150 °C, (d) 175 °C, (e) 200 °C, (f) 225 °C, (g) 250 °C, (h) 275 °C,(i) 300 °C, (j) 325 °C

The Drift spectra of phenolic compounds (guaiacol, anisole, phenol) was carried out using
Bruker Tensor 27 spectrometer in diffuse reflectance mode (DRIFT) equipped with MCT
detector and Harrick praying mantis reaction chamber with Zn-Se window, scan and resolution
was 232 and 4 cm™!. For the experiment, Al,O3-Acidic support and Ru/Al,Os-Acidic catalyst
were kept inside the reflectance cell under H, (10 mlemin™') medium and background spectra
was collected before analysis. At the start of experiment 5 microlitre sample was injected at
room temperature, then the sample was heated inside the diffuse reflectance cell, and spectrum
was recorded by increasing the temperature interval of 25 °C starting from 100 to 325 °C.

Spectrum was recorded in Kubelka-Munk mode, respective data over the in Table 4B.3
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Table 4B.3. Vibrational band of the Guaiacol adsorption

Bands Type of Substrate Catalyst | Wavenumbe Results
(cm™) vibration r (cm-1)
1493, C=C Guaiacol Al2Os3- 1493,1589 Aromatic
1589 stretching Acidic 1279 character retain
of aromatic 3028,3070
1279 ring
CO of
3028, phenoxy
3070 species
C=H
Stretching
1497, Cc=C Guaiacol Ru/Al203- 1497 Aromatic
1592 stretching Acidic l character
of aromatic 1489 shifting to
1277 CO of 3028 Single bonding
phenoxy l character
2839, 2868 C=H shifting to
2862 3070 C-H Stretching
c |
Stretching 2862
1496, Cc=C Anisole Ru/Al,Oz- 1496 Aromatic
1583 stretching Acidic l character
of aromatic 1490 shifting to
1277 ring Single bonding
CO of character
phenoxy
2839, species
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2860 2839,2860 C=H shifting to
C-H C-H Stretching
Stretching
1497, C=C Phenol Ru/Al203- 1497 Aromatic
1592 stretching Acidic l character
of aromatic 1490 shifting to
1277 ring Single bonding
CO of character
phenoxy
2862, species 2862,2939 C=H shifting to
2939 C-H Stretching
C-H
Stretching
1491 C-C Cyclohexano | Ru/Al;0s- 1491 C-C Stretching
2858, Stretching I Acidic 2852,2932 C-H Stretching
2932 C-H
Stretching
1491 C-C trans-2- Ru/Al203- 1491 C-C Stretching
Stretching | methoxycycl Acidic
ohexanol

Initially, adsorption of guaiacol was carried out over Al,O3-Acidic support which was used in

catalytic experiment, various adsorption mode of guaiacol was confirmed with open literature.

At 100 °C, guaiacol adsorbed over oxide, when temperature increases after 200 °C, guaiacol
adsorption increases and broad peak converting into sharp peak is confirmation of methoxy
phenate species at 1277 cm’!. These frequencies are developed due to the unidentate and

bidentate adsorption of —OH present in Guaiacol. Aromaticity of guaiacol was confirmed by
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the observance of peak around 1592 cm™!, 1497 cm! attributed to mode of V(C=Cring)

vibration. Appearance of bands at 3070 cm™ and 3028 cm! shows the characteristics of V

(C=C-H-).

When the experiments were carried out with Ru/Al>O3-Acidic, initially all characteristic peaks
belongs to guaiacol were observed but on increasing temperature,bands obtained at 1497 cm’!
(C=C) is shifting to lower wavenumbers 1489 which is characteristic significance of C-C.
Presence of bands at 2862 cm™! and 2839 cm™! are confirmatory bands for guaiacol conversion

into cyclohexnol.

For comparative adsorption mode of guaiacolic (-OH and -OCHs;), three controlled
experiments were carried out like (1) adsorption of Anisole (2) adsorption of Phenol (3)
Successive adsorption of Phenol and guaiacol. Obtained results were tabulated in Table 2.
Phenol adsorbed at slightly higher wavenumber due to occurrence of adsorption peak at 1592
cm™ and 1497 cm™ as compare to anisole 1583 cm™ and 1496 cm™! charecterisitic peak for
Aromatic (C=C). On increasing temperature, peak obtained at 1497 cm™! in phenol is shifting
to lower site 1490 cm™! and same trend was seen with anisole, where peak obtained at 1496 cm’
lis shifted to lower wavenumber 1490 cm™!. This observation is due to phenomenal change in
doubly bonded character of aromatic (Phenol and Anisole) to singly bonded character.
When successive adsorption of phenol and anisole were conducted, significant difference can

not be attained due to the broadening of peaks in aromatic region, when phenolic compound

are adsorbed on catalytic surface peaks obtained at 2857 cm™ and 2939 cm™ . It can be

suggested that phenolic —OH adsorb first compared to -OCH3.

To confirm this the experiment IR spectra of cyclohexanol and trans-2-methoxycyclohexanol
were recorded. Peaks obtained at 1491 cm™!, 2858 cm!, 2932 cm™! are significant proof of our

earlier experiment performed.

4B.3.2.10. HDO of different substrates

Since, achieved good CTH activity with Ru/Al>Os-Acidic catalyst in guaiacol conversion into
cyclohexanol, reactions were carried out with other lignin derived monomers like phenol,
veratrole, anisole, and eugenol. Reactions were carried out under similar reaction conditions

with all the substrates which were used for guaiacol. Complete conversion of substrate was
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achieved in all the reactions. When phenol was used as a substrate, (Figures 4B.11) the yield
of cyclohexanol was 90 % with formation of 5 % cyclohexane. CTH of anisole (Figures 4B.12)
shown 28% cyclohexanol yield with 61% conversion. CTH of eugenol (Figures 4B.13) showed
100% propyl eugenol yield. It can be seen from the GC and GC-MS profiles of substrate study

that various ring hydrogenated and partial hydrogenated products were formed.

Minutes

Figure 4B.11. Representative GC profile. Phenol, 4.0 mmol; Ru/Al,0;-Acidic, 0.0245 mmol

of Ru; cyclohexane, 30 mL; H, pressure, I MPa at room temperature; 4 h; 1000 rpm.

(@) Before reaction; (b) After reaction
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(b)

Minutes

Figure 4B.12. Representative GC profile. Anisole, 4.0 mmol, Ru/AlO,-Acidic, 0.0245

mmol of Ru; cyclohexane, 30 mL; H, pressure, 1 MPa at room temperature; 4 h; 1000 rpm.

(a) Before reaction; (b) After reaction;
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Figure 4B.13: Representative GC profile. Eugenol, 4.0 mmol; Ru/Al,O,-Acidic, IPA, 30 mL;

N, pressure, 0.7 MPa at room temperature; 2 h; 1000 rpm.

(a) Before reaction; (b) After reaction;
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4B.3.2.11. Recycle study of the catalyst

The reusability of Ru/Al>Os-Acidic catalyst was achieved by conducting multiple catalytic runs
with spent catalyst. During the recycle study, the spent catalyst was recovered by centrifugation
after the reaction. Next catalytic run was conducted with recovered wet catalyst without any
pre-treatment. In addition, the catalyst activity was checked by maintaining constant S/C ratio
After 3" catalytic run, recovered wet catalyst was dried at 60 °C for 12 h and used for 4™ run

by maintaining S/C ratio.

=23 Cyclohexane Cyclohexanol
ez trans-2- methoxycyclohexanol —e—Conversion
100 -
S 80 1 Q
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S 40 - \ N 3
o \ \
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1st 2nd 3rd 4th
Catalytic Run

Figure 4B.14. Recycle study of catalyst
Reaction condition: Guaiacol/surface exposed Ru metal molar ratio, 35520; 2.13 wt%
Guaiacol; IPA, Nz pressure, 0.7 MPa at room temperature; 225 °C; 2 h; 1000 rpm. In the 2"
and 3" run, Guaiacol/Ru molar ratio was not maintained as the catalyst was not dried. # In 4™
run, wet recovered catalyst from 3" run was dried at 60 °C for 12 h and Guaiacol/Ru molar
ratio of 35520 was maintained.
Recycle study shown in Figure 4B.14 represents constant drop in the catalytic activity till 3™

run. This may be because of increase in substrate to catalyst ratio due to loss of active catalyst
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during recovery of spent catalyst. Hence, the reaction was carried out by maintaining S/C ratio
showing improved catalytic activity in the fourth run. It can be seen that obtained results were
not appreciable in comparison to first catalytic run. This shows that some inherent property of
catalyst is changed under the reaction conditions. To check this, spent catalyst was

characterized.

4B.4. Characterization of the spent catalyst

It can be seen from the N2 sorption data of spent Ru/Al.Oz-Acidic catalyst that there is decrease
in surface area of the catalyst (107 m2sg!). This phenomena is common and it happens due to
adsorption of oxygenated compounds and coke over the catalytic surface. ICP-OES analysis
result suggests leaching of Ru metal (6%) in spent catalyst. This may be a possible cause for
decrease in the catalytic activity of the catalyst. CO chemisorption data of the spent catalyst
shows increase in crystallite size of spent catalyst (2.6 nm) with 49% dispersion. The TPR
profile of fresh and spent catalyst were matching with each other as shown in Figure 4B.15..
TEM profile shows deposition of coke on the catalytic surface (Figure 4B.16). From the spent
catalyst analysis, it can be suggested that leaching of metal, increase in crystallite size, and

deposition of coke is hampering the catalytic activity.

Intensity (a.u)
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Figure 4B.15. TPR of spent catalyst (a) fresh catalyst (b) spent catalyst
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Figure 4B.16. TEM of spent catalyst

4B.5. Conclusion

CTH activity of various lignin derived monomers were tested with Ru metal base different
supported catalyst. Support is playing an important role in achieving better CTH activity. Our
distinctive observation is that catalyst reduced at lower temperature shows better CTH activity.
In IPA medium with Ru/Al,Oz-Acidic catalyst, 100% conversion of guaiacol, with 74% yield
of cyclohexanol was achieved. Rate and activation energy of guaiacol conversion was
calculated. Comparable Drift IR analysis was carried for supporting the path of suggested

mechanism.
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Chapter 5A

Catalytic defunctionalization of lignin derived low
molecular weight compound using AHF supported

catalyst
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5A.1. Introduction

It was demonstrated in the previous chapters (Chapter 4A and 4B) that Ru/Al>Os-Acidic could
effectively catalyze defunctionalization/HDO of lignin-derived low molecular weight
compounds. It was also seen that defunctionalization/HDO of lignin-derived low molecular
weight compounds could be achieved using an external source of hydrogen (Chapter 4A) as
well as in-situ generated hydrogen (Chapter 4B). Efficient defunctionalization/HDO activity
was achieved using Ru/Al>Oz-Acidic at 225 °C, 1 MPa Hy, in cyclohexane solvent, and at 225
°C, 0.7 MPa Nz, in isopropyl alcohol. In both the cases, defunctionalization produces
cyclohexanol as a major product and achieved up to 80% yield. Although Ru/Al>Os—Acidic is
active for the defunctionalization/HDO process, Ru is a costly metal (approx. USD 250 oz}),
and use of it will make the process economically infeasible. So, it was decided to carry out
defunctionalization/HDO reaction with non-precious metals, which will reduce the cost of
defunctionlization/HDO process. The use of non-precious metals for the process is already
known in the literature. It was reported that sulphided cobalt (Co), sulphided nickel (Ni), and
combination of both the metals with molybdenum over Al>Oz and zeolite support are active for
the HDO of low molecular weight compounds . However, reported system is associated with
some issues like zeolite support undergoes deactivation due to coke deposition or
dealumination by hydrolysis when conducted at high temperatures (300-600 °C)® 7. Sulphided
metal catalytic system leads to contamination of sulfur in products and also deactivation of the
catalyst by coke deposition on the catalyst surface,> &, The defunctionalization of guaiacol is
also reported with Ni-Mo/TiO- at 350 °C, 6.8 MPa H; to obtained phenol (38%) and cresol
(28%) as products °. Aqueous phase defunctionalization/HDO of guaiacol in the presence of
Raney Ni and Nafion/SiO> at 300 °C under 4 MPa H> produced 71% yield of cyclohexane with
100% conversion °. As can be seen from the reported literature, Nickel (Ni) and Cobalt (Co)
are the active non-precious metals used in the defunctionalization process. It is observed from
the previous chapters (Chapter 4A and Chapter 4B) that Al.Os support gives better activity
than any other supports, so it was decided to conduct defunctionalization of low molecular
weight compounds using alumina supported non-precious metal (Co, Ni) catalysts. However,
in this work, alumina support was prepared using a unique technique. Non-precious

metal/Support catalyst was used for HDO of guaiacol as shown in Scheme 5A.1.
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OH Non-precious

OH
metal/support OH

> +
e Cyclohexane,
0 H,, 200-225 °C

Scheme 5A.1. Hydrodeoxygenation/defunctionalization of lignin-derived low molecular

weight compounds (guaiacol)
5A.2. Experiment section
5A.2.1. Materials
For the details on all the materials used in this study, please refer Chapter 4, section 4A.2.1.
5A.2.2. Catalyst synthesis

Co and Ni metals were supported on aluminium hollow fiber (AHF) with 5wt% loading. For
the details on the catalyst synthesis kindly refer Chapter 2B, Section 2B.4.1-2B.4.3.

5A.2.3. Catalytic runs

Reactions were carried out in batch mode reactor and for more details on the catalytic runs,
kindly refer Chapter 4, section 4A.2.3.

5A.2.4. Recycle experiment

Spent catalyst was recovered after earlier reaction and was used for further reaction. The details

on the recycle experiment can be found in Chapter 4, section 4A.2.4.
5A.2.5. Analysis of reaction mixture

Reaction mixture was analysed using GC and GC-MS techniques and for the details about the
methodologies used and instruments used for the analysis of reaction mixture, please refer
Chapter 4, section 4A.2.5.

TOF was calculated using following formula

TOF — Moles of substrate reacted
~ Moles of metal X Time (s)
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5A.3. Results and discussion
5A.3.1. Catalyst characterization

Synthesized catalysts were characterized using different physico-chemical techniques. For
details on catalyst characterization, kindly refer Chapter 2B, Section 2B.5, Subsection 2B.5.1-
2B.5.8.

5A.3.2. Catalyst activity

Hydrodeoxygenation (HDO) reactions were carried out in high-pressure high-temperature
batch mode reactors and the analysis of the reaction mixture was done on GC and GC-MS (for
details, please refer experiment section).

5A.3.2.1. Effect of support on the HDO of Guaiacol
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Figure 5A.1. Effect of support on the hydrodeoxygenation of guaiacol
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Reaction condition: Guaiacol/Co molar ratio, 13; 2.15 wt% Guaiacol in cyclohexane; H, 1

MPa @RT; 225 °C; 4 h; 1000 rpm.

Initially, HDO experiment was conducted with 5 Co/Al>O3-Acidic catalyst, using guaiacol, 0.5
g; catalyst, 0.375 g; Cyclohexane, 30 mL; H> pressure, 1 MPa at RT; 225 °C; 4 h; 1000 rpm
since in earlier study with Ru/Al>Os-Acidic catalyst under these conditions maximum HDO
activity was observed (Chapter 4A). However, as can be seen from Figure 5A.1, only 5%
conversion of guaiacol was seen with 2% cyclohexanol yield under this condition. Further
modification in Al,Os-Acidic support was carried out by calcining it at 1500 °C (30 -500 °C, 8
°Cemin; 0.5 h; 500-900 °C, 8 °Csmin, 1 h; 900-1500 °C, 4 °C+min™, 4 h; ). As seen, with this
modified catalyst (5 Co/Al,O3-Acidic@1500), increased guaiacol conversion from 5% to 45%
and improvement in the yield of cyclohexanol (31%) and formation of phenol with 8% yield
was observed. It was decided to further modify Al.O3-Acidic support to make alumina hollow
fiber (AHF), on account of the improved activity of calcined AlOz-Acidic at 1500°C. AHF
sintered at 1500 °C was crushed, and cobalt (Co) was impregnated over it (5 Co/AHF@imp).
An improvement in guaiacol conversion to 63% with 49% yield of cyclohexanol and 12% vyield

of phenol was observed with this modification.

Further catalytic experiment was conducted with catalyst, 5 Co/AHF@capillary where
impregnation of metal was achieved using capillary action in the long fiber (20-22 cm). The
drastic change in the activity of hydrodeoxygenation was found with this catalyst as guaiacol
conversion was increased up to 95% and increase in yield of cyclohexanol (86%) was observed
along with 4% yield of phenol. A dramatic change in the catalytic activity was observed with
same metal loading with different support conditions. To investigate this, details about the
physico-chemical properties of synthesized catalysts were checked. TPR results suggest that
cobalt (Co) impregnated on Al2Os-Acidic support may present in higher oxidation state since
no peak for hydrogen consumption was seen (Chapter 2B, Figure 2B.14). When the support
was changed from Al,Oz-Acidic to Al20s-Acidic@1500 calcined at 1500°C and AHF, a clear
peak for hydrogen consumption can be observed. This observation suggests that if the metal is
present in higher oxidation state then it may not be active for the HDO reaction, but if it is

present in the reduced state then, it is active for HDO reaction. XPS analysis was performed to

Ph.D. Thesis Submitted to AcSIR 2020 230



confirmed the oxidation state of metal and found that with AHF support Co is present in the
reduced state as well as higher oxidation state, while Ni is present in the metallic state (Chapter
2B, Figure 2B.15). Another reason of higher catalytic activity of AHF was better metal
dispersion, which can be seen from TEM images of the synthesized catalyst (Chapter 2B,
Figure 2B.13).

5A.3.2.2. Effect of metal on the HDO of Guaiacol
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Figure 5A.2. Effect of metal on the hydrodeoxygenation of guaiacol

Reaction condition: Guaiacol/M (5 Co or 5 Ni) molar ratio, 13; Guaiacol/metal (3 Co, 3 Ni)
molar ratio, 21; 2.15 wt% Guaiacol in cyclohexane; H> 1 MPa @RT; 225 °C; 4 h; 1000 rpm.
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It was found from the earlier support study that catalyst with AHF as support is more active in
the HDO of guaiacol. Further, the effect of metal was studied with comparing different metal
loadings of Ni and Co impregnated over AHF using capillary action. It can be seen from Figure
5A.2 that when Ni metal was used for HDO instead of Co, it typically showed lower activity.
From the figure, it is apparent that Ni followed different reaction path than that of Co metal
although major product formed was same, cyclohexanol. To describe this further, a careful look
at obtained results (Figure 5A.2) suggests that in Ni catalyzed HDO, first; ring hydrogenation
of guaiacol occurred to form intermediate product, trans-2-methoxycyclohexanol. This product
after cleavage of C-OMe bond produced cyclohexanol as a major product. While Co
impregnated catalyst was following different HDO reaction pathway and as seen, with Co
catalyst, first phenol was formed by the cleavage of C-OMe bond, and further hydrogenation
of phenol occurred to yield final product, cyclohexanol. A possible cause of this behaviour
could be explained based on the reduction potential of Ni and Co. Reduction potential of Ni (-
0.25 V) is higher compared to Co (-0.27V). Due to the higher reduction potential of Ni, over
this metal, molecular hydrogen easily splits and thus more hydrogenation active species are
available to carry out ring hydrogenation as first step. On the other hand due to lower reduction
potential of Co, cleavage of O-Me is preferred over ring hydrogenation as first step. Initially,
HDO reactions were performed using 5% lading of (Co, Ni) metal. As seen from the Figure
5A.2, with 5% loading of Co metal, a very good HDO activity (95% conversion, 86 %
cyclohexanol yield, 4% phenol yield) was achieved as compared to Ni metal (71% conversion,
51% cyclohexanol yield, 17% trans-2-methoxycyclohexanol yield). The difference in the
activity could be due to reluctant behaviour of Ni, which required high temperature for the
activation as compared to Co. This observation is based on TPR study, where reduction of Co
is possible at lower temperature (240-280 °C), while reduction of Ni required high temperature
(260-360 °C). When metal loading was reduced to 3%, guaiacol conversion was decreased to
71% (Co) with a decrease in the yield of cyclohexanol to 51%. However, increase in phenol
yield to 17% was seen. Similar trend can be seen with 3% loading of Ni metal, in which
conversion of guaiacol was decreased to 55% and the yield of both cyclohexanol (41%) and
trans-2-methoxy cyclohexanol (5%) was decreased. It might be possible that due to decrease
in the active catalytic centres present in the catalyst due to decrease in the metal loading. To

understand this, TOF calculation was done to correlate the catalytic activity of the catalyst and
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it was seen that 5 Co/Al,Os@capilllary showed the highest TOF (0.2 s*) with the highest HDO

activity. Order of TOF is as follows:

3 Ni/Al,Oz@capillary (0.1 s%) = 5 Ni/Al,Oz@capillary (0.1 s) = 3Co/Al,0s@capllary (0.1 s°
1y < 5 Co/Al,0s@ capillary (0.2 s%)

Based on this data, it is rather difficult to predict why Co showed better activity than Ni and
with a change in loading of metal also did not change the TOF drastically. In view of this, it is

important to carry out further investigations in this work.

5A.3.2.3. Effect of temperature on the HDO of Guaiacol
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Figure 5A.3. Effect of temperature on the hydrodeoxygenation of guaiacol

Reaction condition: Guaiacol/Co molar ratio, 13; 5 Co/Al,Oz@capilllary, 0.375g; 2.15 wt%
Guaiacol in cyclohexane; Hy, 1 MPa @RT; 4 h; 1000 rpm.

To check the effect of temperature in HDO activity, the reaction was conducted at various

temperatures and the results are represented in Figure 5A.3. Results showed very less
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conversion of guaiacol (23%) with 19% cyclohexanol and 3% phenol yield at 175 °C. On
increasing the reaction temperature to 200 °C, guaiacol conversion was increased to 51% and
the formation of 31% cyclohexanol and 13% phenol was found. Further increase in the
temperature to 225 °C, showed 95% conversion of guaiacol with 86% yield of cyclohexanol
and 4 % phenol. On increasing temperature HDO activity increases due to increase of collision

between substrate and catalyst, at higher temperature mostly guaiacol exists in vapour state.

5A.3.2.4. Effect of catalyst weight on the HDO of Guaiacol
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Figure 5A.4. Effect of catalyst weight on the hydrodeoxygenation of guaiacol

Reaction condition: 5 Co/Al,Os@capilllary; 2.15 wt% Guaiacol in cyclohexane; Hy, 1 MPa
@RT; 225 °C; 4 h; 1000 rpm.

In order to optimize the catalyst loading for better HDO activity, reactions were carried out

with different catalyst loadings (0.25, 0.375, 0.5 g) under the same reaction conditions (Figure

5A.4). It was observed that the non-catalytic HDO is not possible, however, as the loading of
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the catalyst increased from 0.25 to 0.5 g, the conversion of guaiacol increased from 71 to 98%,
with increase in cyclohexanol yield from 56 to 91% and decrease in phenol yield from 11 to
2%. This improvement in results with increased catalyst loading shows that active sites of
catalyst increases leading to improvement in results. A careful look at the results suggests that
Co catalyzed HDO proceeds via formation of intermediate product, phenol. Further, phenol
gets converted into cyclohexanol. Conversion of phenol into cyclohexanol is slower process
because in all the catalytic run, intermediate phenol was not completely converted. Based on
this fact, it can be explained that conversion of phenol to cyclohexanol is rate-determining step

for the cobalt catalysed reactions.

5A.3.2.5. Effect of time on the HDO of Guaiacol
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Figure 5A.5. Effect of time on the hydrodeoxygenation of guaiacol
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Reaction condition: Guaiacol/Co molar ratio, 13; 5 Co/Al,Os@capilllary, 0.375g; 2.15 wt%
Guaiacol in cyclohexane; H», 1 MPa@ RT; 225 °C; 1000 rpm.

It was clear from the study that 95% conversion of guaiacol is possible within 4 h. Figure 5A.5,
showed 86% yield of cyclohexanol and formation of 5 % Phenol. For the complete conversion
of guaiacol and improving the yield of cyclohexanol, the reaction was carried out for longer
time 6 h, and as seen from the Figure 5A.5, guaiacol conversion increased to 97% and improve
in the yield of cyclohexanol (91%) with (2%) phenol formation was obtained. Still, guaiacol
was not completely converted, This fact could be due saturation achieved on catalyst surface
in longer time run. HDO activity was increased much when the reaction was conducted for
longer time. It was decided to check catalytic activity for shorter time. HDO reaction was
conducted for 2 h, and decrease in guaiacol conversion to 72% with 53% yield of cyclohexanol,
and 17% phenol formation was seen. This result is much lower compared to 4 h run. It might

be possible due to decrease in the substrate to catalyst interaction.

5A.3.2.6. Effect of pressure on the HDO of Guaiacol
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Figure 5A.6. Effect of pressure on the hydrodeoxygenation of guaiacol

Reaction condition: Guaiacol/Co molar ratio, 13; 5 Co/Al,Oz@capilllary, 0.375g; 2.15 wt%
Guaiacol in cyclohexane; 1000 rpm. # 0.3 MPa H>+ 0.7 MPa Np; 225 °C; 1000 rpm.

Initially, the HDO experiment was conducted at 1 MPa H. pressure @RT (Figure 5A.6), and
95% conversion of guaiacol and 86% vyield of cyclohexanol was obtained. For the complete
conversion of guaiacol, the experiment was also done with 1.5 MPa H. pressure @RT and
found that high pressure was encouraging the guaiacol conversion (100 %), and intermediate
phenol was also converted into the final product cyclohexanol (97%). HDO experiment was
also carried out at lower pressure i.e., 0.5 MPa and 0.3 MPa. In both the cases decreased in the
conversion of guaiacol and yield of cyclohexanol was found. To check whether H partial
pressure or total partial pressure is helping in the high HDO activity. One experiment was
conducted with 0.3 MPa Hz + 0.7 MPa Nz, maintaining the 10 MPa @RT total pressure, and
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found that guaiacol conversion is high (49%) with the formation of 21% cyclohexanol and 23%
phenol compared to HDO reaction conducted at 0.3 MPa H; and 0.5 MPa Hz, where guaiacol
conversion was 8% and 33%, respectively. These results showed that not only high pressure of
H> but total partial pressure generated at the final temperature was encouraging the

hydrodeoxygenation results.

5A.3.2.7. Recycle study
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Figure 5A.7. Recycle study on the hydrodeoxygenation of guaiacol

Reaction condition: Guaiacol/Co molar ratio, 13; 5 Co/Al,Os@capilllary, 0.375g; 2.15 wt%

Guaiacol; cyclohexane, H, pressure, I MPa at room temperature; 225 °C; 4 h; 1000 rpm. In

d_rd th ) . oL
the 2" ,3r run, and 4 run Guaiacol/Co molar ratio was not maintained as catalyst was not

h h
dried. # In 5t run, wet recovered catalyst from 4t run was dried at 60 °C for 12 h, and

Guaiacol/Co molar ratio of 13 was maintained.
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The reusability study of the catalyst was done with the spent 5 Co/AHF@capillary catalyst
(Figure 5A.7). After completion of the reaction, the reaction mixture was centrifuged, and the
recovered catalyst was dried at RT and used for next run till 4" run. The recycle study shows
decrease in the activity of the catalyst. This could be due to the loss of catalyst concentration
in the multiple runs. Careful look of the recycle study data also confirms intermediate product,
phenol formation. Yield of phenol was increasing in consecutive runs and thus overall activity
of hydrogenation was decreasing. These results also suggest that for the conversion of
intermediate phenol, required active catalytic centers, which were not available for the reaction.
This also confirmed that phenol to cyclohexanol (Hydrogenation) is the rate-determining step
of the Co catalyzed HDO reaction. To prove this aspect, 5" run was conducted by maintaining
the substrate to catalyst ratio and can be seen that the conversion of guaiacol was increased to
85% with 77% yield of cyclohexanol.

5A.3.2.8. Recycle study: Characterization of spent catalyst

As seen from Figure 5A.8, TPR profiles of fresh and spent 5 Co/Al.Oz@capillary catalysts are
almost same. However, it was seen that in spent catalyst slightly higher hydrogen was used
compared to fresh catalyst. This might be because of hydrogen used for the removal of
coke/carbon deposited on the spent catalyst. This suggestion is in line with the ~90% mass
balance (based on GC) obtained in all the reactions as seen from above discussions. Moreover,
higher hydrogen consumption at temperatures of 150-350 °C indicates that the coke deposited
on the catalyst surface was amorphous in nature and was easily removable. TEM image
presented in Figure 5A.9, showed no change in their morphology.
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Figure 5A.8. TPR profiles of 5 Co/AHF@capillary catalyst (a) Fresh; (b) Spent
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Figure 5A.9. TEM image of spent catalyst, 5 Co/AHF@capillary;

5A.4. Conclusion

Hydrodeoxygenation of low molecular weight compounds was achieved under milder
condition (225 °C, 1 MPa H>) using non-precious metal Co and Ni. Modification in the (Al,O3)
support was helping in achieving better HDO activity and gave 86% yield of cyclohexanol.
Intermediate phenol formation is the rate-determining step. Modified catalytic synthesis
procedure (capillary action) was used, which is helping to get uniform distribution of metal on

the support confirmed by the TEM images.
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Chapter 5B

Alumina Hollow Fiber (AHF) supported Co
catalyzed continuous defunctionalization of guaiacol

into cyclohexanol
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5B.1. Introduction

As seen from the previous chapters (Chapter 4A, 4B), Ru/Al.Oz-Acidic catalyst could effectively
catalyze defunctionalization/hydrodeoxygenation (HDO) of guaiacol in batch mode reactor. It was
also demonstrated in Chapter 5A, that 5 Co/AHF@capillary catalyst is an efficient catalytic system
for the HDO of guaiacol. Previously, all catalytic experiments were conducted in batch mode
reactor. For the demonstration of the mainstream process on the industrial scale, it is desirable to
develop the process in continuous flow. Most of the industrial plants prefer to use continuous
production plant rather than batch mode plant. Continuous mode production is more economically
feasible because it reduces the production cost. The motivation of this work is that, there are
number of reports on HDO of guaiacol in batch process and barely few for continuous production
16 As it was discussed earlier in Chapter 1, cyclohexanol produced via defunctionalization of
guaiacol is an important intermediate product, which can be utilized in the production of adipic
acid. The major part of this thesis also covers the effective defunctionalization of guaiacol into
cyclohexanol operated at milder reaction condition (225 °C; 1 MPa Hz; cyclohexane, solvent). The
catalytic activity of 5 Co/AHF@capillary was also employed for the defunctionalization of
guaiacol in batch mode reactor at 225 °C, 1 MPa H>, cyclohexane solvent and showed 95%
conversion of guaiacol with 86% vyield of cyclohexanol. As discussed, continuous flow system is
more preferable to be used on industrial scale than batch system. It was decided to check the
catalytic activity of 5 Co/AHF@capillary catalyst for the HDO of guaiacol in a continuous flow
reactor. It was also seen, in Chapter 2B that, AHF synthesized is found in the cylindrical form and
catalytic activity of 5 Co/AHF@capillary was examined after crushing it into powder form
(Chapter 5A). Major issues associated with the powder form of the catalyst is pressure drop,
limitation of mass flow, heat transfer, and diffusion limitation. At the industry level, it is preferable
to use extrudate, which reduces those limitations, which are associated with the powder form of
the catalyst. Use of 5 Co/AHF@capillary as synthesized may contribute to reduce those problems.
Thus, it was decided to develop the reactor system to load the 5 Co/AHF@capillary catalyst as
synthesized. 5 Co/AHF@capillary catalyst was placed into the newly designed catalyst holding
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system and loaded into the continuous flow reactor. The reaction scheme for the HDO of guaiacol

is shown in Scheme 5B.1.
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Figure 5B.1. (a) Model reactor set up with the loaded catalyst; catalyst loaded module; (1)
Thermocouple (2) Thermowell (3) Topside cap with holes (4) Co/AHF@capillary catalyst (5)
Bottom container with holes at the bottom, (6) Flow reactor; (b) Model Co/AHF@capillary (c)
Real image of the reactor set up with loaded 5 Co/AHF@capillary;
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Scheme 5B.1. Hydrodeoxygenation/defunctionalization of lignin-derived low molecular weight

compounds (guaiacol)
5B.2. Experiment section
5B.2.1. Materials
For the details on all the materials used in this study, please refer to Chapter 4, Section 4A.2.1.
5B.2.2. Catalyst synthesis

Co metal was supported on aluminum hollow fiber (AHF) with 5 wt% loading. For the details on
the catalyst synthesis kindly refer to Chapter 2B, Section 2B.4.1-2B.4.3.

5B.2.3. Catalytic runs

HDO experiments were conducted in continuous flow stainless steel cylindrical reactor in
downflow, reactor placed in the two-zone furnace (13 mm id Geomechanique, France).
Experiments were carried out between 250-300 °C and 1.5-3.5 MPa H> pressure. Catalyst bed
temperature measure by Cr-Al thermocouple. Prior to the reaction catalyst were activated in the
presence of Hz (25 mLemint) at 300 °C for 6h. The reactant was allowed to pass through the reactor
using a high-precision syringe pump (ISCO Model 500D) at required flow rate. The product
mixture was cooled using chilled water condenser and collected in a gas-liquid separator.

5B.2.4. Durability of the 5 Co/AHF@capillary catalyst

5 Co/AHF@capillary catalyst durability was also tested for longer time. HDO experiment was

conducted at an optimized reaction condition.
5B.2.5. Analysis of reaction mixture

The reaction mixture was analyzed using GC and GC-MS techniques and for the details about the
methodologies used and instruments used for the analysis of reaction mixture, please refer to
Chapter 4, Section 4A.2.5.
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5B.3. Results and discussion
5B.3.1. Catalyst characterization

Synthesized catalysts were characterized using different physico-chemical techniques. For details

on catalyst characterization, kindly refer to Chapter 2B, Section 2B.5, Subsection 2B.5.1- 2B.5.8
5B.3.2. Catalyst activity

Hydrodeoxygenation (HDO) reactions were carried out in fixed bed reactor, the analysis of the

reaction mixture was done on GC and GC-MS (for details, please refer experiment section).
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5B.3.2.1. Effect of temperature on the HDO of Guaiacol
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Figure 5B.2. Effect of Temperature on the hydrodeoxygenation of guaiacol

Reaction condition: WHSV+h':13.3, (20 mL+h!e1.5g™! catalyst) ; (a) 250 °C; (b) 275 °C (c) 300
°C; 5 Co/ AHF@capillay; 2.5 MPa H,; 25mLemin™ H, flow

As seen from Figure 5B.2, HDO reactions were conducted in the temperature range from 250-300
°C. When the reaction was carried out at 250 °C, 25% conversion of guaiacol was possible with

Ph.D. Thesis Submitted to AcSIR in 2020 250



18% cyclohexanol yield and 6% cyclohexanone yield. On increasing temperature to 275 °C,
guaiacol conversion increases to 55% with 43% cyclohexanol yield and 11% cyclohexanone yield.
Further, reaction temperature was increased to 300 °C and found that guaiacol conversion increases
to 73% and formation of 65% cyclohexanol and 6% cyclohexanone were found. On increasing
temperature, conversion of guaiacol is increases due to the increase of the kinetic energy of
guaiacol molecule, mostly guaiacol molecule will exist in gaseous form (B.P 205 °C), and

adsorption and desorption phenomena is also increases with temperature.
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5B.3.2.2. Effect of Hz pressure in the HDO of Guaiacol
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Figure 5B.3. Effect of pressure on the hydrodeoxygenation of guaiacol

Reaction condition: WHSV<h":13.3, (20 mLeh'+1.5g! catalyst); 300 °C; 5 Co/ AHF@capillay,
(a) 1.5 MPa Hy; (b) 2.5 MPa Hy; (c) 3.5 MPa H,; 25mLemin’! H flow;

It was seen from the temperature study in Figure 5B.2 that at 300°C; 2.5 MPa H> pressure,
maximum 73% guaiacol conversion with 65% cyclohexanol yield, and formation of 6%
cyclohexanone was obtained. Further, to study the effect of pressure on the reaction, reaction was
carried out at different pressures of Hz viz, 1.5 MPa, 2.5 MPaand 3.5 MPa and the results are

represented in Figure 5B.3. When HDO reaction was performed at lower H> pressure, 1.5 MPa
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H>, guaiacol conversion decreases to 72% with 53% cyclohexanol yield and 17% vyield of
cyclohexanone. A careful look of these results suggests that lower pressure is not affecting
guaiacol conversion that much but intermediate cyclohexanone yield is more (17%) compared to
2.5MPaH:2 i.e. 6%. Itissuggesting that the HDO reaction might be proceeding via cyclohexanone
intermediate. Further on increasing pressure to 3.5 MPa, an increase in conversion of guaiacol to
86% with 81% vyield of cyclohexanol with 4 % vyield of cyclohexanone was found. It is obvious

because at high-pressure solubility of Hz increases which helped in high HDO activity.
5B.3.2.3. Effect of WHSV on the HDO of Guaiacol

Effect of WHSV on HDO of guaiacol was studied by varying the liquid flow of reaction and the
results are represented in Figure 5B.4. Initially, the reaction was conducted at WHSV of 13.3 and
found that the conversion of guaiacol was 73% with 65% yield of cyclohexanol with 6%
cyclohexanone yield. Further, the reaction was conducted at lower flow rate with WHSV of 6.6
and conversion of guaiacol was almost similar i.e., 79% with 72% cyclohexanol yield of and 6%
cyclohexanone. The difference in the activity is due to the increase of residential time of substrate
on the catalytic surface due to lower WHSV 6.6. Later, WHSV was increased to 20 and conversion
of guaiacol decreased to 44% with the formation of cyclohexanol to 36% and 7% cyclohexanone
formation. This is again obvious behavior due to decrease in residential time of substrate on the

catalyst surface.
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Figure 5B.4. Effect of WHSV on the hydrodeoxygenation of guaiacol

Reaction condition:WHSV-<h!: (a) 6.6; (b) 13.3; (c) 20; 300 °C; 5 Co/ AHF@capillay, 2.5 MPa
H»; 25mLemin! H» flow;

5B.3.2.4. Effect of gas flow on the HDO of guaiacol

Effect of gas flow was also investigated for the HDO of guaiacol and the results are represented in
Figure 5B.5. Initially reaction was conducted at 25mLemin?® H, flow and found that 73%
conversion of guaiacol is possible with 65% yield of cyclohexanol and 6% yield of cyclohexanone.
Further, the gas flow rate decreased to 18 mLemin™ and found that the conversion of guaiacol
increases to 83% with the 74% yield of cyclohexanol and 5% yield of cyclohexanone. The decrease
in gas flow also increases the contact time of the substrate on the catalyst surface. Further, the
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reaction was conducted under higher gas flow of 35 mL+min and guaiacol conversion was seen
to be decreasing to 56% with 45% vyield of cyclohexanol and 9% yield of cyclohexanone.The

decrease in the activity is due to the decrease in the residential time of the substrate on the catalyst
surface.

S3Cyclohexanol zzCycloxanone —e—Conversion a\Cyclohexanol zmCycloxanone —e—Conversion
100 -
@) 100 (b)

80 1

[es]
o
!

60 -

(2]
o
!

40 -

N
o

Conversion (%) / Yield (%)
Converion (%)/Yield (%)

N
o
!

20 4

0 4 N

Time on Stream (h) Time on stream (h)

S=ICyclohexanol mECycloxanone —s—Conversion
100 -

@
o

[e2]
o
!

Conversion (%) / Yield (%)

ELEE

Time on Stream (h)
Figure 5B.5. Effect of gas flow on the hydrodeoxygenation of guaiacol

Reaction condition: Reaction condition:WHSV+h"': 13.3; 300 °C; 5 Co/ AHF@capillay, 2.5
MPa Hy; (a) 15mLemin™' H, flow; (b)25mLemin™! H, flow; (c) 35mLemin™' H, flow
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5B.3.2.5. Long-term on-stream stability of 5 Co/AHF@capillary
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Figure 5B.6. Time on stream

Reaction condition: WHSV+h'': 13.3; 300 °C; 5 Co/ AHF@capillay, 2.5 MPa H,; 25mLemin"!

H> flow

The durability test of the catalyst, 5 Co/AHF@capillarycatalyst was conducted under optimized
reaction conditions (300 °C, 2.5 MPa Hz, 25 mLemin™* Hz, WHSV, 13.3). It can be seen from Figure
5B.6 that guaiacol conversion is almost constant up to 73% with 65% yield of cyclohexanol for
the 50 h run. Further on increasing the timing of reaction, slight decrease in HDO activity was seen
and it reaches to 61% guaiacol conversion with 56% cyclohexanol yield. Decrease in activity is

observed due to the deposition of coke on the catalyst surface.
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5B.4. Conclusion

Hydrodeoxygenation of guaiacol was achieved in flow mode reactor under milder condition (300
°C, 2.5 MPa Ha, 25mlemin™') using non-precious 5 Co/AHF@capillary. Modification in the
(Al203) support was helping in achieving better HDO activity and gave 73% yield of cyclohexanol.
Use of model reactor setup used for the loading of the 5 Co/AHF@capillary as synthesized was
helpful for the better HDO activity. Use of cylindrical form of the catalyst is minimizing the

limitation of catalyst.
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6.1. Introduction

As discussed earlier, base catalyzed lignin depolymerization was achieved and further
defunctionalization of lignin derived low molecular weight compounds was carried out to alter
the O/C ratio in the depolymerized products. Depolymerization of lignin produces variety of
aromatic and low molecular weight compounds such as vanillin, methyl vanillate, eugenol,
acetosyringone, guaiacone, homovanillic acid, vinyl guaiacol, butyl hydroxyl etc.>”. These
oxygenates having high O/C ratio (0.3-0.5) makes them unstable, corrosive and also restricts
their use as fuel. In order to enhance their fuel quality and stability. It is advisable to reduce
o/C ratio and improve CH ratio. As discussed earlier,
defunctionalization/hydrodeoxygenation (HDO) process is generally preferred to reduce the
O/C ratio ®** but, uses high amount of hydrogen during reaction also yields ring hydrogenation
products thereby diminishing its aromatic structure and compromise the atom efficiency.
However, few of the reports are shown to produce aromatics (arenes) by precise cleavage of -
O-4 bonds using small amount of hydrogen and maintain the aromatic structure.
Defunctionalization of lignin derived monomers was achieved using supported metal catalysts,
Chapter 4) such as precious metal (Ru; Chapter 4) and non-precious metals (Co, Ni; Chapter
5). Defunctionalization pathways required bifunctional catalyst, in which metal is used to
activate molecular hydrogen (either external hydrogen source or in-situ generated hydrogen)
along with support to have interaction with substrate molecules. Since, most of the reports and
also this thesis (Chapter 4 and 5) discusses defunctionalization. It was thought to replace
molecular Hz (expensive), and metal for altering O/C ratio. To achieve this, solid acid catalyzed
functionalization of low molecular weight compounds is conducted. In this chapter, solid acids
catalyzed functionalization /alkylation of lignin derived variety of monomers such as guaiacol,
veretrole, phenol, anisole, and catechol using numerous alcohols as alkylating agents is
reported. Another route to reduce the O/C ratio and improve H/C ratio is addition of C and H
atoms in the structures of these monomers, which can be achieved by carrying out systematic
and controlled alkylation of these monomers °. By doing so, an already established market for
these compounds (additives in gasoline, lubricants, and in several other consumer products)
can be tapped ¢°. By meticulously designing the catalysts and reaction parameters, it is
possible to achieve either O-alkylation or C-alkylation %2, Typically, alkylating agents used
for alkylation are either olefins or alcohols, which are readily available 2>%. Alkylation of

phenols is an electrophilic aromatic substitution and when it is done in the presence of alcohols
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the electrophile can be the protonated alcohol (an alkoxonium species) or a carbenium ion
resulting from alcohol dehydration. In the O-alkylation, products are formed by electrophilic

attack on.

The phenolic OH and in case of C-alkylation, products are formed when electrophile attack
occurs on the aromatic ring. It has also been proposed that C-alkylation products could be
formed through intramolecular rearrangement of the kinetically favoured O-alkylation product,
i.e., via an aryl alkyl ether intermediate product % 2022,

In the literature few of the studies are reported for the alkylation of phenol, and substituted
phenols using different solid acid catalysts such as zeolites, modified zeolites, phosphated
materials and sulphated materials 263, The effects of acid-base properties of catalysts are also
investigated in the alkylation of phenol with methanol over modified MgO catalyst 2.
Immobilised ionic liquids too are used as acid catalysts for the alkylation of phenol with
dodecane 2’ Though, literature establishes the fact that alcohols act as alkylating agents but a
systematic comparative study with different substrates and alcohols combination over different
catalysts is not performed and hence my approach was to investigate this aspect of the reaction.
For doing so, various solid acid catalysts like H-USY, SiO2-Al,03, K10 clay, Al-pillared clay
were evaluated for the functionalization of substrates like guaiacol, which is one of the
characteristic compound obtained after lignin depolymerisation, and other compounds such as
veratrole, catechol, anisole, phenol and toluene were used (Scheme 6.1). The alkylating agents
used in this study are, methanol, ethanol, n-butanol, s-butanol, t-butanol, pentanol, hexanol,

and octanol.
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Scheme 6.1. Alkylation of lignin derived monomers with alcohols as alkylating agent.

6.2. Experiment section

6.2.1. Materials

Zeolite, H-USY (Si/Al = 15), was obtained from Zeolyst International. Prior to use, zeolite was
calcined at 400 °C for 16 h in an air flow. SiO>—Al,O3 (Si/Al =5.3), K10 clay and Al pillared
clay were purchased from Aldrich, USA. Various aromatic monomers (guaiacol, veratrole,
catechol, anisole, phenol and toluene) were purchased from Aldrich, Alfa Aesar, and TCI
Chemicals and used as received. Solvents such as methanol (99.9%), ethanol (99.7%), butanol
(99.9%), isopropanol (99.9%), isobutanol (99.9%), pentanol (99.9%), hexanol (99.9%),
octanol (99.9%), hexane (99%), cyclohexane (99%), and hexadecane (99%) were purchased

from LOBA Chemicals, India. All the chemicals were used as received without any treatment.

6.2.2. Catalytic runs

Batch mode reactions were performed in high temperature high pressure 100 mL stainless steel
Parr make reactor. In a typical reaction, the reactor was charged with 30 mL cyclohexane, 0.5
g catalyst, 4 mmol guaiacol and 10 mmol hexanol (alcohol). N2 gas was flushed in reactor to
remove any residual air. After pressurization with N2 gas up to required pressure (0.7-1.5 MPa)

reactor was heated slowly to reach desired temperature (200-260 °C). Until reaction
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temperature is reached the stirring speed was maintained at 200 rpm. After attaining the
reaction temperature, the stirring speed was increased to 1000 rpm and this time was noted

down as a starting time of the reaction.

6.2.3. Analysis of the reaction mixture

After completion of reaction, the reactor was cooled to room temperature and the reaction
mixture was collected, filtered through 0.22 um syringe filter and used for the analysis. Gas
chromatography (Agilent GC 7890B) was equipped with HP-5 capillary column (0.25 pm X
0.32 mm x 30 m) and FID detector. The GC-MS (Agilent 7890B GC and Agilent MS5977A
MSD) equipped with DB-5MS column (0.25 pm X 0.25 mm X 30 m) was used for the analysis.
NIST library was used for the identification of products. The details on the calculations are

given in ESI.

6.3. Results and Discussion

6.3.1. Catalyst Characterization

All the catalysts were characterized to correlate their activity with their morphologies. For the
details of characterization technique used Refer (Chapter 2B). XRD analysis of solid acid
catalyst was carried to confirm their morphology (Chapter 2B, Figure 2B.17). Later, No-
physisorption analysis was performed to understand the pore diameter and surface area of the
catalysts and the results are presented in Chapter 2B, (Table 2B.11). Inductive coupled plasma
optical emission spectroscopy (ICP-OES) analysis was done to calculate Si/Al ratio of the solid
catalyst (Chapter 2B, Table 2B.12). For the measurement of acidity of the catalysts, TPD
analysis with probe molecule, NH3 was performed (Chapters 2B, Table 2B.11) and Chapter
2B, Figure 2B.18.

6.3.2. Catalytic activity

Alkylation reactions were performed in the autoclaves and the analysis of reaction mixture was
done using GC and GC-MS.

6.3.2.1. Effect of different solid acid catalyst

It is known that the alkylation reactions are performed over acidic catalysts and hence

alkylation of lignin derived aromatic monomer, guaiacol with hexanol as alkylating agent were
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performed over various acidic catalysts. When the reactions were carried out for 2 h at 250 °C
under inert atmosphere, H-USY (Si/Al=15) catalyst showed maximum conversion (100%) with
the formation of mono alkylated product (MAP) as major category of product (72%) with
dialkylated product (DAP) formation of 28% (Table 6.1; Figure 6.1). It is important to note
here that based on the GC-MS library, fragmentation pattern of the products matches well with
the C-alkylation products rather than O-alkylation and thus it is suggested that only C-
alkylation products are formed during the reaction. With amorphous SiO,-Al2O3z (Si/Al = 5.3),
85% conversion with 58.3% MAP formation and 30.9% DAP formation was achieved. Another
two catalysts, Al-pillared clay and K-10 clay showed 81 and 60% conversion with 23.3 and
23.7% DAP formation, respectively. Since the aim of the work is to decrease the O/C ratio, it
is desired to achieve higher DAP products. The MAP/DAP ratio calculation showed that SiO»-
Al;03 (1.88) and K-10 (1.86) catalysts performed better in achieving lowest ratio. In case of
MAP products, O/C ratio is 0.153 and for DAP products, it is 0.105 in comparison to guaiacol,
which has O/C ratio of 0.285. As seen from the results, highest DAP formation was observed
with SiO2-Al>Os catalyst and it is known that with higher acidity, higher extent of alkylation is
possible. As seen from Table 6.2, SiO2-Al,Os has a total acidity of 0.61 mmoleg™ which is
higher than H-USY (0.28 mmoleg™?) and clay K-10 (0.36 mmol-g™) catalysts. Although, Al-
pillared clay has a higher total acidity of 0.65 mmoleg™ but still the catalyst showed lower
activity than SiO2-Al,Oz catalyst. This might be a function of availability of the acidic sites for
the interaction with the substrate as in case of SiO2-Al>O3 catalyst, surface area is higher (374
m?eg) than

Al-pillared clay (170 m?g™). Although, fresh H-USY catalyst had higher surface area (631
m?eg!) due to its channel structure, but it was observed that during the reaction, its structure
has collapsed and the surface area has decreased drastically to 275 m?g™ compared to decrease
in surface area observed in spent SiO2-Al,03 (268 m?g™?) catalyst (Fresh, 374 m2sgt) (Chapter
2B; Table 2B.12). In view of this, it is inferred that most of the acid sites present in H-USY are
buried under the collapsed structure during the reaction and thus are not available for the
interaction with substrate (mostly MAP) molecules. This also explains the fact that though on
H-USY, complete conversion of guaiacol was achieved as an initial activity to yield MAP but
subsequently due to lack of acid sites to react over, formation of DAP was restricted. To
confirm these postulations, along with nitrogen sorption studies to understand the change of
surface area; XRD Figure 6.2 and TGA analyses Figure 6.3 of spent H-USY catalyst were also

performed and the characterization results clearly elaborate that the catalyst has undergone
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structural degradation with coke formation was also seen. Another reason for higher MAP
formation with H-USY catalyst is due to shape selectivity as H-USY has pore diameter of (0.71
x 0.77 nm) Figure 6.4, and it would be possible to arise hindrance for the formation of DAP
product as is evident from higher MAP (72%) formation than DAP (28%). In view of the
highest desired activity achieved over SiO2-Al,O3 catalyst, further reactions were carried out

with this catalyst.

Table 6.1. Effect of different solid acid catalysts on the alkylation of guaiacol.

Entry o Conv. of Product distribution (%)

Solid acid ) MAP/DAP®
guaiacol (%) | ppygd | mapa | DAPP

1 H-USY 100 0 72.0 28.0 2.57

2 SiO2-Al03 | 85 10.8 58.3 30.9 1.88
Al-pillared

3 81 28.8 47.9 23.3 2.05
clay

4 ClayK-10 60 32.1 44.2 23.7 1.86
Without

5 0 0 0 0 0
catalyst

Reaction condition: Guaiacol, 4 mmol; hexanol, 10 mmol; catalyst, 0.5 g; cyclohexane, 30
mL; 250 °C; N2, 0.7 MPa at room temperature; 2 h; 1000 rpm. (a) MAP (Monoalkylated
product), (b) DAP (Dialkylated product), (c) MAP/DAP (Monoalkylated/Dialkylated), (d)
DHE (Di hexyl ether)
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Figure 6.1. Typical GC-MS profile of the reaction mixture
Reaction condition: Guaiacol, 4 mmol; hexanol, 10 mmol; catalyst, 0.5 g; cyclohexane, 30

mL; N, 0.7 MPa at room temperature; 2 h; 1000 rpm.
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Table 6.2. NH3-TPD study of fresh and spent catalysts

Entry | Catalyst Total acidity (mmoleg™) | Total acidity (mmoleg™)
Fresh catalyst spent catalyst

1 Si0,-Al03 0.61 0.49

2 Clay K-10 0.36 0.34

3 Al-pillared clay | 0.65 0.60

4 H-USY 0.28 0.23

e -

Intensity (a.u)

10 20 30 40 50 60 /0 80 90

Figure 6.2. XRD pattern of (a) Fresh and (b) Spent H-USY catalyst
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Figure 6.3. TGA patterns of (a) Spent and (b) Fresh H-USY catalyst

Figure 6.4. Crystal structure of H-USY Zeolite
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6.3.2.2. Effect of temperature on the alkylation of guaiacol using hexanol as alkylating
agent

Since over SiO2-Al20s as a catalyst, 30.9% of DAP formation was observed at 250 °C with
lower conversion (85%), reaction was performed at higher temperature to enhance the
conversion and yield of DAP. As summarized in Table 6.3, when reaction was carried out at
260 °C, catalyst gave 95% conversion with contribution to DAP formation was 29.2%. Besides
DAP, formation of MAP with higher concentration (70.7%) compared to 250 °C (58.3%) was
also seen. With an increase in reaction temperature from 250 °C to 260 °C, conversion of
guaiacol has increased and that of intermediate product, DHE (0.1%) was decreased to yield
higher MAP but, it did not translate in to enhancement in the formation of DAP. Subsequently,
reactions were performed at lower temperatures of 220 °C and 240 °C and higher DAP
formation of 36.1% was seen at 220 °C under lower conversion of 55%. These results illustrate
that for the dialkylation lower temperatures are preferred. However, when temperature was
further decreased to 200 °C, guaiacol remained unconverted. From the GC profile Figure 6.5,
it is evident that product formation intensifies with increase in temperature until 250 °C at
which conversion was 85%. However, at 260 °C, even if 95% conversion was observed,
concentration of product peaks was decreased compared to 250 °C, since guaiacol and alkylated
products start forming undesired degradation products at higher temperatures, which could not
be analysed by GC. In view of these results, 250 °C is considered as an optimum temperature
to achieve respectable activity.

Table 6.3. Effect of temperature on the alkylation of guaiacol.

Entry | T t | N2 Conv. of | Product distribution | MAP/DAP°
(°C) | (h) | pressure | guaiacol | (%)
(MPa) (%)

DHEY | MAP2 | DAPP

1 220 | 2 0.7 55 5.0 58.9 | 36.1 1.63

2 240 | 2 0.7 82 116 | 585 | 29.9 1.95
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3 250 | 2 0.7 85 10.8 | 58.3 | 30.9 1.88

4 260 | 2 0.7 95 0.1 70.7 | 29.2 2.42

Reaction condition: Guaiacol, 4 mmol; hexanol, 10 mmol; SiO2-Al>O3z, 0.5 g; cyclohexane,
30 mL; 1000 rpm. (a) MAP (Monoalkylated product), (b) DAP (Dialkylated product), (c)
MAP/DAP (Monoalkylated/Dialkylated), (d) DHE (Di hexyl ether)

{ 2500c 4

240°C

\meh 220°C

200°C

8 9 10 11 12 13 14 15 16 17 18 19 20
Minutes

L
7

Figure 6.5. Effect of temperature on the product distribution.

Reaction conditions: Guaiacol, 4 mmol; hexanol, 10 mmol; SiO>-Al,03, 0.5 g; cyclohexane,

30 mL; N3, 0.7 MPa at room temperature; 2 h; 1000 rpm.

6.3.2.3. Effect of pressure on the alkylation of guaiacol using hexanol as alkylating agent
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Until now maximum yield of DAP (30.9%) is observed at 250 °C under 0.7 MPa nitrogen
pressure charged at room temperature. Under this condition, total pressure of 3 MPa was seen.
To improve the yield further, effect of partial pressure of hexanol and dihexyl ether was studied
by varying the nitrogen pressure. Guaiacol has a boiling point of 204-206 °C, hexanol has a
boiling point of 157 °C and DHE boils at 222 °C. In view of this, under the reaction condition
of 250 °C, all the three compounds are partially in the vapor phase and that presence of nitrogen
will affect the equilibrium of these compounds present in vapour phase and liquid phase. As
seen from the Table 6.4 in the absence of external nitrogen charged in the reactor, same level
of conversion of guaiacol (85%) as with 0.7 MPa nitrogen charged reaction was observed.
However, higher DAP (39.1%) and lower DHE (4.4%) was seen as compared to reaction with
0.7 MPa nitrogen pressure. In this reaction MAP/DAP ratio of 1.44 was observed which was
lower than reaction carried out in presence of nitrogen. These results indicate that if this
reaction is carried out in the vapour phase, higher DAP formation can be achieved.
Nevertheless, detailed study on this aspect is required to establish this fact. When nitrogen

pressure was increased to 1.5 MPa, lower conversion (77%) was seen.

Table 6.4. Effect of pressure on the alkylation of guaiacol.

Entry | T t N2 Conv. of | Product distribution | MAP/DAP®
(°C) | (h) | pressure | guaiacol (%)
(MPa) (%)

DHEY | MAP2 | DAPP

1 250 |2 | O 85 4.4 56.5 39.1 | 144
2 250 (2 |07 85 10.8 | 58.3 309 |1.88
3 250 (2 |15 77 149 |53.2 319 |1.66

Reaction condition: Guaiacol, 4 mmol; hexanol, 10 mmol; SiO2-Al>03, 0.5 g; cyclohexane, 30
mL;1000 rpm. (a) MAP (Monoalkylated product), (b) DAP (Dialkylated product), (c)
MAP/DAP (Monoalkylated/Dialkylated), (d) DHE (Di hexyl ether)
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6.3.2.4. Effect of time on the alkylation of guaiacol using hexanol as alkylating agent

To check the effect of reaction time on the alkylation of guaiacol, reactions were carried out
for 1, 2 and 4 h. It was obvious to see that with an increase in time from 1 h to 2 h, conversion
of guaiacol and intermediate, DHE to alkylated products has happened. However, results show
that an increase in time from 2 h to 4 h does not change the distribution of products (Table 6.5).
This indicates that the reaction might be attaining equilibrium.

Table 6.5. Effect of time on the alkylation of guaiacol.

Entry | T t N2 Conv.  of | Product distribution | MAP/DAP®
(°C) | (h) | pressure guaiacol (%)
(MPa) (%)
DHEY | MAP? | DAPP
1 250 |1 |07 68 358 | 385 25.7 | 1.49
2 250 (2 |07 85 10.8 | 58.3 309 |1.88
3 250 |4 |07 95 12.4 | 58.9 28.7 | 2.05

Reaction condition: Guaiacol, 4 mmol; hexanol, 10 mmol; SiO2-Al>O3z, 0.5 g; cyclohexane,
30 mL; 1000 rpm. (a) MAP (Monoalkylated product), (b) DAP (Dialkylated product), (c)
MAP/DAP (Monoalkylated/Dialkylated), (d) DHE (Di hexyl ether)

6.3.2.5. Effect of concentration of catalyst and adsorption study of substrates

In order to optimize the catalyst loading reactions were carried out with different catalyst
loading (0.25, 0.375, 0.5, 0.750 g) at 250 °C under 0.7 MPa N2 atmosphere (Figure 6.6.). It is
observed that in the absence of catalyst, reaction does not proceed (Table 6.1). When reaction
was carried out with 0.25 g of catalyst, conversion of guaiacol reached up to 68% with the
appearance of mono and dialkylated product (Figure 6.7). Subsequently, concentration of the
catalyst was increased up to 0.75 g and marginal increase in the conversion was observed after
each increase in the concentration. At 0.75 g catalyst concentration maximum conversion
(93%) was seen but in this reaction, lower concentration of the product was seen (Figure 6.7.)
with decrease of DHE formation. The decrease in the product(s) could be due to possible
adsorption of product(s) on the catalyst surface or degradation of product(s) to undetected
product(s) as catalyst concentration has drastically increased. Hence adsorption study of
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guaiacol and hexanol was performed for 2 and 6 h. As shown in Figures 6.8. and 6.9. The
adsorption of guaiacol enhances with an increase in time and catalyst concentration and found
to be 33% in 6 h over 0.75 g catalyst. The quantification of the adsorption of guaiacol is given
in Table 6.6 and as seen, with increase in catalyst concentration in the reaction system, higher
adsorption of guaiacol is seen. Similarly, hexanol adsorption study showed 14% adsorption
within 6 h over 0.75 g catalyst concentration (Figures 6.10 and 6.11). The quantification of the
adsorption of hexanol is given in Table 6.7, From the quantification data it can be suggested
that guaiacol has a preference for adsorption on the catalyst surface as except on 0.75 g catalyst,
higher amount of guaiacol is adsorbed on 0.25 and 0.50 g catalysts compared to hexanol.
Further to prove that guaiacol and hexanol were adsorbed on the catalyst surface TGA analysis
of the catalyst samples after 6 h of adsorption study was performed. From the TGA profiles
(Figures 6.12 and 6.13), it is proven that with an increase in catalyst concentration, adsorption
of reactant increases. Thus, these studies prove that with increase in catalyst weight during the
reaction, higher adsorption of the substrate and products is possible which may lead to
degradation of products or substrates. This is turn shows decreased activity of the catalyst with

higher concentration.
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Figure 6.6. Effect of catalyst concentration on the alkylation of guaiacol.
Reaction condition: Guaiacol, 4 mmol; hexanol, 10 mmol; SiO2-Al.03; cyclohexane, 30 mL;
250 °C; N2, 0.7 MPa at room temperature; 2 h; 1000 rpm.; MAP (Monoalkylated product),
DAP (Dialkylated product), DHE (Di hexyl ether).
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Figure 6.7. Effect of catalyst concentration on the alkylation of guaiacol.
Reaction conditions: Guaiacol, 4 mmol; Hexanol, 10 mmol; SiO»-Al>O3; cyclohexane, 30 mL;

250 °C; Nz, 0.7 MPa at room temperature; 2 h; 1000 rpm.
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Figure 6.8. Guaiacol adsorption on the Si0,-Al>O; catalyst.
Reaction condition: Guaiacol, 4 mmol; SiO>-Al>O3, cyclohexane, 30 mL. (a) 2 h; (b) 6 h
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Figure 6.9. GC profile of guaiacol adsorption study done over SiO>-Al>O3 catalyst
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Reaction condition: Guaiacol, 4 mmol; Si0;-Al>0O3, cyclohexane, 30 mL. Samples after 6 h

adsorption study; stirred @RT.
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Figure 6.10. Hexanol adsorption on the Si02-Al>Os catalyst.

Reaction condition: Hexanol, 10 mmol; SiO;-Al>0O3, cyclohexane, 30 mL. (a) 2 h; (b) 6 h;
stirred @RT
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Figure 6.11. GC profile of hexanol adsorption study done over SiO2-Al,O3 catalyst.
Reaction condition: Hexanol, 10 mmol; Si0,-Al>O3, cyclohexane, 30 mL. Samples after 6 h

adsorption study;@ stirred RT;
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Figure 6.12. TGA profiles of catalysts after adsorption of guaiacol.
Reaction condition: Guaiacol, 4 mmol g; cyclohexane, 30 mL; Si02-Al>,03 (a) 0.750 g; (b) 0.5
g; (C) 0.25g. Samples after 6 h adsorption study.@ stirred RT;
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Figure 6.13. TGA profiles of catalysts after adsorption of hexanol.
Reaction condition: Hexanol, 10 mmol g; cyclohexane, 30 mL; SiO2-Al;,03, (a) 0.750 g; (b)
0.5 g; (C) 0.25g. Samples after 6 h adsorption study.

Table 6.6. CHNS analysis of spent and fresh catalyst after adsorption of guaiacol.

SiO2-Al203
Fresh 0.250 ¢ 0.50¢ 0.750 ¢

Elemental analysis | C | 1.0 - - -

Catalysts

of fresh catalyst
(mg)

Elemental analysis | C | - 93.0 148.0 240.0
after adsorption of
guaiacol on|H 0.9 1.6 3.3
catalyst (mg)

H|o0.2 - - -
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Table 6.7. CHNS analysis of fresh and spent catalysts after adsorption of hexanol.

Catalysts SiO2-Al203

Fresh | 0.250 g 0.50¢g 0.750 g
Elemental analysis | C 4.0 - - -
of fresh catalyst 0.9
(mg) " ' ' '
Elemental analysis | C - 117.1 247.2 183.0
after adsorption of
hexanol on catalyst | H ) 4.6 9.0 6.0
(mg)

6.3.2.6. Effect of different solvents

Typically reactions are carried out in cyclohexane as a solvent but to check the effect of
different solvents on the reaction, reactions were also carried out in hexane and hexadecane
solvents. Since hexane is lower boiling solvent (68 °C), compared to cyclohexane (81 °C), total
pressure of 3.5 MPa at 250 °C was observed with hexane as compared to 3 MPa observed with
cyclohexane as a solvent. In comparison to this, with hexadecane (B.P., 286.8 °C) as a solvent,
1.2 MPa pressure was observed at 250 °C. From the Figure 6.14., it is seen that the order of
conversion of guaiacol is hexadecane < hexane < cyclohexane. Cyclohexane showed better
performance with maximum conversion and highest DAP concentration (30.9%). The possible
reasons for this difference in activity could be either change in overall pressure during the
reaction or the difference in the solubility of guaiacol and hexanol in different solvents. As
reported above, with increase in boiling point of the solvent, overall pressure in the reactor was
decreased from 3.5 MPa to 3 MPa to 1.23 MPa. This may severely affect substrate-catalyst
interaction. However, as per above reported pressure study (Table 6.4.), no much difference in
the activity with change in pressure is seen. Hence the solubility of guaiacol and hexanol was

checked in all the three solvents and it was observed that both guaiacol and hexanol showed
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highest solubility in cyclohexane (Table 6.8.). In view of this, it is anticipated that solubility

plays a major role in deciding the activity of the catalyst.

sSYDHE = MAP == DAP —e—Conv. of guaiacol (%)

100 - = - 100

80 - 80 ~
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Figure 6.14. Effect of solvent on the alkylation of guaiacol
Reaction condition: Guaiacol, 4 mmol; hexanol, 10 mmol; SiO2-Al20s, 0.5 g; solvent, 30 mL,;

250 °C; N2, 0.7 MPa at room temperature; 2 h; 1000 rpm. MAP (Monoalkylated product),
DAP (Dialkylated product), DHE (Di hexyl ether).
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Table 6.8. Solubility of hexanol and guaiacol in different solvents.

Solubility Cyclohexane (%) | Hexane (%) Hexadecane (%)
Guaiacol 100 95 80
Hexanol 100 98 88

6.3.2.7. Effect of guaiacol to hexanol molar ratio

Reactions were carried out with varying guaiacol/hexanol molar ratio to understand the role of
alkylating agent on the catalytic activity and also to increase DAP formation, if possible. Lower
conversion (74 %) of guaiacol was obtained when reaction was carried with 0.80 ratio. This
could be due to lower concentration of alkylating agent. However, before reaction, it was
thought that since guaiacol adsorbs preferentially over the catalyst (Figure 6.8), lower amount
of hexanol may improve the overall activity as guaiacol may interact efficiently with the active
sites. To improve the results, ratio was changed to 0.50 and 0.40 and under these ratios,
conversion of guaiacol was increased to 80 % and 85 %, respectively. Further decrease in ratio
to 0.34 though showed similar conversion (86%) but the yield of DAP was decreased in
comparison with 0.40 ratio. A careful look of the data suggests that with a decrease in ratio to
0.34, higher amount of DHE was seen. This was obvious because, concentration of hexanol
has increased. Moreover, it is shown in the adsorption (Figure 6.8) study that guaiacol adsorbs
preferably on the catalyst surface. It is considered that excess of hexanol may alter the
adsorption pattern of substrate on catalyst and thus may poison the catalyst site which
eventually would restrict the interaction of guaiacol with the catalyst to yield further alkylated

products.

6.3.2.8. Substrate and alcohol study

Since SiO2-Al203 catalyst showed good activity for the alkylation of guaiacol (Figure 6.5),
alkylation of other aromatic monomers such as, veratrole (B.P 207 °C), catechol (B.P 240 °C),
anisole (B.P 153 °C), phenol (B.P 181 °C), and toluene (B.P 110.6 °C), was carried out under
similar conditions. From the substrate study, it was found that the substituted phenolic
compounds enriched with the electron are more flexible for the alkylation. To prove this,

activity was compared with nonphenolic compound i.e. toluene showed clear evident that if
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heteroatom is not present, catalytic activity is very low. As seen from Figure 6.15., various

MAP and DAP products were observed with following trend of conversion (Figure 6.16.).

Toluene (15%) < Anisole (67%) <Catechol (75%)< Guaiacol (85%) < Veratrole (91%) <
Phenol (91%)

To check the effect of alkylating agents on the reaction, different alcohols were used and the
formation of various products are shown in Figure 6.17, Reactions were carried out at 250 °C
for 2 h with guaiacol as a substrate and by keeping guaiacol to alcohol molar ratio constant at
0.4. It was observed that except methanol which is having higher polarity (5.1) showed lower
conversion of guaiacol and on the other alcohols showed higher conversions (Figure 6.17.). It
is also seen that with branched alcohols, formation of MAP products is predominant due to

bulky structure of alcohols.
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Figure 6.15. Products identified from GC-MS using various substrates.
Reaction conditions: Substrate, 4 mmol; hexanol, 10 mmol; SiO>-Al,03; 0.5g; cyclohexane,

30 mL; 250 °C; Na, 0.7 MPa at room temperature; 2 h; 1000 rpm.
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Figure 6.17. Products identified from GC-MS using various alkylating agents.
Reaction conditions: Guaiacol, 4 mmol; alcohol, 10 mmol; SiO2-ALOs, 0.5g; cyclohexane,

30 mL; 250 °C; Na, 0.7 MPa at room temperature; 2 h; 1000 rpm.
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6.3.2.9. Recycle study of catalyst

The reusability of SiO2-Al203 catalyst was checked by carrying out multiple catalytic runs with
spent catalyst. During the recycle study the recovery of spent catalyst was done by
centrifugation. The recovered wet catalyst was used in the next catalytic run without any pre-
treatment. Recycle study suggested marginal drop in the catalyst activity as guaiacol
conversion was decreased from 85 % to 70 % and further to 60 % in consecutive runs (Table
6.9.). This was due to increase in substrate to catalyst ratio due to loss of catalyst during
recovery of spent catalyst. A look at the table explains that after recycling of the catalyst
formation of DAP is decreasing this may be due to the fact that few of the acid sites are buried
under coke/carbon formed during the reaction. This might be another explanation for decrease

in the activity in consecutive runs.

Table 6.9.. Recycle study of catalyst

Entry | Run Catalyst Conv. of guaiacol | Product  distribution | MAP/DAP®
No (9) (%) (%)

DHEY | MAP2 | DAPP

1 1 0.50 85 10.8 58.3 30.9 1.88
2 2 0.44 70 8.1 64.0 27.9 2.29
3 3 0.36 64 7.3 68.5 24.2 2.83

Reaction condition : Guaiacol, 4 mmol; hexanol, 10 mmol; SiO2-Al203; 0.5 g; cyclohexane,
30 mL; 250 °C; N, 0.7 MPa at room temperature; 2 h; 1000 rpm. (a) MAP (Monoalkylated
product), (b) DAP (Dialkylated product), (¢) MAP/DAP (Monoalkylated/Dialkylated), (d)
DHE (Di hexyl ether)
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6.3.2.10. Characterization of spent catalyst

The N2 sorption data (Table 6.10.) of spent SiO2-Al>O3 catalyst showed slight decrease in the
surface area of spent catalyst (268 m2sg). This is due to adsorption of coke or product on the
catalyst surface as is proven from the adsorption study (Figure 6.8). A drastic decrease in the
surface area of H-USY catalyst reveals that the catalyst is unstable under the reaction
conditions. Based on the ICP-OES analysis of fresh and spent catalyst, it is suggested that SiO»-
Al;O3 catalyst is stable as almost same Si/Al ratio was observed in both the samples (Table
6.11). Since in case of H-USY also almost similar Si/Al ratio was seen in fresh and spent
catalysts, it indicates that although the structure has collapsed (nitrogen sorption study)
however, there is no leaching of Si or Al in the solution. The TPD profile (Figure 6.19) shows
slight decrease in acidity of spent catalysts (Table 6.12). The CHNS elemental analysis of spent
catalysts confirm the adsorption of carbon compounds on the catalytic surface (Table 6.13).
This might be the reason for the decrease in the acidic sites in spent catalysts as the treatment
given to the catalysts before TPD analysis was not sufficient to remove all the carbon present
on the catalyst surface.

Table 6.10. Summary on nitrogen sorption data of fresh and spent catalysts.

Catalyst BET surface area | Pore volume (V) )
(meeg?) (g Pore radius (nm)
SiO2-Alx03 Fresh | 374 0.35 3.81
(Si/Al=5.3) Spent | 268 0.27 1.86
Clay K-10 Fresh | 192 0.21 1.89
Spent | 143 0.18 1.89
Al-pillared clay | Fresh | 170 0.16 1.84
Spent | 64 0.092 1.90
H-USY Fresh | 631 0.41 nd
(Si/AI=15) Spent | 275 0.20 nd
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Table 6.11. Summary on ICP-OES analysis of fresh and spent catalyst.

Catalyst Total acidity (mmoleg™) | Total acidity (mmoleg™')
Fresh catalyst Spent catalyst
SiO2-Al203 (Si/Al=5.3) | 0.61 0.49
Clay K-10 0.36 0.34
Al-pillared clay 0.65 0.60
H-USY (Si/Al=15) 0.28 0.23
(d)
(©)
_/’\ e
(b)
(a)
100 200 300 400 500 600

Temperature (°C)
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Figure 6.19.

NH3-TPD of spent catalysts (a) Cay K-10, (b) Al-pillared clay (¢) H-USY
(SI/Al= 15), (d) Si02-Al203 (Si/Al=5.3).

Table 6.12. NH3-TPD study of fresh and spent catalysts.

Catalvst Theoretical Experimental Si/Al ratio | Experimental Si/Al ratio
atalys

Y Si/Al ratio of fresh catalyst spent catalyst
SiO2-Al,03

) 5.30 5.20 5.22
(Si/Al=5.3)
Clay K-10

Nd Nd Nd

Al-pillared
clay Nd Nd Nd
H-USY

) 15.0 14.90 14.70
(Si/Al=15)

Table 6.13. CHNS elemental analysis of fresh and spent catalyst.
Catalysts SiO2- Clay (K-|Al pillared | H-
Al203 10) clay HUSY
Elemental analysis of fresh|C |0.3 Nd Nd Nd
catalyst (%)
H|0.8 Nd Nd Nd
Elemental analysis of spent| C | 8.0 8.9 16.4 21.5
catalyst (%)
H|1l2 1.2 2.2 2.0
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6.3.2.11. Conclusions

In the current work, various solid acid catalysts were evaluated in the alkylation of lignin
derived aromatic monomers. Amongst all the solid acid catalysts, SiO»-Al,O3 catalyst showed
best efficiency to yield DAP products thereby decreasing the O/C ratio. After careful study on
the reaction parameters it was observed that lower MAP/DAP ratio of 1.88 could be achieved
when reactions were carried out at 250 °C under N2 atmosphere for 2 h. Use of various
substrates and alkylating agents suggested that use of higher alcohols, which are preferable to
reduce O/C ratio are efficient in showing better activity. Use of branched alkylating agents
restrict yielding DAP products due to steric hindrance and thus higher amount of MAP products

could be observed.
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Chapter 7

Summary and conclusion
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Lignocellulosic biomass has been identified as an important source for the synthesis of carbon-
based valuable chemical. Lignin is considered as an important constituent of ligno cellulosic
biomass. Large quantity of lignin is produced in Bio-ethanol, paper and pulp industry. Lignin
can be used in various ways for the production of valuable chemicals. Considering these points,
Homogenous base-catalyzed depolymerization of lignin was successfully performed. Product
distribution of homogeneous base-catalyzed depolymerization is not very clear in the reported
literature. So the current study is focused on the identification of mechanistic path of the base-
catalyzed depolymerization and distribution of the product. Although the depolymerized products
are important, due to the formation of the mixture of aromatic monomers, it is very difficult to
separate from each other. This Thesis is also focused on the value-addition of depolymerized
products. The Ph.D. thesis is distributed in seven Chapters and significant results and conclusions

from each Chapter are summarized in this chapter.
Chapter 1.

Chapter 1, discusses the over all significance of lignocellulosic biomass and its constituents like
cellulose, hemicellulose, and lignin. Various processes have been developed for the isolation of
lignin but commercially lignin is produced via ( Kraft, Soda, Sulfite, Organosolv method). Several
processes are also present for the conversion of lignin into value-added chemicals (Pyrolysis,
hydrolysis, gasification, etc.). Lignin chemistry have some drawbacks like use of high temperature,
pressure, precious metal. These conditions are also responsible for the formation of byproducts
such as char, tar, and gaseous products. Homogeneous base-catalyzed depolymerization is well
known, but the distribution of products and mechanistic insight into the depolymerization is still

challenging.

In the current work, depolymerization of lignin into low molecular weight compound was
completed using homogeneous base catalyst. Further, defunctionalization of lignin-derived
monomers was achieved using supported metal catalyst. Another strategy (Alkylation) was used

for the up-gradation of lignin-derived low molecular weight compounds.
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Figure 7.1. Base catalyzed lignin depolymerization

Chapter 2. This chapter divided into two subpart

Chapter 2A.

This chapter deals with characterization details of the various types of commercials lignin ( Lignin,
Alkaline; Lignin, Alkali, Lignin, Dealkaline, Na-lignosulfonate lignin, Industrial N-lignin,

Industrial K-lignin) used for the Ph.D. work. All the procured lignin samples were characterized
using the various technique.

= CHNS analysis of all lignin samples were performed and suggested that lignin is composed of

32-66% C and 4-8% H, along with sulfur impurity 0.7-3.7%. Based on the results general
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MMF formula of lignin was calculated. HHV and DBV were also calculated for all lignin
samples. Contamination of S in lignin also suggesting the isolation process used for lignin, i.e.
Kraft process, where NaOH and Na.S are used for the isolation of lignin. ICP-OES and SEM-
EDAX analysis confirmed the presence of Na and S content in the lignin sample, also

confirmed the isolation procedure used ie. Kraft process.

ATR and *C NMR analysis of lignin samples confirm the various types of functional groups
present in the lignin sample such as hydroxyl, methoxy, carbonyl, etc.

TGA-DTA analysis of the lignin sample suggests thermal degradation of it and It showed
residual content between 10-57% under N2 medium.

XRD analysis of the lignin sample was carried out and suggests that mostly lignin is amorphous
in nature.

The solubility of lignin was checked in the various solvent and based on the results, Alkaline

water was selected for the catalytic depolymerization.

Chapter 2B.

In Chapter 2B, details on the synthesis and characterization of solid acid and supported metal

catalysts are discussed. Solid acid was used for the functionalization of lignin-derived low

molecular weight compound and supported metal catalyst used for the defunctionalization of

lignin-derived low molecular weight compound.

,.|H|\.,

,.|H|\.,

XRD analysis was performed for the confirmation of the phase of support and metal used. For
the synthesis of supported metal catalysts, y-Al>Os (Acidic, Basic, Neutral) and SiO2-Al>03
and SiOo,

ICP-OES analysis of supported metal catalysts was carried out to compare the loading of metal.
NHs and CO2-TPD analysis of supported metal catalyst and the solid acid catalyst was carried

out to calculate corresponding acidity and basicity.

Ph.D Thesis submitted to AcSIR 2020 301



BET and CO-chemisorption analysis were carried out to calculate the corresponding surface

..‘M.,

area, crystallite size, and metal dispersion. The activity of the catalyst was compared with
obtained results.
XPS- analysis of supported metal catalyst was conducted to confirm the oxidation state of

,‘||+||‘,

metal and activity compared with obtained results.
Chapter 3.

Chapter 3, deals catalytic depolymerization of lignin using various homogeneous bases. The study

was focused on the distribution of depolymerized products.

Various homogenous bases were employed for the depolymerization of lignin into low molecular
weight compounds. Under the optimum reaction condition for the depolymerization of lignin (
Lignin/NaOH, 3.6 (wt./wt.); Alkaline water, (50 mL); 250 °C, 1000 rpm, 1h) showed upto 31%
DEE soluble products.

Among all used catalytic systems, NaOH was found more capable for the depolymerization of

lignin into low molecular weight compound.
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Figure 7.2. Depolymerization of lignin using various Bases

Reaction condition: Lignin, Alkaline 0.5 g; Base, 3.4 mmol; H,O, 50 mL; 250 °C; 1 h; N2, 2 MPa
@ RT; 1000 rpm. DEE:diethyl ether, EtOAc:ethyl acetate, THF :tetrahydrofuran; (a) DEE soluble
products yield; (b) DEE, EtOAc and THF soluble products yield.

The controlled experiment was designed for the solubility of lignin and depolymerized products
and it was seen that lignin is soluble in neutralized reaction mixture but the depolymerized product

is not soluble. Further investigation and understanding of the results suggest that lignin
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depolymerizes into low molecular weight compounds but the decrease in solubilty due to

repolymerization happened during depolymerization reaction.

To prove this aspect, another controlled study was done with model compound of lignin and found
that depolymerized products having an alkyl chain are not soluble in neutralized reaction mixture.
Both the experiment suggest that after depolymerization decrease in solubility of depolymerized
products is due to repolymerization.

Identification and quantification of depolymerized products was done using various techniques
like GC, GC-MS, LC, LC-MS, MALDI-TOF, ATR.

Chapter 4. This chapter is divided into sub-chapters
Chapter 4A.

This Chapter is focused on the use of a supported metal catalyst on the defunctionalization of
lignin-derived low molecular weight compounds. To complete this objective, various Ru based
supported metal catalysts were synthesized using the wet impregnation method and employed for
catalytic defunctionalization lignin-derived monomers. Veretrol, Anisole, Phenol, Eugenol and
Guaiacol substrates were used for the defunctionalization using a supported metal catalyst with
very low loading of Ru metal (0.5%). Detailed study was conducted using Guaiacol substrate due
to its similarities with the lignin substrate.

Defunctionaliztion of lignin-derived low molecular weight compound was achieved at 225 °C,
with IMPa H2@RT in cyclohexane solvent in 4h. At optimum condition, 100% conversion of
guaiacol with 78% cyclohexanol formation was achieved.

Adsorption study of substrate suggests that the defunctionalization of lignin-derived monomers is
possible in only non-polar solvent at given condition, due to successive adsorption and desorption
happening between substrate and solvent in the polar solvent.
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Figure 7.3. Effect of support on the hydrodeoxygenation of Guaiacol.
Reaction condition: Guaiacol/Ru molar ratio, 165; 2.15 wt% Guaiacol in cyclohexane; Hz, 1 MPa

at room temperature; 225 °C; 4 h; 1000 rpm.

Chapter 4B.

Chapter 4B, discusses the catalytic transfer hydrogenation of lignin-derived low molecular weight
compound using Ru based catalyst. At optimized condition, the defunctionalization of lignin-
derived low molecular weight compound was achieved at 225°C, with 0.7 MPa N>@RT in IPA

solvent within 2h, and resulted 100% conversion of guaiacol with 72% yield of cyclohexanol.
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Results also suggest that defunctionalization using CTH pathways is easier to proceed compared

to external H2 source.

=3 Cyclohexane Cyclohexanol
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Figure 7.4. Effect of support on the CTH of Guaiacol.
Reaction condition: Guaiacol/surface exposed Ru metal molar ratio, 35520; 2.13 wt% Guaiacol
in IPA; N2, 0.7 MPa at room temperature; 225 °C; 2 h; 1000 rpm.

Chapter 5. This chapter is also divided into two sub-chapter

Chapter 5A.
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This Chapter is devoted to the defunctionalization of lignin-derived monomers using non-precious
metal (Co, Ni). Under optimized condition, the defunctionalization of lignin-derived low
molecular weight compound was achieved at 225°C, with 1 MPa H.@RT in Cyclohexane solvent
in 4h, with a 95% conversion of guaiacol with 86 % vyield of cyclohexanol. Modified alumina
support (AHF) was found to be more active for the defunctionalization of lignin-derived

monomers.
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Figure 7.5. Effect of support on the hydrodeoxygenation of Guaiacol
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Reaction condition: Guaiacol/Co molar ratio, 13; 2.15 wt% Guaiacol in cyclohexane; H,, 1 MPa

@RT; 225 °C; 4 h; 1000 rpm.

Chapter 5B

Catalytic defunctionalization of guaiacol was also achieved in a continuous flow reactor. Results

suggests that 5 Co/AHF@capillary, is a very active catalyst system for the defunctionalization of
lignin-derived monomers.
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Figure 7.6.Time on stream

Reaction condition:WHSV+h!: 13.3; 300°C; 5 Co/ AHF@capillay, 2.5 MPa H,; 25mLemin! H,
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Chapter 6.

Chapter 6, deals with the catalytic functionalization of lignin-derived monomers using solid acid
catalysts. Among all used solid acid catalyst, SiO2-Al>Os was found to be more active for the

functionalization of lignin-derived monomers.

OH

V\/\«@gw
H h 'L_"H&
(2 (A~
0.
LJ
{AP

DAP

W\.«ém{

W%

DHE
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Figure 7.7. Typical GC-MS profile of the reaction mixture

Reaction condition: Guaiacol, 4 mmol; hexanol, 10 mmol; catalyst, 0.5 g; cyclohexane, 30 mL;

N2, 0.7 MPa at room temperature; 2 h; 1000 rpm.
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Chapter 7.

Chapter 7. concludes the thesis, a detailed on lignin chemistry was performed using a
homogeneous base which included the following focused studies

= Catalytic depolymerization of lignin.

,.‘M.,

Defunctionlilzation of lignin-derived monomers using a supported metal catalyst.

,.‘M.,

Functionalization of lignin-derived monomers using the Solid acid catalyst.
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