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ABSTRACT

CHARGE DISSIPATION MECHANISM OF
LOW-COST ANTISTATIC ADDITIVE LIGNIN IN
CONTACT CHARGED POLYMERS

Mertcan OZEL
M.S. in Chemistry
Advisor: Bilge BAYTEKIN
July 2019

Contact electrification (C.E.), a phenomenon studied for millennia, develops contact
charges on material surfaces, when two materials are contacted and then separated.
Accumulation of contact charges and their uncontrolled sudden discharges on
dielectric polymers pose major drawbacks in industries i.e. pharmaceutical,
(micro)electronics, and space, causing million-dollar losses annually. The overall
mechanism of C.E. is unclear until now, however, recent efforts have proven that
chemical bond-breakages on polymer surfaces result in mechanoions — which are
indeed the contact charges on the surfaces. These studies also showed that removing
mechanoradicals (co-formed upon bond-breaking) by molecular radical scavengers
destabilizes the mechanoions (charges) and render the doped polymer material
antistatic. This method of static charge mitigation has an advantage over the
conventional methods (e.g. doping with metals, carbon powder, conductive
polymers, or surface humidity enhancers) because it is not based on an increase in

surface conductance and smaller doping concentrations are needed to achieve



antistatic behavior. However, currently used molecular radical scavenger doping is

generally not cost effective method to be upscaled for industrial use.

Lignin; however, is a “low-cost” material (the second most abundant polymer on
earth, a by-product of paper production) that can act as a radical scavenger. In this
thesis work, lignin was extracted from some examples of both hard and softwood.
Firstly, it was verified that lignin doping in low concentrations (1 — 5% w/w) reduce
the contact charge accumulation on common polymers such as on a crosslinked
elastomer polydimethylsiloxane, and on thermoplastics polypropylene,
polyethylene, polylactic acid, and polystyrene. Then, the mechanism of the observed
charge dissipation was discussed in the light of the results obtained from surface
conductance of polymers upon doping, 3P NMR and solid state 3C-NMR
spectroscopy, total phenol content, and the reacted number of radicals before and

after grinding - which was shown essential to get homogeneous doping- of lignin.

The results pointed out a mechanism involving a radical scavenging activity without
any change in the surface conductance of the material, similar to that with molecular
radicals. The understanding of lignin’s charge dissipation mechanism will be helpful
in industrial utilization of lignin as an antistatic additive and in assessment of the

limitations of this utilization.

Keywords: antistatic additives, contact electrification, polydimethylsiloxane,

thermoplastic polymers, radical scavengers, static electricity, triboelectricity.



OZET

DOKUNMA iLE ELEKTRIKLENEN POLIMERLERDE
DUSUK MALIYETLI ANTISTATIK KATKI
MALZEMESIi OLARAK KULLANILAN LIGNIiN’iN YUK
SONUMLEME MEKANIZMASI

Mertcan OZEL
Kimya, Yiksek Lisans
Tez danismani: Bilge Baytekin

Temmuz 2019

Dokunma ile elektriklenme (D.E.) iki ylzeyin birbirine dokundurulup ayrilmasi sonucu
yuzeylerin elektriksel yiklenmesidir ve binlerce yildir neden ve nasil olustugu
sorgulanmaktadir. Yuzeylerde yuk birikmesi, ilag, mikroelektronik ve uzay gibi bir cok
endustride ciddi bir problem yaratmakta ve yillik milyonlarca dolarlik zararlara sebep
olmaktadir. D.E. mekanizmasi hala daha tam olarak ortaya konamamistir ancak yakin
zamanda malzemelerin bir araya gelip ayrilmalari sirasinda ylizeyde olusan bag
kirlmalari  sonucu olusan mekanoiyonlarin ylzeydeki yukleri olusturdugu
gosterilmistir. Olusan mekanoiyonlar, onlarla beraber olusan ve onlari daha kararli
kilan mekanoradikallerin ortamdan radikal tuzaklayicilari ile uzaklastirilmasi ile
kararsiz hale getirilebilir ve bu sayede polimer malzeme antistatik 6zellik kazanir. Bu
yontemin, klasik yontem olan (metal, karbon tozu ve iletken polimerler ya da nem
artiricilar gibi katkilarla) iletkenlik artirma yontemine gére avantaji doplama

miktarinin ¢ok az olmasidir. Yine de halihazirda kullanilan molekiler radikal



tuzaklayicilarinin pahali olmalari nedeniyle bu yontemin endistride kullaniimasi

muamkun degildir.

Radikal tuzaklayicisi olarak kullanilabilen lignin ise diinyada en ¢ok bulunan ikinci
polimerdir ve kagit endustrisinin de bir atigi oldugundan “masrafsiz” bir malzemedir.
Bu tez c¢alismasinda lignin bazi sert ve yumusak kereste kaynaklarindan elde
edilmigtir. Kiitlece az (%1-5 arasi) bir katki oraninin bile uygulamada ise yaradigi,
polimer ylzeylerde elektriksel yiklerin birikmesinin engellendigi ve zamanla yiklerin
yuzeyden yok olma hizlarinin arttigi, ¢apraz bagl polidimetilsiloksan, termoplastik
polipropilen, polietilen, polilaktik asit ve polistren érneklerde gosterilmistir. Daha
sonra da gozlemlenen yik sénimlemenin mekanizmasi; ylzey iletkenlik élglimleri,
31p NMR, kati hal NMR’i, toplam fenol &l¢ciimi, ligninin homojen bir sekilde
katkilanmasi igin gerekli olan soguk 6gltme islemi 6ncesi ve sonrasinda yapilan

radikal miktari 6l¢iimu gibi yontemlerden elde edilen sonuglar i1siginda tartisiimistir.

Sonuglar, molekuler radikal tuzaklayicilarda gérilene benzer sekilde, mekanizmanin
iletkenlik artigi igermeyen bir radikal tuzaklama igerdigini géstermektedir. Ligninin
yuk sdnimleme mekanizmasnin aydinlatilmasi, hem ligninin endistride antistatik bir
katki malzemesi olarak kullanimina, hem de bu kullanimin sinirlarinin gizilmesine

yardimci olacaktir.

Anahtar kelimeler: anti-statik katki malzemeleri, dokunma ile elektriklenme,
polidimetilsiloksan, termoplastik polimerler, radikal tuzaklayicilar, statik

elektriklenme, triboelektriklenme.

Vi



ACKNOWLEDGEMENT

First of all, | would like to express my special thanks and sincere gratitude to my
advisor Assist. Prof. Bilge Baytekin for all the feedbacks, her guidance, support and
encouragement. | also want to thank her for being such a role-model and for her
company in and out of the lab day and night. Also, Assoc. Prof. Tarik Baytekin for his

priceless feedback and help in instrumentation.

| am grateful to all the jury members Prof. Ali Cirpan, Assist. Prof. Burak Ulgiit, Assist.
Prof. Yunus Emre Tiirkmen, and Assist. Prof. Salih Ozgubukgu for their time and

valuable feedbacks.

Also, | would like to thank all of my colleagues in our research group especially Dr.
Fatma Demir for her support and help in the project and Dr. Joanna Kwiczak Yigitbasi
for her support and assistance. | thank other Baytekin Group members, Mohammad
Morsali for his help during photo shooting, Doruk Cezan and Turab Ali Khan for all

their support.

| acknowledge The Scientific and Technological Research Council of Turkey (TUBITAK)
for financial support under project no: 1162523. Also, | would like to thank all the

members of Bilkent University, Department of Chemistry.

Last but not least, | would like to express my gratitude to my beloved parents Glizin
and Mehmet Cengiz Ozel for their endless support, patience and strong
encouragement. | also would like to thank to my beloved one, Gézde Aydin, for her

unlimited support, feedback, patience and her faith in me during this work.

Vii



TABLE OF CONTENTS

1. INTRODUCTION.....cuuuuuiiiiiiiiiisiiiininnneessessssssssasssssssssssssssssssssssssssseessssssssnns 1
1.1. Contact Electrification Phenomenon ...........cccocvieiiiiieiiiiieieieecceee e 1
1.1.1. Charge Mitigation: Radical Scavengers/Antioxidants...........c.cccceeveerreennne. 5
1.1.2. TribOEIECIIC SIS ..eiueiiiiiiiiee e 7

R I =1 o1 o EO PSP 9
1.2.2. The Chemistry of LIgNIN ....c.ueeiiiiiiieee et 11
1.2.3. Lignin Extraction Methods......cccoevuiiiiiiiiiiiiiiee e 16

1.3. PDMS and Thermoplastic POIYMErS ......ccovuiiiiiiiiiiiieee e 18
1.4, AimM Of ThE TRESIS .. 19
2. EXPERIMENTAL ....coiiiiiiiiinnnnneneeteneetssssssssssssssssssssssssssssssssesssssssssssssssssnnnnnns 22
2.0, MAEEIIAIS et 22
2.2, EXperimental ProCeAUIES .....ocuviiiiiiiiiiiiee ettt evae e e e 23
2.2.1. General Lignin Extraction and Particle Size Reduction Pathway ............. 23
2.2.2. Lignin EXtraction ProCeAUIE.........ceiiiiiiiiieeiiiiiiiiee et ee e e 24
2.2.3. Particle Size Reduction Procedure.........ccocuveeiiiieiiiiieeiniieeieec e 24

viii



2.2.4. Structural and Chemical Characterization of Lignin .......ccccceeevviveeiinnnen. 25

2.2.4. 1. FTIR SPECIIOSCOPY cevvverrrnnnnunuaaaaaeeeeeeeeeeeetttttereinneaeeeeseeeeeeeaeereeeeennnes 26

2.2.4.2. Prussian Blue Method for Total Phenol Content (TPC) Determination

....................................................................................................................... 26
2.2.4.3. Mechanoradical Content Determination by DPPH Test..........ccc....... 28
2.2.4.4. Solubility Enhancement by Acylation of Lignin........cccccccevvviiiieeennnns 28
2.2.4.5. GPC Measurements for Molecular Weight Determination............... 30
2.2.4.6. 3C-CP/MAS NMR SPECLIOSCOPY...cvierrerreiriereeireereereeireereesseeseessesseesens 30
2.2.4.7.31P-NMR SPECLIOSCOPY .veveeurereeriereeteeeeeteeteeiteeseeeeeseeseesseeseessesseeseas 31
2.2.4.8. Thermal Stability Analyses (TGA/DSC) of Lignin.......ccccceeevueeevveennnenne 31
2.2.4.9. X-Ray Diffraction (XRD) ANAlYSiS .....cccvereriireeeiiieeerieeeceieeeesvee e 32
2.2.4.10. Scanning Electron Microscopy (SEM) Analyses.........ccccceeevvveeennnenn. 32
2.2.5. Lignin Doping to The POIYMErS ....cccivviiiiieiiieiieee e 32
2.2.5.1. Lignin Doping to PDMS (Polydimethylsiloxane) .........cccccceeevvveennnnenn. 33
2.2.5.2. Lignin Doping to Thermoplastics (PE, PP, PS, PLA)......cccccceevvveeennenn. 34
2.2.6. Preparation of Lignin-Free Wood ........ccccceveeiiiiiiiiiiniieee e 35
2.2.7. Electrical M@asuremMents .........eeiruiieiiiieeiniiee et 36
2.2.7.1. Charge Density Measurements......coccuveeeeiriiieeeeesniiiieeeesssieeeeeeennes 36
2.2.7.2. Charge Decay MeasurEmMeNts .......coecvrreeeeiriiuireeeeensiireeeeesssiieneeesennns 37
2.2.7.3. Surface Conductance Measurements ........cccecveeeeiieeeiiieeeeneeeesnineen. 38



3. RESULTS & DISCUSSION ....ccoitemmuuiiiiiimmnnniiiiiiinmeniiiiiiemesseiiiimmssiesss. 40

3.1. Characterization of Extracted, Cryomilled and Acylated Lignin ............c........ 40
3.1.1. Particle Size Measurement Results ........ccccceeiiiiiiiiiiiiiiiiieeceee 41
3.1.2. Structural Analyses of Lignin by FTIR Spectroscopy .......cccccevevveeeeernnnnen. 43
3.1.3. Total Phenol Content (TPC) Determination ..........ccccecevveeeeeecciiereeeeennee, 49
3.1.4. Mechanoradical Content Determination..........ccccoeevuveeriiieeiniiecenieeene 52
3.1.5. Molecular Weight Determination of Acylated Lignins...........ccccceevevnnnneee. 55
3.1.6. B3C-CP/MAS NIMIR RESUILS ....vvevreuiericriciesiestesieteeeeeee ettt 55
3.1.7. 3IP-NMR RESUILS ..cuveuveuieiienieiietietieteete ettt eresaesaesbesae s e 57
3.1.8. Thermal Stability RESUILS ..ccccoviiiiiieiieiiieee e 58
3.1.9. XRD ANalysis Of LININ......cciiiiiiiiiieiiiiiiieecc et 60
3.1.10. Surface Morphology Analysis of Cryomilled Lignin ........cccccccvvveeeinnnnnee. 60

3.2. Contact Charge Density and Charge Decay Measurements.......ccccoecvveeeennnnne 61
3.2.1. Contact Charge Density of Thermoplastics and the Effect of Lignin Doping
........................................................................................................................... 61
3.2.2 Contact Charge Density of PDMS and The Effect of Lignin Doping .......... 64

3.2.2.1. The Effect of Milling Time of Lignin on Contact Charging of PDMS .. 64

3.2.2.2. The Effect of Lignin Sources on Contact Charging of PDMS.............. 68

3.2.2.3. The Effect of Total Phenol Content of Lignin on Contact Charging of



3.2.4. Why Does Wood Not Get Charged? Does Lignin Have Any Effect?......... 73

3.2.5. The Effect of Lignin Doping on The Surface Conductance of PDMS........ 76

3.3. Mechanism of Charge Dissipation by Radical Scavenging..........ccccceceuvvreernnne 77
4. CONCLUSION .....coiiiiiiiieeenienienneiiiisisssssssiessesssssssssssssssssssssssssssssssssssssannes 81
5. REFERENCES.......ccoiiiiiiiiiiiiiiiiiiiieetesnensssssisssssss s s s e s s e e s s s s s ssssssssssssssssssssaes 83

Xi



TABLE OF FIGURES

Figure 1. Applications of contact electrification by controlling, decreasing, and
increasing the surface Charges. .....uuiiv i e 3
Figure 2. Previously proposed possible charge transfer mechanisms. (a) Transfer of
an electron. (b) Transfer of aN i0N. ..o 4
Figure 3. (a) Surface charge lowering in polydimethylsiloxane (PDMS) by doping
radical scavengers DPPH, tocopherol, and HALS. (b) proposed interaction of frontier

molecular orbitals between mechanoradicals and mechanocations (left), and,

mechanoradicals and mechanoanions (right) on contact-charged surfaces [2]......... 6
Figure 4. A triboelectric series of materials. .......ccceeiviiiiiiiiiiii e 8
Figure 5. Illustration of a plant cell wall. Taken from [47]. ....cccoiieieiiiiiiiiieiiiieen, 11

Figure 6. Standard three monolignol monomers of lignin. p-coumaryl alcohol (H),
coniferyl alcohol (G), and sinapyl alcohol (S). .....cccouviireieeciieeeee e, 12

Figure 7. Most common linkages found in lignin. a) B-0-4, b) B-5, c) B-p’, d) 5-5’, e) 4-

(0T YA o I R SRR 13
Figure 8. Proposed chemical structure of a lignin. ......cccceeveiviiiiieiiiiniiie e, 14
Figure 9. Resonance stability of phenoxy radicals on monolignols [48].................... 15

Figure 10. Chemical structure radical species of lignin at different pH conditions. . 15

Figure 11. Outline of lignin extraction processes from lignocellulosic biomass. ...... 17

Xii



Figure 12. Chemical structure of polydimethylsiloxane (PDMS)........ccccccevveeeriuvennne 18
Figure 13. Chemical structure of polyethylene (PE), polypropylene (PP), polystyrene
(PS), and polylactic aCid (PLA). ...ttt e e e e e 19
Figure 14. Extraction and particle size reduction flow-chart used in this thesis to
obtain lignin from the mentioned SOUICES. .......covcuiiiiiiiiiiiiieec e 23
Figure 15. Acylation reaction scheme of lignin with trimethylacetychloride. .......... 29
Figure 16. Acylated lignin samples dissolved in THF (Concentration: 1 mg/1 mL). .. 29
Figure 17. Images of Pure (undoped) PDMS, non-cryomilled lignin doped PDMS and
60 min. cryomilled lignin doped PDIMIS. ........cooiiiiiiiiiiiiiniiiieee e 34
Figure 18. Illustration of Contact Electrification = Measurement Setup-1.
Determination of maximum net charge density on the polymer surfaces after
(oo 0 1 = [ oL ¥R PPUPPPPPPPPPPPRIR 37
Figure 19. lllustration of Contact Electrification = Measurement Setup-2.
Determination of surface electric potential upon contact and separation events... 37
Figure 20. (a) lllustration of surface conductance measurement setup. (b) Electrical
circuit scheme of the two probe method. .........coociiiiiiiiiii e, 39
Figure 21. Particle size vs cryomilling time of cryomilled nutshell lignin. Error bars
were calculated from 3 independent measurements of each sample. .................... 41
Figure 22. Particle size vs. ultrasonication time for lignin samples from different
sources, namely nutshell, maple, pine, and birch. 0 min sonication refers to
previously 60 min. cryomilled lignin. Error bars were calculated using 3 independent
measurements of €ach samMPle. ... 42
Figure 23. FTIR spectra of lignin (nutshell, maple bark, pine bark and birch bark). All

spectra were given as normalized transmittance percentage vs wavenumber. (a)

Xiii



Extracted lignin, (b) 60 min cryomilled lignin, (c) 5-10-30-60 min. cryomilled nutshell
lignin, (d) acylated lIgNiN. .......coiiiiiiice e aee e 45
Figure 24. Stacked spectra (shifted on the vertical axis for clarity) of extracted-

cryomilled (60 min)-acylated lignin samples. (a) Nutshell lignin, (b) maple lignin, (c)

pine lignin, and (d) birch NN, .......ccceiiiiiiii e 47
Figure 25. FTIR spectrum of lignin removal from limba wood..........cccccvvveiiinnnennnn. 48
Figure 26. “Prussian Blue test” reactions of polyphenols (PP). .....cccccovevevviieeninenns 49

Figure 27.(a) UV-Vis spectra of Methyl Gallate standard solutions with
concentrations 0.1 mM-0.5 mM used in Prussian Blue test for polyphenols showing
an increase of the absorption band at 700 nm (the absorption maximum for Prussian
blue that forms upon oxidation of polyphenols) and (b) the generated calibration
curve. For details of the solution preparations and the test, see section 2.2.4.2. ... 49
Figure 28. UV-Vis spectra recorded during Prussian blue test: Nutshell (a), maple (b),
pine (c), and birch lignin (d). N(1-5), M(1-5), P(1-5), and B(1-5) indicate each of 5

identical experiments performed in order to calculate standard deviations for
nutshell, maple, pine, and birch lignin respectively. .......cccccvviiiiiiiiiniiiieeeecniieee, 51
Figure 29. UV absorption changes of Prussian Blue reaction of (a) lignin and (b) blank
control sample (lignin-free) solution initial and after 24 hours..........ccccccvveervveennnee. 51
Figure 30. Prussian blue reaction. Visual comparison of the blank sample (without
lignin) and lignin contained sample (polyphenol) after 24 hours . .......ccccccvvvevnieenns 52
Figure 31. UV-Vis spectrum of DPPH-lignin mixtures at given reaction times. (a) Non-
cryomilled, (b) 5 minutes, (c) 10 minutes, (d) 30 minutes, and (e) 60 minutes

cryomilled samples, (f) control sample having no lignin but only DPPH. ................. 54

Xiv



Figure 32. The reacted number of radicals per gram of lignin sample cryomilled for
the given milling times at the given reaction times. The reaction between DPPH
radical scavenger and the lignins continue at even prolonged times...........cccuuc..... 54
Figure 33. 13C-CP/MAS NMR spectra of 60 minutes cryomilled lignins. ................... 56
Figure 34. The reaction of 2-Chloro-1,3,2-dioxaphospholane with active hydroxyl
groups. R = phenol residues, alcohols, aldehydes and carboxylic acids. .................. 57
Figure 35. 3'P-NMR spectrum of the phosphorylated nutshell lignin....................... 58
Figure 36. (a) Thermogravimetric Analysis (TGA) curve of all lignin samples. (b)
TGA/DTG curve shows the decomposition rate of the samples. ........c.cccccvveeveennnne 59
Figure 37. XRD diffractogram of cryomilled nutshell lignin and cellulose (cotton). . 60
Figure 38. SEM images of non-cryomilled and 5 to 60 minutes cryomilled lignins. . 61
Figure 39. a) The signals of lignin-free and lignin-doped wood, b) the voltage signals
of undoped and doped PS against PTFE, collected from the homemade tapping
device. c-d) Surface charges of wood and thermoplastics. .......cccccecveeiiiieeenieeennne. 63
Figure 40. Open circuit voltages obtained as a result of tapping and contact-charging
of the samples of selected undoped and doped with 5% (w/w) thermoplastic
polymers. Lignin was 60 min cryomilled before doping. PP, PLA, PE and PS refer to
pure polymers and L-PP, L-PLA, L-PE and L-PS refer to polymers doped with lignin 63
Figure 41. Contact Electrification results of 5 % lignin-doped PDMS. Undoped PDMS
vs 5-10-30-60 min cryomilled doped PDMS........ccooviiiiiiiiiiiiieeeecriiieee e siiinee e 66
Figure 42. Charge density of PDMS and particle size of lignin as a function of
CrYOMIIIING TIME. 1o e e s st e e e s e s abr e e e e e s easeees 68
Figure 43. Charge density vs number of touches on the surface of PDMS and L-PDMS

(1% and 5% doping) samples prepared with lignin extracted from nutshell, maple,

XV



pine, and birch. All samples extracted from the sources are cryomilled for 60 min
[o1] oY f=Ne [ o 11 V- PP 69
Figure 44. Charge density of undoped and doped PDMS versus total phenol content
Lo 1 T=4 0 Y1 o APPSR 70
Figure 45. Charge decay plot of undoped and doped PDMS samples (a). The solid lines
represent the average of at least 3 measurements. Semi-logarithmic plots of charge
VS TIME (). 1o e e e e et e e e e e et a e e e e e e e eaabae e e e e eenraaeeaeaann 73
Figure 46. Charge density vs number of touches on the surface of PDMS and Pine
bark wood against aluminum foil. ........cccviiiiiiiiii 74
Figure 47. Lignin extraction and wood bleaching (a-b), lignin-free wood after 5 min
cryomilling and lignin doping of wood by cryomilling (c-d). .....ccccevviieeiiiieeeniieeeee, 75
Figure 48. Lignin (pine bark) doping to lignin-free wood from 1% to 50% (w/w) by
cryomilling. The samples were doped with lignin by 5 minutes of cryomilling. ....... 75
Figure 49. Contact Electrification of lignin-free wood and lignin doping concentration
to wood by 1-3-5-50% (w/w). 100% doping concentration refers to pure lignin..... 76
Figure 50. Surface conductance results of PDMS and 5% lignin doped PDMS samples.
Conductance of the samples were calculated from surface resistivities measured via
two-probe method. For experimental details see section 2.2.7.3.......ccccvvveveeeeeenn. 77
Figure 51. The mechanism of contact charge formation and stabilization on polymer
surface of an UNAOPEd POIYMET.......uviiiiiiiiie e 80
Figure 52. The mechanism of contact charge dissipation by removal of

mechanoradicals by radical (re)combination or H-transfer via lignin doping........... 80

XVi



LIST OF TABLES

Table 1. Current (2019) prices of molecular antioxidants (radical scavengers) used as
antistatic additive in the recent studies. Data taken from Sigma-Aldrich website..... 6
Table 2. Total phenol content determination of the lignin samples. Standard
deviations and mean values were calculated using the data from 5 different samples
prepared by using identical procedure(®. Methyl gallate standard®....................... 52
Table 3. Molecular weights of acylated polymers. “Polydispersity index................. 55

Table 4. Contact Electrification results of lignin doping to wood and thermoplastics
Table 5. Comparison of the effects of cryomilling time on particle size, reacted
number of radicals in lignin and charge density of PDMS. Reacted number of radicals

were calculated after the complete reaction of lignin radicals with DPPH radicals (144

Table 6. Comparison of lignin total phenol content and charge density of lignin doped

PDIMIS. e e e e s s 71

XVii



CHAPTER 1

1. INTRODUCTION

1.1. Contact Electrification Phenomenon

Contact Electrification (CE), also known as triboelectrification, or static charging, is a
natural event that occurs in our lives anytime and anywhere, whenever two surfaces
touch each other. Electrical charge development emerges, when two materials are
brought into contact (e.g. touched or rubbed) and then separated [1-3]. For instance,
clinging of clothes, slight electrical shock when one touches a door handle in a dry
day and sticking of dust and tiny particles on cell phone or computer screens occur
due to static charge accumulation generated by contact electrification [4]. Static
charge (or contact charge) accumulation causes not only these trivial frustrations,
but also it leads to shocks and explosions [5,6], it damages satellites [7], electronic
devices and circuits [8]. In industry (e.g., chemical, petrochemical, semiconductor
and packaging), accumulated charges can spoil the production yields and product

quality.



In particular, pharmaceutical industry, it is claimed that charged drug particles can
undesirably aggregate and ruin the uniformity of end-products. Especially for
powders and liquids, static charging can pose fire and explosion hazards as well [9].
Contact electrification has also many positive outcomes, if the phenomenon is
handled properly [10]. It has many useful applications including electrophotography,
electrostatic separation of particles, electrostatic spray coating and electrostatic self-
assembly [11,12]. Recently, the most attractive application of contact electrification
has become triboelectric nanogenerators (TENG). TENGS are mechanical energy
harvester devices, which were first described by Wang group [13—15] as a promising
approach to harvest mechanical energy and convert it into electricity, since
triboelectrification is a universal and ubiquitous effect that is widely encountered in
everyday life. The strategies for the utilization and control of CE are based on three
different points: Controlling, increasing and decreasing the surface charges. The

applications based on these approaches are shown in Figure 1.



RADICAL SCAVENGING
Coating (radical scavengers)

CONDUCTIVITY INCREASE
Doping/Blending

Coating
Inhibiting i fouling Preventing
INCREASE IN HYDROPHILICITY electronics damage plosion hazards
Coating (hydrophilic films) A A A

Doping/Blending
Coating
Surface treatment Control

Light Copolymerization

Stress
Electric field

Doping/Blending
Coating of ion molecules

INCREASE IN CONTACT AREA
Micropatterns
Nanoscale features
Bio-mimicking surfaces

Self-assembly Particle separation TENG

A A A

Figure 1. Applications of contact electrification by controlling, decreasing, and increasing the surface
charges.

Contact electrification offers variety of applications as summarized in Figure 1
however, challenges still exist and cannot be dispelled unless contact electrification
mechanism is totally understood. As chemical mechanism of contact electrification,
two different mechanisms had been proposed in the previous decade: electron
transfer and ion transfer [16,17]. The possible mechanisms of charge transfer upon

contact are shown in Figure 2 below.
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Figure 2. Previously proposed possible charge transfer mechanisms. (a) Transfer of an electron. (b)
Transfer of an ion.

Material transfer on the other hand, plays a significant role in the mechanism of
contact electrification. The reports in the last decade proved that, the mechanism is
not solely based on electron and/or ion transfer. Evidently, the combination of
charge and microscopic amount of material (approximately microgram per square
centimeter) exchange between the contacting surfaces [18-20]. As these reports
point out this material transfer upon contact can only happen, if the chemical bonds
in the polymers are broken as a result of mechanical treatment (mechanochemical
bond-cleavage) and bits of material is transferred between the surfaces. The species
that form as products of the mechanochemical bond-cleavages are called as

mechanoions and mechanoradicals [2].



1.1.1. Charge Mitigation: Radical Scavengers/Antioxidants

As it is mentioned before, surface charge accumulation-based hazards can be
eliminated by doping the dielectric materials with conductive materials (e.g. metals,
carbon powder, carbon nanotubes, and conductive polymer) or with additives to
increase surface humidity (e.g. ions) [21,22]; however, distinct mechanical or
electrical properties of the polymers are lost upon doping of the additive because of

high doping concentrations required to achieve the percolation.

A newly introduced mechanism-based method for charge mitigation is the addition
of radical scavengers into commonly used polymers. As mentioned above,
mechanochemical bond-cleavages that occur during contact produces mechanoions
and mechanoradicals. These mechanoradicals that are formed as a result of
homolytic bond cleavage upon electrification are mostly peroxy radicals (ROO-) [18]
stabilized by resonance contributors [23]. These mechanoradicals can stabilize the
co-formed mechanoions (“the charges”) via interaction of frontier molecular orbitals
[2,24]. When the mechanoradicals are chemically scavenged by the radical scavenger
additives, the mechanoions are destabilized and decay quickly (through commonly
accepted mechanisms such as by reactions with molecules of air or migration into
the bulk). Several radical scavenger compounds have been studied for this purpose
and revealed remarkable results as shown in Figure 3 [2,18,25]. As stated above,
radical scavenging method is superior to the conventional charge mitigation methods
because the doping does not need conductive percolation and therefore smaller
doping amounts can be used, which help to retain intrinsic properties of the native

polymers [2].
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Figure 3. (a) Surface charge lowering in polydimethylsiloxane (PDMS) by doping radical scavengers
DPPH, tocopherol, and HALS. (b) proposed interaction of frontier molecular orbitals between
mechanoradicals and mechanocations (left), and, mechanoradicals and mechanoanions (right) on

contact-charged surfaces [2].

Table 1. Current (2019) prices of molecular antioxidants (radical scavengers) used as antistatic additive
in the recent studies. Data taken from Sigma-Aldrich website.

ANTIOXIDANTS PRICE (per kg)
Catechin 21.600.000 €
Taxifolin 2.700.000 €
Quercetin 26.500 €

DPPH 600.000 €
a-tocopherol 1000 €
Tannic acid 200 €
Dopamine 4500 €
HALS 11000 €
Lignin 0€

The examples of radical scavenger molecules used in charge mitigation on polymer
surfaces are DPPH (2,2-diphenyl-1-picrylhydrazyl), (+)-a-tocopherol (Vitamin E), HALS
(bis(1-octyloxy-2,2,6,6-tetramethyl-4-piperidyl)) sebacate [2], tannic acid, and
polydopamine [26]. Nevertheless, those chemical compounds are relatively

expensive (see Table 1) so that limits their applications in industry. The world plastic
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production has reached 350 million tons in 2017 according to Plastics Europe Market
Research Group (PEMRG) report, thus listed radical scavengers are not feasible for

such huge amount of demand, since their costs are not affordable in industry.

Scientists working to find industrially applicable additives for charge mitigation
should target to a cheap and readily available material. Therefore, naturally

abundant chemicals in the biomass are ideal candidates for such a purpose .

1.1.2. Triboelectric Series

Triboelectric series is a list of materials ranked by their tendencies to gain or lose net
charges upon CE. The materials are sorted from the top as decreasing trend to charge
positively (electron loss) and increasing trend to charge negatively (electron gain)
upon contact with each other. There are also materials in the middle of the list, which
do not show any propensity to either charge positively or negatively. Lists made from
contact electrified materials date back to ancient Greece - the word “electricity” is
derived from the Greek word rjAektpov, which means amber (one of the materials
used in the early experiments performed by Thales of Miletus more than 2500 years
ago) [27]. Many different triboelectric series have been reported over the past 150
years [28-31], and Diaz and Felix Navarro have compiled the four published series in
their report [32]. Although trends can be found in these lists, i.e. polar materials
usually becoming positively charged and nonpolar ones becoming negatively charged
upon contact with each other [17], the rankings of materials in triboelectric series

are occasionally debated. Furthermore, there are sets of materials that produce a



cyclic triboelectric series [33] showing one physical property or one mechanism
cannot explain all the examples of contact electrification. The idea of ranking
triboelectric series has recently been completely refuted by contact charging of
identical materials [34] and the reversal of sign of net charge on polymers by material

transfer [19].
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Figure 4. A triboelectric series of materials.

As can be seen in the triboelectric series, most materials get charged upon contacting
each other — their sign of net charge may vary for different conditions, which is the
source of ambiguities in different triboelectric series. However, there is one common
material that appear at the middle of the list, as a non-charging material in all

triboelectric series: “wood”. Recently, wood and its products has attracted great
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attention due to their abundance in nature and owing to their sustainability. Why
does wood not get contact charged? If the underlying reason of the case is examined,
it can open a new pathway to obtain sustainable and cheap antistatic additives that
can be used also at an industrial scale and lignin might be a reason for this special

behavior of wood as we investigate in a following section.

1.2. Lignin

Lignin is one of the three main components of wood and it can be responsible for
inability of contact charging in wood. Lignin is an antioxidant [35-37] with radical

scavenging property [38—41] arising from its polyphenolic structure.

Lignin was discovered in 1838 by Anselme Payen, a French chemist who discovered
cellulose for the first time by extracting it from wood using nitric acid and alkaline
solutions. Payen did not only discover cellulose, he also isolated lignin and called it
“incrustant”. In 1857, lignin was given its name “lignin” by German scientist Schulze

[42].

Wood or lignocellulosic biomass is mainly composed of three constituents: cellulose,
hemi-cellulose and lignin. Cellulose covers 30% — 50%, hemi-cellulose 20% — 30% and
lignin is 15% — 30% of the lignocellulosic feedstock; the rest are pectin, wax, fats, and
moisture. Lignin is the second most abundant bio-polymer after cellulose, and it
consists of cross-linked polyphenolic units. Lignin is the most abundant natural
aromatic polymer and is the main chemical source of aromatic building blocks on
earth. Enzyme-mediated dehydrogenation polymerization, also called as

lignification, is responsible for in-vivo production of lignin. Lignification results in an



amorphous cross-linked material with ether and carbon-carbon bonds (Figure 8)
[43]. Cell tissues of primitive plants (e.g. algae) do not contain any lignin because of
the fact that lignin is mainly located in the secondary cell walls (Figure 5), deposited
during cell differentiation, which is responsible for the structural robustness of each
cell, and also, for the integrity of whole plant. Lignin is a hydrophobic material
responsible for water and nutrient transportation and provides protection against

insects and microbial attack.

Lignin is a by-product of paper industry because lignin residues cause quality
problems in paper production. Efficient lignin removal from the wood enhances the
quality of the produced paper, so that millions of tons of lignin are discarded as waste
each year in pulping industry. Waste lignin has so far only limited applications and it
is usually burned for its caloric value. Recently, there are attempts to use lignin as
the major source and starting material for the production of aromatic building blocks
(benzene, toluene and xylene); however, only 2% of waste-lignin is converted to high-
valued chemicals (organic compounds, biofuels, etc.) [44—46]. Disappointingly, the
potential of lignin in terms of renewability and sustainability is still far from being

fully used.
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Figure 5. lllustration of a plant cell wall. Taken from [47].

1.2.2. The Chemistry of Lignin

Lignin contains three different cinnamyl alcohol monomers including p-coumaryl
alcohol, coniferyl alcohol, and sinapyl alcohol (Figure 6). These monomers are found
in lignin as the phenylpropanoid forms p-hydroxyphenyl (H), guaiacyl (G), and
syringyl (S), respectively. The monomer ratios differ on the basis of lignin source.
Grassy plants contain all three monolignol monomers, while softwoods (e.g. pine and
spruce tree) contain mainly coniferyl alcohol (G), and hardwoods (maple and birch
tree) both coniferyl (G) and sinapyl alcohol (S) [46]. Chemical bonds, monomer
content and radical polymerization steps of monolignols diversify the chemical
structure of lignin from one origin to another and exact structure of each extracted

(or isolated) lignin is extremely hard to be determined.
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Figure 6. Standard three monolignol monomers of lignin. p-coumaryl alcohol (H), coniferyl alcohol (G),
and sinapyl alcohol (S).

Chemical reactions between monomers enable the formation of vast variety of inter-
unit linkages [45,48]. Lignin has plenty of the so called B-O-4 linkage (a bond between
B-carbon of one monolignol unit and phenolic hydroxyl of the other) that accounts
for 50% of all linkages in softwood. The rest of the bonds between the lignols are
formed by other types of ether bonds involving a-0-4, 4-O-5, and C-C bonds B-8,
5-5, B-5 and B-1 (Figure 7) in addition, more complex lignin structures contain

dibenzodioxocin linkages.

Lignin content of lignocellulosic biomass feedstocks varies from 2% to 40% by weight.
Origin of lignin should be chosen wisely in order to achieve efficient extraction of
lignin from its biomass source. Nutshell, maple, pine and birch have been used in this
study as sources of lignin, which possess high weight percentages of lignin; 30% —

40%, 29.1%, 27.3%, 22%, respectively [49].
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Figure 7. Most common linkages found in lignin. a) f-0-4, b) B-5, c) B-p’, d) 5-5’, e) 4-0-5, f) B-1.

Stability and degradation insusceptibility of lignin originate from the existence of
plenty of covalent bonds in the polymer backbone, as well as strong presence of
intermolecular interactions such as hydrogen bonding. Both the physical and
chemical properties of lignin are dependent on the extraction method (pulping
process) from the lignocellulosic material. There are several methods known for
lignin isolation. The details of the lignin extraction methods are described in section
1.2.3. Softwood lignins have comparatively higher Tg (glass transition temperature)
values between 138 °C — 160 °C due to greater amount of intermolecular hydrogen
bonds and condensed aromatic structures besides hardwood lignins show lower Tg
range (110 °C— 130 °C) [50]. Kraft lignin, which is a polymeric material obtained from
native lignin by kraft pulping process, has a thermal stability that has been
investigated. It was found that major weight loss (approx. 40 %) is in the range of 200
°C — 600 °C and the maximum weight loss is observed around 400 °C. 15% of the
weight of the lignin is lost before reaching 300 °C. T, varies between 124 °C — 174 °C

for kraft lignin, soda lignin has Tgvalues observed in the range of 150 °C — 155 °C, on
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the other hand organosolv lignins (extracted lignin via organic solvents) have

relatively lower Tgranging between 91°C—97 °C [51].

lignin

Figure 8. Proposed chemical structure of a lignin.

Figure 8 shows the proposed chemical structure of a lignin; however, as it is
mentioned before it is hard to elucidate the exact chemical structure of any lignin
due to linkages that change from one lignin source to another and the whole
structure varying with the extraction method of lignin from biomass. There are
several spectroscopic techniques (e.g. H-,*3C-,3!P-NMR), used for disclosing the
structure of lignin. Even though the types of bonding and the amounts of sub-groups
can be determined by these methods, there is no method that reveals the exact
structure explicitly due to numerous bonding schemes and branching possibilities of

the sub-units.
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Figure 9. Resonance stability of phenoxy radicals on monolignols [48].

Lignins inherently have radicalic groups in the structure owing to the stability of the
phenoxy radical (due to many resonance contributors as shown in Figure 9) that can
form at the phenolic ends. These stable organic radicals in lignin have been studied
comprehensively in terms of botanical origin, natural processes, pH dependence,
mechanical, and temperature effects [52]. The results of these studies demonstrate
different radicalic content depending on the origin of lignin and extraction methods,
also proposed radicals as substituted o-semiquinone type species can exist in

different protonation states (Figure 10).
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Figure 10. Chemical structure radical species of lignin at different pH conditions.

The pH value is the most influencing factor affecting the chemical structure of the
radical species during extraction, different radical species can be determined by X-

band EPR spectroscopy. In Figure 10, A, B, C, and D are referred to protonated,
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deprotonated, and neutral radical structures. The EPR results proved that the
protonated form is more pronounced at pH 1 while the deprotonated species C and
D are the main species at pH 13. The neutral form B is dominant in mildly acidic
conditions (pH 3.7 — pH 8.6) on the other hand the other species can be detectable

as well in that pH range [53].

1.2.3. Lignin Extraction Methods

There are several techniques to isolate lignin from lignocellulosic biomass. These are
classified into two based on the significant or mild structural modification of lignin
during the isolation (Figure 11). Pulping methods including Kraft [54], Sulfite [55],
Alkaline [56], and Klason [57] processes result in significant structural alterations of
lignin under comparatively harsh conditions. In addition, Bjorkman process, ionic
liquid treatment, and organosolv process have mild impacts on the chemical
structure of lignin. For instance, kraft process modifies the lignin structure by
breaking most a-B-aryl ether bonds also, sulfur rich structure forms due to the attack
of hydrogen sulfide ions during the process. Sulfite process similarly yields to
sulfonate groups on lignin structure, while the structure of lignin obtained through
alkaline process becomes more sulfonic acid-rich. The Klason process comprises of
sulfuric acid treatment of lignin and leads to major changes to the original structure
of lignin. Structural alterations can still be observed under so called ‘mild isolation
processes’ such as Bjorkman process, where isolation of lignin is obtained by harsh

grinding of the material followed by organic/aqueous solvent extraction, which
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causes an increase in the number of carbonyl and hydroxyl groups particularly in
hardwood lignin. Cellulolytic enzyme, ionic liquid treatment and organosolv
processes involve solvent extraction just like Bjorkman process, however, they less

likely affect the lignin structure and yield more native-like lignin [58].

Consequently, it is obvious that all the isolation procedures have both advantages
and disadvantages depending on the utilization of the extracted product, so that one
should choose the method, which fits the intended/tolerable structural changes
according to the desired final application of lignin. The extraction method used in this
thesis is a synthetic combination of Klason process and Bjérkman process. It involves

sulfuric acid treatment and extensive grinding (see section 2.2.1).
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Figure 11. Outline of lignin extraction processes from lignocellulosic biomass.



1.3. PDMS and Thermoplastic Polymers

Polydimethylsiloxane (PDMS) is the most common silicon elastomer [59], which was
first synthesized by Wacker Chemie in 1950s. It is a robust, biocompatible and
viscoelastic material. It can be easily molded, which enables the PDMS usage in a
wide range of applications from medicine and cosmetics to microfluidic devices, and
flexible electronics [60,61]. The polymer backbone consists of Si-O-Si bonds as shown
in Figure 12. This structure provides flexibility, non-toxicity, non-flammability and
electrical resistivity. Once cross-linked, the polymer is set in a defined shape and

cannot be remolded.
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Figure 12. Chemical structure of polydimethylsiloxane (PDMS).

Thermoplastics are type of polymers that can be melted upon heating and solidified
upon cooling which makes their remolding possible. There are many thermoplastic
polymers in the market and used in daily life. For instance, polyethylene (PE) is
commonly used in detergent bottles and portable gasoline cans (high-density
polyethylene (HDPE)) or in durable goods boxes and squeeze bottles (low-density
polyethylene (LDPE)). Polypropylene (PP) is used in making plastic food containers as
well and as electrical cable insulation material. Polystyrene (PS) has variety of
applications ranging from disposable cutlery to plastic parts of cars and boats.

Polylactic acid (PLA) on the other hand, is a biodegradable thermoplastic produced
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from renewable resources especially corn starch and is used in 3D printing. These are
the examples of the common thermoplastics that are used in this work. Their

chemical structures are shown in Figure 13.
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Figure 13. Chemical structure of polyethylene (PE), polypropylene (PP), polystyrene (PS), and
polylactic acid (PLA).

1.4. Aim of The Thesis

As mentioned above, finding a cheap, sustainable, and effective material that renders
polymers/plastics antistatic without altering the doped material’'s other
characteristics will be beneficial for industrial scale applicability — since no such
material exists in the market at the moment. Here, we assert that lignin can be a
good candidate for an antistatic additive for common polymers. A recent work from
our group showed a brief proof-of-principle [62] for the hypothesis that lignin might

indeed may have such a potential as an antistatic additive. However, in this previous
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work, there were no details about the mechanism of charge mitigation, without
which it is impossible to take the steps towards an industrial product. The clear
understanding of this mechanism not only helps understanding of contact charge
dissipation but also helps identifying the mechanism of charge formation and the
chemistry of the species formed during the contact of two surfaces. For the latter,
there exists no chemical or spectroscopic method that can provide a full explanation,
since the groups affected form only on the surface and even the surface methods fall
too coarse (both spatially and temporally) in following the formation and the later

fate of contact charges.

Here, we aim to provide a detailed view on how lignin addition to common polymers,
elastomers and thermoplastics, can be used to mitigate contact charges on them. For
this purpose, we probe the “usual suspects” in a mechanism for charge mitigation:
1) whether lignin addition increases the conductance of the doped polymers, 2)
whether lignin, exhibiting natural radical scavenging property, can show a radical
scavenging of mechanoradicals and hence remove them from the environment and
destabilize charges, 3) whether the phenolic groups in lignin can act as H atom donors

for mechanoradicals.

In order to test these, firstly various lignocellulosic feedstocks, namely nutshell, and
maple, pine, birch tree barks (the choice is made from the ones possessing the
highest reported lignin content) is investigated, and lignin is isolated from each
biomass. Extracted lignins are characterized by several techniques: FTIR, NMR
spectroscopy, TGA/DSC, XRD and imaged by SEM. Their radical and total phenol

content determinations are pursued by the aid of UV-Vis spectroscopy. Then the

20



obtained material is doped into elastomeric PDMS and thermoplastics (PP, PLA, PE
and PS) by mixing either the prepolymer (PDMS) or the heated thermoplastic with
the lignin. The doped material is tested for any conductance increase, and contact

charging/charge dissipation behavior in comparison with the undoped controls.

Some work is also devoted to investigate our initial hypothesis that wood does not
get charged because of its lignin content. For this purpose, we have isolated lignin
from wood and compared the charging/discharging behavior of de-lignified wood

with the native, lignin containing sample.
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CHAPTER 2

2. EXPERIMENTAL

2.1. Materials

The nutshell was obtained from nuts grown in Gimeli village in the west black sea
region, Turkey. Maple tree bark, pine tree bark and birch tree bark were collected
from their natural habitat in Bilkent University Campus, Ankara, Turkey. Acids:
Sulfuric Acid (95 — 97%), Acetic Acid (99.85%, glacial), Phosphoric Acid (85%), and
Hydrochloric Acid (37%) (Sigma Aldrich) were used in the experiments. All the
solvents including tetrahydrofuran, ethanol, isopropyl alcohol, 1,4-dioxane, and
acetonitrile (Sigma Aldrich) were used without further purification. H,0, solution,
FeCls, KsFe(CN)s, trimethylacetylchloride, and methyl-3,4,5-trihydroxybenzoate
(Sigma Aldrich) were used as obtained. NaOH (pellets) and Na;SOs; were purchased
from Carlo Erba. Arabic gum was purchased from an herbalist. Autoclave Reactor
(30 mL) (PARR Instrument Company) was used in the extraction processes of lignin

from nutshell and barks.
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Retsch Molecular Test Sieves and Retsch Cryomill Grinder with LN, tank were used

to decrease the particle size of the samples.

2,2-Diphenyl-1-picrylhydrazyl (DPPH) was purchased from Sigma Aldrich.
Chromium(lll) acetylacetonate (Sigma Aldrich) relaxation agent, deuterated
chloroform with TMS (98%) (Merck KGaA), and extra dry pyridine (99.5%) (Acros)
were used in NMR measurements. Cholesterol (Sigma Aldrich) was used as internal
standard in 3!P-NMR. Lignin samples were derivatized with 2-chloro-1,3,2-
dioxaphospholane (Sigma Aldrich) prior to 3!P-NMR. PDMS was prepared by using
Dow Corning Sylgard 184 Silicone Elastomer Kit. Thermoplastics (PP, PE, PS and PLA)
were purchased from Sigma Aldrich. Aluminium stubs (Agar Scientific) were used to
mount the samples for contact charge and decay measurements in the tapping

device described below.

2.2. Experimental Procedures

2.2.1. General Lignin Extraction and Particle Size Reduction Pathway

Grinding with Sieving

mortar and ‘ (100 pm then ‘ Acid Bomb 150°C,
45min

pestle 50pum mesh)

~ T
o @ [
O e

section 2.2.3.

section Z 2.2.

Figure 14. Extraction and particle size reduction flow-chart used in this thesis to obtain lignin from the
mentioned sources.
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All the lignin samples, regardless of their sources, were prepared using the same

process pathway illustrated in Figure 14.

2.2.2. Lignin Extraction Procedure

Lignin sources (nutshell, and maple, birch, pine barks) were grinded with mortar and
pestle, then sieved using 100 um and 50 um test sieves respectively. 5 g of each
sample was taken into the autoclave reactor and 10 mL of 72% H,SOa (diluted from
stock solution 95 — 97%) solution was added and mixed. The reactor was sealed and
placed in an oven and was kept at 150 °C for 45 minutes. The extracted samples were
then washed with distilled water several times and the solid lignin was collected by
suction filtration. A pinch of extracted lignin sample was dissolved in 1,4-dioxane to
measure the pH of the solution, which should be around 4 — 5. Extracted samples

were dried overnight under vacuum at 40 °C.

2.2.3. Particle Size Reduction Procedure

Extracted lignin samples were placed in a zirconia grinding chamber and milled via
Retsch Cryomill device with 6 zirconia balls (diameter: 10.06 mm) at 30 Hz frequency
for the given grinding times (5 — 60 min) at -196 °C (77 K). Low temperature is
achieved by circulation of liquid nitrogen around the grinding chamber of the device

during grinding operation.
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Ultrasonication was performed for further reduction of particle size — which is
necessary to get a homogeneous doping and increased surface area of lignin
particles- of the cryomilled lignin samples. UP200St Hielscher ultrasonic horn was
used and performed at 20 kHz frequency and 200 W at 0 °C. 100 mg of each lignin
sample was dissolved (due to low solubility of lignin in 1,4-dioxane, they form a
suspension) in 20 mL of 1,4-dioxane and were sonicated for certain time intervals up
to 60 minutes. The samples were placed into ice-bath to avoid overheating on the
ultrasonic probe, also the sonication was taken a rest for 60 seconds of every

5 minutes.

Malvern Zeta Sizer Nano instrument was used to perform particle size distribution
analyses. The instrument allows the determination of the sizes of particles in a range
of 0.3 nm to 50 um by differential light scattering method. Particle size distribution
of 10 mg of lignin samples suspended in 10 mL of 1,4-dioxane solution was recorded
immediately after preparation of the samples. Each measurement was performed

three times and standard deviations were calculated.

2.2.4. Structural and Chemical Characterization of Lignin

Chemical and structural properties of extracted lignin samples were characterized by
several techniques: FTIR spectroscopy, Prussian Blue Method for Total Phenol
Content Determination, Mechanoradical Content Determination by DPPH test, Gel
Permeation Chromatography (GPC), NMR spectroscopy (3C-NMR and 3'P-NMR),
TGA/DSC, X-Ray Diffraction (XRD). The samples were also imaged by Scanning

Electron Microscopy (SEM).
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2.2.4.1. FTIR Spectroscopy

The functional groups of the lignin samples have been investigated by FTIR-ATR using
Bruker Alpha FTIR-ATR Spectrometer. All samples were analyzed with spectral width
of 4.000 — 400 cm™ and 64 scans at a resolution of 4 cm™. The spectra were baseline

corrected and transmittance percentage was given as normalized data.

2.2.4.2. Prussian Blue Method for Total Phenol Content (TPC)

Determination

Reagents
e 0.02 M FeCls Solution in 0.10 M HCI
8.3 mL of the concentrated HCI was diluted to 1 L with distilled water and
3.24 g anhydrous ferric chloride was dissolved in 1 L of the 0.10 M HCI

solution. The solution has a pale-yellow color.

e 0.016 M K3Fe(CN)e Solution
5.26 g of potassium ferricyanide was dissolved in 1 L of distilled water. The

solution has a yellow color.

e Stabilizer Solution
1.0 g gum arabic was dissolved in 80 mL of distilled water by boiling for
25 minutes. The solution was filtered, and the filtrate was diluted to 100 mL.

10 mL 85% H3PO4 and 10 mL 1% gum arabic were mixed and the mixture was
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diluted to 50 mL with distilled water. The stabilizer solution was refrigerated.

(remains stable for 1 week.)

Procedure

Exactly 5.00 mg of cryomilled lignin (polyphenol) sample was dissolved in 0.1 mL of
1,4-dioxane. 3.00 mL deionized water was added and vortexed. (Poor quality water,
particularly iron-containing water may give unacceptable results!) 1.00 mL of freshly
prepared FeCls solution was added to the mixture, followed by 1.00 mL of freshly
prepared KsFe(CN)e solution, just 1 minute after the addition of FeCls solution. The
mixture was mixed by stirring bar for exactly 24 hours to complete the reaction.
(Reaction duration was followed by UV-Vis Spectra for 0, 24, and 48 hour reactions,
then 24 hours was chosen as optimum time according to the maximum absorbance
(Figure 29-a)). 5.00 mL of stabilizer (gum arabic solution) was added to terminate the
reaction and the absorbance maximum of Prussian blue (Fes[Fe(CN)e]s) at 700 nm
was recorded. 5 identical preparations for each lignin sample were made and they

measured using the same procedure by 10-fold dilution of the final mixture.

For obtaining the standard values of phenol content, methyl gallate (methyl-3,4,5-
trihydroxybenzoate) standard was prepared by weighing exactly 5.00 mg of methyl
gallate. The standard was tested identically through the procedure described above
except that this time only 30 minutes was enough to acquire stable blue color for the
standard samples. After 30 minutes the reaction was stopped by addition of 5.00 mL

of stabilizer solution then the absorbance of the formed Prussian Blue (Fes[Fe(CN)s]3)
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at 700 nm was measured by 10-fold dilution of each sample. 5 identical standard

samples were prepared for calculation of standard deviation.

2.2.4.3. Mechanoradical Content Determination by DPPH Test

0.2 mg of lignin (5 to 60 min cryomilled) was added into 50 pL, 1.3x10 M 2,2-
diphenyl-1-picrylhydrazyl (DPPH) solution prepared in ACN. The mixture was diluted
to 5 mL (a stock DPPH-lignin solution) with ACN and waited for desired hours. Then,
0.5 mL of DPPH-lignin solution was diluted again to 5 mL with ACN just before UV-Vis
measurement in each time interval. A control solution of DPPH in ACN was also
prepared with the same molarity and the absorbance of the solutions at 517 nm (the
absorbance maximum of DPPH) were followed in the solutions’ UV-Vis absorption
spectra. Each sample was re-measured after indicated waiting times and any
decreases in the absorbance were tracked. The consumption of the DPPH by
mechanoradicals was monitored from the decrease in the absorbance of DPPH and
the number of cryomilling generated mechanoradicals were calculated from this

decrease.

2.2.4.4. Solubility Enhancement by Acylation of Lignin

Extracted, cryomilled and ultrasonicated lignin samples are not soluble in any
solvent, they form a suspension in 1,4-dioxane and are slightly soluble in pyridine.

Their solubility problem prevents their characterization by conventional methods,
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e.g. by UV-Vis or GPC). Therefore, we tried to enhance their solubility by acylation
with trimethylacetylchloride, as shown in Figure 15. The detailed acylation procedure

is also given below.

o
H3C O\Ilgmn
Cl
CH3 tnmethylacetylchlonde

5 T e
OB +CH,COOH
HO I\/o ’

£ A o 1,4-dioxane
RT (overnight) + 120°C (3 days)

Figure 15. Acylation reaction scheme of lignin with trimethylacetychloride.

lignin _ o

Exactly 20 mg of cryomilled lignin samples were weighed and dissolved in 20 mL of
1,4-dioxane then 5 mL acetic acid was added drop by drop while mixing. The solution
was stirred overnight at room temperature. Excess amount of
trimethylacetylchloride (10 mL) was added and refluxed for 3 days at 120 °C. Acetic
acid and excess of trimethylacetylchloride were evaporated with a rotary evaporator,

followed by high vacuum drying of the obtained product at 40 °C for 24 hours.

Figure 16. Acylated lignin samples dissolved in THF (Concentration: 1 mg/1 mL).
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2.2.4.5. GPC Measurements for Molecular Weight Determination

All acylated lignin samples were dissolved in THF (HPLC grade, without stabilizer) to
obtain 1 mg/mL solutions for the GPC analysis (Figure 16). Samples were filtered
using a PTFE syringe filter (0.45 um pore size). After filtration, they were injected into
the SEC system. The SEC system (Agilent, Santa Clara, CA, USA) used includes a
degasser, isocratic pump, auto sampler, diode array UV detector (Agilent 1200 series
ELSD); the mobile phase was THF (HPLC grade, without stabilizer) with a flow rate of
0.6 mL/min. The column used was 6.2 mm x 250 mm Agilent Zorbax PSM 300-S
(particle size: 5 um). The system was calibrated with polystyrene standards

(575, 1530, 3950, 10210, 29510, 72450, 205000, 467000 Da) using ELSD detector.

2.2.4.6. 13C-CP/MAS NMR Spectroscopy

Due to the low solubility of lignin in many deuterated organic solvents (e.g. CDCl3),
solid state 3C-NMR was performed. Lignin samples were analyzed by 3C-CP/MAS
(Cross-polarization/Magic angle spinning) NMR (Nuclear Magnetic Resonance). The
analyses were carried out using Bruker Avance 300 MHz WB Superconducting FT
NMR Spectrometer equipped with 4 mm MAS probe. For acquisition of 13C-CP/MAS
NMR spectra, relaxation delay of 4 s, and spin rate of 8.5 kHz were used. The
spectrum shown in the results were derived from 7000 scans, with the chemical shifts
given as 6 ppm in the range of 0 — 210 ppm. The NMR spectrometer was calibrated

against pure glycine sample before the measurements.
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2.2.4.7. 3'P-NMR Spectroscopy

The most common procedure for the 3!P-NMR analysis of lignin samples presented
in the literature [63] was adopted in our analysis: 30 — 40 mg lignin was sonicated in
CDCls in order to decrease the particle size and enhance the solubility. Then, 500 pL
of lignin-CDClIs solution were taken into NMR tube and a few drops of dry pyridine
was added. The derivatization reagent 2-chloro-1,3,2-dioxaphospholane (100 pL)
was added into the NMR tube and the mixture was vortexed for 5 minutes.
Cholesterol (10 mg/mL) (an internal standard) and chromium (lll) acetylacetonate
(5 mg/mL) (a relaxation agent) were dissolved in the mixture of 1.6 eq. pyridine/1 eq.
CDCl3 (v/v). 100 pl of the freshly prepared solution was taken into the NMR tube and
vortexed for 1 minute. For acquisition, standard experimental procedure of Bruker
Avance 400 MHz NMR spectrometer for 3'P-NMR analysis was used. The results were
collected as 2000 scans and all chemical shifts were reported according to hydrolysis

product of phosphorylation reagent peak, which was observed at 121.1 ppm.

2.2.4.8. Thermal Stability Analyses (TGA/DSC) of Lignin

Thermal stability of lignin was determined by thermogravimetric analysis (TGA)
method using TA Instruments Q500 TGA device. 5 — 8 mg of samples were weighed

and scanned from 25 °C to 900 °C.

Glass transition temperature (Tg) measurements of the samples were performed

using TA Instruments Q200 DSC; samples of about 2 — 10 mg were weighed and run
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at a heating rate of 20 °C/min from 25 °C to 200 °C. A heating rate of 20 °C/min was

used, because the glass transition peaks are sharper at faster heating rates.

2.2.4.9. X-Ray Diffraction (XRD) Analysis

XRDs of cryomilled and non-cryomilled lignin were recorded on X'Pert PRO,
PANalytical model X-ray diffractometer with Cu Ka radiation. 40 mA current and

45 kV accelerating voltage were applied.

2.2.4.10. Scanning Electron Microscopy (SEM) Analyses

The surface morphology of non-cryomilled and cryomilled lignin samples
(5—60 minutes) were imaged using Thermo Fisher Scientific Quanta 200F model SEM

with an accelerating voltage of 15kV.

2.2.5. Lignin Doping to The Polymers

After extraction of the lignin samples, the samples were cryomilled and then
ultrasonicated in order to reduce the particle size and increase the surface area.
Ultrasonicated samples have smaller particle size (see section 3.1.1); however,
ultrasonication can only be performed in solution and after evaporation of the

solvent it is clearly seen that particles can agglomerate in the solid state. Therefore,
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thermoplastics (PE, PP, PS, PLA) and elastomers (PDMS) were doped with only
cryomilled lignin. Thermoplastics were chosen among the most common engineering
polymers currently used in many industries and as an example of an elastomer, PDMS
was chosen due to great advantage of forming smooth surface on flat molds upon

curing.

2.2.5.1. Lignin Doping to PDMS (Polydimethylsiloxane)

PDMS (Sylgard 184) was prepared by mixing the base and the curing agent in
10:1 ratio and cryomilled lignin (up to 5% w/w) was added by mixing vigorously. After
that, the mixture was poured in a petri dish of 1.5 cm height and cured in oven for 4
hours at 60 °C (thickness: 0.2 cm). Then, additional 0.4 cm pure PDMS layer was cured
onto lignin-doped PDMS layer in order to handle the samples easily upon electrical
measurements. The prepared samples are shown in Figure 17. Cured PDMS-Lignin
composite (thickness: 0.6 cm) was cut into 1x1 cm pieces. The smooth surface of
lignin-doped PDMS touching with petri dish was used in contact electrification tests.
The homogenous 60 minutes cryomilled lignin doped samples were used in all

measurements.
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UNDOPED PDMS Non-cryomilled L-PDMS (5% w/w) 60min cryomilled L-PDMS (5% w/w)

Figure 17. Images of Pure (undoped) PDMS, non-cryomilled lignin doped PDMS and 60 min. cryomilled
lignin doped PDMS.

2.2.5.2. Lignin Doping to Thermoplastics (PE, PP, PS, PLA)

All thermoplastics were melted on the hot-plate and pressed with thick Teflon plate
in order to achieve a smooth surface. Lignin doping concentration was chosen as 5%
(w/w). Polyethylene, polypropylene, polystyrene and polylactic acid were doped with
lignin by vigorous mixing of added lignin in melted polymer on aluminum plates. The
melt was poured between Teflon plates and was pressed from top. The sample was
let to solidify at room temperature. Then, the doped-polymer was taken out from
the hot-plate, remained still until the polymer was re-solidified. The same thickness
of the doped-polymers was acquired by the aid of Teflon plate and aluminum plates

where the polymers melted and doped among them.

The lignin-doped thermoplastics were cut by a laser-cutter into circular pieces of
1.5 cm diameter in order to mount them easily onto the stubs connected to
electrodes. These pieces were used in contact electrification measurements without

any other alteration.
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2.2.6. Preparation of Lignin-Free Wood

Lignin was removed from limba wood (Terminalia Superba) by several extraction
processes similar to that used in paper industry. In the method, 2.5 M NaOH and
0.4 M Na,SOs solution was prepared by dissolving 50 g of (equal amount of) each
substance in 500 mL of distilled water. The solution was stirred until all the
substances were dissolved and taken into a flask. Wood pieces (1.5 cm x 10 cm x 1.5
cm) were placed in the solution and the solution was refluxed overnight at 110°C, by
which time a brownish-red solution of lignin forms. This solution was poured off and
the wood was washed 3 times with distilled water. Then, wood sample was boiled
(bleached) with H,0; solution (500 mL, 9.8 M) for 3 hours in order to remove the
lignin and get lignin-free white wood. The white wood sample was washed with

distilled water 3 times more and dried under vacuum at 60 °C.

The obtained lignin-free wood can be seen in Figure 47-b. Since the contact
electrification experiments give better results (with small standard deviation) with
smooth surfaces and the obtained lignin-free wood is rough, in order to have smooth
surface of the wood samples, the lignin-free wood was cryomilled for 5 minutes
(Figure 47-c) and pressed into a pellet (diameter: 1.4 cm) using hydraulic pellet press

(under 5100 bar).
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2.2.7. Electrical Measurements

2.2.7.1. Charge Density Measurements

Electrostatic charge on the polymer surfaces were measured by immersing the
polymer pieces in a Faraday cup attached to an electrometer (Keithley 6517B).
Lignin-doped and undoped PDMS samples were contact charged against Aluminum
foil up to 200 touches (Figure 18) to record the maximum charge density that can be
obtained on the surfaces. Since it is harder to manipulate hard plastics with tweezers
during this process, charging behavior of thermoplastics were monitored using a
separate method that utilizes a homemade tapping device attached to an
oscilloscope. In this method, surface electrical potential of thermoplastics that
increases upon contact charging is recorded as the signal. Samples were placed to
the one of the electrodes (base electrode) Aluminum stub were placed to the other
electrode (counter electrode) and open circuit voltages were measured and collected
from saturated signals (signals that accumulated charges are at their maximum
values). 1 Hz tapping frequency were used in all of the measurements (Figure 19).
For some samples, due to low propensity for charging on Al), PTFE (Teflon) coated
stub surface was also used as counter electrode. All the samples were prepared and

measured independently, at least 3 times for calculating standard deviation.

Previously extracted and cryomilled pine bark lignin was mixed with lignin-free wood
at 1% to 50% (w/w) ratios by 5 minutes cryomilling. Then all the samples (doped-
undoped wood and pure pine bark) were shaped as pellet (as shown in Figure 48),

attached to the aluminum stubs with carbon tape. The electric potential acquired on
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the samples upon tapping against PTFE (in a setup shown Figure 19) were recorded

as Voc.

Release
Alfoil |

Faraday Cup

Electrometer

Figure 18. lllustration of Contact Electrification Measurement Setup-1. Determination of maximum

net charge density on the polymer surfaces after contact.

Osciloscope

Contact

Separation

<

Ry

500 ms

<

Polymer

Al/PTFE

Figure 19. lllustration of Contact Electrification Measurement Setup-2. Determination of surface
electric potential upon contact and separation events.

2.2.7.2. Charge Decay Measurements

Before charge decay experiments, PDMS pieces were left to discharge for at least
24 hours in isolated container. The electroneutrality of these pieces was confirmed

by immersing the pieces in a homemade Faraday cup connected to a high precision
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electrometer (Keithley Instruments, model 6517B) that measures electrical charge.
Only pieces with net charge densities below the electrometer’s detection limit
(<+0.005 nC/cm?) [2] were considered as neutral. Undoped and doped PDMS pieces
were charged against aluminium foil several times in order to reach the highest
surface charge (charge saturation point). Then, samples were kept immersed in the
homemade Faraday cup for 30 minutes. Charge decay rates were calculated using

OriginPro2017, by linear equation fitting.

2.2.7.3. Surface Conductance Measurements

In order to investigate whether the fast decay in case of lignin doping is caused by
the increase in surface conducitivity of doped pieces, surface conductance of PDMS
and 5% lignin doped PDMS samples were measured using two probe method
connected to electrometer, which acts also as a voltage source upon current
measurements (Figure 20-a). Current versus voltage curves of undoped PDMS and
5% lignin doped PDMS was obtained via probe station (with w = 1 cm wide samples
(1 cm x 1 cm square pieces), and the distance between copper electrodes
d =100 um) and the applied voltage was changed from 0 to -100 and 0 to +100 V in
steps of 10 V, which gave identical results in terms of surface conductance (Figure
20-b). From the slopes of the |-V curves, the values for surface resistance, Rs were
calculated according to equation Rs=(V/I)-(w/d) in Q. Then, surface surface
resistivities were converted to surface conductance (o) using the equation o = 1/R..
Standard deviations of the surface conductivities were calculated from at least

3 independent measurements.
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Distance between electrodes: d = 100 pm
Sample width: w=1cm

b)

| BN

. Sample

Figure 20. (a) lllustration of surface conductance measurement setup. (b) Electrical circuit scheme of
the two probe method.
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CHAPTER 3

3. RESULTS & DISCUSSION

3.1. Characterization of Extracted, Cryomilled and Acylated Lignin

We successfully extracted the lignin from various natural sources such as nutshell,
hardwood barks (maple, pine and birch tree). The obtained lignins were subjected to
mechanochemical treatment (cryomilling) for different milling times (5 to 60 min) to
investigate the effect of milling time on the particle size and the number of radicals
generated upon milling. Functional groups in the obtained lignin were analyzed by
FTIR spectroscopy, '3C-CP/MAS-NMR, and 3'P-NMR spectroscopy, total phenol
content (TPC) determination by Prussian blue method, mechanoradical content
determination by DPPH test. For the obtained lignin samples, molecular weight was
determined by GPC, thermal stability was probed by TGA/DSC, and surface

morphology is analyzed by SEM.
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3.1.1. Particle Size Measurement Results

In order to have a homogeneous distribution of lignin particles in a sample, particle
size of lignin reduced by cryomilling, which offers milling of samples at
cryoconditions. For example, for nutshell lignin, the particle size is reduced from
approximately 50 um to 1324 + 173.4, 892.3 £ 17.8, 913.8 + 27.4, and 756.8 + 11.3
nm for 5, 10, 30, and 60 min cryomilling, respectively (Figure 21). Therefore, it can be
said that cryomilling is a proper mechanochemical treatment method to reduce the

particle sizes of the lignin samples.

1700—- - - o - Nutshell Lignin

Particle Size (nm

5 10 30 60

Cryomilling Time (min)

Figure 21. Particle size vs cryomilling time of cryomilled nutshell lignin. Error bars were calculated from
3 independent measurements of each sample.
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For further reduction of particle size, ultrasonication was also performed. It is found
out that lignin samples from different sources show different behaviour upon
ultrasonication (Figure 22). Maple and birch lignin exhibited continuous decrease in
particle size along with ultrasonication time; however, 4 minutes of ultrasonication
time was enough for nutshell lignin. Agglomeration of the particles in the suspension

started for pine and nutshell lignin upon prolonged ultrasonication.

Although ultrasonication of the lignin samples let us get smaller (down to 200 nm)
particle sizes of lignin samples, the lignin obtained is in the form of a 1,4-dioxane
suspension. In order to dope the lignin into the polymers, solvent must be
evaporated. This evaporation causes instantaneous agglomeration, followed by an
increase in the particle sizes. Therefore, we avoided the ultrasonication step for the
rest of the samples we prepared and used only cryomilling (for 60 min) to reduce

their particle size.

1600 - .
_ { - = - - Nutshell Lignin
14004 SSAls -M_aple _Lig_nin
) g - -v--Pine Lignin
12004 1t - -« - - Birch Lignin
£ 1 %
< 1000 - PR S
S ] { § s i
@ L IPPRRS LA RSP P "
o 800 - ', i
'l‘-_' .
S 600 - “x
400 - i
| i 3
200 4 i
4 =
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0 10 20 30 40 50 60

Ultrasonication Time (min)

Figure 22. Particle size vs. ultrasonication time for lignin samples from different sources, namely
nutshell, maple, pine, and birch. 0 min sonication refers to previously 60 min. cryomilled lignin. Error
bars were calculated using 3 independent measurements of each sample.
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3.1.2. Structural Analyses of Lignin by FTIR Spectroscopy

It is shown that there is no change on the characteristic peaks of the lignin samples
(aromatic skeleton vibrations at 1600 cm™, 1510 cm™ and 1450 cm™), and (sp? and
sp® vibrations of methylene and methyl groups at 2925 cm® and 2852 cm?,
respectively) by mechanical treatment (cryomilling); however, -OH peak at 3400 cm™?!
tends to shift towards 3500 cm™ via cryomilling due to hydrogen bonding breakage

of phenolic units on the polymer backbone (Figure 23a-b).

Cryomilling time has a visible effect on OH-group intensities, however, there is no
continuous trend (e.g. constant increase or decrease). Nevertheless, it is clearly seen
that the peaks tend to shift to higher wavenumbers, which is an indication of

hydrogen bond breakages and generation of more free-OH groups (Figure 23-c).

FTIR specta of acylated lignin samples (Figure 23-d) proved that the reaction occurs
on the phenolic OH groups, i.e. by attaching acetoxy unit to phenol ring shows
significant decrease at the OH peak at 3400 cm and enhancement on C-O-C
aromatic acyl groups at 1200 cm™. Carbonyl peak on aromatic structures at
1708 cm™ was also increased and shifted to 1728 cm™ due to esterification reaction

[64,65].
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Figure 23. FTIR spectra of lignin (nutshell, maple bark, pine bark and birch bark). All spectra were given
as normalized transmittance percentage vs wavenumber. (a) Extracted lignin, (b) 60 min cryomilled
lignin, (c) 5-10-30-60 min. cryomilled nutshell lignin, (d) acylated lignin.
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Figure 24. Stacked spectra (shifted on the vertical axis for clarity) of extracted-cryomilled (60 min)-
acylated lignin samples. (a) Nutshell lignin, (b) maple lignin, (c) pine lignin, and (d) birch lignin.
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Figure 25. FTIR spectrum of lignin removal from limba wood.

Lignin-free limba wood has a lack of peaks at 2921 cm™, 1728 cm™, 1506 cm™ and
1242 cm™ for aromatic C-H strech, carbonyl (C=0) strech, guaiacyl and syringyl
aromatic skeletal vibrations and guaiacyl ring plus C=0 strech, respectively. It is
shown that lignin removal from the wood kept the OH band at 3400 cm™ due to OH
groups on cellulose and hemicellulose structures in lignin-free wood while, peaks
originating from aromatic groups (aromatic skeleton vibrations, C-H streches,

guaiacyl (G), and syringyl (S) unit vibrations) dissappeared (see Figure 25).

48



3.1.3. Total Phenol Content (TPC) Determination

Total phenol content (TPC) is a simple method to investigate the amount of phenolic
moieties in plant materials and natural extracts, and is especially used in the

determination of polyphenols [66].

The polyphenol (PP) (in this case lignin) reacts with the ferricyanide ion (Fe(CN)e)3
and is oxidized during reduction of the (Fe(CN)s)3 to the ferrocyanide ion (Fe(CN)e)™.
Then, (Fe(CN)¢)™* reacts with the ferric ion (Fe*3) (FeCls ionization) to form ferric
ferrocyanide (Fes[Fe(CN)sls), called Prussian blue, which has a distinct absorption
centred around 700 nm with an absorptivity of 5770 L.molt.cm™. The oxidation-
reduction reaction can be demonstrated as follows:

PP + 2(Fe(CN)e)®> ——> PP (oxidized) + 2 (Fe(CN)e)™*

3 (Fe(CN)e)* + 4Fe*3> —» (Fes[Fe(CN)e]s) (Prussian Blue)

Figure 26. “Prussian Blue test” reactions of polyphenols (PP).
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Figure 27. (a) UV-Vis spectra of Methyl Gallate standard solutions with concentrations 0.1 mM-0.5
mM used in Prussian Blue test for polyphenols showing an increase of the absorption band at 700 nm
(the absorption maximum for Prussian blue that forms upon oxidation of polyphenols) and (b) the
generated calibration curve. For details of the solution preparations and the test, see section 2.2.4.2.
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Calibration curve for Prussian Blue total phenol content test of lignins was generated
by using the absorbance maximum values of 700 nm band obtained (Figure 27-a) by
the methyl gallate standard solutions (0.1 mM to 0.5 mM). (Figure 27-b). Then all the
lignin samples were reacted using the same procedure, their UV-Vis spectra were
recorded, and the total phenol contents were obtained from the spectra as shown in

(Figure 28).

Lignin-free blank sample, too, has a slight absorbance at 700 nm, resulting from self-
reduction of ferricyanide ion in time. We subtracted this change in absorbance from
the absorbance of lignin samples to obtain the net absorbance change due to

reaction of the lignins (Figure 29-b).

TPC (%) values of lignin samples were found to be 67.9 + 4.6, 74.7 + 7.6, 63.3 £ 5.9,
and 61.4 + 5.1 for nutshell, maple, pine and birch lignin as methyl gallate equivalent
(MGE), respectively (Table 2). The colour change during the reaction is demonstrated

in Figure 30.
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Figure 28. UV-Vis spectra recorded during Prussian blue test: Nutshell (a), maple (b), pine (c), and birch
lignin (d). N(1-5), M(1-5), P(1-5), and B(1-5) indicate each of 5 identical experiments performed in
order to calculate standard deviations for nutshell, maple, pine, and birch lignin respectively.
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Figure 29. UV absorption changes of Prussian Blue reaction of (a) lignin and (b) blank control sample
(lignin-free) solution initial and after 24 hours.
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Table 2. Total phenol content determination of the lignin samples. Standard deviations and mean
values were calculated using the data from 5 different samples prepared by using identical
procedure®. Methyl gallate standard®.

sample Absorbance Mean | M.G.?Equivalent MG Equivalent
at (700 nm) Mean (mg) Mean (%)
Nutshell Lignin 2.04 £0.14° 3.391£0.23° 67.9+4.6
Pine Lignin 2.2510.24 3.74 £ 0.38 74.7+7.6
Maple Lignin 1.90+0.18 3.17+£0.29 63.3+5.9
Birch Lignin 1.83+0.16 3.07+£0.25 61.4+5.1

Figure 30. Prussian blue reaction. Visual comparison of the blank sample (without lignin) and lignin
contained sample (polyphenol) after 24 hours .

3.1.4. Mechanoradical Content Determination

Mechanoradical content of the lignin samples were determined using DPPH test.
Non-cryomilled, 5 to 60 min cryomilled nutshell lignin samples were reacted with
DPPH and reacted number of radicals in each sample was tracked by the absorbance
decrease in the absorbance max of DPPH absorption at 517 nm, using UV-Vis
spectroscopy (Figure 31). For all DPPH/lignin solutions, with prolonged waiting times
the absorbance decreases. This decrease is not caused by the instability of the DPPH

solutions or their reaction with air, etc., as we tested for a control sample having no

52



lignin but just the DPPH in the solvent (see Figure 31-f). This decrease is presumably
the time needed for the DPPH solution into the closed structure of lignin and react
with all radicals “buried”. Nevertheless, the data shows that the reacted number of
radicals in lignin samples increased together with reaction time and cryomilling
duration. 30 and 60 minutes cryomilled lignin produced the highest reacted number
of radicals at the “initial time” and after 144 hours of waiting (Figure 32). It is reported
that non-cryomilled lignin (native lignin) also possess radicals and therefore even

with no cryomilling, lignin has 2.5 x10%? + 1.8 x10'° g* radicals.
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Figure 31. UV-Vis spectrum of DPPH-lignin mixtures at given reaction times. (a) Non-cryomilled, (b) 5
minutes, (c) 10 minutes, (d) 30 minutes, and (e) 60 minutes cryomilled samples, (f) control sample
having no lignin but only DPPH.
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Figure 32. The reacted number of radicals per gram of lignin sample cryomilled for the given milling
times at the given reaction times. The reaction between DPPH radical scavenger and the lignins

continue at even prolonged times.
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3.1.5. Molecular Weight Determination of Acylated Lignins

Molecular weight values of acylated lignins (nutshell, pine, maple, and birch tree)
were determined by GPC and found to be around 1000 g/mol as summarized below
in Table 3. Low molecular weights correspond to the decreased particle size of the
samples upon the previous mechanochemical treatment. Also, the THF suspensions
of lignins must be filtered before GPC analysis (GPC measurements require 0.45 um
filtering) and only particles with particle sizes less than 0.45 um could be analysed by
GPC. Although acylation enhances the solubility in lignin in common organic solvents,

even acylated lignin is not completely soluble in any of the common organic solvents.

Table 3. Molecular weights of acylated polymers. “Polydispersity index

Lignin M (g/mol) M, (g/mol) M. (g/mol) PDI*
Ac-Nutshell 1110 746 1562 1.48
Ac-Pine 1121 848 1425 1.32
Ac-Maple 1127 846 1448 1.33
Ac-Birch 988 680 1401 1.45

3.1.6. 13C-CP/MAS NMR Results

Lignin solubility is a main drawback to analyse the material in a solution as mentioned
previously, so solid-state '3C-NMR spectroscopy was performed in order to
understand the chemical structure of the lignin in detail. The chemical shifts of the
aromatic and aliphatic peaks of obtained from the lignin samples subjected to solid

state carbon NMR (showed in Figure 33) were found to be in a compliance with
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previous reports [67—69]. It can be concluded that different lignin sources contain
different amount of linkage type of each syringyl (S), guaiacyl (G) and

p-hydroxyphenyl (H) sub-units.

13C-NMR peaks were found and listed below:
Nutshell Lignin: 3C NMR (75 MHz, CDCl3) 6 171.9, 143.9, 124.4, 109.0, 57.1, 52.4,
26.2, 10.5 ppm.

Maple Lignin: 3C NMR (75 MHz, CDCls) 6 171.9, 143.9, 124.8,112.7,57.5, 53.0, 27.1,
11.7 ppm.

Pine Lignin: 13C NMR (75 MHz, CDCl3) 6 171.5, 148.4, 141.7, 123.1, 110.6, 68.1, 52.0,
31.9, 25.9 ppm.

Birch Lignin: 13C NMR (75 MHz, CDCls) § 170.1, 142.7, 126.3, 109.2, 84.7, 68.6, 52.9,
38.4,27.1,12.9 ppm.
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Figure 33. 13C-CP/MAS NMR spectra of 60 minutes cryomilled lignins.
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3.1.7. 31P-NMR Results

The -OH groups in lignin were labelled by phosphorylation reaction as shown below
for 3I1P-NMR analyses. All the chemical shifts reported are referenced by hydrolysis
product of 2-Chloro-1,3,2-dioxaphospholane at 121.1 ppm and cholesterol internal

standard observed at 134.6 ppm [70-72].

/0 Pyridine / CDCl, /o
ROH + Cl—P, > R=——0——p + HCl
\0 25°C \0

Figure 34. The reaction of 2-Chloro-1,3,2-dioxaphospholane with active hydroxyl groups. R = phenol
residues, alcohols, aldehydes and carboxylic acids.

Nutshell lignin was used as an example of lignin resource, 3!P-NMR spectrum
(Figure 35) clearly shows the carboxylic acid derivatives at 127.1 ppm,
p-hydroxyphenyl (H) units at 128.1 ppm and guaiacyl-OH groups around 130 ppm
[71,73]. Aliphatic-OH units cannot be labelled as efficiently as aromatic OHs,
however, the peaks at 133.3 can be assigned to aliphatic-OH units [72]. Erythro and
threo isomers of OH groups attached to a-carbon in B-O-4 linkages were observed at

135 ppm and 134 ppm, respectively.

3IP-NMR spectrum showed the existence of different -OH species at different
subunits in the nutshell lignin example. The area under the peaks of carboxylic acid
derivatives, p-hydroxyphenyl derivatives and guaiacyl-OH units were compared and

found as 3%, 54%, and 43%, respectively.
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Figure 35. 3'P-NMR spectrum of the phosphorylated nutshell lignin.

3.1.8. Thermal Stability Results

The weight loss (Figure 36-a) and decomposition rate were plotted (calculated as
derivative of weight) against temperature (Figure 36-b). Decomposition started over
200 °C, the rate maxima of all lignin were found at 450 °C, except for pine lignin,
which was at 400 °C. The highest decomposition rate was observed for birch lignin
and the lowest rate was observed for pine lignin. Nutshell lignin showed the best

stability among the four different lignin sources, i.e. less decomposition around

250 °C and low rate over 400 °C.

Glass transition temperature (Tg) values were found as in the range of
51.65 - 87.14°C, 51.15 — 89.78°C, 52.28 — 84.30°C, and 64.31 — 92.87°C for nutshell,

maple, pine and birch lignin, respectively. The decomposition curve and maximum of
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the lignin were found in accordance with the literature [51], on the other hand Tg

values were found to be lower than any lignin source due to devastation of

intermolecular hydrogen bonds and condensed structure.
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Figure 36. (a) Thermogravimetric Analysis (TGA) curve of all lignin samples. (b) TGA/DTG curve shows
the decomposition rate of the samples.
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3.1.9. XRD Analysis of Lignin

Nutshell Lignin XRD diffractogram was recorded as shown in Figure 37. This XRD
pattern obtained shows that the obtained lignin was successfully extracted from

cellulose (See red pattern of cellulose obtained from cotton in Figure 37 for

comparison).

30000
—— 60 min. Cryomilled Lignin

Non-cryomilled Lignin
Cellulose (cotton)
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Figure 37. XRD diffractogram of cryomilled nutshell lignin and cellulose (cotton).

3.1.10. Surface Morphology Analysis of Cryomilled Lignin

Scanning Electron Microscopy (SEM) was used to image morphology of the non-
cryomilled and cryomilled lignin samples (Figure 38). The SEM micrographs show
vivid picture of the amorphous lignin polymer. It is shown that increasing cryomilled

duration, decreases the particle size of the lignin. Mechanical treatment can reduce
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the size as well as change the particle shapes — the edges sharpen during the

treatment.

Non-cryomilled 5 min 10 min 30 min 60 min

Figure 38. SEM images of non-cryomilled and 5 to 60 minutes cryomilled lignins.

3.2. Contact Charge Density and Charge Decay Measurements

3.2.1. Contact Charge Density of Thermoplastics and the Effect of Lignin

Doping

The common way that the charge measurements are pursued for soft elastomeric
polymers do not work practically for the hard thermoplastics. The method suffers
from the problems encountered in manipulation of the pieces into the Faraday cup
with tweezers during many contact events, such as the sliding of the piece from the
tweezers (see section 2.2.7). Therefore, we adopted another reliable method for
measurements of surface charging for polymers using a tapping device. This time the

surface electric potential is followed as the signal for charging. Indeed, this method
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is beneficial over the charge measurements, especially when temporal resolution of
the contact charging event is sought. It was previously shown in our group that
contact and separation events can be resolved and can be separately monitored
using this technique [74]. Briefly, the polymer and the metal are mounted on the two
metal stubs connected to two electrobe probes of the osciloscope. The instrument is
set to measure the electric potential of the stubs (or the two materials atteched to
it) with respect to the ground. The two surfaces (polymer and metal) are let to tap
each other at a moderate (1 Hz) frequency. When the surfaces start accumulating
charges, they either pull or push electrons from/to the electrodes developing a
positive or negative potential, which decays with time; all these potential signals
(both their generation and their time decay) can be monitored and recorded with
respect to time. As an example, contact and separation events taking place between
a doped (or undoped) PS piece and PTFE piece during such a tapping event, which is
recorded as the open circuit voltage is shown in (Figure 39a - b). The maximum open
surface voltages observed upon contact and separation for polypropylene (PP),
polylactic acid (PLA), polyethylene (PE), and polystyrene (PS), doped with 5% lignin,
as shown in Table 4. These values listed in Table 4 correspond to a successful
mitigation of the surface charges on thermoplastic polymers of 55.5%, 77.3%, 54%,

and 78.5% for L-PP, L-PLA, L-PE, and L-PS, respectively (Figure 40).

62



5 % lignin doping b) 5 % lignin doping

Q
~

=-=» contact

N
S

——=» separation

-
N

Voltage (V)
)

12
24
c) d)
3 3
= 3 2
o $ o
¥ 2 ]
= $ =
S ¢ 2
= £ =
S S
H c
H o
-
° S
-104 Separation Separation
.15 -10
Lignin Doping Concentration Thermoplastic Polymers

Figure 39. a) The signals of lignin-free and lignin-doped wood, b) the voltage signals of undoped and
doped PS against PTFE, collected from the homemade tapping device. c-d) Surface charges of wood
and thermoplastics.
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Figure 40. Open circuit voltages obtained as a result of tapping and contact-charging of the samples
of selected undoped and doped with 5% (w/w) thermoplastic polymers. Lignin was 60 min cryomilled
before doping. PP, PLA, PE and PS refer to pure polymers and L-PP, L-PLA, L-PE and L-PS refer to
polymers doped with lignin.
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THERMOPLASTICS

Allin all, it is shown that lignin is a promising material to dissipate the surface charges
on both elastomers (PDMS) (see section 3.2.2) and thermoplastics (PP, PLA, PE and

PS) upon doping.

Table 4. Contact Electrification results of lignin doping to wood and thermoplastics

WOOD SAMPLES

Samples Contact (Vo) Separation (Vo)

Lignin - Free Wood (LFW) 22.13+1.97 -8.67 + 0.82

1 % doped LFW 10.07 £ 0.38 -3.93+0.52

3 % doped LFW 4.26 £ 0.09 -1.63+£0.04

5 % doped LFW 341+0.2 -1.36 £ 0.13

50 % doped LFW 2.23+0.47 -0.96£0.16

Lignin 1.08 + 0.2 -0.46 £ 0.07
Polypropylene (PP) 14.4 +2.83 5.2+0.98

Lignin doped PP (L-PP) 6.4 %2.55 2.53+0.75

Polylactic acid (PLA) 10.67 £2.47 4.13 +0.82

Lignin doped PLA (L-PLA) 2.93+0.5 1.07 +0.19
Polyethylene (PE) 50+£04 1.9+0.1

Lignin doped PE (L-PE) 23+0.3 -0.8

Polystyrene (PS) 5.06 + 0.39 1.81+0.1

Lignin doped PS (L-PS) 1.09 +0.19 0.39 + 0.09

3.2.2 Contact Charge Density of PDMS and The Effect of Lignin Doping
3.2.2.1. The Effect of Milling Time of Lignin on Contact Charging of

PDMS

Although tapping device is advantageous because it offers a high temporal resolution
and separate monitoring of contact and separation events, which provides valuable
information about the mechanism of charging and discharging, it is not useful in the

monitoring of CE of the PDMS samples, which have a high inherent adhesion.
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Therefore, the conventional method is taken to follow its contact charging of
lignin- doped and undoped PDMS samples. In this method, electrically neutral PDMS
pieces held by metal tweezers are contact charged by gently touching against an
aluminum foil (see section 2.2.7) up to 200 touches to acquire maximum charge
density on the surfaces. The pieces are then immersed into a homemade Faraday cup
connected to an electrometer that directly measures the charges induced into the
Faraday cup by the charged piece immersed in it. The number of touching events and
the net charge density obtained on the piece after these events are plotted

(see Figure 41).

Firstly, the effect of cryomilling time of lignin on the acquired contact charges on the
lignin doped PDMS pieces is investigated (Figure 42). 5 to 60 minutes cryomilled
nutshell lignin was doped into PDMS to obtain 5% (w/w) lignin-doped PDMS
(L- PDMS) pieces. It is shown that, as the cryomilling duration of lignin increases the
surface charge density of PDMS diminishes: The maximum charges that can be
obtained were found as -1.18 + 0.20, -1.17 + 0.18, -1.10 + 0.16 and -0.84 + 0.15
nC/cm?, for 5, 10, 30, and 60 minutes, respectively, after 200 touches to aluminium
foil. With 60 min cryomilled lignin, a charge mitigation of about 62% is obtained
(-2.2 + 0.20 nC/cm? (undoped) to -0.84 *+ 0.15 nC/cm? (60 min cryomilled).
60 minutes cryomilled lignin exhibits maximum impact on the charge magnitudes as

less charge accumulation from even at the very first touches.
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Figure 41. Contact Electrification results of 5 % lignin-doped PDMS. Undoped PDMS vs 5-10-30-60 min
cryomilled doped PDMS.

Such an increase in the extent of contact charge mitigation by lignin-doping in PDMS
by the increase in milling time of lignin can be attributed several factors: 1) the
increase in the reacted number of radicals that are generated upon prolonged milling
time, 2) the decrease in the particle size of lignin upon longer milling, which gives a
higher surface are of lignin for the contact charges (mechanoions) and

mechanoradicals to interact with.

Table 5 indicates that there is a continuous increase in reacted number of radicals of
nutshell lignin as the cryomilling duration increases (as determined by the DPPH test,
for details of this test, see Experimental part). In Table 5, it is shown that cryomilling
encourages the formation of mechanoradicals, there is a ca. 20% increase in the

reacted number of radicals in lignin upon milling.
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Table 5. Comparison of the effects of cryomilling time on particle size, reacted number of radicals in
lignin and charge density of PDMS. Reacted number of radicals were calculated after the complete
reaction of lignin radicals with DPPH radicals (144 hours).

CRYOMILLING PARTICLE SIZE CHARGE DENSITY REACTED NUMBER OF
TIME (min) (nm) (nC/cm?) RADICALS / g
0 - - 2.5x10%! + 1.8 x10*°
5 1324 +173.4 -1.18 £0.20 2.9x10% + 1.9 x10*°
10 892.31+17.8 -1.17 £0.18 2.8 x10% + 7.5 x10*°
30 913.8+27.4 -1.10+£0.16 3.0 x10%* + 1.7 x10%°
60 756.8£11.3 -0.84 £0.15 3.0 x10% + 1.0 x10*°

On the other hand, surface area of the particles grows with milling time, as evident
from the SEM micrographs, thanks to reduction of the particle sizes. Figure 42 and

Table 5 show the inverse relation between the particle size and cryomilling time.

Allin all, it is displayed that mechanical treatment of extracted lignin helps to create
more radical units, as well as larger surface area of the dopant, and therefore, results

in an efficient charge mitigation on PDMS surface (see Figure 42).
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Figure 42. Charge density of PDMS and particle size of lignin as a function of cryomilling time.

3.2.2.2. The Effect of Lignin Sources on Contact Charging of PDMS

The charge mitigation effect of doping of polymers with lignin extracted from
different lignin sources extracted from maple, pine, and birch barks were also
investigated to understand any variations stemming from the extraction source.
Lignin samples extracted from these sources were cryomilled for 60 minutes and
doped into PDMS as 1% and 5% (w/w). As it is shown that in Figure 43, lignin doping

reduces the surface charges of PDMS even upon 1 % doping.

The maximum charge density obtained on the lignin-doped PDMS are found as:
-1.05+0.12 (1%) and -0.84 £ 0.15 (5%), -1.17 £ 0.12 (1%) and -0.89 + 0.16 (5%), -1.05

+0.14 (1%) and -0.93 £ 0.13 (5%), -1.23 + 0.28 (1%) and -1.06 + 0.28 nC/cm? (5%) for
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nutshell, maple, pine and birch lignin, respectively. The nutshell lignin doped PDMS
can be charged up to -1.05 £0.12 (1%) and -0.84 + 0.15 (5%), while pure PDMS
(undoped) charged up to -2.19 £ 0.11 nC/cm?. These numbers correspond to a charge

mitigation of about 52-62% upon 1 — 5% doping with lignin.
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Figure 43. Charge density vs number of touches on the surface of PDMS and L-PDMS (1% and 5%
doping) samples prepared with lignin extracted from nutshell, maple, pine, and birch. All samples
extracted from the sources are cryomilled for 60 min before doping.
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3.2.2.3. The Effect of Total Phenol Content of Lignin on Contact

Charging of PDMS

The total phenol contents (TPC) of lignin samples extracted from the lignin sources
listed above were calculated and listed in Table 6. In Figure 44, the charge densities
obtained by touching PDMS and L-PDMS samples to aluminium foil are shown and
the pieces’” MGE (Methyl gallate equivalent) TPC values are given. All samples have
TPCs between 61 — 75% MGE and they have a charge mitigation percentage of
52 —62%. Here, we deduce that TPC value of at least 61% MGE (birch) is sufficient to

have a 52% charge mitigation in the sample.
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Figure 44. Charge density of undoped and doped PDMS versus total phenol content of lignin.
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Table 6. Comparison of lignin total phenol content and charge density of lignin doped PDMS.

Wil Total Phenol Content Charge Density
(MGE) % (nC/cm?)
PDMS - -2.19+0.11
Birch 61.4+5.1 -1.06 £ 0.28
Maple 63.3+5.9 -0.8910.16
Nutshell 679146 -0.84 £ 0.15
Pine 74.7+7.6 -0.93+0.13

3.2.3. Contact Charge Decay on PDMS and the Effect of Lignin Doping

The comparison of the charge decay profiles of the doped and undoped polymer
pieces gives information about the stability of the charges on the surfaces: whether
1) the mitigation is because less charges are produced on the surfaces upon doping
or 2) there is the same amount of charges forming on the surface, however the
species are now less stable because of doping. The profiles can also give information
about the number of species involved in the decay process. It is reported that a
contact charge decay on an undoped surfaces is first order (only one species, the
mechanoions that react, migrate, etc. are involved) [20]. An involvement of a second
species (e.g. dopant) can also be observed as a deviation from the first order decay
[75]. Therefore, decay profiles of lignin doped and undoped PDMS pieces were
recorded by letting the pieces immersed in the homemade Faraday cup for

30 minutes.

The decay rate constants were determined from the slopes of InQ vs time plots
assuming a first order decay initially. These values are found as 7.81 x10* s'%, 8.22

x10%s?, 1.29 x x103 s, and 2.02 x x1073 s for undoped, 1% doped, 3% doped, and
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5% doped PDMS, respectively (Figure 45-b). 5% lignin doped PDMS shows 2.6 times
faster decay than undoped PDMS. It is also revealed that, increasing doping
concentration from 1% to 5% accelerates the dissipation of the charges from the

polymer surface.

The decay profiles show, although lignin doped PDMS can be contact charged up to
a similar charge density as the undoped PDMS, however, the charges are less stable
on the former and decay faster. The deviations from linearity at the InQ vs time plots

upon doping with lignin shows that the dopant has a major role in dissipation of

charges.
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Figure 45. Charge decay plot of undoped and doped PDMS samples (a). The solid lines represent the
average of at least 3 measurements. Semi-logarithmic plots of charge vs time (b).

3.2.4. Why Does Wood Not Get Charged? Does Lignin Have Any Effect?

The standpoint of the thesis idea was that lignin is the main material responsible for
the wood’s reluctant behaviour towards contact charging. Although many other
materials’ positions are debated in the triboelectric series, the position of wood in

the triboelectric series does not change —it is always in the middle of the series.

To experimentally assess whether the antistatic nature of wood can be attributed to
the presence of lignin, first wood’s neutrality was verified by an initial experiment:
Wood (pine bark) and PDMS pieces of surface area 1.5 cm? are contacted against
aluminium foil under identical conditions, and any charge accumulated on the pieces

are recorded vs the number of touches to Al sheet. The results show that wood does
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not get charged while PDMS can be contact charged up to - 2.19 + 0.11 nC/cm? after

200 touches (Figure 46).
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Figure 46. Charge density vs number of touches on the surface of PDMS and Pine bark wood against
aluminum foil.

In a second experiment, we tried to extract lignin from wood, without changing the
morphology of the wood by a previously reported method [76]. Lignin is the material
that gives strength and colour to the wood; without it, wood is soft, fragile and
fibrous substance. Limba wood is especially appropriate for this purpose since the
cellulosic structure does not disintegrate even after the chemical removal of lignin.
Lignin-free wood is a white, cellulose-like material as shown in (Figure 47-b). After
complete removal of lignin, lignin-free wood was treated with cryomill, and then

doped with previously extracted lignin (1, 3, 5, 50% w/w) and the final powder
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material was pressed into pellets to obtain smooth surface ideal for contact charging

measurements (Figure 48).

<)

Limba Wood Lignin-free wood Cryomilled Lignin-free Wood  50% (w/w) Lignin doped of
sample C

Figure 47. Lignin extraction and wood bleaching (a-b), lignin-free wood after 5 min cryomilling and
lignin doping of wood by cryomilling (c-d).

LIGNIN CONCENTRATION
0% 1% 3% 5% 50% 100%

Figure 48. Lignin (pine bark) doping to lignin-free wood from 1% to 50% (w/w) by cryomilling. The
samples were doped with lignin by 5 minutes of cryomilling.

Wood samples, doped with lignin and undoped, were then contact charged against
PTFE and the electric potential of the surfaces created upon tapping is recorded.
Contact and separation voltages were separately assigned after saturation of the

oscilloscope signal (Figure 49). After the lignin extraction, lignin-free wood showed
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up to 22.13 + 1.97 V (Vcontact) While, 1 %, 3 %, 5% and 50 % doped wood charged
10.07 £0.38,4.26 £ 0.09, 3.41 £ 0.2 and 2.23 £ 0.47 V (Vcontact), respectively. It can be

seen that increasing lignin doping ratio inhibits the charging on the wood samples.
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Figure 49. Contact Electrification of lignin-free wood and lignin doping concentration to wood by 1-3-
5-50% (w/w). 100% doping concentration refers to pure lignin.

3.2.5. The Effect of Lignin Doping on The Surface Conductance of PDMS

One of the traditional mechanisms by which a dopant can render a polymer antistatic
is the increase in surface conductance. Metals, carbon, conductive polymers or
humidity enhancers can increase the surface conductance of the polymers by causing
a direction percolation (metals, carbon, conductive polymers) or a quench the
charges by conducting them on a continuous layer of water. Some organic molecules
can also be doped into polymers to increase the surface conductance above the

antistatic threshold. In order to find out whether lignin doping increases the surface
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conductance, we performed two-probe surface conductance measurements on the
samples. From the results of these measurements, it can be claimed that surface
conductance of PDMS does not changed (or changes in negligible amount) after
doping with 5% (w/w) of lignin. Surface conductance was found to be independent

from both lignin doping and the origin of lignin.
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Pine Lignin Doped PDMS
Birch Lignin Doped PDMS

Lignin Doped PDMS

Figure 50. Surface conductance results of PDMS and 5% lignin doped PDMS samples. Conductance of
the samples were calculated from surface resistivities measured via two-probe method. For
experimental details see section 2.2.7.3.

3.3. Mechanism of Charge Dissipation by Radical Scavenging

The charges on contact charged polymers can be stable up to weeks and even to
months. If there is no antistatic additive present in the polymer, the contact charges
are proposed to decay through mechanisms that involve reactions with gases in the
air, or through migration into the polymer bulk. There are several methods described
in the literature in order to eliminate or decrease the surface charges on contact-

charged polymers by additives increasing the rate of decay through creation of other
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pathways in the decay mechanism. All the traditional methods of contact charge
dissipation involve a conductance increase upon doping the dielectric materials with
metals, carbon powder, and conductive polymers. The surface conductance can also
be enhanced indirectly by attracting water from atmosphere on the polymer surfaces
by doping the polymers with surface humidity enhancers such as ionic polymers. As
explained in detail below, a new method was proposed recently to involve another
pathway, including removal of mechanoradicals on surfaces, which does not increase

surface conductance.

Herein, we have verified that, lignin, can also be used as an antistatic additive,
addition of which decreases the accumulation of surface charges acquired on contact
charged polymers. Its presence in low amounts (1-5%) in polymeric materials also
increases the discharge rates of the charge on the surfaces. Initially lignin was chosen
as a possible antistatic polymer additive depending on its radical scavenging ability.
However, the mechanism of charge dissipation must be clarified before the next
steps are taken; to understand whether the mechanism 1) includes an increase in
conductance, 2) includes an action of mechanoradicals or 3) involves participation of
other functional groups present in the structure of lignin. Since there exists no direct
spectroscopic or chemical tool to assess the mechanism that is taking place at the
very surface of the polymer, the clues obtained from several observations helped us

to understand some facts about the mechanism as follows.

First of all, we rule out the conventional mechanism of conductance increase since
the surface conductance did not increase upon lignin doping at the doping

concentrations we used in the experiments (section 3.2.5).
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Secondly, we analysed the hints from the “radical scavenging mechanism” that
involves mechanoradicals. In Figure 51, the mechanoradicals (ROO') created upon
contact and separation on polymer surfaces due to bond-breakages are shown
together with charges, which are mechanoions. On the right in Figure 51, stabilization
of the co-formed surface charges by mechanoradicals is pictured: The strong orbital
interactions between anion/cation orbitals with SOMO of radical orbitals, which is
confirmed by a later computational study, is the reason for this stabilization
[2,24,25]. Upon doping with lignin, radicals that are known to exist in native lignin
may play also play a role in the mechanism: They can react with mechanoradicals and
remove them from the surface. Therefore, the surface charges are no longer
stabilized and dissipate faster inevitably (Figure 52). For this mechanism to take
place, native (extracted) lignin has already a reacted number of radicals
(ca. 2.5 x 10?1/g, section 3.1.4.). However, we also found that the cryomilling time of
60 minutes increases the (chemically accessible) radicalic content by only 20%;
however, this causes an increase in charge dissipation of more than 60% (compared
to an undoped state). Therefore, charge dissipation by the native lignin radicals (even
when the number of lignin radicals are increased upon milling) cannot be the sole

mechanism.

Therefore, we surmise the mechanism should involve stable radical (phenoxy-type)
formation by H-transfer from the phenol groups of lignin (the most acidic positions)
to the mechanoradicals. This reaction, too, results in the scavenging of
mechanoradicals and destabilizes the charges, yielding an apparently faster decay of
them. This mechanism is supported by the fact that 1) lignin has enough phenolic-OH

content in the polymer backbone (in the same order with common molecular radical
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scavengers), which is evident from the total phenol content analysis (section 3.1.3)
and 2) by the fact that alkali lignin cannot provide the same level of an antioxidant
activity upon doping. By using lignin extracted from different sources that have slight
differences between the ratio of different monomeric units (differently substituted
phenyls), we also tried to assess which of these monomeric units might be more
active in this reaction. However, as the solid-state NMR studies show, the similar
ratio of the monomeric units in the examples of lignin sources we chose to use, does

not allow for such a comparison.
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Figure 51. The mechanism of contact charge formation and stabilization on polymer surface of an
undoped polymer.
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Figure 52. The mechanism of contact charge dissipation by removal of mechanoradicals by radical
(re)combination or H-transfer via lignin doping.
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CHAPTER 4

4. CONCLUSION

In this thesis, lignin was successfully extracted from available natural sources:
nutshell, and maple, pine, birch tree barks were used to display the lignin’s antistatic
action upon doping it to common polymers and to investigate the mechanism of this
action. It was found out that, up to 5% lignin doping caused 60-80% decrease in
accumulated charge on the polymer surfaces studied. The doping also caused a faster
decay (ca. 3 times faster than undoped) of charge on the surfaces. Unlike common
molecular radical scavengers, which were shown to provide an antistatic activity
through a mechanoradical removal, due to lignin’s complicated structure, several
other mechanisms might be involved in its antistatic action. Primarily, we ruled out
the increase in surface conductance by doping through surface conductance
measurements. Through total phenol content and quantitative radical analyses, we
show that the mechanism should involve an H-transfer from the phenolic groups in
lignin to the mechanoradicals formed, resulting in (more) stable radicals and removal
of the mechanoradicals that are responsible for charge stability. The antistatic action

could also be assisted by radicals that are present in native lignin, which might
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combine with mechanoradicals, remove them, and cause a destabilization of charges.
The results are demonstrated that lignin, a naturally available, low-cost material is a
good candidate to be used as an antistatic additive for common polymers even with
low concentrations of doping to get rid of charge accumulation-based hazards in
industry, particularly, space, pharmaceuticals, electronics, packaging, and plastics
manufacturing. We hope that the explanation we provided on the antistatic action of
lignin in contact-charged polymers will be helpful in this technological endeavor as
well as in understanding the long-debated molecular mechanism of contact-charging

and its dissipation on common polymers.
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