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Abstract

In recent years fuel injection equipment (FIE) has had to rapidly evolve to meet
ever more stringent emission standards with developments such as higher fuel
injection pressures and smaller injection orifices. The latest FIE technology,
however, has been found to be more susceptible to deposit formation in injectors
and filters which can be detrimental to the performance of the engine. The
chemical resistivity, non-toxicity and high thermal stability of Polyisobutylenes
(PIBs) makes these suitable precursors to polymeric dispersants which are
engineered to help prevent deposit formation. The PIB molecules can be
functionalised with succinimide/polyamine groups which facilitate adsorption of
the polymers at the surface of carbonaceous materials which precipitate out of
the fuel. Despite the fact the majority of processes involving these polymers occur
at high temperatures almost all previous studies into the dispersancy behaviour
of PIB and its derivatives are based at ambient or near ambient temperatures.
Using high temperature analytical methods to investigate PIB type dipersions
containing deposit surrogates will therefore allow insight into the dispersancy

mechanism in the temperature range in which they normally operate.

High temperature rheometry and !H NMR have successfully been used in
combination to study the fluidity of coal samples during coking and the pyrolysis
of biomass polymers. This research presents for the first time a study of PIB type
dispersions using these high temperature techniques. The aims of the project are
(1) to establish a reproducible methodology for both the sample preparation and
analysis of PIB type dispersions using high temperature rheometry and 'H NMR,
(2) to investigate the structure activity relationships of the polymers through the
utilisation of various PIB derivatives, and (3) to investigate the effects of changing

the deposit surrogate on the dispersion behaviour at high temperatures.

A reproducible methodology for both the sample preparation and the analysis has

been established. Characterisation of PIB, and two functionalised derivatives, PIB
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succinic anhydride (PIBSA) and PIB succinimide (PIBSI), demonstrates that the
viscoelastic and hydrogen mobility measurements of dispersion can be an
indication of the strength of the interaction between the polymer and carbon
particles. The range of PIBSI type molecules has been expanded to investigate
the structure activity relationships which include the effects of the number of
amines in the head group and the length of the PIB hydrocarbon chains. The
results indicate that the size of amine head groups have the most dominant effects
on the viscoelastic and molecular mobility behaviour. The effect of changing the
carbon type was investigated using 'H NMR where a number of dipersions
containing various types of commercially available carbons (that had previously
been utilised as reference carbons in comparison with actual injector deposits)
were analysed. The results show that changing the type of carbon used in a
dispersion sample can significantly affect the measured mobility of the sample. It
was indicated that the properties of the carbon material on the surface, such as
the level of carbon and oxygen surface %, and the level of graphicity / amorphicity
were the more dominant factors in effecting the mobility measurements as
opposed to other factors such as particle size and surface area. This gives
additional support that this method of high temperature measurement of
dispersions can provide an indication of the strength of the interaction between
the polymer and deposit surrogate particles rather than simply being controlled

by the inherent physical properties of the polymers or carbons themselves.



Acknowledgements

Firstly, I would like to express my sincere gratitude to my supervisor Prof. Colin
Snape whose immense knowledge and thoughtful insight have helped guide this
project from inception to completion. Equal credit must also be given to my
industrial supervisor at Innospec Ltd., Dr. Jim Barker. I would also like to thank
my secondary supervisor Dr Miguel Castro Diaz for his valuable input. The financial
contributions made by the EPSRC and Innospec Ltd. are also gratefully
recognised. Many thanks go to Mr. Barry Cheeseman of Innospec Ltd. for the
thermogravimetric analysis of the polymer samples.

I would like to especially thank Dr. Sylvia Nelima Kokonya for her assistance with
rheometer and NMR instruments at the University of Nottingham, as well as her
friendship throughout the project. Thanks also go to Dr. Malgorzata Wiatros
Motyka for her support and advice, as well as being a friend in the lab.
Collaborations with other researchers within the Department of Chemical
Engineering at the University of Nottingham have added greatly to the worth of
this project. As such, thanks are due to Dr. Lee Stevens for assistance with the
mastersizer, Mr. Nannan Sun for BET analysis and also Dr. Emily Smith for XPS
analysis.

Thanks are due to all of those within the EFET EngD centre as well as the centre
manager, Dr. Anup Patel.

For their constant encouragement and support I would like to thank my friends
and family, with particular thanks to Lucy and Charlie. I must also express my
heartfelt gratitude to Miss. Rachel Lewis for her infinite patience and reassurance.
Finally, special thanks are due to my parents, Mr. Glyn and Mrs. Marie Bailey, for
their unconditional support and encouragement both throughout this project and

always.



Contents

Y 1 o = [ oL 2
AcCKNOWIEdgEmMENES ..eeei e 4
Table Of FIQUIES ... e e e e e e neaas 10
N o g 0 T=T Lol =L o U] =N 23
3 1 o) oY 16 [t o [0 o P 25
3 I N = Y- Tl 1 | 01U [ IS PP 25
1.1.1 Engine emission standards .......cccoiiiiiiiiiiiiii e 25
1.1.2 Fuel injection SyStemS. ... iiii i 25
1.1.3 Fuel injection equipment depositS......c.cviviiiiiiiiiiiiiii e 26
1.1.4 Introduction to fuel additives ........c.coviiiiiiiii e 28
1.1.5 Deposit control additives .......coieiiiiiiii 28
1.1.6 Polyisobutylene and its derivatives ..........ccooiiiiiiiiiii 30
1.1.7 Background to polymeric dispersion theory..........ccoooiiiiiiiinnnn. 31
1.1.8 Polymer adsorplion......ccieiiiiiiiii e 33

1.2 Motivation for this study ......ccooiniiii 34
1.3 Specific project aims and ObjJeCtiVES .....cviiiiiiiii i 35

2 Literature REVIEW ...ciieiiiiiiii i 36
2.1 Engine deposit formation and structure ... 36
2.1.1  INErOdUCHION. ...t 36
2.1.2 Deposit formation mechanisSm .........cooiiiiiiiiii e 37
2.1.3 Morphology of carbonaceous type deposits........cccovviiviiiiiiniinnnn. 40
2.1.4 Morphology of polymeric type deposits........ccvvvviiiiiiiiiiiiieienes 43
2.1.5 Ultra-Low Sulphur Diesel (ULSD) deposSits ......ccvvvviiiiiiiiiiniinennens 44
2.1.6 Metal carboxylates derived engine deposits ........ccccvvvviiiiiiininnnnnn. 45
2.1.7 Biofuel derived engine depositS.......ccvviiiiiiiiiiiiiiiiiii i 46

2.2 Carbon bIacK .....uieii 48
2.3 Introduction t0 PIBS .....iiviiiiiiiiiiiiiii e 49
2.3.1 Synthesis of polyisobutylene succinimide.............ccoviiviiiiiiiiennnnnn 49

2.4 PIBSI behaviour at ambient temperatures.........cccooiiiiiiiiiiiie 51
2.4.1 Adsorption of PIBSI onto deposit surrogates ..........ccocvvvvievinnnnnnen. 52
2.4.2 Effect of extending polyamine head group ........cccovvviviiiiiiniinnnn. 53
2.4.3 Effect of extending PIB hydrocarbon tail length ............cccoeiinniit. 57



2.4.4 Effect of PIB arChiteCtUNe .. iieeie e s eee e eeeeennnnnns 58

2.5 Thermal effects. ..o 60
2.5.1 Thermal degradation of PIBS.......ccoiuiiiiiiiiiii e 60
2.5.2 Stabilisation mechanism of PIB at high temperatures................... 61

2.6 Review of high temperature studies of non PIBS .........ccvivviiiiiiiinnnnn. 66
2.6.1 High temperature NMR spectroscopy and rheometry.................... 66

2.7  Chapter SUMMAIY .o e a e a s raneeaaneens 68
EXPErimMeENtal ..o e 71

G 70 R V1 1 2=y o 1= o 1= oo o )2 71
0 Y o 1 o PP 71
3.1.2  VeCtor MOAEl ..o 72
3.1.3 Pulsed magnetic field .......cooeiieiiii 73
3.1.4 Free induction decay (FID) ...ciiiriiiiiiiiii i 74
3.1.5 T relaxation (spin-lattice relaxation time) ........cocoviiiiiiiiiiinnns 74
3.1.6 T relaxation (spin-spin relaxation time)........ccooviiiiiiiiiiiiiic i, 75
3.1.7 High temperature TH NMR ....ooiiiiiiiiiiiir e e ve e ee e 75

3.2 IO NMR . e 76

3.3  RRNEOIOGY et 76
3.3.1 Hooke’s law of elastiCity ......cooviieiiii 77
3.3.2 Newton’s Law Of ViSCOSITY ...uieiieiiiiiiii e 77
3.3.3 Dynamic oscillatory measurements of viscoelastic materials ......... 78

3.4 Thermogravimetric analysis (TGA) .ouviiiiiiiiiiiii i 80

3.5 Temperature programmed oxidation (TPO) .....ccoviviiiiiiiiiiiiiiiiieeann 81

3.6 Gel permeation chromatography (GPC)......ccoviiiiiiiiiiiiiiiin e 81

3.7 X-ray photoelectron spectroscopy (XPS) ...oviviiiiiiiiiiiiiiiiiiiiiiieiineenes 81

3.8 Brunauer-Emmett-Teller (BET) analysisS ......ccoviiiiiiiiiiiiiiiiiiiie e 82

3.9 Particle size analysis (via laser diffraction) .......c..coooiiiiiiiicic e, 82

3.10 MaAterialS . e e aa 82
3.10.1 Summary of polymer samples.......ccooiiiiiii e 82
3.10.2 Summary of carbon samples......c.ccviiiiiiiii e 84
3.10.3 SOIVENT .o e 86

3.11 Preparation of polymer carbon dispersion samples .........c.ccceeviiiiinnen. 86

3.12 Description of analytical techniques........ccviiiiiiiiiiiii e 87

3.12.1 High temperature 'H Nuclear Magnetic Resonance spectroscopy.... 87
6



3.12.2 Solid state 3C NMR SPECLIrOSCOPY ..euvuinirerririniieiiieitinaeieieieenanannns 88

3.12.3 High temperature rheometry ......ccooiiiiiiiiii 88
3.12.4 Thermogravimetric analysis (TGA) ...ccviiiiiiiiiiiiiiiii e 90
3.12.5 Temperature programmed oxidation (TPO)......cciiiviiiiiiiiiiinnnnns 90
3.12.6 Gel permeation chromatography (GPC). ...cceviiiiiiiiiiiii s 90
3.12.7 X-ray Photoelectron Spectroscopy (XPS) ..ccvviiiiiiiiiiiiiiiiiiiieeens 91
3.12.8 Brunauer-Emmett-Teller (BET) ANalysSis ...cccviiiiiiiiiiiiiiiiiiiieeens 91
3.12.9 Particle size analysis (via laser diffraction)...........ccoiieiiiiiiiininnnn. 91

4  Optimisation of Sample Preparation and Main Analytical Methods ............. 93
4.1 EXperimental. oo s 93
4.1.1  Materials oo 93
4.1.2 Dispersion sample preparation .........ccoviiiiiiiiiii e 94
4.2 Optimisation conditions for characterisation of polymer/ carbon
dispersions- rhEOMELIY ..o 94
4.2.1 Auto tension adjustment on/off ..o 95
4.2.2 Strain-sweep MeasuUremMentS. ..o i e s raaeee s 99
4.2.3 Sample reproducCibility ....ccooiiiiiii 100
4.2.4 TA AR-2000 rheometer instrument measurements .................... 102
4.2.5 Effect of increasing carbon loading on viscoelastic behaviour ...... 105
4.3 Optimisation conditions for characterisation of polymer Carbon
dispersions- high temperature 1H NMR.......c.cooiiiiiiiiiiic e 106
4.3.1 Temperature FaNgE.....ciceiiiiiiiiieritiaerae st saseaaeaaness 106
4.3.2 H NMR peak graph fitting ......cocoiiiiiiii e 107
4.3.3 H NMR repeatability.......ccciviiiiiiiiiii 108
4.3.4 H NMR reproduCibility .....c.ouveieiiiiiieiiieee e 110
4.3.5 Effect of removing sonication step ......ccooviiiiiiiiiiiiiiii 112
4.3.6 Error measurement of data processing........cccovviiiiiiiiiiiiiiinnns 113
4.3.7 Effect of increasing solid loading on *H NMR mobility measurements

115

4.3.8 Contribution from the carbon black to the H signal ................... 117
4.4 Chapler SUMMIAY .oiueiieiiieiieese s e aes s s an e s s e e eaneeareraneenes 117
5 Characterisation of Polyisobutylene-Carbon Black Dispersions................ 119
5.1  EXperimental. ... 119
5.1.1  Materials oo e 119



5.1.2 Sample preparation .....ccoiiiiiii i 120

5.1.3 Summary of analytical methods used...........ccooiiiiiiiiiiiiiiiinn 120

5.2 ResUlts and diSCUSSION cuuiiiiiiiiiiiiiiie it iiiissressiisresssiasessiannnns 120

5.2.1 Thermogravimetric analysis (TGA) of PIB, PIBSA, PIBSI-A, PIBSI-B
120

5.2.2 High temperature rheological measurement of polyisobutylene ... 122

5.2.3 Rheological characterisation of PIB, PIBSA, PIBSI-A, PIBSI-B /MicroCB
(o 11y 1= =] o] 1= PP 124

5.2.4 High temperature *H NMR measurement of PIB, PIBSA, PIBSI-A and
PIBSI-B135

5.2.5 High temperature 'H NMR peak half width (AH1/2) measurement of PIB,

PIBSA, PIBSI-A, PIBSI-B — MicroCB diSpersionS......cccvvviiiiiieiineiineiinennss 137

5.3  Chapter SUMMaArY ..o e e e 142

6 Effect of Polymer Structure on Dispersion Behaviour...........ccoovviiiiinnnne. 144
6.1  EXperimental....ccociiiiiiii e 144
6.1.1 Materials ....ccieii 144
6.1.2 Sample preparation ........coiiiiiii s 145
6.1.3 Summary of analytical methods ...........cooiiiiiiiii 145

6.2 Results and diSCUSSION .....cuiiiiiiii i e e e e aneaaens 146
6.2.1 Thermogravimetric analysis (TGA) results ........cccviviiiiiiininnnns 146
6.2.2 Polar surface area calculations ... 147
6.2.3 Structure activity relationships at high polymer loadings ............ 149
6.2.4 Structure activity relationships at low polymer loadings ............. 166
6.2.5 Summary of structure activity relationships at low polymer loadings

179

6.3  Chapler SUMMAIY .o e e sa e ne e nneaneas 187

7 Possible effects of deposit surrogate properties on dispersion behaviour at high
L] ] 8= 1= Lo | <1 189
7.1 EXperimental.....ccooiiiiiiiii e 189
7.1.1  Materials oo s 189
7.1.2  Sample Preparation ......ooiiiiiiiiii e 190
7.1.3 Summary of Analytical Methods ........ccoiiiiii s 190

7.2 ResUlts and diSCUSSION ....ueiieii e e e e nneanennens 191
7.2.1  H NMR spectroscopy resultS......ccccviiiiiiiiiiiiiiii e, 191



7.2.2 Potential effect of carbon particle size on high temperature 'H NMR

FAN o B 0 L= U =T 0 4 =] 0] o= 193
7.2.3 Potential effect of carbon surface area on high temperature 'H NMR
AH1/2 MEASUNEMIENTS ittt i i i e e e s e eraanaees 194
7.2.4 Potential effect of carbon peak CO, emission temperature on high
temperature 'H NMR AH1/2 MEASUrEMENTS vvvviviriiriiiiriiiireieineiernenernenenns 195
7.2.5 Potential effect of carbon elemental surface composition on high
temperature 'H NMR AH1/2 MEASUrEMENTS vvvviriuiiriiiiriieireieineiernenernenenns 198
7.2.6 Polymer structure activity relationships with flake graphite (Micro850)
201
7.3  Chapter SUMMAIY v a e a e a e e aneaaneans 213
8 Conclusions and Recommendations for Future Work ..........cccovivivvininnnnsn. 216
8.1 Summary of conclusions and novelty of research .............cccovvvininnns 216
8.2 Recommendations for future WOork .......coovviiiiiiiiiiiiini s naenaens 218
A POolymMeEr SErUCTUIES it e e anneaaas 220
B Strain-sweep measurementS.....ccvviiiiiiiiiiiii e 223
C Duplicate n* measurements of PIB, PIBSA, PIBSI-A, PIBSI-B (65 %) MicroCB
(ST Y) I 1] 0 1=T ] (o] 1= PP 229
D n* measurements of various polymer MicroCB dispersions..................... 231
E Duplicate AH1/2 measurements of PIB, PIBSA, PIBSI-A (65 %) MicroCB (35 %)
(0 1] 01T ] o 1= P 235
F AHi2> measurements of various polymer MicroCB dispersions ................. 237
G AH;,>; measurements of PIBSI-H and PIBSI-F dispersions with various carbons
245
H  AHi» measurements for various polymer Micro850 dispersions.............. 248
I  Approximate calculation of PIBSI-A monolayer coverage of MicroCB ....... 251
J  XPS analysis results of carbon samples ......c.coiiiiiiiiiiiiiiii 253
S I U< (<] /=] o Lol =T PP 260



Table of Figures
Figure 1-1: (A) Clean injector needle, (B) fouled injector needle (Barker, Richards, Snape,

& Meredith, 2011), (C) homogeneous fuel spray from clean injector, (D) inhomogeneous

fuel spray from fouled injector (ATC, 2013). ciiiiiiiiiii i i aa e aaens 27
Figure 1-2: Deposit control additive mechanism .......ccoooiii i 29
Figure 1-3: Structures of PIB, PIBSA and PIBSI .......cciiiiiiiiiiiiiiici i e 31

Figure 1-4: Total Potential energy (Vt) diagram for two colloidal particles (Napper, 1970)

Figure 2-1: Mechanisms of Deposit formation (Lepperhoff & Houben, 1993) ............... 38
Figure 2-2: Summary of generally-accepted scheme for jet fuel oxidation. R represents a
generic alkyl group and Ar an aryl moiety (Cook & Richards, 2009). ......c.covviviiniiinnnns 39
Figure 2-3: SEM Image of solid deposit (Barker et al. 2009). ...ccovieiiiiiiiiiiiieeeene 41

Figure 2-4: Schematic depth profile of injector deposit (Barker, Snape, & Scurr, 2012).

Figure 2-5: Polymerisation of PIB (Li, Cokoja, & Kuhn, 2011). ..cccociiiiiiiiiiiieieeene 50

Figure 2-6: Synthesis of Polyisobutylene Succinimide (PIBSI) (Mortier & Orszulik, 1997).

Figure 2-7: Adsorption Isotherm of a PIBSI derivative from a xylene solution onto carbon
black surface at 60 °C and the schemes of the adsorbed polymer layer in the mushroom
and brush regimes (Chevalier, 2004 ). .. ..ot e e e e e e e e aaea s 52
Figure 3-1: Vector model of a collection of spin-1/2 nuclei at thermal equilibrium. (a) The
magnetic moment of the individual spins. (b) The net magnetic moment (Mo) of a large
numMber of SPINS (HOME, 19095 ). i e aae s 73
Figure 3-2: Typical Fourier transformation of FID signal (Jacobsen, 2007).................. 74
Figure 3-3: Schematic representation of response to an oscillatory strain or stress for a
viscoelastic system (0°<8<90°) (Tadros, 2010)...cciieiiiiieiiiiieiieiiraeraeraeraeraneaneaneanenes 79

Figure 3-4: (a) Image of Bruker MSL300 instrument and (b) Image of Doty 200 MHz NMR



Figure 3-5:(a) Image of RDA III high torque strain controlled rheometer (UoN), (b) Image
of TA AR-2000 controlled-stress rheometer (INNOSPEC INC.) c.eivviiiiiiiiiiiiiiic e 89

Figure 4-1: Image of PIBSI 65% MicroCB 35% sample on rheometer plate prior to analysis.

Figure 4-2: Complex viscosity (n*) as a function of temperature for PIB, PIBSA and PIBSI-
A (65 %) MicroCB (35 %) dispersions using a heating rate of 3 °C min! (y=0.05 %, w=
1 Hz) (RDA-III instrument). Auto tension off. ... 96
Figure 4-3: Complex viscosity (n*) as a function of temperature for PIB, PIBSA and PIBSI-
A (75 %) MicroCB (25 %) dispersions using a heating rate of 3 °C min-! (y=0.05 %, w=
1 Hz) (RDA-III instrument). Auto tension off. ... 97
Figure 4-4: n* as a function of temperature for PIB, PIBSA, PIBSI-A and PIBSI-B (65 %)
- MicroCB (35 %) dispersions using a heating rate of 3 °C min-tin nitrogen (y = 0.05, o
= 1 Hz).( RDA-IIT iNSErUMENT) . wiuiiiiiiii it aa e aans 99
Figure 4-5: Storage (G’) and loss (G") moduli as a function of strain (y) at 250 °C for
PIBSI-A (65 %) MicroCB (35 %) diSPerSiON. .iuuiieiiiiiiiiiiiiire it rieriesaesaasassaasaasanannans 100
Figure 4-6: Duplicate samples of PIBSI-A (65 %) and MicroCB (35 %) (1-4) using a heating
rate of 3 °C min-tin nitrogen (y = 0.05, o = 1 Hz). (RDA-III instrument).................. 101
Figure 4-7: Mean n* as a function of temperature for 4 duplicate samples of PIBSI-A (65
%) and MicroCB (35 %) using a heating rate of 3 °C min in nitrogen (y = 0.05, o = 1

Hz). (RDA-III instrument). Error bars are to 1 standard deviation of the sample mean.

Figure 4-8: n*, as a function of temperature for PIBSI-A (75 %) and MicroCB (25 %),

using a heating rate of 3 °C min-tin nitrogen (y = 0.05, ® = 1 Hz). (TA-2000 instrument).

Figure 4-9: n*, as a function of temperature for PIBSA (75 %) and MicroCB (25 %), using
a heating rate of 3 °C min-tin nitrogen (y = 0.05, o = 1 Hz). (TA-2000 instrument). . 104
Figure 4-10: Image showing residual PIBSA MicroCB dispersion material post heating. (TA

AR-2000 FNEOMEEEN) e 104

11



Figure 4-11: Complex viscosity (n*) as a function of temperature for various PIBSI-A (75
- 45 %) and MicroCB (25 - 55 %) dispersions, using a heating rate of 3 °C min-tin nitrogen
(7= 0.05, 0 = 1 HZ) ittt ittt s s et e e e e 105
Figure 4-12: 'H NMR spectra of PIBSI-A (85 %) MicroCB (15 %) dispersion at 250°C with
Calculated and Experimental COmMpPONENtS. .. .iviiiiiii i aae e 107
Figure 4-13: Evolution of the 'H NMR AH1/,2 with temperature for a PIBSI-A (85 %) MicroCB
(@RI ) e [ 1] s T=T =] 1] o N PPN 108
Figure 4-14: Evolution of the *H NMR AHi,2 with temperature for repeat analysis of a PIBSI-
A (85 %) Micro CB (15 %) diSPeIrSiON vuuuiisiisiitiitiite it ie ittt siesaesassassasaasaaneaneanenns 109
Figure 4-15: Evolution of the mean 'H NMR AHi/2> with temperature for repeat analysis of
a PIBSI-A (85 %) Micro CB (15 %) diSpersion.......c.vvoviieie e eeeenes 110
Figure 4-16: Evolution of the 'H NMR AH1,> with temperature for 3 duplicate PIBSI-A (85
%) Micro CB (15 %) dispersions (A, B, C) with sonication ...........ccoooiiiiiiiiiniinnn, 111
Figure 4-17: Evolution of the mean 'H NMR AHi/2 with temperature for 3 duplicate PIBSI-
A (85 %) Micro CB (15 %) dispersions (A, B, C). Error bars are to 1 standard deviation of
e SAMIPIE MEAN. L i e 111
Figure 4-18: Evolution of the 'H NMR AHz1,> with temperature for 3 duplicate PIBSI-A (85
%) Micro CB (15 %) dispersions (D, E, F) without sonication. ...........cccooiiiiiiiin. 112
Figure 4-19: Evolution of the mean 'H NMR AH1/2 with temperature for 6 duplicate PIBSI-
A (85 %) Micro CB (15 %) dispersions with (A, B, C) and without (D, E, F) sonication step.
Error bars are to 1 standard deviation of the sample mean.........c.ccciiiiiiiiiiiiie 113
Figure 4-20: Evolution of the 'H NMR AH1/2> with temperature for a PIBSI-A (85 %) MicroCB
(15 %) dispersion showing the FID transformed and processed 4 separate times...... 114
Figure 4-21: Evolution of the mean 'H NMR AHz1/2 with temperature for a PIBSI-A (85 %)
MicroCB (15 %) dispersion transformed from the FID and processed 4 separate times.
Error bars are to 1 standard deviation of the sample mean...........ccviiviiiiiiiiiiennns 114
Figure 4-22: Evolution of the 'H NMR AH1/2 with temperature for PIBSI-A (100 - 55 %)

MiICrOCB (0 =45 %) diSPerSIONS . ittt re e e saesaeaaeeaasaeaanannens 115

12



Figure 4-23: Evolution of the 'H NMR AH1/2 with temperature for PIBSI-A (75 %) MicroCB
(25 %) dispersion fitted with and without Gaussian components. ........c.cocvviiiiiinnnns 116
Figure 5-1: Weight percentage loss of PIB, PIBSA, PIBSI-A and PIBSI-B with temperature
using a heating rate of 3 °C Min™in NItrOgeN. ...cviuiviiiii e 122
Figure 5-2: n* as a function of temperature for PIB using a heating rate of 3 °C min!
(y=0.05 %, w= 1 Hz) measured on Rheometrics RDA-III high torque controlled strain
=TT g T o o 123
Figure 5-3: n* as a function of temperature for PIB using a heating rate of 3 °C min-!
(y=0.05 %, w= 1 Hz) measured on TA AR-2000 Controlled Stress rheometer........... 123
Figure 5-4: n* as a function of temperature for a PIB (65 %) MicroCB (35 %) dispersion,

using a heating rate of 3 °C min-in nitrogen (y = 0.05, o = 1 Hz). (RDA-III instrument)

Figure 5-5: n* as a function of temperature for PIB (65 %) and MicroCB (35 %) and PIBSI-
A (65 %) and MicroCB (35 %) using a heating rate of 3 °C mintin nitrogen (y = 0.05, o
= 1 Hz). (RDA-IIT iNStrUMENT) .oueieiiiii e 127
Figure 5-6. n* as a function of temperature for PIB, PIBSA, PIBSI-A and PIBSI-B (65 %) -
MicroCB (35 %) dispersions using a heating rate of 3 °C minin nitrogen (y = 0.05 , o =
1 HZ).( RDA-IIL iNSErUMIENE) e ettt e e s s e e s e r e r e e e e nennennes 128
Figure 5-7 n* as a function of temperature for PIBSI-A (65 %) and MicroCB (35 %), PIBSI-
B (65 %) and MicroCB (35 %) dispersions using a heating rate of 3 °C min!in nitrogen (y
= 0.05, ® =1 Hz).(RDA-IIT iNStrUMENT) ... vttt i e ee s 131
Figure 5-8: Mean n* as a function of temperature for duplicate samples for PIB, PIBSA,
PIBSI-A and PIBSI-B (65 %) and MicroCB (35 %) dispersions using a heating rate of 3 °C
min-tin nitrogen (y = 0.05, o = 1 Hz). (RDA-III instrument). Error bars are to 1 standard
deviation of the sample MeEaN. ... e 132
Figure 5-9: n* as a function of temperature for PIB, PIBSI-A and PIBSI-B (75 %) - MicroCB
(25 %) dispersions using a heating rate of 3 °C min-tin nitrogen (y = 0.05, o = 1 Hz).(TA

AR-2000 INSErUMENT) Loniiiii i e et e e e e 134

13



Figure 5-10. n* as a function of temperature for PIBSI-A and PIBSI-B (65-75 %)
dispersions with MicroCB (35-25 ©9%)-(RDA-III instrument), (25 %) (TA AR-2000
L F o g U1 V=T o | o) PPN 135
Figure 5-11: Evolution of 'H NMR AHi,> with temperature for PIB, PIBSA, PIBSI-A and
PIBSI-B using a heating rate of 3 °C min™1in Nitrogen ......ccvvieiiiiiiiiiiir e, 137
Figure 5-12: Evolution of the 'H NMR AHi,> with temperature for PIB, PIBSA, PIBSI-A and
PIBSI-B (65 %)-MicroCB (35 %) dispersions using a heating rate of 3 °C min-in nitrogen.
Error bars are to 1 standard deviation of the sample mean............ccooiiiiiiiiiin 139
Figure 5-13: Evolution of the H NMR AHi/,2 with temperature for PIB, PIBSA, PIBSI-A and

PIBSI-B (75 %) MicroCB (25 %) dispersions using a heating rate of 3 °C min in nitrogen.

Figure 5-14: Evolution of the 'H NMR AHi/2 with temperature for PIBSI-A and PIBSI-B

MicroCB dispersions at various concentrations (polymer 100-65 %, MicroCB (0-35 %).

Figure 6-1: Weight percentage loss as a function of temperature using a heating rate of 3
°C min! for PIB, PIBSA (A-C), PIBSI (A-E) in NItrogen. .....covvviiiiiiiiiiiiniicineieneeans 147
Figure 6-2: Weight percentage loss as a function of temperature using a heating rate of 3
°C min™! for PIBSI (F-K) iN NItrOgEN. ..uuiiiiiie et e e e eenas 147
Figure 6-3: n* values at 250 °C as a function of polymer % for various PIB and PIBSI-A
1 ol g 1@ 2 I =Y 0 T=1 1= [0 o 1= Pt 150
Figure 6-4: 'H NMR AH1/2 values at 250 °C as a function of polymer % for various PIB and
[1230) B AN T o] @ = e [ 1= =T = o] 1= 151
Figure 6-5: n* values at 250 °C as a function of polymer % for various PIBSI-C and PIBSI-
D20\ [ Tol o 101 = 3e [ =] 01T or=] o] o =P 152
Figure 6-6: 'H NMR AH1/2 values at 250 °C as a function of polymer % for various PIBSI-
C and PIBSI-D MiCroCB diSPeIrSiONS. .uuuuiisiisiiseiseinernerneseinesnesnssnnsassansansansnnsnnsnneenes 153
Figure 6-7: n* values at 250 °C as a function of polymer % for various PIBSI-C and PIBSI-

= T o 1@ = B =Y 01T =] Lo o 1= PR 155

14



Figure 6-8: 'H NMR AH1,2 values at 250 °C as a function of polymer % for various PIBSI-
C and PIBSI-E MIiCroCB diSperSioNS. ..uuiiuiiiiiiiisiie e st et e e sieeete e iaeeiaeeieeaeeaaes 156
Figure 6-9: n* values at 250 °C as a function of polymer % for various PIBSI-G and PIBSI-
H MiCrOCB diSPerSiONS. sttt ittt ittt st a e te s e e e e e et ee e seaesaeaanaanaanaaneanennans 157
Figure 6-10: *H NMR AH1/2 values at 250 °C as a function of polymer % for various PIBSI-
G and PIBSI-H MiCroCB diSPerSiONS. uuuuiiiiriiiiiiieie ittt saesansassassassaseaneaneanennes 158
Figure 6-11: n* values at 250 °C as a function of polymer % for various PIBSI-D and
PIBSI-F MIiCrOCB diSPerSiONS. uuttiitttitt ittt sttt ettt tatesateaatesatesateaaneaaneaaneaaneans 159
Figure 6-12: n* as a function of temperature for PIBSI-D and PIBSI-F (75%) MicroCB
(25%) dispersions, using a heating rate of 3 °C min-tin nitrogen (y = 0.05, o = 1 Hz). (TA-
B4 00 L T 1= 0T =T 0 ) 160
Figure 6-13: n* values at 200 °C as a function of polymer % for various PIBSI-D and
[1=30) Bl o] o] @ = e [ 1= o =T = o] 1= P 161
Figure 6-14: 'H NMR AHi,2 values at 250 °C as a function of polymer % for various PIBSI-
D and PIBSI-F MIiCroCB diSPerSiONS. cuuuiutitiitiiiiiiiiissss s e sesssnasassassassnssnsssnnss 162
Figure 6-15: 'H NMR AHi,2 values at 200 °C as a function of polymer % for various PIBSI-
D and PIBSI-F MIiCroCB diSParSiONS. .uiuuiiitiiittiite ittt it tate et satesatesatesateraneaaseaaneans 163
Figure 6-16: n* values at 250 °C as a function of polymer % for various polymer MicroCB
Lo 1] o= =] [0 o =7 PN 164
Figure 6-17: 'H NMR AH1,2 values at 250 °C as a function of polymer % for various polymer
T g o1 @F = B =Y 01T =] o 1= 164
Figure 6-18: n* values at 250 °C as a function of polymer % for various polymer MicroCB
Lo L1 01T =] 1 1 165
Figure 6-19: 'H NMR AHi,2 values at 250 °C as a function of polymer % for various polymer
T g o 1@ = B =Y 0T =] o 5 1= PR 166
Figure 6-20: 'H NMR AHz1/2 values at 250 °C as a function of polymer % for various PIB

and PIBSI-A MICrOCB diSPerSiONS. . vt tiitiitiiieie sttt ae e e e s e saesaesaeaaneaneanss 168

15



Figure 6-21: !3C NMR spectra of various PIBSI-A MicroCB dispersions (ambient
0= g 1= =1 0 | /=) P 169
Figure 6-22: Evolution of the 'H NMR AH12 with temperature for 3 duplicate PIBSI-A (5
%) Micro CB (95 %) dispersions (A, B, C). civiiiiiiiiiiii i nnenneaaeas 171
Figure 6-23: Evolution of the mean 'H NMR AHi/2> with temperature for duplicate analysis
of PIBSI-A (5 %) Micro CB (95 %) dispersions (A, B, C). Error bars are to 1 standard
deviation of the sample MeEaN. ..o e 171
Figure 6-24: 'H NMR AHi,2 values at 250 °C as a function of polymer % for various PIBSI-
C and PIBSI-D MiCroCB diSPeIrSiONS. .uiuuiiriitiitiiteiteieieiieiiesiesaesassassassaseansnneaneaneenes 172
Figure 6-25: 'H NMR AH1,2 values at 250 °C as a function of polymer % for various polymer
[Tl g 1@ 2 I Ty oY1 =] [0 1 1= P 173
Figure 6-26: 'H NMR AH1/2 values at 250 °C as a function of polymer % for various polymer
(PIBSI-D, K) MIiCroCB diSPerSiONS. vttt ittt iate it sate et aae et et ateeaaeaareaaneans 174
Figure 6-27: 'H NMR AHi/2 values at 250 °C as a function of polymer % for various polymer
(PIBSI-G, I) MiCrOCB diSPeIrSIONS. .uuutiuiitititititsissssssse e siesaesassassassassassasssnssnsss 175
Figure 6-28: 'H NMR AHi/2 values at 250 °C as a function of polymer % for various polymer
(PIBSI-G, H) MICrOCB diSPErSIONS. «iuuiuiitiitiisiiitisissssss s et saesassassassassassassanssnsss 176
Figure 6-29: 'H NMR AH1,2 values at 250 °C as a function of polymer % for various polymer
(PIBSI-D, F, J) MiCrOCB diSPerSiONS. «uuiuuitititiiiisaisesse st st sesaesesassassassassansanennens 177
Figure 6-30: 'H NMR AH1/2 values at 250 °C as a function of polymer % for various polymer
(PIBSA-A, B, C,) MIiCroCB diSPerSiONS. cuuuuisisisssississanesnesnesnerernesnnsnnsansansansansansnnens 178
Figure 6-31: 'H NMR AH1,2 values at 250 °C as a function of polymer % for various polymer
(PIBSI-I, K) MiCrOCB diSPEIrSiONS. «iutiittiittiitttite it tate it tate et eatesatesaterateaaneaaseaaneans 179
Figure 6-32: 'H NMR AH1,2 values at 250 °C as a function of polymer % for various polymer
Tl g o 1@ = B | 1] 0T =1 o 1= PP 181
Figure 6-33: 'H NMR AHi/2 values at 250 °C as a function of the polar surface area of the

polymer head groups for various polymer MicroCB dispersions. .......cccocvviiviiiiininnnns 183

16



Figure 6-34: 'H NMR AHi/2 values at 250 °C as a function of the molecular weight of the
PIB backbone (PIB-Mn) for various polymer MicroCB diSpersions. ........ccvvevveviniinnnnnns 184
Figure 6-35: 'H NMR AH1/2 values at 250 °C as a function of the number average molecular
weight (Mn) for various polymer MicroCB diSperSions. ....ccvvvvieviriieiiniiniinsnnennennennannss 185
Figure 6-36: 'H NMR AH1/2 values at 250 °C as a function of the weight average molecular
weight (Mw) for various polymer MicroCB diSpersions. ......c.ccvveiiiiiiiiiiiiiiiineineinennenns 187
Figure 7-1: *H NMR AHz,2 values at 250 °C as a function of polymer % for various polymer
(PIBSI-F, H) -Carbon diSpersions. ...iiiiiiiiiiiii i i e e e ae et sane s aaeaaneaas 192
Figure 7-2: 'H NMR AHzi/2 values at 250 °C as a function of the average particle size of the
carbon for various polymer (PIBSI-F,H)- carbon dispersions. .......ccccoviviiiiiiiiiiiniinnnnn. 194
Figure 7-3: 'H NMR AHi,2 values at 250 °C as a function of the surface area of the carbon
for various polymer (PIBSI-F, H) - carbon diSpersions. ........ccceviiiiiiiiiiiiiiiiniinennannans, 195
Figure 7-4: 'H NMR AHi2 values at 250 °C as a function of the peak CO2 emission
temperature of the carbon for various polymer (PIBSI-F,H)- carbon dispersions........ 197
Figure 7-5: Peak CO2 emission temperature (via TPO) against carbon surface composition
QI ) T PP 199
Figure 7-6: *H NMR AH1/2 values at 250 °C as a function of the carbon surface composition
of the carbon for various polymer (PIBSI-F,H)- carbon dispersions. ...........ccccvvvennnn. 200
Figure 7-7: 'H NMR AHi,2 values at 250 °C as a function of the oxygen surface composition
of the carbon for various polymer (PIBSI-F,H)- carbon dispersions. ...........ccccvvuvnnne. 201
Figure 7-8: 'H NMR AHji,2 values at 250 °C as a function of polymer % for various polymer
oo oYY e 1Y 01T =] o 1= PP 202
Figure 7-9: 'H NMR AHji,2 values at 250 °C as a function of polymer % for various polymer
(PIBSI-D, F) -Micro850 or MicroCB diSperSiONS. .....uuiieiieiieeiiieiieiieiinsaesaasaasnnaanannans 203
Figure 7-10: 'H NMR AHji/2 values at 250 °C as a function of polymer % for various polymer
(PIBSI-D, K) -Micro850 or MicroCB diSPersiONS. ...uuvirvireireieieiiernesnesansansnnsnnsanennens 204
Figure 7-11: 'H NMR AHjy/2 values at 250 °C as a function of polymer % for various polymer

(PIBSI-G, H) -Micro850 or MiCroCB diSperSiONS. ...uvviriiseireieieiiernernesnssansnnsnnsnnennens 205

17



Figure 7-12: 'H NMR AHji/2 values at 250 °C as a function of polymer % for various polymer
(PIBSI-I, K) -Micro850 or MicroCB diSperSiONS. .uiiuiiiiiiiiiiie i it it i i e saaeaaneas 206
Figure 7-13: 'H NMR AH1,2 values at 250 °C as a function of polymer % for various polymer
(PIBSI-G, I) -Micro850 or MicroCB diSpersions. ..u.vvviiiiiiiiiiii i siesiesissnnennennannans 207
Figure 7-14: 'H NMR AHji/2 values at 250 °C as a function of polymer % for various polymer
el [Tel oS 1Y O e [ =] o 1=] Y o] o - 208
Figure 7-15: 'H NMR AHzi/2 values at 250 °C as a function of the polar surface area of the
polymer head groups for various polymer MicroCB dispersions. ........ccvvvieviniiniinnnnns 210
Figure 7-16: 'H NMR AHi/2 values at 250 °C as a function of the molecular weight of the
PIB backbone (PIB-Mn) for various polymer MicroCB diSpersions. ........cccoevvevvnennenens 211
Figure 7-17: 'H NMR AHz,2 values at 250 °C as a function of the number average molecular
weight (Mn) for various polymer MicroCB diSpersions. ....c.vvvvievieiieiierieninrnnsnnennsnnennss 212
Figure 7-18: 'H NMR AHi,2 values at 250 °C as a function of the weight average molecular
weight (Mw) for various polymer MicroCB diSPerSioNS. ....ccviviiiiiiiiiiiiiiie i eieeaas 213
Figure B-1: Storage (G’) and loss (G") moduli as a function of strain (y) at 100 °C for PIB
45% MICroCB 5500 AiSPOISION. .ttt et ie e aee s 223
Figure B-2: Storage (G’) and loss (G") moduli as a function of strain (y) at 250 °C for PIB
45% MICroCB 5500 AiSPOISION. .ttt ittt e e e e eaaeaaee s 223
Figure B-3: Storage (G’) and loss (G") moduli as a function of strain (y) at 350 °C for PIB
45% MICroCB 5500 AiSPOISION. .ttt ittt e e e e eaaeaaee s 224
Figure B-4: Storage (G') and loss (G") moduli as a function of strain (y) at 100 °C for PIB
65% MiICroCB 35% diSPaISIiON. .iiitiiitiii i e e e r et ae e aneaaneas 224
Figure B-5: Storage (G’) and loss (G"”) moduli as a function of strain (y) at 250 °C for PIB
65% MiICroCB 35% diSPaISIiON. .iiitiiitiii i e e e r et ae e aneaaneas 225
Figure B-6: Storage (G’) and loss (G”) moduli as a function of strain (y) at 350 °C for PIB
65% MicroCB 35% dispersion. (350°C) ..uiiiiiiiiiiii ittt sassansansansansaneaneanens 225
Figure B-7 : Storage (G’) and loss (G") moduli as a function of strain (y) at 100 °C for

PIBSI-A 45% MicroCB 55% diSpersioN. ..uiieiieiiriiiiii i i saesansnasanennennans 226

18



Figure B-8: Storage (G’) and loss (G") moduli as a function of strain (y) at 250 °C for
PIBSI-A 45% MicroCB 55% diSpersion. ..uiiuiiiiiiiiii i re s aneaaeanenaenaens 226
Figure B-9: Storage (G’) and loss (G") moduli as a function of strain (y) at 350 °C for
PIBSI-A 45% MicroCB 55% diSpersion. ..uiiuiiiiiiiiii it i i ae s aseaaeanenneanans 227
Figure B-10: Storage (G’) and loss (G") moduli as a function of strain (y) at 100 °C for
PIBSI-A 65% MicroCB 35% diSperSion. ..uiiuiiiiiiiii it sar s aeaaeanennennens 227
Figure B-11: Storage (G’) and loss (G") moduli as a function of strain (y) at 250 °C for
PIBSI-A 65% MicroCB 35% diSpersion. ..uiiuiiiiiiiiii it s e ansaaeanenneanens 228
Figure B-12: Storage (G’) and loss (G") moduli as a function of strain (y) at 350 °C for
PIBSI-A 65% MicroCB 35% diSPersioN. ..uiiuiieiiiiiiiiiiiiii it as s e aeas 228
Figure C-1: Duplicate samples of PIB (65 %) and MicroCB (35 %) (A, B, C) using a heating
rate of 3 °C mintin nitrogen (y = 0.05, o = 1 Hz). (RDA-III instrument).................. 229
Figure C-2: Duplicate samples of PIBSA-A (65 %) and MicroCB (35 %) (A, B, C, D) using
a heating rate of 3 °C mintin nitrogen (y = 0.05, ® = 1 Hz). (RDA-III instrument). .. 229
Figure C-3: Duplicate samples of PIBSI-A (65 %) and MicroCB (35 %) (1-4) using a heating
rate of 3 °C min-tin nitrogen (y = 0.05, o = 1 Hz). (RDA-III instrument).................. 230
Figure C-4: Duplicate samples of PIBSA-B (65 %) and MicroCB (35 %) (A, B, C, D) using
a heating rate of 3 °C min-tin nitrogen (y = 0.05, o = 1 Hz). (RDA-III instrument). .. 230
Figure D-1: n* as a function of temperature for various PIB and MicroCB dispersions, using
a heating rate of 3 °C min! in nitrogen (y = 0.05, ® = 1 HZ). cooviiiiiiiiiiiiiiiienenenns 231
Figure D-2: Complex viscosity (n*) as a function of temperature for various PIBSI-A and

MicroCB dispersions, using a heating rate of 3 °C min!in nitrogen (y = 0.05, o = 1 Hz).

Figure D-3: n* as a function of temperature for various PIBSI-C MicroCB dispersions, using
a heating rate of 3 °C mintin nitrogen (y = 0.05, @ = 1 HZ). .cocoiviiiiiiiiiiiiiieeeen 232
Figure D-4: n* as a function of temperature for various PIBSI-D MicroCB dispersions, using

a heating rate of 3 °C min-tin nitrogen (y = 0.05, @ = 1 HZ). .coceiviiiiiiiiiiiiiceeeen 232

19



Figure D-5: n* as a function of temperature for various PIBSI-E MicroCB dispersions, using
a heating rate of 3 °C mintin nitrogen (y = 0.05, ® = 1 HZ). coeviiiiiiiiiniiiiiicneens 233
Figure D-6: n* as a function of temperature for various PIBSI-F MicroCB dispersions, using
a heating rate of 3 °C min-tin nitrogen (y = 0.05, ® = 1 HZ). ccocoiiiiiiiiiiiiiiiieieeen 233
Figure D-7: n* as a function of temperature for various PIBSI-G MicroCB dispersions, using
a heating rate of 3 °C min-tin nitrogen (y = 0.05, ® = 1 HZ). ccccoiiiiiiiiiiiiiiiieieeeen 234
Figure D-8: n* as a function of temperature for various PIBSI-H MicroCB dispersions, using
a heating rate of 3 °C mintin nitrogen (y = 0.05, ® = 1 HZ). ccoviviiiiiiiiiiiiiiicneens 234
Figure E-1: Evolution of the 'H NMR AH1/2 with temperature for 3 duplicate PIB (65 %)
Micro CB (35 %) dispersions (A, B, C) wiiuiiiiiiiiiiiiiiiii i s s aan e e 235
Figure E-2: Evolution of the *H NMR AHi/2 with temperature for 3 duplicate PIBSA-A (65
% ) Micro CB (35 %) dispersions (A, B, C) iiiiiiiiiiiiiii i a e 235
Figure E-3 Evolution of the 'H NMR AH1/2> with temperature for 3 duplicate PIBSI-A (65 %)
Micro CB (35 %) dispersions (A, B, C) .iiiiiiiiiiiiiii i i a e e aae s 236
Figure F-1: Evolution of the 'H NMR AH1/> with temperature for PIB (100 - 2.5 %) MicroCB
(O Y Ie 1= 011 =] o] o 1= PP 237

Figure F-2: Evolution of the 'H NMR AHi> with temperature for PIBSA-A (100 - 5 %)

MiICroCB (0 -95 0) diSPEISIONS ...ttt ittt i i e e e et a et at e ate et aareaaneans 237
Figure F-3: Evolution of the 'H NMR AHi2 with temperature for PIBSA-B (25 - 5 %)
MiCroCB (75 -95 %0) diSPeIrSIONS ...ttt st s e e e s e s s e aaaneaneanens 238
Figure F-4: Evolution of the 'H NMR AHi2 with temperature for PIBSA-C (25 - 5 %)
MiCroCB (75 - 95 %) diSPerSiONS ...ttt ettt e a s e aaeaneanens 238
Figure F-5: Evolution of the 'H NMR AHi> with temperature for PIBSI-A (100 - 5 %)
MiICrOCB (0 - 95 %0) AiSPeISIONS . uttitiitiitiataitaat e ae et st sarsansanaaaaassanaanannans 239
Figure F-6: Evolution of the 'H NMR AHi> with temperature for PIBSI-B (100 — 5 %)
MiCroCB (0 - 95 %0) AiSPEISIONS .t utittttetittietataareansanerne e re e raeanesansansaneansansanennens 239

Figure F-7: Evolution of the 'H NMR AH1/2 with temperature for PIBSI-C (75 - 5 %) MicroCB

(25 - 95 %0) diSPEISIONS tuutiireie ittt st raeraesasaaseansaneansaneane e sneaaesansansanaansansanennens 240

20



Figure F-8: Evolution of the 'H NMR AH1/> with temperature for PIBSI-D (75 - 5 %) MicroCB
(@A Y e [ 1= =] =] o] o F= PP 240

Figure F-9: Evolution of the *H NMR AH1,> with temperature for PIBSI-E (75 - 5 %) MicroCB

(@A Y e [ 1= o 1= =] o] o F= PP 241
Figure F-10: Evolution of the 'H NMR AHi,2 with temperature for PIBSI-F (75 - 5 %)
MiCroCB (25 - 95 %) diSPerSiONS .uvutitiiiitiieiii it ae s s s s aseaaaaneaneanens 241
Figure F-11: Evolution of the 'H NMR AHi2 with temperature for PIBSI-G (75 - 5 %)
MiCroCB (25 - 95 %) diSPerSiONS .uuutitiitiittitiieiei ettt a e s assaseaneaneaneanens 242
Figure F-12: Evolution of the 'H NMR AHi2 with temperature for PIBSI-H (75 - 5 %)
MiCroCB (25 - 95 %) diSPerSiONS. vttt e a s e s s asaaaanaaaens 242
Figure F-13: Evolution of the 'H NMR AHi,> with temperature for PIBSI-I (25 - 5 %)
MiIiCroCB (75 - 95 90) diSPEISIONS 1.ttt i et a et a e et et ate et aareaaneans 243
Figure F-14: Evolution of the 'H NMR AHi,> with temperature for PIBSI-] (25 - 5 %)
MiIiCroCB (75 - 95 90) diSPEISIONS 1.ttt i et a et a e et et ate et aareaaneans 243

Figure F-15: Evolution of the 'H NMR AHi/2 with temperature for PIBSI-K (25 - 5 %)
MiIiCroCB (75 - 95 90) diSPEISIONS 1.ttt i et a et a e et et ate et aareaaneans 244
Figure G-1: Evolution of the *H NMR AHi2 with temperature for various PIBSI-H (5 %)
Carbon (95 %) diSPEISIONS ..u.uiiiiiiiii it e e 245
Figure G-2: Evolution of the 'H NMR AH1,2 with temperature for various PIBSI-H (15 %)
Carbon (85 %) diSPEISIONS ..u.uiiiiiiiii i 245
Figure G-3: Evolution of the 'H NMR AH1,> with temperature for various PIBSI-H (25 %)
Carbon (75 20) diSPEISIONS . .uiiitiiiiii i et 246
Figure G-4: Evolution of the 'H NMR AHi,> with temperature for various PIBSI-F (5 %)
Carbon (95 26) diSPEISIONS vttt e 246
Figure G-5: Evolution of the 'H NMR AH1,2 with temperature for various PIBSI-F (15 %)
Carbon (85 %) diSPEISIONS .uiuviieiieiieiiii i rr e e e e s e e rar e aneanaaneaneans 247
Figure G-6: Evolution of the 'H NMR AH1/2 with temperature for various PIBSI-F (25 %)

CaArbon (75 20) diSPeIrSIONS vttt 247

21



Figure H-1: Evolution of the 'H NMR AHi> with temperature for PIBSI-C (25 - 5 %)
Micro850 (75 - 95 %) diSPeIrSiONS ..uiiiiiiiti it i i e 248
Figure H-2: Evolution of the 'H NMR AHi,> with temperature for PIBSI-D (25 - 5 %)
Micro850 (75 - 95 %0) diSPeIrSiONS .uiiiiiiiii i e e a e a e aaeaas 248
Figure H-3: Evolution of the *H NMR AHi,2 with temperature for PIBSI-G (25 - 5 %)
Micro850 (75 - 95 %) diSPEIrSIONS ...viuiiitiitiiiiiiiii ittt ae s ar s asaaaeaneaneanens 249
Figure H-4: Evolution of the 'H NMR AHi2 with temperature for PIBSI-I (25 - 5 %)
Micro850 (75 - 95 %) diSPEIrSIONS ..uviiiiiiitiiiiitiii ittt ae s arsaseaaeanaaneanens 249
Figure H-5: Evolution of the 'H NMR AHi2 with temperature for PIBSI-K (25 - 5 %)
Micro850 (75 - 95 %) diSPEISIONS . .uiuiiiiiiiiiiiiiiii st a s a s s aaaneaaens 250

22



Nomenclature
AEP
BET
BP
Calcoke
CB
CMC
DCAs
DegCB
DETA
DMAPA
EDA
EU
FAME
FID
FIE
FT-IR
GPC
Hypermer B246
Hypermer LP1
IB
IDIDs
Kel-F
LCST
MA
MAS
Microl146

Micro450

Aminoethylpiperazine
Brunauer-Emmet-Teller

Boiling Point

Calcined Petroleum Coke
Carbon Black

Critical Micelle Concentration
Deposit Control Additives
Degussa Carbon Black
Diethylene triamine
Dimethyleaminopropylamine
Ethylenediamine

European Union

Fatty Acid Methyl Esters

Free Induction Decay

Fuel Injection Equipment
Fourier Transform Infrared

Gel Permeation Chromatography
PEG 30-dipolyhydroxystearate
Polyhydroxystearic acid
Isobutene

Internal Diesel Injector Deposits
Chlorotrifluorothene

Lower Critical Solution Temperature
Maleic Anhydride

Magic Angle Spinning

Flake Graphitel146

Synthetic Graphite450

23



Micro850

MicroCB

MW

NMR

PD

PEHA

PIB

PIB Func.

PIB-Mn

PIBs

PIBSA

PIBSI

PSA

RF

SEC

SEM

SPE

TEPA

TETA

TGA

THF

TKS

Tof-SIMS

TPO

TPSA

ULSD

UoN

XPS

Flake Graphite850

Mesoporous Carbon Black

Molecular Weight

Nuclear Magnetic Resonance
Polydispersity
Pentaethylenehexamine
Polyisobutylene

PIB Functionality

Number Average Molecular Weight of PIB backbone
Polyisobutylenes

Polyisobutylene Succinic Anhydride
Polyisobutylene Succinimide

Polar Surface area

Radio Frequency

Size Exclusion Chromatography
Scanning Electron Microscope
Single Pulse Excitation
Tetraethylene pentamine
Triethylenetetramine
Thermogravimetric Analysis
Tetrahydrofuran
Tetrakis(trimethylsiyl) silane
Time-of-flight Secondary Ion Mass Spectrometry
Temperature Programmed Oxidation
Topological Polar Surafce Area
Ultra-low Sulphur Diesel

University of Nottingham

X-ray Photoelectron Spectroscopy

24



1 Introduction

1.1 BACKGROUND

1.1.1 Engine emission standards

Stringent vehicle emission standards imposed by the European Union (EU) limit
the amount of pollutants allowed to be released by petrol and diesel engines.
These limits are known as the Euro standards and the latest legislation (Euro VI)
approved for light passenger vehicles in January 2013 (European Parliment, 2007)
limits emissions of CO to 500 mg/km and 1000 mg/km for diesel and petrol
engines respectfully. Nitrous oxides (NOx) are limited to 80 mg/km for diesel
engines and 60 mg/km for petrol engines and for both petrol and diesel engines
with direct injection, particulate matter is limited to 5 mg/km. The emission of
hydrocarbons is also limited by the EU standards. Given the increasingly stringent
measures to cap emissions the technology used in diesel engines, with particular
focus on the fuel injection equipment (FIE), has had to become increasingly more
finely engineered in order to meet these regulations (enviromental protection uk,

2015) (European Parliment, 2007).

1.1.2 Fuel injection systems

After over a century of development, FIE technology has come a long way since
Rudolf Diesel first developed the original working prototype of the diesel engine
as a means to improve the efficiency of the internal combustion engine. The
concept was that by adding fuel at a controlled rate to compressed air the rate of
heat released and the maximum cylinder temperature could both be more closely
controlled. Over one hundred years later the same basic principles of the diesel
engine remains despite obviously being far more sophisticated (Barker, Richards,
Pinch, & Cheeseman, 2010).

To achieve the new emission standards engineers have had to develop engines

that are increasingly more precise particularly within the FIE which has recently
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had to rapidly evolve with developments such as higher fuel injection pressures
and smaller injection orifices (Barker, Richards, Snape, & Meredith, 2009b). The
most recent diesel engines use common rail fuel injection systems which are
currently adopted by all automotive companies that produce passenger cars

III

(Petruzzelli, 2013). The term “common rail” is used because multiple fuel injectors
are supplied with high pressure fuel by the same rail (or accumulator). The
injectors are electronically controlled and once activated fuel is sprayed at the
desired pressure into the combustion chamber (Petruzzelli, 2013). These systems
operate at increasingly higher temperatures and pressures with diesel common
rail systems up to 3,000 bar currently in development (Denso, 2013). As a
consequence of the harsher operating conditions the latest FIE technology has
been found to be less tolerant to deposit formation than its less finely engineered
predecessors, with an increase in the number of reports of deposits being found

in injector needles and tips as well as filters, which can be detrimental to the

performance of the engine (Barker, Langley, & Richards, 2010).

1.1.3 Fuel injection equipment deposits

Fuel filtrations systems are used to prevent the passage of solid contaminants
within the fuel from reaching the injectors which can affect their performance.
However due to the high temperatures and pressures that direct injection systems
are exposed to the fuel can undergo chemical change within the fuel injectors
leading to more solid like deposits (Barker, Richards, Pinch, & Cheeseman, 2010).
Build-up of carbonaceous deposits on the parts of the injector exposed to hot
combustion gases which can affect both the fuel flow and atomisation resulting in
decreased engine performance (Owen, 1989). The other main type of deposit
concerns the build-up of gum or resinous degradation products in the injection
system leading to valve sticking on the pump plunges and the injector pintles or
needles (Owen, 1989). In the US the issue is predominantly the build-up of

carbonaceous deposits whereas in Europe the concern is more about internal
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lacquer formation (Barker & Cook, 2013). Variation between the refinery and fuel
distribution technologies in the US and Europe as well as differences in the diesel
vehicle fleet could exaggerate the apparent differences in the type of deposit
(Barker & Cook, 2013). In addition to the harsher conditions that the fuels are
exposed to, recent increase of the use of ultra-low sulphur diesel (ULSD) and
biofuels which themselves are being introduced to cut emissions and maximise
resources have coincided with the reports regarding FIE deposits making the
situation even more complex (Barker, Langley, & Richards, 2010). Scanning
electron microscope (SEM) images of a clean and fouled injector needle are shown
in Figure 1-1 (A) and (B) respectively (Barker, Richards, Snape, & Meredith, 2011)
and images showing the potential effects on fuel atomisation are shown in Figure

1-1 (C) and (D) (ATC, 2013).

() (D)

Figure 1-1: (A) Clean injector needle, (B) fouled injector needle (Barker,
Richards, Snape, & Meredith, 2011), (C) homogeneous fuel spray from clean

injector, (D) inhomogeneous fuel spray from fouled injector (ATC, 2013).
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1.1.4 Introduction to fuel additives

The increased pressure on vehicle manufactures to improve engine efficiencies
and lower emissions has seen the fuel additives industry become ever more
competitive. The EU27 market for fuel additives is over 200,000 tons per annum
with a value of over €500 million (ATC, 2013). It is estimated that over 95% of
road retail fuel (both gasoline and diesel) is treated with performance additives
with a wide range of fuel additive products available with different functions in
different areas of fuel use. These include problems encountered at a refinery,
distribution systems, storage tanks or various transport applications. They can be
used as a single stand-alone product with a specific task or maybe combined with
other products to form a multi-functional package for use in finished fuels for the
automotive industry (ATC, 2013). Automotive performance enhancement
products include deposit control additives, cetane improvers, lubricity additives,
friction modifiers, antifoam additives, corrosion inhibitors, demulsifiers and
dehazers, anti-valve seat recession additives and fuel borne catalysts for
particulates filters. Fuel additive treatment levels are low with some used at single

figure mg/kg (ppm) levels (ATC, 2013).

1.1.5 Deposit control additives

Deposit control additives (DCAs) are designhed to maintain the cleanliness of the
fuel systems. DCAs for both diesel and gasoline systems are very similar usually
consisting of a polar head group with an affinity for carbonaceous deposits and
metal surfaces and hydrocarbon tail which protrudes into the fuel enabling the
additive to be fully soluble (ATC, 2013).

Typical diesel DCAs contain molecules such as amines, imidazolines, amides, fatty
acid succinimides, polyalkylenes succinimides, polyalkylene amines and polyether
amines (Owen, 1989) whereas gasoline DCAs contain molecules such as amides,

amines, polybutene succinimides, polyether amines, poly olefin amines and
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Mannich amines (ATC, 2013). Gasoline DCAs generally maintain the cleanness of
the entire fuel systems particular the intake valves and fuel injectors. Within diesel
engines the intake valves do not come into contact with liquid fuel therefore with
diesel DCAs, the most significant focus lies in the fuel injector which atomises the
liquid fuel being delivered into the combustion chamber just before the
combustion of the fuel during each power stroke (ATC, 2013). DCAs of both types
have three main functions: a surfactant or protection action which provides a film
barrier to critical surfaces, dispersancy action which helps to prevent
agglomeration of particles and detergency action which enables additives to
dissolve pre-formed deposits by altering the equilibrium between the deposit
accumulation and removal mechanisms (Owen, 1989). DCAs are intended to be
used on a continual basis and typical treatment levels are 10 - 200 mg/kg
although this can higher if intended for existing deposit clean up. The various DCA

mechanisms are shown in Figure 1-2.
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Figure 1-2: Deposit control additive mechanism
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1.1.6 Polyisobutylene and its derivatives

If a molecule is to be utilised as a DCA it must meet certain criteria. Firstly, it
must be able to perform effectively under the high temperature operating
conditions of the engine. The additive must also undergo complete combustion
along with the fuel so as to not add to the deposits it is trying to prevent (these
are referred to as ash-less dispersants). The additive must be non-toxic to satisfy
environmental and health legislation and have high chemical resistivity to prevent
any unwanted by-products. Finally, the fuel additive must be economical enough
to be used on a commercial scale. Polyisobutylenes (PIBs) chemical resistivity,
non-toxicity and high thermal stability makes them suitable as precursors to
polymeric surfactants for use in fuel and oil additives (Li, Cokoja, & Kuhn, 2011).
Two derivatives of PIBs that are commonly used as precursors to commercial
dispersants are polyisobutylene succinic anhydride (PIBSA) and polyisobutylene
succinimide (PIBSI) which can be modified with various sizes of amine groups that
can provide the functionality to anchor to the carbon particles. The term PIBSI
can cover a multitude of different chemical structures which can sometimes lead
to confusion. PIBSI includes any species which has been synthesised from
polyisobutylene (PIB) of any molecular weight distribution and has been reacted
with maleic anhydride to form polyisobutylene succinic anhydride (PIBSA) which
is then reacted with an amine to form the PIBSI. The amine may be any amine
that contains at least one primary nitrogen atom group capable of reacting with
the anhydride (Reid & Barker, 2013). The functionalisation of the PIBSI molecules
facilitates the adsorption of the polymers at the surface of solid carbonaceous
particles and acidic materials, such as oxidised aromatics that precipitate out of
the fuel, as well as to the surface of the metal wall of engines (Chevalier, 2004).

The structures of PIB, PIBSA and PIBSI are shown in Figure 1-3.
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Figure 1-3: Structures of PIB, PIBSA and PIBSI

1.1.7 Background to polymeric dispersion theory

In fine-particle suspensions the equilibrium interaction forces between particles
may be explained as a combination of three main components: London- van der
Waals forces, electrostatic double layer effects, and forces mediated by polymer
chains. Potential energy diagrams serve to depict the equilibrium attractions or
repulsions as a function of the separation distance between the two particles. The
carbonaceous particles formed in fuels are believed to agglomerate through
attractive van der Waals forces which arise as the particles approach each other.
These instantaneous dipole induced dipole forces (also known as London
dispersion force) are brought about by random fluctuations of the electric field of
two adjacent molecules which then become coupled and oscillate together more
closely in phase than the fields of otherwise similar molecules in isolation (Barrett,
1985). The London attraction between two colloidal particles is a long range effect,
operating over tens of Angstréms and can be calculated for simple geometries
using Hamaker theory. The attractive potential energy (V,) between two identical
spheres of radius a and with a distance of closest approach of h (surface
separation = h << a) is given by (Napper, 1970) and is calculated using Equation

(1-1):
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a H (1-1)
Valh) = — 75 ;jl

where H,,, is the Hamaker coefficient.

Colloidal stability of suspensions of the particles may therefore be achieved by the
interposition of repulsive forces of significant magnitude to overcome these forces
(Barrett, 1985). This can be achieved electrostatically or sterically or a
combination of both. Figure 1-4 shows the total potential energy (Vt) diagram for
two colloidal particles. The total potential energy curve is characterised by a
potential energy maximum (Vm) which functions as an activation energy. The
potential energy minimum arises from short range overlap repulsive forces. The
secondary minimum is due to the fall-off in repulsive potential energy being more
rapid than that of the attractive potential energy.

If particles have a surface charge then an atmosphere of counter-ions and co-ions
form around each particle forming an electrical double layer. The stability of the
dispersion is dependent on the properties of this double layer. When the electrical
double layers for like-charged particles overlap, a repulsive inter-particle potential
arises. This acts to stabilise the dispersion, and is known as electrostatic
stabilisation. When the attractive (London dispersion force) potential energy and
the repulsive (electrostatic) force are combined a quantitative theory of stability
known as DLVO theory can be formulated. The total potential energy (V;) in DLVO
theory is calculated by adding together the attractive potential energy (V,) and
the repulsive potential energy (V) as shown in Equation (1-2) (Napper, 1970).

VT = VR + VA (1-2)
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Figure 1-4: Total Potential energy (Vt) diagram for two colloidal particles

(Napper, 1970)

Steric stabilisation can be achieved when polymers adsorb onto the surface of the
particles and extend far enough into the medium that when particles agglomerate
they are kept far enough apart by the chains that the London dispersion force
attractions do not become strong enough to hold the particles together (Pugh,
Matsunaga, & Fowkes, 1983). This can be achieved using polymer dispersants
such as PIBSI which consist of an attractive head group that anchors to the
particle, and a hydrocarbon chain that protrudes into the fuel. The polymer
dispersants thus surround the particles and the polymer layer prevents particles
coming into contact with each other. This also ensures that at the distance of
closest approach, the attraction between them is small enough that thermal
energy renders contact reversible (Barrett, 1985). The repulsive force that brings
about the stabilisation of the particles is considered to be mostly achieved through
steric hindrance although some studies suggest electrostatic forces may play a

role (Kornbrekke, Morrison & Oja et al., 1992).

1.1.8 Polymer adsorption

Polymer adsorption on particles can be used to influence the interparticle forces.
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The adsorption energy depends on the nature of the substrate and the solvent
and may be driven by covalent or ionic bonds, polar or van der Waals forces.

The forces are short range (in the order of Angstréms) and only effect segments
that are very close to the surface. Randomly attached polymers can be described
in terms of three types of subchains: trains which have all their units in contact
with the interface, loops which connect two trains and have no contact with the
surface and tails which are non-adsorbing chain ends (Fleer et al., (1993). With
terminally or end attached polymers the attachment may be through a single
group (ionic or chemically selective) or a block of segments (such as with a block
copolymer). The amount of surface coverage (adsorbed amount) will affect the
behaviour of the conformation of the polymer chains. At very low surface coverage
the chains have a tendency to flatten so that the conformation of the adsorbed
chains is unperturbed; the gyration radius of the adsorbed polymer coils is the
same as in dilute solution which is known as the mushroom regime. At the other
extreme, at high surface coverage, lateral interactions of adjacent polymer chains
will force the chains to stretch perpendicular to the surface (known as the brush
regime) (Chevalier et al., (2004). In both cases, conformation of the polymer

chains are affected by the interaction with the surface, the solvent and each other.

1.2 MOTIVATION FOR THIS STUDY

The theories describing the mechanisms of PIB based carbon dispersancy are
almost all based on studies conducted at ambient temperatures usually based
around adsorption. Studies of the polymers using high temperature analytical
methods will therefore allow insight into the dispersancy mechanism in the
temperature range that is within the polymers normal sphere of operation. A long
term goal is to develop reliable and inexpensive laboratory techniques that are
able to accurately predict the behaviour of these dispersants without having to
rely upon expensive full scale engine tests. Also, a thorough understanding of

these polymers will aid in the development of the next generation of fossil fuel
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engine additives which can help in maintaining engine efficiencies and the

lowering of harmful emissions.

1.3 SPECIFIC PROJECT AIMS AND OBJECTIVES

High temperature rheometry and 'H NMR have previously been used in
combination to study the fluidity of coal samples during coking and the pyrolysis
of biomass polymers. This research presents for the first time a study of PIB type
dispersions using both these high temperature techniques. The first aim of this
project is therefore to optimise the conditions for sample preparation and
analytical methodologies in order to produce reproducible analysis with the high
temperature rheometry and 'H NMR. This will be investigated using dispersions of
polyisobutylene succinimide (PIBSI) and carbon black which has been known to

mimic the properties of engine deposits (Clague & Donnet, 1999).

Once conditions for sample preparation and analysis have been established the
next aim is to characterise dispersions of a carbon black with PIB, PIBSA and
PIBSI in an attempt to investigate whether the different dispersions can be
distinguished using the techniques. The range of polymers will then be expanded
to include the effects of the size of the polar head groups and the length of the
PIB hydrocarbon chains as well as the dispersion behaviour at various
polymer/carbon concentrations. The final aim of this work is to investigate the
effects of the carbon properties on the dispersion behaviour by analysing
dispersions containing different deposit surrogates and attempting to relate the

properties to the analysis results.
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2 Literature Review

The aim of this literature review is to examine the research that has been carried
out on engine deposit formation and the PIB derivatives that are manufactured to
prevent their formation through dispersion. Special attention will be made to
thermally induced effects as to suit the conditions that are within the polymers

normal sphere of operation.

2.1 ENGINE DEPOSIT FORMATION AND STRUCTURE

2.1.1 Introduction

Fuel injection equipment (FIE) has had to rapidly evolve to meet emission
standards with developments such as higher fuel injection pressures and smaller
injection orifices (Barker et al., 2009). However, as a consequence of these
developments the latest FIE technology has been found to be less tolerant to
deposit formation than the less finely engineered predecessors, with deposits
found in injector needles and tips as well as in the filters which can be detrimental
to the performance of the engine. In addition, a recent increase in the use of ULSD
and biofuels has coincided with increased reports regarding engine deposits within
injectors and filters (Barker, Langley, & Richards, 2010). These contributing
factors have meant that fuels and fuel additives have also had to evolve so as to
maintain engine efficiencies.

Deposits in the injector nozzle hole can cause a reduction in their hydraulic
efficiency, decreasing engine power. This is not only due to the reduction in the
nozzle cross sectional area but also to the irregular deposit topography which will
increase frictional flow loss. As the injected fuel quantity is measured via time and
not volume basis, reduced nozzle flow will lead to a reduction in the amount of
fuel to combust and also effect the spray formation and atomisation resulting in

reduced combustion efficiency, increased fuel consumption and increased
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emissions (Smith & Williams, 2015). The effects of internal diesel injector deposits
(IDIDs) as summarised by Barker, Snape, & Scurr, (2014) are shown below:

e Reduced fuel economy

e Higher emissions

e Misfiring

e Stalling

e Rough idling

e Lack of power

e Increase in smoke

e No cold start performance

2.1.2 Deposit formation mechanism

A basic mechanism summarised by Lepperhoff & Houben (1993) and describing
deposit formation is shown in figure 2-1. The mechanism is independent of the
location of the deposit and of any combustion process (diesel/gasoline)
(Lepperhoff & Houben, 1993). The first phase (the induction phase) involves
condensation of gaseous components onto the relatively cooler engine wall and
the deposition of particles via sticking (which is caused by adhesive forces
between the wall and the particles), incorporation (which is the attachment of the
particles in a liquid surface layer) and impaction (which takes place via
thermophoresis). The second phase, described as the deposit growth stage,
involves adsorption of gaseous components and reaction with hydrocarbons
further building up a highly sticky layer in which more particles become
incorporated. As the deposit temperature increases the density increases as the
more gaseous components diffuse through the porous layer. Once the deposits
are attached to the wall the additional chemical reactions such as pyrolysis,

dehydration and polymerisation can take place.
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Figure 2-1: Mechanisms of Deposit formation (Lepperhoff & Houben, 1993)

The main causes for the recent increase in reports of deposit formation in the FIE
are more specifically summarised in a review paper by Cook & Richards (2009):
e Increased injection pressure to meet tighter emission requirements
e Shear and / or resulting temperature generated within injectors
e Increasingly severe hydro treatment of harder to refine fuel sources
e Incorporation of bio-derived components.

e Presence of acid in the fuel (Barker, Snape, & Scurr, 2014).

The concomitant change in injector technology associated with the introduction of
common rail fuel injection systems has seen the development of fuel injection
systems capable of pressures up to 300 MPa. The reduction in the nozzle hole
diameter has seen an associated significant increase in operating temperatures.
Nozzles of 100 um have been developed to create better fuel spray atomisation
and improve emissions (Barker, Snape, & Scurr, 2012).

The increased pressure provides plausible mechanisms which produce species of
increased molecular weight and reduced solubility, and are known for accelerating
a number of reactions occurring such as Dies-Alder, ene and carbonyl-ene where
reactants are known to form from free radical oxidation of various fuels at

moderately elevated temperatures. In a review paper by Cook & Richards (2009)
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the interlinked processes of fuel oxidation and deposit generation are discussed
in order to establish which components of fuels are most likely to be associated
with the recent increases in injector fouling and filter blocking. The deposits
formed from diesel fuel in injectors at high pressures at unknown temperatures
are said to be very similar to the deposits formed from the oxidation of jet fuels
at 260 °C and in excess of 300 °C and the mechanism is shown in Figure 2-2.
This involves molecular oxygen reacting rapidly with carbon centred radicals which
can then undergo hydrogen abstraction to form a new carbon centred radical. The
initiation step of this reaction is still not well understood although possible
explanations are oxidation of highly vulnerable components such as diallylic
methylene groups, homolysis of existing hydroperoxide or the step may be even

metal catalysed.

Initiation
Further RO,H
reactions . .
R 0=0
R
Soluble and
insoluble products .
ROO
ArOH

Figure 2-2: Summary of generally-accepted scheme for jet fuel oxidation. R

represents a generic alkyl group and Ar an aryl moiety (Cook & Richards, 2009).

Another process believed to be comparable to fuel oxidation is the oxidation of
hexadecane which is reported to occur at temperatures between 120 and 190 °C
and shows intramolecular reactions leading to keto- hydroperoxides,
fragmentation to yield aldehydes, olefins, and carboxylic acids, and cyclic ether
products (Cook & Richards, 2009). Other reactions where oxygen is limited are

also possible where hydroperoxides and free radicals once formed in plentiful
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supply of oxygen can then go on to form benzylic radicals from alkylated aromatics
leading to coupling of aromatic structures in a limited oxygen environment.

From the review of the literature the general mechanism for deposit formation
from fuel oxidation is summarised by Cook & Richards (2009) as follows:

The variation between different types of fuel deposits is dependent

on the intensity and duration of the thermal, oxidative and
mechanical stresses undergone.

e The initial stages are most likely the formation of hydroperoxides
from n-alkanes or n-alkane like fragments of other molecules. These
initial stages maybe metal catalysed or due to exceptionally reactive
components.

e According to the levels of the components in a sample the oxygen
and /or nitrogen containing species act as radical traps, become
oxidised and undergo coupling and/or acid/base reactions.

e As the molecular weight and the polarity of oxidised products
increases and /or the fuel cools down the solubility limit is reached

and phase separation occurs.

2.1.3 Morphology of carbonaceous type deposits

The morphology of IDIDs has been investigated in numerous studies. Barker et
al., (2009a) attempted to study the resultant deposits formed on fuel injectors
and filters in the field in an attempt to identify possible deposit precursors. Energy
dispersive X-ray analysis confirmed the deposits were mainly organic. The
(polymeric) residue from the filter deposits were washed and a black solid was
isolated (for example see SEM images in Figure 2-3) which showed the deposits
to be granular in nature. Diffuse Reflectance Infrared Fourier Transform
Spectroscopy indicated there to be a high carbon content with some functionality
present namely C=0, C-0 and evidence of aromatics. Elemental analysis indicated

carbon species to be present as a mixture of graphitic and organic species with
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oxygenated organics and aromatics being part of the matrix. GC/MS analysis was
also carried out on a set of fuels known to cause deposits within injector and /or
fuel filters to investigate the impact of ULSD and biofuels have on the level of
deposit formation. It was found that the formation of the deposits was
independent of whether a biodiesel blend or straight run ULSD was used. The high
thermal and pressure loads that the fuel is subjected to were therefore proposed

as a possible reason for deposition.

Figure 2-3: SEM Image of solid deposit (Barker et al. 2009).

Barker et al. (2009b) (different study) also determined that the deposits found in
fuel filters of diesel engines (employing high pressure fuel injection equipment)
contained the presence of n-Cis and Cis carbon backbones that are said to have
originated from carboxylic acid residue. This study, together with the study by
Barker et al. (2009a), concluded that the filter deposits analysed were shown to
be a complex mixture of graphite carbon, polyaromatics, cycloalkanes, aromatics,
straight chain and substituted alkanes, acids and inorganics.

The morphology of the FIE deposits was also reviewed by Cook & Richards (2009).
As stated above the deposits formed from diesel fuel in injectors at high pressures
at unknown temperatures were found to be very similar to the deposits formed

from the oxidation of hexadecane at 160 °C as well as from jet fuels at 260 °C
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and in excess of 300 °C. The deposits’ appearance is consistent with their
formation as small (<100 nm) liquid spheres before impaction on the surface
before or after agglomeration or aggregation. It is concluded from studies
reviewed that deposits comprise of chemically non-reactive heterocyclic and
polycyclic aromatic hydrocarbons physically adsorbed onto a core of polar,
possibly polymeric material containing a large amount of phenolic hydroxyl
groups. This is significant as the aromatic species and polyaromatics are known
to be precursors in the thermodynamic process to graphitic carbon. Also, the
presence of acids is said to be significant as oxygen species are deposit precursors
and occurrence was explained by the ability of carbon to absorb acids.

Further studies by the Barker research group utilised novel techniques such as
Barker et al. (2011) where hydropyrolysis is used to show IDIDs to contain small
archipelago structures of small ring size heavily alkyl substituted aromatics and
Barker et al. (2010) which utilised Temperature Programmed Oxidation (TPO) to
show IDIDs to have a greater degree of crystallinity in the carbon than in external
deposit thought to be a consequence of the rapid degradation of the fuel by the
high temperatures and pressures of the fuel system. More recently Barker, Snape,
& Scurr (2012) used Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS)
to analyse the IDIDs which showed deposits on the injector needle to be more
complex than categorised by the industry, with common links between filter and
injector deposits. A summary of the findings is shown in Figure 2-4. These studies
confirmed that there are highly structured aromatic ring structures in diesel

injector and filter systems.
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NaOH, NasSOa, Ca, K Layer

Figure 2-4: Schematic depth profile of injector deposit (Barker, Snape, & Scurr,

2012).

2.1.4 Morphology of polymeric type deposits

There is some evidence that fuel additives themselves can be indirectly involved
in deposit formation. For instance Ullmann et al., (2008) observed injector
deposits containing an ash-less organic polymeric material which was found on
the upper part of the body on common rail injectors. Although no actual evidence
of the additive in question, polyisobutylene succinimide (PIBSI) was observed
(PIBSI films are said to be beyond the detection limit) evidence of isobutylene,
amino groups and amide bonds was found. Due to the insolubility of the deposits
in organic solvents the chemical structure of the polymeric material could not be
fully characterised therefore it was attempted to reproduce deposit formation by
mixing PIBSI with other fuel additives consisting of dimer acids and acid and ester
based lubricity additives. It was observed that in isolation none of the additives
formed any degradation products however in combination it was found that the
deposits formed, most critically, when PIBSI was mixed with the di-fatty acids. It
was finally concluded that the presence of formic acid added to deposit formation.
More recently the propensity of PIBSI to cause injector sticking /internal injector
deposits (IDIDs) was investigated in two recent publications. In the first paper by
Reid & Barker (2013) a non-commercial low molecular weight PIBSI was
synthesised, and used in a Dw10B engine test and compared to a commercial

deposit control additive (DCA). While the commercial PIBSI caused no injector
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sticking, the low molecular weight PIBSI test produced IDIDs which did lead to
injector needle sticking. The analysis of the same deposits was presented by
Barker et al., (2014). Using mainly ToF-SIMS in combination various other
spectroscopic analysis techniques it was shown that the outer layer of the deposits
to be amide in nature although there was plenty of evidence to suggest that the
deposits were more complicated with both aromatics, high molecular weight
alkanes and the low molecular weight PIBSI which was found to be in one of the
inner layers. At the beginning of the test, low Mw PIBSI was in the imide form so
it is hypothesised that a polar species within the fuel formed the amide under the
influence of the high temperature and pressure. This conclusion was reinforced by
the fact that in the former study, engine testing of the low molecular weight PIBSI
with fuel that had been clay filtered to remove an additive species (which also
would remove any other polar species contained naturally within the fuel) yielded
no deposits. An explanation as to why the low molecular weight PIBSI was more
susceptible to deposit formation compared with high molecular weight commercial
deposit control additives is attributed to the low solubility in the fuel due to the
short tails and polar head groups which increase the propensity to drop out of
solution- the high molecular weight commercial additives have long chains which
help solubilise the molecules hence they do not drop out of solution or form

deposits.

2.1.5 Ultra-Low Sulphur Diesel (ULSD) deposits

ULSD, which was introduced to mitigate the effects of sulphur on the environment
(such as acid rain), is becoming increasingly more common in order to meet the
ever more stringent emission standards. As such, the sulphur content in fuel is
now limited to 15 mg/kg in the US (Barker et al., 2010). However this recent
switch to ULSD has coincided with the recent outbreak of reports concerning
engine deposits which has coincided with the introduction of biofuels and

increased injector pressures (Cook & Richards, 2009). Increasingly severe
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hydrotreatment of harder to refine fuel sources has been cited as a possible for
the recent increase in deposit formation and is almost always used in the
production of ULSD. Although reducing the concentrations of polar species
(namely O and N containing species) during hydrotreatment will reduce deposit
forming tendencies, the reduction in polar species will mean a reduction in
solubility for the oligomers that are formed from any remaining O and N containing
species. The two consequences of hydrotreatment have therefore been reported
to have the opposite effects on tendency to form deposits (Cook & Richards,

2009).

2.1.6 Metal carboxylates derived engine deposits

The increase in the use of ULSD has increased the need for corrosion inhibitors
which although have been cost effective have been shown to be unstable, and in
combination with poor storage conditions (with problems such as water
contamination) can aggravate the formation of organic based deposit precursor,
soap or metal carboxylates (although dry, contaminate free ULSD has not been
found to directly form IDIDs (Trobaugh et al., 2013). Water contaminants can
form clusters of water molecules in diesel fuel. Polar metal carboxylates can
gravitate towards the water clusters which can lead to the formation of reverse
micelles which can solubilise the components. This allows the metal carboxylate
to travel through the injection system until the harsher conditions (higher
pressures, temperatures and shear forces) destabilise the micelle structure and
lead to deposition of the metal carboxylate (Trobaugh et al., 2013). It has been
generally found that the combination of the presence of any acidic species in fuel
and direct contact with a source of sodium base runs the risk of causing internal
injector deposit issues (Reid, Cook, & Barker, 2014). Controlling the quantity of
carboxylates and sodium and reducing fuel temperature can control carboxylate

salt deposition (Tanaka et al., 2013).
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Barker, Langley, & Richards (2010), however, showed that there was no
correlation between the presence of the metals such as zinc and sodium and the
propensity of the fuel to form deposits nor was there any correlation between
other metals and deposit formation. Mass spectroscopy of various fuels with and
without the propensity to cause deposition indicated there was an ion associated
with a Cis carboxylic acid salt which was more abundant in fuels with the deposit
forming tendency although both deposit and non-deposit forming fuels were both
found to contain a high molecular weight carboxylic acid salt indicating overall
carboxylic acid does not necessarily cause deposit formation. Later, Barker & Cook
(2013) showed, by using a diesel engine nozzle coking test, that a sodium
hydroxide and mono-acid lubricity improver could lead to filter blocking and the
same mono-acid lubricity improver with a “fuel soluble” sodium salt (sodium 2-
ethylhexanote) resulted in injector sticking while an ester based lubricity improver

was found to cause neither issue.

2.1.7 Biofuel derived engine deposits

The use of biodiesel as an alternative to traditional fossil diesel fuels is widely
recognised as significantly reducing the emissions of CO2 as well as having other
environmental benefits (Richards et al., 2007). The result of this has therefore led
to the inclusion of biodiesel or fatty acid methyl esters (FAME) as a blending
component for finished diesel fuel (Barker et al. 2009b). However this has recently
been cited as a possible cause for the rise of deposit formation in the FIE, as FAME
has been shown to be more susceptible to oxidation than petroleum diesel and
degraded biodiesel is known to produce gums and lacquers (Richards et al.,
2007). The contribution of increased levels of FAME to diesel has therefore
recently been under enhanced scrutiny (Barker, Langley, & Richards, (2010).

Omori, Tanaka, & Bunne (2011) used FTIR to investigate the morphology of
deposits derived from deteriorated biodiesel fuel. The results showed the main

component of the deposit to be FAME polymer with the presence of lower
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carboxylic acid salt layer between the base metal and the polymer layer. FAME
contained in biodiesel fuel is subject to oxidative degradation which is then
promoted via increased heat and Oz generating the lower acid via polymerisation
and decomposition. The acid causes local corrosion on the surface of the material
(iron) to form a film of lower carboxylate iron salt which is able to trap FAME
polymers by physical adsorption and the polymers that are generated by oxidation
deterioration adhere to the surface. Sliding of the injector needle causes frictional
heat which promotes FAME polymerisation, increasing deposit quantity and
increases sliding resistance leading to changes in the fuel injection.
One review study by Richards et al., (2007) highlighted the compatibility of fuel
injection equipment with new FAME blends where the use of FAME was found to
lead to a number of issues. These include incomplete filtering of FAME leading to
inorganic components that can cause increased wear in the fuel pump and injector
nozzles, and effects such as hydrolysis of FAME caused by presence of free water
leading to fatty acids and methanol. It was concluded that although it is possible
that the increased use of biofuels could potentially be responsible for the recent
increase in deposit formation, problems have been encountered in fuels with no
biofuels content therefore this cannot be the only contributing factor.
Despite the substantial complexity in the formation and morphology of IDIDs,
they have been categorised by the industry (Barker et al., 2014) into the following
types:

e Metal carboxylates: carboxylic acid salts of metals such as sodium or

calcium
e Carbonaceous: carbon based deposits from fuel stressing and
subsequent degradation
¢ Amide based polymeric amide
e Lacquer: films, polymeric

e “Sticky” deposits: from aged fuels
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2.2 CARBON BLACK

When investigating the properties of dispersant additives carbon black (CB) may
be used as a model for soot or IDIDs. Carbon black is an amorphous carbon solid
that is manufactured by the decomposition of solid particulates formed in the gas
phase (Barker, et al., 2010). In general it is manufactured by thermal cracking or
combustion of a hydrocarbon fuel under reducing conditions which gives its
inherent low particle size (Barker, et al., 2010) although most of the properties of
the CB are a function of the fuel and type of combustion process applied. For
instance, the porosity, particle size, degree of oxidation and even the oxidised
group functionality (acidic or basic in nature) may be adjusted during the
combustion process or by post-manufacture chemical treatments (Kozak,
Moreton, & Vincent, 2009). Clague & Donnet (1999) attempted to account for the
observations of the similarities and differences of CB and diesel engine/exhaust
soots to validate CB as a soot surrogate to mimic soot behaviour for the purpose
of lab bench tests. Although elemental analysis showed the oxygen content of the
engine soot was higher than that of CBs both overall and on the surface which
demonstrated that the surface of the soot was more polar, microscopy studies
revealed similarities between the internal structure and morphology of CB and
soot on a primary particle where both showed evidence of perturbed graphite
layers (or turbostratic structure). There were also no obvious differences on the
atomic scale. It was concluded that CBs with intermediate primary particle size
and porosities, with a surface area of approximately 300 m2g and some degree
of surface polarity, should be capable of mimicking the behaviour patterns of soots
in oils. Studies where carbon black has been used as a soot surrogate in PIB type
dispersions include Pugh & Fowkes (1984), Kornbrekke, Morrison & Oja et al.
(1992), Cox et al. (2001), Dubois-Clochard et al. (2001), Jakab & Omastova
(2005), Won et al., (2005) Shen & Duhamel (2008), Kozak, Moreton, & Vincent

(2009) and Yasin et al., (2013).
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2.3 INTRODUCTION TO PIBs

Polyisobutylenes (PIBs) have a wide range of applications and may be classified
by their molecular weight (MW). High MW PIBs (>300 000 g/mol) are utilised in
sealants and roofing, medium MW PIBs (4000-120000 g/mol) may be found in
adhesives, extenders and in chewing gum bases and low MW (500-5000 g/mol )
PIBs are used in glues, lubricants and modifiers and oil additives (Li, Cokoja, &
Kuhn, 2011). PIBs chemical resistivity, non-toxicity and high thermal stability
makes them suitable as precursors to polymeric surfactants and as such the low
MW PIBs used in lubricating oils, additives for lubricants gasoline and diesel fuels

represent 75-80 % of the PIB market (Li, Cokoja, & Kuhn, 2011).

2.3.1 Synthesis of polyisobutylene succinimide

The general scheme for the synthesis of PIBs is described by Li, Cokoja, & Kuhn,
(2011) and is dominated by use of Lewis acids as co-initiators and traces of water
or alcohol as initiators e.g. H20/BFs. Isobutene (IB) undergoes cationic
polymerisation, whereby the proton adds to the monomer to produce a carbenium
ion which undergoes electrophilic attack of another monomer. Proton abstraction
to monomer or solvent can then produce either exo or endo terminal double bond
end groups (Figure 2-5). Exo end groups are highly reactive, whereas endo are

more thermodynamically favourable and more stable.
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Figure 2-5: Polymerisation of PIB (Li, Cokoja, & Kuhn, 2011).

Polyisobutylene succinic anhydride (PIBSA) is a common succinimide precursor
derived from PIB and may be synthesised as described by Mortier & Orszulik
(1997) using an ene process whereby excess maleic anhydride (MA) is added and
the materials are heated at high temperature (usually between 220 and 240 °C).
Polyisobutylene succinimide (PIBSI), a common fuel and lubricant additive, can
then be made by reacting PIBSA with equimolar amount of suitable polyamine.

The structures of PIB, PIBSA and PIBSI are shown in Figure 2-6.
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Polyisobutylene Succinimide (PIBSI)
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Figure 2-6: Synthesis of Polyisobutylene Succinimide (PIBSI) (Mortier &
Orszulik, 1997).
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An alternative, older, synthetic route to form PIBSA uses a Diels-Alder type
reaction. Cationic polymerisation of PIBs is typically carried out at costly cryogenic
temperatures (-100 to -20 °C). Use of chlorinated solvents minimises chain
transfer reactions. The PIB is prepared in the presence of an aluminium chloride
(AICI3) catalyst. Although the PIB used does contain unsaturated groups a lower
proportion of these are vinylidene which makes the material less reactive towards
MA (Lehrle, et al., 2002). This synthetic route occurs at lower temperatures (180
to 190 °C) and chlorine is used to help to produce the PIBSA. Although this method
is generally less expensive than the thermal route the resulting additives are
thought to give a lower level of engine performance and this older technology is
becoming less and less common throughout the additive industry (Rivera-Tirado,

Aaserud, & Wesdemiotis, 2012).

2.4 PIBSI BEHAVIOUR AT AMBIENT TEMPERATURES

The knowledge base surrounding PIB and its derivatives at ambient temperatures
is significant, the majority of which are based around adsorption. Other methods
of analysis include atomic force microscopy (Sharma, Moreton, & Vincent, 2003)
(Puskas, et al., 2003), (Yasin et al., 2014), fluorescence spectroscopy (Pucci,
Rausa, & Ciardelli, 2008), small angle neutron scattering (Reynolds, Henderson,
& White, 2004), dynamic light scattering (Parent et al., 2011), small angle X-ray
scattering, conductivity measurements (Yasin et al., 2013), surface calorimetry
(Pugh & Fowkes, 1984), FT-IR (Nsib, Ayed, & Chevalier, 2006), and NMR
(McGrath, Ngai, & Roland, 1992) amongst others. Some of these studies have
investigated the various structure activity relationships focusing on parameters
such as the effects of the length of the polyamine head group, the nature of the
amino groups in the head group, the architecture of the block copolymers
(brush/comb like) or number and length of the PIB chains (Chevalier, 2004). In
some cases, as well as a dispersion model approach, the structure activity

relationships have been investigated using actual engine tests which use polymers
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of different types and directly measure the amount of deposits that formed in
order to directly evaluate their dispersion efficiency. The following discussion on
the structure activity relationships will include both methodologies, focussing on

the effects of the polymer structure itself.

2.4.1 Adsorption of PIBSI onto deposit surrogates

The various structural properties of the PIB derivatives and similar molecules have
been shown to greatly affect their activity in the model experiments which
simulate the in situ engine conditions. These studies mostly involve adsorption
studies of dispersions containing PIBSI type molecules and deposit surrogates.
The greatest relationships between adsorption and actual performance have been
found in lubricant dispersant applications where the dispersant is used to prevent
aggregation of the soot particles in the oils (Dubois-Clochard, et al., 2001). Two
regimes have been identified concerning coverage of particles with end attached
polymers with a low coverage (mushroom regime) and high coverage (brush
regime) (Chevalier, 2004). Figure 2-7 shows a typical experimental adsorption
isotherm for a PIBSI derivative adsorbed onto carbon black which demonstrates

the two regimes.
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Figure 2-7: Adsorption Isotherm of a PIBSI derivative from a xylene solution
onto carbon black surface at 60 °C and the schemes of the adsorbed polymer

layer in the mushroom and brush regimes (Chevalier, 2004).
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2.4.2 Effect of extending polyamine head group

It has generally been found that polarity of the head groups of the PIBSI type
dispersants has been shown to affect the adsorption amounts and subsequently
the efficiency of the dispersants in reducing the amount of carbon deposits. The
dispersant head group polarity is usually enhanced by increasing the number of
nitrogen atoms. For instance Forbes & Neustadter (1972) studied the effect of two
head groups on PIBSI diethylene triamine (DETA) and tetraethylene pentamine
(TEPA) using powder bed detergency tests. It was found that the dispersant
containing the DETA head group was unable to stabilise one of the carbons used
in the tests however for the dispersant containing the longer TEPA head group the
stabilisation increased. While one study by Aleman-Vasquez & Villagomez-Ibarra
(2001) found that there was no relation between the structure of the amine
moiety and the detergent-dispersant effect, other studies have observed
improvements. For instance Mekewi (2002) studied the oxidative stability of
lubricant oil samples with four PIBSA additives with varying numbers of amine
groups. The dispersivity values showed that as the number of nitrogen atoms and
therefore basic character of the additive increased, so did the neutralisation
efficiency. The results showed that as the nitrogen content of the additive was
increased the efficiency of dispersion increased due to the increase of the basic
character.

Dubois-Clochard, et al. (2001) also provides good evidence to suggest that there
is a relationship between the number of amine groups in the hydrophilic polyamine
part and the dispersant effectiveness. In the study the adsorption of PIBSI
derivatives at a solid hydrocarbon interface were investigated. The specific
derivatives studied were TEPA, triethylenetetramine (TETA), DETA, and
aminoethylpiperazine (AEP).

The mechanism by which adsorption occurred was modelled by two steps: a low

coverage regime where molecules were adsorbed onto strong acidic sites and a
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higher coverage regime where weaker acidic sites could be reached and the steric
hindrance of the macromolecular tails contributed to the thermodynamics of the
adsorption. The higher the number of amine groups in the hydrophilic polyamine
part the higher the affinity of the PIBSI for the solid surface became as both the
adsorption enthalpy and Gibbs free energy were enhanced. It was found that
some derivatives such as PIBSI-AEP bound weakly to the CB but this was
attributed to the large steric hindrance of the piperzine ring.

The effect of the amine head group length was also investigated by Shen &
Duhamel (2008) who investigated the efficiency of dispersants at stabilizing
carbon particles in oil. A series of PIBSI type dispersants with varying numbers of
amines in the head groups where compared based on their respective critical
micelle concentrations (CMC) determined by steady state fluorescence. The study
found that increasing the number of secondary amines in the polyamine core can
lead to an increase of association strength of the dispersant as the CMC took place
at a smaller dispersant concentration. This is said to enable a stronger anchoring
of the dispersant onto the CB surface leading to greater dispersant efficiency.

A more recent study by Kozak, Moreton, & Vincent (2009) investigated the
adsorption of amine containing PIB based surfactants onto CB particles. The study
was carried out by examining the adsorption of various surfactants containing PIB
tails of varying head groups and lengths onto CB. The stability of the CB
dispersions was also assessed by measuring the light transmission. The results
showed that there was strong and seemingly irreversible adsorption onto the CB
particles although differences were observed in the maximum adsorbed amounts
(T,4x) for the various surfactants. It was found that I,,,, increased with increasing
number of tertiary amine groups from zero to four. The molar enthalpies of
adsorption (AHJ,) for the surfactant containing no amine groups had a value of -
12 kJ mol-! whereas the surfactants with the amine groups present were all similar

(AHT s~ 30-35 kJ mol!). The explanation given to describe this behaviour is a
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mechanism whereby the more polar (or larger) the head group the more it is
rejected from the solvent. Further evidence to support this mechanism came from
keeping the total number of amine groups the same but increasing the polarity of
the head group by replacing some of the tertiary amines for primary or secondary
amines. The I',,,, Vvalues increased with the polarity of the head group. PIBSI
derivatives ethylenediamine (EDA) and dimethyleaminopropylamine (DMAPA)
(both with 1000 Mw PIB-Mn) were found to improve the stability of the CB
dispersions. These derivatives contained primary and secondary amine groups
rather than just tertiary and it is postulated these gave rise to the electrostatic
repulsion involving proton exchange between the head groups and the acid sites
on the surface giving rise to surface charge. It was therefore concluded that in
addition to the steric repulsion a longer range, electrostatic repulsive force was
present between the particles. This hypothesis was further backed up by the
observation that EDA which contains three N-H moieties had greater stabilisation
than DMAPA which has only one N-H moiety.

A recent study by Yasin et al. (2013) used adsorption, rheology and conductivity
measurements to investigate the dispersibility of graphitic carbon black
dispersions as a model for carbon nanotubes. The dispersants investigated were
a polyhydroxystearic acid (Hypermer LP1), PEG 30-dipolyhydroxystearate
(Hypermer B246) and a PIBSI. Hypermer B246 and PIBSI were found to be
effective stabilisers as they produced dispersions of lower viscosity while
Hypermer LP1 was not an affective stabiliser as it produced higher viscosity
suspensions with the same carbon volume fraction. The poor stability was
attributed to the flatter conformation due to the higher adsorption affinity of the
whole polymer on the surface thus reducing the length of the stabilising layer.
The adsorption results showed that the PIBSI gave higher molar amounts of
adsorbed polymer on the carbon surface than the other two polymers, which was

attributed to the presence of the amine groups in the anchoring group.
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A very recent study by Kim et al. (2015) investigated the effectiveness of PIBSI
type dispersants in reducing the carbon deposits formed by thermal oxidative
decomposition of jet fuel (Jet A-1) in a stainless steel batch reactor which was
pressurised to 1 atm and heated to 200 °C for five minutes. A number of PIBSI
alkleneamine head groups were studied such as DETA, TETA TEPA and
pentaethylenehexamine (PEHA). In addition to this a number of amino ether head
groups were also studied. It was found in this study that as the polarity of the
head group increased, which is dependent on the polar surface area and orbital
electronegativity, the efficiency of the dispersants in reducing the amount of
carbon deposits also increased. For instance the carbon deposit amounts were 4.9
mg, 4.5 mg, 3.7 mg and 3.4 mg for PIBSI-DETA, PIBSI-TETA, PIBSI-TEPA and
PIBSI-PEHA respectively. The polar surface area was calculated as a summation
of the polar fragment distributions in each molecule (as developed by Ertl, Rohde,
& Selzer, (2000)). It was therefore hypothesised that the efficiency of the
dispersants in reducing the amount of carbon deposits increased with an increase
in the number of amino groups (in a similar manner as Kozak, Moreton, & Vincent,
(2009) demonstrated through PIBSI carbon black adsorption studies). It was also
found that compared with the linear alkyleneamine head groups that the amino
ether dispersants gave lesser amounts of deposits. It was therefore hypothesised
that the polar heads containing an amino ether group adsorbed onto the carbon
deposit precursors more strongly and irreversibly than the polar head containing
alkyleneamine groups. A number of nonlinear structures/ head groups were also
studied which were found to be more affected by steric hindrance. For instance
AEP with a sterically hindered structure gave more carbon deposit than the PIBSIs
containing more linear head groups. It was postulated that although the
secondary amine was able to absorb onto the carbon deposits the tertiary amine
was unable to do so due to the large steric hindrance. This was also observed by

Dubois-Clochard, et al. (2001) for a PIBSI-AEP surfactant.
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2.4.3 Effect of extending PIB hydrocarbon tail length

The function of the hydrocarbon (PIB) chain that protrudes into the fuel (or oil) is
to provide the steric / electrostatic barrier preventing further deposit build up
while also maintaining the solubility of the dispersant in the fuel. As well as the
effect of the amine groups, the effect of the polymer architecture on the dispersion
efficiency has been investigated in numerous studies. Forbes & Neustadter (1972)
carried out some adsorption studies on PIBSI dispersants used in oil additives
investigating the molecular weight of the PIB in the range 650-2800. It was found
that PIBs with the molecular weight range of 900-1000 gave the best performance
in terms of stabilisation and that the sludge suspension was stabilised by a steric
mechanism and not by either electrostatic repulsion or micellar solubilisation. It
was demonstrated that the greater the suspended particle diameter the longer
the polymer chain must be to afford adequate protection against flocculation
(Forbes & Neustadter, 1972). Tomlinson et al. (2000) also investigated how the
hydrocarbon chain length can have an effect on the dispersancy efficiency.
Comparisons were made between low molecular weight model dispersants and
high molecular weight commercial dispersants. Adsorption isotherms for the
model dispersants showed evidence of multilayer formation at high concentrations
with an increase in the amount of absorption beyond monolayer coverage. Also
the adsorption of the model dispersants was found to have occurred on a large
proportion of the porous network inside the carbon substrate. The model
dispersants were found to absorb 3-10 times more than the commercial
dispersants did due to the longer hydrocarbon back-bone and branching of the
commercial dispersants which led to a lower chain flexibility preventing adsorption
on the inner surface of the carbon substrate. Also, the more inflexible backbone
of the commercial dispersants may have occupied a greater area of the carbon

surface than the model dispersant. It was concluded that a long and rigid
57



hydrocarbon chain backbone gives greatest dispersion although the chain length
cannot be too long as to be detrimental to the performance of the engine oil. The
PIB length was also investigated by Kozak, Moreton, & Vincent (2009) whereby
the adsorption isotherms and T,,,, were measured for three surfactants containing
318, 550 and 1000 MW tails. The I',,,, values increased steadily with decreasing
tail size. The surfactant rejection from the solvent described above was strongest

for the surfactant with the shortest tail.

2.4.4 Effect of PIB architecture

As well as the length of the hydrocarbon PIB chain the number of PIB chains
(sometimes refred to as as functionality) have also been found to effect the
stabilisation effciency. Cox et al. (2001) studied the effect of the polymer chain
architecture on the adsorption properties of PIB derivatives at the carbon /
hydrocarbon medium interface using nine PIB derivatives of mono, bis, and tris
functionalities. The bis PIB derivatives were found to be more efficient than the
mono or tri derivatives in the stabilisation of CB. The reason for greater
stabilisation than the mono derivative was the presence of two anchoring groups
which increased the affinity and provided greater solubility. The tri PIB derivative
was found to have adsorbed greater amounts than the mono derivative but less
than the bis derivative despite having the most anchoring groups. This was
attributed to the tri being more bulky and less flexible and therefore could not
adsorb as efficiently at the surface of the CB. In contrast Tomlinson et al. (2000)
found that mono functionalised surfactants did not appear to show greater affinity
than more highly substituted bis and tri compounds although these compounds
contained the same number of anchor head groups.

The amount of adsorption of PIBSI type molecules has been shown to be enhanced
by changing the polymers from linear to comb-like architectures. Dubois-Clochard
et al. (2001) investigated two families of polymers: linear PIBSI derivatives and

a comb-like poly(PIBSI) derivatives both functionalised with AEP and DETA. From
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the corresponding adsorption isotherms it was found that when changing from a
linear to a comb like structure the amount of adsorption was enhanced. The
adsorption enthalpy was found to be strongly exothermic at low coverage
(mushroom regime) but became reduced at higher coverage (brush regime). The
adsorption was found to be limited at high coverage for the linear PIBSI when the
brush regime was entered because of the lateral interactions of PIB chains.
However comb-like polyPIBSI allowed this to be overcome because the PIB chains
were already close to each other in the macromolecule therefore the adsorption
reached higher saturation values. This was attributed to the hydrophilic parts
becoming closer together as their number increased and so the stretching of the
hydrophilic parts during adsorption decreased giving a denser and entropically
more stable monolayer. The thickness of the monolayer was measured as 30 A
which is said to be close to the length of a fully stretched PIB chain (Dubois-
Clochard et al., 2001). However at higher concentrations there was a large
increase in the amount of adsorbed polymer that exceeded the monolayer
coverage. This process was found to be reversible but the binding of the
underlying monolayer was irreversible which showed that the polymer-polymer
interactions were weaker than the acid-basic interactions between the polymer

and the CB surface.
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2.5 THERMAL EFFECTS

2.5.1 Thermal degradation of PIBs

Although the knowledge base surrounding the stabilisation mechanisms of PIBs is
significant, most of these studies involve ambient temperature conditions. As the
polymer dispersants operate at temperatures exceeding 300 °C (Mortier &
Orszulik, 1997) it is important therefore to pay special attention to studies
investigating thermal effects. Thermal degradation of PIBs and PIBSAs has been
investigated by Lehrle et al. (2002) via mass spectrometric methods. Evaporation
was found to occur up to 250 °C although the sample with the lowest MW
distribution was the most volatile. Two separate stages of degradation were
observed: the first stage occurring at 300 - ca. 480 °C, the second stage occurring
above ca. 460 °C. This two stage degradation mechanism was ascribed to
correspond to a proposed mechanism via monomer formation by unzipped chains
that are initiated via double bonds at the end of the molecule and secondly via
main chain scissions. The temperature at which the onset of degradation occurred
was similar for both PIB and PIBSA samples although for PIBSA this was slightly
lower and it is postulated that this was due to greater substitution of the double
bonds on the PIBSA which meant that allylic hydrogen abstraction was more
favourable. It was therefore suggested that the thermal stability of liquid PIB
polymers could be increased by hindering or saturating the double bonds by the
addition of the succinic anhydride head groups.

The two competing models by Lehrle and Sawaguchi of the pyrolysis of PIB are
reviewed by Poutsma (2005) to rationalise the formation of volatile oligomers
from PIB between 300 - 400 °C. Briefly, the Lehrle model is statistical and
ascribes formation of oligomers to predominantly random scission pathways
specifically via consecutive hydrogen transfer-pB-scission events with a minor
contribution from back biting, whereas the Sawaguchi model was mechanistic and

assigns all oligomer formation to back biting specifically via intramolecular
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hydrogen shifts to form oligomers and to a lesser extent monomer through
unzipping. It is concluded that the Sawaguchi model is the more accurate since it
does not over predict the formation of dienes (unlike the Lehrel model) and
accounts for a number of observations that Lehrle model does not, such as the
formation of iso-propyl terminated monomers.

Jakab & Omastova (2005) investigated the thermal decomposition of various CB
composites including PIB. The study found the thermal decomposition of the
polymers was dependent on the type of carbon and on its amount in composites.
The CBs with a low volatile content were shown to enhance the thermal stability
of the polymers. It was found that CB with a high volatile content caused changes
in the pyrogram of PIB. The oligomeric products intensity strongly decreased while
the formation of monomer was promoted. The decomposition of PIB composites
containing high volatile content CB shifts to lower temperature when compared to
CB free PIB sample. This is attributed to the degrading CB initiating

depolymerisation at the chain ends of PIB.

2.5.2 Stabilisation mechanism of PIB at high temperatures

Three mechanisms have been proposed for thermally induced effects for PIBSI
type molecules. These include a temperature dependence of the adsorption and
desorption of the dispersant on the surface of the soot, dispersant mediated
coulombic charging of the soot and a temperature dependence of the solvency of
the dispersant molecules in the oil phase (Won et al., 2005).

Concerning the first proposed mechanism there are contrasting reports as to
whether there is an increase or decrease in adsorption with increasing
temperature. Pugh & Fowkes (1984) argued there was an increase. Adsorption
isotherms for PIBSI derivatives absorbed onto CB were characterised by two
distinct regions, strong adsorption at low dispersant concentration followed by a
low affinity at higher dispersant levels. The high affinity step was independent of

dispersant concentration. The low affinity adsorption step was dependent on the
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dispersant concentration and increased with temperature. This was attributed to
the diffusion of the dispersant into the pores of the CB made plausible by an
observed increase in diffusion coefficient with temperature. Dubois-Clochard et al.
(2001) also observed an increase in adsorption with temperature although the
sample of CB used in this study was analysed by BET and no evidence of
microporosity was found, therefore the increase was attributed to a large variation
in the adsorption enthalpy or entropy as a function of temperature. In contrast,
Cox et al. (2001) noticed an adsorption decrease with an increase in temperature.
Increasing the temperature from 25 - 50 °C lead to a decrease in the amount of
derivatised PIB adsorbed and was attributed to an increase in polymer chain
solubility in n-heptane with temperature.

Concerning the role of charge in the stabilization of the soot there have been
contrasting reports on whether the electrostatic forces are strong enough at high
temperatures to play a role. Most studies argue that steric factors alone are
insufficient and so there must be other factors present. Forbes & Neustadter
(1972) however claimed additives stabilise sludge suspensions via steric
mechanism only. The high affinity step at low dispersant concentration observed
by Pugh & Fowkes (1984) was independent of the dispersant concentration of the
solution and was said to be attributed to the dispersant mediated coulombic
charging of the soot. This was also observed in earlier work by Pugh, Matsunaga,
& Fowkes (1983) where conductivity measurements on similar samples showed a
negative surface potential of CB dispersed in low dielectric media in the presence
of the basic dispersants. As CB is highly conductive while hydrocarbons have low
conductivity the overall conductivity of a dispersion solution gives a measure of
the degree of aggregation. The effect of the dispersant is explained by a charge
separation mechanism where protons are transferred from acidic surface sites to
the dispersants basic sites. The final stage in the mechanism was said to involve

desorption of the proton carrying dispersant back into the hydrocarbon media
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leaving behind a negative charge on the CB particle. When the dispersant was not
present the CB particles were in contact and so electrons could flow between
particles giving rise to relatively high conductivity. At low concentrations of
dispersant adsorption of the dispersant produced a steric barrier around the
particles, reducing interparticle contact thus reducing the conductivity of the
dispersion. At higher concentrations the particles had a sufficient zeta potential to
repel one another. The development of a high surface potential and the presence
of conducting ions in the solution therefore led to an increase in the conductivity
of the system. In contrast a study by Georges, Georges & Hollinger (1997)
suggested the electrostatic forces are too weak to contribute and stability is due
to steric factors alone. The study involved using surface force apparatus to study
the adhesive force between two smooth amorphous carbon surfaces in air and the
repulsive force due to the contact of two dense brush PIB layers adsorbed on
carbon surfaces. The measured pressure distance profile was much lower than
that which would be observed if electrostatic force played a role in stabilisation.
Kornbrekke, Morrison & Oja et al., (1992) provided further evidence that
electrostatics play a role in the dispersancy mechanism. Electrophoresis was
utilised to measure the mobility of suspensions of CB and investigate the effect of
PIBSI on the charging of the CB particles. It was found that the addition of the
commercial PIBSI caused the CB to become negatively charged which increased
with dispersant concentration thus providing further evidence that electrostatics
play a role in the dispersancy mechanism.

The third proposed mechanism is a temperature dependency of the solvency of
the dispersant molecules in the oil. This can be complex to analyse as an increase
in temperature may affect the solvency of PIB in hydrocarbon medium causing
the polymer chain to collapse. Luna-Barcenas et al. (1997) investigated polymer
chain collapse near the lower critical solution temperature (LCST) through use of

computer simulations. The LCST is where phase separation is induced by raising
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the temperature and is entropically driven. This phase separation occurs in “poor”
non-dilute solutions when the polymers split into a phase rich in polymer and
another depleted in polymer as opposed to the chains adopting expanded coil like
conformations that overlap. It was found that the polymer chain collapse did
indeed occur near a LCST phase boundary. The polymer chains were expanded
coil like conformations below the LCST. Above the LCST in the two phase region
the chains in the polymer rich phase were still expanded but in the dilute polymer
phase the chains were partially collapsed. Increasing the temperature further to
well above the LCST the chains began to expand again suggesting a one phase
region above the LCST was plausible.

In order to clarify the origin of the viscosity increase with temperature of soot in
oil in the presence of PIBSI, Won et al. (2005) used dynamic (oscillatory) and
steady-shear rheology as well as FTIR to investigate the structure and interactions
in CB suspensions as a function of temperature. The effects of temperature on the
repulsive portion of the interparticle interaction potential due to the steric
stabilisation of the dispersant as well as the attractive interaction resulting from
the van der Waals forces was also studied. The results of this study showed the
structure of the CB aggregates and the resultant suspension rheology changed as
the temperature was increased. At low temperatures, fluid-like well separated
primary aggregates were observed whereas at high temperatures primary
aggregates agglomerated resulting in a solid-like rheology as a result of an
increase in the interparticle interactions. The adsorption isotherms of dispersant
on CB made by FTIR indicated the adsorption of the dispersant did not vary with
temperature therefore a temperature dependence of adsorption was concluded
not to be the reason for the flocculation observed at high temperatures. The
rheological measurements also showed no temperature dependence on the
viscosity of a CB sample with no added dispersant therefore it was concluded that

it was unlikely increasing temperature increased the attractive van der Waal
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interactions between the CB particles. The rheological measurements did show
that it was the viscosity that was intrinsically dependent on temperature and it
was therefore postulated that increasing the temperature caused conformational
changes in the hydrocarbon chain of the dispersant causing it to collapse,
decreasing the efficiency to inhibit agglomeration. The results therefore suggested
steric repulsion due to adsorbed dispersant is the dominant mechanism stabilizing
the CB in the oil. The temperature dependence of the PIB hydrocarbon tail
conformation of the adsorbed dispersant was therefore found to be the origin of
the anomalous temperature dependence of the stability of the CB.

Work by Yang et al., (2007) supported the findings of Won et al., (2005). In this
study the rheological behaviours of carbon nanotube dispersions in oil which were
stabilised by PIBSI were studied at different temperatures. A PIBSI dispersant of
molecular weight 1000 (PIBSI 1000) was found to disperse carbon nanotubes in
oil efficiently at room temperature but failed to disperse them at temperatures
higher than 60 °C shown by sudden increase in the storage and loss moduli. The
moduli were then constant for a brief period where a network structure was
believed to have been formed by the nanotubes with the long chain dispersant
molecules. This subsequently collapsed on further heating at around 80 °C
characterised by a loss in the storage moduli. It was found that compared with a
shorter molecular weight PIBSI (PIBSI 550) the dispersion with the longer chain
had higher moduli than the dispersion containing the shorter chain. It was
suggested that the long chain polymer contributed more to the agglomeration of
the dispersing system at high temperatures. As conformational changes occurred
as the temperature was increased the entanglement of the polymer chains that
had adsorbed onto the surface of the nanotubes helped to cause the network
structure. Previously it has been found that the viscoelastic response can serve

as an indirect qualitative measure of the dispersion state of nanotubes in polymer
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composites, where a higher G’ can be an indication of a better dispersion

(Moniruzzaman & Winey, 2006).

2.6 REVIEW OF HIGH TEMPERATURE STUDIES OF NON PIBs

2.6.1 High temperature NMR spectroscopy and rheometry

While there has been a limited number high temperature studies of PIBs many of
which are mentioned above there are even fewer that have utilised nuclear
magnetic resonance spectroscopy (NMR) at high temperatures. McGrath, Ngai, &
Roland (1992) for instance studied the temperature dependence of segmental
motion in PIB and poly(vinylethylene) using 3C NMR up to 370 K. Karatasos et
al. (2002) also used '3C NMR in combination with simulations to study methyl
motion of PIB to similar temperatures. There are virtually no previous studies that
have utilised NMR to investigate PIB type dispersions at high temperatures. There
are, of course, high temperature studies of other substances. High temperature
!H NMR is one such technique that has been successfully utilised to study coal
biomass fluidity. Miyazawa, Yokono, & Sanada (1979) was one of the first to use
high temperature 'H NMR to study coal carbonisation. More recently a number of
studies by the Snape research group have developed the technique further to
study coal and biomass fluidity usually in conjunction with rheometry.

Martin, Liggat, & Snape (2001) used the technique to examine samples of
polyacrylonitrile at elevated temperatures allowing hydrogen distribution and
changes in mobility of the polymer to be assessed and related to known structural
variations. Gao et al. (2014) studied the segmental dynamics in polybutadiene
organo-clay nanocomposite systems using 'H NMR. Steel et al. (2004) combined
the use of rheometry and 'H NMR spectroscopy for understanding the mechanisms
behind the generation of excessive wall pressures during coking. Steel et al.
(2006) used 'H NMR and rheometry to study coal and biomass fluidity

development at high temperatures. More recently, Dufour et al. (2012a) and
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Dufour et al. (2012b) used high temperature *H NMR in conjunction with rheology
to analyse the pyrolysis of biomass polymers in situ.

Recently Goldansaz et al., (2015) used a combination of 'H NMR relaxometry and
rheology to study the network formation of melt dynamics of poly(ethylene
oxide)- nickel chloride systems up to 150 °C. The presence of a high temperature
plateau in the spin-spin relaxation time (T2) vs. reciprocal temperature at medium
and high concentrations illustrated network formation.

Spévacek et al. (2001) investigated the effect of temperature on
poly(diethylacrylamide) gels in order to further understand the volume phase
transition. It was found using 'H NMR that the phase transitions in the polymer
coils from linear to compact globular conformations caused a reduction in mobility
and also a reduction in signal intensity. Phase transitions of polymers were also
studied by Larsson et al. (2001) where 'H NMR was used to qualitatively monitor
the mobility of polymer segments and thus the coil-to-globule transition at the
lower critical solution temperature (LCST). Above the phase transition
temperature there was a loss of the signal reflecting the decrease of the relaxation
time T, with the formation of solid structures. Again it was confirmed using 'H
NMR that the coil-globule-transition had caused reduction mobility as well as the
reduction in signal intensity. A more recent study by Lee et al. (2007) used high
resolution solid state 'H NMR to study Poly (vinyl phosphonic acid) at
temperatures between 250 and 430 K to monitor the mobility of the P-OH protons
and the backbone protons. As the temperature was increased the line width of the
P-OH protons decreased. The narrowing of the P-OH resonance with increasing
temperature agreed with the rapid exchange motions in the temperature range
investigated. It was found using high temperature 'H NMR that the P-OH protons
were mobile at high temperatures and therefore able to contribute to the proton
conductivity. Li et al. (2010) used wide line 'H NMR to investigate the phase

structure and molecular mobility of novel exfoliated polyethylene and palygorskite
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nanocomposites at high temperatures. The line widths reflected the relative chain
mobility in different phases. The line widths of a crystalline phase and an
amorphous phase versus temperature were studied. The line widths of the
crystalline phase were broad as would be expected due to lower mobility of the
chains. The line width of the crystalline phase increased with increasing
palygorskite load in the nanocomposite which indicated a reduction in mobility of
the chains. This was because of more rigid molecular chains being generated by
adsorption or bonding to the palygorskite clay. Increasing the temperature to 400
K lead to a decrease in line width, indicating an increase in mobility and a
reduction in interaction. For the amorphous chains it was found that introduction
of palygorskite lead to a decrease in mobility due to the stronger adsorption
interaction between the palygorskite and the chains. However it was found that
increasing the palygorskite load further could also result in an increase in mobility
particularly at high temperatures which suggested that the adsorption interaction
between the palygorskite and the amorphous chains is reduced in the lower

amorphous phase.

2.7 CHAPTER SUMMARY

This review has looked at the literature on engine deposit formation and the PIB
derivatives that are manufactured to prevent their formation through dispersion.
Special attention was paid to the thermally induced effects as to suit the conditions
that are within the polymers normal sphere of operation. The following are the
main findings from the literature review:

e Recent tightening of legislation to cut emissions has led to more precisely
engineered engines and as a consequence, together with the introduction
of ULSD and biofuels, has led to an increase in the number of reports
regarding deposits being found in fuel injection equipment.

e IDIDs can lead to reduced fuel economy, higher emissions and loss of

power. IDIDs mostly comprise of carbonaceous deposits and lacquer type
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films: A complex mixture of graphite carbon, polyaromatics, cycloalkanes,
aromatics, straight chain and substituted alkanes, acids and inorganics.
PIBs chemical resistivity, non-toxicity and high thermal stability make
them suitable as precursors to polymeric surfactants.

PIBs can be functionalised with succinimide/ polyamine groups which
facilitate the adsorption of the polymers at the surface of the metal walls
of engines as well as the surface of the carbonaceous materials which
precipitate out of the fuel.

Two regimes have been identified concerning the coverage of particles with
surfactant type dispersants known as the mushroom regime (low
coverage) and brush regime (high coverage).

Extending the length of the polyamine chain can lead to increased
stabilisation of CB particles, increased adsorption amounts, enhanced
adsorption enthalpy and Gibbs free energy. Additional primary and
secondary amines were found to improve the adsorption the most where
as additional tertiary amines had little impact due to steric effects.

A long and rigid hydrocarbon PIB backbone gives greatest dispersion
although the chain length cannot be too long to be detrimental to the
performance. Generally MW 900-1000 yields the best performance. A
shorter polymer chain could lead to flocculation. Bis functional PIB
derivatives were found to be more efficient than mono or tri derivatives in
the stabilisation of CB in one case.

The effect of temperature on the rheological behaviour on PIBSI type
dispersions has shown there to be an increase in viscosity at around 60 °C
brought about by the conformational changes affecting the dispersancy
efficiency leading to agglomeration of the carbon particles. In some
instances where there was high particle concentration and long polymer

chains a network structure formed, characterised by constant storage and
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loss moduli. The amount of adsorbed dispersant on a solid surface (carbon
nanotubes) was not sensitive to temperature change. Although a slight
increase and decrease of the adsorption have both been reported at high
temperatures this was not the main cause for the flocculation of particles.
High temperature rheometry and 'H NMR has been used previously to
study the fluidity of coal samples during coking (and coal pyrolysis) and
the pyrolysis of biomass polymers. The two techniques have never been

used in combination to study PIB type dispersions.
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3 Experimental

The first part of this chapter provides an overview of the background to the
experimental techniques that were used in this work to study the various
polymers, carbon blacks and polymer-carbon black dispersions. Special attention
is made to nuclear magnetic resonance and rheometry. The second part provides
an overview of the experimental methodologies that were used to prepare and
analyse the various polymers, carbon blacks and polymer-carbon black

dispersions as well as a summary of the materials used.

3.1 NMR SPECTROSCOPY

Nuclear Magnetic Resonance (NMR) is a spectroscopic technique that utilises the
magnetic properties of atomic nuclei. When immersed in a static magnetic field
and exposed to a secondary oscillating magnetic field certain nuclei resonate at a
characteristic specific frequency that is dependent on the strength of the magnetic
field and the magnetic properties of the atomic nucleus. Whether a nucleus is
susceptible to this phenomenon or not depends on a property known as spin

(Hore, 1995).

3.1.1 Spin

Magnetic nuclei possess fundamental property known as spin which determines
the number of quantum states available for a given nucleus (Jacobsen, 2007).
The atomic nucleus may be conceptualised as a positively charged sphere that is
spinning on its axis. As the charge is spinning it creates a small magnetic field
that is aligned with the axis of the spin. When a spin-"2 nucleus (such as H) is
placed in an external magnetic field the nucleus attempts to align itself with that
field. As the nucleus is already spinning (and therefore has angular momentum)
the effect is that the nucleus will precess around the magnetic field direction at a
rate that is known as the resonant frequency (Hore, 1995). A spin 2 nucleus can

be viewed as having two quantum states +'2 or -2 with a spin axis at a 45°
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angle with the external magnetic field and one with the spin axis at a 135° angle
against the external magnetic field. The nucleus precesses about the z axis at a
45° (or 135°) angle at a rate that is equal to the Larmor frequency v, (which is in
the radio frequency range of the electromagnetic spectrum) which is calculated
using Equation (3-1):

v, =B, /21 (3'1)

where y is a measure of the magnetic field strength of the nucleus (also known
as gyromagnetic ratio) and B, is the magnetic field strength in which the nucleus
is placed.

Nuclei that are aligned with the external magnetic field are lower in energy than
nuclei that are aligned against the magnetic field. The energy difference AE
between the two states is proportional to B, and y and is given by Equation (3-
2):

AE = hv, = hyB,/2n (3-2)

where h is Planck’s constant. At thermal equilibrium just over half of the
population of spins will be in the lower energy state and just less than half will be
in the upper energy state. At this point, although the nuclei are all spinning (or
precessing) at the same rate (or frequency), the spins are out of sync from each

other i.e. there is no phase coherence (Jacobsen, 2007).

3.1.2 Vector model

The net magnetisation is the vector sum of all the nuclear magnets in a sample.
If the origin of the vector is moved to the centre of an x, y, and z coordinate
system, at equilibrium, the x and y components of the net magnetisation will be
zero. In the vector model, the lower energy state spins cancel out the spins in the
higher energy spins but since there are slightly more spin packets in the up state

the result is a small net magnetisation along the z axis (Jacobsen, 2007). At
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equilibrium therefore the total magnetisation of a very large number of spins has
a magnitude of M, and is aligned along the positive z axis as shown in Figure 3-1
(Hore, 1995).

(a) (b)
Spin=+1/2

X

Spin=-1/2

Figure 3-1: Vector model of a collection of spin-1/2 nuclei at thermal equilibrium.
(a) The magnetic moment of the individual spins. (b) The net magnetic moment

(M,) of a large number of spins (Hore, 1995).

3.1.3 Pulsed magnetic field

In a typical NMR experiment a brief pulse of high-power radio frequency (RF)
energy is used to excite the nuclei of a given type (such as 'H). Immediately after
the pulse the nuclei become organised so that their magnets sum together to form
a net magnetisation which rotates at the Larmor frequency. The spins all point in
the same direction in the x-y plane meaning there is a net magnetisation vector
that rotates in the transverse plane at the Larmor frequency. The net
magnetisation along the z axis at this point is now zero. The magnetic fields of
the nuclei add together to give a measureable rotating magnetic field that induces
an electrical voltage in a coil placed next to the sample. The coil that was used to
transmit the RF is then used as a receiver and the signal is observed at the precise

Larmor frequency (Jacobsen, 2007).
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3.1.4 Free induction decay (FID)

After the initial RF pulse the individual nuclei become out of sync and the
macroscopic signal dies down. The phase coherence decays with time due to the
inhomogeneity of the magnetic field and small differences in the local magnetic
field experienced by each of the spins (Jacobsen, 2007).

This echo of the pulse observed in the coil is called the free induction decay (FID)
and contains all the resonant frequencies of the sample nuclei and is digitised by
a computer where a software program can apply a Fourier transformation,
converting the FID signal as a function of time (time domain) to a plot of intensity
as a function of frequency (frequency domain). The experiment can be repeated
many times by increasing the number of scans and summing the resulting data

to increase sensitivity and get a stronger signal (Jacobsen, 2007).

Spectrum

Fourier Transfrom

Time

' 3
-

Figure 3-2: Typical Fourier transformation of FID signal (Jacobsen, 2007).

3.1.5 Tirelaxation (spin-lattice relaxation time)

The z component of the net magnetisation vector represents the difference in the
population between the two spins states. The spin-lattice relaxation time (T;) is
the length of time required for the excited spin packets to return to 63% of the
way towards equilibrium (Jacobsen, 2007). It characterises the rate at which the
z component of the magnetisation vector recovers (or decays) to thermal

equilibrium after being flipped by a 90° RF pulse into the magnetic transverse
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plane (Jacobsen, 2007). The equation controlling this behaviour as a function of
the time t after its displacement is given by Equation (3-3):

t -
M, = My(1— ) (3-3)

3.1.6 T2 relaxation (spin-spin relaxation time)

The spin-spin relaxation time (T2) is the time to reduce the transverse
magnetization by a factor of e. The exponential decay of the x-y components of
the net magnetisation after a 90° pulse can be represented by the following
Equations (3-4) and (3-5):

M, = —M,cos(2mv,t)e /T (3-4)

M, = —M,sin(2mv,t)e "t/ (3-5)

Both types of relaxation (T: and T2) occur simultaneously where T2 < Ti.

(Jacobsen, 2007).

3.1.7 High temperature 'H NMR

High temperature 'H NMR spectroscopy is a technique that determines changes
in the dynamics of polymer molecules with temperature. The spectra obtained are
normally deconvoluted into a Lorentzian distribution function which originates
from protons associated with the mobile phase in the sample, and a Gaussian
distribution function which originates from the protons associated with the rigid
phase (Steel, Diaz, Patrick, & Snape, 2004). The spin-spin relaxation time T, is
inversely proportional to the peak width at half-height (AH;,;) (as shown by
Equation (3-6)) and is fulfilled for Lorentzian distribution functions only (Steel,
Diaz, Patrick, & Snape, 2004).

L (3-6)

T =_ 1
2 T[AHl/Z
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As AH,,, decreases, T, increases, indicating that mobility of the fluid phase is

increasing.

3.2 !3CNMR

13C NMR spectroscopy is the application of NMR spectroscopy to carbon nuclei. 13C
NMR spectroscopy is much less sensitive to carbon than 'H NMR is to hydrogen,
as the major isotope of carbon, 2C, has a spin quantum number of zero meaning
it is not magnetically active and therefore not detectable by NMR. The less
abundant 13C isotope (natural abundance 1.1 %) has a spin quantum number of
2 so is therefore detectable by NMR. The most basic pulse sequence used in 13C
NMR is the single pulse excitation (SPE), where there is only one pulse followed
by detection of the signal.

Magic angle spinning (MAS) is often used in solid-state NMR experiments to
combat line broadening caused by dipolar, chemical shift anisotropy and
quadrupolar interactions experienced by the nuclear spin. In solid samples these
three types of interaction are orientation-dependent and can be averaged by using
MAS. By spinning the sample at the magic angle, 8 = 54°74’ (where 3cos?0 — 1 =
0), with respect to the direction of the magnetic field, the dipole interactions
disappear and the broad lines become narrower thereby increasing the resolution

of the spectrum allowing for better analysis (Akitt & Mann, 2000).

3.3 RHEOLOGY

Rheology is the study of the deformation and flow of matter. Making
measurements of rheological material functions is called rheometry. Types of
rheological behaviour of different materials can depend on how the material
responds when a shear stress is applied and then removed by examining the effect

on the response of the material i.e. the resulting strain (Tadros, 2010). If no strain
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recovery occurs after deformation the material may be classified as ideally viscous
whereas an ideally elastic material would recover instantaneously. If partial
recovery occurs the material may be classified as an elastic liquid and includes
materials such adhesives. A material that exhibits slow recovery behaviour is said
to be viscoelastic. Viscoelastic materials can include polymer solutions,

suspensions and emulsions (Tadros, 2010).

3.3.1 Hooke’'s law of elasticity

Hooke’s law describes the behaviour of a perfect elastic solid and can be described
using Equation (3-7):

o =Gy (3-7)

where ¢ is the applied stress (force per unit surface), y is the strain and ¢ is the
elastic modulus (Menard, 1999). Hooke's law therefore states that the stress
(force per unit area) is proportional to the strain (relative deformation). A material

which obeys Hooke’s law is known as a Hookean solid (Tadros, 2010).

3.3.2 Newton’s Law of Viscosity

Constitutive law applies to viscous fluids and may be described by Equation (3-
8):

o=ny (3-8)

where ¢ is the applied stress, 7 is the dynamic shear viscosity and y is the velocity
gradient (or shear rate). Viscous fluids that obey this law are known as Newtonian.
y is measured in st therefore the viscosity is measured on Pascal seconds, Pa.s
also known as poiseuille (SI units) or in poise (P) in CGS system (1 Pa.s = 10 P)
(Oswald, 2009). The resistance that arises from the lack of slipperiness of parts

of a liquid (all other things being equal) is proportional to the velocity with which
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the parts of the liquid are separated from one another. The strain rate y is a single

values function of stress as displayed in Equation (3-9) (Tadros, 2010).

¥ =f(0) (3-9)

The stress (o) versus shear rate (y) is linear and the slope is equal to the viscosity
(n). The viscosity (n) is given by the ratio of shear stress over shear rate as shown
in Equation (3-10):

o Nm™2 S (3-10)
n=—-=——"=Nm""s=Pas
Y S

3.3.3 Dynamic oscillatory measurements of viscoelastic materials

A viscoelastic substance has both an elastic component and a viscous component.
Dynamic oscillatory measurements refer to experiments in which both stress and
strain vary harmonically (Tadros, 2010). The viscoelastic behaviour of a sample
can be obtained by measuring the phase angle (&) of a sample. If a particular
sample measured behaves as an ideal elastic material, the strain and stress
curves over time are identical and d = 0°. If a sample behaves as an ideal viscous
material the strain and stress curves over time would be out of phase by 90°. As
Figure 3-3 shows there is a loss in amplitude between the input strain and the

response stress due to viscous energy dissipation (Tadros, 2010).

78



_— strain g

_— stress T

Figure 3-3: Schematic representation of response to an oscillatory strain or

stress for a viscoelastic system (0°<8<90°) (Tadros, 2010).

Viscoelastic materials have a phase angle value between 0 and 90°. The storage
modulus (G’) is proportional to the elastic energy that is stored and recovered
(elastic component) and the loss modulus (G”) proportional to the energy
dissipated in flow (viscous component). G’ and G" are given by Equations (3-11)

and (3-12) respectively:

T _

G' = =cos8 (3-11)
Yo
Ty .

G" =—sind (3-12)
Yo

where 7, is the maximum stress response measured in the sinusoidal motion and
¥, is the maximum applied strain in the sinusoidal motion.

The ratio of the maximum stress t, to the maximum strain y, gives the complex
modulus G* (Tadros, 2010).

T -
G = 0 (3-13)
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G* may be resolved into G’ which is the real component of the complex modulus
and G” which is the imaginary component of the complex modulus as shown by
Equation (3-14):

G*=G"+iG" (3-14)

where i is the imaginary number that is equal to v—1 (Tadros, 2010).
The complex viscosity n* is given by the Equation (3-15) where w is the frequency

(Steel, Diaz, Patrick, & Snape, 2004).

B \/(GI)Z + (GH)Z (3-15)
a w

7"

It is important when measuring n* that tests are conducted in the linear
viscoelastic region i.e. where the stress of the sample is proportional to strain. To
test whether the rheometer is operating in the linear viscoelastic region a strain
sweep test is usually performed where the strain is varied and G’ and G” are
measured. If G’ and G” are constant with the strain rate then the sample is said
to be within the linear viscoelastic region. If measurements are outside of the
linear viscoelastic region then the results are more dependent on experimental
details and it is harder to relate to the unique properties of the material (Steel,

Diaz, Patrick, & Snape, 2004).

3.4 THERMOGRAVIMETRIC ANALYSIS (TGA)

Thermogravimetric analysis (TGA) is a technique to measure the amount and rate
of change in the weight of a material as a function of temperature or time as the
sample specimen is subjected to a controlled temperature program in a controlled
atmosphere. TGA is used to determine a materials thermal stability and its fraction
of volatile components. In TGA, a sample pan is supported on a precision balance
which is housed in a furnace that is heated or cooled according to the temperature

program for the experiment. The sample mass is monitored throughout the
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experiment. The sample environment is controlled by a purge gas which may
either be an inert gas or a reactive gas which flows over the sample and exits

through an exhaust (Perkin Elmer, 2010).

3.5 TEMPERATURE PROGRAMMED OXIDATION (TPO)

In TPO a sample is heated in an oxygen atmosphere and the evolution of carbon
dioxide is recorded. More amorphous carbon is more reactive than more
structured graphitic carbon and therefore oxidises at a lower temperature. The
sample is heated in a temperature controlled furnace. The CO2 resulting from the

oxidation of the carbon is detected by IR detectors (Barker et al., 2010).

3.6 GEL PERMEATION CHROMATOGRAPHY (GPC)

Gel permeation chromatography (GPC) is a powerful and versatile analytical
technique used to understand and predict polymer performance. GPC can
determine several important parameters including number average molecular
weight, weight average molecular weight and the molecular weight distribution of
the polymer. GPC separates molecules in a solution by size and as such, is a size

exclusion chromatography (SEC) technique (Waters, 2015) .

3.7 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface analysis technique which is
used to measure the elemental composition of a material. The material is
bombarded with X-rays and photons are adsorbed by elements on the surface of
the sample. This leads to ionisation and the emission of core electrons. Measuring
the kinetic energy distribution of the photoelectrons which are emitted allows
determination of the electron binding energies. Each element has a characteristic
binding energy associated with the core atomic orbital and therefore any given
element has its own characteristic peak in the photoelectron spectrum. The
intensities of the peaks can be related to the concentration of the given element
in the sampled region, allowing XPS to provide quantitative analysis of the surface
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composition. Small changes in peak positions, known as chemical shifts, arise
from small changes in binding energy due to changes in oxidation state or
chemical environment. XPS is not sensitive to hydrogen or helium but can detect

all other elements (Univesity of Nottingham, 2015).

3.8 BRUNAUER-EMMETT-TELLER (BET) ANALYSIS

Brunauer-Emmett-Teller (BET) analysis is a precise, specific surface area
measurement technique. The surface area of a powder is determined by physically
adsorbing a gas onto the surface of the solid and calculating the amount of
adsorbed gas which corresponds to a monomolecular layer on the solid surface.
The physical adsorption is a result of van der Waals forces between the adsorbate
gas molecules and the adsorbent surface of the test sample (Particle Analytical,

2015).

3.9 PARTICLE SIZE ANALYSIS (VIA LASER DIFFRACTION)

In laser diffraction, the sample material is passed through a laser beam which
results in the laser light scattering at a wide range of angles. Detectors at fixed
angles measure the intensity of the scattered light and particle size distribution is
calculated by a mathematical model. The final result is reported as equivalent
spherical volume. Laser diffraction can generate the D[4,3] or equivalent volume
mean, which is identical to the weight equivalent mean if density is constant

(Malvern, 1994).

3.10 MATERIALS

3.10.1 Summary of polymer samples

The commercial polymers used in this study were supplied by Innospec Inc. A
summary of the properties of the polymers used are shown in Table 3-1. The
number average molecular weight of the PIB backbone (PIB-Mn) from which the

polymers are derived is also presented as is the PIB functionality (PIB Func.) which
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corresponds to the number of PIB hydrocarbon tails that is chemically bonded to
the head group. All polymers with (the exception of PIBSI-B) were synthesised
via thermal synthetic route (ENE type reaction). PIBSI-B was synthesised via
chlorine synthetic route (Dies Alder type reaction). The chemical structures of the

head groups can be found in Appendix A.

Table 3-1: Polymer Properties

Polymer PIB-Mn PIB Head group

Reference | (g/mol) Funct.

PIB 750 N/A N/A

PIBSA(-A) 750 mono Succinic Anhydride

PIBSA-B 260 mono Succinic Anhydride

PIBSA-C 1000 mono Succinic Anhydride

PIBSI-A 750 mono Succinimide with
tetraethylenepentamine (TEPA)

PIBSI-B 1000 mono Succinimide with
tetraethylenepentamine (TEPA)

PIBSI-C 750 mono Succinimide with
Aminoethylethanolamine (AEEA)

PIBSI-D 750 mono Succinimide with Ethanolamine

PIBSI-E 750 mono Succinimide with
Aminoethylethanolamine (AEEA)

PIBSI-F 260 mono Succinimide with Ethanolamine

PIBSI-G 1000 bis Succinimide with
tetraethylenepentamine (TEPA)

PIBSI-H 1000 bis Succinimide with
tetraethylenepentamine (TEPA)

PIBSI-I 750 bis Succinimide with ethylenediamine
(EDA)

PIBSI-] 1000 mono Succinimide with Ethanolamine

PIBSI-K 750 mono Succinimide with ethylenediamine
(EDA)

The number average molecular weight (Mn), weight average molecular weight
(Mw) and polydispersity values (PD) of the final polymer products obtained from

GPC analysis are displayed in Table 3-2.
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Table 3-2: Average molecular weights and polydispersity of polymer samples.

Polymer | Mn Mw PD
(g/mol) | (g/mol)

PIB 771 1075 1.4
PIBSA-A 904 1170 1.3
PIBSA-B 347 363 1.0
PIBSA-C 1046 1342 1.3
PIBSI-A 1253 2049 1.6
PIBSI-B 1740 2648 1.5
PIBSI-C 748 1794 2.4
PIBSI-D 1005 1352 1.3
PIBSI-E 1277 2037 1.6
PIBSI-F 382 442 1.2
PIBSI-G 1921 3473 1.8
PIBSI-H 1858 2793 1.5
PIBSI-I 1490 2055 1.4
PIBSI-J 1118 1469 1.3
PIBSI-K 1653 2717 1.6

3.10.2 Summary of carbon samples

The primary carbon used in this study was small particle mesoporous carbon black
adsorbent (MicroCB) and was obtained from Sigma Aldrich. The remaining
commercial carbon samples were supplied from Innospec Inc. and were originally
sourced from Ashbury Carbons or Degussa. A brief description of the carbons is
below. A more detailed description of each may be found at Barker et al., (2010)
(excluding MicroCB).

Mesoporous carbon black (MicroCB) - Sigma Aldrich

Mesoporous carbon black (MicroCB) is a graphitised carbon black adsorbent with
a 100 A average pore diameter and particle size of 45 um % 5. The pore structure
allows for efficient, selective adsorption of polar molecules (Sigma Aldrich, 2015).

Degussa Carbon Black (DegCB) - Degussa
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Degussa carbon black (DegCB) is an amorphous solid that is manufactured by the
deposition of solid carbon particulates in the gas phase. It is manufactured by
combustion or thermal cracking of hydrocarbon fuel under reducing conditions.

Green Coke (GreenCoke) - Ashbury carbons

Green coke is a manufactured carbon product resulting from the thermal
processing of residual oil. The coke contains around 15-20 % residual hydrocarbon
materials.

Calcined Petroleum Coke (Calcoke)-Ashbury Carbons

Calcined petroleum coke is manufactured by heating green coke in a rotary kiln
to approx. 1300 °C to remove residual hydrocarbons.

Synthetic graphite450 (Micro450) — Ashbury carbons

Synthetic graphite is made by high-temperature treatment of certain amorphous
carbon materials. Ultra-high processing ensures a purity higher than 98 % carbon.

Flake graphite850 (Micro850)

Flake graphite is a naturally occurring form of graphite that has been treated to
reduce the level of naturally occurring ash constituents to < 1 %. This form of
graphite has a high degree of crystallinity, and high thermal and electrical
conductivity.

Flake graphite146 (Microl146)

Micro164 is milled, natural flake graphite which has been processed directly from

graphite flakes that have not undergone any post-floatation purification process.

The carbon properties are summarised in Table 3-3. Unless otherwise stated the

properties were obtained from relevant product data sheets and are nominal

values.
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Table 3-3: Carbon Properties

Carbon Black Average Surface Area
Particle (m2/g)
size (pm)

Mesoporous Carbon Black
Adsorbent (MicroCB) 45 205
Degussa Carbon Black (DegCB) 43 D[4,3]

(From 417
particle size | (From BET analysis)
analysis)

Flake graphite146 (Micro146) 21 6
Flake graphite850 (Micro850) 5 13
Synthetic graphite450 (Micro450) 5 17
Green Coke (GreenCoke) 2 10
Calcined Coke (CalCoke) 6 20

3.10.3 Solvent

Hexane (Aldrich, > 95 %) (BP. 69°C) was used as a solvent in the preparation of

all the dispersions in this study.

3.11 PREPARATION OF POLYMER CARBON DISPERSION SAMPLES

The following sample preparation was developed in collaboration with Dr. Miguel
Castro Diaz through examination of the relevant literature. The dispersions were
prepared by adding approximately 10 ml of hexane (Aldrich, > 95 %) to the
polymer and mixing the solution vigorously with a magnetic stirrer until the
polymer was completely dissolved in the hexane. Afterwards, the carbon black
particles were added to the solution whilst continuously stirring the mixture. The
dispersion was then ultrasonicated for 5 minutes and stirred for 24 hours after
which the dispersed particles were left to settle down and the hexane allowed to
almost evaporate. The dispersions were prepared using a total mass of carbon

black and polymer of 1.6 g.
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3.12 DESCRIPTION OF ANALYTICAL TECHNIQUES

3.12.1 High temperature 'H Nuclear Magnetic Resonance spectroscopy

A high-temperature Doty 200 MHz NMR probe was used in conjunction with a
Bruker MSL300 instrument to study the thermal behaviour of the dispersants and
carbon black. A flow of 18 dm3 min~' dry nitrogen was used to transfer heat to
the samples and to remove the volatiles that escaped from the container. Below
the sample region, a flow of 65 - 75 dm?3 min™! of dry air prevented the
temperature rising above 50 °C to protect the electrical components. Air was
blown at 20 dm? min~! into the region between the top bell Dewar enclosing the
sample region and the outer side of the probe to prevent the temperature from
exceeding 110 °C. The sample temperature was monitored using a thermocouple
in direct contact with the sample container. A standard solid echo pulse sequence
(90° - 7 - 90°) which has previously been used by Steel et al., (2004) to measure
'H mobility in coals was used to acquire the data. A pulse length of 3.50 us was
maintained throughout the test. Approximately 100 mg of sample was placed in
a ceramic capsule, and 100 scans were accumulated using a recycle delay of 0.3
s. The samples were heated from room temperature with a heating rate of
approximately 3 °C min. This heating rate was chosen as it allowed sufficient
time for the temperature to increase between each acquisition of the spectra.
Almost no Gaussian distribution functions were observed in the spectra, and the
NMR signal was composed in most cases of a Lorentzian distribution function only.
As T2 is inversely proportional to AH1/2, this measurement could be used to obtain
information about the mobility of the fluid 'H of the polymer dispersant adsorbed
onto the carbon black as a function of temperature. The tip of the NMR probe was
cleaned between runs by ultrasonicating in tetrahydrofuran (THF) GPC grade

(Aldrich) for 10 minutes.
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(b)

Figure 3-4: (a) Image of Bruker MSL300 instrument and (b) Image of Doty 200

MHz NMR probe

3.12.2 Solid state 3C NMR spectroscopy

High-resolution solid state 50 MHz 3C NMR analyses was carried out in a Bruker
MSL300 instrument using a standard single pulse excitation (SPE) pulse sequence
in conjunction with magic angle spinning (MAS) at ambient temperature. The
acquisition time was 0.03 s, the relaxation delay was 30 s. The spectra were
obtained with 7500 scans. The samples were packed tight into a cylindrical (7
mm) zirconia rotor with a cap made of a homopolymer of chlorotrifluoroethene
(Kel-F) and spun at the magic angle (54°74’) with a spinning rate of
approximately 3 kHz. Tetrakis(trimethylsilyl) silane (TKS) was added to the

samples as an internal standard.

3.12.3 High temperature rheometry

The majority of the rheological measurements were carried out at the University
of Nottingham (UoN) on a RDA III high torque strain controlled rheometer. A
limited number of analyses were also carried out at Innospec Inc. on a TA AR-
2000 controlled-stress rheometer. The general test conditions unless stated

otherwise were the same for both instruments. The rheometer tests involved
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placing the carbon black/polymer dispersions between two 25 mm parallel plates.
The amount of sample for each test was chosen to fill a 1 mm gap between the
plates. The sample was heated from 30-50 °C up to 300-400 °C at a heating rate
of 3 °C min to mimic *H NMR conditions. The furnace surrounding the sample
was purged with a constant flow of nitrogen to transfer heat to the sample and
remove any volatiles. The sample temperature was monitored using a
thermocouple in direct contact with the bottom plate. The viscoelasticity of the
dispersions was measured at a frequency of 1 Hz to obtain the complex viscosity
(n*) as a function of temperature. The majority of the analysis (RDA III instrument
only) was carried out with auto tension adjustment with a constant normal force
of 20 g. This allowed the plate gap to change with the expansion and contraction
of the sample. Strain-sweep tests were performed on the RDA III instrument to
ensure that measurements were within the linear viscoelastic region. The strain-
sweeps were performed at 100, 250 and 350 °C in the strain region y = 0.01% -
10 %. The minimum n* that the Rheometrics RDA-III rheometer instrument can
measure is approx. 103 Pa.s while the minimum n* that the TA AR-2000 rheometer

instrument can measure is approx. 10! Pa.s.

(b)

Figure 3-5:(a) Image of RDA III high torque strain controlled rheometer (UoN),

(b) Image of TA AR-2000 controlled-stress rheometer (Innospec Inc.)
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3.12.4 Thermogravimetric analysis (TGA)

TGA measurements of the polymers and dispersions were carried out on a TA
Q500 thermogravimetric analyser. Approximately 10 mg of sample was placed in
the pan. An isothermal test at 30 °C was initially carried out to purge the air in
the system. Then, the samples were pyrolysed at a constant heating rate of 3 °C
min~! to 500 °C in a nitrogen atmosphere to mimic *H NMR and rheometry
conditions. A nitrogen flow rate of 100 cm3 min~! was used to sweep out the
volatile products. The majority of the measurements were carried out at Innospec

Inc. by Mr Barry Cheeseman.

3.12.5 Temperature programmed oxidation (TPO)

TPO experiments were performed using a Leco® RC612
Carbon/Hydrogen/Moisture determinator. In TPO a sample is heated in an oxygen
atmosphere and the evolution of carbon dioxide is recorded. More amorphous
carbon is more reactive than more structured graphitic carbon and therefore
oxidises at a lower temperature. The sample is heated in a temperature controlled
furnace. The CO: resulting from the oxidation of the carbon is detected by IR
detectors (Barker et al., 2010). The TPO analysis for this work was carried at

Innospec Inc. by Mr David Pinch.

3.12.6 Gel permeation chromatography (GPC).

Molecular weights (Mn and Mw) and polydispersity (Mw/Mn) were determined with
respect to polyisobutylene standards by gel permeation chromatography (GPC).
The Waters Alliance 2695 system that was used was equipped with a Waters
refractive index Detector 2414. Four Waters Syragel® gel columns (HR 4, 2, 1,
0.5 ((7.8 x 300 mm)) were used. Tetrahydrofuran (THF) GPC grade (Fischer) was
used as an eluent and was delivered at a flow rate of 1.0 mL min-. Approx. 0.1-
0.2 g sample was weighed into a 25 ml grade A volumetric flask. The flask was

then made up to the mark with THF. The injection volume was 100 pL. All samples
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were analysed at 39 °C. The samples were then run against a calibration graph
generated by a relevant set of standards and the Mw/Mn calculated using
Empower Pro software. The majority of the GPC analysis was carried out at

Innospec Inc. by Dr. Jim Barker.

3.12.7 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectrum (XPS) measurements were carried out to determine
the surface elemental composition of the carbon samples on a PHI5300 X-ray
photoelectron spectrometer. A monochromatic Al Ka source (1486.6 eV) was used
at power 210 W. The instrument was used in fixed analyser transmission mode,
with pass energy of 80 eV for wide scans and 20 eV for high resolution scans.
Elements of interest included carbon, nitrogen, oxygen, iron, nickel, and cobalt.
All XPS analysis was carried out at the University of Nottingham by Dr. Emily

Smith.

3.12.8 Brunauer-Emmett-Teller (BET) Analysis

The surface of one of the carbons was investigated by N2 adsorption/desorption
at -196 °C using an ASAP 2020 micrometrics instrument. Approx. 0.1 g sample
was degassed at 80 °C in a vacuum for 16 h prior to analysis. Experimental
adsorption data at a relative pressure (P/Po) from 0.01 to 0.99 were used to
calculate the surface area using micrometrics software programme. BET analysis

for this work was carried out at the University of Nottingham by Mr. Nannan Sun.

3.12.9 Particle size analysis (via laser diffraction)

The particle size was measured on a Malvern Mastersizer type S instrument. After
measuring the background, the approx. 10 mg sample is added to the ultra-pure
water within the instrument Mastersizer so that the obscuration monitor is
between 10 and 40 %. The sample is measured for 10-30 s to ensure that all

particles are represented in the measurement and to average out fluctuations
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caused by the dispersing medium. The analysis was carried out with the assistance

of Dr. Lee Stevens.
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4 Optimisation of Sample Preparation and Main Analytical Methods

This chapter includes initial experimental attempts to characterise dispersions of
polyisobutylene succinimide (PIBSI) and a carbon black (MicroCB) using
rheometry and 'H NMR at high temperatures in order to optimise the conditions
for sample preparation and analytical methodologies. In some cases
corresponding PIB and PIBSA dispersions are also included to highlight the level
of distinguishability between the viscosity and mobility trends of the polymers.
The actual rheological and *H NMR mobility behaviour of the polymer dispersions

will be described and discussed in chapter 5.

4.1 EXPERIMENTAL

4.1.1 Materials

The commercial polymers used in this chapter were supplied by Innospec Inc. A
summary of the structures are shown in Table 4-1. The number and weight
average molecular weight and polydispersity values are also presented in Table
4-1.

A particular PIBSI (PIBSI-A) was chosen for the majority of the optimisation tests
as a PIBSI with a large tetraethylenepentamine (TEPA) head group with multiple
amines should exhibit a strong interaction with the carbon black therefore provide
an indication of how a “good” dispersant would behave, setting a precedent for

future tests.
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Table 4-1: Head groups, average molecular weights, polydispersity and

functionality of polymer samples.

Polymer Polymer | PIB-Mn | Mn Mw PD PIB

reference | Head (g/mol) | (g/mol) | (g/mol) Funct.
group*

PIB N/A 750 771 1075 1.4 | N/A

PIBSA(-A) | Succinic 750 904 1170 1.3 | mono
Anhydride

PIBSI-A TEPA 750 1253 2049 1.6 | mono

*Refer to section 3.10.1 for head group abbreviations

A commercial carbon black (MicroCB) with an average particle size of 45 ym and
surface area of 205 m2g! is used in this chapter. A description of this carbon can
be found in section 3.10.2. Hexane (Aldrich 95 % was used) was used as a

solvent.

4.1.2 Dispersion sample preparation

The PIBSI MicroCB (and PIB and PIBSA) dispersions were prepared as described
in the experimental section 3.11. Any variations to the sample preparation to

optimise the conditions for analysis are included in this chapter.

4.2 OPTIMISATION CONDITIONS FOR CHARACTERISATION OF POLYMER/ CARBON
DISPERSIONS- RHEOMETRY

Initial rheological measurements were performed on a Rheometrics RDA-III high
torque controlled stain rheometer. The rheometer tests were carried out as
described in section 3.12.3. Variations to the analysis conditions are included
herein. This rheometer instrument was designed for more solid like samples such
as coal and biomass samples therefore dispersions containing 25 % and 35 %
MicroCB loadings were initially prepared as it was believed this would yield
samples sufficiently viscous enough to yield n* values that were within the limit
of the instrument (minimum n* ~ 103 Pa.s.). The samples were prepared as
described in section 3.11 and then transferred to the rheometer plate using a

spatula. It was found after a few attempts that the easiest way to transfer the
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dispersion sample was to retain some hexane in the sample so that it remained
fluid for easier transfer to the rheometer lower plate. If this was not done, the
sample would stick to the spatula (or to the inside of the jar) and would have to
be “pasted” onto the plate rather than gently dropped. A photograph of the sample
on the lower plate prior to being analysed is shown in Figure 4-1. Once the sample
had been transferred the top plate was lowered to give a 1 mm gap and any
excess sample was carefully wiped away (this ensured the same amount of sample

could be replicated for each test).

Figure 4-1: Image of PIBSI 65% MicroCB 35% sample on rheometer plate prior

to analysis.

4.2.1 Auto tension adjustment on/off

Figure 4-2 presents the complex viscosity (n*) of the dispersions of PIB, PIBSA
and PIBSI-A (65 %) with MicroCB (35 %) as a function of temperture under a
nitrogen atmosphere and using a heating rate of 3 °C min-!, a strain of 0.05 %
and a frequency of 1 Hz (6.283 rad s!). The plate gap was fixed at 1 mm
throughout the duration of the tests (also referred to as “Auto tension off”). The
graph shows that the viscosity of the dispersions with different polymers with the
same MicroCB loading increased largely linearly with temperature and overall the

three polymer dispersions show similar trends (although the PIBSI-A does exhibit
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high n* values throughout the test). It was found that when doing these tests the
force exerted on the top plate was considerable (almost 2000 g) due to the fixed
plate gap (auto tension off). While not only having the potential to damage the
instrument this also amplified the n* data and so the n* trend resulted in very

high n* values (up to 2.6 x 107 Pa.s), particularly at high temperatures.
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Figure 4-2: Complex viscosity (n*) as a function of temperature for PIB, PIBSA
and PIBSI-A (65 %) MicroCB (35 %) dispersions using a heating rate of 3 °C

mint (y=0.05 %, w= 1 Hz) (RDA-III instrument). Auto tension off.

A number of tests were carried out at lower solid loading to attempt to investigate
whether the n* trends could be more easily distinguished as well as to limit the
force exerted on the top plate of the rheometer. Figure 4-3 shows the n* trend
for PIB, PIBSA and PIBSI-A (75 %) MicroCB (25 %) dispersions. The graph shows
that decreasing the solid loading to 25 % once again gave largely linear n* trends
albeit at lower n* values. While the PIBSI-A dispersion exhibits higher n* values
throughout heating the PIB and the PIBSA dispersion trends are largely

indistinguishable. Also, at high temperatures (> 300 °C) the force exerted on the
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top rheometer plate was still very high which again risked damaging the

instrument as well as amplifying the n* values.
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Figure 4-3: Complex viscosity (n*) as a function of temperature for PIB, PIBSA
and PIBSI-A (75 %) MicroCB (25 %) dispersions using a heating rate of 3 °C

mint (y=0.05 %, w= 1 Hz) (RDA-III instrument). Auto tension off.

To rectify this, the tests were repeated with the dispersions with the auto tension
adjustment switched on. This meant that instead of a fixed plate gap the top plate
gap would automatically change in order to maintain a constant force on the
sample. This method has been used previously when analysing the expansion and
contraction of biomass samples (Dufour, et al., 2012).

A number of samples were again made and analysed with the auto tension
adjustment setting turned on. A constant force of 20 g was maintained throughout
the test. Initially, a number of PIBSI (75 %) MicroCB (25 %) samples were made

and the analysis attempted. However these were all unsuccessful due to the top
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plate squashing the sample so much that the dispersion overflowed over the edge
of the bottom plate. The force was adjusted to 10 g but the same result occurred.
The force was then adjusted to 5 g which was successful in that the sample was
not squashed so much that it was lost from the plate however after a few minutes
the plate gap rose suddenly so that it was no longer in contact with the sample.
This meant that the sensitivity was too high and the test had to be aborted.
Consequently, a PIBSI-A (65 %) MicroCB (35 %) sample was made and it was
found that it was sufficiently viscous enough that the sample remained between
the plates with a constant force of 20 g.

Figure 4-4 shows the n* values of a dispersion of PIBSI-A (65%) and MicroCB
(35%) as a function of temperature. Corresponding PIB and PIBSA dispersions
are also shown. With the top plate free to move up and down with the
expansion/contraction of the sample it was ensured that the force exerted onto
the top plate did not affect the n* trend. The graph shows that the viscoelastic
trends of the three polymers are much more distinguishable with the auto tension
adjustment. A description of the n* trends and explanations for the differences in
the viscoelastic behaviour of the PIB, PIBSA and PIBSI-A MicroCB dispersions is

presented in chapter 5.
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Figure 4-4: n* as a function of temperature for PIB, PIBSA, PIBSI-A and PIBSI-
B (65 %) - MicroCB (35 %) dispersions using a heating rate of 3 °C mintin

nitrogen (y = 0.05, v = 1 Hz).( RDA-III instrument).

4.2.2 Strain-sweep measurements

In order to verify that the dispersion measurement was within the linear
viscoelastic region at this carbon loading a humber of strain-sweep tests were
carried out using PIBSI dispersions (65 % polymer 35 % MicroCB). The strain-
sweeps were performed at 100, 250 and 350 °C in the strain region y = 0.01 % -
10 %. It was found that the storage modulus (G’) and loss modulus (G”) for the
dispersions remain fairly constant at strains < 0.1 %. This therefore showed that
the viscoelastic properties of the dispersions are not affected by strains of 0.05
%. An example of one of the strain sweep test carried out at 100 °C is shown in
Figure 4-5. Other strain sweep tests at different temperatures for PIBSI-A (as well

as PIB) dispersions may be found in Appendix B.
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Figure 4-5: Storage (G’) and loss (G’’) moduli as a function of strain (y) at

250 °C for PIBSI-A (65 %) MicroCB (35 %) dispersion.

4.2.3 Sample reproducibility

Duplicate tests of the PIBSI-A (65 %) MicroCB (35 %) sample using the same
methodology were carried out to ensure reproducibility. Figure 4-6 shows the data
for each individual run replicated three additional times. Figure 4-7 shows the
mean n* as a function of temperature for these tests. A filter has been applied to
the data so that the error bars which are to 1 standard deviation of the sample
mean can be presented. The graph provides evidence that samples prepared using
the methodology described gave reproducible trends. The error measurement
increases as the increasing temperature caused an increase in the n* of the
sample. For instance the standard error of the sample mean at 100 °Cis £ 9177
Pa.s whereas the error at 250 °C was £ 75051 Pa.s. Whether this is a good or

bad experimental error depends on whether different polymer dispersions are
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distinguishable within this error and this is demonstrated in chapter 4 when

characterising PIB, PIBSA, and PIBSI-dispersions.
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Figure 4-6: Duplicate samples of PIBSI-A (65 %) and MicroCB (35 %) (1-4)
using a heating rate of 3 °C min! in nitrogen (y = 0.05, » = 1 Hz). (RDA-III

instrument).
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Figure 4-7: Mean n* as a function of temperature for 4 duplicate samples of
PIBSI-A (65 %) and MicroCB (35 %) using a heating rate of 3 °C min in
nitrogen (y = 0.05, » = 1 Hz). (RDA-III instrument). Error bars are to 1 standard

deviation of the sample mean.

4.2.4 TA AR-2000 rheometer instrument measurements

As mentioned previously, decreasing the solid loading < 35 % was not successful
on the RDA-III instrument using the auto tension adjustment setting due to the
plate squashing the samples. To characterise samples of lower viscosity, polymer
(75 %) MicroCB (25 %) samples were analysed on the TA AR-2000 instrument
which is more sensitive (minimum n* ~ 10! Pa.s). Figure 4-8 shows an example
of the viscoelastic analysis of a dispersion of PIBSI-A (75 %) and MicroCB (25 %)
as a function of temperature measured on the TA AR-2000 instrument. A
description of the n* trends and explanations for the viscoelastic behaviour is

presented in chapter 5.
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Figure 4-8: n*, as a function of temperature for PIBSI-A (75 %) and MicroCB

(25 %), using a heating rate of 3 °C min in nitrogen (y = 0.05, » = 1 Hz). (TA-

2000 instrument).

There was a significant issue that must be mentioned with regards a number of
analyses carried out on this instrument. A number of tests failed due to the loss
of sample from between the plates on initial heating most likely caused by the
high fluidity of the samples. This meant that the polymer flowed off the plate
which substantially affected the results. Figure 4-10 shows an image of such a
dispersion (taken after the rheometer had cooled). Figure 4-9 shows the
viscoelastic trend of this failed analysis. Because of this, and because time was
limited on this instrument a number of tests (despite repeat attempts) were not
successfully analysed and so are omitted from the main results section.
Nevertheless a number of tests will still be included and discussed where it was
evident that the sample remained between the rheometer plates throughout the

analysis.
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Figure 4-9: n*, as a function of temperature for PIBSA (75 %) and MicroCB
(25 %), using a heating rate of 3 °C min in nitrogen (y = 0.05, » = 1 Hz). (TA-

2000 instrument).
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Figure 4-10: Image showing residual PIBSA MicroCB dispersion material post

heating. (TA AR-2000 rheometer).
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4.2.5 Effect of increasing carbon loading on viscoelastic behaviour

Figure 4-11 shows the effect of particle concentration on the viscoelastic
properties using various PIBSI-A and MicroCB weight percentages. The PIBSI-A
(75 %) MicroCB (25 %) sample (which remained between the plates throughout
the test) was analysed on the TA AR-2000 rheometer due to the low viscosity of
the sample while all other concentrations were measured on the Rheometrics
RDA-III high torque instrument. It can be seen that the overall n* trends
increases with increasing MicroCB loading %. The trends are characterised by
lower n* values at low temperatures followed by a drastic increase in complex
viscosity from around 60 °C onwards. The complex viscosity of all the samples is
then relatively constant. The solid loading was not increased beyond 55 %
because, when attempting to lower the top plate to a 1 mm gap the initial force
that was measured was very high (almost 2000 g) and risked damaging the
instrument. A wider initial starting plate gap may have affected the results as the

initial volume of sample may have been altered.
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Figure 4-11: Complex viscosity (n*) as a function of temperature for various
PIBSI-A (75 - 45 %) and MicroCB (25 - 55 %) dispersions, using a heating rate

of 3 °C mint in nitrogen (y = 0.05, ® = 1 Hz).
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To ensure that the sample was still operating in the linear viscoelastic region at
higher solid loadings strain sweep tests were performed for samples of PIBSI-A
(45 %) MicroCB (55 %) at 100, 250 and 350 °C, the results of which can be found
in Appendix B. It was again found that the G’ and G” moduli remained fairly
constant at strains below 0.1 % and that a strain of 0.05 % is acceptable

throughout the concentration range studied.

4.3 OPTIMISATION CONDITIONS FOR CHARACTERISATION OF POLYMER CARBON
DISPERSIONS- HIGH TEMPERATURE 'H NMR

Initial *H NMR peak half width (AH1/2) measurements were performed on a high-
temperature Doty 200 MHz NMR probe in conjunction with a Bruker MSL300
instrument. The high temperature 'H NMR analyses were carried out as described
in section 3.12.1. A PIBSI-A (85 %) MicroCB (15 %) was used to investigate
repeatability, reproducibility and the effect of leaving out the ultra-sonication step.
Various samples with different PIBSI-A / MicroCB loadings were also analysed to

attempt to correlate with rheometer measurements.

4.3.1 Temperature range

The samples were heated from ambient temperature to the final temperature at
approximately 3 °C min-l. This heating rate was chosen as it allowed sufficient
time for the temperature to increase between each acquisition of the spectra. The
samples could not be sealed air tight within the ceramic capsule as this risked
exploding the capsules due to devolitilisation of the polymers. For the majority of
the tests it was decided not to exceed temperatures of more than 250 °C. This
was done to prevent degradation of the polymer leading to contamination of the

NMR probe which was a time consuming process to clean.
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4.3.2 'H NMR peak graph fitting

Once the free induction decay signal had been obtained for a typical analysis
Fourier transformation was used to convert the free induction decay signal into a
single peak. A numerical programme was then used to allow the spectra obtained
to be fitted to Lorentzian and Gaussian components. It was found that the spectra
of the dispersions were composed of almost entirely of Lorentzian distribution
functions. The peak width at half height (AH12) was therefore measured as
function of temperature to investigate the mobility of the fluid 'H of the polymer
constituents. An example of one such spectrum is shown in Error! Reference
source not found. and displays the experimental and calculated (Lorentzian)
components for a PIBSI-A (85 %) MicroCB (15 %) sample at 250 °C. Again, no
contribution from a Gaussian distribution function (i.e. hydrogens associated with
the rigid phase) was observed therefore the peak fitting was carried out using the

Lorentzian parameters only.
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Figure 4-12: 'H NMR spectra of PIBSI-A (85 %) MicroCB (15 %) dispersion at

250°C with Calculated and Experimental components.

For the PIBSI-A (85 %) MicroCB (15 %) sample described above the AHi2 was
measured and plotted as a function of temperature (Figure 4-13). The lines

between each data point representing each AHi/2 measurement are strictly there
107



as a guide for the eye. To reiterate variation in AHz1,2 is representative of a change
of fluidity of a system i.e. increasing AH1/2 implies decreasing mobility (as well as
shorten the spin-spin relaxation time (T2)). Figure 4-13 therefore shows that for
this dispersion, the mobility of the H atoms decreased with increasing
temperature. A full description of the AHi> trend and explanations for the
differences in the viscoelastic behaviour in comparison with PIB and PIBSA

dispersions is presented in chapter 5.
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Figure 4-13: Evolution of the 'H NMR 4H;1,> with temperature for a PIBSI-A

(85 %) MicroCB (15 %) dispersion

4.3.3 H NMR repeatability

Repeat analysis of the sample was shown in Figure 4-13 in order to investigate
the level repeatability of a typical dispersion. Potential sources of error include
error arising from manually controlling the heating rate, possibility of non-
uniformity of a typical sample, and variation in the amount of sample in the
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ceramic capsule. Figure 4-14 shows the 'H NMR AH1/2 for 3 repeat tests of a PIBSI-
A (85 %) MicroCB (15 %) sample as a function of temperature. Figure 4-15 shows
the mean of these tests with error bars to one standard deviation of the sample
mean. The greatest deviation from the mean was between 70 to 100 °C with the
greatest deviation from the mean having a value of £ 118 Hz at 90°C. The
deviation from the mean at higher temperatures was less with a standard error

of £ 22 Hz at 250 °C.
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Figure 4-14: Evolution of the 'H NMR 4H:,> with temperature for repeat analysis

of a PIBSI-A (85 %) Micro CB (15 %) dispersion
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Figure 4-15: Evolution of the mean 'H NMR 4H;1,> with temperature for repeat

analysis of a PIBSI-A (85 %) Micro CB (15 %) dispersion

4.3.4 'H NMR reproducibility

Duplicate samples of PIBSI-A (85 %) MicroCB (15 %) were made to ensure good
reproducibility. Figure 4-16 shows the 'H NMR AHi,; for 3 duplicate samples of
MicroCB dispersions with PIBSI-A as a function of temperature. A weight
percentage of 85 % polymer 15 % MicroCB was chosen to test reproducibility as
it was believed a more fluid sample would most likely yield the largest error in the
mobility measurement of each sample. The mean of these tests are shown in
Figure 4-17. Error bars to one standard deviation of the sample mean are also
included. The graphs show that the largest range in error occurred between 60 -
100 °C with the greatest deviation from the mean of £ 274 Hz at 90°C. This error
is most likely associated with differences in the conformational changes in the
polymer chains for each sample as described by Won et al. (2005) and possibly
due to residual hexane evaporation that had become encapsulated by the polymer
(this is discussed in more detail in chapter 5). The deviation from the mean at

higher temperatures was less with a standard error of £ 61 Hz at 250 °C. This
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shows analysis of these dispersions at high temperatures shows good

reproducibility.
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Figure 4-16: Evolution of the *H NMR 4H;,> with temperature for 3 duplicate

PIBSI-A (85 %) Micro CB (15 %) dispersions (A, B, C) with sonication
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Figure 4-17: Evolution of the mean 'H NMR 4H;,> with temperature for 3
duplicate PIBSI-A (85 %) Micro CB (15 %) dispersions (A, B, C). Error bars are

to 1 standard deviation of the sample mean.
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4.3.5 Effect of removing sonication step

Figure 4-18 shows the AH1/2 measurements for similar set of samples as in Figure
4-16 but this time the sonication step was left out. Sonication is used in the
preparation of the dispersions for three reasons; to help the polymer dissolve in
the hexane faster, to break down any aggregates of the carbon particles and to
facilitate the interaction between the polymer and the particles. The technique
has been used in various studies involving similar PIB dispersions. However,
sonication is widely known in polymer chemistry to alter the structural
configuration of polymers (Price & Smith, 1991). As is demonstrated however in
Figure 4-16 and Figure 4-18 there is little difference between AH1/2 trends of A,B
and C samples (with sonication step) and D,E and F samples (without sonication
step). D, E and F show a mean trend (shown in Figure 4-19) that is slightly less
than A, B and C although this is just outside the experimental error. The
reproducibility appeared to be better with sonication as shown by the lower error
at high temperatures. The sonication step will therefore remain in the preparation

of the dispersions.
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Figure 4-18: Evolution of the ‘H NMR AH;,> with temperature for 3 duplicate

PIBSI-A (85 %) Micro CB (15 %) dispersions (D, E, F) without sonication.
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Figure 4-19: Evolution of the mean 'H NMR 4H;i,> with temperature for 6
duplicate PIBSI-A (85 %) Micro CB (15 %) dispersions with (A, B, C) and
without (D, E, F) sonication step. Error bars are to 1 standard deviation of the

sample mean.

4.3.6 Error measurement of data processing

Figure 4-20 shows the mean data set for a particular sample that has been
processed from the FID 4 separate times. As there was a subjective element to
processing in terms of baseline correction etc. there was the possibility of an
additional error. From the mean of the data set including error bars to one
standard deviation of the sample mean (shown in Figure 4-21) it is clear that this
error is minimal enough to ignore when distinguishing different polymers using

AH1/2 measurements.
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Figure 4-20: Evolution of the 'H NMR AH;,> with temperature for a PIBSI-A
(85 %) MicroCB (15 %) dispersion showing the FID transformed and processed

4 separate times.
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Figure 4-21: Evolution of the mean 'H NMR 4H;,> with temperature for a PIBSI-A
(85 %) MicroCB (15 %) dispersion transformed from the FID and processed 4

separate times. Error bars are to 1 standard deviation of the sample mean.
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4.3.7 Effect of increasing solid loading on 'H NMR mobility

measurements

The effect of particle concentration on the AHi2 trend was investigated (Figure
4-22). The trends show that as the particle concentration increases the overall
AH1/2 trend appeared to increase particularly between 15 and 20 % solid loading.
As the particle concentration is increased further the difference between the
trends appears to be less and particularly at high temperatures the AHi2 values
are more similar. The PIBSI-A (55 %) MicroCB (45 %) dispersion is the only
sample that starts out with a decreasing AHi2 trend. This could possibly have
been due to the high particle concentration restricting the mobility of the H atoms;
as the temperature was increased the sample may have softened which allowed

the H atoms to become more mobile.
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Figure 4-22: Evolution of the 'H NMR 4AH;,> with temperature for PIBSI-A (100 -

55 %) MicroCB (0 -45 %) dispersions

As has been stated the 'H NMR spectra were comprised almost entirely of
Lorentzian distribution functions that arise from the mobility of the fluid H atoms.

As the solid loading was increased however a small number of Gaussian
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distribution functions associated with rigid H atoms were observed at various
temperatures. These were largely minimal and seemed to appear and disappear
at random (most likely arising from the numerical programme attempting to pick
out Gaussian peaks that were not really there). Therefore to ensure the best peak
fitting and for consistency, only Lorentzian parameters (associated with mobile H
atoms) were applied to the peak fitting. In order to confirm, however, that the
random occurrence of Gaussian distribution functions had no effect on the
measurement of the AHi,> a number of spectra were processed both with and
without Gaussian distribution functions. An example is shown in Figure 4-23 and
displays the variation in AH1/2 with temperature for a PIBSI-A (75 %) MicroCB (25
%) sample. The figure shows that exclusively peak fitting the Lorentzian
components is justified as there is very little difference (< *£2 Hz) when the
Gaussian component was taken into account. This was found to be the case even

up to temperatures of 400 °C as shown Figure 4-23.
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Figure 4-23: Evolution of the 'H NMR AH;1,> with temperature for PIBSI-A
(75 %) MicroCB (25 %) dispersion fitted with and without Gaussian

components.
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4.3.8 Contribution from the carbon black to the 'H signal

A 'H NMR test was run to investigate if there was any contribution from MicroCB

to the 'H NMR signal by analysing the carbon black in isolation. No discernible

peak was found throughout the temperature range (20 - 400 °C) studied.

4.4 CHAPTER SUMMARY

Conditions for the characterisation of dispersions of PIBSI and a MicroCB using

rheometry and *H NMR at high temperatures for both the sample preparation and

analytical methodologies has been carried out and the following key outcomes

have been found:

Rheometer tests using the RDA III instrument with a fixed plate gap
showed mostly linear behaviour and very high viscosity values which
amplified the n* measurements at high temperatures. The rheometer plate
gap therefore had to be allowed to expand as the viscosity of a sample
increased otherwise additional forces would have affected the results. This
was achieved by carrying out the tests with the auto tension on. The
samples needed to be initially viscous enough otherwise the plates would
squash the sample with this setting therefore minimum solid loading of 35
% was required to obtain a successful analysis on the RDA-III instrument.
A PIBSI-A (65 %) MicroCB (35 %) sample was duplicated and analysed a
number of times using rheometry with the auto tension on. The n* trends
were reproducible. The error for these samples varied along the
temperature range. The error at 250 °C was £ 75000 Pa.s. This may be
appear to be a very high margin of error however it will be investigated in
the next chapter if this is sufficient to distinguish various PIBSIs.

Strain-sweep tests showed the behaviour of the PIBSI MicroCB dispersions

were within the linear viscoelastic region and not affected by strains of
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0.05 %. This was the case both within the temperature range studied and
at the different PIBSI/MicroCB loadings employed.

A low viscosity sample measured on a TA-2000 rheometer instrument
showed to correspond well with the results from the RDA-III instrument.
However on occasion samples were lost from the plate top meaning certain
tests were unsuccessful.

It was found that increasing the solid loading of the dispersions led to an
increase in the n* values although the overall viscoelastic trend remained
the same.

High temperature 'H NMR was used to analyse a number of PIBSI-A
MicroCB dispersions up to 250 °C. The resultant spectra were composed
of Lorentzian distribution functions. The AHi2 was measured to obtain
information about the mobility of the polymer constituents.

Duplicate AH1/2 measurements of samples of PIBSI (85 %) MicroCB (15 %)
showed good reproducibility and repeatability. The largest error occurred
between 60 and 100 °C in both cases. The error in AHi,2 for the duplicate
samples at 250 °C was £ 60 Hz. For three repeat analysis of the same
sample the error at 250 °C was £22 Hz and the error in processing was =+
20 Hz at 250 °C.

The effect of leaving out the sonication had little effect on AHi,2 trend.
However the error at 250 °C was slightly greater than samples where the
sonication step remained. It is therefore concluded that the sonication step
should remain in the sample preparation as it appears to increase the level
of reproducibility.

Increasing the solid loading of the dispersions led to an increase in the
overall AH1/2 values.

There was found to be no contribution from any hydrogen atoms in the

carbon black to the H NMR signal.
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5 Characterisation of Polyisobutylene-Carbon Black Dispersions

This chapter presents the characterisation of dispersions of a carbon black
(MicroCB) with polyisobutylene (PIB), polyisobutylene succinic anhydride (PIBSA)
and two similar derivatives of polyisobutylene succinimide (PIBSI-A and PIBSI-B)
using high temperature rheometry and 'H NMR spectroscopy. The chapter
investigates how using the techniques can demonstrate that the viscoelastic and
molecular mobility behaviour of a sample can be an indication of the strength of

the interaction between the polymer and the carbon black particles.

5.1 EXPERIMENTAL

5.1.1 Materials

A summary of the polymers used in this chapter is shown in Table 5-1. The
polymer polar head groups are displayed as is the number average molecular
weight of the PIB backbone (PIB-Mn) from which the polymers are derived. Also
presented is the number average molecular weight (Mn), weight average
molecular weight (Mw) and polydispersity values (PD) of the final polymer
products obtained from GPC analysis as described in section 3.12.6. All polymers
with (the exception of PIBSI-B) were synthesised via thermal synthetic route (ENE
type reaction). PIBSI-B was synthesised via chlorine synthetic route (Dies Alder
type reaction).

Table 5-1: Head groups, average molecular weights, polydispersity and

functionality of polymer samples.

Polymer Polymer | PIB-Mn | Mn Mw PD PIB

reference | Head (g/mol) | (g/mol) | (g/mol) Funct.
group

PIB N/A 750 771 1075 1.4 | N/A

PIBSA(-A) | Succinic 750 904 1170 1.3 | mono
Anhydride

PIBSI-A TEPA 750 1253 2049 1.6 | mono

PIBSI-B* | TEPA 1000 1740 2648 1.5 | mono

*Refer to section 3.10.1 for head group abbreviations
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A commercial carbon black (MicroCB) with an average particle size of 45 ym and
surface area of 205 m?g™ was used. A description of this carbon can be found in

section 3.10.2. Hexane (Aldrich 95% was used) was used as a solvent.

5.1.2 Sample preparation

The polymer carbon black dispersions were prepared as described in section 3.11.

5.1.3 Summary of analytical methods used

Thermogravimetric analysis (TGA) was used to investigate the thermal
degradation of the polymers using the method outlined in section 3.12.3. The
polymer-MicroCB dispersions were analysed via high temperature rheometry on
the two separate rheometer instruments and via 'H NMR as outlined in sections

3.12.3 and 3.12.1 respectively.

5.2 RESULTS AND DISCUSSION

5.2.1 Thermogravimetric analysis (TGA) of PIB, PIBSA, PIBSI-A, PIBSI-

Figure 5-1 shows the weight percentage loss of PIB, PIBSA, PIBSI-A and PIBSI-B
measured by thermogravimetric analysis (TGA). It can be seen that PIB begins to
gradually devolatilise at around 100 °C. The rate of volatile release increases with
increasing temperature as the polymer begins to thermally degrade and reaches
a maximum rate of weight loss at around 330 °C. This is consistent with Lehrle et
al., (2002) who found for similar PIB samples the majority of degradation was
found to occur between 270 - 360 °C where the most likely mechanism of
degradation is described as end-initiated depropagation of the double bonds at
the end of the PIB chains. At approx. 360 °C the rate of weight loss decreases
significantly and at 400 °C there is < 1 % residual PIB remaining. PIBSA did not
begin to devolatilise until around 200 °C. At 300 °C the rate of weight loss

increases substantially and reaches a maximum rate loss at around 360 °C. The
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higher degradation temperature of PIBSA compared with PIB was probably not
due to molecular weight since the polymers both have quite similar Mn/Mw values
(see Table 4-1). A more likely explanation could be due to substitution of the PIB
vinylidene chain ends with the maleic anhydride groups which can increase the
thermal stability of the polymer. This can be attributed to either increased steric
bulk around the end radicals around the PIBSA restricting chain-end initiated
depropagation, or loss of the most unstable hydrogen atoms in the starting PIB
due to oxidisation during the conversion of PIB to PIBSA (Lehrle et al. 2002). At
around 410 °C the residual amount of PIBSA is < 1 %. PIBSI-A and PIBSI-B both
begin devolatilising at around 60 °C and around 10 % weight has been lost by
~200 °C. This was most likely due to presence of solvent in each of the polymer
samples. The rapid thermal degradation of PIBSI-A and PIBSI-B both begins at
around 280 °C although the trends do diverge slightly with PIBSI-A degrading at
slightly lower temperatures reaching a maximum rate of weight loss at around
340 °C and the PIBSI-B at around 365 °C. A residual amount of each of polymer
is obtained at 450 °C and is below 4 % of the initial weight for each polymer. An
explanation for the slightly higher temperature at which the maximum rate of
degradation occurred for PIBSI-B can be explained by the higher molecular

Mw/Mn values of the PIBSI-B sample.
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Figure 5-1: Weight percentage loss of PIB, PIBSA, PIBSI-A and PIBSI-B with

temperature using a heating rate of 3 °C min in nitrogen.

5.2.2 High temperature rheological measurement of polyisobutylene

Although the conditions for high temperature rheological analysis of PIBSI
MicroCB dispersions were optimised in the previous chapter, attempts were made
to characterise the PIB, PIBSA and PIBSIs in isolation. However, the results
showed values that were almost entirely below the detection limit of both
rheometer instruments (Rheometrics RDA-III instrument minimum n* ~ 103 Pa.s,
TA-AR-2000 instrument minimum n* ~ 10! Pa.s). For example, Figure 5-2
(Rheometrics RDA-III instrument) and Figure 5-3 (TA AR-2000 instrument) show
the complex viscosity (n*) data as a function of temperature of PIB to be in both
cases largely scattered. This meant that the polymers could not be successfully

characterised in isolation using rheometry on these instruments.
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Figure 5-2: »* as a function of temperature for PIB using a heating rate of 3 °C
min (y=0.05 %, w= 1 Hz) measured on Rheometrics RDA-III high torque

controlled strain rheometer.
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Figure 5-3: n* as a function of temperature for PIB using a heating rate of 3 °C

min (y=0.05 %, w= 1 Hz) measured on TA AR-2000 Controlled Stress

rheometer.
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5.2.3 Rheological characterisation of PIB, PIBSA, PIBSI-A, PIBSI-B

/MicroCB dispersions

Figure 5-4 presents the viscoelastic properties of the dispersion of PIB (65 %) and
MicroCB (35 %) as a function of temperature under a nitrogen atmosphere using
a heating rate of 3 °C min!, a strain of 0.05 % and a frequency of 1 Hz. It is clear
that the viscoelastic trend can be differentiated into a number of regions.

The first region begins at 30 °C and ends at around 100 °C and shows an increase
in complex viscosity (n*) from 230 Pa.s to 4000 Pa.s. This increase in this
temperature region has been observed previously by Won et al. (2005) and Yang
et al. (2007), and is ascribed to conformational changes in the polymer chains
affecting the dispersancy efficiency leading to aggregation of the carbon particles.
Evaporation of residual hexane (BP. 69°C) that had become trapped within the
polymer sample may have also indirectly contributed to the increase in n*. The
second region (100 °C - 320 °C) may be characterised by relatively constant n*
values which would suggest the aggregation of the particles has yielded a network
structure. Formation of a network structures at lower temperatures (<100 °C)
was observed by Won et al. (2005) and Yang et al. (2007) for carbon black and
nanotube dispersions respectively although in both cases the concentrations of
the carbon were much less (typically 5 % carbon). In Yang et al. (2007) a
dispersion stabilised by a long PIBSI chain (1000) showed an increase in viscosity
at 60 °C which was attributed to flocculation of the carbon particles via the PIBSI
chains. A network structure was said to form by around 80 °C between the
nanotubes with contributions from the long polymer chains which then collapsed,
shown by a decrease in the storage and loss moduli. Here, unlike the dispersion
trend observed by Yang et al. (2007) the network does not appear to collapse and
the n* values are relatively constant up to around 320 °C. This was most likely
due to the higher loading of MicroCB with the close proximity of the carbon

particles preventing the network from collapse. Region three (320 °C - 375 °C)
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shows a drastic increase in n* from around 1000 Pa.s to around 3 x10° Pa.s which
was most likely due to degradation of free polymer causing an increase in the
solid fraction of sample. This corresponds quite well with the TGA results for PIB
(see Figure 5-1) which showed the majority of the PIB weight loss between 280
to 360 °C. Degradation of the PIB may have occurred at slightly higher
temperatures in the presence of the MicroCB due to the carbon black enhancing
the thermal stability of the polymer as described by Jakab & Omastova et al.,
(2005). From 375 - 400 °C the data becomes scattered which could be due to
collapse of the network brought about from degradation of any remaining PIB that

was trapped between the carbon particles.
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Figure 5-4: n* as a function of temperature for a PIB (65 %) MicroCB (35 %)
dispersion, using a heating rate of 3 °C min in nitrogen (y = 0.05, » = 1 Hz).

(RDA-III instrument)

Figure 5-5 shows a comparison of the viscoelastic trend for PIB (65 %) MicroCB
(35 %) and the corresponding PIBSI-A (65 %) MicroCB (35 %) dispersion that

was utilised for optimisation in the previous chapter. Both samples begin with
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similarly low n* values at temperatures around 90 °C. However, it is clear from
examination of Figure 5-5 that the PIBSI-A dispersion sample shows markedly
higher n* values than the corresponding PIBSI-A sample between 90 and 370 °C.
This cannot be due to the thermal degradation of the PIBSI-A as TGA results
showed that both PIBSI and PIB begin to thermally degrades above 250 °C. A
likely explanation for this behaviour corresponds with the expected level of
interaction between the polymer and the MicroCB particles. PIB, which is made
up of a hydrocarbon tail, does not have a polar head group and so the level of
adsorption onto the carbon surface should be low. This means that during
formation of the network (after the conformation changes of the polymer chains,
hexane evaporation and aggregation of the particles) less of the polymer
contributes to the network. PIBSI-A on the other hand is a polymer containing a
polar head group with multiple amines therefore its level of interaction with the
MicroCB should be greater. This would cause more of the polymer to become
encapsulated within the network, increasing the effective solid fraction of the
sample leading to higher n* values at high temperatures. A similar effect has been
observed previously in studies of polymer nanocomposites in which the
viscoelastic response can serve as an indirect qualitative measure of the
dispersion state of nanotubes in polymer composites where a higher G’ can be an

indication of a better dispersion (Moniruzzaman & Winey, 2006).
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Figure 5-5: y* as a function of temperature for PIB (65 %) and MicroCB (35 %)
and PIBSI-A (65 %) and MicroCB (35 %) using a heating rate of 3 °C minin

nitrogen (y = 0.05, » = 1 Hz). (RDA-III instrument)

As PIBSA is an intermediate in the synthetic route from PIB to PIBSI it seems
logical to suggest it will have an intermediate level of interaction with the carbon
black particles. A PIBSA (65 %) MicroCB (35 %) dispersion was therefore analysed
via rheometry and is shown in Figure 5-6. The corresponding PIB and PIBSI
viscoelastic trends are also shown for comparison. The viscoelastic trend for the
PIBSA sample is similar to that of PIB but mostly exhibits higher n* values
throughout heating. In the first stage (30 - 100 °C) there is an increase in n*
from 230 Pa.s to around 20000 Pa.s. Stage two extends from 100 to around 300
°C and shows n* to be relatively constant. The third stage (300 - 400 °C) shows
an increase in n* to similar values for PIB and PIBSI-A dispersions followed by a
scattering of the data, which as confirmed by the TGA results is most likely due

to degradation of the polymer with the MicroCB remaining.
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From examining the trends for each polymer in Figure 5-6 it is apparent that the
polymers are the most distinguishable in the second region where the n* values
are relatively constant (100 - 300 °C) associated with the formation of a polymer
- carbon network. PIB has the lowest n* values (~10000 Pa.s) in this region,
followed by PIBSA (~100000 Pa.s) and PIBSI-A (~300000 Pa.s). As has been
stated, it would be expected since PIBSA as an intermediate between PIB and
PIBSI-A should have intermediate n* values in the network region and the

viscoelastic trends of the polymers support this.
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Figure 5-6. n* as a function of temperature for PIB, PIBSA, PIBSI-A and PIBSI-B
(65 %) - MicroCB (35 %) dispersions using a heating rate of 3 °C minin

nitrogen (y = 0.05, o = 1 Hz).( RDA-III instrument)

The suggestion that the most efficient dispersant yields the highest viscosity may
seem to be in contrast to various studies of polymer / carbon dispersions such as
Won et al., (2005), Yang et al. (2007) and Yasin et al., (2013) that demonstrate
that the most effective stabilisers produce dispersions of generally lower

viscosities. However many of these studies used carbon concentrations (typically
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< 5 % carbon) that were much lower than used in this study (to more accurately
reflect the low deposit to fuel ratio as would be found in the proper application of
the additive). However due to the high carbon content employed to characterise
the dispersions the results could indicate that, at high solid loading, higher n*
values could reflect a more efficient dispersant due to, as stated, more of a
contribution from the polymer to the network. It also appears that due to the high
solid loading the network does not collapse (unlike in the study by Yang et al.,
(2007)) shown by constant n* values up until the polymer begins to degrade from
around 250 °C onwards.

The viscoelastic trends in Figure 5-6 show that the PIB, PIBSA and PIBSI-A
polymer dispersions are distinguishable via high temperature rheometry. However
it was necessary to investigate whether it was possible to distinguish PIBSIs that
are chemically similar to each other to demonstrate the techniques potential. A
second PIBSI (PIBSI-B) was therefore analysed which has the same structure as
PIBSI-A but synthesised via a different method (via a chlorine synthetic route as
opposed to thermal). Figure 5-7 shows the n* of a dispersion of PIBSI-B (65 %)
and MicroCB (35 %) as function of temperature. The corresponding PIBSI-A
sample is shown for comparison. The overall viscoelastic trends of the two
polymers are similar although PIBSI-B does show lower n* values up until above
300 °C where the polymers would have been degrading (as shown in the TGA
results). This could not have been directly due to molecular weights of the
polymers since the PIBSI-A has a lower molecular weight (Mn = 1253, Mw =
2049) than PIBSI-B (Mn = 1740, Mw = 2648). Also the TGA results showed that
rate of weight loss of the two polymers was the same up until around 300 °C so
the higher PIBSI-A n* values are unlikely to due to differences in the
devolitilisation rate of the two polymers. More likely, the PIBSI-A polymer has a
slightly higher level of interaction with the MicroCB particles than the PIBSI-B

which increases the viscosity of the sample. An explanation for this is difficult to
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establish although one possible explanation could be due to differences in the
synthetic routes of the polymers. PIBSI-B was synthesised using an older
method/technology (now largely defunct) where the PIB basic structure is
prepared catatonically using AICI3 as a catalyst. This process means that the PIB
chains have a smaller proportion of vinylidene end groups that are less reactive
to the maleic anhydride used in the synthetic route to form the PIBSA intermediate
and additives of this type are thought to have a lower level of engine performance
than additives derived from thermal routes (Rivera-Tirado, Aaserud, &
Wesdemiotis, 2012). It is possible therefore, that the use of this older technology
means there are less reactive head groups on the polymer chains in the PIBSI-B
sample to adsorb onto the surface of the MicroCB particles and therefore less
polymer contributes to the formation of the network. Nevertheless, the result
demonstrates that high temperature rheometry can be used to distinguish similar
PIBSI dispersions and that the molecular weight of the polymer used in
dispersions with similar solid loading does not necessarily lead to the highest n*

values at high temperatures.
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Figure 5-7 y* as a function of temperature for PIBSI-A (65 %) and MicroCB
(35 %), PIBSI-B (65 %) and MicroCB (35 %) dispersions using a heating rate

of 3 °C minin nitrogen (y = 0.05, » = 1 Hz).(RDA-III instrument)

Although the reproducibility for a PIBSI-A sample was established in the previous
chapter the PIB, PIBSA and PIBSI-B dispersions were also duplicated three to four
times to ensure good reproducibility and distinguishability. The n* data for each
duplicate can be found in the Appendix C. The mean of these analyses is shown
in Figure 5-8. Error bars to one standard deviation of the sample mean are
included. The graph demonstrates that the viscoelastic trends of the various
polymers are distinguishable within experimental error. Although the higher n*
measurements subsequently led to a larger experimental error (for example
PIBSI-A dispersion at 250 °C had mean n* value of 252710 + 47899 Pa.s), the
different polymer dispersions n* are still distinguishable between 200 and 300 °C,
post conformational changes and residual hexane evaporation and prior to

degradation of the polymers.
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Figure 5-8: Mean n* as a function of temperature for duplicate samples for PIB,
PIBSA, PIBSI-A and PIBSI-B (65 %) and MicroCB (35 %) dispersions using a
heating rate of 3 °C min-in nitrogen (y = 0.05, » = 1 Hz). (RDA-III instrument).

Error bars are to 1 standard deviation of the sample mean.

A limited number of tests were carried out in industry on a separate rheometer
instrument (TA AR-2000 Controlled strain rheometer) that is more sensitive
(minimum n* measurement ~ 10! Pa.s) in order to compare viscoelastic
behaviour of the dispersions studied at a lower solid loading (25 % MicroCB). As
stated in the previous chapter, not all dispersions were possible to be properly
analysed on this instrument due to loss of the sample from the plate during initial
heating. After numerous attempts it was found to be the case for the PIBSA (75
%) MicroCB (25 %) sample. The n* trend for this sample has therefore been
omitted from the following set of results.

A summary of the PIB, PIBSI-A and PIBSI-B (75 %) MicroCB (25 %) samples are
shown in Figure 5-9. For the dispersion of PIB (75 %) and MicroCB (25 %) the
overall trend is similar to the corresponding PIB (65 %) MicroCB (35 %) sample
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shown in Figure 5-4. The same regions can be identified although the overall n*
trend is lower in magnitude due to the lower solid loading. The PIBSI-A (75 %)
MicroCB (25 %) dispersion also gave an overall n* trend that is similar to the
corresponding PIBSI-A (65 %) MicroCB (35 %) sample. Again, the same regions
can be identified although the n* values are lower in magnitude due to the lower
solid loading. The PIBSI-B once again (at high temperatures) had marginally lower
n* values than PIBSI-A at higher temperatures (150 - 300 °C). There is a sudden
increase in n* for PIBSI-A and PIBSI-B at around 330 °C which is most likely due
to degradation of the polymers. It is clear once again that the order of magnitude
of the n* of the different polymer dispersions once again corresponds with the
expected level of interaction between the polymer and the carbon black. To
reiterate, PIB which has no polar head group should have little or no interaction
with the carbon particles. PIBSI-A and PIBSI-B however should have strong
interactions due to the presence of the polar succinimide head groups. It may
therefore be possible that the stronger the interaction between the polymer and
the carbon black the more the polymer will contribute to the solid fraction of the

sample and the higher the n* values will be in the stable network region.
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Figure 5-9: y* as a function of temperature for PIB, PIBSI-A and PIBSI-B
(75 %) - MicroCB (25 %) dispersions using a heating rate of 3 °C mint in

nitrogen (y= 0.05, o = 1 Hz).(TA AR-2000 Instrument)

Figure 5-10 shows the n* of dispersions of PIBSI-A and PIBSI-B (75 %) and
MicroCB (25 %) samples analysed on the TA AR-2000 rheometer instrument as
well as the samples measured on the less sensitive RDA-III instrument previously
discussed. The graph demonstrates how two PIBSIs that are chemically very
similar can be distinguished using high temperature rheometry on two separate

instruments.
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Figure 5-10. n* as a function of temperature for PIBSI-A and PIBSI-B (65-75 %)
dispersions with MicroCB (35-25 % )-(RDA-III instrument), (25 %) (TA AR-

2000 instrument)

5.2.4 High temperature 'H NMR measurement of PIB, PIBSA, PIBSI-A

and PIBSI-B

Figure 5-11 shows the changes in the 'H NMR peak half-width (AH1/2) as a function
of temperature for the polymer additives. The peak width is inversely proportional
to the mobility of the molecules. The mobility of PIB remains fairly constant with
only a gradual increase in AHi/2 observed from 200 Hz to 970 Hz at 250 °C with
the exception of a small spike at around 120 °C which may have been due to a
temperature surge on the instrument since the trend returns to a similar rate of
increase in AHi2. This experiment was stopped at 250 °C. In the case of PIBSA
there is an initial decrease in AHi2 and therefore an increase in mobility from 20
°C. The mobility remains high up to around 150 °C and then decreases shown by
an increase in the AHi,2 to approx. 1500 Hz remaining approximately constant
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from around 190 °C up until around 390 °C where there is a slight increase. The
PIBSI-A follows a similar trend to that of PIBSA although the drastic increase in
AH1/2 occurs at 90 °C. These sudden changes in the AH1/2 are most likely due to
conformational changes in the hydrocarbon chains at temperatures below 100 °C
as reported by Won et al.(2005) as conformational changes (coil-globule
transitions) have previously been shown to cause decrease in H atom mobility in
polymers (Larsson, Kuckling, & Schonhoff, 2001). This may have occurred at a
lower temperature for the PIBSI-A due to loss of solvent from the sample as
demonstrated from the TGA results in addition to the conformational changes.
The AH1/2 remains relatively constant from 100 °C onwards at around similar AH1/2
values as to the PIBSA. At around 375 °C there is another sudden increase in
AH1/2 and a decrease in mobility which is most likely due to degradation of the
polymer as shown by the TGA results. A possible explanation given for the similar
AHz1/2 higher values of the PIBSA and the PIBSI-A than the PIB could be attributed
to the higher degree of interactions as the polymer forms globular structures with
the polar head groups of the PIBSA and the PIBSI-A interacting with one another.
The fact that PIBSA ends up with lower mobility at high temperatures than the
PIB even though their weight average and number average molecular weights are
similar could be due to the succinic anhydride head groups in the PIBSA
dispersions interacting with each other leading to more entanglements. The
PIBSI-B polymer shows the largest increase in the AH12 from ~ 320 Hz to 2000
Hz between 60 and 150 °C. The higher AH1/2 values of PIBSI-B than PIBSI-A at
temperatures between 130 and 390 °C could be attributed to the higher molecular
weight of PIBSI-B polymer (Mn = 1740, Mw = 2648) than PIBSI-A (Mn = 1253,
Mw = 2049) which could have favoured the reduction in mobility due to more
entanglements. The AH1/2 remains constant up until 400 °C. This therefore showed

no evidence of the degradation of the PIBSI-B as there was no great change in
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AH12 however the TGA results do show that at 400 °C there was still approx. 10

% polymer remaining so this may explain the perseveration of the mobility.
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Figure 5-11: Evolution of H NMR 4AH;,> with temperature for PIB, PIBSA, PIBSI-

A and PIBSI-B using a heating rate of 3 °C min in nitrogen

5.2.5 High temperature 'H NMR peak half width (AH1/2) measurement

of PIB, PIBSA, PIBSI-A, PIBSI-B — MicroCB dispersions

Figure 5-12 shows the changes in AHi/2 as a function of temperature for the PIB,
PIBSA, PIBSI-A and PIBSI-B MicroCB dispersions each with 65 % polymer and 35
% MicroCB loadings. These loadings were chosen to attempt to compliment the
corresponding rheometry analyses shown in Figure 5-8. The temperature was not
increased beyond 250 °C to avoid devolatilised polymer contaminating the NMR
probe. Although the reproducibility for a PIBSI-A sample was established in the
previous chapter the PIB, PIBSA and PIBSI-dispersions at this solid loading were

duplicated three times to ensure good reproducibility and to correspond to the
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rheology duplicates shown in Figure 5-8. The data for each individual run can be
found in the Appendix E. Error bars to one standard deviation of the sample mean
are included. The graph shows that qualitatively, the AH1/2 trends of the various
polymers are distinguishable within experimental error. It is clear that all of the
dispersions show some sort of gradual increase in AHi2 with increasing
temperature. However none of the trends show evidence of a more substantial
increase between 60 and 100 °C attributed to conformational changes in the
polymer chains as observed when the polymers were analysed in isolation via 'H
NMR as well as the corresponding rheometer results. It is possible that the higher
AH1/2 values brought about by the large solid loading prevented the conformational
changes from being observed. The PIB (65 %) MicroCB (35 %) sample shows a
gradual increase in AHi2 from 1386 £ 196 Hz at 20 °C to 2146 = 39 Hz at 250
°C. The PIBSA (65 %) MicroCB (35 %) sample has a AHi,2 value of 1660 + 56 Hz
at 20 °C and increases to 2450 £ 96 Hz at 250 °C. The PIBSI-A and PIBSI-B
samples both show consistent AHi,2 trends which are almost parallel to one
another. PIBSI-A shows consistently higher AH1/2 values than the PIBSI-B sample
which is the opposite to what was observed with the 100 % polymer samples
shown in Figure 5-2 which showed PIBSI-B to have the lowest mobility at higher
temperatures once conformational changes had taken place. This indicates the
order of the mobility/AH12 of the different samples can be affected by the
presence of the carbon black. Despite the lack of a large increase in AH1/2 between
60 to 100 °C that was observed in the 'H NMR measurements of the polymers in
isolation (and the viscosity measurements with 25 and 35% MicroCB) the trends
in the order of mobility at high temperatures corresponds to the order of the
viscoelasticity measurements at similar temperatures (PIB<PIBSA<PIBSI-
B<PIBSI-A). This would correspond with the rheometry results in that there is a
greater contribution to the network by the polymers that would be expected to

have a strong interaction (PIBSI-A/B) with the carbon black which leads to higher
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viscosities and lower mobility’s and less of a contribution to the network by the
polymers that have little or no interaction (PIB and PIBSA) with the carbon black

leading to lower viscosities and therefore higher mobility’s at high temperatures.
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Figure 5-12: Evolution of the 'H NMR AH;,> with temperature for PIB, PIBSA,
PIBSI-A and PIBSI-B (65 % )-MicroCB (35 %) dispersions using a heating rate
of 3 °C min in nitrogen. Error bars are to 1 standard deviation of the sample

mean.

The order of mobility (at 250 °C) is the same when the percentage of each
polymer is increased to 75 % and MicroCB decreased to 25 % as shown in Figure
5-13. Again, all of the dispersions show some sort of gradual increase in AHi
with increasing temperature. The PIBSA sample is the only sample to show a more
substantial increase in AH1/2 between 60 and 100 °C which was observed for all
the polymers in isolation suggesting that the sample is initially fluid enough to
allow the conformational changes to occur i.e. the carbon black did not restrict
the mobility of the polymer to such an extent that the effects of the conformational

changes could be observed. This may help to explain why it was possible to obtain
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a rheometer analysis on the TA-AR2000 instrument for the PIB, PIBSI-A, PIBSI-B
(75 %) MicroCB (25 %) dispersions and not for the PIBSA (75 %) MicroCB (25
%) dispersion: the low viscosity/high fluidity of the sample at temperatures

between 20 to 60 °C allowed the polymer to flow off the rheometer plate.
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Figure 5-13: Evolution of the *H NMR 4H;,> with temperature for PIB, PIBSA,
PIBSI-A and PIBSI-B (75 %) MicroCB (25 %) dispersions using a heating rate

of 3 °C min in nitrogen.

Figure 5-14 shows a summary of the 'H NMR analysis of PIBSI-A and PIBSI-B
MicroCB dispersions as a function of temperature at various concentrations. The
graph shows that as the solid loading of the samples are increased the AHi.2 at
high temperatures also increases. A similar effect has been previously observed
in solid state 'H NMR studies of polymer/ palygorskite clay composites where the
line width increased with increasing clay load (Li, et al., 2010). As mentioned
above, at 35 and 25 % solid loading the PIBSI-A sample exhibits higher AH1/2
values at higher temperatures than PIBSI-B. This is possibly due to a stronger

interaction with the carbon black (possibly due to the lower reactivity of the
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vinylidene groups to succinic anhydride during the Cl synthetic route). The 85 %
polymer 15 % MicroCB samples however showed similar AH12 values at high
temperatures. The changes in the AHi/2 between 60 and 100°C that were
attributed to the conformational changes in the polymer chains observed in the
'H NMR results of the polymers in isolation (also shown in Figure 5-14) were also
observed in these samples. This indicates that the AHi/,2 trends of the dispersions
with £ 15 % MicroCB were not greatly affected by the carbon black. The
observation that the AHi,> trends for PIBSI-A and PIBSI-B dispersions are mostly
indistinguishable at 15 % solid loading at high temperatures yet more
distinguishable at 25 and 35 % solid loading suggests higher solid loadings may
yield more distinguishable trends. This will be investigated in the next chapter
with PIBSIs that have more variation in their chemical structure in order to

examine the effects on the viscoelastic and mobility behaviour at high

temperatures.
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Figure 5-14: Evolution of the 1H NMR AH;,> with temperature for PIBSI-A and
PIBSI-B MicroCB dispersions at various concentrations (polymer 100-65 %,

MicroCB (0-35 %).
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5.3 CHAPTER SUMMARY

e High temperature rheometry and 'H NMR have been used to characterise
dispersions of carbon black and PIB, PIBSA and two derivatives of PIBSI
PIBSI-A and PIBSI-B, up to temperatures of 350 and 250 °C respectively.

e Attempts to analyse polymers surfactants in isolation were unsuccessful
due to the low sensitivity of the rheometer instruments (103 Pa.s for RDA-
III instrument, 10! Pa.s for TA AR-2000 instrument).

e It has been demonstrated that PIB, PIBSA and PIBSIs could be
distinguished using high temperature rheometry and 'H NMR at 65 %
polymer 35 % MicroCB. Various viscoelastic stages have been identified.
The first is the initial dispersion stage where the particles are dispersed in
the polymer. Secondly, it is likely that the conformational changes in the
polymer chains lead to aggregation of the particles with each other (PIB)
or the adsorbed polymer chains (PIBSA and PIBSIs) creating
entanglements which cause an increase in the viscosity. Loss of hexane
that is contained within the sample may also contribute to the increase in
viscosity around 69 °C. The process leads to a formation of a stable
network characterised by relatively constant n* values up to temperatures
associated with polymer degradation. For the PIB sample the network
formation yielded lower n* values than any of the polymers most likely
due to the low interaction with the carbon particles. For the PIBSI-A and
PIBSI-B samples, the n* reached higher values in a similar region which
may be related to the greater interaction with the carbon black particles
by the adsorbed PIBSI-A/ PIBSI-B molecules which causes entanglements
and so there is a greater contribution from the polymer to the network.
PIBSA which is the intermediate molecule in the synthesis of PIB and

PIBSI-A had an intermediate n* values at high temperatures suggesting
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an intermediate level of interaction with the MicroCB particles. The final
stage involved polymer degradation which reduces the amount of liquid
phase increasing the viscosity further.

A more sensitive instrument (TA-AR 2000) was used to characterise
dispersions with 25 % solid loading. The results correlated well with the
RDA-III results (with the exception when the polymer was lost from the
rheometer plate when heating).

'H NMR AH1/2 measurements of the dispersions up to temperatures 250 °C
were shown to compliment well with the rheometry results at high
temperatures. The AHi/2 measurements, an indication of the mobility and
therefore viscosity of a system at high temperatures were the same order
of magnitude for the polymers (PIB<PIBSA<PIBSI-A) as the n* trends at
high temperatures (250 °C). Two similar PIBSIs analysed using high
temperature rheometry and 'H NMR both showed higher AHi»
measurements for PIBSI-A indicating it has a stronger interaction with
MicroCB than PIBSI-B. This may be attributed differences in the polymers

respective synthetic routes.
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6 Effect of Polymer Structure on Dispersion Behaviour

This chapter attempts to explore the relationship between the structure of the PIB
derivative dispersants and the effect on the viscoelastic behaviour and molecular
mobility via high temperature rheometry and 'H NMR. This includes the effects of
the number of amines in the head group, the length of the PIB chain and the
number of PIB chains. The first half of this chapter primarily deals with rheometry
and 'H NMR measurements at high polymer loading while the second half primarily
concerns mobility behaviour at low polymer loadings using exclusively high

temperature 'H NMR.

6.1 EXPERIMENTAL

6.1.1 Materials

The commercial polymers used were supplied by Innospec Inc. A summary of the
properties of the polymers used in this chapter is shown in Table 6-1. The number
average molecular weight of the PIB backbone (PIB-Mn) from which the polymers
are derived is presented as is the number average molecular weight (Mn) and
weight average molecular weight (Mw) and polydispersity values (PD) of the final
products obtained from GPC analysis as described in section 3.12.6. The PIB
functionality (PIB Func.) or the number of PIB hydrocarbon tails is also presented.
The polyisobutylene succinic anhydride (PIBSA) that was discussed in the previous

chapter will henceforth be referred to as PIBSA-A.
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Table 6-1: Head groups, average molecular weights, polydispersity and

functionality of polymer samples

Polymer | Head PIB-M» | M, Mw PD PIB
group* (g/mol) | (g/mol) | (g/mol) Funct.
PIB N/A 750 771 1075 1.4 N/A
PIBSA(- | Succinic 750 904 1170 mono
A) Anhydride 1.3
PIBSA-B | Succinic 260 347 363 mono
Anhydride 1.0
PIBSA-C | Succinic 1000 1046 1342 mono
Anhydride 1.3
PIBSI-A | TEPA 750 1253 2049 1.6 mono
PIBSI-B | TEPA 1000 1740 2648 1.5 mono
PIBSI-C | AEEA 750 748 1794 2.4 mono
PIBSI-D | Ethanolamine | 750 1005 1352 1.3 mono
PIBSI-E | AEEA 750 1277 2037 1.6 mono
PIBSI-F Ethanolamine | 260 382 442 1.2 mono
PIBSI-G | TEPA 1000 1921 3473 1.8 bis
PIBSI-H | TEPA 1000 1858 2793 1.5 bis
PIBSI-I EDA 750 1490 2055 1.4 bis
PIBSI-] Ethanolamine | 1000 1118 1469 1.3 mono
PIBSI-K | EDA 750 1653 2717 1.6 mono

*Refer to section 3.10.1 for head group abbreviations

A commercial carbon black (MicroCB) with an average particle size of 45 ym and
surface area of 205 m?g! was used. A description of this carbon can be found in
the experimental section 3.10.2. Hexane (Aldrich 95 % was used) was used as a

solvent.

6.1.2 Sample preparation

The polymer carbon black dispersions were prepared as described in section 3.11.

6.1.3 Summary of analytical methods

Thermogravimetric analysis (TGA) was used to investigate the thermal
degradation of the polymers using the method outlined in section 3.12.3. The
polymer-MicroCB dispersions were analysed via high temperature rheometry on

the two separate rheometer instruments (RDA-III and TA-2000) and via *H NMR

as outlined in sections 3.12.3 and 3.12.1 respectively. 3C NMR analysis was
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carried out as described in section 3.12.2 to analyse a number of dispersions at

low polymer loading.

6.2 RESULTS AND DISCUSSION

6.2.1 Thermogravimetric analysis (TGA) results

Figure 6-1 and Figure 6-2 display the weight percentage loss of PIB, PIBSA (A-C)
and PIBSI (A-K) measured by TGA respectively. The rate of weight loss trends for
PIB, PIBSA-A, PIBSI-A and PIBSI-B have already been described in chapter 5
section 5.2.1. PIBSA-A and PIBSA-C have similar rates of weight loss with the
higher molecular weight PIBSI-C having a maximum rate of weight loss at a
slightly higher temperature (370 °C). The low molecular weight PIBSA-B
devolatilises at much lower temperatures reaching maximum rate of weight loss
at approx. 220 °C and by 300 °C there is < 3 % of the polymer remaining. PIBSI-
F which has the lowest molecular weight of any of the PIBSI samples (Mn = 382
g molt, My = 442 g mol!) begins to devolatilise at around 100 °C and from then
on the rate of weight loss increases substantially with around 60 % weight
remaining at 250 °C and 13 % remaining at 300 °C. PIBSI-C, PIBSI-E and PIBSI-
G all show similar weight loss profiles with all three beginning to devolatilise from
initial heating and around 20 % weight is lost by approx. 200 °C. This was most
likely due to loss of solvent in each of the polymer samples. PIBSI-D, PIBSI-H,
PIBSI-I also showed evidence of devolitilisation of solvent with weight losses of
17 %, 10 % and 13 % respectively at 200 °C. These polymers (including PIBSI-
C, E and G) all show a maximum rate of weight loss associated with degradation
between 320 and 400 °C. PIBSI-J and PIBSI-K show slower rates of
devolitilisation with weight loss of 7 % and 5 % respectively at 250 °C and are

also shown to thermally degrade between 320 to 400 °C.
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Figure 6-1: Weight percentage loss as a function of temperature using a heating

rate of 3 °C min for PIB, PIBSA (A-C), PIBSI (A-E) in nitrogen.
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Figure 6-2: Weight percentage loss as a function of temperature using a heating

rate of 3 °C min! for PIBSI (F-K) in nitrogen.

6.2.2 Polar surface area calculations

The polarity (or basicity) of the head groups of PIBSI type dispersants is known

to effect the efficiency of dispersants in reducing the amount of carbon deposits
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(Kim, et al., 2015). To determine if there is any overall relationship between the
n* and AHiy2 measurements at high temperatures the head group polar surface
area which is related to the number of basic sites that interact with the carbon
deposit precursors was calculated for each polymer. The polar surface area was
calculated using topological polar surface area methodology (TPSA) developed by
Ertl, Rohde, & Selzer, (2000) and applied recently by Kim et al. (2015) to
investigate the polarity of alkyleneamine and amino ether head groups of PIBSI
type dispersants. The atomic contributions of the various molecules obtained from
Kim et al. (2015) is shown in Table 6-2. The calculated polar surface area for the
head groups for the polymers in this work is shown in Table 6-3.

Table 6-2: Atomic contributions to TPSA (Kim et al., 2015)

Atom type
Any Non-hydrogen atom (*), . .
Single bond (-), Double bond (=), Polar Surface I{-\Arze]a Contribution
Triple bond (#)
[N]#* 23.8
[NH](-*)-* 12.0
[NH2]-* 26.0
[O](-*)-* 9.2
[OH]-* 20.2
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Table 6-3: Calculated Polar Surface area of head groups

Polymer Head Group Polar Surface Area [A2?]
PIB N/A N/A
PIBSA-A Succinic Anhydride 9.2
PIBSA-B Succinic Anhydride 9.2
PIBSA-C Succinic Anhydride 9.2
PIBSI-A TEPA 88.2
PIBSI-B TEPA 88.2
PIBSI-C AEEA 58.3
PIBSI-D Ethanolamine 46.3
PIBSI-E AEEA 58.3
PIBSI-F Ethanolamine 46.3
PIBSI-G TEPA 88.2
PIBSI-H TEPA 88.2
PIBSI-I EDA 52.0
PIBSI-] Ethanolamine 46.3
PIBSI-K EDA 52.0

6.2.3 Structure activity relationships at high polymer loadings

In order to easily compare the magnitude of the n* values of the PIB and PIBSI-
A samples at various weight percentages, the n* values of each sample at 250 °C
are taken and plotted on the same graph (the complete n* trends for each
polymer as a function of temperature at various concentrations can be found in
Appendix D. The value of 250 °C is chosen because it appears to be a high enough
temperature whereby the n* exhibits the most relatively constant values
(indicative of stable network formation) but is low enough to avoid the effects of
polymer degradation for the majority of the polymers as shown by the TGA
measurements. Figure 6-3 therefore shows the n* values taken at 250 °C of PIB
and PIBSI-A dispersions with MicroCB at various weight percentages as an
example. The polymer (75 %) MicroCB (25 %) samples were run on the TA-2000

rheometer due to the low viscosity of the samples while all other concentrations
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were run on the RDA-III instrument. The graph shows that at various
concentrations PIBSI-A consistently exhibits higher n* values than PIB. As
discussed in the previous chapter this indicates that the PIBSI-A has a stronger
interaction with the particles (at the various concentrations) since there is a

greater contribution from the polymer to the network due to greater polymer

adsorption.
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Figure 6-3: n* values at 250 °C as a function of polymer % for various PIB and

PIBSI-A MicroCB dispersions.

In a similar manner, the *H NMR AHy/2 values for PIB and PIBSI-A dispersions are
also taken at 250 °C and plotted on the same graph as shown in Figure 6-4. The
graph shows that at various concentrations PIBSI-A consistently exhibits higher
AH12 values than PIB at various concentrations which is indicative of a stronger

interaction.
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Figure 6-4: H NMR AH, /> values at 250 °C as a function of polymer % for

various PIB and PIBSI-A MicroCB dispersions.

Despite the clear discrepancy between the PIB and PIBSI-A n* and AHip»
measurements it is clear that PIB and PIBSI-A are markedly different samples and
so it is difficult to definitively ascribe the differences to one particular structural
aspect of the polymers. A number of other polymers were therefore analysed that
contain closer variation between the structures in order to gain a better insight
into the structural activity relationships. Comparisons are made between
polymers that contain only one or two differences so that an explanation for the
effect can be attempted to be established. This subsequently leads to dispersions
whose trends are (not unexpectedly) more similar. Nevertheless an attempt to
characterise and distinguish these polymers is presented. As with the previous
graph (Figure 6-3) the n* measurements will be presented and discussed using
the n* values taken at 250 °C and as a function of polymer %. Again in all cases
the polymer (75 %) MicroCB (25 %) samples were analysed on the TA-2000
instrument whereas all other samples were analysed on the RDA-III instrument.

The full n* data for each dispersion at each concentration can be found in
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Appendix D. Summaries of the 'H NMR mobility measurements at 250 °C of the
dispersions at similar concentrations are also presented (as in Figure 6-4) in
conjunction with rheometer results. The full AHi2 trends as a function of
temperature at various concentrations can also be found in Appendix E.

Figure 6-5 shows a summary of the n* values at 250 °C as a function of polymer
% for dispersions of mono-PIB (750) with AEEA (PIBSI-C) and mono-PIB (750)
with ethanolamine (PIBSI-D) with MicroCB at various weight percentages as a
function of temperature. The polymers therefore mainly differ in nature of the
head groups. The n* values of the PIBSI-D samples increases linearly with
decreasing polymer loading whereas the PIBSI-C samples show a more drastic
increase to 55 % PIBSI-C followed by a drop in n* at 45% loading. The graph
shows that at each concentration the PIBSI-C dispersions exhibit greater n*

values than PIBSI-D at 250 °C with the largest n* difference at 55 % polymer.
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Figure 6-5: n* values at 250 °C as a function of polymer % for various PIBSI-C

and PIBSI-D MicroCB dispersions.

Figure 6-6 shows a summary of the AH1/2 values at 250 °C as a function of polymer

% for the same PIBSI-C and PIBSI-D dispersions at similar concentrations. The
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AH1/2 values correspond well with the rheometry results where the AH1/2 values
are consistently greater for PIBSI-C than PIBSI-D. The difference between the
two polymer dispersion AH12 measurements at 250 °C appears to increase with

decreasing polymer concentration.
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Figure 6-6: 'H NMR AHi,> values at 250 °C as a function of polymer % for

various PIBSI-C and PIBSI-D MicroCB dispersions.

The greater n* and AHi2 values at 250 °C of PIBSI-C compared with PIBSI-D
dispersions is most likely representative of a stronger interaction of PIBSI-C with
the MicroCB. Both PIBSI-C and PIBSI-D were both synthesised using 750 PIB-Mxs
basic structure and both are mono functional. However PIBSI-C possesses greater
polarity of the head group with the presence of an additional secondary amine.
Kozak, Moreton, & Vincent, (2009) found that PIBSI adsorption increased in the
presence of additional primary and secondary amines in dispersant head groups,
increasing the stability of the carbon black suspensions. Also, Kim et al. (2015)
observed that a PIBSI with a head group with a larger polar surface area can lead
to a reduction in the amount of carbon deposits that precipitates out of fuel at
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high temperatures and pressures and this was ascribed to greater adsorption
amounts. PIBSI-C has a greater polar surface area (PSA=58.3 A2) than PIBSI-D
(PSA= 46.3 A2) which could have led to an increase in the level of interaction
between the polymer and the carbon surface therefore a greater contribution from
the polymer to the network. The effect may have been amplified by the PIBSI-C
having slightly higher My (Mw = 1794 g mol-!) than PIBSI-D (Mw = 1352 g mol)
but as these polymers are derived from the same PIB backbone it is unlikely to
have made a large effect.

A summary of the n* values at 250 °C of mono-PIB (1000) with AEEA (PIBSI-C)
and mono-PIB (750) with AEEA (PIBSI-E) with MicroCB at various weight
percentages are shown in Figure 6-7. The actual viscoelastic trends can be found
in the Appendix D. These polymers therefore have the same head group, PIB
molecular weight and the same number of PIB tails, differing with only the GPC
results with PIBSI-E having higher Mn and Mw values. It is therefore interesting to
see if there are any major differences in the viscoelastic behaviour of these
polymers. The n* values for both polymers are similar which would be expected.
The polymer (55 %) MicroCB (45 %) samples show PIBSI-C to have higher n*

values than PIBSI-E.
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Figure 6-7: n* values at 250 °C as a function of polymer % for various PIBSI-C

and PIBSI-E MicroCB dispersions.

Figure 6-8 shows the AH1/2 values at 250 °C as a function of polymer % for the
same PIBSI-C and PIBSI-E dispersions at similar concentrations. The individual
AHi/2 trends can be found in Appendix F. The AHz1/2 values trend for the two sets
of dispersions are quite similar with the PIBSI-C AHi,2 values consistently
marginally higher than PIBSI-E. This may have been due to the higher molecular
weight of PIBSI-E (Mn = 1277 g mol™!, My = 2037 g mol-!) compared with PIBSI-
C (Mn= 748 g mol?, Mw= 1794 g mol?) with more polymer contributing to the
formation of the network. TGA analysis of the free polymers showed both to have
similar solvent contents with very similar rates of weight loss. Both show an

increase in AHi/2 with decreasing polymer %.
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Figure 6-8: 'H NMR AH,,> values at 250 °C as a function of polymer % for

various PIBSI-C and PIBSI-E MicroCB dispersions.

A summary of the n* values taken at 250 °C for bis-PIB (1000) with TEPA (PIBSI-
G) and bis-PIB (750) with TEPA (PIBSI-H) is presented in Figure 6-9. The full n*
trends with increasing temperature can be found in Appendix D. These polymers
differ only in the length of the PIB backbones: PIBSI-H (PIB-M, = 1000 g mol1),
PIBSI-G (PIB-Ma= 750 g mol?!). The effect of the length of the PIB chain on the
rheological response has previously been investigated by Yang et al., (2007) who
compared the storage and loss moduli of two dispersants up to 100 °C. It was
found in that study that the dispersion with the longer chain (PIB-Mn = 1000) had
higher moduli than the dispersion containing the shorter chain (PIB-Mn = 550). It
was suggested that the long chain polymer contributed more to the agglomeration
of the dispersing system at high temperature. As conformational changes
occurred as the temperature was increased the entanglement of the polymer
chains that had adsorbed onto the surface of the nanotubes helped to cause the
network structure. From the result in Figure 6-9 it is clear that the n* values at

250 °C are quite similar. The largest difference in n* was at 55 % polymer
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concentration which showed PIBSI-H to have a markedly higher n* value (approx.
78400 Pa.s) than PIBSI-G. However at 65 % and 75 % the PIBSI-G sample has
the higher n* values. It is therefore difficult to fully establish the effect of the
length of the PIB backbone given the inconsistency of the results. The lower
difference in the lengths of the PIB backbones in this case may have made for
more similar values. Also, given that PIBSI-G has the higher overall molecular
weight as obtained from the GPC results (Mn= 1921 g mol?!, Mw = 3473 g mol?)
than PIBSI-H despite having the shorter PIB backbone makes an explanation even

more difficult to establish.
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Figure 6-9: n* values at 250 °C as a function of polymer % for various PIBSI-G

and PIBSI-H MicroCB dispersions.

Figure 6-10 shows the AHi/2 values at 250 °C as a function of polymer % for the
same PIBSI-G and PIBSI-H dispersions at similar concentrations. The graph shows
that the polymer dispersions are almost indistinguishable up to 75 % polymer.

The general similarity in both the rheometry and *H NMR measurements indicates
that both polymers have a similar interaction with the MicroCB. This is to be

expected since both polymers have the same TEPA head group and so the same
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polar surface areas (88.2 A2). The fact that the trends are similar despite differing
in molecular weight in both the PIB backbones and in the Mn and Mw values
obtained from the GPC molecular weights indicates that molecular weight is not
having a substantial effect on the resulting trends. Although Forbes & Neustadter,
(1972) found that PIBs with the molecular weight range of 900-1000 gave the
best “performance” in terms of stabilisation it maybe that the difference in
molecular weights of the polymers is not great enough to show major differences
in the n* and AHi2 measurements and that the strong interaction of the TEPA
head groups is the dominant property that ultimately leads to similarly high n*

and AHi,2 values.
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Figure 6-10: H NMR AH;,> values at 250 °C as a function of polymer % for

various PIBSI-G and PIBSI-H MicroCB dispersions.

A summary of the n* values at 250 °C for mono-PIB (750) with ethanolamine
(PIBSI-D) and mono-PIB (260) with ethanolamine (PIBSI-F) is shown in Figure
6-11. The n* trends may be found in Appendix D. These polymers differ only in
the length of the PIB backbones. It is clear that PIBSI-F exhibits higher values

than PIBSI-D at each concentration studied. This is unexpected since PIBSI-F has
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a shorter PIB tail and so it would be expected (as described by Yang et al., (2007))
to exhibit lower n* values because less polymer should contribute to the network.
The high n* values of PIBSI-F dispersions at 250 °C may be explained by the low
molecular weight of PIBSI-F which could have led to lower temperature
degradation which caused an increase in the solid fraction of the sample causing
an increase in n*. The TGA results showed that PIBSI-F degrades at lower

temperatures (at 250 °C there was a 40 % weight loss for a 10 mg free PIBSI-F

sample).
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Figure 6-11: n* values at 250 °C as a function of polymer % for various PIBSI-D

and PIBSI-F MicroCB dispersions.

While the n* data at various concentrations can be found in Appendix D the 75%
polymer 25% MicroCB samples measured on the TA Rheometer is interesting and
is displayed in Figure 6-12. There is initial scattering between 50 °C to 80 °C
followed by a sharp increase to around 300 Pa.s at around 100 °C. Both PIBSI-D
and PIBSI-F samples have similar and approximately constant n* values up until
around 220 °C where the PIBSI-F sample has a sudden increase in n* up to around
4500 Pa.s, most likely due to polymer degradation. The same sudden increase

does not occur for the PIBSI-D sample until around 300 °C. The trend indicates
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that the molecular weight of the polymers does not greatly affect the viscosity of
the network until the polymers begin to degrade. This therefore explains why
taking the values at 250 °C of lower molecular weight polymers can lead to

misinterpretation of the results in this case.
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Figure 6-12: y* as a function of temperature for PIBSI-D and PIBSI-F (75%)
MicroCB (25%) dispersions, using a heating rate of 3 °C min! in nitrogen (y =

0.05, » = 1 Hz). (TA-2000 instrument).

A summary of the n* values at 200 °C for PIBSI-D and PIBSI-F is shown in Figure
6-13. The greater similarity in the n* trends of the two sets of polymer dispersions
at 200 °C suggests that despite the longer PIB chain of PIBSI-D than PIBSI-F,
there is not substantial impact on the magnitude of the n* measurements until,
crucially, the polymers begin to degrade after which the measurements can vary

substantially.
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Figure 6-13: n* values at 200 °C as a function of polymer % for various PIBSI-D

and PIBSI-F MicroCB dispersions.

Figure 6-14 displays the AHi2 values at 250 °C as a function of polymer % for
the same PIBSI-D and PIBSI-F dispersions at similar concentrations. Due to the
low degradation temperature of PIBSI-F the AHi2 values at 200 °C are also
displayed in Figure 6-15. The individual AHi,2 trends for the polymer MicroCB
dispersions can be found in Appendix F. The two graphs show almost identical
values as the AHiz did not vary much with temperature. TGA measurements
showed that at 200 °C, 20 % of PIBSI-F had devolatilised whereas at 250 °C
around 40 % of the total weight had been lost. The 'H NMR mobility
measurements are not greatly affected by the degradation of some of the PIBSI-
F from the sample. The fact that the corresponding rheometer trends are highly
affected by degradation of the polymer could be due to a greater amount of free
polymer that was contained within the sample due to the larger sample volume

that was used for the analysis. The two graphs show (both at 200 °C and at 250
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°C) PIBSI-F has higher AH1,2 values with 75 and 65 % polymer loading than PIBSI-
D while at 55 % the AHi/2 values for PIBSI-F are lower. It therefore appears that
at lower polymer loadings PIBSI-F samples go to lower AHi,2 values (this is found
to be the case and is discussed later in this chapter). It is unknown why at 65 %

and 75 % PIBSI-F samples exhibit such high AH1/2 values even at 200 °C.
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Figure 6-14: *H NMR AH;,> values at 250 °C as a function of polymer % for

various PIBSI-D and PIBSI-F MicroCB dispersions.
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Figure 6-15: 'H NMR 4H;,> values at 200 °C as a function of polymer % for

various PIBSI-D and PIBSI-F MicroCB dispersions.

Figure 6-16 and Figure 6-17 shows a summary of the n* and *H NMR AH1/2 values
at 250 °C as a function of polymer % for PIB, PIBSI-A,C,D and E MicroCB
dispersions respectively. The two graphs highlight that the two techniques
complement each other quite well. Dispersions containing polymers where it
would be expected to exhibit weaker interactions with the MicroCB due to the lack
of or smaller amine head groups (PIB and PIBSI-D) do indeed have the lower n*
/ AH12 measurements at different concentrations whereas the polymer dispersions
containing the polymers with the larger head groups generally have the greater

n* / AHi2 values.
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Figure 6-16: n* values at 250 °C as a function of polymer % for various polymer

MicroCB dispersions.
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Figure 6-17: H NMR AH;,> values at 250 °C as a function of polymer % for

various polymer MicroCB dispersions.
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Figure 6-18 shows a summary of the remaining polymers with the n* values at
250 °C as a function of polymer % for PIBSI-F, G and H MicroCB dispersions. The
corresponding 'H NMR AHi,2 values for the same dispersions at the concentrations
are shown below in Figure 6-19 for comparison. Values at 200 °C for PIBSI-F
samples are also included on both graphs. It can be seen that generally these
trends correspond well to one another although it is unknown why PIBSI-F
displays higher n* and AHi2 values than PIBSI-G and PIBSI-H even below
degradation temperatures (< 200 °C). It is clear that the relative shortness of the

PIB chain of PIBSI-F has had some effect at higher polymer %.
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Figure 6-18: n* values at 250 °C as a function of polymer % for various polymer

MicroCB dispersions.
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Figure 6-19: 'H NMR AH,,> values at 250 °C as a function of polymer % for

various polymer MicroCB dispersions.

6.2.4 Structure activity relationships at low polymer loadings

Despite the generally good correlation between the rheometry and 'H NMR results
it has found that it is still difficult distinguish between similar, albeit different,
polymer dispersions and to accurately ascribe the magnitude of the relevant
trends to the chemical structures. It was therefore decided to investigate if the
various dispersions maybe better distinguished at higher solid loadings. The
remainder of this chapter will therefore focus on investigating samples at low
polymer content/high solid content. Only high temperature *H NMR analysis was
carried out due to the increased difficulty in distinguishing the rheological trends
at high solid content with rheometry. One advantage of 'H NMR is that the AH1,2
trends appear to be unaffected by partial degradation of the polymers (for
example PIBSI-F) characterised by relatively constant AH1,2 values up to 250 °C.
The solid loadings of dispersions of PIB and PIBSI-A was increased up to 97.5 %

MicroCB. Figure 6-20 shows a summary of the AHi2 values of PIB and PIBSI-A
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MicroCB dispersions at 250 °C Vs polymer percentage. The graph shows that at
higher solid loading the AHy2 values at 250 °C for both PIB and PIBSI-A remain
approximately constant up to 20 % polymer loading. At this point the PIBSI-A
AH1/2 values at 250 °C drastically increase from around 3000 Hz at 20 % to 6200
Hz at 10 % polymer. At 5 % PIBSI-A the AHuy2 is around 6000 Hz whereas the 5
% PIB sample gave a much lower AHi/,2 value at around 2500 Hz. The most likely
explanation for this increase in the AHi,2 of the PIBSI-A and not the PIB is that
this is the point, at around 20 % polymer loading, at which the PIBSI-A achieves
monolayer coverage of the MicroCB particles. This corresponds quite well with an
approximate theoretical concentration of monolayer coverage (~30 % polymer)
as calculated in Appendix I. At >20 % PIBSI-A in addition to the molecules that
are bound to the particle surface (the monolayer coverage) there is also a fraction
of unadsorbed polymer which without being anchored is more mobile and
therefore yields a lower AH1/2. At < 20 % PIBSI-A all of the polymer in the sample
is adsorbed onto the surface of the carbon and so this leads to a reduction in the
average mobility of the sample since all of the polymer is now anchored. A similar
saturation effect has been observed recently by Gao, et al. (2014) who observed
a sudden decrease in the T2 (therefore a decrease in the mobility) when decreasing
the polymer % in a carboxyl terminated polybutadiene / organo-clay composite
system. The increase in AHiy/2 may have also been affected by the entry of the
polymer into the mushroom regime at low surface coverage as described by
Dubois-Clochard et al. (2001) due to loss of lateral interactions. At 5 % PIB,
because of the lack of interaction between the polymer and the carbon surface,
the PIB molecules are still free to move and so the H atoms remain highly mobile

resulting in lower AHz1/2 values.
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Figure 6-20: 'H NMR 4H;,> values at 250 °C as a function of polymer % for

various PIB and PIBSI-A MicroCB dispersions.

The polymer % was decreased further to 2.5 % loading. As is shown in Figure
6-20 the PIB AHi,2 increased from approx. 2500 to 3400 Hz. This increase could
be due to the lack of free PIB leaving behind only (weakly) adsorbed PIB chains
on the surface of the carbon which are less mobile. For the PIBSI-A (2.5 %)
sample, the signal is lost under background “noise” and was undetectable. This
loss of signal at 2.5 % PIBSA-A while still present with 2.5 % PIB further supports
the suggestion that it is because of the stronger interaction between the PIBSI-A
and the carbon surface that leads to stronger anchorage of the polymer chains,
leading to a reduction in mobility which at <5 % is below the detection levels of
the instrument while the PIB which has little or no interaction with the carbon is
still partially mobile and gives a small yet detectable signal even with very low

polymer content.
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To investigate this further various PIBSI-A (5, 15, 25 %) MicroCB (95, 85, 75 %)
samples were analysed through solid-state 3C NMR. A 100 % MicroCB sample
was also analysed. The results can be found in Figure 6-21. The peak position at
3.5 ppm corresponds to the internal standard TKS (tetrakistrimethylsilane). The
substantially broad range of peaks between 75 - 300 ppm is most likely associated
with the graphitic carbon black (Freitas, Cunha, & Emmerich, 2012). The broad
peak in the 10 — 50 ppm region that originates for the 25 % PIBSI-A sample most
likely corresponds to the PIB hydrocarbon chain (McGrath, Ngai, & Roland, 1992).
It is interesting that this peak appears at 25 % and is hardly present for the other
samples. This corresponds well to the 'H NMR results which saw a sudden
broadening of the peak width with < 20 % polymer in the samples. In this case
the polymer peak becomes broad so that it is beyond detection of the 13C analysis.
This would again indicate that with < 20 % polymer there is no longer any free

PIBSI-A in the sample.
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Figure 6-21: 13C NMR spectra of various PIBSI-A MicroCB dispersions (ambient

temperature).
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Due to the greater discrepancy in the AHi2 measurements between PIB and
PIBSI-A dispersions in region 5 - 20 % it was decided to investigate the structure
activity relationships of various dispersions within this region in order to
investigate whether the polymers could be better distinguished. Again polymers
are compared that have differences in as few structural properties as possible to
attempt to investigate the structure activity effect on the resulting AHi2
measurements. Only the values at 250 °C are presented. The full AHy/2 trends as
a function of temperature for each sample can be found in Appendix F. Prior to
this however duplicate samples of PIBSI-A (5 %) MicroCB (95 %) were prepared
to provide an indication of the level reproducibility of the AH1/2 results at the low
polymer loading region. Figure 6-22 shows the 'H NMR AHi> for 3 duplicate
samples of MicroCB dispersions with PIBSI-A as a function of temperature. Figure
6-23 shows the evolution of the mean 'H NMR AHi> with temperature for the
duplicate analysis. The error measurement at all three concentrations is
substantial up to 200 °C (> 1000 Hz). The increased level in error in this region
could have due to the high solid loading in the sample which may have been less
homogenous due to pockets of residual polymer and/or hexane leading to residual
mobility. At higher temperatures (> 200 °C) the error reduces as the volatiles
reach similar levels for each sample. The standard error at 250 °C for the PIBSI-
A (5 %) MicroCB (95 %) samples is £ 153 Hz. Although the level of error appears
to increase with decreasing polymer % this value will be assumed to be the
maximum error at all three concentrations studied (5, 15, 25 %) at 250 °C for

the following set of results.
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Figure 6-22: Evolution of the 'H NMR AH;,> with temperature for 3 duplicate

PIBSI-A (5 %) Micro CB (95 %) dispersions (A, B, C).
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Figure 6-23: Evolution of the mean *H NMR 4H;,> with temperature for duplicate
analysis of PIBSI-A (5 %) Micro CB (95 %) dispersions (A, B, C). Error bars are

to 1 standard deviation of the sample mean.
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Figure 6-24 shows the AH1/2 values at 250 °C for PIBSI-C and PIBSI-D dispersions.
As both the polymers are derived from a 750 PIB backbone and are both mono
functional the graph highlights the effect of increasing the head group length to
include an additional secondary amine group. Since PIBSI-C and PIBSI-E differ
only in there GPC results both are used to compare with PIBSI-D. The graph shows
that the PIBSI-C has higher AHi,2 values at 250 °C at each concentration. The
values are much more distinguishable in this concentration region (5, 15, 25 %
polymer) with an average difference between the two polymers of 2229 Hz as
opposed to 405 Hz in the high polymer % region (55, 65, 75%). This would again
indicate that, as shown by Kozak, Moreton, & Vincent (2009), the presence of
additional amine groups can lead to an increase in the level of interaction between
the polymer and the carbon particle. PIBSI-E also shows higher AH1,2 values than
PIBSI-D although at 5 % polymer the AHi2 value of PIBSI-E was lower than
PIBSI-C. This may have been due to the increased error associated at 5 %

polymer loading.
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Figure 6-24: 'H NMR 4H;,> values at 250 °C as a function of polymer % for

various PIBSI-C and PIBSI-D MicroCB dispersions.
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Figure 6-25: 'H NMR 4H;,> values at 250 °C as a function of polymer % for

various polymer MicroCB dispersions.

Figure 6-26 shows the effect of changing the end alcohol group to an amine group,
displaying the AH1/2 measurements for PIBSI-D and mono-PIB with EDA (PIBSI-
K). As PIBSI-K has an additional amine group and higher calculated PSA it would
be expected to display the higher AH12 measurements. At 15 and 25 % polymer
PIBSI-K does indeed show the higher AH1/2 values than PIBS-D and the trends are
more distinguishable at these polymer loadings. At 5 % polymer however PIBSI-
D and PIBSI-K have quite similar AH1/2 values with 6036 = 153 Hz and 5686 +
153 Hz respectfully. This could be a result of the line broadening associated with
the decreasing polymer % for the PIBSI-D even though the PIBSI-D should have

a weaker interaction.
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Figure 6-26:'H NMR 4H;,> values at 250 °C as a function of polymer % for

various polymer (PIBSI-D, K) MicroCB dispersions.

Figure 6-27 once again shows the effect of extending the number of amines in the
polar head group. Bis-PIB (750) with EDA (PIBSI-I) contains two secondary
amines while PIBSI-G has four. Both polymers are bis functional therefore contain
two PIB hydrocarbon tails on either side of the head group. The graph shows that
PIBSI-G has consistently higher AHi,2 values at 250 °C at each concentration
although the gap does narrow from 2766 £ 153 Hz at 5 % polymer to 936 + 153
Hz at 25 % polymer. These large differences in AHi/2 would strongly indicate the
additional amine groups had the effect of decreasing the mobility of the PIBSI-G
chains due to an increased level of interaction between the polymer head group
and the carbon surface. Although the two polymers are derived from 750 PIB
backbone PIBSI-G does have higher molecular weight (Ma= 1921 g mol!, My =
3473 g mol?) than PIBSI-I (Mn = 1490 g mol*!, Mw = 2055 g mol!) which may
have increased the AHi,2 further as more polymer contributed to the network,

further restricting the mobility of the PIBSI-G chains.

174



9000 -
8000 -
7000 -
6000

5000 -

AH, ), [Hz]

4000 -
3000 -
2000 - .

PIBSI-G MicroCB
1000 1 PIBSI-I MicroCB

0 : T T T T
0 5 10 15 20 25
Polymer %

Figure 6-27: 'H NMR 4H;,> values at 250 °C as a function of polymer % for

various polymer (PIBSI-G, I) MicroCB dispersions.

Figure 6-28 shows the effect of increasing the polymer tail length. PIBSI-G
(derived from 750 PIB-Mn) and PIBSI-H (derived from 1000 PIB-Mn) both show
quite similar AHi2 values at 250 °C at each concentration and there is no
discernible trend as was also found at higher polymer % (see Figure 6-10). Given
that both polymers have four secondary amines in the head groups it would be
expected that both polymers should have a strong interaction with the particles.
Again, this may have made the effect of differences in molecular weight to have
a more negligible due to the strength of the head group being the most dominant

structural property.
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Figure 6-28: 'H NMR 4H;,> values at 250 °C as a function of polymer % for

various polymer (PIBSI-G, H) MicroCB dispersions.

The effect of the PIB chain length on the AH1/2 value at 250 °C for polymers with
smaller head groups is presented in Figure 6-29. This includes PIBSI-D, mono-
PIB (1000) with ethanolamine (PIBSI-J) as well as PIBSI-F which, while being
shown to partially devolitilise as a free polymer at low tempertures (see TGA
results, Figure 6-1), displays a AHi2 trend as a function of temperture that
remains largely unaffetted at least upto 250 °C (see appendix F). PIBSI-F (PIB-Mn
= 260) clearly gives the lowest AH1/2 values at 250 °C at each concentration than
both PIBSI-J (PIB-M» =1000 g mol!) and PIBSI-D (PIB-Mn = 750 g mol-) the
results of which are both similar except at 5 % polymer where the AHi,2 of PIBSI-
D is greater. This shows that the two dispersions with the polymers containing the
largest PIB backbones (PIBSI-D and PIBSI-]J) gave the largest AHi2
measurements at all concentrations indicating that the longer chains lead to more
viscous networks that reduce the mobility of the chains as observed by Yang et

al. (2007).
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Figure 6-29:'H NMR 4H;,> values at 250 °C as a function of polymer % for

various polymer (PIBSI-D, F, J) MicroCB dispersions.

The effect of the length of the PIB chain for weakly interacting polymers is also
demonstrated in Figure 6-30 which shows the effect of PIB chain length on the
values of AHi2 at 250 °C for three PIBSAs, PIBSA-A (PIB-Mn = 750 g mol™?),
PIBSA-B (PIB-Mn = 260 g mol!) and PIBSA-C (PIB-Mn = 1000 g mol™!). The overall
AHi2 trend as a function of temperature for each polymer may be found in
Appendix F. PIBSA-C which has the highest PIB chain length displays the higher
AH1/2 values at 5 and 15 % polymer which would be expected, since more polymer
would contribute to the network increasing viscosity. At 25 % polymer loading
however the PIBSI-A sample shows a similar AH1/2 to PIBSA-B which due to its
low PIB-Mn was expected to have lower AHi/2. The 5 and 15 % PIBSA-B samples
also gave higher AHi2 values than PIBSA-A which was also unexpected since
PIBSA-A has a higher PIB-Mn. Any degradation of PIBSA-B did not appear to affect
the Hi2 trend at least up to 250 °C so that would not explain the high AHi/2 values
of PIBSA-B. It is therefore difficult to explain the effect of the length of the PIB
backbone from these results. What is clear however is that these three PIBSAs,

for which it would be expected to have weaker interactions with the MicroCB
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compared with the PIBSIs (due to lack of amine head groups), all exhibit similarly

low AH1/2 values.
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Figure 6-30: 'H NMR 4H;,> values at 250 °C as a function of polymer % for

various polymer (PIBSA-A, B, C,) MicroCB dispersions.

Figure 6-31 displays the AHi/2 measurements at 250 °C for PIBSI-I and PIBSI-K
and so describes the effect of the addition of an extra PIB backbone. There is very
little difference in the AHi2 values at 250 °C of the two polymers at 5 and 15
polymer % except that the PIBSI-K sample is slightly higher in both cases
although at 25 % polymer the PIBSI-K has a substantially greater AHi/2. Cox et
al. (2001) found that bis-PIB derivatives to be more efficient than mono or tris
derivatives in the stabilisation of carbon blacks whereas Tomlinson et al., (2000)
found that the mono compounds did not appear to show greater affinity than more
highly substituted bis and tris compounds. These results indicate that the PIBSI-
K has a stronger interaction with the carbon black which would disagree with both
of these studies. It may be possible that the lack of a primary amine with PIBSI-
I due to the presence of the extra PIB tail is responsible for the lower AH12 and

the effect is more pronounced with a greater proportion of polymer present.
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Alternatively despite the polymers being derived from the same 750 PIB-Mn
backbone the molecular weight values for PIBSI-K are greater (Mn= 1653 g mol"
1, Mw = 2717 g mol?!) for PIBSI-K than PIBSI-I (Mn = 1490 g mol!, Mw = 2055 g
mol-1!) and this may have been the cause of the higher AH1. It is difficult therefore
to establish the exact effect of the additional PIB tail has on the mobility

measurements from these results.
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Figure 6-31: 'H NMR 4H;,> values at 250 °C as a function of polymer % for

various polymer (PIBSI-I, K) MicroCB dispersions.

6.2.5 Summary of structure activity relationships at low polymer

loadings

The direct comparison of two to three dispersions of different polymers indicates
that the various sample mobility behaviour can be related to their individual
structural properties although it is difficult in some cases to fully distinguish
between polymers with similar structures. The final section of this chapter
therefore provides more of an overview of the polymer dispersion AHi/2 values at
250 °C to attempt to discover if there are any general trends relating to these
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structural properties. Figure 6-32 shows the AH1,2 values for all of the dispersions
studied between 5 - 25 % polymer loadings. While it is difficult to distinguish
between every individual trend it is apparent that the results can be generally
separated into two groups (labelled group 1 and 2). The polymers and their
properties with the assigned group number are summarised in Table 6-4.

It is clear from examination of Figure 6-32 and Table 6-4, that the polymers with
lower polar surface areas which would be expected to have a weaker interaction
with the MicroCB generally fall into group 1 and the polymers with higher polar
surface area and would be expected to have a stronger interaction generally fall
into group 2. The polymers in group 1 have more consistent AHi/> measurements
at each concentration due to the higher mobility of the more weakly adsorbed
polymer. Group 2 polymers exhibit more of an increase in the AH1/2 values with
decreasing polymer % attributed to the decrease in mobility as there becomes
less free polymer in the sample due to stronger adsorption. Although PIBSI-D
exhibits a high AH1/2 at 5 % loading the 15 and 25 % samples are markedly lower.

It therefore may be assigned to either group 1 or 2.
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Figure 6-32: 'H NMR 4H;,> values at 250 °C as a function of polymer % for

various polymer MicroCB dispersions.

Table 6-4: Summary of polymer properties with assigned group number

Polymer Head Group POI:?_;:E'E%Ce [:Inli::;!'l‘] Group
PIB N/A N/A 750 1
PIBSA-A Succinic Anhydride 9.2 750 1
PIBSA-B Succinic Anhydride 9.2 260 1
PIBSA-C Succinic Anhydride 9.2 1000 1
PIBSI-A TEPA 88.2 750 2
PIBSI-B TEPA 88.2 1000 2
PIBSI-C AEEA 58.3 750 2

PIBSI-D Ethanolamine 46.3 750 lor2
PIBSI-E AEEA 58.3 750 2
PIBSI-F Ethanolamine 46.3 260 1
PIBSI-G TEPA 88.2 1000 2
PIBSI-H TEPA 88.2 1000 2
PIBSI-I EDA 52.0 750 2
PIBSI-] Ethanolamine 46.3 1000 1
PIBSI-K EDA 52.0 750 2
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Figure 6-33 shows the H NMR AHi/2 values at 250 °C as a function of the polar
surface area of the polymer head groups for various polymer (5, 15, 25 %)
MicroCB (95, 85, 75 %) dispersions. Linear trend lines have been fitted to each
concentration and presented with the coefficient of determination (R?) values. The
graph shows that there is positive correlation at all three concentrations studied
and a weak to medium correlation (increase in polar surface area led to an
increase in the AHy12 at 250 °C) indicating that this could be a contributing factor
to the mobility of the H atoms in the sample. This is in indirect agreement with
Dubois-Clochard et al. (2001) and Kozak, Moreton, & Vincent, (2009) who found
that the amount of polymer adsorbed increased with an increase in the number
of primary and secondary amines in the polyamine head group as well as with
Kim et al. (2015) who related the ability of PIBSI to prevent deposit formation
through increased adsorption to the calculated polar surface areas of similar PIB
derivatives. The relationship is most prominent at 5 and 15 % polymer loading
with R? values of 0.64 and 0.72 respectively. At 25 % the linear trend line has a
lower gradient with a lower R? value (0.37) suggesting a weaker relationship at
this concentration.

In order to give a more categorical description on the level of correlation of
variables an F-test will be used. Briefly, the F-observed value is used to determine
whether the observed relationship between the variables occurs by chance
(Kennedy & Neville, 1986). If the F-observed value exceeds the critical value
(which is the determined from the number of data points in the data set and can
be found in the relevant published F-distribution tables) then the probability that
the two variances occurred by chance alone is smaller than a specified probability
and the rejection of a null hypothesis is justified (i.e. that there is a relationship
between the known x and y values) (Kennedy & Neville, 1986). This test will be
used henceforth to categorise whether the correlation is statistically significant or

not. The specified probability (alpha value) will be 0.05 or 5 % in all cases.
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For the 5 % polymer data set in Figure 6-33, assuming an alpha value of 0.05 the
F critical value is 4.67 (Kennedy & Neville, 1986). The F-observed value is
calculated as 22.67. As F-observed > F critical value then the rejection of the null
hypothesis is justified and correlation maybe regarded as statistically significant.
The 15 and 25 % samples also have F-observed values (34.25 and 7.78

respectfully) above the F critical value and so their correlation is also statistically

significant.
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Figure 6-33: 1H NMR AH,,> values at 250 °C as a function of the polar surface

area of the polymer head groups for various polymer MicroCB dispersions.

Figure 6-34 shows the AHi2 values at 250 °C as a function of the PIB-M, for
various polymer (5, 15, 25 %) and MicroCB (95, 85 and 75 %) dispersions. A
linear trend line has been added to each data set of data. The samples that gave

the best correlation were the 15 % samples which overall have an R? value of

183



0.22. Although this sample had the highest F-observed value (3.76) of the three
data sets this is still below the F critical value (4.67). All three data sets therefore
show that the correlation is insufficient to prove that the distribution was not
caused by chance alone and therefore indicates there to be no relationship
between the PIB-Mn and the AHi/2 at 250° C indicating that this is not a factor in

effecting the mobility.

12000 -
¢ PIBMw 5% R2 = 0.1341
10000
EPIBMw 15% R2 = 0.2245

8000 -
| APIBMw 25% N

6000 -

AH,,, [Hz]

4000 -

2000 -

0 200 400 600 800 1000 1200
PIB-M, [g mol-1]

Figure 6-34: 1H NMR AH;,> values at 250 °C as a function of the molecular

weight of the PIB backbone (PIB-M,) for various polymer MicroCB dispersions.

Figure 6-35 shows the AH1/2 values at 250 °C as a function of the Mn for various
polymer (5, 15, 25 %) and MicroCB (95, 85 and 75 %) dispersions. A linear trend
line has been added to each data set of data. The 25 % data set trend line
generally have the lowest set of AHi1/2 values as well as the lowest gradient. This
is clearly as a result of similar AH1/2 values at this concentration where the polymer
samples are not very distinguishable with higher molecular mobility. The 15 %
data set shows a steeper gradient indicating a stronger correlation between the

AH1/2 and the Mn. The 5 % data set also shows positive correlation between the
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AH1/2 and the M, although the data is more scattered (R?= 0.36) than the 15 %
(R?=0.58) or the 5 % (R?= 0.45). All of the data sets have F-observed values
(7.22, 18.26, 10.63 for 5, 15 and 25 % samples respectfully) greater than the F
critical value (4.67) which shows the correlations to have some statistical
significance and therefore it may be possible that the polymer Mn may have some

effect on the magnitude of the AHi,2 values.
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Figure 6-35:'H NMR AH;,> values at 250 °C as a function of the number average

molecular weight (M,) for various polymer MicroCB dispersions.

Figure 6-36 shows the AHi2 values at 250 °C as a function of Mw for various
polymer (5, 15, 25 %) and MicroCB (95, 85 and 75 %) dispersions. A linear trend
line has been added to each data set of data. Similarly to Figure 6-35 the 25 %
data set shows the lower AHi/2 values as well as the lowest gradient. Again, this
is most likely due to the high polymer content leading to an increase in mobility
of a sample and as well as making the polymers less distinguishable. The 15 %
data set shows stronger correlation between the AHi2 and the Mw and shows the

next highest linear trend line and is also quite linear (R?= 0.72). The 5 % polymer
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data set shows the highest average trend line and the strongest gradient however
the data is a more scattered (R?>= 0.56) than the 15 % data set (R? = 0.72). All
of the data sets have F-observed values (16.51, 33.66, 21.15 for 5, 15 and 25 %
samples respectfully) greater than the F critical value (4.67) which means the null
hypothesis can be rejected and the correlation is statistically significant.

Despite some low R? values in the data sets in Figure 6-35 and Figure 6-36 in all
cases there appears to be some positive correlation between the Mn and My of the
AH12 and the resulting AHi/2 at high temperature. It therefore seems likely that
with a polymer with a higher Mn or Mw; there is a greater amount of polymer that
can contribute to the network on heating which leads to lower mobility and
broader AHi/2 values at high temperatures. However Figure 6-35 and Figure 6-36
does not necessarily mean there is direct relationship between the molecular
weight and the AHi/2 for one important reason. The polymers that were analysed
that contain large head groups and therefore high polar surface areas generally
also have large Mn and Mw values. This therefore means that if some correlation
is found between the size of the head group and the AH1/2 measurements it should
come as no surprise that there is also an apparent relationship between molecular
weight as well. Also the Mn and Mw values will undoubtedly increase with larger
head group sizes making a direct cause of the relationship more difficult to
establish. As displayed in Table 6-4, group 1 contains polymers with only lower
PSA values (< 46.3 A?) and group 2 contains polymers with only higher PSA values
(= 46.3 A?). However, given that both groups contain PIBSIs synthesised with
high molecular weight PIB backbones (1000 PIB-M,) it is therefore tentatively
concluded that increasing the size of the PIBSI head group is most likely the
dominant factor in the observed increases in the AH1/2 measurements. This is not
to say that the molecular weight of the polymer cannot have an effect on the AH1/2
measurements and a longer PIB backbone may still lead to an increase in the

measured AH1/2.
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Figure 6-36:'H NMR 4H;,> values at 250 °C as a function of the weight average

molecular weight (M,,) for various polymer MicroCB dispersions.

6.3 CHAPTER SUMMARY

It has been demonstrated that changing the PIB derivative used in a dispersion
sample can significantly affect the viscoelastic behaviour and measured mobility
of the sample. This has been achieved using a number of polymers of varying
head groups, PIB tail lengths and functionality. This chapter has been separated
into two sections, high polymer, low solid which includes *H NMR and rheology
analysis and low polymer, high solid samples analysed mainly via 'H NMR.

e It was found that the n* values increased with increasing MicroCB content
for PIB samples. PIBSI-A samples were found to be more consistent with
increasing MicroCB content. The values for the n* at 250 °C of PIB and
PIBSI-A MicroCB samples were compared. It was found that PIBSI-A
consistently exhibited higher n* values than PIB. This was attributed to

the stronger interaction of PIBSI-A with the MicroCB particles than PIB.
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It has been demonstrated that increasing the length of the head-group
(including adding additional amines) and therefore the polar surface area
can have some effect on the viscoelastic behaviour at low polymer loading
and on the molecular mobility at both low and high polymer content. This
is in agreement with a number of studies which described an increase in
the level of interaction between a succinimide type dispersants when
increasing the number of amines in the polar head group. This was most
prominent at 5 and 15 % polymer samples and it is postulated this most
likely due to surface coverage effects reducing the mobility of strongly
adsorbing polymers.

The effect of the PIB tail length and on the number of tails has been
investigated. The effect of increasing the PIB chain length proved difficult
to characterise. A comparison with the Mn and Mw of each polymer from
GPC data showed there to be some relationship between the molecular
weight and the AHi/2 although the exact effect remains unclear. Polymers
with dissimilar yet high molecular weights proved difficult to distinguish in
both the n* and AHi/2 indicating that the polymer molecular weight does
not have as substantial effect on the resulting trends. However for lower
molecular weight polymers (such as PIBSI-F), degradation effects must be
taken into consideration when comparing polymer n* trends as
degradation has been shown to cause a drastic increase in the magnitude
of the n*. In 'H NMR the AHi2 trends are largely unaffected by partial

degradation of the polymers.

188



7 Possible effects of deposit surrogate properties on dispersion
behaviour at high temperatures

The effect of the polymer structure on the rheology and 'H NMR results with the

same carbon black has previously been investigated. This chapter aims to show

the effect that changing the carbon type has on the 'H NMR peak half width (AH1/2)

measurements. Several forms of commercially available carbons were tested

which have been utilised previously by Barker et al. (2010) as reference carbons

in comparison with actual fuel injector deposits.

7.1 EXPERIMENTAL

7.1.1 Materials

The commercial polymers used were supplied by Innospec Inc. A summary of the
properties of the polymers used in this chapter are shown in Table 7-1. The
number average molecular weight of the PIB backbone (PIB-Mn) from which the
polymers are derived is also presented as is the number average molecular weight
(Mn) and weight average molecular weight (Mw) and polydispersity values (PD) of
the final products obtained from GPC analysis as described in section 3.12.6. The
PIB functionality (PIB Func.) or the number of PIB hydrocarbon tails is also
presented.

Table 7-1: Polymer properties

Polymer | Head PIB-Mn Mn Mw PD Funct.
group* (g/mol) | (g/mol) | (g/mol)

PIBSI-C | AEEA 750 748 1794 2.4 mono
PIBSI-D Ethanolamine | 750 1005 1352 1.3 mono
PIBSI-F Ethanolamine | 260 382 442 1.2 mono
PIBSI-G | TEPA 1000 1921 3473 1.8 bis
PIBSI-H | TEPA 1000 1858 2793 1.5 bis
PIBSI-I EDA 750 1490 2055 1.4 bis
PIBSI-K EDA 750 1653 2717 1.6 Mono

*Refer to section 3.10.1 for head group abbreviations

The majority of the commercial carbons used in this chapter were supplied by
Innospec Inc. and are originally sourced from Asbury Carbons and Degussa. These
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carbons have been used previously in a study by Barker et al. (2010) as reference
carbons in comparison with actual engine deposits. The small particle mesoporous
carbon black adsorbent (MicroCB) was sourced from Sigma Aldrich. A description
of the carbons may be found in the materials section 3.10.2. A summary of the
properties of the carbons are shown in Table 7-2. Unless stated otherwise the
nominal average particle sizes and surface areas were obtained from the product
data sheets supplied with the samples.

Hexane (95%, Aldrich) was used as a solvent in the preparation of the dispersions.

Table 7-2: Carbon Properties

Carbon Black Average Surface Area m?/g
Particle
size pm
Mesoporous Carbon Black
Adsorbent (MicroCB) 45 205
43 DI[4,3]
(From 417
Degussa Carbon Black (DegCB) particle size (From BET analysis,
analysis, :
: section 3.12.8)
section
3.12.9)
Flake graphite146 (Micro146) 21 6
Flake graphite850 (Micro850) 5 13
Synthetic graphite450 (Micro450) 5 17
Green Coke (GreenCoke) 2 10
Calcined Coke (CalCoke) 6 20

7.1.2 Sample Preparation

The polymer carbon black dispersions were prepared as described in section 3.11.

7.1.3 Summary of Analytical Methods

The polymer-MicroCB dispersions were analysed using high temperature by 'H
NMR as outlined in section 3.12.1. X-ray photoelectron spectrum (XPS)
measurements were carried out to determine the surface elemental composition
of the carbon samples as described in section 3.12.7. Temperature programmed

oxidation (TPO) was used to provide a measure of the level amorphicity and
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graphicity of the carbons as outlined in section 3.12.5. These values were obtained
from a study by Barker et al. (2010) with the exception of the MicroCB and the
DegCB samples which were carried out in industry specifically for this study as

described in section 3.12.5.

7.2 RESULTS AND DISCUSSION

7.2.1 1H NMR spectroscopy results

Although a number of polymers could be differentiated with the MicroCB samples
as discussed in chapter 5 and 6 more 'H NMR tests were carried out with a number
of different carbons in order to investigate the effects of the carbons various
properties on the AH12 measurements. The polymers PIBSI-F and PIBSI-H were
selected for this set of tests because the two polymers gave some of the largest
differences in AH1/2 values between each other with the MicroCB samples. PIBSI-
F gave low AHy2 values at 250 °C thought to be mainly due to low polar head
group surface area and short PIB-Mn while PIBSI-H gave high AHi/2 values at 250
°C thought to be mainly due to a large polar surface area and long PIB-Mn. Figure
7-1 shows the AHi/2 values of various polymer carbon dispersions at 250 °C as a
function of polymer percentage. The overall AHi2 trend as a function of
temperature for each polymer may be found in Appendix G. It can be seen that
for all of the polymers studied the 25 % and 15 % polymer loadings gave the
most consistent results. At 5 % polymer loading the AH1/2 at 250 °C became highly
variable with even a number of the PIBSI-F samples exhibiting high AH1/2 values.
This is most likely due to the low amount of polymer in the samples causing further
broadening of the peaks and may have even been related to the low degradation
temperature of PIBSI-F (as shown by the TGA measurements in chapter 6 section
6.2.1) affecting the magnitude of the AHi,2 values with 5% polymer loading. In
all cases at 15 % and 25 % polymer content the PIBSI-F samples yields

consistently lower AHi2 values at 250 °C (at least <2500 Hz) with all of the
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carbons. This shows that the PIBSI-F samples are more mobile at high
temperatures which is most likely due to the lack of interaction between the
polymer and any of the carbons due to the lack of primary and secondary amines
in the polar head group. Figure 7-1 also shows that PIBSI-H dispersions with
different carbons gave much greater AH1/2 values at 250 °C than the corresponding
PIBSI-F dispersions. The carbons Micro850 and Micro450 (as well as MicroCB
which was described in chapter 6) all yield significantly higher AH1/2 values at 250
°C than their corresponding PIBSI-F samples. The remaining carbons that were
analysed with PIBSI-H (with the possible exception of DegCB) show lower AH1i,2
values that are in the same region and not dissimilar to the corresponding PIBSI-
F samples which indicates that there is less of an interaction between the PIBSI-
H and those carbons. How the various properties of the carbons that could be
affecting the AHi/2 values will now be discussed using the polymer (15 %) carbon

(85 %) sample AHi/2 measurements.
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Figure 7-1: 1H NMR AH;,> values at 250 °C as a function of polymer % for

various polymer (PIBSI-F, H) -Carbon dispersions.
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7.2.2 Potential effect of carbon particle size on high temperature 'H

NMR AHi,> measurements

Figure 7-2 shows the AHi/2 values at 250 °C of PIBSI-H and PIBSI-F (15 %) carbon
(85 %) samples as a function of the average particle size of each carbon. The
particle size for the DegCB sample was measured on a laser scattering based
particle sizer (Mastersizer) as there was no product data sheet available. All other
values were obtained from the relevant product data sheets and are nominal
values. The PIBSI-F samples all exhibit low AH1/2 values at 250 °C thought to be
due to the lack of particle interaction with each carbon and are shown for
comparison only. The PIBSI-H samples are more significant since these showed
more variation in values of the AHi2. The data set indicates that there is no
correlation between the AHi2 at 250 °C and average particle size. This is
significant since the size of the particles could have led to differences in the
amount of polymer adsorption and therefore could have affected the overall
mobility of the hydrocarbon chains. The fact that there is no apparent relationship
however suggests that particle size is not a significant factor in affecting the AHi,2

measurements.
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Figure 7-2: 'H NMR AH;,> values at 250 °C as a function of the average particle

size of the carbon for various polymer (PIBSI-F,H)- carbon dispersions.

7.2.3 Potential effect of carbon surface area on high temperature 'H

NMR AHi,/,> measurements

Figure 7-3 shows the AHi/2 values at 250 °C of PIBSI-H and PIBSI-F (15 %) carbon
(85 %) samples against the surface area of the carbons. The surface area for the
DegCB sample was measured via BET analysis as outlined in section 3.12.8 as
there was no product data sheet available. All other values were obtained from
the relevant product data sheets and are nominal values. Once again the PIBSI-F
samples all showed low AH1/2 values at 250 °C indicating a weak or no interaction
with the carbons. As for the more strongly interacting PIBSI-H samples there is
little evidence that the surface area of the carbons had a significant effect on the
AH1/2. This is most evident for samples with similarly low surface area (<20 m?g-

1) displaying different AHi/2. For instance, Micro850 and Micro450 samples had
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AH1/2 values of 14026 and 10983 Hz respectively at 250 °C while Micro146, Green
Coke and CalCoke all had AHzy/2 values in the region of 2000 Hz. This shows that
while surface area maybe a factor it is not the dominating property of the carbons
that controls the AH1/2. It should be noted that it may be possible that the polymer
itself had altered the overall surface area by potentially filling any micropores as
was observed in the study by Zerda, Yuan, & Moore (2001) where increasing the

amount of polyisobutylene amine present led to a decrease in the surface area.
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Figure 7-3: 1H NMR AH; /> values at 250 °C as a function of the surface area of

the carbon for various polymer (PIBSI-F, H) - carbon dispersions.

7.2.4 Potential effect of carbon peak CO: emission temperature on high

temperature 'H NMR AHi,> measurements

Although there has been found to be very little correlation between the average
particle size / surface areas of the carbons and the AHi,2 it is possible that the

surface properties of the carbons may have had more of an effect on the resulting
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AHi/2 values. To investigate this the peak CO2 emission temperatures as measured
via temperature programmed oxidation (TPO) were used to provide a measure of
the level amorphicity and graphicity of the carbons (as more amorphous carbon
is more reactive than more structured graphitic carbon and therefore oxidises at
a lower temperature) (Barker et al., 2010). These values were obtained from a
study by Barker et al., (2010) with the exception of the MicroCB and the DegCB
samples which were carried out in industry specifically for this study. The peak

CO2 emission temperatures of the carbons are summarised in Table 7-3.

Table 7-3: Peak CO> emission temperatures. *Analysis carried out for this study.

**Sourced from Barker et al., (2010)

Carbon Black Peak CO:2 emission temperature [°C]
*MicroCB 690
*DegCB 589
**Microl146 883
**Micro850 827
**Micro450 714
**GreenCoke 370
**Calcined Coke 574

Figure 7-4 shows the AH12 values of 15 % polymer 85 % carbon dispersions at
250 °C as a function of the peak CO2 emission temperature of the carbons. Once
again the PIBSI-F samples all have similarly low values of AH1/2 due to little to no
interaction with the carbons and therefore do not display any discernible trend.
For the PIBSI-H samples, however, there does appear to be a relationship
between the AHi,2 and the peak CO:2 emission temperature. Carbons with the
lower peak CO2 emission temperatures also display lower AHi,2 values that were
similar in magnitude to the PIBSI-F values suggesting little to no interaction with
the carbon. As the peak CO: emission temperature of the various carbons
increases so does the AHi1/2. There is one exception to this which was the PIBSI-

H Micro146 sample which had the highest peak emission temperature of all the
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carbons analysed but a relatively low AHi12 (1927 £+ 153 Hz). A possible
explanation for this trend is as follows. The upward trend in AHi,2 with peak CO:2
emission temperature suggests that as the carbons become more graphitic the
polymers can more easily adsorb onto the carbon surface due to easier “access”
onto the surfaces as they become less amorphous. There does however appear
to be a point where the surface is too graphitic for the polymer to adsorb due to
the total lack of surface functionality and therefore the polymer is more mobile as
shown by the sudden drop in AHi,2 for PIBSI-H Micro146 sample. It has already
been demonstrated in chapter 6 that the most dominating factor in controlling the
mobility is the number of amines in the head group of the polymer. Figure 7-4
also suggests that the interaction between the polymer and the carbon surface is
the most dominant factor in controlling the mobility of the H atoms of the

polymers over physical properties such as particle size and surface area.
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Figure 7-4: *H NMR AH;,2 values at 250 °C as a function of the peak CO:
emission temperature of the carbon for various polymer (PIBSI-F,H)- carbon

dispersions.
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7.2.5 Potential effect of carbon elemental surface composition on high

temperature 'H NMR AHi,/2 measurements

In order to investigate the effects of the surface properties of the carbons on the
resulting AHi2 values, X-ray Photon spectroscopy (XPS) characterisation was
conducted to determine the elemental surface composition of each sample. The
atomic concentration of the each of the carbon samples are shown in Table 7-4.
The wide line XPS spectra can be found in Appendix J.

Table 7-4: Surface Composition from XPS spectra

Atomic Concentration (%)
Carbon Sample | C (%) | O (%) | N (%) | S (%) | Si (%)

MicroCB 99.1 0.9 0.0 0.0 0.0
DegCB 89.3 10.7 0.0 0.0 0.0
Micro146 95.5 3.7 0.0 0.0 0.8
Micro850 96.1 3.0 0.0 0.0 0.9
Micro450 97.4 2.2 0.0 0.0 0.4
GreenCoke 91.1 5.3 1.3 1.2 1.1
Calcined Coke 94.4 4.7 0.0 0.1 0.8

Figure 7-5 shows a plot of the peak CO2 emission temperatures against the carbon
surface composition. The carbon samples have been divided into amorphous
carbon and graphitic carbon as in Barker et al., (2010) in which the percentage
of carbon was obtained according to the dynamic flash combustion of the sample
(from a ThermoQuest Flash EA 1112 series CHN-O Analyzer) in order to compare
the total carbon content % of a sample, whereas here carbon surface composition
as obtained by XPS analysis has been plotted. Similar to Barker et al., (2010)
there is a loose correlation between the carbon surface percentage of the carbon

samples and the temperature at which they oxidise.
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Figure 7-5: Peak CO: emission temperature (via TPO) against carbon surface

composition (via XPS)

Figure 7-6 shows a summary of AH1/2 values of the PIBSI-H and PIBSI-F (15 %)
carbon (85 %) dispersions at 250 °C as a function of the carbon surface
composition of each carbon sample. Once again the weakly interacting PIBSI-F
results are shown for comparison. It is interesting that the three carbons which
gave the highest AHi2 values - Micro850, Micro450 and MicroCB with PIBSI-H
also had the highest percentage of carbon on the surface (although between these
three samples there was a decreasing trend in AHi2 with increasing carbon
surface composition amounts). This would again indicate that the most graphitic
carbons provide the best condition for a strong polymer carbon interaction due to
a flatter surface allowing for better adsorption. Of the three samples that gave
the highest AH1/2 values the results indicate that the MicroCB is the most graphitic
as it has the highest carbon surface composition and the Micro850 to be the least
graphitic due to the lower carbon surface percentage. This is in contrast to the

TPO measurements which showed the Micro850 to have the highest CO: peak
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emission temperature and the MicroCB the lower CO2 emission temperature. Also,
Micro146 gave the highest CO2 emission temperature of all the carbons indicating
a high level of graphicity. However, the XPS results showed there to be 3.1 %
oxygen on the surface indicating a higher level of amorphicity than the TPO
measurements indicate. This may explain the relatively lower AH1/2 values for the

PIBSI-H Micro146 sample.
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Figure 7-6: 'H NMR AH;,> values at 250 °C as a function of the carbon surface

composition of the carbon for various polymer (PIBSI-F,H)- carbon dispersions.

Figure 7-7 shows a summary of AHi»2 values of PIBSI-H and PIBSI-F carbon
dispersions at 250 °C as function of the oxygen surface composition of the carbon
samples as measured by XPS. Again the PIBSI-F dispersion AHi> values are
shown for comparison. The three samples with carbons Micro850, Micro450 and
MicroCB which gave the highest AH1/2 values as well as containing the most carbon
% on the surface gave the lowest oxygen surface content of all the samples. The

trend between Micro850, Micro450 and MicroCB PIBSI-H samples is an increase
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in AHi1/2 with oxygen content. The PIBSI-H sample AHi/2 values at 250 °C are all
low for the remaining samples and there is little change in AHi,2 with increasing
oxygen content. Although it is difficult to fully explain from Figure 7-6 and Figure
7-7 the exact effect, if any, of the oxygen and carbon content has on the AHi,2 it
is interesting to note that the three samples that gave the markedly higher AHzi,2
values are at the extreme ends of the %C and %O graphs. This would indicate
that it is the level of interaction between the polymer and the carbons that is the
dominant property in effecting viscosity of the dispersion and therefore the

mobility of the hydrogen atoms of the polymer chains.
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Figure 7-7:1H NMR AH; /> values at 250 °C as a function of the oxygen surface

composition of the carbon for various polymer (PIBSI-F,H)- carbon dispersions.

7.2.6 Polymer structure activity relationships with flake graphite

(Micro850)

From observing the results in Figure 7-1 it is clear that the carbon sample that

gave one of the largest differences in AHi2 values at 250 °C between PIBSIs H
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and F was flake graphite (Micro850). In order to investigate if the polymers could
be distinguished further than with the MicroCB experiments, the final step of this
project was to carry out a number of experiments with the Micro850 with a
number of different polymers to again investigate structure activity relationships.
As time was limited, only a select few of the polymers were analysed and were
chosen based on key structural differences such as the calculated polar surface
area of the head group, the molecular weight of the PIB tail (PIB-Ms), the overall
Mn and Mw and the number of PIB tails (functionality). The full AH1/2 trends as a
function of temperature can be found in Appendix H.

Figure 7-8 shows a summary of the results. It is clear that the AHi,2 values at 250
°C are much less consistent than at 15 % and 25 % loading where the data either
rises or falls sharply or there is a loss of a peak signal altogether (as occurred
with the PIBSI-A (2.5 %) MicroCB (97.5 %) sample discussed in chapter 6). Only
the measurements at 15 and 25 % polymer loading will therefore be used in the

following discussion due to the lack of consistency at 5 % polymer loadings.
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Figure 7-8: 1H NMR AH;,> values at 250 °C as a function of polymer % for

various polymer -Micro850 dispersions.
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Figure 7-9 shows the effect of increasing the PIB-Mn on the values of the AH1/2 at
250 °C. The results from the corresponding MicroCB samples for the polymers
analysed are also displayed for comparison. It can be seen that at 15 and 25 %
polymer loadings the trends are quite similar to that observed for MicroCB
samples. At these amounts, PIBSI-D shows a higher AH1/2 than PIBSI-F does with
both types of carbon. The Micro850 samples do show slightly larger overall values
but the fact that they are similarly low is significant as it indicates that the

polymers have a poor interaction with both types of carbon.
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Figure 7-9: 'H NMR AH; /> values at 250 °C as a function of polymer % for various

polymer (PIBSI-D, F) -Micro850 or MicroCB dispersions.

Figure 7-10 shows the effect of changing the end alcohol group to an amine group,
displaying the AH1/2 measurements for PIBSI-D and PIBSI-K with Micro850. With
the MicroCB samples PIBSI-K had overall higher AH1/2 values than PIBSI-D which

was most likely due to the more polar nitrogen atom of the primary amine in

203



replacement of the OH group on PIBSI-D. This was indeed found to be the case
for the Mico850 samples at 15 and 25% polymer loading. The values were also in
a similar region (< 5000 Hz) which is another indication that weakly interacting
polymers should give low AH1/2 values at high temperatures regardless of the type

of carbon used.
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Figure 7-10: 'H NMR AH,,> values at 250 °C as a function of polymer % for

various polymer (PIBSI-D, K) -Micro850 or MicroCB dispersions.

Figure 7-11 shows the effect of changing the molecular weight of the PIB tail for
PIBSI-G (derived from 750 PIB-Mn) and PIBSI-H (derived from 1000 PIB-Mn) with
both Micro850 and MicroCB. It was found previously with MicroCB samples that
PIBSI-H and PIBSI-G both gave high AHi2 values at 250 °C indicating a strong
interaction with the carbon. The measurements were also difficult to distinguish
suggesting that the difference in molecular weight did not have a significant effect
on the mobility of the hydrogen atoms. The Micro850 samples (at 15 and 25 %)

show markedly higher AH1/2 values. At 25 % polymer the two values are similarly
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high at around 13000 Hz. At 15 % PIBSI-G is much higher (around 20000Hz)
while PIBSI-H is around 14000 Hz. Very little can be inferred from this small data
set regarding the effect of molecular weight. It is clear however that for both
MicroCB and Micro850 carbons the high AH1/2 values of the PIBSI-G and PIBSI-H
samples compared with other polymer dispersions showed evidence of a strong

interaction and it appears the effect is more pronounced with the Micro850

samples.
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Figure 7-11: H NMR AH, /> values at 250 °C as a function of polymer % for

various polymer (PIBSI-G, H) -Micro850 or MicroCB dispersions.

Figure 7-12 displays the AHi,2 measurements at 250 °C for PIBSI-I and PIBSI-K
and so describes the effect of the addition of an extra PIB backbone. MicroCB-
polymer samples are also shown for comparison. The PIBSI-I sample gave
markedly higher AHi2 values at 250 °C at each polymer percentage in the
presence of Micro850. At 25 % polymer loadings the difference between PIBSI-I

and PIBSI-K is around 9700 Hz and at 15 % around 11400 Hz. These results are
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in contrast to the corresponding MicroCB samples which showed similar (albeit
lower) AHi/2 values at 15 to 25 % polymer. This would therefore suggest (from a
limited set of results) that the presence of the additional PIB tail has a greater
effect with the Micro850 than with the MicroCB. It could be possible that the
addition of the extra PIB tail led to more entanglements in the network and so a

high reduction in the mobility of the polymer chains is observed.
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Figure 7-12: 'H NMR AH,,> values at 250 °C as a function of polymer % for

various polymer (PIBSI-I, K) -Micro850 or MicroCB dispersions.

Figure 7-13 shows the effect of extending the number of amines in the polar head
group. PIBSI-I contains two secondary amines while PIBSI-G has four. Both
polymers are bis functional. It was previously found that with MicroCB (also shown
in Figure 7-13) the PIBSI-G had slightly higher AH1/2 values at 250 °C than PIBSI-
I at all three weight percentages. In the case of the dispersions containing
Micro850, the AH1/2 values at 250 °C are much higher than with the corresponding

MicroCB samples. The PIBSI-G Micro850 results show a larger AHi2 value than
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corresponding PIBSI-I sample at 15 % polymer. At 25 % polymer, the PIBSI-G
and PIBSI-I Micro850 AH1/2 values at 250 °C are very similar. It can be tentatively
said therefore that PIBSI-G exhibits a slightly greater level of interaction with both
carbons because of the greater AHi2 at 5, 15 and 25 % polymer loading with
MicroCB and at 15 % polymer loading with Micro850) and that this is most likely

due to more amines in the polar head group.
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Figure 7-13: 1H NMR AH,,> values at 250 °C as a function of polymer % for

various polymer (PIBSI-G, I) -Micro850 or MicroCB dispersions.

A summary of AHi2 values at 250 °C of the chosen polymers with Micro850 is
shown in Figure 7-14. It is clear that the values taken at 5 % polymer show
inconstant results and in some cases the peaks are so broad that a AHi2 could
not be measured (PIBSI-C and PIBSI-G). This would indicate a strong interaction
with the carbon since there is not enough mobile polymer in the sample to yield

a measureable peak.
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The remaining polymer samples at 15 and 25 % polymer loading have been
separated into two groups in a similar manner to the MicroCB samples in chapter
6. The polymers and their properties with the assigned group number are
summarised in Table 7-5. Figure 7-14 and Table 7-5 show the polymers assigned
to group 1 generally have lower calculated polar surface areas and shorter PIB
chains whereas group 2 have the higher polar surface areas and longer PIB chains.
The assigned groups for each polymer correspond to the same groups for the
MicroCB samples with one exception. The PIBSI-K Micro850 sample gave AHi,
values at 250 °C values that were lower than expected particularly in comparison
to PIBSI-I (although PIBSI-I was almost borderline in the MicroCB
measurements). Despite this, and from the limited data set, the results indicate
that the polymer dispersions are distinguishable according to their inherent

structure.
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Figure 7-14: 1H NMR AH,,> values at 250 °C as a function of polymer % for

various polymer -Micro850 dispersions.
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Table 7-5: Summary of polymer properties with assigned group number

Polymer Head Group Poll?-;aSL[lRi;a;lce [;Ilz;h;!:] Group
PIBSI-C AEEA 58.3 750 2
PIBSI-D Ethanolamine 46.3 750 1
PIBSI-F Ethanolamine 46.3 260 1
PIBSI-G TEPA 88.2 1000 2
PIBSI-H TEPA 88.2 1000 2
PIBSI-I EDA 52.0 750 2
PIBSI-K EDA 52.0 750 1

As was previously carried out in section 6.2.5 with MicroCB samples the various
properties of the polymers such as the calculated polar surface area, PIB-M» and
polymer Mn and Mw were plotted with the AHi/2 values of the limited number of
polymer- Micro850 samples studied at 15 and 25% polymer loading (5% samples
were not included due to the loss of signal in some measurements).

Figure 7-15 shows the AHi,2 values at 250 °C for each polymer analysed with
Micro850 with 15 and 25 % polymer loading as a function of the calculated polar
surface area. A linear trend line has been added to each set of data. As can be
seen the 15 % polymer data set R? value (0.53) is markedly lower than the
corresponding MicroCB sample R? value (0.72) which was taken from a larger data
set. The correlation is not strong enough to pass the F test for either data set,
with F-observed values of 5.60 and 4.04 for 15 and 25 % samples respectfully,
with an F-critical value of 6.61 for both (Kennedy & Neville, 1986). The data sets
are therefore too scattered to prove that the correlation is statistically significant

and that the polar surface area has an effect on the H mobility.
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Figure 7-15:1H NMR AH,,, values at 250 °C as a function of the polar surface

area of the polymer head groups for various polymer MicroCB dispersions.

Figure 7-16 shows a summary of the AHi2 values at 250 °C as a function of the
PIB-Mn from which the samples were derived for various polymer (15, 25 %) and
MicroCB (85 and 75 %) dispersions. The samples that gave the best correlation
were the 25 % samples which overall have an R? value of 0.35. This data set has
an F-observed value of 2.72 which is below the F-critical value (6.61 (Kennedy &
Neville, 1986)) and so fails the F-test (with alpha = 0.05). This could be an

indication that the PIB-Mn is not a factor in effecting the mobility.
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Figure 7-16:'H NMR 4H;,, values at 250 °C as a function of the molecular

weight of the PIB backbone (PIB-M,) for various polymer MicroCB dispersions.

Figure 7-17 and Figure 7-18 shows the AH1/2 values at 250 °C as a function of the
Mn and Mw respectively for various polymer (15, 25 %) and MicroCB (85 and 75
%) dispersions. A linear trend line has been added to each data set of data. Both
graphs show very loose correlation between the molecular weights and the AH1/2
values at 250 °C with low R? values. All of the data sets have F-observed values
that are below the corresponding F-critical value and so the correlations cannot
be said to be statistically significant. This maybe an indication of a lack of an effect
of the Mn and Mw on the AHi/2 measurements. It does appear that the data sets
can be separated into 2 groups as they were previously in Figure 7-14 and Table
7-5 and that within each group it appears that there is almost no gradient
indicating no relationship between the AHi2 and the Mw (this is particularly
apparent in Figure 7-18 for the 25% polymer samples).

As described in chapter 6 it is difficult to separate the effects of both molecular

weight and the size of the polar head groups on the AH1/2 measurements from the
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range of polymers studied. As the linear trend line for the polar head group graph
(Figure 7-15) had the higher R? values (and F-observed values that were, on
average, closer to the corresponding F-critical values) than the graphs concerning
molecular weight it could be somewhat tentatively concluded that the polar
surface area is the more dominant parameter. However it does appear likely that
a combination of the different properties of the polymers can have an effect on

the magnitude of the AH1/2 values at high temperatures.
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Figure 7-17:'H NMR 4H;,> values at 250 °C as a function of the number average

molecular weight (M,) for various polymer MicroCB dispersions.
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Figure 7-18:'H NMR 4H;,> values at 250 °C as a function of the weight average

molecular weight (M,,) for various polymer MicroCB dispersions.

7.3 CHAPTER SUMMARY

It has been demonstrated that changing the type of carbon used in a dispersion
sample can significantly affect the measured mobility of the sample. This has been
achieved using two polymers, one which has previously been shown to give a wide
AHi12 and hence has a strong interaction (PIBSI-H) with MicroCB and one which
has previously shown to give a narrow AHi2 and hence a weaker interaction
(PIBSI-F) with MicroCB.

e It was found that at 5 % polymer loading the data was much more
scattered and inconsistent than at 15 and 25 % polymer content. This was
most likely due to the lack of polymer sample (possibly due to degradation)
causing further broadening of the AHi2. The 5 % samples were therefore
discounted. The trends in AHy2 at 15 and 25 % were much more consistent

particularly for the PIBSI-F samples.
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It was found that at 15 and 25 % polymer loading PIBSI-H samples gave
much greater AHi2 values at 250 °C than the corresponding PIBSI-F
samples. The carbons Micro850 and Micro450 (as well as MicroCB which
was described in chapter 6) all gave significantly higher AHi,2 values at
250 °C than their corresponding PIBSI-F samples. Most of the other
carbons tested with PIBSI-H showed lower AH1i,2 values that were in the
same region/ not dissimilar to the corresponding PIBSI-F samples which
indicated a less of an interaction between the PIBSI-H and the carbon.
Various properties of the carbons such as surface area, particle size, peak
CO:2 oxidation temperature and carbon and oxygen surface content were
compared with the AHi2 values for the PIBSI-H and PIBSI-F samples.
Although there appeared to be no direct relationship between the nominal
average particle size/ surface areas and the AHi,2 values there did appear
to be some relationship between the AHi,> and the carbon surface
properties. As the peak CO2 emission temperature of the various carbons
increases so did the AHi/2 (with one exception - Micro146). This indicated
that as graphicity of the carbon increased the level of interaction also
increased up until a point was reached whereby the carbon was too
graphitic for the polymer to interact. The three carbons with the highest
proportion of carbon on the surface also gave the highest AH1/2 values with
PIBSI-H. The carbons with the least amount of oxygen on the carbon
surface gave the highest AHi,2 values at 250 °C. These findings would
reinforce the affirmation that it is the nature of the interaction between the
polymer and the carbon surface that determines the magnitude of the
AH1/2. It suggests that dispersions can be better distinguished with high
temperature 'H NMR with more graphitic rather than amorphous carbon.
It was found that the largest difference in AH1/2 between the PIBSI-H and

PIBSI-F samples was with the Micro850 carbon. As a result, a number of
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polymers were analysed with Micro850 at high solid loading in an attempt
to investigate if a number of polymer dispersions could be better
distinguished than with MicroCB. The polymers were selected based on key
structural differences. It was once again found that at 5 % polymer the
data was much more scattered and inconsistent than at 15 and 25 %
polymer content. This was most likely due to the lack of polymer sample
causing a broadening of the AHi/2. The trends in AHi2 at 15 and 25 %
were much more consistent and the data set could be separated into two
general groups. PIBSI-F, D and K (group 1) all have short head groups
with single PIB chains whereas PIBSI-G, I, H and C all (group 2) all have
longer head groups with multiple amines or have two PIB chains.

Various properties of the polymers such as the polar surface area which
relates to the size of the amine head group, the PIB-Mn and the Mn and Mw
were compared to AHy2 values for a limited number of different polymers
with Micro850. Although for each structural parameter positive correlation
was found the coefficient of determination values were low in each case.
Also, none of these data sets passed the F-test and so it cannot be proven
from these results that one property of the polymers is more dominant in
controlling the mobility than any other. However the R? values and F-
observed values were still the highest for the polar surface area on average
which suggests this is could be the most dominant property affecting the

AH1/2 rather than molecular weight of the polymers.
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8 Conclusions and Recommendations for Future Work
This chapter summarises the conclusions of the literature review and experimental

work. In addition recommendations for future work are provided.

8.1 SUMMARY OF CONCLUSIONS AND NOVELTY OF RESEARCH

Whilst there have been a number of studies with regards to PIB derivative
stabilisation of carbonaceous particles at room temperature, few studies have
investigated their behaviour at temperatures similar to their normal high
temperature operating conditions. Although a few studies have used rheometry
in combination with other techniques to study PIB type dispersions with deposit
surrogates such as Won et al., (2005) and Yang et al. (2007), these were limited
up to 100 °C. While these studies offered great insight into the thermal effects on
the dispersions at lower temperatures the work presented here has investigated
the behaviour of PIB and its derivatives at higher temperatures which are closer
to the conditions in which deposit control additives normally operate.

In this work a reproducible methodology for both the sample preparation and the
analysis has been established. Characterisation of PIB, and two functionalised
derivatives, PIB succinic anhydride (PIBSA) and PIB succinimide (PIBSI),
demonstrated that the viscoelastic and hydrogen mobility measurements of
dispersion may serve as an indication of the strength of the interaction between
the polymer and carbon particles. This has been achieved using dispersions with
high carbon loadings (= 25%).

The range of PIBSI type molecules was expanded to investigate the structure
activity relationships which included the effects of the number of amines in the
head group and the length of the PIB hydrocarbon chains. The results indicate
that the size of amine head groups have the most dominant effect on the
viscoelastic and molecular mobility behaviour although it has proved difficult to
comprehensively establish this from the selection of polymers tested. The

dispersions appeared to be the most distinguishable at low polymer loadings and
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it is postulated this is most likely due to surface coverage effects reducing the
mobility of the strongly adsorbing polymers.

The effect of changing the carbon type was investigated using high temperature
'H NMR where a number of dispersions containing various types of commercially
available carbons were analysed. The results showed that changing the type of
carbon used in a dispersion sample can significantly affect the measured mobility
of the sample. The properties of the carbon material on the surface, such as the
level of carbon and oxygen surface percentage, and the level of graphicity and
amorphicity were the more dominant factors in effecting the mobility
measurements as opposed to other factors such as particle size and surface area.
It appeared that the polymers could be better distinguished with the more
graphitic type carbons.

To the best of the author’s knowledge this work presents for the first time a study
of the dispersion behaviour of polyisobutylene and its derivatives at high
temperatures using rheometry and 'H NMR. This work gives additional support
that this method of high temperature measurement of dispersions can provide an
indication of the strength of the interaction between the polymer and deposit
surrogate particles rather than simply being controlled by the inherent physical
properties of the polymers or carbons themselves. Through utilisation of the high
temperature techniques employed, the work demonstrates that applied
methodologies have the potential (with further research) of offering a reliable and
inexpensive laboratory scale screening method that may be able to accurately
predict the behaviour of these dispersants without having to rely upon the
expensive full scale engine testing currently employed by the fuel additives
industry. Longer term direct impact on the population will be the ability to
understand the properties required from the replacements for these polymers in

for example the next generation of fossil fuel engine green detergents.
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8.2 RECOMMENDATIONS FOR FUTURE WORK

While this work has explored the potential for distinguishing various polymer

/carbon dispersions using high temperature rheometry and 'H NMR there is

potential for more work to be done.

There is ample scope for many more PIB architectures to be investigated.
It would be interesting, for instance, to examine PIBSIs with amino ether
head groups which, as suggested by Kim et al., (2015), have been shown
to give rise to a greater affinity to carbon black. It would be interesting to
analyse the comb like surfactants such as poly-PIBSI molecules as these
were shown by Dubois-Chlochard et al., (2001) to have a very high affinity
for carbon blacks. Also, a systematic approach to increasing the polar head
group size for a greater number of polymers would allow the effects of
head group size to be investigated more thoroughly.

The exact effects of the properties of the carbons on the AHi/,2 of a sample
at high temperatures are still unknown. The results in chapter 7 indicate
that the surface chemistry, including the levels of amorphicity and
graphicity, as well as the carbon and oxygen content on the surface takes
precedent over the physical properties such as surface area and particle
size when establishing a relationship between carbon black and the AHi/2
measurements. A deeper investigation into the properties of the carbons
looking into effects such as particle porosity and size distribution would
provide further insight into these relationships.

For every dispersion sample that has been prepared in this work hexane
was used as a solvent. While the hexane was not present at high
temperatures it is still unclear what effect the solvent has during the
sample preparation on the polymer behaviour and therefore subsequent

NMR and rheometry results. Various other solvents such as xylene and
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heptane could be used, as well as commercial diesel and gasolines to mimic
more realistic engine conditions.

It has been demonstrated that different PIBs could be distinguished on the
RDA III rheometer instrument at carbon loadings of greater than or equal
to 35 %, and that solid loading of 55 % still gave distinguishable, all be it,
linear viscoelastic trends. However, work done on the more sensitive TA
AR-2000 instrument was able to distinguish between polymers at solid
loadings of 25 %. An issue that arose however in some instances was
significant loss of the polymer as the temperature was increased which
caused the data to become scattered. It is therefore recommended that
for any future work which is carried out at low solid concentrations a
solution to this issue be found.

It would be advantageous to carry out analysis of dispersions using actual
engine deposits as this would mimic more realistic engine conditions. Also,
relating the analytical test data to real engine test data of the commercial

samples would be highly useful in validating the method.
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A

Polymer Structures

Polymer Polymer description Structure
reference
PIB Polyisobutylene (PIB)
PIBSA-A Polyisobutylene Succinic Anhydride (PIBSA) o]
0
(PIB)
@)
PIBSA-B Polyisobutylene Succinic Anhydride (PIBSA 0
o]
(PIB)
0
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PIBSA-C Polyisobutylene Succinic Anhydride (PIBSA) o]
O
(PIB)
0
Polymer Polymer description PIBSI Head group structure
reference
PIBSI-A Polyisobutylene Succinimide (PIBSI) with H H
tetraethylenepentamine (TEPA) /\/N\/\ /\/N\/\

H,N ” NH,

PIBSI-B PIBSI with tetraethylenepentamine (TEPA). H H
(Chlorine synthetic route) /\/N\/\ /\/N\/\

HoN ” NH;

PIBSI-C PIBSI with Aminoethylethanolamine (AEEA) H
N\/\

oo N NH,

PIBSI-D PIBSI with Ethanolamine HO\/\
NH>
PIBSI-E PIBSI with Aminoethylethanolamine (AEEA) H
N\/\

HO/\/ NH,

PIBSI-F PIBSI with Ethanolamine HO\/\
NH»

PIBSI-G PIBSI with tetraethylenepentamine (TEPA)

H H
/\/N\/\ /\/N\/\
HoN N NH
2 N 2
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PIBSI-H PIBSI with tetraethylenepentamine (TEPA) H H
HQN/\/ \/\H/\/ \/\NH2
PIBSI-I PIBSI with ethylenediamine (EDA) HZN\/\
NH,
PIBSI-] PIBSI with Ethanolamine HO\/\
NH»>
PIBSI-K PIBSI with ethylenediamine (EDA)
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B Strain-sweep measurements
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Figure B-1: Storage (G’) and loss (G’’) moduli as a function of strain (y) at

100 °C for PIB 45% MicroCB 55% dispersion.
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Figure B-2: Storage (G’) and loss (G’’) moduli as a function of strain (y) at

250 °C for PIB 45% MicroCB 55% dispersion.
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Figure B-3: Storage (G’) and loss (G’’) moduli as a function of strain (y) at

350 °C for PIB 45% MicroCB 55% dispersion.
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Figure B-4: Storage (G’) and loss (G’’) moduli as a function of strain (y) at

100 °C for PIB 65% MicroCB 35% dispersion.
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Figure B-5: Storage (G’) and loss (G’’) moduli as a function of strain (y) at

250 °C for PIB 65% MicroCB 35% dispersion.
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Figure B-6: Storage (G’) and loss (G’’) moduli as a function of strain (y) at

350 °C for PIB 65% MicroCB 35% dispersion. (350°C)
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Figure B-7 : Storage (G’) and loss (G’’) moduli as a function of strain (y) at

100 °C for PIBSI-A 45% MicroCB 55% dispersion.
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Figure B-8: Storage (G’) and loss (G’’) moduli as a function of strain (y) at

250 °C for PIBSI-A 45% MicroCB 55% dispersion.
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Figure B-9: Storage (G’) and loss (G’’) moduli as a function of strain (y) at

350 °C for PIBSI-A 45% MicroCB 55% dispersion.
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Figure B-10: Storage (G’) and loss (G’’) moduli as a function of strain (y) at

100 °C for PIBSI-A 65% MicroCB 35% dispersion.
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Figure B-11: Storage (G’) and loss (G’’) moduli as a function of strain (y) at

250 °C for PIBSI-A 65% MicroCB 35% dispersion.
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Figure B-12: Storage (G’) and loss (G’’) moduli as a function of strain (y) at

350 °C for PIBSI-A 65% MicroCB 35% dispersion.
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C Duplicate n* measurements of PIB, PIBSA, PIBSI-A, PIBSI-B (65 %)

MicroCB (35 %) dispersions

1000000 5
100000 -
10000 -
= ]
£ 1000 -
= 3
100 * PIB 65% MicroCB 35% A
1 ® PIB 65% MicroCB 35% B
10 ; PIB 65% MicroCB 35% C
1 7T
0 100 200 300 400 500

Temperature [°C]

Figure C-1: Duplicate samples of PIB (65 %) and MicroCB (35 %) (A, B, C) using

a heating rate of 3 °C min in nitrogen (y = 0.05, » = 1 Hz). (RDA-III

instrument).
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Figure C-2: Duplicate samples of PIBSA-A (65 %) and MicroCB (35 %) (A, B, C,
D) using a heating rate of 3 °C min in nitrogen (y = 0.05, ® = 1 Hz). (RDA-III
instrument).
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Figure C-3: Duplicate samples of PIBSI-A (65 %) and MicroCB (35 %) (1-4)

using a heating rate of 3 °C min! in nitrogen (y = 0.05, » = 1 Hz). (RDA-III

instrument).
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Figure C-4: Duplicate samples of PIBSA-B (65 %) and MicroCB (35 %) (A, B, C,
D) using a heating rate of 3 °C min in nitrogen (y = 0.05, » = 1 Hz). (RDA-III

instrument).
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D n* measurements of various polymer MicroCB dispersions
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Figure D-1: n* as a function of temperature for various PIB and MicroCB

dispersions, using a heating rate of 3 °C min! in nitrogen (y = 0.05, o = 1 Hz).
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Figure D-2: Complex viscosity (3*) as a function of temperature for various
PIBSI-A and MicroCB dispersions, using a heating rate of 3 °C min in nitrogen

(y=0.05, ®» = 1 Hz).
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Figure D-3: n* as a function of temperature for various PIBSI-C MicroCB

dispersions, using a heating rate of 3 °C min in nitrogen (y = 0.05, o = 1 Hz).
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Figure D-4: n* as a function of temperature for various PIBSI-D MicroCB

dispersions, using a heating rate of 3 °C min-in nitrogen (y = 0.05, o = 1 Hz).
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Figure D-5: n* as a function of temperature for various PIBSI-E MicroCB

dispersions, using a heating rate of 3 °C min-in nitrogen (y = 0.05, o = 1 Hz).
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Figure D-6: y* as a function of temperature for various PIBSI-F MicroCB

dispersions, using a heating rate of 3 °C min! in nitrogen (y = 0.05, @ = 1 Hz).
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Figure D-7: n* as a function of temperature for various PIBSI-G MicroCB

dispersions, using a heating rate of 3 °C min-in nitrogen (y = 0.05,
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Figure D-8: y* as a function of temperature for various PIBSI-H MicroCB

dispersions, using a heating rate of 3 °C min~ in nitrogen (y = 0.05, @ = 1 Hz).
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E Duplicate AHi,2 measurements of PIB, PIBSA, PIBSI-A (65 %)

MicroCB (35 %) dispersions
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Figure E-1: Evolution of the 'H NMR 4H;,> with temperature for 3 duplicate PIB

(65 %) Micro CB (35 %) dispersions (A, B, C)
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Figure E-2: Evolution of the 'H NMR AH;,> with temperature for 3 duplicate

PIBSA-A (65 %) Micro CB (35 %) dispersions (A, B, C)
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Figure E-3 Evolution of the *H NMR 4H;,> with temperature for 3 duplicate

PIBSI-A (65 %) Micro CB (35 %) dispersions (A, B, C)
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F AH1/2 measurements of various polymer MicroCB dispersions
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Figure F-1: Evolution of the *H NMR AH;,> with temperature for PIB (100 -

2.5 %) MicroCB (0 -97.5 %) dispersions
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Figure F-2: Evolution of the *H NMR AH,;,> with temperature for PIBSA-A (100 -

5 %) MicroCB (0 -95 %) dispersions
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Figure F-3: Evolution of the 1H NMR 4H;,> with temperature for PIBSA-B (25 -

5 %) MicroCB (75 -95 %) dispersions
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Figure F-4: Evolution of the 1H NMR AH;,> with temperature for PIBSA-C (25 -

5 %) MicroCB (75 - 95 %) dispersions
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Figure F-5: Evolution of the *H NMR AH;,> with temperature for PIBSI-A (100 -

5 %) MicroCB (0 - 95 %) dispersions
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Figure F-6: Evolution of the :H NMR AH;,> with temperature for PIBSI-B (100 -

5 %) MicroCB (0 - 95 %) dispersions

239



e —+—PIBSI-C 75%
] MicroCB 25%
12000 -
| —=— PIBSI-C 65%
] MicroCB 35%
10000 1 -
] —4—PIBSI-C 55%
¥ 8000 | MicroCB 45%
: ] —¢—PIBSI-C 35%
g 600 MicroCB 65%
' —%—PIBSI-C 25%
o MicroCB 75%
2000 - —e—PIBSI-C 15%
] MicroCB 85%
ol .

MicroCB 95%

Temperature [°C]

Figure F-7: Evolution of the *H NMR AH;,> with temperature for PIBSI-C (75 -

5 %) MicroCB (25 - 95 %) dispersions
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Figure F-8: Evolution of the *H NMR AH,,> with temperature for PIBSI-D (75 -

5 %) MicroCB (25 - 95 %) dispersions
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Figure F-9: Evolution of the *H NMR AH:,> with temperature for PIBSI-E (75 -

5 %) MicroCB (25 - 95 %) dispersions
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Figure F-10: Evolution of the *H NMR 4H;,> with temperature for PIBSI-F (75 -

5 %) MicroCB (25 - 95 %) dispersions
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Figure F-11: Evolution of the 'H NMR 4AH;1,> with temperature for PIBSI-G (75 -

5 %) MicroCB (25 - 95 %) dispersions
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Figure F-12: Evolution of the *H NMR 4H;,> with temperature for PIBSI-H (75 -

5 %) MicroCB (25 - 95 %) dispersions.
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Figure F-13: Evolution of the *H NMR 4H;,> with temperature for PIBSI-I (25 -

5 %) MicroCB (75 - 95 %) dispersions
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Figure F-14: Evolution of the *H NMR 4H;,> with temperature for PIBSI-J (25 -

5 %) MicroCB (75 - 95 %) dispersions
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Figure F-15: Evolution of the *H NMR 4H;,> with temperature for PIBSI-K (25 -

5 %) MicroCB (75 - 95 %) dispersions
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G AH1/2 measurements of PIBSI-H and PIBSI-F dispersions with

various carbons
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Figure G-1: Evolution of the 'H NMR 4AH;1,> with temperature for various PIBSI-H

(5 %) carbon (95 %) dispersions
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Figure G-2: Evolution of the 'H NMR 4H;,> with temperature for various PIBSI-H

(15 %) carbon (85 %) dispersions
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Figure G-3: Evolution of the 'H NMR 4H;,> with temperature for various PIBSI-H

(25 %) carbon (75 %) dispersions
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Figure G-4: Evolution of the 'H NMR 4H;,> with temperature for various PIBSI-F

(5 %) carbon (95 %) dispersions
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Figure G-5: Evolution of the *H NMR 4H;,> with temperature for various PIBSI-F

(15 %) carbon (85 %) dispersions
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Figure G-6: Evolution of the 'H NMR 4AH;,> with temperature for various PIBSI-F

(25 %) carbon (75 %) dispersions
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H AH1/2 measurements for various polymer Micro850 dispersions
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Figure H-1: Evolution of the :H NMR 4H;,> with temperature for PIBSI-C (25 -

5 %) Micro850 (75 - 95 %) dispersions
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Figure H-2: Evolution of the *H NMR 4H;,> with temperature for PIBSI-D (25 -

5 %) Micro850 (75 - 95 %) dispersions
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Figure H-3: Evolution of the *H NMR 4H;,> with temperature for PIBSI-G (25 -

5 %) Micro850 (75 - 95 %) dispersions
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Figure H-4: Evolution of the :H NMR AH;,> with temperature for PIBSI-I (25 -

5 %) Micro850 (75 - 95 %) dispersions
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Figure H-5: Evolution of the *H NMR AH;,> with temperature for PIBSI-K (25 -

5 %) Micro850 (75 - 95 %) dispersions
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I Approximate calculation of PIBSI-A monolayer coverage of MicroCB

For a 100 % PIBSI sample (1.0 g PIBSI, 0 g carbon)

Number of PIBSI molecules = (Mass/ Mn of PIBSI-A) x Na

Total polymer surface area = Number of molecules x calculated polar surface area

(PSA) of PIBSI head group

Mass of Polymer | Polymer | No. molecules | Total Polymer Mass CB Total

Polymer Mn PSA Surface area Carbon surface Surface
(g) (g/mol) (m?) (m?) black (g) area area (m?)

(m?/g)
1.0 4.8E+20 423.7 0 0.0
0.9 4.3E+20 381.4 0.1 20.5
0.8 3.9E+20 339.0 0.2 41.0
0.7 3.4E+20 296.6 0.3 61.5
0.6 2.9E+20 254.2 0.4 82.0
8.8E-19

0.5 1253 2.4E+20 211.9 0.5 205 102.5
0.4 1.9E+20 169.5 0.6 123.0
0.3 1.4E+20 127.1 0.7 143.5
0.2 9.6E+19 84.8 0.8 164.0
0.1 4.8E+19 42.4 0.9 184.5
0.0 0.0 0.0 1.0 205.0

251




Carbon Black %

100 80 60 40 20 0
450 1 1 1 1

400 +

350 ~

300 A

250 ~

200 - ——PIBSI-A
——MicroCB

Surface area [m2]

150 -

100 -

50 -

0 T T T T
0 20 40 60 80 100

Polymer %

Theoretical calculation of PIBSI-A monolayer coverage of MicroCB therefore
occurs at approx. 30 % polymer loading. Calculation highly approximate due to

porosity of carbon black, particle size distribution and other effects).
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J XPS analysis results of carbon samples

Results in tables represent average of 3 analysis.

Wide/13 Green Coke

x 10
Cls
20 ]
15
[7p]
o
@]
10
O 1s
5]
N 1s
S 2 2p
T T T T T T T T T |“F‘J_|“_J T =
1200 900 600 300 0
Binding Energy (eV)
CasaXPS
Name | Position | FWHM Area % Conc | % Mass | Mass
Conc
O1s 532.2 2.5 1645.3 5.3 6.6 16.0
N 1s 400.0 2.3 248.5 1.3 1.4 14.0
Ci1s 284.5 1.8 10198.8 | 91.2 86.5 12.0
S2p 164.0 2.2 309.1 1.2 2.9 32.1
Si 2p 102.0 1.8 151.3 1.1 2.5 28.1
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CPS

Wide/13 Calcined Coke

xlO3
25 ]
Cls
20 ]
15 ]
10 ]
| O 1s
5
] S 2i8i 2
0 T T T T T T T T — “FS T P
1200 900 600 300
Binding Energy (eV)
CasaxXPS
Name | Position | FWHM Area % Conc | % Mass | Mass
Conc
O 1s 532.0 3.0 1713.5 4.6 6.0 16.0
C1s 284.3 1.9 12416.5 | 94.4 91.9 12.0
S2p 164.2 2.1 37.3 0.1 0.3 32.1
Si 2p 101.8 2.0 124.4 0.8 1.8 28.1
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20 x 10

Wide/13 Carbon Black

18|
16|
14|

12|

O1s

Cls

CasaXPS

[
1200

|
900

|
600

Binding Energy (eV)

|
300

Name

Position

FWHM

Area

%
Conc

% Mass
Conc

Mass

0O 1s

532.7

3.1

3437.0

10.7

13.8

16.0

C 1s

284.7

2.1

10235.5

89.3

86.2

12.0
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Wide/13 MicroCB

30 X 103
: Cls
25]
20]
2 157
U -
10
5]
O 1s
0- T I T T I T T I T T I T I
1200 900 600 300 0
Binding Energy (eV)
CasaXPS
Name | Position FWHM | Area % % Mass
Conc Mass
Conc
O1s 532.5 2.8 308.1 0.9 1.2 16.0
Cl1s 284.5 1.5 12705.0 | 99.1 98.9 12.0
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Wide/13 Micro450

x103
403 C1ls
351
30
251
v ]
D_ .
O 20
151
101
] O 1s
5]
1200 900 600 300 0
Binding Energy (eV)
CasaXPS
Name | Position | FWHM Area % Conc | % Mass | Mass
Conc
O 1s 532.2 2.8 1016.7 2.2 2.9 16.0
C1s 284.7 1.4 16038.6 | 97.4 96.2 12.0
Si 2p 101.5 1.9 75.5 0.4 0.9 28.1
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CPS

Wide/13 Microl146

3
45_x 10
40_: C1s
351
30
251
201
151
101
7 O 1s
] Si2
01 T | T T T T | T T DL | — p
1200 900 600 300
Binding Energy (eV)
CasaXPS
Name | Position | FWHM | Area %Conc | % Mass
Mass
Conc
O1s 532.3 2.6 2008.6 | 3.7 4.8 16.0
Cls 284.8 1.4 18430.4 | 95.4 93.2 12.0
Si 2p 102.3 2.3 193.7 0.8 1.9 28.1
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Wide/13 Micro850

X 103
40_: Cls
35
301
251
1%5) ]
o .
O 20
151
101
] O1s
] Si2
01 T T T T T T T T T T - I'l P T
900 600 300 0
Binding Energy (eV)
CasaXPS
Name Position | FWHM | Area % % Mass
Conc Mass
Conc
O 1s 532.2 2.6 1461.4 3.0 3.9 16.0
C1s 284.7 1.5 16577.4 | 96.1 94.1 12.0
Si 2p 102.2 1.8 173.5 0.9 2.0 28.1
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