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Abstract 

 

Polymer matrix composites (PMC) are structural materials sustained by the synergy between a 

reinforcing fiber, also known as filler, and a resin matrix. Since performance relies on interfacial 

interactions between the PMC components, the surface area of particle fillers is a key design 

consideration. Here, the characterization of Kevlar® pulps and micropulps, derived from milling 

pulps, was conducted using a multi-technique approach, focusing on the specific surface area. 

Conventional techniques used to determine surface area require aggressive outgassing steps that 

can impact the structure of polymeric particles. Hence, a convenient alternative is explored by 

deploying time-domain nuclear magnetic resonance (TD-NMR) under conditions close to those 

experienced in-situ. In this thesis, the correlation between NMR relaxation rates and surface area 

acquired from BET analysis has been established. The specific surface area of Kevlar® pulps was 

found to increase by as large as a factor of three upon milling pulp materials (8 – 18 m2 g-1) to 

micropulps (20 – 24 m2 g-1). No changes were found in the chemical structure of Kevlar® 

following the particle size reduction, however, trace iron (Fe) was identified in the range 11 - 2,633 

ppm, which may perturb the NMR signal. To address the influence of Fe, the surface relaxivity of 

Kevlar® (0.7 ± 0.1 µm s-1) was determined based on a linear relationship between the Fe content 

and its perturbation of the relaxation time T2. Lastly, the wetted specific surface area was 

calculated from the NMR data, yielding values within 20% difference of those determined by BET 

of freeze-dried samples. The obtained trends agree with foreseen effects of polymer drying and 

particle size reduction. The presented data indicate the value of determining the surface relaxivity 

of different materials, enabling a deeper understanding of interfacial interactions, as well as the 

rapid determination of wetted surface area for a variety of polymeric systems. 



iv 

 

Acknowledgements 

 

First, I want to express my immense gratitude to my advisor, Dr. Alan M. Allgeier. His 

precious mentoring and patience have enabled my continuous improvement as a researcher. His 

expectations for high-quality research have driven me to strive for excellence. And his 

unconditional support taught me an unforgettable lesson on perseverance. I am fortunate to pursue 

my graduate studies under the mentorship of such a wonderful human being. 

A warm thank you goes to my lab comrades Dr. Carlos A. Castor Jr., Kyle J. Stephens, 

Tristan Myers, Simon Velasquez-Morales, Victor Sharma, and Vyoma Maroo. You enable a 

unique work environment, filled with constructive science discussions and unparalleled 

companionship. It has been a pleasure to navigate through the graduate journey by your side. 

I want to thank my committee members, Dr. Stevin Henry Gehrke and Dr. Mark Brandon 

Shiflett for dedicating their times to the revision of this thesis and to contribute with their unique 

expertise to my defense. I am honored to learn from you. 

I would like to recognize our fantastic laboratory neighbors from the Shiflett Research 

Group, whose help in lab-related activities and companion outside work are deeply appreciated. 

A special thanks goes to my fellow graduate students and collaborators from the Gehrke Research 

Group, Faiz Mandani and Joseph M. Scalet. I enjoy our teamwork and treasure our friendship. 

Apart from the research settings, my gratefulness goes to Dr. Aaron M. Scurto for the 

opportunity of working with him as his Teaching Assistant. Thank you for all the experience shared 

and for the trust in my work. 



v 

 

Appreciation also goes to Martha H. Kehr, who has kindly helped me since even before my 

first day in the graduate program at KU. Thank you for being the one that everyone can count on. 

I also want to recognize Nathan Fortner for his restless efforts to ensure that every detail needed 

for the smooth operation of the Engineering complex is well taken care of.  

I would like to thank our colleagues at DuPont for their generous donation of Kevlar® 

samples and for providing support with the SEM and ICP analyses. I also want to thank Dr. Travis 

Witte, Director of Analytical and Physical Chemistry Laboratories in KU’s Chemistry Department 

for the assistance with infrared spectroscopy. 

And my dearest, Stella Quinto Lima, words cannot express my gratitude for your affection 

and partnership. You are singular. Finally, I want to recognize the huge support I have from my 

family. Thank you for the wonderful place I will always call home and for encouraging and 

supporting my decisions. I am blessed for all the love and for having you in my life. 

 

 

 

 

 

 

 



vi 

 

Table of Contents 

Chapter 1 : Introduction .................................................................................................................. 1 

1.1 Background ........................................................................................................................... 1 

1.2 Time-Domain Nuclear Magnetic Resonance (TD-NMR) .................................................... 1 

1.2.1 Nuclear Spin ................................................................................................................... 2 

1.2.2 Magnetic Field Effects ................................................................................................... 3 

1.2.3 Paramagnetism and Diamagnetism ................................................................................ 7 

1.2.4 Relaxation times ............................................................................................................. 8 

1.2.5 Mechanisms of Relaxation ........................................................................................... 12 

1.2.6 Equipment Settings ...................................................................................................... 17 

1.3 Polymer Matrix Composites ............................................................................................... 19 

1.3.2 Interfacial Interactions ................................................................................................. 20 

1.3.3 NMR Wetted Surface Area .......................................................................................... 22 

Chapter 2 : Materials and Experimental Methods ........................................................................ 25 

2.1 Materials ............................................................................................................................. 25 

2.1.1 Kevlar® Pulps and Micropulps ................................................................................... 25 

2.2 Experimental Methods ........................................................................................................ 26 

2.2.1 Scanning Electron Microscopy (SEM) ........................................................................ 26 

2.2.2 Infrared (IR) Spectroscopy .......................................................................................... 27 

2.2.3 Inductively Coupled Plasma (ICP) .............................................................................. 27 



vii 

 

2.2.4 Surface Area Assessment ............................................................................................. 28 

2.2.5 Nuclear Magnetic Resonance (NMR) .......................................................................... 31 

2.2.6 Calculation of Interparticle Spacing ............................................................................ 35 

2.2.7 Uncertainty Assessment ............................................................................................... 37 

Chapter 3 : Results and Discussions ............................................................................................. 42 

3.1 Scanning Electron Microscopy (SEM) ............................................................................... 42 

3.2 Infrared Spectroscopy ......................................................................................................... 44 

3.3 Inductively Coupled Plasma (ICP) ..................................................................................... 45 

3.4 BET Surface Area Kevlar® Particles ................................................................................. 45 

3.4 Relaxation Rates in Particle Suspensions ........................................................................... 50 

3.4.1 Relaxation Rates at Different Kevlar® Concentrations ............................................... 55 

3.4.2 Validation of Fast-Diffusion Regime Assumption ...................................................... 59 

3.4.3 Accounting for the Influence of Paramagnetic Sites ................................................... 59 

3.4.4 Calculation of Surface Relaxivity and Wetted Surface Area for Kevlar® Pulps ........ 61 

Chapter 4 : Conclusion Remarks and Future Outlook .................................................................. 64 

4.1 Conclusion Remarks ........................................................................................................... 64 

4.2 Future Outlook .................................................................................................................... 66 

References ..................................................................................................................................... 68 

Appendix ................................................................................................................................... 80 

Appendix A : Scanning Electron Microscopy – Kevlar® Micropulps C, D, and F ............. 80 



viii 

 

Appendix B : Infrared Spectroscopy – Kevlar® Samples A, B, D, E, and F ...................... 81 

Appendix C : Uncertainty ICP Measurements ..................................................................... 82 

Appendix D : Uncertainty NMR .......................................................................................... 83 

Appendix E : Uncertainty BET Measurements ................................................................... 84 

Appendix F : Uncertainty NMR Specific Surface Area ...................................................... 85 

Appendix G : Student’s t-test for the Specific Surface Areas of Vacuum and Freeze-Dried 

Kevlar® Samples ...................................................................................................................... 86 

 

 

 

 

 

 

 

 

 

 

 



ix 

 

List of Figures 

 

Figure 1.1 Representation of a proton............................................................................................. 3 

Figure 1.2 Representation of random spin orientation, leading to a null bulk magnetization. ....... 4 

Figure 1.4 Representation of a reference frame for precession about �⃑� 0 in the x-y plane. Redrawn 

after Drago, 1977.26 ......................................................................................................................... 6 

Figure 1.5 Proton precession around �⃑� 0. ........................................................................................ 7 

Figure 1.6 Interaction of diamagnetic and paramagnetic nuclei with �⃑� 0. ...................................... 8 

Figure 1.7 Representation of T1 and T2 in the 3-D coordinate system. ........................................ 10 

Figure 1.8 Representation of T1,2 as a function of τc. .................................................................. 14 

Figure 1.9 Inner and outer sphere interactions. ............................................................................. 16 

Figure 1.10 Schematic representation of an NMR unit. Redrawn after Scrievener et al, 2016.41 18 

Figure 1.11 Types of composites according to the reinforcing material. ..................................... 19 

Figure 1.12 Visual representation of interfacial interactions in PMCs – matrix (light grey) and fiber 

(dark grey). Redrawn after NRC, 2005.43 ..................................................................................... 21 

Figure 2.1 Kevlar® pulp 1F361 (left) and Kevlar® micropulp 80 μm (right). ............................ 25 

Figure 2.2 Low-field nuclear magnetic resonance equipment set used for the experiments. ....... 32 

Figure 2.3 Representation of the CPMG pulse sequence. ............................................................ 33 

Figure 2.4 Representation of the stray field (red) from the Bruker Minispec mq20. ................... 34 



x 

 

Figure 3.1 SEM images of Kevlar® samples – left-hand side: x100 and right-hand side: x500 of (I 

and II) Kevlar® 1F361 A, (III and IV) Kevlar® 1F538 B, (V and VI) Kevlar® Micropulp 50 µm 

E. ................................................................................................................................................... 43 

Figure 3.2 Infrared spectrum of C: Kevlar® Micropulp 80 µm. .................................................. 44 

Figure 3.3 Adsorption-desorption isotherms of Kevlar® samples. .............................................. 46 

Figure 3.4 Comparison of specific surface areas of Kevlar® samples A through F dried at high 

(light grey) and low (dark grey) temperatures. ............................................................................. 48 

Figure 3.5 Comparison of the pore size distribution of Kevlar® samples A through F dried at high 

(black circles) and cryogenic (white circles) temperatures. .......................................................... 49 

Figure 3.6 Suspensions of colloidal silica at multiple solid weight %. ........................................ 51 

Figure 3.7 Visual representation of the fast (left) and slow (right) diffusion regimes. ................ 52 

Figure 3.8 Relaxation rates of particles suspensions of silica and polystyrene as a function of solid 

concentration. ................................................................................................................................ 54 

Figure 3.9 Plot of 1/T2 of Kevlar® samples versus the weight ratios. ......................................... 56 

Figure A.1. SEM images of Kevlar® samples - (I and II) Micropulp 80 µm C 100x and 500x 

magnification, (III and IV) Micropulp 50 µm D 100x and 500x magnification, (IV and V) 

Micropulp 30 µm F 100x and 500x magnification. ...................................................................... 78 

Figure A.2. Infrared spectroscopy of Kevlar® samples – (I) Kevlar® Pulp A, (II) Kevlar® Pulp 

B, (III) Kevlar® Micropulp 50 µm D, (IV) Kevlar® Micropulp 50 µm E, (V) Kevlar® Micropulp 

30 µm F. ........................................................................................................................................ 79 

 



xi 

 

List of Tables 

Table 2.1. Kevlar® sample characteristics and labeling. .............................................................. 26 

Table 3.1. Iron content of Kevlar® samples A through F. ........................................................... 45 

Table 3.2 Specific surface area of Kevlar® dried at high and cryogenic temperatures. .............. 48 

Table 3.3. Ratios of the BET surface areas and NMR slopes of Kevlar® samples. ..................... 58 

Table 3.4. Parameters used in the assessment of the diffusion regime. ........................................ 59 

Table 3.5. Calculated surface relaxivities and NMR specific surface areas of Kevlar®. ............. 62 

Table A.1 Uncertainty data for the ICP-MS measurements. ........................................................ 82 

Table A.2 Random uncertainty data for the NMR experiments. .................................................. 83 

Table A.3 Systematic uncertainty data for the NMR experiments. .............................................. 83 

Table A.4 Random uncertainty data for the BET measurements. ................................................ 84 

Table A.5 Systematic uncertainty data for the BET measurements. ............................................ 84 

Table A.6 Standard error of relaxation rate slopes. ...................................................................... 85 

Table A.7 Specific surface areas of vacuum dried Kevlar® C. .................................................... 86 

Table A.8 Specific surface areas of freeze-dried Kevlar® C. ...................................................... 86 

 

 

 

 

 

 



xii 

 

List of Notations 

 

BET = Brunauer−Emmett−Teller 

BJH = Barrett-Joyner-Halenda 

CPMG  = Carr–Purcell–Meiboom–Gill 

IR = Infrared 

IPS = Interparticle spacing 

ICP-MS = Inductively Coupled Plasma Mass Spectrometry 

NL-DFT = Non-local density functional theory 

LF = Low field 

NMR = Nuclear magnetic resonance 

PGSE = Pulsed Gradient Stimulated Echo 

PSM = Process safety management 

rf = Radiofrequency 

SE = Secondary electron 

SEM = Scanning Electron Microscopy 

TD = Time domain 

MHz = Megahertz 

T = Tesla 



xiii 

 

C2H5OH = Ethanol 

CaSiO3 = Calcium silicate 

Fe = Iron 

Fe3O4 = Iron oxide 

H2O = Water 

Mn = Manganese 

N2 = Nitrogen 

∆𝑥 = Step size forward difference 

𝑎 = Radius of spherical molecule [m] 

�⃑� 0 = Magnetic field [T] 

�⃑� 1 = Oscillatory magnetic field [T] 

�⃑� 𝑒 = Magnetic field of reference frame [T] 

𝐶𝐹𝑒 = Iron concentration [ppm] 

C = Dimensionless BET constant [-] 

D = Diffusion coefficient [cm2 s-1] 

𝑑 = Inter-nuclei distance [m] 

e = Electric charge [C] 

𝐹 = constant of proportionality [µm s-1 ppm-1] 

G = magnetic field gradient strength [T] 



xiv 

 

ℏ = Reduced Planck’s constant [1.055 x 10-34 J s] 

h = Planck’s constant [6.626 x 10-34 J s] 

I = Nuclear spin [-] 

𝐼𝑒 = Spin number of a paramagnetic center [-] 

k = Diffusion regime parameter [-] 

kB = Boltzmann constant [1.38064852×10-23 m2 kg s-2 K-1] 

�⃑�  = Angular momentum [kg m2 s-1] 

L = Avogadro’s number [mol-1] 

𝑀 = Ratio of lines from NMR plot [-] 

�⃑⃑�  = Bulk magnetization [-] 

m = mass [g] 

𝑀𝑥 = Magnetization in the x-axis [-] 

𝑀𝑥 = Magnetization in the y-axis [-] 

𝑀𝑧 = Magnetization in the z-axis [-] 

nm = Specific monolayer capacity [-] 

SSABET = Specific surface area from the BET method [m2 g-1] 

𝑁−1
2⁄
 = Population of spins-down [-] 

𝑁+1
2⁄
 = Population of spins-up [-] 

𝑛 = Proton density [-] 



xv 

 

𝑃

𝑃0
 = Partial pressure [-] 

rpm = Rotations per minute [-] 

𝑟𝑝 = Electron-proton distance [m] 

R = Gas constant [J mol-1 K-1] 

S = Surface area [m2] 

SSANMR = NMR specific surface area [m2 g-1] 

𝑆1(𝜔) = Fourrier transform of the spectral density [-] 

T1 = Spin-lattice or longitudinal relaxation time [s] 

T2 = Spin-spin or transverse relaxation time [s] 

T2
* = Observed transverse relaxation time [s] 

T2b = Transverse relaxation time of the bulk fluid [s] 

T2D = Transverse relaxation time due to diffusion in an inhomogeneous magnetic field [s] 

T2s = Transverse relaxation time at the surface [s] 

𝑇𝐸 = experimental echo spacing [s]   

T = Temperature [°C] 

tc = Thickness of adsorbed multilayer film [m] 

𝑈𝐶𝐹𝑒(𝑖)
= Uncertainty in the concentration of iron [ppm] 

𝑈𝐹 = Uncertainty in the constant of proportionality ‘F’ [µm s-1 ppm-1] 

𝑈𝑁𝑀𝑅𝑆𝑆𝐴
 = Uncertainty in the NMR specific surface area [m2 g-1] 



xvi 

 

𝑈𝑆𝑙𝑜𝑝𝑒(𝑖)
= Uncertainty in the regressed slopes [-] 

𝑈𝜌2(𝑖)
 = Uncertainty in the observed surface relaxivity [µm s-1] 

𝑈𝜌2,0
 = Uncertainty in the intrinsic surface relaxivity [µm s-1] 

V = Volume [m3] 

𝑉𝑚 = Molar liquid volume [m3 mol-1] 

𝑥 = Optimization parameter representation [-] 

α = characteristic length for proton diffusion [m] 

θ = Angle of rotation between the nuclei spin and the external magnetic field [°] 

δ = distance between fluid protons and relaxation sites on a solid surface [m] 

∆�⃑� 0 = Magnetic field inhomogeneity [T] 

ΔE = Energy of transition [J/photon] 

∆𝑡 = Duration of radio frequency pulse [s] 

χ = Magnetic susceptibility [-] 

𝜂 = Viscosity [kg m-1 s-1] 

𝜌2 = Surface relaxivity [μm s-1] 

𝜌2,0 = inherent surface relaxivity [μm s-1] 

μ⃑  = Magnetic moment [J/T] 

τ = Pulse time spacing [s] 

τc = Correlation time [s] 



xvii 

 

τD = Desorption correlation time [s] 

τm = Translational correlation time [s] 

τ𝑀 = Residence time of water [s] 

τrot = Rotational correlation time [s] 

τ𝑠,1 = Longitudinal relaxation time of the electron [s]  

τ𝑠,2 = Transverse relaxation time of the electron [s] 

𝛾𝑇 = Surface tension [N m-1] 

γ = Gyromagnetic ratio [rad s−1 T−1] 

𝛾𝑠 = Gyromagnetic ratio of a paramagnetic center [rad s−1 T−1] 

�⃑⃑� 0 = Larmor frequency [MHz] 

𝜔𝑠 = Larmor frequency of a paramagnetic center [MHz] 

 

 

 

 

 



1 

 

Chapter 1 : Introduction 

In this chapter, concepts on time-domain nuclear magnetic resonance (TD-NMR) are briefly 

discussed as well as previous works on the use of TD-NMR to characterize porous media and 

particle suspensions. The objects of study, Kevlar® pulps and polymer matrix composites, are also 

briefly introduced. 

1.1 Background 

NMR methods are based on the concept that certain atomic nuclei possess nuclear angular 

momentum and a population of nuclear spins will generate a net magnetization vector, aligned 

with a magnetic field, externally applied to the system. This magnetization may be perturbed (e.g. 

90° or 180°) by an appropriately tuned radio frequency pulse and will exponentially return to 

equilibrium. Two time-constants describe this relaxation, the spin-lattice or longitudinal time-

constant, T1 describes relaxation in the z-axis, aligned with the magnetic field and the spin-spin or 

transverse time-constant, T2, describes the loss of phase coherence in the x,y-plane as individual 

spins precess about the magnetic field vector. Interpretation of the NMR relaxation rates provides 

valuable information about the physical state, morphology, and bulk behavior of particle 

suspensions and fluid-filled porous media.1–24 

 

1.2 Time-Domain Nuclear Magnetic Resonance (TD-NMR) 
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1.2.1 Nuclear Spin 

Molecules are known to acquire rotational angular momentum by energetic collisions, while 

atomic nuclei possess an intrinsic property called spin.25 In quantum mechanics, the total angular 

momentum of a nucleus can be represented by �⃑� , Equation 1.1. 25 

�⃑� = [𝐼(𝐼 + 1)]
1
2ℏ 

(1.1) 

Where I characterizes the quantum spin number and ℏ, the reduced Planck’s constant, ℏ = 

h/2π, with h = 6.2607015 x 10-34 J s. At the quantum domain, the angular momentum of a nucleus 

is also related to its magnetic moment (μ⃑ ), Equation 1.2. This property is associated with the 

rotational movement of a nucleus around its axis. 

μ⃑ = 𝛾L⃑  (1.2) 

Here, γ is the constant known as the gyromagnetic ratio. From Equations 1.1 and 1.2, γ can 

be visualized as the ratio of the magnetic to the angular momentum of the nuclei. Although 

concepts at the quantum level, such as spin, may be challenging to visualize, one may refer to the 

fundamental particles, e.g. leptons, quarks, and force, for a clearer understanding. As an example, 

protons are composed of three quarks. Two of those are positively charged, also known as the ‘up’ 

quarks, and the other one, ‘down’ quark, is negatively charged. Here, ‘e’ represents the electric 

charge, equivalent to 1.602 x 10-19 C, Figure 1.1. 
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Figure 1.1 Representation of a proton. 

 The values attributed to the quarks’ charge are mostly related to the universal definition of 

positive and neutral charges for protons and neutrons. From Figure 1.1, the represented proton has 

a net spin I = 1/2 and a charge of +e. In contrast, neutrons are composed of two down-quarks and 

one up-quark, yielding a net electric charge equal to zero. In general, protons, neutrons, and 

electrons possess spins of multiples of 1/2. In NMR applications, atomic nuclei with spin equal to 

1/2 (e.g. 1H, 13C, 15N) are the most commonly studied.25 

 

1.2.2 Magnetic Field Effects 

The bulk magnetization of the sample, �⃑⃑� , is calculated from the sum of each individual magnetic 

moment vector μ𝑖⃑⃑  ⃑. At the macroscopic level, for a sample composed of spins I ≠ 0, it is assumed 

that the spins will possess a random spatial orientation, where they cancel themselves, leading to 

�⃑⃑�  = 0, Figure 1.2. 25 
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Figure 1.2 Representation of random spin orientation, leading to a null bulk magnetization. 

 

The energy levels of a nucleus possess a (2I +1)-fold degeneracy.25 Under the external 

influence of a magnetic field, �⃑� 0, the population of spins I = 1/2 are assumed to acquire a parallel 

or antiparallel orientation with �⃑� 0 in a splitting process known as the Zeeman effect, Figure 1.3. 

3,25,26 

 

Figure 1.3 The dependence of nuclear splitting on the magnetic field strength. 

 

The energy difference between these states, also known as the energy of transition, is 

represented as ΔE and is a function of the �⃑� 0 strength. For I = +1/2, a low energy state is observed, 
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and the nuclei may align with �⃑� 0 (spin-up). The negative spin I = -1/2 characterizes a high energy 

state, where the population of nuclei may align opposite to �⃑� 0 (spin down). The ratio of these two 

populations is represented by the Boltzmann distribution, Equation 1.3.26 

𝑁−1
2⁄

𝑁+1
2⁄

= 𝑒
−∆𝐸
𝑘𝐵𝑇  

(1.3) 

Where kB is the Boltzmann constant (1.38064852×10-23 m2 kg s-2 K-1) and T the 

temperature. At environment conditions, there will be a small excess of the low energy state 

population, which has minimal influence in the NMR signal. Upon achieving thermal equilibrium, 

the spins rotate around the magnetic field with a constant angle (θ) in a motion called precession. 

This phenomenon is represented in a stationary coordinate system, where �⃑� 0 is primarily oriented 

in the positive z-direction and the precession of the nuclei takes place in the x-y axes.26 The nuclei 

precession may be represented by the time dependence of the magnetic moment, Equation 1.4. 

𝑑μ⃑ 

𝑑𝑡
= −𝛾 �⃑� 0 × μ⃑  

(1.4) 

A reference frame governed by a magnetic field �⃑� 𝑒 and a rotating frequency �⃑⃑� 𝑒, can be 

introduced for further mathematical simplification, where a common z-axis may allow the 

representation of the relationship between �⃑� 0 and �⃑� 𝑒, Figure 1.4.26 
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Figure 1.4 Representation of a reference frame for precession about �⃑� 0 in the x-y plane. 

Redrawn after Drago, 1977.26 

 

In the rotating frame of reference, defined by x’, y’, z an effective field �⃑� 𝑒, is defined. 

Therefore, the new time derivative for μ⃑  can be expressed as the relation between �⃑� 0 and �⃑� 𝑒, 

Equation 1.5.  

𝑑μ⃑ 

𝑑𝑡
= −𝛾 [(�⃑� 0 −

�⃑⃑� 𝑒
𝛾

) ] × μ⃑  
(1.5) 

For a stationary magnetic moment, the nuclei precession in the x-y plane must occur at a 

frequency equal to �⃑⃑� 𝑒. This frequency is called the Larmor frequency, �⃑⃑� 0 and represents the 

natural precession frequency of the nuclear spins in equilibrium with a magnetic field, Equation 

1.6.25,26 

�⃑⃑� 0 = −𝛾 �⃑� 0 (1.6) 

The sign attributed to the gyromagnetic ratio of the nuclei indicates the sense of the spin 

precession around �⃑� 0. Most nuclei have a positive γ and therefore, the negative Larmor frequency 
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indicates that nuclear precession occurs clockwise in the x-y plane, Figure 1.5. In contrast, 

electrons have a negative γ, which results in an anti-clockwise precession.25 

 

 

Figure 1.5 Proton precession around �⃑� 0. 

 

 The nucleus of interest in this work, 1H, possess a gyromagnetic ratio of 267.5 x 106 rad s-

1 T-1 and at �⃑� 0 = 0.47 T, its precession occurs at a Larmor frequency of 20 MHz. This term indicates 

the number of cycles the proton completes per second (2 x 106).25 

 

1.2.3 Paramagnetism and Diamagnetism 

In general, the magnetic effects in substances are only noticeable upon their exposure to an external 

magnetic field. This phenomenon is referred to as induced magnetism and generally has minimum 

influence in �⃑� 0.25 The extent of interactions with B0 may be identified with the dimensionless 

constant magnetic susceptibility, χ.25 Materials with χ < 0 tend to push the magnetic field outwards, 

being classified as diamagnetic. Substances with χ > 0 belong to the class of paramagnetic 
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materials, e.g. transition metals, and tend to pull the magnetic field into the nuclei.25 It is important 

to note that the effects of diamagnetic materials have a much smaller magnitude than paramagnetic 

ones, Figure 1.6.25 The presence of paramagnetic centers may disturb the signal acquired in NMR 

experiments and will be further discussed. 

 

 

Figure 1.6 Interaction of diamagnetic and paramagnetic nuclei with �⃑� 0. 

 

Additionally, in ferromagnetic materials, the spins of unpaired electrons may undergo 

spontaneous magnetization, with the consequent alignment of spins among the neighboring nuclei. 

In contrast to induced magnetism, ferromagnetic materials retain their magnetic characteristics 

even when the magnetic field has been removed.25 

 

1.2.4 Relaxation times 

At thermal equilibrium, the spins are assumed to possess a stable anisotropic distribution, where 

the bulk magnetization �⃑⃑�  is no longer zero, being aligned with �⃑� 0. A radio pulse of specific 

frequency (Larmor frequency) is used to disrupt the acquired equilibrated state, which is 

subsequently restored via an exponential approach to equilibrium as the magnetic field is held 
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constant.2 The rate of equilibration, known as relaxation, depends upon several characteristics of 

the system, such as the temperature and thermodynamic phase of any compounds present.2  

The induced oscillatory magnetic field �⃑� 1 causes the equilibrated system to rotate with an 

angle θ, Equation 1.7. 

θ = 𝛾 �⃑� 1 ∆𝑡 (1.7) 

Where ∆𝑡 represents the duration of the radio frequency (rf) pulse. 90º and 180º pulses are 

mostly used, where the latter is twice as long as the former.27–29 The thermal equilibration after the 

end of the rf pulses is characterized via two processes. The spin-lattice or longitudinal relaxation 

is the process by which the combined magnetic vector reaches its full degree of alignment along 

the axis of the external magnetic field and is characterized by the time constant T1.3,25 

Simultaneously, the spin-spin or transverse relaxation describes the loss of coherence of a 

population of spins in the x-y plane and is characterized by the time constant T2. Figure 1.7 

provides a graphical representation of T1 and T2 as magnetization is recovered along the z-axis.  
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Figure 1.7 Representation of T1 and T2 in the 3-D coordinate system. 

 

Felix Bloch proposed the correlation of these time constants with the magnetization in the 

longitudinal and transverse planes, Equations 1.8, 1.9, and 1.10.30 

𝑑𝑀𝑥′

𝑑𝑡
= −

𝑀𝑥′

𝑇2
 

(1.8) 

𝑑𝑀𝑦′

𝑑𝑡
= −

𝑀𝑦′

𝑇2
 

(1.9) 

𝑑𝑀𝑧

𝑑𝑡
= −

𝑀𝑧 − 𝑀0

𝑇1
 

(1.10) 
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As the nuclei return to the thermal equilibrium state with the lattice, the longitudinal 

relaxation time (T1) is modeled as a function of the build-up of magnetization in the z-axis, 

Equation 1.11.2,3 

𝑀𝑧(𝑡) = 𝑀𝑧(0) (1 − 2 𝑒
−𝑡
𝑇1) 

(1.11) 

The transverse relaxation, which is of interest in this study, follows an exponential decay 

pattern, known as free induction decay (FID), and can be modeled using Equation 1.12.2,31 

𝑀𝑥𝑦(𝑡) = 𝑀𝑥𝑦(0) 𝑒
−𝑡
𝑇2  

(1.12) 

Where 𝑀𝑥𝑦(𝑡) is the magnitude of the magnetization vector in the x-y plane at time t, and  

𝑀𝑥𝑦(0) is the initial magnetization immediately after the 90º pulse. A certain level of 

inhomogeneity might occur in the magnetic field, causing the observed transverse relaxation time 

T2*, to be smaller than the actual T2, Equation 1.13.32 

1

𝑇2∗
=

1

𝑇2
+ 𝛾 ∆�⃑� 0 

(1.13) 

Where ∆�⃑� 0 represent the magnetic field inhomogeneity. To overcome this interference, a 

sequence of multiple radio frequency, e.g. 90° and 180°, pulses may be deployed to manipulate the 

spins in a defined way to produce the spectrum of interest. Here, the Carr-Purcell-Meiboom-Gill 

(CPMG) pulse sequence was deployed to acquire spin-spin relaxation times of the systems and 

will be further discussed in Chapter 2. It is important to note that T2 shall never be greater than T1 

since, after the return to the equilibrium on the z-axis, there should be no remaining magnetization 

in the transverse plane.3 
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1.2.5 Mechanisms of Relaxation 

1.2.5.1 Correlation Times 

The magnetic fluctuations within a sample are characterized by the many interactions a nucleus 

may experience within the timeframe of the NMR experiment, being associated with the lifetime 

of a spin at a given status. Therefore, the effects of fluctuations in the relaxation of a nucleus are 

strongly related to their intensity and frequency, linked to the correlation times (τc) of the many 

processes.26 

As an example, proton-proton relaxation occurs when two protons undergo a dipole-dipole 

interaction prompted by molecular motion, in which their individual magnetization is disrupted by 

the influence of the other nuclear spin. These interactions cause them to relax with �⃑� 0. The 

described phenomenon can take place between the protons of the same molecule (intramolecular) 

or different molecules (intermolecular). In these cases, the most influential correlation times are 

the translational, τm; rotational, τrot; and desorption, τD.33 

 

1.2.5.2 Intramolecular Relaxation 

In a simplified system, e.g. isotropic liquids, the relaxation of 1H may be caused by the interactions 

with other nuclei or unpaired electrons present in the system. Bloembergen, Purcell, and Pound 

deployed NMR relaxation to study these interactions on different liquid systems.34 In this case, the 

relaxation of 1H may occur mainly by the influence of the neighbor nucleus within the same 

molecule. Hence, during intramolecular relaxation, the rotation and desorption correlation times 

may dominate.34 
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The Solomon-Bloembergen equations relate the intramolecular homonuclear relaxation 

rates (1/T1) and (1/T2) to the correlation times, τc, Equations 1.15 and 1.16.3,34,35 

1

𝑇1
=

6

20

𝛾4ℏ2

𝑑6
(

τ𝑐

1 + 𝜔0
2𝜏𝑐

2
+

4τ𝑐

1 + 4𝜔0
2𝜏𝑐

2
) (1.15) 

1

𝑇2
=

3

20

𝛾4ℏ2

𝑑6
(3τ𝑐 +

5τ𝑐

1 + 𝜔0
2𝜏𝑐

2
+

2τ𝑐

1 + 4𝜔0
2𝜏𝑐

2
) 

(1.16) 

Where 𝜔0, 𝛾, and ℏ are as previously defined and 𝑑 characterizes the inter-nuclei distance. 

Taking advantage of the Stokes-Einstein correlation and assuming a spherical shape for the moving 

molecule, the correlation time of a spherical molecule may be of straightforward modeling, 

Equation 1.14.34 

𝜏𝑐 =
4

3

𝜋𝜂𝑎3

𝑘𝐵𝑇
 

(1.14) 

Where 𝑎 is the radius of the spherical molecule and η is the viscosity of the liquid. kB and 

T are as previously defined. Since the main mechanism for momentum transfer in liquid systems 

is particle collisions, changes in the molecular motion may consequently alter T1 and T2. Figure 

1.8 represents the variation of the longitudinal and transverse relaxation times as a function of τc. 
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Figure 1.8 Representation of T1,2 as a function of τc. 

 

Note that for systems with small correlation times (τc), e.g. small molecules or non-viscous 

fluids, T1 and T2 are almost identical, in a region called extreme narrowing limit.25 T1 reaches its 

minimum and the curves diverge as viscosity is increased, with an increase of T1 and a decrease 

of T2. In the case of large molecules and solids, the proximity amongst the protons in an extensive 

network of atoms with negligible translational and rotational freedom causes the rate of spin-spin 

relaxation (1/T2) to be several orders of magnitude greater than that in an aqueous solution 

sample.25,34 

 

1.2.5.3 Intermolecular Relaxation 

As for the case of intramolecular relaxation, nuclei of distinct molecules may also undergo dipolar 

coupling during relaxation. In this case, it is assumed that the translational motion is the key 

mechanism for protons interacting with their surroundings, and therefore, τc = τm.36,37 Torrey 
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related the interactions a magnetic nucleus undergoes during diffusion to the mean molecular 

displacement and the mean time between the displacements, equivalent to τm. In porous media, the 

protons of a given fluid might interact with a surface via hydrogen bonding. For occasions where 

the mean displacement is much larger than the distance between the fluid protons and the 

relaxation sites on the surface (δ), e.g. hydroxyl groups, dipolar coupling may occur, and the fluid 

will relax under the influence of these interactions. Therefore, the longitudinal and transverse 

relaxation rates for intermolecular relaxation can be modeled by Equations 1.17 and 1.18.36,37 

1

𝑇1
=

9

8
𝛾4ℏ2[𝑆1(𝜔) + 4𝑆1(2𝜔)] (1.17) 

1

𝑇2
=

9

8
𝛾4ℏ2 [

3

2
𝑆1(0) +

5

2
𝑆1(𝜔) + 𝑆1(2𝜔)] 

(1.18) 

Where 𝑆1(𝜔) represents the Fourier transform of the spectral density of the dipolar 

couplings, Equation 1.19. 

𝑆1(𝜔) =
8𝜋𝑛

45δ3

τ𝑚

1 + (
𝜔τ𝑚

2
)
2 

(1.19) 

Here 𝑛 represents the proton density, e.g. those from the liquid molecule and the 

surface.4,33,37 Given the fast relaxation of solids, one can study solid particle suspensions by 

measuring their T2 values and assume contributions from the solid are negligible.2,3 

 

1.2.5.4 Electron-Proton Relaxation 

Beyond proton-proton interactions, electron-proton relaxation occurs in the presence of 

paramagnetic species or free radicals. Since the gyromagnetic ratio of an electron is significantly 
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greater than a proton, electron-proton dipolar coupling exerts a much stronger influence on NMR 

relaxation rates than that of proton-proton dipolar coupling.2 The contribution of electron-proton 

relaxation is dependent upon the inverse-cube of the distance between unpaired electron and 

proton, the spin quantum number and molecular motion.3,5,38,39 Similar to the case of proton-

proton, the interactions that lead to this enhanced relaxation can be seen as a reflection of the 

Brownian motion, e.g. the diffusion of molecules bearing the protons and their adsorption to 

paramagnetic centers on the surface or in proximity to those sites.4 These interactions may be 

represented by the inner- (A and B) and outer- (C) sphere relaxation, defined by the mechanism of 

interaction, Figure 1.9. 

 

 

Figure 1.9 Inner- and outer-sphere interactions. 

 

Cases A and B represent the molecular binding of water to the primary and secondary 

coordination shell of a metallic compound. Case C depicts interactions that may be caused by 

random encounters during diffusional motion.40 As the interactions between 1H nuclei with 

paramagnetic centers occur, the longitudinal and transverse relaxation can be modeled as follows. 

4,37 
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1

𝑇1
=

1

15

𝛾2𝛾𝑠
2ℏ2𝐼𝑒(𝐼𝑒 + 1)

𝑟𝑝
6

(
6τ𝑐,1

1 + 𝜔0
2𝜏𝑐,1

2
+

4τ𝑐,2

1 + 𝜔𝑠
2𝜏𝑐,2

2
) (1.20) 

1

𝑇2
=

1

15

𝛾2𝛾𝑠
2ℏ2𝐼𝑒(𝐼𝑒 + 1)

𝑟𝑝
6

(4τ𝑐,1 +
3τ𝑐,1

1 + 𝜔0
2𝜏𝑐,1

2
+

13τ𝑐,2

1 + 𝜔𝑠
2𝜏𝑐,2

2
) 

(1.21) 

Where 𝛾𝑠 𝜔𝑠, and 𝐼𝑒 represent the gyromagnetic ratio, Larmor frequency, and spin number 

of the paramagnetic center; and 𝑟𝑝 the electron-proton distance. For the case of iron, mostly 

discussed in this work, 𝐼𝑒 = 5/2. The correlation times τ𝑐,1 and τ𝑐,2 are represented by the sum of 

the residence time of water (τ𝑀) in the paramagnetic center, and the longitudinal and transverse 

relaxation times of the electron spin (τ𝑠,1 and τ𝑠,2).4,37,40 The relaxation time of electron spins is 

almost independent of temperature in contrast to the others discussed so far.4,33 

 

1.2.6 Equipment Settings 

The NMR equipment settings may vary according to the application needs. In general, it requires 

a computer to serve as the controlling unit, and the equipment’s core relies on a magnet, an rf 

probe, and a transmitter, Figure 1.10. Conventionally, the magnetic field strength used in this study 

(0.47 Tesla supplied by a pair of permanent magnets) gives it the classification of low field.25 
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Figure 1.10 Schematic representation of an NMR unit. Redrawn after Scrivener et al, 2016.41 

 

The magnets of benchtop equipment are usually made of ferromagnetic materials, such as 

neodymium-iron-boron alloys, and can never be turned off. Due to limitations on the magnet 

limited geometry and external disturbances, the magnetic field may be subjected to undesirable 

inhomogeneities. These features may disturb the signal and are generally addressed by shim coils, 

placed on both sides of the magnet.41 

  The rf probe, located in the middle of the magnetic field, accommodates both the rf coil 

and the sample vial. The former is responsible for the transmission of radiofrequency pulses during 

the experiment and subsequent detection of the signal emitted by the sample. The latter embeds 

the sample tube at a region where it is exposed to a homogenous magnetic field. The control of 

sample temperature may be done through a fluid circulation system.25,41 

 The radiofrequency pulses conveyed to the sample through the coil are generated in the 

equipment’s transmitter, which is divided into many parts. The synthesizer produces an oscillating 
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electrical signal with a well-defined frequency. As it undergoes conversion and electronic filtering, 

it results in waves of adequate radiofrequency. As needed, a switch device called pulse gate is 

opened to allow the radio frequency waves to pass through it. The application of this oscillatory 

pulses is controlled by a pulse programmer. Lastly, the amplifier is responsible for scaling up the 

generated waves and produces large-amplitude radio frequency pulses for the transmission to the 

probe.25,41 As the detector receives the signal from the sample, it is amplified and further converted 

into a digital form for analysis.41 

 

1.3 Polymer Matrix Composites 

A composite is originated from two or more material components, where the individual 

characteristics supplement each other. In general, composites are classified according to the type 

of the matrix used, the form of the dispersed phase, and the type of reinforcing material deployed, 

Figure 1.11.42 Composites are usually found in applications where performance is the ultimate 

controlling factor and more sophisticated structural materials are required to endure hostile 

environments.2 

 

   

Figure 1.11 Types of composites according to the reinforcing material. 
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  Polymer matrix composites (PMC) incorporate the combination of polymeric resin 

matrices and reinforcing fibers, which feature superior tensile strength, stiffness, and thermal 

stability to produce high-performance materials.43,44 The most common applications include the 

manufacturing of goods for the automotive, aerospace, and defense sectors.42–44 Along with their 

thermal and mechanical characteristics, PMCs are also known to be commercially attractive 

because of their molding properties that enable their straightforward manipulation and adaptation 

into a diverse range of demanding applications.43 For the case of rubber articles, a balance of 

stiffness and flexibility is desired.45,46 Thus, the use of short-fiber reinforcement has been deployed 

with great advantage due to the manageability of the material and agility achieved in these 

manufacturing systems.45 Furthermore, when compared to other particulate-filler composites, 

short-fiber based systems display a low-strain reinforcement even at relatively low-fiber content.46 

However, due to the distinct nature of each polymer and unfavorable manufacturing conditions, 

PMCs have been subjected to major flaws in the field, e.g. lack of adhesion between polymer 

layers.43 Given the direct relation of PMCs and safety on their final applications and a market 

valued at more than $2.5 billion per year, improvements in their processing are of extreme 

interest.43 

 

1.3.2 Interfacial Interactions 

Polymer matrix composites are manufactured in different industrial settings. For example, 

automotive rubber hoses commonly feature external layers of a resin matrix that covers a mesh of 

reinforcing fiber.1 Alternatively, tires feature both components in a uniform bulk composition, 

where the fiber is introduced to the system in the pulp form, also referred to as particle filler.3 In 

any case, during the fabrication of PMC goods, the fiber undergoes a pre-impregnation step where 
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it is exposed to a resin-solvent component that is used to lower the viscosity of the resin.3 The raw 

system is then submitted to a high-temperature curing step, intended to increase the cross-link 

density of the matrix.1 Among the many mechanisms, the interactions between a polymer matrix 

and a reinforcing fiber may occur by micromechanical couplings (with or without dipolar 

interactions), chemical bonding, and/or polymer chain entanglement, as represented in Figure 1.12. 

 

 

Figure 1.12 Visual representation of interfacial interactions in PMCs – matrix (light grey) and 

fiber (dark grey). Redrawn after NRC, 2005.43 

 

Variabilities inherent from the material properties and manufacturing process may induce 

non-uniform wetting of the PMC components, leading to poorly cross-linked regions.1-3 This 

variation may compromise the performance on-field since, under an external load, the impact is 

transferred from the matrix to the fiber via the interface. The fiber has a much higher tensile 

modulus in comparison to the matrix, therefore, it is responsible for carrying most of the load upon 

impact. Hence, effective control of interfacial properties is crucial for polymer matrix composites.1 

Given its higher adaptability and resistance to more aggressive steps, changes to the reinforcing 

fiber may result in the desired enhanced interfacial interactions. For example, a higher filler 
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particle surface area can have multiple benefits, such as the dissipation of impact energy to the 

surrounding fabric over a larger area.44 Furthermore, it increases the availability of surface reactive 

groups, which enhances the adhesion between both materials in the system.43,45 Additionally, the 

application of surface coatings may be a viable way of achieving enhanced interfacial bonding, 

introducing reactive groups to the surface, e.g. hydroxyl (OH) groups.42–44,46,47 

Challenges arise in the characterization of functionalization effectiveness. The surface area 

of porous materials is commonly obtained by gas adsorption or via mercury intrusion.48–50 These 

techniques feature many drawbacks since each analysis demands a high amount of time, requires 

significant sample preparation and might provide off-line information that differs from the 

characteristics of the materials under conditions of use. For example, the application of high 

temperatures, during sample outgassing before the analysis, has led to surface area loss for other 

polymeric materials.51,52 In contrast, the use of nuclear magnetic resonance (NMR) is a reliable 

tool to determine surface area and porosity of different materials, avoiding some of the limitations 

of the conventional methods.50 

 

1.3.3 NMR Wetted Surface Area 

Following the fundamentals discussed, many studies using NMR have been performed to 

investigate the fluid-surface interactions. Rahman and coworkers obtained consistent results for 

the analysis of pore size distribution in silica particles based on the spin-spin relaxation times of 

cyclohexane at multiple temperatures.1 Daigle and coworkers investigated the influence of surface 

coating in the relaxation times of paramagnetic iron oxide (Fe3O4) particles for NMR logging 

applications.53 Britton and coworkers assessed molecular displacement in alginate bead packs, 

using the combination of Pulsed Gradient Stimulated Echo (PGSE) and Carr–Purcell–Meiboom–
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Gill (CPMG) experiments, obtaining insights about the morphology and fluid dynamics in these 

systems.54 Prescott and coworkers studied the competition for polymer adsorption on the surface 

of colloidal silica and alumina-modified silica particles by correlating changes in relaxation rates 

to the extent of interactions between the polymer and the silica particles.55 Gallego and coworkers 

investigated the impacts of varying surface hydrophilicity on silica spheres during wetting and 

drying, and correlated their findings with an inhomogeneous water distribution during 

dehydration.56 More recently, Allgeier and coworkers provided an insightful review of the 

mechanisms of surface-enhanced NMR relaxation and applications.2 

In the realm of using NMR to study wetted surface areas, Smith and coworkers pioneered 

the studies by correlating spin-lattice relaxation results to the surface area of silica powders and 

porous glasses in aqueous environment.50 Fairhurst and coworkers introduced a modeling method 

using deionized water (H2O) and ethanol (C2H5OH) in solvent relaxation experiments to estimate 

the wetted surface area of nanostructured carbon materials, also elucidating the existence of inner 

and outer porous relaxation activities.57 Elliott and co-workers studied interference from 

counterions in particle suspensions with salts, while comparing NMR surface areas with data 

obtained from Brunauer−Emmett−Teller (BET) and median particle size D50.58 Fuji and coworkers 

further investigated the impacts of particle aggregation in the wetted surface area of silica 

nanoparticles, correlating the spin-spin relaxation variation with the increase and decrease of 

available surface area for particles in aqueous suspension.59 The studies developed here aim to 

address the interference of paramagnetic impurities in the studies of wetted surface area using TD-

NMR. In contrast to medical imaging applications, paramagnetic species are undesirable for the 

characterization of porous media and must be taken into consideration in relaxometry studies.  
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Here, the object of study is poly(p-phenylene terephthalamide), branded as Kevlar®, an 

organic fiber introduced in the global market by Du Pont in 1972.27–29,60 Given its elevated 

tolerance to thermal and mechanical stress, Kevlar® is also commonly used as a reinforcing fiber 

in PMC systems.43,44 Its outstanding properties emerge from highly ordered three-dimensional 

hydrogen bonded crystalline structure.27 To enhance performance as a PMC filler, Kevlar® fibers 

are cut in pieces of 2 to 4 mm length staple and then fibrillated, producing aqueous Kevlar® pulps 

for use in elastomer composites.60 Their characterization at different particle sizes and humidity 

states has been reported by Allgeier and coworkers and will serve as the base for the development 

of this thesis.61 
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Chapter 2 : Materials and Experimental Methods 

This chapter outlines the materials as well as the experimental parameters and procedures. 

 

2.1 Materials 

2.1.1 Kevlar® Pulps and Micropulps 

The Kevlar® pulp and Kevlar® micropulp samples used in this study were provided by DuPont, 

being distinguished and labeled according to their particle size and moisture content. Kevlar® 

micropulp samples are derived from particle size reduction (milling) of Kevlar® pulp samples, 

Figure 2.1. As needed, samples were diluted with deionized water (ChromAR grade) purchased 

from Macron Fine Chemicals. 

 

    

Figure 2.1 Kevlar® pulp 1F361 (left) and Kevlar® micropulp 80 μm (right). 

 

The moisture content of Kevlar® samples was obtained through their dehydration using a 

VWR Vacuum Oven 1430 for 24 hours at 150 ºC and less than 77 Torr. Apart from this, 50% w/w 
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slurry samples were also submitted to freeze-drying (lyophilization). After freezing in a bath of 

liquid nitrogen (-196 ºC) for 15 minutes, samples were submitted to 12 mTorr using a vacuum trap 

at -52 ºC for 40 hours using a Labconco Freeze Dry System 7753000. After being dried, samples 

were kept in a Sanplatec Dry Keeper Auto Desiccator Cabinet to avoid the interaction with 

atmospheric humidity. The Kevlar® samples characteristics are presented in Table 2.1. Sample B 

was manufactured from Sample A via a drying operation during the manufacturing process. 

Samples C-F were manufactured via size reduction of Sample A. 

 

Table 2.1. Kevlar® sample characteristics and labeling. 

Sample 
Particle size 

(µm) 

Moisture 

content (%) 
Label 

Kevlar® Pulp 1F361 * 53.5 A 

Kevlar® Pulp 1F538 * 2.4 B 

Kevlar® Micropulp 80 3.9 C 

Kevlar® Micropulp 50 4.8 D 

Kevlar® Micropulp 50 2.4 E 

Kevlar® Micropulp 30 4.1 F 

*Particles of Kevlar® Pulp have high aspect ratio and broad distribution, see Figure 3.1. 

2.2 Experimental Methods 

2.2.1 Scanning Electron Microscopy (SEM) 

Prior to data collection, small pieces of each sample were mounted onto an aluminum pin stub 

with a conductive carbon adhesive tab. Each sample stub was placed into a Denton Sputter Coater 
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for 50 seconds to receive a light gold/palladium coating. The Scanning Electron Microscopy 

(SEM) images were obtained using a Hitachi S3400N SEM, with a 4 and 5 kV electron beam 

current under 100x and 500x with high-resolution secondary electron (SE) mode. 

 

2.2.2 Infrared (IR) Spectroscopy 

The samples were initially well mixed with excess of high purity potassium bromide (>99%), 

purchased from Acros Organics, being further analyzed in the pellet form using a Thermo 

Scientific Nicolet 6700 FT-IR Spectrometer in humidity-free atmosphere at room temperature of 

25 ºC within a wavelength range from 400 to 4000 cm-1. 

 

2.2.3 Inductively Coupled Plasma (ICP) 

Nominally 0.1 g, of each sample, was digested in triplicate with 6 ml of nitric acid OPTIMA grade, 

67-70%. Samples were then diluted to a final volume of approximately 50 g with ultrapure water 

obtained from MQ water (500-fold dilution). All post digested samples remained clear throughout 

the study. All digestions were performed using cleaned and rinsed Quartz test tubes, Teflon caps, 

and a Milestone Ultrawave Unit. The samples were digested using a ramp and hold program 

reaching 240 °C and 110 bar and then kept constant at isothermal conditions for 20 minutes. The 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) analysis was carried out twice using 

an Agilent 7700 ICP-MS. Each element concentration was determined by comparing the measured 

intensities to the individual elemental calibration curves and multiplying by the dilution factor. 
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2.2.4 Surface Area Assessment 

The surface area was obtained through nitrogen (N2) physisorption using a Micromeritics ASAP 

2020 Surface Area and Porosity Analyzer. To ensure the absence of undesirable gaseous molecules 

or water in the samples, samples were outgassed for 12 hours at 150 ºC under vacuum. After the 

outgas step, the analysis was conducted at 77 K using 45 data points covering adsorption and 

desorption over a pressure range of 0.05 to 0.995 of saturation pressure; saturation pressure was 

measured every 120 minutes. Data were analyzed via the Brunauer-Emmet-Teller (BET) and the 

Barrett-Joyner-Halenda (BJH) methods. 

 

2.2.4.1 The Brunauer-Emmett-Teller Method 

The Brunauer-Emmett-Teller theory has been widely deployed for the assessment of the surface 

area of porous and non-porous materials. In practice, the experiment occurs as subsequent volumes 

of inert gas, e.g. N2, are admitted into the system. As N2 adsorbs on the surface, an equilibrium 

state is eventually achieved at each applied pressure. By measuring the void volume, characterized 

by the space not occupied by the sample, and monitoring the amount of injected gas into the 

system, the amount of adsorbed gas can be calculated.48,62,63 

Over the experimental time, an adsorption-desorption isotherm is generated, where the 

quantity of N2 adsorbed is measured over a relative partial pressure (P/P0) range. The results are 

generally presented in a graphic and may provide preliminary information about the sample 

structure.48,62 A hysteresis, e.g. separation between the adsorption and desorption curves, is 

commonly observed.62 This phenomenon is associated with an unequal rate of filling and emptying 

of the pore system, reflecting the quick transition of a liquid-like state to gas of N2 during the 

desorption phase. The presence of large pores connected to the external surface area through 
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narrow throats (5 – 6 nm) may induce cavitation, e.g. N2 spontaneous nucleation, and are 

graphically represented by a sudden decrease in the desorption branch of the isotherm plot.48,62  

Firstly, from the collected experimental data, the specific monolayer capacity (nm) and the 

parameter C are obtained from the best fit of Equation 2.1. The P/P0 region between 0.05 and 0.30 

is generally used.48,63 

𝑃
𝑃0

𝑛 (1 −
𝑃
𝑃0

)
=

1

𝑛𝑚𝐶
+

𝐶 − 1

𝑛𝑚𝐶

𝑃

𝑃0
 

(2.1) 

 The parameter C may be associated with the heat of the monolayer adsorption into the 

surface. High C values, e.g. > 150, are usually related to sites with high energy or the filling of the 

microporous regions (diameter < 2 nm).62 Lastly, the specific surface area (SSABET) is calculated 

by assuming an appropriate value of the molecular cross-sectional area (σm), Equation 2.2.48,62 At 

77 K, σN2 has been determined by Emmett and Brunauer as 0.162 nm2, assuming a close-packed 

structure.48,63  

𝑆𝑆𝐴𝐵𝐸𝑇 =
𝑛𝑚𝐿σ𝑚

𝑚
 

(2.2) 

 Where L is the Avogadro's number (6.02214 x 1023 mol-1) and m, the mass of the sample. 

 

2.2.4.2 The Barrett-Joyner-Halenda Method 

The evaluation of the volume and the area of pores is commonly attributed to the application of 

the Barrett-Joyner-Halenda method. The calculations are based on the desorption (gas removal) 
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mechanism.64 The modified Kelvin equation is used as a base for the obtainment of information 

about the pore system, Equation 2.3.62,64 

𝑙𝑛 (
𝑃

𝑃0
) =

−2𝛾𝑇𝑉𝑚

𝑅𝑇(𝑟𝑝 − 𝑡𝑐)
 

(2.3) 

Where R is the gas constant; T is the absolute temperature; γT is the surface tension of the 

bulk fluid; Vm is the molar liquid volume; rp is the radius of the pore; and tc is the thickness of the 

adsorbed multilayer film, formed before N2 condensation inside the pore. Note that the subscript 

“T” was used in the surface tension term, since γ is used to represent the gyromagnetic ratio in 

Chapter 1. 

Under the assumption of cylindrical or slit-shaped pores, at 77 K, the pore system may be 

composed of three components: the core (bulk N2 in a liquid-like state), the adsorbed layer, and 

the pore walls. During the desorption process, the pore firstly loses its core region, leaving a thin 

layer of N2 adsorbed to the pore wall. As pressure decreases, the measured desorbed quantities are 

used for the calculation of the respective pore radius, assuming the previous desorbed quantities 

are composed by the core and layer of previously emptied pores.48,62,64  As the experiment 

progresses, rp and tc are determined for each P/P0 via the computational implementation of 

Equation 2.3.62,64 

It is noteworthy that the BJH method may not yield reliable data for the microporous region 

of the material. At this point, the thermal equilibrium between the core and the adsorbed layer may 

not exist, as the core radius approaches the value of the adsorbate molecule, e.g. N2, itself.64 The 

limitations of this model may be addressed by using more accurate methods, such as Non-Local 

Density Functional Theory (NL-DFT). Experimental errors may also be addressed by the change 
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of the adsorbate, from nitrogen to argon (Ar).48,62 Further investigations of these approaches are 

not developed in this work. 

 

2.2.5 Nuclear Magnetic Resonance (NMR) 

The nuclear magnetic resonance measurements were performed using a Minispec mq-20 benchtop 

instrument by Bruker (0.47 T, 20 MHz), controlled at 20 ºC, Figure 2.2. The Carr-Purcell-

Meiboom-Gill (CPMG) pulse sequence was used to determine the transverse relaxation times (T2) 

of the samples. A series of 30,000 data points were acquired with a 180° pulse spacing (2τ) of 0.4 

ms. T2 values were determined from a mono-exponential fit to the entire data series. The short 

echo-time spacing and use of a low magnetic field strength were chosen to limit the impact of 

magnetic field inhomogeneities, inherent in the system. To avoid the interference of particle 

settling in the NMR experiment, a single scan was used. Prior to data collection, vials were 

vortexed at 2,400 rpm using an IKA MS1 Minishaker prior to the analysis. To confirm the absence 

of soluble contaminants comprising free radicals, the water from three different samples was 

filtered and compared with the T2 of pure water. No significant difference was observed. 
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Figure 2.2 Low-field nuclear magnetic resonance equipment set used for the experiments. 

 

 In addition to experimental settings, good practices may ensure that the volume of the 

sample adequately fits the size of the NMR probe, not surpassing its height; the sample is correctly 

positioned inside of the coil; and the temperature is properly controlled.65 

 

2.2.5.1 The Carr-Purcell-Meiboom-Gill Pulse Sequence 

In his seminal work, Hahn introduced the implementation of multiple subsequent 90°-180° pulses 

spaced out by a time constant, τ for the determination of relaxation times.32 Noting the effects that 

diffusion may have on liquids with low viscosity, Carr and Purcell further developed a pulse 

sequence in which a single 90° pulse is applied, followed by subsequent 180° pulses along the 

positive x-axis.66 However, problems arose when many 180° pulses were required, resulting in 
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incomplete signal rephasing. Subsequently, Meiboom and Gill proposed a solution for this issue 

by using a similar technique, but the 180° pulses would be applied along the positive y-axis.67 

Therefore, the complete CPMG (Carr-Purcell-Meiboom-Gill) sequence can be understood 

as consecutive 180° radiofrequency pulses separated by a time equals to 2τ, starting at τ/2 after the 

initial 90° pulse, Figure 2.3.67,68 

 

 

Figure 2.3 Representation of the CPMG pulse sequence. 

 

 The signal from solids is usually assumed as negligible, given their fast relaxation in 

comparison to the liquids and the pulse gap deployed. 
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2.2.5.2 Safety Aspects 

 In NMR experiments, the main source of direct hazards emerges from the static magnetic field, 

which might extend beyond the equipment shell and compromise the operation of pacemakers or 

induce magnetic attraction of metallic objects, e.g. medical implants. Therefore, it is fundamental 

that warning signs are posted and people with those conditions are kept at a safe distance. The 

concept of the 5 Gauss (5G) line (5 x 10-4 T) is generally used to determine the closure limit. Figure 

2.4 provides the representation of the stray field generated by a low-field nuclear magnetic 

resonance equipment.25 Giving its strength, the hazards of low-field equipment magnets are 

usually classified as minimal. 

 

 

Figure 2.4 Representation of the stray field (red) from the Bruker Minispec mq20. 

 

The intrinsic hazards of the samples shall also be considered. Proper exposure barriers, e.g. 

ventilation and secondary containment, along with required personal protective equipment must 

be utilized during sample preparation and testing. A Process Safety Management (PSM) document 

should include details on the standard operation procedures, risk assessment and hazard analysis, 



35 

 

and the materials safety data sheet for user reference. ‘Experiment in Progress’ sheets are 

recommended for unattended experiments to warn staff and visitors about any additional hazards 

that may be present. Only qualified personnel should have access and be authorized for the 

operation. 

 

2.2.6 Calculation of Interparticle Spacing 

The interparticle spacing (IPS) in the Kevlar® suspensions was calculated using the model 

developed by Hao and Riman.69 It assumes that each particle is surrounded by a liquid cell of 

specific thickness and the solid-liquid volume ratio is homogeneous throughout the entire system. 

 Due to the fibril morphology observed in the SEM images, Figure 3.1, Kevlar® pulps A 

and B were assumed to possess a cylinder shape while in suspension, having their volumes 

determined by Equation 2.4. Given the particle cut size of 2 mm, an aspect ratio of 1:100 between 

its diameter and length was assumed for the calculations. 

𝑉𝑝𝑢𝑙𝑝 = 𝜋𝑟2𝑙 (2.4) 

Where 𝑟 is equal to the radius of the Kevlar® particles and 𝑙, its length. In contrast, 

Kevlar® micropulps C – F were studied assuming a sphere shape, using Equation 2.5 as follows. 

𝑉𝑚𝑖𝑐𝑟𝑜𝑝𝑢𝑙𝑝 =
4

3
𝜋𝑟3 (2.5) 

All samples were analyzed inside of cylindrical glass tubes with an inner diameter of 6.2 

mm in which a particle suspension of approximately 10 mm height was stored. Therefore, the total 

suspension volume (𝑉𝑠) can also be determined using Equation 2.4. Assuming the densities of 
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Kevlar® and water to be 1.44 and 1.00 g cm-3 respectively, the volume ratios were found using 

the masses of each component in the particle suspensions. 

Based on the maximum particle packing fraction (∅𝑚) value of 0.59 for random loose 

packing as reported by Hao and Riman, the volume of particles found in suspension at their 

maximum packing fraction (𝑉𝑚) can be found using Equation 2.6 as follows. 

𝑉𝑚 = 𝑉𝑠∅𝑚 (2.6) 

 Subsequently, the volume of particles found in suspension (𝑉𝑝) at a given solid 

concentration (∅) is calculated as follows. 

𝑉𝑝 = 𝑉𝑠∅ (2.7) 

The system free volume (𝑉𝑓), not occupied by particles, is computed by the difference of 

Equations 2.6 and 2.7. Then, the free volume per particle (𝜓) can be expressed as follows. 

𝜓 =
𝑉𝑓

𝑛
 (2.8) 

  Where 𝑛 represents the number of particles, calculated by the ratio between 𝑉𝑝 and the 

volume of a single particle calculated using Equations 2.4 and 2.5 as needed. Assuming the 

suspension is equally dispersed, the total volume occupied by each particle (𝑉𝑇/𝑃) is comprised by 

the sum of the volume of the particle (𝑉𝑝𝑢𝑙𝑝 or 𝑉𝑚𝑖𝑐𝑟𝑜𝑝𝑢𝑙𝑝) and its free volume (𝜓). Alternatively, 

𝑉𝑇/𝑃 can also be defined as a function of the external radius (𝑑) which accounts for the liquid layer 

around each Kevlar® particle, thus, 𝑑 can be found by replacing 𝑟 in each particle volume 

calculation. Lastly, the IPS can be found using Equation 2.9 as follows. 
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𝐼𝑃𝑆 = 2(𝑑 − 𝑟) (2.9) 

Given the aspect ratio of 1:100 for the diameter and length of Kevlar® pulps (A and B), 

assumed to possess cylinder shapes while in suspension, the external radius (d) created by the 

liquid layer was assumed to be the only representative IPS in this study. 

 

2.2.7 Uncertainty Assessment 

The measurements obtained from the analysis of a given sample possess associated uncertainty, 

which originates, both in measurement methods and the variability of iron in a given sample. To 

account for these two contributions to uncertainty, we first begin treating the measurement method 

uncertainty. It is a combination of random uncertainty (UA) and precision of the device used, 

known as systematic uncertainty (UB). The combination of both (Ux) is defined as the square root 

of the sum of both uncertainties, represented by Equation 2.10 as follows. 

𝑈𝑥 = √𝑈𝐴
2 + 𝑈𝐵

2 (2.10) 

 In which UA and UB are calculated by expanded uncertainty, where the standard error of 

the mean (u) is multiplied by the coverage factor (kc), obtained through the two-tailed inverse of 

the Student's t-distribution with a confidence level of 95%. For UB a single preparation of sample 

X was measured Y times to obtain the sample standard deviation (SSD) used in Equation 2.11. For 

example, for BET results Kevlar® micropulp C was prepared once and measured 5 times; for 

NMR T2 measurements, sample Kevlar® micropulp C was prepared once and measured 10 times.  

For UA sample X was prepared Z times and each preparation was measured W times to obtain a 

standard deviation used in Equation 2.11. For example, for BET results, Kevlar® micropulp C was 
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prepared 5 times, and each preparation was measured once; for NMR T2 measurements, sample 

Kevlar® micropulp C was prepared once at 2.5 wt. % and dispensed 9 times to different individual 

test vials. Each of the vials was measured in triplicate to determine the sample standard deviation 

and random uncertainty. Subsequently, UA and UB are used in Equation 2.10 to calculate the 

combined uncertainty in the measurement method. This value normalized to the mean T2 was 

considered representative of the fractional uncertainty for all T2 measurements in the study.  

𝑈𝑛 = 𝑘𝑐  𝑢 = 𝑘𝑐 (
𝑆𝑆𝐷

√𝑛
)           𝑛 = 𝐴 𝑜𝑟 𝐵 (2.11) 

For well-controlled samples, the above treatment sufficiently describes the uncertainty in 

T2 values, but in the present case, the variability of iron concentration in a given sample (see Table 

3.1) must also be accounted for in the uncertainty analysis. Accordingly, the uncertainty is 

propagated as follows. If the relaxation rate of bulk water is assumed negligible in comparison to 

that at the surface, 1/T2(i) is defined by Equation 2.12, referencing Equation 1.24.  

1

𝑇2(𝑖)
= 𝜌2(𝑖)

𝑆(𝑖)

𝑉
= 𝜌2,0

𝑆(𝑖)

𝑉
+ 𝐹𝐶𝐹𝑒(𝑖)

𝑆(𝑖)

𝑉
 

(2.12) 

By differentiating Equation 2.12 with respect to the concentration of iron (CFe(i)) and 

expanding the surface-to-volume ratio term, Equation 2.13 is obtained. By differentiating 1/T2i 

with respect to T2, Equation 2.14 is obtained. 

𝜕
1

𝑇2(𝑖)

𝜕𝐶𝐹𝑒(𝑖)
= 𝐹

𝑆𝑆𝐴𝐾𝑒𝑣𝑙𝑎𝑟®

𝑚𝐾𝑒𝑣𝑙𝑎𝑟® 𝑉𝑊𝑎𝑡𝑒𝑟
 

(2.13) 
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𝜕
1

𝑇2(𝑖)

𝜕𝑇2(𝑖)
= −

1

𝑇2(𝑖)
2 

(2.14) 

Therefore, the total uncertainty in 1/T2 (U1/T2i) is then calculated including the uncertainties 

from the method and equipment (Ux) and also in [Fe] variability (Uy), Equation 2.15. Uy is taken 

from the ICP measurements, Table 3.1. Ux is determined as above for the micropulps; for pulp 

samples A and B the variation in water content was higher, so it was taken as 0.15 s.  

𝑈 1
𝑇2(𝑖)

= √(

𝜕
1

𝑇2(𝑖)

𝜕𝑥
𝑈𝑥)

2

+ (

𝜕
1

𝑇2(𝑖)

𝜕𝑦
𝑈𝑦)

2

 (2.15) 

Using a similar approach, the uncertainty in the NMR specific surface area (𝑈𝑁𝑀𝑅𝑆𝑆𝐴
) can 

be obtained. As the presence of paramagnetic iron is taken into account, 𝑈𝑁𝑀𝑅𝑆𝑆𝐴
 comprises the 

uncertainties in the slopes from Figure 3.9 (𝑈𝑆𝑙𝑜𝑝𝑒(𝑖)
), in the intrinsic surface relaxivity of Kevlar® 

(𝑈𝜌2,0), in the concentrations of iron in each sample (𝑈𝐶𝐹𝑒(𝑖)
), and in the constant of proportionality 

‘F’ (𝑈𝐹), Equation 2.16. 

𝑈𝑁𝑀𝑅𝑆𝑆𝐴
= √(

𝜕𝑁𝑀𝑅𝑆𝑆𝐴(𝑖)

𝜕𝑆𝑙𝑜𝑝𝑒(𝑖)
𝑈𝑆𝑙𝑜𝑝𝑒(𝑖)

)

2

+ (
𝜕𝑁𝑀𝑅𝑆𝑆𝐴(𝑖)

𝜕𝜌2,0
𝑈𝜌2,0

)

2

+ (
𝜕𝑁𝑀𝑅𝑆𝑆𝐴(𝑖)

𝜕𝐶𝐹𝑒(𝑖)
𝑈𝐶𝐹𝑒(𝑖)

)

2

+ (
𝜕𝑁𝑀𝑅𝑆𝑆𝐴(𝑖)

𝜕𝐹
𝑈𝐹)

2

 (2.16) 

Where the four partial derivatives are calculated as follows. 

𝜕𝑁𝑀𝑅𝑆𝑆𝐴(𝑖)

𝜕𝑆𝑙𝑜𝑝𝑒(𝑖)
=

1

𝜌2,0 + 𝐹𝐶𝐹𝑒(𝑖)
 (2.17) 
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𝜕𝑁𝑀𝑅𝑆𝑆𝐴(𝑖)

𝜕𝜌2,0
= −

𝑆𝑙𝑜𝑝𝑒(𝑖)

(𝜌2,0 + 𝐹𝐶𝐹𝑒(𝑖))
2 

(2.18) 

𝜕𝑁𝑀𝑅𝑆𝑆𝐴(𝑖)

𝜕𝐶𝐹𝑒(𝑖)
= −

𝑆𝑙𝑜𝑝𝑒(𝑖)(𝐹)

(𝜌2,0 + 𝐹𝐶𝐹𝑒(𝑖))
2 

(2.19) 

𝜕𝑁𝑀𝑅𝑆𝑆𝐴(𝑖)

𝜕𝐹
= −

𝑆𝑙𝑜𝑝𝑒(𝑖)(𝐶𝐹𝑒(𝑖))

(𝜌2,0 + 𝐹𝐶𝐹𝑒(𝑖))
2 

(2.20) 

Here, 𝑈𝜌2,0
 and 𝑈𝐶𝐹𝑒(𝑖)

 are obtained using Equation 2.11 and the data reported in Table 

3.1and Table 3.5. 𝑈𝑆𝑙𝑜𝑝𝑒(𝑖)
 was determined as the standard error of the slopes regressed from the 

data in Figure 3.9, where the intercept was fixed as the relaxation rate of the bulk fluid, here taken 

as 0.425 s-1. Standard errors were determined via Microsoft Excel’s LINEST function. Since the 

constant of proportionality ‘F’ is obtained from the optimization in 𝜌2,0, 𝑈𝐹 has been calculated 

from an error estimation, assuming Kevlar® C as the most representative sample, Equation 2.21. 

Here the uncertainty in 𝑈𝜌2,0
 and the 𝑈𝜌2(𝑖)

 are considered identical. 

𝑈𝐹 = 𝐹√(2𝑈𝜌2,0
)
2
+ (

𝑈𝐶𝐹𝑒,𝐶

𝐶𝐹𝑒,𝐶
)

2

 (2.21) 

When calculating the NMR specific surface area neglecting the contribution of 

paramagnetic impurities, 𝑈𝑁𝑀𝑅𝑆𝑆𝐴
 is assumed to be only subjected to the uncertainties in the slope 

and in the observed surface relaxivity (𝜌2(𝑖)), Equation 2.22. 
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𝑈𝑁𝑀𝑅𝑆𝑆𝐴
= √(

𝜕𝑁𝑀𝑅𝑆𝑆𝐴(𝑖)

𝜕𝑆𝑙𝑜𝑝𝑒(𝑖)
𝑈𝑆𝑙𝑜𝑝𝑒(𝑖)

)

2

+ (
𝜕𝑁𝑀𝑅𝑆𝑆𝐴(𝑖)

𝜕𝜌2(𝑖)
𝑈𝜌2(𝑖)

)

2

 (2.22) 

Where, the partial derivative components are represented by Equations 2.23 and 2.24. 

𝜕𝑁𝑀𝑅𝑆𝑆𝐴(𝑖)

𝜕𝑆𝑙𝑜𝑝𝑒(𝑖)
=

1

𝜌2(𝑖)
 (2.23) 

𝜕𝑁𝑀𝑅𝑆𝑆𝐴(𝑖)

𝜌2(𝑖)
= −

𝑆𝑙𝑜𝑝𝑒

𝜌2(𝑖)
2

 
(2.24) 
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Chapter 3 : Results and Discussions 

In this chapter, data from multiple characterization techniques are evaluated in assessing the wetted 

surface area of Kevlar® pulps and micropulps. As noted in Chapter 1, the wetted surface area is 

an important characteristic affecting performance in polymer matrix composites (PMCs). Data 

from scanning electron microscopy, nitrogen surface area determinations, inductively coupled 

plasma mass spectrometry and low-field NMR relaxometry are considered together in developing 

a convenient method for wetted surface area determination, accounting for the influence of Fe 

impurities. 

 

3.1 Scanning Electron Microscopy (SEM) 

The micrographs compiled in Figure 3.1display the morphologic differences between some of the 

Kevlar® samples (see Table 2.1) used in this study. The particle size difference between the pulps 

(I through IV) and micropulp (V and VI) is evident, as expected, because micropulps are produced 

by a process for particle size reduction. The images suggest the loss of a fibril structure and the 

formation of a flat particle structure in micropulp. The SEM images of other samples are provided 

in Appendix A. 
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Figure 3.1 SEM images of Kevlar® samples – left-hand side: x100 and right-hand side: x500 of 

(I and II) Kevlar® 1F361 A, (III and IV) Kevlar® 1F538 B, (V and VI) Kevlar® Micropulp 50 

µm E. 
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3.2 Infrared Spectroscopy 

The results obtained from the infrared spectroscopy analysis are consistent with literature data for 

Kevlar®, Figure 3.2.
46,70 The spectra of all samples are essentially identical (Appendix) and 

suggest no other components or surface treatments are present. This validation is important to 

substantiate that surface chemistry and surface-fluid interactions should be identical across the 

sample series. Among the key vibrations and assignments, approximately 3300 cm-1 is identified 

as an amide –NH– stretch; 1650 cm-1 represents the stretching frequency of a –C=O bond and 1540 

cm-1 is attributed to the bending of amide groups. 46,70 The additional peaks in the range of 1400 to 

900 cm-1 are located in the fingerprint region and may be associated with the vibrations of –C–N–

, –N–H–, and –C–C–.46 The Kevlar® structure is displayed in the superior left-hand side of Figure 

3.2 for reference. 

 

 

Figure 3.2 Infrared spectrum of C: Kevlar® Micropulp 80 µm. 
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3.3 Inductively Coupled Plasma (ICP) 

The data of Table 3.1 show the average normalized iron (Fe) concentration from the six digestions 

performed for each sample. The micropulps have a greater iron content compared to the pulp 

samples, suggesting the transition metal was incorporated during manufacturing, since micropulps 

are derived from sample A via size reduction operations. Note iron is not intentionally added 

during the polymer synthesis. The presence of paramagnetic iron impurities is known to influence 

relaxation time results due to the effects of electron-proton coupled relaxation2,4,53,71 and will be 

further discussed in the upcoming sections. 

 

Table 3.1. Iron content of Kevlar® samples A through F. 

Kevlar® Sample Moisture content (%) Fe Content¥ (ppm) 

A 53.5 11 (± 2) 

B 2.4 13 (± 9) 

C 3.9 718 (± 112) 

D 4.8 1733 (± 165) 

E 2.4 531 (± 56) 

F 4.1 2633 (± 324) 

¥ Uncertainty is estimated following a rigorous assessment at 95% confidence interval of 6 unique 

digestions and measurements. Data provided in Appendix C. 

 

3.4 BET Surface Area Kevlar® Particles 

The results of gas adsorption experiments demonstrate that the Kevlar® samples characterized in 

this study have similar structure properties, given the resemblance of their adsorption-desorption 

isotherms, Figure 3.3.  
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Kevlar® A      Kevlar® B 

 

Kevlar® C      Kevlar® D 

   

Kevlar® E      Kevlar® F 

   

Figure 3.3 Adsorption-desorption isotherms of Kevlar® samples. 

Partial Pressure P/P
0

0.0 0.2 0.4 0.6 0.8 1.0

Q
u
a
n
ti
ty

 A
d
s
o
rb

e
d
 (

c
m

3
/g

 S
T

P
)

0

10

20

30

40

50

60

High Temperature Drying
Freeze Drying

Partial Pressure P/P
0

0.0 0.2 0.4 0.6 0.8 1.0

Q
u
a
n
ti
ty

 A
d
s
o
rb

e
d
 (

c
m

3
/g

 S
T

P
)

0

5

10

15

20

25

High Temperature Drying
Freeze Drying

Partial Pressure P/P
0

0.0 0.2 0.4 0.6 0.8 1.0

Q
u

a
n
ti
ty

 A
d

s
o

rb
e

d
 (

c
m

3
/g

 S
T

P
)

0

10

20

30

40

50

60

High Temperature Drying
Freeze Drying

Partial Pressure P/P
0

0.0 0.2 0.4 0.6 0.8 1.0

Q
u
a
n
ti
ty

 A
d
s
o
rb

e
d
 (

c
m

3
/g

 S
T

P
)

0

10

20

30

40

50

60

High Temperature Drying
Freeze Drying

Partial Pressure P/P
0

0.0 0.2 0.4 0.6 0.8 1.0

Q
u
a
n
ti
ty

 A
d
s
o
rb

e
d
 (

c
m

3
/g

 S
T

P
)

0

10

20

30

40

50

60

High Temperature Drying
Freeze Drying

Partial Pressure P/P
0

0.0 0.2 0.4 0.6 0.8 1.0

Q
u

a
n
ti
ty

 A
d

s
o

rb
e

d
 (

c
m

3
/g

 S
T

P
)

0

10

20

30

40

50

60

70

High Temperature Drying
Freeze Drying



47 

 

Note that the y-axes in Figure 3.3 contain the notation STP, which stands for Standard 

Cubic Centimeter and represents the number of gas molecules, e.g. N2, that occupy a cm3 at the 

standard temperature and pressure (1.0 atm, 273 K). Following the International Union of Pure 

and Applied Chemistry (IUPAC) classification, the Type II isotherm is observed for the adsorption 

branch of all plots.62 The hysteresis loop of type H3, predominantly observed in the P/P0 region > 

0.5, indicates that the pores present in these systems are mostly obtained from aggregates of plate-

like particles, expected for a fibril structure.62 

The BET calculations reveal surface areas in the range of 8 to 24 m2 g-1 which is higher 

than might be predicted from the average particle size data shown in Table 2.1, suggesting a 

heterogeneous agglomerate structure for the particles, reflected in the hysteresis loop, and 

consistent with the images in Figure 3.1. Note that in the microscopy images, physical features 

smaller than 1 μm are observable. Interestingly, micropulps C through F show slightly higher 

surface area than sample A. The micropulps are derived from a particle size reduction process 

(milling) of sample A. The milling enhances the surface area, likely by opening the fibrillar 

structure and flattening rods to plate structures. 

For all samples, the surface area was greater following freeze-drying than traditional 

vacuum drying. This behavior can be associated with the effects of increased capillary stress 

applied during vacuum drying, leading to a collapse in the structure.51,52,72 Sample A, supplied at 

approximately 50% w/w water is the most sensitive to the drying process and has significantly 

higher surface area than B, which was prepared from A via drying during manufacturing and likely 

experienced structure collapse – Figure 3.4, Table 3.2. 
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Figure 3.4 Comparison of specific surface areas of Kevlar® samples A through F dried at high 

(light grey) and low (dark grey) temperatures. 

 

Table 3.2 Specific surface area of Kevlar® dried at high and cryogenic temperatures. 

Kevlar® Sample 
Surface Area# - Vacuum Dried 

Samples (m² g-1) 

Surface Area# - Freeze-Dried 

Samples (m² g-1) 

A 10.5 17.5 

B 7.5 7.6 

C 19.8 21.5 

D 20.7 22.3 

E 20.7 22.5 

F 22.3 23.6 

#Uncertainty is estimated as ± 7% of reported values following a rigorous uncertainty assessment 

at 95% confidence interval for sample Kevlar® micropulp C, elaborated in Chapter 2. 

Further evidence of the drying effects is observed in the pore size distribution of Kevlar® 

samples, Figure 3.5.  
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Kevlar® A      Kevlar® B 

    

Kevlar® C      Kevlar® D 

   

Kevlar® E      Kevlar® F 

   

Figure 3.5 Comparison of the pore size distribution of Kevlar® samples A through F dried at 

high (black circles) and cryogenic (white circles) temperatures. 
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By the comparison of the freeze-drying (white circles) and vacuum drying (black circles), 

it can be seen that the differences in the pore structure of vacuum and freeze-dried samples become 

less prominent as samples are supposedly exposed to further processing, e.g. extended heating and 

milling. 

As an example, the Kevlar® micropulps D and E possess the same particle size (50 μm), 

but different commercial moisture contents, 16 and 6 weight % respectively. As the preparation 

method is changed from vacuum drying at high to cryogenic temperature, the differences in the 

pore volume are clearly noticeable in sample D, which had more residual moisture, but almost 

negligible in Kevlar® E. Under a comparable system, the same trend is observed in the comparison 

of Kevlar® pulps A and B. 

The statistical significance of the difference between the specific surface areas of vacuum 

and freeze-dried Kevlar® samples was determined using the Student’s t-distribution for multiple 

runs of Kevlar® C, Appendix G. The Kevlar® sample was freeze-dried once and degassed and 

analyzed thrice whereas the vacuum dried sample was degassed and analyzed 7 times. The p-value 

obtained, 0.26 is indeed higher than the established confidence level, 0.05. While this suggests that 

there is not a significant difference between the samples, it is acknowledged that the freeze-dried 

sample was only analyzed three times and ideally would had been analyzed with an unique freeze-

drying step for every analysis. Further characterization is warranted. 

 

3.4 Relaxation Rates in Particle Suspensions 

In the presence of surface-fluid dipole-dipole or electron-proton interactions, the observed T2 will 

depend on the frequency of surface-fluid interactions or, alternatively, the relative population of 

surface-bound fluid molecules and free fluid molecules.2,3 Accordingly as the concentration of 
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solids in a particle suspension increases, the relaxation rate (1/T2) will increase and T2 will 

decrease.73 Figure 3.6 depicts the variation in the magnetization of colloidal silica suspensions as 

the concentration of solids is increased from 2 to 15 weight %. 

 

Figure 3.6 Suspensions of colloidal silica at multiple solid weight %. 

 

In porous media, the observed relaxation rate (1/T2) may be subjected to multiple 

contributions, such as the relaxation rate of the bulk (1/T2b), the enhanced relaxation at the surface 

(1/T2s), and diffusion through magnetic field inhomogeneities (1/T2D), Equation 3.1.33,74 

1

𝑇2
=

1

𝑇2𝑏

+
1

𝑇2𝑠

+
1

𝑇2𝐷

 
(3.1) 

Brownstein and Tarr proposed three diffusion regimes concerning the influence of surface-

enhanced relaxation and confinement geometry.73 This regime would be determined by the 

comparison of the rates in which molecules are transported to a solid surface and the rate they are 

relaxed upon contact.4 First, in the fast-diffusion regime, all water molecules have an equal 
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probability of exploring the material surface on the timescale of full relaxation. In other words, the 

diffusion process occurs much faster than the relaxation at a surface. In contrast, the slow diffusion 

regime characterizes a system where the rate limiting step is the transport of fluid molecules to the 

surface, since nuclei may relax upon the first contact. In this regime, the relaxation times of the 

system have a strong dependence on temperature. A third regime, named intermediate, comprises 

systems with mixed characteristics, where diffusions effects may still be slightly noticeable. Figure 

3.7 provides a comparison between the two extremes – the fast and the slow diffusion 

regimes.4,38,73,75 

 

 

Figure 3.7 Visual representation of the fast (left) and slow (right) diffusion regimes. 

 

The diffusion regime of a given liquid in a porous system can be determined using a 

functional dependence defined by Brownstein and Tarr and labeled here as the variable k. This 

parameter is a function of 𝜌2, known as the surface relaxivity, which characterizes the efficiency 
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of surface-enhanced relaxation; the fluid self-diffusion coefficient (D) (2.02 x 10-5 cm2 s-1 for water 

at 20ºC); and a characteristic length (𝛼), which is the distance a proton must travel to encounter a 

surface, as expressed in Equation 3.2.38,75  

𝑘 =
𝜌2 𝛼

𝐷
 (3.2) 

For spherical and cylindrical pore geometries 𝛼 equals the radius. Here 𝛼 is taken as half 

of the interparticle spacing in a particle suspension, calculated using the model developed by Hao 

and Riman, detailed in Chapter 2.69 Systems in which the variable k is much smaller than 1 are 

considered to be in the fast diffusion regime.38,73,75 Following the methodology of Brownstein and 

Tarr, the second term of Equation 3.1 is expressed as a function of the ratio of solid surface area 

(S) and fluid volume (V), and 𝜌2, Equation 3.3.39,73 

1

𝑇2𝑠

= 𝜌2

𝑆

𝑉
 

(3.3) 

Lastly, the diffusion contribution is given by Equation 3.4.39,74 

1

𝑇2𝐷

=
𝐷(𝛾𝐺𝑇𝐸)2

12
 

(3.4) 

Where G represents the gradient strength, D is the diffusion coefficient of the liquid 

molecules, and TE, the experimental echo spacing, equivalent to 2τ. Using low-frequency magnets 

and short echo spacing, the contributions to relaxation from diffusion through magnetic field 

inhomogeneities are considered negligible. Hence, Equation 3.1 can be rewritten as Equation 3.5. 
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1

𝑇2
=

1

𝑇2𝑏

+ 𝜌2

𝑆

𝑉
 

(3.5) 

In the slow or intermediate diffusion regimes, Equation 3.5 is not applicable. Furthermore, 

the fast diffusion regime requires some key assumptions (a) 𝜌2 is homogeneous for the entire 

sample (b) effect of pore coupling and internal field gradients are negligible. The surface relaxivity 

represents an important property of the material and may lead to different intensities of interactions 

with a fluid, reflected in the results of NMR studies. Figure 3.8 provides an example of aqueous 

suspensions with equivalent weight ratios of polystyrene (D50 = 100 nm) and silica (D50 = 12 nm). 

 

 

Figure 3.8 Relaxation rates of particle suspensions of silica and polystyrene as a function of solid 

concentration. 

 

 From Figure 3.8, one can observe the effects of enhanced relaxation of water through 

hydrogen bonding with hydroxyl (OH) groups present in the silica particles and higher specific 
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surface area from smaller particle sizes, each resulting in a more effective transfer of magnetization 

from the liquid to the solid surface, and consequent decrease in the observed T2. In contrast, the 

polystyrene hydrophobic nature led to negligible interference in the relaxation rate of water, since 

interactions may mostly occur through weaker mechanisms, e.g. van der Waals force. It is 

important to note that surfactants may be added to particle suspensions of hydrophobic polymers, 

such as polystyrene, and may interfere in the solvent-surface interactions.3 Although no further 

information is provided by the supplier, the observed phenomena may be subjected to the 

interference from surfactants, which are known to affect the relaxation rate of similar systems.3 

 

3.4.1 Relaxation Rates at Different Kevlar® Concentrations 

To address deficiencies of Kevlar® pulp BET analysis, time-domain NMR has been applied. In a 

homogeneous suspension of solid particles, the interparticle spacing can be assumed to be uniform 

and the system can be represented by Equation 3.6, derived from Equation 3.1 via a substitution 

expressing specific surface area (surface area normalized to mass). This suggests an alternate 

method for determining wetted surface area. Note Equation 3.6 is functionally comparable to the 

equation derived by Fairhurst and coworkers.57 

1

𝑇2
=

1

𝑇2𝑏

+ 𝜌2

𝑆

𝑉
=  

1

𝑇2𝑏

+ [(𝜌2 𝑆𝑆𝐴𝑠𝑜𝑙𝑖𝑑 𝑑𝑓𝑙𝑢𝑖𝑑) (
𝑚𝑠𝑜𝑙𝑖𝑑

𝑚𝑓𝑙𝑢𝑖𝑑
)] 

(3.6) 

Assuming the density of water is equal to 1 g cm-3, Equation 3.6 can be rewritten in 

Equation 3.7 as follows. 
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1

𝑇2
=

1

𝑇2𝑏

+ (𝜌2𝑆𝑆𝐴solid) (
𝑚𝑠𝑜𝑙𝑖𝑑

𝑚𝑓𝑙𝑢𝑖𝑑
) 

(3.7) 

The relaxation time results for a series of Kevlar® pulp and micropulp suspensions at 

varying weight loading were collected using the parameters mentioned in the experimental section. 

In Figure 3.9, the relaxation rates (1/T2) of the six samples are plotted against their respective 

weight ratios.  

 

Figure 3.9 Plot of 1/T2 of Kevlar® samples versus the weight ratios. 

 

Dilute concentrations were chosen, and energetic mixing was provided to enhance 

dispersion in this method. Working at higher concentrations increases the likelihood of particle 

agglomeration and reduces the likelihood that all water molecules will be diffusionally averaged 

on the time scale of the experiment, which is an assumption of the model. Notably, 1/T2 cannot 
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infinitely increase as the msolid/mfluid increases and will never be greater than the 1/T2 of the pure 

solid. The T2 of pure Kevlar® was found to be approximately 24 μs.76 Additionally, the design of 

the NMR instrument places a practical limitation on the largest 1/T2 value that can be measured 

and the corresponding smallest τ value that can be utilized. The error bars were obtained using the 

combined uncertainty evaluation, considering the deviations originating from sample preparation 

(random uncertainty), from the accuracy of the equipment (systematic uncertainty), and the 

variations in iron concentration represented by the uncertainty in ICP data for each sample. 

Samples D and F have the highest uncertainty in iron content, Table 3.1, and as observed in Figure 

3.9, samples D and F have the poorest linear fits. It is noted that the regressed lines are forced 

through a constant 1/T2 value, that of pure water, 0.42 s-1. To justify this choice, multiple samples 

were filtered and the T2 values of the filtrates were measured and indeed matched water. If the 

intercept was not constrained, the average value observed for all samples was 0.40 s-1 with a 

standard deviation of 0.07 s-1. 

The slopes of the lines of Figure 3.9 are proportional to specific surface area 

(𝑆𝑙𝑜𝑝𝑒 = 𝜌2𝑆𝑆𝐴) but require calibration since ρ2 is not known. Assuming all samples have 

identical ρ2 since they are all comprised of the same Kevlar® surface, the ratio of the slopes equals 

the ratio of the specific surface areas by reference to Equation 3.7. To support an understanding of 

the relation between the NMR results and the surface area measurements, the ratios of slopes from 

Figure 3.9 were compared with the ratios of BET surface area determined from the gas adsorption 

results. Since Kevlar® sample ‘B’ was found to possess the lowest surface area, it was defined as 

the base sample for the comparisons in both cases. In the case of unimodal, regular-shaped dense 

particles, the median particle size should correlate to the exposed surface area via BET and NMR 

but differences are observed, Table 3.3. On first inspection, the NMR data suggest samples D and 
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F have the highest specific surface area via NMR but a correlation of these samples having high 

Fe content is noted as well, Table 3.1. Paramagnetic iron centers increase the rate of spin-spin 

relaxation (1/T2), reflected in an increase in ρ2, and must be accounted for in any method of NMR 

surface area determination. Note, ICP analysis of Kevlar® pulps did not reveal other metals of 

appreciable concentration. The inherent relaxivity of Kevlar® in contact with water, denoted ρ2,0, 

should be common among all samples but is perturbed by the presence of a varying concentration 

of Fe. 

 

Table 3.3. Ratios of the BET surface areas and NMR slopes of Kevlar® samples. 

Kevlar® Sample Label 
BET Ratio 

[Vacuum Oven] 

BET Ratio 

[Freeze Drying] 

Ratio of NMR 

Slopes 

Kevlar® Pulp 1F361 A 1.5 2.3 2.5 

Kevlar® Pulp 1F538 B 1.0 1.0 1.0 

Kevlar® Micropulp C 2.6 2.8 4.6 

Kevlar® Micropulp D 2.8 3.0 8.4 

Kevlar® Micropulp E 2.8 3.0 4.9 

Kevlar® Micropulp F 3.0 3.1 12.6 

  

It is worth noting that NMR studies can also be used to characterize porous media with 

unique subpopulations of water molecules differentiated by confinement. The inverse Laplace 

transform of the decay signal is a well-known technique for studies of porous media.11,14,17,19–

21,38,39,54,68  The presence of unique subpopulations was not detected at the weight ratios utilized in 

this study, however, future investigation of the effects of higher polymer concentrations in water 

or polymer matrices could explore this topic. 
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3.4.2 Validation of Fast-Diffusion Regime Assumption 

As previously discussed, it is necessary to determine the diffusion regime of the studied system 

before assuming the validity of Equation 3.7, derived for the fast-diffusion regime (Equation 3.2, 

k<<1). Therefore, following the methodology proposed by Hao and Riman, derived in Chapter 2, 

Equations 2.4 - 2.9, the data in Table 3.4 were calculated for the most diluted regime of each 

Kevlar® suspension. At 20 °C, the self-diffusion coefficient of water was taken as 2.02 x 10-5 cm2 

s-1. It was found that the k parameters obtained for each Kevlar® suspension ranged from 0.05 to, 

at the most, 0.13. This result implies the system is in the fast diffusion regime and validates the 

assumption. The calculation of 𝜌2(𝑖) is discussed more in-depth in the following section, as the 

effects of iron are taken into consideration. 

 

Table 3.4. Parameters used in the assessment of the diffusion regime. 

Kevlar® 

Sample 

Particle 

radius (μm) 

Interparticle 

Spacing (μm) 

Characteristic 

length ‘𝛼’ (μm) 

ρ2(i) (with [Fe]) 

(μm s-1) 

k 

(dimensionless) 

A 10 310 155 0.8 0.06 

B 10 310 155 0.7 0.05 

C 40 438 219 1.2 0.13 

D 25 274 137 1.8 0.12 

E 25 274 137 1.0 0.07 

F 15 164 82 2.4 0.10 

 

3.4.3 Accounting for the Influence of Paramagnetic Sites 

In accounting for the influence of the paramagnetic sites, we first define the ratio of the slopes of 

two lines from Figure 3.9, as M, Equation 3.8. 
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𝑀 =
𝑆𝑙𝑜𝑝𝑒(1)

𝑆𝑙𝑜𝑝𝑒(2)
=

𝜌2(1) 𝑆𝑆𝐴(1)

𝜌2(2) 𝑆𝑆𝐴(2)
 

(3.8) 

Kleinberg and coworkers4 studied the relation between water relaxation and the 

concentration of iron (Fe) and manganese (Mn) paramagnetic sites in calcium silicate (CaSiO3) 

particles. Their results showed a linear dependence of surface relaxivity (𝜌2(𝑖)) and paramagnetic 

impurity concentration (𝐶𝐹𝑒(𝑖), at low concentrations and measured in ppm) with a constant of 

proportionality of F = 0.00227 µm s-1 ppm-1 for Fe, consistent with Equation 3.9. Here, 𝜌2,0 is the 

inherent surface relaxivity for Kevlar®.  

𝜌2(𝑖) = 𝜌2,0 + 𝐹𝐶𝐹𝑒(𝑖) (3.9) 

Substituting Equation 3.9 into Equation 3.8, the terms can be rearranged to solve for 𝜌2,0, 

Equation 3.10. Sample i = 2 was defined to be the one with the lowest Fe content (Kevlar® A). 

𝜌2,0 =

𝐹(𝑀𝐶𝐹𝑒(2) −
𝑆𝑆𝐴(1)

𝑆𝑆𝐴(2)
𝐶𝐹𝑒(1))

𝑆𝑆𝐴(1)

𝑆𝑆𝐴(2)
− 𝑀

 

(3.10) 

In our studies, the proportionality constant F was adopted as 0.0006 µm s-1 ppm-1, 

calculated from a regression of the relaxation rates of Kevlar® and Fe content. Specifically, 

Equation 3.10 was utilized with 𝐶𝐹𝑒, SSA and M to obtain the value of F that minimized 𝜌2,0 

variability. The generalized reduced gradient for nonlinear equations was deployed with forward 

difference approximation.77 In this method, the partial derivative of the objective function with 

respect to the optimization parameter (𝑥) is minimized by selectively choosing the step sizes (∆𝑥). 

For the forward difference case, this is accomplished by multiple iterations with points ahead of 

the point of interest, until the error is minimized, Equation 3.11.77,78 
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𝑓′(𝑥𝑖) =
∂f(𝑥𝑖)

∂𝑥
=  

𝑓(𝑥𝑖+1) − 𝑓(𝑥𝑖)

∆𝑥
 

(3.11) 

Here, 𝑓(𝑥𝑖) represents the standard deviation of F, which in Equation 3.11 is represented 

by 𝑥𝑖. Differences between the F value of this study and that of Kleinberg et al. may be associated 

with differences in the chemical nature and particle size of the iron impurities.4 

 

3.4.4 Calculation of Surface Relaxivity and Wetted Surface Area for Kevlar® Pulps 

It has been noted that the use of NMR relaxometry to determine wetted surface area requires 

calibration, referencing standards of known surface area.50 Given the challenge of vacuum induced 

structural changes, Figure 3.5, the best option for defining reference standard data in the present 

system was using freeze-dried samples analyzed by BET. For the Kevlar® pulp samples A and B, 

the Fe content present in the system can be considered negligible, therefore, 𝜌2(𝑖) = 𝜌2,0. 

Following this methodology, 𝜌2,0 was calculated for each sample with values ranging from 

0.6 – 0.9 (μm s-1), Table 3.3, for Fe content values ranging over three orders of magnitude, Table 

3.1. This is deemed a reasonable range of values given the complex nature of the introduction of 

iron impurities (abrasion during milling). With the average 𝜌2,0 (0.7 μm s-1) and Fe content in 

hand, the wetted specific surface areas of samples may be determined from the slopes of each line 

in Figure 3.9 using Equation 3.12, Table 3.5. Notably, the low-field NMR technique takes less 

than four minutes for data collection on a thermally equilibrated sample and is much faster than 

gas adsorption studies. Additionally, the technique is non-destructive in contrast to mercury 

intrusion.  
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𝑁𝑀𝑅𝑆𝑆𝐴 =
𝑆𝑙𝑜𝑝𝑒(𝑖)

𝜌2(𝑖)
=

𝑆𝑙𝑜𝑝𝑒(𝑖)

𝜌2,0 + 𝐹𝐶𝐹𝑒(𝑖)
 

(3.12) 

 

Table 3.5. Calculated surface relaxivities and NMR specific surface areas of Kevlar®. 

Sample Label 
Surface relaxivity 

𝜌2,0 (µm s-1)Ψ 

Wetted SSA (m2 g-1) 

(No [Fe] correction)ɸ 

Wetted SSA 

(m2 g-1)ɸ 

Kevlar® Pulp 1F361 A 0.8 17.5 (± 3.3) 17.5 (± 3.3) 

Kevlar® Pulp 1F538 B 0.7 7.1 (± 1.5) 7.6 (± 1.5) 

Kevlar® Micropulp C 0.9 32.7 (± 12.8) 21.4 (± 3.5) 

Kevlar® Micropulp D 0.7 59.2 (± 9.6) 24.8 (± 4.6) 

Kevlar® Micropulp E 0.6 34.4 (± 16.7) 25.1 (± 3.5) 

Kevlar® Micropulp F 0.6 89.0 (± 8.5) 28.3 (± 6.1) 

Ψ Uncertainty is estimated as ± 0.1 µm s-1 of reported values following uncertainty assessment at 

95% confidence interval, elaborated in Chapter 2. 

ɸ Uncertainty is estimated from the propagation of error of the parameters used in the calculation 

as described in Chapter 2. 

 

A convenient method for determining wetted surface area has been defined, even in cases 

where paramagnetic impurities are present. NMR wetted surface areas are in better agreement with 

freeze-dried sample BET measurements than conventional drying BET measurements, Table 3.2. 

This is consistent with the hypothesis that drying processes induce fiber collapse and 

agglomeration in polymeric samples, reducing the availability of the surface for interactions with 

solvent molecules while in suspension. Additionally, Kevlar® pulp A, in agreement with the BET 

data, Table 3.2, was found to possess more than twice the wetted surface area of B, which reflects 

the loss of surface area in B because of the drying process during manufacturing.  Furthermore, 
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micropulp samples C through F display the highest wetted specific surface area consistent with the 

discussion of freeze-dried BET measurements above. A single T2 measurement takes less than 4 

minutes and is much faster than BET. It will be noted that the NMR methodology probes only the 

wetted surface area, which, for polymer matrix composites, should be strongly correlated with 

performance. It is known that during manufacturing processes the interactions between the resin 

matrix and the polymer fiber will most-likely occur at a wetted interface.42–46,70 

Fairhurst and coworkers have commented that in characterizing products of milling 

operations it is not necessary to independently calibrate the samples.57 This study provides 

evidence that the method of sample manufacturing must be considered when drawing conclusions 

from time-domain NMR measurements of the wetted surface area. Table 3.5 indicates that when 

paramagnetic impurities are not accounted for, the obtained results can vary by a factor of more 

than 3. 
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Chapter 4 : Conclusion Remarks and Future Outlook 

4.1 Conclusion Remarks 

Driven by the challenges of obtaining reliable data about filler-particle characteristics for 

polymeric matrix composites, the studies performed in this thesis promoted the characterization of 

six distinct Kevlar® samples using a multi-technique approach. The scanning electron microscopy 

images and surface area measurements elucidated the specific morphology that micropulps assume 

after particle size reduction, converting from a fibril structure to particles with flat and rounded 

shapes. Differences in the surface areas and pore size distributions were identified as the sample 

preparation method was shifted from conventional drying in a vacuum oven to freeze-drying. 

Kevlar® particles dried at high temperatures showed signs of pore structure collapse, as the surface 

areas (8 – 22 m2 g-1) were smaller than those obtained from the freeze-drying process (8 – 24 m2 

g-1). Further evidence of damage induced by drying at elevated temperatures was observed in the 

pore size distributions, where freeze-dried samples presented higher volumes of adsorbed nitrogen 

in all cases. Aside from sample preparation, samples subjected to fewer manufacturing steps, e.g. 

drying, displayed signs of more intense changes as the vacuum and freeze-drying results were 

compared. Therefore, the results found here indicate that gas adsorption data obtained for 

polymeric samples must be assessed with care, since the pore system may have been compromised 

during drying operations. 

As a source of comparison, NMR relaxation rates of the solvent present in the polymer 

suspensions were correlated with wetted surface areas. The relaxometry technique takes advantage 

of the signal from the major component of these systems (the solvent) to provide insights on 

Kevlar® pulps and micropulps at conditions that may mimic in-situ applications. Based on the 

disturbance of the spin-spin relaxation rates of liquids by their interactions with solid surfaces, 
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particle suspensions may be a convenient way to investigate wetted surface areas. In consideration 

of the influence that different surface chemistries may have in relaxometry studies, the Kevlar® 

samples were first subjected to infrared spectroscopy analysis to confirm the equivalence of their 

chemical structures. Before concluding that the rate increases were directly attributable to higher 

accessible areas for solute-solvent interactions, however, the presence of paramagnetic impurities 

was evaluated and accounted for in data analysis to overcome the limitations imposed by the 

disturbance in the signal caused by the presence of Fe. An average value of 0.7 µm s-1 for the 

Kevlar® surface relaxivity, (𝜌2,0) was determined. The collected data enabled the calculation of 

wetted surface areas with a noticeable quantitative agreement with the values obtained using the 

BET method for freeze-dried samples. These data agree with expectations, since freeze-drying 

may be a less aggressive preparation technique than vacuum drying at higher temperatures. In the 

presence of paramagnetic species, it is fundamental that the extent of signal perturbation is taken 

into consideration before wetted surface areas are calculated, since neglecting this contribution 

may lead to unreasonable values. 

NMR relaxometry has proven to be a valuable technique for the determination of polymer 

particle wetted surface area and the influence of impurities upon the same. Previous literature 

indicates that the NMR signal may be correlated with wetted surface areas under a diverse range 

of system conditions.50,58,59,79 However, the influence of paramagnetic impurities had not been 

addressed in wetted surface area studies until recent publication by Allgeier and coworkers.61 The 

extension of the present methodology to a variety of polymeric particle systems is a topic of on-

going research in the Allgeier Research Group. It is envisioned that determination of 𝜌2,0 values 

of a large set of polymer chemistries would enable higher throughput wetted surface area 
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measurements. The ability to accomplish complete analyses within a much shorter time than the 

BET method is also an attractive feature over conventional methodology. 

4.2 Future Outlook 

In this study, the wetted surface area of Kevlar® pulps and micropulps was obtained from NMR 

relaxometry data of particle suspensions in the presence of paramagnetic species. Here, the particle 

sizes used in the modeling assumed uniform size distribution based on the information provided 

by the manufacturer. Particle size distribution analysis, e.g. Static Light Scattering (SLS), may 

contribute to a more robust model by indicating the extent of polydispersity within each system. 

Heterogeneous distribution of particles may be a source of uncertainty; hence, a deeper 

understanding is desired for such systems. Accordingly, future research on particle suspensions 

may consider the deployment of such analyses. 

The surface interactions between solvent and solid may be enhanced by surface 

functionalization, commonly deployed in the field of polymer matrix composites. Changes in the 

hydrophilicity of a system or the introduction of different functional groups may influence surface 

relaxivity and be captured by relaxometry experiments. Studies related to this area may be of great 

value for polymer science and nuclear magnetic resonance applications, where relaxometry data 

can be attributed to certain interactions in a polymer network.  

 Lastly, understanding the dispersity and nature (e.g. oxidation state) of paramagnetic 

species found in systems such as those investigated in this thesis may be of further interest to the 

relaxometry field. Given the natural abundance of such components and impact on the NMR 

signal, the understanding of relaxation mechanisms with different paramagnetic compounds may 

benefit the many applications that are guided by their signal, e.g. medical imaging, or treat them 
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as an impurity, such as this study. Hence, exploring the NMR signal of well-controlled aqueous 

suspensions with paramagnetic species may be of further interest. 
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Appendix 

Appendix A : Scanning Electron Microscopy – Kevlar® Micropulps C, D, and F 

 SEM images of Kevlar® micropulp samples C, D, and F are presented in Figure A.1. 

  

  

  

Figure A.1 SEM images of Kevlar® samples - (I and II) Micropulp 80 µm C 100x and 500x 

magnification, (III and IV) Micropulp 50 µm D 100x and 500x magnification, (IV and V) 

Micropulp 30 µm F 100x and 500x magnification. 
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Appendix B : Infrared Spectroscopy – Kevlar® Samples A, B, D, E, and F 

 The infrared spectra of samples A, B, D, E, and F are presented in Figure A.2. 

  

  

 

Figure A.2 Infrared spectroscopy of Kevlar® samples – (I) Kevlar® Pulp A, (II) Kevlar® Pulp 

B, (III) Kevlar® Micropulp 50 µm D, (IV) Kevlar® Micropulp 50 µm E, (V) Kevlar® 

Micropulp 30 µm F. 
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Appendix C : Uncertainty ICP Measurements 

Table A.1 presents the data used in the uncertainty analysis of the ICP measurements. 

Table A.1 Uncertainty data for the ICP-MS measurements. 

Sample 
Prep. I 

(ppm) 

Prep. II 

(ppm) 

Prep. III 

(ppm) 

Prep. IV 

(ppm) 

Prep. V 

(ppm) 

Prep. VI 

(ppm) 

Kevlar® A 13 11 9 12 10 9 

Kevlar® B 6 24 10 5 22 9 

Kevlar® C 714 647 849 664 592 842 

Kevlar® D 1778 1572 1963 1696 1557 1834 

Kevlar® E 599 575 499 527 536 449 

Kevlar® F 2548 2446 2961 2467 2304 3071 
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Appendix D : Uncertainty NMR 

 Table A.2 and Table A.3 present the random and systematic uncertainty data for the error 

analysis of the NMR experiments. 

Table A.2 Random uncertainty data for the NMR experiments. 

Sample T2,I (ms) M0,I (%) T2,II (ms) M0,II (%) T2,III (ms) M0,III (%) 

A005-8-UNCT-C2.1A 770.9 50.0 764.1 49.8 766.1 49.6 

A005-8-UNCT-C2.1B 795.4 44.1 793.5 43.3 780.9 43.3 

A005-8-UNCT-C2.1C 757.2 56.1 745.5 56.1 748.2 56.1 

A005-8-UNCT-C2.2A 790.3 49.0 780.5 55.1 773.3 54.7 

A005-8-UNCT-C2.2B 791.5 49.0 783.6 49.0 778.4 49.0 

A005-8-UNCT-C2.2C 793.3 51.2 782.7 51.1 783.1 50.8 

A005-8-UNCT-C2.3A 811.1 54.0 796.1 53.7 791.7 52.7 

A005-8-UNCT-C2.3B 787.8 55.9 782.7 54.9 776.6 55.0 

A005-8-UNCT-C2.3B 792.3 61.8 795.8 60.8 779.8 60.7 

 

Table A.3 Systematic uncertainty data for the NMR experiments. 

Sample T2 (ms) M0 (%) 

A005-8-UNCT-C2.2B-1 653.0 40.6 

A005-8-UNCT-C2.2B-2 635.7 40.6 

A005-8-UNCT-C2.2B-3 643.6 40.5 

A005-8-UNCT-C2.2B-4 652.8 40.2 

A005-8-UNCT-C2.2B-5 648.8 40.2 

A005-8-UNCT-C2.2B-6 652.5 40.2 

A005-8-UNCT-C2.2B-7 641.0 40.4 

A005-8-UNCT-C2.2B-8 648.4 40.2 

A005-8-UNCT-C2.2B-9 639.9 40.5 

A005-8-UNCT-C2.2B-10 647.1 40.2 
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Appendix E : Uncertainty BET Measurements 

Table A.4 and Table A.5 present the random and systematic uncertainty data for the error 

analysis of the BET measurements. 

Table A.4 Random uncertainty data for the BET measurements. 

Sample Specific Surface Area (m2 g-1) 

B002-14-C 20.2800 

B002-17-C-I 20.3100 

B002-17-C-II 20.8087 

A005-4-MCT-C 18.1404 

A005-5-MCT2-C-I 18.9151 

A005-4-MCT2-C-II 22.0835 

A005-26-KEVU-C-0 18.1627 

 

Table A.5 Systematic uncertainty data for the BET measurements. 

Sample Specific Surface Area (m2 g-1) 

A005-26-KEVU-C I 18.0262 

A005-26-KEVU-C II 18.1214 

A005-26-KEVU-C III 18.2892 

A005-26-KEVU-C IV 18.1301 

A005-26-KEVU-C V 18.0665 
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Appendix F : Uncertainty NMR Specific Surface Area 

Table A.6 Standard error of relaxation rate slopes. 

Sample Slope Standard Error of the Slope 

Kevlar® A 13.3 1.4 

Kevlar® B 5.4 0.7 

Kevlar® C 24.8 1.7 

Kevlar® D 45.0 2.7 

Kevlar® E 26.1 1.2 

Kevlar® F 67.5 5.1 
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Appendix G : Student’s t-test for the Specific Surface Areas of Vacuum and Freeze-Dried 

Kevlar® Samples 

Table A.7 Specific surface areas of vacuum dried Kevlar® C. 

Sample Specific Surface Area (m2 g-1) 

B002-14-C 20.3 

B002-17-C-I 20.3 

B002-17-C-II 20.8 

A005-4-MCT-C 18.1 

A005-5-MCT2-C-I 18.9 

A005-4-MCT2-C-II 22.1 

A005-26-KEVU-C-0 18.2 

 

Table A.8 Specific surface areas of freeze-dried Kevlar® C. 

Sample Specific Surface Area (m2 g-1) 

A005-4-FRD-C 21.5 

A005-84-FDU-C-II 21.7 

A005-84-FDU-C-III 19.6 

 


