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Abstract

Terahertz time-domain spectroscopy was used to probe water dynamics in mi-
crocrystalline cellulose. In this study, the variation of the dielectric constant of
water in microcrystalline cellulose samples with moisture contents between 2.65%
and 16.73% was studied. It was found that the dielectric function of water does
change with a change in moisture content in microcrystalline cellulose. The dielec-
tric function of water appears to change from what might be expected for bound
water towards values that are more consistent with bulk water at higher moisture
content. This study is a step forward in the direction of understanding if the dielec-
tric function of water goes from bound to free with a change in moisture content
in microcrystalline cellulose. Future work to understand the detailed behavior of

this transition is important for wood science and THz application to wood science.
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Chapter1

Introduction

Terahertz (THz) radiation occupies the far-infrared portion of the electromagnetic
spectrum, lying between the microwave and infrared regions [1] [2], as repre-
sented in Figure 1.1. Its wavelengths fall within the sub-mm range, enabling
high-resolution imaging. Spectroscopic information, unattainable at lower fre-
quencies like microwaves, becomes accessible in the THz region, and the shorter
wavelength facilitates sub-mm imaging of materials.

THz radiation is non-ionizing, presenting minimal health concerns and making
it safe for use on organic tissues [3] [4]. This property has led to its widespread
application in non-destructive material evaluation. In comparison to X-rays, which
also offer good spatial resolution, THz radiation’s non-invasive and non-ionizing
nature enhances safety [5].

This radiation is extensively utilized in pharmaceuticals and medical imag-
ing [6] [7], such as the detection and imaging of breast cancer [4] and the deter-
mination of spectroscopic features of blood cells. Its ability to pass through fabrics
and plastics makes it valuable in explosives and weapons surveillance [8] [9], es-
pecially in security-critical locations like airports. Despite its limited penetration

into the human body, THz radiation remains safe for use on human subjects [10].
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Figure 1.1: The Electromagnetic spectrum.

The THz frequency range spans from 0.1 to 10 THz, characterized by sub-
millimeter wavelengths that provide superior spatial resolution compared to mi-
crowaves. Its non-ionizing nature and transparency in dry materials make it valu-
able for transmission imaging. However, THz radiation has limitations, including
interactions with polar molecules and absorption by water.

In the field of wood science, the THz region, specifically below 1 THz, is crucial
[11] [12]. THz radiation is sensitive to the internal fiber structure of wood and
wood products, offering new applications in the wood industry [13]. Materials like
wood composites, papers [14], and ceramic knives are transparent in this region,
facilitating the identification and imaging of various materials.

Wood is a hygroscopic material, and chemically, it is mainly composed of cel-
lulose, hemicelluloses, and lignin [15]. Out of these three components, cellulose
(CeH1005)n is the main component with 65-70% polysaccharide substance and is
composed of a linear chain of glucose monomers. Wood is opaque in the ultra-
violet, visible, and infrared, and its imaging is limited to reflection geometries in
these regions of the electromagnetic spectrum [16] . On the other hand, wood is

transparent at X-ray and microwave frequencies, and measurements can be ob-
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tained in transmission [17] [18]. Sub-annual ring resolution cannot be achieved
with GHz-frequency microwaves (~ cm wavelengths), and safety regulations need
to be in place using X-rays because X-rays are hazardous to health. Therefore, it is
helpful to introduce new imaging techniques with good spatial resolution that are
non-destructive and safe to work with [19].

In wood science [20] [21], research often employs techniques like THz Time-
Domain Spectroscopy (THz-TDS) to understand water-wood interactions. This
study focuses on microcrystalline cellulose (MCC) as a model material, simplifying
investigations into water-cellulose interactions due to its well-defined crystalline
structure. Therefore, in this thesis, THz time-domain spectroscopy (THz-TDS) (de-
tails in Chapter 2) was performed on MCC in a transmission geometry. THz-TDS
has already been used for cellulose research to quantify the degree of crystallinity
of MCC [22] [23] [24] [25]. Moreover, the analysis and interpretation of the spec-
troscopic characterization of paper properties, such as paper type [14], moisture
content (MC), and orientation, based on the Lorentz-Lorenz and Clausius-Mosotti
relations, have been made using THz-TDS [26] [27]. Thus, understanding water
interactions with cellulose/MCC has implications for fundamental wood science
and industrial applications. This knowledge contributes to the optimization of
wood processing and product quality. The study of moisture interaction in wood
and cellulose-based materials enhances our understanding of their behavior, lead-

ing to advancements in materials science and environmental engineering.

1.1 Overview and Motivation

1.1.1 Motivation

Cellulose is a polysaccharide substance (CgH;00s),, composed of a linear chain

of glucose monomers. As an organic substance making up most of a plant’s cell
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walls, it is one of Earth’s most abundant natural and renewable biopolymers [28]
[29]. The structure of cellulose chains consists of two intramolecular hydrogen
bonds, OH-3...05 and OH-2...06, that can bind neighboring glucose units and
thus provide high stiffness of natural cellulose chains [23] [30]. Wherever it is used,
it is in contact with water vapor at different relative humidities (RHs) [31]. There
have been a vast number of publications on cellulose-water interactions [30] [28],
but the exact mechanisms of those interactions are not fully understood yet. One
of the main reasons given for that is the wide variety of cellulose materials and
sources [30], e.g., wood cellulose, bacterial cellulose, MCC, etc. Therefore, it is
interesting to see the interactions of water vapors with cellulose at ditferent levels
of RH and how the dielectric function of water varies with the change in hydration
level: this problem is the subject of this thesis.

1.1.2 Overview of thesis and upcoming chapters

In this thesis, THz spectroscopy was used to perform transmission measurements
in the far-infrared range of the electromagnetic spectrum. THz radiation strongly
gets absorbed by water; therefore, THz radiation offers the possibility to probe
MC. Thus, in this thesis, THz-TDS is used to probe water dynamics in MCC and
see the effect of MC on the dielectric function of water in cellulose networks.

To achieve the goal of this thesis, some systematic studies and steps were per-
formed. The details of the system and technology used in this thesis are discussed
in Chapter 2. It also introduces the working principles and applications of the THz-
TDS. Moreover, this chapter discusses the methods of analysis, namely Duvillaret's
and Koch’s, that can be used to analyze the MCC samples used in this thesis and
get important parameters like the index of refraction and absorption coefficient of
MCC. The preliminary data analyzed is discussed and compared for the paper as
a sample by using these two different analysis methods, which will then be used



to study the dielectric function of water in MCC.,

Chapter 3 provides detailed insights into the structure of MCC and its genera-
tion from wood. As moisture in industrial wood is a very important factor, some
details about the structure of wood and its components are also discussed. To thor-
oughly understand the interaction of water molecules with cellulose networks, the
BET sorption theory is used. The understanding of the results was obtained using
BET theory and then compared with the THz-TDS of MCC.

In Chapter 4, the dielectric function of water in MCC using THz-TDS is studied.
Also, this chapter provides an answer to one of the very important questions in
this thesis: How does the dielectric function of water vary by changing MC? The
obtained dielectric function of water was compared with the dielectric function of
free water and ice to understand the nature of the water molecules associated with
the cell wall.

Chapter 5 concludes this thesis and also gives some future recommendations

to improve the quality of work in this field of study.



Chapter 2

Terahertz Time Domain Spectroscopy

(THz-TDS); Background

THz radiation is strongly absorbed by water [20] and is sensitive to the internal
fibre structure of wood and its components [32]. The useful frequency range for
wood science falls below 1 THz [21]. Therefore, it can be used to determine the MC
of wood and its components, for example, cellulose, hemicellulose, and lignin. In
this thesis, THz-TDS was performed to exploit THz technology for the determi-
nation of MCC in MCC, the most purified form of cellulose. To study moisture
sorption in MCC, the index of refraction and absorption coefficient of MCC sam-
ples at various MCs is required. The index of refraction and absorption coefficient
can then be used to get the complex index of refraction of water present in MCC.
In the following sections of this chapter, the working principle and applications of
THz-TDS are discussed. This chapter also discusses the method of analysis that

we can use to get the index of refraction and absorption coefficient of MCC.



2.1 Terahertz Time Domain Spectroscopy (THz-TDS)

We can conduct THz transmission spectroscopy in the time and frequency do-
mains, with the latter achieved through the Fourier transformation of the data
measured in the time domain. THz-TDS is the method used in this thesis. THz
systems generally employ coherent detection, often using photoconductive anten-
nas. All measurements made in this thesis are conducted by measuring the electric
field as a function of time, and the measurements are made directly in the time
domain. The absorption process expresses itself in the time-domain signals as a
decrease in amplitude and an associated phase shift of the observed THz pulse.
The temporal electric field created from a THz-TDS spectrometer is depicted in
Figure 2.1, where the black curve represents the reference signal collected without
any sample present and the red curve represents the transmitted signal passing
through the sample. The sample’s complex permittivity and refractive index un-
der examination can be determined by comparing the THz waveforms obtained
with and without the sample.

Van Exter et al. conducted one of the first THz-TDS experiments in 1989, which
focused on examining THz pulse propagation through water vapor [33]. While
there are several approaches for producing and detecting THz radiation, the use
of photoconductive antennas, as reported in [33], was notable for its use of co-
herent detection, which allowed direct mapping of the THz field in time. Due
to the rapid changing of the electromagnetic field, most electromagnetic detectors
solely measure light intensity and cannot resolve electromagnetic field oscillations
in time. THz-TDS achieves coherent detection by employing an ultrashort laser
with durations of the order of 100 femtoseconds for both THz pulse production
and detection. The ultrashort pulse is divided into two segments: one generates
the THz pulse, while the other gates the detector and arrives simultaneously with
the THz pulse at the detector. When the gate pulse reaches the detector, it causes

7
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Figure 2.1: THz time-domain signals with and without using a 4.4 mm thick oven-
dried microcrystalline powder in a petri dish. This Figure clearly indicates the
change in amplitude (lower amplitude for sample waveform as compared to refer-
ence due to radiation absorption by cellulose powder) and a phase shift (waveform
comes later in time (a time delay) due to the slower propagation speed of radiation
in the cellulose powder as compared to air).

a current proportional to the THz pulse’s electric field, allowing for coherent de-
tection. The field is mapped out in time by varying the optical delay between the
gating optical pulse and the THz pulse being detected. The experimental setup for
THz-TDS spectroscopy is depicted in Figure 2.2, and the section that follows will

describe the physical principles underpinning generation and detection.
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Figure 2.2: The experimental setup of THz-TDS. The femtosecond (fs) laser beam
output is divided into two parts with the help of a beam splitter. One part of the
beam is used to generate the THz radiation, and the other half is passed through
the delay line and used to detect the THz beam. The probe beam gates the photo-
conductive detector, which overlaps the created THz pulse. The field is mapped
out in time by varying the optical delay between the gating optical pulse and the
THz pulse being detected.

2.2 THz radiation emission

Auston et al. first demonstrated pulsed THz radiation production and detection
using photoconductive antennas in 1984 [34]. There are two main methods for
producing pulsed THz radiation: Nonlinear optical approaches [35] and Photo-
conductive antennas [34] [35]. The Photoconductive antennas were used exclu-
sively in this thesis to generate and detect THz radiation, and the basic principles

of operation are explained for this configuration next.



2.2.1 Generation of THz using photoconductive antennas

To begin this process, an ultrashort fs laser generating pulses of roughly ~ 100
fs is focused onto a biased antenna located on a semiconductor substrate. Laser
photons have an energy that exceeds the band gap, resulting in the generation
of a transitory photocurrent. This brief photocurrent is caused by photocarrier
acceleration in the externally applied biased electric field. According to Maxwell's
equations, this transient photocurrent emits THz radiation with wavelengths in
the THz region [35]. The THz electric field, Ety., is directly proportional to the
temporal derivative of the transient photocurrent density, dj/dt, produced in the
transmitting antenna.

Various optical wavelengths can be used for the excitations, and depending on
the optical wavelength used for the excitation, THz radiation can be created by
a photoconductive antenna made of different materials, such as gallium arsenide
(GaAs) and InGaAs. Most THz systems use a substrate with a short carrier life-
time in the sub-picosecond region to make the most of ultrafast laser excitation
to produce a transient photocurrent that is as short as possible. As a result, low-
temperature (LT) GaAs is often used, which has a carrier lifetime of less than a
picosecond, over conventional GaAs, which has a carrier lifetime of several hun-
dred picoseconds [36]. The goal is to create a very short j(t), so that dj/dt is as
large as possible.

The process of generating THz electromagnetic radiation starts when a fs laser
pulse having intensity I(t) excites a biased semiconductor with photon energies
greater than its bandgap. This begins the production of electrons and holes in the
conduction and valence bands, respectively, and the rapid change of the transport
photocurrent gives rise to electromagnetic radiation. The equation for photocur-

rent (J) can be written as [37]

10



= env, (2.1)

where e is carrier charge, v is carrier speed, and n is the carrier density. The change
in photocurrent (J) can arise from two processes. The first is from the acceleration
of carriers under the influence of an electric field, En.%% and the second is due to the
rapid change of the carrier density via a fs laser pulse, Ev%%. Thus, according to the
origin of electromagnetic radiation from a biased semiconductor, it can be divided
into two parts (refer to equation 2.2): the first part is due to carrier acceleration and
the second is due to change in carrier density.
ov

on
ETHZ o EVE + E’I’IE {22]

2.3 Detection of THz using photoconductive sampling

THz detection by photoconductive sampling is identical to photoconductive gen-
eration, except for how the bias electric field is provided to the antenna. The bias
electric field is provided by the electric field of the focused THz pulse directed
onto the antenna. An ultrashort fs laser is utilized to illuminate the ~ 5 pm gap be-
tween the electrodes on the semiconductor surface, utilizing photons with energy
larger than the band gap, forming a transient conductivity window. Throughout
the lifespan of the transient conductivity window, the THz field generates a current
proportional to its amplitude [19]. A lock-in amplifier, which works at the same

frequency as the modulation of the emitter bias, amplifies and detects this current.

J(t) =j os(t— t)Enpo(t))dt’, (23)

—oD
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where o;(t) is the transient surface conductivity [38]. The increased current results

from a convolution of the THz field and the transient photoconductivity window.

2.4 Using THz radiation to probe samples

THz-TDS is typically performed either in transmission or reflection. Transmission
geometry is particularly desirable for many applications, and it is the geometry
employed in this study, which is explained in further detail in the next section.
The emitter and detector were positioned in a line in the transmission configura-
tion. A sample holder on a rotating mount was inserted between the transmitter
and detector. This holder allows the sample to be placed at any angle. Typically,
an aperture or lens is employed to limit the beam to only pass through the sample.
The following procedure is used to perform measurements in the transmission ge-
ometry: (a) a reference scan is taken with no sample between the transmitter and
receiver; (b) a sample scan is taken by adding a sample between the transmitter
and receiver. The arrangement of the transmission configuration setup is shown
in Figure 2.3. In this thesis, a modified Picometrix T-ray 4000 system was used
to perform the THz-TDS. The T-Ray 4000 spectrometer generates THz signals at
a rate of 1000 waveforms per second in an 80 ps window with a bandwidth from
approximately 0.1-1 THz, and a THz beam diameter (1/e electric field) of approx-
imately 30 mm. The sample-specific details for the Picometrix T-ray 4000 system
are discussed later in Chapter 4 by using MCC as a sample.

2.5 Analysis of the data

This section explores the mathematical methods for extracting information from

acquired data in further detail. As discussed above, the transmission geometry is
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Figure 2.3: The configuration for transmission spectroscopy: Tx represents a trans-
mitter and Ry represents a receiver.

used to acquire experimental data. The index of refraction and absorption coef-
ficient are analyzed with the help of the MATLAB computer language. There are
two models that were considered to analyze the data. The thick sample approxima-
tion of Duvillaret [39] and a fully numerical method (the inverse electromagnetic

problem) developed by Koch et al. [40].

2.5.1 Duvillaret’s Method

Duvillaret’s method is computationally very fast for extracting the parameters of
an optically thick material. The optically thick sample can be defined as a sam-
ple with temporally well-separated echoes of the THz pulse [39]. These echoes
are caused by the multiple reflections within the sample. Thus, for optically thick
samples, the first pulse that is directly transmitted through the sample is the main
pulse, and its replicas can be ignored. This makes the case of optically thick sam-
ples easy to solve. It considers the following assumptions: The sample is homo-
geneous and has two flat and parallel sides. It also considers the magnetically
isotropic nature of the sample, the neighboring materials, and the linear electro-
magnetic response of the media. One of the most critical parameters in this method
is the thickness of the sample. According to this method, the complex dielectric

function is calculated from the THz measurements by using the following rela-
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tion [39] [41]:

et L [y —fia) ’ (2.4)

where E, (v) is the electric field amplitude of the reference measurement Eg (v)
is the electric field amplitude of the transmitted field, v is the frequency, L is the
thickness of the sample under consideration, c is the speed of the light, f;, is the
refractive index of the sample, and fi, is the refractive index of the reference. Also,
tag and tga are the two Fresnel transmission coefficients from sample A to B and
sample B to A, respectively. For normal incidence, the Fresnel transmission coeffi-

cients are given by:

A n;
1) — Tl.-i+n.njr

(2.5)

where 7 is the index of refraction of the incident medium and #; is the index of
refraction of the sample. Also, the index of refraction may be complex in nature,

s0 it can be defined as:

ip = ny + ik (2.6)

where ny and kyp are the refractive index and extinction coefficient of the sample,
respectively. The index of refraction and absorption coefficient can be calculated

by using the following equations [39]:

Bc

gy =t b (2.7)
2. [Rimp+1)?
ah — —t In [T r {28]

where
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dmvk
o= — 2, (2.9)

and R and 0 are the amplitude and phase of the ratio of the reference field to the

transmitted field when we compare it to the following equation in Euler form:

Etrans h"]

— Re'?, 2.10
Eref{v} 2 [ ]

where Erer(v) is the reference field in the frequency domain and Eirans(v) is the
transmitted field in the frequency domain. The frequency domain fields are ob-
tained by Fourier transformation of the measured time-domain signals.

To highlight the thick sample approximation method, 20 sheets of paper are
used as the sample, from which the index of refraction and absorption coefficient
can be determined. Each sheet of paper is approximately 0.1 mm thick. The data
was collected using the modified Picometrix T-Ray 4000 THz spectrometer as de-
scribed in section 2.4 at the Wood Innovation Research Lab (WIRL). The THz sig-
nals of the 20 sheets of paper with and without samples can be found in Figure
24

The results of paper spectroscopy using Duvillaret’s method of analysis are
given in Figures 2.5 and 2.6. These two Figures indicate the variation of the mean
value (red line in Figures 2.5 and 2.6) of the index of refraction and absorption
coefficient with respect to frequency, obtained by using the THz data from five
different runs and averaging them. The black lines in Figures 2.5 and 2.6 indicate
the one standard deviation error bars for an index of refraction and the absorption
coefficient, respectively. As indicated from Figure 2.5, the refractive index of the
paper is almost constant with frequency, and the absorption coefficient, Figure 2.6,
of the paper increases with increasing frequency. As the error bars in both Figures

2.5 and 2.6 are relatively narrow, this indicates most of the data for paper spec-
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Figure 2.4: Variation of the amplitude of the THz beam in the presence and absence
of sample with respect to time for paper. Red line: reference THz beam, and blue
line: beam in the presence of the sample.

troscopy obtained using THz-TDS is placed around the mean value and there is
low variability and error in the measurements.

Because the thickness of the sample is known, the index of refraction and ab-
sorption coefficient can also be calculated by using the explicit relations given be-

low:

-t
n = Nair + o ;Ela}ri (2.11)
2 Esample )
d 8 (Erefemnce

where ng;, stands for the index of refraction of air, ¢ is the speed of light, tgiay
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Figure 2.5: Variation of Index of refraction with respect to frequency by calculating
the mean (red) and standard deviation (black) for five runs for 20 sheets of paper

as a sample.

is the time delay between the reference signal and the sample signal, and d is
the thickness of the sample. Also, E, np1e indicates the field when the THz beam
passes through the sample, and E,.ference is the field when no sample is in place.
The time delay between the reference and sample THz waveforms (3.9 ps) from
Figure 2.4 and the known thickness of the sample (2 mm) is used to calculate the
index of refraction explicitly by using equation 2.11, which came out to be 1.58,
which is comparable with the value of the index of refraction, 1.54, found in Fig-
ure 2.5 with a percentage difference of 2.5%. Similarly, the absorption coefficient
for the sample can be explicitly derived by using equation 2.12 and the change in

amplitude between the sample and reference THz waveform in Figure 2.4. By us-
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Figure 2.6: Variation of absorption coefficient with change in frequency by calcula-
tion mean and standard deviation for five runs for 20 sheets of paper as a sample.

ing the thickness, d, as 2 mm and the ratio of sample to reference amplitude (refer
to Figure 2.4), it came out to be approximately 1.62 cm™'. This is consistent with
the results found in Figure 2.6, as the absorption coefficient started varying from
1.59 to 20.06 cm ™!, with frequency ranging from 0.1 to 0.6 THz.

2.5.2 The Numerical Method

The second method is called the inverse electromagnetic problem because, in this
method, the refractive index is measured by the effect caused on the electric field
of a THz wave after passing through the material under study, as given in Koch et

al. [40]. Like the previous method, it makes some assumptions and uses a specific
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notation to describe the method mathematically. In this method, it is assumed
that the properties of the materials are homogeneous with respect to position and
direction. The second important assumption is that the interfaces between the
mediums are flat and parallel to each other, thus neglecting any scattering of the
beam. This method also assumes the normal incidence of THz radiation so that the
angle of incidence is zero.

As the ray is reflected and transmitted multiple times, for the material parame-
ter extraction, the first step is to perform the preliminary signal processing, which
includes the linear offset compensation of raw time domain data and the determi-
nation of the reliable frequency range. Moreover, this method is useful for evalu-
ating the unknown sample’s thickness. This can be done by first considering the
appropriate thickness range and then by determining the degree of total variation
(TV) from the index of refraction and absorption data. Therefore, another differ-
ence between the two methods discussed is that Koch’s method can be used for
highly dispersive and noisy data. This method works on the condition that the
waveforms contained in the time-domain data should have one main transmis-
sion and at least two smaller multiple reflections. These two smaller reflections are
obtained due to the multiple internal reflections in the sample, which is expected,
i.e., the Fabry-Perot effect.

Assuming that EZ}; (w) and Ef, .. (w) are the reference and transmitted signals,
then the equation for the frequency-dependent transfer function can be written
as [40]

) = Foma(®) 213
Hexpen.ment[ ] Eer:f[w] [ ]

The signal propagation through the sample is shown in Figure 2.7. The 0 and 1
written at the top of Figure 2.7 indicate air and sample, respectively.
As indicated in Figure 2.7, when the electric field approaches the flat or par-
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Figure 2.7: The representation of Fabry-Perot reflections from the incident electric
field E(init) transmitting through the sample with a different refractive index that
is surrounded by air. Ty represents a transmitter and Ry represents a receiver.

allel edges, it gets divided into two portions. One portion is the reflected part of
the initial electric field, and the remaining portion gets transmitted into the sam-
ple. Then, the transmitted portion in the sample experiences multiple internal re-
flections in the sample and these reflections are known as Fabry-Perot reflections.
With each consecutive reflection, the intensity of the electric field gets weaker. In
transmission spectroscopy, the reflected signal is not a part of Eirans, therefore it is
neglected. Therefore, after collecting all the multiple reflections from this geome-

try, the equation for Eirans can be written as,

b
Etrans = EinitPo(x — UtorP1 (Vtro [l £ Z{T%ap%f] : (Z15)

i=1

where b represents the number of Fabry Perot reflections, 1 indicates the thickness
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of the sample, roiis the Fresnel reflection coefficient from air to sample and, to;
indicates the Fresnel transmission coefficient from air to sample that can be cal-
culated using equation 2.5. The expression for the reference THz field that only

propagates through air can be written as:

Eref = EinitPo(x) (2.15)

Therefore, the expression for the theoretical transfer function for which the ratio

of Eirans to E;.r can be written as:

Etrans

Hiheo = & Po(—L)tor1P1tyo

]
1+Z[r%np%]i] (2.16)

ref i=1

This transfer function can be used to obtain the material parameters, the index of
refraction (n), and the extinction coefficient (k), which can be extracted numeri-
cally. To extract these parameters, first the assumption of the range of n and k is
made. The best combination is taken where Hyy,,, is arbitrarily close to Heyp. To
achieve the proper convergence of the results, the number of Fabry Perot reflec-

tions is also assumed. This can be done as follows:

B s e 0 (—%m), (2.17)

therefore, k; becomes:

1
feyueande
L 1

E|S

log ('E‘:{"—ﬂ) : (2.18)

Here, E(,.f max) @0d Ef40ne max) T€present the maximum reference and transmitted

signal respectively.

At=—" (2.19)
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where, 5t is the time delay between two signals and én is the difference between
the index of refraction for sample and air, c; is the speed of light and the thickness
of the sample is indicated by 1. Also, for this method, the number of Fabry-Perot
reflections, indicated by 5, should be the greatest integer that satisfies the following

relation:

%n;%hﬂ+HL (2.21)
0

It is important to note that this method can only be implemented when the sam-
ples are thin (when compared to optically thick samples, multiple reflections need
to be present in the measured signal) and they experience multiple reflections that
fall within the temporal window of the accumulated THz signal. The analysis us-
ing this method was performed on the same sample that was used in Duvillret's
method, i.e., 20 sheets of paper, with each sheet of paper approximately 0.1 mm
thick. The same sample was taken to make a comparison between the results ob-
tained with both methods. The data was collected using a modified Picometrix
T-Ray 4000 THz spectrometer (refer to section 2.4 for details) present at the Wood
Innovation Research Lab (WIRL). The results for an index of refraction and an ab-
sorption coefficient are presented in Figures 2.8 and 2.9, respectively. From the
comparison of the index of refraction (Figure 2.5) and absorption coefficient (Fig-
ure 2.6) obtained by Duvillaret’s method to the index of refraction (Figure 2.8) and
absorption coefficient (Figure 2.9) obtained with the numerical method, the results
for the index of refraction came out to be comparable to each other with a percent-
age difference of 2.63%.

In this thesis, we will mostly use Duvilllaret’s method to analyze because the
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Figure 2.8: Index of refraction for 20 sheets of paper as a sample using Koch's
method.

thickness of the material gives no multiple reflections in the temporal window,

although the numerical approach within the numerical method will also be used

to analyze data later in the thesis.
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Figure 2.9: Absorption coefficient for 20 sheets of paper as a sample using Koch's
method.
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Chapter 3

Microcrystalline Cellulose: Structure

and Interaction with Water

3.1 Abstract

The hydration of microcrystalline cellulose (MCC) with water vapor sorption us-
ing Brunauer-Emmett-Teller (BET) theory was studied. From the sorption isotherm,
it was found that there may be different kinds of water present during the hy-
dration of microcrystalline cellulose as the relative humidity (RH) increases. The
specific surface area was calculated using Brunauer-Emmett-Teller (BET) nitrogen
adsorption, and it came out that the specific surface area of MCC is much larger
when it is calculated using water adsorption. Thermogravimetric analysis (TGA)

was performed to understand the thermal properties of microcrystalline cellulose.

3.2 Introduction

In wood science, extensive research has been dedicated to understanding the in-

teraction between water and wood material, often employing techniques like THz-



TDS. However, to understand water-wood interactions comprehensively, explor-
ing how water behaves within wood composites, especially cellulose, is essential.
This study is important to understand whether the overall behavior of MCC re-
mains consistent with that of wood or exhibits variations.

EXTRANEOUS
MATERIAL

HOLOCELLULOSE LIGNIN

65 - 80%

! l
FemiceLLuLose JRRESING AND OLS

NOT A PART OF

WOOD ANATOMY

Figure 3.1: Flowchart of the chemical composition of wood.

Wood, a complex and natural material, primarily comprises three fundamental
constituents: holocellulose, lignin, and extraneous matter. Holocellulose, consti-
tuting approximately 65-80% of wood’s composition, encompasses cellulose and
hemicellulose. However, it is crucial to recognize that the exact proportions of
these constituents can exhibit considerable variation based on the wood species or
even variations within the same species. In addition to holocellulose and lignin,

wood contains extraneous materials, such as organic extractives and inorganic
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minerals. The elemental composition of wood primarily consists of 50% carbon,
6% hydrogen, and 44% oxygen. Trace amounts of various metal ions are present
in wood, contributing to its overall chemical composition [42]. The flowchart il-
lustrating the chemical composition of wood is given in Figure 3.1. Given that
cellulose is the primary component of wood, this thesis focuses on using MCC as
a model material to study water’s interaction and behavior. Using MCC offers
several advantages, primarily eliminating various extraneous materials present in
natural wood, thereby simplifying the study model. Furthermore, MCC's well-
defined crystalline structure facilitates precise investigations into water-cellulose
interactions.

The study of water interaction with MCC is an important step in understand-
ing fundamental processes relevant to wood science and industrial applications of
wood science using THz spectroscopy. Therefore, the upcoming paragraphs will
discuss the details of cellulose and MCC and finally discuss the interaction of wa-
ter with cellulose.

Cellulose, the predominant component of plant cell walls, accounts for approx-
imately 40-45% of their composition. It is a linear polymer composed of p-D glu-
cose units [43], linked by (1—4) glycosidic bonds to form cellobiose residues, the
repeating units within the cellulose chain. The chemical constitution of cellulose
is represented in Figure 3.2. The B configuration induces a 180° rotation of alter-
nating glucose units, making the cellulose chains rigid and straight. The inher-
ent stiffness and linearity of cellulose chains favor their organization into bundles
with a high degree of crystalline order, stabilized by hydrogen bonds. Depend-
ing on the different plant tissues, the proportion of cellulose in them varies. As
an example: wood contains approximately 40-50% of cellulose on an oven-dry ba-
sis, as discussed earlier, and there is approximately 98% cellulose present in cotton

hair. To study the interaction of water with cellulose (our purpose), it is important
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to consider that cellulose possesses highly ordered crystalline regions, it also con-
tains disordered or amorphous regions. Cellulose is insoluble in water due to the
robust hydrogen bonding between its chains, preventing water from disrupting
these bonds. However, cellulose readily absorbs and desorbs water in the amor-

phous regions where hydroxyl groups are not engaged in interchain bonding.

CH.O0H
) O oH
i
(a1} oH
HO H
H oy
CHLOH H O
H il 0
H
oH —0 B

(B}

Figure 3.2: The chemical constitution of cellulose. (a) Molecule of B-glucose (b)
representation of part of the cellulose molecule, a 1-4 polymer of B-glucose.

MCC, a naturally occurring substance is obtained from purified and partially
depolymerized cellulose [44]. Its purification process of the treatment of a-cellulose
with an excessive amount of mineral acids, among other important steps [44] [45]
[46]. Marketed by FMC Corporation, MCC was first commercialized in 1962 under
the name Avicel®.

MCC can either be obtained in a fine-particle powdered form or a colloidal
form. Figure 3.3, describes the manufacturing process of MCC from the cellu-

lose sources. In recent times, MCC has garnered significant industrial attention
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due to its versatile applications, including its use as a raw material in the produc-
tion of synthetic yarn and its relevance in pharmacology, cosmetics, and ceram-
ics [45] [47]. The applications of MCC can be modified according to their resultant
form. For example, if present in colloidal form, MCC can be used as a suspen-
sion stabilizer, a water retainer, a viscosity regulator, and an emulsifier in different
pastes and creams. In powder form, it can be used as a binder and filler in food,
medical tablets, and particularly as a reinforcement agent [48] in the development
of polymer composites.

MCC is known for its stiffness, strength, fibrous nature, non-toxicity, water
insolubility, crystallinity, cost-effectiveness, low density, biodegradability, and re-
newability, making it an attractive choice in various applications in different fields
[49].

THz-TDS has gained a lot of interest in studying cellulose. In one of the cases,
the crystallinity index of MCC was studied by combining the THz-TDS with the
partial least square method [24]. In another case, the THz-TDS was used to per-
form the crystallographic analysis in cellulose obtained from different sources [22].
THz-TDS has been used to study the artifacts made up of cellulose and provide a
quantitative assessment of the state of preservation of those artifacts [14] [26]. It
has been used to measure the effective refractive index and absorbance spectra of
whole tablets made up of MCC and other components and to quantify fragmenta-
tion upon tableting [25].

In this thesis, we will be using THz-TDS to probe water dynamics in MCC. To
probe water dynamics in the cellulose structure, it is first important to study the
sorption isotherm of the MCC. To study the sorption isotherms, we are first going
to define the MC in the next paragraph.

Most natural materials are inherently hygroscopic, which means that their MC

varies in response to changes in RH and temperature (T) in their surroundings.
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With the change in MC, the physical and mechanical properties of materials change
[50] [51]. In this study, MC is assessed on an oven-dry basis, expressed as a percent-

age difference between the wet mass and the mass obtained after oven-drying. [32]:

MC = (m;—"‘ﬂd) x 100% (3.1)
od

where, m represents the wet mass, and m,4 is the mass after oven-drying. The fol-
lowing paragraphs are going to discuss the important details of sorption isotherms
and water sorption in cellulose.

When a hygroscopic material is exposed to a fixed RH at a constant tempera-
ture, the material develops the same MC as the surrounding atmosphere, which
is known as the equilibrium moisture content (EMC). The relationship between
EMC and RH is often depicted as a sorption isotherm. These isotherms vary sig-
nificantly depending on the material under examination, making them valuable
tools for probing the interaction of water with samples. Therefore, these sorp-
tion isotherms can be described as the variation of the mass of water taken up
per unit mass of dry solid versus RH, 100(P/Po), where P and Py are the water
vapor pressure and the pressure of the pure liquid water, respectively. A typical
sorption isotherm for MCC, studied using the physical adsorption of gases, has
been characterized by its classical sigmoid shape [52]. This sigmoid shape of the
isotherms suggests the classical models and equations that can be used to describe
the physical adsorption of gases. These models are often referred to as sorption
models. These theories describe how sorbing molecules like water interact with
the adsorption surface.

In this thesis, we used the BET theory named after the authors Brunauer, Em-
mett, and Teller to describe the sorption of water in cellulose. BET theory considers
multilayer adsorption by designating the primary and secondary water molecules.
In this multilayer adsorption theory, it is considered that the monolayers are tightly
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bound to the cellulose and the secondary (or higher) layers behave more like liquid
water [52] [53].

The BET equation, which can be used to describe the relationship between
moisture content (M), RH fraction (h), moisture adsorbed by the monolayer (M,,,),

and a constant (C) is given as:

k... +[C—]}h
M(1—h) MmnC MnC

(3.2)

The equation of a line in general for a slope s and intercept i, can be presented

as:

y=ms+i (3.3)

When compared, equations 3.2 and 3.3 generate a straight-line relationship be-
tween ﬁ and the relative pressure (h). From comparison, the slope (s) and

intercept (i) can be written as

5= M..C (3.4)
= (3.5)
1= Mo C 2
By combining the equations 3.4 and 3.5, M, can be obtained as
1
Mp = (3.6)

s+1

As a powerful tool for understanding moisture adsorption, the BET equation
(equation 3.2) can be employed to construct BET isotherms.
The BET equation was modified to account for scenarios where multiple layers

of water molecules may form on the surface. This modification allows for a more
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comprehensive representation of moisture adsorption processes, considering the
possibility of more water layers accumulating on the surface. The modified BET
equation is given by:

[Ch(1 — (n+ 1)h™ +nh(™H1)]

M= Mx (1—h)[1 +(C— 1)h— Chint] (3:7)

where n is the number of layers and other variables have the same meaning as
before.

As represented by equation 3.7, the modified BET equation can also be used to
calculate the number of layers formed on the substrate (refer to Figure 3.5).

In the upcoming sections of this Chapter, the materials and methods used to
study the sorption isotherm of MCC using BET theory will be discussed. More-
over, the BET theory was also used to determine the surface area available for
nitrogen adsorption. TGA (Thermogravimetric Analysis) was performed on the
MCC samples to study the thermal stability and water loss in MCC.

3.3 Materials and methods

The materials and methods used in study of this Chapter are discussed next.

3.3.1 Sorption isotherm

The MCC was obtained from Sigma-Aldrich, and at first, the MCC powder was
oven-dried in a convection oven for 24 hours at 100+2°C to determine the oven-
dried mass of the MCC. Once the powder was oven-dried, approximately 15 (+0.02)
grams of MCC were weighed on the scale and transferred to a clear petri dish with
100 mmx15 mm dimensions. The powder was then settled with the help of vi-
brations for at least five minutes. Once the thickness of the powder was uniform,

the pre-measurements of thickness and mass were taken. Afterward, the filled
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petri dishes were conditioned at different RHs to obtain different MCs. This was
done with the help of desiccators with constant RH and saturated salt solutions.
The saturated salt solutions contained Lithium Chloride (LiCl, RH = 11.3%), Cal-
cium Chloride (CaCl;, RH = 31%), Potassium Fluoride (KF, RH = 65%), Sodium
Sulphate (Na;S04, RH = 91%), and water (H,0, RH=99%) obtained from SIGMA-
ALDRICH. The samples were left in the desiccators for at least 48 hours to make
sure that they had an EMC. Once the equilibrium was reached (determined by no
change in mass), the samples were removed from the desiccators, and the mass
and thickness of the MCC were recorded again. This data collection was used to
get the variation of MC in MCC with respect to RH, to produce sorption isotherm.
The saturated salt solution and their corresponding RH used to study the water

sorption in MCC are summarized in Table 3.1.

Saturated Salt Solution Relative Humidity (RH%)
Lithium Chloride 11.3
Calcium Chloride 31
Potassium Fluoride 65
Sodium Sulphate 91
Water 99

Table 3.1: Saturated salt solutions and their corresponding RH% used to study
moisture sorption by the MCC samples.

3.3.2 Nitrogen sorption

Using Brunaur-Emmett-Teller (BET) theory, [54] specific surface areas and the pore
distribution of samples were measured using Autosorb-1 device Quantachrome
instrument. The sample was outgassed at 105°C for 21 hours and measured for

surface area and adsorption/desorption on a NOVA 2000e surface area analyzer.



3.3.3 Thermogravimetric Analysis (TGA)

Thermo-gravimetric analysis (TGA) was used to determine the thermal stability of
MCC. It was performed on TA Instruments Discovery (TGA), from 25°C to 700°C,

at a rate of 1°C/min and 10°C/ min under a nitrogen flow rate of 25 mL/min.

3.4 Results and discussion

The sorption isotherm of MCC is depicted in Figure 3.4. It was noticed that mois-
ture sorption in MCC is linear at RH levels below 25% as moisture uptake in MCC
remains low and gradual within this RH range. However, as RH increases be-
yond this range, the MC in MCC rises more rapidly, signifying increased moisture
adsorption and the relationship is not linear anymore. In fact, a deviation from lin-
earity and an upward shift was observed in the region of about 65% RH. A similar
trend was noticed by Stubberud et al. [55] in the study of sorption isotherms for
MCC.

The sigmoidal shape of the isotherm was obtained by using equation 3.7, for the
number of layers (n) is equal to 1 and 10, as represented in Figure 3.5. It was found
that the BET equation does fit the water vapor sorption data of MCC, but only up
to between 0.3 to 0.4 RHs, as consistent with Zografi et al. [52]. The value of Wiy,
which is the weight sorbed corresponding to one water molecule per sorption site
on the solid, came out to be 0.052 g H,0/g of dry MCC and may represent the
amount of water absorbed in the monolayer.

These BET results can be explained with the help of a general model for water
sorption on cellulose and starch by Zografi et al. [52] as follows: Atlow RH values,
the water is bound directly to the available sorption sites in cellulose. Up to about
60% RH or at the intermediate values of RH, the polymer-polymer hydrogen bonds

get broken, and this creates more primary sorption sites available for the upcoming
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Figure 3.4: Variation of MC (oven-dry basis) in MCC as a function of RH.

water molecules. Thus, the water molecules start binding with the other water
molecules already bound with the cellulose structure. In the end, with higher RHs,
more sorption sites can become available and more water molecules can bind to the
structure. At this point, the water may not bind directly to the sites that are bound
to the primary sites, giving rise to different states of water. By using this model,
we can interpret that the moisture below around 60% RH can reflect the properties
of bound water, and at higher RH values, we can expect the water to behave like
bulk water. This concept will be further studied in Chapter 4 of this thesis, but
with the help of THz-TDS.

The BET-specific surface area using N; was 2.838 m?/g and the surface area
available for water adsorption was calculated by the assumption that each water

molecule occupies a surface area of 0.105 nm?Z, the surface area available for water
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Figure 3.5: Fit of BET equation to water vapor sorption data for MCC. The value
of n = 1 represents the monomolecular layer. It is also been plotted for the n= 10
number of layers.

comes out tobe 182.5 m?/ g [30], which is consistent with the literature as the model
calculations of monolayers of adsorbed water show values around 120-190 m?/g
[56].

As it is clear by looking at the numbers, the difference between the surface area
for water and nitrogen is very large. This large difference between the surface
area of water and nitrogen on the MCC surface indicates that the mechanisms of
adsorption processes of water and nitrogen on the MCC is different from each
other as found by Kocherbitov et al. [30], Ardizzone et al. [45] and Nam-Tran et
al. [56].

Thermogravimetric analysis (TGA) is an analytical technique used in various
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scientific and industrial applications to study the thermal properties of materials.
TGA measures a sample’s weight change as a function of tempearture. At the same
time, it is subjected to a controlled temperature program in an inert or oxidative
atmosphere. The principle behind TGA is based on the fact that most materials
undergo physical or chemical changes as they are heated, leading to weight loss or
gain. TGA helps in identifying these changes and quantifying them. The thermal
stabilities [45] of MCC are illustrated in Figure 3.6.
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Run 'b'-10°C/minute
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—
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Figure 3.6: TGA analysis of MCC sample. Run (a) TGA performed at rate of 1° C
Run (b) TGA performed at rate of 10° C.

The initial weight loss in Figure 3.6, in both of the runs, below 100° C, is at-
tributed to the evaporation of the retained moisture from the MCC sample. After

this initial, rapid, and small weight loss, the plateau region was noticed from tem-
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peratures ranging from about 100° C to 200° C. The major weight loss was noticed
after the plateau region in both runs in Figure 3.6, which is attributed to the final
decomposition of the MCC sample. A similar trend was also found by Ardizzone
et al. [45], where the variation in the scanning rates produced the variation in the

weight loss and in the temperature range of the plateau region.

3.5 Summary

In this chapter, we used the BET theory to understand the water sorption and
formation of water layers in MCC. According to this theory, the water first gets
tightly bound at primary sorption sites at RH below 60%, and as the RH increases
above 60% it starts to occupy secondary sorption sites. Therefore, from this un-
derstanding, a prediction can be made that at lower MC, the water gets sorbed
on primary sorption sites and behaves like ice (irrotational water molecules). As
the MC increases, the water is less tightly bound and therefore behaves like free
water. Therefore, we should expect to see the transition between these two differ-
ent states of water present in MCC as the moisture increases. BET sorption theory
isotherms could also be used to measure the number of layers of water present in
the composite system and study how the number of water layers changes as the
moisture content is increased. The ultimate goal of using this theory was to find
out the accurate thickness of the water layers present in the cellulose-water system
but due to such a large variation in the surface areas found using Nitrogen and
water, a large error in the prediction of accurate thickness was possible. Thus the
accurate thickness was not measured in this thesis which helped us to modify our
effective medium theory in Chapter 4 to a simple theory that did not involve any
parameter directly related to the thickness of water. The TGA graphs also indi-
cated the presence of differently bound water in MCC samples [57]. Below 100°
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C, the sample mass rapidly declined due to the presence of loosely bound water
molecules. At temperatures greater than 100° C, the sample is expected to contain
tightly bound water and a major loss in sample weight was noticed at about 200° C
where the sample is decomposed. Therefore, as the presence of differently bound
water is indicated by the TGA analysis, we expect to see a change in the dielectric
function of water in MCC with a change in MC (this will be further discussed in
detail in Chapter 4). The study of this transition between ice and free water-like
molecules in the MCC structure is the main focus of this thesis. This concept was

further studied in Chapter 4 with the help of THz-TDS.



Chapter 4

Probing Water Dynamics in MCC
using THz-TDS

4.1 Abstract

Terahertz time-domain spectroscopy was used to probe water dynamics in micro-
crystalline cellulose structures. To achieve this goal, the dielectric constant of wa-
ter in microcrystalline cellulose (MCC) samples at different MCs was studied with
the help of THz-TDS. With the application of THz-TDS, the amplitude and phase
change were related to the absorption coefficient and refractive index of water ab-
sorbed into MCC samples. The absorption coefficient and index of refraction were
then used to get the effective dielectric function of MCC at different MCs. Also, to
investigate the dependence of the dielectric constant of water on the MC, a simple

mixing theory model was used by taking two samples at different but similar MCs.
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4.2 Introduction

Wood is made up of polymers like holocellulose and lignin, which are hydrophilic.
The structure of these components contains hydroxyl and carboxylic groups. The
hydroxyl groups are primarily responsible for wood-water interactions, but the
carboxylic group can also interact with water. These chemical groups, which can
attract water toward them in wood structures, are considered sorption sites.

Wood, being a hygroscopic material, experiences fluctuations in its MC based
on the relative humidity (RH) and temperature (T). Its dimensional changes, whether
swelling or shrinking, are directly tied to variations in MC. Under constant tem-
perature and exposure to fixed RH, wood reaches an EMC of the same nature as
its surrounding atmosphere. In this study, the MC is defined on an oven-dry basis

as:

MC = (w) x 100% (4.1)
Magd

As discussed in Chapter 3, water in wood can be found in two forms: bound
and free. Bound water is chemically bound to the cell wall by intermolecular hy-
drogen bonds with the hydroxyl groups, and it behaves differently than free water.
Therefore, from the perspective of the wood manufacturing industry, it becomes
crucial to study the variation of MC in wood and its components. For the same
reason, studying the dielectric function of water with changes in MC is essential.

THz-TDS has emerged as a significant tool in wood science due to its unique
capabilities and transparency to frequencies below 1 THz. The dielectric relaxation
response of water within the THz frequency range provides insights into the ability
of water’s permanent dipoles to respond to oscillating fields. When an electric field

._“f is applied, water molecules’ permanent dipoles TJ) align with the field, inducing



polarization according to the following equation:
P=5P=(e—e)E, (4.2)

where ¢ is the permittivity of the vacuum. Water molecules strive to reorient their
dipole moments in line with the oscillating electric field. If the field frequency
surpasses the water molecules’ reorientation frequency, alignment becomes lim-
ited, reducing induced polarization and the dielectric constant. Therefore, the
frequency-dependent dielectric response offers details about water molecule re-
orientation dynamics [19]. In the case of wood-water dynamics, water molecules
have slower dynamics due to interaction with the cell wall; the water molecules
become irrotational and are referred to as bound water.

In previous studies and experiments on wood, it has been found that the re-
laxation time of bound water molecules is different from the relaxation time of
free water molecules and ice. It happens because the bound water molecules form
strong hydrogen bonds with the available sorption sites in the wood cell wall as
compared to the free water. Therefore, in wood, the dielectric constant of water
varies depending upon the relaxation time of those water molecules [58] [59] (de-
tailed discussion presented in section 4.4). As cellulose is the main composite of
wood, one can expect to see a transition or change in the dielectric constant of

water with the change in MC in MCC.

4.2.1 Effective Medium Theory

THz radiation is sensitive to water, so studying water dynamics in cellulose sys-
tems using THz is beneficial. As we already studied in the previous chapters, the
properties of microcrystalline cellulose and wood vary significantly with changes
in MC [60]. Effective medium models, often called effective medium theories
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(EMT), are theoretical approaches to studying heterogeneous media. These mod-
els simplify the description of such complex materials by treating them as homo-
geneous media with effective properties. In this thesis, EMT is used to model the
interaction of THz with the MCC. The following section discusses the overview
and characteristics of the most commonly used EMT models. Below is an overview
of the most commonly used EMT models and the parallel model which is used to
study the dielectric function of water in MCC in this thesis.

4.2.1.1 Maxwell-Garnet Effective Medium Theory

The Maxwell-Garnet (MG) model is a well-known Effective Medium Theory (EMT)
model used to investigate the effective polarizability of spherical inclusions inside
a host matrix. This approach is applicable when the volume fraction of inclusions
is low. The MG model is not generally used when there is a significant difference in
permittivity between the inclusions and the host material. Its derivation is based
on fundamental electrostatic principles and requires knowledge of the permittiv-
ity of the host material [19] [61] [62]. The effective permittivity ez of the composite

system is defined as follows:

EE:—I— ZEEI; R :I—i- EEEhh (4.3)

In equation 4.3, the effective permittivity of the composite medium is repre-
sented by eg and ¢), represents the permittivity of the host material. The permittiv-
ity of the inclusions is given by ¢, and f, denotes the volume fraction of inclusions.
In conclusion, the Maxwell-Garnet model is a valuable tool for assessing the
electrical characteristics of composite materials, especially when dealing with low
inclusion concentrations. When dealing with materials with a significant variation

in permittivity between inclusions and the host, different models are frequently



used for understanding the electrical behavior of the composite.

4.21.2 Bruggman model

In its most basic form, the Bruggeman model represents spherical particles em-
bedded in a host material and can be employed when there is a considerable
disparity in permittivity. The Bruggeman model’s fundamental form is provided
by [19] [63]:

Yo gy = —F_—E; (4.4)

The Bruggeman model can also be written in a more generic form, by combin-
ing the Polder and Van Santen approaches with it. This generic form is known as

the extended Bruggeman (EB) model, and it can be written in its general form as

follows [62]:

2
ey, [E3NT AN ep—er. [1 +3N]Ep+[5—3N]EHJ[%]

fp—l—a [ _eh]{{1+3N]Ep+[5—3N]ER

(4.5)

where N is the depolarization factor that accounts for the geometry of the inclu-
sions. These models are all used to represent the effective dielectric characteristics
of mixtures in the THz region, but only under specified conditions. For exam-
ple, the Maxwell-Gamett theory explained in the previous paragraph calculates
the effective dielectric characteristics of a substance formed by dispersing small
spherical particles inside a host material [61]. The Bruggeman model calculates
the effective dielectric properties of many components in a mixture. Although
there are many EMT models available, it is important to understand which EMT is

most appropriate for the physical system being studied.



4.2.1.3 Parallel model: simple effective medium theory

Understanding the spatial organization or orientation of particles within a porous
medium holds significant value in predicting its macroscopic properties. This
knowledge and understanding can act as useful information for predicting the
bulk properties of porous mediums. According to prior knowledge of the per-
mittivity of composite mediums, one of the important assumptions for the EMT to
work is negligible scattering. This condition can be satisfied by taking the electro-
magnetic wave, which has a wavelength much longer compared to the size of the
particles in the composite medium.

Considering a specific porous medium, it is possible to envision a structured
arrangement of its diverse constituents within a capacitor. As the capacitor can
be connected in series and parallel, therefore, the pattern of arrangement of vari-
ous constituents present in the porous medium can either be parallel, series, or a
mixture or combination of both patterns [64]. In this thesis, the parallel connection
of the phases in a composite medium is considered which is also represented in
Figure 4.1. According to this theory, the inclusions are oriented parallel to the di-
rection of the applied electric field, therefore, it will experience no screening effect.
On the other side, if the inclusions are oriented in a completely perpendicular di-
rection to an applied electric field it will create maximum screening over the com-
posite medium, which gives the series model of EMT. This also indicates that the
parallel or series model of EMT is equivalent to the form of capacitors connected
in the parallel or series [64], respectively.

As in the parallel model [65] of EMT, all boundaries of inclusions are aligned in
the direction parallel to the applied electric field, therefore giving no or negligible
screening, providing the well-defined upper limit for the allowed range of ¢ of a
composite. Therefore, the parallel model is the simplest model that we can use to

understand the dielectric function of water in MCC providing the motivation of
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Figure 4.1: Pictorial representation of a three-phase striped composite medium,
where red arrow indicates the direction of the electric field.
using this theory in the present study.

The parallel model [64] [65] gives the effective property 1.+ as a linear function
of the properties of the continuous and dispersed phases, with a volume fraction

of the dispersed phase given as ¢. It can be represented as

Werr = (1 — @) +dbg (4.6)

To describe this theory, let us consider two materials, one with high MC and the
other with low MC. Let’s say that the material with high MC has a dielectric con-
stant of eg, and the sample with low MC has a dielectric constant of €. Therefore,

according to the simple mixing rule, we can write,

My, = My +M,, (4.7)

where My, is the mass of the sample with high MC, M is the mass of the sample
with low MC, and M,, is the additional mass of the water. Similarly, we can write
the density for the sample with high MC and low MC in terms of the volume

fraction of low MC (fi) and volume fraction of water (f,) according to the following
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relation:

Pr = fip1 + fwpw, (4.8)

such that

fitf=1 (4.9)

By using these equations, we can find the value of f,,. From equation 4.9 we have:

s Ty (4.10)

By using equation 4.10 in equation 4.8 we get:

Ph = “ T '-ijpl = 'prw (411]

After simplifying the equation, we have:

ph = p1+ fwlpw— p1) (4.12)
Therefore, f,, becomes:
Ph— PL
; 413
i (=13)

In terms of mass and volume of high and low MC, and also by considering Vi=V{=V,

the final equation becomes:

My, — M;

e 4.14
Vpw— M ( )

'.Fw ==

therefore, for this effective medium theory, the volume fraction of water can be
found by using relation 4.14. Once the value of f,, is known, the value of f| can be

calculated by using equation 4.10.



After the volume fractions are calculated, the simple EMT can be used to calcu-
late the dielectric constant of water from measured THz data.

In Chapter 2, we discussed the details of how dielectric properties can be ex-
tracted using THz measurements. The following paragraph will discuss how we
can incorporate the experimental measurements into the EMT. Therefore, from
Chapter 2, we know that if Ex (v) is the electric field amplitude of the reference

measurement Eg (v) is the electric field amplitude of the transmitted field, both

can be related as follows:
E J2rvl L &
8] _ 4 ster exp G2 (A — ) (4.15)
Ea(v)

The product of tag and tga is almost equal to 1. Therefore, equation 4.15 can be

written in a simplified manner as:

Egl[‘h"] i J2mvL A A
= T = expli (g — fia)) (4.16)

c

Here, 1y and 14 are the complex index of refraction for samples B and A, re-
spectively.

Now, according to equation 4.6, the effective index of refraction can be written
as:

Merf — f‘,uLﬁA i fBﬁE (4 1?)

Also, we can write:

where 1y, is the complex index of refraction of water. After utilizing equation 4.18

in equation 4.16, the equation becomes:
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Es(v) _ expi 2™

[f.&ﬁﬁ + fuwhw — ﬁ,&] ].r [4. 19]
which reduces to:

Ealal 2mvl
ks LA

il 30 (4.20)

(Funliw— 1)) = expli s

with:
N = fi,, — fia. (4.21)

Using equation 4.20, the value of the complex index of refraction, fi,, = nw +
ikw, can also be obtained, where the real part represents the index of refraction
(refer to equation 2.7) and the imaginary part is used to obtain the absorption co-
efficient (refer to equation 2.8). Because this equation depends on the thickness of
the sample (L) directly, therefore instead of using equation 4.20, a very simple ap-
proach was taken and equation 4.18 was directly used to get the dielectric function
of water. Also, in the preliminary analysis, the results using equation 4.20 were
found to be noisy, therefore, this method alongside other effective medium theory
models could be further studied in the future to improve the results.

Thus, the simple effective medium theory (equation 4.18) was used to study the
real and imaginary parts of the dielectric function of water in MCC by using the
measurements of the real and imaginary parts of the dielectric function of MCC.

This will be elaborated on in detail in the upcoming sections.

4.3 Materials and Methods

The following sections summarize the preparation of MCC samples for the THz
sample measurements. Also, the key details about the system and technology used

for the data collection are discussed.
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4.3.1 Sample preparation

The samples of MCC were obtained from Sigma-Aldrich. The samples were oven-
dried in a convection oven for 24 hours at 100+£2°C to determine the oven-dried
mass of the MCC. Once the powder was oven-dried, approximately 15 (+0.02)
grams of MCC was weighed on a ULINE balance scale (Model H-9884) with an
accuracy of 0.01 grams and transferred to a transparent petri dish with 100 mmx15
mm dimensions. The powder was then settled with the help of 0.75g vibrations
created by using an air compressor on the optical table for at least five minutes.
The vibration data was recorded with the help of a Physics Toolbar application
downloaded on a mobile phone. Once the thickness of the powder was uniform,
the pre-measurements of thickness and mass were taken. Afterward, the filled
Petri dishes were conditioned at different relative humidities (RH) to obtain differ-
ent MC's. The MCC is conditioned with the help of desiccators, having constant
RH with the help of saturated salt solutions. The saturated salt solutions contained
Lithium Chloride (LiCl, RH = 11.3%), Calcium Chloride (CaCl,, RH=31%), Potas-
sium Fluoride (KF, RH=65%), Sodium Sulphate (Na;50,, RH=91%), water (H;0,
RH=99%) obtained from SIGMA-ALDRICH. The saturated salt solution and their

corresponding RH% are summarized in Table 4.1.

Saturated Salt Solution Relative Humidity (RH%)
Lithium Chloride 11.3
Calcium Chloride 31
Potassium Fluoride 65
Sodium Sulphate 91
Water 99

Table 4.1: Saturated salt solutions and their corresponding RH% used for condi-
tioning the MCC samples.

The samples were left in the desiccators for at least 48 hours to make sure

that they had reached EMC. Once equilibrium was reached, the samples were re-
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moved from the desiccators and vacuum-sealed using a commercial vacuum seal-
ing unit. The vacuum-sealed MCC samples were weighed before and after each
THz measurement to ensure that MC did not change during the measurements.
Three samples for each MC were prepared, and THz measurements were repeated
three times for each sample of every MC at four different orientations of the sealed
samples: 0°, 90°, 180°, and 270° and averaged. This stepwise process of sample
preparation to THz spectral measurements is summarized in Figure 4.2. The con-
ditioning of the MCC samples and THz experiments was conducted at room tem-
perature (21+1°C). The physical dimensions and the mass of the MCC samples
were used to get the density and MC of the samples.

4.3.2 THz spectral measurements

In this thesis, the THz spectroscopy of MCC was performed using a transmission
geometry. The transmission measurements of the MCC samples were performed
using a Picometrix T-Ray 5000 THz spectrometer. The T-Ray 5000 spectrometer
generates THz signals at a rate of 100 waveforms per second in an 320 ps window
having bandwidth from approximately 0.1-2 THz, with a THz beam diameter (1/e
electric field) of approximately 30 mm. The basic setup is indicated in Figure 4.3.
The petri dishes were marked with 4 different orientations: 0°, 90°, 180° and
270°. The measurements were recorded at all four orientations for all the samples
to average out non-uniformity in thickness. Non-uniformity in thickness can lead
to variations in the measured density of the material. This can affect the interaction
of light with the material, leading to different indices of refraction and absorption
coefficients at different points in the sample area. It can also be seen from equa-
tions 2.7 and 2.8 (Chapter 2) that the index of refraction and absorption coefficients
are inversely proportional to the thickness; therefore, it is important to take mea-

surements at all four orientations to average out the non-uniformity due to varying
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Prepare 3 Petn dishes contaming MCC for each MC

Settle the MCC by vibrating the Petr1 dishes using an air compressor for five minutes

b

Prepare samples at 5 different MCs

Vacuum seal the MCC samples

Weight and thickness measurements of each conditioned sample recorded

¥
THz spectral measurements of each MCC sample at four different orientations

Figure 4.2: Flowchart showing the step-wise process of sample preparation to THz
spectral measurements.

thickness. Before each transmission measurement, a reference measurement was
taken with an empty, vacuum-sealed petri dish in the path of the THz beam (both
the reference empty and sample petri dishes were vacuum-sealed so that the dif-
ference between the reference and transmitted THz gave only information about
the MCC). After taking the THz measurements, the complex index of refraction
for MCC at different MCs was measured. The measured complex index of refrac-
tion was then used to get the complex dielectric function of MCC at different MCs,

which was then combined with effective medium theory to get the complex dielec-
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Figure 4.3: The representation of basic setup used to make THz spectral measure-
ments of MCC samples.

tric function of water in MCC. The flowchart indicating the measurement process

for the acquisition of the dielectric function of water is shown in Figure 4.4.

4.4 Results and Discussion

Water in microcrystalline cellulose causes a reduction in transmitted THz pulse
amplitude and a temporal shift of the THz pulse in the time domain. These two
values relate to the frequency-dependent complex refractive index of microcrys-
talline cellulose. Figure 4.5 depicts a typical THz pulse passing through a micro-
crystalline cellulose sample, with MC ranging from 2.65% to 16.73%.

The THz field diminishes with increasing MC, as shown in Figure 4.5. As ex-
pected from previous studies, in Figure 4.5, the lowest MC, specifically at 2.65%,
exhibits the highest amplitude and manifests an earlier arrival time in compari-
son to both the amplitude and phase shift observed at higher MCs. The reason
behind this phenomenon is the pronounced absorption of THz radiation by water
molecules. As discussed in Chapter 1, it is essential to recognize that THz radiation
interacts strongly with water molecules due to their dipole nature. Therefore, vari-
ation of the MC within a material also alters its optical response to THz radiation.
As MC rises, the attenuation of THz radiation intensifies, leading to a reduction in

pulse amplitude and a consequential delay in the arrival time of the pulse.
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Figure 4.5: Variation of THz field amplitude in time for variable MC in MCC sam-

ples. As the MC gets higher in MCC samples, the THz field amplitude decreases,
and the THz pulse comes later in time (phase shift or time delay).

The data in the time domain was Fourier transformed to the frequency domain.
The relationship between the dielectric function (e(v] = ”I[v]] and the complex
index of refraction is used to get the frequency-resolved real and imaginary parts of
the dielectric function, (¢). Figure 4.6 represents the measured frequency-resolved
real part of the dielectric function obtained from the THz spectroscopy of the MCC
at various MCs. The imaginary part of the frequency-resolved dielectric function
is shown in Figure 4.7. It can be noted in both Figures 4.6 and 4.7 that the real
and imaginary parts of the effective dielectric function of the MCC is changing
monotonically with a change in MC. As per literature [66] [19], the water below
10% MC in wood is mostly bound, and at high MC (usually above 30% MC), the
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water is mostly free. Therefore, as the nature of the water varies with the increase
in MC, we are expecting that the dielectric function of water in MCC will also
change with MC. A similar study has already been reported on wood [66], where
they defined four ranges of MCs to estimate the influence of water on the dielectric

properties of wood. The four ranges of MC and the type of moisture associated

with them are given in Table 4.2.
Type of Moisture Moisture Content Range (%)
Monomolecular moisture Oven-dry wood to 5% MC
Polymolecular moisture 5% to 18-23%MC
Capillary condensed moisture 18-23%MC to upto fiber saturation
point MC
Free water Above fiber saturation point ( 30%
MC)

Table 4.2: The four ranges of MC and the associated type of moisture with them.
As adapted from Torgovnikov G.1. 1993

According to this reported study on wood [66], the water associated with a
monomolecular layer interacts most strongly with the cell wall of wood. With an
increase in water content, the number of layers of water molecules increases, and
therefore, the interaction between the cell wall and adsorbed water starts to dimin-
ish [66]. Above 23% MC and up to the fiber saturation point, the moisture starts
approaching the capillary condensed form of MC, and the properties of this type of
water are found in between the properties of adsorption and free water. Therefore,
three types of bound water can be distinguished in wood, i.e., monomolecular,
polymolecular, and capillary condensed water [66]. Monomolecular water has the
most bond energy, and capillary condensed water has the least. As cellulose is the
primary component of wood, therefore, in this thesis, we tried to perform the same
study on MCC by taking only the first two kinds of bound water, i.e., monomolec-

ular moisture and polymolecular moisture, and free water into consideration. As
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the transition between these borders of bound water and free water is unknown,
this thesis revolves around the aim of finding the changes in the nature of water as

the transition process occurs.
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Figure 4.6: Variation of the real part of the dielectric function of MCC with respect
to frequency obtained using THz transmission spectroscopy. This figure shows the
real part of the dielectric function of MCC increases with an increase in MC.

Figures 4.8 and 4.9 show the real and imaginary parts of the dielectric function
of MCC as a function of MC determined at a frequency of 0.2 THz. These graphs
were plotted to see the variation of the dielectric constant of MCC at a constant
frequency of 0.2 THz as the MC in MCC changes. The frequency of 0.2 THz is
chosen because the signal-to-noise ratio reaches its maximum at this frequency. As

indicated in these Figures (refer to Figures 4.8 and 4.9), both the real and imaginary
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Figure 4.7: Variation of the imaginary part of the dielectric function of MCC with
respect to frequency obtained using THz transmission spectroscopy. This figure
shows the imaginary part of the dielectric function of MCC increasing with in-
creasing MC.

parts are dependent on the MC in the MCC. The results shown in Figure 4.8 and
Figure 4.9 clearly predict that the real and imaginary parts of the dielectric function
of MCC increase with increasing MC, as expected. This also gives us an idea that
the dielectric function of water in MCC should vary with varying MC. To get the
result, these measurements could now be combined with EMT.

To determine the dielectric constant of water from these THz measurements,
we can now develop a model that describes the relationship of the dielectric con-
stant with other factors. Different models are available, for example: Bruggman

effective medium theory, the Maxwell-Garnet effective Medium theory, and the
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Figure 4.8: Variation of the real part of the dielectric function of MCC with respect
to MC(%) obtained using THz transmission spectroscopy at a frequency of 0.2 THz.

parallel model, as discussed in section 4.2.1. The simple effective medium theory
is the easiest way to get information about the dielectric response of water in MCC
structures as compared to other EMTs. Therefore, in this thesis, the simple mixing
effective medium theory was used to extract the dielectric constant of the water
from the THz measurements at different MCs which are suitable for studying the
trend. Once the prediction about the transition of the dielectric function of water
in MCC is made, the EMT model can be modified to acquire more precise results.
To get the dielectric constant of water at a certain MC, two different THz measure-
ments from the samples whose MC is close are needed. As we already know, the
dielectric function of water varies with increasing MC; therefore, taking two MCs

that are far apart from each other will only provide the average dielectric constant
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Figure 4.9: Variation of the imaginary part of the dielectric function of MCC with
respect to MC(%) obtained using THz transmission spectroscopy at a frequency of
0.2 THz.

of water over that range of MCs.

4.4.0.1 Prediction of the dielectric function of bound water from THz measure-

ments

From the results of the dielectric function of MCC (as represented in Figures 4.6
and 4.7), it can be seen that with changes in MC, the effective dielectric function of
MCC also varies. To predict the dielectric function of water, consider the very sim-
ple view that the system has the simplest two-phase laminar configuration with

alternating layers of two materials having a complex index of refraction f, and
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fig [67]. For the electric field applied parallel to the laminations, the simple ef-
fective medium approximation can be described by equation 4.22 [67]. Therefore,
in this thesis, a simple mixing theory model can be applied to predict the effec-
tive dielectric function of water in MCC. The effective medium approximation for
the simple mixing rule for two samples of MCC having comparable MCs can be
described by (see subsection 4.2.1.3):

Mierr = fana + fphig (4.22)

where i, is the complex index of refraction of the first material, fig is the com-
plex index of refraction of the second material, and fi ¢ is the complex index of
refraction of the mixture. In equation 4.22, f4 and fg represent the corresponding
volume fractions for the first material and second material, respectively. As it is
clear from equation 4.22, to get the complex index of refraction for the water in
MCC at a certain MC, we need to measure the complex index of refraction of MCC
at two different MCs. In this thesis, we have taken the two MCs that are close to
each other because: (1) To get a dielectric function of water at some specific MC, it
makes sense to take and compare the two MCs that are close to that specific MC
value. (2) If we compare two MCs that are far apart from each other to study the
dielectric function of water in MCC, the result will only give us the average dielec-
tric constant of water over that range, which will give no new information (as we
already know that the dielectric constant of water varies with varying MC).

In this thesis, fis is taken as the complex index of refraction for the lower MC
sample, and fi.¢ is considered the complex index of refraction for slightly higher
MC. In this way, we can obtain the value of fig using the THz spectral measure-
ments, which will give us the complex index of refraction of water (refer to the pro-
cedure indicated in Figure 4.4). The appropriate volume fractions can be obtained

by using equations 4.14 and 4.10. To compare the obtained dielectric constant of
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water at a particular MC, the dielectric constants of ice and water were used in

Figures 4.10 and 4.11 as lower and upper bounds, respectively.
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Figure 4.10: Variation of the real part of the dielectric function of water with respect
to frequency obtained using THz transmission spectroscopy.

As seen in Figures 4.10 and 4.11, both the real and imaginary part of the dielec-
tric function of water vary with MC. The following process defines the adsorption
of water molecules onto the sorption surface.

The initial water molecules added to the oven-dried MCC at the lowest MC had
most of the sorption sites available, resulting in a very tight bonding of the water
molecules to the sorption surface. These tightly bound water molecules behave
as irrotational water molecules, which have a larger relaxation time and, conse-

quently, a lower dielectric constant, per the Debye model [58] [59]. As the MC is
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Figure 4.11: Variation of the imaginary part of the dielectric function of water with
respect to frequency obtained using THz transmission spectroscopy.

increased in the MCC samples, the primary sorption sites get filled, and the new in-
coming water molecules get occupied in the secondary layers; thus, the molecules
move away from the sorption surface. As this happens, the water molecules now
present in the secondary layers are more free to rotate and thus have a shorter re-
laxation time [59] [68]. This shorter relaxation time results in a larger dielectric
constant for those water molecules. Therefore, when MC increases, the dielectric
constant of water in MCC increases. Therefore, as explained in reference [59], there
are two important factors to look upon to understand the change in dielectric re-
sponse of water with respect to change in MC: (1) With a decrease in hydration
level or MC, the relative number of irrotational water molecules becomes more

prominent. (2) With an increase in the MC, the irrotational water molecules start
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getting converted into water molecules that are freer to rotate or those that exhibit
bulk-like behavior. This dynamic behavior of water can be easily understood by
having a look at a double Debye model, as explained in the next paragraph.

The dielectric response of water has been analyzed with the help of the double
Debye model with two relaxation times, as thoroughly described in reference [19]
[58] [69]. This double Debye approach is based upon the molecular interaction be-
tween water molecules present in MCC and the THz radiation. The double Debye
model for the frequency-dependent dielectric function of water can be described
as [58] [59] [68] [70]:

€z — €1 €] — €Emo
S l—iwT 1—iwm

e(w) + €oo (4.23)

where e, is the static permittivity at low frequency, e is the limiting permittiv-
ity at high frequency, and ¢, is the transitional dielectric constant between two
relaxation processes. T, and T; represent the two relaxation time constants for
slow and fast relaxation processes, respectively. The slow and fast relaxation pro-
cesses of water may involve translational and rotational diffusion, hydrogen bond
rearrangement, and structural rearrangement, depending on the time scale [70].
Therefore, the double Debye model presents two relaxation processes, and these
two processes represent the impact of externally applied THz radiation on the wa-
ter molecules. For example: when THz radiation excites the water molecules, the
natural tetrahedral structure of water (also referred to as water “cage” in refer-
ence [70]) tries to reorient. To reorient, there must be a breakage of four hydrogen
bonds (the cage must break). This process is known as the “slow relaxation pro-
cess.” Therefore, after some relaxation time T,, the single water molecule will reori-
ent and move to a new tetrahedral site in time T,, which is a fast process. Therefore,
the water molecules that are associated with relaxation time > are also referred to

as "fast” water molecules [59]. Moreover, using the double Debye model (refer to
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equation 4.23), we can interpret that at the limit, the two relaxation constants, i.e.,
71, and 1, go to infinity, so we get irrotational water. At this limit, the dielectric
function of water molecules becomes equal to e, which is a real number that has
a value of 3.49 (reported by reference [58]). When compared to the value of the
dielectric function of ice that has been plotted in our results (refer Figure 4.12), the
value of the real part of the dielectric constant of water using the double Debye
model at the limit when t; and t; go to infinity came out to be very close.

For low MC, the dielectric constant was expected to be very close to the dielec-
tric constant of bound water (similar to ice), as the water molecules are irrotational.
For higher MC, the dielectric constant of water should approach the dielectric con-
stant of free water as the rotational degree of freedom is available again. As ex-
pected, our findings also indicate the presence of both irrotational and free water
molecules in the MCC, which are discussed next.

The red, green, and blue curves in Figures 4.10 and 4.11 indicate that the di-
electric constant of water at very low MC is close to that of ice, and this has hap-
pened to the water molecules that got adsorbed under 12% MC. As more water
molecules started entering the sample at higher MC, more hydrogen bonds were
broken, which eventually created more available sorption sites. This increases the
relaxation time and increases the dielectric constant for the highest MC (indicated
by the yellow curve in Figures 4.10 and 4.11). In this thesis, only the MCs up to
16.73% were prepared, but even the higher MCs can be prepared, and eventually,
at a certain higher MC, it is expected that the dielectric properties of bound water
will become similar to the dielectric properties of free water in MCC. This also im-
plies that, at a certain MC, a further change in MC will not impact or change the
dielectric properties of water. No change in the dielectric properties of water will
also indicate that all the sorption sites are not attached to bound water, and new

additions of water molecules will be stored as free water.
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Figure 4.12: Variation of the real part of the dielectric function of water with respect
to MC obtained using THz transmission spectroscopy at 0.2 THz.

Figures 4.12 and 4.13 discuss the dependence of the real and imaginary parts
of the dielectric function of water on MC with the help of a smooth curve at 0.2
THz. As one can notice in Figure 4.12, the error bars for the comparison of red,
blue, and green curves in Figure 4.10 are relatively large as compared to the error
found for the yellow curve in Figure 4.12. As the actual trend or a function that
clearly defines the relationship between the dielectric function of water in MCC is
unknown, we have used a smooth curve, and this smooth curve has been chosen as
we expect that the real part of the dielectric function of water (refer to Figure 4.12)
will be constant or the water molecules will behave as irrotational until around
10% MC and will then increase after 12% MC. This could be tested by taking MC at

or above the fiber saturation point, which is discussed in the future work section in
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Figure 4.13: Variation of the imaginary part of the dielectric function of water with
respect to MC obtained using THz transmission spectroscopy at 0.2 THz.

Chapter 5. The comparison of measurements for the first four MCs are very close to
each other (refer to Figure 4.12), with error bars that are relatively large as a result
of taking small differences to calculate the dielectric function. According to the
data found, the water molecules adsorbed during the initial adsorption process
under 12 % behaved almost the same. The transition in the behavior of water
molecules was apparent above 12 % as the water molecules started approaching
free water like nature. Similarly, a clearer relationship between the imaginary part
of the dielectric function can also be made by considering higher MCs in MCC.
The dielectric function also depends on the effective surface area on which the

water is adsorbed [19]. It will also be important to see how the dielectric function
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of MCC varies with changes in the surface area. To answer this question, one can
consider experimenting by taking MCC made from various sources. However, in
this thesis, only one type of MCC sample (thus only one source) was used, so the
variation of the dielectric constant of MCC with changing the surface area of the
sample cannot be predicted. This work could be done in the future, as it is expected
that the larger the surface area of the sample, the more capacity the sample has to

hold water in the primary sorption sites.

4.5 Summary

In this chapter, we explored the application of THz-TDS to probing water dynam-
ics in the MCC structure. This thesis aimed to address the question of how the tran-
sition of the state of water occurs in MCC with a change in MC. It was observed
that with an increase in MC, the dielectric function of water is almost constant for
low MC and smoothly transitions from irrotational towards free-like behavior with
a further increase in MC. The analysis results can be improved with some future

work on the study that is defined in Chapter 5 of this thesis.
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Chapter 5

Conclusion and Future Directions

In Chapter 4, the real and imaginary parts of the dielectric constant of water at
different MCs for the powdered microcrystalline cellulose sample was determined
with the help of a simple mixing effective medium model. It was found that both
the real and imaginary parts of the dielectric constant of water vary with MC. At
low MC, the water molecules were attracted by sorption sites, resulting in very
tight hydrogen bonding of the molecules with sites and giving them the character-
istics of bound water. As the MC increased, more water molecules were stacked
in the secondary layers, which had the characteristics of free and rotational water
molecules. Therefore, at low MC, the dielectric constant of water was comparable
to the dielectric constant of bound water; at high MC, it started to approach the di-
electric constant of water that might be expected for free water. According to our
analysis, the transition between the dielectric constants of bound water and free
water appeared to begin around 12% MC. For further improvement in the predic-
tion of the dielectric constant of water in MCC, more MCC samples with a higher
MC need to be prepared. Preparing more MCs will give us a clear idea about the
transition of the water state in MCC from bound to free. As indicated in Figure

4.12, the error bars found in the real part of the dielectric constant of water are
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large. Therefore, future work includes improvements to measurement methods to
reduce error bars. There are two main ways to reduce those error bars:

(1) By improving the sample preparation techniques.

(2) The fundamental precision limit of the THz system used.

In this thesis, the THz sample measurements were taken by rotating Petri dishes
four times so that the thickness of the MCC powder in the dish was averaged out.
The reason why this was performed is that it was found that the MCC powder
was not settled out equally in the Petri dishes. Therefore, to reduce the error due
to the change in thickness of the powder in the Petri dish, we took the average of
the data collected from the four orientations of the samples. Better methods can be
used to settle the powder in the petri dish. As an example, (1) a commercial vibra-
tor or vibrating platform, specifically made to settle the powder, could be used; (2)
the time of vibrations could be increased so that it settles the MCC powder evenly
in the petri dish. Therefore, to get precise results about the dielectric function of
water and reduce its error, the sample preparation methods could be improved.

Also, the precision of our results is fundamentally limited by the precision of
the THz system. If we look at the THz time-domain data (in Figure 4.5), the THz
time-domain signals are made up of individual data points, and there is coarse-
ness to these data points, which fundamentally limits the precision of our results.
Therefore, a THz system with improved temporal sampling can be used to get
more precise results.

In this thesis, we were expecting to see the transition of water states in MCC
from monomolecular water to polymolecular water to free water. We were able to
observe the transition from monomolecular water to polymolecular water molecules
(refer to Figures 4.12 and 4.13), but we did not have enough MCs to see the dielec-
tric function of water approaching that of free water. As mentioned in Chapter 4,
this could be tested by taking MCs at or above the fiber saturation point.
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In this thesis, the MCC powder obtained from a single source was used to study
the dielectric constant of water in it. However, this study can be extended to un-
derstand the change in the dielectric constant of water in MCC that is obtained
from different sources. As the MCC chosen from the different sources will have
different effective surface areas, it will be interesting to see how the nature of the
dielectric constant of water changes with a change in MC for all the different effec-
tive surface areas on which water is adsorbed.

Moreover, in this thesis, the simple effective medium theory model was used.
Although the final results of the dielectric constant of water in MCC were not very
precise and had large error bars, this model helped us look at the physics behind
the interaction of water with cellulose networks. As we need to improve the accu-
racy of the results in the future anyway, it will make sense to develop a model that
correctly identifies the MC-dependent dielectric function in cellulose networks. As
described in section 3.4.2 of Chapter 3, there is a large difference in the surface area
calculated due to water adsorption as compared to nitrogen adsorption using BET.
Therefore, the mechanisms of adsorption of water and nitrogen are quite different
from each other. This present study could be expanded to understand the differ-
ence between those adsorption processes. Also, the determination of the specific
area of water depends on the amount of water adsorbed at the monolayer which
again depends on the type of model used. Therefore, with the correct model in
the future, we might expect (1) the ability to probe surface area and porosity as an

alternative to BET theory and (2) to measure MC more accurately in wood.
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