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To see the structure of a material different techniques have been used over the years and X-ray
diffraction, a nondestructive method, is one of them. For investigating biological sample, X-ray
diffraction (which is based on scattering of X-rays) is gaining popularity because of its higher
penetration depth compared to other methods. For its ability to detect in the order of the atomistic scale,
wide angle X-ray scattering (WAXS) is used in the study.
Two reducing sugars, cellobiose, and melibiose, were chosen for this study to investigate the effect of
change of parameters (temperature, stored humidity) on their amorphous to crystalline transition. The
powder cellobiose and melibiose samples were freeze-dried, re-humidified and crystallinity were
measured by WAXS method.
For crystallization of sugar, glass transition temperature (Tg) is the most important parameter as it is the
threshold temperature for crystallization. Water content and stored temperature have an inverse relation
for amorphous to crystalline transition.
Based on this X-ray diffraction study, it was found that water component, storage time and temperature
have an important effect on the crystallization of cellobiose and melibiose. Amorphous cellobiose needs
sufficient temperature or water content to start crystallizing, whereas, the storage time is more vital than
water component and temperature for crystallization of melibiose.
Amorphous cellobiose became completely crystal when the stored humidity was more than 44% or the
temperature was 86°C or higher but, amorphous melibiose did not crystallize, even when the temperature
was 120°C. Melibiose had shown a slow but gradual transition from amorphous to crystal state whereas
crystallization of cellobiose was an all-in all out way with fast crystallization rate.
Though X-ray scattering is an indirect method, it is robust, powerful, and rapid and in general, obtained
results are unambiguous.
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1

INTRODUCTION

The carbohydrates are the energy source for any living cells. The word ’carbohydrates’ means ’carbon with water’ referring to any neutral compound formed
by carbon, hydrogen, and oxygen [[1], chapter 15], [[2], chapter 14]. The empirical formula for carbohydrates is Cm (H2 O)n (where m may or may not be equal
to n)[3]. Carbohydrates can be classified chemically based on the degree of polymerization (number of structural units) as sugar (1-2 degree of polymerization),
oligosaccharides (3-9 degree of polymerization) and polysaccharides (more than
10 degrees of polymerization) [4].
Similarly, sugars can also be classified as monosaccharides (simple most carbohydrates), disaccharides and polyols [4]. When two simple carbohydrate forming units (monosaccharides) are linked together by chemical bonds, they are
called disaccharide. Despite having same subunits, two disaccharides can have
unique properties because of the different possible combination of bonds [3]. For
instance, lactose and maltose are two different disaccharides although they have
the same forming units which are two glucose units [3]. Disaccharides are classified as reducing and nonreducing sugar depending on the capability to work
as a reducing agent in chemical reactions[3].
The entire sugar industry is based on the process of making solid crystal
sugar [[5], page-324] and crystallinity is the term used to depict what fraction
of a material is crystal. The crystalline structure in foods are vital as desired rheological properties (like stiffness, hardness) and organoleptic properties
(like melting, cooling effect) are dependent on crystalline structure [[6], page2]. Amorphous (lacking a crystalline structure) state is more closely packed and
tougher in terms of flow than crystal state [7]. Crystalline products are easier to
handle because they are more flowable [7] but tougher to dissolve [8]. And amorphous products are more sticky than crystalline materials [9] and this stickiness
can be reduced by making that product semi or complete crystal. Moreover,
the crystalline phase has a huge impact on the quality, texture and shelf life
(recommended maximum time for which product can be stored) in food [[6],
page-3]. For instances, crystal microstructure is the difference between a good
dark chocolate and a milk chocolate [[6], page-2].
Recrystallization (change in crystal after initial solidification) is also important to produce the quality product[[[6], page-7], [10]]. Even when the temperature and humidity are constant, recrystallization may take place to minimize
either surface energy or internal energy and formation of ice in frozen food is
the perfect example of it [[6], page-2].
However, crystallization is unwanted during the storing the food products as
crystallization may reduce shelf life and hence lower food quality [[6], page-6].
For example, if sugars crystallize during the storage of candies and caramels,
the food is ruined [[6], page-6].
For above mention reasons, having a better insight of crystallization (and
recrystallization) is important. For example, better knowledge of sugar crystal
will help us making the desired structure (soft or chewy) of caramel [[6], page-4].
Many different characterization techniques have been evolved over the years
3

for understanding and characterizing the structural details of crystalline materials (formed by repeating the crystal lattice extending in all directions) and
X-ray scattering is one of them. One of the advantages of using X-rays is that
we can study the crystal lattice without causing any harm or be destroying the
materials.
X-ray diffraction, based on X-ray scattering, is a technique that is renowned,
robust, and applicable to wide range of materials. X-ray diffraction is based on
the phenomenon that, when photons of X-ray collide with atomic electrons of
the materials, the photons are being scattered and by interfering with one another, theses scattered wavelength creates a diffraction pattern. This technique
provides insight on the size of atoms and their arrangements inside the materials
and gives information on phase because inter atomic plane distance depends on
the size of atoms.
This study was focused on two sugar samples, namely cellobiose and melibiose. Both cellobiose and melibiose are reducing disaccharide. Cellobiose provides the basic repeating structural unit of cellulose, a key component of plant
cell walls [11]. On the other hand, honey and plant exudate are the most common source of melibiose in nature [12].

4

2
2.1

X-RAY SCATTERING

X-ray radiation

X-rays are electromagnetic radiation with wavelength ranging between 0.01 to
10 nanometers, which is shorter than ultraviolet rays but longer than gamma
(γ) rays [[13], page 2]. Frequency of X-rays is between 1×1016 Hz to 1×1019 Hz
[[13], page 1].

Figure 1: Electromagnetic spectrum showing energy and wavelength variation
of different waves

2.1.1

Continuous and characteristic radiation

X-ray radiation is produced by the deceleration of the fast-moving electrons by
metal. When electrons are being accelerated by external voltage and hit a metal
target two different kinds of X-rays is being produced in this process, characteristics X-rays and bremsstrahlung X-rays, and produced X-rays propagate in
all direction [[14], page-51].
The deceleration of the high-energy electrons by the atomic electrons of the
target metal is the reason of emitting bremsstrahlung X-rays, also known as
the continuous X-ray radiation. The minimum wavelength of the continuous
radiation, λm , is inversely proportional to the maximum accelerating potential
(V) of electrons [[14], page -51]. The intensity distribution shifts towards shorter
wavelengths with increasing accelerating potential [[14],page -52]. Also, the
intensity of the radiation beam coming out of the X-ray tube is proportional to
target material’s atomic number [[14], page -52].
Interaction of a high-energy particle, like an electron, with a material, will
generate characteristic radiation, along with continuous radiation. When a fastmoving electron hits an atomic electron, the atomic electron could be removed
from its position, if the energy of the incident electron (E) is greater than or
equal to the binding energy of the atomic electron (φ) [[17], page-13271]. The
kinetic energy of the ejected electron will be the difference between incident

5

Figure 2: The X-ray spectrum emitted by an X-ray tube showing intensity as
a function of wavelength. Left : whole spectrum, Right: close up of the Kα
doublet
electron’s energy and the binding energy, (E -φ) [[17], page-13271]. The removal
of an electron from the inner shell of an atom will create a vacancy and make
the electronic configuration of the atom unstable [[13], page-10]. For stability,
an electron from the outer shell will fill that vacancy and an X-ray photon
will be released with the same energy as the energy difference between the
initial and final shell of the transferred electron [[17], page-13271]. The Xray photon released in this process is the characteristic of the material as the
energy of that photon is solely dependent on the difference between the atomic
energy levels of the target atoms. The following equation (equation 1) shows
the relationship between the wavelength of the characteristic X-ray photon (λ)
and the excited element’s atomic number (Z) [[17], page-13271]. This equation
was first established by Moseley [16][17].
1
= K(Z − σ)2
λ

(1)

In this equation, σ is the shielding constant (value is small) and K is a constant
(values differ for each spectral series) [[17], page-13271].

2.2

Interaction of X-rays with Matter

When incoming X-ray beams interact with a matter, the X-ray beams are scattered (coherently and incoherently) and absorbed by that matter. Elastic scattering is when the energy of the incident photon and photon scattered by the
electrons are same [[18], part-1, page-15]. Inelastic scattering (also known as

6

Compton effect) is when the energy of the beams is different [[18], part-1, page15]. And if the incident X-ray gives all its energy to an atomic electron, then
this process is called absorption. For structural determination, elastic scattering of X-ray beam is used [[18], part-1, page-15]. Fast moving photons, also
interact with nucleus but scattering from nucleus is too small and that is why
is disgraced [[18], part-1, page-15].

Figure 3: Cross sections as a function of energy for carbon atoms for X-ray
interaction. Figure printed from Kirz et al. (with permission) [19]
Probabilities of interaction of X-rays with matter are determined by cross
sections σ. And total cross section is the sum of the cross sections of the
individual processes.
σ = σab + σcoh + σincoh
(2)
In the above equation, σ is the total cross section, σab is the cross section for
absorption process, σcoh is the cross section for elastic scattering and σincoh is
the cross section for inelastic scattering. From the above figure it can be seen
that, the probability of Compton scattering is higher when the energy of the

7

incident beam is higher, and probability falls to zero when the incident beam is
not that energetic (energy below 1000eV).
2.2.1

Elastic scattering

Elastic scattering can be explained by the wave nature of the incoming photons
and these waves are treated as a spherical wave. In elastic scattering, the
frequency does not change, and the phase relationship is definite.

Figure 4: Figure depicting interaction of Incident X-ray wave with matter and
the resultant scattered wave

2.2.1.1 Scattering by an free electron Since X-ray beam is an electromagnetic wave, it is characterized by the variation of electric field strength with
time and this sinusoidal field, upon encountering with an electron, make that
electron oscillate [[13], page- 105].
When X-rays interact with an electron, the interaction produces scattered
X-rays and this interaction is elastic as frequency and wavelength of the incident
and scattered beams are the same[[13], page- 105]. The electron scatters the
incoming beam in all directions, but the intensity of the scattered beam depends
on the scattering angle[[13], page- 105]. This dependence of the scattering beam
on scattering angle was discovered by Sir J.J. Thomson [[13], page- 105].
According to Thomson, the intensity of the scattering beam is [[13], page106]
1 + cos2 2θ
e4
)
(3)
I = I0 2 2 4 (
r m c
2
In the equation 3, which is known as Thomson equation, e is electron charge, m
is the mass of the electron, c is the speed of light, 2θ is the scattering angle, I0 is
8

the intensity of the incident beam and r is the distance from the scattering point
to the observing point [[13], page- 106]. According to equation 3, numerically,
the scattered beam is a fraction of the incident beam and is strongest in forward
and backward directions than all other directions [[13], page- 107].
Now, let us assume two free electrons. The incident wavevector k arrives
at an electron positioned at r after being scattered at the origin. The phase
lag of the incident wave is then, φi = k · r. If z is the projection of r in the
direction of the incident wave, then phase lag is 2π times of the ratio of z/λ
[[20], page- 114]. The scattered wave from the electron r is k0 and the phase lag
of the scattered wave is φr = k0 · r. The phase difference between incident and
scattered beam is φ = (k − k0)r = q · r, where q is the scattering vector [[20],
page- 114]. In case of elastic scattering, |k|= |k0| and the length of scattering
vector is related to the scattering angle 2θ [[20], page- 114] as
|q|= 2ksinθ =

4π
sinθ
λ

(4)

Figure 5: The incoming, transmitted and scattered beams and the orientation
of vectors k, k0, and q

2.2.1.2 Scattering by an atom When incoming X-ray beam hits an atom,
each electron of the atom takes part in the scattering of the incident beam in
accordance with equation 3. The scattering of the incident beam by an atom
is the net effect of scattering by all the electrons in that atom. But, this holds
only for the amplitude of the scattered wave not the direction of the scattered
wave [[13], page- 109].
Since electrons are situated at different points in an atom, there is a phase
difference in the scattered waves by electrons.
All the electrons in an atom can be regarded as free electrons. So, integration
of the electron density, ρ(r), of that atom will give the scattering from factor
9

Figure 6: Scattered beams and transmitted beam generating from interaction
between incoming beam and an atom
(f 0 (q)) of that atom [[20], page- 118]
Z
f 0 (q) = ρ(r) eiq·r dr

(5)

In equation 5, q scattering vector, r is the position of the atom and dr is the
volume element.
Atomic scattering factor is dependent on scattering angle and wavelength of
the incident beam [[13], page- 109]. (When incident beam is being scattered by
an atom, there is another kind of scattering at the same time known as Compton
scattering1 ).
2.2.1.3 Scattering by a molecule Like atom, scattering from a molecule
can also be described in term of form factor and molecular form factor (F mol )
is the just of atomic form factor of all the atoms in that molecule [[20], page123]
X
F mol (q) =
fj (q) eiq·rj
(6)
j

In this equation, fj is the form factor of the j atoms and rj their position in
that molecule.
1 It is an inelastic scattering between a photon and electron. See equation 19 more information
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The amplitude of the scattered beam and form factor are equivalent which
makes Fourier transformation of electron density and amplitude of the scattered
beam the same [22]. Thus, observed intensity of a scattered beam (I(q)) can
be expressed in terms of form factor (|F (q)|) as [22]
2

I(q) = |F (q)|

(7)

2.2.1.4 Scattering from a crystal A crystal material is formed by repeating a periodic atomic/molecular structure in three dimensions [[23], page-241].
Each repeating pattern is represented by a rectangular area called unit cell [[23],
page-241] and an array is formed by repeating unit cell is known as lattice [[23],
page-241]. The distance between two successive lattice planes is called d-spacing
and the relation between scattering angle (2θ) and d-spacing can be established
using q scale as
q = 2π/d = 4π sin(θ)/λ
(8)
In this equation, d is lattice spacing, λ is the wavelength of the beam and 2θ is
the scattering angle [21].
The scattering from crystal (F crystal ) can be expressed by the following
equation [[20], page -148]

Figure 7: Scattered beams and transmitted beam generating from interaction
between incoming beam and an crystal

F crystal (q) =

X

fj (q) eiq·r j

X

eiq·Rn

(9)

n

j

In the above equation, the first term is unit cell structure factor and the second
is sum over lattice sites. In this equation Rn representsa set of vectors, which
11

is define as [[20], page -148]
Rn = n1 a1 + n2 a2 + n3 a3

(10)

where, n1 and n2 are integers and a1 and a2 lattice vectors.
When an X-ray beam is scattered by a periodically arranged sample (a crystal
structure) scattered rays have phase relation [[13], page-80]. Differences in the
phases arise from the difference in length of the paths traveled by the scattered
beams from that sample and since path difference is measured in wavelength,
so does the phase difference [[13], page-80]. If the wavelengths of the scattered
beams are in phase, they will constructively interfere and if they are out of
phase, they will cancel out each other [[13], page-80]. When all the scattered
waves from all the atoms in a crystal mutually interfere with one another, these
mutual interferences give rise to diffracted beams [[13], page-81]. The phase
relations are in a way that destructive interferences occur in most directions
but constructive in few direction (predicted by Bragg ’s law (equation 11)) and
thus diffracted beams are shaped [[13], page-83].

Figure 8: Intensity as a function of scattering angle originating from an arbitrary
fully crystalline material
Bragg’s law can be written as [24]
nλ = 2d sin θ

(11)

In the equation 11, n (integer number) is the order of the reflection, 2θ is
scattering angle, λ is the wavelength of the incident beam and d is the spacing
12

between two consecutive planes [24]. In Bragg’s law, incident and diffracted
beam are always on the same plane and the angle between transmitted and
diffracted beam is, always, 2θ [[13], page-84].

Figure 9: (a) Intensity as a function of scattering angle showing maximum
intensity and Full width at half maximum, (b) incident and diffracted beam
from different planes
Braggs law predicts the direction of the deflected beam from a single plane of
a crystal and a crystal always have many planes [[13], page-88]. To predict the
deflected angle which satisfies all the planes of a crystal, we need to look at the
structure of the crystal [[13], page-84]. One of the sample of this study was α
monohydrate melibiose, which has an orthorhombic crystal structure. In case of
an orthorhombic structure, length of lattice vectors is not equal, (|a|6= |b|6= |c|)
but angles between them are equal (α = β = γ = 90◦ ). According to the work
done by Gress and others [26], the length of lattice vectors of α monohydrate
melibiose were 8.900 Å, 10.894 Å and 15.868 Å and the angles were 90◦ .
In case of an orthorhombic crystal structure, dhkl can be written as
1
dhkl

2

=

h2
k2
l2
+ 2 + 2
2
a
b
c

By using equation 8, equation 12 can be written as
r
h2
k2
l2
qhkl = 2π
+ 2 + 2
2
a
b
c

(12)

(13)

By combining Braggs equation and equation 12, we have
sin2 θ =

λ2 2
λ2 2
λ2 2
(h
)
+
(k
)
+
(l )
4a2
4b2
4c2

(14)

Equation 14 predicts all possible Bragg angles at which diffraction can occur
from planes (hkl) for a incident X-ray wavelength and orthorhombic crystal of
unit cell. Peak position for cellobiose was also calculated using equation 14
as can be seen in the figure 11. For this calculation parameters were obtained
13

Figure 10: Diffraction pattern of melibiose depicting peak positions predicted
by Braggs law and the measured intensity as a function of scattering angle 2θ
from Chu and Jeffreys work [27]. For instance 011 plane satisfies equation 14
at 10.5◦ and 021 plane at 22.15◦ , so we see peaks at those angles.
When X-rays hit a sample, diffraction can be only seen when Bragg’s law
is fulfilled, however, it does not mean that, any random setting of crystal will
create diffraction pattern[[13], page 89]. There are different diffraction methods (namely Laue method, rotating crystal method and powder method), in
which Bragg’s law can be fulfilled by either changing 2θ (Bragg’s angle) or λ
(wavelength) or both [[13], page 89].
In Laue method, the first diffraction method developed, Bragg’s law is satisfied by keeping the Bragg angle fixed [[13], page 89]. However, in rotating
crystal method, the wavelength is fixed but Bragg’s angle varies [[13], page 92].
Another method is powder method, in which the samples are ground to powder. This powder acts like small crystals which are with respect to the incident
beam, randomly oriented. In those crystals, the orientation of some particles,
in one lattice plane will satisfy Braggs law and reflect the incident beam [[13],
page -93]. Some other particles will satisfy Braggs law in other lattice plane and
reflect the beam. All the lattice planes of that crystal will satisfy the Braggs
law [[13], page -93]. Due to the presence of many particles satisfying Braggs
law at one given time and being positioned in all possible rotational position,
reflected beam looks like a cone (figure 12) which is called Debye-Scherrer ring
[[13], page -94].

14

Figure 11: Diffraction pattern of cellobiose depicting peak position predicted by
Braggs law and the measured intensity the measured intensity as a function of
scattering angle 2θ.

Figure 12: Debye-Scherrer rings formed by different crystal in the sample satisfying Bragg law at different angles
2.2.1.5 Reciprocal lattice Braggs law is the simple most way of explaining
the diffraction pattern of a crystal structure [[14], page-16]. To understand
and solve many problems related to diffraction, insight of reciprocal lattice is
beneficial [[14], page-16].
When crystal lattice is transformed from real space to reciprocal space, the
transformation is defined in terms of reciprocal lattice [[14], page-16]. Reciprocal space (also known as Fourier space) and real space are related by Fourier
transformation and are reciprocal of one another [28]. If a,b,c are three vectors

15

of an unit cell, and V is the volume of the crystal then their reciprocal can be
written as [[14], page-16],
b×c
v
c×a
b* =
v
a×b
c* =
v
a* =

(15)

The reciprocal and original lattice always maintain the succeeding relationship
[[14], page-17],
a*.a = b*.b = c*.c = 1
a*.b = a*.c = b*.a = b*.c = c*.b = c*.a

(16)

If each lattice is represented by set of integers (hkl), then vector from the
origin to that lattice is [[14], page-17],
Hhkl = ha* + kb* + lc*

(17)

Which is normal to the plane with magnitude [[14], page-17],
|Hhkl | =

1
dhkl

(18)

Diffraction can be seen when Hhkl = q, which is known as Laue condition, is
fulfilled [[20], page- 155].
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2.2.2

Inelastic scattering

X-rays can also be treated as a beam of photons which follows particle property
of light. The particle property can be explained by quantum theory rather
than classical method [[20], page- 121]. Unlike elastic scattering, the phase
relationship is not known in inelastic scattering.

Figure 13: Collision between incident photon and an electron in accordance
with Compton effect
2.2.2.1 Compton Effect There is another way by which X-rays can knock
out a loosely bound electron from an electronic configuration and this process
is known as Compton effect [[13], page 107]. Compton effect is an example of
X-rays having particle properties as it cannot be described by wave motion of
the incident beam [[13], page 107]. When an incident photon collides with an
atomic electron, the photon shifts part of its energy to that electron and thus
that photon scatters with lower energy. Because of this collision, the direction
of the incident photon will change. Arthur H. Compton first observed this
phenomenon and explained it using conservation of energy and momentum [[13],
page 108]
The change in wavelength with scattering angle is given by Compton formula,
which is [[13], page 108]
λf − λi = h/(mc)(1 − cos2θ)

(19)

In this equation λf is the wavelength of the scattered beam, λi is the wavelength
of the incident beam and 2θ is the scattering angle [[13], page 108].
Compton scattering is the interaction between a loosely bound electron and
incident photon and it varies only with scattering angle [[13], , page 107]. The
scattered wavelength depends upon the angle of scattering and the mass of the
scatterer. In diffraction experiments, Compton effect gives rise to the background angle [[13], page 108].
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2.2.3

Absorption

Figure 14: Unbalancing of electronic structure by photon and balancing through
augur or fluorescence effect
Photoelectric absorption occurs when a photon gives all its energy to an
electron and if that energy is equal or greater than the binding energy of that
electron, this electron will leave the atom with energy equal to the energy difference of incident photon and binding energy [[20], page 19]. It can be deducted
from the figure 3, absorption is more probable in lower energy than in higher
energy.
When photoelectric effect makes the electronic structure of the atom unstable, the atom can move back to the stable state in two ways either by Auger
effect or Fluorescent effect [[20], page 20]
When there is a hole created by photoelectric effect in the inner shell of an
atom, an electron from the outer shell will drop to fill that hole. The energy
released in the dropping of the electron will be given to an outer electron [[20],
page 21]. That outer electron (Auger electron) will be ejected with the energy
equal to the difference of the energy lost by downward transiting electron and
the binding energy of outgoing electron [[20], page 22]
In fluorescent effect, another way of making the electronic structure of atom
stable, an electron from outer shell drops to fill the hole in the inner shell and
emits a photon having energy is in the X-ray region (100 eV to 100 KeV). These
low-energy X-rays are called fluorescence [[20], page 21]

2.3

Diffraction from amorphous materials

Amorphous matters lack periodicity and order in their internal structure. But
this does not mean an atomic arrangement in an amorphous matter is completely
random. Scattered X-rays from such elements will be in all possible directions
forming one or two large and wide bump rather than narrow peaks, reflecting
some atomic distances [[14], page- 15].
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Figure 15: Intensity as a function of scattering angle for arbitrary amorphous
materials
Since amorphous materials do not have long range order, the intensity can
be written as [[29], page-21]
Z
sinqr
I(q) = 4πr2 dr · ρ̄2 (r)
(20)
qr
In this equation, ρ̄2 (r) is the autocorrelation function which is defined as[[29],
page-20] with

r = r1 − r2 = constant

(21)

Example of the amorphous material in nature includes many sugars, hard candies, gums and milk powders [[6], page-11].

2.4

Crystallinity

Crystallinity is the fraction of sample in which atoms are ordered. In crystallinity studies, many researchers prefer to calculate relative crystallinity rather
than sample crystallinity (also known as crystallinity index) [21]. However, in
our study, crystallinity index is a more important parameter and throughout
the thesis, crystallinity refers to crystallinity index.
By subtracting the amorphous contribution from the intensity of the entire sam-
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Figure 16: X-ray diffraction spectra of an arbitrary material illustrating amorphous and crystalline contribution.
ple, the crystallinity index of the sample can be determined [30]
R
R
R
Icr
Isample − Iamor
R
R
C=
=
Isample
Isample

(22)

In this equation, C is the crystallinity, Iamor is the area under the amorphous
curve (amorphous contribution), Icr is the crystalline contribution and Isample
is the measured diffraction pattern.
In case of polymer sample, the above equation is used based on following
assumptions [[31],page-75]. The sample can be divided into crystalline phase
and amorphous phase and these phases are independent of influence of interface
[[31],page-75].
Before using the above equation air scattering and dark current are abated
from Isample . Selecting suitable amorphous material is quite challenging.

2.5

Crystallite size

A crystal is consisting of a number of planes and there is a change that incident
angles (θB ) may be different than Bragg angle and if so then, the destructive
interference is not complete [[13], page-98]. The net intensity of the diffracted
beam at those angles is zero [[13], page-98]. However, at certain angles, between
the Bragg angle (θ) and those angles ((θB )), the intensity is exactly the half
between zero and maximum intensity at Bragg angle, as can be seen in figure
18 [[13], page-98].
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Figure 17: Intensity as a function of 2θ curve, where (a) shows diffraction curve
where incident angles are not always equal to Bragg angle and (b) hypothetical
case of diffraction occurring at only Bragg angle.
The width of diffraction peak which has been established by Scherrer by the
following equation [33] [34]
Kλ
L=
(23)
Bcosθ
In the above equation, K represents a constant which is often taken to be 0.9,
λ is the wavelength, θ is Bragg’s angle and B is the FWHM (full width at half
maximum) of the peak [33] [34].
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Figure 18: Intensity as a function of 2θ for a random material depicting how
FWHM (full width at half maxima) and θ are obtained for equation 23
In a crystalline material, crystals have finite extension and diffracted beam
are spread over a region instead of being confined to a point and shape and size of
that spread region is related to crystal size of that material [32]. The width of the
peak and crystallite size has an inverse relation with one another [[25], page-142].
Instrumental conditioning (beam size, detector resolution, beam divergence),
crystal conditions (mosaic structure, finite size) and ambient conditions (atomic
and thermal vibration) can affect peak broadening [[14], page- 13].
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3
3.1

MATERIALS

Cellobiose

By partial hydrolyzing of cellulose we can obtain cellobiose which is a disaccharide made up of two glucose units [35]. Cellobiose cannot be produced nor
metabolized by human body [35]. Cellobiose is used as a parameter in malabsorption syndrome and Crohn’s disease [35]. Molecular formula for cellobiose is
C12 H22 O11 and molecular weight is 342.297 g/mol [35]. The two most studied
modifications of cellulose, natural cellulose I and regenerated cellulose II, are
different form of polymers of cellobiose [36]. Figure 19 shows the structure of
cellobiose [37].

Figure 19: Molecular structure of cellibiose
Cellobiose has orthorhombic crystal structure, where length of unit vectors
are 10.94 Å, 13.05 Å and 5.11 Å and angles are 90◦ (α = β = γ = 90◦ ) [38].
Cellobiose has the bent conformation of the chain unlike cellulose II’s mutual
orientation of the mean planes of the glucose rings. In cellobiose structure,
linking by oxygen bridge β-glucose form two chair like shapes. The bond lengths
are, C-C is around 1.5 Å, C-O is around 1.4 Å[38]. When it comes to bond angle,
ring oxygen form bonds at 117.3◦ and 115.2◦ and bridge oxygen at 117.5◦ [38].
In cellobiose, hydrogen bond donor count is 8 and hydrogen bond acceptor count
is 11 [35].

3.2

Melibiose

Melibiose, a reducing disaccharide, is made up of an alpha (1-6) glycosidic linkage between one galactose and one glucose moiety [40]. Human beings cannot
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metabolize melibiose, so it is used in non-invasive intestinal mucosa barrier testing [39]. Molecular formula for melibiose is C12 H22 O11 and molecular weight is
342.297 g/mol [39]. Figure 20 shows the structure of melibiose [37]. Melibiose

Figure 20: Molecular structure of melibiose
has orthorhombic crystal structure, where length of unit vectors are 8.900 Å,
10.894 Å and 15.868 Å and angles are 90◦ (α = β = γ = 90◦ ) [26]. The molecular structure of melibiose is consists of an unprimed atom of glucose moieties
and single-primed galactose moieties. The bond lengths between C-C are 1.5
Å(average) and C-O are 1.4 Å (average) [40].
In melibiose, all OH groups engage in hydrogen bond but one O-H and that
H bond create a three-dimensional system where water molecule plays the center part. Hydrogen bond donor count is 8 and hydrogen bond acceptor count is
11 [39].
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3.3

Crystallinity in Disaccharides

When we want to investigate the crystallization tendency of disaccharides, glass
transition temperature (Tg ) is an important parameter. Crystallization of sugar
usually does not occur below glass transition temperature, as crystallization
requires significant molecular mobility [[6], page-136]. Glass transition temperature (Tg ) is the most important characteristics of an amorphous material
[41, 42]. Glass transition temperature is the temperature at which amorphous
material changes its state [[5], page-329]. Tg is the most important characteristics of an amorphous material [41, 42]. When amorphous sugar is kept at a
temperature greater than its glass transition temperature, it undergoes stickiness and caking [[43] -[47]]. The increase in the stickiness behavior because, at
Tg , molecular mobility increases because of decreasing viscosity [[45], [47] - [49]]
If an amorphous material contains small amount of additional substance,
the glass transition temperature of that amorphous material may increase or
decrease. If the glass transition temperature increases, the process is called anti
plasticizing effect and if the glass transition temperature decreases, the process
is called plasticizing effect [50]. Since amorphous materials absorb water from
the surroundings, Glass transition temperature is a function of moisture/water
content of the powder [[43] -[46]]. An amorphous material, made up of two or
more components, exhibits one Tg value which is maiden to the Tg values of
the individual components [50]. To calculate the glass transition temperature
of a mixture forming by mixing water and another component, Gordon Taylor
model is used [[50]-[52]]. According to this model, Tg value of a mixture of
water and another component can be calculated using following equation,
Tg =

w2 · Tg2 + w1 · KGT · Tg1
w2 + w1 · KGT

(24)

Where w1 and w2 are the weight fraction and Tg1 and Tg2 are the glass transition
temperature of water and solute2 ). In the equation, KGT , is related to the
density of the components.
ρ2 · Tg2
KGT =
(25)
ρ1 · Tg1
Where ρ1 and ρ2 density of water and solvent. According to equation 24, glass
transition temperature of a sample and water content of that sample is inversely
related which is in accordance with work of different researcher [[45],[53]]. The
variation of Tg with increasing water component for cellobiose and melibiose as
can be seen in the figure 21.
Transforming from an amorphous state to crystalline state is affected by water content and temperature [[5], page-329]. At room temperature, amorphous
disaccharides may convert to crystalline disaccharides but require higher humidity than humidity at which disaccharides become crystalline at high-temperature
[[5], page-329]. For instance, at room temperature (25◦ C) lactose starts to crystallize when the room humidity is 50% or higher [[5], page-330]. Sugar and
2 Glass transition temperature of cellobiose and melibiose are 79.72◦ C and 77.02 ◦ C, respectively. Data provided by Kirsi Jouppila
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Figure 21: Variation in Tg values as a function of relative humidity for the
studied materials. Data provided by Kirsi Jouppila
sugar alcohols begin crystallizing at room temperature with different room humidity, but crystallization time depends on room humidity ([54]-[58]). Using
lactose as an example again, Lactose crystalizes when room humidity is 60%70%, however, crystallinity values and humidity have proportional relation with
one another ([[5], page-329], [55],[59],[60]). If there is any other substance in disaccharides, due to increased viscosity and molecular interaction, crystallization
may be delayed [[61], page-85].
Crystallization may take place when the storage temperature of disaccharides
is greater than Tg [[5], page-331]. Researcher have shown that storing amorphous disaccharides at constant humidity but in changing temperature, the rate
of crystallization, is dependent on the difference of the difference between the
stored temperature and the glass transition temperature ([[5], page-334], [55],
[59], [62], [63]). When we are considering time for amorphous sugar stored at
constant room humidity, the storage time required for complete crystallization
is inversely proportional to T − Tg ([[5], page-334], [62]).
If we compare between sugar and reducing sugar, then, due to different
anomeric and ring forms, reducing sugar are more difficult to crystallize [[61],
page-85].
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4
4.1
4.1.1

METHODOLOGY

Experimentation of X-ray scattering
X-ray source

X-ray can be produced using a variety of sources, including but not limited
to, synchrotron radiation, rotating anode generator and sealed X-ray tube. In
small-scale facilities, latter two sources are being used. The physical principle
for producing X-ray, in both sealed X-ray tube and rotating anode generator
method, is the same but differ only in the intensity of the produced X-rays
[[14], page-51]. Emitted electrons from the cathode are being accelerated by
high voltages between cathode and anode (made of metal) and when these fastmoving electrons strike the target (anode), X-rays are produced and propagate
in all directions [[14], page-51].
More intense X-rays are produced in synchrotron radiation facilities. In synchrotron radiation facilities, radiation is produced when a fast-moving electron
(close to the speed of light) is forced to change the direction under influences of
magnetic field [[64], page 3]. In synchrotron radiation facilities, bending magnet
and insertion devices (such as undulators or wiggler) are used as [[20], page 31].
The purpose of using wiggler and undulator is to produce synchrotron radiation
with high brightness [65].
4.1.2

The Detection of X-rays

With the increasing application of X-ray diffraction, the advanced technology
has been invented to deal with a different situation with a wide range of facilities.
For instance, instead of measuring intensities at one point at a time, we can have
a two-dimensional pattern using an area detector [[14], page-107].
In two-dimensional X-ray diffraction, an area detector is considered the heart
of the system. Area detector are also referred as position sensitive detector
[[[14], page-108], [[66], page-31]]. Data collection time is fast in area detector
[[66], page-31] which later need to be subtracted to get the sample data. An
area detector is made up of an array of the same kind of detecting materials,
known as pixels [[14], page-107]. Using an area detector, we can have the entire
diffraction pattern at once and for that, an area detector is sometimes referred
to as an X-ray camera [[14], page-108].
The detection surface of an area detector can be of different shape depending
on the sample detector distance [[14], page-107]. Since the distance between
detector and sample was fixed in our setup, we used a flat detector. Due to
its larger solid angle than point and linear detector, area detector has greater
counting proficiency [[66], page-32].
Maximum measurable angle can be calculated by the following equation [[14],
page-109].
m+h
(26)
2Θmax = Π −
D
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Figure 22: Schematic of maximum measurable angle (2θmax ) and detector dimension of an area detector where m is detector blank margin, D is distance
between sample and detector and αmax is the maximum detector swing angle
In the above equation, h is optics blank margin, D is the distance between
sample and detector, m is detectors blank margin [[14], page-109].
Since the distance from each individual pixel to sample changes depending
on the pixels position on the detector, so does the solid angle [[14], page-110].
Let us assume an arbitrary pixel on the y axis, P(0,y). The solid angle covered
∆x
by this pixel in y direction is ∆β = R0D
2 ∆y and in x direction is ∆α = R0 where
R0 is the distance between sample and the pixel [[14], page-111]. The total solid
angle covered by that pixel is the dot product of solid angle cover in x and y
directions [[14], page-111].
D
∆Ω = 0 3 ∆y∆x
(27)
R
Equation 27, holds for every pixel in a detector by changing the individual pixel
to sample distance [[14], page-111].
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Figure 23: Relation between solid angle of each pixel and its location in the
detector
4.1.3

WAXS

Elastic X-ray scattering technique can be divided into Small-angle X-ray scattering (SAXS) and Wide-angle X-ray scattering (WAXS) depending on the scale
of measured angles. As names suggest, in SAXS method only a few degrees of
scattering are considered and in WAXS greater degrees than SAXS. To examine the atomic position in a crystal lattice, we need WAXS [22]. Small angle
X-ray scattering is good for fast determination of radius of gyration and pair
distribution function [[67]-[69]]. WAXS data are sensitive to small structural
change and data obtained from WAXS are used to test structural models and
finding structural similarities [69]. Using WAXS we can study sample down
to the atomic level as larger the scattering angle the smaller the structure can
be seen in a matter [70]. By using WAXS we can have the detailed molecular
model of a system [69].
Wide Angle X-ray Scattering (WAXS) measurement technique was performed to compute the crystallinity. WAXS measurement setup at University
of Helsinki consists of a sealed X-ray copper anode point focus X-ray tube
(PW2213/20, PANalytical B.V., The Netherlands) which generates CuKα radiation with wavelength 1.541Åand a two-dimensional MAR345 image plate
(Marresearch GmbH, Norderstedt, Germany). To investigate the crystal structure of biological materials, wavelength of X-ray should be in the range of 0.5-1.6
Å, so that all the crystal can take part in the scattering [[18], part-1, page-13].
The radiation is monochromatized and focused using Montel multilayer mirrors.
The distance between the sample and Image plate was 120 mm.
The length of scattering vector (q-range) was calibrated by using calibration
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Figure 24: Schematic of small scale wide angle X-ray scattering setup, where
Montel mirrors make the beam parallel to the sample
samples (Lanthanum Hexaboride (La B6 ) and Silver Behenate (AgC22 H43 O2 ).
Selecting proper calibration sample is important. For having maximum intensity, thermal vibrations of the calibration sample should be small [[66], page-43].
Our calibration samples have both the qualities and have rigid-lattice structures
due to strong chemical bonding with highly charged cations and anions [[66],
page-44]. This data obtained from calibration measurement are important as
the diffraction pattern of these calibration samples are too thin which shows the
instrumental limitation of the setup.
In WAXS technique, different measurement geometry (namely symmetrical
reflection, perpendicular transmission and symmetrical transmission) are possible. In our measurement, we used perpendicular transmission geometry (figure
25). In perpendicular transmission geometry, the scattering pattern of the transmitted X-rays from the sample is measured by placing the sample perpendicular
to the incoming X-ray beam.

Figure 25: Schematic of perpendicular transmission geometry
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For monochromatizing X-ray beam, Montel multilayer mirrors were used.
These mirrors are made up of optical surfaces coated with a multilayer structure [71]. By the multi layers, incoming X-rays are collected in a solid angle,
monochromatized and reflected to sample with high reflectivity [71]. In Montel
optics, by combining two mirrors side-by-side shaping of the beam in achieved.
These mirrors setup reflect the beam twice and so the monochromatizing effect
is squared [71]. Montel multilayer mirrors have symmetrical beam properties
(size, divergence) in two dimensions[71].
Centre of the X-ray beam is the most intense part of the beam and is harmful
for our detector. To save our detector, we put a semi-transparent beam stop in
between center of the beam and our detector and due to this, there is a shadow
almost at the center of the diffraction pattern. Therefore, we do masking the
region around the beam stop shadow (2θ <4◦ ).
The detector that was used in the study was mar345TM Image Plate Detector. Image plate is a type of area detector which was developed by Fuji films
[[14], page-117].
Mar345TM Image Plate Detector has plate diameter of 345 mm and pixel
size 150 m fast and 150 m fast [72]. Its a 53-kg image plate having 3 halogen
lamps as erase lamps [72].
The concept of mar345TM image plate is rather simple. A layer of BaF(Br,I):
Eu2+ , which contains colour center, is deposited on a plate [72]. The mar345TM
image plate is then exposed to X-rays. By pumping electrons from balance
band to conduction band, BaF(Br,I):Eu2+ can store a broad range of X-ray
photon, energy ranging from 5 keV to 100 keV, over long period [72]. mar345TM
image plate is then scanned by a scanner and since BaF(Br,I):Eu2+ contains
colour center, stimulation does not need high energy, a red laser is sufficient for
stimulation. During stimulation, excited electrons, drop back to ground state
emitting blue photon [72]. The number of blue photons is proportional to the
number of absorbed X-ray photons and are counted by a photomultiplier[72].
After performing each measurement and scanning from the detector, the
diffraction patterns were transferred to MATLAB for computing. All the measurements were carried out at room temperature and pressure (except those
measurements relating temperature variation). Every time the machine was
turned on or any equipment or beam parameter was adjusted, the setup was a
new one and new air scattering and calibration was performed.
4.1.4

Sample preparation

The prime focus of our study was to see the crystallization tendency of cellobiose
and melibiose stored at different humidity and changes in crystallinity with
increasing temperature. At first, 10% (w/w) sugar water solution was prepared
(all sugar was solubilized) and then transferred to 20-ml glass vials, 5 ml to
each. Samples were first stored at -20◦ C for couple of hours and then at -80◦ C
overnight and freeze-drying for at least 2 days (Lyovac GT2). After drying
samples were stored at room temperature (around 21◦ C) in vacuum desiccator
over P2 O5 . The relative humidity of the studied samples were done by saturated
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salt solutions and stored at a temperature of 25◦ C(in cooling incubator).
These samples (cellobiose and melibiose) were measured in aluminum sample
holder in powder form. A thin foil (MylarTM thin film) was put around the
sample and while removing air scattering contribution from the measured data,
the thin film contribution was also removed. The measurement time was 30
minutes for each sample. Before calculating crystallinity and crystal width,
the data from measurement was treated for air scattering, polarization and
geometrical correction.
4.1.5

Temperature variation

One of the main intentions of this study was to investigate the effect of temperature on the crystallinity of cellobiose and melibiose. For doing variation in
the temperature linkam TP92 was used. Linkam TP92 consists of three major
components temperature-controlled stage, liquid nitrogen cooling system and a
controller.
The liquid nitrogen cooling system designed by Linkam can be used to cool
down as rapidly as 1.6◦ C per second or as minimal as 0.00016◦ C per second at
linear rates and can be cool down to -196◦ C/77.15K [73]. The controller controls
the two pipes that are inside the cooling system. This cooling system was not
used during experiments as we did not perform any measurement below room
temperature.
The temperature-controlled stage which was used in the study (figure 26) was
slightly modified to fit our setup. Normally it doesn’t require much space, can
withstand high temperature and can be used both vertically and horizontally
[73]. For holding our aluminum sample holder, two aluminum plates were made
in a so that they can hold our sample holder. It also consists of a tube to be
connected to the liquid nitrogen system. The temperature-controlled stage also
has a probe connected to controller via wires, to measure temperature and heat
the plates.
The controller, as the name suggests, controls the flow of liquid nitrogen in
the sample holder and the temperature of the sample holder. The controller has
a display showing the current temperature of the sample holder. By rotating
the node of the controller, the desired temperature was fixed and by pressing
the load button the temperature of the sample holder was increased/decreased
to that desired temperature.
In this study, the range of the temperature was set to be from 25◦ C (room
temperature) to 120◦ C.

4.2

Data analysis and correction

To analysis, the data obtained from the detector, MATLAB scientific computing software [74] was used. Before starting calculating for any of the samples,
fitting of q-scale was performed considering the center of the beam and fitting
of the calibration samples. The advantage of doing this, we dont have to repeat
the same calculation for each sample. Since air background, dark current and
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Figure 26: Temperature controlled stage
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calibration samples are known, by measuring them first we can verify our system
is in proper order or not. To find the air scattering, dark current was subtracted
from air background. The measurement time of dark current (no X-ray beam
and the shutter was closed) and air background were as long as the samples,
30 minutes. The pixel coordinates in 2D detector system were transferred into
polar coordinates [21].
4.2.1

Correction made to data

The obtained diffraction pattern of the sample needs some corrections as numerous factors have an influence on the measure intensity. Having the authentic
scattering pattern of the measured sample is the sole purpose of these corrections. These corrections include Air scattering correction, background correction, Polarization correction as well as Sample absorption.
4.2.1.1 Angle-dependent absorption correction When exposed to radiation, any material absorbs a certain amount of radiation lessening the intensity
of the diffracted beam [79]. The sample absorption (transmission factor) can be
measured by the following equation [[14], page- 182].
Z
1
e−µτ dV
(28)
A=
V V
In equation 28, µ represents linear absorption coefficient, A is the transmission
coefficient and τ total beam path.
Transmission coefficient in two dimensional X-ray diffraction is [[14], page183].
2 sec η[exp(−µt sec η) − exp(−µt sec 2θ)]
T =
(29)
sec 2θ − sec η
In this equation, T is transmission coefficient, sec η is angle between incident
beam and sample normal, sec 2θ is angle between diffracted beam, µ is primary
beam normalization (the normalization of the data with respect to the primary
beam intensity) and sample normal and t is the thickness of the sample.
However, for perpendicular transmission geometry, η is zero. So, equation
29 becomes [[14], page- 185].
2[exp(−µt) − exp(−µt sec 2θ)]
(30)
sec 2θ − 1
While calculating, equation 30 was used as absorption correction equation.
T (2θ) =

4.2.1.2 Background correction When we are using the wide-angle technique, we are solely looking for the diffraction radiation from the sample. Thus,
we ignore radiation from other natural and artificial sources, which includes
cosmic radiation and environmental radiation. The background radiation is
measured for the exact same amount of time as the sample measurement and
then subtracted from the measured data to obtain the actual diffraction pattern
of the sample [78].
34

4.2.1.3 Polarization correction In wide-angle diffraction studies, one of
the most common corrections made to the data is polarization correction as the
scattering of photons depends on the polarization of the incident and scattered
radiation [78]. The polarization correction is applicable to both unpolarized
radiation (isotropic correction) and polarized radiation (anisotropic correction).
When an unpolarized beam is scattered by matter, the scattered beam is
polarized and polarization influences intensity of the diffracted beam. The polarization factor is given by [[14], page- 176].
1 + cos2 2θ
(31)
2
where 2θ is scattering angle. If incidentplane and diffraction plane are same
[[14], page- 176].
P =

1 + cos2 2θcos2 2θM
(32)
2
is Bragg angle of monochromator crystal and 2θ is the Bragg angle
P =

Where 2θM
of the peak.
Overall polarization in two dimensional X-ray diffraction is function of 2θ
[21] where
d
2θ = cos−1 p
(33)
x2 + y 2 + d2
Where d is lattice spacing, x and y are detectors coordinate. And
The polarization factor for two dimensional X-ray diffraction is written as
[[14], page- 178].
P (θ) =

1 + ( cos2 2θM cos2 θ) + ( cos2 2θM cos2 θ)
1 + |cos2 2θM |

(34)

This equation was used as polarization correction in the determination of crystallinity.
4.2.1.4 Air scattering correction When X-rays pass through air, between the sample and the X-ray source, X-ray beams are being scattered by
air molecules, causing attenuation of X-ray beams and adding a background to
the diffraction pattern of the sample. Reducing the intensity of the diffraction
pattern due to air scattering correction has an impact on the crystallinity, as
intensity is calculated to determine crystallinity, but not on the crystal width.
The major part of air scattering is highly dependent on 2θ. The diffraction
pattern of air does not have any peak, but the intensity drops with increasing
2θ angle as can be seen in figure 27.
By subtracting the air scattering from the diffraction pattern of the sample,
the air scattering correction is done.
Alongside all the above mention corrections, geometrical correction, primary
beam normalization and masking were performed. And, geometrical correction
is the correction for the planar shape of the detector by multiplying each value
in the scattering pattern by 1/cos(2θ)3 .
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Figure 27: Variation in the intensity of air scattering with increasing scattering
angle 2θ

Figure 28: Change in the intensity after correcting for air scattering
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Figure 29: Change in the intensity after all the correction made to the data
before calculating crystallinity
4.2.2

Crystallinity determination

Different analysis methods have been developed over the years for measuring
crystallinity like Segal method, Gaussian peaks, amorphous subtraction method
and so on. It is important to select a proper method as depending on the calculating method, the crystallinity of single sample may vary a lot [21]. In this
study, the amorphous fitting method was used. In this fitting method, an amorphous material is selected which is chemically equivalent the studied sample[22].
The amorphous fitting method is quite like amorphous subtraction method, however, in this fitting method, for the improvement of fitting, fitted amorphous
contribution could exceed sample intensities at some scattering angles [21]. The
reason behind this is the variation between amorphous standard and amorphous
part of the studied material [21]. By fitting a linear combination, the height
of the amorphous background is fixed [22]. The range of scattering angle was
13.0◦ to 50.0◦ .
By comparing sample scattering intensity and fitted amorphous standard intensity, crystallinity is calculated
P
Ia
Crystallinity = 1 − P
(35)
Isample
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In this equation, Ia is the intensity of the fitted amorphous standard and Isample
is the intensity of the sample.
To check the goodness of the fit, finding reflection peak positions of cellobiose and melibiose was important. Reflection peak positions of cellobiose
and melibiose were found using a program called Mercury [75] where data was
collected from work done by Jacobson and others [38] and Kanters and others [40] for cellobiose and melibiose respectively. Those reflection planes with
stronger intensity were considered.
The Amorphous fitting analysis method was used instead of more common
calculating methods because of its reliability [21]. Nuclear magnetic resonance
spectroscopy (NMR) is another way of measuring crystallinity. A recent study
on cellulose has shown that amorphous fitting method corresponds best with the
NMR results compare to other methods [21]. Another positive side of using the
Amorphous fitting analysis method is it’s not being vulnerable to crystallite size,
unlike more common crystallinity calculating methods [21]. However, finding
a suitable amorphous model is the biggest requirement of this fitting method
as failing to do so will have a direct consequence on the crystallinity values
of the sample. For this reason, amorphous cellobiose /melibiose, stored at 0%
humidity was used as a suitable amorphous model.
One of the widely used methods is Ruland Vonk method [77], also known
as amorphous subtraction method. In an XRD spectrum, because of the axial
divergence and fine adjustment of the slits, measurement of the intensity is poor
[76]. And as in this method, the amorphous pattern is scaled down in such a
way that it touches the diffraction pattern of the sample in low angles which
make this method is too much vulnerable to instrumental inaccuracies [76].
According to Scherrer equation 23, crystallite size is, ideally, independent
of crystallinity. However, a recent study on comparing different calculating
methods for computing crystallinity [21] has shown a significant correlation
between crystallite size and crystallinity for Segal, Gaussian linear as well as
Amorphous subtraction method. This codependency is least in case of the
Amorphous fitting method making it more reliable than other methods.
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5
5.1
5.1.1

RESULTS

Cellobiose
Effect of humidity on Cellobiose crystallinity

Figure 30: The X-ray powder diffractograms of cellobiose when it was stored at
different room humidity
It can be seen from the figure 30 that cellobiose starts transforming into
crystalline state from amorphous state when it was stored at room humidity
(RH) 44%. Table 1 displays crystallinity values of cellobiose stored at different
room humidity.
Table 1: Table depicting cellobiose crystallinity values at different room humidity
Humidity at which sample was stored (%) Crystallinity values of Cellobise (%)
33
44
54
66
76
85

0 (amorphous)
96 ±5
95 ±5
96 ±5
96 ±5
96 ±5
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The diffraction pattern of cellobiose stored at different room humidity (except
at RH 33%), resembles diffraction pattern of a fully crystalline material. However, when we measured numerical value of crystallinty, we did not get 100%
crystallinty value because of the systematical error in the fitting method was
considered to be ±5% [21].

Figure 31: Calculating the crystallinity of cellobiose by amorphous fitting
method (considering 25 peaks) when it was stored at 76% room humidity

5.1.2

Effect of temperature on Cellobiose crystallinity

In case of dehydrated food system, we know that temperature plays an important rule when a material transforms from an amorphous state to crystalline
state [[5], page-329]. In this study, we wanted to see at what temperature amorphous cellobiose starts transforming and does it have a semi crystalline phase or
not. After increasing the temperature to a certain value, we waited 5 minutes
before we started the measurement.
From the figure comparing diffraction pattern at 86◦ C to 87◦ C (figure 32),
it is clear that, when the temperature increases from 86◦ C to 87◦ C, cellobiose
transformed from amorphous to completely crystal, no semi-crystalline phase.
Cellobiose starts becoming crystalline at 87◦ C, and the crystallinity value
was 95% which is exactly same when cellobiose was stored at different humidity
(≥RH 44%), even the diffraction patterns look the same (figure 33).
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Figure 32: Comparison of the diffraction pattern of cellobiose when the temperature was increased from 86◦ C (left) to 87◦ C (right).

Figure 33: The diffraction pattern of cellobiose when it was stored at room
humidity 66% (on left) and when the temperature was 87◦ C (on right)
By amorphous fitting method the crystallinity was calculated. In the figure
35, red dot line represents amorphous background. r2 shows goodness of the
fitting and for all the cellobiose samples r2 was always in the vicinity of 0.98.
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Figure 34: The X-ray powder diffractograms of cellobiose measured at different
temperature ranging from 86◦ C to 100◦ C
Table 2: Crystallinity values measured at different temperature
Temperature (◦ C) measured crystallinity of cellobiose (%)
85
86
87
90
95
100

5.2

0 (amorphous)
0 (amorphous)
95 ±5
94 ±5
94 ±5
94 ±5

Melibiose

Melibiose samples only showed amorphous halos irrespective of the humidity
the samples were stored. Only one exception was when sample was stored at
RH66 %, however, storage time was different for sample stored at RH66% and
RH76% or higher.
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Figure 35: Calculating the crystallinity of cellobiose by amorphous fitting
method at temperature 90◦ C

Figure 36: The X-ray powder diffractograms of melibiose when it was stored at
different room humidity
Unlike cellobiose, melibiose did not show any sign of diffraction pattern when
the temperature was increased up to 120◦ C as shown in the figure 37.
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Figure 37: The X-ray powder diffractograms of meliobiose at different temperature ranging from 60◦ C to 120◦ C
After preparing, each sample was equally (in terms of quantity) divided into
three small test tube labeling A, B and C and then stored at the same room
humidity. The same procedure were repeated for each samples. Reason for
doing so, is to see if the structural change is throughout the sample or some
part of the sample.
All the melibiose samples were amorphous but melibiose stored at RH 66%
has shown the only variation. Figure 38 shows the variation of diffraction pattern of subunits A, B and C and table 3 shows the crystalline values.
Table 3: Crystallinity values of melibiose when stored at RH66%
Sample stored at RH 66% measured crystallinity value of melibiose (%)
42 ±3
38 ±3
0 (amorphous)

A
B
C
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Figure 38: The X-ray powder diffractograms of meliobiose storing at RH 66%

6
6.1
6.1.1

DISCUSSION

Crystallinity
Cellobiose

In our study, we tried to see if there was a change in crystallinity with increasing
humidity at which the samples were stored. Amorphous cellobiose transformed
into crystalline cellobiose when it was stored at 44% or higher room humidity
(RH). Crystallinity values of cellobiose was the same despite storing at different
room humidity, ranging from 44% to 85%. This shows that once nucleation
starts in cellobiose, it proceed till the end.
However, after storing at RH33 % for 4320 hours, cellobiose sample was still
amorphous, but, after, additional 2000 hours of storing at room condition (room
humidity was on average 60%), the sample was completely crystal.
When the temperature is greater than glass transition temperature, cellobiose shows rapid transformation from amorphous state to crystalline state
[[80], [81]] because of low water solubility of cellobiose [80], [83], [82]. Cellobiose, being an anhydrate[[80], [82]], does not required proper distribution of
water to crystallize, all cellobiose needs for crystallization is sufficient mobility
[80].
In case of cellobiose, the storage time is also not important if the storage
humidity is sufficient to make it crystallize. In our study, storage time was
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Figure 39: Change in cellobiose crystallinity with relative humidity and measurement error
different for cellobiose stored at RH44% and RH76%, still, crystallinity values
are the same for both the samples (storage time at RH44 % was 4320 hours and
storage time at RH76 % was 2136 hours.).
6.1.2

Melibiose

Changes in crystallinity in melibiose at different stored humidity and with increasing temperature were also the focus of our study.
Melibiose samples did not show any sign of crystallization irrespective of room
humidity at which samples were stored (RH ranging from 44 %-85 %). Very slow
crystallization tendency of melibiose resembles lactose, another hydrate disaccharide having galactose and glucose. However, melibiose has 1→6 glycosidic
linkage where lactose has 1→4 [84]. Like melibiose, lactose was also amorphous
when freeze-dried lactose was stored at RH 44% [84]. Extremely slow crystal growth rate of both melibiose and lactose under similar conditions, shows
that hydrate samples need time to be crystal than anhydrate samples. One of
the reason could be, due to the complex structure, hydrate molecules need the
proper distribution of water before showing any sign of crystal formation [80].
When it comes to crystallization, temperature plays a crucial role by promoting crystal growth alongside nucleation. However, melibiose did not show
any sign of crystallization even when the temperature was increased to 120 ◦ C.
After increasing to a certain temperature, melibiose samples were kept at that
temperature for 5 minutes before doing measurement. In case of lactose, due to
extremely slow growth, it takes a lot of time to see noticeable nucleation once it
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starts nucleation [85]. The particles in lactose molecules cant achieve necessary
size, over a long period of time, to be detected. Due to the similarity between
melibiose and lactose, it can be assumed this could have happened to melibiose
as well.
One interesting thing happened with melibiose samples when we measured
crystallinity of freeze-dried melibiose stored at RH66%. For two of those three
subunits, we detected some form of crystallinity though diffraction pattern was
different each time (figure 38). Other time, it was amorphous. It means despite
storing at same condition some part of the sample started to crystallize where
some parts were still amorphous. This shows melibiose crystallizes gradually
unlike cellobiose. This gradual crystallization is also a characteristic of lactose
[86]. Amorphous component in the diffraction pattern between RH66% A and
RH66% B also varies.
The storage time were different in mellibiose samples. Melibiose samples
were store at RH66% for 4500 hours where at RH76% and RH85% for 2000
hours. In case of melibiose storage time is one of the most important factor for
crystallization [80]. Since, we detected some form of crystallization after storing
for 4500 hours for samples stored at RH 66%, we can speculate that if we store
any melibiose sample stored higher than RH 66%, for 4500 hours, we will see
some form of crystallization.
Gradual crystallization of melibiose is clearly visible when we compare melibiose sample stored at RH66% with the fully crystalline sample. RH66% melibiose (both subunits A and B) have more amorphous component than crystalline
melibiose.
When we increased the temperature near 100◦ C or higher, the hypothesis
is, melibiose started to loss water. One of the reason could be crystallization as
crystallization leads to decrease in water content [80].

6.2

Crystal Width

Normally, measured diffraction peak width consists contribution of crystallite
size and instrumental broadening. For calculating crystallite size by Scherrer
equation, (equation 23), we need to consider broadening only because of crystallite size and remove contribution of instrumental broadening. Instrumental
broadening can be caused by beam divergence, X-ray optics, collimator size,
X-ray source focal point and detector resolution. One of the ways of determining instrumental broadening is by performing the crystallinity measurement
experiment on lanthanum hexaboride (LaB6 ) in the exact same conditions and
parameters as of the measured sample. Standard powder of lanthanum hexaboride (LaB6 ) has no strain and particle size is less than 1 µm.
The peak width of the LaB6 diffraction pattern is the instrumental limitation
of our instrumental setup. That means, by using our instrumental setup, size
of a crystal cannot be measured if the width of the diffraction peak is narrower
than peak width of the LaB6 diffraction pattern. In this study, the width of the
diffraction peaks of the studied samples were narrow and even narrower than
our calibration sample (LaB6 ) (figure 40).
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Figure 40: Comparing cellobiose and melibiose peak width with calibration
sample LaB6
In practice Scherrer equation can determine average size of the crystal, when
the peak broadening is significantly big enough [20].
2
2
2
Bsample
= Btotal
− Binstrument

(36)

In the equation 36, Bsample is the FWHM of the measured intensity peak because of the sample contribution, Btotal is the FWHM of the measured intensity
peak of the sample and Binstrument is the FWHM of the measured intensity peak
because of the instrumental contribution. In our case, Binstrument is greater
than Btotal as can be seen in figure 40.
For above reasons, during our study, we didnt calculate the crystallite size.
Our calibration sample (LaB6 ) is assumed to be perfectly infinite crystal.
Thats is why diffraction peaks from LaB6 are really narrow (small FWHM)
and are limited to a small region. The crystal width of LaB6 in literature
is reported to be 1.2 µm ([87]) and since, peak width and crystal width are
inversely proportional to each other, we can assume that, crystal of our study
materials is bigger than 1.2 µm.

6.3

Amorphous fitting method

Although various methods could be used to conduct quantitative analyses of Xray diffraction, the amorphous fitting method is more suitable as this method is
independent of crystal size effect [21]. However, the amorphous fitting method
is more suitable for measuring crystallinity of a semi-crystalline material rather
48

than fully crystalline material as this method tends to give lower crystallinity
values for fully crystalline material[21].
While calculating crystallinity of cellobiose, 25 diffraction peaks were considered. And since every measurement was performed 3 times, we had in total 76
fitting parameters (including amorphous fitting). These parameters directly affect the measured crystallinity value. Due to this much fitting parameters and
cellobiose being fully crystalline, the systematical error of the fitting method
was considered to be ± 5 [21]. However, since two melibiose samples were semi
crystalline, the systematical error was considered to be ± 3 [21].
All in all, despite its shortcomings, the amorphous fitting method is an
adequate method for calculating crystallinity of a sample.
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7

CONCLUSIONS AND FUTURE PROSPECT

Different techniques have been developed over the years for characterization
of biological materials and X-ray diffraction is one of them. X-ray provides
the opportunity for structural determination of a wide range of materials, from
nano biomaterials to macromolecules (such as protein), from simple to complex
structure.
For measuring crystallinity of a sample, X-ray diffraction is suitable because
of X-ray diffraction’s sensitivity towards crystalline phase, information can be
extracted from a large sample and experimenting is possible with higher temperature range than other methods [22]. NMR can also be used for measuring
crystallinity, however, a recent study [21] has shown the result obtained from
NMR study and calculating crystallinity by amorphous fitting method (which
was used in this study) produce same result for cellulose sample.
Crystallization plays an important role in physical and chemical properties
in the sugar industry, as crystallinity, crystal orientation, amorphous component
as well as crystallite size can have a huge impact on the final product. However,
sometimes for the better quality of the final product, crystallization of sugar is
unwanted.
Glass transition temperature and water content are two most important parameters for transformation from amorphous to crystallite sugar, though both
the parameters are inversely related to each other [[45], [53]]. At constant temperature, crystallization rate of sugar is dependent on room humidity [[5], page329] and similarly, at same room humidity, crystallization rate depends on the
temperature difference between stored temperature and glass transition temperature [([[5], page-334], [55], [59], [62], [63]].
The study of crystallization tendency of cellobiose shows that amorphous
cellobiose starts to crystallize when the room humidity is greater than 44%, given
that store temperature is greater than glass transition temperature. however,
crystallinity values are same when room humidity is 44% or greater, irrespective
of different storage time.
Effect of temperature on cellobiose crystallinity is also similar. Amorphous
cellobiose crystallizes at 87◦ C, and at that temperature, cellobiose becomes
fully crystalline, does not show any semi-crystalline phase.
However, melibiose did not show any sign of crystallinity despite storing at
room humidity as high as 85 % or temperature at 120 ◦ C, indicating storage
time is important for crystallization of melibiose, unlike cellobiose.
When stored at RH 66% for 4000 hours, melibiose starts to crystallize. So,
we hypothesized that if melibiose is stored at RH 76% or RH85% for atleast
4000 hours, melibiose might show some form of crystallization.
To conclude, by using X-ray diffraction method, crystallization dynamics of
cellobiose and melibiose was studied. In case of cellobiose, a reducing sugar,
storage condition is of significance, but for melibiose, a non-reducing sugar,
storage time is the most important factor.
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