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Abstract

Single-use plastics, such as drinking straws, are not environmentally friendly and
have recently been replaced by paper-based drinking straws to lower the environ-
mental impact. However, straws made from paper do not always meet the consumers
expectations since the liquid penetrates into the straw and causes an impair on the
mechanical material properties and therefore further development is required. In
addition, the paper straw production needs improvement and optimization.

The goals of this project were to characterize different liquids with varying properties,
the paper straw material and the interaction between them with the future aim to
produce paper-based drinking straws that meet the expectations of the consumers.
Liquid characterization was performed by experimental methods such as measuring
pH, viscosity and surface tension. To characterize the material, changes in relative
humidity were investigated in relation to the cross-section thickness of paper straw
material. Contact angle measurements and time-resolved in-situ experiments by
confocal laser scanning microscopy, were performed to characterize the paper-liquid
interactions, in terms of liquid transport through paper fibers, capillary transport of
liquid through pore space and vapor diffusion through pore space.

A set of experiments were performed where the paper material was conditioned
to three different climates to investigate the effect and isolate the moisture trans-
port phenomena. The liquid penetration studies were performed with water as a
reference. The liquids with increased viscosity, PEG 3000 and PEG 35000 led to the
conclusion that the liquid penetration was not affected. Liquids modified with an
emulsifier, Tween®20, liquids containing surfactants composed of the commercial
brand Yes, and liquids modified to a pH of 2 respectively 9 increased the penetration
rate of liquid into the paper straw material compared to water. The penetration rate,
however, decreased with the addition of NaCl or saccharose. It was found that the
combination of techniques was powerful to investigate the dynamics of the liquid
transport through thin paper.

Further, three transport mechanisms did occur during the wetting of the paper strip
samples in this work; I) transport through paper fibers, II) capillary transport of liquid
through pore space and III) vapor diffusion through pore space. Capillary transport
was found to be the dominant mechanism in the case of Yes, while the other modified
liquids demonstrated a combination of the three mechanisms.

Keywords: drinking straw, cellulose, penetration rate, transport mechanism, charac-
terize, relative humidity, cross-section thickness, confocal laser scanning microscopy,
imbibition, pore space, contact angle, moisture.
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1
Introduction

In 2021, the world’s population was 7.19 billion [3]. There has been an increase in
this number annually, and since all humans have a right to access safe food and
beverages, modern packaging is important to feed the increasing population in
a food-safe way. In a significant way, plastic materials have contributed to this
development. Plastic materials have many favorable properties compared to other
materials. For example, they are lightweight, have low durability, high versatility and
a low price. This makes plastic suitable for a wide range of different applications and
the material class has provided many conveniences to humans since its invention
[4, 5]. However, plastic waste management systems are lacking in big parts of the
world, and since plastics last for hundreds of years in nature, plastic wastes cause en-
vironmental pollution and thereby damage to nature. One important action towards
the decreased use of plastics was taken in 2021 when the European Commission
decided to introduce a restriction regarding single-use plastics [6].

According to the European Commission, single-use plastics are defined as "products
that are made wholly or partly of plastic and are typically intended to be used just
once or for a short period of time before they are thrown away", for example, plastic
drinking straws [6]. This restriction has led to the replacement of traditional plastic
drinking straws with straws made of other materials, mainly paper-based materials.
Tetra Pak® was the first carton packaging company to launch paper-based straws
for beverage cartons in Europe [7]. The restriction of single-use plastics is mainly
because of the non-biodegradability and difficulties in the recycling of plastic straws
together with poor waste management. When ending up in nature after use, plastic
straws can be converted into microplastic residuals by photodegradation and later
through food end up in the human body and in animals, endangering health [4].

Even though the paper straws developed so far have a lower environmental impact
compared to plastic straws and are cheap to produce, they do not always meet the
expectations of the consumers and therefore further development is required. Poor
water stability is the main problem with paper straws since absorption of liquids and
moisture strongly influences the mechanical properties and hence the drinking ex-
perience. After only minutes of use, the paper soaks in the liquid, causing the straw
to soften and become difficult to use. Different types of liquids come in contact with
paper straws during the production processes and the product’s service life, as well as
the recycling processes [8]. A better understanding of the interaction between paper-
based drinking straws and liquids with different properties is therefore important for
further development of the product [9].
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1. Introduction

Paper-liquid interactions have been quantified previously, however, only according
to different extremes of liquid properties [10]. It is therefore in Tetra Pak®’s interest
to characterize paper-liquid interactions and dynamics in a more consequent and
systematic way using liquids with different properties. To obtain data for future com-
puter modelling that can assist in improving the product’s quality and the customer’s
experience, experiments are necessary for characterizing the paper straw material
and the liquids as well as examining the interaction mechanisms between the paper
and liquids [11].

1.1 Aim

The objective of this project is to build knowledge and understanding of how the
liquid imbibition in paper straw material affects the mechanical material properties
in order to develop a deeper understanding of the material structure and behavior.

In order to approach the objective, the thesis has the following goals:

• Characterization of liquids with varying physical properties. The evaluation
will be based on surface tension measurements, viscosity measurements and
pH measurements.

• Characterization of the paper straw material by evaluation of how relative hu-
midity influences the paper straw material. Information obtained will indicate
the influence of the relative humidity in the environment and the temperature
gradient in the surroundings.

• Characterization of the interaction between the liquids with varying physical
properties and the paper straw material by contact angle measurements and
in-situ confocal laser scanning microscopy measurements.

• Quantification and determination of the transport mechanisms occurring
when liquids with varying physical properties interact with paper straw ma-
terial by in-situ confocal laser scanning microscopy measurements combined
with image analysis.

• Kinetic evaluation of liquid penetration into paper straw material and swelling
behavior of paper straw material by in-situ confocal laser scanning microscopy
measurements combined with image analysis.

With the aim of fulfilling the goals, Figure 1.1 shows the thesis deposition in order to
achieve them. The in-situ experiments with CLSM are intended to support the under-
standing of the interaction occurring between paper straw material and the various
liquids it is exposed to, during the production processes, the consumer phase and the
recycling processes. Owing to the increased understanding, a more accurate charac-
terization could be achieved as well as an increased usage of modeling techniques in
the future. This is intended in order to develop an optimal paper straw product that
is efficiently produced both from an environmental and economic perspective that
meets the consumer’s expectations.

2



1. Introduction

Figure 1.1: Flowsheet of the thesis outline.
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1. Introduction

1.2 Limitations

The main focus of this project is to evaluate the influence of different liquid prop-
erties on the penetration depth as a function of time and the interaction with the
paper straw material. Considering the time constraints of this project, only one
type of paper straw material will be considered. The project will not focus on other
materials than the specific paper straw material used in Tetra Pak®’s production and
how it interacts with liquids used in the application areas.

The project is limited to characterizing different liquids which are applicable in
the production process, the consumer phase and in the recycling process. The
liquids will be modified according to one of the following properties, surface tension,
viscosity, pH or by addition of saccharose or NaCl. Other properties of which liquids
could be modified are not taken into consideration during this project.

Characterization and visualization of paper-liquid interactions will mainly be based
on CLSM experiments in combination with image analysis, other techniques will not
be evaluated during this project. However, techniques such as viscosity measure-
ments, pH measurements and surface tension measurements will be performed for
the characterization of liquid properties and contact angle measurements will work
as a complement to understand the liquid interactions with the paper fiber network
and the mechanisms occurring.
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2
Theory

This section aims to introduce theoretical concepts used throughout the project. Sec-
tion 2.1 give fundamental theory about the structure of wood. A foundation for the
production of paper and its properties as well as the production of paper straws are
included in Section 2.2. Further, mass transport mechanisms in paper-based mate-
rials are explained in Section 2.3. Section 2.4 explains the fundamentals of the char-
acterisation techniques that can be used to characterize liquids and paper material,
and the interaction between them. In Section 2.5, the properties of materials used for
liquid modification are presented, together with an associated justification for each
choice.

2.1 Structure of wood

Cellulose, which is the structural component of cell walls in plants, is the most
abundant renewable bio-polymer on earth [12]. This makes it both cheaper and
more accessible than other common bio-polymers. In addition to the low price
that cellulose-based materials have, they encounter desired properties like high
mechanical strength, low weight, biodegradability and renewability, which make
them suitable materials for replacing plastic drinking straws [4].

Cellulose chains are built up of β-1,4-linked anhydro-D-glucose units where every
second unit is rotated 80° with respect to its neighbour. Cellulose is characterised as a
high molecular weight homopolymer and the degree of polymerisation is commonly
up to 20 000, although shorter chains can exist [13]. Cellulose chains do not occur in-
dividually, they are assembled in larger crystalline units of 36 cellulose chains called
elementary fibrils, which in turn build up micro-fibrils that build up familiar cellulose
fibers, forming the hierarchical structure of wood [14, 13]. The cellulose fibers are nat-
urally formed as tubes to enable transport of water inside the tree and the hollow void
inside the fiber is called a lumen [15]. Together with cellulose fibers, wood cells are
built up by hemicellulose and lignin. Hemicellulose is a carbohydrate polymer while
lignin consists of phenylpropane units and acts like a glue between the fibers. Cellu-
lose, hemicellulose and lignin are together ordered in a three-dimensional polymer
network, building up the natural composite material wood [16, 17].

5



2. Theory

2.2 Production of paper straws from wood

Paper is defined as "a thin layer of mostly cellulosic plant fibers, produced on a screen
by dewatering a slurry of fibers in water" [18, p. 6]. The production of paper-based
drinking straws starts with the production of a slurry from the complex wood raw
material, called pulp [19]. Pulp is in turn defined as a suspension of fibers and can be
produced by separating the cellulose fibers chemically or mechanically from each
other [14]. In chemical pulp production, fiber defibration is based on the dissolution
and removal of lignin, which results in yields of 45-50% [19, 17]. Mechanical pulp
is instead produced by mechanical separation of the fibrous constituents of wood
where the lignin remains in the pulp and is plasticized during the process which
gives a higher yield, 80-95% [14, 19]. It is the length of the fibers in the pulp that
determines its quality. The fiber length is, in turn, dependent on the wood type
used in the pulp production. Typically longer fibers, around 3 mm, are extracted
from softwood which belongs to gymnosperms, resulting in a paper with higher
strength. Shorter fibers, around 1 mm, are instead extracted from hardwood, which
belongs to angiosperms, and enable the production of more uniform paper sheets
[14, 15, 20, 19].

A variety of chemicals, fillers and other additives are added to the pulp before being
further processed into the final paper product [9]. Fillers, for example mineral
particles, are added to the paper for many reasons. They improve the optical prop-
erties and the dimensional stability of the paper, can fill voids in the fiber matrix,
enhance printability and decrease the roughness of the sheet surface. Fillers can
also lower the price of the raw material and therefore create better profitability in
paper manufacturing [19]. The manufacturing process, shown in Figure 2.1, includes
several different equipments; a headbox, a wire section, a press section, a dryer
section, a size press, sometimes but not always a coating station, a calendar and a
pope reeler [21].

Figure 2.1: Flowsheet showing the equipment and steps included in the paper manu-
facturing process.

The paper manufacturing process starts with loading pulp suspension into the head-
box, which allows the pulp suspension to equally distribute in the cross-direction of
the machine and enables high uniformity of the suspension. The pulp suspension
flows from the headbox into a moving, water-permeable wire section, where dewa-
tering of the suspension takes place, forming a paper web. The wire section prevents
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unwanted fiber flocculation and also causes the fibers of different lengths to align
more or less in the flow direction by oriented shear [21]. This is the reason why paper
has an anisotropic structure when the fibers finally cohere and form a fiber network.
The anisotropy of the paper results in different properties along the directional axes,
often called machine direction (MD), cross-direction (CD) and thickness direction
(ZD) [9, 20]. The different directions of the paper is shown in Figure 2.2.

Figure 2.2: Visualization of the paper straw material and its orientation that arise in
the manufacturing process. MD is the machine direction, CD is the cross-direction and
ZD is the thickness direction.

Traditionally a single wire is used in the paper production process. The water drains
down through the machine’s forming wire which means small fibers, fillers and sizing
are lost through one side of the web, giving rise to a distinguishable two-sidedness
of the paper. The top side of the paper in the paper machine becomes more smooth
and is called the print side (PS) whereas the side where water drains down through
the wire becomes rougher and is called reversed side (RS) [22].

The fiber web leaving the wire section still contains 80% water and is therefore enter-
ing a press section with the purpose of increasing the dry content of the paper web
[21]. This is done by pressing the material together allowing bonds to form between
the fibers and thereby increasing the strength of the web [9, 21]. The water content
is reduced to 50% in the press section [23]. Following, the paper enters the drying
section where the paper is dried by thermal heating to its final moisture content of
2-10% [21]. During the drying, hydrogen bonds are formed between the fibers which
give the strength of the paper. Some drying sections in the manufacturing process
include a size press where a certain media is applied to the web surface, called sizing
[21].

The purpose of sizing is to increase the strength of the paper and/or modify the sur-
face properties to enable control of liquid penetration and liquid uptake in the paper,
which are important properties to control for the paper material used in paper-based
drinking straws [17, 21]. The sizing is followed by calendering, where the paper web
is compressed between two highly-polished rolls with different special properties en-
abling modification of the surface smoothness of the paper web [22]. The degree of
calendering is determined by the requirements of the paper application. The last step
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in the paper manufacturing process is the reeling of continuously produced paper,
forming paper rolls, and in this step, the paper quality cannot be further improved
[21].

2.2.1 Properties of paper

The fibers in paper are held together by hydrogen bonding between hemicellulose
and cellulose. Hemicellulose thus increases the strength of the paper while lignin,
which does not contribute to hydrogen bonding, decreases the strength of the paper.
Since water interferes with the hydrogen bonds, the paper loses much of its strength
when it becomes wet. Wood fibres and paper are hygroscopic in their nature, which
means that when they are completely dried, they will absorb moisture from the envi-
ronment [24]. This means that the relative humidity (RH) in the environment affect
the paper’s moisture content, which also affects the swelling or shrinking of the pa-
per. A higher RH in the surrounding environment makes the fibers swell and a lower
RH makes the paper shrink [24, 25]. Since the fibers are bounded to the neighboring
fibers, swelling will separate them [25]. An additional important property of paper
fibers are their auto-fluorescence which is best excited at 488nm [26].

2.2.2 Production of paper straws

Production of paper straws can in an effective way be done by using paper straw ma-
chines. One example of a machine is the Hauni Straw Maker which makes it possible
to produce high-quality paper straws in an automated way [27]. The manufacturing
process for paper straws is illustrated in Figure 2.3. The paper is inserted into the ma-
chine and the paper is cut in half along MD in order to create two equal strips. One
of the strips is then brought to a gluing section where one of the sides of the paper is
covered with glue, this stripe is then moved forward to an overlapping section where
the two strips are joined together with displacements on each side and glue in be-
tween them. The combined paper strip is then transferred into the tube forming unit
which produces a long paper straw. The paper straw is then chopped into the desired
dimensions. By using this method it is possible to produce 300 meters of paper straw
per minute [1].

Figure 2.3: Straw production from paper. Inspiration for image [1].
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2.3 Liquid transport mechanisms in straw material

Paper used in the application of paper straws is, as mentioned in Section 2.2, com-
posed of several cellulose fibers which could consist of different lengths controlled
by the specie of the wood. Together the several cellulose fibers compose a porous
network. When liquid penetrates into paper material, this network can be divided
into three phases; a gas phase, a fiber phase and a water phase. Since the paper straw
material is porous, a space between the cellulose fibers exists, called the pore space.
The pore space can be utilized by both liquid and air where the air usually consists
of water vapour and dry air [28, 29].

One fundamental basis to understand when investigating the interaction between
paper straw material and different kinds of liquids is how the liquid penetrates
into the material. Generally, the transport mechanisms are divided into three; liq-
uid transport through paper fibers, capillary transport of liquid through pore space
(inter-fiber) and vapor diffusion through pore space [30]. The three different trans-
port mechanisms are visualized in Figure 2.4.

(a) Liquid transport
through paper fibers.

(b) Capillary transport of
liquid through pore space
(Inter-fiber).

(c) Vapor diffusion through
pore space.

Figure 2.4: Visualization of the main three transport mechanisms of liquid through
paper straw material.

In Figure 2.4, the cellulose fibers are brown, the liquid is blue, the pore space is white
and the vapor is light blue. Figure 2.4a shows the mechanism when liquid is trans-
ported through the paper fibers causing swelling of the fibers. Figure 2.4b shows the
capillary transport of the liquid in the pore space and Figure 2.4c shows the liquid
vapor diffusion in the pore space which causes the pore space to increase. These
mechanisms can appear individually but may also be combined depending on both
the paper and liquid material [31].

2.3.1 Moisture sorption isotherm

When working with cellulose products, such as paper straws, the moisture content of
the material becomes a key parameter. As mentioned in Section 2.2.1, the moisture
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content of a product is affected by the RH and consequently the temperature in
the environment. Depending on the moisture content of the paper straw material
the mechanical properties are influenced [32]. Previous research has shown that
increased RH yield decreased strength of the material [33, 32]. Since the paper straw
properties can be affected by fluctuations in the RH and temperature the moisture
sorption isotherm becomes important when investigating cellulose products [34].

The moisture sorption isotherm is a relationship between the RH and the moisture
content at equilibrium [35]. The process of sorption can be divided into absorption
and desorption. The absorption indicates the amount of vapor the cellulose prod-
uct can collect and desorption is the reversed process, meaning the amount of wa-
ter which is released as vapor. The moisture sorption isotherm can thus yield infor-
mation about interactions between non-constant environments and the paper straw
material.

2.3.2 Kinetics of liquid transport

The structure of real porous media is complex which makes it hard to model and sim-
plified models are necessary [36]. In 1918, Lucas and Washburn proposed the well-
known Lucas-Washburn equation which is a fundamental equation used to describe
liquid imbibition through porous media, shown in Equation (2.1) [37].

h 2 = t
2σR cosθ

2µ
(2.1)

, where h is the liquid height into the capillaries, t is the time, σ is the vapor surface
tension, R is the radius of the cylindrical capillary, θ is the contact angle and µ is
the liquid viscosity. This equation is however assuming circular cross-sections of
capillaries which is not the case in reality. Furthermore, when fibers absorb liquid
it causes them to swell and the porous structure of the substrate is changed, both
by changes in the fiber shape and the capillary radius, and hence the permeability
and the porosity of the material, which is not taken into consideration in Equation
(2.1)[38]. Despite the many limitations of the Lucas-Washburn equation it is com-
monly used to predict the liquids transport through porous media, such as paper.
Researchers have shown by experiments that the penetration depth of liquid into the
paper substrate often appears to be linearly proportional to the square root of time.
It has also been shown that the RH have an effect on capillary rise, the higher the RH
the faster the capillary rise [38].

The measurement of liquid penetration into the ZD of the paper is difficult to do in re-
ality and wicking measurements in the MD and CD can easier be measured [39]. Liq-
uid wicking through paper in these directions has therefore previously been studied
more. This has often been done by optical methods, commonly by dipping a paper
strip into the liquid and recording the liquid rise in the strip with a camera [38, 40].
The capillary rise in one case was 8mm after 420s in a paper strip with a width of
20mm [38]. Transplanar liquid penetration into single-layer textiles, which are also
porous materials, have however been previously studied by a method called demand
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wettability method [41]. A liquid source is placed in contact with the single-layer tex-
tile and the weight loss of the source is measured. From this study, the absorption
of liquid into the textile was approximately linear to time, but it did not provide data
about the transport mechanisms occurring [41]. NMR has been used to visualise the
liquid transportation of oil into textiles [42], and X-ray radiography has been used to
study the transplanar wicking in knitted textiles [43].

2.4 Characterization techniques

A description of theory for characterization techniques used during the project is pro-
vided in the following Sections. Section 2.4.1, 2.4.2 and 2.4.3 describes the techniques
for characterizing and visualizing the liquids and the paper straw material, as well as
their interaction. Section 2.4.4 and 2.4.5 provides an overview of the techniques used
to characterize the different liquids.

2.4.1 Confocal Laser Scanning Microscopy

Confocal laser scanning microscopy (CLSM) is an imaging technology which ana-
lyzes structural formation processes [2, 44]. In this regard, it provides a tool for mon-
itoring structural changes by using optical sectioning under dynamic conditions un-
der the microscope. The main components of the CLSM can be seen in Figure 2.5.

Figure 2.5: Main components of the CLSM includ-
ing laser, AOTF, illumination aperture, beam splitter
(AOBS), scanning mirrors, objective, stage and spec-
imen. Inspiration for image [2].

To describe the process, the
sample is placed on a stage.
The laser light is then turned
on and carried through an
acousto-optical tunable filter
(AOTF). The AOTF controls the
laser power and combines the
light from the several lasers
used. After the AOTF the light is
passed through an illumination
aperture in order to focus the
beam. Next, the beam is passed
through an acousto-optic beam
splitter (AOBS) where specific
wavelengths of the incident
laser light are selected to ei-
ther be reflected or passed
through the AOBS depending
on which wavelength that is of
interest [45, 2]. Once the light
has passed through the AOBS
the beam is scanned through
scanning mirrors. The beam
then goes through an objective
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which illuminates the sample and collects the re-emitted fluorescent light after
interaction with the sample. The primary function of the objective is to establish
constructive interference on the focal point as well as target the laser beam. From
the objective, the beam again travels through the scanning mirror and the AOBS. The
beam is then transferred through a pinhole in order to secure that fluorescence light
alone from the focal point in the sample is detected. The pinhole also focuses the
beam once again and depending on the signal-to-noise ratio the size of the pinhole
is restricted. The light is then entering the detector which collects and counts the
number of photons at a specific wavelength and therefore an emission fingerprint is
produced [2]. Due to the fact that the CLSM technology can monitor the structural
changes in 3D under dynamic conditions, this technique is useful in order to both
analyze the interaction between the paper straw material and the liquid and also to
analyze the characteristics of the paper straw material.

A prerequisite for CLSM is that the sample needs to be fluorescent, either by
auto-fluorescence or by the addition of a dye which is fluorescent. The or-
ganic chloride salt Rhodamine B is a commonly used fluorescent dye. Rho-
damine B is water soluble and used in many applications such as in paper
dye, additive to drugs as well as cosmetics and as colorants in inks. Rho-
damine B is a fluorochrome which means that it can induce flourecence in other
substances, therefore the salt can be used in order to label compounds which
are not originally fluorescent and thereby be visible in for example CLSM [46].

Figure 2.6: Structural formula of Rhodamine B
PEG.

A monosubstituted Rhodamine
B PEG (mPEG-RB) with a
molecular weight (Mw ) of 1000
could be used as a dye. The
advantage of using the sub-
stituted Rhodamine B is that
it is easier to use with higher
stability compared to other
substitutions [47]. Since PEG is
relatively inert the substitution
is of interest. Rhodamine B
PEG is fluorescent with maxi-
mum excitation wavelength at

544nm. The substitution is as well soluble in water and sensitive to both light and
temperature. The structure of the monosubstituted Rhodamine B PEG is visualized
in Figure 2.6.

2.4.2 Image analysis

To perform image analysis different software can be used and one example is the
open-source software Fiji. The Fiji software is based on the ImageJ2 framework and is
used for analyzing, visualizing and validating scientific images [48]. The advantage of
using image analysis is that quantitative data can be obtained from qualitative mea-
surements.
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2.4.3 Contact angle and surface tension

When a liquid encounters a solid surface it either wets the surface or forms a droplet.
The degree of wetting depends both on the surface tension of the liquid and the
properties of the surface. To determine these properties the contact angle, θ , can be
measured. This can be performed using the optical sessile drop technique where a
drop is placed on the substrate, as illustrated in Figure 2.7a, and the contact angle
is determined [49]. The contact angle, in turn, is defined as the angle between the
liquid-vapor interface and the solid surface, measured from the three-phase contact
point, illustrated in Figure 2.7a [50].

(a) Illustration of the contact angle, θ ,
between the solid surface and the tan-
gent line of the liquid phase drawn
from the three-phase contact point.
γSV , γS L and γLV denote the forces act-
ing between the solid, liquid and vapor
interfaces.

(b) Illustration of surface tension mea-
surement using the pendant droplet
method. z, x, s and θ are parame-
ters used to calculate the shape factorβ
which is needed to determine the sur-
face tension of the liquid. R0 is the
radius of the droplet curvature at the
apex. Inspiration for image [51].

Figure 2.7: Illustration of contact angle and surface tension measurement methods.

The surface tension, γLV , is the tension that causes the liquids to form drops. In the
bulk, liquid molecules sense the same amount of cohesive forces in all directions
whereas the molecules at the surface experience uneven forces due to the lack of
forces in one direction, which is caused by the surface. It is this asymmetry of the
cohesive forces at the surface that gives rise to the surface tension [52]. The surface
energy, γSV , is the energy between the solid surface and the vapor whereas the inter-
facial tension is the tension between the solid and the liquid, γS L . The reason why a
contact angle occurs when a droplet is placed on a solid surface is because of the me-
chanical equilibrium between the three tensions described above. Young’s equation,
Equation (2.2), shows the relationship between these three interfacial tensions [53].

γSV = γS L +γLV · cosθ (2.2)

, where γSV is the surface energy, γS L is the interfacial tension between the solid
and the liquid, γLV is the surface tension of the liquid and θ is the contact angle.
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Young’s equation assumes ideal surfaces which are perfectly flat and chemically
homogeneous, but this is however not the case for surfaces in reality. Therefore
the dynamic contact angle, which is measured as a function of time, is usually
determined [54].

The contact angle is used to determine wetting, spreading and absorption of the
liquid on a surface. Wettability gives information about if the surface is hydrophilic
or hydrophobic in nature. If a hydrophilic liquid gives a contact angle <90°, this
indicates good wettability and the material is hydrophilic. A contact angle>90°, with
the same hydrophilic liquid, on the other hand, indicates low wettability and that
the material is hydrophobic [9]. The wettability is dependent on the surface tension
of the liquid and the surface energy of the solid surface, where the surface tension
must be lower than the surface energy in order for a liquid to totally wet a surface [55].

It is the balance between the interfacial surface tensions in play that mainly de-
termine if a droplet on a surface will retain its shape or spread over the surface.
In addition, the spreading of a liquid on a surface is dependent on the chemical
composition of the surface, the surface roughness and the vapour pressure of the
liquid [56]. The physics of liquid spreading is complex in paper materials since its
porous structure enables liquid absorption and fiber swelling [38]. Liquid imbibition
in a porous media is caused by the capillary pressure generating a suction force and
the main factor affecting the absorption is the surface tension at the interface of the
surface and the liquid. The prerequisite for the liquid to wick up through the pores
in the paper is that the adhesive forces, which are the forces binding molecules of
different substances together, are greater than the cohesive forces, which are the
attractive forces between molecules of the same substance [38, 57]. By analyzing the
development of a drop volume and contact angle over time it is possible to obtain
information about the absorption of liquid into the substrate [58].

The surface tension of liquids can be determined using the optical pendant drop
technique, which is visualized in Figure 2.7b, where a drop of the liquid of interest
is pushed out from a tube to a certain volume and the curvature of the drop profile is
analyzed [59]. This is a simple method that only requires a tube that the liquid can be
pushed through, a camera and a light source [60]. It has been shown that the surface
tension can be related to the drop shape by Equation (2.3) [51].

γ=
∆ρg R 2

0

β
(2.3)

, where ∆ρ is the difference in density between the drop and the surrounding
medium, g is the gravitational constant, R0 is the radius of the droplet curvature at
the apex and β is called the shape factor and can be determined by utilizing Young-
Laplace equation. The Young-Laplace equation can, in turn, be described through
three first-order equations, shown as Equation (2.4), (2.5) and (2.6) [61].

d x

d s
= cosθ (2.4)
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d z

d s
= sinθ (2.5)

dθ

d s
= 2+β z −

(sinθ )
x

(2.6)

, where z, x, s and θ is shown in Figure 2.7b. Due to this, differences in droplet volume
can affect the obtained values for the surface tension when using the optical pendant
droplet method since the droplet shape is dependent on volume [61].

2.4.4 Determination of pH

The pH of a solution is a measure of the concentration of hydrogen ions, H+, present
in the solution and pH is a common measurement for the characterization of the
acidity of different liquids [62]. Excess of H+ in a solution makes it acidic while an
excess of hydroxide ions, OH−, in a solution makes it basic [63]. pH can be measured
by using either colorimetric methods with indication solution paper or with a more
accurate electrochemical method using an electrode, often called a pH meter [62].

Different studies have been done regarding the swelling of cellulose fibers at differ-
ent pH, but only when the fibers are exposed to different pH in pulp production
[64, 65, 66]. It has been shown that maximum swelling of fibers in pulp occur between
pH 8 to 10 [64]. Initially, it has been interpreted that the cellulose fibers swell due to
dissociations of the OH-groups present along the cellulose molecule [66]. Since it has
been shown that the swelling of cellulosic fibers can be affected by pH in the pulp, it
is of interest to further investigate the paper-liquid interactions when the pH of the
liquid has been modified to either acidic or basic.

2.4.5 Fluid viscosity

Viscosity is a measure of the resistance of matter to deform under a certain force and
is an important property when characterizing liquids [67]. The viscoelastic behav-
ior of liquids and semi-solid materials can be determined by a rheometer where the
most commonly used type for analyzing food materials and liquids is a rotational
rheometer [67]. A rotational rheometer can be used to examine both the viscosity
and viscoelastic properties of liquids. Thick and thin liquids can be measured with a
cup and bob rotational rheometer [67, 68]. The basic working principle for this setup
is that the test liquid is sheared between the surfaces of the cup and the bob, inside
the so-called test cell, where the cup is rotating and the bob is fixed, called the Cou-
ette principle, while the torque is measured at the rotating surface [69]. The torque
has to overcome the viscous force to enable the deformation of the test liquid and is
therefore a measure of viscosity [70]. Viscosity measurements give information about
flowability and flow parameters, where an increased viscosity decreases the flow rate
of the liquid. Flow parameters are essential properties to evaluate since they poten-
tially can affect the mass transport of liquid through the paper [69].
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2.5 Materials for liquid modification

In the following sections, the chemicals used for liquid modification are described,
together with a motivation for the choice of chemical.

2.5.1 Tween®20

Tween®20, with the trivial name polysorbate 20, has the chemical formula C26H50O10

and the chemical structure shown in Figure 2.8.

Figure 2.8: Structural formula of Tween® 20.

Tween®20 is a non-ionic surfactant commonly used in the pharmaceutical industry
or as a food additive. It acts as an emulsifier with the purpose to stabilize the emul-
sion [71]. Surfactants are amphiphilic in nature with a hydrophilic head group and
a hydrophobic tail which gives them the unique property to self-assemble at inter-
faces, drastically changing the interface’s properties. The addition of surfactants to
a solution generally lowers the surface tension, already from low concentrations up
to the critical micelle concentration (CMC), which is the concentration at which mi-
celles start to form. The surface tension will, however, not change at concentrations
above CMC and will thus remain constant [72]. The surfactant adsorption from a so-
lution to the surface-water interface is driven by two factors; the hydrophobic effect
and the energy gained from turning the liquid-surface contact into surfactant-surface
contact [73].

2.5.2 Polyethylene glycol

Polyethylene glycol (PEG), also called polyoxyethylene, is a semicrystalline, inert and
hydrophilic polymer that, due to its biocompatibility, often is used in the biomed-
ical industry [74, 75, 76]. PEG is synthetically synthesised by ring-opening poly-
merisation of ethylene oxide monomers, whereby different molecular weights can

Figure 2.9: General chemical
structural formula of PEG where n
is the number of repeating units.

be achieved [76]. The general chemical formula
for PEG is displayed in Figure 2.9. Polymers
can be added to solutions with the purpose
to vary the viscosity. Most polymers show a
non-Newtonian behaviour and are often shear
thinning, which means that the resistance to
deform decreases with an increased shear rate.
This is due to the decreasing entanglement
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density upon increasing shear rate, which enables the polymer to easily flow. The
viscosity is dependent on the chain length of the polymer, the temperature and the
concentration. Longer chains and higher concentrations cause more entanglements
between the polymer chains in the solution which causes difficulties for the polymer
chains to move and thus increase the viscosity while an increased temperature
causes increased free volume and makes it easier for the polymer to move [77].

Polymers can also affect the surface tension of solutions. There are two main ways
of action to enable a variation of the surface tension of polymer solutions; either by
changing the molecular weight or by changing the solution properties of the poly-
mer [52]. It has been shown that the higher the molecular weight of a PEG solution,
the lower the surface tension, which is related to the lower solubility high molecular
weights bring due to entropy effects [52]. The surface tension decreases due to poor
interaction between the solvent and the polymer which causes the polymer to move
to the surface where the polymer-solvent contact points are less than inside the solu-
tion [52]. Poor solvent-polymer interaction causes polymer adsorption onto surfaces,
but also conformational entropy loss is a driving force for the adsorption of polymers
onto surfaces [78].

2.5.3 Electrolytes

In order to customize surface tension or pH different types of electrolytes can
be used. According to literature electrolytes should increase surface tension as a
function of concentration [52]. Sodium hydroxide which has the molecular formula
NaOH is a strong electrolyte and completely dissociates into its ions in solution [79].
Since NaOH is strongly alkaline it can be used to increase the pH of a solution. It has
also been shown that NaOH can cause cellulose to swell [80].

Hydrochloric acid is as well as NaOH a strong electrolyte. Hydrochloric acid has the
molecular formula HCl and since it is a strong acid which consist of H+ ions [81].
Since the compound contains H+ ions, HCl can be used in order to decrease the pH
of a solution.

NaCl is the molecular formula for sodium chloride which is commonly also known
as table salt [82]. NaCl is a neutral electrolyte which contributes to the conductivity
in the solution [83]. In addition to NaCl used in industrial processes, it also plays an
important role in the production of paper pulp as well as in many consumer products,
due to this NaCl is of interest during this project.
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2.5.4 Saccharose

Saccharose, sucrose or table sugar are three synonyms which all represent the prod-
uct of glucose and fructose units combined together with an acetal oxygen bridge, the
chemical structure is visualized in Figure 2.10.

Figure 2.10: Structural formula of saccharose.

Saccharose is a white crystalline solid with high solubility in water and is commonly
used as a sweetener in consumer products [84]. Since saccharose is used in many con-
sumer products, such as beverages, the interaction between saccharose and paper
straw material is of interest. Considering the fact that saccharose as well has shown
an increased advancement of the surface tension this compound is of great interest
during this study [52].

2.5.5 Yes

Yes original is a mild detergent available for consumer use. Yes is a mixture of sodium
laureth sulfate, lauramine oxide and alcohol [85]. The mixture is marked with the
globally harmonized system hazard statements H319 and H412. Hazard statement
H319 implies that it causes serious eye irritation and H412 that it is harmful to aquatic
life with long-lasting effects [86]. The mixture has a pH between 8.7-9.3 and is soluble
in water. The GHS statements imply that this is not a common modifier for beverages
but is of interest since it contains both anionic surfactants and zwitterionic surfac-
tants. Due to the fact that the substance contains surfactants the mixture could be
used to decrease the surface tension of liquids as a function of concentration [52].
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Methods

The following sections describe the materials and experimental equipment used
throughout the project, as well as the methods used to perform all steps. As part of the
project, a literature study was conducted. Information and resources were gathered
from databases which are considered to be reliable sources.

3.1 Materials

During the project high vacuum grease DOW CORNING®, D(+)-Saccharose (Mw

424.30 g/mol, Millipore), hydrochloric acid (37%, Millipore), polyethylene glycol (av-
erage Mw 3000 g/mol, Fluka), polyethylene glycol (average Mw 35000 g/mol, Fluka),
potasium sulfate (≥99%, Supleco), Rhodamine B PEG (Mw 1000g/mol, Nancos),
sodium chloride (Merck KGaA), sodium hydroxide (≥ 99%, max. 0.02% K, Millipore),
sodium hydroxide (Millipore), Tween® 20 (Acros Organics), V2 paper consisting of 30-
50% hardwood and 50-70% softwood, Yes manual dish washing detergent (P&G) was
used. Milli-Q® water (Millipore) filtered through a Millipak® express filter (Milli-Q)
was used throughout the project.

3.2 Methodology

This section aims to describe the experimental work conducted in the thesis. Section
3.2.1 describes the sample preparation for the CLSM experiments. The CLSM exper-
iments are described in Section 3.2.2. Section 3.2.3 describe how the image analysis
was performed. Sections 3.2.4-3.2.6 explains the methodology for the characteriza-
tion experiments.

3.2.1 Sample preparation

This section aims to describe the sample preparation carried out in the project.

3.2.1.1 Preparation of paper samples for CLSM experiments

In order to perform CLSM experiments the straw paper was prepared in the following
way. The paper straw material was cut into small rectangular pieces with the follow-
ing dimensions, length 1.5 cm and width 2 mm, using a microtome blade. The paper
samples were always prepared by cutting on the RS of the paper and in CD. The paper
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samples were then placed in a metal cup with a sticky tape in the bottom, the setup
is shown in Figure 3.1.

Figure 3.1: Visualization of sample preparation for CLSM experiments. D0 displays the
metal cup, D1 the metal cup with the paper piece in white in the desired dimensions as
well as the orientation of the paper in the cup and D2 visualizes the cup with the paper
piece and where the liquid in pink was placed.

3.2.1.2 Conditioning of paper

To evaluate if RH influences the shrinking or swelling behavior in the paper, straw
paper exposed to different climate conditions were evaluated. Three different condi-
tions were evaluated and are displayed in Table 3.1.

Table 3.1: Conditions with corresponding temperature and method used to obtain the
desired relative humidity.

Relative humidity
[%]

Temperature
[°C]

Method used Salt msalt

[g]
8-9 20 Saturated salt solution NaOH 11.10
50 23 Climate room - -
95 20 Saturated salt solution K2SO4 3.42

The condition with RH of 50% was obtained by placing prepared paper samples ac-
cording to Section 3.2.1.1 in a climate room. The RH of 8% and 95% were achieved
by the following procedure. A saturated salt solution was created by mixing 30 ml of
distilled water with the desirable salt for the corresponding RH in a crystallizing dish,
the amount of salt added is shown in Table 3.1. The mixture in the crystallizing dish
was then positioned in a glass desiccator with a diameter of 15 cm at the lower desic-
cator plate. The paper pieces were prepared according to Section 3.2.1.1. The metal
cup with the paper piece was then together with a data logger of model Tinytag View
2 (Intab, Sweden) or Tinytag Plus 2 (Intab, Sweden) placed on the upper desiccator
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plate. The desiccator was then sealed using the lid and grease rim. The paper pieces
were stored in the desiccators for at least two days before measurement using CLSM.

3.2.1.3 Preparation of liquid solutions for CLSM experiments

Milli-Q® water was used throughout the project which means whenever water is writ-
ten in the report, it refers to Milli-Q® water. During the preparations of all liquids, an
analytical balance of model Balance XS204 (Mettler Toledo, Switzerland) was used. A
stock solution with water and Rhodamine B PEG with a concentration of 100 µM was
prepared. The stock solution was used as the source of Rhodamine B PEG in all of the
liquids prepared. The following liquid solutions were prepared with a final concen-
tration of 50 µM Rhodamine B PEG in a total volume of 5 ml, and the concentrations
of the modifying agents are presented in Table 3.2.

Table 3.2: Concentrations of liquid solutions prepared for the CLSM measurements.

Liquid Concentration of modifier
Water -
Water (mPEG-RB) 50 µM
PEG 3000 11.50wt%
PEG 35000 11.50wt%
pH 2 0.01 M
pH 9 0.10 mM
Tween® 20 (<CMC) 0.04 mM
Tween® 20 (>CMC) 0.08 mM
Yes 0.1wt% 0.10wt%
Yes 0.05wt% 0.05wt%
Yes 0.01wt% 0.01wt%
Saccharose 10wt%
NaCl 60.00 mM

In the following sections, the preparation procedure, the chemicals used and the cor-
responding motivation for the liquids are described. After the preparation of the liq-
uids in Table 3.2, all volumetric flasks and beakers were properly sealed, wrapped in
aluminum foil to avoid light exposure, and put in a refrigerator holding a temperature
of +6.8°C to prevent Rhodamine B PEG from breaking down.

3.2.1.3.1 Reference liquid A reference liquid with a concentration of 50 µM Rho-
damine B PEG was prepared by mixing 2.5 ml water and 2.5 ml stock solution in a
volumetric flask. The reference liquid will further be referred to as water(mPRG-RB).

3.2.1.3.2 Viscosity increasing modifier Two liquid solutions containing 11.5wt%
PEG 3000 respectively PEG 35000 were used to increase the viscosity of the liquids
with the purpose to mimic more viscous drinks and at the same time keeping the
polymers dissolved in the water. PEG is an inert polymer which also was desired to
avoid additional interactions with the paper. The polymer solution with PEG 3000
(average Mw = 3000 g/mol) was made by first mixing 10 g water with 3 g PEG 3000.
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This was followed by mixing 2.5 ml of the polymer solution with 2.5 ml of the stock
solution in a volumetric flask, giving a PEG 3000-Rhodamine B PEG solution contain-
ing 11.5wt% PEG 3000. The same procedure was repeated for the preparation of the
liquid solution containing PEG 35000 (average Mw = 35 000 g/mol).

3.2.1.3.3 pH changing modifiers A liquid solution with a pH of 2 was made to
mimic the pH of orange juice and Coke and a liquid solution with a pH of 9 was used
as a complement to see if the liquid transport in the paper differed from the acidic
solution, but also since recycling liquids often have a basic pH [87, 88].

The solution with a pH of 2 was made by first mixing 50 µl of a 1 M solution of HCl with
2.45 ml water. 2.5 ml of the HCl solution was mixed with 2.5 ml of the stock solution in
a volumetric flask, giving a HCl-Rhodamine B PEG solution with a pH approximately
of 2. The solution with a pH of 9 was made by first mixing 40 µl of a 0.1 M NaOH
solution with 19.96 ml water. 2.5 ml of the NaOH solution was mixed with 2.5 ml of
the stock solution in a beaker, giving a NaOH-Rhodamine B PEG solution with a pH
approximately of 9.

3.2.1.3.4 Emulsifier as modifier Liquids containing Tween®20 was used to mimic
emulsifiers that sometimes are added in drinks that are usually drunk with straws,
for example, milkshakes [89]. The concentrations were chosen to be above and below
the CMC, which is 0.06 mM, to examine two different concentrations and how the
liquid transport was affected of those.

The solution with Tween®20 (>CMC) was made by first mixing 19.6 mg Tween®20
with 100 ml water to a concentration of 0.16 mM. 2.5 ml of the Tween®20 solution
was mixed with 2.5 ml of the stock solution in a volumetric flask, giving a Tween®20-
Rhodamine B PEG solution with a concentration above CMC, 0.08 mM. The same
procedure was followed when preparing the Tween®20 (<CMC), but with 9.8 mg of
Tween®20 added in the first step, resulting in a concentration below CMC, 0.04 mM.

3.2.1.3.5 Surface tension decreasing modifiers Yes was used as an extreme to see
the effect of decreased surface tension of the liquids. A dilution series with different
concentrations of Yes was prepared in order to determine the differences in liquid
penetration rate into the paper straw material. The dilution series with water and Yes
was first prepared with concentrations of 40wt%, 10wt%, 1wt%, 0.2wt% and 0.1wt%.
2.5 ml from each concentration in the dilution series was mixed in separate beakers
with 2.5 ml of the stock solution, giving a series with Yes concentrations of 20wt%,
5wt%, 0.1wt%, 0.05wt% and 0.01wt%.

3.2.1.3.6 NaCl and saccharose as modifiers A salt solution was prepared to
mimic regular rehydration therapy drinks which contain salt [90]. The solution was
made by first preparing a water and NaCl solution with a concentration of 120 mM
from which 2.5 ml was mixed with 2.5 ml of the stock solution in a volumetric flask,
giving a NaCl-Rhodamine B PEG solution with a concentration of 60 mM NaCl.
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A sugar solution with a concentration of 10wt% saccharose was prepared since it is
the amount of sugar in Coca-Cola which is a common soft drink [91]. The solution
was made by first preparing a water and saccharose solution with a concentration of
20 wt% from which 2.5 ml was mixed with 2.5 ml of the stock solution in a volumetric
flask, giving a saccharose-Rhodamine B PEG solution with the concentration 10wt%
saccharose.

3.2.1.4 Preparation of liquid solutions for viscosity, surface tension and contact
angle measurements

Liquids corresponding to those prepared for the CLSM measurements with the same
concentrations of the modifiers as presented in Table 3.2 were prepared for the mea-
surements of viscosity, surface tension and contact angle. The difference was, how-
ever, that they were made in larger volumes, 25 ml respective 50 ml, and did not con-
tain Rhodamine B PEG. The reason for this was that larger volumes were needed for
the measurements and that the low concentration of 50 µM Rhodamine B PEG was
assumed to not affect the viscosity, the surface tension and the contact angle. How-
ever, if contrary to the assumption Rhodamine B PEG would have an impact, it would
affect the liquids only slightly and equally for all liquids.

3.2.2 CLSM experiments

A Leica TCS SP5 II AOBS Confocal (Leica Microsystems, Germany) CLSM equipped
with a Lecia DM5000CS microscope (Leica Microsystems, Germany) and an HC PL
APO objective with 10x magnification and numerical apparature of 0.40 was used
to carry out time-lapse recordings of both the straw paper cross-section thickness
change and liquid penetration into the straw paper, the experimental equipment is
shown in Figure 3.2.

Figure 3.2: CLSM instrument. (1) is the microscope, (2) is the objective, (3) shows the
sample setup and (4) is the monitoring screen.

For both recordings, an argon laser excited at 488 nm was used as a light source and
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for the liquid penetration studies an additional helium-neon laser excited at 594
nm was used. The emitted signals from the CLSM were recorded in the wavelength
interval of 500-550nm for the argon laser and 605-700nm for the helium-neon
laser. The time-lapse recordings for the straw paper cross-section thickness change
was carried out in the following way. The sample prepared according to Section
3.2.1.1 was removed from the conditioned environment and directly placed on the
specimen stage on the CLSM instrument. The time-lapse recording was initiated
and images were acquired at 3s intervals, the total measurement time was 3600s.
In order to track the changes of RH and temperature in the measurement room a
data logger of model Tinytag View 2 (Intab, Sweden) was placed beside the CLSM
instrument. The obtained data was analyzed using the image analysis technique in
Section 3.2.3.

The time-lapse recordings of the liquid penetration into straw paper was carried out
through the following procedure. The prepared sample, described in Section 3.2.1.1,
was placed in a climate room with 23°C and 50% RH. The samples were kept in the
climate room for at least 24h before measurement with the CLSM. The sample was
placed on the specimen stage in the CLSM and time-lapse recording was initiated,
images were acquired at 3s intervals. Immediately after the recording was initiated
the liquid was introduced onto PS of the straw material, a visualization of this can be
seen in D2 in Figure 3.1. The liquid penetration from PS to RS in ZD could thereby be
recorded. The total measurement time for these experiment was 1200s. The obtained
data was analyzed using the image analysis technique in Section 3.2.3.

3.2.3 Image analysis

The obtained results from the CLSM measurements were analyzed using image anal-
ysis and the software Fiji, version 2.3 (National Institutes of Health, USA) [92]. To ob-
tain quantitative results from the time-lapsed recorded images, the following times
were analyzed, 6, 12, 21, 30, 60, 120, 300, 600, 900 and 1200s. The additional times
2400s and 3600s were analyzed for the cross-section thickness change measurements.
For each time, the images were exported from LAS X Office 2023 version 1.4.4.26810
(Leica Microsystems, Germany) and imported into the Fiji software. The imported
image was then modified using the Fiji analyzing tool grid, which created a grid of
white lines with the area per point of 10 000 pixels2. Based on the grid created, six
analyzing lines can be drawn for each measurement. An example of two modified
images from the time-lapse recording is shown in Figure 3.3.
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(a) Cross-section of straw material with
outlined measurement lines (blue) l0, l1,
l2, l3, l4, l5.

(b) Penetration depth of liquid into straw
material with outlined measurement
lines (red) x0, x1, x2, x3, x4, x5.

Figure 3.3: Experimental images from CLSM experiments showing how the image
analysis was performed using Fiji.

The cross-section thickness, l, of the straw paper at each vertical grid line was mea-
sured and six lengths in µm were obtained, visualized in Figure 3.3a. In order to cal-
culate the mean cross-section thickness (l̄t ) at the specific time, Equation (3.1) was
applied to the obtained lengths. This procedure was then repeated for all times and
replicates.

l̄t =
Σln

n
(3.1)

,where l̄t is the mean cross-section thickness in µm at time t, ln is the cross-section
thickness in µm at the n:th grid line and n is the number of measurement lines. To
obtain qualitative data from the time-lapse recordings of the liquid penetration into
straw paper the liquid penetration depth, x, was analyzed using the same procedure
as for the cross-section thickness, l, and is visualized in Figure 3.3b. The mean liquid
penetration depth (x̄t ) is calculated using Equation (3.2).

x̄t =
Σxn

n
(3.2)

,where x̄t is the mean penetration depth in µm at time t, xn is the penetration depth
in µm at the n:th grid line and n is the number of measurement lines. Since multiple
replicates were performed, the calculated mean values l̄t and x̄t were adapted to all
replicates by calculating the mean value between the replicates at time t, Equation
(3.3) show the calculation for the cross-section thickness. Equation (3.3) also applies
for the penetration depth.

l̄T =
Σl̄t

N
(3.3)

, where l̄T is the mean cross-section thickness between the replicates at time t and N is
the number of replicates. Since several replicates were merged together, the standard
error for the time t where calculated according to Equation (3.4).

SE (l̄T )=

Ç

Σ(l−l̄ )2
n−1p
N

(3.4)
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, where SE(l̄T ) is the standard error for the mean cross-section thickness at time t,
the numerator is the standard deviation for the measurement lines showed in Figure
3.3. Both the mean values l̄T , x̄T and the standard errors SE(l̄T ) and SE(x̄T ) were then
imported to MATLAB® R2022b (Mathworks, USA) and graphs of both the straw paper
cross-section volume change as a function of time and the liquid penetration into
straw paper as a function of time were created.

3.2.4 pH measurements

A pH meter of model pHenomenal® pH 1100L (VWR, Avantor, USA) equipped with
a glass pH electrode with a built-in 221 temperature sensor was used to determine
the pH of all the liquid solutions presented in Table 3.2. pH was measured for water
and water(mPEG-RB) to ascertain the pH-changing effect of Rhodamine B PEG in all
solutions. The pH meter was calibrated prior to use to ensure the quality and reli-
ability of the results. After calibration, the pH electrode was rinsed off with distilled
water and put into the liquid until it covered the entire pH electrode. The results were
shown on the screen of the pH meter and noted. The procedure was repeated for all
liquids.

3.2.5 Viscosity measurements

The viscosity was measured for each liquid presented in Table 3.2 but with-
out the addition of Rhodamine B PEG. The measurements were performed us-
ing a rheometer of model ARES-G2 rotational rheometer (TA instruments, UK)
equipped with a bob-and-cup geometry consisting of a KIT APS 27.7 mm DIN

Figure 3.4: Rotational rheometer. (1) is
the bob and (2) is the cup.

bob and a KIT APS 30 mm AL cup in stain-
less steel, the setup is shown in Figure 3.4.
The bob-and-cup geometry was used since
the liquids were relatively thin. The settings
were adjusted as follows; the temperature
was set to 20°C and the temperature setting
time was 1 min, the viscosity was measured
at 24 different shear rates varied between 200
s−1 to 1.01 s−1, points per decade were set to
10 and the tolerance was set to 5%. 23 ml
of the liquid was provided into the cup after
which the bob was lowered into the liquid, as
far down so that the liquid covered the en-
tire bob. During the first minute of the mea-
surement, the temperature of the liquid was
adjusted to 20°C, after which the bob rota-
tion was initiated. The data from the viscos-
ity measurements from ARES-G2 was gener-
ated in Trios software version 5.5.0.323 (TA
instruments, UK). The procedure was conse-
quently repeated for all liquids.
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3.2.6 Surface tension and contact angle measurements

The surface tension was measured for the liquids presented in Table 3.2, but without
the addition of Rhodamine B PEG, and the contact angle was measured on the
same liquids in contact with the paper straw material. Both measurements were
performed by a portable goniometer of model Fibro PGX+ Pocket Goniometer (TQC
Sheen, Netherlands). All liquids were considered to be similar to water, therefore the
settings used during all the surface tension and contact angle measurements were
based on the density of water. The device was calibrated prior to use according to
the instructions. After calibration, the liquid was loaded into a 1 ml syringe and fed
manually into the device through a PTFE tubing, with an outer diameter of 1.5 mm
and an inner diameter of 0.2 mm (TQC Sheen, Netherlands), into the goniometer.

When measuring the surface tension a desired volume of 5 µl was manually pressed
out of the syringe through the tubing to a hanging droplet, and the measurement
was initiated. The surface tension measurements were replicated 5 times for each
liquid and the values obtained from the analyzes were tabulated in the software The
PacketGoniometer ® version 4.2.6.9 (TQC Sheen, Netherlands).

When measuring the contact angle a volume estimated to 5 µl was manually pressed
out of the syringe through the tubing, to a hanging droplet, which was automatically
pushed down onto the paper by the device when the measurement was initiated.
Images were taken by the device for 5 seconds with an imaging capture rate of
80 frames/s and were shown in the software The PacketGoniometer ® version
4.2.6.9. The baseline for the liquid drop was afterwards adjusted in the image when
necessary. Values for the contact angles were tabulated in the software and the
contact angle at 0.5 seconds was noted for all liquids. The contact angles for the
liquids containing Yes was noted at an additional time point, at 5.0s, to observe the
spreading and absorption of the liquid. For each liquid, five replicates were done to
ensure the reliability of the measurements.

The procedure of the surface tension measurements and contact angle measure-
ments was repeated for all liquids and the syringe and tubing were properly rinsed
through with water between measurements of different liquids.
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4
Results & Discussion

This section presents the results obtained from the experiments regarding paper
properties before exposure to liquids in Section 4.1, determination of liquids in Sec-
tion 4.2, swelling and penetration of liquids into straw paper in Section 4.3 and liquid
transport mechanisms in Section 4.4.

4.1 Paper properties before exposure to liquids

As mentioned in Section 2.2 the fibers in the paper straw material is oriented in dif-
ferent directions as a result from the manufacturing process. In order to determine
whether the anisotropy can be visualized along the directional axes, the paper straw
material was analyzed using CLSM. Mentioned in Section 2.2 was the two-sidedness
of the paper, abbreviated PS and RS. To evaluate if these two sides are distinguishable
on µm-scale, PS and RS where analyzed using CLSM and the result is visualized in
Figure 4.1.

(a) PS of straw paper. (b) RS of straw paper. (c) Cross-section of straw
paper.

Figure 4.1: Maximum intensity projections from CLSM experiments showing PS, RS
and the cross-section of paper straw material and the corresponding orientation for
each case.

Figure 4.1 displays both MD and CD and at first sight, the two sides exhibit to be
similar to each other. Both PS and RS show distinctly connected paper fibers which
are anisotropically located. In Figure 4.1c bright dots can be seen throughout the
cross-section which possibly could be filler material. The filler material is probably
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kaolin clay which is a common mineral used as filler material in paper [93]. Since
kaolin clay has a crystal structure the mineral might reflect the laser light in the
CLSM and therefore exhibit as bright dots in the maximum intensity projection [94].

According to Section 2.2, PS and RS should differ in the content of fillers. RS should
contain less fillers and Figure 4.1a should show more bright dots compared to Figure
4.1b. When observing Figure 4.1b the possible kaolin clay dots also appear and no
significant difference between PS and RS can be seen in this aspect. However, when
observing Figure 4.1c, RS seems to have a higher extent of bright dots. In order to
determine if the filler material is more frequently apparent on PS or RS further inves-
tigation is required.

4.1.1 Influence of relative humidity

According to Section 3.2.1.2 the desired RH for the conditioning of the paper straw
material was 8-9%, 50% and 95%. Since the RH of 50% was obtained using a climate
room this RH is accurate. The RH obtained using saturated salt solutions in desic-
cators yielded the RH of 8% and 99%, the following results therefore applies for the
RH 8%, 50% and 99%. To evaluate the hygroscopic nature of paper and the effects of
variations in RH i.e. hygroexpansion, the paper was conditioned at RH 8%, 50% and
99%, and the results are shown in Figure 4.2.

Figure 4.2: Cross-section swelling or shrinking for conditioned paper straw material
in RH 8%, 50% and 99% as a function of time.

Figure 4.2 displays the swelling and shrinking of the paper cross-section as a func-
tion of time in a logarithmic scale on the x-axis. The lines represent the changes in
cross-section thickness and the shaded areas next to the lines represent the standard
error between the replicate measurements performed for each RH condition. An
initial variation in the cross-section thickness was observed between the replicates,
and in order to simplify the comparison between the conditions all measurements
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were subtracted with the initial cross-section thickness, due to this the experiments
start at zero on the y-axis in Figure 4.2.

As mentioned in Section 2.3.1 the moisture content is affected by both the temper-
ature and RH in the environment which is confirmed by Figure 4.2. Even though all
measurements for the conditioning experiments were conducted during one day
to minimize effects from the fluctuations in the environment, a data logger proved
that the RH varied between 11.6-28.2% and the temperature between 21.5-24.5 °C
throughout the day. This might have affected the results obtained.

It can be seen that the cross-section of the paper conditioned in a RH of 8% was
swelling as a function of time, while the cross-section of the paper conditioned in
a RH of 99% showed a shrinking behaviour with time. The cross-section of the pa-
per conditioned in 50% RH on the other hand showed a slight swelling during the
first 60s, whereafter the cross-section started to shrink. As seen in Figure 4.2 the total
cross-section swelling of the paper stored in the RH 8% was 17 µm corresponding to
an increase of 11%. The total cross-section shrinkage of the paper stored in the RH of
50% was 4 µm corresponding to 2% and 18 µm for the paper that was conditioned in
the RH of 99% which corresponds to 11%.

4.2 Determination of liquid properties

The liquids used in this project were characterized with respect to the liquid proper-
ties pH, viscosity, density, and surface tension as described in Section 3.2.4, 3.2.5 and
3.2.6, and the results are presented in Table 4.1.

Table 4.1: Properties determined for the modified liquids.

Liquid pH Viscosity
[10−3 Pa·s]

Density
[g/cm3]

Surface tension
[mN/m]

Water 5.92 0.98 0.997 30.51
Water (mPEG-RB) 5.52 1.05 - 28.08
PEG 3000 5.11 4.53 1.022 26.92
PEG 35000 5.37 126.55 1.020 30.55
pH 2 2.14 1.02 1.009 31.80
pH 9 9.19 1.01 0.997 34.50
Tween® 20 (<CMC) 5.31 1.00 0.997 29.20
Tween® 20 (>CMC) 5.12 1.00 0.997 27.86
Yes 0.1wt% 7.32 1.10 0.997 24.33
Yes 0.05wt% 7.34 1.03 0.997 24.41
Yes 0.01wt% 6.27 0.99 0.997 31.63
Saccharose 5.96 1.40 1.054 26.60
NaCl 6.74 0.98 1.001 30.86
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The two concentrations of 20wt% respectively 5wt% Yes was too high for the CLSM
method used in this project since the liquid was penetrating throughout the cross-
section of the paper material faster than the CLSM time-lapse recording. Therefore
these concentrations are not discussed further, but pH and viscosity was measured
and are presented in Appendix A.1.

When comparing the properties of water and water(mPEG-RB) in Table 4.1 it can
be seen that water has a higher pH and surface tension but a lower viscosity than
water(mPEG-RB). This means that the addition of Rhodamine B PEG in the modified
liquids lowers the pH and the surface tension, and increases the viscosity slightly.
However, since Rhodamine B PEG is added in the same concentration in all modified
liquids it affects these parameters to an equal extent. Since pH was measured for the
modified solutions containing Rhodamine B PEG, as described in Section 3.2.4, the
pH of the modified liquids should be compared with water(mPEG-RB).

The viscosity and the surface tension was, however, measured for the modified so-
lutions without the addition of Rhodamine B PEG, as described in Section 3.2.5 and
3.2.6, and these properties should therefore be compared with the properties for wa-
ter. The density for water (mPEG-RB) is missing in Table 4.1 and the reason for this
is a lack of information regarding the density of solid Rhodamine B PEG by the re-
tailer [47]. Since the density of solid Rhodamine B PEG is unknown, the density of
water(mPEG-RB) was approximated to the density of water since the concentration
of added Rhodamine B PEG was negligible in relation to the total volume. Therefore
the density of the modified liquids presented in Table 4.1 is calculated with the same
approximation since they all contain Rhodamine B PEG, and the calculations can be
seen in Section A.1 in Appendix A.

4.2.1 Evaluation of pH

Table 4.1 shows that the five modified liquids PEG 3000, PEG 35000, pH 2, Tween®20
(<CMC) and Tween®20 (>CMC) have lower pH than water(mPEG-RB), which means
they are more acidic and have a higher concentration of H+ ions. The remaining mod-
ified liquids pH 9, Yes 0.1 wt%, Yes 0.05 wt%, Yes 0.01 wt%, saccharose and NaCl have a
higher pH than water (mPEG-RB), which means they are more basic and have higher
concentrations of hydroxide ions, OH−.

4.2.2 Evaluation of viscosity

When observing Table 4.1 it can be seen that all the modified liquids, except the liquid
containing NaCl, have a higher viscosity than water. PEG 3000 and PEG 35000 have
the most pronounced effect on increasing the viscosity, which was expected and the
purpose of using the polymers as modifiers. PEG 35000 show a significantly higher
viscosity than PEG 3000 which agrees with the theory where it is stated that higher
molecular weight polymers give higher viscosity, described in Section 2.5.2.
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4.2.3 Evaluation of density

When looking at the density in Table 4.1, it can be seen that the liquids with pH
9, Tween®20 (<CMC), Tween®20 (>CMC) and the solutions containing Yes have the
same density as water while the liquids with PEG 3000, PEG 35000, pH 2, saccharose
and NaCl have slightly higher density. Due to the fact that the modified liquids mostly
consist of water, the density of the modified liquids is equal to the density of water.
Furthermore, the density for most of the modifying agents is quite similar to the den-
sity of water itself, presented in Appendix A in Table A.3.

4.2.4 Evaluation of surface tension

Table 4.1 shows that the liquids PEG 3000, Tween®20 (<CMC), Tween®20 (>CMC), Yes
0.1wt%, Yes 0.05wt% and saccharose have a lower surface tension than water while
the remaining liquids PEG 35000, pH 2, pH 9, Yes 0.01wt% and NaCl have a higher sur-
face tension than water. As mentioned in Section 2.5.1 and 2.5.2, emulsifiers, surfac-
tants and polymers lower the surface tension of liquids which explains the behaviour
observed for the liquids with PEG 3000, Tween®20 (<CMC), Tween®20 (>CMC), Yes
0.1wt% and Yes 0.05wt%. PEG 35000 and Yes 0.01wt% show an opposite effect and
increase the surface tension. This contradicts what previously has been shown in the
literature presented in Section 2.5.1 and 2.5.2. As described in Section 3.2.6, the set-
tings used for the surface tension measurements were based on the density of water
and since PEG 35000 has the most significant viscosity difference compared to water
this can be the reason why PEG 35000 shows another behavior than expected. The
liquid Yes 0.01wt% have a low concentration, which explains why the surface tension
is close to that of water, but it should however not increase the surface tension since
it contains surfactants and the reason for showing this behavior is probably due to
measurement errors. Electrolytes should increase the surface tension of liquids as
presented in Section 2.5.3 which explains why NaCl, pH 2 and pH 9 have a higher
surface tension than water. To visualize the appearance of the surface tension mea-
surements the two extremes, pH 9 and Yes 0.1wt% are shown in Figure 4.3. Figure
4.3 displays a clear difference in the drop shape of the two liquids, which is a conse-
quence of the difference in surface tension.

(a) Surface tension mea-
surement of pH 9.

(b) Surface tension mea-
surement of Yes 0.1 wt%.

Figure 4.3: Images showing one replicate of each extreme from the measured surface
tension of the liquids.
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4.2.5 Wettability of liquids on straw paper

Determination of the contact angle was done by measuring the contact angle be-
tween the paper straw material and the liquid as explained in Section 3.2.6. The con-
tact angle was determined at 0.5 seconds for each liquid, this was due to the fact that
bouncing effects of the droplet at that time were negligible. For all the modified liq-
uids five replicates were performed for each liquid in order to minimize errors and
uncertainties. The mean results for each liquid are displayed in Table 4.2.

Table 4.2: Measured contact angles for the modified liquids with corresponding time
and volume, base and height of the droplet.

Liquid Time [s] Contact
angle [θ ]

Volume
[µl]

Base
[mm]

Height
[mm]

Water 0.50 92.58 5.81 2.74 1.43
Water (mPEG-RB) 0.50 83.80 4.59 2.73 1.22
PEG 3000 0.50 83.86 5.05 2.82 1.27
PEG 35000 0.50 105.16 6.72 2.55 1.67
pH 2 0.50 96.26 6.48 2.75 1.53
pH 9 0.50 79.74 5.08 2.92 1.22
Tween® 20 (<CMC) 0.50 89.00 5.75 2.82 1.38
Tween® 20 (>CMC) 0.50 88.36 6.15 2.90 1.41
Yes 0.1wt% 0.50 77.96 3.89 2.70 1.09
Yes 0.1wt% 5.00 53.08 3.68 3.27 0.79
Yes 0.05wt% 0.50 85.76 3.85 2.52 1.17
Yes 0.05wt% 5.00 69.90 3.77 2.84 0.99
Yes 0.01wt% 0.50 92.94 6.58 2.85 1.50
Yes 0.01wt% 5.00 89.34 5.90 2.84 1.40
Saccharose 0.50 85.10 5.74 2.91 1.33
NaCl 0.50 88.88 6.96 3.01 1.47

When looking at the liquids containing Yes, Table 4.2 displays two time points. The
reason for this is that the liquids modified with Yes showed a decrease in the contact
angle during the measurement time. The second time point at five seconds was
therefore chosen in order to collect data on the spreading and absorption of the
liquids. The liquids modified with Yes, showed a decrease in the contact angle during
the measurement time. For the concentration containing 0.1wt% Yes the contact
angle decreased by approximately 25° which corresponds to a 32% decrease in
contact angle. The solution containing 0.05wt% Yes decrease with 18% and the liquid
containing 0.01wt% Yes decrease with 4% in the contact angle. This implies that the
absorption is the highest for the liquid containing 0.1wt% Yes compared to the other
solutions containing Yes. Table 4.2 also displays that for the liquids with 0.1wt%
Yes and 0.05wt% Yes the base increases and the height decreases of the droplet,
which means that spreading of the liquids occurs as well as absorption of the liquid
which is motivated by the decrease in the volume. The liquid containing 0.1wt% Yes
spreads more over the surface than the liquid containing 0.05wt% Yes. The basis of
this behavior is that the liquids contain Yes which is a mixture of surfactants. When
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looking at the liquid containing 0.01wt% Yes there is an insignificant difference in
the base as a function of time yet the height decreases of the droplet which indicates
that absorption into the paper is the dominant factor and spreading does not occur.

When observing the values in Table 4.2 the water showed a higher contact angle than
water(mPEG-RB) which implies that water(mPEG-RB) is less hydrophilic compared
to water. Both Rhodamine B and PEG are hydrophilic compounds but since PEG
consists of a hydrophobic tail the compound become less hydrophilic and thus
cause a decrease in the contact angle. Since the contact angle for water is >90°
and because of its hydrophilicity this indicates that the paper straw material is
hydrophobic. As explained in Section 3.2.1.4 the remaining modified liquids did not
contain Rhodamine B PEG and hence the remaining results will be compared to
water. Due to the fact that Rhodamine B PEG decreases the contact angle the results
presented in Table 4.2 will be slightly lower in reality.

Table 4.2 displays that only the liquids modified with PEG 35000 and to pH 2 had a
higher contact angle than water. As observed in Section 4.2, PEG 35000 showed a
higher surface tension than water and that implies that the contact angle should as
well be higher, however, according to Section 2.5.2 polymers generally decrease the
surface tension and the contact angle. This is true for PEG 3000 since a decreased
contact angle compared to water is observed in Table 4.2. Section 2.5.2 also implies
that the higher Mw the lower the contact angle which does not correspond with
the results in Table 4.2 and the results obtained for PEG 35000 is probably a mea-
surement error. Since the liquid with pH 2 is modified with HCl, which is a strong
electrolyte, the surface tension as well as the contact angle should increase which
is confirmed by Table 4.2. The reason why pH 2 increases the contact angle is that
the liquid contains electrolytes and electrolytes increase the surface tension since
they are reduced from the surface causing a negative adsorption [95]. However this
explanation also indicates that the contact angle should increase for pH 9, but as
seen in Table 4.2, this has not occurred. A possible explanation for this might be that
the concentration of electrolytes in the liquid with pH 9 is less than the concentration
of electrolytes in the liquid with pH 2 according to Table 3.2. Electrolytes should
increase the contact angle as a function of the concentration of electrolytes but since
the concentration of electrolytes is low in the solution with pH 9 compared to pH 2
this behavior is not displayed.

For both the liquids containing Tween® 20, the contact angle is lower than the contact
angle for water, this is explained by that Tween® 20 is a non-ionic surfactant. Once
the Tween® 20 solution meets the paper straw material the surfactant will lower the
interfacial tension by orienting itself to obtain the lowest energy possible for the
system. In Table 4.2 the liquid Tween® 20 (>CMC) displays a lower contact angle than
Tween® 20 (<CMC), which is explained by the fact that Tween® 20 (>CMC) contains
a higher concentration of surfactants and therefore the driving force to obtain the
lowest energy is higher compared to the concentration below CMC. The liquids
containing Yes with concentration 0.1wt% and 0.05wt% also have a lower contact
angle than water and can be explained by the same mechanism as for the liquids
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containing Tween® 20. However the liquid with 0.01wt% Yes showed a slightly higher
contact angle than water which probably is due to a measurement error.

The liquids containing saccharose and NaCl both decreases the contact angle com-
pared to water which is not desirable results according to Section 2.5.4 and Section
2.5.3. Both of the liquids should increase the surface tension and thereby the con-
tact angle, however, the decrease might be explained by the paper material, which
is porous and thereby absorption of the liquid into the paper might occur. To illus-
trate how the experiments looked like, images from one replicate for each of the two
extremes PEG 35000 and Yes 0.1wt% are shown in Figure 4.4.

(a) Contact angle and
droplet dimensions for
PEG 35000.

(b) Contact angle and
droplet dimensions for
Yes 0.1wt%.

Figure 4.4: Images showing one replicate of each extreme from the measured contact
angle of the liquids placed upon the paper straw material.

It can be observed in Figure 4.4 that the dimensions of the droplet differ. PEG 35000
has a shorter base and larger height which means that the liquid spread less over the
surface and that the contact angle is larger than the contact angle for Yes 0.1wt%.

4.3 Swelling and penetration of liquids into straw paper

To determine the liquid transport into the straw paper a reference liquid,
water(mPEG-RB) was used as explained in Section 3.2.1.3.1. An example of how
the CLSM images obtained from the measurement appeared is shown in Figure 4.5.
Figure 4.5 displays the cross-section thickness of the paper straw materials auto-
fluorescence as green and the pores inside the cross-section as black. Figure 4.5 also
displays the orientation, PS and RS. Figure 4.5 is obtained at time 0s for one of the
replicates for water(mPEG-RB) prior to its addition. To further display an example
of the obtained results from the CLSM experiments, Figure 4.6 shows the pictures
from one time-lapse recording replicate for water(mPEG-RB). The orientation of the
cross-section of the paper straw material shown in Figure 4.5 applies to the time-lapse
sequence in Figure 4.6.
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Figure 4.5: An image captured before addition of water (mPEG-RB) in one CLSM ex-
periment depicts the auto-fluorescence of the paper straw material in green and the
pores in black. The cross-section orientation is shown as MD, CD and ZD, along with
the two sides PS and RS.

Figure 4.6: Images from a CLSM time-lapse recording performed with water(mPEG-
RB) visualizing the liquid penetration into the cross-section. The cross-section of the
paper straw materials auto-fluorescence is shown in green, the pores in black and the
water(mPEG-RB) in orange.
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Displayed in Figure 4.6, is the cross-section of the paper straw material in green and
the liquid and penetration signal into the cross-section with an orange tone. When
observing Figure 4.6 and the specific time points of 6s and 1200s the water(mPEG-RB)
distinctly penetrated into the paper straw material. However, when looking at Fig-
ure 4.6 and observing the difference between two adjacent time slots the penetration
depth can be difficult to behold. Quantitative data from the CLSM measurements
were obtained by using image analysis according to Section 3.3. The received data
from the image analysis for all CLSM measurements replicates for water(mPEG-RB)
is summarized in Figure 4.7.

Figure 4.7: Graph showing the mean cross-section swelling (l̄ ) and the mean penetra-
tion depth of liquid (x̄ ) as a function of time from the time-lapse recording replicates
of water(mPEG-RB).

Figure 4.7 displays the cross-section swelling and the penetration depth of the
liquid as a function of time in a logarithmic scale on the x-axis. In Figure 4.7 the
cross-section swelling is outlined in blue with filled markers and the shaded area
next to the line is the standard error for the cross-section swelling, in other words, the
variation between the replicates at that specific time point. The liquid penetration
depth into the cross-section is shown as the red line with non-filled markers in Figure
4.7 with the standard error displayed as the shaded area next to the line.

As seen in Figure 4.7 the liquid penetrated in total 78 µm into the cross-section thick-
ness which corresponds to 35% and the cross-section swelled 53 µm which corre-
sponds to 33%. The reason why the liquid only penetrated 35% into the cross-section
after 1200s could be due to the fact that water(mPEG-RB) is more hydrophilic then the
paper straw material and therefore the penetration might be low. When analyzing the
penetration depth and the cross-section swelling in Figure 4.7, the lines accompany
each other. As a result of the accompanying lines and the fact that Figure 4.6 displays
liquid in both the paper fibers and in the pore space the dynamics for water penetra-
tion into the paper straw material is considered to follow the mechanisms of liquid
transport through paper fibers and capillary transport of liquid through pore space.
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4.3.1 Liquid transport as a function of viscosity

This section shows the results of the liquid penetration into the paper straw material
and the swelling of the cross-section as a function of viscosity, by the addition of PEG
3000 and PEG 35000. The image analyzed quantitative results from the time-lapse
recordings obtained from CLSM are shown in Figure 4.8.

Figure 4.8: Graph showing the mean cross-section swelling (l̄ ) and the mean penetra-
tion depth of liquid (x̄ ) as a function of time from the time-lapse recording replicates
of PEG 3000, water(mPEG-RB) and PEG 35 000.

Figure 4.8 shows the liquid penetration depth into the paper cross-section and
the cross-section swelling in µm as a function of time in seconds, displayed in a
logarithmic scale on the x-axis. The shaded area around the graphs shows the
standard error between replicates of the performed experiments. By observing
Figure 4.8 it can be seen that PEG 3000 showed a penetration depth of 49 µm which
corresponds to a liquid penetration of 28% into the paper cross-section at 120s. This
is deeper than the penetration for water (mPRG-RB) at the same time. PEG 35000
show a penetration depth of 43 µm after 120s, which corresponds to 22% of liquid
penetration into the paper cross-section. This is less than the penetration depth for
water(mPEG-RB) at the same time. At 300s both PEG 3000 and PEG 35000 show an
approximately similar penetration depth as water (mPEG-RB). At 1200s PEG 35000
show a penetration depth of 88 µm which corresponds to 43% of liquid penetration
into the cross-section, which is deeper than the penetration for water(mPEG-RB). It
can be observed in Figure 4.8 that the swelling of the cross-section is 31 µm which
corresponds to 17% of liquid penetration into the cross-section for PEG 3000 and 35
µm which corresponds to 21% of liquid penetration into the cross-section for PEG
35000. Both PEG 3000 and PEG 35000, therefore, show less cross-section swelling
than water (mPEG-RB) at 1200s.

Since the liquid penetration of PEG 35000 is slower than water (mPEG-RB) initially,
an increased viscosity can have an effect on the liquid penetration rate. However,
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PEG 3000, which indeed has a higher viscosity than water (mPEG-RB), shows a
faster liquid penetration rate into the material. Thus, the effect of viscosity on
liquid penetration rate is not significant and other factors are more dominant in
the determination of liquid penetration depth. According to the results in Table 4.1
and Table 4.2 PEG 3000 and PEG 35000 show a lower respectively higher surface
tension and contact angle than water (mPEG-RB), which explains why the liquid
penetration line for PEG 3000 is located above the line for water (mPEG-RB) and why
PEG 35000 is located below water (mPEG-RB). It can from this be concluded that the
surface tension and the contact angle have a greater influence on the liquid-paper
interaction than the change of the liquid viscosity.

The appearance of the lines showing liquid penetration into the cross-section in
Figure 4.8 and the lines showing the cross-section swelling accompany each other
well between 12s and 300s. This indicates that the liquid is transported through
paper fibers, since the fibers swell when they absorb liquid [38]. It has been shown
previously that cellulose chains can form a strong affinity for PEG since they have the
possibility to interact through hydrogen bonding [96]. This can be one reason why
PEG 3000 and PEG 35000 show liquid transport through paper fibers. Between 0s
and 12s as well as after 300s it can be seen that the liquid penetration depth increases
faster than the swelling of the paper cross-section. This instead indicates that the
liquid is transported through the pores in the paper since the liquid fills up the pores
without changing the cross-section thickness of the paper. One explanation for why
capillary transport of liquid through pore space also occurs can be that PEG 3000 and
PEG 35000 are relatively large molecules and the molecular size can possibly affect
the transport mechanism since large molecules probably move easier through the
pores than inside the fibers. It can thus be concluded that a combination of liquid
transport mechanisms occurs for PEG 3000 and PEG 35000.

As seen in Figure 4.8 the measurements for the liquid modified with PEG 3000 only
continue to 300s. The reason for this is that the liquid penetration does not show
any clear front and it was therefore impossible to determine the liquid penetration
depth after 300s. Figure 4.9 show three selected images captured at different times
from one CLSM experiment performed with the PEG 3000.

The images in the first row in Figure 4.9 show the signals obtained from the fiber auto-
fluorescence in green, and the fluorescent colourant Rhodamine B PEG in orange,
combined in the images. Images in the second row show the signals obtained only
from Rhodamine B PEG. When looking at Figure 4.9, it can be observed that the liq-
uid front can be clearly distinguishable after 201s, but at 426s and 816s no clear liq-
uid front can be seen and it is impossible to determine a liquid penetration depth
after 300s since the liquid started to flow from different directions after that time.
Therefore, the data obtained from the CLSM experiments done with PEG 3000 stops
at 300s in Figure 4.8. During measurements of the replicates for PEG 3000, the same
behaviour was observed.
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Figure 4.9: Images from a time-lapse recording obtained from one CLSM experiment
performed with PEG 3000 visualizing the penetration of liquid through the cross-
section as a function of time. Images in the first row show signals obtained from the
fiber auto-fluorescence in green combined with signals obtained from the liquid con-
taining the fluorescent colourant Rhodamine B PEG in orange. The second row show
images with signals obtained only from Rhodamine B PEG.

4.3.2 The effect of pH on liquid transport

In this section the results of how the liquid penetration into the paper straw material
and the swelling of the cross-section is affected as a function of pH are displayed. The
image analyzed quantitative results from the time-lapse recordings obtained from
CLSM are shown in Figure 4.10.

Figure 4.10: Graph showing the mean cross-section swelling (l̄ ) and the mean penetra-
tion depth of liquid (x̄ ) as a function of time from the time-lapse recording replicates
of pH 9, water(mPEG-RB) and pH 2.
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Figure 4.10 shows the liquid penetration depth into the paper cross-section and the
cross-section swelling in µm as a function of time in seconds, displayed in a logarith-
mic scale on the x-axis. The shaded area around the graphs shows the standard error
between replicates of the performed experiments. During the total measurement
time of 1200s, the liquid with a pH of 2 penetrated 127 µm into the cross-section
corresponding to 64% while the cross-section swelling was 40 µm corresponding to
25%. According to the results of the water(mPEG-RB) the pH 2 liquid penetrated
deeper into the cross-section during the same time. In Figure 4.10, it can be seen
that the pH 2 liquid penetrated less deep into the cross-section material compared
to water(mPEG-RB) until 30s, however after 60s and until 1200s the penetration rate
of pH 2 increased and was higher than the penetration of water(mPEG-RB) into the
cross-section thickness.

When observing the liquid with pH 9 in Figure 4.10, the total penetration depth
was 71 µm corresponding to 37% while the cross-section swelling was 37 µm corre-
sponding to 23%. The penetration depth of pH 9 was higher than water(mPEG-RB)
throughout the measurement time. At 600s both of the liquids with modified pH
had penetrated further into the cross-section compared to water(mPEG-RB). This
implies that the effect of a pH change of the water(mPEG-RB) resulted in a faster
migration of the liquid into the paper, it especially increased the penetration rate
after 600s at low pH. However, Figure 4.10 visualize that the cross-section swelling
of the paper was lower throughout the measurement time with pH 2 and pH 9
compared to water(mPEG-RB). Since both of the liquids with modified pH gives rise
to a smaller amount of swelling the liquid is considered to move more in the pore
space and therefore not affect the swelling to an equal extent. When observing the
pH 2 lines in the graph between 600s and 1200s the swelling gradient is less than the
penetration gradient and therefore the liquid is assumed to move more in the pore
space in this interval. Overall the cross-section swelling and the penetration depth
of the liquid comply with each other and specific time intervals needs to be observed
in order to determine the transport mechanism occurring.

The graph lines in Figure 4.10 indicate that the penetration depth and the cross-
section swelling for the pH-modified liquids accompany each other, however,
differences can be seen between water(mPEG-RB), pH 2 and pH 9. Since the swelling
behavior of the paper straw material is dependent on both the counterion valency,
electrolyte concentration and the pH this might be a possible explanation for the
difference in the swelling between the pH-modified liquids and water(mPEG-RB)
[66]. The difference in observed behavior for pH 2 and pH 9 is independent of
the counterion valency and the possible cause is the electrolyte concentration or
the pH. A possible reason why the penetration depth of the pH 2 is higher than
water(mPEG-RB) might be that the paper straw material, which consists of cellulose,
has a higher solubility in extreme pH values [97].

As seen in Figure 4.10 the measurements for pH 9 continued until 600s, due to the
non-visible liquid penetration front after 600s. During measurements of the repli-
cates, the same behavior was observed which can be seen in Figure 4.11.
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Figure 4.11: Images from a time-lapse recording obtained from one CLSM experiment
performed with pH 9 visualizing the liquid penetration into the cross-section as a func-
tion of time. The cross-section’s auto-fluorescence is shown in green, the pores in black
and the liquid containing the fluorescent colourant Rhodamine B PEG in orange.

Figure 4.11 displays an example of how the liquid penetration distinguishes from the
three transport mechanisms stated in Section 2.3. Figure 4.11 show that pH 9 does
not follow the desired path from PS to RS and seems to be more affected by the paper
straw material’s porosity and orientation. This indicates a faster liquid transport in
CD, due to the anisotropy in the straw paper. A possible explanation for the behavior
is that the liquid might have penetrated across the cross-section in a non-visible area
and then transferred in CD. CD should have more oriented paper fibers than ZD and
therefore the dynamics in CD could be more favorable. The observed behavior in-
dicates that the dominant transport mechanisms are liquid transport through paper
fibers and capillary transport of liquid through pore space for pH 9.

4.3.3 The influence of emulsifier on liquid transport

The results of how the liquid penetration into the paper straw material and the
swelling of the cross-section is affected as a function of emulsifier are shown in this
section. The image analyzed quantitative results from the time-lapse recordings ob-
tained from CLSM is shown in Figure 4.12.

Figure 4.12: Graph showing the mean cross-section swelling (l̄ ) and the mean penetra-
tion depth of liquid (x̄ ) as a function of time from the time-lapse recording replicates
of Tween® 20 (>CMC), water(mPEG-RB) and Tween® 20 (<CMC).
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Figure 4.12 shows the liquid penetration depth into the paper cross-section and
the cross-section swelling in µm as a function of time in seconds, displayed in a
logarithmic scale on the x-axis. The shaded area around the graphs shows the
standard error between replicates of the performed experiments. The solution
of Tween® 20 (>CMC) penetrated 124µm into the cross-section corresponding to
58% and the cross-section swelling was 56 µm corresponding to 36%. According
to the results of the water(mPEG-RB), Tween® 20 (>CMC) penetrated deeper into
the cross-section throughout the measurement. Until 60s, the solution containing
a concentration below CMC had a penetration depth in µm below the penetration
depth of water(mPEG-RB). However, after 120s, the penetration depth of Tween® 20
(<CMC) exceeded the penetration depth of water(mPEG-RB). Tween® 20 (<CMC)
penetrated 153 µm corresponding to 74% and the cross-section swelling was 58 µm
corresponding to 39% after the total measurement time of 1200s.

The cross-section swelling for both of the solutions containing Tween® 20 showed
approximately the same behavior as the water which is shown in Figure 4.12. After
60s both of the solutions containing Tween® 20 exceeded the penetration depth of
water(mPEG-RB), this behavior is explained by that the solutions contain surfactants.
As proven in Section 4.2, the surface tension of the liquids containing Tween® 20 is
decreased compared to water, this affects the liquid penetration. Surfactants always
want to minimize the free energy of the system and therefore they orient themselves
to the interface which means that the liquid penetrates through the pore space and
thereby penetrates faster into the cross-section, however since cross-swelling is ob-
served liquid transport through paper fibers could not be excluded. The reason why
the solution containing Tween® 20 above and below CMC differ from each other is due
to the concentration inequality, Tween® 20 (>CMC) contains a higher concentration
of Tween® 20 and therefore the driving force is larger than for Tween® 20 (<CMC).
As seen in Figure 4.12 the measurement points stop at 600s for Tween® 20 (>CMC),
this is due to the behavior observed in Figure 4.13. The behavior made it impossible
to determine a clear front of the liquid and thereby the penetration of the liquid could
not be evaluated after 600s.

Figure 4.13: Images from a time-lapse recording obtained from one CLSM experiment
performed with Tween® 20 (>CMC) visualizing the penetration of liquid through the
cross-section as a function of time. The cross-section of the paper straw materials auto-
fluorescence is shown in green, the pores in black and the liquid containing the fluo-
rescent colourant Rhodamine B PEG in orange.

The behavior visualized in Figure 4.13 might depend on that the liquid has penetrated
throughout the cross-section in a non-visible area and then traveled along the more
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aligned CD. The behavior is also similar to the pH 9 modified liquid shown in Figure
4.11 and thus the same possible explanation might also apply in this case.

4.3.4 Liquid transport as a function of surfactant

This section displays the results of the liquid penetration into the paper straw ma-
terial and the swelling of the cross-section as a function of surfactant. The image
analyzed quantitative results from the time-lapse recordings obtained from CLSM is
shown in Figure 4.14.

Figure 4.14: Graph showing the mean cross-section swelling (l̄ ) and the mean penetra-
tion depth of liquid (x̄ ) as a function of time from the time-lapse recording replicates
of Yes 0.1wt%, Yes 0.05wt%, Yes 0.01 wt% and water(mPEG-RB).

Figure 4.14 shows the liquid penetration depth into the paper cross-section and the
cross-section swelling in µm as a function of time, in a logarithmic scale on the x-axis.
During the total measurement time of 1200s, all liquids containing Yes penetrated
deeper and at a higher rate into the cross-section of the paper straw material com-
pared to the penetration depth of water (mPEG-RB) after the same time, As seen in
Figure 4.14. The penetration depth of liquids containing Yes into the paper cross-
section was significant between 0s and 120s, compared to the time span between
120s and 1200s. The reason for this is that the liquids penetrated 100% through
the cross-section at 120s, and could not penetrate deeper into the cross-section.
In addition, the swelling of the cross-section thickness was larger for all liquids
containing Yes than for water (mPEG-RB). The total cross-section swelling after
1200s was 96 µm which correspond to a swelling of 62% for Yes 0.1wt%, 99 µm which
corresponds to a swelling of 61% for Yes 0.05wt% and 99 µm which corresponds to a
swelling of 68% for Yes 0.01wt%, shown in Figure 4.14.

As seen in Figure 4.14 the standard error is more significant for the liquids containing
Yes, both for the liquid penetration and the cross-section swelling, compared to
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the standard error for water (mPEG-RB). This means there are more variations
between replicates for Yes compared to replicates for water (mPEG-RB). It can also
be observed in Figure 4.14 that the difference between the lines showing the liquid
penetration and the cross-section swelling is distinctively larger for the liquids
containing surfactant, compared to the difference between the lines illustrating
water (mPEG-RB) in the graph.

The significantly increased penetration rate of liquids containing Yes compared
to water (mPEG-RB) clearly indicates that the effect of adding Yes affects the pen-
etration rate into the cross-section of the paper. Figure 4.14 also show that the
lines corresponding to the liquid and cross-section of water are following close
to each other, while the gap between the liquid lines and the cross-section lines
for Yes is significantly larger. Deeper liquid penetration in relation to the swelling
of the cross-section indicates that the liquid transport is dominated by capillary
transport through the pore space in the paper since pores filled with liquid should
not affect the swelling of the cross-section as much as if the fibers are filled with
liquid. However, Figure 4.14 shows that cross-section swelling does occur, which
means that the fiber transport mechanism not can be totally excluded. It can also
be seen that the concentration of Yes affect both the liquid penetration rate and
the cross-section swelling initially. Higher concentration of Yes cause deeper liquid
penetration with respect to time, while the opposite can be observed for the swelling
of the cross-section, where lower concentrations show more swelling initially.

Yes 0.1wt% and Yes 0.05wt% lower the surface tension of the liquid, as well as the
contact angle which is presented in Table 4.1 and 4.2. This appears to favour liquid
transport through the pore space in the paper, but also a faster liquid transport. A
decreased surface tension and contact angle imply better liquid wetting and spread-
ing over the paper straw material. This makes the liquid flow along the surfaces of
the fibers through the cross-section of the paper, which causes the pores to be filled.
Yes contains both anionic and zwitterionic surfactants, cellulose has a slight negative
charge and like charges repels each other [98]. If the liquid with Yes and the cellulose
repel each other this can be one additional reason why the liquid is mainly trans-
ported through the pore space and less inside the fibers. However, there are single
water molecules present, even though the solutions contain Yes, which can cause the
fiber swelling behavior that can be observed in Figure 4.14.

4.3.5 The effect of NaCl or Saccharose on liquid transport

This section displays the results of the liquid penetration into the paper straw mate-
rial and the swelling of the cross-section as a function of NaCl and saccharose. The
image analyzed quantitative results from the time-lapse recordings obtained from
CLSM is shown in Figure 4.15.
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Figure 4.15: Graph showing the mean cross-section swelling (l̄ ) and the mean penetra-
tion depth of liquid (x̄ ) as a function of time from the time-lapse recording replicates
of water(mPEG-RB), saccharose and NaCl.

Figure 4.15 shows the liquid penetration depth into the paper cross-section and the
cross-section swelling in µm as a function of time in seconds, displayed in a loga-
rithmic scale on the x-axis. The shaded area around the graphs shows the standard
error between replicates of the performed experiments. The solution containing
saccharose penetrated 50 µm into the cross-section corresponding to 26% while the
cross-section swelling was 25 µm corresponding to 15% until 1200s. The solution
with NaCl penetrated 56 µm into the cross-section and the cross-section swelling
was 40 µm corresponding to 25% after the measurement time of 1200s. As observed
from Figure 4.15, the liquids containing saccharose and NaCl had a cross-section
swelling and a penetration depth below water during the entire measurement time.

As mentioned in Section 2.5.3, NaCl is an electrolyte and should therefore increase
the surface tension which could lead to a decreased penetration depth. The same ar-
gument applies for the saccharose which also should increase the surface tension as
mentioned in Section 2.5.3. However, when observing the values in Table 4.1 and Ta-
ble 4.2 only NaCl showed a slightly higher surface tension compared to water. For the
saccharose solution, a possible explanation to why the liquid penetrated a shorter
distance could be that the saccharose molecules are bulky and are unable to pene-
trate through both the paper fiber and the pore space. Between 120s and 300s, Figure
4.15 displays that for the saccharose solution, the cross-section swelling has a higher
gradient than the penetration depth which means that vapor diffusion through pore
space occurs. From 300s to 1200s the gradient of the penetration depth increases
which might be an influence of the vapor diffusion occurring until 300s, due to this
the fiber structure becomes more relaxed and the saccharose molecules are thereby
able to transport further down in the cross-section. It can also be observed from Fig-
ure 4.15 that the cross-section swelling in µm is less than the penetration depth during
the total measurement time.
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4.3.6 Summary of penetration of liquids into cross-section

In order to summarize the migration studies the penetration depth into the cross-
section in % as a function of time is shown in Figure 4.16.

Figure 4.16: Graph showing the mean penetration depth of all liquids into the cross-
section ( x̄

l̄
) in % as a function of time from the time-lapse recording experiments.

Figure 4.16 visualizes all evaluated liquids penetration depth into the cross-section
as a function of time and it can be seen that all liquids except the ones containing
Yes behave similarly to water. Figure 4.16 shows that the liquid penetration exhibits
a linear correlation with time for all liquids until 60s. To further evaluate the effect
on liquid penetration, a linear approximation was performed for all liquids until 60s.
An evaluation of the linear regression coefficient, k, was conducted to determine
whether a significant relationship existed according to the liquid properties evalu-
ated, this is shown in Figure 4.17.

Graph (b) in Figure 4.17 visualizes that the pH of the solution do not show a
significant correlation to the linear regression coefficient (rate). However, when
observing the extremes of pH 2 and pH 9 the rate increases with increasing pH.
In graph (b) in Figure 4.17 it is also shown that the liquids with pH between 5-7
all have different initial penetration rate even though the pH difference is not so
significant, therefore the pH is not the dominant mechanism for the penetration rate.

From graph (c) in Figure 4.17 it can be observed that the initial penetration rate is
independent of the viscosity of the solution, all modified liquids have approximately
the same viscosity except for PEG 35000 and graph (c) in Figure 4.17 shows this since
PEG 35000 which have a high viscosity do not increase the initial penetration rate. As
seen in Figure 4.17, the liquids containing Yes are not included and this is due to the
size of the linear regression coefficient, however, the linear regression coefficient for
the liquids containing Yes is shown in Figure 4.18.
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Figure 4.17: Subplot of graphs showing; (a) surface tension, (b) pH, (c) viscosity and (d)
contact angle as a function of the linear regression coefficient k for water(mPEG-RB),
PEG 3000, Tween 20, saccharose, pH 2, NaCl, PEG 35000 and pH 9.

As seen in graph (d) in Figure 4.17 the points are distributed across space, however
when excluding NaCl, saccharose and Tween® 20 (>CMC) the penetration rate
appears to increase as a function of decreasing contact angle. NaCl and saccharose
can be excluded since both of the liquids contain electrolytes which in reality
should increase the contact angle and the observed contact angle is probably due
to measurement errors. Tween® 20 (>CMC) can be irregular from the trend due
to surfactants interacting at the surface. The same behavior observed in graph (d)
in Figure 4.17 can be observed graph (a) in Figure 4.17, the initial penetration rate
increases with decreasing surface tension.

Figure 4.18 shows that the linear regression coefficient for the liquids containing Yes
is higher compared to all the other liquids seen in Figure 4.17. Graph (a) in Figure
4.18 shows the same behavior observed for graph (a) in Figure 4.17, thus that with
decreasing surface tension the initial liquid penetration rate increases. The same ar-
gument holds for graph (d) in Figure 4.18, with decreasing contact angle the liquid
penetration rate increases. Both graph (a) and (d) also show the concentration de-
pendence between the Yes solutions. Graph (b) and (c) in Figure 4.18 visualizes that
both the pH and the viscosity have a minor influence on the liquid penetration rate.
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Figure 4.18: Subplot of graphs showing; (a) surface tension, (b) pH, (c) viscosity and
(d) contact angle as a function of the linear regression coefficient k for Yes 0.1wt%, Yes
0.05wt% and Yes 0.01wt%.

4.4 Liquid transport mechanisms
During the dynamic study of the liquid transport into the straw paper examined by
CLSM the three mechanisms explained in Section 2.3 was observed. Water(mPEG-
RB) showed a combination of liquid transport through fibers and capillary transport
through the pore space. Since all modified liquids are water-based they also show a
combination of the transport mechanisms. Examples of the three main mechanisms
observed are presented in Figure 4.19.

Figure 4.19: Images of transport mechanisms shown during the CLSM experiments. A1
and A2 show liquid transport through paper fibers. B1 and B2 show capillary transport
of liquid through pore space. C1 and C2 show vapor diffusion through pore space.
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A1 and A2 in Figure 4.19, show images from one CLSM experiment where a solution
with a pH of 2 was used. A1 shows the cross-section of the paper before the liquid is
added, and A2 shows the cross-section of the paper when it has been in contact with
the liquid for 33s. The white box highlights an area of the cross-section with a clear
fiber region surrounded by a pore space. In A2, it can be seen that the fiber region has
been filled with liquid while the surrounding pore space is not filled with liquid. This
indicates that the liquid is primarily transported through the fibers, which confirms
that the liquid transport in paper fiber displayed in Figure 2.4a occurs. It can also be
seen that the fiber area in the white box in A1 swelled when it was filled with liquid in
A2. This indicates that the swelling of the cross-section depends on the liquid filling
of the fibers.

B1 and B2 in Figure 4.19, show pictures from one CLSM experiment where Yes
0.05wt% was used. B1 shows the cross-section of the paper before the liquid was
added, and B2 shows the cross-section of the paper when it has been in contact
with the liquid for 18s. The white box highlights an area of the cross-section where
a clear pore space can be seen. In B2, it can clearly be seen that this pore is filled
with liquid. This indicates that the liquid is primarily transported through the pores,
which confirms that the capillary transport through pore space displayed in Figure
2.4b occurs. It can also be seen that the pore space in the white box in B1 remains
its size after it has been filled with liquid in B2. This indicates that the liquid filling
of the pore space does not affect the swelling of the cross-section as much as if the
liquid is transported inside the fibers. B1 and B2 in Figure 4.19 confirm that the main
transport mechanism for Yes 0.05wt% is capillary transport in the pore space, which
also can be seen for Yes 0.1wt% and 0.01wt% in Figure A.1 in Appendix A. However, it
also confirms that some parts of the fiber network are filled with liquid even though
the capillary transport through pore space is the dominant mechanism.

C1 and C2 in Figure 4.19, show pictures from one CLSM experiment performed with
the NaCl solution. C1 shows the cross-section of the paper after it has been in contact
with the liquid for 39s and C2 shows the cross-section of the paper when it has been in
contact with the liquid for 549s. The white box highlights an area of the cross-section
where a clear pore space is identified. In C2, it can be seen that this pore space has
expanded compared to the same pore space in C1, even though the liquid has not
reached this area. This indicates that the vapor diffusion mechanism displayed in
Figure 2.4c takes place.
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5
Conclusion

It was found that the combination of CLSM together with measurement of contact
angle, surface tension, viscosity and pH was powerful to investigate the dynamics
occurring when liquids with different chemical content and physical properties
interact with paper straw material. The results showed a cross-section thickness
dependency on RH. Based on the conditioning combined with the ambient climate
of the straw material, swelling or shrinking of the cross-section occur as a function
of time when the straw paper is exposed to a change in its surrounding conditions.
Swelling of the cross-section occurs as a function of increasing RH and shrinking
occurs as a function of decreasing RH. The cross-section thickness consequently
depends on the storage and surrounding RH and temperature.

The results obtained from the viscosity measurements concluded that PEG 3000 and
PEG 35000 showed the most pronounced effect on increasing the viscosity, while the
other liquids showed a viscosity similar to water. Measurements of surface tension
showed that PEG 35000, NaCl, Yes 0.01wt%, pH 2 and pH 9 increased the surface
tension compared to water while PEG 3000, Tween® 20 (<CMC), Tween® 20 (>CMC)
Yes 0.1wt%, Yes 0.05wt% and saccharose showed a decreasing effect on surface
tension. The liquid characterization also concluded that PEG 3000, PEG 35000, pH 2,
Tween® 20 (<CMC) and Tween® 20 (>CMC) showed a lower pH than water while the
remaining liquids showed an increased pH. It can also be concluded that the contact
angle increased for PEG 35000, pH 2 and Yes 0.01wt% while the other modifiers had
a decreasing effect on the contact angle.

From the evaluation of how the properties pH, viscosity and surface tension influence
the penetration depth into the paper straw material the following was concluded. The
penetration rate did not show a significant dependency on an increased viscosity. The
effect of pH change resulted in a faster migration of liquid into the paper straw mate-
rial and a dependency of the concentration of electrolyte was also significant in this
case. It can be concluded that a decrease in surface tension caused an increase in
the penetration rate of the liquid into the paper straw material. The increased pen-
etration rate showed dependency on the type of surfactant and its concentration.
Surfactants which contains charges on their hydrophilic head group increases the
penetration rate to a greater extent compared to surfactants with no charges on the
hydrophilic head group. The penetration rate showed a decrease as a function of ad-
dition of NaCl or saccharose.
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From the evaluation of the cross-section swelling of the paper straw material, it can
be concluded that all liquids caused a cross-section swelling as a consequence of
liquid penetration into the paper straw material. The cross-section swelling was less
for PEG 3000, PEG 35000, pH 2, pH 9, NaCl and saccharose than the cross-section
swelling observed for water(mPRG-RB). Tween® 20 (>CMC), Tween® 20 (<CMC)
and the liquids containing Yes showed a larger swelling of the cross-section than
water(mPRG-RB). The most dominant effect of cross-swelling was observed for the
liquids containing Yes, which showed a significantly higher cross-section swelling
compared to water(mPRG-RB).

It was concluded that the three transport mechanisms; a) transport through paper
fibers, b) capillary transport of liquid through pore space and c) vapor diffusion
through pore space all occur. The dominating mechanism occurring for each liquid
could not be concluded except for the liquids containing Yes where the dominating
mechanism was capillary transport of liquid through pore space. It can however be
concluded that the transport mechanism is strongly dependent on the heterogeneity
and porosity of the material.

5.1 Proposal for future work

Since the project concludes that pH, surface tension and liquids containing NaCl or
saccharose showed an influence on the penetration of liquid into paper straw mate-
rial further investigations on the influence of these properties could be performed
with an increased measurement time.

The project also concluded that the transport mechanisms are strongly dependent on
the heterogeneity and the porosity of the paper straw material, in order to determine
the dominating transport mechanism and thereby gain extended knowledge about
this topic further investigations with other techniques are of interest, for example,
X-ray tomography [99]. The project only evaluated the penetration from PS to RS in
the ZD of the paper and in order to further give an overview of the liquid transport in
straw paper the same procedures should be evaluated in MD and CD as well as from
RS. This could also give further information about if the liquid penetration into the
paper straw material is affected by the orientation of the paper.

From the in-situ experiments performed in this project, the gained information could
also be used in possible modeling techniques in order to visualize the results as well
as to confirm the outcome shown in the project.
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A dilution series with Yes was evaluated. The first concentration evaluated was a
20wt% Yes solution since the behaviour of an extreme was desired. The concentra-
tions was too high for the CLSM method used in this project since the liquid was pene-
trating throughout the whole cross-section of the paper material faster than the CLSM
image capturing rate every 3rd second. Therefore a liquid with a lower concentration,
5wt%, of Yes was evaluated. The same course was identified for this concentration.
However, pH and viscosity were measured for these liquids and the results can be
seen in Table A.1. Three liquids with even lower concentrations, 0.1wt%, 0.05wt%
and 0.01wt% of Yes, were therefore evaluated. At these concentrations, it was possi-
ble to capture images close enough to identify the liquid front penetrating through
the cross-section of the paper.

Table A.1: Higher concentrations of Yes that were evaluated in CLSM experiments.

Liquid pH Viscosity [10−3Pa · s] Density [g/cm3]
Yes 20wt% 9.13 11.78 1.01
Yes 5wt% 9.13 1.19 1.00

A.1 Density calculations for liquids

The density for the liquids was calculated according to the formula which applies to
binary mixtures, presented as Equation (A.1).

D = (X 1 ·D 1) + (X 2 ·D 2) (A.1)

, where D is the density of the binary mixture, X1 and X2 are the mass fractions of
components 1 and 2, and D1 and D2 are the density of components 1 and 2. The
density of water is 0.997 g/cm3 at 25°C [100].

The density was calculated in two steps. In the first step, the modifiers were mixed
with water in a concentration twice as high as the desired final concentration, as de-
scribed in Section 3.2.1.4. The densities and parameters for these solutions are pre-
sented in Table A.2
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Table A.2: Density calculations made in the first step for the concentrations twice as
high as the desired final concentrations.

Liquid X1 D1 [c/cm3] X2 D2 [c/cm3] Db i na r y l i q ui d

[g/cm3]
PEG 3000 0.230 1.21 [101] 0.770 0.997 1.046
PEG 35000 0.231 1.20 [102] 0.769 0.997 1.044
pH 2 0.021 1.10 [103] 0.979 0.997 0.999
pH 9 0.002 0.84 [104] 0.998 0.997 0.997
Tween®20
(>CMC)

0.0003 1.10 [105] 0.9997 0.997 0.997

Tween®20
(<CMC)

0.0001 1.10 [105] 0.9999 0.997 0.997

Yes 20wt% 0.400 1.03 [85] 0.600 0.997 1.011
Yes 5wt% 0.101 1.03 [85] 0.899 0.997 1.001
Yes 0.1wt% 0.002 1.03 [85] 0.998 0.997 0.997
Yes 0.05wt% 0.001 1.03 [85] 0.999 0.997 0.997
Yes 0.01wt% 0.002 1.03 [85] 0.998 0.997 0.997
NaCl 0.007 2.17 [82] 0.993 0.997 1.005
Saccharose 0.197 1.59 [84] 0.803 0.997 1.114

The densities for the base solutions calculated in Table A.2 was used as D1 in Table A.3,
to calculate the final concentrations of the modified liquids, again by using Equation
(A.1).

Table A.3: Density calculations made in the second step for the final concentrations of
the modified liquids used in the CLSM experiments.

Liquid X1 D1 [c/cm3] X2 D2 [c/cm3] Db i na r y l i q ui d

[g/cm3]
PEG 3000 0.514 1.046 0.486 0.997 1.022
PEG 35000 0.496 1.044 0.504 0.997 1.020
pH 2 0.498 0.999 0.513 0.997 1.009
pH 9 0.500 0.997 0.500 0.997 0.997
Tween®20
(>CMC)

0.498 0.997 0.502 0.997 0.997

Tween®20
(<CMC)

0.507 0.997 0.493 0.997 0.997

Yes 20wt% 0.505 1.011 0.495 0.997 1.014
Yes 5wt% 0.497 1.001 0.503 0.997 0.999
Yes 0.1wt% 0.492 0.997 0.508 0.997 0.997
Yes 0.05wt% 0.502 0.997 0.498 0.997 0.997
Yes 0.01wt% 0.504 0.997 0.496 0.997 0.997
NaCl 0.504 1.005 0.496 0.997 1.001
Saccharose 0.486 1.114 0.514 0.997 1.054
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A.2 Transport mechanism for Yes

A1 and A2 in Figure A.1, show pictures from one CLSM experiment where a 0.1wt%
solution of Yes was used and in B1 and B2 a 0.01wt% Yes is used. A1 and B1 show the
cross-section of the paper in green and the pore space in black before the liquids were
added. A2 and B2 show the cross-section of the paper, in green, when it has been in
contact with the liquid for 72s and 141s respectively, shown in orange colour. It can
be seen in both cases that the pore space is filled with liquid, which indicates that
the liquid is primarily transported through the pores and the mechanism of capillary
transport in the pore space occur.

Figure A.1: Images of mass transport mechanisms for Yes 0.1wt% in A1 and A2, and
Yes 0.01wt% in B1 and B2. The time difference between A1 and A2 is 72s and it is 141s
between B1 and B2. PS and RS are marked in the images showing the print side and
reversed side of the cross-section of the paper.
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