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The growing environmental and social concerns about the pollution caused by
the manufacture and waste of traditional plastic-based foams used for single-use
packaging generate global societal demand for bio-based alternatives produced
from natural resources. Forest biomass, the primary source of cellulose, lignin, and
wood fibers, holds enormous promise in the future of packaging materials while
being more environmentally friendly. The foundation of the current thesis work lies
under the recent innovation of new bio-based foam material that was conducted
by the Complex Systems and Materials research group of the Applied Physics
Department at Aalto University. Such material named "FoamWood" is an example
of a cellulose-based foam that can be both more sustainable and less expensive
than its oil-based equivalents. However, such bio-foams are easily degradable in
water which puts limits to their potential applications.
This thesis work aims to review the effect of adding organic polymer additives
such as extracted lignin in order to enhance water resistance properties. The
examination shows potential changes in the foam’s biodegradability and ability to
resist humidity and moisture exposure. Contact angle measurements of samples
prepared with different material compositions are used to examine the effect of
lignin on wetting properties. The contact angle test shows a significant increase
in the foam’s surface tension, which results in a bigger contact angle after adding
lignin. These results were supported by scanning electron microscope (SEM)
images to study the water-repellent part of the different lignin samples. Later on,
Cassie–Baxter wetting model for heterogeneous surfaces explains lignin’s water-
hydrophobic properties. The results show that lignin produces rough surfaces, as
the hydrophobic side of the particles faces the air phase which eventually carries a
connection to water resistivity and wetting advantages.
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1 Introduction
The awareness of the value of green products in the world expands, as environmental
awareness increases, the demand for new bio-based and eco-friendly materials for single
use is increasing which makes it essential to replace oil-based products with green,
renewable ones[4]. Green-renewable materials, which may be taken from existing
plants and trees, are one of the most important subcategories of biodegradable
materials[17].

For a sustainable future, it is important to solve problems associated with oil-
based materials by creating biodegradable materials with renewable and abundant
raw materials such as cellulose or natural fibers. For example, oil-based plastic
materials used in packaging play a critical role in modern societies and the world
economic system. Still, they can often be treated as plastic waste in the environment
after they have been used. Packaging is a vital area for biodegradable materials in
this way[6]. cellulose-based foams are formed in a continuous foam extrusion process
with drying under radiant heating. Cellulose-based foams are widely desirable for
replacing traditional oil-based products for a more sustainable range of products.
These cellulose-based foams have a low density and directional strength, two qualities
that make them suitable for insulation packaging materials when used in conjunction
with water resistance. Under the development of a new bio-based foam material by
the Complex Systems and Materials Research group at Aalto University’s Applied
Physics Department in Finland, the purpose of the FoamWood project is to create
a low-cost, sustainable bio-based foam that may be utilized in packaging materials
as a replacement for petroleum-based foams like polyurethane or polystyrene. The
new FoamWood material is cellulose-based foams that carry intrinsic properties that
mimic wood tissue structure. the innovation lies in the structure of the elongated
bubbles which gives the material high mechanical resistance due to its directional
aligned strength[48].

Alongside cellulose-based foams, lignin is considered one of the most abundant
natural polymers, with lignin making up about 30% of the carbon bound to organic
matter. Kraft lignin (KL) and soda lignin (LS) is currently the most commonly
available lignin grades from Kraft and sulfite wood pulping as raw materials[54].
Under the ultrastructure of Wood, lignin acts as a physical hydrophobic barrier that
prevents the degradation of cellulose and protects the solid cell wall structure against
microorganisms, an excellent example of the hydrophobic nature of lignin[34].

The objective of this thesis is to assess the water resistance of the foam by em-
ploying several lignin derivatives as a component of the material and identifying the
optimal formation responsible for evolving FoamWood’s water resistance properties.
Foams on the other side can be a medium for delivering chemicals into a substrate,
the design of the foamer, and the applications are primarily determined by the
foam’s rheological properties. The corrugated Cellulose-based foams, however, are
also water-sensitive and have weak overload resistance which makes them easy to
biodegrade.
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The experimental part of this thesis focuses on the water absorption capacity
properties of Cellulose-based foams. The properties are studied around the surface and
bulk structure of a 3D foam geometry. To achieve this goal, various cellulose-based
foam samples will be prepared using different ratios of Lignin and other polymer
components. These samples will be characterized using a range of techniques,
including rheological properties, surface tension, and contact angle. The samples
were analyzed by scanning electron microscope (SEM) and using these findings to
link the surface roughness caused by lignin particles and contact angle measures.
The results of these experiments will be used to determine the optimal ratio of Lignin
and other polymer components to achieve the desired level of wet foam suspension
stability and resistance to biodegradability. The findings of this study have the
potential to significantly enhance the performance of cellulose-based foams in various
applications, including construction, insulation, and packaging materials [49]. This
thesis was divided into four parts. Chapter two is a literature review of bio-based
foams, Cellulose fibers, and lignin. The main focus of this section is the characteristics
and rheological properties of solid foams, as well as their structure and stability,
as this was examined in the research. The experimental techniques and statistical
analysis techniques are described in section three. Section four presents the results
of the experimental study, Finally an overall summary of the thesis findings, and
finally concluded future research suggestions.
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2 Background

2.1 Cellulose-based Foam, characteristics, and rheological
properties

Cellulose is considered one of the most plentiful and low-priced renewable materials
that can be used to create environmentally friendly products. Cellulosic biomass can
partly replace fossil fuels in the production of established or new materials, while
cellulose is the leading renewable polymer currently used in bulk. Cellulose is a
rich resource, easy to access, and lightweight, also its packaging can be recycled or
decomposed after use because it is biodegradable. Many consumer items, such as
food, glassware, or electronics, are prone to mechanical harm and must be protected
from damage throughout shipment. Therefore, low-density shock-absorbing materials,
such as polystyrene foam, are often used to protect and insulate sensitive products.
As we are constantly striving to replace petroleum-based plastics with renewable
ones, interest in cellulose-based packaging materials is on the rise. Cellulose fibers
have many benefits for disposable packaging, as cellulose is a cheap and easily
accessible resource. Cellulose is biodegradable, which means that it can be recycled or
decomposed after use. Nevertheless, to replace fossil fuels, bio-based foam alternatives
for low-density packaging materials are needed [45].

2.1.1 FoamWood

In recent years, various foaming processing methods were invented for various pre-
cursors, such as organic polymers in order to combine a low-density structure with
excellent mechanical qualities that are typical of the structure of the foam. [21],
[42]. The foam material studied in this thesis is a cellular material with a structure
inspired by wood’s cell tissue. Cellulose structure is intended to produce a low-density
foam with an anisotropic alignment of cells and fibers, which leads to anisotropic
mechanical and isolating properties. The foam’s main ingredients are methylcellulose
and fiber from wood or other plant sources, making it biodegradable in article [48].
The foam could be modified with some additional ingredients to improve its proper-
ties. The principal objective of this thesis is to add lignin to the foam to improve its
water resistance. In general, Cellulose-based foams are made by foaming and drying
cellulose (nano)fiber dispersions using cellulose ethers or synthetic surfactants[27].
Cellulose foams, being cellular solids, have more stiffness and density than condensed
cellulose materials. In applications such as packaging, cellulose foams are preferred
because they decompose faster in soil than plastics. The polar nature of cellulose
macromolecules, however, outperforms cellulose foams in situations where humidity
and water tightness are crucial. To cope with the amphiphilic behavior of cellulose
foams, providing surface hydrophobicity without sacrificing biodegradability is an
appropriate solution. Using chemically modified cellulose as a raw material for
cellulose foams does, however, conflict with plastics prohibition policies, such as the
European Single-Use Plastics Directive [28]. Physical approaches to improve cellulose
surface hydrophobicity have been used as biodegradable coatings to avoid extensive
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chemical modification [25].
Plastic foams and expanded polystyrene are the two most often utilized materials

for protective packaging. Because these materials are lightweight and disposable, they
cannot be recycled economically or sustainably due to waste handling and transport
costs, and they are not biodegradable, making them unsuitable for underground
disposal or burning, creating a significant disposal issue for production and consump-
tion. Biodegradable and bio-based materials for protective packaging applications
must meet a number of critical characteristics to achieve this goal. The most often
utilized biodegradable materials for cushioning and cargo protection are corrugated
boards, honeycomb boards, and molded pulp. Unlike expanded polystyrene foams
(EPS) and various cellulose-based materials, cellulose foam-forming compounds have
unique features for protective packaging.[42].
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Table 1: Comparison between different cellulose-based materials and oil-based [45]

Molded Pulp Cellulose-based Foams CardBoard Plastic Foams
(eps)

Material
Wood/

cellulose fibers/
recycled fibers/waste

Wood/
cellulose fibers/

recycled fibers/waste

Wood/
cellulose fibers/
recycled fibers

Petroleum-based

Sustainability
Recyclable

biodegradable
compostable

Recyclable
biodegradable
compostable

Recyclable
biodegradable
compostable

Non-biodegradable
Non-recyclable
Release toxic

gas when burning

Cushioning
performance

Excellent damping
properties

but limited to a
package weight

Excellent protection
and cushioning

properties

Inconsistent vibration
and low cushioning

properties

Excellent vibration
and cushioning

properties

Climate
Tolerance

Not affected by
extreme external

conditions

Not affected by
high temperature

and Moisture
expoture

Humidity affects
performances

Temperature affects
brittleness

Mechanical
Performance Good Excellent weight to

density ratio Good High mechanical
strength and durability

Price High Low Low High
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However, several of these biodegradable materials’ shortcomings limit their appli-
cability in protective packaging applications. However, cardboard is often used in
packing, it is not soft enough to be utilized as a cushion and can easily harm the
product’s surface. Honeycomb is a strong buffer material, but its cost is relatively
higher, and other qualities, such as humidity tolerance, do not match the specifi-
cations. Because molded pulp materials are particularly elastic, they may be used
to anchor devices and their accessories while also providing protection; nonetheless,
their popular use has been confined to packaging low-volume and weight goods such
as cellphones, printers, and set-top boxes. The buffering effect of these packing
materials is insufficient for heavy items of significant weight [29]. As a result, recent
research developments found solutions to produce innovative bio-based and sustain-
able packaging in order to eliminate oil-based materials and meet particular protective
packaging needs that are a continual social global demand, as well as an essential
demand. Because they are renewable, non-toxic, and have adequate structural and
mechanical qualities, lignin-cellulose fibers provide feasible replacements to solve
these challenges. [30][42].

2.1.2 Cellulose foam Structure

The term “Foam” is often used to describe aqueous foam, a substance that contains
uniform or non-uniform concentrated dispersion of gas bubbles (non-continuous
phase) in a volume fraction of water (continuous phase) that contains a percentage of
surfactant. In aqueous foams, the volume fraction of bubbles, also known as foam air
content, is generally greater than the volume fraction of water, and foams are broadly
divided into "wet" and "dry" according to the volume fraction of water. Wet foams
typically have less than 80% air, and the bubbles are similar to a complete sphere, as
illustrated in Figure 2.1, but dry foams have more than 90% air (the volume fraction of
the liquid part is less than 10%), and the bubbles are very similar to polyhedral shapes.

Bubble diameter, bubble size distribution, and air density (which are all related to
foam density) determine the foam’s stability and viscosity. Numerous experimental
and numerical studies have examined the effects of bubble size and bubble size
distribution on the final foam. Since they have an impact on the final product’s
quality, it is important to study their effect. For example, Isarin et al., Gidoa et al
[24]. They perform an experimental study on measuring the bubble diameters of an
aqueous foam in two different foam air contents made by applying high shear force
using rotary mixers. They find that increasing the angular speed of the mixer causes
a reduction in average bubble diameters. They also note that the mean bubble size
in high air content foam is slightly smaller than in low air content foam, but no
result is presented on the bubble size distribution. An experiment on the bubble
size distribution of foam produced by the same technique as Gidoa et al conducted
research [24]. The author finds that the average bubble radius decreases with an
increase in the applied mean shear force. For different foam air contents in various
flow regimes (from laminar to turbulent), [22]. For low air content foams, the author
has determined that, by increasing the viscosity of the liquid phase of foam, the
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mean bubble diameter diminishes, especially in foams with a lower air content.

There are also foams where the continuous part is a solid or another liquid, such
as liquid metal or polymeric liquid. The dispersion of gas bubbles within a solid
medium produces solid foams. These materials are solid porous structures that are
used in various sectors as cellular light and bulky engineering materials. Foams
are categorized into two types: closed-cell and open-cell. Closed-cell foams lack
interconnected pores, resulting in higher density and a lower air volume percentage,
but open-cell foams do have interconnected pores, making them permeable, softer,
and less expensive (less material is required). The most prevalent industrial solid
foams are metal foams and polymeric foams[41].

When mechanical strain and stress are applied to a foam, it behaves both like
a solid (when strain is modest) and like a liquid (at large strains). Its capacity
to endure minor pressures, such as These features makes foams appealing as food
decorations. When not touched, foams are made of two phases: continuous (liquid)
and scattered (gas in bubbles). Because the density difference between liquid and
gaseous phases is substantial, the two-phase composition offers up new applica-
tion possibilities. The density difference is used in the froth flotation technique
to separate hydrophobic particles from hydrophilic ones during the flotation pro-
cess. The hydrophobic particles adhere to the gas bubbles and rise to the surface,
generating a foam that collects the particles. The hydrophobic particles cling to
the gas bubbles before rising to the surface and forming a foam, which is then
collected. Furthermore, the bulk moduli of the phases differ substantially (by four
orders of magnitude or more), making them valuable in firefighting. The gaseous
phase may be compressed to extremely tiny amounts, and when employed, it com-
bines with the liquid phase to generate foam, which can cover a much larger surface
than all liquid alone could. Because foam is significantly lighter than most liq-
uids, it may float on top of liquids, making it ideal for extinguishing liquid fuel fires.

The form of the pores, which can be closed or opened, is a big factor in shaping the
foam. Closed-cell foams are known to have a cellular formation that traps air pockets
inside a continuous macro-molecular phase, whereas open-cell foams have a connected
cellular formation that allows air to flow along continuous channels. Closed-cell foams
are hard and have insulation qualities, while open-cell foams are mechanically versatile
and porous. For fibers, coating paper, or board, forest-based materials and foams
provide well-known alternatives to creating boards, such as NanoFibrillarCellulose
(NFC) or inorganic coating layers. The use of paper to produce bulk-like samples
is another approach, which avoids all the paper-making processes and produces
bulk-like samples directly. In addition to the above properties, this type of material
has many other secondary characteristics that make it suitable for many technological
applications. Polymer foams were developed for a range of applications, including
automobile parts, footwear components, and packaging films, due to features such as
high flotation, enhanced energy damping, and cheap production costs. The growing
interest in polymeric foams has allowed for a better understanding of the main
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principles governing foaming processes, from foam formation to the development and
stability of air pockets.[2]

2.1.3 Stability of the foam

Foam stability refers to the foam’s ability to persist for a significant length of time
without losing its 3D structure and falling into two separate phases. Aqueous foams
are inherently unstable from a thermodynamic perspective and breakdown is ori-
ented towards diminishing total surface free energy. Since gravity causes liquid
drainage, Laplace pressure causes mass transfer from smaller to larger bubbles,
and osmotic pressure due to local concentration differences can delay foam de-
composition in significant ways without surfactant. In the first mechanism, the
liquid is released due to its weight, and the thinner the lamella, the greater the
risk of foam bubbles bursting. In the second mechanism, which occurs mostly in
polydisperse foams, spontaneous diffusion of gas from smaller bubbles to larger
bubbles occurs at the interface [55]. This phenomenon has already been predicted
by the Young-Laplace equation. According to this equation, the capillary pressure
is inversely proportional to the effective radius of the interfacial film, so smaller
bubbles produce higher capillary pressure, which eventually results in the interdif-
fusion of gas from smaller bubbles to larger ones. This procedure increases the
average size of bubbles in foam media (through shrinkage of smaller bubbles and
expansion of larger adjacent bubbles) and generates thicker foam films, which can
cause bubble bursting and failure of the foam’s 3D structure. In the third mecha-
nism, because the lamella is slightly curled, the Plateau border has less pressure
than the lamella. The pressure gradient causes liquid drainage from the lamella to
the plateau border, which narrows the lamella and eventually leads to its collapse.

The surface tension
 at the liquid-gas interface affects foam and gas bubbles[19].
Attractive molecular interactions produce surface tension in liquids. Because the
attraction force keeps liquid and gas molecules in different phases, the majority of
the liquid is the optimum area for all molecules to move to. When a gas is introduced
into a liquid, such as water, it bursts into bubbles rather than just combining with
another. Alternatively, air bubbles dispersed on the surface of plain water rupture
instantaneously, whereas surfactant molecules separate the gas and liquid contained
in foams.

Surfactants are substances that reduce a liquid’s surface tension or interfacial
tension, which is positive for both bubble formation and foam stability. Surfactants
are amphiphilic, meaning that their molecules have both a hydrophilic (polar) group in
the water solution and a hydrophobic (non-polar) group away from water., Surfactant
molecules are deposited in the gas-liquid interface and help to stabilize the detached
dispersed gas phase in the liquid phase; their incorporation into the interface increases
the surface tension, which subsequently decreases the existing tension at the gas-
liquid interface and eventually reduces the effective surface tension. Surfactants
contribute to bubble formation by lowering the total surface energy. The energy
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Figure 1: Schematic demonstration of foam structure [1]

required to make a change in surface area is determined by:

dG = 
dA (1)

Where dG denotes surface free energy and surface tension, the less dG, the more
surfactant molecules are adsorbed. Because a fall in Surfactant Concentration results
in a decrease in total surface free energy, a decrease in surface tension does not
necessarily result in a decrease in surface tension. The critical micelle concentration
(CMC) is the concentration where the surface tension of a surfactant remains constant
during micelle production; prior to achieving CMC, significant fluctuations in surface
tension can be detected. As previously stated, the curvature of the lamella and the
pressure difference between the Plateau and the lamella has a destabilizing impact.
The hydrophilic portion of surfactant molecules links the continuous liquid phase in
lamella to bubble surfaces, which aids in the reduction of surface tension in foam
lamella. According to the Young-Laplace equation, every decrease in surface tension
results in a decrease in Laplace pressure.

� P = 
 ( ~r � n̂) (2)

2.1.4 Rheological Properties

Foams are colloidal gas emulsions as the gas is considered as the dispersed phase
and the liquid represents the continuous phase, while the gas phase is evenly dis-
persed all across the fluid medium. The blow ratio or the foam’s density combined
with the bubble diameter distribution can be used to describe the foam’s struc-
ture[32]. Foams are unstable structures that change with time because the liquid
present in the lamellae and plateau borders is drained away, causing the following
mechanisms of destabilization to work. The result is an internal change in the gas-
liquid ratio, and the diameter of the bubble also experiences continuous fluctuations,
mainly because of the gas diffusion from small bubbles that has bigger internal
pressure to large bubbles of lower internal pressure. In addition, the bubble diameter



12

distribution changes due to ruptured lamellae, which causes bubbles to coalesce.

Because of the specific liquid/gas dispersion structure, foam’s rheology is one
of FluidMechanics’ most exciting problems, but there is no single rheological be-
havior demonstrated by the works previously cited. The reason for this is related
to the bubbles’ geometrical scale, which is similar to the geometrical scales of
fluid phase and measuring apparatus. Therefore, a small change in the struc-
ture of the foam (for example, due to foam drainage and collapse during the
test) results in a noticeable change in measurements of final rheological param-
eters, flow behaviors, and ultimately significant statistical fluctuations. The ra-
tio of average bubble volume to the flow channel size, bubble size distribution,
foam interaction with the channel walls, type of fluid and surfactant, isotropy of
bubble distribution, absolute pressure, and the flow regime (depending on the
Reynolds number) are the most important parameters that have an effect on foam
flow and rheology. Rotational viscometry and capillary tube viscometry are two
common techniques used to measure the rheological properties of aqueous foams.

In later studies, Wenzel et al. [57] reviewed the effects of slip-of-foam flow on a
smooth surface in a coaxial cylindrical viscometer, and then in a cone viscometer.
Wenzel et al. [57] conduct their experiments on a large number of dried foams
and plot the rising trend of shear stress by increasing the angular velocity of the
viscometer. Patton et al. [46] apply the method of capillary tube viscometry to study
foam motion in long capillary tubes upstream and then release it to the atmosphere
downstream. Patton et al. [46] find that the value of the normalized pressure drop
(compared to inlet pressure) is close to 1. This implies that as foam continues to
flow along capillary tubes, it also vastly expands, leading to two conclusions. First,
bubble size distribution changes along the capillary tube (larger bubbles are observed
at the outlet), and second, foam pressure varies non-linearly along the capillary tube.
Drainage of the liquid part of foam leads to bubble rupture and ultimately changes
the rheology of foam inside capillary tubes. The geometry dependence of foam
rheological parameters (apparent viscosity here) is investigated by many researchers.
Patton et al. [46] also point out that in the same tube diameter, the relationship
between dP/L and the foam flow rate is non-linear. Hirasaki and Lawson[20] have
demonstrated theoretically and experimentally that foam’s rheological properties are
strongly dependent on the diameter of the capillary tube in the same flow regime.

Foam can be seen as a continuous bulk non-Newtonian fluid as well by many other
researchers who took a different view on foam dynamics. By comparing experimental
results that are geometry dependent with the different non-Newtonian fluid models
for stress-strain relations, such as power law and Bingham plastic, it was possible to
predict foam as a continuous fluid; this dependence of models on geometry appears
to be due to an unidentified effect of at least one vital parameter in the experiments
as previously discussed. Kraynic [31] overcomes this challenge by combining two
different theories of shear deformation for foam flow inside a tube, and this research
inspired other researchers to develop more general models of shear deformation of
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flowing foam. Princen[47] predicts yield stress that leads to deformation for a 2D
ideal mono-disperse foam, but after reaching the critical value, the cells (the bubbles
trapped in the fluid phase of the foam) in the row closer to the applied shear stress
shift their location one cell in the direction of the applied shear force However, this
yield stress can also be predicted for the actual foam because Princen[47] also finds
a relation for ideal two-dimensional monodisperse foam. He finds that the values of
yield stress are proportional to the values of surface tension and inversely proportional
to bubble diameter and that the dimensionless factor of proportionality has a value
close to unity and is strongly dependent on foam air content. Hirasaki and Lawson[26]
modify Princen’s [47] relation for the yield stress to determine a critical capillary
number for two-dimensional ideal foam, using the idea of the hydraulic diameter
of the wetted perimeter of the foam lamella that osculates the tube wall for this
purpose. They also extend the analysis of single bubble motion to a bubble chain
split by lamellae.

2.2 Lignin
Lignocellulosic biomass has enormous potential for the production of renewable fuels,
chemicals, and materials for various applications. Lignin, which accounts for up to
40 percent of lignocellulose biomass, is a treasure that has yet to be discovered, at
least from a chemical perspective [5]. The resinous substance is made up of different
aromatic basic building blocks, the phenylpropanoids, which are incredibly useful.
The role of lignin is therefore significant after cellulose and chitin, it is nature’s most
abundant polymer and contains the most aromatic compounds. Lignin’s energy
potential is largely untapped; 98% of the lignin is burned. Chemical lignin changes
can result in a wide range of new and enhanced characteristics, such as raising
negative charges by inserting carboxylate groups into lignosulfonate molecules under
alkaline conditions. In the future, lignin is expected to be a sustainable, broadly
available, and cheap feed-stock for a variety of uses. because of its properties, which
in most applications make it inferior to current commercial products[7]. The capacity
of lignin to attach to other molecules, such as cellulose and hemicellulose, is one of its
important properties. This characteristic enables lignin to function as a "glue" that
binds plant cells together and gives them structural integrity. Despite this challenge,
research into lignin and its potential uses continues to advance. As our understanding
of this complex compound grows, we may find new and innovative ways to utilize it,
helping to move us toward a more sustainable and renewable future[5].

2.2.1 Lignin Structure

The bulk of plant mass of lignin is located in the cell walls, which are mainly
compounds of the polysaccharides cellulose, hemicellulose, and pectin. The chemical
structure of lignin originates from the three aromatic alcohol precursors called
(monolignols) which are: p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol.
These phenolic substructures are referred to as p-hydroxyphenyl pathways [13].



14

Figure 2: Chemical construction of lignin from monolignols

As illustrated in figure 4, Monolignols are responsible for the p-hydroxyphenyl
(H), guaiacyl (G), and syringyl (S) phenylpropanoid groups and are resolved by
their corresponding letters. These monolignol units can explain the unpredictable
polybranched structure of lignin [15]. Figure 3 shows the most frequent lignin linkages.
The � -O-4 linkage is regarded to be the simplest to separate during lignocellulose
biomass pulping, which has severe consequences for both the process and the final
product. lignin with primarily G units lacks a coupling site for the production of
carbon-carbon bonds, and because of that, more resistant to chemical pulping than
lignin with more S units [10].
Because extended pulping can promote re-polymerization, also known as condensation
reactions [50], the biomass separation process can influence the nature and amount
of intermonolignol linkages. Because phenolic hydroxyl groups are diminished,
the availability of functional groups may be affected. Condensation reactions are
particularly common in lignosulfonates, as seen by the broad molecular weight
dispersion characteristic of this form of lignin. The number of H, G, and S parts
affects the functional groups and, as a result, the characteristics of technical lignin, as
well as its impact on the pulping process and the end product. G units predominate in
softwood lignin, whereas G and S units coexist in hardwood lignin. As a result of the
larger availability of free 5-positions in softwood lignin, softwood lignosulfonate was
shown to react faster with free radical gelling processes than hardwood lignosulfonate.
Softwood lignosulfonate was likewise found to have salt tolerance, with a solubility
value that was closer to water than lignosulfonate in hardwood[40].

2.2.2 Lignin extraction proccess

The word lignin is used in this study to relate to the pure lignin found in unprocessed
lignocellulose biomass, in addition to various altered and unmodified variants of
technical lignin. Technical lignin is the lignin-rich component formed during the
biomass separation phase. Depolymerization treatments or chemically changing the
type and amount of functional groups can be used to change technical lignin. As
shown in Figure4, the most common lignin extraction processes are sulfite, Kraft,
soda, and solvent pulping. They each create a separate lignin fraction that varies
in the overall composition, molecular weight, and the type and quantity of various
functional groups.

The pulping methods reviewed by this thesis research are dealkaline, kraft, and
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Figure 3: Linking structure of softwood-based lignin
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Figure 4: Different lignin separation processes from lignocellulosic biomass [36]

organosolv lignin.
Dealkaline lignin is a byproduct of the pulp and paper industry, converted by

a simple ion exchange process into lignosulfic acid catalysts. For the conversion
of furfuryl alcohol to ethyl levulinate and fructose to 5-hydroxymethylfurfural, the
catalyst outperformed the conventional resin catalyst substantially. The numerous
carboxyl and hydroxyl groups in catalysts were able to create hydrogen bonds with
oxygen-containing substrates in the immediate region of single-bond SO3H sites,
allowing acid-catalyzed reactions to take place exclusively in aprotic solvents. In
protic solvents, the substrate should establish hydrogen bonds with the solvent
but not lignosulfonic acid; hence, the lignosulfonic acid catalyst is better suited for
catalyzing acid-catalyzed reactions in aprotic solvents [51].

In the kraft process, a chemical combination known as white liquor is used to
break the connections that bind lignin to cellulose. It works by converting wood
or non-wood materials into a pulp and black liquor, which is subsequently acidified
to recover lignin. Because of the high sulfur environment utilized for kraft lignin
extraction and the intense breaking of -aryl linkages during cooking, the residual
sulfur level is generally 2-3%. The number-average molar mass (Mn) of kraft lignin
is typically low, ranging between 1000 and 3000 g mol-1 [38].

Organosolv lignins are often the cleanest. Because of their hydrophobic nature,
they have a high solubility in organic solvents but are nearly insoluble in water.
Precipitation is used to remove organosolv lignin from the solvent, which typically
involves altering many parameters such as concentration, pH, and temperature. The
two most common organosolv procedures are ethanol/water pulping and acetic acid
pulping, each of which might contain a residue of mineral acid, such as hydrochloric
or sulfuric acid.[36].

During lignin separation, a portion of the original structure remains intact, so
technical lignin may contain chemical bonds and functional groups such as ketones,
ether bonds, hydroxyl, and methoxy groups [59]. The characteristics of the biomass
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extraction or pulping process influence the availability of specific functional groups
and might even potentially create novel characteristics. Sulfite and Kraft pulping are
two methods that can introduce sulfonate groups, whereas bleaching and oxidative
treatments can add carboxylic acid groups. [26].

2.2.3 Lignin Surface hydrophobicity

Sulfonated lignin is one of the most prevalent retrieved forms, and it is created by
chemically modifying lignin recovered by sulfate pulping, and there are a number of
modification methods for lignosulfonates, that cause the difference between lignosul-
fonate and sulfonated lignin to be marginal. Surfactants (surface-active agents) are
compounds that reduce the interfacial or surface tension between one liquid and an-
other. This phenomenon is usually followed with interfacial or surface adsorption, i.e.,
surfactant enrichment at the phase border. Because lignosulfonates are recognized
to reduce interfacial and surface tension, they are surfactants by nature.[5].

Because of the presence of hydrophilic sulfonate groups on the aliphatic side chains
of hydrophobic aromatic rings, lignosulfonates are relatively affordable and may be
employed as natural surfactants, dispersants, and flocculant [16] as shown in Figure5.

Figure 5: Hydrophobic aromatic ring in lignosulfonate structure

As previously stated, The charge groups and molecular weights of lignosulfonates
vary greatly. Lignosulfonates, in contrast, have a small ability to diminish oil-water
contact interfacial tension or water surface tension, restricting their applicability.
[23]. This is due to the possibility of polysaccharides and inorganic pulping chemicals
contaminating lignosulfonates generated by the sulfite pulping process. To widen
their applicability, lignosulfonates have been coupled with a range of synthetic and/or
biological (cationic or nonionic) surfactants, including n-hexanol, n-heptanol, and
alkyl benzene sulfonates[56].

From that, we conclude that the chemical structure of lignin contains a number
of functional groups, which makes understanding its solubility extremely difficult [35].
Some functional groups, such as the hydroxyl group, of lignin are hydrophilic and the
skeleton of its chemical structure is hydrophobic in general. Since the hydrophobic
elements of different lignin molecules interact with each other, lignin with more
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hydrophilic groups can interact more easily with water molecules and thus disperse
more easily to the water[18].

2.3 Contact angle and Surface wetting
Wetting means the liquid’s ability to stay in contact with the surface In a given
environment, the contact angle� is formed by a liquid-solid interface’s surface
intersection[11]. The static contact angle is known as the angle formed by a liquid
and a solid. Many factors may influence the contact angle, such as surface tension
energy, surface quality, and purity. [9]. The static contact angle is defined as the
difference between 0 and 90° for a wetting liquid and 90° for a non-wetting liquid or
hydrophobic surface. Physical forces that interact with solid surfaces include the van
der Waals force, electrostatic force, chemical bonding, and capillary force created
by water condensation on the surface. It is normally determined using a contact
angle goniometer. Because it affects friction, mechanical contact, and tribological
performance, the adhesion force is a very short-range force that can have a substantial
influence on micro or nanosystems with contact surfaces. It can create "stiction,"
which is a mixture of adhesion and static friction, for example.[44]. The stiction
can cause microelectromechanical switches and actuators to operate and function
ineffectively, making it necessary to manufacture non-adhesive surfaces. Figure11
illustrates three possible contact angles:

1) � > 90°: implies that the solid surface is wet and wettability will increase with
time over a larger surface area;

2) � > 90°: indicates that the surface is wet and wet, and
3) � = 0° : indicates a flat puddle and total wetting.

Figure 6: Illustration of contact angles formed by a droplet on a solid smooth surface.

When solids are combined, the idea that the wetting of solids is dependent on
the interaction between particles comprising a solid substrate and a liquid has been
expressly documented in Thomas Young’s famous essay [60]. As illustrated in Figure.
6 when a liquid droplet is deposited on a solid surface, there are mainly two static
cases: the liquid either expands entirely or adheres to the surface and creates a
capping, noting that the solid surface can be flat or rough, homogeneous or non-
homogeneous. It’s required that the droplet’s radius should be much larger than the
typical roughness of the surface [11].
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2.3.1 Wetting of smooth surfaces

The contact angle between the droplet or bubble and the solid surface is the angle
that appears when the droplet or bubble meets the solid surface, and the equilibrium
contact angle is defined by the reactions at the three phases for any system. The
Young-Laplace equation determines the quality of the liquid droplet, while the contact
angle acts as a boundary. The resultant force of every molecule in a liquid-form
form droplet is zero because it is drawn in all directions equally by the adjacent
liquid particles. This contraction of molecules below the surface and molecules on
the surface creates tension on liquids’ surfaces. When a liquid droplet or air bubble
comes into contact with a smooth, solid surface at an angle� when the liquid phase
become in equilibrium with the solid phase, we apply Young’s equation as the contact
angle � is calculated using this equation:

cos� =

 sv � 
 sl


 lv
(3)

Where 
 sv; 
 sl , and 
 lv are solid-vapour, solid-liquid, and liquid-vapour interfaces
respectively. If we applied Young’s equation to figure6 we will have three cases for
surface wetting:
1) cos� > 1°: implies that the solid surface is fully wet and wettability will increase
with time over a larger surface area as (� =0). 2) cos� < 1: indicates that the surface
solid phase is repelling the liquid completely as (� =180) 3) 1 < cos� <1: indicates a
flat puddle and partial surface wetting as (0<� <180).

2.3.2 Wenzel model for real surfaces

In this part, we look at the formula that regulates the contact angle of a liquid with
such a rough surface. Assuming a liquid droplet with a homogenous contact on a
rough surface, the liquid droplet contact angle on a rough surface� a is equivalent
to that on a smooth surface� 0 if the non-dimensional surface roughness factorr f is
greater than 1 for a homogeneous interface (Figure 10). [58].

cos� a = r f cos� 0 (4)

r f =
ASL

AF
(5)

Where ASL is the surface area of the solid-liquid interface, andAF represents the
projected flat surface area. In rough surfaces, The surface area for a rough surface is
greater than that of a smooth surface. The contact angle� a is the contact angle in
reference to the rough surface, and the roughness factorr f is the ratio of the entire
rough surface in contact with the liquid to the same area’s horizontal projection.
As shown in figure8 if the value of r f is greater than one, the geometric roughness
reduces the contact angle for surfaces with Young’s contact angles less than 90 degrees
and raises the contact angle for surfaces with Young’s contact angles more than 90
degrees.
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Figure 7: Schematic demonstration of different wettability models. (a) shows Young’s
model for smooth surfaces, (b) shows Wenzel’s model for the non-homogeneous
interface, and (c) shows the Cassie-Baxter equation for the composite interface with
air pockets[52].

Figure 8: Contact angle on a rough surface� as a function of roughness factorr f , for
a liquid wetting the surface with multiple regions for smooth surface contact angles
� 0.[43].

2.3.3 Cassie-Baxter model

In this case, the surface is considered smooth but it’s chemically heterogeneous, In a
heterogeneous interface made out of two components, the first one isf 1 and has a
contact angle of� 1, and the second one isf 2 and hold a contact angle of� 2, noting
that f 1 + f 2 = 1, the contact angle can be calculated from the Cassie equation [14]:

cos� c = f 1 cos� 1 + f 2 cos� 2 (6)

As shown in equation6, � c is the calculated contact angle. As a result of adding a
material coating to the surface, the Cassie-Baxter model may be used for geometrically
diverse surfaces. The droplet can trap air in the gaps of the geometric surface
roughness as shown in figure7 (c), and in this instance, the surface material and air
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are regarded to be part of equation6. In this equation, the surface material and the
utilized liquid are now considered constituents. This latter approach, also known
as Cassie-Baxter impregnating wetting, is only possible if the surface bumps when
Young’s contact angle is less than 90 degrees [8]. The Wenzel equation in Equation4
can be used to calculate a smooth surface’s contact angle� 0 for micro bumps under
the effect of the roughness factorr f , and the Cassie-Baxter equation in Equation6
can be used to calculate a smooth surface’s contact angle� c for nano bumps.
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3 Experiments and Analysis

3.1 Materials and methods
The experiments regarding the foam preparation and SEM test were performed In the
Department of Engineering Physics, while humidity chamber test and contact angle
measurements were carried out in the Department of Bioproducts and Biosystems of
the School of Chemical Engineering.
The methods used for the experimental section of this study are through comparative
measurement of water-resistant properties between the cellulose-based foams before
and after adding lignin. Water resistance and degradability were measured through
these tests:

ˆ Contact angle.

ˆ Water block test.

ˆ Humidity absorption test.

ˆ Water column test.

ˆ SEM imaging

3.2 Foam preparation
For contact angle measurements, Seven low solid-content foam suspensions were
prepared from four mixtures: micro fibrillated cellulose(MFC), food-grade Methyl
Cellulose (MC) produced by Ashland Specialties, and untreated kraft pulp produced
by Stora Enso. Three different types of lignin were used in the contact angle and
humidity absorption measurements: Organosolv lignin produced by Chempolis,
Dealkaline lignin produced by Biosynth Carbosynth, and kraft lignin produced by
UPM biochemicals. These samples were mixed as shown in table2. All the samples
were prepared with water as a solvent to form a viscous suspension. The suspension
is mixed with 60% air content. As shown in table2 in the liquid suspension, four
different concentrations of lignin were used: 0.0 wt%, 0.5 wt%. All experiments and
sample preparations were done at room temperature 22°C by using Foamwood novel
foam extrusion process. Finally, the foam is printed into rod-like foam. Six more foam
samples were prepared for the water block test, water column test, humidity chamber,
and SEM imaging. These six samples were divided into 2 groups of 3 reference
samples (1.8% methylcellulose) and 6 lignin-based foam (1.8% methylcellulose +
0.5% lignin) Table 2 lists the sample solutions that were utilized.

The foaming of the sample suspensions into low solid content foams dried into
foam blocks used in these experiments was printed by a novel foaming process as
shown in figure9. Two extruders were used to create the foam rods on a moving plate.

After producing a sufficient number of rods using the extruders, the plate was
dried in two heat lamps before being exposed to infrared radiation for approximately
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Table 2: The composition of the foam liquid suspension mixture used for preparing
the foam samples as a percentage of mass

Sample Lignin(Chempolis) Benecel Kraff Pulp Masuko(MFC)
Reference - 1.8% - -
Kraft pulp - 1.8% 1% -
Kraft pulp + MFC - 1% 1% 1%
Organosolv 0.5% 1.8% - -
Organosolv + Kraft pulp 0.5% 1.8% 1% -
Dealkaline 0.5% 1.8% - -
kraft lignin 0.5% 1.8% - -

[a] [b]

Figure 9: (a) Demonstration of the foam printing device setup extruded from a tube.
the flow of foam is controlled by air pressure.[48] (b)Printed lignin-based foam rods
As the base moves accordingly to form solid foam rods under a heating radiant

45 min to further dry the rods’ surfaces. The second row of rods was built to overlap
the first in order to make a sheet of foam. The sheet was dried for 1 to 2 hours under
an infrared light before being permitted to dry at room temperature overnight. After
enough foam sheets had been produced and dried, they were utilized to create foam
blocks as seen in figure10.
The foam blocks were cut into proper portions and pasted together with their upper

edges facing each other. The glue employed was a 0.5 mass percent methylcellulose
solution. The blocks were attached with 6-7 layers of foam, resulting in a total
thickness of 18-20 millimeters, and then dried for 1-2 hours under an infrared lamp
and sufficient weight to reach the 15-millimeter thickness.
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Figure 10: a)Printed foam rods after dried under radiant heat lamps, b) Assembled
1:5cm3 foam blocks from the printed rods, c) Final foam block (30x40x15 mm) used
for Humidity exposure

3.3 Water absorption and biodegradability
3.3.1 Contact Angle measurements

For this test the contact angle measurements (CA) were divided into two sets, The
first set of experiments used recorded using a Canon EOS M3 camera to record
the water droplet images on the foam surface. These images were processed using
ImageJ Fiji software calculating the contact angle, theta, and droplet radius [12].
The second set of measurements used an optical Theta Flex device by Biolin Scientific.
to measure the contact angle for two samples: Reference and Organosolv.

3.3.2 Water block test

The aim of this test is to observe the biodegradability of lignin-based foam when
it’s submerged in water and therefore observe and measure its resistance to water
degradation. Such a method was applied by testing two different foam suspensions,
Organosolv lignin foam, and Reference foam.
In this test, the capacity of the water absorbed into the foam blocks and the
biodegradability was measured by soaking each foam block whose volume is 1cm3

in ionized water. The foam blocks have a relatively low density in the range of
(30 to 40 kg=m3). The blocks were left soaked in the water for at least 24h before
observing the results. Finally, the samples were dried and the overall mass loss was
calculated in comparison to its original mass. During this time, the weight increase
was monitored until the foam could be considered fully impregnated. The water
Resistivity Ratio (WRR) was measured using the following formula:

WRR =
M 2 � M 1

M 1
� 100 (7)

M2 is the weight of the sample after dipping it in blotting paper and rapidly absorbing
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