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Sammanfattning 
Pappers- och kartongindustrin är idag en viktig del av förpackningsindustrin. Alternativ till 
kartong är ofta producerat av icke-förnybara råvaror och idag när kraven på hållbarhet ökar 
ger detta kartong en fördel mot plast. För att öka användningsområdena för kartong så måste 
de begränsningar som materialet har idag övervinnas. Detta gäller till exempel formbarheten. 
Ett sätt att skapa kartong som kan bli format på nya sätt är att göra en additiv tillsats till 
papperet som har egenskapen att det kan variera sin styvhet. Detta skulle göra det möjligt att 
kontrollera papperets styvhet, vilket har varit målet för det här arbetet. 
 
Genom att använda fyra olika arbetssätt har denna egenskap försökts åstadkommas. Tre av 
arbetssätten har behandlat papper med polyelektrolyter vars E-modul kan ökas med hjälp av 
något stimuli. I de två första försöken applicerades polyelektrolyterna genom den så kallade 
lager-på-lager-tekniken, där alginat och katjoniska cellulosafibriller adsorberades, i första 
försöket på ytan av en film och i det andra på ytan av fibrerna i fibernätverket i ett poröst 
papper. I det tredje försöket impregnerades de porösa papperna med alginat. Resultatet från 
det första försöket var att adsorptionen inte gav någon effekt eftersom den absorberande 
mängden var för låg. I det andra försöket var adsorptionen högre men det påverkade inte de 
mekaniska egenskaperna nämnvärt. I det tredje försöket med impregnering så kunde en 
ändring av E-modulen observeras när systemet tvärbands. 
 
I det sista försöket användes en metod som byggde på laminering. Ett ark av modifierade 
fibrer guskades ihop med ett ark med dialkoholcellulosefibrer. De försök som gjordes tyder 
på att papperet kunde formas och kunde fås att behålla formen om det värmdes och kyldes i 
den önskade formen.  
 
I läroplanen för kemi på gymnasiet finns en paragraf som beskriver hur kemiundervisningen 
ska ha inslag av forskning. Detta är en utmaning för både lärare och forskare. Lärarnas 
utmaning består i att finna forskning på en bra nivå för eleverna och att förklara den på ett 
förståeligt sätt. För forskare består utmaningen i att kommunicera forskningen på ett 
förståeligt sätt till samhället. Med detta som motivering har detta arbete en utbildningsdel. I 
den har lärares perspektiv på metoden ”flipped classroom” i kemiklassrummet undersökts. 
Flipped classroom beskrevs ha styrkor och dessa kunde kategoriseras i fem kategorier. 
Kategorierna var tid för interaktion, elevens ansvar, dialog, laborationer och förstå och 
använda språket.  
 
 
 

  



  
 

Abstract 
Today, paper and paperboard is an important part of the packaging industry, as well as natural 
part of our daily lives. The alternatives to paper and paperboard is often produced from non-
renewable sources such as petroleum and as demands on sustainability increase in the 
packaging sector, it gives paper a desirable advantage over plastics. To increase the use of 
paper, some of the limiting factors for paper needs to be overcome, such as its limited 
formability.  One way to create a paper that can be formed in new ways is to imbibe the paper 
with an additive that makes its modulus changeable. This would make it possible to control 
the stiffness of the paper which would make it more formable. This have been the aim of this 
thesis. 
 
To create this formable paper four different approaches were used. Of these four, three 
included how paper can be treated with polyelectrolytes to be able to increase its modulus 
when stimuli are applied. The two first approaches were based on the layer-by-layer technique 
adsorbing alginate and cationic fibrils to form a layer that could be cross-linked, either on the 
surface of a film (the first approach) or in the network of fibres in a porous paper (the second 
approach). The last approach was to impregnate the papers with alginate. The results show 
that the first approach gave a too low adsorption of polyelectrolytes, why no difference could 
be detected. The second approach resulted in a higher adsorbed amount, but the effects were 
still too small. The third approach gave a paper which could, depending on the concentration 
of alginate, either increase or decrease its modulus when cross-linked.  
 
The last approach was to create a laminate, using unmodified fibers together with dialcohol 
cellulose fibres. This resulted in a paper that could be formed using heat and allowing the 
paper to cool down in the desirable form.  
 
In the curriculum for chemistry in Swedish high schools there is a paragraph that says that 
research in chemistry should be a part of the content the students learn. This is a challenge 
both to teachers and researchers. For teachers, to find research at an appropriate level and 
teach it in an understandable way. For researchers, to communicate the research so it is 
understandable for society. With this as a motivation, a second part of this thesis discuss the 
method flipped classroom in chemistry education at Swedish high schools. It was seen that 
from the teacher’s perspective, flipped classroom meant advantages that could be categorized 
into five categories. The categories that was found were Time to interact, Student 
responsibility, dialogue, laboratory work and understanding and using the language.  
 
 
Keywords: Alginate, Cationic cellulose nanofibrils, Cross-linking, Dialcohol cellulose 
Impregnation, Polyelectrolyte multilayers (PEMs), Porous paper Also: Flipped classroom, 
chemistry education 
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1 Introduction 
For a more sustainable future, there is a need to decrease the amount of plastic materials used 
today. Plastics come from non-renewable feedstock and is most often not biodegradable. One 
way to work towards this goal is to increase the use of cellulose-based materials. However, 
cellulosic materials have natural limitations that severely affects its competitiveness against 
plastic material. Cellulose is, for example, a hydrophilic molecule, making the structures 
formed by cellulosic material sensitive to humidity. Another limitation is the lack of 
thermoplaciticity and its low solubility in most common solvents (Aravamudhan et al., 2014). 
As cellulose have been used for a long time in the form of paper and paperboard, these 
limitations have been thoroughly studied and it is of interest for a more sustainable packaging 
industry to overcome them and find new uses for renewable based materials (Khalil et al., 
2012). 
 
When the packaging material is delivered to the customer it is formed to adhere to the desired 
shape for the product. The formation needs to be made permanent by creasing or folding, 
which creates a damage to the material. Since there is a limit to how a stiff material can be 
creased and folded this creates a limitation to the ways paperboard can be shaped without 
decreasing the mechanical properties too much.  One approach to solve this is by making a 
paper that is soft and formable and can have its mechanical abilities changed in a controlled 
way by introducing some kind of stimuli. The paper can either be produced in this manner or 
it can be produced with a regular stiffness but can temporary be made soft and formable with 
stimuli.  
 
One way to achieve this property would be to introduce an element that, when subjected to a 
specific stimulus, increases or decreases the modulus of the material. The modulus is a 
measure of how hard it is to deform a material. A material with a high modulus requires more 
force to stretch or bend than a material with lower modulus.  
 
This thesis aim is to investigate four approaches that potentially can be used to create paper 
whose mechanical properties can be changed in a controlled way upon some kind of stimuli.   
 
 

1.1 Research question 
• How can paperboard be pretreated to contain a stimuli-responsive material that can be 

triggered to change the modulus of the board 
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2 Background 
2.1 Principles of the four approaches used 
The two first approaches were based on the layer-by-layer (LbL) technique (described in detail 
later). In the first of these two approaches, the LbL technique was applied on the surface of a 
film and in the second one on the fibre network in a porous paper. The third approach was to 
impregnate porous papers with a polysaccharide. The last approach was based on a 
lamination, where one part of the laminate was made with treated fibres which were modified 
to have some thermoplastic properties. 

 
 
 
 
 

Figure 1. A schematic picture of the first approach; Layer-by-Layer on the surface of a film. 

 
Figure 2. A schematic picture of the second approach; Layer-by-Layer on the interior surfaces 
of a porous paper. 

 
Figure 3. A schematic picture of the third approach; impregnation of a porous paper. 
 

2.2 Cellulose and paper 
2.2.1 Cellulose  
Cellulose is a polysaccharide consisting of beta (1 → 4) linked D-glucose units. It is present in 
cell walls of plants, algae as well as in some bacteria. Cellulose is the most abundant 
biopolymer on the planet and as it is readily biodegradable it is therefore of interest to use it 
in new ways to replace petroleum-based products. It is used as fuel in its natural form, which 
historically also have been the primary use. Today it is more widely used in its purified and 
more value-added form as paper or paperboard (Mark James, 2009).  
 
Wood is composed of three main parts which is cellulose, hemicellulose and lignin. The cell 
walls of wood differ depending on the cells different functions in the tree and between 
different species of trees. The wood cell walls consist of different layers with different 
compositions as the layers is believed to have different functions within the cell. The fibres 
are composed of different layers are consisting of fibrils, which constitute the supramolecular 
structures the cellulose in the fibre wall (Kerr et al., 1976). 
 
When fibres are extracted from wood it is done in a process called pulping. This is done two 
ways, either by chemically dissolving wood and freeing the cellulose fibres, called chemical 
pulping. The other technique is called mechanical pulping and as the name suggest it works 
by using mechanical force to break the wood into fibres. The different methods give rise to 
different yields and relative constitution of the extracted material. It also gives rise to different 
size distributions of the fibres as the chemical pulping also dissolves lignin, which is known 
for weakening the final paper as it disturbs the hydrogen bonding and the van der Waals 
interactions between the fibres (Biermann, 1996).  
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2.2.2 Paper and papermaking  
Paper and paperboard is basically a web of fibres held together in the contact points formed 
when the fibres overlap eachother. The pulp slurry delivered from the pulping contains fibres 
and water. The first step is the forming of the paper, where the slurry is dewatered through a 
wire or similar instrument allowing the fibres to settle, find each other and start forming 
joints. The pulp concentration must be low to allow the formation of an even paper. Then 
follows three steps of water removal called draining, pressing and lastly drying. As the 
cellulose molecules and fibres are hydrophilic, the removal of water is demanding and a lot of 
the papermaking process is focused around removing water. As the fibres goes through the 
paper machine the amount of water decreases, from around 0.5 weight percent of pulp when 
the paper is formed to between 90 and 98 percent in the last step (Poirier et al., 2001). 
 
In the forming process the cellulose fibres form the network which make up the paper. The 
fibres orient and position themselves in the network and strong joints between fibres are 
formed. As the forming is done on a moving wire, the network will not be perfectly 
randomized, but be partly oriented in the direction of the movement of the wire, and there is 
consequently a difference in orientation (and properties) in the network if it is observed from 
the direction along the wire movement (called Machine Direction, MD) or in the 
perpendicular direction (Cross Direction, CD). Pores and similar structures also effect the 
properties of the paper, as for example the distribution of pore sizes will determine the papers 
ability to absorb water (Alava et al., 2006). 
 
2.2.2.1 Mechanical strength in paper 
Since the cellulose and hemicellulose in the fibres are hydrophilic molecules, the joints 
between the macromolecules are strongly affected by humidity and this will naturally affect 
the mechanical properties of the networks. This means that different physical and chemical 
mechanisms give rise to the strength of the paper when different amount of water is present. 
For example, an increasing amount of water will disrupt the interaction between the fibres, 
which means that covalent bonds, friction and entanglement play a larger role for the strength 
of the paper. One approach to increase the strength of dry paper (water content less than 5 %) 
is to increase the beating of the pulp to get what is called fines, which will provide an increased 
contact area in the joints and this will give rise to an increase in the mechanical strength.  
 
It is also possible to modify the surface of the fibres with different types of polyelectrolytes to 
increase strength. The usage of polyelectrolytes in papermaking had in the beginning the goal 
to increase the wet strength of the papers, but are today more used as a retention and fixing 
agents in the paper making process. The adsorption of polyelectrolytes on cellulosic fibres are 
affected by the molecular weight of the polyelectrolyte and its charge density. The 
polyelectrolyte can increase the strength by increasing interaction between fibres (Roberts, 
1996). 
 
The stiffness of paper arises from the network of fibres where the weak link is the joint 
between the fibres. Using cationic polyelectrolytes to form cross-links in the joints give a 
positive effect on the mechanical strength and may also have a similar effect in the wet state 
when humidity give rise to a mechanical softening of the fibres (Horvath et al., 2010). 
 

2.3 Modifications of cellulose fibres 
Cellulose have properties such as a relatively high mechanical strength, it will not dissolve in 
water and is not sensitive to temperature changes. It also has drawbacks such as low solubility 
in conventional solvents, lack of thermoplasticity and poor dimensional stability. That is why 
it is of interest to modify fibres in different ways to make paper more useful, and for example 
make it more stable when in contact with water . (Aravamudhan et al., 2014). 
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For this thesis, it was of interest to use paper as substrate treated with the LbL technique. This 
requires papers to be subject to water treatments, why a wet stable substrate paper was 
needed.  
 

2.3.1 Periodate oxidation 
One modification of fibres is to use a periodate ion to oxidize the cellulose and break its C2–
C3 bond to get two aldehyde groups. The periodate oxidation of cellulose has no significant 
side reactions, but those that can take place can be minimized by preventing the formation of 
radicals. This can be done by carrying out the reaction in the dark and using a radical 
scavenger such as isopropanol (Kim et al., 2000).  
 
Periodate oxidation of cellulose is of interest as the aldehyde groups that are formed can both 
be used for further functionalization, or they can cross-link and form hemiacetals, both in the 
cell wall and between individual fibres. It has been reported that this increases both the dry 
and the wet strength. This is related to the degree of oxidation (Larsson et al., 2008). 
 
2.3.1.1 Dialcohol cellulose 

 
Figure 4. Schematic representation of oxidation with periodate and a proposed reduction with 
bor0hydride to form dialcohol cellulose (Larsson et al., 2014).  
 
After cellulose have been oxidized with periodate and the glucose ring is opened, it is possible 
to reduce the carbonyl groups to form alcohol groups on the cellulose backbone. This cellulose 
is called a dialcohol cellulose. It was in the beginning a challenge that the production of 
dialcohol cellulose was a time demanding procedure, but in recent years this have been 
overcome (Kasai et al., 2014).  
  
Films made from dialcohol cellulose has shown to have thermoplastic abilities, meaning that 
it reversible becomes less rigid when subject to heat. It have also been studied how these films 
have low gas permeability and are  transparent, two other interesting properties for materials 
that might be used as alternative to petroleum-based materials used today.  
 
 

2.3.2  Charged cellulose nanofibres  
It is possible to functionalize cellulose in many different ways. It is often done targeting its 
reactive hydroxyl-groups on the backbone which can be used to introduce other functional 
groups on the backbone. By doing this it is possible to create charged cellulose fibres in both 
micro and Nano-size.  
 
To get cationic fibres, the fibres need to be reacted with for example glycidyl-
trimethylammonium chloride (Pei et al., 2013) or using epoxy- propyltrimethylammonium 
chloride (EPTMAC) (Aulin et al., 2009; Hasani et al., 2009) in an alkaline environment, 
resulting in a positively charged cellulose. This can then mechanically be disintegrated into 
cationic cellulose nanofibrils (c-CNF). Unmodified and anionic nanocellulose have been 
studied to a higher degree, but c-CNF have showed similar good mechanical abilities as its 
counterparts and that opens up more possibilities. Another effect of using a cationic material 
is that there is a good chance that it is biocidal (Gilbert et al., 2005). 
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2.3.3 Layer-by-Layer assembly 
Layer-by-layer (LbL) assembly of polymers and/or particles is a method developed for 
creating thin layers on surfaces utilising electrosorption. In its simplest form, it starts with a 
charged surface followed by sequential adsorption of oppositely charged polymers. As the 
adsorption takes place, more polyelectrolyte is adsorbed than the amount required to 
neutralize the surface, why the charge of the surface is reversed. Then the excess of not 
adsorbed polymer is washed from the surface and for multilayer adsorption the same 
procedure is performed again, now using a polymer oppositely charged to the last polymer. 
One of the front figures of this method is Decher (1997), who developed it and applied it with 
a variety of polyelectrolytes. 
 
LbL adsorption on cellulosic materials has been done with different approaches. The 
method can be applied directly onto the fibres, the nanofibrils or on papers and hydrogels 
already formed. The polyelectrolyte multilayers (PEMs) have been used to give cellulose 
fibres properties such as hydrophobicity (Gustafsson et al., 2012), conductivity (Agarwal et 
al., 2006) and biocatalysis (Xing et al., 2007). It has also been shown that using LbL on 
cellulose fibres can give an increase in papers mechanical properties, as previous works by 
Wågberg et al. (2002) and Eriksson et al. (2005).  
 
In Wågberg (2000) it was reviewed how polyelectrolytes adsorb to the cellulose fibres. One 
important factor that matter is the size of the polyelectrolyte. In multiple studies, it has been 
shown that as the size of the polyelectrolyte decreases, the adsorption increases. This is 
explained by the increasing surface area that becomes available to the polyelectrolyte as it can 
reach farther into the fibres pores. Salt concentration, charge density of the polymers and 
presence of fines also affect how much and where adsorption takes place. 
 
Charged fibrils can be used as polyelectrolytes in LbL assemblies and it is possible to find 
examples in the literature of how anionic cellulose have been used to for example increase a 
surface biocompatibility, or to give the LbL assembly layers an increased robustness or 
stiffness (Cranston et al., 2009). 
 

2.3.4 Polyelectrolytes used in the two LbL assemblies 
2.3.4.1  Alginate 
Alginate is a family of polysaccharides mainly found in marine brown algae (Phaeophyceae). 
In the algae, it acts as a skeletal material and it can stand for as much as 40 % of dry plant 
weight. Naturally it is found as a gel acting as an intercellular matrix with cationic ions 
(Aspinall, 2014). Alginate was first called algin and was extracted in the 1880s when new 
materials were tried to be produced from kelp. First almost 50 years later, in 1929, it was 
commercially produced for the first time (Nussinovitch, 1997). 
 
Alginate consists of two types of monomers, beta-D-mannuronic acid (M) and alpha-L-
guluronic acid (G). As these monomers are spread along the polymer chain it gives rise to 
homopolymeric regions of M-, G- and MG- blocks. The blocks exist in different proportions 
to each other in different organism, ranging from between 20 to 60 weight percent of one 
monomer in some cases. M-blocks are in its extended ribbon form and G in its buckled form, 
while MG have a rigidity in between. Alginate have a molecular weight between 32 kDa and 
200 kDa and a polymerization degree between 180 and 920 (Nussinovitch et al., 2011).  
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Figure 5. The chemical structure of the different blocks on alginate. Aarstad (2013). 
 
The viscosity of alginate is mainly governed by its molecular weight. Other parameters are 
temperature, pH and presence of monovalent and divalent salts. In the presence of divalent 
or trivalent cationic ions, a gel is formed by alginate molecules forming ionic bonds to the ion. 
The strength of the gel is closely connected to the amount of G monomers and the length of G 
regions. It is believed that alginate form an egg-shaped structure (Figure 6) and that joint 
between molecules give rise to strength. Calcium is the most common ion used in literature 
to modulate the gel properties due to its low toxicity. Using alginate with a large amount of G 
to form a gel gives rise to a strong and brittle gel, while more M will give a more elastic and 
weaker gel. In the gel forming stage, time is also a factor. As the sodium ions is exchanged for 
calcium ions in the gel alginate will form the egg-box shaped orientation and the strength will 
increase (Nussinovitch et al., 2011)  

 
 
Figure 6. a) coordination of alginate dimers when interacting with calcium ions. b) schematic 
picture of the egg-box shape. Picture borrowed from  Aarstad (2013).  
 
Using methods such as addition of other covalent cross-linkers, or modifying the polymer 
backbone, have been used to give rise to new ways to cross-link the alginate molecules and 
thus give rise to gels with an increased mechanical strength. Some promising experiments 
have been made to make alginate cross-link using heat or photo-induced (Lee et al., 2012). It 
has also been used with, for example, cellulose to give rise to mechanical strength as it is cross-
linked (Sirviö et al., 2014). 
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2.3.4.2 Polyallylamine hydrochloride and Polyacrylic acid  
To use LbL assembly to increase the paper strength has been shown using different 
polyelectrolytes. One successful example is presented in Eriksson et al. (2006). The authors 
used polyallylamine hydrochloride (PAH) as the cationic polyelectrolyte and polyacrylic acid 
as the anionic. By applying these two polyelectrolytes to a pulp suspension multiple layers of 
polyelectrolytes were built on the fibres surfaces. After adsorption of eight bilayers, sheet was 
formed while carefully controlling salt concentration and pH. The result was an increase in 
mechanical properties. It was also seen that the increase was larger when the cationic 
polyelectrolyte, PAH, was the last added layer, which was proposed to be due to that the 
anionic polyelectrolyte formed a more compact layer while the cationic polyelectrolyte formed 
a film more coupled with water, which lead to a closer contact with other layers. 
 

2.4 Principles of analytical methods used 
2.4.1 Mechanical testing  
One commonly used mechanical test is the tensile test. Its basic idea is to clamp the material 
between two clamps connected to a load cell, apply a tensile force and measure the elongation 
and force; usually until failure takes place. As the strain is increased, two characteristic 
phenomena are seen. Initialy, an elastic behaviour is seen, i.e. a region where the stress–strain 
relationship increases linearly. Ideally, the deformation is reversible in this area. As paper is 
an inhomogeneous material, it has different tensile behaviour depending on parameters such 
as in which direction the tensile test is performed (MD, CD or orthogonal to these two, called 
the Z direction), humidity and temperature. From the slope of the stress-strain curve the 
elastic modulus, E-modulus, (also called Young’s modulus) can be calculated (Niskanen, 
2011). The E-modulus gives an indication of the stiffness of the paper. After a while the elastic 
deformation transitions into a non-elastic regime, i.e. the material starts to deform 
irreversibly. Here, the behaviour is inelastic, also called plastic. As the load increases the point 
of break will be reached and the paper raptures. After the rapture have taken place, the 
maximum stress and the strain at breakage can be found. 
 

2.4.2 Atomic force microscopy  
Atomic force microscopy (AFM) was invented in the 1980s and is today a standard technique 
to study the morphology of surfaces as it can be used for a broad variety of materials. The 
instrumental setup is a sensitive cantilever with a sharp probe pointing towards the sample 
and a laser beam registering how the probe moves. The sample is set on a piezoelectric 
element that facilitates precise movement of the cantilever across the surface. As AFM does 
not directly use optical instruments to scan the surface but rather use the sharp probe to “feel” 
the surface, it has a broad usability and can be used to scan surfaces at an atomic level (Eaton, 
2010).  
 
As the tip of the cantilever close in on the surface it is subject to weak forces which is 
registered. The tip essentially touches the surface before it withdraws. This is one way to 
measure the actual surface forces. Another is to let the cantilever move across the surface as 
it is oscillating. There are other modes which can be used to scan the surface. The data that is 
collected can be interpreted to a picture showing the topology of the surface. Using the so 
called scan mode lets the probe move across the surface rapidly, giving the picture down to 
the micro and nanoscale (Haugstad, 2012).  
 

2.4.3 Quartz crystal microbalance  
The Quartz Crystal Microbalance (QCM) uses the piezoelectric properties (ability to 
mechanically deform when subject to electric current) of quartz to create a vibrating plate 
which will give a resonance when the vibrations matches those of the AC-current. By 
measuring the current into the electrodes on the quartz crystal the amplitudes can be detected 
and using this frequency its resonance can be calculated and this gives a real-time 
measurement of the vibrations of the crystal. If material is allowed to adsorb to one side of the 
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crystal, this increased mass will change the frequency which can be detected by the instrument 
(Johannsmann, 2014). 
 
As a film is deposited on the crystal, the frequency decreases. This is very useful when 
characterizing how a LbL system behaves as it per definition measures thin films adsorbed to 
the crystal surface. This can be used to see how the adsorption takes place (fast or slow) and 
if any desorption takes place. The instrument will detect all mass changes, why both the 
adsorption of polymer to the crystal and water adsorbed to the polymers will be seen in the 
frequency shifts. This means that the frequency shifts can not be directly correlated to 
adsorbed mass.  
 

2.4.4 Polyelectrolyte titration  
To be able to deduce the amount of polyelectrolyte in a sample, or the surface charge available 
to colloids, a titration using a polyelectrolyte with known charge density can be used. By using 
polyelectrolytes that are stable over large pH intervals and time as standard solution, the 
charges in the solution can be studied. Using compounds which give rise to a colour shift when 
they reach charge neutralisation, it can be studied how much charge must be titrated into the 
solution to reach that state. From this the original charge of the solution can be calculated 
(Terayama, 1952). Another method is to measure the zeta potential in the solution. As the zeta 
potential can be said to be the difference in potential between the bulk solution and the fluid 
close to the charged particle, as the charge of the bulk is changed the zeta potential will change 
and when it reaches zero the amount of added charges is equal to the amount of opposite 
charges present in the first solution.  
 
When measuring charge on fibres there are two types of charges to consider: total charge and 
surface charge. As the fibres have a porous structure, all charges are not available to a 
macromolecule such as a polyelectrolyte, why the surface charge can be more useful to know 
in the case of polyelectrolyte adsorption. The surface charge is assessed by adsorbing larger 
polyelectrolytes that cannot diffuse into the fibre (Wågberg, 2000).  

3 Materials and methods 
3.1 Materials 
Bleached unbeaten kraft softwood fibres were supplied by SCA Forest products (Östrand 
pulp mill, Timrå, Sweden). Carboxymethylated cellulose nanofibrils (Gen 2) were 
supplied by Innventia (now Rise Bioeconomby), Stockholm, Sweden. Dialcohol cellulose 
was produced as described by Larsson et al. (2016). 
 
Sodium periodate, with a purity of 99.8 %, was supplied by Acros Organics. Alginic acid 
sodium salt with a high viscosity was bought from Alfa Aesar and with low viscosity from 
Aldrich. Unless other mentioned, the high viscosity alginate is used. The 
Polyethyleneimine (PEI) used in LbL assemblies had an average molecular weight of 60 
kDa and was from Acros Organics, while the PAH (average molecular weight of 17 kDa) 
and PAA (8 kDa) was bought from Aldrich. Other chemicals used were of analytical grade.  
 

3.2 Substrate preparation 
3.2.1 Film preparation 
Carboxymethylated cellulose fibres were used as a starting material. These were oxidized 
using sodium periodate, 1.3 g/g dry matter. The oxidation was performed under stirring, at 
50 °C  and in the dark for 1 h using 6.3 wt% isopropanol as a radical scavenger, similar to the 
method used by Larsson et al. (2008).  
 
After oxidation, the fibres were washed until the water in contact with the fibres had a 
conductivity around 26 µS, followed by quantification of the amount of carbonyls induces (see 
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3.5.2). Then the fibers were homogenised in a Fluidizer (Microfluidizer M-110EH, 
Microfluidics Corp., USA) to disintegrate the fibers into nanofibrils. This was performed at 
1700 bar, two times through a 200 µm and seven times through a 100 µm chamber. Film were 
then fabricated by vacuum filtration through a 65 µm millipore membrane in a Rapid Köthen 
sheet forming instrument (PTI, Austria). This took around 5 h. The film was dried at 93 °C 
and at a reduced pressure of 95 kPa for 15 min.  
 

3.2.2 Paper preparation  
Fibers were prepared in the same way as in Section 3.2.1, with the exception that the oxidation 
was performed for 2 h instead of 1 h.  
 
Papers were formed in the same Rapid Köthen sheet former as the films, but instead of 
restrained drying under reduced pressure and increased temperature, the wet sheet was dried 
in-between two PTFE meshes in a custom-made drying frame (Larsson and Wågberg, 2008). 
The frame was then left in the freezer (- 20 °C) overnight. The day after, the papers were taken 
from the freezer and solvent exchanged to end up with a highly porous sheet with minimal 
structural collapse. The solvent exchange constituted three times 15 min of soaking in ethanol 
and three times 15 min of soaking in acetone. After the last solvent change, the papers were 
taken from the solvent bath and left to dry overnight under ambient conditions between two 
blotting papers. Some fibres were taken before the sheet was formed and these were used to 
analyse carbonyl content and total charge were determined. 

3.2.3 Laminate preparation  
The laminate papers were made of 50 % unmodified fibres and 50 % dialcohol cellulose fibres 
(Linvill et al., 2017). The laminate was done by first forming each sheet in the Rapid Köthen 
before couching them together. When preparing the sheet of dialcohol cellulose paper, an 
additional and finer  wire was used to form the sheet on.  
 
 
The couching was done in three different ways. Either before any drying, taking the newly 
formed sheets of unmodified and dialcohol cellulose fibres and placing them on top of each 
other and then drying at 93 °C and at a reduced pressure of 95 kPa for 15 min. It was also tried 
to first dry each sheet separately before placing them together and dry again. This was done 
dry and with some added water to increase the effect of the couching. The samples were then 
qualitatively studied, both effect of the couching and heating a sample formed around round 
shapes and see how the shape was kept after the samples returned to room temperature.   
 
 

3.3 Layer-by-Layer assembly 
The LbL treatment started with a wetting of the samples, both the samples of film and those 
of porous paper, were placed in a 10 mM NaCl solution for ten minutes. The samples were 
then moved with a tweezer to a 0.1 g/L PEI for the first anchoring layer, being soaked for five 
minutes before moving the sample to a beaker with salt solution. 
 
With PEI as the first layer, the surface should have an overall positive charge, why the dipping 
sequence then continued with the anionic polyelectrolyte (i.e. alginate, CNFs or PAA). The 
dipping sequence continued according to this: 
 
Washing → Solution with anionic polyelectrolyte → Washing → Solution with cationic 
polyelectrolyte  
 
Each sequence adding another bilayer to the surface of the substrate. The samples were left 
in solution for 5 min each time. After the bilayer had been added was the samples washed by 
being placed in a 10 mM NaCl solution for ten minutes and then dried. Some samples were 
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then cross-linked, either before the drying by soaking in a 10 mM calcium chloride solution 
for 10 min, or by after the drying curing them in an oven for 30 min at 150 °C.  
 

3.3.1 Cationic nanofibrils and alginate 
Cationic CNFs were used to build LbL assemblies with alginate.  The CNFs were prepared 
according to Pei et al. (2013). The fibrils were diluted to 2 g/L and the dispersion was mixed 
using an Ultra Turrax particle disperser for 10 min at 12 000 rpm.  Aggregates were further 
removed using ultra sonication with a probe for 10 min after which the dispersions were 
centrifuged at 4500 rpm for 1 h and the colloidally stable CNF dispersion (supernatant) was 
removed from the solid aggregates (pellet). Dry content was determined and then the 
dispersion was diluted to 0.1 g/L. The alginate was prepared by dissolving sodium alginate in 
deionized water and diluting it to 1 g/l. Sodium chloride was then added to a concentration of 
10 mM. The dispersion was filtrated to remove any solid particles, followed by dilution to 0.1 
g/L (keeping the salt concentration at 10 mM).  
 

3.3.2 PAH and PAA 
For comparison with the alginate-CNF LbL system, PAH was used as the cationic 
polyelectrolyte and PAA as the anionic. The samples were prepared with a constant 
concentration of sodium chloride of 10 mM. The pH was adjusted to 3.5 in the PAA solution 
and 7.5 in the PAH solution. In all other respects the LbL protocol was the same as described 
above. After LbL assembly some of the samples were cured in an oven for 30 min at 150 °C. 
 

3.4 Impregnation of papers 
The impregnation approach was performed by first soaking the porous papers in water for 
five minutes. Some samples were then placed in a solution of PEI as described above to create 
an anchoring layer. The samples were then placed in a funnel (9 cm in diameter) and the 
alginate was poured on top of the paper. After 5 min of adsorption, vacuum was applied to 
pull the alginate into the sample.  
 
After the application of alginate, the samples were cut in two pieces, where one was dried and 
the other soaked for 2 h in a solution of 1 w% of calcium chloride. Three methods for drying 
was tested to see how the drying affected the density and also the mechanical properties:  
 

• Using the Rapid Köthen to dry the sample in-between two metal sheets of metal mesh 
attached to bloating papers. The samples were dried for 15 min under 93°C and a 
reduced pressure of 95 kPa. 

• Using the same solvent exchange method as described above (Section 3.2.2). 
• Using a frame with two meshes with a set distance of 1.2 mm, placing the sample 

between the two mesh and leaving to dry under constraint in ambient conditions.  
 
Two tests were performed to see how a higher concentration of alginate potentially affects the 
tensile properties of the final material. The first one was using an alginate with lower viscosity 
(lower molecular mass). The other method was by using periodate to oxidize the high viscosity 
alginate. To a 50 ml solution of 20 g/L of alginate, 0.4 g of periodate was added together with 
6 % of isopropanol as a radical scavenger. This oxidation was left for 24 h on a stirring table 
in the dark.   
 

3.5 Chemical analysis 
3.5.1 Determination of degree of oxidation 
To determine the amount of aldehydes in the dialdehyde cellulose, the following method was 
used. The fibre suspensions (~0.3 g dry fibre) pH was adjusted to 4.0 with sodium hydroxide. 
The same was done to the solution of hydroxylamine (0.25 M) and it was added to the fibre 
solution at 1:1 ration. The solution was then mixed, divided into three beakers of equal size 
and left on a shaker plate for 2 h to ensure a complete reaction. Then sodium hydroxide was 
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added in measured amount until the pH reached 4.0. The fibrils were then filtered through a 
pre-weighed filter paper, dried at 105 °C and weighed again to determine the mass of cellulose 
reacted with hydroxylamine (Larsson et al., 2008).  
 

3.5.2 Determination of total charge 
The total charge of the fibers was measured by conductometric titration. The titration was 
performed on the modified and unmodified fibres and the titration was performed twice. 
 
The pH was adjusted to 2 using HCl and left under stirring for 20 min before the fibres are 
washed. The washing was performed until the conductivity was below 5 µS. The fibres were 
resuspended to around 0.3 g/l and before the titration were 5 ml HCl and 10 ml NaCl added. 
The fibres were titrated with NaOH (0.05 M) under stirring. Nitrogen gas was bubbled 
through the fibre suspension to remove carbonic acid, which otherwise could disturb the 
measurement. After the titration, the solution was filtrated and the filtrated dried and 
weighed. (SCAN-CM 65:02) 
 
From the titration curve the amount of sodium hydroxide required to neutralise all weak 
acidic groups could be determined. 
 

3.5.3 Determination of surface charge 
Since the total charge of the fibers is not equal to the charge available to the polyelectrolytes 
used to adsorb layer-by-layer since some charges are not reachable for the polyelectrolyte 
there is a need to determine the surface charge.  
 
Using titration with a polyelectrolyte with known charge concentration and measuring the 
volume required to reach charge neutralisation, the surface charged can be calculated as 
charge per mass unit.  
 
Using a solution of cationic polydiallyldimethylammonium chloride (PDADMAC) or a 
solution of the anionic potassium polyvinyl sulfate (KVPS) with a known charge, three 
measurements were done using a STABINO instrument. The instrument measures the zeta-
potential in the solution during stirring and adds an oppositely charged polyelectrolyte until 
the potential reached zero and calculated the exact volume of added polyelectrolyte. 
 
3.5.3.1 Determination of amount polyelectrolyte 
The titration with an oppositly charged polyelectrolyte was also used to determine the amount 
of polyelectrolytes adsorbed on the cellulose substrate. LbL adsorption was first performed in 
a beaker with 25 ml polyelectrolyte solution, same concentrations as described in section 3.3. 
The solution and sample were then moved to a funnel and vacuum was applied to withdraw 
most of the polyelectrolyte solution. The samples were rinsed with 10 ml and vacuum was 
applied again. The solution was then collected and this was repeated for each adsorption step 
for five bilayers of alginate and c-CNF with an anchoring layer of PEI. The solutions were then 
titrated using the same method as in 3.5.4. The amount of PDADMAC or KVPS required to 
reach zero surface potential gave the surface charge in the samples and by comparing this to 
a reference sample it could be deduced how much polyelectrolyte had been adsorbed. A 1:1 
charge ratio was assumed.  The titration was done without adjusting the pH, which meant that 
the pH for PEI was around 6 and for alginate and c-CNF was around 5.2. Around 1 ml of the 
solution was used in each titration. 
 

3.5.4 Quartz crystal microbalance 
The crystals used for the experiment were quartz crystals coated with silica. The crystals  were 
first properly cleaned in ethanol and blown dry with nitrogen gas before being placed in 
plasma for two minutes. The experiment started using a solution of 10 mM sodium chloride, 
which was run until the instrument detected a stable baseline.  
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The polyelectrolytes were then applied, starting with PEI (0.1 g/L) which was run for 5 min 
before washing by running 5 minutes with the salt solution. The layers were built up by 
alternating the anionic alginate (0.1 g/L) and c-CNF (0.1 g/L), each run was performed for 5 
min and followed by a washing with salt solution for 5 more minutes. After nine bilayers had 
been formed were the salt solution was exchanged for milliQ water, which was run until a 
stable baseline was seen. Then deuterium water was run for 10 min before the last exchange 
was done back to water.  
 
3.5.4.1 Atomic force microscopy  
After the QCM analysis had been performed, the crystals were analysed using AFM. The 
surface was scanned at several points to get a nanoscale image of how the fibrils had been 
adsorbed and how evenly they had adsorbed.   
  

3.5.5 Nitrogen content analysis 
Nitrogen content analysis was performed using an ANTEK instrument. The sample was first 
heated to 1000–1100 °C, where nitrogen will react with oxygen and form nitric oxide. Ozone 
is then mixed in the system which reacts with the nitric oxide to form an excited form of nitric 
dioxide. When the excited nitric dioxide decompose, light is emitted and detected by the 
instrument, giving the amount of nitrogen in the sample in the form of N-counts.  
 

3.6 Mechanical analysis 
3.6.1 Tensile test 
The samples were tested in an Instron tensile tester with the gauge length set to 15 mm. The 
width and thickness of the samples was measured before measurement using a caliper. The 
clamps separation was set at a rate of 1 mm/min and the force was detected by a 500 N load 
cell.  
 
Since the films were thin and brittle they recuired to be made less sensitive to failure in the 
clamps. This was done by gluing the part of the brittle film that would be in the clamps 
between two papers. This was not recuired for the porous papers. However, to be able to detect 
the E-modulus in some of the paper samples a pre-strain was needed. This since a property of 
the films affected the results in the elastic region. See more under section 5.3. The pre-strain 
was done with the same rate until 1 % strain was reached. Then the clamps returned to their 
original position and the test started.   
 

3.7 Method selection 
To create the property of a changeable modulus for a paper it was decided to try to use 
different surface modification methods and see how these affected the modulus. Using a 
chemical which could be applied to the surface of the paper and then be cross-linked with 
stimuli would in theory increase the materials modulus and because of this be a possible 
approach for this thesis.  
 
Alginate was used since it has multiple alternatives for cross-linking and when it is cross-
linked it give rise to an increased stiffness due to the fixation of the alginate chains in the 
cross-links. Another advantage with alginate is that there have been successful experiments 
where cross-linking has been done with different kinds of stimuli, for example with photo- or 
thermal induced (Lee et al., 2012). Ionic cross-linking was chosen as it is well studied with 
alginate and it is easy to use in experiments.  
 
Cellulose fibrils were used because of the good mechanical properties and that it works well 
in LbL systems (Cranston et al., 2009). One key factor identified was that the added layer 
needed to be as thick as possible to give a positive effect to the paper, why the large size of the 
fibrils was desirable. PEI was used as an anchoring layer as it has previously been shown to 
give better adsorption for LbL assemblies (Kolasinska et al., 2007). 
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It was of interest to see how the adsorption of PAH/PAA system would affect the mechanical 
properties when it was applied to the papers. Since it has been shown to give increased 
mechanical strength to paper when it is applied to the fibres, before the paper were formed 
(Eriksson et al., 2006).  
 
To see how the concentration affects the results of cross-linking, the paper was impregnated 
with alginate. As viscosity was a problem it was tried to use an alginate with lower molecular 
weight. It was also tried to use periodate oxidation of alginate to lower the viscosity (Gomez 
et al., 2007).  
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4 Results 
The results will be presented divided into three parts corresponding to each of the three 
approaches used. 

4.1 Layer-by-Layer assemblies 
4.1.1 LbL on CNF films 
The CNFs had a total charge of 695 µeq/g and the oxidation with periodate gave the CNFs a 
carbonyl content of 1.4 mmol/g. 
 
 
4.1.1.1 Adsorption of alginate and c-CNFs probed by quartz crystal microbalance 
To show how and in what amounts the adsorption of alginate and c-CNF occoured, the LbL 
sequence was performed in a QCM. When the polyelectrolytes were introduced in the QCM 
chamber the frequency decreased and the energy dissipation increased, which indicates 
adsorption of material to the crystal. It was detected that PEI and alginate gave a decrease less 
than 10 Hz which was consistent through the run, these shifts can be seen in figure A2 in 
appendix A. When c-CNF was introduced larger shifts were detected, and increasing 
throughout the time for analysis.  
 
 

 
Figure 7. Measured frequency shift and dissipation energy as a function of time for the 
adsorption of PEI, alginate and c-CNF on a silica QCM crystal. Data correspondes to the third 
overtone. Shaded areas with a minus sign indicate alginate addition, shaded areas with a plus 
sign indicate c-CNF addition and white areas indicate rinsing steps. 
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4.1.1.2 Film morphology 
The AFM imaging was applied to the QCM crystals to identify the film morphology resulting 
from the adsorption. In the scans, the fibrils were clearly seen. It was also seen that the surface 
had a roughness in the 10th of nm ragne.  

 
Figure 8. AFM image showing the morphology of alginate and c-CNF adsorbed on a QCM 
crystal.  
 
4.1.1.3 Mechanical properties 
Films were made by vacuum-filtration, followed by adsorption of LbL assemblies to ideally 
induce stimuli-changeable mechanical properties. The tensile properties of the LbL-modified 
CNF films can be found in Table A1 of Appendix A. However, in general, the tensile behaviour 
was not largely affected by the adsorption of up to nine bilayers of alginate and c-CNF, even 
when the alginate was cross-linked with calcium.  
 

4.1.2 LbL assemblies inside a fibre network  
4.1.2.1 Amount of adsorbed material  
About 2 mg of fibrils per gram of samples were adsorbed (Table A3 of Appendix A). 
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Figure 9. Adsorbed amount of c-CNF on porous paper measured with polyelectrolyte 
titration. 
 
 
 

 
Figure 10. Adsorbed amount of alginate on porous paper measured with polyelectrolyte 
titration. 
 
4.1.2.2 Mechanical properties 
To determine the effect of the surface modification of the porous papers the density, 
maximum tensile stress and E-modulus were measured for the three LbL-systems (all systems 
starting with an initial layer of PEI). One with 5 bilayers of alginate and c-CNF (i.e. one layer 
of PEI and then five layers of Alginate and c-CNF each), one with 9 bilayers of the same 
compounds and one with 8 bilayers of PAH and PAA. Samples were also cross-linked, either 
with calcium ions (alginate-containing layers) or cured in an oven for 30 min at 160 °C (PAA-
PAH layers). In addition, two references were used, one with and one a without a layer of PEI. 
 
When the porous papers were placed in the solutions and then dried, their density increased, 
typically with around 70 %. It increased the least for the samples treated with PEI/PAA/PAH. 
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The samples prepared only with PEI and the samples with alginate and c-CNF ended up with 
similar densities. The tensile behaviours followed that of the density, both the E-modulus and 
the maximum tensile stress. Since density strongly affects the mechanical properties of paper, 
the observed increase in density made it hard to draw any major conclusions on how the 
surface modification alone affected the mechanical properties. When the samples were cross-
linked or cured their tensile strength and E-modulus increased slightly. The detailed results 
can be found in Table A2 in Appendix A. 
 
 

4.2 Impregnation 
4.2.1.1 Density 

 
Figure 11. Density of the porous papers before and after soaking and modification and re-
drying.  
 
Figure 11 shows how the density of the porous papers impregnated with alginate  were affected 
by the drying method. The papers were impregnated with alginate having a concentration 
of either 10 or 5 g/L, with the samples in contact with alginate for 10 min. The control samples 
were left in water for 2 h before drying, Alginate samples without further cross-linking were 
impregnated and dried and the cross-linked samples were cross-linked with calcium ions for 
2 h directly after the impregnation, followed by drying.  
 
4.2.1.2 Tensile testing 
To determine the effect the impregnation had on the mechanical properties of the papers, 
three sets of tensile testing were performed. First, the different ways to perform the 
impregnation was evaluated, see Figure 12. Two different preparation methods were tested, 
one where an anchoring layer of PEI was applied as in the LbL samples and one without. Also,  
the cross-linking was performed before and after the samples had been dried in a Rapid 
Köthen sheet former (dried at 93 °C and at a reduced pressure of 95 kPa). Two other drying 
methods were valuated to determine how the impregnation and the drying method affected 
the density and E-modulus, see Figure 13. 
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Figure 12. Elastic modulus for samples impregnated with 5 g/L of alginate. The modulus was 
calculated from the elastic region from the tensile test.  

 
Figure 13. Elastic modulus of papers after impregnation with 10 g/L of alginate 
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Figure 14. Density of porous paper impregnated with three concentrations of alginate; before 
and after cross-linking with calcium  
 

 
Figure 15. The E-modulus for samples impregnated with three concentrations of alginate. The 
cross-column is when the samples were crosslinked after application of alginate.  
 
To study how the amount of alginate affect the tensile properties, three tests were performed 
using 5, 10 and 15 g/L. Alongside with increasing concentration there was an increase in 
viscosity, which made it impossible to test concentrations higher than 15 g/L. For the two 
lower concentration the impregnation was accomplished, while successful impregnation was 
more uncertain for the highest concentration (no alginate was observed leaving the bücher 
funnel).  
 
It was also evaluated how the concentration of alginate could be increased, one by adding 
periodate to the alginate which drastically decreased the viscosity. The other was by using a 
new alginate with a lower viscosity (lower molecular mass). It was seen that the concentration 
could be increased, but the effect on E-modulus and of cross-linking decreased drastically.  
The results can be found in table A5 in appendix A.  
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4.3 Laminate 
Three coaching methods were tested to laminate a modified sheet to a standard sheet. The 
coaching was done in a Rapid Köthen, under 93°C and a reduced pressure of 95 kPa:  

1. Coaching the two sheets whet, which gave a laminate with no visible difference 
between the two sides.  

2. Coaching the two sheets dry, where the sheets did not attach to each other and could 
easily be separated. 

3. Coaching dried sheets with one of the sheets slightly wetted with a sponge, which gave 
a laminate. 

 
The results of the heating the samples can be seen in Figure 16. In the preparation process, it 
was seen that the heated samples were sensitive to humidity which caused them to bend 
towards the side with dialcohol cellulose fibres.  

 
Figure 16a. shows the forming of the laminate. Four glastubes hold together by a rubberband 
holds the laminate while heat is applied and during the cool down.  

 
Figure 16b. The result of the forming. The formed laminate is to the left and a similar treated 
reference paper to the right. 

5 Discussion 
5.1 Layer-by-layer to increase the elastic modulus 
Tensile tests on the films produced with the first approach, i.e. the approach where LbL 
assemblies have been applied on the surface of films, showed no significant difference 
between reference and all the modified samples, i.e. no effect could be seen neither from 
modification of cross-linking of the films. Using nitrogen-content analysis to identify how 
much c-CNFs that were adsorbed was futile, presumably since the amounts were too small to 
be measure. The QCM run shows that adsorption took place, see Figure 8. Most of the 
adsorbed mass in the alginate-c-CNF system are c-CNFs, as can be expected from their greater 
mass.  
 
For the next approach, with LbL modification of the surfaces inside porous papers, three 
systems were tried: two systems with alginate and c-CNFs, i.e. the same polyelectrolytes as 
with the CNF films and a third system with polyelectrolyte layers of PAH and PAA. The results 
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showed a small difference between samples, see Table A2 in Appendix A. An interesting 
observation is that when alginate and CNFs were applied in five bilayers, the difference was 
larger compared to that in the case when nine bilayers was applied. A possible explanation for 
this is that the adsorption might become more heterogeneous with increasing number of 
layers. A more heterogeneous structure might decrease the possibility for alginate to 
recoordinate to form the egg-box-formation and thus decreasing the effect of the cross-
linking.  
 
The PAH/PAA system seems to weaken the fibre network as both the tensile stress-at-break 
and the E-modulus decreased (Table A4 in Appendix A). Both these parameters, and also the 
density, was similar for the cured and the non-cured samples. The density did, however, 
increase less for these samples compared to the unmodified reference. The density might 
explain the low strength and stiffness. As the PAH/PAA system have been reported to give 
rise to more hydrophobic surfaces which possibly can partly explain why the density change 
was so large for this system.  
 

5.2 Impregnation to increase modulus 
Since the LbL approach resulted in only small amounts of alginate adsorbed, another 
impregnation was used to hopefully facilitate evaluation of how alginate affects the 
mechanical properties of paper.  
 
To see how the result of the impregnation changes with concentration of alginate, three 
concentrations of the same alginate were tested: 5, 10 and 15 g/L. At higher concentrations 
alginate was very viscous and it is not sure that it penetrated the paper properly. As the 
concentration of alginate increased, so did the E-modulus, almost linearly (see figure 15). 
However, the standard deviation also increased, indicating that the impregnation and sample 
preparation may be more sensitive at higher concentrations. When the samples impregnated 
with 5 g/l alginate were cross-linked, the E-modulus increased with around 50 %, but, 
interestingly, the modulus decreased to 1/3 when impregnated with 10 and 15 g/L. One 
possible explanation for this behaviour could be that at higher concentration the increased 
amount of adsorbed alginate might give an increased brittleness. It is known that dried cross-
linked alginate is brittle, so as the amount of alginate increase so will the alginate-alginate 
cross-links and thus the brittleness.   
 
As the viscosity was limiting on how high concentration of alginate that could be used during 
impregnation, a set of trials was performed to evaluate methods to increase the amount of 
alginate in the paper even further. One trial using an alginate with lower viscosity and one 
using the high viscosity alginate but using periodate to oxidize it. The oxidation was 
performed modestly, as it has been shown that too oxidized alginate loses its mechanical 
properties (Gomez et al., 2007). The results show that the effect of cross-linking is decreased 
in both cases. As is described by Gomez et al. (2007) this might be due to a too high degree of 
oxidation. This would create to short chains and the oxidization would disturb the interaction 
between G-groups and calcium ions. This may also be the reason why the low viscosity 
alginate also showed no significant increase E-modulus when cross-linked. 
 

5.2.1 Cross-linking methods 
Two different ways to cross-link the samples were tested. One where the samples were dried 
before being soaked in a calcium chloride solution and one where wet material was soaked. 
The dry-cross-linked samples showed similar tensile stress and E-modulus as the non-cross-
linked samples, while the wet-cross-linked samples showed an increased E-modulus. This 
might be explained by that the alginate molecules need to reconform to be able to cross-link 
and form the egg-box shape that have been described earlier and when cross-linked while wet 
this is possible, but when the papers are dried and the fibre network have collapsed, this is 
not readily possible, why the cross-linking in this case is to a large extent hindered. 
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Using the porous paper and impregnation with alginate, it was shown that only applying 
alginate did not increase the E-modulus and when dried the density was also about the same. 
However, when the samples were wet-cross-linked (cross-linked before dried) there was an 
increase in both E-modulus and strength in the samples. The effect on the mechanical 
properties of both non-cross-linked and cross-linked alginate was enhanced by applying an 
anchoring layer of PEI, where, for example, the E-modulus increase with 35 % when the 
samples were cross-linked. 
 

5.2.2 Drying conditions 
Since the modifications on the fibre networks and how the samples are dried influence the 
density, which in turn affects the mechanical properties of the paper, it was also examined 
how different drying methods affect the results.  
 
Therefore, four sheets were prepared and impregnated with 10 g/l alginate. Of these four two 
were cross-linked in calcium solutions. The four sheets were then divided into two batches 
with one uncross-linked and one cross-linked in each. One batch was left to dry under 
constaint (between to meshes, as described above) in air and room temperature. The other 
batch was solvent exchanged as described earlier. As seen in Figure 11, the solvent exchange 
preserved the density of the samples better, but the solvent exchange also seemed to affect the 
alginate. The general behaviour seems to be that the solvent exchanged weakened the paper, 
even when taking into account the density change, which was larger for the air-dried samples. 
This might be since alginates structure is affected by the ethanol. Ethanol will drive out the 
water from the alginate system, in which the alginate may coil up more tightly. This would 
decrease the effect alginate have on the papers mechanical properties (Hermansson et al., 
2016).  
 
The air-dried samples interestingly showed that inclusion of alginate increased the tensile 
strength, but when the papers were cross-linked they became weaker, alongside with an 
increased strain-at-break. One possible explanation for this is that the alginate might, before 
it is crosslinked, form stronger interactions with cellulose which, together with alginate filling 
most of the pores in the paper may give the increased strength. When the samples are cross-
linked it is possible that the changed structure for alginate and the addition of calcium ions 
might sustain more water in the system, explaining the decreased weakness and increased 
strength. Another observation supporting this is that this was not seen in the two other drying 
methods. Furtermore, for the porous paper, an interesting property was observed around 1 % 
strain, where the paper showed a decrease in stress as the strain increase and then it increased 
again to resume a similar curve as sample without the decrease. As this was observed in the 
elastic region it disturbed the measurement of E-modulus, and therefore it was treated by a 
pre-strain as described in the method section. This behaviour might be due to a secondary 
structure which breaks first, without failure of the entire sample, and releases some stress to 
the fibre network, why the decrease is seen. A similar but more brittle secondary structure is 
visible in the cross-linked, impregnated samples which was dried using solvent exchange.  
Those samples had a distinct audible breaking about halfway through the run where the layer 
of alginate on the surface seemed to break. 
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Figure 17. Representative stress-strain curves for a sample prepared by soaking in 10 g/L 
alginate, cross-linked with calcium ions and dried using solvent exchange. The decrease in 
stress at about 2 % strain gave an audible crack.  
 

5.3 The Laminate approach 
The effect of humidity on the papers, causing them to bend shows how the different fibers 
react to humidity, can be explained that by that the dialcohol cellulose E-modulus decreases 
with increasing temperature but also when humidity increases (Linvill et al., 2017). This 
causes a difference between the sheets in the laminate, resulting in the bending.  
 
As can be seen in Figure 17, the material was formable. The formability of the reference is 
most likely due to the heating changing the moisture content, which would make the fibres 
keep some of the orientation they had when heated. It can be seen that the laminate kept the 
shape better than the reference, indicating that the dialcohol modification and coaching had 
the desirable effect.  
 

5.4 Method selection 
The porous paper used in the experiments showed good properties regarding its adsorption 
capacity of polyelectrolyte. However, a side effect of the high initial porosity is that the density 
change observed upon wetting and drying. Since tensile properties is affected by density some 
effects from the modifications might be overshadowed by this. 
  

5.5 Future work 
As LbL assemblies previously have shown good results on fibres, it would be of interest to do 
a study of how the adsorption takes place. If the polyelectrolytes are present in the joints also 
when applied after the paper is formed and how the drying and possibly the crosslinking affect 
the macrostructure of the paper. This might give an indication whether LbL assemblies can 
increase the E-modulus when cross-linked, or if the, for the desired application, too small 
amount of adsorbed material limits this effect. 
 
Since many of the uses of alginate is in the wet state, it might be interesting to study how these 
approaches would affect the tensile properties when the paper and alginate is wet. The 
impregnation of porous paper with different polysaccharides, which may cross-link in a 
controlled fashion, is interesting. This since the alginate used in this thesis gave interesting 
results and might be optimized regarding concentration, ionic strength of solvent and how 
drying might be performed to not damage the system. It would also be interesting to 
investigate the secondary structures observed, how they arise and if it can be utilised in any 
way.  
 
The last approach with laminated sheets showed promising results and it would be of interest 
to see in what proportions the dialcohol cellulose and unmodified fibres could be used to give 
good formability. It would also be of interest to study this quantitively.  
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6 Conclusion 
This work attempted to introduce stimuli-changing mechanical properties to paper. Papers 
prepared with inclusion alginate, which easily can be cross-linked with calcium ions, and c-
CNFs in a LbL system did, however, not show any increase in stiffness when crosslinked. This 
might be due to a too small adsorption and that any increases might be overshadowed by the 
accompanying density increase observed upon the second drying.  
 
Using impregnation as a method gave a paper with a E-modulus that could be increased by 
cross-linking. It was found that cross-linking was more efficient when performed on the wet-
alginate-treated papers and that ethanol might damage the alginate system. Therefore a 
solvent exchange to ethanol is not suitable as a drying method to maintain the low density of 
the initial paper. It was also found that using a layer of PEI gave an increased E-modulus for 
papers prepared with alginate and also for those that then were crosslinked.  
 
The laminate paper of unmodified fibre and dialcohol cellulose fibres could be formed when 
heated and retained the form. This indicates that the system has the desired property of being 
formable due to the dialcohol cellulose ability to decrease its E-modulus when heated.  
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8 Educational part 
8.1 Introduction 
8.1.1 Background 
Since computers and Internet became available it has become a natural part of our society, 
and since the end of the 1990's it has moved into classrooms around the world. Different ways 
of using the new technology in the classroom has been developed over the years, and with 
examples such’s as MOOCs (Massive Open Online Courses) and educational videos on the 
website YouTube by Khan Academy E-learning has become a part of the educational 
discussion. 
 
Flipped Classroom (previously called inverted classroom or classroom flip) has been 
developed since the early 2000's and it is today one of the ways teachers might reorganize 
their lessons to reach out to students in a new way. Two of the early pioneers in flipped 
classroom is Jonathan Bergmann and Aaron Sams (2012) who have published a book on how 
the flipped classroom works. The basic idea is to invert what the student does in the traditional 
classroom and at home, moving the lectures to be seen online at home and the exercises to be 
done during the lesson with the teacher close at hand for explanation end questions.  
 
The literature on flipped classroom has grown a lot the last few years, but much of the 
literature are studies at higher education or comparative studies where the flipped classroom 
is compared to a traditional teaching (Hultén et al., 2016). Chemistry in high school is a 
subject with both a lot of theoretical focus but also with practical application. In Swedish high 
schools, students are assessed based on five skills, of which one is their ability to perform 
experiments (Skolverket, 2011). This mixture of both hands-on and theoretical knowledge 
makes the subject chemistry unique when it comes to how it is thaught, why it is interesting 
to see how flipped class is implemented.  
 
Another part of the curriculum is that research shall be a part of the education and be 
incorporated into the content taught. Sometimes, it proves a challenge for teachers to find 
research on a level that their students can understand. The same challenge is also visible from 
the researcher’s perspective, that their research should be understandable and made available 
for the society. The first part of this thesis treats a research project on creating new mechanical 
properties on paper and this could be used to create material for chemistry at high school 
level. This can be motivated with the students taking chemistry are to be taught how chemical 
applications are used to produce new medicines and materials (Skolverket, 2011). Here the 
research process of the project could be described and used as flipped classroom material for 
the teachers. 
 
This thesis aims to approach this from both perspectives. For the educational part the aim is 
to describe strengths and challenges with flipped classroom in chemistry education from a 
number of teacher’s point of view. 
 

8.1.2 Research question 
• What strengths and challenges with flipped classroom are identified by teachers using 

the methodology in chemistry education?  
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8.2 Theoretical background 
8.2.1 Sociocultural perspective 
As the flipped teaching is focused on increasing the amount of time spent in dialogue with 
students, it is here analysed from a sociocultural perspective. Lev Vygotskij founded what 
came to be called the sociocultural perspective in development and learning(Säljö, 2000). The 
fundament in the theory is that everything happens in a context of cultural and social 
interaction and that must be taken into account in the process. In the centre of this the 
language and social interaction are the tools for the thoughts and all non-physical learning is 
related to developing language in different ways (Säljö, 2000).  
 
In this perspective, some concepts are important to understand to be able to analyse how 
students learn in different settings. Mediating is a concept of how the thought of persons is 
carried forward and developed by the cultural products. It is thought of as a trigger and/or 
the means for the thinking procedure to take place. This is related to the artefacts which are 
parts of the material surrounding that have purposely been changed/affected by humans. This 
is a part of the mediating since it has been created in a social context between humans and in 
interactions between humans and the physical world. A sign of this relationship between 
humans and artefacts it is often possible for other humans later to understand the creators 
aims and agendas for the artefact (Stensmo, 2007). 
 
Vygotskij also discusses that the signs and tools available for the learner influences how and 
what will be learned. A clearer definition is provided by Wretsch (1991) who declare that signs 
is the mental resources (e.g. language and symbols) and technical tools (e.g. computers and 
phones) that together with artefacts (Computer programs, books and concepts) mediates 
what and how we are thinking (Jakobsson, 2012).  
 
In the sociocultural perspective, learning is considered to be the development of the ability to 
use and think with support of language, concepts and theories. The higher forms of abilities 
(such as thinking and analysing) are first formed between individuals and is then internalized. 
Vygotskij enforce that even though the artefacts mediate the thoughts and action of an 
individual does the learning take place in the social context between individuals. Another 
point is that learning is not a one-way communication in the social context, it is not that those 
less experienced are taught by those with more experience (Säljö, 2000).  
 
As a way to even better focus on the interhuman contact isthe concept of the Zone of Proximal 
Development (ZPD) described by Vygotskij (Vygotskij, 2001). In this zone, a group of 
individuals with different experiences can meet and with artefacts mediate and learn in an 
optimal way, as long as the gap of experience is not to great. One way to describe the ZPD is 
that in that zone the students learn to do things with the groups help which they afterwards 
can perform by themselves.  
 

8.2.2 Progressivism 
Another important person for pedagogy development in the 1900's, who was inspired by for 
example Charles Darwin, is John Dewey. He is known as one of the most well-read American 
philosophers from that era, and his philosophy and perspective on pedagogy is even today 
seen in many countries national curriculums. According to Dewey, learning benefits strongly 
from continuity. This is a fundament on which he discusses pedagogy. That is why schooling 
should be similar to day-to-day life and the teaching always be motivated in this way. This 
perspective on learning is characterised by the motto: “Learning by doing”. It gives a picture 
that learning takes place in relation to activities, and that a child is not taught sitting passively 
and listening but rather by being guided through activities that are clearly motivated (Dewey, 
2004). According to Dewey, the main task for teachers is to create a context that enables and 
motivate learning. A democratic thought of the school-system as a whole and in the classroom, 
was also a fundament in Dewey's pedagogy (Burman, 2014).   
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8.2.3 The curriculum 
In Swedish high schools, there are two courses in chemistry, Chemistry 1 and Chemistry 2. 
The central content focuses on concepts and notions that the students need to have knowledge 
of to receive a grade in the course. There are also five skills or abilities that the students need 
to show/develop during each course. These five skills are, directly quoted from Skolverket 
(2011): 
 
1) Knowledge of chemical concepts, models, theories and working methods, and 
understanding their development.  
2) The ability to analyse and find answers to subject-related questions, and to identify, 
formulate and solve problems. The ability to reflect on and assess chosen strategies, 
methods and results.  
3) The ability to plan, carry out, interpret and report experiments and observations, and also 
the ability to handle chemicals and equipment.  
4) Knowledge of the importance of chemistry for the individual and society.  
5) The ability to use a knowledge of chemistry to communicate, and also to examine and use 
information.  
 
The chemistry education is supposed to teach the students to work both theoretically and 
practically. It is stated that the students need to be given the opportunity to plan and perform 
experiments, to analyse data and to discuss and present their solutions. Another important 
part is seen in the fifth skill, that the students are supposed to be able to communicate by 
using a scientific language and also to treat scientific information correctly (Skolverket, 2011). 
 

8.2.4 Dialogue 
Phillip Scott and Eduardo Mortimer (2006) have presented a framework for studying how 
students and teacher interact during a lesson and how these interaction change during a 
lesson. They present two dimensions, the dialogic-authoritative dimension and the 
interactive-nonactive dimension. The dialogic-authoritative dimension describes how the 
interaction is taking place. It comes from what the teachers purpose is. If an authoritative 
approach is used, the teacher wants to get all students to focus on just one meaning or 
perspective, while when dialogic approach is used the students are offered to supply their 
ideas which are recognised and discussed by the teacher. The authors also point out that the 
discussion regarding the ideas might be treated in different ways, from just acknowledging to 
comparing and contrasting the ideas (Scott et al., 2006). The other dimension is interactive-
nonactive, which is whether participation of more than one person is allowed and encouraged 
(interactive) or if it is not allowed (nonactive). By combining these two dimension four kinds 
of interactions can be seen (Scott et al., 2006). 
 
Table 1. A grid showing the resulting areas when both dimension is applied.  

 Interactive Nonactive 
Dialogic Interactive/ Dialogic Nonactive/ Dialogic 
authoritative Interactive /authoritative Nonactive /authoritative 

 
 

8.2.5 Flipped classroom 
With the increase of internet use it has also become more popular to use it in education. 
Already in the 1990s some teachers used computers and the internet to reach out to students 
in new ways. One of the first adopter who became known were the MIT alum Salman Khan 
who founded the Khan Academy in 2006. Khan Academy has released thousands of online 
lectures and exercises, easily accessible through the webpage YouTube (Kerr, 2015). With 
Khan in the lead theonline education has increased, and today online courses, MOOCs and 
education online is part of the society 
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The flipped classroom is simple in theory but more complex to define and evaluate beneath 
the surface. Beginning in the early 2000s an idea started to take form about reordering the 
way students interacted with course material. It is described by Kerr (2015) as “... events that 
traditionally take place inside the classroom now take place outside and vice versa.”  Two early 
pioneers for the methodology is Aaron Sams and Jonathan Bergmann. Together they saw the 
potential to save lecture time by recording their lectures. The first thought was that a lot of 
time used for lecturers was to spend time help students who missed classes to catch up. When 
they developed and recorded lectures they realised that the videos could be used to make the 
education better as a whole. Another key parameter they identified was that the students 
needed their teachers most when they had problems with exercises or did not grasp a concept, 
rather than when the teacher was lecturing (Bergmann et al., 2012). 
 
Bergmann et al. (2012) describes that a normal lesson with flipped classroom starts out with 
a first part, covering a few minutes, when the class discusses the previous video and students 
get the possibility to ask questions. After the students have asked their questions and the 
teacher have had the chance to straighten out eventual misconceptions the teacher move on 
to giving the students the lesson activities. It can be an experiment, a problem to solve in 
group or some other activity. In cases where students are expected to solve problems the 
teacher may go through some examples to warm them up. When it comes to experiments, it 
is pointed out that instead of watching a video were the students supposed to do some kind of 
pre-experiment activity. This could be a small experiment at home. Then at the start of the 
experiment questions about that activity were discussed together with safety precautions. 
After the experiment, the students get a video with new content as homework while on the 
next lesson the calculations/report writing from the lab is performed so the teacher can be 
available in that process (Bergmann et al., 2012). 
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8.3 Method 
The survey was done in a qualitative way where the data collection was done through 
interviews. The interview was conducted online or over phone and the questions were 
prepared and sent ahead of the interview. The questions prepared was divided into four areas, 
namely pros and cons with flipped classroom, how the teacher use and reflect on the method 
and finally how students and colleagues react and work with it, see more in Appendix B. The 
duration of the interviews was between 45 minutes to 1.5 hours. The interview questions were 
prepared beforehand, but follow-up questions were asked during the interview to encourage 
the teacher to elaborate on interesting points, this making it a semi-structured interview 
(Bjørndal, 2005). The semi-structured qualitative interview was chosen because the number 
of teachers available for interview was small and the purpose was to discuss and not to 
quantify in any way.  
 

8.3.1 Selections 
The website Youtube.com was used to find videos in chemistry in Swedish high schools, by 
which active teachers were identified and asked to participate in the study. Another teacher 
was found through his webpage that other teachers refereed to. The selection was thus a 
convenience selection (Bjørndal, 2005). Five teachers were asked to be a part of the survey 
and three took part.  
 

8.3.2 Analytical method 
The transcribed interviews were coded and analysed with a qualitative content analysis. The 
categories and themes were recorded as the material was coded, which makes it an inductive 
analysis. The categories that was found were Time to interact, Student responsibility, 
dialogue, laboratory work and understanding and using the language. 
 

8.3.3 Ethical considerations 
The three interviewed teachers were in the initial contact given information regarding the 
conditions of the ongoing survey. They were informed of  

• The purpose of the interview and the thesis in whole. 
• That their participation was voluntary and that at any time they were able to 

withdraw their participation. 
• That they would be anonymous in the final report 
• That the interview would be recorded for a better analysis and the records would 

only be used for the master thesis before destroyed.  
 
The teachers were then prompted to reply that they had read, understood and agreed to the 
conditions of the study. This was also repeated at the beginning of the interview.  
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8.4 Results and analysis 
8.4.1 Time to interact 
Strengths 
From the perspective of the teachers, it was seen that using flipped classroom gave them the 
possibility to use the time in the classroom differently and more efficiently. The teachers felt 
like they could give the students more exercises and the chance to be more active during 
lessons when the lectures were moved out of the classroom. Two of the teachers also used 
lectures in the classroom in combination with the flipped classroom. They explained how it 
required less time to go through the basics, enabling the teacher to discuss more advanced 
concepts in the same lesson.  
 
“Since I get more time during my lessons is it possible to work a bit more qualitative. I can for example 
do more formative exercises to see if the students have understood the content or not. “ - Translated 
quote from one of the interviews. 
 
The teachers emphasised how they could use the lessons for more group work and make 
students interact more, both with their peers and also with the teacher. One teacher also 
pointed out, that when the lesson does not start with a lecture it is possible to do more 
experiments and demonstrations with the students.  
 
Another of the advantages seen by the teachers was the flexibility that flipped classroom 
offers. With the help of videos and exercises, one of the teachers explain how lessons missed 
for any reason can be compensated easier and the students can stay on track. It was also 
pointed out that with the students being in charge of when they take part in the lectures, the 
the students can use videos when they are comfortable and in periods that fit their individual 
needs. This benefit students with different kinds of concentration difficulties, such as ADHD. 
This because the inactive part of the lesson can be divided into shorter parts and can be 
watched in a calm environment with less distractions.  
 
Similar to the argument that the students benefit from being able to watch videos when they 
can take in the content is one part that a video can be recorded and edited when a teacher has 
time to perform well and the content can be revised if needed. When asked if any specific 
structure is used and what makes a good video one teacher pointed out that a good video need 
to contain pictures for the students to relax their eyes on and connect with the content being 
relayed. The same teacher also said that a good video need to contain everyday examples that 
the students can relate to. Another teacher described how a good video is a video that helps 
the students take helpful notes.  
 
Challenges 
All teachers agreed that the largest challenge for using flipped classroom was making the 
videos and remake lesson plans requires a lot of time and effort. The teacher's choice to work 
with flipped classroom seemed to have support from colleagues and the management, but 
extra time for the production of material was not supplied.  
 
Videos that had been produced were reused and here some of the teachers saw that time was 
saved as they covered more and more of the courses with existing videos. The teachers that 
only use their own material explained how they continuously work on improving their videos, 
to improve sound and correct mistakes, which also required time. Two of the teachers also 
described how they sometimes uses videos made by other teachers. Both reflect that this is 
not optimal, since students prefer videos made by their own teacher. This is explained by the 
students being familiar with their own teacher and knowing what to expect. Also, when a video 
is from another teacher, an uncertainty arises; is everything the teacher discusses important 
in the eyes of their own teacher?  
 

8.4.2 Student responsibilities 
Strengths 
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A central part of the flipped classroom is that students are introduced to concepts and get the 
content mediation at home. This requires that the students can take that responsibility. A 
teacher points out the importance to work with feedback and to use online tests to ensure that 
the students have seen the videos and that they receive feedback on what they have watched. 
All three teachers describe different ways of how they plan their lessons to incorporate this 
but all have elements where the videos are discussed or where the students work with the 
content.  
 
One of the teachers point out how one of the strong points with flipped classroom is that it 
reaches those who earlier only have been able to perform bare minimum during lessons, 
which will set the students in a difficult situation before exams. This is seen as a challenge 
since those who have not been forced to be active during the lessons may have a large 
adjustment to do to be able to participate as expected of them in the flipped classroom. 
 
Challenges 
One of the most important parts to succeed with flipped classroom, according to the 
interviewed teachers, is to help the students learn how to work with the method. The teachers 
describe the importance to always have a well-thought-out plan with the lessons with flipped 
classroom.  
“It is necessary to have a positive attitude and energy when introducing the concept of flipped 
classroom, since that will get more students on the train.” - Translated quote from one of the 
interviews. 
 
Another teacher described in detail the importance of helping students learn how to take notes 
to the videos. This to make sure that the videos are watched actively and not in the background 
to pass some fact-based test in the end of the video. Some teachers compare this to traditional 
homework, but another teacher describes this as a large challenge. If the students do not 
watch the video they will have missed the introduction and might have trouble catching up if 
it is not detected by the teacher. Another teacher describes how the use of tests on, for 
example, Socrative.com or other online testing sites can become formative tests which help 
the teacher see how well the students have understood the content.  
 
One teacher describes: 
“I have a quiz for each video that the students needs to answer before they come to the lesson. I use this 
to know who have seen the video and who hasn’t and also if any of the questions have been challenging 
for many” - Translated quote from one of the interviews. 
 

8.4.3 Understanding and using the language 
Strengths 
With the flexibility discussed above in the section about time comes another advantage. 
Depending on the ambition level of the individual student and how comfortable they are with 
the Swedish language they can adjust the videos to fit their needs. When discussing which 
group of students that benefit the most from using flipped classroom the teachers point out 
these two groups. The ambitious students benefit from being able to watch the content at a 
faster speed. Also, since the classroom time is not focused on the teacher, any students having 
trouble grasping a concept can be targeted by the teacher in a small group, this while the 
students who understood the first time can focus on other tasks.  
 
The other group of students, being described as students who do not have Swedish as a mother 
tongue and students with dyslexia and similar special needs. These can watch the videos at a 
slower rate and also watch parts with many difficult words a few times to be able to understand 
the content since the language becomes less of an obstacle to overcome.  
 
Challenges 
One challenge with the videos is to make it advanced enough to be interesting for ambitious 
students while not too advanced so the students with a smaller interest are lost. Another 
challenge is that flipped classroom risk giving a class with larger variation, as some students 
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might not have watched the video and might be lagging behind, while some students have 
watched the video several times and want the lessons to focus on more advanced content.  
 

8.4.4 Dialogue 
Strengths 
Flipped classroom is described as a way for the teachers to leave their traditional role as 
lecturers and take on a more supervising role, discussing with students and listening while 
students discuss with each other. One of the teachers describes this as the focus is moved from 
the teacher to the students learning, and since the lectures are moved out of the lesson they 
occur in the student’s individual space instead of the class' group space.  
 
The teachers describe some exercises they use together with flipped classroom, where the 
students work in pairs or small groups to make sense of the videos and the content they treat. 
One kind is where word and concepts are placed in bags for the students to go through in pairs 
and explain to each other. Any words they find hard to explain are placed in a special pile to 
be put together with the rest of the class so the teacher can see what parts of the content have 
been challenging.  
 
Another teacher describes how the class uses small whiteboards to get the students to write 
more together and for eachother. Also, to get them to discuss more than when the writing is 
done in notebooks. The teacher describes it as: 
“When the students solve exercises together on Socrative [webpage] or on their mini-whiteboards and 
we go through answers after each exercise, they are working really focused. You can hear chemistry 
be discussed everywhere in the classroom!” - Translated quote from one of the interviews. 
 

8.4.5 Laboratory work and experiments 
Strengths 
Those teachers who emphasised how the time they spend with students can be used in a more 
efficient way described experiments and demonstrations as something that could occupy that 
time better. One teacher describes: 
“I can show what happens in real life instead of discussing it on the white board”.  
 
Some of the teachers describes how they use recorded experiments as videos for the students 
to watch. It seems most often to be videos explaining the theory of the experiment and used 
as a preparation, to be able to have more time for the actual experiment during the lesson. 
One teacher explains that one way to use videos to work more with experiments is to edit a 
video of an experiment so the results is not showing, giving this video to the students and 
having them discuss what happened and why. Another teacher only uses this to be able to 
show dangerous experiments, for example experiments resulting in explosions.  
 
One teacher explains how he uses a formative approach to the laboratory reports the students 
write. With the flipped classroom, the lesson with the experiment could be focused on just 
performing the experiment while moving other parts out of the classroom. When the 
experiment is finished the students brings the notes and data collected to the next lesson 
where they have time to work, in groups or alone, on getting the calculations right and writing 
a correct report. In this way, the students can get more help with developing their writing of 
scientific reports and the teacher can focus on the different parts of the report and give 
guidelines and feedback to those parts.  
 

8.5 Discussion 
8.5.1 Strengths of the flipped classroom 
Time to interact 
The teachers discuss how time can be better used in the classroom using flipped classroom 
and describe how they interact more with the students and that less time must be spent on 
introducing concepts in the classroom. Since one of the main purposes with flipped classroom 
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is to decrease the amount of time spent talking to the whole class and increase the interaction 
in the classroom it is based on a progressivism perspective on learning. Since the teacher can 
work more as a supervisor and can give more feedback to the students, it is possible for them 
to learn in a better way according to Dewey (2004). Another part where this learning 
perspective is seen is that the students are supposed to be active even when listening to the 
lectures, preparing notes and questions to bring to the lesson. This is also a way to get the 
students to revise the material more than once.   
 
Peer-learning is implemented in the flipped classroom during the lessons when the students 
work in groups. This is, for example, described by the teacher who uses small whiteboards 
during the lesson. The teacher explains how this helps the group of student work together in 
a way where they can all see, write and discuss the exercises better. This a way to visualize and 
help students find their Zone of proximal Development as discussed by Vygotskij (2001). As 
the peer learning is allowed to take place in the classroom students work together and if both 
parties come prepared they might use their individual understandings of the subject for 
discussion and thus help mediating the content to each other. Another kind of faster and less 
complex feedback is the use of online test, more discussed later.  
 
Student responsibility 
Giving more responsibility to the students and expecting of them to handle is another part 
where the progressivism perspective can be seen (Burman, 2014). Since students are given 
control over more of the education they can work in ways they prefer and make it suit their 
learning style better. As the students need to prepare on their own to be able to exploit the 
lessons in the best way, it could be said that flipped teaching encourage a more conscious 
learning. This will be helpful both in eventual continued studies at universities and in their 
future  work life. It is also indicated in the curriculum for chemistry, that the education should 
help the students develop the ability to take responsibility for their own learning (Skolverket, 
2011).  
 
Understanding and using the language 
With the increased flexibility flipped classroom gives, some groups of students were described 
as those who benefited more from flipped classroom. These students were those who have 
some kind of limitation when it comes to language comprehension, such as the students which 
does not have Swedish as mother tongue, students with dyslexia and students who are not 
comfortable reading science texts. For those students, the learning during a lecture might be 
an extra challenge since the explanations and reasoning their teacher talking about or which 
can be read in the book needs an extra processing step for these students. This indicates that 
the use of videos combined with discussions in the classrooms help the students grasp the 
language, both the national language and the scientific language used. Since language is one 
of the most important parts of the learning process according to the sociocultural perspective, 
this can clearly be seen here (Vygotskij, 2001). Another aspect of how the flipped teaching 
help students is that by allowing the lectures to be slowed down and broken down into smaller 
parts it is possible to create time for reflection on the concepts. 
 
The teachers described a good flipped teaching video in two ways. One teacher explained that 
a good video is a video that helps the student take helpful notes. As this teacher let the students 
work with the notes in the classroom this can be seen as a way to help the students formulate 
the material in their own words and in the long run internalize the concept. This is in line with 
the sociocultural perspective on learning (Säljö, 2000). Another teacher explains that a video 
that uses pictures and sets the concepts in a context. This indicates a more progressivism view 
on learning, as the placement of the content in an everyday context will make it easier for 
students to understand the meaning of learning this (Dewey, 2004).  
 
Dialogue 
With the flipped classroom, the interaction between teacher and students becomes clearly 
more dialogic and interactive (Scott et al., 2006). Since the lectures are moved from the 
classroom the interaction during the lectures becomes distinct more authoritative as the 
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teacher is in focus. Also, the students are not supposed to participate in the interaction more 
than to listen and take notes, why it is a nonactive interaction. At the same time, during the 
lessons the teachers describe how lectures and focus on the teacher is decreased and more 
time is spent on exercises and working in groups, with the teacher walking around 
participating in the discussions. This is a more distinctive interactive and dialogic situation. 
Comparing this to a traditional lesson, which is described by Scott et al. (2006) the interaction 
shifts more between the approaches and the tension is larger and necessary. 
 
With an increasing time for interaction between students, the amount of time spent on 
developing the fifth skill set by Skolverket (2011) increases. This is the skill of using chemistry 
for communication. It is described how the education in chemistry shall teach the students to 
formulate and answer questions in chemistry, and to be able to communicate using a scientific 
language.  
 
Laboratory work and experiments 
The teachers describe how they use the flipped classroom to work more and differently with 
experiments and demonstrations. They describe how the lessons used for laboratory work can 
be used for just experiments, while other parts such as describing the theory can be done in 
videos. Interpreting data can be treated in ordinary lessons, attributing to even more time for 
experiments. One teacher even uses videos to be able to work more with experiments and get 
students to discuss and hypothesise on experiments they have not performed themselves.  
 
More laboratory work in the education will give more opportunities for the students to 
practice their skills in the laboratory which is the third of the five skills Skolverket (2011) says 
every student need to show to pass the course. It is also something that increase learning 
according to the progressivism perspective, as it is a way to have more elements in the 
teaching where the students can “learn by doing” (Dewey, 2004). 
 

8.5.2 Challenges 
The largest challenge the teachers described is to find time to record and develop material to 
be used for the flipped classroom. Another challenge is to motivate the students to watch the 
videos. A risk some teachers discussed was that some students would not receive enough 
lectures to be able to pass the course. This because the content mediation is not taking place 
in the classroom but being offered to the students to watch at their convenience. An effect of 
this is that a class risk become more diverse if the students have chosen to watch the video 
and to watch it different extents.   
 

8.5.3 Method discussion and future research 
Only teachers were interviewed in this study. This means that the results are from the 
teacher's perspective  and their descriptions might be more about what is intended to take 
place in the classroom rather than what actually happens. As only three teachers were 
interviewed the results have a low reliability.  The selection was also done amongst teachers 
that are using the flipped classroom. This might influence the results as these teachers can be 
assumed to have a positive attitude to the concept compare to teachers who are not currently 
using it. 
 
As the analysis was done inductive the results should not be seen as univocal. With the small 
number of interviews, inductive analysis method and no student perspective the method has 
been focused on a qualitive study of the flipped classroom in chemistry education. To be able 
to draw more conclusions in this area, the student’s perspective needs to be included. Also, to 
do observations on lessons where flipped classroom were implemented would give a fuller 
picture of how it works in chemistry education and help identify more strengths and 
challenges. Another possible study would be to study the videos produced by different 
teachers on the same area and see how different perspectives on learning can be seen in the 
videos and maybe also in how the following lessons were planned.  
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8.6 Conclusions 
This study shows that using flipped classroom in chemistry education have the effect of the 
teachers gaining more time with their students to be used differently than in traditional 
education, but it also requires time and effort to make it work. One important parameter for 
the flipped classroom to work is that the students watch the videos and take notes so they are 
prepared for the lessons. This is another challenge, as the students who do not watch risk 
getting in a worse position than with traditional lectures where the whole class listen at the 
same time. Special for the subject of chemistry is the experimental part, where teachers could 
use the lessons for experiments in a more efficient way.  
 
The study also shows that flipped classroom had the effect making the interaction during the 
lesson more dialogic and interactive. Also, advantages with the flipped classroom connected 
to developing the skills related to communication and performing experiments were 
described by the teachers. It was seen how formative work and flexible education benefited 
groups of students in need for extra help with the language used and ambitious students. 
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9 Appendix A- Detailed results from analysis on 
paper 

Layer-by-Layer 
Table A1. Mechanical properties of CNF films coated with alginate and c-CNF multilayers. For 
both modified films an anchoring layer of PEI was applied.  

Measured parameter Reference film Film with 9 bl Alg/CNF Cross-linked film with 9 
bl Alg/CNF 

Tensile stress at break 
(MPa) 

118 ± 25 128 ± 38 115 ± 32 

Tensile strain at break 
(%) 

2.24 ± 0.64 2.57 ± 0.86 2.24 ± 0.90 

E-modulus (GPa) 5.98 ± 0.31 5.54 ± 0.61 5.68 ± 0.22 

 

 
Figure A1. Change in QCM frequency and energy dissipation for the third overtone when 
adsorbing five bilayers of alginate and c-CNF.   
 
Table A2. Density, tensile strength and the E-modulus for reference papers (with and without 
PEI as anchoring layer) and three LbL-systems. Two kinds of cross-linking were tried for the 
5 bilayers of alginate and c-CNFs 

 Density (kg/m3) 
Tensile strength 
(MPa) 

E-modulus (GPa) 

Reference without PEI 236 ± 5.0 5.86 ± 0.44 0.23 ± 0.01 
Reference with PEI 255 ± 9.5 8.43 ± 0.63 0.43 ± 0.05 
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PEI/Alg/CNF 5 bilayers 252 ± 3.9 6.66 ± 0.34 0.36 ± 0.06 
PEI/Alg/CNF 5 bilayers- 
cross-linked 

269 ± 4.7 8.23 ±0.67 0.41 ± 0.05 

PEI/Alg/CNF 5 bilayers- 
cured 

251 ± 2.7 7.04 ± 0.73 0.41 ± 0.03 

    
PEI/Alg/CNF 9 bilayers 260 ± 13.4 6.77 ± 0.45 0.45 ± 0.04 
PEI/Alg/CNF 9 bilayers- 
cross-linked 

265 ± 3.0 6.83 ± 0.61 0.44 ± 0.04 

    
PEI/PAA/PAH 8 
bilayers 

198 ± 2.2 2.94 ± 0.39 0.30 ± 0.00 

PEI/PAA/PAH 8 
bilayers-cured 

200 ± 5.9 3.17 ± 0.32 0.31 ± 0.05 

 
Table A3. The measured nitrogen content of samples used in the tensile testing. The amount 
of CNFs on the alginate and c-CNFs samples were calculated using a standard curve. The 
standard curve hade a slope with 8*1011 N-counts/g c-CNF. 

Test 106 N-counts/mg 
sample 

Mg CNF/ g sample 

Reference without PEI 5.6  - 
Reference with PEI 12.4 - 
   
Alg/CNF 5 bilayers 14.5 2.71 
Alg/CNF 5 bilayers- 
cross-linked 

13.7 1.70 

   
Alg/CNF 9 bilayers 14.5 2.75 
Alg/CNF 9 bilayers- 
cross-linked 

14.2 
 

2.31 

   
PAA/PAH 8 bilayers 45.7 - 
PAA/PAH 8 bilayers-
cured 

49.6 - 
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Impregnation 
Table A4. Tensile data for the different impregnation parameters. 

Test Density (kg/m3) Tensile strength (MPa) E-modulus 
(GPa) 

Strain-at-break 

Reference (only water) 459 ± 19 15.6 ± 0.6 1.0 ± 0.1 3.1 ± 2.9 
Reference with PEI 508 ± 8 25.3 ± 0.7 1.3 ± 0.1 4.2  ± 1.7 
     
Alginate 470 ± 12 18.5 ± 0.4 1.2 ± 0.1 3.4 ± 0.6 
Alginate dry cross-link 527 ± 10 21.3 ±0.2 1.3 ± 0.0 3.8 ± 1.3 
Alginate wet cross-link 552 ± 20 22.8 ± 0.2 1.9 ± 0.1 2.7 ± 1.4 
     
PEI+Alginate 547 ± 19 26.2 ± 0.2  1.7 ± 0.2 3.1 ± 1.6 
PEI+Alginate  
Dry cross-link 

602 ± 14 
24.7 ± 0.2 1.7 ± 0.1 3.5 ± 1.4 

PEI+Alginate  
Wet cross-link 

661 ± 17 
27.1 ± 0.3 2.3 ± 0.1 2.4 ± 1.1 

 

Table A5. Tensile data of papers made after impregnation in 10 and 20 g/L alginate solutions.  

Test Density (kg/m3) Tensile strength (MPa) E-modulus 
(GPa) 

Strain-at-break 

Periodate-oxidized 
alginate 10 g/L 

355 ± 13 14.5 ± 1.4 0.7 3.8 ± 0.4 

Periodate-oxidized 
alginate 10 g/L cross-
linked 

354 ± 46 10.0 ± 1.2 0.7 3.2  ± 0.6 

Periodate-oxidized 
alginate 20 g/L 

414 ± 48 17.7 ± 2.0 0.9 ± 0.1 3.6  ± 0.3 

Periodate-oxidized 
alginate 20 g/L 

397 ± 89 13.5 ± 1.8 0.8 ± 0.1 3.5 ± 0.4 

     
Low viscosity alginate 
10 g/l 

323 ± 17 9.6 ± 0.9 0.6  3.6 ± 0.3 

Low viscosity alginate 
10 g/l cross-linked 

665 ± 27 13.3 ± 1.2 0.7 ± 0.2 5.3 ± 0.8 

Low viscosity alginate 
20 g/l 

325 ± 37 11.0 ± 0.9  0.6 ± 0.1 4.3 ± 0.7 

Low viscosity alginate 
20 g/l cross-linked 

671 ± 42 12.0 ± 0.7 0.4 ± 0.1 4.6 ± 0.9 
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10 Appendix B- Interviews questions for Flipped 
classroom in Swedish. 

 

Intervjufrågor 
Flipped classroom  

1. Vilka möjligheter anser du flipped classroom innebär för dig som lärare?   
2. Vilka svårheter anser du flipped classroom innebär för dig som lärare?   
3. Vilka möjligheter anser du flipped classroom innebär för eleverna och deras lärande? 
  

4. Vilka svårheter anser du flipped classroom innebär för eleverna och deras lärande?  
 
Hur läraren använder metoden 

5. Beskriv hur du använder dig av Flipped classroom 
6. Hur ser en vanlig lektion ut?  
7. Har du en gemensam genomgång med eleverna?  
8. Hur kombinerar du flipped classroom med laborationer och/eller demonstrationer? 
9. Hur utvärderar du lektioner med flipped classroom? 
10. I vilken utsträckning använder du arbetssättet? (Varje lektion, mer än hälften, 

hälften, mindre än  hälften, enstaka lektion).   
 
Material 

11. Vad använder du för material när du flippar?  
12. Gör du eget material eller lånar du?  Varför?  Använder du manus?    
13. Filmer - hur långa? Struktur? 
14. Hur arbetar du med att ta fram nytt material?  
15. Hur anser du att material XX bör vara för att främja elevernas lärande?  
16. Är det några särskilda delar av undervisningen i kemi som lämpar sig väl för flipped 

classroom? Varför?  
17. Hur gör du materialet tillgängligt för eleverna? Hemsida/Lärplattform? Varför valde 

du det?  
18. Har andra tillgång till materialet? / Om du gjorde ditt eget material, skulle du då vilja 

att andra fick tillgång till det?  
19. Vad är det för material eleverna får tillgång till? Genomgångar/Uppgifter?   
20. Återanvänder du material?  Behöver det omarbetas?  

 
Elevernas attityd 

21. Vilken attityd upplever du att eleverna har kring FC?  
22. Finns det någon skillnad i materialet eller arbetssättet som ger utslag i elevernas 

interaktion under lektionen? 
23. Reagerar olika elevgrupper olika på Flipped classroom? Kan du beskriva? 
24. Stöd ledningen/arbetslaget? 
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