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Abstract 
Globalization and centralization have resulted in prolonged transportation time between producer 

and consumer, and thus put more demand on the perseveration of a product for longer duration and 

protect it from oxidation. The presence of oxygen in packages severely foreshortens the storage life 

as it yield losses of nutrients and allow microbial growth, which can cause changes in smell, taste as 

well as discoloration. Earlier food and beverage containers were made in inorganic materials e.g. 

metal and glass, however lately more and more focus have been on synthetic organic materials as 

these show several advantages, e.g. weight. However, still today most of the commercial packaging 

materials, organic or inorganic, are not considered to be environmental friendly. Thus, efforts have to 

be made today in order to invent alternative materials that can make the society of tomorrow more 

sustainable. Cellulose is the most abundant biopolymer in the world, hence making it desirable to use 

in “green” packaging applications. Furthermore, cellulose has proven being able to form films with 

great gas barrier potential under specific conditions. However, cellulose based materials are sensitive 

to moisture with severely increased oxygen transmission with increased relative humidity as a result; 

hence it is desired to make cellulose less hygroscopic by chemical modification. First, nanofibrillated 

cellulose (NFC) with 720 mmol carboxylic groups/g fiber was produced by oxidation of dissolving pulp 

before homogenization. Thereafter a polymer was synthesized utilizing Initiator A as an initiator at T1 

and T2. The polymer synthesized at T1 yielded a polymer with a viscosity average molecular weight of 

5770 g/mol.  The polymer was then grafted on the oxidized NFC through a coupling reaction 

performed in Buffer C using Coupling agent A. The grafting procedure was performed in Buffer C at 

ambient conditions giving rise to a material composed of 33 wt% synthetic polymer and 67 wt% NFC. 

The coupling was conducted several times in order to investigate how the final product can be 

affected by varying reactant feed and dispersion method. Finally, films of NFC and NFC-g-Polymer 

were manufactured by vacuum filtration from a 0.05 wt% Solvent A dispersion and were evaluated 

with field emission scanning electron microscopy.  

 

 

 

 

 

 

 

 

 

 

Keywords: Monomer, Initiator, Polymerization, Chemical Modification, Oxidant A, Nanofibrillated 

Cellulose, Coupling agent A, Oxygen Barrier, Food Packaging  



 
 

Sammanfattning 
Globalisering och centralisering har förlängt transporttiderna mellan producent och kund, som i sin 

tur har lett till ökade krav på att bevara produkten från oxidation. Om produkten är i kontakt med 

syre reduceras förvaringstiden kraftigt, eftersom det kan generera förändringar i smak, färg och lukt 

till följd av mikrobiell tillväxt och oxidation. Det är därför väsentligt att förpackningsmaterialet 

framgångsrikt hindra syre från att migrera in till produkten. Tidigare har förpackningar för mat och 

dryck varit gjorda i oorganiska material såsom glas och metall. Under förra sekelskiftet har detta dock 

intresset svängt och fler och fler syntetiska organiska material har börjat användas istället. 

Fortfarande anses ändock de flesta kommersiella materialen, organiska som oorganiska, inte vara 

miljövänliga. Därför måste insatser göras idag för att kunna uppnå ett mer hållbart samhälle 

imorgon. En biopolymer som länge har använts i förpackningar och som har visat sig ha bra 

barriäregenskaper är cellulosa. Cellulosa är en förnyelsebar polymer och den största beståndsdelen i 

trä och finns således tillgängligt i mycket stora mängder. Tyvärr har syrebarriäregenskaperna hos 

rena cellulosamaterial visat sig kraftigt försämras i närvaro av fukt, vilket har gjort det önskvärt att 

kemiskt modifiera cellulosan för att minska dess fuktkänslighet och öka kompatibiliteten med en 

hydrofob matris. I detta arbete så oxiderades först dissolvingmassa med Oxideringsmedel A till 

nanofibrillerad cellulosa (NFC) med 720 mmol karboxylsyragrupper/g fiber. Därefter syntetiserades 

en polymer i bulk med Intiator A som initiator vad T1 och T2. Viskometriska medelmolekylvikten för 

polymeren syntetiserad vid T1 bestämdes till 5770 g/mol. Polymeren ympades sedan till den 

oxiderade NFC:n genom en kopplingsreaktion med hjälp av Kopplingsagent A i Buffert C. Ympningen, 

vilken utfördes vid rumstemperatur, gav en produkt med en sammansättning av 33 vikt-% syntetisk 

polymer och 67 vikt-% NFC. Kopplingarna gjordes med varierande mängd reaktanter och cellulosa 

dispergerades i Buffert C med två olika metoder. Slutligen tillverkades filmer från 0,05 vikt-% 

Lösningsmedel A-dispersion, dels med NFC-ymp-Polymer, men också med ren NFC. Filmerna 

utvärderades både visuellt och med svepelektronmikroskop (FE-SEM).  

  



 
 

Abbreviation List 
  
CA Contact angle 
CMC Carboxy Methyl Cellulose 
DHB 2,5-dihydroxy benzoic acid 

FE-SEM Field Emission Scanning Electron Microscopy 
FT-IR Fourier Transform Infrared 
HABA 2-(4'-Hydroxybenzeneazo)benzoic Acid 
MALDI-ToF Matrix-Assisted Laser Desorption Ionization Time of Flight 
MAP Modified Atmosphere Packaging 
MS Mass Spectroscopy 
Mv Viscosity Average Molecular Weight 
NFC Nanofibrillated Cellulose 
NMR Nuclear Magnetic Resonance 
OTR Oxygen Transmission Rate 
TFA Trifluoroacetic Acid 
TGA Thermogravimetric Analysis 
THF Tetrahydrofuran 
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Introduction 

Food Packaging 
In modern times, the world has become much smaller and globalization has enabled companies to 

widen their markets. Food production and packing have also become more and more centralized in 

order to ensure quality but also to reduce costs. This has in turn prolonged transportation time, and 

thus increases demands on the preservation of the product for longer durations. As a consequence, it 

is crucial that the packaging material can keep the foodstuff fresh for as long as possible. [1] 

Oxygen in contact with food often yield losses of nutrients and allow microbial growth, which can 

cause changes in smell and taste as well as discoloration. The presence of oxygen in packages thus 

severely foreshortens the storage life of the products. Modified atmosphere packaging (MAP) is a 

type of preservation technique in which vacuum or a gas is introduced in order to prevent 

degradation of the content. Furthermore, it is very important that the package have a barrier with 

very high impermeability towards oxygen. However, it is almost impossible to remove all oxygen 

during packing of the foodstuff and this oxygen cannot be removed by only using an impermeable 

barrier as packaging material. [1, 2]  

Gas Barriers 
The outstanding resistance to gas and vapor permeation of metal and glass, together with good 

mechanical properties, has made them the material of choice in traditional food and beverage 

containers. Today, however, there is a boom of organic materials as these show a number of 

advantages compared to the inorganic ones, e.g., strength in relation to weight.  Nevertheless, they 

cannot compete when it comes to the inorganic materials ability to withstand gases, solvents, and 

vapors. [3] 

Still, today most of the commercial materials widely used today in packaging applications are neither 

biodegradable nor made from renewable resources. Thus, efforts have to be made in order to 

identify alternative “green” materials from sustainable feedstock that do not contribute to increases 

in greenhouse gases. Environmental friendliness is an aspect that has to be taken into consideration 

in order to accomplish a more sustainable society. [4]  

Cellulose is a biopolymer that has proved able to provide transparent and flexible films with great gas 

barrier potential. In dry conditions, films made from regenerated cellulose are superior to other 

conventional polymers used as gas barriers [5]. However, cellulose-based materials are sensitive to 

moisture as moisture interrupts the strong hydrogen bonding which opens up the structure allowing 

gases to pass through. Hence their gas barrier properties are severely reduced at higher relative 

humidity, which limit their usage as a commercial gas barrier in packaging applications. [4] 

Blending provides a way of producing barriers, which only requires limited amounts of the good 

barrier polymer in a film forming matrix. The objective of blending is to maintain the desired 

properties of the blended materials while strengthen or even eliminate the deficits. The simplicity of 

the method also enables it to surpass other technology as, e.g., co-extrusion or co-injection when it 

comes to cost efficiency. However, the barrier properties of a blend are largely influenced by the 

morphology of the material as it affects the diffusion path of the gas. [6] 
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Additionally, besides being made from different materials, barrier materials are differentiated as 

being either passive or active. A passive barrier is any material which prevents the substances from 

passing through as a consequence of size or chemical nature, while active barriers interacts with the 

substances and thus  preventing it from getting through the material. Active barriers might be made 

in a material that itself react with the gas or the properties can be obtained by addition of a gas 

interacting substance, e.g., an oxygen scavenger. [3] 

Oxygen Scavengers 
An oxygen scavenger is a substance which absorbs (scavenge) and remove oxygen from the 

surrounding. As previously mentioned, it is almost impossible to remove all oxygen during packing. 

That is why addition of oxygen scavengers into packages is an effective way of preventing 

deterioration of the packed product caused by oxidation in the presence of oxygen. [1, 2]  

In order for oxygen scavengers to work properly, they have to come in direct contact with the oxygen 

since they can only then capture the oxygen through a reaction, and they will further also be 

consumed at this stage. Additionally, they usually only remove the oxygen associated with, and 

immediately after the filling and sealing of the package. It is important to note that oxygen 

scavengers do not reduce the permeability; instead they interact with the oxygen that do diffuse into 

the material. That is why it is necessary to incorporate oxygen-impermeable layers, in addition to 

oxygen scavengers, to prevent the diffusion of oxygen into the package during longer storage. 

Additionally, by integrating an oxygen scavenger into a material, which is in direct contact with the 

foodstuff, the oxygen scavenger or its oxidized products might migrate into the product. The 

migrating substances can affect taste and coloring or even lead to poisoning and thus not meet the 

food safety regulations. Hence, multilayer materials comprised of layers with high oxygen 

permeability containing the oxygen scavengers, surrounded by layers preventing oxygen from getting 

in and oxidation product from getting out is the preferred structure. The risk of the oxygen 

scavengers being consumed by oxygen in the external atmosphere is thus decreased and can 

sufficiently remove the oxygen from the inside instead. [2, 7, 8] 

One of the most common oxygen scavengers is a powder containing different iron compounds that 

can be oxidized. However, there are also enzymatic absorbing systems and chemically absorbing 

systems, e.g., ascorbic acid oxidation, photo-sensitive dye oxidation and unsaturated fatty acid 

oxidation. [7]  

The inorganic iron-containing compounds can be integrated into the material alone, or in the 

presence of halogen salts. Iron compounds have some of the most effective oxygen scavenging 

properties of all the oxygen scavengers commercially available. However, when integrated into the 

material they generally affect the mechanical properties at the same time as the processing become 

more complicated as they have to be evenly distributed at the same time as no oxygen can be 

present. [8]  
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Cellulose 
Cellulose is one of the most abundant biopolymers in the world. Native cellulose in plant cell walls 

show high degrees of crystallinity, and form tight and strong structures due to the many hydrogen 

bonds that forms between the glucopyranose units. It is the main component in the cell walls of all 

true plants and constitutes around 40 % of wood. The orientation of cellulose fibrils in the wood 

fibers is different for the different layers of the cell wall. As a consequence, the cell walls work as 

natural composites in which the cellulose fibrils act as the reinforcing filler bound together by a 

matrix out of lignin and hemicelluloses, see Figure 1. Cellulose, thus, provides a renewable 

alternative for reinforcement of materials which is produced in large quantities and is very strong. It 

is, therefore, desirable to utilize it further, as have been done for a very long time and still is under 

investigation to for instance take advantage of its benefits as reinforcement in all kinds of materials. 

[9] 

 

Figure 1. The different wall layers of a wood cell (a tracheid). The arrow pointing upwards shows the longitudinal 
direction of the tracheid cell. In the primary cell wall (P) the fibrils are randomly oriented while in the three secondary 
cell walls (S1, S2, S3) have highly oriented fibrils. The arrows in the different layers point along the direction of the 
cellulose fibrils. (Pulp and Paper Chemistry and Technology, Vol.1, Walter de Gruyter GmbH & Co. KG, reproduced with 
permission from Anna Reuter at Walter de Gruyter GmbH & Co. KG, received june 1st 2012). 

Nanofibrillated Cellulose 
Nanofibrillated cellulose (NFC), ascribe individualized cellulose fibrils, but also cellulose aggregates 

with the common feature that they all have lateral dimensions of 4-100 nm. It is general very hard to 

extract and yield individual nanofibrils without a significant decrease in degree of polymerization just 

by mechanical treatment [10]. Drying of wood pulp also generate strong hydrogen bond which 

causes the fibers to bundle together as the fibers comes closer together when the water that 

normally separates the fibers is removed. Hence, the fibers have to be kept dispersed after removal 

of the matrix [11]. A water dispersion with a low fiber concentration has to pass through a refiner 

several times before finally passing through a high-pressure homogenizer. Fibers that only have been 

mechanically treated, e.g. by grinding, result in not fully individualized cellulose nanofibrils with a 

diameter of 15 nm or more [11, 12]. At the same time as the homogenization process generally 

requires high amounts of energy when running fibers that only have been mechanically and not 

chemically treated [10]. 
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Furthermore, it is possible to introduce functional groups, such as carboxylic acids, to the nanofibrils. 

One way of doing so, is to oxidize the primary OH-groups of the cellulose into carboxylic acid groups. 

Oxidation is a good way to provide NFC with separated fibers thanks to repulsive forces that comes 

from the dissociated acid groups. Additionally, oxidation provides the possibility to create NFC from 

native cellulose with uniform lateral dimensions of 3-4 nm and a degree of crystallinity of 70 % in 

room temperature. [13]  

 

Figure 2. The oxidation of the primary hydroxyl groups on the cellulose using Oxidant A, Oxidant B and Oxidant C under 
ambient conditions in Buffer B. 

Previously the oxidation has been conducted in the presence of other primary oxidants and catalysts. 

However, this system suffers from severe depolymerization of the cellulose under alkaline 

conditions, which is an undesired effect of the oxidation as higher molecular weight is usually 

synonymous with better strength and flexibility of the individualized fibrils.  At the same time, 

aldehyde on the cellulose is formed as an intermediate during the oxidation which is easily oxidized 

and may cause discoloration if left in the finished product after the oxidation. The aldehyde groups 

also prevent individualization as they can form hemiacetal bonds between the cellulosic chains. The 

Oxidation is shown in Figure 2. By adding Oxidant B as a primary oxidant together with Oxidant A and 

Oxidant C, the formed aldehyde groups can immediately be oxidized to carboxylic acid groups. The 

amount of carboxylic acid groups that are formed by oxidation of the primary hydroxyl groups vary 

depending on the amount of added reagent, but also on how long the reaction is allowed to proceed. 

However, as the degree of oxidation increases with reaction time, the degree of polymerization on 

the other hand is negatively affected. [14] 

  



5 
 

The Synthetic Polymer 
The polymer can be synthesized by stepwise polymerization or ring-opening polymerization. Intra-

and intermolecular hydrogen bonding improves the strength and allows the dense backing and thus 

makes the polymer semicrystalline. [15] 

The properties of the polymer largely depend on the density of the functional groups or in other 

words, the number of carbons between the polymer bonds. As a rule of thumb, few carbons 

generate for instance a higher density, tensile strength and water absorption.  The general trend of 

the melting temperature is that it decreases with increasing chain length between the functional 

bonds. [16] 

In 1997, approximately 75 % of the polymer in Western Europe was injection molded and film use 

accounts for circa 20 % of the annual production. Polymer films have been increasingly used in 

packaging applications for electronics, foodstuffs and pharmaceutical products due to their 

interesting properties, such as thermal and mechanical stability. [3, 16] 

The focus of the present study has been on polymers synthesized from a monomer in bulk using an 

initiator. In stepwise polymerization, the small byproduct has to be removed in order to push the 

chemical equilibrium towards the desired product. In addition, using stepwise polymerization a high 

conversion is needed in order to receive high molecular weights [17].  
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Grafting in General 
A grafted copolymer is a branched polymer, in which side chains of one type of polymer is connected 

to a polymeric backbone constituted of another type of polymer [17]. Thus, the polymer has a 

structure similar to a comb.  Grafting presents a way of combining the properties of two or more 

constituents; i.e., the strength of a polymer can be combined with the chemical nature of another. 

[15] 

Grafting can be performed in three different ways: “grafting-to”, “grafting-from” or “grafting- 

through”, see Figure 3. “Grafting-to” is when an already existing polymer is covalently bonded to a 

surface or a substrate of some kind, such as a fiber, while “Grafting-from” is when polymers are 

propagating from a backbone or a substrate. By “grafting-through”, the grafted polymer is linked to 

one or more different polymeric backbones. Thus the polymeric backbones are crosslinked and the 

resulting material becomes thermoset [30]. 

The “grafting-to” approach gives good control over the grafted polymer, as it can be characterized 

prior to the grafting. Furthermore, as the polymerization is performed separately, no care of how the 

polymerization parameters of the first polymer would affect the other have to be taken into 

consideration. This is very convenient as the polymerizations of one component can be performed at 

a temperature that would have thermally degraded the other component. However, due to crowding 

of polymeric chains, it might be difficult to obtain a sufficient surface coverage of the substrate. In 

the “grafting-from” approach, on the other hand, the problem with steric hindrance is circumvented, 

as the small monomers easily can come into contact with the growing chains even if the grafted 

chains are packed closely together. Unfortunately, the grafted polymers have to be removed from 

the surface in order to analyze them properly. This might be troublesome as the grafted polymer has 

to be removed from the substrate while keeping all the components intact and unaffected. [31]  

 

Figure 3. Illustration of the three different approaches of grafting.  Grafting can be performed “grafting-from”, “grafting-
to” and “grafting-through”.   
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Grafting of the Synthetic Polymer 
Nanocomposites with nanofillers grafted with the polymer have already been widely studied. 

Previous nanofillers that have been investigated include SiO2 nanoparticles [18, 21, 25, 32], carbon 

nanotubes [22, 24, 25, 33, 34] and montmorillonite clay [18]. However, to the author’s knowledge 

nobody has previously succeeded in grafting of the synthetic polymer onto NFC. 

The polymer has previously been grafted on functionalized multi-walled and single-walled carbon 

nanotubes, (MWNT) and (SWNT), respectively [22, 24, 25, 33, 34]. It was reported elsewhere that it 

was possible to disperse functionalized nanotubes and monomer by mixing them in a solvent and 

using ultrasonication [33]. However, all traces of solvents had to be removed prior to polymerization.  

Grafting Using Coupling Agent A as Coupling Agent 
Coupling agent A has previously been used as coupling agents for biopolymers in Solvent A [36]. 

Additionally, Coupling agent A have also been used to couple functional molecules with 

polysaccharides, e.g., carboxy methyl cellulose (CMC), NFC and different hemicelluloses [37, 40]. 

Furthermore, the coupling agent has been used to immobilize enzymes [38, 39], grafting oligomers 

onto NFC [37] and crosslinking of cellulose derivatives [40]. The coupling reaction was conducted in 

Solvent A, and in order to suppress the formation of byproducts, the coupling is often made in 

presence of various additives. In the present study, different coupling agent was used as additives. 

  



8 
 

Aim of Study 
The aim of the present study is to produce barriers by chemically modifying NFC. First NFC is to be 

produced by oxidation in Buffer B at ambient temperatures and then defibrillated in a homogenizer. 

Then a synthetic polymer is to be polymerized in a monomer bulk at different temperatures. The 

synthetic polymer is then to be grafted, through the “grafting-to” approach, on the NFC using the 

oxidized functional groups. The constituents are to be characterized with regards to the charge of 

NFC and the molecular weight of the synthetic polymer. The success of the coupling and composition 

of the grafted material is to be investigated. Finally, films of the grafted material are to be casted and 

barrier properties are to be compared to films made from pure NFC.  

Unfortunately the barrier properties of the films could not be fully evaluated within the timeframe of 

this work. 
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Experimental 

Materials  
High quality never dried sulfite dissolvingpulp, produced from a controlled mixture of spruce (60 %) 

and pine (40 %) was kindly provided by Domsjö AB (95 % cellulose); Monomer (90 %); Initiator A (99 

%); Initiator B (99 %); Solvent B (98 %); 2-(4'-hydroxybenzeneazo)benzoic acid (99.5 %); 2,5-dihydroxy 

benzoic acid (99 %); trifluoroacetic acid (99 %); sodium trifluoroacetate salt (98 %); sodium hydroxide 

(98 %); Buffer A component 1 (99 %); Buffer A component 2 (99 %); Oxidant A (80 %); Oxidant B (98 

%); Oxidant C (≈10 % solution) where all used as received from the supplier. Coupling agent A (98 %); 

Coupling agent B (97 %); Acid A (37 %); Reagent A (for analysis); Reagent B (99.5 %); Reagent C (99 %) 

tetrahydrofuran (99.8 %); chloroform-d (99.5 %) 

Method 

Oxidation of Never Dried Dissolving Pulp  

The oxidation of a high quality dissolving pulp was performed in three steps: purification, oxidation 

and defibrillation. In the purification step, dissolving pulp (20 g dry fiber) was torn into small pieces 

and added, under stirring to Buffer A which had been preheated. When the fibers had been evenly 

distributed, Oxidant A was added and the mixture was left stirring. Finally, the solution was vacuum 

filtered through a Whatman pore size 1 filter paper using a Buchner funnel followed by subsequent 

washing of the fibers with Solvent A to remove residual reagents. 

 

The oxidation was then executed by heating Buffer B before adding all the fibers from the 

purification step. The fibers were allowed to disperse uniformly before Oxidant A, Oxidant B and 

Oxidant C were added and allowed to react under stirring. Yet again the reaction solution was 

vacuum filtrated through a Whatman pore size 1 filter paper using a Buchner funnel and the product 

was washed with Solvent A. A sample was saved in order to determine the total charge, while the 

rest of the fibers were diluted with Solvent A in order to receive a 1 wt% fiber suspension. The 

suspension was then stored at 5 °C while waiting for the final step, which was the defibrillation. 

The defibrillation of the 1 wt% fiber dispersion was made using a Microfluidizer M-110EH from 

Microfluidics Ind., USA. The dispersion was passed three times through chambers with the size 200 

µm and three more times through chambers with the size 100 µm. 

Polymerization of  the Monomer  

The monomer was placed in a round bottom flask, which was then closed with a rubber septum. The 

flask was flushed with inert gas and then evacuated and back-filled with inert gas, which was 

repeated three times before finally filling up the flask with inert  gas. The flask was then heated, and 

when the monomer had melted completely, Initiator A was added before increasing the temperature 

further. The reaction was left for several h under mechanical stirring and argon atmosphere.  

The polymerization was performed at two different temperatures, T1 and T2. However, if nothing else 

is mentioned, the polymer synthesized at T1 is the one referred to as it has been the focus of this 

study.  

In addition, three trials of making a polymer with only one kind of functional groups were executed 

by adding Initiator B. One reaction was run at T1, while the two other was run at T3 and to one of the 
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reaction mixtures, Acid B was added together with Initiator B. Otherwise the procedure was the 

same as described earlier. No solid product was observed at any of the reaction temperatures, and as 

the product was Solvent A soluble, the polymerization attempt was seen as a failure and the product 

was not further analyzed.  

After several h, the flask was rapidly cooled to room temperature, and the product was chopped it 

into small pieces. The product was then washed with Solvent A for 1 h at T4 in a cellulose extraction 

thimble 30 mm x 100 mm from Whatman using a soxhlet extractor to remove residual monomers 

and other Solvent A soluble compounds 

After washing, the polymer was made into a Solvent A dispersion according to the following 

procedure: 2 g of polymer  was completely dissolved in 25 g Solvent B and was then added to a 7 

spectra/por dialysis membrane MWCO: 1000 from Spectra Labratories, Inc., and placed in Solvent A  

in a 2000 mL beaker. The Solvent A was changed after 1 h, 3 h, 20 h and 24 h. The polymer dispersion 

was then stored at RT and mechanical stirring since it had a tendency to sediment. 

Grafting of the Synthetic Polymer onto Nanofibrillated Cellulose 

A NFC dispersion (< 1 wt%) was added to Buffer C in a beaker. The mixture was then stirred 

vigorously before adjusting the pH by addition of Acid A. Then Coupling Agent A and Coupling agent 

B), dissolved in 2-3 mL Solvent A, were added and left under vigorous stirring for 1 h. The pH was 

checked again and adjusted by adding additional Acid A if necessary. A polymer dispersion (> 3 wt%) 

was finally added to the buffer, which was then left under vigorous stirring in ambient conditions 

overnight.   

As the goal was to graft as much polymer as possible on the NFC additional coupling was performed, 

one with twice the amounts of polymer and one with twice the amount of coupling agents. Finally an 

attempt was conducted with the same ratio of the reagents as the original recipe, but the fibers were 

dispersed using ultrasonication.  

The grafted NFCs were then subjected to a purification process, showed in Figure 4, to remove all the 

residual reagents and unbound polymer. The reacted fibers were then vacuum filtrated using a 

Buchner funnel and the fibers were washed with Solvent A in a Whatman pore size 1 filter paper. In 

order to remove the residual polymer, the product was Soxhlet extracted in a cellulose extraction 

thimble 30 mm x 100 mm from Whatman with Solvent B for 2 h. To remove the Solvent B, the fibers 

were mixed with Solvent A and placed under stirring for yet another 2 h. Finally the fibers were 

vacuum filtered and washed with additional Solvent A before being stored at 5 °C. 
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Figure 4. The residual reagents and polymer are removed in a purification process that is performed in three steps, 
Solvent A, Solvent B and finally Solvent A again. In the end hopefully all residual reagents, polymer and Solvent B have 
been removed. 

Film Formation 

The films were prepared by vacuum filtration of a 0.05 wt% dispersion of the grafted product in 

Solvent A. The grafted product (150 mg dry weight) was added to a 500 mL beaker, which was then 

filled with Solvent A until the total weight was 300 g. In order to disperse the fibers well in Solvent A, 

they were first stirred vigorously for a couple of minutes before being ultrasonicated using an 

ultrasonication bath for 30 minutes.  

Further, the dispersion was degassed by evacuation with vacuum for 30 minutes. The degassed 

dispersion was then filtered using a Durapore membrane 0.65 µm DVPP filter from Merck Millipore 

and a 300 mL borosilicate glass funnel filter with a filter diameter of 90 mm. It was made sure that 

the filter horizontal before applying vacuum. The vacuum filtration was performed during 24 h, and 

yielded a wet film. While still being wet, the film was fixated in a petri dish and further dried in a 

vacuum oven at 50 °C for 24 h. 

Characterization 

1H- Nuclear Magnetic Resonance 

Proton nuclear magnetic resonance (1H-NMR) spectra were recorded on a Bruker Avance 400 MHz 

NMR instrument using deuterated chloroform (CDCl3) as solvent for the monomer and for Initiator A 

and the polymer product, a 50:50 volume-% trifluoroacetic acid (TFA): CDCl3 mixture was used. The 

solvent signal was used as the internal standard. 

Matrix-Assisted Laser Desorption Ionization-Time of Flight Mass Spectroscopy  

The MALDI-TOF MS spectrum acquisitions were conducted on a Bruker UltraFlex MALDI-TOF MS with 

SCOUT-MTP Ion Source (Bruker Daltonics, Bremen) equipped with a N2-laser (337 nm), a gridless ion 

source and reflector design. All spectra were obtained using a reflector-positive method with an 

acceleration voltage of 25 kV and a reflector voltage of 26.3 kV. The detector mass range was set to 

500-10000 Da in order to exclude high intensity peaks from the lower mass range. The laser intensity 

was set to the lowest value possible to acquire high resolution spectra. SpheriCalTM calibrants 

purchased from Polymer Factory Sweden AB was used to calibrate the instrument. The obtained 

spectra were evaluated with FlexAnalysis Bruker Daltonics, Bremen, version 2.2. 
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A sample solution was made by dissolving polymer (1 mg) in Solvent B (1 mL). Then 5 µL of the 

sample solution was mixed with 20 µL tetrahydrofuran (THF) solution (10 mg/mL) of 2,5-dihydroxy 

benzoic acid (DHB) or 2-(4'-Hydroxybenzeneazo)benzoic acid (HABA) as matrix. Finally, 5 µL TFA or 

sodium TFA (1 mg/mL in THF) solution was added to the sample solution. In Table 1, the composition 

of how the sample solutions were prepared can be seen.  

Table 1. Showing how the sample preparation for MALDI-ToF. The polymer synthesized at T1 so it was run first then the 
preparation methods giving the best results selected to also prepare the polymer synthesized at T2. 

 Matrix (20µL) Salt (5µL) Sample in Solvent B (5µL) 
 

Sample 1 DHB Na TFA polymer T1 
Sample 2 DHB TFA polymer T1 
Sample 3 HABA Na TFA polymer T1 
Sample 4 HABA TFA polymer T1 
Sample 5 HABA Na TFA polymer T2 
Sample 6 HABA TFA polymer T2 

Viscometry 

Five samples of polymer dissolved in 20 mL Solvent B with the concentrations 1, 2, 3, 4 and 5 wt% 

were prepared and placed in a water bath at 25 °C. The capillary viscometer system was also allowed 

to stabilize at 25 °C before starting. The sample was then drawn up in the 2 mL capillary with a Peleus 

ball and when removed, the sample flowed back down again. The time it took for the sample to flow 

between two markings on the capillary was measured, and was repeated three times for every 

sample, the setup can be seen in Figure 5. The average time could thus be calculated and inserted 

into Eq. 2-4 and the  viscosity average molecular weight was yielded in accordance with Eq. 6-9 

described earlier. 

 

Figure 5. The capillary viscometer used to determine the molecular weight of polymer in Solvent B. The solution is first 
drew up into the capillary using negative pressure. When the pressure is released, the dispersion flows back down and 
the time it takes to pour between the two markings is registered. 

Before running a new sample, the capillary was rinsed twice with pure Solvent B and dried with the 

assistance of pressurized air.  
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Total Charge Determination of the Nanofibrillated Cellulose 

In order to determine to what extent the primary hydroxyl groups were oxidized during the 

oxidation, the total charge of the cellulose fibers was measured. To make sure that the only charge 

detected comes from the sample, the pulp was first washed at different pH. First, a 1.5 wt% pulp 

dispersion was prepared by adding oxidized pulp (1.5 g dry weight) to a 250 mL beaker and filling up 

with deionized water, under stirring, until a total weight of 100 g was obtained.  

The pH was then adjusted to 2 by adding 0.1 M HCl and it was allowed to stir for 30 minutes. The pH 

was then checked again and adjusted to 2 again if necessary. When the pH had been constant for 30 

minutes, the fibers were vacuum filtered and washed with deionized water until the conductivity was 

less than 5 µS/cm. 

As the pH is increased during the measurement, it is necessary to make sure that no residual ions are 

released and contributes to the detected charge during this increase. The washed fibers (1.5 g dry 

weight) were, therefore, dispersed in a 100 mL 0.1 M NaHCO2 solution so that the fiber 

concentration was 15 g/L. The mixture was allowed to stir for 10 minutes before adjusting the pH to 

9 by the addition of 0.1 M NaOH. In the same manner as before the pH was checked every 30 

minutes and when being constant equal to 9, the fibers were vacuum filtered and washed with 

deionized water. When the conductivity of the filtrate was less than 5 µS/cm, the first washing step 

at pH 2 was repeated again. This is due to that the fibers have to be fully protonated in the beginning 

of the conductivity measurement, as the deprotonation of the carboxylic acid groups correspond to 

the charge.  

The fiber dispersion for the total charge measurement was then prepared by mixing NFC (0.1 g dry 

weight), with 1 mL 0.01 M NaCl, 0.5 mL 0.01 M HCl and 98.5 g deionized water. To make sure that 

there is a surplus of HCl in the dispersion, the pH was adjusted to 4 by adding 1 M HCl, using a pH 

meter. NaCl was added in order to minimize the difference in ion concentration within the fibers 

compared to the outside.  The measurement was performed by placing a conductometer in the fiber 

dispersion, which was continuously stirred using a magnet stirrer. Every 30 seconds 0.5 mL 10 mM 

NaOH was added and just prior to every addition, the conductivity was registered. The charge 

measurement was repeated two more times and the average charge was calculated. 

NaOH consumed in region 2 can be calculated from the difference at the intercept. As the fibers are 

deprotonated in region two, the consumed base corresponds to the amount of carboxylic groups on 

the cellulose and thus the charge can be calculated. 
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Fourier Transform Infrared Spectroscopy 

In order to determine whether the grafting of polymer to the NFC had been successful or not, FT-IR 

was used. All measurements were conducted after the removal of residual polymer through Soxhlet 

extraction. The result of the grafted fibers was then compared to that of a blend of polymer and NFC 

with the same molar ratio as added during the coupling. After blending, the blend was subjected to 

the same purification step as the grafted fibers. In the blend, the polymer and NFC only interact 

through secondary forces, so if much more polymer is left in the grafted sample after purification 

compared to the blend, it would suggest that a covalent linkage had been established. The samples 

were analyzed with a Perkin-Elmer Spectrum 2000 FT-IR equipped with a MKII Golden Gate, single 

reflection ATR System (from Specac Ltd., London, U.K.). The ATR-crystal was a MKII heated Diamond 

45° ATR Top Plate and the samples were first dried in a vacuum oven over night before being 

scanned from 4000 cm-1 to 650 cm-1 using 16 scans. 

Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) was used to investigate the thermal degradation behavior of the 

samples and the ash content was also used to calculate the composition of the grafted fibers. 

Samples were prepared by placing approximately 5mg of the samples in the sample containers. The 

instrument measured the absolute weight loss and relative to the total weight of the samples as a 

function of temperature. The TGA experiment was performed on a TGA/DSC 1 Mettler Toledo AG, 

Analytical Switzerland and STARe software was used to evaluate the data. The samples were first 

kept at 40 °C for 10 minutes before increasing the temperature to 650 °C with a rate of 10 °C min-1 in 

nitrogen or oxygen atmosphere with a flow of 50 ml min-1.   

Field-Emission Scanning Electron Microscopy 

Field-emission scanning electron microscope (FE-SEM) was used to study the surface topography of 

the films. FE-SEM images were recorded on a Hitachi S-4800 FE-SEM and the samples were cut out 

from the vacuum filtered films and fixated on a substrate with carbon tape and coated for 3 s with a 

carbon coater (Cressington 108carbon/A) and finally with 2 × 4 nm of a gold/palladium sputter coater 

(Cressington208HR). The sample was placed in a desiccator overnight to make sure that they were 

completely dry before being run.  
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Results 

Polymerization of the monomer 
During the polymerisation, the reaction bulk solidified after about 5 h which suggest that the 

polymerization was successful as the polymer has higher melting point than the monomer. The 

polymer synthesized at T1 was more brittle and could be extracted from the round bottom flask by 

crushing it into small pieces, while the polymer produced at T2 was extracted by dissolving it in 

Solvent B and precipitate it in Solvent A. Nevertheless, if nothing else is mentioned, the polymer 

synthesized at T1 is the one referred to as it has been the focus of this study. 

As the polymerization of the monomer with Initiator B failed to generate a product which was solid 

at the elevated temperatures, the trials were discarded as failures. 

MALDI-ToF was used to investigate the molecular weight of both synthetic polymers. The result 

suggested quite high polydispersity indices for both polymer samples due the broad region of 

molecular weights, see Figure 6 and Figure 19. However, no specific values were determined as no 

weight average molecular weight was determined.  

Because the amount of functional groups on the NFC and the polymer should be equivalent during 

the coupling, MALDI-ToF was used to estimate the number average molecular weight of the polymer, 

synthesized at T1, to 2000 g/mol (Figure 6). As it was the only available indication of the molecular 

weight at the time of the grafting. However, since the sample has to fly in order to be detected in 

MALDI-ToF and larger polymeric fractions show less tendency to do so. Thus the molecular weight 

estimated should be interpreted as an indication as the real molecular weight should be higher. 

 

Figure 6. The MALDI-ToF result of the polymer synthesized at T1. Two different matrices were used and samples were 
prepared with Na TFA or TFA respectively. 

Viscometry was later used to determine the molecular weight more exact. First, the intrinsic viscosity 

was determined by plotting the reduced viscosity against the mass concentration, see Figure 7. The 

viscosity average molecular weight for the polymer synthesized at T1 was then calculated using the 

Mark-Houwink Sakaruda, Eq. 9 to 5770 g/mol.  Thus by using this value, the molar mass of the 

functional groups added during the coupling was back-calculated to 0.024 mmol.  
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Figure 7. By plotting the viscosity number against mass concentration, the intrinsic viscosity was determined by 
extrapolation to the intercept with the y-axis. 

Both polymer products, Monomer and Initiator A were all analyzed with 1H-NMR. However the 

results were considered to be too revealing and are thus not presented in this report. 

Nanofibrillated Cellulose 
The conductometric titrations were repeated three times and the average value were calculated as 

well as the standard-deviations, see Table 2. Meaning that 0.101 mmol of carboxylic group were 

present during the coupling as 140 mg (dry weight) fibers where added to the reaction solution.  

Table 2. The results from the conductometric titration. 

 

 

As the grafted NFC product was extracted with Solvent B, it was investigated how the purification 

process affected the NFC of the grafted products. Pure NFC was thus purified in the same way as the 

grafted products and compared to pure untreated NFC. After washing the fibrils with Solvent B, the 

residual Solvent B was removed by redispersing the NFC in Solvent A, in the same way as for the 

grafted product. When the NFC had been Soxhleth-extracted with Solvent B the peak corresponding 

to carbonyl groups at 1604 cm-1 disappears and another peak at 1714 cm-1 appears instead, see 

Figure 8. It can be expected that the carboxyl group on the NFC are protonated when being subjected 

to the Solvent B, while the lower shift of the untreated NFC corresponds to R-COO-Na+. 

0.2742 

0

0,05

0,1

0,15

0,2

0,25

0,3

0,35

0,4

0 1 2 3 4 5 6 7 8

η
re

d
 (d

L/
g)

 

concentration (g/dL) 

Plot of ηred against concentration yielding 
intrinsic viscosity 

Titration 1 0.680 mmol NaOH/g Fiber 

Titration 2 0.727 mmol NaOH/g Fiber 

Titration 3 0.758 mmol NaOH/g Fiber 

Average 0.720±0,04 mmol NaOH/g Fiber 



17 
 

 

Figure 8. As the product from the coupling was extracted with Solvent B, it was investigated how the purification steps 
affected the NFC. Pure NFC that had been Soxhlet-extracted with Solvent B showed a peak corresponding to the carbonyl 
group at 1714 cm-1 while the peak of the untreated NFC showed a peak at 1604cm-1. 

The TGA also indicates a change as the Soxhlet extraction appears to affect the thermal degradation 

of the NFC in oxygen, see Figure 9 . The untreated fibers appear to degrade at lower temperatures 

than the treated ones. Both kinds of fibers seem to degrade in a two steps process. However, a larger 

fraction of the treated fibers degrade in the first step while the other degradation step takes place 

over a larger temperature interval compared to the untreated NFC.  

 

Figure 9 – The NFC that had been treated in the same way as the grafted product also showed a change in thermal 
degradation.  

0

10

20

30

40

50

60

70

80

90

100

40 140 240 340 440 540 640

%

 

Temperature (ºC) 

TGA on how the NFC is effected by the 
purifiacation process, run in O2 

Before
After



18 
 

Nanofibrillated Cellulose-Grafted-Polymer 
After the coupling of polymer to NFC, the FT-IR spectra of the product (Figure 10) clearly differs from 

that of the pure NFC as distinct peaks related to the functional group of the polymer appeared 

(marked by the red square) at the same time as the peaks 2 and 3 are more sharp compared to the 

pure NFC. The sharper appearance must also be an effect of polymer present in the sample as its 

spectra have very sharp peaks at those frequencies. Peak 1 corresponds to the carboxylic group, 

which are present on the NFC. However, there might also be residual Solvent B left in the sample 

after the purification process which can also contribute to the peak. 

 

Figure 10. FT-IR of the grafted products and the pure constituents. The grafted product clearly shows signs of the 
synthetic polymer which suggests that the coupling have been successful. Peak 1 corresponds to carboxylic group while 
peak 2 and 3 corresponds to groups present in the synthetic polymer. 

However, this does not ensure that the polymer still present in the sample was covalently bonded to 

the NFC and not just interacting with the NFC through secondary interactions or physical bonding. 

Thus, the results were compared to a blend of polymer and NFC which was subjected to the same 

purification procedure as the grafted product.  

In the Figure 11, the FT-IR spectrum comparing coupled NFC (Grafted NFC), NFC mixed with the 

polymer (Blend) and neat NFC subjected to the same purification procedure as the other ones can be 

seen. In contrast to Grafted NFC, the Blend showed no peaks originating from the functional groups 

of the polymer which showed a double peak (marked with a red square). The other peaks (2 and 3) 

appear very similarly for the blend and the purified NFC. Nevertheless, for the grafted product, the 

peaks look sharper and the peak 2 show traces of turning into a double peak.  The peak 1 is present 

in all the samples and must thus come from the carboxylic group.  



19 
 

 

Figure 11 – FT-IR results comparing the grafted NFC with the blend and the treated fibers. 

FT-IR (Figure 11) and TGA in oxygen (Figure 12) clearly show a difference between coupled and 

blended product. The thermal degradation of the blended product seems more similar to the treated 

NFC than for the Grafted NFC product, this strongly suggests that the coupling is successful. 

Interestingly, the result of the Blend and the treated NFC only show a slight difference and thus the 

purification treatment seems to be successful in removing most of the residual polymer. Note also 

that the weight loss of the grafted product at around 370 °C is less than for the blend and NFC. 
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Figure 12 – The TGA results show that the blend appears to have a degradation pattern closer to the treated NFC rather 
than the grafted NFC. 

Figure 13 shows the FT-IR of all the coupled products. Grafted NFC is the product which follows the 

original coupling procedure, while 2xCoupling agents and 2xPolymer ascribe the sample with double 

amount of added coupling agents and polymer, respectively. In addition, Grafted NFC US is the 

sample which has the same amounts of added regents as Grafted NFC, but before the coupling, the 

NFC was dispersed using ultrasonication. Observe that the sample is arranged after size of the peaks 

belonging to bond in the polymer in relationship to peak 1. The Grafted NFC US sample appear to be 

the only sample in which both peaks are larger than peak 1, and thus it seems to have the most 

grafted polymer. Note that there appears to be no increase in the double peak (marked by the red 

square) when doubling the amount of coupling agents or polymer. On the contrary, when increasing 

the amount of coupling agents, the amount of polymer left in the sample after purification appear to 

decrease, while it look as if it remains about the same when increasing the amount of added 

polymer. However for the Grafted NFC, Grafted NFC US and 2xPolymer the difference in grafted 

polymer appears to be negligible. 
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Figure 13 – FT-IR result of all the EDC-coupling products. 

The same trend between the Grafted NFC product can also be seen in the TGA result run in O2 (Figure 

14). For the Grafted NFC, Grafted NFC US and 2xPolymer the difference in grafted polymer seems to 

be about the same, while 2xCoupling agents sample ends up somewhere in between the Blend and 

Grafted NFC. Note also that for Grafted NFC and for Grafted NFC US thermal degradation behavior is 

the same until reaching around 450 °C. Nevertheless, as Grafted NFC US appeared to contain the 

highest amounts of polymer and was subjected to further TGA analysis in order to determine its 

composition, as well as producing films. 

 

Figure 14 – TGA of all the grafted products run in O2. 
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The TGA of the grafted product named Grafted NFC US have a thermal degradation in N2 which is 

somewhat in between the pure constituents; see Figure 15, which further suggests that the polymer 

is grafted to the sample. Furthermore, by analyzing the differences in ash content of the pure 

samples and the Grafted NFC US remaining at 650 ᵒC, the composition was calculated to 33 wt% 

polymer and 67 wt% NFC.  

 

Figure 15. The TGA analysis of the grafted fibers compared to the pure constituents run in nitrogen gas. Previous to 
grafting, the NFC was first dispersed in the “Solvent A” using an ultrasonication bath. The ash content of the samples at 
650ᵒC was also to calculate the composition of the grafted product. 

The molar masses of the functional groups of the polymer and NFC present during the coupling were 

retroactively calculated. The result of conductometric titration (Table 2) of the NFC and viscometry 

(Figure 7) of polymer suggests that there were more than 4 times as many carboxyl groups on the 

NFC compared to functional groups on polymer.  However, the TGA (Figure 14) and FT-IR (Figure 13) 

results of the coupling indicate that the amount of polymer left in the sample after purification does 

not increase when the amount of polymer is doubled during the coupling. Nor is the polymer left in 

the sample increased when the amount of added coupling agents are doubled, instead the grafted 

polymer seems to decrease. It is hard to explain this behavior but it might also be coincident, as the 

dispersion of the fibers might have varied between the different coupling attempts. The fact that the 

grafted polymer does not increase when doubled indicates that the carboxylic groups on NFC are the 

limiting factor during the coupling. This suggests that not all the carboxylic groups are susceptible 

during the coupling. During the conductometric titration, which was used to determine the total 

charge, low molecular substances deprotonate the carboxylic groups at the same time as the NFC in 

a deprotonated state is better dispersed in Solvent A. However the coupling is performed at another 

pH and the NFC fibrils might have aggregated and some of the charges might have been shielded. 

Shielding of the carboxylic acid group might also be a result of fiber coverage of the grafted polymer 

or a combination of the two. Thus the number of possible grafting points on the NFC during the 

coupling might have been reduced compared to the expected value. 
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Films 
By vacuum filtration of the Grafted NFC US product and pure NFC, films were formed, see Figure 16, 

with average diameters of 52 mm and 65 mm, respectively. The films from the grafted product (B) 

formed a smooth film in the same way as the NFC film (A), however they were less homogenous as it 

clearly contained lumps. This is probably a consequence of polymer not being soluble in Solvent A 

and thus the Solvent A solution is not ideal in dispersing the product. 

After the vacuum filtration, while still wet, the sample were pressed between the lid and bottom of a 

Petri dish and placed in a vacuum oven. During the drying, all the samples were slightly wrinkled at 

the edges; however the film from the grafted product also shrank approximately 20 % during drying. 

 

Figure 16. Vacuum filtered films. (A) is the pure NFC film while (B) is made from the Grafted NFC US (A) sample. 
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SEM pictures show that both the NFC (Figure 18) and the Grafted NFC US (Figure 17) films have 

smooth surfaces without pores and cavities. Note how very dense and smooth the surface of the NFC 

appears to be. Nevertheless, SEM confirms what was suspected after visual inspection of the grafted 

films, the film of the Grafted NFC US sample was not completely homogenous. The surface clearly 

shows different characteristics in different areas; the major part of the Grafted NFC US film ((A) and 

(C) in Figure 17) showed similar topography as that of the pure NFC film. Some areas were more 

rough (B) and when zoomed in, the surface look a bit bubbly (D), see Figure 17. As (A) and (C) look 

more like the NFC film (Figure 18) it can be expected that the rougher areas contain a higher content 

of the synthetic polymer.  

 

Figure 17. FE-SEM images of the grafted material. All pictures are of the same film; however it clearly show the 
inhomogeneity of the film. Image (A) and (C) belong together and is taken in the same area while images (B) and (D) 
belong together but is taken at another part of the film. 
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Figure 18. FE-SEM images of the NFC material.  
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Conclusions 
The polymerization of monomer A was successfully performed at T1 and T2 to give polymers with a 

resulting viscosity average molecular weight of 5770g/mol. The polymer dispersions in Solvent A 

were created by solvent exchange from Solvent B. Oxidation of dissolving pulp at neutral pH and 

ambient conditions generated NFC with a total charge of 720 mmol/g fiber. 

NFC-g-Polymer with a composition of 33wt% Polymer and 67wt% NFC was successfully accomplished 

through coupling in Solvent A under ambient conditions. There was no increase in the grafted 

amount of polymer even though the amount of polymer in the feed was doubled during the coupling 

reaction.  

Films of NFC and NFC-g-Polymer were successfully made by vacuum filtration from a 0.05wt% Solvent 

A dispersion. However, visual inspection of NFC-g-Polymer films showed that it suffered from an 

uneven distribution, something that was later confirmed by FE-SEM. 
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Future Work 
Unfortunately, the oxygen transmission rate (OTR) could not be determined within the time of this 

work and thus is the natural next step in the future work.  

It is necessary to investigate how the grafting of Polymer on NFC affects the mechanical properties. 

Varying the chain length of the grafted polymer and how it affects the properties of the material is 

also required. The materials should also preferably be compared to a NFC/polymer blend in order to 

motivate or discard the necessity of grafting for the above mentioned properties. 

It is also required to evaluate how the film forming ability is affected by the pH of the Solvent A 

dispersion  It would, further, be interesting to test how other solvent systems affect the dispersion of 

the NFC-g-Polymer product, and if melt casting could possibly increase the homogeneity of the films. 

Introducing an oxygen scavenger and study how it affects the material properties, both when it 

comes to OTR but also mechanical, and how it to best incorporating it in the material.  

It would be useful investigate the reaction parameters of the grafting in order to better control the 

composition of the final product, i.e., pH, chain length of the synthetic polymer, reaction time and 

reagent ratios. 

It would be interesting to examine the reaction parameters when it comes to synthesis of the 

polymer using Initiator A, e.g., monomer to initiator ratios, reaction times at different temperatures 

and how they affect the PDI and molecular weight. The polymer can also be synthesized using other 

initiators, which would also be interesting examining. 

Investigate the relaxation times of the carbons in the polymer in order to determine the number 

average molecular weight by utilizing quantitative 13C-NMR.  
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Appendix 

MALDI-ToF 

 

Figure 19. MALDI-ToF of the polymer synthesized at T2 using HABA and with and without salt. Note that the top spectrum 
is run using another calibration than the other two. It is hard to determine which of the peaks belongs to HABA and 
which belongs to the polymer fragments. 
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Conductometric Titration 

 

Figure 20 – The result of the first conductometric titration. The different intercept with the lowest conductivity generate 
the volume NaOH required to deprotonate the fibers. 0.1 g fibers were used during the titration. 

 

Figure 21. The result of the second conductometric titration. The different intercept with the lowest conductivity 
generate the volume NaOH required to deprotonate the fibers. 0.1 g fibers were used during the titration. 

 

Figure 22. The result of the third conductometric titration. The different intercept with the lowest conductivity generate 
the volume NaOH required to deprotonate the fibers. 0.1 g fibers were used during the titration. 
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Characterization instrument 

Nuclear Magnetic Resonance 
Atoms that contain unpaired electrons, i.e., 1H and 13C, the unpaired electrons can be ordered 

parallel or antiparallel to the direction of a magnetic field depending on its spin. By applying a static 

magnetic field on the sample, followed by excitation of the electrons by pulsed radiation, the spin 

direction can be changed. The energy emitted when the electrons return to the relaxed state is then 

detected and is dependent on the position in the molecule and its surrounding. Thus, a spectrum 

with a peak for every specific atom as received and thus the ratio between the integrals of the peaks 

directly correspond to the ratio between the atoms of different positions in the molecule. [15] 

Matrix-Assisted Laser Desorption Ionization-Time of Flight 
Matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) is used to determine the 

molecular weight of a polymer by ionizing the sample and allowing it to accelerate in an electric field, 

which will sort the polymers according to their mass-to-charge ratio in a mass spectrometer. The 

polymer is first dissolved in a proper solvent, and is then mixed with a low molecular weight 

compound, which can easily absorb light and thus ionize the sample, also known as matrix. 

Sometimes, it is also necessary to add a salt, apart from the matrix, in order to simplify the ionization 

of the sample and thus improve the amount of material that fly when applying the electrical field. 

The mixture is placed on a metal plate and is dried before starting the analysis. The plate is then 

placed in the instrument and the ionization is initiated by illuminating the dried sample with a laser. 

The flying fragments fly with different speeds, or time of flight, and are thus sorted according to size 

while reaching the detector. A peak is generated for every mass-to-charge ratio detected and the 

difference between two peaks corresponds to molecular weight of the repeating unit. Hence, in 

theory MALDI-TOF yields absolute values of the number average and the molecular average 

molecular weight. However, in practice smaller fragment flies better then large fragment and, 

therefore, the method may only give an indication on the sizes of the molecules that are in the 

sample. [15] 

Viscometry 
In order to get an approximate value of the molecular weight of a polymer, viscometry can be used. 

It generates a molecular weight that is called viscosity average (Mv) molecular weight and it has a 

value somewhere in between number average (Mn) and weight average (Mw) molecular weights. 

Viscometry utilizes the fact that the molecular weight of a polymer affects the viscosity of a 

polymeric solution. The higher the molecular weight is of a certain polymer, the higher the viscosity 

will be for a given concentration. In the same way higher concentration of the polymeric solution 

generates higher viscosity for a given polymer with a certain molecular weight. Even at low 

concentrations the viscosity will be considerably higher than for the pure solvent. 
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Viscometry is a very simple method to determine the molecular weight as one only needs to measure 

the time a known volume of a solution requires in order to flow through a capillary.  The only needed 

equipment for this procedure is a viscometer and a stopwatch. The relationship between the 

viscosity and Mv is explained in detail in equations 1-9. 

The relative viscosity ηr is defined as: 

   
  

  
  

   

    
     (1) 

Where η ascribe the viscosity of the given polymeric solution and temperature, and η0 is the viscosity 

of the pure solvent at the same temperature. However, the density quotient between the diluted 

polymeric solutions and the pure solvent can be estimated to unity. Hence, ηr can be approximated 

to: 

    
  

  
      (2) 

The specific viscosity signifies the ratio between the viscosity of the solvent and the difference in 

viscosity between solvent and polymer solution is defined as the specific viscosity ηSP. 

    
     

  
      (3) 

However, by doing the same approximation as the one yielding eq. 2 from eq. 1, the equation can be 

rewritten as: 

     
     

  
      (4) 

Which in turn give a correlation between the specific viscosity and relative viscosity, by inserting eq. 

2 in 4. 

               (5) 

Intrinsic viscosity [η] is the contributed viscosity generated from adding the polymer into a solution 

and can be related to ηSP by a Taylor series:  

    [ ]    [ ]     [ ]          (6) 

Where c is the mass concentration of the polymer and k1, k2,… are constants. The viscosity number or 

reduced viscosity ηred is obtained by dividing both sides with the concentration eq. 6 is rewritten as:  

   

 
      [ ]    [ ]     [ ]        (7) 

For a diluted solution the concentration c<<1, meaning that c>>c2, thus eq. 7 can be approximated 

to: 

            [ ]    [ ]     [ ]      [ ]    [ ]   (8) 

Thus a linear correlation between the viscosity number and the concentration is obtained for diluted 

solutions and the intrinsic viscosity is generated from the intercept with the ηred-axis. 
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The intrinsic viscosity can then related to the viscosity average molecular weight, Mv, by the Mark-

Houwink Sakurada equation: 

[ ]     
       (9) 

K and a are constant defined for a given polymer/solvent system at a certain temperature.  

Thermogravimetric Analysis 
In thermogravimetric analysis (TGA), a known amount of a sample is placed onto a scale in an 

apparatus and the sample is then heated and/or cooled at a certain rate in accordance with a preset 

program. As the instrument measures the absolute weight loss and relative to the total weight of the 

samples as a function of temperature the composition of for instance a blend or copolymer might be 

estimated. In a similar way, by knowing the composition of a polymer the method can be used to 

study which part of the material that degrades first. Changes in the degradation pattern of a material 

when chemically modified can also be an indication that the modification is successful. The weight 

loss might depend on evaporation of volatile substances, chemical reactions and thermal 

degradation and can be yielded as a function of the temperature. [15] 

Conductometric Titration 
Conductometric titration is a quantitative method to determine the total charge of the cellulosic 

fibers and thus the degree of oxidation can be determined as the charge is related to the carboxylic 

groups on the fibers.  The fibers are first dispersed in deionized water and protonated by adding a 

known amount of hydrochloric acid. The hydrochloric acid is added in surplus and the reason for this 

is described below.  The fibers are then titrated with a sodium hydroxide solution of a known 

concentration of NaOH and the change in the solutions conductivity is monitored. [42] Figure 23 

illustrates how the result of a conductometric titration of oxidized NFC may look like if the 

conductivity is plotted against the added volume of NaOH solution.  

 

Figure 23. Show how the conductivity in the fiber dispersion changes with addition of NaOH. The measured conductivity 
is used to extrapolate the linear change in conductivity in region 1 and 3 to the intercept with the lowest measured 
conductivity. The charge on the cellulose can then be calculated as it correlates to the consumed amount of NaOH in 
region 2 yielded from the difference in intercept. 
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The graph (Figure 23) can be divided into three different regions: decrease, constant and increase in 

conductivity. The chemical reasons of the regions are described as follows: 

                          
         
→              

                             
         
→                  

                            

In other words, the decrease in conductivity in region 1 corresponds to the consumption of the 

excess H+ from the HCl. This leads to a decrease in the ion concentration, which is reflected by a 

proportional reduction of the conductivity of the solution. When all protons are consumed, the 

added base will start to deprotonate the carboxylic groups on the fibers. This deprotonation does not 

affect the ion concentration, and the conductivity, therefore, remains constant in region 2. At a 

certain volume of added NaOH, all the carboxylic groups will be consumed and continued addition 

will go straight into the solution and yield the increase in conductivity observed in region 3. An 

example of the measured conductivity is signified by the blue line in Figure 23. The decrease in 

conductivity visual in region 1 and 3 are considered linear and by extrapolating them to the lowest 

measured conductivity, the NaOH consumed in region 2 can be calculated from the difference at the 

intercept. Adding a surplus of hydrochloric acid prior to the titration ensure a sufficient extrapolation 

in region 1. As the fibers are deprotonated in region two, the consumed base corresponds to the 

amount of carboxylic groups on the cellulose and thus the charge can be calculated. 

Fourier Transform Infrared Spectroscopy 
Fourier transform infrared spectroscopy (FT-IR) is probably the most commonly used instrument for 

characterization of materials within polymer technology. Radiation with wavenumbers of 4000cm-1 

down to 400cm-1, corresponding to infrared light is emitted all at once. The emitted light is absorbed 

by the molecules if the specific wavenumber correspond to the vibration frequency of a certain 

atomic bond. The vibration frequencies are specific for certain vibration movements of different 

bonds and the atomic composition of a material can be identified. FT-IR generally produces clean 

spectra as the vibration frequencies are, in contrast to many other characterization methods, only 

slightly affected by its atomic surrounding.  Hence, carbonyl groups (carbon-oxygen double bond) 

have a wavenumber of 1750 cm-1 to 1650 cm-1 no matter if it is part of an aldehyde, ketone, ester or 

carboxylic group. [15] 

FT-IR is based on the principle of Lambert-Beers law, relating absorbance to concentration and molar 

absorbtivity. 

            (10) 

Where Aλ is the absorbance at wavelength λ, c is the concentration of absorbers in the sample, d is 

the pathlength of the traveled signal and ελ is the molar absorbtivity of the sample at wavelength λ. A 

absorption spectrum is obtained by plotting the change in absorbance or molar absorbtivity as a 

function of wavelength. [43]  

Pure unidentified polymeric material can be analyzed qualitative as well as blends and degradation 

products might be qualitatively determined. The intensity of the absorbed light is then 

registered at the different wavenumbers and the sample is scanned many times in 

order to remove noise. [15] 
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Field-Emission Scanning Electron Microscopy 
Among many areas in chemistry, material science often requires detailed topography and 

morphology of materials. Field emission scanning electron microscopy (FE-SEM) is essentially a 

microscope, but utilizes electrons instead of visual light as a conventional optical microscope does. 

This means that the magnification and resolution of FE-SEM is enhanced, and samples with 

dimensions down to 3nm can be studied. In polymer science, FE-SEM can be used to study for 

example: morphology in polymer blends, topography of surfaces, adhesion behavior between matrix 

and filler or even the fracture surfaces of a sample. [15] 

First, it is necessary to increase the conductivity of the sample by coating it with a metallic alloy, 

which also prevents overheating. Then the surface of a specimen is fully exposed to an electron 

beam, which will emit different types of electrons and radiation and an image can be produced. The 

two most common signals studied using SEM is secondary electrons and backscattered electrons. By 

detecting the secondary electrons an image comparable to a normal photograph of the sample is 

produced, while backscattering electrons yield a pattern corresponding to the positions of heavier 

and lighter atoms. [15] 


