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Abstract 
The non-stop use of petroleum-based materials such as plastics can generate 
significant environmental problems, including pollution of the oceans and 
increased CO2 levels, and cause diseases like cancer due to the starting 
monomers. Consequently, increased use of sustainable and non-toxic 
polymers and monomers is required to address these issues. Cellulose, 
generously supplied by Mother Nature, is the most abundant biopolymer on 
Earth. Nanocellulose is a sustainable polymer extracted from the cellulose in 
wood or produced by bacteria and algae. This biodegradable nanomaterial 
has recently been receiving intense research attention, since it has great 
potential for use in a broad range of industrial and biomedical applications. 
However, it has limitations such as moisture sensitivity and incompatibility 
with hydrophobic materials due to its hydrophilic nature. Chemical 
modification is necessary for it to fulfill the requirements for applications that 
require high moisture resistance and water repellency. Unfortunately, several 
of the existing methods involve harsh and toxic conditions or reagents. In this 
thesis, together with my co-workers, I have employed the toolbox of 
organocatalysis for accomplishing eco-friendly and innovative surface 
modification of cellulose and nanocellulose. The organocatalysts we used 
most in our research are the naturally abundant and industrially relevant 
organic acids tartaric acid and citric acid.  
 
Direct catalytic esterification of cellulose nanocrystal (CNC) with thioglycolic 
acid was performed either in suspension or on solid surfaces such as films and 
foams. We found that the reaction was accelerated by tartaric acid but could 
also be autocatalytic with respect to the thioglycolic acid under certain 
conditions. The synthesized CNC-SH was further exploited as a 
heterogeneous reducing agent as well as a handle for further nanocellulose 
modifications. This was demonstrated by using CNC-SH as a heterogenous 
reducing agent of Cu(II) to Cu(I), which is essential for allowing the Cu to act 
as a catalyst for 2,3-dipolar cycloaddition reactions between azides and 
alkynes. We also showed that the thia-modified CNC could undergo further 
functionalizing via thiol-ene click chemistry reactions, for example, we 
attached fluorescent compounds such as TAMRA and quinidine. 
 
Herein we provide a fluorine-free method to prepare superhydrophobic CNC 
film with excellent water-resistance properties by combining self-assembly 
and organocatalysis. Self-assembly of CNC via vacuum filtration resulted in 
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a film with a specific roughness at the microscale. Next, the catalytic silylation 
with a variety of alkoxysilanes in the presence of natural organic acids such 
as tartaric acid and citric acid was performed. The successful implementation 
of our method resulted in a super-hydrophobic CNC film (water contact angle 
over 150°) with excellent water-resistance. Thus, the combination of the self-
assembly of a rough surface with catalytic surface modification resulted in a 
phenomenon like the “lotus effect” as exhibited by the leaves of the lotus 
flower. An investigation of the oxygen permeability of the 
octadecyltrimethoxysilane-modified CNC film revealed that it significantly 
decreased at high relative humidity compared with unmodified CNC films.  
 
In this thesis, the fabrication of hydrophobic and functionalized MTM/CNF 
nanocomposites using organocatalytic surface modification with a large 
variety of alkoxysilanes is also performed. The surface modifications are mild 
and the mechanical strength of the Nacre-mimetic nanocomposites is 
preserved. Elemental mapping analysis revealed that the silane modification 
occurred predominantly on the surface. 
 
A combination of organocatalyst and biopolyelectrolyte complex was applied 
for surface engineering of chemi-thermomechanical pulp (CTMP) and 
bleached sulfite pulp (BSP). The reaction was performed using a synergistic 
combination of an organocatalyst with a polyelectrolyte (PE) complex. Using 
this method, the strength properties of CTMP and BSP sheets were 
significantly increased (up to 100% in Z-strength for CTMP). Further 
investigations of the distribution of the PE complex were then performed 
using TAMRA and quinidine labeling and confocal laser scanning 
microscopy. This revealed that an even distribution of the cationic starch 
component of the PE complex had occurred within the CTMP-based paper 
sheets, which follows its lignin distribution pattern. 
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Sammanfattning 
Den oavbrutna användningen av petroleumbaserade material som till 
exempel, plast kan generera betydande miljöproblem, såsom 
havsföroreningar, ökade koldioxidnivåer och orsaka sjukdomar som cancer 
på grund av monomererna som bygger upp plast polymerer. Därför, krävs 
det en ökad användning av hållbara och giftfria bio-baserade polymerer och 
monomerer för att övervinna dessa problem. Cellulosa som är generöst 
levererad av naturen, representerar den vanligaste och mest riklig bio-
polymeren på jorden. Vidare, nanocellulosa är en hållbar polymer som 
extraheras från cellulosan i trä eller produceras av bakterier och alger. Detta 
biologiskt nedbrytbara nanomaterial har nyligen fått intensiv 
forskningsuppmärksamhet eftersom det har stor potential för användning i 
ett brett spektrum av industriella och biomedicinska applikationer. 
Emellertid har den begränsningar såsom fuktkänslighet och kompatibilitet 
med hydrofoba material på grund av dess hydrofila natur. För att hantera 
dessa utmaningar så är kemisk modifiering nödvändig för att den ska 
uppfylla kraven för applikationer som kräver hög fuktbeständighet och 
vattenavvisande. Tyvärr involverar flera av de befintliga metoderna hårda 
och toxiska förhållanden eller reagens. I denna avhandling har jag 
tillsammans med mina medarbetare använt organokatalys verktygslådan för 
att uppnå miljövänlig och innovativ yt-modifiering av cellulosa och 
nanocellulosa. De organokatalysatorer som vi använde mest i våra studier är 
de naturligt rikliga och industriella relevanta organiska syrorna: vinsyra och 
citronsyra.Direkt katalytisk förestring av cellulosa nanokristall (CNC) med 
tioglykolsyra utfördes antingen i suspension eller på fasta ytor såsom filmer 
och skum. Vi fann att reaktionen påskyndades av vinsyra men också kan vara 
autokatalytisk med avseende på tioglykolsyra under vissa betingelser. Den 
syntetiserade CNC-SH utnyttjades ytterligare som ett heterogent 
reduktionsmedel såväl som ett handtag för ytterligare nanocellulose 
modifikationer. Detta demonstrerades genom att använda CNC-SH som ett 
heterogent reduktionsmedel för att reducera Cu (II) till Cu (I), vilket är viktigt 
för att Cu ska fungera som en katalysator för 2,3-dipolära cykloaddition-
reaktioner mellan azider och alkyner. Vi visade också att den thia-
modifierade CNC kunde genomgå ytterligare funktionalisering via kemiska 
reaktioner med tiol-en-klick. Till exempel fäste vi fluorescerande föreningar 
såsom TAMRA och kinidin. Häri beskrivs en fluorfri metod för att framställa 
superhydrofob CNC-film med utmärkta vattenbeständighetsegenskaper 
genom kombination av självmontering och organokatalys. Självmontering av 
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CNC via vakuumfiltrering resulterade i en film med en specifik grovhet i 
mikroskalan. Därefter utfördes den katalytiska silyleringen med en mängd 
alkoxisilaner i närvaro av naturliga organiska syror såsom vinsyra och 
citronsyra. Den framgångsrika implementeringen av vår metod resulterade i 
en superhydrofob CNC-film (vattenkontaktvinkel över 150 °C) med en 
utmärkt vattenbeständighetsegenskap. Således resulterade kombinationen av 
självmontering av en grov yta med katalytisk yt-modifiering i ett fenomen 
som "lotuseffekten" som uppvisas av lotusblommans löv. Undersökning av 
syrepermeabiliteten hos den oktadecyltrimetoxisilan-modifierade CNC-
filmen avslöjade att den signifikant minskade vid hög relativ fuktighet 
jämfört med omodifierade CNC-filmer.I denna avhandling utförs också 
tillverkningen av hydrofoba och funktionaliserade MTM / CNF-
nanokompositer med organokatalytisk ytmodifiering med ett stort antal 
alkoxisilaner. Yt-ändringarna är milda och de mekaniska hållfasthetsegen 
skaperna hos de Nacre-mimetiska nanokompositerna bevarades. Elementär 
kartläggningsanalys avslöjade att silan-modifieringen skedde huvudsakligen 
vid ytan.En kombination av organokatalysator och biopolyelektrolytkomplex 
applicerades för ytbehandling av kemitermomekanisk massa (CTMP) och 
blekt sulfitmassa (BSP) utfördes med användning av en synergistisk 
kombination av en organokatalysator med ett polyelektrolyt (PE) -komplex. 
Med detta koncept ökade styrkaegenskaperna för CTMP och BSP-ark 
signifikant (upp till 100% i Z-styrka för CTMP). Ytterligare undersökningar 
av distributionen av PE-komplexet utfördes därefter med användning av 
TAMRA och kinidinmärkning och konfokal laserskanningsmikroskopi. Detta 
avslöjade att en jämn fördelning av den katjoniska stärkelsekomponenten i 
PE-komplexet hade inträffat inom de CTMP-baserade pappersarken, som 
följer dess lignindistributionsmönster. 
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1 Introduction 
Cellulose is the most abundant renewable biopolymer on Earth and accounts 
for approximately 40% of lignocellulosic biomass. Annually, it is estimated 
that over 75 billion tons is produced and around 2 billion tons used for 
industrial conversion and human consumption.1 
Nanocellulose is a renewable biopolymer derived from cellulose, and its 
unique properties allow for many industrial and pharmaceutical uses. The 
market for nanocellulose is forecasted to be around 783 million USD by 2025.2 
In addition, cellulose is important for Sweden, which has a significant 
percentage of forest land. 
  
Nanocellulose is sensitive to moisture that inhibits the well dispersion and 
distribution in non-polar matrixes. In addition, it degrades when relative 
humidity approaches 90%. Series of studies have been conducted to 
functionalize cellulose and nanocellulose through physical adsorption,3,4 
polymer grafting,5, 6 and molecular grafting. The best-known reactions via 
molecular grafting are esterification,7,8 and silylation.9,10 Some of the existing 
methods need to be improved, since they increase the environmental risk due 
to toxic chemicals and harsh reaction conditions. The aim of green chemistry 
is protecting human health and the environment by developing non-toxic 
products and processes. Bearing that in mind, we focused on developing an 
eco-friendly method for the modification of cellulose and nanocellulose. In 
2005, Hafren and Cordova reported successful direct esterification of cellulose 
fibers using simple organic acids as organocatalyst.11 We therefore designed 
our methods based on the catalytic activity of these compounds. 
 
In the present study, the direct esterification of CNC by thioglycolic acid in 
the presence of organocatalysts was investigated. We have developed a free-
fluorine organocatalytic reaction to prepare hydrophobic MTM/CNF 
nanocomposite and superhydrophobic CNC film. We also used a citric acid 
and biopolyelectrolyte complex to design a feasible method for improving the 
strength properties of chemi-thermomechanical pulp (CTMP) and bleached 
sulfite pulp (BSP). 
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1.1 Lignocellulosic biomass  
Lignocellulosic biomass is the most extensive resource for sustainable carbon 
material groups and can be extracted from plant cell walls. Lignocellulose can 
be used to produce high-value products such as bioethanol,12 biochemicals,13,14 
and biofuels.15 Cellulose, lignin, and hemicellulose are the major components 
in the lignocellulosic matrix; the biomass composition varies due to the 
differences in spices and sources. Lignocellulose wood steam incorporates 40-
55% cellulose, 24-30% hemicellulose, and 18-25% lignin. Lignocellulosic 
biomass contributes to the hydrolytic stability and structural robustness of the 
plant cell wall and its resistance against microbial degradation.16, 17 Cellulose 
is usually coated with hemicellulose in a network, and lignin functions as a 
binder and exists between and around the cellulose and hemicellulose. Lignin 
provides stiffness, compressive strength, resistance to decay, and water 
impermeability to the plant cell wall. The presence of lignin in biomass is the 
major obstacle in cellulose extraction.16  
 

 
 

Figure 1.1 A model of the wood microfibril (adapted from Fengel and Wegener). 
 

1.1.1 Cellulose  
Cellulose is the most abundant and renewable biopolymer on Earth; it can be 
extracted from plant cell walls but is also found in algae and some animals. 
Bacteria (Gluconacetobacter), plants (trees, shrubs, and herbs), algae 
(Cladophora), and marine animals (Tunicate) are four primary sources of 
cellulose.18 Almost pure cellulose (>90%) can be extracted from cotton plants 
and is found around the seeds. 
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Cellulose from the plant is synthesized by nature in a matrix in which many 
other compounds, such as lignin, hemicellulose, fats, proteins, and pectin, are 
present that interact with cellulose chains.19 The amount of cellulose in 
biomass depends on its origin; approximately 40-45% of the dry biomass in 
most wood species is cellulose. The plant cell wall has a nano-dimensional 
construction composed of multiple elementary nanofibril arrangements.  
 
Cellulose was first discovered and named in 1838 by Anselme Payen.20 It is a 
linear homopolysaccharide composed of ß-l,4-linked D-glucopyranose. Each 
monomer bears three hydroxyl groups that contribute to the stiffness of the 
chain due to their intramolecular hydrogen bonds. The abundance of 
hydroxyl groups gives this biopolymer an overall capacity for chemical 
modification.21 The cellulose chain contains both crystalline and amorphous 
regions. The crystallinity of native cellulose usually ranges from 40 to 70% 
depending on the origin of the cellulose and the extraction method.22 
 

 
 

Figure 1.2 Molecular structure of the cellulose chain. 
 

1.1.2 Cellulose extraction  
The isolation technique is dependent on the source of the cellulose. For wood 
and plant cellulose, extraction is carried out from lignocellulosic biomass and 
involves the complete or partial removal of the hemicellulose, lignin, etc. 23  
 
The sulfite and kraft processes are known methods for producing dissolving 
pulp and extracting almost pure cellulose from wood.24, 25 In the sulfite 
process, the cooking steps are carried out in acidic conditions to remove 
hemicellulose and lignin. The next step is using alkaline purification to 
remove the hemicellulose residue. In the kraft dissolving process, 
carbohydrates become stable during alkaline fractionation making it hard to 
remove hemicellulose. Therefore, acidic prehydrolysis is required as an 
additional step to remove the hemicellulose. Hemicellulose and lignin are 
removed by alkaline cooking, and further purification is carried out during 
alkaline purification. During hemicellulose solubilization, the cellulose 
surface is protected by lignin, which preserves the cellulose from over 
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degradation.17 In both the sulfite and kraft dissolving pulp processes, the final 
step is bleaching the extracted cellulose to increase the brightness of the 
products.  
 

1.2 Nanocellulose  
Nanocellulose is a biopolymer derived from cellulose that has attracted 
significant academic and industrial interest. The dimensions of nanocellulose 
contribute to its attractive properties, such as its high strength, excellent 
stiffness, high aspect ratio, and large surface area. Qing et al.26, have indicated 
that the extensive hydrogen bonding and high density of nanocellulose 
contribute to its tensile strength. The mechanical strength of nanocellulose can 
compete with metals and advanced synthetic polymer materials. The 
impressive mechanical properties of nanocellulose make it an ideal 
reinforcement material in nanocomposites.16, 27  
 
Depending on the cellulose pretreatment, two types of nanocellulose can be 
manufactured: cellulose nanofibril (CNF; also called nanofibrillated cellulose, 
NFC, or microfibrillated cellulose) and cellulose nanocrystal (CNC; also called 
cellulose whisker).28 Bacterial nanocellulose (BNC) is prepared from glucose 
by bacteria; it is also called biocellulose.27  Although the bases of CNF, CNC, 
and BNC are all cellulose, each of them requires different preparation 
methods and has distinctive sets of properties. The schematic of MFC 
components is shown in Figure 1.3.  
  

 
Figure 1.3 Microfibrillated cellulose components. 

 
1.2.1 CNF 
Cellulose nanofibril was discovered by Tubark et al. in the early 1980s 29 and 
manufactured by Sandberg et al. at ITT Rayonnier in the USA in the late 1970s 
and early 1980s.27 CNF production involves the delamination of cellulose 
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fibers under intense mechanical shearing. High-pressure homogenization, 
microgrinding, and microfluidization are the techniques that have been 
studied most.30 To fabricate CNF via high-pressure homogenization, cellulose 
pulp water suspension is passed through a mechanical homogenizer several 
times. Nakagaito and Yano improved the disintegration process by passing 
the fibers through a homogenizer 30 times.31 The mechanical treatment for 
CNF production consumes a significant amount of energy to overcome the 
many hydrogen bonds between the fibers. Passing fibers through a 
mechanical homogenizer several times can also damage the fiber wall. 
 
TEMPO (2,2,6,6-tetramethylpiperidinyl-1-oxyl) mediated oxidation,32,33 
carboxymethylation pretreatment,34 and enzymatic pretreatment of cellulose 
35, 31 are techniques that have been used to decrease energy consumption 
during the defibrillation process. Both TEMPO oxidation and carboxy 
methylation pretreatment result in negatively charged cellulose that increases 
the electrostatic repulsive force between the fibers. The repulsive force leads 
to easy and fast defibrillation of cellulose. Enzymatic pretreatment also 
reduces energy consumption and has an environmental advantage over 
chemical methods.31 Afewerki et al. recently reported direct fabrication of 
CNF (diameters <20 nm) from wood pulp using formic acid. Formic acid-
fabricated CNF had been esterified by formic acid with the DS less than 0.1, 
and the surface was not charged. Formic acid can be recycled through this 
process.36  
 
Cellulose nanofibril refers to fibrous structures with a 4-8 nm thickness and 
length of several microns. The term nanofiber usually refers to a fiber 
structure that is thicker and longer than nanofibril, and sometimes both terms 
are used in literature to refer to the nanostructure of a cellulose fiber.37 
Nanofibril and nanofiber are synonyms for microfibril. MFC usually refers to 
aggregated microfibrils with a thickness in 20-40 nm.38 The first CNF pilot 
plant was launched in Sweden in 2011 by Innventia AB with a daily capacity 
of 100 kg. It is now commercially available from various companies and 
organizations.30 
 

1.2.2 CNC 
 Nickerson and Habrle reported the first isolation of cellulose nanowhisker 
via acid hydrolysis in 1947,39 and the stable CNC suspension was achieved by 
Rånby in 1951.40 Since 1992, studying the structure, properties, extraction, 
modification, and application of CNC has gained significant academic and 
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industrial interest. Cellu Force has started the first production of CNC in 
Canada since 2012. Acid hydrolysis is the established method for extracting 
cellulose nanocrystals from microfibrillated cellulose.41,42 Acid hydrolysis 
using sulfuric acid introduces the sulfate group to the surface of prepared 
nanocellulose. The negative charges at the surface contribute to the stability 
of CNC suspension due to their repulsive force. Hydrochloric acid hydrolysis 
results in uncharged CNC, which leads to better dispersion in organic 
solvents.43 Espinosa et al. isolated thermally stable CNC by phosphoric acid 
hydrolysis.44, 45 Dicarboxylic acids such as maleic acid and oxalic acid were 
applied to prepare esterified crystallin nanocellulose; this process yielded a 
small fraction of the CNC produced by mineral acid processes.46, 47  
 
The crystallinity strongly depends on the source of cellulose and influences 
the dimension of liberated crystallin nanocellulose.48 The rod-like CNC has a 
5-20 nm diameter and 100-500 nm length. Acid hydrolysis is known for its 
decreased energy consumption during nanocellulose preparation; the 
breakage happens in ß-l,4-linked D-glucopyranose. The amorphous low-
density part is more accessible than the crystalline domain, and the 
amorphous region therefore breaks up during acid hydrolysis and releases 
the crystalline cellulose. 

1.3 Surface modification of nanocellulose 
Surface modification of nanocellulose alters the surface properties by 
introducing either a charge or functional groups at the surface. It is intended 
to improve the dispersion and distribution of nanocellulose in polar and non-
polar matrixes. Nanocellulose can be functionalized either during its 
production or through post-modification. Introducing a charge to the fiber by 
chemical modification decreases energy consumption during the 
defibrillation process of CNF isolation. The repulsive force of charged fibers 
makes the cohesion of the hydrogen bonds weaker. Each pretreatment drives 
CNF with different quality and morphology.49  
 
Numerous reports on TEMPO-mediated oxidation of cellulose have been 
published by Isogai and Saito.50, 51 They reported that the crystallinity of the 
starter cellulose is preserved during the TEMPO oxidation process. Recently, 
Sharma et al. reported a method for carboxylation of cellulose with nitric acid 
and sodium nitrate. However, this method decreased the crystallinity of 
cellulose to 69%, and the amounts of water, chemicals, and electrical energy 
used were reduced compared with the TEMPO oxidation method.52  
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Carboxymethylated cellulose (CMC) was first prepared in 1918 and 
commercialized in the early 1920s at IG Farbenindustrie AG in Germany.53 
Pulp pretreatment with carboxymethylation strongly influences the grinding 
passes number: the high content of carboxymethyl groups reduces the 
mechanical treatment steps.54, 55  Sulfoethylated cellulose nanofibril shows 
higher stability at different pH values than CMC. Using this method, the yield 
was increased and higher redispersion and stability were achieved under 
various conditions, but the crystallinity dropped to 41%. 56, 57 
 
Ghanad pour et al.58 recently reported phosphorylation, which is another way 
of introducing negative charges to cellulose fibers. Time curing is important; 
a divalent phosphate group and cross-linked cellulose molecules can be 
produced during the reaction process and inhibit defibrillation. There are a 
few publications about this method. Even if there is no information about 
energy consumption, it is an attractive alternative to TEMPO oxidation due to 
its easy implementation and use of non-toxic materials.49  
 
Introducing a positive charge at the surface through cationization improves 
the defibrillation process of cellulose. CNF with suitable mechanical 
properties was reported via this method.59 However, the protocol for 
cationization demands carcinogen, mutagen, and toxic chemicals, which 
makes it hard to industrialize this method. 
 
Cellulose oxidation with sodium periodate occurs at C2 and C3. Breaking the 
corresponding carbon-carbon bond in cellulose allows for ring-opening and 
further functionalizing cellulose at aldehyde groups. This method reduces 
crystallinity and produces more flexible fibers.60, 61 Surface modification of 
CNF during production is briefly described in Figure 1.4. 
 
The chemical modification of nanocellulose can be carried out via various 
methods including: 
 
• Surface modification by physical adsorption  
• Modification by polymer grafting 
• Modification by molecular grafting  

à Reaction with hydroxyl groups: esterification, silylation 
à Reaction with functionalized CNF  
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Figure 1.4 Surface modification of CNF during production. 

Non-polyelectrolytes (non-PEs) and polyelectrolytes (PEs) are adsorbed at the 
surface by physical adsorption. Non-PEs bind via Van der Waals forces and 
hydrogen bonds, while PEs bind to cellulose with electrostatic interactions. 
With respect to PEs, charge density and distribution along the polymer chain 
influence binding, since it is adsorbed through electrostatic interactions.3 Poly 
caprolactone block copolymer micelles were used to modify cellulose and 
CNC via physical adsorption and applied to a biocomposite structure. More 
compatibility was obtained when the modified polycaprolactone was 
employed in biocomposite design.4,6   

Polymer grafting is another way to introduce polymers into cellulosic 
substrate via covalent bonding. The cellulose poly styrene copolymer was 
obtained by controlled grafting of styrene onto filter paper.5 Several studies 
have been conducted on grafting polycaprolactone onto cellulose.62 In 2005, 
Hafren and Cordova described the direct esterification of cellulose fibers via 
ring-opening polymerization of caprolactone using organic acids as an 
organocatalyst.11 Poly(n-butyl methacrylate) was introduced on CNC either 
by covalent grafting or physisorption methods to study the influences of the 
attached method. The results showed that covalent-grafted CNC had a better 
impact on the thermal stability of a PCL-modified CNC composite compared 
with that of physically adsorbed CNC.6  
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1.3.1 Modification by molecular grafting  
Covalent bonding of cellulose-based material can occur on the hydroxyl 
groups at C2, C3, and C6, although it predominantly occurs at C6. Allyl- and 
thia-modified nanocellulose can undergo further functionalization via a thiol-
ene click chemistry reaction.63 Esterification and silylation are well-known 
reactions that take place on hydroxyl groups of nanocellulose. 

1.3.1.1 Esterification  
Over the past several decades, cellulose esterification has been studied 
extensively. Cellulose esters are classified into inorganic and organic esters. 
Cellulose nitrate, cellulose sulfate, and cellulose phosphate are examples of 
inorganic cellulose esters. Cellulose acetate, the first cellulose carboxylate 
ester, was described by French chemist Paul Schutzenberger in 1865. 
He discovered that cellulose reacts with acetic anhydride to form cellulose 
acetate. Aliphatic or aromatic carboxylic acids have been used extensively for 
the esterification of cellulosic substrate. Esterification of nanocellulose can be 
carried out either during the manufacturing process7 or by the post-
modification of nanocellulose. Esterification can be carried out with acid 
halides, acid anhydrides, carboxylic acids, and transesterification esters.8 
Acid-catalyzed esterification of cellulose with inorganic acid can undergo 
hydrolyzation and cause degradation of cellulose. With respect to acid halides, 
amine bases or pyridine are required to neutralize the HCl or HBr produced 
during the process. Sometimes, pyridine is used either to activate carboxylic 
acid or as a solvent. 
 
Mild conditions and environmentally friendly processes are more favorable 
as they can avoid toxic chemicals and side reactions. A variety of techniques 
are used to fulfil the principles of green chemistry. Alkenyl succinic 
anhydride (ASA) aqueous emulsion was mixed with cellulose whisker 
suspension to make a film, and the freeze-dried film was heated to perform 
acylation on nanocellulose. Although the DS was 0.02, nanocellulose was 
dispersible in low-polar solvents such as DMSO and had sufficient 
dispersibility in polystyrene.64 Acetylation of CNC with vinyl acetate and 
vinyl cinnamate in the presence of potassium carbonate was carried out to 
modify surface wettability and increase dispersibility in low-polar solvents.65 
Espino-perez et al.66 applied non-toxic carboxylic acid (phenylacetic acid and 
hydrocinnamic acid) to esterify water-suspension CNC. The method was 
named Sol React since the grafted molecules were used as a solvent during 
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the reaction. Performing the reaction at a temperature higher than the 
carboxylic acid melting point and the boiling point of water was the key 
aspect of this study. Ramírez et al.67 performed the esterification of bacterial 
nanocellulose with acetic anhydride in the presence of citric acid as an 
organocatalyst. They elucidated that the amount of catalyst, reaction time, 
and temperature affected the degree of substitution (DS), and increasing the 
reaction time without citric acid did not help to improve the DS. 
 

 
Figure 1.5 Esterification of nanocellulose with carboxylic acid.  

 
Introducing thiol groups to the cellulose-based materials provides an 
opportunity for more industrial uses. The thia-modified cellulose can also act 
as an intermediate for further functionalization via thiol-ene click chemistry. 
Esterification of cellulose paper by thioglycolic acid in the presence of p-
toluene sulfonic acid was carried out by Felpin et al.68, and the thia-modified 
paper was used for the detection of copper in water.  Thiol groups were 
grafted onto cellulose nanocrystal via esterification using sulfuric acid as a 
catalyst, and the thia-modified CNC was employed as a reinforcing and cross-
linking agent in a natural rubber matrix to form bionanocomposite.69       

1.3.1.2 Silylation  
Silane derivatives are known as protecting groups of alcohols, and the silyl 
ether bond is more stable than the ester bond in alkaline conditions. Silylation 
of polysaccharides has been known for more than 50 years,70 and scientists 
have discovered silylation as a versatile method for modification of 
nanocellulose. Grafting silane groups on nanocellulose allows us to further 
functionalize and design the surface.36, 71  
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Silylation of cellulose with hexamethyldisilazane (HMDS) in liquid ammonia 
at an elevated temperature was carried out by Werner et al., and they 
explained the relationship between the solubility of modified cellulose in THF 
and the degree of substitution.9 3-Aminopropyltriethoxysilane (APS) has been 
studied as a coupling agent for the modification of cellulose-based materials. 
In a study carried out by Robles et al.72, APS-modified nanocellulose was used 
as a reinforcement agent in combination with polylactic acid. The prepared 
nanocomposite had excellent mechanical properties, which was explained by 
the better distribution of modified nanocellulose in the matrix.72,73 The 
modification by APS brings amino groups to the surface that could bind 
heavy metals. Hokkanen et al. have investigated the adsorption of Cd(II), 
Cu(II), Ni(II), and hydrogen sulfide from aqueous solutions using APS-
modified MFC.74,75 Amine-modified nanocellulose allows for the preparation 
of complexes with metal catalysts to prepare heterogeneous and recyclable 
catalysts for chemical reactions.76   
 
Acid or base-catalyzed surface modification with chlorosilanes is broadly 
studied. Chlorosilanes and imidazole were used for silylation of cellulose 
whisker to prepare non-flocculating and stable suspensions in low-polar 
solvents such as THF and toluene.10 Partial silylation of MFC was carried out 
with chlorosilanes and imidazole to prepare hydrophobic MFC as a stabilizer 
for water-in-oil emulsions. The degree of silane substitution and 
concentration influenced this property.77,78 Chlorosilanes can react in the gas-
solid phase, which is an advantage of using these chemicals in the process.79 
Grafting a silane group through chlorosilanes releases hydrogen chloride that 
allows the degradation of cellulose fiber. Applying these silanes requires toxic 
chemicals such as imidazole or pyridine to neutralize the HCl produced. 
 
Triggered by environmental concerns, researchers are looking for sustainable 
techniques for silylation of nanocellulose.80,36 Dissolved aminosilanes in 
deionized water were grafted onto CNF and thermally treated to produce an 
antimicrobial nanofiber. The antimicrobial study showed that the higher 
number of amino groups on silane performed better with respect to their 
antimicrobial activity.81 Silane derivatives are extensively studied for use in 
reducing the surface wettability of cellulose and nanocellulose; this will be 
discussed in the coming section on hydrophobic surfaces. 
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Figure 1.6 Silylation of cellulose-based material. 
 

1.3.1.3 Thiol-ene click reaction 
The organic reaction between a thiol and an alkane to form thioether is known 
as a thiol-ene click reaction. It was first reported in 1905 but became prominent 
in 1990-2000 due to its feasibility and wide range of applications. This reaction 
occurs through a free-radical addition mechanism, which can be activated 
thermally or photochemically. It can also be performed without solvents, 
allowing for green and efficient reaction conditions. Figure 1.7 shows the 
mechanism of this reaction via the addition of a thiol group following anti-
Markovnikov, forming the stable radical intermediate.  
 

 
 

Figure 1.7 The radical-mediated thiol-ene click reaction mechanism.82 
 
Surface designing via thiol-ene click reactions has been widely studied in 
material science. Functionalization of cellulose with polycaprolactone 
through a photochemical reaction has been reported.63 The reaction between 
thia-modified CNC and natural rubber was performed under UV irradiation 
to form a nanocomposite. The result confirmed that the designed 
nanocomposite benefited from improved mechanical properties as a result of 
the thiol groups.69 An amine-modified CNC created via esterification and a 
thiol-ene click reaction were applied to prepare fluorescent CNC for pH-
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sensing purposes.83  Vinylsilane-functionalized CNF under UV irradiation 
with perfluoroalkyl thiols resulted in superhydrophobic CNF.84  

1.4 Hydrophobic and superhydrophobic nanocellulose 
Surface wettability is an important issue that has been studied for over 200 
years. Nanocellulose has many beneficial and unique properties that can be 
employed in a huge range of industrial and biomedical applications. It is 
highly sensitive to moisture due to the abundance of hydroxyl groups and 
cannot be used in a damp environment. Herein, hydrophobic nanocellulose is 
required to fulfil the requirements for the considered use case. Surface 
modification via polymer grafting, physical adsorption, and molecular 
grafting improves the hydrophobicity of nanocellulose. Modification 
efficiently eases nanocellulose dispersion in less polar solvents such as THF 
or toluene. It also improves nanocellulose compatibility with non-polar 
matrixes during polymer nanocomposite processing.  
 
Many examples of superhydrophobic surfaces, such as butterfly wings, water 
strider feet, and plant leaves, are found in nature.85 This phenomenon is 
explained by both surface chemistry and surface morphology. 
Superhydrophobic surfaces are highly influential in the industrial sector due 
to their water-repellent, self-cleaning, friction-reducing, and antifouling 
properties.86  The  combination of surface chemistry and morphology help us 
to achieve superhydrophobic surface. 
 
Fluorocarbons, silicones, and silicon-containing polymers have been used 
extensively to lower the surface energy of cellulose-based materials. The 
surface was modified using grafting, physical adsorption, and chemical vapor 
deposition techniques.87- 90 Recently, Huang et al. reported the use of betulin 
as a biomaterial to cover cellulosic fiber, which provided a good water 
repellent surface for textiles.91, 92  
 
Many techniques have been used to create a rough surface to obtain 
superhydrophobic materials. Geissler et al. prepared a nano- or 
microstructure cellulose stearoyl ester using the precipitation technique in 
organic solvents. These nano or micro particles were applied to the surface by 
spin coating, spray coating, and solvent casting. This method resulted in a 
superhydrophobic surface with a 158° water contact angle.93 Cotton fiber was 
treated with a complex of TiO2, heptadecafluoro nonanoic acid, and silica 
nanoparticles to enhance the surface roughness. This modified fiber achieved 
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a superhydrophobic property with a contact angle of over 150°; the result 
revealed that nanoparticles contribute to surface roughness.94 
Dodecyltrimethoxysilane (DTMSO) and (2,3-epoxyproxy) propyl 
trimethoxysilane were applied for CNC modification in two steps: first the 
epoxy was grafted via ring-opening, then DTMSO was grafted onto the CNC 
using epoxy as a linker.95 Recently, Zheng and Fu performed nanocellulose 
modification of methyltrimethoxysilane using chemical vapor deposition, 
and then mixed this with polydimethylsiloxane to create a superhydrophobic 
material for coating filter paper. The length of the nanofibers influenced the 
hydrophobicity of the coated material, which is explained by the increased 
roughness of the surface, and the shorter fibers created greater roughness and 
therefore a better water-resistant property.96 Halloysite nanotube-zinc oxide 
was added to CNF suspension to create the rough surface of CNF film during 
the filtration process. The film was modified by (1H,1H, 2H, 2H- 
heptadecylfluorodecyl) trichlorosilane, resulting in a superhydrophobic 
surface.97  
     

1.4.1 Contact angle  
Where a liquid-vapor interface meets a solid surface, the measured angle 
through the liquid is described as the contact angle. It is a quantitative 
measure of the wettability of a solid surface by a liquid. More than 200 years 
ago, the English physician Thomas Young described the force acting on a 
liquid droplet spreading on a surface, which is called contact angle (𝜃) of the 
drop. It is related to the inter-facial energies acting between the liquid-solid 
( Υ!"), solid-vapor ( Υ"# ), and liquid-vapor ( Υ!#) interfaces. (Eq. 1).86  
 

																			(𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛	1)																cos( 𝜃) =
Υ"# − Υ!"
Υ!#

 

 
This equation is only valid for surfaces that are atomically smooth, chemically 
homogeneous, and do not change their characteristics due to interactions of 
the probing liquid with the substratum, or any other outside force. 

 
 

Figure 1.8 Contact angle definition according to the Young equation. 
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A solid surface with a water contact angle less than 90° is 
considered hydrophilic and a contact angle greater than 90° hydrophobic. A 
surface is defined as superhydrophobic if the contact angle is greater than 150° 
and superhydrophilic if it is less than 5°. 
 

1.4.2 Wenzel and Cassie-Baxter states 
There is a phenomenon in nature known as the “lotus effect”, which allows 
hydrophobic surfaces to become superhydrophobic. If a surface is decorated 
with micro- or nano-corrugations, it will result in a liquid droplet with a high 
contact angle. This phenomenon derives its name from the characteristics and 
morphology of lotus leaves.98 Wenzel and Cassie-Baxter´s theories explain the 
connection between a surface and wettability based on the surface roughness. 
The Wenzel model considers a rough surface characterized by chemical 
homogeneity, while the Cassie-Baxter model considers a surface 
characterized by chemical heterogeneity.85  
 
 

 
 

Figure 1.9 Surface roughness according to the Wenzel and Cassie-Baxter models. 
 
In the Wenzel model, the surface is wetted homogeneously, and the drop is 
in contact with the surface. In this model, 𝜃∗ is the measured contact angle, 
𝜃 is the Young contact angle, and r is defined as the ratio of the actual area to 
the projected area of the surface (Eq. 2). Since r is larger than the unit, 
roughness increases the hydrophilicity of the hydrophilic surface and 
hydrophobicity of the hydrophobic surface. 
 
																	(𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛	2)																							cos(𝜃∗) = 𝑟. cos(𝜃) 
 
If the surface is wetted heterogeneously, the droplet is in a Cassie-Baxter state: 
water cannot penetrate the surface and air is present between the fluid and 
solid surface due to the cavity on the surface. It follows the Cassie-Baxter 
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model, for which the contact angle is defined according to Equation 3.85 In this 
equation, a is the contact area with liquid and b is the contact area with the air. 
 

(𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛	3)							cos(𝜃∗) = 𝑓 cos 𝜃 + (1 − 𝑓) cos 180° = 𝑓 cos 𝜃 + 𝑓 − 1 
 

𝑓 =
∑𝑎

∑(𝑎 + 𝑏) 

                          
The contact angles calculated from the Wenzel and Cassie-Baxter equations 
have been found to be reasonable approximations of the most stable contact 
angles with real surfaces. 

1.5 Organocatalysts 
Organocatalysts are small metal-free organic molecules that exhibit catalytic 
activity in chemical reactions and consist of carbon, hydrogen, nitrogen, and 
the other elements found in organic molecules. The first organocatalytic 
reaction was performed in 1859 by Liebig, who prepared oxamide from 
cyanogen and water in the presence of acetaldehyde, and, as a result, 
acetaldehyde was the first pure organocatalyst to be discovered.99 Amino 
acids, peptides, secondary amines, and thioureas are examples of 
organocatalysts that are used extensively in chemical reactions.100- 102  
 
The catalytic activity of tartaric acid, citric acid, and lactic acid was first 
reported in 2004 by Casas et al., who applied these organic acids to the ring-
opening of caprolactones.103 In 2005, these green molecules were used for 
direct polymerization of cellulose fibers.11 Recently, these natural chemicals 
have been used extensively in the functionalization of cellulose-based 
materials.36, 67, 104       

1.6 Application of modified nanocellulose 
For 150 years, cellulose has been used as a raw material in paper and 
cardboard products, house construction and furniture (i.e., wood), and in the 
textile industry. The unique properties of highly ordered nanocellulose, such 
as its high strength, excellent stiffness, high aspect ratio, and large surface area, 
make it highly desirable for use in several novel applications. Nanocellulose 
can be used in many fields in our lives, such as nanocomposites, biomedical 
products, wood adhesives, batteries, catalytic supports, food packaging, 
barriers, separation membranes, antimicrobial films, paper products, 
cosmetics, and many more emerging uses.105, 106  
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CNF and CNC are mechanically robust and have a high Young´s modulus 
and large surface area, which allow them to be used as reinforcing agents. 
They are used extensively in nanocomposite structures; adding a small 
portion of nanocellulose provides significant improvements in mechanical 
strength to nanocomposites.107, 108 
 
The large surface area, crystalline structure, and tunable surface chemistry of 
nanocellulose can be used to enhance gas barrier properties.109 Monica Ek et 
al. showed that the nanocellulose derived from oxalic acid-treated cellulose 
had a good oxygen barrier property in 50% relative humidity.110 Several 
studies show that oxygen permeability is decreased by adding a small 
percentage of clay to nanocellulose-based composites.111,112 The barrier 
property is required in packaging materials to protect food from 
environmental conditions. 
 
Hydrophobic nanocellulose is highly desirable for many industrial uses. It can 
be used for coating marine equipment to protect it from marine organisms 
and corrosion. Hydrophobic nanocellulose is also required to carry 
hydrophobic drugs in delivery systems.113 Partial water resistance is required 
for writing, printing, and food packaging materials.85 Hydrophobic 
nanocellulose is suitable for purification and oil-water separation systems.89, 
114     

1.7 Polyelectrolytes 
Multilayer assemblies have been studied with a variety of cellulose and 
polymers via ionic and non-ionic interactions. Decher first described the 
layer-by-layer (LbL) concept in 1997 with respect to the LbL assembly of 
colloids.115 In this technique, oppositely charged compounds interact 
electrostatically. Wågberg et al., who first manufactured carboxymethylated 
CNF, introduced this CNF to polyelectrolyte with oppositely charged 
polyelectrolyte to create a new material for industrial uses via the LbL 
technique.34  
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Figure 1.10 Schematic of polyelectrolyte deposition on a substrate.115 
 
 

Cationic starch is a commercially important additive that has been introduced 
to paper and paperboard fibers to improve their strength properties. The 
amount of available charge on the fiber and the charge density are the 
parameters that increase catanionic starch adsorption,116 which is why 
polyelectrolyte multilayer treatment (PEM) was popularized as a new and 
interesting technique to enhance the mechanical strength of lignocellulose-
based materials. Cationic starch and CMC are well-known polyelectrolytes in 
papermaking. These polyelectrolytes have been applied using the LbL 
method to improve the strength properties of CTMP, chemical pulp, and kraft 
pulp.117, 118 
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Chapters 2-5 focus on our aim and findings. Details of the experiments are 
presented in Papers I-IV and the appendixes. 
 

2 Hydrophobic MTM/CNF Nanocomposite (Paper I) 
There is significant academic and industrial interest in putting into practice 
scientific research on natural composite design from organic and inorganic 
materials The goal is to design a light and tough composite with a high 
mechanical strength.119 In this context, scientific research into a 
nanocomposite inspired by nacre, which has exceptional stability and 
excellent mechanical strength, has gained much interest. Nacre has a unique 
brick-and-mortar structure of well-aligned inorganic plates that are glued 
together by an organic matrix (chitin and proteins).120 Clay is one of the 
inorganic materials that has been studied extensively for use in a nacre-
inspired nanocomposite; the addition of clay to the polymers improves the 
mechanical, barrier, and thermal properties of nanocomposites.121,  122  
 
CNF is a sustainable alternative to fossil-based polymers for producing a 
nacre-mimetic biocomposite. Lars Berglund and his co-workers reported 
several novel materials based on cellulose nanofibers (for e.g., foams, aerogels, 
and nano paper). The brick-and-mortar structure of CNF and MTM, has been 
described as a well-organized nanocomposite structure to achieve an efficient 
reinforcement effect. The high dispersibility of nanocellulose due to the 
surface charge and electrostatic repulsion results in effective improvements 
in the mechanical strength of nanocomposites.123- 125 
 
Moisture and water sensitivity is an issue for CNF/clay biocomposites due to 
the abundance of hydroxyl groups on CNF. Therefore, it remains difficult to 
use CNF/clay for practical applications. As a result of the discussion above, 
we chose MTM/CNF as a nacre-mimetic biocomposite to improve the 
wettability, via eco-friendly surface modification. 
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2.1 Results and discussion  
 
2.1.1 Preparing a hydrophobic MTM/CNF nanocomposite 
At the beginning of this study, we aimed to prepare a hydrophobic MTM/CNF 
nanocomposite through click chemistry. We started by separately modifying 
MTM and CNF using allyltrimethoxysilane and (3-mercaptopropyl) 
trimethoxysilane, and through a successful catalytical reaction prepared TPSi-
CNF and AllylSi-MTM. Trying to prepare a hydrophobic, transparent 
nanocomposite with these modified materials in an organic solvent (e.g., 
ethanol) with a filtration system failed. Instead, a white paper was formed due 
to the agglomeration. Consequently, we decided to do post-modification of 
MTM/CNF nanocomposite film. 
 
The enzymatically derived CNFs (6.5 nm in diameter and about 1µm in 
length) and MTM (Na+ Cloisite, BYK additives) were used to prepare an 
MTM/CNF nanocomposite via a microfiltration membrane system as 
previously reported by Medina et al.122 The MTM plates have an average 
thickness of 1 nm and average lateral dimension that varies between a few 
and many tens of nm.126 Each plate contains a layer of aluminum or 
magnesium hydroxide octahedra sandwiched between two layers of silicon 
oxide tetrahedra (Figure 2.1). 

   
 

Figure 2.1 Preparation of MTM/CNF nanocomposite (left) and MTM structure (right). 
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The resulting film (an 80:20 wt.% composition of CNF and MTM) was strong, 
transparent, and flexible, with MTM “bricks” dispersed in a CNF “mortar” 
inspired by nacre.  
 
Our previous study demonstrated a successful organocatalytic silylation of 
freeze-dried nanocellulose.127 Therefore, initial catalyst screening of the 
MTM/CNF nanocomposite was performed with hexadecyltrimethoxysilane 
(C16Si) and (3-thiapropyl) trimethoxysilane (TPSi). 
 

Table 2.1 Catalyst screening of MTM/CNF modification. a  

 
a An MTM/CNF film (1 equiv. based on anhydrous glucose unite Mw), silane derivatives (3 equiv.), 
the catalyst (5 mol%), dry toluene.b Recorded contact angle after 5 minutes. 
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The MTM/CNF nanocomposite film was placed in an oven-dried reaction 
vessel containing the organocatalyst, silane derivative, and dry toluene. After 
performing the reaction for 48 hours at 95°C, the temperature was decreased 
to room temperature and the modified nanocomposite washed with acetone 
and dried under a vacuum. 
 
The results of the catalyst screening, shown in Table 2.1, indicate that the 
highest contact angle of the corresponding modified MTM/CNF was achieved 
in the presence of catalytical amounts of organic acids such as tartaric acid or 
citric acid. The mild and straightforward organocatalytic modification of 
MTM/CNF nanocomposite film with a variety of functional silanes using L-
tartaric acid is presented in Table 2.2. For example, using organosilanes with 
Ph, alkyl, allyl, and mercaptopropyl functionalities resulted in a hydrophobic 
MTM/CNF nanocomposite. (3-aminopropyl) trimethoxy silane-modified 
MTM/CNF film had a higher contact angle than unmodified nanocomposite, 
but it cannot be considered a hydrophobic surface as the water contact angle 
is 86°.  
 

Table 2.2 MTM/CNF modification with a variety of functional silanes. 
 

 
a Reported contact angle after 5 minutes. b Citric acid as catalyst. c Reaction time is 24 hours. d 

Reaction time is 6 hours. 
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It should be noted that the reaction with (3-aminopropyl) trimethoxysilane 
was only performed for six hours since unwanted white crystals formed on 
the MTM/CNF nanocomposite film over the long reaction time. The catalytic 
reaction with (1H,1H,2H,2H-heptadecaflurodecyl) trimethoxysilane achieved 
a high contact angle much faster than the other silanes. However, it is 
noteworthy that the TPSi-MTM/CNF (Table 4.2, entry 8) had the same contact 
angle as (1H,1H,2H,2H-heptadecaflurodecyl) Si-modified MTM/CNF film. 
Thus, this method provides an opportunity to prepare a hydrophobic surface 
without using an environmentally harmful perfluorocarbon-functional group. 
  
It should be noted that the thia- and allyl-functional groups are important in 
further functionalization via thiol–ene click chemistry. The silane-modified 
MTM/CNF film exhibited the same type of transparency and flexibility as the 
unmodified nanocomposite (Figure 2.2).  
 

 

Figure 2.2 (a) MTM/CNF film (top) and TPSi-MTM/CNF film (bottom), (b) MTM/CNF film (left) and 
TPSi-MTM/CNF film (right). 

2.1.2 Contact angle measurement 
The contact angle between the drop of water (4µL) and the MTM/CNF 
nanocomposite film at various time intervals following drop deposition was 
determined using image analysis techniques on the images captured at each 
specified time. The water contact angle was measured over 300 seconds to 
show the stability of the drop on the surface. The measurement reported for 
each contact angle was taken after 5 minutes. Figure 2.3 shows the contact 
angles of modified MTM/CNF with different functional groups.  
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Figure 2.3 A: Water contact angle pictures of (a) MTM/CNF, (b) C16Si-MTM/CNF, (c) AllylSi 
MTM-CNF, (d) TPSi-MTM/CNF, (e) (1H,1H,2H,2H-heptadecaflurodecyl) Si-MTM/CNF, (f) TPSi-
MTM/CNF modified without the catalyst. B: WCA of TPSi-MTM/CNF within 300s. 
 

2.1.3 Structure and characterization of the MTM/CNF nanocomposite 
Contact angle measurements, FT-IR analysis, elemental analysis, and 
elemental mapping confirmed the successful modification of the MTM/CNF 
film. Elemental mapping of the MTM/CNF nanocomposites reveals a 
homogeneous distribution of carbon (CNF) and silicon (MTM; Figure 3.4 a, b) 
used as references. It also shows the fluorine (Figure 2.4 c) and sulfur (Figure 
2.4 d) distribution, with the highest concentration being on the surface of the 
corresponding (1H,1H,2H,2H-heptadecaflurodecyl) Si-MTM/CNF and TPSi-
MTM/CNF films, respectively. The cross-sections of the fractured surfaces of 
the unmodified MTM/CNF and modified MTM/CNF nanocomposite films 
obtained by field-emission scanning electron microscopy (FESEM) and 
micrographs are shown in Figure 2.4 e. Cross-section images of both the 
unmodified MTM/CNF and C16Si-MTM/CNF nanocomposites show that the 
lamellar microstructure was preserved after modification. 

 

 

 Figure 2.4 Elemental mapping (a−d): (a) Homogeneous distribution of carbon (CNF), (b) Silicon 
(MTM), (c) Fluorine at the surface of (1H,1H,2H,2H-heptadecaflurodecyl) Si-MTM/CNF, (d) Sulfur 
at the surface of TPSi-MTM/CNF. (e) Resulting cross-section of the MTM/CNF nanocomposite 
before and after modification with C16Si. 
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The modified nanocomposite was further analyzed by FTIR spectroscopy, 
shown in Figure 2.5. We observed a similar frequency of vibrational bonds for 
MTM/CNF and TPSi-MTM/CNF dominated by strong hydrogen bonding 
only in nanocellulose at 3326 cm-1, whereas the MTM/CNF interface is not 
expected to be identifiable in the spectrum. The bond at 2564cm-1 confirmed 
that (3-mercaptopropyl) trimethoxysilane had been attached to the 
nanocomposite film (Figure 2.5 A). The bond at 1237cm-1 related to the 
vibration of C-F bonds confirmed the attachment of (1H,1H,2H,2H-
heptadecaflurodecyl) trimethoxysilane to the nanocomposite film (Figure 2.5 
B).  

 

Figure 2.5 FTIR spectrum of the MTM/CNF nanocomposite. A: (a) MTM/CNF, (b) TPSi-MTM/ 
CNF, (c) (3-thiopropyl) trimethoxysilane (TPSi). B: (a) MTM/CNF, (b) (1H,1H,2H,2H- heptadeca 
flurodecyl) Si-MTM/CNF. 

Elemental analysis of TPSi-MTM/CNF shows the sulfur content 0.61wt.% 
(0.019 mmol S) which is a ratio of 0.042 to the amount of glucose anhydride 
units (0.45 mmol) present in the sample.  
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Atomic force microscopy (AFM) was used to analyze the surface of the 
unmodified and modified MTM/CNF nanocomposites. The AFM images 
revealed that the roughness of the nanocomposite increased from the nm scale 
to the µm scale, which we propose is due to the catalytic silylation (Figure 2.6 
(a) and (b)). However, modifying MTM/CNF nanocomposite film with a 
smoother surface resulted in less hydrophobicity and a lower contact angle 
compared with the rough surface (Figure 2.6 (c) and (d)). This is in accordance 
with the Wenzel and Cassie-Baxter theory, which explains the importance of 
surface roughness to the design of hydrophobic surfaces with a high contact 
angle.  

	

Figure 2.6 AFM images of nanocomposites, projected area: 2500 μm
2
: (a) MTM/CNF 

nanocomposite, RMS roughness (sq): 296 nm, surface area: 3187 μm
2
, (b) TPSi-MTM/CNF, sq: 

1.028 μm, surface area: 4039μm
2
, (c): MTM/CNF nanocomposite, sq: 133 nm, surface area: 2535 

µm2, (d), sq: 159 nm, surface area: 2614 µm2.  

The mechanical performance of the nanocomposites was studied at 50% 
relative humidity (RH); the data are shown in Table 2.3 and the stress-strain 
curve is depicted in Figure 2.7. Comparing the data for MTM/CNF (tensile 
strength = 267 ± 18Mpa, E-modulus = 24.8 ± 2.5 GPa, strain at break = 2.7 ± 
0.7%, entry 3) and C16Si-MTM/CNF (tensile strength = 247 ± 13 Mpa, E-
modulus = 25.2 ± 1.2 GPa, strain at break = 2.1 ± 0.3%, entry 4) reveals that the 
strength of the MTM/CNF film is preserved during catalytic surface 
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modification. In comparison, the tensile strength of the pure CNF film is 277 
± 15MPa (E-modulus = 17.2 ± 0.9 GPa, strain at break = 5.9 ± 0.6%, entry 1) and 
for pure MTM it is too brittle to measure (entry 2).  

Table 2.3 Mechanical data of Various Films at 50%RH 
 

 
 
 

 
Figure 2.7 Stress-strain curve for MTM/CNF and C16Si-MTM/CNF. 

This result is important and justifies the strategy of post-modifying the 
formation of the MTM/CNF nanocomposite, since the approach of using 
hydrophobic CNF-nanoparticles to create films in water failed due to 
dispersion difficulties. The MTM/CNF core contributes to the mechanical 
strength of the films, and the surface modification is only a small percentage 
of the functional groups on the film surface.  

 
 
 
 
 

 
 

Entry Sample E-modulus
    (GPa)

Tensile strength
        (MPa)

Strain at 
break (%)

1

2

3

4

CNF film

MTM film

MTM/CNF film

C16Si-MTM/CNF film

17.2 ± 0.9
-

24.8 ± 2.5

25.2 ± 1.2

277 ± 15

267 ± 18

247 ± 13

5.9 ± 0.6

2.7 ± 0.7

2.1 ± 0.3

- -
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3 Superhydrophobic CNC Film (Paper II) 

Superhydrophobic surfaces have become a popular topic of research recently. 
The antibacterial, water repellent, self-cleaning, and antifouling properties of 
these surfaces make them highly relevant in the industrial sector. The use of 
CNC as a green and renewable polymer has been studied for a huge range of 
industrial and medical applications, but durability is an issue in damp 
environments. Well-designed hydrophobic CNC-based materials can be 
applied to many uses (e.g., filtration membrane, food packaging, coating, 
etc.).90, 89 Currently, fossil-based polymers are used in food packaging due to 
their exceptional gas and water barrier properties. Nanocellulose can decrease 
gas permeability due to its crystalline and high order structure. The dense 
nanocellulose structure decreases the diffusion of gases through the film.128 
Nanocellulose has a less effective water vapor barrier due to its hydrophilicity 
and swelling properties. It also loses the oxygen barrier property at high 
relative humidity.  
 
The lotus leaf is one example of a superhydrophobic surface found in nature 
and lends its name to the “lotus effect”, a phenomenon explained by the 
microstructure of convex papillae on its surface that are covered by wax at the 
nanoscale.85, 129 The combination of the roughness and chemistry of the surface 
gives it excellent self-cleaning and water-repellant properties. In this context, 
many techniques have been used to create a rough surface. Numerous studies 
are in progress to explore new and feasible methods for preparing 
superhydrophobic nanocellulose.  
 
Self-assembly of CNC suspension to form a chiral nematic phase has been 
studied extensively; Maren Roman and Derek Gray described the 
microstructure of such chiral nematic solid film based on drying condition 
and the thickness.130, 131 The formation and fusion of tactoids in suspension 132 
and their arrangement in CNC gel due to concentration sound interesting 
from a surface morphology point of view. Preparation of the solid film via 
evaporation-induced self-assembly (EISA) is a slower method than vacuum-
assisted self-assembly (VASA).133,134 The concentration process in EISA is 
disordered, while in VASA it is ordered due to the external force of the 
vacuum. In addition, the film prepared via EISA is brittle, while the film that 
results from VASA is flexible. We used vacuum filtration to prepare CNC film, 
which resulted in a rough surface at the microscale. Knowing about the 
organocatalytic reaction from our previous studies led us to pursue the 
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catalytic surface modification of prepared CNC film. We performed 
organocatalytic silylation by a variety of alkoxysilanes in the presence of 
tartaric acid and citric acid. Via this method, we prepared superhydrophobic 
CNC film with a lotus leaf-like structure. 

3.1 Results and discussion 
3.1.1 Preparing CNC film and modification 
The transparent water-suspension CNC (3% consistency), 2-20 nm in 
diameter and 20-500 nm in length, was used in this work. To prepare the CNC 
film, a homogenized and well-dispersed CNC suspension (0.05 wt.%) was 
passed through a filtration system (with fritted-glass filter support). The 
velocity of water depletion reduced when the CNC gel started to form on the 
top of the filtration membrane, which provided the CNCs with additional 
time to organize into a few scattered tactoids. During concentration, tactoids 
can grow and fuse, which affects their arrangement in the prepared gel. A wet 
layer of CNC was obtained after several hours and covered by another piece 
of paper to dry with the Rapid Köthen sheet former. This technique resulted 
in CNC film with different surface roughnesses: the top part of the filtration 
system had a roughness on the microscale and the bottom part on the 
nanoscale. We prepared CNC films 8 cm in diameter and 40-45 µm thick for 
this study (Figure 3.1).  
 
 

 
 

Figure 3.1 Filtration system for preparing CNC film. 
 
 

The arrangement of tactoids in a film 40 µm thick created the complex surface 
with a roughness higher than 1.2 µm. We performed the silylation in the 
presence of an organocatalyst to functionalize the surface with alkoxysilanes. 
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The resulting film exhibits a property similar to that of lotus leaves (Figure 
3.2).  
 

 
 

 
 

Figure 3.2 Combination of self-assembled CNCs and catalytic surface modification to prepare a 
lotus leaf-like superhydrophobic surface: (a) formation of tactoids in CNC suspension due to self-
assembly, (b) AFM image of CNC film with RMS roughness (sq): 1.226 µm, (c) C16Si-CNC, (d) 
lotus effect. L-tartaric acid and citric acid were used as organocatalysts.  
 

The initial catalyst screening for CNC film was performed with C16Si, TPSi, 
and allyltrimethoxysilane. A CNC film was placed in an oven-dried reaction 
vessel containing an organocatalyst, silane derivatives, and dry toluene. After 
performing the reaction for 48h at 95°C, the temperature was decreased to 
room temperature and the modified CNC washed with acetone. To avoid 
deforming the modified film, it was dried in a desiccator between two plates 
under the vacuum. We applied L-tartaric acid, citric acid, and acetic acid as 
organocatalysts in this study (Table 3.1).  
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Table 3.1 Catalyst screening of CNC film modification.a 

 

 
a CNC film (1 equiv. based on anhydrous glucose unite Mw), silane derivatives (3 equiv.), the 
catalyst (5 mol%), dry toluene. b Measured after 5 minutes. c Root mean square roughness of 
CNC film. 
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The results show that using a catalytical amount of organic acid such as 
tartaric acid or citric acid resulted in superhydrophobic surfaces with water 
contact angles over 150°. The small molecules attached in the presence of citric 
acid resulted in even higher WCA of 158° and >165° for TPSi and 
allyltrimethoxysilane respectively (entries 9 and 11). 
 
We continued modification with a variety of alkoxysilanes using L-tartaric 
acid, for which the results are shown in Table 3.2. For example, using 
organosilanes with alkyl, allyl, and mercaptopropyl functionalities resulted in 
hydrophobic and superhydrophobic smooth and rough surfaces respectively. 
Modification by phenyltrimethoxysilane did not provide a superhydrophobic 
surface even when it was rough.  
 

 
Table 3.2 CNC film modification with a variety of alkoxysilanes.a 

 

 
  a A CNC film (1 equiv. based on anhydrous glucose unite Mw), silane derivatives (3 equiv.), L-
tartaric acid (5 mol%), dry toluene.b Reported contact angle after 5 minutes.c Root mean square 
roughness of CNC film. 
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3.1.2 Characterization of the CNC film 
 

The successful modification of CNC film through the free-fluorine method 
was confirmed by measuring the water contact angle (WCA) and conducting 
elemental analysis. In addition, AFM and scanning electron microscopy 
(SEM) revealed an even distribution and uniform coverage of the surface by 
alkoxysilanes. All values reported here are measured contact angles after 5 
minutes. Figure 3.3 A shows contact angle of modified CNF film with 
different functional groups, and Figure 3.3 B shows the stability of the surface 
after 5 minutes. 
 

 
 
Figure 3.3 Water contact angle of CNC film with RMS roughness (sq): 1.226 µm. A: (a) CNC, (b) 
C16Si-CNC, (c) C18Si-CNC, (d) AllylSi-CNC, (e) TPSi-CNC, (f) PhenylSi-CNC, (g) C16Si-CNC, 
the reaction was performed without a catalyst. B: (a) CNC film, (b) TPSi-CNC. 

 
We produced large-area AFM images, as shown in Figure 3.4, to investigate 
the topography and roughness of the pristine and modified CNC surfaces.  
Roughness values of the surface area are reported based on the root mean 
square (RMS) of the AFM images. The results for unmodified CNC indicated 
a rough surface on the microscale (sq: 1.226 µm) that is created by the 
arrangement of tactoids during concentration, while the surface in contact 
with the filtration membrane has a surface roughness at a nanoscale (sq: 517 
nm). The images of the modified CNC showed uniform coverage of the 
surface. The modified rough surface with sq>1.2 µm exhibits a 
superhydrophobic surface, while the surface with RMS at a nanoscale exhibits 
just a hydrophobic surface.  
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Figure 3.4 AFM images of CNC film, projected area: 2500 µm2: (a) CNC film, RMS roughness 
(sq): 1.226 µm, surface area: 4519 µm2, (b) C18Si-CNC, sq: 1.235 µm, surface area: 4887µm2, 
(c) CNC film, (sq): 517 nm, surface area: 2934 µm2, (d) C18Si-CNC, sq: 375 nm, surface area: 
3586 µm2. 

 
The polarized microscopy (POM) and SEM images of unmodified CNC 
confirm the complex texture of the CNC film surface, which has roughness on 
the microscale (Figure 3.5 a). The images of SEM from the surface that is in 
contact with membrane reveals the disordered sedimentation of CNC that 
forms the first layers of gel (Figure 3.6 c). Reducing the velocity of water 
depletion when the first layers of gel are formed allows the suspension to form 
the tactoids that make up the complex and rough surface (Figure 3.5 a). The 
POM image of the CNC film surface at 40 times magnification shows the 
formation and fusion of tactoids during filtration and that the structure is 
preserved during drying (Figure 3.5 b). The SEM images in Figure 3.6 confirm 
the even distribution of chemicals on both the rough and smooth surfaces. 
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Figure 3.5 POM images of self-assembled CNC film. The interference contrasts technique with 
ICT 90 with red wave plate: (a) magnification: 20 and scale bar 25 µm, (b) magnification: 40, 
scale bar 10 µm.  
 

  
 
Figure 3.6 SEM images of CNC film, scale bar 10 µm: (a) CNC film, sq: 1.226 µm, (b) C18Si-
CNC, (c) CNC film, sq: 517 nm, (d) C18Si-CNC. 
 
High-water contact angles of alkyl, allyl, thia-modified CNC, and AFM results 
fit the Cassie-Baxter equation at the modified surface (Equation 1). 
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𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛	(1)							cos(𝜃∗) = 𝑓 cos 𝜃 + (1 − 𝑓) cos 180° = 𝑓 cos 𝜃 + 𝑓 − 1 

𝑓 =
∑𝑎

∑(𝑎 + 𝑏) 

 
According to this equation, a surface completely covered by air will have a 
contact angle of 180°, where f is the contact area of the liquid and surface.85 If 
Applying the calculation to the measured contact angle for C16Si-CNC with 
this equation, using Young’s contact angle (𝜃	= 106°) for the modified smooth 
surface and the measured contact angle from the modified rough surface (𝜃∗= 
155°), gives a value for the contact area with water (f = 0.13). This calculation 
shows that approximately 13% of the surface has contact with water and 87% 
of the surface is covered by air, which prevents the water from contacting the 
surface. These results confirm that the arrangement and fusion of tactoids 
creates a rough surface at a microscale. The combination of this surface and 
organocatalytic silylation creates a superhydrophobic lotus leaf-like CNC 
film. We prepared superhydrophobic CNC film via a free-florin method that 
is similarly effective to using fluoroalkanes. Some of these functional groups 
such as allyl and mercaptopropyl resulted in excellent superhydrophobic 
surfaces, which can also undergo further functionalization. The transparency 
of both the silane-modified and unmodified CNC films is presented in Figure 
3.7, which shows that the transparency of the CNC was preserved during the 
modification.  
 
 

 
Figure 3.7 (a) Hydrophobic C16Si-CNC, (b) transparency of CNC (left) and C16Si-CNC (right). 

 

To analyze the water-resistance of the modified sample, both the CNC pristine 
film and C16Si-CNC were soaked in distilled water as shown in Figure 3.7 (a). 
Submerging the C16Si-CNC in water is difficult as it floats due to the 
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hydrophobicity of CNC film. After being submerged in water for two hours, 
the pristine CNC film had completely disintegrated (Figure 3.8 c); there was 
no change in the appearance of the C16Si-CNC film. It was then kept in the 
water for an additional two weeks. The image in Figure 3.8 (b) shows the 
modified CNC after being submerged in the water for two weeks. The result 
reveals the high water-resistant property of the modified CNC film.  
 

 
 
Figure 3.8 Water resistance of CNC film: (a) CNC film (left) and C18Si-CNC film (right) soaked 
in distilled water, (b) water-resistance of C18Si-CNC after two weeks, (c) disintegration of CNC 
film after 2 hours. 
 
Elemental analysis of TPSi-CNC film shows a sulfur content of 0.87 wt.% 
(0.027 mmol S), which is a ratio of 0.05 to the amount of glucose anhydride 
units (0.55 mmol) present in the sample. 
 
The possibility for organic acids to be attached to CNC during the 
modification was investigated using FTIR spectroscopy. The spectra of C16Si-
CNC during modification by organocatalysts are presented in Figure 3.9.  
 

 
 
Figure 3.9 FT-IR of modified CNC using the different catalyst: (a) CNC, (b) C16Si-CNC, without 
catalyst, (c) C16Si-CNC, L-tartaric acid, (d) C16Si-CNC, acetic acid, (e) C16Si-CNC, citric acid. 
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The ester carbonyl bond in 1725 cm-1 is related to the attachment of citric acid 
to the CNC when the reaction was performed in the presence of citric acid as 
an organocatalyst. A comparison of the spectra showed that tartaric and acetic 
acids did not attach during modification, or they attached in such small 
quantities that they could not be detected by FTIR. It should also be noted that 
we made the same observation during the modification of MTM/CNF. 
 
Food packaging materials are required to protect their contents from direct 
contact with microbes, oxygen, and moisture. Biomaterials do not have barrier 
properties equal to petroleum-based materials. The crystalline and high order 
structure of nanocellulose decreases oxygen permeability through film. 
Nanocellulose has a less effective water vapor barrier property due to its 
hydrophilicity and swelling properties. It also loses its oxygen barrier 
property at high relative humidity. The hydrophobic nanocellulose could 
offer an improved barrier property even in high relative humidity. We 
studied the barrier property of modified CNC film by measuring the oxygen 
gas transmission rate (OTR). The OTR values for CNC film and C18Si-CNC 
samples at 50% relative humidity (RH) and 100% O2 condition were 2.485 and 
0.291 cc m-2 day-1 respectively (entries 1 and 2). The OTR Values for CNC film 
and C16Si-CNC samples at 50% RH and 21% O2 condition were 1.35 and 0.35 
cc m-2 day-1 respectively (entries 5 and 6). At 90% RH and 38°C, the oxygen 
permeability also dropped from 153.3 to 62.2 cc m-2 day-1 (entries 3 and 4). OTR 
results show that modified CNC has an improved oxygen barrier property, 
and long-chain modification improved the OTR value. 
 

Table 3.3 Oxygen permeability of CNC films. 
 

 
a Relative humidity. b Oxygen transfer rate of CNC films measured at 100% O2. 
 The thicknesses of the films were ∼40 μm. c OTR measured at 21% O2. 

 

Sample Temprature(oc) RHa (%)

CNC 23 50 2.485
C18Si-CNC 23 50 0.291

CNC 38
38

90
90

153.3
62.2

    OTRb

(cc/ m2/ day)

C18Si-CNC
CNC 23 50 1.35c

23 50 0.35cC16Si-CNC

Entry

1
2
3
4
5
6



 
 

 39 

4 Catalytic Esterification of CNC with Thioglycolic 
Acid (Paper III) 

 
Introducing thiol groups onto nanocellulose provides an opportunity for 
a diversity of applications and functionalization. They can be used in 
metal removal, as catalyst support, as a solid reducing agent for chemical 
reactions, and as a cross-linking agent in nanocomposites.69, 135, 136 Thia-
modified CNC can also act as an intermediate for further 
functionalization via thiol-ene click reactions.137, 63  
 
Silylation of nanocellulose with thia-silanes or esterification with thia-
carboxylic acids results in thia-modified nanocellulose. Esterification is 
preferred when the cost of thia-silane matters. Moreover, cross-linking 
and self-condensation occur with alkoxysilane reagents in aqueous 
media. Due to these advantages, we chose esterification with thioglycolic 
acid as the method for introducing the thiol group onto CNC.  
 
Recently, direct esterification of cellulose-based materials with 
thioglycolic acid in the presence of inorganic acid and in harsh 
conditions has been reported.69, 136 We performed the catalytic direct 
esterification of CNC with thioglycolic acid in mild conditions. Despite 
the many advantages and application of CNC foams, the dried CNCs are 
irreversibly agglomerate and not easily dispersed. Thus, it would be 
beneficial and advantageous to perform the reaction with water-
suspension CNC, as it can be redispersed and handled for many uses. 
We performed direct esterification of CNC with thioglycolic acid either 
in suspension or on heterogeneous surfaces such as films and foams. We 
applied the CNC-SH as a reducing agent for Cu(II) to Cu(I) to catalyze 
the alkyne-azide cycloaddition reaction. Fluorescent CNC was also 
obtained via a thiol-ene click reaction between CNC-SH and quinidine 
or TAMRA. 
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4.1 Results and discussion 
 
4.1.1 Direct esterification of CNC with thioglycolic acid 
The CNC used in this experiment was the same as that used in Chapter 4. 
Direct esterification of CNC with thioglycolic acid was studied both in 
suspension and on heterogeneous surfaces such as films and foams (Table 
5.1). The suspension CNC was dispersed in acetonitrile using an ULTRA 
TURRAX mixer at 6000 rpm for 20 minutes; the organic solvent and water 
ratio was 10:1. The freeze-dried CNC and CNC film were used directly in the 
reaction without further pretreatment. The organocatalyst and thioglycolic 
acid were added to a reaction vessel flushed with CNC and solvent. The 
reaction mixture was stirred and refluxed in a nitrogen atmosphere for 24 
hours. The thia-modified CNC was washed with acetone using Soxhlet 
extraction to remove unreacted and physically adsorbed thioglycolic acid. 
 
For Freeze-dried CNC, the reaction was carried out in toluene; the catalytic 
amount of L-tartaric acid (5 mol%) improved the DS from 0.08 to 0.22. In the 
case of water-suspension CNC, the reaction did not work properly in the 
toluene due to the CNC aggregation. The esterification was also performed 
using tertiary alcohol such as 3-methyl-3-pentanol as a solvent; the absence of 
ester bonds in the FT-IR spectrum and the DS value showed that this solvent 
did not work either.  
 
The miscibility of acetonitrile in water allowed us to use it as a solvent for the 
water-suspension CNC esterification. The results revealed that performing 
the reaction in the presence of organocatalysts such as L-tartaric acid, citric 
acid, and acetic acid, resulted in a DS value of 0.08, while the DS of esterified 
water-suspension CNC in acetonitrile in the absence of a catalyst was 0.13. 
These results show the different catalytic activity in various reaction media; 
thioglycolic acid has an autocatalytic effect in acetonitrile compared with 
toluene. Performing the reaction in neat conditions with freeze-dried CNC, 
without adding an organocatalyst, confirmed the autocatalytic effect of 
thioglycolic acid.  
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Table 4.1 Catalyst screening of CNC esterification by thioglycolic acid.a 

 
a CNC (1 equiv.), thioglycolic acid (2 equiv.), catalyst (5 mol% vs. CNC) in solvent, reflux for 24 h. 
b Concentration is the total dry mass of CNC in total volume. 
c Degree of substation estimated by back titration. 
d Reaction at 105°C. 
 

4.1.2 Determining the degree of substitution (DS) 
To measure the degree of substitution, the CNC-SH was washed with acetone 
using Soxhlet extraction to remove unreacted or physically adsorbed 
thioglycolic acid and then dried under a vacuum. The DS of materials was 
determined according to the back-titration method described in previous 
literature.138 0.1 g of CNC-SH was dispersed in EtOH/H2O solution (8 mL, 
70:30 v/v) for 30 minutes; NaOH aqueous solution (4 mL, 0.5 M) was then 
added and stirred for 48 hours at 60°C. After cooling the reaction flask to room 
temperature, the excess NaOH was back titrated using HCl (0.5 M). The DS of 
the materials was then calculated using the following equation. 
 
 

D. S = 	
162.14	M	(V0 − V)

1000W− ⌊M(V0 − V)⌋ 	× (Mx − 18.02) 

Here, 162.14 is the molecular mass of the anhydro glucose unit, M is the 
molarity of the HCl solution, V0 is the volume of the HCl solution (mL) used 
for titration of the blank, V is the volume of the HCl solution (mL) used for 
the sample titration, and W (g) is the weight of the sample. Mx is the molecular 
mass of thioglycolic acid, and 18.02 is the molecular mass of water. 
 

Entry

1

2

5

11

CNC form
         
CNC:thioglycolic acid 
         (equiv.)

Solvent D.S.c

 Foam

1:2

Toluene

0.22Foam

1:0.5

Toluene

0.08

1:2Suspension 0.08Acetonitrile

Film 1:2Toluene 0.09

Concentrationb

        (M)

0.018

0.075

0.075

0.018

3 1:2 0.08Foam Toluene0.075

6 1:2Suspension 0.13Acetonitrile0.018

4d 1:10 0.35NeatFoam -

0.08

0.06

Citric acid

Acetic acid

catalyst

L- tartaric acid

L- tartaric acid
-
-

L- tartaric acid

-

1:2

1:2

Acetonitrile

Acetonitrile
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4.1.3 Characterization of esterified CNCs 
The FT-IR spectra of thia-CNC are shown in Figure 4.1. The broad absorption 
bands in all spectra at around 3330 cm-1 and 2898 cm-1 correspond to the O-H 
and C-H stretching vibrations, respectively. The band at around 1636 cm-1 is 
attributed to the O-H bending vibrations of the hydroxyl groups of water 
absorbed in the cellulose network. The absorption peaks at about 1160cm-1, 
and 1104 cm-1 is attributed to the stretching vibrations of C–C and C–O, 
respectively. The absorption peaks at about 1030 cm-1 come from the vibration 
of C-O-C in the pyranose ring.139, 140 Furthermore, in comparison with the 
pristine CNC spectrum, a new peak appears around 1710-1730 cm-1 in the 
spectra of esterified CNCs, which is assigned as the characteristic peak of the 
ester bond. The presence of this peak confirms that the esterification reaction 
has been successfully carried out and the high intensity is related to the high 
DS.  
 

 
 
Figure 4.1 The FT-IR spectra of esterified CNC with thioglycolic acid: (a) pristine CNC, (b) CNC 
foam-SH, L-tartaric acid used as a catalyst, reaction in dry toluene, (c) CNC-SH, reaction in 
acetonitrile, (d) CNC foam-SH, reaction in dry toluene, (e) CNC foam-SH, neat. 
 
Solid state CP/MAS13 C NMR spectra of pristine and CNC-foam-SH are 
depicted in Figure 4.2. The pristine CNC spectrum shows the characteristic 
carbon resonances of cellulose at 105 ppm, 88.7 ppm, and 65 ppm for C1, C4, 
and C6 respectively. C4′ and C6′ are assigned to an amorphous part at 83.7 
ppm and 62.7 ppm, whereas C4 and C6 correspond to the ordered cellulose 
structure. The cluster at 72.1-74.6 ppm belongs to C2-C3-C5 in the cellulose 
structure.141 Compared with pristine CNC, the CNC foam-SH spectrum 
depicts the new signals at 26.4 ,which belongs to the CH2 of thioglycolic acid, 
and 175.2 ppm is assigned to CO, confirming the success of the esterification 
with thioglycolic acid on CNC. 
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Figure 4.2 Solid state CP/MAS 13C NMR spectra. 

 
TEM images of pristine CNC and CNC suspension-SH are shown in Figure 
4.3, indicating that there are no significant changes in CNC suspension-SH 
compared with pristine CNC. Some knots and interjections appeared in the 
CNC suspension-SH image that might be due to partial agglomeration or 
cross-linking during the process.  
 

 
Figure 4.3 TEM images of (a) pristine CNC, (b) CNC suspension-SH. 
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4.1.4 Esterification mechanism 
The reaction between carboxylic acid and alcohol in an acid catalyst is known 
as Fisher-Speier esterification. Generally, primary or secondary alcohol is 
used in this reaction. 

   

 

Scheme 4.1 Fisher-Speier esterification mechanism. 

 
4.1.5 Application of CNC-SH as a heterogeneous reducing agent in 
copper-catalyzed alkyne-azide cycloaddition 
The classic click reaction is the copper-catalyzed alkyne-azide cycloaddition 
discovered by Barry Sharpless. Triazole-forming cycloaddition usually results 
in a mixture of 1,4 and 1,5 regioisomers, while, a copper(I)-catalyzed reaction 
results in only 1,4 isomers selectively.142 Using copper(I) salt requires a co-
solvent such as acetonitrile or a nitrogen base. To avoid byproducts and some 
side reactions, preparing Cu(I) in situ is beneficial. Extra ascorbic acid is 
required as a reducing agent for Cu(II) to Cu(I) in situ; however, it is not 
recyclable and has a side effect, so reusable solid or immobilized reducing 
agents are a good alternative that can be simply separated from the reaction 
mixture and used again. Rull-Barrull et al. have demonstrated the use of thia-
functionalized filter paper as a solid reducing agent of Cu(II) to Cu(I) in the 
copper-catalyzed alkyne-azide cycloaddition click reaction.68  
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In this context, we applied CNC foam-SH as a heterogenous reducing agent. 
A model reaction between benzyl azide and propargyl alcohol in the presence 
of CuSO4.5H2O and CNC foam-SH was conducted in a 1:1 water/t-BuOH 
mixture (Scheme 4.2). The results confirmed that CNC foam-SH works 
successfully as a solid reducing agent to reduce Cu(II) in the reaction batch to 
the Cu(I) (appendix A). 

 

 

Scheme 4.2 The copper-catalyzed alkyne azide cycloaddition. 

 
The heterogenous reducing agent was recycled and reused for nine cycles. 
The recyclability study results, as shown in Table 4.2, indicate that the 
reactions slowed after cycle 3. 
 

Table 4.2 Recycling study of CNC-foam-SH as a reducing agent of CuII to CuI. 

 
a Reaction was followed using HNMR. 
b Conversion is estimated based on product to benzyl azide by crude NMR. 

 

 
 
 
 

N3

HO

N

NN
OH

+
CNC foam-SH

CuSO4.5H2O

t-BuOH/ H2O

Yield: 90%

Reaction run Time (h)a Conversion (%)b

1
2
3
4
5
6
7
8
9

10

8
8
9

97
96
98

14
16

19
20
21

18

22 97
99
98
96

99
98

97
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4.1.6 Fluorescent labeling of CNC  
The attachment of UV-active and fluorescent molecules is an important aspect 
of surface engineering cellulose, since it could have applications in sensors 
and biology, such as cell uptake and viability, and surface monitoring.83, 143, 144 
Introducing thiol groups into cellulose allows for further functionalization 
through thiol-ene click reaction. We took advantage of esterified CNC using 
thioglycolic acid to prepare fluorescent nanocellulose. Fluorescent labeling 
was performed either in CNC-SH suspension or CNC-SH film via thiol-ene 
click reaction. 
 

We applied quinidine and tetramethylrhodamine succinimidyl ester 
(TAMRA-SE) for Fluorescent labeling of CNC. Quinidine is a UV active and 
fluorescent natural compound with important biological activity originally 
derived from cinchona tree bark. We synthesized allyl-TAMRA through an 
amidation reaction between TAMRA-SE and allylamine (Appendix B) to be 
able to use it in CNC fluorescent labeling. The thiol-ene click reaction between 
CNC-SH and either allyl-TAMRA or quinidine was performed in the presence 
of a catalytic amount of a photo-initiator (2,2-dimethyl-2-phenylaceto 
phenone, DMPA) under UV irradiation (Figure 4.5). 
 

 

Figure 4.5 CNC Functionalization with a UV active and fluorescent compound such as quinidine 
and TAMRA: (a) thioglycolic acid (2 equiv.), L-tartaric acid (5 mol%), acetonitrile or toluene, reflux 
at 24 hours, (b) quinidine (10 mol%) or Allyl-TAMRA (1 mol%), DMPA (5 mol%) in anhydrous 
DMF was exposed under UV radiation for 24 hours.  
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In the case of CNC suspension-SH, we attached the quinidine directly after 
suspension modification and made film. It is also possible to make film of 
modified CNC and then do the labeling. As shown in Figure 6.3(d), both 
prepared films were UV active. Allyl-TAMRA was attached to the prepared 
film from CNC suspension-SH via a thiol-ene click reaction. In the case of 
CNC film-SH, quinidine and TAMRA were also successfully introduced onto 
the film. The functionalized films and their confocal laser scanning 
microscopy using specific emission for quinidine (l = 405 nm) and TAMRA (l 
= 561 nm) are shown in Figure 4.6. It can be seen that the molecules were 
successfully introduced via thiol-ene click chemistry onto the esterified CNC 
materials either on a suspension or solid form such as film.  
 
 

 

Figure 4.6 CNC Functionalized with a UV active and fluorescent compound: (a) pristine CNC 
films, (b) CNC-film-SH-TAMRA, (c) confocal laser scanning microscopy images: TAMRA attached 
CNC (l = 561 nm, up), quinidine attached CNC (l = 405 nm, down), (d) UV active CNC under 
UV-lamp: CNC-suspension-SH-quinidine (left), CNC-suspension-SH-film-quinidine (right). 
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5 Catalytic Treatment of CTMP and BSP Fibers by 
PE Complex (Paper IV) 
 
The demand for manufactured fiber-based packaging materials has increased. 
Developing a method to improve the strength properties of fiber is essential 
to maximize efficiency in the production of cellulose and lignocellulose-based 
materials (e.g., packaging/cardboard production). Strong fibers reduce the 
amount of lignocellulosic biomass in the production process of fiber-based 
materials. Using less cellulose as a precursor also allows for the preparation 
of thinner and lighter materials, leading to decreased energy costs for 
transportation. 
 
One of the known strategies for fiber modification is adding chemicals; in this 
context, cationic starch has gained significant interest from the papermaking 
industry. Greater amounts and density of charge on the fiber surface increase 
the adsorption of cationic starch. Wågberg et al. demonstrated the layer-by-
layer technique using cationic starch and CMC as oppositely charged 
polyelectrolyte to improve the strength properties of lignocellulosic fibers.145, 
118 In addition, Cordova and Hafren have demonstrated an organocatalytic 
method for cross-linking polysaccharides containing carboxyl groups, such as 
CMC and pectin, to increase the strength properties of paper sheets. 
 
With this knowledge, we planned a combination of PE complex and an 
organocatalyst to develop a feasible method to improve the mechanical 
strength of fiber-based materials. This technique allows the multitone scale 
performance in the papermaking industry. In the present study, we 
investigated the strength properties of CTMP and BSP handmade sheets using 
cationic starch (CS) and CMC as polyelectrolyte in the presence of citric acid 
as an organocatalyst.  
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5.1 Materials and methods 
In the present study we chose CTMP pulp made of Scots pine (Pinus 
sylvestris) and Norway spruce (Picea abies), from Billerud-Korsnäs. The used 
BSP was made of soft wood, from Domsjö Fabriker AB, Örnsköldsvik, 
Sweden. 
For the polyelectrolytes used, the CMC was CP Kelco Finnfix 50000, and the 
potato cationic starch was Solbond PC 65 (SOLAM GmbH, Emlichheim, 
Germany). 
The sheets were made according to the ISO 5269-2 method using a Rapid 
Köthen sheet former. Paper testing was performed in the standard testing 
climate described in ISO 187, i.e. 23°C and 50% relative humidity. The 
methods and instruments used to measure the properties of the handmade 
sheets are shown in Table 5.1.  
 
 
 Table 5.1 The methods and instrument to measure the laboratory sheets properties. 

 
 

5.2 Results and discussion 
 
5.2.1 Improving the strength properties of CTMP and BSP 
We began our experiments by preparing different polyelectrolyte complexes 
by mixing cationic starch (CS) or chitosan with CMC and mixing them with 
or without an organic catalyst. Next, this PE-complex mixture (total 2 wt.% 
based on CTMP or BSP) was added to either CTMP or BSP, and sheets were 
constructed using the Rapid Köthen sheet former. The procedure for adding 
the chemicals is shown in Figure 5.1; for experimental details see appendix B. 

 
 

Hand sheet propertyies Method Instrument

Density (grammage/thickness, Kg/m3)

Tensile index ( kNm/kg)

Burst strength (kPam2/g)

Z-strength (kN/M2)

ISO 5270

ISO 5270/1924-3

ISO 15754

ISO 5270

Grammage – Mettler Toledo, Switzerland

Thickness – Lorentzen&Wettre, Sweden

L&W tensile tester

L&W bursting strength tester

L&W ZD tensile tester
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Figure 5.1 Schematic for chemically modification of fiber.   
 
 
The Z-strength and burst strength of CTMP with CS and CMC in the presence 
of an organocatalyst are shown in Figure 5.2. The strength properties of CTMP 
were improved with the combination of CS and CMC polyelectrolytes in the 
presence of tartaric acid (TA) and citric acid (CA). We chose CA as a catalyst 
for our study.  
 
 

 
 

 
 
Figure 5.2 Catalyst screening on CTMP, ACA: acetic acid, TA: tartaric acid, CA: citric acid. 
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We also found a significant increase in mechanical strength when using 
chitosan instead of CS. However, the use of a catalytic amount of citric acid 
did not further improve the properties (Tables 5.2 and 5.3). 
 

 
Table 5.2 Tensile index and Z-strength of sheets made from CTMP. 

 

 
            a Heating the sheets for 30 minutes at 110°C after sheet forming, b 0.4 wt.% of catalyst.  
 
 

 
Table 5.3 Tensile index and Z-strength of sheets made from BSP. 

 

 
a Heating the sheets for 30 minutes at 110°C after sheet forming. 

 
Table 5.2 shows that adding a modest catalyst loading (0.4–0.6 wt.%) to the 
CS, CMC PE-complex mixture increased the tensile index up to 57%. The Z-
strength is the strength of the paper and board as related to force and 
measured by means of tension applied to the surfaces of the test sample in the 

Entry PE complex
  (2 wt. %)

    Cat.
(0.6 wt.%)

δ
( kg m-3 )

      TI
(kN m kg-1)

Z-strength
(kN m-2)

1

2

3

4

5

6

7

8

9

_ _ 446 27.9 219

CS, CMC _ 458 37.8 327

CS, CMC Tartaric acid 455 44.2 437

CS, CMC Acetic acid 447 36.7 353

CS, CMC Citric acid 460 41 438

Chit, CMC _ 466 35.2 290

Chit, CMC Citric acid 469 34.7 288

Chit, CMC a Citric acid 458 35.8 304

Chit, CMC a, b Citric acid 461 36.5 311

Entry PE complex
  (2 wt. %)

    Cat.
(0.6 wt.%)

δ
( kg m-3 )

      TI
(kN m kg-1)

Z-strength
(kN m-2)

1

2

3

4

5

6

7

8

_ _ 400 8.4 234

CS, CMC _ 416 11.4 260

CS, CMC Citric acid 431 12.9 292

CS, CMC a Citric acid 421 12.6 306

Chit, CMC _ 417 10.6 261

Chit, CMC a _ 415 11 288

Chit, CMC Citric acid 426 9.9 248

Chit, CMC a Citric acid 419 11 223
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Z direction; this parameter was increased by up to 100% (entries 3 and 5, and 
Figure 5.2). The results of catalytic polyelectrolyte treatments on BSP (Table 
5.3) demonstrated that the catalytic treatment was successful and the tensile 
index was increased by up to 54% and Z-strength up to 31% (entries 2–4). 
  
The bursting strength of any material is one of the important properties that 
determines its resistance to rupture. Paper is a primary constituent in the 
packaging industry and is used in such a condition that it is subjected to high 
forces or pressure that can easily damage it. The catalytical treatments on 
CTMP and BSP fibers successfully increased burst strength up to 78% and 52% 
respectively (Figure 5.3).  
 

 
 

 
 
Figure 5.3 Effect of catalytic treatment of CTMP and BSP on burst strength, CA: citric acid,  
H: Heating the sheets for 30 minutes at 110 °C after sheet forming. 

With respect to the cationic starch and CMC PEs, investigating the whole data 
revealed that the combination of PEs with citric acid significantly increased 
the strength properties of the assembled sheets (e.g., 49% improvement with 
PEs and 100% with the combination of PEs and a catalyst for Z-strength of 
CTMP). The data revealed an near doubling effect on the mechanical strength 
of CTMP and BSP paper sheets with the combination of citric acid and PEs, 
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compared with adding just PEs. Comparing the results, the high strength 
properties of CTMP-based sheets are comparable to those of BSP.  

5.2.2 Studying the distribution of PEs on paper sheets by fluorescent 
labeling  
We used cationic starch fluorescent labeling to determine the distribution of 
PEs on the paper sheets. Cationic starch was functionalized through 
catalytical esterification with thioglycolic acid in the presence of L-tartaric 
acid. Thia-modified cationic starch was further functionalized with either 
quinidine or allyl-TAMRA by performing a thiol-ene click reaction. The FTIR 
and HNMR confirmed the successful labeling of cationic starch (Appendixes 
C and D). We used these labeled cationic starches in combination with CMC 
and citric acid to prepare a polyelectrolyte complex and investigated the 
distribution of PEs on BSP or CTMP-based paper sheets. The sheet-labeling 
process is the same as in Figure 5.1.  
 
Quinidine has a similar fluorescence spectrum to lignin, so we did not use it 
for further study on CTMP, instead it was used for BSP studies.  
The CS-SH-TAMRA and CMC-PE complex was mixed with a catalytic 
amount of citric acid and combined with CTMP or BSP pulp to form 
handmade paper sheets using a Rapid Köthen sheet former. CS-SH-Quinidine 
was applied to study BSP in the same way. The handmade sheets were 
analyzed by confocal laser scanning microscopy. The images from the 
confocal laser scanning microscopy are shown in Figures 5.4 and 5.5 for BSP 
and CTMP sheets respectively.  
 
The images reveal that the CS component of the PE complex was 
heterogeneously distributed in the TAMRA-labeled BSP (CS-SH-TAMR, 
CMC-BSP) sheets. The images of the quinidine-labeled BSP (CS-SH-
Quinidine, CMC-BSP) paper sheets show the same distribution as the 
TAMRA-labeled BSP sheets (Figure 5.4). An even distribution was observed 
in the TAMRA-labeled CTMP (CS-SH-TAMRA, CMC-CTMP) sheets. The 
light emission follows the fiber patterns of the CTMP, which is aligned with 
the lignin pattern, as can be visualized by its auto-fluorescence (Figure 5.5 c). 
This technique helped us to determine the different distributions of PEs in 
BSP and CTMP paper sheets and provides an opportunity for further study 
in the future. The images also disclosed that the distribution pattern was not 
dependent on the catalyst since they were the same for sheets treated with CS-
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SH-TAMRA, CMC PE complex without the addition of CA (Appendix E). The 
significant difference in distribution, as well as binding of the CS-component, 
is likely due to the presence of lignin, which is evenly distributed in the CTMP 
fibers.  

 

 
 

Figure 5.4 Confocal laser scanning microscopy of labeled BSP sheet: (a) BSP sheet (l = 561 
and 405), (b) CA-treated CS-SH-TAMRA, CMC-BSP sheet (l = 561 nm), (C) CA-treated CS-SH-
Quinidine, CMC-BSP sheet (l = 405nm). 

 

Figure 5.5 Confocal laser scanning microscopy of labeled CTMP sheet: (a) CTMP sheet (l = 
561), (b) CA-treated CS-SH-TAMRA, CMC-CTMP sheet (l = 561 nm), (c) Lignin 
autofluorescence emission of CTMP. 

The modified CTMP and BSP sheets with CS and CMC as PEs were 
investigated with scanning electron microscopy (SEM). The SEM analysis 
revealed that slight densification had occurred when adding the 
polyelectrolyte complex (Figure 5.6).  
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Figure 5.6 SEM images of CTMP and BSP sheets, scalebar 50 µm: (a) CTMP, (b) PE-CTMP, (c) 
PE-CA-CTMP, (d) BSP, (e) PE-BSP, (f) PE-CA-BSP.  
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6 Conclusion 
In this thesis, I presented eco-friendly and catalytic surface modification of 
cellulose and nanocellulose-based materials using tartaric acid and citric acid 
as catalysts. 
 
The organocatalytic silylation of nacre-inspired MTM/CNF resulted in 
transparent and hydrophobic nanocomposites. For example, TPSi-modified 
MTM/CNF can compete with fluoroalkane-modified nanocomposites with 
respect to hydrophobicity. The modification occurs predominantly at the 
surface, which was confirmed by elemental mapping analysis. The cross-
sections of the fractured surfaces of unmodified and modified 
nanocomposites proved that the nano- and microstructure of the 
nanocomposite is preserved after catalytic surface modification. Accordingly, 
the nanocomposite film showed a high E-modulus as compared with just a 
CNF film, which was also the case after catalytic surface modification. 
 
In addition, the design of superhydrophobic CNC films was developed 
through the combination of self-assembly and organocatalysis. Here, self-
assembly of CNC to obtain a rough surface at the microscale was followed by 
catalytic hydrophobization to obtain a surface that mimics the lotus effect. 
This design does not require toxic fluorocarbons as modifying agents, and it 
resulted in a transparent and superhydrophobic surface with excellent water-
resistance properties. We also investigated the oxygen permeability of the 
C18Si-modified CNC, which was significantly improved over the unmodified 
CNC film at high relative humidity.  
 
In the cases of both the MTM/CNF nanocomposite and the CNC film, the use 
of catalytic TPSi modification allows for further potential functionalization 
through thiol-ene click chemistry if desired. 
 
The catalytic direct esterification of CNC with thioglycolic acid was 
performed either in suspension or on solid substrates such as films and foams. 
The studies revealed that the organocatalysts exhibited different behaviors in 
different reaction media, and that the thioglycolic acid exhibited an 
autocatalytic effect in acetonitrile during the modification of CNC. The 
highest degree of substitution (DS = 0.35) was obtained when the reaction was 
performed with freeze-dried CNC and thioglycolic acid using no solvent (neat 
condition). The freeze-dried CNC-SH was further used as a heterogeneous 
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reducing agent of Cu(II) to Cu(I), which is the oxidation state needed to 
catalyze the alkyne-azide cycloaddition reaction. The recyclability of a CNC-
based heterogenous reducing agent was also investigated. It revealed that the 
CNC-SH could be reused multiple times but was slowed after the third cycle. 
We also performed a thiol-ene click reaction on the CNC-SH and attached 
fluorescent compounds and organic catalysts such as TAMRA and quinidine. 
 
We developed an eco-friendly and feasible technique for the surface treatment 
of CTMP and BSP fibers using a combination of organocatalysts and a bio-
polyelectrolyte complex. This scalable concept has the potential to be used for 
industrial applications such as improving the strength properties of CTMP 
and BSP-based products. With respect to CTMP paper sheets, we observed a 
near doubling effect on strength properties in the presence of citric acid as a 
catalyst. Further investigation using our selective labeling process of cationic 
starch with TAMRA and quinidine allowed us to evaluate the distribution of 
the polyelectrolyte complex using confocal microscopy. This study revealed 
that the polyelectrolyte complex follows the lignin pattern of the CTMP pulp 
and is evenly and heterogeneously distributed while in the BSP, which lacks 
lignin. 
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7 Future work 
Although we developed an eco-friendly and organocatalytic method for the 
surface modification of cellulose-based materials, it has the potential to be 
improved. The reaction rate and use of toluene as an organic solvent are the 
most challenging aspects of preparing hydrophobic or superhydrophobic 
nanocellulose film via this method. We are concerned with designing a water-
based catalytical surface modification, which is in progress as future work and 
will improve the reaction rate. Part of this study will focus on designing a 
rough surface either before or during the modification process (patent has 
been filed). With respect to direct esterification of CNC with thioglycolic acid, 
acetonitrile worked successfully as a solvent for the modification of water-
suspended CNC, but we will focus on identifying an alternative solvent or 
technique in the future since acetonitrile is not environmentally friendly. 
 
Several studies show that a small amount of clay added to nanocomposites 
decreases oxygen permeability. It would therefore be interesting to study the 
oxygen and water vapor barrier properties of hydrophobic MTM/CNF and 
MTM/CNC nanocomposites. Numerous studies show that sulfur acts as a 
cross-linking agent in composites and that thia-modified nanocellulose has a 
high impact on mechanical strength. This makes it interesting to prepare new 
nanocomposites with the combination of thia-modified CNF or CNC with 
clay. 
 
Using fiber treatment with a combination of polyelectrolytes and 
organocatalyst is beneficial for the modification of different types of CTMP 
pulp, such as high-sulfur-content CTMP or CTMP with different refining 
parameters. Studying the different ratios of cationic starch and CMC using 
this method could yield valuable and interesting results as could combining 
this technique with hot pressing.  
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10 Appendix 
Appendix A: 1H NMR and 13C NMR spectra of products from a copper-
catalyzed alkyne-azide cycloaddition click reaction using thioglycolated CNC 
as a solid reducing agent of CuII to CuI. (Paper III) 

 

 
1H NMR spectrum of (1-benzyl-1H-1,2,3-triazol-4-yl) methanol in CDCl3. 

 

 
 

 
13C NMR spectrum of (1-benzyl-1H-1,2,3-triazol-4-yl) methanol in CDCl3. 
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Appendix B: (Paper IV) 
 
Procedure for handmade sheets of lignocellulosic CTMP or BSP  
A suspension of CTMP or BSP (50 g dry mass) was dissolved in hot water (2L) 
and mixed for 15 minutes. Next, hot disintegration was performed at 85°C, 
which was followed by dilution of the mixture with water to obtain a total 
weight of 8-8.5 kg. After stirring for 10 minutes, the mixture was transferred 
into a Rapid Köthen sheet former to produce hand sheets. The sheets were 
dried at 95°C at an applied pressure of 96 kPa for 10 minutes. Paper testing 
was performed in the standard testing climate described in ISO 187, i.e., 23°C 
and 50% relative humidity. BSP disintegration was done at room temperature. 
 

A typical procedure for chemical modification of BSP or CTMP using a 
combination of PE complex and an organic acid catalyst  
A suspension of BSP or CTMP (50 g calculated dry mass) was mixed in water 
(2L) for 15 minutes and then disintegrated. The resulting mixture was diluted 
in water to achieve a total weight of 7.5-8 kg and then mixed for 5 minutes. 
Next, the solutions of cationic starch (50 g, 10 g/1 L cooked in water, 1 wt.% to 
the pulp), CMC solution (0.5 g dissolved in 500 mL water, 1 wt.% to the pulp), 
and citric acid (300 mg, 0.6 wt.% to the pulp), which had been homogenized, 
were added to the pulp solution and the resulting mixture mixed for 10 
minutes. The mixture was transferred into a Rapid Köthen sheet former and 
hand sheets were made. The sheets were dried at 95°C at an applied pressure 
of 96 kPa for 10 minutes; paper testing was performed in the standard testing 
climate described in ISO 187, i.e., 23°C and 50% relative humidity. 
 

A typical procedure for the fluorescent marking of lignocellulosic hand 
sheets of BSP or CTMP  
Sulfite pulp (25 g) or CTMP (25 g based on calculated dry mass) was mixed in 
water (2 L). After mixing for 15 minutes, the pulp was disintegrated and the 
resulting mixture diluted with water to achieve a total weight of 3.5–4 kg and 
then stirred for 5 minutes. Next, a solution of TAMRA-modified cationic 
starch (CS-TGA-TAMRA; 0.25 g cooked in 50 mL of water, 1%wt. to pulp), 
CMC (0.25 g dissolved in 250 mL of water, 1%wt. to pulp) and citric acid (150 
mg, 0.6%wt. to pulp) was homogenized and then added to the pulp solution 
and mixed for an additional 10 minutes. The mixture was then transferred to 
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the Rapid Köthen sheet former and hand sheets made. The sheets were then 
dried at 95°C at an applied pressure of 96 kPa for 10 minutes. 

 Procedure for functionalizing cationic starch with thioglycolic acid (CS-
SH) 
An oven-dried round-bottomed flask was charged with cationic starch (2.5 g, 
1.0 equiv.); dried toluene (40 mL), tartaric acid (112 mg, 0.75 mmol, 5 mol%), 
and thioglycolic acid (69 mg, 0.5 equiv.) were then added in the written order. 
Next, the reaction mixture was refluxed under nitrogen. After 24 hours, the 
reaction flask was cooled to room temperature and the modified cationic 
starch washed with acetone using Soxhlet extraction for 18 hours. The 
modified cationic starch was dried under vacuum. 

  

Procedure for synthesis of Allyl-TAMRA (Papers III, IV) 
TAMRA, SE (5 mg, 0.01 mmol, 1 equiv.) was added to a solution of allyl amine 
(1.14 mg, 0.02 mmol, 2 equiv.) in 1 mL acetonitrile and stirred at room 
temperature in darkness for 24 hours. It was then purified by flash 
chromatography using CH2Cl2: Methanol (6:1); the isolated yield was 90%.  
  
  

  
 
1H NMR (MeOD-d4, 500MHz) δ: 8.2 (t, J=8.5,1H), 8.16-8.12(m, 1H), 
7.29(s,broud, 1H), 7.25(t, J=9.4, 2H), 7.06-7.03(m, 2H), 6.97-6.95(m, 2H), 5.98-
5.89(m, 1H), 5.24(dd, J=7, J=1Hz, 1H), 5.14(dd, J=7, J=1Hz, 1H), , 4.01(d,broud, 

2H), 3.31(s, 12H) 2.1(s, 1H). 13C NMR (MeOD-d4, 125 MHz) δ: 208.6, 169.7, 
169.8, 160.4, 157.7, 157.4, 135.6, 133.9, 133.0, 131,1, 130.1, 128.4, 128.1, 115.0, 

113.7, 113.5, 95.9, 56.0, 42.0, 39.4, 29.2. HRMS (ESI+) [M+H]+ calcd: 470.2074, 
found: 470.2081.  
 

Procedure for thiol-ene click reaction with modified cationic starch and 
Allyl-TAMRA (CS-SH-TAMRA) 
Allyltamra (5 mg, 0.01 mmol) and 3 mL DMF, DMPA (6 mg, 0.006 mmol, 
10%wt.) were added to a scintillation vial (20 mL) containing 600 mg of 
modified cationic starch with thioglycolic acid. The reaction was irradiated 

ON N

COO
O

NH
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for 24 hours using a UV lamp (UV bulb, TL20 W/12 and 20 W). The mixture 
was washed using Soxhlet extraction with acetone. After drying under 
vacuum overnight, the marked cationic starch with TAMRA was achieved.  
 
 

 
 

Figure 1 CS-SH-TAMRA 
 
 
 
Appendix C: FT-IR of modified cationic starch: (a), cationic starch (CS), (b) 
CS-SH, (C) CS-SH-TAMRA. The bond of around 1720 cm-1 represents the 
ester group. (Paper IV) 
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Appendix D: 1H NMR (DMSO-d6, 75°C) spectra of (a): cationic starch, (b): 
modified cationic starch with Thioglycolic acid, (c): CS-SH-TAMRA. 
 
 

 
 

 
Appendix E: Confocal scanning microscopy of CTMP sheet treated by 
labeled cationic starch (CS-SH-TAMRA) and CMC as PE. 
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