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Abstract
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Cellulose, a sustainable raw material derived from nature, can be used for various applications
following its functionalization and oxidation. Nanocellulose, inheriting the properties of
cellulose, can offer new properties due to nanoscale effects, in terms of high specific surface
area and porosity. The oxidation of cellulose can provide more active sites on the cellulose
chains, improving its functionalization and broadening applications. Two kinds of oxidation
and their corresponding applications are described in this thesis: periodate oxidation and
Oxone® oxidation.

2,3-dialdehyde cellulose (DAC) beads were prepared from Cladophora nanocellulose via
periodate oxidation, and were further modified with amines via reductive amination. Several
diamines were selected as possible crosslinkers to produce porous DAC beads, which showed
higher porosity, stability in alkaline solution and enhanced thermal stability.

After functionalization of DAC beads with L-cysteine (DAC-LC), thiol, amine and carboxyl
groups were introduced into the DAC beads, endowing the DAC-LC beads with high adsorption
capacity for palladium. The synthesized DAC-LC beads were characterized with SEM, FTIR,
XPS, TGA, BET and XRD and the palladium adsorption process was investigated.

Chitosan was employed as a crosslinker in functionalization of DAC beads (DAC-CS). The
conditions for the synthesis of DAC-CS beads were screened and verifying the stability of the
beads in alkaline solution. The DAC-CS beads produced were investigated using SEM, FTIR,
XPS, TGA and BET, and the adsorption and desorption capacity of Congo red was studied,
indicating DAC-CS beads have potential as sorbent.

Oxone oxidation of cellulose is a novel one-pot oxidation method in which mainly the
hydroxyl groups on C6 are oxidized to produce carboxylic acid groups on the cellulose
chains. To increase the efficiency of Oxone oxidation, several reaction parameters were
studied. Cellulose pulp and Cladophora nanocellulose were chosen as prototypes to investigate
the effects of oxidation, and the physicochemical properties of the oxidized products
were characterized. Cellulose pulp, pretreated with Oxone oxidation, was disintegrated by
homogenization to prepare cellulose nanofibers (CNF). The effect of pretreatment on the
preparation of CNF was studied, and the results indicated that Oxone oxidation was efficient
in the production of CNF.
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1. Introduction 

Cellulose derived from nature, including plants, animals, algae and fungi, is 
the most abundant biopolymer in the biosphere1. In addition to the use of 
cellulose as a sustainable raw material in various applications, research is 
being carried out on cellulose, in areas such as functionalization and oxida-
tion, to make full use of this fantastic material2. One of the most interesting 
types of cellulose is nanocellulose, due to its special properties and promis-
ing applications. 

The oxidation of cellulose, providing more active sites on the cellulose 
chains, is a pivotal reaction for its functionalization and application3. Two 
methods frequently employed for the oxidation of cellulose are periodate 
oxidation4 and 2,2,6,6-tetramethylpiperidine-1-oxyl- (TEMPO) mediated or 
TEMPO-derivative-mediated oxidation5. Both periodate and TEMPO oxida-
tion are selective forms of oxidation but they affect different hydroxyl 
groups in the glucose subunit. Many publications and patents have been 
recorded regarding these two oxidation methods in recent years, indicating 
the importance of this area of research. 

Cellulose beads are spherical particles with diameters of a few micro- or 
millimeters, prepared from cellulose. These beads can be applied in many 
areas6, such as chromatography matrix materials, solid-supported synthesis, 
protein purification and controlled drug delivery. Most of the procedures for 
the preparation of cellulose beads are sophisticated, and may have negative 
effects on the environment. Therefore, developing an effective and environ-
mentally benign method for the preparation of cellulose beads is of im-
portance from a sustainability perspective.  

The release of wastewater contaminated with pollutants harms the envi-
ronment, and methods of resolving these problems have been studied for 
several decades. Adsorption is one of the most popular methods of treatment, 
and is considered a convenient, effective and economic approach for waste-
water purification. Renewable and biodegradable cellulose and cellulose-
based materials are excellent candidates for preparing adsorbents for the 
adsorption of pollutants such as heavy metal ions and dyes. Cellulose beads 
are considered good alternatives to synthetic polymer beads, as a means of 
reducing the environmental impact as synthetic polymer beads are non-
biodegradable7 and they are commonly made from petroleum feedstock.  

Two oxidation methods were studied in this work: periodate oxidation 
and a novel developed oxidation, Oxone® (potassium peroxymonosulfate) 
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oxidation. The production of 2,3-dialdehyde cellulose (DAC) beads from the 
periodate oxidation of Cladophora nanocellulose differs from the classical 
methods of producing cellulose beads. The functionalization of DAC with L-
cysteine, chitosan and other diamines by reductive amination reactions was 
studied, followed by investigations of the properties and applications of the 
functionalized products. Oxone oxidation of cellulose is a newly discovered 
and surface-limited oxidation method that can cause cellulose fibers to be-
come charged, facilitating the preparation of cellulose nanofibers (CNF). 
The work described here concerns the development of environmentally 
friendly approaches to improve the efficiency of the functionalization of 
cellulose and to increase its potential for industrial use. 
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2. Aims of this work 

This thesis describes research carried out on the functionalization and char-
acterization of cellulose produced by two different oxidation methods, peri-
odate oxidation and Oxone oxidation, and potential areas of application of 
some of the materials produced. The specific aims of each study are given 
below. 
• To synthesize porous cellulose beads based on reductive amination via 

the introduction of different aliphatic and aromatic tethered diamines as 
spacers, and to characterize the beads obtained (Paper I) 

• To prepare an efficient palladium adsorbent based on DAC via reductive 
amination with cysteine, to characterize the adsorbent synthesized, and 
to investigate the adsorption process for palladium (Paper II)  

• To prepare and characterize porous and alkaline-resistant DAC beads 
crosslinked with chitosan, to investigate the synthesis conditions and to 
apply the material produced for the adsorption of Congo red dye (Paper 
III) 

• To introduce an alternative, novel, one-pot method for the oxidation of 
cellulose with Oxone, to identify the most efficient oxidation conditions, 
and to characterize the physicochemical properties of the Oxone-
oxidized cellulose (Paper IV) 

• To prepare cellulose nanofibers by pretreatment with Oxone oxidation 
and mechanical homogenization, and to investigate the effect of Oxone 
oxidation on the preparation process (Paper V) 
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3. Background 

3.1 Cellulose and nanocellulose 
Cellulose, the most abundant renewable polymer on earth, was first isolated 
from plant material and its chemical composition determined by the French 
chemist Anselme Payen in 18388. Cellulose-based materials, such as paper, 
papyrus, rope and clothing, have been used by humans for thousands of 
years, and they still provide markets and industries with paper, textiles, for-
est products9, 10, etc. In addition to the use of cellulose as a sustainable and 
biodegradable raw material in various fields, a great deal of effort is being 
devoted to research on cellulose, for example, functionalization and oxida-
tion with green and efficient approaches, to try to meet the environmental 
and recycling challenges remaining in the field2.  

Cellulose can be obtained from nature from plants, animals, algae and 
fungi, etc., however, most cellulose is derived from plant fiber2; wood pulp 
being one of the most common sources of cellulose1. The extraction of cellu-
lose from Cladophorales, a costal-polluting and pathogen-harboring species 
of green algae associated with seasonal blooms, but which also has special 
and interesting properties on the nanocellulose level, has attracted a great 
deal of interest in recent years11.  

Regardless of the source, cellulose is made up of D-glucopyranose ring 
units in their lowest energy configuration, linked together via (1-4) glyco-
sidic bonds12, where two neighboring D-glucopyranose rings are rotated 180 
degrees with respect to each other to form cellobiose. Depending on the 
source, cellulose fibers can be made up of about 10 000-15 000 anhydro-
glucose units (AGUs)13. The linear chemical structure of cellulose is shown 
in Figure 1. In polymers such as cellulose, formed by polycondensation, the 
ends of each chain are chemically different; one end being nonreducing with 
a pendant hydroxyl group, and the other reducing, with a chemically reduc-
ing functionality14.  

As can be seen in the chemical structure of cellulose (Figure 1), there are 
three hydroxyl groups in each AGU within the cellulose chain: a primary 
group at C6, and two secondary groups at C2 and C3 which are located in 
the plane of the ring. Intramolecular and intermolecular hydrogen bonds 
form by the interaction of these three hydroxyl groups, oxygen atoms of the 
ring and the linkage of two AGUs within the cellulose chain or with another 
cellulose chain2. The strong intra- and intermolecular hydrogen bonds 
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formed have a significant effect on the properties of cellulose, e.g. its insolu-
bility in most solvents, the reactivity of the hydroxyl groups, and the crystal-
linity of cellulose15. Solvents with high polarity, such as NaOH/thiourea 
aqueous solutions16 and ionic liquids17, can be used to break the intermolecu-
lar hydrogen bonds in order to dissolve cellulose. The many hydrogen bonds 
in the cellulose molecule endow it with several special and spectacular prop-
erties, such as insolubility in most solvents, high thermal stability and good 
mechanical properties. 

 
Figure 1. The chemical structure of cellulose. 

Apart from the intra- and intermolecular hydrogen bonds within the cellulose 
chain and between different cellulose chains, the layers of chains in cellulose 
are connected by van der Waals forces18. These two interaction forces are 
responsible for the ordered crystalline structure of cellulose. The ordered 
cellulose chains are parallel to each other and stack to form elementary fi-
brils, which aggregate to form microfibrils19. The hierarchical structure of 
cellulose is illustrated in Figure 2, showing anhydroglucose molecules form-
ing the linear cellulose chains, which then aggregate to form elementary 
fibrils including ordered regions (crystalline regions) and disordered regions 
(amorphous regions). In wood, microfibrils made up of elementary fibrils are 
embedded in lignin to form cellulosic fibers. Microfibrils have different 
widths, lengths, morphologies and crystallinities, depending on the origin of 
cellulose. For example, the width of the microfibrils in the cell walls of some 
plants are about 2-3 nm, while the microfibrils from certain algae can be up 
to 60 nm9.  

  
Figure 2. Simplified illustration of the hierarchical structure of cellulose, redrawn 
from Moon et al.13 

Nanocellulose, which is generally defined as cellulose fibrils or crystallites 
with nanoscale width, has not only the properties of cellulose, such as good 



 18 

mechanical strength, biocompatibility and broad chemical-modification ca-
pacity, but also some new properties due to nanoscale effects, such as high 
specific surface area (SSA) and porosity. These properties make nano-
cellulose a unique renewable building block for improving the performance 
and functionality of materials9, 10, 13. Due to the desirable properties of nano-
cellulose, the preparation, functionalization and application of nanocellulose 
have attracted a great deal of attention in recent years.  

There are two main strategies for the production of nanocellulose: the top-
down approach, relying on enzymatic treatment, chemical treatment and 
mechanical processing, and the bottom-up approach, using bacteria with 
glucose as the building block10. In the typical top-down approach, mechan-
ical treatment is used to isolate the fibers and liberate the microfibrils, and is 
accompanied by enzymatic or chemical treatment before or after mechanical 
treatment, as production via only mechanical treatment is very energy de-
manding.  

Cellulose can be treated mechanically by applying shearing forces to slur-
ries of cellulose fibers to destroy the multi-level organization of the natural 
fibers. To produce microfibrillated cellulose (MFC) or nanofibrillated cellu-
lose (NFC), energy-demanding mechanical treatment such as grinding, high-
intensity ultrasonication or high-pressure homogenization are required. The 
energy consumption of high-pressure homogenization can be over 30 000 
kWh/ton20, or even 70 000 kWh/ton21, and microfibrillation and nanofibrilla-
tion are thus challenging processes. Therefore, several forms of pretreatment 
have been studied to lower the energy demand, including enzymatic treat-
ment22, 23, carboxymethylation24 and TEMPO-mediated oxidation5. The prin-
ciple of carboxymethylation and TEMPO-mediated oxidation is to introduce 
charged groups into the cellulose molecules leading to electrostatic repulsion 
of the fibers, thereby reducing the energy required during the isolation pro-
cess. It has been reported that the energy consumption can be markedly re-
duced, to values of about 1 000 kWh/ton25 by using effective chemical or 
enzymatic pretreatment.  

MFC obtained from different sources of cellulose using different treat-
ment approaches exhibits different lengths, widths and morphologies, which 
can be observed with SEM, TEM or AFM. The extent of fibrillation of the 
cellulose can be determined via measurements using these microscopy tech-
niques. Indications of the extent of fibrillation of MFC can also be obtained 
from the turbidity26 and viscosity27 of a suspension of MFC, the porosity and 
density of MFC films9, the water retention of MFC28, and the SSA of dried 
MFC29, 30 (depending on special drying method). 

The nanoscale dimensions of MFC endow it with properties that make it 
interesting for certain applications, such as a barrier in greaseproof paper31, a 
reinforcing element in paper coatings32, a constituent in some composites13, a 
low-calorie thickener and suspension stabilizer in food33, and in cosmetic 
and pharmaceutical products34. Although there are many potential applica-
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tions for nanocellulose, there are few large-scale commercial applications for 
MFC today. Although MFC is a promising material, many challenges must 
be overcome before broad industrial use will be viable.  

3.2 Functionalization of cellulose 
As can be seen from the molecular structure of cellulose (Figure 1), each 
AGU has three hydroxyl groups, a primary alcohol at the C6 position and 
two secondary alcohols at the C2 and C3 positions, which are mainly re-
sponsible for the reactions in which cellulose is functionalized. However, as 
cellulose is a high-molecular-weight polymeric substance, and there are 
many intra- and intermolecular hydrogen bonds in the polymer, it is insolu-
ble in most solvents, including water and common organic solvents. The low 
solubility of cellulose means that many functionalization reactions must take 
place under heterogeneous conditions, which lowers the reaction efficiency 
compared with reactions with chemically similar sugars under homogeneous 
conditions. Because of the steric effects derived from the reacting reagents 
or from the supermolecular structure of cellulose, the reactivity of these 
three hydroxyl groups can be influenced by their inherent chemical reactivity 
under heterogeneous conditions35. It has been reported that the hydroxyl 
group at position C6 can react ten times faster than the other alcohol 
groups36, while the –OH at the C2 position reacted twice as fast as that at the 
C3 position9.  

3.2.1 Periodate oxidation of cellulose 
The oxidation of alcohol groups present in the cellulose to ketones, alde-
hydes and carboxylic acid derivatives are among the most important modifi-
cations of cellulose, and has been studied for more than half a century37. The 
functionalization, particularly the oxidation, of cellulose is a pivotal element 
in cellulose chemistry, as the new groups and reactive sites produced, such 
as aldehyde groups and carboxyl groups, can provide new auxiliaries for 
further functionalization of cellulose. Oxidized cellulose exhibits interesting 
properties, such as gelation, complexation, antiflocculation and adhesion, as 
well as a number of biological effects38, which considerably extend the ap-
plications of cellulose in areas such as adhesion prevention39 and wound 
healing in medical applications 40.  

The oxidation of adjacent diols with periodic acid or a periodate salt is 
generally known as the Malaprade reaction, first reported by Léon Malapra-
de in 192841. Periodate oxidation is a highly specific reaction which can oxi-
dize 1,2-dihydroxyl (glycol) groups to two aldehyde groups without other 
significant side reactions4, 42, and enables the oxidation of the vicinal hy-
droxyl groups at C2 and C3 in an AGU of cellulose, to break the carbon 
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bond between C2 and C3 to produce two aldehyde groups3, 4, 43. The prin-
ciple of periodate oxidation for cellulose is shown on Figure 3. 

 
Figure 3. The principle of periodate oxidation of cellulose. 

Although the periodate oxidation of cellulose shown in Figure 3 appears 
simple, the actual process is complex due to the special structure and proper-
ties of cellulose, such as its insolubility and partial crystallinity43. The prod-
uct of periodate oxidation of cellulose is often referred to as dialdehyde cel-
lulose (DAC), which contains two aldehyde groups in the oxidized AGU. If 
the cellulose is not completely oxidized, some vicinal hydroxyl groups will 
remain in the neighboring AUGs as well as pristine primary hydroxyl groups 
at C6, that can form hemiacetals with the aldehyde groups formed4. The 
aldehyde groups in DAC are excellent auxiliaries for further functionaliz-
ation of the cellulosic material. Fortunately, efficient methods for the reuse 
of spent periodate have been developed using the low-cost oxidant Oxone as 
a reoxidant of the periodate44, 45, allowing large-scale production of DAC. 

Compounds containing amine groups, such as small molecules46 or poly-
mers47, can graft with cellulose on aldehyde groups by the Schiff base reac-
tion to form an imine, which can be reduced to produce a new amine. Cellu-
losic materials with amino functionalities are able to immobilize proteins48, 
dyes49 and ATP (adenosine triphosphate)50. Further oxidation of the alde-
hyde groups in DAC can introduce carboxylic acid groups into the chains 
causing them to be charged, facilitating the production of nanocellulose51 
and opening the way for other applications of cellulose, for example, as an 
anionic ion-exchange material52. In comparison to pristine cellulose, the 
dialdehyde groups in DAC can significantly improve the biodegradability of 
cellulose by slow degradation into glycolic acid and 2,4-dihydroxybutyric 
acid53. The properties described above demonstrate that periodate oxidation 
is an essential reaction in cellulose functionalization. 

3.2.2 TEMPO-mediated oxidation of cellulose 
Among the various methods of oxidation of alcohol groups, the selective 
oxidation of the primary alcohol groups of cellulose and its applications are 
some of the most active research areas in recent years, and numerous articles 
have been published5.  

In 1994, De Nooy et al.54 reported that the primary alcohol groups in pol-
ysaccharides were converted into the corresponding polyuronic analogs by 
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TEMPO-mediated oxidation. The oxidation reaction was then further devel-
oped for the oxidation of cellulose, foremost by Isogai and coworkers5, 55. 
The main catalyst used in this kind of oxidation is TEMPO, which is a wa-
ter-soluble, commercially available and stable nitroxyl radical with weak 
oxidation properties, but is oxidized to an oxoammonium cation, which has a 
much higher oxidation capacity. In the TEMPO-mediated oxidation of cellu-
lose, additional oxidants, such as NaClO, NaClO2 or NaBrO, are used to 
continuously produce the oxoammonium cation of TEMPO, which then 
selectively oxidizes the cellulose C6 hydroxyls to carboxylates via an alde-
hyde intermediate. Two typical TEMPO-mediated kinds of oxidation are 
illustrated in Figure 4, one with NaBr/NaClO in water at pH 10-1156 and the 
other with NaClO/NaClO2 in water at pH 4.8–6.857. 

 
Figure 4. Selective oxidation of the C6 primary hydroxyls of cellulose to carboxy-
late groups by: (a) TEMPO/NaBr/NaClO oxidation in water at pH 10-11, and (b) 
TEMPO/NaClO/NaClO2 oxidation in water at pH 4.8-6.8, redrawn from Isogai et 
al.5 

TEMPO-mediated oxidation causes the cellulose molecule chains to become 
charged by the introduction of carboxylic acid groups. As mentioned previ-
ously, the introduction of charged groups leads to electrostatic repulsion of 
fibers and is beneficial for the preparation of CNF, reducing the energy con-
sumption of the preparation. It has been found in some studies that the oxi-
dized cellulose/water slurries could be converted to almost transparent dis-
persions by mechanical disintegration after pretreatment with TEMPO-
mediated oxidation58-60. The resulting CNF constitute a kind of one-
dimensional nanomaterial, and possess unique properties e.g., high aspect 
ratio, large SSA, biodegradability, low coefficient of thermal expansion13, 
good mechanical properties61 and good gas barrier properties62, compared to 
bulk cellulose. CNF have potential in a wide range of applications, such as 
tissue engineering63, filtration media64, 65, electronic devices66-68, carbon nan-
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ofiber production69, drug delivery70 and transparent conducting films71. Fur-
ther descriptions of the possible applications of CNF produced by TEMPO-
mediated oxidation can be found elsewhere72.  

3.2.3 Other agents for the oxidation of cellulose  
There are few other methods for the selective oxidation of cellulose apart 
from periodate oxidation and TEMPO-mediated oxidation. Other non-selec-
tive methods of oxidation of cellulose involve the use of nitrogen oxides37, 73, 
alkali metal nitrites and nitrates74, ozone75, hydrogen peroxide76 and various 
oxygen-containing halogen compounds (NaClO, NaClO2, NaClO3, NaBrO3, 
ClO2)

77, 78. However, the use of these oxidants is associated with numerous 
drawbacks, such as the possible formation of nitrate-containing side products 
with the use of nitrogen dioxide37, and the low efficiency of oxidation with 
O2, H2O2 and O3, accompanied by a decrease in the degree of polymerization 
due to the cleavage of glycosidic bonds78, 79.  

Oxone is a commercially available chemical reagent. It consists of a stable 
triple salt (2KHSO5·KHSO4·K2SO4), where potassium peroxymonosulfate 
(KHSO5) is the key component80. Moreover, Oxone is readily soluble in 
water and is inexpensive80. Some examples of the use of Oxone as sole oxi-
dant for the oxidation of aldehydes81, ketones to esters via Baeyer-Villiger 
oxidation82, olefins83 and alcohols84, demonstrate the potential of Oxone as 
oxidant80. Oxone has also been applied in the bleaching and delignification85-

87 of cellulose. No reports could be found in the literature regarding the oxi-
dation of cellulose employing Oxone as the pivotal oxidant, but Luong and 
coworkers88 reported the related oxidation with ammonium persulfate. 

3.2.4 Functionalization of DAC 
2,3-dialdehyde cellulose is a product of the oxidation of cellulose using peri-
odate. The aldehyde groups produced in DAC can be further converted to, 
e.g., carboxyl groups42, 89, primary alcohols89, 90, or imines (Schiff bases) with 
primary amines91, which makes DAC a suitable starting material for further 
functionalization for a wider range of applications, e.g., as an adsorbent of 
heavy metals52, DNA50 or dyes49. 

The reductive amination of DAC is an important modification that can 
transform aldehyde groups in DAC directly to amines. As shown in Figure 5, 
aldehydes are first converted to imines by Schiff base reactions with a pri-
mary or secondary amine, and the imine is then reduced to amine by a reduc-
ing agent. Reductive amination often occurs in a one-pot reaction, as the 
intermediate imine is unstable and easy to hydrolyze to the corresponding 
amine and aldehyde92. A variety of reducing agents that can reduce imines 
selectively over aldehydes, such as sodium cyanoborohydride (NaBH3CN)93, 
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94, sodium triacetoxyborohydride [NaBH(OAc)3]
95, 96 and pyridine-borane 

(pyr-BH3)
92, 97, 98, have been applied during the reduction process. 

 
Figure 5. The reductive amination of DAC with amines. 

3.3 Preparation of cellulose beads 
Cellulose beads are generally defined as spherical particles with diameters of 
a few micro- or millimeters prepared from cellulose, and have been applied 
in several areas, e.g., chromatography99, controlled drug release100, sodium-
ion batteries101 and noble metal adsorption102. Several kinds of cellulose bead 
products with various properties and sizes are commercially available103-105. 
As the spherical shape reduces the backpressure under flow conditions, it is 
superior to membranes or irregularly shaped particles in many applications 
such as column matrix material. 

3.3.1 Classic methods for the preparation of cellulose beads 
Since the first report of the preparation of cellulose pellets was published in 
1951106, various procedures have been developed for the production of cellu-
lose beads6 with diameters ranging from ~10 μm to 1-3 mm. A typical pro-
cedure for the preparation of cellulose beads follows three steps6: (i) dissolu-
tion of cellulose (or related derivatives) in a dedicated solvent (e.g. alka-
li/urea aqueous solution107, ionic liquid), (ii) cellulose bead shaping in solu-
tion (e.g., with the aid of surfactants), and (iii) coagulation and solidification 
of the cellulose droplets in a nonsolvent. In addition, numerous kinds of 
post- and pretreatment can be used to modify the cellulose beads to endow 
them with specific properties.  

As described above, cellulose is insoluble in water and most common or-
ganic solvents because of the strong intra- and inter-hydrogen bonding. 
However, as a result of intense studies over recent decades, a few solvents 
and approaches have been discovered and developed that can be employed to 
dissolve cellulose. There are two main approaches to dissolving cellulose. 
The first is direct dissolution. Some well-known solvents can dissolve cellu-
lose, such as cuprammonium hydroxide (cuoxam) and other aqueous metal 
salt solutions of copper, nickel and iron, which contain co-ligands such as 
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ammonia, ethylene diamine, or tartaric acid108, 109. The use of this type of 
solvent is, however, limited as they contain heavy metals110. N-methyl-
morpholine N-oxide monohydrate is a promising solvent for the solution of 
cellulose111, although it is thermally unstable, especially upon the addition of 
additives such as activated carbon and magnetic particles112. In recent years, 
aqueous solutions of NaOH with different additives such as urea113, 114, thiou-
rea16, or ZnO115, have attracted significant attention due to their ability to 
dissolve cellulose, and have the potential for use in industrial-scale produc-
tion. Imidazolium-based ionic liquids are also considered promising and 
versatile solvents that can be employed to prepare cellulose beads via disso-
lution and other pelletizing techniques116, 117. The second approach is based 
on first functionalizing the cellulose to increase its solubility. Cellulose xan-
thate, produced by alkalization, aging and CS2 treatment, can be dissolved in 
NaOH and shaped into beads using regeneration techniques such as acid 
treatment118, 119.  

Following the dissolution of cellulose, the next step in the preparation of 
cellulose beads is shaping of the beads, usually by dropping or dispersion 
techniques6. In the dropping procedure, the spherical droplets of a cellulose 
solution become solid beads when dropped into a coagulation bath of non-
solvent. The size of the droplets can be tuned by the choice of ejection in-
strument, or by varying the ejection conditions and the viscosity of the solu-
tion 120-122, but the diameter is generally greater than 250 μm. When using 
dispersion techniques, surfactants that stabilize the formation of beads in an 
emulsion system consisting of a cellulose solution and an immiscible solvent 
of the opposite polarity under the shearing of centripetal force or stirring123, 
play a significant role. The diameter of the droplets is affected by the rota-
tion speed, the type and amount of surfactant, the ratio of hydrophobic to 
hydrophilic solvent, and the viscosity of the dispersion solvent and the cellu-
lose solution124, 125. The beads produced in this way are much smaller than 
those produced by dropping, ranging from ten to a few hundred micrometers. 

3.3.2 Cellulose beads preparation via periodate oxidation of 
Cladophora cellulose 
The classical techniques of bead preparation described above have been de-
veloped and commercialized. However, these methods generally require 
many steps, sophisticated equipment, dedicated solvents, special surfactants, 
chemical reagents, and rigorous control of the procedure, all of which may 
lead to high costs and environmental problems. Although larger sized beads 
can be easily prepared by classical methods, the production of small cellu-
lose beads (1-10 μm) is difficult.  

Recently, a new procedure for the preparation of “cellulose” beads from 
Cladophora nanocellulose of high crystallinity was reported45. These cellu-



 25 

lose beads, DAC beads, are formed spontaneously during periodate oxida-
tion under aqueous conditions in a one-pot procedure. The novel procedure 
obviates the need for tedious multistep procedures such as dissolution, drop-
let formation, etc. The DAC beads produced range in diameter from 1 to 20 
μm, have a smooth surface45, and are sensitive to beta-elimination under 
alkaline conditions46. The dialdehyde groups and pristine primary hydroxyl 
groups formed endow the DAC beads with considerable potential for further 
functionalization and also enable the beads to be used in interesting applica-
tions, e.g., protein immobilization126, drug delivery127 and graft copolymeri-
zation128. This method for the preparation of cellulose beads provides an 
alternative and a supplement to the classical methods. 

3.4 Cellulose as an adsorption material 
Cellulose fulfills many of the requirements of an adsorption material, i.e., it 
is hydrophilic, non-toxic, biodegradable and has good mechanical properties. 
However, to develop an efficient material for adsorption, several aspects 
must be considered. Apart from the obvious advantages of having a large 
surface area, ample coordination sites, and efficient coordination of the ad-
sorbate, the practicality of the adsorption operation is an important aspect, 
e.g. using filters or columns. For adsorption in a matrix in columns, a mate-
rial with spherical morphology that can keep backpressure to a minimum is 
desirable, while materials used to produce filters or membranes should pref-
erably have a fibrous character to ensure the necessary mechanical strength 
(Paper II). 

Cellulose can be used as an adsorbent directly, or be modified to improve 
its adsorption capacity129. In many cases, cellulose has an adsorption capa-
city comparable to other adsorbent materials, such as commercial ion-
exchange resins130-132, which may rely on the consumption of a petroleum 
feedstock. Cellulose can be used as a natural adsorption material for a varie-
ty of compounds, including water, organic substances133, metal ions134, 
dyes135, etc. In water adsorption, the hydroxyl groups of cellulose may ex-
hibit strong chemisorption of water molecules at low relative humidity, 
while multilayer sorption takes place at moderate relative humidity, and 
capillary condensation of free water occurs at high relative humidity133. 
When using cellulose as a natural adsorbent, the process depends on the 
chemical nature as well as the porosity of the adsorbent133, and in most cases, 
metal ion adsorption obeys the Freundlich and Langmuir models136. How-
ever, the adsorption capacity of natural unmodified cellulose is often not 
very high130, 137, so some kind modification is necessary to improve its ad-
sorption properties. 

Functionalization can be used to introduce new functional groups or mol-
ecules into cellulose, or to reshape fibrous cellulose, e.g., into beads. The 
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change in morphology can modify and/or improve the physicochemical 
properties of the cellulose, such as its hydrophilic or hydrophobic character, 
elasticity, water sorption capacity, adsorptive or ion-exchange ability, resis-
tance to microbiological attack and thermal resistance138, or can be beneficial 
in the practical execution of the adsorption process (Paper II).  

The DAC obtained by periodate oxidation contains two aldehyde groups 
per AGU and could be useful as a new starting material for further modifica-
tion to produce a more efficient adsorbent. Furthermore, the morphology of 
DAC can be changed by varying the degree of oxidation. As described in 
Paper II, periodate oxidation of Cladophora nanocellulose for two days had 
little effect on the morphology of the cellulose, and web-like cellulose with 
dialdehyde groups was produced. However, when Cladophora nanocellulose 
was subjected to periodate oxidation for thirteen days, cellulose beads were 
formed. Further modification of DAC, such as reductive amination, intro-
ducing more coordination groups, e.g., amine and thiol groups, into DAC, 
endows it with desirable adsorption properties. 
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4. Materials and Methods 

4.1 Preparation of DAC 
DAC was prepared by periodate oxidation of cellulose from Cladophora 
green algae in water according to a published procedure45. Briefly, nano-
cellulose from Cladophora (at a concentration of about 10 g/L) was mixed 
with sodium metaperiodate (5 mol per mol of AGU) dissolved in water. The 
periodate-containing reaction vessel was carefully wrapped in aluminum foil 
to prevent light exposure. The reaction mixture was gently stirred at room 
temperature in the dark for present times. For the preparation of DAC beads, 
the oxidation time should be no less than 10 days. Aliquots withdrawn for 
analysis were immediately quenched by the addition of ethylene glycol and 
washed four times by centrifugation/washing/redispersion in water to pro-
vide pure DAC. Wet DAC samples were kept in water at 4 °C until further 
use. 

4.2 Determination of the aldehyde content in DAC 
Elemental analysis was performed to measure the degree of oxidation (D.O.). 
The DAC samples were transformed into aldoximes via Schiff base reactions 
with hydroxylamine45, and the elemental composition analyzed (C, H and N). 
DAC (100 mg), 40 mL acetate buffer (pH 4.5) and 1.65 mL hydroxylamine 
solution (aqueous, 50 wt%) were added to a 100-mL round-bottom flask. 
The reaction mixture was stirred at room temperature for 24 h. The product 
was then thoroughly washed with water and dried under reduced pressure 
prior to elemental analysis.  

4.3 Determination carboxylic acid content  
The content of carboxylic groups was determined by conductometric titra-
tion using a Mettler Toledo T90 titrator. The cellulose sample (~ 1.5 mg/mL) 
was dispersed in 1 mM NaCl by high-energy ultrasonication (VibraCell 750 
W, Sonics, USA) and then purged with N2 for at least 10 min to remove 
dissolved gases. Before titration, the pH of the dispersion was adjusted to 
below 2.8 with concentrated hydrochloric acid under a nitrogen atmosphere. 
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NaOH (50 mM) was used as the titrant and was added throughout the titra-
tion process. The content of carboxylic acid was calculated by making linear 
fits to the linear regions (corresponding to strong acid and base), and the 
plateau region (corresponding to weak acid, i.e., carboxylic acid), in the 
conductivity vs. titrant volume curves38. 

4.4 Preparation of porous chitosan-crosslinked DAC 
beads  
Never-dried DAC was added to deionized water and stirred to obtain a DAC 
suspension with good dispersibility at a concentration of ~ 2 mg/mL. Chito-
san was dissolved in HCl solution at a concentration of 19.2 mg/mL, and the 
pH of the solution was controlled in the range 2.5-3.5. The transparent chito-
san solution was introduced into the DAC dispersion drop-wise (about 1 
mL/min) while stirring the DAC dispersion in a round-bottom flask. Sodium 
cyanoborohydride (1.25 mol per mol of chitosan) was added to the reaction 
mixture. After the desired reaction time, the product, denoted DAC-CS, was 
purified twice by centrifugation/washing/redispersion in diluted HCl solution 
(about 8 mM) and twice by centrifugation/washing/redispersion in water, 
and then kept in water until further use. All procedures were performed in a 
fume hood. 

4.5 Oxone oxidation of cellulose 
Cellulose samples were dispersed in 100 mL deionized water by high-energy 
ultrasonication. The dispersion was transferred to a round-bottom flask and 
heated to preset temperatures in an oil bath under magnetic stirring. Oxone 
was then introduced into the reaction flask to start oxidation. The flask was 
then sealed with a stopper. The reaction was allowed to proceed for specified 
times, and the mixture was then cooled in air and thoroughly washed by 
centrifugation and washing with deionized water.  
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5. Results and Discussion 

5.1 Derivatives of DAC  
In this section, the results and discussions from Papers I, II and III are 
summarized. Porous DAC beads were prepared by the introduction of vari-
ous diamine spacers and characterized as described in Paper I. Efficient 
palladium adsorbents based on two kinds of cysteine-functionalized DAC 
were then prepared and characterized, and the adsorption process for pallad-
ium was studied, as described in Paper II. Paper III, describes the prepar-
ation of porous DAC beads crosslinked by chitosan and their application in 
the adsorption and desorption of Congo red dye. 

5.1.1 Functionalization of DAC  
The general principle of the functionalization of DAC via reductive amina-
tion is illustrated in Figure 5, but in the actual functionalization of DAC, 
described in Papers I, II, and III, small adjustments were made to the gen-
eral method.  

In the study described in Paper I, DAC beads were functionalized with 
several aliphatic and aromatic tethered mono- and diamines via Schiff base 
couplings, followed by reduction with NaBH4. The texture and porosity of 
dried DAC beads can be altered by this functionalization. Briefly, reductive 
amination of linear alkyl diamines to never-dried DAC was performed in 
acetate buffer (pH 4.5) at room temperature for 24 h, while reductive amina-
tion of aryl diamines was performed in methanol, due to the difference in 
polarity between linear alkyl diamines and aryl diamines. The reaction 
scheme for these reductive aminations of DAC is shown in Figure 6. 

 
Figure 6. Reaction scheme for the reductive amination of DAC (reprinted from 
Paper I). 
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In the study presented in Paper II, DAC oxidized for 2 days (2D-DAC) and 
13 days (13D-DAC), was functionalized with L-cysteine by reductive amin-
ation in a one-pot procedure to produce adsorbents denoted DAC-LC, with 
different degrees of functionalization. In short, reductive amination was per-
formed by mixing dried DAC (2D-DAC or 13D-DAC), L-cysteine and a 
reducing reagent in methanol for 24 h at room temperature. The use of the 
reducing agent 2-picoline-borane (C6H7

.BH3) in the one-pot reaction provid-
ed a highly efficient and mild procedure. The reaction scheme for the prepa-
ration of cysteine-functionalized DAC is shown in Figure 7. The newly in-
troduced –NH2 or –SH group in cysteine can be used as a new active site for 
coordination or further functionalization. 

 
Figure 7. Reaction scheme for the preparation of cysteine-functionalized DAC and a 
plausible coordination mode for the adsorption of Pd(II) ions (reprinted from Paper 
II). 

Chitosan derived from chitin shells of crustaceans, and composed of glu-
cosamine and N-acetyl glucosamine139, is a pseudo-natural polysaccharide. 
As chitosan is derived from chitin, one of the most abundant biopolymers in 
nature, it is almost inexhaustible. Paper III describes how DAC beads were 
modified by crosslinking with the polyamine, chitosan, to provide porous 
beads (denoted DAC-CS). In brief, the chitosan dissolved in HCl solution 
was added drop-wise to a dispersion of never-dried DAC beads with con-
comitant in situ reduction with the reducing agent sodium cyanoborohydride 
(NaBH3CN). During the synthesis of DAC-CS beads, several parameters 
were investigated, including the amount of chitosan, the reaction temperature 
and time, and different synthesis approaches involving drop-wise or batch-
wise addition of chitosan solution, the effect of reduction, in situ reduction 
or two-step reduction, and adding chitosan to DAC, or vice versa. (The de-
tails of these investigations can be found in Paper III.) Based on the exper-
iments conducted and the results obtained, the following reaction conditions 
and procedures were chosen for the reductive amination between DAC and 
chitosan: 2 equiv. of chitosan, a reaction temperature of 22.5 °C (room tem-
perature), a reaction time of 6 h, drop-wise addition of chitosan solution to 
the DAC dispersion and in situ reduction using NaBH3CN. The reaction 
scheme for the preparation of DAC-CS beads is shown in Figure 8. 
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Figure 8. Reaction scheme for the preparation of DAC-CS beads (reprinted from 
Paper III). 

5.1.2 Characterization of functionalized DAC 
When dried in ambient air at room temperature, unfunctionalized highly 
oxidized DAC beads had a relatively compact, nonporous surface and a low 
SSA (< 1 m2 g-1)45. The morphology of DAC beads functionalized with dif-
ferent diamines was investigated (Paper I). Aliphatic and aromatic tethered 
monoamines were found to be of limited use for producing porous beads, 
whereas the introduction of diamines gave beads with a porous texture (see 
SEM images in Figure 9), and the SSA increased from < 1 to > 30 m2 g-1 
(Table 1). Both aliphatic and aromatic diamines were found to be efficient 
for the preparation of porous beads with a pore size distribution of 10 to 100 
nm, as verified by N2 gas adsorption (Figure 10) and mercury intrusion po-
rosimetry analysis (Figure 11a). The results of thermal gravimetric analysis 
(TGA) of three typical samples, DAC, 1,3-diaminopropane-functionalized 
DAC and 1,7-diaminoheptane-functionalized DAC, are shown in Figure 11b. 
The 1,7-diaminoheptane-functionalized DAC with a considerable degree of 
crosslinking shows increased thermal stability compared to DAC, whereas 
the 1,3-diaminopropane-functionalized DAC does not, which might be due 
to the propane chain being too short to efficiently crosslink the DAC. 1,7-
diaminoheptane-functionalized DAC was more stable in alkaline solution 
than unmodified DAC. These results indicate that the reductive amination of 
DAC beads with certain diamines could stabilize the porous structure of 
DAC beads and prevent the material from collapsing into a compact, non-
porous structure, and that reductive amination is an efficient approach for 
producing mesoporous cellulose beads. Details concerning the characteriz-
ation of these porous, diamine-functionalized DAC beads, including density, 
their stability in 1 M NaOH, FTIR measurements and thermal stability, can 
be found in Paper I. 
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Figure 9. SEM micrographs of diamine-functionalized beads. (a) 1,2-diaminoethane, 
(b) 1,4-diaminobutane, (c) 1,7-diaminoheptane, (d) 1,3-phenylenediamine, (e) 1,3-
diaminopropane, (f) 1,6-diaminohexane, (g) 1,2-phenylenediamine, (h) 1,4-
phenylenediamine (reprinted from Paper I). Magnification: 30 000 x, scale bar: 1 
μm. 

Table 1. Beads functionalized with different types of amines by reductive amination 
and their resulting SSA, according to N2 gas sorption measurements (BET method 
analysis), and density according to helium pycnometry (reprinted from Paper I). 
 a n.d. = not determined 

μμ

μ

μ

μ

μ

μμ

μ

Amine SSA (m2 g-1) Density (g cm-3) Beads 

unmodified DAC bead 0.3 1.48 yes 

1,2-diaminoethane 27 1.42 yes 

1,3-diaminopropane 32 1.38 yes 

1,4-diaminobutane 22 1.35 yes 

1,6-diaminohexane 16 1.35 yes 

1,7-diaminoheptane 20 1.37 yes 

6-aminohexan-1-ol n.d.a n.d.a no 

6-aminocaproic acid n.d.a n.d.a no 

1,2-phenylenediamine 22 1.37 yes 

1,3-phenylenediamine 28 1.38 yes 

1,4-phenylenediamine 28 1.37 yes 

aniline 3 1.26 yes 

4,4′-oxidianiline 24 1.37 yes 
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Figure 10. Pore size distributions of beads crosslinked with: (a) aliphatic diamines 
and (b) aryl mono- and diamines as a function of pore size distribution, obtained 
from N2 gas adsorption measurements (BJH method analysis) (reprinted from Paper 
I). 

 
Figure 11. (a) Pore size distributions of beads crosslinked with 4,4 -oxidianiline, 
1,4-phenylenediamine, and 1,3-diaminopropane, according to mercury porosimetry 
measurements; (b) TGA curves for DAC, 1,3-diaminopropane-functionalized DAC 
and 1,7-diaminoheptane-functionalized DAC (reprinted from Paper I). 

In the second study (Paper II), two different kinds of adsorbents were pre-
pared, one for filters (fibrous material, 2D-DAC-LC) and the other for col-
umn matrices (spherical beads, 13D-DAC-LC). During the process of perio-
date oxidation, two days’ oxidation provided a more compact cellulose mate-
rial (2D-DAC) than the unmodified Cladophora cellulose, while thirteen 
days’ oxidation induced drastic changes in the cellulose morphology, pro-
ducing beads with a relatively smooth surface, as can be seen in Figure 12. 
Moreover, reductive amination with L-cysteine on DAC provided materials 
with a less compact and more porous texture. After adsorption of palladium, 
the adsorbents (2D-DAC-LC-Pd and 13D-DAC-LC-Pd) showed little or no 
change in their morphology.  
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Figure 12. SEM micrographs of unmodified Cladophora cellulose and samples 
prepared with 2 and 13 days’ oxidation (reprinted from Paper II). 

The FTIR spectra from DAC and its functionalized derivatives are shown in 
Figure 13. The transmittance peaks at 880 cm-1 (Figure 13b) and 1734 cm-1 
(Figure 13c) are assigned to the hemiacetal and carbonyl groups, respective-
ly140, 141. For the spectra of Cladophora cellulose, 2D-DAC and 13D-DAC in 
these two regions, the signals increase as the D.O. increases. Furthermore, 
after L-cysteine functionalization, a more distinct signal at 1734 cm-1, corre-
sponding to carbonyl groups141 (comparing ii and iii, or v and vi), demon-
strates the introduction of L-cysteine into DAC. 
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Figure 13. FTIR spectra at (a) 4000-400 cm-1, (b) 1000-800 cm-1 and (c) 1850-1650 
cm-1 for: i) unmodified Cladophora nanocellulose, ii) 2D-DAC, iii) 2D-DAC-LC, 
iv) 2D-DAC-LC-Pd, v) 13D-DAC, vi) 13D-DAC-LC and vii) 13D-DAC-LC-Pd 
(reprinted from Paper II). 

Not only the FTIR spectra demonstrated the introduction of L-cysteine into 
DAC, but the XPS spectra (Figure 14) also show the presence of N and S in 
2D-DAC-LC and 13D-DAC-LC, which supports the successful reductive 
amination of L-cysteine on DAC. 

 
Figure 14. XPS wide scans for 2D-DAC, 2D-DAC-LC, 2D-DAC-LC-Pd, 13D-
DAC, 13D-DAC-LC and 13D-DAC-LC-Pd (reprinted from Paper II). 

The variation in the thermal stability of the functionalized DAC was investi-
gated with TGA, and the resulting thermograms are shown in Figure 15. The 
curves obtained from TGA under compressed air and under nitrogen demon-
strate that both the oxidation of cellulose and L-cysteine modification of 
DAC decreased the thermal stability of the materials.  
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Figure 15. Thermograms obtained under (a) compressed air and (b) nitrogen for 
dried Cladophora nanocellulose and other samples prepared (reprinted from Paper 
II). 

Nitrogen sorption was employed to study the porosity of the functionalized 
DAC. Nitrogen sorption isotherms obtained at a temperature of 77 K and the 
pore size distributions are shown in Figure 16, while the pore volume and 
SSA are given in Table 2. The SSA decreased by two orders of magnitude as 
the D.O. increased (Cladophora cellulose to 13D-DAC), and increased sig-
nificantly after functionalization with L-cysteine (2D-DAC to 2D-DAC-LC, 
and 13D-DAC to 13D-DAC-LC). Periodate oxidation of cellulose can break 
the molecular structure and disrupt the fibrous morphology, so the SSA of 
DAC decreased after oxidation. L-cysteine functionalization might disrupt 
the intermolecular hydrogen bonds in DAC, which might be the reason why 
the SSA increased in DAC-LC compared to DAC.  

 
Figure 16. (a) Nitrogen sorption isotherms (T = 77 K) and (b) pore size distributions 
for cellulose and its derivatives (reprinted from Paper II). 
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Table 2. Pore volume and SSA of cellulose and its derivatives (reprinted from Paper 
II). 

  Pore volume (cm³ g-1) SSA (m² g-1) 

Cladophora cellulose 0.6 102 

2D-DAC 0.4 47 

2D-DAC-LC 1 141 

13D-DAC 0.003 1 

13D-DAC-LC 0.3 47 

 
As stated in Segal’s empirical equation142, the intensity of 2-Theta at about 
22.5° and 18° in XRD curves corresponds to the crystalline and amorphous 
parts of cellulose, respectively. The crystallinity index of the nanocellulose 
and its derivatives was calculated using Segal’s empirical equation142: 

   (1) 

 
where CrI is the crystallinity index of cellulose, I22.5˚ represents the crystal-
line peak diffraction intensity and I18˚ is the diffraction intensity of the amor-
phous part. Figure 17 shows the XRD curves for the DAC derivatives inves-
tigated. The decreasing intensity at 22.5° indicates oxidation makes the cel-
lulose more amorphous and L-cysteine functionalization has very limited 
effect on the crystallinity. 

 
Figure 17. XRD curves for Cladophora nanocellulose and its functionalized deriva-
tives (reprinted from Paper II). 

The porosity of DAC, DAC-CS and the NaOH-treated DAC-CS (DAC-CS-
NaOH) was also studied by SEM and nitrogen sorption analysis (Paper III). 
Fardim and coworkers6 reported that an appropriate drying technique and 
procedure are required for the preparation of cellulose bead samples for 
SEM and gas sorption analysis. Thus, to investigate the influence of different 
purification and drying procedures on the properties of the products, DAC, 
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DAC-CS and DAC-CS-NaOH samples were purified and dried using three 
different methods after having been washed twice with deionized water:  

1) washing by centrifugation/washing/redispersion in deionized wa-
ter 6 times, and drying to remove water, in air under ambient 
conditions,  

2) washing by centrifugation/washing/redispersion in ethanol 6 
times and drying to remove ethanol, in air under ambient condi-
tions,  

3) washing by centrifugation/washing/redispersion in ethanol twice, 
in acetone twice and in diethyl ether twice, and drying to remove 
diethyl ether, in air under ambient conditions.  

The SEM images of the samples purified and dried using these different 
approaches are given in Figure 18. For the samples described above, DAC 
washed with water may be subject to hornification, and the beads were found 
to have a smooth surface, but porous beads can still be observed in Figures 
18d and g showing the DAC-CS and DAC-CS-NaOH samples. This demon-
strates that the chitosan-functionalized DAC had different properties, which 
might prevent hornification.  

 
Figure 18. SEM micrographs of samples of DAC (a)(d)(g), DAC-CS (b)(e)(h) and 
DAC-CS-NaOH (c)(f)(i), washed in different ways (reprinted from Paper III). 

Nitrogen gas sorption isotherms at a temperature of 77 K and pore size dis-
tributions for DAC, DAC-CS and DAC-CS-NaOH, purified and dried in 
different ways, are shown in Figures 19 and 20, respectively. The pore vol-
ume and SSA of the samples are presented in Table 3. For almost all samples 
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(DAC, DAC-CS and DAC-CS-NaOH) the SSA increased after purification 
with, and drying to remove, less polar solvents, as can be clearly seen in the 
nitrogen sorption isotherms in Figure 19 and the data in Table 3. Moreover, 
after purification with less polar solvents, the amount of both micropores and 
mesopores increased, as can be seen from the pore size distributions in Fig-
ure 20. Furthermore, the DAC-CS beads were more porous than the unmodi-
fied DAC beads. The SSA and the pore volume also increased in DAC-CS. 
After treatment with 1M NaOH (DAC-CS-NaOH), even more porous beads 
were obtained, which could explain the decrease in weight of DAC-CS ob-
served after NaOH treatment. 

Table 3. Pore volume and SSA for DAC, DAC-CS and DAC-CS-NaOH purified 
with different solvents (reprinted from Paper III). 

 Samples Pore volume (cm3 g-1) SSA (m2 g-1) 

DAC-H2O 0.003  8.93 ± 0.23 

DAC-EtOH 0.013  7.81 ± 0.17  

DAC-Ether 0.068  18.89 ± 0.22  

DAC-CS-H2O 0.060  12.29 ± 0.11 

DAC-CS-EtOH 0.094  25.49 ± 0.15 

DAC-CS-Ether 0.131  44.25 ± 0.11 

DAC-CS-NaOH-H2O 0.007  9.12 ± 0.35 

DAC-CS-NaOH-EtOH 0.190  44.88 ± 0.32  

DAC-CS-NaOH-Ether 0.298  79.67 ± 0.31  

H2O, EtOH and Ether after each sample indicates the washing method. 

 
Figure 19. Nitrogen sorption isotherms of (a) DAC, (b) DAC-CS and (c) DAC-CS-
NaOH purified with different solvents (reprinted from Paper III). 
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Figure 20. Pore size distributions for (a) DAC, (b) DAC-CS and (c) DAC-CS-NaOH 
purified with different solvents (reprinted from Paper III). 

The results of characterization with FTIR, XPS, CHN elemental analysis and 
energy dispersive X-ray (EDX) indicated that functionalization of DAC with 
chitosan took place as expected. (The details can be found in Paper III.) 
Interestingly, the TGA curves of the samples, shown in Figure 21, show that 
the thermal stability of DAC-CS increased compared to DAC, and is differ-
ent from that shown in Figure 15b. This implies that crosslinking with chi-
tosan is an efficient means of changing the properties of DAC by increasing 
the thermal stability of the material. These TGA results are similar to those 
for 1,7-diaminoheptane described in Paper I (Figure 11b). 

 
Figure 21. Thermograms obtained under nitrogen for dried Cladophora cellulose, 
DAC and DAC-CS samples (reprinted from Paper III). 

5.1.3 Applications of the derivatives of DAC 
5.1.3.1 DAC-LC adsorption of Pd(II)  
The precious metal palladium has several interesting properties, and it is 
widely used in the electronics, pharmaceutical and chemical industries. The 
high demand for this metal, its low natural abundance143, 144 and its toxic 
effects145 have led to considerable interest in the recovery and extraction of 
palladium from industrial waste. Cysteine-functionalized DAC appears to be 
a promising material for the adsorption of Pd(II) ions.  

The adsorption isotherm data were analyzed using both the Langmuir (2) 
and Freundlich (3) models, which are expressed in linear form as146, 147:   
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   (2) 

and 

 .  (3) 

To evaluate the influence of the contact time between adsorbent and adsorb-
ate during the adsorption process, the equilibrium adsorption time should be 
investigated148. Figure 22a shows the relationship between the amount of Pd 
adsorbed and the contact time, where it can be seen that the adsorption of 
Pd(II) ions was rapid, and that 80% of the maximum amount was adsorbed 
within 2 hours. 

The relationship between the adsorbent and the adsorbate can be charac-
terized by an adsorption isotherm. This provides the relationship between the 
concentration of the adsorbate remaining in the solution and the amount of 
adsorbate adsorbed on the solid phase after the two phases have reached 
equilibrium149. The adsorption isotherms for Pd(II) adsorption with 2D-
DAC-LC and 13D-DAC-LC are shown in Figure 22b. The amount of metal 
ions adsorbed at equilibrium per unit mass (qe) of DAC-LC initially in-
creased with increasing equilibrium concentration of the solute (Ce), and 
then started to level off, indicating saturation of the active chelation sites on 
DAC-LC. The details of the analysis with the Langmuir and Freundlich 
models are presented in Paper II. 

 
Figure 22. (a) Effect of contact time on Pd(II) adsorption, and (b) adsorption iso-
therm for Pd(II) on 2D-DAC-LC and 13D-DAC-LC. The lines are simply to guide 
the eye (reprinted from Paper II). 

5.1.3.2 DAC-CS adsorption of Congo red dye 
Pollution of the environment by chemical waste is a problem of great con-
cern worldwide, and means of addressing this problem are urgently required. 
Dyes are a common type of chemical waste in wastewater. They are used in 
a number of industrial processes and often generate large amounts of 
waste150, 151. An efficient way to sequester these dyes is to adsorb them using 
suitable materials with good sorption properties152. 
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Congo red, disodium-3,3′-([1,1′-biphenyl]-4,4′-diyl)bis(4-aminonaphtha-
lene-1-sulfonic acid) is a benzidine-based anionic bisazo dye, which is con-
sidered to be a human carcinogen153. Aqueous solutions of Congo red are 
blue at pH 3 and red at pH > 5154. Adsorption experiments for Congo red 
were conducted at different pH, and the results are shown in Figure 23. The 
adsorption was almost 100% at pH 2, but decreased with increasing pH, 
being only 3% at pH 12 (Figure 23a). Figure 23b shows the relationship 
between adsorption and contact time at two different pH values, where it can 
be seen that adsorption was much faster and higher at pH 2 than that at pH 7. 
The adsorption capacity of DAC-CS beads for Congo red was calculated and 
found to be 200 mg/g at pH 2 in 100 g/L dye solution. 

 
Figure 23. Adsorption of Congo red by DAC-CS beads as a percentage of the total 
content: (a) as a function of pH after 3 and 20 hours, (b) as a function of time at pH 
2 and 7. The initial concentration of Congo red was 100 mg/L (reprinted from Paper 
III). 

The difference in adsorption capacity at pH 2 and pH 12 indicates that DAC-
CS is a good adsorbent of Congo red at acidic pH, and also has beneficial 
desorption properties at alkaline pH, thus DAC-CS could be used as an ad-
sorbent for this dye. During the first desorption of Congo red from DAC-CS 
the desorption in NaOH (aq.) of pH ~12 was about 93%, while after a second 
exposure to Congo red the desorption was about 89%. The adsorption using 
100 mg/L dye solution for both the adsorption cycles was about 100%. The 
findings indicate that DAC-CS beads have the potential to be reused several 
times for Congo red adsorption. Images and links to videos of the adsorption 
and desorption processes can be found in the supplemental information in 
Paper III. 

5.2 Oxone oxidation of cellulose in water 
A method for selective oxidation of the primary hydroxyl group of cellulose 
with Oxone (2KHSO5·KHSO4·K2SO4) was developed in this work, and the 
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results regarding Oxone oxidation of cellulose in water from Papers IV and 
V will be summarized and discussed in this section. 

5.2.1 Investigation of Oxone-oxidation conditions  
Two types of cellulose, a common softwood cellulose pulp and a highly 
crystalline cellulose from Cladophora, were oxidized with Oxone. Several 
reaction parameters were screened, including reaction time and temperature, 
the amount of oxidant (Oxone) and the cellulose concentration, to find suit-
able conditions to obtain a high carboxyl content and improve the oxidation 
efficiency for cellulose pulp. The oxidation reaction conditions obtained for 
cellulose pulp were also used for the oxidation of Cladophora cellulose. 

When investigating the oxidation conditions in aqueous solution, the fol-
lowing conditions were used as starting points, based on a rough first screen-
ing: a reaction time of 24 hours, 1.2 equiv. Oxone, a cellulose concentration 
of 0.625 wt% in the reaction solution, and a temperature of 80 °C. When one 
parameter was altered, the others were fixed. 

The influence of the reaction parameters on the carboxylic acid content of 
cellulose can be seen in Figure 24. (Details of the screening of the oxidation 
conditions can be found in Paper IV.) As the viscosity of 5 wt% Cladopho-
ra cellulose was too high to obtain efficient stirring during the reaction, 2 wt% 
cellulose was chosen as the concentration for the oxidation experiments to 
allow reasonable comparisons between the different sources of cellulose. 
Based on the results presented in Figure 24, the following conditions were 
finally selected for further investigation: a reaction time of 24 hours, 2.4 
equiv. of Oxone, a solution containing 2 wt% cellulose and a reaction tem-
perature of 80 °C. 

Oxone oxidation of cellulose pulp was performed in various buffered so-
lutions at different pH, and the carboxylic acid content of the cellulose pulp 
produced is shown in Figure 25. A noticeably higher carboxylic acid content 
was obtained when oxidation was conducted in deionized water, where a 
final pH of 1.8 was observed, which indicates that the oxidation efficiency 
was higher when the reaction was carried out at lower pH in the absence of 
buffer. 
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Figure 24. Effects of: (a) reaction time, (b) reaction temperature, (c) concentration 
of cellulose and (d) amount of Oxone, on the carboxylic acid content of oxidized 
cellulose pulp. u-CP denotes unmodified cellulose pulp, which was used as a refer-
ence (reprinted from Paper IV). 

 
Figure 25. Effect of solution pH on the carboxylic acid content of oxidized cellulose 
pulp (reprinted from Paper IV). 

To improve the oxidation efficiency of the conversion of alcohols to carbox-
ylic acids, sodium bromide was introduced into the Oxone oxidation sys-
tem84. The data in Table 4 confirm that the samples produced in the presence 
of sodium bromide exhibited a 10-20% enhancement in carboxylic acid con-
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tent, as expected. The results also show that Oxone seems to partly oxidize 
the C2 and/or C3 hydroxyl groups, providing ketones. 

5.2.2 Characterization of Oxone-oxidized cellulose 
The aldehyde groups in cellulose can be oxidized to carboxyl groups with 
sodium chlorite, and the number of carboxyl groups can then be measured 
with conductometric titration, to determine the aldehyde content. The differ-
ence between the carboxyl group content before and after oxidation with 
sodium chlorite gives the aldehyde content in the Oxone-oxidized cellulose. 
Small amounts of aldehyde groups were detected in samples o-CP and o-CC, 
as can be seen from the results in Table 4. 

Table 4 also presents other results of the physicochemical characterization. 
For example, the total aldehyde and ketone content was calculated from the 
results of CHN analysis of oximes. (Additional details can be found in Pa-
per IV.) 

The intrinsic viscosity (η) of the samples was determined according to the 
ASTM standard method D1795-96155, with an Ubbelohde viscometer (SI 
Analytics GmbH, Germany). (For details see Paper IV.) The decrease in the 
intrinsic viscosity of cellulose after oxidation can be used to evaluate wheth-
er any depolymerization has occurred during oxidation. The use of alkaline 
bis(ethylenediamine)copper(II) hydroxide solvent during the measurement 
of the intrinsic viscosity may cause degradation of the cellulose through -
elimination if aldehydes and/or ketones, are present156. Thus, both reduction 
with NaBH4 and further oxidation with NaClO2 were performed on the Ox-
one-oxidized cellulose, and the intrinsic viscosity of these corresponding 
products was determined.  The results indicated that there was no obvious 
degradation due to the use of the alkaline bis(ethylenediamine) copper(II) 
hydroxide solvent (results are not given in this thesis).  

The results of the intrinsic viscosity measurements presented in Table 4 
show that Oxone oxidation caused a decrease in the viscosity of both cellu-
lose pulp and Cladophora cellulose, but the decrease was much more obvi-
ous in cellulose pulp. The higher crystallinity of Cladophora nanocellulose 
may prevent contact between the oxidant molecules and interior cellulose 
molecules during oxidation, which could explain the smaller decrease in 
viscosity of Cladophora nanocellulose. The final pH of the solution in the 
general Oxone oxidation of cellulose is about 1.8, where hydrolysis and de-
polymerization of cellulose could be induced, leading to samples with low 
viscosity. It was observed that the viscosity of the reaction mixtures de-
creased during the course of the oxidation process. 
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Oxone oxidation not only oxidized the primary hydroxyl groups to carbox-
ylate groups, but also influenced the morphology of the cellulose. Three 
main changes can be observed in the morphology from the SEM images in 
Figures 26 and 27. Firstly, Cladophora cellulose formed sheets of cellulose, 
while cellulose pulp appeared as small, irregular pieces. Secondly, the intro-
duction of the co-oxidant NaBr had no influence on the morphology, com-
pared to that of Oxone alone. Finally, and interestingly, Cladophora cellu-
lose became more compact after oxidation. 

 
Figure 26. SEM micrographs of un-oxidized cellulose pulp, Cladophora cellulose 
and their derivatives. Scale bar: 1 μm (reprinted from Paper IV). 

 
Figure 27. SEM micrographs of un-oxidized cellulose pulp, Cladophora cellulose 
and their derivatives. Scale bar: 100 nm (reprinted from Paper IV). 

FTIR spectroscopy was employed to characterize samples (unmodified and 
oxidized celluloses) and the spectra are shown in Figure 28. The appearance 
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of a C=O stretching band at 1732 cm-1 assigned to the carbonyl groups38 in 
the spectra of oxidized samples indicates that oxidation has taken place. 

 
Figure 28. FTIR spectra of cellulose and its derivatives, after normalization with 
respect to the C–H stretching vibration at 2897 cm-1 157. (Reprinted from Paper IV.) 

As mentioned previously, XRD can be used to characterize the effects of 
oxidation on the crystallinity of the cellulose samples. Data from CP/MAS 
13C NMR spectra can also be used to calculate the crystallinity158. The XRD 
diffractograms and solid-state CP/MAS 13C NMR spectra are presented in 
Figures 29 and 30, respectively, while Table 4 gives the crystallinity index 
of samples obtained from XRD and NMR measurements. Both the XRD and 
NMR spectra of unmodified cellulose and oxidized cellulose seem to be 
almost identical, which indicates that the oxidative process has little influ-
ence on the crystallinity. The XRD and NMR spectra obtained from the Ox-
one-oxidized samples are very different from those from periodate-oxidized 
cellulose, which demonstrates that the crystalline core of the fibers was not 
influenced by Oxone oxidation (even with the co-oxidant NaBr), and that 
oxidation was confined to the surface of the fibers. (A detailed comparison, 
including values of the crystallinity index calculated from NMR measure-
ments, can be found in Paper IV.) 
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Figure 29. X-ray diffractograms of u-CP, o-CP, o-CP-Br, u-CC, o-CC and o-CC-Br 
(reprinted from Paper IV). 

 
Figure 30. Solid-state CP/MAS 13C NMR full spectra from samples of: (a) u-CP, o-
CP and o-CP-Br; and (b) u-CC, o-CC and o-CC-Br (reprinted from Paper IV). 

A plausible reaction mechanism for Oxone cellulose oxidation is presented 
in Figure 31. In this scheme, two reaction routes are proposed, one with 
NaBr as co-oxidant and the other without NaBr. The amounts of aldehydes 
and ketones detected support the formation of aldehydes during oxidation. 
Moreover, the reddish-brown color of the reaction mixture observed during 
oxidation when sodium bromide was used as co-oxidant indicates the for-
mation of bromine during oxidation. Moriyama et al.159 suggested a similar 
plausible reaction mechanism for the oxidation of alcohols with Oxone using 
potassium bromide as co-oxidant. Furthermore, Koo et al.84 and Raghavan et 
al.160 reported the formation of hypobromous acid from the peroxy-
monosulfate oxidation of bromide ions. 
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Figure 31. Plausible reaction mechanism for Oxone oxidation of cellulose (reprinted 
from Paper IV). 

5.2.3 Cellulose nanofibers prepared from Oxone-oxidized 
cellulose 
As mentioned above, pretreatment, such as the introduction of charged 
groups into cellulose molecules, causing electrostatic repulsion between 
cellulose fibers, can reduce the energy demand in cellulose fiber isolation 
and is beneficial for the fibrillation of fibers. Oxone oxidation can introduce 
carboxylic acid groups into cellulose, so this form of pretreatment has the 
potential to facilitate the fabrication of CNF. 

Two typical Oxone-oxidized celluloses were chosen as candidates for the 
preparation of CNF. One, denoted pulp-O, was oxidized by specified 
amounts of Oxone at 80 °C, and the other, denoted pulp-O-Br, was oxidized 
using Oxone and NaBr at room temperature. (The preparative details can be 
found in Paper V.) Slurries of both kinds of Oxone-oxidized cellulose, at a 
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concentration of 0.1 wt%, were disintegrated with a high-pressure homoge-
nizer (Microfluidizer LM20, Microfluidics, Westwood, MA, USA) to pro-
duce CNF. Un-oxidized cellulose pulp was used as a control to investigate 
the effect of Oxone oxidation. 

5.2.3.1 Characterization of CNF 
The carboxylic acid content of the samples was determined by conducto-
metric titration and the results are presented in Table 5. Slurries of different 
cellulose derivatives were disintegrated by homogenization for the same 
passes and the dispersion at the 1st, 5th, 10th and 15th pass were used for fur-
ther analysis. 

Table 5. Physicochemical properties of cellulose oxidized with Oxone, and Oxone 
with NaBr. 

Samples pulp pulp-15 pulp-O pulp-O-
15 

pulp-O-
Br 

pulp-O-
Br-15 

Intrinsic viscosity 
([η]) (dL/g) 2.01 1.149 0.375 0.294 0.510 0.456 

Transmittance 
at 550 nm (%) 8.37 32.69 2.67 70.34 3.23 45.31 

Carboxylic acid 
content (mmol/g) 0.077 / 1.073 / 0.585 / 

 
Sample dispersions at a concentration of 0.1 wt% at the 1st, 5th, 10th and 15th 
pass were introduced into a cuvette. Photographs of the samples were taken 
and are shown in Figure 32. The dispersions of pulp-O, pulp-O-Br and un-
oxidized pulp without homogenized treatment (0 pass) were used as controls. 
It can be seen from Figure 32 that all three dispersions, pulp-O, pulp-O-Br 
and un-oxidized pulp, became more transparent as the number of passes 
through the homogenizer increased. Interestingly, the dispersion of pulp-O 
was almost transparent after 15 passes (Figure 32a). These results indicate 
that Oxone oxidation is efficient and beneficial for the preparation of trans-
parent cellulose dispersions with the help of mechanical homogenization, as 
Oxone oxidized celluloses, both pulp-O and pulp-O-Br, were easier to disin-
tegrate than pulp. Thus, Oxone oxidation is efficient and beneficial for the 
preparation of transparent and homogeneous dispersions. 
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Figure 32. Photographs of dispersions (0.1 %, w/v) of: a) pulp-O, b) pulp-O-Br and 
c) un-oxidized pulp after different numbers of passes through the homogenizer (de-
noted 0, 5, 10 and 15), and the corresponding UV-vis transmittance spectra in the 
wavelength range from 280 to 750 nm.  

The UV-vis transmittance of the dispersions was determined to evaluate the 
transparency quantitatively, and the results are also shown in Figure 32. The 
dispersion of pulp-O had the highest transmittance in most cases, and the 
transmittance of all the samples increased as the number of passes through 
the homogenizer increased. The abnormal and unstable UV-vis spectrum for 
pulp-0 may be due to instability of the pulp dispersion and the precipitation 
of pulp during the measurement. Numerical values of the transmittance at a 
wavelength of 550 nm are also given for some samples in Table 5. These 
transmittance results confirm the results observed in the corresponding pho-
tographs, i.e., that the treatment of the dispersion of pulp-O, which has the 
highest carboxylic acid content, is the most efficient for producing a trans-
parent cellulose dispersion. 

The measured values of intrinsic viscosity are also given in Table 5. The 
decrease in intrinsic viscosity of oxidized cellulose compared to un-oxidized 
cellulose pulp demonstrates the degradation of cellulose pulp during oxida-
tion. The harsh reaction conditions, i.e. the acidic reaction solution (pH < 2) 
and the reaction temperature of 80 °C, may induce the hydrolysis of cellu-
lose pulp during oxidation. Mechanical treatment with the homogenizer may 
break the cellulose chains, thus further decrease the intrinsic viscosity of all 
treated samples. 

SEM and AFM images of dispersions of pulp-O, pulp-O-Br and un-
oxidized pulp after 15 passes are presented in Figures 33 and 34, respect-
ively. It can be seen that CNF were produced from all three samples by ho-
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mogenization. Much thinner CNF (with diameters of about 10 nm) were 
observed in pulp-O (Figure 33a and 34a) than in un-oxidized pulp (diameters 
of about 50 nm) (Figure 33c and 34c). Some bundles of CNF can be ob-
served in Figures 34a and 34b, which may be caused by the aggregation of 
nanofibers during drying in sample preparation, while no such bundles can 
be seen in Figure 34c. (Details regarding the preparation of samples can be 
found in Paper V) The results of SEM and AFM imaging indicate that, after 
the same amount of homogenization, pulp-O, with the highest carboxylic 
acid content, could be disintegrated with the highest efficiency. Pre-treat-
ment by Oxone oxidation of cellulose can make the fibrillation process more 
efficient and less energy demanding. 

 
Figure 33. SEM images of dispersions of: (a) pulp-O, (b) pulp-O-Br and (c) un-
oxidized pulp after 15 passes through the homogenizer. 

 
Figure 34. AFM images of dispersions of (a) pulp-O, (b) pulp-O-Br and (c) un-
oxidized pulp after 15 passes through the homogenizer. 

The potential of making films from homogenized Oxone-oxidized cellulose 
and un-oxidized cellulose pulp was also investigated (for details see Paper 
V). Photographs of the dried films are presented in Figure 35. The UV-vis 
transmittance of the films was not determined as the three films have differ-
ent thicknesses: pulp-O 9 μm (0.962 mg cm-2), pulp-O-Br 28 μm (4.048 mg 
cm-2) and pulp 37 μm (4.184 mg cm-2). The films were transparent, and the 
transmittance of transparent films with the same thickness is likely to follow 
the same trend as the dispersions in water. 
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Figure 35. Photographs of the transparent films prepared from pulp-O, pulp-O-Br 
and un-oxidized pulp after 15 passes through the homogenizer. The films have been 
photographed on top of a printed page to demonstrate their transparency.  
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6. Conclusions and Future Work 

Two main projects have been presented in this thesis. The first was the func-
tionalization of DAC beads via reductive amination with different amines 
and applications of the produced materials. The second was the novel Oxone 
oxidation of cellulose and its application in the preparation of cellulose nan-
ofibers. 

Micrometer-sized DAC beads were produced via a method developed in 
our lab, which relies on periodate oxidation of Cladophora nanocellulose. 
The dialdehyde groups produced and the original hydroxyl groups in DAC 
offer considerable potential for further functionalization; reductive amination 
being one of the most efficient methods. Porous beads were produced via 
reductive amination by introducing alkyl- and aryl-tethered diamines into the 
DAC beads. The beads modified with diamines exhibited a higher SSA and 
more porous morphology, whereas those functionalized with monoamine 
were not as strongly affected. DAC beads functionalized with 1,7-
diaminoheptane were both highly porous and stable under alkaline condi-
tions, making them promising candidates for further development (Paper I).  

The thiol, carboxylic and amine groups introduced in the L-cysteine-
functionalized DAC beads and the original hydroxyl groups could be em-
ployed as coordination sites during the adsorption of palladium. Investiga-
tion of the adsorption process in two kinds of DAC materials with different 
morphologies (fibrous and spherical), modified by L-cysteine, demonstrated 
that these materials have the potential for use as adsorbent materials as filters 
and in columns (Paper II).  

DAC beads were crosslinked by chitosan, a kind of natural polyamine, via 
reductive amination. The DAC-CS beads prepared were stable in alkaline 
aqueous solution when synthesized with the developed method, and exhib-
ited enhanced thermal stability. The DAC-CS beads produced also showed 
rapid adsorption and a high adsorption capacity at pH 2, and good desorption 
properties at pH 12 for Congo red, indicating potential applications as a suit-
able sorbent in chemical waste treatment (Paper III). 

A novel route for the oxidation of cellulose with Oxone as the single oxi-
dant has been presented in Paper IV. Efficient one-pot reaction conditions 
for Oxone oxidation were obtained for cellulose pulp, and these conditions 
were also applied to Cladophora cellulose. The results of FTIR and solid-
state CP/MAS 13C NMR measurements demonstrated that the C6 hydroxyl 
group in cellulose was preferentially oxidized. SEM, XRD and capillary-
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type viscometry were employed to characterize the products of oxidation. 
The Oxone-oxidized cellulose was charged due to the production of carbox-
ylic acid groups, beneficial in the production of CNF. The beneficial effects 
of Oxone-oxidation pretreatment in the production of CNF are presented in 
Paper V, and demonstrated by the results from UV-vis spectrometry, SEM 
and AFM.  

The DAC beads functionalized via reductive amination were found to 
have enhanced thermal stability and lower sensitivity to alkaline conditions, 
and thus have potential for use as an alternative to cellulose beads produced 
via classical methods. The DAC beads described in this thesis could be used 
in the same applications as traditionally prepared cellulose beads, e.g., in 
protein immobilization, solid-phase synthesis supports and for drug loading 
and controlled release. The pyrolysis products of DAC-CS, DAC-LC and 
other cellulose beads have the potential of providing carbon beads contain-
ing desired elements, which may have considerable potential for use in ener-
gy storage applications, such as supercapacitors and batteries. The porous 
activated carbon material produced from cellulose and its derivatives are 
potential adsorbents for CO2 and other volatile organic compounds.  

Oxone oxidation of cellulose is a new approach, and the oxidation effi-
ciency can be further enhanced, for example, by employing suitable catalysts. 
Oxone oxidation could also be applied to other polysaccharides, such as 
chitosan, starch and pectin, to produce their corresponding oxidized products. 
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Sammanfattning på svenska  

Cellulosa är den rikligast förekommande förnyelsebara polymeren på vår 
planet. Den har goda mekaniska egenskaper och utgör huvudbeståndsdelen i 
cellväggarna hos växter och en del alger. Cellulosans mekaniska egenskaper 
har även gjort den intressant för oss människor som komponent i bland annat 
byggnadsmaterial och papper. Under de senaste årtiondena har intresset för 
cellulosa drastiskt ökat bland annat beroende på att det är en grön och förny-
elsebar polymer men också beroende på att man lyckats framställ så kallad 
nanocellulosa. Cellulosa är precis som andra polymera material uppbyggt av 
monomerer som är bundna till varandra i ett visst återkommande mönster. I 
cellulosas fall utgörs monomeren av glukos. De polymera glukoskedjorna 
formar linjära kedjor som ordnas i så kallade fibriller. Beroende på cellulo-
sans ursprung har dessa fibriller något olika uppbyggnad och olika grad av 
homogenitet. Nanocellulosa består av isolerade fibriller och har många av 
sina egenskaper gemensamma med många andra nanomaterial så som stor 
yta per viktenhet och goda mekaniska egenskaper. Förutom ovan nämnda 
egenskaper är nanocellulosan dessutom förnyelsebar, bionedbrytbar och 
funktionaliserbar. Mycket forskning har på senare år ägnats åt att finna nya 
metoder för framställning av nanocellulosa, vilket vanligtvis är en energi-
krävande process som bygger på att cellulosan sönderdelas till fibriller med 
en tjocklek i nanometerområdet genom att den utsätts för stora mekaniska 
krafter. Genom kemisk- eller enzymatisk bearbetning av cellulosan kan 
mängden energi som krävs för framställningen av nanocellulosa minska och 
processen göras mer miljövänlig. 

I arbetet som beskrivs i denna avhandling har cellulosa från grönalgen 
Cladophora sp. även känd som Grönslick samt cellulosa från pappersmassa 
framställd från barrträd använts. I vår grupp har vi utvecklat en metod för 
framställning av mikrometerstora cellulosapärlor. Metoden bygger på per-
jodatoxidation av nanocellulosa från Cladophora i vatten och leder till spon-
tan bildning av sfäriska cellulosapärlor vid hög grad av oxidation. Genom 
oxidationen med perjodat är det inte endast morfologin hos cellulosan som 
ändras utan även dess kemiska struktur då oxidationen leder till öppnande av 
glukosmolekylernas ringstruktur och bildande av två aldehydgrupper från de 
intilliggande alkoholgrupperna. Aldehyder är ofta ett bra handtag för funkt-
ionalisering av molekyler då de med enkelhet kan genomgå ett antal olika 
transformationer. Genom att koppla aminer till de bildade aldehyderna ge-
nom reduktiv aminering kan egenskaperna hos cellulosapärlorna ändras vil-
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ket studerats i den här avhandlingen. Genom att korslänka cellulosapärlorna 
med diaminer med olika längd på de kolkedjor som sammanlänkar aminerna 
kunde porositeten och ytarean hos pärlorna ändras. Även andra egenskaper 
såsom termisk- och kemisk stabilitet kunde påverkas. Genom korslänkning 
med en diamin med en kolkedja av lagom längd kunde pärlor med god stabi-
litet i basiska lösningar erhållas. Basstabilitet är ofta viktigt vid användning 
av material som kolonnmatris vid kromatografi av biomolekyler då det är en 
vanlig metod att rena kolonnen från exempelvis oönskad kontamination av 
virus. I ett annat delprojekt användes cellulosapärlorna som startmaterial för 
framställandet av ett sorptionsmaterial för palladiumjoner. Materialet skapa-
des genom att den naturliga aminosyran cystein kopplades till cellulosapär-
lorna via reduktiv aminering. Det färdiga cysteinfunktionaliserade materialet 
hade mycket goda sorptionsegenskaper och är ett grönt och konkurrenskraf-
tigt alternativ till syntetiska material baserade på oljeprodukter. I ett annat 
projekt funktionaliserades cellulosapärlorna med den naturliga polyaminen 
chitosan via reduktiv aminering. Effektiva betingelser och karakterisering av 
produkter gjordes och de producerade korslänkade pärlorna användes för 
adsorption av färgämnet Kongorött från en vattenlösning. De korslänkade 
pärlorna visade även god stabilitet vid basiska betingelser vilket möjlig-
gjorde desorption (frisläppande) av färgämnet och återanvändande av 
materialet. 

Dagens metoder för kemisk modifiering av cellulosa har sina begräns-
ningar, dels med avseende på vilka modifieringar som faktiskt är möjliga att 
åstadkomma, men framförallt med avseende på de miljöskadliga effekter 
dessa metoder medför. Målsättningen med det andra huvudprojektet som 
beskrivs var att utveckla nya miljövänliga sätt att förändra cellulosans egen-
skaper. Ett vanligt sätt att förändra cellulosans egenskaper är genom att oxi-
dera cellulosan. Det finns ett antal olika metoder att oxidera cellulosan varav 
de flesta är icke-selektiva och oxiderar glukosenheterna i cellulosan på olika 
sätt. Det finns även ett fåtal mer selektiva metoder såsom TEMPO-medierad 
oxidation eller perjodatoxidation. Även dessa metoder har dock sina nackde-
lar och det finns anledning att försöka finna nya alternativa metoder. Ett 
tänkbart oxidationsmedel är kaliumperoxymonosulfat, som ingår i det kom-
mersiellt tillgängliga oxidationsmedlet Oxone. Användning av Oxone är 
tilltalande bland annat på grund av dess låga pris, höga stabilitet och låga 
toxicitet. Via omfattande studier av reaktionsbetingelser utvecklades en me-
tod för oxidation av cellulosa med Oxone där huvudsakligen de primära 
alkoholerna i cellulosan oxiderades och oxidationen begränsades till ytan av 
fibrillerna. De laddningar som oxidationen introducerade i cellulosan via 
karboxylgrupper utnyttjades i ett delarbete vid framställningen av nanocellu-
losa från pappersmassa där de introducerade laddningarna minskade mäng-
den energi som krävdes för produktion av nanocellulosa. 
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