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Abstract 
The increasing global demands for paper products have fuelled the research in 
developing new fibers from existing industrial processes. The adsorption of 
carboxymethyl cellulose (CMC) has been shown to improve the tensile properties 
of the paper significantly. One way to manufacture such modified fibers is to 
integrate the CMC adsorption step in current pulping mills. However, the 
mechanism behind the adsorption of CMC on cellulose surfaces is still not fully 
understood, even if the literature on this subject is extensive. This thesis discusses 
the controlling factors and mechanism behind the adsorption of CMC on cellulose 
surfaces, which can enable future integration of adsorption process within the 
pulping mill.  

The adsorption studies have been carried out mainly on model cellulose surfaces 
using QCM-D and it was shown that the CMC absorption depends on the amount 
and type of added cations and anions. The ion specificity in CMC adsorption was 
explained by these ions' ability to induce dispersion forces and hydration regulated 
positioning of ions at the interface. The observation that CMC adsorption on the 
model system is ion-specific was confirmed in a study where CMC was absorbed 
on commercially available softwood kraft pulp. Furthermore, CMC adsorption on 
cellulose model surfaces in the presence of D2O or H2O revealed that this process 
is entropy driven, which was supported by temperature dependent adsorption 
experiments. 

Keywords: Polymer adsorption, Cellulose, Carboxymethyl cellulose, Specific ionic 

effects 
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Chapter 1 

Introduction
Trees have played a significant role in the emergence of humanity as a developed 
social species. All our technological progress may be traced back to the invention 
of fire and the wheel. Historical documents suggest that wood was instrumental 
in these discoveries1,2. Throughout the ancient Indian subcontinent and 
Southeast Asia, palm leaves were used to write texts from literary masterpieces 
to scientific astronomy and mathematics3. A writing surface made of a paper-like 
material produced from Cyperus papyrus was used in ancient Egypt4. 
Documented evidence indicates China was the birthplace of the first paper 
production process, which was later adopted to the Middle East, and then to 
Europe by the 11th century. Later in Europe, wood-based paper processing was 
invented5. This was a big step forward in the papermaking process. From that 
point, both paper and paper-based industries had markable involvement in the 
development of our society.  

Coming to the modern era, digitalization is a new reality that drastically 
changed our daily lives. Due to the digitalization, the demand for conventional 
paper products has decreased significantly. However, demand for paper goods 
such as tissue papers and packaging materials has surged because of consumer 
behaviour shifts and the introduction of online shopping services6. In addition, 
governmental policies and awareness about climate changes also contributed to 
the demands for paper products such as packaging materials. 

The growing demand for specialized paper products has compelled businesses to 
reimagine their existing industrial processes to create new fibers with novel 
functions that will enable them to remain profitable. A competitive and lucrative 
forest sector may pioneer new processes, products, materials, and services, all of 
which contribute to social growth on a sustainable basis7. However, it is critical 
to continuously improve existing processes and products for an industry to 
remain competitive. This aspect was stressed in Sweden's forest industries’ 
Research Agenda 4.07. Over the years, the forest industry has gone through 
several improvements in the production and processing of cellulose pulps. The 
main focus of process optimization was to reduce water consumption and energy 
usage in production, resulting in a considerable increase in resource efficiency. 
The efforts are continuing in this regard.  

The development of new pulp and fiber qualities and the modification of cellulose 
are the basis for the development of new fiber-based products. This also includes 
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the need to develop process stages and integrated process solutions for new 
products7. Both chemical and physical methods can achieve the modification of 
cellulose fibers. Chemical modification of cellulose often entails converting 
hydroxyl groups on the fiber surface into ethers, esters, acids, and so on8. 
Additionally, diverse functional groups can be incorporated into the fiber surface 
by non-covalent adsorption of various functional polymers9. Polymer adsorption 
has been used in the paper industry for a long time. One of the major examples is 
the recirculation of xylan for increasing the carbohydrate yield, the primary 
mechanism at play in this is the re-adsorption of xylans back to the fiber surface. 
Different synthetic polymers have also been used in the paper industry to 
improve the physical properties of paper10. 

Numerous attempts have been made earlier to explore the adsorption of various 
polymers on cellulose surfaces in order to gain a better understanding of the 
process at the molecular level10. One could wonder how understanding the 
process at the molecular level will help to solve industrial challenges. However, I 
feel that a better understanding of the mechanism and governing factors would 
allow for more precise tuning of the process. Recently, interest in combining 
polymer adsorption with existing pulp mills has increased, allowing for resource-
efficient modification of cellulose fibers during the manufacturing process11. A 
thorough understanding of the polymer adsorption process can aid in the 
development of innovative procedures for fiber modification that take use of the 
conditions present during kraft pulping. 
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Chapter 2 

Aim and Outline of the thesis 
2.1 Overarching aim and key research questions 

Motivated by the necessity to integrate polymer adsorption with existing pulp 
mills, this thesis seeks to investigate the fundamentals behind polymer 
adsorption on cellulose surfaces. A specific focus is placed on the adsorption of 
carboxymethyl cellulose since it has been demonstrated to significantly enhance 
tensile characteristics of paper products and aid the production and re-
dispersibility of nanocelluloses12–16. Besides its implications in different 
applications, carboxymethyl cellulose adsorption on cellulose is also of scientific 
significance, as it is a good example of anionic polyelectrolyte adsorption on 
anionic surfaces. However, the mechanism of adsorption of anionic 
polyelectrolytes on like-charged surfaces is still ambiguous9.  

This thesis comprises four appended articles, and the first is a review article in 
which the fundamentals of polymer adsorption on cellulose are discussed, and 
knowledge gaps are identified (Article 1). The remaining three research articles 
address the following research questions related to the adsorption of 
carboxymethyl cellulose on cellulose. 

1. What is the driving force for the adsorption of carboxymethyl cellulose on
cellulose surface? (Article 3 and a few unpublished results)

2. CMC adsorption is known to be enhanced by the presence of calcium
chloride; however, the presence of Ca2+ ions are not desired in the pulp
mill due to the scaling problems that significantly hamper the smooth
operation of the pulp mill. The major challenge in integrating CMC
adsorption with current pulp mill is finding an industrially compatible
electrolyte system. This challenge drove to the question, how different
divalent ions affect the adsorption process? (Article 2 and 3)

3. The role of counterions in the adsorption of CMC is prominent. However,
recent investigations suggest that co-ions influence the self-assembly
process in cellulose systems; such co-ion effect has not been studied in the
case of CMC adsorption or polymer adsorption on cellulose in general.
Article 4 in this thesis addresses the question; how does the presence of co-
anions influence the adsorption of CMC?
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Chapter 3

Background
3.1 Hierarchical structure of wood 

Trees are excellent examples of how nature uses molecular, nano, and microscale 
assembly to form large hierarchical systems. Wood exhibits a variety of 
structural levels, beginning with the nanoscale construction of the cell wall with 
biomacromolecules, the subsequent higher level is defined by the organization of 
the cell wall in terms of cell wall layers with varying structural and chemical 
compositions. At the microscale, wood tissue is composed of various cell types 
with varying sizes, shapes, and functions, such as fibers, tracheids (in 
softwoods), and vessels17. At the macroscale, the solid wood body is formed by 
assembling these tissues. This unique structural organization in wood is 
obtained via a complex self-assembly process of three major components, namely 
cellulose, hemicellulose and lignin18,19. A schematic diagram of the hierarchical 
structure of wood is provided in Figure 3.1. Depending upon the wood species, 
the composition of these cell wall components may vary. In general, cellulose 
synthase complexes produce and extrude cellulose fibrils with a diameter of 
roughly 3 nm into the cell wall20. These fibrils self-assemble in the matrix of 
lignin and hemicellulose. 

Figure 3.1 Hierarchical structure of wood. by Nishimura et al.21 is licensed under 
CC.BY 4.0, reprinted from Springer nature.
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3.2 Production of cellulose fibers from wood 

Wood fibers have been an important commercial product and a raw material for 
many paper-based materials. In order to liberate cellulose-rich fibers from the 
complex wood cell wall structure, various mechanical and chemical treatments 
have been developed. Mechanical pulping separates fibers from the wood matrix 
using heat and mechanical treatment, and these fibers retain a large amount of 
lignin and hemicellulose. Consequently, the yields are relatively high (90%-
100%) in mechanical pulping22. Chemical pulping separates fibers by dissolving 
the lignin that glued the fibers together in the cell wall. There are no pulping 
chemicals that are entirely selective for lignin, and a significant portion of 
carbohydrates are also affected during the pulping process, resulting in a 
relatively lower yield when compared to mechanical pulping22.  

Kraft pulping is the widely used chemical pulping technology, and it makes use 
of a combination of hydroxide and hydrosulphide as active ions to fragment and 
solubilize lignin23. The delignification rate is sensitive to the temperature, an 
increase of 10 °C of the cooking temperature can speed up the delignification rate 
two-fold. The cooking temperature can also affect the solubilization of different 
carbohydrate fractions. A large proportion of glucomannan is dissolved during 
the initial phase of delignification at temperatures ranging from 100 to 130 °C. 
Nevertheless, xylans are relatively stable at the initial stage of cooking and start 
to degrade at slightly greater temperatures, above 140 °C24. Considerable 
decrease in xylan yield at higher temperature is ascribed to degradation due to 
alkaline hydrolysis and it then promotes so-called secondary peeling reactions24. 
Peeling reactions begin at the reducing end of the carbohydrates. The reducing 
end may undergo ring-opening; in the presence of alkali, this may result in 
rearrangements leading to β-elimination, which cleaves off the end group and 
creates a new reducing end. This peeling will proceed until a stable 
metasaccharinic acid end group is generated17. There is a trade-off between 
delignification and carbohydrate breakdown in kraft pulping, and conditions are 
optimized to get an acceptable pulp yield. 

While most lignin is dissolved during kraft pulping, a small amount of lignin will 
remain in the pulp. The residual lignin in kraft pulp significantly differs from 
the native lignin. In the kraft process, β-O-4' linkages are cleaved, and the 
residual lignin contains predominantly monolignols connected with carbon-
carbon linkages that are stable during kraft cooking and could also be formed via 
radical coupling reactions. The condensed aromatic rings are believed to be the 
reason for the intense colour of the kraft pulp.  
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The pulp used for producing graphic papers and specialized paper products 
requires high brightness, which can only be obtained by removing the residual 
lignin using bleaching processes25. Because the bleaching efficiency of a single 
bleaching stage decreases with time, bleaching treatments are typically carried 
out in stages.25,26 This improves selectivity and yield while minimizing 
degradation reactions of carbohydrates. The pulp obtained by sequential 
bleaching is brighter than the one that obtained with a single stage. The first 
bleaching procedure for pulp was established in 1774, and it used chlorine (Cl2) 
as an active bleaching chemical. Then hypochlorite (OCl-) based bleaching 
process was developed, but these were gradually discontinued in favour of more 
environmentally friendly bleaching chemicals such as chlorine dioxide (ClO2), 
hydrogen peroxide (H2O2), oxygen (O2), and ozone (O3). Modern bleaching 
sequences are often classified as either elemental chlorine-free (ECF), which 
means that no elemental chlorine gas is used during the bleaching, or Totally 
chlorine-free (TCF). 

3.3 Ultrastructure of cellulose fibers 

Typically, in plant cells the cellulose is arranged in different layers with different 
orientations and densities18. The schematic of the layered structure of fiber wall 
is presented in Figure 3.2.  

Figure 3.2 The schematic of the layered structure of fiber wall; S1, S2, and S3 
are secondary cell wall layers. 

The native state of cellulose has a very low void volume (0.02 cm3/g) due to the 
compact arrangement of cellulose within the lignin hemicellulose matrix27. When 
cell wall components are removed, the void volume increases as a result of 
formation of pores of varying sizers ranging from nano meters to micro meter 
dimensions27–29. The change in void volume is substantial when the remaining 



8 

traces of lignin in the fiber wall are removed by bleaching. The bleached fibers 
will have an open, porous structure, which will enhance the fiber's surface 
area30. These structural changes have significant effect on the ability of the 
fibers to adhere to one another during drying of the paper, and hence on the 
strength of papers made from the fibers31. Furthermore, the change in pore size 
of the fiber wall influence the diffusion of molecules across the fiber wall. This is 
particularly important when discussing chemical modifications and polymer 
adsorption on cellulose fibers8,32. 

3.4 Chemical modification of cellulose fibers 

Cellulose fibers possess physical robustness and chemical stability, stemming 
from their unique supramolecular structure. However, the need for new material 
applications based on cellulose requires increased functional diversity, and 
various functionalization approaches have been developed, using both chemical 
and physical procedures8,33,34. Chemical modification of cellulose usually involves 
converting hydroxyl groups in the cellulose chains into ethers, esters and acids. 
Figure 3.3. depicts the chemical modification routes of cellulose.  

Figure 3.3 Chemical modification routes for cellulose by Voisin et al.35 licenced 
under CC.BY 2.0, reprinted from MDPI. 

The inherent reactivity of hydroxyl groups is less important in chemical 
reactions of cellulose since the accessibility of reagents is predominantly 
regulated by the supramolecular structure when the reactions are performed on 
fiber8. Cellulose reactions can be carried out in cellulose solutions in which the 
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supramolecular structure has completely disappeared36–38. However, the 
majority of industrial chemical reactions are heterogeneous or are, at least, to 
begin with, and the supramolecular structure is changed as the reaction 
progresses. Non-uniform substitutions are typically produced by heterogeneous 
reactions, with a predilection for accessible low-ordered areas. To some extent, 
swelling media can improve accessibility and ensure substituents' uniform 
distribution. However, in non-swelling media, the reactions are mainly limited to 
the surface, which is desired for applications where the fiber morphology needs 
to be retained. The location of functional groups in cellulose fibers is critical in 
allowing fiber-fiber bonding and the formation of a strong fiber network12. 
Papers manufactured with toposelectively carboxylated cellulose fibers in non-
swelling environments, such as an isopropanol-methanol mixture, exhibited 
improved tensile strength compared to unmodified fibers39,40. However, due to 
environmental considerations, the use of non-swelling media for topochemical 
reactions is restricted in practice. 

3.5 Non-covalent modification of cellulose fibers 

Polymer adsorption can modify the surface of the fibers without compromising 
their physical integrity. Furthermore, unlike covalent cellulose modification, the 
non-covalent modification technique can be restricted predominantly to the 
surface by using polymers with large molecular weights41. Adsorption of 
polymers has been used in the paper industry for a long time as retention aids 
and strength additives. For example, xylan recirculation has been utilized to 
boost pulp yield for many years, and the critical phenomenon involved in this 
process is xylan adsorption on the fiber surface42,43. Recently, it has been shown 
that the polymer adsorption step can be integrated into the kraft pulping process 
to enable resource-efficient modification of cellulose fibers11,13. 

3.5.1 Model cellulose surfaces for adsorption studies 

Interest in polymer adsorption on cellulose has grown in recent years as new 
areas of application, such as healthcare materials and diagnostic platforms, have 
demonstrated a greater need for functionalized bio-based surfaces with 
controlled surface properties44,45. Understanding the polymer adsorption process 
and the features of the adsorbed layer is thus required for designing the next 
generation of cellulose-based products, and fundamental polymer adsorption 
investigations are still necessary.  

Cellulose materials derived from pulping operations typically contain residual 
levels of other wood components and negative charges derived from the pulping 
process46. Thus, cellulose fibers always contain negative charges, although they 
are frequently considered uncharged if not further functionalized. Furthermore, 
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the distribution of these charges in cellulose fibers is heterogeneous. Because of 
cellulose fibres' chemical and structural heterogeneity, it is challenging to 
extract the underlying mechanism of polymer adsorption on cellulose fibers10. 

Cohen Stuart et al.47 stated that an optimal surface for fundamental adsorption 
experiments should meet the following criteria: 

• The chemical composition of the surface should be fully understood.
• The substrate's surface charges should be thoroughly characterized.
• The surface's morphological structure, including surface roughness and

porosity, should be well-characterized.
• The surface's curvature should be determined.
• The exposed surface's crystallinity should be known.
• There should be no material exchange across the solid/liquid contact.

Even though cellulose surfaces are not ideal for fundamental adsorption studies, 
there has been a need to understand the physicochemical interactions between 
polymers with cellulose surfaces. This necessitates the use of precise surface 
sensitive techniques such as Quartz Crystal Microbalance with Dissipation 
(QCM-D), Surface Plasmon Resonance Spectroscopy (SPR), ellipsometry and 
neutron reflectivity. QCM-D is one of the primary analytical techniques utilized 
in this thesis, and a detailed discussion on this technique and methods are 
included later in this chapter. 

Surface sensitive analytics, with detection limits in ng cm-2, require substrates 
that conform to the Cohen Stuart et al. standards47. Cellulose model surfaces 
have been designed to overcome the limitations associated with the use of 
cellulose macrofibers as a substrate in fundamental research. Langmuir-Blodgett 
(LB) deposition and spin coating have been the primary methods for creating 
cellulose model films48,49. The requirement that the depositing materials be 
liquid is a limitation for both methods. Given cellulose's insolubility in most 
common solvents, producing cellulose model surfaces using these techniques is 
difficult. Trifluoroaceticacid (TFA), N-methylmorpholine N-oxide (NNMO), and 
urea-sodium hydroxide (NaOH) mixes have all been used to dissolve cellulose 
and deposit it on silica and mica substrates50,51. However, these films do not 
represent the native form of cellulose (cellulose I) in terms of crystallinity or 
crystalline structure, but rather cellulose II. An additional strategy for producing 
cellulose model film surfaces is to spin-coat cellulose derivatives followed by 
regeneration to cellulose by cleaving away the substituents on the surfaces: in 
this case, selectivity, efficiency, and ease of regeneration are all critical. 
Trimethylsilyl cellulose (TMSC) films are often used to prepare regenerated 
model films52–55. The spin coated TMSC films are exposed to HCl vapour to form 
regenerated cellulose56. The chemical reaction scheme is depicted in Figure 3.4. 
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Figure 3.4 Regeneration reaction of cellulose from trimethylsilylcellulose in the 
presence of HCl vapour. 
 
The regenerated cellulose model films exhibit diffraction characteristics and 
exhibit some crystalline organization, but not to the same as cellulose І52,57. 
Another possibility is to spin-coat colloidal suspensions of nanocellulose, either 
cellulose nanocrystals (CNC) or cellulose nanofibers (CNF), onto a silica 
substrate to create ultrathin cellulose model films that are more akin to and 
representative of native cellulose58(see Figure 3.5). A very thin anchoring layer 
made of polyethyleneimine (PEI) or aminopropyltriethylsilane (APTES) is often 
used to improve the adhesion of cellulose nanofibrils to the silica substrate59,60. 
 

 
Figure 3.5 AFM micrograph of different cellulose model films prepared by spin 
coating. a) Regenerated cellulose films from TMSC reprinted from 
Niegelhell et al.61 with permission from Elsevier, b) CNF model films with an 
anchoring layer of polyethyleneimine reprinted from Nypelö et al.60 with 
permission from Springer and c) CNC model films reprinted from Villares et al.62 
with permission from Royal Society of Chemistry. 
 
In this thesis, the cellulose model films were prepared by spin coating CNF 
suspension on a silica coated QCM-D sensor. PEI is used as an anchoring layer. 
The specifications of CNF used in this thesis is given in Appendix (section 1) and 
detailed description of film preparation and characterization is also provided in 
Appendix (section 2). 
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3.5.2 Polyelectrolyte adsorption theory 

Collective efforts of Scheutjen, Fleer and Stuart resulted in a lattice model based 
self-consistent field theory to explain the polymer adsorption process. In this 
theoretical treatment, adsorption of polymer is described in terms of four 
different parameters: 𝝌𝝌, 𝝌𝝌𝒔𝒔, 𝒒𝒒𝒎𝒎 ,𝝈𝝈𝟎𝟎, where 𝝌𝝌 and 𝝌𝝌𝒔𝒔 are the Flory-Huggins 
parameters accounting for the polymer-solvent interactions and the polymer 
segment-surface interaction, respectively. Both 𝝌𝝌 and 𝝌𝝌𝒔𝒔 have a positive linear 
dependence on the amount adsorbed. The terms 𝒒𝒒𝒎𝒎 and 𝝈𝝈𝟎𝟎 represent the surface 
charge and polymer segmental charge, respectively, and account for the 
Coulombic interactions in polyelectrolyte adsorption (𝒒𝒒𝒎𝒎.and 𝝈𝝈𝟎𝟎 are only used for 
polyelectrolyte adsorptions). The Scheutjens and Fleer theory can effectively 
predict the adsorption behaviour of different polymers, polymer adsorption 
isotherms, segmental density distributions and "tail-and-train" distributions. In 
the following section, different cases of polyelectrolyte adsorption on cellulose 
will be discussed from a theoretical perspective. 
 
3.5.3 Polyelectrolyte adsorption on cellulose  

3.5.3a Adsorption of cationic polyelectrolytes on cellulose 

Adsorption of positively charged polymers on cellulose is critical in paper 
manufacturing since they are employed as additives to enhance the performance 
of the paper and as a retention aid. Consequently, numerous experiments have 
been conducted to investigate the adsorption behaviour of cationic 
polyelectrolytes on cellulose fibers. A review by Wågberg connected the various 
scenarios anticipated by Scheutjens and Fleers' theory to available data on the 
adsorption of primarily positively charged polyelectrolytes on cellulose fibers at 
the time32.  
 
The porous nature of the cellulose fibers makes the explanation of adsorption 
processes difficult10. Given the presence of charged groups on the surface and in 
the cell wall of fibers, it was believed that electrostatic interactions govern 
polyelectrolyte adsorption. It has been demonstrated that the adsorption of 
highly charged cationic polyelectrolytes occurs at a 1:1 charge stoichiometry in 
the absence of an electrolyte, this type of adsorption is generally known as 
electro-sorption where the segmental charge density (𝝈𝝈𝟎𝟎) and surface charge 
(𝒒𝒒𝒎𝒎) are most important63. With an increase in electrolyte concentration, the 
adsorption decreases, the decrease in adsorption of polyelectrolytes is ascribed to 
the screening of segmental charge of the polyelectrolyte and surface charge of the 
fiber. However, in moderate electrolyte concentration, adsorption may start to 
increase; this could be attributed to the adsorption of polyelectrolytes in coiled 
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conformation. Further increase in electrolyte concentration decreases the 
adsorption64.  
Recently, it has been demonstrated that the oppositely charged polyelectrolyte 
association in water is driven by entropic factors such as the release of 
counterions and water65. Thus, the adsorption of cationic polyelectrolytes on the 
surface of cellulose cannot be attributed to electrostatic interaction; rather, the 
predominant driving factor is the release of counterions. (see Figure 3.6). The 
increase in salt concentration in the system reduces the entropy gain resulting in 
a decrease in the adsorption66. 
 

 
Figure 3.6 Diagram illustrating the adsorption of cationic polymers on a cellulose 
surface, driven by the release of counterions. by Arumughan et al.9 licenced 
under CC BY 4.0, reprinted from Elsevier. 
 
3.5.3b Adsorption of anionic polyelectrolytes on cellulose 

As previously stated, the surface of cellulose is negatively charged due to the 
presence of residual amount of other wood components such as hemicelluloses, 
extractives, and oxidized groups created during the pulping process. Electrostatic 
repulsion should dominate the interactions of anionic polyelectrolytes with the 
cellulose surface, unless these electrostatic forces are overcome by other chemical 
interactions. The electrostatic repulsion between the surface and polyelectrolyte 
can be reduced by adding salts into the system, thus tuning the adsorption 
process. For the specific case of anionic polyelectrolyte adsorption on a like-
charged surface, a simulated adsorption isotherm according to Scheutjens-Fleer 
theory (S-F theory) is depicted in Figure 3.7. It is important to keep in mind that 
this model only considers the addition of monovalent salts with an ionic strength 
equal to the salt concentration. 
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Figure 3.7 A predicted adsorption isotherm of a negatively charged polymer on a 
like-charged surface. 𝜃𝜃 : amount adsorbed and Cs: concentration of monovalent 
salt Adapted from Fleer et al.67. by Arumughan et al.9, licenced under CC BY 4.0, 
reprinted from Elsevier. 
 
The dotted line in the figure demonstrates that at lower salt concentrations, the 
electrostatic repulsion dominates, and no adsorption occurs: this is commonly 
referred to as depletion. The charges on the polymer and the surface are 
screened by the cations in the salt solution at a critical salt concentration, Ccritical, 
and depletion is converted to adsorption. At increasing salt concentrations, the 
repulsive electrostatic forces' contribution to adsorption energy diminishes, and 
non-electrostatic forces dominate adsorption. This is referred to as "screening 
enhanced adsorptions" by van de Steeg68. 
 

3.5.4 Tools to study the polymer adsorption 

There are various tools available to investigate adsorption depending on the 
substrate type and type of the adsorbing polymer. Therefore, the discussion 
under this heading is divided into two sections, the first discusses polymer 
adsorption on cellulose macrofibers, and the second discusses polymer adsorption 
on cellulose model films. 
 
3.5.4a Adsorption of polymers on cellulose macrofibers 

There are various methodologies available to study the adsorption of polymers on 
cellulose pulp fibers. The technique used for adsorption investigations is 
determined by the type of adsorbing polymers investigated. For adsorption of 
polyelectrolytes, titration techniques are predominantly used32,63,64,69,70. These 
titration techniques include both direct and indirect titrations. Direct 
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polyelectrolyte titrations measure the charges introduced by adsorbed 
polyelectrolytes in order to calculate their amount; this is performed by titrating 
the modified fibers with an oppositely charged polyelectrolyte titrant whose 
structure and molecular weight are known. By assuming a stochiometric 
neutralization, polyelectrolytes adsorbed on fibers can be determined 
volumetrically as long as a method for detecting the equivalence point is 
available. 

Conductometric titrations with NaOH can quantify the amount of adsorbed 
polyelectrolytes if they include acidic groups41. Titrations with polyelectrolytes 
and conductometric titrations with NaOH as the titrant are frequently used in 
conjunction to analyse adsorption since these techniques probe the charges in the 
fibers at distinct structural levels41,71. Titrations using polyelectrolytes with a 
high molecular weight measure charges localized on the surface (surface charge 
analysis), while conductometric titrations utilizing NaOH measure charges 
distributed both inside and outside the fiber wall due to the hydroxide ions' 
increased accessibility (termed as total charge analysis). In article 2 surface 
charge measurements and total charge measurements were combined to better 
understand the distribution of adsorbed CMCs on fibers. For experimental 
details, readers are referred to appended article 2 or Appendix (section 3 to 6).  

Alternatively, adsorption of polymers on cellulose surface can be qualitatively 
and quantitatively assessed indirectly by looking at how much CMC is left in the 
solution after the adsorption via methods such as Total Organic Carbon (TOC) 
measurements, polyelectrolyte titrations. These techniques have been used in 
Article 2, the experimental details and results are provided in Appendix 
(section 7).  

3.5.4b Adsorption of polymers on cellulose model surfaces 

The development of cellulose model surfaces enables the application of surface-
sensitive techniques such as ellipsometry, SPR, Stagnation Point Adsorption 
Reflectometry (SPAR), and QCM-D for real-time probing of polymer adsorption 
on cellulose surfaces. Ellipsometry, SPR, and SPAR are based on optical 
response and can be used to precisely determine the amount of dry mass 
adsorbed on a surface, whereas QCM-D is an acoustic approach that determines 
the aerial mass of the adsorbed polymer layer and any associated solvent. In this 
thesis, QCM-D was utilized extensively to characterize prepared model surfaces 
and investigate the adsorption of CMC. Furthermore, viscoelastic nature of the 
adsorbed layers was also probed using QCM-D. A detailed description of methods 
is given in Appendix (section 2 and 8). 
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Figure 3.8 a) An illustration representing a QCM-D sensor. b) Illustration of 
vibration of the crystal when an electric field is applied. c) Decay of stored energy 
with respect to time. 
 
The main component of QCM-D is a quartz crystal sensor coated with either gold 
or silica (see Figure 3.8a). Quartz crystals are piezoelectric, an oscillating electric 
field is applied across the material induces vibrations at its resonance frequency 
(see Figure 3.8b). The frequency of vibration of the crystal is directly 
proportional to the mass associated with the crystal surface. Therefore, the 
frequency change during the adsorption events can be translated into adsorbed 
mass using the Saurebrey relation: 
 
  ∆m = −(CQCM/n) ∆f  (1) 
 
where ∆m is the areal mass change, CQCM is the mass sensitivity constant  
(CQCM= 17.7 ng cm2 Hz−1 at f = 5 MHz), n is the overtone number, and ∆f is the 
frequency change. However, the Sauerbrey relation only holds when adsorbed 
layers are rigid. 
 
The adsorbed layers are usually not rigid when hydrophilic polymers and 
biomacromolecules are adsorbed. Instead, these layers will have a significant 
viscous component that attenuates the resonance frequency response of the 
crystal due to fast energy dissipation (see Figure 3.8c). QCM instrument monitor 
this energy dissipation to provide useful information about the viscoelastic 
properties of the adsorbed layer. The dissipation factor Dn is defined as: 
 

𝐷𝐷𝑛𝑛 =  1
𝜋𝜋𝑓𝑓𝑛𝑛𝜏𝜏

        (2) 
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where 𝜏𝜏 is the rate at which the amplitude decays when the driving AC-voltage is 
shut off. 

In the case of adsorption of polyelectrolytes on cellulose surfaces, the adsorbed 
layers are often viscoelastic52,53, and the viscoelastic nature of the adsorbed layer 
should be considered while calculating the adsorbed mass. Johannsmann's model 
accounts for the viscoelastic nature of the film while calculating the adsorbed 
mass. According to Johannsmann, the shift in the complex frequency is related to 
the resonance frequency of the crystal in solution by the following equation. 

𝛿𝛿𝑓𝑓 ≈  −𝑓𝑓0
1

𝜋𝜋�𝜌𝜌𝑞𝑞𝜇𝜇𝑞𝑞
�𝑓𝑓𝑓𝑓𝑓𝑓 + 𝚥𝚥(̂𝑓𝑓) 𝑓𝑓

3𝜌𝜌2𝑑𝑑3

3
�     (3) 

where 𝛿𝛿𝑓𝑓 is the shift in the complex frequency, 𝑓𝑓0 is the fundamental resonance 
frequency of the quartz crystal in air, 𝑓𝑓 is the resonance frequency of the crystal 
in contact with the solution, 𝑓𝑓 is the thickness of the film and 𝚥𝚥̂(𝑓𝑓) is the complex 
shear compliance. 𝑓𝑓𝑞𝑞 and 𝜇𝜇𝑞𝑞 are the specific density and elastic shear modulus of 
the quartz crystal, respectively. Equation (3) can be written in a simpler form by 
using equivalent mass (m*) which is defined as:  

𝑚𝑚∗ =  −  �
𝜌𝜌𝑞𝑞𝜇𝜇𝑞𝑞
2𝑓𝑓𝑜𝑜

𝛿𝛿�𝑓𝑓
𝑓𝑓

     (4) 

and then we obtain a linear equation 

 𝑚𝑚∗ = 𝑚𝑚𝑜𝑜 �1 + 𝚥𝚥̂(𝑓𝑓) 𝑓𝑓
2𝑑𝑑2𝜌𝜌
3

� (5) 

It is assumed that 𝚥𝚥̂(𝑓𝑓) is independent of frequency in the accessible range and 
the true sensed mass mo is obtained graphically by plotting equivalent mass 
against the square of the resonance frequency. It is important to mention that 
the true sensed mass calculated using Johannsmann’s modelling includes the 
mass of water that is associated with the adsorbed layer and thus not equal to 
the dry mass of the adsorbed polymer. 

3.5.5 Adsorption of carboxymethyl cellulose on cellulose 

Carboxymethyl cellulose (CMC) is a negatively charged water-soluble 
polyelectrolyte produced by carboxymethylation of cellulose72,73. The chemical 
structure of CMC is provided in Figure 3.9. It has a wide range of applications in 
pharmaceutical products, foods, mineral processing, paper making etc. In these 
applications, the solubility of CMC in water is critical. It is well established that 
the degree of substitution (DS) and the molecular size of the CMC have a 

https://www.sciencedirect.com/topics/chemistry/critical-micelle-concentration
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significant effect on its solubility74. In CMC, three hydroxyl groups (placed at the 
C2-, C3-, and C6 positions) of each anhydroglucose unit are theoretically 
available for carboxymethyl group substitutions. Thus, the highest possible value 
of DS (average number of substituent groups per monomer unit) is 3.0. 
Generally, CMC must have a DS value greater than 0.6 to be water-soluble. 
Adsorption of CMC on solid surfaces is vital in some applications, especially in 
mineral processing and paper making12,75–77. 
 

 
Figure 3.9 Chemical structure of sodium carboxymethyl cellulose. 

 
CMC adsorption on the surface of cellulose has been investigated because it is a 
resource-efficient method to increase the number of carboxylic groups on the 
fiber surface. The presence of charges on fibers substantially impacts unit 
operations in paper making and the final qualities of the papers produced. The 
adsorption of high molecular weight CMC has been shown to introduce charges 
toposelectively on the fibers, resulting in significant increases in tensile 
characteristics of the paper. A seminal work of CMC adsorption on cellulose fiber 
was carried out by Laine et al.12,41, who found that increasing the electrolyte 
concentration in the system increased the attachment of CMC onto the fiber 
surface, as shown in Figure 3.9. 
 

 
Figure 3.10 Adsorption of CMC on cellulose fibers (Ion exchanged with Ca2+ and 
Na+) as a function of electrolyte concentration. Reprinted from Laine et al.41 with 
permission from De Gruyter.  
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This binding isotherm has a shape comparable to that predicted by Fleer et al. 
(Figure 3.7), and no adsorption can be detected at low salt concentrations (i.e., no 
added electrolyte). This corresponds to depletion phenomenon predicted  by Fleer 
et al.67. Figure 3.10 demonstrates that the valency of the cations in the 
electrolyte has a significant impact on the adsorption process. The critical salt 
concentration needed to facilitate adsorption is relatively small for CaCl2 
compared to NaCl, this clearly shows that divalent ions such as Ca2+ ions have 
an extra contribution to the adsorption. 

Temperature, pH and the degree of substitution (DS) of the CMC have all been 
demonstrated to influence the adsorption process. Adsorption was observed to be 
improved at low pH (near to pH 2)52. The improved adsorption was ascribed to 
full protonation of carboxylic groups in the CMC and decreased polyelectrolyte 
solubility52. The pH of the solution influences the CMC chains and the cellulose 
surface: a lower pH reduces the segmental charge of the CMC chains and the 
surface charge of the cellulose fiber (qm). The lower DS of CMC promoted the 
adsorption due to the lower segmental charge and reduced solubility. Laine et 
al.41 also discovered that: higher temperatures favoured the CMC adsorption and 
resulted in higher quantities being attached. 

Because of the structural similarity of the backbones of CMC and cellulose, a co-
crystallization mechanism for the irreversible attachment of CMCs on cellulose 
surfaces has been proposed in the literature41. However, the interactions that 
govern this co-crystallization process are unknown. Kargl et al. 52. investigated 
the adsorption of CMC on cellulose model surfaces with variable chemical 
compositions, including regenerated cellulose from TMSC, deacetylated cellulose 
acetate, and cellulose acetate, at various pH levels. They discovered a pH-
dependent adsorption trend in both deacetylated and regenerated TMSC 
cellulose films, which they attributed to the involvement of specific interactions 
between CMCs and the cellulose surface. This is consistent with Scheutjens and 
Fleers' assumption that the adsorption of polyelectrolytes on like-charged 
surfaces is governed by non-electrostatic forces, as seen in Figure 3.11. 
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Figure 3.11 Illustration of the involvement of non-electrostatic forces in 
polyelectrolyte adsorption on a like-charged surface. by Arumughan et al.9, 
licenced under CC BY 4.0, reprinted from Elsevier. 

In another adsorption study using regenerated model cellulose surfaces by Liu et 
al.53,  adsorption was monitored using QCM-D and SPR. Combining these two 
techniques provided quantification of the adsorption based on both gravimetric 
and optical responses. In this study, it was observed that, when compared to 
NaCl, CaCl2 enhanced the adsorption of CMC at the same ionic strength.  

Figure 3.12 Diagram illustrating bridging between an anionic polyelectrolyte and 
cellulose fibers, mediated by calcium ions. by Arumughan et al.9, licenced under 
CC BY 4.0, reprinted from Elsevier. 

The authors suggested that the presence of Ca2+ ions in the solution provided a 
strong bridge between the CMC chains and regenerated cellulose surface, as 
depicted in Figure 3.12. Theoretical investigations suggest that multivalent ions 
such as calcium ions can overcharge the surface or polymer chains to cause a 
charge inversion and thereby facilitate anionic polyelectrolyte adsorption on 

https://www.sciencedirect.com/topics/materials-science/polyelectrolyte
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anionic surface78. Tirafferi et al. experimentally supported this claim in the case 
of adsorption of polystyrene sulfonate on silica 79. However, such multivalent ion-
induced charge inversion has not been reported so far in the case of cellulose 
systems. 
 
3.6 Charged interfaces in aqueous electrolyte solutions 

In the previous section, we briefly discussed the fundamental aspects of polymer 
adsorption and reviewed the literature on the adsorption of CMC on cellulose 
surfaces. We have seen that the addition of salts can modulate the adsorption 
behaviour of CMC. Mainly, it was found that the adsorption behaviour changes 
with the valency of counterions. This section will discuss how ions behave at a 
charged interface in an aqueous solution. When a charged surface is introduced 
into an aqueous electrolyte solution, oppositely charged ions from the bulk are 
drawn towards the interface due to electrostatic attraction. As a result, a 
spatially inhomogeneous charge distribution along the surface normal emerges. 
The electric field generated by the charges on the surface can interact with static 
dipoles in water molecules, causing them to preferentially orient in the vicinity 
of the interface. Due to this reason, the water molecules at the interface will 
behave differently than the water molecules in bulk, and the water no longer 
acts as a continuum (the interfacial water has a reduced dielectric constant)80. 
Together with the water molecules and the interfacial ion distribution forms the 
electrical double layer (EDL). 
 
Helmholtz was the first to offer a model for the EDL in 185382, describing it as a 
parallel-plate capacitor with one plate representing the highly charged interface 
and the other representing the centre of the closest approaching hydrated 
counterions (the outer Helmholtz plane, OHP)82,83. These two plates create the 
Helmholtz layer (also referred to as the Stern layer), a region in which the 
potential falls linearly. Helmholtz’s model did not account for the specifically 
adsorbed partially solvated ions; Grahame refined the Helmholtz model by 
considering these adsorbed ions and introducing an inner Helmholtz plane (IHP) 
concept to the model84. Later, Gouy and Chapman introduced a model using the 
Poisson-Boltzmann equation to describe the distribution of ions from the 
interface. The major assumptions in this mean-field description of the interface 
were that the surface is considered smooth and has a uniform charge 
distribution, the ions are simply point charges and all interactions are governed 
by electrostatics and there are no ion-ion correlations. Additionally, this model 
assumes water as a dielectric continuum85,86. Gouy-Chapman model could 
explain many experimental observations. However, one of the major 
shortcomings of this model was the assumption that ions are point charges that 
can approach the interface at an infinitesimally small distance in high fields. 
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This assumption was unrealistic due to the fact that ions have a finite size, 
hydration shells and also solvation effects87. By merging the Helmholtz and 
Gouy–Chapman models, the Stern model incorporates finite-sized ions and 
accounts for a lower interfacial water dielectric constant88. The Gouy–Chapman 
diffuse layer is located beyond the OHP in this model. The Stern model is 
frequently referred to as the Gouy–Chapman–Stern (GCS) model, as illustrated 
in Fig. 3.13. 

Figure 3.13 Schematic description of the Gouy–Chapman–Stern model. Indicated 
are the inner Helmholtz plane (IHP), the outer Helmholtz plane (OHP), the 
thickness of the Stern layer, d, and the thickness of the diffuse layer, also known 
as the Debye length, κ−1. Also indicated is the potential 𝜑𝜑 as a function of the 
distance from the surface. The purple, green, and yellow spheres represent the 
cations, anions, and neutral species. Hydration water is explicitly depicted both 
around the ions and at the surface. Reprinted from Gonella et al.81 with 
permission from Springer Nature. 
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3.7 Specific ion effects 

In the previous section, I briefly discussed various models that describe a 
charged solid-liquid interface in an aqueous media. The spatial distribution of 
ions at a charged interface is critical in determining how charge affects water 
organization. The differences in water organisation have consequences in many 
biological and non-biological interfacial processes such as energy storage89–92. 

We have seen in the previous section that in mean-field models, the water is 
considered an electrostatic continuum. This can be true if we assume an ideal 
electrolyte solution that behaves like an infinitely dilute system. However, at 
high concentrations of salts (~0.1 M), water cannot be considered a continuum. 
Rather than that, water molecules in the hydration shells are shared, and the 
solvent takes on the characteristics of a linked matrix93. At concentrations 
greater than 1M this effect will become more prominent and no "free water 
molecules" remain available due to the dense packing of the hydrated ions. As a 
result, ion-ion, ion-solvent, and solvent-solvent interactions cannot be ignored. 
This introduces ion specific interactions where physicochemical properties of the 
systems are dictated by the identity of the ions present in the system94–97.  

The first systematic study on ion-specific effects dated to 1888 by Francis 
Hofmeister98,99. He studied the precipitation of egg yolk protein in the presence 
of salts. For salts containing the same cation, he ranked the anions according to 
their ability to precipitate the protein, while fixing the anion yielded a ranking 
for the cations, which together form the framework of the Hofmeister series (see 
Figure 3.14). 

Figure 3.14 Hofmeister series of anions and cations. 

Ion specificity is reflected in several easily quantifiable physicochemical 
properties of aqueous salt solutions for example, the viscosity of the salt solution. 
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Jones and Dole studied the viscosity of aqueous solutions of different salts100. 
They discovered that depending on the nature of the salts, salt solutions could be 
either more or less viscous than pure water. The relative viscosity (𝜂𝜂/𝜂𝜂0) is 
related to the salt concentration c by the following equation: 
 
 𝜂𝜂

𝜂𝜂0� = 1 + 𝐴𝐴√𝑐𝑐 + 𝐵𝐵𝑐𝑐 (6) 
 
where A is the electrostatic parameter, and B is the ion-specific parameter, also 
referred to as Jones-Dole viscosity coefficient. Determining the Jones-Dole 
coefficient for salt is an excellent way to quantify the specific interaction of ions 
with water. Ions with a positive B value are termed kosmotropic ions (structure 
makers), the presence of these ions in water results in higher viscosity than 
water. In contrast, ions that result in saline solutions with viscosity less than 
water are called chaotropic ions, which have a negative value of the Jones-Dole 
coefficient.  
 
Based on the aforementioned classification of ions into kosmotropes and 
chaotropes, one possible explanation for Hofmeister's observation (salt-induced 
protein precipitation) is that kosmotropic anions withdraw water molecules out 
of the hydration layer of proteins, forcing them to precipitate; chaotropic anions 
are thought to use the opposite mechanism98,99. Although this appeared to be a 
qualitatively satisfactory explanation, many observations reveal that the exact 
mechanism in operation is much more complex. The following paragraphs 
outline some of these observations. 
 
The 'water withdrawing mechanism' could successfully explain the anion 
behaviour in protein precipitation observed by Hofmeister. However, when it 
comes to cations, salts with kosmotropic cations have been shown to be ‘salting 
in’ proteins and chaotropic cations' salting out' the protein101. This observation is 
exactly opposite to the effect of Hofmeister anions102. Another reason for 
questioning the ‘water withdrawing’ mechanism is that the Hofmeister series 
was observed to reverse the order in some cases. The normal Hofmeister series is 
usually valid for proteins when the pH value is above the isoelectric point (IEP) 
of the proteins. However, the trend reverses when the pH is just below the IEP 
(this trend is referred to as reverse or inverse Hofmeister series)96,103. A pH 
below IEP makes the series go from 'inverse' to 'direct' with more salt104. Several 
investigations have established that ions have almost no effect on water's 
hydrogen bonding beyond their first solvation shell105. As a result, the 
hypothesised long-range effect of ions on the structure of water has been 
abandoned. Similarly, the old mechanism ascribed Hofmeister effects to salt-
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induced water removal from protein surfaces is no longer an adequate 
explanation for ion-specific occurrences at salt concentrations below 0.2 M96. 
 
The extensive works in colloids and interface science, primarily related to lipid 
bilayers and surfactant systems, gave more insights into specific ion effects. 
However, specific ion-ion and ion-surface interactions must first be disentangled 
to understand the examined ion-specific phenomenon (electrolyte activities, 
colloid phase transition, protein aggregation, enzyme activities, etc.)102. To put it 
another way, we need to know which laws, or at least empirical rules, are 
applicable to the system of interest. The two primary approaches are the Law of 
Matchmaking Water Affinities (LMWA) and dispersion forces. 
 
3.7.1 Law of Matchmaking Water Affinities (LMWA) 

Collins devised an empirical rule that established a previously missing 
systematic framework for ion-ion and ion-charged site interactions106. LMWA 
begins with the traditional classification of ions as kosmotropes and chaotropes. 
However, the terms kosmotrope and chaotrope are no longer used to describe 
how ions could alter the bulk water structure; they are now used to describe ions 
'degree of hydration'. Generally, kosmotropes are highly hydrated ions, and 
chaotropes are less hydrated. Then, it has been recognised that ions of opposite 
charge tend to form ion pairs107. According to Collin’s LMWA, the ion pair is 
stable when the cation and anions that undergo ion-pairing have similar 
hydration enthalpy106. Charged head groups can also be classified as kosmotrope 
and chaotrope, and LMWA can be applied to ion-charged site interactions108. A 
schematic of LMWA is given in Figure 3.15. 
 

 
 

Figure 3.15 Schematics of LMWA: a kosmotropic (chaotropic) cation would form 
a contact ion pair with a kosmotropic (chaotropic) anion, whereas a kosmotropic 
(chaotropic) cation would not form a contact ion pair with a chaotropic 
(kosmotropic) anion. 
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3.7.2 Dispersion interactions 

Our previous discussions of specific ionic effects focused on electrostatics and 
hydration. Ninham and colleagues hypothesized that dispersion forces could be 
the source of specific interactions97. In addition to the electrostatic image forces, 
ions undergo a quantum mechanical fluctuation and experience a dispersion 
potential at every charged substrate/water interface, as predicted by Lifshitz 
theory109. To account for this an additional mean field term (𝑈𝑈𝑖𝑖

𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑖𝑖𝑜𝑜𝑛𝑛) has 
added to conventional Poisson Boltzmann equation. 
 
The dispersion potential is given by the following equation 
 

𝑈𝑈±(𝑥𝑥) =  1
𝑥𝑥3 ∫

𝛼𝛼(𝑖𝑖𝑖𝑖)
𝜀𝜀𝑤𝑤(𝑖𝑖𝜀𝜀)

∞
0 �𝜀𝜀𝑤𝑤(𝑖𝑖𝑖𝑖)−𝜀𝜀𝑠𝑠(𝑖𝑖𝑖𝑖)

𝜀𝜀𝑤𝑤(𝑖𝑖𝑖𝑖)+𝜀𝜀𝑠𝑠(𝑖𝑖𝑖𝑖)� 𝑓𝑓𝑑𝑑   (7) 

 
where α(iω) is the dynamic polarizability of the ions as a function of 
frequency (𝑑𝑑), 𝑥𝑥  is the distance between the ion and the interface, and εw(iω) 
and εs(iω) are the dielectric functions of water and of the substrate. This equation 
indicates that the dispersion interaction is ion and surface dependent, may act in 
the same direction for both anion and cation. Whereas the electrostatic 
interactions of surface on cation and anion always goes in the opposite direction. 
The dispersion forces can even drive the adsorption of anions at a negatively 
charged interfaces96 (see Figure 3.16), thus play a substantial role in several ion 
specific phenomenon102.  
 

 
Figure 3.16 Schematic representation of the classic Poisson–Boltzmann theory 
and its modification that includes ion dispersion forces. 
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3.7.3 Benselfelt’s semi-quantitative model 

Ions specific effects have shown to be important in cellulose systems, especially 
in cellulose self assembly110,111. Benselfelt et al.111 formulated a semi-
quantitative model to explain multivalent ion-induced cellulose nanomaterials 
interactions. According to Benselfelt et al.111, the principal mechanism involved 
in ion-induced interactions are: 

1. Ion-ion correlations
2. Dispersion forces
3. Metal-ligand complexation
4. Local acidic environment

Ion-ion correlation is ubiquitous in charged systems. In mean-field descriptions 
of charged interfaces, we have seen that the charged surfaces are associated with 
a ‘uniformly’ distributed counterion cloud. In reality, these counterions could 
undergo fluctuations due to thermal energy and cause instantaneous dipoles, 
leading to attractive interactions in colloids. Ion-ion correlations depend mainly 
on the counterion's valency and charge density of the interacting particle. Hence, 
it is not regarded as a source for specific ionic effects. 

The mechanisms responsible for specific ionic effects are dispersion forces, metal-
ligand complexation, and local acidic environment. We have already discussed 
dispersion interactions in the previous section. The key parameter that 
influences dispersion interactions is the polarizability of ions. Metal-ligand 
complexation involves the formation of a co-ordinate bond (dative bond) with the 
metal ion and charged head groups (ligand). The logarithm of the first 
association constant for metal-ligand complexation represents the stability of the 
complex. The following mechanism in the list is the local acidic environment 
changes. Ions that have a strong affinity towards hydroxyl groups (-OH) can 
behave like acids when dissolved in water; this results in a local pH reduction of 
up to 2 at the interface, which is significantly below the isoelectric point of 
carboxylic groups, causing them to become protonated and thus, potentially 
increasing interactions between materials. 
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Chapter 4 

 
 

Driving force for adsorption of CMC on 
cellulose 
Motivation 
 
The presence of hydroxyl groups and structural similarities of the CMC backbone 
with cellulose have led researchers to consider that hydrogen bonding and co-
crystallizations are responsible for CMC adsorption. Despite many attempts to 
comprehend the adsorption of negatively charged polymers on cellulose, no 
conclusive statement regarding the adsorption mechanism has been established. 
While it is evident that both entropic and enthalpic factors may play a role in 
adsorption, quantifying these effects requires systematic thermodynamic analyses. 
Identifying the driving force of the adsorption process would allow the process to 
be tuned efficiently.  
 
The equilibrium constant obtained from Langmuir adsorption isotherms has 
often been used to compute thermodynamic parameters of adsorption events. 
Recently, it has been suggested that a similar strategy can be used for 
thermodynamic profiling of adsorption of carbohydrate-binding proteins to 
cellulose surface112–114. However, the use of equilibrium constant obtained from 
Langmuir isotherm for thermodynamic profiling of polymer adsorption events 
should be considered cautiously according to Latour115, since the state of 
equilibrium in polymer adsorption is different from adsorption of small 
molecules. Moreover, the Langmuir model is only applicable to monolayer 
adsorption. Because of this reason, in this thesis, an alternative method, 
isothermal titration calorimetry, has been used to analyse the thermodynamic 
profile of the adsorption of CMC on cellulose surface. Isothermal titration 
calorimetry (ITC) is a calorimetric titration technique in which heat change 
associated with binding events is quantified to compute thermodynamic 
parameters. Figure 4.1 shows the integrated heats upon injection of the CMC1* 
into CNF suspension. A detailed description of the experimental procedure is 
included in the Appendix (section 9). 

 
1* A CMC-Na with Mw of 90.5 KDa and DS of 0.7 was used for all adsorption 
experiments in this thesis. 
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Figure 4.1 Integrated heats upon injection of the CMC solution into CNF 
suspension (Unpublished ITC experiments performed by Prof. Ali Assifaoui, VA 
participated in the experiment design). 
 
As seen in Figure 4.1, CMC adsorption does not result in considerable heat 
change, ruling out the possibility of specific interactions such as hydrogen 
bonding being involved in the interaction of CMC with the cellulose surface. 
Given that CMC adsorption on cellulose occurs spontaneously, it must be 
associated with a negative free energy change. Since the enthalpy change during 
the adsorption of CMC on cellulose is negligible, a negative free energy change 
must originate from a positive entropy change. Recently, it has been claimed that 
hemicellulose adsorption on highly hydrated systems such as cellulose is driven 
by the entropy gain associated with the release of unfavourably arranged water 
molecules from the surface116,117. Additionally, a similar mechanism for the 
adsorption of negatively charged PEDOT:PSS on cellulose surface has been 
proposed118. To test this hypothesis in the case of CMC adsorption, we evaluated 
CMC adsorption from water and deuterated water (D2O) at an ionic strength of 
250 mM CaCl2, where adsorption is likely to be driven by non-electrostatic forces, 
as predicted by Fleer et al.67. 
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Figure 4.2 a) Representative QCM-D frequency curves of adsorption of CMC on 
cellulose from D2O and H2O. b) Adsorbed CMC calculated using Johannsmann's 
model. 
 
The observed change in frequency shift implies that CMC adsorption is more 
favoured from D2O than H2O. Thus, although D2O and H2O are often considered 
similar liquids, there is a significant difference in their physicochemical 
properties stemming from differences in their intermolecular forces. D2O forms a 
stronger and higher average number of hydrogen bonds (10%) than normal 
water119–121. Thus, it is a more structured liquid than H2O122. Therefore, when 
CMC is adsorbed from D2O, the entropy gain due to the release of structured 
D2O molecules from the cellulose surface would be more significant and result in 
higher adsorption than CMC adsorbed from H2O, as is seen in Figure 4.2. It has 
also been suggested that in D2O, the hydrophobic interactions are more 
significant123. However, since Kargl et.al52 has observed that the CMC is 
adsorbing less onto partially acetylated cellulose surface (more hydrophobic) 
compared to a fully regenerated cellulose surface, the involvement of 
hydrophobic interactions in CMC adsorption could be of less significance 
compared to the entropy gain due to the release of structured water. 
 
To further investigate the role of entropy in CMC adsorption, CMC adsorption 
was carried out at high and ambient temperatures (see Appendix section 8 for 
experimental details). Figure 4.3 shows representative QCM-D curves for CMC 
adsorption at different temperatures. The increased frequency shift at 45 0C 
demonstrates that CMC adsorption increases as the temperature rises. Laine 
et.al41 also reported that increased temperature favoured the adsorption of CMC 
on cellulose-rich fibers. This observation further strengthens the proposed 
entropy-driven mechanism117. 
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Figure 4.3 A representative QCM-D curve for adsorption of CMC on cellulose 
from 60 mM NaCl at 250C and 400C. (Unpublished and experiments are 

performed by VA). 
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  Chapter 5  
 

 

Cation specific effects in CMC 
adsorption  
Motivation 
 
It has been demonstrated that CMC adsorption substantially affects the 
processing and properties of paper-based products. Therefore, recent efforts have 
been undertaken to incorporate CMC adsorption into existing pulp producing 
units to modify fibers in the manufacturing process. Integrating a polymer 
adsorption step into the paper mill's process is economically viable and complies 
with green chemistry concepts. Nonetheless, specific considerations must be 
addressed to achieve the best industrial process possible. One of the primary 
impediments to introducing CMC adsorption is the use of CaCl2: its use in the 
Kraft pulping process is undesirable due to scaling issues caused by calcium oxide 
and calcium carbonate deposition in pipes124. As a result, an industrially viable 
divalent cationic electrolyte system should be used to modify CMC adsorption on 
cellulose surfaces. Magnesium is a desirable contender for this purpose, as 
magnesium salts are already used in the oxygen delignification step of Kraft 
pulping to prevent degradation and boost yields. Magnesium ions have also been 
demonstrated to improve the brightness of pulp when used in conjunction with 
hydrogen peroxide bleaching processes125. 
 
In Article 2, cation specific effects in CMC adsorption have been studied. Model 
system studies have been combined with adsorption studies on cellulose-rich 
pulp fibers commercially available. Figure 5.1 shows a representative QCM-D 
curve for adsorption of CMC from 20 mM CaCl2 and 20 mM MgCl2. When 
solutions containing CMC were injected into the flow cell, an instantaneous 
decrease in frequency was detected, indicating an increase in the mass at the 
solid/liquid interface (Figure 5.1). 
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Figure 5.1 Changes in frequency and dissipation over time during the adsorption 
of CMC on CNF films from solutions containing 20 mM CaCl2 (red curve) and 
MgCl2 (black curve). 
 
A corresponding increase in dissipation was found in both cases, indicating the 
adsorbed layers' viscoelastic nature. Similar viscoelastic behaviour has been 
observed by Liu et al. on adsorption of CMC on regenerated cellulose surfaces in 
the presence of CaCl253. Rinsing with a similar salt solution increased the 
frequency, indicating that some loosely bound adsorbed chains desorbed off the 
surface. Additionally, the data indicate that the adsorbed layer had not reached 
equilibrium after 50 minutes of rinsing. The calculated aerial mass of adsorbed 
CMC prior to and the following rinsing is reported in Table 5.1 for both salt 
solutions. It can be seen that the CMC layer adsorbed with CaCl2 was more 
stable than the CMC layer adsorbed with MgCl2. 
 
Table 5.1 Amount of CMC adsorbed on CNF calculated using Johannsmann’s 
model126. 

Salt Sensed mass 
(mg/m2) 

Prior to rinsing Post rinsing 

MgCl2 4.4 ± 0.2 2.8 ± 0.3 
CaCl2 4.2 ± 0.4 3.1 ± 0.1 

 
The differences in adsorption behaviour of CMC in the presence of Mg2+ and Ca2+ 
indicate that the adsorption of CMC on cellulose surface is ion specific. CMC was 
adsorbed on commercially available softwood kraft fibers kindly provided by the 
Södra Cell to further examine ion-specific adsorption. The total charge of CMC-
modified and unmodified cellulose fibers is shown in Figure 5.2. 
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Figure 5.2 Total charge of unmodified cellulose fibers and modified with different 
amounts of CMC in CaCl2 and MgCl2 environments. 
 

The cellulose-rich fibers treated with CMC in CaCl2 and MgCl2 environments 
exhibited a higher total charge content compared to the unmodified pulp, 
indicating that CMC chains are attached to the cellulose surface41. The amount 
of CMC attached was higher in the presence of CaCl2 compared to MgCl2, which 
confirms the ion-specific nature of CMC adsorption. Results obtained from TOC 
analysis and anionic content analysis using polyelectrolyte titration were 
consistent with total charge analysis (Appendix section 7). The data obtained by 
total charge measurements were used to calculate the amount of CMC attached 
to the fiber and presented in Table 5.2. 
 
Table 5.2 Total charge and amount of CMC attached on modified fibers in the 
presence of CaCl2 and MgCl2 at two different CMC loadings. 

Salt Total charge content (µmol/g) Amount of CMC 
attached 

(mg/g) 
CMC 
(0 g/kg) 

CMC 
(5 g/kg) 

CMC  
(20 g/kg) 

CMC  
(5 g/kg) 

CMC  
(20 g/kg) 

MgCl2 43 50.9 55.0 2.0 2.9 
CaCl2 43 54.1 56.9 3.1 3.6 
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However, compared with Laine et al.41 the increase in total charge obtained in 
this study is lower. This may be due to that the experiments reported by Laine 
et al.41 were conducted at higher temperatures and higher salt concentrations, 
which favour CMC adsorption on cellulose fibers41. It should also be noted that 
the CMC used in this investigation has a low molecular weight and a high degree 
of substitution (DS), which are known to suppress such adsorption41. 
 
Table 5.3 Surface charge and increase in total charge of the modified fibers.  

 
Salt 

Surface charge content 
μmol/g 

Increase in 
total charge 

content 
µmol/g 

Percentage of 
increase in total 

charge on the 
surface 

CMC 
(0 g/kg) 

CMC  
(5 g/kg) 

CMC  
(20 g/kg) 

CMC 
(5 g/kg) 

CMC 
(20 g/kg) 

CMC 
(5 g/kg) 

CMC 
(20 g/kg) 

MgCl2 4.7 6.1 ± 0.6 8.5 ± 0.1 7.8 12.0 18.1 31.5 
CaCl2 4.7  6.3 ± 0.1 8.8 ± 0.1 11.1 13.9 14.6 29.4 

  
Measurements of surface charge indeed supported previous observations that the 
amount of CMC adsorbed was greater in the presence of CaCl2 than MgCl2 
(Table 5.3). However, when the total charge measurements and surface charge 
measurements are compared, it is evident that the contribution made by the 
surface charge to the total charge is only 15%, this means that 85% of the 
charges are located inside the fiber wall. In our studies, the percentage increase 
in surface charge at higher loadings of CMC (20 g/kg) was about 30%. While, 
Laine et al.41 found  more than 50% increase in the surface charge content 
relative to the total charge content. However, the CMC used by Laine et al. had a 
larger Mw (280 kDa) than the CMC (90 kDa) used in this study: the smaller 
dimension of CMC allow a larger amount to penetrate the fiber wall, thereby 
resulting in a lower surface selectivity. The percentage increase in the surface 
charge of pulp treated with CMC in the presence of MgCl2 was nevertheless 
slightly higher than for the pulp treated in the presence of CaCl2. The CMC 
concentration is also found to influence the adsorbed amount of CMC. The 
increase in CMC concentration in the system resulted in higher CMC adsorption 
on the cellulose surface. However, from Table 5.2, it can be seen that a fourfold 
increase in CMC concentration only resulted in a 10% increase in CMC 
adsorption, suggesting that the adsorption sites are close to saturation even at a 
CMC concentration of 5 g/kg. 
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The results obtained from adsorption studies performed on the commercial pulp 
and the QCM-D studies on model cellulose showed that CMC adsorbs in 
considerable amounts in the presence of both Mg2+ and Ca2+. However, ion 
specificity was evident from the results.  Ion specific effects have been previously 
reported in the interactions of materials containing carboxylate groups (-COO-), 
properties such as gelation rheological and mechanical properties were reported 
to be influenced by identity of ions present in the system127–130. For example, the 
gel strength of polygalactoglucoronate was higher when cross-linked with Ca2+ 
ions than with Mg2+ ions128. These changes are often assigned to the formation of 
metal-ligand complexes. The stability of metal-ligand complexes is typically 
represented by the stability constant, which is defined as the logarithm of the 
first association constant k1 131. Often, there is an insufficient correlation 
between the metal complex's stability constant and the observed property 
changes. For example, Ca2+ interacts more strongly with the carboxyl group than 
Mg2+ does when these groups are present in polyelectrolytes such as alginate or 
pectin132,133. However, Hancock and Marsicano demonstrated that (-COOMg+) 
complexes' stability constant is greater than (-COOCa+) complexes, indicating 
that the metal-ligand complexation might not be a dominant interaction 
mechanism. 

A semi-quantitative model presented by Benselfet et al.111 was employed  to gain 
a mechanistic understanding of the ion-specific effect on CMC adsorption. This 
model was first designed to describe the interactions of multivalent ions in 
charged cellulose nanoparticles. Ion-ion correlation and dispersion interactions 
are relevant in the case of our system. However, the involvement of metal-ligand 
complexation and local acidic environment change can be neglected because of 
small values for association constants.  

Two plausible mechanisms that could be involved in ion-induced interactions in 
CMC adsorptions on cellulose are: 

• Ion-ion correlations among CMC chains and between CMC chains the
cellulose surface, induced by the divalent ions.

• Dispersion interactions among CMC chains (Figure 5.3a) and between
CMC chains the cellulose surface, induced by the divalent ions (Figure
5.3b).

The charge density of the interacting materials and the valency of the 
counterions determine the ion-ion correlation interactions. Both ions utilized in 
this investigation are divalent; consequently, the interactions generated by ion-
ion correlation should be identical in both situations and cannot account for the 
observed variation in the amount adsorbed. 
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Figure 5.3 Dispersion interactions induced by Ca2+ ions between a) CMC chains 
in solution and b) CMC chains and a cellulose surface. 
 
The most evident distinction between Ca2+ and Mg2+ is the ion size: Ca2+ ions are 
approximately 30% bigger, which results in a greater polarizability134. The 
polarizability of ions has been associated with dispersion interactions135, which 
are induced by the introduction of local perturbations in the electron cloud of the 
ions, resulting in the development of induced dipoles. The induced dipoles in the 
electron cloud surrounding the ions can interact with the permanent or induced 
dipoles in the polyelectrolyte chains and cellulose surfaces, resulting in 
interactions between the polyelectrolyte chains and between polyelectrolyte 
chains and the cellulose surface. The greater polarizability of Ca2+ ions means 
that they can induce stronger dispersion interactions than Mg2+ ions.  
 
The solutions of CMC in the presence of Mg2+ and Ca2+ were analysed using 
dynamic light scattering. It was observed that in the presence of divalent ions, 
the hydrodynamic diameter of the CMC (CMC in Ca2+ - 5 nm and CMC in Mg2+ - 
3.5 nm) has been reduced compared to the hydrodynamic diameter of CMC in the 
same concentration of NaCl (9.7 nm) suggesting that in the presence of divalent 
ions the CMC chains are less expanded in water. However, when comparing the 
hydrodynamic diameter of CMCs in the presence of Ca2+ and Mg2+, CMC 
hydrodynamic diameter is higher in the presence of Ca2+, suggesting that Ca2+ 
ions promote the multichain association of CMC (Figure 5.3a). Sharratt et.al136 
observed that in the presence of Ca2+ ions, CMCs form aggregates of size ranging 
from 20-40 nm, which supports the multichain association. The changes in CMC 
solution structure could be a reason for the source for the observed specific ionic 
effects in CMC adsorption. In addition, the possibility of having increased 
interaction between CMC and cellulose through dispersion interactions (Figure 
5.3b) should not be neglected.  
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Chapter 6 

Distinguishing the effect of cations 
Motivation 

We have seen in the previous chapter that the identity of the divalent ions 
influences the adsorption of CMC. It is well known that polymer adsorption is a 
multifaceted process that involves a polymer solution (liquid phase) and a surface 
immersed in it, where characteristics of both the solution and the surface can 
affect the adsorption processes. Divalent ions have the potential to alter both the 
solution's properties and the surface's properties. However, which of these changes 
has the dominant role in steering the adsorption process? 

In this chapter, the aforementioned question has addressed by studying the 
changes in the properties of the CMC solution and cellulose surface in different 
ionic strengths of CaCl2 and then correlated it to the adsorption. 

6.1 CMC solution in different ionic strengths of CaCl2 

We discussed the change observed in the hydrodynamic diameter of CMC in Ca2+ 
and Mg2+ in the previous chapter. The result indicated a multichain association 
of CMC chains in the presence of Ca2+ ions. To investigate this further, the 
evolution of the hydrodynamic sizes of the CMC chains with an increase in ionic 
strength of CaCl2 (5 mM to 250 mM) were probed using dynamic light scattering. 
The intensity particle size distribution (PSD) (red curve in Figure 6.1a) is the 
primary PSD obtained from the light scattering experiment, indicating that most 
of the CMCs have a hydrodynamic diameter greater than 100 nm. In contrast, 
the volume PSD of the same sample demonstrates a single sharp peak, showing 
that the majority of the CMC volume has a hydrodynamic diameter of less than 5 
nm (blue curve in Figure 6.1a). The discrepancy in the hydrodynamic diameter 
between the intensity PSD and volume PSD of the same solution is related to the 
method adopted to extract the hydrodynamic diameter from the autocorrelation 
function. The intensity PSD is calculated simply based on the light scattered by 
the solution. Larger particles dominate scattering and have a more significant 
effect on the particle size distribution. Mie theory was utilized to calculate 
volume PSD, which takes into account optical parameters such as refractive 
index and light absorption by the material into account and scattered 
intensity137. The volume PSD will be used exclusively in the discussion going 
forward, as this is the appropriate way for reporting hydrodynamic size. 
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Figure 6.1 a) Volume (red) and intensity (blue) PSD of CMC in 5 mM CaCl2.

b) Volume PSDs of CMC for different ionic strengths of CaCl2.

Figure 6.1b represents the volume PSD of CMC solutions in 5-250 mM 
concentration of CaCl2. The increase in the concentration of Ca2+ ions in the 
solutions resulted in a larger average size and broader size distributions. The 
average size obtained from the volume PSD is plotted as a function of CaCl2 
concentration (Figure 6.2a). 

Figure 6.2 a) Average hydrodynamic diameter obtained from the volume PSD 
and b) the electrophoretic mobility of CMC solutions for different ionic strengths 
of CaCl2.  

From 5 to 100 mM CaCl2, a linear increase in hydrodynamic size can be 
observed. After 100 mM, the curve flattens out, and the average hydrodynamic 
diameter was around 25 nm at 250 mM CaCl2. This is consistent with the 
observation by Sharratt et al.136. 

The rationale for the observed trend in the hydrodynamic diameter is due to Ca2+ 
ions interaction with the CMC polymer chains. As discussed in Chapter 5, Ca2+
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ions can interact with CMC chains via ion-ion correlations and dispersion 
interactions138. This may result in a decrease in the charge density of CMCs as 
demonstrated by the electrophoretic mobility experiments illustrated in Figure 
6.2b. Electrophoretic mobility increased with increasing CaCl2 concentrations 
and reached a plateau at 60 mM. Reduced charge on the CMC chains promotes 
inter- and intra-chain association and the creation of multichain clusters, 
resulting in the observed trend for the hydrodynamic diameter of the CMC at 
various CaCl2 concentrations. 

6.2 CNF suspensions in different ionic strengths of CaCl2

The effect of CaCl2 concentration on the surface of cellulose was studied by 
measuring the zeta potential of CNF suspensions in different ionic strengths of 
CaCl2 (Figure 6.3). This experiment should have been conducted on CNF-coated 
QCM-D sensors; instead, it was conducted on CNF suspensions due to the 
experimental constraints. There is a possibility of structural reconfiguration of 
CNF suspensions in the presence of divalent cations. Valencia et al. reported 
that divalent ions induce reversible changes in the microstructure of TEMPO-
oxidized CNF suspensions139. Similar reorganization of the CNF microstructure 
generated by cations within a film may be more limited than seen for 
dispersions. 

Figure 6.3 Zeta potential of CNF suspensions in different ionic strengths of CaCl2.

CNF suspension in the absence of CaCl2 showed a zeta potential of -35 mV, 
indicating that the CNF surface was negatively charged, and the dispersion was 
colloidally stable. However, in the presence of a minimal amount of CaCl2 
(5 mM), the colloidal stability of the suspension has been lost. Because the CNF 
suspensions were not colloidally stable in all the concentrations of CaCl2 utilized, 
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the zeta potential values provided in Figure 6.3 should only be considered 
qualitative in the following discussions. However, the tampered colloidal 
stability of CNF suspension in the presence of CaCl2 indicates that the charges 
are screened. 
 
6.3 Adsorption of CMC from CaCl2 solutions 

We have seen how the CMC chains and the CNF surface behave in the presence 
of different ionic strengths of CaCl2. Figure 6.4 shows representative QCM 
frequency and dissipation curves for CMC adsorption in the presence of CaCl2.  

 

 
Figure 6.4 Representative a) frequency (3rd overtone) and b) dissipation curves 
for the adsorption of CMC on CNF model surfaces in aqueous CaCl2 

environments. 
 

These adsorption curves can be used to generate the following general 
conclusions: To begin, adsorption of CMCs onto the CNF model film is slow at all 
CaCl2 ionic strength investigated, with no plateau occurring even after 90 
minutes. The frequency shift and dissipation shift increase as CaCl2 ionic 
strength increases, demonstrating that CaCl2 significantly affects the CMC 
adsorption process. This is congruent with the findings of Laine et al. 41 and Liu 
et al. 53, who examined CMC adsorption onto cellulose-rich macrofibers and 
regenerated cellulose surfaces, respectively. The adsorbed CMC per unit area is 
plotted versus the CaCl2 concentration using Johannsmann's model, as 
illustrated in Figure 6.5. 
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Figure 6.5 The mass of the adsorbed CMC per unit area on a cellulose surface 
from CMC solutions with different concentrations of CaCl2. 
 
From Figure 6.5, it can be seen that the adsorption increased as the ionic 
strength of CaCl2 increases. The adsorbed CMC increased significantly from 5 to 
60 mM CaCl2 and started to level off. The adsorption isotherm depicted in Figure 
6.5 resembles the curve anticipated by S-F theory for the specific situation of 
anionic polyelectrolytes adsorbing on a like-charged surface. According to S-F 
theory, at larger salt concentrations, the charges in both the polyelectrolytes and 
the surface are screened (i.e., qm and σ0), and non-electrostatic forces purely 
regulate adsorption. Notably, S-F theory examines only monovalent salts. 
However, a comparison of the ability of divalent and monovalent ions to increase 
the amount of adsorbed at the same ionic strength indicates that, aside from the 
apparent electrostatic screening effects, divalent metal ions contribute 
favourably to the adsorption process41,53.  This positive effect of multivalent ions 
on adsorption may be due to the structural changes caused in polymer solutions 
by multivalent ions. 
 
To get further insights on this, the data obtained from the dynamic light 
scattering of CMC solution is correlated with the adsorption data. Figure 6.6 
illustrates the relationship between adsorbed CMC and the electrophoretic 
mobility and structural characteristics of CMC in the presence of CaCl2. 
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Figure 6.6 a) The adsorbed CMC per unit area at different ionic strengths of 
CaCl2 plotted against electrophoretic mobility. b) The hydrodynamic dynamic 
diameter at a corresponding concentration of CaCl2. 

Increases in electrophoretic mobility and hydrodynamic diameter enhance the 
adsorbed CMC adsorbed per unit area on cellulose. When the data in Figures 6.3 
and 6.6 are combined, no such correlation between the zeta potential of the CNF 
surface and the adsorbed CMC can be found. The obtained zeta potential values 
indicate that the charge on the surface becomes close to neutral even at a 
concentration of 10 mM. Additional increase in ionic strength had no discernible 
effect on the CNF's surface charge. However, the CMC adsorbed per unit area 
increased with increasing ionic strength up to 250 mM, indicating that Ca2+ ions 
had a significant effect on the solutions side, contributing to adsorption. This 
explains why the amount of CMC adsorbed correlates with the hydrodynamic 
size. Additionally, screening the negative charges and multichain association of 
CMC in the presence of CaCl2 lowers the polymer-solvent interaction, which may 
contribute to the adsorption driving force. 
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Chapter 7 

Conformations of adsorbed CMC layers 
Motivation 

The adsorbed polymer chains can take different conformations depending on the 
adsorbing conditions. Real-time monitoring of changes in adsorbed layer 
conformation could give insights into the mechanism of the adsorption process. 
The adsorbed layer conformation is also essential when it comes to final 
applications. The layer conformation can affect the interaction of the adsorbed 
polymer layer with other entities such as enzymes and proteins. It has been shown 
that the adsorbed CMC could increase the wet adhesion between the surfaces 
through the interdigitation process. In this regard, the conformation of the 
adsorbed layer should be studied. 

The information obtained from QCM-D measurements can be used to get 
insights on conformational change during the adsorption process. For example, 
the dissipation changes corresponding to frequency shift can be represented in 
Figure 7.1, typically known as the dissipation-frequency plot (D-f plot). 

Figure 7.1 Change in dissipation as a function of normalized frequency shift (3rd 
overtone) during the adsorption of CMC on CNF model surfaces in aqueous 
CaCl2 environments. 

CMC adsorption D-f plots exhibit a continuous curve at all CaCl2 ionic strengths 
examined, confirming that CMC adsorption is a slow process. At lower CaCl2 
concentrations, the slope of the D-f curves increases, indicating that the adsorbed 
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layer is more viscous, as demonstrated by the rise in dissipation. On the other 
hand, increasing the CaCl2 concentration decreases the slope and hence the 
viscous component, indicating the formation of a denser adsorbed CMC layer. 
 

 
Figure 7.2 Schematic representation of CMC adsorption in the presence of CaCl2 
(orange dots). a) CMC chains (green) approach the surface, b) collapse and 
spread of CMC chains on the cellulose surface and into the pores of the CNF 
film, c) dangling CMC chains interact with adsorbed CMC on the cellulose 
surface (2nd stage) and desorption of shorter chains, d) dangling CMC chains 
penetrate the adsorbed CMC network to form a thicker adsorbed layer. 
 
The degree to which the polymer structure collapses during adsorption is 
dependent on the polymer's conformation in solution (Figure 7.2a) and the 
strength of the polymer's contact with the surface. The denser layer generated at 
higher CaCl2 concentrations suggests that the structure of polymer molecules in 
contact with the surface collapses (Figure 7.2b), implying favourable interactions 
between the CMC and the cellulose surface. Adsorption of neighbouring 
molecules may impede the conformational rearrangement and spread across the 
surface kinetically. As a result, some adsorbed CMC may be uninvolved in the 
immediate interaction with the cellulose surface (Figure 7.2c), increasing the 
layer's viscosity and dissipation. The slopes of the D-f curves (Figure 7.1) altered 
as adsorption progressed, indicating that the structure of the adsorbed CMC 
layer changed throughout adsorption. Köhnke et al. made similar observations 
with the adsorption of arabinoxylans on cellulose140. The decreased slope of 
region B in the D-f plot (Figure 7.1) suggests that the dangling CMC layers 
diffuse towards the surface and change the adsorbed layer, thereby increasing its 
density. It could also be caused by conformational changes in the adsorbed layer 
as a result of the thermodynamically preferred exchange of shorter adsorbed 
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chains for longer CMC chains. It is possible that Ca2+ ions can still induce 
multichain association on the surface, and, at this stage, the adsorbed layer can 
be considered a Ca2+ cross-linked gel network attached to the cellulose surface. 
 

 
Figure 7.3 Swelling and deswelling cycles of adsorbed layers of CMC (from 20 
mM CaCl2) on a cellulose surface. 
 
Figure 7.3 illustrates the swelling and deswelling behaviour of the adsorbed 
CMC layers in the presence of deionized water and 20 mM CaCl2. The frequency 
immediately decreases when the 20 mM CaCl2 is replaced with deionized water. 
This corresponds to water intake, which can also be referred to as swelling of the 
adsorbed layer. Additional 20 mM CaCl2 injections into the flow cell at 40 and 68 
minutes increased the frequency, indicating that the CMC layer deswells or 
collapses in the presence of Ca2+. Kargl et al52. showed similar increases in 
frequency following water injection into CMC adsorbed film. The swelling-
deswelling behaviour was reversible, as demonstrated by two cycles in Figure 
7.3, confirming the gel network nature of the adsorbed layers. Similar swelling 
and deswelling experiments were performed on a CMC layer adsorbed from 20 
mM NaCl and presented in Figure 7.4. 
 

 
Figure 7.4 Swelling and deswelling cycles of adsorbed layers of CMC from 
(20 mM NaCl) on a cellulose surface. (Unpublished results experiment performed 
by VA). 
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Experiments with a CMC layer adsorbed with 20 mM NaCl have been carried 
out similarly to the ones described above. However, because of the considerable 
shift in frequency caused by the injection of water into the QCM-D cell, it can be 
inferred that the CMC layer adsorbed from NaCl took up a significant amount of 
water when compared to the CMC layer adsorbed from CaCl2. This demonstrates 
that the adsorbed layer conformation differs when CMC is adsorbed from NaCl 
and CaCl2. 

Figure 7.5 Adsorbed layer conformation of CMC adsorbed from CaCl2 and NaCl. 

Furthermore, the first swelling and deswelling cycle of the CMC layer adsorbed 
from NaCl was different from that of the CMC layer adsorbed from CaCl2. 
Therefore, the partially irreversible behaviour in swelling-deswelling of the CMC 
layer adsorbed from NaCl could be due to the fact that the CMC layer, when 
adsorbed from NaCl, might be kinetically trapped and the swelling in water 
permitted reorganization into a more thermodynamically stable conformation. 
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Chapter 8 

Anion specific adsorption of 
carboxymethyl cellulose on cellulose 
Motivation 

We saw in Chapter 5 that Mg2+ ions could enhance CMC adsorption. It is, 
however, less efficient than Ca2+. Magnesium sulfates are added to the bleaching 
system on purpose to minimize unintended radical reactions. If CMC adsorption 
is anion specific, we may substitute an appropriate magnesium-anion 
combination for magnesium sulfate and get improved CMC adsorption and 
reduced radical reactions. 

The anion specific effect on the cellulose surface has initially tested by carrying 
out zeta potential measurements on cellulose nanofiber suspensions at 0.02 M 
solutions of magnesium salts containing chloride, bromide, nitrate and sulfate. 
The CNF suspension, when no salts were added, had a zeta potential value of 
35 mV, meaning that the suspension is colloidally stable. Figure 8.1 shows the 
zeta potential values of CNF suspensions in magnesium salts solutions with 
different co-ions.  

Figure 8.1. Zeta potential of CNF suspension in magnesium salts containing 
different co-ions. 

The addition of salt shifted the zeta potential to a less negative value, meaning 
that the charges are screened. Interestingly, the zeta potential values of CNF 
showed changes depending on the co-ion. The difference in zeta potential values 
of CNF in the presence of magnesium sulfate and nitrate was more significant. A 
recent investigation by Simonsson et al.141 also reports a similar trend in 
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zeta potentials of silica particles in the presence of sodium salt containing sulfate 
and nitrate. The silica particles had a larger negative zeta potential in the 
presence of sulfate co-anion than nitrate co-anion. Our results presented in 
Figure 8.1 indicate that the co-anion identity influences the surface charge of 
CNF. However, the colloidal stability of the CNF suspension has tampered at 
0.02 M concentration of salts, and a quantitatively accurate judgement about co-
ion specificity cannot be made based on the zeta potential results.  

To understand the anion specific effect on CMC adsorption on cellulose, 
adsorption was performed using four magnesium salts with different co-ions. 
Figure 8.2 shows adsorbed mass of CMCs in the presence of 0.02 M of 
magnesium salts. The adsorbed mass of CMCs was computed using 
Johannsmann’s model. 

Figure 8.2 Adsorbed mass of CMC from 0.02 M solutions of magnesium salts 
with different co-ions. 

From Figure 8.2, it is evident that when we changed co-anions, the CMC 
adsorption has also changed. Especially, when adsorption from CMC solutions 
containing magnesium nitrate and magnesium sulfate was compared, the 
difference was more pronounced. To investigate this further, CMC adsorption 
was carried out with different magnesium nitrate and magnesium sulfate 
concentrations. Figure 8.3a shows adsorbed CMC from different magnesium 
nitrate and magnesium sulfate concentrations. 
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Figure 8.3. a) Adsorbed CMC from different concentrations of magnesium nitrate 
and magnesium sulfate. b) CMC adsorbed from nitrate and sulfates of 
magnesium and zinc cations at a concentration of 0.02 M. 

As illustrated in Figure 8.3a, CMC adsorption is higher in the presence of 
magnesium nitrate than in the presence of magnesium sulfate at all 
concentrations examined. From these observations it is evident that CMC 
adsorption is prone to anion specific effects. 

To investigate the effect of cations on the anion specific character of CMC 
adsorption, similar adsorption studies were conducted in the presence of zinc 
cation sulfate and nitrates at a concentration of 0.02 M. Figure 8.3b shows the 
adsorbed CMCs in the presence of sulfate and nitrates of magnesium and zinc 
cations. Zinc salts are also showing the same trend as we have seen in the case of 
magnesium salts. However, the difference is not pronounced as in magnesium 
salts, meaning that the occurrence of co-ion specificity depends on the cation 
present in the system. 

Generally, ion-specific effects have been ascribed to the ions' hydration. The 
Jones-Dole viscosity coefficient (B) and hydration enthalpy are two parameters 
that indicate how well ions are hydrated. The results on CMC adsorption 
obtained from QCM-D investigations were correlated with the Jones-Dole 
coefficient and the enthalpy of hydration of co-anions and are shown in 
Figure 8.4. 

a) b) 



52 

Figure 8.4 a) Relationship between the adsorbed CMC and the hydration 
enthalpy of co-anion, b) relationship between the adsorbed CMC and the Jones-
Dole coefficient of co-anion. The values for Jones-Dole coefficient and hydration 
enthalpy of ions were taken from Robinsson et al.142 and Smith143, respectively. 

According to Ninham et al., ion hydration dictates how ions are excluded from or 
included in the interface94. The adsorbed CMC in the presence of different ions 
has been correlated to the enthalpy of hydration and the Jones-Dole coefficient of 
corresponding anions. As illustrated in Figure 8.4, a clear link exists between the 
adsorbed CMC and the degree of hydration of co-anions. Adsorption is promoted 
in the presence of a less hydrated (chaotropic) nitrate ion, whereas adsorption is 
reduced in the presence of highly hydrated sulfate ions. To elucidate the role of 
ion hydration in ion selectivity of CMC adsorption on cellulose, the surface 
properties and hydration characteristics of CNF must be defined. According to 
Mittal et al.110, the CNF surface should be considered chaotropic because 
kosmotropic polymers are water-soluble. The majority of carbohydrate polymers 
have a positive χ parameter in water, which means that their interactions with 
water are often weaker than those between water molecules144. Additionally, 
while cellulose's surface is often regarded hydrophilic, its amphiphilic nature has 
been discussed and concluded to be the reason for cellulose's insoluble nature in 
water145. Although the presence of surface charges on cellulose increases its 
contact with the solvent, the surface charge density of the CNF used in this 
study is low (31 µmol/g), and these charges will be screened in the presence of 
salts, further reducing interactions with water. 

According to classical mean-field theories, the anions are expected to exclude 
from a negatively charged interface. However, investigations suggest that the 
anions can be adsorbed onto negatively charged interfaces regardless of expected 
electrostatic repulsion146–149. 
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It has been hypothesized that chaotropic ions prefer proximity to a chaotropic 
surface in order to minimize perturbation of the water hydrogen bonding 
network, whereas kosmotropic ions avoid proximity to the chaotropic surface and 
prefer to remain in bulk110. Thus, the nitrate ions may preferentially accumulate 
near the chaotropic CNF surface. The distribution of the chaotropic nitrate ion 
and the kosmotropic sulfate ion at the interface is depicted in Figure 8.5. 

Figure 8.5. Hydration dictated the distribution of anions in the cellulose-water 
interface. 

The charges in cellulose originated due to the presence of hemicellulose, the 
distribution of these charges will be non-uniform and we could consider it a 
patchy surface. The anions might interact with the hydrophobic domains of the 
cellulose exposed to the water. However, how could the accumulation of 
chaotropic anions alter CMC's adsorption on cellulose surface? To answer this 
question, the driving force of the adsorption of polymers should be considered.  

We have seen in chapter 3 that the entropy gain drives the adsorption of CMC on 
the cellulose surface due to the release of unfavourably arranged water 
molecules on the surface. The distribution of ions at a charged interface plays a 
crucial role in determining the effect of charge on the water organization81. The 
vicinity of chaotropic nitrate ion at the interface could be causing a more 
unfavourable organization of water molecules at the interface, which results in 
larger entropy gain once released from the surface and thus higher adsorption of 
CMC. 

This anion-cation pairing may have an effect on how an ion interacts with 
interfaces96,150,151. According to LWMA, ions form stronger contact ion pairs if 
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their hydration behaviour is comparable, allowing their hydration shells to be 
shared. Sulfate ions with a B-coefficient of 0.208 exhibit similar hydration 
behaviour to magnesium ions with a B-coefficient of 0.385, and they frequently 
form stable contact ion pairs. Magnesium ions may be drawn away from the 
interface by sulfate ions, limiting magnesium ion availability at the interface. In 
comparison, the hydration enthalpy of nitrate (B-coefficient = -0.046) and 
magnesium (B-coefficient = 0.385) ions is significantly different, showing that 
these ions may behave as well-separated ions with 'independent' mobility. 
According to Xu et al.151 the ion pairing of interfacial nitrate ions and 
magnesium ions is negligible, and nitrate anions in the air-aqueous interfacial 
area are essentially unaffected by magnesium ion Coulombic effects. This 
'independent mobility’ of magnesium and nitrate ions contributes to their 
availability at the interface, affecting CMC's adsorption on cellulose surfaces. 
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Chapter 9 

Concluding remarks 
This thesis sought to study carboxymethyl cellulose's adsorption on cellulose, 
prompted by the necessity to integrate it into the existing pulping infrastructure. 
Adsorption studies with deuterated water and water as the solvent for CMC 
demonstrated that the release of water molecules from the cellulose and CMC 
surfaces plays a substantial role in driving the adsorption. Temperature-
dependent adsorption experiments on cellulose model films further supported an 
entropy-driven mechanism. ITC studies were conducted to determine the 
thermodynamic profile of CMC adsorption on the surface of cellulose. It was 
discovered that the binding of CMC to the cellulose surface did not result in a 
substantial heat change. The data collected from ITC were insufficient for 
conducting analysis to extract thermodynamic parameters. However, the very 
faint heat signals in the ITC thermogram show that the CMC adsorption on the 
cellulose surface is entropy-driven. Because entropy is the primary driving force, 
the adsorption step should be combined with a high-temperature bleaching 
stage. 

One of the significant challenges in integrating the CMC adsorption step with 
the pulping process is identifying an industrially viable electrolyte to enhance 
adsorption. Ca2+ ions are known to improve the adsorption; however, they cannot 
be used in an industrial setting due to the scaling problems. Therefore, 
magnesium ions were identified as a suitable alternative. However, adsorption 
studies conducted on model cellulose surface and commercially available 
cellulose-rich fibers revealed that CMC adsorption is prone to cation specific 
effects, and Mg2+ ions were less efficient in enhancing the adsorption than Ca2+. 
The increased adsorption of CMC in presence of Ca2+ ions is ascribed to 
dispersion interactions caused due to the larger polarizability of the Ca2+ ions. 

It was known that the divalent ions have a significant effect on CMC adsorption, 
and Ca2+ was thought to act as a bridge between the CMC chain and the 
negatively charged cellulose surface to make adsorption possible. However, 
previous studies on the adsorption of CMC on cellulose and negatively charged 
polyelectrolytes, in general, have missed the changes in the polymer solution's 
characteristics when multivalent ions such as Ca2+ are present. Therefore, the 
effect of divalent ions on the adsorption of CMC onto cellulose was investigated 
in this thesis from the perspective that the adsorption process is multifaceted 
and can be influenced by the cellulose surface and solution properties. Dynamic 
light scattering tests on CMC solutions containing different ionic strengths of 
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CaCl2 found that the addition of CaCl2 enhanced the hydrodynamic size of CMC. 
Additionally, a correlation was observed between the hydrodynamic diameter of 
CMCs at various ionic strengths of CaCl2 and the amount of CMC adsorbed at 
those ionic strengths. This reveals that the adsorption of CMCs at high CaCl2 
concentrations is mainly regulated by structural changes in the CMC solution, 
which effectively diminish polymer-solvent interactions and hence contribute to 
the adsorption driving force. 

As mentioned before, magnesium ions were found to be a good alternative for 
Ca2+ ions. Thoughts to improve the efficiency of the Mg2+ system in enhancing 
adsorption of CMC has led to the study of co-anion specific effects in adsorption 
of CMC. Generally, it is believed that co-anions are excluded from the interface 
and do not influence interfacial processes such as adsorption. The results in this 
thesis suggest that CMC adsorption can be tuned by changing the co-anions. The 
degree of hydration of anions influences how these anions are distributed at the 
interface, influencing the water organisation at the interface and thus CMC 
adsorption. The co-anion specificity observed for CMC adsorption in the presence 
of magnesium salts enables us to tailor CMC adsorption by selecting the 
appropriate combination of Mg2+ ion and co-anions, and therefore obtain high 
adsorption without causing scaling difficulties. 
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Chapter 10 

Future Outlook 
The model adsorption experiments in this thesis suggested that magnesium 
nitrates can be used to improve the CMC adsorption without causing scaling 
issues. However, this should be validated by performing CMC adsorptions on the 
cellulose-rich fiber during the bleaching stage. Currently, magnesium sulfates 
are used as a source of magnesium ions in the industry. Changing this to 
magnesium nitrate could have an adverse effect on the properties of paper, 
especially optical properties. Therefore, the effect of magnesium nitrate on the 
final properties of the modified pulp should be studied in detail 

As usual, gaining increased understanding often leads to even more questions 
and new ideas to move forward. For example, one of the major questions that 
arose during the thesis was how hemicellulose located at the surface influence 
the adsorption of CMC? Therefore, it would be interesting to perform adsorption 
studied in fibers with different hemicellulose content 

In chapter 8, we saw that the adsorption of CMC on cellulose is anion specific. 
Since the charges in the fibers used in the study mainly originated from 
hemicellulose, the distribution of these charges on the cellulose surface might be 
random. It could be interesting to look into the anion specificity in adsorption of 
CMC on cellulose surfaces with different charge density and distribution, for 
example, a TEMPO-oxidized cellulose nanofiber films where the charges are 
relatively evenly distributed compared to unmodified CNF, and a regenerated 
cellulose surface with no significant anionic groups (that is also uniform in terms 
of structure) compared to cellulose nanofiber films.  

Anion specificity observed in CMC adsorption is suggested to be due to the 
difference in the distribution of ions at the interface and the ordering of water 
molecules at the interface. The orientation of water molecules at the interface 
and ions specificity should be investigated further using high-resolution 
techniques such as Vibrational Sum Frequency Spectroscopy (VSFS). 
Furthermore, molecular dynamic simulations could be used to get more detailed 
information. 
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Appendix 
 

S1. Materials 

The cellulose nanofibers (CNF) with an average diameter of 5 nm and carboxylic 
content of 31.4 μmol/g from softwood Kraft fibers were obtained from Stora Enso, 
Stockholm. The nanocellulose fibers have a residual hemicellulose content of 
14.7% (xylose 8%, arabinose 0.62%, galactose 0.25%, and mannose 6.1%) and 
lignin content of 1.1% (Klason lignin 0.35% and acid-soluble lignin 0.75%). A 
never-dried Scandinavian softwood Kraft pulp from Södra Cell was used in the 
experiments with cellulose fibres. The pulp was industrially produced and had 
been bleached in an elemental chlorine-free (ECF) sequence, namely D(OP)D(PO), 
where D stands for a stage with the addition of chlorine dioxide, OP for an oxygen 
delignification stage and PO for a pressurized peroxide stage. This bleaching was 
performed until ISO Brightness 90% was reached. Magnesium 
chloride (MgCl2), calcium chloride (CaCl2), magnesium nitrate (Mg(NO3)2), 
magnesium bromide (MgBr2), magnesium sulfate (MgSO4), zinc sulfate (ZnSO4), 
zinc nitrate (Zn(NO3)2), Deuterium oxide (D2O) and polyethyleneimine-branched 
polymers (with an average Mw of 25 kDa) were purchased from Sigma Aldrich. 
Carboxymethylcellulose (Blanose 7LPEP) with a molecular weight of 90.5 kDa 
and a degree of substitution (DS) of 0.7 (according to the supplier) was kindly 
provided by Ashland.Ultra-filtrated (Mw>500 kD) poly-DADMAC (Mw 550 kD) 
with a charge density of 6.2 meq/g was purchased from RISE, Stockholm, 
and polyethylene sodium sulphonate (Na-PES) from Paper Test Equipment AB, 
Sweden. All polymers were used as received. 

S2. Preparation and characterization of CNF thin film on QCM-D Sensor 

The QCM-D sensors were cleaned by immersing them in a 10% NaOH solution for 
20 seconds. The sensors were rinsed with water and then dried with 
nitrogen.   After cleaning the sensor, UV-ozone treatment was done for 10 
minutes. Then, it was immersed in 1.6 g/L PEI solution to form a positively 
charged anchoring layer. The spin coating solution was prepared by dispersing 
CNF in water (1.7 g/L) for 5 minutes using probe sonication (20 % power). After 
that, the dispersion was centrifuged for 40 minutes (6000 rpm). The supernatant 
solution was transferred into another vessel. This is the spin coating suspension. 

The produced cellulose dispersion was then spin coated over a PEI-coated QCM-D 
surface for 1 minute using a spin coater (3000 rpm, acceleration of 2100 rpm/s). 
The films were then dried in a desiccator after being processed in an oven for 10 
minutes at 80 °C. 

https://www.sciencedirect.com/topics/materials-science/softwood
https://www.sciencedirect.com/topics/chemistry/chlorine-dioxide
https://www.sciencedirect.com/topics/physics-and-astronomy/magnesium-chloride
https://www.sciencedirect.com/topics/physics-and-astronomy/magnesium-chloride
https://www.sciencedirect.com/topics/chemical-engineering/calcium-chloride
https://www.sciencedirect.com/topics/chemistry/molecular-mass
https://www.sciencedirect.com/topics/physics-and-astronomy/polyethylenes
https://www.sciencedirect.com/topics/chemistry/sulfonate
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The film morphology and uniformity were analyzed using atomic force microscopy 
(INTEGRA Prima setup NT-MDT Spectrum Instruments, Moscow, Russia). Three 
randomly chosen locations on the film were measured in semi-contact mode, and 
the root-mean-square roughness was determined using the Gwyddion software. 

The water content of the CNF model film was determined using a QCM-D 
equipment in accordance with the procedure described by Kittle et al.1. (Biolin 
Scientific, Gothenburg, Sweden). The QCM-D sensors were put in the flow cell and 
deionized water was injected at a rate of 100 µL per minute for 3 hours to establish 
a stable baseline. Then the solvent was switched to D2O, and the response was 
recorded until a plateau in the frequency shift occurred. After that, the solvent 
was switched back to H2O again. Calculation of the water contained in the film 
was based on the advantage of the density difference of H2O and D2O. 

S3. Preparation of fibres for the adsorption studies  

It has previously been demonstrated that fines from cellulose fibers absorb 
significantly more polymers due to their greater specific surface area2. Fines were 
thus removed using a Dynamic Drainage Jar with a screening diameter of 76 μm 
and the resulting fines-free cellulose fibres were ion-exchanged into their sodium 
form according to the procedure described by Köhnke et al.3. 

S4. Adsorption of CMC on bleached softwood Kraft pulp fibres  

Wet, pretreated cellulose-rich fibers weighing 5 g were dispersed in deionized 
water containing dissolved CaCl2 or MgCl2. The concentration of CaCl2 or MgCl2 
in the water phase was 20 mM after the addition of wet fibres, and the 
temperature of the fibre suspension was kept at 40 °C in a vibrating water bath. 
A CMC solution containing 20 mM salt (CaCl2 or MgCl2) was added to the fiber 
suspension, and the pH was adjusted to 7 using 0.01 M sodium hydroxide. The 
ultimate consistency of the fiber suspension was 5% (w/w percent). After 2 hours, 
the suspension was filtered and washed with 750 ml of corresponding salt solution 
(20 mM); the first filtrate and washed pulp were separated for further analysis. 
The control studies were carried out in various salt settings without the addition 
of CMC but with the same other parameters, such as consistency, pH, and 
temperature, as previously.  

S5. Analysis of the total charge of the modified pulp by conductometric 
titration 

The total charge of the reference pulp and the CMC modified pulp under different 
salt environments was also analyzed by conductometric titration. The modified 
pulp was protonated by treating it with 0.1 M HCl solution and the pH was 
adjusted to 2. The protonated pulp was washed thoroughly to remove the excess 
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amount of acid before being titrated against 0.01 M NaOH using an automated 
conductometric titrator (Metrohm Conductivity Module 856, Sweden). 

S6. Analysis of the surface charge of modified pulp by polyelectrolyte 
titration 

Polyelectrolytic titration was used to determine the surface charge of the modified 
and and unmodified cellulose rich fibers4. The carboxylate groups in the pulp were 
ion-exchanged into their sodium form prior to titration. To begin, 5 g of pulp was 
protonated by immersing it in 0.01 M HCl (0.5 percent pulp consistency) and 
adjusted to a pH of 2 with a 0.1 M HCl solution. The pulp was then soaked for 30 
minutes before being dewatered with a Büchner funnel and washed with deionized 
water until the conductivity of the filtrate was less than 5 μS/cm. The dewatered 
pulp was transferred to a beaker containing 1000 ml of 1 mM NaHCO3, and the 
resulting pulp suspension was stirred before 0.1 M of NaOH was added to obtain 
a constant pH of 9. After 30 minutes, the pulp was dewatered with a Büchner 
funnel and rinsed with deionized water until the filtrate's conductivity was less 
than 5 µS/cm. 

Five sections of the pulp were added to a mixture of 75 ml deionized water and 5 
ml 0.2 mM NaCl, each equivalent to approximately 0.5 g (1/10 of the wet pulp in 
its sodium form). The diluted pulp samples were treated with five levels of a 
polyDADMAC solution (0.5 g/L), and the final volume of water in each sample was 
adjusted to 100 ml by adding deionized water. The samples were then agitated for 
30 minutes before the pulp was dewatered using a Büchner funnel. The resultant 
pulp was dried and weighed to estimate the amount of pulp in each sample, and 
the filtrate was tested for non-adsorbed polyDADMAC by titration with 0.2 mM 
Na-PES using a Mütek PCD 03 apparatus. The adsorption isotherm was then used 
to compute the surface charge. 

S7. Total organic carbon analysis and Anionic charge content using 
direct polyelectrolyte titration 

• Following adsorption, the filtrates were subjected to Total Organic Carbon 
(TOC) measurement in accordance with SS-EN 1484 using a TOC 5050A 
Schimadzu analyzer to estimate the quantity of unabsorbed CMC contained in the 
filtrate. 

• The anionic charge of the filtrate was determined using titration of the filtrate 
collected from the reference pulp and the CMC modified pulp in various salt 
conditions. The pulps were filtered via a Büchner funnel with a 100 μM nylon 
filter, and 10 mL of the filtrate was titrated with 0.2 mM PolyDADMAC using a 
Mütek PCD 03 apparatus (Germany). 
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Table A1. Total Organic Content (TOC) and anionic trash content of the filtrate 
left after the adsorption from MgCl2 and CaCl2. 

Salt Total Organic Content (TOC) 
mg/L 

Anionic trash content 
(μeq/L) 

CMC  
(0 g/kg) 

CMC 
(5g/kg) 

CMC 
(20 g/kg) 

CMC 
(0 g/kg) 

CMC 
(5 g/kg) 

CMC 
(20 g/kg) 

MgCl2 3.00 ± 0.02 73.70 ± 0.02 350 ± 1 3.4 ± 0.1 825 ± 9 3756 ± 30 
CaCl2 2.00 ± 0.03 69.80 ± 0.02 343 ± 1.5 3.2 ± 0.1 786 ± 13 3676 ± 29 

 

S8. Adsorption experiments using QCM-D 

The adsorption behaviour of carboxymethyl celluloses onto model cellulose 
nanofibre films was monitored using QCM-D (Biolin Scientific, Gothenburg). In 
this thesis, the adsorption experiments have carried out in presence of different 
concentrations of salts. In general, CMC solutions of concentration 0.02% or 0.2% 
(w/v) containing a salt (ranging from 5 mM to 250 mM ionic strength in article 2 
and article 3, a concentration range of 0.002 M to 0.02 M in article 4.) were injected 
into the flow cells. The frequency changes were registered at 5 MHz fundamental 
resonance frequency and its several overtones.  

In temperature dependent adsorption studies, the buffer solution and the CMC 
solutions were degassed using a bath sonicator before the experiments to avoid 
bubble formation in the QCM-D cell. The solutions were preheated to the 450C prior 
to the injection to minimize the temperature variation in the cell. 

The swelling-deswelling studies were carried out at a flow rate of flow rate of 
20 μL/min. It is important that the flow rate be kept small to prevent flow-induced 
desorption. The adsorbed layers of CMC (from 20 mM of CaCl2 and 20 mM NaCl) 
were subjected to swelling by introducing distilled water into the flow cell. The 
swollen CMC layers were subjected to deswelling by the introduction of 
corresponding salt solution into the flow cell. 

The data obtained from QCM-D experiments were then exported to excel format 
using Qtools software, analysed and plotted using Origin software. 

S9. Isothermal titration calorimetry experiments 

An isothermal titration calorimeter (VP-ITC microcalorimeter from GE 
Healthcare) was used to determine the enthalpies for the binding of carboxymethyl 
cellulose to cellulose nanofiber suspension at 25 °C. Before each experiment, all 
solutions were degassed for 15 min. A solution of CMC (2 g/L) containing 10 mM 
NaCl was added sequentially to 1.46 mL titration cell initially containing 0.5 g/L 
of CNF solution at 10 mM NaCl. 28 injections of 5 µL were done and heat changes 
were recorded. 
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