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A B S T R A C T   

The adsorption of carboxymethylcellulose (CMC) on cellulose surfaces is of relevance from both academic and 
industrial perspectives as it facilitates resource-efficient modification of cellulose fibres that allows them to carry 
negative charges. It is known that, compared to monovalent ions, Ca2+ ions are superior ions in facilitating CMC 
adsorption and the subsequent introduction of charge on cellulose fibres. However, the formation and deposition 
of calcium oxide involved in this process necessitates the search for alternative cations. Magnesium ions form one 
of the more promising candidates since they are already used in the pulping process to prevent cellulose 
degradation during peroxide bleaching. This work aims at elucidating the effects of the industrially relevant 
alkaline earth metal divalent cations Mg2+ and Ca2+ on the CMC adsorption process onto cellulose surfaces. 
Quartz Crystal Microbalance (QCM-D) technology was used to follow the adsorption in model systems in real 
time, whereas the adsorption of CMC on commercial fibres was studied using polyelectrolyte titrations, total 
organic carbon (TOC) analysis and conductometric titrations. This study shows that the presence of Ca2+ ions 
was more favourable for the adsorption of CMC to both types of cellulosic surfaces than Mg2+ ions. The 
distinction in the adsorption behaviour in the presence of Mg2+ and Ca2+ is suggested to be due to the differences 
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in the polarizability of the ions. The findings are decisive in designing efficient industrial processes for the 
adsorption of polyelectrolytes to cellulose surfaces of similar charge.   

1. Introduction 

The application of polyelectrolyte adsorption and Layer-by-Layer 
assembly at a solid-liquid interface is a flexible and versatile approach 
for surface modifications [16]. Cellulose-rich materials have been 
functionalized by cationic and anionic polyelectrolyte adsorption and, 
by the wise selection of polymers and other functional entities, it is 
possible to create interactive and reactive surface layers [42]. The 
interaction of cationic polyelectrolyte with negatively charged cellulose 
surface is attractive and is already utilized in the paper industry to 
improve the physical properties of paper products. Anionic poly
electrolytes such as carboxymethyl cellulose (CMC) can also be adsorbed 
on negatively-charged cellulose surfaces [27–29,4]. CMC is a 
negatively-charged water-soluble polyelectrolyte derived from cellulose 
[12,18,37]. It has a wide range of applications in pharmaceutical 
products, foods, mineral processing, paper making etc [27,28,45]. 
Especially in mineral processing and paper making adsorption of CMCs 
on surfaces are important. 

The adsorption of anionic CMC on negatively-charged cellulosic 
surfaces has been theorized to arise from the electrostatic repulsion 
being overpowered by non-ionic attractions, despite the fact that elec
trostatic repulsion is to be expected [5,15]. Laine et al. proposed that the 
irreversible attachment of CMC onto cellulose is due to its 
co-crystallization on the cellulose surface since they have similar back
bone structures [28]. The experimental evidence on this, however, re
mains ambiguous. 

Kargl et al. investigated CMC adsorption on polymer films with 
varying degrees of cellulose character under different pH conditions 
[22]. Their results suggested involvement of a specific interaction be
tween CMC and cellulose in the adsorption process, in agreement with a 
theory introduced by Scheutjens and Fleer (1995). However, Kargl et al. 
did not discuss the driving forces behind the adsorption to the cellulose 
surfaces [22]. 

As in many interfacial interactions and processes, the presence of 
salts has a profound effect on the adsorption of CMC on cellulosic sur
faces, where the amount of adsorbed material increases as concentration 
of salt increases. Liu et al. [29] suggested that this is due to an 
entropically-driven ion-exchange process, whereby the monovalent 
cations around the CMC chain are replaced by the divalent cations 
mediating an electrostatic bridging between the CMC and the cellulosic 
surface. It has been demonstrated that divalent cations can introduce ion 
specificities in interfacial processes for highly charged polyelectrolyte 
brushes of PSS (polystyrene sulphonate) due to differences in the ionic 
radii, state of hydration and binding energies [44]. Thus far, however, 
in-depth knowledge of the specific ion effects in CMC adsorption on 
cellulose surfaces is lacking. 

Traditionally, CMC has been used as a paper additive to improve the 
mechanical properties and processability of paper products either alone, 
or in combination with, for example, common wet strength agents [27]. 
CMC adsorption has been integrated in the papermaking process to 
modify fibres within the production line [10,26]. Integration of a 
polymer adsorption step within the process in paper mills is economi
cally viable and abides by green chemistry principles. Nevertheless, 
there are certain issues that need to be resolved in order to design a 
well-optimized industrial process. One of the major challenges in inte
grating CMC adsorption is the utilisation of CaCl2: its usage is undesir
able in the Kraft pulping process due to the scaling problems caused by 
calcium oxide deposits in pipelines [14]. An industrially viable divalent 
cationic electrolyte system should therefore be used for modulating the 
adsorption of CMC on cellulose surfaces. One of the promising candi
dates for this purpose is the magnesium ion, since magnesium salts are 

already used in the oxygen delignification stage in Kraft pulping for 
preventing degradation and improving yields. Magnesium ions are also 
found to increase pulp brightness when used in hydrogen peroxide 
bleaching stages [8]. 

The aim of this work is to elucidate the effects of the industrially- 
relevant alkaline earth metal divalent cations Mg2+ and Ca2+ on the 
CMC adsorption process onto cellulose surfaces. A model system 
approach has been combined with traditional systematic adsorption 
studies on macroscopic cellulose-rich fibres, which can verify the 
applicability of model system studies to a real cellulosic macrofibre 
system. The findings contribute to facilitating a fouling-free and 
resource-efficient process of fibre modification being integrated into a 
papermaking process line. 

2. Experimental 

2.1. Materials 

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. Cellulose nanofibres from softwood 
Kraft fibres were procured from Stora Enso, Stockholm. Magnesium 
chloride (MgCl2), calcium chloride (CaCl2), deuterium oxide and 
polyethyleneimine-branched polymers (with an average Mw of 25 kDa) 
were purchased from Sigma Aldrich.Carboxymethylcellulose (Blanose 
7LPEP) with a molecular mass of 90.5 kDa and a degree of substitution 
(D.S.) 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 poly
ethylene sodium sulphonate (Na-PES) from Paper Test Equipment AB, 
Sweden. All polymers were used as received. 

2.2. Method 

2.2.1. Preparation and characterization of ultra-thin cellulose model films 
for adsorption measurements 

Thin cellulose model films were prepared using SiO2 coated QCM-D 
sensors (supplied by Q-Sense AB, Gothenburg) as a base. These were 
spin-coated with a cellulose nanofibre suspension according to the 
protocol described in the Supporting Information. The morphological 
features and quality of cellulose model films were evaluated by atomic 
force microscopy (NTEGRA Prima setup NT-MDT Spectrum Instruments, 
Moscow) in semi-contact mode. The uniformity of the cellulose model 
films was investigated by scanning the height profile at three random 
spots in different locations on the films and observation of the root mean 
square roughness. 

The water content of the CNF model films was determined by quartz 
crystal microbalance with dissipation monitoring (QCM-D) (Q-Sense AB, 
Gothenburg) using a D2O-H2O solvent exchange method [7,24]. In this 
procedure, the spin-coated QCM-D sensors were placed in the flow cell 
and deionized water was injected into the flow cell at the rate of 100 μl 
per min for 3 h to reach a plateau in the frequency. The solvent was then 
switched to D2O and an immediate drop in frequency was observed, due 
to the relatively high density of D2O. After 10 min, the solvent was 
switched again but this time to water, and the shift in frequency was 
recorded. The difference in the frequency changes for the bare sensor 
and the CNF-coated sensor during the H2O - D2O exchange was used for 
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the calculation of the water associated with the spin-coated CNF film. 

2.2.2. Dynamic light-scattering experiment 
The behaviour of CMC solutions in different electrolyte conditions 

was characterized using DLS. Samples for DLS experiments should be 
prepared with the utmost of care, so dust-free containers were used for 
preparing the CMC solution. A 0.02% (w/v) of CMC solution was pre
pared by dissolving CMC in Millipore filtered deionized water, with 
continuous overnight stirring to ensure complete dissolution. The con
centration of electrolyte in the solution was adjusted by adding pre- 
dissolved concentrated salt solutions (1 M). The samples were then 
centrifuged to remove any undissolved CMC components. 

2.2.3. Adsorption experiments using QCM-D 
The adsorption behaviour of carboxymethyl celluloses onto model 

cellulose nanofibre films was monitored using QCM-D and the specially 
prepared sensors with CNF. CMC solutions of concentration 0.02% (w/ 
v) containing 20 mM of either MgCl2 or CaCl2 were injected into the flow 
cells. The frequency changes were registered at 5 MHz fundamental 
resonance frequency and its several overtones. A model introduced by 
Johannsmann et al. [21] was used to calculate the adsorbed mass: it is 
important to note that the sensed mass calculated using this model in
cludes the mass of the CMC as well as the water that is associated with 
the adsorbed layer, and is thus not equal to the dry mass of CMC 
adsorbed. 

2.2.4. Preparation of fibres for the adsorption studies 
It has been shown earlier that fines from cellulose fibres adsorb much 

more polymers due to their higher specific surface area [41]. Fines were 
therefore removed according to the procedure described by Köhnke 
et al. [25] and the resulting cellulose fibres, devoid of fines, were 
ion-exchanged into their sodium form [25]. 

2.2.5. Adsorption of CMC on bleached softwood Kraft pulp fibres 
Wet, pretreated, pulp fibres corresponding to 5 g dry material were 

dispersed in deionized water containing dissolved CaCl2 or MgCl2. After 
the addition of wet fibres, the concentration of the CaCl2 or MgCl2 in the 
water phase was 20 mM; 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 into the fibre suspension and the 
pH of the suspension was adjusted to 7 using 0.01 M sodium hydroxide. 
The final consistency of the fibre suspension was 5% (w/w %). After 2 h, 
the suspension was filtered and washed with 750 ml of 20 mM corre
sponding salt solution; the 1st filtrate and the washed pulp were 
collected separately for further analyses. The control experiments were 
conducted under different salt environments without adding CMC but 
maintaining other conditions, such as consistency, pH and temperature, 
as previously. 

2.2.6. Analysis of adsorption on pulp 

2.2.6.1. Analysis of the content of total organic carbon (TOC) in the 
filtrate. The filtrates after adsorption were subjected to Total Organic 
Carbon (TOC) analysis according to SS-EN 1484 using a TOC 5050A 
Schimadzu instrument in order to estimate the amount of unabsorbed 
CMC present in the filtrate. 

2.2.6.2. Analysis of the anionic charge of the filtrate by polyelectrolyte 
titration. The anionic charge of the filtrate was determined by titration 
of the filtrate obtained from the reference pulp and the CMC modified 
pulp under different salt environments. The pulps were filtered using a 
Büchner funnel fitted with a 100 µm nylon filter; 10 ml filtrate was 
titrated with 0.2 mM PolyDADMAC using a Mütek PCD 03 instrument 
(Germany). 

2.2.6.3. 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 conducto
metric 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 amount of acid before 
being titrated against 001 M NaOH using an automated conductometric 
titrator (Metrohm Conductivity Module 856, Sweden). 

2.2.6.4. Analysis of the surface charge of modified pulp by polyelectrolyte 
titration. The surface charge of the starting pulp and the CMC modified 
pulp was analyzed by polyelectrolytic titration ([43], and further opti
mized by Horvath [19]). Prior to titration, the carboxylate groups in the 
pulp were ion-exchanged into their sodium form. First, 5 g of pulp was 
protonated by immersion in 0.01 HCl (0.5% pulp consistency) and 
adjusted to a pH of 2 with 0.1 M HCl solution. The pulp was then soaked 
for 30 min, dewatered with the aid of a Büchner funnel and, finally, 
rinsed with deionized water until the conductivity of the filtrate was 
below 5 μS/cm. The dewatered pulp was transferred to a beaker con
taining 1000 ml 1 mM NaHCO3 and the resulting pulp suspension was 
agitated, before 0.1 M of NaOH was added until a stable pH of 9 was 
achieved. After 30 min, the pulp was again dewatered with the aid of a 
Büchner funnel and washed with deionized water until the conductivity 
of the filtrate was below 5 μS/cm. 

Five portions of the pulp corresponding to approx. 0.5 g each (1/10 
of the wet pulp in its sodium form) was added to a mixture of 75 ml 
deionized water and 5 ml 0.2 mM NaCl. Five levels of a polyDADMAC 
solution (0.5 g/l) were the added to the diluted pulp samples and the 
final volume of water in each sample was adjusted to 100 ml by addition 
of deionized water. The samples were then agitated for 30 min and after 
that, the pulp was dewatered with the aid of a Büchner funnel. The 
resulting pulp was dried and weighed in order to determine the actual 
amount of pulp in each sample and the filtrate was analyzed for non- 
adsorbed polyDADMAC by titration with 0.2 mM Na-PES using a 
Mütek PCD 03 instrument. The surface charge was then calculated from 
the adsorption isotherm. 

3. Results and discussion 

3.1. Characterization of ultra-thin cellulose model films 

The AFM height profiles obtained for the nanofibrillated cellulose- 
coated QCM-D sensor (Fig. 1a) reveal the fibrillar features (fibre diam
eter range: 8–15 nm). The films had a root mean squared roughness 
(RMS) of 3.7 nm as calculated over an area of 1 µm × 1 µm, which is 
consistent with previous reports [2]. 

A D2O-H2O solvent exchange method, described in the literature [7, 
24], was employed to acquire further information of the physical state of 
the CNF film. The difference observed in ∆f/n between the bare sensor 
and CNF film-coated sensor provides information of the solvent associ
ated with the surface. The solvent fraction estimated in the film is 
considered to be an indirect measure of the void volume on the surface 
of the CNF model film [40]. Fig. 2 shows a representative D2O-H2O 
exchange curve of a bare SiO2 surface and CNF film, where the latter was 
found to be associated with 39 mg m–2 of water. Both AFM and solvent 
exchange studies revealed that CNF film has a morphology that con
tributes to a large surface area being available for interaction with the 
solvent and the adsorbates. 

3.2. Hydrodynamic size of CMC solutions determined by dynamic light 
scattering 

Evaluation of the number distribution of the hydrodynamic size of 
CMC in 20 mM salt solutions (Fig. 3) reveal that the dimension (hy
drodynamic diameter) of the CMC molecules is smaller than 10 nm in 
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CaCl2 and MgCl2. However, the hydrodynamic diameter of CMCs in the 
CaCl2 solution (5 nm) is larger than for CMCs in MgCl2 (3.5 nm). The 
hydrodynamic diameter of CMCs in 20 mM NaCl was also evaluated and 
found to be 9.7 nm, i.e. larger than that of CMCs in a divalent ionic 
environment. 

3.3. Adsorption studies using QCM-D 

Observations made in the solvent exchange studies showed that the 
cellulose surface undergoes swelling on contact with water. It thus 
contains high amount of water, which challenges estimations of the 
amount of CMC adsorbed. Moreover, polyelectrolyte adsorption can also 
alter the water content in the film [11]. An equilibration step of the CNF 
films with corresponding salt solutions (20 mM CaCl2 or 20 mM MgCl2) 
was hence employed prior to each measurement. It was found that it 
could take up to 1 h 30 min before a plateau in the frequency was 
attained, indicating that equilibrium in the hydration process had been 
reached. 

An immediate drop in frequency was observed as soon as solutions 
containing CMC were injected into the flow cell, indicating an increase 
in the mass at the solid/liquid interface (Fig. 4). Corresponding increase 
in dissipation also observed in both cases which indicates viscoelastic 
nature of adsorbed layers. This behaviour was similar to previous re
ports on the adsorption of CMCs on regenerated cellulose surface [29]. 
After rinsing with a corresponding salt solution, the frequency shifted to 
a less negative value, indicating that some of the loosely bound adsorbed 
chains desorbed from the surface. The results also show that the 
adsorbed layer had not reached a state of equilibrium after rinsing for 
50 min. The sensed mass, calculated by Johannsmann’s method prior to 
and post rinsing, is reported in Table 1 for both salt solutions. The CMC 
layer adsorbed in the presence of CaCl2 was more stable compared to the 
CMC layer adsorbed in the presence of MgCl2. 

3.4. Adsorption studies on Kraft pulp fibres 

The studies undertaken on the adsorption of CMC on model cellulose 
surfaces revealed that the adsorption of CMC is of an ion-specific nature. 
In order to evaluate ion-specific adsorption further, the adsorption of 
CMC on a bulk surface was carried out using commercially available 
cellulose fibres as the substrate (bleached softwood Kraft pulp fibres).  
Fig. 5 shows the total charge for CMC-modified and non-modified cel
lulose fibres, where a larger total charge indicates that the negatively 
charged CMC has been adsorbed onto the cellulose fibres. 

The pulp modified with CMC in CaCl2 and MgCl2 environments 
showed an increase in total charge content compared to the unmodified 
pulp, which further shows that there is an attachment of CMC chains on 
the cellulose surface [13]. 

The trend observed with an increased total charge and the amount of 

Fig. 1. (a) A representative AFM micrograph of spin-coated CNF film on an SiO2 coated QCM-D sensor and (b) a typical height profile of CNF model film along a 
horizontal line. 

Fig. 2. A representative QCM frequency change of D2O- H2O exchange studies 
on a bare sensor and CNF thin film. 

Fig. 3. A representative number-based size distribution of CMC in solutions of 
20 mM CaCl2 and 20 mM MgCl2, respectively. 
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CMC attached (Table 2) when calcium ions are present rather than 
magnesium ions is consistent with the amounts of CMC indicated in the 
filtrate examined by TOC and polyelectrolyte titration analysis (see 
Table S1 in Supporting Information). However, compared with results of 
Laine et al. [28], the increase in total charge obtained in this study is 
lower. This can be due to the fact that the experiments reported earlier 
were conducted at higher temperatures and higher salt concentrations, 
which favour CMC adsorption on cellulose fibres [28]. It should also be 
noted that the CMC used in this investigation has a low molecular weight 
and high degree of substitution (DS), which are known to suppress such 
adsorption [28]. 

Measurements of surface charge indeed supported previous obser
vations that the amount of CMC adsorbed was greater in the presence of 
CaCl2 than MgCl2 (Table 3). However, when the total charge measure
ments and surface charge measurements are compared, it is evident that 
the contribution made by the surface charge to the total charge is only 
15%, so 85% of the charges are located inside the fibre wall. In the 
present investigation, the percentage increase in surface charge at 

higher loadings of CMC was about 30%. Laine et al. [28] found an in
crease in the surface charge content relative to the total charge content 
in excess of 40%. However, their CMC had a larger Mw (280 kDa) 
compared to the CMC (90 kDa) used here in this study: its smaller di
mensions allows a larger amount to penetrate the fibre 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. Indeed, according to the data shown in Fig. 5 and Table 2, the 
amount of adsorbed CMC was greater when a higher CMC concentration 
was used (about 10% increase in total charge when the concentration of 
CMC was increased by a factor of four). This, together with the data in 
Fig. 5, indicates that the adsorption sites available in cellulose pulp are 
close to saturation at a concentration of 5 g CMC /kg pulp. The infor
mation obtained from adsorption studies performed on the commercial 
pulp and the QCM-D studies showed that CMC adsorbs in considerable 
amounts in the presence of both Mg2+ and Ca2+. However, the amounts 
adsorbed in MgCl2 were more moderate than those adsorbed in CaCl2. 
The CMC layer adsorbed from the CaCl2 solution was also more stable 
compared to that adsorbed from the MgCl2 environment, which also 
complies with the findings of others [29]. This indicates that an 
ion-specific mechanism occurs when CMC is adsorbed on cellulose fibre 
surfaces. 

4. Discussion 

4.1. Interaction of metal ions with carboxylic groups 

The selection of the metal ion has been shown to induce several 
changes in the interactions that take place between materials containing 
carboxylate groups (–COO–), such as gelation and changes to rheolog
ical and mechanical properties [1,20,23,33,35] where, for example, the 
gel strength of polygalactoglucoronate was higher when cross-linked 

Fig. 4. Changes in frequency and dissipation over time during the adsorption of 
CMC on CNF films from solutions containing 20 mM CaCl2 and MgCl2 
respectively. 

Table 1 
Amount of CMC adsorbed on CNF calculated using the Johannsmann model 
[21].  

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  

Fig. 5. Total charge of unmodified cellulose fibres and those modified with 
different amounts of CMC in CaCl2 and MgCl2 environments. 

Table 2 
Total charge and amount of CMC attached on modified fibres in the presence of 
CaCl2 and MgCl2 at two different CMC loadings.  

Salt Total charge content (mmol/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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with Ca2+ ion than with Mg2+ ions. These changes are often assigned to 
the formation of metal-ligand complexes [20]. The stability of 
metal-ligand complexes is typically represented by a stability constant, 
which is logarithm of the first association constant k1 [17]. Often, there 
is an insufficient correlation between the stability constant of the metal 
complex and the property changes observed. For example, Ca2+ shows 
stronger interactions than Mg2+ with –COO– when these groups are 
located in polyelectrolytes such as alginate or pectin [38,39]. It has been 
shown, however, [17] that the stability constant of (–COOMg) is higher 
than that of (–COOCa) complexes; similar observations have been also 
reported by Lombardo et al. [30]. An unequivocal statement pertaining 
to ion-induced interactions between cellulose materials due to the for
mation of metal complexes cannot therefore be made based on the 
literature. Our findings indicate that the presence of Ca2+ enhances CMC 
adsorption, thereby implying that interactions between CMC chains and 
the cellulose fibre surface are stronger. 

4.2. Specific ionic effects on 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. According to Cohen Stuart et al. [5], adsorp
tion of polyelectrolytes on surfaces with the same charge as the poly
electrolyte is driven by non-electrostatic forces; it has also been 
suggested that the amount adsorbed increases as the salt concentration 
increases, and which was later observed experimentally [5,29]. How
ever, comparing the ability of divalent metal ions with monovalent salts 
to increase the amount adsorbed at the same ionic strength suggests that, 
apart from obvious electrostatic screening effects, the divalent metal 
ions contribute positively to the adsorption process. This positive 
contribution of multivalent ions to adsorption might originate from the 
structural changes in polymer solutions that are induced by multivalent 
ions [9,31]. 

It is suggested here that the effect of divalent ions on the adsorption 

of polyelectrolytes can be explained by adopting the semi-quantitative 
model proposed by Benselfelt et al. [3] for the ion-induced assembly 
of negatively-charged nanofibres. This model takes into account 
dispersion interactions, ion-ion correlation, metal-ligand complexation 
and interactions due to changes in the local acidic environment [3]. 

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

(1) Ion-ion correlations among CMC chains and between CMC chains 
the cellulose surface induced by the divalent ions.  

(2) Dispersion interactions among CMC chains (Fig. 6a) and between 
CMC chains the cellulose surface induced by the divalent ions 
(Fig. 6b). 

Interactions that occur through ion-ion correlation mechanisms 
depend on the charge density of the interacting materials and valency of 
the counter ions. Both the ions used in this study are divalent: the in
teractions caused by ion-ion correlation should be the same in both cases 
and therefore cannot be the reason for the difference observed in the 
amount adsorbed. 

The obvious difference between Ca2+ and Mg2+ is the size of the ions: 
Ca2+ ions are about 30% larger, resulting in their having a higher 
polarizability [32]. The polarizability of ions has been correlated to 
dispersion interactions: these are caused by the introduction of local 
fluctuations in the electron cloud in the ions, which gives rise to the 
formation of temporary dipoles. The induced dipoles in the electron 
cloud around the ions can interact with the permanent or introduced 
dipoles in the polyelectrolyte chains and at the cellulose surfaces which 
can, in turn, induce interactions among the polyelectrolyte chains and as 
well as interactions of CMC chains with the cellulose surface. Dispersion 
interactions are regarded as being the main specific ion effect; it has also 
been suggested as being the explanation behind the Hofmeister series 
[34]. 

The greater polarizability of Ca2+ ions means that they can induce 
stronger dispersion interactions compared to Mg2+ ions. The size of the 

Fig. 6. Dispersion interactions induced by Ca2+ ions between (a) CMC chains in solution and (b) CMC chains and a cellulose surface.  

Table 3 
Surface charge and increase in total charge of the modified fibres.  

Salt Surface charge content mmol/g Increase in total charge content mmol/g Percentage of increase in total charge on 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  
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CMC was determined using DLS, which showed that in presence of 
divalent ions the hydrodynamic radius, (Rh) of the CMC has been 
reduced compared to the hydrodynamic radius of CMC in NaCl solutions 
of same ionic strength (Rh(CMC-Na) = 9.7 ± 0.3 nm). However, the 
hydrodynamic radius of of CMC solutions in the presence of Ca2+ ions 
had a tendency to be somewhat larger than hydrodynamic radius in 
Mg2+ solutions (Rh(CMC-Ca) = 5.0 ± 1.0 nm) and (Rh(CMC-Mg) = 3.5 ±
0.5 nm). It has been shown that, unlike Mg2+ ions, specifically inter
acting ions (such as Ca2+ and Ba2+) can form interchain cross links be
tween CMC polymer chains, and forms CMC clusters of 20-40 nm in size 
[36]. Similar Ca2+ induced multichain association could be the reason 
for larger hydrodynamic size. It is also noteworthy that greater inter
action of carboxyl groups in the CMC chain could lead to less 
solvent-polymer interactions, which can favour the adsorption process. 
However, the difference observed in the Rh of CMC in calcium chloride 
and magnesium chloride was not remarkably large, which is in agree
ment with the rheological properties observed by Lopes and Richtering 
[31]. The difference in Rh is therefore probably not the sole factor for the 
differences observed when CMC adsorption is compared in presence of 
Ca2+ and Mg2+: increased interaction between CMC and the cellulosic 
surface through dispersion interactions induced by calcium ions is 
probably of greater importance. The higher polarizability of calcium ion 
can cause local enrichment of Ca2+ ions close to the surface through 
dispersion interactions, thereby contributing to bridging between the 
CMC and the cellulose surface and consequently increasing the amount 
of CMC adsorbed. 

5. Conclusions 

The combination of the model experiments using QCM-D and 
adsorption studies on cellulose pulp fibres revealed that, when 
compared to Mg2+, the presence of Ca2+ enhanced the adsorption of 
CMC on cellulosic surfaces significantly. This was shown by analyses of 
the total and surface charges of the cellulose fibres and the remaining 
CMC in the filtrate after washing of the modified cellulose fibres, as well 
as the adsorption of CMC on the model studied by QCM-D. The differ
ences observed in the amount of CMC adsorbed could be due to the 
differences in polarizability of the divalent ions. The higher polariz
ability of the Ca2+ ions introduced CMC with a greater hydrodynamic 
radius in the presence of calcium chloride solutions than in magnesium 
chloride solutions. This change in solution behaviour could, at least 
partly, explain the differences in adsorption behaviour induced by both 
Ca2+ and Mg2+. Furthermore, it can be suggested that the higher 
polarizability of calcium can cause local enrichment of Ca2+ ions close to 
the surface through dispersion interactions, which can contribute to 
bridging between CMC and the cellulose surface and thus increase the 
amount of CMC adsorbed. Despite Mg2+ ions being poor adsorption 
mediators compared to Ca2+ they can be used to modulate the adsorp
tion of CMC in an industrial situation. Further investigations into 
improving the efficiency of Mg2+ electrolyte systems should neverthe
less be carried out in order to realize the integration of a CMC adsorption 
step into current pulping mill processes. 
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[25] T. Köhnke, H. Brelid, G. Westman, Adsorption of arabinoxylan on cellulosic 
surfaces: influence of degree of substitution and substitution pattern on adsorption 
characteristics, Biomacromolecules 12 (2011) 2633–2641, https://doi.org/ 
10.1007/s10570-009-9341-x. 

[26] E. Kontturi, M. Mitikka-Eklund, T. Vuorinen, Amorphous characteristics of an 
ultrathin cellulose film, Biomacromolecules 12 (2011) 770–777, https://doi.org/ 
10.15376/biores.3.1.34-45. 

[27] J. Laine, T. Lindström, G.G. Nordmark, G. Risinger, Studies on topochemical 
modification of cellulosic fibres Part 2, Nord. Pulp Pap. Res. J. 17 (1) (2002) 
50–56. 

[28] J. Laine, T. Lindström, G.G. Nordmark, G. Risinger, Studies on topochemical 
modification of cellulosic fibres, Nord. Pulp Pap. Res. J. 15 (2000) 520–526, 
https://doi.org/10.3183/NPPRJ-2000-15-05-p520-526. 

[29] Z. Liu, H. Choi, P. Gatenholm, A.R. Esker, Quartz crystal microbalance with 
dissipation monitoring and surface plasmon resonance studies of carboxymethyl 
cellulose adsorption onto regenerated cellulose surfaces, Langmuir: ACS J. Surf. 
Colloids 27 (2011) 8718–8728, https://doi.org/10.1021/la200628a. 

[30] S. Lombardo, A. Gençer, C. Schütz, J. Van Rie, S. Eyley, W. Thielemans, 
Thermodynamic study of ion-driven aggregation of cellulose nanocrystals, 
Biomacromolecules 20 (2019) 3181–3190, https://doi.org/10.1021/acs. 
biomac.9b00755. 

[31] C.G. Lopez, W. Richtering, Influence of divalent counterions on the solution 
rheology and supramolecular aggregation of carboxymethyl cellulose, Cellulose 26 
(2019) 1517–1534, https://doi.org/10.1007/s10570-018-2158-8. 

[32] J. Mitroy, M.S. Safronova, C.W. Clark, Theory and applications of atomic and ionic 
polarizabilities, J. Phys. B At. Mol. Opt. Phys. 43 (2010), 202001, https://doi.org/ 
10.1088/0953-4075/43/20/202001. 

[33] M.A. Montoro, F.M. Francisca, Effect of ion type and concentration on rheological 
properties of natural sodium bentonite dispersions at low shear rates, Appl. Clay 
Sci. 178 (2019), 105132, https://doi.org/10.1016/j.clay.2019.105132. 

[34] B.W. Ninham, P. Lo Nostro, Molecular forces and self assembly:in colloid, nano 
sciences and biology, Mol. Forces Self Assem. Colloid, Nano Sci. Biol. (2010), 
https://doi.org/10.1017/CBO9780511811531. 

[35] F.O. Obiweluozor, A. Ghavaminejad, S. Hashmi, M. Vatankhah-Varnoosfaderani, F. 
J. Stadler, A NIPAM-Zwitterion copolymer: rheological interpretation of the 
specific ion effect on the LCST, Macromol. Chem. Phys. 215 (2014) 1077–1091, 
https://doi.org/10.1002/macp.201300778. 

[36] W.N. Sharratt, R. O’Connell, S.E. Rogers, C.G. Lopez, J.T. Cabral, Conformation 
and phase behaviour of sodium carboxymethyl cellulose in the presence of mono 
and divalent salts, Macromolecules 53 (4) (2020) 1451–1463, https://doi.org/ 
10.1021/acs.macromol.9b02228. 

[37] J.V. Swintosky, L. Kennon, A note on the preparation of powdered carboxymethyl- 
cellulose and linseed acids, J. Am. Pharm. Assoc. 42 (8) (1953) 505, https://doi. 
org/10.1002/jps.3030420815. 

[38] J.F. Thibault, M. Rinaudo, Interactions of mono and divalent counterions with 
alkali and enzyme-deesterified pectins in salt-free solutions, Biopolymers 24 
(1985) 2131–2143, https://doi.org/10.1002/bip.360241109. 

[39] D. Thom, G.T. Grant, E.R. Morris, D.A. Rees, Characterisation of cation binding and 
gelation of polyuronates by circular dichroism, Carbohydr. Res. 100 (1982) 29–42, 
https://doi.org/10.1016/S0008-6215(00)81023-X. 

[40] A. Villares, C. Moreau, A. Dammak, I. Capron, B. Cathala, Kinetic aspects of the 
adsorption of xyloglucan onto cellulose nanocrystals, Soft Matter 11 (2015) 
6472–6481, https://doi.org/10.1039/c5sm01413a. 

[41] L. Wågberg, M. Bjorklund, Adsorption of cationic potato starch on cellulosic fibres, 
Nord. Pulp Pap. Res. J. (2007), https://doi.org/10.3183/npprj-1993-08-04-p399- 
404. 

[42] L. Wågberg, J. Erlandsson, The use of layer-by-layer self-assembly and 
nanocellulose to prepare advanced functional materials, Adv. Mater. (2020), 
2001474, https://doi.org/10.1002/adma.202001474. 
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