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Abstract  1 

Fibrillated cellulose can be used as a gelation agent to thicken and improve phase stability of sodium 2 

sulfate decahydrate (SSD, Na2SO4·10H2O), a promising salt hydrate for storing thermal energy. It is 3 

expected that dissolved SSD influences the thickening action by changing the colloid interactions 4 

between the cellulose fibrils. The fibrillation degree and surface charge of the cellulose are hypothesized 5 

to control the thickening effect. Phase stability of dissolved SSD was evaluated by sedimentation. 6 

Viscoelastic behaviors were characterized to understand microstructural and thickening mechanism 7 

created by fibrillated cellulose. Effect of fibrillated cellulose on heat release of SSD was measured 8 

during phase change. Dissolved SSD reduced the electrostatic repulsion between the cellulose fibrils 9 

by compressing the electric double layer due to charge screening. This resulted in denser aggregates for 10 

the mechanically fibrillated cellulose, assisted by increased attraction force. Viscosity and storage 11 

modulus of SSD increased and stable phase was formed without sedimentation. Higher fibrillation 12 

degree of the mechanically produced cellulose eliminated phase separation due to the increased specific 13 

surface area. The phase stabilization of SSD resulted in higher and longer heat release caused by 14 

bonding between water and anhydrous sodium sulfate. 15 

 16 

Keyword: Fibrillated cellulose, TEMPO-oxidization, Phase change material, Latent heat storage, 17 

Rheological properties, Sodium sulfate decahydrate  18 
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1. Introduction  1 

As global energy consumption increases, interest in energy storage technology is also increasing to 2 

improve energy efficiency. Efficient energy storage can solve the problem of the mismatch between 3 

energy supply and demand. Thermal energy storage (TES), an important energy storage technology, can 4 

improve thermal energy efficiency in various applications, such as indoor temperature control, water 5 

heating systems, and industrial waste heat.  6 

Latent heat storage has attracted much attention, as it offers many advantages such as a high thermal 7 

storage density, controlled operation temperature, and small temperature variation. Phase change 8 

materials (PCMs) play a key role in latent heat storage. PCMs used for latent heat storage can be divided 9 

into organic and inorganic types. Organic PCMs, such as paraffin wax, fatty acids, and alcohols can 10 

store higher amounts of thermal energy; however, these materials tend to be expensive, flammable, have 11 

low thermal conductivity, and undergo large temperature-dependent volume changes (Fashandi and 12 

Leung 2018). As such, there has been growing interest in inorganic PCMs based on salt hydrates. Salt 13 

hydrates can store more energy than an organic PCM, and they are less expensive and non-flammable 14 

as well as have a low temperature-dependent volume change (Li et al. 2014; Liu and Yang 2017; 2018). 15 

However, salt hydrates have two main limitations that restrain their widespread use. The first is 16 

supercooling caused by weak nucleation, and the second is incongruent melting resulting in phase 17 

separation.  18 

In general, supercooling of the PCM, which is caused by weak nucleating properties, can be controlled 19 

by adding a nucleating agent such as an eutectic salt (Li et al. 2014; Liu and Yang 2018) or metal 20 

nanoparticles (Liu and Yang 2017; Garay Ramirez et al. 2014; Li et al. 2016; Mao et al. 2017). Melting 21 

of the PCM results in the formation of anhydrous salt and salt solution via incongruent melting. The 22 

denser anhydrous salt sediments at the bottom of the container, which causes phase separation. The 23 

unstable phase gradually decreases the heat storage capacity, because the sedimented anhydrous salt 24 

cannot bond with the water molecules. The phase separation of PCM can be prevented by adding 25 

hydrophilic polymers, such as polyacrylamide ( Li et al. 2014; Mao et al. 2017), poly(acrylamide-co-26 

acrylic acid) copolymer (PAAAM) (Liu et al. 2016), polyvinyl alcohol (Karimineghlani et al. 2017), 27 

carboxymethyl cellulose (CMC) (Fashandi and Leung 2018; Li et al. 2016; Mao et al. 2017; Feng et al. 28 

2015), gelatin ( Mao et al. 2017) or polyacrylic acid (Yang et al. 2019). These soluble polymers can 29 

reduce fluidity of PCM by thickening it, which prevents the phase separation of the PCM in the liquid 30 

state. The addition of a polymer can also help minimizing the supercooling. A polymer that thickens the 31 

PCM can hold water molecules, which facilitates bonding between the salt and the water molecules. 32 

Thus, use of an appropriate thickening agent can improve the performance of the PCM.  33 
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In this paper, we tried to use micro- and nanofibrillated cellulose to improve the phase stability of 1 

inorganic PCM. Micro- or nanofibrillated celluloses that can be obtained from versatile biomass 2 

resources, serve as a sustainable and biodegradable material having great potential in many application 3 

fields. It is well known that the fibrillated cellulose that has abundant hydroxyl groups on the surface 4 

and extremely high specific surface area can form a hydrogel at low consistency by absorbing water. 5 

The gel-forming characteristics of fibrillated celluloses makes them attractive to control fluidity of 6 

systems, e.g., as a rheological modifier (Dimic-Misic et al. 2013; Oh et al. 2017) for pigment coating 7 

suspension and in bioprinting (Shin et al. 2017; Xu et al. 2019a; 2019b).  8 

The gel-forming property of cellulose material largely depends on the fibrillation degree and surface 9 

charge. Degree of fibrillation influences the water absorptivity. With extended mechanical treatment, 10 

the degree of fibrillation and the specific surface area can be increased (Taheri and Samyn 2016; 11 

Albornoz-Palma et al. 2020), which consequently improves the water absorbing property of fibrillated 12 

cellulose. Fibrillated cellulose that is produced through carboxylation or TEMPO (2,2,6,6-13 

tetramethylpiperidine-1-oxyl)-oxidation is disintegrated to a smaller size due to the electrostatic 14 

repulsion between carboxylic groups that are introduced during oxidation processes (Saito et al. 2007; 15 

Isogai et al. 2011). This results in formation of gel at lower concentrations compared to only 16 

mechanically fibrillated cellulose. Our hypothesis is that water absorbing fibrillated cellulose can 17 

improve the phase stability of inorganic PCM in which a large amount of salt is dissolved, and the 18 

surface properties of fibrillated cellulose, such as the specific surface area and surface charge, can affect 19 

the phase stability.  20 

Hence, in current study, we investigated whether micro-and nanofibrillated cellulose can be used as a 21 

thickening agent for inorganic PCM to improve phase stability. Sodium sulfate decahydrate (SSD) that 22 

is known as Glauber’s salt is selected as a PCM. SSD is a promising salt hydrate due to its low cost and 23 

high latent heat storage capacity (Marliacy et al. 2000). However, it is quite hard to form homogenous 24 

phase because of formation of sedimented anhydrous sodium sulfate (SS) due to its low solubility in 25 

water. Three types of fibrillated cellulose (microfibrillated cellulose (MFC), nanofibrillated cellulose 26 

(NFC), and TEMPO-oxidized CNFs) were applied to the PCM in an attempt to better understand the 27 

mechanism of phase stability with respect to the cellulose material characteristics. MFC and NFC were 28 

compared to understand the effect of degree of fibrillation, and TEMPO-oxidized CNF was used to 29 

investigate the effect of carboxylic groups on the phase stability of PCM. In practice, the phase stability 30 

of the PCM was evaluated by sedimentation, and the rheological behaviors were investigated to 31 

understand the microstructure of the PCM. The temperature change of the PCM during cooling was 32 

measured to determine the effect of fibrillated cellulose on the heat release of the PCM.  33 

34 
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2. Materials and Methods    1 

2.1 Materials  2 

Three types of fibrillated cellulose were used in the present research. Microfibrillated cellulose (MFC), 3 

produced through mechanical treatment with a refiner equipped with specialized plates using softwood 4 

bleached kraft pulp, was supplied by the University of Maine. The charge density of the MFC was 0.14 5 

mmol/g. A second mechanically produced nano-fibrillated cellulose (NFC) was obtained from 2 wt% 6 

bleached eucalyptus kraft pulp stock by grinding (Super Masscolloider; Masuko Co.). Nanofibrillation 7 

was achieved by passing the pulp through the grinder more than 30 times. The grinder plate gap 8 

was -80 μm, and rotational speed was 1500 rpm. The charge density of NFC was 0.16 mmol/g. 9 

Chemically treated cellulose nanofibrils (TEMPO-CNFs) were prepared through TEMPO-mediated 10 

oxidation followed by mechanical disintegration using a high-pressure homogenizer. Bleached birch 11 

kraft pulp was used as a raw material for the TEMPO-CNFs. Pulp (20 g) was dispersed in 1,000 mL of 12 

distilled water. The TEMPO (0.1 mmol/g fiber) and sodium bromide (1.0 mmol/g fiber) were dissolved in 13 

1,000 mL of deionized water and then mixed with the dispersed pulp slurry. The pH of the pulp stock 14 

was adjusted to 10.0 using 0.5 M sodium hydroxide (NaOH). Sodium hypochlorite (NaClO, 5 mmol/g 15 

fiber, 12 wt% active chlorine) was added dropwise to the suspension. The pH was kept at 10.5 using 0.5 16 

M NaOH. It was assumed that the reaction was finished when no further NaOH consumption could be 17 

detected. The oxidized fibers were precipitated in ethanol and washed thoroughly with deionized water 18 

by filtration until the conductivity of the filtrate was below 4.5 µS/cm. The oxidized fibers were 19 

disintegrated with a Rannie 15-type homogenizer, using a pressure sequence of 100, 300, 500, 700, and 20 

900 bar. The fibers passed through homogenizer twice in each pressure. The average width of TEMPO-21 

CNFs is around 4.3 nm. The charge density of TEMPO-CNFs was 1.36 mmol/g. The MFC, NFC, and 22 

TEMPO-CNF concentrations were 3.0, 2.2, and 0.9 wt%, respectively. The morphological 23 

characteristics of fibrillated cellulose are shown in Fig. 1.   24 

Anhydrous sodium sulfate (142.04 g/mol, ACS reagent grade; Sigma Aldrich) and sodium tetraborate 25 

decahydrate (381.37 g/mol, ACS reagent grade; Sigma Aldrich), i.e., Borax, were used as nucleating 26 

agent. CMC (Finnfix 10) was supplied by CP Kelco. The average molecular weight and degree of 27 

substitution of the CMC were 108,400 g/mol and 0.78, respectively.  28 

 29 
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 1 

Figure 1. Transmission electron microscopy (TEM) and optical microscope image of micro- and nano-2 

fibrillated cellulose. (a) and (d) microfibrillated cellulose (MFC); (b) and (e) nanofibrillated cellulose 3 

(NFC); (c) and (f) chemically treated (TEMPO-oxidized) CNFs. Scale bar = 200 nm in (a) and (b); 50 4 

nm in (c); 100 μm in (d), (e) and (f).  5 

 6 

2.2 Sample preparation and phase stability 7 

MFC, NFC, TEMPO-CNFs and CMC were dispersed with the amount of water needed to prepare the 8 

SSD using magnetic stirring for 30 min. Subsequently, anhydrous SS was added and blended at 50°C 9 

for 1 h to achieve a homogeneous state. Since MFC, NFC and TEMPO-CNF can absorb large amounts 10 

of water, PCM was prepared using anhydrous SS to control the water/salt ratio. For example, when 11 

preparing 100 g of PCM composed of 99 wt% of SSD and 1 wt% of NFC, the salt and water weight are 12 

44.0 g and 55.0 g, respectively. However, wet state NFC already contains 45.1 g of water considering 13 

its concentration. To prepare 100 g of PCM, 9.9 g of water is added 46.1 g of NFC suspension (1 g of 14 

NFC + 45.1 g of water), and then 44.0 g of anhydrous SS is added. The PCM was kept in a 40°C water 15 

bath before evaluation of its phase stability and rheological properties. The phase of the PCM that was 16 

kept in the 40°C water bath for 2 h was captured using a digital camera.  17 

 18 

2.3 Rheological properties 19 



7 

 

The rheological properties of the PCM were measured using a rotational rheometer (MCR 300; Anton 1 

Paar GmbH), with a parallel plate geometry (50 mm diameter, gap: 1 mm). Couette geometry was also 2 

used for the low-viscosity CMC solution. The radius of the cup and bob were 14.5 and 13.3 mm, 3 

respectively, and the vertical gap between the bob and cup was 5.7 mm. The viscosity was measured as 4 

a function of shear rate from 0.1–1,000 s−1 in shear rate-controlled mode. Each point was acquired in 5 

time fixed mode (10 sec). A strain sweep test was conducted to confirm the linear viscoelastic region at 6 

a constant angular frequency (3 Hz). The range of strain was from 0.01 to 100%, and data acquisition 7 

time in each point was 15 sec in time fixed mode. The network structure of the fibrillated cellulose 8 

suspension with/without SS was investigated with oscillatory tests, by measuring the storage (G′) and 9 

loss (G″) moduli as a function of the frequency (0.01–100 Hz). The applied fixed strain was 0.1% and 10 

data acquisition time in each point was 10 sec in time fixed mode. Prior to all measurements, pre-shear 11 

was applied at 10 s−1 for 1 min, followed by a rest period of 2 min. During the measurement, the 12 

temperature was held at 40°C, because the theoretical melting point of the SSD is around 32.4°C. To 13 

avoid water evaporation, water was spread near the sample and a cover was used.  14 

 15 

2.4 Zeta potential  16 

Zeta potential was evaluated with electrophoretic light scattering technique (Zetasizer 3000, Malvern 17 

Instruments Ltd). The zeta potential of fibrillated cellulose was measured in various SS concentrations 18 

at 25°C. A 0.01 wt% suspension was prepared, and SS concentration was then adjusted to 0.001, 0.01, 19 

and 0.1 M by adding the anhydrous SS. When measuring the zeta potential of fibrillated cellulose 20 

suspensions without SS, the concentration was 0.1 wt%.  21 

 22 

2.5 Cooling of PCM  23 

A cooling test was conducted to measure the heat release characteristics of the PCM. Borax (5 wt% of 24 

the PCM) was added to promote crystallization of the SSD. PCM (20 g) was placed in glass tubes 25 

(diameter: 16 mm) that were sealed to prevent water loss by evaporation. Then, the tube was placed 26 

into a 50°C water bath for heating. The PCM was cooled in a cold room with an average temperature 27 

of around 5°C. A thermocouple (PT100; Pico Technology) was inserted into the PCM to record the 28 

temperature every 1 s using a data logger (PT-104; Pico Technology). 29 
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3. Results and Discussion  1 

3.1 Phase stability 2 

The phase stability of the PCM depends on the type and amount of fibrillated cellulose, as shown in 3 

Fig. 2. When the PCM was composed of only SSD, the phase separated into a clear liquid and 4 

sedimented into a solid phase. The solid part was anhydrous SS, due to its low solubility in water. In 5 

general, the solubility of salt in water increases with the temperature; however, the SS showed its highest 6 

solubility at a temperature of ~32.4°C (49.7 g/100 mL water). Although the temperature increased, the 7 

solubility did not; in fact, it actually decreased slightly before leveling out. Thus, when SSD is used as 8 

a PCM, the unstable phase due to sedimentation of anhydrous SS must be eliminated. 9 

In Fig. 2, it can be seen that the height of the sedimented part increased with thickening agent content. 10 

Mechanically produced MFC and NFC showed a homogenous phase when their content exceeded 1.25 11 

and 0.75 wt%, respectively. The homogenous phase point in NFC was lower compared to MFC due to 12 

the higher degree of fibrillation of the former (Fig. 1). On the other hand, TEMPO-CNFs and CMC did 13 

not produce a homogenous phase and distinct phase separation can be seen. In the case of CMC, it was 14 

impossible to dissolve the salt completely when the CMC content was more than 3 wt%, because the 15 

CMC molecules and SS competed in the dissolution process. This means the CMC solubility in SSD 16 

solution is hindered by the presence of dissolved SS. Thus, the phase stability is affected by the 17 

characteristics of the thickening agent. The mechanism of SSD thickening will be discussed further 18 

based on the rheological behavior of the PCM.  19 

  20 
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 1 

 2 

 3 

 4 

 5 

Figure 2. Phase stability of phase change material (PCM) after 2 h in a 40°C water bath: (a) MFC, (b) 6 

NFC, (c) TEMPO-oxidized CNFs, and (d) CMC.  7 

  8 
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3.2 Rheological properties  1 

The rheological properties of fibrillated cellulose suspensions and PCMs were measured to understand 2 

the thickening effect and the microstructure of the PCM with respect to the characteristics of fibrillated 3 

cellulose. The viscosity of the fibrillated cellulose suspension, with or without SS as a function of shear 4 

rate, is shown in Fig. 3. Shear thinning behavior was seen for most samples, with the exception of 1.0 5 

CMC addition, which exhibits Newtonian behavior. The viscosities of the pure fibrillated cellulose 6 

suspensions in all conditions are shown in Fig. S1. It can be inferred that TEMPO-CNFs showed higher 7 

viscosity compared to mechanically disintegrated MFC and NFC at the equivalent concentration. 8 

During the oxidation process, carboxyl groups are introduced on the cellulose surfaces, which causes 9 

electrostatic repulsion between the fibrils. In addition, the TEMPO-CNFs are smaller in diameter and 10 

typically exist as individual elementary fibers (Fig. 1(c)). Mechanically disintegrated MFC and NFC 11 

have a lower anionic charge, originating mainly from hemicellulose adsorbed on the cellulose, 12 

compared to the TEMPO-CNFs. Notably, the elementary fibrils and microfibrils (less fibrillated) were 13 

observed simultaneously, as shown in Fig. 1(a) and (d). The NFC exhibited a slightly higher viscosity 14 

than the MFC, because NFC was fibrillated to a greater extent than the MFC allowing stronger 15 

interactions among the fibrils (Albornoz-Palma et al. 2020; Schenker et al. 2019).  16 

When anhydrous SS is added to the fibrillated cellulose suspensions, the trend in viscosity shows a 17 

change depending on the charge density of the fibrillate cellulose. The viscosity of the MFC suspension 18 

increased when SS was added. When the MFC content was 1.5 wt%, there was sudden drop in viscosity 19 

during the measurement, regardless of SS addition, as the flocculated MFC extruded out from the 20 

parallel plate measurement gap. In the case of NFC, the initial viscosity of NFC_SS was higher than 21 

that of the NFC suspension; however, the viscosity was slightly lower as the shear rate increased, and 22 

then increased rapidly. After this sudden increase, the viscosity of NFC_SS was higher than that of the 23 

NFC suspension. In both MFC and NFC, this abrupt increase in viscosity was attributed to the change 24 

in the flocculated structure. Previous studies (Saarikoski et al. 2012; Karppinen et al. 2012) reported 25 

that the viscosity of pure MFC suspension showed a viscosity plateau region between two shear thinning 26 

regions. In this plateau region, the fiber network broke and large flocs with voids appeared. After this 27 

region, the suspension showed a flocculated structure with small flocs (Karppinen et al. 2012). In the 28 

present study, this structural transition was more distinct than those observed for the pure MFC and 29 

NFC suspensions, due to the change in microstructure caused by SS addition.  30 

The viscosity changes in TEMPO-CNFs differed from the changes in the MFC and NFC when SS was 31 

added. The viscosity of TEMPO-CNFs with SS was lower than that of the pure suspension; no sudden 32 

changes in viscosity were seen. Fukuzumi et al. (2004) reported the viscosity of TEMPO-CNFs as a 33 
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function of sodium chloride (NaCl) concentration. The viscosity of the TEMPO-CNF suspension 1 

increased until the NaCl concentration reached 100 mM. With a further increase in NaCl concentration, 2 

the viscosity started to decrease. In this study, the viscosity of the PCM was lower than that of the 3 

TEMPO-CNF suspension, due to the extremely high salt concentration (> 3 M). The viscosity of 4 

CMC_SS was higher than that of the pure CMC solution due to aggregate formation. This structural 5 

change was confirmed by the formation of a turbid phase in CMC_SS (Fig, 2d). In CMC_SS, a plateau 6 

region was also observed; however, the viscosity transition was much smaller than for MFC and NFC. 7 

Thus, the changes in viscosity behavior depended on the characteristics of the thickening agent when 8 

SS was added. The network structure of the PCM will be discussed along with the results of the 9 

oscillatory test. 10 

 11 

Figure. 3. Viscosity of fibrillated cellulose suspensions w/wo sodium sulfate (SS) as a function of shear 12 

rate (ex. 0.5 MFC_SS: 0.5wt% of MFC + 99.5 wt% of sodium sulfate decahydrate (SSD) and 0.5 MFC: 13 

0.5 wt% of MFC + water part of SSD).  14 

15 
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Oscillatory tests were conducted in an attempt to better understand the viscoelastic behavior of 1 

fibrillated cellulose suspensions with SS. G′, describing a solid-like behavior, and G″, describing a 2 

liquid-like behavior in the strain and frequency sweep mode are shown in Fig. 4. The viscoelastic 3 

behavior in pure fibrillated cellulose suspensions is shown in Fig. S2. In the linear viscoelastic region 4 

in the strain sweep, G′ is higher than G″, indicating that the solid-like behavior is dominant. The yield 5 

strain (the onset of the decrease of G′) in TEMPO-CNFs and G′ in the region were higher than those of 6 

MFC and NFC at the equivalent concentration. Our results showed that the high electrostatic repulsion 7 

in TEMPO-CNFs increased the gel strength. 8 

When SS was added, G′ increased within the linear viscoelastic region; however, the yield strain 9 

decreased. This suggests a change in the microstructure of the fibrillated cellulose suspension by SS 10 

addition, which is discussed below. Changes in the strain sweep were clearly evident in the TEMPO-11 

CNF suspension. The yield strain was reduced from 10% to less than 1%. A frequency sweep test was 12 

conducted at fixed strain that was determined based on the linear viscoelastic region. G′ under all 13 

conditions was higher than G″ in the low-frequency range, regardless of SS addition; however, in some 14 

cases, there was a threshold frequency after which G′ dropped sharply. When SS was added, G′ 15 

increased for MFC and NFC; however, the threshold frequency was observed, with the exception of the 16 

NFC content being 1.0 wt%. The threshold frequency increased with MFC content. The less-fibrillated 17 

MFC could not form a stable phase; phase separation occurred during the oscillation, as evidenced by 18 

the sudden drop of G′ in the MFC suspension even without SS. For TEMPO-CNFs, G′ in the low-19 

frequency range did not increase, or increased only slightly.  20 

The phase angle of the PCM is shown in Fig. 5. Beyond the threshold frequency, the phase angle of the 21 

PCM reached 90°, indicating Newtonian liquid behavior. This is due to the water layer formed by phase 22 

separation during the oscillation, which led to an apparent slip in the measurement. However, when 23 

incorporating 1.0 wt% of NFC into the PCM, there was no sudden drop in G′, and the PCM formed a 24 

stable phase without phase separation during oscillation. For the CMC solution, it was difficult to obtain 25 

stable G′ and G″ values. When SS was added, both G′ and G″ increased greatly, and there was no sudden 26 

drop in G′ in the frequency sweep. The small CMC molecules, with their high charge, formed aggregates 27 

with structures that differed from the fibrillated cellulose materials.  28 

 29 



13 

 

 1 

Figure 4. Amplitude and frequency sweep test of fibrillated cellulose suspensions w/wo SS: (a, b) MFC, 2 

(c, d) NFC, (e, f) TEMPO-oxidized CNFs, and (g, h) CMC. Closed symbol: G′, open symbol: G″.  3 

4 
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 1 

Figure 5. Phase angle of fibrillated cellulose suspension with and without SS. (a) MFC, (b) NFC, (c) 2 

TEMPO-oxidized CNFs, and (d) CMC. 3 

  4 
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Generally, the zeta potential of fibrillated cellulose decreases with salt addition, because the electric 1 

double layer is suppressed by a charge screening effect resulting in a change in the total potential energy 2 

between the fibrils. Table 1 shows the zeta potential of fibrillated cellulose for different SS 3 

concentrations. The zeta potential of TEMPO-CNFs was much lower than those of MFC and NFC due 4 

to the introduction of carboxylic group during the oxidization process. When SS was added, the negative 5 

zeta potential of all samples approached to neutral. This can be explained by the charge screening effect 6 

from the dissolved SS. Given that the maximum concentration of dissolved SS in the PCM containing 7 

1 wt% of NFC is ca. 3.5 M, it is clear that under these conditions, the zeta potential of fibrillated 8 

cellulose approaches neutral. 9 

The charge screening effect in MFC and NFC decreases the charge repulsion between the fibrils, 10 

resulting in an increase in attraction force. One possible mechanism is increased hydrogen bonding 11 

between the fibrils (Lowys et al. 2001). It was shown that a denser aggregate formed with an increase 12 

in salt concentration (Saarikoski et al. 2012), which increased the viscosity and G′ of the PCM. This 13 

trend was reported in several studies (Saarikoski et al. 2012; Lowys et al. 2001; Agoda-Tandjawa et al. 14 

2010) on the effect of the addition of salt on the rheological properties of mechanically fibrillated 15 

cellulose. On the other hand, TEMPO-CNFs showed higher gel strength even at low concentrations 16 

compared to MFC and NFC, due to the high electrostatic repulsion introduced by carboxyl groups. 17 

When SS was added, the electrostatic repulsion decreased, and fibrils formed aggregates via a charge 18 

screening effect, resulting in a collapsed gel structure and water release (Mendoza et al. 2018). This 19 

decreases the viscosity; additionally, only a slight increase, if any, was observed in the storage modulus 20 

of the PCM with TEMPO-CNFs in the frequency sweep. Thus, at high salt concentrations, mechanically 21 

fibrillated cellulose, which have a low charge density and do not experience a similar collapse in 22 

structure, are effective in forming a stable phase. 23 

 24 

Table 1. Zeta potential of the fibrillated cellulose under different SS concentrations.  25 

SS concentration 

(mM) 

Zeta potential (mV) 

MFC NFC TEMPO-CNFs 

0 −25.0(0.9) −26.7(0.8) −58.5(0.1) 

1 −20.1(0.6) −21.0(0.6) −54.5(0.4) 

10 −11.6(0.5) −12.7(2.0) −17.7(4.1) 

100 −6.1(0.7) −7.5(0.9) −5.2(2.8) 

Note: Standard deviations are in parentheses 

SS: sodium sulfate; MFC: microfibrillated cellulose; NFC: nanofibrillated cellulose; TEMPO-CNF: 

chemically treated CNF. 

26 
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The structural changes seen with addition of SS were confirmed by nonlinear strain behavior. The 1 

normalized G′ and G″ in 1.0 NFC, with and without SS, are shown in Fig. 6. The moduli were 2 

normalized by dividing by the modulus value at 0.05% strain. According to a previous study (Hyun et 3 

al. 2002), in large amplitude oscillatory shear (LAOS) flow there are four types of nonlinear strain 4 

behavior: strain thinning, strain hardening, weak strain overshoot, and strong strain overshoot. Weak 5 

strain overshoot (i.e., overshoot only in G″) was observed in the 1.0 NFC suspension, and strain thinning 6 

was observed when SS was added to the NFC suspension. It has been reported that the formation of a 7 

weak structure causes weak strain overshoot (only G″) that can be observed in long side chain polymers 8 

(Hyun et al. 2002) and suspension systems (Raghavan and Khan 1997; Yziquel et al. 1999). In the 1.0 9 

NFC suspension, this weak strain overshoot occurred due to the physical interaction between the fibrils 10 

(via mechanical entanglement). When SS was added, strain thinning behavior was observed. From the 11 

LAOS flow, it can be inferred that the NFC suspension with SS showed weak network strength 12 

compared to that without SS. Although compacted floc formed with the addition of SS, bridging 13 

between the flocs was weak, resulting in a reduced network strength. This change in network strength 14 

caused by SS was also seen in the linear viscoelastic region (Fig. 4c). NFC_SS showed higher G′; 15 

however, the yield strain was lower compared to the NFC suspension without SS.  16 

Changes in the viscosity of MFC and NFC can be explained by microstructural changes in the PCM. A 17 

discontinuous behavior in viscosity became more distinct by addition of SS. The initial viscosity of the 18 

PCM with MFC and NFC was higher than in the suspension without SS. However, the viscosity 19 

decreased rapidly because the bridging between aggregates was easily destroyed. A distinct increase 20 

point in viscosity was seen. The shear rate at the viscosity transition point increased with an increase in 21 

MFC and NFC content. This behavior has also been seen in other studies (Schenker et al. 2018; 2019). 22 

The amount of increase in viscosity was higher than in suspension without SS. This transition in 23 

viscosity was due to the destruction of a large, dense flocculated structure, and to small aggregate 24 

formation. Thus, the structural changes in the PCM were more dramatic than in the suspension without 25 

SS. 26 

The sedimentation and the rheological behavior of the PCM can used to understand the effect of 27 

fibrillation degree and surface charge of cellulose material on the phase stability of the PCM. Surface 28 

charge of the fibrillated cellulose is the most important characteristic to improve the phase stability of 29 

PCM. Compressed electric double layer by charge screening effect changes colloid interaction between 30 

the fibrils, resulting in increased physical entanglement. Dense floc was formed by the change of colloid 31 

interaction in MFC and NFC of which gel strength comes from the physical entanglement. This change 32 

slightly decreased network strength of the PCM, however, stable phase of PCM was formed with an 33 
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increase of initial viscosity and storage modulus of the PCM. Gel strength in highly charged TEMPO-1 

oxidized CNFs comes from both electrostatic repulsion and physical entanglement (Mendoza et al. 2 

2018). Electrostatic repulsion was decreased by the charge screening effect, resulting in a decrease in 3 

PCM gel strength with TEMPO-oxidized CNFs and a release of unbound water. The effect of specific 4 

surface area on the PCM was confirmed with oscillatory measurements. More fibrillated NFC, which 5 

has a higher specific surface area than MFC, can retain more water, by which PCM showed stable phase 6 

without slip under vibration condition. Thus, NFC that was prepared without chemical treatment and 7 

has low charge density is the most effective thickening agent for SSD among the three fibrillated 8 

cellulose materials. 9 

CMC has much smaller size and higher charge than the fibrillated cellulose. Turbid phase of the PCM 10 

was caused by aggregate formation, which resulted from an entanglement of molecules and 11 

hydrophobic interactions caused by charge screening (Lopez et al. 2018). With the increase of CMC 12 

content, a structure was formed between the aggregates, which can be seen from overshooting of G″ in 13 

3wt% of CMC (Fig. 4g). Although a stronger network structure was observed in the PCM containing 14 

CMC, the thickening effect of CMC was less than that of NFC and the phase separation of the PCM 15 

was not prevented.  16 

  17 
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 1 

 2 

Figure 6. Normalized G′ and G″ in 1.0 NFC w/wo SS. Closed symbol: G′; open symbol: G″. 3 

 4 

5 
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3.3 Cooling of PCM 1 

Phase change behavior of PCM was observed during cooling. The PCM containing 1 wt% NFC, which 2 

showed the most stable phase during the sedimentation and oscillatory tests without phase separation, 3 

was selected for cooling test. The cooling curve of the PCM is shown in Fig. 7a. Borax, a well-known 4 

nucleating agent for SSD, was added to promote crystallization (Hou et al. 2018). There were several 5 

differences in the cooling curve of PCM when NFC was added versus without NFC. The melting point 6 

of the PCM with and without NFC was 30.1°C and 29.0°C, respectively. The melting temperatures 7 

under both conditions were slightly lower than the original melting temperature of the SSD. There was 8 

a little bit different in the supercooling of PCM with versus without NFC addition; supercooling under 9 

both conditions was around 2.9°C and 1.9°C. When NFC was incorporated into the PCM, the 10 

temperature remained stable for longer than in the PCM without NFC. After the phase change, the time 11 

to reach 25°C with and without NFC was around 34 and 22 min, respectively. Latent heat is released 12 

when salt bonds with water molecules. Fig. 7b shows the solidified PCM phase after the phase change 13 

from liquid to solid. Without NFC, the sedimented anhydrous SS cannot bond with water molecules, 14 

resulting less heat energy being released during cooling and the formation of a non-bonded water layer 15 

in the upper part of the PCM. On the other hand, the anhydrous SS stabilized by the NFC can bond with 16 

water, showing a stable heat release phase during cooling.  17 
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 1 

Figure 7. (a) Cooling curve of PCM with/without NFC. (b) Solidified PCM. 2 

 3 
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4. Conclusions  1 

In the present study, three types of fibrillated cellulose were used as a thickening agent to improve the 2 

phase stability of a salt hydrate used as a PCM. The sedimentation and rheological behaviors of PCM 3 

were investigated for three fibrillated cellulose materials: MFC, NFC, and TEMPO-oxidized CNFs. 4 

CMC was also tested as a reference thickening agent.  5 

Colloid interaction between the fibrils is changed by the dissolved SS. Electrostatic repulsion is 6 

decreased by the compressed electric double layer, which increases the attraction force between the 7 

fibrils. Depending on the characteristics of fibrillated cellulose, these changes in colloid interaction 8 

significantly influenced the thickening of the PCM. The initial viscosity and storage modulus of the 9 

PCM in low charged MFC and NFC increased due to formation of dense aggregates, which decreased 10 

the network structure, but achieved phase stability in the sedimentation test. In oscillatory testing, NFC 11 

with its higher specific surface area in comparison to MFC, performed better and demonstrated high 12 

phase stability without slip phenomenon. The high ionic concentration from the SS collapsed the highly 13 

charged TEMPO-oxidized CNFs network structure created by electrostatic repulsion, resulting in the 14 

release of water and a loss in phase stability. CMC, the reference thickening agent, showed less stable 15 

phase than that of NFC. Even though much higher amount of CMC was added, phase separation was 16 

still seen. It is concluded that NFC that was fibrillated through the mechanical disintegration of pulp 17 

and has low charge density, was effective for phase stability of the PCM compared to MFC, TEMPO-18 

oxidized CNFs and CMC. The PCM that contained 1 wt% of NFC increased the heat release during 19 

phase change by eliminating the sedimentation of anhydrous SS, which increased the bonding between 20 

water and the SS.  21 

The fact that NFC is effective as a thickening agent for SSD, compared to CMC, could make NFC an 22 

attractive option for thickening salt hydrates. In future work, the use of NFC will be optimized through 23 

further investigation of the thermal characteristics of SSD.  24 
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