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Graphical abstract

Acetylated cellulose nanofibrils are usedto encapsulate paraffin, forming shape-stable phase

changesystemssuitable for thermal energy storage and conversion.
Highlights

e  Acetylated nanocellulose enables shape and thermally-stable paraffin encapsulation.
e  The leakage-free phase change material withstands cyclic melting/solidification.
e A high melting enthalpy (173 J/g) and reduced supercooling (by 53%) are observed.

e The results indicate stable and durable solution for energy conversion/storage.



ABSTRACT

We use acetylated cellulose nanofibrils (AcCNF) to stabilize transient emulsions with paraffin
that becomes shape-stable and encapsulated phase change material (PCM) upon cooling.
Rheology measurements confirm the gel behavior and colloidal stability of the solid
suspensions. We study the effect of nanofiber content on PCM leakage upon melting and
compare the results to those from unmodified CNF. The nanostructured cellulose promotes
paraffin phase transition, which improves the efficiency of thermal energy exchange. The
leakage-proof microcapsules display high energy absorption capacity (AHm=173 J/g) at high
PCM loading (up to 80 wt%), while effectively controlling the extent of supercooling. An
excellent thermal stability is observed during at least 100 heating/cooling cycles. Degradation
takes place at 291 °C, indicating good thermal stability. The high energy density and the
effective shape and thermal stabilization of the AcCNF-encapsulated paraffin points to a

sustainable solution for thermal energy storage and conversion.

Keywords: Phase change material, PCM, paraffin, acetylated cellulose nanofibril,

encapsulation, heat storage.

1. Introduction

The worldwide increase in energy consumption has become increasingly important given
the imminent effects of climate change and air pollution (Perera, 2018). Thus, there is a
significant need to develop renewable and sustainable energy solutions. In this context, phase
change materials (PCM) are of great interest since they display a high latent heat that can be
exchanged or stored during physical phase transitions, within an appropriate temperature range
(Fleischer, 2015; Veerakumar & Sreekumar, 2016). With such abilities, PCMs have been
proposed for energy storage and temperature regulation in buildings (Kos$ny, 2015; Telkes,

1980; Veerakumar & Sreekumar, 2016), solar water heating (Mahfuz, Anisur, Kibria, Saidur,



& Metselaar, 2014) and thermo-regulating textiles (Mondal, 2008; Sarier & Onder, 2012).

Paraffin, a common organic PCM, provides the advantages of high latent heat, chemical
stability, non-corrosiveness, relative affordability while showing no phase segregation during
phase transition (Gulfam, Zhang, & Meng, 2019; Safari, Saidur, Sulaiman, Xu, & Dong, 2017).
Unfortunately, the effects of leakage and supercooling challenges the use of paraffin in the melt
state. The latter phenomenon, supercooling, occurs when PCM crystallizes at a temperature
below its theoretical freezing point, implying a higher energy demand for the PCM to undergo
phase transition. This reduces the PCM’s working efficiency, directly associated with heat
exchange. The supercooling effect can be minimized by addition of nucleation agents that can
accelerate crystallization (Safari et al., 2017). On the other hand, leakage can be avoided or
minimized by protecting or containing the PCM by encapsulation (Huo et al., 2018; Shchukina,
Graham, Zheng, & Shchukin, 2018) or entrapping it in porous structures (Atinafu et al., 2018;
Sheng, Nomura, Zhu, Habazaki, & Akiyama, 2019; Xiao & Zhang, 2013). Such strategies
involve either physically adsorption (Sheng et al., 2019; Xiao & Zhang, 2013; Zhao et al.,
2019), chemically bonding (Hassabo & Mohamed, 2017; Qian et al., 2019) or ionic cross-
linking (Yazdani et al., 2020) between the PCM and the supporting materials.

Organic polymers have been studied as rigid and leakage-proof shell structures for organic
PCMs. They include poly(urea-urethane) (Yoo, Martinez, & Youngblood, 2017), polystyrene
copolymers (W. Li et al., 2011; Maleki et al., 2019) and polyethylene terephthalate (Chen,
Wang, & Huang, 2008). Other organic materials, for instance, graphene oxide (Zhao et al.,
2019) and multi-walled carbon nanotubes (Tang, Sun, Yu, & Wang, 2014), have been reported
as suitable supports of paraftin. However, considering the increasing environmental pressures,
there is a demand for biobased alternatives for encapsulation, e.g., to substitute synthetic
materials. Nanocelluloses, including cellulose nanofibrils (CNF), derived from natural

resources, such as plants and microorganisms, offer an opportunity given that they are



compatible with both oil and water phases, are capable of encapsulating oil droplets and keep
the system colloidally stable (Kalashnikova, Bizot, Cathala, & Capron, 2011; Y. Liet al., 2017;
Mikulcova, Bordes, & Kasparkova, 2016; Svagan et al., 2014). Given its abundant hydroxyl
groups, unmodified CNF forms a hydrogel in water. However, due to the hydrophobic nature
of paraffin PCM, appropriate CNF chemical modifications may be needed, for example to
lower its surface energy and to enhance its compatibility with paraffin, the encapsulation
process and the thermal durability of the resulting system. For instance, acetylation reduces
cellulose hydrophilicity (Tripathi, Ago, Khan, & Rojas, 2018; Beaumont et al., 2020) owing to
the partial replacement of hydroxyl groups and reduction of inter- and intra-hydrogen bonding.
As such, an improved compatibility between the PCM and acetylated CNF, herein referred to
as AcCNEF, is hypothesized to enhance encapsulation and energy storage efficiency. A higher
mechanical strength can be achieved through the heterogeneous acetylation, as has been
ascribed to the retention of the fibril morphology and structure, without compromising the
degree of substitution (Tripathi, Ago, Khan, & Rojas, 2018). The introduction of acetylated
group can also enhance the thermal stability of native cellulose (Nogi et al., 2006; Yang et al.,
2018) while reducing moisture sorption. Given its size, nanocellulose has a great potential for
incorporation in PCMs. In addition, it can act as nucleating agent for crystallization and to
accelerate PCM’s solidification, to reduce the degree of supercooling. Therefore, we
hypothesize that acetylated nanocellulose offers potential as supporting and encapsulation
medium for PCMs. In this work, we used AcCNF to encapsulate paraffin and to form shape-
stable phase changing systems (Figure S1). We demonstrate the compatibility of paraffin with

AcCNF makes the latter an ideal supporting material for thermal energy storage.

2. Experimental
2.1 Materials. Paraffin (melting point 52-54 °C, 0.9 g/cm?® at 20 °C) was purchased from

VWR Chemicals. Cellulose nanofibrils (CNF) were produced from fines-free bleached sulfite



birch fibers sourced from a Finish pulp mill. The latter were subjected to microfluidization, as
described by Guo et al. (Guo, Filpponen, Su, Laine, & Rojas, 2016). The dry matter content of
the obtained CNF suspension was 1.77 wt%. Acetylated cellulose nanofibrils (AcCNF) were
produced by heterogeneous acetylation on the Kraft birch wood to achieve acetylated cellulosic
fibers which were also microfluidized to produce acetylated CNF, AcCNF (Tripathi et al.,
2018). The acetylation procedure comprised three solvent exchanges at first followed by
chemical reaction with acetic anhydride under constant stirring at room temperature. The
acetylated cellulose fibers were microfluidized using one pass at a 1500 bar through chambers
of 400-200 micrometer. The obtained AcCNF had a dry matter content of 0.54 wt% (£ 0.05)

and a degree of substitution of 0.6.(Tripathi et al., 2018)

2.2 PCM-nanocellulose suspension. A given mass of paraffin was mixed with AcCNF
suspension (or CNF, used as a reference) using a magnetic stirrer (500 rpm) at 80 °C for 20
min, achieving an emulgel. The resultant PCM/water emulsions were prepared in replicates
and stabilized by the respective nanocellulose using given paraffin-to-nanofibrils ratios, namely,
60/40, 70/30, 80/20, 90/10 (wt%, dry basis). The dispersed phase in the emulsion solidified
upon cooling, producing solid particle suspensions and particle morphology and rheology were
assessed. Some of the samples were freeze-dried for further analyzes (morphology, thermal and

stability tests). Table 1 includes the nomenclature and composition of the samples.

2.3. Suspension Morphology. The samples were observed under a light microscope (Leica
MD750, Switzerland) and capsule size distribution was determined in the suspension. One hot
droplet of the fresh suspension sample was placed on the glass micro-slide and a covered with

a coverslip. The thin layer samples were then observed under 10, 20, and 40x magnification.

Table 1. Composition of emulsions prepared by magnetic stirring using nanofibrils (CNF or

AcCNF) as stabilizers and further used as precursors for paraffin microcapsules suspended in



water.

Name Support  Paraffin (wt%) Nanofibrils (wt%)

Al AcCNF 60 40
A2 AcCNF 70 30
A3 AcCNF 80 20
A4 AcCNF 90 10
A5 AcCNF 91

A6 AcCNF 92 8
C1 CNF 60 40
C2 CNF 70 30
C3 CNF 80 20
C4 CNF 90 10

2.4. Rheology. The rheological behavior of the suspensions was studied by using shear and
frequency sweep profiles that were acquired with a dynamic rotational rheometer (MCR 302,
Anton Paar, Germany). A parallel plate geometry (PP25) with smooth surfaces was used at
shear rate between 0.01 and 100 s™. The gap between the parallel plates was set at 1 mm.
Frequency sweep measurements were conducted at an angular frequency of 0.1-100 rad/s. The
stress sweep tests were carried out at an angular frequency of 10 rad/s. A constant strain of 0.5%
was applied in all rheological measurements, in the linear viscoelastic region. The rheology
tests were conducted with 0.5 wt% acetylated nanocellulose and samples A1-A6, C1-C4 (Table

1). The temperature was kept at 23 °C.

2.5. Morphology of encapsulated PCM. The morphology of the solid suspended PCM particles
was studied under scanning electron microscopy (SEM) using a Zeiss Sigma VP scanning
electron microscope (Germany). The freeze-dried samples were prepared and fixed on the
metal sample stub using a carbon double-sided tape and then were sputter-coated with a 4 nm
thickness Platinum-Palladium coating (LECIA EM ACEG600 sputter coater). The SEM images

were taken under vacuum condition at 2 kV.

2.6. Phase change properties. The thermal properties of the samples were examined using



differential scanning calorimetry (NETZSCH DSC 204F1 Phoenix, Germany). Typically, a 5-
10 mg amount of sample was placed in aluminum crucibles and heated from 0 °C to 70 °C (5
K/min rate) in a nitrogen atmosphere. The DSC program included four heating and cooling
cycles at 5 K/min scan rate. The data from the third cycle were collected to record the latent
heat, specific heat, melting temperature (Tm), and crystallization temperature (T¢), the mean
value and the standard deviation of the replicates are reported. To study the thermal stability
and repeatability, the DSC measurements were conducted under 100 consecutive heating and

cooling cycles, using the same conditions as reported above.

2.7. Thermal stability. The thermal stability and the compositional degradation of the
encapsulated PCM were studied using thermogravimetric analysis on a NETZSCH STA 449F3
instrument (TYPE: ANSI, Germany). The samples were heated from 40 °C to 500 °C in helium

gas atmosphere, at a 5 K/min heating rate.

2.8. Chemical compatibility and stability. FTIR-ATR measurements were conducted to
confirm any reaction between cellulose and paraffin (PerkinElmer spectrometer, Spectrum Two
Polymer QA/QC Analysis System, USA) using a diamond crystal. The spectra were firstly
scanned using background removal, and when the baseline was corrected at wavenumber set
at 400-4500 cm-1 for transmittance. The X-ray diffraction (XRD) patterns of the samples were
measured using an X-ray diffractometer (Rigaku SmartLab X-Ray Diffractometer) equipped

with Cu-Ka radiation, in the 20 range of 5°-60° with a step interval of 0.02°.

3. Results and discussion

3.1 AcCNF-PCM colloidal suspension, microstructure and stability. The preparation of
AcCNF-paraffin emulsions was performed at 80 °C, with paraffin in the liquid state. The
paraffin droplets were stabilized and later encapsulated by nanocellulose soon after cooling to

room temperature. Figure 1a,1b and S2a-d show the presence of paraffin spheres (diameter of



50-300 pm) surrounded by cellulose nanofibrils, which acted as stabilizing agent. AcCNF
formed a network structure around the paraffin droplets, resulting in stabilization while
undergoing from the melt phase (emulsion, liquid droplets) to solid spheres. In the aqueous
system, acetylated cellulose fibrils adsorbed at the oil-water interface by secondary interactions.

The rheology tests were conducted with AcCNF-paraffin colloidal suspensions to study the
gelling behavior and stability of the precursor material. The prepared AcCNF-paraffin colloidal
suspensions were gel-like (Figure 1c¢). The precursor suspensions of different compositions
were shear thinning, similar to the aqueous AcCNF suspension (Figure 1d). This suggests that
the addition of paraffin does not break down the original AcCNF network structure. The latter
and the colloidal properties of AcCNF suspensions are preserved after the process of
encapsulation; both, the AcCNF and paraffin/AcCNF capsule suspensions show gel stability

(see results from oscillatory frequency and stress sweep, Figure S2e.f).
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Figure 1. (a and b) Light microscopy images showing the microstructure of the colloidal

suspension (paraffin capsules) at different magnifications. (c) AcCNF-PCM colloidal
suspensions corresponding to samples (from left to right): A2, A3, A4, AS, A6. (d) Shear
thinning behavior of AcCNF and AcCNF-PCM (A1, A2, A3, A4 and A6) colloidal suspensions.

3.2 Morphology of encapsulated paraffin. Solid capsules comprising paraffin were produced
upon freeze drying of the AcCNF-paraffin colloidal suspension. Nanocellulose formed a robust
microcapsule shell structure (SEM in Figure 2). Paraffin shows as a flake-like material, as
shown in Figure 2a. With the incorporation of AcCNF, paraffin microcapsules are stabilized.
The original crystal structure and organization of paraffin changed since the alkane chains do
not stack together upon AcCNF addition, e.g., the crystallinity of paraffin is reduced (Figure
S5). The fibrils and fibril bundles are adsorbed and are observed on the surface of the
microcapsules, Figure 2b. Unmodified CNF was used to encapsulate paraffin (Figure S2h);

however, given the higher hydrophilicity, a lower compatibility with paraffin was noted,



limiting the robustness of the system.

Figure 2¢ and 2d, show fibrils at different scales adsorbed on the paraffin/AcCNF interface,
taking part in the formation of a shell structure. Cellulose microfibrils (shown with the yellow
circle) and nanofibrils (shown inside the red circle) in the AcCNF suspension both contribute
to the shell structure formation and the stabilization of the paraffin microcapsules (Tripathi et
al., 2018). The shell formed by fibrils of different sizes preserve the paraffin from leaking when
the temperature is raised above the melting point. The adsorption of AcCNF to paraffin and the
microcapsule structure formation rely on surface tension, capillary force and secondary
interactions (Qi, 2017; Wadso, 1995). This lack of chemical interactions is confirmed by FTIR
(Figure S3 and S4) and XRD (Figure S5), which showed no new peaks in the AcCNF-
encapsulated paraffin. Physical adsorption and the oil interactions via AcCNF hydrophobic
groups contributes to a porous microstructure. Molecular dynamics (MD) simulation indicates

that both enthalpic and entropic effects drive the adsorption process (Y. Li et al., 2017).

10



Figure 2. SEM images of (a) pure paraffin (PCM) and paraffin microcapsules: (b) A2, (c, d)
AS.

3.3 Thermal energy storage. The thermal energy storage of the encapsulated paraffin, as
measured by the phase change temperature, enthalpy and thermal cycling behavior was studied
by DSC. When comparing the melting and solidification enthalpies of the given samples, it
becomes apparent that the paraffin encapsulated by AcCNF gives a higher latent heat as well
as a better encapsulation ratio (R) than that provided by unmodified CNF, Figure 3 and Table
2. This may be due to partial replacement of hydroxyls in CNF by acetyl groups, making
AcCNF less hydrophilic and more compatible with the non-polar paraffin. The improved
hydrophobicity of acetylated fibrils also makes them to maintain a larger surface area upon
water removal (Kim et al., 2002), providing better compatibility with the hydrophobic phase,
namely, incorporating more paraffin in the capsules and resulting in a higher latent heat. The

better colloidal stability and compatibility of paraffin with AcCNF improves the interfacial
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interaction between the two components (Taib, Yehye, Julkapli, & Hamid, 2018). In contrast,
the interactions with paraffin are limited in the case of unmodified CNF. This is because of the
CNF strong inter and intra-hydrogen bonding, the higher surface energy and interfacial area
(Figure S2 h). In sum, AcCNF facilitates the formation of paraffin capsules and the storage of
latent heat. The latent heat adsorbed and released increases by increasing the paraffin content,
an effect that is observed for both type of nanofibrils (see Figure 3a-d for the thermal properties
of samples Al, A2, A3 and A4). The raise in paraffin latent heat is shown from the enthalpy
change (DSC measurements, Figure 3e). The sample with 80 % paraffin (A3) provides up to
173 J/g latent heat of fusion while that with 20 % AcCNF content prevents the leakage of
molten paraffin (see Section 3.4, Figure 6). Previously, a form-stable paraffin was prepared
with silica and expanded graphite (EG), which exhibited a latent heat of 104 J/g (M. Li, Wu, &
Tan, 2012). Likewise, an epoxy resin sealed expanded graphite/paraffin composite PCM
exhibited a latent heat of 137 J/g with 94% paraffin (Ren, Shen, Yang, & Yang, 2019). Graphite
oxide was also utilized to encapsulate paraffin by using Pickering emulsions, achieving only a
limited efficiency, < 10% (Zhao et al., 2019). In the context of biobased supporting materials,
AcCNF-supported PCM exhibits high encapsulation efficiency and good thermal energy
storage properties. For example, chitosan produced an paraffin encapsulation efficiency of 49.8%
(Huo et al., 2018), while 62% encapsulation ratio was obtained for ethyl cellulose (Lin et al.,

2018) and a 42 % efticiency was reported for polylactic acid (Fashandi et al., 2017).

By the incorporation of either acetylated CNF or unmodified CNF, the phase change properties
showed similar tendency: the melting temperature (Tm) moves to a lower value while the
freezing point (T¢) shifts to higher degrees (Figure 3f). A lower melting point, indicated by the
incorporation of nano-sized cellulose, helps to improve the melting process (Al-Jethelah,

Tasnim, Mahmud, & Dutta, 2018). In these conditions, paraffin solidification accelerates since

12



nanocellulose works as a nucleating agent, presenting sites for a faster crystallization of
paraffin. Taken together, the results indicate a reduced supercooling (as measured by the
differences between the Tm and Tc (AT), Figure 3f and Table 2). This effect suggests that a
lower activation energy is needed for phase transition (Debenedetti & Stillinger, 2001). Large
supercooling causes a larger activation energy for solicitation at the fusion temperature of the
PCM, so that the PCM remains in the liquid state at a point when it is supposed to crystallize.
This delays the release of the stored energy (Safari et al., 2017) and reduces energy utilization
efficiency. Thus, prevention of supercooling helps to convert thermal energy more effectively.
Cellulose nanofibrils function as a nucleating agent for solidification, which accelerates the
crystallization of PCM (Du, Wu, Yan, Kortschot, & Farnood, 2014; Khoo, Ismail, & Chow,
2016; J. Li, Ly, Zeng, & Luo, 2014). As a result, the stored heat energy can be released sooner
and more effectively. As seen in Figure 3f, unmodified CNF works more effectively as far as
the supercooling effect. By increasing the fibrils content from 10 wt% to 40 wt%, the
supercooling extent is reduced by CNF, from 17.8 °C to the lowest value, 7.2 °C (about 60%
reduction efficiency). Meanwhile, the respective value for the AcCNF-stabilized system is
8.4 °C (53% eftficiency) (Figure 3, Table 2). The higher efficiency of unmodified CNF in
reducing supercooling is likely the results of the lower interactions between paraffin and the
supporting network (a lower activation energy to overcome the start of crystallization is needed

if CNF is used).
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Figure 3. DSC data upon heating (a, ¢) of paraffin encapsulated by AcCNF and unmodified

CNF. Also, data is shown for the cooling procedure (b, d) paraftin encapsulated by AcCNF and

CNF. (e, f) Phase change enthalpy and transition temperature of encapsulated paraftin.

Table 2. Latent heat of melting (AHm), latent heat of solidification (AHc), melting temperature

(Tm), crystallization temperature (Tc) and supercooling extent (AT) for the respective samples

14



is listed along R, the effective enthalpy ratio. AHm and AHc were measured from the area under
the phase transition peaks in the DSC profiles. Tm is the melting temperature from the DSC
data. Likewise, Tc is the crystallization temperature of phase transition and AT is the
temperature difference between Tm and Te. The DSC measurements were obtained using

samples that were run in four replicates and the average value and the standard deviation are

reported.
Samples AHm (J/g) AH. (J/g) Tm (°C)  Tc(°C) AT (°C) R (%)
Paraffin 212.5 212.5 60.3 42.5 17.8 100
Al 121.4+0.1 119.8+0.1 55.842.0 45.5+1.6 10.3+£3.5 56.8
C1 59.2+14.7 57+12.6 53.8+0.1 49.0+0.3 4.75+0.4 27.7
A2 171.0£17.8  170.6£18.2  54.7+0.1 46.3+1.0 8.4+1.1 805
C2 171.1+7.1 170.4+6.0  55.0+0.8 47.8+0.8 72417 802
A3 184.0+12.1 181.0£11.0  55.1x0.1 46.4+0.6 8.7£0.4  86.1
C3 150.5£19.5 150.6+22.3  54.6+0.8 47.4+0.8 7.2+1.7 709
A4 198.3+7.0 197.9+59  55.2+0 45.840.6 9.4+0.6  93.0
C4 206.6+2.7 207+3.4 55.5+0.7 47.1+0.7 8.4+14 974

) Note: R is the effective enthalpy ratio of the encapsulated paraffin, calculated from: R =
BHcencap. o 1000 (Atinafu et al., 2018 & Meng et al., 2020) with AHcencap. and AHcpcu the

AH¢pcm.
crystallization enthalpy of the encapsulated paraffin and paraffin, respectively.

The specific heat capacity of AcCCNF and encapsulated paraffin (for different compositions
and at different temperatures) are included in Figure 4. The lowest specific heat capacity
appears at T< 10 °C, for AcCNF, paraffin and encapsulated PCM, when they are in the solid
state. Their highest Cp occurs at ~58°C when melting occurs, for both paraffin and the prepared
samples. The Cp of AcCNF is fairly constant as the temperature increases. A similar tendency
is observed for all materials, i.e., the melt material (T=70°C) has a higher C, than the solid
counterpart (T=10°C) (Table 3). The specific heat capacity of encapsulated paraffin samples at
different temperatures is increased with a higher paraftin loading, which indicates an increased

heat absorption and release ability. The paraffin encapsulated by unmodified CNF shows

15



similar performance (Figure S6), the developed materials do not affect the original Cp value

of paraffin.

Table 3. The specific heat capacity of samples at their solid and melt state.

Specific Heat Cp (J/g-K) Paraffin AcCNF Al A2 A3 A4
T=10°C 2.01 1.57 1.50 159 1.82 1.88
T=70°C 2.34 2.08 1.93 198 220 224

Paraffin(52-54)
—— AcCNF (0.5wWt%)

Specific heat (Cp J/(g*K))

-20 0 20 40 60 80
Temperature (°C)

Figure 4. Specific heat capacity of paraffin encapsulated in AcCNF at the given compositions.

3.4 Thermal stability. The thermal stability of the samples was studied by thermogravimetric
analysis and the degradation point was obtained with the first order TG differential. As the TG
results in Figure 5a show, bulk paraftin, AcCNF and encapsulated paraffin have a similar
thermal degradation behavior: degradation occurs in a very close temperature region. Within
the 0-200 °C temperature region, encapsulated paraffin undergoes no mass loss, suggesting that
the paraffin encapsulated in AcCNF is stable in the phase change temperature range (20°C -
70°C). The degradation point is confirmed by the DTG results (the first derivative of the TGA
curve), indicating that paraffin totally degrades at 290 °C and AcCNF degrades at 288°C, with
approximately 40 wt% residual organic phase. The degradation point is enhanced by the

16



addition of AcCNF: degradation temperature of 298 °C and 291 °C with 30 wt% and 20 wt%
AcCNF loading, respectively (samples A2 and A3). TGA results indicate that the thermal
stability of paraffin is improved by adding AcCNF, without influencing its original thermal
performance and thermal degradation tendency. The high thermal stability of nanocellulose
contributes to the better thermal stability of the encapsulated PCM (Mariano, Cercena, & Soldi,
2016; Wei et al., 2019).

The repeatability of phase change properties as well as the shape stability are important
criteria in considering PCM systems. Thus, we studied such factors for paraffin encapsulated
in AcCNEF, after 100 consecutive heating and cooling cycles, Figure Sb. As observed, the phase
change properties of the encapsulated PCM is highly repeatable, Figure 5b. This suggests that
the encapsulated paraffin (20 wt% of AcCNF) is a stable system, with reliable thermal
properties and presenting excellent durability. The latent heat of melting and cooling recorded
in Table 4 shows almost no visible change in thermal properties after 100 times cycles. Earlier
work related to the micro-encapsulation of tetradecane PCM with the aid of zein showed a
visible offset of heating and cooling after 100 cycles (Singh, Gaikwad, Lee, & Lee, 2018). A
paraffin PCM composite stabilized by cotton-derived sponge indicated a slight shift after 100

cycles, although it demonstrated a very high thermal storage capacity (>200 J/g) (Sheng et al.,
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Figure 5. Stability of encapsulated paraffin (a) TG and DTG profiles for paraffin, acetylated
nanofibrils (AcCNF) and paraffin encapsulated in AcCNF. (b) Thermal cycling behavior of
sample A3 after 50 and 100 consecutive DSC heating/cooling cycles.

Table 4. Thermal properties of the encapsulated paraftin (A3) before and after thermal cycling.

Tm (°C) Tc (°C) AHm (J/g) AHc (J/g)
Before cycling 55.0 46.0 172.5 234.0
25 thermal cycles 54.5 46.2 175.6 229.1
100 thermal cycles 54.8 45.8 171.4 231.9

Shape stability and leakage prevention were studied for the encapsulated paraffin with 8§,
10, 20 and 30 wt% AcCNF (samples A6, A4, A3, A2), to determine the limit and critical fibril
amount leading to leakage-proof systems. Firstly, by checking their appearance to examine if
liquid paraffin leaks out, dried encapsulated paraffin samples were heated at 100 °C for 1 h and
cooled down to room temperature, Figure 6a. The samples with less than 10 wt% fibrils leaked
molten paraffin (samples A4 and A6 in Figure 6a) while the samples with 20 and 30wt%
AcCNF (sample A2 and A3 in Figure 6a) were leakage-proof.

The micromorphology of encapsulated paraffin was studied by SEM. After 10 thermal
cycles (heating/cooling: heating to 100 °C for 0.5 h and cooling to room temperature), the
morphology of the microcapsule (dried sample A3) was maintained and indicated almost no
difference from the original encapsulated PCM (Figure 6b). A fine and intact shell layer with
fibrils structures can be observed after heating at 100 °C for 0.5 h, following 10 thermal cycles.
The shell layer is smooth, without rupture and no signs of paraftin exist outside the shell,
suggesting that the nanofibrils formed a robust capsule that maintained the PCM shape and
function. The appearance of a small concave features may be due to the re-solidification of

paraffin after melting and the volume change during phase transition.
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Figure 6. (a) Encapsulated paraffin (samples A2, A3, A4, A6, from left to right) after heating
1h at 100°C. (b) SEM image of sample A3 before heating (right image) and after 10 cycles
heating/cooling (left image).

Conclusions

A leakage-proof PCM is introduced by the incorporation of acetylated nanocellulose in paraffin
emulsions that solidified into an aqueous dispersion containing solid microcapsules. The
AcCNF network formed on the surface of the capsules works as a supporting matrix that
preserve paraffin shape and function and prevents leakage during melting. The as-prepared
AcCNF-encapsulated paraffin presents a high melting latent heat (173 J/g) and a reduced
supercooling (53% efficiency with 80 wt% paraftin loading). Compared to CNF, the better
compatibility of AcCNF with paraffin enhances the encapsulation efficiency and thermal
performance. AcCNF acts as nucleation agent that accelerates the heat release process. It also
exhibits excellent thermal stability and cyclability after 100 times heating/cooling without

phase transition (AHm = 171.4 J/g is maintained). The AcCNF-encapsulated paraffin shows a
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high thermal energy storage density and indicate its potential for thermal energy conversion
and solar energy storage, for example, in construction and composite materials.
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