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Abstrac

Hydrated-salt phase change materials are promising candidates for low-temperature thermal
energy storage; however, their practical application is often limited by structural instability, salt
migration, and insufficient compatibility with supporting matrices. In this study, a freeze-dried
porous cellulose/Zn-containing composite incorporating zinc nitrate hexahydrate was developed
and optimized as a bio-based support for latent heat storage. The cellulose-derived porous
framework provided a scaffold for accommodating and confining Zn-containing species within the
composite structure. X-ray diffraction analysis indicated the presence of Zn-containing crystalline
phases, while FTIR spectroscopy suggested interactions among the cellulose matrix, nitrate
groups, and Zn-containing species. SEM/EDS observations supported the presence and
distribution of Zn-containing particulate domains within the cellulose-based scaffold, with feature
sizes predominantly in the nanometric range. Thermal analysis showed improved thermal stability
compared with neat cellulose, as evidenced by a shift of the main degradation region toward higher
temperatures. Differential scanning calorimetry revealed a latent heat storage capacity of 157.1 J/g
and a peak melting temperature of 39.05 °C, indicating the suitability of the composite for low-
temperature thermal energy storage. Overall, the results suggest that freeze-dried porous
cellulose/Zn-containing composites are promising sustainable support materials for hydrated-salt
phase change systems, although further porosity, leakage, and thermal cycling studies are required
to fully assess long-term practical performance.

Keywords: Cellulose composite; Porous scaffold; Zn-containing species; Zinc nitrate
hexahydrate; Phase change material; Thermal energy storage; Latent heat; Thermal stability

1. Introduction:

Aerogels, first pioneered by Kistler in 1931 [1], represent a unique class of ultra-lightweight
porous materials. Due to their exceptional properties, including high porosity, significant specific
surface area, low dielectric constant, and tunable thermal conductivity, they have attracted
considerable attention across various industrial sectors [2—4]. Recent advancements have expanded
their application to controlled drug delivery systems [11], high-capacity biosorbents [12], and
efficient oil recovery and emulsion separation [13-15].

The versatility of aerogels stems from the diverse range of matrices available, including silica,
zirconia, alumina, carbon, and cellulose [16]. Among these, cellulose aerogels have emerged as a
sustainable and eco-friendly alternative to synthetic counterparts, owing to the abundance,
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renewability, and cost-effectiveness of cellulose [17,18]. These bio-based aerogels have
demonstrated significant potential in thermal insulation, advanced electronic components, and
biomedical engineering [19-21].

The fabrication of cellulose aerogels typically involves the formation of a hydrogel precursor
followed by a drying process to remove the solvent while preserving the porous network. While
various drying techniques exist, freeze-drying is frequently employed due to its ability to maintain
structural integrity and tailor the morphology of the resulting aerogel [22,25]. Furthermore, recent
studies have explored the role of specific solvent systems, such as molten salt hydrates, in the
dissolution and regeneration of cellulose to functionalize the aerogel matrix [14,20].

Despite these advancements, there is a growing interest in developing multifunctional cellulose
nanocomposites that integrate metallic nanostructures and hydrate salts for enhanced thermal
energy storage. In this study, we propose a one-pot synthesis of a cellulose/zinc-containing
nanocomposite aerogel via a freeze-drying approach. It is hypothesized that zinc nitrate
hexahydrate (Zn(NO3),-:6H20) may serve a multi-functional role: (i) as a structural agent for
cellulose regeneration, (ii) as a potential precursor for the formation of zinc-based phases within
the porous framework, and (iii) as a hydrated salt component for latent heat storage. The primary
objective is to investigate the structural, chemical, and thermal properties of the resulting
nanocomposites using XRD, FTIR, DSC, SEM-EDS, and TGA, and to evaluate the potential of
the cellulose matrix in encapsulating the hydrated salt for thermal management applications.

2. Experimental Section:

2.1. Materials and Reagents:

The primary polysaccharide source used in this study was pharmaceutical-grade hydrophilic cotton
cellulose fibers, obtained from Kaveh Co. (Saveh, Iran). According to the manufacturer’s
specification, the cellulose possessed a high a-cellulose content of >98%(purity), with a weight-
average molecular weight (Mw) of approximately 1.8x10°g/mol (corresponding to a degree of
polymerization of about 1100) [1]. To ensure the removal of any non-cellulosic components such
as waxes and pectins, the raw fibers were thoroughly washed with deionized water and NaOH,
followed by drying in a vacuum oven at 60 °C for 24 hours. The structural integrity and functional
groups of the purified cellulose were verified via FTIR and XRD analysis prior to use. Zinc nitrate
hexahydrate (Zn(NO3)>-6H>0) was purchased from Merck (Darmstadt, Germany), and deionized
water was supplied by Zolal Teb Shimi Co. (Tehran, Iran). All chemical reagents were of analytical
grade and used as received without further purification.

2.2. Characterization Techniques

The prepared freeze-dried porous cellulose/Zn-containing composites were characterized using
complementary analytical techniques to evaluate their structural, chemical, morphological,
elemental, and thermal properties. X-ray diffraction (XRD) analysis was carried out using an
Equinox 3000 diffractometer (INEL, France) to identify the crystalline phases present in the
composites. Fourier-transform infrared (FTIR) spectroscopy was performed using a PerkinElmer
Spectrum One instrument (USA) to examine the functional groups and possible interactions among
the composite components. The morphology and porous structure of the samples were examined
by scanning electron microscopy (SEM) using a Philips XL30 microscope (Netherlands). The
elemental composition and distribution of Zn in the composite matrix were analyzed by energy-
dispersive X-ray spectroscopy (EDS) using an Oxford Instruments Ultim Max system (UK).
Thermogravimetric analysis (TGA) was conducted using a PerkinElmer Diamond instrument
(USA) to evaluate the thermal stability and decomposition behavior of the samples. Differential
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scanning calorimetry (DSC) measurements were performed using a Netzsch DSC 214 Polyma
instrument (Germany) to investigate the thermal transitions and phase change behavior of the
hydrated-salt-containing composites.

2.3. Synthesis Procedure

The porous cellulose/Zn-containing composites were prepared through aqueous mixing, gel
formation, and subsequent freeze-drying. To optimize the structural and thermal properties of the
obtained composites, the effects of key synthesis parameters, including the concentration of zinc
nitrate hexahydrate, the cellulose-to-salt ratio, processing temperature, and mixing time, were
systematically investigated, as summarized in Table 1 and illustrated in Figure 1. In a typical
preparation procedure, predetermined amounts of cotton-derived cellulose were dispersed in an
aqueous solution containing zinc nitrate hexahydrate. The mixture was stirred under the selected
experimental conditions shown in Table 1, leading to the formation of a cellulose-based hydrogel
system. The resulting hydrogels were then subjected to freeze-drying at —50 °C and 0.05 mbar for
24 h to obtain freeze-dried porous composite structures.

Table 1. Experimental design and preparation conditions for the synthesized samples.

Code Cotton/PCM Tempetatuer Time

Yow/w (°O) (min)
PiTiM; 1 75 65
PiToM2 1 85 75
P.TiMi 0.7 75 65
P2ToM2 0.7 85 75
PsTiMi 0.5 75 65
PsToM2 0.5 85 75
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Figurel . Graphical representation of the preparation of porous cellulose-zinc-PCM
nanocomposite aerogels from cotton cellulose fibers.

2.4. Optimization and Characterization
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To identify the optimal synthesis condition, all prepared samples were systematically characterized
using XRD and FT-IR spectroscopy. The optimal sample, selected based on the structural integrity
and chemical interactions confirmed by these analyses, was then subjected to further
comprehensive characterization. The morphology, elemental composition, thermal stability, and
thermal energy storage capacity of the optimized aerogel were evaluated using SEM, EDS, TGA,
and DSC techniques, respectively.

3. Results and discussion:

3.1. Spectrum analysis (FTIR)
FT-IR spectroscopy was used to examine the chemical structure of raw cotton cellulose and the
synthesized cellulose/Zn-containing composite samples. The spectra were recorded over the range
of 4000-500 cm™ !for raw cotton cellulose and the prepared samples P.T1M;, P,T-M;, P3T1M;, and
P3T2M>.The comparative spectra are presented in Figure 2 and Figure 3.
The FTIR spectrum of raw cotton cellulose( Figures 2) exhibited the expected characteristic
absorption bands of cellulose. The broad band around 3422 cm ™! was attributed to O—H stretching
vibrations arising from intra- and intermolecular hydrogen bonding. The band near 2900 cm™!
corresponded to C—H stretching vibrations in the polysaccharide backbone, while the absorption
band around 1028 cm™'was associated with C—O and C—O—C stretching vibrations linked to the B-
1,4-glycosidic structure of cellulose. After incorporation of the Zn-containing component,
noticeable changes were observed in the FTIR spectra of the composite samples. In particular, the
O-H stretching band shifted to higher wavenumbers and its relative intensity decreased, suggesting
interactions between cellulose hydroxyl groups and Zn-containing species, likely through
coordination and/or hydrogen-bonding interactions. In addition, the attenuation of the cellulose-
related band near 1028 cm™! indicates that the local environment of the cellulose network was
modified during composite formation. New bands appearing around 1389 cm™' and 1354 cm™!
were consistent with nitrate-related vibrations, supporting the presence of zinc nitrate within the
cellulose-based structure. A band near 828 cm™' may be associated with Zn—O vibrations.
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Figure2. FTIR spectrum of raw cotton cellulose.
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Figure 3. FTIR spectra of cotton cellulose and synthesized cellulose/Zn nanocomposite aerogel
samples (P2TiM1, PoToM;, P3TiM1, and P3T2M>).
Overall, the FTIR results indicate that the cellulose matrix retained its fundamental chemical
structure after composite formation, while interacting with the Zn-containing species. However,
FTIR alone does not provide direct evidence for nitrate reduction or definitive identification of all
Zn-containing phases. Rather, the spectra support the incorporation and confinement of Zn-
containing species within the cellulose network.

3.2. Crystalline Structure Analysis (XRD)

The crystalline structure of the prepared porous cellulose/Zn-containing composites was examined
by X-ray diffraction (XRD) using Cu Ka radiation (A = 1.5406 A) operated at 40 kV and 20 mA.
Diffraction patterns were collected over the 20 range of 0-80°. The XRD patterns of the prepared
samples are shown in Figure 4, and the corresponding diffraction parameters are summarized in
Table 2. All samples exhibited a broad diffraction feature centered at around 20 = 22.5°, which is
characteristic of the cellulose-based matrix, together with sharper reflections associated with Zn-
containing crystalline phases. The presence and position of these reflections indicate that the
crystalline phase composition was affected by the synthesis conditions. In particular, peaks
observed at 26 values of 15.47°, 18.35°, 33.88°, 36.93°, 39.48°, and 52.95° suggest the formation
of different Zn-containing crystalline species within the porous cellulose framework. In general,
sharper and more intense reflections indicate the formation of larger crystallite domains, whereas
broader peaks are associated with smaller crystallites and/or lower structural order. The crystallite

size of the Zn-containing phase was estimated using the Debye-Scherrer equation:
KA

D =
BcosO
where D is the crystallite size, K is the shape factor, A is the X-ray wavelength, f is the full width
at half maximum (FWHM) of the selected diffraction peak, and 0 is the Bragg angle. As
summarized in Table 2, the crystalline characteristics of the prepared composites were strongly
dependent on the synthesis conditions. The reflections observed for the P1 series can be tentatively
assigned to Zn(OH),, whereas those in the P> and P3 series may be indexed to ZnO and ZnO»
related phases, suggesting a change in the Zn-containing crystalline species with processing
conditions. In the P,ToM> sample, the diffraction pattern indicates the coexistence of more than
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one crystalline phase. A clear inverse relationship between FWHM and calculated crystallite size
was observed. The Py samples showed relatively low FWHM values (0.19-0.20°) and the largest
crystallite sizes, reaching 40.1 nm for P1TiM; and 42.5 nm for PiToM>. In contrast, the P, and P3
samples exhibited broader peaks, with FWHM values ranging from 0.46 to 0.59°, corresponding
to smaller crystallite sizes in the range of approximately 14.9-19.1 nm. The smallest crystallite size
was obtained for P3ToM; (14.9 nm), which also showed the highest FWHM value (0.59°).

Table 2. XRD parameters and estimated crystallite sizes of the composite samples.

Sample Tentative Position FWHM Intensity D
Phase (20, °) (°20) (cts) (nm)
PiTiM,y Zn (OH)2 15.47 0.20 128 40.1
P1T2M> Zn (OH)2 18.35 0.19 319 42.5
P,TiM, ZnO 33.88 0.52 33 16.1
P>,ToM> Zn/ ZnO2* 39.48/36.93 0.25/0.46 72 /57 34.8/19.1
PsTiM, Zn0O2 52.95 0.55 57 16.4
P3ToM> Zn0O2 36.91 0.59 48 14.9

*Multiphase coexistence observed.
Note: Crystallite size (D) was estimated using the Debye—Scherrer equation.

These findings are consistent with the SEM and TGA results and further support the presence of
Zn-containing crystalline phases within the porous cellulose-based matrix. The smaller crystallite
sizes observed in the P> and P3 series may be associated with restricted crystal growth within the
cellulose-derived porous network. Overall, the XRD results indicate that the crystalline features of
the composites can be tuned by changing the preparation conditions, which may subsequently
influence their structural and thermal behavior.
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Figure 4: X-ray diffraction (XRD) patterns of the prepared cellulose/Zn-containing composite acrogels.
All patterns show the characteristic broad cellulose diffraction band around 20 = 22.5°, together with
sharper reflections associated with Zn-containing crystalline phases. The stacked presentation facilitates
comparison of phase evolution among samples prepared under different synthesis conditions
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Figure 4 displays the stacked X-ray diffraction (XRD) patterns of the synthesized cellulose/Zn-
containing composite aerogels. All patterns exhibit a characteristic broad diffraction feature
centered at around 20 = 22.5°, which is typically attributed to the amorphous-to-semi-crystalline
framework of the cellulose matrix. Superimposed on this broad baseline, several distinct reflection
peaks are observed within the 20 ranges of approximately 15°-20°, 30°—40°, and 50°-60°,
suggesting the presence of crystalline Zn-containing species within the porous network. The
stacked visual presentation highlights notable variations in peak intensity and line broadening as a
function of processing conditions. Based on peak positions and literature comparison, the observed
reflections can be tentatively indexed to Zn(OH),, ZnO, and related Zn-containing phases, as listed
in Table 2. Samples prepared under milder synthetic conditions (such as the P; series) exhibit
relatively sharp and intense reflections, corresponding to larger apparent crystallite sizes (up to
~42.5 nm). In contrast, the P> and P; series display broader diffraction peaks with higher FWHM
values (reaching 0.59°), pointing toward smaller crystallite domains (down to ~14.9 nm for
P3T2M>) or reduced short-range structural ordering, likely caused by spatial confinement during
crystal growth inside the cellulose channels. Overall, these XRD findings are in general agreement
with the morphological (SEM) and thermal (TGA) observations, supporting the influence of
synthesis parameters on the inorganic phase assembly within the composite network.

.3.3. Morphological and Elemental Characterization

SEM analysis was performed to evaluate the surface morphology of the prepared porous
cellulose/Zn-containing composite. As illustrated in Figure 5, the sample showed a porous and
heterogeneous microstructure with Zn-containing particulate features distributed throughout the
cellulose-based matrix. These features were observed with sizes ranging from approximately 15
to 130 nm. EDS analysis (Figure 6) revealed O, Zn, and N as the principal detected elements in
the analyzed region. The presence of Zn supports the incorporation of Zn-containing species into
the composite, whereas the N signal provides supporting evidence for the nitrate-containing PCM.
The Au peaks are attributed to the gold coating applied prior to SEM analysis. Taken together, the
SEM and EDS results confirm the successful formation of a Zn-containing porous cellulose-based
composite and are consistent with the structural characteristics observed in the other analytical
results.

e > 3 .
Ca® g6mm ~
430nm i5nm
% e 2

T

Figure 5. SEM micrograph of the porous cellulose/Zn-containing composite (sample P2T>M>),
illustrating the surface morphology and dispersed Zn-containing particulate features within the
cellulose-based matrix.

The SEM micrograph of sample P,T2M; reveals a porous and heterogeneous surface morphology,
indicative of a cellulose-based composite framework with developed void structure. Zn-containing

7
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particulate features are observed throughout the matrix, with approximate sizes in the range of 15—
130 nm. These observations suggest the incorporation of Zn-containing domains within the porous
cellulose network.

o I D e

Figure 6. Elemental composition and EDS spectrum of the porous cellulose/Zn-containing
composite (sample P2ToM>).

The EDS spectrum provides qualitative elemental support for this interpretation by confirming the
presence of Zn in the analyzed region, together with O as a major constituent of the cellulose-
based structure. The detected N signal may be associated with the nitrate-containing PCM
embedded within the composite matrix, while the Au peaks arise from the gold coating applied
prior to SEM examination. Overall, the SEM and EDS results are consistent with the formation of
a porous cellulose/Zn-containing composite and support the structural features inferred from the
complementary characterization analyses.

3.4. Thermal Stability Analysis (TGA)

The thermal stability of neat cotton cellulose and the P,T>M> composite was evaluated by
thermogravimetric analysis under a nitrogen atmosphere, and the corresponding curves are
presented in Figure7. As observed, neat cotton cellulose shows the characteristic thermal
degradation behavior of cellulosic materials, with the major weight-loss step occurring within the
intermediate temperature region as a result of depolymerization and decomposition of the
polysaccharide backbone. By contrast, the P,TM> composite displays a clear improvement in
thermal resistance, as evidenced by the displacement of the main degradation region toward higher
temperatures and the higher residual mass retained at 600 °C.

This enhanced thermal behavior can be attributed to the incorporation of the Zn-containing phase
within the cellulose-based porous structure. The inorganic component likely acts as a thermally
stabilizing domain that restricts chain mobility, suppresses the release of volatile degradation
products, and promotes the formation of a more stable carbonaceous char during heating. The
higher char yield of the composite further supports the assumption that the Zn-containing phase
contributes to the development of a protective residue, which retards the progress of thermal
decomposition.
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Figure 7. TGA curves of neat cotton cellulose and P, T>M> under nitrogen, showing enhanced
thermal stability and char yield of the composite.

Compared with neat cotton cellulose, the P,ToM> composite exhibited a shift in the main
degradation region toward higher temperatures, together with a higher residual mass at 600 °C.
These findings indicate that the Zn-containing phase modified the thermal degradation pathway of
cellulose, delayed its decomposition, and promoted char formation. The resulting improvement in
thermal resistance may be beneficial for porous functional materials operating under elevated-
temperature conditions.

3.5. Differential Scanning Calorimetry (DSC) Analysis

The thermal energy storage performance and phase transition characteristics of the optimized
porous cellulose/Zn-containing composite (sample P> T>M>) were systematically investigated via
differential scanning calorimetry (DSC); the results are illustrated in Figure 8. The DSC
thermogram reveals multiple endothermic transitions, confirming the effective integration of the
phase change material (PCM) within the porous cellulose-based matrix containing Zn-derived
species. The primary endothermic peak commences at 28.8 °C and reaches its maximum at 39.05
°C, which is ascribed to the melting of the incorporated PCM. The enthalpy of fusion AH) was
determined to be 157.1 J/g, signifying a substantial latent heat storage capacity and indicating that
the PCM preserves its phase-change functionality within the composite architecture. A secondary
broad endothermic transition was observed in the 63.2—-152 °C range AH = 421 J/g. This thermal
event is likely associated with structural relaxation, the desorption of physically bound species,
and/or thermally induced conformational changes within the composite matrix. Furthermore, a
high-temperature endothermic event was detected within the 280.9-345.2 °C range AH = 243.7
J/g, corresponding to the thermal decomposition of the cellulose framework and the breakdown of
structurally ordered domains. This finding corroborates the TGA results, which likewise indicate
the onset of significant structural degradation within this temperature regime. Notably, the
incorporation of the Zn-containing nanophase shifts the onset of thermal degradation to
approximately 345 °Ca substantial improvement compared to neat cotton cellulose (ca. 315 °C).
In summary, these results demonstrate that the synthesized porous cellulose/Zn-containing
composite effectively combines significant latent heat storage capacity with enhanced thermal
stability, validating its potential for advanced energy-management applications.
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Figure 8. DSC analysis of cellulose/Zn nanocomposite acrogel sample P,ToM>

Overall, the obtained results indicate that the developed porous cellulose/Zn-containing composite
is a promising candidate for thermal energy storage applications. However, further investigation
involving quantitative porosity analysis, leakage assessment, and repeated thermal cycling is
required to more comprehensively evaluate its structural integrity, PCM retention capability, and
long-term performance under practical operating conditions.

4. Conclusion

In this study, a freeze-dried porous cellulose/Zn-containing composite incorporating zinc nitrate
hexahydrate was successfully developed as a bio-based support for low-temperature thermal
energy storage applications. Structural and compositional analyses indicated that the cellulose-
derived porous framework effectively accommodated Zn-containing crystalline species and
promoted their distribution within the composite matrix. FTIR results suggested interactions
among cellulose functional groups, nitrate ions, and Zn-containing species, while XRD confirmed
the presence of Zn-containing crystalline phases formed under the applied processing conditions.
SEM/EDS observations further supported the porous morphology of the scaffold and the presence
of Zn-containing particulate domains distributed throughout the cellulose matrix. Thermal
analyses demonstrated that the composite exhibited improved thermal stability compared with neat
cellulose, as reflected by the shift of the main degradation region toward higher temperatures and
the formation of a higher residual mass after thermal treatment. Differential scanning calorimetry
showed that the optimized sample (P2T2M2) possessed a latent heat storage capacity of 157.1 J/g
and a peak melting temperature of 39.05 °C, indicating its potential suitability for low-temperature
thermal energy storage systems. Overall, the findings suggest that freeze-dried porous
cellulose/Zn-containing composites are promising sustainable support materials for hydrated-salt
phase change systems. Nevertheless, further investigations including quantitative porosity
analysis, leakage resistance evaluation, and long-term thermal cycling tests are necessary to fully
assess their practical applicability and long-term performance.
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