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Organic phase change materials (PCMs) are promising for sustainable energy due to their high storage
capacity, broad temperature control, and minimal volume change during phase transitions. However,
their application is limited by low thermal conductivity and high leakage caused by volume instability. To
address these issues, a shape-stabilizing approach using a nature-based and porous matrix of cellulose
from recyclable resources, is proposed. In this study, a cellulose hydrogel-based composite was used as
a support for encapsulating polyethylene glycol (PEG 2000) PCM, creating a phase change composite
(PCQ). Cellulose was extracted from waste newspaper (WP) through alkaline and peroxide treatments,
achieving 16.5% efficiency and 78% purity. The cellulose was then used to synthesize different three-
dimensional (3D) hydrogel networks with citric acid (CA) as the cross-linking agent. Carbon
monofilaments (CFs) were incorporated into the hydrogels to enhance stability, reduce leakage, and
improve thermal properties. The thermophysical and morphological characterization of the prepared
system revealed that cellulose-based hydrogels were formed through esterification between cellulose
hydroxyl groups and CA carboxyl groups. The leakage rate of the (cell-4/CF/PEG) PCC was measured as

. 4.25 wt% after 5 heating—cooling cycles. The latent heat of melting was similar to pure PEG 2000, with
iig:";ﬁé ?:Ph’\,{favrir:ggzgom an energy storage capacity increase of 25%. Furthermore, the addition of CFs improved thermal
conductivity (k) by 80% and achieved an enthalpy efficiency of 90%. The thermal diffusivity («), specific

DOI: 10.1035/d4ra07932a heat capacity (C,), and effective thermal conductivity (ker) of the (cell-4/CF/PEG) PCC were recorded as

rsc.li/rsc-advances 8.2 x 1072 m? 571, 5400 J kg™t °C™%, and 0.027 W m~* °C™%, respectively.

Additionally, they are suitable for long-term energy storage due
to their high thermal stability, preventing degradation over

1. Introduction

(cc)

In the past decades, thermal energy storage (TES) has enabled
heat transfer to different substrates during the storage cycle and
release during the discharge phase." Latent heat energy storage
(LHES) is a suitable TES method, offering high storage density
with a low temperature difference between storage and heat
release.>® Phase change materials (PCMs) store and release
thermal energy as the latent heat without temperature change
during the phase change (e.g., solid-liquid).* The latent heat of
melting and crystallization allows PCMs to store more heat than
other heat storage mechanisms (e.g., sensible and chemical
reactions).* Organic PCMs like polyethylene glycol (PEG) are
ideal for clean energy conversion/storage due to their wide
temperature range, high fusion latent heat, compatibility with
other materials, durability, non-toxicity, and low cost.>*
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time."® However, PCMs face challenges such as the super-
cooling effect, low thermal conductivity, and poor structural
stability, reducing heat transfer efficiency and causing liquid
phase leakage.* Efforts to tackle these challenges include PCM
encapsulation through shape-stabilizing (SS-PCM) methods like
melt infiltration, impregnation, and sol-gel* using porous
structures like hydrogels.®

Hydrogels, with their porous 3-dimensional networks, offer
excellent mechanical and thermophysical properties. A
sustainable method to fabricate hydrogels involves using waste
paper (WP). The extensive global use of the pulp and paper
industry has led to the annual production of a huge amount of
WP, which contains natural polymers such as cellulose (40-
55%), hemicellulose (25-40%) and lignin (18-30%).” Fabrica-
tion of cellulose-based hydrogels using WP, can ultimately lead
to the final product's biocompatibility, cost and environmental
pollution reduction, as well as originating from renewable
sources.*® Due to the use of renewable resources and potential
to reduce environmental challenges, the cellulosic hydrogel for
the phase change composite (PCC) was made using the cellu-
lose extracted from WP as the starting material in this study.
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Table 1 Recent studies on cellulose extraction from various sources for different applications
Cellulose Cross-linking
source Treatments Solvent agent/method Synthesis results Application Reference
Cassava peel (A) Nitric method: NH; — — The alkaline method had — 12
3.5%, NaOH 2%, NaSO; the highest yield (17.80%)
2%, NaClO, 2% and cellulose content
(B) Sulfuric method: (93.24%), with type II
H,SO, 0.5 M, NaClO, cellulose and a 51%
2% crystallinity index
(C) Alkaline method:
NaOH 4%, NaClO 4%
Sugarcane (A) Hemicellulose NaOH:urea(aq.) CA, ECH/freeze- The final pulp contained Methylene 13
bagasse removal: H,SO, 10% (7:12) thawing 84% cellulose, 12% blue dye
(viv) (—20, 30 °C) hemicellulose and lignin, removal
and 4% water. Adding 40%
CA formed a hydrogel with
mechanical strength
similar to one cross-linked
with 5% ECH
(B) Delignification: Crystallinity analysis
NaOH 20% (w/v) showed cellulose I and II in
both hydrogels, with
crystallinity indices of 49%
for CA and 54% for ECH
(C) Bleaching: NaClO Porosity measurements
1% (v/v) indicated higher porosity
in the CA-cross-linked
hydrogel
Starch — Water CA/heating With an increase in the Drug delivery 14
(70-80, 105 °C) content of CA as a cross-
linker, the swelling degree
of hydrogels drops. The
highest swelling degree is
8.55 for the hydrogel with
the smallest content of CA
Rice husk (A) HNO3; 1 M — — The cellulose extraction — 7
(B) NaOH 1 M (24 h), rate was 17.4%
NaOH 6 M (6 h)
(C)H,S0,4 5 M (up to pH
= 5-6)
WP (A) Alkaline treatment: NaOH:urea(aq.) CA/heating As temperature increases, Agricultural 11
NaOH 20% (70 °C, 2 h)  (7:12) (30-70 °C) the swelling ratio decreases ~ medium

(B) Bleaching: H,O,
1.5% (70 °C, 1 h)

However, cellulose-based hydrogels extracted from WP have
inadequate mechanical properties which can be improved by
cross-linking their structure. Conventional synthetic cross-
linkers like epichlorohydrin (ECH) and formaldehyde have
disadvantages including high toxicity, low biodegradability,
poor biocompatibility, and low aqueous solubility.'® To address
these complexities, novel cross-linking agents like polyfunc-
tional carboxylic acids (such as CA) have been introduced,
resulting in biodegradable hydrogel microstructures with
preferred physio-chemical properties.*® Hasan et al.” extracted
cellulose from WP using alkaline treatment with sodium

10050 | RSC Adv, 2025, 15, 10049-10073

initially and then increases.
At low temperatures, less
cross-links form, while at
higher temperatures,
stronger hydrogen bonds
between CA and cellulose
improve water stability

hydroxide (NaOH 7.5%) and acidic treatment with sulfuric acid
(H,SO,4 5 M), achieving a 20% extraction rate and confirming
the removal of lignin and hemicellulose. Zainal et al.** fabri-
cated cellulose-based hydrogels from WP using alkaline treat-
ment (NaOH 20%) and hydrogen peroxide (H,O, 1.5%) as
a bleaching agent followed by the addition of a cross-linking
agent (CA) and high-temperature treatment. This process
formed strong hydrogen bonds between CA and the extracted
cellulose, leading to improved water retention. Table 1
summarizes recent studies on cellulose extraction from various
sources for different applications.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra07932a

Open Access Article. Published on 02 April 2025. Downloaded on 2/22/2026 12:58:29 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Porous shape-stabilized PCMs (SS-PCMs) are commonly
synthesized by impregnating molten PCMs into pre-synthesized
porous support matrices of hydrogels via a two-step technique®
in a way that, PCM and the porous structure interact through
hydrogen bonds due to the capillary effect and surface tension,
stabilizing the molten PCM within the porous microstructure.
This decreases leakage during the phase change and prevents
supercooling.>® Khadiran et al.** shape-stabilized PEG (molec-
ular weight of 4000 ¢ mol') using cellulose, agarose, and chi-
tosan via solution casting. The enthalpy values for the PEG/
cellulose, PEG/agarose, and PEG/chitosan phase change

View Article Online

RSC Advances

composites (PCCs) were lower than theoretical values due to
strong hydrogen intermolecular interactions between PEG and
the natural polymers, distorting PEG's crystal structure. Phys-
ical blending has been used to create shape-stabilized PCCs of
PEG/cellulose, however, the supporting structure did not posi-
tively affect thermal conductivity.'>'” It has been shown that,
incorporating conductive fillers like graphite fibers,® carbon
nanotubes (CNTs),"® and carbon fibers (CFs)'® can significantly
increase the thermal conductivity of SS-PCMs (e.g., 264% with
20 wt% graphite, almost 600% with 20 wt% CNTs, and 64.70%
with 20 wt% CFs) as they can potentially minimize supercooling

Table 2 Recent studies focused on enhancing PCM performance using supporting structures

Support PCM Details

Results Application Reference

Graphene PEG 6000
nanoplatelets/

cellulose aerogel

Freeze-drying/(—55 °C)
and impregnation
under vacuum/(80 °C,
24 h)

Crystalline PEG 2000

nanocellulose

Radical polymerization/
(80 °C, 4-16 h)

Paraffin wax
(PW)

Novolac/carbon
monofilament/
zinc borate
aerogel

Sol-gel polymerization/
(120 °C, 5 h) and
impregnation/(120 °C,
48 h)

© 2025 The Author(s). Published by the Royal Society of Chemistry

Thermal 20
energy
storage (TES)

The fabricated aerogel had
a density of 0.06—

0.12 g cm* with 89-95%
open units

Morphological analysis
showed no clear interface
between the aerogel
network and PEG in the
composite, indicating good
compatibility, which
enhanced thermal
conductivity, mechanical
properties, and shape
stability (up to 100 °C)
Thermal conductivity
increased with higher
graphite content, while
graphite fillers reduced
PCM's melting enthalpy by
disrupting molecular
bonding

The composite samples
maintained thermal and
shape stability up to 300 °C
for 120 cycles, with lower
enthalpy and minimal
leakage compared to pure
PCM

The addition of conductive
fillers and zinc borate
increased aerogel porosity
while enhancing thermal
conductivity

Higher zinc borate content
reduced polarity and
compatibility with PW,
decreasing impregnation
ACOZ0 (75 wt% PW)
showed no leakage, while
nanocomposite aerogels
(77 wt% PW) had minimal
leakage, even after 10
heating-cooling cycles.
Leakage below 2.59 wt%
confirmed effective PW
impregnation and
retention

Smart heat 21
storage

Free cooling 16
in electrical
industry
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effect and can create a continuous path of heat transfer within
the PCMs structure.'® Yang et al.*® used graphene nanoplatelets/
cellulose aerogels (cellulose/GNPs) as the support structure for
PEG 6000 CM to create shape-stabilized PCCs. The aerogels
were synthesized via freeze-drying at —55 °C with ECH as the
cross-linking agent, and the PCCs were produced by impreg-
nation under vacuum at 80 °C for 24 hours. The fabricated
aerogels had a density of 0.06-0.12 g cm > and 89-95% open
pore cells. SEM results indicated good compatibility between
the aerogel network and PEG, enhancing thermal conductivity
and mechanical properties. Thermal analysis showed no weight
loss until 200 °C, indicating stability within the phase change
temperature range. Thermal conductivity and diffusivity
improved with increased GNP content, enhancing heat transfer
efficiency. It was observed that the presence of GNP fillers
reduced the melting enthalpy (AHps) of PCM, disrupting
molecular bonding and preventing crystallization. Unlike pure
PEG, which melts completely at 70 °C, the fabricated compos-
ites retained their shape up to 100 °C due to the 3-dimensional
network of cellulose/GNP aerogels. In addition, Table 2
summarizes recent studies primarily focused on enhancing
PCM performance using supporting structures.

In this research, to improve the shape stability of PEG 2000
as the PCM and reduce leakage during the phase change,
a novel surface-modified cellulose-based hydrogel extracted
from WP was utilized as the shape-stabilization matrix.
Furthermore, to increase the thermal conductivity and effi-
ciency of the prepared PCM/cellulose-based hydrogel, conduc-
tive CF nanoparticles were incorporated within the hydrogel
structure to benefit from their synergistic effect. The effect of
CFs on the heat transfer and structural characteristics of the
cellulose-based hydrogel, as well as the relationship between
hydrogel microstructure (density and porosity) and the leakage
behavior of the utilized PCM, were investigated. Ultimately,
thermophysical models were utilized to predict the thermal
characteristics of the fabricated system, including thermal
diffusivity, specific heat capacity, and thermal conductivity
coefficient, providing insights into its potential applications.

2. Experimental

2.1. Materials

Waste paper (WP, newspaper, purchased from local supplier),
sodium hydroxide flakes (NaOH, chemical agent to remove
hemicellulose, lignin and as the solvent for cellulose dissolu-
tion, Laboratory USP reagent purity = 95%, Neutron Co., Iran),
hydrogen peroxide (H,O,, concentration of 35%, delignification
& deinking agent, extra pure, Dr Mojallali Co., Iran), urea
powder (as the solvent for cellulose, ACS reagent Ph Eur, purity
= 95%, Merck Co., Germany), citric acid anhydrous powder (CA,
cross-linking agent, USP reagent, purity = 99.5%, Dr Mojallali
Co., Iran), carbon monofilament T700S (CF, thermal conductive
filler, p = 1800 kg m >, k = 9.6 Wm " °C™*, Toray Co., Japan),
acetone (CF's solvent, laboratory USP reagent, purity = 99.5%,
Neutron Co., Iran), polyethylene glycol granules (PEG 2000, M,,:
1900-2100 g mol ™!, Ty,: 50-55 °C, PCM, Daejung Co., South
Korea), silicone rubber AL20 (SR, to prepare hydrogel composite
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reference samples, PMP Co., Iran), benzoyl peroxide PMP-CA88
(curing agent, PMP Co., Iran), deionized two-times distilled
water (making and/or neutralizing different solutions & puri-
fying the extracted cellulose powder, Sabalan Co., Iran), cello-
phane (to cover sample during time-temperature testing,
purchased from local supplier). All the materials were used
without further purification.

2.2. Methods

2.2.1. Cellulose extraction from WP

2.2.1.1. Alkaline treatment. Firstly, 20 g of WP were cut to
1 cm x 1 cm and immersed in 900 g of NaOH solvent (5, 10 and
20 wt% - pH: 13-14) at 80 °C for 2 hours to bleach WP and
remove hemicellulose. Next, the samples were filtered and
washed with distilled water to remove the excessive NaOH and
reaching neutral pH of 7. Samples in this step were labeled as
(WP/NaOH-x), where x represents the concentration of NaOH
solution.

2.2.1.2. Peroxide treatment. To remove the lignin and ink of
the WP resulting from the previous step, samples were bleached
with 900 g of 1.5 wt% and 3 wt% H,O, (pH: 5-6) at 80 °C for 1
hour. Afterward, the samples were neutralized with distilled
water (pH: 7), filtered and dried in an oven at 50 °C for an hour.
Samples in this step were labeled as (WP/NaOH-x/H,0,),
where x and y represent the concentration of NaOH and H,0,
solution, respectively.

2.2.1.3. Cellulose extraction. 300 g of the mixture of solvent
NaOH/urea (aq.) (7 : 12 w/w%) was prepared at —5 °C and frozen
at —20 °C for an hour. Then, the frozen solution was diluted
with 50 g of distilled water and stirred at 23 + 2 °C for 5
minutes. Next, 3 g of treated WP from the peroxide treatment
step was added to the solvent solution and stirred at a temper-
ature below —10 °C for 24 hours until the solution become
homogeneous. Finally, the homogeneous cellulose solution was
filtered to remove excess urea and was labeled as (cellulose).
This method is schematically illustrated in Fig. 1(A) (phase (1)).

2.2.2. Preparation of cellulose-based hydrogels. For the
preparation of cellulose-based hydrogels, 0.7, 1.5, 3.5, 10 and
22 g of CA as the cross-linking agent was added to 10 g of
cellulose solution prepared in the previous step (2.2.1.3). The
pH value of these samples was set to 6, 5, 4, 3 and 2, respectively.
Furthermore, prepared samples were placed on a magnetic
stirrer with a stirring speed of 400 rpm for 30 minutes at 23 £ 2 °
C until the added CA powder was completely solved. Finally, to
carry out the chemical cross-linking between cellulose and CA,
the samples were placed in an oven at 85 °C. After 72 hours,
hydrogels were fabricated. The samples in this step were labeled
as (cell-z), where z represents the pH of the solution of sample
precursor. Table 3 shows the detailed formulation of prepared
cross-linked hydrogels. In addition, the production process of
hydrogels is schematically illustrated in Fig. 1(A) (phase (2)). It
should be noted that, the prepared hydrogel samples were not
structurally stable at pH values of 2 and 3, and the hydrogel did
not form at a pH value of 6, therefore, (cell-5) and (cell-4)
hydrogels were selected candidates for CF incorporation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (A) Sample preparation schematic: alkaline-peroxide treatment (1), hydrogel (2), hydrogel/CF (3), phase change composites (PCCs) (4) and

control samples preparation (5), (B) image of WP after alkaline treatment (1), delignification and deinking (2), solvent addition (3), extracted
cellulose powder (4), (cell-4) (5) and (cell-5) (6) hydrogels, (cell-4/CF/PEG) (7), (cell-5/CF/PEG) (8) and (cell-4/CF/SR) (9) systems.

2.2.3. Preparation of cellulose-based hydrogel/CF. To
prepare hydrogels/CF samples, carbon monofilaments (CFs)
were first cut to the length of approximately 5 mm. Further-
more, cut filaments were placed in a beaker containing 1000 mL
acetone and kept at 23 + 2 °C for 72 hours until the filaments
become unwound, as a result of physical interaction with
acetone. Next, the fibers were taken out of the solution and

© 2025 The Author(s). Published by the Royal Society of Chemistry

dried in an oven at 80 °C for 30 minutes. Furthermore, 1.5 g and
3.5 g of CAwere added to 10 g of cellulose solution of (cell-5) and
(cell-4) prepared in Section 2.2.2. Then, 0.1 g of CF was added to
these solutions and stirred for 20 minutes until the both added
CA and CF were well distributed in the solution. Finally, the
samples were placed in an oven at 85 °C for 24 hours. The
samples in this step were labeled as (cell-z/CF), where z and CF

RSC Adv, 2025, 15, 10049-10073 | 10053
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Table 3 Detailed formulation of prepared cellulose-based cross-
linked hydrogels

Sample pH Cellulose solution wt% CA wt%
Cell-2 2 31.25 68.75
Cell-3 3 50.00 50.00
Cell-4 4 74.08 25.92
Cell-5 5 86.95 13.05
Cell-6 6 93.46 6.54

Table 4 Formulations of the prepared hydrogel/CFs samples

Sample pH Cellulose solution wt% CA wt% CF wt%
Cell-4/CF 4 73.53 25.73 0.74
Cell-5/CF 5 86.20 12.93 0.87

Table 5 (Cell-5/CF/PEG) and
composites (PCCs) formulations

(cell-4/CF/PEG) phase change

Sample pH Cell-z* wt% CF wt% PEG 2000 wt%
Cell-4/CF/PEG 4 35.04 0.75 64.21
Cell-5/CF/PEG 5 21.55 0.80 77.65

¢z =4, (cell-4), z = 5, (cell-5).

Table 6 (Cell-4/CF/SR) control sample formulation

Sample pH Cell-z* wt% CF wt% SR wt%
Cell-4/CF/SR 4 34.85 0.75 64.40

@z = 4, (cell-4).

represent the pH value of precursor and the presence of CFs in
these samples, respectively. Table 4 shows the formulation of
hydrogels/CFs. The production process of hydrogels/CFs is
schematically illustrated in Fig. 1(A) (phase (3)).

2.2.4. Preparation of cellulose-based phase change
composites (PCCs). To prepare cellulose-based phase change
composites (PCCs), 10 g of PEG 2000 granulates was melted at
80 °C for 30 minutes. Furthermore, (cell-5/CF) and (cell-4/CF)
samples were immersed in a beaker containing the molten
PEG 2000 in an oven at 80 °C for 48 hours. By performing the
impregnation process, the molten PEG 2000 was penetrated in
the pores of prepared (cell-5/CF) and (cell-4/CF) samples filled
the microstructures’' pores. The prepared composite samples
were labeled as (cell-5/CF/PEG) and (cell-4/CF/PEG), respectively
(Table 5).

2.2.5. Preparation of cellulose-based composite/silicone
rubber (SR). To investigate the effect of PEG 2000 PCM on the
thermal properties of fabricated cellulose-based composite,
(cell-4/CF/PEG) without PEG 2000 was selected as the candidate
sample. To do so, (cell-4/CF) sample was impregnated with
silicone rubber (SR) and the benzoyl peroxide curing agent
(5 wt%). After curing at 23 + 2 °C for 24 hours, the prepared

10054 | RSC Adv, 2025, 15, 10049-10073
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reference sample was labeled as (cell-4/CF/SR) (Table 6). The
methods mentioned in Sections 2.2.4 and 2.2.5 are schemati-
cally illustrated in Fig. 1(A) (phases (4) and (5)). Fig. 2(B) pres-
ents images of the different fabrication stages described in
Sections 2.2.1-2.2.5.

3. Characterization

Fourier transform infrared-attenuated total reflectance spec-
troscopy (FTIR/ATR, PerkinElmer Spectrum 10.03.06, USA) was
employed to investigate the chemical composition of prepared
samples. Samples' dry powders were prepared as packed discs
dispersed in KBr powder. The measured wavelength was from
4000 to 400 cm™ " at a resolution of 2.0 cm™".

To investigate the degree of crystallinity of the extracted
cellulose from WP (labeled as (cellulose)), X-ray diffraction
(XRD, Philips X'pert MPD, Netherlands) test was conducted
within the angle range of 5-80°, step size of 0.02° s, under
avoltage of 40 kV and a current of 40 mA with Co Ko radiation (4
= 1.54056 A). The degree of crystallinity (% Xc) for extracted
cellulose powder from WP was calculated based on eqn (1).

A
0 _ C
o Xc = (7AC+A2\) x 100 (1)

where (4.) and (A,) are the areas under the crystalline peaks and
the amorphous regions, respectively.

The effect of the CA cross-linking agent's concentration on
the cross-link density of prepared (cell-5) and (cell-4) samples
was investigated by the equilibrium swelling theory.> First, the
mass of samples was measured and recorded as (). After two
days and reaching the equilibrium swelling in 80 mL of distilled
water, the samples were weighed again (m,). The difference
between these two values was representative of absorbed water's
mass (m,,) inside the (cell-5) and (cell-4) samples. Finally, the
samples were placed at 23 + 2 °C for 72 hours to be completely
dry, and then were weighed again (m;). Ultimately, the cross-
link density (v.) was calculated using the Flory-Renner equa-
tion (eqn (2)).>

b — [ (In(1 = vy)) +vp + x¥° @

2 X p, % st<\ﬁ/ﬁf%">

where, M., pp, Vs, vp and y are the molecular weight between
cross-links, polymer density, molar of water
(0.00001807 m* mol ™), polymer volume fraction in equilibrium
swelling and Flory-Huggins polymer-solvent interaction
parameter, respectively. The value of x for hydrogels was
considered to be 0.44.>* Moreover, v, was calculated by eqn (3).>

Vp
A 3)

volume

I/p:

where, V,, and V; are the (cell-5) and (cell-4) samples’ volume
before and after swelling, respectively.

To investigate the porosity of synthesized hydrogels of (cell-
5) and (cell-4), (cell-5/CF) and (cell-4/CF) and ultimately (cell-5/
CF/PEG) and (cell-4/CF/PEG), the apparent density (p,) was
calculated by measuring the volume and the mass of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Time—-temperature history analysis set-up in: (A) heating and cooling cycle and (B) image of prepared (cell-4/CF/PEG) (1) and (cell-4/CF/

SR) (2) samples incorporated with thermocouples.

cylindrical samples with an accuracy of 0.001 g. The theoretical
density (pg) was measured by the rule of mixtures as follows
(eqn (4)):
1 Wi

—=3 (@)

Pt Pi
where, w; and p;, are the weight fraction and density of samples,
respectively. Finally, the porosity (ey) of the aforementioned
samples was determined according to eqn (5):

s%:( —&)xloo

Ptn

To evaluate the shape stability, the leakage rate of prepared
(cell-5/CF/PEG) and (cell-4/CF/PEG) composites was measured
according to eqn (6). At first, samples with a primary weight of
my, were placed on a filter paper, then, they were placed in an
oven at the temperature of 80 °C. After 30 minutes, samples
were left in ambient temperature (23 + 2 °C) to cool down and
their mass was measured as ().

(5)

Leakage,, = (%) x 100 (6)
p

The thermal behavior and phase change characteristics of
synthesized (cell-4) and (cell-4/CF/PEG) samples were investi-
gated by differential scanning calorimetry (DSC, Q100 V9.4, TA

© 2025 The Author(s). Published by the Royal Society of Chemistry

Instruments, USA). All of the measurements were carried out
under a nitrogen atmosphere at a heating/cooling rate of 10 °
C min .

Thermal performance analysis was done using time-
temperature history analysis. In this test, the center of the (cell-
4/CF/PEG) hydrogel composite samples were pierced for
0.625 cm, and a thermocouple (K type, Cr-Ni) with an accuracy
of 0.1 °C was placed inside the punched area. During the
heating cycle, the sample was placed in an oven with a temper-
ature of 80 °C (>T,,, of PEG 2000) for 2.7 hours, and during the
cooling cycle, the sample was placed at 23 + 2 °C. In both
thermal cycles, the temperature recording of the sample was
conducted by the digital thermometer, ST-3891G model
(STANDARD Co., China). Finally, the time-temperature history
results were used to calculate the thermal diffusion coefficient
(a), specific heat capacity (C,) and effective thermal conductivity
coefficient (keg) of prepared (cell-4/CF/PEG) and the reference
sample of (cell-4/CF/SR). Thermocouple measurement set-up
are schematically illustrated in Fig. 2.

Ultimately, exploring the morphology of (cell-4) and (cell-4/
CF/PEG) samples was conducted using field emission scan-
ning electron microscopy (FESEM, Mira3 (LMU), TESCAN,
Czech). The sample was coated with a thin layer of gold to
improve the conductivity of the sample as well as the resolution
of the pictures.

To evaluate the microstructure of the selected (cell-4)
sample, pore volume, pore size distribution and specific

RSC Adv, 2025, 15, 10049-10073 | 10055
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surface area were determined by nitrogen (N,) adsorption-
desorption porosimetry at 77 K or —196 °C (TriStar II 3020,
Micromeritics, USA). The sample was degassed at 80 °C. The
analysis accuracy of pore volume and specific surface area were
4 x 10°° cm® g ' and 0.01 m* g7, respectively. In addition,
isotherm's measurements were done in the relative pressure
range (P/P,) of 0 to 1, by using Brunauer, Emmett and Teller
(BET), Broekhoff-De Boer (BdB) and Barrett, Joyner and
Halenda (BJH) theories.***®

4. Results and discussion

4.1. Chemical structure characterization

The FTIR spectra of waste paper (WP), (WP/NaOH-x), and (WP/
NaOH-x/H,0,-y) are shown in Fig. 3. In the FTIR spectrum of
WP, broad peaks at the wavenumbers of 3394 ¢cm™' and
2933 em ' correspond to the stretching vibrations of hydroxyl
groups (-OH) and C-H bonds, indicative of cellulose, hemi-
cellulose, and lignin. The peak at the wavenumber of 1735 cm ™"
relates to the carbonyl group (C=0) of hemicellulose.”**” Peaks
at the wavenumbers of 1029 ecm ™%, 1218 cm ™, and 1260 cm ™ *
are attributed to C-O and C-O-C bonds related to guaiacyl and
syringyl units in lignin®2° and further peaks at the wave-
numbers of 1513 cm ™' and 1602 cm ™" represent the stretching

View Article Online

Paper

vibrations of C=C bonds in aromatic glycosidic rings of
lignin.”®** The C-H bending vibrations in the pyranose ring in
cellulose and hemicellulose and C=O stretching in lignin
appear at the wavenumbers of 1365 cm™' and 1427 cm™ ',
respectively.””*® In addition, asymmetrical stretching vibrations
of CH, and CH; in hemicellulose and lignin are seen at the
wavenumber of 2868 cm . Finally, peaks at the wavenumbers
of 662 cm ™%, 894 cm ™!, and 1318 cm ™! are associated with out-
of-plane bending of -OH bonds, B-glycosidic linkages, and CH,
bending in cellulose.?®*” By comparing the FTIR spectra of WP
with (WP/NaOH-5) and (WP/NaOH-10), the C=O stretching
vibration band shifted to a lower wavenumber of 1706 cm ™" and
its intensity decreased by 10%. This indicates a reduction in
hemicellulose content but not complete removal for concen-
trations below 20 wt% NaOH as the peak at the wavenumber of
1735 cm ', which is absent in (WP/NaOH-20), confirms
complete hemicellulose removal at this higher concentration.*
Additionally, the absorption peaks in the 2800-2950 cm ™" and
3000-3700 cm™ " ranges decreased in (WP/NaOH-20), suggest-
ing mercerization®' due to the alkaline treatment affecting ester
and hydrogen bonds.*” In the spectrum of (WP/NaOH-20/H,0,-
1.5) and (WP/NaOH-20/H,0,-3), the characteristic peaks for C-
0O, C-0-C, C=0, and C=C bonds in lignin are not observed in
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Fig.3 FTIR-ATR spectrum of WP, (WP/NaOH-x), (WP/NaOH-x/H,O,-y), extracted cellulose powder from WP and (cell-5) and (cell-4) hydrogels.
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Fig. 4 The cross-linking mechanism for (cell-5) and (cell-4) hydrogels by presence of CA in NaOH/urea (ag.) medium.*®

the 1020-1600 cm™' region. This disappearance suggests
significant removal of lignin from the samples. Additionally, the
small peaks around 1300-1375 cm ™, related to S=0O and N-H
bonds from ink compounds,®* are absent after bleaching,
indicating removal of both lignin and ink. Since (WP/NaOH-20/
H,0,-1.5) and (WP/NaOH-20/H,0,-3) showed similar chemical
characteristic results, the lower concentration sample (WP/
NaOH-20/H,0,-1.5) was selected for cellulose extraction.

In the FTIR spectrum of extracted cellulose powder, poly-
morphs of cellulose are identified by the stretching vibration
peaks of the -OH bond in the wavenumber of 3200-3600 cm ™"
region. The peak at the wavenumber of 3340 cm ™' corresponds
to -OH bonds of cellulose I (cell;), while the peaks at the
wavenumbers of 3444 cm ™' and 3481 cm ' are attributed to
hydrogen bonds in cellulose II (celly).** Dissolution in NaOH/
urea solution at low temperatures can partially convert cellu-
lose I to cellulose II**** by breaking intermolecular hydrogen
bonds and increasing cellulose swelling.*>** Peaks in the
wavenumber of 800-1200 cm ™' range relate to C-O-C and p-
glycosidic bonds in cellulose. Changes in peak intensity suggest
partial conversion from cellulose I to cellulose I1.>*** The yield
of cellulose extraction was 16.52% of the initial WP grammage,
with a cellulose purity of 78.3% according to the mass of the
extracted cellulose powder before and after filtration with
distilled water. Fig. 3 shows the FTIR spectra of (cell-5) and (cell-
4) cellulose-based hydrogels, along with the interaction between
citric acid (CA) as the cross-linking agent and extracted cellulose
from WP. The broad peak in the region of 3300-3500 cm " is
attributed to the stretching vibration of the -OH group in
cellulose I and II, confirming the presence of hydroxyl groups in
(cellulose) as well as in (cell-5) and (cell-4) hydrogels.?” As the pH
decreases, the peak at the wavenumber of 3340 cm ™' shifts to

© 2025 The Author(s). Published by the Royal Society of Chemistry

3300 cm ™" for (cell-4). The decreased intensity of the ~OH peak,
compared to non-cross-linked (cellulose), confirms the chem-
ical interaction between hydroxyl and carboxyl groups during
cross-linking with CA, leading to fewer hydrogen bonds due to
esterification.”®*®* The increased intensity of the peak at the
wavenumber of 894 cm ™', relating to the stretching vibration of
the B-1,4 glycosidic bond in hydrogels, indicates decreased
crystallinity during hydrogel formation. Section 1 of Fig. 3
shows peaks related to the stretching vibrations of -CH, and
aliphatic C-H groups at the wavenumbers of 2933 cm ™' and
2868 cm ', respectively, characteristic of carbohydrates like
cellulose, confirmed by a strong ether group peak.>”** Section 2
shows a peak for the bending vibration of -CH, at the wave-
number of 1410 cm ™', stronger in cross-linked hydrogels.?*
Peaks at the wavenumbers of 1668 cm ' and 1622 cm ™' confirm
the presence of urea components in (cell-5) and (cell-4).** A new
peak at the wavenumber of 1740 cm™", observed only in cross-
linked hydrogels, is associated with the carbonyl group (C=0)
of the ester bond formed after adding CA, indicating an ester-
ification reaction between hydroxyl groups in cellulose and
carboxyl groups in CA’**“** Peaks at the wavenumbers of
1024 cm ' and 1273 cm ™, related to C-O stretching in the ester
group, were present only in cross-linked hydrogels, confirming
successful cellulose cross-linking and hydrogel synthesis.?®
Section 3 shows a C=0 stretching vibration at wavenumber of
1699 cm ™, suggesting the carbonyl bond of the carboxyl group
in CA."* The process involves the addition of NaOH/urea (aq.)
solution, which changes the physical and chemical structure of
cellulose by disrupting hydrogen bonds and hydrophobic
interactions, crucial for hydrogel formation.>*?* Initially, urea
disrupts the hydrogen bonds of cellulose, making active sites
vulnerable to nucleophilic attacks, targeting points for cross-

RSC Adv, 2025, 15, 10049-10073 | 10057
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Fig. 5 XRD pattern of extracted cellulose powder from WP.

linking agents. Subsequently, nucleophilic-electrophilic inter-
actions occur after adding NaOH/urea (aq.) solution, leading to
chemical cross-linking of cellulose and the formation of 3-
dimensional hydrogel networks.**** At high temperatures, citric
acid (CA) bonds with cellulose's hydrophilic -OH groups
through a double esterification mechanism involving an anhy-
dride intermediate.’”** The cross-linking reaction with CA
involves forming an intramolecular cyclic anhydride by dehy-
drating carboxylic acids in CA, followed by further dehydration
to form other intramolecular anhydrides.** The esterification
reaction between cyclic anhydrides and the hydroxyl groups of
cellulose creates cross-linking between cellulose chains, form-
ing the (cell-5) and (cell-4) hydrogel networks.® This esterifica-
tion stage is slower due to steric hindrance from large
macromolecules (cellulose chains).>* The cross-linking mecha-
nism between cellulose and CA is illustrated in Fig. 4."

4.2. Crystallization measurements of extracted cellulose
from WP

To gain a better insight into the crystalline structure of the
extracted cellulose from WP, XRD test was carried out on the
extracted cellulose powder and the results are shown in Fig. 5.
The peaks related to the structure of cellulose I and II can be
seen at the 26 angles of 12°, 20°, 22.4° and 35°.*"*** This
demonstrates that during the dissolution of cellulose in NaOH/
urea (aq.) solution, cellulose Ip is partially converted to cellulose
II and its crystal structure is partially formed, while the other
cellulose allomorph is still dominant. These findings are
consistent with the FTIR results (Fig. 3). Therefore, it can be

Table 7 XRD data of the extracted cellulose powder from WP

% %
Ac Aa % Xc Ac-cellt Xc-cell.1 Accell.ir Xc-cell.nt
6862.94 9384.57 42.24 3279.02 20.18 1065.11 6.55

10058 | RSC Adv, 2025, 15, 10049-10073

concluded that cellulose I was present in the extracted cellulose
powder from WP (cellulose) after modification of NaOH/urea
(aqg.) solution and due to the low efficiency of mercerization,
only a part of it has been converted to cellulose I1.>%3"3

Using eqn (1), % X¢ was calculated as 42.24%. This indicates
the predominance of the amorphous part of extracted cellulose
(Table 7).

4.3. Microstructure characterization

4.3.1. Swelling measurements of (cell-5) and (cell-4)
hydrogels. Equilibrium swelling theory was used to investigate
the network structure and quantitatively determine the cross-
links density (v.) in prepared hydrogels. Fig. 6 shows the
effect of swelling on the hydrogel network. Swelling analysis
indicated that with an increase in the cross-linking agent (CA)
and a decrease in pH from 5 to 4, the amount of swelling (m,/
m,) and the mass of water penetrating the hydrogels (my)
decreased. This suggests that the porous structure of hydrogels
at a lower pH (i.e., equivalent to 4) is more consistent, making
water penetration more difficult. Additionally, comparing the
(ma/my) ratio for (cell-5) and (cell-4) hydrogels showed that the
weight loss during the drying stage after swelling was due to
water evaporation, with the hydrogels' weights before and after
the swelling test being relatively similar. The M. and ». values
for hydrogels are reported in Table 8, and their variations with
pH changes are presented in Fig. 7(A) and (B). As shown in Table
8, increasing the value of CA increases the number of active sites
for cross-linking, decreasing the distance between them.
Consequently, the molecular weight between these chain
connections (M) decreased from 10.55 kg mol ™" for (cell-5) to
7.59 kg mol " for (cell-4), and the cross-link density (v.)
increased from 47.41 mol m ™ for (cell-5) to 65.89 mol m* for
(cell-4). Under equilibrium swelling conditions, the network
inside the (cell-5) and (cell-4) samples rearrange to accommo-
date water molecules as much as possible.** According to
equilibrium swelling theory, immersing the (cell-5) and (cell-4)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 8 Swelling parameters of (cell-5) and (cell-4) hydrogels networks

Sample pH ms/my (%) My /my (%) vp M, (kg mol™") ve (mol m™3)
Cell-5 5 99.02 £+ 0.53 363.13 + 2.10 0.1204 £ 0.0006 10.55 £ 0.11 47.41 £+ 0.54
Cell-4 4 98.59 £ 0.64 307.09 + 2.29 0.1393 £ 0.0009 7.59 £ 0.11 65.89 £ 0.96
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Fig. 7 Variation of: (A) M. and (B) v with pH alteration for (cell-5) and (cell-4) hydrogels.

samples in a solvent allows water molecules to penetrate the
hydrogel chain. However, with increased cross-link density,
there is less free space for water placement. According to Fig. 6
(section (A)), the (cell-4) sample with higher cross-link density
likely has a lower water diffusion rate, leading to relatively lower
swelling and decreased molecular weight between consecutive
bonds.?**

4.3.2. Density and porosity measurements. The apparent
density, theoretical density, and percentage of porosity for, (cell-
4), (cell-5) (cell-4/CF) and (cell-5/CF) and ultimately, (cell-4/CF/
PEG) and (cell-5/CF/PEG) phase change composites (PCCs) are
detailed in Table 9. (Cell-4) shows a higher porosity percentage
due to the higher amount of CA used, which affects the cross-
link density. Cellulose-based hydrogels, including those

© 2025 The Author(s). Published by the Royal Society of Chemistry

without carbon fiber (CF), tend to shrink in response to envi-
ronmental conditions like temperature.*® In other words, (cell-
5) and (cell-4) hydrogels without CFs are less shape-stable and
shrink due to moisture release, which causes reformation of
hydrogen bonds and alters the network structure.” It is evident,
CFs improve mechanical properties and maintain structural
integrity, preventing shrinkage during evaporation drying by
suppressing pore shrinkage and aiding in solvent exchange.*®
When molten PEG 2000 was added to (cell-5) and (cell-4)
hydrogels, the samples expanded and lacked shape stability.
The addition of CFs, however, led to stable geometrical shapes
even with the PEG 2000 PCM.*” The presence of CFs in (cell-5/
CF) and (cell-4/CF) hydrogels reduced porosity, and further

RSC Adv, 2025, 15, 10049-10073 | 10059
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Table 9 Apparent and theoretical density and percentage of porosity data of hydrogels, hydrogel/CFs and hydrogel/PCCs

Sample Apparent density (kg m ) Theoretical density (kg m ) Porosity (%)
Cell-5 103.40 £ 0.08 2030.83 94.90
Cell-4 167.06 + 0.04 2030.83 91.77
Cell-5/CF 298.82 + 0.09 2028.60 85.26
Cell-4/CF 510.87 = 0.10 2028.93 74.82
Cell-5/CF/PEG 943.75 £ 0.09 1329.36 29.00
Cell-4/CF/PEG 1016.85 £ 0.09 1413.80 28.07
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(A) Leakage rate of (cell-4/CF/PEG) and (cell-5/CF/PEG) up to 5 consecutive cycles and (B) time—temperature history analysis curve of

(cell-4/CF/PEG) and (cell-4/CF/SR) in 3 consecutive heating/cooling cycles (30 min/30 min).

reduction in porosity was observed in (cell-5/CF/PEG) and (cell-
4/CF/PEG) PCCs as PEG 2000 filled most of the pores.

4.4. Leakage and thermal performance measurements

The structural stability of (cell-5/CF/PEG) and (cell-4/CF/PEG)
phase change composites (PCCs) was evaluated through
leakage tests over 5 heating and cooling cycles (see Fig. 2). As
shown in Fig. 8(A), leakage rates decreased with each cycle,
falling below 0.5% after the fourth cycle. After 5 cycles, the

10060 | RSC Adv, 2025, 15, 10049-10073

cumulative leakage rates were 4.25% for (cell-4/CF/PEG) and
6.47% for (cell-5/CF/PEG). Therefore, this sample was selected
for further investigation.

Fig. 8(B) shows that during 3 consecutive heating/cooling
cycles, (cell-4/CF/PEG) required more time to reach the
desired temperature compared to the (cell-4/CF/SR) reference
sample. This delay is attributed to the high latent heat of
melting of PEG 2000 PCM. Despite this, compared to the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 DSC heating and cooling curves of (cell-4/CF/PEG) and pure PEG 2000.

reference sample, (cell-4/CF/PEG) demonstrated minimal

leakage and stable shape during thermal phase transitions.

4.5. Thermal performance investigations

DSC curves were used to investigate the thermal properties of
(cell-4), (cell-4/CF/PEG) phase change composite (PCC), and
pure PEG 2000 PCM. Fig. 9 shows the DSC curve for the dried
(cell-4) hydrogel. Since no peak was observed up to 130 °C, it
indicates that the cross-linking reaction, which occurs at 80 °C,
has been completed for (cell-4) hydrogel.** Furthermore, the
peak observed in the temperature range of 132-136 °C, marked

© 2025 The Author(s). Published by the Royal Society of Chemistry

by an arrow on the curve, is likely related to the melting and
crystallization of the remaining urea in the hydrogel.*®

The DSC curves for (cell-4/CF/PEG) phase change composite
(PCC) and pure PEG 2000 are shown in Fig. 10. Thermal prop-
erties including melting/crystallization temperatures, phase
change enthalpies, melting enthalpy efficiencies, and super-
cooling degrees are listed in Table 10. As seen in Fig. 10, the
melting peak of (cell-4/CF/PEG) is lower than that of pure PEG
2000. This decrease is attributed to the enhanced thermal
conductivity (k) from CFs in the (cell-4/CF/PEG) composite,
which improves heat transfer and creates a more uniform

RSC Adv, 2025, 15, 10049-10073 | 10061
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Table 10 Thermal properties of (cell-4/CF/PEG) and pure PEG 2000

Melting peak Crystallization peak

TI,ma Tm TF,mb AHm AI_Im TI,ca Tc TF,cb AHC AHC E TSC
Sample Cc) () () (g (@mom)(g) (€) () () (g (morm)(Jg ) (%) (°0)
Cell-4/CF/PEG 40.41 51.28 61.31 104.87 163.32 35.67 27.45 20.28 87.28 135.92 89.81 23.83
PEG 2000 53.68 66.60 77.87 181.85 181.85 43.79 34.38 24.15 159.56 159.56 100.00 32.22

¢ Ti,m and T are the initial temperature of melting and crystallization peaks, respectively. b Tr,m and Tr are the final temperature of melting and

crystallization peaks, respectively.

temperature distribution, leading to an earlier onset of melting
compared to pure PEG 2000.

The supercooling degree is determined by the difference
between the melting and crystallization temperatures of (cell-4/
CF/PEG) and PEG 2000 PCM, as shown in eqn (7):>*

Tsc=Tm — T¢ (7)

where T, is the supercooling degree, and Ty, and 7. are the
melting and crystallizing temperatures, respectively. Super-
cooling, which drives PCMs to crystallize and release heat, is
reduced in (cell-4/CF/PEG) due to potential nucleation sites
provided by CFs, accelerating the crystallization process and
altering the melting point compared to pure PEG 2000 PCM.
The presence of CFs facilitates faster solidification and
decreases Tsc.”* A decrease in melting enthalpy (AH,,) and
crystallinity, as observed in Fig. 10, is likely due to disruptions
in PEG 2000's crystallization caused by the presence of CFs.
AH,,, representing latent heat and energy storage capacity, is
lower in (cell-4/CF/PEG) compared to pure PEG 2000. This drop
is attributed to the reduced mass fraction of PEG 2000 in the
composite. The theoretical enthalpy was calculated using eqn

(5"
AHt = Xppg X AHpgg (8)

where xppg is the mass fraction of PEG 2000, which is 0.6421,
leading to, AHy. The addition of CFs affects crystallization by
providing nucleation sites, allowing PEG 2000 chains to crys-
tallize at lower temperatures, but also restricting chain mobility
and disrupting the crystallization process. Melting enthalpy
efficiency (E) was calculated using eqn (9):*

AI-Im sample
E=——">"——x100 9
XpEG X AHp pEG ©)

Therefore, the calculated melting enthalpy efficiency of PEG
2000 in (cell-4/CF/PEG) is approximately 90%.

The thermal efficiency of the phase change composite (PCC)
was evaluated through a time-temperature history analysis in
a consecutive heating-cooling cycle. Fig. 11(A) shows the time-
temperature history curve for (cell-4/CF/PEG) PCC. During
heating, the temperature increased steadily until the 1100™
second, reaching 45.5 °C after 1300 seconds. According to
Fig. 11(B), the sample was initially in a two-phase (solid-molten)

10062 | RSC Adv, 2025, 15, 10049-10073

state as PEG 2000 PCM began to melt. After complete melting,
the sample entered a single molten phase until the temperature
reached around 77 °C (76.8 °C for (cell-4/CF/PEG)) at the 3020™
second. The presence of CFs facilitated faster heat transfer,
indicating improved thermal conductivity. During cooling, the
temperature of (cell-4/CF/PEG) decreased rapidly with a slope of
—0.261, reaching 37.9 °C after 1480 seconds. The cooling rate
then slowed to —0.0020 and from the beginning of the cooling
until 45 °C, the sample was in a single phase. After reaching 45 ©
C, the sample entered a two-phase (solid-molten) state during
solidification. By the 10 050" second, the temperature had
reached the ambient temperature (26.8 °C), and the PEG 2000
PCM had fully solidified. The CFs in the sample contributed to
a continuous temperature reduction during solidification, pre-
venting the temperature plot from plateauing.

According to Fig. 11(C), to investigate the performance of
heat energy absorption and emission, the surface below the
time-temperature history curves for (cell-4/CF/PEG) and (cell-4/
CF/SR) systems were calculated according to eqn (10).

Scomrol - Ssamp]e

Surface : x 100 (10)

Scontrol
where Sconerol and Sgample, are the area under the curve of (cell-4/
CF/SR) and (cell-4/CF/PEG) phase change composite (PCC),
respectively. To evaluate the amount of absorbed and emitted
energy by the (cell-4/CF/PEG) phase change composite (PCC) in
comparison with the (cell-4/CF/SR) reference sample, the area
under the curve in the heating cycle (Sy), (up to 84 °C) and the
area under the curve in the cooling cycle or S, (up to 24 °C) were
respectively obtained and reported in Table 11.

According to Table 11, (cell-4/CF/PEG) phase change
composite (PCC) exhibited lower Sy, values and higher S, values
compared to the (cell-4/CF/SR) reference sample. This suggests
that the temperature increase in the 23-85 °C range started
earlier for (cell-4/CF/SR). As shown in Fig. 11(C), it took 640
seconds for (cell-4/CF/SR) to reach 45.5 °C, whereas (cell-4/CF/
PEG) reached this temperature after 1300 seconds, indicating
a delay of 660 seconds. Additionally, the cooling rate was
sharper for (cell-4/CF/SR) (—0.0377) compared to (cell-4/CF/
PEG) (—0.0261). After 1480 seconds of cooling from 85 to 23 °
C, (cell-4/CF/SR) reached 26.1 °C, while (cell-4/CF/PEG) was at
37.9 °C, reflecting the heat absorption and phase change
behavior of PEG 2000 and the energy absorption/emission ratio
indicates that (cell-4/CF/PEG) has about 70% stability.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (A) Time—temperature history curve of (cell-4/CF/PEG), (B) melting and solidification mechanism of PEG 2000 in (cell-4/CF/PEG) phase

change composite (PCC) and (C) comparison between time—temperature history curve of (cell-4/CF/PEG) phase change composite (PCC) and
(cell-4/CF/SR) reference sample.
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Table 11 Time-temperature history curve parameters of (cell-4/CF/PEG) and (cell-4/CF/SR)

Energy absorption

Energy emission Heating-cooling

Sample Sh (°C s) ASp (%) Sc (°C s) AS. (%) comparison (%)
Cell-4/CF/PEG 159 313.25 32932.75 17.13 248 539.50 48730.00 24.51 64.09
Cell-4/CF/SR 192 246.00 — — 198 809.50 — — —
= 004 Heat transfer equation as well as initial and boundary condi-
Ly DO lcan4/cREG tions (I.C. and B.C.) are presented in eqn (11) and (12),
g 0032 2 Phase (S-M) W 1 Phase (M) respectively.”
£ g 0.028 Melting Heating 5
25 aT °T
z S 00 A \ o= (11)
W& 00 ! z
s S
b= é 0.016
D
T g oon LC.:@(1=0)—>T(z,0) =
;_E 0.008 B.Cy:@(z=0)=T(0,1) = (12)
S & 0004 B.Coy:@(z=h)—=T(h,1)=f(T,1)
&

1500
Time (s)

2000 2500 3000

Fig. 12 Thermal diffusivity («) index of (cell-4/CF/PEG).

The slope of the temperature-time history curve in the
heating cycle, shown in Fig. 11(C), indicates thermal diffusivity
(). Lower thermal diffusivity suggests better thermal energy
storage capability.®® Fig. 12 illustrates the slope variation for
(cell-4/CF/PEG). In section (1), during the heating cycle start, the
temperature increase shows two-phase (solid-molten) behavior
as PEG 2000 begins to melt. In section (2), during the phase
change of PEG 2000, the lowest slope and thermal diffusivity are
observed. Sections (3) and (4) show higher slopes due to the
temperature exceeding 45.5 °C and complete melting of PEG
2000 PCM.

As illustrated in Fig. 13, thermal diffusivity («) has been
calculated for one-dimensional conditions of (cell-4/CF/PEG).

R (Cell-4/CF/PEG) \
k L._\-

Both curves in Fig. 14 indicated that, until the temperature of
the center of the (cell-4/CF/PEG) phase change composite (PCC)
reaches the melting point of PEG 2000 PCM, thermal diffusivity
(«) stayed very low due to the presence of a solid phase and
a molten phase (two-phase), as the PEG 2000 PCM in (cell-4/CF/
PEG) phase change composite (PCC) is in melting process.
Moreover, a solid phase remains until all the PCM present in
the (cell-4/CF/PEG) phase change composite (PCC) has
completely melted. Subsequently, with the increase in temper-
ature of the (cell-4/CF/PEG) sample from around 45 °C and after
all the PEG 2000 as the PCM melted, the thermal diffusivity («)
also increased.> The final thermal diffusivity () value of (cell-4/
CF/PEG) phase change composite (PCC) was calculated as 8.2 x
10" m?>s .

Specific heat capacity (Cp) of (cell-4/CF/PEG) phase change
composite (PCC) is calculated using the thermal energy balance

L Cellulose Hydrogel/PEG 2000 T
z Phase Change Composite (PCC)

Recorded Temperature (f(h.t))

= —— e~ — e~ — ——
R~ — —
|, 0.625 rm-———(/lvf—\ . !

— T —

Fig. 13 Time-temperature history analysis set-up and the boundary conditions for thermal diffusivity () determination.
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represented by eqn (13) and (14), and considering the initialand  density of the (cell-4/CF/PEG) phase change composite (PCC),

boundary conditions in eqn (15) and (16) (Fig. 15).* the specific heat capacity, the starting time of the cooling cycle
oT ST and the times after that, respectively. Moreover, Ve i8S the
pcpﬁ =K ﬁ+ Ocrystal — hAAT (13) speed of the boundary movement of the interphase between

solid-molten phases. The 7 parameter signifies the convective
heat transfer coefficient of air, which is in the range of 2.5-25 W

chystal = AH, X P X Verystal (14)
I1.C.:@(t=0)—>T(0,z) = Ty
oT
B.C.#] @(Zzo)ﬁgzo (15) i r
BCu:@|z= a —>K6—T = h(mr?)AT
2 dz z

pVG,

T(x,1) =To + (T — Tw)eXp( - h—A(t - to)) (16)

. T.
where, T, T, p, Cp, tp and t represent the ambient temperature,

the temperature at the beginning of the cooling cycle, the Fig- 15 The boundary conditions schematic of (cell-4/CF/PEG)
sample for C, determination.
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Fig. 16 Specific heat capacity (C,) values of (cell-4/CF/PEG) with alteration in: (A) temperature and (B) time.

m 2 °C™'in free convection, but was considered 12 Wm™2°C™*
in this study.®® Also, A and V parameters are the surface of (cell-
4/CF/PEG) sample in contact with the airflow (heat transfer
surface) and the volume of the sample, which are obtained from
eqn (17) and (18), respectively.

A =2(mr?) + 2rH (17)

(18)

where, r and H are the radius and the height of the cylindrical
sample, respectively. Calculated values of Cj, for (cell-4/CF/PEG)
phase change composite (PCC) sample, are presented in Fig. 16.
In the initial 770 s of the cooling cycle, when the sample had
completely melted (at the highest temperature, i.e., 76.8 °C), the
C,, value for (cell-4/CF/PEG) is 2145 ] kg~ ! °C™'. However, with
the beginning of solidification which means that the tempera-
ture of all the PEG 2000 PCM has reached the melting point of
PEG 2000 (where two-phase is solid-molten: solidifying),
a significant rise in C,, values could be observed that reached
5400 J kg™" °C™". This showed an escalation of approximately

V = H(mr?)

10066 | RSC Adv, 2025, 15, 10049-10073

151% in the specific heat capacity (Cp) for the (cell-4/CF/PEG)
phase change composite (PCC). Additionally, C, slightly
decreased when going towards full solidification. With an
increase in the specific heat capacity (Cp), thermal energy
storage (TES) capacity improves and this reduces interior
temperature fluctuations due to latent heat absorption.***”
Therefore, the fabricated (cell-4/CF/PEG) phase change
composite (PCC) could perform well in terms of thermal energy
storage applications and controlling thermal processes.

To investigate the effect of CFs along with the PCM (PEG
2000) on thermal conductivity (k) of the prepared phase change
composite (PCC), effective thermal conductivity (keg) was
calculated for (cell-4/CF/PEG) according to eqn (19).

keff = apCp (19)
where, p, Cp,, and « represent the density, specific heat capacity
(Cp), and thermal diffusivity («) of the (cell-4/CF/PEG) phase
change composite (PCC) sample. The variation of effective
thermal conductivity (k.s) values with changes in temperature
for (cell-4/CF/PEG) is plotted in Fig. 17. According to Fig. 17, the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 12 Comparison of thermal properties between the prepared cell-

4/CF/PEG SS-PCM and similar SS-PCMs

SS-PCM Tn® (°C) AH, (Jg™') TS(°C) AH.(Jg™') Tsc(°C) k(Wm™'°C™") Leakage’ Reference
60 wt% paraffin + 40 wt% 55.4 173.6 48.1 171.9 7.3 0.037 Low 60
cellulose nanofibrils (CNFs)

80 wt% paraffin + 20 wt% 49.0 148.5 54.7 150.4 5.7 0.077 Low 61
cellulose foam

89.2 wt% PEG 6000 + 5.5 wt% 63.0 156.1 44.3 148.9 18.7 1.60 Low 20
cellulose aerogel + 5.3 wt% graphene

nanoplatelets (GNPs)

96.97 wt% PEG 6000 + 1.52 wt% 61.1 182.6 37.0 177.7 24.1 1.03 Low 62
microcrystalline cellulose (MCC)

aerogel + 1.51 wt% graphene

nanoplatelets (GNPs)

50 wt% PEG 6000 + 25 wt% 64.9 183.2 35.0 165.9 29.9 0.44 Low 63
cellulose nanocrystalline (CNC) +

25 wt% reduced graphene oxide (rGO)

80.1 wt% PEG 4000 + 19.9 wt% 53.4 148.9 36.6 128.5 16.8 3.74 Low 64
expanded graphite aerogel (EGA)

95.3 wt% PEG 2000 + 2.87 wt% Fe;O4 + 56.7 172.6 28.8 163.7 27.9 0.41 Low 65
1.83 wt% cellulose hydrogel

64.21 wt% PEG 2000 + 0.75 wt% CF + 51.28 163.32 27.45 135.92 23.83 0.027 Low Present
1.79 wt% cell-4 work

“ These values refer to the peak temperatures. ” Leakage range: <5% = low, 5% < 10% = medium, >10% = high.

trend of effective thermal conductivity (k.) is almost similar to
that of thermal diffusivity () and reaches to 0.027 Wm ™" °C ™%,
when the entire PEG 2000 PCM had melted.”® The effective
thermal conductivity (k.g) value was as lowas 3.1 x 10"*Wm ™
°C™', when the system was two-phase as a consequence of the
presence of a molten phase as well as a solid phase which is still
reaching the melting temperature of PEG 2000 PCM. A slight
increase in effective thermal conductivity (ke) value could be
observed upon becoming single-phased, that is where all the
PEG 2000 PCM in (cell-4/CF/PEG) phase change composite
(PCC) has completely solidified.>

© 2025 The Author(s). Published by the Royal Society of Chemistry

Table 12 compares the thermal properties of the SS-PCM in
this study with those reported in other works. SS-PCMs with PW
as the PCM generally exhibit lower supercooling temperatures
(Tsc),*** whereas those with PEG (varying molecular weights)
tend to have Tsc values above 17 °C, reaching nearly 30 °C in
some studies.’®**®*% The thermal conductivity (k) of the SS-
PCM in this study is quite lower than findings of ref. 20, 62
and 64 in the range of ~1-4 W m~ ' °C™", lower than studies in
ref. 63 and 65 with k being around 0.4 W m™* °C™*, and similar
to findings of ref. 60 and 61. This indicates its suitability for
both thermal insulation and energy storage applications.
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Fig. 18 FESEM micrographs of (cell-4/CF/PEG) in: (A) and (B) x250 magnification and 200 pm scale, (C) x500 magnification and 100 pm scale

and (D) x1000 magnification and 50 pum scale.
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Fig. 19 (A) Nitrogen adsorption—desorption isotherm curve and (B) pore size distribution curve of (cell-4).

Additionally, based on leakage images and rates from this and
other studies, all SS-PCMs maintain their shape stability with
minimal liquid leakage.

10068 | RSC Adv, 2025, 15, 10049-10073

4.6. Morphology characterization of (cell-4/CF/PEG) phase
change composite (PCC)

The FESEM images of (cell-4/CF/PEG) are presented in Fig. 18.
Macro pores related to the hydrogel structure (marked red

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 13 BET specific surface parameter and BJH structural data of (cell-4)

SBET Sger single point®  Cumulative Vijy; (ads.)  Cumulative Vg (des.)  Mesopores  Average BJH pore Average BJH pore
(m?>g¢g™  (m’g™ (em® g™ (em® g™ (%) diameter (ads.) (nm)  diameter (des.) (nm)
216.51 199.23 0.42 0.39 80.35 50.09 45.09

¢ Sger single point refers to BET specific surface at relative pressure (P/P,) equal to 0.29.

circles) were distinguished in Fig. 18(A) and (B). Also, in Fig. 18
((C) and (D)-marked arrows), CFs and PEG 2000 were observed
on a micrometer scale. According to these images, it can be
concluded that the structure of (cell-4/CF/PEG) is well oriented
with a uniform distribution of PEG 2000 PCM all over the
microstructure of the sample. Since the results of the thermal
performance analysis were acceptable, this validated the find-
ings of earlier tests and is in line with the research expectations.

Additionally, BET analysis was done in parallel with FESEM
of (cell-4/CF/PEG) PCC to confirm the porous nanostructure of
the selected (cell-4) hydrogel. Fig. 19(A) shows the nitrogen
adsorption-desorption isotherms for the (cell-4) hydrogel.
According to IUPAC classification, the isotherms for this sample
correspond to type IV, with a type H1 hysteresis loop. The
desorption curve is nearly parallel to the adsorption curve,
indicating adsorption in materials with mesopores. The initial
part of the isotherm at a relative pressure (P/P,) below 0.05
corresponds to monolayer adsorption without restrictions,
while the increase in physisorption volume in this region
suggests the presence of micropores. Additionally, the nearly
linear section of the isotherm (P/P, > 0.05) is typically associated
with multilayer adsorption. The hysteresis loop, formed by the
desorption isotherm, is commonly used to determine the shape
of the porous structure, as it reflects capillary condensation in
mesoporous materials at high P/P,. This loop suggests the
presence of open, cylindrical pores.*

Morphological properties of the pores, including specific
surface area (Spgpr), cumulative volume (Vgy), mesopore
percentage, and pore diameter of (cell-4), are listed in Table 13.
Fig. 19(B) presents the pore size distribution of the (cell-4)
hydrogel, revealing a mesoporous network with pore diame-
ters ranging from 2 to 50 nm. This suggests that the hydrogel
exhibits a nanostructured morphology.***® Based on porosim-
etry data, the total pore volume and micropore volume are 0.56
em?® g~ and 0.11 cm® g%, respectively. The BET-specific surface

Table 14 Comparison of WP and commercial extracted cellulose

area of the (cell-4) hydrogel in this study is 216.51 m”* g~ *, which
is higher than the values reported by Hu et al.?* (80-125 m* g ")
and Seantier et al.*® (143-162 m” g~ ) but relatively close to that
reported by Kaya® (275 m* g™ ').

5. Current market and cost benefits

Today, paper is a widely used material to make newspapers,
books and magazines, Due to its wide use, the increase in
production results an increase in waste and involves waste
disposal problems. Cellulose can be obtained from commercial
suppliers or extracted from waste materials, with recycled paper
products like WP being one of the most economical and
sustainable sources. Additionally, the recyclability of used WP
presents a promising opportunity to replace the excessive and
costly use of new raw materials.®® Cellulose extracted from WP is
a sustainable option, but the process involves several steps and
considerations. WP, typically sourced from recycling centers or
municipal waste streams, must first undergo pre-treatment to
remove contaminants like inks, adhesives, and coatings. This
involves shredding, washing, and de-inking through mechan-
ical or chemical methods. Next, chemical treatments are used to
remove impurities such as lignin and hemicellulose. The
process could also require energy for mechanical pulping,
bleaching, and chemical treatment, as well as labor for
machinery operation, chemical management, and process
oversight. The extracted cellulose is then dried and processed
into a usable form for applications in industries like paper,
textiles, pharmaceuticals, and food.* The cost of commercial
cellulose varies significantly depending on its source (e.g,
wood, cotton) and grade (e.g., nano, micro, or standard cellu-
lose). It is typically sold in forms like MCC or cellulose powder,
with purity, particle size, and supplier influencing its avail-
ability. Unlike cellulose extracted from waste materials,
commercial cellulose is pre-purified and available in various

Factor WP cellulose Commercial cellulose
Cost (USD ($) per ton) Raw material 100-150 1500-3000¢
Chemicals & energy” 600-1000 N/A
Labor and equipment 100-300 N/A
Total estimated 800-1450 1500-3000

Purity
Environmental impact
Scalability

Moderate (requires further refining)
Low (recycling waste material)
Limited by waste availability

High (ready-to-use)
Higher (industrial production)
High (industrial supply chain)

“ The pricing is obtained from various websites including Alibaba’ and Sigma-Aldrich.”

© 2025 The Author(s). Published by the Royal Society of Chemistry
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grades, making it a convenient option for larger industries.
However, prices are subject to fluctuations due to global supply
and demand dynamics.”

The global newspaper publishing market is projected to
grow from USD 88.05 billion in 2024 to USD 146.85 billion by
2034, ata 5.2% compound annual growth rate (CAGR), while the
printing paper market, valued at USD 45.6 billion in 2024, is
expected to reach USD 98.7 billion by 2033, growing at a 5.9%
CAGR. Similarly, the pulp and paper industry, valued at USD
360 billion in 2024, is anticipated to expand to over USD 391
billion by 2032 at a 1% CAGR, reflecting steady growth across
these interconnected sectors. Meanwhile, the global waste
paper recycling market, valued at USD 45.60 billion in 2023, is
forecasted to grow at a 4.8% CAGR, reaching USD 63.32 billion
by 2030, driven by environmental awareness, government
regulations, and increasing demand for sustainable packaging.
The Asia-Pacific region dominates this market due to high
demand in countries like India and China, while Europe is ex-
pected to grow at a faster CAGR of 6.9%, supported by strong
recycling rates and raw material demand. Despite challenges
such as rising raw material costs, wood pulp reached USD 1200
per metric ton in 2022, and competition from digital and plastic
alternatives, advancements in recycling technologies and
growing demand for paper-based packaging present significant
growth opportunities.””* Detailed information about the costs
associated with extracting cellulose from WP and commercial
cellulose is presented in the Table 14.

6. Conclusion

In this study, the suitability of the designed cross-linked
network of cellulose-based hydrogel and the presence of CFs
for the shape stability of the PEG 2000 PCM was investigated.
The yield and purity of the cellulose extraction process from WP
via an alkaline-peroxide treatment was calculated as about 17%
and 78%, respectively. Chemical and microstructural studies
have shown that the cross-linked hydrogels possess macro and
meso pores for storing PEG 2000 PCM. By the incorporation of
conductive fillers of CFs into the porous structure of cellulose-
based hydrogel, geometrical stability was enhanced as no
shrinkage was observed. Controlling the concentration of the
cross-linking agent (CA), i.e., pH values equivalent to 4 and 5,
and CFs led to the adjustment of the swelling-leakage behavior
along with the latent heat of melting. Thus, a shape stable phase
change composite (PCC) was successfully fabricated through
impregnation of molten PEG 2000 PCM into a cellulose-based
hydrogel-CFs composite. Furthermore, the leakage rate of the
prepared (cell-4/CF/PEG) phase change composite (PCC)
including cellulose-based hydrogel, CFs and PEG 2000 PCM,
reached out to 4.25 wt% after five heating-cooling cycles.
Moreover, the (cell-4/CF/PEG) phase change composite (PCC)
was synthesized with an enthalpy efficiency of 90% and an 80%
increase of the effective thermal conductivity reaching 0.027 W
m~' °C™'. The thermal energy storage (TES) capacity of the
synthesized (cell-4/CF/PEG) phase change composite (PCC) was
measured to be about 25% from theoretical methods and
thermal energy absorption-emission models in successive
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heating/cooling cycles. Morphological studies confirmed the
orientation of CFs as well as uniform distribution of PEG 2000
PCM all over the microstructure of (cell-4/CF/PEG) phase
change composite (PCC), which could result in an acceptable
and high thermal performance. The contrast between thermal
conductivity, porosity, impregnation, and leakage is thought to
determine a PCC's thermal performance, as it is important for
optimizing to reach a higher efficiency of thermal energy
storage.
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