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Abstract
Flaxseed gum (FSG) comprises neutral and acidic polysaccharides. Research shows that flaxseed gums with high arabi-
noxylan concentration have shear thinning and weak gel-like properties, whereas those with high acidic monosaccharides 
have decreased rheology. FT-IR and DSC tests described a bio-PCM composite made from flaxseed gum and fatty acid 
anhydrides. The study examined how fatty acid type affects bio-synthesized composite materials made from flaxseeds and 
various fatty acids with and without octadecane as phase transition materials. In the final composite structure, the fatty acid 
backbone lengthened, increasing the host material’s latent heat. As phase transition material, 20% octadecane yielded best 
results. Polymer-based materials (PCM) are used to make bio-synthesized composite materials from flaxseeds and stearic 
acid. Latent heat of host materials increases with PCM content, optimum at 20% octadecane. The treated cotton cloth regu-
lates temperature better than the untreated. The study shows that PCM composite material treatment creates a homogenous 
thin coating on cotton fiber surfaces, improving thermal characteristics and heat retention.
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Introduction

Smart fabrics have received a lot of interest in recent years 
because of their potential to provide more functionality than 
conventional textiles. One of the most interesting advances 
in this sector is using phase change materials (PCMs) to give 
thermal regulation characteristics in textiles. PCMs absorb 
and release heat during phase changes, such as from solid 
to liquid and vice versa, allowing them to effectively regu-
late temperature. When incorporated into fabrics, PCMs can 
assist maintain thermal comfort [1–4].

Cotton is one of the most extensively utilized natural fib-
ers because of its breathable and comfortable properties [5, 
6]. However, it lacks adequate temperature regulation, espe-
cially in harsh environments. So, the integration of PCMs 

with cotton fabric offers a novel method to generating tex-
tiles with superior thermal regulating characteristics while 
maintaining cotton’s natural comfort and breathability [7, 8].

However, integrating PCMs into textiles poses chal-
lenges, notably the danger of material leakage during the 
liquid phase and the possible influence on the fabric’s 
mechanical properties [9, 10]. To tackle these difficulties, 
researchers have investigated embedding PCMs in different 
host materials that stabilize the PCM and prevent leakage 
[11]. Traditionally, synthetic polymers have been utilized 
as host materials, but their environmental effect and lack of 
biodegradability have sparked interest in employing natural, 
renewable, and biodegradable materials [12].

Several research have investigated the use of biopolymers 
including pectin, sodium alginate, and chitosan as hosting 
materials for PCMs in textiles, with excellent results in 
terms of thermal regulation and environmental sustainabil-
ity [13–16]. Flaxseeds, with their own unique composition 
and structure, present an attractive choice as a bio-hosting 
material for organic PCMs. Flaxseeds, originating from the 
flax plant (Linum usitatissimum), have long been also recog-
nized for their nutritional and environmental benefits [17]. 
They are a renewable resource, distinguished by their low 
environmental effect in processing [18].
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People have been very interested in organic phase change 
materials (PCMs) in the last few years because they could 
make cotton fabrics better at keeping heat in and putting 
out fires. Organic PCMs, like paraffin waxes or fatty acid 
derivatives, absorb and store heat when they melt and release 
it when they solidify. This lowers the peak heat release rate 
during combustion. This thermal buffering effect can make 
it take longer for a fire to start and slow the spread of the 
flames. Also, when these PCMs are properly microencapsu-
lated and applied to cotton by coating or impregnation, they 
can create a protective barrier that slows down the transfer 
of heat and oxygen to the fiber surface. Research indicates 
that the amalgamation of organic phase change materials 
(PCMs) with additional flame retardant substances, includ-
ing phosphorus- or nitrogen-based compounds, can signifi-
cantly improve fire resistance by facilitating char formation 
and diminishing flammable volatiles [19]. So, combining 
organic PCMs is a promising way to make cotton textiles 
both more comfortable to wear and better at stopping fires 
[14, 19, 20].

Flax is a primary source of the plant-based lignan precur-
sor secoisolariciresinol diglucoside (SDG), comprising 75 to 
800 times more than other diets [21]. Figure 1 illustrates the 
chemical structure of SDG. Lignans are phenolic compounds 
created by the combination of monomeric units derived from 
hydroxyl- and hydroxy-methoxy derivatives of cinnamic and 
benzoic acids [21]. Flaxseed has garnered interest mostly 
because to its high content of polyunsaturated fatty acids, 
including α-linolenic acid. Furthermore, it includes dietary 
fiber and lignan compounds, which may potentially miti-
gate the risk of cardiovascular disease in humans [22–24]. 
Flaxseed also contains proteins rich in arginine, lysine, and 
branched-chain amino acids [25–27]. Consequently, it may 
serve as value-added byproducts in many industrial fields.

This study seeks to investigate the usage of flaxseeds 
extraction as a bio-hosting material for organic PCMs (octa-
decane) to increase the thermoregulating capacities of cotton 
textiles without losing flexibility, durability, or sustainabil-
ity. Thermal characteristics, and durability of treated cotton 
textiles will be analyzed using different approaches such as 
differential scanning calorimetry (DSC) and scanning elec-
tron microscopy (SEM).

Experimental

Materials

100% Gabardine cotton fabric (Twill weave (3/1); 265 g 
m−2) was purchased from Al-Qasas Company, Egypt. Three 
different fatty acids, namely Stearic acid, palmitic acid, and 
myristic acid, were supplied from Alpha Chemika, India. 
Octadecane provided from Sigma-Aldrich Co. Reactive dye 
(Reactive blue 19) was purchased from DyStar Co., Egypt. 
Flaxseeds purchased from Harraz market, Egypt. Tween 
80, sodium chloride, and sodium hydroxide were provided 
from El Nasr Pharmaceutical Chemicals Co., Egypt. All the 
reagents and chemicals were used without any purification.

Methods

Extraction of flaxseeds gel

The naturally flaxseeds were washed and cleaned using 
water to remove dust and particulate matter, then dried 
over night at 30 ℃. 100 g of dried flaxseeds were boiled 
in 1000 mL of distilled water for 60 min, then the extract 
was filtered and concentrated using rotary evaporator, 
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Fig. 1   Chemical structure of the lignan macromolecule from flaxseed [secoisolariciresinol diglucoside (SDG; 2,3-bis[(4-hydroxy-3-methoxyphe-
nyl) methyl])-1,4-butane-diglucoside)]
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then stored at 277.15 K. There was no further purification 
applied to the filtrate.

Synthesis of fatty acid anhydrides

100 mmol of fatty acid was solubilized in 20 mL of dichlo-
romethane and agitated quickly in an ice-water bath under 
argon environment. 50 mmol of dicyclohexylcarbodiimide 
(DCC) was solubilized in dichloromethane. Subsequently, 
soluble DCC was included into the mixture and agitated 
at ice bath temperature for a further 2 h. The precipitate 
was isolated using filtration, followed by the evaporation 
of the solvent from the filtrate under vacuum to yield the 
anhydride. Chemical reaction is illustrated in Fig. 2. To 
optimize the best condition of synthesis, different fatty 
acids (stearic acid, myristic acid, and palmitic acid) were 
used.

Synthesis of flaxseeds gum (FSG)‑fatty acid esters

According to the modified procedure previously reported 
by Hassabo et al. [28], flaxseed/fatty acid ester was pre-
pared, briefly, 30 g flaxseeds gum, 2.5, 5, 7.5, and 10 g fatty 
acid anhydride and K2CO3 (0.1 eq.) (Fig. 2). The solution 
was kept under constant stirring for 60 min at 160 ℃. The 
mixture was left at room temperature to cool. The finished 

product was dialyzed in deionized water for one day, then 
lyophilized for two days.

Synthesis of PCM composite based on flaxseeds gel 
(FSG)‑fatty acid ester

PCMs composites were prepared according to previous work 
[28, 29] as follow: by mixing flaxseeds gel (FSG)-fatty acid 
ester with paraffin compound (n-octadecane; (C18)) in vary-
ing ratios (10, 20, and 30% (w/w) PCM material: polymer) 
at 263.15 K for 2 h, and then the PCM composite was used 
for further investigation and application.

Pretreatment of fabrics

Cotton fabric was immersed in a solution containing 10 g 
L−1 citric acid and 5 g L−1 sodium hypophosphite at 40 ℃ 
for 15 min, then squeezed at 80% wet pickup, and then dried 
in the oven at 100 ℃ for 3 min. (see Fig. 3).

Application of PCM composite to cotton fabric

The treatment solution was made up of various concentra-
tions (30, 50, and 100 g L−1) of PCM composites that were 
dispersed in water with Tween 80 (2 g L−1) as a surfactant. 
The solution was homogenized for 10 min at 20,000 rpm 
with a homogenizer. The cotton fabric was treated with PCM 
solution using the pad-dry-cure procedure; cotton fabric was 
immersed in the treatment bath at 343.15 K for 15 min. and 
squeezed with 100% wet pickup. The fabrics were then dried 
in an oven at 377.15 K for 5 min. After that the fabrics were 
cured at 423.15 K for 3 min. (see Fig. 3).

Dyeing cotton fabric with reactive dye

There were two procedures used for dyeing. (a) In the first 
approach, the fabric was pretreated with PCM composite and 
then dyed with reactive dye solution, whereas in the second 
way, the fabric was dyed with reactive dye solution and then 
treated with PCM composite (see Fig. 3).

The dyeing technique was carried out using (3%) reac-
tive dye, 10 g L−1 NaCl, and 5 g L−1 NaOH at 333.15 K 
for 30 min. The fabrics were then dried in an oven set at 
377.15 K for 3 min. and thermofixed at 413.15 K for 3 min. 
Finally, the fabrics are immersed for 15 min at 323.15 K in 
a soaping solution containing non-ionic detergent.
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Fig. 2   Scheme for modification flaxseeds gum with fatty acids
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Characterization

Fourier transform infrared (FT‑IR)

A JASCO FT-IR spectrometer (ATR) was utilized to record 
FT-IR spectra and evaluate the untreated and treated mate-
rial’s spectra. The tester measures infrared transmittance in 
films between 400 and 4000 cm−1.

Scanning electron microscopy (SEM)

Fabric surface morphology was studied using a scanning 
electron microscope HITASHI S-3000 S at a voltage of 
15 kV.

Differential scanning calorimetry (DSC)

DSC measurements were performed using the Netzsch DSC 
204. 7 mg massed samples were sealed in aluminum pans, 
and an empty aluminum pan was utilized as a reference. 
Throughout the procedure, the pans were heated, cooled, and 
heated. Temperatures varied from 0 to 343.15 K at a rate of 
287.15 K min−1. The melting temperature and the enthalpy 
(ΔH) of the peaks measured during the second heating.

Duration index (DI) and total resistance to dry heat transfer

Duration index (DI) (J cm−3 K−1) is a parameter that 
describes the material and the temperature at which it is 
intended to work. It measures how long a PCM will remain 
at a consistent temperature throughout the phase transition. 
[30]

where ΔH is the enthalpy of PCM change of state, � is the 
PCM density, and ΔT is the temperature difference between 
measured and the temperature of interest (ambient or body 
temperature).

The total resistance to dry heat transfer (R) is the insu-
lating value of clothing systems and is proportional to the 
textile material on which PCM is placed.

In this equation, A represents the material’s area, ΔT 
represents the temperature differential between its two 
sides (TF—TR), and H represents the heat flow. The unit 
of measurement for garment insulation derived from 
hygienic comfort research is “clo” (m2 °C W−1), in which 
1 clo = 0.155  m2 °C W−1 (A person wearing a standard 
business suit is represented by zero (0) clo, whereas a per-
son wearing nothing at all is represented by one (1) clo.) 
[31–33].

Thermal conductivity measurements

Thermal conductivity refers to a fabric’s ability to transfer 
heat. Thermal conductivity was determined in this study 
using the KES-F7 Thermo Lab standard. The thermal con-
ductivity of a fabric may be determined using the following 
formula: [34]

DI =
ΔH × �

ΔT

R =
ΔT × A

H

k = (W × D)∕(A × ΔT)
(

W m
−1

k
−1
)

Fig. 3   Scheme for treatment 
and dyeing of cotton fabric with 
PCM composite
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where A is the heat plate’s size (25 cm2), k is the thermal 
conductivity (W cm−1 °C−1), W is the heat flow (W), D is the 
average thickness of the samples, and ΔT is the temperature 
difference (heat plate temperature (307.15 K)—the cooling 
base temperature (297.15 K) = 287.15 K.

Qmax measurement (feeling hot or cold)

The Qmax index evaluates how warm or cool an area of skin 
feels when it contacts fabric. It is determined by the quantity 
of heat transferred from the skin to the garment.

Measurement of color strength

The CIE Lab parameters (a*, b*, L*, and ΔE) and the color 
of the textile materials were determined using a Data Color 
International 500 reflectance spectrophotometer. The color 
strength (K/S) was calculated using the Kubelka–Munk 
equation: [35–38]

where R refers to reflectance, K to absorption, and S to scat-
tering. coefficient.

Color fastness properties

The washing fastness characteristics of colored samples 
were evaluated using the standard ISO 105-C01:2006 test 
method [39]. Laundry was done in the Launder-O-Meter 
(Atlas Electric Co., USA) at 307.15 K using soap. The 
washed samples were graded using a visual gray scale.

The term “fatness to rubbing” refers to the amount of 
color transmitted by rubbing a colored textile material’s 
surface against another surface The AATCC crock meter 
is used to perform the test in accordance with AATCC 
Test Method 8-2016 [40]. Wet and dry rubbing fastness 
test were conducted.

The test specimens were assessed using a visual gray 
scale, and the rubbing fastness rating was assigned a five-
point scale [41]. Acidic and alkaline perspiration were 
measured using the AATCC 15-2013 and ISO 105-EO4 
(2013) test methods [42, 43].

The color fastness to light measurements was made 
using the AATCC Test Method 16-2014 [44].

Mechanical properties

Tensile strength and elongation at break were measured 
using a tensile strength apparatus type FMCW 500 (Veb 

K∕S =
(1 − R)2

2R
−

(1 − R
�
)2

2R
�

Thuringer Industriewerk Rauenstein 11/2612 Germany) at 
298.15 K and 65% relative humidity, according to ASTM 
test method D5035-2011 [45]. The AATCC test method 
66-2014 was used to determine the dry crease recovery 
angle (CRA) [46]. The roughness of the fabric was meas-
ured using ASTM test method D 7127-13 using the sur-
face roughness measuring equipment SE 1700 [47]. The 
cantilever equipment was used to perform stiffness tests 
according to ASTM test method D 1388-14e1 [48]. The 
sample’s air permeability was determined in accordance 
with ASTM standard D 737-2018 [49]. The water vapor 
permeability of fabric samples was evaluated using Per-
metest at the National Institute for Standards in accordance 
with ISO 11092 and ATSM (E96/E96M-16) [50, 51].

Results and discussion

Optimization and characterization of synthesized 
bio‑PCM

The hosting materials were synthesized through the reaction 
of flaxseeds gum (FSG) with fatty acid anhydrides (stearic, 
palmitic, and myristic anhydrides) and characterized via 
FT-IR and DSC analyses.

FT‑IR analysis

FSG-fatty acids were characterized using FT-IR, IR spectra 
for FSG; fatty acids, fatty acid anhydride, and FSG-fatty acid 
are illustrated in Fig. 4. The FT-IR spectra of the FSG exhib-
ited six distinctive bands accompanied by several peaks. The 
absorption peak at 3277 cm−1 was broad and can be ascribed 
to the stretching vibration of non-free hydroxyl (OH) groups 
forming hydrogen bonds with one another [52, 53]. The 
asymmetric stretching vibration of the carbonyl (C=O) 
group at 1601 cm−1 indicates the existence of uronic acid or 
bound water in FSG. The features observed around 1416 and 
1601 cm−1 can be ascribed to the symmetric and asymmet-
ric vibrations of the carboxylate (COO) group, respectively 
[54]. Additionally, the region between 800 and 1200 cm−1 is 
recognized as the carbohydrate fingerprint area, which may 
indicate variations in the gum structure [55]. The extensive 
range between 1000 and 1200 cm−1 corresponds to a charac-
teristic polysaccharide peak, whereas the peak at 1146 cm.−1 
can be ascribed to the existence of glycosidic linkages, spe-
cifically C–O C–C and C–OH (Fig. 5) [56].

Figure 4 confirms the chemical modification of FSG 
with acid anhydride. For FSG-fatty acid IR band is rep-
rehensive the chemical modification as follow: FSG-stea-
rate: 3431 cm−1 for O–H, 2926 and 2852 cm−1 for C–H, 
1722 cm−1 for C=O (methyl ester), 1701 cm−1 for C=O 
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Fig. 4   FT-IR spectra of host-
ing materials with/without 
octadecane
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(fatty acid ester), 1628 and 1433 cm−1 for COO − , 1199 and 
1118 cm−1 for C–O; FSG-palmitate: 3433 cm−1 for O–H, 
2911 and 2844 cm−1 for C–H, 1741 cm−1 for C=O (methyl 
ester), 1699  cm−1 for C=O (fatty acid ester), 1617 and 
1431 cm−1 for COO − , 1201 and 1137 cm−1 for C–O; and 
FSG-myristate: 3431 cm−1 for O–H, 2922 and 2851 cm−1 
for C–H, 1757 cm−1 for C=O (methyl ester), 1690 cm−1 for 
C=O (fatty acid ester), 1624 and 1401 cm−1 for COO − , 
1200 and 1136 cm−1 for C–O.

Effect of fatty acid type

The molecules of flaxseed gum readily formed a three-
dimensional network, resulting in a denser structure and 
increased gel strength. Consequently, increased energy 
was required to disrupt the ordered network, leading to a 
higher melting temperature. The exotherm had a peak tem-
perature between 98 and 427.15 K which represent the 
removal of water from the FSG, whereas a melting peak 
temperature was between 493.15 and 523.15 K. The ΔH was 
133.65 ± 13.79 (J g−1).

The DSC results for bio-synthesized composite materials 
made from flaxseeds and various fatty acid (myristic acid, 
palmitic acid and stearic acid) in presence and absence of 
octadecane as PCM materials are shown in Table 1 and 
Fig. 6. Table 1 clearly illustrates that the latent heat of the 
hosting materials rises as the fatty acid backbone increases 
in the finished composite form. The greatest results were 
obtained with stearic acid since it has the most carbon atoms 
in its backbone, resulting in a high melting point and heat 
storage capabilities. So, the DSC values of the FSG-fatty 
acids with octadecane indicate that the optimal composite, 
exhibiting the highest latent heat, corresponds to the fatty 
acid with the greatest molecular mass (stearic acid > palmitic 
acid > myristic acid).

Effect of fatty acid concentration

The influence of stearic acid concentration was examined 
to determine if the combination of stearic acid with flax-
seed gum could achieve a eutectic state, considering stearic 
acid (melting temperature: 344.36 K, ΔH: 288.39 J g−1) and 
octadecane (melting temperature: 344.36 K, ΔH: 288.39 J 
g−1). 2.5, 5, 7.5, and 10 g of stearic acid were added to 30 g 
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Fig. 5   DSC measurement for flaxseeds gum

Table 1   DSC data for hosting materials with/without octadecane 
from 2nd heating

Hosting material: 5 g fatty acid acid + 30 mL flaxseed. PCM material: 
10% octadecane
To: Onset Temperature, Tp: Keeping Temperature, ΔH: Enthalpy

Hosting materials 2nd heating

To/K Tp/K ΔH/J 
g−1

FSG – 408.85 410.25 132.12
Stearic acid [29] – 332.62 344.36 288.39
Palmitic acid [29] – 346.75 349.95 184.93
Myristic acid [29] – 343.35 346.75 143.21
Octadecane [29] – 302.45 306.55 241.44
FSG -stearic Without Octadecane 305.35 311.82 210.26

With Octadecane 305.55 310.36 220.65
FSG-palmitic Without Octadecane 305.25 310.75 158.52

With Octadecane 304.45 309.31 186.16
FSG-myristic Without Octadecane 306.12 312.07 137.67

With Octadecane 304.55 312.45 172.26
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Fig. 6   DSC curves of covered cotton fabrics with pectin-fatty acid 
with/without octadecane from 2nd heating
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of flaxseeds. Table 2 and Fig. 7 illustrate the DSC values for 
PCMs following a second heating. The initial results from 
the second heating cycle reveal that PCM-polymer compos-
ites derived from flaxseeds and stearic acid, utilizing octa-
decane, exhibit an increase in enthalpy with a higher con-
centration of stearic acid in the host materials. Furthermore, 
heat storage enhances when the concentration of stearic acid 
rises to 10 g; therefore, sufficient heat storage is attained 
without increasing the concentration of stearic acid in the 
host materials beyond this point.

Effect of octadecane concentration

The DSC results for bio-synthesized composite materials 
prepared from flaxseeds and stearic acid in the presence 

Table 2   DSC data for hosting 
materials using various 
concentration of stearic acid 
with/without PCM material 
from 2nd heating

Hosting material: 2.5, 5, 7.5 and 10 g stearic acid + 30 mL flaxseed. PCM material: 10% octadecane

PCM material 2nd heating

To/K Tp/K Tend/K ΔH/J 
g−1

Octadecane only 302.45 306.55 316.38 241.44
Flaxseed 408.85 410.25 419.4 132.12
Stearic acid 332.62 344.36 357.68 288.39
stearic acid conc 308.36 Without 308.36 309.7 321.68 173.25

307.5 Octadecane 307.5 313.27 318.97 188.34
306.31 Without 306.31 311.82 316.72 210.26
304.95 Octadecane 304.95 309.6 315.2 220.65
305.5 Without 305.5 309.95 320.83 215.12
303.27 Octadecane 303.27 311.47 321.594 238.99
307.4 Without 307.4 313.03 316.03 237.75

Octadecane 304.41 312.58 317.25 251.04
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Fig. 7   DSC chart for various concentrations of stearic acid with FSG 
with and without octadecane from 2nd heating

Table 3   DSC data for hosting materials using different concentration 
of PCM materials from 2nd heating

Hosting material: 10 g stearic acid + 30 mL flaxseeds. PCM material: 
10, 20 and 30% octadecane

PCM material 2nd heating

To/K Tp/K Tend/K ΔH/J 
g−1

Octadecane only 302.45 306.55 316.38 241.44
Flaxseeds 408.85 410.25 419.4 132.12
St. only 332.62 344.36 357.68 288.39
Without PCM 307.4 313.03 316.03 237.75
10% Octadecane 304.41 312.58 317.25 251.04
20% Octadecane 300.54 306.47 316.48 259.96
30% Octadecane 300.54 307.5 316.49 269.96
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Fig. 8   DSC chart for hosting materials using stearic acid with octade-
cane concentration from 2nd heating
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and absence of octadecane as PCM materials with various 
concentrations (10, 20, and 30%) are shown in Table 3 and 
Fig. 8. Table 3 clearly illustrates that the latent heat of the 
hosting materials increases as the concentration of PCM 
material increases in the finished composite form. Table 3 
shows that DSC curve for hosting materials utilizing stearic 
acid at different concentrations of PCM (octadecane) from 
the second heating, and it was found that using 30% of octa-
decane gives the best result.

Characterization of treated fabric

Differential scanning calorimetric

Table 4 presents the results of the DSC analysis performed 
on cotton fabric that has been treated with flaxseeds, stearic 
acid, and octadecane. It has been discovered that the treated 
cotton fabric with this composite imparts a thermoregulating 
capability in comparison with the fabric that has not been 
treated (Blank). The amount of latent heat that is produced 
by coated cotton fabric with 100 g L−1 flaxseeds, stearic 
acid, and octadecane is more than that produced by coated 
cotton fabric with other concentrations (30–50 g L−1) and 
by uncoated fabric.

Furthermore, total resistance to dry heat transfer was 
computed and confirmed that cotton fabric treated with 
FSG–stearic acid–octadecane composites makes the fabric 
more comfortable than those untreated. This was the conclu-
sion reached after the calculations were undertaken.

At long last, it is possible to draw the conclusion that 
PCM composites may be used to cover cotton fabric, and 
that the covered fabric delivers superior results than the 
uncoated cotton fabric (Fig. 9).

Table 4   DSC, duration index, and total resistance results of covered cotton fabric with PCM composite material (flaxseeds/Stearic with Octade-
cane composite)

Hosting material: 10 g stearic acid + 30 mL flaxseeds. PCM material: 30% octadecane
Duration index: based on ΔT from melt point to body temperature (310.15 K) and average density of 0.8 g cm−3

Sample description Thickness/cm To/K Tp /K ΔH /J g−1 DI * /J cm−3 
K−1

R/clo Qmax/W 
cm−2

Thermal conductivity 
/W m−1 K−1

Blank 0.05 307.85 311.54 0.88 0.31 0.025 0.096 0.033
PCM composite 30 gm L−1 0.053 304.35 309.67 115.38 16.05 0.035 0.097 0.024

50 gm L−1 0.054 308.75 311.8 131.55 76.82 0.020 0.098 0.044
100 gm 

L−1
0.045 309.35 312.83 133.84 142.76 0.022 0.100 0.033
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Fig. 9   DSC chart for hosting materials using stearic acid with PCM 
(octadecane) concentration from 2nd heating

Table 5   DSC, duration index, and total resistance results of treated fabric using PCM before and after dyeing

T: Treated, TD: Treated then dyed, ΔT: Dyed then treated

Sample description Thickness/cm To/K Tp/K ΔH/J g−1 DI * /J cm−3 
K−1

R/clo Qmax/W cm−2 Thermal 
conductivity 
W m−1 K−1

Blank 0.05 307.89 311.54 0.88 0.31 0.025 0.096 0.033
Dyed 0.058 307.27 309.34 18.55 5.15 0.014 0.097 0.068
PCM (100 g L−1) T 0.041 300.43 309.4 133.8408 11.02 0.059 0.098 0.011

TD 0.053 300.44 317.4 115.2908 9.50 0.088 0.125 0.010
DT 0.053 300.44 317.51 130.3908 14.28 0.066 0.168 0.013
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Dyeing performance

Cotton fabrics treated with flaxseeds/stearic acid/octadecane 
were dyed and tested for thermal storage and thermal con-
ductivity. Furthermore, cotton fabric was dyed, then treated 
with flaxseeds/stearic acid/octadecane, and tested for ther-
mal storage performance and thermal conductivity.

Table 5 and Fig. 10 show the thermal storage properties 
and thermal conductivity of treated fabric (T), treated then 
dyed fabric (TD), and dyed then treated fabric (ΔT). The 
data in Table 5 clearly show that dyed then treated fabric 
with flaxseeds/stearic acid/octadecane provides greater 
thermal storage than treated then dyed fabric. It is possible 
that after dyeing the functional groups on the surface of 
cotton fabric did not react completely with dye molecules, 

and upon treatment, PCM composite material formed a 
thin film on the surface of dyed cotton fabric, allowing 
the PCM materials to react and produce thermoregulated 
fabrics during curing stage. From another point of view, 
dyeing treated fabric allows the dye molecules to react 
with free functional groups on the surface of cotton fabric. 
It is also possible that the treated then dyed fabric did not 
give good results because the dyeing process proceeded at 
333.15 K that convert the PCM from solid to liquid phase 
and causing them to fall out from the surface, resulting in 
decreased thermoregulated performance.

Table 6 shows that dyeing the treated fabric results in 
higher color strength properties than dyed then treated 
cotton fabric, which could be attributed to the formation 
of a thin film from the pretreatment, which activates the 
surface with functional groups and allows the fabrics to 
absorb more dye molecules, while dyed then treated fab-
rics produces approximately same color strength to the 
blank dyed cotton

 and also demonstrates the fastness properties of treated 
then dyed fabrics and dyed then treated fabrics. All fabrics 
exhibit extremely good to excellent fastness characteristics. 
The light fastness characteristics of all treated textiles were 
good, showing that the PCMs composite is suitable for dyed 
thermoregulated fabrics due to chemical linkages between 
the dyed fabrics and the PCMs composite.

Durability measurement

Table 7 and Fig. 11 show the DSC chart for dyed then treated 
fabric using PCM-based composite (flaxseeds/stearic acid/
octadecane) after different washing cycles (5 and 10) wash-
ing cycles. It is obvious that the general properties of dyed 
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Fig. 10   DSC chart for treated fabric using PCM before and after dye-
ing

Table 6   Color strength (K/S) 
and fastness properties of 
different treated dyed fabrics

Sample description K/S Fastness properties

Washing Rubbing Perspiration Light

Acidic Alkaline

Alt St Dry wet Alt St Alt St

Dyed blank 7.63 4 4 4 3–4 4 3–4 4 4 5
PCM(100 g L−1) TD 8.41 4 4 4 4 4 4 4 4 5

DT 7.41 4 4 4 4 4 4–5 4–5 4 5

Table 7   K/S, DSC, Duration 
index, and Total Resistance 
results of treated dyed cotton 
fabric after different washing 
cycle

WC: washing cycle

Sample description K/S To/K Tp/K ΔH/J g−1 Percentage 
loss of ΔH/%

DI * /J cm−3 
K−1

PCM (100 g L−1) DT 7.41 300.44 317.51 130.39 – 14.28
5 WC 6.92 300.1671 317.42 128.77 12.4 14.3
10 WC 6.75 300.11252 317.38 121.68 6.68 13.46
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treated cloth (thermal insulation) reduced slightly after 5 
washing cycles, and this loss grew when the washing cycle 
increased to 10. Although the fabric’s properties decrease 
with each washing cycle, the fabric has the capacity to store 
heat and it outperforms the blank fabric without treating. 

3.2.4. Morphological properties

The morphological behavior of cotton textiles was inves-
tigated after being treated with PCM composite material 
(see Figure 12). It is obvious that treatment with composite 
results in the existence of a homogenous thin coating on the 
cotton fiber surface. This thin coating causes uniformity in 
the filling of the gabs in the surface of cotton fiber, which is 
responsible for the increase of thermal characteristics and 
heat storage.

Evaluation of comfortability

Textiles are a material that is widely utilized in everyday 
life. On the other hand, surface treatment or multilayer 
approaches are required for direct outdoor use of textiles, 
especially natural ones such as cotton, in order to preserve 
them [57, 58].

Figure 13 illustrates water vapor permeability of treated 
and untreated fabrics, and the data sources demonstrate that 
evaluated values decreased after treatment but remained 
within acceptable limits.

According to the sources of the data, the air perme-
ability of the treated and colored textiles rose somewhat 
after treatment (Fig. 13). The fact that the treatment and 
dyeing methods did not have any impact on the degree of 
comfort provided by the cloth is obvious.

It was proved that the mean values after treatment 
recorded the greatest values compared to the values 
recorded before treatment, as shown in Fig. 13, which is 
based on the mean value of the samples. As a means of 
conducting analyses on samples prior to treatment, based 
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on the results, it was determined that there was a consid-
erable difference between the treated dyed cotton textiles 
and the dyed treated cotton fabrics that were made using 
the manufactured PCM composites.

Mechanical and physical properties

For cotton textiles before and after treatment, tensile 
strength, elongation at a break, air permeability, rough-
ness, and crease recovery angle have been observed 
and the data are listed in Table 8. From Table 8, it was 
clear that the crease recovery angle (CRA) increases 
dramatically as the roughness of the surface, air perme-
ability, tensile strength, and elongation at break slightly 
decreased after treatment with three prepared PCM com-
posites. This reveals that the host material containing the 
prepared PCM materials in core was deeply absorbed into 
the microstructure of the textiles, leaving a thin coating 
layer on the surface of the fabric that caused the changes 
that were seen.

Further investigation was going for investigation the 
crease recovery angle for treated fabrics in both warp 

and weft direction. The results provide that the crease 
recovery angle of all treated fabrics has increased val-
ues compared with the untreated. These results confirm 
that the biopolymer materials play an important role in 
enhancing the mechanical or physical properties. The 
substantial rise in the crease recovery angle was probably 
caused by the covalent chemical connection, which also 
resulted in the formation of an intense network with a 
high degree of cross-linking using citric acid and sodium 
hypo phosphite.

Conclusions

Flaxseed gum (FSG) is a type of gum with two differ-
ent polysaccharide fractions: a neutral fraction and an 
acidic fraction. Studies have shown that flaxseed gums 
with higher levels of arabinoxylans exhibit pronounced 
shear thinning and weak gel-like characteristics, while 
those with higher concentrations of acidic monosaccha-
rides display diminished rheological properties. A bio-
PCM composite was synthesized by reacting flaxseed 
gum with fatty acid anhydrides and characterized via 
FT-IR and DSC analyses. The study examined the effect 
of fatty acid type on the performance of bio-synthesized 
composite materials made from flaxseeds and various 
fatty acids in the presence and absence of octadecane as 
PCM materials. The results showed that the latent heat 
of the hosting materials rises as the fatty acid backbone 
increases in the finished composite form. The best results 
were observed when using 20% of octadecane as PCM 
materials.

The study focuses on the use of polymer-based mate-
rials (PCM) in the production of bio-synthesized com-
posite materials made from flaxseeds and stearic acid. 
The latent heat of the hosting materials increases with 
the concentration of PCM material, with the best results 
observed when using 20% of octadecane. The treated 
cotton fabric imparts a thermoregulating capability 
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Table 8   Mechanical and physical properties of treated and untreated fabrics

T: Treated, TD: Treated then dyed, DT: Dyed then treated

Sample description Air permeability/
cm3 cm−2 s−1

Water 
permeability/g 
cm−2 s−1

Tensile strength/N Elongation at a 
break/%

Roughness/µm CRA​

Blank 19.197 0.779 155.50 51.0 17. 45 114
Dyed 17.819 0.725 154.68 49.1 17.20 121.8
PCM (100 g L−1) T 20.06 0.4 152.95 44.79 17.31 242.21

DT 21.73 0.43 152.41 40.47 17.24 227.56
TD 18.46 0.37 153.71 50.46 17.48 276.4
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compared to the untreated fabric. The study also investi-
gates the morphological behavior of cotton textiles after 
being treated with PCM composite material, showing 
that treatment results in a homogenous thin coating on 
the cotton fiber surface, increasing thermal characteris-
tics and heat storage.
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