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Abstract

Cuprammonium fabric is a regenerated cellulose fiber known for its silk-like luster appearance. However, due to its cellulose-
based composition, the fabric is inherently flammable, limiting its application in many other areas. Therefore, the objective of
this study was to evaluate two water-based finishes to improve fire performance: (i) APA, generated in situ from phytic acid
and urea (ammonium phytate), and (ii) PAB, obtained by reacting boric acid with phytic acid and subsequently with urea.
Compared to untreated fabric, APA- and PAB-treated samples exhibited self-extinguishing behavior and formed char layers
during vertical flame tests, with char lengths of 35 mm and 33 mm, respectively, at a concentration of 400 g/L. Furthermore,
thermogravimetric analysis in nitrogen showed an increase in char yield at 700 °C, from 0.23% (untreated) to 39.54% (APA)
and 40.63% (PAB), indicating condensed-phase action (acid-catalyzed dehydration/char formation). Although the results
demonstrated that the PAB-treated samples had no washing resistance, they exhibited better tear resistance and whiteness
index compared to the APA-treated samples. Overall, the results show that both phosphate and nitrogen systems (with and
without boron) significantly enhance the fire resistance of cuprammonium fabric by promoting protective char, while also
revealing trade-offs in durability and appearance that require further improvement.
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1 Introduction

Textiles have been an integral part of human civilization,
from simple clothing and shelter that protect us from harsh
environmental conditions to the development of smart tex-
tiles capable of real-time monitoring of several types of
health conditions, they have continuously evolved along-
side humanity [1]. Textiles are utilized in various industries,
including automotive, construction, aerospace, healthcare,
and fashion, due to their versatility, durability, and ability
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to be tailored into diverse forms [2—4]. In 2024, the global
market share of textiles was $ 2010.76 billion, a 10.04%
increase from 2023 ($ 1837.27 billion), and it is expected
to grow by 6.9% annually over the next eight years [5, 6].
However, the high demand for textiles also raises concerns
about their environmental impact, especially with the rise of
fast fashion, which primarily uses non-degradable synthetic
fibers in its products [7]. Therefore, in the last years, sustain-
ability has become a significant factor in textile production,
driving research into biodegradable and recycled materials
to reduce environmental impact while meeting the growing
demand for innovative, high-performance textiles [8, 9].
Recently, regenerated cellulose has gained significant
attention as an alternative method for producing natural fib-
ers with properties comparable to those of synthetic fibers
[10]. Its primary component is cellulose, the most abundant
natural polymer on the planet, and by adjusting the regenera-
tion parameters, the final product can take various shapes,
such as powder, fibers, films, hydrogels, and spheres [11,
12]. Currently, there are two processes for producing regen-
erated cellulose: the derivatizing process and the direct dis-
solution (non-derivatizing) process. The primary difference
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between the two methods is that in the first process, cellulose
is chemically modified before dissolution. In contrast, the
second method involves directly dissolving the material in
a solvent without any modification to regenerate fibers [13].
Even though both methods are similar, direct dissolution has
shown some advantages over the derivatizing process, as it
requires less energy and consumes fewer chemicals, and the
solvents used can be reused and recycled [10].

Two widely known regenerated cellulose fibers manufac-
tured through direct dissolution are Lyocell and cuprammo-
nium fabric [14]. The first, Lyocell, is obtained by dissolving
cellulose in N-methylmorpholine-N-oxide (NMMO). The
dissolution-spinning cycle is completed within 3 to 4 h, and
the resulting filaments combine high tenacity with excel-
lent drape, enabling applications that range from apparel
to conveyor belts, nonwovens and industrial filter media
[15]. The second, cuprammonium fabric (also known as
cuprammonium fibers and cupro fibers), is produced by
dissolving cellulose in cuprammonium hydroxide. The pro-
cess involves the use of several hazardous chemicals, like
copper salts, sodium hydroxide, sulfuric acid, and ammo-
nia, limiting its adoption worldwide [14]. Nevertheless, the
Asahi Kasei Corporation in Japan claims that not only can
it recover 99.9% of the copper used during the process, but
its closed system also minimizes environmental impact by
significantly reducing the release of harmful chemicals and
wastewater into the environment [7, 16].

Compared to other regenerated fibers, cuprammonium
fabric exhibits higher tensile strength, lower tensile elonga-
tion, good moisture absorption, and excellent chemical sta-
bility against alkalis and reducing agents [17, 18]. Its prop-
erties have been explored by several authors, for instance,
Zhang et al. (2022), who coated cuprammonium fibers with
graphene to enhance their conductivity properties. The
treated fibers showed a significant increase in electrical con-
ductivity, transforming from insulators to conductors [19].
Using the dipping—drying method, Cui et al. (2015) com-
bined silver nanowires with cuprammonium fibers to create
electrically conductive fabrics. According to the authors, the
modified fibers exhibited excellent flexibility and conductiv-
ity, with the latter remaining stable even when the fabrics
were subjected to stretching, shrinking, or bending. Further-
more, they observed that the fabric’s electrical resistance
increased accordingly with the strain percentage (%), where
at 0%, strain the resistance was 0.0047 Q, while at 190%, it
was 0.0091 Q [20]. D. Igbal et al. (2025), on the other hand,
used a functionalized cuprammonium fabric (comprising
polyacrylonitrile and polyethene oxide) to remove dyes from
water. The functionalized fabric achieved a 94%, 89.9%, and
87.4% efficiency for removing Congo red, metanil yellow,
and methyl orange, respectively [21].

However, cuprammonium fabric has poor flame-retardant
properties, which can limit its application in many areas. To
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address this drawback, a common approach is the function-
alization of cellulose using flame retardants (FRs). These
materials can change the combustion process by promoting
char formation, reducing heat release, and slowing down
flame propagation [22]. In recent years, significant progress
has been made in developing halogen-free, eco-friendly, and
bio-based flame-retardant systems for cellulose fibers [22].

Recent research has investigated bio-derived macromol-
ecules as environmentally friendly and safe alternatives to
traditional flame retardants. DNA, proteins, starches, and
plant-based extracts (e.g., banana pseudostem sap and coco-
nut shell) have all demonstrated the ability to improve the
fire resistance of cellulose-rich substrates by promoting intu-
mescence and char formation [23, 24]. The current focus is
particularly on phytic acid (PA), a phosphorus-rich storage
molecule found widely in seeds and grains that contains
approximately 28 wt% phosphorus [25]. Due to its biocom-
patibility and high phosphorus content, PA has effectively
enhanced the flame resistance of polyaniline-coated paper,
poly(lactic acid) nonwoven fabrics, and ethylene—vinyl ace-
tate copolymers through ion complexation or pad—dry—cure
methods [23, 26, 27].

Another interesting type of flame retardant is boron-
based, due to its non-toxicity, tastelessness, and colorless-
ness [28, 29]. Boron compounds, such as boric acid and
borax, promote the formation of a protective glassy char
layer during combustion, which acts as a barrier to isolate
heat and oxygen, thereby slowing down the burning process
[29]. Moreover, its acidity can also promote the formation
of coke [30]. As a result, it has been used to impart flame-
retardant properties to cellulose textiles for over two hun-
dred years [31]. Unfortunately, boron-based FRs are easily
hydrolyzed, which causes them to lose their flame resistance
properties after a few laundering cycles [32, 33].

Nevertheless, some researchers have tried to improve
boron-based FR efficiency and washing resistance by com-
bining it with nitrogen and phosphorus FRs. For instance,
Zhu W. et al. (2020) used boric acid, phytic acid, urea, pen-
taerythritol, and toluene to create a B/P/N flame-retardant
formulation that significantly enhanced flame resistance and
washing durability. According to their results, the PBN_30
samples (cotton fabrics treated with a 30 g/L. FR solution)
exhibited self-extinguishing behavior, with an average
burned length of approximately 40 mm and a limiting oxy-
gen index (LOI) above 45%. Moreover, the fabrics retained
their FR behavior even after 50 washing cycles, where the
burned length was 63 mm and the LOI value was 39%, only
a57.5% and 13.3% performance reduction, respectively [33].
Shi Y. et al. (2023), synthesized an eco-friendly flame retard-
ant through the esterification of phosphorylated meglumine
and boric acid, followed by its ammonification using urea.
The authors evaluated different concentrations when treat-
ing the samples, where they varied from 50 g/L to 450 g/L.
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(increasing by a 100 g/L step). The burned length of the
50 g/L sample was approximately 81 mm, while the 450 g/L.
sample was 72.4 mm, resulting in a 10.6% difference. In the
case of LOI, the 450 g/L samples showed a value of around
42%, which decreased to 30.5% after 30 washing cycles.
According to the authors, this reduction may occur because
the flame retardant did not properly cross-link onto the cot-
ton fabric during the curing step, resulting in part of it being
washed off after each washing cycle [29].

Although several phosphorus—nitrogen (P/N) and phos-
phorus—nitrogen—-boron (P/N/B) flame-retardant (FR)
systems (often based on ammonium phytate or related
phosphate salts) have been reported for cellulosic based
fabrics, their transferability to cuprammonium rayon is not
self-evident, as finishing performance is strongly substrate-
dependent. Variables such as fabric morphology (continuous
fine filaments vs staple), aqueous solution uptake, and the
number of hydroxyl groups available can lead to different
add-on, deposition distribution, and, ultimately, different
fire behavior after curing. Therefore, studying the FR effect
on cuprammonium fabric directly is essential for obtain-
ing accurate and dependable results. This work investigates
the role of boron in the flame-retardant functionalization
of cuprammonium fabric by testing whether its addition
to a phytic acid/urea/dicyandiamide P/N system enhances
thermal stability and flame resistance. To achieve this,
a one-pot aqueous B/P/N formulation consisting of boric
acid, phytic acid, urea, and dicyandiamide was prepared and
compared against a boron-free analogue made under identi-
cal conditions. The properties of the functionalized fabrics
were investigated using several characterization techniques,
including FTIR, Raman, SEM, TGA, vertical combustion,
and tear resistance. To the best of our knowledge, this is the
first controlled comparison of boron-containing and boron-
free systems on cuprammonium fabric. By making these
such modifications, this study aims to expand the applica-
bility of cuprammonium textiles in technical and protective
applications.

2 Experimental
2.1 Materials

Cuprammonium fabric with a mass per unit area of
103 g'm~2 and 0.21 mm thickness was generously provided
by the Asahi Kasei Group (Nobeoka, Miyazaki Prefecture,
Japan).

N, N-Dimethylformamide (DMF), phytic acid 50% (w/w)
in water solution, anhydrous ethanol (99%), urea flakes
(99.0-100.5%), acetic acid (99%), and boric acid powder
(>99.5%) were purchased from Merck (Milan, Italy). Dicy-
anamide (99%) was supplied by Alfa Aesar (Segrate, Italy).

All chemicals and reagents were used directly without further
purification.

2.2 Synthesis of Ammonium Phytate (APA)
and Boric Ammonium Phytate (PAB)

The syntheses of both ammonium phytate (APA) and boric
ammonium phytate (PAB) were modified from the works of
Zhu et al. (2022), Ma et al. (2021), and Shi et al. (2023) [29,
34, 35]. In a 250-mL three-necked flask, equipped with a mag-
netic stirrer and a reflux condenser, 40 g of phytic acid (0.04
mols) and 10.49 g of boric acid (0.17 mols) were added. The
reaction mixture was stirred and heated in an oil bath at 130 °C
for 8 h under reflux and then cooled down to 30 °C. Once at
30 °C, 15.28 g of urea (0.25 mols) was added. The reaction
was then carried out under stirring for a total of 4 h: the first
2 h at 110 °C, followed by an increase to 130 °C for the last
2 h. Finally, a light-brown viscous product with a complex
viscosity of 120.98 +0.99 Pa s was obtained (Scheme 1).

Moreover, to evaluate the impact of boric acid on flame-
retardant performance, a parallel formulation was produced
without its addition, denominated as APA. For this, 40 g of
phytic acid (PA) was mixed directly with 10.92 g of urea,
following a 1:6 PA/urea molar ratio, using the same tempera-
ture and time as before. After the reaction was over, DMF
was used to separate ammonium phytate (APA) from the
unreacted material. Finally, the APA was washed 3 times
using anhydrous ethanol and put under vacuum overnight to
remove the DMF. The final product was a light-brown solid.
Scheme 2 shows the reaction process.

Six flame-retardant solutions were prepared by mix-
ing varying concentrations of APA or PAB with water and
dicyandiamide at a 1:6 molar ratio. First, PAB or APA was
transferred to a 250-mL beaker, and water was added until
the appropriate concentration was achieved. Then, the solu-
tion was stirred continuously, and using a pH meter, acetic
acid was added dropwise until the solution reached a pH
of 5, to enhance the interaction between the cellulose and
dicyandiamide. Subsequently, dicyandiamide was added in
the required amount to achieve a 1:6 ratio, and the mixture
was heated to 70 °C and stirred until complete dissolution
was achieved. The samples were classified by primary active
material and concentration, using the prefixes “APA_" or
“PAB_” for ammonium phytate and boric ammonium
phytate, respectively, and the suffixes “_150,” “_200,”
and “_400” indicating solution concentrations of 150 g/L,
200 g/L, and 400 g/L.

2.3 Flame-Retardant Treatment of Cuprammonium
Fabric

Flame-retardant cuprammonium fabric was fabricated using
the following steps. First, the fabric was cut into A4 sizes
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(20 cm weft X 30 cm warp), with the long edge aligned par-
allel to the selvage. Each fabric was weighed three times to
obtain an accurate dry mass. Then, using a two-roll labora-
tory padder (Werner Mathis, Zurich, Switzerland) with a
nip pressure of 2 kg-cm ™, the cut fabrics were impregnated
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separately three times with each flame-retardant formula-
tion, either including or excluding boric acid. Immediately
after padding, the wet specimens were weighed three times
to determine the wet pickup. Then, they were dried at 80 °C
for 5 min and cured in a gravity convection oven at 180 °C
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for 1 min. The latter conditions were selected to avoid pro-
longed exposure at elevated temperatures, as longer curing
times can lead to cellulose structural degradation [36, 37].

Before all experiments, the samples were conditioned
under standard atmospheric pressure at 65 +4% relative
humidity (RH) and 20+ 2 °C for at least 24 h. The add-on
values A (%) were calculated as reported in Eq. 1.

A(%) _ (ereat‘e;/_ Wuntrealed) % 100 (1)

untreated

where (W ieated) ANd (Wieaeq) TEPresent the dry mass of the
specimen before and after finishing, curing, and condition-
ing, respectively.

2.4 Washing Procedure

The functionalized cuprammonium samples underwent 1 to
5 washing cycles following the ISO 105-C10:2006 standard
method [38]. The samples were immersed in a soap solu-
tion with a concentration of 5 g/L, preheated to 40 °C, and
maintained at a liquor ratio of 50:1 for 30 min in a Mathis
Labomat (Werner Mathis, Zurich, Switzerland). No sur-
factants were included to prevent their potential adsorption
onto the fabrics, which could complicate the interpretation
of the FTIR spectra. After each laundering cycle, washed
samples were dried at 105+ 3 °C in a forced-air oven until
constant mass was reached (<0.1 mg change in two succes-
sive weighting, typically 90 min for the fabric used), cooled
to room temperature in a desiccator over fresh silica gel, and
then weighed to the nearest 0.1 mg. The weight loss of fabric
after washing cycles (WLW, wt%) concerning the unwashed
samples was calculated according to Eq. 2.

W -W,
WLW% = —=2d 7 5 100 2)

treated

where (W,,..eq) and (W) denote the dry mass of the treated
fabrics before and after n wash cycles, respectively, accord-
ing to the ISO 105-C10:2006 [38]. The reported values rep-
resent the average of three different weighs on each sample.

2.5 Characterization

Several characterization methods were employed to inves-
tigate various properties of both treated and untreated sam-
ples. Morphological analyses were performed using a scan-
ning electron microscope (SEM, Phenom ProX G6 Desktop
SEM, Thermo Fisher Scientific, Italy). The microscope was
equipped with an energy-dispersive X-ray spectrometer
(EDS), which analyzed the distribution of chemical elements
on the surfaces of treated and untreated cuprammonium fab-
ric, operating at a voltage of 15 kV. Each sample was placed
on aluminum sample holders through a graphite adhesive.

CIE whiteness index between treated and untreated textile
samples, as well as before and after washing cycles, was
measured using a Datacolor Spectro 700 spectrophotometer
(Datacolor, Italy) following the ISO 105-102:1997 and ISO
105-J03:2009 [39, 40]. All measurements were taken using
a USAV 9-mm aperture under D65 illumination with a 10°
standard observer, and the fabrics were folded four times to
ensure that the image capture by the instrument was from
the textile. The specular component was included for the
CIE whiteness index. An average of three measurements
was recorded for each sample. The whiteness index (W)
was calculated using Eq. 3, where X (related to red/green
sensibility), Y (the luminance), and Z (the blue sensibility)
are the tristimulus values and x,, and y,, are the chromaticity
coordinates for the diffuser under D65.

Were = ¥ +800x (x X

- 1700><<
" X+Y+Z>Jr In

__r )
X+Y+Z
3)

To compare the chemical surface modifications intro-
duced by the coatings, FTIR spectra of both treated and
untreated samples were acquired using a Thermo Avatar
370 spectrometer (Thermo Nicolet Corp., USA), equipped
with an attenuated total reflection (ATR) diamond crystal
accessory. Three replicate spectra were recorded for each
sample in absorbance mode, spanning the range of 4000
to 700 cm™!, based on 32 scans averaged at a resolution
of 4 cm™!. Average spectra of textiles were normalized at
840 cm™! bandwidths (C-H deformation), which is in a
region where the finishing is absent. The spectra were ana-
lyzed using Omnic v 9.2 and processed using RStudio with
Origin v 8.0.

Raman spectroscopy was performed over the spectral
range of 505000 cm™! using an XploRA Plus Raman spec-
trometer (HORIBA Scientific, Italy) integrated with an
Olympus confocal microscope, equipped with a 600 groove/
mm diffraction grating. The excitation source was a 532-nm
laser focused on the sample through a 100 X objective lens
(numerical aperture of 0.9), delivering a laser power of 100
mW at the sample surface. The acquisition time for each
spectrum was set to 10 s, and 5 accumulations were taken.
Each sample underwent three measurement repetitions to
ensure reproducibility. A baseline correction was applied to
each Raman spectrum, followed by min—-max normalization
using RStudio. The area under the curve of each spectrum
was calculated using the Gaussian model provided in Origin
v8.0 software.

Rheological measurements of the PAB flame-retardant
solution were performed using a Discovery HR10 rheometer
(TA Instruments) with a 20-mm flat geometry at a constant
temperature of 25 °C. The complex viscosity was deter-
mined from a ramp amplitude test where y ranged from 0.01
to 100% and @ =10 rad/s.
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Thermal and thermo-oxidative stability analyses of the
flame-retardant finishing fabrics were carried out using a
Discovery TGAS550 (TA Instruments), where the temper-
ature ramp was set from 25 to 800 °C at a heating rate of
10 °C min~! with a flow rate of 90 ml min~'. The analyses
were conducted under nitrogen atmospheres. The experimental
error was+0.5% on the weight and + 1 °C on the temperature.
Based on the analysis results, the temperature at 5% mass loss
(T5%), the onset temperatures of the main and secondary mass-
loss events (Ta,, and Tb,.), and the temperatures at the
maximum mass-loss rates for the main and secondary events
(Ta,,, and Tb,,,) were calculated.

Thermogravimetric and infrared analysis (TG-FTIR) was
performed using a Discovery TGAS550 thermogravimetric ana-
lyzer coupled with a Thermo Avatar 370 infrared spectrometer
(TG-FTIR) to analyze the thermal decomposition and evolved
gases of the sample. A REDshift evolved gas analyzer (RED-
shift, Italy) interface was employed to connect the TGA with
the FTIR. The analysis was conducted under a nitrogen atmos-
phere with a flow rate of 90 mL-min'. The temperature ramp
was set from 30 to 800 °C with a heating rate of 10 °C-min™".
The decomposed volatiles were transferred through a heated
line maintained at 250 °C at a flow rate of 90 mL-min ™! into
the FTIR gas cell. Spectra were recorded in the wavelength
range of 6504000 cm™!. The obtained spectra series were
analyzed using Omnic v 9.2.

The fabric vertical burning flammability test was conducted
in accordance with ASTM D6413-08, using a sample size of
76 mm X 300 mm and an ignition time of 12 s [41].

Mechanical tests were performed using an Elmendorf tear
test following the ASTM D1424-21 standard. The method
measures the tear resistance of the material by quantifying
the force required to propagate a tear [42].

The flexural rigidity of the treated and untreated samples
was evaluated according to ASTM D1388-2018 [43]. For each
sample, a fabric strip of 152.4 mm in length and 25.4 mm in
width was cut. The test was performed 5 times for each sam-
ple, and the bending length (C) and flexural rigidity (G) of
the sample were determined using Eqs. 4 and 5, respectively.

_!
C=3 )

G=WxC (3)

where W represents the fabric’s weight (mg/cm?), C is the
bending length (cm), and [ is the sample’s hanging length
(cm).
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3 Results and Discussion

3.1 Surface Morphology and Chemical
Characterization

Table 1 summarizes the liquor retention (wet pickup)
recorded during the pad—dry—cure step and the final mass
gain (add-on) of the treated cuprammonium fabrics. For both
APA- and PAB-treated samples, both wet pickup and add-
on increased accordingly with concentration, suggesting an
efficient uptake and retention of the FR. Moreover, PAB_400
showed the highest wet pickup and add-on, indicating a
stronger interaction with the cuprammonium structure and
a more efficient deposition.

The absorption peaks of both the materials used in the
flame-retardant synthesis, and the resulting products (APA
and PAB) are shown in Fig. 1. For both APA and PAB, the
spectral bands from 3600 cm™! to 3200 cm™! correspond
to the H-O-H bending, indicating the slight presence of
water. The presence of peaks at 3200 cm™' 1150 cm™! and
1625 cm™! in both APA and PAB is related to the N-H
stretching vibrations and bending deformation, respectively
[44]. The peak around 1450 cm™! can be the C-N or B—-O-C
stretching vibration, while the peak at 2850 cm™ is attrib-
uted to C—H stretching vibrations [45]. In the case of the
phosphorous groups, the peak at 1630 cm™" corresponds to
the P=O stretching vibration, the weak absorption around
910 cm~! is assigned to P-O-H bending, and the peak at
1040 cm™! is associated with P-O—C stretching vibrations
[46, 47].

The spectra of the untreated and treated cuprammo-
nium samples are shown in Fig. 2. Regarding the untreated
cuprammonium fabric, its infrared spectrum is essentially
the same as that of other regenerated cellulose [48]. The
presence of a long peak around 3700-3400 cm™! can be
attributed to the O—H stretching from the hydroxyl groups
(including intra- and intermolecular hydrogen bonds) in the
cellulose backbone. Meanwhile, the peak near 2900 cm™!
can be attributed to aliphatic C—H stretching. A band near
16301650 cm™! is assigned to H-O—H bending of absorbed

Table1 Wet pickup (%) and add-on (%) of PAB- and APA-treated
samples

Sample code Wet pickup (%) Add-on (%)

APA_150 86.86+0.004 13.11+0.068
APA_200 90.64+0.016 18.66 +0.002
APA_400 92.71+0.037 27.44+0.001
PAB_150 89.56+0.137 13.95+0.023
PAB_200 87.13+0.023 15.56+0.004
PAB_400 105.05 +£0.002 31.93+0.015
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Spectra
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Fig.1 FTIR spectra of the raw materials used for the FR reaction and the final products (APA and PAB). The FTIR spectra of APA (solid) and
PAB (viscous) were acquired from purified samples following the purification process
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Fig.2 FTIR spectra of dicyanamide, untreated cuprammonium fabric, APA_150 fabric and PAB_150 fabric (both were functionalized using a
150 g/L solution). Increasing the FR concentration to 200 g/L. and 400 g/L had no significant change in the FTIR spectra

water. The peak around 1430 cm™! results from asymmetric ~ of crystallinity in the samples. The peaks near 1365 cm™!
CH, bending in cellulose, and it is often referred to as the ~ and 1315 cm™' are related to the C-OH and C-H bending,
“crystallinity band” due to its correlation with the degree  respectively. Furthermore, the peak at 1285 cm™! is related
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to CH, scissoring, while the peak at around 1050 cm™" is
due to the C-O stretching. Finally, a small band around
895-900 cm™! corresponds to the -(1 — 4) glycosidic ring
vibration [48].

Upon functionalization with APA_150 and PAB_150 in
the presence of dicyanamide, a clear change in the spectra
of the untreated cuprammonium is observed. Both APA_150
and PAB_150 functionalized textiles showed new peaks at
2203-2163 cm™!, which are associated with the asymmetric
stretching vibration of the N=C=N group, possibly coming
from the dicyanamide. Furthermore, the peaks at around
1500-1600 cm™~! and at 928 cm™! are likely related to the
asymmetric stretching vibration of the N-C-N group and
the NH, skeletal vibration, respectively [49]. The peaks at
around 1650—1700 cm™! can correspond to either the P=0
stretching vibration or N-H bending deformation. Overall,
the FTIR results demonstrated that both APA and PAB were
successfully incorporated into the cuprammonium fabric
structure.

The surface morphological characteristics of untreated
and treated cuprammonium samples with different concen-
trations of APA and PAB are shown in the SEM images in
Figs. 3 and 4, respectively.

The untreated cuprammonium fabric at 1000x (Fig. 3a)
exhibits a smooth and clean fiber surface with no visible
fiber damage or any type of coating. However, it is possible
to see a few small particles across the fabric. These small
particles varied in size, ranging from approximately 10 pm

Fig.3 SEM images of untreated
cuprammonium fabric at differ-
ent magnifications. Image a is at
1000 x and a’ is at 5000x

Fig.4 SEM images of treated
cuprammonium fabrics with
APA and PAB at increasing
concentrations (following the
alphabetical order 150 g/L,

200 g/L, and 400 g/L). The
images a, b, and c are related to
APA-treated fabric, whereas the
images a’, b’, and ¢’ correspond
to PAB-treated fabric
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to 1 pm (as shown in Fig. 3a’). Additionally, upon perform-
ing an EDX analysis, the particles were composed mainly
of C (42.32%), O (12.39%), Cu (33.76%), and Zn (11.53%).
These particles are most likely to be residues from the textile
fabrication process that were not completely removed.
After functionalization with APA, the fabric started to
exhibit the presence of larger particles and coating structures
that became progressively denser and more uniform on the
surface as the FR concentration increased (Fig. 4a, b, and c).
The presence of the coating material was further confirmed
by EDS analysis, as shown in Table 1, where the phosphorus
(P) and nitrogen (N) content increased in proportion to the
FR concentration. Compared to the APA functionalized sam-
ples, the fabrics treated with PAB, which contained boron,
exhibited a more textured and granular surface (Fig. 4a’,
b’, and c’). Moreover, as PAB concentration increased, the
coating appeared more continuous and compact, suggesting
improved deposition and interaction between the FR and the
fabric. Finally, similar to the samples treated with APA, the
EDS analysis (Table 2) showed that increasing the concen-
tration of the FR leads to a higher amount of P, N, and B.
However, as shown in Table 2, both APA- and PAB-
treated samples started to lose part of their FR elements
after each washing cycle, with the latter exhibiting a more
pronounced loss. As observed, the nitrogen content was most
affected after the first washing cycle, whereas the phospho-
rus content remained relatively stable. The reason is likely
due to the excess of dicyandiamide in the formulation.
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Table 2 EDS atomic

. . Sample code Number of C (0] N P B
cc?ncentranon analysis washes
of untreated, unwashed
treated, and washed treated UT cuprammonium  UW 50.64 49.36 - - -
cuprammonium fabrics fabric
APA_150 Uuw 32.58 45.86 20.29 1.27 -
1 41.13 48.45 9.78 0.64 -
3 42.82 47.86 8.72 0.60 -
5% 41.34 48.56 9.3 0.55 -
APA_200 Uuw 26.53 32.27 40.60 0.60 -
39.62 47.51 12.13 0.74 -
43.79 47.72 8.17 0.32 -
43.00 47.24 9.49 0.27 -
APA_400 Uuw 25.70 40.41 32.05 1.84 -
1 34.39 46.54 17.33 1.74 -
3 32.22 45.17 20.63 1.98 -
5 35.73 48.02 14.80 1.45 -
PAB_150 Uuw 31.20 48.50 16.80 1.40 2.10
1 45.73 44.25 9.61 0.41 -
3 49.08 43.86 6.66 0.40 -
5 50.63 49.37 - - -
PAB_200 Uuw 23.50 45.10 26.90 2.70 1.80
1 49.34 42.18 8.03 0.45 -
3 49.82 48.12 1.7 0.36 -
5 48.36 48.93 2.71 - -
PAB_400 Uuw 23.45 46.42 25.08 2.58 2.47
42.56 44.48 10.19 0.45 2.32
42.46 44.41 12.68 0.45 -
42.83 44.34 12.38 0.45 -

*A small amount of calcium (0.25%) was detected, which probably came from the soap during washing

Furthermore, the hydrophilic nature of boron made it easier
for phosphorus and nitrogen groups to be washed off during
repeated washing cycles [34].

3.2 Whiteness Index Analysis

The influence of APA and PAB on the whiteness and color
of cuprammonium fabric is described in Fig. 5a-d. The
untreated cuprammonium fabric has a whiteness index of
52.862 +1.348. As described in Fig. 5a, the application of
APA resulted in a drastic reduction in fabric whiteness, with
the degree of reduction directly correlated to the concentra-
tion of APA. The phytic acid used in the synthesis of both
APA and PAB flame retardants initially exhibited a light-
brown color, which turned into a darker brownish solution
following its reaction with urea at 130 °C. Consequently,
when the fabrics were treated with flame-retardant solutions,
they acquired a visibly darker tone. This behavior was also
observed when phytic acid was used to improve the flame
retardancy of wool [50]. Furthermore, during the curing pro-
cess, the fabrics were exposed to 180 °C for 1 min. During

this time, the cellulose naturally underwent thermal yellow-
ing, which may have further contributed to the reduction in
whiteness [51].

On the other hand, the cuprammonium fabric treated with
PAB exhibited a smaller reduction in whiteness. This effect
can be due to the multifunctional role of boric acid. In addi-
tion to acting as a stabilizing agent that forms reversible
covalent bonds (borate esters) between the hydroxyl groups
of cellulose and phytic acid, boric acid may also contribute
to optical preservation through catalytic bleaching mecha-
nisms [52, 53]. Furthermore, the presence of boron in other
FR systems has been shown to slow down fabric yellowing
during high-temperature curing [54].

The whiteness index was also measured after 1, 3, and
5 washing cycles, as shown by Fig. 5b-d. After one cycle,
the APA and PAB whiteness index increased on average by
78.72% and 188.17%, respectively, whereas after five cycles,
the increases were 102.40% and 248.57%, respectively. The
rise in the whiteness index can be attributed to the partial
removal of FR from the fabrics during the multiple washing
process.
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Fig. 5 Whiteness index of: a unwashed samples and after b 1, ¢ 3, and d 5 washing cycles

3.3 Flame-Retardant Performance

Vertical flame tests were carried out to evaluate the flame-
retardant performance of the functionalized cuprammo-
nium fabrics before and after 1, 3, and 5 washing cycles.
This is a standard test for assessing the flammability
behavior of textiles, used in many previous works [32, 55].
As shown in Fig. 6, untreated cuprammonium fabric burns
completely, leaving no char residue behind. On the other
hand, all treated samples demonstrated flame-retardant
capabilities, with an average char length of 48 mm for the
APA samples and 42.6 mm for the PAB samples (Table 3).
Moreover, as expected, increasing the concentration of

Fig.6 Vertical flammability test
of untreated and treated samples
without washing

@ Springer

the flame retardant resulted in improved fire resistance,
as shown by the shorter char length in Fig. 6. Unfortu-
nately, a gradual decline in flame-retardant performance
was observed with increasing washing cycles. This was
particularly pronounced for the PAB-treated samples and
those with a lower FR concentration (150 g/L). All the
PAB samples demonstrated a lower retention of FR in their
structure and significantly lower performance when com-
pared to the APA samples at the same concentration. This
reduction can be attributed to the hydrolysis of the boron
groups in the PAB-treated samples during laundering,
resulting in a greater loss of N, P, and B elements [29, 32].

PAB_150 PAB

200 PAB_400

| !
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Table 3 Char length of PAB- and APA-treated and untreated samples
after 0, 1, 3, and 5 washing cycles

Char length (mm)

Sample codes UW 1 washing cycle 3 washing cycles 5 wash-
ing
cycles

UT cupram-  — - - -

monium

fabric
APA_150 67  All char - -
APA_200 42 All char - -

APA_400 35 45 47 46

PAB_150 50 All char - -
PAB_200 45 All char - -
PAB_400 33 All char All char -

Notably, only one of the formulations (APA_400) retained
significant flame resistance after five washing cycles, main-
taining self-extinguishing behavior and limiting char propa-
gation. A complete overview of the flammability results is
summarized in Table 3.

The char residue after vertical flame test of the untreated
and treated samples (both APA and PAB) was also exam-
ined by Raman spectroscopy, as shown in Fig. 7. The char-
acteristic D and G bands, associated with amorphous car-
bon and graphitic carbon, respectively, were positioned at

approximately 1350 cm~! and 1580 cm™'. The I/Ig ratio
was determined by calculating the ratio of the areas under
the D and G peaks, where a lower Iy/1; ratio indicates a
higher material graphitization. This suggests that the mate-
rial was able to better isolate oxygen and heat during com-
bustion by forming char, thus improving its flame-retardant
properties [56, 57]. The I/I ratio of untreated cuprammo-
nium fabrics was 6.48, while those treated with APA and
PAB were on average, 3.62 and 3.81, respectively. Further-
more, the difference between the two treatments is minimal,
indicating no significant variation. Nevertheless, the overall
reduction in the I/I; value demonstrates that both treat-
ments were able to improve char formation.

Finally, SEM analysis was carried out to examine the
cuprammonium fabric’s morphology after the vertical flame
test. As shown in Fig. 8, the APA-treated samples, particu-
larly those treated at 400 g/L (APA_400), retain a compact
fibrous structure, surrounded by a continuous layer of glassy
carbon where only superficial burning is visible. These find-
ings support a flame-retardant mechanism based on the P/N
effect, where the phosphorus units promote dehydration and
carbonization in the condensed phase, while nitrogen func-
tionalities contribute to gas-phase radical quenching, collec-
tively blocking flame propagation [58]. On the other hand,
the PAB-treated samples showed an uniform distribution of
char formation across the fabric, with the boron acting as a
surface sealing, reducing the rate of combustion [34, 59].

Raman Shift (cm™)

Raman Shift (cm™)

a [—) b ) [ )
r 16 6 G
I/l =3.41 Io/lg = 3.74 Ip/lg=3.72
) = 3
3 5 3
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Fig.7 Raman spectra of char residues of a APA_150, b APA_200, ¢ APA_400, a’ PAB_150, b’ PAB_200, and ¢’ PAB_400
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Fig.8 SEM images of
unwashed treated cupram-
monium fabrics after burning:
a APA_150, b APA_200, ¢
APA_400, a’ PAB_150, b’
PAB_200, and ¢’ PAB_400.
All images were taken with a
2500 x magnification

10 um

3.4 Thermogravimetric Analyses As shown by Table 4, all treated samples (UW APA and

UW PAB series) exhibit significantly improved thermal
Thermogravimetric analyses in nitrogen were performed to  stability compared to the untreated cuprammonium fabric.
evaluate the thermal stability of the untreated and treated ~ This is evident from the higher T5% values, indicating that
fibers before and after 1, 3, and 5 washing cycles. A sum-  the treated materials began to lose their masses at higher
mary of the results is shown in Table 4 and Fig. 9. temperatures. Moreover, the residue at Tmax and 700 °C

is substantially greater for treated samples, suggesting

treated samples at increasing
concentrations UT cupram-  UW 11529 27512 353.10 - - 0.23
monium
fabric
APA_150 uw 171.82  225.01 261.21 265.72 275.00 29.00
1 237.47  240.74 260.80 27274 286.90 31.25
3 239.28  239.95 259.61 268.16 286.60 33.13
5 116.56  244.23 266.17 270.11 290.51 21.09
APA_200 uw 19472 230.51 258.85 266.19 277.21 36.42
1 21447 24253 265.61 274.37 288.31 33.48
3 107.95  265.65 307.80 - - 15.91
5 79.82  265.45 309.20 - - 7.91
APA_400 uw 186.25  220.05 235.19 247.01 260.10 39.54
1 18391  218.00 249.80 260.02 275.60 31.32
3 215.55  226.81 250.80 258.31 272.80 38.64
5 231.18  231.51 258.20 268.79 279.91 37.50
PAB_150 uw 137.21  249.29 269.91 275.97 286.80 32.74
1 215.18  267.00 308.90 - - 11.36
3 253.06  249.43 270.84 278.88 298.20 26.757
5 291.74  293.50 339.80 - - 1.36
PAB_200 uw 159.32  246.07 272.61 275.02 287.49 37.08
1 237.27  261.00 304.01 - - 21.99
3 108.16  270.84 311.6 - - 15.36
5 69.33  308.30 345.81 - - 0.11
PAB_400 uw 12541  237.66 264.29 281.50 290.60 40.63
1 252.47  250.02 271.77 278.85 298.00 26.40
3 21498  236.10 260.02 270.58 291.40 24.94
5 25582  250.9 275.11 286.94 300.60 25.79

* . .
From the derivative curves

@ Springer
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Fig.9 TG and DTG curves of untreated cuprammonium fabric and unwashed APA/PAB-treated samples in nitrogen

enhanced char-forming ability. Among all the treated mate-
rials, those with a higher concentration (400 g/L) of FR
materials showed the best performance, indicating a better
coating during the functionalization process. Furthermore,
the samples treated with PAB generally outperform the APA
counterparts in terms of thermal resistance, with the UW
PAB_400 achieving the highest final residue (40.63%).

As also shown in Table 4, most washed samples main-
tained a considerable level of thermal stability even after
five washing cycles. This is evidenced by the Ts% and
residue values, particularly for the 5SW APA_400 sam-
ple, which exhibited a T5% of 231.18 °C and a residue at
700 °C of 37.50%, indicating delayed mass loss and good
char-forming ability. In comparison, the APA_200 sample
showed reduced thermal stability, suggesting that a higher
concentration of FR leads to a more durable and effective
coating. On the other hand, PAB-treated samples showed a
greater step decline in residues, with PAB_200 achieving
only 0.11% after 5 washes. Moreover, at higher concentra-
tions (400 g/L), APA_400 maintained more consistent resi-
due across washes, while PAB_400 had a more significant
reduction (to 25.79%). These findings indicate that, after
washing, the APA treatments, especially at higher concentra-
tions, retain superior thermal performance compared to their
PAB-treated counterparts.

3.5 Mechanical Performance

Resistance to tearing is essential for ensuring durability
and performance in applications where the material may be

exposed to sharp edges, repeated stress, or harsh handling
conditions. This is especially important for textiles used in
protective gear or industrial applications. Untreated cupram-
monium fabric showed a tear resistance of 9.84 cN alongside
the warp and 15.65 cN alongside the weft. As demonstrated
in Fig. 10, the incorporation of APA and PAB resulted in a
decrease in tear strength in both the warp and weft direc-
tions, with the reduction being proportional to the FR con-
centration. In both cases, the reduction can be attributed
to cellulose thermal degradation and acid hydrolysis that
occur during the drying process. These conditions can cause
cellulose fibers to undergo partial hydrolysis and oxidation,
resulting in the breakdown of the polymer chains. Indeed,
as the concentration of FR increased, the tear strength
decreased [23]. Furthermore, APA-treated samples showed
a greater tear strength reduction than the PAB-treated coun-
terparts. The reason is related to boron acting as a stabilizer
between the phytic acid and the cellulose structure [60, 61].

In terms of comfort and functionality, fabric stiffness can
be a good indicator of how a textile will drape, conform to
the body, and feel in handling [62, 63]. Untreated cupram-
monium fabric demonstrated flexural rigidity of 5.84 +0.03
10 mg cm~!. The addition of APA and PAB increased
flexural rigidity with increasing solution concentration.
Fabrics treated with 150 g/L, 200 g/L, and 400 g/L of APA
showed a flexural rigidity increase of 51.9%, 138.7%, and
109.9%, respectively. Meanwhile, at equivalent concentra-
tions, the fabrics treated with PAB exhibited a flexural rigid-
ity increase of 20.9%, 39.4%, and 143.8%. Compared with
ammonium phytate (APA) alone, incorporating boric acid

@ Springer



Fibers and Polymers

Fig. 10 Tear strength of 14 18
unwashed APA-/PAB-treated a WARP b WEFT
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(PAB) increased bending length, likely due to the formation
of a more rigid P-B—N finish layer structure. This reduces
inter-fiber friction and stiffness, leading to enhanced fabric
drapability and a shorter bending length. Findings are con-
sistent with others P-B—N systems reported in the literature
[33, 64].

3.6 Proposed Flame-Retardant Mechanism

For untreated cuprammonium fabric, dehydration and depo-
lymerization occurred during combustion, with depolym-
erization being the dominant process. During this process,
cellulose chains primarily degraded into levoglucosan, gen-
erating large amounts of volatile, flammable products, as

Fig. 11 Three-dimensional
TG-FTIR spectra of: a untreated
cuprammonium fabric, b
APA_400, and ¢ PAB_400
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shown in Fig. 11a. These included methane (2972, 2910,
2820, 2725 cm™ "), carbon monoxide (2180 cm_l), alde-
hydes/ketones (1745 cm™'), and alcohols (1121, 1065 cm™)
[65, 66]. Moreover, it is also possible to observe strong peaks
of carbon dioxide at 2355, 2320, and 650 cm™! [67], indicat-
ing significant chain scission and oxidative decomposition.

After the functionalization with APA or PAB, the pyroly-
sis behavior of treated cuprammonium fabric was signifi-
cantly altered, as shown by Fig. 11b and c. The cupram-
monium fabric treated with APA at 400 g/L showed a clear
reduction in volatile, flammable substances such as car-
bon monoxide (2180 and 2105 cm_l), aldehydes/ketones
(1715=1750 cm™"), and alcohols (1070-1120 cm™), as well
as the disappearance of peaks related to methane [68]. On

(a)
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the other hand, nonflammable species including carbon diox-
ide (2359, 2321, 2310, 659 cm™') and water (3737, 3555,
1514 cm™') were released earlier and persisted throughout
the degradation process [23, 69]. Moreover, two additional
peaks at 959 and 931 cm™! were observed, corresponding to
NH; released from the ammonium groups of APA. Based on
TG-FTIR analysis, the possible flame-retardant mechanism
of APA is as follows: At high temperatures, the phosphoric
molecules, covalently bound to the treated sample’s back-
bone, undergoes acid-catalyzed scission, retarding the ther-
mal decomposition process [68]. Meanwhile, the ammonium
decomposed to release nonflammable gases (such as N, and
NH;), which create a barrier between the textile and oxy-
gen, thereby extinguishing the flame. The APA thus works
through a dual mechanism: gas-phase quenching by inert
volatiles and condensed-phase protection via char reinforce-
ment, with both effects arising synergistically from the com-
bined presence of phosphorus and nitrogen. The observed
decrease in ignitability and smoke production aligns with a
dilution mechanism reported in similar P/N systems in the
literature [23].

In the case of samples treated with PAB at 400 g/L
(Fig. 11c), a mechanism like that of APA can be observed.
The PAB-treated fabric also exhibited a significant reduc-
tion in the same volatile substances and the disappearance
of methane. However, the overall peak intensities were lower
than those of APA-treated samples, especially for carbon
dioxide, suggesting more stable and continuous char forma-
tion. This effect can be attributed to the boron component,
which undergoes multi-step dehydration and produces a thin,
glass-like protective layer on the cellulose surface. Such a
barrier not only enhances char yield but also contributes
to reducing smoke release and toxic gas emissions during
combustion [34, 59, 70].

4 Conclusions

Two eco-friendly flame-retardant materials, for imparting
cuprammonium fabric with flame-retardant properties, were
successfully investigated. Formulation APA consisted of
phytic acid and urea, whereas formulation PAB additionally
incorporated boric acid to exploit the P-B additive effect and
enhance glassy-barrier formation during combustion. FTIR,
SEM, and EDS analysis confirmed the successful function-
alization of the cuprammonium fibers, where unwashed
APA- and PAB-treated samples exhibited changes in their
spectra bands, fiber morphology, and the presence of high
values of N, P, and B. Furthermore, both systems demon-
strated excellent flame-retardant properties, including self-
extinguishing behavior and the formation of a strong char
layer. Unwashed APA- and PAB-treated samples exhibited
char lengths of 35 mm and 33 mm, respectively, during

vertical flame testing, with corresponding residual weights
of 39.54% and 40.63% at 700 °C. However, a noticeable dif-
ference in performance was observed after a few laundering
cycles, where PAB-treated samples lost their flame-retardant
properties, while APA-treated ones retained some part of
them. Furthermore, SEM analysis of burned samples showed
that PAB-treated samples had a more porous char layer. On
the other hand, whiteness index analysis demonstrated that
the incorporation of boron positively contributed to preserv-
ing the textile’s whiteness, whereas APA-treated samples
exhibited a noticeable brownish discoloration, with a CIE
index of -19.9. The addition of boron also contributed to
maintaining the textile’s tear resistance, with PAB-treated
samples exhibiting a tear strength of 5.86 cN in warp and
10.05 cN in weft compared to 2.98 cN and 5.76 cN, respec-
tively, in the same directions of APA-treated samples. In
summary, while both formulations imparted effective flame-
retardant functionality to cuprammonium fabric, their trade-
offs highlight complementary strengths, with APA offering
superior washing durability and PAB enhancing mechanical
and aesthetic properties.
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