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Abstract Screen-printing and spray-coating meth-
ods were used to produce photoluminescent, water-
repellent, and antimicrobial films on textile fibers. 
The cotton fabrics were firstly finished with a flame-
resistant agent. There are a number of functional 
agents that have been applied during the textile fin-
ishing process, including strontium aluminate pig-
ment as antibacterial and photoluminescent agent, 
flame-retardant organophosphate, and water-repellent 
silicone rubber. The current research investigated the 
surface morphologies and chemical compositions of 
the screen-printed and spray-coated fabric cottons 
using scanning electron microscopy (SEM), transmis-
sion electron microscopy (TEM), energy-dispersive 
X-ray (EDX), wavelength dispersive X-ray fluores-
cence (WDXRF), and Fourier-transform infrared 
spectroscopy (FT-IR). According to morphological 
analysis, the phosphor nanoparticles had sizes rang-
ing from 2 to 12 nm. After excitation at 399 nm, the 

generated colorless photoluminescent layer deposited 
onto cotton surface showed an emission profile at 
516 nm. The luminescence spectra and CIE Lab char-
acteristics confirmed that the phosphor-coated textiles 
displayed a white color in visible spectrum and green 
emission in the presence of UV light. It has been 
shown by analysis that the tested colors are very sta-
ble over time. The measurements of static water con-
tact and sliding angles were also explored. The self-
extinguishing activity of the coated fabrics retained 
their flame-retardant properties over 24 laundry 
cycles. Antimicrobial activity, hydrophobicity, and 
luminous properties were improved without affecting 
the intrinsic physical and mechanical features of the 
treated textiles. Details on the CIE Lab colorimetric 
measurements were discussed. The stiffness and air 
permeability were examined to explore the flexibility 
and breathability of the treated textile fibers. Excel-
lent reversibility and photostability were seen in the 
phosphor-coated materials.

Keywords Cotton fabric · SrAl2O4:Eu2+,  Dy3+ · 
Flame-retardant · Phosphorescence · Water-
repellency · Antibacterial

Introduction

As the need for textiles in technological applications 
grows, products with a single purpose are no longer 
adequate. The use of a variety of functional fabrics 
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has been crucial in delivering the required qualities. 
This is why researchers have been focusing on creat-
ing textiles with multifunctional uses (Meena et  al. 
2022; Roach et  al. 2019; Tat et  al. 2022). The key 
functions of smart textiles include photochromism, 
self-cleaning, antimicrobial and superhydrophobic 
properties. Manufacturers of multifunctional tex-
tiles have focused on the development of innovative 
strategies to expand the applications of the renew-
able and ecologically benign fibrous materials (Chen 
et  al. 2020; De Falco et  al. 2019). Textile materials 
have been known to promote microbial growth owing 
to their high capacity to absorb moisture (Wang et al. 
2022). In order to make textiles more versatile, sev-
eral different organic compounds have been utilized. 
Environmental toxicity and high production costs are 
only two of the many problems that have been dis-
covered with textiles treated using traditional organic 
substances like fluorocarbons and triclosan (Zhang 
et al. 2019). A single processing step has been used 
to provide textiles with a singular practical qual-
ity. Thus, a fabric undergoes numerous finishes to 
be imparted multiple functions, which require more 
time and resources (Faruk et  al. 2021). Metal-based 
nanoparticles can be achieved quickly in textile fin-
ishing by employing several smart materials to finish 
the textiles. In recent investigations, it was shown that 
metal-based nanoparticles have considerable poten-
tial for producing high-value textile products without 
degrading textile look or mechanical qualities. Func-
tional technological textiles fall into a variety of cat-
egories, such as sportswear, construction, medical, 
hygiene, transportation, and agriculture (Fang et  al. 
2021; Shi et al. 2019; Tadesse et al. 2019).

Smart clothing can help with muscle vibration 
management, topical drug delivery, and tempera-
ture control agents. Smart textiles can change color, 
and even display images, videos, and light patterns. 
Smart clothing relies on three main elements, includ-
ing sensors, actuators, and controls (Fan et al. 2020; 
He et al. 2020; Khattab et al. 2018). The production 
processes of traditional textiles include laminating, 
weaving, and knitting. Those processes have been 
also applied to produce smart multifunctional tex-
tiles. The integration of electronic parts into cloth-
ing is possible via the use of portable electronic 
devices that can be sewn into, sewed onto, or other-
wise attached to the fabric. Electric fields, light and 
heat are some examples of the external stimuli that 

smart fibers can respond to to demonstrate a greater 
chance of enhancing their protective capabilities 
(Fan et al. 2022; Sun et al. 2020). Photochromic tex-
tile can change color upon exposure to light (Yang 
et al. 2021). Sunglasses, memory, ophthalmic lenses, 
packaging, sensors and displays are among the many 
documented applications of photochromic materials. 
Producing photochromic materials must not sacrifice 
their design, care, low cost, sensing activity, wear-
ability, flexibility, and tensile strength (Ahmed et al. 
2022; Bao et al. 2020; Gao et al. 2022a, b). The color 
of fabrics made from photochromic fibers changes in 
response to exposure to either visible light or ultravi-
olet radiation. Different dyes have been used to make 
chromic textiles that change color in the presence of 
light (Alsharief et al. 2022). Spirooxazines and other 
organic light-induced chromic dyestuffs have been 
used to develop photochromic textiles. In many cases, 
the quantity of organic dyestuffs that can be absorbed 
by textile fibers decreases as a consequence of degra-
dation during the color finishing process (Gao et  al. 
2022a, b). There is also a possibility that the mate-
rial fibrous mass might reduce the photochromic per-
formance of the organic dyestuffs due to the fibrous 
bulk rigidity. Thus, photochromic organic dyes usu-
ally exhibit poor colorfastness properties to light and 
washing. Moreover, the fabrics treated with organic 
dyes tend to become stiffer and rougher. Because of 
their low thermal and photostabilty and higher cost 
relative to inorganic pigments, organic colorants 
usually have limited applications (Yuan et  al. 2019; 
Zampini et al. 2022). Cotton fabrics have found many 
uses in diverse fields, including medical, furniture, 
automotive, and foodstuff packaging industries (Gao 
et al. 2021; Kibria et al. 2022; Wei et al. 2020). Cot-
ton fabrics are inexpensive with good flexural and 
impact strengths. They are characterized with soft-
ness, durability, absorbency, holds dye well, and 
breathability. Cotton is mainly composed of cellulose, 
which is renewable, biodegradable, and naturally 
abundant (Subaihi et al. 2022).

Both screen-printing and spray-coating have been 
reported as excellent textile coating technologies 
because they are appropriate methods for incorporat-
ing low ratios of pigment particles into the surface of 
textile materials (Gong et  al. 2018; Lamas-Ardisana 
et  al. 2018). Herein, we apply the screen-printing 
and spray-coating to immobilize lanthanide-doped 
strontium aluminate particles (photoluminescent 
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agent), flame-retardant organophosphate and water-
repellent silicone rubber onto cotton fibers to create 
smart textiles with enhanced properties such as color-
changing ability, durability, photostability, superhy-
drophobicity, UV protection, flame-retardant activ-
ity, good colorfastness, antimicrobial activity, and 
comfortability.

Experimental

Materials

El-Mahalla textiles Company (El-Mahalla, Egypt) 
generously provided cotton (100%) textile substrates. 
Dystar (Egypt) provided the thickener (Alcoprint 
PTP) and Binder additive. Sigma-Aldrich was the 
source for the  Al2O3,  Eu2O3,  H3BO3,  Dy2O3, and 
 SrCO3 (Egypt). Decoseal-2540 (silicone rubber) was 
purchased from ADMICO (Egypt). Exolit-AP422 
(ammonium polyphosphate) was purchased from 
Shandong Shi’an (China).

Synthesis of pigment microparticles

The high temperature solid state approach (El-New-
ehy et  al. 2022) was applied to synthesize the inor-
ganic pigment  (SrAl2O4:Eu2+,  Dy3+). A dispersion 
of Dy(III) oxide, Sr(II) carbonate, Eu(III) oxide, 
aluminum oxide, and boric acid in ethanol was ultra-
sonicated for 30 min, heated at 90 °C for 20 h, then 
grinded for 2 h. The resulting particles was sintered at 
1300 °C for about 2.5 h, milled, and sieved to produce 
the inorganic pigment microparticles (12–28 μm).

Synthesis of pigment nanoparticles

The top-down method (Camargos and Rezende 2021) 
was used to create the pigment nanoparticles, in 
which 10  g of the pigment phosphor microparticles 
were loaded into a ball mill tube (20 cm in diameter) 
connected to a vibrate plate. In order to create the pig-
ment phosphor nanoparticles, a SiC ball mill (0.1 cm) 
was allowed to repetitively strike with the vibrating 
plate and the tube containing the pigment powder for 
23 h.

Fabrication of luminescent fabrics by screen-printing 
(SP)

Diammonium phosphate (0.1%), ammonium hydroxide 
(0.1%), ammonium polyphosphate (10%), and binding 
agent (15%) were combined with water to produce the 
printing stock paste. It was then mixed for 10  min to 
enable complete viscosity to form with the addition of 
the synthetic thickening alcoprint PTP (2%). When the 
mixture had been stirred for 15 min, phosphor pigment 
(1%  (SP1), 5%  (SP2), 10%  (SP3), and 15%  (SP4) w/w) 
was added. When the viscosity of the printing paste 
decreased below 21,000 cps at a shearing rate of 2.20, 
the printing paste was allowed to thicken by adding a 
little quantity of thickener. The screen-printing technol-
ogy was utilized to deposit the printing paste on cotton 
fibers. Thermal fixing was performed at 160 °C for four 
minutes on the final printed materials after they had 
been dried at room temperature (Werner Mathis; Swit-
zerland). It was rinsed with hot water at 50 °C, washed 
with tap water, and lastly air-dried.

Preparation of photoluminescent fabrics by 
spray-coating (SC)

RTV (15% w/v) and ammonium polyphosphate 
(100 g/L) were dispersed in petroleum ether by stir-
ring for an hour. The phosphor nanopowder was then 
added at different concentrations; including 1%  (SC1), 
5%  (SC2), 10%  (SC3), and 15%  (SC4) w/w. Every 
admixture was stirred for 2  h, and homogenization 
(25 kHz) for 20 min. The spray-coating process was 
performed at a flowing rate of 10 mL/minute utilizing 
automatic Lumina spraying gun (STA6R; Fuso Seiki, 
Japan). The spray nozzle (orifice size of 1 mm)) was 
wagged back and forth (rate of 3 cm  s−1) at a distance 
of 20  cm from the cotton fabric. The spray-coating 
process was performed till reaching a complete coat-
ing of sample. The fabric was air-dried for 30  min. 
Figure 1 displays a schematic diagram demonstrating 
the finishing procedures of multifunctional textiles 
via screen-printing and spray-coating technologies.

Characterization methods

Photoluminescence screening

All measurements were performed in a laboratory 
using a standard set of environmental parameters. For 
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the phosphorescence measurements, the coated cot-
ton textiles were analyzed using a JASCO FP-6500 
(Japan), which was fitted with phosphorescence 
accessories for measuring the lifetime spectra. Both 
phosphorescence measurements were conducted 
under the identical geometrical circumstances. The 
monochromators use Xenon Arc Lamp (150 W) with 
slit bandwidths of 5  nm. Excitation and emission 
spectra were modified to take into account the fea-
tures of the emission monochromator and photomul-
tiplier response of the instrument. Phosphorescence 
emission and excitation spectra were measured by 
stimulation at the maximum wavelength of phospho-
rescence absorption. The irradiation was carried out 
using UV supply (365 nm, 6 W).

Reversibility of coated cotton

The coated samples luminescent properties and 
technical behavior were investigated using previous 
procedures (Abou-Melha 2022). The fabrics were 
subjected to UV illumination for 5  min followed by 
60  min of darkness to allow the stored light to dis-
sipate and return to its original condition. Over the 
course of 15 cycles, the irradiation-fading perfor-
mance was replicated. After each cycle, the phospho-
rescence emission was obtained.

Colorimetric measurements

The colorimetric measurements were collected before 
and after UV illumination employing the CIE Lab 
coordinate according to previous procedures (Khattab 
et al. 2021). The fabrics were subjected to UV illumi-
nation for 5 min at a distance of 4 cm from the UV 
lamp (365 nm and 6 Watt). The ultraviolet lamp was 
switched off and the colorimetric parameters were 
immediately reported.

Morphological properties

The phosphor particle shape and size was reported 
by JEOL 1230 TEM (Japan). The phosphor parti-
cles were suspended in acetone and ultrasonicated 
(25 kHz) for 30 min for TEM analysis. Nexus 670 
FTIR (Nicolet, USA) was utilized to investigate the 
functional substituents on fabric surface. Quanta 
FEG 250 SEM (Republic of Czech) was utilized 
to examine the morphological features paired with 
an EDX spectroscope. The EDX diagrams were 
recorded at an accelerating voltage of 20 kV.

Comfort screening

Shirley stiffness apparatus was employed to deter-
mine the bend length of the untreated (pristine) and 
treated cotton samples according to British standard 
procedure 3356:1961 (Thite et  al. 2018). A pres-
sure gradient of 100  Pa was used to evaluate the 
permeability of fabric to air using an FX-3300 Tex-
test under the ASTM D737 standardized protocol 
(Adamu 2022). There were five measurements taken 
for each sample to get an average of bend length 
and air permeability results.

Hydrophobicity study

Dataphysics OCA15EC (Germany) was employed 
to determine the static contact angles (Wongphan 
and Harnkarnsujarit 2020).

UV‑protection evaluation

Previous procedures (Hu et  al. 2022) were used to 
determine the UPF (UV Protection Factor) using 
the standard 4399 (1996) AS/NZS protocol under 
the standard AATCC(183:2010) protocol to report 

Fig. 1  Diagram demonstrates the preparation of multifunctional textiles via screen-printing and spray-coating technologies
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the effectiveness of the coated textiles to block UV 
light.

Flammability tests

Under the standard vertical flammability test method 
of BS 5438:1989; Test 2B was utilized to evaluate 
the flame-retardant activity of samples (10 × 40 cm). 
After measuring the char length (mm), the fabrics 
were washed over several laundry cycles up to 24 in 
accordance with AATCC 61:1989. The multifunc-
tional fabric was inserted into a launder-o-meter 
accelerated machine. A detergent solution (200 mL) 
was charged into the laundry machine at 40 ± 3  °C 
for 45 min. The flame-retardant durability was evalu-
ated by measuring the char length after every laundry 
cycle (El-Naggar et  al. 2022). Additionally, the lim-
ited oxygen index (LOI) chamber was applied to eval-
uate the flame-retardant performance of the treated 
cotton fabrics according to ISO:4589-1 (2017) and 
ASTM D2863 standard tests (Abd El-Wahab et  al. 
2020).

Biological activity

The AATCC (1999) 100 protocol and the plate agar 
counting method were utilized to report the anti-
microbial activity of the coated cottons against S. 
typhimurium (ATCC: 14,028) and S. aureus (ATCC: 
25,923) (Shen et al. 2022). Using the MTT prolifera-
tion assay, the fabrics coated with the greatest phos-
phor ratio (15%) were examined for their cyctotoxic 

(in vitro) effects on normal epithelial human line cells 
(Soyingbe et al. 2018).

Results and discussion

Morphological properties

Strontium aluminate  (SrAl2O4:Eu2+,  Dy3+) pigment 
was synthesized using the high-temperature solid-
state technique (El-Newehy et  al. 2022), and the 
pigment nanopowder was obtained by the top-down 
method (Camargos et al. 2021). Figure 2 shows TEM 
and selected area electron diffraction (SAED) images 
of strontium aluminate particles, demonstrating diam-
eters of 2–12 nm. One of the recognized properties of 
nanomaterials is the capacity to produce transparent 
coats (Chae et al. 2003). In order to generate a color-
less film onto cotton surface, the pigment nanoparti-
cles must be uniformly disseminated in the screen-
printing pastes or the spray-coating formulae to avoid 
the formation of aggregates (Chae et al. 2003).

The surface topography of treated textiles was 
analyzed. SEM images of the screen-printed and 
spray-coated fabrics with 10% phosphor content are 
shown in Fig.  3. The morphologies of the screen-
printed textiles were identical to those of sprayed 
cottons. The surface topography of the coated tex-
tiles was drastically different from the blank fab-
ric. In comparison to the blank cotton smooth sur-
face, the treated fabrics  (SP3 and  SC3) were coated 
with the phosphor nanoparticles. It was found 
that the majority of the composite particles were 

Fig. 2  TEM a–b, and SAED c images of phosphor particles
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entrapped in the spaces between the fibers. Cotton 
cellulose chains could successfully bind to phos-
phor molecules to result in a rougher surface. This 
demonstrates that the composite coats are capable 
of introducing a synergistic hydrophobicity in the 
development of a physical barrier on cotton surface, 
thereby preventing wettability. Elemental com-
positions as a percentage by weight are shown in 
Table 1 for three locations on cotton surface. Three 
different locations on the fabric surface were ana-
lyzed, showing that the pigment was evenly distrib-
uted over the cotton surface.

Carbon (C) and oxygen (O) are fundamental ele-
mental components of the cellulose polymer that 
forms the basis of cotton textiles (Gao et  al. 2021; 
Kibria et  al. 2022; Subaihi et  al. 2022; Wei et  al. 
2020). The reason that Si, P, Al, Sr, Eu, and Dy could 
be found using EDX analysis was because of the use 
of RTV, ammonium polyphosphate, lanthanide-acti-
vated strontium aluminate in low amounts. We also 
used XRF to gather data on the chemical composi-
tion of the phosphor-coated cottons, and the results 
are shown in Table  2. Due to its great sensitivity, 
EDX has been a reliable method for detecting trace 

Fig. 3  SEM images of SP3 (a–c), and SC3 (d–f) 

Table 1  Elements 
identified by EDX (wt%) at 
different sites (A1, A2 and 
A3) on cotton surface

Fabric C O Si P Al Sr Eu Dy

SP1 A1 50.77 25.02 15.27 7.10 1.06 0.44 0.27 0.13
A2 50.51 26.00 15.42 6.36 0.97 0.43 0.21 0.08
A3 50.53 25.04 15.50 7.21 0.88 0.42 0.23 0.09

SP4 A1 46.09 33.70 6.91 2.42 5.53 3.42 0.90 0.57
A2 46.61 34.20 6.04 2.79 5.32 3.67 0.83 0.55
A3 47.13 33.04 6.38 3.37 5.49 3.25 0.81 0.53

SC1 A1 64.40 26.80 – 6.25 1.44 0.63 0.29 0.19
A2 65.10 26.63 – 6.04 1.24 0.60 0.25 0.14
A3 64.81 26.86 – 6.00 1.34 0.62 0.20 0.17

SC4 A1 52.15 33.20 – 3.73 5.98 3.85 0.64 0.45
A2 52.70 33.03 – 3.94 5.69 3.57 0.65 0.41
A3 52.60 33.04 – 3.66 5.56 4.03 0.63 0.47
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amounts of elements. The lowest elemental content 
that is detectable by XRF is 10  ppm (Ahmed et  al. 
2017). Thus, the XRF identification of elements is 
limited to aluminum and strontium. Owing to their 
extremely low amounts (< 10 ppm), Eu and Dy were 
undetectable. Hence, XRF failed to detect Dy and 

Eu in these coated cotton textiles because  SP1,  SP2, 
 SC1 and  SC2 had negligible amounts of phosphor. 
The molar ratios monitored by XRF and EDX on 
coated textiles were consistent with the molar ratios 
employed in the manufacture of pigment, printing 
pastes and spraying formulae.

Figure  4 demonstrates the infrared spectroscopy 
results of the binding process between the lumines-
cent pigment and cotton. The peak at 2960   cm−1 
demonstrated the existence of aliphatic groups. A 
hydroxyl group could account for the 3310   cm−1 
absorption band. The stretch aliphatic intensity of 
blank cotton at 2960  cm−1 was observed to diminish 
and shift to 2895   cm−1 when the luminous pigment 
ratio was raised. The band monitored at 1013   cm−1 
is ascribed to the ether (C–O) stretch vibration of 
blank cotton, which was found to shift to 1025  cm−1 
when the luminous pigment ratio was raised. The 
 NH4

+ substituent was detected at 1440   cm−1 due to 
the Exolit-AP422 agent. The bands of P–O–P, P–O, 
and P–OH were determined at 1253, 1326, and 
1691   cm−1, respectively. The peak at 551   cm−1 was 
attributed to Si–O. The Sr–O, O–Al–O, and Al–O lat-
tice vibrations were responsible for the bands deter-
mined at 422, 559, and 711   cm−1, respectively. No 
considerable differences were detected in the infrared 
spectra of the screen-printed and spray-coated cotton 
samples at the same phosphor concentrations.

Colorimetric results

The colorimetric properties before and after illumina-
tion with ultraviolet are summarized in Table 3. All 

Table 2  XRF results (wt%) of cotton substrates

Element SP1 SC1 SP4 SC4

Al 65.04 48.41 65.35 54.17
Sr 34.96 22.23 33.02 26.06
Si – 28.36 – 17.32
Eu 0 0 1.14 1.66
Dy 0 0 0.49 0.78
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Fig. 4  Infrared spectra of cotton fabrics

Table 3  Colorimetric 
featuures of screen-printed 
and sprayed cotton fabrics 
at various phosphor ratios 
under daytime (DTL), and 
UV (UVL) lights

Cotton L* a* b* K/S

DTL UVL DTL UVL DTL UVL DTL UVL

SP1 92.83 89.02  − 1.45  − 12.09 1.32 6.24 1.18 2.85
SP2 91.64 87.44  − 1.39  − 12.74 1.43 6.20 1.26 3.04
SP3 90.04 86.01  − 1.33  − 14.11 1.47 5.95 1.40 3.42
SP4 88.72 84.29  − 1.25  − 18.23 1.51 5.24 1.47 4.06
SC1 94.55 90.33  − 1.74  − 14.68 1.21 7.60 0.70 3.31
SC2 94.17 88.02  − 1.69  − 17.09 1.27 6.40 0.81 4.72
SC3 93.72 85.65  − 1.62  − 20.84 1.29 5.31 0.85 6.30
SC4 93.25 83.29  − 1.53  − 22.38 1.32 4.30 0.88 7.24

K/S represents color strength, L* represents lightness from dark (0) to white (100), a* represents 
color ratios from red (+a*) to green (–a*), and b*  represents color ratios from yellow (+b*) to 
blue (–b*)
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coated cottons were almost as white as the cotton 
material was before the coating process began. As the 
concentration of the phosphor is increased, the K/S 
value rises somewhat in the pre-ultraviolet exposure 
situation, suggesting a level of color intensity com-
parable to that of blank cotton fabric, proving that 
the coated layer is transparent. The K/S value rises 
dramatically after UV exposure, suggesting a shift 
toward richer green color intensity associated with 
a higher phosphor concentration. The white color of 
the cotton fabric had L* of 95.02, a* of 0.03, and b* 
of 1.21. When the pigment ratio was increased on the 
coated layer, no observable differences were tracked 
in CIE Lab before they are exposed to UV light, con-
firming the transparency of the coated film. When 
the UV light is absorbed by the treated cotton, L* 
decreases, − a* increases, and + b* decreases, signify-
ing a transition to a green color.

Photoluminescence analysis

Both of screen-printing and spray-coating technolo-
gies can be reported as efficient methods for incor-
porating inorganic pigment phosphors into cotton 
textiles, which allows for the creation of smart fabrics 
with photochromic and afterglow effects. However, 
the spraying process has been reported to be a fast, 
easy-to-use, more efficient than screen-printing tech-
nology, economical, affordable, and repeatable tech-
nology that preserves the textile aesthetic features. 
The phosphor nanoparticles were screen-printed 
and spray-coated onto cotton fabrics. All coated tex-
tiles showed traits of immediate and reversible pho-
tochromism upon exposure to UV. Turning off the 
UV source to reverse the fluorescence emission on 
the coated cotton material with pigment concentra-
tion of 1% was instantaneous. The garment decol-
orization and reversibility are slowed when using 
pigment concentrations > 1%, due to an afterglow 
emission caused by the absence of UV light. Accord-
ing to Fig.  5, the maximum absorption wavelength 
was determined to be 399  nm. As expected, a con-
centration-dependent excitation effect was reported 
by measuring the absorption wavelength intensity at 
399 nm. Under UV light, the greatest emission wave-
length was measured to be 516 nm, indicating a green 
emission (Fig. 6). When placed in a darkened room, 
the coated cotton fibers emit a greenish-yellow light. 
A time-dependent emission impact was confirmed by 

a rise in the emission intensity with an increase in the 
exposure duration to ultraviolet light (10–100  s) as 
illustrated in Fig. 6.

The decay time have two different phases, the 
first of which is quite quick and the second of 
which is slower. Using  Dy3+ and  Eu2+, two lantha-
nide ions, allows for sustained afterglow emission. 
They are known as “trapping cations,” because of 
their significant ability to delay photon emission 
(Abumelha 2021). Dense trapped photons produce 
an afterglow emission, the duration of which is 
dependent on the depth to which they were trapped. 
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300 325 350 375 400 425 450 475 500 525 550 575
8

10

12

14

16

18

20

22

24

26

28

30
Y 

Ax
is

 T
itl

e

X Axis Title

 10 s
 50 s
 100 s

Fig. 6  Emission of SC3 after UV-illumination for different 
time periods



4049Cellulose (2023) 30:4041–4055 

1 3
Vol.: (0123456789)

The cotton surface was illuminated with UV light 
for 5  min to produce green emission. The room 
was then darkened for an additional 60  min to 

enable the fabric to return to its natural white color. 
Numerous cycles of gradual re-illumination and 
fading were applied. The emission intensity was 
evaluated at the end of each cycle. Figure  7 dem-
onstrates high reversibility, fatigue resistance and 
photostability.

Hydrophobicity screening

Table  4 displays the contact angles of both screen-
printed and spray-coated cotton textiles. Blank cotton 
has been known to be hydrophilic (Gao et  al. 2021; 
Kibria et  al. 2022; Subaihi et  al. 2022; Wei et  al. 
2020). After treatment with phosphor at a concen-
tration of 1%, the cotton fabric contact angle rises to 
about 109.0°  (SP1) and 137.5°  (SC1), signifying the 
development of more hydrophobic surface. Similar 
trends toward increased hydrophobicity were moni-
tored in cotton fabrics when increasing the pigment 
ratio. Figure  8 shows the contact angle photographs 
of treated cotton fabrics;  SC1 and  SC4. The contact 
angle of  SC4 reached 144.7°, which is quite higher 
than the contact angle measured for screen-printed 
cotton fabric  (SP4) at 120.4°. Thus, the spray-coat-
ing technology works well enough to make superhy-
drophobic cotton textiles. By creating an additional 
barrier between water and treated fabric surface, 
the incorporation of phosphor nanoparticles greatly 
improved hydrophobicity. Fabrics with a higher phos-
phor concentration had a rougher surface because the 
nanoparticles of phosphor filled the spaces between 
the cotton fibers (Ibarhiam et  al. 2022). Thus, the 
lower amounts of phosphor particles deposited onto 
cotton surface by spraying technology have showed 
improved hydrophobicity. On the other hand, the 
screen-printing technology has been known to deposit 
higher amounts of the phosphor nanoparticles, which 
lower surface roughness owing to decreasing the gaps 
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Fig. 7  Emission intensities (516 nm) of SC3 before and after 
UV-illumination for 10 s

Table 4  Contact angle (CA), UV blocking (UPF), and bend 
length (BL) and air-permeability (AP) of the screen-printed 
and spray-coated cotton fabrics

Cotton CA (°) UPF BL (cm) AP (cm3/cm2.s1)

warp weft

Blank – – 2.30 2.57 52.73
SP1 109.0 65 2.71 2.93 51.62
SP2 115.5 93 3.06 3.20 50.80
SP3 119.3 134 3.35 3.58 50.23
SP4 120.4 152 3.62 3.96 49.86
SC1 137.5 98 2.50 2.72 51.84
SC2 139.0 141 2.67 2.91 51.45
SC3 143.1 177 2.88 2.95 51.07
SC4 144.7 203 2.95 3.02 50.89

Fig. 8  Photographs of the 
contact angles of treated 
cotton fabrics; SC1 and 
SC4
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between the phosphor particles, and consequently 
decreased the contact angles (Ibarhiam et  al. 2022). 
As shown in Fig.  9a, the contact angle was moni-
tored to decrease as the number of washing cycles 
increased. When the number of laundry process 
reached 24 cycles, the contact angle decreased from 
143.1° to 128.5° for the spray-coated samples, and 
considerably decreased from 119.3° to 72.1° for the 
screen-printed textiles.

UV-protection and comfort screening

Table 4 displays the UPF values to assess the ultra-
violet protection of cotton textile. Higher UPF was 
detected in the phosphor-coated cotton fabrics com-
pared to the blank cotton. This can be assigned to 

the strong UV absorbance activity of the phosphor 
nanoparticles to effective block the ultraviolet rays. 
However, the screen-printed cotton samples showed a 
better UV-protection as compared to the sprayed sam-
ples. This can be assigned to the higher phosphor den-
sity deposited by the screen-printing technology as 
compared to spray-coating technology. The ultraviolet 
protection decreased as the number of washing cycles 
increased as shown in Fig. 9b. After 24 laundry, the 
UPF value decreased from 177 to 162 for the spray-
coated samples, and considerably decreased from 134 
to 162 for the screen-printed textiles. Table 4 displays 
the results for air permeability and bend length. The 
fabrics with a higher phosphor ratio were somewhat 
less air permeable and had a lower bending length. 
However, the spray-coated fabrics showed better air 
permeable and bending length as compared to the 
screen-printed samples due to the higher phosphor 
density immobilized by screen-printing as compared 
to spray-coating. Both screen-printed and spray-
coated textiles displayed an improved durability 
against perspiration, crocking, light, and laundering 
(Table 5). However, the spray-coated fabrics showed 
a slightly higher colorfastness properties as compared 
to the screen-printed samples.

Flame-retardant screening

Phosphorus-containing materials can be reported as 
environmentally friendly and efficient flame resistant 
agents (Abdelrahman and Khattab 2019). Ammonium 
polyphosphate has been reported as formaldehyde-
free alternative to the commercially available Pyro-
vatex fire-resistant agent (Wu et al. 2022). Figure 10 
displays the vertical flammability testing chamber. 
The blank cotton failed the flammability test and 
was completely burnt. The flame-resistant properties 
of the finished cottons were remarkably improved as 
shown in Table 6. The char length was monitored to 
slightly decrease as the phosphor content increased. 
When raising the phosphor ratio, the char length was 
slightly decreased from 47 to 42 mm for the screen-
printed samples, and decreased from 43 to 37 mm for 
the spray-coated textiles. The fire-retardant activity of 
the treated fabrics was stable over 24 laundry cycles.

The LOI method was also used to test cotton 
fabrics by reporting the minimum concentration of 
oxygen that supports the fabric combustion (Abd 
El-Wahab et al. 2020). It has been known that there 
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is about ~ 21% oxygen in atmospheric air. A mate-
rial with LOI value less than 21% readily burns 
under atmospheric conditions, whereas a material 
with LOI value in the range of 21–28% displays 
“slow burning” (Abd El-Wahab et  al. 2020). The 
LOI value of blank cotton was 17%. As compared 
to blank cotton fabric, the finishing process of cot-
ton fibers with ammonium polyphosphate (flame-
retardant agent) provided fire-resistant activity as 
shown in Table 6. The LOI value was monitored to 
slightly increase as the phosphor content increased. 
However, the spray-coated textiles have showed bet-
ter self-extinguishing properties as compared to the 
screen-printed samples.

Table 5  Colorfastness 
screening of finished 
cottons

Alt color alteration, *St 
cotton staining

Cotton Crocking Washing Perspiration Light

Dry Wet Alt St Acid Base

Alt St Alt St

SP1 4 3–4 4 4 4–5 4–5 3–4 4 6
SP2 4 3–4 4 4 4–5 4–5 4 4 6
SP3 4 4 4 4 4–5 4–5 4 4 6
SP4 4 4 4 4 4 4 3–4 3–4 6
SC1 4–5 4–5 4–5 4–5 4–5 4–5 4–5 4–5 6–7
SC2 4–5 4–5 4–5 4–5 4–5 4–5 4–5 4–5 6–7
SC3 4–5 4–5 4–5 4–5 4–5 4–5 4–5 4–5 6–7
SC4 4–5 4–5 4 4 4–5 4–5 4 4 6

Fig. 10  Vertical flammability testing chamber

Table 6  Impact of phosphor ratio on cotton flammability

C.L. represents the char length (mm), C.W. represents the char 
width (mm), LOI represents limited oxygen index (%)

Cotton C.L. (mm) C.W. (mm) LOI (%)

Blank Burnt completely 17
SP1 47 18 39
SP2 45 18 40
SP3 43 18 42
SP4 42 17 42
SC1 43 17 51
SC2 40 17 52
SC3 38 17 54
SC4 37 17 55
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Fig. 11  Effect of washing cycles on cotton flammability
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The flame-retardant durability of the cotton fab-
ric  (SC3) was studied over several laundry cycles. 
The char length was measured after different laun-
dry cycles as illustrated in Fig.  11. It increased 
with raising the number of the laundry cycles to 
withstand 24 washes. However, the fabric was com-
pletely burned after the 24 washing cycles.

Biological properties

The antibacterial characteristics of the phosphor-
finished cotton textiles were evaluated after they 
were washed up to 15 cycles using the standardized 
AATCC (2007:193) protocol (Shen et  al. 2022). 
The finished cottons showed antibacterial activity 
against S. typhimurium and S. aureus as described 
in Table  7. The cotton material was coated with 
varying quantities of the pigment nanoparticles. 
Since blank cotton fabric does not include any anti-
microbial agents, it was unable to eliminate the 
bacteria that were tested. The finishing of cotton 
with a phosphor concentration of 1% was effective 
in killing bacteria adhering to the fabric. When the 
phosphor ratio rose, the amount of bacteria was 
highly reduced. The greatest bacterial decrease 
observed for cotton fabrics with 15% of phosphor 
nanoparticles. The number of germs was shown 
to drop significantly after 15 washes. It is possible 
that the antibacterial activity of the finished cottons 
is due to the liberation of active ions through the 

physical contact between the bacteria membrane 
and pigment particles (Gu et al. 2021).

Using the MTT proliferation assay, he cytotoxic 
effects of the produced phosphor-finished cotton 
textile substrates were tested in  vitro on normal 
epithelial human line cells (Soyingbe et  al. 2018). 
Table  8 displays that even at the greatest pigment 
content (15%), the cytotoxicity of the finished cot-
ton fabrics was exceptionally low.

Conclusions

Screen-printed and spray-coated cotton fabrics fin-
ished with lanthanide-doped aluminate showed UV-
blocking, flame-retardant, water-repellency, dual-
mode photochromism, antibacterial activity. Images 
captured by TEM were used to quantify phosphor 
particle sizes in the range of 2–12  nm. The ammo-
nium polyphosphate agent was applied as an environ-
mentally benign flame-retardant. On the other hand, 
the environmentally friendly silicone rubber was 
applied as a hydrophobic agent. The strontium alu-
minate particles were directly coated onto cotton sur-
face to produce a smart composite film with enhanced 
water-repellency, flame-retardant, antibacterial activ-
ity and UV blocking as compared to blank cotton. 
Greenish emission was determined at 516  nm after 
being excited at 399  nm. To achieve a transparent 
nanocomposite layer on fabric surface, the phosphor 
particles must be well-dispersed in either the screen-
printing pastes or the spray-coating formulae to pre-
vent the formation of aggregates. For the phosphor 
ratio of 1%, intense green fluorescence was detected 
in UV light, while the pigment ratio greater than 1% 
showed a long-lasting greenish-yellow afterglow. The 
multifunctional characteristics of the treated textiles 
were found to improve by increasing the strontium 

Table 7  Antibacterial activity of phosphor-finished cotton 
fabrics versus S. typhimurium (S.t.), and S. aureus (S.a.)

Number 
of washes

Bacterial 
species

Bacteria reduction (%)

SP1 SP4 SC1 SC4

0 S.a 32 ± 1.0 37 ± 1.2 43 ± 1.1 48 ± 1.4
S.t 39 ± 1.2 42 ± 1.0 46 ± 1.2 57 ± 1.2

5 S.a 24 ± 1.5 27 ± 1.4 31 ± 1.1 39 ± 1.3
S.t 25 ± 1.1 28 ± 1.2 33 ± 1.1 45 ± 1.3

10 S.a 13 ± 1.5 15 ± 1.9 22 ± 1.6 27 ± 1.0
S.t 17 ± 1.7 20 ± 1.6 24 ± 1.8 35 ± 1.5

15 S.a 11 ± 1.6 13 ± 1.3 18 ± 1.4 21 ± 1.1
S.t 15 ± 1.0 18 ± 1.3 20 ± 1.0 24 ± 1.0

Table 8  Cytotoxicity of phosphor-finished cotton fabrics 
(phosphor content of 15%) using epithelial line cells (100 μg/
mL)

Toxicity (%) IC-90 (µg/mL) IC-50 (µg/mL) Cotton

SP4 – – 1.3
SC4 – – 1.0
DMSO – – 1
Control (−ve) – – 0
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aluminate ratio. The contact angle values demon-
strated an increase from 109.0° (1%;  SP1) to 120.4° 
(15%;  SP4) for the screen-printed fabrics, and from 
137.5° (1%;  SC1) to 144.7° (15%;  SC4) for the spray-
coated fabrics. Thus, the 15% phosphor ratio cloth 
developed by the spray-coating technology was found 
to have the best hydrophobic characteristics. The 
flame-retardant property of cottons was enhanced 
after treatment with ammonium polyphosphate. When 
increasing the phosphor content, the char length was 
slightly decreased from 47 to 42 mm for the screen-
printed fabrics, and decreased from 43 to 37 mm for 
the spray-coated fabrics. The flame-retardant property 
of the fabrics treated with the ammonium polyphos-
phate agent showed stability over 24 laundry cycles. 
At the maximum ratio of strontium aluminate (15%), 
the cytotoxicity analysis of the present finished cotton 
was remarkably low to man skin. The colorfastness 
of fabrics spray-coated with strontium aluminate was 
much higher than the screen-printed fabrics. Due to 
its remarkable durability and photostability, the cur-
rent method is well-suited for use in a wide range of 
niche markets, including military camouflage, secu-
rity encoding, brand protection, and smart packaging.
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