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A B S T R A C T

The development of functional textiles through applying nanocoatings has attracted significant attention in 
recent years. However, poor durability of nanocoatings highlights the necessity of modifying the surface 
chemistry of fibers to maximize the adherence of nanomaterials. In this study, the surface of wool fibers was 
modified through the acylation process with succinic anhydride and then post-treatment with anatase TiO2 
colloid synthesized via the sol-gel method. Different aspects including the role of wool acylation on fibers 
chemistry, photostability, UV protection and antibacterial activity against Escherichia coli (E. coli) and Staphy
lococcus aureus (S. aureus) bacteria were discussed. Furthermore, wetting behavior, light and wash fastness, 
dyeability, and cytotoxicity of fabrics were investigated, and the role of each coating step was clarified. The 
findings confirmed that the modified fabric exhibited enhanced photostability under UVA radiation as tested 
using the photo-induced chemiluminescence (PICL) analysis. The functional fabric provided an excellent UPF 
level of 140, indicating 37 % improvement compared with pristine wool. The acylated fabric treated with TiO2 
colloid was hydrophilic and showed a washing fastness up to five accelerated wash cycles. The existence of TiO2 
led to a weaker color strength (K/S) on the dyed fabric, but did not photocatalytically affect the light fastness. 
The cytotoxicity test did not show any toxic effects on the examined cells viability. Moreover, comprehensive 
analyses using XPS, FTIR, SEM, and EDX mapping techniques were conducted to characterize the nano-treated 
fabrics. The outcomes of this research provide new insights on some less explored properties of functionalized 
textiles, paving the way for real-world applications.

1. Introduction

The surface modification of textiles using different types of nano
particles such as TiO2, ZnO, Ag, Au, Pt, and MXenes to achieve novel 
functionalities has widely been explored [1]. For instance, antibacterial 
activity, thermoregulation, self-cleaning, electrical conductivity and 
superhydrophobicity are among the main features which have been 
explored [1–3]. Of various types of nanomaterials, titanium dioxide 
(TiO2) is the most widely used semiconductor in developing functional 
textiles due to its low toxicity, cheap price, easy availability and feasible 
synthesis approach [4,5]. Through applying TiO2 nanoparticles on 
fibrous materials such as cotton, wool, polyester, silk, cashmere and 
viscose, novel features including photo-induced self-cleaning, UV pro
tection and antibacterial activity have been achieved [1]. Due to its 
unique optical properties and wide band gap (3.2 eV for anatase TiO2), 
TiO2 shows photocatalytic activity only under ultraviolet radiation, 

limiting its potential application in developing novel textile products [6,
7]. Therefore, great efforts have been made to enhance its sensitivity and 
photocatalytic response to visible light [8,9]. Modified forms of TiO2 
such as N-doped TiO2, noble metal-doped TiO2 nanostructures, 
dye-sensitized TiO2, TiO2/SiO2 nanocomposites and TiO2/semi
conductors have been produced and used in developing textiles with 
enhanced functionalities [10,11]. The major focus of researchers in this 
field has mainly been on improving the light-induced functionalities of 
TiO2-based nanomaterials; however, little attention has been paid to 
enhancing their durability on the functionalized textiles. Nanoparticles 
can be either applied to textiles surface in the form of coatings or 
incorporated into textile fibers as additives. In the latter case, the 
nanoparticles are embedded within the structure of fibers, reducing the 
likelihood of their detachment after multiple abrasions and washings, 
making this a safer option for developing functional products [3,12]. In 
contrast, nanoparticles which are used as coatings can be easily 
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detached from the textile substrates, weakening the performance of the 
finished products. The extent of this issue depends on the type of func
tionalized fibers and the used coating technique, and it is more pro
nounced in synthetic and protein-based fibers. In general, the 
detachment of nanoparticles from the coated textiles can lead to serious 
long-term consequences, such as contaminating water resources and 
endangering aquatic life. In addition, the detached nanoparticles may 
pose risk to human health through skin contact, inhalation, and inges
tion, potentially causing health issues that are still largely unknown [1,
13]. Therefore, promoting the affinity and stability of nanoparticles onto 
textiles is of paramount importance and can contribute to developing 
products with minimized risks for consumers. The durability of nano
coatings on textiles relates to the surface characteristics of the coated 
surfaces and the interactions of nanocoatings with the fibers. It is 
necessary to obtain an optimal balance through modifying the existing 
coating techniques to not only increase the deposition rate of nano
particles on textiles surface, but also to mitigate the potential risks to 
consumers.

Different techniques such as using cross-linking agents [5,14–16], 
coupling agents [17], enzymatic treatments [18], ultrasonication [19], 
plasma surface activation [20], and polymeric binders [21–23] have 
been reported to promote the durability of inorganic nanoparticles on 
coated textiles [24–26]. For instance, Zhu et al [27] immobilized Al2O3 
nanoparticles on silk fibers via using tetra butyl titanate as a coupling 
agent, increasing the sunlight reflectivity to develop fabrics with passive 
radiative cooling functionality. Similarly, the application of various 
cross-linking agents such as citric acid, butane tetra carboxylic acid 
(BTCA) and β-cyclodextrin have been reported. Habib et al. [28] used 
citric acid to enhance the adhesion of Ag nanoparticles on cotton fabrics. 
The finished cotton samples showed strong antibacterial activity against 
E. coli and S. aureus bacteria. In other studies, carboxylic acids such as 
BTCA have been used as cross-linking agents to anchor TiO2 nano
particles (P-25) onto wool fabrics to reduce photoyellowing of wool and 
to obtain a self-cleaning effect [29–31]. The wool fabrics were initially 
oxidized using potassium permanganate solution in an acidic solution, 
followed by treatment with nanoparticles in an ultrasonic bath con
taining cross-linking agents. It has also been reported that the surface 
modification of fibers via plasma pre-treatment can positively enhance 
the durability of coatings and nanoparticles on textiles [20,32]. 
Different gases such as oxygen, air, nitrogen, ammonia, and inert gases 
have been utilized to introduce new polar groups such as hydroxide, 
carbonyl, carboxyl, aldehyde, amino, etc. to fibers surface [32,33]. 
These functional groups act as new binding sites on fibers, enhancing the 
durability of applied coatings [33]. Another reported strategy is altering 
the morphology of fibers surface to affix the deposited nanoparticles. For 
instance, Zhao et al. [34] immobilized TiO2 nanoparticles on the surface 
of polyacrylonitrile (PAN) fibers through inducing the swelling of fibers 
using dimethyl sulfoxide/ethanol solvent to embed TiO2 nanoparticles 
into the fibers surface. Among all reported methods, using polymer 
binders to develop durable coatings is probably the most effective way to 
affix nanoparticles onto textiles, but it can hamper the intrinsic prop
erties of textiles such as hand feel, flexibility, air permeability and 
moisture absorption. Moreover, embedding nanoparticles in a polymer 
matrix may weaken their functionality for the intended applications. For 
example, Ag nanoparticles exhibit reduced antibacterial effectiveness 
for textiles when incorporated into a polydimethylsiloxane (PDMS) 
binder [22,35].

The acylation process has been reported as an effective approach in 
chemical modification of fibers particularly for protein fibers [36]. It is 
an established method to chemically modify the surface characteristics 
and functional groups of protein fibers for controlling water absorption 
and dye affinity [36,37]. For instance, Ranjbar-Mohammadi et al. [38] 
acylated the surface of wool fibers using succinic anhydride and phthalic 
anhydride followed by grafting with chitosan to develop antibacterial 
wool samples. Davarpanah et al. [39] used a similar approach to graft 
chitosan on the surface of silk fibers to achieve an antibacterial silk 

fabric. The results revealed that the acylation process reduced the me
chanical strength and dyeability of silk fibers [39]. Daoud et al. [40] 
modified wool fabric via the acylation process and then treated it with 
nano titanium dioxide to develop photocatalytic self-cleaning fabrics. 
However, no information was reported on other aspects of fabrics such 
as photostability, UV protection, dyeability and antibacterial activity.

Wool fibers intrinsically have several drawbacks such as severe 
photoyellowing due to their sensitivity to UV radiation, poor surface 
wettability, and susceptibility to microbial attacks [41]. Therefore, 
innovative functional surface treatments are required to address the 
mentioned problems in wool fibers. Moreover, despite the progress in 
developing novel surface finishing techniques for textiles, tackling the 
poor durability of applied nanocoatings is still a major challenge. This 
study aims to chemically modify the surface of wool fibers via acylation 
with succinic anhydride to develop durable titania nanocoating on the 
fibers. The outcomes of this study will shed light on some 
under-explored areas by clarifying the synergistic effects of acylation 
and TiO2 treatment on photostability, antibacterial activity, dyeability, 
and water absorption of treated wool fabrics. A comprehensive XPS 
analysis was conducted to clarify the effects of the finishing process on 
wool fibers surface chemistry. The photostability and UV protection of 
fabrics were examined based on the PICL analysis and measuring the 
UPF level of fabrics, respectively. The dyeability of fabrics with acid and 
reactive dyes was studied, followed by clarifying the effects of each 
treatment process on photoyellowing, photobleaching, and light fastness 
of fabrics. Antibacterial activity of fabrics was examined against E. coli 
and S. aureus bacteria, demonstrating the effectiveness of applied 
nanocoating in eradicating both types of bacteria. Moreover, other 
characterization techniques such as FTIR, TGA, SEM and EDX mapping 
were employed to provide a clearer picture on structural changes of 
modified fabrics and durability of nanocoatings.

2. Experimental

2.1. Materials and chemicals

Titanium tetra isopropoxide (TTIP) was used as the precursor of TiO2 
nanoparticles and was purchased from the Sigma-Aldrich company. A 
100 % wool fabric with an areal density of 225.2 g/m2 was provided by 
Sunshine-Textile (China) company. Two types of dyes including Acid 
Green 50 (AG50) (CAS No 3087–16–9) and Reactive Red 2 (RR2) (CAS 
No 17,804–49–8) were used in dyeing the fabrics. Both succinic anhy
dride and N,N-Dimethylformamide (DMF) were purchased from the 
Sigma-Aldrich.

2.2. Synthesis of TiO2 colloid

TiO2 colloid was synthesized with 5 % concentration through adding 
the predetermined amount of TTIP into the acidified water containing 
acetic acid [35]. The mixture was mixed and then 3.5 ml of HCl 37 % 
was added dropwise to the mixture followed by stirring for 2 h at 60 ◦C. 
The volume ratios of components in the synthesized colloid including 
water, HCl, glacial acetic acid, and TTIP were 88.6 %, 1.4 %, 5 %, 5 %, 
respectively. The synthesized nanoparticles were extracted through 
adding sodium carbonate powder to the acidic colloid, inducing the 
precipitation of TiO2 nanoparticles. The precipitated nanoparticles were 
collected, washed through centrifugation until neutral pH was obtained. 
The washed particles were dried in an oven at 80 ◦C for 8 h.

2.3. Acylation of wool fabric

Acylation (succinylation) of wool fabric was conducted in a DMF 
solvent containing 10 w/v % succinic anhydride at 60 ◦C for 2 h, fol
lowed by rinsing and drying. Prior to the succinylation process, wool 
fabric was scoured in a bath containing 2 g/L non-ionic detergent 
(Kieralon F-OL-B) at 50 ◦C for 30 min, followed by rinsing and drying.
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2.4. Nano-TiO2 treatment of wool fabrics

The scoured and acylated wool fabrics were immersed into an 
ultrasonicated bath, followed by padding, drying and curing at 120 ◦C 
for 3 min. The coated fabrics were labelled as PW, AcylW, PW-TiO2, and 
AcylW-TiO2, representing the pristine wool, acylated wool, wool fabric 
treated with TiO2 colloid, and acylated wool fabric treated with TiO2 
colloid, respectively.

2.5. Dyeing fabrics with acid and reactive dyes

Wool fabrics were dyed with AG50 and RR2 dyes, with the molecular 
structures shown in Fig 1, according to the procedure shown in Fig 2
using an oscillating dyeing machine (Hong Kong MX Dyeing Machine 
Co., LIMITED). The dyeing solutions were prepared based on adding 0.5 
% o.w.f. dye into distilled water followed by adding 2 g/L sodium sul
fate. Then, the pH of the dye solution was adjusted at about 3 by adding 
acetic acid. Liquid to good ratio was set at 1:50. After immersing wool 
fabrics in the dyeing solutions, temperature was raised to 95 ◦C with a 
heating rate of 1.5 ◦C/min, and it was kept constant for 60 min. The dyed 
fabrics were rinsed and dried in an oven at 50 ◦C. The changes of dye 
solutions concentration before and after the dyeing process were 
monitored based on UV–vis absorption spectra over 200–800 nm 
wavelength range.

2.6. Characterization techniques

Photostability of wool fabrics: Photostability of wool fabrics under 
UVA irradiation was tested based on the measured PICL peak intensity 
generated by wool fabrics after 30 s of exposure to UVA. The PICL 
analysis of fabrics was conducted using the Lumipol 3 chem
iluminescence (CL) instrument (Polymer Institute, Slovak Academy of 
Sciences, Bratislava) equipped with an in-situ irradiation system with 
selectable wavelengths from a medium-pressure mercury arc (Lumatec 
SUV-DC, Lumatech GmbH, Germany). The test was conducted under 
controlled atmosphere (N2 and O2) at constant chamber temperature (40 
◦C) based on the testing protocol reported earlier [42]. Each fabric was 
cut circular in 8 mm diameter and exposed to 250–300 cm3/min N2 gas 
flow in the instrument’s chamber for 2 min for stabilization. This was 
followed by 30 s irradiation of samples under UVA light (320–400 nm). 
60 s after stopping the irradiation, O2 gas was introduced to the test 
chamber, generating the PICL peak. The intensity of the PICL peak and 
then its decaying trend was recorded for 500 s.

UV-protection factor (UPF) of fabrics: UPF level of fabrics along 
with UVA and UVB transmittance rates through the fabrics were 
measured using a spectrophotometer (UPF and UV Penetration/Projec
tion Measurement System, Model: YG902, China) according to the AS/ 
NZS4399 standard. Eight different spots of fabrics were tested, and the 
average values were reported.

Antibacterial activity test: The antibacterial activity of fabrics was 

assessed against gram-negative E. coli and gram-positive S. aureus ac
cording to the AATCC 100− 2004 test method [8]. First, bacteria sus
pensions with the concentration of 1 × 107 colony forming units 
(CFU)/ml were prepared by adding microorganisms into tryptic soy 
broth. Each fabric was sterilized under UV irradiation for 45 min prior to 
testing. Each fabric was put in a sterile gamma container, and 1 mL of 
bacteria inoculum was added followed by incubation at 37 ◦C for 24 h. 
Next, 100 mL of saline was added to each container followed by vigorous 
shaking. 1 mL of the prepared solution was cultured in Petri dishes 
containing tryptic soy agar medium followed by incubation at 37 ◦C. 
After 24 h incubation period, the growth rate of bacteria colonies in each 
agar plate was observed and their photographs were recorded.

Cytotoxicity test: Cell biocompatibility of the samples was evaluated 
using l-929 cells. A density of 3000 cells per well was seeded in a 96-well 
plate containing 100 μL of complete Dulbecco’s Modified Eagles Me
dium (DMEM) supplemented with Fetal bovine serum 10 % FBS and 1 % 
PS. After culturing for 24 h at 37 ◦C in a 5 % CO₂ incubator, the culture 
media were replaced. In the experimental group, the media were 
substituted with DMEM incubated with the textile samples (10 g/L) for 
24 h, while the control group received only complete DMEM. After 24 h 
incubation, 10 μL of CCK-8 was added to each well and incubated for 2 h 
at 37 ◦C. The absorbance of the experimental (Aexp), control (Ac), and 
blank (Ab) groups at a wavelength of 450 nm was measured using a 
microplate reader (Varioskan LUX). Four measurements were carried 
out for each sample, and the average values were reported. Cell viability 
was calculated using the Eq. (1). 

Cell viability(%) =
(
Aexp − Ab

)/
(Ac − Ab) (1) 

Wettability and Moisture Management Test (MMT): The wettability 
of fabrics was tested based on measuring the water contact angle (WCA) 
using KSVCAM101 testing instrument. The MMT test was conducted 
using a moisture management tester (M290, SDL Atlas) through 
measuring the absorption rates of artificial sweat droplets on fabrics. 
The average values of at least three measurements for each sample were 
reported.

SEM images and EDX mappings were recorded using the Field 
Emission Scanning Electron Microscope (Tescan MIRA). TEM image of 
TiO2 nanoparticles was taken using JEOL TEM-2100F microscope 
(Japan). Fourier transform infrared spectroscopy (FTIR) tests were 
conducted using the Varian 1000 instrument equipped with an Atten
uated total reflectance (ATR) attachment. The UV–vis spectra of TiO2 
colloid and dye solutions were measured using a Varian-carry-300 
spectrophotometer. X-ray diffractometer (XRD) pattern of the pre
pared TiO2 powder was obtained using X’Pert PRO MRD XL (PAN
alytical) instrument with a Cu Kα radiation over 2θ range of 20–80◦

operating at 40 kV and 30 mA. The surface chemistry of coated fabrics 
was characterized using the X-ray photoelectron spectroscopy (XPS) 
(Thermo Fisher Scientific Nexsa) technique, and atomic ratios of 
detected elements on the outer surface of coatings were calculated.

Color specifications of fabrics: The color indices were measured 

Fig. 1. The molecular structures of a) AG50 and b) RR2 dyes.

E. Pakdel et al.                                                                                                                                                                                                                                  Applied Surface Science Advances 29 (2025) 100814 

3 



using a Datacolor (Spectraflash, SF 600-Plus, USA) spectrophotometer. 
The fabrics were tested under D65 illumination source in a CIE L* a* b* 
system, and their color variation (△E) was calculated according to the 
Eq. (2). 

ΔE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(ΔL∗)
2
+ (Δa∗)

2
+ (Δb∗)

2
√

(2) 

where L* represented the lightness of the fabric (lighter if positive; 
darker if negative), and a* and b* showed the red-green (redder if 
positive; greener if negative) and yellow-blue colors (yellower if posi
tive; bluer if negative) of the fabrics, respectively. The color strength of 

fabrics (K/S) was calculated based on the reflectance (R) values of fab
rics using the same Datacolor spectrophotometer. (Eq. (3)) 

K
/
S = (1 − R)2/2R (3) 

where K and S were the absorption and scattering coefficients of fabrics, 
respectively.

Light and washing fastness testing: The light fastness of dyed fabrics 
was tested based on the variation of color of fabrics after 40 h exposure 
to Xenon light. The photoyellowing and photobleaching of undyed 
fabrics were calculated based on measuring the variations of their 

Fig. 2. Dyeing procedure of wool fabrics with AG50 and RR2 dyes.

Fig. 3. a) TiO2 colloid synthesized through the sol-gel method (The inset image shows the extracted TiO2 powder from the colloid via the precipitation method), b) 
XRD pattern of the synthesized TiO2 nanoparticles, c) UV–Vis spectrum of the synthesized colloid, d) TEM and e) SEM images of the extracted TiO2 nanoparticles, f-i) 
SEM and the corresponding EDX mappings of TiO2 nanoparticles.
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yellowness and whiteness indices. The washing process of AcylW-TiO2 
fabric was done using the Launder-Ometer machine based on the AATCC 
61–2010 standard test method. The fabric (10 cm × 5 cm) was washed 
five times, and each wash cycle was performed in a canister containing 
150 mL water with 4 g/L detergent and 10 steel balls at 40 ◦C for 30 min.

3. Results and discussion

3.1. Characterization of the synthesized TiO2 colloid

The TiO2 colloid was synthesized through the low-temperature sol- 
gel method and a semi-transparent bluish TiO2 colloid was obtained (Fig 
3a). XRD pattern of the extracted TiO2 powder demonstrated the anatase 
crystalline structure of the synthesized nanoparticles, showing charac
teristic peaks at 2θ= 25.2◦, 37.92◦, 47.62◦, and 54.25◦ which repre
sented the planes of 101, 004, 200, and 211 of TiO2 nanocrystalline 
structure, respectively (Fig 3b) [43,44]. The UV–vis absorption of TiO2 
sharply increased at λ<400 nm, demonstrating the intrinsic UV ab
sorption behavior of TiO2 nanoparticles (Fig 3c). TEM and SEM images 
showed TiO2 nanoparticles aggregation with individual particles size 
around <20 nm (Fig 3d and e). For SEM imaging of TiO2 powder, no 
conductive surface coating was applied on TiO2 nanoparticles, revealing 
the porous structure of the synthesized nanoparticles (Fig 3e). The EDX 
mapping displayed the existence and distribution of Ti, O, and C ele
ments in the structure of the extracted powder as shown in Fig 3f-i.

3.2. Characterization of wool fabrics

3.2.1. Scanning electron microscopy (SEMs)
The effect of acylation and treatment with titania colloid on surface 

morphology of fibers was analyzed using SEM images (Fig 4). Fig 4a 
shows the typical morphology of a pristine wool fiber, characterized 
with flattened overlapping surface cuticle scales arranged from root to 
tip direction of fiber. This outer protective layer has a sulfur-rich 
composition acting as a protective sheath around inner cuticle cells, 
determining several features such as wettability of fibers, dyeability, 
surface tension and friction [45]. After acylation, the scales were still 
clear, but some smoothened scales edges and foreign matters deposited 
on AcylW fibers were noticeable. Moreover, on the PW-TiO2 fibers, a 
thin layer of TiO2 was formed which was significantly thicker on the 
AcylW-TiO2 sample. The applied TiO2 nanoparticles covered the edges 

of the scales, indicating the deposition of a greater loading of nano
particles on the acylated fibers. This can be attributed to the presence of 
more surface anchoring sites on the acylated fibers, facilitating the 
attachment of nanoparticles. EDX mapping of AcylW-TiO2 detected the 
existence of C, O, N, S, and Ti elements in the treated fiber. It was 
observed that the TiO2 nanoparticles distributed evenly all over the fiber 
surface, smoothing out the natural unevenness of the surface. In general, 
it can be said that this coating technique, i.e., acylation of fabric and 
then treatment with TiO2 colloid, produced a more uniform distribution 
of nanoparticles on fibers compared with the previously reported 
coating method based on the surface oxidation of wool and then 
ultrasonic-assisted coating of TiO2 (P-25) nanoparticles [46,47].

3.2.2. FTIR and TGA of wool fabrics
The effect of acylation on chemical configuration of wool fabrics was 

assessed using FTIR analysis (Fig 5a). The characteristic peaks of wool 
appeared at 1510 cm-1 and 1640 cm-1 which were assigned to Amid II 
(Bending vibrations of N–H bonds) and Amid I (Stretching vibrations of 
the C = O bond) in the fiber structure, respectively [48]. The small peak 
appeared at 1230 cm-1 was related to Amid III, which is associated with 
the C–N stretching and N–H in-plane bending. After acylation, two new 
peaks were detected at 1730 cm-1 and 1150 cm-1, resulting from the 
existence of free carbonyl groups, formed by anhydride ring opening, 
and the formation of C–O–C bonds with wool surface, respectively [38,
40]. TGA thermographs (Fig 5b) of wool fabrics showed that the acyl
ation process weakened the thermal stability of wool, as the main weight 
loss onset temperature shifted from 263 ◦C for PW to 212 ◦C for AcylW. 
This could be related to the effect of acylation process on the dissocia
tion of disulfide bonds in the structure of wool fibers. Also, it has been 
reported that the acylation process can accelerate the molecular move
ment within the wool polymer chain and destabilize the structure of the 
α-helix crystalline structure within wool fibers [49]. The total weight 
loss of PW and AcylW fabrics were calculated as − 89.9 % and − 96.2 %, 
respectively, clearly showing the effect of acylation on reducing the 
thermal stability of wool.

3.2.3. XPS analysis
To better explore the surface chemistry changes of wool fibers after 

each treatment, XPS analysis was conducted (Fig 6) [50]. The XPS sur
veys showed the presence of four key elements of C, O, S, and N in the 
structure of untreated and modified wool samples, although with 

Fig. 4. SEM images of a) PW, b) AcylW, c) PW-TiO2, and d) AcylW-TiO2 fibers; e) EDX mapping of AcylW-TiO2 fiber.
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varying intensities. For untreated wool sample, i.e. PW, the peaks of O1s, 
C1s, N1s, and S2p were found at binding energies of 531 eV, 284.5 eV, 
400 eV, and 164 eV, respectively. The origin of the detected O1s peak 

could be attributed to the existence of Amide and some hydrophilic 
chemical groups in the structure of fibers [48]. The sharp peak of C1s 
was from the fatty-acid monolayer which exists on the epicuticle layer of 

Fig. 5. a) FTIR spectra and b) TGA analysis of wool fabrics.

Fig. 6. XPS survey of a) PW, b) AcylW, c) PW-TiO2, and AcylW-TiO2 fabrics.

Fig. 7. High resolution XPS analysis of PW and AcylW fabrics.
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outer surface of wool fibers and contains a high concentration of carbon 
[51]. The intensity of the C1s peak declined after the acylation process 
which can be related to the removal of upper layer of fatty acid from the 
fibers surface [51]. The N1s and S2p peaks mainly stemmed from amino 
acid cystine within the structure of cuticle layer [52]. After treating the 
fabrics with TiO2 colloid, the Ti 2P peak appeared at 457.6 eV, indi
cating the deposition of TiO2 nanoparticles (Figs 6c and d). A stronger 
Ti2p peak was detected from the pretreated sample, implying the 
deposition of a greater amount of TiO2 nanoparticles on the fabric.

High resolution XPS spectra of PW and AcylW fibers (Fig 7) and their 
deconvoluted peaks showed that the O1s peak mainly composed of two 
smaller peaks located at 531.4 eV and 533 eV, representing the existence 
of O = C and O–C bonds on the outer layer of wool fiber surface. The 
peak of C1s of PW was deconvoluted into three smaller peaks located at 

284.3 eV, 285.8 eV, and 287.5 eV, which were ascribed to the existence 
of C–C/C–H, C–N/C–O, and –C––O bonds on the wool fiber surface. 
After acylation, these peaks moved to 283.6 eV, 285.1 eV, and 286.9 eV 
positions, respectively, indicating the removal of surface lipid layer [53,
54]. The main deconvoluted S2p peaks were found at 163.4 eV, 164.7 
eV, and 167.8 eV which were ascribed to the presence of disulfide 
(–S–S–) bonds, S–H functional group, and sulfur oxide compounds 
(–SOx), respectively [54–56]. After acylation, the peaks shifted to lower 
binding energy and the overall intensity of S2p peaks decreased. The 
reduction of the S–S bonds and stronger S–H peak signal confirmed that 
some disulfide bonds were damaged after carrying out the acylation 
process [55].

As shown in Fig 8, after the treatment of fabrics with TiO2 colloid, 
new peaks related to Ti2p appeared at binding energies of 457.6 eV and 

Fig. 8. High resolution XPS spectra of pristine and acylated wool fabrics after treatment with TiO2 colloid.
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463.2 eV, representing Ti2p3/2 and Ti2p1/2, respectively [35,57]. 
Moreover, the deconvoluted O1s peak at 529 eV was due to the existence 
of O–Ti bond and the existence of lattice oxygen bound to Ti4+[58]. It 
was noted that the Ti2p peaks were sharper on the AcylW-TiO2 sample 
due to the deposition of a higher quantity of TiO2 on the surface of fiber. 
A weak peak at 457.8 eV was found which was related to the existence of 
Ti3+ defect in the structure of the synthesized TiO2 nanoparticles. This 
may influence on the photocatalytic activity of TiO2 nanoparticles under 
visible light as reported earlier [35]. The observation of stronger Ti2p 
peaks on AcylW-TiO2 fabric compared with PW-TiO2 sample was in 
good agreement with the calculated atomic concentration of Ti on fab
rics as listed in Table 1. Also, the N1s and S2p peaks became weaker 
compared with other tested fabrics which can be due to the formation of 
a thicker coating layer on fabrics, and less accessibility of these elements 
for the XPS detector, considering that the XPS technique can only test 
top outer surface layer of fibers.

Three main functional groups of wool keratin which are found in the 
side chains are carboxyl group (–COOH), amino group (–NH2) and hy
droxyl group (–OH) [59,60]. By altering the configuration of cysteine in 
the cuticle layer, it is expected to have newly formed –SH functional 
groups on the wool surface [60]. Through reacting succinic anhydride 
with wool’s functional groups, new carboxyl groups can be introduced 
to wool fiber surface [61]. Therefore, based on the conducted FTIR and 
XPS analyses, the mechanism of wool surface modification through the 
discussed acylation pretreatment and then titania nanocoating can be 
proposed as shown in Fig 9.

3.2.4. Photostability and UV protection
The effect of the applied treatments on wool fabrics photostability 

was evaluated based on the PICL analysis (Fig 10a and b). In this testing 
approach, wool samples were exposed to the irradiation of UV light for 
30 s under N2 atmosphere, which resulted in the generation of polymer 
free radicals in wool and triggering its photodegradation reactions. 
These excited species generated chemiluminescence peak after reaction 
with oxygen gas, which was introduced to the testing chamber 60 s after 
stopping the irradiation period. Therefore, the population of these 
excited polymer species in wool samples was referred to as an indication 
of the effect of UV light on wool samples [62,63]. The deposition of TiO2 
nanoparticles, which are intrinsically considered as strong UV ab
sorbers, on the surface of wool could potentially reduce the absorption 
of incident UV light by wool, thereby reducing the photodegradation 
pace and enhancing the photostability of wool samples [42]. Both nat
ural and synthetic polymer fibers emit luminescence upon exposure to 
visible and UV light, a phenomenon which is known as photoinduced 
chemiluminescence [64]. In fact, the incident light can be absorbed by 
light-absorbing photo-initiators present in polymer fibers which may be 
chromophores or oxidation products, and cause the generation of 
polymer free radicals and charge separation [63]. Two main in
termediates for the generation of PICL are macroperoxy radicals (PO٠٠2) 
and polymer hydroperoxides (POOH.), which can be generated by the 
reaction of polymer radicals with oxygen [65,66]. The application of 
TiO2 nanoparticles to the surface of wool to form a UV-protective barrier 
on fibers reduces the production rate of polymer radicals and therefore 
reduces the PICL peak intensity [42]. As shown in Fig 10a and b, through 
carrying out the acylation modification on wool fabric and then subse
quent modification with TiO2, the PICL peak intensity reduced by 83.5 

% and 45 %, compared with PW and PW-TiO2 samples, respectively. 
This could be related to the decreased concentration of light-absorbing 
chromophores in the structure of AcylW, and also the deposition of a 
greater amount of TiO2 nanoparticles on fibers, providing a better pro
tective shield against incident UV.

The UV protection level of fabrics was compared based on the 
measured UPF levels (Fig 10c). Based on the results, the UPF levels of 
PW-TiO2 and AcylW-TiO2 samples were 133.8 and 138.9, respectively, 
which were 31 % and 37 %, higher than that of PW fabric. Evaluating 
the UV transmittance (T %) rates through the fabrics over UVA 
(315–400 nm) and UVB (280–315 nm) regions, showed that the UVA 
transmittance rate of fabrics changed more noticeably. The AcylW-TiO2 
sample had the lowest T % over the UVA range compared with other 
tested samples. The measured T % for AcylW-TiO2 fabric over UVA 
wavelength range was 2.71 %, while for PW and PW-TiO2, it was 4.21 % 
and 2.8 %, respectively. The acylation pre-treatment had a negligible 
effect on these values, and it can be said that the deposition rate of TiO2 
nanoparticles on fabrics played the key role in enhancing the UV pro
tection of fabric. The changing trends of UPF values corroborated the 
PICL results, showing an enhanced photostability and UV protection 
after acylation and TiO2 treatments.

The UV protection mechanism of TiO2 nanoparticles is related to the 
absorption of incoming photon energy by valence band electrons of TiO2 
and generating pairs of e-/h+ in a femtosecond time [67]. This process 
excites electrons from the valence band of TiO2 to the conduction band, 
producing pairs of negative conduction band electrons (e-) and valence 
band holes (h+) [67]. The photogenerated products can rapidly recom
bine, releasing their energy in the form of heat or light. Therefore, based 
on this mechanism, they can minimize the UV damage to the coated 
fibers. However, if the photogenerated species escape from the recom
bination process, they initiate photocatalytic redox reactions, producing 
photocatalytic functionality [67].

3.2.5. Wettability and moisture management property of fabrics
Testing the wettability of fabrics (Fig 11) demonstrated that the PW, 

PW-TiO2 and AcylW samples were hydrophobic with WCA values of 
95.6◦, 111.7◦, and 131.2◦, respectively. It is known that the untreated 
wool fiber is naturally hydrophobic, due to the existence of a thin fatty 
acids layer on its epicuticle, having been covalently bound to the protein 
matrix [68]. This hydrophobic property of wool causes issues in 
different characteristics of wool such as sweat absorption, dyeability and 
uptaking finishing agents [69,70]. The hydrophobicity of the AcylW was 
because of the presence of hydrophobic acyl chains on the wool fibers 
surface, acting as a protective layer against water molecules [36]. 
However, after treatment of the acylated wool with the titania colloid, 
the AcylW-TiO2 fabric became superhydrophilic, and the measured 
WCA reduced to 0◦. Based on the MMT analysis, it was found that the 
absorption rates of artificial sweat droplets were 268.3 ± 28.0 %/s and 
28.5 ± 2.0 %/s on AcylW-TiO2 and PW fabrics, respectively, confirming 
the rapid liquid absorption on the coated fabric.

3.2.6. Dyeability of wool fabrics
The prepared wool fabrics were dyed with AG50 and RR2 dyes and 

the obtained color change (ΔE) and color strength (K/S) of fabrics were 
measured. Table 2 indicates the details of color specifications of each 
wool fabric before and after the dyeing process. As a general trend, it 
was observed that TiO2 treatment affected the color of wool fabrics by 
increasing their lightness (L*). Also, the presence of TiO2 nanoparticles 
on fabrics increased the ΔE value in the dyed fabrics, which could be 
related to the unevenness in the fabrics color, and non-uniform light 
reflection from the fabrics surface. Based on the appearance of dyed 
wool fabrics (Fig 12a), it can be said that the acylation process resulted 
in a darker color shade, while TiO2 treatment reduced the color depth of 
dyed fabrics. These observations were also corroborated by the 
measured K/S values of fabrics. Based on the measured K/S values, the 
color strength of AcylW sample was higher than that of PW (Fig 12b). 

Table 1 
The atomic ratio ( %) of detected elements on pristine, acylated and coated wool 
fabrics.

O1s C1s N1s S2p Ti2p O/C Ti/C

Raw wool 16.3 72.12 8.75 2.84 – 0.23 –
AcylW 18.5 70.58 8.43 2.49 – 0.26 –
Wool-TiO2 20.41 66.26 8.18 2.54 2.62 0.31 0.04
AcylW-TiO2 23.98 63.57 5.80 1.69 4.96 0.38 0.08

E. Pakdel et al.                                                                                                                                                                                                                                  Applied Surface Science Advances 29 (2025) 100814 

8 



This was related to the structural changes in AcylW, which allowed more 
dye molecules to penetrate the inner parts of wool, creating stronger 
color depths. The presence of TiO2 reduced the K/S value of the dyed 
fabrics, likely due to its natural white color and high refractive index, 
which altered the response of the coated fabrics to incident light during 

the color measurement test.
The photostability of undyed and dyed wool fabrics was further 

analyzed by monitoring the variations of fabrics whiteness (ΔW) and 
yellowness (ΔY) after 40 h exposure to Xenon light (Fig 12c). It was 
found that the PW underwent a severe photobleaching process, and the 

Fig. 9. The proposed mechanism of wool surface acylation and attachment of TiO2 nanoparticles to the wool fiber surface.

Fig. 10. a) PICL spectra of wool fabrics in O2 after exposure to UVA radiation, b) comparison of the effect of acylation process on the PICL peak intensity, c) UPF 
values of fabrics and d) UV transmittance rates through fabrics over UVA and UVB regions.
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color of the fabric became whiter, and the measured ΔW and ΔY values 
were 11.2 and − 3.5, respectively. After applying TiO2 coating to PW, the 
photobleaching process in the fabric slowed down and the measured ΔW 
reduced to 5.3. After 40 h of irradiation, the yellowness of AcylW 
increased noticeably (ΔY=2.6), causing a severe yellow color in the 
fabric. But after coating the AcylW with TiO2 nanoparticles, both pho
toyellowing and photobleaching trends in the AcylW-TiO2 fabric slowed 
down dramatically, and the calculated changes in yellowness and 
whiteness of fabrics were ΔY=− 1.8 and ΔW=2.5, respectively, implying 
the enhanced photostability of fabrics.

The color change of dyed fabrics after 40 h irradiation was also 
examined (Fig 12d). In overall, the observed ΔE variation in fabrics dyed 
with AG50 dye was greater than the samples dyed with RR2, which can 
be related to different chemical structures of dyes and their different 
levels of light fastness. TiO2 is known for its superior photocatalytic 
activity under UV irradiation, and the utilized Xenon light spectrum 
contained a small portion of UVA, simulating daylight. However, it was 
realized that the photocatalytic feature of TiO2 did not significantly 
accelerate the color fading of the fabrics after 40 h of irradiation. This 
can be due to having a very small portion of UV in the simulated sunlight 
and also the deposition of a very low amount of TiO2 nanoparticles on 

fibers.

3.2.6. Antibacterial activity and cytotoxicity assessments
Antibacterial activity of nano-treated fabrics against E. coli and 

S. aureus bacteria was tested (Fig 13a). Both AcylW-TiO2 and PW-TiO2 
samples provided a strong bactericidal effect against both types of 
bacteria, and the acylation process did not have any deteriorating effect 
on the fabric’s antibacterial performance. Antibacterial activity can 
result from the photo-induced activity of TiO2 nanoparticles. Although 
the antibacterial test was conducted without any direct UV irradiation 
on samples, it would be plausible to say that the antibacterial activity of 
TiO2 nanoparticles might have activated because of the surrounding 
light causing the observed antibacterial effect. TiO2 can generate photo- 
induced pairs of electrons (e-

VB) and positive holes (h+CB) after absorbing 
the incoming photons energy. These species react with surrounding 
oxygen and water molecules, producing superoxide anions (O2‾⋅) and 
hydroxyl radicals (OH⋅) [71,72]. These products are reactive and can 
readily interact with surrounding organic compounds such as bacteria 
cell walls, causing the leakage of macromolecular compounds such as 
proteins, minerals, and generic materials, leading to the death of bac
teria [25,73]. Additionally, some researchers have reported the mech
anisms of antimicrobial activity of TiO2 nanoparticles in dark and in the 
absence of any irradiation source. For instance, Vargas et al. [74] re
ported that the dark antimicrobial activity of TiO2 nanoparticles can be 
related to the presence of surface oxygen vacancies and Ti3+ below the 
conduction band of TiO2. The interaction of oxygen and water molecules 
with oxygen vacancies can lead to the formation of superoxide radical 
groups, which can contribute to the enhancement of the antibacterial 
effect. It has also been reported that the oxygen vacancies of TiO2 
nanoparticles can react with the dissolved oxygen, and produce radicals 
such as ٠OH, ٠O2

̶ , and HO٠2, giving rise to an antibacterial activity [75,
76]. Our XPS results confirmed the presence of surface defects of Ti3+in 
the synthesized TiO2 nanoparticles. Therefore, the role of surface oxygen 
vacancies is mentioned as one of the contributing mechanisms in 
obtaining effective bactericidal activity on wool fabrics.

Testing the cytotoxicity of coated fabrics showed that the deposition 
of TiO2 nanoparticles did not result in any noticeable changes in l-929 
cell’s viability (Fig 13b). The results showed that the cells viability rates 
did not change noticeably in the presence of AcylW-TiO2 sample 
compared with PW and PW-TiO2. It should be highlighted that there are 
some disagreements in the literature regarding the potential toxic effects 
of nanomaterials and particularly TiO2 nanoparticles. In general, it 

Fig. 11. WCA of pristine, acylated and coated wool fabrics.

Table 2 
Color indices of wool fabrics before and after dyeing with AG50 and RR2 dyes.

Samples L* a* b* ΔE 
(Compared 
with PW)

ΔE (Compared with 
the corresponding 
undyed fabric)

PW 80.2 − 1.2 8.5 – –
PW-TiO2 82.6 − 1.5 9.2 2.5 –
AcylW 80.1 − 1.1 8.2 0.3 –
AcylWTiO2 81.0 − 0.7 11.5 3.1 –
PW-AG50 49.1 − 29.1 − 7.0 44.6 44.6
PW-TiO2- 

AG50
49.8 − 29.6 − 4.8 43.7 45.4

AcylW-AG50 48.2 − 30.0 − 5.8 45.3 45.2
AcylWTiO2- 

AG50
47.9 − 30.7 − 4.7 45.7 47.5

PW-RR2 47.0 52.5 − 0.9 63.8 63.8
PW-TiO2- 

RR2
48.7 52.2 − 1.0 62.7 64.4

AcylW-RR2 46.8 53.9 2.3 64.7 65.0
AcylWTiO2- 

RR2
46.7 54.3 1.7 65.2 65.0
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seems that there is no consensus on the standard test method which 
should be utilized for assessing the effects of nanoparticles, especially if 
they are applied to textile substrates. Based on the literature, the toxicity 
of nanoparticles varies based on their shape, size, crystallinity, surface 
area, synthesis method and even the application methods on textiles [77,
78]. In general, the employed techniques of applying nanoparticles to 
textiles, the immobilization methods, pre-treatment of textiles, and the 
type and chemistry of fibrous substrates, all are contributing factors 
which can influence on the rate of detachment of nanoparticles from the 
fibers surface and their overall toxicity [1,79].

The washing fastness of AcylW-TiO2 fabric was also tested (Fig 13c). 
The sample was washed in an accelerated condition in the presence of 
detergent. Analyzing the surface morphology of the washed fabric using 
SEM imaging and EDX mapping confirmed the existence of TiO2 nano
particles on the surface of the washed fabric, confirming the durability 
of applied coatings on acylated wool fabric. To better evaluate the 
washing fastness of the applied nanocoating, a piece of pristine wool 
fabric was sewn to the AcylW-TiO2 fabric during the washing process. 
This allowed us to check if there is any detachment and possible 
migration of nanoparticles to the adjacent wool fabric. Based on the SEM 
image (Fig 13d), no evidence of transferring TiO2 nanoparticles to the 
adjunct fiber was observed, confirming the high durability of applied 
coatings on the tested wool fabric.

4. Conclusion

In this study, the effects of acylation process with succinic anhydride 
on various properties of wool fabric including the adsorption of TiO2 
nanoparticles, photostability, antibacterial activity, wettability, and 
dyeability were investigated. A comprehensive analysis was conducted 
to understand the potential changes in the chemistry and morphology of 
wool fabric at each stage of surface treatment, including acylation and 
dip-coating with TiO2 colloid. Based on the XPS results, it was found that 

the acylation pre-treatment increased the oxygen content on fibers outer 
surface while moderately reduced the amounts of nitrogen, carbon and 
sulfur elements. It was also demonstrated that a higher loading of TiO2 
nanoparticles was deposited on the acylated fabric. The PICL analysis 
confirmed that the acylation process and TiO2 treatment synergistically 
contributed to the higher photostability of wool fabric. In addition, these 
treatments reduced photobleaching and photoyellowing rates in wool 
fabric after 40 h exposure to the simulated sunlight. The AcylW-TiO2 
fabric provided the UPF level of 140 which is an excellent UV protection 
level for textiles. It aslo exhibited an effective antibacterial activity 
against both E. coli and S. aureus bacteria with 100 % bacterial eradi
cation efficiency. The results showed that the acylation process 
increased the colour strength (K/S) of fabrics dyed with AG50 and RR2 
dyes, while TiO2 reduced it. The photocatalytic activity of TiO2 nano
particles did not cause any color fading in wool fabrics even after 40 h of 
continuous irradiation. The coated acylated wool fabric showed a good 
washing fastness, and no significant cytotoxicity effect was observed. 
The outcomes of this study provided a comprehensive analysis on sur
face modification of wool fibers, through acylation and nano TiO2 
treatment to impart more durable functionalities to textile products.
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