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Abstract

:

This paper focuses on investigating the use of low-pressure oxygen plasma as a surface treatment aimed at enhancing the wettability and dyeability of cotton fabrics for use in textiles and footwear materials. Plasma activation modified the cotton fabric surfaces, increasing their affinity for polar liquids. The research thoroughly characterised the treated fabrics through a combination of analytical methods and physical testing. Plasma treatment was performed using a 13.56 MHz RF generator at 90 W power, with an oxygen flow rate of 500 sccm and a pressure of 0.30 mbar, for treatment durations of 30, 60, and 120 s. Changes in surface chemistry were analysed with XPS, while SEM was used to observe morphological changes. Static water contact angle measurements confirmed a reduction from 128.5° in untreated cotton to 25.6° in samples treated for 30 s, indicating a significant increase in hydrophilicity. Water absorption tests showed a maximum absorption capacity of 119.6% after 60 min for plasma-treated samples, compared to 65.7% for untreated cotton. Contact angle measurements verified that surface hydrophilicity increased following the treatment. Furthermore, physical tests, such as rub fastness, colourimetry, and water absorption, were carried out to evaluate improvements in wettability, dyeability, and overall performance. The results showed notable enhancements in the wetting properties of cotton textiles, enabling better absorption of water and dyes, along with improved fixation. The comprehensive characterisations provided insights into the mechanisms behind these improvements. This research offers a sustainable approach for the textile industry, as plasma technology is a dry process that enhances dyeing efficiency while maintaining fabric performance and lowering environmental impact.
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1. Introduction


Textiles, comprising materials such as cotton, silk, wool, and various other fabric constituents, play a pivotal role in diverse applications, including clothing, footwear, home furnishings, medical products, automotive interiors, and industrial gear. Additionally, they serve purposes in civil engineering, sports equipment, aerospace and defence, agriculture, and environmental applications, showcasing their wide-ranging utility [1]. Among these, cotton is globally valued for its biodegradability, comfort, and versatility across industries, making it a cornerstone of textile production and a key material in sustainable practices [2,3]. Within the clothing and footwear industry, the differentiation between hydrophobic and hydrophilic properties holds utmost importance [4,5]. Depending on the specific product type and its intended use, a diverse range of textile characteristics is needed. In the realm of both sectors, there is a perpetual quest for textiles to inherently exhibit hydrophobic properties, thereby repelling water. However, in certain scenarios, it becomes imperative for textiles to possess innate hydrophilicity, fostering an affinity for water. This hydrophilic trait facilitates enhanced dye absorption during the textile dyeing process, proving indispensable in the clothing and footwear industry for achieving the desired aesthetics and uniformity [6].



In the pursuit of textiles with heightened hydrophilicity, conventional chemical treatments have been employed. There are several chemical processes and methods that can be used to improve the dyeing of cotton, such as cold pad-batch dyeing, continuous dyeing, alkali for dye fixation and hydrolysis, enzymes for pre-treatment, plasma treatment for surface modification, supercritical fluid dyeing, ultrasonic-assisted dyeing, and microwave-assisted dyeing, among others. These methods can be used to control different variables such as temperature, time, pH, liquor ratio, and auxiliaries to achieve optimal dyeing results [7]. However, some of these treatments may have adverse impacts on the environment and human health. For instance, certain treatments involve the use of surfactants (R-SO4-Na+), chemical compounds that reduce the surface tension of water to promote liquid absorption. While surfactants are effective in this regard, the discharge of these compounds into wastewater without proper treatment can have detrimental effects on aquatic ecosystems [8,9,10].



Moreover, specific chemical treatments utilised to enhance textile hydrophilicity may encompass substances that raise environmental and health concerns. An example could be the use of chemicals to improve water and dye absorption in textiles through the application of agents such as chlorophenols (C6H5−xClxOH), formaldehyde (CH2O), and aromatic amines (R-NH2). Aromatic amines are chemicals used to improve colour fixation in textiles, but some of them are carcinogenic. Formaldehyde is used to improve the wrinkle resistance and durability of textiles, but it is an irritant and can be harmful to human health. Therefore, despite the advantages of improved hydrophilicity, it is important to take measures to reduce the presence of these chemicals in the textile dyeing process and find safer and more sustainable alternatives, as they can raise substantial environmental concerns related to air quality and public health [11,12]. Furthermore, these conventional treatments often result in significant wastewater throughout their various processing stages, exacerbating the strain on water resources and increasing the environmental footprint of the textile industry [13]. For instance, conventional dyeing processes can generate up to 200 L of wastewater per kilogram of cotton, placing significant pressure on water resources and contributing to pollution [14].



To address these concerns, the textile industry is actively exploring more environmentally friendly alternatives to enhance textile hydrophilicity for dyeing applications [15,16,17]. This includes the development of treatments utilising natural enzymes or biodegradable polymers in lieu of synthetic chemicals [18,19,20]. Additionally, some researchers are looking for innovative approaches, such as low-pressure and atmospheric-pressure plasma activation, aligning with environmentally responsible practices [21,22]. These alternatives aim to maintain or enhance textile hydrophilicity without resorting to chemicals that may be detrimental to the environment and human health. Furthermore, researchers are investigating methods of characterisation and analysis to assess the effects of these treatments on the structure and properties of textiles [23]. Unlike other methods, low-pressure oxygen plasma treatment achieves surface modification efficiently while reducing water and energy consumption, presenting itself as a promising alternative for sustainable textile processing [24,25].



Therefore, methods like low-pressure plasma activation with oxygen are being looked into as long-term ways to make textiles more water-related, which is in line with practices that are good for the environment. Plasma treatment, particularly low-temperature plasma, offers a versatile application to various fabric types, resulting in surface property modifications while preserving bulk characteristics [26]. These plasma surface treatments come with significant advantages, including the promotion of self-cleaning effects [27], an increase in micro-roughness [28], the generation of radicals to achieve hydrophilic surfaces, water-repellence, antibacterial properties [29,30], sterilisation benefits [31], and the enhancement of antistatic properties [32].



Moreover, plasma treatments contribute to improved dyeing and printing quality in materials and increase the adhesion strength between dye and textiles [33]. In comparison to conventional processes, plasma treatment brings several notable advantages to the table: it represents a super dry process modification without the use of water (water consumption is reduced by 100%), ensuring reliability and safety; it entails minimal chemical consumption (chemical consumption is reduced by 80%); it efficiently modifies materials that are typically challenging to change; it requires a short processing time (energy consumption is reduced by 50%); and it minimises wastage [34,35].



Multiple studies have explored the surface modification of cotton and various other textiles using plasma technology to enhance their dyeability and surface properties. However, previous studies have often faced challenges related to treatment durability, scalability, or inconsistencies in controlling the dyeing process. Addressing these limitations, this work provides a robust, quantitative assessment of low-pressure oxygen plasma treatment for cotton, highlighting its potential for industrial scalability [36]. Ullah et al. [37] examined how low-pressure glow discharge (LPGD) air plasma treatment affects jute–cotton blend fabrics. The treatment improved surface morphology, wetting ability, and water absorption in the fabrics, resulting in more intense colours when dyed. This plasma-based approach could be an environmentally friendly option to enhance jute and cotton textiles, promoting sustainable products. Similarly, El-Khatib et al. [38] did a full comparison study of how plasma treatment affected a wool/polyester mix using different plasma gases like oxygen, nitrogen, and air. The research encompassed a multifaceted evaluation, including wettability, whiteness index, surface morphology, mechanical properties, dyeability, and fastness properties, obtaining a discernible enhancement in colour intensity among the plasma-treated samples, demonstrating the positive outcomes attributed to the specific gases utilised in the process. Karahan et al.’s [39,40] study illustrated the potential of low-pressure plasma treatment on cotton fabrics. They discovered that argon plasma was better than air plasma at making materials more hydrophilic and wickable. They think this is because noble gases have an etching effect that makes materials better. Similarly, Bhat et al. [41] observed significant increases in the wettability of grey cotton fabrics following atmospheric air plasma treatment, primarily due to the introduction of polar groups. Furthermore, Zemljic et al. [42], Cai et al. [43], Persin et al. [44], and Hwang et al. [45] demonstrated that when treated with either atmospheric pressure plasma or low-pressure plasma, the water contact angle of different textile sources can be decreased, improving the dyeability of the final product.



These collective studies demonstrate the diverse methodologies and positive outcomes of plasma treatment for textiles, enhancing their dyeing capabilities and modifying their surface properties in different ways [40,46].



This study explores textile surface engineering to enhance cotton fabric dyeability through low-pressure oxygen plasma activation, aiming for industrial application in dyeing processes. A range of analytical techniques and physical tests were employed to characterise the treated fabrics. By employing advanced techniques such as XPS for surface chemistry analysis and SEM for morphological evaluation, this study provides a comprehensive and quantitative understanding of the effects of low-pressure oxygen plasma treatment on cotton fabrics. Moreover, physical tests, including water fastness, spray resistance, colourimetry, permeability, and water vapour absorption, were performed in order to observe any significant improvement in wetting properties. Thus, this study aims to explore low-pressure oxygen plasma treatment as a sustainable solution for improving cotton dyeability and surface properties, aligning with the demand for efficient and eco-friendly textile manufacturing practices.




2. Materials and Methods


The materials and sample preparation were as follows. Raw cotton, provided by Poveda Textil S.L. (Elda, Spain), was activated using a low-pressure plasma process for footwear and textile applications. The fabric is 100% cotton, with two warp and four weft threads, weighing 480 g/m2 and a thickness of 0.93 ± 0.05 mm. Carburos Metálicos S.A. (Barcelona, Spain) supplied oxygen (O2, 99.995% purity) as the gas precursor for the activation process. For dyeing both untreated and treated samples, Zaneline (Madrid, Spain) provided the reactive dye, Panreac Quimica S.L. (Barcelona, Spain) supplied sodium hydroxide (NaOH, 98.0% purity), and sodium chloride (NaCl, 99.5% purity) came from Merck Life Science S.L.U. (Madrid, Spain).



Secondly, A low-pressure plasma activation setup was developed for treating raw cotton samples using a low-pressure plasma system (Diener Electronic Vertriebs GmbH, Ebhausen, Germany) with a 24 L stainless-steel chamber and a dedicated sample holder. The reactor is equipped with a 13.56 MHz RF generator, delivering up to 300 W of power, and includes two gas inlet channels and a microdosing pump. It supports various plasma surface modification processes such as cleaning, activation, coating, and etching, and it is suitable for laboratory-scale applications. The chamber’s temperature can be controlled during treatment. Sample designations and corresponding process parameters are shown in Table 1 [47].



Figure 1 visually presents the low-pressure oxygen plasma activation treatment of cotton textiles, showing the transition from untreated to plasma-activated cotton. During this procedure, raw cotton samples measuring 110 × 110 mm are placed inside the chamber of the low-pressure plasma system. The chamber is first evacuated to a base pressure of 0.10 mbar. Oxygen is then introduced via a mass flow controller at a flow rate of 500 sccm, allowing the pressure to stabilise at a 0.30 mbar, ensuring uniform distribution of oxygen molecules throughout the chamber. Once the gas supply phase is complete, the RF generator is activated at 90 W of power input, ionising the oxygen molecules and generating oxygen plasma between 30 and 120 s of activation time. This plasma uniformly spreads across the chamber, modifying the surface of the exposed cotton samples. The process ends when the preset activation time is reached, at which point the plasma is turned off. The chamber is then brought back to atmospheric pressure by venting air, after which the treated samples are removed [47,48].



On the other hand, to study the improvement of the dyeing capacity of the treated samples, the samples must be dyed after plasma treatment. For this purpose, a well-established dye bath method by the supplier of the reactive dye has been carried out [49], where the following reagents were used. For every unit of the fabric’s weight, a 1.5% proportion of reactive dye is employed. Additionally, a solution of sodium hydroxide (NaOH) is prepared, consisting of 3.6 g of NaOH per litre of water. Sodium chloride (NaCl) is introduced into the distilled water at a concentration of 50 g per litre.



The methodology for dyeing samples begins with immersing the untreated cotton fabric in distilled water for 10 min to remove impurities. For treated samples, fabric is placed in a 2 L beaker with a magnetic stirrer (700–1000 rpm). Sodium chloride is added, followed by reactive dye, adjusted to the fabric’s weight. The fabric is mixed for 5 min, after which sodium hydroxide is gradually introduced for dye fixation, following a specific formula. The temperature is raised to 60 °C and maintained for 40–60 min. The fabric is then cooled to room temperature in a controlled environment and finally rinsed with 1.5 litres of water to remove excess dye, ensuring colourfastness. Samples are drained and dried at room temperature. For improved dye fixation, some samples were ironed at 90 °C, with 3 bar pressure for 30 s. The ironing was conducted using a ‘cotton mode’ for optimal heat and pressure. The process follows standard textile practices to ensure reproducibility and aligns with industry norms. Figure 2 clearly outlines the dyeing process performed on the cotton samples, detailing each step from fabric preparation to the final dyed product. The diagram highlights key stages, including the addition of NaCl and NaOH, reactive dyeing under controlled conditions, cooling, washing, drying, and ironing of the cotton fabric.



Various characterisation techniques were employed, providing comprehensive insights into both the chemical interactions and physical attributes of the treated fabrics. The techniques used are as follows:



X-ray Photoelectron Spectroscopy (XPS): The chemical composition of both treated and untreated samples was examined using X-Ray Photoelectron Spectroscopy (XPS) with a Thermo Scientific K-ALPHA instrument in Waltham, MA, USA. XPS determined the film’s chemical properties with a 3 mA current, 12 kV voltage, Al-K radiation, and Avantage software analysis, version 5.9925. No pre-treatment was performed on the samples prior to analysis to maintain their native state. A flood gun prevented charging. Technical Research Services (SSTTI) at the University of Alicante carried out the XPS analysis.



Scanning Electron Microscopy (SEM): Surface modifications and morphological analyses of treated and untreated cotton samples were conducted using a JEOL IT500HR/LA high-resolution scanning electron microscope with EDS capabilities. This system, featuring a field emission gun, provides resolutions of 1.5 nm at 30 kV and 4.0 nm at 1 kV, operating from 0.5 to 30 kV. The microscope is also integrated with a Raith Elphy Quantum EBL system. Samples were analysed in their native state without any metal coating to preserve the original surface characteristics. The analysis was performed by the Technical Research Services (SSTTI) at the University of Alicante [47,50].



Static Contact Angles: A Theta Flow optical tensiometer (Biolin Scientific Oy, Espoo, Finland) was utilised to assess the wettability of both treated and untreated surfaces. Contact angle measurements were conducted using three 4 μL drops of a polar liquid (distilled water, H2O) [51] in accordance with the EN 828 standard [52]. The measurements were performed in a controlled environment of 23 ± 2 °C and 50 ± 5% relative humidity.



Colour Difference: Plasma-treated and untreated textile colour variation was assessed using a portable CM600d spectrophotometer (Konica Minolta, Tokyo, Japan), in line with ISO 105-J03:2009 [53]. This device accommodates samples of diverse sizes and shapes, employing an 8 mm fixed aperture. At three central points on the sample, measurements were taken with the lighting/observer combination D65/10°, with the specular component (SPEX) taken out. The mean value of the colour difference CMC (ΔEcmc (l:c)) was determined.



Water absorption: Due to the lack of a standardised test method for water absorption in textiles, ISO 22649:2016 has been used (method A) [54] to determine the water absorption of the textile under static conditions. Prior to testing, the fabrics were oven-dried at 23 °C for 24 h and 50% humidity to ensure consistent initial moisture content. This standard, specific to footwear regardless of the material, involves immersing a test specimen of textile mass in water for a specified period, followed by the measurement of the percentage of water absorbed based on the mass. The oven used was sourced from Memmert GmbH + Co. KG, Büchenbach, Germany.



Colour fastness to rubbing and fade: The colour fastness of textiles can be determined by colour fastness to rubbing and colour fastness to water tests. Colour fastness to rubbing of textiles according to ISO 17700:2019 [55] may be performed in three different test methods (method A, method B, and method C) for evaluating the degree of colour transfer from the surfaces of materials during a dry or wet rubbing process. The methods apply to uppers, linings, and insoles, regardless of the material. Method D also applies to sewing threads and laces. The methods are method A, a reciprocating abrasion tester with a square head; method B, a rotary abrasion tester; and method C, a reciprocating abrasion tester with a circular head. The methods apply to footwear uppers, linings, and insoles, regardless of the material. Method B was used in the investigation. According to the standard, the samples were tested both dry and wet using circular pieces of washed pure wool felt, rotating with a force of 24.5 N at 15.6 rad/s for 200 revolutions. Colour fastness to water according to ISO 105-E01:2013 [56] was performed to determine the probability of sample colour bleeding using a standardised multi-fibre textile. The change in colour of the sample and the staining of the felt or the multi-fibre textile have been measured according to the ISO 105-A03:2020 standard [57], where the samples are observed using D65 light and tilted at 45 degrees. The Grey Scale Rate for each determination was established.




3. Results and Discussion


This Section presents a detailed account of the experimental results, followed by their interpretation and the corresponding conclusions derived from the experiments.



In the following Section, a detailed characterisation of raw cotton samples subjected to low-pressure oxygen plasma treatment using X-ray Photoelectron Spectroscopy (XPS) is being conducted. Figure 3 presents the XPS survey of raw cotton and plasma-oxidised cotton samples, showing the binding energy spectra. The Figure highlights the presence of oxygen (O 1s) and carbon (C 1s) peaks, indicating surface modifications induced by plasma treatment. The untreated sample (AC-0) exhibits prominent peaks for oxygen (O 1s) and carbon (C 1s) at binding energies of approximately 532 and 285 eV, respectively [58]. In contrast, the plasma-activated samples revealed a notable decrease in carbon peak intensity and a corresponding increase in oxygen intensity, indicating the incorporation of oxygen-functional groups, such as hydroxyl (–OH), ethers (–O–), and carbonyl (C=O), onto the cotton surface. These surface modifications occur due to the oxidation of carbon-carbon (C–C) bonds and the introduction of new chemical functionalities by the plasma treatment, such as the formation of carboxyl groups (–COOH). These changes at the molecular level have a significant impact on the chemical and physical properties of the treated cotton surface, as seen below [59].



As summarised in Table 2, the elemental composition data clearly show that carbon content decreased significantly, from 86.64% in the untreated sample (AC-0) to 62.78% in AC-0.5 and 62.14% in AC-1, followed by a slight increase to 65.49% in AC-2. This decline in carbon is coupled with a significant increase in oxygen content, reaching 33.87% in AC-1. Such changes confirm the effective removal of carbon-based contaminants and the oxygen enrichment of the cotton surface. The O/C ratio increased notably, from 0.14 in AC-0 to 0.55 in AC-1, further highlighting the oxygen-induced surface modification. However, a slight decline at extended plasma exposure (AC-2) suggests a saturation effect. Overall, oxygen plasma treatment reduces carbon and increases oxygen on the cotton surface, enhancing its properties for scientific and technological applications [59,60].



To gain further insights into the chemical species formed, the C 1s and O 1s peaks were deconvoluted, and the resulting atomic concentrations are presented in Table 3. The aliphatic carbon (C1s) drops from 54.36% in the control to lower levels in treated samples (23.37% for 30 s, 24.55% for 1 min, 30.25% for 2 min), indicating C–C and C–H bond breakdown due to oxidation. C–O species at 285.6 eV initially increase after 30 s but decrease with longer treatment, suggesting dynamic surface modifications. Conversely, the carbonyl group (C=O) at 286.4 eV decreases after 30 s but significantly increases with extended exposure, reflecting the formation of stable oxygen-functional groups due to plasma exposure. Carboxyl content (287.9 eV) rises in all treated samples, indicating the formation of these groups through oxidation processes [60].



For the O 1s spectrum, Figure 3 illustrates notable changes in the chemical environment of oxygen. As indicated in Table 3, the contributions of ketone groups (531.2 eV) and ether/hydroxyl groups (532.6 eV) increase significantly in all treated samples, reflecting their incorporation and oxidation produced on the cotton surface. Ester groups (533.8 eV) exhibit dynamic behaviour, increasing after 30 s, then decreasing, followed by another rise in longer treatments. Additionally, the peak at 536.2 eV, assigned to weakly adsorbed CO2 or volatile oxygen-containing species, completely diminishes with increased plasma exposure [61]. This disappearance reflects a surface cleansing effect, where plasma treatment removes loosely adsorbed contaminants. Detailed deconvolution results, including spectra for all samples, are provided in the Supplementary Material (Table S1), offering further insights into the chemical composition and bonding configurations at different activation levels.



In summary, XPS analysis highlights substantial chemical transformations induced by low-pressure oxygen plasma treatment. The reduction in aliphatic carbon content and the incorporation of oxygen-functional groups, such as hydroxyl, carbonyl, and ketone species, are key contributors to the improved surface properties observed in plasma-treated cotton. These changes are directly linked to the enhanced hydrophilicity and dyeing performance discussed in subsequent sections.



Furthermore, Scanning Electron Microscopy (SEM) analyses were conducted on samples of textile cotton subjected to low-pressure oxygen plasma treatments. Figure 4 presents Scanning Electron Microscopy (SEM) images of the cotton samples at × 1500 magnification, showing the progression in surface morphology from untreated cotton (AC-0) to plasma-activated samples (AC-0.5, AC-1, and AC-2). The images clearly highlight the increasing surface modifications as a function of plasma exposure time.



As illustrated in Figure 4, the untreated sample (AC-0) exhibits smooth fibres with minimal texture, which is characteristic of untreated cotton. After 30 s of plasma treatment (AC-0.5), slight surface changes are observed, indicating the onset of etching due to plasma exposure. The 1 min treated sample (AC-1) shows a more pronounced increase in surface roughness, enhancing surface area and wettability. Finally, the 2 min treated sample (AC-2) displays the most significant morphological changes, with a substantial increase in surface texture and roughness, suggesting a more advanced etching effect as a result of prolonged exposure to the oxygen plasma. This increased modification improves properties such as dye uptake, wettability, and fibre-to-fibre friction [59]. The progression from (a) to (d) presents that low-pressure oxygen plasma treatment has a cumulative effect on the surface of cotton fibres, with more extended treatment times leading to greater surface roughness. This can be associated with increased hydrophilicity and changes in other surface properties due to the plasma treatment’s ability to remove surface impurities and oxidise the fibre surface [62].



The static water contact angle analysis investigated the impact of low-pressure oxygen plasma on cotton fibre wettability. Table 4 presents the contact angle measurements for untreated and plasma-activated cotton samples, while Figure 5 shows the corresponding contact angle images for each sample, illustrating the effect of plasma treatment on the cotton surface. Cotton naturally exhibits slight hydrophobicity due to its structure and chemical composition, with high contact angles indicating hydrophobic surfaces. As shown in Table 4, untreated cotton (AC-0) had a contact angle of 128.50°, confirming its hydrophobic nature. This is due to natural oils and waxes in the fibres, causing water to form droplets rather than spread, indicating poor initial water absorption. These substances are usually removed during textile finishing processes [63].



Conversely, cotton samples subjected to plasma treatment demonstrated significant reductions in their contact angles. Specifically, fibres treated for durations of 30 s, 1 min, and 2 min exhibited an average water contact angle reduction of approximately 76% compared to the untreated sample. This transformation is consistent with findings in the literature, where plasma-induced surface oxidation introduces polar oxygen-functional groups such as hydroxyl (–OH), carbonyl (C=O), and carboxyl (–COOH), enhancing the fibre’s hydrophilicity [64].



This considerable decrease underscores a transition to a markedly hydrophilic nature. For instance, Zemljic et al. reported a similar reduction in contact angles for cellulosic fabrics treated with oxygen plasma, achieving values as low as 15–20° [42]. This change can be attributed to the action of oxygen plasma, which introduces oxygen-functional groups on the fibre surface and potentially modifies its surface morphology by a surface oxidation process [43,65,66]. This transition from hydrophobic to hydrophilic character enhances cotton’s interaction and affinity with water molecules [67].



Furthermore, the hydrophilic transformation achieved here aligns with practical applications requiring improved moisture management and dye uptake in textiles, confirming the effectiveness of plasma treatment for industrial purposes.



It is noteworthy that, regardless of the plasma exposure time, the treated samples exhibited similar hydrophilic behaviour, which underscores the efficiency of plasma treatment in inducing significant changes in cotton’s surface properties within a short timeframe.



In this study, colour evaluations were carried out to assess potential colour changes in cotton samples subjected to low-pressure plasma treatments with oxygen in comparison to an untreated cotton control sample (AC-0). These colour changes were analysed in triplicate using the CIELAB colour space, characterised by L* (luminance), a* (red/green), and b* (yellow/blue) values, following the ISO 22700:2019 standard [68]. Table 5 shows the variations in colour parameters after plasma treatment compared to the untreated sample.



As shown in Table 5, the results showed no notable colour differences between the treated samples and the untreated control. The ΔE* (total colour difference) value was measured following the criteria established by the upper materials lab at INESCOP, with the threshold set at ≤2.5. The values obtained for the AC-0.5, AC-1, and AC-2 samples were 0.66, 0.78, and 0.70, respectively. It is important to note that these ΔE* values demonstrated a slight but non-significant increase, which is attributed to the exposure time to the low-pressure plasma treatment with oxygen [66,69].



The limited colour change can be attributed to the shallow penetration depth of the plasma treatment, which primarily modifies the surface layer of the fibres without affecting their bulk properties. This shallow penetration is consistent with findings in the literature regarding plasma technologies, where the treatment selectively enhances surface properties (e.g., hydrophilicity) while preserving the original aesthetic qualities of the material [70].



Such colour preservation is advantageous for practical applications, as it ensures that the visual appearance and colour consistency of the cotton fabric remain unchanged during plasma surface modification. This is particularly relevant for industrial applications where maintaining the fabric’s aesthetic properties is essential, alongside enhancing its functional performance.



In addition, in the study of water absorption in cotton samples, the influence of low-pressure oxygen plasma treatment on fibre absorption capacity was investigated [71,72]. Cotton samples were categorised based on treatment exposure time: untreated (AC-0), 30 s (AC-0.5), 1 min (AC-1), and 2 min (AC-2). Each sample underwent absorption tests at 15, 30, and 60 min intervals.



Table 6 presents the results on the water absorption capabilities of cotton fibres treated with low-pressure oxygen plasma. The untreated sample (AC-0) displayed a gradual increase in absorption over time, moving from 35.62% at 15 min to 65.72% at 60 min. This progression illustrates the natural moisture-absorbing properties of cotton.



The plasma-treated samples, however, exhibited significantly enhanced absorption from the onset. For instance, AC-0.5 absorbed 112.29% of water at 15 min, which gradually decreased to 98.19% by the 60 min mark. While this could partially be attributed to saturation, the relatively large difference (13%) suggests additional factors. One plausible explanation is the redistribution of absorbed water within the fibre matrix, where water initially adheres to surface-modified regions and subsequently diffuses into less accessible areas of the fibre over time. Another potential factor involves structural rearrangements within the fibre matrix or partial relaxation of the plasma-modified surface, which could alter the water retention dynamics.



The samples treated for longer durations, AC-1 and AC-2, demonstrated even more remarkable absorption capacities, maintaining high levels of water retention throughout the 60 min. This indicates that extending the duration of plasma treatment not only enhances but also stabilises the hydrophilicity of the cotton fibres, allowing for sustained high water absorption rates over time [63]. Conversely, plasma-treated samples showed a marked improvement in absorption from the outset. Figure 6 shows images of untreated and plasma-activated cotton samples after performing the water absorption characterisation technique. The Figure compares the visual appearance of the samples, labelled as AC-0 (a), AC-0.5 (b), AC-1 (c), and AC-2 (d), highlighting the effects of plasma treatment on water absorption behaviour.



The significant increase in water absorption in plasma-treated samples is due to physical and chemical modifications in the fibres. Oxygen plasma adds hydrophilic functional groups to the cotton surface, improving water adhesion while also altering surface roughness and internal morphology, enhancing water retention [73].



Regarding the plasma exposure time, it shows an increase in absorption, but not proportionally. The sample treated for 30 s had similar absorption to those treated for longer, indicating that surface and morphological changes occur quickly. Longer exposure may intensify these changes without significantly improving water absorption. These findings highlight plasma treatment’s potential for enhancing rapid liquid absorption in textiles.



Lastly, the data presented in Table 7 and the images in Figure 7 show the effects of surface activation treatments on the colour fastness to rubbing of cotton samples tested under dry and wet conditions. The samples were treated using low-pressure oxygen plasma for varying durations: 30 s for AC-0.5, 1 min for AC-1, and 2 min for AC-2. This treatment was aimed at enhancing the cotton’s surface characteristics to improve dye fixation without the use of chemicals. Additionally, some samples were ironed after dyeing to assess the impact of ironing on dye fixation [74,75].



The results show consistent colour fastness under dry conditions, with all samples achieving a rating of 5, indicating strong dye fixation, unaffected by plasma treatment duration or ironing. However, under wet conditions, the untreated sample (AC-0) had poor fastness (ratings of 1/2 unironed, 2/3 ironed), with significant colour transfer and a whitish appearance. Plasma treatment improved wet fastness, with AC-0.5 rated 2/3 unironed and 3/4 ironed and AC-2 achieving 3/4 for both. The improved colour fastness in plasma-treated samples, such as AC-0.5 and AC-2, can be attributed to the surface modifications induced by the plasma, which increase surface roughness and introduce oxygen-functional groups like hydroxyl (–OH) and carbonyl (C=O), enhancing dye adhesion to the fibre. This result aligns with previous studies reporting that plasma surface treatments enhance dye fixation by improving fibre hydrophilicity and creating a more receptive surface for dye molecules [76,77,78]. Ironing also enhanced fastness, suggesting it helps set the dye. Thus, combining plasma treatment with thermal fixation may further stabilise the dye molecules on the fibre surface, reducing dye transfer in wet conditions [79]. In conclusion, both plasma treatment duration and ironing improve colour fastness, especially in wet conditions, enhancing dyed textile durability [60,62,80].




4. Conclusions


This study has comprehensively investigated the effects of low-pressure oxygen plasma treatment on cotton’s surface chemistry, morphology, wettability, water absorption, and rubbing fastness. Employing a range of analytical techniques, including XPS and SEM, significant chemical and physical modifications in the cotton samples were observed.



On the one hand, the XPS analyses were particularly revealing, showing changes in the chemical composition, notably in the oxidation of cellulose, and a decrease in surface carbon content. These changes have enhanced the surface properties of cotton, expanding its practical applications in textiles requiring high hydrophilicity, such as improved dye fixation for the fashion and textile industries. Additionally, this treatment holds potential for medical textiles and absorbent products, where high water retention is essential.



On the other hand, SEM analysis, although more subtle, confirmed morphological alterations like increased surface roughness, which, in combination with the chemical modifications, contribute to the overall improved properties of cotton. This is particularly evident in the enhanced hydrophilicity and dyeing capacity of the treated fabric.



According to contact angle measurements and water absorption tests, the plasma-treated cotton functionally demonstrated an increase in hydrophilicity and water absorption capacity. Compared to conventional chemical treatments, this surface modification was achieved efficiently without introducing harmful chemicals, thereby reducing environmental impact and water consumption. These improvements are crucial for applications in sustainable textile manufacturing, addressing industry challenges such as reducing water pollution and resource consumption.



Furthermore, the rubbing fastness tests showed enhanced resistance to rubbing post-treatment in wet conditions as plasma exposure time increases, while colour difference analysis confirmed that these functional improvements do not compromise the cotton’s visual appeal, with only minimal variations in ΔE* values observed. The shallow penetration depth of the plasma treatment ensures that the surface properties are modified without affecting the bulk characteristics of the fabric, preserving its original aesthetic qualities.



In comparison to traditional chemical treatments, low-pressure oxygen plasma treatment emerges as a sustainable alternative, offering reduced chemical usage, energy efficiency, and improved material properties. This research highlights the practical and environmental advantages of plasma technology, positioning it as a promising solution for industrial applications in the fashion, textile, and technical sectors.
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Figure 1. Sketch of the low-pressure oxygen plasma activation treatment of cotton textiles. 
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Figure 2. Sketch diagram about the dyeing process carried out for the different cotton samples. 
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Figure 3. XPS survey of raw cotton and plasma-oxidised cotton samples. 
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Figure 4. Scanning Electron Microscopy (SEM) images obtained at × 1500 magnification for (a) AC-0, untreated cotton sample; (b) AC-0.5; (c) AC-1; and (d) AC-2, plasma-activated cotton samples. 
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Figure 5. Contact angle images were taken for (a) AC-0, an untreated cotton sample; (b) AC-0.5, 30 s; (c) AC-1, 1 min; and (d) AC-2, 2 min of plasma activation treatment. 
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Figure 6. Untreated and plasma-activated samples after performing the water absorption characterisation technique. Being AC-0 (a), AC-0.5 (b), AC-1 (c), and AC-2 (d) samples, respectively. 






Figure 6. Untreated and plasma-activated samples after performing the water absorption characterisation technique. Being AC-0 (a), AC-0.5 (b), AC-1 (c), and AC-2 (d) samples, respectively.



[image: Surfaces 07 00071 g006]







[image: Surfaces 07 00071 g007] 





Figure 7. Colour fastness to rubbing characterisation of the different samples studied. (a) AC-0 Unironed, (b) AC-0 Ironed, (c) AC-0.5 Unironed, (d) AC-0.5 Ironed, (e) AC-1 Unironed, (f) AC-1 Ironed, (g) AC-2 Unironed, and (h) AC-2 Ironed. In each image, the top circular wool is dry, and the bottom circular wool is wet. 
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Table 1. Sample nomenclature according to the operating conditions of the plasma activation treatments studied.
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	Cotton Samples
	Gas Precursor
	Time (s)
	Power (W)





	AC-0
	-
	-
	-



	AC-0.5
	O2
	30
	90



	AC-1
	O2
	60
	90



	AC-2
	O2
	120
	90










 





Table 2. Elemental composition of untreated and plasma-activated cotton samples.
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Element

	
Atomic Percentages (% at.)




	
AC-0

	
AC-0.5

	
AC-1

	
AC-2






	
C

	
86.64

	
62.78

	
62.14

	
65.49




	
N

	
0.97

	
1.85

	
1.85

	
1.71




	
O

	
12.39

	
33.42

	
33.87

	
31.40




	
O/C

	
0.14

	
0.53

	
0.55

	
0.48











 





Table 3. The atomic percentages (at%) of chemical species identified by XPS at the C1s and O1s peaks for both untreated and plasma-oxidised cotton samples.
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Element

	
Species

	
Binding Energy (eV)

	
Atomic Percentages (% at.)




	
AC-0

	
AC-0.5

	
AC-1

	
AC-2






	
C1s

	
C–C/C–H

	
284.6

	
54.36

	
23.37

	
24.55

	
30.25




	
C–O

	
285.6

	
11.99

	
14.46

	
0.36

	
3.86




	
C=O

	
286.4

	
15.30

	
10.30

	
22.70

	
18.22




	
O–C=O

	
287.9

	
4.99

	
14.65

	
14.53

	
13.16




	
O1s

	
C=O/O–C=O

	
531.2

	
3.55

	
7.68

	
8.98

	
8.46




	
O–C/OH

	
532.6

	
5.73

	
18.86

	
23.25

	
20.12




	
O=C–O/O=C=O

	
533.8

	
2.22

	
6.29

	
1.64

	
2.82




	
O=C=O

	
536.2

	
0.89

	
0.59

	
0

	
0











 





Table 4. Contact angle measurements for the untreated and plasma-activated cotton samples.
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	Sample
	Contact Angle (°)





	AC-0
	128.50 ± 3.40



	AC-0.5
	25.60 ± 5.30



	AC-1
	36.00 ± 2.80



	AC-2
	31.20 ± 1.30










 





Table 5. CIELAB component values untreated and plasma-activated cotton samples in accordance with ISO 22700 standards.
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	CIELAB Components
	AC-0
	AC-0.5
	AC-1
	AC-2





	L*
	86.55
	85.97
	86.24
	86.22



	a*
	1.29
	1.41
	1.36
	1.34



	b*
	10.61
	9.97
	9.83
	9.88



	ΔE*
	0.00
	0.66
	0.78
	0.70










 





Table 6. Water absorption results obtained for untreated and plasma-activated cotton samples.
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Sample

	
Water Absorption (%)




	
15 min

	
30 min

	
60 min






	
AC-0

	
35.62

	
55.47

	
65.72




	
AC-0.5

	
112.29

	
108.75

	
98.19




	
AC-1

	
118.45

	
115.51

	
119.64




	
AC-2

	
113.37

	
117.57

	
118.63











 





Table 7. Colour fastness to rubbing obtained results for the different treated and untreated samples.
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Sample

	
Fixing Method

	
Test Method

	
Transfer

	
Deterioration

	
Aspect






	
AC-0

	
Unironed

	
Dry

	
5

	
3

	
Bleaching




	
Wet

	
1/2

	
2/3

	
Bleaching




	
Ironed

	
Dry

	
5

	
4

	
Bleaching




	
Wet

	
2/3

	
2

	
Bleaching




	
AC-0.5

	
Unironed

	
Dry

	
5

	
3

	
Bleaching




	
Wet

	
2/3

	
2

	
Bleaching




	
Ironed

	
Dry

	
5

	
4

	
Bleaching




	
Wet

	
3/4

	
2

	
Bleaching




	
AC-1

	
Unironed

	
Dry

	
5

	
4

	
Light bleaching




	
Wet

	
4

	
3/4

	
Light bleaching




	
Ironed

	
Dry

	
5

	
4

	
Light bleaching




	
Wet

	
3/4

	
3/4

	
Light bleaching




	
AC-2

	
Unironed

	
Dry

	
5

	
4/5

	
Very light bleaching




	
Wet

	
3/4

	
4/5

	
Very light bleaching




	
Ironed

	
Dry

	
5

	
4/5

	
Light bleaching




	
Wet

	
3/4

	
4

	
Light bleaching
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