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ABSTRACT 

The appearance and spread of harmful microorganisms represent challenges to public and private 

health. Antimicrobial cotton textiles functionalized with semiconductor oxides offer a potential 

solution to reduce the spread of various pathogens. Here, we study the physicochemical 

interactions between copper oxides (CuOx) and cellulose in cotton fiber functionalized with these 

same oxides for antimicrobial properties. Fabrics were treated via an exhaust dyeing method using 

2% on-weight-of-fiber (owf) copper precursor with acetate, nitrate, and sulfate anions and 0.5 g/L 

of NaOH. Non-functionalized (NF) fabric and fabrics functionalized with CuOx were evaluated by 

colorimetry within CIELab and characterized by inductively coupled plasma mass spectrometry 

(ICP-MS), X-ray photoelectron spectroscopy (XPS), transmission electron microscope (TEM), 

electron diffraction patterns (SAED), secondary ions in time-of-flight (TOF-SIMS), and scanning 

electron microscopy (SEM). Additionally, antimicrobial activity was measured against 

Escherichia coli and Pseudomonas aeruginosa strains according to the ASTM E2149 standard. 

The non-functionalized (NF) fabrics with a yellow hue turned reddish brown after the 

functionalization process due to the presence of CuOx. The amount of copper (Cu) in the 

functionalized fabrics with copper oxides increased to 27 to 40% of the bath Cu concentration 

compared to 0.009% in the NF fabric. XPS analysis for cotton suggest a chemical interaction 

between the hydroxyl groups of cellulose and CuOx.Furthermore, the spectra of functionalized 

fabrics exhibited peaks corresponding to Cu1+ and Cu2+ ions, assigned to the Cu2O and CuO 

phases, respectively. Electron diffraction patterns confirmed copper oxide crystalline phases, 

where Cu2O was indexed in the cuprite system and CuO in tenorite system. Likewise, all fabrics 

functionalized with CuOx inhibited the growth of the two strains analyzed by more than 99%. 
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Therefore, cotton fabrics functionalized with the mixture of Cu2O and CuO have excellent 

antimicrobial properties that can be used in environments with a high bacterial load. 

1. INTRODUCTION 

The development and application of antimicrobial textiles are growing in interest and importance. 

The COVID-19 pandemic has increased awareness of the importance of limiting pathogen spread, 

and has generated greater consumption of certain products and textile materials with antimicrobial 

properties.1, 2 Antimicrobial fabrics can inhibit the growth and propagation of microorganisms, 

such as bacteria, viruses, and fungi.3 A common approach to achieving antimicrobial properties in 

textiles is through in-situ or ex-situ incorporation of metal oxides into fibers or as surface coatings.4 

These metal oxides, such as copper, zinc, titanium, and silver, have been shown to reduce microbial 

growth.5-8 

The versatility and cost-effectiveness of copper allows applications in a variety of fields, such as 

electrochemistry,9 catalysis,10 energy production and storage,11 and pharmaceuticals.12 Copper 

oxides (CuOx), such as cuprous oxide (Cu2O) and cupric oxide (CuO), are stable and long-lived. 

They are used in commercial products, such as agrochemicals, paints, cosmetics, medical devices, 

and antimicrobial agents.13 The latter use arises from efficient antiviral, antifungal, and 

antibacterial characteristics of copper oxides.14 Thus, functionalization of materials, such as 

textiles, has emerged as a promising approach for imparting antimicrobial properties for end-user 

applications.15, 16 

Some textiles functionalized with CuOx retain their antimicrobial properties even after multiple 

wash cycles, while others do not. El-Nahhal et al. have developed cotton fibers with antimicrobial 

properties using ultrasonic irradiation.17 The cotton fabric was pre-treated with starch using three 
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concentrations (1, 2, and 3 starch wt. %). The cotton fabric and starched cotton fabric were in situ 

coated in the presence of sodium hydroxide with CuO nanoparticles (NPs) synthesized from 

copper acetate. After ten domestic washes, the antibacterial reduction of cotton fabric 

functionalized with CuO NPs was 48% for Escherichia coli (E. coli) and 69% for Staphylococcus 

aureus (S. aureus), in contrast to the cotton fiber with 3% starch content and coated with CuO 

NPs, whose antibacterial activity remained above 92% against the same bacteria. 

Hillyer et al. synthesized in situ Cu2O nanoflowers on cotton fibers, and they demonstrated that, 

even after 50 laundering cycles, the antimicrobial activity of functionalized cotton fabrics persisted 

with greater than 99% inhibition against Klebsiella pneumonia (K. pneumonia), E. coli, S. aureus 

and Aspergillus niger (A. niger), and more than 90% inhibition against Human coronavirus (strain 

229E).13 The authors proposed that Cu2+ ions were incorporated within the β(1–4) linked D-

glucose chain of cellulose and, after neutralization, were reduced and formed Cu2O on the fabric. 

The report by Zarbaf et al. showed the in situ synthesis of CuOx NPs in a 100% cotton denim fabric 

to impart antibacterial properties.18 Samples were treated with a mixture of copper sulfate, sodium 

hydroxide, and glucose. X-ray diffraction determined the presence of Cu2O and CuO in the 

samples, with and without glucose content. The denim samples inhibit the growth of E. coli and S. 

aureus bacteria, even after 30 wash cycles. The authors also proposed a series of reactions between 

the reagents and cellulose. Copper sulfate and sodium hydroxide leads to copper hydroxide 

(Cu(OH)2), which in contact with cotton cellulose produces a mixture of CuO and Cu2O 

nanoparticles on the surface of denim. 

Here, we expand on the aforementioned work to identify key physicochemical interactions 

between cotton cellulose and copper oxides, and how these depend on precursor chemistry. CuOx 
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was synthesized from copper acetate, nitrate and sulfate salts, and a reducing agent on the surface 

of cotton textiles. The in situ functionalization of cotton fabrics with CuOx was performed by a 

conventional dyeing method, exhaust dyeing, which employs high-temperature dyeing equipment 

(HTDE) commonly used for wet processing throughout the textile industry. Cotton fabrics 

functionalized with CuOx using different copper salts were analyzed using the CIELab 

colorimetric method. Elemental concentrations of copper on the fabrics before and after 

functionalization were determined using ICP-MS. In addition, surface characterization was carried 

out using XPS and TOF-SIMS, and particle structure and morphology were characterized using 

SEM and SAED. The antimicrobial activity of the fabrics was evaluated using American Society 

for Testing and Materials (ASTM) E2149 standard against E. coli and Pseudomonas aeruginosa 

(P. aeruginosa). 

2. EXPERIMENTAL SECTION 

2.1. Materials 

All chemicals used were analytical grade. Copper acetate monohydrate (99% pure) and copper 

nitrate trihydrate (99% pure) were supplied by Merck. Copper sulfate pentahydrate (99% pure) 

was provided by the local store, J.A. Elmer. Sodium hydroxide (98.5% pure) was purchased from 

Sharlau. Twill weave 100% cotton fabric with 296.41 g/m2 was supplied by the local factory 

Tejidos San Jacinto S.A. which was previously subjected to a scouring and bleaching process, 

making cotton material ready-to-dye..All solutions were made using distilled water. Other 

chemicals and equipment employed in this study are described in the following subsections. 

2.2. Functionalization process 
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The functionalization process is similar to the procedure presented by Villalva.19 Figure 1 shows 

the functionalization curve and the fabrics sampling along the curve. The in situ synthesis of the 

CuOx on the cotton fabric was carried out via an exhaust dyeing method using Rapid Eco Dyer-24 

HTDE equipment. The copper acetate monohydrate (Cu(CH3COO)2 H2O), copper nitrate 

trihydrate (Cu(NO3)2 3H2O), and copper sulfate pentahydrate (CuSO4 5H2O) concentrations used 

were 2% on-weight-fabric (owf), and that of sodium hydroxide (NaOH) was 0.5 g/L. An 

exhaustion bath at a liquor ratio of 10:1 (LR) was prepared from copper salts. Liquor ratio could 

be defined as the volume of liquor to be taken in dyebath in proportion to the weight of the textile 

and is denoted by LR.20 Five grams of ready-to-dye cotton fabric were immersed in a 50-mL 

exhaustion bath in a steel beaker; the beaker was then closed and introduced in the HTDE. The 

solution remained under constant stirring at 50 rpm for 90 min at room temperature; this stage is 

known as primary exhaustion at an acidic pH of 5. After this time, the copper salt solutions were 

discarded. Subsequently, 50 mL of the distilled water was added to the steel beaker. The steel 

beaker was again placed inside the HTDE and stirred for 10 min at 60 °C. Then, a first dosage was 

made by adding 83 µL of a stock solution to the beaker. Stock solution was prepared by dissolving 

1 g of NaOH in 10 mL of distilled water. Ten minutes later, a second dosing was done with 167 

µL of the same stock solution. Once the dosages were finished, the steel beaker was stirred for 

another 10 min. Afterward, the temperature of the HTDE was increased to 90 °C and kept under 

constant stirring for 20 min. This process stage is called secondary exhaustion at a basic pH of 11. 

Then, the cotton fabric was rinsed with hot water at 70 °C and cold at room temperature, 

neutralized with 0.5 g/L acetic acid solution, rinsed again with distilled water, and dried at 80 °C 

in a Rapid CO laboratory mini-dryer. This stage is known as subsequent processes. 
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Samples were taken from different sites within the functionalization curve with the following 

characteristics: (1) fabric at 25 °C with copper salt obtained at the end of the primary exhaustion 

stage; (2) fabric at 60 °C with copper salt and after adding NaOH; (3) fabric at 90 °C with copper 

salt and NaOH; (4) fabric at 70 °C functionalized with CuOx; and (5) fabric functionalized after 

subsequent processes stage.  

 

 

 

 

 

 

 

 

Figure 1. Functionalization sequence of cotton fabric with copper oxides and fabrics sampling 

sites. 

 

2.3. Physical characterization 

2.3.1. Colorimetric characteristics 
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The colorimetric characteristics of the cotton fabrics were evaluated using a Datacolor 550 visible 

spectrophotometer (Datacolor) calibrated with specular included, small area view, and UV filter 

included (OFF). Thirty-one reflectance spectral values were obtained in the visible spectrum range 

from 400 to 700 nm, which were transformed into CIE L*a*b* color coordinates for a D65 light 

source with a viewing angle of 10° using Datacolor TOOLS version 1.1 software, where L* is 

lightness, a* is red-green value, and b* is blue– yellow value. 

2.3.2. Inductively coupled plasma mass spectrometry (ICP-MS) 

The amount of copper present in the exhaustion baths prepared from the three copper salts in the 

non-functionalized fabric and the samples taken during the functionalization process with CuOx 

was obtained on an iCAP RQplus inductively coupled plasma mass spectrometer (Thermo Fisher 

Scientific). The fabric samples were prepared using the digestion method of nitric acid. 

2.3.3. X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectra of non-functionalized fabric and samples taken during the 

functionalization process with CuOx were acquired using an Escalab 250 Xi X-ray photoelectron 

spectrometer (Thermo Fisher Scientific). The excitation source was monochromatic Al Kα 

radiation (hν = 1486.6 eV), and the analyzer pass energy was set to 20 eV with an energy step size 

of 0.1 eV. 

2.3.4. Time-of-flight secondary ion mass spectrometry (TOF-SIMS) 

Time-of-flight secondary ion mass spectrometry was obtained positive ion mass spectra of non-

functionalized fabric and functionalized fabrics with CuOx. These analyses were conducted using 

a TOF.SIMS 5 instrument (ION TOF) equipped with bismuth liquid metal ion gun (Bin
m+; n = 1 - 
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5, m = 1, 2). For high mass resolution spectra acquired in this research, a pulsed Bi3+ primary ion 

beam with an incident angle of 45° impact energy of 25 keV was used. The positive secondary ion 

mass spectra were calibrated using H+, C+, C2H3
+, C3H5

+, and C4H7
+. 

2.3.5. Selected area electron diffraction (SAED) pattern  

The particles were obtained by untangling the fabric’s cotton fibers functionalized with CuOx from 

three copper salts. These untangled fibers were introduced into a vial containing isopropyl alcohol 

and sonicated for 10 min. Then, two drops of the obtained supernatant were placed onto a lacey 

carbon film with a continuous carbon film layer on a  nickel grid with  400-mesh for 

characterization. Transmission electron microscope (TEM) images and electron diffraction 

patterns (SAED) from the particles were acquired with a JEOL JEM2200FS microscope operated 

at 200 kV. The images and electron diffraction patterns were acquired from different zones and 

indexed by measuring the distances between two symmetrical spot patterns using Digital 

Micrograph® software. 

2.3.6. Scanning electron microscopy (SEM) 

The morphology characterization of the fabrics was visualized with an Apreo 5 scanning electron 

microscope (Thermo Fisher Scientific). Before SEM imaging, the cotton fabrics were coated with 

a thin 6 nm thick iridium layer. The images were obtained at 5,000 to 120,000 times magnification. 

2.4. Antibacterial evaluation 

A quantitative method was applied to evaluate the antimicrobial activity of the functionalized 

cotton fabrics based on the ASTM E2149 protocol. E. coli ATCC 25922 and P. aeruginosa ATCC 

10145 were cultured for 18 h at 35 °C in sterile tryptic soy broth (TSB). At the end of this time, 
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the TSB with the strains was centrifuged at 4000 rpm for 5 min. The cultures obtained were washed 

twice with a sterile buffer solution (0.3 mM KH2PO4). Afterward, the culture was diluted with the 

sterile buffer until obtaining a final concentration of 1.5-3.0x105 colony-forming units per milliliter 

(CFU/mL). This solution was the working bacterial dilution. The non-functionalized and 

functionalized fabrics with CuOx were sterilized by autoclaving at 121 °C for 15 min. One gram 

of sterile fabrics was placed inside an Erlenmeyer flask containing 50 mL of the working bacterial 

dilution. The flasks were incubated at 35 °C and continuously shaken at a maximum stroke for 1 

h. After incubation, the buffer solution in the flask was serially diluted, and fractions were plated 

on a Petri dish with tryptic soy agar (TSA). All the Petri dishes were incubated at 35 °C for 24 h. 

Subsequently, the count of colonies was performed. The CFU/mL was calculated by multiplying 

the number of colonies by the dilution factor. The results of the antimicrobial evaluation were 

expressed as a percentage reduction of organisms, and it was calculated using the following 

equation 1. 

𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛, %ሺ𝐶𝐹𝑈 𝑚𝐿⁄ ሻ ൌ  
𝐶 െ 𝐴
𝐶

 𝑥 100% (1) 

 

In this equation, A is the CFU/mL value for the flask containing the functionalized fabric, and C 

is the CFU/mL for the flask containing the non-functionalized fabric after 1h contact time. 

3. RESULTS AND DISCUSSION 

3.1. Cotton fabric functionalized with CuOx and colorimetry 

Functionalization of twill cotton fabrics with CuOx was carried out using 2% owf of each 

Cu(CH3COO)2 H2O, Cu(NO3)2 3H2O, and CuSO4 5H2O with 0.5 g/L NaOH for each case. Table 
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1 presents the nomenclature of the fabric samples, and it includes the type of copper salt (A = 

acetate, N = Nitrate, S = Sulfate), followed by a number indicating the sampling sites on the 

functionalization curve (Figure 1), as detailed in section 2.2. 

 

Table 1. Nomenclature of fabric samples obtained before, during, and after the functionalization 

process with CuOx. 

Process stage of cotton fabrics 

Salts sources 

Copper 

acetate 

Copper 

nitrate 

Copper 

sulfate 

Non-functionalized NF 

At 25°C with copper salt A1 N1 S1 

At 60°C with copper salt + NaOH A2 N2 S2 

At 90°C with copper salt + NaOH A3 N3 S3 

At 70°C functionalized with CuOx A4 N4 S4 

Fabric functionalized after subsequent processes stage A5 N5 S5 

 

Photographs of non-functionalized fabric and of the fabric samples taken from different sites 

during the functionalization curve with CuOx using 2% owf of Cu(CH3COO)2 H2O, Cu(NO3)2 

3H2O and CuSO4 5H2O; and 0.5 g/L of NaOH, are shown in Figure 2(a), (b) and (c), respectively. 

The hue of the NF fabrics changes at the different stages of the functionalization process for the 

three copper salt sources. We further discuss a detailed colorimetric description of each sample 

below. 
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Figures 2(d) and 2(e) provide the color space coordinates in the CIE L*a*b* colorimetric system 

of non-functionalized fabric and fabrics taken during the functionalization process with CuOx. The 

NF fabric has a lightness value (L*) of 93.61 and a* and b* values of -0.55 and 5.01, respectively. 

These values indicate that the sample has a yellow hue with high luminosity. After the primary 

exhausting stage, L* decreases slightly to values of 89.12, 90.27, and 90.28 for A1, N1, and S1, 

respectively. Likewise, b* decreases, reaching values of 2.82 for A1, 3.19 for N1, and 3.23 for S1. 

In the case of the a* coordinate, a substantial decrease is apparent, and minimum values reach -

6.28, -4.88, and -4.84 for A1, N1, and S1, respectively. Thus, the changes in CIE L*a*b* 

coordinates, especially in a*, indicate the acquisition of a yellow-greenish hue, as seen in the 

photographs of the A1, N1, and S1 samples (Figure 2(a-c)). According to Cotton et al., Cu (II) 

salts dissolved in water form a hexaaquacopper (II) complex ion [Cu(H2O)6]2+ that has a blue or 

green color;21 therefore, the yellow-greenish hue may be associated with the presence of copper 

(II) complexes in fabrics. 

After NaOH addition at 60°C, the luminosity of A2, N2, and S2 samples continued to decrease to 

86.51, 86.54, and 86.97, respectively. Their a* and b* color coordinates show slight variations 

between 0.25 and 0.57. The fabrics become slightly darker after NaOH treatment, but do not 

change their greenish hue. 

Upon reaching the predetermined temperature of 90 °C, copper oxides begin to form, and their 

initial presence in fabrics was evidenced by a substantial reduction in luminosity and a rise towards 

a red hue; that is, there is an increase in a* towards positive values. The a* values of A3 and N3 

increase as +0.91 and +0.09, respectively, and L* values are 76.7 for A3 and 80.1 for N3. These 

changes indicate a variation in hue of the fabrics towards dark brown. In the S3 sample, the a* 

coordinate increases 2.37 points but remains negative, with a final value of -2.52. Therefore, its 
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hue was less green and slightly darker. The dark hue of A3, N3, and S3 samples can be seen in 

Figure 2(a-c). After 20 min of stirring at 90 °C and cooling to 70 °C, the A4, N4, and S4 samples 

decreased in luminosity and reach minimum values of 74.89, 77.48, and 77.02, respectively. 

Meanwhile, a* of the same samples presents maximum values of 1.78, 1.41, and 1.33 for A4, N4 

and S4, respectively. These outcomes imply that these fabrics presented a reddish-brown hue that 

is darker than the aforementioned samples (A3, N3, and S3). 

Huang et al. reported that the hue of polyester fiber fabrics coated with copper oxides changed 

from brown to dark red as the luminosity decreased; they also mentioned that the content of Cu1+ 

and Cu2+ ions influenced the hue of the textile.22 Thus, the increase in reddish hue and low 

luminosity of A4, N4, and S4 samples can be a result of CuOx synthesized in situ on cotton fabrics. 

After rinsing and neutralization, the luminosity of A5, N5, and S5 samples increases by around 

5% when compared to A4, N4, and S4. This increase is likely from removal of physically adsorbed 

copper oxides from the surface of cotton fibers, resulting in lighter fabrics with a less red-brown 

hue. Therefore, non-functionalized fabrics with a yellow hue and high luminosity turned greenish 

and finally reddish brown during the functionalization with 2% owf of copper salt, likely from the 

presence of copper oxides. 
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Figure 2. Photographs of non-functionalized fabric and fabrics taken during the functionalization 

process with CuOx from copper salts of (a) acetate, (b) nitrate, and (c) sulfate, and CIE L*a*b* 

color coordinates of these same fabrics: (d) Luminosity - L*; and (e) a* and b* values. 

3.2. Fabric characterizations 

(d) 

(e) 

NF A1 A2 A3 A4 A5 

(a) 

NF N1 N2  N3   N4  N5 

(b) 

NF S1 S2  S3   S4  S5 

(c) 
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Elemental chemical analysis was carried out using ICP-MS to determine the copper (Cu) 

concentration in the liquid and solid samples. Figure 3 presents the Cu amount in exhaustion baths 

prepared from the three copper salts in non-functionalized fabric and the fabrics taken during the 

functionalization process. The amounts of Cu in the exhaustion baths prepared from copper 

acetate, nitrate, and sulfate salts were 4956, 5410, and 5221 mg/L, respectively. We take these 

values as the initial copper amount, representing a 100% concentration. In the exhaustion dyeing 

process, dye molecules dissolve in the bath, are adsorbed by the textile, and diffuse into fibers, 

thus resulting in a decrease in dye concentration of the bath and an increase in dye concentration 

in the textile.23, 24 Indeed, after the primary exhaustion at an acidic pH, the initial Cu concentration 

increases from 0.009% in the NF sample to 54, 42, and 42% of the Cu amount in the baths for A1, 

N1, and S1, respectively. Thus, copper from the exhaustion baths was adsorbed onto cotton fibers. 
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Figure 3. Amount of Cu determined by ICP-MS in exhaustion baths, non-functionalized fabric, 

and in fabrics taken during the functionalization process with CuOx from copper acetate, nitrate, 

and sulfate. 

 

These results show that cotton absorbs more Cu when a copper acetate salt is used. This could be 

a result of the chemical affinity between acetate ions and cotton cellulose. Mature cotton fibers 

contains around 88 to 99 wt% cellulose, with a molecular structure composed of C, O, and H 

atoms.25, 26 The acetate ion (CH3COO-) may have a more substantial attraction to cellulose, perhaps 

due to stronger hydrogen bonding, when compared to nitrate (NO3
- ) and sulfate (SOସ

ଶ-) ions. For 

A1, N1, and S1 samples, after adding NaOH the amount of Cu decreases by about 1, 5, and 4% 

for A2, N2, and S2, respectively. Increasing the temperature to 90 °C leads to another drop in Cu 

of 3% for A3, 6% for N3, and 2% for S3. These decrease are likely from Cu release from the cotton 

fabric towards the volume of water added at the beginning of the secondary exhaustion, such that 

Cu particles could be present in the liquid phase. 

After 20 min of stirring at 90 °C and cooling to 70 °C, the Cu amount in A4, N4, and S4 continues 

to decrease, by 13, 6, and 6%, respectively. This decrease can be attributed to the continuous 

release of Cu from cotton into the aqueous medium. In subsequent processes, the Cu amount 

continues to decrease, likely from loss of CuOx that is not bound to cotton fibers.27 The final Cu 

concentration in the fabrics is approximately 40% for A5, 32% for N5, and 27% for S5. Thus, over 

60% of the Cu in the exhaustion baths is lost in wastewater from primary and secondary exhaustion 

baths and subsequent processes. The limited conversion into bound CuOx is not unexpected, as 
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others have shown28 that functionalization of textiles prior to treatment with metal oxides is often 

needed to maximize uptake and long-term fixation. 

We confirm CuOx functionalization through surface analyses. Figure 4(a-c) shows the broad XPS 

spectrum of the NF sample, which shows oxygen peaks such as O1, O2, OKL1, OKL2, and carbon 

peaks such as C1 and CKL1; these peaks are attributed to cotton fibers.15, 29 Samples after treatment 

with copper salts show Cu 2p peaks, including from A1, A4, A5, N1, N4, N5, S1, S4 and S5. XPS 

confirms the presence of Cu in our samples, and detailed analysis of the spectra can reveal changes 

in bonding states of constituent elements. 

 

 

 

 

 
Figure 4. Broad XPS spectrum of non-functionalized fabric and fabrics taken during the 

functionalization process with CuOx from (a) acetate, (b) nitrate, and (c) sulfate copper salts 

sources, respectively. 

The high-resolution C 1s spectra of the NF sample and samples obtained after CuOx treatment are 

show in Figure 5(a). The carbon (C 1s) spectrum for cotton can be deconvoluted into three 

contributions: C1, C2, and C3. The C1 corresponds to carbon atoms bonded only with carbon or 

hydrogen atoms (-C-C, -C-H); C2 belongs to carbon atoms bonded with a single bond to an oxygen 

(a) (b) (c) 
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atom (-C-O), and; C3 represents carbon atoms bonded to one oxygen atom by double bond or by 

a single bond to two oxygen atoms (-C=O or O-C-O).29, 30 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. XPS spectra of C 1s in non-functionalized fabric and fabrics taken: (a) at 25 °C with 

copper salts (primary exhaustion stage), (b) after the addition of NaOH, temperature increase to 

90 °C and cooling to 70 °C (secondary exhaustion stage), and (c) functionalized with CuOx after 

rinses and neutralization (subsequent processes stage). 

(a) (b) 

(c) 
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After the first stage, there is a reduction in the spectral contribution of the C1 component, of 

approximately 1, 2 and 9% for A1, N1 and S1, respectively, when compared to NF (Figure 5a). In 

the case of C2, the spectral contribution of N1 experienced a reduction of 1%, while in A1 and S1 

the contribution increased by 1% and 9%, respectively. Furthermore, slight shifts in the binding 

energy of the C 1s spectra are observed in samples A1, N1 and S1, and may be associated with a 

change in the environment of carbons within cotton. This change begins in the primary exhaustion 

stage and would be related to the presence of copper. The surface of cellulosic fibers in water 

becomes negatively ionized due to carbonyl and hydroxyl groups.31, 32 Similarly, in an aqueous 

solution, the three salts of copper acetate, nitrate, and sulfate form the same aqua-copper (II) ion 

with two positive charges,21, 33 but with different anions. These anions will have an electrostatic 

barrier to diffuse through the cotton fiber because of the negative charge. Consequently, in the 

primary exhaustion stage, ionized cellulose and the aqua-copper ion come into contact; due to this 

interaction, the fabric acquires a yellow-greenish hue (discussed in section 3.1) resistant to 

domestic washing cycles.34 This resistance suggests the existence of a strong interaction between 

cotton and copper, probably chemical rather than physical. 

The study by Ali et al.35 proposed the existence of a strong bond between Cu2+ ions and the surface 

of cotton fabrics metalized with copper, which were previously activated with silver and copper 

particles. In addition, these authors mention the formation of ionic bonds between the 

electronegative groups of cotton and the Cu2+ ion. Zhang et al.36 reported the formation of covalent 

bonds between a cotton fiber treated with titanium sulfate, urea, and hexadecyl 

trimethylammonium bromide and titanium dioxide (TiO2). The authors suggest that TiO2 reacts 

with cotton through the hydroxyl group of carbon 6 of cellulose. Also, other authors reported that 

the essential reaction in treating cellulosic textiles with metal salts is the ion exchange interaction 
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between carboxylic groups of cellulose and the metal ions.37 From these studies, it is inferred that 

electronegative groups of cotton form a chemical bond with metal ions. We conclude that there is 

a chemical interaction between the hydroxyl groups of cotton cellulose and copper. The possible 

reaction mechanism between these two materials could originate from the replacement of some of 

the water molecules of the aqua-copper ion by oxygens from the ionized cellulose, which have 

unpaired pairs of electrons that can form coordinated bonds with metal ions, thus producing a 

probable copper-cotton complex. 

The C 1s spectra of the samples taken after the addition of NaOH, temperature increase to 90 °C, 

and cooling to 70 °C (A4, N4, and S4) are shown in Figure 5(b). The spectra from cotton have a 

peak with binding energy around 285.0 eV attributed to the C-C/C-H groups,38 indicating a non-

cellulosic origin, such as wax remnants from the cotton itself that are a mixture of hydrocarbons, 

alcohols, esters, fatty acids, alkanes and glycerides.38-40 In this study, the addition of NaOH caused 

an evident reduction in the spectral contribution of the C1 component of cotton. This component, 

with average binding energy of 284.9 eV, was reduced from 49% in NF to 35% in A4, 29% in N4 

and 41% in S4. This decrease may be from elimination of some pre-existing non-cellulosic 

material in the cotton or could arise from modification of the fiber itself during the secondary 

exhaustion stage. In contrast, the spectral contribution of C2, with an average energy of 286.8 eV 

belonging to the C-O bonds,39, 41 has risen by 7 to 15% in samples A4, N4 and S4, compared to 

the NF. Work by Huang et al.42 show a modified eucalyptus fiber at low-temperature plasma (LPT) 

within a mixture of air and oxygen, where the intensity of the C2 peak was enhanced due to the 

LPT treatment that exposed more hydroxyls on the surface of fibers. Therefore, the increase in C2 

intensity for A4, N4, and S4 samples should be related to the effect of NaOH, because of the 

greater presence of hydroxyls on the surface of the cotton fiber. The C3 contribution associated 
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with O-C-O or C=O bonds at 288.0 eV38-40 increased intensity by 3% for A4, 5% for N4 and 1% 

for S4, compared to NF. This increase in intensity could be due to the breaking of C-C, C-H, or C-

O bonds that cause the formation of carbonyl or O-C-O groups on the fiber surface.38, 42 

Figure 5(c) shows the C 1s spectra of the samples functionalized with CuOx, obtained after the 

subsequent processes stage (A5, N5, and S5). The XPS spectra of these samples exhibited changes 

in the contributions of components C1, C2, and C3 compared to the NF sample. The C1 

contribution decreased by 13, 16 and 11% for samples A5, N5 and S5, respectively, while the C2 

contributions rose by 9%, 13% and 5%, and the C3 contributions grew by 4%, 3% and 6% for the 

same samples, respectively. These trends are similar as those seen in samples A4, N4 and S4. This 

similarity suggests that the C-C/C-H, -C-O and O-C-O/C=O bonds associated with C1, C2 and 

C3, respectively, present resistance to the effects of subsequent rinsing and neutralization. The 

XPS results also show that subsequent processes are modifying the carbon atoms on the surface of 

A5, N5 and S5. The observed decrease in the C1 contribution can be attributed to a reduction in 

the number of C-C/C-H bonds, possibly due to the breaking of hydrocarbon chains during the 

rinsing and neutralization processes. Conversely, increases in the C2 and C3 contributions are 

associated with a rise in the amount of -C-O and O-C-O/C=O bonds, which could indicate the 

formation of carbonyl or carboxylic groups on the surface of the samples. Overall, the carbon XPS 

data enhances our understanding of the impact of the latter processes on the surface properties of 

the functionalized cotton textiles. 

Figure 6 shows the Cu 2p XPS spectrum of non-functionalized fabric and fabric functionalized 

with CuOx using 2% owf acetate, nitrate, and copper sulfate salts. The Cu 2p peak is composed of 

Cu 2p1/2 and Cu 2p3/2 doublets along with satellite (Sat) peaks,15, 43 which can be seen in all the 

samples analyzed, except for NF. 
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Figure 6. XPS spectra of Cu 2p electrons in non-functionalized fabric and fabrics taken: (a) at 25 

°C with copper salts, (b) after the addition of NaOH, temperature increase to 90 °C and cooling to 

70 °C, and (c) after functionalization with CuOx with rinses and neutralization. 

The Cu 2p3/2 peak deconvolves into two contributions for A1, N1, and S1 (samples taken after 

primary exhaustion stage, Figure 6(a)). The contribution around 933.4, 933.0, and 932.8 eV for 

A1, N1, and S1, respectively, is attributed to cuprous ion (Cu1+).15, 44 The other contribution is 

located at 934.9 eV for A1, 936.4 eV for N1, and 934.0 eV for S1, and this is attributed to cupric 

(a) (b) 

(c) 
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ion (Cu2+).15, 44, 45 The Cu 2p1/2 also deconvolves into two contributions. The binding energy of 

952.4 eV for A1 and 952.5 eV for N1 and S1 corresponds to the contribution of Cu1+, while 954.1 

eV for A1 and S1 and 954.0 eV for N1 are attributed to Cu2+.15, 43 Copper in its 2+ oxidation state 

exhibits a Sat peak, which is not observed for copper in a zero or 1+ oxidation state.46 In the same 

spectrum of Figure 6(a), multiple features are observed between 940 and 945 eV and around 962 

eV, associated with the peaks for Cu 2p3/2 Sat and Cu 2p1/2 Sat, respectively. Both are assigned 

to the copper Sat peaks,15, 43, 47, 48 suggesting that copper on the cotton surface is mainly found as 

Cu2+, which is derived from the dissolution of copper salts in water. However, at the end of the 

primary exhaustion stage, the existence of Cu1+ is also apparent in the spectrum. 

Cotton textile materials accumulate natural and added impurities during their manufacturing, such 

as oils and dressings.49, 50 These impurities can affect subsequent processes, such as dyeing or 

printing, so prior cleaning by de-sizing, scouring, and bleaching is necessary.50-52 Mitchell et al. 

compared XPS spectra of C 1s between bleached and scouring cotton, finding similarities in the 

spectral intensity of 285.0 eV, specifically in the C1 (-C-C, -C-H) region, which suggests the 

persistent presence of some organic material in cotton fibers. Based on these results, the authors 

demonstrated that after the bleaching and scouring process there are still residues of non-cellulosic 

material on the surface of cotton fibers, which consist of a complex mixture of alcohols, esters, 

fatty acids, alkanes and glycerides. Therefore, it is possible that the fabric used in this research 

contains non-cellulosic residues and remains of chemicals from the bleaching process mentioned 

in section 2.1, which could act as reducing agents. For this reason, the contributions of Cu1+ 

observed in the XPS spectrum of A1, N1, and S1 samples could be associated with the reduction 

of Cu2+ in primary exhaustion. 
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The Cu 2p spectra of A4, N4, and S4 samples taken after the addition of NaOH, temperature 

increase to 90 °C and cooling to 70 °C, are presented in Figure 6(b). In the 931 to 938 eV region, 

contributions from A4, N4, and S4 were observed at 932.7, 933.4, and 932.9 eV, respectively. 

These peaks can be assigned to Cu(I) 2p3/2.43. Peaks close to 934.2, 934.1, and 934.8 eV are also 

apparent in the same samples, which could correspond to Cu(II) 2p3/2.15, 53 The spectra shows 

peaks at energies of 952.7 eV for A4 and N4, and 952.8 eV for S4, which could be associated with 

Cu(I) 2p1/2.43 Other binding energies were also observed at 953.8 eV for A4, 954.7 eV for N4 and 

954.6 eV for S4, which could correspond to Cu(II) 2p1/2.43 Likewise, an increase in the intensity 

of the Sat peaks located between the binding energy regions of 940-944 eV and 960-965 eV can 

be seen, when compared to the Sat peaks of A1, N1 and S1. This increase suggests that Cu2+ is not 

only present as CuO but also as Cu(OH)2.54 OH- ions derived from the ionization of NaOH during 

the secondary exhaustion stage can pull H+ ions from water molecules present in the copper-cotton 

complex that was probably formed in the primary exhaustion stage.55 This hypothesis was 

suggested in the discussion of Figure 5(a). After the removal of H+, copper hydroxide (Cu(OH)2) 

would form in the fabric, and subsequently, by increasing the temperature to 90 °C for 20 minutes, 

the Cu(OH)2 can be transformed into CuO, which is then partially reduced to Cu2O. Consequently, 

a mixture of copper oxides and copper hydroxide remanent would be found on the surface of A4, 

N4, and S4 samples. 

Figure 6(c) shows the XPS spectra of the A5, N5, and S5 samples obtained after rinsing and 

neutralizing. It can be seen that the Cu 2p doublet peaks remain in these samples. For Cu1+, peaks 

were found between 932.7 to 933.1 eV that can be assigned to Cu 2p3/2 and peaks between 952.2 

to 952.6 eV for Cu 2p1/2.43, 47 In the case of Cu2+, the peaks observed in the range of 934.1-943.9 

eV and 953.8-954.6 eV may correspond to the binding energies of Cu 2p3/2 and Cu 2p1/2, 
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respectively.43, 47 In addition, a decrease in the intensity of the Sat peaks placed between the 

binding energies of 940 to 945 eV is observed in the three samples examined, while the peak close 

to 962.2 eV practically disappears in samples N5 and S5. This behavior could be related to 

eliminating the remaining Cu(OH)2 on the fabric surface during the rinses with hot and cold water, 

followed by pH neutralization. Therefore, XPS analyses in the Cu 2p region revealed that, after 

the functionalization process with copper salts, the cotton fabric presented peaks attributable to 

Cu2+ and Cu1+ ions. These results suggest the formation of CuO, Cu2O, and possibly small amounts 

of Cu(OH)2. 

Samples A5, N5, and S5 were selected for complementary characterizations. These samples 

represent the final product of the functionalization process of cotton fabric with CuOx. We used 

SAED, TOF-SIMS, and SEM to determine the morphology and structure of copper–functionalized 

fabric. 

The SAED patterns were used to study the crystallinity of the CuOx particles. Figure 7 shows the 

patterns acquired for the functionalized fabrics; for each raw set, images and patterns belongs to 

A5, N5, and S5. In the first column, the morphology of the particles can be seen; in the case of 

CuO, approximately 10nm particles are agglomerated, as shown in Figure 7(b). In contrast, the 

Cu2O particles are more dispersed, as shown in Figures 7(a) and 7(c); the particles are generally 

aggregated and are approximately 10 nm in diameter. The reflections apparent in all SAED 

patterns were indexed as polycrystalline, and arise from multiple crystals in different orientations. 

The images in the second column (Figures 7(d), 7(e), and 7(f)) show SAED patterns, which were 

indexed to the Cu2O crystal phase using the card from the database of JCPDS # 00-005-0667 

cuprite system with cubic crystal system. The images in the third column (Figures 7(g), 7(h), and 

7(i)) show SAED patterns, which, in this case, were indexed to the CuO crystal phase by card from 
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the database of JCPDS # 00-045-0937 tenorite system with monoclinic crystal system. These tiny 

(≈ 10 nm) CuOx nanoparticles are crystals, and the copper oxide phases (CuO and Cu2O) are 

present for all samples; this confirms our XPS results discussed in the previous section that indicate 

the presence of both Cu oxide phases. 
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Figure 7. TEM images of fabrics functionalized with CuOx after the subsequent processes stage 

(A5, N5, and S5) (a, b, c) and the SAED pattern of Cu2O (d, e, f) and CuO (g, h, i). 

 

Figure 8 shows the TOF-SIMS positive ion mass spectra of the non-functionalized fabric and the 

fabric functionalized with CuOx after the last processing stage (A5, N5, and S5). Figure 8(a) shows 

that the mass spectra from NF, A5, N5, and S5, which mostly exhibit typical patterns associated 

with cellulose.38, 56 In Figure 8(b), A5, N5, and S5 also exhibit a peak at m/z 62.929 that varies 

with each fabric sample and that is indicative of the presence of copper.57, 58 This peak is absent in 

spectrum from NF, as expected. Copper-organic fragments were also detected in other regions of 

the secondary ion spectra from A5, N5, and S5, specifically in the m/z ranges of 92–93 and 106–

107, as illustrated in Figure 8(c). This suggests a high probability of Cu grafting in the 

functionalized cotton fabric, as suggested by XPS. However, uncovering the factors that govern 

the formation of secondary ions from fabric functionalized with CuOx is complex and will require 

further work. 
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Figure 8. Positive ion TOF-SIMS spectrum of the non-functionalized fabric and fabrics 

functionalized with CuOx after subsequent processes stage (A5, N5, and S5) in the m/z ranges of: 

(a) 30 – 140, (b) 62.7 – 63.2, and (c) 92.6 – 107.2. 

 

We used SEM to examine the distribution and morphology of CuOx on cotton fabric surfaces. 

Micrographs of non-functionalized and functionalized fabrics with CuOx after latter processing 

stages (A5, N5, and S5) are illustrated in Figures 9. Figure 9(a) shows the intrinsic morphology of 

the non-functionalized cotton fiber. A clean surface is seen with parallel grooves that resemble 

(a) (b) 

(c) 
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folds.31 These folds are observed more clearly in Figure 9(b), in which the cellulose microfibrils 

that are components of the secondary wall of cotton fiber are also apparent, as crisscrossed threads 

that follow different directions on the fiber surface.59 

In contrast to the micrographs from non-functionalized fabric, particles are apparent on the cotton 

fiber surface for all samples obtained from the salts of copper acetate (Figure 9(c)), nitrate (Figure 

9(e)) and sulfate (Figure 9(g)). By increasing the magnification from 25,000 to 120,000 times, we 

can observe how these particles are aggregated into irregular shapes with different sizes, where 

some are located between the folds of the cotton fiber (See Figures 9 (d), (f), and (h)). These 

images confirm the presence of CuOx particles on the functionalized fabric using our various 

copper salt sources. 
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Figure 9. SEM micrographs of the non-functionalized fabric at magnifications of (a) 5000x and 

(b) 120,000x, and of the fabric functionalized with CuOx using copper: acetate (c, d; A5); nitrate 

(e, f; N5); and sulfate (g, h; S5) at 25,000x and 120,000x. 

3.3. Antibacterial evaluation 

The percentage of bacterial reduction against the strains E. coli (ATCC 25922) and P. aeruginosa 

(ATCC 10145) for the non-functionalized and functionalized fabrics with CuOx after the 

subsequent processes stage (A5, N5, and S5) are shown in Figure 10(a). The NF fabric experienced 

a decrease in bacterial growth of 41.8% for E. coli and 20.1% for P. aeruginosa. These reductions 

could be attributed to possible pre-existing adventitious contamination of the cotton that inhibits 

bacterial growth. Furthermore, these percentages were lower than those obtained in fabrics 

functionalized with CuOx. In particular, A5, N5, and S5 samples demonstrated an inhibition of 

bacterial growth for both strains by 99.99%. According to the literature, the potential mechanism 

behind the antimicrobial activity of textile materials functionalized with CuOx, especially at the 

nanometric level, begins with the adsorption of bacteria on the fabric's surface.60, 61 In this 

condition, the antibacterial activity could be attributed to three possible mechanisms: the direct 

contact of CuO nanoparticles with bacteria, the release of copper ions and the production of 

reactive oxygen species (ROS).4 

Figure 10(b-i) shows the bacterial count in Petri dishes of the two bacterial strains. In Figures 10(b) 

and 10(f), the presence of colonies can be visualized after 1 h of contact with the NF sample. The 

bacterial counts were 189x104 and 376x104 CFU/ml for E. coli and P. aeruginosa. Figures 10(c), 

(d), (e), (g), (h), and (i) represent the dishes that were seeded with 100 µl of each bacterial dilution 

in contact with the A5, N5, and S5 fabric samples. The absence of growth can be observed in both 
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strains, suggesting the effectiveness of fabrics functionalized with CuOx inhibit bacterial 

development.62, 63 This is due to the antimicrobial properties of CuO and Cu2O.17, 64 Therefore, 

these fabrics offer effective antibacterial properties against Gram-negative bacterial strains, which 

underlines their potential in antimicrobial applications. 

 

 

 

 

 

 

 

 

 

 

Figure 10. Percentage of bacterial reduction (a), and count of E. coli (ATCC 25922) and P. 

aeruginosa (ATCC 10145) strains after 1 h contact time with: non-functionalized (b, f); and 

functionalized fabrics with CuOx for A5 ( c, g), N5 (d, h) and S5 (e, i). 
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4. CONCLUSIONS 

Antimicrobial cotton fabrics have been manufactured through exhaustion dyeing, using 2% owf 

of copper source salts based on acetate, nitrate, and sulfate. The colorimetric characteristic of the 

non-functionalized fabric was a yellow hue and luminous, while after the functionalization 

process, it turned greenish and finally reddish brown due to the presence of CuOx. The chemical 

composition of functionalized cotton fabric was determined by ICP chemical analysis, which 

showed, in general, that the copper content had significantly increased to 40, 32, and 27 wt. % of 

the bath concentration in A5, N5, and S5, respectively. These values are in comparison to the initial 

value of non-functionalized fabric. The XPS results suggest a chemical interaction between 

hydroxyl groups of cellulose and copper oxide, whose possible reaction route could have 

originated from replacing water molecules in copper (II) hydrated complexes with lone pairs of 

electrons from the oxygen atom of cellulose, forming a copper-cotton complex. Also, XPS 

analyses in the Cu 2p region showed that after the functionalization process with copper salts, the 

cotton fabric showed characteristic peaks of Cu2+ and Cu1+ ions, indicating the formation of CuO, 

Cu2O phases and possible traces of Cu(OH)2. The phases were corroborated by SAED. Cu2O was 

indexed in the cuprite system and CuO in tenorite system. Furthermore, copper–organic fragments 

were detected functionalized fabric by TOF-SIMS analysis. Morphological characterization shows 

that CuOx particles are agglomerated in various shapes and sizes, and they are distributed randomly 

on the cotton fiber surface. Finally, fabrics functionalized with CuOx presented an effective 

antibacterial property against both Gram-negative strains, highlighting their potential in 

antimicrobial applications. 
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