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Abstract
The application of nanotechnology has gained importance in the finishing of textile products,
imparting them functional properties, which are achieved without affecting the textile. A novel
method was developed for the in situ growth of CuO nanoparticles (NPs) onto cotton textiles by
the exhaust dyeing method. For functionalised textiles, a constant sodium hydroxide
concentration (0.4 g l−1) and different percentages of on-weight-fabric (% owf) of copper acetate
were used. The textiles were microbiologically evaluated, the laundering durability was assessed
and their UV protection factor (UPF) was determined. In addition, their CIE L*a*b* colour
coordinates and colour strength (K/S) were studied. The results determined that NPs on the
textile were CuO and were distributed randomly on the cotton fibre surface. The functionalised
textiles with CuO NPs had percentages of bacterial reduction against Escherichia coli (ATCC
25922) between 89.7 and 99.7% and showed an improvement in the UPF of cotton from
approximately 7 to 32. The CuO NP content on the textile was inversely correlated with the L*
value and directly correlated with the a* and b* values and the K/S parameter.
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1. Introduction

Nanotechnology is a promising 21st century tool because
of its contributions to different research areas such as medi-
cine, physics, chemistry, biotechnology, electronics, tele-
communications, and agriculture [1–3], where it acts as a
synergetic nexus among these fields [4, 5]. For the industrial
sector, technologies drive the competitive advantage because
they improve the performance and innovation of an industry.
In this sense, nanotechnology may be the most important
investment that a firm makes to increase its innovative per-
formance [4]. Over the past decades, the textile industry has
been innovating and improving its products and processes

through the application of nanotechnology [6]; thereby,
nanotechnology has gained importance in the processing and
finishing of textile products, imparting them enhanced and/or
novel properties, which can be achieved without affecting
the fabric’s texture and breathability [7]. Various nanoparticle
structures have been immobilised onto textiles to provide
them with new properties [8–10]. This immobilisation can
be obtained by ex situ and in situ methods. Ex situ methods
consist of synthesising the NPs and then applying them onto
fabric surface, while for in situ methods, NPs grow in the
presence of the fabric [11, 12]. Antimicrobial textiles can be
functionalised by means of both methods using metal and
metal oxide nanoparticles (NPs), like Ag, Si, Cu, Au, silver
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oxide (Ag2O), titanium dioxide (TiO2), zinc oxide (ZnO) and
copper oxide (CuO) [13–15]. Specifically, CuO is a p-type
semiconductor with a band gap of approximately 1.2 eV,
where copper has an oxidation number of +2 and has dis-
tinctive physico-chemical properties, such as low solubility
and high-temperature superconductivity [16–18]. Addition-
ally, CuO does not cause skin irritation, sensitisation or
adverse reactions [19]. However, the most important property,
which is the topic of the present work, is that CuO has anti-
fungal and antibacterial activity for gram-positive and gram-
negative bacteria [20–22]. Moreover, CuO nanoparticles, as
antimicrobial agents, are more stable and durable than organic
antimicrobial compounds [23].

Application or functionalisation of textile with anti-
microbial agents based on CuO NPs can be carried out by
different methods, e.g., El-Nahhal et al (2018) reported a
functionalisation process for cotton fibres with CuO NPs
using copper sulfate pentahydrate (1.25 g, 0.005 mol) with
sodium hydroxide (0.4 g, 0.01 mol) by a sonication method.
They achieved excellent inhibition of bacterial growth and
found that the use of surfactants stabilised the cotton/CuO-
NP system. Rezaie et al (2017) obtained polyester fabrics
with UV protection properties and excellent antibacterial
activities after 5 washes. They used Keliab from Seidlitzia
rosmarinus as a natural alkaline source for the green reduc-
tion of a copper acetate solution (0.2 M) in the presence of
polyester to obtain CuO NPs [24]. Gouda et al (2015)
developed cotton fabrics with multifunctional properties, such
as antibacterial, UV protection and flame retardant, by the
in situ synthesis of metal NPs using microwave irradiation
[25]. In the research conducted by Thampi et al (2015), CuO
NPs were synthesised by employing the chemical precipita-
tion method, and then they were immobilised on the surface
of cotton fabric by immersion. The treated fabrics showed a
clear zone of inhibition against gram-positive and gram-
negative bacteria [26].

The above mentioned studies reported good anti-
microbial results but required the use of unusual methods and
instruments from the textile wet‐processing industry. In this
sense, to contribute to textile innovation, the current research
describes the development process for the in situ growth of
CuO NPs onto textile materials, employing the conventional

dyeing method (exhaust dyeing method) and high-temper-
ature equipment present in all textile laboratories to provide
antimicrobial properties in simple cotton fabrics. Therefore,
this proposed innovation presents an economic, simple and
highly effective approach for obtaining functional textile
materials. In this paper, the quality control for textiles was
studied and determined such as the colour coordinates, colour
strength (K/S), antimicrobial activity (according to the
American Society for Testing and Materials, ASTM, E2149-
01 standard), ultraviolet protection (using the American
Association of Textile Chemist and Colorists, AATCC,
183-2014 standard) and laundering durability test (in agree-
ment with the International Organization for Standardization
(ISO) 105-C06:1994 standard). Additionally, structural,
morphological and thermogravimetric characterisations of
in situ functionalised cotton textiles with CuO NPs were
performed and studied.

2. Materials and methods

2.1. Materials

All chemical reagents used in this research were of chemically
pure grade. Between different copper salts, copper acetate
monohydrate (Cu(CH3COO)2.H2O) was chosen due to its
water-soluble secondary products, a condition that helps to
eliminate them easily during the rinsing of the textiles in the
functionalisation process. Copper acetate monohydrate
(Cu(CH3COO)2.H2O) and sodium hydroxide (NaOH) were
obtained from Merck Millipore. The material used to obtain
the antimicrobial textile was 100% cotton fabric and was
supplied by Tejidos San Jacinto S.A., Peru.

2.2. In situ synthesis of CuO NPs on cotton textiles

The cotton textiles were in situ functionalised with CuO
nanoparticles using the exhaust dyeing method, employing a
Mathis ALT-ECO high-temperature machine. The functio-
nalisation process was separated into four stages, as shown in
figure 1. (1) Exhaustion stage: the Cu2+ is moved from the
exhaustion bath to the cotton textiles due to the decomposi-
tion of the copper acetate salt in aqueous media into copper

Figure 1. Functionalisation curve of cotton textiles with CuO NPs prepared from Cu(CH3COO)2.H2O and NaOH by the exhaust dyeing
method.
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ions (Cu2+) and acetate ions (CH3COO
-) [27, 28]. (2)

Fixation stage: a chemical reaction occurs between Cu2+ ions
and hydroxide ions (OH-) resulting from the complete ionis-
ation of NaOH in water. Copper hydroxide (Cu(OH)2) is
formed first and is then transformed to stable CuO through

( ) -Cu OH ,4
2 which is an intermediate species in the chemical

reaction [23, 29, 30]. (3) Neutralisation stage: in this stage,
glacial acetic acid (CH3COOH) is used to neutralise the
cotton textile. (4) Rinse-off stage: the functionalised textiles
are washed with distilled water to remove residues of acetic
acid and CuO NPs that were not attached to the textile.

2.3. Functionalisation process

In a dyeing process, the amount of chemical finish or dye
applied on textile materials is usually expressed as a weight
percentage based on the original fabric weight. This expres-
sion is often represented as percent on-weight-fabric (% owf)
[31]. For the functionalisation process, the cotton textile was
cut into 5.0 g pieces and then added to stainless-steel beakers
containing 50 ml of Cu(CH3COO)2.H2O aqueous solutions.
Concentrations of 0.2, 0.4, 0.6, 0.8, 1.0, 1.2 and 30.0% owf
were prepared. The liquor ratio used was 10:1 (bath volume
(mL): textile weight (g)) [32]. The stainless-steel beakers
were covered and introduced into the textile machine for
high-temperature exhaust dyeing; the beakers were kept
under rotation at 40 rpm for 90 min at room temperature
(exhaustion stage). At the end of the exhaustion time, the
Cu(CH3COO)2.H2O solution was discarded. Afterwards,
50 ml of a 0.4 g l−1 NaOH solution was added to the textile
samples, and the stainless-steel beakers were again kept under
continuous rotation at 40 rpm for 30 min at 90 °C (fixation
stage). Finally, the samples were neutralised with 0.5 g l−1

CH3COOH, washed three times with distilled water and dried
at 70 °C (neutralisation and rinse-off stages).

2.4. Colourimetric analysis

The colourimetric properties of nonfunctionalised and in situ
functionalised cotton textiles with CuO NPs were obtained
using a Datacolor 550 TM spectrophotometer. The calibration
conditions considered the specular component, UV filter and
small aperture size with a measured sample area of 5 mm and
an illuminated sample area of 9 mm. The CIELAB colour
space coordinates of L* (lightness), a* (redness–greenness)
and b* (blueness–yellowness) and the colour strength (K/S)
of λmax were determined by Datacolor Tools software. All
measurements were carried out with the standard illuminant
D65 and at a 10° observing angle; furthermore, each textile
sample was measured in triplicate.

2.5. Microbiological analysis test

The microbiological analysis of nonfunctionalised and in situ
functionalised cotton textiles with CuO NPs was performed
according to the ASTM E2149–01 standard testing method
for determining the antimicrobial activity of immobilised
antimicrobial agents under dynamic contact conditions.

Escherichia coli (ATCC 25922), a gram-negative bacterium,
was used in this analysis. The procedure was as follows: the
Escherichia coli strain was grown in sterile tryptic soy broth
(TSB) for 18 h at 37 °C and then was centrifuged at 4000 rpm
for 10 min The bacteria obtained were diluted with a sterile
buffer solution (0.3 mM KH2PO4) until an absorbance of
0.28±0.02 at 475 nm was achieved, which is equivalent to
1.5–3.0×108 colony-forming units (CFU) per millilitre. The
bacterial suspension concentration was measured using a
Genesys 20 (4001/4) visible spectrophotometer (Thermo
Electron Corporation). This bacterial suspension was diluted
again into a buffer solution to obtain a final concentration of
1.5–3.0×103 CFU ml−1, and an inoculum was finally
placed on the surface of a sterile Petri dish containing tryptic
soy agar (TSA). Afterwards, a 0.5 g piece of sterile textile was
cut into small pieces and placed inside an Erlenmeyer flask
containing 50 ml of buffer solution with 1.5–3.0×103

CFU ml−1 Escherichia coli. The flasks were incubated at 37 °C
and continuously shaken at low revolution for 1 min and then
at maximum revolution for 1 h. After incubation, the buffer
solution, which was in contact with the cotton samples, was
diluted, and fractions were plated on a Petri dish with TSA
(1 h contact time). All the Petri dishes were incubated at
37 °C for 24 h, and the CFU ml−1 was calculated by multi-
plying the number of colonies by the dilution factor. The
nonfunctionalised cotton textile was used as a control. All
analyses were conducted in duplicate under the same condi-
tions. The antibacterial activity is expressed in terms of the
percent reduction of the bacteria after contact with the func-
tionalised textile compared to the number of bacterial cells
surviving after contact with the nonfunctionalised textile. The
results are reported as a percent bacterial reduction and are
calculated using equation 1:

( ) ( )/ =
-

´
C A

C
Reduction, % CFU mL 100%, 1

where C and A are the numbers of bacteria colonies recovered
from the nonfunctionalised and functionalised textiles,
respectively, after the 1 h contact time.

2.6. UV-protection factor (UPF) measurement

The AATCC 183–2014 standard was used with modifications
to evaluate the UPF of the nonfunctionalised and in situ
functionalised cotton textiles with CuO NPs. The UPF mea-
surements were performed in the range of 280–400 nm using
a Spectronic UV-visible spectrophotometer, model CamSpec-
M550. The assessment process consisted of exposing a
5 cm×5 cm textile sample to UV radiation and measuring
the transmission every 45° of rotation through the textile. Six
measurements were made, and the UPF was calculated using
equation 2 [33]:

( )å
å

l

l
=

D

D

l l

l l l

E S

E S T
UPF , 2280 nm

400 nm

280 nm

400 nm

where Eλ is the relative erythemal spectral effectiveness, Sλ is
the solar spectral irradiance, Tλ is the average spectral

3

Adv. Nat. Sci.: Nanosci. Nanotechnol. 11 (2020) 025009 L E Román et al



transmittance of the specimen and Δλ is the measured
wavelength interval (nm).

According to the Australian/New Zealand (AS/NZS)
4399:1996 standard, the UPF of textile fabrics can be clas-
sified into three protection categories: good protection (UPF:
15—24), very good protection (UPF: 25—39) and excellent
protection (UPF: 40—50, 50+) [34].

2.7. Characterisation of cotton textile

x-ray diffraction (XRD) analysis of the nonfunctionalised and
in situ functionalised cotton textiles with CuO NPs was per-
formed employing a Siemens D5000 diffractometer with a
Cu-Kα radiation source of wavelength λ=1.54 Å. The
diffraction angle ranged from 30° to 40°. The surface
morphology of the same textiles was assessed via field-
emission scanning electron microscopy (FESEM) using a
Zeiss Ultra Plus instrument and a Hitachi SU8230. In addi-
tion, thermogravimetric analysis (TGA) was performed using
a Setaram LABSYS Evo system, and the cotton textiles were
tested under an atmospheric air flow at temperatures from 30
to 900 °C.

2.8. Laundering durability test

The ISO test method 105-C06:1994 with procedure N° B1M
using light modifications was used to evaluate the launder-
ing durability of functionalised cotton textile [35]. Textile
samples were laundered in a 500 ml stainless steel beaker
containing 50 stainless steel balls and 150 ml wash solution.
This solution was initially prepared with 4 g of a standard
reference detergent without optical brightener in 1 l of dis-
tilled water. The beakers were placed inside the laundering
machine (Launder-Ometer, Atlas Electric Devices Co) pre-
heated at 50 °C and kept at a constant rotation of 40 rpm for
45 min. At the end of the laundering process, the textile
samples were rinsed-off with distilled water for 10 s and
dried at 60 °C.

3. Results and discussion

The exhaust dyeing method was used for the in situ growth of
CuO NPs on cotton textiles. Figure 2 shows the images
of nonfunctionalised and in situ functionalised cotton
textiles with CuO NPs using 0.2%, 1.2% and 30.0% owf
Cu(CH3COO)2.H2O. A visual assessment of colour showed
that the functionalised textiles acquired a grayish-brown
shade of low chromaticity, which varies in lightness. In this
sense, as the percentage of Cu(CH3COO)2.H2O increased in
the exhaustion stage, the grayish-brown colour of the textile
became more intense and darker. This visual variation in
colour shows the presence and increase in CuO NPs on the
textile [36].

The CIE L*a*b* colour coordinates and colour strength
(K/S) values were determined from the spectrophotometric
readings to verify the colour variation in textile samples with
regard to the concentration of the copper acetate solution. The
value of L* is a measure of the lightness of the colour and
varies between 0 (perfectly black) and 100 (perfectly white)
[37]. According to figure 3(a), the lightness (L*) of the
textile samples decreased as the concentration of copper
acetate increased, which indicates that the textile samples
became darker due to the higher CuO NP content on the
surface of the textile. On the other hand, the red–green
measurement of a specific sample is attributed to the value of
a*, where the positive and negative values are for the red and

green shades, respectively [37]. The value of b* gives the

yellow–blue character of the textile: when the values of b*
are positive, the shades are yellow; when the values are
negative, the shades are blue [37]. For our case, the redness-
greenness value (a*) of the nonfunctionalised textile was
0.15, which changed to higher and positive values for all
functionalised textiles; that is, the textiles became more red-
dish, as shown in figure 3(b). Figure 3(c) reports the values of
yellowness-blueness (b*); nonfunctionalised textile presented
a value of 4.88, which was modified to values of 10.31 to
13.63 after functionalisation. Therefore, the CIE L*a*b*
values indicate that the colour of the textile samples acquired
a more yellow colour and nearly constant shade during the
functionalisation process. In addition, the K/S parameters for
the textiles were determined and are represented in
figure 3(d). In this figure, the K/S values have a linear growth
trend with respect to the increase in Cu(CH3COO)2.H2O from
0.2% to 30% owf in the exhaustion stage. This linear beha-
viour fits the Kubelka-Munk equation, which relates the
absorption and scattering coefficients and the concentrations
of the dye [37]; the K/S parameter is a quantitative measure
that is directly correlated with the dye concentration on the
substrate [38]. Thus, the equation indicates that at high values
of K/S, the concentration of CuO NPs in the textile is also
high. Finally, these results corroborate and complement the
information shown and discussed above in figures 2 and 3(a).

The antimicrobial activity of nonfunctionalised and
in situ functionalised cotton textiles with CuO NPs using 0.2,
0.4, 0.6, 0.8, 1.0, 1.2 and 30.0% owf Cu(CH3COO)2.H2O
against Escherichia coli is shown in figure 4, which displays

Figure 2. Cotton textile samples: (a) nonfunctionalised and in situ
functionalised with CuO NPs using (b) 0. 2%, (c) 1.2% and (c) 30%
owf Cu(CH3COO)2.H2O.
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the bacterial colony count in Petri dishes. Figure 4(a) displays
the number of bacterial cells surviving after contact with
the nonfunctionalised textile and, figures 4(b)–(h) present the
numbers of bacteria colonies recovered after contact with the
functionalised textile (1h contact time).

Figure 5 displays the percent reduction against Escher-
ichia coli bacteria of nonfunctionalised and in situ functio-
nalised cotton textiles with CuO NPs prepared using 0.2, 0.4,
0.6, 0.8, 1.0, 1.2 and 30% owf Cu(CH3COO)2.H2O according
to the ASTM E2149-01 standard. As the percentage of copper
acetate increased from 0.0 to 0.6%, the percent reduction of
the bacteria (R%) also increased, reaching a maximum value

of 99.4%. For the following copper acetate percentages,
except for one case (0.8%) which presented a slight decrease
in reduction of the bacterial load, the R% remained relatively
constant, achieving an average of 98.6%. This antimicrobial
activity of the functionalised textiles is due to the presence of
CuO NPs; that is, the property of inhibiting bacterial growth
was conferred to the textile upon in situ incorporation of CuO
NPs, and this behaviour is related to the broad antimicrobial
activity of CuO against gram-positive and gram-negative
bacteria [21, 39]. According to the study of Rezaie et al
(2018), the functionalised cotton fabrics with CuO NPs show
good antibacterial performance (100% bacterial reduction)
against Staphylococcus aureus (S. aureus) (gram-positive)
and Escherichia coli (E. coli) (gram-negative) [36]. A similar
result was reported by El-Nahhal et al (2018); in their study, it
was found that CuO NP-coated cotton fabrics had percentages
of bacterial reduction of more than 90% against E. coli and
S. aureus strains. Similarly, Thampi et al (2015) reported the
growth inhibition of E. coli and S. aureus when they studied
the bacterial behaviour of a cotton fabric sample impregnated
with CuO NPs and with polyaniline (PANI)/CuO. The results
of the present study match the results reported in the refer-
ences [8], [26] and [36], which were described above. This
similarity may be related to the mechanism of the anti-
microbial behaviour of CuO NPs in textiles. The mechanism
consists of the diffusion of water molecules coming from the
bacteria medium through cotton cellulose; the dissolved
oxygen in water causes the corrosion or dissolution of
nanoparticles present in the textile, resulting in the release of
copper ions [36, 40]. When the copper ions contact bacteria,
they can damage the cell membrane by producing reactive
hydroxyl radicals and by oxidising lipids and proteins;
afterwards, these ions can diffuse into the bacterial cells and
cause their death [36, 40, 41]. In addition to the mechanism
described and according to Tamayo et al (2016), a large
amount of reactive oxygen species (ROS) is produced on
surface defect sites in nanocrystalline CuO [42]. This pro-
duction of ROS on the CuO surface and the adherence of the
same particle to a bacterial cell membrane cause an increase
in cell permeability, resulting in the transport of CuO through
the cytoplasmic membrane and, as a consequence, causing
bacterial cell death [21, 42, 43]. Therefore, and in accordance
with the existing literature, the increase in microbiological
activity of cotton textiles as the CuO NPs content increased
may be due to the formation of more ROS and an increase in
copper ion release, thus causing greater bacterial cell death.

The UPF of a fabric is influenced by different char-
acteristics, such as porosity, weight, thickness, type of fabric,
fabric structure, laundering method, and colour [44]. In
addition, the dye concentration and L* value of the colour

coordinates of the CIE L*a*b* system have a direct and
inverse relationship with the UPF values, respectively [45].
The higher the dye concentration, the higher the UPF value
and vice versa; the higher the lightness of the fabric, the lower
the UPF. Thus, a coloured fabric has better UV protection
than a white fabric because a larger amount of UV radiation is
absorbed by darker colours than by lighter colours, thus

Figure 3. Colourimetric analysis of nonfunctionalised and in situ
functionalised cotton textiles with CuO NPs. (a) L (lightness), (b) a*
(red-green axis), (c) b* (yellow-blue axis) and (d) colour strength
(K/S).
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providing good UV protection [44, 46]. For example, as
shown in figure 6, the in situ functionalised cotton textiles
with CuO NPs prepared using 0.2, 0.4, 0.6, 0.8, 1.0, 1.2 and
30.0% owf Cu(CH3COO)2.H2O acquired a grayish-brown
shade and had increased UPF values, reaching between 20.2
and 32.4, which are three to five times higher than those of the
nonfunctionalised white fabric (UPF=7.2) (figure 2).
Additionally, figure 6 shows that when the copper acetate
concentration in the exhaustion bath increased from 0.2% to
30% owf, the value of the colour coordinate L* decreased
from 92.4 to 70.0, and there was an increase in the UPF
values of the textiles. This improvement in UV protection

may be due to the grayish-brown shade of the textile given by
the CuO and the presence of CuO NPs, which can absorb and
block the transmission of ultraviolet radiation through the
textile, thus improving the UV protection [36, 45]. Finally,
according to the AS/NZS 4399:1996 standard and the results
obtained, the functionalised cotton textiles could be cate-
gorised as providing good to very good UV protection.

The CuO produced by chemical reactions between 0.2, 0.4,
0.6, 0.8, 1.0 and 1.2% owf Cu(CH3COO)2.H2O and 0.4 g l−1

NaOH is in very small quantities on the cotton textile and was
undetectable by XRD and FESEM. For those reasons, the
functionalised textile with 30% owf Cu(CH3COO)2.H2O is

Figure 4. Bacterial count of Escherichia coli strain after 1h contact time: (a) nonfunctionalised and in situ functionalised with CuO NPs using
(b) 0.2%, (c) 0.4%, (d) 0.6%, (e) 0.8%, (f) 1.0%, (g) 1.2% and (h) 30% owf Cu(CH3COO)2.H2O.

Figure 5. Percent reduction against Escherichia coli bacteria of
nonfunctionalised and in situ functionalised cotton textiles with CuO
NPs prepared using 0.2, 0.4, 0.6, 0.8, 1.0, 1.2 and 30% owf Cu
(CH3COO)2.H2O according to the ASTM E2149-01 standard.

Figure 6. UPF values of nonfunctionalised and in situ functionalised
cotton textiles with CuO NPs prepared using 0.2, 0.4, 0.6, 0.8, 1.0,
1.2 and 30% owf Cu(CH3COO)2.H2O.
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taken as a reference sample in the following analyses. To con-
firm the presence of CuO NPs on the cotton textile, XRD was
performed. Figure 7 shows the XRD patterns of non-
functionalised and in situ functionalised cotton textiles using
30.0% owf Cu(CH3COO)2.H2O. Compared to the non-
functionalised textile, the functionalised cotton textile has two
distinct diffraction peaks at 2θ values of approximately 35.5°
and 38.8° corresponding to (−111) and (111) Miller indices,
which belong to the crystalline planes of CuO [41, 47]. Based
on these results, the particles synthesised in situ on the cotton
textiles are CuO.

Thermogravimetric analysis of nonfunctionalised and
in situ functionalised cotton textiles using 30.0% owf
Cu(CH3COO)2.H2O was performed with the aim of obtaining
information on the thermal behaviour of the textiles and the
percentage of nanoparticles present on the cotton after the
functionalisation process. Figure 8 shows that in the TGA
curves, there are two steps of thermal degradation. In the first
step, a weight loss is observed between the temperatures of 50
and 200 °C, associated with the evaporation of water mole-
cules in cotton fibres [48]. The second step, which is the most
important, occurs in the range of 200—400 °C and is attrib-
uted to the thermal degradation of cellulose structures
[48, 49], with temperatures of maximum degradation at
348 °C and 336 °C for the nonfunctionalised and in situ
functionalised cotton textiles, respectively. According to
information found in the literature, the thermal degradation of
cellulose is the result of its depolymerisation and dehydration
of volatile products, causing the formation of aliphatic char
[50, 51]. For temperatures between 400 and 700 °C, this
aliphatic char carbonises in aromatic char and further oxidises
into CO and CO2 [50]. The percentages by weight of the
residuals at 700 °C were found by thermogravimetric analysis
to be 10.5 and 16.7 for the nonfunctionalised and in situ
functionalised textiles, respectively. The greater residual

percentage of the functionalised textile using 30.0% owf
copper acetate indicates that in addition to the presence of
aromatic char, there is CuO. Finally, considering that the
nonfunctionalised textile residual is composed of only aro-
matic char and assuming that the aromatic char percentage is
the same as that of the functionalised textile, 2.6499 mg of
CuO NPs was obtained, which represents approximately 6%
of the total weight of the textile used in the functionalisation
process.

The surface morphology of the nonfunctionalised cotton
textiles and those in situ functionalised with 30.0% owf
Cu(CH3COO)2.H2O were investigated by FESEM, as dis-
played in figure 9. Figure 9(a) shows that the non-
functionalised textile is composed of clean cotton fibres
without any particles on the surface; for the functionalised
textile (figure 9(b)), the CuO NPs were deposited on the
cotton surface and appeared as white particles scattered
throughout the entire fibre. According to Zare Y, Rhee KY,
and Hui D (2017), the agglomeration tendency of the nano-
particles is due to the strong attraction between the particles
generated by their large surface area per unit volume [52], and
as a result of this agglomeration, the nanoparticles acquire
different shapes. For this reason, in the 200 k×magnified
image (figure 9(c)), the white particles, seen in figure 9(b), are
the result of the agglomeration of very small particles of
different sizes and shapes.

In addition to these results and to determine the beha-
viour of functionalised fabrics when immersed in water, wash
cycles were carried out. As shown figure 10(b), the textile
sample functionalised with 30.0% owf Cu(CH3COO)2.H2O,
even after twenty washes, still presents randomly distributed
CuO particles on the cotton fibre surface but the particles
were less abundant in this textile sample than in the textile
sample functionalised with the same concentration of copper
acetate before washing (figure 10(a)).

To determine the laundering durability of in situ
functionalised cotton textile using 0.8 and 30.0% owf

Figure 7. XRD patterns of nonfunctionalised and in situ functiona-
lised cotton textiles with CuO NPs prepared using 30% owf Cu
(CH3COO)2.H2O.

Figure 8. TGA curves of (a) nonfunctionalised and (b) in situ
functionalised cotton textiles with CuO NPs prepared using 30% owf
Cu(CH3COO)2.H2O.
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Cu(CH3COO)2.H2O, twenty washing cycles were performed
according to the ISO 105-C06:1994 standard (table 1).
The results show that the antimicrobial activity of cotton
textile functionalised with CuO NPs is reduced with washing
cycles [8]; in our case, it was reduced by approximately 37%
and 1% after 20 washes for 0.8% and 30.0% owf
Cu(CH3COO)2.H2O, respectively. Nevertheless, the washed
functionalised textiles still exhibit antibacterial activity
against the E. coli strain, with a percent bacterial reduction of
more than 55% for the two concentrations of copper acetate
mentioned above. The reduction in the antimicrobial capacity

Figure 9. FESEM images of cotton textiles that were (a) nonfunctionalised and in situ functionalised with CuO NPs using 30% owf Cu
(CH3COO)2.H2O at (b) 50,350×and (c) 200,000×magnification.

Figure 10. FESEM images of functionalised cotton textile with 30% owf Cu(CH3COO)2.H2O (a) before and (b) after 20 washes.

Table 1. Antibacterial activities of functionalised cotton textile
against Escherichia coli before and after 20 washes.

Bacteria
reduction (%)

Samples
Cu(CH3COO)2.H2O

(% owf)
Before
washing

After 20
washes

Nonfunctionalised — 0 0
Functionalised 0.8 91.2 57.2

30.0 99.10 98.20
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may be attributed to a loss of CuO NP content on the textile
surface due to friction between the stainless-steel balls and the
textile sample during washing. This loss is corroborated in
figure 10, that displays the FESEM images of functionalised
cotton textile with 30% owf Cu(CH3COO)2.H2O, before and
after 20 washes. This reduction may also be due to CuO
dissolution to form copper ions; these ions are released in the
wash water [26, 36].

Figure 11 displays the reflectance as well as the absor-
bance measured in the wavelength range from 400 to 700 nm.
The reflectance of nonfunctionalised cotton textile shows
values between 68.04% at 400 nm and 87.49% at 700 nm. On
the other side, the textile sample taken after the exhaustion
stage with 30% owf Cu(CH3COO)2.H2O clearly presents a
maximum reflectance of 74.39% at 494 nm, which corre-
sponds to a combination of green and blue shades [53], and a
minimum of 23.56% at 700 nm. It is important to point out
that the minimum of the reflectance could be located at a
higher wavelength, but the spectrophotometer only allows
measurements in the analysed range. After 6 and 16 washing
cycles (W), the maximum reflectance increased slightly by 1%
for the sample with 16W, while the minimum reflectance
increased strongly to 46.65% and 58.28% for the sample after
6W and 16W, respectively. The same figure displays the
absorbance spectra for the solution used for the 30.0% owf
Cu(CH3COO)2.H2O exhaustion and the solution after the
exhaustion stage. These absorbance features exhibit the same
performance between 400 nm and 600 nm, but for longer
wavelengths the absorbance from the solution used for the
exhaustion increases more than that from the solution after the
exhaustion stage. The increment is more noticeable at
700 nm, where the solution used for exhaustion was 3.55
while the absorbance for the solution after exhaustion was
3.47. This effect is more likely a consequence of the small
amount of copper complex retained in the textile during the
exhaustion stage. The absorbance spectra of both solutions
were ascribed to the hexaaquacopper (II) ion [Cu(H2O)6]

2+

complex [54], which would mean that the adductors from
acetate would have been displaced by the aqua ligands, since
thermodynamically this process is favourable at room temp-
erature [55, 56]. After the exhaustion process, it was expected
that the textile, as a substrate, will contain ion molecules of
the [Cu(H2O)6]

2+ complex, mainly concentrated on its sur-
face [57]. Surprisingly, after the washing cycles, the complex
was still clearly present and seen as a signal showing that the
complex could replace some aqua ligands by the -OH groups
from the fibre. This complex-fibre bonding could have
become a seed for the CuO NP.

Figure 12 shows CIE L*a*b* colour coordinates and
colour strength (K/S) values for the textile after the 30% owf
Cu(CH3COO)2.H2O exhaustion stage and with 1W, 6W, 11W
and 16W. Figure 12(a) displays a slight increase in the

Figure 11. Reflectance (black lines) of nonfunctionalised textile and
textile collected after the exhaustion stage with 30% owf Cu
(CH3COO)2.H2O and after 6 and 16 washes (W), and absorbance
(blue lines) of the aqueous solution of Cu(CH3COO)2.H2O.

Figure 12. Colourimetric analysis of textile after 30% owf Cu
(CH3COO)2.H2O exhaustion stage and with 1, 6, 11 and 16 washes
(W): (a) L (lightness), (b) a* (red-green axis), (c) b* (yellow-blue
axis) and (d) colour strength (K/S).
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lightness (L*) of the textile after washing cycles, standing a
value of 81.63% for the sample after the exhaustion stage, and
86.34% for the sample with 16W. Figures 12(b) and 12(c)
give complementary information indicating that textiles had
green-blue shades that decrease withW. This fact confirms the
information discussed in figure 11. Finally, figure 12(d) dis-
plays that the values of K/S decrease linearly for the analysed
samples.

These results of bacterial growth inhibition, laundering
durability and UV protection of functionalised cotton textiles
with CuO NPs obtained by the conventional dyeing method
(exhaust dyeing) are favourable and encouraging for applica-
tions in sanitary products from public places exposed to con-
stant bacterial contamination, such as hospitals. Products such
as bed sheets, blankets, towels, personal clothing, patient
apparel, uniforms, gowns, and drapes for surgical procedures
[58, 59] are ideal candidates for these functionalised cotton
textiles to prevent and reduce healthcare-associated infections.

4. Conclusions

The in situ growth of CuO NPs on cotton textiles was carried
out by the exhaust dyeing method. The CuO NPs gave the
textile a grayish-brown shade of low chromaticity that varies
in lightness. The lightness values of the functionalised textiles
decreased with increasing copper acetate percentage in the
exhaustion stage, indicating a gradual increase in the CuO NP
content on the textiles. This result was reinforced by the
colour strength values. That is, a high K/S value was asso-
ciated with a large number of particles on the textiles. The as-
prepared functionalised cotton textiles using as low as 0.4%
owf Cu(CH3COO)2.H2O displayed an inhibition growth of
Escherichia coli bacteria greater than 90% and a UPF higher
than 22. After 20 washes, functionalised cotton textiles using
0.8% and 30% owf Cu(CH3COO)2.H2O presented the
decrease in bacteria reduction of 38% and 1%, respectively,
confirming the deanchoring of CuO NPs from the textile. The
CuO NPs were agglomerated on the surface of cotton fibre,
and their structure was confirmed by XRD to correspond to
that of CuO. The CuO NP content on the functionalised
textile prepared using 30% owf copper acetate represented
6% of the total weight of the same textile. A strong interaction
of the hexaaquacopper (II) ion [Cu(H2O)6]

+2 complex with
the fibre was established during the exhaustion stage, which
suggests that H2O ligands could be replaced by -OH groups
from the fibre. One copper complex strongly attached at
cotton fibre could serve as a seed for the in situ CuO NP
growth. Finally, the proposed functionalisation process can be
an economic and innovative alternative for use in the textile
industry.
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