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Abstract Nano-Cu2O particles were synthesized on

cotton fabric using CuSO4 as a precursor and glucose

as a reducing and capping agent in alkali. The

morphology, crystal phase and chemical structure of

the fabrics were characterized by scanning electron

microscope, X-ray diffraction, Fourier transform

infrared spectroscopy and energy-dispersive X-ray

spectroscopy. The colorimetric values of the treated

fabrics were also measured using reflectance spectra.

The treated fabrics showed significant photocatalytic

activity toward the degradation of methylene blue

under daylight. Excellent antibacterial activity of the

treated samples against Staphylococcus aureus and

Escherichia coli was also confirmed. Moreover,

treated fabrics were proven to have no adverse effects

(low toxicity) on human dermal fibroblasts based on

the MTT test. Findings suggested the potential of the

proposed method in producing a fabric with high

antibacterial efficiency, excellent self-cleaning prop-

erties, faster wetting time and negligible color change.

Bleached cotton fabric treated with 0.02 w/w% copper

sulfate and 0.35 w/w% glucose in alkali media

(0.35 w/w% sodium hydroxide) at 70 �C for 1 h was

found to be the optimum sample, with many applica-

tions in various fields including clothing, medical

clothing and bedding.

Keywords Cuprous oxide nanoparticles � Cotton �
Glucose � Antibacterial activities � Self-cleaning
properties

Introduction

The large surface-to-volume ratio of nanoparticles

(NPs) endows them with unique characteristics and a

wide range of applications (Sedighi et al. 2014a, b;

Harifi and Montazer 2014). Nontoxic nanoparticles

with no interaction with DNA have also attracted

researchers because of the biological and medical

applications (De Jong and Borm 2008; Sedighi et al.

2014a, b). Some studies have reported the toxicity of

CuO nanoparticles and carbon nanotubes, causing

DNA damage (Karlsson et al. 2008). In this regard,

CuO particles of nanosize were found to be more toxic

than those of micrometer size. On the other hand, some

reports have indicated higher toxicity of micrometer

particles of TiO2 (Karlsson et al. 2009).

Recently there has been an increased demand for

antibacterial fabrics with applications in medical fields

including medical clothing, protective clothing and

bed sheets (De Jong and Borm 2008). Several studies

have been carried out on the synthesis of different
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nanoparticles on cellulosic substrates (Harifi and

Montazer 2012). For instance, a novel method was

introduced for environmentally friendly synthesis of

silver nanoparticles on cotton fabric, producing

excellent antibacterial activity against Staphylococcus

aureus and Escherichia coli even after repeated

washing (Montazer et al. 2012a, b; Dastjerdi et al.

2010). Keliab (ashes of burned leaves and stems of the

Seidlitzia rosmarinus plant) was used as a natural

source for in situ synthesis of silver nanoparticles on

cotton fabric acting as both a reducing and stabilizing

agent (Aladpoosh et al. 2014). Furthermore, good

antibacterial activity and crease resistance were

achieved on cotton fabric using colloidal nanosilver

(Montazer et al. 2012a, b).

Copper nanoparticles have been synthesized on

different textile substrates creating antibacterial,

antiviral and insect-repellent properties (Li et al.

2008; Longano et al. 2012). Copper oxide-impreg-

nated pillowcases, bed sheets, patient clothing and

nurse uniforms caused no side effects on healthy or

damaged skin (Lazary et al. 2014). Copper nanopar-

ticles with antimicrobial properties similar to copper-

based biocides were successfully synthesized on

composite polymers (Anyaogu et al. 2008). Moreover,

the antimicrobial effect of Cu2O nanoparticles on

Paramecium caudatum and Euplotesaffinis was stud-

ied under dark conditions in secondary wastewater

treatment. Polyamide fabrics with good antibacterial

properties and higher tensile strength were prepared

through synthesis of copper nanoparticles using

ascorbic acid and cetyltrimethylammonium bromide

(Komeili-Nia et al. 2013). Copper nanoparticles were

synthesized on cotton fabrics using sodium hypophos-

phite as a reducing agent in acidic media, indicating

durable antibacterial properties against E. coli and S.

aureus. The treated samples also showed higher

hydrophobic properties along with lower tensile

strength because of acid degradation (Sedighi et al.

2014a, b). Recently, cotton fabrics with durable

antibacterial activities against E. coli and S. aureus

were prepared through Cu2O nanoparticle synthesis in

alkali media using copper sulfate and ammonia

(Sedighi et al. 2014a, b). Although ammonia was

effective as a reducing agent, it involved difficulties

during usage due to volatility.

In comparison to the previous study carried out by

Sedighi et al. (2014a, b), here we aimed at introducing

a novel method to synthesize copper nanoparticles on

cotton fabric using glucose as an environmentally

friendly reducing and stabilizing agent. The alkaline

condition of the preparation bath was adjusted using

sodium hydroxide inducing the reaction between

cellulosate anions and copper cations. Another advan-

tage of the proposed study was optimization of

antibacterial activity based on a minimum amount of

precursor, alkali and reducing agent, with negligible

color change. The possibility of imparting antibacte-

rial and self-cleaning properties into cotton fabric

along with low toxicity and negligible color change

was investigated through different tests. The present

research was successful in introducing a novel envi-

ronmentally friendly procedure, producing safe photo-,

bioactive cotton fabric.

Experimental

Materials

Copper sulfate (CuSO4), sodium hydroxide (NaOH)

and glucose (C6H12O6) were supplied by Merck Co.,

Germany. Bleached cotton fabric with 100 g/m2 and

warp/weft density of 32/27 yarn/cm was purchased

from Yazdbaf Co., Yazd, Iran.

Methods

In situ synthesis of Cu2O nanoparticles on cotton

fabric

Prior to the treatment, the fabric was washed with

0.5 g/l nonionic detergent at 60 �C for 20 min and

rinsed with distilled water to remove any impurities.

Table 1 Preparation, weight gain and crystal size of synthesized nanoparticles of two different samples

Sample CuSO4 (w%) NaOH (w%) C6H12O6 (w%) Weight gain (%) Crystal size (nm)

a1 20 35 7 1.76 13.6

a2 20 35 35 0.35 9.37
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Copper sulfate was dissolved in distilled water,

followed by the addition of sodium hydroxide and

glucose to the solution (Tables 1 and 2). The fabric

samples were immersed in the solution, and the

process was carried out at 70 �C for 1 h. The samples

were then rinsed with distilled water and dried at room

temperature. Different concentrations of copper sul-

fate, glucose and sodium hydroxide were used in order

to minimize the color change of the treated fabrics.

Test methods

X-ray diffraction analysis (XRD) was performed with

the X’Pert Pro MPD (PANalytical) using a Cu Ka
radiation source (k = 1.5418 Å) operating at 40 kV to

investigate the crystalline size [Scherrer Eq. (1)] and

phases of the synthesized cuprous oxide on cotton

fabric.

Crystal size ¼ Kk
B1=2 cos h

ð1Þ

where B1/2 is the width at half maximum, k is the X-ray
wavelength and K = 0.89 (Sedighi et al. 2014a, b).

Energy-dispersive spectroscopy (EDX) was used to

characterize the elemental composition of the treated

fabrics. The surface morphology of the treated samples

and particle size of the synthesized nanoparticles were

analyzed by scanning electron microscope (SEM)

(VEGA IITESCAN-XMU, Czech Republic). Fourier

transform infrared spectroscopy (FTIR)was also carried

out using a Nicolet spectrometer (USA) between 400

and 4000 cm-1. The percentage of weight gain due to

the treatment was determined according to Eq. (2):

Weight gainð%Þ ¼ W2 �W1

W1

� 100 ð2Þ

where W1 and W2 are weights of samples before and

after treatment, respectively.

The coloring effect of the treatment on the fabrics

was evaluated using a ColorEye XTH spectropho-

tometer. The L* (lightness), a* (redness-greenness)

and b* (yellowness-blueness) color values of treated

samples were obtained, and the color difference

between the untreated and treated fabrics under

illuminant D65 for the 1964 standard observer was

quantified according to Eq. (3) (Montazer et al. 2010;

Montazer and Pakdel 2011; Montazer et al. 2012a, b):

DE ¼ L�2 � L�1
� �2 þ a�2 � a�1

� �2 þ b�2 � b�1
� �2h i0:5

ð3Þ

Moreover, visible reflectance spectra of the treated

fabrics were measured in wavelengths ranging from

360 to 750 nm, using a ColorEye 7000A

spectrophotometer.

The alteration in wettability of the treated samples

was evaluated by measuring the time required for a

water droplet to spread on the fabric surface according

to AATCC Test Method 79-2000. The fabrics were

placed horizontally without creases, and a drop of

0.1 ml distilled water was placed on the fabric from

1 cm height. The time required for the droplet to

spread completely on the fabric surface was measured

using a stopwatch. Themeasurement was repeated five

times, and the average value was recorded (Dastjerdi

et al. 2009).

In addition, to evaluate the effect of treatment on

the mechanical properties of the samples, the tensile

strength was tested based on ASTMD 5035 using an

Instron instrument (USA).

The self-cleaning property of the samples was

determined by staining the fabrics with methylene

blue (0.005 %) solution. Stained samples were

exposed to daylight. The color differences in the CIE

L*a*b* color space were evaluated according to

Eq. (3) (Montazer et al. 2010, 2012a, b).

Table 2 Preparation, weight changes and antibacterial properties of various samples

Sample CuSO4 (w/w%) NaOH (w/w%) C6H12O6 (w/w%) Weight change (%) R (%)

E. coli S. aureus

a3 (sample 1) 0.02 0.35 0.35 -0.69 99.9 99.9

a4 0.02 3.50 3.50 -0.62 99.9 99.9

a5 0.20 0.71 3.50 -0.70 99.9 99.9

a6 0.02 0.07 0.35 0.80 91.6 99.9

Raw – – – 0 – –
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Antibacterial activities of the samples were evalu-

ated using the AATCC 100 method. Briefly, a 4.8-cm-

diameter fabric sample was prepared and stacked in a

250-ml glass jar with a screw cap. Then 1 ml inoculum

was added to the fabric and left in the jar. The swatches

were placed separately in a sterile petri dish and

transferred to the jar. After inoculation, 100 ml

neutralizing solution was added to each jar. The jars

were shaken vigorously, and serial dilutions were

made with water and plated on nutrient agar. All plates

were incubated for 48 h at 37 �C. The percentage of

bacteria reduction of the samples was calculated using

Eq. (4).

Rð%Þ ¼ 100 C�Að Þ=C ð4Þ

where R is the percentage of bacteria reduction, A is

the number of bacteria recovered from the inoculated

treated sample in the jar incubated over the various

contact periods, and C is the number of bacteria

recovered from the inoculated-untreated sample in the

jar immediately after inoculation at zero contact time.

The cytotoxicity test was carried out using normal

primary human skin fibroblasts. They were cultured in

DMEM (1X) ? GlutMAXTM (GibcoTM) along with

10 % fetal calf serum (FCS) incubated at 37 �C and

5 % CO2. The passage number of three cells was

seeded in a 96-well plate incubated for 48 h. The raw

and treated cotton fabrics in 1 9 1 IN2 were soaked in

2 ml culture medium for 24 h and reincubated for 24 h

in fresh medium tested with 3-(4,5-dimethylthinazol-

2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay

(Kangwansupamonkon et al. 2009). Experiments were

carried out three times, and the percentage of relative

cell viability after incubation was calculated using

Eq. (5).

Cell viability ð%Þ ¼ 100 abssample=abscontrol
� �

ð5Þ

where abssample and abscontrol are the absorbance of

solutions containing treated and untreated samples,

respectively (Behzadnia et al. 2014).

The durability of the proposed finishing method

was also confirmed by evaluating the washing fastness

using the AATCC 61(2A)-1996 standard method. The

treated fabric samples were washed with 2 g/l ECE-1

standard detergent for 45 min at 50 �C and 42 rpm.

This procedure was equivalent to five home launder-

ings at 38 �C. The antibacterial efficiency of the

samples was evaluated after washing.

Results and discussion

Interaction mechanism of sodium hydroxide,

copper sulfate, glucose and cellulose

The alkaline condition of the process along with

reducing and stabilizing effects of glucose played key

roles in the synthesis and deposition of Cu2O

nanoparticles on the cellulosic fabric. First, copper

sulfate ionized to Cu2? and SO4
- in water (Hrenovic

et al. 2012). Copper (II) ions were gradually reduced to

copper (I) ions because of the alkaline condition of the

process and the reducing effect of glucose (reaction 1)

(Yan et al. 2010). Oxidation of cellulosic fabric in

alkali medium at high temperature forming carboxyl

groups (–COOH) was also effective in reducing Cu2?

ions to Cu? (Aladpoosh et al. 2014).

2Cu2þ þ 3OH� þ C6H12O6

! 2Cuþ þ C6H11O
�
7 þ 2H2O ð1Þ

According to the applied preparation procedure,

synthesis proceeded at alkaline pH, during which

hydroxylation of Cu? species occurred, forming

CuOH (reaction 2), which was further changed into

Cu2O nanoparticles (reaction 3) by heating at 70 �C
for 1 h (Fig. 1) (Yan et al. 2010).

Cuþ þ OH� ! CuOH ð2Þ

2CuOH ! Cu2O þ H2O ð3Þ

Second, in alkali medium cellulose is changed to

cellulosate anions, and the alkali treatment of cotton

resulted in the transformation of nonactive cellulose to

alkali-activated cellulose, creating more adsorption

sites (reaction 4) (Sedighi et al. 2014a, b).

Cell-OH þ NaOH ! Cell-O�Naþ þ H2O ð4Þ

In addition to the formation of nanoparticles in the

solution, nucleation sites can be produced on the

fabric. Moreover, nucleus formation inside the fiber

structure is possible because of the possible ionization

of cellulosic chains within the amorphous structure of

cotton fabric (Sedighi et al. 2014a, b).

Besides, glucose can act as a stabilizing agent and

control the particle size and distribution, resulting in

smaller Cu2O particle formation. This prevents the

agglomeration of particles through competition with

cellulose in reaction with Cu? ions.
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Cu(OH)2 interacts with hydroxyl groups of cellu-

lose and controls the size of the synthesized nanopar-

ticles within the cellulosic chains of cotton and rolls as

a stabilizer (Sedighi et al. 2014a, b). Reactions 5 and 6

indicate the formation of CuO and Cu2O between the

cellulosic chains, respectively. Nobumasa et al. 2007

indicated the complex formation of poly (vinyl

alcohol) (PVA) with copper and other metals, which

can be used as evidence confirming our proposed

mechanism (reaction 6).

Cell-OHþ Cuþ ! Cell-OCu ð5Þ

Cell-O� þ Cell-O-Cu ! Cell-O-Cu-O-Cell ð6Þ

The above mechanism shows the synthesis of Cu2O

nanoparticles onto cotton fabric. This is a novel

method of in situ synthesis of Cu2O nanoparticles on

cotton fabric with the aid of glucose as an environ-

mentally friendly reducing agent. The results in

Table 2 indicate the weight gain of the treated fabrics

confirming more weight gain on the fabric treated with

lower glucose levels. Higher glucose levels lead to

lower fabrication of nanoparticles on the cotton

surface as the weight gain is lower.

XRD analysis

Figure 2 shows the XRD spectra of Cu2O cotton

fabrics treated with different concentration of glucose.

The successful synthesis of Cu2O nanoparticles with

face-centered cubic (fcc) shapes was confirmed by

characterization peaks at 2h angles 29.5�, 36.4�, 42.2�,
61.3� and 73.6�, which are related to the (1 1 0), (1 1

1), (2 0 0), (2 2 0) and (3 1 1) planes, respectively

(JCPDS file no. 05-0667). Due to the oxidation of

copper metal to Cu2O, no distinctive peak can be

attributed to Cu. Moreover, the copper color (reddish

brown color) of the treated fabrics ensured the

presence of copper (see the colorimetric study sec-

tion). The crystal size of the synthesized nanoparticles

on the fabric surface is 13.6 and 9.37 nm on samples

a1 and a2 (Table 1).

SEM and EDX

SEM images of raw cotton fabric and Cu2O treated

samples (treated with low and high concentrations of

precursor, alkali and reducing agent) are shown in

Fig. 3. While the surface of the untreated fabric is

smooth (Fig. 3c), the synthesized Cu2O nanoparticles

can be seen on the surface of the treated fibers (Fig. 3a,

b). According to Fig. 3b, more Cu2O nanoparticles

were synthesized and fabricated on the cotton surface

because of a higher amount of copper sulfate, NaOH

and glucose in the preparation bath. Moreover, the

prepared nanoparticles were more agglomerated in a

higher concentration of chemicals. This could be due

to more interaction of nanoparticles with each other

than cellulosic chains producing bigger nanoparticles

with lower energy. Although glucose was effective in

preventing the agglomeration of particles, formation

of a few agglomerated particles is unavoidable.

The images at higher magnification indicate the

particles with average size of 73 nm and 56 nm for

samples 1 (Fig. 3a) and 3 (Fig. 3b), respectively. The

successful synthesis of the nanoparticles on the treated

sample was further confirmed by the chemical com-

position analyzed by EDX. As shown in Fig. 4, Cu and

oxygen are the main elements on the treated fabrics

apart from the carbon that relates to the cotton

substrate. Synthesis of more Cu2O nanoparticles in

Fig. 1 Schematic of cuprous oxide nanoparticle synthesis on

cellulosic chains of cotton fabric
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higher concentrations of CuSO4/glucose/NaOH was

further confirmed by more copper weight percentage

on sample 3 (Fig. 4b) than sample 1 (Fig. 4a).

FTIR spectra

FTIR spectra of the synthesized Cu2O nanoparticles

FTIR spectra of CuSO4, glucose and synthesized

Cu2O nanoparticles are presented in Fig. 5a–c, respec-

tively. According to Fig. 5a, the main peak of CuSO4

appeared at 615.81 cm-1. Figure 5b indicates some

peaks within 1000–1800 and 2800–3000 cm-1 attrib-

uted to the stretching of –CH2, terminal –CH3 and

=CH of glucose. Further, a weak peak at

2937.64 cm-1 was attributed to stretch vibrations of

C–H in glucose. Also, the bands in the range of

900–1300 and 1300–1500 cm-1 were associated with

C–O and C–H vibrations of glucose. The broad band at

3100–3700 cm-1 was also characteristic of –OH

functional groups (free and H-bonded). The peak

observed at 623.57 cm-1 confirmed the interaction of

Fig. 2 XRD Patterns of cuprous oxide nanoparticles on cotton fabric. a Sample a1: (CuSO4, NaOH, C6H12O6: 20, 35, 7 w/w%); b
sample a2: (CuSO4, NaOH, C6H12O6: 20, 35, 35 w/w%)

4054 Cellulose (2015) 22:4049–4064
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Fig. 3 SEM images of

treated cotton fabrics with

various magnifications:

a Sample 1: (CuSO4, NaOH,

C6H12O6: 0.02, 0.35,

0.35 w/w%); b sample 3:

(CuSO4, NaOH, C6H12O6:

2, 35, 35 w/w%); c raw
sample

Cellulose (2015) 22:4049–4064 4055
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CuSO4 with glucose in alkali media forming Cu2O

nanoparticles (Fig. 5c) (Rahman et al. 2009). Interac-

tion of glucose with the surface of synthesized Cu2O

nanoparticles was further proved through the charac-

teristic peaks of glucose observed in Fig. 3c. There-

fore, glucose capped Cu2O nanoparticles to prevent

them from agglomeration in solution (Salavati-Niasari

and Davar 2009). Compared with the FTIR spectrum

of glucose (Fig. 5b), the intensity of the free –OH band

at 3434.35 cm-1 was decreased for Cu2O nanoparti-

cles (Fig. 5c). Thus, some of the hydroxyl functional

groups were occupied by Cu2O nanoparticles (Ghule

et al. 2006).

FTIR spectra of raw and treated cotton fabrics

FTIR spectra of untreated and treated cotton fabrics

are shown in Fig. 6a, b, respectively. The FTIR

spectra of both samples indicated the characteristic

peaks attributed to C–H (stretching vibration), C–O

vibration of cellulose and hydrogen bonding of OH

groups of cellulose at 2901.11, 900–1300, 1300–1500

and 3347.68 cm-1, respectively (Ghule et al. 2006;

Gopalakrishnan et al. 2012). The presence of Cu2O

nanoparticles was confirmed by the peak at

616.22 cm-1 indicating Cu(I)–O vibration of Cu2O

nanoparticles in the treated fabric (Fig. 6b) (Gopalakr-

ishnan et al. 2012). Also, a weak band was observed

for the treated sample (Fig. 6b) at 436.61 cm-1,

characteristic of metal–oxygen (M–O) vibration

(Ghule et al. 2006). The peak at 1592.74 cm-1

indicated the presence of carboxylate ions (–COO-)

responsible for stabilization of Cu2O nanoparticles

(Fig. 6b) for the treated sample (Gopalakrishnan et al.

2012).

Antibacterial activity

The antibacterial test was carried out on cultured

microbe colonies of Staphylococcus aureus as gram-

positive and E. coli as gram-negative bacteria. Except

sample a6 with antibacterial activity of 91.6 % against

E. coli, all the treated samples indicated excellent

antibacterial efficiency of 99.9 % against both S.

aureus and E. coli bacteria (Table 2). The lower

antibacterial property of sample a6 against E. coli

could be explained by the different cell wall of E. coli,

with more resistance to Cu2O nanoparticles than S.

aureus. Lipids, proteins and lipopolysaccharides

(LPS) in the E. coli cell wall lead to excellent

protection against biocides, while there is no LPS in

S. aureus (Abboud et al. 2013).

The synthesized copper oxide nanoparticles on the

cotton fabric indicated significant antibacterial prop-

erties on both gram-negative and -positive bacteria.

This could be attributed to the abundance of amines

and carboxyl groups on the bacteria cell surface and

affinity of copper ions toward these groups. Further,

the subsequent release of copper ions could be

effective in disordering the helical structure of DNA

molecules crosslinking within and between the nucleic

acid strands (Prabhu and Poulose 2012). Also, copper

ions inside bacterial cells disrupt biochemical pro-

cesses (Abboud et al. 2013). The reactive hydroxyl

radicals generated through copper oxide excitation

also oxidize lipids and proteins and damage the

membrane (Pena et al. 1998). Sedighi et al. (2014a,

Fig. 4 EDX spectrum of various samples. a Sample 1: (CuSO4,

NaOH, C6H12O6: 0.02, 0.35, 0.35 w/w%); b sample 3: (CuSO4,

NaOH, C6H12O6: 2, 35, 35 w/w%)

cFig. 5 FTIR for a: CuSO4; b: C6H12O6; c: Cu2O nanoparticles

synthesized using CuSO4, glucose and NaOH for 1 h at 70 �C

4056 Cellulose (2015) 22:4049–4064
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2014a, b) also reported a remarkable antibacterial

effect on a cotton/nano-Cu2O composite against both

gram-negative and -positive bacteria through the disc

diffusion test and quantitative method.

Due to the high antibacterial performance of copper

compounds, even a small amount of synthesized

copper compounds provides excellent protection

against bacterial growth (Longano et al. 2012). As

Fig. 6 FTIR spectra for various samples. a Raw sample; b sample a2: (CuSO4, NaOH, C6H12O6: 20, 35, 35 w/w%)

4058 Cellulose (2015) 22:4049–4064
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indicated in Table 2, samples treated with different

CuSO4/glucose/NaOH concentrations showed an effi-

cient antibacterial property. However, the amount of

each chemical should be optimized based on the end

use of the product.

Mechanical properties

Mechanical properties of different samples were

measured and are summarized in Table 3. Compared

with raw cotton fabric with a maximum load of

318.63 N, the tensile strength of samples 1 and 2 was

reduced by 13 and 5 %, respectively. This arose from

the alkaline condition of the process and its detrimen-

tal effect on the oxidation of cellulose and damage to

the fabric causing weight reduction (Table 2) (Yang

et al. 2012). However, sample 3 treated with a higher

amount of CuSO4/glucose/NaOH showed a 3 %

increased maximum load due to the formation of

nano-bonding between cellulosic chains of cotton

fabric overcoming the harmful effect of alkali at high

temperature (Komeili-Nia et al. 2013).

The higher tensile strain of samples 2 and 3 is

possibly related to the slight rupture of cellulosic

chains and cotton fiber shrinkage (Ravindra et al.

2010).

Colorimetric study

The applied treatment had different coloring effects on

treated fabrics and the corresponding preparation bath.

The synthesis of nanoparticles on the surface, mor-

phological changes occurring during the assembly of

nanoparticles on the surface and fabric yellowing due

to oxidation can be all assumed to be factors creating

different coloring effects (Aladpoosh et al. 2014).

According to Table 4, sample 3 showed the lowest

lightness (L* = 71.75) because of the surface plasmon

resonance. Surface plasmon resonance (SPR) is a

collective excitation of the electrons in the conduction

band near the nanoparticle surface. Electrons are

limited to specific vibration modes by the particle size

and shape (Courrol et al. 2007). Therefore, metallic

nanoparticles have characteristic optical absorption

spectra in the UV-Vis region.

Visible reflectance spectra of different samples

are shown in Fig. 7, indicating different spectra due

to the SPR effect of synthesized nanoparticles on the

treated fabrics. A weak peak was observed for

sample 3 treated with a higher amount of CuSO4/

glucose/NaOH and possibly larger nanoparticles. At

this stage it is rather difficult to determine whether

the differences are due to the influence of the

particle size or extrinsic phenomena such as the

arrangement of the capping layer around the smaller

particles (Dang et al. 2011).

Wettability

In comparison to the raw cotton fabric with a water

spreading time of 19.33 s, all the Cu2O-treated

samples had a faster wetting time (Table 5), indicating

more hydrophilic surfaces. This arose from the

alkaline condition of the preparation procedure and

binding of hydrophilic hydroxyl groups of glucose and

copper ions. Glucose as a hydrophilic substance

increases the hydrophilicity of the treated fabrics, as

reported by others (Sedighi et al. 2014a, b).

Table 3 Mechanical properties of different treated samples

Sample CuSO4 (w%) NaOH (w%) C6H12O6 (w%) Tensile strain (%) Tenacity (gf/tex) Max load (N)

1 0.02 0.35 0.35 11.66 940.07 276.57

2 0.20 3.50 3.50 13.33 1023.61 301.14

3 2.00 35.00 35.00 13.74 1113.35 327.54

Raw – – – 12.91 1083.05 318.63

Table 4 Color indices of untreated and treated cotton fabrics

Sample L* a* b* DE Color

1 83.52 -0.40 2.15 27.44

2 82.37 0.84 3.10 38.07

3 71.75 1.12 1.26 29.98

Raw 83.81 0.67 -2.95 –

Cellulose (2015) 22:4049–4064 4059
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Comparing samples with different CuSO4/glucose/

NaOH concentrations showed decreased wettability

with increased chemical concentration. For instance,

the water spreading time of sample 1 with 0.02 w/w%

CuSO4, 0.35 w/w% NaOH and 0.35 w/w% C6H12O6

(0.63 s) increased to 2.89 s for sample 3 treated with

2 w/w% CuSO4, 35 w/w% NaOH and 35 w/w%

C6H12O6. Therefore, the samples treated with a larger

amount of precursors indicated lower water absorp-

tion. Further, in situ synthesis of nanoparticles led to

the formation of nano-crosslinks between the cellu-

losic chains of cotton fabric and blocking of hydro-

philic hydroxyl groups resulting in decreased

hydrophilicity (Sedighi et al. 2014a, b).

Photocatalytic activity

One of the novelties of the current research is

evaluating the self-cleaning property of Cu2O-treated

cotton fabrics for the first time. The self-cleaning

property of different samples toward methylene blue

dye degradation was evaluated based on DE in CIE

L*a*b* color space, and the result is summarized in

Table 5. Under daylight irradiation of stained treated

samples, electrons and holes were generated through

Cu2O excitation (reaction 7) (Zheng et al. 2009;

Montazer and Pakdel 2011). The negative electrons

(e-[cb]) were scavenged by oxygen (O2) to generate

superoxide ions O�
2 (reaction 8) and H2O2 (reac-

tion 9). Then, O�
2 reacted with H2O2 to produce

hydroxyl radicals (OH�) (reaction 10) (Deng et al.

2015). The holes (h?[vb]) reacted with water mole-

cules and generated hydroxyl groups (OH�) (reac-

tion 11) (Montazer and Pakdel 2011). The holes have

the great tendency to decompose harmful compounds

(Montazer and Pakdel 2011). Finally, the stain (MB)

was oxidized into nontoxic products by hydroxyl

radicals (OH�) (reaction 12) (Deng et al. 2015).

Production of more hydroxyl groups on the fabric

increased the tendency of the fabric surface toward

methylene blue (Allahyarzadeh et al. 2013) and

degradation of the stain during the photocatalytic

action (Zhang et al. 2010).

Cu2O þ UV ! e� cb Cu2Oð Þ þ hþ vb Cu2Oð Þ
ð7Þ

O2 þ e� ! �O�
2 ð8Þ

O2 þ 2H2O þ 2e� ! H2O2 þ 2OH� ð9Þ

H2O2 þ �O�
2 ! �OHþ OH� þ O2 ð10Þ

hþ þ H2O ! �OH þ Hþ ð11Þ

�OH þ MB ! Degradation Products ð12Þ

According to Table 5, an increasing CuSO4/glucose/

NaOH concentration in the preparation bath resulted

in greater DE values (increased self-cleaning property

of sample 2 compared with sample 1). This arose from

Fig. 7 Visible reflectance spectra for various samples

Table 5 Self-cleaning and

wetting time properties of

various samples

Sample Under daylight (h) L* a* b* DE Wetting time (s)

1 0 73.48 -14.64 -14.91 84.45 0.63

20 86.72 -0.79 -1.84 60.86

2 0 76.35 -16.46 -13.42 102.64 0.76

20 85.14 0.06 2.64 150.48

3 0 66.23 -12.67 -9.57 212.56 2.89

20 69.32 -1.26 2.61 133.60

Raw 0 67.56 -18.50 -22.89 – 19.33

20 76.31 -6.03 -7.39 –
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more Cu2O nanoparticles being synthesized on the

fabric and the existence of more hydroxyl groups on

the surface. However, an excessive amount of chem-

icals decreased the photocatalytic activity because of

the possible agglomeration of nanoparticles. There-

fore, the optimum amount of CuSO4/glucose/NaOH

should be used as indicated in Fig. 8.

Cytotoxicity test

Another novelty of this study is evaluating the cell

viability of Cu2O-treated cotton fabrics for the first

time. Although it is known that toxic agents affect

the shape, metabolism and health of cells, the

specific effects of cotton fabric treated with Cu2O

nanoparticles have not been studied so far. Based on

ISO10993-5, textiles with good biocompatibility

possess an average cell viability of over 70 %

(Kim et al. 2009).

The cytotoxicity test was carried out on different

samples to investigate any harmful effects of Cu2O-

treated fabrics on human dermal fibroblasts. As indi-

cated in Table 6 and Fig. 9, for all the treated samples

the viability values were over 70 %, indicating good

biocompatibility properties. The only cytotoxic fabric

was sample 3 treatedwith the highest amount ofCuSO4,

indicating cell viability of 0.8 %. This sample should

not be used in general medical applications.

High dosage of Cu2O nanoparticles is toxic to blood

cells and causes serious membrane damage to red

blood cells (RBCs). Generation of reactive oxygen

species and the direct interaction between Cu2O

nanoparticles and the cell membrane are suggested

as possible mechanisms of cytotoxicity. The adsorp-

tion of plasma proteins on the surfaces of Cu2O NPs

leads to aggregation in the whole blood, significantly

alleviates the hemolytic effect and subsequently

mediates the phagocytosis of Cu2O NPs with leuko-

cytes (Chen et al. 2013). Also Cu2O generates OH�

radicals, which damage membranes by oxidation of

their lipids (Pena et al. 1998).

Fig. 8 Self-cleaning properties of various samples after 0 and 20 h

Table 6 Cell viability of untreated and various treated cotton

fabrics

Sample A B C Mean Cell viability (%)

Control 0.627 0.638 0.650 0.638 –

1 0.444 0.434 0.475 0.451 70.5

2 0.521 0.514 0.508 0.514 80.5

3 0.005 0.009 0.012 0.008 0.8

Raw 0.465 0.446 0.461 0.457 71.5

Blank 0.002 0.004 0.003 0.003 –
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Washing fastness

Washing stability of the synthesized Cu2O nanopar-

ticles on the treated samples was evaluated, and the

change in antibacterial efficiency of the washed

sample (for instance, sample 1) was recorded. The

appropriate durability of the synthesized Cu2O on the

treated fabric was confirmed by the small change

occurring in the reported antibacterial activity

(99.79 % against S. aureus and 89.83 % against

E. coli) after ten washing cycles. The excellent

antibacterial property of the samples after washing

could be related to the presence of glucose as a

stabilizer in the synthesis bath. The effective role of

glucose as a capping agent chemically bound to

cuprous oxide and its subsequent interaction with

cellulose enhanced the stability of cuprous oxide

nanoparticles on the fabric surface (Pawar and Chaure

2009). Therefore, chemical binding among copper,

glucose and cellulose leads to the durable antibacterial

property of the fabrics even after ten washing cycles.

Conclusions

In situ synthesis of Cu2O nanoparticles on cellulosic

fabric was carried out by an environmentally friendly

chemical reduction method using copper sulfate as

precursor, sodium hydroxide as alkali and glucose as

reducing agent. Glucose was also responsible for

controlling the size of the synthesized nanoparticles,

stabilizing them on the cotton fabric surface. The XRD

pattern confirmed cuprous oxide nanoparticles on the

fabric surface. Also, SEM images proved the presence

and distribution of the nanoparticles on the fabric

surface. Further, different reflectance spectra of the

treated samples indicated an SPR effect. The treated

samples indicated durable antibacterial efficiency

against S. aureus and E. coli even after ten washing

cycles due to the capping role of glucose surrounding the

synthesized nanoparticles on the fabric surface.

Although decreased tensile strength was obtained for

samples treated with lower amounts of precursors,

fabric shrinkage and nano-crosslinking between cellu-

losic chains of cotton and Cu2O nanoparticles enhanced

the tensile strength of samples treated with higher

CuSO4/glucose/NaOH. Compared with raw cotton

fabric, the Cu2O-treated samples had a faster wetting

time due to the hydrophilic effect of the alkali condition.

The prepared bioactive samples were capable of

methylene blue dye degradation, indicating an appro-

priate self-cleaning property. In addition to the remark-

able effects of the appliedmethod, treated cotton fabrics

were proven to be less toxic to human skin cells.

Fig. 9 Cell growth pictures of various samples
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