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Abstract A silicone quaternary ammonium salt

based nanocomposite was synthesized and the chem-

ical structure and stability of the nanocomposite were

investigated. The results showed that the OQAS/(Ag/

ZnO) nanocomposite had prepared successfully. The

cotton fabrics were treated with different concentra-

tion of OQAS/(Ag/ZnO) nanocomposite and its

antibacterial, durability, softness, hydrophilicity, and

air permeability were also be examined using diverse

characterization techniques. The antibacterial rate of

treated cotton can reach to over 90%. After 10 cycles

washing, antibacterial rate retain over 85% for both

E. coli and S. aureus, because the chemical bond had

formed between nanocomposite and cotton from the

FT-IR result. In addition, a model bacterium, E. coli
was used to evaluate the antibacterial mechanism and

kinetics of nanocomposite. The hydrophilicity, air

permeability and softness of the treated cotton fabrics

were also had an improvement to some extent.

Keywords Cotton fabric · Antibacterial ·

Softness · Nanocomposite

Introduction

As public health issue attract much attention, more

and more people pay attention to this topic to avoid

bacterial infection (Tian et al. 2014). One of the

effective ways to prevent the spread of bacteria is to

use antimicrobial textiles to greatly reduces the

probability of cross-infection caused by bacteria

(Yang et al. 2018a, b; Gao et al. 2015a, b). In

addition, endowing cotton fabric with antibacterial

activity can also effectively prevent bacteria destroy-

ing the structure of cotton textiles and prolong their

service life (Sharkawy et al. 2017; Gao et al. 2014).

Antibacterial materials mainly include inorganic

and organic antibacterial agents (Dong et al. 2017;

Wei et al. 2017; Tu et al. 2018). Inorganic antibac-

terial agents are usually photocatalytic metal oxide

materials that belongs to semiconductor compounds

generally (MN Karim et al. 2018). This type of

antibacterial agent is widely used in both scientific

research and industrial application because of their

effective antibacterial effect, no secondary pollution,

good stability and biocompatibility (Duan et al. 2018;

Qian et al. 2018; Guo et al. 2017). Among them, ZnO

attract the most attention because its excellent

biocompatibility and antibacterial activity and are

widely used in cosmetics, food packing and medicine
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field. However, the photocatalytic antibacterial per-

formance of ZnO can be reduced because of the high

recombination rate of electron–hole pair. Moreover,

the excitation light of ZnO is in ultraviolet region,

which means the low utilization for daylight (Gao

et al. 2017). There are many ways to promote the

photocatalysts antibacterial activity of ZnO, such as

dope with noble metal or combination with other

semiconductor photocatalysts (Yang et al. 2018a, b;

Liu et al. 2018a, b; Sathya and Pushpanathan 2018).

Ag nanoparticles are a gold standard bacteriostatic

agent. They can modify ZnO and enhance its

antibacterial activity due to synergistic charge trans-

fer (Hong et al. 2018; Li et al. 2019). The utilization

of Ag/ZnO nanoparticles with photocatalytic and

antimicrobial activity for textile treatment has

received much attention in recent years. The

researchers coated Ag/ZnO nanoparticles on fabrics

to obtained the conclusions that even very small

(0.1 at.%) and relatively small (15 at.%) amount of

Ag in ZnO based composites led to substantial

increases of antimicrobial effect (Ibanescu et al.

2014). Whereas utilizing inorganic nanoparticles to

finish cotton fabric directly decrease the softness of

cotton fabric, and the antibacterial activity needs

further improvement (Ali et al. 2018).

The introduction of inorganic antimicrobial agents

into polymer system was an effective way to solve

the above mentioned problems. The active groups in

the organic chain can anchor inorganic nanoparticles

on the matrix more firmly and have a more durable

effect. Lu et al prepared the physical mixture of Ag

NPs and ZnO nanoparticles and then incorporated the

mixture into chitosan to form the Ag/ZnO loaded

chitosan dressing. The results demonstrated that the

prepared chitosan-Ag/ZnO composite dressing

showed high porosity and swelling as well as

enhanced antibacterial activity (Lu et al. 2017). Jin

et al. synthesized silicone softener (PTSO-PEG) and

applied this material on cotton fabric. The results

showed that PTSO-PEG treated cotton fabric

expressed better softness and hydrophilicity than

traditional amino silicone treated sample (Jin et al.

2015).

Polymer-based antibacterial agents containing

cationic groups are another kind of important

synthetic biocides (Yan et al. 2019). This kind of

antibacterial agents can kill bacteria through contact

mechanism, which is quite different from leachable

and photocatalytic biocides. Quaternary ammonium

salts are widely used as cationic polymers-based

antibacterial agents in textile finishing processing

(Elena and Miri 2018). When applied to the textile, it

could endow textile with excellent performance such

as antibacterial, soft and hygroscopic properties for it

contain cationic quaternary ammonium group,

polysiloxane and aliphatic hydrocarbon chains.

We have prepared a kind of polymer-based matrix

nanocomposite previously, which can endow cotton

fabric excellent antimicrobial activity, but the air

permeability of cotton fabrics after finishing

decreased obviously, and the softness of cotton fabric

need to be further improved than that of the original

cotton fabric. In this work, we report a cotton fabric

finishing agent with excellent comprehensive prop-

erties containing excellent antibacterial activity,

better softness, air permeability and hydrophilicity

compared with native cotton fabric. For these

purposes, an organic–inorganic hybrid OQAS/(Ag/

ZnO) nanocomposite was synthesized via free radical

polymerization. The antibacterial activity of the

OQAS/(Ag/ZnO) nanocomposite treated cotton fab-

ric, along with its durability, softness, hydrophilicity

and air permeability will be examined using diverse

characterization techniques. The results obtained

were expected to provide valuable findings for

manufacturing high value-added cotton fabric with

multiple functionalities.

Experimental section

Materials

Zinc oxide (AR, Shanghai Naiou Nano Technology

Co. Ltd., China), Silver nitrate, Sodium hydroxide

and Ethanol (AR, Tianjin Hongyan Reagent Plant,

China), DMDAAC (60%, Shandong Luyue Chemical

Industry Co. Ltd., China), AGE (AR, Hangzhou

Silong Material Technology Co. Ltd., China), Vinyl

terminated silicone oil (AR, Guangzhou Juchengz-

haoye Youjiguiyuanliao Co. Ltd., China), Potassium

per sulfate (KPS, AR, Tianjin Hengxing Chemical

Reagents Manufacturing Co. Ltd., China), KH-570

and Hydrochloric acid (CP, Xi’an Chemical Reagents

Co. Ltd., China) were all used without further

purification. Selected bacteria Escherichia coli
(E. coli) and Staphylococcus aureus (S. aureus) were
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saved by our laboratory and incubated at 37 °C on a

nutrient agar plate for 24 h before use.

Preparation of Ag/ZnO nanocomposite

1.0 g of commercial ZnO NPs was dispersed in

50 mL of distilled water, followed by addition of

100 mL of 3-aminopropyltriethoxysilane with reac-

tion mixture and was stirred for 30 min to get a

homogeneous mixture of KH-550/ZnO. Then 0.125 g

of AgNO3 was gradually added to the above reaction

mixture and stirring was continued for 30 min. The

trisodium citrate solution was added drop-wise into

reaction mixture until brownish yellow color obtained

and the reaction mixture was vigorously stirred for

another 60 min. Then the obtained Ag/ZnO nanopar-

ticles were collected by centrifugation and washed

with distilled water and ethanol. The centrifugation

and washing was repeated for four times to remove

the loosely bound Ag NPs and impurities. The

synthesized nanocomposite material was dried in

hot air oven at 80 °C for 1 h to remove the moisture

completely.

Synthesis of OQAS/(Ag/ZnO) nanocomposite

DMDAAC (37.5 g), Ag/ZnO (0.1 g), Silane coupling

agent KH-570 (0.05 g) and KPS solution (14.3 g) was

added to a 100 mL three-necked round-bottom flask

with a digital agitator and a reflux condenser under

continuous stirring at 400 rpm, followed by AGE

(0.625 g), Si-vi (0.625 g) and KPS solution (13.3 g),

and the reaction was run at 80 °C. The reaction was

allowed to proceed for 4 h before the solution was

cooled to room temperature, the pH was adjusted to 3

by using HCl, and the expected nanocomposite was

obtained and marked as OQAS/(Ag/ZnO).

Application to cotton fabric

Cotton fabric (30 cm930 cm) were treated with

OQAS/(Ag/ZnO) nanocomposite with different con-

centrations (5–25 g/L). The clean cotton samples

were immersed in the dispersions of the above five

materials solution for padding and dried at 90 °C for

5 min in a preheated oven to remove the moisture,

and then cured at 120 °C for 15 min. The specific

finishing process steps are shown in the Scheme 1.

The ZnO and Ag/ZnO nanoparticles were also

applied onto the fabric in the same manner as control

groups.

Antimicrobial assay

The antibacterial activity of the OQAS/(Ag/ZnO)

treated cotton fabric was tested according to FZ/T

73023-2006 standard method (Gao et al. 2018). The

Staphylococcus aureus (S. aureus, ATCC6538), and
Escherichia coli (E. coli, ATCC25922) were selected
as the tested bacterium. The detailed antibacterial

method was described as following: Firstly, the

bacteria were diluted 10 times by sterile PBS solution

to the concentration of bacteria was 19108 CFU/mL,

then put control and treated cotton textile into flasks

containing 70 mL PBS buffer solution and 5 mL

diluted bacterial solution, and seal the flasks in a

constant temperature water bath oscillator with a

rotating speed of 180 rpm and a temperature of 25 °C
for 18 h. After the oscillation, 1 mL test solution was

extracted from each flask and diluted in a series of 10

times with PBS buffer in the test tube. Then, 1 mL

test solution was taken from the test tube and cultured

on agar medium plate and the number of bacterial

colonies in the plate was calculated after 24–48 h at

37 °C. Finally, the bacterial were cultivated under

light conditions and the specific illumination condi-

tions were 8 W fluorescent lamp. The antibacterial

rate was calculated in accordance with the following

equation:

Antibacterial rate ¼ Nc� Nsð Þ=Nc
where Nc is the number of the of bacteria recovered

from the control cotton samples, Ns is the number of

bacteria recovered from the OQAS/(Ag/ZnO) treated

cotton samples.

The antibacterial durability of cotton fabric was

tested by the AATCC test method 61-2007: “Color-

fastness to Laundering: Accelerated” (Gao et al.

2019a, b). The treated cotton fabric was soaked in a

200 mL washing cup containing ten steel balls and

soap powder and washed at 40 °C for 45 min noted as

1 cycle. (1 cycle was equivalent to 5 cycles household

washing)

In order to further evaluated the dissolution of the

nanocomposite, the antibacterial activity of the

OQAS/(Ag/ZnO) nanocomposite was also test

according to inhibition zone method.
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Performance properties of cotton fabric

The softness of treated control and treated cotton

fabric were measured by GT-303 softness tester. The

air permeability of treated cotton fabric was mea-

sured by pervapour device. The hydrophilicity of

treated cotton fabric were measured according to FZ/

T01071 (2008) and ISO 9073-6 (2000) standard.

Each sample was measured three times in parallel.

Characterization

Structural characterization of the synthesized OQAS/
(Ag/ZnO) nanocomposite

Fourier transform infrared spectroscopy (FT-IR)
OQAS/(Ag/ZnO) nanocomposite were purified and

dried firstly, and then tableted with potassium

bromide. The purified nanocomposite was conducted

on VECTORY-22 Fourier Transform Infrared Spec-

trometer (Bruker). The wavenumber range was 450–

4000 cm−1 and the resolution was 1 cm−1.

X-ray diffraction (XRD) OQAS/(Ag/ZnO)

nanocomposite were purified and dried firstly. The

XRD patterns of the samples were obtained on D8

Advance (Bruker, Germany). The scanning speed

was 4°/min and the scanning angle was 10°–80°.

Storage stability When the OQAS/(Ag/ZnO)

nanocomposite was storage for one month, the

changes of particle size in time as a measure of the

nanocomposite stability were investigated with Tur-

biscan LAB equipment.

Structure and properties characterization
of the cotton fabric

Scanning electron microscope (SEM) The cotton

fabric was coated with gold in vacuum for 60 s firstly

before scanning. Surface morphology of OQAS/(Ag/

ZnO) nanocomposite treated cotton fabric was stud-

ied on Vega 3 SBH (Tescan, Czech) at an

accelerating voltage of 5 kV.

Atom force microscope (AFM) The cotton fabric

was dried firstly before scanning. Surface smoothness

of OQAS/(Ag/ZnO) nanocomposite treated cotton

fabric was recorded on SPI3800N/SPA400 (Seiko,

Japan) and the scanning range was 5 μm95 μm. In

addition, the morphology of the bacterial treated by

OQAS/(Ag/ZnO) nanocomposite was also observed

by AFM.

Laser confocal fluorescence microscopy (CLSM)
The images of E. coli and OQAS/(Ag/ZnO)

nanocomposite treated E. coli were captured by

LSM800 (Carl Zeiss, Germany) and the scanning

range was 10 μm910 μm.

Results and discussion

Characterization of synthesized OQAS/(Ag/ZnO)

nanocomposite

The XRD patterns of ZnO, and OQAS/(Ag/ZnO)

nanocomposite are shown in Fig. 1a. The peaks at

37°, 40° and 42° can be assigned to the (100), (002)

and (101) lattice plane of nano ZnO, which were in

good agreement with the JCPDS no. 36-1451

(Svetlichnyi et al. 2016). The diffraction patterns of

OQAS/(Ag/ZnO) nanocomposite showed peak at

30.4° and 31.3°, which correspond to the diffractions

of ZnO (002) and (101) planes. In the synthesis

process, the silver content in the nanocomposite

material was trace. Therefore, the relevant peaks of

nano-silver couldn’t be detected in the OQAS/(Ag/

ZnO) nanocomposite. Notably, the diffraction peaks

of OQAS/(Ag/ZnO) nanocomposite were less intense

and broader than those of ZnO that was because

Scheme 1 Finishing

process of OQAS/(Ag/ZnO)

coated cotton fabric
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polymers belonged to amorphous structure and

disorderly arrangement, so their crystallinity was

poor.

In order to further confirm the chemical structure

of our synthesized OQAS and OQAS/(Ag/ZnO)

nanocomposite, we analyzed the FT-IR spectra of

OQAS and OQAS/(Ag/ZnO) samples as shown in

Fig. 1b. Both in the OQAS and OQAS/(Ag/ZnO)

samples, the peaks at 3049 cm−1 could ascribed to the

–CH3 and the peak at 1567 cm−1 was corresponding

to the –CH3 conjoint with N+ from the polymer

chains (Mai et al. 2018). The characteristic absorp-

tion of 1210 cm−1 and 896 cm−1 were separately

assigned to –Si–O–Si and C–O–C bonds from the

OQAS polymer segments. In addition, in the spectra

of OQAS/(Ag/ZnO) nanocomposite, the peaks at

715 cm−1 could correspond to the Si–O–Zn bond very

well and the peak at 595 cm−1 was the typical

characteristic peak of Ag/ZnO (Gao et al. 2019a, b).

All in all, the FT-IR result indicated that the OQAS/

(Ag/ZnO) nanocomposite was fabricated

successfully.

Storage ability

Generally speaking, the storage stability of polymer-

inorganic composite was anneglectable concern in

the practical application. Based on this principle, the

changes of particle size in time as a measure of the

composite stability were investigated with Turbiscan

LAB equipment. Figure 2a shows the result as the

variation of the transmission profile DT with the

height of the samples as measured every minute for

30 min. The principle of transmission is based on the

change of light transmission caused by particle size

changes on the sample pool. The transmission curve

varied with the height and time of the sample when

the size of composite had changed. It should be noted

that the transmission curve only makes sense at a

height more than 1 mm, which is the thickness of the

bottom of the container. Obviously, the transmission

density kept homogeneity with the height and time of

the sample, which meant that the sample had no

sedimentation.

Dispersion is an evaluation of the stability of the

whole dispersion system. In order to reveal the

stability of the composite for a month, we used the

stability coefficient (TSI–Turbiscan Stability Index)

introduced by Chibowski:

TSI ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Pn
i¼1 xi � xBSð Þ2

n� 1

s

where xi is the backscattering for each minute of

measurement, xBS is the average xi, and n is the

number of scans.

The higher the TSI, the more unstable the system.

The TSI curve over time is shown in Fig. 2b by

calculation. The slope of the TSI curve decreases

with time increase, which meant that the composite

presented a homogeneous phase and have no sedi-

ment. Therefore, we could obtain composite

materials with good stability by in situ polymeriza-

tion (Gao et al. 2015a, b).
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Antibacterial activity assay

Figure 3a, b shows the antimicrobial rate of cotton

fabric treated with different concentrations of OQAS/

(Ag/ZnO) nanocomposites against E. coli and S.
aureus. It can be seen from Fig. 3a, b that the

antimicrobial rate of cotton fabric treated with

OQAS/(Ag/ZnO) nanocomposite improve with the

increase of nanocomposite concentration. For E. coli
(Fig. 3a), even when the concentration of OQAS/(Ag/

ZnO) nanocomposite was 5 g/L, its antimicrobial rate

was over 90%. When the concentration reached to

25 g/L, its antimicrobial rate almost closed to 100%,

which proven that the treated cotton fabric could

results in bacterial death completely. For S. aureus
(Fig. 3b), a similar conclusion was reached. When the

minimum concentration was 5 g/L, the antibacterial

activity to S. aureus was higher than 90%. When the

concentration reached to 15 g/L, the growth and

reproduction of bacteria could be completely inhib-

ited. The higher concentration of the OQAS/(Ag/

ZnO) nanocomposite treated, the more active ingre-

dients in the cotton fabric existed, and the stronger

the killing effect was. The synergistic effect between

Ag/ZnO nanoparticles and quaternary ammonium salt

was the greatest contribution to the high efficiency

and broad-spectrum antimicrobial activity of treated

cotton fabric (Gao et al. 2019a, b).

As we know, cotton fabric, as common clothing

fabric daily necessity, inevitably need to undergo

multiple mechanical washing process, so it is neces-

sary to study its antibacterial activity after repeated

washing. It can be seen that the antimicrobial activity

of OQAS/(Ag/ZnO) treated cotton fabric decreased

Fig. 2 a Transmission DT profile along the sample height as measured at every minute for 30 min; b time dependence of the stability

coefficient TSI of OQAS/(Ag/ZnO) nanocompsite
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slightly after 5 washing cycles (equivalent to 25

cycles household washing). When the concentration

was 25 g/L, the antimicrobial rate of treated cotton

fabric to E. coli and S. aureus could be maintained

more than 90%. This indicated that strong covalent

bond have formed between nanocomposite materials

and cotton fabric (Druvari et al. 2016). With the

further increase of washing machine strength, when

cotton fabric experienced 10 cycles washing (equiv-

alent to 50 cycles household washing), the

antimicrobial activity of treated cotton fabric obvi-

ously decreases in lower concentration. This may be

due to the slight damage of the covalent bond under

the strong mechanical action in the washing process,

resulting in the falling off of nanocomposite

materials. However, at the concentration of 25 g/L,

the antimicrobial rate of E. coli and S. aureus was still
more than 80%, which meets the market requirements

for AAA grade antimicrobial textiles (70%~E. coli,
80%~S. aureus) (Chen et al. 2014).

It can be seen from the Table 1 that the antibac-

terial rate of ZnO to S. aureus and E. coli was 73%
and 79% respectively. After modification with nano

silver, the antibacterial rate to S. aureus and E. coli
was close to 100%. However, because ZnO and Ag/

ZnO belong to inorganic nanoparticles, they are

lacking of groups to form covalent bonds with cotton

fabrics, so after washing, a large number of nanopar-

ticles were lost from the fabric, resulting in a

significant decline in antimicrobial activity, which
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can not meet the market requirements for antimicro-

bial activity. Instead, a unmodified ZnO was directly

introduced into the polymer containing reactive

groups to obtain OQAS/ZnO nanocomposite, antibac-

terial rate of ZnO to S. aureus and E. coli was 96%
and 90% respectively. After 10 washing cycles, their

antibacterial rate against S. aureus and E. coli were
both about 80%. The antimicrobial activities needed

to be further improved. The introduction of Ag/ZnO

into polymers showed that the antimicrobial rates for

S. aureus and E. coli were 97% and 99%, respec-

tively. Even after 10 washing cycles, the

antimicrobial rate of OQAS/(Ag/ZnO) nanocompos-

ite to S. aureus and E. coli was still over 90%, which

indicated that it has excellent and lasting antimicro-

bial activity. Therefore, we get the conclusion that

there was synergistic antimicrobial effect between

Ag, ZnO and OQAS component.

To further investigate the bactericidal action, we

also measured the inhibition zone of the control and

OQAS/(Ag/ZnO) nanocomposite treated cotton fab-

ric to study whether our synthesized nanocomposite

would dissolve or migrate from the cotton surface. A

solution containing S. aureus and E. coli at 19108

CFU/mL was used to perform the test, respectively.

The control and treated cotton fabric were cut into

discs with a radius of 1.5 cm, were placed onto the

surfaces of the bacteria containing agar cultural plate.

The inhibition zones around the discs were measured

after incubation at 37 °C for 18 h. As can be seen in

the Fig. 3c, d, no bacteriostatic rings appear around

the control cotton fabric, whether for E. coli or S.
aureus. For the OQAS/(Ag/ZnO) nanocomposite

treated cotton fabric, there was no obvious dissolu-

tion of the samples for S. aureus. For E. coli (Fig. 3c),

there was a slight inhibition zone around the OQAS/

(Ag/ZnO) nanocomposite treated cotton fabric.

Because trace zinc and silver ions contained in the

nanocomposite were dissoluble, which could be

released to play an important role in antimicrobial

activity. There was no obvious dissolution of the

samples for S. aureus (Fig. 3d). The main reason was

that the antimicrobial mechanism of our obtained

nanocomposites was mainly contact and photocat-

alytic antimicrobial mechanism. Overall, the

possibility of dissolution and migration the nanocom-

posite was very small, indicated that it will not

migrate from the cotton surface to the human body in

the application process, and can be widely used

safely.

Antibacterial mechanism

Confocal laser scanning microscopy (CLSM) was

also used for assaying the viability of bacteria in the

presence of OQAS/(Ag/ZnO) nanocomposite.

Among various dyes used as probes to stain bacteria

from CLSM, fluorescein isothiocyanate (FITC) can

label all bacterial including alive and dead by

forming a covalent bond between dye and protein

nonspecifically. FITC can be excitated at 488 nm and

all bacterial fluoresce green (Song et al. 2018).

Figure 4a, a′ shows the images of E. coli untreated
and treated by OQAS/(Ag/ZnO) nanocomposite at

various conditions. As can be seen, for fresh E. coli
(Fig. 4a), all bacteria were stained green, most of

bacteria were vigorous and the cell wall could be seen

clearly. For OQAS/(Ag/ZnO) nanocomposite with

high antimicrobial efficiency (Fig. 4a′), a small

portion of bacteria stained green was observed after

Table 1 Antimicrobial activity of cotton textile treated with ZnO, Ag-ZnO, OQAS/ZnO and OQAS/(Ag-ZnO) materials after

different washing cycles

Sample The antibacterial rate of cotton fabric after different washing cycles (%)

S. aureus S. aureus S. aureus E. coli E. coli E. coli
(0 times) (5 times) (10 times) (0 times) (5 times) (10 times)

ZnO (73.2±0.9) / / (78.9±0.4) / /

Ag-ZnO (99.4±0.4) / / (99.6±0.2) / /

OQAS (82.1±0.1) (78.1±0.3) (70.2±0.7) (86.2±0.4) (81.6±0.3) (74.2±0.4)

OQAS/ZnO (95.8±0.5) (89.9±0.3) (81.2±0.3) (90.2±0.1) (85.3±0.2) (80.1±0.3)

OQAS/(Ag/ZnO) (96.5±1) (95.4±0.8) (90.2±0.6) (99.1±0.3) (96.2±0.3) (91.2±0.2)
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24 h incubation and the cell wall was disappear,

almost no alive bacteria left in the sight, which was

agrees with the previous conclusions.

In order to investigate the mechanism of OQAS/

(Ag/ZnO) nanocomposite for antibacterial activity,

the bacterial morphology of after contact with OQAS/

(Ag/ZnO) nanocomposite was observed by AFM.

According to previous literature reported that the

destruction of bacterial cell wall plays a crucial role

in the quaternary ammonium salt-based polymers

induced antibacterial process. The positively quater-

nary ammonium salt could attach on the cell wall of

the bacterial by electrostatic interaction and then

destroyed the cell wall, induce leakage of cell

contents, and cause cell death. As shown in Fig. 4b,

b′, the original E. coli cells have smooth surfaces with

complete cell wall (Fig. 4b). After treated with

OQAS/(Ag/ZnO) nanocomposite (Fig. 4b′), the

grooves and holes were obviously seen on the cell

surface of E. coli, which was the main reason that

cause the bacterial death (Liu et al. 2018a, b).

The antimicrobial mechanism of quaternary

ammonium salt was to absorb bacteria and kill

bacteria. In this process, it is easy to accumulate dead

bacteria or intracellular substances released by bac-

teria, causing defects such as yellowing and stinking

of cotton fabric (Zhang et al. 2018). Therefore, we

observed the adhesion of bacteria on the surface of

cotton fabric cultured with bacterial suspension. As

shown in Fig. 4c, after 18 h of bacterial culture, a

large number of bacteria with rod shape and struc-

turally intact adhered to the surface of control cotton

that made the fibers rougher, that was, there were no

apparent antibacterial activities for these fibers.

While the fibers treated with OQAS/(Ag/ZnO)

nanocomposite materials (Fig. 4c′), the adherent

bacteria were few, in addition, the walls of E. coli
were disrupted and deformed and the bacterial

morphology was particularly small, and the micro-

morphology of fibers was still relatively complete.

Based on the above experimental results, we

speculated the antibacterial mechanism of OQAS/

(Ag/ZnO) in our research. As shown in the Fig. 5, on

Fig. 4 Live cells images of E. coli treated with OQAS/(Ag/

ZnO) nanocomposite at initial stage (a) and after 24 h contact

(a′); AFM images of E. coli before (b) and after treated with

OQAS/(Ag/ZnO) nanocomposite (b′); SEM photograph of

control (c) and OQAS/(Ag/ZnO) treated cotton samples (c′)
after incubation in the E. coli suspension for 18 h

Cellulose (2020) 27:1055–1069 1063

123



the one hand, positive quaternary ammonium salt

adsorbed on the outside of negative cells, resulted in

cell membrane rupture, which leaded to leakage of

cell contents and caused cell death, on the other hand,

there were some organosilicon chains in the

nanocomposite materials, which can be adsorbed on

the surface of textiles to initiate hydration, so that the

surface can form a tight bound water layer and

prevent bacterial adhesion (Chen et al. 2016; Cai

et al. 2018).

Surface morphology

Figure 6a, a′ presents AFM images of the cotton fabric

before and after the OQAS/(Ag/ZnO) nanocomposite

treated. Obviously, a natural ravines and burr peaks

were existed on the surface of control cotton fabric

(Fig. 6a). After treated with OQAS/(Ag/ZnO)

nanocomposite, consequently, the roughness of the

native cotton had also been greatly reduced and the

value of the roughness decreased from 9.442 to

1.488 nm (Fig. 6a′). This was because the OQAS/

(Ag/ZnO) nanocomposite formed covalent bond with

cotton fabric, which could fill the ravines and burrs to

endow cotton fabric with a relatively smooth surface.

Furthermore, we investigated the softness of the

cotton after treated with OQAS/(Ag/ZnO)

nanocomposite. The larger the value showed, the

better the softness of the cotton fabric have. The

softness of the native cotton was 6.08 mm, while the

OQAS/(Ag/ZnO) treated cotton had a great improve-

ment about 9.4% with a softness value of 6.65 mm.

This result was consistent with the conclusion of

AFM. In conclusion, after treated with nanocompos-

ite, the formed film could cover some natural defects

and burrs of raw fibers (as shown in Fig. 5). In

addition, silone skeleton has good flexibility because

the bonds of silicon-oxygen bond are longer than

those of carbon–carbon bond and the steric hindrance

is relatively weak. When the cotton fabric was

subjected under the external stress, it is easier to

bend to showing a soft effect. In addition, the

composite film coated on cotton fiber play a key role

in isolation and lubrication of cotton fibers, so that the

fiber has a fluffy soft feel (Jin et al. 2015).

To observed the effect of OQAS/(Ag/ZnO)

nanocomposite on the surface morphology of cotton

fibers, SEM analyse were carried out, as shown in

Fig. 6b–e. Figure 6b was the SEM photograph of

control cotton fabric, the surface of native cotton

fabric was clean with some natural gullies and defects

on its surface. Figure 6c was the surface morphology

of cotton fabric treated with OQAS/(Ag/ZnO)

nanocomposite. Compared with raw cotton fibers,

Fig. 5 Antibacterial mechanism of OQAS/(Ag/ZnO) nanocomposite treated cotton fabrics
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OQAS/(Ag/ZnO) nanocomposite form a thin layer of

film between fibers, which made cotton fabric have a

smoother surface structure. Figure 6d was SEM

photograph of the OQAS/(Ag/ZnO) treated cotton

fabric after 5 cycles of washing (equivalent to 25

cycles of household washing). It can be seen that

OQAS/(Ag/ZnO) polymer films deposited between

the fibers had a slight broken under mechanical

friction and form discontinuous fragments on the

surface of the fibers. Figure 6e was the micromor-

phology of OQAS/(Ag/ZnO) treated cotton fabric

after 10 cycles of washing (equivalent to 50 cycles of

household washing). After 10 cycles of washing, steel

beads destroyed the film formed by the OQAS/(Ag/

ZnO) nanocomposite materials in the process of

washing, and a large number of polymer aggregates

were formed on the surface of the fibers.

Analysis of the surface chemical composition

EDX spectra of cotton textiles treated by OQAS/(Ag/

ZnO) polymer matrix composites after different

washing cycles and FT-IR spectra are shown in

Fig. 7. In the Fig. 7a, there were C, O, N, Si, Cl, Ag

and Zn elements existed in cotton textiles treated by

OQAS/(Ag/ZnO) nanocomposite, among which C

and O elements were the most abundant, mainly

because the main elements composition in cotton

fibers and polymer chains were C and O. Figure 7b

was the element content of cotton textiles treated by

OQAS/(Ag/ZnO) nanocomposite after 5 cycles of

washing process, the contents of Zn and Cl elements

in the cotton fibers were slightly reduced, which was

mainly due to the slight damage of the covalent bond

formed by the nanocomposite on the surface of the

cotton textiles during the washing process. Figure 7c

was the element content of the treated cotton textiles

after 10 washing cycles, with the further increase of

the washing strength, the contents of Zn and Ag was

decreased further compared with as that of blank the

control cotton textiles, which indicated that most of

the factors with antimicrobial activity could still be

retained in cotton textiles after 10 cycles washing,

Fig. 6 The AFM images of control cotton (a) and OQAS/(Ag/

ZnO) treated cotton (a′); SEM images of cotton fabrics:

untreated cotton (b); OQAS/(Ag/ZnO) treated cotton (c);

OQAS/(Ag/ZnO) treated cotton after 5 cycles washing

(d) and OQAS/(Ag/ZnO) treated cotton after 10 cycles

washing (e)
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thus enabling cotton textiles to obtain long-lasting

antimicrobial activity.

Figure 7d shows the FT-IR spectra of control

cotton and OQAS/(Ag/ZnO) nanocomposite treated

cotton fabric respectively. It can be seen from the

Fig. 7d that the control cotton fabric had the peak of -

OH at 3200–3500 cm−1, and has the stretching and

deformation vibration of CH at 2895 cm−1 and

1307 cm−1, respectively. The characteristic absorp-

tion peaks of Si–O–Si bond appeared at 1016 cm−1 in

treated cotton fabric, which indicated that there were

organosilicon chain segments in the treated cotton

fabric, and the typical peaks of ZnO appeared at

495 cm−1. What’s more, a new peak appeared at

1360 cm−1. It indicated that the covalent bonding had

been formed successfully between OQAS/(Ag/ZnO)

nanocomposite and cotton fabric, which greatly

enhanced the bonding fastness between the nanocom-

posite and cotton fabric.

Wearability of cotton textiles

Figure 8a shows the hydrophilic effect of OQAS/(Ag/

ZnO) nanocomposite on cotton fabric. The degree of

hydrophilicity of cotton fabric was determined by

measuring the wetting height of cotton fabric during

the wetting process. As shown in the inset of Fig. 8a,

the hydrophilicity of cotton fabric treated with

OQAS/(Ag/ZnO) nanocomposite was obviously

higher than that of control cotton fabric. After

50 min, the adsorption height of water molecules on

control cotton fabric rose to 0.4 cm and almost had no

change until 300 min. While the adsorption height of

water molecules on the treated cotton fabric could

rise to 8.9 cm in 300 min and the adsorptive height

increased with time. As the Fig. 8b illustrated, the

surface of OQAS/(Ag/ZnO) nanocomposite contains

strong hydrophilic groups such as quaternary ammo-

nium group (Yan et al. 2017). When water molecules

contacted with treated cotton fabric, hydrophilic

groups on the surface of cotton fabric from OQAS/

Fig. 7 EDX patterns of

OQAS/(Ag/ZnO) treated

cotton (a); OQAS/(Ag/
ZnO) treated cotton after 5

cycles washing (b) and 10

cycles washing (c); FT-IR
spectrum of control cotton

and cotton treated with

OQAS/(Ag/ZnO)

nanocomposite (d)
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(Ag/ZnO) nanocomposite can quickly absorbed water

molecules, resulted in good hydrophilicity of the

cotton fabric. By testing the contact angle of cotton

fabric to water, we found that the contact angle of

control cotton fabric to water molecule was 80.5°,
while the contact angle of OQAS/(Ag/ZnO) treated

cotton fabric to water molecule was reduced to 73.5°,
which further proven that the treated of nanocom-

posite had a significant effect on improving the

hydrophilicity of cotton fabric.

Figure 8c shows the air permeability of cotton

fabric treated with OQAS/(Ag/ZnO) nanocomposite.

It can be seen from the Fig. 8c that the air

permeability of the treated cotton have a slight

improvement compared with control cotton, this

indicated that our synthesized nanocomposite didn’t

affect the air permeability of the cotton fabric (Lyu

et al. 2019). We speculated about this phenomenon as

shown in the Fig. 8d, the film formed by the OQAS/

(Ag/ZnO) nanocomposite was coated on the outside

of a single fiber. When the cotton fabric was baked at

high temperature in the finishing process that could

cause the movement of the polymer chain coated on

the outside of the fiber, which resulted in the change

of the porosity between the fibers, so the air

permeability of the fabric was slightly improved

(Irfan et al. 2017).

Conclusion

In this work, an organic–inorganic hybrid OQAS/

(Ag/ZnO) nanocomposite was prepared and utilized

on the cotton fabric to investigate its influence on the

antimicrobial, softness, hydrophilicity and air perme-

ability of the cotton fabric. The results indicated that

cotton fabric functionalized by this nanocomposite

exhibited outstanding antibacterial activity and also

excellent laundering durability, inhibiting more than

87% of both E. coli and S. aureus even after 10

Fig. 8 a Hydrophilicity of control cotton and OQAS/(Ag/

ZnO) treated cotton; b schematic diagram for hydrophilicity of

OQAS/(Ag/ZnO) treated cotton; c air permeability of the

control cotton and OQAS/(Ag/ZnO) treated cotton;

d schematic diagram for air permeability of OQAS/(Ag/ZnO)

treated cotton
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laundering cycles (equivalent to 50 cycles commer-

cial or household laundering). Antibacterial adhesion

test showed that this nanocomposite can prevent

bacteria from adhering to textile surfaces. In addition,

the treated cotton performed better softness, air

permeability and hydrophilicity. What’ more, the

nanocomposite would not migrate from the treated

cotton fabric to cause other health hazard. The

materials of this study can be used in cotton textile

industry as a textile finishing agent with excellent

comprehensive properties.
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