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Abstract

In this study, a facile method for the production of Antibacterial and Antistatic polyurethane coatings was investigated using 

copper modified ZnO nanoparticles–polyaniline nanofibers (PANI–CuZnO) ternary nanocomposite. PANI–CuZnO ternary 

nanocomposite was synthesized through two steps. First, copper-modified ZnO nanoparticles were produced through the 

hydrolysis method using acetate precursors, and then they were mixed with polyaniline nanofibers, which were synthesized 

by seeding method. The obtained nanocomposite was characterized by FTIR, XRD, and FESEM techniques. Results of 

evaluating the antibacterial action of the polyurethane coatings with the content of ternary nanocomposite showed that the 

obtained coatings have a proper antibacterial action against Gram-positive and Gram-negative bacteria. In addition, measuring 

the coatings’ surface electrical resistance revealed that addition of the ternary nanocomposite to the polyurethane coatings’ 

matrix causes the surface electrical resistance of the coatings significantly decreases and reaches 8 × 107 Ω/sq. Thereby, 

they could be categorized as an antistatic coating. Moreover, the addition of PANI–CuZnO enhanced adhesion strength and 

scratch resistance of the final polyurethane coatings.
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Introduction

Nowadays, human’s life is always under threat of different 

infectious agents, and bacterial species have a major role in 

the emergence of such infections and their consequences. 

Considering bacteria adhesion to different surfaces as one 

of the main stages in bacterial species’ growth and prolif-

eration processes, developing antibacterial surfaces have 

an undeniable effect on preventing damages caused by 

bacteria growth [1]. Moreover, increase in resistance of 

bacterial species to the common antibacterial agents leads 

to a growing demand for novel and effective antibacterial 

agents for the production of antibacterial coatings [2–4]. 

In some industries, especially in the chemical and pharma-

ceutical industries, utilizing the coatings with antibacterial 

and antistatic properties would be necessary to safety and 

efficacy of such plants to be guaranteed [5]. In this regard, 

nanocomposite material owing to their improved physi-

cal and chemical properties could be counted as a proper 

choice for creating antibacterial and antistatic properties 

in polymer coatings [5, 6].

Studies showed that ZnO nanoparticles have an effec-

tive antibacterial property against different bacteria and 

have a good compatibility with human cells and have no 

toxic effect on mammalians’ cells [7]. Moreover, ZnO nan-

oparticles modification with some transition metals causes 

an enhancement in efficacy and antibacterial action of 

these nanoparticles. Among different metals, copper due 

to its advantages like low cost, accessibility, and proper 

antibacterial property has gained much attention [8]. Anti-

bacterial mechanism of action of copper could be origi-

nated from creating active oxygen species and disrupting 

bacterial cells’ membrane processes [9, 10]. Modification 

of ZnO nanoparticles by Cu ions can improve the antibac-

terial property of resultant nanohybrids [11]. Moreover, 

the presence of ZnO nanoparticles in polymer coatings 

matrix could noticeably increase the produced coatings 

mechanical properties [12, 13].

Polyaniline owing to benefiting from high environmen-

tal stability, facile synthesis method, and low production 

cost is counted as one of the most used conducting poly-

mers. With regard to these unique characteristics, polyani-

line could have applications in various fields like sensors, 

batteries, wastewater treatment, anticorrosion coatings, 

and antistatic coatings [14–20]. Furthermore, polyaniline’s 

different shapes with regard to their improved properties 

could, even more, increase its applicability. For example, 

polyaniline production in nanofiber and nanowire forms 

causes improvement in its electrical conductivity [21, 22]. 

Addition of inorganic nanoparticles to polyaniline’s matrix 

leads to increased electrical conductivity and efficacy of 

polyaniline to be utilized in antistatic coatings production 

[23]. Addition of ZnO nanoparticles would also have a 

noticeable effect on increasing polyaniline’s electrical con-

ductivity and its electrical efficiency [24].

In current research work, mesoporous copper-modified 

ZnO nanoparticles were produced through the hydrolysis 

method. Then, polyaniline nanofibers were synthesized 

through the seeding method and were mixed with modified 

ZnO nanoparticles to obtain PANI–CuZnO ternary nano-

composite. Afterwards, the produced ternary nanocomposite 

was utilized in polyurethane resin’s matrix and antibacte-

rial and antistatic properties of the produced coatings were 

evaluated. Moreover, the effect of ternary nanocomposite 

on the improvement of final coatings’ adhesion strength and 

scratch resistance was also investigated.

Experimental

Materials and reagents

Zinc acetate dihydrate (≥ 99%), copper acetate (≥ 98%), 

diethylene glycol (DEG ≥ 99%), polyethylene glycol 

(Mw = 400, pure), ammonium persulfate salt (≥ 99%), ani-

line (≥ 99%), and hydrochloric acid (37%) were purchased 

from Merck. Aniline was double distillates prior to use. The 

Polyester polyol (technical grade) and Polymeric Methylene 

Diphenyl Diisocyanate (PMDI, technical grade) were pro-

vided by Bayer.

Synthesis of Cu-modi�ed ZnO nanoparticles

To produce copper-modified ZnO nanoparticles, zinc acetate 

dihydrate was hydrolyzed in the presence of copper acetate 

salt (10 wt% of zinc acetate) in diethylene glycol (DEG) 

as the reaction medium. For this purpose, 2 mmol of zinc 

acetate along with copper acetate were added to 25 ml DEG. 

Then, 0.5 g PEG was added to the reaction medium and 

the resulting mixture was refluxed up to 170–180 °C for 

1 h. After completion of the reaction, the reactor was cooled 

and participates were centrifuged and washed by deionized 

water, ethanol, and acetone, respectively. Finally, the prod-

ucts were dried at 80 °C for 2 h.

Synthesis of PANI nano�bers

Polyaniline nanofibers were synthesized by the seeding 

method. First, 0.0037 g of aniline monomers were dispersed 

in 50 ml 1 M HCl solution. Then, 0.0045 g of ammonium 

persulfate (aniline:APS molar ratio is 2:1) was dissolved in 

1 M HCl solution and was added to the above mixture. Final 

mixture’s temperature was kept at 0 °C (using a refrigerator 

and an ice bath) and left to rest for 48 h. After completion 

of the polymerization reaction, participates were collected 
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and washed by DI water and ethanol, respectively and dried 

at 60 °C for 12 h.

Preparation of PANI–CuZnO ternary nanocomposite

To prepare PANI–CuZnO ternary nanocomposite, first, the 

desired amount of PANI nanofibers (0.5 g) were added to 

DI water and then an equal amount of modified ZnO nano-

particles were added to this mixture and homogenized by 

the ultrasonic method for 10 min (PANI:CuZnO ratio = 1:1). 

Finally, the resultant participates were collected and dried 

at 60 °C for 6 h.

Production of polyurethane coatings

Polyurethane coatings with antibacterial and antistatic 

properties were produced by adding appropriate amounts 

of PANI–CuZnO ternary nanocomposite (equal to 1, 2, 

3 and 5 wt%) to the 10 g of polyester polyol and mixing 

with a mechanical stirrer. Then, 2 g PMDI was added to the 

obtained mixture and after gently mixing for several min-

utes, the final mixture was applied to glass plates and after 

24 h, polyurethane films were detached from the glass plates 

for further studies.

Characterization

FTIR spectra of the modified ZnO nanoparticles and 

PANI–CuZnO ternary nanocomposite were collected by 

Perkin-Elmer (USA) in the range of 400–4000 cm−1. X-ray 

diffraction patterns of the samples were recorded by D8 

Advance-Bruker (Germany). Modified ZnO nanoparticles 

and PANI–CuZnO ternary nanocomposite’s morphologi-

cal properties were studied by TeScan-Mira III microscope 

(Czech Republic).

Antibacterial testing

The antibacterial property of the produced coatings was 

investigated against Escherichia coli as a Gram-negative 

and Staphylococcus aureus as Gram-positive bacteria. For 

this purpose, the plate colony counting method was uti-

lized. First, original bacterial suspensions were diluted to 

 108 CFU/ml using nutrient broth. Then 0.1 ml of diluted 

bacterial suspensions was transferred to vessels containing 

0.9 ml of physiological serum (0.9% NaCl solution). Pure 

polyurethane and polyurethane with the content of PANI 

and PANI–CuZnO ternary nanocomposite was applied to the 

sterile paper blank discs and they were put in contact with 

the bacteria contained solutions. After 1 h, these solutions 

were ten times diluted by consecutive addition of 0.1 ml of 

solution from one vessel to another vessel with the content 

of physiological serum. Finally, 0.1 ml solution from each 

vessel was applied on plates with the content of solidified 

agar. The plates were incubated at 37 °C for 24 h. Finally, the 

number of formed bacterial colonies was counted.

Evaluation of the coatings’ antistatic property

To investigate the antistatic property of the produced coat-

ings, measuring the coatings’ surface electrical resistance 

based on ASTM D257 was conducted. For this purpose, the 

two-point probe technique was used. A Digital Insulation 

Tester (MASTECH MS5203) along with two steel probes 

was used to determine the surface electrical resistance of 

pure polyurethane coating and the coatings with the content 

of PANI and PANI–CuZnO ternary nanocomposite. A con-

stant electrical potential (500 V) was applied to the polymer 

films and their antistatic behavior was evaluated by calculat-

ing surface electrical resistance by means of Eq. 1

where Rs is surface electrical resistance (Ω per square), RR is 

the recorded electrical resistance (Ω), P is the used probes’ 

parameter (cm) and g is the distance between inner elec-

trodes (cm).

Measuring coatings’ adhesion strength and scratch 
resistance

The strength of polyurethane coatings adhesion to the con-

crete substrates was studied by the pull-off method based on 

ASTM D4541. In this method, tensile Dollies were glued to 

the coating, when the adhesive cured, the force required to 

pull the coating off the surface was measured. To evaluate 

the scratch resistance of the coatings, based on ISO 1518 

standard, a pen hardness tester was utilized. In this method, 

a pen-like device with a tungsten carbide tip was drawn over 

the coating’s surface with a defined constant pressure. A 

pressure needed for creating a scratch on the coatings’ sur-

face was reported as the coatings’ scratch resistance.

Results and discussion

Evaluating the coatings antibacterial property

Antibacterial action of the prepared coatings was tested 

against S. aureus (Gram-positive) and E. coli (Gram-neg-

ative) bacteria. The polyurethane coatings with 5 wt% con-

tent of PANI nanofibers and PANI–CuZnO nanocompos-

ite were put in contact with bacterial strains and the pure 

polyurethane sample was used as a control. The results of 

observing bacterial colonies growth after 60-min exposure 

to the coating samples are summarized in Table 1. The 

(1)R
s
=

p

g
× R

R
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small white dots represent bacterial colonies. As it is obvi-

ous in the plates with the content of three times diluted 

bacterial suspension, the polyurethane coating with 5 wt% 

content of ternary nanocomposite have greatly reduced 

the number of the grown colonies. While the pure polyu-

rethane coating and the coating with the content of PANI 

have not had a noticeable effect on the reduction of bacte-

rial colonies. The results show the presence of ZnO nano-

particles, Cu ions and polyaniline nanofibers could have a 

synergistic effect on coatings antibacterial property. Along 

with the presence of ZnO nanoparticles, Cu ions releas-

ing form the ternary nanocomposite and their interactions 

with phosphor/sulfur contained proteins could be the main 

factor in disrupting bacteria’s vital processes [25]. In case 

of Gram-negative bacteria, reduction in bacterial colonies 

was less than compared to Gram-positive one which shows 

the lower vulnerability of the Gram-negative bacteria to 

the ternary nanocomposite. Presence of a lipopolysaccha-

ride membrane in Gram-negative bacteria could be a rea-

son for their higher resistance against structural damages 

[26]. In addition, Fig. 1 quantitatively shows reduction 

percent in the number of colonies after 60-min exposure 

to the polyurethane coatings. 

Evaluating antistatic property

Figure 2 shows polyurethane coatings’ surface electrical 

resistance as a function of PANI and PANI–CuZnO ternary 

nanocomposite content. Measuring the surface resistance 

of the pure polyurethane coating and the coating with the 

content of pure ZnO nanoparticles showed that these coat-

ings have a very high surface resistance which was out of 

the antistatic coatings’ surface electrical resistance range. 

Table 1  The antibacterial property of the polyurethane coatings with 

5 wt% content of PANI nanofibers and PANI–CuZnO ternary nano-

composite after 60-min exposure to the bacterial strains

Bacteria type

E. coli S. aureus

Coa�ng sample

Pure polyurethane 

(control)

Coa�ng with 5 wt% 

content of pris�ne 

PANI nanofibers

Coa�ng with 5 wt% 

content of PANI–

CuZnO

Fig. 1  Bacterial colonies reduction after 60-min contact with PANI 

nanofibers and PANI–CuZnO ternary nanocomposite

Fig. 2  Surface electrical resistance of the polyurethane coatings as a 

function of a PANI–CuZnO ternary nanocomposite, b PANI nanofib-

ers
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As Fig. 2a shows, the surface resistance of the polyurethane 

coatings gradually decrease by increasing the amount of 

ternary nanocomposite in the coatings’ matrix. A low per-

colation threshold about 2 wt% nanocomposite loading is 

observed in the polyurethane coating and the slope of reduc-

tion in surface resistivity is reduced. Theoretically, at the low 

amount of conductive additive, there is no possibility for the 

creation of conduction pathways in the polymer matrix and 

the coating will show high surface resistance. By increasing 

the content of PANI–CuZnO nanocomposite to reach the 

percolation threshold, three-dimensional conduction path-

ways are created throughout the matrix and surface electrical 

resistance of the coatings begins to reduce [27]. According 

to the literature, antistatic coatings have a surface resist-

ance between  105 and  109 Ω/sq [28]. Adding 2 wt% ternary 

nanocomposite leads to the obtained polyurethane coating’s 

surface resistance reach 8 × 108 Ω/sq, therefore, it could be 

counted as an antistatic coating. To evaluate the efficacy of 

PANI–CuZnO ternary nanocomposite to be used as an anti-

static agent, the surface electrical resistance of the coatings 

with the content of pristine polyaniline was also investigated. 

As it is clear in Fig. 2b, the coatings containing the same 

amount of pristine PANI have a higher surface electrical 

resistance. Therefore, it can be concluded that PANI–CuZnO 

has a higher efficacy for the creation of antistatic property in 

polyurethane coatings. This higher efficacy could be attrib-

uted to the synergistic effect of ZnO nanoparticles, Cu ions 

and PANI nanofibers.

FTIR studies

The molecular structure of PANI nanofibers and 

PANI–CuZnO ternary nanocomposite was investigated 

by FTIR spectroscopy and the results are illustrated in 

Fig. 3. Curve a, in Fig. 3, represents FTIR spectrum of 

PANI nanofibers. The absorption peaks at 1502  cm−1 

and 1580 cm−1 are attributed to C=C and C=N stretching 

vibrations of benzenoid and quinoid rings in PANI chains, 

respectively. The peaks around 1304 cm−1 and 3500 cm−1 

are respectively related to bending vibrations of C–N and 

N–H. In addition, the peak at 1100 cm−1 could be originated 

from quinoid units of PANI chains [29]. The FTIR spectrum 

of PANI–CuZnO ternary nanocomposite is shown in curve 

b. As it is obvious, the peak at 3300 cm−1 originates from 

stretching vibrations of OH groups which are existed on the 

ZnO nanoparticles surface. While all PANI’s characteristics 

peaks are obvious in curve b, all these peaks have expe-

rienced a slight shift to the lower wavenumbers which is 

because of some interactions like hydrogen bond between 

PANI chains and modified ZnO nanoparticles [24]. These 

interactions could be a reason for the improved electrical 

conductivity of the PANI–CuZnO nanocomposite for the 

creation of better antistatic property in the polyurethane 

coatings.

XRD analysis

To confirm ZnO nanoparticles synthesis and also evaluate 

the crystallographic properties of the PANI–CuZnO ternary 

nanocomposite, X-ray diffraction pattern analysis was uti-

lized (Fig. 4). Curve a shows X-ray diffraction pattern of 

copper-modified ZnO nanoparticles. The peaks which are 

appeared at 2θ = 31°, 34°, 36°, 47°, 56°, 62° and 67° respec-

tively relate to diffraction from (100), (002), (101), (102), 

(110), (103), and (112) planes of ZnO nanoparticles. These 

peaks clearly show that ZnO nanoparticles are fully fabri-

cated through the synthesis method using acetate precur-

sors [30]. Moreover, the peak at 2θ = 45° could be appeared 

because of the diffraction from (202) plane of CuO which 

may exist as an impurity in the nanocomposite structure. In 

curve b which corresponds to PANI–CuZnO ternary nano-

composite, two wide diffraction peaks appeared at 2θ = 19° 

and 25° shows the amorphous structure of the conductive 

polymer due to the repetition of benzenoid and quinoid rings 

in PANI chains [31]. In addition, the presence of all diffrac-

tion peaks related to ZnO nanoparticles shows that the crys-

talline structure of modified ZnO nanoparticles is preserved 

in the presence of PANI chains. It can be concluded that 

PANI chains are properly located beside ZnO nanoparticles 

and they have not had an adverse effect on the structural 

properties of ZnO nanoparticles.

Fig. 3  FTIR spectrum of a PANI nanofibers, b PANI–CuZnO ternary 

nanocomposite
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Morphological studies

Morphological characteristics of the copper-modified ZnO 

nanoparticles, PANI nanofibers, and PANI–CuZnO ternary 

nanocomposite were investigated by FESEM technique 

(Fig. 5). FESEM images of the modified ZnO nanoparticles 

are illustrated in Fig. 5a, b. As it is clear, these nanoparticles 

have a special shape and mesoporous structure which shows 

the utilized synthesis method has a high efficacy for pro-

duction of mesoporous copper-modified ZnO nanoparticles. 

The mesoporous surface of ZnO nanoparticles leads to the 

enhanced surface area of these nanoparticles to interact with 

PANI chains which finally improves the final ternary nano-

composite’s properties. FESEM image of PANI nanofibers 

shows the seeding method could produce PANI nanofibers 

with uniform size distribution (Fig. 5c). The FESEM image 

of PANI–CuZnO nanocomposite is shown in Fig. 5d and dis-

tribution of mesoporous-modified ZnO nanoparticles among 

PANI chains are clear. This uniform location of ZnO nano-

particles among PANI chains could cause improved proper-

ties of PANI to be utilized as an antistatic and antibacterial 

agent in the polyurethane coatings matrix.

Evaluation of the coatings’ adhesion strength 
and scratch resistance

A coating’s adhesion strength to the substrate is one of the 

main factors for improving the coating’s efficacy and lon-

gevity. Therefore, the effect of adding PANI–CuZnO ter-

nary nanocomposite on the improvement of polyurethane 

coatings adhesion strength to a concrete substrate was 

studied. The results of adhesion strength of the pure polyu-

rethane coatings and the coatings with 3 and 5 wt% content 

of ternary nanocomposite are summarized in Table 2. As 

the results of Pull Off test show, by increasing the content 

of ternary nanocomposite, the adhesion strength of the 

coatings is increased. This improvement could be attrib-

uted to the ZnO nanoparticles bilateral interactions with 

polyurethane chains and active OH groups on the sub-

strate’s surface [12]. Moreover, the scratch resistance of 

the coatings is another factor that affects their performance 

and appearance. The results of investigating the scratch 

resistance of the prepared polyurethane coatings revealed 

that increased content of ternary nanocomposite would 

lead to improved scratch resistance of the coatings. This 

improvement results from the interactions between ZnO 

nanoparticle and polyurethane chains which compact the 

polyurethane chains and increase their resistance against 

tearing [32].

Conclusion

The significance of this study was synthesizing 

PANI–CuZnO ternary nanocomposite and its utilization as 

a multifunctional additive for creating antistatic and anti-

bacterial properties in polyurethane coatings. This ternary 

nanocomposite was produced using copper-modified ZnO 

nanoparticles and PANI nanofibers and through the two 

facile steps. The obtained nanocomposite was characterized 

in term of structural, crystallographic, and morphological 

properties. The antibacterial and antistatic coatings were 

produced by addition of the ternary nanocomposite to the 

polyurethane matrix. Evaluation of the coatings’ antibac-

terial property showed that the produced coatings have a 

proper ability to inhibit Gram-positive S. aureus and Gram-

negative E. coli bacteria growth. In addition, utilizing 2 wt% 

ternary nanocomposite in the polyurethane coating led to 

the coating’s surface electrical resistance reached 8 × 107 Ω/

sq which caused the obtained coating could be categorized 

as an antistatic coating. Moreover, increasing the content 

Fig. 4  X-ray diffraction patterns of a copper-modified ZnO nanoparti-

cles, b PANI–CuZnO ternary nanocomposite
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Fig. 5  FESEM images of a, b copper-modified ZnO nanoparticles, c PANI nanofibers, d PANI–CuZnO ternary nanocomposite
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of ternary nanocomposite resulted in improved adhesion 

strength and scratch resistance of the polyurethane coatings.
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