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Abstract
Biofouling is one of the problems faced by cage aquaculture farmers, and its management is expensive. In this present 
study, polyethylene aquaculture cage nets were coated with the nano structured oxides of zinc and silicon incorporated 
with polyaniline. Fourier transform infrared spectroscopy and scanning electron microscope data evidenced that a thick 
coating of nano particle was formed on polyethylene. The oxides were attached to the quinoid part of polyaniline. The 
antifouling efficiency of treated cage net was tested by exposing in the Cochin estuary for three months. A webbing 
treated with 0.01% of each of the nano zinc oxide (ZnO) and silicon dioxide  (SiO2) exhibited the highest biofouling resist-
ance. Reinforcement of nano  SiO2 with ZnO increased biofouling resistance as the former complemented the coating 
to make the system more efficient.
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1 Introduction

In India, cage aquaculture is an emerging sector, and is 
growing synchronously with some problems such as a 
deficiency of good quality seed and feed, and biofouling. 
The fouling of cage nets by organisms including bacteria, 
algae, mollusc, bivalves, and crustaceans, increases the 
maintenance cost, pollutant accumulation (organic loads 
and nutrients) leading to eutrophication, and the lack of 
oxygen in culture systems. This problem eventually results 
in drastic ecological and economic implications [1]. Bio-
fouling is a serious problem in aquacutlture because its 
management utilizes one fourth of total project expenses 
[2, 3].

Voluminous antifouling compounds and strategies are 
available globally, but many of these compounds cause 
environmental problems and influence non target organ-
isms. Copper based biocides are highly effective against 

many foulers; however the effects of copper in aquatic 
systems are not widely known, and many algal foulers 
are copper resistant species and cannot be controlled [4]. 
The current antifouling strategies used under the marine 
environment are ineffectual and the development of com-
petent technologies to prevent biofouling in the aquatic 
environment is required urgently [3].

High density polyethylene (PE) fibers are generally used 
to fabricate aquaculture cage nets. PE is a non polar mol-
ecule and very difficult to coat any antifouling biocides 
directly over it. Ashraf et al. [5] devised a coating method to 
coat polyaniline (PANI) over PE webbings. Moreover nano 
copper oxide has been coated on PANI, which provided an 
excellent biofouling resistance and it was explained due to 
the generation of hypochlorous acid [5, 6]. Nano technol-
ogy and nano materials facilitated the exploration of bio-
cides with high efficacy and low requirement of chemicals. 
Nano copper oxide coating on PANI [5] and nano copper 
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oxide reinforced hydrogel coating on PE exhibited excel-
lent biofouling resistance [6]. Although copper oxide is 
a micro nutrient, stakeholders do not use it because of 
regulatory restrictions. Mohan and Ashraf [7] synthesized 
nano silicon dioxide incorporated mixed charged zwitte-
rionic hydrogel and demonstrated an improved biofoul-
ing resistance of aquaculture cagenet under the marine 
environment. Coating of nano silica functionalised zwit-
terionic sulfobetaine exhibited increased wettability, 
microorganism inhibition and decreased serum albumin 
protein fouling [8]. Nano  SiO2 is considered an ecologi-
cally affable oxide and extensively used to incorporate 
as antibacterial agents [9].  SiO2-polystyrene-N-halamine 
nano particles used to destroy Escherichia coli (E. coli) cell 
surfaces. The  SiO2 acted as a carrier and also improved the 
actvity of N-halamine [9]. Zwitterionic polymer-coated 
 SixN4 surfaces exposed to a fibrinogen solution inhibited 
protein [10]. The coating of mesoporous silica on indium 
tin oxide electrode acted as molecular sieve and prevented 
the accumulation of haemoglobin during the detection 
of propranolol [11].  SiO2 incorporated matrices described 
above increased the antibacterial, fouling and protein inhi-
bition efficiency.

Nano ZnO exhibits anti-microbial and antifouling prop-
erties. Al-Naamani et al. [12] synthesized chitosan- nano 
ZnO composite exhibiting diatom and bacterial resistance 
under the marine environment. Zhang et al. [13] fabricated 
super hydrophilic and hydrophobic surfaces by coating 
textured super hydrophobic nano ZnO on polydimethylsi-
loxane film, and the surface inhibited the oil accumulation. 
Nano ZnO rods were incorporated in the polyethersulfone 
membrane to improve the morphology, hydrophilicity and 
biofouling resistance [14]. A nano ZnO reinforced polysu-
fone membrane exhibited excellent hydrophilicity, water 
permeability, increased porosity, and rejection of organic 
molecule adsorption implying its antifouling property [15].

Nano mixtures having different properties coated over 
steel exhibited improved corrosion resistance [16] and 
few studies have been conducted using the nano materi-
als of different properties in a mixture to prevent biofoul-
ing. Nano  SiO2 and ZnO are considered safe, due to their 
toxicity characteristics and environmental friendliness. 
Nano ZnO deterred microorganisms through photocata-
lytic activity by forming OH radical (OH) by reacting with 
water [17]. The study on penetration of UV visible solar 
radiation in the oceanic waters revealed that 30–40% 
deeper penetration than predicted euphotic zone. The 
UVA (315–380 nm) radiation penetrate about 5–7 m deep 
in an oligotrophic water of depth having 50–70 m [18]. 
The electron rich materials like reduced graphene, nano 
composites of semiconductors, and carbon nano tubes 
were used to reduce the band gap of  TiO2 and ZnO. This 
improved the photocatalytic effect of the above materials 

[19–23]. In the present study ZnO is coated over electron 
rich PANI and this may improve photocatalytic effect of 
ZnO. Coating of nano  SiO2 and ZnO on an electron rich 
PANI may increase the antibacterial and biofouling resist-
ance. Similar works are considerably limited especially in 
the development of strategies for preventing biofouling. 
A two step process was employed in this study instead 
of PANI–ZnO—SiO2 composite coating over PE since the 
latter exhibited poor biofouling inhibition due to the uti-
lisation of all electronic states of ZnO and  SiO2 for form-
ing the composite. The study aimed to coat nano  SiO2 and 
ZnO mixture of varied concentrations on PANI treated PE 
aquaculture cage net and to test its biofouling resistance.

2  Material and methods

Polyethylene (PE) aquaculture cage net, a material fre-
quently used in cage aquaculture, was purchased with 
1 × 3 ply and a mesh size of 25 mm procured from Mat-
syafed Net Factory, Cochin, India. Colored PE netting was 
used for the experiment since farmers prefer colored 
nettings. Aniline, ammonium persulphate, and HCl were 
purchased from CDH, India. Nano ZnO and hydrophilic 
nano  SiO2 were purchased from Reinste Nano ventures, 
India. The size, specific surface area and purity of nano 
ZnO was 14 nm, 30 ± 5  m2/g and 99% respectively. Size, 
specifc area, bulk density and purity of hydrophilic nano 
 SiO2 was 7–14 nm, > 200  m2 g−1, 0.048 g cm−2 and 99.8% 
respectively.

Polyaniline (PANI) was synthesised in situ on PE aqua-
culture cage nets by following the procedure provided by 
Ashraf et al.[5]. The surface activation of the PE cage net 
was carried out by immersing the net overnight in acidi-
fied aniline (0.3 M in 0.1 M HCl) solution and the following 
day ammonium persulfate (0.3 M in 0.1 M HCl) was added 
dropwise along the sides of container without disturb-
ing the container. This will enable the formation of nano 
sized and rod shaped PANI over the net. Kept the reaction 
mixture overnight, and the following day the net sam-
ples were taken out, allowed to dry in air. Excess PANI was 
removed by washing with water. The PANI coated poly-
ethylene (PE-PANI) aquaculture cage nets were immersed 
overnight in varied concentrations of aqueous nano ZnO 
and  SiO2 mixtures (Table 1). On subsequent day, samples 
were taken out and air dried. This step will enable the 
nano materials to adsorb over the PANI. Pre-weighed, 
and tagged treated nets were tied in a PVC frame and 
immersed in the test site at Cochin estuary, 1 m below the 
low tide height for 3 months. The samples were retrieved 
once in every month for evaluating their fouling resistance 
through biomass accumulation and microscopic studies. 
The retrieved samples were cleaned by running water, 
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air dried and microscopic analysis were carried out. The 
biomass accumulated over the pre weighed cage net was 
recorded after air drying using an electronic balance with 
0.001 g sensitivity. The difference in weight was used to 
calculate the accumulation in per kg of cage net. Due to 
the limited space in the test site, fearing the loss of uni-
formity in exposure (depth within 0.75–1.25 m), and need 
to expose the rack in length wise, prevented to incorpo-
rate more replicates in the experiment.

The surface characteristics of treated webbings were 
analyzed using Scanning electron microscope (SEM). 
The SEM micrographs of PE netting were recorded after 

sputtering with gold by using JEOL Model JSM–6390LV 
SEM. Fourier transform infrared (FTIR) spectra were 
obtained by using Thermo Nicolet Si10 FTIR. The materials 
were scanned from 650 to 4000 cm−1 at 4 cm−1 resolution 
was done by using zinc selenium Nicolet iTR accessory and 
to study the absorption in lower frequencies for identify-
ing the inorganic part, another scan from 400 to 4000 cm−1 
using FTIR fitted with microarray sampling accessory. 
The material was scanned 50 times and the average was 
showed as final plot. The data was processed using Omnic 
software available with the FTIR. The The images of net-
tings were examined through Leica MZ16A stereo micro-
scope at 25X magnification.

3  Results and discussion

PE aquaculture cage net surface was modified by in situ 
synthesised PANI, and then nano ZnO–SiO2 mixture were 
coated as described in materials and methods. Figure 1 
and Table 2 presents the FTIR characteristics of PE-PANI, 
 SiO2 treated PE-PANI (PE-PANI  SiO2),  SiO2 and ZnO treated 
PE-PANI (PE-PANI  SiO2 + ZnO), ZnO treated PE-PANI (PE-
PANI ZnO). The characteristic peaks of PE, shifted slightly 
after PANI and nano material treatments. Visible differ-
ences were obtained for the  CH2 wagging and stretching 
band at 1176 and 2919 cm−1 respectively. PE-PANI  SiO2 

Table.1  Different treatments used for the experiment

Treatment Details of treatment

S0 Untreated Polyethylene(PE)
S1 Polyaniline treated PE (PE-PANI)
S2 PE PANI + 0.01% (w/v)  SiO2

S3 PE PANI + 0.02% (w/v)  SiO2

S4 PE PANI + 0.01% (w/v)  SiO2 + 0.01% (w/v) ZnO
S5 PE PANI + 0.02% (w/v)  SiO2 + 0.01% (w/v) ZnO
S6 PE PANI + 0.01% (w/v)  SiO2 + 0.02% (w/v) ZnO
S7 PE PANI + 0.02% (w/v)  SiO2 + 0.02% (w/v) ZnO
S8 PE PANI + 0.01% (w/v) ZnO
S9 PE PANI + 0.02% (w/v) ZnO

Fig. 1  FTIR spectra of PE-PANI, PE-PANI + SiO2, PE-PANI + ZnO and PE-PANI + ZnO + SiO2. Major functional group indicated in the figure
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and PE-PANI ZnO exhibited a shift in peaks at 2908 and 
2911 cm−1 respectively. Similarly PE-PANI  SiO2 and PE-
PANI ZnO exhibited a shift in absorption from 1176 to 
1143 cm−1. The shifting was due to the influence of PANI, 
 SiO2 and ZnO in the polyethylene matrix.

The FTIR absorption characteristics of PANI changed 
after ZnO and  SiO2 treatments. Quinoid and benzenoid 
ring vibrations at 1585 cm−1 shifted to the lower frequency 
at ~ 1566 cm−1, indicating that ZnO and  SiO2 were attached 
to the quinoid ring. Observed absorptions for ZnO stretch-
ing and Zn–O deformation were 548 [24] and 620 cm−1 
[25] respectively, and the similar results were obtained at 
562 and 610 cm−1 respectively, which indicated the inter-
action of ZnO with PANI. All the three characteristic peaks 
of  SiO2 were obtained in the spectra of the  SiO2 treated 
matrix. A shift appeared in the infrared absorption of  SiO2 
mainly due to the influence of PANI and nano particles. 
The results revealed that both the metal oxides interacted 
strongly with the quinoid ring of PANI in the matrix.

SEM micrographs of PE, PE-PANI, and PE-PANI with 
metal oxides are presented in Fig. 2. The micrographs indi-
cated that strong interaction of PANI nano rods formed on 
the PE matirx with PE and the former uniformly coated on 
the surface.  SiO2 particles attached onto PANI nano rods 
were visible.  SiO2 particles were distributed uniformly in 

the matrix. The matrix treated with the mixture of ZnO and 
 SiO2 exhibited a uniformly distributed coating. The net-
ting with equal concentration of ZnO–SiO2 coating treat-
ment exhibited a different pattern. The ZnO coating on 
PANI exhibited an uniform distribution of ZnO flakes which 
was visible.

3.1  Field studies

The treated aquaculture cage nets PE-PANI, PE-PANI  SiO2, 
PE-PANI  SiO2 + ZnO and PE-PANI ZnO were subjected to 
the estuarine environment for three months and retrieved 
after first, second and third month for their performance 
evaluation (Fig. 3). Fouling accumulated on aquaculture 
cage nets of different treatments after various periods 
were illustrated in Fig. 3. On most samples retrieved after 
1 month, showed numerous foulers were attached. The 
samples retrieved after second and third month exhibited 
uneven fouling pattern. The 0.01% (w/v) each of nano ZnO 
and  SiO2 treated net (S4) sample retrieved after second 
and third month exhibited the lowest biofouling. The 
accumulation pattern of fouling organism was different 
in ZnO + SiO2 treated samples. Studies have reported that 
the fouling diversity in the Cochin estuary varied with 
seasons [28]. The biomass accumulation observed after 

Table 2  FTIR characteristics of PE-PANI, PE-PANI  SiO2,PE-PANI  SiO2 + ZnO2, PE-PANI  ZnO2

Reported FTIR absorption in 
literatures (wavenumber  cm−1)

FTIR absorption results in the study Description

PE-PANI PE-PANI  SiO2 PE-PANI  SiO2 + ZnO PE-PANI ZnO

Polyethylene [6]
 731, 720 728, 716 726, 716 729, 717 729, 716 CH2 rocking deformation
 1176 1150 1143 1144 1145 CH2 wagging deformation
 1366 1361 1362 1365 1365 CH2 wagging deformation
 1463 1471 1471 1462 1471 CH2 bending
 2851 2847 2848 2846 2848 CH2 symmetric
 2919 2918 2913 2908 2911 CH2asymmetric

Polyaniline [6]
 829 818 819 823 832 C–H str of Quinoid ring out of plane
 1027 1017 1014 1012 1040 Quinoid,  NH4+

 1141 1154 1143 1144 1145 C–H str of Quinoid and benzenoid 
Quinoid ‚  NH+

 1306 1306 1304 1305 1306 v (C–N) Sec aromatic amine
 1500 1502 1501 1503 1504 C–C str Benzenoid ring
 1585 1565 1566 1568 1566 C–C bond of Quinoid ring

Nano  ZnO2 [24, 25]
 548 562 562 Zn–O stretching
 620 – 610 610 Zn–O deformation

Nano  SiO2 [26, 27]
 452 – 456 471 – Si–O–Si flexural libration vibration
 950 – 953 960 – Si–OH asymmetric vibration
 1090 – 1083 1085 – Si–O asymmetric vibration
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different treatments were shown in Fig. 4. The results did 
not provide any definite pattern for biofouling accumu-
lation. Variations in the first, second and third months 
probably occurred due to climate change experienced 
at exposure sites during that perod. Field experimental 
environments undergo unusual variations which research-
ers could not have controlled. Microscopic images and 
biomass evaluation revealed that the nets treated with 
0.01% (w/v) of nano ZnO and  SiO2 exhibited the highest 
biofouling resistance and nano ZnO and  SiO2 acted syn-
ergistically to inhibit biofoulers accumulation on the net. 

On examining biomass accumulation on the nets treated 
with 0.01 and 0.02% (w/v)  SiO2, exhibited increased fouling 
biomass accumulation than control upto 2 months (Fig. 4). 
This finding indicated that in the PANI, PE-PANI + SiO2 (S2 
and S3) can encourage foulers attachment, where as 
0.01 and 0.02% (w/v) PE-PANI + ZnO (S8 and S9) treated 
net exhibited comparatively low biomass accumulation 
because of the antifouling property of nano ZnO. The 
PE-PANI + ZnO + SiO2 treatment (S4 to S7) reduced the 
accumulation of fouling biomass. Figure 4 revealed that 
the three month sample exhibited lower accumulation 

Fig. 2  Scanning Electron 
Micrographs of PE, PE-PANI, 
PE-PANI + 0.02%  SiO2 (S3), 
PE-PANI + 0.02%  SiO2 + 0.01% 
ZnO (S5), PE-PANI + 0.02% 
 SiO2 + 0.02% ZnO (S7), PE-
PANI + 0.02% ZnO (S9)
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of biomass than the first and second month sample did, 
which may have been caused by the sloughing off foulers 
because of rain in the region, which changed the salinity 
of the test site. The results highlighted ZnO is an effective 
inhibitor of fouling organism, addition of nano  SiO2 further 
increased the biofouling resistance. ZnO and  SiO2 syner-
gistically acted to decrease the accumulation of foulers. 
Incorporation of nano  SiO2 with N-halamine, zwitterionic 
polymer and indium tin oxide electrode respectively inhib-
ited E. Coli, protein and haemoglobin [9–11]. The results in 
the present study correlated with the above findings that 
reinforcement of  SiO2 along with nano ZnO increased the 
biofouling resistance. 

Nano ZnO is a known antimicrobial oxide and attacks 
the microroganisms by synthesising reactive oxygen 
species [29]. An incident UV light causes interfacial 
movement of electrons in oxygen and zinc vacancies, 
which leads to the formation electrons and holes in the 
conduction and valence bands, respectively [30, 31]. 
Holes react with the water molecules attached to ZnO 
and form hydroxyl radical  (OH•). Montazer and Amiri 
[17] described the reaction mechanism of this process 
in detail. It has already demonstrated that the biocidal 
activity of  OH•, and it is adequate to kill the microbes 
present in the biofilms, fungi and phytoplankton [32]. 
A high photocatalytic activity of ZnO depends on the 

Fig. 3  Microscopic images 
of the aquaculture cage nets 
S0–S9 exposed in estuary 
for 3 months. The 3rd month 
image file of S9 was corrupted 
hence could not be included 
here
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Fig. 3  (continued)

Fig. 4  Biomass accumulation 
in cage nets retrieved after 
first, second and third months
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number of active sites. Studies by Lee et al. [18] pre-
dicted that UV radiation penetrates upto 10% of the 
euphotic depth of oligotrophic waters. The concentra-
tion of UV light may be low compared to the visible radi-
ations in an aquatic system. Thus band gap reduction is 
necessary to activate ZnO under visible light. Electron 
rich particles like chemically reduced graphene, carbon 
nanotubes and the nano composites of semiconduc-
tors, were employed to reduce the band gap [19–23]. 
In the present study the electron rich conductng poly-
mer, PANI, was used as the substrate to coat the oxides. 
The nano ZnO was strongly adsorbed over PANI and this 
might have reduced the band gap of ZnO and hence 
increased the photocatalytic effect [23, 33]. Mao et al. 
[34] reported the synergistic effect of nano ZnO and  SiO2 
to block the UV radiation in cotton fibres. In the present 
study, the  SiO2 might have influenced synergistically 
with ZnO to inhibit biofouling. In presence of PANI and 
 SiO2 the  e−/h+ recombination rate of ZnO increased and 
this might have resulted increased photocatalytic effect 
and biofouling resistance [35–37]. This finding was cor-
related with the results of bioaccumulation pattern of 
nano  SiO2 and ZnO coated cage net. Increased bioac-
cumulation was showed in  SiO2 coated net than ZnO 
coated net, where as PANI–ZnO–SiO2 system exhibited 
more efficient biofouling resistance.

4  Conclusion

Biofouling is a serious problem in aquacutlture because 
resolving it utilizes one fourth of total project expenses. PE 
is a non polar molecule commonly used for aquaculture 
cage nets and is highly demanded for coating antifouling 
biocides directly over it. This study reported the applica-
tions of nano silicon and zinc oxides with PANI coated 
on PE to prevent biofouling in the aquatic environment. 
The suface morphology analysis confirmed the formation 
of nano zinc and silicon oxides on PE –PANI. The results 
obtained from field exposure experiments revealed that 
treating PE-PANI net with 0.01% (w/v) each of the nano 
ZnO and  SiO2 provided highest biofouling resistance and 
the nano ZnO and  SiO2 acted synergistically to inhibit 
biofoulers accumulation on PE net. The results must be 
assessed further through extensive field exposures in 
aquaculture farms.
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