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Abstract
Water pollution has become a universal health problem due to frequently discharged toxic chemical effluents and contamina-
tion from pathogenic bacteria. Amidst all this, nanocomposites have gained wide interests owing to their promising applica-
tion as photocatalysts and antibacterial agents. In the present study, hybrid Ag/SWCNT/PPy (Silver nanoparticles/Single-
walled carbon nanotubes/Polypyrrole) based ternary nanocomposites were synthesized by applying facile and cost-effective 
one-pot synthesis approach. The morphological studies (SEM and TEM) revealed that the synthesized ternary nanocomposite 
possesses a core–shell type of structure where spherical Ag NPs anchored SWCNTs act as core and PPy formed a shell over 
it. The composites were also characterized by FTIR, XRD and UV. Ag/SWCNT/PPy was used as an efficient photocatalyst 
for degrading toxic organic dyes like RB (rose bengal) and MB (methylene blue). It showed high degradation rates of 91% 
and 89.3% against RB and MB dyes respectively within 100 min. of UV irradiation time. Owing to the synergistic effect of 
Ag NPs, SWCNTs and PPy, the synthesized ternary nanocomposite also inhibited the growth and multiplication of tested 
bacteria such as S. aureus, B. cereus, E. coli and P. aeruginosa completely within 24 h. Overall, Ag/SWCNT/PPy possesses a 
superior potential than Ag NPs and Ag/SWCNTs for their use in the development of photocatalysts and anti-bacterial agents, 
thereby paving a way for the treatment of wastewater and bio-remediation in near future.
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Introduction

Human population is rising exponentially and along with 
that its ever-rising demands for pure drinking water, disease-
free environment and sustainable energy are challenging 
the researchers throughout the globe. The potential threat to 
world health today comes from disease-causing pathogens 
and toxic chemical effluents from industries that badly con-
taminate water, food and air. These pathogens are treated 
with antibiotics but with the passage of time, they undergo 
genetic modifications to develop resistance against a maxi-
mum number of antibiotics (Kümmerer 2009). On the other 
hand, the presence of harmful organic dyes in wastewater 

discharged by textile and photographic industries are among 
the major contributors to water pollution (Vajnhandl and 
Valh 2014). Therefore, the removal of these harmful dyes 
and pathogenic bacteria from our surroundings becomes 
the utmost priority for the survival of mankind. Till date, 
various metals as well as metal oxide-based nanocomposites 
have been employed effectively to tackle these issues (Franci 
et al. 2015; Zhang et al. 2013; Shaa et al. 2016; Sharma et al. 
2018; Chahal et al. 2019; Tang et al. 2013), however, the 
complete eradication of this problem still remains a distant 
dream.

The nanocomposites are materials that provide emerg-
ing and promising research pathways for countering global 
issues related to sustainable energy, pure drinking water, 
flourishing environment etc. They are prepared by incor-
poration of nanosized particles into a standard matrix of 
two or more materials. Initially, each of the nanocomposite 
components has its unique properties but upon addition of 
nanoparticles, they show drastic improvements in mechani-
cal properties (Kumar et  al. 2015; Albdiry and Yousif 
2014), antibacterial performance (Al et al. 2017; Yu et al. 
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2015), catalytic behaviour (Pant et al. 2016; Magdalanea 
et al. 2016), thermal stability (Feng et al. 2011; Chen et al. 
2012), energy storage (Xie et al. 2017; Yang et al. 2015; 
Suresh et al. 2019) etc. While designing a suitable nanocom-
posite, careful control of ingredient properties may lead to 
the synthesis of composites with enhanced photocatalytic, 
biocidal and supercapacitive properties. Recent studies have 
illustrated the use of small-sized AgNPs in nanocompos-
ites as promising antimicrobial (Naz et al. 2019) as well 
as catalytic agents (He et al. 2018) for the degradation of 
harmful dyes. Due to the surface plasmonic resonance 
phenomenon (SPR), AgNPs directs the release of reactive 
oxygen species (ROS). These ROS form a huge number of 
free radicals which possess a powerful bactericidal action 
and degradation capability to degrade the dye molecules 
adsorbed on the surface of nanocomposite into lesser harm-
ful by products. Furthermore, the release of  Ag+ ions from 
AgNPs enters the microbial body and causes irreversible 
damage to protein structure and prevents DNA replication 
(Hecel et al. 2019). The only drawback which AgNPs faces 
today is their tendency to agglomerate into large particles 
(Salmiati et al. 2017), which results in the deterioration of 
their unique properties. To overcome these problems, binary 
or ternary nanocomposites composed of AgNPs have been 
exhaustively studied.

Since their discovery by Iljima in 1991 (Yang et al. 2010), 
Carbon nanotubes have been successfully administered in 
many fields of science and technology like energy storage 

(Wu et al. 2017; Shi et al. 2014), catalysis (Gong et al. 2014; 
Wang et al. 2014), drug delivery (Digge et al. 2005; Dolatab-
adi et al. 2011), biosensing (Balasubramanian and Burghard 
2006; Wang and Musameh 2005) etc. CNTs showed effec-
tiveness in killing bacteria by disrupting their cell mem-
brane. Due to their nano size and high specific surface area, 
CNTs can easily attack bacteria present in the medium and 
then forms Bacteria-CNT aggregate (Fig. 1). After the for-
mation of aggregates with bacterial cell, CNTs damage and 
perturbate inside the cell wall of bacteria to release the bac-
terial cytoplasmic content and cause cell death (Ha et al. 
2001). Kang et al. was first to prove that, SWCNTs show 
strong antibacterial activity against E. coli (Dizaj et al. 
2015). They also reported later that SWCNTs are more 
effective than MWCNTs against  pathogens+. Accordingly, 
the synthesis of various CNT based nanocomposites dem-
onstrates a promising approach for improved antibacterial 
activities (Kang et al. 2007).

Polypyrrole (PPy) is one of the most extensively stud-
ied conducting polymer due to its unique surface properties 
(Dubal et al. 2016; Huang et al. 2015; Wan and Li 2016; 
Bideau et al. 2016). Generally, conducting polymers (CPs) 
are a class of organic compounds that conduct electric-
ity by virtue of their long π-conjugated chains. They are 
polycationic in terms of charge present on the surface and 
shows exceptional electrical and chemical properties. Apart 
from their applications in energy storage devices, they 
can also be used in bacterial resistance due to their highly 

Fig. 1  Antibacterial activity mechanism of different nanomaterials incorporated in Ag/SWCNT/PPy
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charged surface (Maruthapandi et al. 2019; Salahuddin et al. 
2017; Cabuk et al. 2014). This charged surface develops 
electrostatic interaction with oppositely charged bacterial 
extracellular organelles and finally promotes bacterial cell 
death. Considering their good microcidal effects, one could 
enhance the bacterial resistance of CPs by improving their 
surface potential. Polypyrrole is one such conducting pol-
ymer that can withstand all these expectations. It is also 
easy to synthesize and exhibits improved charge storage and 
mechanical strength when fabricated with carbon nanoma-
terials (Sasso et al. 2010; Kang et al. 2019).

There are many research studies devoted to the synthe-
sis of different binary or ternary nanocomposites based on 
AgNPs (Masumeh et al. 2016; Jia et al. 2014), SWCNTs 
(Abdi et al. 2017; Rajendran et al. 2014) and PPy (Amirul 
et al. 2018; Duan et al. 2016). But to the best of our knowl-
edge, there is minimal work available in literature which 
is solely focused on synthesizing a ternary nanocompos-
ite based on these three nanomaterials for multifunctional 
activities. Consolidation of different nanomaterials together 
to form ternary nanocomposite of Ag/SWCNT/PPy would 
synergies the antibacterial and photocatalytic effects, and 
minimize the ill effects of these nanomaterials. In the present 
study, Ag/SWCNT/PPy based ternary nanocomposite was 
synthesized and its potential use in the fields of wastewater 
remediation and bacterial removal were explored.

Materials and methods

Chemicals and reagents

For synthesizing ternary nanocomposite, SWCNTs (OD 
1–2 nm and average length 3–8 µm) were obtained from 
Nanoshel (USA). Analytical grade silver nitrate  (AgNO3, 
99%), Hydrazine hydrate  (N2H4, 80%), sodium dodecyl sul-
fate (SDS, 99%), absolute ethanol  (C2H5OH), Hydrochloric 
acid (HCl) and pyrrole monomer  (C4H5N, 98%) were pur-
chased from Merck and were used as received.

Microorganisms

Bacterial strains were procured from MTCC (Microbial Type 
Culture Collection) Chandigarh, India. Two Gram-positive 
bacteria; Staphylococcus aureus (MTCC 11,949) and Bacil-
lus cereus (MTCC 1272) and two Gram-negative bacteria; 
Escherichia coli (MTCC 9721), Pseudomonas aeruginosa 
(MTCC 3542) were used in the present study. Tetracycline was 
used as a positive control whereas ethanol which was preferred 
for dispersing the nanocomposites served as a negative control.

Synthesis of silver nanoparticles

As shown in Fig. 2, Ag NPs were synthesized via chemical 
reduction method using silver nitrate as a metal precursor. 
Initially, a solution of  AgNO3 (2.8 g, 16.48 mmol) was pre-
pared in (100 mL) ethanol. Then, 1.5 g of sodium dodecyl 
sulfate were added to the solution to prevent agglomerations. 
After that, it was ultrasonicated for 60 min and simultaneously 
stirred at the rate of 1000 rpm for 12 h. Dropwise addition of 
hydrazine hydrate (2 mL) was carried out. During the addi-
tional time, change in color from black to grey indicated the 
formation of silver nanoparticles inside the beaker. The result-
ing precipitates were centrifuged and washed several times 
with distilled water to get rid of residual surfactant completely 
from the solution. Finally, silver nanoparticles were obtained 
by drying the above mixture overnight at 50 ºC in oven.

The probable stepwise chemical reactions occurring during 
the formation of silver nanoparticles are as follow:

(1)AgNO3 ⇌ Ag+ + NO
−

3
,

(2)Ag+ + anionic surfactant → n
[

surfactant−
(

Ag+
)]

,

(3)Ag+ + N2H4(Hydrazine hydrate) → Ag
(

N2H4

)+
,

Fig. 2  Synthesis of Ag NPs via facile chemical reduction method
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Fabrication of Ag/SWCNT/PPy nanocomposite

As demonstrated in Fig. 3, 0.36 g of activated SWCNTs were 
dispersed in 100 mL ethanol and sonicated by a probe soni-
cator for 60 min. Then 0.15 g of the above prepared Ag NPs 
were added to this solution. The resulting mixture was again 
sonicated for another 80 min. with simultaneous magnetic 
stirring for 08 h. The sonicated solution was then centri-
fuged and the precipitates were oven-dried at temperatures 
not exceeding 100 ºC to obtain Ag/SWCNT nanocomposite.

In a buerette, 0.3 g (4.47 mmol) of pyrrole was dissolved 
in 50 mL of 1 M HCl. To prevent side reactions of pyrrole, 
the temperature of the solution was maintained below 4 ºC 
while adding pyrrole monomer. Now the appropriate amount 
of above-prepared binary composite (60% w/w of pyrrole) 
was dispersed in ethanol in a separate beaker. Then pyr-
role solution was added dropwise to the binary composite 
through buerette. The resultant mixture was magnetically 
stirred for 60 min. and then kept untouched for 24 h. for 
complete oxidation of pyrrole. Thenceforth, the precipitates 
were collected and washed properly with distilled water 3–4 
times, later oven dried at 50 ºC to obtain Ag/SWCNT/PPy 
based ternary nanocomposite.

Antibacterial activity assay

The antibacterial activity of the synthesized nanocomposite 
was evaluated against selected Gram-positive and Gram-
negative bacterial strains using agar well diffusion method 

(4)Ag
(

N2H4

)+
+ N2H4 → Ag0 + N2(gas) + NH3 + NH+

4
, (Kaushik et al. 2019). The activity was assessed in terms 

of size of diameter in the zone of inhibition and minimum 
inhibitory concentration (MIC) which was calculated using 
the broth dilution method.

Minimum inhibitory concentration measurements

MIC of the prepared nanocomposites against selected gram-
positive and gram-negative bacterial strains was calculated 
using a previously reported Broth dilution method (Fig. 4). 
Briefly, 2 mL aliquots of sterile Mueller Hinton broth were 
taken in sterile tubes. Then, 2 mL of nanocomposite sus-
pension (25 mg/mL) was added in the first tube, followed 
by diluting 2X times in each tube. Subsequently, 100 µL of 
bacterial culture was inoculated in each tube and incubated 
at 37 ºC for 24 h. The lowest nanocomposite concentration 
that gave no visible bacterial growth after 24 h. was recorded 
as MIC value for that particular composite.

Photo‑catalytic activities assays

RB and MB dyes were selected to compare the photocata-
lytic degradation potential of synthesized Ag/SWCNT/PPy 
based ternary nanocomposite with its Ag/SWCNT based 
binary precursor. The degradation experiments were per-
formed under two UV irradiated dark chambers, each fitted 
with single UV light bulb (300 W/bulb with λ = 365 nm). 
Each composite was analyzed against both the dyes on one 
particular day. The average temperature during the experi-
ment was found to be around 24 ºC. Every day, before 
starting the experiment, 0.07 g of the synthesized pho-
tocatalyst was added separately to two beakers carrying 

Fig. 3  Schematic diagram of steps involved in the synthesis of Ag/SWCNT/PPy based ternary nanocomposites
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70 mL solution of 10 ppm RB and MB dyes respectively. 
The mixtures were first stirred constantly at 1200 rpm 
for 60 min in complete darkness to ensure in-situ adsorp-
tion–desorption equilibrium between dye molecule and 
catalyst surface. After equilibrium attainment, the beakers 
were placed over continuous magnetic stirring for 100 min 
inside different UV irradiated chambers. A small amount 
of aliquot was collected at a gap of every 20 min from 
the beakers. These extracted aliquots were centrifuged 
at 4000 rpm for 5 min to obtain clean supernatant. The 
absorption spectrum of the supernatant was then analyzed 
periodically using UV–vis spectrophotometer for leftover 
dye concentration.

The degradation efficiency and half-life time (Chahal 
et al. 2020) of above-mentioned dyes was calculated using 
the following formulae:

where C0 represents the initial concentration of dyes 
after equilibrium, Ct represents the concentration after 
periodic degradation of dyes and t1/2 represents half life 
time i.e. time taken to degrade the dye up to half of its 
initial concentration.

(5)Degradation efficiency (%) =
C0 − C

t

C0

,

(6)
lnC

C0

= kt,

(7)t1∕2 = ln 2∕k,

Results and discussion

FTIR spectra

This qualitative technique was performed on NICOLET 
5700-Fourier Transform Infrared (FTIR) spectrometer 
using KBr method. As depicted in Fig. 5, both the spec-
tra represent almost similar broad absorption band in 
the range 3600–3200 cm−1 due to the presence of O–H, 
C–H/N–H groups within the composites. Appearance of 
the striking peak at 2920 cm−1 (due to C–H stretchings), 
1020 cm−1 (due to C–O stretchings) and noticeable bumps 

Fig. 4  Schematic diagram of Broth dilution method

Fig. 5  IR data of Ag/SWCNT and Ag/SWCNT/PPy based nanocom-
posites
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in the range 2400–2320 cm−1 persuades that both compos-
ites contain acid-treated SWCNTs as one of their compo-
nents. Interestingly, the appearance of the low shoulder 
near 1700–1620 cm−1 (due to C = C bond stretchings) in 
the spectra of Ag/SWCNT got intensified on the addition of 
PPy which further introduced strong intra-chain C = N/C = C 
stretching vibrations within Ag/SWCNT/PPy nanocom-
posite. Moreover, the appearance of prominent peaks at 
2850 cm−1 (due to N–H stretchings), 1384 cm−1 (corre-
spond to N–H stretching vibrations of aromatic amines) and 
1640 cm−1 strongly advocates for the presence of covalently 
bonded nitrogen in highly interconnected core of carbon 
chains.

X‑ray diffraction analysis

The X-ray diffraction (XRD) was performed by Rigaku 
X-Ray Diffractometer using CuKα X-ray source 
(λ = 1.5406 Å). The XRD patterns of pure Ag NPs, Ag/
SWCNT and Ag/SWCNT/PPy are shown in Fig. 6. The 
high intensity and sharp nature of peaks implied that all the 
synthesized composites were highly crystalline in nature. 
Peaks located at 2θ = 38.2º, 44.4º, 64.5º and 77.5º corre-
sponds to the face-centered cubic (FCC) structure of Ag 
NPs. All these peaks are associated with (111) (200) (220) 
and (311) crystallographic planes of Ag NPs respectively. 
This observed data is in complete agreement with JCPDS 
[card no. 03-0931]. A broad peak observed at 26.2º in Ag/
SWCNT composite corresponds to (002) plane of graphitic 
carbon. Apart from the peaks of Ag NPs and CNTs (as dis-
cussed above), a slight hump in the curves of Ag/SWCNT/
PPy composite from baseline up to 20º was observed due 
to amorphous structure of polypyrrole pointing towards 
the homogeneous dispersion of PPy on CNT surface. No 

obvious diffraction peaks for CNTs are observed in the ter-
nary nanocomposite because the regular carbon stack of 
these nanomaterials is damaged due to interaction of PPy 
with CNTs. It is also evident from Fig. 6, that upon intro-
duction of CNT or PPy, all the peaks for Ag NPs showed a 
minor shift in their diffraction angles, which finally induce 
variation in interplanar spacing (d). Crystallite size (D) was 
calculated using Scherrer’s equation: D = kλ/βcos θ for both 
composites (tabulated in Table 1). The average crystallite 
size was found 37 nm, 35 nm and 32 nm for Ag NPs, Ag/
SWCNT, Ag/SWCNT/PPy respectively when calculated 
using Scherrer’s equation on Ag (111) peak. This variation 
in average crystallite size can be attributed to the stepwise 
addition of different carbon nanomaterials during the syn-
thesis of binary and ternary composites.

Microstructural analysis

To further justify the synthesis and anchoring of Ag NPs on 
SWCNTs within PPy shell, scanning electron microscopy 
(SEM) and Transmission electron microscopy (TEM) were 
performed using Carl Zeiss NTS Ltd. (PHI 5000 Versa Probe 
II FEI Inc.) and Thermoscientific-Talos TEM respectively. 
Figure 7, depicts the fine attachment of a large number of 
Ag NPs on the surface of SWCNTs. These anchored nan-
oparticles are smaller in size and possess quasi-spherical 
shapes. Also, TEM images elucidate that Ag NPs showed 
slight morphological changes in Ag/SWCNT composites 
(Fig. 8), the silver nanoparticles turned nearly elliptical in 
shape due to the presence of infinite nucleation sites within 
amorphous layers of SWCNTs. Interestingly, both the 
microscopic studies collectively revealed the formation of a 
core–shell type of structures upon the incorporation of PPy. 
This core–shell kind of interaction between SWCNTs and 
PPy could be attributed to the formation of charge-transfer 
complex between them, where SWCNTs acts as electron-
acceptor core and PPy plays the role of electron-donor shell.

Furthermore, the particle size and morphology of pure 
Ag NPs and Ag/SWCNT based binary nanocomposite were 
analyzed by TEM. The average particle size evaluated from 
these images lies near 37 nm for pure Ag NPs and between 
34 and 36 nm for Ag/SWCNTs. Also, the particle size dis-
tribution histograms (inset of Fig. 8a, b) show that the size 

Fig. 6  XRD patterns of pure Ag NPs, Ag/SWCNT and Ag/SWCNT/
PPy nanocomposites

Table 1  Various parameters calculated from XRD data of synthesized 
binary nanocomposites

For (111) plane of Ag 
Nanoparticles

2 θ (observed) d (in nm) D (in nm)

Pure Ag NPs 38.1007 2.361 37.042
SWCNT-Ag 38.1122 2.358 35.612
SWCNT-Ag-PPy 38.8438 2.376 32.478
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distribution of Ag NPs lies in a quite narrow range. This 
aggregation of particles within such a short size range indi-
cates that the synthesized particles are nanocrystalline in 
nature. All these results are in corroboration with the val-
ues obtained from XRD analysis. It can be clearly observed 
from Table 1, that the crystal growth remained almost con-
sistent as we move from pure Ag NPs to Ag/SWCNT/PPy 
composites, however, the morphology of anchored Ag NPs 
manifested a change from spherical to nearly elliptical. This 
predomination of small-sized nanoparticles within both the 
composites may enhance their photocatalytic as well as anti-
bacterial properties.

Antibacterial investigation of Ag/SWCNT/PPy

The antibacterial activity of synthesized nanocomposite was 
evaluated against selected bacterial strains through agar well 
diffusion assay (Fig. 10). It was observed that Ag/SWCNT/
PPy nanocomposite was highly effective against B. cereus 

with 19 mm diameter of zone of inhibition (ZOI) followed 
by E. coli with 18 mm ZOI (Fig. 9). However, least activ-
ity was depicted against methicillin-resistant S. aureus for 
obvious reasons. This enhancement in antibacterial poten-
tial of Ag/SWCNT/PPy composite could be attributed to the 
synergistic effect of all the three components. As depicted in 
Fig. 9, pure Ag NPs alone possess an appreciable amount of 
activity against both gram-positive and gram-negative bacte-
rial strains. As Ag NPs approach the bacterial cell, they gen-
erate reactive oxygen species via SPR phenomenon (Liang 
et al. 2018). These ROS are generally free radicals with pow-
erful antibacterial action. Further, these free radicals along 
with  Ag+ ions from Ag NPs bind with thiol groups present 
in enzymes and proteins to create huge disturbance in cel-
lular functionalities. Such disturbances cause irreparable 
damages to DNA replication ability of bacteria and finally 
leads to bacterial cell death (Ahn et al. 2014). Moreover, the 
small size of these Ag NPs helps them to easily cross the 
intercellular membrane of pathogenic bacteria. On the other 

Fig. 7  FESEM images of a 
pure Ag NPs, b Growth of Ag 
NPs in their respective planes, 
c core–shell structure of Ag/
SWCNT/PPy based ternary 
nanocomposite
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hand, the presence of SWCNT and PPy synergistically pro-
vide a huge surface for facile attack followed by elimination 
of bacteria present inside the medium. Due to their hollow 
structure and sharp edges, SWCNT traps the bacteria inside 
and form Bacteria-CNT aggregates. After the formation of 
these aggregates, SWCNTs produce a significant amount 
of stress on trapped bacterial body which leads to ruptur-
ing of cell membranes and causing the bacterial death due 
to leakage of cytoplasmic content. In case of Ag/SWCNT 
composite, the Bacteria-CNT aggregate formation also pro-
vides ample time for Ag NPs attached on SWCNTs to attack 
and disintegrate the bacterial membranes. As represented in 
Fig. 9, upon the incorporation of PPy, a significant increase 
in antibacterial activity of nanocomposite was observed. The 
ZOI diameter values increased by 4 mm in P. aeruginosa 
and E. coli on treatment with Ag/SWCNT/PPy (Fig. 10). 
This increased antibacterial activity of ternary nanocom-
posite could be attributed to good dispersion of Ag NPs on 
the CNTs surface that supported the synergistic action of 
SWCNTs, Ag NPs and polycationic surface of the conduct-
ing polymer. The charged surface of polypyrrole develops 
electrostatic interactions with oppositely charged bacterial 
extracellular organelles and finally promotes cell death by 
providing enough time for both SWCNTs and Ag NPs to 
attack these electrostatically attracted cell organelles. 

To further validate the obtained results, MIC was cal-
culated using 2X Broth dilution method. From the results 
of this experiment, it was observed that synthesized Ag/
SWCNT/PPy nanocomposite showed least MIC value of 
0.048 mg/mL against both E. coli and B. cereus. However, 
the binary nanocomposite without PPy showed least MIC 
values of 0.195 mg/mL against these two bacterial strains. 
As shown below (Table 2), pure Ag NPs were found to be 
highly effective against P. aeruginosa with MIC value of 
0.390 mg/mL in comparison to other selected bacterial 
strains. Hence, the observed results of MIC values are in 
well corroboration with those obtained from agar well dif-
fusion assay (ZOI) and finally confirms that the synthesized 
ternary nanocomposite showed improved antibacterial activ-
ity by attacking the bacterial intracellular and extracellular 
membranes, leading to disturbances in their cellular func-
tionalities and DNA replications.

Photocatalytic degradation of toxic dyes

Mechanism involved

Before UV irradiation, the dye molecules were allowed to 
adsorb randomly on the surface of the catalyst to establish an 
adsorption–desorption equilibrium between the dye molecules 
and catalyst surface. Now upon irradiation, all the spherical 
Ag NPs already present in the core of Ag/SWCNT/PPy based 
catalyst absorb UV light. By absorbing the photons with energy 

Fig. 8  TEM images of a pure Ag NPs, b, c Ag/SWCNT based binary 
nanocomposite, d covering of Ag/SWCNT core by polypyrrole shell

Fig. 9  Diameter of zone of inhibition of Ag NPs, Ag/SWCNT, Ag/
SWCNT/PPy nanocomposite against different gram-positive and 
gram-negative bacterial strains
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higher than the value of band gap, an electron–hole pair is gen-
erated within the catalyst, thus rendering the photovoltaic effect 
(Wang et al. 2018a). The absorbed photons directly lead to exci-
tation of valence electrons present in 4 d band to 5 sp band 
(blue lines in Fig. 11) and other higher energy states through 
SPR phenomenon (Chen et al. 2010). These photoexcited elec-
trons are then trapped and transported within highly intercon-
nected channels of carbon nanotubes and polypyrrole, leaving 
behind holes  (h+) at their respective sites. The trapped electrons 
can further facilitate the holes created after photo-excitations to 
be swept away in semiconductor channels (Wang et al. 2018b), 
where they show greater affinity for accepting electrons from 
dissolved  O2 and  H2O molecules. As shown in Fig. 12, these 
interactions further result into the generation of highly unstable 

Reactive Oxygen Species (ROS) that attack and break down the 
dye molecules adsorbed on huge surface of ternary nanocom-
posite into carbon dioxide and water (Eq. 14). 

This proposed mechanism for dye degradation can be 
understood by the following equations:

1. Initial adsorption–desorption equilibrium 
set up

(where ternary composite represents Ag/SWCNT/PPy 
based photocatalyst).

(8)
Dye molecules + ternary composite ↔ Dye molecules∕ternary comp.

Fig. 10  Antibacterial activity of 
Ag/SWCNT/PPy based ternary 
nanocomposite showing zone of 
inhibition against. a Escherichia 
coli, b Pseudomonas aerugi-
nosa, c Bacillus cereus and d 
Staphylococcus aureus 

Table 2  MIC (Minimum 
Inhibitory Concentration) values 
of synthesized nanocomposites 
against different bacterial strains

S. no Bacterial strains CNT/Ag/Ppy Nano-
composites

CNT/Ag Nanocom-
posites

AgNPs

1 E. coli (MTCC 9721) 0.048 0.195 0.781
2 P. aeruginosa (MTCC 3542) 0.097 0.390 0.390
3 S. aureus (MTCC 11,949) 0.390 0.390 1.562
4 B. cereus (MTCC 1272) 0.048 0.195 0.781
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2. Absorption of photons by photocatalyst

3. Generation of ROS (Reactive Oxygen 
Species)

(9)

Ag − SWCNT − PPy∕Dye molecules + hv

→ (Ag − SWCNT − PPy∕Dye)+ + e
−.

(10)O2 + e
−
→ O.−

2
(superoxide radical),

(11)O.−
2
+ H+

→ HOO. (perhydroxyl radical),

(12)OH− + holes
(

h+
)

→ OH. (hydroxyl radical),

4. Degradation step

Figure 13a, b represents the UV absorption spectrum for 
degradation of RB dye using Ag/SWCNT and Ag/SWCNT/
PPy based nanocomposites as photocatalysts. The absorp-
tion peak for RB appeared at 550 nm and then shifted to 
the lower side with extension in UV exposure time. This 
gradual decrease in intensity of the absorption peak upon 
UV irradiation proves that the dye is being degraded by the 

(13)OH. + OH.
→ H2O2 (peroxide).

(14)

ROS
(

O.−
2
, OH., H2O2

)

+ adsorbed dye molecules

→ H2O + CO2 + degraded dye

Fig. 11  Schematic energy dia-
gram of Ag NPs present inside 
the core of photocatalyst

Fig. 12  Proposed photocatalytic mechanism for degradation of toxic dyes
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catalyst with the passage of time. As demonstrated, the per-
centage degradation for Ag/SWCNT was 79.8%, whereas 
Ag/SWCNT/PPy composite degraded the RB dye up to 91%. 
A plot of − ln (C/C0) with UV illumination time was plotted 
to find out the rate constant k, these values of k were further 
utilized for the estimation of half-life time. The values of the 
linear correlation coefficient (R2) were also found very close 
to unity. All this data is presented in Table 3 and is sufficient 
to prove that the degradation process followed pseudo first-
order kinetics equation.

To further support the obtained results, careful experi-
ments were performed with MB dye (Fig. 14). The charac-
teristic absorption peak at 650 nm was considered for exam-
ining the degradation potential of the synthesized catalysts. 
These peaks also accompanied a descending pattern with 
UV exposure time. After observing the final results, it can 
be concluded that again Ag/SWCNT/PPy dominated over 
binary composite and degraded MB dye by 89.3% within 
100  min of UV irradiation. This comparatively better 

degradation capability in case of ternary nanocomposite 
with both the dyes can be attributed to several structure 
and interaction related factors. In comparison to its binary 
counterpart, Ag/SWCNT/PPy has a huge surface that pro-
vides ample opportunity for dye molecules to adsorb over 
it. More the number of adsorbed molecules then greater are 
the chances of their reaction with free radical species. The 
symmetric as well as strong superficial interaction of Ag 
NPs with CNTs and PPy escalates the smooth generation of 
ROS via SPR phenomenon. Besides all these, Ag/SWCNT/
PPy also showed highly reinforced charge transfer through 
its interconnected carbon channels that led to increment in 
electron–hole recombination time. As shown in Table 3, 
the rate constant k and R2 for RB and MB dyes were also 
evaluated after linear fittings of the plot between −lnc∕c0 
and degradation time and it yet again established that all the 
dye degradation processes performed here followed pseudo 
first-order kinetics as R2 values lie between 0.95 and 1.

Effect of temperature

Based on the hypothesis; increase in temperature leads to 
an increase in kinetic energy of the molecules which fur-
ther enhances their collisions with the catalyst surface. If 
the catalyst surface is very active so numerous free radicals 
will be present in the moiety surrounding the photocata-
lyst, so fast degradation of the dye molecules will take place 
(Barakat et al. 2013). However, contrary to it, increase in 

Fig. 13  Absorbance of RB 
dye with a Ag/SWCNT, b Ag/
SWCNT/PPy at different time 
intervals, c C/Co versus degra-
dation time for different nano-
composites under study for RB 
dye, d experimental and linearly 
fitted plots of − ln(C/C0) with 
UV illumination time

Table 3  Parameters calculated from photodegradation of RB and MB 
dyes using both the synthesized binary and ternary nanocomposites

Samples Rose Bengal Methylene blue

K  (min−1) R2 K  (min−1) R2

Ag/SWCNT 0.0159 0.989 0.0218 0.983
Ag/SWCNT/PPy 0.0230 0.995 0.0134 0.992
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temperature also enhances electron–hole recombination and 
desorption process of the adsorbed dye molecules, resulting 
in poor photodegradation ability of the catalyst (Saravanan 
et al. 2017).

Figure 15, displays the photodegradation of rose bengal 
dye using Ag/SWCNT/PPy based photocatalyst at differ-
ent temperatures. The photocatalyst has a distinct perfor-
mance at temperatures above 25 °C. The catalyst degraded 
almost 56% of the dye within first 40 min. of its inception at 
higher temperatures, but as the reaction proceeded, a gradual 

decrease in the degradation tendency was observed and it 
ended up with 72% and 64% degradation of the dye at 35 °C 
and 45 °C, respectively. Overall, maximum degradation rates 
were obtained at 25 °C, as the catalyst degraded 91% of 
rose bengal dye within 100 min. of UV irradiation time. 
These obtained results can be explained by aforementioned 
hypothesis that, the photodegradation of dyes cannot be 
mathematically correlated with the reaction temperatures as 
it is mainly based on electrons transfer process and amount 
of dye adsorption on the surface of photocatalyst. Therefore, 
increase in temperature influences the rate of degradation 
only up to a limited temperature range (25–30 °C in the case 
of Ag/CNT/PPy) by modifying the activation energy and 
collision frequency. But after this optimum range, further 
increase collectively affects the electron–hole recombination 
lifetime and desorption of dye molecules from the active 
surface of the catalyst that finally leads to lower degrada-
tion rates.

Conclusion

Hybrid Ag/SWCNT/PPy based multifunctional ternary 
nanocomposite was synthesized via facile one-pot syn-
thesis approach. The morphological studies revealed good 
affinity among the synthesized nanocomposite, where Ag/
SWCNT appeared as core, shelled by PPy. Compared to 

Fig. 14  Absorbance of MB dye 
with a SWCNT/Ag, b SWCNT/
Ag/PPy at different time inter-
vals, c C/Co versus degradation 
time for different nanocompos-
ites under study for RB dye, d 
experimental and linearly fitted 
plots of − ln(C/C0) with UV 
illumination time

Fig. 15  Photodegradation of rose bengal dye using Ag/CNT/PPy 
based photocatalyst at different temperature conditions
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pure Ag NPs and SWCNT/Ag, the synthesized ternary 
nanocomposite with an optimal ratio of SWCNT to Ag 
NPs is much more effective and shows synergistically 
enhanced, strong antibacterial activities at rather low dose 
(0.048 mg/mL). The diameter of ZOI and MIC values fur-
ther confirmed that Ag/SWCNT/PPy exhibit more toxicity 
against E. coli than that to S. aureus. Interestingly, the ter-
nary nanocomposite also decolorized harmful organic dyes 
like RB and MB by 91% and 89.3%, respectively within 
100 min. of UV irradiation time. These findings suggest 
that the synthesis of Ag/SWCNT/PPy based ternary nano-
composite can not only photo-catalytically degrade toxic 
or harmful organic dyes but also proved efficient against 
both Gram-positive and Gram-negative bacteria. Hence, 
this new pathway for exploiting CNT-based ternary nano-
composites could ultimately advance logical fabrication 
techniques of carbon nanotubes not only for artificial 
photosynthesis or biocidal effects but also for numerous 
unknown prospective related to these “future materials”.
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