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is of a green tea stabilized PPy/
SWCNT/CdS nanocomposite and its substantial
applications, photocatalytic degradation and
rheological behavior†

Yashfeen Khan, a Anees Ahmad,*a Nafees Ahmad,a Faraz Rasheed Mirb

and Gerhard Schoriesb

A green tea leaf-derived cadmium sulfide quantum dot-based system containing different weight

percentages of single-walled carbon nanotubes (SWCNTs) and polypyrrole, named PSC, was designed

via a green method. The photocatalytic degradation of Ponceau BS dye (lmax 505 nm) in the presence of

PSC was measured. PSC with the highest weight percentage of SWCNTs (7-PSC) showed maximum

photocatalytic activity, with 94.6% dye degradation in 55 minutes of irradiation time. This significant

enhancement was due to the synergism in the intrinsic properties of the parent components. Alongside

this, the rheological behavior of the prepared nanomaterial PSC was examined at constant (100 s�1) and

varying shear rate from 0 to 500 s�1 at a fixed temperature of 25 �C for a specified volume percentage

of 0.1% using Castrol class: 15W-40 engine oil as a base fluid. The objective of lowering the viscosity of

engine oil by 98.9% (initial: 0.221000 Pa s, final: 0.0022 Pa s.) was achieved by chartering/mixing the

prepared PSC nanomaterial into the engine oil. A comparative study of the experimental and simulation

outputs implied the high precision of themodeling via a neural network with minute 0.373 average % errors.
Introduction

In line with current estimates, more than 1 billion people
globally do not have access to the most basic amenities of life:
clean water to drink, pure air to inhale, and fertile soil to
cultivate. The rapid development of economic and industrial
technologies has given rise to environmental catastrophes and
energy shortages. Due to this, there is the forecast of major
health misfortunes and even the death of approximately 14 000
people per day.1 A deal was made in the Paris climate agreement
signed in 2017 to control the global warming temperature to
1.5 �C between 2030 and 2050.2 According to the Nature Climate
Change Report, the race against time to alleviate climatic
changes has begun. To date, countless efforts have been taken
to clean the environment and control global warming.2,3 One
idea to achieve this is to use nanomaterials that are activated by
sunlight and ultraviolet rays, called photocatalysts. Just
recently, Saeed et al. designed an Ag-coated alumina
ces, Aligarh Muslim University, Aligarh,

n101@myamu.ac.in; aneesahmadchem@

Tel: +91 9568767909

edeich 12, 27576 Bremerhaven, Germany.

sheedmir@ttz-bremerhaven.de; Tel: +49

tion (ESI) available. See DOI:

–1645
nanomaterial, where the deposition of Ag on Al2O3 increased
the photocatalytic degradation of methylene blue from 35 to
95%.4 Saeed et al. also synthesized a CoFe2O4 nanomaterial
using green route and investigated it in the catalytic degrada-
tion of organic dyes in aqueous medium.5 Table S1† gives an
account of some more recently published works on the photo-
catalytic degradation of organic dyes by nanomaterials.
However, such materials are unfortunately sensitive towards
only ultraviolet light due to their large band gaps (ca. 3.2 eV for
TiO2 anatase and 3.0 eV for rutile), which makes up only 3–4%
of solar radiation.6,7 Therefore, it is paramount to develop some
new photocatalytic materials that have excellent response to
visible light.

Cadmium sulde quantum dots (CdS QDs) are visible light-
propelling photocatalysts that have a band gap of 2.42 eV. These
can be synthesized via several physical, chemical and biological
methods.8–10 However, CdS QDs prepared by conventional
methods are intricate and expensive, involve the use of
hazardous chemicals, have slow degradation rates and require
multiple preparatory steps.11 It has been noted that the photo-
catalytic activity and stability of CdS can be improved using
mesoporous silica and alumina,12–16 but these inorganic
compounds (used as the matrix) obstruct the path of light from
reaching the CdS QDs. Thus, poor quantum efficiency of CdS as
a photocatalyst remains a problem. Other problems associated
with current CdS photocatalysts, such as a wide energy band
This journal is © The Royal Society of Chemistry 2020
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gap, considerably-low utilization efficiency of visible light from
solar energy and the high recombination rate of photogenerated
e� and h+ pairs severely limit their practical application.
Therefore, the need to develop next-generation CdS-based
photocatalysts with high visible-light efficiency, low cost, and
excellent stability has become imperative.

Since the development of an environmentally benign
method for the preparation of nanoparticles is the need of the
hour, biological systems (bacteria, fungi, algae and plant
extracts) have been reported as remarkable ampliers. Green
tea leaf extract solely originating from Camellia sinensis
contains polyphenols, amino acids, caffeine, vitamins, minerals
and antioxidants. It is contemplated that these chemical
constituents of C. sinensis are benecial for the preparation of
CdS QDs via a biogenic route using green tea extract-based
surfactants. Green tea leaf extract acts as a natural surfactant,
contributing to homogeneity through the slow rate of its
chemical reactions, acting as a stabilizing agent to control the
particle size of CdS QDs.17 Such CdS QDs exhibit advantages
over chemically synthesized CdS QDs, such as lower toxicity,
outstanding quantum capture, high luminescence emission,
biodegradability, cost-effectiveness and biocompatibility. One
of the biggest advantages of a biogenic route is that organic
biomolecules from plant extracts act as stabilizing agents,
inuencing the particle size of CdS QDs.18 Green tea is reported
to have very good anti-oxidant properties, due to it containing
organic water-soluble polyphenols – catechins. There are four
different types of catechins present in green tea; (�)-epicatechin
(EC), (�)-epicatechin-3-gallate (ECG), (�)-epigallocatechin
(EGC), and (�)-epigallocatechin-3-gallate (EGCG).19 Among all
the catechins present in green tea, studies have revealed that
EGCG has the strongest activity.20 This main component, EGCG
reacts voluntarily with reactive oxygen species (ROS),21 and thus,
it has been found to disperse SWCNTs in water/non-water
media as it can easily donate an electron or hydrogen atom.
The combination of SWCNTs with EGCG shows stronger anti-
oxidant properties towards ROS. Therefore, it is clear that
green tea aids the proper dispersion of SWCNTs.19,22

Recently, carbon nanotubes (CNTs) have gained signicant
attention in the synthesis of nanocomposites with semi-
conductors.23–26 A literature survey shows that CNTs have three
major features. First, they act as an oxidizing agent that induces
efficient charge transfer and slows the charge recombination.
Second, they act as a photosensitizer that expands the range of
the photocatalyst for visible light absorption and increases the
use of visible light efficiency. Moreover, the presence of CNTs
also hampers the photocorrosion of CdS QDs.15,27

On the contrary, polypyrrole (PPy), is a well-explored con-
ducting polymer that has many applications due to its easy
synthesis, high electrical conductivity, excellent electrochemical
activity, strong binding or tethering sites for sequential reac-
tions, and high stability. PPy-based nanocomposite materials
have been successfully developed for application in the eld of
wastewater treatment, such as PPy–TiO2,28 AgCl/PPy,29 and
PPy/Bi2O2CO3.30

Another problematic area is soil contamination by engine
oils coming out of vehicle servicing center areas, where the
This journal is © The Royal Society of Chemistry 2020
quality of soil degrades due to the continuous accumulation of
frittered engine oil at and around these sites. Therefore, less use
of hydrocarbon contaminants that subsequently pollute the
environment, i.e. frittered engine oil, has become necessary.31

Lowering the viscosity of engine oils is of signicant concern;
low viscosity oil pulls less power from engines, decreases fric-
tional drag and sludge formation, cuts fuel consumption, and
ultimately, lowers the emissions of CO2, NOx, and other
greenhouse gases in the environment. Extensive rheological
investigations have been carried out on carbon nanotubes.
Table S2† gives a summary of the current literature reported in
this eld. Although plenty of work has been reported on the
preparation, characterization, and applications of binary
nanocomposites with PPy, CNTs, and CdS as parent
compounds, there has been no focus on exploring the biogenic/
green preparation, characterization and applications of ternary
nanocomposite materials that combine the above parent
compounds together and their signicance in terms of photo-
catalytic degradation and rheology investigation.

Herein, we employed a biogenic/green route to synthesize
CdS QDs using Camellia sinensis and fabricated SWCNTs with
these CdS in a PPy matrix to form ternary nanocomposites,
namely 1-PSC, 5-PSC, and 7-PSC, with varying wt% of SWCNTs.
The prepared nanocomposites were fully characterized and the
photodegradation efficiency of PPy/CdS, 1-PSC, 5-PSC, and
7- PSC were checked towards PBS dye (lmax 505 nm) in the
presence of visible light irradiation. Maximum degradation was
achieved in the case of the 7-PSC photocatalyst, which was
found to be 94.6% in 55 min of irradiation. Also, by analyzing
the repercussions of using a xed shear rate (100 s�1) and
changing the shear rate (0–500 s�1) on the viscosity index of
engine oil, the viscosity was reportedly found to diminish by
98.9% on incorporating the 7-PSC nanocomposite in Castrol
class: 15W-40, which is a comparatively higher reduction than
in previously reported studies. A new correlation is proposed by
interpreting experimental and theoretical models, with an
average percentage error of 0.373%. The viscosity of the nano-
uid (NF) was found to decrease remarkably when the shear rate
was varied up to 25 s�1, attributed to the shear-thinning
behavior of the NF, while at a shear rate of >25 s�1 it man-
ifested Newtonian behavior. Thus, the developed nano-
composite, PSC, can be concluded to be a remarkable material
that has the ability to eradicate environmental pollution and
global warming to some extent and, thus, may improve the
living standards of people.

Results and discussion
(i) X-ray diffraction studies (XRD)

Fig. 1A–C displays the XRD patterns of 1-PSC, 5-PSC, and 7-PSC
nanocomposites. In these patterns, the characteristic peaks of
the SWCNTs can be seen at 2q angles of 25.6� and 42.7�, cor-
responding to diffractions from the (002) and (100) planes,
respectively. The presence of CdS QDs was conrmed from the
peaks centered at 26.4�, 43�, and 52�, corresponding to the
(111), (220), and (311) crystal planes, respectively.32–34 A mixture
of broad and minor peaks exhibited in the 2q range of 20–31�
Nanoscale Adv., 2020, 2, 1634–1645 | 1635
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Fig. 1 XRD patterns of 1-PSC (A), 5-PSC (B), and 7-PSC (C).
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proves that the successful impregnation of PPy in the nano-
composite has taken place. The shape and intensity of the peaks
signify that the PPy matrix has reduced the crystallinity and
increased the amorphous nature of the PSC.34,35

The average particle size can be calculated using the Scherrer
equation:

D ¼ 0.9l/b cos q (1)

where D is the crystallite size, b is the full-width at half
maximum (FWHM), q ¼ the Bragg angle, and l is the wave-
length of CuKa.

The average particle size of the PSC nanocomposite was
calculated to be 5.2 nm (Table S3†).
(ii) Morphological studies of the hybrid nanocomposite
using SEM, EDX, and TEM analysis

Fig. 2A–C show the SEMmicrographs of the 1-PSC, 5-PSC, and 7-
PSC nanocomposites at resolutions of 10, 1, and 5 mm, respec-
tively. The gure shows the complete surface interrelation of the
nanomaterial, where threads of SWCNTs appear to be sur-
rounded by spherical-shaped CdS QDs enwrapped in PPy.36,37

The latter shows that the interactions between PPy and the
SWCNTs are more dominant than the van der Waals interac-
tions between the SWCNTs, leading to the formation of bonds
with PPy.36,37 CdS QDs are uniformly bound to the surface of the
SWCNTs, illustrating that the chemical bonding between the
1636 | Nanoscale Adv., 2020, 2, 1634–1645
CdS and SWCNTs would be advantageous for charge transfer,
which is discussed further in a previous paper.32

Fig. 2D and E show 3D energy dispersive X-ray spectroscopy
(EDX) images, giving a complete account of all of the elements
present in the nanocomposite material. Peaks for carbon,
sulfur, nitrogen, and cadmium are observable in the PSC EDX
curve, with Fig. 2D and E, conrming the formation of the
ternary nanocomposite. Fig. 3 shows the transmission electron
microscopy (TEM) micrographs of the PSC nanocomposite at
different magnications, with a nearly uniform distribution of
CdS QDs on the walls and surface of the SWCNTs. A compara-
tive study of the TEM and scanning electron microscopy (SEM)
micrographs concluded that the CdS QDs are tightly stacked on
the surface of the SWCNTs (diameter: 2.3 nm, length: 5 nm) in
a PPy matrix.

(iii) Detection of functional groups by FTIR spectroscopy

Fig. 4 shows the FTIR spectra of the 7-PSC, 5-PSC, 1-PSC, and
SWCNT nanocomposites. The broad absorption band at
3401 cm�1 corresponds to the O–H stretch. The peak at around
1620 and 1550 cm�1 in the SWCNT spectrum correlates with
C]C bond vibration (nanotube structures overlapped by
carbonyl peaks).37,38 The intensity of these two bands is greater
in the nanocomposite samples, indicating the presence of PPy.
There are also peaks at 1452 cm�1 (C–N vibrational stretch),
1314 and 1305 cm�1 (]C–H and C–N in-plane bending),
1173 cm�1 (pyrrole ring vibrations), 1046 cm�1 (C–H or C–N in-
plane deformation), 922 cm�1 (C–H out-of-plane deformation
vibrations of the ring) and 790 cm�1 (C–H out-of-plane ring
deformation).38,39 The weak peaks near 1102, 650, and 605 cm�1

conrm the presence of CdS.34,37 However, with an increase in
the wt% of SWCNTs, a slight blue-shi in the FTIR peaks is
observed. These shis in the peak positionsmay arise due to the
rich synergetic interactions between the SWCNTs, CdS, and
PPy.34,38

(iv) Study of the photocatalysis and kinetics of
photodegradation

The photodegradation activities of PPy/CdS and 1-PSC, 5-PSC,
7-PSC were studied by investigating the decay of PBS dye
(lmax 505 nm) in the presence of visible light irradiation. The
photodegradation was examined by determining the absor-
bance of the degraded aliquots, and the results of the UV visible
spectra of the samples of PBS dye degraded by the polymer
nanocomposites 1-PSC, 5-PSC and 7-PSC are presented (Fig. 5A–
C). A continuous decrease in the absorbance of the aliquots
indicates the decay of the PBS dye. When the dye solution was
irradiated in the absence of a photocatalyst, no decay was
observed, conrming that visible light alone cannot degrade the
dye. However, upon adding the photocatalyst PC to the solution
of the PBS dye in demineralized water (DMW), considerable
degradation was observed. The maximum degradation was
attained in the case of the 7-PSC photocatalyst, found to be
94.6% in 55 min of irradiation.

The Langmuir–Hinshelwood model of pseudo-rst-order
kinetics was used to gain insight into the reaction kinetics.4,5
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 SEM micrographs of (A) 1-PSC, (B) 5-PSC, and (C) 7-PSC. (D and E) EDX analysis.
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The rate of reaction according to the Langmuir–Hinshelwood
mechanism upon the interaction of dye and photocatalyst is
represented by:

Rate ¼ kr � X* � [H2O2] (2)

where k is the rate constant and X* represents the adsorption of
dye on the photocatalyst, where a higher concentration of H2O2

can be neglected and the reaction becomes:
This journal is © The Royal Society of Chemistry 2020
Rate ¼ kr � X* (3)

Using the Langmuir–Hinshelwood model, the kinetics of the
photodegradation process can be presented by calculating the
rate constant of the pseudo rst order reaction using the
following formula:

ln
C0

Ct

¼ kt (4)
Nanoscale Adv., 2020, 2, 1634–1645 | 1637
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Fig. 3 TEM micrographs of the PSC nanocomposites at resolutions of 100 nm, 20 nm, and 10 nm.
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where k is the rst-order rate constant, C0 is the initial
concentration, Ct is the concentration of the PBS dye at a given
time (t). The Kapp values of the photodegradation were calcu-
lated from the rst-order kinetics, and the results reported the
highest rate of decay in the case of 7-PSC. The rate constants of
the photocatalyst were found to be 0.0616, 0.0502, 0.0439,
0.0109 and 0.00018 min�1 for 7-PSC, 5-PSC, 3-PSC, PC and the
blank test, respectively. Fig. 6A and B represent the kinetics of
the photodegradation (Ct/C0) and the rate constant curves of the
different photocatalysts. The results imply that the highest
photodegradation of PBS dye was obtained in the presence
of the nanocomposite with a maximum wt% of SWCNTs,
i.e. 7-PSC.
(v) The probable mechanism of the photodegradation of the
PBS dye

In order to develop an idea of the mechanism and kinetics of
the photodegradation, the positions of the valence band (VB)
and conduction band (CB) edge potentials of the composites
Fig. 4 FTIR spectra of SWCNTs, 1-PSC, 5-PSC, and 7-PSC.

1638 | Nanoscale Adv., 2020, 2, 1634–1645
were studied. The VB and CB edge potentials of the CdS and PPy
were calculated using eqn (5) and (6):

EVB ¼ X � Ec + 0.5 Eg (5)

ECB ¼ EVB � Eg (6)

where X is the electronegativity of the constituent atoms, Eg is
the band gap energy, and Ec is the energy of free electrons, i.e.
4.5 eV.

The EVB and ECB values of the Cods were found to be 1.89 and
�0.41 eV and those of PPy were calculated to be 1.15 and
�1.05 eV, respectively, matching those reported in previous
literature.40–42 A feasible mechanism of the photocatalytic decay
of the PBS dye in the presence of 7-PSC is presented in Fig. 7.
Upon irradiating the PC nanocomposite with visible light, the
electron from the HOMO of the PPy transfers to the LUMO and,
due to the higher conduction potential of the PPy, the e�

suddenly moves to the CB of the CdS, thus increasing the
transfer rate of e� by diminishing the recombination rate of e�
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 UV visible spectra of the samples of PBS dye degraded by the polymer nanocomposites (A) 1-PSC, (B) 5-PSC, and (C) 7-PSC.
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and h+ via the synergism of the CdS QDs and PPy. However, the
photocatalytic activity was found to be lower in PPy/CdS. In
order to enhance its activity, the PPy/CdS nanocomposite was
further doped with SWCNTs to minimize the recombination
behavior of the photogenerated e� and h+. In the present study,
7-PSC was found to be more effective in photodegradation.
Immediately aer irradiating the 7-PSC photocatalyst with
visible light, an e� shis from the HOMO to the LUMO of the
PPy and thereaer shis to the CB of CdS because of the higher
HOMO potential of PPy than that of CdS. The CB potentials of
the PPy and CdS are quite ample for the oxidation and have
enough potential to generate superoxide radicals (O2/cO2

� ¼
�0.33 eV vs.NHE)43 therefore, the e� reacts with atmospheric O2

to form cO2
� (superoxide radicals) and the electron from the CB
This journal is © The Royal Society of Chemistry 2020
of the CdS dris over the surface of the SWCNTs via interfacial
contact of CdS, eventually elevating the rate of e� transfer by
minimizing the recombination rate. At the same moment, h+

generated in the VB of CdS migrates to the LUMO of PPy due to
the lower positive edge band potential of PPy. Later, these
generated h+ react with H2Omolecules and produce H+ and cOH
free radicals. For the generation of H2O2 (O2/H2O2¼ 0.685 eV vs.
NHE)43 the photocatalyst has sufficient band potential to
generate H2O2, which then subsequently generates cOH radi-
cals. Therefore, the ROS generated in the complete procedure
react with the PBS dye and degrade it into simple and non-toxic
products.4 The reactions that are proposed to take place in the
degradation of the PBS dye are:
Nanoscale Adv., 2020, 2, 1634–1645 | 1639
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Fig. 6 (A) Percentage photodegradation of PBS dye in aqueous solution over the blank, PC, 1-PSC, 5-PSC, and 7-PSC nanocomposites in the
presence and absence of visible light illumination. (B) The rate constants of the curve of the different photocatalysts against PBS dye: (a) blank
test, (b) PC, (c) 1-PSC, (d) 5-PSC, and (e) 7-PSC.

1640 | Nanoscale Adv., 2020, 2, 1634–1645 This journal is © The Royal Society of Chemistry 2020

Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
K

w
ak

w
ar

-g
ye

fu
o 

20
20

. D
ow

nl
oa

de
d 

on
 2

02
5/

11
/0

1 
9:

54
:2

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0na00029a


Fig. 7 A probable mechanism of the photodegradation of PBS dye
using the PSC nanomaterial.

Fig. 8 Photoluminescence spectra of the various photocatalysts.

Fig. 9 Effect of the various scavengers on the photocatalytic activity.

Fig. 10 Viscosity variation of 7-PSC in 15W-40 engine oil (base fluid)
with time at a constant shear rate of 100 s�1.
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PSC + hn / PC (e�/h+), SWCNTs (e�) (7)

PC (e�) + O2 / cO2
� (8)

H2O + h+ / H+ + cOH (9)

2H+ + cO2
� / H2O2 (10)

H2O2 + e� / �OH + cOH (11)

h+/cO2
�/cOH + PBS dye / degradation product (12)

Additionally, the photocatalytic activity of the photocatalyst
7-PSC was conrmed from its photoluminescence intensity
(PL), which is directly related to the recombination rate of the e�
This journal is © The Royal Society of Chemistry 2020
and h+ pairs generated upon the irradiation of visible light. The
PL spectra of the photocatalyst are presented in Fig. 8 where it
can be observed that the photoluminescence of photocatalyst
7-PSC is low and in that of PPy is high. 7-PSC has the lowest PL
intensity among the photocatalysts due to it having the lowest
recombination rate of the e� and h+ pairs, which results in the
photocatalyst having the highest activity. The high PL intensity
of PPy is due to its higher recombination rate leading to lower
photocatalytic activity.
(vi) Study of scavengers

To conrm the formation of the reactive species accountable for
the photodegradation of the dye, various scavengers were used
in the photocatalytic experiment. Isopropyl alcohol (IPA),
ammonium oxalate (AO) and p-benzoquinone (p-BQ) were used
as trapping agents to quench cOH, h+, and cO2

�, respectively.
The effects of various scavengers on the photocatalytic activity
upon their addition in aqueous solutions of the dye are shown
in Fig. 9. The addition of IPA, AO and p-BQ lowers the rate
constant values so it can be concluded that all reactive species,
Nanoscale Adv., 2020, 2, 1634–1645 | 1641
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as discussed in the photocatalytic mechanism, are accountable,
but holes and superoxide radicals are found to be the prime
reactive species in the mechanism of the photodegradation of
the PBS dye.
Fig. 12 Effect of shear rate on the viscosity of the 7-PSC nano-
composite dispersed in 15W-40 engine oil.
(vii) Rheology investigations

This section describes the monitoring of the effect of the use of
constant (100 s�1) and changing shear rates (0–500 s�1) on the
viscosity of the NF at a temperature of 25 �C. Initially, the
viscosity of pure engine oil, Castrol class: 15W-40, used as a base
uid (bf) and measured using an Anton Paar Series rheometer,
was reported to be 0.221 Pa s.19 The viscosity index data of the
nanocomposite 7-PSC in engine oil was collected and studied
with respect to the shear rate. Fig. 10 depicts the viscosity verses
time graph at a constant shear rate of 100 s�1. The graph reports
a decrease in viscosity up to 65 s and aer that it remained
constant. A trial was carried out to develop a hypothetical model
of the variation in viscosity with respect to time, represented by
eqn (10)–(14):

h ¼ h� + A1 e
�(x�xo)/t2 (13)

where,

h� ¼ 0.00223 (14)

A1 ¼ 1.99 � 10�4 (15)

xo ¼ 6.1666 (16)

t1 ¼ 17.7523 (17)

h ¼ viscosity (Pa s), T ¼ time (s).
The relationship between the experimental and hypothetical

models was determined (Fig. 11), with an average percentage
error of 0.373%. As observed in Fig. 12, there was a dramatic
decline in the viscosity of the NF with an increase in the shear
Fig. 11 Comparison between the experimental and theoretical values
of the viscosities of 7-PSC at a constant shear rate.

1642 | Nanoscale Adv., 2020, 2, 1634–1645
rate (up to 25 s�1). This inverse proportionality of viscosity with
lower shear rate is due to the ‘shear thinning’/‘non-Newtonian’
behavior of the NF. From Fig. 12, it can be seen from the shear
rate values, i.e. up to 25 s�1, that the NF retained its shear
thinning behavior,44,45 which might be as a result of the inter-
action of CNT aggregates in the suspension. The liquid around
the CNT aggregates becomes dormant or immobile. As a result,
the NF viscosity became dense. With an increase in the shear
rate, the aggregates were found to break down into smaller or
primary structures. It can be said that some of the immobilized
liquid might have been released, causing a decline in the
viscosity and subsequent shear thinning of the NF. At a shear
rate of >90 s�1, there was no change in the NF viscosity index,
which might be because all of the solvated layers are removed at
higher shear rates, i.e. >90 s�1.44 Therefore, it can be concluded
that at a high shear rate there are negligible changes in the
Fig. 13 Newtonian behavior of the 7-PSC/engine oil nanofluid.

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Representation of the experimental steps involved in C. sinensis extract-mediated green CdS QD synthesis.
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viscosity of the NF, thus indicating Newtonian behavior (Fig. 13)
in the NF at a shear rate of >90 s�1.44,45
Conclusions

The work reports the fabrication of PPy-coated SWCNT and CdS-
based ternary nanocomposites via a biogenic/green approach,
designated as 1-PSC, 5-PSC and 7-PSC, with different wt% of
SWCNTs, and their characterization via various instrumental
techniques. The fabricated nanomaterials exhibit excellent
photocatalytic activity by effectively degrading PBS dye. The rate
constants of the photocatalysts were found to be 0.0616, 0.0502,
0.0439, 0.0109, and 0.00018 min�1 for 7-PSC, 5-PSC, 3-PSC, (PC)
and the blank test, respectively. The PSC with the highest
weight% of SWCNTs (7-PSC) showed maximum photocatalytic
activity with 94.6% dye degradation in 55 minutes of irradiation
time. The superior photocatalytic effects of the composite can
be attributed to the electron-sink function of the SWCNTs,
which may slow the recombination rate of photogenerated e�

and h+, thus facilitating the separation of charge carriers.
Besides this, the nano material 7-PSC was investigated in terms
of its rheological responses at constant (100 s�1) and changing
(ranging from 0 to 500 s�1) shear rate, using Castrol class: 15W-
40 engine oil as a base uid. The objective of lowering the
viscosity of engine oil by 98.9% was achieved by dispersing the
prepared 7-PSC into the engine oil, overcoming the two major
challenges of the transport industry: increasing fuel costs and
stringent emission standards. The correlation between the
experimental and simulation results showed high precision
with minute 0.373 average % errors. On the whole, this study
reveals good strategies for the preparation of nanomaterials
with top-hole activity towards the eradication of environmental
pollution. Thus, the developed nanocomposite, PSC, can be
concluded to be a remarkable material that has the ability to
eradicate environmental pollution and global warming to some
extent and, therefore, to possibly promote the living standards
of people.
Experimental section
(i) Materials

SWCNTs (diameter, <8 nm; length, 10–30 mm), cadmium sulfate
(CdSO4, 99.99% purity), pyrrole and sodium sulde (Na2S, 98%
purity) were purchased from Sigma-Aldrich (India). Green tea
This journal is © The Royal Society of Chemistry 2020
(Lipton) was picked from the Indian market for preparing the
CdS QDs. The experimental material used for photocatalytic
degradation was Ponceau BS dye (Sigma-Aldrich). Castrol
engine oil, class: 15W-40 was used as a base uid to study the
rheology. Double distilled water was used in synthesis. All
chemical reagents were of analytical grade.

(ii) Modication of the SWCNTs

SWCNTs (1 g) were added into a mixed solution of concentrated
nitric acid and sulfuric acid (ratio: 1 : 3) and sonicated for 1 h at
room temperature. The resultant was washed many times with
DMW until the pH value of the supernatant became 4.00, which
was then centrifuged (1300 rpm), and later dried at 65 �C. This
functionalization or modication step was used to add several
functional groups, including hydroxyl, carboxyl, and carbonyl
groups, on the SWCNT surface.9,46

(iii) Preparation of green tea (Camellia sinensis) leaf extract

Crushed C. sinensis leaves (3 g) in methanol (30 mL) were
incubated for 1 d. The extract obtained was ltered through
Whatman (grade number 1) lter paper and stored at 4 �C for
further use.

(iv) Biogenic/green preparation of CdS quantum dots

The CdS QDs were prepared in two steps. 0.025 M CdSO4 (2 mL)
was mixed with the extract obtained from the green tea (30 mL)
and incubated for 3 d in the absence of light (step-I). 0.025 M
Na2S (0.5 mL) was added to the above solution and incubated
for another 4 d (step-II). The resultant solution of CdS QDs was
bright yellow in color, and was further centrifuged (13 000 rpm,
10 min). Contaminants were removed from the CdS QDs by
washing the solid three times with DMW. Finally, the pellet was
evaporated for further characterization studies.18,47 The steps for
preparing the CdS QDs are shown in Scheme 1.

(v) Preparation of PPy/CdS (PC) and PPy/SWCNT/CdS (PSC)

PC was prepared through the in situ polymerization of PPy using
ferric chloride with green tea extracted CdS quantum dots.48 The
preparation of ternary nanocomposites (PPy/SWCNT/CdS, PSC)
followed similar steps. Varying amounts (0.01, 0.05, and 0.07
mg) of SWCNTs were dispersed in water (250 mL) via sonication
for 10 min. The above prepared PC solution was then added to
an aqueous solution of SWCNTs, sonicated (2 h) at 80 �C and
Nanoscale Adv., 2020, 2, 1634–1645 | 1643
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then dried overnight.9 Finally, the required ternary nano-
composites were obtained, PPy/SWCNT/CdS, named 1-PSC, 5-
PSC and 7-PSC.
(vi) Materials characterization

Powder X-ray diffraction (XRD) patterns were obtained with
a Rigaku X-ray powder diffractometer (PW-1148/89, Nether-
lands) using Cu Ka radiation (l ¼ 0.15418 nm). SEM and EDX
mapping images were recorded using an LEO 435-VF micro-
scope, to give an idea of surface morphology. The internal
framework of the nanocomposite particles was characterized by
TEM using a Jeol H-7500 spectrometer. FTIR spectra were
acquired using a PerkinElmer spectrophotometer (Model
Spectrum-BX, USA) in the wavelength range of 4000–400 nm.
(vii) Photocatalytic degradation measurements

The photocatalytic degradation ability of the prepared nano-
composites was tested by checking the degradation of PBS dye
(lmax 505 nm) in aqueous solution under a UV-light source. The
photocatalytic performance of prepared powder was performed
in a photochemical reactor made from Pyrex glass using a 500W
medium pressure tungsten lamp as a UV light source. During
the entire experimental setup, the temperature of the aqueous
solution of dye was stabilized at around (2 � 0.5 �C) by circu-
lating refrigerated water to prevent it from heating up as a result
of the irradiation from the UV-lamp (IR and short wavelength).
An appropriate amount of the photocatalyst (0.2 g) was used per
200 mL of the dye solution in the reactor. Before irradiation, the
suspension was sonicated in the dark for 20 min so that the dye
underwent complete adsorption on the surface of the photo-
catalyst to obtain adsorption–desorption equilibrium. There-
fore, loss of dye was taken into account due to adsorption on the
surface of the catalyst. The zero time reading was obtained from
a blank solution kept in the dark, but otherwise treated simi-
larly to the irradiated solutions. The degradation efficacy of the
designed nanocomposites was evaluated by quantifying the
change in the absorbance of the dye using a PerkinElmer
spectrophotometer in accordance with the Beer–Lambert law.40

The degradation percentage of the dye was calculated using eqn
(18):

Degradation% ¼ (Co � Ct)/Co � 100 (18)

where Co is the initial concentration and Ct is the concentration
at a particular time (t).
(viii) Measurements of rheological activity

The above-synthesized PSC nanocomposite powder was
dispersed in Castrol class: 15W-40 engine oil via sonication (30
min) to form the NF. To study the changes in viscosity of the NF,
a rheological investigation was carried out using an Anton Paar
series rheometer (MCR10 2SN81270415FW 3.70), initially at
a constant rate and then at changing shear rates at T ¼ 25 �C.19

The measuring plate was lled with NF (0.15 mL), and its
viscosity was measured. The interdependence or proper
1644 | Nanoscale Adv., 2020, 2, 1634–1645
dispersion of the bf and nanocomposite play major roles in the
rheological investigation of the NF.36

List of abbreviations (in alphabetical
order)
bf
This
Base uid

C. sinensis
 Camellia sinensis (green tea)

CdS-QD
 Cadmium sulde quantum dots

CNT
 Carbon nanotubes

CB
 Conduction band

HOMO
 Highest occupied molecular orbital

LUMO
 Lowest occupied molecular orbital

NF
 Nanouid

PBS dye
 Ponceau BS dye

PC
 Polypyrrole/CdS (or PPy/CdS)

PSC
 PPy/SWCNT/CdS

ROS
 Reactive oxygen species

SWCNT
 Single-walled carbon nanotubes
Conflicts of interest

There are no conicts of interest between the authors.

Acknowledgements

The authors gladly thank the instrumental facilities provided by
the Chairman, Department of Chemistry, A.M.U. and USIF
(University Sophisticated Instruments Facility), A.M.U., Aligarh.
One of the authors (Yashfeen Khan) is obliged to thank the
University Grants Commission (UGC), Government of India, for
nancial aid. The authors also wish to thank the anonymous
reviewers and editor for their fruitful suggestions and enlight-
ening comments.

References

1 S. Bolisetty, M. Peydayesh and R. Mezzenga, Chem. Soc. Rev.,
2019, 48, 409–724.

2 Y. Robiou du Pont, M. L. Jeffery, J. Gütschow, J. Rogelj,
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