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ARTICLE INFO ABSTRACT

The present work deals with the synthesisis of Ni, C, N, S multi-doped ZrO, / MWCNT’s nanocomposites varying
nickel percentage in ZrO, by homogeneous co-precipitation and fabricated on MWCNT’s by ultrasound-assisted
hydrothermal method. The nanocomposites were characterized by TEM-SAED, SEM-EDAX, XRD, FT-IR and
UV-vis techniques. SEM-EDAX, XRD, FT-IR techniques confirmed Ni, C, N and S doping in ZrO,. The TEM image
revealed fabrication of multi-doped ZrO, nanoparticles on nanotube surface. The nanocomposites employed for
photocatalytic degradation of Indigo Carmine anionic dye in eco-friendly solar radiation. Amongst all nano-
composite 1 % nickel concentarion in ZrO, exhibited much higher photocatalytic degradation efficiency (96 %)
as compared with bare ZrO, (19 %), C,N,S (48 %), 0.3 % (81 %) and 0.6 % (88 %) in 180 min of irradiation at
alkaline pH and 3 mgL ™" catalyst loading following first order rate kinetics (K, = 16.10 x 10~ 2) by virtue of it
lower band gap (4.17 eV) confirmed by UV-vis spectrum. The degradation was confirmed by GC—MS and TOC
analysis. Synergism of MWCNT’s by electron trapping to generate O, - major species confirmed by scavenger
addition experiment. The reusability study demonstrated stability and effectiveness of synthesized material for
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multiple cycles.

1. Introduction

Clean water is one of the most precious commodity for living or-
ganisms on earth including humans. Currently, due to the rapid in-
dustrialization, the threat on the water reservoirs is evident [1]. Dif-
ferent types of industries are using various organic chemicals for
multiple industrial processes and releasing them into the water bodies
[2,3]. Dyes among organic chemicals which are more harmful than
others [2]. More than 100,000 types of dyes are synthesized at the rate
of 10° to10° tons per year however, 10-15 % of these dye goes as waste
in surrounding water reservoirs like rivers, lakes and eventually in to
the oceans [4]. Dyes are highly water-soluble, made up of aromatic
origin and very small amount of these can cause serious problems such
as absorption of essential sunlight in water bodies, forming residues
which incorporate into food chain and show carcinogenic effects,
kidney dysfunction, reproductive system problem in humans and other
organisms moreover it also increase BOD and COD by decreasing DO in

water reservoirs, etc. [2,4,5]. Various techniques such as adsorption,
reverse osmosis, nano-filtration, ozone treatment and many more are
employed but own limitations such as low efficiency, high cost and
secondary waste generation [6,7].

Advanced Oxidation Processes (AOP’s) are nowadays promising
methods for the complete elimination of organic contaminants from
water bodies [8]. Photocatalysts are employed to generate strong oxi-
dizing species like ‘OH, O, - etc. in the presence of light to carry out
AOP’s [8,9]. However, AOP’s also have some drawbacks such as the
need of proper light energy source, less utilization of visible radiation
which is 93-95 % of total solar radiation, use of high cost and low yield
catalysts and inefficiency in working on a pilot-scale [9,10]. To avoid
these short comes, the eco-friendly process of AOP’s by using solar ra-
diation and visible light harvesting development of photocatalyst is
needed [10]. Many workers have developed photocatalyst originated
from TiO, and ZnO systems however, many others are yet to be in-
vestigated [5,6]. ZrO, is one of the strongest contender as a
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photocatalyst by virtue of its low cost, nontoxic effects, stability at high
temperature, strength and re-usability [11-13]. However, poor sensi-
tivity towards UV-vis light due to large bandgap (5.00-5.18 eV), slow
generation and rapid recombination of electron-hole pair (e”/ h*) are
some major drawbacks of ZrO, systems [14,15]. One of the most ef-
fective method to reduce these flaws is by doping these less efficient
metal oxides systems with metal and non-metal dopant’s [14,16,17].

Metal dopant’s shift the absorption to UV-vis range by decreasing
the bandgap energy, improve morphology, surface properties and fa-
cilitate generation of e~ / h™ pair [16,18]. Nickel is an ideal dopantt in
transition series by virtue of its wide band gap (3.6 eV-4.0 eV). More-
over, Ni** has effective ionic radii 72pm which is less than Zr**
(80 pm) which favor’s the incorporation of Ni2* ions in the ZrO,
system. NiO is also a p-type of dopant helps to form p-n junction with
base metal oxide and increase separation of photo induced charge
carriers (e-/ h* pair). In addition, large accessible surface area and
homogenous distribution of dopants in particles are favorable for the
enhancement of photocatalytic activity of doped ZrO, [19,20]. Non-
metal introduced by simple precursors like urea, thiourea, various
amino acids, etc. maximize the generation of e~ / h* pair due to in-
teraction of 2p levels of non-metals with 2p levels of oxygen in metal
oxide [21,22], decrease the recombination of these photoinduced
charge carriers and eventually increase the efficiency of photocatalyst
[22].

Recently, introduction of carbonaceous materials to form compo-
sites have been extensively practiced and has shown exceptional im-
provement in photocatalytic ability of less effective metal oxide systems
[23,24]. Graphene based materials are one of the most important ad-
ditions to this tally due to their excellent thermal conductivity, high
surface area and high thermal and chemical stabilities [25]. GO and
rGO are also employed due to their large specific surface area, high
charge carrier mobility and photosensitizing capacity [26]. Moreover,
presence of oxidizing group on GO surface help it to disperse in aqueous
medium to show its activity, [27,28]. Currently, focus is also shifted on
introduction of three dimensional CNT in place of these two dimen-
sional graphene based materials [29]. This is due to their similarities
with GO such as, photosensitizing capacity, large surface area with high
adsorption capacity due to their 3D structure. Besides, they also support
nanomaterial to increase its strength and maximize overall surface area
for nanomaterial and subsequently enhance photodegradation capacity
[4,30,31]. This synergism of increasing active sites by increasing sur-
face area, trapping of an excited electrons to avoid recombination
makes carbon nanotube a significant factor in increasing the photo-
catalytic activity of an ineffective metal oxide systems [31,32].

In the current study, metal and non-metal doped ZrO, nanoparticles
were synthesized by varying nickel concentration from 0.3 to 1.0 (%w)
by hydrothermal co-precipitation method. The synthesized C,N,S and
Ni,C,N,S ZrO, were fabricated on the MWCNT’s to form C, N, S and Ni,
C, N, S multi-doped ZrO, / MWCNT’s nanocomposites by ultrasound-
assisted hydrothermal method and characterized by SEM, TEM-SAED,
XRD, FT-IR and UV-vis techniques. Then, the synthesized nocomposites
were employed for the degradation of Indigo Carmine anionic dye
under eco-friendly solar radiation. In addition, the operational para-
meters such as effect of pH, catalyst dose, effect of dopant concentration
and reaction kinetics were also investigated. The degradation efficiency
was also studied by GC-MS and TOC techniques. Moreover, the reaction
mechanism and detection of active oxidizing species by scavenger ad-
dition and reusability of the most effective nanocomposite was also
investigated.

2. Material and methods
2.1. Materials

All chemicals used without further purification. Zirconyl oxy nitrate
(ZrO(NO3)5) (97 %) (Sigma Aldrich, Mumbai, India), Nickel (II) nitrate

Journal of Environmental Chemical Engineering 8 (2020) 103769

Characteristics of Indigo Carmine | o . H
Molecular formula:- C, H.N.Na,O_S, s—oN'
Molecular mass:- 466.35 g mol™ W O — O U)
8 Maximum of absorption:- 610 nm |0 N\
£ | hoo
o
-E I
o] 1
N i
Q i
< i
1
: !
i i
1340 nm ' 610 nm
400 500 600 700 800 900
Wavelength (nm)
Fig. 1. Characteristics of Indigo Carmine dye.
(a) ZrO2
(101) (b) C,N,S ZrO-MWCNTs
(€) 0.3% Ni,C,N,S ZrO,-MWCNT#
(d) 0.6% Ni,C,N,S ZrO,-MWCNTS
(e),1.0% Ni,C,N,S ZrO,-MWCNTS
El
&
2
)
c
8
£
20

2 Theta (deg)

Fig. 2. XRD pattern of bare ZrO,, C,N,S ZrO,CNT and Ni,C,N,S ZrO,CNT (0.3,
0.6,1.0 % Ni).

hexahydrate (Ni(NO3)3:6H,0), Nitric acid (HNO3), Indigo Carmine (IC),
Sodium Hydroxide (NaOH), Hydrochloric acid (HCL), Sodium Chloride
(NaCl) purchased from Fisher Scientific, Mumbai, India. Carbon
Nanotubes Multi-walled (OD: 10-20nm, Length 30-90 nm) made
available by Sisco Research Laboratories Pvt. Ltd. Mumbai, India.
Thiourea, CS(NH3)> (99 %) and Polyethyleneglycol - 200 (99.9 %),
Isopropyl alcohol, EDTA, Benzoquinone were purchased from Merk,
Nashik, India.

2.2. Preparation of dye solution

Indigo Carmine dye (IC) Fig. 1 was used as an organic contaminant.
The stock solution (100 mg L™Y) of IC was prepared using double dis-
tilled water. The desired concentration of dye solutions was prepared
by serial dilution of prepared stock solution with double distilled water.

2.3. Catalyst preparation

2.3.1. Synthesis of the C,N,S and Ni,C,N,S multi-doped ZrO, (CNSZr) and
(NiZr)

Ni, C, N, S multi-doped ZrO, (NiZr) was prepared by adding (ZrO
(NO53)») (1.0mM) to 0.1 molL~! 100 mL HNOs; solution. Then, drop-
wise polyethylene glycol-200 (1.0 mL) was added and the mixture was
stirred for 1h. Thereafter, a calculated amount of Ni(NO3),6H,O by
considering Ni:Zr ratio as 0.3 %, 0.6 %, and 1.0 % was added and
stirred for 1h. Then, thiourea (3g) was added and the mixture was
stirred for 2 h. The homogeneous solution was dried in an open-air oven
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Table 1
Crystallite size for commercial ZrO, and synthesized nanocomposites from (111) and (101) peak with average crystallite size of 1.0 % Ni,C,N,S ZrO,/
MWCNT’s.
Photocatalyst Peak type FWHM () Crystalline Size (D)(nm)
ZrO, (111) m-ZrO, 1.0150 8.51
C,N,S ZrO,/MWCNT’s (101) 0.8900 9.72
0.3 %Ni,C,N,S ZrO,/MWCNT’s (1o1) 0.8202 10.53
0.6 %Ni,C,N,S ZrO,/MWCNT’s (101) 0.8411 10.26
1.0 %Ni,C,N,S ZrO,/MWCNT’s (101) 0.9819 8.84
1.0 %Ni,C,N,S ZrO,/MWCNT’s (101) 0.9819 8.84
1.0 %Ni,C,N,S ZrO,/MWCNT’s (200) 0.2698 32.28
1.0 %Ni,C,N,S ZrO,/MWCNT’s (211) 3.7076 2.55

Average Crystallite Size

14.55nm

L

Fig. 3. (a) TEM image of 1 % Ni,C,N,S ZrO, and (b) TEM image of 1.0 % Ni CNSZrCNT, Inset SAED pattern of prepared materials.

at 100 °C for 12 h. The black residue obtain was calcined at 500 °C for
3 h to obtain a white powder of Ni, C, N, S doped ZrO,. The metal-free
GC,N,S multi-doped ZrO, was synthesized by following the same proce-
dure by eliminating addition of the nickel precursor denoted as CNSZr
[11,33].

2.3.2. Synthesis of the C,N,S and Ni,C,N,S multi-doped ZrO, / MWCNTs
nanocomposite (CNSZrCNT) and (NiZrCNT)

The C,N,S (CNSZrCNT) and Ni,C,N,S multi-doped ZrO,/MWCNTs
(NiZrCNT) nanocomposites were synthesized by ultrasound-assisted
hydrothermal method by dispersing 0.05g of MWCNTs and 0.50 g of
previously synthesized CNSZr and NiZr in 80 ml 20 % ethanol under
ultrasonic treatment for 3 h with vigorous stirring. Then the suspension
was placed in 100 mL teflon-lined stainless steel autoclave and the pH
value was adjusted to 2-3 with concentrated nitric acid and kept for
12h at 140 °C. The suspension then allowed to cool at room tempera-
ture and the product was isolated by centrifugation and washed several
time with ethanol and double distilled water, then dried at 100 °C for
10 h [34]. The nanocomposites obtained denoted as C,N,S (CNSZrCNT)
and Ni,C,N,S multi-doped ZrO,/ MWCNTSs (NiZrCNT).

2.4. Characterization

The morphology, grain size, crystallinity and phase composition of
the nanocomposites were characterized by transmission electron mi-
croscopy (TEM) with selected area electron diffraction (SAED) and X-
ray diffraction (XRD) techniques. The XRD study was carried out with a

monochromatic high-intensity Cu Ka radiation (1.54060 A) and X-ray
diffractometer 45kV & 40 mA with a goniometer radius 240 mm. The
intensity data were collected at 25°C in a 20 range from 20° to 90°
having slit size 0.8710° with the angular type of slit opening with step
size of 0.017° 20 and continuous scanning rate of 0.1° s~ !. The TEM
analysis was carried out by Philips model CM 200. The morphology,
crystallite size, porosity and composition of synthesized materials was
detected by the field-emission scanning electron microscopy (FESEM)
and energy dispersive X-ray (EDAX) by model JSM 7600F. Various
functionalities were identified by Fourier transform infra-red spectro-
scopy (FT-IR) by 3000 Hyperion Microscope with Vertex 800 FT-IR
System, Bruker, Germany. The UV-vis absorbance and dye absorbance
was recorded by Jasco V-730 double beam spectrophotometer.

3. Results and discussions
3.1. XRD analysis

The crystallinity and phase composition of the nanocomposites was
studied by XRD analysis. Fig. 2 shows the XRD pattern of bare ZrO,,
CNSZrCNT and 0.3, 0.6, 1.0 % nickel doped NiZrCNT. The sharpness of
the peaks in Fig. 2 shows highly crystalline in synthesized nano-
composites and the pattern indicates the presence of multiple mono-
clinic and tetragonal crystalline phases of ZrO, system. Commercial
ZrO, in Fig. 2 a. shows peaks at 27.34° and 30.58° indexed to (111) and
(110) planes are the characteristic peaks of typical monoclinic ZrO, (m-
Zr0,) [35,36], on the other hand in synthesized composites the peaks at
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29.34°, 49.50° and 59.33° indexed to (101), (200) and (211) respec-
tively attributed to tetragonal ZrO, (t- ZrO,) phases and the increase in
peak sharpness attributed the shift towards high crystallinity of nano-
composites [36,33].
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Fig. 10. Kinetics of Indigo carmine photodegradation by ZrO, C,N,S ZrO,CNT
and Ni,C,N,SZrO,CNT (0.3, 0.6, 1.0 % Ni).

Table 2
First order decolorization rate constant of IC dye by 1.0 %Ni, C, N, S ZrO,CNT.

Photocatalyst Rate Const.(K,)

-1

Linear regression

3BmgL™!, IC- 10mgL™") min coefficient (R?)

Zr0, 1.15% 1073 0.9513

GC,N,S ZrO, / MWCNT’s 5.30x 1073 0.9778

0.3 %Ni,C,N,S ZrO, / 9.80 x 1073 0.9889
MWCNT’s

0.6 %Ni,C,N,S ZrO, / 10.10 x 1072 0.9906
MWCNT’s

1.0 %Ni,C,N,S ZrO, / 16.10 x 1072 0.9917
MWCNT’s

Nanocomposites patterns indicate the tetragonal phase is more
dominant in the nanocomposites than a monoclinic phase. However, a
small amount of m-ZrO, phase is evident from the peak 39.65° indexed
to (110) (37). The characteristic Ni-base phase that is 37.2° and 43.2°
corresponding to (111) and (200) [38,39] merged into ZrO, diffraction
planes except in Fig. 2 e. for 1.0 % nickel concentration, however, as
the Ni percentage increased the peak at 49.50° indexed to (200) has
slightly shifted toward right confirming the incorporation of nickel in
ZrO, lattice [38]. The peak at 62.08° for NiO corresponding to (220) is
evident in all XRD peaks of nickel doped ZrO,. The dominancy of NiO
phase in synthesized material as compared to the metalic Ni is due to
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the low calcination temperature employed for the synthesis of multi-
doped ZrO, (500 °C), higher calcination temperature greater than
700 °C converts NiO in to metallic Ni [40]. The typical (002) plane at
about 25° of hexagonal graphite from MWCNT is not visible in the
pattern may be due to the strong shielding of m- ZrO, [16,41].

The average crystallite size of nanocomposites was calculated by
Debye-Scherrer’s formula Eq. [1]. by considering high intense peaks.

0941
" BCosH (€]

Where, A is 1.54060 10\, K is constant = 0.94, B is FWHM (Full Width
Half Maxima) and 6 is diffraction angle (Cu-Ka) [32].

The varities of crystallite size value of the nanocomposites were
found from XRD high intense peaks. Table 1.summarizes the crystallite
sizes of all synthesized CNSZr and NiZrCNT nanocomposites calculated
from (101) and for m-ZrO, (111) line broadening and average cryas-
tallite size of 1.0 % NiZrCNT’s from (101), (200), (211) peaks [42,43].
Size variation in the synthesized materials with doping is distinct and
proved the doping affected the crystallite size of all the synthesized
materials [44].

3.2. TEM and SAED pattern analysis

TEM analysis carried out to analyze the microstructure and
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morphology of prepared nanocomposites. The TEM image of the pre-
pared nanomaterial and nanocomposite revealed essential information
about the functionalization of MWCNTs. Fig. 3 a is the TEM image of 1
% Ni, C,N,S doped ZrO, (NiZr) which are spherical in nature and show
heterogeneous nanosphere morphology. Fig. 3 b shows the coating of
prepared NiZr on the surface of MWCNT in clusters and in the form of
single crystals can be seen as white spots on the wall of a nanotube
[30]. The coating will certainly help to increase the surface area of as
prepared NiZr and CNSZr [16,30]. The MWCNT functionalization will
synergize with the nanospheres to enhance the photocatalytic efficiency
by sensitization and trapping the excited electrons to avoid re-
combination [45]. The SEAD pattern of both the materials is given in
the inset of Fig. 3 a, b revels high crystallinity and well-defined pattern
of ring structure in Fig. 3 a (inset) [42] The pattern in Fig. 3 b (inset)
shows typical graphene type blurring of the ring confirming the pre-
sence of nanotubes to form nanocomposite [44].

3.3. SEM and EDAX analysis

SEM-EDAX was performed to understand the morphology, particle
size and elemental composition in the synthesized 1.0 % NiZrCNT na-
nocomposite. The surface morphology was found in high-resolution
SEM images related to agglomerated nanospheres. It is evident from
SEM image Fig. 4 a that the particle size is heterogeneous and a large
number of cavities are observed which indicate high porosity in the 1.0
% NiZrCNT [46]. The highly interconnected porous material with
consistent crystallite size shows high adsorption capacity and surface
area which eventually increase the photocatalysis process [32,47]. The
SEM image and particle size distribution studies reveled the average
crystallite size is within 6-20 nm (Fig. 4 b) is in close agreement with
the crystallite size calculated from XRD (14.55 nm) for 1.0 % NiZrCNT.

The EDAX analysis revealed the elemental composition of 1.0 %
NiZrCNT. The spectra in Fig. 4 ¢ shows the successful incorporation of
various non-metals and metals into the ZrO, system. The weight per-
centage of carbon due to the MWCNT’s is 9.31(w%) and for sulphur and
nitrogen 1.95 and 1.03 respectively. Nickel percentage 1.26 showing
successful doping of 1.0 % nickel ions in ZrO, major oxide which is
57.18 (w%) Fig. 4 d.

3.4. FT-IR analysis

FT-IR spectroscopy gives information about the chemical bonding in
a material. The FT-IR spectrum Fig. 5 of materials were recorded in the
range 4000-400cm ™' and reveled essential information related to
metal, non-metal and CNT functionalities. The characteristic broad
peak observes between 3435 to 3400cm ™' due to the presence of
physically and 1630 to 1625 cm ™~ * for bending vibrations of chemically
adsorbed water molecules [48]. The broadening of peak compare to m-
ZrO, around 1630 cm ™! due to C=C bonding is evident due to sp?
carbons in nanotubes as prepared nanocomposite [49,50]. The peak
1150 to 1140 cm ™! in all spectra represents the Zr— OH bonding with
the peaks within 580 to 450 cm ™! indicate the ZrO-Zr and Zr-O bonding
in synthesized materials [51]. The characteristic frequencies of Ni-O
within 615-605 cm ™! are merged into this broadband absorption range
of ZrO-Zr and Zr-O bonding [11,52]. The small peaks at 1111 cm Y,
1116 cm ™~ ! and 1170 cm ™! which are absent in pure ZrO, attributed to
S—0, C-0O and Zr-N stretching frequency respectively confirm the
presence of C, N, S [47,48,53,54]. The bending vibration peak of N—H
appear at 1455 cm ™! again confirms the presence of nitrogen [47]. The
FT-IR information is enough to confirm presence of dopant’s in all
synthesized nanocomposites.

3.5. Optical property

The UV-vis absorption spectrum of 1.0 % NiZrCNT was recorded
(Fig. 6). The crystallite size, changes in morphology and structural
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Fig. 13. GC-MS analysis and probable metabolites of IC degraded solution.

defects affect the bandgap [33]. In ZrO, system, oxygen electrons to
zirconium ion charge transfer are responsible for the absorbance at
200-250 nm [14,30]. The nickel and C,N,S doping, in this case, shifts
the absorption maxima towards a hypsochromic (blue) shift to 281 nm
[48]. Tauc plot (Fig. 6 inset) of 1.0 % NiZrCNT indicates the bandgap of
material 4.17 eV is less than the bare ZrO, which is in the range of
6.3-6.4 eV [37,48]. Eq. [2]. used to find the bandgap.

a(hv) = C(hv— Eg)m/2 2

Where, a is the absorption coefficient, C is constant, ~v photon energy.
The energy intercept of a plot of (ahv)? vs. hv yields Eg for a direct
transition (m = 1) and gives the band gap energy of 1.0 % NiZrCNT
nanocomposite.

4. Photocatalytic studies

The eco-friendly solar radiation was utilized as an energy source for

photocatalytic study. The time was chosen from 12:00 AM to 15:00 PM
when the solar irradiation is consistent and ranged from 1155 to
870 W/ m? recorded by digital solar sun meter indicating the major
visible part of solar flux. Various parameters were tested by placing the
reaction assembly in the solar radiation. The degradation percentages
of IC were calculated by the following Eq. [3] [55].

Ct
%D dation= (1 — —) x 100
% Degradation = ( Co ) 3)

Where C, is concentration of IC before irradiation and C; is the con-

centration after a certain irradiation time.

4.1. Effect of pH of the solution

pH is an essential factor in the degradation process since, it influ-
ences the surface reactions, adsorption and generation of oxidizing
species in solution [56]. The point zero charge (pHpzc) of the 1.0 %
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NiZrCNT were determined by using 1 N NaCl solution by monitoring
the change in pH for 72h [57]. The pHpzc value obtained from the
experiment was 4.2. At this pH, the photocatalyst surface acquires net-
zero charges. When the pH of a solution is below 4.2 the surface of the
photocatalyst is positively charged and when it is greater than 4.2 the
surface is negatively charged Eq. (4). [33,57].

M-OH2 + «— ( < pH4.2)M-OH (>pH4.2) - M-0— 4

The effect of pH on degradation efficiency was studied by loading
1.0 % NiZrCNT by varying the pH from 2 to 12 of IC dye aqua solution
with the help of 0.1 N HCI and 0.1 N NaOH before introducing photo-
catalyst. The highest degradation was observed at pH 4 and pH 10. The
lower pH favors adsorption followed by degradation and degraded dye
almost 90 % is evident because of the surface phenomenon which is
discussed previously [57]. The basic pH 10 shows 96 % of degradation
probably due to the increase in the generation of "OH, O, - radicals
which are major oxidizing species for degradation [58]. Above pH 10
slight decrease in the efficiency probably due to the formation of car-
bonates and bicarbonates anions from photo-generated CO, which are
known scavengers of reactive species (Fig. 7) [59].

4.2. Effect of catalyst dose

The appropriate catalyst concentration was optimized before the
comparison of all the synthesized nanocomposites by using 1.0 %
NiZrCNT, pH of 10mgL~' IC dye solution was adjusted to 10 and
1-6mg L~ catalyst was loaded. It is obvious that the dye degradation
percentage increases with an increase of the amount of 1.0 % NiZrCNT
up to a limit above which no improvement is obtained. The minimum
catalyst dose for complete degradation was found 3 mgL ™! thereafter,
no appreciable increase was observed. At 1 mgL~! 87 % degradation
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was obsrved, at 3mgL ™! 96 % degradation is achived, on the other
hand at 6 mg L~ ! the degradation efficicency was decresed by almost 4
%. This was probably due to an increasing opacity of the suspension,
unavailability of dye molecules, increase in light reflectance and less
penetration of light into the dye solution due to the saturation of cat-
alyst particles (Fig. 8) [60].

4.3. Comparison of prepared photocatalysts

The efficiency of the prepared nanocomposites was tested by pho-
tocatalytic degradation of 100 mL solution of 10 mg L~ of IC. The pH
was adjusted to 10 and 3 mgL ™! of the catalyst was introduced into the
solution. The resulting solution was kept in dark for 60 min at con-
tinuous stirring to attain adsorption-desorption equilibrium and the
suspension immediately placed in solar light. The aliquot from the re-
action mixture were taken after intervals of 30 min and subjected to
centrifugation for 5min to eliminate the interference of catalyst. The
supernatant solution was removed by a clean syringe and placed into
quartz covet and absorbance recorded at A,x = 610nm by double
beam spectrophotometer.

It was observed amongst the nanocomposite 1 % nickel con-
centarion exhibited much higher photocatalytic degradation efficiency
(96 %) as compared with 0.3 %(81 %), 0.6 % (88 %), C,N,S (48 %) and
bare ZrO, (19 %) in 180 min of solar irradiation. (Fig. 9 a and b). The
nickel percentage was proved essential for the efficiency of catalyst for
96 % degradation of IC dye. The first-order relationship of IC de-
gradation is observed by plotting the graph In C, /C; versus time t
(Fig. 10). The introduction of C,N,S in ZrO, increase the degradation
much more than bare ZrO, and by introducing nickel ions the de-
gradation efficiency shooted up with rate constant K, = 16.10 x 103
min~?! for 1.0 % NiZrCNT where, bare ZrO, showed K, value 1.15 x
10~% min! (Table 2). The efficiency of the catalyst was directly pro-
portional to the percentage of nickel in the prepared photocatalyst.

This remarkable change in rate of degradation is probably attrib-
uted to introduction of non-metals like C,N,S which increase excitation
of electrons due to the overlap of O2p levels of ZrO, with 2p levels of
non-metals and by decreasing electron-hole recombination. Moreover,
they shift the absorption towards UV-vis range [25]. NiO which is
predominant the metallic Ni in to the ZrO, system due to low calci-
nation temperature (500 °C) decrease the bandgap energy due to ZrO,
n-type and NiO p-type p-n junction which restricts the recombination of
electron-hole pair, change the optical shift due to this electric junction
field. Besides, it also improve the crystallite size and increase overall
surfece area [33,61]. MWCNT’s increase adsorption of dye molecule on
surface of CNT and make it available for degradation by synergic effect
[4,44].

4.4. Reusability of photocatalyst

The efficiency and stability of synthesized nanocomposites were
tested by the reusability experiment. After each photocatalytic

Table 3
Comparison of catalytic ability of ZrO, photocatalysts.
Dopant Fabrication method Pollutant Radiation source Degradation efficiency (%) Ref.
NiO-ZnO Sol-gel Reactive blue 81 15W (UV-C) Hg lamp 97.6 % in [76]
254nm 180 min
Nd and Graphene oxide Homogeneous co-precipitation Eosin Y Sunlight ~95 % in [77]
180 min
Sm,03 and Eu,03 Hydrothermal method p-nitrophenol UV light 90.4 % in 100 min [78]
Pt and Pd Impregnation technique Indigo disulfonate UV light 97 % in 14h [79]
Bi and La Sol-gel Methylene Blue Sunlight ~70 % in 240 min [80]
SiO, Sol-gel Methylene Blue UV light + O3 ~96 % in 100 min [81]
Ni,C,N,S and MWCNT Homogeneous co-precipitation Indigo Carmine Sunlight 96 % in [This work]

180 min
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experiment that is the first cycle, the 1.0 % NiZrCNT catalyst was fil-
tered, washed several times with water and ethanol separately and kept
for drying at 80 °C for 3h in an open-air oven thereafter, the catalyst
was recovered and collected in silicon crucible and dried in muffle
furnace at 150 °C for 2 h [62]. The recovered catalyst was subjected to
the degradation by keeping pH 10 of 10 mg L~ IC solution under solar
radiation (Fig. 11). The adsorption and catalytic efficiency of the cat-
alyst were substantial up to three cycles eventually decreased up to 9 %
which is probably due to minimization of active catalytic surface and
loss of catalyst during the recovery process [63]. Furthermore, the
degraded dye solutions of first and fourth cycle were tested to check
wether the leaching of nickel ions is taken place during degradation
process by a spectrophotometric method modified by the inclusion of
the ethylenediaminetetraacetate (EDTA) solution as a chromogenic
reagent reported by Yongnian Ni et al. It was observed that no change
in absorption spectra in both the solution was found as compared to
blank EDTA buffer solution. If solutions had nickel ions in it, the spectra
would have been shifted to 380 and 590 nm due to the complex for-
mation with EDTA [64].

4.5. Photocatalytic mechanism

It is important to understand the role of active species in the pho-
tocatalytic mechanism of IC degradation. The roles of HO", O, -, and
h* reactive species are significant in degradation of dye molecules
[65]. The participation of reactive species were investigated by em-
ploying scavengers viz; isopropyl alcohol (IPA), benzoquinone (BQ) and
EDTA to trap HO", O, -, and h™ reactive species [66] by keeping pH 10
of 10mgL~"! of IC solution and catalyst dose of 1.0 % NiZrCNT at
3mgL~! (Fig. 12). Introduction of IPA had very less effect on de-
gradation of IC proved less participation of HO" radicals in degradation,
1 mM of BQN significantly decreased the degradation efficiency by
trapping O,'- radicals confirming the major role of this active species.
The effective quenching agent of both h* and photo-generated elec-
trons that is EDTA almost stopped the degradation process (even the
color fading wasn’t visible) further confirm the participation of O,'- in
the degradation of IC in solar light [67]. The adsorption was also de-
creased probably due to the formation of a catalyst-EDTA chelation
complex that is blocking the contact of catalyst and dye molecules [68].
The sensitization and low recombination rate of e- / h™ pair by
MWCNT’s help to generate free electrons during the degradation pro-
cess and eventually generate a large amount of O5'- in the system to
enhance the degradation process [67,69]. This confirms the major role
of Oy'- in the mechanism of photocatalytic degradation of IC under
solar radiation.

4.6. GC-MS and TOC analysis of degraded dye solution

The degraded dye samples were subjected to solvent extraction in
the diethyl ether and then the GC-MS analysis was carried out to detect
the extent of degradation of dye molecules. The GC-MS studies iden-
tified various metabolites that were smaller and extensively reported in
the degradation of IC dye elsewhere. Since, the degradation of organic
compounds by O, - species is predominant and which is having pow-
erful degradation capacity [70] many small fragments of aromatic
origin were detected with dicarboxylic acids which were eventually
mineralized into CO,, H,0, and another non-hazardous micro molecule.
Fig. 13 shows the GC-MS fragments obtained from the degraded dye
samples which are closely related to the reported data by various
workers [71-74]. In addition, colorless molecules again investigated by
TOC analysis. Fig. 14 shows TOC results for the degradation of IC dye
for different intervals of time. The TOC results indicate that the con-
centration of IC textile dye decreased significantly with increasing time
and visible light irradiation. The results confirm the effectiveness of 1.0
% NiZrCNT degradation under solar light, not only the color fading is
effective but mineralization of colorless organic pollutants also
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achieved.
5. Comparison of the catalytic ability of ZrO, catalysts

Most of the work related to the ZrO, photocatalysts signifies the
difficulties to harness maximum efficiency. The bare ZrO, are in-
effective and take a lot of time, high catalyst quantity, extreme condi-
tions and incorporation of heavy metals to show their ability as an ef-
fective photocatalyst [11,16,49,75]. Out of many such works
Table 3.depicts few modification of ZrO, for betterment of ZrO, systems
with various dopant’s and contaminants with different light sources.

6. Conclusions

C,N,S, and NiCNSZrO,/MWCNT’s nanocomposites were successfully
fabricated by a homogeneous co-precipitation method and were char-
acterized by TEM in which coating of nickel doped ZrO, NPs is visible
on MWCNT’s and reveled by FT-IR spectroscopy. The XRD revealed the
high crystallinity, monoclinic and tetragonal crystalline phase with
successful incorporation of nickel in ZrO, system and EDAX confirmed
the presence of non-metal and metal doping. The particle size dis-
tribution study and XRD confirmed the particle size within 5-20 nm.
The highest photocatalytic activity towards indigo carmine anionic dye
shown by 1 % Ni,C,N,S doped ZrO,/MWCNT’s which attributed to low
bandgap energy, low recombination of photoinduced charge carriers
and synergic effect of MWCNT’s by obeying first-order rate kinetics. The
reusability confirms the effectiveness of synthesized material as a
photocatalyst for multiple cycles.
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