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ABSTRACT

In this study of Metal Cobaltites, MnCo0204 and. CuCo.04 were synthesized by Co-
precipitation method using urea and semicarbazide as structure directing agents
(SDA).Photo-catalytic activity of the synthesized catalysts was analyzed using 250 Watts UV
source. The catalysts were characterized using FTIR, XRD, UV-DRS, SEM and C,H,N S
Elemental analysis. Their photo-catalytic ability was determined by degrading dye such as
methylene blue (MB) and micro-plastic (LDPE). Findings indicate that manganese and
copper cobaltites synthesized using semicarbazide SDA showed highest degradation of
18.43%, for MB dye and micro-plastic respectively. This can be due to its small crystallite
size, better morphology (microspheres) and band gap of 2.1eV.In case of micro-plastic
degradation, the degradation may be facilitated due its band gap of 1.5 eV, The degradation
was confirmed using SEM and it showed cleavage formation on the surface of the micro-
plastic (LDPE).

KEYWORDS:

Photo-catalysis, Micro-plastic,Methylene Blue, MnC0204,CuC0204




HIGHLIGHTS:

1) Dyes are prominently used in textile industries. methylene blue is a cationic dye which
when left in water bodies untreated is a threat to humans and aquatic flora and fauna. Micro-
plastics being difficult to detect due to their small dimensions between 0.1 pm and 5 mm can

easily enter the food chain and threating the life of living organisms.

2) Mixed metal cobaltites due to their easier availability,ability to successfully degrade
pollutants photo-catalically, and since their band gap is in visible region (1.5 eV to 2.1eV)

were used to degrade dye (MB) and micro-Plastic (LDPE).

3) Metal cobaltites synthesized using Co-precipitation method gives high yield. Microspheres

morphology was seen for MnCo204 synthesized using semicarbazide SDA.

4)lt is observed that MnCo204and. CuCo204 synthesized using semicarbazide show better
photo-catalytic activity in degradation of methylene blue dye and micro-plastic respectively

using a 250 watts UV source in a photo reactor.




CHAPTER I




1.0 Introduction

Water pollution has been a major concern for 21% century. From the relentless cutting of
trees, smoke released from automobiles to release of harmful chemicals in the water, getting
pollution under control has been a nearly impossible task. Methods such as limited use or
banning of harmful products only succeed partially, since most of these items have high
demand and are necessary for daily life. The disposing of raw materials used in the synthesis

of such products is a major issue. Dyes and plastic are prominent examples.

Dye contaminants are prominently disposed from various textile, food and leather industries
into the natural water systems leading to contamination. Amaranth, Methylene blue,
Rhodamine B, Methyl orange etc. are some major dyes. Methylene Blue (MB) is an intensely
coloured compound which is used in dyeing and printing textiles and is a common water
pollutant. In most cases the MB infected waste water left in the nearby water bodies may result

in eutrophication and perturbations in the aquatic life. It is carcinogenic to humans as well.

Plastic, a long-chained polymer was invented for the convenience of mankind. Its valuable
characteristics such as lightweight, excellent chemical stability, high durability, and low cost
made it an excellent alternative for industries to produce toys, bags, etct.Over the past 60
years, plastic production has multiplied 560 times?. Due to its high resistance to
biodegradation, plastic accumulation has become one of the biggest threats to the
environment. This stability of plastics, can be explained in terms of its high molecular weight
and hydro-phobicity®. The increasing production of single use plastics for packaging of
various consumer goods, is mainly responsible for its accumulation in the environment?. The
Global production of plastic (excluding fibres) increased from 1.3 million tons in 1950 to 359
million tons (including Polypropylene (PP) fibres) in 2018% About 58% of the plastics

produced are being disposed into the natural ecosystem; leading to ecological imbalance. It is
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further preserved in a solid form for long term. It’s observed that only about 18% of the
plastic is recycled and 24% is burnt?.Under the influence of biological, chemical, and

physical processes macro-plastic gets broken down in a slow process to form micro-plastics®.

Plastic particles with a size between 0.1 um and 5 mm are generally known as micro-
plastics®. They are found in various shapes such as spheres, fragments, and fibres. They are
segregated as primary and secondary micro-plastics. The primary micro-plastics include
industrial products such as cosmetics as well as different kinds of textiles, while secondary
plastics is a result of fragmentation of larger plastics®. These micro-plastic particles can
further break down over a period of time to give nano-plastics. Besseling et al.”(2018)
estimated that a spherical micro-plastic can generate more than 10'* nano-particles. In the
future, these micro-plastics will be humanity’s one of the biggest concerns. The threat posed
by them far exceeds that posed by macro-plastics, few of the reasons are the ease with which
they can spread in the environment given the size and can enter the food chains of living
organisms leading to severe health problems, the high surface area for adsorption of
contaminants® make micro-plastics a potential carrier of toxins causing environmental
destruction. The stability of micro-plastics can be understood from the fact that
Cauwenberghe et al. ® found, for the first time, the presence of micro-plastics at the bottom of

the oceans.

Humans have devised various ways to curb this ongoing plastic pollution such as reducing,
recycling, and reusing, but the greed of humans has engrained plastic in our environment at a
microscopic level rendering these simple plastic prevention techniques useless. A way has to
be devised to degrade plastic not only at a macro stage but also micro stage. Micro-plastics
are stable hence degrading them is difficult. The natural decomposition of micro-plastic can
take decades and in the process will release a diversity of hazardous organic substances from

polymers and other additives such as plasticizer and anti-oxidizer in manufacturing.
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Transport of micro-plastics can occur through various methods including wastewater inputs,
runoff from roads and sealed surfaces, or inappropriate waste management?.Since most of the
earth is covered in water bodies it becomes one of the major transport systems for micro-
plastics. A recent study has revealed that more than 100 billion micro-plastics can be released
by a single wastewater treatment plant yearly®.1t has been observed that even after treatment
of wastewater before release, it cannot completely remove the plastic in it. This problem
worsens as residuals of this treatment process can be used in agriculture, providing a passage
for micro-plastics to end up in the soil and potentially the groundwater resources via other

pathways which we have limited understanding of 2.

Many techniques have been used to degrade micro-plastics, which can be segregated into
abiotic and biotic degradation techniques. Biotic methods include the fragmentation of micro-
plastics into small sizes with the help of microbes. The biodegradation process is categorized
into conditional film formation, colonization, bio-fragmentation, assimilation, and
mineralization. These processes rely on plastic’s molecular weight, crystal structure,
functional groups, and additives. It can occur aerobically producing CO2 and H20 as well as
anaerobically where CHs is produced additionally. Abiotic degradation can be further
subdivided into mechanical, thermal, and chemical methods. The mechanical method is a
result of the abrasion of micro-plastics caused by interaction with debris. When this was
tested through experimentation PE and PP showed a lower likelihood of undergoing
mechanical stress, while expanded polystyrene was more prone to it. Thermal degradation
gained popularity due to its ability to provide an alternative source of fuel'®.It has also been
observed that this method is useful in the case of mixed or contaminated plastic waste®. The
disadvantages include minimal heat transfer and low diffusion capacity. Recent attempts have
been made to use supercritical water to increase thermal degradation efficiency. Chemical

techniques are dependent on additives, polymers, medium, and depositional settings. The
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range of absorbance of micro-plastics changes depending on the environment. Presence of
oxygen and UV radiation results in photo-degradation. From the data observed it can be said
that PP(Polypropylene),PS (Polystyrene),PE(Polyethylene), and PVC (Polyvinyl chloride)
degradation rate is slower compared to PET. The reason stated is the resistance to photo-
oxidation shown by C-C bonds. In PE and PP, the C-H bond is broken due to either UV
radiation or thermal degradation giving free radicals to react with oxygen.This process forms
inert products and reduces the molecular weight of the polymers,which can further undergo
mechanical or biological degradation. Hydrolysis is another method occurring when the
above-mentioned processes cannot occur, like in landfills or ocean floors.The aromatic
polyesters hydrolyze forming shorter chains leading to the formation of terephthalic acid and
ethylene glycerol®®. Among these various degradation techniques photo-catalysis is gaining

popularity due to its innovative and environment-friendly approach.

LDPE (Low-Density
Polvethyvlene)

PET (Polyethylene

HDPE (High-Density Terephthalate)
Polyethylene)
\ g B /

PVC (Polyvinyl PS5 (Polystyrene)

chloride)

PP (Polypropylene)

Figure 1: Schematic depicting the types of micro-plastics
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Figure 1.1: Schematic illustration of degradation of plastic

1.1 Photo-catalysis by metal oxides

In 1972, the discovery of photo-catalytic splitting of water on TiO; electrode, opened the
world to an economical and environment friendly technique, photo-catalysis. Photo-catalysis
uses the naturally available solar energy to catalytically degrade plastics into simpler
products, thus simultaneously addressing the problems of environmental pollution and world
energy crisis. This technique has already been used for H, production via photo-catalytic
water splitting, dye-sensitized and organic solar cells, and photo-sensitizers in photovoltaic

devices®. As mentioned earlier using photo-catalysis for micro-plastic degradation would be a

major win for the environment.

Photo-catalysis includes three main steps: (1) Absorption of light (2) Separation and

migration of photo-induced electrons and holes (3) Redox reaction on the surface of the
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photo-catalyst®. The degradation can be achieved by direct or indirect mechanism. The
indirect mechanism initiates with the excitation of electrons from the valence band to the
conduction band, after irradiation of light containing photons that possess energy greater than
or equal to the band gap. This leaves holes behind in the valence bands as shown in equation
1 8. Recently, Llorente-Garcia et al. and Zhao et al®. have proposed the general mechanism of

photo-degradation of MPs, such as PE as follows:

Photo-catalyst —» h*+ ¢ (1)
h* +H,0 — H* + *OH (@)
e +02—> H + 0" 3
02* + H,O — HO2* + OH (4)
h*+OH — *OH (5)
2HO2* — H202 + O, (6)
H20; + hv — 2°0OH 7)
~CH2CHa— + *OH — — ®* CHCH2— + H,0 (8)
— *CHCH2- + O, — —CH(OO* )-CH.- 9)

—CH(O0O*)-CHz2- + -CH2CH2>— — —CH(OOH)-CH>— + —*CHCH>—  (10)

~CH(OOH)-CHz— + hv — —-CHO® —CHz— + *OH (12)
—CHO®*-CH>— — —CHO + —* CH>-CH»— (12)
— *CH2-CH2— + Oz + hv — intermediates products (13)

The electron-hole pairs formed, migrate to the interface yielding active radicals such as
hydroxyl (*OH), hydroperoxy (HO2* ), superoxide (O2°* ) radicals. The hydroxyl radical
breaks the C-H bonds giving polyethylene alkyl radicals (—*CHCH>-). During propagation
alkyl radical formed reacts with oxygen to create peroxy radicals (—-CH(OO*®)-CHz-) which

removes hydrogen from another alkyl group forming hydroperoxide species. Then, the
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hydroperoxide is further cleavaged into two new free oxy radicals (-CHO®*-CH,-) and
hydroxyl radicals (OH") by the scission of the weak O-O bond. The propagation step
ultimately leads to chain scission, resulting in a lower molecular weight. The radicals formed
could react further to give low-molecular-weight fragments such as carboxylic acids,
alcohols, aldehydes, ketones, and carboxylates. Zhao et al. demonstrated that photo-
degradation of PE is an environment-friendly process in which CO, was the primary
product®. A study of the direct mechanism can be done by taking TiO2 as a photo catalyst

,since the band gap between valence band and conduction band is small, between 3.0 to 3.2

eVe,
h*ve + Plastic— oxidized Plastic (14)
*OH+ Plastic— CO2 +H;0 (15)
e + Plastic* — reduced plastic (16)

Direct degradation of plastic occurs under visible light in the presence of TiO,. The excited
state of plastics forms semi-oxidized cation radicals through e~ injection in the Conduction
Band of the catalyst. The trapped electrons react with dissolved oxygen leading to the
formation of O2™ which subsequently forms ‘OH that is responsible for the target pollutant’s

decomposition. This mechanism is slower as compared to the UV light-based reactions®.

1.1.1 Photo-catalysts used for degradation of methylene blue and micro-plastics

degradation

Research on micro-plastic degradation using photo-catalysis has started recently; hence the
work done on it is limited. Where dyes have been widely used for photo-catalytic
degradation. The important characteristics of a photo catalyst are desired band gap, suitable

morphology, high surface area, stability, and reusability. Oxides of vanadium, titanium, zinc,
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tin, cerium, and chromium are well known photo-catalyst, among which ZnO and TiO> are
most common. The favourable combination of electronic structure, light absorption
properties, charge transport characteristics, and excited lifetimes of metal oxides have made it
possible for their application as photo-catalysts'. This is explained by their excellent stability
under a wide range of circumstances, biocompatibility, and capacity to produce charge
carriers when stimulated with the necessary quantity of light energy. Metal sulphides are
another well known class of photo-catalysts, having a lesser band gap as compared to metal
oxides but also having lower stability as compared to oxides under photo-catalytic conditions.
The morphology and synthesis method of the catalysts used also influences their photo-
catalytic capabilities. ZnO,TiO2,ZnS,CdS,SrO2,WOQOs etc are a few of the photo-catalysts.
Among these ZnO and TiO: are widely used for micro-plastic and dye degradation in various
forms such as ZnO in the form of nanorods and nano-particles, ZnO nanorods immobilized
onto glass fibers or supported on platinum nano-particles to enhance the activity. TiO2 nano-
particles as well as nanotubes are very popular, C-TiO2 nano-particles, N-TiO2 nano-
particles, etc are prepared by doping. Hybrids such as Bi.Os@N-TiO; are popular photo-
catalysts. Heterojunction photo-catalysts are also widely used. They are basically defined as
the interface between two types are semiconductors which differ in band structure causing
alignment of the bands'?. Mixed metal oxides have been under study for their wide
applications as photo-catalysts as a result of their high surface area and reactive sites .Thin
films were developed by doctor blade deposition of CuxS and CuxS/TiO2 composites having
photo-catalytic properties. It was observed that the semiconductors association and the films
homogeneity limit the electron-hole recombination, resulting in their good efficiency in dyes

photo degradation even under visible light irradiation?2,
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1.1.2 Cobaltites as photo-catalysts

As mentioned in the previous section mixed metal oxides possess wide applications owing to
their high surface area and reactive sites'®. Among them transition metal oxides exhibit unique
physical and chemical properties. These nano-composites have unique attractive properties,
which might be due to their small size. The various magnetic properties make them an
interesting choice in fields ranging from medicine to photo-catalysis. When transition metal
oxides were experimented with for the activation of PMS they showed promising results.
CuO, Fe30s4, MnO2, Mn30s and CosO4 produced many active radicals for degrading
refractory organic pollutants'®. Cobalt oxide (CosO4) is an important magnetic and P-type
semiconductor®®and according to kim et al. Cobalt oxides have been widely used to solve
environmental problems and photo-reduction of CO,'® Yong sheng Yan and et al. prepared
carbon modified Co30. /BiVOs p-n heterojunction photo-catalyst (Coz04 /BiVO4/C) in order
to enhance light absorption .It was seen that this modified product showed higher degradation
efficiency of tetracycline in visible light than that of pure CosOs4 and BiVOs®. The
combination of two semiconductor nano-materials displayed properties of both nano-
materials such as the increase in charge carrier’s photo-generation process!’. Mangenese is an
abundant material with low cost and range of chemical valence states making itself an
obvious choice to create mixed metal oxides. Cobalt oxide combined with Manganese has a
variety of valence states, which is conducive to redox reaction*.Along with Manganese,
Copper is also an abundant, low cost metal has attracted considerable attention .P-type
semiconductor CuCo204 electrode along with the above mentioned benefits also showed high
conductivity, resistance to corrosion and non-toxicity .When compared with copper’s single
metal oxides CuO or Co30s form, its ternary compound CuCo.0s4 showed higher
electrochemical activity and conductivity which can be attributed to the lower activation

energy of charge transfer in multivalent transition metal cations. Recently CuCo0204 is

18




gaining attention of researchers for photo-catalysis. It has been used in degradation of methyl
orange, reduction of hexavalent chromium and CO; etc!®.With the problems due to micro-
plastics rising , these MnCo,04 and CuCo0204 can be useful photo-catalysts for degradation of
micro-plastics since they have shown good results in degradation of other pollutants. Sadly
this research is fairly new and is yet to see proper progress. Using these low cost, abundant
metals internary form such as MnCo0204 and CuCo0204 might help solving this MB and micro-

plastic crisis, but more research on their ability to degrade MB and micro-plastic is needed.

1.1.3 Methods of synthesis

As mentioned in the previous section methods of synthesis greatly affects the photo-catalytic
ability of the catalyst. Methods for synthesis predominantly include hydrothermal method,
solvothermal method,sol gel synthesis, and co-precipitation among others. The popularity of
hydrothermal method stems from its ability to produce a controlled design of multi-
dimensional photo-catalysts. It also provides other advantages such as high crystallinity and
morphology control. It is low cost as compared to sol-gel method, which requires expensive
precursors and solvents. When compared to hydrothermal method, solvothermal method uses
non-aqueous solvents which expands the range of solvent-based raw materials'®. But the
yield in case of hydrothermal synthesis is less since limited amount of precursor weights can
be used. Whereas in co-precipitation is an efficient method giving higher yield in a lesser

time with better quality.

1.2.0 Literature survey on photo-catalytic degradation of some commonly encountered

micro-plastics:

As seen in figure 1 there are various types of micro-plastics. Since the degradation of micro-

plastic by photo-catalysis is a recently researched topic, few catalysts have been tried for the
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aforementioned application. In this article, we have tried to shed a light on the different types

of micro-plastics and the photo-catalysts used for their degradation as seen in table 1.1.
1.2.1 Low-density polyethylene

Low-density Polyethylene (LDPE) was originally synthesized by high-pressure
polymerization of ethylene. The global usage of LDPE has resulted in its accumulation in the
environment. In an experiment, it was observed that a polyethylene sheet, kept in moist soil
for 12 years showed no confirmed weight loss?°.Photocatalytic degradation has been
attempted on this category of micro-plastics. The various photo-catalysts used include ZnO
nanorods, ZnO nanorods-supported platinum nano-particles, Polyacrylamide-grafted ZnO
nano-particles, N-TiO2,TiO2 nano-tubes and nano-particles,Carbon and Nitrogen doped TiO>

nano-particles, spinel NiAlOa.

As can be seen, zinc and titanium oxides are predominantly used as photo-catalysts, this can
be attributed to their band gaps which are approximately 3.37 eV and 3.1 eV respectively,
and the ease of synthesizing their oxides in adesired shape?!. Ali et al. observed that the TiO>
nano-particles possess 81 m?/g surface area as compared to TiO2 nanotubes possessing 161
m?/g, showing efficiency of 67% for photo-catalytic degradation under UV radiation. TiO;
nanotubeswith an average size of 40 nm showed degradation efficiency of 78% when
irradiated with UV radiation from 18W ultraviolet lamps for 15 days. Since TiO; is active
only in UV wavelength(below 385 nm), to utilize the visible part of solar energy it was
sensitized with a brilliant green dye.10% Dye-sensitized TiO2 nanotubes showed 48 %
degradation efficiency and dye-sensitized nano-particles showed an efficiency of 41% in
visible light over a period of 45 days. The advantage of dye sensitized TNT is its ability to
produce more’OH to the photo-degrade polymer matrix. Due to the ability of dye sensitized

TiO2 to degrade in visible light; this LDPE-TNTs composite can be an environmentally
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friendly alternative to other polymer materials. Even though the use of dye enhances the
degradation efficiency of TiO: in visible light, it is still inferior to the degradation caused by
TiO2 nanotubes in UV light?2.Mesoporous coating of N-TiO2 was also used in an attempt to
photo-catalytically degrade LDPE. The problem observed in the photo-catalysis of these
Microparticles was dealing with limited or null adsorption shown by large particles of micro-
plastic on the semiconductor. Collisions between the irradiated coating and the micro-plastics
additionally cause the infiltration of *OH and O radicals from the N-TiO. surface into the
reaction medium enables their interaction with the scattered microplastics, ultimately causing
deterioration of the plastic. (due to stirring) can lead to contact between surface-bound ROS
and micro-plastic particles. According to Llorente-Garcia et al., N-TiO. coating was done by
the evaporation-induced self-assembly method. The test was performed in an aqueous
medium contaminated with micro-plastics, at pH 3, by exposing the system to visible light
using a 50 W LED Lamp. Due to the inherent presence of chromophoric groups, photo-
initiated degradation could occur to some extent but the mass losses observed weren’t
significant enough. A Mass loss of 4.65% was observed after 50 hrs of irradiation. It was
seen that the interaction between the micro-plastics and the clean glass substrates added, did
not promote mass loss of the plastics due to mechanical action, but stirring it induced the
formation of buoyant LDPE micro-plastic films in the liquid—gas interface of the reaction
system, resulting in a layer of micro-plastic. This micro-plastic layer could affect the photo-
catalytic process negatively and hinder the absorption of light by the N-TiO, coating
immersed in the buffer and it could also decrease the diffusion efficiency of oxygen into the
liguid phase. The experiment also showed the high durability of LDPE in an acidic

environment??,

Hydrothermally synthesized ZnO nanorods were used to degrade LDPE in visible light using

a 50 W dichroic halogen lamp in ambient air. The initiation of degradation was again a result
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of the Chromophoric groups, manufacturing defects, and weak links providing sites for the
oxidation process, in turn leading to the degradation of the molecular bonds after photo-
catalytic exposure for a significant amount of time. The longer the rods higher will be the
surface area, hence generating a higher number of radicals for better photo-degradation. The
nanorods are 250 to 1750 nm long varying in width from 34 to 65 nm for the precursor
concentrations of 3 mM, 5 mM, 10 mM, and 20 mM, leading to the total effective surface
area of 6.5, 22, 49, and 55 cm? respectively. The alkoxy radicals generated in this degradation
process successively produce carbon and vinyl groups giving a rough estimate of the extent
of degradation. It is observed that for precursor concentration of 20 mM, the carbonyl index
is 1.51 and the vinyl index is 1.3. These groups can further undergo oxidation to produce
carbondioxide and water?. ZnO nanorods-supported platinum nano-particles (ZnO-Pt)
synthesized by the UV-C photo-reduction method give a carbonyl index value of 1.49 and
vinyl index value of 1.35 as per Tofa et al. The deposition of platinum nano-particles on the
zinc nanorods enables it to effectively degrade micro-plastic particles which are a result of
the plasmonic effect leading to better interfacial exciton separation and improved hydroxyl
radical activity along with a 78% increase in visible light absorption. The plasmonic metal
deposition on ZnO reduced the recombinations of electron-hole pairs and enhanced the
absorption of visible light. The synthesized ZnO nanorods and ZnO-pt were approximately of
the size 55 pum and 960 pm. It was observed that ZnO nanorods show strong absorption in the
UV region but after the platinum deposition there was about 78% increase in the visible light
absorption which could be due to the surface plasmon resonance effect. A reduction in the
ZnO band-to-band excitation at 362 nm was noted which might be the result of increased
defect density in the ZnO nanorod, due to the exposure of ZnO to the UV-light before
platinum deposition, and reduced light intensity incident on the surface of ZnO. These factors

result in the improvement of the absorption in the visible region®*. The ultrasonication
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method was employed to synthesize Polyacrylamide-grafted ZnO nano-particles. The grafting
of polyacrylamide on the surface of ZnO nano-particles enhances the dispersion and boosts
photo-catalytic activity. It increases the hydrophilicity in the LDPE matrix in turn
facilitatingthe degradation process. UV light Lamps with a power of 30 W (350-280 nm)
were used as the light source for photo-catalytic degradation. The grafting process was done
for 10% and 39% polyacrylamide. The absorption showed a decrease for 39% grafting
because increasing the number of polymers on the surface of the nano-particles, decreases the
UV absorption rate. One of the reasons might be the decrease in the density of the existing
chains in the nano-particles, which might prevent the light from reaching the surface of the
nano-particles decreasing the photo-catalytic activity. The Degradation efficiency varies with

time,50, 100, and 200 minutes and gives 7%,14.6% and 25% respectively?.

There is a lack of abundant studies on the preparation of spinel compounds using
hydrothermal and co-precipitation methods. Nickel provides an enhanced catalytic system
with low costs; hence NiAl,Os was prepared and used for photo-catalysis under the metal
halide lamp of 350 W as a source for the visible light. The average size of the compound
formed using the hydrothermal method and co-precipitation was 31.7 nm and 42.6 nm
respectively. They have band gaps of 2.57 eV and 2.757 eV respectively. It was observed that
spinels formed from co-precipitation didn’t show absorption in visible range whereas spinels
formed from the hydrothermal method had maximum absorption in the visible range
facilitating photo-degradation. The process of degradation of LDPE using NiAl2O4 results in
the formation of carbon dioxide and water?®.Figure 1.2 showcases the morphology of few of

the photo-catalysts mentioned above.
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Figure 1.2: SEM image of TiO2 nano-particles (A), SEM image of TiO2 nanotubes (B),
FEG-SEM micrographs of N-TiO- coating microstructure (C),SEM image of platinum
nano-particles-deposited on ZnO nanorods (D), TEM micrographs polyacrylamide
grafted ZnO nano-particles (E),SEM micrograph of hydrothermally prepared spinels
NiAlOq (F). (Reproduced from Elsevier, 2, 26, %)

1.2.1Polystyrene

A form of plastic made from petroleum called polystyrene contains the deadly carcinogen
benzene. Polystyrene is most commonly used in the production of insulators and packaging
materials?’. The photo-catalysts used in the degradation of polystyrene microspheres include
TiO2 nano-particles under the irradiation of UV light to produce carbon dioxide, water and
carbon monoxide. Nabi et al. observed that TiO2 nano-particles film made with Triton X-100,
when placed under the UV light for 12 hours gave mineralization of 98% of the polystyrene
(400 nm). TXT proved to be the better option in terms of generation, separation, and transport

of electron-hole pairs as can be seen in figure 1.3%,
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Figure 1.3: ‘A’ and ‘B’ showcases Triton X-100 based TiO after 6 hr irradiation and
after 12 hr irradiation respectively. ’C’ shows change in the diameter of a 400 nm PS, on
TXT, Ethanol, Water films, and without catalyst with change in time of irradiation
time.(Reproduced fromElsevier,iScience,2020)

A way of enhancing photo-catalytic performance is doping.TiO> is doped with metals to form
4% V-TiO2, Mn-TiO2, 0.4 Mo-doped TiO2W-TiO2Using methods like absorption and co-
precipitation. The catalyst was irradiated with UV light. Increase in the rutile content of the
TiO2 pigment in the 4% polystyrene films results in decrease in the rate of degradation,
bringing attention to the fact that the anatase-to-rutile ratio has a significant effect on the
photo-catalytic behaviour of the pigment and that anatase is more photo-chemically active
phase of titania. From figure 1.4 it’s clearly visible that the highest rates of degradation are
shown by the Mo- and W-doped anatase pigments as compared to rutile phase. There is
decrease in the degradation rate of 4% V-TiO>when compared with the undoped TiO at the
same calcination temperature.lt is further seen that the degradation rate is inversely
proportional to calcination temperature (figure 1.4). This concludes that the addition of
vanadium lowers the rate of degradation. A similar trend is nn the case of Mo-TiO,, the most
aggressive pigments are 0.3 and 0.7% Mo-doped TiO2, whereas 0.5% Mo-doped TiO. and

undoped TiO: exhibit the slowest rates of degradation. %°.
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Figure 1.4: A-Graph depicts the effect of anaphase and rutile phase on degradation of
polystyrene, B- Graph depicts the effect of calcination temperature of VV-doped TiO> (co-
precipitation method) [RM600 (20:80, anatase:rutile) and RM1000 (rutile)], C- The graph
shows the time taken by group 6 metal-doped titania to reach carbonyl index of 0.3 after PS
degradation .(Reproduced from Elsevier,ScienceDirect,2006)
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Micromotors are self-propelled nano-/microscale devices that are useful for micromotor’s
organic degradation, oil removal, and heavy metal removal. Photo-catalytic micromotors
have many advantages such as immediate on/off switch, use of water as nontoxic fuel, and
light as the renewable energy source. The light is easily controllable and does not lead to any
waste products during the propulsion.Au@mag@TiO2, mag = Ni, Fe, catalytic micromotor
can move efficiently both in peroxide and water under UV light due to the photocatalytic
reaction occurring on the particles. Au@TiO2 micromotors achieve very fast swimming
speeds and therefore more pronounced phoretic phenomena, leading to a degradation
efficiency of 67%.These micromotors using their efficient phoretic interactions and speed,

transport and collect large amount of PS particles as seen from figure1.5%°.
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Figure 1.5: Micro-plastic sample from Warnow river in H.O under 315 mW UV light (A).
SEM images showcasing amount of PS microparticles in the initial and final states (B)(Scale
bar: 10 um), time-lapse optical images showcasing Au@Ni@TiO2 micromotors, collecting
PS particles by phoretic interaction in 1.67% H>O> solution with 315 mW UV light (C).
(Reproduced from Elsevier,Journal of Hazardous Materials,2021)

1.2.3 Polyethylene terephthalate (PET)

Using PET at high temperatures can lead to the leaching of some toxic additives such as

acetaldehyde, antimony and phthalates?’. N-TiO, was firstly synthetized by solvothermal and
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calcination, and then Bi.O3z nano-particles were loaded on its surface by wet-impregnation
method and calcination. Bismuth oxide (Bi2Os) is considered as a promising candidate to
construct Z-scheme system with TiO> due to its non toxicity, low cost, and appropriate band
structure. The photo-catalytic performance of Bi.Os@N-TiO2-25% heterojunctions had been
investigated preliminarily by decomposing the methyl orange (MO) solution under AM 1.5
irradiation. The photo-catalytic degradation efficiency of MO was up to 95.3% within
60 mins which is much higher than that of N-TiO, and Bi:Os. Bi2Oz@NTiO2-25% was
compared with N-TiO2, which indicates its excellent light-response capability. The
heterojunction exhibited 40-50% total organic carbon (TOC) removal efficiency of various
contaminants within 40 min, including MO, sodium dodecylbenzene sulfonate (SDBS),
polyvinyl alcohol (PVA), dinotefuran (DTF), and tetracycline (TC). Therefore, it was
concluded that the as-prepared BiOs@N-TiO2-25% heterojunctions possess excellent
catalytic stability, reusability, and universality. Large amounts of debris were seen on the
surface of PET-FMPs after being exposed for 48 h under AM 1.5 irradiation, with it showing
a weight loss of 2.21 + 0.99% at pH 3.As seen in figure 1.7 at alkaline pH,7, the weight loss
was increased to 10.23 + 1.91% due to the production of oxidizing active species such as
*OH, *O, ", 0, and h* in the alkaline media at room temperature and ambient pressure®.,
Another photo-catalyst with a surface area of 115 m?/g and a band gap of approximately
around 2.58 eV, synthesized by solvothermal method is MXene/Zo6Cdo.4S.This degradation
results in the evolution of hydrogen and formation of other molecules such as glycolate,
acetate, ethanol, etc. Generally speaking ZnxCdi.xbecome of interest due to its good optical
properties, adjustable and appropriate band gap and high utilization rate of visible light along
with this, it being a binary alloy of sulfides has higher capacity, chemical stability and
electrochemical activity as compared to the single metal sulfides. In addition, MXene is

reported to have a good Fermi level position and high electrical conductivity, which enables
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it to act as an effective catalyst promoter to accelerate the separation of charge-hole,
improving the photo-catalytic performance of the metal sulphides.It is observed that the
hydrogen and evolution decreases with increase in MXene concentration. Because the
excessive load of MXene effectively might block the absorption of visible light, therefore an
appropriate MXene loading amount is required to enhance the photo-catalytic H2 evolution
activity as seen in figure 1.6. The experimental results showcased M-2/Z,6Co.4Sis the highest,
which is 14.17 mmol/hg . This is due to the synergistic effect of improved charge-hole
separation efficiency, increased visible light absorption capacity and appropriate oxidation

potential.

A) - : - .: 14.17 (B)

6.58

Figure 1.6: ‘A’ represents HRTEM of MXene/Zo.6Co.4S, ‘B’ represents Photocatalytic H»
evolution over MXene/ZxC1x (Reproduced from Elsevier,Journal of Colloid and Interface
Science, 2022)
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Figure 1.7: Solvothermal preparation process of the Bi2O3@N-TiO2 (A), TEM image of
nanoflower-like structure of BiOs@N-TiO2(B),The HRTEM image of Bi.Os@N-
TiO2(C),plot representing the Weight loss of polyethylene terephthalate (PET)-FMPs after
photocatalytic degradation at different pH = 7,9 and with presence and absence of Bi.Oz@N-
Ti02-25%(D),SEM image of PET-FMPs and PET-FMPs with Bi;Os@N-TiO2-25% added
after photocatalytic degradation under AM 1.5 irradiation at pH = 9(E-F).

(Reproduced from ScienceDirect,Advanced Sustainable Systems,2022)
1.2.4 Polypropylene

Polypropylene is used in the packaging of medicines, beverages etc due to its strong and
semi-transparent properties. Unlike polyethylene, polypropylene is not harmful to humans.
Polypropylene films with TiO, nano-particles incorporated are studied with xenon lamps
used as the radiation source. The precursor TiO, powder is prepared using sol gel method and
it should have crystalline structure of anatase to yield better results. Its morphology is visible
in figure 1.8 .The polypropylene film incorporated with TiO> nano-particles formed with

calcinations at 500°C showed surface area of 74 m?/g and pore size of 8 nm. It had the band
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gap of about 3.28 eV. The average weight of films was around 0.0759 g and the thickness of
films tested was of around 0.102 mm. Before irradiation all films of polymer with different
concentrations of TiOowere translucent. As films containing photo-catalysts were irradiated
its colour turned white. A degradation efficiency of 4 to 8 % was shown with the final

products formation®2.

Another way to enhance the degradation of micro-plastics is by synthesizing Polypropylene
film with C-TiO. nano-particles. To maintain control over the photo-catalytic properties one
can attempt to coat TiO2 with carbon layer. Studies have shown that the photo-catalytic
properties of carbon coated TiO. depend on the thickness of the layer. It is reported that the
carbon coating suppresses the anatase to rutile phase transformation that is advantageous to
photodecomposition of organic material, but once the threshold is crossed thicker the carbon
layer becomes, weaker is the ability of UV rays to penetrate. This consequently reduces the
photo-catalytic property. Hence the photo-catalytic property will be decreased if the depth of
the carbon layer is too thick; hence it is necessary to find the right balance of carbon layer
thickness. Another important factor is the particle size. It has been agreed upon that the
degradation process begins from the interface between the Polypropylene and TiO2 and then
extends outwards to the inner film while spreading over the film surface simultaneously.
Particle size and the interface area between the PP and TiOzare inversely proportional.
Therefore in this case, the photodegradation efficiency of the composite film will decrease

with light irradiation from75-W UV lamp (254 nm) for 100-500 hours®:,

ZnO nano-particles, with a band gap of 3.37 eV, have been used for catalytic degradation of
25 mm? polypropylene films under UV light in an aqueous medium. It is seen that the
influence of plastic size affects polypropylene decomposition, it is more prominent at high
temperature, hence the combination of high reaction temperature (50 ° C),1 g/L ZnO and low

size of PP plastic (25 mm? ) resulted in high PP weight loss that is 7.89%3. zinc oxide
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nanorods immobilized onto glass fibers substrates(diameter ~16um) were synthesized
hydrothermally. The idea was to induce photo-catalytic degradation of Polypropylene micro-
plastics spherical particles suspended in water by irradiation of zinc oxide nanorods (ZnO
NRs) immobilized onto glass fibers substrates in a flow through system,. Exposure of 2
weeks in visible light reduced the particle volume by 65%. The surface area of a typical 2 um
ZnO NR is calculated to be ~ 1.5x103 nm?2. This process resulted in the formation of
ethynyloxy/acetyl radicals, hydroxypropyl, butyraldehyde, acetone, acrolein (propenal) and

pentyl group etc %
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Figure 1.8: A)SEM images of TiO2 synthesized using sol-gel method after a thermal
treatment at 500°C, B)SEM images of pure PP and PPDTi (97.9 pp %W of type P25 with
2%W TiOz and 0.1 %W antioxidant) after 100 hr UV radiation, C) Evolution of weight of
TiO2/polypropylene films at different irradiation times. D) PP plastic treated using 1 g/L ZnO
at 50°C E) plastic weight loss with increase in number of thermo-photocatalytic treatment
cycle.(Reproduced from Elsevier,Materials Research Bulletin ,2014)
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1.2.5 High Density Polyethylene (HDPE)

HDPE is synthesized using petroleum and is produced at a massive scale due to its heat
resistant quality and the absence of phthalates or even BPA?’. N-Doped TiO, was used as the
the photo-catalyst in the degradation process of these micro-plastics. 2 methods of synthesis
were used for N-TiO., one was the normal sol-gel method while other was synthesizing from
mussel proteins. Photodegradation test was carried out at room temperature for around 20
hours, with about 50% humidity. It was observed that the catalyst prepared using sol gel
method showed higher crystallinity. From SEM images it was observed that the protein
derived TiO.showed higher porosity it also showed band gap of 2.9 eV as compared to sol
gel synthesized TiO2 (3.1 ev).As mentioned earlier humidity is an important condition for
these reactions, providing hydroxide radicals for photodegradation to occur®. N-TiO, was
also synthesized using evaporation-induced self-assembly (EISA) method which similar to
sol gel method showed 3.1 eV band gap. The pore size was observed to be 10 nm, with a
surface area of 74.7 + 0.2 m?/g.When irradiated with visible light mass loss of 4.65% was
observed.In the figure below you can see the biggest HDPE_A MPs, the blue curve shows
that mass loss after 50 h of irradiation was very limited, with a mean value of 0.22% (0.02
SE). This result was explained by the intrinsic characteristics of the MPs. HDPE was not
soluble in the reaction medium, and the particle size of this sample was huge compared with
the particles or pores of N-TiO2 (67.8 x 103 times larger). These characteristics prevented
the adsorption of the micro-plastic explaining their limited mass loss. In the case of HDPE
MPs derived from Scrub B, they were 31.8 x 103 times larger than N-TiO2 particles, and

adsorption of these plastics on the semiconductor surface was not possible.?3.

33




Fifure 1.85: FE-SEM micrographs of the (a) sol-gel and (b) protein-derived N-TiO>
semiconductors (Reproduced from Ceramics international, 2019)

1.2.6 Polyethylene

TiO2 nano-particles are widely usedphoto-catalyst used in polyethylene photo-catalytic
degradation under UV light. The process results in the production of carbondioxide, water
and carbon monoxide. With the use of raman spectroscopy it was observed that with the
increase in the irradiation time the morphology of polyethylene was changing, finally After
irradiation of 36 hours, complete degradation was seen?. It was also observed that modifying
the TiO, with silver and reduced graphene oxide was increasing the degradation efficiency.
The degradation efficiency of 3%Ag/TiO2was found to be 68%, with a band gap 0f2.85 eV,
while that of 3% Ag/TiO2-1%-RGO was found to be 76% as compared to TiO2 which showed
band gap of 3.2 eV. This increase in the degradation efficiencies can be due to many reasons
such as the dopant added is a good electron trapper decreasing the energy gap between
conduction band and valence band, making it able to absorb visible light. This coupled with
plasmonic effect increase the electron-hole charge separation. When 3% Ag/TiO2 was doped
with 1 % RGO it enhance the degradation efficiency further this can be attributed to reduced

graphene oxides ability to increase the mobility of the electrons. RGO has large surface area
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which ensures better access for catalysts to the pollutants®”.Photo-catalyst, BiOCI-Xwas used
for degrading polyethylene under visible light. The presence of hydroxyl groups on the
surface of the catalyst was beneficial to promote further formation of ‘OH making it an ideal
choice to study photo-catalytic degradation. BiOCI-1 showed higher hydroxyl group richness
then BiOCI with the band gap of 3.29 eV as compared to 3.39 eV*®.Table 1 shows the

reduction of mass of micro-plastic with time in the presence of various catalysts.

Table 1:Micro-plastic mass reduction of polyethylene

Catalyst Micro-plastic mass reduction

Mass of micro-plastic (mg) at time
Ohr | 1hr 2 hr 3hr 4 hr
Without catalyst 50 |50 50 50 50
TiO, P25 50 40 32 26 22
3% AgQ/TIO; 50 30 24 19 16
3%AQ/TIO,- 50 28 18 14 12
1%RGO
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Table 1.1: Photo-catalysts used in micro-plastic degradation

SR. | Citat Photo- Method of | Surfac | Por | Band | Contami | Source | Degradation | Products
NO | ions catalyst and Synthesis | e area e gap | nant efficiency formed
morphology m?g | size(
d)
1 A ZnO low- Visible COg; H20
(Nanorods) Hydrother | 55 cm? density light Carbonyl
mal polyethy index:1.51
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(LDPE) index:1.3
film
2 % (ZnO-Pt) uv-C - Methyle | Visible | Carbonyl -
(nanorods) photoredu ne blue, | light index:1.49
ction low- Vinyl
method density index:1.35
polyethy
lene
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film
3 3 ZnO nano- - - 3.37 polyprop | UV 7.8 wt% (at
particles ylene light 50°c)
plastic
4 & zinc oxide Hydrother | 1.5 - PolyPro | Visible | Reduction of ethynylox
nanorods mal *10° pylene light average ylacetyl
immobilized method nm? micro- a volume by radicals,
onto glass plastics tungste | 65% hydroxypr
fibers spherical | n- opyl,butyr
particles | halogen aldehyde,
lamp of acetone,
120 acrolein
W(456h (propenal)
r) and pentyl
group
5 % M-2/Z06Cdo4S | Solvother | 115 Appro | polyethy | Visible H2
mal X 2.58 | lene light evolution
(accordion- method eV terephtha | (>420 glycolate,
like structure) late nm) acetate,
(PET) 300 W ethanol,
Xenon etc
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6 2 4% V-TiO absorption | - - - Polystyr | UV - -
and co- ene light
precipitati
on
7 %2 TiO2 nano- sol-gel 74 8 3.28 Polyprop | Xenon | - COz; H20
particles method nm eV ylene lamps
with an as
average | irradiati
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r weight | source
(Mw) of | (1800
380,000 | W)
g mol?

36




8 8 C-TiO2 (Nano- | - - - - PolyPro | 75-W 78% -
particles) pylene uv
nanocom | lamp
posite
9 2 TiO2 Hydrother | 161 Polyethy | UV 67% .
nano tubes mal lene radiatio
method films n
(LDPE
films)
10 |2 TiO2 81 - - Polyethy | UV
(nano- lene radiatio | Mass loss: -
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11 % 3.1 HDPE 67%
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poro | 427
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nium(1V) nm) micrometers
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This literature survey summarises the various metal oxides used in the photocatalytic
degradation of micro-plastics. It is observed that TiO2 nano tubespossessing an average size
of 40 nm shows highest degradation efficiency of 78% of LDPE micro-plastic under UV
irradiation. Attempts to carry out degradation within visible region by dye sensitization
lowered the efficiency to 48% ,after irradiation was carried out for 4 to 5 days .Whereas
Ag/TiO2/RGO (Reduced Graphene oxide) degraded polyethylene with an efficiency of 76%
under UV irradiation. Zinc oxide nanorods immobilized onto glass fibers (diameter ~16um)
substrates showed average 65% reduction in volume of polypropylene film under visible light
after irradiation for 456 hours. It was observed that MXene/ZosCdosS had a band gap of
2.58 eV when compared with Bi.O3@N-TiO2 — 25% heterojunction with a band gap of 2.84
eV in the degradation of PET. Hydothermal method was seen to synthesize better photo-
catalysts as compared to other methods. Even with the efficiency of the above mentioned
catalysts we still need to find a more affordable and efficient method for micro-plastic
degradation such as using MnCo20s and CuCo20s to photo-catalytically degrade micro-

plastics as mentioned in the above section 2.2.
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1.2.7 Methylene Blue as water pollutant

CLASSIFICATION OF DYES
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Figure 1.90: Classification of Dyes

Natural dyes are derived without the use of chemicals from minerals, plants, and animals. A
few of its benefits include colour variety, ease of disposal, and biodegradability. But they also
have drawbacks, such as a lack of colour availability, subpar colour yield, a difficult dying
procedure, subpar fastness qualities, and a tough time combining dyes. Synthetic dyes are
those made from either organic or inorganic compounds. They are chosen over natural dyes
because they are less expensive, offer a wide variety of hues, and give the materials they dye

greater qualities.

Before the invention of a mordant or employing agent, basic dyes were employed to colour
wool, silk, linen, hemp, and other fabrics. On cotton and rayon, they were employed with a
mordant like tannic acid. Basic dyes offer acrylic fibres vivid colours with outstanding
fastness. They can be applied to basic nylon and polyester dyeable varieties. "Cationic dyes"

is another name for these colours. Cationic dyes are those that in an aqueous solution can

separate into positively charged ions. They can interact with the fiber's negative group to
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create a salt, which is then firmly bonded to the fibre and used to colour it. These colours are

typically applied combined with organic acids and hydrochlorides of organic bases.

Methyl thioninium chloride, often known as methylene blue (MB), is a tricyclic
phenothiazine that is soluble in water and some organic solvents. Over the years, it has been
utilised as a treatment for illnesses such as methemoglobinemia and malaria. It is sprayed into
the mucosa of the digestive system during chromoendoscopy as a dye to detect dysplasia or
pre-cancerous lesions. It is a synthetic dye that is frequently used for colouring leather,
papers, and fabrics in the garment and textile industries. It has a long history of application in
analytical chemistry as a redox indicator. When in an oxidising environment, this substance's

solutions are blue; nevertheless, when exposed to a reducing agent, they become colourless.

AN

o oy .-"'r-' I — o " HSG
HN-"". g 55 "“ﬁ,_‘-_:_,r" "'\-\.N j'

A significant amount of wastewater containing the dye methylene blue is released into water
bodies as industrialization grows. The monoamine oxidate inhibiting properties of MB dye,
which can cause lethal serotonin poisoning in humans at concentrations higher than 5 mk/kg,
also pose a serious threat to the aquatic ecosystems fauna. Therefore, it is crucial to remove
MB dye from wastewaters. Therefore, before disposal, it is crucial to treat methylene blue

waste water?°,
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OBJECTIVES

Since it is observed that the ternary metal cobalt oxides of manganese and copper have not

been widely investigated in the field of micro-plastic degradation. My objective is:

1. To determine the efficiency of photo-catalytic degradation of micro-plastic and methylene

blue using MnCo0,04 and CuCo0204 as the photo-catalysts.

2. To investigate photo-catalytic degradation of micro-plastic such as LDPE.

3. To learn various synthesis and characterization techniques for fabrication of semiconductor

nano-catalysts.

42




CHAPTER Il




2.0 Prologue

This chapter discusses the various approaches taken to synthesize mixed metal cobaltites.
Coprecipitation synthesis of MnCo204 is discussed using different structure directing

agents/SDAs (Urea, Thiourea, Semicarbazide, Thiosemicarbazide), at pH 9.

2.1 Materials used

Cobalt  acetate  tetrahydrate  (99%,Spectrochem  PVT.LTD),Manganese  acetate
tetrahydrate(99%,Loba chemie),Semicarbazyde hydrochloride (98%,Thomas
Baker(Chemicals) PVT.Limited),Urea (99%,Molychem),Cupric acetate monohydrate
(99%,SDFCL),Sodium carbonate (99.9%, Thomas baker),methylene blue, LDPE(Thermo

Fischer Scientific)

2.2 Protocols for co-precipitation synthesis of Mco204 (M= Mn, Cu)

e 2.2.1 Pristine condition

In the synthesis of MC0204 (M= Mn, Cu), cobalt acetate hexahydrate,(CH3C0OO).Co.6H20
and metal acetates were weighed as mentioned in table 5 and they were dissolved in
minimum amount of water are mentioned in appendix | section. The cobalt-metal solution
was placed on the magnetic stirrer with temperature between 30—40°C. pH adjustment was
done using 1 M sodium carbonate. The solution was kept for 2 hr continuous stirring and then
filtered. The washings were done with double distilled water. The precipitate was air dried
and calcined at 550 °C for 3 hours. The compound obtained was weighed. The vyield of

MCO.04 (M=Mn,Fe,Ni,Cu), formed is recorded in table 2.5.
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e 2.2.2 Using structure directing agents

In the synthesis of MCo0.04 (M= Mn, Cu), cobalt acetate hexahydrate, (CH3COOQ)>Co.6H,0
and metal acetates were weighed as mentioned in table 1.2 and they were dissolved in
minimum amount of water. The SDAs were weighed (stoichiometric ratio 1:2) as mentioned
in table 1.2 and diluted in minimum amount of distilled water as well. The weights for the
precursors and SDAs were calculated and are mentioned in appendix | section. The cobalt-
metal solution was placed on the magnetic stirrer with temperature between 30-40°C.The
prepared SDA solutions were added drop wise, followed by pH adjustment using 1 M sodium
carbonate. The solution was kept for 2 hr continuous stirring and then filtered. The washings
were done with double distilled water. The precipitate was air dried and calcined at 550 °C
for 3 hours. The compound obtained was weighed. The yield of MCO204 (M= Mn, Cu),

formed is recorded in table 1.3.

Table 1.2: Amount of SDA’s and precursors added for the synthesis of MC0204(M=Mn,Cu)

Sr. Amount of Amount of Amount of
No. Mn(CH3COO)2.4 Co(CHsCOO0)..4 | SDA
SDA H>0 weighed H20 Weighed
(9) weighed (9)
(9)
1. Pristine -
2. Urea 2.276
3. Semicarbazide 1.55 3.15 4.28
Sr. Amount of Amount of | Amount of
No. C4HsCuO4.H20 Co(CH3COO0)2.4 | SDA
SDA Weighed H20 Weighed
(9) Weighed (9)
9
1. Pristine -
2. Urea 2.2034
3. Semicarbazide 1.22 3.048 4.082
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Table 1.3: Yield of MC0.04 (M= Mn,Cu) at~9 pH in the presence of various structure

directing agents.

Sr.N | Compou SDA Weight of as- Weight of Yield
0. nd synthesised calcined (%)
compound oxides
(@) @)
1 Pristine 0.9827 0.5663 37.7
2 Urea 2.4382 1.3497 89.98
4 MnCo.0s | Semicarbazide 0.9097 0.3497 23.31
6 Pristine 4.1497 0.622 41.47
7 Urea 5.81 1.2876 85.84
9 CuCo0s | Semicarbazide 0.5146 0.1089 7.26

Figure 2.0: MCo0204 (M=Cu, Mn) compounds in pristine conditions (A, B),
also using urea(C, D) semicarbazide (E,F) SDAs




Add drop wise

2 hrs Constant

stirring using
magnetic stirrer at
30to 40 °C
Add SDA
solution “A”
drop wise to the ‘
constantly

A
\/

stirring solution
followed by “B
? sodium
carbonate
solution,pH:9

Filter the solution using
whatman filter paper 1.
Washings were done
using double distilled

water
v
(

Figure 2.1: Schematic representing synthesis process of MC0204 (M=Cu, Mn) compounds in
pristine conditions, also using urea and semicarbazide SDAs
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CHAPTER I




3.0 Prologue

The following chapter talks about various instruments used for characterization of
synthesized compounds. It also discusses the data obtained from characterization

of MnCo204 using FTIR, SEM, Elemental analysis, XRD and UV-DRS.

3.1 Instrumentation

The characterization of the Manganese Cobaltite, MnCo204 prepared by co-precipitation,
using Urea and Semicarbazide as structure directing agents, was done using following

techniques:

1. X-Ray Powder Diffraction (XRD)

2. Infrared Radiation (IR)

3. Scanning electron microscopy (SEM)
4. Elemental Analysis ( C,H,N,S)

5. UV-Vis Diffuse Reflectence Spectroscopy (UV-DRS)

The catalysts are further used for micro-plastic (LDPE) degradation. This is studied with the
help of Photocatalytic reactor .It’s design and operations are further discussed in this section

below.

X X-Ray Powder Diffraction (XRD)

XRD is a non destructive technique used for determining crystal structure of the synthesized
compounds. XRD involves constructive interference of monochromatic beam of X-rays and
the crystalline samples. It provides information on structures, phases, preferred crystal
orientations , average crystallite size, crystal defects etc. When the X-RAY beam falls on the

sample at a particular angle and gets diffracted. The constructive interference of the diffracted
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x-rays are produced upon satisfying the Bragg’s law (nA=2dsin©).The diffracted X-rays are

then detected, processed and counted by scanning the sample through a range of 26 angles.

RS

x5 Infrared Radiation (IR)

This technique exploits the fact that molecules have specific frequencies at which they rotate
or vibrate corresponding to discrete energy levels .In fourier transform infrared technique a
beam of infrared light passes through a sample under analysis. When the radiation is equal to
the molecular vibration, absorption of radiation takes place. The transmitted light helps us

determine the energy absorbed from the incident light.

X Scanning electron microscopy (SEM)

SEM is a technique used to analyze surface morphology of the synthesized compound. An
electron optical system is used to form the electron probe which may be scanned across the
surface of the sample in raster pattern. Various signals are generated by interaction of the
beam with the sample. These samples are collected and analysed with the application of

appropriate detectors.

X UV-Vis Diffuse Reflectence Spectroscopy (UV-DRS)

UV-DRS aids in study of opaque solid samples. It works on the principle that not only does
light reflected from the material come from the surface but some is reflected internally. When
the compound is irradiated the electrons travel from valence band to conduction band. The
intensity of the diffused light from the surface of the material is measured as a function of

wavelength and it was processed subsequently.
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X Elemental analysis(C,H,N,S)

The basic operating principle of CHNS analyser is based on burning of the sample at high
temperature. The sample is combusted in a pure oxygen environment. Where carbon, nitrogen,
hydrogen and sulphur undergo complete reaction forming NO2, CO2, SO., H.0O which is

detected with the help of thermal conductivity detector.

®,

> Photo-catalytic reactor and it’s working

The photo-catalytic reactor used to study micro-plastic degradation consists of a 300 mL
quartz vessel equipped with a gas and liquid sampling port. 2 additional ports 1 for
temperature while other is for catalyst loading. The source here is a 250 Watt UV lamp. The
temperature is maintained through the circulation of cold water through double jacketed
chamber. The entire assembly is placed on a Teflon coated magnetic stirrer operating at 1500
RPM. The period, reactor is on is controlled by a programmed digital UV lamp controller

unit.
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3.2 Characterization of MnC0,04 catalyst

Based on the TGA results, the optimal temperature for obtaining oxides is 500°C for pristine
compound (MnCo-1). Manganese cobaltites synthesized using SDA’s such as urea (MnCo-2)
and semicarbazide (MnCo-3) was calcined at a higher temperature to remove impurities
present. As a result, the thermal decomposition of the corresponding precursors was carried
out at 500°C and 550°C in furnace for 3 hrs. The X-ray Powder diffraction (XRD) was
carried out on a Smartlab Rigaku instrument using Cu Ka radiation (A = 0.15418 nm). The
XRD peaks of the samples calcined at 500 °C/ 650°C compared with the XRD pattern of

Co0304 confirmed the formation of cobaltites.

™, 'H| o, MnCo-3

MnCo-2

Intensity (A.L.)

Figure 3: XRD patterns of MnCo204 nano-particles (MnCo-1 : Pristine, MnCo-2: Urea
, MnCo-3 : Semicarbazide)
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Fig 3 gives a closer look at the calcined products formed. The XRD peaks formed can be
indexed to the MnCo0204 phase with cubic structure (JCPDS No. 23-1237) with MnCo0204
lattice constants a = 8.269 A° considered as mixed-valent oxides that acquire spinel structures

in which the Mn and Co ions are distributed over tetrahedral (A) and octahedral (B) sites.
The crystallite sizes of MnCo0204 were calculated using the Scherrer equation as follows:
D =KAL/ BcosO

Where D is the crystalline size, A is the X-ray wavelength (1.5418 A), B is the full width at
half maximum (FWHM) of the diffraction peak, and 6 is the Bragg diffraction. The
calculations were done considering (311) planes because they had the highest intensity peak
for all MnCo204 samples. The crystallite size of MnCo204 was found to range from 4.9 to 8.6
nm, as can be seen from Table 1.4. It is observed that MnCo.04 samples give highest
crystallite size in pristine conditions followed by the use of urea SDA, The lowest crystallite

size of sample was shown in the compound formed using semicarbazide SDA.

Table 1.4: crystallite sizes of the synthesized MnCo204 compounds

SR.NO. CODE SDA CRYSTALLITE
SIZES (nm)
1 Co304 - 8.27
2 MnCo-1 - 7.233
3 MnCo-2 UREA 8.693
4 MnCo-3 SEMICARBAZIDE 4.989
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EHT =20.00 kV Signal A = SE1 EHT =20.00kV Signal A = SE1 Date :16 Feb 2023
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WD = 7.5 mm Mag= 2500KX Time :11:29:12 WD = 7.5mm Mag= 2500KX Time :11:35:52

Figure 3.2: SEM images of MnCo,04 nano-particles, A: CosO4 nano-particles
B: Pristine (MnCo-1), C: Urea (MnCo-2), D: Semicarbazide (MnCo-3).

The morphologies and structures of the MnCo.04 nano-particles were explored using SEM,
Zess EV018 as shown in Fig. 3.2. The crystallite sizes acquired from the XRD pattern are
much smaller than the particle sizes obtained from the SEM results. SEM shows that Co304
andMnCo.04 nanocomposite under pristine conditions show structureless agglomeration
(Fig 3.2 B). Under the influence of urea SDA we see incomplete formation of microspheres
(Fig 3.2 C).We see formation of complete microspheres when semicarbazide SDA was used
(Fig.3.2 D). The SEM images reveal that the size of MnCo204 nano-particles also tend to
change with the SDA’s used. According to SEM, particle sizes in case of MnCo-1, MnCo-2,
MnCo-3 are 58.6 nm, 40.3 nm, 36.6 nm respectively. MnCo-3 showed better morphology

then MnCo-1, MnCo-2.
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Figure 3.3: FTIR spectra of MnCo204 nanocomposites prepared by co-precipitation method
in A) pristine conditions, B) with Urea SDA, C) with Semicarbazide SDA, D) Overlay of
MnCo204 nanocomposites prepared by co-precipitation method using various SDA’s.

FTIR was done using Shimadzu IR Prestige-21 instrument. FTIR absorption spectra of As
synthesized compounds and MnCo204 nano-composites after calcination at 500°C is shown
in fig. 21A .Similar IR spectras for As synthesized and calcined (550°C ) MnCo204 nano-
composites in the presence of SDA’s, Urea and semicarbazide are shown in fig.21B and fig.
21C respectively. From fig A-C, we can see that, as synthesized compounds (MnCo-1P,
MnCo-2P, MnCo-3P) on calcination at appropriate temperature gives desired metal oxides
(MnCo-1, MnCo-2, MnCo-3). Comparing the standard SDA’s (urea, semicarbazide ) spectra
with MnCo-2, MnCo-3 respectively we can deduce that most of the impurity peaks are not

visible in the calcined oxides. In fig. A absorption bands were observed at 665 cm™ and 557
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cm-! . In fig B and C , MnCo-2 and MnCo-3 show similar characteristic peaks at 653 cm™?,

557 cm™ and 663 cm™, 565 cm™? respectively.

These peaks are related to the stretching vibrations of Mn—-O and Co—O, respectively. The
stretching vibrations seen in the FTIR spectras are characteristic of metal oxides in spinel.
Fig. D shows broad peaks at around 3500 cm-! in MnCo-1, MnCo-2, MnCo-3 spectras due to
O-H stretching of absorbed water on nano-particles surface along with the characteristic

metal oxide peaks.

Table 1.5 : CHNS data of synthesized MnCo0,04 compounds.

SRINO. | NAME N (%) C (%) H (%) S (%)
1 Blank 0.26 0.05 0.143 0.02
2 MnCo-1 0.17 0.18 0.106 0.04
3 MnCo-2 0.16 0.22 0.084 0.032
4 MnCo-3 0.20 0.16 0.096 0.035

The MnCo204 compounds prepared in pristine conditions and also using SDAs, urea and
semicarbazide respectively. They were subjected to Elemental analysis (C, H, N, S) using
calibrated Elemental Vario Micro Cube CHNS analyser. The results of the same are shown

in table 1.5.
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Figure 3.4: shows UV DRS Absorbance plot of A) MnCo-1, B) MnCo-2, C) MnCo-3

UV DRS analysis was done and plotted as seen in Fig. 3.4; two broad peaks are visible in the

plots. According to the literature these are the characteristic peaks of mixed metal oxides. The

UV-Vis DRS measurement is adopted to estimate the optical properties of samples. All

samples display strong light absorption over the entire spectral range (400—-800 nm).The

addition of secondary ion alters the band gap in the order MnCo-3(2.1 eV)>MnCo-1(2.05

eV)>MnCo-2(1.4 eV)

The characterization of MnCo,04 nano-particles prepared by coprecipitation method was

done using SEM, XRD, IR, UV-DRS and Elemental analysis (C, H, N, S) techniques. The
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formation of mixed metal oxide was confirmed through X-Ray diffraction and IR. SEM
assisted in deducing the morphology of the synthesized nano-particles, along with the particle
size which decreases with the addition of SDA’s. UV-DRS were carried out to determine the

band gap of nano-particles.

3.3 Characterization of CuC0,04
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Figure 3.5: XRD patterns of CuC0204 nano-particles
(CuCo-1: Pristine, CuCo-2: Urea ,CuCo-3 : Semicarbazide)

Figure 3.5 showcases an XRD of CuCo204 samples under pristine conditions and also under
the use of SDA’s urea and semicarbazide. Rigaku instrument using Cu Ka radiation (A =
0.15418 nm) used for sample analysis showed well defined diffraction peaks point to a cubic
spinel CuCo0204 (JCPDS NO. 80-1532) structure. Table 1.6 showcases the crystallite sizes of

the samples. The sharp peaks for the sample CuCo-3 confirm its high crystallinity
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Table 1.6: crystallite size of the synthesized CuCo204 compounds

SR.NO. CODE SDA CRYSTALLITE
SIZES (nm)
1 Co0304 - 8.27
2 CuCo-1 - 18.9
3 CuCo-2 UREA 32.57
4 CuCo-3 SEMICARBAZIDE 37.44

Signal A = SE1 Date 6 Jun 2022 — =20, Signal A = SE1 Date :31 Mar 2023

Mag= 25.00 KX Time :15:58:13 F— = 9! Mag= 3500 KX Time :11:02:17

Tym EHT =20.00 kv Signal A = SE1 Date :31 Mar 2023 1 pm EHT = 20.00 kV Signal A = SE1 Date :31 Mar 2023
WD = 9.5mm Mag= 3500KX Time :11:08:34 WD = 9.5mm Mag= 3500KX Time :11:13:56

Figure 3.6: SEM images of CuCo0204 nano-particles with SDAs , A: CosO4 nano-particles
B: Pristine (MnCo-1), C: Urea (MnCo-2), D: Semicarbazide (MnCo-3).
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The morphologies of copper cobaltites samples under pristine conditions and on using SDA’s
were agglomerated. They showed cauliflower like structures .From SEM tentative sizes
shown by CuCo-1, CuCo-2 and CuCo-3 were 47.6 nm, 73.2 nm and 91.6 nm respectively.
This increase in sizes from pristine to urea to semicarbazide is in alignment with the XRD

data but differs from manganese cobaltite samples which showed opposite trend.
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Figure 3.3: FTIR spectra of CuCo204 nanocomposites prepared by co-precipitation method
using urea and semicarbazide SDA’s.

The FT-IR spectrum of CuCo,04 shows two major sharp peaks in the range of 500-700 cm!
which are due to the metal-oxygen vibrational modes at the tetrahedral- and octahedral-sites,
respectively The peaks seen between 3000-3500cm™ and 1600 cm™ can be attributed to the

stretching and bending vibrations of free or absorbed water molecules*:.
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Table 1.7: CHNS data of synthesized CuCo0.04 compounds.

SR.NO. | NAME N (%) C (%) H (%) S (%)
1 Blank 0.00 0.00 0.00 0.00
2 CuCo-1 0.44 0.29 0.317 0.061
3 CuCo-2 0.41 0.10 0.631 0.025
4 CuCo-3 0.41 0.08 0.049 0.011

The CuCo204 compounds were prepared in pristine conditions and also using SDAs, urea and
semicarbazide respectively. They were subjected to Elemental analysis (C, H, N, S) using
calibrated Elemental Vario Micro Cube CHNS analyser. The results of the same are shown in

tablel.7.
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Figure 3.7: shows UV DRS Absorbance plot of A) CuCo-1, B) CuCo-2, C) CuCo-3

From figure 3.7 we can determine that copper cobaltite in pristine condition shows the
highest band gap of 2.8 eV followed by CuCo-3 with band gap 1.5 eV.CuC0-2 shows the
lowest band gap of 1.2 eV. Hence it is expected for CuCo-1 to show higher Photo-catalytic

activity than other copper cobaltite catalysts.
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CHAPTER IV




4.0 Photo-catalytic activity

The synthesized Manganese and Copper cobaltites were screened for photo-catalytic activity.
MnCo0204 and CuCo204synthesized under pristine conditions (MnCo-1, CuCo-1) and along
with SDA’s urea (MnCo-2, CuCo-2) and semicarbazide (MnCo-3, CuCo-3) respectively were

used to photo-catalytically degradeMethlyene Blue(MB) and LDPE micro-plastic .

4.1 Photo-catalytic degradation of methylene blue

A 30 ppm methylene blue solution was prepared in a 1000 mL conical flask.100 mg of the
catalyst was added to the 300 mL of above mentioned solution. It was further sonicated for 5
minutes. The solution was then added in the flask and placed in the photocatalytic reactor
under 250 W UV light lamp for 1 hour. Aliquots were removed every 10 minutes, which
were filtered and centrifuged for 20 minutes. Absorbance of the aliquots was recorded using a

colorimeter, at A max 620 nm.

It was observed that catalysts MnCo-1, MnCo-2, CuCo-1,CuCo-2, and CuCo-3 showed
constant absorbance even after the solution was exposed to UV light for 60 minutes. Whereas
in case of MnCo-3 (semicarbazide as SDA) slight degradation was seen as seen from table

1.8 and figure 4.0 respectively

Table 1.8: Absorbance values of Methylene blue with time using catalyst MnCo-3

TIME (Min) ABSORBANCE CONCENTRATION (ppm)

0 0.76 30

10 0.74 29.21
20 0.71 28.02
30 0.69 27.23
40 0.66 26.05
50 0.62 24.47
60 0.62 24.47
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Figure 4.0 Absorbance VS time plot of MB with manganese cobaltites ,without and with urea
and semicarbazide SDAS

The Percentage degradation was determined using below mentioned formula.lt is determined

that the % degradation of MB on using MnCo-3 catalyst is 18.43%.

% = (Co- C1 /Co)*100

Where C; is final Concentration, C, is initial concentration and % is percent degradation

4.2 Photo-catalytic degradation of LDPE micro-plastics

MnCo-1, MnCo-2, MnCo-3, CuCo-1, CuCo-2,CuCo-3 were used to catalyse degradation of
micro-plastics. It was observed that while other catalysts showed no degradation, CuCo-3
catalysed LDPE showcased slight degradation. This can be confirmed from Sem images

(Figure 4.1) and IR spectra (Figure 4.2).
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Figure 4.1: SEM images of LDPE micro-plastics A: Before irradiation, B: After 5 hr
irradiation catalysed by MnCo-3, C-D: After 5 hr irradiation catalysed by CuCo-3

Figure 4.1A, Sem image ofnon irradiated LDPE showsa smooth surface with few cracks and
crevices due to few manufacturing defects and spots 24. Sem image(Figure 4.1B) of LDPE
degraded using MnCo-3 catalyst showed few stretch marks but still a continuous surface.
CuCo-3 catalysed LDPE degradation (Figure 4.1 C-D) resulted in much more discontinuous
surface with cracks and crevices. Figure 4.1 D showcases the cleavage formed on the surface

of the micro-plastic.
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Figure 4.2: FTIR of LDPE micro-plastics A: Before irradiation, B: After 5 hr irradiation

catalysed by MnCo-3, C-D:After 5 hr irradiation catalysed by CuCo-3

Figure 4.2 displays FTIR of un irradiated LDPE, LDPE after 5 hr UV-irradiation catalysed by

MnCo-3 and LDPE after 5 hr UV-irradiation catalysed by CuCo-3. It is observed that most of

the peaks seen in un irradiated LDPE and MnCo-3 catalysed degraded LDPE are similar.

Inferring that no degradation has occurred. While CuCo-3 catalysed degraded LDPE do not

show any such peaks concluding that degradation of LDPE has occurred.
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CONCLUSION

In this study we have carried out photo-catalytic degradation of toxic dyes and microplastic
using MnCo204 and CuCo204 synthesized by co-precipitation in the presence of urea and
semicarbazide SDAs. The degradation was carried out using a 250 Watts UV lamp in a

photo-reactor.

It was observed that MnCo,04 synthesized using semicarbazide (MnCo-3) showed better
morphology and lower crystallite size followed byMnCo,04 assisted by urea SDA(MnCo-2)
and then MnCo20s with no SDA(MnCo-1).Apart from MnCo-2, MnCo-1 and MnCo-3
showed crystallite sizes lower than Co3z0s4.A contrary trend was seen in case of CuC0204.The
crystallite sizes were much higher than that of Cosz04Copper cobaltite prepared with
semicarbazide SDA (CuCo-3), followed by CuCo0204 with urea SDA(CuCo-2) and the least
crystallite size was given in pristine conditions(CuCo-1).This trend is attributed to the higher

atomic size of copper than manganese.

In photo-catalytic degradation of Methylene Blue, it was found that MnCo-3 showed 18.43%
degradation; while other catalysts didn’t exhibit any significant degradation. This can be
attributed to its high band gap of 2.8 eV. CuCo-3 showed photo-catalytic degradation in
LDPE micro-plastics. While other micro-plastics didn’t show any changes on the plastic
surface, in case of CuCo-3 cracks were present and cleavage formation was witnessed. The
degradation procedure needs further optimization to increase the efficiency of the photo-

catalytic degradation.
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