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SUMMARY
One of the common problems throughout the world that needs to be addressed
immediately is the availability of quality drinking water. Water is being
contaminated by different pollutants like pesticides, heavy metal ions and dyes
which create health problems in living organisms. Different water treatment
techniques have been developed but none of them can extract all pollutants due to
diversity in the chemical and physical properties of the pollutants. In this work,
adsorbents were prepared from readily available biomass for water treatment.
Biowaste materials are used directly as adsorbents and as templates to prepare
other hybrid materials. These adsorbents were characterized using different
analytical methods such as scanning electron microscopy (SEM), thermo
gravimetric analysis (TGA), transmission electron microscopy (TEM) and X-ray
diffraction analysis (powder XRD). The adsorption efficiency of each material
was evaluated using batch adsorption studies. Langmuir and Freundlich isotherm
models were used to validate the adsorption process. Kinetic studies were done to
further understand the adsorption process.
In chapter one, a brief review of literature related to the usage of biopeels for
water treatment is given. Advantages and challenges of different existing
treatment methods were discussed. Chapter two includes different chemicals,
analytical techniques and methods used in the research process. In chapter three,
many viable biomembranes were screened against different pollutants and a few
were selected for further adsorption experiments. The adsorption capacities of
different biopeels towards different pollutants were investigated and identified
that these peels can adsorb cationic pollutants more efficiently than anionic
pollutants. Tomato and apple peels were tested as efficient adsorbents among all
biomembranes screened due to their easy availability and high efficiency. Both
peels were tested to extract different contaminants including dyes, pesticides, and
heavy metal ions shown in chapter four. Results indicated that these
biomembranes were more efficient in removing most of the pollutants. Apple peel
was treated with zirconium ions to make it suitable adsorbent for anions. We
vii

evaluated the performance of chemically treated apple peel against different
anions and nanoparticles in chapter five. Results indicated that zirconium treated
apple peels can extract chromate, arsenate and nanoparticles efficiently. Chaper
six

includes

the

bioinspired

synthesis

of

metal

oxides

to

remove

nanocontaminants from water. Eggshell membrane was used as template to get
porous metal oxide structures. These metal oxides including ZnO, NiO, CuO,
CeO2 and Co3O4 were characterized and employed in extraction of engineered
gold and silver nanoparticles. Some of the metal oxides (NiO) showed efficient
adsorption of NPs. Similar synthetic procedure is used to get Mn3O4. Chapter
seven discusses the removal of different dyes, Phosphate and pesticides by
Mn3O4. It is concluded from this chapter that Mn3O4 can be employed as efficient
adsorbent for different pollutants. In chapter eight, various functional groups on
eggshell membrane were exploited to synthesize stable gold and silver
nanoparticles on its surface in chapter eight. These nanoparticles were tested for
their catalytic activity in different organic reactions. Reduction of nitrophenol and
synthesis of propargylamine were selected as model reactions to evaluate the
catalytic activity of synthesized nanoparticles. It is proved that these biotemplated
nanoparticles work as economic and efficient catalysts for various reactions.
Chapter nine summarizes the conclusions and future studies that can be carried
out using our functional biowaste materials.
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CHAPTER 1

INTRODUCTION

1

1.1. Biowaste – origin
Biowaste is defined as biodegradable waste materials generated from various
sources. Nature contains abundant amount of biological matter which
eventually converts into biowaste. Daily human activities also produce large
quantities of biowaste, which include biowaste from, (1) industries; (2)
domestic sources and (3) agricultural lands. Firstly, the food processing
industries produce different biowastes such as nuts, outer peels of vegetables
and fruits. Secondly, remains of the crops after harvesting are being disposed
in different forms. The third category is domestic sources which includes food
and kitchen waste from households, caterers and retail premises. Currently
most of the biowaste is disposed by burning or dumping them in landfills. The
landfilling of biodegradable waste is known to contribute to environmental
pollution, mainly through the production of toxic leachate and methane gas.
1.2. Use of biowaste
The biological treatment of waste includes composting and anaerobic
digestion.

Composting

is

biological

decomposition

in

aerobic

and

thermophilic conditions. The recycling of compost is considered as an
efficient way of maintaining or restoring the quality of soils due to fertilisation
and improving properties of organic matter present in them. It also contributes
to the carbon sequestration and possibly replaces peat and fertilizers. However,
the application of compost to soil could raise environmental problems related
to the introduction of heavy metals, excessive or unbalanced supply of
nutrients, organic pollutants and the spreading of pathogens. Furthermore, the
application of biowaste and vegetable waste compost in agriculture has shown
a low nitrogen fertilizer value of composts. Anaerobic digestion is similar to
composting but it takes place in the absence of oxygen. This process turns
most of the carbon dioxide emissions into methane and which then burns to
generate energy by producing a soil conditioner. Biomass can be burnt directly
to supply heat energy or to generate steam in order to produce electricity.
Pyrolysis and gasification are thermal technologies like incineration which
breaks down carbon-based wastes by using high temperatures. The pyrolysis
process degrades waste to produce oil, char (or ash) and synthetic gas (syngas).

2

However, many proposals are emerging that aim to treat mixed household
waste, such disposal of biowaste is an expensive and less efficient process. In
addition, biowaste disposal involves many environmental concerns. Biomass
burning produces lot of toxic gases like NO2, SO2 and CO2. Developing a
route to use biowaste for water treatment solves the problem of waste disposal
and serves as an alternative biotechnology. Biomass contains mostly cellulose
and hemicellulose carbohydrate polymers with different functional groups
such as -NH2, -OH and –COOH and these act as potential sites for binding
metals, ions and molecules. This binding ability of biowaste can be employed
to use them as adsorbents in water treatment and templates to prepare efficient
catalysts.
1.3. Water pollution: different treatment methods
Water is vital to almost all life forms in existence and it is believed that, even,
the first life started in water. Although more than 70% of earth surface is
covered with water, majority of it is not suitable to sustain human life and only
limited potable water resources are available. The inquisitive nature of human
mind resulted in many rewarding innovations which eventually led to the age
of industrialization of the world. The extensive use of chemicals for various
purposes in day-to-day life and the growing industrialization led to unwanted
contamination of our existing natural resources by the release of diverse
organic and inorganic pollutants into water system.1-3 Among various
pollutants, heavy metal ions and dissolved organics (pesticides and dyes) are
most dangerous to human health.4 Since, it is impossible to completely prevent
the drainage of hazardous chemicals into drinking water resources, the best
way is to develop efficient water purifying technologies to provide clean water
to the living communities. Consequently, many novel water purification
techniques have been developed which include chemical precipitation,
chemical oxidation and reduction, electrochemical treatment, ion exchange,
membrane processes, coagulation, adsorption, dialysis, foam-flotation,
osmosis, photo catalytic degradation and biological methods.5 Continuous
research is going on to develop an efficient method to remove most of these
pollutants effectively and simultaneously.
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Water treatment methods
Chemical precipitation is generally employed for heavy metal removal from
inorganic effluent.6 The pH is adjusted to the basic conditions (pH 11), metal
ions are transformed to the insoluble solid through a chemical reaction with a
precipitating agent such as lime. Generally, the metal precipitated from the
solution is in the form of hydroxide.7 Lime or calcium hydroxide is the most
commonly used precipitating agent due to its low cost and high availability.
This can be employed to treat inorganic pollutants with a metal concentration
of higher than 1000 mg/L. Simplicity of the process, requirement of
inexpensive equipment, convenient and safe operations are other advantages.
Chemical precipitation needs large amount of chemicals to remove metals.
Another limitation is the excessive production of sludge that requires further
treatment. Moreover, increasing cost of sludge disposal, poor settling,
aggregation of metal precipitates and slow metal precipitation needs to be
answered.
Coagulation–flocculation: This method can be employed to treat wastewater
containing heavy metals and organics. The coagulant destabilizes colloidal
particles and results in sedimentation.8 Particle size is increased by
coagulation of the unstable particles into bigger floccules. This technique
involves pH adjustment and the addition of ferric/alum salts as the coagulant.
pH ranging from 11.0 to 11.5 is generally found to be effective in the removal
of heavy metals by the coagulation–flocculation process.9-11 Efficient sludge
settling is the major advantage of this technique. On the other hand, the toxic
sludge must be transformed into a stabilized product to arrest leaking of heavy
metals into the environment. It has limitations such as high operational cost
due to chemical consumption.12 Electro-coagulation also creates a floc of
metallic hydroxides, which requires further purification.
Flotation: Flotation is utilised to separate solids from a liquid phase using
bubble attachment. Among the various types of flotation, dispersed-air
flotation is the most commonly used for the treatment of metal-contaminated
wastewater.13-15 Low cost materials such as zeolite and chabazite have been
used as effective collectors with high removal efficiency. Heavy metal
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removal by flotation has the potential for industrial application even though it
is a physical separation process.16-18 Flotation can be used to remove some of
the dissolved metal ions and organics.
Membrane filtration: Membrane filtration process has been effectively
applied in the removal of suspended solid, organic compounds and inorganic
contaminants such as heavy metals. Various types of filtration such as
ultrafiltration, nanofiltration and reverse osmosis are being employed
depending on the size of the particle that can be retained.19-22
Ultrafiltration (UF): On the basis of the pore size (5 – 20 nm) and molecular
weight of the pollutants (1000 – 100,000 Da), UF utilizes permeable
membrane to separate macromolecules, heavy metals and suspended solids
from inorganic solution.23-25 UF can achieve more than 90% of removal
efficiency depending on the membrane properties; with a metal concentration
ranging from 20 to 100 mg/L. UF has some advantages including lower
driving force and a smaller space requirement. However, membrane fouling
decreases the UF performance hindering its application in wastewater
treatment. Fouling has many adverse effects such as decrease in flux with time,
and degradation of the membrane materials,26 which then add high operational
costs for the membrane system.
Nanofiltration (NF): The separation mechanism of NF involves electrical and
steric effects. A potential is created between the ions in the effluent and the
charged anions in the NF membrane to reject the latter. Generally, NF
membrane can treat inorganic effluent with high metal concentration.
Depending on the membrane characteristics, NF can effectively remove
pollutants at a wide pH range of 3 – 8.27-29 However, NF efficiency is still
under investigation for the removal of different pollutants.
Reverse osmosis (RO): This is a pressure driven membrane process where
water can pass through the membrane, while the heavy metal is retained.
Cationic compounds can be separated from water by applying a greater hydrostatic pressure. RO is more effective for heavy metal removal from inorganic
solution than UF and NF. RO works effectively at a wide pH range of 3–11
depending on the characteristics of the membrane such as the material,
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porosity, thickness, hydrophilicity, roughness and charge of the membrane.
High water flux rate, high salt rejection, resistance to biological attack,
mechanical strength, chemical stability and the ability to withstand high
temperatures are various advantages of using RO technique.30 However,
suspended solids such as chlorine oxides block the small pores of the
membrane leading to fouling. This warrants the replacement of the membrane
resulting to high operational costs.31-33 Other drawbacks are the high energy
consumption and the need for experienced work force to run the process.
Ion exchange: Ion exchange is one of the conventional and frequently applied
techniques for waste water treatment around the world. A reversible inter
change of ions between the solid and liquid phases occurs in ion exchange
process. An insoluble substance removes ions from solution and releases other
ions of similar charge in a chemically equivalent amount without any
structural change of the solid.34-39 Ion exchange can be used to recover
valuable metals from inorganic effluent. The metal can be recovered in a more
concentrated form by elution with suitable reagents. Depending on the
oxidation state of metal and the characteristics of the ion exchanger, heavy
metal removal works effectively in acidic conditions. Ion exchange does not
present any sludge disposal problems unlike chemical precipitation. This
decreases the operational costs for the disposal of the metal sludge. Resins
have certain ligands that can selectively bond with metal cations, making ion
exchange limited for a few heavy metal ions. Other pollutants such as
dissolved organics and nanomaterials are not removed by this method.
Electrodialysis (ED): Electrodialysis is a membrane separation in which ions
are passed through an ion exchange membrane by applying an electric
potential. When ionic species passes through the cell compartments, the
cations migrate toward the cathode and the anions migrate toward the anode.
The literature indicates that ED cannot effectively treat inorganic effluent with
a higher metal concentration (1000 mg/L).40,41 ED requires clean feed, careful
operation, and periodic maintenance to prevent any damages to the stack since
it is a membrane process.
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Oxidation: Oxidation involves the treatment of waste water using different
oxidizing agents. Generally, two types of oxidation viz. chemical oxidation
and UV assisted oxidation are commonly used. Chlorine, hydrogen peroxide,
ozone, fenton’s reagent, or potassium permanganate is used for treating the
effluents.42-45 Advanced oxidation process involves combination of chemical
and UV treatments.44,46,47 It is known that pH and catalysts play an important
role in oxidation process. Formation of side products, high cost of oxidising
agents are main limitations of this process. Various water treatment techniques
and their advantages and limitations are summarised below.
Table 1.1. Comparison of Different water treatment techniques
Technique

Advantage

Challenge

Coagulation &
flocculation

Simple, economically feasible

High sludge production and disposal
problem

Biodegradation

Efficient and cost effective

Slow process, necessary to create
favourable environment, maintenance
and nutrition requirements

Adsorption
on activated
carbon

An effective adsorbent, great,
capacity, produce a high quality
treated effluent

Ineffective against some organics,
regeneration is expensive and result in
loss of the adsorbent, non-destructive
process

Membrane
separations

Removes all dye types, produce
high quality treated effluent

High pressure, expensive, incapable of
treating large volumes

Ion exchange

Simple method and easy
regeneration

Not effective for all kinds of dyes, not
economical

Chemical
oxidation

Rapid and efficient process

High energy cost, chemicals required,
by products formation

Reverse osmosis

Efficient and removes most of
the pollutants

High pressures, membrane fouling,
expensive

Advanced
oxidation process

No sludge production, little or
no consumption of chemicals

Economically unfeasible, formation of
by products, technical constraints

Selective
bioadsorbents

Economically attractive,
regeneration may not
necessary, high selectivity

Requires chemical modification, nondestructive process

Biomass

Low operating cost, good
efficiency and selectivity, no
toxic effect on microorganisms

Slow process, performance depends
on some external factors (pH, ionic
strength)
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1.4. Adsorption: biowaste as novel adsorbent
Adsorption is a mass transfer process in which a pollutant is transferred from
the liquid phase to the solid surface and bound by physical and/or chemical
interactions. Adsorption method for water purification is becoming popular
because of its capability to remove both organic and inorganic pollutants and
its simple operational procedures.48-51 Several biological materials have been
screened for this purpose with good results. Most of the biological materials
have an affinity for metal ions and other pollutants. The variety of biomass
available for biosorption purposes is enormous. Microbial, plant and animal
biomass and their derived products have various biological and industrial
applications. Feasibility studies for industrial applications have shown that
biosorption processes using non-living biomass is in fact more practical than
the bioaccumulative processes that involve living microorganisms, since the
microorganisms require complicated bioreactor systems and nutrient
supply.52,53 In addition, maintenance of a healthy microbial population is
difficult due to toxicity of the pollutants being extracted, environmental
factors such as pH and temperature of the waste solution being treated.
Recovery of valuable metals is also not efficient in living cells since these may
be bound intracellularly52 so attention has been focused on the use of nonliving biomass as biosorbents. It is demonstrated that adsorption using lowcost adsorbents derived from agricultural wastes is an effective and economic
method for water decontamination due to its ecofriendly nature, low cost,
biodegradability, large scale availability throughout the world and efficiency
towards different pollutants. Agricultural waste materials are composed of
lignin and cellulose as the vital constituents. Other components are lipids,
proteins, hemicellulose, simple sugars, starches, water, hydrocarbons and
many other compounds with different functional groups present in the bidding
process.54,55 Hemicellulose is a heteropolymer of xylose with β-1,4-glycosidic
linkage with other substances of acetyl and glycouronyl groups. Cellulose is a
polymer of glucose with β-1,4-glycosidic linkage and intra-molecular and
intermolecular hydrogen bonds. Lignin is a three dimensional polymer of
aromatic compounds covalently linked with xylans.56-58 The different
functional groups present in biomass molecules are amido, amino, sulphydryl,
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carbonyl, phenolic, polysaccharides, carboxyl groups alcohols and esters.59
These groups have the affinity for different metal ions, dyes and phenolic
compounds. Some biosorbents are non-selective and can bind to a wide range
of heavy metals and organics with no specific priority, whereas others have
specificity for certain types of metals depending upon their chemical
composition.
Different biomass types have been tested for their biosorptive
capacities under various conditions. Many review papers quantitatively
compared biosorptive capacities of various biomass materials. Crini reviewed
the use of plant based materials as adsorbents,60 while O’Connell et al.
reviewed cellulose based materials.61 A brief comparison of biosorptive
efficiencies of various types of bacterial species was done by Malik, Veglio
and Beolchini, Vijayaraghavan and Holan.62-65 Mehta and Gaur compared
heavy metal removal by algae.66,67 biosorptive capacities of chitin/chitosan and
its many derivatives was summarized by Varma et al. and Gerente et al.68,69
Other researchers compared the biosorptive capacities of agricultural wastes
for heavy metals.70-74 Recovery of precious metals such as gold, platinum, and
palladium using biosorbents was reviewed by Mack et al.75-77 Andrès et al.
reviewed microbial biosorbents for concentrating rare earth elements like
europium, lanthanum, scandium, and ytterbium.78
The type and origin of the biomass is very important. For example
freely-suspended biomass, immobilized preparations, living biofilms, physical
and chemical treatments such as drying, boiling, autoclaving and mechanical
disruption will affect binding properties while chemical treatments often
improve biosorption capacity. Pollutant adsorption can involve various types
of biosorption processes that will be affected by different physical and
chemical factors. These factors are responsible for the overall biosorption
performance of the biosorbent. Hence the first step of biosorption process is to
examine the individual or cooperative effects of various factors involved in
biosorption. In case of batch biosorption processes, the important factors
include solution pH, temperature, ionic strength, initial pollutant concentration,
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biosorbent dosage, biosorbent size, agitation speed, and also the coexistence of
other pollutants.
1.5. Biopeels as efficient adsorbents
Use of biopeels as adsorbents may be viable for industrial applications. These
vegetable or fruit peels contain fibrous structures with sufficient mechanical
strength that can withstand the water flow. Chemical modification on these
peels will not cause any damage to the adsorbent. Column packing, loading
and washing procedures will be easy by choosing right size of the adsorbent.
Suitable washing can reduce the release of organics into water significantly.
Adsorbent must be stable for the elution of pollutants in desorption process.
These advantages attracted many researchers to evaluate the adsorption
efficiency of different biopeels towards pollutants. Some of them are
mentioned in table 1.2.
Table 1.2. List of biopeels (Fruit & vegetable) used for adsorption of different
pollutants
Biopeel used
Banana peel
Pineapple leaf
Rice husk
Orange peel
Corn cob
Durain, Pummelo
Maize leaf
Papaya peel
Tamarind
Potato
Water melon shell
Papaya wood
Tree fern
Neem leaf
Grape stalk
Peanut husk / shell
Wheat straw/ bran
Mango peel/ bark
Jute fibers
Sugarcane bagase
Carrot residues
Coconut coir/shell
Tea leaves
Sunflower
Soybean hull

Pollutants
Dyes, heavy metals ions, pesticides
Heavy metal ions
Dyes, heavy metals ions, pesticides
Dyes, heavy metals ions, pesticides
Dyes, heavy metals ions, pesticides
Heavy metals ions
Heavy metals ions
Heavy metals ions
Heavy metals ions
Heavy metals ions
Heavy metals ions
Heavy metals ions
Heavy metals ions
Dyes, Heavy metals ions
Heavy metals ions
Heavy metals ions
Dyes, Heavy metals ions
Heavy metals ions
Heavy metals ions
Dyes, heavy metals
Heavy metals ions
Dyes, Heavy metals ions
Heavy metals ions
Heavy metals ions
Heavy metals ions
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Reference
79-82
98
83-109
82,110117
118-124
125
126
265
127,128
266
267
129
130-132
133,134
135
136-149
150-160
161
162
163,164
165
166-174
175-179
91,180,1
81
182-185

Palm fruit bunch
Yellow passion fruit
Guava leaf
Hazelnut
Oil palm trunk fibers
Eucalyptus bark
Black gram husk
Peels of peas, broad bean, medlar
and fig leaves
Onion, garlic
Sesame hull
Tomato peel

Dyes
Dyes
Dyes
Heavy metals ions
Dyes, heavy metal ions
Dyes, heavy metal ions
Heavy metals ions

268

Heavy metals ions

197

Heavy metals ions
Dyes
Dyes, heavy metals ions, pesticides

198

186
187
118,189
190,191
192.193
194-196

199
200

1.6. Factors effecting biosorption
pH studies provide information on the chemical nature of the functional group
present on the adsorbent. Basic pH enhances biosorptive removal of cationic
pollutants, but reduces the adsorption of anionic pollutants.201 Higher
temperature usually enhances the adsorption capacity of many adsorbents by
increasing surface activity and kinetic energy of the adsorbate, but increase in
temperature may damage physical structure of biosorbent. Increase in ionic
strength reduces biosorptive removal of many pollutants by competing with
the adsorbate for binding sites of biosorbent. Initial pollutant concentration has
significant effect on removal efficiency.202,203 Higher pollutant concentration
increases the adsorption capacity (quantity of biosorbed pollutant per unit
weight of biosorbent), but decreases its removal efficiency. Biosorbent dosage
affects the removal efficiency in reverse manner to pollutant concentration.
Increase in adsorbent dosage decreases the quantity of biosorbed pollutant per
unit weight of biosorbent, but increases its removal efficiency.204 Biosorbent
size is important parameter in industrial applications. Smaller size is
favourable for batch process due to higher surface area of the biosorbent, but
not for column process due to its poor mechanical strength and clogging of the
column. Agitation speed has slightly less impact on adsorption behaviour.
Generally higher agitation speed enhances biosorptive removal rate of
adsorptive pollutant by minimizing its mass transfer resistance, but may
damage physical structure of the biosorbent. Presence of other pollutant
competes with a target pollutant for binding sites or forms complex with it.205
Waste water is a mixture of different pollutant so it is worth to study
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adsorption behaviour of adsorbents in presence of a mixture of pollutants.
Generally higher concentration of other pollutants will reduce biosorptive
removal of the target pollutant.
1.7. Mechanism of biosorption
The interaction between pollutant and adsorbent can be understood by
adsorption-desorption cycles. This information is crucial for understanding the
biosorption process as it can serve as a basis for selecting suitable isotherms,
kinetics and mathematical models. Different binding mechanisms have been
postulated to be active in biosorption including complexation, coordination
and chemisorption by ion exchange, chelation, physical adsorption and
microprecipitation.206-213 Complexation is defined as the formation of a species
by the association of two or more species. When one of the species is a metal
ion, the resulting entity is known as a metal complex. Ligands are molecules
with electron rich functional groups to interact with the central metal atom.
Some ligands are attached to a metal atom by more than one donor atom in
such a manner as to form a heterocyclic ring which is considered as chelation.
Ion exchange is the interchange of ions where bivalent metal ions exchange
with counter ions from active groups of bioadsorbent. Adsorption is a process
by which molecules or ions adhere to solid surfaces. Adsorption is a surface
phenomenon hence the actual process may involve either physical or chemical
binding forces. Physical adsorption is non-specific and relatively weak.
Chemisorption is specific and involves forces much stronger than physical
adsorption. The strength of physical adsorption decreases rapidly with increase
in temperature and is generally very small above the critical temperature of the
adsorption. According to Langmuir, the adsorbed molecules are held to the
surface by valence forces of the same type as those occurring between atoms
in molecules. Examples of chemisorption are metal complexation and
chelation.
The chemical nature of biological materials is complex and a variety of
mechanisms may be operative simultaneously under the given conditions.
Precipitations, where bound metal / pollutant species can act as loci for
subsequent deposition can lead to very high uptake capacities but this may
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inhibit desorption. The variety of structural components present in biopeels
means that different functional groups are able to interact with pollutants. For
example carboxyl, phosphate, hydroxyl, amino, thiols are common functional
groups present in varying degrees and are affected by physicochemical factors.
The diversity of chemical structure encountered in organic pollutants
(molecular size, charge, solubility, hydrophobicity, and reactivity), the type of
biosorbent and wastewater composition affect biosorption as well. It is likely
that the various mechanisms involved in biosorption can operate
simultaneously to varying degrees.50,65,71,214-222 There are various reports
describing the binding mechanism of different cationic pollutants to various
biopeels but mechanisms of anion biosorption have not been investigated in
detail, although this can be markedly affected by chemical conditions such as
pH.
1.8. Isotherms
Batch adsorption studies can give useful information on relative biosorbent
efficiencies and important physicochemical factors that affect biosorption,
although they do not provide significant insights about mechanisms.223-228A
variety of models ranging from single component (Langmuir and Freundlich)
to multicomponent models have been used to validate biosorption.
Interpretation of these models has some use in comparing different biosorbent
systems. Most of these models are proposed based on assumptions that are
relatively simple for biological systems. These assumptions were derived for
the adsorption of gases in monolayers of activated carbon. Some of the
assumptions, such as binding sites having the same affinity, do not often apply
to biopeels. Biosorbents have multiple binding sites such as carbonyl, thiol,
amine, carboxyl, hydroxyl and phosphate groups. Such functional groups have
different affinities for sorbate species, and can be easily affected by changes in
pH and solution chemistry. Some models which reflect multilayer adsorption
such as the Brunauer–Emmett–Teller (BET) isotherms also have been reported.
Many biosorption models have now been described for different biopeels but
only the most common will be described here. The Freundlich isotherm
defines adsorption to heterogeneous surfaces. It means surfaces possess
adsorption sites of varying affinities. The Freundlich isotherm equation229,230 is:
13

(1.1)
where qe is the equilibrium value of sorbate uptake by the sorbent, C is the
equilibrium sorbate concentration, K is an affinity parameter and β is a
dimensionless heterogeneity parameter: the smaller the value of β, the greater
the heterogeneity. The Freundlich equation reduces to a linear adsorption
isotherm when β = 1. This equation is often used over a wide range of
concentrations even though it is strictly valid for metal adsorption at low
concentrations. Data are usually fitted to the logarithamic form of the equation:
log qe = log K+β log C

(1.2)

which should give a straight line by plotting log qe versus log C of slope β and
an intercept of log K. The Langmuir isotherm was derived originally from
studies on gas adsorption to activated carbon. This model based on few
assumptions which include that (a) adsorption is limited to formation of a
monolayer, (b) all binding sites possess an equal affinity for the adsorbate and
(c) the number of adsorbed species does not exceed the total number of
surface sites which means there is a 1: 1 stoichiometry between surface
adsorption sites and adsorbate.
The Langmuir adsorption isotherm223,231-233 is represented as:
(1.3)

Where Q˚ is the maximum adsorption of sorbate per unit mass sorbent, K is an
affinity parameter related to the bonding energy of the sorbate species to the
surface and other symbols are as previously described. The Langmuir isotherm
assumes a finite number of uniform adsorption sites and overlooked the lateral
interactions between adsorbed species. Biological materials are more complex
containing different adsorption sites so these assumptions are clearly invalid
for such adsorbents. In addition, the Langmuir isotherm is only able to
describe adsorption at low sorbate concentrations (1. 3). A multisite Langmuir
adsorption isotherm allows for more than one type of binding site. The
multisite Langmuir adsorption isotherm is:
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(1.4)

where n is the number of types of surface sites. This isotherm is expected to
provide a better fit to metal adsorption data than the single Langmuir isotherm.
The BET is another isotherm with multilayer adsorption at the adsorbent
surface and assumes that a Langmuir equation is applicable to each layer.
Further a given layer may not need to be completely formed before the next
layer forms. The BET equation is:
(1.5)

Where Cs is the saturation concentration of the solute, B is a constant relating
to the energy of interaction with the surface, and other symbols are as
previously described. A plot of C/(Cs −C) qe against C/Cs gives a straight line
for data conforming to the BET isotherm of slope (B−1)/B Q° and intercept
1/B Q°. There will not be any significant information regarding the mechanism
by fitting biosorption data to adsorption isotherm equations and should be
considered simply as numerical relationships used to fit data. Experimental
evidence is important before any chemical significance can be attributed to
isotherm equation parameters. Further, these parameters are valid only for the
chemical conditions under which the experiment was conducted. Use of these
equations for prediction of pollutant adsorption behaviour under different pH,
ionic strength, and pollutant concentration is not straight forward.
1.9. Kinetics
Batch kinetic modelling is necessary to describe the response of the
biosorption system to changes caused by variations in the experimental
conditions and the properties of biosorbents. The model results can be affected
by the maximum uptake capacity of biosorbent, mass transfer coefficients,
biosorbent size, initial pollutant con-centration, and solute diffusivity. Thus,
kinetics studies give detailed information on adsorbate uptake rates and on rate
controlling steps such as intraparticle mass transfer, external mass transfer and
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biosorptive reactions.224,228,234-243 Intra-particle diffusion has often shown to be
an important factor in determining the attainment of equilibrium in
immobilized biosorbents. To identify these processes, batch kinetic data is
fitted to an intra-particle diffusion plot as suggested by Morris.244 If this plot
passes through the origin then intra-particle diffusion is the rate determining
step. There are various intra or extra mass transfer models in biosorption
studies that have been reported in the literature.245 Around 25 models have
been introduced in attempts to quantitatively describe kinetic behaviour during
the adsorption process, but every model has its own limitations. Derivation of
these equations and their physical meaning has been summarized in the
literature.246 In most cases, both pseudo-first- and second-order kinetic
equations have been commonly employed in parallel, and one was often
claimed to be better than the other, according to marginal differences in the
correlation coefficient. In general, the pseudo-second-order equation has been
successfully applied to the biosorption of metal ions, dyes, and organic
substances from aqueous solutions. Due to the complexity of the biosorption
mechanism, however, in theory, the order of a biosorption process must be
determined by the general rate law equation, rather than preset-order kinetic
equations.
The criteria for choosing the isotherm or kinetic equation for
biosorption data is generally based on the goodness of curve fitting which is
often evaluated by statistical analysis. However, good curve fitting in the
sense of statistical evaluation may not necessarily imply that this curve fitting
has true physical meaning. That means if a set of biosorption data is analyzed
by different isotherm or kinetic equations, the best fit equation may not be the
one reflecting the biosorption mechanism.247,248 Therefore most of the
isotherm and kinetic studies about biosorption process are simple
mathematical exercises. It has been stated that selection of kinetic equations
should be based on the mechanisms. Strong theoretical characteristics are
needed to formulate a mathematical expression of biosorption rather than
simple curve fitting.
1.10. Modification of biopeels
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Advantages of using raw biopeels for waste water treatment include low cost,
easy availability, fast regeneration, requires little processing, selective
adsorption of heavy metal ions and good adsorption capacity. However, some
of the limitations include high chemical oxygen demand (COD) and biological
chemical demand (BOD) as well as increase in total organic carbon (TOC) due
to release of soluble organic compounds contained inside the biopeels.249 The
increase of the COD, BOD and TOC can cause decrease of oxygen content in
water and can threaten the aquatic life. Hence plant wastes need modification
or treatment before being used for water treatment. Immobilisation of the
biomass on solid structures creates

a

material

with

the

right

size,

mechanical strength, rigidity and porosity necessary for use in columns.
Immobilisation can also yield beads or granules that can be reused many
times similar to ion exchange resins.250,251 The possibility of using the
biosorbent material in subsequent adsorption desorption cycles would
improve the economics of biomass technical applications. Pre-treatment of
plant wastes can extract soluble organic compounds and improve binding
efficiency.74 Pre-treatment methods include different kinds of modifying
agents such as base solutions (calcium hydroxide, sodium hydroxide, sodium
carbonate), acid solutions (hydrochloric acid, sulfuric acid, nitric acid, citric
acid, tartaric acid, thioglycollic acid), organic compounds (methanol,
ethylenediamine, epichlorohydrin, formaldehyde, isopropanol), oxidizing
agent (hydrogen peroxide), dye (Reactive Orange 13) and others.51,97-103
Surface modification can greatly alter the biosorptive capacity of the
biomass as biosorption is a surface process. A number of chemical, physical,
and other modification methods are reported in literature. Generally, physical
modification is very simple and inexpensive, but is generally less efficient
than chemical modification. In some cases, biosorption mechanism connected
with target chemical group in a form of biomass can be characterized by
chemical modification of that group. Among various chemical modification
methods, washing with different chemicals has been preferred due to its
simplicity and efficiency. For example, acid washing can enhance the capacity
of biosorbents for cationic metals or basic dyes in many cases, through
extraction of soluble organic or inorganic components from raw biomass and
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by changing its biochemistry. However, some chemicals may cause mass
losses of the biosorbent via structural damage and decrease in the biosorptive
capacity. Modification of its functional groups facilitates significant
improvements in the adsorptive efficiency of a biosorbent. Amine, carboxyl,
hydroxyl, sulfonate, thiol, and phosphonate groups are known to be good
binding sites for metals or dyes. Hence, these functional groups can be formed,
modified or transformed to enhance biosorptive capacity. Raw biomass may
have certain groups that inhibit biosorption of a target pollutant; thus,
chemical elimination of the inhibiting groups will also produce a better
biosorbent. Grafting of long polymer chains onto the surface of raw biomass is
another efficient way to introduce binding groups onto the surface of a
biosorbent. Various monomers, such as acrylic acid, acrylamide, acrylonitrile,
ethylenediamine, hydroxylamine, glycidyl monomers, and urea are reported in
literature for surface grafting.253,259-263 Table 1.3 summarises various
modification methods currently in practice for the preparation of better
biosorbents.
Table 1.3. Different approaches to modify of biopeels for applications in
water treatment.
Method

Purpose

Process involved

Physical
modification

Pre-treatment

Cutting, grinding, autoclaving, steam,
thermal drying, lyophilisation,

Pre-treatment
(washing)

Acids(HCl,H2SO4,HNO3,H3PO4,citric acid,
etc), Alkalis(NaOH,KOH,NH4OH,Ca(OH)2,
etc), organic solvents(methanol, ethanol,
acetone, tolune, formaldehyde,
epichlorohydrin, salicylic acid,
NTA,EDTA,SDS,L-cysteine,Triton X-100,
tec) and other chmicals (NaCl, CaCl2,
ZnCl2,Na2CO3,NaHCO3,K2CO3,
(NH4)2SO4,H2O2,NH4CH3COO, etc)

Enhancement of
binding groups

Amination of hydroxyl groups, carboxylation
of hydroxyl group, phosphorylation of
hydroxyl group, carboxylation of amine
group, amination of carboxyl group,
saponification of ester groups, sulfonation,
xanthanation. Thiolation, halogenation,
oxidation, etc.

Elimination of

Decarboxylation/elimination of carboxyl
group, deamination/elimination of amine

Chemical
modification
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inhibiting groups

group

Graft
polymerization

High energy radiation grafting(using gama
irradiation, microwave radiation, electromagnetic radiation, etc) photochemical
grafting(with/without sensitizers like benzon
ethyl ether, acrylated azo dye and aromatic
ketones under UV light) and chemical
initiation grafting(using ceric ion,
permanganate ion, ferrous ammonium
nitrate/H2O2,KMnO4/citric acid, etc)

Culture optimisation

Optimisation of culture conditions for
enhancing biosorptive capacity of cells

Genetic engineering

Over expression of cysteine rich peptide
(glutathione, phytochelatins,
metallothioneins, etc) and expression of
hybrid proteins on the surface of cells

1.11. Challenges
The application of untreated plant wastes as adsorbents may involve serious
release of soluble organic compounds into water, which then increase the
COD, BOD and TOC. It is important to consider such issues when screening
raw biomass for potential use in biosorption processes. Generally, biomass and
biomass driven biosorbents show low stability due to degradation. This
property may be a serious limitation for long term applications in water
treatment facilities. The low thermal stability of biomass and its degradation
resulting from desorbing agents are other important criteria that need to be
taken into account. Further, the continuous supply of biomass should be
considered, which has a huge impact on its successful application in real
applications. Many researchers reported the use of microbial biomass systems
without adequately considering this point. Factors other than the availability
and low cost of biomass, especially the biosorptive capacity need to be
considered towards the selection of appropriate material. Most studies reported
the use of particular biopeel for the extraction of a single pollutant. Reports on
the use of single biopeel for the extraction of various pollutants including
heavy metal ions, dyes, pesticide and nanocontaminants are rare. We aim to
develop novel adsorbents and investigate the efficiency for water treatment.
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1.12. Scope and outline of the thesis
The main purpose of this study was to develop an efficient and stable
adsorbent for water treatment. The specific objectives of this research are


To identify potential adsorbents among available vegetable and fruit
peels



To investigate adsorption efficiency of biopeels such as tomato and
apple peels towards different non bio pollutants



To design chemically modified peels for the removal of various
anionic pollutants



To synthesize highly stable and robust metal oxides for removal of
nanoparticle from water using biowaste



To demonstrate the usage of biomass for synthesizing efficient catalyst
for different organic reactions

A few viable vegetable and fruit peels were selected and screened for removal
of pollutants. Chapter 2 of the thesis describes materials and synthetic
procedures used in the present study. We investigated the removal efficiencies
of different working peels (Longan, kiwi, avocado, hami melon and dragon
fruit) against various pollutants including heavy metal ions, pesicides and
nanoparticles and discussed in chapter 3. Chapter 4 describes the investigation
of the adsorption efficiencies of tomato and apple peel against different
cationic pollutants. The results showed that raw biopeels can extract cations
more efficiently than anions. Zr cation immobilized apple peels were prepared
and investigated the adsorption capacity towards different anionic pollutants.
Robust and stable metal oxides were prepared using Eggshell membrane as
template. These metal oxides were employed as adsorbents to remove
nanoparticle from water. Biotemplated Mn3O4 was synthesised and used for
the removal of dyes from water. Chapter 7 describes the use of Mn3O4 for the
extraction of other pollutants along with dyes. Efficient and viable catalysts
were prepared by using eggshell membrane as template. Catalytic activity was
investigated against two organic reactions and discussed in Chapter 8. Overall
the thesis describe attempts to use bioadsorbent for multiple applications,
predominantly for water purification.
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CHAPTER 2
MATERIALS AND METHODS
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Introduction
This chapter provides a brief summary of materials and synthetic methods
employed in this thesis.
2.1. Commercially purchased chemicals:
All inorganic salts: zinc nitrate (Zn(NO3)2), cobalt nitrate (Co(NO3)2.6H2O),
ammonium cerium (IV) nitrate ((NH4)2Ce(NO3)6), copper nitrate hexahydrate
(Cu(NO3)2.6H2O),
(AgNO3),

nickel nitrate hexahydrate (Ni(NO3)2.6H2O), silver nitrate

hydrogen

tetrachloroaurate

trihydrate

(HAuCl4.3H2O),

sodium

borohydride (NaBH4) and polyvinylpyrrolidone (PVP), 2,4,6 - trichlorophenol
(TCP), p - chlorophenol (PCP), phenol and p - nitrophenol (PNP), Alcian blue
(AB), coomassie brilliant blue G - 250 (BB), neutral red (NR) and methylene blue
(MB), sodium arsenite (NaAsO2), potassium dichromate (K2Cr2O7), lead nitrate
(Pb (NO3)2) and nickel nitrate hexahydrate (Ni (NO3)2.6H2O), manganese nitrate
tetrahydrate (Mn(NO3)2.4H2O), hydrochloric acid (HCl), methanol (CH3OH),
Sodium hydroxide (NaOH), sodium citrate, victoria blue and bromophenol blue
were purchased from Sigma-Aldrich and used without further purification.
Deionized water was used for all syntheses. Stock solutions were prepared by
dissolving stoichiometric amounts of corresponding chemical.
2.2. Synthesis of materials
2.2.1. Preparation of biopeel adsorbent
Apple, tomato, kiwi, longan, hamimelon, avacado and dragon fruits were bought from
local supermarket and the outer layer was carefully peeled off and cut into small pieces of
around 0.04 cm2 in size. Raw peels were saponified with NaOH to cleave ester bonds and
generate more hydoxyl groups. Deionized water washings were given to remove excess
base. Washed peels were then sonicated in 2-propanol to extract leachable organics. The
resulting adsorbent was washed with water and dried.
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2.2.2. Immobilization of apple peel
Zr(IV) (0.1 M) solution was prepared by dissolving ZrOCl2.8H2O (3.22g) in
deionised water (100 mL). Dried apple peel (5 g) was added to Zr solution (100
mL, 0.1 M) and left it for 6 h at room temperature at neutral pH. The Zr-loaded
apple peel was then washed with copious amounts of water to remove excess ions
from the surface. The peel was dried and used for characterizations and
adsorption studies. This study was focused on the water treatment using Zr
immobilized apple peels. All chemicals and reagents used were AR grade and
purchased from Sigma Aldrich.

2.2.3. Synthesis of gold and silver nanoparticles
Stable gold and silver nanoparticles in aqueous solution were prepared by
reduction of corresponding salts with NaBH4. PVP / trisodiumcitrate (100 mg)
dissolved in water (3 mL) and HAuCl4.3H2O / AgNO3 (500μl of 100 mM)
solution was added to water (50 ml) under magnetic stirring at room temperature.
NaBH4 (10 mg) dissolved in water (3 ml) was added drop wise to the stirring
solution. The initial colourless solution became dark red in case of Au, grey for
Ag respectively, which indicated the formation of nanoparticles. The solution was
left to stir for a day before it was being diluted to 200ml to make the
concentration of nanoparticle solution 2.5x10-4 M. Same concentration (2.5x10-4
M) of citrate capped nanoparticles were prepared in the similar manner.

2.2.4. Synthesis of Eggshell membrane (ESM) composites
Fresh eggs from local supermarket were gently broken and washed with water to
remove the albumin and yolk. The membrane was carefully peeled from eggshells
and cleaned with deionized water. The clean ESM (100 mg) was dried in air at
ambient conditions, cut into small pieces and immersed in HAuCl4 or AgNO3
(10.0 mL, 5 mM ) solution for 2 h. It is conceivable that the reaction was initiated
by adsorption of the charged Au (III) or Ag (I) ions onto the surface of ESM
followed by the reduction of metal ions to Au or Ag atoms and deposited as NPs
on the ESM surface. The yellow HAuCl4 solution was slowly decolorized and the
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white ESM was turned to light red colour in case of gold and grey colour for
silver. Ag ions require relatively longer time (48 h) for reduction on ESM surface.
The NP immobilized ESMs (NP-ESMs) were removed from the solutions after 12
h and rinsed with copious amounts of deionised water to remove excess nonreduced metal salts. The NP-ESMs were air-dried at ambient conditions for
further characterization.
2.2.5. Synthesis of metal oxides
Preparation of metal oxides using ESM template: Fresh eggs from local
supermarket were gently broken and washed with water to remove the egg white
and yolk. The eggshell membrane (ESM) was carefully removed by immersing
eggshells in HCl (100 mL, 2 M) and rinsed with deionized water. The ESM was
immersed in metal salt solutions (10 mL, 0.02 M) for about 12 h at room
temperature. The ESM composites were taken out, rinsed with deionized water
and dried at room temperature. Certain amount of ESM composites were placed
in porcelain crucible and calcined at a heating rate of 0.5 °C / min upto 750 °C for
3 hr. The resulting powders (metal oxides) were stored at room temperature and
used for further characterization.

2.3. Characterization methods
X-ray diffraction (XRD) pattern of the samples were recorded using Bruker AXS: D8 DISCOVER with GADDS Powder X-ray diffractometer with Cu- (λ
= 1.5418 Å) at 40 kV and 40 mA over a range of 2θ angle 2° to 80° using a step
size of 1°. Surface structures of the peel were captured using Field Emission
Scanning Electron Microscopy (JEOL JSM-6701F). Dried apple peels were
coated with platinum metal before SEM analysis to make the surface conductive.
Energy dispersive X-Ray spectroscopy (EDS) was done in conjunction with SEM
to investigate the chemical composition of the apple peel. The IR spectra were
recorded in the range of 4000 - 400 cm-1 using a Bruker ALPHA FT-IR
Spectrophotometer with a resolution of 4.0 cm-1. Specimens were first mixed with
KBr powder and then grounded in an agate mortar. The mixture was pressed at 10
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tons for 5 min to form a 100 mg disk using a KBr press model MP-15. 20 scans
were used for each spectrum. Thermogravimetric analysis (TGA) and differential
thermal analysis (DTA) were conducted on TA - SDT 2960 thermal analysis
system with a heating rate of 5 °C/min in N2 atmosphere.The concentrations of
pollutants of experimental and control samples were analysed using inductively
coupled plasma optical emission spectroscopy (ICP-OES), which was carried out
using the Dual-view Optima 5300 DV ICP-OES system, for arsenic (III, V) and
chromium (VI). The ion-exchange chromatography was employed using the 818
IC Pump, 820 Separation Center, 830 Interface, 833 Liquid handling Unit, 732
Detector and 813 Compact auto sampler for phosphate. Surface elements of the
peels were identified using X-ray photo electron spectroscopy (XPS) with a
spatial resolution of 30 µm (Kratos XPS system– Axis His –165 Ultra, Shimadzu,
Japan). The C1s signal of an adventitious carbon was used as reference to
compensate for charging effect at a binding energy (BE) of 284.8 eV. The XPS
results were collected in binding energy form and fit using a non-linear leastsquare curve fitting program (XPSPEAK41 Software). The peak’s full-width-athalf-maximum (FWHM) was fixed during the fitting. NPs were observed with
JEOL 2010-F Field Emission Transmission Electron Microscope (FETEM). Size
and zeta potential measurements of synthesized NPs were done using Malvern
Zetasizer Nano-ZS90. The quantitative measurements of NPs were carried out
using a UV-Vis spectrophotometer (Shimadzu-1601 PC spec-trophotometer). The
amount of pollutant in the spiked solution before and after adsorption was
quantified by HPLC-UV (Agilent 1200) with C18 inverse phase (3.9 x 150mm)
column. Mobile phase was a mixture of water/methanol (60:40) injected in at a
rate of 0.7ml/min. Carbon, Hydrogen, Nitrogen and Sulphur (CHNS) Analysis:
Instrumentation includes includes Elementar Vario Micro Cube.
2.4. Batch adsorption studies
2.4.1. Effect of initial adsorbate concentration and time
Adsorbent (0.1g) was added to solutions (10 mL) of different concentrations of
pollutants. All adsorption experiments were carried at 30 °C using an orbital
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shaker at 200 rpm. The residual concentration of pollutants were analysed after
predetermined interval of time until the system reached equilibrium. The pollutant
adsorbed at equilibrium qe (mg/g) was calculated by using the following equation
(2. 1)
q = C − C V/M
e

0

e

Where C0 and Ce (mg / L) are concentrations of pollutant at initial stage and
equilibrium conditions respectively, V (L) is volume of the pollutant solution and
M (g) is the mass of the adsorbent used. The initial concentrations of pollutant
solution tested were 5, 10, 20, 40, 70, 100 and 200 mg / L and the experiments
were carried out at 303 K for 24 h.
2.4.2. Kinetic and isotherm studies
Samples consisting of a portion (0.1 g) of the adsorbent material and various
initial pollutant concentrations of 5 - 200 mg / L were taken in the conical
reaction flask. Flasks were agitated using an orbital shaker at 200 rpm at 30 °C.
The time required to reach equilibrium was maintained as determined by
equilibrium studies. The equilibrium adsorption isotherms and kinetics for all
pollutants were studied using Langumir and Freundlich models. The adsorption
mechanism of different pollutants onto the adsorbent was proposed by studying
kinetics of adsorption.
2.4.3. Effect of solution pH
The solution pH effect on pollutant removal was studied by varying the pH from 2
to 12, where the pH was adjusted by adding either 0.01N HCl or 0.01N NaOH.
The initial concentration used was 100 mg / L for TCP, PCP, phenol, AB, Pb+2
and Ni+2, 20 mg / L for PNP, As+3, Cr+6, BB, NR and MB. Other parameters like
adsorbent dosage, agitation speed and solution temperature were kept constant.
The percentage removal of pollutant was calculated as:

Removal % =

Ci − Cf
100
Ci

(2. 2)

Where Ci and Cf (mg/ L) are initial and final concentration of pollutants in the
water respectively
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2.4.4. Desorption studies
Samples were prepared by adding adsorbent (0.01g) to solution (10 mL) of double
distilled water. The solutions were equilibrated for different time periods and
stirred constantly. Desorption studies were conducted at different pH and samples
were analysed at different time intervals. The concentrations of organic pollutants
were measured with a UV-Vis spectrophotometer and that of heavy metal ions
with ICP-OES. Each experiment was repeated under identical conditions to check
reproducibility.
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CHAPTER 3
EVALUATION OF BIOPEELS AS EFFICIENT
ADSORBENTS AGAINST VARIOUS POLLUTANTS
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3.1. Introduction
A major problem that is faced by many countries around the world is the lack
of safe and clean drinking water. Although there has been improvement to the
access of safe drinking water in the world, there are still approximately one
billion people who suffer deprivation.1 Water is an essential part of life,
without which humans cannot sustain life. In addition, aquatic life is also
severely affected by the absence of clean water. With the increase in industrial
activities due to urbanization, industrial waste water effluents containing
pollutants such as heavy metal ions like Pb2+, Ni2+ and Cr2O72- are discharged
to the ecosystem. This intensifies the condition of environmental pollution
which poses potential hazard to human health when consumed.2-4 Moreover,
dissolved organic pollutants such as dyes are also of concern because of their
toxicity which poses a serious threat to aquatic living organisms.5,6 There are
many industries such as dyestuff, textile, paper and plastics which actively use
dyes in their products.7,8 Since most of the dyes are organic molecules which
are stable and not biodegradable, it is very difficult to eliminate them from
waste water.9 Thus there is a need to address this pressing issue which led to
the development of various water purification methods such as chemical
coagulation, precipitation, flocculation, activated sludge formation, membrane
separation and ion exchange2,4,10,11 with the aim of remediating polluted water.
However till now, there is no single efficient method which can extract and
remove all the pollutants from water. Compared to conventional water
purification methods, biosorption shows great potential and advantages in
removing pollutants. Due to the low cost, ready availability, environmental
friendliness and effectiveness in removing pollutants, research has since
moved towards discovering low-cost adsorbents including natural materials,
biomembranes and biowaste.5 In recent years, there have been many reports
on low-cost adsorbents which are by-products from other processes and they
showed good efficiency in removal of pollutants in water. Various
bioadsorbents such as banana peel,3 orange peel,2,12,13 grape waste, rice
husk,10,14 tea waste,15,16 maize corn cob, sugarcane bagasse17 and pine bark18
were developed from agro-wastes to remove heavy metal ions. Some of these
bioadsorbents (corn cob, rice husk and bagasse) were also used in the removal
of dyes.5 These findings bring good news and hope for people living in
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countries where they have to depend on contaminated water from rivers and
lakes for their daily water consumption. Hence in bid of the continued effort in
exploring low-cost adsorbents for the removal of pollutants from water and
waste water, several peels such as sweet potato, malaysia putusan, snake
gourd, chow chow, dragon fruit, rock melon , gold melons, corn fibers, dragon
fruit, avocado peel, carrot peel, water chesnut, hami melon, luffa peel, red
bean husk, green bean husk, beansprouts hull, potato, tomato, orange, papaya,
apple and fish skin were selected as potential adsorbents for the extraction of
different pollutants from water. We selected few biopeels based on their
higher adsorption efficiency towards various contaminants and investigated
different adsorption parameters in detail. Avacado (AV), hamimelon (HM),
dragon fruit (DF), longan (LO) and kiwi (KW) were shortlisted based on some
practical aspects such as easy availability, economic peel processing, stability
and binding ability of different pollutants. These peels were investigated for
their effectiveness in removing heavy metal ions and dissolved organic
compounds from water.
Longan is a tropical fruit that belongs to the soapberry family to which also
the lychee belongs. Apart from being eaten fresh, it is also often used in asian
soups, snacks, desserts, and sweet-and-sour foods, either fresh or dried,
sometimes canned with syrup in supermarkets. Kiwifruit is native to southern
China where it has been declared a National Fruit of China. The fruit and skin
contains vitamins, flavonoids and actinidain. Avocado fruit is commonly
found in countries such as the United States of America, Mexico, Brazil, Chile
and Indonesia. Due to its nutritional values, it can be found in many cuisines
such as vegetarian food and in milk shakes, ice cream and sandwiches. The
popularity of the fruit leads to the high consumption of it and thus a high
portion of avocado peel is produced.19 Avocado peel contains epicatechin as
shown in Figure 3.1.
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Figure 3.1. Structure of epicatechin
This implies that the avocado peel has functional groups such as -OH
groups.20 Carbonized avocado peels were used to reduce chemical oxygen
demand and biological oxygen demand of waste water.21 However, no reports
exist on using avocado peels as adsorbents. Hamimelon belongs to the family
of muskmelon. Muskmelon is one of the important crops which bring in
economic benefits for the people living in northwestern China. Approximately
four million tons of muskmelon are produced in the area every year.22
Hamimelon is rich in nutrition, vitamins, calcium, phosphorus and iron. Due
to its various health benefits, it has gained popularity in other parts of the
world23 leading to vast amounts of peels production. However there are yet to
be reports on the characterization of the hamimelon peel, thus characterization
of the functional groups and morphology of the peel was conducted by FT-IR
and FESEM respectively. Dragon fruit is a fruit native to Mexico, Central
America and South America. Currently the fruit is also cultivated in East Asia
and Southeast Asia, in countries such as Indonesia, Thailand, Vietnam,
Thailand, the Philippines and Sri Lanka. Dragon fruit is a well-liked fruit by
many due to its high amount of Vitamin C and it is a good source of
antioxidants.24It can also be processed into a variety of food products such as
juice, jam, syrup, jelly and candy. Thus the waste dragon fruit peel becomes
an attractive candidate as an adsorbent due to its low cost and availability. Its
peel contains pectin with functional groups such as –OH and –COOH.25 In
addition to the free carboxyl groups, pectin also contains methylated ester
groups in its polymeric chain.26 These functional groups show great potential
in binding the pollutants, especially the cationic ones. In order to test the
effectiveness of the peels as adsorbents for pollutants, extractions of heavy
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metal ions (Pb2+, Ni2+ and Cr2O72-) and dyes (Alcian Blue, Methylene Blue,
Neutral Red and Brilliant Blue) from water were investigated and analyzed.

3.2 Results and Discussion
3.2.1 Characterization of biosorbents
IN order to remove soluble components, raw peels were washed with water,
NaOH and followed by isopropanol (Chapter 2). The chemical constituents of
the five peels were studied using the FT-IR and the spectra of the all peels in
the range of 4000 to 400 cm-1 are shown in Figure 3.2.

Figure 3.2. FT-IR spectra of avocado, hamimelon, dragon fruit, longan and
kiwi peels.
The broad band observed in the range of 3200 – 3650 cm-1 for all five peels
matches the O-H stretching of phenols which is usually in the range of 3200
and 3700 cm-1. In addition, it corresponds to the O-H vibration of carboxylic
acids which is in the range of 3400 and 2400 cm-1. The sharp peaks at 2928
cm-1, 2921 cm-1 and 2926 cm-1 observed in the spectra for biopeels correspond
to the sp3 C-H stretch. Sharp peaks at 1747 cm-1 for avocado peel and 1754
cm-1 for hamimelon peel were seen due to the C=O stretch in esters or
carboxylic acids. The peaks in the ranges of 1680 – 1610 cm-1 correspond to
the stretching of C=C bond in aromatic rings for all five peels. The
absorptions in the range of 1300 – 1000 cm-1 due to angular deformation in the
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plane of the C-H bonds of aromatic rings and in the range of 1200 – 1000 cm-1
due to the axial bonding of the C-O bond in phenols can be observed for
avocado peel, kiwi and dragon fruit peel.
To elucidate the functional groups involved in the adsorption of pollutants, the
FTIR spectra of a few peels were recorded after adsorption. We did not
observe any significant differences in the positions of peaks in the spectrum
when the spectra before and after adsorption of pollutants were compared
(Figure 3.3). This is probably due to the complexity of bio peels which contain
different chemical constituents including lignin, hemicellulose, cellulose,
carbohydrates, proteins and other phenolic compounds. All these contain
hydroxyl and carboxyl groups in majority which is responsible for the binding
of different pollutants.

Figure 3.3. FT-IR spectra of avocado peel and hami melon peel before and
after adsorption of pollutants.
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a)

b)
)

c)

d)

e)

Figure 3.4. FESEM images of the surface of treated avocado (a), hami melon
(b), dragon fruit (c), longan (d) and kiwi (e) peels.
Studies of the peel surface topography can aid in providing important
information on the level of interfacial adhesion that could possibly exist
between the peels and the pollutants. In the SEM images surfaces of the
washed peels appear rough and irregular with fiber like morphologies (Figure
3.4). This rough texture is suitable for surface adsorption of the pollutants and
fibers provide a higher surface area that aid in adsorption.27 Further, the
composition of all peels were evaluated using CHNS analyzer which has been
provided in Table 3.1.
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Table 3.1. CHNS analysis data of different biosorbents.
Carbon

Hydrogen Nitrogen

Sulphur

(wt %)

(wt %)

(wt %)

(wt %)

Avocado

46.38

5.67

0.94

<0.50

Hami melon

39.35

5.14

<0.50

<0.50

Dragon fruit

33.14

4.66

1.29

0.58

Longan

33.60

4.06

<0.50

<0.50

Kiwi

44.05

5.46

0.82

<0.50

Bio peel

From Table 3.1, it can be observed that reasonable amounts of carbon (C) and
hydrogen (H) were detected in peels and the amount of nitrogen (N) present
was comparatively low. The observation is in line with the functional groups
present in the treated peels, indicating that there are little or no amino groups
present as seen in the IR analysis. These higher hydroxyl and carboxylic
functionalities are responsible for binding pollutants. We can expect that these
biopeels can adsorb cationic pollutants more efficiently than anions.

3.2.2. Effects of initial pollutant concentration and contact time
All biopeels were evaluated for their binding ability of different pollutants.
Graphs of the adsorption uptake (qt) against the contact time for the different
pollutants for the five peels at room temperature are shown in Figure 3.5.
From the plots, it is noted that the adsorption capacity of the pollutants in mg
g-1 increased with increasing contact time up to 30 min and a plateau was
observed, indicating equilibrium was reached. This implies that the adsorption
process was rapid (30 min) and gradually decreased as time progress and
finally attained saturation when equilibrium was reached.28 High adsorption
values were obtained for the adsorption of cationic dyes (Alcian blue and
Methylene blue) and all five peels tend to bind cationic dyes more favorably
than anionic (BB) and neutral dyes (NR). This might be due to the presence of
phenoxide groups and carboxylate groups (-COO-) which were obtained after
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the alkaline wash of the peels. Electrostatic forces of attraction between the
oppositely charged ions may be present which aid in the binding process.
Similar observations were seen for the heavy metal ions where the cationic
ions (Pb2+ and Ni2+) showed higher adsorption values compared to the
chromate ions. It is worth mentioning that all five peels showed good
adsorption for Ni2+. The adsorption values for chromium (VI) ions were rather
high for avocado peel compared to other biopeels. Chromium (VI) exists as
oxoanions in water. The adsorption might take place due to an esterification
reaction between the functional groups of epicatechin found in avocado peel,
specifically the 1,2-directing phenolic groups, and HCrO4- ions.29 This led to a
higher amount of chromium(VI) ions being removed by the avocado peel.
Also, adsorption of metal ions was faster than dyes which may be due to the
higher mobility and charge density of metal cations. It was observed that the
adsorption capacity for dragon fruit peel for the cationic pollutants was higher
than other peels. In addition to the carboxylate ions present, this might be due
to the methyl ester groups present in pectin of dragon fruit peel which
underwent base hydrolysis with the sodium hydroxide solution during peel
processing and gets converted into carboxylate groups.26 The high percentage
of carboxylate groups favoured the binding of cationic pollutants more than
the anionic ones. Alcian blue is more cationic than other pollutants and
showed highest adsorption on the surface of peels. This observation leads to
the conclusion that adsorption of pollutants involve electrostatic interaction
between adsorbent and adsorbate.
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b)

HM
ii)

DF
c)
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iii)
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LO
d)

LO
iv)

KW
e)

KW
v)

Figure 3.5. Variation of adsorption capacity of dyes (a, b, c, d and e) and
heavy metal ions (i, ii, iii, iv and v) for avocado (a, i), hamimelon (b, ii),
dragon fruit (c, iii), longan (d, iv) and kiwi (e, v) peels.
3.2.3. Effect of pH on the adsorption of different pollutants
The plots of the percentage removal of the different pollutants for the different
peels against pH at room temperature are shown in Figure 3.6. For cationic
pollutants (Pb2+, Ni2+, Alcian blue and Methylene blue) and Neutral red, it was
observed that the percentage removal of pollutants increased with increasing
pH. This might be due to the presence of electrostatic attraction of oppositely
charged ions involved in the adsorption process. At low pH values (acidic
medium), there was an excess of mobile H+ ions present and there might be
competition faced between H+ and the cationic pollutants for the adsorption
sites which led to the decrease in adsorption. The adsorbent surface could also
become positively charged due to the presence of the high concentration of H+
ions.28 However as the pH values increased, adsorption also increased due to
the decrease in H+ ions and presence of more negatively charged adsorption
sites leading to increased ionic interactions.30,31 For anionic pollutants
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(Brilliant blue and Cr2O72-) high percentage removal was attained at low pH
values. This could indicate that at lower pH where the concentration of H+ was
high, the positively charged adsorbent surface might attract the negatively
charged pollutants due to electrostatic forces of attraction. It should be noted
that chromate ions exist in two forms, HCrO4- and CrO42- ions in aqueous
solution. The HCrO4- ions are stable and dominant at pH values lower than
5.32Thus adsorption happens due to electrostatic attraction between the
adsorbent and anions. The adsorption behavior of all peels towards different
pollutants at different pH was almost same.

AV
a)

AV
i)

HM
b)

HM
ii)

DF
c)

DF
iii)
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LO
d)

LO
iv)

KW
e)

KW
v)

Figure 3.6. Effect of pH on adsorption capacity of dyes (a, b, c, d and e) and
heavy metal ions (i, ii, iii, iv and v) for avocado (a, i), hamimelon (b, ii),
dragon fruit (c, iii), longan (d, iv) and kiwi (e, v) peels.
3.3. Conclusion
We reported, five novel biopeels:- namely avocado peel, hami melon peel,
longan, kiwi and dragon fruit peel which had been studied for their
effectiveness in the removal of pollutants in water. The adsorption of various
pollutants was evaluated and adsorption studies were conducted to aid in the
proposal of the adsorption mechanism. The extraction efficiency was
optimised by varying factors such as pH of solution and contact time. The
maximum adsorption capacities of different biopeels towards various
pollutants were shown in Table 3.2. The results clearly indicate that all
biopeels adsorb cationic pollutants (AB, MB, Ni2+) more efficiently than
anionic pollutants (BB, Cr2O72-).
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Table 3.2. Maximum adsorption capacities (mg/g) of different pollutants
using biopeels

Adsorption capacities (mg /g)
Bio peel
AB

MB

NR

BB

Pb2+

Ni2+

Cr2O72-

Avocado

31.04

62.11

6.88

3.23

4.93

9.82

4.89

Hami
melon
Dragon
fruit
Longan

66.55

58.60

6.31

4.03

7.89

9.45

0.65

71.85

62.58

13.68

3.06

4.60

7.59

0.29

72.11

57.34

16.77

6.64

3.84

13.02

1.65

Kiwi

62.11

54.58

16.77

5.50

7.23

13.21

0.45

To improve the adsorption of anionic pollutants, the functional groups on the
three peels can be modified for example, by embedding Zr onto the peel.43 All
five peels showed good potential to be used as efficient and effective
adsorbents for the treatment of water and they may have future applications in
the purification of water in many parts of the world.
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CHAPTER 4
EXTRACTION OF VARIOUS POLLUTANTS FROM WATER
USING TOMATO AND APPLE PEEL

Publications from the chapter:
R. Mallampati and S. Valiyaveettil, Application of Tomato peel as an efficient
adsorbent for water purification – Alternative Biotechnology? RSC Advances,
2012, 2, 9914–9920.
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4.1. Introduction
Scarcity of clean water is a common problem throughout the world. Dissolved
heavy metal salts, organic pollutants and nanomaterials show more chronic
toxicity on human health.1-3 Many water purification methods have been
developed such as chemical coagulation, flocculation, membrane separation,
activated sludge formation, trickling filter, photodegradation and ion exchange to
remove such pollutants4-7 but there is no ideal material or method which can
eliminate all pollutants from potable water. Among water purification techniques,
active adsorption has been a promising method to treat effluents, offering
advantages over conventional processes. Desirable qualities such as low cost,
simplicity of design, availability in large amounts and ability to treat pollutants in
more concentrated form made the design and synthesis of new adsorption
materials are of particular interest. Activated carbon was considered as a suitable
adsorbent for most of the pollutants8-13 but it suffers from limitations such as poor
regeneration, low surface area and disposal of used contaminated carbon. Many
natural polymers, such as pectin, cellulose, hemicelluloses, protein, chitosan and
chitin have functional groups to bind different pollutants. In addition, natural
polymers are biodegradable, non-toxic and readily available. Several studies have
been reported during recent years to investigate pollutant binding efficiency of
several biosorbents (e.g. fungus, chitosan and silk worm).14-16 Utilization of
biowaste (e.g. almond shell, wheat shell, coconut husk and coir pith)17-18 and
biomembranes (e.g. orange peel, banana peel, rice husk, lemon peel)19-23 for the
extraction of heavy metal ions, pesticides and organic dyes offers an alternative
low cost option for economically poor countries for water purification. Often,
people living in poor countries depend on the contaminated ground water or local
rivers for daily water needs. Here we show a low cost and highly efficient method
to use materials easily accessible in rural areas for water purification.
Tomato (Lycopersicon esculentum) is the second most consumed (37
million tonnes / year) vegetable in the world and approximately 30% is consumed
as processed products.24 Similarly, apples (Malus domestica Borkh) are a very
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significant part of the diet in humans. Disposal of the skin and other fibrous
materials (90% skin) is an economic waste for many food processing industries.
Developing a route to use tomato and apple peels for water treatment solve the
problem of waste disposal and serves as an alternative biotechnology for water
purification. Tomato peel contains pectin, carotene and phenolic compounds with
functional groups such as -NH2, -OH and –COOH.25-27 Apples contain a large
concentration of flavonoids, as well as a variety of other phytochemicals. Some of
the most well studied antioxidant compounds in apples include quercetin-3galactoside,

quercetin-3-rhamnoside,

catechin,

epicatechin,

procyanidin,

quercetin-3-glucoside, cyanidin-3-galactoside, coumaric acid, chlorogenic acid,
gallic acid, and phloridzin.22 These functional groups act as potential adsorption
sites for various pollutants especially for cationic pollutants.

Figure 4.1. Schematic representation of the pollutant extraction by Tomato peel.
Different dots indicates different classes of pollutants in water
This chapter includes complete characterization of a readily available and low
cost tomato and apple peels as strong adsorbents, which can be used for extraction
of different types of pollutants from water. In order to understand the adsorption
mechanism, efficient extraction of heavy metal ions (Pb2+, Ni2+, AsO2- and
Cr2O72-), dyes (alcian blue (AB), brilliant blue (BB), methylene blue (MB) and
neutral red (NR)) and pesticides (phenol, p-chlorophenol (PCP), 2,4,6tricholorophenol (TCP) and p-nitrophenol (PNP)) from water were investigated
and analysed.
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4.2. Characterisation of the tomato and apple peel
The chemical constituents of tomato peels were well studied.27 The FT-IR spectra
of tomato peel in the range of 4000 - 400 cm-1 is shown in Figure 4.2a. Similar
spectrum was obtained for apple peel (Figure 4.2b) also. The broad band in the
range of 3226 - 3670 cm-1 corresponds to the O-H bond stretch of phenols
(usually between 3700 and 3200 cm−1), and O-H bond vibration of carboxylic
acids (3400 and 2400 cm-1). The sharp peak at 2920 cm-1 belongs to the sp3 C-H
stretch. The sharp peak at 1760 cm-1 corresponds to the >C=O stretch in the
carbonyl group of -COOH. The absorption in the range of 1600 - 1585 cm−1 and
1500 - 1400 cm−1 are accountable to stretching of C=C bond in the aromatic rings.
The peaks due to the angular deformation in the plane of C-H bonds of the
aromatic rings (1300 - 1000 cm−1), axial bending of C-O bond in phenols (1260 1000 cm−1), and axial bending of C-O bond in -COOH (1320 - 1210 cm−1) were
visible in the spectrum. IR analysis of functional groups present in tomato peel
matches with reported literature values.25-26

a)

b)

Figure 4.2. FT-IR spectrum of tomato peel before and after adsorption of
pollutants (a) and apple peel (b).
Upon comparing FT-IR spectra before and after adsorption of pollutants,
significant differences were observed in the position of peaks in the spectrum.
Noticeable shift in the asymmetrical stretching of –O-H vibration from 3425 cm-1
to 3445 cm-1, asymmetric and symmetric stretching of C-O bond from and from
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1464 cm-1 to 1458 cm-1, respectively, were observed. These shifts might be due to
the binding of pollutants on the adsorbent.

c)

b)

d)

Figure 4.3. FESEM (a, b) and EDS (c, d) of tomato peel (a, c) and apple peel (b,
d) surface.
SEM image of tomato (Figure 4.3a) and apple peels (Figure 4.3b) are shown in
Figure 3, which shows fibrous structure with a fiber thickness in the range of 9 25 µm. EDS analysis (Figure 4.3c & 4.3d) shows that the major chemical
constituents present in on the fiber surface are carbon, oxygen and nitrogen atoms,
which is useful for extracting pollutants from water.
4.3. Batch adsorption experiments
4.3.1. Effect of pH
Peels (0.1 g) were added to the pollutant solutions (100 ppm, 10 mL) and left on
orbital shaker (200 rpm) for 24 h at room temperature (30 °C). The removal
percentages of different pollutants with varying pH were presented in Figure 4.4
(tomato peel: a, b & c; apple peel: d, e & f). The pKa values of PNP, PCP, TCP
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and phenol are 7.15, 9.41, 6.15 and 9.89 respectively,32 making them strongly pH
dependent. At a pH above the pKa, the phenol groups were converted to phenolate
ions. This generated repulsion between negatively charged ions and peel surface,
reducing adsorption. Similar trends were reported in the adsorption of PCP, PNP
and phenol on chitosan membrane.31 However, the removal of cationic pollutants
(Ni2+, Pb2+, AB, NR, and MB) was found to increase as pH increases.

Figure 4.4. Effect of pH on the adsorption of dyes (a, d), metal ions (b, e) and
pesticides (c, f).
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It is noted that ionic interactions are involved in the adsorption process. For
cationic pollutants, lower adsorption at acidic pH was due to the presence of
excess H+ ions competing with the pollutant cations for adsorption sites. At higher
pH, the acidic functional groups on the surface of the peels get ionised, which
enhances the adsorption of positively charged cations through electrostatic
attraction.20 In the case of anionic pollutants (BB, AsO2-, Cr2O72-), the lower pH
resulted in higher adsorption as the positively charged surface of the peels could
absorb negatively charged pollutants. Further, the adsorption of arsenic (III) is not
a strong function of pH because it exists mostly as neutral H3AsO3, preventing
adsorption. Adsorption of chromate and arsenite was higher at acidic pH owing to
the affinity between the positively charged peels and the anions.
4.3.2. Effects of initial pollutant concentration and contact time
Peels (0.1 g) were added to the pollutant solutions (100 ppm, 10 mL) and left on
orbital shaker (200 rpm) for 24 h at room temperature (30 °C). Optimum pH for
each pollutant was maintained according to the conclusions from pH studies. The
adsorption efficiency versus the adsorption time for different pollutants are shown
in Figure 4.5 (tomato peel: a, b & c; apple peel: d, e & f). The amount of pollutant
adsorbed (mg/g) increased with increase in time and then reached equilibrium.
The adsorption of organic pesticides (Figure 4.5c & 4.5f) is less than that of heavy
metal ions (Figure 4.5b & 4.5e) and dyes (Figure 4.5a & 4.5d) which may be due
to weak interactions (π - π and hydrogen bonding) with the adsorbent,28 but the
adsorption efficiencies are comparable with the reported natural peels.29-31 Metal
cations and cationic dyes showed higher adsorption values whereas arsenate,
chromate anions and anionic dyes showed lower values. These results indicate
that these peels tend to bind cationic pollutants more favourably than anionic
pollutants. This may be due to the presence of higher percentage of acid and
alcoholic functional groups on the surface of tomato and apple peels.
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Figure 4.5. The variation of adsorption capacity of dyes (a, d), heavy metal ions
(b, e) and pesticides (c, f) with time.
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4.3.3. Isotherm studies
4.3.3.1. Langmuir Isotherm
The Langmuir isotherm which has been commonly used for sorption processes
can be applied to explain the adsorption of pollutants on tomato and apple peels.
Basic assumption of the Langmuir theory is that adsorption takes place at specific
sites within the adsorbent.33-35 The data obtained from the adsorption experiment
for different pollutants were analysed using isotherm equation. The saturation
monolayer can be expressed by the equation
1
1
1
=
+
q e q m Kq m Ce

qe =

Kq m Ce
1 + q m Ce

(4.1)

(4.2)

A plot of 1/qe versus 1/ Ce results in a linear graphical relation indicating the
applicability of the Langmuir model for different pollutants as shown in Figure
4.6a & 4.6b (tomato) and Figure 4.6c &4.6d (apple). The Langmuir constants are
elucidated from the slope and intercept of straight lines for different pollutants.
The observed linear relationship is statistically significant as evidenced by the R2
values (close to unity), implying the applicability of isotherm for our extraction
studies. The Langmuir isotherm constants along with correction coefficients are
reported in Table 4.1.
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Figure 4.6. Langmuir isotherms for dyes (a, c) and metal ions (b, d)
Table 4.1. Langmuir and Freundlich isotherm model constants and correlation
coefficients for adsorption of different pollutants on tomato peel
Langmuir constants
Pollutant K (L/g) RL

Freundlich constants

R2

KF

1/n

R2

(mg/g)(L/g)n
AB

0.0726 0.2159 0.8404

2.4920

0.7574 0.8194

BB

0.0270 0.4252 0.9922

0.1598

1.4146 0.9701

MB

0.0634 0.2397 0.9740

0.1328

0.3276 0.9967

NR

0.0020 0.9091 0.9725

0.0462

1.1117 0.9692

Pb2+

1.1791 0.0167 0.9861

2.1359

0.2005 0.9919

69

Ni2+

0.1342 0.1297 0.9962

1.2181

0.4679 0.9876

AsO2-

0.0026 0.8853 0.9761

0.0297

1.0383 0.9795

Cr2O72-

0.0087 0.6964 0.9690

0.1318

0.9052 0.9603

Table 4.2. Langmuir and Freundlich isotherm model constants and correlation
coefficients for adsorption of different pollutants on apple peel
Langmuir

Freundlich

Pollutant

KF
K (L/g) RL

R

2

1/n

R2

(mg/g)(L/g)n
AB

0.1265 0.1365 0.9292

0.0388

2.4346 0.9267

BB

0.0132 0.6025 0.9542

0.2299

1.2884 0.9273

MB

0.0343 0.3682 0.9951

0.2397

0.5890 0.9858

NR

0.0009 0.9548 0.9896

0.0868

0.9209 0.9829

Pb2+

1.1672 0.0168 0.9846

1.1812

0.3184 0.9743

Ni2+

0.3288 0.0573 0.9934

1.1426

0.5775 0.8854

AsO2-

0.0492 0.2890 0.9302

0.0935

0.7074 0.9784

Cr2O72-

0.0208 0.4904 0.9944

0.2802

1.1924 0.9839

The essential characteristic of the Langmuir isotherm can be expressed in terms of
a dimensionless equilibrium parameter, such as the separation factor (R L) used in
the following equation
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RL =

1
1 + KCe

(4.3)

where K is the Langmuir constant and Ce is the equilibrium concentration of the
adsorbate in solution. This parameter indicates that isotherm will be shaped
according to the following adsorption characteristics: RL > 1 unfavourable; RL = 1
corresponds to linear; 0 < RL< 1 is favourable and RL= 0 is irreversible. It can be
seen that the adsorption of pollutants on to tomato (Table 4.1) and apple peels
(Table 4.2) are favourable.
4.3.3.2. Freundlich isotherm
Freundlich model is an empirical equation based on adsorption on heterogeneous
surfaces. It is assumed that the stronger binding sites are occupied first and the
binding affinity decreases with an increasing degree of site occupation.36, 37 The
isotherm is expressed as:
log qe = log K+β log C

(4.4)

where Kf and n are Freundlich constants related to sorption capacity and sorption
intensity of the adsorbent, respectively. Kf can be defined as the adsorption
coefficient and represents the quantity of pollutant adsorbed onto biopeel for a
unit equilibrium concentration. A value for 1/ n below one indicates a normal
Langmuir isotherm while 1/n above one is indicative of cooperative adsorption.
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Figure 4.7. Freundlich isotherms for the adsorption of dyes (a, c) and metal ions
(b, d) on tomato (a, b) and apple (c, d) peel
The Freundlich isotherm model (Figure 4.7, Table 4.1 & 4.2) yielded the best fit
with the highest R2 value (.99) for pollutants as compared to Langmuir model. It
can be seen from table that Freundlich model was found to fit the data
significantly better indicating heterogeneous nature of bio peels.
4.3.4. Adsorption kinetics
Kinetic models elucidating the mechanism by which pollutants are adsorbed on
adsorbent surfaces have been proposed.38-40 Both pseudo-first-order and pseudosecond-order kinetic models were used to investigate the adsorption mechanism.
A pseudo-first-order equation is represented as

log q e − q t = log q e −
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k1
t
2.303

(4.5)

where qe and qt indicate the amount of pollutant adsorbed (mg / g) at equilibrium
and at any time t, respectively. k1(min−1) is the first order rate constant applied in
the present studies of pollutant adsorption. The plot of log (qe − qt) versus t for
different pollutants (Figure 4.8) gave first order rate constants k1 (slope) and
equilibrium concentration qe (intercept). The values of k1 and qe for different
pollutants were calculated from the plots and shown in Table 4.3.

Figure 4.8. Pseudo first order kinetics for adsorption of dyes (a, c) and heavy
metal ions (b, d) on to tomato (a, b) and apple (c, d) peel
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Figure 4.9. Pseudo second order kinetics for adsorption dyes (a, c) and heavy
metal ions (b, d) on to tomato (a, b) and apple (c, d) peel
The adsorption kinetics of some systems can also be explained by a pseudosecond-order reaction. The pseudo-second-order equation based on adsorption
equilibrium capacity may be expressed in the form
t
1
1
=
+
t
qt k2 qe 2
qe

(4.6)

Where k2 is the rate constant of pseudo-second-order adsorption and qe is the
equilibrium adsorption capacity (mg / g). The k2 and qe values of different
pollutants can be calculated experimentally from the slope and the intercept of t /
qt versus t plots. From Table 4.3 (tomato) & Table 4.4 (apple), the correlation
coefficient R2 shows that the pseudo-second-order model fits the experimental
data better than the pseudo-first-order model. The calculated correlations are
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closer to unity for the second-order kinetics model and calculated equilibrium
adsorption capacities of all pollutants matched with experimental values. The
calculated k2 (g / mg min) and qe are listed in Table 4.3 & 4.4.
Table 4.3. Pseudo first order and pseudo second order constants and correlation
coefficients for adsorption of different pollutants on tomato peel
Pseudo first order kinetic

Pseudo second order kinetic

model

model

Pollutant Qe (exp)

K2
Qe
(mg/g)

K1
-1

(min )

R2

Qe
(mg/g)

(g/mg

R2

min)
AB

39.5632

10.8019

0.0164

0.941 39.6825

0.0052

0.999

BB

0.8435

0.4432

0.0046

0.969 0.8095

0.0457

0.999

MB

2.4405

0.5566

0.0113

0.971 2.4770

0.0730

0.999

NR

1.5074

0.4986

0.0138

0.971 1.3192

0.0408

0.996

Pb2+

7.3120

3.3705

0.0147

0.980 7.6104

0.0091

0.999

Ni2+

8.7160

1.6904

0.0177

0.958 8.7951

0.0329

0.999

AsO2-

0.3373

0.0939

0.0028

0.904 0.3252

0.2172

0.990

Cr2O72-

1.5333

0.6106

0.0032

0.975 1.4940

0.0242

0.994
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Table 4.4. Pseudo first order and pseudo second order constants and correlation
coefficients for adsorption of different pollutants on apple peel

Polutant

Qe(exp)
(mg/g)

Pseudo first order kinetic

Pseudo second order kinetic

model

model

Qe

K1
-1

(mg/g)

(min )

R2

Qe

K2 (g/mg

(mg/g)

min)

R2

AB

39.9086

14.0378

0.0170

0.941

40.1606

0.0038

0.999

BB

0.9741

0.4432

0.0046

0.969

1.2223

0.0264

0.989

MB

2.5247

0.3731

0.0089

0.949

2.5981

0.0274

0.999

NR

1.6471

0.5440

0.0041

0.979

1.6661

0.0280

0.999

Pb2+

3.4740

1.8382

0.0105

0.925

3.7327

0.0092

0.997

Ni2+

7.4840

2.3900

0.0062

0.983

7.36377

0.0116

0.998

AsO2-

0.5893

0.2886

0.0025

0.916

0.5468

0.0539

0.995

Cr2O72-

1.9506

0.2880

0.0050

0.825

1.9924

0.0680

0.999

4.3.5. Effect of temperature on adsorption
Adsorption capacities of tomato peel with different pollutants at various
temperatures were determined. Tomato peels (0.05 g) were added to aqueous
solutions (10 mL) of three different pollutants (AB, Pb2+, PCP) in separate tubes
with an initial concentration of 100 mg/L each. The solutions were placed on an
orbital shaker incubator for 2 h at 250 rpm. The data presented in Table 4.5
showed that the adsorption of pollutants by the tomato peel increased with
increase in temperature.41 However, the magnitude of such increase in adsorption
decreased with an increase in temperature from 30 to 60 °C. Such decrease may
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be due to increase in desorption of pollutants (PCP) from the membrane surface
and increase in solubility of the pollutants in water.
Table 4.5. Adsorption capacities of tomato peels towards different pollutants at
different temperatures.41
Adsorption capacity (mg/g)
Temperature
Alcian blue Pb2+ P-chlorophenol

(°C)
30

25.64

6.43

10.00

40

27.18

7.36

15.52

50

30.77

7.75

7.59

60

31.80

8.39

4.83

4.3.6. Diffusion rate constant study
In the process of the adsorption of pollutants using tomato peel, there is the
possibility of intra-particle diffusion;
(4.7)

q t = K p t1/2 + C
According to Weber and Morris,42,

43

If the adsorption mechanism involves an

intra-particle diffusion processes, a plot of qt versus t

½

should be a straight line

with a slope Kp and intercept C. Kp was calculated from the slope of the linear
portions of these plots, as shown in Table 4.6 (tomato) and 4.7 (apple). It is
conceivable that the initial curved portion show the boundary layer diffusion
effects (Figure 4.10) and the linear portion arises from the intra-particle diffusion
effects. The linear plots are explained using fast diffusion to the accessible site for
adsorption via available adsorbing sites on the adsorbent surface. The adsorption
process for solids can be separated into three stages: (a) mass transfer (boundarylayer diffusion); (b) sorption of ions onto sites and (c) intra-particle diffusion. The
77

correlation coefficient R2 values are close to unity (Table 4. 4), which support the
appropriateness of the application of this model. The divergence in the value of
the slope from 0.5 indicates that the contribution of intra-particle diffusion is one
of the rate-limiting steps. In addition, there are many other processes controlling
the rate of adsorption, all of which are most likely operating simultaneously.

Figure 4.10. Weber and Morris intraparticle diffusion plots for removal of dyes
(a, c) and heavy metal ions (b, d) by tomato (a, b) and apple (c, d) peel.
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Table 4.6. Intraparticle diffusion model constants and correlation coefficients for
adsorption of different pollutants on tomato peel
Intraparticle diffusion model
pollutant
Kp1

R2

C1

Kp2

C2

R2

AB

23.6110 13.2210 0.990 0.1407 38.994 0.531

BB

0.2516

0.2647

0.944 0.0556 0.5857 0.893

MB

0.8261

1.4187

0.994 0.1208 2.3629 0.568

NR

0.1549

0.9179

0.987 0.0236 0.9059 0.985

Pb2+

5.8783

0.6033

0.911 0.1860 6.7407 0.699

Ni2+

3.6860

4.9438

0.862 0.0938 8.4324 0.640

AsO2-

0.0947

0.1706

0.994 0.0157 0.2645 0.931

Cr2O72-

0.1061

1.0464

0.934 0.1545 0.8393 0.972

Table 4.7. Intraparticle diffusion model constants and correlation coefficients for
adsorption of different pollutants on apple peel
Intraparticle diffusion model
polutant
Kp1

C1

R2

Kp2

C2

0.9976 0.1705 39.21

R2

AB

29.168 7.468

0.6098

BB

0.4532 0.2223 0.9967 0.0581 0.9511 0.6306

MB

0.9894 1.3858 0.9916 0.0021 2.4405 0.5531

NR

0.4966 0.778

Pb2+

3.3121 0.5666 0.9998 0.1417 3.0212 0.8226

0.9955 0.0817 1.2887 0.8384
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Ni2+

1.0225 4.6911 0.9242 0.4411 6.0204 0.9497

AsO2-

0.312

Cr2O72-

0.5441 1.3221 0.8985 0.0313 1.842

0.0738 0.9992 0.0528 0.3394 0.9765
0.8764

4.3.7. Regeneration of adsorbent
Mechanism of adsorption can be further investigated by using desorption and
regeneration process. The nature of the adsorption of pollutant onto the surface of
the material involves electrostatic attractions between -OH and -COOH on the
surface of peels and positive centres of the pollutants. Adsorption experiments
showed that both tomato and apple peels can adsorb cationic pollutants (cationic
dyes, Pb+2 and Ni+2) more efficiently than other pollutants. Desorption of these
cationic pollutants were studied at different pH (4, 7 and 10) at a constant
temperature of 30 °C. 2% desorption was observed at pH 10 but 96% of pollutants
were desorbed at pH 4 within 10 min. Under acidic condition, H+ ions will replace
cationic pollutants from peel surface. Low extraction capacity of anionic
pollutants (anionic dyes, Arsenate and Chromate ions) further supports such an
adsorption mechanism. In order to show the reusability of the adsorbent, the
adsorption-desorption cycle of pollutants were repeated five times using the same
experimental conditions. These results showed that recycling of tomato and apple
peels is efficient and can be used in consecutive pollutant adsorption studies
without detectable losses in their adsorption capacities.
4.4. Conclusions
Adsorption of different pollutants was evaluated using tomato and apple peels as
adsorbents. Adsorption and desorption studies were conducted to understand the
adsorption mechanism. Langmuir and Freundlich isotherm models were used to
validate the adsorption process. Kinetic studies were done to further understand
the adsorption process. Adsorptions on bio peels follow pseudo-second-order
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kinetics.

Both peels showed efficient adsorption towards different cationic

pollutants such as alcian blue (39.6 mg/g) dye and metal cations such as Ni2+(8.7
mg/g). Experimental factors such as pH and temperature of the medium also
influence the extraction efficiency. The functional groups on both peels can be
further modified for the extraction of different contaminants in water. It is
conceivable that the use of such biowaste is simple, cost effective and efficient
method for water treatment and can be used in large scale applications.
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CHAPTER 5
REMOVAL OF ANIONS AND NANOPARTICLES BY USING Zr
IMMOBILIZED APPLE PEEL

Publication from chapter
R. Mallampati and S. Valiyaveettil, Apple peels – a versatile biomass for water
purification?, ACS applied materials & Interfaces, 2013, 5, 4443−4449.
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5.1. Introduction
Ground water contaminated with anions such as chromate (Cr2O72-), arsenite
(AsO2−), arsenate (AsO43−) and other anions has become one of the most serious
problems throughout the world.1 These Oxoanions are known to be highly toxic
even at low concentrations and can accumulate in human body causing
various

diseases and disorders.2 These anions are considered as toxic

contaminants found in water and can exist as various forms in the environment.
Arsenic is present as arsenite (AsO33−) and arsenate (AsO43−) salts are common in
natural waters. Chromium can exist in oxidation states from +2 to +6, but
only Cr(III) and Cr(VI) are of environmental significance.3 Long term
consumption of arsenic and chromium contaminated drinking water led to many
health problems including cardiovascular effects, bladder, skin cancer and anemia
among the population in different parts of the world.4-8 High levels of phosphate
in waste water disturb the nutrient equilibrium, leading to enhanced growth of
aquatic plants and subsequent eutrophication of lakes and rivers.9-11 Therefore, it
is important to develop effective methods to remove such toxic anions from
water. The production of nanoparticles and its current usage is rapidly increasing
due to the recent development of nanotechnology, engineered

nanoparticles

(NPs) are widely used in consumer products such as clothing, toys, household products, medicine and personal care products.7 This huge increase in the
production and usage of nanomaterials may increase human and environmental
exposure to nanoparticles. For instance, many invitro and invivo studies have
demonstrated the toxicity of silver and gold nanoparticles to cells from
mammalian organs such as lungs, liver, kidneys, brain and reproductive
systems.12 The removal of nanoparticles from water is a growing challenge for the
future. Owing to the surface negative charge of these nanoparticles, we consider
them as anionic contaminants.
Many water treatment technologies include filtration, precipitation,
oxidation, coagulation and anion exchange.13-17 Most of these chemical methods
are efficient in removing pollutants, including anions from aqueous media. Such
technologies also produce large amounts of secondary wastes that require further
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decontamination before proper disposal. Adsorption of anions onto an active
surface has been considered as an efficient alternative method for purifying
contaminated water.18,19 Different adsorbents including activated alumina,20
sand,21 iron and manganese oxide or hydroxide,22-24 hydroxyapatite,25,26 activated
carbon,18,27 and biomaterials19,28-31 were applied for the removal of anions. These
adsorbents have different adsorption capacities that depend on the sorbent mass,
pH, contact time, functional groups and initial concentration of the adsorbate in
the solution. Adsorption of anions using biomass has emerged as a viable option
for developing economic and eco-friendly wastewater treatment processes.
Natural materials have been tested for removal of pollutants from water. A
number of studies have shown the use of bioadsorbents including biochar,32
fungal biomass,33 chicken feathers,34 methylated yeast biomass35 and alginate36 to
remove anions from aqueous solution. Many biopeels such as banana peel, orange
peel, papaya peel, potato peel, water melon shell, mango peel, to name a few
were exploited for the extraction of different pollutants.29,30 In most cases,
pollutants such as dyes, pesticides and cations were extracted from water.
Extraction of anions is much tougher than the other pollutants. A cationic
adsorbent is needed to extract anions and functionalization via chemical treatment
methods are used to transform biopeels as efficient adsorbents for anion removal.
Some of the surface modifcations involve immobilization of chitosan, PEI, and
metal ion. Only a few reports exist on the use of fruit peels for anion extraction
from water. Metal cations such as La (III), Ce (IV), Fe (III) and Zr (IV) loaded
orange waste were used for the extraction of arsenic and phosphate anions.
Modified banana peel29 was reported for the extraction of chromate anion and
lemon peel30was used for the removal of anionic dyes. However these modified
biopeels were used for the extraction of single anion. We used Zr immobilized
apple peel to extract different anions efficiently.

Advantages of biomembranes include low cost, nontoxic, easy processing and
presence of abundant functional groups. However, these biomembranes with
surface functional groups such as -COOH, -OH can remove cationic pollutants
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more effectively than anions.37 Therefore adsorption based on ligand substitution
with metal loaded adsorbents gaining more attention. It is shown that loaded
metal cations with high positive charges can bind oxoanionic species such as
arsenate, arsenite9, 38 and phosphate ions.10,11 Removal of arsenic and chromium
anions were reported by using zirconium salt treated adsorbents,39 because
zirconium in its hydrated form can generate tetranuclear ions as well as
octanuclear species which have hydroxyl ions and water molecules to take part in
ligand exchange with phosphate and arsenic species.

Moreover, hydrated

zirconium cations are resistant to attack by acids alkali, oxidants, and reductants.40
Apple peels are available worldwide as biowaste from food processing industries
and offer abundant functional groups which can be exploited for water treatment.
Apples contain a large concentration of flavonoids of the procyanidins, catechin,
epicatechin, chlorogenic acid, phloridzin and the quercetin conjugates.41, 42 These
functional groups from these compound are expected to bind Zr(IV) strongly on
the membrane surface. Here we demonstrated an efficient adsorbent using low
cost and easily available apple peel immobilized with Zr(IV) ions on the surface
to develop an efficient adsorbent to extract different anions from aqueous media.

5.2. Characterization of adsorbent
The chemical constituents of apple peels were well studied.41 The FT-IR spectra
of apple peel in the range of 4000 - 400 cm-1 is shown in Figure 5.1. The broad
band in the range of 3226 - 3670 cm-1 corresponds to the O-H bond stretch of
phenols (usually between 3700 and 3200 cm−1), and O-H bond vibration of
carboxylic acids (3400 and 2400 cm-1). The sharp peak at 2920 cm-1 belongs to
the sp3 C-H stretch. The sharp peak at 1760 cm-1 corresponds to the >C=O stretch
in the carbonyl group of -COOH. The absorption in the range of 1600 - 1585 cm−1
and 1500 - 1400 cm−1 are accountable to stretching of C=C bond in the aromatic
rings. The peaks due to the angular deformation in the plane of C-H bonds of the
aromatic rings (1300 - 1000 cm−1), axial bending of C-O bond in phenols (1260 1000 cm−1), and axial bending of C-O bond in -COOH (1320 - 1210 cm−1) were
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visible in the spectrum. IR analysis of functional groups present in apple peel
matches with reported literature values.41

Figure 5.1. FT-IR spectrum of raw apple peel and Zr treated apple peel.
The FT-IR spectra of the peels before and after treatment with Zr(IV) show
significant differences in the position of peaks in the spectrum. Noticeable shifts
in the asymmetrical stretching of –O-H vibration from 3425 cm-1 to 3445 cm-1and
asymmetric and symmetric stretching of C-O bond from 1464 cm-1 to 1458 cm-1
were observed. IR spectra of adsorbent were recorded before and after adsorption
of different anions and significant differences were not observed. Morphological
changes due to immobilization of Zr were investigated by SEM. SEM image of
apple peel before and after chemical treatment are shown in Figure 5.2. Apple
peel has fibrous structure with a fiber diameter in the range of 9 - 25 µm with Zr
nanoparticles bonded on the surface. EDS analysis (Figure 5.2) indicated carbon,
oxygen and sulphur atoms on the untreated peel surface and significant amounts
of Zr on the treated surface.
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Figure 5.2. FESEM micrographs (a, b) and EDS (i, ii) analysis of apple peel
surface before (a, i) and after (b, ii) Zr treatment. Inset in (a) and (b) shows the
magnified surface image
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Figure 5.3. XPS profile (a) and expanded region for Zr peaks (b) of treated apple
peel surface.
Figure 5.3a shows XPS profile of Zr treated apple peel. The spectrum indicates
the presence of carbon (281 eV, 1s), nitrogen (396 eV, 1s), oxygen (528 eV, 1s),
and Zr (179 eV, 3d) on the surface of apple peel. The peaks corresponding to the
binding energies at 179 eV and 182 eV in Figure 5.3b clearly indicates that Zr is
bonded to apple peel surface and exists in (+) 4 oxidation state. This high positive
charge of the Zr immobilized surface is responsible for the binding of anions.43
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5.3. Characterization of NPs
Ag - PVP

Au - PVP

Ag - Cit

Au - Cit

Figure 5.4. TEM images of Ag and Au NPs with different capping agents.

Figure 5.5. UV-Vis spectra of different NPs

The size of the NPs was determined using TEM (Figure 5.4). It clearly shows that
all NPs prepared are in the size range of 15-20 nm. The Au and Ag show UV-Vis
adsorption due to surface plasmon resonance. The λmax of the NPs change with the
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size. The UV-Vis spectra of all NPs were recorded (Figure 5.5). PVP or citrate
capped Au-nanoparticles showed absorption maxima at 520 nm and 519 nm
respectively, which were similar to the reported values in the literature.28
Similarly, Ag-nanoparticles showed the absorption maxima at 397 nm and 389
nm. The value obtained was consistent with the value reported in the literature25
and supports the TEM observations. NPs were further characterized using
zetasizer to understand the size and properties in solution. The size and surface
zeta potentials of all prepared NPs are measured (Table 5.1).
Table 5.1. Dynamic light scattering analysis of NPs
Nanoparticle

Size (nm)

Zeta potential (mv)

Au – Citrate

16.73

- 40.2

Au – PVP

89.33

- 24.7

Ag – Citrate

14.69

- 49.3

Ag – PVP

29.65

- 32.4

The hydrodynamic diameter of NPs is slightly higher than the TEM
measurements. The citrate capped NPs showed higher zeta potential than that of
PVP capped NPs. This clearly indicates that citrate capped NPs exhibits higher
surface charge than PVP capped NPs. These results prompt us to treat these
nanoparticles as anions and design the adsorbent accordingly.

5.4. Batch adsorption studies
5.4.1. Effects of initial pollutant concentration and contact time
The adsorption rate for different pollutants at 303 K is shown in Figure 5.6. The
amount of pollutant adsorbed (mg/g) increased with increase in time and reached
equilibrium (12h). The adsorption of chromate (Cr2O72-) is higher than arsenate
(AsO43−) and arsenite (AsO2−) which may be due to strong affinity with the
adsorbent.29-31The adsorption of citrate capped NPs is higher than the PVP capped
NPs, which may be due to the higher negative surface charge of the NPs.
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a)

b)

Figure 5.6. The variation of adsorption capacity of Zr treated apple peel towards
different anions (a) and nanoparticles (b) with change in time.
The adsorption experiments were carried out for 24 h to evaluate equilibrium
adsorption capacity (qe mg/g) of each anionic pollutant. All anions reach
equilibrium within 6 h which indicates faster adsorption. Chromate ions showed
highest qe (25 mg/g) followed by phosphate (18 mg/g), arsenate (14 mg/g) and
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arsenite (14 mg/g) ions. Ag-Cit showed highest qe (6.98 mg/g) followed by AuCit (5.50 mg/g), Ag-PVP (1.48 mg/g) and Au-PVP (1.06 mg/g). The results
indicate that the Zr treated apple peel bind anionic pollutants efficiently, owing to
the high positive charge of Zr cations on the surface.43

5.4.2. Effect of pH
The effect of pH on the adsorption of anions onto the Zr loaded apple peel is
shown in Figure 5.7, which shows that the adsorption of Cr2O72-, AsO43− and
PO43- reaches maximum at acidic pH but AsO2− shows higher adsorption at pH
10.

Figure 5.7. The variation of % removal of Zr treated apple peel towards different
anions with change in pH.
Arsenic and chromium can exist as different anionic species depending on pH of
the solution The dominant species in the acidic pH range are H2AsO4-, HCrO4-,
H2PO4- and HAsO42− ions which can be adsorbed on the gel by substituting
hydroxyl ions from the coordination sphere of the loaded Zr(IV).43 Maximum
adsorption of AsO2− was observed at a weakly alkaline environment from pH 910 and this was selected for further batch-mode adsorption experiments. This
implies that monoanionic (H2AsO3−) species are adsorbed by substituting
hydroxyl ions or water molecules.43 At high pH, adsorbates exist as oxoanions
and no precipitation was observed. The decrease in arsenic adsorption at higher
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pH can be attributed to the competition between the hydroxyl ions and arsenic
species for adsorption sites. We selected the Zr cation for chemical modification
due to its stability in different pH environments. Release of Zr cations from the
peel to the aqueous medium during adsorption studies was tested by analysing Zr
content in the adsorbate solution. Elemental analysis showed no detectable
concentration of Zr in the solution. We attempted to evaluate the adsorption
capacity of the adsorbent towards different NPs at different pHs. We observed
that the prepared NPs are not stable at either acidic or basic pH. We conducted all
adsorption studies at neutral pH (7).
5.4.3. Isotherm studies
Langmuir Isotherm
The Langmuir isotherm which has been commonly used for describing adsorption
processes can be used to explain the adsorption of pollutants on immobilized
apple peel. Basic assumption of the Langmuir theory is that adsorption takes place
at specific sites within the adsorbent.33-35 The data obtained from the adsorption
experiment for different pollutants were analysed using isotherm equation. The
saturation monolayer can be expressed by the equation.35
1
1
1
=
+
q e q m Kq m Ce
qe =

Kq m Ce
1 + q m Ce

(5. 1)

(5. 2)

A plot of 1/qe versus 1/ Ce results in a linear graphical relation indicating the
applicability of the Langmuir model for different anions is shown in Figure 5.8.
The Langmuir constants are elucidated from the slope and intercept of straight
lines for different anions. The observed linear relationship is statistically
significant as evidenced by the R2 values (close to unity), implying the
applicability of isotherm for our extraction studies. Adsorption data for Cr2O72fits well with Langmuir linear equation with best R2 value (0.999) than the others.
The observed linear relationship is statistically significant as evidenced by the R 2
values; Au-PVP (0.9987), Ag-PVP (0.9919), Au-Cit (0.9961) and Ag-Cit
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(0.9978) implying the applicability of isotherm for nanoparticles too. The
Langmuir isotherm constants along with correction coefficients are reported in
Table 5.2.

AsO2AsO43Cr2O72PO43-

1/qe (g/mg)

a)

0.3
0.2
0.1
0.0

0

2

4

6

8

1/qe (g/mg)

1/Ce (L/mg)
3.0
b)
Ag-cit
2.5
Au-cit
2.0
Ag-pvp
Au-pvp
1.5
1.0
0.5
0.0
0 1 2 3 4 5 6 7

1/Ce (L/mg)
Figure 5.8. Langmuir isotherms for anions (a) and NPs (b) adsorption.
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The essential characteristic of the Langmuir isotherm can be expressed in terms of
a dimensionless equilibrium parameter, such as the separation factor (R L) used in
the following equation35
RL =

1
1 + KCe

(5. 3)

where K is the Langmuir constant and Ce is the equilibrium concentration of the
adsorbate in solution. This parameter indicates that isotherm will be shaped
according to the following adsorption characteristics: RL > 1 unfavourable; RL = 1
corresponds to linear; 0 < RL< 1 is favourable and RL= 0 is irreversible. The RL
values for AsO2− (0.4138), AsO43− (0.7578), Cr2O72-(0.8294), PO43-(0.2468), AuPVP (0.9105), Ag-PVP (0.4359), Au-Cit (0.6154) and Ag-Cit (0.9001) indicate
that the adsorption of anionic pollutants on to treated apple peel is favorable
(Table 5.2).

Freundlich isotherm

Freundlich model is an empirical equation based on adsorption on heterogeneous
surfaces. It is assumed that the stronger binding sites are occupied first and the
binding affinity decreases with an increasing degree of site occupation.36, 37 The
isotherm is expressed as:
1
Ln q e = Ln K f + Ln Ce
n

(5. 4)

where Kf and n are Freundlich constants related to sorption capacity and sorption
intensity of the adsorbent, respectively. Kf can be defined as the adsorption
coefficient and represents the quantity of pollutant adsorbed onto treated apple
peel for a unit equilibrium concentration. A value for 1/n below 1 refers to a
normal Langmuir isotherm while 1/n above 1 represents a cooperative adsorption.
The 1/n value for AsO2− (0.8124), AsO43− (0.8233), Cr2O72-(0.9475), PO43(0.5966), Au-PVP (0.8994), Ag-PVP (0.7067), Au-Cit (1.1190) and Ag-Cit
(0.9349) indicates that the adsorption follows Freundlich isotherm (Figure 5.9).
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Figure 5.9. Freundlich isotherms for anions (a) and NPs (b) adsorption.
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Table 5.2. Langmuir and Freundlich isotherm model constants and correlation
coefficients for adsorption of different anions on Zr immobilized apple peel
surface.
Langmuir
Freundlich
Pollutant K (L/g)
AsO2−
AsO43−
Cr2O72PO43Ag-Cit
Au-Cit
Ag-PVP
Au-PVP

RL

R2

KF (mg/g)(L/g)n

1/n

R2

0.0544 0.2687 0.9687

1.0772

0.5873 0.9948

2.7666 0.0072 0.9249

8.7716

0.1658 0.8310

4.9170 0.0041 0.4840

12.2902

0.1707 0.5954

3.6243 0.0055 0.9895

8.9809

0.0999 0.9706

0.3938 0.0483 0.9675

3.3800

0.3862 0.8992

0.2404 0.0768 0.9555

0.5719

1.3557 0.9126

1.1419 0.0172 0.9625

0.8418

0.2149 0.8547

3.5502 0.0056 0.9771

1.8166

0.1848 0.9256

This isotherm model also yielded good fit with the highest R2 value for anionic
pollutants, which indicates that the adsorption of anions on apple peel surface is a
heterogeneous process. Table 5.2 lists the comparison of Langmuir and
Freundlich constants for various pollutants on treated apple peel surface. It can be
seen from table that Langmuir model was found to fit the data significantly better
indicating monolayer adsorption of anions and NPs on apple peel.

5.4.4. Adsorption kinetics
Kinetic models elucidating the mechanism by which pollutants are adsorbed on
adsorbent surfaces have been proposed.38-40 Different adsorption kinetic models
were used to investigate the adsorption mechanism. A pseudo-first-order equation
(5.5) was used for data analysis.39
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log q e − q t = log q e −

k1
t
2.303

(5. 5)

where qe and qt indicate the amount of pollutant adsorbed (mg / g) at equilibrium
and in time t, respectively. k1(min−1) is the first order rate constant applied in the
present studies of pollutant adsorption. The plot of log (qe − qt) versus t for
different pollutants (Figure 5.10a & 5.10b) gave first order rate constants k1
(slope) and equilibrium concentration qe (intercept). The values of k1 and qe for
different pollutants were calculated from the plots and shown in Table 5.3. The
adsorption kinetics of some systems can also be explained by a pseudo-secondorder reaction (Figure 5.10c & 5.10d). The pseudo-second-order equation based
on adsorption equilibrium capacity may be expressed in the form,40
t
1
1
=
+
t
qt k2 qe 2
qe

(5. 6)

where k2 is the rate constant of pseudo-second-order adsorption and qe is the
equilibrium adsorption capacity (mg / g). The k2 and qe values of different
pollutants can be calculated experimentally from the slope and the intercept of t /
qt versus t plots. From Table 5.3, the correlation coefficient R2 for AsO2−
(0.9937), AsO43− (0.9318), Cr2O72-(0.9990), PO43-(0.9990), Au-PVP (0.9958), AgPVP (0.9827), Au-Cit (0.9994) and Ag-Cit (0.9999) indicate that the pseudosecond-order model fits the experimental data better than the pseudo-first-order
model. The calculated correlations are closer to unity for the second-order kinetics
model and calculated equilibrium adsorption capacities of all pollutants matched
with experimental values. The calculated k2 (g / mg min) and qe are listed in Table
5.3.

101

a)

b)

102

c)

d)

Figure 5.10. Pseudo-first order (a, b) and pseudo-second order (c, d) kinetics for
the adsorption of anions (a, c) and NPs (b, d) on to the Zr treated apple peel.

103

Table 5.3. Pseudo first order and pseudo second order constants and correlation
coefficients for adsorption of different anionic contaminants on treated apple peel
Pseudo-first order kinetic Pseudo-second order
model
Pollutant

kinetic model

Qe(exp)
(mg/g)

Qe

K1
-1

(mg/g)

(min )

R

2

Qe
(mg/g)

K2
(g/mg

R2

min)

AsO2−

15.6400

7.6749

0.0056 0.9542 15.0648 0.0032

0.9937

AsO43−

15.6800

13.1039 0.0051 0.9451 15.3681 0.0009

0.9318

Cr2O72-

25.2860

11.6322 0.0039 0.8467 22.8676 0.0026

0.9990

PO43-

20.3540

13.4444 0.0029 0.9533 16.3425 0.0018

0.9905

Ag-Cit

6.9840

3.9121

0.0075 0.9876 15.0648 7.1250

0.9999

Au-Cit

5.5030

3.7789

0.0050 0.9772 15.3681 5.7277

0.9994

Ag-PVP

1.4810

0.9565

0.0014 0.9378 22.8676 1.6101

0.9827

Au-PVP

1.0640

1.0733

0.0056 0.9890 16.3425 1.1877

0.9958

5.5. Analysis of adsorbent after adsorption
The Zr treated apple peels were analyzed after adsorption of different anions and
NPs. SEM (Figure 5.11) clearly shows the NPs adsorbed on the adsorbent surface
uniformly. EDS analysis gave characteristic peaks corresponding to Au and Ag.
Results indicate that we can successfully remove NPs from water using
chemically modified apple peel. The adsorbent was washed with deionised water
to remove free anions after adsorption and dried at room temperature. The peels
were analyzed using EDS (Figure 5.12) and the peaks corresponding to Cr and As
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were seen in the spectra along with Zr, which confirms the binding of anions on
the surface of Zr treated apple peel.

a)

b)

i)

ii)

Figure 5.11. SEM (a, b) and EDS (i, ii) analysis of Zr treated apple peel with Ag
(a, i) and Au (b, ii) adsorbed on the surface.
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Figure 5.12. EDS analysis of Zr treated apple peel surface after adsorption of
chromate (a) and arsenate (b) anions.

106

5.6. Desorption studies
Binding mechanism can be further investigated by using desorption process. The
nature of the adsorption of pollutant onto the surface of the peels involves
electrostatic attractions between anions and Zr(IV) present on the surface.
Desorption of these pollutants were studied at different pH (2-12) at a constant
temperature of 30 °C. Minimum desorption was observed at acidic pH but about
90% of pollutants were desorbed at pH 12 within 10 min (Figure 5.13).

Figure 5.13. Desorption of anions from the Zr immobilized apple peel surface at
various pH under ambient conditions.
Under basic condition, OH- ions will replace anionic pollutants from apple peel
surface. In order to show the reusability of the adsorbent, the adsorptiondesorption cycle of pollutants were repeated five times using the same
experimental conditions. These results showed that recycling of treated apple peel
is efficient and can be used in repeated pollutant adsorption studies without
detectable losses in their adsorption capacities. We observed the instability of
nanoparticles with the change of pH. Regeneration of the NPs adsorbed apple peel
is difficult using elution process. Alternative methods should be explored for this
purpose.
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5.7. Conclusions
We designed chemically modified apple peel as an efficient adsorbent. Extraction
of different toxic anions including chromate, phosphate, arsenate and arsenite ions
and nanoparticles (Au & Ag) were evaluated using Zr(IV) loaded apple peel as an
adsorbent. Adsorption and desorption studies were conducted to understand the
adsorption mechanism. Langmuir and Freundlich isotherm models were used to
validate the adsorption process. Kinetic studies were done to understand the
adsorption process, which follows pseudo-second-order kinetics. Immobilized
apple peels showed efficient adsorption towards different anionic pollutants with
experimental adsorption capacities (mg/g) of 15.64 (AsO2−), 15.68 (AsO43−),
25.28 (Cr2O72-), 20.35 (PO43-), 6.98 (Ag-Cit), 5.50 (Au-Cit) 1.48 (Ag-PVP) and
1.06 (Au-PVP) mg/g. Experimental factors such as pH and contact time of the
solution also influence the extraction efficiency. The Zr on apple peel is
responsible for the extraction of different contaminants in water. It is conceivable
that the use of such biowaste is simple, cost effective and efficient method for
water treatment and can be used in large scale applications.
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CHAPTER 6
BIOMIMETIC METAL OXIDES FOR THE EXTRACTION OF
NANOPARTICLES FROM WATER

Publication from this chapter
R. Mallampati and S. Valiyaveettil, Biomimetic synthesis of metal oxides for the
extraction of nanoparticles from water, Nanoscale, 2013, 5, 3395-3399.
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6.1. Introduction
One of the most important problems affecting people around the world is
inadequate access to clean water and sanitation.1 This problem is expected to
grow worse in the future due to over usage, lack of conservation methods and
dwindling natural supply of clean water even in countries with significant water
resources. In order to make water accessible to majority of population, robust
water purification methods at a lower cost and minimal energy consumption need
to be developed, while at the same time decreasing the use of chemicals and
reducing the impact on environment. Water is usually contaminated with
pollutants such as dissolved organic pollutants and heavy metal ions. Even
though, many technologies involving different chemical and physical methods
have been developed,2,3 water purification still requires multiple stages to remove
pollutants. The most challenging task is to find cost and energy efficient
technologies for eliminating all types of pollutants from water.
Research on nanomaterials is currently an area of intense scientific interest due to
wide variety of potential applications in biomedical, catalytic and electronic
fields.4,5 However, such a wide range of applications tend to overlook at the
dangers that nanoparticles pose to the environment and to human health. For
instance, many in vitro and in vivo studies have demonstrated the toxicity of silver
and gold nanoparticles to mammalian cells.6-8 Silver nanoparticles are known to
disrupt life processes by causing DNA damage and mitochondria impairment in
mammalian cells.9,10 Since environmental pollution from nanomaterials is
imminent in the near future, it is important to design functional materials capable
of

removing

nanomaterials

from

the

environment.

Ironically,

various

nanomaterials have been proposed for water purification due to their higher
surface area with active sites, but no discussion on contamination of water with
such materials is provided.2, 3 In recent years, many metal oxides such as Fe3O4,
CeO2, TiO2 and Al2O3 have been used to remove toxic metal ions and organic
pollutants from water.11-19 The material and method of choice should be based on
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a few factors such as low cost, availability, mechanical strength, low toxicity,
high extraction efficiency and fast adsorption rates for pollutants.
Eggshell membrane (ESM) serves as an attractive biotemplate for synthesizing
bioinspired materials. ESM fibers consists of functional proteins and
glycoproteins.20 We hypothesize that the hydrophilic amino and carboxyl groups
of the glycoproteins on the ESM fiber surface can be used to complex and deposit
metal ions.21 It is conceivable that such functional groups act as structure
directing agents to assemble metal oxide nanocrystallites. In addition, ESM is
readily available and offers unique porous interwoven fibrous structure which can
act as an excellent template for inorganic material synthesis. In this work, ESM is
used as a biotemplate for the synthesis of ZnO, NiO, CuO, Co3O4, and CeO2 in
large amounts and investigated the extraction efficiency towards nanoparticles in
water.

6.2. Characterization
The TGA analysis was used to understand the calcination process of the metal
oxides. The TGA traces in Figure 6.1 shows the decomposition patterns of ESM
and composite with metal ions. Gradual weight loss for both pure ESM and the
metal salt composites started at around 200 °C which corresponds to ESM
decomposition,23,24 and completed at a temperature of around 600 °C. Even
though, ESM was completely decomposed at a temperature of 600 °C, the
composite was heated in air up to 750 °C to remove traces of organic materials.
The constant weight (10 %) after 570 °C indicates the completion of organic
matter decomposition and formation of stable metal oxides.
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Figure 6.1. TGA curves of natural ESM and copper nitrate adsorbed on ESM
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Figure 6.2. X-ray diffraction pattern of a) natural ESM, b) CeO2, c) Co3O4, d)
CuO, e) NiO and f) ZnO
XRD analyses were done to establish the chemical identities of the prepared metal
oxides. Powder XRD patterns of ESM and the synthesized metal oxides are given
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in the Figure 6.2, compared with reported literature and identified as ZnO (JCPDS
80-0075), CuO (JCPDS 80-1917), Co3O4 (JCPDS 80-1532) and CeO2 (JCPDS
81-0792). The EDS analysis before and after the calcination of one of the ESM CuO composites is shown in supporting information (Figure 6.3). The data shows
the presence of carbon and sulphur associated with the organic components in
ESM, but after calcination, those elements were removed from the sample.

Figure 6.3. EDX analysis of ESM copper composite a) before calcination and b)
after calcination
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Figure 6.4. SEM images of (a) natural ESM and oxides (b) CeO2, (c) Co3O4, (d)
CuO, (e) NiO and (f) ZnO synthesized on ESM template.
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Figure 6.5. Magnified SEM images of (a) NiO, (b) CeO2, (c) opened cavity of a
CeO2 tubes and (d) TEM of CeO2 nanoparticles
The FESEM micrographs of pure ESM and metal oxides are shown in Figure 6.4.
At a lower magnification, it can be seen that most of the metal oxides have the
interwoven microporous structure of ESM. On closer inspection of the FESEM
images (Figure 6.5), the tubes consist of many well-ordered nanocrystallites in the
range of 20 – 50 nm. The large number of micro- and nanopores were formed due
to the emission of gases such as CO2, NOx and H2O during degradation of the
template. From SEM images, the metal oxides showed a 3D micro /
nanocomposite structure formed via a hierarchical organization of nanocrystals
with a micrometer size range. The formation of such tubes (Figure 6.5c) is
possible only through a biotemplate synthesis. The nanosized crystallites together
with the multiple pores provide desirable physical properties such as high surface
area, robustness, high efficiency of extraction and easy recovery for nanoparticle
extraction from water. We tested the stability of metal oxides in water by
examining the concentration of metal ions by ICP-OES after adsorption process
and result showed that no detectable metal contents leached from the adsorbent.
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The N2 adsorption desorption method was carried out to measure the specific
surface area of the materials. The BET technique utilizes physical adsorption
behaviour of gas molecules on a solid surface at constant temperature. BET data
(Table 6.1) indicates that the surface areas of all metal oxides vary significantly. It
is hypothesized that metal oxides with larger surface area show high adsorption
efficiencies for nanoparticles. It was determined that CeO2 and NiO have the
largest surface area of 17.22 m2/g and 7.32 m2/g, respectively, as compared to
other metal oxides which are expected to show enhanced adsorption efficiency.
Table 6.1. Summary of the BET surface area (m2/g) and IEPS values for the
metal oxides.
adsorption capacity
Metal oxides

Surface area

Isoelectric

(m2/g)

point (IEPS)27

(Q t )/ mg / g
Au - PVP

Ag - PVP

NiO

7.32

10.30

76.80

54.84

ZnO

17.22

7.10

48.94

47.56

CeO2

3.68

9.30

45.84

41.89

Co3O4

1.43

7.30

32.27

51.04

CuO

1.21

9.50

3.38

5.02

6.3. Adsorption of nanoparticles
Ag-PVP and Au-PVP nanoparticles were chosen for the adsorption studies owing
to the fact that such nanoparticles already exist in commercial products. PVP was
chosen as the capping agent for the nanoparticles as it is nontoxic, water soluble
and readily available. UV-Vis spectra were recorded (Figure 6.6) to study the
optical properties of the nanoparticles.
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Figure 6.6. TEM images of (a) Ag-PVP, (b) Au-PVP nanoparticles and the
corresponding (c) UV-VIS spectra
Adsorption maxima were observed at 514 nm and 400 nm for Au and Ag
nanoparticles, respectively. TEM images shown in Figures 6.6 (a-b) indicated that
the Au nanoparticles have a particle size distribution in the range of of 5 to 7 nm
while the Ag nanoparticles have a wider particle distribution of 7 to 13 nm.
Adsorption studies were carried out by adding 20 mg of metal oxides to 10 mL of
2.5 x 10

-4

M nanoparticle solutions and recording the UV-Vis spectra of the

aqueous solutions at different time intervals. Extraction data for nickel oxide for
both nanoparticles are given in Figure 6.7. The intensities of absorption peaks at
514 nm (Au NP) and 400 nm (Ag NP) solutions were decreased with time. The
optical images (Figure 6.7) of the nanoparticle solutions showed a decrease in
color intensity with increase in time of extraction indicating the removal of
nanoparticles. The maximum adsorption capacity at a given time (Qt) explains the
performance of the material towards extraction. Qt was calculated for both Au and
Ag NP solutions by using the equation, Qt = (C0 – Ct) V/m where Q

t

is the

maximum adsorption capacity (mg g-1) at a given time, C0 is the initial
concentration (mg L-1), Ct is the ﬁnal concentration (mg L-1) at a given time, V is
the volume (L) of the sample taken for analysis and m is the weight of the sorbent
(g).
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Figure 6.7. UV-VIS spectra (a) Ag-PVP and (b) Au-PVP and corresponding
optical images of (c) Ag-PVP and (d) Au-PVP nanoparticle solutions at different
time intervals.

Figure 6.8. Adsorption capacities of different metal oxides towards (a) Ag-PVP
and (b) Au-PVP nanoparticles. C0 is the initial concentration of the nanoparticle
solution and C is the remaining concentration at different time intervals during the
extraction.
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The calculated adsorption capacities of nanoparticles for various metal oxides are
listed in Table 6.1. The results indicate that NiO showed quantitative adsorption
for Au nanoparticles within 3 hours and Ag nanoparticles around 0.5 hours
(Figure 6.8). However, CuO showed relatively low adsorption capacity for both
nanoparticles. From these observations, the adsorption efficiencies of the metal
oxides for Au nanoparticles can be ranked with decreasing order, NiO > ZnO>
CeO2 > Co3O4 > CuO and for Ag nanoparticles, NiO > Co3O4 > ZnO > CeO2 >
CuO. These results are in good agreement with the BET surface area analysis data
of the metal oxides, indicating that higher surface area leads to higher extraction
efficiency.

a)

b)
Au NPs

Ag NPs

20 nm

20 nm

100 nm

100 nm

Figure 6.9. TEM images of (a) Au and (b) Ag nanoparticles on NiO particles
after extraction. Inset shows the magnified images of metal oxide surface showing
the presence of nanoparticles.
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Figure 6.10. EDX analysis of a) Au NPs on NiO surface and b) Ag NPs on NiO
surface
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TEM analysis was performed using NiO samples after extraction to confirm the
adsorption of nanoparticles on the surface of metal oxide crystals. From the TEM
images (Figure 6.9), crystal grains of the metal oxides with a size of 50 nm were
observed. A closer inspection of the magnified images (see inset) showed the
presence of metal nanoparticles on the surface of the metal oxides. Further
confirmation of nanoparticles on the surface of metal oxide before and after
extraction was obtained from TEM-EDS analysis (Figure 6.10). Peaks
corresponding to Au and Ag metal can be seen on the surface after extraction.
6.4. Plausible mechanism
Synthesis and mechanism of metal oxides were reported earlier.23,

24

All metal

oxides were fully characterized and used for the extraction of nanoparticles from
water. In the case of metal oxide surfaces, the absence of sufficient number of
neighboring atoms as compared to the bulk atoms result in a positive free energy
of formation. Hence a metal oxide surface may exhibit surface relaxation or
surface reconstruction in order to increase the symmetry and ligand coordination
at the surface. For example, in the case of ZnO
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, Zn atoms tend to relax into a

close-packed plane of oxygen atoms to increase coordination and to gain stability.
Some of the adsorbates can help to reduce surface free energy by increasing the
ligand coordination of surface ions and reducing the need for relaxation.26 It is
conceivable that electron rich Ag and Au nanoparticles could be adsorbed on the
metal oxide surfaces and stabilize them by reducing the surface free energy. Since
the metal oxide surface contain both negatively charged anions and positively
charged cations, different types of adsorptions are possible such as physisorption,
donor-acceptor interactions, oxidation / reduction with electron transfer and
oxidation / reduction with oxygen transfer. Other factors such as (i) availability of
polar and non-polar surfaces, (ii) presence of acidic metal and basic oxygen sites,
(iii) complex and imperfectly understood defect chemistry and (iv) possibility of
electron transfer may also influence the extraction and make it difficult to draw a
conclusion. More theoretical and experimental investigations are needed to
understand the nanoparticle adsorption mechanism. Further, acid - base properties
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of an oxide surface are measured by its point of zero charge (Pzc) / isoelectric
point of solid surface (abbreviated as IEPS for solids) and pH at which the surface
is electrically neutral.27 Table 6.1 shows that NiO has highest IEPS value
followed by ZnO which matches the observed order for adsorption efficiency.
Most of the metal oxides followed same trend as of IEPS values, except CeO2 and
CuO which could be due to the difference in surface area. Referring to Figures 6.4
and Table 6.1, it can be inferred that metal oxides with high surface area and high
IEPS values showed high adsorption efficiency for both silver and gold
nanoparticles. In addition, there are reports indicating surface area as one of the
main factors responsible for the greater adsorption efficiencies of hierarchical
metal oxides towards dyes and metal ions13,18,19 and our results are consistent with
such reports. It is conceivable that electrostatic attraction between metal oxide
surfaces and nanoparticles and other factors mentioned above influence
adsorption of nanoparticles on the surface.

Other factors such as the size

differences between Au and Ag nanoparticles and capping agents used for the
synthesis of nanoparticles may also influence adsorption process. We are
currently exploring some of these factors to understand the fate of nanoparticles in
aqueous environment with time.
6.5. Conclusions
Readily available eggshell membrane was used to prepare metal oxide
nanomaterials. SEM micrographs showed interwoven porous structures for the
oxides. NiO was found to be an effective sorbent with adsorption capacities of 77
mg/g and 55 mg/g for gold and silver nanoparticles, respectively, from water
within a period of 2 hours. TEM analysis of the metal oxide after extraction
showed the presence of nanoparticles on the surface. The adsorption efficiencies
of metal oxides for nanoparticles can be ranked with decreasing order, NiO >
ZnO> CeO2 > Co3O4 > CuO. Since the overall size of the prepared metal oxides
tubes are in 10 - 20 micrometers, solid/liquid extraction would be fairly
manageable and the relatively high density of metal oxides is also useful for real
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time water treatment applications. We will be investigating such potential of these
materials in the near future.
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CHAPTER 7
BIOMIMETIC SYNTHESIS OF Mn3O4 HIERARCHICAL
STRUCTURES AND THEIR APPLICATION IN WATER
TREATMENT

Publications from the chapter:
R. Mallampati and S. Valiyaveettil, Simple and efficient biomimetic
synthesis of Mn3O4 hierarchical structures and their application in water
treatment, Journal of Nanoscience and Nanotechnology, 2011, 11, 1–5.
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7.1. Introduction
Research on new materials focus on the production of materials with varying
size, shape, multifunctionality and biocompatibility. These materials can be
synthesized by different ways such as co-precipitation, sol-gel processing,
microemulsions, hydrothermal / solvothermal, template synthesis and
biomimetic synthesis.1 During the last 5 years, there has been remarkable
progress in the field of biosynthesis of functional materials. Researchers
achieved excellent control over processes occurring at the biological-inorganic
interface resulting in highly ordered nanostructures.2-4 Owing to the structure
and functions; it is interest to use natural biomaterials as template to fabricate
bioinspired functional materials.5 Various biomaterialsand their properties are
used to synthesize wide range of materials.6,7 The biomineralization strategy
offers an efficient and novel synthetic route in preparing inorganic functional
materials. The proteins associated with biominerals are responsible for
synthesizing advanced materials with sophisticated hierarchical structures and
excellent properties. This could be achieved by employing the characteristic
architectures of biomaterials, functional groups of biomacromolecules and
mimics the biological assembly.8
Eggshell membrane (ESM) is an interesting material as a biotemplate
for directing the nucleation, assembly and patterning of new architectures. The
resulting inorganic materials will be successfully tailored with characteristic
hierarchical order. Glycoproteins of ESM are made up of large amounts of
amido, carboxyl and hydroxyl groups,9-11 which act as directing and capping
functions of ESM for metal oxide nanocrystallites. In the biomineralization
process, the hydrophilic anionic groups on ESM surface are responsible for
extraction and transport of metal ions. The biotemplate ESM can be removed
through calcination, leaving the metal oxide without disturbing the network
like morphology. Different functional materials such as SnO212, BaSO413,
MnWO414, CexZr1-xO415, PbSe16, ZnO17 and TiO218 are synthesized by using
ESM as template. Mn3O4 is synthesized by various techniques as it is used in
batteries, high-density magnetic storage media, corrosion-inhibiting pigment,
electrochromic materials and as catalyst.19-29
In this work, a simple, green, biotemplate synthesis was employed to
synthesize Mn3O4 nanocrystallites with hierarchical network morphology. To
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our knowledge, the reports on extraction of various contaminants from
aqueous solution to Mn3O4 surface are rare. Emerging contaminants are
chemicals or materials that are perceived to pose a threat to human health or
the environment and have only in the past few decades gained closer attentions
of environment regulators due to a lack of published health standards
previously. It is also ‘emerging’ due to new source, new detection technology
and new pathway to humans.34 These include pesticides, pharmaceuticals,
personal care products, veterinary products, industrial compounds/byproducts, food additives, and engineered nano-materials.35 As they are
transported within the water cycle, they can also undergo various physical,
chemical and biological transformations.36 In many countries, chlorinated
solvents is one of the 30 most commonly detected organic emerging pollutants
and these organochlorine compounds are most widely applied pesticides.
They resist degradation, hydrophobic and are notorious for their high
toxicities.37-39 One characteristic of emerging contaminants is that they are
difficult to remove via traditional sewage or drinking water treatment using
granulated activated carbon.38 These include small and/or polar molecules.
Many other adsorbents have also been tested to remove phenolic and
organochlorine compounds such as activated clay,40,41 activated carbon
prepared on various precursors,42 chitosan beads and functional chitosan,43,44
biomass including eggshell membrane45,46 and metal oxides.47
Phosphate is responsible for eutrophication, the excessive growth of
algae in water. Eutrophication causes severe environmental damage, reducing
dissolved oxygen in water, causing problems for water treatment and affecting
perceived beauty. Secretions from algae can also poison humans and other
animals.37 Furthermore; anionic pollutants have proven difficult to remove
with conventional methods. Among the various existing methods, adsorption
is a popular method for removing them because high adsorption rates are
achievable. Our study focused on the use of metal oxide for the removal of
different pollutants including organic dyes, pesticides and phosphate anion.
Here we show the excellent absorption capacity of Mn3O4 towards different
pollutants. As an example of potential application, victoria blue (VB), alcian
blue (AB), bromophenol blue (BB), neutral red (NR), phenol (P), pnitrophenol (PNP), p-chlorophenol (PCP) and 2,4,6-trichlorophenol (TCP)
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were chosen as typical water soluble organic waste for our extraction
experiment due to their structural diversity. The amount of pollutant in the
spiked solution before and after adsorption was quantified by using UV - Vis
spectrophotometer (dyes), Ion exchange chrmotagraphy (PO43-) and HPLC
(pesticides) with C18 inverse phase (3.9 x 150 mm) column. Mobile phase
was a mixture of water/methanol (60:40) injected in at a rate of 0.7 ml/min.
UV spectrometer with maximum absorbance value set at 270 nm for P, 278
nm for PCP, 288 nm for TCP and 316 nm for PNP was used as detector.

7.2. Characterization
Collagen, glycoprotein and proteoglycans present on the ESM are responsible
for the nucleation and deposition of Mn3O4. The mechanism of
biomineralization process of calcium salts on ESM template was reported
earlier.14,15 The macromolecules in ESM contain ionic hydrophilic and
hydrophobic domains. The hydrophilic groups interact with Mn2+ cations and
induce nucleation and growth of nanocrystals. The intermolecular and
intramolecular forces, such as hydrogen bonding, the electrostatic effect
organize macromolecules and help to induce the assembly of nanoparticles
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Figure 7.1. X-ray diffraction pattern of the Mn3O4 sample.
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The powder XRD patterns of as synthesized samples calcinated at 700 oC are
shown in Figure 7.1. The diffraction pattern corresponds to the body-centered
structure of Mn3O4. The XRD pattern obtained was compared with reported
pattern of Mn3O4 (JCPDS 80-0382). All major peaks are comparable with the
reference data. The elemental composition of prepared sample can be
confirmed by EDX analysis (Figure 7.2).
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Figure 7.2. EDX spectra of Mn3O4, showing peaks corresponding to
Manganese and Oxygen.
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Figure 7.3. TGA curves of natural ESM and manganese nitrate impregnated
egg membrane (ESM+ Mn(NO3)2.4H2O)
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The sample was coated with platinum before analysis to make sure that the
surface of the sample is conductive. The TGA shown in Figure 7.3 gives the
decomposition

pattern

of

the

ESM

and

ESM

impregnated

with

o

Mn(NO3)2.4H2O. The initial weight loss at 100 C corresponds to loss of
adsorbed water. A significant weight loss was observed up to ~ 700 oC in both
samples, above which the total mass of the sample remained constant with
further increase in temperature.

Figure 7.4. SEM image of a) natural ESM b) Mn(NO3)2.4H2O infiltred ESM
composite calcinated at 700oC and c) magnified image of b
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Figure 7.5. TEM image of Mn3O4 crystals dispersed in ethanol
Figure 7.4 shows SEM images of normal ESM and as prepared Mn3O4
crystals. During calcination, the organic materials of ESM were degraded and
gases such as CO2 or H2O were released, which caused the formation of micro
pores on the fibrous structure. The resulting Mn3O4 fibres are made up of nano
crystallites with large number of micro and nano pores. Such pores are
responsible for adsorption of higher amount of spiked organic pollutants. The
morphology of ESM is translated to manganese oxide (Mn3O4) with varying
pore sizes. TEM image (Figure 7.5) indicates that such microstructures of
Mn3O4 composed of nanocrystallites of size around 20 nm.
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Figure 7.6. Nitrogen adsorption–desorption isotherms plot (a) and
corresponding pore-size distribution plot (b) of Mn3O4.

The nitrogen adsorption-desorption isotherm and corresponding pore size
distribution curves for as prepared manganese oxide are shown in Figure 7.6.
According to Brunauer classification,30 the isotherm indicates that the Mn3O4
has a mesoporous structure. The BET surface area of the substance was 13.13
m²/g with an average pore size in the range of 10 nm.
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7.3. Adsorption experiments
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Figure 7.7. UV spectra of a solution of Victoria blue (100 mg L–1, 50 mL) in
the presence of Mn3O4 hollow microfibers (0.01 g) at different time intervals
of 0, 2, 4, 6 and 8 min, respectively.
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Figure 7.8. Adsorption rate of the Victoria Blue on a) as prepared Mn3O4; b)
secondary; c) third; d) fourth regenerated particles, respectively. C0 (mg L–1) is
the initial concentration of the Victoria Blue solution and C (mg L–1) is the
remaining concentration at different time intervals during the extraction.
In general, metal oxides act as adsorbents in textile industries to
eliminate excess organic dyes at room temperature. As an example of potential
applications of synthesized network structures of Mn3O4, extraction of water
soluble dyes, pesticides and phosphate ions from spiked water samples were
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carried out in the lab. Alcian blue, neutral red, bromophenol blue and victoria
blue were chosen as typical organic dyes, because of their diversity in the
molecular structures. It is clear that the adsorption capacity is not same for all
four compounds. When the initial concentration of the dyes are 100 mg L-1,
Mn3O4 could remove about 98% of alcian Blue and victoria blue; 90% of
neutral red and bromophenol blue, without any additives at room temperature.
The UV-Vis spectra at different time intervals are shown in Figure 7.7. The
colour of the dye solution disappears in 5 min. It indicates that the effective
absorption takes place immediately when Mn3O4 comes in contact with dye
molecules. The intensity of characteristic absorption peaks at 600 nm was
chosen to monitor the extraction of victoria blue. It was established that 1 g of
Mn3O4 prepared using template synthesis can remove about 400 mg of alcian
blue or victoria blue. For comparison, the adsorption capacity of manganese
oxide prepared without the template was also investigated, which showed a
low adsorption of 125 mg/g of Mn3O4 of alcian blue in one hour. It is
conceivable that the electrostatic attraction between the surface of Mn3O4 and
organic compounds in solution at pH 2 was responsible for the dye removal.3133

The Mn3O4 could be regenerated via combustion at 300o C in air for 5h, and

purified Mn3O4 shows the same dye adsorption performance in the repeated
extraction (Figure 7.8). This results proved that the prepared Mn3O4 can be
reused and the method of preparation is cost effective. The size of as prepared
material was several micrometers. The solid/liquid separation would be fairly
easy because of their relatively high density, which is useful for potential
applications.
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a)

b)

Figure 7.9. Adsorption capacities of dyes (a) and pesticides (b) using Mn3O4
as adsorbent.
The adsorption uptake versus the adsorption time for different pollutants at 30
o

C is shown in Figure 7.9. The amount of pollutant adsorbed (mg/g) increased

with increasing time and then reached equilibrium. Adsorption was fast for all
pollutants at the initial stage of contact time after which it slowed down to
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equilibrium. This is due to the many vacant sites at the initial stage. The
maximum adsorption capacity is observed at 3 h for phosphate. HPLC result
for TCP showed complete disappearance of reference peak at initial
concentration of 200 mg/L within 1 minute. An equilibrium time of 15 – 30
min was reported for adsorbing TCP (initial concentration 25 -150 mg/L) on
coconut husk-based activated carbon which was improved from coconut-shell
based commercial grade activated carbon.42 P and PCP showed lower
adsorption compared to TCP and PNP and reached equilibrium by 4 h. Both
TCP and PNP showed higher adsorption and reach equilibrium in less than 15
minutes. Based on the HPLC results for TCP, there is a high likelihood that
TCP degraded as well during adsorption test. This work showed that Mn3O4
can be used to extract many pollutants efficiently from water.
7.4. Conclusions
Comparing

with

conventional

methods

of

material

syntheses,

biomineralization is facile, eco-friendly and cost effective. Generally
biomineralization process has minimum requirements for chemicals,
equipments, and is carried out under ambient conditions. Biotemplate, such as
eggshell membrane is available in large amounts at low costs, and biomorphic
mineralization makes efficient uses of natural materials with a capability of
turning biowastes into functional materials. We demonstrated the novel route
to synthesize hierarchical structures of Mn3O4. The oxide crystals showed a
good extraction efficiency toward the removal of victoria blue (400 mg/g),
alcian blue (420 mg/g), bromophenol blue (270 mg/g), neutral red (300 mg/g),
phenol (6.7 mg/g), p-nitrophenol (52 mg/g), p-chlorophenol (7 mg/g), 2,4,6trichlorophenol (49.2 mg/g) and PO43- (220 mg/g) from water sample and are
expected to be useful for industrial water treatment applications.
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CHAPTER 8
EGGSHELL MEMBRANE SUPPORTED RECYCLABLE NOBLE
METAL CATALYSTS FOR ORGANIC REACTIONS

Publication for this chapter.
R. Mallampati and S. Valiyaveettil, Efficient and recyclable noble metal
catalysts for different organic reactions, ChemCatChem, 2013, (in press).
144

8.1. Introduction
Functional nanoparticles are used in different areas of material science such as
catalysis,1 electrochemistry,2 bioimaging3 and

sensing.4-6 Gold

and silver

nanoparticles (NPs) are particularly interesting due to their ease of preparation
and control over size and shape using conventional synthesis.7-25 Recently,
nanostructured noble metals such as Au, Ag and Pt have been widely used as
catalysts for variety of organic reactions owing to high surface to volume ratio
and high surface energy which enhances the catalytic activity. Heterogeneous
catalysis provides an opportunity for easy separation, recycling of the catalyst and
product purification.

For catalytic applications, the metal NPs are usually

supported on a substrate such as metal oxide,26 active carbon27 or stabilized by
polymer molecules.28 Porous supports offer ordered pores with controllable size,
high surface area, and large pore volume,29 which can be used for the stabilization
of metal NPs catalysts.30 Catalysts supported on porous substrates face problems
such as difficulty in characterization, possibility of clogging the pores and not
accessible to reagents. Therefore, it is important to look for an alternative support
with excellent textural characteristics and surface properties for the fabrication of
highly stable catalytic NPs.
Herein, we report the synthesis of highly dispersed Au and Ag NPs with a
size range of 10 - 25 nm on the surface of eggshell membrane (ESM) support. The
functional groups on the fiber surfaces of ESM act as a stabilizing and reducing
agent, which removes the need for additional reagents or surface modification.
The fibrous nature of the ESM offers a large surface area for immobilization of
catalyst particles. Use of natural waste material such as ESM with abundant
functional groups such as -NH2, -OH and –CHO31 on the surface helps in a small
way to reduce, reuse and recycle waste materials. It is also interesting to test the
NPs on ESM surface towards their stability, catalytic activity and recyclability in
various organic reactions. Catalytic performance of the NPs was evaluated using
two different model reactions such as reduction of nitrophenols and one pot
synthesis of functionalized propargylamines.
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8.2. Characterization
Owing to the presence of large amounts of functional groups (-OH, -CO2H, -NH2,
- CHO), it is conceivable that the surface adsorbed Au (III) or Ag (I) ions get
reduced to nanoparticles on the ESM. This can be verified using SEM, XPS and
visible changes in colour of the ESM. SEM images of the natural ESM and NPs
adsorbed

on

to

the

surface

are

given

in

Figure

8.1.

Figure 8.1. SEM images of natural ESM (a), Au NPs (b) and Ag NPs (c) on ESM
fibers.
A network structure of fibers was observed for the natural ESM. It has been
reported that collagen and saccharides are the main constituents of ESM fibers.
Nakano et al.31 reported that the main chemical constituents of chicken ESM are
amino acids (Glycine and Alanine) and uronic acid. The aldehyde moiety of
uronic acid and saccharides in ESM play a significant role in reducing the surface
adsorbed metal ions to NPs.[32] In addition, other groups such as - NH2 and -OH
may also interact with Au (III) or Ag (I) ions. The presence of NPs on the surface
of ESM was also established using energy dispersive spectroscopy (EDS) (Figure
8.2).
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Figure 8.2. SEM - EDS spot analysis of Ag NP (a) and Au NP (b) on ESM

Figure 8.3. XPS spectra of Au NP (a) and Ag NP (b) on ESM. Spectra were
recorded using ESM-NPs
A spot profile energy dispersive X-ray analysis of the NPs showed characteristic
Au (0) peaks at 2.12 keV and 9.78 keV and Ag (0) peak at 3.1 keV. Oxidation
states of gold and silver species in NPs were studied by XPS (Figure 8.3), which
showed characteristic Au (4f) and Ag (3d) peaks in the spectrum. Binding
energies (370 eV) for Ag 3d5/2 peak and (87.7 eV) for Au 4f7/2 peaks were also

147

observed. The XPS results are in good agreement with SEM and EDS data that
zero valent gold and silver atoms were formed on the surface of ESM.
\

Figure 8.4. UV-Vis spectra (a) and XRD pattern (b) of Au-ESM and Ag-ESM at
ambient conditions.
UV-Vis spectra were recorded for NP-ESMs (Figure 8.4a) to study the size and
optical properties of nanoparticles. Small pieces of ESM composites were used to
record UV-Vis spectra in reflectance mode with BaSO4 as reference material.
Broad surface plasmon resonance (SPR) absorption peaks with maximum at 514
nm for Au and 400 nm for Ag were observed. These results are consistent with
previous reports on the synthesis of NPs. X-ray diffraction studies were
performed to confirm the presence of NPs on ESM fibers and to study the
crystalline nature of those NPs. The XRD patterns of ESM and NP-ESMs are
shown in Figure 8.4b. All peaks were indexed and compared with reported
literature values. Significant peaks corresponding to Au (111), (200), (220), (311)
and (222) lattice planes confirm the presence of Au (JCPDS 7440-57-5) and peaks
corresponding to Ag (111) lattice plane confirm the presence of Ag (JCPDS 744022-4) on ESM.
8.3. Reduction of p-nitrophenol
Aromatic amines are of significant industrial importance and widely used in the
synthesis of pharmaceuticals, dyes and agrochemicals.33,34 Two general methods
were used for the reduction of aromatic nitrocompounds in industry, which
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include stoichiometric reduction reaction35 and catalytic hydrogenation.36,37 The
catalytic hydrogenation is a convenient method for producing amines in high
yield. Reduction of aromatic nitrocompounds using various nanoparticles
prepared by different techniques have been investigated earlier38-40 and suffers
from limitations in reusability and recovery of the catalyst after the reaction.
Biotemplated nanoparticles as catalysts have also been explored owing to the fact
that it can be recovered easily and reused for a number of times.41 Here we
investigated the efficiency of

NP-ESMs as catalysts for the borohydride

reduction of p-nitrophenol, owing to the solubility of nitrophenols in water. In the
absence of Au-ESM, the mixture of p-nitrophenol and NaBH4 showed an
absorption maximum at 400 nm corresponding to the p-nitrophenolate ion. This
peak was unchanged with time indicating that the reduction did not take place;
however, the addition of a small amount of NP-ESMs to the above reaction
mixture caused fading the yellow colour of the reaction mixture in quick
succession. Time dependent absorption spectra of this reaction mixture showed
the disappearance of the peak at 400 nm and a gradual development of a new peak
at 300 nm corresponding to the formation of p-aminophenol (Figure 8.5).

Figure 8.5. Time dependant UV- Vis spectra of the reduction of p-nitrophenol by
Au-ESM with time.
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Figure 8.6. UV- Vis spectra of time dependant reduction of ortho-(a) and meta –
nitrophenol (b) by Au-ESM
Similarly, borohydride reduction of o- and m-nitrophenol in presence of NPESMs were also investigated under similar conditions (Figure 8.6). The changes
in the spectral patterns are similar to that observed in the case of p-nitrophenol
reduction. These results indicated that NP-ESMs can successfully catalyze the
reduction of o-nitrophenol and m-nitrophenol. Apparent rate constants (k app) were
calculated for all reactions from the graph of lnA Vs time (Figure 8.7), where A is
absorbance. For comparison, the catalytic data of all three reactions are presented
in Table 8.1.
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Figure 8.7. Graph of ln A versus Time (sec) where A is absorbance
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Table 8.1. K app of different borohydide reduction reactions in presence of Au +
ESM and Ag + ESM.
Apparent rate constant (k app / S-1)
Catalyst

2-aminophenol 4-aminophenol 3-aminophenol

Au-ESM

3.2 x 10-3

6.3 x 10-3

1.6 x 10-3

Ag-ESM

5.6 x 10-3

11.2 x 10-3

2.5 x 10-3

The data shows that the rate of p-nitrophenol reduction catalyzed by NP-ESMs is
higher than that of other two nitrophenols and follows the order of p-nitrophenol
> o-nitrophenol > m-nitrophenol. Such differences in the reaction rate might be
due to the influence of position of substituents. Generally, the rate of reduction of
nitrophenols depends on the formation and stability of nitrophenolate ions that
can be explained in more detail by comparing the resonance structure of three
isomeric nitrophenolate ions.42 In case of o- and p-nitrophenolate ion, the -NO2
group is in resonance with the negative charge on oxygen that is delocalized
throughout the benzene ring and hence stabilized. But due to steric hindrance, the
influence of –I (inductive) effect of -NO2 group in o-nitrophenolate ion is
relatively less than the p-nitrophenolate ion. In the case of m-nitrophenol, -NO2
group cannot enter into resonance stabilization of negative charge on oxygen and
exert only a weak negative inductive effect. Therefore, the rate of reduction of
different isomeric nitrophenols followed the order: p-nitrophenol > o-nitrophenol
> m-nitrophenol. Ag-NPs shows higher activity as compared to Au-NPs.
Reusability of the catalyst due to easy separation is another advantage of
heterogeneous catalysts over homogeneous catalysts in industrial applications.
Although, many catalytic studies have been reported in the literature using
nanoparticles as catalyst, there are only a few reports where the catalyst were
recovered for further use in consecutive cycles. In order to check the reusability,
ESM-NPs were recovered and reused in repeated reduction reactions of pnitrophenol. Generally, catalytic activity decreases as the number of reaction
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cycles increases. The reaction times for complete conversion among the
consecutive runs are recorded (Table 8.2).
Table 8.2. Table showing reaction time of five consecutive reactions using NPESM catalysts.
Time taken for completion
Run

of paranitrophenol
reduction (min)
Au-ESM

Ag-ESM

1

6

7

2

6

9

3

8

12

4

9

13

5

12

15

These results indicate that the NP-ESMs are active up to five cycles of
nitrophenol reduction. During this recycling process, no significant loss of
nanoparticles from ESM was observed indicating the high stability and
recyclability of catalyst without significant decrease in activity.
8.4. Synthesis of propargylamine

Figure 8.8. Nanoparticles catalysed coupling reactions to form propargylamine
derivatives.
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One pot multicomponent coupling reactions (MCR), where several organic
moieties are coupled in one step is an attractive synthetic strategy.43,44 The threecomponent coupling of aldehydes, amines and alkynes (A3 coupling) is an
example of

MCR, and has received much attention in recent times.45 The

propargylamine derivatives obtained from A3 coupling reactions are useful
synthetic intermediates for biologically active compounds such as β-lactams,
conformationally restricted peptides, natural products and therapeutic drug
molecules.46–48 Traditionally, propargylamines are prepared by the amination of
propargylic halides, propargylic phosphates or propargylic triflates.49,50 However,
these reagents which are used in stoichiometric amounts are highly moisture
sensitive and require controlled reaction conditions. Thus, the development of
improved synthetic methods for the synthesis of propargylamines remained as an
active area of research.51 Recently, metal NPs, especially Au and Ag NPs with
high surface to volume ratio have been exploited to activate the C-H bond of the
terminal alkynes.52 However, metal NPs in their pure form tend to agglomerate,
which limits their efficiency in the catalytic processes. Herein, highly dispersed
Au and Ag Nps grown over ESM were used as catalyst for the synthesis of
propargylamines by an A3 coupling reaction. This reaction shows the catalytic
activity of NP-ESMs even in organic solvent. The catalytic efficiency of NPESMs was tested in three-component coupling of aldehyde, amine, and alkyne.
Initially, benzaldehyde (1 mmol), piperidine (1.2 mmol), and phenylacetylene (1.2
mmol) were mixed with NP-ESMs (20 mg) in toluene (20 mL). The reaction was
carried out at 100 °C and completed in 24 h with a quantitative yield of the final
product (Figure 8.9).
Table 8.3. percentage yields of propargylamine reaction with different reactants.
Catalyst

Product when

R = Cl

R = NO2

R = CH3
Au-ESM

99 %

68 %

0%

Ag-ESM

99 %

77 %

0%
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Formation of the product was confirmed by spectroscopic methods. These results
prompted us to study the substituent effects on the aromatic ring of
benzaldehydes, for example, p-methyl enzaldehyde furnished the desired product
in good yield (99%) whereas, no reaction was observed when

p-

nitrobenzaldehyde was used (Table 8.3). No product was formed in the absence of
catalyst or in presence of pure ESM under identical conditions. It is understood
that the A3 coupling reaction proceeds by terminal alkyne C–H bond activation by
NPs on ESM.50 The NP acetylide intermediate then react with the iminium ion
formed in situ from the aldehyde and the amine to generate the corresponding
propargylamine. The reusability of the catalysts was demonstrated for five
consecutive reactions. The membrane supported catalyst was recovered by
filtration and washed with toluene.
Table 8.4. Percentage yields of propargylamine reactions for five consecutive
runs.
Run

Au-ESM

Ag-ESM

1

99 %

99 %

2

99 %

98 %

3

82 %

90 %

4

80 %

85 %

5

78 %

82 %

The recovered catalyst was used for consecutive reactions. Results (Table 8.4)
indicate that the NP-ESMs showed significant catalytic activity upto five cycles
of reaction. The morphology and stability of the catalyst after the fifth cycle of the
reaction was observed through SEM (Figure 8.9) which clearly shows the
presence of NPs on ESM indicating that the NPs were stable on ESM and did not
leach out during the reaction.
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Figure 8.9. FESEM images of Au-ESM (a) and Ag-ESM (b) after five
consecutive reactions.
8.5. Conclusions
Readily available biomaterial, ESM was employed for the synthesis of metal NPs
using the surface functionalities for the auto reduction of metal ions.
Immobilizing NPs on ESM enabled easy handling of the catalyst compared to free
nanoparticles. Catalytic efficiencies of NP-ESMs were evaluated for two different
types of organic reactions. NP-ESM catalysts can be used for the efficient
reduction of nitro to amine functional groups within a short period of time (10
min) and A3 coupling reactions with high yield (99%). It is believed that these
simple catalytic systems can be further explored for other important organic
reactions. Our catalysts offer an added advantage in terms of low cost, nontoxicity, easy synthesis and reusability. Such biotemplated synthesis which is a
facile, green and cost effective method is able to offer many fascinating
possibilities for designing new catalysts for different organic reactions and
expected to be useful in industrial applications.
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CHAPTER 9
CONCLUSIONS AND FUTURE STUDIES
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9.1. Conclusions
The focus of this study was to develop an efficient and stable biomaterial based
adsorbent for water treatment. Biowastes such as apple and tomato peels were
used as efficient adsorbents to remove different pollutants in water such as
pesticides, dyes, heavy metal ions and nanoparticles. Adsorption capacities of
different biopeels were measured towards different pollutants and noted that
biopeels were able to adsorb cationic pollutants more efficiently than anionic
pollutants. Tomato peels showed efficient removal of Pb2+, Ni2+, alcian blue, and
brilliant blue. Unmodified apple peels showed limited selectivity towards
different pollutants. The functional groups on biomembranes can be further
modified for the extraction of desirable contaminants from water. We prepared
chemically modified apple peel by loading Zr on its surface and by surface
grafting. Such chemically modified apple peel showed enhanced extraction of
anions. Zr immobilized apple peel was employed to extract anions and
nanoparticles from water. Raw apple peel and immobilised apple peel together
make a complete system to adsorb most of the pollutants from water
simultaneously. Langmuir and Freundlich isotherm models were used to validate
the adsorption process. Kinetic studies were done to further understand the
adsorption process. Experimental factors such as pH and temperature of the
medium also influenced the extraction efficiency. Many biowaste materials have
been reported as different adsorbents by other research groups however these
targeted adsorbents were used to remove only a single class of pollutants. There
was no report which shows the removal of different classes of pollutants by using
single adsorbent. From the results, it is conceivable that the use of such biowaste
is a simple, cost effective and efficient method for water treatment and can be
used in large scale applications.
We also explored the use of eggshell membrane as template to prepare
hierarchical metal oxide nanotubes. This work demonstrates the novel route to
synthesize hierarchical superstructures with unique morphology and the asprepared Mn3O4 crystals showed efficient removal of organic pollutants in waste
water. It was further tested for other anionic pollutants such as phosphate,
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arsenate and chromate ions. This prompted us to synthesize other metal oxides for
water treatment and many metal oxides were screened for efficient adsorption of
different pollutants in water. SEM micrographs showed interwoven porous
structures for NiO and CeO2. NiO was found to be an effective sorbent with
adsorption capacities of 77 mg/g and 55 mg/g for gold and silver nanoparticles
respectively, from water within a period of 2 hours. TEM analysis of the metal
oxide after extraction showed the presence of nanoparticles on the surface. Mn3O4
showed

efficient

adsorption

towards

pesticides,

dyes

and

phosphates.

Combination of these two metal oxides can remove all pollutants from water and
use of such metal oxides as adsorbents is expected to reduce many steps in water
purification process. Since the overall size of the prepared metal oxides tubes are
in 10 - 20 micrometres, solid/liquid extraction would be fairly manageable and the
relatively high density of metal oxides is also useful for real time water treatment
applications. In comparison with conventional methods of materials production
such as precipitation, hydrothermal and calcination, biomineralization is facile,
eco-friendly and cost effective. Generally biomineralization process has minimum
requirements for chemicals, equipment and is carried out under ambient
conditions. Biotemplate such as eggshell membrane is available in large amounts
at low costs and biomorphic mineralization makes efficient uses of natural
materials with a capability of turning biowastes into functional materials.
Biomorphic products are usually inherited with specific pore morphologies and
unique intricate microstructures. The proposed synthesis could offer interesting
possibilities for developing new materials for water purification.

9.2. Future studies
Biodegradation and stability of the adsorbent at high concentrations of acid or
alkali are not discussed or tested in reported literatures. Laboratory experiments
were done in small quantities and materials were under observation for limited
time period only. It was difficult to predict material properties on prolonged
usage. Some of the thermodynamic and kinetic parameters need to be studied
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systematically before using these materials in industrial applications. Design of
new materials, optimization of such parameters, and exploring the efficiency in
the removal of different pollutants from water are investigated in this thesis.
Collaborative research with engineers and environmental chemists may help to
further develop these adsorbents for industrial or large scale applications. Such
adsorbents can be used to recycle waste water from different sources. Certain
engineering parameters such as water flux, contact time, regeneration speed and
waste generation are crucial factors in large scale water purification processes.
These parameters help us to understand the efficiency in removal of pollutants
and durability of the adsorbent. Since biowaste is available abundantly throughout
the world, this study may provide viable solution for clean water access in many
developing countries. Simple design and user friendly materials make the water
treatment process more efficient. The adsorption process decreases number of
steps in water purification process and may contribute to minimum energy
consumption.
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