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Abstract

ABSTRACT

The deterioration of water quality is growing with rapid pace as a
consequence of the anthropogenic activities, unskilled utilization of
natural water resources, population intensification, unplanned
urbanization and swift industrialization. Highly toxic, non-biodegradable,
bioaccumulation and persisting nature of heavy metals and the
irreversible health threats of fluoride makes them severely hazardous.
The prevailing treatment technologies of heavy metals and fluoride have
the shortcomings such as high operational and maintenance costs,
complicated procedure involved in the treatment and generation of toxic
sludge or by-products. The present study deals with the development of
effective, efficient and eco-friendly clean up techniques to reduce or

remove the toxic heavy metal and fluoride from water.

The study revealed that the Eichhornia crassipes, an efficient
phyto-remediator exhibited efficient and fast removal of Pb, Cd and Cu
in electro assisted phytoremediation system. Eichhornia crassipes
stimulated by an electric field grown better and assimilated more metal.
BCF, an index of hyperaccumulation, indicates that electrically
stimulated Eichhornia crassipes is a good hyper accumulator of Cd (BCF
= 1118.18) and Cu (BCF = 1152.47) and a moderate accumulator of Pb
(BCF = 932.26). This method successfully removed 94.27 % of lead and
79.56 % of chromium from wastewater. The phytoremediation ability of
Eichhornia crassipes and Salvinia molesta enhanced by TiO:
nanoparticles showed better phytoremediation efficiency for the removal

Vii



Abstract

of Pb, Cd and Cu than control, within 3 days. The BCF and TF indicated
the increase in uptake potential of metals by plants and translocation of
metals from root to its areal part under nano - TiO2 applied conditions
compared to control. The possibility of using ammonium molybdate in
phytoremediation of heavy metal (Cd, Pb, Cu, Ni and Zn) contaminated
soil by Amaranthus retroflexus was studied. The results indicated the
phytostabilization of Pb and Zn and the phytoextraction of Cd, Ni, and
Cu by ammonium molybdate applied Amaranthus retroflexus. Increase in
growth was noticed in plants treated with ammonium molybdate than

control plant.

Defluoridation ability of some medicinal as well as easily and
locally available plant materials were checked and among them, Vetiveria
zizanioides (80 %), Tamarindus indica (75 %) and Eugenia
carryophyllata (73 %) exhibited better defluoridation efficiency. The
batch sorption study of these plant materials revealed that Vetiveria
zizanioides has the potential to be an efficient defluoridating agent, so
activation of Vetiveria zizanioides was carried out to improve its
efficiency. The batch sorptive defluoridation study of powdered activated
Vetiveria zizanioides was conducted under variable experimental
conditions such as pH, initial concentration, agitation time, interfering
co-ions, dose of adsorbent, particle size, agitation speed and temperature.
Maximum defluoridation efficiency (92.5 %) was observed at an initial
concentration of 10 mg/L. The results showed that 120 min is the time
required to reach equilibrium conditions. The influence of co-existing

anions on the fluoride removal was observed as in the order: PO~ >

viii
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HCO3 > SO4* > CI" > NOs". The adsorption isotherm models fitted the
equilibrium data, based on the correlation coefficient, in the order of:
Langmuir isotherm > Freundlich isotherm > Temkin isotherm >
Dubinin—Radushkevich isotherm. To identify the rate and Kinetics of
adsorption process pseudo-first-order, pseudo-second-order, intra-particle
diffusion model, and Elovich kinetic model were applied. The correlation
coefficient and sum of squares of the error were used to evaluate the
fitness of the sorption kinetic models and it suggested that the adsorption
of fluoride on the activated Vetiveria zizanioides follows second order
kinetic model. The thermodynamic data confirms the endothermic and
spontaneous nature of sorption process. 0.1 M NaOH solution was
identified as the suitable eluent to regenerate activated Vetiveria
zizanioides. A gravity-based household water filter was developed using
activated Vetiveria zizanioides for the defluoridation and it effectively
reduced the fluoride level (below the BIS acceptable limit) in
groundwater samples collected from fluoride endemic area of Palakkad

district.

In the removal of Pb?*, Cd?* and Cu?* ions from water by
Caesalpinia sappan (a herbal plant material), the order of metal ions
sorption is as follows: 9.14 mg/g for Pb** > 7.23 mg/g for Cu®* > 6.10
mg/g for Cd?* under varying initial metal concentration from 5 - 45
mg/L. The adsorption data best fitted the Langmuir adsorption isotherm
for all three metals. Dubinin - Radushkevich (D-R) isotherm model also
fits very well to the experimentally determined data for Pb?*, Cd?* and
Cu?*, The kinetic data of adsorption of heavy metal ions on Caesalpinia




Abstract

sappan are best modelled by the pseudo-second-order Kinetic equation.
Thermodynamic parameters indicated the exothermic behaviour and
spontaneous nature of the adsorption process. The batch sorption
experiments for the removal of Pb?* and Cd?* from aqueous solutions
using algal biomass Trenteohilia abietina revealed that the maximum
sorption is observed for both metals under a wide range of pH (pH: 4 -12
for Pb?* and pH: 6 - 12 for Cd?*). High (100 %) removal efficiencies
were observed for Pb?* and Cd?* at the adsorbent dosage of 2 g/L and 4
g/L, respectively. An increase in adsorption capacity from 20.01 mg/g to
33.83 mg/g for Pb?" and 10.02 mg/g to 16.39 mg/g for Cd?* was observed
with the increase in metals concentration from 40 to 70 mg/L. The
adsorption data best fitted the Langmuir adsorption isotherm, which
indicate favourable adsorption. The maximum adsorption capacity of
Pb* and Cd* by T. abietina was 33.22 mg/g and 16.53 mg/g,
respectively. The D-R isotherm model also fits close to the
experimentally determined data for both the metals. The experimental
data was best fitted the pseudo-second order kinetic model. The good
fitting of the kinetics data to Bangham’s Model indicate that, in the
adsorption of Pb?* and Cd?* on the biosorbent T. abietina, pore diffusion
plays a vital role in controlling the rate of reaction. The results indicate
that both sorbents, Caesalpinia sappan and Trenteohilia abietina
exhibited high metal removal efficiency. The functionalized
nanoparticles (iron oxide nanoparticles coated with poly vinyl alcohol
and gallic acid) were used for the removal of Pb?* and Cd?*. The
functionalized nanoparticles (PG-IONPs) showed better metal removal

efficiency compared to the uncoated iron oxide nanoparticles (IONPs). In
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the sorption of metals by PG-IONPs, as the initial metal concentration
increased from 5 - 25 mg/L, the removal efficiency was varied from
99.98 - 97.93 % for Pb?* and 99.95 - 93.97 % for Cd?*. For IONPs, the
removal efficiency was varied from 97.01 - 67.08 % and 98.28 - 82.85 %
for Pb?* and Cd?" respectively. The kinetic and thermodynamic
investigations were carried out as a part of study. SEM, EDX spectra and
FTIR techniques are used to examine structural and morphological
characteristics of the adsorbents. The regeneration studies of the sorbents
were also conducted. Polyvinyl alcohol and gallic acid coated iron oxide
nanoparticles (PG-IONPs) can be considered as fast and efficient, nano-
adsorbent for Pb?* and Cd?* removal from contaminated waters. The
evaluation of heavy metal contamination in groundwater resources from
Madayi panchayath, Kannur district using HPI, HEI and Cgq indices
indicated the heavy metal pollution. Among the three applied adsorbents
(PG-IONPs, Caesalpinia sappan and Tretepohila abietina), PG-IONPs
exhibited high efficiency in the removal of heavy metals in drinking

water from Madayi panchayath.
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INTRODUCTION

1.1 Introduction

An English Poet W. H Auden said that, many have lived without
love, none without water: An emotion that stress the half way point of the
new decade for action under the simple but impressive theme ‘Water is
Life’. The human civilizations were blossomed in the areas where reliable
and fresh water was easily available. Safe, clean, and ample freshwater is
vital to the existence of all living organisms and for the smooth
functioning of ecosystems, economies, and communities, even though it
lacks organic nutrients and calories. Number of people lost their life as a
consequence of unsafe water in every year, is more than the lives lost from
all forms of violence, including war (UNEP, 2010). This emphasis the fact
that water is the source of life on earth. Due to the unique chemical
composition, the water possesses a special property to attracts other atoms
by the asymmetrical electrical charge. Hence, all polar substance gets

easily dispersed uniformly within the water molecule as a result of
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hydrogen bonding and polar nature, and makes the water, a universal
solvent. The affinity of water to dissolve other molecules is very important
for the existence of life and when it flows, it harbors dissolved substances
which support living organism in the form of minerals and nutrients
(Mbugua et al., 2017). But, because of this unique property of water, its

quality can be easily altered.

Freshwater scarcity positions a higher rank among the most crucial
environmental challenges of this epoch. Water abstraction for practices
like domestic use, agricultural and industrial production, mining, forestry
practices, and power generation can induce deterioration in quality and
quantity of water that influence the aquatic ecosystem as well as the
availability of safe water for human consumption (UNEP GEMS/Water
Programme, 2008). The access to basic water services are still lack to
many people in the world. WHO and UNICEF revealed that, 768 million
remain without access to a better-quality source of water and 2.5 billion
people remain without access to improved sanitation (WHO/UNICEF,
2013). The safe water is unavailable for 2 billion people as per UN (2013)
and the number of people whose right to water is dissatisfied is even
greater (Onda et al., 2012).

Globally, the ambient freshwater quality is at peril and freshwater
pollution due to toxic substances is prevalent and growing in many
regions. Even though, the water quality issues are largely associated with
developing nations, they also persist in developed nations. The
degradation of the pristine quality conditions of the environment,

especially water and soil are amplified because of many factors like the
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escalated population density, swift industrialisation and urbanization, etc.,
and hence, more effective and appropriate approaches for the eradication

of toxic contaminants from environment is essential.

1.2 Water quality & water quality challenges

Water quality and quantity are closely allied although not often
measured simultaneously. Water quantity is usually measured by means of
water level, discharge, and velocity recorded by remote hydrological
monitoring stations. For the satisfaction of basic human and environmental
needs, the water quality is substantial as water quantity. The quality of
water required for each human usage varies, as do the criteria used to
assess water quality and the maximum standards of purity are mandatory
for drinking water (UNEP GEMS/Water Programme, 2008). A wide range
of human activities such as industrial and mining activities, agricultural
production, water infrastructure, the direct disposal of untreated or partly
treated sewage and human wastes into water systems, urbanization,
population growth and climate change directly affect the physico-chemical
and biological characteristics of water and magnify the impact on water

quality.

Contamination by trace metals, pathogenic organisms, and toxic
chemicals and changes in the temperature, salinity, and acidity of water
can all destruct aquatic ecosystems and make water unfit for human use.
Around 700 new chemicals are introduced into market each year in the
United States alone and about 300 - 400 million tons of heavy metals,
toxic sludge, solvents, and other waste are released into the world’s waters

each year as a result of industrial activities. Agricultural practices can
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cause nutrient enrichment, pesticide contamination and salinity issues.
Mining and drilling generate huge quantities of wastes and by-products
and faces many challenges in large-scale waste disposal. Lack of
improved sanitation is another issue faced by many people around the
world. Growing populations and climate change will also create many
water quality challenges (UNEP, 2010).

The industrialization has not only fetched development and
prosperity but eventually distressed the ecosystem. Water pollution is one
of the visible impacts of rapid industrialization. Several anthropogenic
activities have raised the emission of toxic heavy metals to the
environment and its tendency to bioaccumulate, non-biodegradable nature,
invariably persisting nature in the environment and high toxicity even at
low concentration, make it more hazardous. Industrial effluents from
electroplating, tannery, leather, textile, paint, pigment & dyes, petroleum
refining, wood processing, photographic film production etc., comprises
significant quantity of heavy metals in their wastewater (Tripathi &
Ranjan, 2015). Fluoride contamination in drinking water has become a
critical health hazard of this century as it creates intense effect on human
and animals’ health including skeletal and dental fluorosis (Alagumuthu et
al., 2010). High fluoride ions also cause impaired brain development
(Mbugua et al., 2017) and have serious socioeconomic implications. Many
of the prevailing remediation methods for theses contaminants are
expensive, energy intensive, ineffective at low concentration, time
consuming, often associated with generation of toxic by-products and

sometimes non-ecofriendly. Consequently, development of efficient,
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effective and ecofriendly clean up techniques to reduce or remove the

toxic heavy metal and fluoride from water is a necessary.
1.3 Heavy metals pollution

Metals are omnipresent elements in the biosphere, vital to many
industrial, infrastructural, and daily life practices. The industrial revolution
had increased the redistribution of metals in the environment and
accumulation in terrestrial and aquatic habitats, which adversely effects
the human health and biota. Those elements with specific gravity greater
than 5.0 g/cm® and have around five times more density than water is
considered as heavy metals and includes mercury (Hg), lead (Pb),
cadmium (Cd), arsenic (As), chromium (Cr), nickel (Ni), copper (Cu),
zinc (Zn) etc. Heavy metals are the main group of inorganic pollutants,
and have the capacity to contaminate an extensive area of land due to use
of sludge, smelting industries, pesticides, fertilizers, car exhausts and

emissions from municipal waste incinerators.

Organobromine
Nuclear pesticides
7]

Inorganic
salts

Figure 1.1: Distribution of contaminants regulated by United States
Environmental Protection Agency (USEPA) (Reproduced from Thatai et
al., 2014)
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Heavy metals are ultimately entering into the aquatic ecosystems
via direct discharge of industrial effluents and it can also be entered into
water during rainfall and leaching from solids. According to the
distribution of contaminants, regulated by United States Environmental
Protection Agency (USEPA), heavy metals are the most contaminants in
industrial effluents (Figure 1.1) (Muhmood & Fawzy, 2016). Volcanic
eruptions and weathering have also significantly contributed to heavy

metal pollution.

Table 1.1: Anthropogenic sources of heavy metals in the environment
(Ali etal., 2013; Sumiahadi & Acar, 2018)

Heavy Metals Main anthropological sources

Cd Paints and pigments, plastic stabilizers, electroplating
of cadmium containing plastics, phosphate fertilizer

Pb Aerial emission from combustion of lead petrol,
battery manufacture, paints and pigments, herbicides
and insecticides

Pesticides and wood preservatives

As

cu Pesticides, fertilizers

Cr Tanneries, Electroplating, steel industries, fly ash

Hg Release from Au-Ag mining and coal combustion,
electronics, medical waste

Ni Industrial effluents, steel alloys, kitchen appliances,

surgical instruments, automobile batteries
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Some anthropogenic sources of heavy metals are summarized in
Table 1.1. The metal contamination of groundwater can be occurred
directly by infiltration of leachate from land disposal of solid wastes,
leachate from mine tailings and other mining wastes, liquid sewage or
sewage sludge, deep-well disposal of liquid wastes, seepage from
industrial waste lagoons or from other spills and leaks from industrial
metal processing facilities (e.g., steel plants, plating shops, etc.) (Singh &
Prasad, 2015). United States Environmental Protection Agency (UEPA)
listed the heavy metals as priority pollutants. Lead, mercury, arsenic and
cadmium are ranked first, second, third, and sixth, respectively, by US
Agency for Toxic Substances and Disease Registry (ATSDR), on the basis
of their prevalence and severity of toxicity. In the present scenario,
anthropogenic inputs of metals are more than the natural inputs (Singh &
Prasad, 2015).

1.4 The impact of heavy metals in water on human health

The contamination and accumulation of heavy metals is a serious
issue around the globe due to the non-biodegradable and persistent nature,
toxicity even at low concentration, abundant sources, and its accumulative
behaviour. Heavy metals consumption or intake leads to serious
destructive effect on human and animal health. Various national and
international organization recommended the limits (Table 1.2) of heavy
metals in the drinking water, beyond which can lead to many health
hazards.

When heavy metals entered into food chains, it accumulates in

vital organs, such as the liver, bones, and kidneys, impose a direct threat to
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human health and ultimately lead to numerous serious health disorders.
Cadmium is toxic even at extremely low levels. The chronic exposure of
Cd can lead to harmful health effects, such as lung cancer, kidney
dysfunction, prostatic proliferative lesions, hypertension, and bone
fractures. Dangerous health conditions like skin cancer, bladder cancer,
lung cancer, kidney cancer, and liver cancer can be resulted as a
consequence of arsenic exposure. Lead exposure leads to plumbism,
nephropathy, inhibition of the synthesis of haemoglobin, gastrointestinal
colic, damage to joints, reproductive systems and cardiovascular system
and it also severely affect central nervous system (Hu et al., 2017). Lead
poisoning also cause acute and chronic harm to the central nervous system
and peripheral nervous system (Ogwuebgu & Muhanga, 2005). Psychosis
is one of the impacts of chronic lead exposure and high lead exposure also
creates some developmental disorders in children like poor 1Q (Duruibe et
al., 2007), learning disabilities, short-term memory loss, and coordination

problems.

Common sources of Cr are leather and tanning industries,
electroplating industries, paper and pulp and rubber manufacturing
applications. Cr (V1) have more toxicity than Cr (111) in human and animal
health. High levels of Cr exposure cause skin ulceration, kidney and liver
damage and also affects the central nervous system. Copper is an essential
element for human and animal bodies but, a higher dose of it exhibits toxic
effects, such as vomiting, diarrhoea, kidney and stomach damage, and loss
of strength. The organic form of mercury is highly toxic and found to be
associated with physiological stress, abortion and central nervous system

disorder in the human.
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Table 1.2: Drinking Water Standards (Adapted from: Saha & Paul, 2016).

Heavy (USEPA, (WHO,?2008) (EU, 1998) (BIS
Metals 2008) (ng/L) (ng/L) 1S0O:10500,
(ng/L) 2012)
(ng/L)
Fe 300 NGL* 200 300
Mn 50 400 50 100
Zn 5000 NGL** NM 5000
Pb 15 10 10 10
Cd 5 3 5 3
Cu 1300 2000 2000 50
Ni 100 70 20 20
Cr 100 50 50 50
Hg 2 6 1 1
As 10 10 10 10

* NGL: No Guideline, because it is not of health concern at
concentrations normally observed in drinking water, but may affect the
acceptability of water at concentration above 300 ug/L; **NGL: No
Guideline, because it occurs in drinking-water at concentrations well

below those at which toxic effects may occur and NM: Not Mentioned

Even though, Ni plays an essential role in the synthesis of red
blood cells; when it consumed in higher doses for a longer time, it may
develop toxic effect like cell damage, liver and heart damage, cancer,

nervous system damage and decreased body weight. Iron and manganese
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are essential for biological processes, as they play important roles in the
synthesis of haemoglobin and functioning of cells. The undesirable
amount of iron in water, pose severe toxicity to new-born babies and
young children, affect the kidneys, cardiovascular systems, liver and
gastrointestinal tract and may also give a rusty taste to drinking water. The
toxic impact of manganese in human bodies are neurological disturbances
and muscle function damage (Gautam et al., 2015). However, Zn is
considered as relatively non-toxic, but its excess level can lead to
impairment of growth and reproduction (Duruibe et al., 2007).

The conventional treatment approaches used for heavy metal
contaminated water comprises chemical precipitation, ion exchange,
chemical oxidation, membrane filtration, reverse osmosis, electro dialysis
etc. (Tripathi & Ranjan, 2015). These conventional methods are
expensive, energy intensive and often accompanied with generation of
toxic by-products. To prevent severe toxic effects and poisoning by heavy
metals in water, better and effective remediation techniques for heavy

metals in water are required.

1.5 Remediation of heavy metals from water

Several remediation techniques for heavy metals removal from
aqueous solutions are available and are mainly based on physical,
chemical and biological techniques. These conventional methods include
chemical precipitation, filtration, electrochemical treatment, ion exchange,
membrane filtration technologies, adsorption, floatation, evaporation and
photocatalysis (Gautam et al., 2014). Each method has its own limitations,

for example, low selectivity, complex to operate, inefficient in treating
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low concentrations of contaminants, difficulty in handling large quantity
of sludge, high capital, and energy costs (Muhmood & Fawzy, 2016).
However, the treatment of water containing low heavy metal value, using
chemical precipitation and electrochemical treatment are ineffective but
generates large amount of sludge which need further treatment. Membrane
technologies, ion exchange and activated carbon adsorption techniques are
extremely costly when treating huge volume of heavy metal contaminated
industrial effluent and wastewater containing low concentration, and

difficult to use at large industrial scale (Gautam et al., 2014).

Some of the advantages and disadvantages of the existing heavy
metals remediation methods are summarized in Table 1.3. Many water and
wastewater treatment processes require large amount of energy, which
depends upon the factors like the nature of contaminants, quality of the
source water, and the types of treatment used. Different stages of
treatment are essential for different practices and many of these stages
requires extensive energy. Reverse osmosis, a sophisticated technique
necessitates larger amount of energy. Among many treatment methods,
phytoremediation is a novel clean-up concept in remediation of
contaminated water and soil that involves the usage of plants (Singh et al.,
2012) and consist of two uptake methods: an initial fast, reversible, metal-
binding process (biosorption) and a slow, irreversible, ion sequestration

step, bioaccumulation (Fawzy, 2007).
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Table 1.3: Heavy metal remediation methods with its advantages

and disadvantages

Treatment Advantages Disadvantages References
methods
The demand of a large
Simplicity of amount of chemicals (Aderhold
process Large amount of sludge etal.,
Chemical Not metal containing metals 1996;
precipitation selective Sludge disposal cost Gautam et
Inexpensive High maintenance costs al., 2014)
capital cost
Chemical consumption
Bacterial Increased sludge volume (Aderhold
inactivation generation etal.,
capability Generally, coagulation 1996;
Coagulation— Good sludge flocculation can’t treat the Gautam et
flocculation settling heavy metal wastewater al., 2014;
completely. Therefore, Muhmood
coagulation flocculation must & Fawzy,
be followed by other 2016)
treatment techniques
Require pre-treatment
Metal selective Expensive (Rengaraj
Limited pH Suitable ion-exchange resins etal.,
tolerance are not available for all 2003,
High heavy metals Gautam et
lon exchange regeneration lon-exchange resins must be  al., 2014;
No sludge regenerated by chemical Muhmood
generation reagents when they are & Fawzy,
exhausted and the 2016)

regeneration can cause
serious secondary pollution

(continued)

Cochin University of Science and Technology



Introduction

Table 1.3: Heavy metal remediation methods with its advantages

and disadvantages

Treatment Advantages Disadvantages References
methods

« Low solid waste « High initial capital

generation cost (Madaeni &
« Low chemical « High maintenance and ~Mansourpanah,
Membrane consumption operation costs 2003; Qin et
filtration « Small space « Membrane fouling al., 2008;
requirement « Limited flow-rates Gautam et al.,
« Possible to be 2014)
metal selective
« Purifies water by o Low recovery
removing salts « Brine disposal (Muhmood &
Reverse such as Ca, Mg, « High maintenance Fawzy, 2016)
Osmosis Na, Cl, Cu, as well
as bacteria
« No chemical « High initial capital cost
required can be « Production of (Gautam etal.,
Electrochemical engineered to hydrogen (with some 2014)
treatment tolerate suspended processes)
solids « Filtration process for
o Moderately metal flocs
selective

In spite of its widespread use in the water and wastewater
treatment process, activated carbon remains as an expensive material. So,
the production of low-cost alternative biosorbents or bio-based adsorbents
should be encouraged. Biosorption is a specific term used to describe a
process that employs non-living biomass materials of biological origin as
biosorbents for the removal of contaminants from aqueous solutions. The
prefix “bio” denotes the connection of biological entity, which is dead

cells and tissues, living organisms, cellular components or products and
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usually, utilised to sequester heavy metals as well as rare earth elements
and radionuclides or metalloids (Muhmood & Fawzy, 2016). Magnetic
nanoparticles have potential to remove heavy metal ions from aqueous
solutions. Surface modification strategy is a good option to improve the
heavy metal removal potential of magnetic nanoparticles. To satisfy the
demand of safe and clean drinking water, effective, efficient and
economical alternative methods for the elimination of heavy metals from

water is required.
1.5.1 Phytoremediation technology

Phytoremediation is a novel, integrated multidisciplinary strategy
which utilizes the great potential of plants to treat environmental
contaminants. Expensiveness, laboriousness and inability to provide the
acceptable results are the main drawbacks of many conventional treatment
approaches. USEPA (2000) stated that, “Phytoremediation is the name
given to a set of technologies that use different plants as a containment,
destruction, or an extraction technique. Phytoremediation is an emerging
technology that uses various plants to degrade, extract, contain, or
immobilize contaminants from soil and water”. It can be used to remediate
a large variety of contaminants like metals, polyaromatic hydrocarbons,
pesticides, solvents, crude oil, explosives, and landfill leachates etc. and
can also be utilized for river basin management. Phytoremediation,
considered as an emerging, economic and ecological alternative
technology for many pollutants, especially for the extraction or removal of
inactive metals and metal pollutants from contaminated water and soil.
The five major processes involved in phytoremediation are rhizofiltration,

phytoextraction, phytostabilization, phytovolatilization, and
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phytodegradation and a short outline of all these processes are presented in
Figure 1.2. Phytoremediation has also been branded as green remediation,

agro remediation, botano-remediation, and vegetative remediation

(Andrew, 2007).
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Figure 1.2: Schematic diagram of phytoremediation (Adapted from
Sakakibara et al., 2013)

In Phytoextraction process, hyperaccumulators or metal-tolerant
plants is used to acquire the elevated levels of metals or contaminants in
their aboveground tissues with successive harvest, recovery, and disposal
or recycling of the metals. The enzymatic breakdown of carbon-

containing, or organic compounds to simpler and less toxic chemicals
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either alone or combined with soil microbes, comes under
phytodegradation. Phytostabilization denotes the utilization of plants to
immobilize contaminants within the soil profile to minimalize biological
exposure or pollutant escape (Clayton, 2007). Phytovolatilization
attributes to the use of plants to uptake of contaminants from soil and
water, converting them into volatilized compound and then transpiring
into the atmosphere. Rhizofiltration refers to the use of both aquatic and
terrestrial plants, to absorb, concentrate, and precipitate contaminants from
contaminated aqueous media in their root system and can be used for the
remediation of metal contaminated groundwater, surface water, and

wastewater with low contaminant concentrations.

The phytoremediation potential of numerous plant species has been
recognized and considered as hyperaccumulators if they are capable to
accumulate potentially phytotoxic elements to concentrations 50-500
times higher than average plants (Lasat, 2000). Many aquatic plants have
the ability to bio-accumulate pollutants such as toxic heavy metals and
nutrients, in large quantities and effectively remediate wastewater
containing various inorganic and organic pollutants including heavy
metals, pesticides, nutrients, oils, POPs etc. The macrophytes exhibits
absorption of the pollutants at different rates and efficiencies because it
depends on the concentration of pollutant, duration of exposure and other
factors including environment conditions (pH, temperature etc.), physico-
chemical properties of contaminants (solubility, pressure etc.),
abundance, biochemical composition, habit and species (Anand et al.,
2017).
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Macrophytes produces metal-binding cysteine-rich peptides
(phytochelatins) to detoxify metals by forming complexes with them,
under the pollution stress. The phytoremediation ability of several
macrophytes such as water hyacinth (Eichhornia crassipes), duckweed
(Lemna spp.), water lettuce (Pistia stratiotes L.), vetiver grass
(Chrysopogon zizanioides), water spinach (Ipomoea aquatica), bulrush
(Typha), common reed (Phragmites australis), etc. and microalgae
including Chlorella vulgaris were utilised for the treatment of different
types of wastewater by many researchers. Many macrophytes are excellent
tools for phytoremediation approach, because these universally available
aquatic plants have the excellent ability to survive in adverse conditions

and high colonisation rates (Aisien et al., 2015).

Eichhornia crassipes (water hyacinth) has attained significant
attention due to its ability to accumulate pollutants from aquatic
environment with rapid proliferation. Its uncontrollable growth in water
bodies makes it most problematic plants worldwide and development of
some utilisation technique of them is the best management strategy of
Eichhornia crassipes. Moreover, its application for the wastewater
treatment in urban or industrial areas as phytoremediation agent, several
beneficial by-products can be developed from it like animal fodder/fish
feed, power plant energy (briquette), biogas, bioethanol, biosorbent for the
removal of toxic metals, paper manufacturing, composting and fiber board
making. Some of the non-degradable and toxic elements like heavy metals
can be recovered from Eichhornia crassipes, after its application for the
removal of metals from wastewater. Even though, it poses serious issues

in the field of irrigation, navigation, and power generation, the production
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of biofuels can help to overcome both environmental contamination and
the depletion of energy sources globally. The briquette manufactured from
dried Eichhornia crassipes is used for co-firing in coal power plant
(Rezania et al., 2015). It has the ability to absorbs and translocate both
essentials metals Cu, Zn, and Ni, and nonessentials metals Pb, Cd, and Cr
etc. The aquatic fern, Salvinia molesta is a native to south-eastern Brazil
but it is extensively distributed in tropical and subtropical areas. It
possesses potential like fast growing rate, tolerant to pollution and ability
to accumulate metals (cadmium, lead, copper, chromium, and zinc etc.).
Salvinia molesta can translocate and accumulate many toxic metals and
have the potential to tolerate the adverse environmental conditions (Cabo
etal., 2015).

1.5.1.1 Mechanisms involved in metal phytoremediation

Some heavy metals (Zn, Cu, Fe, Mn, Mo, Co, and Ni) are essential
components in metabolism and are required for normal growth but, high
concentration of these metals become toxic. The heavy metals, like Cd,
Pb, Hg, Se, and As, do not involved in any known physiological function
so these metals are not essential for most of the plants. During heavy metal
phytoremediation, metal ions that are incorporated to the tissues of living
organisms binds to macromolecules like protein. The information about
the metal-binding proteins helps to understand the mechanism of metal
accumulation. After mobilization, metals first bind to the wall of cell, an
ion exchanger with comparatively low selectivity. Then, the transport
systems and intracellular high-affinity binding sites, helps and mediates

the uptake of metals across the plasma membrane via secondary
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transporters like H* - coupled carrier proteins and/or channel proteins
(Chaney et al., 2007). The root pressure and transpiration pull controls the
movement of metal-containing sap from roots to the aerial parts.
Afterward, conveyance of the metal to the shoot mainly takes place

through the xylem.

High intracellular concentrations of heavy metals are extremely
toxic, so plants usually catalyse redox reactions and alter the forms of
these metal ions into nontoxic forms in order to permit their accumulation.
Examples of these process are the reduction of Cr* to Cr3* takes place in
Eichhornia crassipes (Lytle et al., 1998) and reduction of As °* to As 3*
takes place in B. juncea (Pickering et al., 2000). But, the oxidation states
of metals such as Cd, Zn, and Pb do not change. On the other hand,
detoxification of some intracellular metals is done by binding to low
molecular mass organic compounds, by localization in the vacuoles as a
metal-organic acid complex, or by binding to histidine (Persans et al.,
1999; Kramer et al., 2000; Trivedi & Ansari, 2015). In the case of metals
like Zn, there are many mechanisms for regulation of cytoplasmic metal
concentration which comprise sequestration in a subcellular organelle to
low molecular mass organic ligands, low uptake across the plasma
membrane, and precipitation as insoluble salts and active extrusion across
the plasma membrane into the apoplast (Brune et al., 1994; Trivedi &
Ansari, 2015).

1.5.1.2 Utilization of Phytoremediation by-product

In the establishment of large-scale implementation of

phytoremediation process, the management of used macrophytes or
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contaminated plant material is the main concern, so the utilization of
phytoremediating plants for bioenergy production will be a low cost and
effective approach for the optimum utilization and eco-friendly
management of the used macrophytes. Because of higher biomass
production and high photosynthetic efficiency, macrophytes produces
useful amounts of carbohydrate and cellulose; raw material for the
production of bio-gas, bioethanol and lipids which are non-polluting and
renewable sources of energy. Several aquatic macrophytes can easily be
degraded, and produces high bioenergy yield, examples are Eichhornia
crassipes, Typha latifolia, Trapa natans, Pistiastratiotes, Lemna gibba,
Phragmites australis, etc. Besides, macrophytes can be utilized for many
other purposes like household, recreational, fertilizers, mulch, fodder,
flowers, etc. Macrophytes also have ability to sequester carbon through

photosynthesis and accumulation of organic matter (Anand et al., 2017).

In plant biomass, solar energy is stored, is also called as materials
having combustible organic matter and it contains carbon, hydrogen and
oxygen, so known as oxygenated hydrocarbons. The biomass material
contains main constituents such as lignin, cellulose, hemicellulose,
mineral matter and ash. It possesses high volatile matter constituents and
moisture; low bulk density and calorific value and the proportion of these
components differs from species to species (Ghosh & Singh, 2005). After
completing the phytoremediation process, the handling or disposal of a
huge quantity of metal accumulated biomass is a great challenge. The
initial step of post-harvest biomass treatment is its volume reduction. The
approaches like compaction and pyrolysis are feasible methods to recycle

metals from harvested plant materials. Furthermore, incineration is a
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perfect alternative technique for the disposal of harvested biomass, after
phytoremediation and the metal residue have to be recycled from the ash.
To recycle different metals from ash, further studies are required.
Gasification is a novel technology, in this process, harvested biomass can
be undergone to a series of chemical reactions to yield clean and
combustive gas for producing electrical and thermal energy (Chen et al.,
2015).

Leaching tests of the composted material indicates that during
composting process, soluble organic compounds formed enhances the
solubility of metal (Pb). To prevent further transport of these metals to the
environment, the treatment of metal accumulated plant materials would
still require prior to its disposal. The volume reduction of biomass by
compaction, lowers the cost of its transportation to a hazardous waste
disposal facility but, the leachate needed to be collected and treated
properly. The phytomining is a promising route to exploit the biomass
produced by phytoremediation. If phytoremediation approach is integrated
with biomass production and its commercial application as an energy
source, turns this approach as profit making operation and the remaining
ash can be utilised as valuable bio-ore, this is the basic principle of
phytomining technique. This technology involves generation of revenue
by extracting saleable metals produced from the plant biomass ash, also
termed as bio-ore (Ghosh & Singh, 2005). Although these techniques are
considered as theoretically feasible methods for the disposal of harvested
biomass but, the analysis of cost/benefit and environmental acceptability

should be investigated before proceeding (Chen et al., 2015).
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Generally, the biotechnological approaches are utilised to enhance
the metal phytoremediation potential of plants. The time-consuming
nature of phytoremediation can be tried to overcome with help of different
methods. In the present study, the potential of heavy metals
phytoremediation of aquatic plants was tried to enhanced with the help of
electro - assisted phytoremediation method and nanotechnology. Chelate
assisted phytoremediation method was also employed as part of the study,

for the remediation of heavy metal contaminated soil.

1.5.1.3 Electro - assisted phytoremediation

An integrated approach of phyto and electro remediation is a novel
attempted to effectively remediate heavy metals from water and soil.
Electro Assisted-Phytoremediation (EAPR) facilitates, the transportation
of metal ions to the roots zone through electro-migration and its deposition
at the shoot of plant via adsorption process. Many researchers extensively
reported, the utilisation of the combination of phytoremediation and
electrochemical, to improvement of aquatic phytoremediation of metals
(Rodriguez et al., 2010; Bi et al., 2011; Kubiak et al., 2012). Generally,
the electro remediation technique used to influence the movement of ions
in porous media but, now a days, it is also applied to aqueous solution to
facilitate adsorption of metal like As by the plant, L. minor (Kubiak et al.,
2012).

Putra et al. (2017) reported that the plants used for EAPR system
did not exhibited any phytotoxic symptoms such as yellowing,
discoloration, withering, and pigmentation) indicating higher tolerance of

plant to high level of heavy metal. Although under that stress, the plants
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still able to maintain relatively normal level of photosynthetic pigments.
Their results confirm that the EAPR process effectively reduce the level of
heavy metal in the chemical laboratory wastewater treatment. Song et al.
(2011) studied the performance of laboratory-scale constructed wetlands
coupled with micro-electric field (CWMEF) planted cannas (Canna
generalis) for heavy metal-contaminating wastewater treatment. The
mechanisms like anode oxidation, cathode deoxidation, electro-
coagulation, and electro-flotation are involved in electrochemical
treatment technology. The stimulation of the suitable voltage and electrical
exposure time leads to better growth of plants and so the plants assimilate
more metallic ions under electrified conditions. As the applied voltage and
electrical exposure time increase, the pH was also increased which is due
to the increase in OH™ concentration. Therefore, the high pH leads to the
precipitation and flocculation of metallic ions and can be postulated that
micro-electric field is supporting heavy metal phytoremediation by
precipitation and flocculation of metals (Rajeshwar et al., 1994). In Al
electrode used electro assisted phytoremediation system, AIP* could be
formed by anodizing of aluminium and its hydrolysis produces Al (OH)z,
which improves the flocculation and adsorption of metal ions (Song et al.,
2011).

The electric field stimulate the plants to grow better, and
assimilated more heavy metal. Knorr (2003) reported that the longer the
duration of electrification of the system, the more noticeable stimulating
effect occurs. The voltage can stimulate the plants to increase the palisade
cells, chloroplast grana and thylakoid lamellas, which enhance the

synthesis of chlorophyll. The electric field improves the ability plants to
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resist adverse conditions by encouraging CHLab synthesis, preventing
MDA synthesis, and catalysing SOD synthesis. Consequently, plants
assimilate more metal in EAPR system. EAPR system had more
favourable conditions to accumulate metals than the phytoremediation
system, for instance the higher pH, and the occurrence of Al ions, which
leads to chemical precipitation, physical adsorption and flocculation of
metal (Song et al., 2011).

1.5.1.4 Nanotechnology and plant growth

The victory of phytoremediation depends upon plants’ capability to
accumulate high concentrations of the metals. Researches are in progress
to enhance the efficiency of this plant-based technology. Recently,
nanoparticles (NP) have attained a lot of consideration because of their
increasing ability to synthesize and manipulate such materials. Nowadays
nanoscale materials are applied in a variety of different areas such as
electronic, biomedical, pharmaceutical, cosmetic, energy, environmental,
catalytic and material applications. A worldwide increase in investment in
nanotechnology research and development observed because of the
potential of this technology (Guzman et al., 2006). Recently, the
application of nano particles to solve many of the agriculture-related
problems have achieved tremendous improvement compared to
conventional agriculture practices and its uses not only promote the plant
growth but also control the plant diseases. Nanoparticles can be employed
to increase the supply of elements to plant shoots and foliage and to
increase seed germination and seedling growth. In addition, it can enhance

the ability of water and fertilizer absorption by roots, increase antioxidant
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enzyme activity such as superoxide dismutase and catalase thus increase
plant resistance against different stresses. Several studies indicate that

nano particles have favorable effects on plant growth and development.

Morteza et al. (2013) reported that, TiO2 nanoparticles significantly
influence the chlorophyll content (a and b), total chlorophyll (a + b),
chlorophyll a/b, anthocyanins and carotenoids in plants. Accordingly, an
application of TiO2 nanoparticles facilitate the increase in crop yield by
promoting the growth of plants. TiO is generally used as photo-catalyst
due to its stability in UV light and water. The nano - TiO also influence
the germination. It prominently helps aged seeds’ vigor and chlorophyll
development, stimulates Rubisco activity and improves photosynthesis,
thus increase in plant growth and development occur (Yang et al., 2006).
TiO2 nanoparticles promotes light absorbance, accelerate the transport and
conversion of the light energy, guard the chloroplasts from aging, and
extend the photosynthetic time of the chloroplasts. It improves the plant
growth through enhanced nitrogen metabolism, that promotes the
absorption of nitrate, thus increases the fresh and dry weights (Yang et al.,
2006). Nano anatase TiO., effect the antioxidant stress via decreasing the
accumulation of superoxide radicles, catalyse, hydrogen peroxide,
guaiacol peroxidise, ascorbate peroxidise, and thus increases the evolution
oxygen rate, in plants chloroplast under UV-B radiation (Lei et al., 2008).
These ability of TiO2 can be utilised to improve the plants potential for
phytoremediation of heavy metals from water. So, in our study we tried to
enhance the phytoremediation capacity of Eichhornia crassipes and

Salvinia molesta using TiO2 nano particles.
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1.5.1.5 Chelate assisted phytoremediation of heavy metals in soil

In soil, heavy metals occur naturally from the pedogenetic
processes of weathering of parent materials at levels that are regarded as
trace (<1000 mg/Kg) and rarely toxic (Wuana & Okieimen, 2011). The
most abundant heavy metals found in soil are As, Hg, Cu, Pb, Zn, Cr and
Cd. Numerous anthropogenic activities also induce the serious risk of
metals. Both essential and non-essential metal s are toxic to living
organisms, above certain concentrations specific to each metal. pH, ionic
strength, type of competing cations, functional group and type of clay
minerals are the factors which depends the reduction metals in soil. The
transport of heavy metals, from soil to water is a threat for many water
resources. So, to prevent heavy metal contamination in water, attempt to
remediate heavy metals in soil is essential. Traditional treatments method
for decontamination of metal in soils are cost prohibitive, when handling
large areas of contaminated soil. Major soil remediation techniques for
heavy metal removal includes isolation and containment, soil leaching,
thermal desorption, electro kinetic remediation, solidification/stabilization
(S/S) and vitrification

For remediation of heavy metal-contaminated  sites,
immobilization, soil washing, and phytoremediation techniques are
frequently listed among the best demonstrated available technologies
(BDATS). In developing countries, to reduce the associated risks, make
the land resource available for agricultural activity, enhance food security,
and scale down land tenure problems, low cost and ecologically
sustainable remedial choices are required to restore contaminated lands

due to the great population density and scarce funds available for
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environmental restoration (Wuana & Okieimen, 2011). In soil, chelate
assisted phytoremediation of heavy metals is an effective method to
detoxify or immobilize metal contaminants. Various chelators such as
EDTA, organic acid, citric acid, or nicotianamine may be helps the
translocation of metal cations through the xylem. In the shoot cell
membrane, metal transporters mediate the uptake of metal ions from the

xylem apoplast into the shoot symplast (Khushboo et al., 2016).

EDTA is one of the most applied chelating agents. As EDTA has
drawbacks like high toxicity, persistent nature in the environment and
expensiveness (Wuana & Okieimen, 2011). The chelating agent also have
the following deficiencies: citric acid is a nontoxic acid that forms
relatively strong complexes and easily biodegradable, but it presents of
lower effectiveness in the removal of metal ions (Palma & Mecozzi,
2007); nitric acid (HNOs) is lethal to soil micro-flora and destruct the
physico-chemical properties of soil; nitrilotriacetic acid (NTA) is a
toxicant as a class Il carcinogen (Peters, 1999); hydrochloric acid (HCI)
can alter soil properties (Neilson et al., 2003); EDGA enhanced metal
solubility but plant uptake did not increase accordingly (R6mkens et al.,
2002). Although, chelators effectively improve the mobility of target
heavy metals and its accumulation into aerial parts of the plants but
possesses some inhibitory effects on plant growth. So, eco-friendly and
effective mobilizing agent is essential to enhance the phytoremediation
ability of plants. An immobilizing agent is also required to reduce the risk
of bioaccumulation, biomagnification through food chain and to reduce
heavy metals contamination of groundwater. The ammonium molybdate

act as both mobilizing and immobilize toxic metals, which is fertilizer
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(containing nitrogen and molybdenum) to plants, thus can produce more
biomass (Qu et al., 2011). Phytoextraction and phytostabilization potential
of the Amaranthus retroflexus with ammonium molybdate for the

remediation metals in soil was investigated as a part of the study.

1.5.2 Heavy metal removal using biosorbents

Several techniques have been established for the removal of heavy
metal from wastewater such as chemical precipitation, evaporation, ion
exchange, reverse osmosis, solvent extraction, membrane process and
electro dialysis etc. but, each method possess its own merits and demerits.
They are associated with high operational cost and generation of toxic
sludge, disposal of which makes it non eco-friendly and expensive.
Adsorption has emerged out to be a better alternative of safe and
economical treatment for heavy metal laden wastewater. The main
advantage of adsorption technique for heavy metal removal is less initial
and operation cost, easy design and less prerequisite to control systems
(Tripathi & Ranjan, 2015). The use of activated carbon (AC), traditional
adsorbent material is limited because of its high cost and decreased
adsorption capacity after regeneration process in comparison with some
other sorbents (Grassi et al., 2012). The sorbent may belong to mineral,
organic or biological origin. The low-cost materials like wood materials,
some aquatic plants, agricultural and industrial by-products, natural
zeolite, clay, chitin, peat moss, turba (partially decomposed vegetable
matter), microorganisms, polymeric material etc. have high potential to

adsorb and accumulate heavy metals (Argun et al., 2007).
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Adsorption, a mass transfer process, involves the accumulation of
contaminants at the interface of two phases, and the characteristics of
adsorbents and adsorbates are quite specific and depend upon their
constituents. In the case of physisorption, the attraction interactions
involved through weak van der Waals forces and, the process is reversible.
On the other hand, chemisorption occurs through strong chemical bonding
so, the substances chemisorbed on adsorbent surface are hardly removed.
Under favourable conditions, both processes can take place
simultaneously or alternatively. Physisorption is escorted by a decline in
free energy and entropy of the adsorption system and, thus, it is an
exothermic process. If the removal of contaminants from aqueous solution
occur through a solid-liquid adsorption system, the contaminants or the
solute accumulate at solid surface (Gisi et al., 2016). Many algae,
microorganisms, fungi, and plants materials have the potential to take up
heavy metal ions. In the metal removal process by biosorption using non-
living sorbents like plant materials and dead algal biomass, the extents of
sorption dependent on or involve the metabolism-independent metal
accumulation occurred at the cell wall by functional groups,
polysaccharides, and associated molecules. (Muhmood & Fawzy, 2016).
Removal of toxic heavy metals from aqueous solution was attempted
using a herbal plant material, Caesalpinia sappan (sappan wood) and an

algal biomass, Trenteohilia abietina, as part of the study.

1.5.3 Removal of heavy metal using iron oxide nanosorbents

Among many detoxification methods of heavy metals in water,
nano-based adsorbents are one of the convenient technologies. Iron oxide-

based nanomaterial attracted more attention for heavy metals removal due
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to their significant characteristics such as small size, high surface area, and
magnetic property. Its magnetic property enables easy separation of
nanosorbents from aqueous solution and can be reused for more
utilization. The reusability of iron oxide based nanosorbents, make it more
economic (Dave & Chopda, 2014). Iron oxide nanomaterial also possess
photocatalytic property. Iron oxides occur in various forms in nature but
magnetite (Fe30s), maghemite (y-Fe203), and hematite (a-Fe203) are the
most common forms among them. Its easy synthesis, the ability to control
or manipulate matter on an atomic scale, and coating or modification
provides unequalled versatility. Moreover, its chemical inertness, low
toxicity, and biocompatibility illustrate an excellent potential in
combination with biotechnology (Gupta & Gupta, 2005; Xu et al., 2012).
Synthesis methods and surface coating mediums show a major role in
determining the size distribution, magnetic properties, morphology, and
surface chemistry of nanoparticles. The chemical and physical methods

was mainly used for its synthesis (Xu et al., 2012).

Among many nano materials, the ability of iron oxide magnetic
NMs to treat large volume of contaminated water and being suitable for
magnetic separation, no sludge formation, makes it most promising
materials for the treatment of heavy metal (Hu et al., 2010). The small size
of iron oxide nanosorbents was favourable for the diffusion of metal ions
from solution onto the active sites of the adsorbents surface. It suggested
that iron oxide nanosorbents were effective and economical sorbents for
fast removal and recovery of metal ions from contaminated water (Xu et
al.,, 2012). Aggregation and many other interactions occurred in
wastewater disturb the adsorption of heavy metals which may limit the
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effectiveness of nanosorbents. Surface modification overcomes such
situations by enhancing the efficiency of nanosorbents. Modification of
nanosorbent surfaces can be achieved by attaching the inorganic shells
and/or organic molecules, which not only stabilizes the nanoparticles and
ultimately prevents their oxidation, but also offers specific functionalities
that can be ion selective and accordingly, enhance the metal uptake
capacity (Xu et al., 2012). Mechanisms involved in the metal adsorption
from water by surface modified iron oxide nanosorbent consist of surface
sites binding electrostatic interaction, magnetic selective adsorption and
modified ligands combination (Zhong et al., 2006; Hao et al., 2010; Hu et
al., 2010; Ozmen et al., 2010). As a part of the study, surface modification
strategy was utilized to improve heavy removal efficiency of iron oxide

nanoparticles by polyvinyl alcohol and gallic acid.
1.6 Fluoride contamination in water

Contamination of water by fluoride is one of the major concerns
across the world since few decades. Fluoride related health complications
such as dental and skeletal fluorosis in human possess some Serious
socioeconomic implications. Fluorine is the lightest and most
electronegative element in the halogen group, hence it is chemically most
energetic element. Due to high lattice energy, the ionic bond formed
between fluorine and calcium is very strong when it enters the human
body. So, fluoride salts to be very fatal when it is directly ingested to
human body (Mbugua et al., 2017). Fluorine is an abundant (625 mg/Kg)
element present in the earth’s crust and mobile at a higher temperature, is

existing in the form of fluorides in many minerals and rocks. Excessive
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intake of fluoride through drinking water leads to harmful health effects
like dental and skeletal fluorosis. In India, many areas are facing high
fluoride levels in drinking water due to fluoride bearing minerals or
fluoride rich minerals in the rocks and soils and its impact on human
wellbeing amplified the importance of defluoridation studies (Edmunds &
Smedley, 2001; Chidambaram et al., 2003).

In water, fluorine exists as negatively charged fluoride ion (F°).
Fluorine-bearing minerals such as fluorite (CaF.), cryolite (NasAlFe),
apatite [Cas(CIl,F,OH)(POa)z], topaz [Al2SiO4(F,0OH>)], amphiboles [Ao-
1B2CsTg022(0OH,F,Cl)],  sellaite  (MgF2) and micas [AB2
3(X,S1)4010(0,F,0OH),] are the main sources of fluoride. Weathering of
these fluorine-bearing minerals is the most significant geogenic source of
fluoride enrichment in water. Anthropogenic sources also contribute
fluoride contamination, which includes many chemical industries (like
phosphorous fertilizer plants, aluminum, zinc, steel, smelting industries,
etc), glass and ceramic industries, and power plants (Bhat et al., 2015).
The fluoride concentration in the groundwater depends upon many factors
such as solubility and availability of fluoride minerals, pH, velocity of
flowing water, temperature, calcium and bicarbonate ions concentration in
water, etc. (Bishnoi & Arora, 2007).

1.6.1 Health hazardous of fluoride

Globally, around 200 million people rely on high fluoride
contaminated water source and one of the major environmental problems,
moderate to high fluoride contamination in groundwater is reported in

countries like India, Algeria, China, Ghana, Brazil, Canada, Ethiopia,
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Kenya, Iran, Japan, Italy, Jordan, Malawi, Korea, Mexico, Pakistan,
Norway, Sri Lanka, Turkey, Thailand, and the US. Mild fluoride
consumption induces dental effects whereas, long-term intake of high
fluoride leads to severe skeletal disorders and other adverse disease. The
human health risks associated with fluoride contamination broadly
categorized as follows: dental effects, skeletal effects, developmental
effects, reproductive effects, renal effects, endocrine effects, neurological
effects, and carcinogenic effects. Modest level fluoride consumption
prevents dental caries. Hence, the most essential step to regulate fluorosis
is to ensure permissible fluoride concentration in drinking water. A
maximum permissible limit of 1.5 mg/L fluoride concentration in drinking
water was recommended by World Health Organization (WHO)
(Bhattacharya & Samal, 2018). Above 65 million Indians including 6
million children are at danger due to the presence of fluoride concentration
beyond the desirable 1.5 mg/L level in potable water (UNICEF, 1999;
Bhattacharya & Samal, 2018). Palakkad and Alappuzha are the two
fluoride endemic districts of Kerala where many fluorosis cases were
reported. Dental flurosis in children from Palakkad distict are shown in
Plate 1.1. Levels of fluoride in drinking water and its effect on human

health are presented in Table 1.4.
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Table 1.4: Levels of fluoride in drinking water and its effect on
human health (Adapted from Saxena & Sewak, 2015)

Concentration of

Fluoride in water (mg/L) Health Effect

Nil Limited growth and fertility
Below 0.5 Dental carries
Promote dental health and avoids
05-15 .
tooth decay and cavities

Dental fluorosis, mottling and
15-40 pitting of teeth
4.0-10.0 Dental and skeletal fluorosis,

pain in the back and all

Fluoride have both beneficial or detrimental effect on human
health, reliant on the level of fluoride in drinking water and if it exceeds
1.5 mg/L, dental fluorosis or skeletal damage may occur (Hu et al., 2003).
However, fluoride enters to human body via food, industrial exposure,
water, drugs, cosmetics, etc., potable water is the main contributor (75 -
90% of daily intake) (Sarala & Rao, 1993). As a result of its strong
electronegativity, fluoride reacted with the positively charged calcium
present in teeth and bones which leads to dental fluorosis, skeletal
fluorosis, teeth mottling, and deformation of bones in children as well as
in adults (Susheela et al., 1993). High fluoride content also affects plants
and animals but the severity of damage is depending on the concentration
and duration of fluoride exposure (Bishnoi & Arora, 2007). High fluoride
exposure in drinking water causes decreased 1Q level in children and limit

the intellectual and cognitive ability of consumers (Mbugua et al., 2017).
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Plate 1.1: Dental flurosis in children from Palakkad distict

1.6.2 Different remediation methods for fluoride in water

The fluoride contamination has caused many health and social
related problems in India. Prevention of fluorosis is the only suitable
measure as it is irreversible health hazard. Hence, management and
mitigation of this serious issue are urgently required. Removal of fluoride
from drinking water can be done by Nalgonda process and Activated
Alumina process. Aluminum salts as coagulant/regenerate are used in
these processes but, small quantities of residual aluminum may remain in
the water after treatment. Aluminum have adverse effects of neurotoxicity
and bone toxicity, and it is also correlated to Alzheimer disease. (Saxena
& Sewak, 2015).

The other remediation methods for fluoride includes: reverse
osmosis, ion-exchange, electrodialysis, and adsorption. Among them, the
ion-exchange and reverse osmosis are relatively expensive and also
require special equipments. Fluoride selective ion-exchange resin is only
effective if regeneration is carefully monitored and executed regularly. In
the absence of proper regeneration or timely change of resin, the
exhausted resin gives false sense of security to the consumers. In ion-
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exchange technology, water continuously flows through the bed even
when the resin bed is exhausted but no automatic indicator or indication to
shut down is possible (Saxena and Sewak, 2015). Because of ease of
operation and cost-effectiveness, adsorption is still the viable method for
the remediation of fluoride and it is also considered to be an efficient and
effective defluoridation method. Adsorption involves physical, ion-
exchange or surface chemical reaction of fluoride with adsorbent. The
low-cost adsorbents used for defluoridation includes activated alumina,
activated carbon, amorphous alumina, zeolite, clay, calcite, charcoal, red
mud etc. The materials like kaolinite, charfines, bentonite, lignite and
nirmali seeds were also examined for the removal of fluoride from water.
Plant materials have the ability to accumulate fluoride from water and
hence, can be utilized as defluoridating agents (Harikumar et al., 2012).
Kerala is one of the states in southern India, having a rich biodiversity of
medicinal plants. The fluoride removal ability of some medicinal plant
materials was studied. Defluoridation ability of activated Vetiveria

zizanioides was investigated in this study.
1.7 Aim and Objectives of the Study

The present study was carried out, to develop efficient, effective
and ecofriendly water treatment method for the removal of heavy metals
from the contaminated water. The defluoridation study of water using
biosorbents and its application on contaminated field water samples was
conducted. The assessment of the detoxification of heavy metals from
water by nanosorbent and biosorbents and its application on contaminated
groundwater samples were also carried out in this study. The transport of

heavy metals, from soil to water is a threat for many water resources. So,
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an attempt was made to remediate heavy metals in soil using soil

phytoremediation technique.
The key objectives of the study are:

e To develop efficient, effective and ecofriendly water treatment
method for the removal of heavy metals from the contaminated
water.

e To study the defluoridation of water using biosorbents and its
application in groundwater samples collected from the
contaminated areas.

e To assess the detoxification of heavy metals from water by
nanosorbent and biosorbents and its application in polluted
samples.

e To wuse the technology of phytoremediation for the
decontamination of soil affected by heavy metal toxicity.

1.8 Scope of the study

The present study deals with development of effective, efficient
and ecofriendly clean up techniques to reduce or remove the toxicity of
heavy metal and fluoride from water. Globally, heavy metals and fluoride
are the growing apprehension due to its adverse health impact on human,
animal, plants and eco-system. Treatment of heavy metals from water was
conducted using electrically stimulated phytoremediation method. Also,
phytoremediation ability of aquatic plants to remove heavy metal from
water was tried to enhanced using TiO2 nanoparticles. The transport of

heavy metals, from soil to water is a threat for many water resources. So,
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an attempt was made to remediate heavy metals in soil using soil
phytoremediation technique. For this purpose, the effect of ammonium
molybdate on phytoremediation of toxic heavy metals (Cd, Pb, Cu, Ni and
Zn) from soil by Amaranthus retroflexus was investigated. the
defluoridation of water using cost effective technique. Defluoridation
ability of some medicinal as well as easily and locally available plant
materials were tested. Defluoridation potential of Vetiveria zizanioides
was investigated and it was applied on fluoride contaminated groundwater
samples from Palakkad district. For the removal of heavy metals from
water, two biosorption studies were conducted using a herbal plant
material, Caesalpinia sappan and an algal biomass, Trenteohilia abietina.
Surface modification strategy was utilized to improve heavy removal
efficiency of iron oxide nanoparticles by poly vinyl alcohol and gallic
acid. The assessment of heavy metal contamination in groundwater
resources from Madayi panchayath, a clay mining area in northern Kerala,
using indexing approach (heavy metal pollution index (HPI), heavy metal
evaluation index (HEI) and contamination index (Cq)). The heavy metal in
drinking water from Madayi panchayath were tried to remove using
functionalized iron oxide nanosorbent (iron oxide nanoparticles coated
with poly vinyl alcohol and gallic acid); protonated Caesalpinia sappan
(herbal plant material) and Tretepohila abietina (algal biosorbent). The
conclusions and recommendations derived from the study will be useful
for the effective and eco-friendly remediation of heavy metals and fluoride

from water.
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REVIEW OF LITERATURES

In the last few decades, many precious environmental resources
especially water and soil, have loaded with huge amount of pollutants as a
result of rapid industrialization, urbanization, population growth and
modern agricultural activities. Now a days, a wide variety of contaminants
are entering to the aquatic environment, which not only disrupts natural
conditions of eco-system but also have toxic impact on living organisms.
Heavy metals and fluoride are some of the inorganic contaminants which
leads to many health disorders and disfunctions in human and animals.
Hence, the remediation of such contaminants is essential for the well-
being of the mankind. Expensiveness, ineffectiveness at low
concentration, time consumption and sometimes non-eco-friendly nature
are the main drawbacks of many of the prevailing remediation techniques
available for theses contaminants. Consequently, development of
effective, efficient and eco-friendly clean-up methods for the removal or
reduction of the toxic contaminants like heavy metal and fluoride from

water is necessary, for the protection of human and environmental health.
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2.1 Heavy metals related issues and remediation

Among numerous inorganic contaminants in water, contamination
and accumulation of heavy metals is a serious problem around the world,
because of their persistent, non-biodegradable and bio accumulative
nature, abundant sources and high toxicity even at low concentration. Its
occurrence in high amount is a potential threat to food safety and have
detrimental effects on human and animal health (Hu et al., 2017).
Effluents from several industries like electroplating, mining, smelting,
tannery, leather, textile, paint, petroleum refining, pigment & dyes, wood
processing, photographic film production etc., contains significant
quantity of heavy metals. Even though, some heavy metals are extremely
essential to living organism, but its concentration beyond the limits
suggested by various national and international organization may lead to

various physiological disorders (Saha & Paul, 2016).

Verma and Dwivedi (2013) have reported that the metals like zinc
(Zn), iron (Fe), copper (Cu) are beneficial for human and animal health in
small dosages but beyond the limit it may become toxic. For agriculture
purposes, some metals like zinc (Zn), copper (Cu), iron (Fe), manganese
(Mn), are applied in prescribed quantities. But, heavy metals like lead
(Pb), mercury (Hg), arsenic (As), cadmium (Cd), chromium (Cr)
especially hexavalent chromium, nickel (Ni), barium (Ba), cobalt (Co),
selenium (Se), vanadium (V), etc. are very toxic, harmful, and poisonous
even in at parts per billion level. Tendency of heavy metals to
bioaccumulate, i.e., the increase in the heavy metal concentration in a

biological organism over time, compared to its concentration in the
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environment, makes it more hazardous. In living things, metals are stored
sooner than they are broken down or excreted. Its toxicity leads to
damaged or reduced mental and central nervous function, damage to blood
composition, kidneys, lungs, liver, and other vital organs and lowers the
energy levels. While, long-term exposure may have consequences like
slowly progressing physical, muscular, and neurological degenerative
processes that mimic Parkinson's disease, Alzheimer's disease, muscular
dystrophy, and multiple sclerosis. Allergies are also one of its common
issues and cancer is the detrimental effect of frequent, long-term contact of
some metals or their compounds. Severe mucosal irritation and corrosion,
hepatic and renal damage, widespread capillary damage, gastrointestinal
irritation, central nervous system disorders followed by depression and
possible necrotic changes in the liver and kidney are the impact of
excessive intake of Cu in human. The Ni exposure have the effects which
vary from skin irritation to damage to the nervous system, lungs, and
mucous membranes. Hexavalent chromium, a strong oxidant is highly
toxic. The carcinogenicity is a main toxic characteristic of some heavy
metals (Argun et al., 2007).

The excessive amounts or imbalances of a metal species exhibits
many toxicity symptoms, cellular functioning disorders, long-term
devastating disabilities in human beings, and ultimately death. In global
context, the pollution by heavy metals is becoming one of the major
environment threats. It is a most sever problem in population dense
countries particularly like China and India (Dave & Chopda, 2014). The
US Environmental Protection Agency (US EPA) and the Agency for
Toxic Substances and Disease Registry (ATSDR) enlisted the top 20
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hazardous substances which include some heavy metals such as As, Pb,
Hg, and Cd (Pandey, 2012). These toxic metals from the environment can
be removed by various physicochemical and biological approaches.
Majority of the, physicochemical treatment techniques are expensive and
not environmentally safe. Chemical precipitation, ion exchange,
oxidation/reduction, reverse osmosis, membrane separation, electro
dialysis, solvent extraction, sedimentation, filtration, electrochemical
techniques, and cation surfactant, etc. are the various treatment methods
for heavy metal contaminated water but, some of these approaches are
expensive, energy intensive and often linked with generation of toxic by-
products (Argun et al., 2007; Tripathi & Ranjan, 2015; Czikkely et al.,
2018). So, development of environment friendly, low cost, and effective
techniques to remediate toxic heavy metals from water is an obligatory for
the wellbeing of mankind and environment. Prevention of transport of
toxic metals from soil to water resources can be achieved by proper soil

remediation.

Heavy metals can be lethal to human as well as environment even
at low concentration. Therefore, effective and efficient remediation
strategies are required to reduce or remove the heavy metal contamination.
Numerous chemical, physical and biological technical solutions have been
utilized and established to remove potential toxic metal from wastewater
(Czikkely et al., 2018). Each method has its own merits and demerits. The
biological remediation methods are most effective because of its
characteristics like natural process, environment friendly nature,
inexpensiveness, and high public acceptance. Environmental clean-up

using biological agents is termed as bioremediation. Phytoremediation, an
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eco-friendly technique has revealed promising results in the
decontamination of heavy metals and also been a solution for various
emerging environmental issues. The fundamental elements in this
technique are plants (terrestrial or aquatic) which plays a vital role for
remediation of heavy metal contaminated environments. It is considered as
environmentally friendly, efficient, cheap and reliable remediation method
for metals (Wani et al., 2017).

Ali et al. (2018) reviewed and stated that phytoremediation
involves the usage of plants to remove, transfer, stabilize and/or degrade
pollutants in water, soil and sediment. This plant-based technology has
increased acceptance in the last ten years as an efficient, cheap and
environmentally friendly technology especially for eradicating toxic
metals. Currently, in the US alone, 6-8 billion US dollars are expended
annually for environmental clean-up and in the worldwide context, it is
25-50 billion US dollars per year. Water hyacinth (Eichhornia crassipes),
pennywort (Hydrocotyle umbellata L.), and duckweed (Lemna minor L.)
are some important aquatic plants used for the remediation of aquatic
ecosystem. More investigations are required in the phytoremediation topic
to address technical issues and to find out the geographically appropriate
plant species for effective remediation. In phytoremediation process,
accumulation of metals by plants is influenced by several factors like
variations in plant species, plants growth stage, element characteristics
control absorption, accumulation and translocation of heavy metals.

Eichhornia crassipes was utilized for heavy metal removal, world

widely. Water hyacinth is although considered to be as one of the most
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problematic aquatic plants due to its uncontrollable growth in water bodies
but its quest for nutrient has provided way for its usage in
phytoremediation process. Besides, its use in solving wastewater treatment
problems in urban or industrial areas using this plant, various useful by-
products can be developed like animal and fish feed, power plant energy
(briquette), biogas, ethanol, composting and fiber board making. For the
future aspects, the utilization of invasive plants in contamination
abatement phyto-technologies can undoubtedly assist for their sustainable

management in wastewater treatment (Rezania et al., 2015).

Taiwo et al. (2015) studied that water hyacinth (E. crassipes) can
be used for phytoremediation of heavy metals (Zn, Cu and Pb) in water
samples for the period of 8 weeks. The study conducted with heavy metals
solutions in different concentrations. At the end of 8 weeks of treatment
study, it was detected that the amount of the metals in the water were
below the detection limit but it was accumulated in the plant.
Correspondingly, the results of the Bioconcentration factor (BCF)
exhibited that the studied plant (E. crassipes) hyperaccumulated Zn than
other metals. Hence, heavy metal uptake by E. crassipes by
phytoremediation technology appears to be a prosperous method for the

remediation of heavy metal contaminated environment.

E. crassipes have the ability to remediate different toxic metals
(Zn, Cu, Cr, Cd, Ag, Pb, and Ni) from natural water bodies and/or
wastewater polluted with low levels. But, a significant reduction in
biomass production was reported in metal treated plants compared to the

control. More metals were also accumulated in roots than in shoots
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(Odjegba & Fasidi, 2007). To overcome the reduction in biomass under
metal contaminated media and for better translocation of metals to plants
aerial parts, different technique can be used to assist phytoremediation

process.

Song et al. (2011) reported that the performance of laboratory-
scale constructed wetlands coupled with micro-electric field (CWMEF)
using cannas (Canna generalis) for heavy metal contaminated wastewater
treatment. They observed, a better performance for heavy metal (HM)
removal from wastewater by CWMEF than the ordinary constructed
wetlands (CWs). Due to the stimulation of the appropriate voltage and
electrical exposure time, the plant (cannas) grown better and in fact,
assimilated more metal ions in CWMEF than in CWs. The environmental
conditions in constructed wetlands coupled with micro-electric field, like
the increased pH by electrolysis of water, the occurrence of aluminum ions
by anodizing of aluminum, leads to chemical precipitation, physical
adsorption and flocculation of metallic ions. This study suggest that the
constructed wetland system coupled with micro-electric field (CWMEF)
has much better heavy metal removal capacity than do conventional CWs.
Putra et al. (2017) also reported about the Electro Assisted-
Phytoremediation (EAPR) to reduce the COD, BOD and heavy metal (Pb
and Cu) concentration in the wastewater using water hyacinth. Their result
displayed that the EAPR method reduced the COD, BOD, Pb and Cu in
the 4 h of EAPR process. Titanium electrode and the combined use of
stainless steel U316 rod and net wire were used as an anode and cathode in
the experiment. The residual concentrations were within the water quality

standard of class IV according to government regulation No. 82/2001 of
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the water quality management and water pollution regulation of the

Republic of Indonesia.

A combination of phyto - and electroremediation was also
attempted by Kubiak et al. (2012) for the arsenic removal using Lemna
minor. This article presents only the preliminary results of electrically
enhanced phyto-remediation, using common duckweed, for the arsenic
remediation from spiked surface water. The aquatic phytoremediation
process improves when combined with electrochemical process (Putra et
al., 2017). Under electrified conditions plant can improve ability to resist
adverse circumstances by promoting the synthesis of CHLab, inhibiting
MDA synthesis, and catalyzing SOD synthesis. Accordingly, the plant
assimilates more metal in electrified phytoremediation process (Song et
al., 2011).

Various nanomaterials of different sizes and shapes were
fabricated and have employed successfully and safely in various fields
such as environmental science, medicine, and food processing, etc.
However, their use in agriculture purposes, especially for plant production
and protection, is an under-explored area by many research communities.
Preliminary studies indicated that some nanomaterials have the potential
to improve seed germination and growth, plant protection, pathogen
detection, and pesticide/herbicide residue detection (Khot et al., 2012).
Morteza et al. (2013) studied the effect of titanium dioxide on plant (corn
i.e.,, Zea mays L.). The outcome of their study revealed that nano TiO>
have significant effect on chlorophyll content (a and b), total chlorophyll

(a + b), chlorophyll a/b, carotenoids and anthocyanins. The maximum
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amount of pigment was recorded in nano TiO> sprayed plants compared to
control. The application of nanoparticles especially TiO> nanoparticles

facilitated the increase in crop yield.

Contamination of groundwater resources through the leaching of
heavy metals from soil is also a major environmental concern. Most of the
existing conventional soil remedial technologies are expensive and inhibit
the soil fertility; subsequently, causes negative influences on the
ecosystem. Ghosh and Singh, (2005) discussed in detail about mobility,
bioavailability and plant response to presence of soil heavy metals.
Several practices to enhance phytoextraction and utilization of by-products
have been also elaborated. They also mentioned about the needs of proper
disposal of biomass produced during process and its viable management

by producing renewable energy.

Qu et al. (2011) discussed about the effect of ammonium
molybdate on phytoremediation of heavy metal contaminated soil. It has
been used to remove the toxic metals in wastewater by forming
precipitates (Pb). However, the application of ammonium molybdate in
the remediation of the toxic metals contaminated soils is not a widely
studied area. The experiment conducted (1) To find the reaction
mechanisms of ammonium molybdate with toxic metals; (2) To
investigate the effects of ammonium molybdate on (im)mobilization of
the toxic metals in soils; and (3) To understand the effects of ammonium
molybdate on uptake toxic metals from soils by alfalfa (Medicago sativa
L.) plants; aforementioned were the main objectives of their study. The

amphoteric-immobilization/mobilization  effects of  ammonium
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molybdate on toxic metals were revealed in the study. The ammonium
molybdate can be termed as half-extracting agent, half-chemical
stabilization agent, or amphoteric agent. Metals like Pb, Hg, Cr, and Zn
can be precipitated with ammonium molybdate and could be stabilized by
ammonium molybdate, but metals such as Cd, Ni, Cu can be formed
more soluble fractions with ammonium molybdate. The heavy metal
contents and BCF values in alfalfa plants were increased after treatment
with ammonium molybdate. TF < 1 were also observed. The application
of ammonium molybdate increases the acid soluble fractions of Cd, Ni,
Cu, and residual fractions of Pb, Hg, Cr, and Zn i.e., the toxicities of Cd,
Ni, and Cu to plants in soils increases but, the toxicities of Pb, Hg, Cr,
and Zn decreases (Qu et al., 2011; Qu et al., 2016). Ogunkunle et al.
(2015) reported the heavy metal accumulation by plant from

Amaranthaceae family.

The ease of operation, convenience and simplicity of design,
makes the adsorption process a better alternative in water and wastewater
treatment. Adsorption processes are applied in many wastewater treatment
plants, for the removal of dissolved contaminants and that remain from the
subsequent biological phases or after chemical oxidation process.
Nowadays, the most commonly adopted adsorbent is the activated carbon.
Activated carbon is commonly used for the removal of various
contaminants from water such as heavy metals and dyes. However, its
widespread usage in wastewater treatment is sometimes limited due to its
expensiveness, also further issues such as the adsorbent regeneration
capacity or the disposal (Gisi et al., 2016). Tripathi and Ranjan, (2015) has

reviewed various low-cost adsorbent for the removal of heavy metal
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contamination from wastewater. The removal of toxic heavy metals like
Pb, Cd, Zn, Cu, Ni, Hg, Cr etc. using effective agent or adsorbent
materials like clay, zeolites, chitin and peat moss were reported. Also,
various agricultural waste materials such as rice husk, black gram, neem
bark, waste tea, walnut shell, Turkish coffee, etc. were recognized as a
potent adsorbent for metal removal. Besides, the technical feasibility to
remove toxic metals from polluted water using low-cost industrial by -
products like blast furnace sludge, fly ash, waste slurry, iron (IlI)
hydroxide and red mud, lignin, coffee husks, tea factory waste, Areca
waste and sugar beet pulp were explored.

Some medicinal plants also have potential to remove heavy metals
from water. Rao et al. (2010) have confirmed the biosorption potential of
Fennel biomass (Foeniculum vulgari), a medicinal herb for the effective
elimination of Cd (I1) ions. Argun et al. (2007) discussed in detail about
the adsorption of heavy metal (Cu, Ni, and Cr) ions from aqueous
solutions by oak (Quercus coccifera) sawdust modified by means of HCI
treatment. As a part of the study, the optimum pH, adsorbent mass, contact
time, and shaking speed were determined. The adsorption isotherms were
studied using concentrations of the metal ions ranging from 0.1 to 100
mg/L. Their results revealed that, the adsorption process follows pseudo-
second-order kinetics, as well as Langmuir and D-R adsorption isotherms.
And also, discusses about the thermodynamic parameters of the adsorption
(the entropy, enthalpy and Gibbs free energy). The spontaneous and
endothermic nature of adsorption process was demonstrated by the results.
The maximum removal efficiencies obtained were 93% for Cu (Il) at pH
4, 84% for Cr (V1) at pH 3 and 82% for Ni (I1) at pH 8. The wood-based
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materials increase the COD of water, but by acid modification of the
adsorbents decreases this issue. The removal study of cadmium and lead
from aqueous solutions using red alga Ceramium virgatum, exhibited high
sorption capacity. The Fourier transform infrared spectra confirms the
carboxyl (— C O), hydroxyl (-OH), and amine (—NH) groups which were

responsible for the binding of the metal ions (Hannachi, 2012).

Utilization of iron oxide-based nanomaterials for the removal of
heavy metals is well recognized adsorbents. Due to its significant
physiochemical property, low-priced method and easy regeneration or
separation in the presence of external magnetic field makes them more
attractive toward water decontamination. Surface modification strategy of
iron oxide nanoparticles is an effective method to increase the efficiency
of iron oxide nanoparticles for the removal of the heavy metal ions from
the aqueous system (Dave & Chopda, 2014). Al-Saad et al. (2012)
investigated the sorption behaviour of the iron oxide (a-Fe203)
nanoparticles and its applicability to purify water from the aluminium,
arsenic, cadmium, copper, cobalt, and nickel. The adsorption behaviour of
iron oxide nanoparticles towards six metallic ions (Al (111), As (l11), Cd
(1), Cu (1), Co (I, and Ni (1)) has been investigated by batch
experiment under different conditions (pH, concentration of metals,

contact time, adsorbent dosage, and temperature).

Dorniani et al. (2014) studied the efficacy of two nanocarriers
polyethylene glycol and polyvinyl alcohol magnetic nanoparticles coated
with gallic acid (GA) in drug delivery. X-ray diffraction and TEM results

showed the formation of pure Fe3O4 nanoparticles having spherical shape

Cochin University of Science and Technology



Review of Literatures

with the average size of diameter after coating FesO4 nanoparticles with
polyethylene glycol-GA (FPEGG) and polyvinyl alcohol- GA (FPVAG).
In the study, thermogravimetric analysis was used to prove the thermal
stability after coating and fourier transform infrared (FTIR) revealed the
successful coating of two polymers (PEG and PVA) and gallic acid on the
superparamagnetic iron oxide nanoparticles. Anticancer activity of the two
nanocomposites, FPEGG and FPVAG demonstrated its high anticancer
effect.

Water quality management and its assessment in light of heavy
metal concentration is of prime importance. For water quality
management, the overall water quality status and identification of source
of origin of heavy metals are essential. The heavy metal pollution index
(HPI) and Factor analysis (FA) are most suitable and effective approaches
to evaluate the status of water quality and recognizes the source of
contaminants (Saha & Paul, 2016). The most appropriate statistical
methods to identify the origin of metals and the correlations between
heavy metals at a contaminated site are principal component analysis
(PCA) and cluster analysis (CA).

2.2 Fluoride contamination in water and its remediation using plant

materials

Contamination of water by fluoride is a serious topic across the
globe because of its irreversible health threats. During initial stages,
fluoride studies were limited to local or regional scale. Because of its
serious socioeconomic implications, this problem demands the need for a

global perspective. Bhattacharya and Samal (2018) reviewed that fluoride
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contamination severely affected around 200 million people of 29 countries
including India. Consumption of fluoride beyond the maximum
permissible level of 1.5 mg/L recommended by WHO is related with
dental and skeletal fluorosis but, lacking of fluoride intake associated with
other health issue, dental caries. Weathering of minerals like fluorite/
fluorspar, apatite, topaz and mica and some industrial activities (mainly
phosphorous fertilizer plants; steel, zinc, aluminium, smelting industries;
glass and ceramic industries, etc.) contribute fluoride contamination.
Fluoride enters into the food chain by its bioaccumulation nature.
Moreover, dental fluorosis is highly endangering the most susceptible
group, infants and children. The Nalgonda technique and activated
alumina processes are the most widely used defluoridation techniques in

water. But it has drawback of residual aluminium after treatment.

Babu et al. (2015) reported that issues associated with excess
fluoride ion in groundwater is a serious problem in fluoride endemic areas
of the developing countries. In India, a plethora of people are facing
severe fluorosis problems as a result of high intake fluoride ion (F)
through drinking water and it has been estimated that 62 million people
from 19 out of the 32 Indian states are facing dental, skeletal and/or non-
skeletal fluorosis. The extent of fluoride contamination in water ranged
from 1.0 to 48.0 mg/L.

Fluoride consumption is commonly considered as a double-edged
sword. Inadequate amount of fluoride intake in (< 0.5 mg/L), causes health
issues like dental caries, deficiency in formation of dental enamel, and

lack of mineralization of bones, predominantly among children. While the
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excessive fluoride consumption cause health problems in the young and
old. If the fluoride consumption exceeds 4 mg/L, it leads to the dental
fluorosis in children while the prolonged consumption of fluoride at higher
concentrations i.e., more than 10 mg/L causes dental fluorosis, skeletal
fluorosis and crippling skeletal fluorosis, perhaps cancer. In India,
majority of the population reliant on groundwater source for drinking
purpose. High fluoride content in groundwater has been mainly reported
from different areas of Indian states such as Andhra Pradesh, Haryana,
Assam, Bihar, Gujarat, Chhattisgarh, Karnataka, Maharashtra, Madhya
Pradesh, Rajasthan, Odisha, Tamil Nadu, Telangana, West Bengal, Uttar
Pradesh, and Punjab (Annadurai et al., 2014). In 2009, RGNDWM &
CGWB enumerated that out of 639 Indian districts the fluoride-affected
ones were 229 and 218 respectively. But, in 2012, the number was
increased to 267 according to MoWR (Saxena & Sewak, 2015).

As per from literatures, the fluoride ingestion from food is roughly
in the ratio of 30 to 40 % and from water, it is 60 to 70 % (Saxena &
Sewak, 2015). Hence, to regulator the overall fluoride intake, the only
controllable aspect was water. The proper defluoridation technique is a
necessary for the socio - economic development of man and community.
Several defluoridation technologies have been developed over the years to
eradicate fluoride ions from water such as electrocoagulation (Drouiche et
al., 2009), chemical precipitation (Pinon-Miramontes et al., 2003), ion
exchange (Singh et al., 1999), reverse osmosis (Ndiayea et al., 2005),
electrodialysis (Amor et al., 2001) and adsorption (Naohito et al., 2009).

Also, aluminium salts-based treatment methods have been widely used.
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Among the aforementioned methods, most of the methods are quite

expensive, generates secondary effluent and sludge.

Various inexpensive materials have been tried for removing
fluoride from drinking water, but these materials cannot be applied
because their low fluoride adsorption capacities. Many biomaterials have
potential to be used as low-cost sorbents and they are widely accessible
and environmentally safe. Some low cost and non-conventional adsorbents
include agricultural by-products, wood, nut shells, bone, peat, and coconut

shells processed into activated carbons (Singanan, 2013).

Alagumuthu et al. (2010) investigated the fluoride adsorption
capacity and its kinetics using the sorbent carbonized ground nut shell
(GNSC) impregnated with zirconium oxychloride. The equilibrium data
were analyzed using the Langmuir, Freundlich and Redlich-Peterson
isotherm by linear methods displayed that the data fitted better with
Freundlich model than the other two. Thermodynamic studies exhibited
the spontaneous nature of fluoride adsorption with increase of entropy and
an endothermic process. The kinetic data obeyed the pseudo-second order
model. The zirconium impregnated ground nut shell carbon is a cost-
effective adsorbent for the defluoridation problem in the developing
countries due its great potential application in the fluoride remediation
from water. So, development of effective and low-cost, carbon form
adsorbent from easily available plant materials is an effective

defluoridation method.
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MATERIALS AND METHODS

3.1 Methods of water quality assessment

The collection, preservation and analysis of physico-chemical
characteristics of water and wastewater samples were carried out as per
the standard procedure described in American Public Health Association
(APHA, 2012).

3.1.1 Collection and preservation of water samples

The collection and preservation of water samples were done as per
APHA methods, mentioned in Section 1060. The equipment and
containers used for sample collection were thoroughly cleaned before
sampling. Samples for physico-chemical analysis were collected in one
litre plastic containers. The containers were of good quality, free of
analytes of interest and were rinsed out, two or three times with the sample
to be examined. Sterilized containers were used to collect the samples for
bacteriological analysis. All the sample containers were labelled properly
with information like unique sample code, sample type, date and time of

sampling. Accurate sampling location were recorded for further reference,
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using global positioning system (GARMIN GPS map model 76CS).
Available details of the sampling locations and peculiar characteristics of
the samples, if any, were also noted during sample collection. The in-situ
parameters such as pH and electrical conductivity, required immediate
analysis in the field. The physico-chemical and bacteriological changes of
the sample was prevented by appropriate preservation techniques. Samples
were kept in cool condition without freezing, to minimize the potential for
volatilization or biodegradation between sampling and analysis. For the
metal analysis, samples were collected in a separate clean bottle and
acidified with HNOs to a pH below 2 to minimize precipitation and
adsorption on container walls. To get more reliable analytical results,

shorter the time that elapses between sampling and analysis.
3.1.2 Analytical methods of water and wastewater
3.1.2.1 pH (APHA, 2012 Section 4500 - H* B)

pH of the water samples was determined by Electrometric method
using a multi-parameter PCSTestr35 pH meter. National Institute of
Standards and Technology (NIST) buffers having the pH value of 4,7 and
10 were used to calibrate the pH determining instrument.

3.1.2.2 Electrical Conductivity (APHA, 2012 Section 2510 B)

Electrical Conductivity (EC) is directly proportional to its
dissolved mineral matter content and is expressed as uS/cm. The electrical
conductivity was measured using multi-parameter PCSTestr35 instrument
and was calibrated using standard reference solution (0.01M KCI) has a
conductivity of 1412 uS/cm at 25°C.
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3.1.2.3 Total Dissolved Solids (APHA, 2012 Section 2540 C)

Gravimetric technique was utilized to determine the Total
Dissolved Solids. A measured volume of sample was filtered through a
standard glass-fiber filter (Whatman grade 934AH) with applied vacuum
and the filtrate was transferred to a weighed evaporating dish and
evaporated to dryness until a constant weight in an oven at 180 + 2°C. The
increased dish weight denotes total dissolved solids.

(A- B)x 1000
Sample volume (mL)

Total Dissolved Soids, mg/L =

where
A = weight of dried residue and dish, mg
B = weight of dish, mg

3.1.2.4 Colour (APHA, 2012 Section 2120)

Colour was analysed spectrophotometrically by UV-Visible
spectrometer, Thermo Scientific- Evolution 201 at a wavelength between
450 and 465nm using platinum - cobalt standard solutions. Colour of

samples as well as platinum - cobalt standards obeys Beer’s law.

3.1.2.5 Turbidity (APHA, 2012 Section 2130 B)

The determination of turbidity was done by Nephelometric method
using the instrument Systronics Digital Nephelo-Turbidity meter 132.
Formazin polymer was considered as the primary standard reference
suspension and the instrument was calibrated by using different standard
turbidity solutions. Turbidity was measured based on the intensity of
scattered light.
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To measure turbidity, well mixed samples were taken into measuring cell

and the instrument displayed the turbidity value directly.

3.1.2.6 Chloride (APHA, 2012 Section 4500-CI- B)

Argentometric method was adopted for the determination of
chloride in water. AgNOs3 reacts with chloride ions in water to form silver
chloride. The end point was determined by the formation of silver
chromate from excess silver nitrate. 1 mL of potassium chromate indicator
was added to the sample and titrated against 0.0141N standard silver
nitrate solution. The change in colour from yellow to reddish orange was

observed at the end of the reaction.

Vol. of AgNO3; x N x 35.45x 1000
Sample volume (mL)

Chloride, mg/L =

N = Normality of AgNOs.

3.1.2.7 Sulphate (APHA, 2012 Section 4500-SO4% E)

Turbidimetric Method was followed to estimate the sulphate
concentration in the samples using Systronics Digital Nephelo - Turbidity
meter 132. Sulphate ion was precipitated as barium sulphate crystals of
uniform size, in an acetic acid medium with BaCl, and the light
absorbance of the BaSO4 suspension was measured by Nephelometer. The
instrument was calibrated using 0 to 40 mg/L of standard sulphate
solutions and the SO4% concentration in samples was determined by

comparison of the reading with a calibration curve.
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3.1.2.8 Nitrate-N (APHA, 2012 Section 4500-NOgz" E)

Cadmium reduction method was adopted to estimate Nitrate-N. In
this method, when the water sample was passed through a column packed
with amalgamated cadmium (commercially available Cd granules treated
with CuSO4 and packed inside a glass column) nitrate (NO3s~) was reduced
almost quantitatively to nitrite (NO27). The NO2™ produced thus was
determined by diazotizing with sulfanilamide and coupling with N-(1-
naphthyl)-ethylenediamine dihydrochloride to form a highly coloured azo
dye. The intensity of the azo dye developed was proportional to the
concentration of Nitrate — N and was determined at 543 nm using UV -
Visible spectrophotometer (Thermo Scientific- Evolution 201). A
correction was made for any NO2  present in the sample by analysing
without the reduction step.

3.1.2.9 Phosphate- P (APHA, 2012 Section 4500-P D)

The estimation of Phosphate-P was carried out by Stannous
Chloride method. Phosphate present in samples reacts with ammonium
molybdate to form molybdophosphoric acid under acid conditions and
reduced by stannous chloride to intensely coloured molybdenum blue.
After 10 min, but before 12 min, intensity of colour was measured by UV-
Visible spectrophotometer (Thermo Scientific - Evolution 201) at 690nm

and compared with a calibration curve.
3.1.2.10 Fluoride (APHA, 2012 Section 4500-F-C)

lon-Selective Electrode Method was followed to determine

fluoride in water samples. The fluoride electrode is an ion-selective
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sensor. The main element in the fluoride electrode was the laser-type
doped lanthanum fluoride crystal across which a potential was established
by fluoride solutions of different concentrations. lon selective electrode
measured the fluoride ion activity in the solution rather than concentration
and it depends on the solution total ionic strength and pH, and on fluoride
complexing species. An appropriate buffer solution was added to provide
a nearly uniform ionic strength background, adjusts pH, and breaks up
complexes so that, in effect, the electrode measures concentration. lon
selective electrode (Thermo Scientific Orion 9609BNWP, Made in US)
was used to measure fluoride ion concentration and total ionic strength
adjustment buffer 11 (TISAB 1) solution was used to maintain pH 5 - 5.5.
The manufacturer’s instructions were followed to use a selective-ion
meter. lon-selective electrode was frequently recalibrated by checking

potential reading of the 1.00 mg F/L standard.

3.1.2.11 Total Alkalinity (APHA, 2012 Section 2320 B)

The alkalinity is the measure of water to neutralize acid. Total
alkalinity was measured by titrating the water sample against standard
sulphuric acid (0.02 N) using methyl orange as indicator. The end point
was indicated by a colour change from pale yellow to orange red.

Vol.of H,SO, x Nx 50 x 1000

Alkalinity, mg/L as CaCO3; = Sample volume (mL)

N = Normality of standard H2SO4 solution.
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3.1.2.12 Hardness (APHA, 2012 Section 2340 C)

Hardness is expressed in terms of mg/L of calcium carbonate and
was determined by the EDTA titrimetric method. To estimate total
hardness, water sample was titrated against standard EDTA solution
(0.01M) using Eriochrome Black T as indicator in the presence of NH4CI-
NHsOH buffer of pH 10. Colour change from wine red to blue was

considered as end point.

M of EDTA x Vol. of EDTAx 100 x 1000
Sample volume (mL)

Total Hardness, mg/L as CaCO; =

3.1.2.13 Calcium (APHA, 2012 Section 3500-Ca B) & Magnesium
(APHA, 2012 Section 3500-Mg B)

Calcium hardness was also determined by EDTA titrimetric
method. NaOH solution was added to the sample to attain a pH of 12 to
13. After adding murexide indicator, the sample was titrated against
standard EDTA solution (0.01M) with continuous stirring, till the colour
of the solution changed from pink to purple. Magnesium was estimated
using calculation method. Following equations are used to determine the

concentration of calcium and magnesium.

Calcium Hardness, mg/L as CaCO4

_ M of EDTA x Vol. of EDTA x 40.08 x1000
B Sample volume (mL)

Calcium, mg/L = Calcium hardness x 0.4
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Magnesium, mg/L
= (Total Hardness
— Calcium Hardness) x 0.243

3.1.2.14 Sodium (APHA, 2012 Section 3500-Na B) & Potassium (APHA,
2012 Section 3500-K B)

Flame Emission Photometric Method was used to estimate the
alkali metals such as sodium and potassium. The determination of sodium
and potassium was carried out at a wavelength of 589 nm and 766.5 nm,
respectively. Filtered water samples were aspirated to the instrument,
Systronics Flame Photometer 128 after calibration using standard
solutions. Both the concentrations of sodium and potassium were recorded

from display of instrument.

3.1.2.15 Heavy Metals (APHA, 2012 Section 3111 B)

The heavy metals concentration in water was determined by Direct
Air-Acetylene Flame Method by Atomic Absorption Spectrophotometer
(AAS) (M-series, Thermo). The instrument was operated as per
manufacturer’s operating manual. Atomic absorption spectrometer,
burner, readout, lamps, pressure-reducing valves and vent are the main
components of the instrument, involved in the metal analysis. A
preliminary treatment of samples was conducted by filtration, followed by
acidification of filtrate with conc. HNOs and stored until analyses were
performed. Stock standard solutions were procured commercially from

Merck India Pvt Ltd. All calibration standards and dilution water were
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prepared using metal-free water only. The concentration of each metal ion
in mg/L was estimated by referring to the appropriate calibration curve.

To assure the quality of analysis, blank analysis was conducted
between sample or standard readings to verify baseline stability. Rezero
was done when necessary. To check the recovery of metals, a known
amount of the metal of interest was added to an analysed sample and
reanalysed. Recovery of added metal was found between 85 and 115%.
Analysis of an additional standard solution after every ten samples or with
each batch of samples were done to confirm that the test is in control.

3.1.2.16 Microbial Analysis

Multiple tube fermentation technique was followed to conduct the
standard test for coliform group. Outcomes of examination of replicate
tubes and dilutions were described in terms of the Most Probable Number
(MPN) of organism present in100 mL of the sample. The MPN value of
the analysing samples was obtained from the MPN index chart. The media
used for total coliform, faecal coliform and E. coli were Mac Conkey
broth, Brilliant Green Lactose Broth (BGLB) and Peptone water,
respectively. For determining total coliforms, 10, 1, and 0.1 mL of
samples were inoculated in to the Mac Conkey broth and incubated at
37.5°C for 48 hrs. Tubes with gas bubbles and colour change were
considered as the positive tubes and count was recorded. The positive
tubes were mildly shaken and transferred, three loopful of culture to a
fermentation tube containing BGLB broth using a sterile loop. Then, the
tubes were incubated at 44.5°C for 24 hrs. The numbers of positive tubes

were recorded and the count was estimated using MPN index chart. Again,
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positive tubes were gently shaken and transferred one loopful of culture to
a fermentation tube containing peptone water with a sterile loop. The
incubation of the inoculated tubes was conducted at 44.5°C for 24 hrs.
After incubation, 2-3 drops of Kovac’s reagent were added to the tube and
the presence of Escherichia coli was indicated by the cherry red ring

formation.

3.2 Assessment of soil and sediment quality

The physico-chemical characteristics of the soil and sediment
samples were determines using the methods reported by Hesse (1971),
Black (1965) and Central Soil Analytical Laboratory (2007).

3.2.1 Collection and pre-processing of samples

Soil auger was used to collect the soil samples with minimal
disturbance. Soil samples were collected at the depths of 15 - 30 cm, in
polythene bottles which were labelled properly from the sampling site
itself. The visible objects present on the soil surface like plant materials,
roots, undecomposed organic matters were removed from before sample
collection. Random samples were collected following the zig-zag
movement. Soil samples were pooled to give a composite sample for that
site and reduced to 1 to 2 Kg size by quartering method. Sediment samples
were collected from the bottom of water bodies. Soil and sediment
samples were transported to the laboratory and a portion of the samples
were air-dried, sieved and stored in polythene bottles for physico-chemical

analysis.
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Soil/sediment - water suspension of 1:10 (w/v) was used for the
determination of pH and electrical conductivity and the filtrate of the
suspension was used to estimate alkalinity, sulphate and chloride. Wet
digestion method or Walkley-Black method was followed for the
estimation of organic carbon. For the analysis of exchangeable cations like
Ca?", Mg?*, Na" and K*, samples were extracted with 1 M ammonium
acetate solution. Extraction of samples using 1 N hydrochloric acid were
conducted to determine inorganic phosphorous. Soil and sediment quality
characteristics were determined by the following procedures.

3.2.2 Soil and Sediment quality characteristics

3.2.2.1 pH

10 g of the air-dried soil/sediment was taken in a beaker followed
by the addition of 100 mL of deionized water to form a 1:10 ratio. The
soil/sediment - water mixture was continuously stirred at least 5 times
over a 30 min interval, to reach equilibrium. Allow it to stand for an hour
to settle out the soil/sediment from the suspension. To measure pH, the
glass pH electrode was placed deep into the clear supernatant solution for
better electrical contact. The pH meter was calibrated with standard buffer

solution, prior to the measurement.

3.2.2.2 Electrical Conductivity (EC)

Soil/sediment - water suspension of 1:10 (w/v) was used to
determine the electrical conductivity. 10 g of air-dried soil/sediment sample
was mixed with 100 mL of distilled water and the suspension was stirred for

4-5 times over a 30 minutes interval. The mixture was kept overnight to
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settle and the EC of the clear supernatant solution was measured with the aid

of calibrated conductivity electrode (PCSTestr35 instrument).
3.2.2.3 Alkalinity

10 g of air-dried sample was taken in beaker followed by the
addition of 100 mL of distilled water. The suspension was filtered through
Whatmann No. 40. The filtrate was titrated against standardized 0.02N
sulfuric acid using methyl orange as indicator until the colour changes from
golden yellow to orange red.

3.2.2.4 Chloride

The chloride content in the soil/sediment - water suspension was
determined by argentometric titration. The suspension was filtered using
Whatman No:40 and titrated against 0.0141N silver nitrate solution with
potassium chromate indicator. The colour change from yellow to orange red

with a curdy precipitate was considered as end point.
3.2.2.5 Sulphate

The same filtrate was used in the estimation of sulphate
concentration by turbidimetric method using Systronics Digital Nephelo-
Turbidity meter 132. The nephelometer was calibrated using appropriate
sulphate standards, prior to analysis and to obtain results the reading were

compared with the calibration curve.
3.2.2.6 Organic carbon & Organic matter

The estimation of organic carbon was done by Wet digestion method

or Walkley-Black method. 0.5 g of air-dried and sieved soil/sediment
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samples was used in this method. During wet combustion, soil/sediment
organic matter was digested using the oxidizing agent, potassium
dichromate (1N) and to convert all forms of carbon into carbon dioxide,
concentrated sulphuric acid (20 mL) was added. The potassium dichromate
present in excess after oxidation of carbon was titrated against ferrous
ammonium sulphate solution (0.5M). To avoid interference of chloride in
oxidation of the organic matter, sulphuric acid containing 1.25 % silver
sulphate was used to precipitate chloride as silver chloride. To make the
reaction complete, solution was kept to stand for half an hour and then the
diluted solution was titrated with 0.5M Ferrous ammonium sulphate solution
using diphenyl amine indicator. At the end point, the solution colour
changed from yellow to red with an intermediate green colour formation.
The blank determination of organic carbon content was analysed without

soil/sediment.

(X—=Y)xN;x0.003x100xf
(N2x5)

Organic carbon in the soil (%) =

where,
X =Volume of FAS used in the blank

Y = Volume of FAS used to oxidize soil/sediment organic carbon
(mL)

N1 = Normality of FAS
N2 = Normality of potassium dichromate
f =1.33 Correction factor

S = Weight of soil/sediment taken (g)
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The organic matter of soil/sediment sample indicates the whole non-
mineral fractions present. Organic matters were contributed to the physical
condition of the soil/sediment by holding moisture and affecting the
structure. The organic matter of soil/sediment was estimated from its
organic carbon content and it was considered as 1.724 times the organic

carbon.

3.2.2.7 Exchangeable Sodium & Potassium

To estimate exchangeable sodium and potassium, soil/sediment
sample was extracted with ammonium acetate solution (1 M). Soluble
sodium and potassium were measured by Flame Emission Photometric
Method (Systronics Flame Photometer 128). The standard of sodium and
potassium solution were prepared in ammonium acetate. Sodium and
potassium were determined at a wavelength of 589 nm and 766.5 nm,

respectively.
3.2.2.8 Exchangeable Calcium & Magnesium

To determine exchangeable calcium and magnesium, soil/sediment
sample was extracted with neutral ammonium acetate solution (1 M) and
both were estimated using complexometric titration with EDTA solution.
The extract was titrated with 0.01 M EDTA solution in the presence of
NaOH buffer and murexide indicator for the estimation of calcium. The
colour change from pink to purple was considered as end point. For the
determination of magnesium, ammonium acetate buffer and Eriochrome
Black T indicator were added to the filtrate after extraction and titrated with

0.01 M EDTA. The end point was the colour change from wine red to blue.
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3.2.2.9 Inorganic Phosphorous

The inorganic phosphorous content in the soil/sediment sample was
determined by measuring the orthophosphate using the UV Visible
spectrophotometer (Thermo Scientific - Evolution 201). Air dried sample
was extracted using 1 N hydrochloric acid and the soil/sediment - acid
mixture was shaken in a shaker for a period of 16 hrs for extraction. After
centrifugation at 2000 rpm for 5 min, stannous chloride and ammonium
molybdate solutions were added to the solution. The intensity of the
complex ‘molybdenum blue’ was measured using UV Visible

spectrophotometer at 690 nm.
3.2.2.10 Heavy Metals

The heavy metals present in the soil/sediment sample was extracted
using the mixture of acids, HNOs-HCIOs (USEPA, 1999). Hot,
concentrated HCIO4 was extremely effective in decomposing organic matter
and sulphides, because of its powerful oxidizing and dehydrating properties.
Nitric acid dissolves the majority of the metals occurring in nature except
gold and platinum Excess amount of nitric acid was added than perchloric
acid, so that much of the oxidation was carried out before the action of
perchloric acid was initiated. 20 mL of con. HNO3z and 5 mL of distilled
water were added to 0.2 g of air-dried soil/sediment sample. Heated on a hot
plate for 2 hrs. 10 mL of HCIO4 was added after some time. The heating was
continued until the white fumes come and the soil become white. Then, the
filtered solution was made up to 50 mL. The analysis of heavy metals like

iron, manganese, lead, cadmium, nickel, copper and zinc in the filtrate was
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conducted using Atomic Absorption Spectrophotometer (AAS) (M-series,
Thermo).

3.2.2.11 Soil texture

Hydrometer method based on Stokes law was followed to analyse
the texture of soil/sediment. 40 g of air-dried sample was weighed in to 500
mL beaker and about 30 mL of distilled water and 5 mL of H.O> were added
to oxidize the organic matter. The beaker was placed on a sand bath and
H>O2 was added until the frothing no longer continued. The soil was
transferred completely to a beaker containing calgon solution (100 mL) and
distilled water (300 mL) and mixed for 5 min with an electric mixer. The
entire suspension was transferred to a sedimentation cylinder and made up
to the mark using distilled water. The solution was mixed, properly and the
readings of hydrometer and thermometer (°C) after 5 and 120 min were

noted. The same procedure was also followed to determine the blank value.
3.3 Statistical analysis

The analytical results were subjected to various statistical analyses,
for the easy interpretations of data. Maximum, minimum mean and
standard deviation values were computed and reported. The statistical
software such as SYSTAT 12 was used for the interpretation of water
quality results. Pearson correlation analysis of two distinct groups of
heavy metals were performed. Chemometric or multivariate analysis
techniques such as Principle Component Analysis and Cluster Analysis
were used to identify the heavy metal pollution sources affecting water
quality. The correlation coefficient and sum of squares of the error were
determined in the adsorption study to identify the best fitted kinetic model.
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TREATMENT OF HEAVY METALS
FROM WATER BY ELECTRO-
PHYTOREMEDIATION TECHNIQUE

4.1 Introduction

The increasing levels of heavy metals in the environment, their
entry into food chain and their overall consequences is of great concern to
scientific community in the field of environmental science. The
remediation of toxic heavy metals from wastewaters is recognized as one
of the most important fields of water treatments, since the extreme
industrial activities creates many dangerous pollution issues to the
environment (Li et al., 2009). Cadmium and lead are commonly
encountered hazardous heavy metals and are in the EPA’s list of priority
pollutants (Baziar et al., 2013). The UNEP considers lead and cadmium as
the non-essential element for human life but they can compete with the
essential trace elements either for the transport systems or in binding to
various biomolecules. Both can accumulate in bone and may serve as a

source of exposure later in life. Cadmium is a carcinogen by inhalation
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and is mainly affects kidneys and the skeleton. Lead is a multi-organ
system toxicant and is noxious at very low exposure levels. The duration,
level and timing of exposure are the factors which depends the type and
severity of effects. Tri-alkyl-lead and tetra-alkyl-lead compounds are the
organo - lead compounds which are more toxic than inorganic forms of
lead (UNEP, 2010). Hexavalent chromium (Cr [VI]) is recognized to be a
strong oxidant and highly toxic (Argun et al., 2007).

Extensive researches have been progressing for the removal of
heavy metals by various methods such as ion exchange, filtration, reverse
osmosis, biosorption, chemical precipitation, electrochemical treatment,
solvent extraction, sedimentation, membrane separation, sensors etc.
Many existing treatment techniques are not designed to address today's
concerns because of its incomplete metal uptake at low level and
expensive operational costs (Shah et al., 2012). For the better availability
of good water quality at a lesser cost, it is obligatory to develop some
sustainable alternative treatment methods, which are more natural, novel
and cost effective. Phytoremediation utilizes the advantages of the unique,
selective and naturally occurring uptake capabilities of plant root systems,
together with the translocation, bioaccumulation and pollutant
storage/degradation abilities of the entire plant body. Also, being
aesthetically pleasing, phytoremediation is on average tenfold cheaper
than other remediation methods like physical, chemical or thermal. It can
also be performed in situ, is solar driven and can required minimal
maintenance once established (Hooda, 2007). Phytoremediation has also
been known as green remediation, botano-remediation, agro remediation

and vegetative remediation (Andrew, 2007). Phytoremediation is a plant
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assisted bioremediation technique, utilized to treat contaminated water and
soil, including the processes like phytoextraction, phytodegradation,
phytovolatilization, phytostabilization, rhizodegradation, phytoreducation,
phytostimulation, phytooxidation and phytotransformation (Ullah et al.,
2014).

Utilization of AMATS (aquatic macrophytes treatment systems)
for the phytoremediation of heavy metals and other pollutants is a well-
established and cost effective environmental protective technique
(Mahmood et al., 2005). Copper can become extremely toxic to plants due
to leaf chlorosis, suppressed root growth and inhibit photosynthesis and
reproduction of plants, when present in excess amount, even though it is
essential micronutrients for plant metabolism. Lead diminishes
chlorophyll production and cadmium toxicity also lead to some extremely
sever effects on plants (Ashraf et al., 2011; Hammad, 201; Swain et al.,
2014). Heavy metals can create a stressful condition to the plants and its
growth becomes limited or impossible and this can influence the
phytoremediation. In our study, we tried to enhance the phytoremediation
capacity of Eichhornia crassipes to treat heavy metals by applying an
electric field. The purpose of this study was to investigate the removal of
lead, cadmium and copper in a simulated wastewater by a
phytoremediation system coupled with electric field. This technique was
also applied to lead contaminated wastewater from battery manufacturing
industry and chromium contaminated wastewater from an electroplating

industry.
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4.2 Materials and Methods

4.2.1 Preparation of synthetic heavy metals solution

The simulated wastewater was made by dissolving Pb (NO3)2,
CuS04.5H20 and (3CdS04).8H20 in tap water. All chemicals used were
of the highest purity available and of analytical grade procured from
Merck. The initial heavy metal concentrations of the simulated wastewater
were determined by Atomic Absorption Spectrophotometer, AAS
(Thermo Series) with GF 95.

4.2.2 Collection of plant and wastewater for this study

A fast-growing perennial aquatic plant and prolific free-floating
aquatic weed, Eichhornia crassipes (Water hyacinth) was used for the
treatment of heavy metals in this experiment (Plate 4.1). Young plants of
Eichhornia crassipes were collected from Kottooli wetland in Kozhikode
City. This vascular, fast growing aquatic plant with a fibrous root system
and large biomass is commonly noticed in tropical and subtropical regions
of the world. It can easily adapt to several aquatic conditions and perform
an important role in extracting and accumulating many metals from water.
Hence, it is utilized as an ideal candidate for the phytoremediation of toxic
trace elements from variety of water bodies (Weiliao & Chang, 2004).
Collected Eichhornia crassipes were put in a hydroponic system
containing tap water, for acclimatization period, before being exposed to
heavy metal contaminants. Heavy metal contaminated wastewater samples
were collected from battery manufacturing industry and electroplating

industry located in Kozhikode district, Kerala.
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Plate 4.1: Eichhornia crassipes

4.2.3 Experimental design and sampling strategy

Three tanks (45 x 30 x 15cm) were setup with different operating

conditions.

Tank 1: Control A (with plant and without electric current)
Tank 2: Control B (without plant and with electric current)
Tank 3: Treatment (with plant and with electric current)
Twelve litres of synthetic heavy metal solution was taken in each
tank. The potential of Eichhornia crassipes for phytoremediation was
utilized in this study because of its large biomass and dense root system.
An electric power supply (DC) was used for providing constant voltage
between working electrodes (i.e. in control B and treatment).
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TREATMENT CONTROL B CONTROL A

Figure 4.1: Schematic diagram of the electro - assisted
phytoremediation system

Initially, aluminum rods (10cm height, 1.9cm breadth and 2.04mm
thickness) and sheets (15cm height, 10cm breadth and 0. 2mm thickness)
were used as electrodes and both indoor and outdoor experiments were
also conducted. Based on the outcome of the initial study, outdoor
experiment using aluminum sheets as electrodes were preferred for further
study. To remove the oxide and passivation layer from aluminum surface,
the electrodes were rubbed with sandpaper and energized by dipping them
in 5N HCI for 1 minute. The electrodes in the tanks were positioned
vertically. Plants were placed very close to the electrodes. 0.01M KCI was
used as supporting electrolyte. Circulation of water was maintained using
a submersible pump. The schematic diagram of the experiment is
presented in Figure 4.1 and the experimental setup is depicted in Plate: 4.2
and 4.3. Different voltages like 2V, 3V, 4V and 5V were applied to the
system 2h/day for 10 days. Due to the formation of bubbles and heat
generation, phytoremediation system operated at a voltage of 5V was
stopped after 2 days. Based on the optimum results obtained, 4V was

selected as an optimum voltage for further experiment. Experiment was
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operated 2h/day at voltages of 4V for 25 days continuously. All the units
were operated outdoors. Water samples were taken in every 5 days at
about 10:30 A.M. In every sampling day, pH, EC, TDS and temperature
were measured by using PCS Testr35 instrument. When the experiment
was finished, plants from two units (control A and treatment) were
sampled and dried in a hot air oven. The residual Pb, Cd and Cu
concentrations in water were determined by Atomic Absorption
Spectroscopy AAS (Thermo Series) with GF 95. The same experimental
condition was applied to treat the heavy metals in the waste water
collected from battery recharging industry and electroplating industry
from Kozhikode. The effluents were collected in pre-sterilized plastic

containers, brought to the laboratory.

il

Plate 4.2: Experimental setup (outdoor experiment)
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Plate 4.3: Experimental setup (indoor experiment)

4.2.4 Analytical procedures

20mL of water samples were taken from each tank in every 5 days
at around 10:30 A.M. Plant samples were collected at the end of the
experiment and rinsed using tap water twice and deionized water thrice.
The Eichhornia crassipes samples were divided into leaves, stems and
roots. Plant samples were oven-dried for a period of 48 h at 70°C. The
oven-dried sample was ground to pass through a 100-mesh sieve and
homogenized plant tissues were digested with HNOz—-HCIO4 (4:1) mixture
and filtered. For quantification of heavy metals, the water samples and
digested plant samples were analyzed with Atomic Absorption
Spectrophotometer (Thermo Series) with GF 95. Chlorophyll (chl.a +
chl.b, CHLab) was determined by optical density values (663 nm and 645

nm using UV-Visible spectrophotometer, Thermo Evolution 201) of
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extracting solution, which was made by adding 80% acetone into grinding
solution of 0.5 g of fresh leaves (Song et al., 2011).

4.2.5 Data Analysis

The bioconcentration factor (BCF) and translocation ability (TA)
are the ratios used to evaluate the mobility of the heavy metals from the
polluted substrate into the roots of the plants and their ability to translocate
the metals from roots to the harvestable aerial part. The bioconcentration
factor (BCF) was calculated as the ratio of the trace element concentration
in the plant tissues to the concentration of the element in the external

environment (Zayed et al., 1998). BCF is given by,
BCF= (P/E) 1)

where BCF denote the bioconcentration factor and is
dimensionless. P represents the trace element concentration in plant tissues
(mg kg dry wt); E represents the trace element concentration in the water
(mg/L) or in the sediment (mg kg™ dry wt). A larger ratio implies better
phytoaccumulation capability. The translocation ability indicates the
efficiency of the plant in translocating the accumulated metal from its
roots to the upper part of the plant. Translocation ability (TA) was
calculated by dividing the concentration of a trace element accumulated in
the root tissues by that accumulated in shoot/leaf tissues (Wu & Sun,
1998). TA is given by,

TA= (Ad A @)
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where TA is the translocation ability and is dimensionless. Ar
represents the amount of trace element accumulated in the roots (mg kg™
dry wt), and Asrepresents the amount of trace element accumulated in the
shoot/leaf (mg kg™ dry wt). A larger TA ratio implies poor translocation
capability. All the tests were conducted in triplicates and the data were

statistically analyzed.
4.3 Results and Discussion

4.3.1 Removal of lead, cadmium and copper from synthetic solution

using electro-phytoremediation system

The initial values of the pH, EC and TDS of the synthetic solution
were found to be 6.29 = 0.01, 274 £ 1.2 uS/cm and 193 + 0.78 mg/L
respectively. The initial heavy metal concentrations of simulated water are
summarized in Table 4.1. The metals like Fe, Mn, Ni and Zn were found
to be within the permissible limit (BIS 1SO:10500, 2012).

Table 4.1: Initial concentration of heavy metals in synthetic solution

Parameters Initial Concentration
Cd (mg/L) 18.86 + 0.4

Pb (mg/L) 20.34 +0.23

Cu (mg/L) 19.77+0.54

Fe (mg/L) 0.26 £0.05

Mn (mg/L) 0.02 £ 0.003

Ni (mg/L) 0.004 £ 0.001

Zn (mg/L) 0.16 £0.021
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Four different voltages 2V, 3V, 4V and 5V were applied for
2h/day for 10 days. The experiment was stopped in which 5V was applied
due to the formation of bubbles and heat generation. Maximum removal of
Cd, Pb and Cu was observed in phytoremediation system operated at 4V
for 10 days (Figure 4.2). So 4V was applied for further experiments. The
plants used in outdoor experiment had grown better than the plants in
indoor experiment due to the presence of sunlight. So, after one week, the
indoor experiment was discontinued. Treatment of lead, cadmium and
copper from synthetic solution using electrically enhanced
phytoremediation system was conducted using Al rod and Al sheet as

electrodes and the results were compared.
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Figure 4.2: Percentage removal of Cd, Pb and Cu at different voltage
level
4.3.1.1 Variation of pH

pH changes were recorded during every 5 days and the variations
are depicted in Figure 4.3. No significant change in pH was observed in
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control A (phytoremediation system) during study. In both experimental
sets (i.e., in experiments using Al rod and Al sheet as electrodes), control
A presented a lower pH than control B (electro-remediation system) and
treatment (electrically stimulated phytoremediation). With electrical
exposure, an increase in pH was observed in control B and treatment. The
OH™ concentration in solution increases while electrolysis is taking place,

which resulted in the increase in pH (Rajeshwar et al., 1994).
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Figure 4.3: Variation of pH during the study (a) Aluminum rods as

electrodes (b) Aluminum sheets as electrodes

4.3.1.2 Removal performance of heavy metal by electrically stimulated
phytoremediation system

For determining the concentration of Cd, Pb and Cu, water samples
were collected in every 5 days during study and analyzed using AAS. The
residual concentrations of Cd, Pb and Cu in water collected from control
A, control B and treatment are summarized in Table 4.2. In the
experiment, where aluminum sheet was used as electrode, the electro
assisted phytoremediation system (i.e. treatment) reduced 100% of

cadmium within 15 days, while in control A and control B, 48.21 + 1.8
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and 84.24 £ 1.7 % of cadmium reduction was observed after 25 days of
experiment. The average removal efficiencies of cadmium, lead and
copper obtained in the experiment is graphically represented in Figure 4.4.
Maximum Cd was removed within a short period in electro assisted
phytoremediation system. The order of removal efficiency of Cd is,
Electro assisted phytoremediation system (Treatment) > Control B >
Control A. Maximum removal of lead was attained by electrically
stimulated phytoremediation system within 15 days. After 25 days, it was
observed that, 66.67 £ 1.2 and 81.51 + 0.7 % of lead was removed in
control A and control B respectively. The result indicated that, electrically
coupled phytoremediation system exhibited better efficiency than
phytoremediation system and electrolysis system in lead removal. The
electrically stimulated phytoremediation system attained 100% of copper
removal within 10 days and took only 5 days to attain a reduction of 99.94
+ 0.004%. The results indicated that, in control A and control B, removal
of copper was found to be 89.93 + 1.6 % and 99.98 + 0.003 % respectively
after 25 days. Phytoremediation experiments in the presence of electrical

field was found to have maximum removal efficiency for copper ions

In the experiment where aluminum rod was used as electrode,
maximum concentration of heavy metals was removed in electro assisted
phytoremediation system compared to control A and control B within 20
days. 96.96 + 0.22 % of cadmium and 99.97 + 0.01 % copper was
eliminated by electro assisted phytoremediation system from contaminated
water within 15 days. The electro assisted phytoremediation experiment

where aluminum sheet was used as electrodes exhibited fast and better
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removal efficiency compared to the electro assisted phytoremediation

system where aluminum rod was used as electrodes.

Table 4.2: Residual Cd, Pb and Cu concentrations in water

Concentration of metals, mg/L

Metal Days Aluminum sheet used as electrodes Aluminum rod used as electrodes
Control A Control B Treatment Control A Control B Treatment
0 18.86 +0.4 18.86+0.4 18.86 + 0.4 20.41 £0.45 20.41 £0.45 20.41+£0.45

5 1457+0.1 11.23+0.21 2.31+0.12 15.34 +0.67 1456 +0.21 6.22 +0.42

10 12.56 £0.3 8.74+0.15 0.56+0.14 13.42£0.39 11.87+0.71 254+0.34
Cd

15 11.98 £ 0.45 6.41+0.34 ND* 12.17 £0.47 9.13+0.18 0.62 +0.05

20 10.21£0.23 5.32+0.24 ND* 11+0.19 7.20£0.24 ND*

25 9.77+0.34 2.97+0.33 ND* 9.36 £1.01 472 +0.37 ND*

0 20.34 +0.23 20.34+0.23 20.34+0.23 19.18 £ 0.56 19.18 £ 0.56 19.18 £ 0.56

5 15.54 £0.43 14.98 £ 0.28 7.45+0.23 14.99 £ 0.29 14.35 £ 0.64 13.11+£0.74

10 13.99 £ 0.25 11.97+0.13 0.99+0.12 13.69 £ 0.54 12.97 £ 0.64 9.35+0.36
P 15 12.98 £ 0.41 9.87 £0.17 ND* 11.52 £0.24 8.68 £ 0.35 3.14+0.37

20 8.01+0.23 6.23 £0.53 ND* 9.55 +0.06 7.35+0.25 ND*

25 6.78 £0.25 3.76 £0.14 ND* 8.18 £0.30 439+0.28 ND*

0 19.77 £ 0.54 19.77 £ 0.54 19.77 £ 0.54 19.34 £0.42 19.34 £0.42 19.34 £ 0.42

5 11.06 +£0.24 7.03+0.31 0.01+£0.001 12.35+0.81 11.25+0.21 493+0.24

10 8.05+0.32 2.01+0.12 ND* 10.27 £0.38 9.08 £0.29 0.64 £0.34
cu 15 5.03 +0.45 1.62+0.23 ND* 7.27£0.62 5.60 +£0.28 0.01 +£0.002

20 290 £0.27 0.09 +0.09 ND* 492+0.38 3.52+0.41 ND*

25 1.99+0.31 0.004+0.001 ND* 2.94+£0.20 1.78 £0.24 ND*

* Not detected

In the case of cadmium, within 10 days, 97.05 + 0.7 % was
reduced in electro assisted phytoremediation experiment where aluminum
sheet was used as electrodes while only 87.56 = 1.66 % reduction was
noticed in aluminum rod was used as electrodes. Within 10 days, 95.13 +
0.6% of lead was removed from water in the experiment where aluminum
sheet was used, while Al rod removed only 51.25 + 1.86 % of lead. 99.94
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+ 0.004 % of copper was reduced by electro assisted phytoremediation
experiment where aluminum sheet used as electrodes within 5 days but
only a 74.49 + 1.25 % of reduction in copper was observed in aluminum
rod used experiment. In control B also i.e., the system where only
electrolysis is taking place, maximum removal of heavy metals was
noticed when aluminum sheet was used as the electrode. The results
indicate that the treatment of Cd, Pb and Cu using electrically enhanced
phytoremediation using aluminum sheet electrodes is more effective than
aluminum rod electrode. The treatment system (electrically enhanced
phytoremediation using aluminum sheet electrodes) had more favorable
conditions to accumulate heavy metals than did control A
(phytoremediation system), such as the higher pH, and the presence of
aluminum ions, which caused chemical precipitation, physical adsorption
and flocculation of metal. So, we had carried our further study using

electrically enhanced phytoremediation using aluminum sheet electrodes.

4.3.1.3 Accumulation of cadmium, lead and copper in Eichhornia

crassipes

For the detailed study, heavy metal accumulation in plants
collected from control A and electrically enhanced phytoremediation
system using aluminum sheet electrodes was analyzed. The segmentation
of Eichhornia crassipes into root, stem and leaves was carried out. The
accumulation of Cd, Pb and Cu in plant parts is shown in Figure 4.5. The
results indicated that maximum concentration of Cd, Pb and Cu were
accumulated in Eichhornia crassipes collected from treatment (electrically

enhanced phytoremediation) than in control A (phytoremediation).
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Figure 4.4: Efficiency of cadmium, lead and copper removal at different
time intervals in the experiment (I: aluminum sheet used as electrodes and

I1: aluminum rod used as electrodes)

Cadmium is a toxic non-essential heavy metal and it can cause
inhibitory effects on plant growth. Lu et al. 2004 reported that Cd can
suppress the development of new roots and reduce the relative growth
rates and substantially reduce the growth of Eichhornia crassipes. The
control plant accumulated maximum level of Cd in its root but in
treatment plant maximum accumulation was observed in leaf. This result
indicates that Eichhornia crassipes can translocate maximum Cd to plants’
aerial parts under electrified condition. Maximum concentration of Pb was
attained by roots in both control A (5653.51 mg/Kg) and treatment
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(7532.4 mg/Kg) plant. Under electrified condition, more Pb content was
translocated to its aerial part by the treatment plant compared to control A.
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Figure 4.5: Accumulation of Cd, Pb and Cu in plant

Copper (Cu) is one of the micronutrient, essential for plants at very
low concentrations. However, excessive concentrations of this metal are
highly toxic. In both treatment (9842.76 mg/Kg) and control A (5845.68
mg/Kg), the highest value of Cu concentration was recorded in stem.
Compared to control A, treatment plant accumulated more amount of Cu
in its aerial part under electrified condition. Many studies revealed that
Eichhornia crassipes accumulated more amount of heavy metals like Cd,
Co, Cr, Cu, Mn, Ni, Pb and Zn in its roots than in the aerial parts (Soltan
& Rashed, 2003). But our results indicated that, metals like Pb, Cd and Cu
are translocated to its areal parts under electrified condition. Many
researchers reported the mechanisms of heavy metal removal in aquatic

plants and mentioned that the main way of heavy metal uptake in
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emergent and surface-floating plants like Eichhornia crassipes was
through the roots system. The heavy metal uptake in plants takes place by
exchange of cations which occurred in the cell wall. The plants take up
metals by absorption and translocation. The accumulation of heavy metals
by plant tissue is by absorption to anionic sites in the cell walls. This is the
reason why wetland plants can accumulate high magnitude of heavy
metals in their pant parts compared to their surrounding environment (Lu
et al., 2004).

4.3.1.4 Bioconcentration factor and translocation ability of electrically

stimulated Eichhornia crassipes

The potential of plants for accumulating heavy metals was
assessed by bioconcentration factor (BCF). The ratio between metal
concentration in plant and that of the growth media expresses the
bioconcentration factor (BCF), which indicates the affinity of aquatic
macrophytes to a specific heavy metal or pollutant (Zhu et al., 1999; Abd-
Elmoniem, 2003). Bioconcentration factors of plant for Cd, Pb and Cu in
the present study are graphically depicted in Figure 4.6. Higher BCF
values reflect the higher phytoaccumulation capacity. Accumulation of
metals by macrophytes can be affected by metal concentrations in water
and the ambient metal concentration in water was the major factor
influencing the metal uptake efficiency. When the metal concentration in
water increases, the amount of metal accumulation in plants increases, but
the BCF values decrease. Based on the arbitrary criteria by Zayed et al.
(1998) and Zhu et al. (1999), maximum BCF values for Cd under
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electrified condition was 1118.18, indicating that electrically stimulated
Eichhornia crassipes is good hyper accumulator of Cd.

If the BCF value is more than or equal to 1000 then that plant
species is considered as a hyper accumulator. The plant having the
abilities to grow in very high concentration of metal and concentrating
high heavy metals in their tissues are known as hyperaccumulators
(Wahab et al., 2014). The BCFs of control A for Pb, Cd and Cu were
502.65, 448.12 and 664.90 respectively. The BCFs for all the three metals
were lower than 1,000 for control plant, i.e. plant grown under normal
condition. The highest level of BCFs observed for Pb and Cu was 932.26
and 1152.47 respectively for treatment. In this study, with the BCF values
of treatment plant was a little under 1000 for lead (BCF = 932.26), this
suggests that electrically stimulated plant can be considered as a moderate
accumulator for Pb. For copper this value exceeds 1000, so electrically
stimulated Eichhornia crassipes is considered as a good hyper
accumulator. From Figure 4.5, Pb accumulated by treatment plants were
largely retained in roots. This indicates that Eichhornia crassipes used in
the electrically stimulated phytoremediation system bioconcentrated more
amounts of Pb in its roots than the aerial parts. Accumulation pattern of
Cd can be elaborated as follows:

Control A: Root system >Stem system > Leaf system

Treatment: Leaf system >Root system >Stem system

Removal of heavy metals and fluoride by nanotechnology, phytoremediation and plant materials g
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Figure 4.6: Bioaccumulation factors (BCF) of Pb, Cd and Cu in

Eichhornia crassipes

This result indicates that under electrified condition, leaf can
effectively bioconcentrate more amount of Cd than roots. Copper, a
component of an electron carrier called plastocyanin is active during
photosynthesis. It is also a constituent of ascorbic acid oxidase, tyrosinase,
and phenoloxidase (Yapoga et al., 2013). For both phytoremediation
system and electrically stimulated phytoremediation system, maximum
copper was bioconcentrated in stems of Eichhornia crassipes. Under
electrified condition, more amount of copper accumulation was observed.

Accumulation pattern of Cu can be observed as follows:

Control A: Stem system > Root system > Leaf system

Treatment: Stem system > Root system > Leaf system

The root pressure and leaf transpiration are the two processes

mainly controlling the translocation of metals from root to shoot/leaf.
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Some metals are accumulated in roots, probably due to some physiological
barriers against metal transport to the aerial parts, while others are easily
transported in plants (Lasat, 2000; Lu et al., 2004). According to Zhu et al.
(1999), translocation of trace elements from roots to shoots could be a
limiting factor for the bioconcentration of elements in shoots. The
translocation ability (TA) is the ratio between the concentrations of a trace
element accumulated in the root tissues by that accumulated in stem/leaf
tissues; a larger ratio implies poorer translocation capability (Hammad,
2011). For all the three metals, low value of TA was found in treatment
system, i.e., in electrically stimulated phytoremediation system (Table
4.3). This result indicates that, Eichhornia crassipes has the ability to
translocate more amounts of Pb, Cd and Cu under electrified condition.
Copper reported minimum value for translocation ability (TA (r/s) = 0.85)
compared to other metals. This shows that Eichhornia crassipes had
translocated more amount of Cu from root to stem under electrified

condition.

Table 4.3: Translocation Ability of Eichhornia crassipes

Control A Treatment
Metals TA(r/s) TA(r/l) TA(r/s) TA(r/l)
Pb 1.72 4.40 1.66 1.09
Cd 1.79 3.52 1.61 0.98
Cu 0.88 2.38 0.85 1.81
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4.3.1.5 Variation in the production of chlorophyll

The first and most obvious reactions of plants under heavy metal
stress are often growth changes (Lu et al., 2004). Chlorophyll content is
often measured in plants in order to assess the impact of environmental
stress, as changes in pigment content are linked to visual symptoms of
plant illness and photosynthetic productivity. Decrease in chlorophyll in
several plant species under the impact of heavy metals have reported by
many researchers (Zengin & Munzuroglu, 2005). In this study, we
emphasized exploring, whether or not an electrical exposure can stimulate
Eichhornia crassipes growth. In green plants’ life activity, chlorophyll
plays the role of absorbing, transferring and transforming energy. Leaves
were collected from the control plant, treatment plant and plant from fresh
water and the chlorophyll content in leaves of Eichhornia crassipes was
determined using UV-Visible spectrophotometer (Song et al., 2011).
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Figure 4.7: Variation in the production of chlorophyll

Chlorophyll content in Eichhornia crassipes leaves decreased at
the beginning in all the three the plant. From the 10" day of the study, the
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chlorophyll content of plant in electrically stimulated phytoremediation
system was found to be gradually increasing with electrical exposure
(Figure 4.7). The result shows an increase in the production chlorophyll
with electrical stimulation. When the heavy metal exposure time
increases, the production of chlorophyll content in control A was
decreased. Heavy metals hinder metabolic processes by inhibiting the
action of enzymes, and this may be the main cause of inhibition. Heavy
metal stress can cause inhibition of the enzymes responsible for
chlorophyll biosynthesis which associated with decreased chlorophyll
content. Cadmium was reported to affect chlorophyll biosynthesis and
inhibit protochlorophyll reductase and aminolevulinic acid (ALA)
synthesis (Zengin & Munzuroglu, 2005). Cadmium strongly binds to
proteins, thereby decreasing the accumulation of pigment-—lipoprotein
complexes, including photosystem | (PSI) and PSII (Sarvari et al., 1999;
Kupper et al., 2007). The Cd induced inhibition of chlorophyll synthesis
and interference with photosystems causes chlorosis of leaves of
Eichhornia crassipes Cd also reduces the contents of large and small
subunits of ribulose-1, 5-bisphosphate carboxylase/oxygenase (RuBisCO)
along with other enzymes of photosynthesis and chlorophyll biosynthesis.
Wilting, which followed chlorosis was reported in the presence of high
dose of Cd by researchers (Das et al., 2016). This reduction in chlorophyll
of Eichhornia crassipes in control A under heavy metal stress can be
regarded as a specific response of the plants to metal stress, which resulted
in chlorophyll degradation and inhibition of photosynthesis. The
chlorophyll content might be reduced due to increased cell or tissue
damage or lipid peroxidation (Cho & Park, 1999).
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From the experimental results, it can be postulated that 4V
voltage is probably suitable to stimulate the Eichhornia crassipes to
synthesize more chlorophyll. The longer the unit was electrified, the more
obvious the stimulating effect was. It was in accordance with Knorr’s
report (Knorr, 2003). The voltage can stimulate the plants to increase the
palisade cells, chloroplast grana and thylakoid lamellas, which enhance
the synthesis of chlorophyll. Eichhornia crassipes was stimulated by

electric field to grow better so it can assimilate more metal.

4.3.2 Application of electro-phytoremediation for the treatment of
lead and chromium from wastewater collected from battery

manufacturing industry and electroplating industry

The above mentioned experimental condition was applied to
remove lead and chromium from wastewater collected from acid lead
battery manufacturing industry and electroplating industry. Both the
effluents were acidic in nature. The same plant, Eichhornia crassipes was
used for this study because it can have the ability to reduce the
concentration of heavy metals in acidic environment with minor sign of
toxicity (Rai & Singh, 2016). Chromium, nickel, iron and zinc are the
metals commonly used in electroplating industry. But their level of
concentration depends on the type of methods used for plating
(Selvakumari et al.,, 2002). Cr (VI) is an extremely toxic form of
chromium, which is generated throughout the world due to many
industrial activities such as chromium plating, chemical manufacturing,
and chromite mining etc. causing contamination of the water resources

within its vicinity (Saha et al., 2017). Storage batteries are manufactured
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using lead due to its characteristic properties: corrosion resistance,
conductivity and reversibility of the reaction between lead, lead oxide and
sulfuric acid (Dermentzis et al., 2012). The toxic metal such as lead in
water has to be detoxified before its discharge to environment as per the
norms laid down by environment regulatory authorities. Several
researchers attempt to find out a suitable technique of treating heavy
metals for a long run. The conventional methods are mainly chemical
based and residual chemicals can cause a detrimental influence on
environment in the long run. In this study, we report an environmentally

friendly method for the removal of toxic heavy metals.

4.3.2.1 Treatment of lead from battery manufacturing industry

wastewater by electro - assisted phytoremediation system

The levels of pollutants in lead acid battery wastewater vary
depending upon the process adopted in battery making. The battery
manufacturing industrial wastewater collected from Kozhikode was highly
acidic probably due to the high concentration of hydrogen ion in the
effluent, sourced mainly by sulphuric acid, one of the major raw materials
in lead acid battery manufacture (Okareh & Adeolu, 2015). Initial heavy
metal concentration of wastewater is presented in Table 4.4. The AAS
results indicate that comparatively small quantities of Mn and Cd were
present in acid battery wastewater. Fe and Ni were also detected. The
other metals Pb, Zn and Cu were present in very high concentrations and
are considered to be hazardous for living systems. The treatment technique
employed in the industry is not effective, they need to be overhauled and

upgraded to improve performance.
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Table 4.4: Initial heavy metal concentration of wastewater

Initial heavy metal concentration of wastewater
before treatment

Heavy metals
Battery_ manufacturing Electroplating industry
industry
Cr NA* 490 + 23.7
Cu 78.82 +£7.42 16.39 + 1.62
Fe 2.27+0.21 3.95+0.35
Ni 6.84+0.74 134.19 +9.38
Zn 324.33+£16.81 25.69 +2.14
Mn 0.49 £ 0.02 0.51 +0.002
Cd 0.28 £ 0.002 0.02 £0.001
Pb 18.15+1.15 0.17+£0.01

* NA: Not Analyzed

Electrically stimulated phytoremediation was applied for the
removal of lead from wastewater. Phytoremediation using Eichhornia
crassipes was applied in control A and electrolysis using aluminum sheet
as electrode was applied in control B. Electrically stimulated
phytoremediation system was operated 2h/day from 10:00 A.M to 12:00
P.M at voltages of 4V. All the three units were continued for 25 days. The
treatment (electro assisted phytoremediation system) reduced lead by
94.27 + 0.41 % within 25 days, while control A and control B removed
lead by 40.61 + 2.39 and 74.33 +1.87 %, respectively after 25 days.
Variations in concentration of lead from acid battery wastewater during
the experiment is graphically represented in Figure 4.8 and the removal
efficiency of lead is tabulated in Table 4.5. Reduction in concentration of
other heavy metals present in the battery industrial effluent was also
observed and the percentage of reduction of Cu, Fe, Ni, Zn, Mn and Cd
were observed as 50.52 + 4.27 %, 90.75 £ 1.05 %, 84.65 * 2.32 %, 11.51
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+ 6.34 %, 100 % and 100 %, respectively. Due to high chemical contents
present in the acid battery wastewater, Eichhornia crassipes exhibited
some toxicity symptoms. It was found that best removal efficiency for lead

is achieved by using electrically stimulated phytoremediation.
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Figure 4.8: Variations in concentration of lead from industrial wastewater

during treatment

Table 4.5: Removal efficiency of lead from industrial wastewater by
electro assisted phytoremediation system

Percentage of lead removal (%)

Days
Control A Control B Treatment

0 - - -

5 6.17+1.15 1455+ 1.32 32.34+1.29
10 19.72 £ 1.02 39.23+1.54 61.71+£1.12
15 33.94+151 50.74 + 0.86 75.65+0.89
20 39.28 £ 1.85 62.42 +1.08 80.22+1.04
25 40.61 £ 2.39 74.33 +1.87 94.27 +0.41
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4.3.2.2 Application of electro - assisted phytoremediation system for the

treatment of chromium from electroplating industrial wastewater

Heavy metal, such as chromium is of considerable concern because
it is non-biodegradable, highly toxic and probably carcinogen. The
wastewater collected from electroplating industry, Kozhikode was also
found to be highly acidic. Since the chromium bath used in electroplating
is produced by mixing sulfuric acid, hydrochloric acid and dichromate,
resulting in an extremely acidic bath. 490 £ 23.75 mg/L of Cr was
observed in the wastewater collected from electroplating industry along
with other heavy metals like Cu (16.39 + 2.62 mg/L), Ni (134.19 + 9.38
mg/L) and Zn (25.69 + 3.14 mg/L) (Table 4.4). Comparatively small
amount of metals like Pb, Cd and Mn were observed in the wastewater.
The same experimental conditions were operated continuously for 25

days, during which water samples were taken once in every 5 days.
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Figure 4.9: Removal of chromium from industrial wastewater by

electrically enhanced phytoremediation
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On the 25" day of study, 79.56 + 2.61 % of Cr content in the water
was reduced from the initial concentration of 490.6 mg/L by an electric
field coupled phytoremediation system. From the graph (Figure 4.9), a
steady decrease in the Cr content in the wastewater was noticed in
treatment system. The result indicates that maximum removal of
chromium was occurred in the electrically stimulated phytoremediation
system than control A and control B. The control A and control B showed
36.72 £ 4.23 and 65.83 £ 3.59 % of chromium removal respectively. The
order of the removal efficiencies of chromium from electroplating industry
are: Electrically stimulated phytoremediation > Electrolysis >
Phytoremediation. Along with Cr, the other metals present in
electroplating industrial effluent were also reduced. The percentage
reduction of Cu, Fe, Ni, Zn, Mn, Cd and Pb were 87.19 + 0.2 %, 96.71 +
0.005 %, 27.12 + 12.35 %, 41.26 + 3.41 %, 100 %, 100 % and 100 %,

respectively.

Plate 4.4: Plant toxicity symptoms

Removal of heavy metals and fluoride by nanotechnology, phytoremediation and plant materials g



Chapter 4

The effluent was highly toxic to plants and it showed visible
symptoms of toxicity such as stunted growth, vein chlorosis in younger
leaves, yellowing followed by withering of old leaves ultimately death. Cr
toxicity symptoms were observed in control A from 15" day of study but
the treatment plant showed toxicity symptoms in a much-delayed stage.
The electrical stimulation helps Eichhornia crassipes to reduce high

amount of chromium than control plant.

4.4 Summary

The main goal of present study was the assessment of the
performance of electrically stimulated phytoremediation in the removal of
heavy metal. Treatment of lead, cadmium and copper from synthetic
solution using phytoremediation system coupled with electric field was
conducted. In that experiment, the Eichhornia crassipes, an efficient
phyto-remediator exhibited efficient and fast removal of heavy metals in
electro assisted phytoremediation system. Both aluminum rods and sheets
were used as electrodes and both indoor and outdoor experiments were
also conducted. Based on the results and plants condition, outdoor
experiment using aluminum sheets as electrodes were preferred for further
study. The results indicate that the treatment of Cd, Pb and Cu using
electrically enhanced phytoremediation using aluminum sheet electrodes
is more effective than aluminum rod electrode. When the electrical
exposure time increases, the pH of the synthetic solution increased in
electrolysis system, but a more favorable, moderate increase was shown
by the electrically stimulated phytoremediation system. From the results, it

can be postulated that 4V voltage is probably suitable to stimulate the
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Eichhornia crassipes to synthesize more chlorophyll. Eichhornia
crassipes stimulated by an electric field grew better and assimilated more
metal. Heavy metal accumulation in plants collected from control A and
electrically enhanced phytoremediation system using aluminum sheet
electrodes indicates that maximum amount of Cd, Pb and Cu were
accumulated in Eichhornia crassipes collected from treatment. Eichhornia
crassipes translocated maximum Cd and Cu to plants’ aerial parts under
electrified condition but more amount of Pb was bioconcentrated in roots.
Electrically stimulated plant translocated more amount of Pb content to its
aerial part compared to plant in control A. The BCFs of control A for Pb,
Cd and Cu were 502.65, 448.12 and 664.90 respectively. BCF an index of
hyperaccumulation, indicates that electrically stimulated Eichhornia
crassipes is a good hyper accumulator of Cd (BCF = 1118.18) and Cu
(BCF = 1152.47) and a moderate accumulator of Pb (BCF = 932.26).
Translocation ability (TA) ratio indicates that Eichhornia crassipes have
the ability to translocate more amounts of Pb, Cd and Cu to its upper

portion under electrified condition.

The electro-phytoremediation technique was applied to remove
lead and chromium from wastewater collected from acid lead battery
manufacturing industry and electroplating industry. Both the effluents
were acidic in nature. Therefore, aiming the treatment of lead from
industrial effluents a pre-treatment should be made to neutralize effluent.
Due to high chemical contents present in the acid battery wastewater,
Eichhornia crassipes exhibited some toxicity symptoms at an earlier stage
than the plants used in the treatment of electroplating industry wastewater.

The treatment (i.e. electro assisted phytoremediation system) reduced lead
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by 94.27 + 0.41 % within 25 days, while control A and control B removed
lead by 40.61 + 2.39 and 74.33 + 1.87 %, respectively from battery
manufacturing industrial wastewater. A steady decrease in the Cr content
in the wastewater collected from electroplating industry was observed in
electrically stimulated phytoremediation. The result indicated that
maximum removal of chromium was occurred in the electrically
stimulated phytoremediation system (79.56 + 2.61 %) than control A
(36.72 £ 4.23 %) and control B (65.83 = 3.59 %). Cr toxicity symptoms
were observed in control A from 15" day of study but the electrically
stimulated plant showed toxicity symptoms in a much-delayed stage,
indicating that the electrical stimulation helping the plant to resist toxicity
and accumulate more metals than control plant. The other heavy metals
present in the effluent samples such as Cu, Fe, Ni, Zn, Mn and Cd were
also reduced. Hence, the electro - assisted phytoremediation system is also
capable for the treatment of Pb, Cd, Cu, Cr, Mn, Fe, Ni, and Zn from
water. Considering the overall results, we can state that the electro-
phytoremediation technique seems to be promising in the treatment of

heavy metals contaminated wastewater.
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TREATMENT OF CADMIUM, LEAD AND
COPPER USING PHYTOREMEDIATION
ENHANCED BY TITANIUM DIOXIDE
NANOPARTICLES

5.1 Introduction

Heavy metal contamination is a widespread issue that disrupts the
environment as a consequence of several anthropogenic activities and their
invariably persisting nature in the environment. The ecological balance of
the environment and diversity of aquatic organisms have devastatingly
affected by heavy metal pollution (Nilantika et al., 2014). Some heavy
metals like cadmium, lead and chromium etc. are phytotoxic at both low
concentrations as well as very high concentration (Amin, 2012). The
prevailing technologies on purification that are used to eradicate these
toxic contaminants are costly and sometimes non-ecofriendly also. For the
beneficial of community, the research on water purification is focused
towards low cost and eco-friendly technologies (Dhote & Dixit, 2009).
Phytoremediation is energy efficient, cost-effective, aesthetically pleasing
technique of remediation sites with low to moderate levels of

contamination.
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The excessive concentration of heavy metals in plants can cause
oxidative stress and stomatal resistance and can also affect photosynthesis
and chlorophyll florescence processes. Copper can inhibit photosynthesis
and reproductive processes; lead reduces chlorophyll production; arsenic
interferes with metabolic processes, while zinc and tin stimulate the
growth of leaves and shoots; ultimately plant growth becomes limited or
impossible (Ashraf et al., 2011). The results of some of the experiments
indicated that accumulation of some heavy metals such as Cd and Pb may
damage chloroplasts in young leaves and the first impact of Cd on plants
is the reduction of photosynthetic activity (Ali et al., 2014). Moreover, it
has been proved that a decrease in the growth of plants under some stress
is due to the restriction of photosynthetic process (Ackerson & Herbert,
1981).

Nanoparticles can be used to increase the supply of elements to
plant shoots and foliage and its application can also increase seed
germination and seedling growth. Furthermore, nanoparticles can facilitate
enhanced ability of water and fertilizer absorption by roots, and increase
antioxidant enzyme activity such as superoxide dismutase and catalase.
Thus, nanoparticles can increase plant resistance against different stresses.
Titanium dioxide nanoparticles are used in agriculture to increase growth
and can improve yield; improve the rate of photosynthesis and reduce
diseases (Morteza et al., 2013). Titanium dioxide (TiO2) nanoparticles
(NPs) are known for its photocatalytic activity, environmentally friendly
nature, high stability and are found to be safe for human. These particles
have been used in pathogen treatments as well as decomposition of

phytotoxic compounds (Raskar & Laware, 2013).
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The effects of nano-TiO2 on the germination and growth of spinach
seeds were studied by many researchers. These nanoparticles improved
light absorbance and promote the activity of rubisco activase thus
accelerated spinach growth (Remya et al., 2010). Nano- TiO2 improved
the plant growth by enhanced nitrogen metabolism (Yang et al., 2006) that
promotes the absorption of nitrate in spinach and accelerating conversion
of inorganic nitrogen into organic nitrogen, thereby increasing the fresh
weight and dry weight. It has also been found that nano-anatase TiO-
promoted antioxidant stress by decreasing the accumulation of superoxide
radicals, hydrogen peroxide, malonyldialdehyde content and enhance the
activities of superoxide dismutase, catalase, ascorbate peroxidase, guaiacol
peroxidase and thereby increase the evolution oxygen rate in spinach
chloroplasts under UV-B radiation (Lei et al., 2008). In this perspective,
we tried to enhance efficiency of phytoremediation capacity of Eichhornia
crassipes and Salvinia molesta using titanium dioxide nanoparticles in this
study. The aim of our study was to offer an effective approach to enhance
the efficiency of the phytoremediation system for the treatment of heavy

metals like Pb, Cd and Cu from water.
5.2 Materials and Methods
5.2.1 Experimental setup

Two free-floating aquatic plants, Eichhornia crassipes and
Salvinia molesta (Plate 5.1) were collected from a natural wetland area,
viz. Kottooli wetland in Kozhikode City. In order to simulate the natural
environment, plants were placed under natural sun light for one month and

the second generations of the plants with similar size were utilized for this
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study. Before starting the phytoremediation experiment, the epiphytes and
insect larvae grown on plants were removed by rinsing with distilled
water. The present study was conducted in two stages. During the Stage I,
three different conditions (A, B and C) were applied to Eichhornia
crassipes and Salvinia molesta for 10 days (Plate 5.2 and 5.3). Tanks were
setup with different operating conditions and each contained plants and
distilled water. Condition A was the control, in which the plants were kept
in water under natural conditions. In condition B, TiO2 nanoparticles
entrapped calcium alginate beads (2 g) was applied to the plants and in
condition C, TiO, powder (2 g) was applied. TiO2 photocatalyst does not
require ultraviolet rays that have an energy level as high as 254 nm and are
hazardous to humans. It also allows reaction to be initiated by the near —
ultraviolet rays with relatively long wavelength contained in sunlight. So,
all the experimental setup was placed in the outdoor for maximum
sunlight exposure and was conducted during the summer season. Before
and after stage I, the chlorophyll content and fresh weight of Eichhornia

crassipes and Salvinia molesta in A, B and C were determined.
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In stage 11, plants exposed to different conditions were used for the
treatment of heavy metals like lead, cadmium and copper from water
(Plate 5.4 and 5.5). Before that, plants were washed and rinsed with
distilled water. Thirteen liters of mixed heavy metal (Cd, Pb and Cu)
solution was taken in each tank (45 x 30 x 15 cm) and the tanks were
named A, B and C for both experiments using Eichhornia crassipes and
Salvinia molesta. Thirteen litres of simulated contaminated water was
prepared for each tank by dissolving 0.416 g of Pb (NOs3)2, 1.022 g of
CuS04.5H,0, and 0.593 g of (3CdSO4).8H.0 in distilled water. All
chemicals used were of the highest purity available and of analytical grade
procured from Merck. The heavy metal concentrations were determined
by Atomic Absorption Spectrophotometer AAS (Thermo Series) with GF
95.

Plate 5.2: Eichhornia crassipes under three different experimental

conditions
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Plate 5.3: Salvinia molesta under three different experimental

conditions

The phytoremediation experiments using Eichhornia crassipes
was conducted with contaminated water having initial concentration of
Cd, Pb and Cu, 20.32 £+ 0.44 mg/L, 21.45 + 0.18 mg/L and 21.34 + 0.22
mg/L respectively. The water with initial concentration of Cd, Pb and Cu
were 20.99 + 0.37 mg/L, 20.78 + 0.45 mg/L and 20.56 + 0.46 mg/L
respectively, was used in phytoremediation experiments using Salvinia
molesta. Tank A was the control which comprised of only plants
(phytoremediation system). In tank B and tank C, the plants exposed to
TiO2 nanoparticles entrapped calcium alginate beads and TiO;
nanoparticles powder respectively were used in the treatment of Cd, Pb
and Cu.

Experiment was continued for 24 days and water samples were
taken in every 3 days. When the experiment was completed, stem, roots
and leaves of the plants were separated and dried in a hot air oven. The
residual Pb, Cd and Cu concentrations in water and the accumulated

metals in different parts of the plants at the conclusion of the experiment
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were analyzed using Atomic Absorption Spectrophotometer. The effect of
the applied conditions on the growth of Eichhornia crassipes and Salvinia
molesta was examined by using relative growth and chlorophyll content.
Phytoremediation potential of these native aquatic macrophytes under
different applied conditions was also evaluated by metal accumulation,

translocation factor and bioconcentration factor.

Plate 5.5: Treatment of heavy metals using Salvinia molesta
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5.2.2 Synthesis of TiO2 nanoparticles and the encapsulation method
for immobilization of nanoparticles in semipermeable alginates
beads

TiO2 nanoparticles were synthesized by simple precipitation
method. TiO2 (Fluka 15 %) solution in HCI (10 — 15 %) was stirred in
deionized water ([Ti**] = 0.15 mol L ). A blue-violet solution was
obtained at room temperature. The pH was adjusted between 0.5 and 6.5
with sodium hydroxide (NaOH) solution. The solution was then heated at
60°C in an oven for 24 h. The solid obtained was centrifuged, washed with
dilute acid (pH = 1) and distilled water in order to remove salts. A solution
containing TiO2 nanoparticles (0.5wt %) and sodium alginate (0.5wt %)
was prepared with 25 mL distilled water and stirred for 30 min at 85°C.
Afterwards, the solution was extruded as small drops by means of syringe
into a stirred solution of calcium chloride (4.0wt %), where spherical gel
beads were formed (Plate 5.6). The gel beads were retained in the calcium
chloride solution for 12 h for hardening and then washed with distilled
water. Stability of beads depends on pH values of the aqueous solution
and the initial physical states of the beads (Harikumar et al., 2013).

Plate 5.6: TiO2 nanoparticles entrapped calcium alginate beads
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5.2.3 Analytical procedures

The plant samples were rinsed with tap water twice and deionized
water three times. Rinsed samples were cut into pieces and oven-dried at
70° C till constant weight was obtained for the dried samples. The oven-
dried samples were ground to pass through a 100-mesh sieve and were
digested with HNOs— HCIO4 (4:1) mixture and filtered. The filtrates were
analyzed for heavy metals using AAS with GF 95 (Xinshan et al., 2011).
Chlorophyll (chl.a + chl.b, CHLab) was determined by OD (optical
density) values (663 nm and 645 nm using UV-Visible spectrophotometer,
Thermo Evolution 201) of extracting solution, which was made by adding
80 % acetone into grinding solution of 0.5 g of fresh leaves (Xinshan et
al., 2011).

5.2.4 Relative Growth

The relative growth of plants was calculated to assess the effects of
applied conditions on the growth of Eichhornia crassipes and Salvinia

molesta.
RG = FFW / IFW (1)

Where RG denotes relative growth of plants during experimental
period, dimensionless; FFW denotes final fresh weight in grams of plants
taken at the end of each experiment, and IFW denotes the initial fresh
weight in grams of plants taken before starting experiment (Gakwavu et
al., 2012).
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5.2.5 Bioconcentration Factor and Translocation factor

The bioconcentration factor (BCF) was calculated as the ratio of
the trace element concentration in the plant tissues at harvest to the
concentration of the element in the external environment (Zayed et al.,
1998). BCF is given by,

BCF = (P/E) ()

P represents the trace element concentration in plant tissues (mg
kg dry wt); E represents the trace element concentration in the water
(mg/L). BCF is dimensionless. A larger ratio implies better

phytoaccumulation capability.

The translocation of heavy metal from roots to aerial part and the
internal metal transportation of the plant are generally indicated by
Translocation Factor (TF). The translocation factor is determined as a ratio
of metal accumulated in the shoot to metal accumulated in the root (Deng
et al., 2004)

TF = (As /Ar) (3)

Where, TF > 1 indicates that the plant is capable of effectively
translocating the accumulated metals from the root to its aerial part. TF is
the translocation factor and is dimensionless. A represents the amount of
trace element accumulated in the roots (mg kg* dw), and As represents the
amount of trace element accumulated in the shoot/leaf (mg kg™ dw). All
the tests were conducted in triplicates and the data were statistically

analyzed.
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5.3 Results and Discussion

The Eichhornia crassipes and Salvinia molesta grown under
different conditions were used for the treatment of heavy metals. TiO>
nanoparticles that applied to plants were synthesized by chemical
precipitation method. The materials were characterized by scanning
electron microscopy (Figure 5.1) and energy dispersive X-ray
spectroscopy (Figure 5.2) spectra. While synthesizing TiO> NPs by
precipitation method, a mixture of anatase and rutile was precipitated at
pH 3. By increasing the pH of the solution, the formation of anatase was
favored and at pH 5, only anatase TiO. could be formed (Cheng et al.,
1995). SEM micrograph indicates the presence of nanoparticles below 50
nm. The energy dispersive X-ray spectra confirm the presence of TiO2 and

showed no significant levels of impurities.

2919nm
&7

156.0kV 10.5mm x80.0k SE

Figure 5.1: SEM micrographs of titanium dioxide nanoparticles
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Figure 5.2: EDX spectra of titanium dioxide nanoparticles

5.3.1 Phytoremediation of heavy metals

The ability of Eichhornia crassipes and Salvinia molesta to
uptake more than one metal was analyzed by the phytoremediation of the
simulated multi metal contaminated water. The residual concentration of
Cd, Pb, and Cu were analyzed for each phytoremediation system (A, B
and C) during the study, at an interval of 3 days using AAS and the results
are summarized in Table 5.1. The metals other than Cu, Cd and Pb were

found to be within the permissible limit.
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Table 5.1: Residual concentration of lead, cadmium and copper in water

Residual concentration of heavy metals, mg/L

Metal DAY Eichhornia crassipes Salvinia molesta
A B C A B C
3 19.14 £ 0.25 10.57 £0.07 0.95 +0.03 19.64 £ 0.01 1255+£0.11 4.70£0.01
6 1548 £0.23 7.96 £ 0.03 0.46 £ 0.02 15.89 £ 0.02 9.37 £0.06 1.42 +0.004
9 1157 £0.13 5.89 +0.12 0.35+0.01  12.41+0.05 7.52 +£0.02 0.86 +0.01
- 12 9.75+0.09 3.55+0.05 ND 8.21+0.01 5.72+£0.04 0.01 + 0.0002
15 6.95 + 0.04 1.51+0.01 ND 7.04 £0.01 3.30 £0.04 ND
18 5.12 +0.02 0.82+0.01 ND 5.18+0.23 2.15+0.02 ND
21 3.01+£0.01 0.32+£0.01 ND 453 +0.01 1.48 +0.002 ND
24 2.08 £0.01 0.14 £0.001 ND 2.99 +0.003 0.97 £0.001 ND
3 18.13£0.12 14.25 +0.28 0.19+0.01 18.08 £ 0.05 16.11 £0.01 2.19 £ 0.005
6 14.18 +0.03 11.24 +0.05 0.08+0.01 16.13+0.02  14.18+0.08 0.51+0.01
9 12,11 #0.11 8.16 £ 0.16 ND 14.16 £ 0.07 10.13+£0.01 0.05 £ 0.001
12 9.88 +£0.21 498 £0.21 ND 11.06 £ 0.04 7.96 £0.04 ND
cd 15 5.19+0.11 2.15+£0.04 ND 8.11 £0.02 5.04 £ 0.05 ND
18 4.05£0.06 1.01+0.01 ND 6.01 £0.05 2.81+£0.01 ND
21 3.59+0.03 0.89+0.04 ND 5.13 +0.06 1.02 +0.001 ND
24 2.28 £0.03 0.48 £0.01 ND 3.78£0.01 0.67 £0.03 ND
3 14.87 £0.13 11.59 £ 0.03 4.07 £0.02 18.03 £ 0.02 1445+ 0.11 8.05+0.13
6 11.92 £0.06 8.37 £0.17 2.67 £0.05 14.79 £ 0.04 11.64 £0.03 251 +0.01
9 8.29 £ 0.02 5.48 £ 0.05 1.41 +0.04 11.87 £0.03 7.81+£0.03 2.51+0.03
12 7.01 +0.09 5.02 +0.08 0.36 +£0.03 7.37+£0.13 4.66 £0.01 1.21+0.01
c 15 4.62 +0.05 3.98 £0.05 0.26 £0.01 5.20+0.03 2.64+0.01 0.90+0.01
18 3.18 £0.05 2.32+£0.04 ND 4,91 £0.07 1.94 +0.02 ND
21 247 +0.01 1.14+0.01 ND 3.89£0.04 0.69 +0.01 ND
24 1.64 £0.01 0.89 £ 0.001 ND 242 £0.01 ND ND

(Values represent Mean * SD of three replicates) ND - Not detected
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5.3.1.1 Removal of lead from synthetic heavy metal solution

In the case of phytoremediation by Eichhornia crassipes, the
maximum amount of lead reduction was observed in C with minimum
time. Within 3 days, it attained 95.53% reduction, whereas control showed
only 10.77 % reduction. The TiO2 nanoparticles applied Eichhornia
crassipes used phytoremediation system (i.e. C) attained faster removal of
Pb compared to control (A) and TiO2 nanoparticles entrapped calcium
alginate beads applied Eichhornia crassipes used phytoremediation
system (B). Lead was reduced to 50.72 % by TiO2 nanoparticles entrapped
calcium alginate beads applied Eichhornia crassipes used
phytoremediation experiment (B) within 3 days. Salvinia molesta also
exhibited a similar trend. All the systems attained a reduction of lead
ranged from 85.61 to 100 % within 24 days. But fast reduction in lead
concentration was observed in C. It showed 77.37 % of lead reduction on
3 day and 100 % of reduction on 15" day. The results suggest that the
plants exposed to TiO> nanoparticles showed efficient phytoremediation

ability to remove lead from water.
5.3.1.2 Removal of cadmium from synthetic heavy metal solution

When titanium dioxide nanoparticles applied Eichhornia crassipes
(C) was used in the phytoremediation of heavy metals, 99.06 % reduction
of cadmium was observed within 3 days. Only, 10.78 % of cadmium was
removed in the control experiment after 3 days. Cadmium was completely
removed in C within 9 days, while in A and B, the efficiency of cadmium
removal was found to be 88.78 and 97.64 % respectively after 24 days.

Maximum cadmium removal with minimum time period was observed in
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C; that is the phytoremediation system enhanced by titanium dioxide
nanoparticles. Compared to A, better cadmium removal was exhibited by
B. B is phytoremediation system, where TiO2 nanoparticles entrapped
calcium alginate beads were applied Eichhornia crassipes was used.
Titanium dioxide exposed Salvinia molesta (C) attained 89.57 % cadmium
removal within 3 days and 100% of cadmium removal within 12 days. The
cadmium removal efficiency was found to be 81.99 and 96.81 % after 24
days in A and B respectively. The phytoremediation of cadmium by TiO»
nanoparticles applied Eichhornia crassipes and Salvinia molesta showed
better performance than control plants. In Eichhornia crassipes, 100 % of
cadmium was removed in C within 9 days, while in Salvinia molesta the
same reduction was observed only after 12 days. Results from this
experiment indicate that, one of the main limitations of phytoremediation
of heavy metals, i.e. the long retention period required for remediation by

plants can be overcome by, phytoremediation with TiO2 nanoparticles.
5.3.1.3 Removal of copper from synthetic heavy metal solution

Maximum removal of copper was observed in C within 18 days of
exposure to contaminant water by phytoremediation using Eichhornia
crassipes. In control (A), compared to other metals, more amount of
copper was removed by Eichhornia crassipes within 3 days. This may be
due to the fact that; copper is one of the micronutrients. In the
phytoremediation system using Salvinia molesta, 95.62 % reduction was
observed in C within 15 days. On 3" day, the percentage removal of
copper was 60.85 % in C and in control (A) it was 12.31 %. The residual

concentration of copper observed in control (A) during the final stage was
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242 + 0.01 mg/L. The effectiveness of two aquatic macrophytes
Eichhornia crassipes and Salvinia molesta grown under three different
conditions were tested for their phytoremediation capacity of three metals
(Pb, Cd and Cu) and the results indicated that Eichhornia crassipes
exposed to nanoparticles reported the maximum and fast removal of these

heavy metals.
5.3.2 Heavy metal accumulation in plants

The heavy metal analysis of plant segments of both the aquatic
native plants, Eichhornia crassipes and Salvinia molesta were carried out.
Distribution of Cd, Pb and Cu in the organs of Eichhornia crassipes and
Salvinia molesta are presented in Figure 5.3 and 5.4. In A (control),
maximum accumulation of metals was observed in root and accumulation
of Cd, Pb and Cu in roots of Eichhornia crassipes was 6285.04, 5786.30
and 6628.83 mg/Kg respectively. Many studies revealed that Eichhornia
crassipes accumulated higher concentrations of heavy metals in the roots
than that in the aerial parts. But in C, maximum accumulation of Cd was
observed in leaf. More amount of metal accumulation was observed in
leaf and stem of C compared to A and B. C was the phytoremediation
systems in which Eichhornia crassipes was directly exposed to titanium
dioxide nanoparticles. But the present study showed that in C, Cu
accumulation is in the order of leaves > roots > stem, Cd accumulation is
in the order of leaves > stem > roots and Pb accumulation is in the order of
leaves > stem > roots. The results show that, phytoremediation systems
enhanced by titanium dioxide nanoparticles showed more tendency to

translocate metals to its areal parts.
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Salvinia also exhibited the capacity to accumulate high levels of
heavy metals. Compared to all phytoremediation systems, a maximum
concentration of 8928.74 mg/Kg of Cd was accumulated in leaves of
Salvinia molesta grown under condition C. Sune et al., 2007 reported that
heavy metal uptake in Salvinia occurs through a physical process (fast),
which involves adsorption, ionic exchange, chelation, while biological
processes such as intracellular uptake (transported through plasmalemma
into cells) is slow and help in subsequent translocation of metals (Cd)
from roots to leaves. The highest amount of lead and copper accumulated
in C was 9192.63 and 9888.82 mg/Kg respectively. In control plant (A),
all the three metals were accumulated at highest level in roots. Roots
remain in direct contact with the medium and hence this might result in
increased metal concentration in the roots. More amount of metal
accumulation was observed in leaf of B compared to A. The results
indicate that titanium dioxide nanoparticles applied plants were efficient to

translocate the metals from root to its aerial parts.

uCd =Pb =Cu
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Figure 5.3: Accumulation of cadmium, lead and copper in Eichhornia

crassipes
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Figure 5.4: Accumulation of cadmium, lead and copper in Salvinia

molesta
5.3.3 Bioconcentration factor and translocation factor

The mobility of the heavy metals from the polluted medium to the
roots of the plants and the ability to translocate the metals from roots to
the harvestable aerial part were evaluated respectively by means of the
bioconcentration factor (BCF) and the translocation factor (TF).
Bioconcentration factor is a useful parameter to evaluate the potential of
the plants in accumulating metals. The BCF values for Cd, Pb and Cu in
Eichhornia crassipes and Salvinia molesta at 24 days’ exposure to heavy
metals are shown in Figure 5.5 and 5.6, respectively. Higher BCF values
indicates the  higher  phytoaccumulation  capacity. Maximum
bioconcentration factors of Cd, Pb and Cu in Eichhornia crassipes was
observed in C. In C, the highest BCF values found for Cd, Pb and Cu were
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852.49, 848.20 and 1047.99 respectively. If the BCF value is more than or
equal to 1000, then that plant species is considered as a hyper
accumulator. The plant having the abilities to grow in very high
concentration of metal and concentrating high heavy metals in their tissues
are known as hyperaccumulators (Wahab et al., 2014). The higher BCF
value of Eichhornia crassipes for Cu (BCF > 1000) in C indicates that
TiO2 nanoparticles applied Eichhornia crassipes is considered as a good
hyper accumulator. The BCFs of control (A) for Cd, Pb and Cu were
615.67, 516.14 and 698.53 respectively. BCF of B for all the metals were
higher than control but less than 1000. Phytoremediation experiments
using Salvinia molesta, a highest BCF values was observed for Cd, Pb and
Cu were 750.12, 777.90 and 896.29 respectively in (C). In experiment B
of Salvinia molesta, BCFs of all the three metals were found higher than
that of A. The results indicated that, plants exposed to TiO2 nanoparticles
were accumulated more amount of heavy metals in its upper portions

compared to control plants.

The translocation factor for Cd, Pb and Cu in phytoremediation
systems using Eichhornia crassipes and Salvinia molesta are shown in
Table 5.2 and 5.3 respectively. The value TF > 1 indicated that there is a
transport of metal from root to leaf probably through an efficient metal
transporter system and the metals sequestration in the leaf vacuoles and
apoplast. TF value more than 1 of plant species indicates their
hyperaccumulation potential and is identified as hyperaccumulator plants
(Marbaniang & Chaturvedi, 2014). For Eichhornia crassipes, maximum
TF for cadmium was observed in C (TF(s/r) = 1.22 and TF(l/r) = 1.74)

compared to A and B, which indicates the translocation of high Cd content
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from roots to its aerial part. Similar trend was observed for Pb also and for

Cu, maximum TF observed was TF(I/r) =1.08 in C. These results imply

that Eichhornia crassipes exposed to nanoparticles accrued an ability to

transfer higher metal concentrations from root to its areal part. The lowest

translocation factor was observed in the A (control) for Cd and Pb. Similar

results were found in phytoremediation systems using Salvinia molesta
and the translocation factor observed in the C was TF(l/r) = 1.31, TF(l/r) =
1.32 and TF(l/r) = 1.16 for Cd, Pb and Cu respectively. TiO2 nanoparticles
applied plants (C) exhibited better potential to translocate Cd, Pb and Cu

to its aerial parts.

wCu mPb nCd

0 200 400 600 800 1000 1200

Bioconcentration factor

Figure 5.5: Bioconcentration factors (BCF) of Pb, Cd and Cu in

Eichhornia crassipes
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Figure 5.6: Bioconcentration factors (BCF) of Pb, Cd and Cu in Salvinia

molesta

Table 5.2: Translocation factor of Eichhornia crassipes

Metals TF A B C
TF(s/r) 0.55 0.91 1.22
Cd
TF(/r) 0.44 1.57 1.74
TF(s/r) 0.65 0.76 1.26
Pb
TF(/r) 0.27 0.83 1.29
TF(s/r) 0.81 0.50 0.74
Cu
TF(/r) 0.43 0.56 1.08
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Table 5.3: Translocation factor of Salvinia molesta

Metals TF A B C
Cd TE(I/r) 0.59 1.26 1.31
Pb TF(I/r) 0.55 0.68 1.32
Cu TF(IIT) 0.41 0.67 1.16

Translocation is the movement of metal containing sap from the
root to the shoot which was primarily controlled by two processes, root
pressure and leaf transpiration. Some metals are accumulated in roots,
probably due to some physiological barriers against metal transport to the
aerial parts, while the others are easily transported in plants. Translocation
of trace elements from roots to shoots could be a limiting factor for the
bioconcentration of elements in shoots. It can be proposed that there has
mechanism in roots that could detoxify heavy metals or transfer them to

aerial parts (Gomati et al., 2014).
5.3.4 Physiological response of plants to the applied conditions
5.3.4.1 Variation in the production of chlorophyll

In the life activity of green plants, chlorophyll plays the role of
absorbing, transferring and transforming energy. The chlorophyll content
of plant after experiment was determined using UV-Visible
spectrophotometer. Variation in the production of chlorophyll of both the
plants is depicted in Figure 5.7. The result shows that, plants from B and C

exhibited an increase in the production of chlorophyll compared to A
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(control) for both Eichhornia crassipes and Salvinia molesta. Maximum

chlorophyll production was observed in C for both the plants.

This may be due to the effects of nano-TiOz on the content of light
harvesting complex Il (LHC II) on thylakoid membranes of plants and
nano-TiOz has ability to increase LHC Il content (Hong et al., 2005; Lei et
al., 2007). These have the ability to promote energy transfer and oxygen
evolution in photosystem Il (PS 1) of plants (Mingyu, 2007). It has also
been reported that nano-anatase TiO> promoted antioxidant stress by
decreasing the accumulation of superoxide radicals, hydrogen peroxide,
malonyldialdehyde content and enhance the activities of superoxide
dismutase, catalase, ascorbate peroxidase, guaiacol peroxidase and thereby
increase the evolution of oxygen rate in plants chloroplasts (Lei et al.,
2008). It helps to increase solar energy trapping that might improve the
photo synthetic efficiency of plants.
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Figure 5.7: Chlorophyll content of plants after treatment
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5.3.4.2 Variations in the relative growth of plants under different

conditions

Variations in the relative growth of Eichhornia crassipes and
Salvinia molesta grown under three different conditions are graphically
represented in Figure 5.8. The relative growth of control plants showed a
significant decrease for both the plants. The plants exposed to TiO:
nanoparticles (C) exhibited significant increase in relative growth. The
plants in C showed high relative growth compared to plants from A and B.
In the case of Salvinia molesta an increasing trend was observed in all the
conditions but maximum increase in weight after treatment was observed
in plant from C. Plant in C was the plant exposed to nano - TiO>. TiO>
nanoparticles has the ability to improve light absorbance and promote the
activity of rubisco activase thus accelerate the growth of plants (Hong et
al., 2005; Zheng et al., 2005).
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Figure 5.8: Variations in the relative growth of Eichhornia crassipes and

Salvinia molesta

Cochin University of Science and Technology



Treatment of Cadmium, Lead and Copper using Phytoremediation Enhanced by Titanium Dioxide Nanoparticles

5.4 Summary

A study was carried out to assess the enhancement of
phytoremediation capacity of heavy metals (Cd, Pb and Cu) by Eichhornia
crassipes and Salvinia molesta in the presence of titanium dioxide
nanoparticles. Eichhornia crassipes and Salvinia molesta, plants which
had been exposed to TiO2 nanoparticles, showed 99.06 % of
phytoremediation efficiency for cadmium removal within 3 days.
Maximum phytoremediation efficiency for lead and copper was also
observed in plants which are exposed to TiO2 nanoparticles. It was
observed that, in the nano - TiO. applied phytoremediation system, more
efficient and faster removal of heavy metals was taking place. Results of
the study on heavy metal accumulation indicates that titanium dioxide
nanoparticles applied plants showed more tendency to translocate metals
to its areal parts. Control plant accumulated, more metals in their root
portion in both the plants. Nano - TiO, applied plants exhibited an
increase in the production of chlorophyll compared to A (control) and B.

TiO2 nanoparticles exposed plants exhibited significant increase in
relative growth compared to others. This may be due to the fact that, the
plant exposed to nano —TiO2 has the ability to improve light absorbance
and promote the activity of rubisco activase thus accelerating the growth
of plants. The determination of bioconcentration factor indicated that, the
uptake potential of metals by plants was increased under nano - TiO;
applied conditions. Plants exposed to TiO2 nanoparticles achieved ability
to transfer higher metal concentrations from root to its areal part. TiO>

nanoparticles applied plants (C) showed better performance than TiO>
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nanoparticles entrapped calcium alginate beads applied plants (B).
Considering the overall results, we can state that TiO2 nanoparticles
applied Eichhornia crassipes and Salvinia molesta seems to be promising
candidate for the phytoremediation of heavy metals from water and

exhibited an enhanced phytoremediation ability.
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IMMOBILIZATION AND MOBILIZATION
EFFECT OF AMMONIUM MOLYBDATE ON
PHYTOREMEDIATION OF TOXIC HEAVY
METALS IN SOIL

6.1 Introduction

Industrial revolution, modern agriculture and other anthropogenic
activities have intensively augmented the pollution of the biosphere with
toxic metals. The burning of fossil fuels, mining and smelting of
metalliferous ores, metallurgical industries, municipal wastes, fertilizers,
pesticides, sewage sludge etc. are the prime sources of heavy metal
contamination (Marques et al., 2009). Leaching of heavy metals and other
pollutants from soils generates a significant environmental hazard as it
influences the quality of downstream water bodies (Manzoni et al., 2011).
The heavy metal insalubrity poses numerous serious health dangers to
higher organisms due to their long term tenacity in the environment. They
adversely affect plant growth, ground cover and soil microflora. It is well
recognized that heavy metals cannot be chemically degraded and want to

be physically removed or be transformed into non-hazardous compounds
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(Tangahu et al., 2011). Some of the metals would be persistent in soil due
to the immobile nature while the other metals would be more mobile,
consequently the potential of transfer either through soil profile down to
ground water aquifer or via plant - root uptake (bio available) is expected.
When heavy metals are mobilized into the soil solution and taken up by
plants or transported to the surface/ground water, a critical pollution
problem arises. The characteristics of the soil are therefore very important
in the attenuation of heavy metals in the environment (Sherene, 2010). To
elude such threat of water pollution, severe attention on soil remediation

techniques is necessitated.

Soil contamination by heavy metals is a significant problem, which
changes the characteristics of water resources and makes it as the source
of undesirable substances and dangerous for human health causing various
cancers, cardiovascular or neurological diseases etc. Heavy metals in soil
leads to changes of soil characteristics and limits productive and
environmental functions. Polluted soils are no longer suitable for
agricultural production, because they are incapable to produce healthy
food. When heavy metals in soils leaches into river water, it diffuses onto
farmlands with irrigation, resulting in relatively low levels of heavy metals
being spread into wider areas rather than being localized in high
concentrations.

In soil, heavy metals originate from anthropogenic sources tend to
be more mobile, hence bioavailable than pedogenic, or lithogenic ones
(Kaasalainen & Yli-Halla, 2003; Bolan et al., 2010; Wuana & Okieimen,
2011). The chemical form and speciation of a metal are the factors which

influence the fate and transport of a heavy metal in soil. But in soil, heavy
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metals are adsorbed by initial fast reactions (minutes, hours), followed by
slow adsorption reactions (days, years) and are, therefore, redistributed
into different chemical forms with varying bioavailability, mobility, and
toxicity (Shiowatana et al., 2001). This distribution is supposed to be
controlled by different reactions of heavy metals in soils such as (i)
mineral precipitation and dissolution, (ii) ion exchange, adsorption, and
desorption, (iii) aqueous complexation, (iv) biological immobilization and

mobilization, and (v) plant uptake (Levy et al., 1992).

Figure 6.1: Phytoremediation processes

Prevention of heavy metal pollution is critical because remediation
of contaminated soils is extremely expensive and challenging. Traditional
treatments for metal contamination in soils are cost prohibitive, when

large areas of soil are contaminated. Elimination of metals from soil can
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be done in situ (on-site), or ex situ (removed and treated off-site) but both
are extremely expensive. Methods such as excavation and disposal of
heavy metal polluted soils in landfills are not environment friendly and
may serve as secondary pollution sources (Garba et al., 2012). Therefore,
new environment friendly and less expensive techniques are urgently
required. Phytoremediation offers an economical, noninvasive, and safe
alternative to conventional cleanup techniques and can be accomplished
by phytoextraction, phytodegradation, phytostabilization,

phytovolatilization and rhizofiltration (Figure 6.1).

Plants possess highly specific and very effective mechanisms to
attain essential micronutrients from the environment, even though it
presents at low levels. The plant produced chelating agents, plant induced
pH changes and redox reactions helps plant root to solubilize and
accumulate micronutrients from soil in very low levels, even from nearly
insoluble precipitates. Plants have also exhibited highly specific
mechanisms to translocate and accumulate micronutrients. Similar
mechanisms are also involved in the uptake, translocation, and
accumulation of toxic elements like metals, whose chemical properties
simulate those of essential elements (U. S. Department of Energy, 1994;
Tangahu et al., 2011).

6.1.1 Chelate-Assisted (Induced) Phytoremediation

Plants extract metals from soil by accumulating the metals
(phytoextraction) or, on the other hand, are used in combination with some
soil amendments to improve soil conditions (phytostabilization). Chelate-

enhanced phytoremediation of metals from contaminated soils is a cost-
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effective alternative to conventional techniques of enhanced soil
remediation. Metal-chelant complexes are formed during the application
of chelating agent to the soil and the plants takes up these complexes
mostly through a passive apoplastic pathway. Unless the metal ion is
transported as a noncationic chelate, apoplastic transport is further limited
by the high cation exchange capacity of cell walls. Chelators have been
sequestered from plants that are strongly involved in the uptake and

detoxification of heavy metals.

EDTA is one of the common and most tested chelating agents. As
EDTA has been accompanying with high toxicity and persistence in the
environment and also it is expensive (Wuana & Okieimen, 2011). The
most frequently applied chelating agent used for amendments also have
deficiencies: nitrilotriacetic acid (NTA) is a toxicant as a class Il
carcinogen (Peters, 1999); nitric acid (HNOg) is lethal to soil micro-flora
and destruct the physico-chemical properties of soil; hydrochloric acid
(HCI) can alter soil properties (Neilson et al., 2003); citric acid is a
nontoxic acid that forms relatively strong complexes and easily
biodegradable, but it presents of lower effectiveness in the removal of
metal ions (Palma & Mecozzi, 2007). EDGA enhanced metal solubility
but plant uptake did not increase accordingly (Rémkens et al., 2002).

The addition of chelators effectively increased the mobility of
target heavy metals in soils, and significantly enhanced the accumulation
of these heavy metals in aerial parts of the plants but the application of
chelators had inhibitory effects on the growth of the plants (Sun et al.,
2009). So, a promising and environmentally friendlier mobilizing agent is

required to enhance the phytoremediation ability of plants. In some cases,
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an immobilizing agent is also necessary to reduce the risk of
bioaccumulation, biomagnification in the food chain and the risk of
superficial and groundwater contamination due to toxic metals. The
ammonium molybdate (containing nitrogen and molybdenum) is fertilizer
to plants, which can produce more biomass (Qu et al., 2011). In this study,
we assessed phytoextraction and phytostabilization potential of the
Amaranthus retroflexus with ammonium molybdate, to evaluate the ability
of the Amaranthus retroflexus to remediate soils contaminated with
multiple heavy metals. Heavy metals selected for study include two
essential (copper and zinc) and three toxic (cadmium, lead and nickel)

elements.

6.2 Materials and Methods

The effects of application of ammonium molybdate on the growth
of Amaranthus retroflexus and its heavy metal (Cd, Pb, Cu, Ni and Zn)
uptake and accumulation were investigated using the pot-culture

experiments.
6.2.1 Cultivars sources and Plant culture

The selection of plant species is critical phase for the success of
phytoremediation. Seeds of Amaranthus retroflexus were obtained from a
nursery  situated in  Vellimadukunnu, Kozhikode, Kerala.
Amaranthus (amaranth) plant is native to Asia, Africa and America and is
known as a cosmopolitan plant (Khoramnejadian & Saeb, 2015).
Amaranth cultivates all year in the tropical region. This plant could grow

everywhere, so we considered this plant for our study. The heavy metal
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accumulation capacity of plants belonging to the Amaranthaceae family
was reported in many studies. Amaranthus retroflexus is a good metal
accumulator and has been used for the uptake of cadmium, mercury, zinc
and copper (Mellem et al., 2012). Amaranthus retroflexus seeds were
germinated in pots containing soil to a depth of 1cm under normal
condition. Soil moisture was maintained carefully by spraying distilled
water to ensure the best growth condition. After seedlings grew for 10
days in the potting soil, 18 seedlings with similar biomass were
transplanted to pots containing heavy metal contaminated soil at a rate of

one seedling per pot.

6.2.2 Experimental design

The experiment consists of 5 treatments and control
(phytoremediation of heavy metal contaminated soil by Amaranthus
retroflexus without adding ammonium molybdate solutions) with
replicates for each. Experiments were exposed to natural day and night
temperatures. The plants were watered daily with equal amount of distilled
water per pot. Plastic pots (45 x 30 x 15 cm) were used for the
experiment. Each plastic pot was filled with 5 Kg of soil. In the case of 5
treatments, 50 mL of ammonium molybdate solutions (having Mo
contents 0.05, 0.10, 0.30, 0.50, 1.00 g/L respectively) were added to pots
containing Amaranthus retroflexus (Table 6.1). Ammonium molybdate
solution was not applied in control. The pot-culturing experiment is shown
in Plate 6.1. After 45 days, the plants were harvested and heavy metal

concentrations in plants and soil were determined. Based on the results,
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phytoremediation potential of Amaranthus retroflexus in the presence of

ammonium molybdate for the treatment of heavy metal was evaluated.

Plate 6.1: Pot-culturing experiments

Table 6.1: Concentration of ammonium molybdate applied

Concentration of Mo in
Treatment ammonium molybdate solution, g/L

No.1 0.05
No.2 0.1
No.3 0.3
No.4 0.5
No.5 1

6.2.3 Physicochemical characteristics of soil samples

Soil used for the experiment was contaminated by spiking the
heavy metals (Cd, Pb, Cu, Ni and Zn). The contaminated soil received the
metals Cd as CdSOq; Pb as Pb (NOs)2; Cu as CuSO4; Ni as NiSOs and Zn
as ZnSOas, Physicochemical factors of soil such as pH, Electrical
conductivity (EC), calcium, magnesium, organic carbon, inorganic
phosphorous, sodium, potassium was analyzed and procedures followed
were mentioned in chapter 3.
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6.2.4 Analysis of heavy metals in soil

Perchloric acid-nitric acid mixture was used to extract heavy
metals from soil. Hot, concentrated perchloric acid were extremely
effective in decomposing organic matter and sulphides present in soil
because of its powerful oxidizing and dehydrating nature. Except gold and
platinum, nitric acid dissolves the majority of the metals present in nature.
0.2 g of soil was digested with 20 mL of concentrated HNOs, 5 mL
distilled water and 10 mL of HCIO4 and heated on a hot plate for 2 h. The
mixture was heated until the white fumes come and the soil become white.
Then the solution was filtered and made up to 50 mL. The filtrate was
analyzed for heavy metals using Atomic Absorption Spectrophotometer
(AAS) (Thermo Series). Replicates were carried out as part of the
measurement. Before spiking heavy metals in soil, the concentration of
Cd, Pb, Cu, Ni and Zn were determined and necessary blank corrections
are done using these values after spiking heavy metals in soil. The initial
heavy metals concentrations (after spiking of heavy metals) are shown in
Table 6.2.

Table 6.2: Heavy metals concentration in soil before treatment

Heavy metal Concentration (mg/Kg)
Ni 155.87 £ 1.46
Cd 6.98+15
Cu 86.11 +2.77
Pb 74.79 £2.32
Zn 109.27 £ 1.25
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6.2.5 Analysis of heavy metals in plant

The plants were harvested after 45 days. During the harvest, plants
were gently removed from soil and washed until free of soil and dust. The
lengths of the roots and shoots were measured and roots, leaves, and stems
were sectioned carefully. The plant parts were dried in an oven at 70°C for
72 h, and the dry weight were recorded by electronic balance. Once the
plant tissues were dry, they were milled with mortar and pestle and
digested. 0.2 g of plant parts were digested at 150°C for 200 min with 10
mL mixtures of HNO3s/ HCIO4 (4:1) (Qu et al., 2008). After complete
digestion, the volume of digested samples was adjusted to 50 mL with
distilled water. Subsequently, the amount of heavy metals was determined
by Atomic Absorption Spectrophotometer (AAS) (Thermo Series). In this

experiment, three replicates were carried out.
6.2.6 Data Analysis

All the experiments were performed in triplicate, and
bioconcentration factor (Ghosh & Singh, 2005) and translocation factor
(Marchiol et al., 2004) were computed. The data collected were analyzed

statistically by calculating the mean and standard deviation.
6.2.7 Bioconcentration factor and translocation factor

The bioconcentration factor (BCF) was utilized to estimate the
amount of heavy metals absorbed by the plant from the soil. This is an
index of the ability of the plant to accumulate a particular metal with
respect to its concentration in the soil and was calculated using the
formula (Ghosh & Singh, 2005),
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1)

Metal concentration in the plant tissue

Bioconcentration factor = — -
Metal concentration in the soil

The unit of heavy metal concentration of in plant tissue and soil
were mg/Kg so the BCF computed was dimensionless. The plants having
higher BCF value is more suitable for phytoextraction of heavy metals
from soil. BCF Values > 2 were regarded as high values (Mellem et al.,
2009).

The translocation factor (TF) was calculated to evaluate the
potential of phytoextraction ability of A. retroflexus. This ratio is an
indication of the ability of the plant to translocate metals from the roots to
the aerial parts of the plant (Marchiol et al., 2004).

. Metal concentration in aerial parts
Translocation factor (TF) = — 2 2
Metal concentration in roots

Here also, the dimension of heavy metal concentration of in aerial
parts of the plant and root were mg/Kg so the TF calculated was
dimensionless. Metals that are accumulated by plants and largely stored in
the roots of plants are indicated by TF values < 1, with values greater
indicating translocation to the aerial part of the plant (Mellem et al., 2009).
Both bioconcentration factor and translocation factor can be utilized to

evaluate plant’s potential for phytoremediation purpose.

6.3 Results and Discussion
The physico-chemical characteristics of soil used for this
experiment is shown in Table 6.3. The results indicate that no major

pollutants were observed in the soil collected from Kozhikode district,
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Kerala for the study. The initial heavy metals concentrations (after spiking

of heavy metals) are depicted in Figure 6.2.

Table 6.3: Physico-chemical characteristics of soil

Parameters Soil value
pH 6.71+ 0.31
EC pS/cm 24.6 +3.14
Alkalinity (mg/kg) 644.0 £ 15.6
Chloride (mg/kg) 320.8+11.52
Sulphate (mg/kg) 304.8+17.11
Inorganic phosphorous (mg/kg) 8.0 £0.63
Sodium (mg/kg) 250.0 £10.35
Potassium (mg/kg) 75.0+8.11
Organic carbon (%) 0.279+0.03
Exchangeable calcium™(mg/kg) 1280 + 16.52
Exchangeable magnesium (mg/kg) 583.2+11.81

Initial heavy metal concentrations in soil

= HNi
uCd

HCu

Concentration of heavy metal,
mg/Kg

40 - ®uPb
20 - “Zn
0 -

Ni Cd Cu Pb Zn

Heavy metals

Figure 6.2: Initial heavy metal concentrations in soil
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6.3.1 Removal of heavy metals in soil

After 45 days of experiment, the heavy metals concentration
remaining in the treated soil was also noted and summarized in Table 6.4.
As compared with controls (Figure 6.3), lower concentrations of Ni, Cd
and Cu and higher concentrations of Pb and Zn was observed in each of
the five treatments after 45 days. These results indicate that Amaranthus
retroflexus uptakes more amount of Ni, Cd and Cu than Pb and Zn in the
presence of ammonium molybdate. The plants in treatment were
effectively removed the metals like Ni, Cd and Cu from soil compared to
control plants. It may be due to the fact that, Ni, Cd and Cu were chelated
and form more soluble fractions with ammonium molybdate and Pb and
Zn were precipitated with ammonium molybdate. The mechanism of the
reaction of ammonium molybdate with toxic metals can be reported as
follows (Qu et al., 2011):

Zn/Pb + M0207*" — (Zn/Pb) M0207 (precipitation)
Cd/Ni/Cu + NHs" — Cd/Ni/Cu (NHz)4** (soluble fractions)

The heavy metal concentration in the root of Amaranthus
retroflexus are indicated in Table 6.5 and shown in Figure 6.4. Compared
to control, the concentrations of Ni, Cd and Cu in root were higher than
control, but the concentrations of Pb and Zn were lower than control. A
similar trend was also observed in the shoot of Amaranthus retroflexus
(Table 6.6 and Figure 6.5). Ammonium molybdate has the potential ability
to precipitate with Pb and Zn so it stabilizes these metals in soil and
decreases the bioavailability of these metals to plant. It also has the ability
to chelate and form more soluble fractions with Cd, Cu and Ni, thus it
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increases the bio-availability of these metals to plant. Maximum reduction

of heavy metal in soil was observed in treatment No.5 (with maximum

concentration of ammonium molybdate). After treatment 86.16 % of Ni,
99.64 % of Cd and 92.47 % of Cu was reduced in soil. The result indicated

that, Amaranthus retroflexus can remove heavy metals (Cd, Cu and Ni)

efficiently with ammonium molybdate. The ammonium molybdate has the

potential to enhance metal mobility in soil profiles by forming complexes

with toxic metals (Qu et al., 2011). It acts as stabilization agent for Pb and

Zn and as extracting agent for Cd, Cu and Ni.

Table 6.4: Heavy metal concentration in soil after treatment

Ni Cd Cu Pb Zn
Treatment (mg/Kg) (mg/Kg) (mg/Kg) (mg/Kg) (mg/Kg)
Control 122.95+247 3.73+0.36 457+218 3311+154 41.81+1.80
No.1 97.37+1.25 287x0.73 3853+233 41.09+158 46.15+2.12
No.2 83.93+289 087x025 3552+1.24 4793+1.82 53.28%+1.70
No.3 66.83+4.06 0.075+0.07 33.53+1.32 5351+294 5845+431
No.4 55.79+3.62 0.05x0.02 26.32+1.22 56.02+1.00 65.82+2.23
No.5 21.56+1.74 0.025+0.02 6.48+1.39 6359+1.75 67.61+1.64
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Figure 6.3: Heavy metal concentration in soil after treatment

Table 6.5: Heavy metal concentration in the root of Amaranthus

retroflexus

Ni Cd Cu Pb Zn
Root (mg/Kg) (mg/Kg) (mg/Kg) (mg/Kg) (mg/Kg)
Control 16.92+1.6  091+003 16.6+1.23 26.41+0.68 32.49+1.28
No.l 36.44+346 153+03  21.87+17 17.74+0.72 26.74+0.84
No.2 47.14+136 215+0.26 23.83+0.36 1256+1.00 22.7+1.38
No.3 57.39+327 280+0.17 26.81+1.14 9.63+0.61 18.39+2.48
No4 6881+1.81 307+0.14 31374078 7.73+094 11.75+1.24
No.5 92.66+3.39 345+0.11 41.18+1.69 451+138 7.72+1.03
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Figure 6.4: Heavy metal concentration in the root of Amaranthus

retroflexus

retroflexus

Table 6.6: Heavy metal concentration in the shoot of Amaranthus

Ni Cd Cu Pb Zn

Shoot  (mg/Kg)  (mg/Kg) (mg/Kg) (mg/Kg) (mg/Kg)
Control 7.41+1.28 0.78+0.06 7.86+0.91 11.46+0.80 21.23+0.49
No.l 18.11+258 0.89+0.07 802+0.09 959+053  19.73+0.96
No.2 2358+549 143+0.08 9.66+060 873+035  158+0.65
No.3 24.34+439 224+025 1058+0.68 6.15+028  13.8+0.42

No4 2320+3.89 228+031 11.82+0.34 4.91+0.28 8.6 +0.83
No.5 26.91+398 244+0.12 17.49+200 2.06+057  5.99+0.87
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Figure 6.5: Heavy metal concentration in the shoot of Amaranthus
retroflexus

6.3.2 Bioaccumulation of heavy metals in Amaranthus retroflexus

Accumulation of nickel in the plant parts increased with increasing
ammonium molybdate concentration (Figure 6.6). Amount of Ni
accumulated ranged from 16.92 mg/Kg to 92.66 mg/Kg with highest
concentration being stored in the roots. Much higher Ni levels were found

in the roots rather than in the shoots or leaves.
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Figure 6.6: Bioaccumulation of Ni in Amaranthus retroflexus
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Bioaccumulation of cadmium in the roots (0.91 to 3.45 mg/kg) was
higher than the shoot (0.78 to 2.44 mg/kg) and leaf (0 to 0.98 mg/kg). The
cadmium content in the leaf of control plants was below detectable levels
(Figure 6.7). A steady increase was noticed in the accumulation of the

cadmium in the plant parts with increasing ammonium molybdate.

Bioaccumulation of Cd in Amaranthus retroflexus
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Figure 6.7: Bioaccumulation of Cd in Amaranthus retroflexus

The bioaccumulation of copper by A. retroflexus (Figure 6.8)
exhibited variation among plant parts and bioaccumulation of copper in
plant increases with the application of ammonium molybdate. Among the
plant parts, the roots accumulated more copper than the shoot and leaf.
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Figure 6.8: Bioaccumulation of Cu in Amaranthus retroflexus
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Figure 6.9: Bioaccumulation of Pb in Amaranthus retroflexus
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Bioaccumulation of Zn in Amaranthus retroflexus
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Figure 6.10: Bioaccumulation of Zn in Amaranthus retroflexus

The control plant species accumulated more amounts of lead and
zinc than the treated plant species (Figure 6.9 and 6.10). With increase in
the concentration of ammonium molybdate, the bioaccumulation of Pb and
Zn decreases. The metals like Pb and Zn in soil can precipitate with
Mo,07* and the toxicities of these metals to plant will be decreased (Xu et
al., 2002). The content of toxic metals in the root were higher than shoots,
which may be related to plant uptake of toxic metals and xylem
translocation from roots to shoots. Restriction of upward movement from
roots into shoots can be considered as one of the tolerance mechanisms
(Verkleij & Schat, 1990). The NH4" ion present in ammonium molybdate
chelate with toxic metals (such as Cd, Ni and Cu) and form soluble
chelating complexes (Rubin et al., 1995). Ammonium molybdate increases
the bioavailability of Ni, Cd and Cu in soils and the A. retroflexus uptakes
more amount of these toxic metals with ammonium molybdate. It also

increases the toxicities of these metals to plant.
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6.3.3 Effect of ammonium molybdate on plant growth

After 45 days, length of shoot and root of A. retroflexus were
measured and shoot lengths are shown in Figure 6.11. A. retroflexus plant
had exhibited high biomass production with the application of ammonium
molybdate. The results show that ammonium molybdate could promote A.
retroflexus plants to produce more biomass, because nitrogen and
molybdenum are fertilizer, which can promote A. retroflexus plant to
improve tillering and biomass gain. Biomass can express the tolerance of

plants to toxic metals indirectly (Lasat, 2002).
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Figure 6.11: Shoot lengths of A. retroflexus
The average shoot lengths of treatment plants were longer than the
control plants, but the shoot lengths of No.4 and No.5 were shorter than
No.3. It may be due to the reason that with addition of ammonium
molybdate into soils, Cd, Ni and Cu formed more soluble fractions and the
toxicities of Cd, Ni and Cu had reduced the chlorophyll content (Peralta-
Videa et al., 2004). Plate 6.2 shows the phytotoxicity symptoms exhibited

by A. retroflexus.
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Plate 6.2: Toxicity symptoms in Amaranthus retroflexus

6.3.4 Bioconcentration Factor and Translocation Factor

BCF is the ratio of the metal concentration found within the tissues
over the metal concentration found in the soil. The greater is the
coefficient, the greater will be the uptake of heavy metal. It was observed
that for Cd, Ni and Cu the average BCF values (Table 6.7) of A.
retroflexus plant treated with ammonium molybdate were higher than
control but for Pb and Zn it was lower than control. Maximum BCF value
of A. retroflexus was found for Cd in treatment No.5. It was 97.6 and 138
for shoots and root respectively. The maximum BCF value of Ni and Cu
was also found in treatment No.5. Low BCF value of A. retroflexus for Pb
and Zn indicates that low amount of metal uptake. This indicates that A.
retroflexus plant had higher ability to uptake Cd, Ni and Cu with
ammonium molybdate. This may be due to the fact that complexation of
ammonium molybdate increased the mobility of these metals (Pushenreiter
etal., 2001).

Translocation factor is a measure of the ability of plants to transfer
accumulated metals from the roots to the shoots. It is given by the ratio of
concentration of metal in the shoot to that in the roots (Cui et al., 2007; Li,
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2007). A TF value greater than 1 is indicative of metal accumulation and
transport into the different plant parts, and less than 1 is suggestive of
storage of metal in roots. In this experiment, TF values of A. retroflexus
were lower than 1, which indicates that maximum amount of heavy metals

was stored in roots.

Table 6.7: The average BCF and TF value of Amaranthus retroflexus

BCF of shoot

Ni Cd Cu Pb Zn

Control 0.06 0.21 0.17 0.35 0.51
No.1 0.19 0.31 0.21 0.23 0.43
No.2 0.28 1.64 0.27 0.18 0.3
No.3 0.36 29.87 0.32 0.11 0.24
No.4 0.42 45.6 0.45 0.09 0.13
No.5 1.25 97.6 2.7 0.03 0.09

BCF of root

Ni Cd Cu Pb Zn

Control 0.14 0.24 0.36 0.8 0.78
No.1 0.37 0.53 0.57 0.43 0.58
No.2 0.56 2.47 0.67 0.26 0.43
No.3 0.86 37.33 0.8 0.18 0.31
No.4 1.23 61.4 1.19 0.14 0.18
No.5 4.3 138 6.35 0.07 0.11

TF

Ni Cd Cu Pb Zn

Control 0.44 0.86 0.47 0.43 0.65
No.1 0.5 0.58 0.37 0.54 0.74
No.2 0.5 0.67 0.41 0.7 0.7
No.3 0.42 0.80 0.39 0.64 0.75
No.4 0.34 0.74 0.38 0.64 0.73
No.5 0.29 0.71 0.42 0.46 0.78
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6.4 Summary

The present study reports the possibility of using ammonium
molybdate with phytoremediation for phytostabilization of Pb and Zn and
for phytoextraction of Cd, Ni, and Cu by A. retroflexus. Ammonium
molybdate shows immobilization and mobilization effect on
phytoremediation of toxic heavy metals in soil. Ni, Cd and Cu were
chelated and form more soluble fractions with ammonium molybdate and
Pb and Zn were precipitated with ammonium molybdate. Mobilization
effect of ammonium molybdate on Ni, Cd and Cu increases the
bioavailability of these metals to plant. Immobilization effect of
ammonium molybdate on Pb and Zn decreases the biotoxicity of these

metals to plant by decreasing the bioavailability of these metals to plant.

Growth was increased in plants treated with ammonium molybdate
than control plant. For Cd, Ni and Cu the average BCF values of A.
retroflexus plant treated with ammonium molybdate were higher than
control. This indicates that A. retroflexus plant had higher ability to uptake
Cd, Ni and Cu with ammonium molybdate. TF values of A. retroflexus
were lower than 1, which shows that maximum amount of heavy metals
was stored in roots. It was found that application of ammonium molybdate
to soil is a promising technology in phytoremediation; it acts as a

stabilization agent and as an extracting agent.
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DEFLUORIDATION OF WATER USING COST
EFFECTIVE TECHNIQUE

7.1 Introduction

Fluoride has been identified as a toxic element for centuries. High
level of fluoride in water is a world-wide problem. Fluoride rich rocks
through which the water is percolating is the main source of fluoride in
aqueous solution. In some areas, industrial activities or mining also
contributes to fluoride contamination. The consumption of potable water
contaminated by high level of fluoride, adversely affected the human
health in many areas of the world (Chen et al., 2010). More than 260
million people are affected by the usage of groundwater having fluoride
concentration greater than WHO limit i.e., >1.5 mg/L (Amini et al., 2008;
WHO, 2011). Contamination of groundwater by fluoride is a global issue
especially in India, China, Africa (Rift valley zone), South America
(Andes and western Brazil), Mexico, Pakistan, Sri Lanka, northwest Iran,
Nigeria and Kenya (Raj & Shaji, 2017).
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Risks associated with consumption of fluoride ions include dental
and skeletal fluorosis in man and animals besides impaired brain
development. This indicate that, fluoride ions have a capability of
restricting the intellectual ability of consumers to make them reliant on
throughout their life. Expensiveness, ineffectiveness, and not
regeneratable nature are the challenges in some of the previously applied
fluoride removal techniques. The development of an affordable,
sustainable, and environmentally friendly method for mitigating effects
of fluoride in water is necessary for the well-being of human (Mbugua et
al., 2017).

7.1.1 Fluoride affected areas in India

Usage of groundwater containing excess fluoride and arsenic as a
source of drinking water induced, two major public-health problems in
India (Kumar & Kumar, 2015). Shortt et al. (1937) described the first
endemic skeletal fluorosis in India. Widespread and alarming
contamination of groundwater resources with fluoride has been identified
in 19 Indian states (CGWB, 2010). Evapotranspiration of groundwater
with residual alkalinity was a reason for high fluoride content in
groundwater in many areas of India (Jacks et al., 2005). The main source
of fluoride in groundwater from Nalgonda district is the 325- 3200
mg/Kg of fluoride containing granitic rocks present there (Brindha et al.,
2011). Andhra Pradesh, Rajasthan, Karnataka, Tamil Nadu, Gujarat,
Kerala, Uttar Pradesh, Jammu and Kashmir, Orissa and Punjab are the
states where fluoride problem is common. In India, consumption of high

amount of fluoride containing water leads to fluorosis in approximately
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62 million people including 6 million children (Susheela, 1999; Bishnoi
& Arora, 2007). In 2012, the MoWR has enumerated that out of 639
districts, 267 districts were affected by fluoride. 50 to 100 % of districts
were affected by fluoride in states such as Rajasthan, Andhra Pradesh and
Guijarat, and 30 to 50 % of districts were affected in Haryana, Karnataka,
Bihar, Tamil Nadu, Jharkhand, Madhya Pradesh, Uttar Pradesh,
Maharashtra, Orissa, and Punjab (Saxena & Sewak, 2015). Palakkad and
Alappuzha are the two districts in Kerala, reported high fluoride content
in the groundwater (Antu & Harikumar, 2007).

Fluorosis is an irreversible health hazard; its prevention using
appropriate remedial measures is an obligatory. For this purpose,
elimination of high fluoride from drinking water sources is required.
Defluoridation is a term generally used for the process of removal of
fluoride. Since 1930, several methods have been described using many
materials for the defluoridation process. The defluoridation can be
grouped under different categories based on the nature of process:
adsorption, ion exchange, chemical treatment, electrolytic defluoridation,
membrane separation and electro dialysis etc. One of the cheapest
methods to eradicate fluoride ions from wastewater is the addition of
excess lime or other calcium salts to form calcium fluoride but this
approach decreases the reusability of wastewater by raising the hardness
of the water (Hu et al., 2003). Among various processes, adsorption has
been reported to be effective based on initial cost, simplicity and
flexibility of design and ease of operation and maintenance. Various
types of adsorbents have been studied and reported for the defluoridation

purpose, including activated carbon, activated alumina, calcite, amberlite
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resin, fly ash, minerals, layered double hydroxides, spent bleaching earth,
coconut shell carbon and rice husk carbon, etc. with different degrees of
success. Activated alumina seems to be a widely used adsorbent for the
removal of fluoride but it possesses some disadvantages such as the
generation of sludge, residual aluminum, soluble aluminum fluoride
complexes, and narrow available pH range (5.0 - 6.0) (Emmanuel et al.,
2008; Chen et al., 2010).

The application of plant materials is a traditional technology for
purifying potable water that is still in widespread use in rural areas of
Latin America. The use of natural products has recently been
rediscovered by water-supply technologists and is being further
developed with more scientific rigor (Hichour et al., 2000; Harikumar et
al., 2012). Adsorption involves the passage of contaminated water
through an adsorbent bed, where fluoride removed by physical, ion-
exchange or surface chemical reaction with adsorbent. Plant materials are
reported to accumulate fluoride and hence application as defluoridating
agents has been suggested. The use of medicinal plant materials for the
fluoride removal was investigated. Kerala is one of the states in southern
India, which has a rich biodiversity of medicinal plants. In the present
study, the efficiency of removal of fluoride by using various locally
available medicinal plants from Kerala was investigated. The suitability
and effectiveness of inexpensive adsorbents to remediate fluoride in
contaminated water was assessed in this study. The study investigated
defluoridation capacities of the following plant materials: Ramacham
(Vetiveria zizanioides), Tamarind seed (Tamarindus indica), Clove
(Eugenia carryophyllata), Neem (Azadirachta indica), Acacia (Acacia
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catechu willd), Nutmeg (Myristica fragarns), and coffee husk (Coffea
arabica) which are grown indigenously Kerala (Varier, 1996; Harikumar
et al.,, 2012). The defluoridation ability of the carbonized form of
Ramacham (Vetiveria zizanioides) was investigated in this study and it
was also applied to treat the samples collected from fluoride affected

areas of Palakkad district, Kerala.

7.2 Materials and Methods

Locally available raw plant materials were collected from Calicut
district, Kerala. The dust and other impurities were removed from each
raw plant materials using multiple washing with water and final washing
was done with double distilled water. They were open dried in shade and
cut into small pieces. Then the materials were oven dried at temperature
range of 110°C for a period of 5 h. The dried plant materials were
grounded with grinder and sieved through standard sieve to obtain
particle of sizes 0.1, 0.2 0.3 and 0.5 mm. The powdered materials were
stored in clean and air tight plastic containers. All the reagents used for
the present study were of AR grade from E. Merck Ltd. India. A standard
solution of 1000 mg/L fluoride was prepared by dissolving 2.21 g of
anhydrous sodium fluoride in 1000 mL of double distilled water. The
fluoride solution of required concentration was prepared by diluting
appropriate quantity of standard solution. lon selective electrode (Thermo
Scientific Orion 9609BNWP, Made in US) was used to measure fluoride
ion concentration and total ionic strength adjustment buffer Il (TISAB 11)
solution was used to maintain pH 5-5.5. The HCI (0.1 mol/L) and NaOH
(0.1 mol/L) solutions were used to adjust pH of the solution to the

required level during the study. PCSTestr35 instrument was used to
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measure pH of the solutions. The regular calibration of pH meter by pH

calibration buffers was carried out.

Plate 7.1: Vetiveria zizanioides

The batch adsorption study was carried out in three stages. In the
first stage, locally available medicinal plants were selected as the study
materials. Medicinal plant materials like pomegranate (Punica
granatum), nutmeg (Myristica fragrans), gooseberry (Phyllanthus
emblica), dried ginger (Zingiber officinale), sathavari (Asparagus
racemosus), kozhinjil (Tephrosia purpurea) and Kkarinochi (Vitex
negundo) were used for the initial defluoridation study. The study also
assessed the suitability of some locally available plant materials to
effectively remediate fluoride contaminated water. The plant material
selected for the defluoridation was ramacham or vetiver root (Vetiveria
zizanioides), tamarind seed (Tamarindus indica), clove (Eugenia
carryophyllata), neem (Azadirachta indica), (Acacia catechu willd),
coffee husk (Coffea arabica) and fern (Adiantum aethiopicum). Based on
their defluoridation efficiency, it was found that plants materials like
vetiver root, tamarind seed and clove were comparatively more efficient
than other adsorbents. During the second stage of this study, batch
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adsorption test for the selected adsorbents like vetiver root (Vetiveria
zizanioides), tamarind seed (Tamarindus indica) and clove (Eugenia
carryophyllata) were conducted by varying contact time, sorbent dosage
and particle size. From the results, it was found that vetiver root was an
efficient defluoridating material. In the third stage of the study, activated
carbon was prepared using vetiver root (Vetiveria zizanioides) for better
removal of fluoride and its kinetic study was also conducted. Plate 7.1

shows the vetiver root.

7.2.1 Preparation and characterization of activated carbon from

Vetiveria zizanioides

Either thermal or chemical activation is the process commonly
used to produce activated carbon from carbonaceous material. Phosphoric
acid was selected as the activating agent in this study in view of its
environmental benefits. In phosphoric acid based chemical activation
method, increased carbon yield by reduced tar formation was reported
many researchers (Lim et al., 2010; Benadjemia et al., 2011). It also
provides the opportunity of developing microporous and/or mesoporous
carbon having high specific surface area (Jagtoyen & Derbyshire, 1998).
Yakout and Sharaf-el-Deen (2012) indicated that HsPO4 have the ability
to retain carbon and avoid the loss of other volatile materials. It was also
reported that HsPOj4 activation have the ability to promotes dehydration
and redistribution of biopolymers and also favors the conversion of
aliphatic to aromatic compounds, thus increasing the yield of activated
carbon (Olawale et al., 2015).
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Among the three-plant materials, vetiver root (Vetiveria
zizanioides), tamarind seed (Tamarindus indica) and clove (Eugenia
carryophyllata), powdered vetiver root (Plate 7.2) exhibited better
defluoridation performance. Acid activation of vetiver root was
conducted to increase the porosity and surface area. Activity was
controlled by altering the proportion of raw material to activating agent
(2:05, 1:1, 1:2 and 1:4). The liquid/solid mixture was stirred well at
ambient temperature for 2 h and set aside to soak for 12 h to allow proper
penetration of the H3POs into the vetiver root (Montane and Torne-
Fernandez, 2005; Olawale et al., 2015). The materials were carbonized
for 1 h, 1% h and 2 h at 600°C, 700°C and 800°C. After cooling to the
ambient temperature, the carbonized vetiver root was washed several
times with de-ionized water until it attains pH 6 - 7. It was filtered using
Whatman No. 41 filter paper and then dried in the oven at 110°C for 8 h.
The dried activated vetiver powder was stored in clean air tight bottles.
The amount of fluoride adsorbed at time t, g: (mg/g) on each activated
carbon prepared from vetiver root powder under varying condition were

calculated using the following equation.

q; = (Co;WCt)V )

Where C, and C:are the fluoride concentrations (mg/L) contained
in the original solution and after time t, respectively, m is the adsorbent
mass (g) and V is the volume of solution (L). Based on the results, the
optimum conditions for the preparation of activated vetiver powder i.e.,
impregnation ratio of vetiver root powder to activating agent, temperature

and carbonizing time were selected for further study. So, in the third

160 Cochin University of Science and Technology



Defluoridation of Water using Cost Effective Technique

stage of this study, detailed batch sorption experiment using activated

Vetiveria zizanioides (Plate 7.3) was carried out.

The characterization of the active carbon prepared from Vetiveria
zizanioides was conducted by the following methods: pH, moisture
content and ash content were determined in accordance with American
Standard of Testing Material [pH: ASTM D3838-80, moisture:
1999ASTM D3173 and ash: ASTM D3174] (ASTM, 2006). For the
information about the surface area of the carbon, iodine number was
determined using the method ASTM D4607 — 94 (ASTM, 2011; Joshi et
al., 2012). Volatile content and fixed carbon were determined using the
method followed by Nwabanne and Igbokwe (2011).

Plate 7.2: Powdered Vetiver root Plate 7.3: Activated Vetiver root

7.2.1.1 Determination of pH:

1 g of activated carbon was taken in a beaker and 100 mL of
distilled water was added to it. Stirred for one hour and then the samples
were kept to stabilize. pH was measured using a pH meter (PCSTestr35
instrument).
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7.2.1.2 Determination of lodine Number:

To 1 g of activated carbon, 10 mL of 5 % by weight of HCI was
added and was allowed to boil. When the solution attained room
temperature, 100 mL of 0.1N iodine solution was added to it. After
vigorous shaking, the solution was filtered. 25 mL of the filtrate was
titrated against 0.1 N sodium thiosulphate solution. Starch was used as

indicator.

7.2.1.3 Determination of moisture content and ash content:

Thermal drying method was used to measure moisture content of
the samples. 1 g of the dried activated carbon was taken in a crucible. It
was dried in an oven at 110°C for 4 h for constant weight and then
moisture content was calculated. Ash content indicates the amount of
inorganic substituent present in the activated carbon. High ash reduces
the mechanical strength of carbon and negatively affects adsorptive
capacity so it is undesirable for activated carbon. After pre-heating a
crucible in a muffler furnace to about 500°C, it was cooled in a desiccator
and weighed. One gram of activated carbon sample was transferred into
that crucibles and reweighed. The crucible containing the sample was
again heated to 500°C in a muffler furnace. It was removed from muffler
furnace, allowed to cool in a desiccator to attain room temperature and
measured the weight. The ash content was calculated using the following

equation:

Ash (%) _ wt.of ash (g)

x100 (2)

dry wt.of activated charcoal (g)
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7.2.1.4 Determination of volatile content and fixed carbon:

The volatile content and fixed carbon of the activated vetiver root
powder was determined by the methods followed by Nwabanne and
Igbokwe (2011). For determining the volatile content, a pre-weighed
sample was placed in a partially closed crucible of known weight. It was
then heated at 900°C in a muffle furnace for 10mins. The percentage of

fixed carbon was calculated using the following equation:

Fixed carbon (%) = 100 - Moisture content +

ash content  + volatile matter)% (3)

Surface morphology of activated Vetiveria zizanioides root was
studied by using Scanning Electron Microscope image of sorbent. Field
Emission scanning electron microscope equipment made by Hitachi (SU-
6600) was used to take SEM images.

7.2.2 Batch Studies of activated Vetiveria zizanioides root

Fluoride batch sorption experiments were conducted to
understand the efficiency of adsorbent and the effect of controlling
parameters like dosage, contact time, pH, initial concentration, stirring
rate and co-ions. The batch experiments were carried out in 250 mL
stoppered bottles by agitating a pre-weighed amount (0.5 g) of the
adsorbent with 100 mL of the fluoride solutions. The adsorption
experiments were conducted by mixing adsorbent and adsorbate using a
mechanical shaker. In order to determine the effect of pH on the

defluoridation capacity of activated carbon, the adsorption studies were
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conducted in the pH range 2 to 12. The effect of adsorbent dosage on
defluoridation was studied by varying the dosage from 2.5 up to 35 g/L in
test solutions containing initial fluoride concentration, 10 mg/L. The
fluoride concentrations were varied from 10 to 40 mg/L to understand the
effect of initial fluoride concentration on efficiency of fluoride removal.
To obtain the equilibrium adsorption time, fluoride solution (10 mg/L)
and optimum adsorbent dose was agitated for periods of 20, 40, 60, 80,
100, 120, 140, 160 and 180 minutes. The effect of co-ions was studied to
understand the influence of anions like chloride, sulphate, bicarbonate,
phosphate and nitrate and cations like calcium and magnesium on the
defluoridation efficiency of the adsorbent. To determine optimum
stirring rate, experiment was conducted by changing the stirring rate from
50 to 300 rpm. To attain as close to natural drinking water conditions for
fluoride removal, the experiments were performed at room temperature
and at pH = 6. To determine the thermodynamic parameters, sorption
experiments were conducted at 303K, 313K, 323K and 333K using a
temperature-controlled water bath. All analysis was done in triplicate to

check the precision and average values only are reported.

The amount of adsorbed at equilibrium, ge (mg/g) and sorption

efficiency (%) were computed as follows:

(C —Ce)V
e = OT (4)

(Co—Ce)*100
Co

()

Sorption efficiency (%) =
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where Co and Ce are the initial and final equilibrium concentrations of
fluoride (mg/L), respectively. V is the volume of the solution (L), M is

the mass of dry adsorbent used (g).

7.2.3 Adsorption Isotherms

Adsorption isotherm is the relationship between the amount of
substance adsorbed and its concentration in equilibrium solution at
constant temperature. Adsorption process was explained using isotherm
models such as Langmuir, Freundlich, Temkin and Dubinin-
Radushkevich (D-R) while four kinetic models like pseudo-first-order,
pseudo-second-order, intra-particle diffusion and Elovich model were
used for determination of the behavior of fluoride ions during the
adsorption onto activated Vetiveria zizanioides root. Freundlich and
Langmuir equations were used to find the patterns of adsorption by
adsorbent activated Vetiver root for fluoride removal. The sorption
isotherm studies were conducted by varying the initial concentration of
fluoride from 10 - 40 mg/L and maintaining the adsorbent dosage of 5
g/L.

7.2.4 Column studies

Continuous flow adsorption studies were conducted for
defluoridation in a column made of Pyrex glass of 30 cm length and 2 cm
internal diameter. The activated Vetiveria zizanioides was filled in the
column without gap. The glass column was packed with 10 g of
adsorbent for bed height of 6.4 cm, 15 g of sorbent with bed height of 9.7
cm and 20 g of sorbent with bed height of 12.7 cm having glass wool
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support. The influent synthetic fluoride solution having a concentration
of 10 mg/L was allowed to percolate through the packed column, from
the top of the column. The influent fluoride solution passed through the
column at constant flow rate of 2 mL/min, in down flow manner using a
fine metering valve. All the experiments were conducted at room
temperature and at neutral pH range. Effluents were collected from the
exit point of the column at regular effluent volume and concentration of
residual fluoride was determined as described. When the ratio of the
effluent to influent fluoride concentrations reached a value close to 1, the
column flow was stopped. After column saturation, the fluoride adsorbed
activated Vetiveria zizanioides was eluted with 0.1 M NaOH for
regeneration. Then the bed was washed with distilled water by passing
through the column until a neutral pH of the wash effluent was attained.
A gravity based defluoridation unit was developed using the carbonized

form of Ramacham (Vetiveria zizanioides).

7.2.5 Field trial on real groundwater samples collected from fluoride
prone area of Palakkad District

Centre for Water Resources Development and Management
(CWRDM) conducted a study on “Monitoring, Mapping and Mitigation
of Fluoride in Palakkad including Attapady region of Kerala” (CWRDM,
2015). As a part of this study, samples were collected from a total
number of 350 stations in 94 Panchayaths of 13 blocks of Palakkad
district between May 2014 and December 2014 (Figure 7.1). The
collected samples were analyzed for various physico-chemical and

bacteriological analysis as per the standard procedure described in APHA
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(APHA, 2012). To check the field application of the defluoridation study,
five high fluoride detected samples were selected from Muthalamada
panchayath of Palakkad district, based on the results reported by
CWRDM, for the defluoridation study.
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Figure 7.1: Map of Palakkad district showing sample locations

7.3 Results and Discussions

7.3.1 Stage 1: Screening test of plant materials based on its

defluoridation efficiency

In first stage, medicinal plant materials like pomegranate peel

(Punica granatum), nutmeg (Myristica fragrans), gooseberry
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(Phyllanthus emblica), dried ginger (Zingiber officinale), sathavari
(Asparagus racemosus), kozhinjil (Tephrosia purpurea) and karinochi
(Vitex negundo) were selected for the defluoridation study. Different
removal efficiency was exhibited by dried and powdered plant materials.
The percentage removal of fluoride was shown in Figure 7.2. Among the
selected medicinal plant materials, highest efficiency (70 %) was noted
in pomegranate (Punica granatum) and Karinochi (Vitex negundo)
exhibited lowest removal efficiency (30 %) in defluoridation study.
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Figure 7.2: Comparison of fluoride removal efficiencies of different

medicinal plant materials

The study assesses the suitability of some locally available
adsorbents to effectively remediate fluoride contaminated water. The
plant material used for the defluoridation was Ramacham (Vetiveria
zizanioides), Tamarind seed (Tamarindus indica), clove (Eugenia

carryophyllata), neem (Azadirachta indica), (Acacia catechu willd),
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coffee husk (Coffea arabica) and fern (Adiantum aethiopicum). The
order of removal efficiency of different adsorbents from a solution
contaminated with 10 mg/L fluoride is (Figure 7.3): Ramacham
(Vetiveria zizanioides, 80 %), Tamarind seed (Tamarindus indica, 75 %),
clove (Eugenia carryophyllata, 73 %), neem (Azadirachta indica 52 %),
Acacia catechu willd (47 %), and coffee husk (Coffea arabica, 38 %).
Based on the screening test, high efficiency in removal of fluoride was
exhibited by Ramacham or Vetiver root (Vetiveria zizanioides), Tamarind
seed (Tamarindus indica) and clove (Eugenia carryophyllata). So, these
plant materials were selected for further defluoridation study. Effect of
important controlling factors, viz, dose of adsorbent, contact time and
particle size were studied to understand the equilibrium condition for the

better fluoride removal.
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Figure 7.3: Comparison of fluoride removal efficiencies of different
plant materials
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7.3.2 Stage 2: Batch sorptive defluoridation by tamarind seed, vetiver

root and clove

The results of batch sorptive defluoridation of tamarind seed,
vetiver root and clove were conducted under variable experimental

conditions are discussed in the following section.

7.3.2.1 Effect of contact time

The contact time or agitation time is an important factor in
adsorption dynamics. The effect of contact time on defluoridation by
using tamarind seed, vetiver root and clove as adsorbents is depicted in
Figure 7.4. To evaluate the defluoridation efficiency, batch sorption study
was conducted using 50 mL of 10 mg/L fluoride solution with 0.5 g of
the adsorbent at room temperature as a function of time. The effect of
contact time was found to be increased up to a certain period of time after
which the rate of sorption remains constant until equilibrium was
reached. Figure 7.4 reveals that the rate of fluoride removal was higher at
the initial stage. This may be due to the availability of larger surface area
at the beginning for the adsorption of fluoride ions. It was found that the
percentage removal of fluoride for tamarind seed, vetiver root and clove
was 51, 59, and 51 respectively. The time to reach equilibrium conditions
for the vetiver root (Vetiveria zizanioides) was 120 min. So, 120 min was
set as minimum agitation time for achieving maximum defluoridation of
the sorbent. Maximum removal of fluoride was exhibited by Tamarind
seed (Tamarindus indica,) and clove (Eugenia carryophyllata) at an

equilibrium time of 100 min.
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Figure 7.4: Effect of agitation time on defluoridation

7.3.2.2 Effect of sorbent dosage

The response of varying dose of adsorbent on the removal of
fluoride at neutral pH is showed in Figure 7.5. As the weight of adsorbent
dose increased, the sorption percentage also increased. This might be due
to the fact that at higher doses of adsorbent, more sorbent surface and
pore volume would be available for the adsorption interaction and this
result in higher removal. It was also observed that, initially, the removal
of fluoride increases with the dose but beyond certain dose range, there is
no significant increase in removal. This perhaps is due to non-
adsorbability of fluoride ion as a result of sorbent-sorbate interaction.
Results showed that the biosorbents, viz, tamarind seed and clove
removed 75 and 70 % of fluoride respectively at a dose of 1 g in 50 mL
of 10 mg/L fluoridated water and vetiver root removed 80 % of fluoride
at the same dose. Vetiver root showed a maximum removal (85 %) at a

dosage of 1.2 g.
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Figure 7.5: Effect of sorbent dosage on defluoridation

7.3.2.3 Effect of particle size

The defluoridation study was conducted using vetiver root,
tamarind seed and clove with four different particle sizes viz. 0.1 mm, 0.2
mm, 0.3 mm and 0.5 mm with fluoride solution having initial
concentration of 10 mg/L. The effect of particle size on fluoride sorption
is given in Figure 7.6. Increase in particle size reduces the sorption rate.
Increase in particle size from 0.1 mm to 0.5 mm reduces the sorption
level from 85 to 45 per cent for Vetiver root. The breaking of larger
particles tends to open tiny cracks and channels on the particle surface of
the sorbent. The smaller particle provides more sorption sites and surface
area leading to greater sorption. The sorbents with 0.1 mm particle size
reported high defluoridation efficiency due to larger surface area, as the
adsorption process is a surface phenomenon. Higher percentage of
sorption by vetiver root, tamarind seed and clove with smaller particle
size was 85 %, 65 % and 60 % respectively and was due to the

availability of more specific surface area on the adsorbent surface.
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Figure 7.6: Effect of particle size on sorption of fluoride

The present study indicates that the three biosorbent are suitable
for the removal of fluoride ions. The percentage of fluoride removal
increases with adsorbent dose and time at a given initial solute
concentration. Compared to tamarind seed and clove, vetiver root
exhibited higher defluoridation capacity. From the adsorption study, it is
clear that Vetiver root has the potential to be an efficient defluoridating
agent, so in the third stage of this study, activation of powdered vetiver
was carried out to improve its efficiency. Phosphoric acid was used to

activate vetiver root.
7.3.3 Stage 3: Defluoridation using activated Vetiveria zizanioides

7.3.3.1 Selection of impregnation ratio, temperature and activation
time for the preparation of activated Vetiveria zizanioides
Activation of vetiver root or Vetiveria zizanioides was carried out

by giving heat treatment (at 600°C - 800°C) and by altering the

impregnation ratio of raw material to activating agent 1:05, 1:1, 1:2 and
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1:4. Impregnation ratio is defined as the ratio of the weight of activated
vetiver root powder to the weight of HsPOs. The carbonization of the
material was conducted for 1 h, 1% h and 2 h at 600°C, 700°C and 800°C.
Impregnation ratio, temperature and activation time was selected based
on the amount of fluoride adsorbed on the activated vetiver root
(adsorption capacity). Batch adsorption tests were carried out using an
initial fluoride concentration of 10 mg/L with a dosage of activated
Vetiveria zizanioides 5 g/L. The amount of fluoride adsorbed on the
activated vetiver root or the adsorption capacity was calculated and

obtained results are depicted in Figure 7.7.

® 1:05 ratio 1:1 ratio 1:2 ratio 1:4 ratio

mg/g

I 0l

1h  1%:h  2h 1h  1):h 2h 1h  1%h 2h
600°C 700°C 800°C

Activation time in h
Activation temperature in °C

The amount of fluoride adsorbed,

Figure 7.7: The amount of fluoride adsorbed on the activated
vetiver root (adsorption capacity) as a function of impregnation ratio,

temperature and activation time
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The maximum adsorption capacity was observed for activated
vetiver root powder prepared by using an impregnation ratio of 1:4
between vetiver root powder and activating agent at an activation time of
1h at 700°C. This was explained by Olawale et al. (2015), that an
increase in concentration of HsPO4 was able to unblock and enlarge the
pores of the activated carbon produced. Better pore enlargement and
unblocking were reported with high concentration of phosphoric acid
used for activation. The large pore volume resulted in an increase in the
capacity of surface accommodation. A maximum of 1.884 mg/g
adsorption capacity was reported by the activated vetiver root prepared
with an activation time of 1 h compared to 1% h (1.44 mg/g) and 2 h
(1.18 mg/g). Castro et al. (2000) reported that prolonged carbonization
beyond 1h led to reduction in porosity development. Based on the results,
the impregnation ratio of 1:4 and an activation time of 1 h at 700°C was
selected as optimum condition for the preparation of activated Vetiveria
zizanioides. Further defluoridation study was conducted using this
activated Vetiveria zizanioides powder as adsorbent and its characteristics
are tabulated in Table 7.1. The higher value of iodine number indicates
that the carbon is highly porous with better effective surface area. Low
ash content and moisture content indicates that activated carbon prepared

from Vetiveria zizanioides root powder is suitable for adsorption process.

From the adsorption study, it is clear that vetiver root (Vetiveria
zizanioides) has the potential to be an efficient defluoridating agent, so
further study was carried out using activated vetiver root (Vetiveria
zizanioides). Powdered activated Vetiver showed higher efficiency than

the other. The batch sorptive defluoridation study of powdered activated
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vetiver was conducted under variable experimental conditions such as
pH, initial concentration, agitation time, Interfering co-ions, dose of

adsorbent, particle size, agitation speed and temperature.

Table 7.1: Characteristics of activated Vetiveria zizanioides root

Properties Values
pH 6.8
Bulk density (g/cm?) 0.51
lodine number (mg/g) 817.32
Moisture content (%) 4.1
Volatile matter (%) 26.3
Ash content (%) 3.65
Fixed carbon (%) 65.95

7.3.3.2 Batch sorptive defluoridation study of powdered activated

Vetiveria zizanioides

7.3.3.2.1 Effect of pH

The pH is an important controlling factor in sorption processes.
The adsorption was found to be influenced by the pH of the medium in
the present experiment. The effect of pH change on the defluoridation
was carried out within a range of pH 2 - 12. Maximum removal was
observed around neutral pH (around neutral pH, the surface will be
positively charged-columbic interaction between fluoride ion and

adsorbent surface will be higher) is shown in Figure 7.8. The highest
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removal of fluoride ions by activated Vetiveria zizanioides was obtained
at pH 6 (94 %), and then a sharp decrease in sorption was observed at pH
values higher than 8. In the acidic pH range, the amount of fluoride
adsorption slightly decreased and this can be attributed to the formation
of weak hydrofluoric acid. In alkaline pH range, there was sharp drop in
adsorption which may be due to the competition of the hydroxyl ions

with the fluoride for adsorption (Kumar et al., 2008).
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Figure 7.8: Effect of pH on sorption of fluoride

7.3.3.2.2 Effect of contact time and initial fluoride concentration on

defluoridation

Contact time is a major influencing factor in adsorption dynamics.
Batch sorption studies at different initial fluoride concentrations of 10,
20, 30 and 40 mg/L with 5 g/L of adsorbent dosage, at pH 6 and agitating
speed of 150 rpm at room temperature were carried out as a function of

contact time to assess the defluoridation and adsorption rate constants.
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The effect of initial fluoride concentration on adsorption of fluoride onto
activated Vetiveria zizanioides under varying contact time is shown in
Figure 7.9. The effect of agitation time was found to be increasing up to a
certain period of time and gradually attains equilibrium after 120 min.
The results showed that 120 min is the time required to reach equilibrium
conditions i.e., the minimum contact time for attaining the maximum
defluoridation, was independent of initial fluoride concentrations. The
rate of removal was observed almost insignificant after the reaching the
equilibrium time and this may be due to the exhaustion of the adsorption
sites (Saeed et al., 2005). The removal of fluoride was found to be 92.5,
77.1, 58.8 and 44.5 % at initial fluoride concentrations of 10, 20, 30 and
40 mg/L respectively. The efficiency of fluoride removal decreases with
increase in initial fluoride concentration. Smooth and continuous removal
curves were observed, indicating the possibility of monolayer coverage

of fluoride ions on the surface of adsorbent (Alagumuthu et al., 2010).
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Figure 7.9: Effect of agitation time on defluoridation
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7.3.3.2.3 Effect of interfering co-ions on defluoridation

The water contaminated with fluoride may contain various other
ions also which may compete with fluoride ion in the adsorption process.
The influences of coexisting anions such as chloride, sulphate,
bicarbonate, nitrate, phosphate and cations like calcium and magnesium
on fluoride adsorption by the adsorbent, activated vetiver were examined.
Figure 7.10 reveals the inference of anions on fluoride removal
efficiency. The defluoridation studies were carried out in the presence of
anions like chloride, nitrate, sulphate, carbonate and phosphate in the
concentration range 0 - 300 mg/L independently at an initial fluoride
concentration of 10 mg/L at neutral pH with contact time of 120 min.

Chloride and nitrate did not show any noticeable interfere with
defluoridation efficiency even at a concentration of 300mg/L. A slight
increase in fluoride removal was noted in the presence of chloride and
nitrate ions. This could be due to an increase in the ionic strength of the
solution or a weakening of lateral repulsion between adsorbed fluoride
ions (Eskandarpour et al., 2008; Chen et al., 2010). But the fluoride
removal exhibited a decreasing trend when sulphate concentration
increases. When the concentration of sulphate varied from 0 - 300 mg/L,
the fluoride removal efficiency was decreased from 92 % to 78 %. This
may be attributed to the high coulombic repulsive forces, which reduce
the chance of fluoride interactions with the active sites (Onyango et al.,
2004; Tor et al., 2006). A great competitive adsorption with fluoride was
observed in the presence of high phosphate and bicarbonate. Under
varying concentration of bicarbonate and phosphate from 0 - 300 mg/L, a

quick decrease in fluoride removal i.e., from 92 % to 56 % and 92 % to
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41 % was observed respectively. This may be attributed to the
competition for the same active sites with fluoride and also by the high
affinity and capacity for phosphate and carbonate ions on adsorbent. The
selective nature of the fluoride by the adsorbent depends on factors like
size, charge, electronegativity difference, polarizability etc. The influence
of co-existing anions on the fluoride removal by the sorbent, activated
vetiver root was observed as in the following order: POs*>~ > HCO3; >
SO4* > CI">NOs". The results are in good agreement with similar work
done by Alagumuthu et al. (2011) and Chen et al. (2010). Interference of
cations like calcium and magnesium on the defluoridation ability of
activated vetiver was also tested. However, any significant influence on
the fluoride adsorption was not observed in the presence of high calcium

and magnesium ions.
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Figure 7.10: Interference of co-ions on defluoridation
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7.3.3.2.4 Effect of sorbent dosage on defluoridation

The response of adsorbent dose at fixed initial fluoride
concentration 10 mg/L, pH 6, shaking speed 150 rpm, and contact time
120 min on the removal of fluoride are presented in Figure 7.11. Initially,
the fluoride uptake increases with the corresponding increase in the
amount of adsorbent but beyond certain dose range, there was no
significant increase observed in the removal of fluoride. No significant
improvement was observed in the efficiency of fluoride removal with
increase of adsorbent dosage beyond 5 g/L that may be due to low
concentration of fluoride available at higher adsorbent dose. 5 g/L was
observed as the optimum dose. The initial increasing trend observed in
fluoride removal efficiency with increasing adsorbent dosage was due to
the increase in surface area and availability of more active sites for

adsorption.
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Figure 7.11: Effect of sorbent dosage on defluoridation
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Figure 7.12: Effect of particle size on sorption of fluoride
7.3.3.2.5 Effect of particle size on sorption of fluoride

The adsorption experiment was carried out using activated
Vetiveria zizanioides with different particle size of 100, 200, 300 and 500
microns at neutral pH. The experiment was conducted at an initial
concentration of 10 mg/L, contact time of 120 min, to evaluate the effect
of particle size on the fluoride removal efficiency. The effect of particle
size on fluoride sorption is given in Figure 7.12. Increase in particle size
from 100 to 500 micron reduces the sorption level. The defluoridation
efficiency of the activated Vetiveria zizanioides with 100 microns (0.1
mm) registered high defluoridation efficiency (94.5 %) due to larger
surface area. The smaller particles provide more sorption sites and
surface area leading to greater sorption. Hence, the sorbents with particle

size of 100 microns has been preferred for further experiments.
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Figure 7.13: Effect of shaking rate on sorption of fluoride

7.3.3.2.6 Effect of shaking rate on defluoridation

The influence of varying stirring rate on the removal efficiency of
fluoride of activated Vetiveria zizanioides is depicted in Figure 7.13. The
determination of optimum shaking rate is an important step in water
treatment process because shaking consumes energy and it affects the
adsorption efficiency. The maximum removal efficiency (93.1 %) was
obtained at 150 rpm. From the results, the fluoride removal efficiency
recorded lowest at 50 rpm and improved as the shaking rate increases and
reached the maximum efficiency at 150 rpm. When shaking of the
mixture was taking place, rapid movement of the solid particle in the
solution occur and this increases the concentration of fluoride near the
surface of the solid adsorbents. This leads to the maximum collision
frequency between adsorbent & adsorbate (Kass et al., 2005). Further
increase in shaking speed to 300 rpm leads to a declined removal
efficiency. Under high shaking rate, sufficient additional energy is
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available to break newly formed bonds between the fluoride ions and the

adsorbent surface (Argun et al., 2007).

7.3.3.2.7 Effect of temperature on defluoridation

As the temperature is a major influencing factor in the sorption
process, the sorption of activated Vetiveria zizanioides was carried out at
different temperatures under the optimized condition. Initially, no
significant effect (slight increase) of sorption of fluoride observed with
slightly varying temperature (303, 305, 307, 309 and 313K). But an
increase in fluoride sorption was observed when sorption study was
conducted at four different temperatures 303, 313, 323 and 333K. Results
are tabulated in Table 7.2.

Table 7.2: Percentage of fluoride removal under different temperature

Percentage of fluoride removal

. Ce (mglL) g (mglg) o)
(mg/L) 303K 313K 323K 333K 303K 3;'&3 323K 333K 303K 313K 323K 333K
10.45 0.63 0.61 0.47 0.31 196 197 200 203 9400 9420 9550 97
15.53 2.73 2.67 2.14 1.79 256 257 268 275 8240 8280 86.20 885
20.06 4.61 4.41 3.75 317 309 313 3.26 338 7700 78.00 8130 842
25.32 8.66 8.56 7.24 656 333 335 3.62 375 6580 66.20 7140 741
30.13 1350 1329 1211 1070 333 337 3.60 389 5520 5590 59.80 645

The increase in the amount of fluoride adsorbed with temperature
indicates the endothermic nature of the process. The adsorption capacity
of fluoride will be enhanced with temperature and is attributed to the
possible increase in the number of active sites available for adsorption on

the surface. The increase in temperature leads to an increase in kinetic
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energy of fluoride ion which increases the collision frequency between
the adsorbent and adsorbate. Hence, greater adsorption of fluoride ion on
the surface of the adsorbent particles (Oguz, 2005). Similar trend was
reported by Karthikeyan and lIlango (2007) while studying fluoride

sorption using Morringa indica based activated carbon as adsorbent.
7.3.3.3 Adsorption isotherm models

The aim of the sorption isotherms is to reveal the exact relation
between the equilibrium concentration of adsorbate in the bulk and the
adsorbed amount at the surface. The isotherm results of fluoride on
activated Vetiveria zizanioides at four different temperatures (303, 313,
323and 333K) were evaluated using four important isotherms including
the Langmuir, Freundlich, Temkin, and Dubinin—Redushkevich (D-R)

isotherm models.

7.3.3.3.1 Langmuir Adsorption Isotherm

The Langmuir adsorption isotherm is the mostly used and
considered as the best known of all isotherms (Adane et al., 2015). It is
based on the assumption that maximum adsorption corresponds to a
saturated monolayer of solute molecules on the adsorbent surface, with
no lateral interaction between the adsorbed molecules. The Langmuir
adsorption isotherm has been successfully applied in various monolayer
adsorption processes to describe process (Eastoe & Dalton, 2000). The

non-linear expression of Langmuir model is represented as equation (6).

dm KL Ce
1+ Kj, Ce

e = (6)
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where Ce, is the equilibrium concentration of fluoride ion in
solution (mg/L), Qe is the amount of fluoride adsorbed per unit mass of
adsorbent at equilibrium (mg/g), gm (Mg/g) is the maximum amount of
fluoride per unit mass of adsorbent to form a complete monolayer on the
surface bound at high Ce or the adsorption capacity of the adsorbent and
KL is the adsorption equilibrium constant (L/mg). The linearized form

Langmuir equation can be illustrated as equation (7).

itk b ™

The linear plot of specific sorption (Ce/ge) against the equilibrium
concentration (Ce) (Figure 7.14(a)) indicates that the sorption of fluoride
on activated Vetiveria zizanioides obeys the Langmuir isotherm model.
Parameters for calculating Langmuir isotherm model at temperatures of
303K, 313K, 323K and 333K are tabulated in Table 7.5. The Langmuir
constants gqm and K. were obtained from the slope and intercept of the
plot and are given in Table 7.6. The essential characteristics of the
Langmuir isotherm i.e., the favourable nature of adsorption can be
expressed in terms of a dimensionless constant separation factor Ry that is

calculated by equation (8).
1

RL= —— (8)

1+ K, Cy

where K. is the Langmuir constant and Co is the initial
concentration of the fluoride ion in the solution. There are four
probabilities for the R value (Zheng et al., 2009) and are shown in Table
7.3.
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Table 7.3: The four probabilities for the R, value

R. value Type of isotherm
R.=0 Irreversible sorption
O<RL<1 Favourable sorption
R.>1 Unfavourable sorption
RL=1 Linear sorption
45 (@ 0.7000 ®
4 0.6000
3':: 0.5000 =
g 2 - X p b *303K
& 2 »313K - 03000 «313K
3 15 323K 02000 323K
1 333K 333K
05 01000
0 0000
0 C. (mg) 10 15 -1.0000  -0.5000  0.0000 0.5000 1.0000 1.5000
LB log C.
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%A_f 2i51 1] g N 333K
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Figure 7.14: Linear plot of adsorption isotherm at 303K, 313K, 323K
and 333K. (a) Langmuir, (b) Freundlich, (c) Temkin and (d) D-R

isotherm

The variation of separation factor (R.) was plotted against initial

fluoride concentration and shown in Figure 7.15. The R. values at 303K,

Removal of heavy metals and fluoride by nanotechnology, phytoremediation and plant materials



Chapter 7

313K, 323K and 333K which were calculated using Langmuir constant
are tabulated in Table 7.4. The RL values for activated Vetiveria
zizanioides at different temperatures were found in the range of 0.0607 -
0.0194 which indicates that the sorption of fluoride on activated Vetiveria
zizanioides is favourable. Also, the R. value does not reached to zero
with the increase of Co suggests that the sorption of fluoride on activated

Vetiveria zizanioides is favourable under the conditions used for the

experiments.

0.0700
0.0600
0.0500
0.0400
0.0300
0.0200
0.0100
0.0000

R,

303K
313K
323K
333K
10 20 30 40
C, (mg/L)

Figure 7.15: The variation of separation factor (R.) with initial fluoride

concentration
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Table 7.4: R. values at different temperatures

R value
Co (mg/L)

303K 313K 323K 333K
10.45 0.0607 0.0604 0.0548 0.0540
15.53 0.0417 0.0415 0.0375 0.0370
20.06 0.0326 0.0324 0.0293 0.0289
25.32 0.0260 0.0259 0.0234 0.0230
30.13 0.0219 0.0218 0.0197 0.0194

7.3.3.3.2 Freundlich Adsorption Isotherm

An empirical adsorption isotherm for non-ideal systems was
presented by a German physical chemist, Herbert Max Finley Freundlich
in 1906. The Freundlich model assumed that the strongest binding sites
are occupied first, and the binding strength decreases with the increasing
degree of site occupation and has been applied to the adsorbent with
heterogeneous surface (Yaacoubi et al., 2015). The non-linear form of

Freundlich equation is as follows:
e = KfCel/n %)

where ge is the amount of fluoride ion adsorbed on activated
Vetiveria zizanioides at equilibrium (mg/g) and C. is the equilibrium
concentration of fluoride ion in solution (mg/L). Freundlich constants, Ks
indicates the sorption capacity of the adsorbent (mg/g (L/mg)*™), and n
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gives an indication the favourability of the sorption process or the
adsorption intensity. The slope ranges between 0 and 1 is a measure of
adsorption intensity or surface heterogeneity, becoming more
heterogeneous as its value gets closer to zero. Whereas, a value below
unity implies chemisorption process where 1/n above one is an indicative
of cooperative adsorption (Foo & Hameed, 2010). To determine the
constants Ks and n, equation (9) may be converted to a linearized form
by taking logarithms.

logq, = log Kr + %log C, (10)

The plot of log ge versus log Ce of equation (10) resulted in a
straight line. The values for n and Krcan be obtained from the slope and

intercept of the plot (Figure 7.14(b)) and are presented in Table 7.6.

7.3.3.3.3 Temkin isotherm

The Temkin isotherm considered the effects of some indirect
adsorbate/adsorbate interaction on adsorption isotherms (Temkin &
Pyzhev, 1940). This isotherm assumes that (1) the heat of adsorption of
all molecules in the layer decreases with coverage due to adsorbate-
adsorbent interaction, and (2) adsorption is characterized by a uniform
distribution of binding energies, up to some maximum binding energy
(Mondal et al., 2012). The Temkin model is represented by the equation
(11)

ge = (5)n (4c.) (11)
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The Temkin model is linearly represented as equation (12) and

generally applied in the form:
gqe =BInA +BInC, (12)

where ge is the amount of fluoride adsorbed at equilibrium
(mg/g), Ce is concentration of fluoride in solution at equilibrium (mg/L)
and A is the Temkin isotherm constant (L/g). B is a constant related to
the heat of adsorption and it is defined by the expression B = RT/b. b is
the Temkin constant linked to the energy parameter (J/mol), R is the gas
constant (8.314 J/mol K) and T is the absolute temperature (K). The
constants A and B are calculated from the intercept and slope of the plot
of ge vs. In Ce and are tabulated in Table 7.6. The linear plots of Temkin
isotherm of fluoride sorption on activated Vetiveria zizanioides at
temperatures of 303K, 313K, 323K and 333K are shown in Figure
7.14(c).

7.3.3.3.4 Dubinin-Radushkevich isotherm or D—R model

D-R model is generally useful to express the adsorption
mechanism with a Gaussian energy distribution onto a heterogeneous
surface (Foo & Hameed, 2010). The equilibrium data (Table 7.5) were
applied to Dubinin-Radushkevich isotherm which was usually applied to
distinguish the physical and chemical adsorption of ions (Dubinin, 1960).
The Dubinin-Radushkevich isotherm is expressed as the following

equation:

e = qm EXP (_382) (13)
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The linear form of equation (13) is given as

Ing, =Ing,, — f&? (14)

where (e is the amount of fluoride adsorbed onto activated
Vetiveria zizanioides (mg/g) and gm is the theoretical monolayer sorption
capacity or saturation capacity (mg/g). S is the constant of the sorption
energy (mol?/kJ?), which is related to the average energy of sorption per
mole of the adsorbate as it is transferred to the surface of the solid from
infinite distance in the solution (Dubinin et al., 1947; Zheng et al., 2009).
The intercept and slope of the plot In ge versus 2 gives the values of gm
and g (Figure 7.14(d)) and are listed in Table 7.6. ¢ is Polanyi potential,
which can be calculated as follows:

e=RTIn(1+ Ci) (15)

where R is the gas constant and is equal to 8.314 J/mol K and T is

the solution temperature (K). E is the value of mean sorption energy

(kJ/mol), can be calculated using D-R parameter /5 as equation (16)

E = J%_B (16)

In addition, the Langmuir and Freundlich, the Dubinin-
Radushkevich equation was also used for the determination of adsorption
energy (E). The magnitude of E can also provide useful information on
adsorption mechanisms, such as (E < 8 kJ/mol) for physical adsorption,
(8 < E <16 kJ/mol) for chemical adsorption (Dubinin et al., 1947; Zheng

et al., 2008).
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Table 7.5: Parameters for Langmuir, Freundlich, Temkin and

Dubinin - Radushkevich Adsorption Isotherms

Teml[()eKr)ature (m(;(/JL) (mz;L) log Ce InCe (m(g;/g) logge  Inqe (i;//ﬂ) &
10.45 0.63 -0.203 -0.467 1.96 0.293 0.675 0.319 5.770176 *10°
15.53 2.73 0.437 1.006 2.56 0.408 0.940 1.068 0.616900*10°6
303 20.06 4.61 0.664 1.529 3.09 0.490 1.128 1.494 0.244229*10°6
25.32 8.66 0.937 2.159 3.33 0.523 1.204 2.599 0.075793*10°
30.13 13.50 1.130 2.603 3.33 0.522 1.202 4,058 0.032413*10°
10.45 0.61 -0.217 -0.501 1.97 0.294 0.677 0.308 6.431163*10°6
15.53 2.67 0.427 0.983 2.57 0.410 0.945 1.039 0.684777*10°6
313 20.06 4.41 0.645 1.485 3.13 0.495 1.141 1.410 0.282483*10°
25.32 8.56 0.932 2.147 3.35 0.525 1.210 2.553 0.082701*10°
30.13 13.29 1.123 2.587 3.37 0.527 1.214 3.945 0.035656*10°6
10.45 0.47 -0.328 -0.754 2.00 0.300 0.691 0.236 9.370792*10°6
15.53 2.14 0.331 0.762 2.68 0.428 0.985 0.800 1.057572*10°
323 20.06 3.75 0.574 1.322 3.26 0.513 1.182 1.150 0.402742*10°6
25.32 7.24 0.860 1.980 3.62 0.558 1.285 2.003 0.120665*10°6
30.13 12.11 1.083 2.494 3.60 0.557 1.282 3.361 0.045383*10°
10.45 0.31 -0.504 -1.160 2.03 0.307 0.707 0.155 15.732201*10°
15.53 1.79 0.252 0.580 2.75 0.439 1.011 0.650 1.515383*10°
333 20.06 3.17 0.501 1.154 3.38 0.529 1.217 0.938 0.576393*10°6
25.32 6.56 0.817 1.881 3.75 0.574 1.322 1.748 0.154389*10°
30.13 10.70 1.029 2.370 3.89 0.590 1.358 2.752 0.061228*10°
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Table 7.6: Langmuir, Freundlich, Temkin and Dubinin—Radushkevich Isotherm constants

Isotherm Temperature (K) Linear equation Correlation coefficient (R?) Isotherm parameters
303 y=0.2846x+0.1923 0.9981 gm = 3.514 (mg/g); KL=1.4799 (L/mg)
313 y=0.2813x+0.189 0.9982 gm = 3.555 (mg/g); KL =1.488 (L/mg)
Langmuir
323 y=0.2626x+0.1591 0.9979 gm = 3.808 (mg/g); KL =1.651 (L/mg)
333 y=0.2448x+0.1459 0.9977 gm = 4.085 (mg/g); KL =1.678 (L/mg)
303 y=0.1849x+0.3375 0.954 Ks=2.175 (mg/g) (L/mg)*™; 1/n =0.185; n=5.41
diich 313 y=0.1864x+0.342 0.9507 K= 2.198 (mg/g) (L/mg)*™; 1/n =0.186; n =5.37
Freundlic
323 y=0.1962x+0.3723 0.9571 K= 2.357 (mg/g) (L/mg)*™; 1/n =0.196; n =5.10
333 y=0.1941x+0.4064 0.9771 Ks=2.549 (mg/g) (L/mg)*™ ;1/n=0.194; n =5.15
303 y=0.4826x+2.1952 0.954 A=94.509 (L/g); B =0.4826
] 313 y=0.49x+2.2216 0.9513 A=93.119 (L/g); B=10.49
Temkin
323 y=0.54x+2.4041 0.9574 A=85.802 (L/g); B =0.54
333 y=0.5551x+2.6231 0.9731 A=112.782 (L/g); B = 0.5551
303 y=-0.0834x+1.1422 0.8449 B = 0.0834 (mol?/kJ?); gm =3.134 (mg/g); E = 2.449 (kJ/mol)
Dubinin — 313 y=-0.0761x+1.1518 0.8438 B = 0.0761 (mol?/kJ?); gm =3.164 (mg/g); E = 2.563 (kJ/mol)
Radushkevich 323 y=-0.0574x+1.2113 0.8433 B = 0.0574 (mol?/kJ?); qm =3.358 (mg/g); E = 2.951 (kJ/mol)
333 y=-0.0358x+1.2521 0.8179 B = 0.0358 (mol?/kJ?); gm =3.498 (mg/g); E = 3.737 (kJ/mol)
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The equilibrium data of fluoride sorption on activated Vetiveria
zizanioides at neutral pH and temperatures of 303, 313, 323 and 333K are
used to analyse Langmuir isotherm, Freundlich isotherm, Temkin model,
and D—R model and the calculated results are tabulated in Table 7.6. The
applicability of the isotherm models was analyzed by correlation
coefficient (R?) of respective linear plots. The R? values indicate that the
adsorption data best fitted the Langmuir adsorption isotherm for all four
temperatures (correlation coefficient R? > 0.99). The correlation
coefficient values of the respective linear plots indicate that Freundlich
model, Temkin model, and D-R model were found less satisfactory (R? <
0.98) compared to Langmuir isotherm. R? values shows that the
Langmuir isotherm model was very appropriate for describing the
sorption equilibrium of fluoride on activated Vetiveria zizanioides. The
adsorption capacity of fluoride on activated Vetiveria zizanioides was
observed maximum at 333K i.e., gn = 4.085 mg/g. The values of gm
calculated by the Langmuir isotherm equation fits were close to those
experimentally determined data at all experimental temperature ranges.
This suggest that the fluoride is adsorbed in the form of monolayer
coverage on the surface of the activated Vetiveria zizanioides or the
homogeneous distribution of active sites on adsorbent, since the
Langmuir equation assumes that the surface is homogeneous. The results
show that the value of adsorption energy K. of the adsorbent increases on

increasing the temperature.

However, the Freundlich model, explains multilayer adsorption,
fitted well with the correlation coefficient (R?) range of 0.954 - 0.9771.

The exponent (n) is an index of the diversity of free energies related with
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the adsorption of the solute by multiple components of a heterogeneous
adsorbent. If n > 1, then the isotherm is convex and more adsorbate
presence on the adsorbent enhances the free energies of further
adsorption, the value of n = 1 indicates that the isotherm is linear and,
when n < 1, the isotherm is concave and adsorbate is bound with weaker
and weaker free energies (Hall et al. 1966 and Adane et al. 2015). Under
all the four temperatures conditions, the value of Freundlich constant n
was found to be larger than 1 (5.41 - 5.15) which suggests the favourable
adsorption conditions. The Freundlich adsorption constant (Kr) value for
all four temperature conditions (303, 313, 323 and 333K) determined
from the intercept of the linear plots (Figure 7.14(a)) were fall between
2.175 and 2.549 (mg/g) (L/mg)*™ and the value is an indication of the
adsorption capacity of the adsorbent. The value of K: increased with
increase in temperature. Maximum Ky value was observed at 333K, which
confirms that the adsorption reaction was endothermic in nature.

For the Temkin isotherm, R? was in the range of 0.954 to 0.9731
with an average value of 0.959 and for the Dubinin-Radushkevich
isotherm, it ranged from 0.8449 to 0.8179, with an average value of
0.8375. The E value was found (Table 7.6) in the range of 2.449 — 3.737
kJ/mol, indicating that the type of sorption of fluoride on activated
Vetiveria zizanioides is essentially physical sorption process. The
adsorption isotherm models fitted the equilibrium data, based on the
correlation coefficient, in the order of: Langmuir isotherm > Freundlich

isotherm > Temkin isotherm > Dubinin—Radushkevich isotherm.
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7.3.3.4 Batch kinetic studies

Defluoridation studies were performed in order to investigate the
sorption kinetics of fluoride on the adsorbent, activated Vetiveria
zizanioides using Lagergren’s pseudo first-order, pseudo second-order,
diffusion models, and Elovich model. The pseudo-first-order
(Lagergren’s first-order) rate equation can be written as follows
(Lagergren, 1898):

kqt

log (qe — q¢) =logqe — 7)

where ge and q: are the amount of fluoride adsorbed per mass of
adsorbent (mg/g) at equilibrium and time t (min), respectively and ki is

Lagergren’s first order rate constant (min?).

The Lagergren’s first-order rate constants ki and e are
determined from the slope and intercept of the plot log (qe - qt) versus t
and are exhibited in Table 7.7, along with the corresponding correlation
coefficients (R?). Pseudo first-order kinetic plot of different initial

concentrations is depicted in Figure 7.16(a).

It was observed that the calculated ge values of fluoride did not
agree with the experimental ge values for all the experimental conditions.
This suggests that the sorption of fluoride on activated Vetiveria
zizanioides does not follow first-order kinetics at different initial
concentrations (10 - 40 mg/L). Also, the correlation coefficient (R?)
values of the pseudo-first-order kinetics were found in the range of
0.9542 - 0.9876 and this indicates that this model did not fit well.
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The Kinetics of absorption is determined by Pseudo second-order
kinetic model based on the absorption capacity of the solution and can be

represented as follows (Hussain et al., 2011):

t 1

t
=—+ — 18
qac k20%  4qe (18)

where gt is the amount of fluoride adsorbed (mg/g) at time t
(min). The equilibrium sorption capacity (ge) and the second-order
constant ko (g/mg min) can be determined by plotting changes of t/ gt
against t. The ko and ge are calculated from the intercept and slope of the
linear plot (Figure 7.16(b)) and are listed in Table 7.7 along with the
corresponding correlation coefficients.

It was observed that for all the four different initial
concentrations, the values of calculated ge from the pseudo-second-order
were closer to experimental ge than that calculated from the pseudo-first-
order. This indicated the better applicability of the pseudo second-order
kinetic model for the defluoridation by sorption using activated Vetiveria
zizanioides. The linear plots of pseudo second-order model resulted in
higher R? values than the pseudo first- order. The R? values of pseudo
second-order ranged between 0.9971 - 0.9991. Similar phenomenon has
been observed in the sorption of fluoride on chitin/cellulose composite

(Jayapriya et al., 2011)
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Figure 7.16: Kinetic modeling of adsorption of fluoride (a) Pseudo first-
order; (b) Pseudo second-order; (c) Intraparticle diffusion models and (d)
Elovich model

The sorption process follows a complex phenomenon
accompanied by both the surface and the pore diffusion, but to different
extents. Estimation of the extend of a particular diffusion to the total
process was done by using the plot following the Weber and Morris
equation. Weber-Morris proposed the intra-particle diffusion model
(Weber & Morris, 1963; Ho et al., 2000) and is expressed as the

following form shown in equation (19)

qds = kid tl/z +C (19)
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where gt is the amount of fluoride adsorbed (mg/g) at time t (min)
and kig is the intra particle diffusion rate constant (mg/g min'?). The
value of the intraparticle diffusion coefficient was estimated from the
slope of the plot (Figure 7.16(c)) of q: against t“>and listed in Table 7.7.
The value of intercept C gives an idea about the boundary layer
thickness, i.e. the larger intercept value indicates the greater boundary
effect. If a linear plot passing through the origin is obtained then it
suggests that the intraparticle diffusion process contributes predominantly
in rate determining step. However, if multi-linear plots are resulted, then
the sorption process influenced by two or more steps. Multi-linearity in gt
versus t Y2 plot (i.e., two or three steps are involved) indicates that the
first step involves the external surface adsorption or instantaneous
adsorption; the gradual adsorption step is the second step, where intra-
particle diffusion is controlling; and the third step is the final equilibrium
step, where the solute moves slowly from larger pores to micro pores
causing a slow adsorption rate. The variations in the parameters such as
solute concentration, temperature, and adsorbent particle size influences

the time required for the second step (Gandhi et al., 2016).

It was noticed from Figure 7.16(c) that there are two separate
stages involved in the fluoride sorption process i.e., the first linear
portion indicates the Stage | and the second curved path followed by a
plateau indicates Stage Il. Rapid fluoride sorption by adsorbent occurred
in Stage I. This is because of that most readily available adsorbing sites
on the adsorbent surfaces are immediately utilized by the fluoride ion.
Very slow diffusion of adsorbate from surface site into the inner pores is

observed in Stage Il. Hence, initial portion of fluoride adsorption by
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adsorbents may be governed by the initial intra-particle transport of
fluoride controlled by surface diffusion process and later part is
controlled by pore diffusion. Therefore, the adsorption process of fluoride
onto activated Vetiveria zizanioides involves surface adsorption as well
as intraparticle diffusion. Similar dual nature with initial linear and then
plateau was reported by Singh and Majumder (2016) and Liao and Shi
(2005). 1t was observed that the correlation coefficients were not
satisfactory. The intraparticle diffusion model gives straight lines with
correlation coefficient (R?) less than 0.98 for all the four different initial
concentrations, the intercept of the line fails to pass through the origin in
each case. This can be clarified by difference in the rate of mass transfer
in the initial and final stages of adsorption process and indicates some
degree of boundary layer control which suggests that intra-particle
diffusion is not only rate controlling step (Meenakshi & Vishwanathan,
2007; Kumar et al., 2009).

The simplified Elovich kinetic model equation can be expressed
as equation 20 (Farahmand, 2016),

1 1
q: = Eln(aﬁ) + Elnt (20)

where o and f is the initial desorption rate (mg/ (g min)) and the
desorption constant (g/mg) respectively, during any experiments. Both
the constant values of Elovich equation can be achieved from the slope
and intercepts of plot of gt versus In t. The slope i.e., 1/p value reflects
the number of sites available for adsorption whereas the intercept i.e., the

value of 1/B In (ap) indicates the adsorption quantity when In t equal to
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zero (Ahmad et al., 2014). Elovich model plots for fluoride sorption on
activated Vetiveria zizanioides at various initial fluoride concentrations at
303K is shown in Figure 7.16(d). The a, B and R? values were listed in
Table 7.7. The correlation coefficient R? was found < 0.98 so this model

was less satisfactory.
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Table 7.7: Kinetics data of Pseudo-first-order, Pseudo-second-order, Intraparticle diffusion model and Elovich kinetic model

Pseudo-first-order kinetic

Pseudo-second-order kinetic

Intraparticle diffusion model

Elovich kinetic model

model model
Initial fluoride
concentration, (gj'ef’)
mg/L 99
Kid
k1 Qe,cal k2 (g/mg Qe,cal a (mg/g p
S R2 . R2 mg/ C (mg/ R2 - R?
(mint)  (mo/g) min) (mglg) g Cme) min)  (g/mg)
10 1.93 0.0336 1.46 0.9609 0.0350 212 0.9991 0.0728 1.09 0.7972 0.880 3.03 0.9013
20 3.09 0.0304 2.29 0.9876 0.0193 3.40 0.9987  0.1247 1.62 0.8176 1.006 1.78 0.9157
30 3.54 0.0263 2.87 0.9542 0.0108 4.06 0.9971  0.1777 1.42 0.8595 0.490 1.26 0.9424
40 3.58 0.0355 441 0.9631 0.0094 4.23 0.9973  0.1945 1.32 0.864 0.407 1.15 0.9488
203
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7.3.3.4.1 Fitness of the kinetic models

Fitness of the sorption kinetic models were evaluated using
correlation coefficient and sum of squares of the error (SSE or ERRSQ).
Higher value of correlation coefficient (R?) indicates a better fitness of
the sorption data. Based on R? value, it was identified that the pseudo-
second-order was a better fit than pseudo-first-order, intraparticle
diffusion model and Elovich model. The sum of square of errors (SSE) is
the most widely used error function (Mane et al., 2007) and it was used to
assess the validity of kinetic models for fitting the sorption data. Lower
SSE values suggests better fit to the sorption data and the SSE values are
calculated by the following equation (Subramanyam & Das, 2014;
Ayawei et al., 2017):

n
2
SSE = Z 1(qe,cal — {eexp )i (21)
1=

where ¢, caic IS the theoretical concentration of fluoride on the activated
Vetiveria zizanioides, which have been calculated from the Kkinetic
models and ¢, exp is the experimentally measured adsorbed solid phase
concentration of the adsorbate adsorbed on the adsorbent. The ¢ calc
obtained from pseudo-first-order and the pseudo-second-order Kinetic
model was compared with its ¢, exp value i.e., experimentally measured ge
value and its SSE were calculated using equation (21). The SSE values
are listed in Table 7.8, which shows that the lowest SSE values were
obtained for Pseudo second-order kinetic model. Pseudo-second-order
model has lower SSE values indicating that the adsorption of fluoride on

the activated Vetiveria zizanioides follows second order kinetic model.
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Table 7.8: SSE of pseudo-first-order and the pseudo-second-order kinetic

model

Sum of squares of the error (SSE)

Initial fluoride
concentration, mg/L Pseudo first-order Pseudo second-order
kinetic model kinetic model
10 0.2216 0.0331
20 0.6441 0.0967
30 0.4594 0.2688
40 0.6749 0.4221

7.3.3.5 Thermodynamic parameters

Thermodynamic parameters such as enthalpy change (AH°), free
energy change (AG®°) and entropy change (AS°) can be used to determine
the spontaneity of a process. The decrease in AG® and AH® values with
increasing temperature was exhibited by spontaneous process. The
thermodynamic parameters (AG°, AH° and AS°) can be also used
recognize the mechanism (physical and chemical adsorption) involved in
adsorption process. As the temperature increased from 303K to 333K, an
increase in percentage of fluoride removal was observed, which
indicating the process to be endothermic. The thermodynamic parameters

(AG®, AH® and AS°) were calculated using the following equations:

AG® = —RTInK, (22)
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The following equation is used to define the relationship of AG® to AH®
and AS°:

AG® = AH® — TAS® (23)

The Van’t Hoff equation is found by substituting equation (22) into
equation (23)

A0 0
AH *%+% (24)

InK, =

Where T is the absolute temperature solution in Kelvin (K) and R
is the universal gas constant (8.314 J/mol K). AG°® is directly determined
from the equation (22). AH® and AS° can be obtained from the slope and
intercept of the linear Van’t Hoff plot of In K¢ versus 1/T. K¢ the
equilibrium constant, must be dimensionless and is derived from the
Langmuir constant (Ki). Here, the unit of K is expressed in L/mg. Zhou
and Zhou (2014) recommended a relationship between K. and K¢ i.e., K¢
can be found as dimensionless by multiplying K. by the molecular weight
of adsorbate (F: 18.9984 g/mol), 1000, and then 55.5 Eg. (25)
(Anastopoulos & Kyzas, 2016; Tran et al., 2016).

K. = (18.9984 * 55.5 x 1000 * K,) (25)

where the term (18.9984 * 55.5 * 1000 * K.) is dimensionless and

the fact 55.5 is the number of moles of pure water per litre.

AG® = —RTIn (18.9984 % 55.5 % 1000 x K;)  (26)

— 0 0
In (18.9984 * 55.5 + 1000 + K,) = =+~ + = (27)
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The thermodynamic parameters of sorption of fluoride using
activated Vetiveria zizanioides were calculated using equation (25, 26
and 27). The obtained results are exhibited in Table 7.9. The AG® values
are found to be negative for all studied temperature conditions (303K-
333K), indicates the spontaneous nature of adsorption of fluoride on
activated Vetiveria zizanioides. The negative quantity of AG® point out
that the adsorptive process will occur favourably and spontaneously at a
given temperature and the values of AG® vary between -35.924 and -
39.829 kJ/mol, which indicates physical adsorption. The positive sign of
AH° value indicates the endothermic nature of the sorption process,
which was proved by the increase in the adsorption capacity with
temperature. An idea about the type of sorption process involved was
provided by the magnitude of AH®. For physisorption, the heat evolved
generally lies in the range of 2.1 - 20.9 kJ/mol, while the heat of
chemisorption is in a range of 80 -200 kJ/mol. Hence, the value of AH®
(4.017 kJ/mol) confirms that the fluoride adsorption onto activated
Vetiveria zizanioides is best attributed to a physisorption process
(Kannam & Sundaram, 2001; Adane et al., 2015).

The magnitude and sign of AS° show a contributing role in
reflecting whether the association of the adsorbate at the solid/solution
interface during the adsorption process becomes less random (AS° < 0) or
more random (AS° > 0) (Tran et al., 2016). The positive value of entropy
change (AS°) 0.1317 kJ/mol indicates a high randomness at the
solid/liquid phase with some structural changes in the adsorbate and the
adsorbent. This could be because of the increased mobility of adsorbate

ions/molecules in the solution with increase in temperature and the higher
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affinity of adsorbate on the adsorbent at high temperatures (Saha &
Chowdhury, 2011). Moreover, the positive AS® value corresponds to the
increased degree of freedom of fluoride ions in the solution.

Table 7.9: Thermodynamic parameters for the adsorption of fluoride

onto activated Vetiveria zizanioides at different temperatures

T AG® (kJ/mol) AHP (kJ/mol) AS° (kJ/mol)
303 -35.924
313 -37.125
4.017 0.1317
323 -38.588
333 -39.829
7.3.3.6 Surface morphology

The surface modification of the fluoride adsorbed material was
further confirmed through  Scanning Electron Microscope image. The
surface morphology of the adsorbent, activated Vetiveria zizanioides
particles were observed by using Scanning Electron Microscope image
analysis. The morphology of the adsorbent before the adsorption of
fluoride is shown in SEM image (Figure 7.17) and the image of fluoride
loaded activated Vetiveria zizanioides is exhibited in Figure 7.18. It was
observed that, SEM micrographs of adsorbent before fluoride sorption
was somewhat smooth but after fluoride adsorption the surface became

much rockier in appearance.
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Figure 7.17: SEM images of activated Vetiveria zizanioides before

fluoride adsorption (x 500 magnification)

Figure 7.18: SEM images of activated Vetiveria zizanioides after

fluoride adsorption (x 500 magnification)

7.3.3.7 Sorption - desorption cycle

Water purification based on adsorption technology is
economically viable if the adsorbent is regenerable and reusable in many
cycles of operation. Besides, reuse of adsorbent helps to reduce
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environmental impacts related with disposal of used adsorbents. For
analysing the desorption capacity of the activated Vetiveria zizanioides,
the sorbent was subjected to an adsorption at an initial fluoride
concentration of 4 mg/L. The effect of various reagents used for
desorption was studied by using different solvents as eluent (Figure
7.19(a)).

(@

93.2
100 31
43
50 3.5
- 115'
0
HC1

NaOH EDTA H2504 HNO3

Fluoride desorption (%s)

Eluent

(»)

Percentage of fluoride removal
(%o)

No. of cvcle
mlst m2nd ®3rd ©4th

Figure 7.19: (a) Desorption of fluoride by different desorbing agents
(b) Fluoride sorption - desorption cycle
Higher desorption capacity was observed for alkaline solution
compared to acidic solutions. From the results, it was identified that 0.1
M NaOH solution was more suitable to be used to regenerate activated

Vetiveria zizanioides, which desorbed 98.2 % of fluoride ion. A reduction
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in sorption efficiency was noticed after each regeneration cycle (Figure
7.19(b)). The vigorous washing of the sorbent causes the gradual
dissolution of ion from the adsorbent surface which leads to reduction in
sorption efficiency.

7.3.3.8 Column adsorption studies

The batch experiments have shown the better fluoride adsorption
capacity of activated Vetiveria zizanioides. In this study, continuous flow
experiments were also performed to evaluate the column performance for
fluoride removal by activated Vetiveria zizanioides. Column studies of
fluoride on activated Vetiveria zizanioides at room temperature are
investigated by percolating a 10 mg/L influent concentration at neutral
pH value through the column. A column (30 cm length and 2 cm internal
diameter) was packed with adsorbent for different bed depth. To study
the effect of bed depth or the breakthrough point, bed depths were varied
by filling the column with 10 g of adsorbent for bed height of 6.4 cm, 15
g of sorbent with bed height of 9.7 cm and 20 g with bed height of 12.7
cm and a constant flow rate of 2 mL/min was maintained. Effluents
fluoride concentrations were determined at regular effluent volume or
regular time interval. The breakthrough curve is obtained by plotting a
graph between the ratios of effluent concentration to initial concentration
against the volume of effluent solution and the S shaped breakthrough
curves obtained are shown in Figure 7.20. It was noted that the time

required to attain breakthrough increased with an increase in bed depth.
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Figure 7.20: Breakthrough curves for different bed depths

The efficiency of fluoride accumulation in a fixed-bed column is
dependent on the amount of adsorbent packed inside the column. The
breakthrough time was varied with bed height. For the lowest bed depth
(6.4 cm), the curve was steeper which indicates the rapid exhaustion of
the bed. Steeper breakthrough curves were attained with a reduction in
bed depth. Due to the restricted binding sites at low bed depths, a
decreased breakthrough time was observed with a decreasing bed depth
from 12.7 to 6.4 cm. The fluoride ions do not have enough time to diffuse
into the surface of the adsorbent at low bed depth which cause a
reduction in breakthrough time. On the contrary, an increase in bed depth
causes the diffusion of the fluoride ion deeper into the activated Vetiveria
zizanioides due to the increased residence time of fluoride solution inside
the column. The typical S-shaped breakthrough curves indicates the
favourable adsorption in column study. After reaching the column

saturation, it was regenerated using 0.1 M NaOH and washed with
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distilled water by passing through the column until pH of the wash

effluent attained neutral.

7.3.3.9 Gravity based household water filter for removal of fluoride

Based on the adsorption study of activated Vetiveria zizanioides, a
simple household water treatment unit for defluoridation was developed.
The results from sorption study indicates that the sorbent, activated
Vetiveria zizanioides possess good defluoridating capacity so it was
utilized in the construction of water filter for fluoride removal. The
household applicability of activated Vetiveria zizanioides was
investigated using point-of-use domestic gravity-based water filter for
removal of fluoride. Domestic water filter has the capacity of 20 L having
a top tank of 7 L capacity and a bottom tank of 13L capacity and runs
without electricity (Plates 7.4). Transparent tanks made of food grade
plastics was selected which helps to detect if any visibly noticeable
contaminations are present. The filtration process was taking place inside
the cylindrical chamber fixed inside the upper tank and which was
attached to an inlet funnel. The raw water was poured in to the filter
through the inlet funnel and then percolate through the cylindrical
chamber (7.5 cm height and 8 cm diameter). The top cover and top lid
were placed at the top, helps to prevents further contamination of water
inside the filter. An easily washable and removable plastic disc
containing minute holes was placed between the inlet funnel and
cylindrical filtering chamber which helps reduce high flow rate due
gravity and also eliminates, if any large particles present in the raw water.

A sediment filter was also placed in the top of the cylindrical chamber.
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The cylindrical column of the household water filter (7.5 cm
height and 8 cm diameter) was packed with three materials in four layers
in the order: sand, activated Vetiveria zizanioides powder, sand and
pebbles having glass wool support. Well cleaned sands and pebbles are
used in the study. The efficiency of defluoridation was checked by
varying bed height of each layer. The bed height of sand, activated
Vetiveria zizanioides powder, sand layer and pebbles inside the column
was arranged in two different ways, i.e., A (L cm, 4 cm, 1 cm and 1 cm)
and B (1 cm, 3 cm, 1 cm and 2 cm) respectively. Another filtering disc
was placed at the end of the cylindrical chamber. The sand layer placed
above the activated Vetiveria zizanioides layer removes the small
particles present in the raw water and the layer of pebbles and filtering
disc placed at the bottom of the column ensure better filtration and helps
to prevents the entering of adsorbent in the filtered water. The
defluoridation of the synthetic solution having varying fluoride
concentrations of 2 mg/L, 5 mg/L and 10 mg/L by the domestic filtering
unit was tested. The filtered solutions were collected and the residual
fluoride content was analyzed. The quantity of water filtered effectively
until the fluoride concentration in the effluent overshoot 1.5 mg/L (which
is the permitted maximum MCL (maximum contaminant level) in India)

was estimated and given in Table 7.10.
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Filtering disc

Sedimentation filter

Sand

Activated Vetiveria zizanioides

Sand

Pebbles

Filtering disc

Plate 7.4: Household defluoridation unit

Comparatively, the column of the filter arranged in the order (A)
of sand, activated Vetiveria zizanioides powder, sand layer and pebbles:
(1 cm, 4 cm, 1 cm and 1 cm) was found to be more effective than B
(sand, activated Vetiveria zizanioides powder, sand layer and pebbles: 1
cm, 3cm, 1 cm and 2 cm). So, each layer inside column was arranged in
the order A for further real water field trial study. From the results, it
was observed that point-of-use domestic gravity-based water filter for
removal of fluoride was effective for synthetic fluoride solutions having
neutral pH at room temperature. After exhaustion, the filter media was
regenerated with 0.1 M NaOH solution and washed with ample

amount of fresh water or pressure clean it using tap water.
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Table 7.10: The quantity of fluoride free water obtained by filtering unit

Amount of fluoride removed
Initial fluoride water (< 1.0 mg F/L) obtained, L
concentration, mg/L

A B
2 51.25 36.75
5 23.5 16.5
10 14.75 10.5

7.3.3.10 Application in field level water samples from Palakkad

district, Kerala

The defluoridation of the field level samples were performed to
check the practical utility of the studied sorbent, activated Vetiveria
zizanioides. Five water samples from a fluoride-endemic area of
Palakkad district, Kerala, India were collected. Five fluoride detected
samples were selected from Muthalamada panchayath in Kollangodu
block of Palakkad district for testing the practical utility of the household
water filter packed with activated Vetiveria zizanioides. The details of the
selected samples are given in Table 7.11 and the physicochemical
parameters determined as per standard methods (APHA, 2012) before
and after the treatment are reported in Table 7.12. Fresh plastic bottles
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were used to collect ground water samples from bore wells/open wells in

the fluoride affected area.

Table 7.11: Details of samples selected for field trial of household water

filter for defluoridation

Sl Type
Sample ] GPS
No Station . of Panchayath Block
code Co-ordinates
source
Rajappan,
) N 10°36.410°  Open
1 A Chulliyar Muthalamada  Kollangodu
E 76°45.568° well
medu
Jailavudeen N 10°36.413°  Open
2 B ] Muthalamada  Kollangodu
KSJ Manzil E 76%45.563° well
Mohanan
_ N 10°35.456>  Bore
3 C Nideesh Agro Muthalamada  Kollangodu
E 76%°47.662° well
Farm
PM Yakoob N 10°36.614°  Open
4 D . Muthalamada  Kollangodu
Govindapuram  E 76%47.270° well
Jailavudeen N 10°36.593°  Open
5 E ] Muthalamada  Kollangodu
Manchira E 76%°43.799 well

The defluoridation studies of the field level samples were

performed at natural pH. pH of the samples ranged between 6.37 - 7.9
and all the selected groundwater samples are observed to be in the neutral
pH range except sample E (pH = 7.9). Concentrations of fluoride was
detected beyond the BIS limit in all the five samples ranging from 1.8
mg/L to 2.9 mg/L before the treatment using household filter. Among
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these five samples, a maximum fluoride concentration of 2.9 mg/L was
detected in sample D, which was collected from the area of
Govindapuram in Muthalamada panchayath. After the treatment of five
groundwater samples, complete elimination of fluoride was observed in
sample B and slight fluoride content was detected in remaining four
samples but the values observed were well below the acceptable limits of
BIS drinking water standards. High alkalinity was observed in all the
samples which may increase the interference HCOs™ ions on the fluoride
sorption. Sample E was found to be alkaline in nature and from the batch
sorption study of activated Vetiveria zizanioides indicated that the
sorption process was slow down at alkaline pH range. So, this may be the
reason which prevented the complete elimination of fluoride from sample
E, collected from Manchira. The results indicate that the household water
filter packed with activated Vetiveria zizanioides was found to be
effective in defluoridation of groundwater samples from the fluoride
endemic area, Muthalamada of Palakkad district.

218 Cochin University of Science and Technology



Defluoridation of Water using Cost Effective Technique

Table 12: Water quality parameters of five field samples before and after treatment

A B C D E
Parameters Acceptable limit as
per BIS Before After Before After Before After Before After Before After
treatment treatment treatment treatment treatment treatment treatment treatment treatment  treatment

pH 6.50-8.50 6.85 6.52 6.88 6.48 7.13 6.89 6.37 6.34 7.90 7.40
EC (micro siemens/cm) 1025.35 660.56 988.73 649.30 890.14 476.06 1049.3 674.65 925.35 508.45
Temperature (° C) 25 27.9 25 27.4 25 26.5 25 26.8 25 27.1
Colour (Hazen) 5 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL
Turbidity (NTU) 1 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL
TDS (mg/L) 500 728.00 469.00 702.00 461.00 632.00 338.00 745.00 479.00 657.00 361.00
Fluoride (mg/L) 1 2.00 0.2 2.10 BDL 1.90 0.10 2.90 0.14 1.80 0.34
Total alkalinity (mg/L) 200 326.20 116.00 276.20 74.00 384.60 120.00 280.40 92.00 406.60 140.00
Chloride (mg/L) 250 72.40 70.44 77.21 74.37 22.88 19.17 78.14 75.68 19.07 17.01
Total Hardness (mg/L) 200 520.00 500.00 540.00 508.46 400.00 388.00 538.46 432.00 360.00 336.00
Calcium Hardness (mg/L) 300.00 288.00 400.00 385.00 240.00 228.00 415.00 324.00 340.00 320.00
Calcium (mg/L) 75 120.00 115.20 160.00 154.00 96.00 91.20 166.00 129.60 136.00 128.00
Magnesium (mg/L) 30 53.46 51.52 34.02 30.00 38.88 38.88 30.00 26.24 4.86 3.89
Sodium (mg/L) 62.00 61.00 58.40 55.50 50.50 48.20 79.90 77.20 50.30 50.10
Potassium (mg/L) 10.90 10.40 2.20 2.00 3.10 2.90 12.10 11.50 4.00 3.80
Sulphate (mg/L) 200 56.43 20.52 81.49 46.80 15.28 2.60 77.53 50.60 18.80 3.64
Phosphate-P (mg/L) 0.12 BDL 0.11 BDL 0.25 BDL 0.17 BDL 0.21 BDL
Nitrate - N (mg/L) 45 0.07 0.06 0.12 0.11 0.13 0.11 0.34 0.29 0.21 0.18
Iron (mg/L) 0.3 BDL BDL 0.02 0.02 0.01 BDL BDL BDL BDL BDL
IAOQ?\: /f&')irﬁrm’ S?nall'o%oaﬁesgrrﬁ;f:t 2400 75 1100 150 93 23 1100 23 2400 460
E. coli Shall not be present Present Absent Absent Absent Absent Absent Present Absent Absent Absent

in 100 ml sample
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The parameters other than fluoride was also showed some
variations after the treatment. Total alkalinity of the samples before the
treatment ranged between 276.2 — 406.6 mg/L. After treatment, the
alkalinity was decreased in all the five samples below the acceptable limit
as per BIS. Complete removal of phosphate was observed in all the
samples and sulphate also showed a decreasing trend after treatment.
Chloride, Nitrate, Sodium, Potassium, Calcium and Magnesium exhibited
slight variations after treatment of the samples using the household filter.
A reduction in total Coliform and E. coli was also noticed. The analytical
results of the physico-chemical parameters of the field level samples after
treatment indicates that gravity-based household water filter was
effective for the removal of fluoride.

7.4 Summary

A novel activated carbon adsorbent has been developed for
defluoridation of contaminated water samples. Fluoride removal
efficiency of some medicinal plant materials like gooseberry
(Phyllanthus emblica), dried ginger (Zingiber officinale), sathavari
(Asparagus racemosus), pomegranate (Punica granatum), nutmeg
(Myristica fragrans), kozhinjil (Tephrosia purpurea) and karinochi (Vitex
negundo) were compared during the initial stage of the study and
reported an efficiency of 65, 63, 44, 70, 67, 40 and 30 % respectively.
The suitability of some easily and locally available plant materials such
as ramacham or vetiver root (Vetiveria zizanioides), tamarind seed
(Tamarindus indica), clove (Eugenia carryophyllata), neem (Azadirachta
indica), (Acacia catechu willd), coffee husk (Coffea arabica) and fern
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(Adiantum aethiopicum for effectively remediating fluoride contaminated
water was also investigated. Ramacham (Vetiveria zizanioides) (80 %),
Tamarind seed (Tamarindus indica) (75 %) and clove (Eugenia
carryophyllata) (73 %) exhibited better defluoridation efficiency
compared to other plant materials. During the second stage of the study,
batch adsorption test of vetiver root (Vetiveria zizanioides), tamarind
seed (Tamarindus indica) and clove (Eugenia carryophyllata) were
conducted by varying contact time, sorbent dosage and particle size.
Results indicated that, tamarind seed and clove removed 75 and 70 % of
fluoride respectively at adsorbent dosage of 20 g/L of 10 mg/L of
fluoride water and vetiver root removes 80 % of fluoride at the same
dose. Vetiver root showed a maximum removal (85 %) at a dosage of 24
g/L. The results indicated that the maximum fluoride adsorption takes
place at the optimum adsorbent dosage of 24 g/L, equilibration time of
120 min, and a particle size of 0.1 mm for Vetiveria zizanioides root
powder. For tamarind seed (Tamarindus indica) and clove (Eugenia
carryophyllata), the equilibrium dosage and time found was 20 g/L and
100 min with the particle size 0.1 mm. The results clearly pointed out
that, Vetiver root has the potential to be an efficient defluoridating agent,
so during the further study, activation of Vetiveria zizanioides was carried

out to improve its efficiency.

During the third stage of the study, powdered Vetiveria
zizanioides root was activated using phosphoric acid. The carbonization
of the material was conducted for 1 h, 1% h and 2 h at 600°C, 700°C and
800°C and by altering the impregnation ratio of raw material to activating

agent 1:05, 1:1, 1:2 and 1:4. The activated Vetiveria zizanioides root
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powder prepared by using an impregnation ratio of vetiver root powder to
activating agent 1:4 and an activation time of 1 h at 700°C was selected
for further study based on its maximum adsorption capacity. The batch
sorptive defluoridation study of powdered activated Vetiveria zizanioides
was conducted under variable experimental conditions such as pH, initial
concentration, agitation time, interfering co-ions, dose of adsorbent,
particle size, agitation speed and temperature. The efficiency of fluoride
removal was found to be 92.5, 77.1, 58.8 and 44.5 % at initial fluoride
concentrations of 10, 20, 30 and 40 mg/L respectively with 5 g/L of
adsorbent dosage, at pH 6, shaking speed of 150 rpm at room
temperature. The efficiency of fluoride removal was found to be
decreased with increase in initial fluoride concentration but the amount of
fluoride adsorbed increased. The influence of co-existing anions on the
fluoride removal by the sorbent, activated vetiver root, was studied and
found to follow the order: POs*~ > HCOs™ > SO4*” > CI"> NOs. The
minimum contact time for attaining the maximum defluoridation was 120
min and maximum sorption was observed at pH 6, shaking rate 150 rpm
and adsorbent dosage of 5 g/L with a particle size of 0.1 mm. The
isotherm results indicated that the adsorption process satisfactorily fitted
with Langmuir adsorption isotherm which had good correlation
coefficient value (R? > 0.99) indicating monolayer adsorption. The
separation factor (R.) was found in the range of 0.0607 - 0.0194 indicate
the favourable sorption under varying temperature. The maximum
adsorption capacity of fluoride on activated Vetiveria zizanioides was
observed at 333K (gm = 4.085 mg/g) and the value of adsorption energy

KL of the adsorbent increases on increasing the temperature. The value of
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Freundlich constant n was found to be larger than 1 (5.41- 5.15) which
suggests the favourable adsorption conditions. The value of K increased
with increase in temperature, which confirms endothermic nature of the
adsorption fluoride on activated Vetiveria zizanioides. The adsorption
isotherm models fitted the equilibrium data, based on the correlation
coefficient, in the order of: Langmuir isotherm > Freundlich isotherm >
Temkin isotherm > Dubinin—Radushkevich isotherm. The value of
Dubinin-Radushkevich mean free energy, E, found was < 8 kJ/mol,

indicating physisorption.

To identify the rate and kinetics of adsorption process pseudo-
first-order, pseudo-second-order, intra-particle diffusion model, and
Elovich kinetic model were applied. Pseudo second-order kinetic model
was observed better applicable. Weber and Morris intraparticle diffusion
model suggests the involvement of surface adsorption as well as
intraparticle diffusion. Weber and Morris plots fail to pass through origin
which indicated that the process of the mechanism of sorption was
complex in nature with the more than one mechanism limiting the rate of
adsorption. The evaluation of fitness of the sorption kinetic models were
done using correlation coefficient and sum of squares of the error suggest
that the adsorption of fluoride on the activated Vetiveria zizanioides
follows second order kinetic model. SEM micrographs confirmed the
adsorption of fluoride ion on the adsorbent surface. The thermodynamic
data confirms the endothermic and spontaneous nature of sorption
process and also indicates the increased degree of freedom of fluoride
ions in the solution. Desorption study identified 0.1 M NaOH solution as

the suitable eluent to regenerate activated Vetiveria zizanioides. The
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typical S-shaped breakthrough curves obtained in the column study
indicates the favourable adsorption. Gravity based household water filter
for removal of fluoride was developed using activated Vetiveria
zizanioides and it was applied to the field samples collected from fluoride
endemic area of Palakkad district. The active carbon developed from
Vetiveria zizanioides has been effectively reduce the fluoride level in real
groundwater samples below the BIS acceptable limits, and hence, the
activated Vetiveria zizanioides can be successfully applied to remove

fluoride from contaminated water.
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DETOXIFICATION OF LEAD, CADMIUM
AND COPPER FROM WATER BY USING
BIOSORBENTS: EQUILIBRIUM AND
THERMODYNAMIC INVESTIGATION

8.1 Introduction

Industrial activities are the major resource of mobilization of
many heavy metals in the environment and is of serious concern due to
the toxicity of these metals in all forms of life (Al-Garni & Saleh, 2005).
As a consequence of unregulated application and inappropriate waste-
disposal strategies leads to the release of heavy metals to ecosystem at
elevated concentrations. Extremely toxic nature of heavy metals threatens
many forms of life by linking the food chain and its nonbiodegradable
behaviour is a major apprehension among scientific community. Metals
such as mercury, cadmium, copper and silver are markedly more toxic
even at very low levels and among the heavy metals, lead, cadmium and
mercury have been known as “the big three” due to their potential risks
on the bio-environment (Volesky, 1994; Volesky & Holan, 1995; Igwe &
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Abia, 2007). When heavy metals are released into the aquatic
environment, most of them are strongly retained and their adversative
effects can persist for a long time. Thus, it is vital to apply an effective

remediation method to wastewaters contaminated with heavy metals.

Treatment of heavy metal contaminated wastewaters are generally
done by different methods and among various techniques, adsorption has
received much attention and considered as an alternative to conventional
precipitation method, especially for water that hold low concentrations of
metals and complex forming substances (Patterson, 1975; Erdem &
Ozverdi, 2005). In this chapter, the ability of some plant materials and
lichens to remove Pb?*, Cd?" and Cu?* from aqueous solution by
adsorption has been investigated through batch experiments. Equilibrium
sorption isotherm studies, adsorption kinetic and thermodynamic studies
of Pb?*, Cd?* and Cu?' ions detoxification from water have been
conducted.

8.2 Materials and Methods

8.2.1 Reagents and analytical techniques

All the regents utilised in this study were analytical grade
reagents (AR grade), procured from Merck Ltd. India and used without
further purification. Stock solutions of Pb?*, Cd?* and Cu?* were prepared
by dissolving appropriate quantity of analytical grade chemicals,
Pb(NO3),, Cd(NOs3)2 and Cu(NOs). in deionised water. Working solutions
were prepared by diluting the stock solution with deionised water to
desired concentrations. Atomic Absorption Spectrophotometer (AAS)
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(Thermo Series) with GF 95 graphite furnace was used to analyse the
concentration of heavy metals. The pH adjustments of the solutions were
made by using 0.1 mol/L HCI and 0.1 mol/L NaOH and digital pH meter
(PCSTestr35 instrument) was used to measure pH of the solutions. The
regular calibration of pH meter was carried out by using pH calibration
buffers. Morphology and composition of the adsorbents were examined
by Scanning Electron Microscopy (SEM) (JEOL Model JSM - 6390LV)
and EDS (OXFORD XMX N).

In this chapter we report, two different experiment conducted for
heavy metal removal from contaminated water. One is treatment of Pb?*,
Cd?" and Cu?* using a herbal plant material of Caesalpinia sappan and
the second study is biosorption of Pb?* and Cd?* from water by non-living

algal biomass of Tretepohila abietina.

8.2.2 Removal of lead, cadmium and copper from water using

locally available plant Caesalpinia sappan

8.2.2.1 Plant material

The medicinal plant, Caesalpinia sappan  (Family:
Caesalpiniaceae) is a small thorny tree and is commonly known as Patag.
Also, in English known as sappan wood or Brazil wood. Formerly, the
sappan wood (Plate 8.1) was utilized in calico printing of cotton, wool
and silk but later on, it was largely substituted by synthetic dyes. The
wines and meat are being coloured by heart wood and its roots are known
as ‘yellow wood’ are utilised to make yellow dye. The tree was earlier

cultivated in south-east Asia for the red dye. The distribution of
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Caesalpinia sappan is mainly located in Indian states like Tamilnadu,
Kerala, Karnataka, Andra Pradesh and West Bengal (Sarumathy et al.,
2011). The nontoxic natural dye, Brazilin is the main component of
Caesalpinia sappan (sappan wood). Brazilin (6a, 7-dihydro-3, 6a, 10-
trihydroxy-benz [b] indeno [1, 2-d] pyran-9 (6H)-one) (Figure 8.1) have
an anti-inflammatory action (Kwon et al., 2009) and the pigment is
utilised in manufacture of facials which are resistant to light heat and
water and are non-irritating. The medicinal plant, sappan wood possess
various immunosuppressive activities (Ye et al.,, 2006), like anti-
inflammatory and antibacterial (Nirajan-Reddy et al., 2004), anticancer,
and antioxidant etc. Antioxidants are extensively utilized as constituents
in dietary supplements in the expectation of maintaining health and
preventing disease like coronary heart disease, cancer, and even altitude

sickness.

Plate 8.1: Caesalpinia sappan

Caesalpinia sappan is also used as a traditional Chinese medicine
for activating blood circulation and eliminating stasis. Various biological
activities of sappan wood, such as immunomodulation (Choi et al., 1997),

protection of the brain, hepato protection (Moon et al., 1992),
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anticomplementary, hypoglycemic agent activity, anticonvulsant, xanthin
oxidase inhibition and aldose reductase inhibition have been reported.
Compounds like phenolics and flavonoids, protosappanin A,
protosappanin B, protosappanin E, brazilin, 4-0-methylsappannol have
been isolated from sappan wood (Saenjum et al., 2010; Sarumathy et al.,
2011). Caesalpinia sappan is used in many traditional medicines and
Ayurvedic formulations. It is one of the ingredients of drug ‘Lukol’™ for
the treatment of non-specific leucorrhoea (post IUD) and also, one of the
components of famous tooth paste and tooth powder of India, Vicco
Vajradanti. The sappan wood is beneficial for stopping bleeding in gums
and gives firmness and strength to the gums due to its strong astringent,
haemostatic, healing properties. Hence, it is applicable in mobile teeth,
aphthous ulcers, stomatitis and gum erosions. Its properties like blood
purification, antithirst, antidiabetic, improvement of complexion and
several other properties makes the water kept in sappan wood is being

widely used as an herbal drink in Kerala.

HO O
OH

Ra®

HO OH
Figure 8.1: The chemical structure of brazilein (Adapted from Lee et al.,
2008)
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According to Ayurveda, the heartwood is useful in vitiated
conditions of pitta, ulcers, wounds, burning sensation, leprosy, skin
diseases, dysentery, diarrhoea, epilepsy, diabetes, convulsions,
menorrhagia, leucorrhoea, haemoptysis, haemorrhages, stomatopathy and
odontopathy (Kirtikar & Basu, 1989; Warriers et al., 1993). Yunani
system also utilized the properties of Caesalpinia sappan such as healing
of wounds and ulcers, stops bleeding from the chest and lungs, beneficial
for rheumatism and improvement of complexion. Caesalpinia sappan
heartwood possess high therapeutic potential and has the ability to protect
from UV radiations, can be developed as an effective radio-protective
agent. It is used as antimalarial in Malaysia and anti-anaemic in
Philippines. The plant is being used worldwide for a large number of
medicinal purposes. The heartwood has attained both domestic and
international market and being exported from countries like India,
Philippines etc. to Europe and USA because of its vast and proven
medicinal properties and use as colouring agent (Badami et al., 2004). In
the light of Caesalpinia sappan’s tremendous health benefits and
medicinal values, its ability to eliminate heavy metals such as lead,

cadmium and copper from water was investigated in this chapter.

8.2.2.2 Preparation of adsorbent

The barks of sappan wood (Caesalpinia sappan) was collected
from Kozhikode district in Kerala and were cut down to small pieces.
The cut down pieces is washed well using distilled water, open dried in
sun light and dried in hot air oven at 110° C for five hours. The dried

sappan wood is coarsely powdered and sieved. 5 g of sappan wood
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powder was boiled with 250 mL of distilled water for 1 h and the
powdered heartwood produces a dark red coloured solution in water,
when heated. After decanting the solution, again 250 mL of distilled
water was added to the same powder and boiled. The process is repeated
till the red colour is completely removed. After filtering, the material is
kept for drying. The dried powder of sappan wood was then treated with
10 mL of 0.1 M HCI for 1hr under stirring which leads to the loading of
H™ ions on the surface of biosorbent. The excess of H* ions on biosorbent
was removed by washing with de-ionized water. The filtered sorbent was
washed several times with de-ionized water to provide neutral pH. The
red colour of the powdered sappan wood was completely removed after
this step. It was then dried in an oven at 60° C for 1 h. Powdered
Caesalpinia sappan before and after removing its colour was presented in
Plate 8.2.

Plate 8.2: (a) Powdered Caesalpinia sappan before removing
colour (b) Powdered Caesalpinia sappan after removing colour (after

protonation)

The well dried sappan wood powder was utilized as adsorbent for
treatment of lead, cadmium and copper from water. The dried powder of

Removal of heavy metals and fluoride by nanotechnology, phytoremediation and plant materials 231



Chapter 8

Caesalpinia sappan was sieved through a range of sieves and only the
particles that passed through a 0.3 mm mesh was only used in the study.
The separated particles were stored in a clean and air tight containers for
further study.

8.2.2.3 Batch sorption experiments

Sorption experiments were conducted in batch conditions to
understand the rate and equilibrium data. Single species batch sorption
experiments of heavy metals (Pb?*, Cd?* and Cu?") were conducted. The
batch experiments were carried out in 250 mL screw topped flasks by
agitating known quantity of the adsorbent, powdered sappan wood with
100 mL of known concentration of heavy metal solutions for a
predetermined period in a temperature-controlled shaker. After filtration
using Whatmann Filter Paper No. 41, the concentrations of heavy metals
(Pb?*, Cd?* and Cu?") in the filtrate were determined using AAS. All the
analysis was done in triplicate to check precision and average values are
only reported.

The amount of adsorbate adsorbed at equilibrium, ge (mg/g) and

sorption efficiency (%) was calculated as per equation (1 and 2)

Co—Ce)V
g = Lo (1)
Sorption efficiency (%) = (Co_iﬂ )
0

where Co and C. are the metal concentrations in the solution
before and after treatment, respectively. V is the volume of the heavy

metal solution (L), m is the mass of dry adsorbent used (g).
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The influence of important parameters like pH, initial
concentration, contact time, temperature, adsorbent dosage and shaking

speed were investigated as follows:

8.2.2.3.1 Effect of pH

The effect of solution pH on the sorption of Pb?*, Cd** and Cu?*
on sappan wood (Caesalpinia sappan) was examined by varying the
initial pH of the solution from pH 2 to 12. pH of the solutions was
adjusted using 0.1 mol/L HCI and 0.1 mol/L NaOH and measured by
using digital pH meter (PCSTestr35 instrument). The initial concentration
of metals was fixed at 10 mg/L.

8.2.2.3.2 Effect of shaking speed

To optimize shaking speed, experiment was conducted by
changing the shaking speed from 50 to 300 rpm in speed adjusted shaker.
The sorption study was conducted with 10 mg/L of metal solutions having
pH 7 at 303K.

8.2.2.3.3 Effect of adsorbent dosage

In 250 mL stoppered bottles, 100 mL of 10 mg/L solutions of
Pb%*, Cd?* and Cu?" were agitated with different adsorbent dosage of
Caesalpinia sappan (1, 2, 3, 4, 5, 10, 15, 20 g/L) to study the effect of
adsorbent dosage on sorption of Pb?*, Cd?* and Cu?*. A neutral pH level
at a temperature of 303K and shaking speed of 150 rpm for Pb?* and 200

rpm for Cd?* and Cu?* was maintained. The solution from each bottle was
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filtered using Whatmann no.41 filter paper and the filtrate was used to

analyse residual concentration of Pb?*, Cd?* and Cu?* by AAS.

8.2.2.3.4 Effect of contact time

The influence of contact time in sorption of Pb?*, Cd?* and Cu?*
on Caesalpinia sappan was evaluated for 180 min at regular time
intervals of 20 min. An adsorbent dosage of 4 g/L was added to 10 mg/L
of metal solutions at 303K. Shaking speed of 150 rpm for Pb?* and 200

rpm for Cd?* and Cu?* was maintained

8.2.2.3.5 Effect of initial concentration

The effect of initial concentration on the efficiency of heavy
metals adsorption were analysed by varying the initial concentrations of
Pb?*, Cd?* and Cu?®* from 5 to 45 mg/L at neutral pH range. 4 g/L of
adsorbent dosage at a temperature of 303K and shaking speed of 150 rpm
for Pb?* and 200 rpm for Cd?* and Cu?" was maintained during the
experiment. The contact time for sorption of lead on Caesalpinia sappan
was 100 min and for cadmium and copper, it was selected as 160 and 120
min respectively, based on equilibrium study. The residual metal
concentrations in the solutions were quantified and the amount of heavy

metals adsorbed by Caesalpinia sappan were calculated.
8.2.2.3.6 Effect of temperature and thermodynamics

The temperature is one of the significant factors which influence
sorption capacity. The temperature range was varied from 303 to 373 K
at pH 7 and 4 g/L adsorbent dosage and the initial concentrations of Pb?*,
Cd?* and Cu?* ranged from 25 to 45 mg/L were used to determine the
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thermodynamic parameters. A temperature-controlled water bath with

shaker was used for this purpose.

8.2.2.3.7 Effect of light metal ions

The effect of other cations on the adsorption of Pb?*, Cd?" and
Cu?* on Caesalpinia sappan was investigated separately, using 10 mg/L
of Pb?*, Cd?" and Cu?* solutions containing a known concentration (10
mg/L) of either Na*, K*, Ca* or Mg*" ions at optimum sorption

conditions.

8.2.2.3.8 Desorption study

The desorption or regeneration of the used sorbent material is
essential to make the sorption process more economical. The gently
washing with deionized water to remove the unadsorbed metal ions was
the initial step in the desorption study of Pb?*, Cd?* and Cu?* adsorbed
sorbents. The desorption of the sorbate (Pb%*, Cd?* and Cu?* ions) from
sorbent material was done using the desorbing agents 0.1M HCI, 0.1M
NaOH, 0.1M HNOgz, and 0.1M EDTA. 50 mL desorbing agents was
added to 0.4 g of metal adsorbed sappan wood (Caesalpinia sappan) in
250 mL stopped bottle. The bottles were shaken in an electric shaker for
2 hrs at room temperature. The solution from each bottle was filtered
through Whatmann no. 41 filter paper, and concentration of metals

present in each sample was found using AAS.
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8.2.3 Biosorption of lead and cadmium from water by non-living

algal biomass of Tretepohila abietina

8.2.3.1 Collection and preparation of biosorbent: Tretepohila abietina

The algal biosorbent was collected from Chethalayam areas (Near
Pulpally-Sultan Bathery Highway) at Wayanad district during February-
March 2014. A red or orange colour was observed in the tree trunk of
silver oak. The algal samples were carefully collected from the tree trunk
of silver oak with the help of long forceps and scalpel. The collected
algal samples were freeze-dried and transported to the laboratory. After
the identification of Trentepohlia species, the collected algal samples
were washed with deionized water. The inactivation of the washed alga
was done by heating at 80° C for 24 h. The dried algal biosorbent was

ground to a very fine powder and sieved through a 0.3 mm sieve.

Trentepohlia Martius, a dominant filamentous subaerial green
alga and imparts the yellow, red, and orange colours to the tree-bark,
leaves, rocks and many artificial substrata (Kharkongor & Ramanujam,
2015; Satpati & Pal, 2015). The representatives of the Trentepohliales are
widespread in tropical and temperate regions with humid climates and the
occurrence of abundant g-carotene and hematochrome are responsible for
imparting colour to the group Trentepohliales (Rindi et al., 2009;
Kharkongor & Ramanujam, 2015). Tretepohila abietina is the species of
Trentepohlia on the tree trunk of silver oak and is shown in Plate 8.3 (a
and b). Tretepohila abietina before washing is presented in Plate 8.3 (c)
and Location where Tretepohila abietina collected shown in Plate 8.3 (d).

This green alga forms bright orange or orange brown patches on the tree
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trunk and the orange red pigment protects the algae against intense

sunlight. This alga is found more in the areas with humid climate.
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Plate 8.3: (a &b) Tretepohila abietina on the tree trunk of silver
oak (c) Tretepohila abietina before washing (d) Location of Tretepohila

abietina collected
8.2.3.2 Batch sorption studies

The removal efficiency and adsorption capacity of Pb?" and Cd?*
by the biosorbent, T. abietina was investigated by batch sorption
experiment. Single element adsorption experiments were conducted for
both metals and the effect of controlling factors (shaking speed,
adsorbent dosage, pH, contact time, initial concentration, light metal ions
and temperature) on the metal sorption by biomass, T. abietina were
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evaluated. The batch experiments were conducted in 250 mL stoppered
bottles by shaking a known quantity of biosorbent with 100mL of the
metal solutions. To find the optimum pH for biosorption, 0.1 mol/L HCI
and 0.1 mol/L NaOH solutions were used to vary pH from 2 to 12. The
biosorbent dosage and shaking speed were varied from 0.25-15 g/L and
50-300 rpm, respectively. The initial concentrations of Pb?* and Cd?*
were varied from 40-70 mg/L and mixed with optimum dosage
biosorbent at optimum pH and room temperature for a predetermined
period required for better sorption of Pb?* and Cd?*. The sorption studies
were carried out by mixing adsorbent and adsorbate using a mechanical
shaker for 120 min using 10 mg/L of metal solutions. To investigate the
thermodynamic parameters, sorption experiments were conducted at four
different temperature (301K, 333K, 353K and 373K) using a
temperature-controlled shaker with water bath. Effect of light metals such
as Na*, K*, Mg and Ca** on the of Pb?* and Cd*" on Tretepohila
abietina were also studied. After, each sorption experiment, the sorbent
was separated by filtering using Whatmann no. 41 filter paper and metals

concentrations in the filtrate were quantified by AAS.

8.2.3.3 Desorption experiments

The Pb?" and Cd?* adsorbed sorbents, Tretepohila abietina was
gently washed using deionized water to eliminate the unadsorbed ions.
0.1M HCI, 0.1M NaOH, 0.1M HNOs, and 0.1M EDTA were used to
regenerate the metal adsorbed sorbents. 50 mL of desorbing agents was
added to known amount of metal adsorbed sorbent, T. abietina in 250 mL

stopped bottle and agitated using a mechanical shaker for 2 h at room
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temperature. The solution was separated using Whatmann no. 41 filter

paper and concentration of metals in solution was measured using AAS.
8.2.4 Adsorption isotherms

Langmuir, Freundlich, Temkin and Dubinin-Radushkevich (D-R)
isotherm models were used to explained adsorption process. The
linearized form of Langmuir, Freundlich, Temkin, and Dubinin -
Redushkevich (D-R) isotherm models can be expressed by the following
equations (3), (4), (5) and (6) respectively and which are already
described in chapter 7.

Z_: N leKL ¥ qC?e )
logq, = logK; + %log C. 4)
de = BInA +BInC, (5)
Ing, =Ing,, — B¢&* (6)

where Ce (Mg/L), is the equilibrium concentration of heavy metal
ions (Pb?*, Cd?* or Cu?") in solution, de (mg/g) is the amount of metal
ions adsorbed per unit mass of adsorbent at equilibrium, gm (mg/g) is the
maximum adsorption capacity of the adsorbent, for metal ions. K is the
adsorption equilibrium constant (L/mg) which related to the energy of
adsorption and Kr (mg/g (L/mg)*™) indicates the sorption capacity of the
adsorbent. The constant n gives an idea of the adsorption intensity or the

favourability of the sorption process. The indication of relatively uniform
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surface and a high adsorption at low solution concentrations will be
obtained from high and low n values (Arshadi et al., 2014). A (L/g) is the
Temkin isotherm constant. B = RT/b and is a constant related to the heat
of adsorption. b is the Temkin constant linked to the energy parameter
(J/mol), R is the gas constant (8.314 J/mol K) and T is the absolute

temperature (K). In Dubinin-Radushkevich isotherm model, ¢ (the
Polanyi potential) = RT In (1 + Ci) and f (mol?/kJ?) is the constant of

the sorption energy. The mean sorption energy, E (kJ/mol), can be
1

\/T_ﬁ .

calculated using D-R parameter g, i.e., =

8.2.5 Kinetics and thermodynamic of adsorption

The kinetics and thermodynamic parameters were determined by
conducting the experiments at different reaction time and at different
temperatures. The pseudo-first order (Lagergren’s first-order) model,
pseudo-second order model and intraparticle diffusion kinetic model can
be expressed by the following equations as equation (7), (8) and (9)

respectively and which are also already described in chapter 7.

k4t
log (g — q;) =logq, — — (7

2.303

t 1

t
—=—t — 8
ar k208 qe ®)

qe =kig t'?+C 9)

where ge and q: are the amount of metal ions adsorbed per mass of

adsorbent (mg/g) at equilibrium and time t (min), respectively. ki (min™?),
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k2 (g/mg min) and kig (mg/g min*?) are the adsorption kinetic constants of
Lagergren’s first order, second-order and the intra particle diffusion
kinetic models, respectively. The value of intercept C in Weber-Morris
proposed the intra-particle diffusion model, gives an idea about the
boundary layer thickness, i.e. the larger intercept value indicates the

greater boundary effect.

The thermodynamic parameters such as Gibbs free energy change
(AG®), enthalpy change (AH°), and entropy change (AS°) for the
adsorption process were computed using the following equations which
are already discussed in chapter 7.

AG® = —RTInK, (10)

AG® = AH® — TAS°® (11)
—AHO 0

In K, =%*%+% (12)

where R is the universal gas constant (8.314 J/mol K) and T is the
absolute temperature of solution in Kelvin (K). The values of K, the
equilibrium constant, must be dimensionless and is derived from the
Langmuir constant (Kp) and were calculated using reported methods
(Zhou & Zhou, 2014; Tran et al., 2016; Anastopoulos & Kyzas, 2016).
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8.3 Results and Discussion

8.3.1 Removal of lead, cadmium and copper from water using

locally available herbal plant Caesalpinia sappan
8.3.1.1 Effect of pH

The pH was varied from 2 to 12 to understand the impact of pH
variation on the sorption of Pb?*, Cd?* and Cu?* by Caesalpinia sappan.
The effect of pH on the sorption process is presented in Figure 8.2(a).
which indicates that pH of the solution is an important controlling
parameter of the biosorption process. The amount of metals adsorbed on
Caesalpinia sappan increases with increasing pH and at low pH (pH 2)
adsorption of metals is negligible. For lead, the maximum removal was
found at pH 4-10 and further increase of pH slightly decreased the
removal efficiency of lead. Maximum sorption efficiency was observed
between pH 6 and 10 in the case Cd?* and Cu?* and further increase in

pH leads to a decrease in sorption efficiency.

The protons would compete with metal ions for the active sites
responsible for the sorption, at low pH and which leads to a decrease in
metal sorption efficiency. At low pH, the protonation of the binding sites
resulting from a high concentration of protons leads to reduction in
negative charge intensity on the sites, resulting the reduction or even
inhibition of the binding of metal ions on the sites. As the pH increases,
the hydronium ions are dissociated and the positively charged metal ions
are associated with the free binding sites (Farhan & Khadom, 2015). An
optimum pH of 7 was maintained for the further sorption study.
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Figure 8.2: Effect of (a) pH (b) Shaking speed on the sorption of Pb?*,
Cd?* and Cu?* by Caesalpinia sappan (Initial concentration of Pb?*, Cd?*
and Cu?*ions:10 mg/L; adsorbent dosage: 4g/L and temperature: 303K)

8.3.1.2 Effect of shaking speed or rate

The chances of interaction between metal ions and
biosorbent increases with shaking rate so shaking rate or speed is an
important factor effecting sorption process. A low removal efficiency of

metals was observed at low shaking rate. The biosorbent settles down and
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buries several active sites under its top layers at agitation slow speed.
Therefore, only top layer participates in adsorption process because the
under buried layers do not have direct contact with metal ions. In the case
of all the three metals, adsorption was found to be increases with increase
in shaking rate (Raza et al., 2015). Figure 8.2(b) indicates that maximum
sorption efficiency or removal efficiency of Pb?" ions by Caesalpinia
sappan was 100 % at shaking speed of 150 rpm, while for Cd?* and Cu?*
attained 100 % and 99.86 % respectively at 200 rpm. So, a shaking speed
of 150 rpm was maintained for the sorption of Pb?* ions but for the
sorption of Cd?* and Cu?* ions, it was 200 rpm. It was observed that,
further increase in shaking speed decreases the adsorption process at high
agitation rate, random collisions between particles (adsorbate - adsorbate,
adsorbent - adsorbent and adsorbent - adsorbate) do not provide enough
time to metal ions to bind with surface of the biosorbent (Feng & Guo,
2012). Shaking speed should be adequate to assure all the binding sites

available for metal sorption.

8.3.1.3 Effect of sorbent dosage

The effect of adsorbent dosage on the adsorption of lead,
cadmium and copper at fixed initial heavy metal concentration is shown
in Figure 8.3. It was observed that the adsorption of metal ions increases
as the adsorbent dosage increases from 1 to 4 g/L and thereafter remains
almost constant due to the inadequate availability of the number of
adsorbing species for a relatively larger number of surface sites on the
sorbent at higher dosage of sorbent. Thus, 4 g/L was taken as the

adsorbent dosage for further studies.
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Figure 8.3: Effect of adsorbent dosage on the sorption of Pb?*, Cd** and
Cu?* by Caesalpinia sappan (Initial concentration of Pb?*, Cd?* and Cu?*
ions:10 mg/L; shaking speed: 150 rpm for Pb?*; 200 rpm for Cd?* and
Cu?*ijons; pH:7 and temperature: 303K)

8.3.1.4 Effect of contact time

The removal efficiency of Pb?*, Cd** and Cu?" and the amount
adsorbed q: (mg/g) at different contact times t (min) is plotted in Figure
8.4. A rapid increase in heavy metal removal with increase in the
agitation time was observed initially but gradually it attains the
equilibrium state. As the contact time increases, the overlapping of active
sites with metal species and the decrease in the effective surface area
resulting in the conglomeration of exchange particle may occur which
leads to the equilibrium state (Das et al., 2013). The percentage of
maximum adsorption was 100 % for Pb?* at 100 min. From the figure it
is clear that adsorption efficiency of Cd** and Cu?* by Caesalpinia

sappan also increases with increasing contact time, reached a maximum
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of 100 % and 98.06 % removal at a contact time of 160 and 120 min
respectively; afterward removal becomes linearly constant. The result
may be due the presence of the more active sites initially and after the
accumulation of heavy metal ions and the saturation of the sites leads to

an equilibrium state.
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Figure 8.4: Effect of time on biosorption of Pb?*, Cd?" and Cu?* by
Caesalpinia sappan. (Initial concentration of Pb?*, Cd?* and Cu?*:10
mg/L; sorbent dosage: 4 g/L, pH: 7, shaking speed: 150 rpm for Pb?*; 200

rpm for Cd?* and Cu?* ions, and temperature: 303K)

8.3.1.5 Effect of initial concentration

Based on the batch sorption experiment, to understand the effect
of initial metal concentration, a graph of heavy metal removal efficiency
and sorption capacity had been plotted against the varying initial metal
concentration between 5 - 45 mg/L as illustrated in Figure 8.5. The
variations of the initial metal ion, concentration has exhibited a

significant effect on the uptake efficiency. From the graph it was found
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that the percentage of removal efficiency of Pb?*, Cd** and Cu?* by
Caesalpinia sappan decreases and the amount of metals adsorbed, i.e.,
the sorption capacity increases with increase in initial heavy metal
concentration. The required driving force to overcome the resistance to
mass transfer between sorbate and sorbent in sorption process is provided
by the initial concentration. Subsequently, the sorption capacity attains
nearness to saturation of the existing binding sites on sorbents. The
maximum metal uptake (Figure 8.5) value corresponds to 9.14 mg/g for
Pb?*, 6.10 mg/g for Cd** and 7.23 mg/g for Cu?*.
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Figure 8.5: Effect of initial concentration of Pb?*, Cd?* and Cu?* on
biosorption by Caesalpinia sappan. (Sorbent dosage: 4 g/L; pH: 7;
temperature: 303K; shaking speed of 150 rpm for Pb?* and 200 rpm for
Cd?*and Cu?")

For adsorbent Caesalpinia sappan, the observed order of metal
ions adsorption is as follows Pb?* > Cu?* > Cd?*. The metals with higher

electronegativity should adsorb more readily and metals of higher
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hydrolysis constants have better adsorptive capacity (Al-Degs et al.,
2006; Appel et al., 2008). The difference in the sorption affinity for the
studied metals (i.e., Pb?*, Cd?*" and Cu?*) are based on those metals
physico-chemical properties like hydrated radius, electronegativity, ionic
radius, hydrolysis constant among others (Apiratikul & Pavasant 2006;
Appel et al. ,2008). This can give a better explanation for the higher
removal of Pb?*compared to Cu?* and Cd?*. Pauling's electronegativity of
Pb?*, Cu?* and Cd?* are 2.33, 1.90 and 1.69, respectively and the metal
sorption affinity of Caesalpinia sappan followed the order Pb?*> Cu?* >
Cd?*, which follows the same order of electronegativity values. Also, the
hydrated radius of the metal ions exhibited the sequence Cd?* = 4.26 A °
> Cu?* = 4.19 A ° > Pb?* = 4.01 A °, indicating that smaller radius
favoured metal interaction with the adsorbent surface (Sdiri & Higashi,
2013).

8.3.1.6 Effect of other ions

Heavy metal contaminated industrial wastewater also contain
several types of impurities such as light metal ions (Na*, K*, Mg?* and
Ca?") that influence the process of heavy metal removal (Matheickal
&Yu, 1999). The effect of light metal ions, Na*, K*, Mg?* and Ca?* on
the adsorption of Pb?*, Cd?* and Cu?* by Caesalpinia sappan are depicted
in Figure 8.6. The presence of Na* and K* ions reduced the percentage of
heavy metal sorption by 0.44 and 2.86 % (for Pb*), 0.65 and 4.88% (for
Cd?*) and 0.32 and 3.86 % (for Cu?*), respectively. But, the percentage of
heavy metal uptake in the presence of Ca?* and Mg?* were found to be
62.13 and 61.69 % (for Pb?"), 55.37 and 52.32 % (for Cd?*) and 57.26
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and 55.25 % (for Cu?"), respectively. The effect of Na*and K* on Pb?*,
Cd?* and Cu?* uptake was found to be insignificant but the presence of
divalent cations, Mg?* and Ca?* had influenced the sorption of Pb?*, Cd?*
and Cu?*. The single charged ions have negligible impact on metal
sorption than doubly charged ions. Competition for binding sites may

reduce the binding capacity of metal in sorption process (Lodeiro et al.,

2006).
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Figure 8.6: Effect of selected light metal ions on the sorption of Pb?*,

Cd?" and Cu?* by Caesalpinia sappan
8.3.1.7 Determination of adsorption isotherms

The equilibrium adsorption isotherms (capacity studies) are
recognized as one of the most fundamental data to comprehend the
mechanism of the adsorption and describe the interaction between
adsorbate and adsorbent. The experimental equilibrium data obtained

from sorption of Pb%*, Cd?* and Cu®* on Caesalpinia sappan were
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evaluated by applying the Langmuir, Freundlich, Temkin, and Dubinin—
Redushkevich (D-R) isotherm models.

The isotherm studies were conducted by varying the initial
concentration of Pb?*, Cd?* and Cu?* from 25-45 mg/L and maintaining
the adsorbent dosage of 4 g/L at a constant temperature of 303K and
neutral pH. Single species sorption experiments were conducted for each
heavy metal. The parameters for isotherms models are given in Table 8.1
and the calculated results are tabulated in Table 8.2. The linear plot of
Ce/qe against Ce (Figure 8.7(a)) shows that the sorption of Pb?*, Cd?* and
Cu?* on Caesalpinia sappan obeys the Langmuir model. The Langmuir
constants gm (Pb%*: 9.94 mg/g; Cd?": 6.46 mg/g and Cu?*: 10.00 mg/g)
and K. (Pb?": 1.85 L/mg; Cd?*: 1.10 L/mg and Cu?*: 0.13 L/mg) were
obtained from the slope and intercept of the linear plot and are presented
in Table 8.2. Maximum adsorption capacity was obtained for Cu?* and
Pb?*. The separation factor or equilibrium parameter (R.) which is a
dimensionless constant, can be used to express the essential characteristic
of Langmuir isotherm. For all the three metals, the R. values were 0 < R
< 1 which indicates that the sorption of Pb?*, Cd?* and Cu?' on

Caesalpinia sappan is favourable.

Non-ideal sorption on heterogeneous surfaces and multilayer
sorption are explained by Freundlich isotherm model (Freundlich, 1960).
By plotting log ge versus log Ce of equation (10), a straight line was
resulted and the values for n (adsorption intensity) and Kt (the sorption
capacity) can be obtained from the slope and intercept of the plot (Figure
8.7(b)) and are presented in Table 8.2. The sorption capacities (Ks) of
Caesalpinia sappan were found as 6.808 (mg/g) (L/mg)*™ for Pb?*; 4.434
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(mg/g) (L/mg)* for Cd?* and 2.251 (mg/g) (L/mg)*™ for Cu?*. For all the

three metals the values of n were found to be greater thanl, representing

the favourable adsorption condition. The linear form of the Temkin
isotherm was plotted as ge vs. In Ce (Figure 8.7(c)) and the constants A
and B, determined from the intercept and slope of the straight line are
exhibited in Table 8.2. Temkin model assumes that heat of adsorption
(function of temperature) of all molecules in the layer would decrease
linearly rather than logarithmic with coverage, by ignoring the extremely
low and large value of concentrations (Tempkin & Pyzhev, 1940; Dada et
al., 2012). The sorption data of lead and copper provides a close fit to
Temkin isotherm but the experimental data of cadmium are not modelled
well. The sorption equilibrium data were also applied to the Dubinin—
Radushkevich (D-R) isotherm model to distinguish the type of sorption
(physical or chemical) of metal ions with its mean free energy, E. The
slope and intercept of the plot In ge versus & gives the values of £ and gm
(Figure 8.7(d)) and are presented in Table 8.2. The value of E ranges
from 1 to 8 kJ/mol indicates the physical sorption and from 8 to 16
kJ/mol indicates chemical sorption. The results showed that values of E
for all the three metals were found in the range 1 to 8 kJ/mol so the
sorption of Pb?*, Cd* and Cu?* on Caesalpinia sappan is physical

sorption.
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Table 8.1: Parameters for Langmuir, Freundlich, Temkin and

Dubinin - Radushkevich Adsorption Isotherms

l\i/IOer':sl (m(;;L) (mcg;L) log Ce INCe  ge(mglg)  log ge In Qe ((:gelll_q)e £
27.83 0.93 -0.032 -0.073 6.73 0.8277 1.906 0.138 3.382664*10°
31.82 1.75 0.243 0.560 7.52 0.8761 2.017 0.233 1.296443*10°
Pb?* 34.15 251 0.400 0.920 7.91 0.8982 2.068 0.317 0.713606*10°
38.7 3.89 0.590 1.358 8.70 0.9396 2.164 0.447 0.332165*10°
42.21 5.64 0.751 1.730 9.14 0.9611 2.213 0.617 0.169081*10°
25.01 455 0.658 1515 5.12 0.7089 1.632 0.889 0.25075*10°
30.12 7.13 0.853 1.964 5.75 0.7595 1.749 1.240 0.109381*10°
Cd? 35.08 10.72 1.030 2.372 6.09 0.7846 1.807 1.760 0.050488*10°
40.32 15.33 1.186 2.730 6.25 0.7957 1.832 2.453 0.025346*10°
45.11 20.73 1.316 3.031 6.10 0.7851 1.808 3.400 0.014092*10°
25.54 6.49 0.812 1.870 4.76 0.6778 1.561 1.363 0.130327*10°
30.56 8.72 0.941 2.166 5.46 0.7372 1.697 1.597 0.074799*10°
Cu? 35.23 11.86 1.074 2473 5.84 0.7666 1.765 2.030 0.041586*10°
40.21 14.78 1.170 2.693 6.36 0.8033 1.850 2.325 0.0272*10°
45.34 16.41 1.215 2.798 7.23 0.8593 1.979 2.269 0.022206*10°

The correlation coefficients (R?) presented in Table 8.2 and
Figure 8.7 (a-d), indicate that the adsorption data best fitted the Langmuir
adsorption isotherm for all three metals. The Langmuir isotherm fits close
to the experimental data of the sorption of Pb?* and Cd?* on Caesalpinia
sappan, this may be due to the homogeneous distribution of active sites

on surface of Caesalpinia sappan, i.e., the Langmuir equation assumes
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that the surface is homogeneous. The values of gm calculated by the
Dubinin - Radushkevich (D-R) isotherm model fits very well to those
experimentally determined data for Pb?*, Cd?* and Cu?*. The order of
adsorption isotherm models fitted the equilibrium data, based on the
correlation coefficient are for Pb* and Cu?: Langmuir isotherm >
Freundlich isotherm > Temkin isotherm > Dubinin-Radushkevich
isotherm and for Cd?": Langmuir isotherm > Dubinin—Radushkevich

isotherm > Temkin isotherm > Freundlich isotherm.
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Fig. 8.7. (a) Langmuir, (b) Freundlich, (c) Temkin and (d) Dubinin -

Radushkevich Adsorption Isotherms
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Table 8.2: Adsorption isotherm parameters for the metal ion biosorption

onto Caesalpinia sappan

Isotherm Metal ions
models Parameters Pb2?* Cd* Cu®
gm (Mg/g) 9.94 6.46 10.00
Ki(L/mg) 1.85 1.10 0.13
RL 0.0126 -0.0190 0.0201-0.0362 0.1657-0.2941
Langmuir R? 0.9983 0.9976 0.9508
Kt (mg/g) (L/mg)¥n 6.808 4.434 2.251
n 5.784 8.410 2.503
Freundlich R? 0.9963 0.7915 0.9446
A (L/g) 144.08 587.13 1.15
B 1.363 0.674 2.334
b (kJ/mol) 1.848 3.739 1.079
Temkin R? 0.9937 0.7981 0.9184
gm (Mg/g) 8.807 6.292 7.128
B (Mol?/kd?) 0.0866 0.8186 3.272
Dubinin — E (kJ/mol) 2.403 0.7815 0.3909
Radushkevich  R? 0.8687 0.9741 0.8665

8.3.1.8 Sorption kinetic models

In order to investigate the dynamics of adsorption processes or to
predict the adsorption kinetics, different kinetic models such as pseudo-
first order model or Lagergren rate equation, pseudo-second order model,
intraparticle diffusion kinetic model and Elovich kinetic model and were
applied to the experimental data obtained from the sorption of metals on
Caesalpinia sappan. To define the adsorption kinetics of Pb?*, Cd?* and

Cu?* ions, the kinetic parameters for the adsorption process of metal ions
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(the initial concentration of 10 mg/L) on Caesalpinia sappan were
studied for contact times of 180 min at regular time intervals of 20 min.
A rapid increase in removal of heavy metal with increase in the contact
time was noticed initially (especially in the case of Cd?" and Cu?* ions)
but gradually it attains the equilibrium state. The adsorption of Pb?*, Cd?*
and Cu?* ions on Caesalpinia sappan, reaches equilibrium at 100 min,

160 and 120 min respectively.
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Figure 8.8: Kinetics modelling of adsorption of Pb?*, Cd?* and Cu?* on

Caesalpinia sappan (a) pseudo first-order; (b) pseudo second-order

Pseudo first-order kinetic plot of Pb?*, Cd?* and Cu?*ions (log (e
- Qi) against t) and the second-order kinetic plot (t/q: against t) are
depicted in Figure 8.8 (a & b). The Lagergren’s first-order rate constants
ki and ge determined from the slope and intercept of the plot and
correlation coefficients (R?) are exhibited in Table 8.3. The value of Qe .cal
calculated from the Lagergren’s first-order rate equation was lower than
the experimentally determined, Qeexp value for Pb?* and Cd?* but the

value of Qecar Was close to Geexp Value for Cu?* ions . The ko and ge of
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Pb?*, Cd?* and Cu?" ions are calculated from the intercept and slope of
the linear second-order kinetic plot (Figure 8.8 (b)) and the calculated
value of Qecar Of all the three metals were found to be close to the
experimentally determined, deexp Values. A much better R? values were
observed for the linearized pseudo-second order kinetics model (R? = 1
for Pb?*, R? = 0.9996 for Cd?* and R? = 0.9985 for Cu?*) for all the three
metals than those for the first-order model (R? = 0.95 for Pb?*, R? =
0.8726 for Cd?* and R? = 0.8783 for Cu?*). The better R? values and the
closely approximate values of calculated and experimentally measured
values of ge indicates that the sorption process appears to follow pseudo-
second order reaction Kinetics. The pseudo- first and second-order
Kinetics rate constants for the adsorption of Pb?*, Cd?* and Cu?" ions on
Caesalpinia sappan were ki = 0.0306, 0.0279, and 0.0463 min?,
respectively, and ko = 0.4293, 0.0647, and 0.0392 g/mg min, respectively.
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Figure 8.9: Intraparticle diffusion plot
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Intraparticle diffusion constant can be achieved from the slope of
the plot (Figure 8.9) of q: against t2 and listed in Table 8.3. According to
Weber and Morris proposed intraparticle diffusion model, if the plot of gt
against t2 gives a straight line then the adsorption of a solute is
controlled by the intra-particle diffusion process. But multi - linearity of
the plots (Figure 8.9) indicates the involvement of two or more steps in
sorption process. It is apparent from the plots that there are two separate
stages; stage | is indicated by the first linear portion and stage Il is the
second curved path followed by a plateau. A rapid uptake of heavy
metals by the adsorbent occurred in stage I, because of the fast utilization
of the most readily available adsorbing sites on the surfaces of the

sorbent, Caesalpinia sappan.

Table 8.3: Kinetics data of pseudo-first-order, pseudo-second-order and

intraparticle diffusion model

Parameters Values
Kinetic models Pb?* Cd* Cu**
Qe (M) 2.66 25528  2.4764
ke (min™") 0.0306  0.0279  0.0463
Psﬁfr?e‘ilf:'ﬁgg;?er Ge.cal (MY/) 01700 11267 25386
R? 0.95 0.8726  0.8783
k2 (g/mg min) 0.4293 00647  0.0392
Psei?r?éfiecc%”odd;rder Ge.cat (Mg/Q) 26752 26344  2.6357
R? 1 0.9996  0.9985
kia (mg/g min¥2)  0.0094 0.0417 0.0726
'”traparmge‘iiﬁUSiO” C (mglg) 25499 20322  1.6172
R? 0.8488 09677  0.8659

Removal of heavy metals and fluoride by nanotechnology, phytoremediation and plant materials Y



Chapter 8

Very slow diffusion of adsorbate, i.e., Pb?*, Cd** and Cu?* ions
from surface site on Caesalpinia sappan, into the inner pores is observed
in Stage Il. Therefore, early stage of heavy metal adsorption may be
administrated by the initial intra-particle transport of metal ions
controlled by surface diffusion process and later stage is controlled by
pore diffusion process. The adsorption of Pb?*, Cd?* and Cu?" on
Caesalpinia sappan involves surface adsorption as well as intraparticle
diffusion. It was observed that the correlation coefficients of the Weber
and Morris plots were not much satisfactory for Pb?* and Cu?*. But, for

Cd?*, R? value was higher than that of pseudo-first order kinetic model.
8.3.1.9 Effect of temperature and adsorption thermodynamics

To evaluate the effect of temperature or thermodynamics of the
adsorption of Pb?*, Cd?* and Cu?* on Caesalpinia sappan were performed
at four different temperatures (303, 333, 353 and 373K). It was observed
that the percentage of reduction of metal ions decreases with increase of
temperature. The attractive forces between adsorbent surface and metal
ions are weakened and the sorption decreases as the temperature
increases. At high temperature, the thickness of the boundary layer
decreases, due to the increased tendency of the metal ion to escape from
the biomass surface to the solution phase, which results in a decrease in
adsorption as temperature increases (Aksu & Kutsal, 1991).

The values of AG®, AH® and AS°® for initial metal concentrations
of 25 - 45 mg/L are presented in the Table 8.4. The AH® and AS°® were
obtained from the slope and intercept of Vant’s Hoff plot (In K¢ versus

1/T) of each metal ions. The Van’t Hoff plots are depicted in Figure 8.10
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(a-c). The negative value for the Gibbs free energy for all three metals
indicates that the spontaneous adsorption process and also the degree of
spontaneity of the adsorption of Pb?*, Cd?** and Cu?" on Caesalpinia
sappan increases with increasing temperature. Negative value of enthalpy
change (AH°®), implies the exothermic behaviour of the adsorption
process and also confirms possibility of physical adsorption with the
increase in temperature of the system (Mall et al., 2006). The positive
value of entropy change (AS°) proposes that some structural deviations
occur on the adsorbent, Caesalpinia sappan and the randomness at the
solid/liquid interface in the adsorption system increases during the

adsorption process (Gupta, 1998).

Table 8.4: Thermodynamic parameters for the adsorption of Pb?*, Cd?*

and Cu?* onto Caesalpinia sappan at different temperatures

Metal T AG° AH° AS°

ions (K) (kJ/mol) (kJ/mol) (J/mol K)
303 -42.51
333 -44.66

Pb 353 46.32 -19.15 76.91
373 -47.89
303 -39.66
333 -41.71

Cd 353 43.62 -15.25 80.22
373 -45.26
303 -32.90
333 -35.81

Cu 353 3781 -3.53 96.97
373 -39.65
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Figure 8.10: Van’t Hoff plot for thermodynamic study of (a) lead, (b)

cadmium and (c) copper adsorption onto Caesalpinia sappan

8.3.1.10 Surface morphology of the adsorbent

The surface morphological characteristics of adsorbent, was
examined by Scanning electron micrographs (SEM) and Energy-
dispersive X-ray (EDX) spectra. 0.1M HCI treated Caesalpinia sappan
was used as adsorbent in the present study. Figure 8.11(a) represents
SEM image of Caesalpinia sappan surface before adsorption and Figure
8.11(b), Figure 8.12(a) and (b) shows the surface of Caesalpinia sappan
after the adsorption of copper, lead and cadmium respectively. Figure
8.11(a) reveals a sheet like structure with troughs and crests in a

synchronised manner. The micrographs clearly depicted the different
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surface morphology of metal adsorbed and non-adsorbed Caesalpinia
sappan.
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Figure 8.11: (a) and (b) are SEM image of Caesalpinia sappan surface
before adsorption and after the adsorption of copper and (c) and (d) are
the EDX spectra of Caesalpinia sappan before adsorption and after the

adsorption of copper
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Figure 8.12: (a) and (b) are SEM image of lead and cadmium adsorbed
Caesalpinia sappan surface respectively and (c) and (d) are the EDX

spectra of lead and cadmium adsorbed Caesalpinia sappan

Figure 8.11(c) shows the typical EDX patterns for adsorbent,
Caesalpinia sappan before metal adsorption and Figure 8.11(d), Figure
8.12(c and d) represents EDX spectra of Caesalpinia sappan after the
adsorption of copper, lead and cadmium respectively. EDX patterns for
Caesalpinia sappan before metal adsorption (Figure 8.11(c)) did not
display the characteristic signal of metals, whereas in the EDX spectra of
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metal adsorbed Caesalpinia sappan, signals of the presence of Cu?*, Pb?*

and Cd?* were observed.
8.3.1.11 Desorption study

Biosorption technology used water purification is economical
with respect to the regeneration of biosorbent. Furthermore, regeneration
of biosorbent reduces the environmental impacts related with biosorbent
disposal. The desorption study was carried out to check the reusability of
C. sappan as an adsorbent. Among four desorbing agents (0.1 M HCI, 0.1
M NaOH, 0.1 M HNOs, and 0.1 M EDTA), 0.1 M HCI was found to be
suitable for the desorption study, as it desorbed 97.1 % of Pb?*, 93.2 % of
Cd?" and 95.8 % of Cu?" ions. Filtered and deionized water washed
biosorbent was dried at 60°C for next sorption study. The sorption -
desorption cyclic study was conducted for five consecutive cycles. In
fifth cycle, the efficiency of metal biosorption was declined from 97.1 %
to 68.3 % for Pb?*, 93.2 % to 56.8 % for Cd** and 95.8 % to 64.1 % for
Cu?* ions. Moreover, the biodegradable nature of biosorbent, Caesalpinia

sappan leads to its easy disposal.

8.3.2 Biosorption of lead and cadmium ions from water by non-

living algal biomass of Tretepohila abietina

8.3.2.1 Factors influencing the adsorption of Pb%* and Cd?*

The influence of controlling parameters such as shaking rate,
adsorbent dosage, pH, initial concentration and contact time on the
sorption was investigated by batch sorption experiment. For both Pb?*
and Cd?* ions, single species experiments were conducted. The effect of
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shaking rate on removal efficiency of Pb?" and Cd?* was determined by
varying the agitation rate from 50 to 300 rpm (Figure 8.13(a)). Removal
efficiency of both the metals were increases with agitation rate and
reaches maximum sorption between 100 - 200 rpm and 150 - 250 rpm for
Pb%* and Cd?*, respectively. As the shaking rate increases, a slight
decrease in removal efficiency was observed. So, 150 rpm was selected

as the optimum shaking rate in all subsequent experiment for both the
metals.
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Figure 8.13: Effect of (a) shaking rate; (b) sorbent dose; (c) pH; (d)
initial concentration of metals and (e) contact time on the metal removal

efficiencies of algal biosorbent, Tretepohila abietina
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The influence of sorbent dosage on removal of Pb?* and Cd?* was
investigated by varying the sorbent dosage from 0.25 — 15 g/L (Figure
8.13(b)) and the results clearly show that the efficiency of metal removal
increases up to the optimum sorbent dosage (For Pb?*: 2 g/L and Cd?*: 4
g/L) beyond which the removal efficiency remained constant. The study
was conducted at 301K and 100 mL of 10 mg/L Pb?" and Cd?* solutions
were agitated with sorbent at 150 rpm speed. The pH of the solution
controls the degree of ionization and extent of surface protonation of the
adsorbent so it has a significant role in metal sorption. To evaluate the
influence of pH on the adsorption, pH was adjusted in the range 2-12 for
both Pb?* and Cd?* solutions and the studies were carried out using 10
mg/L of 100 mL metal solutions. In acidic pH range, lower metal
sorption was observed, may be due to the competition between metal and
H* ions for binding to the sorption sites, partial protonation of the
functional groups and particle attrition (Arshadi et al., 2014). W.ith
increase in pH, removal efficiency of metals as well as metals uptake was
increased. From Figure 8.13(c), 100% removal was observed between
pH range of 4 -12 and 6 - 12 for Pb?* and Cd?*, respectively. According
to Arshadi et al. (2014), the increased pH (i.e., fewer H3O*, the more
negatively charged surface - active sites) leads to the deprotonation of
adsorbent surface, which will increase the active sites for metal ion
binding, so, more active functional groups participate on metal ion
uptake by complexation reaction or chelating and amount of metal
adsorbed consequently increases. pH 7 was maintained as optimum pH

for further experiment.
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The influence of initial metal (Pb?* and Cd?*) concentration in the
range of 40 to 70 mg/L on sorption was studied and is portraited in
Figure 8.13(d). It is evident from the figure that the equilibrium sorption
capacity of Tretepohila abietina increased with increasing initial Pb?*
and Cd?* concentration, while the removal efficiency exhibited an
opposite trend. As the initial concentration of Pb?* ions increased from
40 to 70 mg/L, the removal efficiency of Pb?* decreased from 100 % to
96.29 % and the adsorption capacity of T. abietina increased from 20.01
mg/g to 33.83 mg/g. In the case of Cd?*, with increased metal
concentration, the removal efficiency of Cd?* decreased from 99.9 % to
93.16 % and the adsorption capacity of biosorbent increased from 10.02
mg/g to 16.39 mg/g. The initial metal concentration provides the
necessary driving force to overcome the resistance to the mass transfer of
metal ions between the aqueous phase and the solid phase, therefore an
increase in initial metal ion concentration, enhances the interaction
between metal ion and biosorbent, resulting increased adsorption
capacity (Kumar et al., 2010(b)).

The effect of contact time (0 - 120min) on the biosorption of Pb?*
and Cd?* by biosorbent, T. abietina (For Pb®*: 2 g/L and Cd?*: 4 g/L)
from aqueous metal solutions having concentration of 10 mg/L with pH 7
at 301K is shown in Figure 8.13(e). The results revealed that the amount
adsorbed and percentage of metal removal increases with increasing
contact time and 100 % of metal sorption was reached at 20 min and 25
min for Pb* and Cd?*, respectively. Rapid removal of metals was
observed within 15 min i.e., 99.80 % and 98.72 % of Pb?* and Cd?* were

removed respectively. The rapid adsorption during the early stages is may
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be due to the high concentration gradient between the metal ions in the
solution and that on the adsorbent and the occurrence of large number of
vacant sites existing during this period. So, 25 min is considered as the
optimum time to reach equilibration for Pb?* and Cd?* ions in this study
and used for all the further experiments. The influence of light metal ions
such as Na*, K*, Mg?" and Ca?* on the sorption of Pb?* and Cd?* by the
biosorbent Tretepohila abietina (For Pb?*: 2 g/L and Cd?": 4 g/L) was
studied using the metal solutions having initial concentration of 10 mg/L.
The effect of Na* and K* on removal of Pb?* and Cd** was found to be
insignificant but the presence of divalent cations such as Mg?* and
Ca?" had reduced the efficiency of sorption of Pb?* and Cd?*. The
removal efficiency of Pb?* in the presence of Ca?* and Mg?" was reduced
by 18.8 and 21.1 %, respectively. For Cd?*, it was reduced by 23.6 and
26.5 % in the presence of Ca’* and Mg?*, respectively. According to
Lodeiro et al. (2006), the competition for binding sites may diminish the
binding capacity of metal ion in sorption process.

8.3.2.2 Sorption isotherms

The adsorption isotherm specifies how the adsorbed molecules
distribute between the liquid phase and the solid phase when the
adsorption process reaches an equilibrium state (Kumar et al., 2010(a)).
To find the suitable model for the adsorption process, the analysis of the
isotherm data by fitting them to different isotherm models was done. The
adsorption capacity of the sorption process was investigated using
linearized form of Langmuir, Freundlich, Temkin and Dubinin -

Radushkevich adsorption isotherms. The isotherm studies were
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conducted in single species sorption method by varying the initial
concentration of Pb?" and Cd?" from 50 - 70 mg/L at a constant
temperature of 301K and neutral pH. The sorbent dosage maintained for
sorption of Pb?* and Cd?" were 2 g/L and 4 g/L, respectively. Parameters
for plotting Langmuir, Freundlich, Temkin and Dubinin - Radushkevich
isotherms are tabulated in Table 8.5. The ability of Tretepohila abietina
to adsorb Pb?" and Cd?* from water was evaluated from the general
nature of the Langmuir isotherm plot (Ce against Ce / ge,). The lead and
cadmium sorption isotherm followed the linearized Langmuir model, as
shown in Figure 8.14(a). The constant parameters and correlation
coefficient (R?) are summarized in Table 8.6. The Langmuir constant gm
i.e., adsorption capacity of Tretepohila abietina for Pb?* and Cd** were
calculated as 33.22 and 16.53 mg/g respectively. Sorption energy
constants, K. of T. abietina for Pb?* and Cd?* were 17.71 and 7.29 L/mg
respectively. The dimensionless separation factor or equilibrium
parameter, R_ expresses the essential characteristics of Langmuir
equation and R. values for Pb?* and Cd?* obtained in this study were
between 0 and 1, which indicate favourable adsorption (Bhatt & Shah,
2013).
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Table 8.5: Parameters for plotting Langmuir, Freundlich, Temkin

and Dubinin - Radushkevich adsorption isotherms

Mo (m(g;(/)L) (mzb logCe  InC (mcé]e/g) logge  Ince ?g/ll_q) &
5014 011 0959 -2207 2502 1398 3219 00044  33.465054*10°
5505 062 008 -0478  27.22 1435 3304 00228  5.777146*10°

Pb? 6025 121 0083 0191 2952 1470 3385 00410  2.272390%10°
6512 192 0283 0652 3160 1500 3453 00608  1.100821*10°
7026 261 0417 095 3383 1529 3521 00772  0.658872*10°
5005 053 -0276 -0.635 1238 1003 2516  0.0428  7.038569*10°
5513 075 0125 -0.288 1360 1133 2610 00552  4.495989%10°

Cd* 6006 142 0152 0351  14.66 1166 2685 0.0969  1.779868*10°
6545 353 0548 1261 1548 1190 2740 02280  0.389610%10°
7037 481 0682 1571 1639 1215 2797 02935  0.223430%10°

The adsorption intensity (n) and the sorption capacity (Kr) were

directly obtained from the slope and intercept of the plot, log ge versus
log Ce (Figure 8.14(b)) and are exhibited in Table 8.6. Freundlich
constants Ks of T. abietina were calculated as 29.74 and 13.72 (mg/qQ)
(L/mg)Y" and n were obtained as 11.06 and 8.93 for Pb?" and Cd?*
respectively. For both metals, the values of n were found to be greater

thanl, indicates the favourable sorption condition. Figure 8.14(c) shows

the linear form of the Temkin isotherm was plotted as ge against In Ce

and a straight line was observed for both the metals. The values of the
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Temkin constant b, indicates that the heat of adsorption is maximum for
Cd?* compared to Pb?* (Table 8.6). The values of mean free energy, E
obtained from D-R isotherm model (Figure 8.14(d)) were 8.452 and
3.686 kJ/mol for Pb?* and Cd?* respectively. The E value for Pb?* was
found in the range of 8 - 16 kJ/mol, indicating that the type of sorption of
Pb?* on biosorbent T. abietina is essentially chemisorption based on ion-
exchange but for the sorption of Cd?*, it was found in the range of 1 to 8
kJ/mol, indicates the physical sorption.

035 (a)
03

)

- 015
0l eCd

0.05

EPb

e 4,

oCd

4. (mg/g)

Ing,

10

20
g2 * 108

a0

40

Figure 8.14: (a) Langmuir, (b) Freundlich, (¢) Temkin and (d) Dubinin -
Radushkevich adsorption isotherms for adsorption of Pb?* and Cd?* by

algal biosorbent T. abietina

Evaluation of the suitable isotherm model for the sorption of Pb?*
and Cd?* by T. abietina was conducted using the correlation coefficients

value (R?) and the results indicates that R? values of Langmuir isotherm
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for Pb?* and Cd®* were 0.9946 and 0.9982 respectively. The Langmuir
isotherm fits very close to the experimental data of the sorption of both
the metals and the Langmuir equation assumes a homogeneous
distribution of active sites on surface of T. abietina. The values of gm
determined by the Dubinin-Radushkevich isotherm model also fits close
to the experimentally determined data for Pb?* and Cd?*. The order of
adsorption isotherm models fitted the equilibrium data are for Pb?*:
Langmuir isotherm > Freundlich isotherm > Temkin isotherm > Dubinin-
Radushkevich isotherm and for Cd?*: Langmuir isotherm > Dubinin-

Radushkevich isotherm > Temkin isotherm > Freundlich isotherm.

Table 8.6: Isotherm models constants and correlation coefficients for

adsorption of Pb?" and Cd?* onto biosorbent T. abietina

Isotherm Parameters Metal ions
models Pp2+ Cd?*
dm (MQ/9) 33.22 16.53
Langmuir Ki(L/mg) 17.71 7.29
R 0.0008 - 0.0014 0.0019 - 0.0034
R? 0.9946 0.9982
Kr (mg/g)
) (L/mg)¥n 29.74 13.72
Freundlich n 11.06 8.93
R? 0.9094 0.9445
A (L/g) 97967.21 5224.57
Temkin b (kJ/mol) 0.9621 1.555
R? 0.8839 0.9559
dm (MQ/9) 31.09 15.99
Dubinin— S (mol?/kJ) 0.007 0.0368
Radushkevich E (kJ/mol) 8.452 3.686
R? 0.672 0.961
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8.3.2.3 Adsorption kinetics

Kinetic models such as Pseudo-first-order, Pseudo-second-order
kinetic model, Intraparticle diffusion model, Elovich kinetic model and
Bangham’s model were used to fit the experimental data to realize the
potential rate-controlling steps involved in the process of sorption of Pb?*
and Cd?* onto the biosorbent Tretepohila abietina. To evaluate the
adsorption kinetics of Pb?* and Cd®* ions sorption by Tretepohila
abietina were studied for contact period of 120 min using 10 mg/L of
metal solutions. A sharp increase in adsorption capacity was noticed
initially but gradually it attains the equilibrium state. The adsorption of
Pb?* and Cd?" ions onto T. abietina attains the equilibrium state at 20 min
and 25 min respectively. The calculated kinetics parameters for sorption
of heavy metal ions onto the biosorbent T. abietina are tabulated in Table
8.7.

The pseudo-first-order rate constants ki and ge determined from
the slope and intercept of the Lagergren’s plot (Figure 8.15(a) i.e., log (de
- Qi) against t) and the second-order constants, ko and ge were calculated
from the intercept and slope of the linear second-order kinetic plot
(Figure 8.15(b) i.e., t/q: against t). As revealed in Table 8.7, the high
correlation coefficient (R?) of pseudo-second-order equation (R? = 0.9992
for Pb?* and R? = 0.9971 for Cd?*) is obviously superior to that of
pseudo-first-order equation (R? = 0.9473 for Pb?" and R? = 0.9557 for
Cd?"). Furthermore, the adsorption capacity Oeca calculated from
pseudo—second-order model is 5.187 and 2.607 mg/g for Pb?* and Cd?*
respectively and is very similar to experimentally determined, Qe exp

values. Results indicated that the adsorption process of Pb?* and Cd?* by
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the biosorbent Tretepohila abietina followed the pseudo-second-order

kinetics rather than the first-order model.
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Figure 8.15: (a) pseudo-first-order; (b) pseudo-second-order, (c)
Intraparticle diffusion plot, (d) Elovich kinetic model and (e¢) Bangham’s
model of the heavy metal adsorption on T. abietina

The Weber and Morris equation i.e., equation (9) was used to
elucidate whether the sorption process is controlled by bulk diffusion or
intraparticle diffusion. Weber and Morris model suggests that if sorption

of a solute is controlled by the intraparticle diffusion process then the plot
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of q: against t*2 gives a straight line. The involvement of two or more
steps in sorption process was indicated by the multi - linearity of the plots
(Figure 8.15(c)). The plots of both the metals possess the similar general
features, initial curved portion followed by linear portion and a plateau.
The initial portion is attributed to the bulk diffusion and subsequent linear
portion is attributed to the intraparticle diffusion. The fitness of particle
diffusion model indicates that the removal of Pb** and Cd?* is a surface

process under the studied conditions.

Table 8.7: Kinetic parameters for the adsorption of Pb?* and Cd?* by the

biosorbent Tretepohila abietina

Values
Kinetic models Parameters Pb?* cd*
Oe,exp (MQ/Q) 5.125 2.543
Pseudo-first-  ku(min™) 0.4489 0.3540
order *:jinletic Ge.cal (MQ/Q) 8.175 5.226
mode R? 0.9473 0.9557
Pseudo-second- Kz (g/mg mln) 0.1980 0.1816
order ‘gnletic Qe.cal (MQ/Q) 5.187 2.607
mode R? 0.9992 0.9971
) kia (Mmg/g min'’?) 0.1140 0.0860
Intraparticle
diffusion model € (MY/Q) 4.178 1.822
R2 0.2323 0.2932
. o a (mg/g min) 1486.99 19.68
Elovich kinetic /
model $(9/mg) 2.372 3.213
R2 0.3878 0.4686
Ko 2.081 0.660
Bangham’s
model o 1.915 1.883
R2 0.9494 0.993
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The simplified Elovich kinetic model equation was already

discussed in chapter 7 can be expressed as equation (13)
1 1
q: = Eln(aﬁ) + Elnt (13)

where a is the initial desorption rate (mg/ (g min)) and B is the
desorption constant (g/mg) during experiments. The slope and intercept
of plot of gt against In t gives the values of both constants of Elovich
equation. The value of slope (1/) indicates the number of sites available
for adsorption whereas the value of intercept (1/f In (af)) reflects the
adsorption quantity when In t equal to zero. Elovich model plots for the
sorption of Pb?* and Cd?* on the biosorbent Tretepohila abietina at 301K
are shown in Figure 8.15(d). The correlation coefficient (R?) obtained for

both metals were < 0.98 so this model was less satisfactory.

The results suggest that the intra particle diffusion process is not
the rate controlling step involved in the Pb?* and Cd?* adsorption process
thus for confirming whether the pore diffusion is rate controlling step or
not we analyse the Bangham’s kinetic Model. Kinetic data were tested
using Bangham’s equation (Singh & Majumder, 2015) expressed as

follows:

loglog (Ci _qut m) = log (ziz?v) + alog(t) (14)

Where Ci and V are the initial concentration (mg/L) and the
volume (mL) of the heavy metal solutions respectively. m is the mass of
the adsorbent (g/L), q: is the amount of the metals adsorbed at time t
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Ci

(mg/g) and Ko and a are constants. The plot of loglog (C p
i —4t

) against

log t for the sorption of Pb?" and Cd?* on the biosorbent T. abietina are
shown in Figure 8.15(e). The plots of both metals were found to be linear
having high correlation coefficient (>0.9) close to 1 which indicates that
the Kkinetic data is best fitted with Bangham’s model compared to
intraparticle diffusion model. Therefore, the adsorption of Pb?* and Cd?*

on the biosorbent T. abietina was pore diffusion controlled.
8.3.2.4 Effect of temperature and thermodynamic parameters

Temperature plays a major role in biosorption of metal
ions so, to understand the effect of temperature or thermodynamics, the
sorption of Pb?* and Cd?* on T. abietina were performed at four different
temperatures (301, 333, 353 and 373K). With increase in temperature, a
slight decrease in removal efficiency and adsorption capacity was
observed but a significant change was not observed. The increase in
temperature, weakens the attractive forces between adsorbent surface and
metal ions consequently the sorption decreases. AH® and AS° values were
determined from the slope and intercept of Vant’s Hoff plot (In K¢ versus
1/T) (Figure 8.16) of each metal ions and the AG®°, AH® and AS° values
are presented in the Table 8.8. The AH® is negative value which implies
an exothermic adsorption process and the positive AS° value corresponds
to an increase in degree of freedom of the system under study. The
negative values of AG® confirms the spontaneity of the adsorption Pb?*
and Cd?* onto T. abietina.
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Figure 8.16: Van’t Hoff plot

Table 8.8: Thermodynamic parameters for the adsorption of Pb?* and
Cd?* onto T. abietina

at different temperatures

Metal T AG® AH° AS°

ions (K) (kJ/mol) (kd/mol)  (J/mol K)
301 -45.84
333 -49.76

2+ i}

Pb 353 5196 9.86 119.58
373 -54.51
301 -43.14

car 3% -46.73 -16.05 90.81
353 -48.39
373 -49.46
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8.3.2.5 Desorption and reusability studies

The desorption and reusability study of algal biosorbent,
Tretepohila abietina loaded with metal ions were carried out using
different types of desorption agents (0.1 M HCI, 0.1 M NaOH, 0.1 M
HNO3, and 0.1 M EDTA) and stirred at 150 rpm for 2 h at room
temperature. The results showed that 0.1 M HCI was suitable as a
desorption agent due to its highest metal desorption activity (98.4 % for
Pb%*and 95.7 % for Cd?*) and used for further adsorption—desorption
cycles. Adsorption- desorption cycles were repeated for five times to
check the reusability of T. abietina in batch experiment mode. To
regenerate, the biosorbent was washed thoroughly with deionized water
and dried at 60°C for subsequent sorption study. The adsorption capacity
of T. abietina for Pb?* and Cd?* ions were not declined significantly even
after the fifth adsorption-desorption cycle. Moreover, the biodegradable

nature of algal biosorbent, T. abietina make its easy disposal.

8.3.2.6 Surface analysis

The morphology of the biosorbent Tretepohila abietina was
investigated using scanning electron micrographs (SEM) and Energy-
dispersive X-ray (EDX) spectra to understand the surface features.
Figure 8.17(a) represents SEM image of biosorbent before adsorption
and Figure 8.17(b and c) shows the surface of T. abietina after the
sorption of Pb?* and Cd?* respectively. The SEM image of T. abietina
(Figure 8.17(a)) indicates cracks and channels which may increases the
sorption ability of biosorbent. As breaking of large particles generates

tiny cracks and channels on the particle surface of the adsorbent material
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leads to more accessibility to better diffusion (Karthikeyan et al., 2004).
It can be observed from SEM images that the surface of the adsorbent
material has porous and irregular structure. The EDX spectra (Figure
8.17(d)) of T. abietina, before metal adsorption did not exhibit the
characteristic signals of Pb®* and Cd?*. But, the signals of the presence of
Pb?" and Cd?* were observed in EDX (Figure 8.17(e and f)) pattern of

biosorbent after metals adsorption.

8.3.2.7 FTIR analysis of biosorbent

Figure 8.18 shows the FTIR spectra of the biosorbent Tretepohila
abietina. The peak at 3349.29 cm™ was due to normal OH stretch. The
peaks at 2925.37 cm? indicates the methylene C-H asym/sym stretch.
The major peak between 1050 - 990 cm™ with a maximum at 1032.02
cm implies the presence of aliphatic phosphates (P-O-C stretch). The
band observed between 1750-1725 implies the presence of ester. The
peaks at 1661.66 cm™ and 1370.49 cm™ indicates alkenyl C=C stretch
and carboxylate, respectively. The spectra also show small intensity
peaks at 1159.03 cm™ and 669.33 cm?, indicating the presence of
secondary amine and alcohol (OH out of plane bend) group. The
presence of functional groups increases the sorption capacity of the

biosorbent, by binding with the metal ions.
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Figure 8.17: (a) (b) and (c) are SEM image of T. abietina surface before
adsorption and after the adsorption of Pb?* and Cd?*and (d), (e) and (f)

are the corresponding EDX spectra
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Figure 8.18. FTIR spectra of the biosorbent Tretepohila abietina

8.4 Summary

For the removal of heavy metals from water, two biosorption studies
were conducted using an herbal plant material, Caesalpinia sappan and
an algal biomass, Trenteohilia abietina. Before the biosorption of Pb?*,
Cd?* and Cu?" ions by Caesalpinia sappan, the plant material was boiled
and washed with deionised water and undergone protonation so that the
biosorbent does not impart colour to water. Maximum removal efficiency
was observed between pH 4 and 10 for Pb?* and for Cd?* and Cu?*, it was

found between pH 6 and 10. An optimum pH of 7 was maintained for the
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sorption study by C. sappan. The maximum removal efficiencies were
observed at shaking speed of 150 rpm for Pb?* ions and at 200 rpm for
Cd?* and Cu?* ions. For adsorbent Caesalpinia sappan, the order of metal
ions sorption is as follows: 9.14 mg/g for Pb?* > 7.23 mg/g for Cu®* >
6.10 mg/g for Cd?* under varying initial metal concentration from 5 - 45
mg/L. The results of batch adsorption experiments, clearly suggest that
the operating parameters such as solution pH, initial metal concentration,
contact time, temperature, adsorbent dosage, presence of light metal ions
and shaking speed were effective on the removal efficiency of metal ions.
But the operating conditions required for the better removal efficiency of
each heavy metals ions from aqueous solution would be different. The
experimentally obtained equilibrium data were analyzed by different
isotherm models and the high correlation coefficients (R?) values indicate
that the adsorption data best fitted the Langmuir adsorption isotherm for
all three metals. Dubinin - Radushkevich (D-R) isotherm model also fits
very well to the experimentally determined data for Pb?*, Cd** and Cu?*
and the kinetic data of adsorption of heavy metal ions on Caesalpinia
sappan are best modelled by the pseudo-second-order Kinetic equation.
Thermodynamic parameters indicated the exothermic behaviour and
spontaneous nature of the adsorption process. The desorbing agent, 0.1M
HCI was found to be suitable for the desorption study. The biosorption
properties of C. sappan for Pb?, Cd?" and Cu?' ions indicate that
Caesalpinia sappan may be used as an inexpensive, effective, herbal and
easily cultivable biosorbent that can be useful in water treatment for the

adsorption of metal ions.
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The removal of Pb?* and Cd?* from aqueous solutions using algal
biomass Trenteohilia abietina by batch sorption experiments revealed
that the maximum sorption is possible for both metals under a wide range
of pH (pH: 4 -12 for Pb?" and pH: 6 - 12 for Cd?*). High removal
efficiencies were observed for Pb?* and Cd?* at the adsorbent dosage of 2
g/L and 4 g/L respectively. The increase in metals concentration from 40
to 70 mg/L leads to an increase in adsorption capacity from 20.01 mg/g
to 33.83 mg/g for Pb?* and from 10.02 mg/g to 16.39 mg/g for Cd**.
Rapid removal was observed for both the metals. The Langmuir isotherm
model were better fitted to represent the experimental data, indicate
favourable adsorption and the maximum adsorption capacity of Pb?* and
Cd?* by T. abietina was 33.22 mg/g and 16.53 mg/g, respectively. The gm
determined by the Dubinin-Radushkevich isotherm model also fits close
to the experimentally determined data for both the metals. and 3.686
kd/mol for Pb?®" and Cd?*. The mean free energy obtained for the
biosorption of Pb?* and Cd?* as 8.452 kJ/mol and 3.686 kJ/mol, indicating
the involvement of chemisorption and physical sorption in the removal of
Pb?* and Cd?* respectively. The kinetic model that best represented the
experimental data was the pseudo-second order. The good fitting of the
Kinetics data to Bangham’s Model indicate that in the adsorption of Pb?*
and Cd?* on the biosorbent T. abietina, pore diffusion plays a vital role in
controlling the rate of reaction. The calculated AG®, AH® and AS® values
disclosed that the sorption of Pb?* and Cd?* ions onto T. abietina was
exothermic and spontaneous under examined conditions. The reusability
of T. abietina as a biosorbent was found good after five consecutive

sorption-desorption cycles and 0.1 M HCI was suitable as a desorption

Removal of heavy metals and fluoride by nanotechnology, phytoremediation and plant materials 283



Chapter 8

agent. The recovered algal biosorbent, T. abietina is biodegradable,
inexpensive and environment friendly. The algal biosorbent, Trenteohilia
abietina has the potential for removal and recovery of metal ions from

contaminated water.
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TREATMENT OF LEAD AND CADMIUM
USING SURFACE MODIFIED IRON OXIDE
NANOPARTICLES

9.1 Introduction

Application of iron oxide nanoparticles-based nanomaterials for
the remediation of toxic elements like heavy metals from water is a well-
recognized technique. Nowadays, the materials such as magnetic NMs,
carbon nanotubes, activated carbon, and zero-valent iron have wide
application in the field of water and wastewater treatment. Among these,
iron oxide magnetic NMs, owing to its significant physiochemical
property, convenient for magnetic separation, the capability to treat large
volume of wastewater, inexpensive method and easy regeneration in the
presence of external magnetic field make them as most promising
materials for purification of heavy metals (Hu et al., 2010; Xu et al.,
2012; Dave & Chopda, 2014). The iron oxide nanomaterials possess
unique properties like high surface-area-to-volume ratio, extremely small

size, excellent magnetic properties, surface modifiability and great
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biocompatibility. Iron oxide nanomaterials have been applied in
wastewater treatment, as nanosorbents and photocatalysts in many
environmental clean-up technologies (Xu et al., 2012). In remediation of
heavy metals from water, surface modification strategy is utilised to
improve the heavy metal removal efficiency of iron oxide nanoparticles.
Magnetic property of iron oxide nanoparticles enables its easy separation
and reusability for further application. The reusability of iron oxide-based
nanosorbent decreases its economic burden (Dave & Chopda, 2014).

Surface modification can be done by the attachment of organic
molecules and/or inorganic shells, which not only stabilizes the
nanoparticles and ultimately prevents their oxidation, but also offers
specific functionalities having selectivity for metal ion and thus improve
the capacity for heavy metal uptake in water treatment process. Various
types of functionalized materials have been employed for grafting the
surface of NMs for the removal of heavy metal (Ambashta & Sillanpaa,
2010; Girginova et al., 2010). For example, carbon-encapsulated
magnetic nanoparticles were applied for the removal of Cu®* and Cd?*
(Bystrzejewski et al., 2009). Surface sites binding (Hu et al., 2010),
magnetic selective adsorption (Ozmen et al., 2010), electrostatic
interaction (Zhong et al., 2006), and modified ligands combination (Hao
et al.,, 2010) are the main mechanisms involved in the sorption of
contaminants from wastewater by surface modified iron oxide. By
surface modification strategy iron oxide nanoparticles can achieve high

metal removal efficiency.
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Adsorption based treatment technology is considered as the most
promising technique in the removal of heavy metal from contaminated
water due to its high efficiency, low cost-effective, and simple operation.
Adsorption mechanism involves surface complexation i.e., the reaction
between adsorbate (an ion or molecule) and the functional group present
on the adsorbent surface. The adsorption mechanism is based on the
surface complex formed during adsorption. Surface complexes are
mainly outer- and inner-sphere surface complexes, which formerly were
known as physical and chemical adsorption, respectively. In the outer-
sphere surface complex formation, surface charge is a crucial factor,
since electrostatic interactions and van der Waals forces (both are weak
forces) are involved in the process. But in inner-sphere surface
complexation, a covalent or ionic bond (strong forces) is involved, and it
is irrespective to the surface charge. Removal of lead and cadmium using
functionalised iron oxide nanoparticles such as iron oxide nanoparticles
coated with polyvinyl alcohol and gallic acid was studied in this chapter.
The results of the removal study were also compared with the results of

uncoated iron oxide nanoparticles.

9.2 Materials and Methods
9.2.1 Reagents

All the chemicals and regents used were AR grade procured from
Merck Ltd. India. Iron (II) nitrate nine hydrate {Fe (NOs3)3z9H.0} and
ammonium hydroxide (NHsOH) were used for the synthesis of iron oxide
nanoparticles. For functionalization of iron oxide nanoparticles, polyvinyl

alcohol (98 % degree of hydrolysis) and gallic acid were utilized.
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Polyvinyl alcohol (PVA) is a hydrophilic polymer with a simple chemical
structure having high hydroxyl group and form cross linked network
within the water solution, which is applied in biomedical and
pharmaceutical fields due to its properties such as biocompatibility,
nontoxicity, noncarcinogenicity, nonimmunogenicity, and inertness in
body fluids. Gallic acid (3,4,5-trihydroxybenzoic acid), an anticancer
drug, can be found from a variety of natural products such as gallnut,
black tea, and sumac, and it also possesses the properties like
antimutagenic, antiviral, anti-inflammatory, and antimicrobial (Dorniani
etal., 2014).

Lead and cadmium, synthetic solutions were used in the
adsorption studies were prepared using lead nitrate {Pb(NOs);} and
cadmium sulphate{(3CdSQO4).8H20} respectively. Deionized water was
used in all experiments. Stock solution (1000 mg/L) of Pb?* was prepared
by dissolving 1.5985g of Pb(NO3), in 1000 mL of deionized water and
1000 mg/L Cd?* stock solution was prepared by dissolving 2.2819 g of
(3CdS04).8H20 in 1000 mL of deionized water. Experimental solutions

of the desired concentrations were obtained by successive dilutions.
9.2.2 Preparation of nanosorbent

9.2.2.1 Preparation of iron oxide nanoparticles

Iron oxide nanoparticles was prepared by using iron (I111) nitrate
nine hydrate {Fe(NO3)39H.O} as inorganic salt and ammonium
hydroxide (NH4sOH) as precipitating agent. 0.5 M ammonium hydroxide

solution was prepared and added drop-wise to 0.1 M iron (I1I) nitrate
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solution under vigorous stirring. The volume ratio of two solutions was
1:1. In this step, instant formation of red precipitate was observed. The
supernatant was removed from the red precipitate by decantation.
Deionized water was added to the precipitate and the solution was
decanted after centrifugation at 3000 rpm. The last procedure was
repeated three times to remove the impurities. Dry powder was obtained
by filtering and drying under vacuum. Then it was heated at 250°C for 2
h in air to get Fe2O3 particles from Fex(OH)s (Park et al., 2001). In this
experiment, when NHsOH was added as precipitating agent, the iron

oxide particles were formed by following chemical reactions.
2Fe (NO3); + 6 NH\OH = Fes(OH)s 4 + 6 NH4NO;

Fe>(OH)e particles were flocculated and precipitated in the
aqueous solution immediately after its formation. The Fe2(OH)e
precipitates were transformed into iron oxide by calcination for 2 h at 250
°C by the following reaction (Mahan et al., 1987).

Fe:(OH)s™» Fex03+ 3H20 J,

9.2.2.2 Preparation of surface modified iron oxide nanoparticles

The prepared iron oxide nanoparticle was dispersed in 100 mL
deionized water and mixed with 1 % polyvinyl alcohol. After stirring the
mixture for 24 h, the precipitates were collected by a permanent magnet
and washed three times to remove the excess polyvinyl alcohol, which
does not participate in the coating process and then dried in an oven. The
2 % of gallic acid (dissolved in deionized water) was added into the iron
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oxide nanoparticle - polyvinyl alcohol and the mixture was stirred for 24

h. Finally, the coated iron oxide was washed and dried in an oven to

obtain iron oxide nanoparticles coated with polyvinylalcohol and gallic
acid (Dorniani et al., 2014).

Plate 9.1: Iron oxide nanoparticles coated with polyvinylalcohol and

gallic acid
(a) (b)
0O
HO OH
HO
HO n OH
Polyvinyl alcohol Gallic acid

Figure 9.1: (a) Polyvinyl alcohol and (b) Gallic acid

Gallate anion were immobilized on the surface of iron oxide

nanoparticles prepared using polyvinyl alcohol (PVA) as a polymer

stabilizer, to improve the reducing of the size distribution of the

nanoparticles (Dorniani et al.,, 2014). In this study, iron oxide
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nanoparticles were chosen as a core and PVA - gallate anion chosen as
shells to be adsorbed on the surface of the core. Removal of lead and
cadmium using this surface modified iron oxide nanoparticles were

studied in this chapter.

9.2.3 Sorption experiment

Contaminated aqueous solutions were artificially prepared by
adding appropriate quantities of metals into the deionized water. Sorption
experiments were conducted under different conditions, to understand the
rate and equilibrium data in single species batch sorption system. The
known quantity of the nanosorbents, nanoparticles were transferred into
250 mL screw topped flasks and agitated with 100 mL of known
concentration of heavy metal solutions for a predetermined period in a
temperature-controlled shaker. After sorption study, the residual
concentrations of heavy metals (Pb?* and Cd?" in the aqueous solution
were determined using AAS. All the analysis was done in triplicate to
check precision and average values are only reported. Five different
conditions were applied to study the adsorption behavior. The adsorption
behavior was studied under five different conditions of: 1) pH, 2)
adsorbent dosage, 3) contact time, 4) initial metal concentration, 5)
temperature. A comparison of adsorption capacity of iron oxide
nanoparticles (IONPs) and iron oxide coated with polyvinyl alcohol and

gallic acid (PG-IONPs) were carried out.

To find the optimum pH for adsorption, 0.1 mol/L HCI and 0.1
mol/L NaOH solutions were used to vary pH from 2 to 12 and the sorbent

dosage was also varied from 0.5-10 g/L. The initial metal concentrations
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were varied from 5-25 mg/L and mixed with optimum dosage of
nanosorbent at optimum pH and room temperature for a predetermined
period required for better sorption of Pb?* and Cd?*. The sorption studies
were carried out by mixing nanosorbent and metal solutions (20 mg/L)
using a mechanical shaker for 180 min. To investigate the effect of
temperature on adsorption, sorption experiments were conducted at four
different temperature (333K, 353K, 373K and 393K) using a
temperature-controlled shaker with water bath. 150 rpm agitation speed

was maintained for study.

The sorption efficiency (%) and amount of adsorbate adsorbed at

equilibrium, ge (mg/g) were calculated as per equation (1 and 2).

Sorption efficiency (%) = (Co—Ccﬂ "
0
(Co—Ce)V
o= TN @

where Co and C. are the metal concentrations in the solution
before and after treatment, respectively. V is the volume of the heavy

metal solution (L), M is the mass of nanosorbent used (g).

The linearized form of Langmuir, Freundlich, Temkin and
Dubinin - Radushkevich adsorption isotherms were used to investigate
the adsorption capacity of iron oxide coated with polyvinyl alcohol and
gallic acid. Kinetics of the adsorption of Pb?* and Cd?* on functionalized
iron oxide nanoparticles were studied using pseudo-first order
(Lagergren’s first-order) model, pseudo-second order model and

intraparticle diffusion kinetic model. The results iron oxide nanoparticles
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and iron oxide coated with polyvinyl alcohol and gallic acid were
compared. Thermodynamic parameters of PG-IONPs were also studied

under different temperatures.
9.2.4 Desorption study of functionalized iron oxide nanoparticles

The Pb?* and Cd?* adsorbed nanosorbents were regenerated using
0.1 M HCI and 0.1 M NaOH. 50 mL of desorbing agents was added to
known amount of metal adsorbed, functionalized iron oxide nanoparticles
in 250 mL stopped bottle and agitated at 150 rpm for 1 h at room
temperature using a mechanical shaker. After separation of nanosorbent,

the concentration of metals in solution was measured using AAS.
9.3 Results and Discussions

9.3.1 Characterization of the iron oxide nanoparticles coated with

poly vinyl alcohol and gallic acid

Fourier Transform - Infrared Spectrometer was used to identify
the functional groups and chemical bonding of the coated materials. FTIR
spectrums shows the characteristic peaks of iron oxide nanoparticles,
PVA coated iron oxide nanoparticles and the iron oxide nanoparticles
coated with poly vinyl alcohol and gallic acid in Figure 9.2, Figure 9.3
and Figure 9.4, respectively. Figure 9.2 shows that the iron oxide
nanoparticles (IONPs) have absorption peak at 531.19 cm™ and 448.28
cm™1, which is due to Fe—O stretching in Fe;Os. The absorption bands in
the range 400 - 750 cm™ indicates Fe—O vibration mode of iron oxide
nanoparticles. However, the PG-IONPs nanocomposites show
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characteristic peaks of Fe-O at 531.65 cm™* and 449.13 cm
respectively, which confirm the presence of iron oxide nanoparticles in
the nanocomposites. PVA coated iron oxide nanoparticles also have
absorption peaks between the range of 400 - 750 cm™. Figure 9.3 shows
the presence of absorption band at 3323.18 cmwhich indicates the
hydroxyl (-OH) groups. The absorption bands in the range 3400-3200 cm'*
represents the intermolecular hydrogen bonded —OH group having
polymeric association.

100
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3500 3000 2500 2000
(em-1)

Figure 9.2: FTIR spectrum of iron oxide nanoparticles (IONPS)
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Figure 9.3: FTIR spectrum of PVA coated iron oxide nanoparticles
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In PG-IONPs nanocomposite (Figure 9.4), the carboxylic acid O—
H stretching band was observed at 2969.05 cm™. 1158 cm™ is
attributable to M-O-C (M=Fe) bond. This evidence confirms the
attachment of PVA onto iron oxide nanoparticles via hydrogen bond
between hydroxyl group of PVA and protonated surface of the oxide
(Kayal & Ramanujan, 2010). FTIR spectrum of the PG-IONPs
nanocomposite shows the characteristic peaks for GA, confirming that
the surface of PVA is loaded with GA, for example, the peaks observed
at 1562.17 and 1372.03 cm, which are due to asymmetry and symmetry
COO- stretching, respectively (Kayal & Ramanujan, 2010).

-10]
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (em-1)

Figure 9.4: FTIR spectrum of iron oxide nanoparticles coated with poly
vinyl alcohol and gallic acid (PG-IONPs)

Scanning Electron Microscopy (SEM) was used to study the
surface morphology of IONPs and PG-IONPs (Figure 9.5(a-b)). The
IONPs were rough and aggregated. The morphological characteristics of
PG-IONPs (the iron oxide nanoparticles functionalised with PVA and
gallic acid) was different from that of IONPs and which was favourable
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for metal adsorption. EDX spectra of IONPs (Figure 9.6) confirmation
the presence of iron and oxygen but the EDX spectra of PG-IONPs
(Figure 9.7) shows the presence of iron, oxygen and carbon.

Figure 9.5: SEM images of (a) IONPs and (b) PG-IONPs
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Figure 9.6: EDX spectra of IONPs

0 2 4 6 8 10 12 14 16 18
Full Scale 923 cts Cursor. 0.000 keV)|

Figure 9.7: EDX spectra of PG-IONPs
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The X-ray diffraction patterns of iron oxide nanoparticles and iron
oxide nanoparticles coated with polyvinyl alcohol and gallic acid are
shown in Figure 9.8(a) and Figure 9.8(b). For IONPs, characteristic peaks
observed at 20: 24.22°, 33.22°, 35.71°, 40.91°, 49.56°, 54.14°, 62.51° and
64.08° and for PG-IONPs, peaks observed at 20: 23.87°, 32.90°, 35.38°,
40.60°, 49.21°, 53.83° 62.20° and 63.79°. For both iron oxide
nanoparticles and iron oxide nanoparticles coated with polyvinyl alcohol
and gallic acid, eight characteristic peaks were observed. The diffraction
peaks obtained for iron oxide nanoparticles coated with polyvinyl alcohol
and gallic acid were matched with the diffraction peaks of iron oxide
nanoparticles which indicates that the coating process for Fe.Oz did not
affect the phase change of iron oxide.

,m. T i G - 40))

Figure 9.8: X-ray diffraction patterns for (a) IONPs and (b) PG-IONPs
9.3.2 Removal of Pb?* and Cd?* using PG-IONPs and IONPs

9.3.2.1 Effect of pH

The pH of the metal solution played a significant role in the
removal of Pb?* and Cd?* and the effect of pH is shown in Figure 9.9(a).

Adsorption studies were carried out in the pH range of 2 -12 for both
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Pb?" and Cd?" at 303K (equilibrium time: 120 min; adsorbent dose: 1
g/L; adsorbate concentration: 10 mg/L; agitation speed: 150 rpm). The
best pH range of Pb?* and Cd?* removal was observed between pH 4 and
12 in PG-IONPs. In the case of IONPs, maximum adsorption of Pb?* and
Cd?* was observed from pH 6 and pH 8, respectively. Percentage of
sorption and metal uptake increases with increase in pH. The electrostatic
repulsion between the cations and surface sites resulted as the pH
increases, so less insignificant competitive adsorption of H ions and the
positively charged metal ions gets adsorbed on the free binding sites,
which leads to an increase in the total metal uptake. pH 7 was maintained

during further sorption study.
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Figure 9.9: Effect of (a) pH and (b) adsorbent dosage on adsorption of
Pb?* and Cd?*

9.3.2.2 Effect of adsorbent dosage

Effect of adsorbent dosage on removal of Pb?* and Cd?* from
aqueous solution is presented in Figure 9.9(b). Adsorbent dosage was
varied from 0.5 to 10 g/L for both Pb?" and Cd*" at 303K (equilibrium
time: 120 min; pH: 7; adsorbate concentration: 10 mg/L; agitation speed:

150 rpm). Metal sorption capacity was found to increases with increases
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the adsorbent dosage. In the case of PG-IONPs, the percentage removal
of Pb?* and Cd?" increased from 99.61 % to 100 % and 98.86 % to 100
%, respectively. The percentage removal of Pb?* and Cd?* increased from
45.69 % to 99.98 % and 64.84 % to 99.83 %, respectively in the case of
IONPs. Iron oxide nanoparticles coated with polyvinyl alcohol and gallic
acid (PG-IONPs) exhibited maximum removal of Pb?* and Cd?* by using
minimum amount of adsorbent dosage than iron oxide nanoparticles
(IONPs). The functionalization of iron oxide nanoparticles increases the
availability of more binding sites for complexation of metal ion which
increases the metal sorption capacity of PG-IONPs. 1 g/L was taken as

the adsorbent dosage for further studies.

9.3.2.3 Effect of contact time
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Figure 9.10: Effect of contact time on adsorption of (a) Pb?* and (b)
Cd?*

To understand the suitable contact time at which the nanosorbents
are saturated and the adsorption is at equilibrium, the effect of contact

time was examined from 10 to 180 min at optimal conditions (adsorbent

Removal of heavy metals and fluoride by nanotechnology, phytoremediation and plant materials 299



Chapter 9

dose: 1g/L; pH: 7; adsorbate concentration: 20 mg/L; agitation speed: 150
rpm). The influence of contact time on the removal of Pb?* and Cd?* from
aqueous solution is depicted in Figure 9.10 (a and b). It was observed that
the removal of Pb?* and Cd?" increases with rise in contact time. In the
case of PG-IONPs, 91.77 % of Pb?* and 84.89 % of Cd?* was removed
within 10 min of contact time and at 180 min, the removal of Pb?* and
Cd?*was reached up to 99.85 % and 98.16 %, respectively. After 140 min,
the rate of sorption was slow. Only, 22.71 % of Pb?* and 66.72 % of Cd**
was adsorbed by IONPs at 10 min.

Fast removal of metal ions was observed in the case of PG-IONPs
compared to IONPs, this may be due to that the functional group present
on the PG-IONPs provides more adsorption site for metal ions. The metal
removal by PG-IONPs could be due to different sorption processes:
adsorption (physisorption/chemisorption), co-ordination, complexion as a
result of the ion binding groups such as hydroxyl, carboxylic, phenolic
functional groups in PG-IONPs. PG-IONPs exhibited maximum sorption
capacity of 19.98 mg/g and 19.86 mg/g for Pb?" and Cd?* at 180 min.
Initially, the rate of removal was high and then slowed down as move

towards the equilibrium condition.

9.3.2.4 Effect of temperature

Temperature plays a major role in adsorption of metal ions and
the influence of temperature is presented in Figure 9.11. The effect of
temperature on sorption were studied under four different temperature
(333K, 353K, 373K and 393K) using a temperature-controlled shaker

with water bath. The percentage of removal of Pb?* and Cd?* showed a
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decreasing trend with increase in temperature for both nanosorbents, PG-
IONPs and IONPs. As the temperature increases, the attractive forces
between adsorbent surface and metal ions are weakened and the sorption
decreases. As the temperature varied from 333 - 393 K, the sorption of
Pb?" and Cd** by PG-IONPs varied from 99.28 - 97.48 % and 99.89 -
91.04 %, respectively. But, in the case of IONPs, the sorption of Pb?" and
Cd?* was varied from 98.60 - 44.63 % and 98.87 - 79.31 %, respectively.
Compared to PG-IONPs, IONPs showed sharp decrease in the removal of
metals with increase in temperature. This may be due to that the bonding
between PG-IONPs and Pb?" and Cd?* ions were stronger than the
bonding between IONPs and metal ions. In the energy dependent
mechanisms in metal removal process, the temperature of the adsorption

medium played a significant role.
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Figure 9.11: Effect of temperature on adsorption of Pb?* and Cd**
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9.3.2.5 Effect of initial metal ion concentration

As the initial metal concentration increased from 5 - 25 mg/L, a
slight decrease in Pb?" removal (99.98 - 97.93 %) by PG-IONPs was
observed but, its sorption capacity was increased from 5.0 - 24.48 mg/g.
The influence of initial metal concentration on the removal efficiency and
sorption capacity of Pb?" is depicted in Figure 9.12(a). For IONPs, the
removal of Pb?" decreased from 97.01 - 67.08 % and sorption capacity
varied from 4.85 - 16.77 mg/g. A decreasing trend of Cd?* removal was
also observed with increasing initial metal concentration (Figure 9.12(b)).
In the sorption of Cd?* by PG-IONPs, the removal efficiency of Cd?*
decreased from 99.95 - 93.97 % with increase in initial concentration
from 5 - 25 mg/L but for IONPs it decreased from 98.28 - 82.85 %.
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Figure 9.12: Effect of initial concentration of (a) Pb?" and (b) Cd?

Initial metal concentration acted as a driving force to overcomes
mass transfer resistance between solution and nanosorbent, so the
sorption capacity of the nanosorbent increases with increase in the metal

concentration. But, the increase in metal concentration resulted in relative
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reduction of available binding sites which leads to the reduction in metal
removal efficiency. PG-IONPs showed better results compared to IONPs,
this may be due to the availability of more functional groups or active
sites on the PG-IONPs.

9.3.3 Sorption equilibrium studies

The linearized sorption isotherm models such as Langmuir,
Freundlich, Temkin and Dubinin - Radushkevich adsorption isotherms
were used to investigate the information about the adsorption
mechanisms and adsorbate-adsorbent interactions. The isotherm studies
were conducted by varying the initial concentration of Pb?" and Cd?*
from 5 - 25 mg/L and maintaining the adsorbent dosage of 1g/L at a
constant temperature of 303K and neutral pH. Single species sorption
experiments were conducted for each heavy metal. The linearized form of
Langmuir, Freundlich, Temkin, and Dubinin - Redushkevich (D-R)
isotherm models are detailly described in chapter 7 and 8. Isotherm
models were applied to investigate the adsorption capacity of both, PG-
IONPs (iron oxide coated with polyvinyl alcohol and gallic acid) and

IONPs (iron oxide nanoparticle).

The values of Langmuir constants were calculated from the linear
plot of Ce/ge against Ce (Figure 9.13(a)) for the sorption of Pb?* and Cd?*
by PG-IONPs and IONPs. For the metal sorption by PG-IONPs,
Langmuir constants, gm (Pb?*: 23.42 mg/g and Cd?*: 24.21 mg/g) and K.
(Pb?*: 71.17 L/mg and Cd?*: 14.75 L/mg) were obtained are presented in
Table 9.1. In the case of Pb?* and Cd?* adsorption by IONPs, Langmuir
constants obtained were gm (Pb?*: 19.57 mg/g and Cd?*: 20.45 mg/g) and
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KL (Pb*: 0.52 L/mg and Cd?*: 2.43 L/mg). Maximum adsorption
capacity was found for sorption of Pb?* and Cd?* by PG-IONPs. For the
sorption of Pb?* and Cd?* by PG-IONPs and IONPs, the separation factor
or equilibrium parameter (R.) values found were 0 < R_ < 1, which
indicates that the sorption of Pb?* and Cd?* on both PG-IONPs and

IONPs is favourable.

By plotting log ge versus log Ce (Freundlich plots) a straight line
was resulted and the values for n (adsorption intensity) and Ks (the
sorption capacity) can be obtained from the slope and intercept of the plot
(Figure 9.13(b)) and are presented in Table 9.1. The values of sorption
capacities (Kr) and adsorption intensity (n) of PG-IONPs were found
higher than that of IONPs, for both Pb?* and Cd?*. For both the metal
sorption by PG-IONPs and IONPs, the values of n were found to be

greater thanl, representing the favorable adsorption condition.

Figure 9.13(c) shows the linear form of the Temkin isotherm plot
(ge against In C¢) and a straight line was observed for the sorption of both
the metals by PG-IONPs and IONPs. The values of the Temkin constant
b, indicates that the heat of adsorption is presented in Table 9.1. In the
case of PG-IONPs, the values of mean free energy (E) (Pb?" 10.10
kJ/mol and Cd?** 9.21 kJ/mol) was found in the range of 8-16 kJ/mol,
indicating that the type of sorption of Pb?* and Cd?* on PG-IONPs (iron
oxide coated with polyvinyl alcohol and gallic acid) is essentially
chemical. But for the sorption of Pb?* and Cd?* by IONPs, it was found in
the range of 1 to 8 kJ/mol, indicates the physical sorption.
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Figure 9.13: (a) Langmuir, (b) Freundlich, (c) Temkin and (d) Dubinin -

Radushkevich Adsorption Isotherms

Evaluation of the suitable isotherm model for the sorption of Pb?*
and Cd?* by PG-IONPs and IONPs was conducted using the correlation
coefficients value (R?). The Langmuir isotherm fits very close to the
experimental data of the sorption of both the metals by PG-IONPs and
the Langmuir equation assumes a homogeneous distribution of active
sites on surface. The values of qgm determined by the Dubinin-
Radushkevich isotherm model also fits close to the experimentally
determined data for sorption of Pb?* and Cd?* on PG-IONPs. R? value of
Pb?* sorption by PG-IONPs indicates that the Dubinin-Radushkevich

isotherm is the best followed by the Langmuir isotherm, Temkin and then
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the Freundlich isotherm. The order of adsorption isotherm models fitted
the equilibrium data are for Cd** sorption by PG-IONPs: Langmuir
isotherm > Freundlich isotherm > Temkin isotherm > Dubinin-
Radushkevich isotherm. For the metal sorption by IONPs, the order of
the fitted isotherm model was as follows, Pb?*: Freundlich isotherm >
Langmuir isotherm > Temkin isotherm > Dubinin-Radushkevich
isotherm and Cd?": Langmuir isotherm > Dubinin-Radushkevich

isotherm > Freundlich isotherm > Temkin isotherm.

Table 9.1: Isotherm parameters for adsorption of Pb?* and Cd?* by PG-
IONPs and IONPs

sotherm Parameters Pb Cd
models PG- IONPs PG- IONPs
IONPs IONPs
qm (Mg/g) 23.42 19.57 24.21 20.45
Ke (L/mg) 71.17 0.52 14.75 2.43
Langmuir g/ (0.0006 - (0.0721- (0.0027 -  (0.0162 -
0.0028)  0.2797)  0.0121)  0.0694)
R? 0.9808 0.834 0.989 0.9208
Ki (mg/g) (L/Img)¥n  28.24 7.97 22.14 12.73
Freundlich n 4.43 3.30 4.44 3.51
R? 0.9422 0.8548 0.9813  0.8879
A (L/g) 6253.1 25.7 2172.9 74.2
Temkin —p (k3mol) 897.3 911.1 910.7 776.1
R? 0.9687 0.739 0.9509 0.87
qm (Mg/g) 22.84 12.37 19.87 17.47
Dubinin— B (molZ/kJ) 0.0049 0.0359 0.0059  0.0285
Radushkevich g (k3/mol) 10.10 3.73 9.21 4.19
R? 0.9834 0.6596 0.9355  0.9134
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9.3.4 Sorption kinetics

Lagergren’s  pseudo-first-order,  pseudo-second-order  and
intraparticle diffusion models were utilized for analysis of sorption
kinetics which are discussed in chapter 7 and 8. The pseudo-first-order
rate constants ki and ge determined from the slope and intercept of the
Lagergren’s plot (Figure 9.14 (a and b)) and are listed in Table 9.2 along
with the correlation coefficients (R?). It was observed from R? value that
the pseudo first-order model did not fit well. The second-order constants,
ko and ge were calculated from the intercept and slope of the linear
second-order kinetic plot (Figure 9.14 (c and d) and are revealed in Table
9.2. The high correlation coefficient (R?) value indicates that the
adsorption data of Pb?" and Cd?* by PG-IONPs and IONPs were well
fitted to pseudo-second order equation. R? value obtained from the
adsorption data of Pb?* and Cd?* ranged as, 0.9995 - 1 for PG-IONPs and
0.9542 - 0.9999 for IONPs. For the pseudo second-order kinetic model, a
good agreement between experimental and calculated ge values was also
observed which indicates that the pseudo-second-order model better
represents the reaction mechanism, directing to a chemisorption
character. PVA and gallic acid on the iron oxide nanoparticles provide
plenty of surface functional groups as active sorption sites.
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Figure 9.14: Pseudo-first-order plot (a) Pb?* and (b) Cd?* and pseudo-
second-order (c) Pb?* and (d) Cd?*

A rate-limiting step is required for the pseudo-second-order
kinetic model which may comprise of chemisorption and the diffusion
processes (Ho & McKay, 1999). Weber and Morris proposed model was
utilized to understand whether the sorption process is controlled by
intraparticle diffusion or bulk diffusion. According to intraparticle
diffusion models, if sorption of a solute is controlled by the intraparticle
diffusion process, the plot of q: versus t/2 gives a straight line (Pelit et al.,
2011). In the case sorption of Pb?* (Figure 9.15(a)) and Cd?** (Figure
9.15(b)) by both PG-IONPs and IONPs, R? value of Weber and Morris
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plot or intraparticle diffusion model plot was ranged between

(0.8376 -

0.9841) and (0.4417 - 0.976), respectively. High R? value and better

correlation between experimental and calculated values indicates that the

pseudo second-order model better represents the reaction mechanism
involved in the sorption of Pb?* and Cd?* by PG-IONPs and IONPs.
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Figure 9.15: Intraparticle diffusion plot (a) Pb?* and (b) Cd?*
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Table 9.2: Kinetic parameters for the adsorption of Pb?* and Cd?* by PG-IONPs and IONPs

Pb Cd
o Parameters PG-1ONPs IONPs PG-1ONPs IONPs
Kinetic models
10mg/L 20mg/L 10mg/L 20mg/L 10mg/L 20mg/L 10 mg/L 20 mg/L
Oe.exp (MY/Q) 10.25 19.98 9.74 17.88 10.78 19.858 10.78 19.48
ki(min™') 0.033 0.038 0.025 0.023 0.029 0.038 0.023 0.030
Pseudo-first-order
Kinetic model Qe.cat (MY/Q) 0.66 6.80 13.11 21.24 0.50 3.06 1.98 17.00
R? 0.8585 0.5884 0.6558 0.9335 0.7735 0.9776 0.9075 0.6375
Pseudo-second- k2 (g/mg min) 0.141 0.017 0.002 0.001 0.131 0.029 0.029 0.004
order kinetic Qe.cat (MY/Q) 10.29 20.20 11.40 22.78 10.82 20.08 10.94 20.37
model % 1 0.9995 09542  0.9869 1 1 0.9999  0.9915
kia (mg/g min'?) 0.049 0.171 0.625 1.341 0.068 0.240 0.173 0.600
Intraparticle

diffusion model C (mg/g) 9.72 17.71 1.43 0.85 10.02 17.14 8.73 11.45
R? 0.8376 0.9324 0.9535 0.9841 0.4417 0.7363 0.7934 0.976

Calicut University of Science and Technology 310



Treatment of Lead and Cadmium using Surface Modified Iron Oxide Nanoparticles

Adsorption of Pb?* and Cd?* on PG-IONPs was confirmed by the
EDX spectra of Pb?* and Cd?* loaded PG-IONPs. EDX peaks of lead
(Figure 9.16) and cadmium (Figure 9.17) observed were clearly
confirmed the adsorption of Pb** and Cd**on PG-IONPs surfaces

Full Scale 923 cts Cursor: 0.000 keV|

Figure 9.16: EDX spectra of Pb?* loaded PG-IONPs.
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Figure 9.17: EDX spectra of Cd?* loaded PG-IONPs.

9.3.5 Adsorption thermodynamics of metal ions on functionalized iron

oxide nanosorbent

The thermodynamic studies were carried out by varying
temperature from 303 to 373 K and the values of AG®, AH® and AS® are
presented in the Table 9.3. The negative value for the Gibbs free energy
for Cd?* indicates the spontaneous adsorption of Cd?* on PG-IONPs with
increasing temperature. The calculation of thermodynamic parameters
was discussed in chapter 7. Negative value of enthalpy change (AH®) for
Pb?" and Cd?*, implies the exothermic behaviour of the adsorption
process. The magnitude and sign of AS° show a contributing role in

reflecting whether the association of the adsorbate at the solid/solution
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interface during the adsorption process becomes less random (AS° < 0) or
more random (AS° > 0) (Tran et al. 2016). The positive value of entropy
change (AS°) reflect an increased degree of disorderliness at the
solid/liquid interface during the adsorption of Cd?* on the nanosorbent,
PG-IONPs.

Table 9.3: Thermodynamic parameters for the adsorption of Pb?* and
Cd?* on PG-IONPs

Metal T JYes PG:I_(I)ONPS S
ions K
(K) (kd/mol) (kJ/maol) (J/mol K)
303 14.39
333 16.08
Pb -2.78 -56.66
353 17.22
373 18.36
303 -46.19
-46.4
Cd 333 6.48 -43.13 10.46
353 -47.63
373 -46.46

9.3.6 Regeneration and stability of functionalized iron oxide

nanosorbent

The efficiency of functionalized NPs was investigated for
multiple adsorptions-desorption cycles. The Pb?" and Cd?* adsorbed
nanosorbents were regenerated using 0.1 M HCI and 0.1 M NaOH. 50
mL of desorbing agents was added to 2 g of metal adsorbed,
functionalized iron oxide nanoparticles in 250 mL stopped bottle and
agitated at 150 rpm for 1h at room temperature using a mechanical
shaker. The dried desorbed nanosorbent were reused for another

adsorption cycle and the adsorption-desorption process was repeated five
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times, separately for Pb?* and Cd?*. Adsorption was conducted using 10
mg/L metal solution. A decrease in adsorption yield was observed in
every cycle. 0.1 M HCI was found as suitable desorbing agent than 0.1 M
NaOH. Both, Pb?* and Cd?* desorption was favourable using an acidic
desorbing agent because at low pH, the competition between H* ions and
metal ions occurs. In the first cycle Pb?* adsorption yield was 99.95 %
but on fifth cycle it reduced to 56 %. Cd?* removal yield was 99.77 % in
the first cycle and reduced to 52.1 % in the fifth cycle. Thus,
functionalized iron oxide nanoparticles using PVA and gallic acid can be

regenerated and reused for Pb?* and Cd?* removal and recovery

9.4 Summary

The iron oxide nanoparticles (Fe2O3) were synthesized by co-
precipitation and its surface was coated by polyvinyl alcohol and gallic
acid. The removal of toxic metals such as lead and cadmium from
aqueous solution was studied using functionalized nanoparticles (PG-
IONPs) and its metal removal efficiency was compared with the uncoated
iron oxide nanoparticles (IONPs). The functionalized iron oxide
nanoparticles were characterized using FTIR, SEM EDX and XRD. The
presence of functional groups on PG-IONPs were confirmed by FTIR.
Batch sorption experiments under different conditions such as pH,
adsorbent dosage, contact time, temperature and initial metal
concentration were carried out and the results revealed that the maximum
sorption of metals by PG-IONPs is possible under a wide range of pH
(pH: 4 -12 for Pb** and pH: 6 - 12 for Cd®*). Better sorption of metals
was exhibited by PG-IONPs than IONPs. Compared to IONPs, PG-IONPs
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exhibited high removal efficiencies for both Pb?* and Cd?* at minimal
adsorbent dosage. The increase in metals concentration from 5 to 25 mg/L
leads to an increase in adsorption capacity and observed a maximum
adsorption capacity of 24.48 mg/g and 23.52 mg/g for Pb?" and Cd?",
respectively by PG-IONPs which was better than that of IONPs. As the
temperature increases, both nanosorbents exhibited a decreasing trend in
the removal of lead and cadmium. Compared to IONPs, PG-IONPs
exhibited only a slight decrease in metal sorption. The results indicate that
the bonding between PG-IONPs and metal ions were stronger than the
bonding between IONPs and metal ions at higher temperature. In the case
of PG-IONPs, 91.77 % of Pb* and 84.89 % Cd?* removal was attained
within 10 min of contact time. Initially, the rate of removal was high and
then slowed down as move towards the equilibrium condition. After 140
min, the rate of sorption was slow and reaches equilibrium by PG-IONPs.
PG-IONPs showed fast removal of metals than IONPs this may be due to
that the functional group present on the PG-IONPs provides more active

adsorption site for metal ions.

The sorption equilibrium data was best described by Langmuir
equation. The values of gm determined by the Dubinin-Radushkevich
isotherm model also fits close to the experimentally determined data for
sorption of Pb?" and Cd?* on PG-IONPs. For the sorption of both Pb?* and
Cd?*, the values of mean free energy (E) was found in the range of 8 - 16
kJ/mol for PG-1ONPs, indicating the chemical sorption but the value of E
was found in the range of 1 to 8 kJ/mol, indicates involvement of
physical sorption in the sorption of Pb?" and Cd?* by IONPs. Sorption
dynamics data were best described using pseudo-second-order rate
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equation. High R? value and better correlation between experimental and
calculated values indicates that the sorption dynamics data were best
described by using pseudo-second-order kinetic model, in the case of
both nanosorbents. Thermodynamic studies illustrated that Pb?* and Cd?*
adsorption by the functionalised nanosorbent was exothermic in nature.
Sorption of Pb?* and Cd?* on the PG-IONPs was confirmed using EDX
spectra. The better regeneration of exhausted PG-IONPs was done using
desorbing agent, 0.1 M HCI and its reusability were also investigated.
Polyvinyl alcohol and gallic acid coated iron oxide nanoparticles (PG-
IONPs) can be considered as fast and efficient, nano-adsorbent for Pb?*

and Cd?* removal from contaminated waters.
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ASSESSMENT OF HEAVY METAL
CONTAMINANTS IN GROUNDWATER USING
INDEXING APPROACH AND APPLICATION
OF THREE TYPE OF ADSORBENTS FOR
HEAVY METAL REMOVAL

10.1 Introduction

The impacts of many anthropological activities on environment,
especially in the aquatic system have been reported globally. Several
lands and water-based activities, industrial activities, high population
density and over exploitation are instigating the pollution of aquifers
which leads to unsafe and vulnerable ground water. When groundwater
becomes contaminated by pollutants, it directly affects the human health.
WHO (World Health Organisation) had indicated this issue earlier and
had issued standards for safe ground water since 1958 (Mohankumar et
al., 2016). Heavy metals in water denotes to the dense, heavy, metallic
elements that may occur in trace amounts, but are very toxic and tend to

accumulate, hence are generally mentioned as trace metals. Heavy metals
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such as Hg, As, Pb, Cd, Cr, Co, Fe, Mn, etc., have been acknowledged as
deleterious to human health and aquatic ecosystem (Jameel et al., 2012).
The problems related to the contamination of toxic metals as a
consequence of mining activities started in the Middle Age (Vink et al.,
1999). The issues associated to water quality is more severe in the areas
where mining and mineral processes industries are located. Several
classes of wastes are produced from mining processes, which may lead to
many types of pollution (Howladar et al., 2014; Khan et al., 2017).

Even though Kaolin is an important raw material in many
industrial sectors, its mining and processing produces large quantities of
waste (Bhimani & Vyas, 2013). China Clay (Kaolin) comprising
dominantly of kaolinite, which is one of the most sophisticated industrial
minerals with a host of applications, viz., in ceramics, refractories, filler
for rubber, paper coating, cement, paint, textiles, insecticides, fertilizers
and others including abrasives, asbestos products, chemicals, cosmetics,
fibreglass, pharmaceuticals, electrical ware, foundry and glass
(Department of Economics & Statistics, 2015). During the processing of
primary kaolin in kaolin industry, two types of wastes are produces. The
first type of waste derives from the first processing step i.e., the
separation of sand from ore and the second type is the outcomes of the
second processing step, in which wet sieving for the separation of finer
fraction and purification of the kaolin occur. For the production a 1 ton of
pure kaolin, kaolin industry generates a 9 ton of waste products.
Traditionally, the mining and mineral processing wastes have been
dumped in landfills and often discarded directly into ecosystems without

any adequate treatment (Bhimani & Vyas, 2013). For the mining and
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refining of China Clay, water is essential, hence the waste water from
kaolin industry without adequate treatment can contaminate the
groundwater resources near the mining and refining area.

The Department of Mining and Geology identified two major
china clay zones in Kerala. One is the southern china clay zone, located
between Kundara and Thiruvananthapuram (Thiruvananthapuram and
Kollam districts) and other is the northern china clay zone, identified
between Kannapuram, Madayi - Cheruthazham (Kannur district) to
Nileswarm - Manjeshwaram (Kasargod district). World class clay with
finest quality is obtained from Kerala (Department of Economics &
Statistics, 2015). Active clay mining is taking place in Madayi panchyath,
Kannur district. Some water quality issues like high Fe content and acidic
nature were reported by the local residents. Hence, the quality of the
groundwater resources and heavy metal contaminations in groundwater
near the mining area were assessed in this study. We have attempted,
adsorbents such as nanosorbents, algal species and herbal plant material

for the removal of heavy metals from contaminated groundwater.

10.2 Materials and Methods

10.2.1 Study area and collection of samples

The study area is located in the Madayi panchayath,
Pazhayangadi in Kannur district, the northern part of an Indian state,
Kerala. It is located between latitudes 12°0°0” to 12°2°0” N and
longitudes 75°14°0°” to 75°16°0” E, with an area of 1674.597 Ha. Madayi
is situated between the northern bank of Kuppam river to the southern

bank of Perumba river and a canal known as Sultan Canal is passing
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through the area by connecting Kuppam and Perumba rivers. Several
small streams (thodu) like Kavilevallapil thodu and Kakki thodu are
flowing through the study area. Madayipara is a famous flat-topped
hillock situated in Madayi panchayath having rich biodiversity.

As the groundwater resource is the main source of water for
drinking, cooking and irrigation purposes in this area. Hence, to assess
the contamination of groundwater resources near the mining area, 35
water samples (34 groundwater samples and 1 water sample from a water
supply point) were collected from different areas of Madayi panchayath
during March 2014. 7 soil and 4 sediment samples were also collected
from there. The coordinates of the sampling sites were obtained using the
GPS device, GARMIN GPS map model 76CS and the sampling sites are
illustrated in Figure 10.1. ArcGIS version 10.0 was used to map the
sampling locations of groundwater, soil and sediment samples. The
collection, preservation and analysis of groundwater samples were
carried out as per the standard methods mentioned in APHA (2012). The
in-situ parameters like pH and electrical conductivity were analysed
immediately from the sampling locations. For the physico-chemical and
bacteriological analysis, the samples were transported to laboratory after
proper preservation. To determine the concentration of heavy metals,
Atomic Absorption Spectrophotometer (AAS) with graphite furnace, (M-
series, Thermo) was used after filtration (Whatman no. 41) and

preservation (concentrated HNO3) of the samples.
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Figure 10.1: Map showing locations of sampling stations in Madayi

panchayath

Seven soil samples were collected from Madayi area using a soil
auger and pooled to give a composite sample for that location. Soil
samples were collected at depths of 15 — 30 cm, in polythene bottles
which were labelled properly at site of collection. Four sediment samples
were collected from the Kavilevalappil thodu (Plate 10.1), through which
the wastewater pipe line of mining industry is passing. The air-dried and
sieved portion of the collected sediment samples was kept in polythene

bottles and used for analysis. The physico-chemical characteristics of the
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soil and sediment samples were analysed and the procedures used for
analysis were discussed in chapter 3 (Material and Methods). Analytical

grade chemicals and reagents were used for the study.

Plate 10.1: (a) China clay mining area; (b) Groundwater sampling; (c)

Open well from Madayi and (d) Sediment sample site

10.2.2 Data evaluation

The pollution indices such as heavy metal pollution index (HPI),
heavy metal evaluation index (HEI) and contamination index (Cq) were
used to evaluate the heavy metal contamination level in groundwater
samples from Madayi panchayath. 35 water samples were analysed for
seven metals (Fe, Mn, Pb, Cd, Cu, Ni and Zn).
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10.2.2.1 Heavy metal pollution index (HPI)

Heavy metal pollution index (HPI) is a powerful technique used
to assess the aggregate influence of individual heavy metal on the overall
quality of water and has been developed and formulated by Mohan et al.
(1996). The HPI was determined in two steps. First step is a rating
approach, a weightage (Wi) is assigns to every parameter which reflects
the relative importance of individual quality considerations in a
composite way (Bhardwaj et al., 2017) and second is the selection of the
pollution parameter on which the index is to be based (Prasad & Bose,
2001; Sobhanardakani et al., 2017). The value of W; lies between zero
and one and can be calculated by making values inversely proportional to
the recommended standard (S;) for the corresponding parameter (Horton,
1965; Mohan et al., 1996; Prasad & Bose, 2001). S;is the highest tolerant
value for drinking water denotes to the maximum admissible
concentration (MAC) in drinking water in the absence of any alternate
water source and I; is the maximum desirable value refers to the standard
limits for the same parameters in drinking water. For determining heavy
metal pollution index in this study, the standard of each heavy metal in
Mg/L for drinking water suggested by Bureau of Indian Standards (BIS)
[S:10500 (2012) was considered. The HPI model helps to assess the
water quality and its suitability for the purpose of drinking (Mohan et al.,
1996; Bhardwaj et al., 2017).

The HPI model is presented in equation (1) (Mohan et al., 1996)

as follows:
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n W;0;
HP] = === 1
"W, 1)
where, Qi is the sub-index of i"" parameter and Wi is the unit
weightage for the it parameter. n is the number of parameters considered.

The sub-index (Qi) of the parameter is determined by equation

(2):

Q; = ¥, 5= 2)

where M is the measured value of heavy metal of i parameter, |;
indicates the desirable value of the i parameter and S; is the standard
value of the i parameter or the standard maximum admissible value of
the ith parameter. The quantity |M; - Ii| means the numerical difference of
the two values, ignoring the algebraic sign (Bhardwaj et al., 2017). The
value of heavy metal pollution index (HPI) indicates, low heavy metal
pollution (HPI < 100), heavy metal pollution on the threshold risk (HPI =
100) and high heavy metal pollution (critical pollution index) (HPI >
100) (Sobhanardakani et al., 2017). If the water samples have HPI > 100,
water is not potable (Mohan et al., 1996; Prasad & Bose, 2001). HPI was
determined to assess the heavy metal contamination level in groundwater

samples from Madayi.

10.2.2.2 Heavy metal evaluation index (HEI)

HEI focuses on estimating the overall water quality with respect
to heavy metals (Edet & Offiong, 2002). The water quality is classified

into three categories based on this index which include: low heavy metals
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(HEI < 400), moderate to heavy metals (400 < HEI < 800) and high
heavy metals (HEI > 800) (Sobhanardakani et al., 2017).

The heavy metal evaluation index is computed using equation (3):

HEI = 37, < (3)

mac

where Hc is the monitored value of the i parameter and Hmac
denotes the maximum admissible concentration (MAC) of the i
parameter. HEI was applied for easy interpretation of the pollution index
and level of pollution (Edet & Offiong, 2002; Prasanna et al. 2012) in this

study.

10.2.2.3 Contamination index (Cq)

In this technique, the quality of water is evaluated on the basis of
the degree of contamination. The Cq4 is computed as a sum of the
contamination factors of individual components exceeding the upper
permissible value (Sobhanardakani et al.,, 2017) and the index
summarizes the collective effects or degree of contamination of several
parameters considered potentially harmful to household water (Herojeet
et al., 2015). The contamination index is calculated from the following

equations:
Cq = ?:1 Cfi (4)
where
Cai
Cr; = C_;\ln -1 %)
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where Csi, Cai, and Cyi indicates the contamination factor,
analytical value, and upper permissible concentration, respectively, of the

ith

component. N represents the ‘normative value’ and Cni (upper
permissible concentration) was taken as the maximum admissible
concentration (MAC). Backman et al. (1997) and Edet and Offiong
(2002), classified the Cq4 into three categories as follows: low (Cq4 < 1),

medium (Cq =1 - 3) and high (Cq > 3).

To identify the relationship between the trace metals, Pearson
correlation matrix was performed. Based on the correlation coefficient
value “r,” the association between two metals were determined.
Chemometric or multivariate analysis techniques such as PCA and CA
were used to identify the heavy metal pollution sources affecting water

quality. Statistical analyses were conducted using SYSTAT software.

10.3 Results and Discussion

10.3.1 Water quality characteristics groundwater samples from
Madayi panchayath

The quality of groundwater resources is associated with chemical
and biological processes involved due to the physical transportation and
spreading of contaminants and its levels. Hence, the physico-chemical
characteristics of groundwater related to the distribution of contaminants.
Among 35 water samples collected from Madayi panchayath during
March 2014, 34 samples were groundwater (open well) and one (MDY
32, Pazhayangadi) was collected from water supply point near mining
area. The physico-chemical parameters obtained from the analysis of

water samples are exhibited in Table 10.1. The pH value, a good
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indicator of groundwater quality, exhibited some dissimilarities with
spatial variations (Figure 10.2(a)). The pH values of samples ranged
between 2.79 and 8.09. Among 35 samples, pH values of 26 samples
were within the range of 6.5 to 8.5 (IS 10500: 2012). But acidic pH was
observed in 7 samples collected from near the china clay mining area in
Madayi panchayath. The abnormal value of pH, signifies some pollution
and was probably due to the percolation of contaminants from the mining
area.

Electrical conductivity and total dissolved solids of water samples
from Madayi panchayath ranged from 191.5 - 53676 pS/cm and 136.0 -
38110.0 mg/L respectively. A high TDS value of 38110.0 mg/L was
obtained in sample MDY- 21 (Figure 10.2(b)), collected from a site near
to Perumba river and Sultan canal. Similarly, high values are also
reported in samples MDY-1 and MDY-23, collected from open wells
near Vellachal road and both sites are also near to Perumba river. The
salinity intrusion can contribute to high TDS value. The TDS of 46 % of
the collected samples are beyond the drinking water standard prescribed
by BIS (IS 10500: 2012). TDS value was not found to be within the limit
in samples collected from the sites near the mining area such as MDY -6,
MDY- 8, MDY-9, MDY-30, MDY-31 and MDY-27. The TDS is an
indicator of the overall suitability of water for many types of uses and
high TDS value can influence the taste, hardness and corrosive property
of the water (Akhtar et al., 2014).
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Figure 10.2: Spatial variation of (a) pH and (b) Total dissolved solids

The alkalinity of the samples ranged between 0 to 410 mg/L, and
the highest value was reported in sample collected from bank of Perumba
river. In five samples alkalinity value was found to be exceeding the BIS
limit of 200 mg/L. But in seven groundwater sample collected from near
the china clay mining area, alkalinity was found to be zero and all these
samples were highly acidic in nature. The hardness of the samples ranged
from a minimum of 80 mg/L to a maximum of 4204 mg/L and was
expressed in terms of equivalent quantity of CaCO3.The hardness of
natural waters is contributed by the combinations of calcium and
magnesium with bicarbonate, carbonate, sulphate and other species. The
hardness of 21 groundwater samples were found to be exceeding the BIS
standard (IS 10500: 2012) and among them, in 13 samples hardness was
>300 mg/L, so it comes under the classification of very hard water. Very
hard water samples were also noticed in locations near mining area.
Hardness lower than 300 mg/L is considered as potable but, beyond this
limit causes kidney problems and gastrointestinal irritation (Nirmala et

al., 2012) and high hardness also impart scaling effect when such waters
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are heated. The results of analysis revealed that calcium and magnesium
in the groundwater samples from Madayi panchayath were in a range of
16 to 1121.6 mg/L and 4.86 to 340.2 mg/L, respectively and both cations
are the major cause of hardness in water. Maximum value of calcium and
magnesium was reported in sample collected from a site near to Perumba
river and Sultan canal (MDY- 21) and maximum sodium and potassium
were reported in same sample. High sodium and potassium content were
also observed in groundwater samples collected from the bank of
Perumba river (MDY-1 and MDY-23) may be due to saline intrusion.
The value of sodium and potassium varied from 6.75 to 13876 mg/L and
0.04 to 174.00 mg/L, respectively.

The natural sources, sewage and industrial effluents and saline
intrusion may originate chloride in drinking-water. Chloride
concentration was observed between 15.42 — 21778 mg/L. Chloride in
29% of samples were higher than the limit of BIS (IS 10500: 2012) and
the samples collected from the banks of Perumba river and Sultan canal,
very high chloride content was observed. Water having high chloride
concentration usually give rise to an unpleasant taste and may be
objectionable for some agricultural activities. In the samples from the
locations near the mining area, no high chloride value was noted but high
sulphate values were observed in many samples. Sulphate value varies
from 1.68 to 1268 mg/L. Maximum sulphate concentration was found in
groundwater sample near mining area, MDY-31. Nitrate and phosphate
ranged between 0 - 8.71 mg/L and 0.01 - 3.10 mg/L, respectively. The

maximum value for both anions was observed in a sample near

Removal of heavy metals and fluoride by nanotechnology, phytoremediation and plant materials 329



Chapter 10

Kavilevallapil thodu (MDY-18) and eutrophication was also observed

there.

10.3.2 Bacteriological status of groundwater samples from Madayi
panchayath

Microbiological parameters such as total coliform and
Escherichia coli (E. coli) gives an indication of unsafe and unsatisfactory
drinking water. Hence the bacteriological contamination of 35 samples
were analysed. Figure 10.3 explains the percentage of samples having the
total coliform bacteria and E. coli. Of the total sample collected, total
coliform bacteria were detected in 89 % of the water samples. The
presence of E. coli was detected in only 5 groundwater samples (MDY-1,
MDY-11, MDY-29, MDY-30 and MDY-35). But the presence of E. coli
was detected in comparatively less samples (14 %), this may be due to
the fact that majority of the sample collected wells are well distanced

from the septic tanks.

m Present m Absent

E. Coli, MPN/100mL

Total Coliform,
MPN/100mL

0% 20% 40% 60% 80%  100%
Percentage of samples

Figure 10.3: Percentage of samples tested positive for the presence of
total coliform and E. coli in Madayi
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10.3.3 Heavy metal concentration and its spatial distribution in
groundwater samples from Madayi

In the present study, the levels of Fe, Mn, Pb, Cd, Cu, Ni and Zn in
groundwater samples of Madayi panchayath during March 2014 were
determined. The analytical results of heavy metal concentrations are
summarised in Table 10.2 and spatial variation of heavy metal
concentrations are shown in Figure 10.5. High iron concentration was
observed in samples from near the locations where china clay mining
activities are taking place. Fe values ranged between 0.001- 200.1 mg/L.
Maximum value of 200.1 mg/L was observed in MDY-18, sample near
Kavilevallapil thodu through which the wastewater drainage from mining
is passing. In sample MDY -8 (near china clay mining area), 192.3 mg/L
of Fe was detected. High heavy metal content in drinking water lead to a
variety of health concerns and demonstrates adverse health effect.

The other heavy metals such as Mn (BDL - 16.93 mg/L); Pb (BDL -
0.63 mg/L); Cd (BDL - 0.5836 mg/L); Cu (BDL - 4.74 mg/L); Ni (BDL -
0.5816 mg/L) and Zn (BDL - 9.1 mg/L) were also detected in many
samples. In many groundwater samples, metals like Fe, Mn, Pb, Cd, Cu
Ni and Zn were found higher than acceptable limit of BIS (IS 10500:
2012). Measured concentration of heavy metal were found in the order Fe
> Mn > Zn > Cu > Ni > Pb > Cd. The results revealed that cadmium
concentration was found above the acceptable limit of BIS in 71 % of
water sample collected from the study area.
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Table 10.1: Water quality characteristics of groundwater samples from Madayi panchayath
N Parameters BIS MDY1 MDY2 MDY3 MDY4 MDY5 MDY 6 MDY7  MDY8 MDY
No. Standard
1 pH 6.5-85 8.09 5.90 6.67 7.53 7.79 2.92 6.54 2.79 354
2 Colour, (Hazen) 5 2720  BDL 6.10 6.20 BDL 93.30 BDL 150.63 BDL
3 Turbidity, (NTU) 1 8.12 BDL 1.80 4.10 BDL 48.38 BDL 72.13 BDL
4 Electrical Conductivity, (uS/cm) - 19887 40141 57746 74648  2647.89 833.80 338.03 25183 11620
5  Total Dissolved Solids, (mg/L) 500 14120 285.0 410.0 530.0 1880.0 592.0 240.0 17880  825.0
Total alkalinity as CaCO3,
6 (mg/L) 200 4100 1370 168.0 147.0 252.0 BDL 105.0 BDL BDL
Total Hardness as CaCO3,
7 (mglL) 200 32400  168.0 272.0 224.0 520.0 400.0 124.0 17040 7480
8  Chloride, (mg/L) 250 6867.0  54.94 39.24 192.28 824.04 58.86 44.94 31392 137.34
9 Sulphate, (mg/L) 200 11680 1320 61.20 3.16 54.80 330.0 19.36 708.0 352.0
10 Nitrate - N, (mg/L) 10 4.20 0.32 0.49 0.35 0.86 0.56 1.32 1.34 BDL
11 Phosphate - P, (mg/L) - 0.09 BDL 0.03 0.02 BDL 0.08 0.05 0.05 BDL
12 Calcium, (mg/L) 75 9200  57.60 89.60 51.20 102.40 110.40 35.20 396.80  182.40
13 Magnesium, (mg/L) 30 22842 583 11.66 23.33 64.15 30.13 8.75 17302 7096
14 Sodium, (mg/L) - 44710 3348 18.13 124.0 530.0 9.61 20.10 20.49 37.90
15 Potassium, (mg/L) - 126.0 6.59 6.73 15.0 7.0 2.88 12.30 5.35 7.98
BDL: Below Detection Limit

(Continued)
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Table 10.1: Water quality characteristics of groundwater samples from Madayi panchayath

BIS

No. Parameters Standard MDY10 MDY1l MDY12 MDY13 MDY14 MDY15 MDY16 MDY17 MDY 18
1 pH 6.5-8.5 6.50 7.27 7.36 4.10 6.80 7.16 7.14 7.42 6.92
2 Colour, (Hazen) 5 BDL 6.20 5.90 42.50 7.30 0.20 0.90 BDL 81.32
3 Turbidity, (NTU) 1 BDL 1.20 2.88 2.33 5.38 0.50 1.10 BDL 22.38
4 (Edg%rr'r%a' Conductivity, : 3465 4423 528.2 9127 3035.2 1662.0 4478.9 23028 546.5
5 (Trgg}'l_')jisso"’e‘j Solids, 500 246.0 314.0 375.0 648.0 2155.0 1180.0 3180.0 1635.0 388.0
6 E‘;tca'o"gkf#g%as 200 116.0 168.0 179.0 0.0 105.0 116.0 105.0 84.0 96.0
7 ggtca(')';fzdm”g‘jsl_s)as 200 144.0 216.0 240.0 584.0 416.0 240.0 696.0 100.0 120.0
8  Chloride, (mg/L) 250 43.16 47.09 70.63 47.09 1221.0 518.40 1455.0 824.04 12557
9 Sulphate, (mg/L) 200 13.20 18.80 23.20 326.0 40.0 37.60 251.20 19.0 41.20
10 Nitrate - N, (mg/L) 10 2.86 1.56 3.01 0.93 0.43 0.63 0.85 0.10 8.71
11 Phosphate - P, (mg/L) - 0.07 0.09 0.25 0.90 1.75 2.00 0.03 0.06 3.10
12 Calcium, (mg/L) 75 43.20 40.0 68.80 174.40 94.40 86.40 208.0 20.80 28.80
13 Magnesium, (mg/L) 30 8.75 28.19 1652 35.96 43.74 5.83 42.77 11.66 11.66
14 Sodium, (mg/L) - 2421 27.29 33.13 3253 7100 265.0 861.0 557.0 79.50
15  Potassium, (mg/L) - 6.29 10.27 6.59 8.45 28.0 26.0 29.50 40.0 10.0

BDL: Below Detection Limit

(Continued)
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Table 10.1: Water quality characteristics of groundwater samples from Madayi panchayath

,\i') Parameters Sta?]:jir 4 MDY19 MDY20 MDY21 MDY22 MDY23 MDY24 MDY25 MDY26 MDY 27
1 pH 65-85 7.60 7.64 7.87 7.02 7.68 7.75 7.46 6.98 7.56
2 Colour, (Hazen) 5 7.50 BDL 5.10 BDL 8.12 BDL BDL 5.50 1.00
3 Turbidity, (NTU) 1 8.78 12.00 1.80 BDL 1.20 BDL BDL 1.80 1.40
4 (Edg‘;i”nf)a' Conductivity, - 416.9 664.8 53676 605.6 16268 528.2 316.9 231.0 6267.6
5 (Tnfgj'l_')j'sso"’ed Solids, 500 296.0 4720 38110 4300 11550 375.0 225.0 164.0 4450.0
6 (Tn‘:g}'l_")"ka"”'ty as CaCQ3, 200 740 96.0 290.0 2100 230.0 136.0 105.0 96.0 138.0
7 (Tnc:g}'l_';ard”ess as CaCQs, 200 80.0 84.0 4204.0 292.0 1892.0 184.0 140.0 104.0 1020.0
8  Chloride, (mg/L) 250 1295 153.0 21778 51.01 5886.0 109.9 39.24 15.70 2524.0
9 Sulphate, (mg/L) 200 452 52.40 132.0 21.20 520.0 20.24 12.92 8.92 246.0
10  Nitrate - N, (mg/L) 10 0.42 0.25 0.50 0.32 6.89 1.03 0.30 0.05 0.27
11 Phosphate - P, (mg/L) ; 1.30 0.08 0.05 BDL 0.06 1.56 0.02 BDL 0.03
12 Calcium, (mg/L) 75 22.40 24.0 11216 68.80 416.0 60.80 44.80 33.60 160.0
13 Magnesium, (mg/L) 30 5.83 5.83 340.20 29.16 207.04 7.78 6.80 4.86 150.66
14 Sodium, (mg/L) ; 73.40 116.0 13876 27.95 3527 50.0 18.15 8.69 1573
15  Potassium, (mg/L) ; 0.04 450 174.0 9.94 117.0 10.0 9.02 1.91 55.0

BDL: Below Detection Limit

(Continued)
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Table 10.1: Water quality characteristics of groundwater samples from Madayi panchayath

’\‘T’('). Parameters Sta%sar 4 MDY28 MDY29 MDY30 MDY3lL MDY32 MDY33 MDY34 MDY35
1 pH 6.5-85 7.36 7.17 4.20 3.97 7.37 450 7.55 6.47
2 Colour, (Hazen) 5 0.40 0.10 0.20 0.30 BDL 14.91 2.30 16.42
3 Turbidity, (NTU) 1 0.60 0.30 0.70 0.80 0.20 9.21 1.50 8.44
4 (Edg%rr:%a' Conductivity, : 425.4 642.3 20732 20014 1915 447.9 321.1 205.8
5 (Tn?g}'l_'))isso"’ed Solids, 500 302.0 456.0 1472.0 2060.0 136.0 318.0 228.0 210.0
6 (Tn?g’}'l_";'ka"”“y as CaCos, 200 130.2 189.0 BDL BDL 84.00 BDL 52.00 95.00
7 (Trg;"’}'l_g'ard”ess as CaC0s3, 200 212.0 324.0 988.0 1260.0 96.0 104.0 92.0 112.0
8  Chloride, (mg/L) 250 56.27 87.84 134.96 67.68 15.42 50.13 34.70 42.42
9 Sulphate, (mg/L) 200 29.20 36.80 729.20 1268.0 7.04 53.96 27.68 1.68
10 Nitrate - N, (mg/L) 10 3.65 1.44 0.39 0.64 1.05 1.63 1.02 0.13
11 Phosphate - P, (mg/L) - 1.0 2.0 0.32 0.06 0.05 0.09 0.05 0.06
12 Calcium, (mg/L) 75 48.0 75.20 360.0 464.0 30.40 30.40 16.0 22.40
13 Magnesium, (mg/L) 30 22.36 33.05 21.38 24.30 4.86 6.80 12.64 13.61
14 Sodium, (mg/L) - 26.95 39.80 34.0 44.67 6.75 2150 22.0 22.80
15  Potassium, (mg/L) - 8.81 11.77 7.04 6.46 0.80 1.80 4.50 9.60

BDL: Below Detection Limit
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Percentage of groundwater samples above/below BIS limit of
heavy metals were illustrated in Figure 10.4. Cd values observed beyond
the BIS standard were ranged from 0.004 - 0.5836 mg/L. High Cd values
were obtained in samples such as MDY-18, MDY-8, MDY-6 and MDY -
33 i.e., samples from near mining area and area through wastewater after
mining is passing. 0.12 mg/L of Cd was also noticed in a sample

collected from the bank of Perumba river.

Percentage of samples above BIS limit
Percentage of samples within BIS limit
83%
1% 60%
0,
66%% e300 w21% 63%
0,
) 49% 40%
34% 3T% 37%
29% 17%
Fe Mn Pb Cd Cu Ni Zn

Figure 10.4: Percentage of groundwater samples above/below BIS limit

For Pb, 51 % of samples exceeds the BIS acceptable limit of 0.01
mg/L and in those samples, it was ranged from 0.016 - 0.63 mg/L.
Maximum value of Pb was observed in sample collected from
Pazhayangadi, near mining area. In majority of the samples collected
from near mining area, concentration of Pb was observed beyond the
limit and Pb was also detected in samples from Vengara Muttom through

where the wastewater from mining industry flows.
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Table 10.2: Heavy metals concentration in groundwater samples from

Madayi panchayath

Sample Fe Mn Pb Cd Cu Ni Zn

Code (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
MDY 1 0.22 0.04 0.02 0.04 0.1 0.1766 0.379
MDY 2 0.01 0.1 BDL 0.012 0.02 BDL 0.672
MDY 3 0.63 0.15 0.03 0.006 BDL 0.0072 BDL
MDY 4 0.83 0.17 BDL BDL 0.04 0.0052 BDL
MDY 5 0.11 0.01 0.021 0.004 0.058 BDL 0.481
MDY 6 14.1 1.43 0.078 021 0.153 0.2433 5.961
MDY 7 0.01 BDL BDL BDL BDL BDL BDL
MDY 8 192.3 12.47 0.63 0.5684 4.74 0.5202 8.03
MDY 9 27.95 16.93 0.006 0.001 BDL 0.0168 BDL
MDY 10 0.095 0.02 BDL BDL BDL BDL 0.681
MDY 11 0.11 0.57 BDL 0.004 0.023 0.0012 BDL
MDY 12 0.39 0.16 BDL BDL BDL BDL 0.59
MDY 13 3.6 1.85 0.016 0.005 0.23 0.0368 0.16
MDY 14 0.88 0.28 0.008 0.004 0.08 0.1042 BDL
MDY 15 4,13 0.45 0.024 0.002 1.205 BDL BDL
MDY 16 0.95 0.36 0.02 0.007 0.0225 BDL 0.57
MDY 17 0.001 BDL BDL 0.003 BDL BDL 0.014
MDY 18 200.1 12.34 0.07 0.5836 2.9 0.4865 9.1
MDY 19 0.76 0.04 0.0086 0.004 BDL 0.0528 0.098
MDY 20 0.05 0.11 BDL BDL BDL 0.008 0.561
MDY 21 0.72 0.64 0.37 0.12 0.3 0.5816 421
MDY 22 0.08 0.04 BDL 0.002 BDL BDL BDL
MDY 23 0.83 021 BDL 0.005 0.06 BDL 0.349
MDY 24 0.01 0.062 0.05 0.011 0.11 0.0469 BDL
MDY 25 2.74 0.46 BDL 0.006 131 BDL BDL
MDY 26 0.02 0.04 BDL 0.015 BDL BDL BDL
MDY 27 0.5845 0.21 0.0277 BDL 0.16 0.0364 0.0081
MDY 28 0.4808 0.04 0.0578 0.0583 0.177 BDL 0.279
MDY 29 0.5306 0.034 BDL 0.0361 0.171 0.005 0.0037
MDY 30 9.9 3.17 0.0232 0.007 0.146 BDL 0.0019
MDY 31 15.0701 5.14 0.0753 0.0148 0.229 0.1337 5.145
MDY 32 0.0416 BDL BDL BDL 0.077 BDL BDL
MDY 33 4.2761 0.9905 0.172 0.1985 0.0961 0.18 7.0073
MDY 34 3.46 0.85 0.006 0.007 041 0.0618 0.76
MDY 35 1.283 0.07 0.0243 0.089 0.1031 BDL 5.185

BDL: Below Detection Limit
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The concentrations of Mn, Cu and Ni were found high than BIS

limit in 63 %, 60 % and 37 % of samples respectively with spatial
variations. High concentration of Mn (16.93 mg/L) and Cu (4.74 mg/L)

was observed near china clay mining area but maximum value of Ni was

observed in sample MDY- 21, near to Perumba river and Sultan canal. In

17 % of the collected samples, the concentrations of Zn exceeded BIS

limit (IS 10500: 2012). A maximum value of 9.1 mg/L was observed in

sample near Kavilevallapil thodu from Vengara Muttom area.
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Figure 10.5: Spatial variations of heavy metals

10.3.4 Integrated pollution indices

For the evaluation of heavy metal pollution in groundwater

samples from Madayi area, pollution indices such as HPI, HEI, and Cq
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were computed individually. For calculating HPI, HEI and Cq, the BIS
(10500: 2012) water standard for each heavy metal parameter in pg/L
was considered. In order to calculate the overall heavy metal pollution
index (HPI) of the groundwater samples from Madayi area, the mean
concentration value of the selected heavy metals (Fe, Mn, Pb, Cd, Cu, Ni
and Zn) have been considered. The details of unit weightage (Wi) and
standard permissible value (S;) for the computation of HPI is shown in
Table 10.3.

Though, the iron has reported maximum concentration value in
the groundwater samples, the weightage (Wi) of Fe is very less, therefore,
in evaluation of HPI of overall groundwater quality, this parameter does
not contribute much on this index value. Heavy metals like Cd, Pb and Ni
have been given no relaxation in drinking water standard hence, they
have been given high weightage (W) value in calculation of HPI. So,
even though these metals present in small concentration level in water, it
makes the quality of water poor and contribute high values in HPI
calculations. Concentration of Zn has been found higher than the
desirable limit of drinking water standard in only six groundwater
samples. The overall heavy metal pollution index value of groundwater
samples from Madayi area was found to be 1474.49 and that was higher
the critical pollution index value of 100. The HPI value higher than 100
is considered as unacceptable and indicates that the water is critically
polluted with respect to heavy metals (Prasad & Kumari, 2008; Prasad &
Mondal, 2008; Bhardwaj et al., 2017).
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Table 10.3: Mean HPI of groundwater from Madayi

Mean Standard Highest

Heavy value permissible  desirable ynit _Sub
metals (Lg/L) value value weightage index Wi Qi
M (hg/L) (hg/L) (W) Qi
Si li
Fe 13921.51 1000 0 0.001 139215  1.39
Mn 1698.19 300 100 0.0033 799.09 2.66
Pb 51.77 10 0 0.1 517.69 5177
Cd 58.05 3 0 0.3333 1934.95 644.98
Cu 369.16 1500 50 0.00067 22.01 0.015
Ni 77.26 20 0 0.05 386.31 19.32
Zn 1435.6 15000 5000 0.000067 35.64  0.0024

YWiQi=720.14; > Wi= 0.4884 and HPI= 1474.49

The heavy metal pollution index (HPI) was calculated
individually for each sample and the index values are summarised in
Table 10.4. Seven heavy metals namely Fe, Mn, Pb, Cd, Cu, Ni and Zn
were used to calculate HPI. The minimum HPI value obtained was 0.64
(MDY-12), sample from Moolakkeel and this sampling location is away
from mining area. Out of 35 samples, in 11 groundwater samples, the
HPI value was found below the critical value (HPI < 100). In sample
MDY-32, a water sample from a water supply point also obtained a low
HPI value. This indicates that these 11 samples were not critically
polluted with respect to heavy metals. But for the remaining groundwater
samples, HPI value was found above the critical index value of 100. Very
high HPI value was reported particularly in sampling points like MDY-8,
MDY-18, MDY-6, MDY-33, MDY-35, MDY-21, MDY-28, MDY-29
and MDY-1. At sampling sites MDY-8 and MDY-18, the index value
obtained was much higher when compared to other sampling locations.

The sampling sites MDY-8 is near the mining area. The sample MDY -18
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is from Vengara Muttom area, a sampling location near Kavilevallapil

thodu where the drainage of wastewater from mining industry flows.

Very high Fe value was reported in both these sites along with other

heavy metals and the metals like Cd, Pb and Fe contribute mainly to the

very high HPI index value in both the sites. High HPI value was also

observed in majority of the sampling sites near the mining area. The

samples collected from the bank of Perumba river also reported high

index value. The mean value of HPI index (1433.7) indicates the heavy

metal pollution in the study area.

Table 10.4: Results of different indices evaluation

Sample

Sample

Code HPI HEI Cd Code HPI HEI Cd
MDY 1 952.7 24.61 17.61 MDY 19 109.9 5.73 -1.27
MDY 2 273.7 4.40 -2.60 MDY 20 0.72 0.85 -6.15
MDY 3 198.7 6.49 -0.51 MDY 21 34913 109.4 102.4
MDY 4 0.728 1.68 -5.32 MDY 22 46.35 0.88 -6.12
MDY 5 134.9 3.65 -3.35 MDY 23 1144 3.26 -3.74
MDY 6  4943.7  109.3 102.3 MDY 24  353.6 11.30 4.30
MDY 7 0.92 0.01 -6.99 MDY 25 137.3 7.15 0.15
MDY 8 14291 516.04 509.0 MDY 26  342.1 5.15 -1.8
MDY 9 412.0 96.22 89.22 MDY 27  57.47 5.98 -1.02
MDY 10 0.89 0.21 -6.79 MDY 28 14456  25.96 18.96
MDY 11  91.42 3.42 -3.58 MDY 29 8223 13.04 6.04
MDY 12 0.64 0.96 -6.04 MDY 30 2151 25.22 18.22
MDY 13  150.8 15.04 8.04 MDY 31  505.4 51.85 44.85
MDY 14  108.4 9.21 2.21 MDY 32  0.93 0.09 -6.91
MDY 15  95.72 9.50 2.50 MDY 33 4871.2 100.5 93.48
MDY 16  200.5 6.54 -0.46 MDY 34 173.6 12.64 5.64
MDY 17  69.17 1.00 -6.00 MDY 35 20755  34.03 27.03
MDY 18 13491.1 469.6 462.6 Mean 1433.7 4831 41.31

The computed HEI and Cq values for each location are also shown in
Table 10.4. Edet and Offiong, (2002) used HEI for easy interpretation of
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the pollution index. The mean HEI value obtained for groundwater
samples from Madayi panchayath was 48.31. This index values ranged
from 0.01 to 516.04. In majority of the groundwater samples from
Madayi, the HEI index values obtained were less than 400 so these
samples come under the category of ‘low heavy metals’. But in samples
MDY- 8 and MDY-18, HEI value was 516.04 and 469.6 respectively so
both these samples come under the category of ‘moderate to heavy
metals’. High Fe content and other metals like Mn, Pb, Cd, Cu, Ni and Zn
were also reported in these two sites. Similarly, highest Cq4 values were
also reported in the same sites. Based on three categories of
contamination index (Cg) value (low: Cq4 < 1; medium: Cd = 1- 3 and
high: Cq4 > 3) (Edet & Offiong, 2002; Sobhanardakani et al., 2017), the
43 % of groundwater samples come under the category of ‘high’.
Majority of samples reported high Cq are from the locations near to
mining area and samples collected from the bank of Perumba river also
reported high value of contamination index. The results of HPI, HEI and
Cq indicates the heavy metal pollution in some samples from Madayi

area.

The heavy metal pollution may be due to leaching of heavy
metals from the mining wastes and may be due to the application of
fertilizers in nearby agricultural areas. The drainage of wastewater from
mining industry containing very acidic water passes through
Kavilevallapil thodu (Vengara Muttom area) and Kakki thodu in the
study area. The highly acidic nature of the effluent, increases the chance
of corrosion of the drainage pipelines. So, the percolation of acidic

wastewater to the neighbouring groundwater resources can increases and
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also solubilise the heavy metals present in those area, which increase the
transport of heavy metals to the groundwater resources. The local
residents from this study area also reported that the mining waste from
mining area overflows to the neighbouring areas during the rainy season
and so the agricultural lands were converted to barren lands. Sultan canal,
a canal which connects Perumba river and Kuppam river is also passing
through the study area, which can also increase the distribution and
transportation of many contaminants in this area. All these activities may
increase the contamination of the groundwater resources in Madayi area.
The sampling was conducted during the summer season and the high
values of metals concentration reported in many sampling sites, may also
be due to reduced aquifer recharge and reduced dilution of contaminants,
as a result of increase in temperature during the summer season. The
indexing approach for the evaluation of groundwater samples from
Madayi panchayath indicates the heavy metals contamination in
groundwater samples so, the treatment of the heavy metal contaminated

drinking water is necessary.
10.3.5 Correlation analyses

The association or interrelationship among all the seven heavy
metals (Fe, Mn, Pb, Cd, Cu, Ni and Zn) was assessed by Pearson
correlation analysis. Pearson’s correlation coefficients among heavy
metals in groundwater samples from Madayi panchayath have been
summarized in Table 10.5. In the present study, only the positive and
strong (r > 0.7) correlation among heavy metals were considered. The

results of Pearson correlation analysis showed very strong correlation
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between Fe - Cd (r = 0.938), Fe - Cu (r = 0.918), Cd — Cu (r = 0.851), Pb
- Ni (r = 0.806), Cd - Ni (r = 0.813) and Cd - Zn (r = 0.808) in water
samples during the study. This result indicate that these heavy metals are
the main contributory parameters. Heavy metals displaying very high
correlation indicates same source of contamination (Bhardwaj et al.,
2017). Fe also showed a positive correlation with metal ions such as Mn
(r = 0.684), Pb (r = 0.611), Ni (r = 0.706) and Zn (r = 0.729) in
groundwater samples from Madayi area indicating that the metal ions are
from the same source. The main source of Fe in groundwater is from the
china clay mining industry. Pb also showed a positive correlation with Cu
(r = 0.714). Among the metals, Mn was the only metal not strongly
correlated with other metal but was positively correlated with other
metals, indicating that Mn level in groundwater increases with an

increase in level of other metal ions and vice versa.

Table 10.5: Pearson Correlation of heavy metals in groundwater samples

Pearson Correlation Matrix

Heavy oo vn Pb cd  cu Ni zn
metals
Fe 1

Mn  0.684 1

Pb 0.611 0.420 1

Cd 0.938 0.614 0.697 1

Cu 0918 0.609 0.714 0.851 1

Ni 0.706 0.479 0.806 0.813 0.657 1

Zn 0.729 0476 0.513 0.808 0.617 0.657 1

10.3.6 Principle Component Analysis and Cluster Analysis

The multivariate statistical techniques such as Principle

Component Analysis (PCA) and Cluster Analysis (CA) was used in the
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interpretation of data to understand the water quality with respect to
heavy metals. PCA was applied to the all the seven heavy metals (Fe,
Mn, Pb, Cd, Cu, Ni and Zn) in 35 water samples from Madayi area to
identify metal contamination and confirm the sources of contamination
and described in Table 10.6. The principal components that have eigen
values higher than one were considered for the interpretation. The results
show that there was only one eigen value higher than one so, only the
first principal component (PC1) include a large portion of the total
variance. The Principle component analysis help us to find the causes of
the trace metals whether it is of natural or / and anthropogenic source.
The first principal component (PC1) explained 73.40% of the variation in
the data and represented strong contributions (> 0.75) by the variables Fe,
Mn, Pb, Cd, Cu, Ni and Zn. PC1 was loaded mainly by variable in the
order of Cd, Fe, Cu, Ni, Zn, Pb and Mn indicating a significant water
quality impact from industrial effluent and agricultural runoff (Wu et al.,
2008; Herojeet et al., 2015)

Table 10.6: Principle component analysis of different heavy metals in
groundwater from Madayi

Component
1

Fe 0.941

Mn 0.704

Pb 0.795

Cd 0.963

Cu 0.903

Ni 0.857

Zn 0.804
Eigen value 5.14
Percent of Total 73.40

Variance Explained
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Cluster analysis (CA) incorporates a number of dissimilar
methods which organize objects (observations) into groups termed
clusters without unexplanation or interpretation. Objects inside the
clusters are similar whereas objects in different clusters are dissimilar.
This exploratory method is utilised to determine the data structure not
only among observations, but also among variables, arranged into a tree
diagram, generally known as a dendrogram. The similarity was measured
using Euclidean distance (Praus, 2007). The cluster analysis generated a
dendrogram as revealed in Figure 10.6, grouping 35 water samples into
three clusters. Cluster 1 (C1) comprised sampling stations such as MDY -
8 and MDY-18 with the highest levels of Fe, Pb, Cd, Cu, Ni, and Zn. C1
contains the locations near the china clay mining area and Vengara
Muttom area where the drainage of wastewater from mining industry
flows with the most significant pollution by anthropogenic activities. The
indexing approach (HPI, HEI and Cg) also indicated the moderate to high
heavy metal pollution in these sampling locations.

The sampling locations in cluster 2 (C2) were MDY-9, MDY-31,
MDY-6 and MDY-30. All these sampling sites were near the china clay
mining area, Pazhayangadi. So, there is possibility of similar
contamination. The value of Fe exceeds the acceptable and permissible
limit prescribed by BIS (IS 10500: 2012) in all these four sites along with
other toxic metals. The three indices used in this study, also suggested
metal pollution in these sites, but less polluted compared to MDY-8 and
MDY-18. The remaining samples were in Cluster 3 (C3) and many of the

sampling locations in C3 were significantly affected by saline intrusion.
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These sites were comparatively less polluted with respect to heavy
metals.
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Figure 10.6: Dendrogram generated from heavy metal values of different

sampling sites

10.3.7 Heavy metals in soil and sediment samples from Madayi

The concentrations of heavy metals and physico chemical
characteristic of the soil samples from Madayi area is given in Table
10.7. and showed wide variations among the sampling sites. Seven soil
samples were collected from the study area and its spatial distribution is
shown in Figure 10.1. The heavy metals concentration in the soil samples
ranged from: Fe - 18602 to 301486 mg/Kg, Mn - 73.43 to 765.88 mg/Kg,
Cd - 1.68 to 11.53 mg/Kg, Pb - 0 to 162.98 mg/Kg, Ni - 9.58 to 44.68
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mg/Kg, Cu - 14.63 to 103.40 mg/Kg, Zn - 42.43 to 207.90 mg/Kg. Very
high iron value was observed in the soil samples such as MDY- 1S,
MDY-3S and MDY-6S. These sampling points were very close to the
china clay mining area, Pazhayangadi. Here waste containing high iron
from mining area, were flows to the neighbouring residential area during
rainy season. So, the soils collected from near the clay mining area were
yellowish in colour (Plate 10.2) and detected high Fe values. High Mn
values were also reported in the above-mentioned sites compared to other

soil sampling sites from Madayi area.

Plate 10.2: Yellowish colour soil from the residential area near the clay
mining area

The value of Cd was found higher than limit (10 mg/Kg)

prescribed for residential land use by Canadian Soil Quality Guidelines

348 Cochin University of Science and Technology



Assessment of Heavy Metal Contaminants in Groundwater using Indexing Approach and Application of Three
type of Adsorbents for Heavy Metal Removal

for the Protection of Environmental and Human Health (CCME, 2007) in
samples, MDY- 1S (11.53 mg/Kg) and MDY-6S (10.08 mg/Kg). The
concentration of Pb, above Canadian Soil Quality Guidelines value (140
mg/Kg) was observed in samples MDY-3S (near mining site) and MDY -
4S (near Sultan canal). Cu was found above the guidelines value (63
mg/Kg) in samples MDY- 1S, MDY- 3S and MDY- 6S but Ni was
observed below the guidelines value (50 mg/Kg) in all the soil samples.
The Canadian Soil Quality Guidelines value of Zn was 200 mg/Kg, was

found above this value in sample MDY - 1S.

Soil pH is the most commonly recognized influencing parameter
on the availability and mobility of heavy metals in the soil. Acidic nature
of soil controls availability, mobility and toxicity of heavy metal ions and
most metals tend to be less mobile in soil with high pH as they tend to
form insoluble complexes (Anegbe et al., 2018). Highly acidic pH was
observed in samples near the mining site (MDY-1S, MDY- 3S and
MDY- 6S), which may influence the mobility of heavy metals to the
nearby groundwater resources but comparatively high pH was reported in

soil samples away from mining site (MDY - 4S and MDY - 5S).
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Table 10.7: Physico-chemical parameters of soil samples

MDY MDY MDY MDY MDY MDY MDY
Parameters

1S 2S 3S 4S 5S 6S 7S
pH 2.86 4,98 3.37 6.00 6.75 3.45 5.14
Electrical
Conductivity 1750.0 270.0 1390.0 132.0 128.0 1560.0 328.0
(us/cm)

Alkalinity (mg/Kg) 40.0 240.0 160.0 560.0 498.0 80.0 244.8
Sulphate (mg/Kg) 537.2 429.2 445.2 195.2 160.4 512.6 303.5
Calcium (mg/Kg) 1200.0 1680.0 1680.0 1760.0 1530.0 1200.0 1088.0
Magnesium (mg/Kg) 48.6 97.2 291.6 48.6 123.8 68.4 103.8
Chloride (mg/Kg) 1720.0 160.0 1600.0 560.0 280.0 920.0 720.0

Inorganic

Phosphorous 460.0 140.0 320.0 95.0 90.0 375.0 85.0
(mg/Kg)

Sodium (mg/Kg) 185.0 246.5 357.0 265.3 161.5 132.0 105.0

Potassium (mg/Kg) 18.0 167.0 63.0 68.0 87.5 68.0 135
Organic Carbon (%)  3.39 1.56 2.47 0.68 0.82 3.06 1.12
Organic matter (%) 5.85 2.68 4.26 1.17 1.41 5.28 1.93

Sand (%) 7425 9125 7800 9525 9410  79.4 86.70
Clay (%) 1950 475 1550  4.50 5.30 1390  7.90
Silt (%) 6.25 4.00 6.50 0.25 0.60 6.70 5.40
Iron (mg/Kg) 301486 23134 187526 18602 21320 251385 87593

Manganese (mg/Kg)  765.88 12580 511.23 7343  80.0 668.75  300.0
Cadmium (mg/Kg) 1153  4.08 9.73 9.95 1.68 1008  5.10

Lead (mg/Kg) 13210 11030 14453 16298 BDL 11298 64.03
Nickel (mg/Kg) 4468 2208 3968 1290  9.58 2515 20.25
Copper (mg/Kg) 10340 1573 7200 1463 2825  80.00  50.03
Zinc (mg/Kg) 207.90 4243 16363 12750 6500 18525 95.75

BDL: Below Detection Limit

Other soil characteristics were also summarised in Table 10.7 and
the results revealed that comparatively high organic carbon and organic
matter content were also observed in MDY-1S, MDY-3S and MDY-6S
which influences the metals concentrations. The texture analysis revealed
that relatively, high contents of clay and silt was observed in sites near
the china clay mining area. The mobilisation of heavy metals in the soil is
depends on the pH, clay content, organic matter content and other soil
properties so these factors influences the heavy metal pollution (Mapanda

et al., 2005). The heavy metals accumulated in the soil at toxic levels can
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be transferred from soil to the other ecosystem, such as underground
water or crops, and can disturb human health through the water supply
and food. Soils, act as filters of many toxic chemicals, may adsorb and
hold heavy metals from wastewater. The contaminated soils release
heavy metals into groundwater, when the capacity of soils to retain toxic
metals is reduced, due to continuous overloading of contaminants or

changes in pH (Taghipour et al., 2012).

Table 10.8: Physico-chemical parameters of sediment samples

Parameters MDY MDY MDY MDY
1SE 2SE 3SE 4SE

pH 5.0 53 4.5 5.7
Electrical Conductivity(us/cm) 68000 253 462 74000
Alkalinity (mg/Kg) 240 200 139 360
Sulphate (mg/Kg) 20100 428.8 546.7 22400
Calcium (mg/Kg) 13900 1360.0 1223.0 14800
Magnesium (mg/Kg) 20842 145.8 382.5 25515
Chloride (mg/Kg) 171300 240.0 485.8 176000
Inorganic Phosphorous (mg/Kg) 960 385.0 420.0 982.0
Sodium (mg/Kg) 104650 226.5 124.0 115950
Potassium (mg/Kg) 3361 128.0 62.0 3875
Organic carbon (%) 5.31 5.91 5.62 5.03
Organic matter (%) 9.15 10.18 9.7 8.7
Sand (%) 85.00 75.00 77.40 93.50
Clay (%) 11.00 21.00 18.71 5.70
Silt (%) 4.00 4.00 3.89 0.80
Iron (mg/Kg) 121792 297733 210060 124320
Manganese (mg/Kg) 670.0 509.4 262.5 252.0
Cadmium (mg/Kg) 26.08 50.15 52.53 31.18
Lead (mg/Kg) 154.3 144.9 151.7 142.7
Nickel (mg/Kg) 33.68 42.25 20.0 30.80
Copper (mg/Kg) 40.3 108.7 77.5 65.0
Zinc (mg/Kg) 166.5 240.5 229.1 155.0

Four sediment samples were collected from the Kavilevalappil
thodu (Plate 10.1) through which the wastewater pipe line of mining

industry is passing. The discharges from mining industries can destruct
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the natural sediment characteristics. The physico chemical characteristics
of sediment samples were tabulated in Table 10.8. pH of all the samples
were in acidic range. The results indicated that the high CI-, Na" and K*
contents in MDY-1SE and MDY-4SE sediment sample. Both these
points were near the Perumba river so the results give an indication of
saline intrusion. High organic matter and clay content were observed in
sediment sample near mining area (MDY- 2SE and MDY-3SE). The
organic content has a high relationship with heavy metal concentrations
in sediment (Ahmad et al., 2009) and high OC was reported in the above-

mentioned sites.

The heavy metal concentrations in the sediment samples from
Madayi panchayath were evaluated by comparing with the sediment
quality guideline proposed by USEPA. These guideline values are shown
in Table 10.9. In sediment samples also, very high Fe contents were
detected and according to USEPA guideline, all the samples were heavily
polluted with respect to Fe value. Other metal concentrations were
ranging over following intervals: Cd: 26.08 -52.53 mg/Kg; Pb: 142.7 -
154.3 mg/Kg; Ni: 20.0 - 42.25 mg/Kg; Zn: 155.0 - 240.5 mg/Kg; Cu:
40.3 - 108.7 mg/Kg. All the four sediment samples were heavily polluted
by Cd and Pb with respect to the guideline value. Ni was moderately
polluted in all the sites. Cu pollution was high in MDY-2SE, MDY -3SE
and MDY-4SE but moderate in MDY-1SE. Zn was heavily polluted in
samples near the china clay mining area. Mn pollution was detected in
two samples. The mean value of the metals follows the order: Fe > Mn >

Zn > Pb > Cu > Cd > Ni. The changes in environmental conditions such
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as pH and redox potentials leads to the remobilisation of heavy metals

from the sediment to water.

Table 10.9: USEPA guideline for sediment”

Heavy Not Moderately Heavily
metal polluted polluted polluted

Cd - - >6

Cu <25 25-50 >50

Ni <20 20-50 >50

Pb <40 40 - 60 > 60

Zn <90 90 - 200 > 200

Mn <300 - > 500

Fe < 17000 17000 - 25000 > 25000

*All concentrations in mg/Kg dry weight

The overall results of soil and sediment analysis indicate the
heavy metal pollution. However, the high concentration of toxic heavy
metals in the soil and sediment may adversely affect the environmental
quality and human health if they enter into water and food chain. In order
to reduce such risk, the consumption of contaminated water and plant
should be strictly discouraged. Proper treatment of heavy metal

contaminated drinking water is essential.
10.3.8 Removal of heavy metals using selected adsorbents

Water quality and heavy metal analysis of 35 groundwater
samples from Madayi panchayath revealed the heavy metal
contamination in several samples. So, removal of heavy metals from
drinking water is a necessary in these samples. Three heavy metal
contaminated water samples (MDY-6, MDY-8 and MDY-18) were

selected from the study area and treatment of heavy metals from these
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samples were conducted using three different sorbents (A, B and C). A
was functionalised iron oxide nanosorbent (iron oxide nanoparticles
coated with polyvinyl alcohol and gallic acid); B was protonated
Caesalpinia sappan (herbal plant material) and C was Tretepohila
abietina (algal biosorbent). The synthesis or preparation and
characterisation of those materials are discussed in chapter 9 (for A) and
chapter 8 (for B and C). From the previous studies, it was observed that
these three sorbents work well at a variety of pH levels. 100mL of water
samples were treated using 0.5g of sorbents using batch sorption
techniques. The results of the treatment of three samples are shown in
Table 10.10.

Table 10.10: Removal of heavy metals from groundwater samples

Treatment Fe Mn Pb Cd Cu Ni Zn
Initial
MDY 6 concentration  14.1 1.43 0.078 0.21 0.153 0.2433 5.961
(mg/L)
Percentage A 97.43 100.00 100.00 100.00 100.00 100.00 99.95
of removal B 93.96 100.00 100.00 100.00 100.00 100.00 99.16
(%) C 96.20 100.00 100.00 100.00 100.00 100.00 99.88
Initial
MDY 8 concentration  192.3  12.47 0.63 0.5684 4,74 0.5202 8.03
(mg/L)
Percentage A 56.68 98.36 100.00 100.00 87.32 100.00 89.91
of removal B 46.85 71.05 100.00 100.00 79.32 98.46 78.46
(%) C 4301 79.95 100.00 100.00 78.06 89.43 56.29
Initial
MDY 18 concentration  200.1 12.34 0.07 0.5836 2.9 0.4865 9.1
(mg/L)
Percentage A 5157 7050 100.00 100.00 99.83 100.00 86.48
of removal B 4218 56.97 100.00 100.00 98.93 100.00 78.68
(%) C 38.23 5154 100.00 99.66 97.17 100.00 70.44

In sample MDY-6 (pH = 2.92), metals like Mn, Pb, Cd, Cu and
Ni were completely removed by all the three adsorbents. More than 99 %
of Zn was removed by A, B and C methods. More amount of Fe was
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removed (97.43 %) by A, functionalised iron oxide nanosorbent. The
sorbents, B and C removed 93.96 % and 96.20 % of Fe respectively. In
the case sample MDY- 8 (pH = 2.79), complete removal of Pb and Cd
was exhibited by all the three sorbents under highly acidic condition also.
Ni was also removed completely by iron oxide nanoparticles coated with
poly vinyl alcohol and gallic acid and the other biosorbents were
removed 98.46 % (B) and 89.43 % (C) of Ni from water. In sample
MDY-8, maximum Mn removal was showed by A (98.36 %). In this
sample, 56.68, 46.85 and 43.01 % of Fe was removed by A, B and C. In
the case sample MDY-18, the removal efficiency of Fe, Mn, Pb, Cd, Cu,
Ni and Zn by sorbent A i.e., iron oxide nanoparticles coated with poly
vinyl alcohol and gallic acid were 51.57, 70.50, 100.0, 100.0, 99.83,
100.0 and 86.48 %, respectively. The biosorbent such as Caesalpinia
sappan and Tretepohila abietina also showed better reduction in
concentration of metals like Pb, Cd, Cu and Ni. The results suggest that,
all the three sorbents were effective in the treatment of heavy metals from
heavy metals contaminated real water samples. The nanosorbent (iron
oxide nanoparticles coated with poly vinyl alcohol and gallic acid)
exhibited comparatively better performance in the removal of heavy

metals from field samples from Madayi area.

10.4 Summary

Madayi, near Pazhayangadi in Kannur district, is a clay mining
area in northern Kerala, with rich biodiversity. The active mining is
generating some drinking water issues there. So, the groundwater quality

near the mining area was evaluated in this study. In order to assesses the
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quality of drinking water resources of Madayi area, 35 water samples
were collected. High iron problems are observed near the china clay
mining area during sampling. Hence, the quality of drinking water
resources in the study area were evaluated on the basis on heavy metal
concentration in water samples. The physico-chemical characteristics of
groundwater samples revealed highly acidic nature of samples collected
from near the china clay mining area, indicating the percolation of
contaminants from the mining area. High TDS, alkalinity, chloride,
calcium, magnesium, sodium and potassium reported in the samples
collected from near Perumba river, indicating salinity intrusion. TDS
values were found to be exceeds the BIS limit in samples collected from
the sites near the mining area. No alkalinity was detected in samples near
mining area because of the highly acidic nature. Very hard water and
high sulphate concentration were also noticed in locations near mining
area. High nitrate and phosphate were found in sample near
Kavilevallapil thodu, through which the wastewater drainage from
mining is passing and eutrophication was also observed there. Of the 35-
water sample collected, total coliform bacteria were detected in 89 % of
samples and the presence of E. coli was detected in only 14 %.
Concentration of seven heavy metals in water namely Fe, Mn, Pb,
Cd, Cu, Ni and Zn were analysed. The analytical results indicate high Fe
concentration in samples near mining area and Vengara Muttom
compared to other sites. Maximum value of 200.1 mg/L was reported in
sample near Kavilevallapil thodu (Vengara Muttom) through which the
wastewater drainage from mining is passing. The order of concentration

of heavy metals found were as follows: Fe > Mn > Zn > Cu > Ni > Pb >
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Cd. The results revealed that high concentration of Cd, Pb, Mn, Zn,
above the acceptable limit of BIS were also found in water samples
collected from near the mining area. High heavy metals contents were
also detected in samples from Vengara Muttom through where the
wastewater from mining industry flows. Results indicates that
groundwater samples from near china clay mining area and near
Kavilevallapil thodu, Vengara Muttom contains high metal
concentrations. The heavy metal analytical results were evaluated using
the HPI, HEI and Cq indices. The overall HPI value of groundwater
samples from Madayi area was found to be 1474.49 and that was higher
the critical pollution index value of 100. The heavy metal pollution index
was calculated individually for each sample, high HPI values were found
in groundwater samples from Pazhayangadi, Vengara Muttom and near
Perumba river. The similarity in heavy metal contamination in
Pazhayangadi and Vengara Muttom areas were observed by Cluster
Analysis (CA) and Principle Component Analysis (PCA). The correlation
analysis of heavy metal concentrations exhibited strong positive
correlations among Fe, Cd, Cu, Ni, Pb, Zn ions suggesting that these
metals are from common sources. High Fe contents were recorded in soil
samples from Pazhayangadi, Madayi. Compared to Canadian Soil
Quality Guidelines, high Cd, Pb and Cu were also detected from this
location. Heavy metals in four sediment samples from the study area
were compared with the sediment quality guideline proposed by USEPA
and the results indicates metal pollution in this area. The values of the
calculated indices (HPI, HEI and Cg) in groundwater collected from

Madayi area indicates heavy metal pollution, so severe precautions such
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as treatment of contaminated drinking water resources; effective
treatment of wastewater from china clay mining industry; establishment
of sustainable mining activities and management of the use of
agricultural inputs (chemical fertilizers and metal-containing pesticides)
must be taken into consideration in this area.

Some treatment methods were applied on heavy metal
contaminated drinking water from Madayi panchayath. Three metal
contaminated water samples were treated using three different sorbents
such as functionalised iron oxide nanosorbent (iron oxide nanoparticles
coated with polyvinyl alcohol and gallic acid); protonated Caesalpinia
sappan (herbal plant material) and Tretepohila abietina (algal
biosorbent). The results suggest that, all the three sorbents were
effectively removed heavy metals from heavy metals contaminated real
water samples. The nanosorbent (iron oxide nanoparticles coated with
polyvinyl alcohol and gallic acid) exhibited comparatively better
performance in the removal of heavy metals from field samples from

Madayi area.
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SUMMARY, CONCLUSIONS AND
RECOMMENDATIONS

In the present scenario, the deterioration of water quality as a
consequence of the anthropogenic activities, unskilled utilization of
natural water resources, population intensification, unplanned urbanization
and swift industrialization, is growing with rapid pace. Furthermore,
impacts of the current environmental strategies has increased the
awareness to develop environmentally friendly, robust and economically
feasible processes proficient to remove contaminants from water and at
same time, to safeguard the health of mankind. Highly toxic, non-
biodegradable, bioaccumulation and invariably persisting nature of heavy
metals and the irreversible health threat of fluoride, makes them severely
hazardous. The prevailing treatment technologies of heavy metals and
fluoride, with different degree of success to control and minimize
contamination, have the shortcomings such as high operational and
maintenance costs, complicated procedure involved in the treatment and
generation of toxic sludge or by-products. The present study deals with the
development of effective, efficient and eco-friendly clean up techniques to

reduce or remove the toxicity of heavy metal and fluoride from water.
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The study was under taken to (1) to develop efficient, effective and
ecofriendly water treatment method for the removal of heavy metals from
the contaminated water (2) to study the defluoridation of water using
biosorbents and its application in groundwater samples collected from the
contaminated areas (3) to assess the detoxification of heavy metals from
water by nanosorbent and biosorbents and its application in polluted
samples and (4) to use the technology of phytoremediation for the

decontamination of soil affected by heavy metal toxicity.

The assessment of the performance of electrically stimulated
phytoremediation for the removal of heavy metal was conducted.
Treatment of lead, cadmium and copper from synthetic solution using
phytoremediation system coupled with electric field was carried out. In
that experiment, the Eichhornia crassipes, an efficient phyto-remediator
exhibited efficient and fast removal of heavy metals in electro assisted
phytoremediation system. Both aluminium rods and sheets were used as
electrodes and both indoor and outdoor experiments were also conducted.
Based on the results and plants condition, outdoor experiment using
aluminium sheets as electrodes were preferred for further study. The
results indicate that the treatment of Cd, Pb and Cu ions using electrically
enhanced phytoremediation using aluminium sheet electrodes is more
effective than aluminium rod electrode. When the electrical exposure time
increases, the pH of the synthetic solution increased in electrolysis system,
but a more favourable, moderate increase was exhibited by the electrically
stimulated phytoremediation system. From the results, it can be postulated
that 4V voltage is probably suitable to stimulate the Eichhornia crassipes
to synthesize more chlorophyll. Eichhornia crassipes stimulated by an
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electric field grown better and assimilated more metal. Heavy metal
accumulation in plants collected from control and electrically enhanced
phytoremediation system using aluminium sheet electrodes indicates that
maximum amount of Cd, Pb and Cu were accumulated in Eichhornia
crassipes collected from treatment (i.e., electrically enhanced
phytoremediation system). Eichhornia crassipes translocated maximum
Cd and Cu to plants’ aerial parts under electrified condition but more
amount of Pb was bioconcentrated in roots. Electrically stimulated plant
translocated more amount of Pb content to its aerial part compared to plant
in control. The BCFs of control for Pb, Cd and Cu were 502.65, 448.12
and 664.90 respectively. BCF, an index of hyperaccumulation, indicates
that electrically stimulated Eichhornia crassipes is a good hyper
accumulator of Cd (BCF = 1118.18) and Cu (BCF = 1152.47) and a
moderate accumulator of Pb (BCF = 932.26). Translocation ability (TA)
ratio indicates that Eichhornia crassipes have the ability to translocate
more amounts of Pb, Cd and Cu to its upper portion under electrified

condition.

The electro-phytoremediation technique was also applied to
remove lead and chromium from wastewater collected from acid lead
battery manufacturing industry and electroplating industry, respectively.
Both the effluents were acidic in nature. Therefore, a pre-treatment of
industrial effluents should be made to minimize the acidity. Due to high
chemical contents present in the acid battery wastewater, Eichhornia
crassipes exhibited some toxicity symptoms at an earlier stage than the
plants used in the treatment of electroplating industry wastewater. The

electro assisted phytoremediation system reduced 94.27 = 0.41 % of lead
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within 25 days, while control and electro-remediation system removed
lead by 40.61 + 2.39 and 74.33 + 1.87 %, respectively from battery
manufacturing industrial wastewater. A steady decrease in the Cr content
in the wastewater collected from electroplating industry was observed in
electrically stimulated phytoremediation. The result indicates that
maximum removal of chromium was occurred in the electrically
stimulated phytoremediation system (79.56 + 2.61 %) than control (36.72
+ 4.23 %) and electro-remediation system (65.83 + 3.59 %). Cr toxicity
symptoms were observed in control plant from 15" day of study but the
electrically stimulated plant showed toxicity symptoms in a much-delayed
stage, indicating that the electrical stimulation helps the plant to resist
toxicity and accumulate more metals than control plant. The other heavy
metals present in the effluent samples such as Cu, Fe, Ni, Zn, Mn and Cd
were also reduced. Hence, the electro - assisted phytoremediation system
is also capable for the treatment of Pb, Cd, Cu, Cr, Mn, Fe, Ni, and Zn
from water. Considering the overall results, we can state that the electro-
phytoremediation technique seems to be promising in the treatment of
heavy metals contaminated wastewater.

The enhancement of phytoremediation capacity of heavy metals
(Cd, Pb and Cu) by Eichhornia crassipes and Salvinia molesta in the
presence of titanium dioxide nanoparticles was assessed. TiO>
nanoparticles exposed Eichhornia crassipes and Salvinia molesta showed
better phytoremediation efficiency for the removal of lead, cadmium and
copper within 3 days. It was observed that, in the nano - TiO applied
phytoremediation system, more efficient and faster removal of heavy

metals was taking place. Results of the study on heavy metal accumulation
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indicates that titanium dioxide nanoparticles applied plants showed more
tendency to translocate metals to its areal parts. Control plant accumulated
more metals in their root portion in both the plants. Nano-TiO. applied
plants exhibited an increase in the production of chlorophyll compared to
A (control) and B (calcium alginate -TiO> nanoparticles applied plants).
TiO2 nanoparticles exposed plants exhibited significant increase in relative
growth compared to others. This may be due to the fact that, the plant
exposed to nano -TiO; has the ability to improve light absorbance and
promote the activity of rubisco activase thus accelerating the growth of
plants. The determination of bioconcentration factor indicated that, the
uptake potential of metals by plants was increased under nano - TiO>
applied conditions. Plants exposed to TiO2 nanoparticles achieved ability
to transfer higher metal concentrations from root to its areal part. TiO>
nanoparticles applied plants (C) showed better performance than TiO>
nanoparticles entrapped calcium alginate beads applied plants (B).
Considering the overall results, we can state that TiO. nanoparticles
applied Eichhornia crassipes and Salvinia molesta seems to be promising
candidate for the phytoremediation of heavy metals from water and

exhibited an enhanced phytoremediation ability.

The possibility of wusing ammonium molybdate with
phytoremediation for phytostabilization of Pb and Zn and for
phytoextraction of Cd, Ni, and Cu by Amaranthus retroflexus was studied.
Ammonium molybdate shows immobilization and mobilization effect on
phytoremediation of toxic heavy metals in soil. Ni, Cd and Cu were
chelated and form more soluble fractions with ammonium molybdate and

Pb and Zn were precipitated with ammonium molybdate. Mobilization
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effect of ammonium molybdate on Ni, Cd and Cu increases the
bioavailability of these metals to plant. Immobilization effect of
ammonium molybdate on Pb and Zn decreases the biotoxicity of these
metals to plant by decreasing the bioavailability of these metals to plant.
Growth was increased in plants treated with ammonium molybdate than
control plant. For Cd, Ni and Cu the average BCF values of Amaranthus
retroflexus plant treated with ammonium molybdate were higher than
control. This indicates that Amaranthus retroflexus plant had higher ability
to uptake Cd, Ni and Cu with ammonium molybdate. TF values of A.
retroflexus were lower than 1, which shows that maximum amount of
heavy metals was stored in roots. It was found that ammonium molybdate
acts as a stabilization agent and as an extracting agent in the
phytoremediation of heavy metal contaminated soil.

A novel activated carbon adsorbent has been developed for
defluoridation of contaminated water samples. Fluoride removal efficiency
of some medicinal plant materials like gooseberry (Phyllanthus emblica),
dried ginger (Zingiber officinale), sathavari (Asparagus racemosus),
pomegranate (Punica granatum), nutmeg (Myristica fragrans), kozhinjil
(Tephrosia purpurea) and karinochi (Vitex negundo) were compared
during the initial stage of the study and reported an efficiency of 65, 63,
44, 70, 67, 40 and 30 % respectively. The suitability of some easily and
locally available plant materials such as ramacham or vetiver root
(Vetiveria zizanioides), tamarind seed (Tamarindus indica), clove
(Eugenia carryophyllata), neem (Azadirachta indica), (Acacia catechu
willd), coffee husk (Coffea arabica) and fern (Adiantum aethiopicum) for

effectively remediating fluoride contaminated water was also investigated.
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Ramacham (Vetiveria zizanioides) (80 %), Tamarind seed (Tamarindus
indica) (75 %) and clove (Eugenia carryophyllata) (73 %) exhibited better
defluoridation efficiency compared to other plant materials. During the
second stage of the study, batch adsorption test of vetiver root (Vetiveria
zizanioides), tamarind seed (Tamarindus indica) and clove (Eugenia
carryophyllata) were conducted by varying contact time, sorbent dosage
and particle size. Results indicated that, tamarind seed and clove removed
75 and 70 % of fluoride respectively at adsorbent dosage of 20 g/L of 10
mg/L of fluoride water and vetiver root removes 80 % of fluoride at the
same dose. Vetiver root showed a maximum removal (85 %) at a dosage
of 24 g/L. The results indicated that the maximum fluoride adsorption
takes place at the optimum adsorbent dosage of 24 g/L, equilibration time
of 120 min, and a particle size of 0.1 mm for Vetiveria zizanioides root
powder. The results clearly pointed out that, VVetiver root has the potential
to be an efficient defluoridating agent, so during the further study,
activation of Vetiveria zizanioides was carried out to improve its

efficiency.

During the third stage of the study, powdered Vetiveria zizanioides
root was activated using phosphoric acid. The carbonization of the
material was conducted for 1 h, 1% h and 2 h at 600°C, 700°C and 800°C
and by altering the impregnation ratio of raw material to activating agent
1:05, 1:1, 1:2 and 1:4. The activated Vetiveria zizanioides root powder
prepared by using an impregnation ratio of vetiver root powder to
activating agent 1:4 and an activation time of 1 h at 700°C was selected for
further study based on its maximum adsorption capacity. The batch

sorptive defluoridation study of powdered activated Vetiveria zizanioides
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was conducted under variable experimental conditions such as pH, initial
concentration, agitation time, interfering co-ions, dose of adsorbent,
particle size, agitation speed and temperature. The efficiency of fluoride
removal was found to be 92.5, 77.1, 58.8 and 44.5 % at initial fluoride
concentrations of 10, 20, 30 and 40 mg/L respectively with 5 g/L of
adsorbent dosage, at pH 6, shaking speed of 150 rpm at room temperature.
The efficiency of fluoride removal was found to be decreased with
increase in initial fluoride concentration but the amount of fluoride
adsorbed increased. The influence of co-existing anions on the fluoride
removal by the sorbent, activated vetiver root, was studied and found to
follow the order: PO4*>” > HCOs > SO4*” > CI"> NO3". The minimum
contact time for attaining the maximum defluoridation was 120 min and
maximum sorption was observed at pH 6, shaking rate 150 rpm and
adsorbent dosage of 5 g/L with a particle size of 0.1 mm. The isotherm
results indicated that the adsorption process satisfactorily fitted with
Langmuir adsorption isotherm which had good correlation coefficient
value (R? > 0.99) indicating monolayer adsorption. The separation factor
(Ru) was found in the range of 0.0607 - 0.0194 indicate the favourable
sorption under varying temperature. The maximum adsorption capacity of
fluoride on activated Vetiveria zizanioides was observed at 333K (gm =
4.085 mg/g) and the value of adsorption energy K. of the adsorbent
increases on increasing the temperature. The value of Freundlich constant
n was found to be larger than 1 (5.41 - 5.15) which suggests the favourable
adsorption conditions. The value of K; increased with increase in
temperature, which confirms endothermic nature of the adsorption fluoride
on activated Vetiveria zizanioides. The adsorption isotherm models fitted

the equilibrium data, based on the correlation coefficient, in the order of:
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Langmuir isotherm > Freundlich isotherm > Temkin isotherm > Dubinin—
Radushkevich isotherm. The value of Dubinin-Radushkevich mean free

energy (E) found was < 8 kJ/mol, indicating physisorption.

To identify the rate and kinetics of adsorption process pseudo-first-
order, pseudo-second-order, intra-particle diffusion model, and Elovich
kinetic model were applied. Pseudo second-order kinetic model was
observed better applicable. Weber and Morris intraparticle diffusion
model suggests the involvement of surface adsorption as well as
intraparticle diffusion. Weber and Morris plots fail to pass through origin
which indicated that the process of the mechanism of sorption was
complex in nature with the more than one mechanism limiting the rate of
adsorption. The evaluation of fitness of the sorption kinetic models were
done using correlation coefficient and sum of squares of the error suggest
that the adsorption of fluoride on the activated Vetiveria zizanioides
follows second order kinetic model. SEM micrographs confirmed the
adsorption of fluoride ion on the adsorbent surface. The thermodynamic
data confirms the endothermic and spontaneous nature of sorption process
and also indicates the increased degree of freedom of fluoride ions in the
solution. Desorption study identified 0.1 M NaOH solution as the suitable
eluent to regenerate activated Vetiveria zizanioides. The typical S-shaped
breakthrough curves obtained in the column study indicates the favourable
adsorption. Gravity based household water filter for removal of fluoride
was developed using activated Vetiveria zizanioides and it was applied to
the groundwater samples collected from fluoride endemic area of
Palakkad district. The active carbon developed from Vetiveria zizanioides

has been effectively reduce the fluoride level in groundwater samples
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below the BIS acceptable limits, and hence, the activated Vetiveria
zizanioides can be successfully applied to remove fluoride from

contaminated water.

For the removal of heavy metals from water, two biosorption studies
were conducted using a herbal plant material, Caesalpinia sappan and an
algal biomass, Trenteohilia abietina. Before the biosorption of Pb?*, Cd?*
and Cu?* ions by Caesalpinia sappan, the plant material was boiled and
washed with deionised water and undergone protonation so that the
biosorbent does not impart colour to water. Maximum removal efficiency
was observed between pH 4 and 10 for Pb?* and for Cd?* and Cu?*, it was
found between pH 6 and 10. An optimum pH of 7 was maintained for the
sorption study by C. sappan. The maximum removal efficiencies were
observed at shaking speed of 150 rpm for Pb?* ions and at 200 rpm for
Cd?* and Cu?*ions. For adsorbent Caesalpinia sappan, the order of metal
ions sorption is as follows: 9.14 mg/g for Pb?* > 7.23 mg/g for Cu?* > 6.10
mg/g for Cd?* under varying initial metal concentration from 5 - 45 mg/L.
The results of batch adsorption experiments, clearly suggest that the
operating parameters such as solution pH, initial metal concentration,
contact time, temperature, adsorbent dosage, presence of light metal ions
and shaking speed were effective on the removal efficiency of metal ions.
But the operating conditions required for the better removal efficiency of
each heavy metals ions from aqueous solution would be different. The
experimentally obtained equilibrium data were analyzed by different
isotherm models and the high correlation coefficients (R?) values indicate
that the adsorption data best fitted the Langmuir adsorption isotherm for
all three metals. Dubinin - Radushkevich (D-R) isotherm model also fits
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very well to the experimentally determined data for Pb?*, Cd?* and Cu?*
and the kinetic data of adsorption of heavy metal ions on Caesalpinia
sappan are best modelled by the pseudo-second-order kinetic equation.
Thermodynamic parameters indicated the exothermic behaviour and
spontaneous nature of the adsorption process. The desorbing agent, 0.1 M
HCI was found to be suitable for the desorption study. The biosorption
properties of C. sappan for Pb*, Cd* and Cu?" ions indicate that
Caesalpinia sappan may be used as an inexpensive, effective, herbal and
easily cultivable biosorbent that can be useful in water treatment for the

adsorption of metal ions.

The removal of Pb?* and Cd?* from aqueous solutions using algal
biomass Trenteohilia abietina by batch sorption experiments revealed that
the maximum sorption is possible for both metals under a wide range of
pH (pH: 4 -12 for Pb?" and pH: 6 - 12 for Cd?*). High removal
efficiencies were observed for Pb?* and Cd?* at the adsorbent dosage of 2
g/L and 4 g/L respectively. The increase in metals concentration from 40
to 70 mg/L leads to an increase in adsorption capacity from 20.01 mg/g to
33.83 mg/g for Pb?* and from 10.02 mg/g to 16.39 mg/g for Cd?*. Rapid
removal was observed for both the metals. The Langmuir isotherm model
were better fitted to represent the experimental data, indicate favourable
adsorption and the maximum adsorption capacity of Pb?" and Cd?* by T.
abietina was 33.22 mg/g and 16.53 mg/g, respectively. The gm determined
by the Dubinin-Radushkevich isotherm model also fits close to the
experimentally determined data for both the metals. The mean free energy
obtained for the biosorption of Pb?" and Cd?* as 8.452 kJ/mol and 3.686
kJ/mol, indicating the involvement of chemisorption and physical sorption
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in the removal of Pb?" and Cd?* respectively. The kinetic model that best
represented the experimental data was the pseudo-second order. The good
fitting of the Kinetics data to Bangham’s Model indicate that in the
adsorption of Pb?* and Cd?* on the biosorbent T. abietina, pore diffusion
plays a vital role in controlling the rate of reaction. The calculated AG®,
AH° and AS°® values disclosed that the sorption of Pb?* and Cd?*ions onto
T. abietina was exothermic and spontaneous under examined conditions.
The reusability of T. abietina as a biosorbent was found good after five
consecutive sorption-desorption cycles and 0.1 M HCI was suitable as a
desorption agent. The recovered algal biosorbent, T. abietina is
biodegradable, inexpensive and environment friendly. The algal
biosorbent, Trenteohilia abietina has the potential for removal and

recovery of metal ions from contaminated water.

The iron oxide nanoparticles (Fe.O3) were synthesized by co-
precipitation method and its surface was coated by polyvinyl alcohol and
gallic acid. The removal of toxic metals such as lead and cadmium from
aqueous solution was studied using functionalized nanoparticles (PG-
IONPs) and its metal removal efficiency was compared with the uncoated
iron oxide nanoparticles (IONPs). The functionalized iron oxide
nanoparticles were characterized using FTIR, SEM EDX and XRD. The
presence of functional groups on PG-IONPs were confirmed by FTIR.
Batch sorption experiments under different conditions such as pH,
adsorbent dosage, contact time, temperature and initial metal concentration
were carried out and the results revealed that the maximum sorption of
metals by PG-IONPs is possible under a wide range of pH (pH: 4 -12 for
Pb?" and pH: 6 - 12 for Cd?"). Better sorption of metals was exhibited by
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PG-IONPs than IONPs. Compared to IONPs, PG-IONPs exhibited high

removal efficiencies for both Pb?" and Cd?* at minimal adsorbent dosage.

The increase in metals concentration from 5 to 25 mg/L leads to an
increase in adsorption capacity and observed a maximum adsorption
capacity of 24.48 mg/g and 23.52 mg/g for Pb?" and Cd?*, respectively by
PG-IONPs which was better than that of IONPs. As the temperature
increases, both nanosorbents exhibited a decreasing trend in the removal of
lead and cadmium. PG-IONPs exhibited only a slight decrease in metal
sorption under high temperature, compared to IONPs. The results indicate
that the bonding between PG-IONPs and metal ions were stronger than the
bonding between IONPs and metal ions at higher temperature. In the case
of PG-IONPs, 91.77 % of Pb? and 84.89 % Cd?* removal was attained
within 10 min of contact time. Initially, the rate of removal was high and
then slowed down as move towards the equilibrium condition. After 140
min, the rate of sorption was slow and reaches equilibrium by PG-IONPs.
PG-IONPs showed fast removal of metals than IONPs this may be due to
that the functional group present on the PG-IONPs provides more active

adsorption site for metal ions.

The sorption equilibrium data was best described by Langmuir
equation. The values of gm determined by the Dubinin-Radushkevich
isotherm model also fits close to the experimentally determined data for
sorption of Pb?* and Cd?* on PG-IONPs. For the sorption of both Pb?* and
Cd?*, the values of mean free energy (E) was found in the range of 8 - 16
kJ/mol for PG-IONPs, indicating the chemical sorption but the value of E
was found in the range of 1 to 8 kJ/mol, indicates involvement of physical
sorption in the sorption of Pb?* and Cd?* by IONPs. High R? value and

Removal of heavy metals and fluoride by nanotechnology, phytoremediation and plant materials — [CHA



Chapter 11

better correlation between experimental and calculated values indicates
that the sorption dynamics data were best described using pseudo-second-
order kinetic model, in the case of both nanosorbents. Thermodynamic
studies illustrated that Pb** and Cd?* adsorption by the nanosorbents was
exothermic in nature. Sorption of Pb?* and Cd®* on the PG-IONPs was
confirmed using EDX spectra. The better regeneration of exhausted PG-
IONPs was done using desorbing agent, 0.1 M HCI and its reusability
were also investigated. Polyvinyl alcohol and gallic acid coated iron oxide
nanoparticles (PG-IONPs) can be considered as fast and efficient, nano-

adsorbent for Pb?* and Cd?* removal from contaminated waters.

Madayi, near Pazhayangadi in Kannur district, is a clay mining
area in northern Kerala, with rich biodiversity. The active mining is
generating some drinking water issues there. So, the groundwater quality
near the mining area was evaluated in this study. In order to assesses the
quality of drinking water resources of Madayi area, 35 water samples were
collected. High iron problems are observed near the china clay mining
area during sampling. Hence, the quality of drinking water resources in the
study area were evaluated on the basis on heavy metal concentration in
water samples. The physico-chemical characteristics of groundwater
samples revealed highly acidic nature of samples collected from near the
china clay mining area, indicating the percolation of contaminants from
the mining area. High TDS, alkalinity, chloride, calcium, magnesium,
sodium and potassium reported in the samples collected from near
Perumba river, indicating salinity intrusion. TDS values were found to be
exceeds the BIS limit in samples collected from the sites near the mining

area. No alkalinity was detected in samples near mining area because of
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the highly acidic nature. Very hard water and high sulphate concentration
were also noticed in locations near mining area. High nitrate and
phosphate were found in sample near Kavilevallapil thodu, through which
the wastewater drainage from mining is passing and eutrophication was
also observed there. Of the 35-water sample collected, total coliform
bacteria were detected in 89 % of samples and the presence of E. coli was
detected in only 14 %.

Concentration of seven heavy metals in water namely Fe, Mn, Pb,
Cd, Cu, Ni and Zn were analysed. The analytical results indicate high Fe
concentration in samples near mining area and Vengara Muttom compared
to other sites. Maximum value of 200.1 mg/L was reported in sample near
Kavilevallapil thodu (Vengara Muttom) through which the wastewater
drainage from mining is passing. The order of concentration of heavy
metals found were as follows: Fe > Mn > Zn > Cu > Ni > Pb > Cd. The
results revealed that high concentration of Cd, Pb, Mn, Zn, above the
acceptable limit of BIS were also found in water samples collected from
near the mining area. High heavy metals contents were also detected in
samples from Vengara Muttom through where the wastewater from
mining industry flows. Results indicates that groundwater samples from
near china clay mining area and near Kavilevallapil thodu, Vengara
Muttom contains high metal concentrations. The heavy metal analytical
results were evaluated using the HPI, HEI and Cq indices. The overall HPI
value of groundwater samples from Madayi area was found to be 1474.49
and that was higher the critical pollution index value of 100. The heavy
metal pollution index was calculated individually for each sample, high

HPI values were found in groundwater samples from Pazhayangadi,
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Vengara Muttom and near Perumba river. The similarity in heavy metal
contamination in Pazhayangadi and Vengara Muttom areas were observed
by Cluster Analysis (CA) and Principle Component Analysis (PCA). The
correlation analysis of heavy metal concentrations exhibited strong
positive correlations among Fe, Cd, Cu, Ni, Pb, Zn ions suggesting that
these metals are from common sources. High Fe contents were recorded in
soil samples from Pazhayangadi, Madayi. Compared to Canadian Soil
Quality Guidelines, high Cd, Pb and Cu were also detected from this
location. Heavy metals in four sediment samples from the study area were
compared with the sediment quality guideline proposed by USEPA and
the results indicates metal pollution in this area. The values of the
calculated indices (HPI, HEI and Cg) in groundwater collected from
Madayi area indicates heavy metal pollution, so severe precautions such as
treatment of contaminated drinking water resources; effective treatment of
wastewater from china clay mining industry; establishment of sustainable
mining activities and management of the use of agricultural inputs
(chemical fertilizers and metal-containing pesticides) must be taken into

consideration in this area.

Some treatment methods were applied on heavy metal
contaminated drinking water from Madayi panchayath. Three metal
contaminated water samples were treated using three different sorbents
such as functionalized iron oxide nanosorbent (iron oxide nanoparticles
coated with poly vinyl alcohol and gallic acid); protonated Caesalpinia
sappan (herbal plant material) and Tretepohila abietina (algal biosorbent).
The results suggest that, all the three sorbents were effectively removed

heavy metals from heavy metals contaminated groundwater samples. The
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nanosorbent (iron oxide nanoparticles coated with polyvinyl alcohol and

gallic acid) exhibited comparatively better performance in the removal of

heavy metals from field samples from Madayi area.

The following are some of the suggestions / recommendations drawn
from the study:

The electro-phytoremediation technique is an effective treatment
method for heavy metals contaminated wastewater. The electro-
assisted phytoremediation system is capable to treat metals like Pb,
Cd, Cu, Cr, Mn, Fe, Ni, and Zn from water. While, treating
chemically rich metal containing effluents, the electro-assisted
phytoremediation technique can be very effective, if it is
combinedly applied with other remediation method. Before
designing the large-scale implementation of this technique, a cost
efficiency analysis needs to be conducted. Further studies are
required to produce the electrical energy required for electro-
assisted phytoremediation technique from the used biomasses
itself.

TiO2 nanoparticles applied Eichhornia crassipes and Salvinia
molesta exhibited an enhanced phytoremediation ability for heavy
metal removal. Application study of this technique in effluents is
recommended.

Application of ammonium molybdate in phytoremediation of
heavy metal contaminated soil using Amaranthus retroflexus is
effective in laboratory scale experiment. Its field application and
utilization of this method with different plant species is

encouraged.
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The ultimate utilization of phytoremediation by-products by
bioenergy production, conversion of metal accumulated biomass
to valuable bio-ore, recovery of metals using phytomining
technique will be an economic and effective approach for the
optimum utilization and eco-friendly management of the plants
used in phytoremediation. Economic viability of the technology
and proper disposal of biomass produced need to be studied.

The activated Vetiveria zizanioides can be successfully applied for
the defluoridation of fluoride contaminated water. Fabrication of
low-cost defluoridating units with biosorbents and its activated
forms should be encouraged and its optimization study need to be
carried out.

Polyvinyl alcohol and gallic acid coated iron oxide nanoparticles
(PG-IONPs) can be considered as fast and efficient, nano-
adsorbent for Pb?* and Cd?' removal from contaminated waters.
So, this nanosorbent can be tried for other toxic metals also. A
heavy metal treatment unit can be developed using polyvinyl
alcohol and gallic acid coated iron oxide nanoparticles followed by
its optimization study.

More functionalized nanosorbents and low-cost biosorbents can be
developed to control and minimize heavy metals in water. They
should be efficient to remove different contaminants, which
possess greater adsorption capacity and high selectivity for

different concentrations.
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ABSTRACT

The performance of electrically stimulated phytoremediation in the removal of lead,
cadmium and copper was assessed in this study. A combination of phyto and electro
remediation was attempted in this study for the remediation of the metals from wa-
ter. Three tanks were set up with different operating conditions for this experiment:
control A (only phytoremediation system), control B (only electro remediation) and
treatment (combination of phyto and electro remediation). The electrically enhanced
phytoremediation system and electro remediation system were operated 2h/day at
voltages of 4V for 25 days continuously. In this experiment, the Eichhornia crassipes,
an able phyto-remediator exhibited efficient and fast removal of heavy metals from
synthetic solution in electro assisted phytoremediation system. The electrically en-
hanced phytoremediation using aluminum sheet electrodes showed better and effec-
tive removal of Cd, Pb and Cu than aluminum rod electrodes. A more favorable and
moderate increase of pH was noticed in electrically stimulated phytoremediation sys-
tem. Eichhornia crassipes has a tremendous potential to reduce the maximum amount
of cadmium (within 15 days), lead (within 15 days) and copper (within 10 days) under
electrically stimulated condition. Under electrified condition, maximum amount of
Cd and Cu was accumulated in the aerial parts of Eichhornia crassipes but maximum
concentration of Pb was attained by roots. This indicates the high heavy metal ac-
cumulation capacity of Eichhornia crassipes under electrified conditions. The results
showed that 4V voltage is probably suitable to stimulate the Eichhornia crassipes to
synthesize more chlorophyll and voltage can improve the growth and ability to re-
sist adverse circumstances by promoting chlorophyll synthesis. Eichhornia crassipes
stimulated by an electric field has grown better and assimilated more metal. Biocon-
centration factor (BCF) an index of hyperaccumulation, indicates that electrically
stimulated Eichhornia crassipes is a good hyper accumulator of Cd (BCF = 1118.18)
and Cu (BCF = 1152.47) and a moderate accumulator of Pb (BCF = 932.26). Translo-
cation ability (TA) ratio indicates that Eichhornia crassipes have the ability to trans-
locate more amounts of Pb, Cd and Cu to its upper portion under electrified condition.
The results imply that the electro-phytoremediation technique seems to be promising
in the treatment of wastewater contaminated with heavy metals.

Keywords: phytoremediation, FEichhornia crassipes, bioconcentration factor,
translocation ability

INTRODUCTION entific community in the field of environmental
science. The remediation of toxic heavy metals

Rising levels of heavy metals in the envi- from wastewaters is recognized as one of the
ronment, their entry into food chain and their =~ most important fields of water treatments, since
overall consequences are of great concern to sci- the extreme industrial activities creates many
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dangerous pollution issues to the environment
[Li et al. 2009]. Cadmium and lead are com-
monly encountered hazardous heavy metals and
are in the EPA’s list of priority pollutants [Baziar
et al. 2013]. The UNEP considers lead and cad-
mium as the non-essential element for human
life but they can compete with the essential trace
elements either for the transport systems or in
binding to various biomolecules. Both can ac-
cumulate in bone and may serve as a source of
exposure later in life. Cadmium is a carcinogen
by inhalation and is mainly affects kidneys and
the skeleton. Lead is a multi-organ system toxi-
cant and is noxious at very low exposure levels.
The duration, level and timing of exposure are
the factors which depends the type and sever-
ity of effects. Tri-alkyl-lead and tetra-alkyl-lead
compounds are the organo-lead compounds
which are more toxic than inorganic forms of
lead [UNEP, 2010].

Extensive researches have been progress-
ing for the removal of heavy metals by various
methods such as ion exchange, filtration, reverse
osmosis, biosorption, chemical precipitation,
electrochemical treatment, solvent extraction,
sedimentation, membrane separation, sensors
etc. Many existing treatment techniques are not
designed to address today’s concerns because
of its incomplete metal uptake at low level and
expensive operational costs [Shah et al. 2012].
For the better availability of good water qual-
ity at a lesser cost, it is obligatory to develop
some sustainable alternative treatment methods,
which are more natural, novel and cost effective.
Phytoremediation utilizes the advantages of the
unique, selective and naturally occurring uptake
capabilities of plant root systems, together with
the translocation, bioaccumulation and pollut-
ant storage/degradation abilities of the entire
plant body. Also, being aesthetically pleasing,
phytoremediation is on average tenfold cheaper
than other remediation methods like physical,
chemical or thermal. It can also be performed
in situ, is solar driven and can required minimal
maintenance once established [Hooda, 2007].
Phytoremediation has also been known as green
remediation, botano-remediation, agro remedia-
tion and vegetative remediation [ Andrew, 2007].
Phytoremediation is a plant assisted bioremedi-
ation technique, utilized to treat contaminated
water and soil, including the processes like phy-
toextraction, phytodegradation, phytovolatiliza-
tion, phytostabilization, rhizodegradation, phy-

toreducation, phytostimulation, phytooxidation
and phytotransformation [Ullah et al. 2014].

Utilization of AMATS (aquatic macrophytes
treatment systems) for the phytoremediation of
heavy metals and other pollutants is a well-estab-
lished and cost effective environmental protec-
tive technique [Mahmood et al. 2005]. Copper
can become extremely toxic due to leaf chlorosis,
suppressed root growth and inhibit photosynthe-
sis and reproduction of plants, when present in
excessive amount, even though it is an essential
micronutrient for plant metabolism. Lead dimin-
ishes chlorophyll production and cadmium tox-
icity also lead to some extremely sever effects
on plants [Swain et al. 2014; Hammad, 2011
and Ashraf et al. 2011]. Heavy metals can create
stressful conditions to the plants and their growth
becomes limited or impossible and this can influ-
ence the phytoremediation. So, in our study we
tried to enhance the phytoremediation capacity of
Eichhornia crassipes to treat heavy metals by us-
ing electric current. The purpose of this study was
to investigate the removal of lead, cadmium and
copper in simulated wastewater by a phytoreme-
diation system coupled with electric field.

MATERIALS AND METHODS

Preparation of synthetic heavy metals
solution

The simulated wastewater was made
by dissolving Pb(NO,),, CuSO,5H,O, and
(3CdSO,)-8H,0 in tap water. All chemicals
used were of the highest purity available and of
analytical grade procured from Merck. The ini-
tial heavy metal concentrations of the simulated
wastewater were determined by Atomic Absorp-
tion Spectrophotometer.

Collection of plant for this study

A fast-growing perennial aquatic plant and
prolific free-floating aquatic weed, Eichhor-
nia crassipes (Water hyacinth) was used for the
treatment of heavy metals in this experiment.
Young plants of Eichhornia crassipes were col-
lected from Kottooli wetland in Kozhikode City.
Eichhornia crassipes can easily adapt to several
aquatic conditions and perform an important
role in extracting and accumulating many met-
als from water. Hence, it is utilized as an ideal
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candidate for the phytoremediation of toxic trace
elements from variety of water bodies [Weiliao
and Chang, 2004]. Collected plants were put in
a hydroponic system containing tap water, for
acclimatization period, before being exposed to
heavy metal contaminants.

Experimental design and sampling strategy

Three tanks (45%x30x15 ¢cm) were setup with
different operating conditions.

Tank 1: Control A (with plant and without
electric current)

Tank 2: Control B (without plant and with
electric current)

Tank 3: Treatment (with plant and with elec-
tric current)

Twelve liters of synthetic heavy metal solu-
tion was taken in each tank. An electric power
supply (DC) was used for providing constant volt-
age between working electrodes (i.e. in control B
and treatment). Initially, aluminum rods (0.10 m
height,0.019 m breadth and 2.04 mm thickness)
and sheets (0.15 m height, 0.10 m breadth and
0.2 mm thickness) were used as electrodes and
both indoor and outdoor experiments were also
conducted. Based on the results and condition
of the plant, outdoor experiment using alumi-
num sheets as electrodes were preferred for fur-
ther study. To remove the oxide and passivation
layer from aluminum surface, the electrodes were
rubbed with sandpaper and energized by dipping
them in SN HCI for 1 minute. The electrodes in
the tanks were positioned vertically. Plants were
placed very close to the electrodes. 0.01M KCl
was used as supporting electrolyte. Circulation of
water was maintained using a submersible pump.
The experimental setup is depicted in Figure 1.
Different voltages: 2V, 3V, 4V and 5V were oper-
ated 2 h/day for 10 days. Due to the formation

of bubbles and heat generation, phytoremediation
system operated at a voltage of 5V was stopped
after 2 days. From the results obtained, 4V was
selected as an optimum voltage for further ex-
periment. The experiment was operated 2h/day at
voltages of 4V for 25 days continuously. All the
units were operated outdoors. Water samples were
taken in every 5 days at about 10:30 A.M. On ev-
ery sampling day, pH, EC, TDS and temperature
were measured by using PCS Testr35 instrument.
When the experiment was finished, plants from
two units (control A and treatment) were sampled
and dried in a hot air oven. The residual Pb, Cd
and Cu concentrations in water were determined
by Atomic Absorption Spectroscopy AAS (Ther-
mo Series) with GF 95.

ANALYTICAL PROCEDURES

20mL of water samples were taken from each
tank in every 5 days at around 10:30 A.M. Plant
samples were collected at the end of the experi-
ment and rinsed using tap water twice and de-
ionized water thrice. The Eichhornia crassipes
samples were divided into leaves, stems and
roots. Plant samples were oven-dried for 48 h at
70°C. The oven-dried sample was ground to pass
through a 100-mesh sieve and homogenized plant
tissues were digested with HNO,-HCIO, (4:1)
mixture and filtered. For quantification of heavy
metals, the water samples and digested plant
samples were analyzed with Atomic Absorption
Spectrophotometer (Thermo Series) with GF 95.
Chlorophyll (chl.a + chl.b, CHLab) was deter-
mined by optical density values (663 nm and 645
nm using UV-Visible spectrophotometer, Thermo
Evolution 201) of extracting solution, which was
made by adding 80% acetone into grinding solu-
tion of 0.5 g of fresh leaves [Song et al. 2011].

Figure 1. Experimental setup: (a) outdoor experiment and (b) indoor experiment
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DATA ANALYSIS

The bioconcentration factor (BCF) and trans-
location ability (TA) are the factors used to evalu-
ate the mobility of the heavy metals from the
polluted substrate into the roots of the plants and
their ability to translocate the metals from roots to
the harvestable aerial part. The translocation abil-
ity indicates the efficiency of the plant in translo-
cating the accumulated metal from its roots to the
upper part of the plant. Translocation ability (TA)
was calculated by dividing the concentration of a
trace element accumulated in the root tissues by
that accumulated in shoot/leaf tissues [Liao and
Chang, 2004]. TA is given by,

TA=(A/A) (1)
where TA is the translocation ability and is di-
mensionless. A represents the amount of trace el-
ement accumulated in the roots (mg kg dry wt),
and A_represents the amount of trace element
accumulated in the shoot/leaf (mg kg' dry wt).
A larger TA ratio implies poor translocation ca-
pability. The bioconcentration factor (BCF) was
calculated as the ratio of the trace element con-
centration in the plant tissues to the concentration
of the element in the external environment [Liao
and Chang, 2004]. BCF is given by,
BCF=(P/E) (2)

where BCF denotes the bioconcentration factor
and is dimensionless. P represents the trace ele-
ment concentration in plant tissues (mg kg dry
wt); E represents the trace element concentration
in the water (mg/L) or in the sediment (mg kg! dry
wt). A larger ratio implies better phytoaccumula-
tion capability. All the tests were conducted in
triplicates and the data were statistically analyzed.

RESULTS AND DISCUSSION

Removal of lead, cadmium and copper
from synthetic solution using electro-
phytoremediation system

The initial values of the pH, EC and TDS
of the synthetic solution were found to be 6.29
+ 0.01, 274 £ 1.2uS/cm and 193 + 0.78 mg/L
respectively. The initial heavy metal concentra-

tions of simulated water are summarized in Table
1. The metals like Fe?", Mn?*", Ni**and Zn?** were
found to be within the permissible limit.

Four different voltages 2V, 3V, 4V and 5V
were applied for 2h/day for 10 days. We did not
continue the experiment in which 5V was applied
due to the formation of bubbles and heat genera-
tion. Maximum removal of Cd, Pb and Cu was
observed in phytoremediation system operated
at 4V for 10 days. So 4V was applied for further
experiments. The plants used in outdoor experi-
ment had grown better than the plants in indoor
experiment due to the presence of sunlight. So
after one week, the indoor experiment was dis-
continued. Treatment of lead, cadmium and cop-
per from synthetic solution using electrically en-
hanced phytoremediation system was conducted
using Al rod and Al sheet as electrodes and the
results were compared.

Variation of pH

pH changes were recorded during every 5
days and the variations were depicted in Figure 2.
No significant change in pH was observed in con-
trol A (phytoremediation system) during study. In
both experimental sets (i.e., in experiments using
Al rod and Al sheet as electrodes), control A pre-
sented a lower pH than control B (electro-remedi-
ation system) and treatment (electrically stimulat-
ed phytoremediation). With electrical exposure,
an increase in pH was observed in control B and
treatment. The OH™ concentration in solution in-
creases while electrolysis is taking place, which
resulted in an increase in pH [Song et al. 2011].

Removal performance of heavy metal by
electrically stimulated phytoremediation
system

The residual concentrations of Cd, Pb and Cu
in water collected from control A, control B and
treatment are summarized in Table 2. In the ex-
periment, where aluminum sheets were used as
electrodes, the electro assisted phytoremediation
system (i.e. treatment) reduced 100% of cadmium
within 15 days, while in control A and control B,
48.21 £ 1.8 and 84.24 + 1.7% of cadmium reduc-

Table 1. Initial concentration of heavy metals in synthetic solution

Heavy cd Pb Cu Fe Mn Ni Zn
metal
(mg/L) | 18.86+04 | 20.34+023 | 19.77+054 | 026+005 | 0.02+0.003 | 0.04+0.001 | 0.16 +0.021
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Figure 2. Variation of pH during the study (a) Aluminum rods as electrodes (b) Aluminum sheets as electrodes

tion was observed after 25 days of experiment.
Maximum Cd was removed within a short period
in electro assisted phytoremediation system. The
order of removal efficiency of Cd is Treatment
> Control B > Control A. Maximum removal of
lead was attained by electrically stimulated phy-
toremediation system within 15 days. After 25
days, it was observed that 66.67 £ 1.2 and 81.51
+ 0.7% of lead was removed in control A and
control B respectively. The result indicated that,
electrically coupled phytoremediation system ex-
hibited better efficiency than phytoremediation
system and electrolysis system in lead removal.
The electrically stimulated phytoremediation sys-
tem attained 100% of copper removal within 10
days and took only 5 days to attain a reduction
0f99.94 + 0.004 %. The results indicated that, in

control A and control B, removal of copper was
found to be 89.93 + 1.6 % and 99.98 £ 0.003% re-
spectively after 25 days. This result also showed
that electrically stimulated Eichhornia crassipes
can exhibit maximum removal efficiency for
copper from water.

In the experiment where aluminum rod was
used as electrode, maximum concentration of
lead was removed in electro assisted phytoreme-
diation system compared to control A and con-
trol B within 20 days. 96.96 + 0.22 % of cad-
mium and 99.97 = 0.01% copper was eliminated
by electro assisted phytoremediation system
from water within 15 days. The electro assisted
phytoremediation experiment where aluminum
sheet was used as electrodes exhibited fast and
better removal efficiency compared to the elec-

Table 2. The residual Cd, Pb and Cu concentrations in water

Concentration of metals, mg/L
Metal | Days Aluminum sheet used as electrodes Aluminum rod used as electrodes
Control A Control B Treatment Control A Control B Treatment
0 18.86 £ 0.4 18.86 + 0.4 18.86 + 0.4 20.41+0.45 20.41+0.45 20.41+0.45
5 14.57 £ 0.1 11.23 £ 0.21 2.31+0.12 15.34 £ 0.67 14.56 + 0.21 6.22 +0.42
10 12.56 £ 0.3 8.74 +£0.15 0.56 +0.14 13.42+0.39 11.87 £0.71 254 +0.34
cd 15 11.98 + 0.45 6.41+0.34 ND* 12.17 £ 0.47 9.13+0.18 0.62 + 0.05
20 10.21+0.23 5.32+0.24 ND* 11+0.19 7.20+0.24 ND*
25 9.77 £ 0.34 297 +0.33 ND* 9.36 + 1.01 4.72+0.37 ND*
0 20.34 +0.23 20.34 £0.23 20.34 £ 0.23 19.18 £ 0.56 19.18 £ 0.56 19.18 £ 0.56
5 15.54 +0.43 14.98 £ 0.28 7.45+0.23 14.99 + 0.29 14.35 + 0.64 13.11 £ 0.74
Pb 10 13.99+0.25 11.97 £ 0.13 0.99+0.12 13.69 £ 0.54 12.97 £ 0.64 9.35+0.36
15 12.98 + 0.41 9.87 +0.17 ND* 11.52+0.24 8.68 +0.35 3.14 £ 0.37
20 8.01+0.23 6.23 +0.53 ND* 9.55 + 0.06 7.35+0.25 ND*
25 6.78 £ 0.25 3.76 £ 0.14 ND* 8.18 £ 0.30 4.39+0.28 ND*
0 19.77 £ 0.54 19.77 £ 0.54 19.77 £ 0.54 19.34 £+ 0.42 19.34 +0.42 19.34 £ 0.42
5 11.06 + 0.24 7.03+0.31 0.01 +0.001 12.35+0.81 11.25+0.21 493+0.24
10 8.05+0.32 2.01+0.12 ND* 10.27 £ 0.38 9.08 +0.29 0.64 +0.34
cu 15 5.03+0.45 1.62+0.23 ND* 7.27 £0.62 5.60+0.28 0.01 £ 0.002
20 2.90+0.27 0.09 +0.09 ND* 492 +0.38 3.52+0.41 ND*
25 1.99 + 0.31 0.004+0.001 ND* 2.94+0.20 1.78 £ 0.24 ND*

* Not detected
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tro assisted phytoremediation system where alu-
minum rods were used as electrodes. In the case
of cadmium, within 10 days, 97.05 + 0.7% was
reduced in electro assisted phytoremediation
experiment where aluminum sheets were used
as electrodes while only 87.56 + 1.66% reduc-
tion was noticed in aluminum rod used in the
experiment. Within 10 days, 95.13 + 0.6% of
lead was eliminated from water in the experi-
ment where aluminum sheets were used, while
Al rod removed only 51.25 + 1.86% of lead.
99.94 + 0.004% of copper was reduced by elec-
tro assisted phytoremediation experiment where
aluminum sheet used as electrodes within 5 days
but only a 74.49 + 1.25% of reduction in cop-
per was observed in aluminum rod used in the
experiment. In control B also i.e., the system
where only electrolysis is taking place, maxi-
mum removal of heavy metals was noticed when
aluminum sheets were used as electrodes. The
results indicate that the treatment of Cd, Pb and
Cu using electrically enhanced phytoremedia-
tion using aluminum sheet electrodes is more ef-
fective than aluminum rod electrode. The treat-
ment system (electrically enhanced phytoreme-
diation using aluminum sheet electrodes) had
more favorable conditions to accumulate heavy
metals than did the control A (phytoremediation
system), such as the higher pH, and the presence
of aluminum ions, which caused chemical pre-
cipitation, physical adsorption and flocculation
of metal. So, we had carried our further study
using electrically enhanced phytoremediation
using aluminum sheet electrodes.

Accumulation of cadmium, lead and copper
in Eichhornia crassipes

For the detailed study, heavy metal accumula-
tion in plants collected from control A and elec-
trically enhanced phytoremediation system using
aluminum sheet electrodes was analyzed. The
segmentation of Eichhornia crassipes into root,
stem and leaves was carried out. The accumula-
tion of Cd, Pb and Cu in plant parts is shown in
Figure. 3. The results indicated that maximum
concentration of Cd, Pb and Cu were accumulat-
ed in Eichhornia crassipes collected from treat-
ment (electrically enhanced phytoremediation)
than in control A (phytoremediation). Cadmium
is a toxic non-essential heavy metal and it can
cause inhibitory effects on plant growth. Lu et al.
2004 reported that Cd can suppress the develop-
ment of new roots and reduce the relative growth
rates and substantially reduce the growth of Eich-
hornia crassipes. The control plant accumulated
maximum level of Cd in its root but in treatment
plant maximum accumulation was observed
in leaf. This result indicates that Eichhornia
crassipes can translocate maximum Cd to plants’
aerial parts under electrified condition. Maximum
concentration of Pb was attained by roots in both
control A (5653.51 mg/Kg) and treatment (7532.4
mg/Kg) plant. Under electrified condition, more
Pb content was translocated to its aerial part by
the treatment plant compared to control A.

Copper (Cu) is one of the micronutrient, es-
sential for plants at very low concentrations.
However, excessive concentrations of this metal

x Root [

:

% Stem rﬁ-‘
| £
z Lo I — acu
§ . reo ., £
B f = Ph

g sen LT

5

Lt [
0 000 4000 G000 8000 10000 12000

Concentration in mg/Kg

Figure 3. Accumulation of Cd, Pb and Cu in plant
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are highly toxic. In both treatment (9842.76 mg/
Kg) and control A (5845.68 mg/Kg), the highest
value of Cu concentration was recorded in stem.
Compared to control A, treatment plant accumu-
lated more amount of Cu in its aerial part under
electrified condition. Many studies revealed that
Eichhornia crassipes accumulated more amount
of heavy metals like Cd, Co, Cr, Cu, Mn, Ni, Pb
and Zn in its roots than in the aerial parts [Soltan
and Rashed, 2003]. But our results indicated that,
metals like Pb, Cd and Cu are translocated to its
areal parts under electrified condition. Many re-
searchers reported the mechanisms of heavy metal
removal in aquatic plants and mentioned that the
main way of heavy metal uptake in emergent and
surface-floating plants like Eichhornia crassipes
was through the roots system. The heavy metal
uptake in plants takes place by exchange of cat-
ions which occurred in the cell wall. The plants
take up metals by absorption and translocation.
The accumulation of heavy metals by plant tissue
is by absorption to anionic sites in the cell walls.
This is the reason why wetland plants can accu-
mulate high magnitude of heavy metals in their
pant parts compared to their surrounding environ-
ment [Lu et al. 2004].

Bioconcentration factor and translocation
ability of electrically stimulated Eichhornia
crassipes

The potential of plants for accumulating
heavy metals was assessed by bioconcentration
factor (BCF). The ratio between metal concen-
tration in plant and that of the growth media
expresses the bioconcentration factor (BCF),
which indicates the affinity of aquatic macro-
phytes to a specific heavy metal or pollutant
[Kabeer et al. 2014]. Bioconcentration factors of
plant for Cd, Pb and Cu in the present study are
graphically depicted in Figure 4. Higher BCF
values reflect the higher phytoaccumulation ca-

pacity. Accumulation of metals by macrophytes
can be affected by metal concentrations in wa-
ter and the ambient metal concentration in water
was the major factor influencing metal uptake
efficiency. When metal concentration in water
increases, the amount of metal accumulation in
plants increases, but the BCF values decrease.
The maximum BCF value for Cd under electri-
fied condition was 1118.18, indicating that elec-
trically stimulated Eichhornia crassipes is good
hyper accumulator of Cd.

If the BCF value is more than or equal to
1000 then that plant species is considered as a
hyper accumulator. The plant having the abili-
ties to grow in very high concentration of metal
and concentrating high heavy metals in their tis-
sues are known as hyperaccumulators [ Wahab et
al. 2014]. The BCFs of control A for Pb, Cd and
Cu were 502.65, 448.12 and 664.90 respective-
ly. The BCFs for all the three metals were lower
than 1,000 for control plant, i.e. plant grown un-
der normal condition. The highest level of BCFs
observed for Pb and Cu was 932.26 and 1152.47
respectively for treatment. In this study, with the
BCF values of treatment plant was a little under
1000 for lead (BCF = 932.26), this suggests that
electrically stimulated plant can be considered
as a moderate accumulator for Pb. For copper
this value exceeds 1000, so electrically stimulat-
ed Eichhornia crassipes is considered as a good
hyper accumulator. From Figure 3, Pb accumu-
lated by treatment plants were largely retained in
roots. This indicates that Eichhornia crassipes
used in the electrically stimulated phytoremedi-
ation system bioconcentrated more amounts of
Pb in its roots than the aerial parts. Accumula-
tion pattern of Cd can be elaborated as follows:

Control A: Root system >Stem system >
Leaf system

Treatment: Leaf system >Root system >
Stem system

Control A

0 200 400 600

mCd
aPb

a00 1000 1200 1400

Bioconcentration factor

Figure 4. Bioaccumulation factors (BCF) of Pb, Cd and Cu in Eichhornia crassipes
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This result indicates that under electrified
condition, leaf can effectively bioconcentrate
more amount of Cd than roots. Copper, a com-
ponent of an electron carrier called plastocya-
nin is active during photosynthesis. It is also
a constituent of ascorbic acid oxidase, tyrosi-
nase, and phenoloxidase [Yapoga et al. 2013].
For both phytoremediation system and elec-
trically stimulated phytoremediation system,
maximum copper was bioconcentrated in stems
of Eichhornia crassipes. Under electrified con-
dition, more amount of copper accumulation
was observed. Accumulation pattern of Cu can
be observed as follows:

Control A: Stem system >Root system >
Leaf system

Treatment: Stem system >Root system >
Leaf system

The root pressure and leaf transpiration are
the two processes mainly controlling the trans-
location of metals from root to shoot/leaf. Some
metals are accumulated in roots, probably due
to some physiological barriers against metal
transport to the aerial parts, while others are eas-
ily transported in plants. Translocation of trace
elements from roots to shoots could be a limit-
ing factor for the bioconcentration of elements
in shoots [Lasat, 2000 and Lu et al. 2004]. The
translocation ability (TA) is the ratio between
the concentrations of a trace element accumu-
lated in the root tissues by that accumulated in
stem/leaf tissues; a larger ratio implies poorer
translocation capability [Hammad, 2011]. For
all the three metals, low value of TA was found
in treatment system, i.e., in electrically stimu-
lated phytoremediation system (Table 3). This
result indicates Eichhornia crassipes have the
ability to translocate more amounts of Pb, Cd
and Cu under electrified condition. Copper re-
ported minimum value for translocation ability
(TA (r/s) =0.85) compared to other metals. This
shows that Eichhornia crassipes had translocat-
ed more amount of Cu from root to stem under
electrified condition.

Table 3. Translocation Ability of Eichhornia crassipes

Variation in the production of chlorophyll

The first and most obvious reactions of plants
under heavy metal stress are often growth changes
[Lu et al. 2004]. Chlorophyll content is often mea-
sured in plants in order to assess the impact of en-
vironmental stress, as changes in pigment content
are linked to visual symptoms of plant illness and
photosynthetic productivity. Decrease in chloro-
phyll in several plant species under the impact of
heavy metals have reported by many researchers
[Zengin and Munzuroglu, 2005]. In this study, we
emphasized exploring, whether or not an electri-
cal exposure can stimulate Eichhornia crassipes
growth. In green plants’ life activity, chlorophyll
plays the role of absorbing, transferring and trans-
forming energy. Leaves were collected from the
control plant, treatment plant and plant from fresh
water and the chlorophyll content in leaves of Eich-
hornia crassipes was determined using UV-Visible
spectrophotometer [Song et al. 2011].

Chlorophyll content in Eichhornia crassipes
leaves decreased at the beginning in all the three
the plant. From the 10" day of the study, the chlo-
rophyll content of plant in electrically stimulated
phytoremediation system was found to be gradu-
ally increasing with electrical exposure (Figure
5). The result shows an increase in the production
chlorophyll with electrical stimulation. When the
heavy metal exposure time increases, the produc-
tion of chlorophyll content in control A decreased.
Heavy metals hinder metabolic processes by inhib-
iting the action of enzymes, and this may be the
main cause of inhibition. Heavy metal stress can
cause inhibition of the enzymes responsible for
chlorophyll biosynthesis which associated with
decreased chlorophyll content. Cadmium was re-
ported to affect chlorophyll biosynthesis and inhib-
it protochlorophyll reductase and aminolevulinic
acid (ALA) synthesis [Zengin and Munzuroglu,
2005]. Cadmium strongly binds proteins, thereby
decreasing the accumulation of pigment-lipopro-
tein complexes, including photosystem I (PSI) and
PSII [Kupper et al. 2007]. The Cd induced inhi-
bition of chlorophyll synthesis and interference
with photosystems causes chlorosis of leaves of

Control A Treatment
Metals
TA(r/s) TA(r/l) TA(r/s) TA(r/l)
Pb 1.72 4.40 1.66 1.09
Cd 1.79 3.52 1.61 0.98
Cu 0.88 2.38 0.85 1.81
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Figure 5. Variation in the production of chlorophyll

E. crassipes. Cd also reduces the contents of large
and small subunits of ribulose-1, 5-bisphosphate
carboxylase/oxygenase (RuBisCO) along with
other enzymes of photosynthesis and chlorophyll
biosynthesis. Wilting, which followed chlorosis
was reported in the presence of high dose of Cd
by researchers [Das et al. 2016]. This reduction
in chlorophyll of E. crassipes in control A under
heavy metal stress can be regarded as a specific
response of the plants to metal stress, which re-
sulted in chlorophyll degradation and inhibition of
photosynthesis. The chlorophyll content might be
reduced due to increased cell or tissue damage or
lipid peroxidation [Das et al. 2016].

From the experimental results, it can be postu-
lated that 4V voltage is probably suitable to stimulate
the Eichhornia crassipes to synthesize more chloro-
phyll. The longer the unit was electrified, the more
obvious the stimulating effect was observed. It was
in accordance with Knorr’s report [Knorr, 2003].
The voltage can stimulate the plants to increase the
palisade cells, chloroplast grana and thylakoid la-
mellas, which enhance the synthesis of chlorophyll.
Eichhornia crassipes was stimulated by electric field
to grow better so it can assimilate more metal.

CONCLUSION

The main goal of the present study was the as-
sessment of the performance of electrically stimu-
lated phytoremediation in the removal of heavy
metal. Treatment of lead, cadmium and copper
from synthetic solution using phytoremediation
system coupled with electric field was conducted.
In that experiment, the Eichhornia crassipes, an
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efficient phyto-remediator exhibited efficient and
fast removal of heavy metals in electro assisted
phytoremediation system. Both aluminum rods
and sheets were used as electrodes and both indoor
and outdoor experiments were also conducted.
Based on the results and plants condition, outdoor
experiment using aluminum sheets as electrodes
was preferred for further study. The results indicate
that the treatment of Cd, Pb and Cu using electri-
cally enhanced phytoremediation using aluminum
sheet electrodes is more effective than aluminum
rod electrode. When the electrical exposure time
increases, the pH of the synthetic solution in-
creased in electrolysis system, but a more favor-
able, moderate increase was shown by the electri-
cally stimulated phytoremediation system. From
the results, it can be postulated that 4V voltage
is probably suitable to stimulate the Eichhornia
crassipes to synthesize more chlorophyll. Eich-
hornia crassipes stimulated by an electric field
grown better and assimilated more metal. Heavy
metal accumulation in plants collected from con-
trol A and electrically enhanced phytoremediation
system using aluminum sheet electrodes indicates
that maximum amount of Cd, Pb and Cu were
accumulated in Fichhornia crassipes collected
from treatment. Eichhornia crassipes translocated
maximum Cd and Cu to plants’ aerial parts under
electrified condition but more amount of Pb was
bioconcentrated in roots. Electrically stimulated
plant translocated more amount of Pb content to
its aerial part compared to plant in control A. The
BCFs of control A for Pb, Cd and Cu were 502.65,
448.12 and 664.90 respectively. BCF an index
of hyperaccumulation, indicates that electrically
stimulated Eichhornia crassipes is a good hyper
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accumulator of Cd (BCF = 1118.18) and Cu (BCF
= 1152.47) and a moderate accumulator of Pb
(BCF = 932.26). Translocation ability (TA) ratio
indicates that Eichhornia crassipes have the ability
to translocate more amounts of Pb, Cd and Cu to
its upper portion under electrified condition. Tak-
ing into account the overall results, we can state
that the electro-phytoremediation technique seems
to be promising in the treatment of heavy metals
contaminated wastewater.
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/ ABSTRACT \
Presently, phytoremediation is a beneficial and affordable technique used to extract or remove inactive metals and
metal pollutants from contaminated water. Remediation of heavy metal from water and soil is extreme necessary.
Phytoremediation ability of two aquatic plants Eichhornia crassipes and Salvinia molesta for the removal of toxic
heavy metals like Pb, Cd and Cu were attempted in the present study under three different conditions. Maximum
removal of Pb, Cd and Cu was observed in TiO, nanoparticles applied plants used phytoremediation system (C).
Results obtained from heavy metal accumulation in plants parts, bioconcentration factor, translocation factor indicates
that phytoremediation systems enhanced by TiO, nanoparticles showed more tendency to translocate metals to its
areal parts. The results showed that, plants applied with TiO, nanoparticles exhibited significant increase in physiological
response like relative growth and the production of chlorophyll content compared to others. Compared to control (A)
and the phytoremediation system in which TiO, nanoparticles entrapped calcium alginate beads were applied to
plants (B), fast and efficient removal of lead, cadmium and copper was observed in phytoremediation system enhanced
by TiO, nanoparticles i.e., in C. Phytoremediation technique enhanced by TiO, nanoparticles seems to be promising

in the treatment of heavy metals from water.

Qey words: Eichhornia crassipes, Salvinia molesta, bioconcentration factor and translocation factor
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INTRODUCTION

Heavy metal contamination is a widespread issue that
disrupts the environment as a consequence of several
anthropogenic activities and their invariably persisting
nature in the environment. The ecological balance of the
environment and diversity of aquatic organisms have
devastatingly affected by heavy metal pollution (Nilantika
et al. 2014). Some heavy metals like cadmium, lead and
chromium etc. are phytotoxic at both low concentrations
as well as very high concentration (Amin, 2012). The
prevailing technologies on purification that are used to
eradicate these toxic contaminants are costly and
sometimes non-ecofriendly also. For the beneficial of
community, the research on water purification is focused
towards low cost and eco-friendly technologies (Dhote and
Dixit, 2009). Phytoremediation is energy efficient, cost-
effective, aesthetically pleasing technique of remediation
sites with low to moderate levels of contamination.

The excessive concentration of heavy metals in plants can
cause oxidative stress and stomatal resistance and can
also affect photosynthesis and chlorophyll florescence
processes. Copper can inhibit photosynthesis and

reproductive processes; lead reduces chlorophyll
production; arsenic interferes with metabolic processes,
while zinc and tin stimulate the growth of leaves and
shoots; ultimately plant growth becomes limited or
impossible (Ashraf et al. 2011). The results of some of the
experiments indicated that accumulation of some heavy
metals such as Cd and Pb may damage chloroplasts in
young leaves and the first impact of Cd on plants is the
reduction of photosynthetic activity (Ali et al. 2014).
Moreover, it has been proved that a decrease in the growth
of plants under some stress is due to the restriction of
photosynthetic process (Ackerson and Herbert, 1981).

Nanoparticles can be used to increase the supply of
elements to plant shoots and foliage and its application
can also increase seed germination and seedling growth
(Morteza et al. 2013). Furthermore, nanoparticles can
facilitate enhanced ability of water and fertilizer absorption
by roots, and increase antioxidant enzyme activity such
as superoxide dismutase and catalase. Thus,
nanoparticles can increase plant resistance against
different stresses. Titanium dioxide nanopatrticles are used
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in agriculture to increase growth and can improve yield;
improve the rate of photosynthesis and reduce diseases
(Morteza et al. 2013). Titanium dioxide (TiO,) nanoparticles
(NPs) are known for its photocatalytic activity,
environmental friendly nature, high stability and are found
to be safe for human. These particles have been used in
pathogen treatments as well as decomposition of
phytotoxic compounds (Raskar and Laware, 2013).

The effects of nano-TiO, on the germination and growth
of spinach seeds were studied by many researchers.
These nanoparticles improved light absorbance and
promote the activity of rubisco activase thus accelerated
spinach growth (Remya et al. 2010). Nano- TiO, improved
the plant growth by enhanced nitrogen metabolism (Yang
et al. 2006) that promotes the absorption of nitrate in
spinach and accelerating conversion of inorganic nitrogen
into organic nitrogen, thereby increasing the fresh weight
and dry weight. It has also been found that nano-anatase
TiO, promoted antioxidant stress by decreasing the
accumulation of superoxide radicals, hydrogen peroxide,
malonyldialdehyde content and enhance the activities of
superoxide dismutase, catalase, ascorbate peroxidase,
guaiacol peroxidase and thereby increase the evolution
oxygen rate in spinach chloroplasts under UV-B radiation
(Lei et al. 2008). In this perspective, we tried to enhance
efficiency of phytoremediation capacity of Eichhornia
crassipes and Salvinia molesta using titanium dioxide
nanoparticles in this study. The aim of our study was to
offer an effective approach to enhance the efficiency of
the phytoremediation system for the treatment of heavy
metals like Pb, Cd and Cu from water.

MATERIALS AND METHODS
Experimental setup

Two free-floating aquatic plants, Eichhornia crassipes and
Salvinia molesta (plate 1) were collected from a natural

wetland area, viz. Kottooli wetland in Kozhikode City. In
order to simulate the natural environment, plants were
placed under natural sun light for one month and the
second generations of the plants with similar size were
utilized for this study. Before starting the phytoremediation
experiment, the epiphytes and insect larvae grown on
plants were removed by rinsing with distilled water. The
present study was conducted in two stages. During the
Stage |, three different conditions (A, B and C) were applied
to Eichhornia crassipes and Salvinia molesta for 10 days.
Tanks were setup with different operating conditions and
each contained plants and distilled water. Condition Awas
the control, in which the plants were kept in water under
natural conditions. In condition B, TiO, nanoparticles
entrapped calcium alginate beads (2gm) was applied to
the plants and in condition C, TiO, powder (2gm) was
applied. TiO, photocatalyst does not require ultraviolet rays
that have an energy level as high as 254nm and are
hazardous to humans. It also allows reaction to be initiated
by the near — ultraviolet rays with relatively long wavelength
contained in sunlight. So, all the experimental setup was
placed in the outdoor for maximum sunlight exposure and
was conducted during the summer season. Before and
after stage I, the chlorophyll content and fresh weight of
Eichhornia crassipes and Salvinia molesta in A, B and C
were determined.

In stage Il, plants exposed to different conditions were
used for the treatment of heavy metals like lead, cadmium
and copper from water. Before that, plants were washed
and rinsed with distilled water. Thirteen liters of mixed
heavy metal (Cd, Pb and Cu) solution was taken in each
tank (45 x 30 x 15cm) and the tanks were named A, B
and C for both experiments using Eichhornia crassipes
and Salvinia molesta. Thirteen liters of simulated
contaminated water was prepared for each tank by
dissolving 0.416g of Pb (NO,),, 1.022g of CuSO,.5H,0,

3)2'

Plate 1: (A) Eichhornia crassipes and (B) Salvinia molesta




and 0.593g of (3CdS0,).8H,0 in distilled water. All
chemicals used were of the highest purity available and
of analytical grade procured from Merck. The heavy metal
concentrations were determined by Atomic Absorption
Spectrophotometer AAS (Thermo Series) with GF 95. The
phytoremediation experiments using Eichhornia
crassipes was conducted with water having initial
concentration of Cd, Pb and Cu were 20.32 + 0.44 mg/L,
21.45 + 0.18 mg/L and 21.34 + 0.22mg/L respectively.
The water with initial concentration of Cd, Pb and Cu
were 20.99 + 0.37mg/L, 20.78 + 0.45 mg/L and 20.56 +
0.46mg/L respectively, was used in phytoremediation
experiments using Salvinia molesta. Tank A was the
control which comprised of only plants (phytoremediation
system). In tank B and tank C, the plants exposed to
TiO, nanoparticles entrapped calcium alginate beads and
TiO, nanoparticles powder respectively were used in the
treatment of Cd, Pb and Cu.

Experiment was continued for 24 days and water samples
were taken in every 3 days. When the experiment was
completed, stem, roots and leaves of the plants were
separated and dried in a hot air oven. The residual Pb,
Cd and Cu concentrations in water and the accumulated
metals in different parts of the plants at the conclusion of
the experiment were analyzed using Atomic Absorption
Spectrophotometer. The effect of the applied conditions
on the growth of Eichhornia crassipes and Salvinia
molesta was examined by using relative growth and
chlorophyll content. Phytoremediation potential of these
native aquatic macrophytes under different applied
conditions was also evaluated by metal accumulation,
translocation factor and bioconcentration factor.

Plate 2:
TiO, nanoparticles entrapped calcium alginate beads
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Synthesis of TiO, nanoparticles and the encapsulation
method for immobilization of nanoparticles in
semipermeable alginates beads

TiO, nanoparticles were synthesized by simple
precipitation method. TiO, (Fluka 15%) solution in HCI (10-
15%) was stirred in deionized water ([Ti**] = 0.15 mol L ).
A blue-violet solution was obtained at room temperature.
The pH was adjusted between 0.5 and 6.5 with sodium
hydroxide (NaOH) solution. The solution was then heated
at 60°C in an oven for 24h. The solid obtained was
centrifuged, washed with dilute acid (pH=1) and distilled
water in order to remove salts (Sophie et al. 2007). A
solution containing TiO, nanoparticles (0.5wt %) and
sodium alginate (0.5wt %) was prepared with 25ml distilled
water and stirred for 30 min at 85°C. Afterwards, the
solution was extruded as small drops by means of syringe
into a stirred solution of calcium chloride (4.0wt %), where
spherical gel beads were formed (plate 2). The gel beads
were retained in the calcium chloride solution for 12 h for
hardening and then washed with distilled water. Stability
of beads depends on pH values of the aqueous solution
and the initial physical states of the beads (Harikumar et
al. 2013).

Analytical procedures

The plant samples were rinsed with tap water twice and
deionized water three times. Rinsed samples were cut into
pieces and oven-dried at 70°C till constant weight was
obtained for the dried samples. The oven-dried samples
were ground to pass through a 100-mesh sieve and were
digested with HNO_-HCIO, (4:1) mixture and filtered. The
filtrates were analyzed for heavy metals using AAS with
GF 95 (Xinshan et al. 2011). Chlorophyll (chl.a + chl.b,
CHLab) was determined by OD (optical density) values
(663 nm and 645 nm using UV-Visible spectrophotometer,
Thermo Evolution 201) of extracting solution, which was
made by adding 80% acetone into grinding solution of 0.5
g of fresh leaves (Xinshan et al. 2011).

Relative Growth

The relative growth of plants was calculated to assess the
effects of applied conditions on the growth of Eichhornia
crassipes and Salvinia molesta.

RG = FFW/IFW

Where RG denotes relative growth of plants during
experimental period, dimensionless; FFW denotes final
fresh weight in grams of plants taken at the end of each
experiment, and IFW denotes the initial fresh weight in
grams of plants taken before starting experiment (Gakwavu
etal. 2012).



28 ECO-CHRONICLE
Bioconcentration Factor and Translocation factor

The bioconcentration factor (BCF) was calculated as the
ratio of the trace element concentration in the plant tissues
at harvest to the concentration of the element in the
external environment (Zayed et al. 1998). BCF is given by
BCF = (P/E)

P represents the trace element concentration in plant
tissues (mg kg™ dry wt); E represents the trace element
concentration in the water (mg/L). BCF is dimensionless.
Alarger ratio implies better phytoaccumulation capability.
The translocation of heavy metal from roots to aerial part
and the internal metal transportation of the plant are
generally indicated by Translocation Factor (TF). The
translocation factor is determined as a ratio of metal
accumulated in the shoot to metal accumulated in the root
(Deng et al. 2004).

TF=(A,/A)

Where, TF>1 indicates that the plant is capable of
effectively translocating the accumulated metals from the
root to its aerial part. TF is the translocation factor and is
dimensionless. A represents the amount of trace element
accumulated in the roots (mg kg™ dw), and A_ represents
the amount of trace element accumulated in the shoot/
leaf (mg kg* dw). All the tests were conducted in triplicates
and the data were statistically analyzed.

RESULTS AND DISCUSSION

The Eichhornia crassipes and Salvinia molesta grown
under different conditions were used for the treatment of
heavy metals. TiO, nanoparticles that applied to plants
were synthesized by chemical precipitation method. The
materials were characterized by scanning electron
microscopy (Figure 1) and energy dispersive X-ray
spectroscopy (Figure 2) spectra. While synthesizing TiO,
NPs by precipitation method, a mixture of anatase and
rutile was precipitated at pH 3. By increasing the pH of
the solution, the formation of anatase was favored and at
pH 5, only anatase TiO, could be formed (Cheng et
al.1995). SEM micrograph indicates the presence of
nanopatrticles below 50nm. The energy dispersive X-ray
spectra confirm the presence of TiO, and showed no
significant levels of impurities.

Phytoremediation of heavy metals

The ability of Eichhornia crassipes and Salvinia molesta
to uptake more than one metal was analyzed by the
phytoremediation of the simulated multi metal
contaminated water. The residual concentration of Cd, Pb,
and Cu were analyzed for each phytoremediation system
(A, B and C) during the study, at an interval of 3 days
using AAS and the results are summarized in table 1. The

metals other than Cu, Cd and Pb were found to be within
the permissible limit.

a) Removal of lead from synthetic heavy metal solution

In the case of phytoremediation by Eichhornia crassipes,
the maximum amount of lead reduction was observed in
C with minimum time. Within 3 days, it attained 95.53%
reduction, whereas control showed only 10.77% reduction.
The TiO, nanoparticles applied Eichhornia crassipes used
phytoremediation system (i.e. C) attained faster removal
of Pb compared to control (A) and TiO, nanoparticles
entrapped calcium alginate beads applied Eichhornia
crassipes used phytoremediation system (B). Lead was
reduced to 50.72% by TiO, nanoparticles entrapped
calcium alginate beads applied Eichhornia crassipes used
phytoremediation experiment (B) within 3 days. Salvinia
molesta also exhibited a similar trend. All the systems
attained a reduction of lead ranged from 85.61 to 100%
within 24 days. But fast reduction in lead concentration

Figure 1.
SEM micrographs of titanium dioxide nanoparticles
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Figure 2.
EDS spectra of titanium dioxide nanoparticles
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was observed in C. It showed 77.37% of lead reduction
on 3 day and 100% of reduction on 15" day. The results
suggest that the plants exposed to TiO, nanoparticles
showed efficient phytoremediation ability to remove lead
from water.

b) Removal of cadmium from synthetic heavy metal
solution

When titanium dioxide nanoparticles applied Eichhornia
crassipes (C) was used in the phytoremediation of heavy
metals, 99.06% reduction of cadmium was observed within
3 days. Only, 10.78% of cadmium was removed in the
control experiment after 3 days. Cadmium was completely
removed in C within 9 days, while in Aand B, the efficiency
of cadmium removal was found to be 88.78 and 97.64%
respectively after 24 days. Maximum cadmium removal
with minimum time period was observed in C; that is the
phytoremediation system enhanced by titanium dioxide
nanoparticles. Compared to A, better cadmium removal
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TiO, nanoparticles entrapped calcium alginate beads were
applied Eichhornia crassipes was used. Titanium dioxide
exposed Salvinia molesta (C) attained 89.57% cadmium
removal within 3 days and 100% of cadmium removal
within 12 days. The cadmium removal efficiency was found
to be 81.99 and 96.81% after 24 days in A and B
respectively. The phytoremediation of cadmium by TiO,
nanoparticles applied Eichhornia crassipes and Salvinia
molesta showed better performance than control plants.
In Eichhornia crassipes, 100% of cadmium was removed
in C within 9 days, while in Salvinia molesta the same
reduction was observed only after 12 days. Results from
this experiment indicate that, one of the main limitations
of phytoremediation of heavy metals, i.e. the long retention
period required for remediation by plants can be overcome
by, phytoremediation with TiO, nanoparticles.

c) Removal of copper from synthetic heavy metal
solution
Maximum removal of copper was observed in C within 18

was exhibited by B. B is phytoremediation system, where days of exposure to contaminant water by
Table 1. Residual concentration of lead, cadmium and copper in water
Residual concentration of heavy metals, mg/L
Eichhornia crassipes Salvinia molesta
Metal | DAY A B C A B C
3 19.14 £ 0.25 10.57 £ 0.07 0.95+£0.03 19.64+0.01 | 12.55+0.11 4.70£0.01
6 15.48 £ 0.23 7.96 + 0.03 0.46 £ 0.02 15.89 + 0.02 9.37 £ 0.06 1.42 £ 0.004
9 11.57 £0.13 5.89+0.12 0.35+0.01 12.41 +0.05 7.52 +0.02 0.86 £+ 0.01
12 9.75 + 0.09 3.55+0.05 ND 8.21+0.01 5.72+0.04 | 0.01 +0.0002
15 6.95+0.04 1.51+0.01 ND 7.04 +£0.01 3.30+0.04 ND
18 5.12 £+ 0.02 0.82+0.01 ND 5.18 + 0.23 2.15+0.02 ND
21 3.01+0.01 0.32+0.01 ND 453 +0.01 1.48 + 0.002 ND
Pb 24 2.08+0.01 0.14 £ 0.001 ND 2.99+0.003 | 0.97+0.001 ND
3 18.13 +0.12 14.25 +0.28 0.19+£0.01 18.08+0.05 | 16.11+0.01 | 2.19£0.005
6 14.18 +0.03 11.24 +0.05 0.08 £ 0.01 16.13+0.02 | 14.18 £0.08 0.51+0.01
9 12.11 +0.11 8.16 £ 0.16 ND 14.16 £ 0.07 | 10.13+0.01 | 0.05+0.001
12 9.88 +0.21 4,98 £0.21 ND 11.06 + 0.04 7.96 £ 0.04 ND
15 5.19+0.11 2.15+0.04 ND 8.11 + 0.02 5.04 + 0.05 ND
18 4.05 £ 0.06 1.01+0.01 ND 6.01 + 0.05 2.81+£0.01 ND
21 3.59 + 0.03 0.89+0.04 ND 5.13 + 0.06 1.02 + 0.001 ND
Cd 24 2.28 £ 0.03 0.48 £ 0.01 ND 3.78+0.01 0.67 + 0.03 ND
3 14.87 £0.13 11.59 £ 0.03 4.07 £0.02 18.03 £ 0.02 14.45+0.11 8.05+0.13
6 11.92 £ 0.06 8.37+0.17 2.67 £ 0.05 14.79+0.04 | 11.64+£0.03 2.51+0.01
9 8.29 £ 0.02 5.48 £ 0.05 1.41 +0.04 11.87 £0.03 7.81+£0.03 2.51+£0.03
12 7.01+£0.09 5.02 £0.08 0.36 £ 0.03 7.37+£0.13 4.66 £0.01 1.21+0.01
15 4.62 £ 0.05 3.98 £ 0.05 0.26 £ 0.01 5.20 + 0.03 2.64 +0.01 0.90+0.01
18 3.18 £ 0.05 2.32+0.04 ND 4,91 £0.07 1.94 +0.02 ND
21 2.47 +£0.01 1.14+0.01 ND 3.89+0.04 0.69 +0.01 ND
Cu 24 1.64 +0.01 0.89+ 0.001 ND 2.42+0.01 ND ND

(Values represent Mean + SD of three replicates)

ND- not detected
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phytoremediation using Eichhornia crassipes. In control
(A), compared to other metals, more amount of copper
was removed by Eichhornia crassipes within 3 days. This
may be due to the fact that; copper is one of the
micronutrient. In the phytoremediation system using
Salvinia molesta, 95.62% reduction was observed in C
within 15 days. On 3" day, the percentage removal of
copper was 60.85% in C and in control (A) it was 12.31%.
The residual concentration of copper observed in control
(A) during the final stage was 2.42 + 0.01 mg/L. The
effectiveness of two aquatic macrophytes Eichhornia
crassipes and Salvinia molesta grown under three different
conditions were tested for their phytoremediation capacity
of three metals (Pb, Cd and Cu) and the results indicated
that Eichhornia crassipes exposed to nanoparticles
reported the maximum and fast removal of these heavy
metals.

Heavy metal accumulation in plants

The heavy metal analysis of plant segments of both the
aquatic native plants, Eichhornia crassipes and Salvinia
molesta were carried out. Distribution of Cd, Pb and Cu in
the organs of Eichhornia crassipes and Salvinia molesta
are presented in figure 3 and 4. In A (control), maximum
accumulation of metals was observed in root and
accumulation of Cd, Pb and Cu in roots of Eichhornia
crassipes was 6285.04, 5786.30 and 6628.83mg/kg
respectively. Many studies revealed that Eichhornia
crassipes accumulated higher concentrations of heavy
metals in the roots than that in the aerial parts. But in C,
maximum accumulation of Cd was observed in leaf. More
amount of metal accumulation was observed in leaf and
stem of C compared to A and B. C was the phyto-
remediation systems in which Eichhornia crassipes was
directly exposed to titanium dioxide nanoparticles. But the
present study showed thatin C, Cu accumulation is in the
order of leaves>roots >stem, Cd accumulation is in the
order of leaves> stem > roots and Pb accumulation is in
the order of leaves >stem > roots. The results show that,
phytoremediation systems enhanced by titanium dioxide
nanoparticles showed more tendency to translocate metals
to its areal parts.

Salvinia also exhibited the capacity to accumulate high
levels of heavy metals. Compared to all phytoremediation
systems, a maximum concentration of 8928.74 mg/Kg of
Cd was accumulated in leaves of Salvinia molesta grown
under condition C. Sune et al. 2007 reported that heavy
metal uptake in Salvinia occurs through a physical pro-
cess (fast), which involves adsorption, ionic exchange,
chelation, while biological processes such as intracellular
uptake (transported through plasmalemma into cells) is
slow and help in subsequent translocation of metals (Cd)
from roots to leaves. The highest amount of lead and cop-
per accumulated in C was 9192.63 and 9888.82mg/Kg

respectively. In control plant (A), all the three metals were
accumulated at highest level in roots. Roots remain in di-
rect contact with the medium and hence this might result
in increased metal concentration in the roots. More amount
of metal accumulation was observed in leaf of B compared
to A. The results indicate that titanium dioxide nanoparticles
applied plants were efficient to translocate the metals from
root to its aerial parts.

Bioconcentration factor and translocation factor

The mobility of the heavy metals from the polluted medium
to the roots of the plants and the ability to translocate the
metals from roots to the harvestable aerial part were
evaluated respectively by means of the bioconcentration
factor (BCF) and the translocation factor (TF).
Bioconcentration factor is a useful parameter to evaluate
the potential of the plants in accumulating metals. The
BCF values for Cd, Pb and Cu in Eichhornia crassipes
and Salvinia molesta at 24 days’ exposure to heavy metals
are shown in figure 5 and 6, respectively. Higher BCF
values indicates the higher phytoaccumulation capacity.
Maximum bioconcentration factors of Cd, Pb and Cu in
Eichhornia crassipes was observedin C. In C, the highest
BCF values found for Cd, Pb and Cu were 852.49, 848.20
and 1047.99 respectively. If the BCF value is more than
or equal to 1000 then that plant species is considered as
a hyper accumulator. The plant having the abilities to grow
in very high concentration of metal and concentrating high
heavy metals in their tissues are known as
hyperaccumulators (Wahab et al. 2014). The higher BCF
value of Eichhornia crassipes for Cu (BCF >1000) in C
indicates that TiO, nanoparticles applied Eichhornia
crassipes is considered as a good hyper accumulator. The
BCFs of control (A) for Cd, Pb and Cu were 615.67,516.14
and 698.53 respectively. BCF of B for all the metals were
higher than control but less than 1000. Phytoremediation
experiments using Salvinia molesta, a highest BCF values
was observed for Cd, Pb and Cu were 750.12, 777.90
and 896.29 respectively in (C). In experiment B of Salvinia
molesta, BCFs of all the three metals were found higher
than that of A. The results indicated that, plants exposed
to TiO, nanoparticles were accumulated more amount of
heavy metals in its upper portions compared to control
plants.

The translocation factor for Cd, Pb and Cu in phyto-
remediation systems using Eichhornia crassipes and Salvinia
molesta are shown in table 2 and 3 respectively. The value
TF > 1 indicated that there is a transport of metal from root to
leaf probably through an efficient metal transporter system
and the metals sequestration in the leaf vacuoles and
apoplast. TF value more than 1 of plant species indicates
their hyperaccumulation potential and is identified as
hyperaccumulator plants (Marbaniang and Chaturvedi, 2014).
For Eichhornia crassipes, maximum TF for cadmium was



Figure 3. Accumulation of cadmium, lead and copper in
Eichhornia crassipes
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Figure 4. Accumulation of cadmium, lead and copper in
Salvinia molesta
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Figure 5: Bioconcentration factors (BCF) of Pb, Cd and Cu in
Eichhornia crassipes

E{u aPb 8Cd

i 0 40 Gl 1000.0

Bioconcentration factor

JU0.0

Figure 6: Bioconcentration factors (BCF) of Pb, Cd and Cu in
Salvinia molesta

2Cu aPb uCd

000 200,00 1201

400,00

GOL.L0 $00.00 100000

Biocancentration factor

ECO-CHRONICLE 31

observedin C (TF(s/r) =1.22 and TF(I/r) = 1.74) compared
to A and B, which indicates the translocation of high Cd
content from roots to its aerial part. Similar trend was
observed for Pb also and for Cu, maximum TF observed
was TF(I/r) =1.08 in C. These results imply that Eichhornia
crassipes exposed to nanoparticles accrued an ability to
transfer higher metal concentrations from root to its areal
part. The lowest translocation factor was observed in the
A (control) for Cd and Pb. Similar results were found in
phytoremediation systems using Salvinia molesta and the
translocation factor observed in the C was TF(I/r) = 1.31,
TF(I/r) = 1.32 and TF(I/r) = 1.16 for Cd, Pb and Cu
respectively. TiO, nanoparticles applied plants (C)
exhibited better potential to translocate Cd, Pb and Cu to
its aerial parts.

Translocation is the movement of metal containing sap
from the root to the shoot which was primarily controlled
by two processes, root pressure and leaf transpiration.
Some metals are accumulated in roots, probably due
to some physiological barriers against metal transport
to the aerial parts, while the others are easily
transported in plants. Translocation of trace elements
from roots to shoots could be a limiting factor for the
bioconcentration of elements in shoots. It can be
proposed that there has mechanism in roots that could
detoxify heavy metals or transfer them to aerial parts
(Gomati et al. 2014).

Physiological response of plants to the applied
conditions
Variation in the production of chlorophyll

In the life activity of green plants, chlorophyll plays the
role of absorbing, transferring and transforming energy.
The chlorophyll content of plant after experiment was
determined using UV-Visible spectrophotometer.
Variation in the production of chlorophyll of both the
plants is depicted in figure 7. The result shows that,
plants from B and C exhibited an increase in the
production of chlorophyll compared to A (control) for
both Eichhornia crassipes and Salvinia molesta.
Maximum chlorophyll production was observed in C for
both the plants.

This may be due to the effects of nano-TiO, on the
content of light harvesting complex Il (LHC II) on
thylakoid membranes of plants and nano-TiO, has
ability to increase LHC Il content (Lei et al. 2007 and
Hong et al. 2005). These have the ability to promote
energy transfer and oxygen evolution in photosystem
Il (PS 1) of plants (Mingyu, 2007). It has also been
reported that nano-anatase TiO, promoted antioxidant
stress by decreasing the accumulation of superoxide
radicals, hydrogen peroxide, malonyldialdehyde content
and enhance the activities of superoxide dismutase,
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Table 2. Translocation factor of Eichhornia crassipes

Metals TF A B C
Cd TF(sIr) 0.55 0.91 1.22
TF(lr) 0.44 157 1.74
Pb TF(sIr) 0.65 0.76 1.26
TF(/r) 0.27 0.83 1.29
Cu TF(s/r) 0.81 0.50 0.74
TF(I/r) 0.43 0.56 1.08

Table 3. Translocation factor of Salvinia molesta

Metals TF A B C
cd TE(I/) 0.59 1.26 1.31
Pb TF(/r) 0.55 0.68 1.32
Cu TE(I/Y) 0.41 0.67 1.16

Figure 7: Chlorophyll content of plants after treatment
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Figure 8. Variations in the relative growth of Eichhornia
crassipes and Salvinia molesta
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catalase, ascorbate peroxidase, guaiacol peroxidase and
thereby increase the evolution of oxygen rate in plants
chloroplasts (Lei et al. 2008). It helps to increase solar

energy trapping that might improve the photo synthetic
efficiency of plants.

Variations in the relative growth of plants under
different conditions

Variations in the relative growth of Eichhornia crassipes
and Salvinia molesta grown under three different
conditions are graphically represented in figure 8. The
relative growth of control plants showed a significant
decrease for both the plants. The plants exposed to TiO,
nanoparticles (C) exhibited significant increase in relative
growth. The plants in C showed high relative growth
compared to plants from A and B. In the case of Salvinia
molesta an increasing trend was observed in all the
conditions but maximum increase in weight after treatment
was observed in plant from C. Plant in C was the plant
exposed to nano - TiO,. TiO, nanoparticles has the ability
to improve light absorbance and promote the activity of
rubisco activase thus accelerate the growth of plants
(Zheng et al. 2005 and Hong et al. 2005).

CONCLUSION

A study was carried out to assess the enhancement of
phytoremediation capacity of heavy metals (Cd, Pb and
Cu) by Eichhornia crassipes and Salvinia molesta in the
presence of titanium dioxide nanoparticles. TiO2
nanoparticles exposed Eichhornia crassipes and Salvinia
molesta showed 99.06% and 89.57% of phytoremediation
efficiency respectively for cadmium removal within 3 days.
Maximum phytoremediation efficiency for lead and copper
was also observed in TiO, nanoparticles exposed plants.
It was observed that, in the nano - TiO, applied
phytoremediation system, more efficient and faster
removal of heavy metals was taking place. Results of the
study on heavy metal accumulation indicates that titanium
dioxide nanoparticles applied plants showed more
tendency to translocate metals to its areal parts. Control
plant accumulated more metals in their root portion in
both the plants. Nano - TiO, applied plants exhibited an
increase in the production of chlorophyll compared to A
(control) and B. TiO, nanoparticles exposed plants
exhibited significant increase in relative growth compared
to others. This may be due to the fact that, the plant
exposed to nano -TiO, has the ability to improve light
absorbance and promote the activity of rubisco activase
thus accelerating the growth of plants. The determination
of bioconcentration factor indicated that, the uptake
potential of metals by plants was increased under nano -
TiO, applied conditions. Plants exposed to TiO,
nanoparticles achieved ability to transfer higher metal
concentrations from root to its areal part. TiO,
nanoparticles applied plants (C) showed better
performance than TiO, nanoparticles entrapped calcium
alginate beads applied plants (B). Taking into account



the overall results, we can state that TiO, nanoparticles
applied Eichhornia crassipes and Salvinia molesta seems
to be promising candidate for the phytoremediation of
heavy metals from water and exhibited an enhanced
phytoremediation ability.
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ABSTRACT

Rapid industrialization and urbanization have resulted in elevated emission of toxic heavy metals to the
environment. Many of the current remediation techniques available for heavy metal removal from
contaminated sources are expensive, time consuming and environmentally not sound. Unlike organic
compounds, metals will not degrade, and therefore requires effective cleanup techniques to reduce or remove
toxicity. Phytoremediation, an emerging cleanup technology for contaminated area is both low-tech and cost
effective. The objective of this study was to investigate the effect of ammonium molybdate on
phytoremediation of toxic heavy metals (Cd, Pb, Cu, Ni and Zn) from soil by Amaranthus retroflexus. Five
concentrations of ammonium molybdate solutions having Mo contents 0.05, 0.10, 0.30, 0.50, 1.00 g/L
respectively were added to pots containing Amaranthus retroflexus. Ammonium molybdate shows
immobilization and mobilization effect on phytoremediation of toxic heavy metals in soil. It was found that
ammonium molybdate has the potential ability to precipitate with Pb and Zn and it decreases the biotoxicity of
these metals to plant. Ammonium molybdate also has the ability to chelate and form more soluble fractions
with Cd, Cu and Ni and it increases the bioavailability of these metals to plant. From the bioconcentration
factor and translocation factor, it was found that application of ammonium molybdate to soil is a promising
technology in phytoremediation.

Keywords: Ammonium molybdate, phytoremediation, bioconcentration factor, translocation factor.

INTRODUCTION

Pollution of the biosphere with toxic metals has accelerated dramatically since the beginning of the
industrial revolution. The primary sources of this pollution are the burning of fossil fuels, mining
and smelting of metalliferous ores, metallurgical industries, municipal wastes, fertilizers, pesticides
and sewage [1]. Environmental pollution by heavy metals is now a global issue that requires
considerable attention. This is due to the fact that unlike many substances, metals are not
biodegradable and hence accumulate in the environment. Trace amount of some heavy metals such
as Cu, Zn, Fe and Co are required by living organisms, however, any excess amount of these metals
can be detrimental [2]. Non-essential heavy metals include arsenic, antimony, cadmium, chromium,
mercury, lead; these metals are of particular concern because they cause air, soil and water pollution
[3]. Decontamination of such soils has therefore, become imperative for the safety of animals and
humans. A number of techniques have been developed to remove metals from the contaminated
soils. However, many sites remain contaminated because of economical problem of the available
technologies. Techniques such as excavation and disposal of contaminated soils in landfills are not
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environment friendly and may serve as secondary pollution sources [4]. Therefore, new
environmental friendly and less expensive techniques are required. With current trends moving
towards greener technologies, the focus is shifting to phytoremediation, where plants are used for
the uptake of metals or pollutants from the environment or transform them into harmless
compounds [5]. Phytoremediation presents a cheap, noninvasive, and safe alternative to
conventional cleanup techniques and can be accomplished by phytoextraction, phytodegradation,
phytostabilization, phytovolatilization and rhizofiltration [6].

Green plants are not only the lungs of nature with an ability of purifying impure air by
photosynthesis, but some species also have the unique ability to uptake, tolerate and even
hyperaccumulate heavy metals and other toxic substances from soils and water through roots and
concentrate them in roots, stem and leaves[7]. The high bioconcentration factor, which is the ability
of the plant to extract metals from the soil and the efficient root to-shoot transport system endowed
with enhanced metal tolerance provide hyper accumulators with a high potential detoxification
capacity. The heavy metal accumulation capacity of plants belonging to the Amaranthaceae family
was reported earlier. Amaranthus retroflexus is a good metal accumulator and it has been used for
the uptake of cadmium, mercury, zinc and copper [8].

Plants that accumulate metals can extract metals from soils (phytoextraction) or, on the other
hand, are used in combination with soil amendments to improve soil conditions (phytostabilization)
[9]. Chelate-enhanced phytoremediation has been proposed as an effective tool for the extraction of
heavy metals from soils by plants. The most frequently used solutions for extraction also have
deficiencies: ethylene diamine tetraacetic acid (EDTA) is expensive and toxic, and presents a low
level of biodegradability [10,11]; nitrilotriacetic acid (NTA) is also the toxicant as a class II
carcinogen [12]; nitric acid (HNO?3) is lethal to soil micro-flora and destructive to the physical and
chemical properties of soil; hydrochloric acid (HCI) can alter soil properties [13]; citric acid is a
nontoxic acid that forms relatively strong complexes. It is easily biodegradable, but it presents of
lower effectiveness in the removal of metal ions [14]. EDGA enhanced metal solubility but plant
uptake did not increase accordingly [15].

The addition of chelators effectively increased the mobility of target heavy metals in soils, and
significantly enhanced the accumulation of these heavy metals in aerial parts of the plants but the
application of chelators had inhibitory effects on the growth of the plants [16]. The ammonium
molybdate (containing nitrogen and molybdenum) is fertilizer to plants, which can produce more
biomass [17]. In this study, we assessed phytoextraction potential of the Amaranthus retroflexus
with ammonium molybdate, to evaluate the ability of the Amaranthus retroflexus to remediate soils
contaminated with multiple heavy metals. Heavy metals selected for study include two essential
(copper (Cu) and zincZn)) and three toxic (cadmium (Cd), lead (Pb) and nickel (Ni)) elements.

MATERIALS AND METHODS
Physicochemical characteristics of soil samples

Soil used for the experiment was spiked with heavy metals (Cd, Pb, Cu, Ni and Zn) solutions. The
contaminated soil received the metals Cd as CdSO,. Pb as Pb(NO3),; Cu as CuSOy, Ni as NiSO4 and
Zn as ZnSQ, Physicochemical factors of soil such as pH, electrical conductivity (EC), texture,
calcium, magnesium, organic carbon, inorganic phosphorous, sodium, potassium were analyzed.

Plant culture and experimental design
Each plastic pot was filled with 5Kg of soil. Amaranthus retroflexus seeds were germinated in pots
containing soil to a depth of 1cm under normal condition. After seedlings grew for 10 days, 18

seedlings were transplanted to pots containing heavy metal contaminated soil at a rate of one
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seedling per pot. The experiment consists of 5 treatments (No.1, No.2, No.3, No.4 and No.5) and
control with replicates for each. Experiments were exposed to natural day and night temperatures.
The plants were watered daily with 300 ml of distilled water per pot. In the case of 5 treatments, 50
ml of ammonium molybdate solutions (having Mo contents 0.05, 0.10, 0.30, 0.50 and 1.00 g/L
respectively) were added to pots containing Amaranthus retroflexus. Ammonium molybdate
solution was not applied in control [17].

Analysis of heavy metals in soil and plant

After 45 days the plants were harvested and heavy metal concentrations in plants and soil were
determined. The extraction of heavy metals from soil was done by using perchloric acid-nitric acid
mixture. The powerful oxidizing and dehydrating properties of hot, concentrated perchloric acid
were extremely effective in decomposing organic matter and sulphides. Nitric acid dissolves the
majority of the metals occurring in nature, with the exception of gold and platinum. 0.2g of soil was
digested with 20ml of concentrated HNO3, 5Sml distilled water and 10 ml of HCIO4 and heated on a
hot plate for 2 hrs. The mixture was heated until the white fumes come and the soil become white.
Then the solution was filtered and made up to 50 ml. The filtrate was analyzed for heavy metals
using Atomic Absorption Spectrophotometer (AAS) (Thermo Series). Replicates were carried out as
part of the measurement.

The plants were harvested after 45days. The lengths of the roots and shoots were measured. The
roots and shoots were separated and washed with distilled water to remove soil and dust. The plant
parts were dried in an oven at 70°C for 72 hr and the dry weight were recorded by electronic
balance. 0.2 g of plant parts were digested at 150°C for 200 min with 10 ml mixtures of
HNOs/HCI1Oy4 (4:1) [18]. After complete digestion, the volume of digested samples was adjusted to
50 ml with distilled water. Subsequently, the amount of heavy metals was determined by Atomic
Absorption Spectrophotometer (AAS) (Thermo Series). In this experiment, three replicates were
maintained.

Bioconcentration and translocation factor

The bioconcentration factor (BCF) was used to determine the quantity of heavy metals absorbed by
the plant from the soil. This is an index of the ability of the plant to accumulate a particular metal
with respect to its concentration in the soil and is calculated using the below given formula [19].
The higher BCF value the more suitable for phytoextraction (BCF Values>2 were regarded as high
values) [20, 21].

Bioconcentration factor = Metal concentration in the plant tissue
Metal concentration in the soil

To evaluate the potential of A. retroflexus for phytoextraction, the translocation factor (TF) was
calculated. This ratio is an indication of the ability of the plant to translocate metals from the roots
to the aerial parts of the plant [22]. Metals that are accumulated by plants and largely stored in the
roots of plants are indicated by TF values<l, with values greater indicating translocation to the
aerial part of the plant [21].

Translocation factor = Metal concentration in aerial parts
Metal concentration in roots
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RESULTS AND DISCUSSION

Physicochemical characteristics and heavy metal concentration of the soil samples were given in
table 1. As compared with controls, the concentration of Ni, Cd and Cu in treated soil were lower
but the concentrations of Pb and Zn in treated soil were higher (Table 2).

Table 1. Physico-chemical characteristics and heavy
metal concentration of contaminated soil.

Parameters Value

pH 6.71+0.05
EC pS/m 24.6+0.05
Alkalinity (mg/kg) 644+0.07
Chloride (mg/kg) 320.8+ 0.61
Sulphate (mg/kg) 304.8+0. 82
Inorganic phosphorous (mg/kg) 8+ 1.00
Sodium (mg/kg) 250+ 0.6
Potassium (mg/kg) 75%0.5
Organic carbon % 0.279+ 1.22
Exchangable Calcium'(mg/kg) 1280+1.14
Exchangable Magnesium (mg/kg)  583.2+1.38
Nickel mg/kg 155.87+1.46
Cadmium mg/kg 6.98+1.5
Cupper mg/kg 86.11+2.77
Lead mg/kg 74.79+2.32
Zinc mg/kg 109.27+1.25

Table 2. Heavy metal concentration in soil after treatment.

Treatment Ni (mg/Kg) Cd(mg/Kg) Cu(mg/Kg) Pb (mg/Kg) Zn (mg/Kg)
Control 122.95+£2.47 3.73£0.36 45.7+£2.18 33.11+1.54 41.81+£1.80
No.1 97.37+1.25 2.87+0.73 38.53£2.33 41.09+1.58 46.154+2.12
No.2 83.93+2.89 0.87+0.25 35.52+1.24 47.93+1.82 53.28+1.70
No.3 66.83+4.06 0.075+0.07 33.53+1.32 53.51+2.94  58.45+4.31
No.4 55.79+£3.62 0.05+0.02 26.32+1.22 56.02+1.00 65.82+2.23
No.5 21.56+1.74 0.025+0.02 6.48+1.39 63.59+1.75 67.61x1.64

Amaranthus retroflexus uptakes more amount of Ni, Cd and Cu than Pb and Zn in the presence
of ammonium molybdate. It may be due to that Ni, Cd and Cu were chelated and form more soluble
fractions with ammonium molybdate and Pb and Zn were precipitated with ammonium molybdate.
The mechanism of the reaction of ammonium molybdate with toxic metals can be reported as
follows [17]:

Zn/Pb+Mo,0,> — (Zn/Pb) Mo,0,  (precipitation)
Cd/Ni/Cu+NH;" — Cd/Ni/Cu (NH3)s>" (soluble fractions)

The heavy metal concentrations in the root of A. retroflexus are indicated in Table 3. Compared
to control, the concentrations of Ni, Cd and Cu in root were higher but the concentrations of Pb and
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Zn were lower. A similar trend was also observed in the shoot of A. retroflexus (Table 4).
Ammonium molybdate has the potential ability to precipitate with Pb and Zn so it stabilizes these
metals in soil and decreases the bioavailability of these metals to plant. It also has the ability to
chelate and form more soluble fractions with Cd, Cu and Ni, thus it increases the bio-availability of
these metals to plant. Maximum reduction of heavy metal in soil was observed in treatment No.5
(with maximum concentration of ammonium molybdate). After treatment 86.16% of Ni, 99.64% of
Cd and 92.47% of Cu were reduced in soil. The result indicated that, A. retroflexus can remove
heavy metal (Cd, Cu and Ni) efficiently with ammonium molybdate. The ammonium molybdate has
the potential to enhance metal mobility in soil profiles by forming complexes with toxic metals [17].
It acts as stabilization agent for Pb and Zn and as extracting agent for Cd, Cu and Ni.

Table 3. Heavy metal concentration in the root of Amaranthus retroflexus.

Treatment Ni(mg/Kg) Cd(mg/Kg) Cu(mg/Kg) Pb (mg/Kg) Zn (mg/Kg)
Control 16.92+1.6 0.91+0.03  16.6£1.23  26.41+0.68 32.49+1.28
No.l1 36.44+3.46  1.53%0.3 21.87+£1.7  17.74+0.72 26.74+0.84
No.2 47.14+£1.36  2.15+£0.26  23.83+0.36 12.56+1.00 22.7+1.38

No.3 57394327 2.80+0.17 26.81+£1.14 9.63+0.61  18.39+2.48
No.4 68.81£1.81  3.07£0.14  31.37+0.78 7.73+£0.94 11.75+1.24
No.5 92.664+3.39  3.45+0.11 41.18+1.69 4.51+£1.38  7.72+1.03

Table 4. Heavy metal concentration in the shoot of Amaranthus retroflexus.

Treatment Ni (mg/Kg)

Cd(mg/Kg) Cu(mg/Kg) Pb (mg/Kg) Zn (mg/Kg)

Control ~ 7.41+1.28 0.78+0.06 7.86+0.91 11.46+0.80 21.23+0.49
No.1 18.11£2.58 0.89+0.07 8.02+0.09 9.59+0.53 19.73+0.96
No.2 23.5845.49 1.43+0.08 9.66+0.60 8.73+0.35 15.8+0.65
No.3 24.34+4.39 2.24+0.25 10.58+0.68 6.15+0.28 13.8+0.42
No.4 23.20+£3.89 2.28+0.31 11.82+0.34 4.91+0.28  8.6+0.83
No.5 26.91£3.98 2.44+0.12 17.49+£2.00 2.06+0.57 5.99+0.87

Accumulation of nickel in the plant parts increased with increasing ammonium molybdate
concentration. Concentrations of Ni accumulated ranged from 16.92 mg/Kg to 92.66 mg/Kg with
highest concentration being stored in the roots. Much higher Ni levels were found in the roots rather
than in the shoots or leaves. Bioaccumulation of cadmium in the roots (0.91 to 3.45 mg/kg) was
higher than the shoot (0.78 to 2.44 mg/kg) and leaf (0 to 0.98 mg/kg). The cadmium content in the
leaf of control plants was below detectable levels. A steady increase was noticed in the
accumulation of the cadmium in the plant parts with increasing ammonium molybdate. The
bioaccumulation of copper by A. retroflexus exhibited variation among plant parts and
bioaccumulation of copper in plant increases with the application ammonium molybdate. Among
the plant parts, the roots accumulated more copper than the shoot and leaf.

The control plant species accumulated more amounts of lead and zinc than the treated plant
species. With increase in the concentration of ammonium molybdate, the bioaccumulation of Pb and
Zn decreases. The metals like Pb and Zn in soil can precipitate with Mo,0;* and the toxicities of
these metals to plant will be decreased [23]. The content of toxic metals in the root were higher than
shoots, which may be related to plant uptake of toxic metals and xylem translocation from roots to
shoots. Restriction of upward movement from roots into shoots can be considered as one of the
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tolerance mechanism [24]. The NH," ion present in ammonium molybdate chelate with toxic metals
(such as Cd, Ni and Cu) and form soluble chelating complexes [25]. Ammonium molybdate
increases the bioavailability of Ni, Cd and Cu in soils and the A. retroflexus uptakes more amount of
these toxic metals with ammonium molybdate. It also increases the toxicities of these metals to
plant.

After 45 days, length of shoot and root of A. retroflexus were measured and shoot lengths were
shown in figure 1. A. retroflexus plant had exhibited high biomass production with the application
of ammonium molybdate. The results show that ammonium molybdate could promote A. retroflexus
plants to produce more biomass, because nitrogen and molybdenum are fertilizer, which can
promote A. retroflexus plant to improve tillering and biomass gain. Biomass can express the
tolerance of plants to toxic metals indirectly [26]. The average shoot lengths of treatment plants
were longer than the control plants, but the shoot lengths of No.4 and No.5 were shorter than
controls. It may be due to the reason that with addition of ammonium molybdate into soils, Cd, Ni
and Cu formed more soluble fractions and the toxicities of Cd, Ni and Cu have reduced the
chlorophyll content [27]. Figure 2 shows the phytotoxicity symptoms exhibited by A. retroflexus.
Wilting and leaf necrosis have been described as typical visible symptoms of Ni** toxicity [28].

gﬂ -
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13 1 T $ ¥ shoot

Control  Ne.l No.2 No.3 Nod No.5
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Figure 1. Shoot lengths of A. retroflexus.

Figure 2. Toxicity symptoms exhibited by A. retroflexus.

BCF is the ratio of the metal concentration found within the tissues over the metal concentration
found in the soil. The greater is the coefficient, the greater will be the uptake of heavy metal. It was
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observed that for Cd, Ni and Cu the average BCF values (Table 5) of A. retroflexus plant treated
with ammonium molybdate were higher than control but for Pb and Zn it was lower than control.

Table 5. The average bioconcnetration factor and
translocation factor value of Amaranthus retroflexus.

Bioconcentration factor of shoot
Treatment Ni Cd Cu Pb /n
Control 0.06 0.21 0.17 0.35 0.51

No.l 0.19 031 021 023 043
No.2 0.28 1.64 027 018 03
No.3 036 2987 032 0.11 0.24
No.4 0.42 456 045 0.09 0.13
No.5 1.25 97.6 2.7 0.03  0.09

Bioconcentration factor of root
Control 0.14 0.24 0.36 0.8 0.78

No.1 0.37 0.53 057 043 0.58
No.2 0.56 247 067 026 043
No.3 0.86 3733 0.8 0.18 0.31
No.4 1.23 614 1.19 0.14 0.18
No.5 43 138 635 0.07 0.11

Translocation factor
Control 0.44 0.86 0.47 0.43 0.65

No.l 0.5 058 037 054 0.74
No.2 0.5 0.67 0.41 0.7 0.7
No.3 0.42 0.80 039 064 0.75
No.4 0.34 074 038 064 0.73
No.5 0.29 071 042 046 0.78

Maximum BCF value of A. retroflexus was found for Cd in treatment No.5. Tt was 97.6 and 138
for shoots and root respectively. The maximum BCF value of Ni and Cu was also found in
treatment No.5. Low BCF value of A. retroflexus for Pb and Zn indicates that low amount of metal
uptake. This indicates that A. retroflexus plant had higher ability to uptake Cd, Ni and Cu with
ammonium molybdate. This may be due to that complexation of ammonium molybdate increased
the mobility of these metals [29]. TF is a measure of the ability of plants to transfer accumulated
metals from the roots to the shoots. It is given by the ratio of concentration of metal in the shoot to
that in the roots [30, 31]. A TF value greater than 1 is indicative of metal accumulation and
transport into the different plant parts, and less than 1 is suggestive of storage of metal in roots. In
this experiment, TF values of A. retroflexus were lower than 1, which indicates that maximum
amount of heavy metals were stored in roots.

This study therefore has proved the possibility of using ammonium molybdate with
phytoremediation for phytostabilization of Pb and Zn and for phytoextraction of Cd, Ni, and Cu by
A. retroflexus. Ammonium molybdate shows immobilization and mobilization effect on
phytoremediation of the toxic heavy metals in soil. Ni, Cd and Cu were chelated and form more
soluble fractions with ammonium molybdate and Pb and Zn were precipitated with ammonium
molybdate. Mobilization effect of ammonium molybdate on Ni, Cd and Cu increases the
bioavailability of these metals to plant. Immobilization effect of ammonium molybdate on Pb and
Zn decreases the biotoxicity of these metals to plant by decreasing the bioavailability of these
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metals to plant. It was found that application of ammonium molybdate to soil is a promising
technology in phytoremediation; it acts as a stabilization agent and as an extracting agent.
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ABSTRACT

Contamination of drinking water due to fluoride
is a severe health hazard problem. Excess of
fluoride (>1.5 mg/l) in drinking water is harmful
to human health. Various treatment technologies
for removing fluoride from groundwater have
been investigated. The present study showed
that Vetiveria zizanioides, a herbal plant of Ker-
ala—commonly known as Vetiver is an effective
adsorbent for the removal of fluoride from aque-
ous solution. Phosphoric acid activated Vetiver
root showed good adsorption capacity than the
fresh powdered Vetiver root. Batch sorptive de-
fluoridation was conducted under variable ex-
perimental conditions such as pH, agitation time,
dose of adsorbent and particle size. Maximum
defluoridation was achieved at pH 6; there is a
greater possibility of columbic interaction be-
tween fluoride ion and adsorbent surface at this
pH. The percentage of fluoride removal in-
creases with adsorbent dose and time at a given
initial solute concentration. The surface and sor-
ption characteristics were analyzed using SEM
techniques. Freundlich as well as Langmuir iso-
therm were plotted and kinetic constants were
determined.

Keywords: Defluoridation; Fluorosis; Batch
Adsorption; Vetiver; Phytoremediation

1. INTRODUCTION

Water is most abundant and is an essential component
of our life supporting system. But today most of the
countries are facing drinking water problems. In India,
drinking water is contaminated at many places by vari-
ous pollutants such as fluorides, nitrates, iron etc.

Fluoride is often considered as a “two edged sword”
because deficiency of fluoride intake leads to dental car-
ies while excess consumption leads to dental and skeletal
fluorosis. Symptoms affecting the soft tissues such as

Copyright © 2012 SciRes.

muscles and ligaments are also reported [1]. Fluorosis is
an important clinical and public health problem in se-
veral parts of the world. Global prevalence of fluorosis is
reported to be about 32% [2].

Due to high toxicity of fluoride to mankind, there is an
urgent need to treat fluoride-contaminated drinking water
to make it safe for human consumption. According to
World Health Organization (WHO), the maximum ac-
ceptable fluoride concentration in drinking water is 1.5
mg/L. From the literature surveys, the groundwater of
the two districts in Kerala, India (Palakkad and Alleppy)
shows high fluoride content [3].

The use of plant materials is a traditional technology
for purifying potable water that is still in widespread use
in rural areas of Latin America. The use of natural pro-
ducts has recently been rediscovered by water-supply
technologists and is being further developed with more
scientific rigour [4,5].

The conventional method of fluoride removal includes:
ion-exchange, reverse osmosis and adsorption [4,6,7].
The ion-exchange, reverse osmosis are relatively expen-
sive. Therefore, still adsorption is the viable method for
the removal of fluoride. Adsorption is the process con-
sidered to be efficient to defluoridate the water. Adsorp-
tion involves the passage of contaminated water through
an adsorbent bed, where fluoride removed by physical,
ion-exchange or surface chemical reaction with adsorb-
ent. Because of its ease of operation and cost-effective-
ness, adsorption is still widely accepted pollution remo-
val technique. Plant materials are reported to accumulate
fluoride and hence application as defluoridating agents
has been suggested. The use of medicinal plant materials
for the fluoride removal was investigated.

Several publications are available on the effective re-
moval of fluoride using low cost materials. The tested
materials include activated alumina, amorphous alumina,
activated carbon, calcite, zeolite clay, charcoal, bleaching
earth, red mud etc [1,8-12]. The materials like kaolinite,
bentonite, charfines, lignite and nirmali seeds were also
investigated for the removal of fluoride [13].

Kerala is one of the states in southern India, which has
a rich biodiversity of medicinal plants. In the present
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study, the efficiency of removal of fluoride by using
various locally available medicinal plants from Kerala
was investigated. The study assesses the suitability of in-
expensive adsorbents to effectively remediate fluoride
contaminated water. The study investigated defluorida-
tion capacities of the following plant materials-Rama-
cham (Vetiveria zizanioides), Tamarind seed (Tamarindus
indica), Clove (Eugenia carryophyllata), Neem (Azadira-
chta indica), Acacia (Acacia catechu willd), Nutmeg
(Myristica fragarns), and coffee husk (Coffea arabica)
which are grown indigenously Kerala [2].

Effect of important controlling factors, viz pH, dose of
adsorbent, contact time, particle size and initial fluoride
ion concentration on the fluoride removal efficiency was
studied. The kinetics of removal was studied and the
mechanism of removal suggested is controlled by ad-
sorption and inter particle bridging.

2. MATERIALS AND METHODS

All the reagents used for the present study were of GR
grade from E. Merck Ltd. India. A standard solution of
1000 ppm fluoride was prepared by dissolving 2.21 g of
anhydrous sodium fluoride in 1000 ml of double distilled
water. The fluoride solution of required concentration
was prepared by diluting this standard solution. SPADNS
spectrophotometric method was used to determine the
fluoride concentration [14]. The instrument was cali-
brated and a curve was prepared using standard solu-
tions.

The batch adsorption study was carried out in three
stages-in the first stage; locally medicinal plants were
selected as the study materials. Initial studies indicated
that plants like Vetiver root, Tamarind seed and Clove
were comparatively more efficient in the removal of
fluoride. Activated form of Vetiver root has high degree
of micro porosity and high surface area. The surface
modification of activated Vetiver root as shown in Scan-
ning Electron Microscope image. So in the third stage
detailed studies on activated Vetiver root was carried out.

All the adsorbents used in this study were collected
locally, washed well with tap water and then with dis-
tilled water, dried in an air oven at 110°C for 5 hour,
micronized in a flour mill and sieved to get particles of
sizes 0.1, 0.2 0.3, 0.5 mm. A synthetic solution of flu-
oride was prepared from analytical reagent sodium flu-
oride and stored in polythene bottles. The pH of the so-
lution was adjusted to the required level, using HCI (0.1
mol/l) and NaOH (0.1 mol/l) solutions [15].

Activation of Vetiver root was carried out by giving
heat treatment (at 600°C - 800°C) and with the use of
phosphoric acid in the ratio 1:4. The activated product is
washed with water and dried. Activity was controlled by
altering the proportion of raw material to activating agent,
between the limits of 1:05 to 1:4.

Copyright © 2012 SciRes.

2.1. Batch Studies

The batch experiments were carried out in 250 mL
stoppered bottles by agitating a pre-weighed amount of
the adsorbent with 50 mL of the fluoride solutions [15].
The adsorbent was separated with filter paper. The con-
centration of fluoride remaining in the filtrate was ana-
lyzed spectrophotometrically, using SPADNS reagent at
570 nm [14].

2.2. Adsorption Isotherms

Freundlich and Langmuir equations were used to find
the patterns of adsorption by adsorbent activated Vetiver
root for fluoride removal. The sorption isotherm studies
are conducted by varying the initial concentration of
fluoride from 1 to 5 mg/L and maintaining the adsorbent
dosage of 0.5 g.

2.2.1. Freundlich Adsorption Isotherm
The non-linear form of Freundlich equation is:

X/m =KCe"

where,

X/m = Amount adsorbed per unit weight of adsorbent
(mg/g) or adsorption capacity and is calculated as fol-
lows.

X/m=(Ci—Ce) x V x eq.wt./1000 x m.

Ci = Initial concentration of solution in mg/L.

Ce = Equilibrium concentration of the solution in
mg/L.

V = volume of the solution in mL.

K = Constant of the system depending on temperature
and is known as Freundlich adsorption coefficient. It
represents the adsorption capacity.

n = Freundlich constant, which should be between 1
and 10 for favorable adsorption. Values of “n” greater
than unity suggest that adsorption is relatively more effi-
cient at low concentration.

This equation is conveniently used in the linear form
by taking the log on both sides as,

Log(X/m)=logK+(1/n)logCe

A plot of log(X/m) against log p or log Ce, yield a
straight line. The constants K and n are determined from
the intercept and slope respectively.

2.2.2. Langmuir Adsorption Isotherm
Langmuir equation is based on the assumption of a
monolayer of adsorbate molecules. It is of the form,

(X/m)=(aV,Ce)/(1+aCe)

where,
a = adsorption bond energy
V., = maximum adsorption density (corresponding to
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monolayer formation on the adsorbent)
Linear form of the equation is,

Ce/(X/m)Zl/(an )+(1/V,,)Ce

A plot of Ce/(X/m) against Ce, yield a straight line.
The Langmuir constants a and V,, were calculated from
intercept and slope respectively

3. RESULTS AND DISCUSSION
3.1. Stage 1

The first stage of the study provided the order of re-
moval efficiency of different adsorbents from a solution
contaminated with 2 mg/L fluoride. The order of removal
of fluoride is: Vetiver root (Vetiveria zizanioides, 80%),
Tamarind seed (Tamarindus indica, 75%), Clove (Eugenia
carryophyllata, 70%), Neem (Azadirachta indica 52%),
Acacia (Acacia catechu willd, 47%), Nutmeg (Myristica
fragarns, 45%), and Cofee husk (Coffea arabica, 38%)
as shown in Figure 1. Effect of important controlling fac-
tors, viz, pH, dose of adsorbent, contact time and initial
fluoride ion concentration on the fluoride removal effi-
ciency was studied. The kinetics of removal was studied
and the mechanism of removal is due to adsorption and
inter particle bridging.

3.2. Stage 2

The results of Batch sorptive defluoridation of Tama-
rind seed, Vetiver root and Clove was conducted under
variable experimental conditions are discussed in the
following section.

3.2.1. Effect of Agitation Time

The effect of agitation time was found to be increased
up to a certain period of time after which the rate of
sorption was found to be constant. In Figure 2 it was
found that the percentage removal of fluoride for tama-

rind seed, Vetiver root and clove was 51, 54, and 51 re-
spectively.

3.2.2. Effect of Sorbent Dosage

As the weight of adsorbent dose increased the sorption
percentage also increased. The response of adsorbent
dose on the removal of fluoride is presented in Figure 3.
This might be due to the fact that at higher doses of
adsorbent, more sorbent surface and pore volume would
be available for the adsorption interaction and this result
in higher removal. It was also observed that, initially, the
removal of fluoride increases with the dose but beyond
certain dose range, there is no significant increase in
removal. This perhaps is due to non-adsorbability of flu-
oride ion as result of sorbent-sorbate interaction. Results
shows that the biosorbents, viz, Vetiver root removes
80% of fluoride at a dose of 1g in 50ml of fluoridated
water and tamarind seed and clove removes 75 and 70%
at the same dose.

3.2.3. Effect of Particle Size

The effect of particle size on fluoride sorption is given
in Figure 4. Increase in particle size reduces the sorption
rate. Increase in particle size from 100 to 500 micron
reduces the sorption level from 75 to 45 per cent. The
breaking of larger particles tends to open tiny cracks and
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Figure 1. Comparison of fluoride removal efficiencies of dif-
ferent plant materials.

Copyright © 2012 SciRes.

Figure 2. Effect of agitation time on defluoridation.
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Figure 3. Effect of sorbent dosage on defluoridation.
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Figure 4. Effect of particle size on sorption of fluoride.

channels on the particle surface of the sorbent. The smal-
ler particle provides more sorption sites and surface area
leading to greater sorption.

The study indicates that the three biosorbents are suit-
able for the removal of fluoride ions. The percentage of
fluoride removal increases with adsorbent dose and time
at a given initial solute concentration. The fluoride re-
moval efficiency decreases with increasing initial fluo-
ride ion concentration.

3.3. Stage 3

From the adsorption study, it is clear that Vetiver root
has the potential to be an efficient defluoridating agent
(80% removal), so further study was carried out using
activated Vetiver root. Powdered activated Vetiver showed
higher efficiency (90%) than the other. The batch sorp-
tive defluoridation of powdered activated vetiver was
conducted under variable experimental conditions such
as pH, agitation time, dose of adsorbent and particle size.

3.3.1. Effect of pH

The adsorption was found to be sufficiently influenced
by the pH of the medium. The effect of pH change on the
defluoridation was carried out within a range of pH 2 -
10. Maximum removal was observed around neutral pH
(around neutral pH, the surface will be positively charged-
columbic interaction between fluoride ion and adsorbent
surface was higher) is shown in Figure 5.

In the acidic pH range, the amount of fluoride ad-
sorbed slightly decreased and this can be attributed to the
formation of weak hydrofluoric acid. In alkaline pH range,
there was sharp drop in adsorption which may be due to
the competition of the hydroxyl ions with the fluoride for
adsorption [16].

3.3.2. Effect of Agitation Time on Defluoridation

The effect of agitation time was found to be increasing
up to a certain period of time after which the rate of
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sorption was found to be constant as shown in Figure 6.

3.3.3. Effect of Sorbent Dosage on
Defluoridation

The response of adsorbent dose on the removal of fluo-
ride is presented in Figure 7. The fluoride uptake in-
creases with the corresponding increase in the amount of
adsorbent. Initially, the removal of fluoride increases
with the dose but beyond certain dose range, there is no
significant increase in removal.
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Figure 5. Effect of pH on sorption of fluoride.
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Figure 6. Effect of agitation time on defluoridation.
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Figure 7. Effect of sorbent dosage on defluoridation.
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3.3.4. Effect of Particle Size on Sorption of
Fluoride
The effect of particle size on fluoride sorption is given
in Figure 8. Increase in particle size from 100 to 500
micron reduces the sorption level. The smaller particles
provide more sorption sites and surface area leading to
greater sorption.

3.3.5. Effect of Temperature on Defluoridation

There is no significant effect of sorption of fluoride
observed with varying temperature.

The study indicates that the powdered activated Veti-
ver root is suitable for the removal of fluoride ions. The
percentage of fluoride removal increases with adsorbent
dose and time at a given initial solute concentration. The
fluoride removal efficiency decreases with increasing
initial fluoride ion concentration.

3.4. Adsorption Isotherm

The sorption isotherm studies are conducted by vary-
ing the initial concentration of fluoride from 1 to 5 mg/L
and maintaining the adsorbent dosage of 0.5 g. Adsorp-
tion isotherm of activated Vetiver root mare discussed in
Table 1.

3.4.1. Freundlich Adsorption Isotherm for the
Adsorption of Fluoride
From Figure 9, the observation from the kinetic study
are given below

e The value of k and 1/n are 3.467 mg/g and 0.357 re-
spectively.

e Since the value of the constant 1/n (adsorption inten-
sity) is less than unity, it indicates favorable adsorp-
tion.

e The higher value of k indicates rate of adsorbate re-
moval is high.

3.4.2. Langmuir Adsorption Isotherm for the
Adsorption of Fluoride
The observation from Figure 10 are given below
e The values of Langmuir parameters, V,, and a are
4.2918 and 0.231 respectively.

Table 1. Adsorption isotherm of activated vetiver.

o The linear plot obtained indicates the applicability of
Langmuir adsorption isotherm for the adsorption of
fluoride.

The surface modification of the fluoride adsorbed ma-
terial was further confirmed through Scanning Electron
Microscope image.

SEM micrograph of activated Vetiver adsorbent before
fluoride loading was somewhat smooth (as shown in Fig-
ure 11), after fluoride adsorption the surface became much
rockier in appearance (as shown in Figure 12).
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Figure 8. Effect of particle size on sorption of fluoride.
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Figure 9. Freundlich adsorption isotherm.

Ci (mg/1) Ce (mg/1) X (mg) m (g) X/m (mg/g) Ce/(X/m) log Ce log X/m
1 0.1 0.9 0.5 1.8 0.056 —-1.000 0.255
2 0.5 1.5 0.5 3 0.167 —0.301 0.477
3 0.9 2.1 0.5 42 0.214 —0.046 0.623
4 2 2 0.5 4 0.500 0.301 0.602
5 2.7 23 0.5 4.6 0.587 0.431 0.663
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Figure 11. SEM images of free activated vetiver root (x500
magnification).

Figure 12. SEM images of fluoride loaded activated vetiver
root (x500 magnification).

3.5. Fabrication of Domestic Filter Using
Tested Material

Based on the adsorption study of activated Vetiveria
zizanioides, a water treatment unit for defluoridation was
developed.

The column of an ordinary household water filter (7.5
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cm height and 8 cm diameter) was packed with four ma-
terials in five layers-sand, activated Vetiver root, acti-
vated carbon and pebbles are in a ratio of 1:2:4:6. Dif-
ferent weights of Vetiver adsorbent were used for fluo-
ride filtration. The resultant filtrate was measured for
fluoride by spectrophotometer using SPADNS method.
The efficiency of the column was evaluated through the
elution of a solution of known concentration of fluoride.
The fluoride removal efficiency of the filter system was
found low when the filtrate was collected immediately,
that is the time of contact between the sample and
Vetiver was small. As the time of contact increased, the
efficiency of removal of fluoride also increased and
maximum efficiency of fluoride removal was 90% when
the time of contact was increased to 20 minutes. Re-
moval efficiency depends on the amount of activated
Vetiver root powder, time of contact and volume of the
sample taken. This filter system has a removal efficiency
of 90 % fluoride solution with adsorbent regeneration
capacity.

4. CONCLUSION

Different plant species were studied for testing the ef-
ficiency of fluoride removal. Vetiver root was found to
be promising for the removal of fluoride. In its activated
powdered form, Vetiver root has the potential to be an
efficient defluoridating agent. The sorption process of
fluoride ion on activated Vetiver root was influenced by
many experimenttal conditions. The equilibrium data
obtained fitted well with Langmuir and Freundlich iso-
therms. SEM micrographs of activated Vetiver adsorbent
after fluoride loading confirmed the adsorption of fluo-
ride.
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