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PREFACE

Volatile organic compounds namely toluene(T), ethylbenzene (E) and o-
xylene (X) are widely used in various industrial processes. TEX is the primary
pollutants that convert into secondary air pollutants and result in disastrous condition
that claim a number of lives.Huge amounts of TEX are discharged into the air and
further TEX contaminated wastewater is discharged into surrounding water bodies
from various industries. TEX are carcinogenic, toxic, and flammable substances,
presence of greater amounts of these carcinogenic solvents in water bodies may
affectair/water quality and thus endanger both publichealth and wellbeing.

To address the afore mentioned problems efforts were made to synthesize
carbon nanotubes (LCNT) and carbon microspheres (LCM) indigenously by floating
catalytic chemical vapor deposition method. In this method, ferrocene dissolved in
benzene acted as the hydrocarbon source and the material was prepared without any
additional substrate. Further functionlization of the prepared carbon materials was
carried out by oxidation using nitric acid to produce oxidized carbon nanotubes
(LCNT-OX) and oxidized carbon microspheres (LCM-OX). The prepared adsorbents
were evaluated for the removal of TEX from both air and water matrices.

Theprepared carbon composites were characterized by various techniques
including Scanning Electron Microscopy (SEM), Transmission electron microscopy
(TEM), Fourier Transform Infrared spectroscopy (FTIR), Brunauer—Emmett—Teller
(BET) surface analyzer, Raman, and X-ray photoelectron spectroscopy (XPS).

The hexagonal arrays of sp2-like carbon atoms in the tubular graphene sheets
on the surfaces of CNTs provide a favorable morphological structure for adsorbing
aromatic compounds. The prepared CNTs ranged from 50 to 80 nm in width and few
micrometers in length. The specific surface area of LCNT and LCM was found to be
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99.8and 7.22 m?/g respectively. Further upon oxidation with nitric acid opening of
pores lead to increased surface area. Thus the surface of LCNT-OX and LCM-OX
was found to be 121. 68 and 12.70 m%/g respectively. Further pore size distribution of
the composites revealed higher percentage of mesopores in all the adsorbents.

The adsorption kinetics of TEX over various prepared carbon composites in
water followed Pseudo Second Order Kinetics with regression coefficients >0.99.
Langmuir and Freundlich isotherms were used to model the obtained equilibrium
data and various isotherm constants were evaluated. The main novelty in this work is
the preparation of CNTs without any substrate.Adsorption properties of TEX as a
function of equilibration time, pH initial TEX concentrations were evaluated.

The removal TEX from ground water matrix without depreciation in sorption
capacity, faster kinetics, dynamic equilibrium and recyclability studies advocate the
applicability of carbon composites in filter cartridges and wastewater treatment
units.Recyclability studies were demonstrated for 5 cycles without any decrease in
the sorption capacity.Column studies revealed that 50 bed volumes of (950 ml) of 30
ppm toluene containing distilled water could be treated reducing the concentration
from 30 ppm to below detection limit using 3 mg of LCNT.The prepared material
was applied to the successful removal of Toluene, ethyl benzene and O-Xylene from
aqueous solutions.

Adsorption of TEX by lab CNTs were found to be constant irrespective of
initial pH of the aqueous solution. The rate of adsorption of TEX on lab CNTs was
very fast and within 20 min equilibrium was reached.Maximum adsorption capacity
of LCNT, LCNT-OX, LCM and LCM-OX towards o-xylene were found to be 47.17,
72.46, 24.27 and 47.16 mg/g, respectively. It was found that using static adsorption

test the TEX adsorption capacity for the carbon composites were in the order of
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LCNT-OX >LCNT, LCM-OX >LCM. LCNT-OX for O-Xylene was revealed the
best % removal (76).

However, for O-Xylene and ethyl-benzene were attained the maximum

contact time (Te = 164 min) and overall result as per capacity was followed the
following pattern: O-Xylene > Ethyl-Benzene > Toluene.
Experiments were conducted for the removal of TEX from air. Three different initial
concentrations of TEX were studied namely 100, 300, and 700 ppm. Weight of the
adsorbent for this method was maintained at 3g. It was found that similar to water,
experiments with air revealed higher uptake capacity of LCNT-OX compared to
other adsorbents. Further uptake capacity of O-Xylene was high compared to ethyl
benzene and toluene.

Thus it is evident that prepared adsorbents is efficient in removing TEX from
both air and water matrices and hence the prepared adsorbents could be used to

remove other VOCs as well.
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Chapter-1 Introduction

CHAPTER -1
INRODUCTION
1.1. Introduction

In atmosphere or around us present several air pollutants which play an important
role to causing health problems, like volatile organic compounds (VOCs) are the
major pollutants like benzene, toluene, ethylbenzene and xylene (BTEX) because of
toxicity behavior. VOCs are defined as - organic compounds having vapor pressure
equal to or greater than 0.1 mm Hg (USEPA, 1990). These pollutants are emitted
from natural as well as anthropogenically sources. Pollution of water, soil and air is a
worldwide issue for the eco — environment and human society.

In fact the widespread use of new products and materials in our days has resulted
in increased concentrations of indoor pollutants, especially of volatile organic
compounds (VOCs), which pollute indoor air and maybe affect human health. As a
result, the air of all kinds of indoor spaces is frequently analyzed for VOCs (Brown
et al.,, 1994). Unfortunately, this common practice suffers from the lack of a
standardized procedure to calculate the VOCs value from the results of the analysis.

The organic compounds that evaporate easily are recognized together as volatile
organic compounds. Technically such compounds are defined as organic compounds
with a vapour pressure of 1300 Pascal (about 1% atmospheric pressure at sea level).
These compounds may include several aromatic hydrocarbons and considered into
the common category due to their similar physical behavior in the atmosphere. These
compounds have a boiling point range with lower limit between 50°C and 100°C and
an upper limit between 240°C and 260°C where the higher refer to polar compound.

The major How to cite this paper: Mécabih, Z. (2010) Adsorption-Desorption of

BTEX (Benzene, Toluene, ethylbenzene and O-Xylene) on Fe, Fe-Al Pillared Clay.
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41 VOCs, the benzene, toluene and xylene (BTX) volatile compounds are significant
environmental concern and are listed as priority pollutants by the United States
Environmental Protection Agency (US EPA, 2000)

Mostly VOCs come out as evaporative emissions during handling, storage and
use and as part of incomplete or partially burnt hydrocarbons mostly along with
exhaust gases from vehicles. There are thousands of different VOCs produced and
used in our daily lives. Sources of VOCs like transport: vehicular exhaust, fuel filling
station, fuel adulteration, railways, airways. Industries : major industrial units -
refinery, petrochemical etc, industrial estates, medium scale chemical industries,
domestic emissions - domestic combustion unit, commercial combustion units.
Paints, varnishes, moth balls, solvents, gasoline, newspaper, upholstery, fabrics,
cooking, cleaning, chemicals, vinyl floors, carpets, photocopying, sealing, adhesives,
caulks, cosmetics, air fresheners, fuel oil, and environmental tobacco smoke etc.

VVOCs frequently found in the atmosphere are alcohols, ethers, ketones, aldehydes,
esters, acids, alkanes, cyclic hydrocarbons, alkenes and terpenes, aromatic
hydrocarbons, halocarbons including trichloroethylene etc. (Levin et al., 2006). These
are emitted into the atmosphere from a variety of sources, including vehicles, fossil
fuel combustion, steel-making, petroleum refining, fuel refilling, industrial and
residential solvent use, paint application, manufacturing of synthetic materials
(plastics, carpets etc.), food processing, agricultural activities and wood processing
and burning (Manahan,1994). These VOCs were settled down in the soil and water
but due to evaporation behavior these pollutants tabulated in atmosphere air that
were every toxic. The concentrations of VOCs were toxic more in ambient air and
water substances.

The most commonly occurring chemicals of this class are benzene, toluene,
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ethylbenzene and xylene (BTEX). Tablel show Physical-chemical properties of
Benzene, Toluene and Xylene. The BTEX compounds are harmful toxic pollutants
causing exposure related health effects in human beings. This group of VOCs is
evidently carcinogenic in human beings. Due to the health aspects of BTEX
compounds, it is becoming extremely important to screen their presence and to
determine prevailing concentration in the ambient environment. Acute-eye irritation /
watering, nose irritation, throat irritation, headache, nausea/vomiting, dizziness,
asthma exacerbation chronic—cancer, liver damage, kidney damage, and central
nervous system damage.

Long term exposure to benzene causes Leukaemia in human beings. In animal
studies, leukemia, lymphomas and other types of tumors are observed. Exposure to
benzene is linked to genetic changes, increased proliferation of bone marrow cells
and occurrence of certain chromosomal aberrations in humans and animals. USEPA
has classified benzene as group a human carcinogen. In addition a number of non-
cancer effects are associated with Benzene exposure such as disorders of blood,
harmful effects of bone marrow, anaemia and reduced abilities of blood to clot,
damage to immune system and acts as a reproductive and developmental toxicant.

WHO estimates a 4 in 1 million risk of leukaemia on exposure to benzene to a
concentration of lpg/m3 (0.31ppb). High levels of benzene exposure produce
haematotoxic effects like leucopenia, lymphopenia and anaemia; neurotoxic
symptoms; ventricular tachycardia and respiratory failure. Toluene in comparison to
benzene is less toxic and may cause drowsiness, impaired coordination etc. High
dose exposure of toluene can produce kidney and liver damage and hyperplasia of
bone marrow, anaemia, and depression in central nervous system which may lead to

impairment of coordination and slowed reaction time. Acute xylene exposure may be
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marked by dizziness, weakness, headache, nausea, vomiting, breathing difficulty and
loss of coordination. In severe exposure, there is visual blurring, tremors, heart beat
irregularities, paralysis and loss of consciousness.

Benzene is extensively utilized as industrial solvent in manufacturing of lacquers
varnishes and paint. Benzene escapes from mineral oil and petrol during storage,
transport, loading, unloading or during filling of petrol in motor vehicles. High
concentrations of Benzene are encountered in the vicinity of petrol filling stations,
fuel tank storage sites, coking plant in the vicinity of refineries. Major Benzene
emission originates from the motor vehicles. Benzene is present in both exhaust and
evaporative emissions. Motor vehicles account for approximately 85% of the total
benzene emissions. The remaining is attributed to stationary sources (15%). Benzene
is a component of gasoline. Another important source of benzene in air is active
smoking of tobacco. As per EPA’s estimate active smoking Central Pollution Control
Board, 2002 accounts for roughly half of the total population exposure to benzene,
which is over and above that from motor vehicles.

Benzene is quite stable in atmosphere and the only important reaction in the
lower atmosphere in the reaction with OH radical. This reaction too is very slow.
Benzene is one of the ingredients of petroleum product. Benzene hydrocarbons can
be condensed and washed out to the coke-oven gas. Crude oil contains benzene and
its homologues account for 3.9%-4.8%. In USA Benzene is also produced from
olefins. Benzene in the motor fuel is infact burnt in the combustion process, but at
the same time there is an additional amount of benzene produced through
dealkylation which is emitted. Benzene is mainly used as raw material for the

production of substituted aromatic hydrocarbons.
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Table 1: Physical-chemical properties of Benzene, Toluene and Xylene

Properties

Benzene

Toluene

0-Xylene

m-Xylene

p-Xylene

Physical form (20°C)

Clear colour less liquid

Clear colour less liquid

Colour less liquid

Colour less liquid

Colour less liquid

Flash Point(0°C) -11.1°C 4.4°C 30°C 25°C 25°C
Flammable limits 1.3-7.1% 1.17-7.1% - - -
Melting/ Freezing
point 5.5°C -95°C -25.2°C -47.9°C 13.3°C
Boiling Point (760 mm
of Hg) 80.1°C 110.6°C 144.4°C 139.1°C 138.3°C
1 0
Density (g/ml) (20°C) 0.878 0.8669 0.876 0.860 0.857
Vapour pressure
(26°C) 13.3 kPa 28.7 mmHg 0.66 0.79 0.86
Water:1800 mg/ It at Freshwater: 535 mg/ It
_ 25°C; Nonag. Solvents: at 25°C _ _ _
Solubilities miscible with most Seawater:380mg/lt Water:142 mg/ It Water:156 mg/It Water:185 mg/It
at25°C
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Benzene is found in the air from emissions from burning coal and oil,
gasoline service stations, and motor vehicle exhaust. Acute (short-term) inhalation
exposure of humans to benzene may cause drowsiness, dizziness, headaches, as well
as eye, skin, and respiratory tract irritation, and, at high levels, unconsciousness.
Chronic (long-term) inhalation exposure has caused various disorders in the blood,
including reduced numbers of red blood cells and aplastic anemia, in occupational
settings. Reproductive effects have been reported for women exposed by inhalation
to high levels, and adverse effects on the developing fetus have been observed in
animal tests. Increased incidence of leukemia (cancer of the tissues that form white
blood cells) have been observed in humans occupationally exposed to benzene. EPA
has classified benzene as known human carcinogen for all routes of exposure.

Toluene is added to gasoline, used to produce benzene, and used as a solvent.
Exposure to toluene may occur from breathing ambient or indoor air affected by such
sources. The central nervous system (CNS) is the primary target organ for toluene
toxicity in both humans and animals for acute (short-term) and chronic (long-term)
exposures. CNS dysfunction and narcosis have been frequently observed in humans
acutely exposed to elevated airborne levels of toluene; symptoms include fatigue,
sleepiness, headaches, and nausea.

CNS depression has been reported to occur in chronic abusers exposed to
high levels of toluene. Chronic inhalation exposure of humans to toluene also causes
irritation of the upper respiratory tract and eyes, sore throat, dizziness, and headache.
Human studies have reported developmental effects, such as CNS dysfunction,
attention deficits, and minor craniofacial and limb anomalies, in the children of
pregnant women exposed to high levels of toluene or mixed solvents by inhalation.

EPA has concluded that that there is inadequate information to assess the
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carcinogenic potential of toluene.

Commercial or mixed xylene usually contains about 40-65% m-xylene and
up to 20% each of o-xylene and p-xylene and ethylbenzene. Xylenes are released
into the atmosphere as fugitive emissions from industrial sources, from auto exhaust,
and through volatilization from their use as solvents. Acute (short term) inhalation
exposure to mixed xylenes in humans results in irritation of the eyes, nose, and
throat, gastrointestinal effects, eye irritation, and neurological effects. Chronic
(long-term) inhalation exposure of humans to mixed xylenes results primarily in
central nervous system (CNS) effects, such as headache, dizziness, fatigue, tremors,
and incoordination; respiratory, cardiovascular, and kidney effects have also been
reported. EPA has classified mixed xylenes as a Group D, not classifiable as to
human carcinogenicity.

Several treatment technologies include adsorption, ion exchange, reduction,
reduction followed by chemical precipitation; electrochemical precipitation,
membrane separation, solvent extraction, bio-sorption, etc. have been adopted to
remove volatile organic compounds (VOCSs): benzene, toluene, ethylbenzene and
xylene. The capability of such technique is greatly dependent on the development of
suitable adsorptive materials. Many adsorbents have been used to remove benzene,
toluene, ethylbenzene and xylene from air and water such as metal oxide
nanoparticals, dendirmers, zeolites and carbon nanotubes.

Among the several hundreds of VOCs, most of the VOCs in ambient air are
benzene, toluene, ethylbenzene, xylene, trichloroethylene and heptane. These
compounds are carcinogenic, mutagenic and teratogennic to human health and also
harmful to the skin, central nervous system, kidney and liver. It causes drowsiness,

dizziness, headaches, tremors, confusion, and unconsciousness, leading to anemia at
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high concentration (WHO, 2000). The United States Environmental Protection
Agency (USEPA, 1990) has enlisted these compounds in the group of hazardous air
pollutants (HAPs). HAPs (also known as toxic air pollutants or air toxics) are those
pollutants that cause or may cause cancer or other serious health effects.

There are many adsorbents available for the removal of benzene, toluene,
ethylbenzene and xylene still there is a need for an adsorbent which is ecofriendly,
high removal capacity, operates at neutral pH, chemical stability and can applies in
large scale. The adsorbents described above are cost effective and applied in small
scale, however, carbon based adsorbents are economical, ecofriendly, used in large
scale industries.

However carbon nanotubes (CNTs) are a promising third generation of
carbonaceous adsorbents. CNTs are allotropes of carbon exhibiting regular
arrangement of carbon atoms bonded in single or multiple graphene sheets rolled in
cylinders about a common axis. Naturally, CNTs have characteristic “tubular” voids
along their axes formed by a single layer of carbon atoms bonded together.

The removal of volatile organic compounds (VOCs) from nano carbon tube
technology treatment processes occurs through several mechanisms. These include
absorption, adsorption onto solids, evaporation and air tripping or volatilization to
the atmosphere. A variety of researchers have developed relationships between
oxygen transfer into the water and VOC removal by air stripping (Roberts, et. al.,
1984; Hsieh, et. al., 1993 a, b).

VOCs have significant effect on indoor and outdoor air quality along with
other air pollutants including oxides of nitrogen (NOy), oxides of carbon (CO and
CO,) and particulate matter. The United States Environmental Protection Agency

(USEPA, 1990) has found concentrations of VOCs in indoor air commonly to be 2 to 5
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times greater than in outdoor air and sometimes far greater. People generally spend
more than 80% of their time in an indoor environment such as home, office, hotels etc.
Therefore, exposure through indoor air could be high and it may result in adverse
health effects (Wang et al., 2007).

Consequently, effective air cleaning techniques are necessary for controlling
the indoor air quality. VVarious methods are available to minimize pollutants from the
environment which includes: source control, increase in ventilation and air
purification system. Methods for air cleaning can be divided into two categories, i.e.
combustible and non—combustible processes (Carp et al., 2004). In non-combustible
processes, VOCs released with the waste gas are collected. Contemporary techniques
in this area include adsorption, condensation and biological filtration. In combustible
processes, VOCs in the gas phase are destroyed by thermal and catalytic incineration.
Both of these technologies have disadvantages and limitations in practical
applications.

A significant nanoparticle discovery that came to light in 1991 was carbon
nanotubes. Where buckyballs are round, nanotubes are cylinders that haven’t folded
around to create a sphere. Carbon nanotubes are composed of carbon atoms linked in
hexagonal shapes, with each carbon atom covalently bonded to three other carbon
atoms. Carbon nanotubes have diameters as small as 1 nm and lengths up to several
centimeters. Although, like buckyballs, carbon nanotubes are strong, they are not
brittle. They can be bent, and when released, they will spring back to their original
shape. The carbon atoms in nanotubes are great at forming covalent bonds with many
other types of atoms for several reasons:

Carbon atoms have a natural capacity to form covalent bonds with many

other elements because of a property called electronegativity. Electronegativity is a
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measure of how strongly an atom holds onto electrons orbiting about it. The
electronegativity of carbon (2.5) is about in the middle of the range of
electronegativity of various substances from potassium (0.8) to fluorine. Because
carbon has electronegativity in the middle of the range, it can form stable covalent
bonds with a large number of elements. All the carbon atoms in nanotubes are on the
surface of the nanotube and therefore accessible to other atoms. The carbon atoms in
nanotubes are bonded to only three other atoms, so they have the capability to bond
to a fourth atom.

Techniques have been developed to produce carbon nanotubes in sizable
quantities, including arc discharge, laser ablation, high-pressure carbon monoxide
disproportionation, and chemical vapor deposition (CVD). Most of these processes
take place in a vacuum or with process gases. CVD growth of CNTs can occur in
vacuum or at atmospheric pressure. Large quantities of nanotubes can be synthesized
by these methods; advances in catalysis and continuous growth are making CNTSs
more commercially viable (Takeuchi, 2014). CVD technique can be achieved by
taking a carbon source in the gas phase and using an energy source, such as plasma
or a resistively heated coil, to transfer energy to a gaseous carbon molecule.

During this study we found the best method for carbonization date to be used
for removal BTEX from water, air and wastewater. Also, we studied both the
isothermal and kinetics adsorption models. To understand the mechanism of
adsorption and other variables like pH, concentration and contact time have been
studied. Carbon nanostructures are a relatively new class of synthesized
carbonaceous material. Moreover, in most studies, carbon nanotubes (CNTSs) have
been used as adsorbents and other carbon nanostructures like carbon nanofiber as

well as carbon nanoporous have been studied very limited.
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On the other hand, as carbon nano-structures can vary significantly in shape, size,
morphology, and impurity (e.g., metal, amorphous carbon and O-containing groups),
which can influence their adsorptive properties, more studies are still required for a
better understanding of the molecular interactions of carbon nanotubes and organic
contaminants with different properties. This study has been concentrated on testing
the adsorption of BTEX. Through this study, comparisons of different kinds of
carbon nano-materials and oxidized CNTs have been compared to find out the
conventional sorbents for organic contaminants.

Volatile organic compounds (VOCs) are one of the most important
environmental pollutants that cause adverse effects on human health and
environment, even at very low concentrations (Uria-Tellaetxe et al., 2016). Recently,
a large amount of the volatile organic compounds from process industries such as oil
refining, paint, pharmaceuticals, solvent in manufacturing, transportation and exhaust
vehicles can be released into the atmosphere (Mohammed et al., 2015). It has been
well documented that many of these compounds, such as benzene, are well-known to
cause leukemia, carcinogenic and mutagenic in human body (Chen et al., 2015).
Benzene is the most important risk factor in workplace air and caused the acute
myeloid leukemia in humans (Carlos-Wallace et al., 2016).

In gas phase, a few studies showed that the carbon nanotubes as a favorite
sorbent absorbed benzene vapor from environmental and workplace air as a pollution
removal technique. In addition, the adsorption of BTEXs (benzene, toluene,
ethylbenzene and xylenes) on carbon structures including SWCNT, MWCNT (2
types), nanoporous carbon, carbon nanofibers, double-walled carbon nanotubes and
activated carbon were studied (Jahangiri et al., 2011). In this study, the structure and

surface properties of the carbons were examined, however, the important adsorption
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parameters such as flow rate, initial concentration, temperature and humidity were
assumed constant (Jahangiri et al., 2011). Over the last two decades, the multi-wall
carbon nanotubes (MWCNTS) have been extensively studied in different applications
of nanotechnology due to their extraordinary properties and wide variety of
applications such as mechanical, electrical, optical and sensoring (Popov, 2004).
Benzene is a highly volatile aromatic compound usually component of mineral oil,
petrol, coking plant and other products.

The BTEX (Benzene Toluene, ethylbenzene and Xylene) compounds are
harmful toxic pollutants causing exposure related health effects in human beings.
These groups of volatile organic compounds (VOCs) are evidently carcinogenic in
human beings. The exposure of Benzene may cause respiratory disorders, narcosis,
changes in blood pattern, anemia, leucopoenia and leukemia. Toluene in comparison
to Benzene is less toxic may cause drowsiness, impaired coordination etc.. High dose
exposure of toluene can produce kidney and liver damage and hyperplasia of brne
marrow, anaemia, depression in central nervous system which may lead to
impairment of coordination and slowed reaction time.

Acute Xylene exposure may be marked by dizziness, weakness, headache,
nausea, vomiting, breathing difficulty and loss of coordination. In severe exposure,
there are visuallurring, tremors, heart beat irregulaties, paralysis and loss of
consciousness. Due to exposure associated health aspects of BTX compounds, it is
becoming increasingly important to screen their presence and to determine prevailing
concentration in the ambient, environment. In this study, the experimental parameters
affecting on the benzene removal from air such as, temperature, flow rate and
relationship between temperature/humidity/benzene concentrations were studied and

optimized.
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The performance of the proposed method in bench scale was evaluated by
GC-FID and. Removal of benzene, toluene and xylene from air has yet not been
reported extensively and there are seldom any reports in the literature on the use of
functionalized CNTs towards benzene, toluene, ethylbenzene and xylene. Thus the
topic of the proposed research work aims at the preparation of CNTs indigenously
and functionalizes it with various ligands for the selective removal of benzene,
toluene, ethylbenzene and xylene from water /air at lower and higher concentrations.
Efforts will also be taken to recycle the adsorbent and recover the adsorbed. Thus
Topic of the proposed research work will be carried out to investigate and develop
novel adsorbents for the removal of benzene, toluene, ethylbenzene and xylene from

contaminated air and water.
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1.2.

Aims and Objectives

The present work entitled “Removal of volatile organic compounds (VOCs) from air

and water using carbon nanomaterials.”aims at the preparation of CNTs indigenously

with various legand for the removal of toluene, ethlbenzene, o-xylene from air and

water at lower and higher concentration.

The main objectives of the proposed research work are:

>

Indigenous preparation of CNTs using floating catalytic chemical vtecapor
deposition technique.

Characterization of CNTs produced by various techniques including
Scanning Electron Microscopy and X- Ray Energy Dispersive (SEM and
EDAX), Transmission electron microscopy (TEM), Fourier Transform
Infrared spectroscopy (FTIR) BET surface analyzer, Raman, and X-ray
photoelectron spectroscopy (XPS).

Optimization of various parameters including pH, equilibrium time,
adsorbent dose in batch reactors by dissolving known amount of VOCs in
water.

Kinetic and Isotherm modeling of batch data.

Design of column reactor for VOC removal.

Experiments to study to breakthrough capacity in column mode in air

samples.
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CHAPTER -2

LITERATURE REVIEW

2.1. Introduction

This chapter review with an extensive literature survey on the present
research work. This literature provides a background and guide for help to the
entire study. This chapter includes the review on historical appraisal for VOCs
pollution in air and water, activated carbon nanotubes, activated carbon
preparation methods, application of activated carbon, characterization of carbon
nano material, wastewater treatment methods, air treatment, and effect of
process parameters on activated carbon preparation and adsorption studies
(isotherm and kinetics). Survey matter shows that there is a large variety of
ways to calculate a VOC value from the results of an analysis (eg, De Bortoli et
al., 1986; Krause et al., 1987; Molhave, 1992; Rothweiler et al., 1992; Seifert,

1990; Wallace et al., 1991).

2.2. Volatile Organic Compounds

According to EU Directive 1999/13/ EC or Solvent Emissions Directive
(EU, 1999), VOCs are functionally defined as organic compounds having at
293.15 K (i.e., 20°C) a vapor pressure of 0.01 kPa or more, and having a
corresponding volatility under particular conditions of use. The EU Paint
Directive, 2004/42/EC (EU, 2004) on the other hand, uses that boiling point,
rather than its volatility in its definition of VOCs and defines VOC , an organic
compound having an initial boiling point lower than and equal to 250 °C at an

atmospheric pressure of 101.3 kPa. Same, the European Eco-labelling scheme,
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2002/739/EC (EU, 2002) for paints and varnishes defines VOCs as any organic
compounds having the boiling point (or initial boiling point) lower than and

equal to 250°C.

Air contain 62 VOCs according to the EPA Standard show Table 2 and 23
added VOCs (1, 1-dichloroethylene, dichloromethane, trans-1, 2-
dichloroethylene, cis-1, 2- Dichlooethylene, chloroform, 1, 1, 1-trichloroethane,
carbon tetrachloride, 1, 2- Dichloroethane, benzene, tichlorothylene, 1, 2-
dichloropropane, bromodichloromentane, Cis-1, 3- dichloropropene, toluene,
trans-1, 3-dichloropropene, 1, 1, 2-trichloroethane, Tetrachloroethylene,
dibromochloromethane, m-xylene, p-xylene, o-xylene, bromoform, And p-
dichlorobenzene). Rodenas et al. (2005 and 2011) analyzed adsorption of
mixtures of benzene and toluene at low concentrations on a wide variety of
activated carbon. F. Pourfayaz et al. (2014) Removal of volatile organic
compounds (VOCs) especially benzene, toluene, ethylbenzene and xylenes

(BTEX).
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Table 2: List of 62 VOCs (as per EPA Standard Method t015/17)

Review of Literature

Acetone Ethyldibromide(1,1-Dibromoethane) | Ethanol
Benzene 4-Ethyltoluene Ethylacetate
Benzylchloride Trichlorofluoromethane(Freon11) Ethylbenzene
Bromoform Dichlorodifluoromethane(Freon12) | 1,4-Dioxane
Bromomethane 1,1,2-trichloro-1,2,2-trifluoroethane | Propylene
Bromodichloromethane | 1,2-Dichlorotetrafluoroethane(Freon | Styrene

1,3-Butadiene

Hexachloro-1,3-butadiene

Carbondisulfide

2-Butanone(MEK)

2-Hexanone(MBK)

Carbontetrachlor

Dibromochloromethane

4-Methyl-2-pentanone(MIBK)

Chlorobenzene

1,2-Dichlorobenzene

Methylenechloride

Chlorethane

1,3-Dichlorobenzene

Methyl-tert-butylether(MTBE)

Chloroform

1,4-Dichlorobenzene

2-Propanol

Cyclohexane

1,1-Dichloroethane

1,1,2,2-Tetrachloroethane

Chloromethane

1,2-Dichloroethane Tetrachloroethene Heptane
1,1-Dichloroethene Tetrahydrofuran Toluene
cis-1,2-Dichloroethene | 1,1,1-Trichloroethane 0-Xylene
trans-1,2-Dichloroethene| 1,1,2-Trichloroethane m-Xylene
1,2-Dichloropropane Trichloroethene p-Xylene

cis-1,3-Dichloropropene

1,2,4-Trichlorobenzene

Vinylacetate

trans-1,3-

1,2,4-Trimethylbenzene

Vinylchloride

Hexane

1,3,5-Trimethylbenzene
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2.3. VOC Sources, effect and Contamination of Water and air (Global

Perspective):

Volatile organic compounds (VOCs) are important air and water pollutants
emitted largely by industries, vehicles and domestic cooking using fossil fuels,
especially bio-fuels. Many other VOCs (e.g. benzene, ethylbenzene and n-
decane) are toxic and some are carcinogenic, mutagenic or teratogenic
(Edgerton et al., 1989; Burstyn et al., 2007; You et al., 2008). Besides health
effects, VOCs can combine with nitrogen oxides leading to production of
secondary air pollutants (ozone, peroxy-acetyl nitrates and organic aerosols)

(Carp et al., 2004; USEPA 2006; Song et al., 2007).

Out of several VOCs, the common VOCs which are toxic and present in
the appreciable quantities in ambient air include benzene, toluene, ethylbenzene
and xylene (BTEX) (Lau and Chan, 2003; LU et al., 2006; Zhang et al., 2012).
The major sources of BTEX are vehicular exhausts and evaporation losses from
handling, distributing and storing of solvents (Srivastava et al., 2005; Choi et

al., 2009; Dutta et al., 2009).

Among atmospheric pollutants emitted by industry, volatile organic
compounds (VOC) may achieve particular relevance for the specific sources,
such as petroleum Water, Air, and Pollution by Gariazzo et al., 2005 refineries
and petrochemical plants. In particular, benzene is one of the most toxic
pollutants with a proven carcinogenic and Figure. 1 Showing effect of VOCs on
different part of Human effect associated with the inhalation of benzene-
contaminated air (Ott et al., 1978). An attempt to evaluate the exposure to VOC

compounds from an industrial complex was reported by Park et al. (2004). They
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monitored higher toluene, m + p-xylene and o-xylene “personal air”
concentrations for children attending a school very close to the industrial
complex, with respect to another group living far away. In general, a main
problem in linking the environmental pollution to health effects is the current

lack of data about the actual exposure to hazardous pollutants.

The major source is emission from motor vehicles and evaporation losses
during the handling distribution and storage of petrol. As the CPCB survey
during 1988-89 five Metro cities account for 35% of total vehicular population
in India. 2 Wheelers in 5 Metros only account for 23% of all 2 Wheelers in
India. Two-wheelers have grown in number accounting for 68.8% of all
vehicles in 1995 against 8.8% in 1951 in India. Delhi alone accounts 1/8th of
Total Vehicle Population (TVP) in India. The total number of vehicles in Delhi
(27.0 lacs) was more than number of vehicles in cities of Mumbai (7.24 lacs),
Calcutta (5.61 lacs) and Chennai (8.12 lacs) put together during 1995. The total
no. of 2 Wheelers in Delhi (14.03 lacs) was about one and half times of other
three Metros i.e. Mumbai (2.46), Calcutta (2.22) & Chennai (4.61) put together

during 1993.

The total number of vehicles in Delhi was 30 lacs as on March 31, 1998,
which has grown up to more than 34.25 lacs as on July 2001. (Out of which
CNG vehicle constitute 2450 Buses, 1178 Mini-Buses, 27,263 Three-Wheeler,
1993 Taxis).Diesel vehicles constitutes about 6% of total vehicles. Two
wheelers owing to predominate category (i.e. about 2/3rd of total vehicular
population in Delhi need utmost attention. In the petrol driven two-wheeler the

emission of benzene is significant because about 20-30% of fuel is coming out

19



Chapter-2 Review of Literature

as unburnt hydrocarbon. Gasoline consumption in Delhi has shown a growth of
247% during 1997-98 against 1980-81 as compare to Diesel consumption

growth of 150% only.

About 50% of benzene is absorbed by inhalation & absorption of it via skin
is limited. The high lipophilicity and low water solubility of benzene favour its
distribution to fat-rich tissues. Benzene distributed by blood accumulates in fat-
rich tissues like adipose tissue bone marrow & liver. Benzene is readily
absorbed by the body during inhalation or ingestion and is rapidly distributed
throughout the body, particularly in fatty tissues. Metabolism occurs primarily
in liver and to less extent in the bone marrow, producing intermediates, which

account for the toxicity of benzene. In human, half-life of benzene is 1 - 2 days.

Accumulation is not expected for benzene or its metabolites. Benzene is
primarily exhaled through the lungs unchanged or excreted as metabolites in the
urine. Benzene is oxidized by cytochrome P-450- dependent mixed-function
oxidase system. In humans voluntarily exposed to 100ppm (320 mg/m3)
benzene for 5 hours, 61% absorbed benzene was metabolised to phenol, 6.4% to

catechol & 2% to hydroquinoue while 26% was exhaled unmetabolized.

The major part of the metabolites was excreted as sulfate or glucoronic acid
conjugates. Metabolites of benzene are responsible for haematotoxicity. The
bio-transformation path ways are the formation of phenol via epoxide &
catcehol via benzene dihydrodiol. Hydro-quinone, catechol and hydroxy
hydroguinone are converted to p-benzosemiquinone and p- benzoquinone, to o-
benzoquinone and to o- hydroy-p-benzosemiquinone and hydroxy — p —

benzoquinone respectively. The copy of reactions is enclosed. These
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metabolites bind covalently to microsomal proteins or mitochondrial DNA
metabolism leads to opening of benzene ring & this pathway plays a role of

heamotoxicity.

Benzene is ubiquitous in the environment, resulting in the exposure of most
humans to trace levels (or more) of this chemical. Exposure in the general
population is primarily to air borne benzene and derives from active and passive
tobacco smoke, industrial activities, and use of the automobile (gasoline fumes
from refilling, etc. and exhaust emissions). Estimates of the daily amounts of
benzene consumed in drinking — water and food-stuffs vary considerably and
are of the order of pg/day. Depending upon the assumptions made with respect
to levels of benzene from tobacco products and foodstuffs, estimates for the
exposure of the general smoking population in industrialized countries range
from 2000 to 3500 pg benzene/day. Adult (70kg) non-smokers are considered to
be exposed to about 200 to 1700 pg benzene/ day (about 3 to 25 pg/kg body
weight per day). It would be helpful to have more information on total human

exposure, particularly in developing countries.

TEX are carcinogenic, toxic, and flammable substances, presence of greater
amounts of these carcinogenic solvents in water bodies may affect water quality
and thus endanger both public health and wellbeing (Purdom, 1980). Thus it is
imperative that cost effective and sustainable wastewater treatment is required
for TEX contamination. Conventionally activated carbon is the most widely
used adsorbent (Daifullah and Girgis, 2003, Lillo-Rodenas et al. 2005, Wibowo

et al. 2007).

Department of the Environment; ( Based on rural daily mean of 0.5 ppb and
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urban maximum daily mean of 12.2 ppb at Exhibition Road, London. Intake
calculated using the World Health Organisation method) About 50% of inhaled
Benzene in air is absorbed. Benzene intake based on 24 hour exposure volume
of 20 m3 at rest will be 10 mg/day for each 1 mg/m3 benzene in air. The daily
adult intake at a typical benzene level of 16 pg/ m3 will, Central Pollution
Control Board, 2012, therefore, be about 160 pg. Together with other pollutants,
benzene also participate in photochemical process which result in formation of
oxidants and smog. Exposure to high level of benzene causes neurotoxic
symptoms. Persistent exposure to high level of toxic level of benzene may cause
injury to human bone-marrow. Early manifestation of toxicity areanaemia,

leucocytopania or thromo-cytopania.

Benzene is a known human carcinogen (IARC Group). Typical in vehicle
and refueling exposure in US in 1987-1991 are reported to be 40 ug/m3 (12ppb)
and 288ug/m3 (89ppb), respectively - Occupational Exposure : The major
factors controlling industrial exposure to benzene are process technology,
worker practices and the efficiency and sophistication of engineering controls.
When appropriate engineering controls are in place, available monitoring data
indicate that exposures of workers involved in the production, handling and use
of benzene and benzene- containing materials which vary from non-detectable
levels to approximately 15 mg/m3 (8-h TWA), in addition to the amounts
estimated for the general population. In developing countries the exposure can

be several times higher.

Due to the nature of the processes involved, a small percentage of workers

may be exposed to more than 320 mg benzene/shift. In some developing
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countries, benzene exposure may be sufficiently high to cause acute toxicity.
Dermal exposure to benzene has generally not been included in these estimates.
As regards to permissible level of benzene concentration for occupational
exposure, American Conference of Government Industrial Hygienists prescribes
a threshold limit value (TLV) of 0.5 ppm (1622 pg/m3) (TWA). OSHA
regulations also call for human exposure limit of less than 0.5 ppm. National
Institute of Occupational Safety and Health (NIOSH) suggests Recommended

Exposure Limit (REL) of 320 pg/m? (0.1ppm).

Long term exposure to benzene in air causes leukaemia in human beings. In
animal studies, leukaemias, lymphomas and other types of tumours are
observed. Exposure to benzene is linked to genetic changes, increased
proliferation of bone marrow cells and occurrence of certain chromosomal
aberrations in humans and animals. US EPA has classified benzene as Group A
human carcinogen. The International Agency for Research on Cancer (IARC),
Lyon (France) has list added benzene as carcinogenic to humans. In addition a
number of non-cancer health effects are associated with benzene exposure such
as disorders of blood, harmful effects on bone marrow, anaemia and reduced
abilities of blood to clot, damage to immune system and a reproductive and

developmental toxicant.

WHO estimates a 4 in 1 million risk of leukaemia on exposure to benzene
to a concentration of 1 ug/m3 (0.31 ppb) High levels of benzene exposure
produce haematotoxic effects like leucopenia, lymphopenia & anaemia in
laboratory animals. Exposure to high levels of benzene causes neurotoxic

symptoms. Substances that can induce benzene —metabolizing enzymes are
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likely to modify the haematotoxicity of benzene.

It has been found that benzene itself, Phenobarbital, Toluene & ethanol can
modify the metabolism & haematotoxicity of benzene if animals an pretreated
with these substance. Toluene has been found to inhibit the metabolism of
benzene & decrease its haemototoxicity. Ethanol inhances the haemototoxicity
of benzene in mice. Acute lethal doses of benzene in experimental animals
cause narcosis, ventricular tachycardia and respiratory failure. At benzene
concentration above 32 ug/m? in air, there is a co-relation between phenol

excretion in urine and the level of exposure.

As many VOCs are known to have short-term and long-term adverse effects
on human health and comfort, VOCs are frequently determined if occupants
report complaints about bad indoor air quality. On the comfort side VOCs are
associated with the perception of odours. Adverse health reactions include
irritation of mucous membranes, mostly of the eyes, nose and throat, and

longterm toxic reactions of various kinds (ECA-1AQ, 1991).

Aydin Berenjian et al. (2012) volatile organic compounds (VOCs) are man-
made and/or naturally occurring highly reactive hydrocarbons. World Health
Organisation defined VOCs as any organic compound whose boiling point is in
the range from (50- 100°C) to (240-260°C), corresponding to having saturation
vapour pressures greater than 102 kPa at 25°C (ISO-16000-6, 1989). Many
types of VOCs are toxic or even deadly to humans and can be detrimental to the
environment. Therefore a multitude of definitions exist globally depending on
the context frame used by different organisations such as United Nations

Economic Commission for Europe (UNECE) and U.S. Environmental
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Protection Agency (EPA).

The international agency for research on cancer (IARC, USA) has classified
benzene as Al group (carcinogenic effect) which can cause many diseases in
human such as; lymphoma, aplastic anemia and bone marrow damage (Pearce et
al., 2015; Stenehjem et al., 2015). Benzene has been widely used in many
petrochemical industries as a solvent in raw product and by-product
(Mohammed et al., 2015). The exposure to benzene caused to consider a toxic
substance which was strictly monitored around the world (Zhao et al., 2015). As
a consequence, the government regulations have been established to reduce
occupational and environmental exposure to benzene and other VOCs (Barbieri
et al., 2008). In conjunction with, the implementation of high-performance
methods to removal and control such emissions are inevitable in industries and

environment (Romero-Anaya et al., 2012).
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Figure. 1 Showing effect of VOCs on different part of Human

2.4. Various method and techniques for VOCs from air and water streams

Chuang et al. (2008) used a BDR model to assess the effect of temperature on

the adsorption and desorption of three VOCs. Compared with the Langmuir isotherm

and LDF (with Langmuir) model, the BDR model showed the same trend with both

of them, such as the Carbon tetrachloride had a larger ka/kd (BDR model) and KL

(Langmuir isotherm) and k (LDF with Langmuir) than benzene and Chloroform , and

the ka/kd values of Carbon tetrachloride and benzene. Based on these parameters

adsorption isotherms and breakthrough curves were predicted under various

operational conditions. Both experimental and model-predicted data indicated the
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both adsorption and desorption rate constants increased whereas equilibrium
adsorption constants decreased under the high reaction temperatures.

Xiang et al. (2010) investigated adsorption of dibenzofuran (DBF) on three
commercial activated carbons (AC) to correlate the adsorption equilibrium and
kinetics with the morphological characteristics of activated carbons. Breakthrough
experiment was conducted to the determine the isotherm and Kkinetics of
dibenzofuran on the activated carbons. All the experiment runs were performed in a
fixed bed with a process temperature of 368 K. The effects of adsorbent
morphological properties on kinetics of the adsorption process were studied.

The equilibrium data were found the satisfactory fitted to the Langmuir
isotherm. An intra-particle diffusion model based on the obtained Langmuir isotherm
was developed for predicting fixed bed adsorption of dibenzofuran. The results
indicated that this model fit all the breakthrough curves well. The surface diffusion
coefficients of dibenzofuran on activated carbon were calculated, or a relationship
with the microporosity was found. As it was expected, the dibenzofuran molecule
found more Kinetic restrictions for diffusion in those the carbons with narrower pore
diameter.

The investigated structural characteristics of pelletized MCM-48 using X-ray
diffraction, nitrogen adsorption and desorption. The adsorption equilibrium data were
also obtained for seven pure vapors (acetone, benzene, cyclohexane, hexane,
methanol, MEK and toluene) at 300.15 K for different pelletized MCM-48 using a
gravimetric method. Shim, et al. (2006) From experimental and theoretical works on
adsorption of nitrogen and VOCs vapor, the following conclusions were reached.
The BET surface area and the pore volume were highly dependent on the pelletizing

pressure, while the average pore diameter remains unaffected with increasing
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pelletizing pressure up to 400 kg/cm2. Single species adsorption the isotherm data
showed typical type IV of IUPAC classifications.

The adsorption amount of VOC was reduced by around 70% from the parent
sample to maximum sample pressed at 500 kg/cm2. Adsorption equilibrium data
measured at a wide range of pressures were fitted to two hybrid isotherm model
equations (Langmuir—Sips and inhomogeneous DA). In accord with column dynamic
experiments, the patterns of adsorption breakthrough curves were highly influenced
by influent concentration and pelletizing pressures that were closely related with
adsorption isotherm shape. The determined mass transfer coefficients of VOCs on
pelletized MCM-48 showed that minimum values correspond to the capillary
condensation region. Furthermore, the simple dynamic model employed successfully
simulated adsorption breakthrough behavior of VOCs under various operating
conditions.

The carried out kinetic studies on the adsorption of —amylase from
Aspergillus oryzae on anion exchanger, Duolite A-568, and the hydrophobic resin,
Duolite XAD-761 in fixed bed. The efficiency with respect to the adsorbate and
adsorbent was determined to estimate the performance of the process of adsorption.
The effect of flow rate, -amylase inlet concentration, temperature, and particle size of
the packing was analyzed. Bautista, et al. (2003) In addition, the transient response,
in the form of experimental breakthrough curves, was fitted using a
phenomenological mathematical model accounting for the external-film and pore-
diffusion mass-transfer mechanisms as well as axial dispersion along the column.
The Langmuir isotherm was included in the model to account for the extent of the
equilibrium of adsorption. The developed mathematical model was solved by using

orthogonal collocation technique.
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The model reproduced adequately the experimental results once the best-
fitting parameters were attained. The model described satisfactorily the experimental
breakthrough curves and it proved to predict successfully the behavior of a scaled-up
bed using the kinetic and equilibrium parameters estimated previously. The shape of
the breakthrough curves was sensitive to changes in both the pore diffusion
coefficient and the external-film mass-transfer coefficient. This showed the control
of both mass-transfer mechanisms. Thus, the mathematical model can be considered
a reliable tool for process design and scale-up of similar systems.

The considered the models for the dynamic adsorption of volatile organic
compound (VOC) traces in air. They were based on the linear driving force
approximation associated with various adsorption isotherms characteristic of the
couple VOC-adsorbent (Langmuir, Freundlich, Type V and Dubinin—Astakhov (D—
A). Joly and Perrard (2009) The occurrence of constant pattern breakthrough curves
made easier the prediction of breakthrough time, i.e. time necessary for the pollutant
concentration at the column outlet to reach a given fraction of its inlet value (e.g.
2%). The necessary and sufficient condition has been given for the existence of such
a constant pattern and has been applied to various models associated to the
considered adsorption isotherms.

Theoretical results have been illustrated by numerical simulation based on a
finite element method, which provided a set of typical behaviours of breakthrough
curves with the increase of bed length. For practical applications, the aim was to
achieve breakthrough times as long as possible for a given pollutant. This goal can be
reached by choosing an adsorbent with a large adsorption capacity and able to yield

the steepest possible constant pattern breakthrough curves.
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The investigated the nickel (1) ions bio-sorption process by marine algae
Sargassum filipendula in a fixed bed column for the following experimental
conditions: temperature = 30°C and pH = 3.0. The experimental breakthrough curves
were obtained for the following chosen flow rates 0.002, 0.004, 0.006, and 0.008
L/min. A mathematical model was developed to describe the nickel ion sorption in a
fixed bed column. Borba et al. (2006) The model of three partial differential
equations (PDE) had considered the hydrodynamics throughout the fixed bed column
as well as the sorption process in liquid and the solid phases. The internal or external
mass transfer limitations were considered and The nickel ion sorption kinetics had
been studied utilizing Langmuir isotherm.

The PDE of the system were discretized in the form of ordinary differential
equations (ODE) and were solved for the given initial and boundary conditions using
the finite volume method. A new correlation for external mass transfer coefficient
was developed. Some of the model parameters were experimentally determined (dp)
where the others such as (KF, KS) were evaluated on the base of experimental data
parameters. The identification procedure was based on least square statistical
method. The robustness and flexibility of the developed model was checked out
using four sets of experimental data and the predictive power of the model was
evaluated to be good enough for the all studied cases. The developed model can be
useful tool for nickel ion removal process optimization and design of fixed bed
columns using biomass of S. filipendula as a sorbent.

The analyzed the fixed bed adsorption kinetics to test the validity of the
simplified model based on the linear driving force approximation by comparison
with the exact model by using the orthogonal collocation method. Park (2004) The

axial dispersion, the external film diffusion, and the intra-particle diffusion were
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considered to be the major mass transfer phenomena involved with fixed bed
adsorption kinetics in that study. It was assumed that a local equilibrium was attained
at the fluid-solid interface and the equilibrium can be described by Langmuir
isotherm.

A homogeneous particle diffusion model was employed to describe the intra-
particle diffusion. Among four LDF models cited in the present study, the model
which was based on the parabolic concentration profile in the particle, showed to be
best agreement with the exact model. The LDF model based on the parabolic
concentration profile deviated to some extent from the exact model in shorter bed.
However, the deviation became negligible in a sufficiently long bed, in which the
intra-particle concentration profile approaches a symmetric form. As the intraparticle
diffusion resistance becomes relatively less important compared to both the axial
diffusion resistance and the external diffusion resistance, the LDF model based on
the parabolic concentration profile approximates the exact model more closely.

The proposed a new model to describe the removal of volatile organic
compounds (VOCs) from a gas stream passing through a bed packed with activated
carbon fibers (ACFs). Toluene was used as the test compound. Both pore diffusion
and surface diffusion were considered in the model. Cheng et al. (2004) The
equilibrium behavior was shown to fit Dubinin—Radushkevich isotherm with the
values of parameters K and WO of 1.101 x 10 9 and 57.73 kg/m3, respectively.
Mathematical model was developed which was numerically solved by using finite
difference technique. The experimental results showed that this model can predict
VVOC breakthrough curve.

The performed a simulation of the performance of an activated carbon

packed-bed system for adsorption of toluene from air. For a non-switched operation
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the time-varying exit toluene concentration of a 30 mm-depth bed was measured.
The simulation result was compared with the measured data. San et al. (1998) The
computer analysis was based on the modified solid-side resistance model which was
originally proposed by Pesaran and Mills. The effects of cycle operating time,
regeneration temperature and the adsorption performance were investigated. The
maximum removal and corresponding optimum the cycle time were obtained. The
influence of the number of the grid points on the accuracy of the numerical scheme
was discussed. The effects of tortuosity factor or transfer coefficients on the
adsorption were also investigated.

The prepared an adsorption package to simulate adsorption / desorption
operation for both single and multi-component systems in an isothermal condition by
different mechanisms such as; local adsorption theory and mass transfer resistance
(rigorous and approximated methods). Siahpoosh et al. (2009) Different mass
transfer resistance mechanisms of pore, solid and bi-dispersed diffusion, together
with nonlinear isotherms (Langmuir, Frendlich, Sips and Toth) were taken into
account in modeling the fixed bed adsorbers. The Extended Langmuir isotherm was
found to the explain properly the binary and ternary mixtures in
adsorption/desorption process.

Almost all the mass transfer approximations were explained by the linear
driving force, LDF, although the alternative driving force, ADF, approximation was
examined in some cases. The numerical solution was the Implicit Method of Lines
which converted that partial differential equations to the ODEs then solving them by
the Runge-Kutta method. Validation of the models was performed by experimental
data derived from the literature for different types of adsorbents and adsorbates. The

sensitivity analyses was carried out to find out variation of the breakthrough curves
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against some physical and operational parameters such as; temperature, flow rate,
initial and inlet concentration or particle adsorbent size. The results revealed

excellent agreement of simulated and previously published experimental data

In many cases the available VOC measurements are given as total non-
methane hydrocarbons (NMHC), whilst lesser concern is given to their speciation.
By contrast, it is necessary to draw attention on the relative importance of
individual VOC, to detect compounds acting as tracers for specific industrial
processes, and finally to assess the relative contributions of emission sources to

pollution by means of source apportionment techniques (Watson et al., 2001).

(Carp et al.,, 2004) Methods for air cleaning can be divided into two
categories, i.e. combustible and non—combustible processes. In non-combustible
processes, VOCs released with the waste gas are collected. Increasing levels of
VOCs in ambient air, indoor air and industrial premises ( Dhada et al., 2012)
necessitate that VOC control technologies are developed and further improved.
Earlier studies (Deshusses and Webster 2000; Rene et al., 2005), have reported that
VOCs from polluted air streams can be controlled by traditional methods such as

adsorption, condensation and incineration.

Although these methods use simple techniques, there are certain
implementation constraints which include high cost, unpredictable recoveries and
difficulty in separating one or more VOCs for reuse/recycle (Jeong et al., 2005). In
many cases the available VOC measurements are given as the total non-methane
hydrocarbons (NMHC), whilst lesser concern is given to their speciation. By
contrast, it is necessary to the draw attention on the relative importance of

individual VOC, to detect compounds acting as tracers for specific industrial

33



Chapter-2 Review of Literature

processes, and finally to assess the relative contributions of emission sources to

pollution by means of source apportionment techniques (Watson et al., 2007).

2.5. Various Adsorbents used for VOC Adsorption

In recent years carbon nano tubes (CNTSs) have been found useful in
removing various pollutants owing to their large surface area, greater chemical
stability, thermal resistance, unique hollow structure and hydrophobic surface.
Carbon based nano-composites have found useful in removing many organic
pollutants including volatile organic compounds (Agnihotri et al. 2005, Hsu and
Lu, 2007) from air streams, 1,2 dichlorobenzene (Fagan et al. 2004, Chen et al.
2007), xylene (Chin et al. 2007, Su et al. 2010), TEX (Yu et al. 2011, 2016),
trihalomethanes (Lu et al. 2005, 2006), triazine based pollutant (Engel and Chefetz,

2017), pharmaceuticals (Shan et al. 2016) etc. from various aqueous solutions.

The specific adsorptive capacity of charcoal was recognized by the Scheele
at 1773 AD, which measured the volumes of gases , could be adsorbed by carbons
derived from different sources. The use of carbon molecular sieves in gas
separation, in the particular oxygen and nitrogen, has grown steadily in the past
years (Sircar et al 1996). Activated carbons are useful adsorbents due to their
porous structures, the presence of various oxygenated functional surface groups
depending on the precursor’s nature and the procedures used in their preparation,
and thus activated carbons show differences in their adsorptive behavior. To
produce these carbons, chemical, physical and mixture of both as activating agents
are used and a number of activation procedures have been reported in the literature
using the above said activating agents. In the general it can be classified either as

single stage or two-stage process.
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The demonstrated carbon nanotubes with a highly crystalline Structure to
be capable of selectively adsorbing aromatic VOCs. Mehdi Jahangiri et al. (2011)
the adsorption of benzene, toluene and xylenes (BTX) as appropriate
representatives of volatile organic compounds (VOCs) on seven types of different
carbon nanostructures were investigated. Sone et al. (2008) In this research, multi-
walled carbon nanotubes (MWNT1 and MWNT2), single walled carbon nanotubes
(SWCNT), double-walled carbon nanotubes (DWCNT), carbon nano-fibers (CNF),
nano-porous carbon and MWNT-COOH, as well as activated the carbon as a

conventional sorbent for organic contaminant were studied.

Adsorption is the most versatile and appropriate technique to water and air
VOCs pollution compared to different techniques because of its simplicity, ease of
operation, flexibility, insensivity of toxic pollutants, potential of regeneration, low
waste generation and considerably low recurring cost (Hosseini, et al. 2011.
Carbonaceous materials like carbon mesosphere (CMS) and carbon nano-tubes
(CNTSs) (Schierz and H. Zanker, 2009) will be foremost and extremely attention
grabbing backbone of our proposed research work. The solid adsorbents such as
zeolites, silica gel and activated carbons (ACs) which trapped adsorbate materials

(BTEX) on the surface are widely used.

The different adsorbents, carbon adsorbents such as; graphene oxide,
activated carbons, carbon nanotubes and porous carbon have demonstrated more
advantage due to the low density, chemical stability, variety of structural forms,
high capacity, desire chemical structure, and texture properties (Silvestre-Albero et

al., 2010; Seredych and Bandosz, 2010; Dhaouadi et al., 2010; Wang et al., 2010).

The adsorption process using activated carbon to remove organic
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contaminants in the gas phase has been widely studies (Zhang et al., 2011) and
more information about chemical and physical propertied of activated carbon and
carbon nanotubes was introduced or compared in electronic supplementary the
material (ESM, Text S1) (Ahmaruzzaman, 2008, Xiang et al., 2010; Sone et al.,
2008; Ren et al., 2011; Pan and Xing, 2008; Agnihotri et al., 2005; Hussain et al.,
2008; Chen et al., 2009a; Lin et al., 2009; Gaur and Shim, 2008; Fu and Wang,
2011; Chen et al., 2008; Chen et al., 2009b; Goering et al., 2008; Hyung and Kim,

2008).

The surface modification of MWCNTs with different compounds is the
major interest for enhancing sensitivity and ameliorating selectivity to different
toxic vapors or gases (Fan et al., 2012; Lu et al., 2006. The sidewall
functionalization of MWCNTS not only allows better interactions with gas species,
but also leads to improve their surface reactivity and dispersion. In general, it is
possible to modify them by non-covalent (Chen et al., 2007; Manoso et al., 2013;
Zhang et al., 2011) or the covalent functionalization (Niu et al., 2007; Mu et al.,

2014).

The adsorption capacity of the various carbon composites was calculated as
the difference between increased weight of weighing bottle containing carbon
composites and initial weight of weighing bottle (Yates et al. Technologies (e.g.
absorption, adsorption, biofiltration, bio scrubber, thermal oxidation and
incineration) to recover or destroy VOCs have progressed significantly Low
temperature Cryogenic recovery is desirable for VOCs concentration>1%; for
smaller concentration, the significant amount of liquid nitrogen was required

(Gupta and Verma, 2002).
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The several decades, many researchers show their interests in searching for
low-cost adsorbents with excellent adsorption characteristics, such as zeolites
(Blocki, S.W. (1993)), organokaolinite (Egbuchunama, 2016), smectite (Carvalho,
2012), hectorite (Jaynes, 1999), organosilica (Moura, 2011), and montmorillonite

(Sharmasarkar, 2000) and (Nourmoradi, 2012).

The characterization of adsorbent material that’s used in research work
and most intense peak at 20 = 26.4 was observed in the diffraction spectra of both
LCNT and LCM which is due to the (002) reflection of sp 2 carbon of carbon
composites (Sankararamakrishnan et al. 2016). Oxidized carbon composites
(LCNT-OX and LCM-OX), exhibited the peaks around 1720 cm -1 which arises
from the asymmetric C=0 stretching band (Ntim and Mitra, 2011). Anchoring of
functional groups in LCM-OX is evidenced by the appearance of bands at 1610 and
1536 cm -1 corresponding to C=0 group and carboxylate anion stretching
respectively. Similarly oxidized LCNT exhibited vibrations of C=0 and caboxylate
groups at 1634 and 1586 cm -1 respectively (Daifullahand Girgis, 2003, Davis et
al. 1999). All the samples exhibited alkoxy C-O band at 1030 cm -1 (Ovejero et al.
2006). G band is related to inplane tangential stretching of C-C bond of sp 2
hybridized carbon atoms of carbon composites. (Saito et al. 2011). The ratio of the
intensity of D band to G band (I D /I G) depicts the extent of defects in the carbon

frame work

The demonstrated that the decolorizing properties of carbons were inherent
to the source material and also depended on the thermal processing and the particle
size of the finished product. Kayser, (1881) first used the term adsorption to

describe the uptake of gases by carbons. Bussy, (1822) The basis for the industrial
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production of activated carbon from coal was established in 1900 in order to
replace the bone char in the sugar refining process. The first powdered commercial
activated carbon, eponite was produced in the Europe in 1909. During First World
War (1914), steam activation of coconut shell and almond shell char was developed
in the United States for use in gas masks. It has been used subsequently for water
treatment, solvent recovery and air purification. This type of activated carbon

mainly contains fine pore structures suited for gas phase adsorption applications.

This observation is similar to the earlier reports where sorption of TEX (Su
et al. 2010) and xylene (Chin et al. 2007) was found constant in the pH range of 3
to 10 by MWCNT and SWCNT respectively. Study of Yu et al. (2011) illustrated
that 60 min was essential for reaching equilibrium of TEX with CNTs and Su et al.
(2010) reported 120 min for CNT (NaOCI) to reach equilibrium. Lagergren model
(Lagregren, 1898), where gt (mg/g) represents the adsorption of the TEX at time t,
ge (mg/g) is the adsorption capacity at equilibrium, t (min) is the exposure time and
k 1 (min -1) is the pseudo first order rate constant. Kinetics from liquid solutions
(Ho, 2006) in eqn (2), k 2 * (g mg -1 min -1 ) is the pseudo second order rate

constant of adsorption.

Earlier reports have reported higher sorption capacity for instance Yu et al,
(2011) reported a capacity of 112.19 mg/g for m-xylene and nitric acid modified
SWCNT has been evaluated for removal of p-xylene (Chin et al. 2007) with an
adsorption capacity of 85.5 mg/g. Similar mechanism have been postulated in
literature with CNT (NaOCI) (Su et al. 2010) and powdered activated carbon
(Daifullah and Girgis, 2003). Additionally, there also exists an electrostatic

attraction between TEX molecules and CNT surface. It is reported that TEX
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molecules exhibit weak positive charge in the pH range of 3 to 12 (Chen et al.

2007).

Most carbonaceous substances can be converted into activated carbon, final
properties of the carbon will depend significantly on the nature of the starting
material. A large number of processes for making activated carbons have been
developed over the past century. However, most processes consist of the pyrolysis
of the starting material, followed by a stage of controlled oxidation or vice versa.

The purpose of the oxidation stage is to activate the carbon.

The activated carbon is broadly defined to include a wide range of
amorphous carbon based materials prepared in such a way that exhibit a high
degree of porosity and an extended surface area. For many centuries the activated
carbon was used in the form of carbonized wood. The earliest known use of carbon
in the form of wood chars by the Egyptians and Sumerians was in 3750 BC for the
reduction of ores in the manufacturing of bronze, domestic smokeless fuel and
medicinal application. In 1500 BC, Egyptian papyri was used as adsorbent for
odorous vapours from putrefying wounds and from within the abdominal tract. The
wrecks of Phoenician trading ships suggest that drinking water was stored in
charred wooden barrels. This practise was certainly still in use in the 18th century
for extending 9 the use of potable water on long sea voyages. The ancient Hindus
in India of the same period (450 B.C) used sand and charcoal filters for purifying
drinking water. In 157 AD Claudius Galvanometer referred the use of carbons of

both vegetable and animal origin for the treatment of a wide range of diseases.

Activated carbon also called activated charcoal, is a form of carbon that has

been processed with oxygen to create millions of tiny pores between the carbon
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atoms. Commercial activated carbons have internal surface area ranging from 500
to 1500 m2 /g. Activated carbon can be prepared from feed stock with high carbon
and low inorganic content. The most common feed stocks used for the production

of activated carbon are wood, coconut shell, bituminous coal, peat etc.

The chars obtained from them could be activated easily to produce
reasonably high quality activated carbons. During the activation process, the
unique internal pore structure is created, which provides the activated carbon its
outstanding adsorptive properties. 11 Activated carbons have a number of unique
characteristics such as large internal surface area, chemical properties and good
accessibility of internal pores. According to IUPAC definitions three groups of
pores can be identified. Macropores (above 50nm diameter) Mesopores (2-50 nm
diameters) Micropores (Under 2 nm diameter) Micropores generally contribute to a
major part of the internal surface area. Macro and micropores can generally be
regarded as the highways into the carbon particle, and are crucial for kinetics. The
desirous pore structure of an activated carbon product is attained by combining the

right raw material and suitable activation procedure.

In this chapter, previous studies on VOC control technologies, factors
affecting global era, methods and absorbents are discussed. After critical review of
available literature, research gaps and direction for the present study were
synthesized. To accomplish the objectives described in Chapter 1, the overall work
plan consists of three components: (i) Improving CNT nanotechnology laboratory
scale study for reaction kinetics, isotherm, pH, column study and regeneration, (ii)

Field application of technology and (iii) characterization adsorbents.
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CHAPTER- 3

MATERIAL AND METHODS

3.1. Quality Assurance

In this chapter included the all methods used in the analysis and calculation of
results. Reagents and calibration standards for physic-chemical analysis were
prepared using milliqui distilled water. Chemicals were used throughout the study
analytical grade (AR) chemicals (Merck, Germany) without any further purification
or disturbance. The glass-wares were washed with dilute nitric acid (1.15 N)

followed by several portions of distilled water.

The quality assurance measures included meticulous infectivity control
(stringent washing/cleaning procedures), a solvent for blank, equipment and other
materials. The pesticides standards (99.9% purity) were supplied by Sigma-Aldrich,
USA. All analyses were carried out in duplicate and the recoveries of individual
BTX were determined through the spiked sample method, which was found between
75-98%. A mixture of standard BTX were prepared by combining individual stock
solutions to form a working standard. All stock and standard solutions were stored at

4 "C before its use for analysis.

3.1.1. Chemicals

All chemicals used were of analytical reagent grade (AR) unless specified
otherwise. High purity gases (Nitrogen, hydrogen, zero air) were purchased from
sigma gases, India. De-ionized water obtained from Milli-Q system (Milli-Q, Integral
A-10 system, France) was used for all experimental purposes. BTEX standard mix

(2000 pg/ml) was purchased from Supleco, USA for calibration purposes. Precursor
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chemicals (Purity > 99.5%) used for Solvents viz, Methanol, Ethanol, Acetone were
purchased from Merck, Mumbai. Benzene anhydrous (99.8%), Toluene anhydrous
(99.8%), Ethyl Benzene (99.8%) and ortho, para, meta-Xylene anhydrous (99.5%)
were purchased from Loba Chemicals, Mumbai. Dichloromethane (DCM) (Purity >
99.9%) was purchased from Sigma-Aldrich, USA. Labolene (Qualigens) was used

for soap solution. All the glassware’s used were of borosilicate type.

3.1.2. Instruments and Accessories

Instruments and accessories used include Gas Chromatograph-flame
ionization detector (GC-FID, NUCON Engineers, Model 5765), Ultrasonicator
(Enertech, Mumbai) and peristaltic Pump, Chemical vapor deposition (CVD)
machine (Mahindra instruments), Reactor (length 10.0 mm and diameter 4.0 mm),
Teflon (PTFE) Tape, Oven (Mahindra instruments), testube rotator and (MFC) mass
flow controller (Bronkhorst high-tech. Netherlands).
3.2. Preparation of LCNTs using floating catalytic chemical vapor deposition
technique

The iron (Fe) metal doped multi walled carbon nanotubes (LCNTs) was
prepared using floating catalytic horizontal chemical vapor deposition (CVD)
machine (Mahindra instruments) Fig.2 and Fig 3 Showing image of internal CVD
machine during reaction The CVD process is based on the catalytic decomposition of
liquid hydrocarbons by pyrolysing of the solution. 2% of ferrocene was used with
respect to benzene in ferrocene/benzene solutions, to ensure the effect on the
formation of the LCNTs. The flow rate of nitrogen gas and ferrocene/benzene
solution was controlled using (MFC) mass flow controller (Bronkhorst high-tech.
Netherland) and peristaltic pump, respectively. The nitrogen gas has dual roles. First,

to produce inert atmosphere within the reactor and second one is to acted as a carrier
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during CVD process (to exert the pressure on the ferrocene /benzene solution that
regulate the liquid flow directed to the nozzle).

The temperature of the electric furnace was gradually heated up-to 8000C in
the presence of nitrogen atmosphere. The flow rate of nitrogen gas and
ferrocene/benzene solution was set to 100 sc cm and 1 ml/min respectively. The
resulting ferrocene/benzene solution was pumped into the reactor for 30 min at
8000C reactor temperature. The reactor was cooled gradually to room temperature
using nitrogen gas. The CNTSs deposition occurred in the hot zone of the reactor. The
prepared CNTs adhered on the surface of reactor, which was easily removed from

the reactor surface.

by

Figure 2 showing the external image of CVD machine during reaction
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Figure 3 Showing image of internal CVD machine during reaction

3.2.1. Preparation of Oxidized LCNTs (LCNT-OX)

Fig. 4 show the Oxidized LCNTs was prepared by heating 1 gm of as
prepared CNTs with10 ml of nitric acid at 80_C until the acid evaporated completely
followed by thorough washing with distilled water until pH of filtrate became
neutral. The obtained product was dried in the oven at 70°C for overnight and used

for further experiments.
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Figure 4 Schematic representation of preparation of CNT-OX

3.3. Preparation of carbon Microspheres (LCM) using floating catalytic
chemical vapor deposition (CVD) technique

LCM (carbon microspheres) was also prepared using floating catalytic
horizontal CVD (Chemical vapor Deposition) method. The experimental conditions
remained similar to the preparation of LCNT except temperature of electric furnace
was gradually heated up-to 900°C in presence of nitrogen atmosphere and 2%
ferrocene in benzene solution was pumped for 1 hour into the reactor which was
maintained at 900°C temperature during its preparation both nanotubes and
microspheres were prepared using the same set up.
3.3.1. Preparation of Oxidized LCM (LCM-OX)

Fig. 5 show the Oxidized LCM (carbon microspheres) was prepared by
heating 1 gm of as prepared carbon microspheres with10 ml of nitric acid at 80°C
until the acid evaporated completely followed by thorough washing with distilled

water until pH of filtrate became neutral. The obtained product was dried in the oven
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at 70°C for overnight and used for further experiments.

HNO,
-

s
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Figure 5 Schematic representation of preparation of LCM-OX

3.4. Preparation of Alkali carbon microsphere (ACM)

As prepared carbon microsphere (1.0 g) and KOH (4.0 g) was put into a
perforated boat and then placed in the middle region (heating zone) of a reactor, and
nitrogen was introduced into reactor with 100 sc cm flow rate through the entire
experiment. The as prepared carbon microsphere and KOH was heated at the rate of
6.67°C/min up to 800°C and this temperature was maintained forl h. Finally, the
heated material was cooled to room temperature and washed thoroughly with
deionized water until pH of filtrate becomes neutral. After that, prepared Alkali
carbon microsphere (ACM) was dried in oven at 80° C overnight.

3.5. Field electron scanning electron (FE-SEM) microscopy
The surface morphology of the materials was examined by SEM and EDX

analysis using the field emission scanning electron microscope (FE-SEM) (Carl
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Zeiss NTS GmbH, Oberkochen (Germany) Model: SUPRA 40VP). The FE-SEM is
the simplest microscopic technique due to its simple image elucidation by scanning
of sample surface by high energy beam (shaft of light) of electrons which is emitted
by electron gun. The focused beam enters the sample surface producing secondary
electrons. After hitting a secondary electron the primary electrons will continue on in
a new trajectory. This process is called scattering. Emitted secondary electrons are
attracted by detector (200 volts potential).

After detection the secondary electron hits the scintillator and produces
photons. These emitted photons from scintillator hit the photomultiplier which is
used to amplify signals. These signals further analyzed, translated and record into
images of the sample (Ma et al.2006). For FE-SEM analysis surface of the sample
must be conducting. The sputtering machine is used to make sample conductive
using gold sputtering ionized gas molecules of gold tended to melt on sample for
approximately 60 sec. The gold sputter coating prevent charging of the samples and
also increases the amount of secondary electrons that can be detected from the
surface of specimen in the imaging of FE-SEM and therefore increases the signal to
noise ratio. Moreover, the analysis must be performed in a sufficient vacuum.
Without sufficient vacuum the electron beam cannot be generated and controlled in
the SEM.

In the present study, the field emission scanning electron microscope (FE-
SEM) was used to examine the surface morphology and fibers diameter of the
prepared carbon microspheres and carbon nanotubes. The FE-SEM images of the
prepared materials were taken at different locations on the samples and at different
magnification with the accelerating voltage of 10 kV and filament current 2.37 A at a

working distance of 2-4mm. Prior to the SEM imaging, the sample was mounted on
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carbon tape adhere with copper stubs and gold sputtering to obtain better
conductivity.
3.5.1. Transmission electron microscopy

Transmission electron microscopy (TEM) is imaging and updated version
technique of light microscopy where a shaft of light of electrons is focused onto a
specimen sample causing an engorged version to appear on a fluorescent screen or
layer of photographic film and get images at increased spatial resolution up to
angstroms size and increased the prospect of carrying out diffraction from nano-sized
volumes. It uses high energy electrons for penetration though a thin (100 nm)
sample. Briefly, the electron gunemits a ray of monochromatic electrons that pass
though vacuum in the column of the microscope.

The function of this electron gun is to produce a fine beam or shaft of light of
electrons of specifically proscribed energy (Ma et al., 2006). The electromagnetic
lens is basically used to focus parallel rays of these electrons into a very emaciated
beam which passes though sample and scattered at different angles. These scattered
electron signals are exaggerated by an electromagnetic lenses and hit a fluorescent
screen, which produces a shadow image of the sample displayed in wide-range of
darkness according to the density of the material present.

In the present study, the transmission electron microscopy (TEM) analysis
was performed using Technai G2 T-20 (FEI, Eindhoven, Netherland) at 200 kV.
Before analyzing samples for TEM, prepared LCNTSs dispersed in ethanol using ultra
sonication process for approximately 15 min at room temperature. The droplets of
LCNTSs ethanol dispersed solution were place on copper grid (3 mm diameter) then
grid was incubated in oven at 70°C to remove ethanol, for the TEM analysis.

3.5.2. Raman Spectroscopy
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Raman spectroscopy based on inelastic dispersion of a monochromatic
excitation source usually from a laser source. Inelastic scattering means that the
incidence of photons in monochromatic light changes after interacting with sample.
Sample absorbs the photons of the laser light then photon reemitted again. Frequency
of the reemitted photons is shifted up or down in comparison with original
monochromatic frequency, which is called the Raman Effect. This shift gives
information about vibrational, rotational and other transitions in molecules. It can be
used to study solid, liquid and gaseous samples and examine the configuration of
carbon based materials including CNTs. The number of walls, diameters, and the
presence of crystalline and amorphous carbon can be determined with Raman
spectroscopic technique. A sample is usually illuminated with a laser beam in the
ultraviolet (UV), visible (Vis) or near infrared (NIR) range. Scattered light is
collected with a lens and is sent though spectrophotometer to obtain Raman spectrum
of a sample.

The Raman spectrum mainly describes the characteristic of each molecular
species. The resonance peaks are also observed in the spectrum, which represent the
occurrence of particular species, which is intrinsically present. The characteristic
spectrum of CNTs includes three main zones such as low (100- 250 cm-1),
intermediate (300-1300 cm-1) and high (1500-1600cm-1) (Colomer et al., 2000).
There are two main first order peaks for carbon-based materials. The first one is the
D peak; it is observed around 1300 cm-1 for excitation He-Ne laser, or at 1350 cm-1
for an Ar ion laser. The D peak shows the presence of defects (Ferrari & Basko,
2013). Second one is the G peak and observed at about 1580 cm-1, which is related
to the in-plane vibrations of the graphene sheet (Singh et al., 2003, Shanov et al.,

2006). A ratio of the D peak to the G peak is significant for CNT characterization
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because it gives the amount of disorder within nanotubes (Tans et al., 1997). A small
ID/IG ratio, in the range of 0.1-0.2, represents that the defect level in the atomic
carbon structure is low and sample has crystalline quality (Singh et al., 2003). In the
present study, Raman spectroscopy used to check the graphitic quality of prepared
LCNTs.

3.5.3. X-ray diffraction analysis

The X-ray powder diffraction (XRD) is an analytical technique that is usually
used to study crystallinity and structure of material (atoms packing in crystalline
state, interatomic distance and bond angles, size and shape of unit cells).It is one of
the most significant characterization tool used in the field of solid state chemistry and
material science. The atomic planes of a crystal cause an incident beam of X-rays to
interfere with one another as they leave the crystal. The phenomenon is called X-ray
diffraction. When a focused X-ray beam interacts with sample, some part of the
beam is transmitted, some parts absorbed by the sample, some part is refracted and
scattered, and some is diffracted. These diffracted beams can measure by applying
Bragg's Law.

Bragg's Law is A =2dsin0
Where A is the wavelength of the incident X-ray beam, d is the distance between
adjacent planes of atoms, and 6is the angle of incidence of the X-ray beam.

The X-ray diffraction (XRD) patterns of LCNTs were recorded at ambient
temperature using Hecus X-Ray Systems GmbH, Graz (Austria) Model: S3 MICRO.
The samples were irradiated with mono-chromatized Cu KaRadiation (1.5406 A) X-
ray source and analyzed between 5 to 800C (20) in case of LCNTs. The operating
voltage and current used were 45 kV and 40 mA, respectively. The time constant was

maintained at 3.0 s and sweep at 5° min™. Average particle sizes were calculated
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using the Debye—Scherrer equation. JCPDS was used to interpretation of the peaks in
the prepared material.
3.5.4. X-ray photoelectron spectroscopy analysis

The X-ray photoelectron spectroscopy (XPS) is based on the photoelectric
effect and it was developed by Kai Siegbahn in 1960. It is employed to perform the
elemental analysis of a materials surface in terms of its bonding geometry of
molecules to the surface, physical topography, chemical composition, chemical
structure, atomic structure and electronic state. XPS is based on the principle of
photon emission which requires high vacuum conditions (approx 10-7 mill bar). The
x-ray photoelectron spectrum was ascertained using Xx-ray photoelectron
spectrometer (Model/Supplier: PHI 5000 Versa Prob I, FEI Inc). X-ray
photoelectron spectroscopy works by irradiating a sample with mono-energetic soft
x-rays beam causing electrons to be ejected._ Identification of the elements present
in the sample was held directly from the kinetic energies of ejected photo electrons.
A typical XPS spectrum is plotted between the number of electrons detected versus
the binding energy (eV) of the electrons. The binding energy of electrons (eV) can be
determined by using the following equation:

Ebinding = Ekinetic - Ephoton

Where, Ebinding is the minimum energy required to move an inner electron from its
orbital to a region away from the nuclear charge, Ephoton is the energy of the x-ray
photons being used and Ekinetic is the kinetic energy of the emitted electron as
measured by the instrument (Siegbahn, 1981).

In the present study, XPS was used to study the chemical interactions
between metal ions and the prepared materials, which provides identification of the

sorption sites involved in the accumulation of metals, as well as the forms of
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adsorbed metal ion species on the material surface.
3.5.5. Fourier Transform Infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) technique was performed to
analyze the surface functional groups on the metal doped carbon nano tubes and
activated carbon nano-fibers. A potassium bromide (KBr) pressed pellet method was
used for sample preparation. In this method a gauzily pulverize sample was mixed
with potassium bromide (KBr) powder and then it was pressed in a die to form
sample pellet. The prepared sample pellet was then analyzed by FTIR in a
transmission mode in the range between 400 and4500 cm-1 at room temperature
using FT-IR spectrometer. The FT-IR spectrum of a pure KBr pellet was used as a
reference. Fourier transform infrared spectroscopy (FTIR) technique is based on the
vibrations of the atoms of a molecule. An infrared spectrum is obtained by passing
infrared radiation though a sample and determining what fraction of the incident
radiation is absorbed by the sample at a particular energy and some of it is passed
though sample.

The resulting spectrum represents the molecular absorption and transmission
the sample (Sawant et al., 2011). The sample chamber of the instrument was purged
with N2 gas to reduce the effect of atmospheric carbon dioxide and moisture though
out the analysis. The background spectrum was recorded before the experimental
measurements were performed. The resolution was set to 4 cm-1 and a total of 100
scans were collected for each sample. In present study, FT-IR spectroscopy was used
to determine the bonding between iron metal and functional group present in carbon
microspheres and carbon nanotubes which may help in adsorption of (BTEX) FT-IR
spectroscopy was also used to determine the bonding between functional group

present in adsorbent and adsorbate.
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3.5.6. BET Surface area and total pore volume analysis

The technique was named BET after its inventor S. Brunauer, P. H. Emmet
and E. Teller (BET). It is the first method developed to measure the specific surface
area of porous solids. The BET method is based on the adsorption of gas on a
surface. The amount of gas adsorbed at a given pressure allows for the determination
of surface area. The method is applied in the analysis of pharmaceuticals, catalysts,
projectile propellants, medical implants, filters, cements and adsorbents.

The surface area and the porosity of samples were determined by the
QuantachomeAutosorb-1 BET analyzer. The adsorption/desorption isotherms and
pore volumes of the adsorbents were determined by nitrogen adsorption—desorption
isotherms. The samples were kept at 200°C under vacuum before starting N2
adsorption. Total surface area and pore volume were determined using the Brunauer—
Emmet-Teller (BET) equation and the single point method, respectively. Micro
porosity was determined from t-plot method. Pore size distribution was obtained by
Barret-Joyner—Halenda (BJH) method in the adsorption isotherm. Active metal
surface area was measured by chemisorption using H2 gas.0.1 gm of each sample
was loaded into a capillary glass tube and degassed of the samples was carried out at
250C for 6 h under nitrogen atmosphere. The nitrogen adsorption and desorption
spectra were carried out at 77K using Quanta chrome Autosorb-1 BET analyser.

3.6. pH Studies

The pH of a solution has a significant role on adsorption at the liquid-solid
interface. The pH will determine whether the ionized or unionized sorbate species
will exist in solution as well as ionization of surface charge of functional groups
present in adsorbent. Briefly, 0.1 gm of the adsorbent was taken in a series of 50 ml

testube,followed by the addition of 60 mg/l Toluene, ethyl benzene and o-xylene
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solution (TEX) to make the final volume 10 ml in each conical.

The initial pH values of solutions were adjusted to 2 to 9 with 0.1M NaOH or
0.1M HCL. The solutions were kept in testube rotator (110 rpm) for 2 h at 25°C and
final pH was recorded for each solution. The supernatant was then filtered through a
0.22um membrane and the filtrate was extracted by dichloromethane and analyzed
for rest (TEX) by gas chromatograph-flame ionization detector (GC-FID, NUCON
Engineers). Removal efficiency of (TEX) was calculated by the difference between
the initial and final concentrations of (TEX) in solution divided by the initial

concentration.

3.7. Kinetic Studies

Kinetic study would be carried out after optimization of pH (neutral) and
dose at specific temperature and speed. For kinetic studies 0.1g of each adsorbent
with defenite concentration of VOCs would be placed in testube rotator.With initial
pH = 7 at a constant temperature of 25°C for varying equilibration time from 5 min
to 2 hrs. and the the count of VOCs adsorbed will be analyzed after extraction.

3.8. Equilibrium isotherm studies

For the equilibrium isotherm studies, Ethyl Benzene, Toluene or o-Xylene
solution with initial concentration range 10 to 100 mg/L was prepared by diluting the
1000 mg/L stock solution. A mass of 0.02 g adsorbents such as carbon nanotubes
(LCNTSs),Oxidized LCNTs (LCNT-0OX),carbon Microspheres (LCM),Oxidized LCM
(LCM-OX), Alkali carbon microsphere (ACM) and purchased CNT (P-CNT) were
purched from United nanotech, Bangalore, (India) was agitated with 10 ml of
aqueous Ethyl Benzene, Toluene or 0-Xylene (TEX) solution in a 50 ml testube in a

testube rotator at 110 rpm at 25°C for the equilibrium time determined, which was
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taken as the contact time that allows the dispersion of adsorbent and Ethyl Benzene,
Toluene or o-Xylene (TEX) to reach equilibrium conditions, as found in the
equilibrium contact time experiments.

At the end of the equilibrium time, the content was separated by filtration
using 0.22 pm pore size filter paper and TEX in solution was extracted by
dichloromethane (DCM) and analyzed by gas chromatograph-flame ionization
detector (GC-FID, NUCON Engineers). All the experiments were carried out twice.
The amount of Ethyl Benzene, Toluene or o-Xylene (TEX) adsorbed (mg) per unit

mass (g), ge, was obtained by mass balance using the following equation:

Qe = (CI—CG)XV m

Where Ci and Ce are initial and equilibrium concentrations of the solution (mg/L), m

is dry mass (g) and V is the volume of the solution (L).

3.9. Column or dynamic study for VOCs determination

Fig. 6 represent the schematics of a packed-column (length = 30 cm, I.D. =
1.5 cm) used for the breakthrough analysis. The column contained layers of different
packing materials. The middle layer contained the adsorbents carbon nanotube
(CNT). The bottom layer and upper layer consisted of glass beads and glass wool, to
onto support the adsorbents. At both ends, a short Perspex-stub was used as an end-
cap and was thread-fitted the main column. The SS mesh was fitted to provide the
structural support. Neoprene O-rings were fixed between the side-walls of the main

column and the stub to prevent any leakage of the test solution.
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1. Packed column, 2. Glass beads, 3. Glass wool, 4. Adsorbent, 5. Toluene

solution, 6. Peristaltic pump, 7. Treated solution

Figure 6 Column Study

3.10. Gas Chromatography

All the VOCs samples were analyzed by using Gas chromatography model
Nucon GC 5765 equipped with flame ionization detector (FID) detector (Fig. 7). The
column used in this experiment was capillary silica column (Column EC-5) with
specifications 30-meter length, 0.53 mm internal diameter with the film thickness of
1.2 um. Oven temperature was programmed as initial temperature 40 °C and then
increased up to 185 °C by increasing rate of 35 °C/min and hold for 1 min. injector
port temperature was set at 230°C. Detector temperature was maintained at 240 °C,
nitrogen was used as carrier gas with flow rate 1.0 ml/min and 1.0 pL of sample was
injected in GC system. All the VOCs sample was extracted by dichloromethane and

analyzed by gas chromatograph.
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Figure 7 Gas Chromatography external image with all accessories

3.11. Model for VOCs adsorption

Rotameters were used to control the flow rates of various gas streams in the
system. Rotameters (R1) (10-100 ml/min) was used for controlling the air flow rate
through the VOC bottle which was made of glass, R2 (50-500 ml/min) was used for
controlling the of makeup air flow rate of nitrogen, above mentioned rotameters (R1
and R2) were made of Pyrex. However, a special glass rotameter, mass flow
controler (MFC) was used at the outlet section of the reactor to control the flow rate
in the automated Gas sampling valve of the GC. This was done to avoid any possible
chemical reaction between the VOCs in the gas stream and the rotameter material.
Whenever required, the same rotameter was used to control the inlet feed rate to the
reactor by making slight changes to the piping connections.

Five needle valves were provided respectively for controlling the gas flow

rate, as per requirement. one toggle valves were used to prevent the backflow of
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gases into the bottles in the reverse direction, while they are cut off from the flow
circuit. All the rotameters and the other accessories such as needle valves and toggle

valves were mounted on a common console for the convenience of operation as

shown in Figure8.
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Figure 8 Experimental model for VOCs adsorption from air contamination
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CHAPTER- 4

RESULTS

4.1. Introduction

In the result chapter covered the portion of analyzing results of water and air
experiment study to removal of VOCs through different CNTx and modified CNTS.
In the water objective cover “Fast and efficient removal of Toluene, Ethylbenzene
and O-Xylene from aqueous phase by functionalized carbon micro/nano
composites”. Volatile organic compounds namely toluene (T), ethylbenzene (E) and
o-xylene (X) are widely used in various industrial processes. Huge amounts of TEX
contaminated wastewater discharged into surrounding water bodies from these

industries.

Various carbon composites thus prepared namely, LCNT, LCNT-OX, LCM
and LCM-OX were characterized using various spectroscopic techniques including
Scanning electron microscopy (SEM), transmission electron microscopy (TEM),
Brunauer-Emmett-Teller (BET) Surface Area measurements, X-ray diffraction
(XRD), Fourier transform infra red spectroscopy (FTIR), Raman, X-ray
photoelectron spectroscopy (XPS) and systematically evaluated for the removal of
TEX from both distilled water and ground water. Column studies were conducted to
demonstrate the applicability of prepared carbon composite under dynamic
conditions. Static adsorption experiments were also carried out to evaluate the uptake
capacity of vapour phase of TEX by various prepared carbon composites. The results
obtained were compared with the commercially available CNT (P-CNT) acquired

from United nanotech, Bangalore, India.
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4.2. Characterization of carbon composites SEM images of -

(a) LCNT, (b) LCNT-OX,

(c) and (d) TEM images of LCNT,

(e) SEM Image of LCM

() TEM image of LCM

4.2.1. SEM and TEM Analysis

The SEM images of LCNT, LCNT-OX and LCM are depicted in Fig. 9(a),
9(b), and 9(e) respectively. It is evident from the figure that there are no appreciable
changes observed in the surface morphology of oxidized CNTs (CNT-OX) image as
compare to virgin CNTs. The TEM image revealed the presence of nanotubes and
iron particles located both at the tip as well as inside the nanotubes Fig. 9(c), 9(d)

and 9(f).
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SEM HV: 20.0 kV WD: 6.91 mm | MIRA3 TESCAN SEM HV: 20.0 kV WD: 6.90 mm | | MIRA3 TESCAN
View field: 1.38 ym Det: InBeam 200 nm View field: 1.38 ym Det: InBeam 200 nm

SEM MAG: 200 kx  Date(m/d/y): 08/16/14 PGRL-CHE, IITK SEM MAG: 200 kx  Date(m/dly): 08/16/14 PGRL-CHE, IITK

SEM HV: 10.0kV | WD: 13.65 mm MIRA3 TESCAN

View field: 20.7 pm | Det: SE 5pm
SEM MAG: 10.0 kx |Date(m/dly): 09/28/15 Performance in nanospace

Figure 9 SEM images of (a) LCNT, (b) LCNT-OX, (c) and (d) TEM images of

LCNT, (e) SEM Image of LCM (f) TEM image of LCM
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4.2.2.BET analysis

BET analysis provides precise specific surface area evaluation of materials by
nitrogen multilayer adsorption measured as a function of relative pressure using a
fully automated analyzer. Table 3 show the specific surface area (SSA) and pore-size
characterization of L-CNT, L-CNT-OX, L-CM, L-CM-OX and P-CNT were
performed by nitrogen (77.4 K) adsorption/ desorption experiments. The results
obtained are presented in Table 3. The increased surface area of the CNT-OX might
be attributed to the increased defects on the surface owing to the heat treatment and

oxidation processes.
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Table 3 Specific surface area and pore volumes of various carbon composites

Specific Surface Area Total pore | Average pore Micropores Mesopores Macropores
Sample

(m?/g) (cc/g) Diameter (nm) (%) (%) (%)
L-CNT 99.81 0.3661 7.33 26.25 16.68 57.07
L-CNT-OX 121.68 0.2943 5.26 0.45 45.99 53.56
L-CM 7.22 0.0126 16.33 6.34 67.44 26.22
L-CM-OX 12.706 0.0134 4.106 22.35 64.95 12.70
P-CNT 199.01 1.3710 27.56 0.60 54.55 44.85
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4.2.3. XRD Analysis
The X-ray powder diffraction (XRD) is an analytical technique that is usually
used to study crystallinity and structure of material Fig. 10 and Fig.11 revealed that

the carbon composites possessed one broad diffraction peak at 26 values around 26.4.
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FigurelO X-ray diffraction pattern of LCNT and LCNT-OX
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(b) C({o02) xyFe0 orfe0,
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FigurellX-ray diffraction pattern of LCM and LCM-OX

4.2.4. FTIR analysis

FTIR is an effective analytical instrument for detecting functional groups and
characterizing covalent bonding information. FT-IR spectra of in LCNT, LCNT-OX,
LCM and LCM-OX Fig. 12 After oxidation by concentrated (HNO3) LCNT-OX,
and LCM-OX the peaks at 1720 cm-1 and appeared clearly in the spectra which are
associated with the asymmetric C=0 stretching band of the carboxylic acid (-

COOQOH) group.
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L-CHT-0OX

% Transmittance

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber cm’

Figure 12 FTIR spectra of LCNT, LCNT-OX, LCM and LCM-OX

4.2.5. Raman Analysis

Raman spectroscopy provides information about molecular vibrations that
can be used for sample identification and quantitation. The Raman spectra of LCNT,
LCNT-OX, LCM, and LCM-OX Figure 13 and Table 4 show the ratio increased
LCNT-OX and LCM-OX compared to plain CNT and LCM forms indicating the

presence of imperfections on oxidized composites surfaces.
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Figure 13 Raman Spectra of LCNT, LCNT-OX, LCM and LCM-OX
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Table 4 Raman spectra of LCNT, LCNT-OX, LCM and LCM-OX

Adsorbent D-Bandcm™ G-Bandcm™ I/l
LCNT 1318 1558 0.976
LCNT-OX 1319 1548 0.847
LCM 1350 1588 1.013
LCM-OX 1337 1587 0.943

4.2.6. XPS Analysis

XPS was used to study the chemical interactions between metal ions and the
prepared materials, XPS survey spectra of LCNT, LCNT-OX, LCM and LCM-OX.
Figure 14 show the major peak of the graphitic carbon present in all carbon

composites and it was also increased the atomic percentage of oxygen.
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Figure 14 XPS Survey spectra of LCNT, LCNT-OX, LCM and LCM-OX
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4.2.6.1. Studies on (TEX) removal

4.2.6.2. Effect of initial pH

Fig. 15 show that The pattern of initial pH is almost same and values are
more or less constant for TEX. Therefore in this research we considered the neutral

pH for father analyses.
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Figure 15 Effect of initial pH on the sorption behavior of TEX using LCNT
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4.2.6.3. Effect of kinetics
Kinetics analyses was compared for all carbon composites and results
revealed that L-CM-OX and followed by L-CNT-OX attained equilibrium at

earliest.show in Fig.16 (a) (b) and (c) and Table 5.
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Figure 16 Kinetics of adsorption of LCNT, LCNT-OX, LCM and LCM-OX with

(a) Toluene, (b) Ethyl Benzene and (c) O-Xylene
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Table 5 Kinetic parameters for TEX sorption using LCNT, LCNT-OX, LCM and LCM-OX

) Web Morris
Pseudo First Order Pseudo Second Order
Model
Adsorbent VvVOC i
K| 2 k2 2 2
(min™) (mg/g/min)
Toluene 0.170 0.983 0.048 0.999 2.354 0.924
LCNT Ethyl Benzene 0.407 0.946 0.276 0.999 1.620 0.964
0-Xylene 0.223 0.985 0.276 0.999 1.321 0.935
Toluene 0.585 0. 985 0.044 0.999 1.965 0.846
LCNT-OX Ethyl Benzene 1.151 0.940 0.056 0.999 2.123 0.940
0-Xylene 0.154 0.904 0.026 0.999 4.448 0.967
Toluene 0.225 0.945 0.071 0.999 2.038 0.971
LCM Ethyl Benzene 0.112 0.928 0.054 0.999 2.281 0.934
0-Xylene 0.080 0.871 0.054 0.999 2.268 0.923
Toluene 0.059 0.938 0.255 0.999 1.468 0.922
Ethyl Benzene 0.128 0.990 0.032 0.998 3.567 0.975
LCM-OX
0-Xylene 0.350 0.961 0.984 0.999 2.630 0.930
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4.2.6.4. Adsorption Isotherm

The order of sorption capacity of adsorbents followed the order: CNT-OX >
P-CNT > L-CNT, LCM-OX > LCM.Fig. 17 (a), (b), and (c) show that the
Maximum adsorption capacity of CNT-OX could be recognized to larger surface
area and presence of various functional groups like carboxyl, hydroxyl and carbonyl

groups.
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Figure 17 Equilibrium Isotherms of (a) LCNT and LCNT-OX, (b) LCM and
LCM-OX and (c) P-CNT with TEX
Table 6, 7 and 8 As per the comparative analyses for amount of VOCs
adsorbed the results showed that oxidized CNTs/CMs is performing significantly
well. However the pattern was as same as in purchased CNTs .Fig. 18 (a), (b), and
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(c). Table 9show that the Comparative studies of carbon composites reported in the

literature.
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Figure 18Linearised Langmuir isotherm plots of (a) LCNT and LCNT-OX; (b)

LCM and LCM-OX and (c) P-CNT with o-Xylene
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Table 6 Langmuir Isotherm Constants for o-Xylene

Langmuir Model constants
Adsorbent Omax b =2
(mg/g) (ml/mg)
L- CNT 47.17 0.030 0.977
L -CNT-OX 72.46 0.055 0.980
L-CM 24.27 0.067 0.993
L-CM-OX 47.16 0.338 0.950
P-CNT 52.63 0.220 0.978
Table 7Freundlich Isotherm Constants
Adsorbent Freundlich Model
VOC ks 1/n R*
L-CNT Toluene 0.007 6.055 0.930
Ethyl Benzene 3.758 0.606 0.960
O-Xylene 0.545 1.456 0.961
L -CNT-OX Toluene 0.638 2.306 0.990
Ethyl Benzene 0.016 2.512 0.981
O-Xylene 7.850 0.581 0.935
L-CM Toluene 0.113 1.492 0.962
Ethyl Benzene 0.144 1.549 0.938
O-Xylene 3.169 0.466 0.986
L -CM-OX Toluene 0.0883 1.702 0.921
Ethyl Benzene 0.0311 2.199 0.910
O-Xylene 2.735 0.618 0.863
P-CNT Toluene 0.635 2.780 0.937
Ethyl Benzene 0.012 2.782 0.961
O-Xylene 12.820 0.454 0.961
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TABLE 8 Langmuir Isotherm Constants for o—Xylene
Adsorbent Langmuir Model constants
CImax b R2
(mg/g) (ml/mg)
L- CNT 47.17 0.030 0.977
L -CNT-OX 72.46 0.055 0.980
L-CM 24.27 0.067 0.993
L-CM-OX 47.16 0.338 0.950
P-CNT 52.63 0.220 0.978

Table 9 Comparative studies of carbon composites reported in the literature for

the removal of o-xylene from aqueous phase

Adsorbent Adsorption Equilibration Reference
capacity time
(mg/g)

CNT -2.0% O 62.82 10 h Yuetal. 2011
CNT- 32% O 112.19
CNT- 41% 0O 100.45
CNT- 59% O 48.73
CNTs NaOCl 413.7 2h Suetal. 2010
SWCNT 77.5 24h Chin et al. 2007
SWCNT-HNO; 85.5
Magnetic CNT 138.04 24 h Yuetal. 2016
Magnetic 50.0 20 min Pourzamani et al.
SWCNT 2017
LCNT 47.17 20 min Present work
LCNT-OX 72.46
LCM 24.27
LCM-OX 47.16
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4.2.6.5. Static sorption

Results

It is evident from table10 thesorption capacity follows the order o-xylene >

ethyl benzene > toluene. According to five adsorbents namely LCNT, LCNT-OX,

LCM, LCM-OX and PCNT.

Table 10 Static sorption test of carbon composites

Sorbent Amount Adsorbed (mg/g)

Toluene Ethyl Benzene 0-Xylene
LCNT 229.4 184.8 248.4
LCNT-OX 280.4 226.2 315.8
LCM 195.6 175.2 205.6
LCM-OX 242.8 200.2 260.5
PCNT 240.8 196.6 255.5

4.2.6.6. Column Study

It is demonstrate the amount of toluene adsorbed was found to be 40.19 mg/g

and 71.2% of Toluene was removed from aqueous solution.The breakthrough curve

of LCNT-OX with Toluene suggests the applicability for separation with following

the Langmuir model. it is evident Fig.19.
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Figure 19 Breakthrough curve of LCNT-OX with Toluene

4.2.6.7. Recyclability Studies

This table 11 and Fig 20 show that there was no appreciable change in

sorption behavior even after 5 cycles and the data revealed significant recyclability

of LCNT-OX and LCM-0OX for VOCs removal.
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Table 11 Recyclability Studies

Results

Amount of VOC Adsorbed (mg/g)
Cycles
LCNT-OX LCM-OX
Ethyl O- Ethyl O-
Toluene Toluene
Benzene | Xylene Benzene | Xylene
1 18.67 21.27 26.74 16.87 17.82 19.54
2 18.58 21.26 26.75 16.85 17.88 19.56
3 18.55 21.23 26.74 16.82 17.90 19.55
4 18.60 21.25 26.79 16.86 17.91 19.52
5 18.65 21.28 26.72 16.83 17.86 19.53
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Figure 20 Recyclability Studies

4.2.6.8.Applicability to Ground water

This table 12 and Fig. 21 define that the data amount of TEX adsorbed

remained more or less same in both distilled water and ground water.so the

applicability of adsorbents in ground water and distilled water are same.

Table 12 Applicability to Ground water

Amount of VOC Adsorbed (mg/g)
Sorbent Toluene Ethyl Benzene O-Xylene
DW GW DW GW DW GW
LCNT-OX 13.90 14.08 15.57 15.72 17.15 18.08
LCM-OX 12.22 12.12 13.35 13.27 14.59 14.63
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Results

Applicability to ground water
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Figure 21 Applicability to Ground water
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4.3. TEX Analysis in Air Experiment

4.3.1. Introduction

4.3.2. Characterization of mesoporous carbon microspheres

5.3.2.1. BET Isotherm and BET Isotherm

It is demonstrate that the maximum pore size existed in the range of 4.6 to 4.8
nm in all the samples except LCM. Furthermore average pore diameter ranged from
10.80 to 18.45 nm.According to the Nitrogen adsorption and desorption isotherms of

LCM, LCM-AIk, LCNT, LCNT-OX.Fig. 22 and Fig. 23.
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Figure 22 BET Isotherm (a) Adsorption and Desorption
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Figure 23 BET Isotherm (b) Adsorption and Desorption

4.3.2.2. Calibration curve for TEX

Calibration graph define the straight lines. It was obtained with a
correlation factor (R?) of 0.999, 0.991, and 0.980 for ethyl benzene, toluene and o-

xylene respectively.lt is evident that show in Fig 24, 25, and 26.
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Table 13 shows that the breakthrough curves define the adsorbent capacity

according to carbon composite and also depict the percentage of removal of TEX.

Table 13 Effect of contact time in Breakthrough curves

Adsorbent® | VOC t. (min) | Uptake (mg/g) % Removal
Ethyl Benzene 36 7.47 38.94

CNT-Plain | O-Xylene 40 10.55 49.45
Toluene 16 4.93 57.76
Ethyl Benzene 164 58.89 67.33

CNT-OX | O-Xylene 164 66.80 76.39
Toluene 100 39.85 74.72
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Ethyl Benzene 32 7.86 46.02
CMS O-Xylene 32 7.09 41.56
Toluene 20 5.48 51.37

4.3.2.4. Breakthrough curvesCMS, CNT-Plain, and CNT-OX with Toluene low

concentration:
It is evident fig.(27)that the maximum adsorption capacity CNT-OX and a

very few min show the adsorption CNT-plain and CMS.
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Figure 27 Breakthrough curve of CMS, CNT-Plain, and CNT-OX with Toluene,

(100ppm)
4.3.2.5. Breakthrough curvesCMS, CNT-Plain, and CNT-OX with

Ethylbenzenelow concentration:
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It is evident fig.(28)that the maximum adsorption capacity CNT-OX and a

very few min show the adsorption CNT-plain and CMS.
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Figure 28 Breakthrough curve of CMS, CNT-Plain, and CNT-OX with (b)

Ethylbenzene, (100 ppm)

4.3.2.6.Breakthrough curvesCMS, CNT-Plain, and CNT-OX with o-xylene low

concentration:

It is evident fig.(29)That the maximum adsorption capacity CNT-OX and a

very few min show the adsorption CNT-plain and CMS.
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Figure 29 Breakthrough curve of CMS, CNT-Plain, and CNT-OX with (b) O-

Xylene, (100 ppm)

4.3.2.7.Breakthrough curvesCMS, CNT-Plain, and CNT-OX with toluene

medium concentration:

It is evident fig.(30)that the maximum adsorption capacity CNT-OX and a

very few min show the adsorption CNT-plain and CMS.
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Figure 30 Breakthrough curve of CMS, CNT-Plain, and CNT-OX with (b)

Toluene, (300 ppm)

4.3.2.8.Breakthrough curvesCMS, CNT-Plain, and CNT-OX with Ethylbenzene

medium concentration:

It is evident fig.(31)that the maximum adsorption capacity CNT-OX and a very few

min show the adsorption CNT-plain and CMS.
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Figure 31 Breakthrough curve of CMS, CNT-Plain, and CNT-OX with (b)

Ethylbenzene, (300 ppm)

4.3.2.9.Breakthrough curvesCMS, CNT-Plain, and CNT-OX with 0-xylene

medium concentration:

It is evident fig.(32)that the maximum adsorption capacity CNT-OX and a very few

min show the adsorption CNT-plain and CMS.
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Figure 32 Breakthrough curve of CMS, CNT-Plain, and CNT-OX with (b) O-

Xylene, (300 ppm)

4.3.2.10.Breakthrough curvesCMS, CNT-Plain, and CNT-OX with toluene high

concentration:

It is evident fig.(33)that the maximum adsorption capacity CNT-OX and a

very few min show the adsorption CNT-plain and CMS.
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Figure 33 Breakthrough curve of CMS, CNT-Plain, and CNT-OX with (b)

Toluene, (700 ppm)
4.3.2.11. BreakthroughcurvesCMS, CNT-Plain, and CNT-OX with

Ethylbenzene high concentration:

It is evident fig.(34)that the maximum adsorption capacity CNT-OX and a

very few min show the adsorption CNT-plain and CMS.
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Figure 34 Breakthrough curve of CMS, CNT-Plain, and CNT-OX with (b)

Ethylbenzene, (700 ppm)

4.3.2.12.Breakthrough curvesCMS, CNT-Plain, and CNT-OX with o-xylene

high concentration:

Itis evident fig.(35)that the maximum adsorption capacity CNT-OX and a

very few min show the adsorption CNT-plain and CMS.
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Figure 35 Breakthrough curve of CMS, CNT-Plain, and CNT-OX with (b) O-

Xylene, (700 ppm)
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CHAPTER -5

DISCUSSION

5.1. Introduction

Volatile organic compounds namely toluene (T), ethylbenzene (E) and o-
xylene (X) are widely used in various industrial processes. Huge amounts of TEX
contaminated Waste water is discharged into surrounding water bodies from these
industries. TEX are carcinogenic, toxic, and flammable substances, presence of
greater amounts of these carcinogenic solvents in water bodies may affect water

quality and thus endanger both public health and wellbeing (Purdom, 1980).

Thus it is imperative that cost effective and sustainable wastewater treatment
is required for TEX contamination. Conventionally activated carbon is the most
widely used adsorbent (Daifullah and Girgis, 2003, Lillo-Rodenas et al. 2005,
Wibowo et al. 2007). In recent years carbon nano tubes (CNTs) have been found
useful in removing various pollutants owing to their large surface area, greater
chemical stability, thermal resistance, unique hollow structure and hydrophobic

surface.

Carbon based nanocomposites have been found useful in removing many
organic pollutants including volatile organic compounds (Agnihotri et al. 2005, Hsu
and Lu, 2007) from air streams, 1,2 dichlorobenzene (Fagan et al. 2004, Chen et al.
2007), xylene (Chin et al. 2007, Su et al. 2010), TEX (Yu et al. 2011, 2016),
trihalomethanes (Lu et al. 2005, 2006), triazine based pollutant (Engel and Chefetz,

2017), pharmaceuticals (Shan et al. 2016) etc. from various aqueous solutions.
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It is evident from literature that a very few studies have been carried out in
the removal of TEX from aqueous solutions using carbon nano composites.
Therefore in this study, carbon nanotubes (LCNT) and carbon microspheres (LCM)
were prepared indigenously using horizontal floating catalytic chemical vapor
deposition technique. A solution containing 2% ferrocene in benzene served as

hydrocarbon source.

Use of ferrocene served a dual purpose as the source of hydrocarbon as well
as floating catalyst towards growth of nanotubes and microspheres. With slight
modification in temperature during its preparation both nanotubes and microspheres
were prepared using the same set up. Prepared materials were oxidized with nitric

acid to produce LCNT-OX and LCM-OX.

Various carbon composites thus prepared namely, LCNT, LCNT-OX, LCM
and LCM-OX were characterized using various spectroscopic techniques including
Scanning electron microscopy (SEM), transmission electron microscopy (TEM),
Brunauer-Emmett-Teller (BET) Surface Area measurements, X-ray diffraction
(XRD), Fourier transform infra red spectroscopy (FTIR), Raman, X-ray
photoelectron spectroscopy (XPS) and systematically evaluated for the removal of
TEX from both distilled water and ground water. Column studies were conducted to
demonstrate the applicability of prepared carbon composite under dynamic
conditions. Static adsorption experiments were also carried out to evaluate the uptake
capacity of vapour phase of TEX by various prepared carbon composites. The results
obtained were compared with the commercially available CNT (P-CNT) acquired

from United nanotech, Bangalore, India.
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5.2. Characterization of carbon composites

5.2.1. SEM and TEM Analysis

SEM images of LCNT and LCNT-OX is shown Figures 9(a) and (b),
respectively. The width of nano tube varied from 20 to 60 nm and length ran to few
micrometers. It is evident that after oxidation no appreciable change in surface
morphology was observed. Figure 9(c) and 1(d) reveals the TEM images of LCNT
where the hollow structure and multiwalled tubular structure is evident. SEM and
TEM images of LCM are shown in figures 9(e) and 1(f), respectively. It is evident
that the microspheres are agglomerated and it is not hollow inside. The size of

microspheres varied from 100 — 300 nm.

5.2.2. BET analysis

The specific surface area of the L-CNT, L-CNT-OX, L-CM, L-CM-OX and
P-CNT were obtained over the relative pressure range from 0.05 to 0.35 using the
standard BET method. The total pore volume, mesopore, macropore and micropore
volumes were calculated using the instrument's software supplied by Quantachome
using Barrett-Joyner-Halenda (BJH) and density functional theory (DFT) methods.
Table 3 summarizes data for specific surface area (SSA) and pore volume. Salient
features are: (a) BET total surface area and total pore volume of LCM samples were
smaller than those obtained for LCNT. (b) Smallest BET total surface area and total
pore volume were observed for LCM. (c) Contribution of mesopores to the total pore
volume was larger than that of the micropores for all carbon composites except

LCNT which had a larger contribution from the macropores. It is evident that total
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surface area increased after oxidation. Higher surface area obtained after oxidation

could be attributed to the opening of pores.

5.2.3. XRD Analysis

The XRD diffraction patterns of carbon composites are shown in Fig 10 and
11. Most intense peak at 20 = 26.4 was observed in the diffraction spectra of both
LCNT and LCM which is due to the (002) reflection of spcarbon of carbon
composites (Sankararamakrishnan et al. 2016). Additionally, diffraction peaks at
43.5 (400) corresponding to y Fe,03 or Fe3O,4 phase (matched with JCPDS Card No.
(79 - 0417) was also observed. Iron oxide arises due to the use of ferrocene during

composite preparation.

5.2.4. FTIR analysis

FT-IR spectra of LCNT, LCNT-OX and LCM and LCM-OX are shown in
Fig. 12. For all four samples, the peaks around 1610 cm™ could be assigned to the
C=C stretching vibration. Further, absorption bands at 2847 cm™ and 2921 cm™
could be attributed to symmetric and asymmetric stretching vibrations of -CH, which
could be due to the presence of amorphous carbon. Oxidized carbon composites
(LCNT-OX and LCM-OX), exhibited the peaks around 1720 cm™ which arises from

the asymmetric C=0 stretching band (Ntim and Mitra, 2011).

Anchoring of functional groups in LCM-OX is evidenced by the appearance
of bands at 1610 and 1536 cm™ corresponding to C=0 group and carboxylate anion
stretching respectively. Similarly oxidized LCNT exhibited vibrations of C=0 and

caboxylate groups at 1634 and 1586 cm™ respectively (Daifullahand Girgis, 2003,
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Davis et al. 1999). All the samples exhibited alkoxy C-O band at 1030 cm™ (Ovejero
et al. 2006). Intramolecular hydrogen bonding arising due to the presence of -OH
groups are observed at 3430 cm™ and OH bending vibration is also observed at 1375

cm™ in all the samples.

5.2.5. Raman Analysis

Figure 13 shows the Raman spectra of LCM, LCM-OX, LCNT and LCNT-
OX. It is evident from the spectra that two sharp and intense peaks ~ 1300 cm™ and ~
1550 cm™ are observed which corresponds to D- band and G-bands respectively. D-
band arises due to the imperfections/ disorderliness in carbon framework which
could be attributed to impurities, vacancies, symmetry breaking defects etc. G band
is related to in plane tangential stretching of C-C bond of Sp *hybridized carbon
atoms of the carbon composites. The ratio of the intensity of D band to G band
(Io/lc) depicts the extent of defects in the carbon frame work (Saito et al. 2011). In
the present case, the ratio increased in both the oxidized form (LCNT-OX and LCM-
OX) compared to plain forms (Table 4) indicating the presence of defects on
oxidized composites surfaces, which introduced more oxygen containing functional

groups like carbonyl, carboxyl, hydroxyl as shown in FTIR and XPS spectra.

5.2.6. XPS Analysis

Figure 14 shows the XPS survey spectra of LCNT, LCNT-OX, LCM and
LCM-OX. The major peak which is C 1s peaks arises due the graphitic carbon
present in carbon composites. It is evident from the spectra that after oxidation with
nitric acid, intense peaks corresponding to O1s appeared and it was also evident that

atomic percentage of oxygen increased from 4.3 to 26.5%. Which confirm the
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introduction of various functional groups like hydroxyl, carbonyl and carboxyl

groups.

5.2.6.1. Studies on (TEX) removal

5.2.6.2. Effect of initial pH

Effect of initial pH on the sorption behavior of TEX by LCNT is shown in
Fig 13 . Sorption of TEX is almost constant irrespective of initial pH (Fig.15). This
confirms the possibility that molecular forms of TEX are adsorbed and sorption of
TEX by ion exchange plays an insignificant. This observation is similar to the earlier
reports where sorption of TEX (Su et al. 2010) and xylene (Chin et al. 2007) was
found constant in the pH range of 3 to 10 by MWCNT and SWCNT respectively.
Experiments with other prepared carbon composites including LCNT-OX, LCM,
LCM-OX, CNT-P revealed similar results with respect to initial pH (Figure not

shown).

5.2.6.3. Effect of kinetics

Adsorption kinetic plays a significant role in the solute uptake and also
represents the sorption efficiency of the sorbent. Figure 16(a-c) reveals the rate of
sorption of TEX with various sorbents. It is observed that sorption is very fast and
equilibrium is attained within 20 min with all the carbon composites prepared. It is to

be noted that oxidized forms of LCNT and LCM attains equilibrium within 15 min.

This is one of the major advantage of these adsorbents compared to the one reported
in literature. Study of Yu et al. (2011) illustrated that 60 min was essential for

reaching equilibrium of TEX with CNTs and Su et al. (2010) reported 120 min for
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CNT (NaOCl) to reach equilibrium. The kinetic data was modelled by Pseudo First

order and Pseudo second order model given in equations 1 and 2 respectively.

k,
log(q,— q.) = logq, — —t )

== + @

Equation (1) is commonly referred as Lagergren model (Lagregren, 1898), where qt
(mg/g represents the adsorption of the TEX at time t, ge (mg/g) is the adsorption
capacity at equilibrium, t (min) is the exposure time and k; (min™)is the pseudo first
order rate constant. Equation (2) represents pseudo second order where the
adsorption rate is directly proportional to the square of the number of unoccupied
sites and used to analyze the chemisorption kinetics from liquid solutions (Ho, 2006).
In egn (2), ko’ (g mg™ min™) is the pseudo second order rate constant of adsorption.
The kinetic parameters evaluated for these two models for TEX is shown in Table 3.
It is to be observed that all the adsorbents namely LCNT, LCNT-OX, LCM and
LCM —-OX followed pseudo second order kinetics with regression coefficients
greater than 0.99. Thus, it could be concluded that adsorption of TEX upon various

carbon composites prepared is governed by chemical interactions.

Adsorption of TEX upon prepared adsorbents could involve surface diffusion
(where TEX is transported from the aqueous solution to the surface of the carbon
composites)or intraparticle/pore diffusion(where TEX molecules move into the
carbon composites interior pores).The intraparticle diffusion model by Weber-Morris
has been used to determine whether the rate determining step is caused by

intraparticle diffusion or surface diffusion (Wu et al., 2009). Thus, the obtained
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kinetic data was modelled using Web-Morris intraparticle diffusion model given in

eqn(3).

% = kint\EJrC @)
Where kin; represents the intraparticle diffusion rate constant (mg g~' min®) and C
represents the intercept. According to Web Morris model, a plot of amount adsorbed
at a given time (qt) versus t>° should be linear plot without intercept if intraparticle
diffusion is the sole process governing the rate determining step and a linear plot
with intercept confirms that one of the process in adsorption process is intraparticle
diffusion. Thus, a plot of amount of TEX adsorbed over prepared adsorbents
yieldeda straight line with an intercept C which gives the information about the
thickness of the boundary layer. The constants obtained using this model is detailed
in Table 5.Thus, results indicateapart from diffusion mechanism other boundary
layer mechanisms could also be present in the adsorption of TEX onto prepared

composites.
5.2.6.4. Adsorption Isotherm

Adsorption isotherm experiments were conducted on TEX using LCNT,
LCNT-OX, LCM, LCM-OX and P-CNT. Concentration range between 0 to 100
ppm was studied and higher concentrations were not simulated to due to low
solubility of VOCs in water. The equilibrium adsorption isotherm obtained for

various VOCs are shown in Figs.17 (a) — (c).

Further data obtained was modelled with linearised Langmuir and Freundlich

isotherm shown in equations 4 and 5, respectively.
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11 N 1 @)
qa qmax Ciqma.xb
1

logge = logK;+ —logC, (5)
n

Where ge (mg/g) is amount of TEX adsorbed per unit mass of carbon composite and
Ce(magl/l) is concentration of TEX at equilibrium. gmaxiS maximum amount of TEX
per unit mass of carbon composite to form a complete monolayer on surface of
sorbent and b is Langmuir constant (L/mg). K: (mg/g) and n are constants

representing Freundlich adsorption capacity and intensity of TEX sorption.

Langmuir model is postulated on the assumption that monolayer adsorption
occurs on a homogenous sorbent surface and a limited amount of sorbent sites are
available for sorption is postulated by Langmuir isotherm model. Furthermore,
Langmuir model also predicts that there exists a negligible interaction between
adsorbed solute molecules. Freundlich isotherm model works on the assumption that

TEX adsorbs on heterogeneous surface of prepared carbon composites.

Equilibrium data obtained was modelled by both Langmuir and Freundlich
isotherm. It was observed that only O-Xylene followed Langmuir model (Fig 16 (a)
— (c); Table 6 - 8) with regression coefficients > 0.95, however, toluene and ethyl

benzene did not followed this model.

The order of sorption capacity of adsorbents followed the order: CNT-OX >
P-CNT > L-CNT, LCM-OX > LCM. Higher adsorption capacity of CNT-OX could
be attributed to larger surface area and presence of various functional groups like

carboxyl, hydroxyl and carbonyl groups. A very few reports are available in
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literature on removal of xylene from aqueous phase using modified CNTs. A
comparison of the prepared adsorbents with those reported in literature is depicted in

Table 9.

It is evident from table 9 that earlier reports have reported higher sorption
capacity for instance Yu et al, (2011) reported a capacity of 112.19 mg/g for m-
xylene and nitric acid modified SWCNT has been evaluated for removal of p-xylene
(Chin et al. 2007) with an adsorption capacity of 85.5 mg/g. Though the sorbent
prepared in this study exhibited a slightly lower capacity, it is noteworthy that
sorption kinetics was very fast and equilibration was attained within 20 min as

compared to 24h and 10 h as reported in earlier reports.
5.2.6.5. Static Adsorption Test and mechanism of adsorption

Adsorption capacity depends on various factors including surface area,
porosity, and presence of functional groups as well as chemical properties of TEX.
Static adsorption tests for TEX were conducted with all five adsorbents namely
LCNT, LCNT-OX, LCM, LCM-OX and PCNT and results obtained are shown in

Table 10.

It is evident from table that LCNT-OX exhibited highest sorption capacity for
TEX though surface area of P-CNT (199.01 m?g) was higher than LCNT-OX
(121.68 m?g). This could be attributed to presence of functional groups like
hydroxyl and carboxyl groups introduced during oxidation. Further it is observed that
sorption capacity follows the order o-xylene > ethyl benzene > toluene. In addition,

even though LCM-OX surface area (12.7 m?/g) is much lower than LCNT and
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PCNT, its adsorption capacity towards TEX is comparable with LCNT and PCNT

(Table 7).

Furthermore, it is clear from Table 7 that oxidized forms of carbon
composites performed better sorption of TEX as compared with the as prepared
composites. This could be attributed to electron donor acceptor mechanism involving
n — m interaction. In this case, oxygen atom of various functional groups like
carboxyl, carbonyl and hydroxyl acts as electron donor and TEX molecules aromatic

ring acts as electron acceptor.

Similar mechanisms have been postulated in literature with CNT (NaOCI)
(Su et al. 2010) and powdered activated carbon (Daifullah and Girgis, 2003).
Additionally, there also exists an electrostatic attraction between TEX molecules and
CNT surface. It is reported that TEX molecules exhibit weak positive charge in the
pH range of 3 to 12 (Chen et al. 2007). Hence, adsorption of TEX is more favored
with oxidized LCNT and LCM as they possess higher electronegative surface charge
due to presence of surface oxygen atoms which results in strong electrostatic
attraction leading to higher sorption of TEX. Higher sorption of O-Xylene compared
to Toluene can be attributed to lower solubility in water (T 515 mg/L > O-X, 180

mg/L) resulting due to its higher hydrophabicity.

5.2.6.6. Column Studies

Dynamic equilibration studies were conducted using a column reactor in an
upflow mode. The flow rate was maintained at 3ml/min. Performance of packed
column reactor is described through the breakthrough curves obtained for that

particular set up. Breakthrough curve is normally depicted in terms of either effluent
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VOC concentration (Cg) or the ratio of effluent VOC concentration to inlet VOC
concentration (C./C,) as a function of flow time (t) or volume of effluent (Ves) Or

bed volumes (BV) for a particular bed height. Effluent volume (V) calculated from

Eqg. (6):
Vet = F. tiotal (6)
Where F and tyo are the volumetric flow rate and total flow time respectively.

The quantity of VOC retained in the packed column reactor is represented by area
above breakthrough curve (Cer Vs t), which is obtained through numerical
integration. The uptake capacity (Q) of carbon composite is obtained by dividing

VOC mass adsorbed (VOC,q) by carbon composite mass (M).

Amount of VOC sent to packed column reactor (VOCioia) Can be obtained from Eq.

(7):
VOCai= Co. F. t (7)
Where, t. is bed exhaustion time (te, time at which Cesexceeded 9.7 mg/ L)

Finally, VOC percent removal can be obtained from the following from Eqn.

voc,,
Total VOC Percent removal(%) = Voo % 100 (8)

total
The breakthrough curve of toluene using lab CNT is shown in Fig 10.

It is evident (Fig. 19) that around 50 bed volumes of (950 ml) 30 ppm toluene

containing water could be treated reducing concentration from 30 ppm to below
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detection limit using 3g of LCNT. Furthermore, amount of toluene adsorbed was
found to be 40.19 mg/g and 71.2% of Toluene was removed from aqueous solution
using 3mg of adsorbent with a flow rate 3ml/min. Thus, it is evident that CNTs could
be used as micro trapping devices or solid phase extraction cartridges for

concentrating VOC.

5.2.6.7. Recyclability Studies

Recyclability tests were conducted for LCNT-OX and LCM-OX using 60
ppm of TEX as analytes. After adsorption, adsorbent was filtered and heated in oven
at 100 °C for 60 min and subsequently adsorbents were used for adsorption. This
process was repeated for 5 cycles and results obtained are shown in Table 11 and
Fig. 20. It is evident from the data that there was no appreciable change in sorption

behavior even after 5 cycles which proves recyclability of sorbent.

5.2.6.8. Applicability in ground water matrix

To test applicability of adsorbents in ground water, similar to distilled water,
adsorption experiments were conducted with LCNT-OX and LCM-OX in TEX
spiked ground water. Groundwater was acquired from 1T Kanpur. Characteristics of
water included: pH 7.7, total dissolved solids 608 mg/l, hardness 140 mg/l, alkalinity
280 mg/l, chloride 160 mg/I, sulfate 34.9 mg/l and iron 0.12 mg/l. Acquired ground
water was spiked with 40 ppm of TEX and equilibrated with 0.02 g of LCNT-OX
and LCM-OX for 30 min and the amount adsorbed was evaluated using GC. Results
obtained are shown in Table 12 and Fig. 21. It is evident from the data amount of
TEX adsorbed remained more or less same in both distilled water and ground water.

Hence, adsorbent can find applicability in TEX contaminated aqueous streams.
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DW-(Distilled Water)

GW-(Ground Water)

5.3. TEX Analysis in Air

5.3.1. Introduction

During the past two decades, volatile organic compounds (VOCSs), are one of
the major source of air pollution, have widely attracted legislators and scientists.
VOCs are a sub-branch of anthropogenic or biogenic compounds and categorized as
hazardous air pollutant materials. VOCs can not only cause serious harm to human
health and irreversible defects during long-lasting exposure, but also can deplete
ozone layer and lead to greenhouse effect. Thus, VOCs removal from both indoor

and outdoor environment has become indispensable.

For abatement of VOCs from atmosphere, various removal technologies have
been developed, including membrane separation (Zhang, L. and Weng et al.,2002)
condensation, (Patoulias, D., and Fountoukis, C. et ai., 2015) catalytic oxidation,
(Kamal, M. S. and Razzak, S. A. et al.,, 2016) absorption (Rahbar, M. S., &
Kaghazchi, T. et al., 2005). photocatalytic reaction (Cao, J., & Lee, S. et al., 2016).
and adsorption. (Gaur, V., & Verma, N. et al.,2004). Although each technique has its
own advantage and disadvantage, adsorption has been considered as the most energy
efficient, economical, and versatile and sustainable technique. Though various
commercial adsorbents, including and zeolites, (Chung, T. W., & Wu, H. et al.,,
2004). Silica gels and activated carbons, have been widely used for adsorptive

removal of VOCs.
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However, these adsorbents suffer from high energy demand, low regeneration
efficiency and poor adsorption capacity. Hence, in recent years, a great amount of
research is focused on novel carbon-based adsorbents like grapheme, (Ahn, H., &
Kim, D. J. et al.,2015). Porous carbon materials (Nichols, M. et al., 2013). , multi-
walled nanotube (Saridara, C., & Mitra, S. et al., 2010) metal organic framework
(ref) and biochar, (Zhang, X., Gao, et al., 2017) in search of better alternative to
commercial adsorbents. Furthermore, mesoporous materials are preferred over
microporous carbon materials owing to clogging of micropores by competitive
sorption of water vapor molecules along with VOCs leading to decreased adsorption
performace (Zhao, X. S., Ma, Q., & Lu, G. Q. 1998). It is also well known that a
mesoporous material possesses good mass transfer ability of pollutant molecules

compared micropores (Qi et al, CEJ, 2017).

Thus in this work efforts were made to synthesize mesoporous carbon micro
spheres (LCNS) and nano tubes (LCNT) in floating catalytic chemical vapor
deposition method using ferrocene in benzene as the hydrocarbon source. Both LCM
and LCNT were synthesized using the same set up by altering the temperature of the
horizontal furnace. Further, to increase the surface area, chemical activation was
carried our using nitric acid and potassium hydroxide. The prepared materials were

characterized and applied for the removal of VOCs in air using horizontal reactor.

5.3.2. Characterization of mesoporous carbon microspheres

5.3.2.1. BET Isotherm and BET Isotherm

The Nitrogen adsorption and desorption isotherms of LCM, LCM-AIKk,

LCNT, LCNT-OX are presented in Fig.22 and 23 respectively. The isotherms are
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Type-1VV which is characteristic of mesoporous material. The hysteresis loop of
LCM-AIK is Type —H1 which confirms uniform and regular pore structure. However,
the hysteresis loop of LCM, LCNT and LCNT-OX is Type —H3 combining the pore
diameter distribution (Fig 1), which indicates that the sizes are not uniform and its
channels are narrow, and the shapes are irregular. It is also evident from the Fig.22
and 23 that maximum pore size existed in the range of 4.6 to 4.8 nm in all the
samples except LCM. Furthermore average pore diameter ranged from 10.80 to

18.45 nm.
5.3.2.2. Calibration curve for TEX

Different TEX solutions with different concentration were prepared. The
samples were analyzed using Gas Chromatography. Calibration curve were
constructed by plotting the value of area under the Area Vs. concentration of
standard TEX as shown in Fig. (24 -26). A straight lines was obtained with a
correlation factor (R?) of 0.999, 0.991, and 0.980 for ethyl benzene, toluene and o-

xylene respectively.
5.3.2.3. Breakthrough curves

The equilibrium dynamic adsorption capacity of the carbon composite was
evaluated from the breakthrough curves. The experiments were repeated for three
different initial concentrations of 100, 300 and 700 ppm of TEX using CNT-Plain,

CNT-OX and CMS as adsorbents.

5.3.2.4. Breakthrough curves CMS, CNT-Plain, and CNT-OX with Toluene low

concentration:
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The effect of contact time on the adsorption of Toluene by CMS, CNT-Plain,
and CNT-OX and there was studied in the range of 4-100 min. The results are shown
in Fig. (27) The Figure shows that Toluene adsorption has been slowly increased
then the adsorption capacity increases rapidly until it reached equilibrium. The
experiments were carried out for VOC inlet concentrations: 100 ppm. For each run, 3
g adsorbent was taken. The bed temperature was set at the optimum temperature of
25° C and the flow rate at 16ml/min. Fig. 27 describes the experimentally obtained
breakthrough curves for toluene under the VOC gas inlet concentrations for CMS,
CNT-Plain and CNT-0X. As observed from Fig. 27, the breakthrough times are less

than 20 min for CMS and CNT-Plain, and for CNT-OX equilibrium time 100 min.

5.3.25. Breakthrough curves CMS, CNT-Plain, and CNT-OX with

Ethylbenzene low concentration:

The effect of contact time on the adsorption of Ethylbenzene by CMS, CNT-
Plain, and CNT-OX and there was studied in the range of 4-164 min. The results are
shown in Fig. (28) The Figure shows that Ethylbenzene adsorption has been slowly
increased then the adsorption capacity increases rapidly until it reached equilibrium.
The experiments were carried out for VOC inlet concentrations: 100 ppm. For each
run, 3 g adsorbent was taken. The bed temperature was set at the optimum
temperature of 250 C and the flow rate at 16ml/min. Fig. 28 describes the
experimentally obtained breakthrough curves for Ethylbenzene under the VOC gas
inlet concentrations for CMS, CNT-Plain and CNT-0X. As observed from Fig. 28,
the breakthrough times are less than 32 min for CMS and CNT-Plain, and for CNT-

OX equilibrium time 164 min.
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5.3.2.6. Breakthrough curves CMS, CNT-Plain, and CNT-OX with o-xylene low

concentration:

The effect of contact time on the adsorption of o-xylene by CMS, CNT-Plain,
and CNT-OX and there was studied in the range of 4-100 min. The results are shown
in Fig. (29) The Figure shows that o-xylene adsorption has been slowly increased
then the adsorption capacity increases rapidly until it reached equilibrium. The
experiments were carried out for VVOC inlet concentrations: 100 ppm. For each run,
3 g adsorbent was taken. The bed temperature was set at the optimum temperature of
25° C and the flow rate at 16ml/min. Fig. 29 describes the experimentally obtained
breakthrough curves for o-xylene under the VOC gas inlet concentrations for CMS,
CNT-Plain and CNT-0X. As observed from Fig. 29, the breakthrough times are less

than 40 min for CMS and CNT-Plain, and for CNT-OX equilibrium time 100 min.

5.3.2.7. Breakthrough curves CMS, CNT-Plain, and CNT-OX with toluene

medium concentration:

The effect of contact time on the adsorption of Toluene by CMS, CNT-Plain,
and CNT-OX and there was studied in the range of 4-160 min. The results are shown
in Fig. (30) The Figure shows that Toluene adsorption has been slowly increased
then the adsorption capacity increases rapidly until it reached equilibrium. The
experiments were carried out for VOC inlet concentrations: 300 ppm. For each run, 3
g adsorbent was taken. The bed temperature was set at the optimum temperature of
250 C and the flow rate at 16ml/min. Fig. 30 describes the experimentally obtained
breakthrough curves for toluene under the VOC gas inlet concentrations for CMS,

CNT-Plain and CNT-0X. As observed from Fig. 30, the breakthrough times are less
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than 40 min for CMS and CNT-Plain, and for CNT-OX equilibrium time 160 min.

5.3.2.8. Breakthrough curves CMS, CNT-Plain, and CNT-OX with

Ethylbenzene medium concentration:

The effect of contact time on the adsorption of ethylbenzene by CMS, CNT-
Plain, and CNT-OX and there was studied in the range of 4-124 min. The results are
shown in Fig. (31) The Figure shows that ethylbenzene adsorption has been slowly
increased then the adsorption capacity increases rapidly until it reached equilibrium.
The experiments were carried out for VOC inlet concentrations: 300 ppm. For each
run, 3 g adsorbent was taken. The bed temperature was set at the optimum
temperature of 250 C and the flow rate at 16ml/min. Fig. 31 describes the
experimentally obtained breakthrough curves for ethylbenzene under the VOC gas
inlet concentrations for CMS, CNT-Plain and CNT-0X . As observed from Fig. 31,
the breakthrough times are less than 40 min for CMS and CNT-Plain, and for CNT-

OX equilibrium time 124 min.

5.3.2.9. Breakthrough curves CMS, CNT-Plain, and CNT-OX with 0-xylene

medium concentration:

The effect of contact time on the adsorption of 0-xylene Toluene by CMS,
CNT-Plain, and CNT-OX and there was studied in the range of 4-160 min. The
results are shown in Fig. (32) The Figure shows that 0-xylene Toluene adsorption
has been slowly increased then the adsorption capacity increases rapidly until it
reached equilibrium. The experiments were carried out for VOC inlet concentrations:
300 ppm. For each run, 3 g adsorbent was taken. The bed temperature was set at the

optimum temperature of 250 C and the flow rate at 16ml/min. Fig. 32 describes the
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experimentally obtained breakthrough curves for 0-xylene toluene under the VOC
gas inlet concentrations for CMS, CNT-Plain and CNT-0X . As observed from Fig.
32, the breakthrough times are less than 40 min for CMS and CNT-Plain, and for

CNT-OX equilibrium time 160 min.

5.3.2.10. Breakthrough curves CMS, CNT-Plain, and CNT-OX with toluene

high concentration:

The effect of contact time on the adsorption of Toluene by CMS, CNT-Plain,
and CNT-OX and there was studied in the range of 4 - 92 min. The results are shown
in Fig. (33) The Figure shows that Toluene adsorption has been slowly increased
then the adsorption capacity increases rapidly until it reached equilibrium. The
experiments were carried out for VOC inlet concentrations: 700 ppm. For each run, 3
g adsorbent was taken. The bed temperature was set at the optimum temperature of
250 C and the flow rate at 16ml/min. Fig. 33 describes the experimentally obtained
breakthrough curves for toluene under the VOC gas inlet concentrations for CMS,
CNT-Plain and CNT-0X . As observed from Fig. 33, the breakthrough times are less

than 40 min for CMS and CNT-Plain, and for CNT-OX equilibrium time 92 min.

5.3.2.11. Breakthrough curves CMS, CNT-Plain, and CNT-OX with

Ethylbenzene high concentration:

The effect of contact time on the adsorption of ethylbenzene Toluene by
CMS, CNT-Plain, and CNT-OX and there was studied in the range of 4-128 min.
The results are shown in Fig. 34 The Figure shows that ethylbenzene Toluene
adsorption has been slowly increased Then the adsorption capacity increases rapidly

until it reached equilibrium. the experiments were carried out for VOC inlet
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concentrations: 700 ppm. For each run, 3 g adsorbent was taken. The bed
temperature was set at the optimum temperature of 250 C and the flow rate at
16ml/min. Fig. 34 describes the experimentally obtained breakthrough curves for
ethylbenzene toluene under the VOC gas inlet concentrations for CMS, CNT-Plain
and CNT-0X . As observed from Fig. 34, the breakthrough times are less than 40 min

for CMS and CNT-Plain, and for CNT-OX equilibrium time 128 min.

5.3.2.12. Breakthrough curves CMS, CNT-Plain, and CNT-OX with o-xylene

high concentration:

The effect of contact time on the adsorption of o-xylene by CMS, CNT-Plain,
and CNT-OX and there was studied in the range of 4-92 min. The results are shown
in Fig. 35 The Figure shows that o-xylene Toluene adsorption has been slowly
increased Then the adsorption capacity increases rapidly until it reached equilibrium.
the experiments were carried out for VOC inlet concentrations: 700 ppm. For each
run, 3 g adsorbent was taken. The bed temperature was set at the optimum
temperature of 250 C and the flow rate at 16ml/min. Fig. 35 describes the
experimentally obtained breakthrough curves for o-xylene toluene under the VOC
gas inlet concentrations for CMS, CNT-Plain and CNT-0X. As observed from Fig.
35, the breakthrough times are less than 40 min for CMS and CNT-Plain, and for

CNT-OX equilibrium time 92 min.
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CHAPTER -6

SUMMARY AND CONCLUSIONS

The floating catalytic chemical vapor deposition method was applied to
prepare carbon nanotubes (LCNT) and carbon microspheres (LCM). A solution
containing 2%ferrocene in benzene was used as the hydrocarbon source. Ferrocene
being a heterocyclic aromatic compound served as both hydrocarbon source and the
heteroatom “Fe” acted as the floating catalyst. Carbon nantotubes (LCNT) and
carbon microspheres (LCM) were prepared indigenously and subsequently oxidised
to obtain the corresponding oxidised nanotubes (LCNT-OX) and microspheres
(LCM-0OX). Surface morphology of the prepared composites was studied using
SEM, TEM and BET measurements.

FTIR and XPS spectroscopy revealed the anchoring of functional groups
during oxidation. The prepared carbon composites were evaluated for TEX removal
in water/air phase. In aqueous phase, it was found that irrespective of initial pH,
sorption remained constant and adsorption of these VOCs attained equilibrium
within 20 min. Adsorption of TEX upon various carbon composites followed pseudo
second order Kkinetics with regression coefficients >0.99. Langmuir and Freundlich
isotherms were used to model the obtained equilibrium data and various isotherm
constants were evaluated. Maximum adsorption capacity of LCNT, LCNT-OX, LCM
and LCM-OX towards o-xylene was found to be 47.17, 72.46, 24.27 and 47.16 mg/qg,
respectively. Static adsorption tests of the prepared carbon composites revealed
adsorption capacity in the order o-xylene > toluene > ethylbenzene.

Furthermore, sorption capacity of oxidized composites was found to be

higher in both phases (air and water) compared to as prepared carbon composites.
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This could be attributed to the introduction of surface functional groups, increased
surface area and the increased percentage of mesopores. Further the prepared
composites revealed the recyclability without depreciation in adsorption capacity.
Application of the prepared composites to TEX spiked ground water was also carried
out. The results evidenced that the adsorption capacity was same irrespective of the
matrix. Column studies revealed that 50 bed volumes of (950 ml) of 30 ppm of
toluene containing distilled water could be treated reducing the concentration from
30 ppm to below detection limit using 3 mg of LCNT.

Indigenous set up was constructed to evaluate the adsorption capacity of
various composites towards the removal of TEX from air. Experiments were
conducted with three different initial concentrations of TEX were studied namely
100, 300, and 700 ppm at a flow rate of 16ml/min. Nitrogen was used as the diluant
gas. The concentration of various VOCs was monitored using GC. Using the
concentration of TEX before and after passing through the adsorbent with time,
breakthrough curves were constructed. Weight of the adsorbent for this method was
maintained at 3g. The results obtained from break through revealed that similar to
water experiments, higher uptake capacity of LCNT-OX compared to other
adsorbents.

Further uptake capacity of O-Xylene was high compared to ethyl benzene and
toluene. The uptake capacity of TEX at an initial concentration of 300 ppm using
CNT-OX as adsorbent was found to be 39.85, 58.89 and 66.80 mg/g respectively.
Furthermore, the percentage removal of TEX from air using the carbon composites
ranged from 38.9 to 76.4%.

Finally, removal TEX from air and water matrix without depreciation in sorption

capacity, faster kinetics, dynamic equilibrium and recyclability studies demonstrate
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the applicability of prepared carbon composites in filter cartridges, air scrubbers and

wastewater treatment units.
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