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ABSTRACT

Water resources are being polluted from various sources. Types of emerging
pollutants are also increasing while the traditional pollutants are not solved efficiently
yet. Removal of toxic metals is one of the biggest challenges in ensuring safe water
for all. Those can be removed by chemical processes, physical processes such as ultra
filtration and reverse osmosis, adsorption by polymers and Varrous types of media
which exhaust fast and expensive to reactivate. Cadmium (Cd*") was selected, in the
present study, for its potential hazards to living beings at low concentration and
difficulties in removing from water. Therefore, due to their high adsorption capacity
and high surface area, carbon nanotubes (CNT) were synthesized and used to remove
cadmium from water. Fixed catalyst chemical vapor deposition reactor (FCCVD)
system was fabricated, upgraded and used to grow carbon nanotubes. Growth
parameters (reaction time, reaction temperature, and gas flow rates) for CNT on
powdered activated carbon (PAC), as a novel substrate were optimized. The PAC was
impregnated with Fe’™ catalyst. Design Expert software was used to design the
experimental plan and to determine the optimization parameters for the growth of
CNT, considering removal (%) of Cd*" as a response. Based on the screening test,
four samples were selected for detailed study. Selected CNT-PAC samples were
characterized using field emission electron microscope (FESEM) and transmission
electron microscope (TEM) to confirm the CNT growth as well as to study the
microstructure of the nanoscale product. In addition, the selected CNT-PAC samples
were further characterized using Fourier transform spectroscopy (FTIR), thermal
gravimetric analysis (TGA) and Brunauer, Emmett and Teller (BET) surface area. The
surface properties of CNT-PAC were modified by oxidative functionalization using
three different methods: sonication with KMnQOy, refluxing with HNO; at 140 °C and
in-situ gasification with CO, at 750 °C. By comparing the performance, the best
modified sample was found to be the one, which was functionalized with KMnOs.
Design Expert software was also used to optimize the removal of cadmium from water
with pH, contact time, adsorbent dose and agitation speed as controlling parameters
KMnO, treatment of the most promising CNT-PAC sample (B3) enhanced the Cd™
removal from 38.87% to 98.35%. Tip growth was observed from TEM. The results
showed that BET surface area was 974.9 m’/g, Zeta potentlal was - 46.1 mV and TGA
combustion temperature range was between 371 °C and 560 °C. The selected
functionalized sample was used to perform optimization study on removal of Cd*"
from water using central composite design (CCD) experimental design. The optimum
conditions were pH 4.92, agitation speed 160 rpm, contact time 60 min and adsorbent
dose 214 mg/L. Langmuir and Freundlich adsorption isotherms were studied for the
novel adsorbent. Langmuir constants were qm = 69.759 mg/g, K;=0.223 and R =
0.924. The system was found more likely to follow Freundlich model with R’ of
0.961, K¢ of 9.215 and n of 3.015. Three kinetic models (pseudo first order, second
order and intraparticle adsorption) of adsorption were studied too. The Pseudo-
second-order was the best fit with R* of 0.996 and model constants were q. = 34.29
(mg/g) and K, = 0.0013 (g/mg. mrn) Coefﬁcrents for the pseudo first order were q.=
21.145 (mg/g) and K;= 0.09 (min™) with R of 0.936. The intraparticle kinetic model
exhibited R? value of 0.812 with Ky = 1.295 (g/mg.min’”). The CNT-PAC adsorbent
after oxrdatlve functionalization with KMnO4 was proven to be an efficient adsorbent
for Cd*" removal from water. Thus this novel nanocomposite material is promising for
other adsorption applications for its significant surface properties.
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CHAPTER ONE

INTRODUCTION

1.1 OVERVIEW
Carbon nano materials (CNM) are being globally in the limelight as a new material in
the 21% century and broadening their applications have been broadened in many areas,
such as biotechnology, environmental energy, aerospace science, materials industry,
medicine science, electronic computer, security and safety. CNM are known to be
superior to many other existing materials in terms of strength, electrical properties,
weight, size, etc. Carbon nanotubes (CNT) can be described as a rolled up one
graphene sheet that is closed at each end with half of a fullerene denoted as single
walled carbon nanotube, or more than one graphene cylinder nested one into another
in case of multi walled carbon nanotubes - MWCNT (Delzeit et al., 2002; Dresselhaus
et al., 2001; Stampfer et al., 2006). Among various types of CNM, carbon nanotubes
(CNT) are in high demand especially in the following applications (Andrews et al.,
2002; Popov, 2004; Tanaka et al., 1999).
a. Elevation of the existing electron emission current from 10 to 100 times
level, using a low voltage;
b. High functional composites which can drastically enhance the strength of
structures;
c.  Various nanotechnologies; and
d. Bioenvironmental applications, such as pollutant removal, drug delivery,
biosensors.

The potential benefits of the synthesis of nano-sized particles for remediation



systems are the technology is portable, the nanoparticles are highly reactive and it can
be scaled to contribute in resolving the pollution problems. Furthermore, it also has
been found that carbon nanotubes can be used as an adsorbent for trapping volatile
organic compounds (VOCs) and heavy metals from environmental samples (Feng et
al., 2005). Many researchers as well as academic institutes dedicated great effort to it.
CNT is a promising material especially in the field of remediation of toxic heavy
metals contaminated industrial waste waters (Li et al., 2003; Liu et al., 2005; Lu &

Chiu, 2006; Yantasee et al., 2007).

1.2 PROBLEM STATEMENT AND SIGNIFICANCE OF STUDY
Water resources are being polluted from various sources. Different types of emerging
pollutants have been increasing while the removal of traditional pollutants is not
solved efficiently yet. Cadmium is one of the most toxic metals, it is ranked the 6" of
ten most toxic metals for its dangerous impacts on human health . Toxic metals (such
as cadmium, lead, mercury, etc.) are becoming common in water. They are being
removed by chemical processes or costly physical processes such as ultra filtration,
reverse osmosis, polymers and various types of adsorbing media which exhaust very
fast and costly to reactivate. Removal of toxic metals by adsorption is known
technique. Adsorption is also related to the accessible surface area of the media.
Therefore the CNT with high surface area could be potential to remove toxic metals
for the production of high purity water.

Heavy metals are hazardous for the environment and human health as well.
Due to high adsorption capacity, CNT are promising material to be applied in the
environmental remediation to obtain water free from toxic metals (Atieh et al., 2005;

Chen & Wang, 2006; Muataz et al., 2010). Many industrial and medical applications



need ultra pure water for their products. Therefore, it is timely to conduct study on
development of new materials to produce pure water for human consumption (Colt,
2006; Gil et al., 2006; Gomez et al., 2007; Koster et al., 2002).

In recent years, work has focused on developing Chemical Vapor Deposition
(CVD) techniques using catalyst particles and hydrocarbon precursors to grow
nanotubes; such techniques have been used earlier to produce hollow nanofibers of
carbon in large quantities. CVD seems to be the most promising method for possible
industrial scale-up due to the relatively low growth temperature, high yields and high
purities that can be achieved (Cheol et al., 2002; Danafar et al., 2009; Dresselhaus et
al., 2001; Kukovecz et al., 2005).

The catalyst substrate and floating catalytic chemical vapor deposition (FC-
CVD) are very promising processes with respect to large-scale production of different
kinds of carbon nanostructures materials as for example vapor growth carbon fibers,
carbon nanofibers, multi, and single-walled carbon nanotubes. However, research is
necessary to produce quantity of CNT at lower cost. There is also need to study the
synthesis of CNT on low cost substrate for the immobilization process. Due to their
attractive mechanical, thermal and electronic properties, researchers were more
focusing on applications of CNT in other than water treatment fields where the cost

plays major role (Zhong et al., 2007).

1.3 RESEARCH PHILOSOPHY

This research is an attempt to benefit from the CNT’s physical and chemical
properties in the field of environment (specifically water treatment), as one of the
greatest challenges that facing the humanity in this century is the conservation of the

water resources.



High surface area and presence of functional groups affect the adsorption

properties of any adsorbent. Activated carbon (AC) is a well-known adsorbent for the

removal of heavy metals despite its limited utility after the adsorption process. The

synthesis of nanomaterial on PAC will therefore increase its surface functional groups

and give longer span to its activity for the removal of heavy metals. The growth of

carbon nanotubes (CNT) on the surface of powdered activated carbon (PAC) is

thought to increase the adsorption capacity of the PAC and then the removal of

cadmium from aqueous solutions.

1.4 RESEARCH OBJECTIVES

The objectives of this research are:

1.

To design and fabricate a fixed catalyst chemical vapor deposition reactor
(FCCVD) system for the production of CNT.

To optimize the growth of CNT on powdered activated carbon (PAC) by
varying process parameters such as reaction time, reaction temperature,
carrier gas flow rate and carbon source gas flow rate.

To optimize the removal of Cd* from water, with CNT on PAC dose,
contact time, pH and initial concentration of pollutant as controlling
parameters.

To investigate the isothermal adsorption behavior as well as the adsorption
kinetics for the process of Cd*" adsorptions in aqueous solution by
impregnated CNT grown on PAC and determine the matching isotherm

and kinetic models.





