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Abstract
NANOSTRUCTURED MATERIALS FOR PHOTOCATALYSIS, WATER TREATMENT
AND SOLAR DESALINATION
By: Hiran Danushka Kiriarachchi

A dissertation submitted in partial fulfillment of the requirements for the degree of Doctor of

Philosophy at Virginia Commonwealth University.
Virginia Commonwealth University, 2019

Director: M. Samy EI-Shall, Professor, Department of Chemistry

Maintaining a constant supply of clean drinking water is among the most pressing global
challenges in our time. About one-third of the population is affected by the water scarcity and it
can only get worse with climate change, rapid industrialization, and the population growth. Even
though nearly 70 percent of the planet is covered by water, the consumable freshwater content is
only 2.5 percent of it. Unfortunately, the accessible portion of it is only 1 percent. Even so, most
of the freshwater bodies are choked with pollution. Considering the vast availability of saline water
on the planet and the increasing wastewater generation, seawater desalination, and wastewater
treatment and recycling seem to have the potential to address current water-related issues.
Therefore, it is necessary to find efficient techniques for seawater desalination and wastewater
treatment. The use of nanostructured materials for these applications is becoming a popular
approach due to the unique chemical and physical properties they possess compared to bulk

materials

Solar energy is the cleanest and most abundant renewable natural resource available. Materials for

solar photothermal energy conversion are highly sought after for their cost savings, clean
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environment, and broad utility in providing water heating and/or steam for many applications
including domestic water heating and solar-driven desalination. Extensive research efforts have
been made to develop efficient solar absorbers with characteristics such as low weight, low thermal
conductivity, broad solar absorption and porosity to be able to float on water to provide more
efficient and cost-effective solar steam generation systems. Metal NPs have been proposed to take
advantage of the high efficiency of the photothermal energy conversion associated with surface
plasmon resonance absorption. Nanostructured carbon-based materials such as graphene oxide,
carbon nanotubes, carbonized biomass are also in use due to their excellent photothermal energy
conversion ability over the range of the visible and near infra-red region of the electromagnetic

spectrum.

In this dissertation, five projects based on the utility of nanostructured materials for desalination,
photocatalysis and water treatment will be discussed. The first three projects involve the
fabrication and design of plasmonic and carbon-based photothermal materials for applications in
solar steam generation, water desalination, and wastewater treatment. In the fourth project, a
unique shape of ZnO nanostructure was synthesized for photodegradation of organic dyes in
industrial wastewater. The final project demonstrates the shape-controlled synthesis of iron carbide
nanostructures and composite materials of aminated graphene oxide for the removal of Cr(VI)

from wastewater.
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Chapter 01: Introduction

For a considerable portion of the world population, access to safely managed water is not a
certainty. During the last few decades, fast-growing demand for freshwater has become a serious
threat to the sustainability of human society. In a recent annual risk report presented by the World
Economic Forum, the water crisis was mentioned as the largest global risk in the modern era in
terms of potential impact.! Accelerated population growth, industrial expansion, improved living
standards, and large-scale irrigation agriculture are considered as the key reasons for the high

demand for freshwater.23

Even though 70% of the earth surface is covered with water, the distribution of freshwater on the
planet is extremely uneven. Despite the fact that most of the water content on the planet is brackish,
the total amount of freshwater on the planet is more than necessary to fulfill the global freshwater
demands. Unfortunately, the majority of the earth’s freshwater content is not readily accessible.
About 69% of the total freshwater content is trapped as glaciers/ice caps and 30% is hidden
underneath the earth crust as groundwater.* The available surface freshwater bodies are choked
with pollution due to the release of untreated wastewater by municipal and industrial sources.
According to the United Nations World Water Development Report, 2017, it is estimated that
about 80% of the wastewater worldwide (more than 95% in some of the developing countries) is
released to the natural environment without any treatment.® The consequences of these actions are
affecting communities all over the world. During the last decade, a considerable number of
research efforts have been dedicated to utilizing nanotechnology to find solutions related to water
scarcity and pollution. This dissertation will mainly focus on the use of nanostructured materials

to solve water-related issues by solar water desalination photocatalysis and water treatment.



1.1. Fundamental Principles of Water Desalination

Considering the vast abundance of seawater (~97% of the total water content) on our planet,

desalination seems to be the most sensible solution for the current freshwater crisis. Desalination

process involves the extraction and removal of salts and minerals from saline water to produce

potable water or water that is low in total dissolved solids. There are about 15,000 large scale

desalination units established around the world and the production capacity of them exceeds 8.5

billion gallons per day.® In general, desalination techniques can be categorized into two main

classes: (1) techniques based on the phase change of water/distillation through evaporation and (2)

filtration through membranes. Figure 1.1 illustrates the currently used desalination techniques in

the world.”

Desalination
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Figure 1.1. Different types of water desalination technologies.




Considering the production capacity, reverse osmosis is the leading technology to date
representing 44% of the total capacity. Thermal technologies such as multi-stage flash distillation
(40%), multiple-effect desalination (4%) and vapor compression (3%) and membrane processes
such as electrodialysis (6%) share the rest.> However, the high energy demand associated with
these techniques is a major concern. Most of the energy requirements for desalination are coming
from fossil fuel which is one of the key sources for climate change. Therefore, renewable energy-
based water desalination techniques are ideal considering both the production cost and the

environmental impact.

Solar energy is the cleanest and most abundant energy source available. Therefore, solar water
desalination seems to be the most ideal solution to address the current water crisis. Solar
desalination is not a new technology and it has been used for centuries by humankind. In fact, the
first reports of seawater desalination date back to ancient Greece where Aristotle (384-322 BC)
writes about seawater desalination: “Saltwater when it turns into vapor becomes sweet, and the
vapor does not form salt water when it condenses again. This is known by experiment”.® Since

then numerous research efforts have been devoted to invent efficient solar desalination devices.

1.1.1. Solar Stills and Their Limitations

Currently, solar energy is used in two forms for desalination applications: as electrical energy
using photovoltaic arrays to indirectly heat water or as thermal energy to directly heat water.® The
use of thermal energy is cost-effective but suffers from low productivity. However, a group of
devices called solar stills utilizes solar thermal energy to convert saline water into potable water
in a similar way how the sun generates rain. A simplified schematic of a solar still is illustrated in
Figure 1.2. First, saline or brackish water is contained in a sealed chamber with a transparent roof.

IR radiation of the sunlight passes through the glass roof and heats up the water promoting



evaporation. Then, this vapor is condensed on the glass roof and can be collected for consumption
after minimal treatment. The most basic type of solar still is called the basin type which is the
oldest and the least productive model. There are two main reasons for the low productivity of the
basin type solar stills. Owing to the fact that water has a large specific heat capacity (4.2 kJ kg
°C1), energy loss to heat bulk water is a major drawback. Most of the energy entered into the solar
still is consumed to increase the temperature of the bulk water but not to generate steam. Also, all
the basic solar stills are only harnessing the IR radiation of the solar spectrum which is not the

spectral region with the highest irradiance level.

Glass Roof
\ Solar Radiation

\\
\ Condensed water

Vapor

Drain Tube

Figure 1.2. Schematic of basic solar still

Figure 1.3 shows the solar irradiance spectrum (AM 1.5G) and where the IR region is located.°
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Figure 1.3. Solar irradiance spectrum at airmass 1.5G

However, a new set of solar stills were introduced with modifications in the design to address some
of the limitations associated with the basin type solar stills. Wick stills, multiple-effect basin stills,
and diffusion stills are a few examples for improved solar still designs. Wick still addresses the
issue of bulk heating present in basin type solar stills by using capillary forces to drive water to
the irradiation surface which is a thin layer of hydrophilic material. The main reason for the high
efficiency of wick stills is the efficient heating of water due to the slow rate of feed input. Also,
the tilted bed of the wick system results in low reflectance of solar radiation. Multiple-effect basin
stills utilize the heat of evaporation to heat up bulk water by using multiple layers placed on top
of each other. The water in the bottom basin evaporates and condenses on the bottom surface of
the reservoir above. During the condensation, the heat of the vapor is transferred to the basin above
which will increase the evaporation rate of the second basin. This dual action will increase the
productivity of the system compared to the single layer systems.® 11 A diffusion still is made of
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two units, a distillation chamber and a heat storage unit connected to a solar collector. Distillation
chamber has several closely packed cells called multiple effect-diffusion units. Each cell consists
of a heating surface and a porous material which is attached on one side of the heating plate. The
saline feedwater is supplied to the wick (porous material) from the top. The heating surface absorbs
latent heat from the condensing vapor and conducts the heat through the plate to the saturated
porous wick at the other side to evaporate the water. The vapor diffuses and condenses on the
heating plate of the next cell. The processes cycles until the heat dissipate to the external

environment.?*3 Figure 1.4 shows the schematic representations of the three solar stills discussed

above.
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Figure 1.4. Schematic diagrams of (A) multi-effect basin still, (B) diffusion still and (C) wick
still & 13



Even after the modifications, the energy efficiency of the current solar stills fails to reach more
than 50% and the daily production of freshwater is ranging from 4-6 L m2.1* Most of the input
energy is still consumed to heat the bulk water but not to generate steam. Therefore, it is necessary
to incorporate an efficient solar absorber that can efficiently evaporate water without heating up

the bulk reservoir.

1.1.2. The Utility of Photothermal Materials to Increase the Efficiency

With the rapid advancement in the fields of material science and nanotechnology, scientists started
to incline towards nanomaterials that can efficiently convert light energy into heat to be utilized in
solar steam desalination applications. Especially, carbon-based materials such as graphene-based
materials and plasmonic NPs have shown promising results in efficient photothermal energy
conversion. In fact, our lab is one of the pioneers to demonstrate the utility of GO/RGO nanosheets
and Au NPs for efficient heating of bulk water under the laser and solar irradiation.***6 In 2012,
Naomi J. Halas and her research group in Rice University introduced the principles and
applications of photothermal energy conversion of plasmonic and carbon-based NPs to generate
steam by localized heating.!” Since then, a plethora of advanced photothermal materials is
introduced for applications such as sewage treatment, distillation and especially for solar water

desalination.

To be an efficient solar steam generation device, there are two very important properties that the
desired material should possess. Most importantly the photothermal material should be able to
harness a broad region of the solar spectrum. Secondly, the material should float on the surface of
the water and channel the bulk water to the irradiation surface. It is highly important to have a
minimal amount of water in contact with the solar absorber, so the generated heat will be enough

to instantaneously vaporize the water to generate steam. In this dissertation, mainly the utility of



plasmonic metal NPs (Au and Ag) and carbon-based materials (GO and carbonized cellulose)
incorporated with polymer supports for solar water desalination and wastewater treatment will be

demonstrated.

1.1.2.1. Plasmonic Metal Nanoparticles and Surface Plasmonic Resonance

Heat generation upon illumination is a well-known effect observed in metals and this effect is
wavelength independent within the optical range for bulk metals. Also, it does not depend on the
crystal size or shape. However, this phenomenon is completely different and complicated when it
comes to metal NPs. In the subwavelength scale, the light induced heating in metal NPs becomes
strongly dependent on both the illumination wavelength and size and shape of the NP.8 When the
particle size of the metals drops below the mean free path the scattering from the bulk minimizes.
Thus, all the interactions are expected to be limited to the surface. If the particle size of the NP is
below the illumination wavelength, the delocalized electron density of the NPs can strongly couple
with the electromagnetic radiation via a phenomenon called surface plasmon resonance. In SPR,
delocalized electrons interact with the electric field of the incident radiation and polarize to one
surface and oscillate in resonance with the frequency of the incident light (Figure 1.5) When the
size and the geometry of the NP changes, it causes changes in the electric field density on the
surface. These changes result in different oscillation frequencies of the free electrons giving rise

to different absorption bands in the UV-visible absorption spectrum.*®
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Figure 1.5. Origin of SPR due to the interaction of delocalized electrons with the electric field of
the incident light.

Figure 1.6 shows the different SPR bands observed in different shapes of Au NPs. It is a clear
observation of size and shape dependence of the resonance frequency observed in metal NPs.
When the plasmonic NPs are excited on resonance, the absorbed energy can be dissipated in two
ways. Namely, luminescence (emission of photons) and non-radiative decay (Landau
damping/emission of phonons).?’ To be utilized as an efficient photothermal material for solar
steam generation, metal NPs should have a large absorption efficiency and low luminescence
quantum vyield to ensure efficient light-to-heat energy conversion. Au, Ag, and Pt are ideal
candidates due to their chemical inertness and outstanding photothermal properties. However, Cu,
Al and In NPs have also been used as cost-effective options but the susceptibility for surface

oxidation limits them from long term applications.?-23
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Figure 1.6. Different SPR bands observed in different shapes of Au NPs'®

1.1.2.2. Carbon Based Materials as Photothermal Materials

Among the solar absorbers used for solar desalination, carbon-based materials considered as a

scalable candidate due to the low fabrication cost, abundance, reusability, and excellent

photothermal properties. Graphite, graphene, carbonized biomass, carbon black, carbon nanotubes

and carbon composites are some of the carbon-based materials that have been tested for efficient

solar steam generation.?*3® Among them, graphene-based materials such as GO and RGO have

been thoroughly researched due to their unique features such as low-cost and scalability in

fabrication, broadband absorption, tunable hydrophilicity, functionalizability, low cross-plane

thermal conductivity (~0.2 W/mK) and flexibility.3'*¢ The high performance of graphene-based

materials in photothermal energy conversion to generate heat under UV, visible and NIR

irradiation particularly for heating water was first demonstrated in our lab in 2010.1° The

mechanism of the photothermal effect of carbon-based materials is still under debate. However,




the suggested mechanism for GO photothermal effect involves absorption of photon energy by GO
resulting in the formation of a heated electron gas that rapidly cools down by dissipating the heat

to the GO lattice.1®

Carbonized biomass is another potential candidate to be used as a scalable photothermal material.
In several studies, considerably high solar-to-vapor efficiencies were obtained by carbonized
cellulose-based materials. In recent studies, surface carbonized wood,*” carbonized mushroom,?
carbonized wood embedded in polyethylene foam®® and carbonized wood/carbon nanotube
membranes®® demonstrated cost-efficient and scalable properties with promising steam generation
efficiencies (80-90%). However, the durability of carbonized materials is not the best compared to
other photothermal materials. To address the durability problem, carbonized materials can be

incorporated with polymer matrices to obtain reusable and efficient solar steam generation devices.

1.2. Fundamental Principles of Semiconductor Photocatalysis

With the overwhelming boost in the industrialization and increasing population, water pollution
by organic contaminants is becoming a huge concern. Over the years, biological and physical
treatments have been used to treat the organic contaminants in wastewater. However, these
techniques are less effective in removing certain anthropogenic contaminants that are harmful at
very low concentrations. Therefore, it is necessary to deploy novel techniques, which are capable
of functioning at low concentrations and transforming hazardous materials into non-hazardous or
less hazardous components. To be utilized in mass scale, these techniques should be efficient
enough to remove pollutants rapidly at low concentrations, inexpensive and also should have a

low energy demand.*°

After the discovery of photocatalysis on a TiO2 rod in 1972, the utility of semiconductor

photocatalysts for the removal of organic pollutants has been widely studied over the years.
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Especially, ZnO and TiO: can be considered as two of the most widely studied semiconductors
used for the photodegradation of different organic contaminants due to their stability, high
photosensitivity and large bandgap.**® In this dissertation, the sixth chapter explains the synthesis

of unique shape of ZnO and its utility in photodegrading different organic dyes.

1.2.1. Mechanism of ZnO Photocatalysis
The photodegradation mechanism of ZnO is thoroughly studied. In general, there are four main
steps taking place during the heterogeneous photodegradation reaction in ZnO as shown in Figure

1.7.

1. Diffusion of organic pollutants to the surface ZnO
2. Surface adsorption of the organic pollutants

3. Redox reactions in the adsorbed phase

4. Desorption of the products from the surface of ZnO

5. Removal of the products from the interface region
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Figure 1.7. General steps involved in heterogeneous photocatalytic oxidation®
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When ZnO is illuminated with an appropriate light source with photonic energy equal or larger
than the band gap, electrons in the valence band are excited into the conduction band resulting in
free electrons in the conduction band and positive holes in the valence band. These electron-hole
pairs, also called excitons are highly reactive and capable of initiating a chain of reactions that
ultimately convert the target organic pollutants into mineralized products. It is proven that most of
the toxic pollutants are degraded by this process. However, the extent of mineralization is
considered as the most important quality to evaluate the feasibility of the photodegradation because
partial oxidation can lead to generating intermediate species that can be more dangerous compared

to the parent pollutant.*’” Figure 1.8 shows the general steps involved in photodegradation

@ QOX
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mechanism.
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Figure 1.8. General steps involved in a photocatalytic mechanism. (1) excitons are formed upon
irradiation, (2) recombination of excitons (radiative or non-radiative decay), (3) An oxidative
pathway is initiated by the holes in the valence band, (4) A reduction pathway is initiated by the
electrons in the conduction band, (5) Photocatalytic reactions yield mineralized products.
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The generated electron-hole pairs can have two fates. They can undergo recombination, releasing
energy as photons or heat or can migrate to the surface of the photocatalyst. To be an efficient
photocatalyst, it is important to prevent electron-hole recombination. Photodegradation occurs
only if the excitons migrate to the surface of the semiconductor and react with surface-bound
electron donors and acceptors. This process is called trapping of charge carriers which occurs due
to the surface defects and surface-bound scavengers. In semiconductors, the conduction band
electrons are highly reactive with chemical potentials ranging from +0.5 to -1.5 V relative to the
NHE. Therefore, they can act as strong reducing agents. On the other hand, holes in the valence
band possess the oxidative potentials ranging between +1.0 to +3.5 V compared to the NHE
making them good oxidizing agents.*® These reactive charge carriers trigger a series of redox
reactions with surface bounds scavengers such as H-O and O molecules and generated reactive
oxygen species. These reactive oxygen species are the key components of the photodegradation
reaction. The key mechanistic steps involved in the photodegradation reaction can be summarized

as follows.49-%0

ZnO—"—Zn0 (e g)) + (iye)) 1.1
ZnO(hyg) +H,0 —ZnO + H' + OH' 1.2
ZnO(hg,) +OH™ — ZnO + OH' 1.3
ZnO(ecg) +0, - Zn0O + O 14

O; +H" — HO; 15

2HO; - H,0,+ O, 1.6
ZnO(e ) +H,0, - OH" + OH™ +2Zn0O 1.7
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H,0,+0; —OH" +OH +0, 1.8

H,0, —¥»20H" 1.9
Organic Pollutants + OH® — Intermediates 1.10
Intermediates — CO, +H,0 111

The hydroxyl radicals act as a strong oxidizing agent that promote oxidation of the organic
pollutants on the surface. To track the photodegradation efficiency, highly conjugated organic dyes
are used because of their bright colors. Upon degradation, the change of the color can be easily

monitored using UV-visible spectroscopy.

1.3. An Overview of Heavy Metal Removal

Over the years, heavy metal contamination has become an alarming environmental concern. Heavy
metals are defined as metals having atomic weights between 63.5 and 200.6 and a specific gravity
greater than 5.0.5°2 Among many toxic pollutants, heavy metals are considered as the most
harmful pollutants to living beings due the adverse effects they can cause at very low concentration
and bioaccumulation (long half-life which increases their potential for bioaccumulation and retains
in the ecosystems for a long time). Even though the anthropogenic sources are considered as the
main source for heavy metals, they can also be introduced to the environment through geogenic

sources such as metal ores.>®

With the rapid development of industries including metal processing, leather tanning, metal
polishing, electroplating, paint manufacturing, metal plating, mining, jewelry, battery
manufacturing, oil refining, fertilizers, paper, and pulp and rubber processing, there is a significant

increase in the discharge of heavy metal contaminated wastewater into the environment especially
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in the developing countries.> Some of the common heavy metals found in industrial wastewater

include Cr, Cd, Pb, Co, Cu, Fe, Ni, Zn, As, etc. in different oxidation states.

Currently, several treatment techniques are available to remove heavy metals from the wastewater.
More traditional methods include chemical precipitation, ion exchange, filtration, reverse osmosis,
electrocoagulation, dialysis/electrodialysis, etc.>>®* These techniques have their own advantages
and disadvantages. For example, chemical precipitation can be very efficient in removing heavy
metals and easier to perform at a minimal cost.®? However, it has a huge disadvantage in disposing
of resultant sludge creating a secondary pollutant. lon exchange, reverse osmosis, and membrane
filtration are efficient techniques except for the fact that they require expensive and regular

maintenance.

Adsorption technique can address some of these limitations due to its attractive features such as
simplicity, recyclability, low energy demand, and sludge free operation.® 834 Due to the simple
operation and low cost, adsorption technique can be a suitable method for wastewater treatment in
developing countries. Currently, the most commonly used adsorbent is activated carbon which is
relatively costly for large scale applications. Therefore, the search for an inexpensive and efficient
adsorbent with a good selectivity is an active field of research. Generally, the adsorption process
involves the transferring of heavy metal from the bulk solution to the surface of the adsorbent. The
interaction between the pollutant and the adsorbent can be physical (Van der Waals forces) or
electrostatic depending on the nature of the adsorbent. In order to understand the nature of the
interactions and optimize the adsorption mechanisms, it is important to have a good understanding
of the adsorption isotherm models. In general, adsorption isotherms explain the mechanism of

retention or mobility of a component from the aqueous solutions to a solid adsorbent at constant
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temperature and pH.%5-% Langmuir and Freundlich models are the most widely used isotherm

models to study the nature of the interaction between the adsorbent and the pollutant.®”-%

Over the years, various types of sorbents have been introduced for the removal of toxic heavy
metals such as zeolites,®® clay,’® chitosan,’* activated carbon,’> modified silica,”® various
polymers,’* chelating materials, etc. However, now there is a significant interest to utilize
nanomaterials as adsorbents due to the attractive features they possess including high specific area,
tunable pore sizes, short intraparticle diffusion distance and unique surface properties.”
Nanosorbents have shown significantly high adsorption capacities owing to their large specific
surface area and high surface energy. Moreover, nanomaterial surfaces can be easily functionalized
due to the presence of unsaturated surface atoms. These active surface atoms can easily bind with
other atoms giving rise to various composite materials with enhanced features such as magnetic,

electric and optical properties.

Regeneration and recycling are considered as two major practical limitations in the adsorption
technique since they can limit the large-scale application of the method. Generally, the adsorption
process is carried out either by passing contaminated water through the packed adsorbents or
dispersing the adsorbent in a pool of wastewater. After the adsorption, the material has to be
retrieved and regenerated in order to reuse. If the adsorbent is magnetic, it is easier to separate the
material from the treatment plant simply by employing a magnet.”®"® The last chapter of this thesis
focuses on the preparation of iron carbide magnetic nanostructures and a composite of iron carbide

and aminated graphene oxide for the removal of Cr(V1) from wastewater.
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Chapter 02: Characterization Techniques

2.1. X-ray Diffraction

XRD is a highly useful nondestructive technique to obtain information about the crystal structure
of a material. According to the arrangement of the atoms, solids can be either amorphous or
crystalline. In crystalline materials, the atoms arranged in an orderly manner whereas in amorphous
solids atoms are arranged randomly. XRD technique utilizes the elastic scattering of x-ray photons
by atoms in a periodic lattice yielding a fingerprint signal that can be used for identification and to
obtain valuable data related to the crystal structure. The principle of XRD is based on the well-

known Bragg’s law which is given in the equation 2.1.

ni=2dsing 2.1
Where n is an integer called the order of diffraction (often unity), A is the wavelength of the x-
ray source, d is the interplanar distance and @ is the angle between the incident/diffracted beam
and the crystal plane. When the x-ray beams satisfy the Bragg’s law, the x-ray beams that scattered
from the adjacent planes in the crystalline solid will travel distances that differ exactly by one
wavelength or multiples of incident wavelength. Those beams that scattered from successive
planes will constructively interfere and register an intense beam in the detector which is called a

diffracted beam.

In this work, XRD characterizations were done using Panalytical X Pert Pro diffractometer with
Cu Kal radiation. All measurements were carried out under ambient conditions. Diffraction
patterns were analyzed using X’Pert Highscore Plus software and the database used for
identification of crystal structures was the International Centre for Diffraction Data/Joint

Committee on Powder Diffraction Standards (ICDD-JCPDS) diffraction pattern library.
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2.2. X-ray Photoelectron Spectroscopy

XPS is the most widely used surface analysis technique because of its ability to provide valuable
quantitative and chemical state information for a broad range of materials. In a typical XPS
measurement, the depth of analysis is about 5-10 nm. Also, it is possible to carry out depth profiling
analysis if the XPS instrument is coupled with a sputtering source. The XPS technique is based on
the photoelectric effect. When a sample is irradiated with x-ray, photoelectrons are subsequently
ejected from the core levels of the atoms near the surface. These photoelectrons are escaped into
the vacuum chamber and an electron energy analyzer is used to measure the kinetic energy of the
emitted electrons. The energy of a photoelectron depends on the nature of the atomic and molecular
environment of the material. Therefore, it provides useful information about the material of
interest. The relationship between the incident photon energy and the kinetic energy is given by

the modified Einstein equation:

KE =hv—(BE+¢+d) 2.2
where KE is the kinetic energy of the photoelectron, v is the energy of the x-ray source, BE is the
binding energy of the photoelectron, ¢ is the work function of the instrument and d is the positive

charge of the sample (if the sample is charging). The value of binding energy and chemical shift
(difference from the elemental state) are used for identification of the element and understand its

chemical bonding nature in the material.

All the XPS data reported in this dissertation were collected using PHI VersaProbe I11 Scanning

XPS Microprobe. Data analysis was performed using CasaXPS processing software.
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2.3. Transmission Electron Microscopy

TEM is a powerful imaging technique that can be used to visualize sample morphology, NP size,
and distribution. TEM follows the same basic principles as an optical microscope but in the case
of TEM, an electron beam is used instead of light. Due to the low wavelength of the electron beam
compared to the visible light, TEM allows visualization of materials with atomic resolution.
During the operation, a beam of electrons is sent with high acceleration using an electron gun. This
beam is focused into a small, thin, coherent beam by the use of the condenser lenses. Then the
electron beam passes through a thin specimen and focused by the objective lens into an image on

a phosphor screen or charge coupled device camera.

In this work, TEM images were obtained using Joel JEM-1230 electron microscope operated at
120 kV equipped with Gatan UltraScan 4000SP 4K x 4K CCD camera. Samples for TEM were
prepared by placing a droplet of colloidal suspension in a suitable solvent on a supported film of
Formvar carbon-coated, 300-mesh copper grid (Ted Pella) and allowing them to dry under an IR

lamp for one hour.

2.4. Scanning Electron Microscopy

The SEM uses a focused beam of high energy electrons which interact with the external surface of
the specimen to generate a variety of signals. These signals derived from the interactions between
the sample and the electrons, provide useful information about the external morphology, chemical
composition and crystalline structure of the specimen. When the electron source produces a beam
of electrons by thermionic heating, they are accelerated to a voltage between 1-40 kV and
condensed into a narrow beam using condenser lenses. After the beam is focused, scanning to coils
is employed to deflect the beam in the X and Y axes so it can scan over the surface of the sample.

This sample-electron interaction generates different signals. These signals include secondary
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electrons, backscattered electrons, diffracted backscattered electrons, x-rays, visible light, and
heat. Secondary electrons are used for the imaging, backscattered and diffracted backscattered
electrons are used to determine the crystal structure and the characteristic x-rays are used for
elemental analysis. In a conventional SEM technique, magnifications ranging from 20x to
approximately 500,000x and spatial resolution of 1 to 20 nm can be achieved depending on the

instrument.

In the projects reported in this dissertation, SEM characterization was done using Hitachi SU-70
FE-SEM. Samples were prepared by dispersing a solid sample on the surface of a sticky carbon
tape adhered on to an SEM sample holder. Then, the free unadhered samples are removed using
clean compressed air flow. Certain non-conductive samples required a conductive coating to
increase the conductivity. A thin layer of Pt was coated on materials such as functionalized cotton
and carbonized cotton discussed in chapters 4 and 5, for enhanced resolution. A Sputter-coater was

used for this purpose.

2.5. Fourier Transform Infrared Spectroscopy

FT-IR is a widely utilized technique to identify certain functional groups in compounds. It detects
the vibrational characteristics of functional groups in a sample by shining IR radiation. The energy
of IR radiation is not large enough to induce electronic excitations. However, it is large enough to
induce bond vibrations such as stretching, contraction, and bending. As a result, when irradiated
with IR radiation, certain chemical groups tend to absorb the energy at certain wavelengths.
Thereby, a spectrum can be obtained representing absorbance or transmittance as a function of the
wavenumber. Typical components of a FT-IR spectrometer include IR source (usually a glowing

black- body source that emits radiation through an aperture which controls the amount of energy
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delivered to the sample/detector), interferometer (composed of beam splitter, fixed and moving

mirror), laser for aligning the mirrors and for internal calibration and a detector.

FT-IR characterizations reported in this dissertation are obtained using a Nicolet-Nexus 670 FT-

IR spectrometer with the diamond attenuated total reflection.

2.6. UV-Visible Spectroscopy

UV-Visible spectroscopy is one of the most important characterization techniques that help to
understand the optical properties of a material. It provides useful quantitative data obtained from
absorption of near-ultraviolet (180-390 nm) or visible (390-780 nm) radiation by chemical species
in solution or in the gas phase. The near-ultraviolet and the visible regions of the electromagnetic
spectrum provide enough energy that can induce electronic transitions. Due to the superimposition
of vibrational and rotational transitions, the UV-vis spectra of analytes in solution do not provide
fine a structure. Therefore, this technique is not suitable for identification purposes. However,
under controlled conditions, the amount of radiation absorbed by the analyte is directly
proportional to the concentration. This relationship is known as Beer’s law which is the basis of

quantitative application of this technique.

In this work, UV-visible spectra were obtained using an HP-8453 spectrophotometer operating
with ChemStation software. Samples were placed in quartz cuvettes with a pathlength of 1 cm.

Background spectra were recorded with the respective solvent prior to each measurement.

2.7. Raman Spectroscopy

Raman spectroscopy is a sensitive and non-destructive technique which relies on inelastic
scattering or Raman scattering of monochromatic light. Raman spectroscopy provides insight

about vibrational, rotational and other low-frequency modes in a material. It is commonly used in
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material science to obtain structural fingerprints to identify molecules. Raman spectroscopy is
generally considered as complementary to IR spectroscopy. A molecular vibration is only IR active
if there is a change in the dipole moment during the vibration. To be Raman active, there should
be a change in polarizability or distortion of the electron cloud around the vibrating molecule.

Generally, selection rules are used to determine which modes are Raman or IR active.

In a typical Raman experiment, a solid or liquid sample is irradiated with a laser source. Upon
interaction with the sample, light scatters and reach the detector which measures the frequency of
the scattered light. Majority of the scattered light has the same frequency as the incident light
which is known as Raleigh or elastic scattering. A small fraction (~0.00001%) of the scattered
light may have higher or lower frequency compared to the incident light. This shift in frequency
from the incident laser frequency is due to the different interactions between the incident light and
the vibrational energy levels of the molecules in the sample. A Raman spectrum is generated by

plotting the intensity of the shifted light versus the energy shift in wavenumbers.

In this work, Raman spectra were recorded using Thermo Scientific DXR Smart Raman
Spectrometer with 532 nm excitation laser source. The laser power was 5 mW, the spectral
resolution was ~4 cm* and the spectrum acquisition consisted of 100 accumulations with a total

acquisition time of 15 min.
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Chapter 03: Plasmonic Graphene Polyurethane Nanocomposites for Efficient

Solar Water Desalination

3.1. Introduction

Freshwater scarcity has become one of the most serious global challenges humans are facing
now.’® Considering the vast availability of saline water on the planet, seawater desalination seems
to be the best option to solve this issue. Even though there are a plethora of techniques available
for desalination, most of the techniques suffer from high associated energy cost.®’ Therefore, solar
desalination can be the cleanest and most cost-effective way to desalinate seawater. During the last
ten years, there has been a great interest in finding materials for solar photothermal energy
conversion for their cost savings, clean environment and broad utility in providing water heating
and/or steam for many applications including domestic water heating and solar-driven
desalination.”® 88 Moreover, solar photothermal energy conversion is used in industrial
applications such as solar crop drying technologies, and basic solar stills to purify water in remote
regions. Solar steam generation and solar water desalination are among the most important

technologies to address the increasing global water scarcity.’® 8-84

In some of the current photothermal energy conversion systems, copper or aluminum solar
absorbers are used due to the low cost. However, they have limited utility because of the
inflexibility for tailored applications, reactivity, and limited availability.®" 8% Due to the
vulnerability for surface oxidation, these bulk metals are not very efficient in absorbing the solar
spectrum. Moreover, due to the ineffectiveness of solar collectors to convert most of the solar
energy into heat and heat loss through bulk water, the current solar thermal desalination devices
suffer from low efficiency and low water productivity.8® To address these issues, extensive

research efforts have been dedicated to developing broadband solar absorption materials with
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hydrophilic, flexible, porous, and low weight properties that can float on the water surface to
provide more efficient and cost-effective solar thermal systems.85-8 Metallic microcavities,
metallic gap resonators, and nanostructured gratings have been proposed to take advantage of the
efficient photothermal energy conversion associated with SPR absorption.8® In some reports,
plasmonic metal NPs have been used for efficiently heating ice and liquid water to temperatures
above the boiling point of water under nonequilibrium conditions.?-" Also, aqueous dispersions
of gold and carbon NPs were demonstrated to produce water vapor upon solar irradiation without
the requirement of heating the bulk liquid.*” @ Several examples of noble-metal and carbon-based

nanofluids have also been reported for solar steam generation. %10

In addition to plasmonic NPs, carbon-based nanomaterials such as single-wall carbon nanotubes,
GO and RGO have recently been applied in photothermal energy conversion as they can absorb
light over the visible and NIR parts of the electromagnetic spectrum and convert the absorbed
energy into heat through nonradiative decay processes.® 194110 The efficient photothermal effects
of graphene-based materials for the conversion of visible, UV and infrared radiation into usable
heat particularly for heating bulk water was first demonstrated in 2010.1* The enhanced
photothermal effects by plasmonic metal-graphene nanocomposites consisting of gold, silver or
copper NPs and GO nanosheets have also been demonstrated.*® ! Furthermore, it has been shown
that the GO interface facilitates the photochemical synthesis and stability of the plasmonic gold
NPs which enhances the photothermal energy conversion and results in significant increase in the
temperature of water above 105 °C after 60 min illumination with direct sunlight without any
focusing lenses or mirrors.** These results indicate that the plasmonic-graphene nanocomposites
have excellent photothermal properties which make them the best candidates to be used in solar

heating or photothermal water distillation systems.
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Even though plasmonic-graphene nanocomposites are proven materials with excellent
photothermal properties for heating up bulk water for a variety of applications, they are not
effective in the water evaporation and steam generation required for solar water desalination. It is
mainly because of the heat loss to bulk water due to the large heat capacity of water. If the
photothermal materials are immersed in bulk water, it is practically impossible to generate steam
due to the heat dissipation to bulk water. Therefore, photothermal materials must be floating on
the water surface while a supporting material on which the solar absorbers are anchored, must
transport water on to the irradiation surface so the converted heat can efficiently convert that small
layer of water into steam. To achieve this goal, herein, we report on the development of a new
generation of highly efficient, flexible, low weight and cost-effective Plasmonic Graphene
Polyurethane nanocomposite foams for efficient Solar Water Desalination.!*? The PGPU
nanocomposites contain plasmonic NPs that absorb sunlight much more efficiently than bulk
metals or pure carbon materials.t” °"%¢ The PGPU materials are produced as porous foams that
float on top of the evaporating water pools.®” % 104105 Therefore, these materials significantly
enhance the absorption of solar energy and the high conversion efficiency of sunlight into heat.
Furthermore, the materials can be directly applied to the existing solar thermal water heating and
desalination devices and plants without any changes or modifications required in the design and
construction. These materials also offer advantages over the less durable pure polymeric materials
which have the limitations in thermal stability and the challenges of the long-term stability and
weathering during operation. This chapter is adapted from the article published in the journal of

ACS Applied Energy Materials.*?
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3.2. Materials and Methods

3.2.1. Materials

Graphite flakes (99.9999%), potassium permanganate (99.0%), sulfuric acid (98.0%), hydrogen
peroxide (35.0%), sodium nitrate (99.0%), polypropylene glycol (M, = 400), 2,4-tolyene
diisocyanate (TDI, 95.0%), triethylamine (> 99.5%), stannous octoate (95%), methylene chloride,
gold(l11) chloride solution (99.99%), silver nitrate (99.0%), magnesium sulfate (99.99%), calcium
chloride (99.9%), sodium chloride (> 99.0). All reagents were purchased from Sigma-Aldrich and

used without further purification. DI water was used in all the experiments.

3.2.2. Material Preparation

3.2.2.1. Synthesis of Flexible Polyurethane Foam

To prepare PUFs, 12.5 g of polypropylene glycol, 0.8 mL of DI water, 1.9 mL of methylene
chloride, 50 uL of triethylamine, and 110 pL of stannous octoate were mixed under gentle stirring
then poured into a plastic cup containing 9.1 g of TDI and the mixture was stirred vigorously for

about 10 seconds and then left undisturbed for 1 hr to let the foam to grow and dry.

3.2.2.2. Synthesis of 0.5 wt% GO-Polyurethane Composite Foam

GO prepared via the improved Hummer method.*® 109.0 mg of GO was suspended in 1.1 mL of
DI water and sonicated well for 30 min. Then, 12.5 g of polypropylene glycol, 1.9 mL of methylene
chloride, 60 pL triethylamine, and 120 pL stannous octoate were added into the GO suspension,
mixed well for 5 min and poured into the plastic cup containing 9.3 g of TDI. After 1 hour, the
GO-PU composite foam was removed from the plastic cup and kept at room temperature overnight

to dry.
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3.2.2.3. Synthesis of PGPU Nanocomposite Foams

To synthesize 0.2 wt% Au-GO-PU or 0.2 wt% Ag-GO-PU composites, a cylindrical shape (6 cm
diameter, 1.5 cm height) piece of the GO-PU composite foam block was cut out and contained in
a 50 mL solution containing HAuCl4 or AgNO3z for 8 hr. The gold or silver ions were reduced
using the free amino and amide groups on the surface of PUF under microwave irradiation using
a 700 W microwave oven for 50 s (in 10 s intervals). Afterward, the samples were washed several

times with cold water then dried overnight at room temperature.

3.2.2.4. Synthesis of the 0.1 wt% Ag-0.1 wt% Au-GO-PU Nanocomposite Foam

First, a cylindrical shape (6 cm diameter, 1.5 cm height) piece of the GO-PU foam was immersed
in 50 mL of the 0.1 wt% HAuUCI4 in water for 8 hr, then the sample was washed with DI water to
remove the non-adsorbed gold ions. The sample was then immersed in 50 mL of the 0.1 wt% silver
nitrate in water for 8 hr. Then the gold and silver ions adsorbed within the GO-PU foam were
reduced under MW1 for 50 s (in 10 s intervals). Finally, the resulting Ag/Au PGPU nanocomposite

foam was washed several times with cold DI water and dried overnight at room temperature.

3.2.3. Characterization of Materials

The PGPU nanocomposite foams were characterized by the FT-IR spectroscopy using the Nicolet-
Nexus 670 FT-IR spectrometer (4 cm™ resolution and 32 scans), diamond attenuated total
reflectance. X-ray diffraction patterns were recorded with a scanning speed of 2° in 20/min using
an X’Pert Philips Materials Research diffractometer. The morphology of the foams and the
nanoparticle size distribution were determined by SEM (Hitachi SU-70 FE-SEM) and TEM (Joel
JEM-1230) microscopes, respectively. The optical reflectance, transmission, and absorbance of
plasmonic NPs were measured using a superior micro spectrophotometer (Olis 14 CD), with

reflectance power supply (CRAIC Technology, 75 W Xenon). The natural sunlight was generated

28



by Sol2A, Newport sun simulator. The concentration of metal ions in solution before and after

desalination was determined by ICP-OES.

3.2.4. Solar Steam Generation Experiments

The experimental set up is shown in Figure 3.1. The solar steam generation rates of eight solar
absorber foam samples: PU, Au-PU, Ag-PU, Ag/Au-PU, GO-PU, Au-GO-PU, Ag-GO-PU, and
Ag/Au-GO-PU were measured and compared with pure DI water under three solar irradiation
intensities of 1 kW/m?, 5 kW/m? and 8 kW/m? over 30 min. The different solar intensities were

obtained using a focusing lens (208.2-mm focal length and 279.4-mm diameter). The foam sample
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Figure 3.1. The experimental set up of the solar steam generation measurement unit. (A)
Schematic representation of the steam generation setup during the experiment. (B) An actual image
of the solar simulator when it is switched off.

with a diameter of 6 cm and a thickness of 1.5 cm was floated on top of the water surface in a 50
mL Petri dish with 7 cm inner diameter placed on a calibrated electronic balance. All the samples

were immersed in DI water to be wetted before floated on the water surface. The temperatures of
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the irradiation surface and bulk water (water below the sample) were recorded using an IR heat
sensor and a thermocouple, respectively. Once the samples are irradiated, generated steam escaped
the sample of which the amount can be estimated using the weight change displayed in the
analytical balance. The steam generation rates were then reported as the change in the recorded
mass of water normalized by irradiation area and time. The weight changes were recorded every
five minutes and then used to calculate the evaporation rate and efficiencies of the solar steam
generation. All the experiments were carried out at room temperature of 20 £ 1 °C and humidity

of ~40%.

3.2.5. Solar Water Desalination Tests

To determine the utility of the Ag/Au-GO-PUF composite in SWD, artificial seawater sample
containing 1500 ppm Mg?*, 1250 ppm Ca?*, and 1000 ppm Na*was employed. Then, the steam
generation test was conducted for the prepared artificial seawater sample using Ag/Au-GO-PUF
device under fixed solar illumination (5 sun) was investigated. The generated steam was condensed
instantly on the quartz cover of the evaporation chamber when Ag/Au-GO-PU composite is used,
while without this plasmonic sample the amount of generated water is minimal. The condensed
water can be easily collected using a pipette, after which ICP-OES measurements were carefully
performed to check the concentrations of the primary ions (Na*, Mg?*, and Ca?*) naturally existed

in the seawater.

3.2.6. Solar Steam Generation Recycling Experiments
Ten solar steam generation cycles were carried out to evaluate the sustainability and stability of
Ag/Au-GO-PU nanocomposite foam. For each cycle, the foam sample was illuminated under solar

light supplied by the solar simulator (Sol2A, Newport) with a light density of 5 kWm™2. After 30
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min, the weight changes of water and the temperature of the steam were determined. After each

cycle, the wetted Ag/Au-GO-PU foam was dried and cooled down and used for the next cycle.

3.3. Results and Discussion

The synthetic strategy utilized for the design of the PGPU nanocomposite foams is described in
Figure 3.2. The design strategy involves covalent attachment of the GO sheets to the PUF matrix
via a reaction between isocyanate groups of the TDI molecules and phenol hydroxyl groups in the
basal planes of the GO nanosheets. These covalent attachments increase the inter-planar distance
between the GO nanosheets which prevent the stacking and aggregation of the GO nanosheets.
The TDI molecules can also react with the carboxylic functional groups at the edges of the GO
nanosheets to form connections between GO nanosheets and PUF matrix. The TDI molecules
attached to the edges of GO react with polypropylene glycol in the presence of triethylamine and
stannous octoate catalysts to undergo in situ polymerization to form the arms of the PU chains
extended from the edges of the GO nanosheets. The crosslinked PU arms provide a highly porous
matrix in which the GO nanosheets are well dispersed. The resulting composite is dark ash in color
in contrast to the white color of the pure PUF. GO-PU has the advantages of enhanced
photothermal energy conversion due to the strong light absorption by GO in the visible and NIR
regions and the enhanced evaporation rates of water due to the highly porous network provided by
the PU matrix. The photothermal energy conversion can further be enhanced by the dispersion of
the plasmonic metal NPs within the GO-PU composite. To accomplish this goal, gold or silver
ions are anchored to the surface of the GO-PU composite immersed in water through strong
electrostatic adsorption at the amino and amide groups of the GO-PU composite which are
considered to be strong chelating ligands due to the presence of lone pairs of electrons that can

coordinate with the metal ions. The next step involves the rapid reduction of the metal ions on the
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surface of the GO-PU composite by the amino and amide groups under fast microwave heating
(50 s). The rapid reduction of the adsorbed metal ions is expected to lead to pulse nucleation under
limited growth conditions due to the low concentration of the metal ions thus resulting in the

formation of well-dispersed plasmonic NPs within the PGPU nanocomposite foam.!
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Figure 3.2. Design strategy and general steps involved in the synthesis of the PGPU
nanocomposite foam.

Figure 3.3A displays the XRD diffraction patterns of GO and the TDI-GO composite. The sharp
diffraction peak of GO at 20 = 10.8° indicates an interlayer spacing of 8.2 A resulting from the
presence of the oxygen functional groups on the surface of the GO sheets as compared to the 3.4
A spacing between the graphene sheets in graphite.'® ** However, the XRD pattern of the TDI-
GO composite shows a downshift of the GO peak to 20 = 5.6° indicating a significant increase in
the interlayer spacing to 15.6 A due to the covalent attachments of the TDI molecules between GO

layers in the TDI-PU composite.!*® Therefore, it is fair to conclude that the TDI molecules are
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covalently linking the basal planes of the GO nanosheets in the TDI-PU composite. This is further
supported by comparing the FTIR spectra of GO and TDI-GO displayed in Figure 3.3B. The FTIR
spectrum of GO shows various types of oxygen-containing functional groups such as the broad
peak at 3335 cm™ due to O-H stretching vibration of hydroxyl groups and the peak at 1733 cm™
for the C=0 moiety of the COOH groups.''® The bands at 1156 cm™ and 1080 cm™ are ascribed
to epoxy and alkoxy stretching, respectively.!'® The TDI modified GO composite displays a new
stretching peak at around 1655 cm™ assigned to the carbonyl group of amide or carbamate/urethane
stretching.*° In addition, the intensity of O-H stretching in GO is either reduced or disappeared and
instead, a new intense band at around 3288 cm™ corresponds to the N—H stretching vibrations
appears. Furthermore, the TDI-GO spectrum shows a characteristic band at 2271 cm™* ascribed to
the isocyanate-terminated GO-PU polymer composite thus confirming the formation of the PU

arms attached to the edges of GO in the GO-PU composite.'%
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Figure 3.3. (A) XRD patterns and (B) FTIR spectra of GO and TDI-GO nanosheets.
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Therefore, the results shown in Figure 3.3A and B confirm the successful chemical reaction
between the hydroxyl functional groups on the top and bottom surfaces of GO and the carboxyl
functional groups at the edges of GO with TDI molecules which lead to the formation of a

urethane/carbamate ester or amide bonds in the GO-PU composite.

The XRD patterns of the Au-GO-PU, Ag-GO-PU and Ag/Au-GO-PU composites clearly confirm
the incorporation of the plasmonic NPs within the GO-PU composites as shown in Figure 3.4A.
The XRD peaks at 20 = 38.1°, 44.3°, 64.5° and 77.4° displayed in Figure 3.4A are assigned to the
characteristic (111), (200), (220) and (311) reflections from the face centered cubic (fcc) crystals
of gold (JCPDS76-1802) and silver (JCPDS 4-0783).1> 111 117 The well-defined intense peaks in
the diffraction pattern confirm the excellent crystallinity of the gold and silver NPs incorporated
within the GO-PU composites. Figure 3.4B displays the UV-Vis absorption spectra of the Au-GO-
PU, Ag-GO-PU and Ag/Au-GO-PU composites. The spectra of the Au-GO-PU and Ag-GO-PU
composites show broad bands with maxima at 533 nm and 414 nm correspond to the SPR
absorption of Au and Ag NPs, respectively.> 1! The spectrum of the Ag/Au-GO-PU composite
exhibits a very broad extended absorption between 402—-650 nm that indicates the presence of both

gold and silver NPs on the surface of the GO-PU composite.
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Figure 3.4. (A) XRD patterns and (B) UV-Vis absorption spectra of Au-GO-PU, Ag-GO-PU and
Ag/Au-GO-PU composites.

The high porosities of the PU matrix and the GO-PU composite are clearly evident in the SEM
images displayed in Figure 3.5. It is important to note that the highly porous structure of PU is
retained after the covalent attachment of GO to the PU foam. The attachment of the GO nanosheets
to the PU foam is clearly evident in the SEM images of the GO-PU composite shown in Figure
3.5. The open porous morphology and the hydrophilic nature of the PU matrix are critical in
providing a continuous water supply for efficient solar evaporation from the porous surface with

minimum heat loss to bulk water.1%®
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Figure 3.5. SEM images of the Au-PU foam (top) and Au-GO-PU (bottom).

Figure 3.6 displays TEM images of the Au-PU nanocomposite confirming the dispersion and
uniform distribution of the Au NPs on the porous surface of the PU foam. The Au NPs exhibit a
relatively narrow size distribution ranging from 3 to 10 nm with no evidence for agglomeration or
significantly larger particles. In addition, it can be seen from the low magnification TEM image in
Figure 3.6 that the open porous morphology of the PU matrix is not affected by the incorporation

of the Au NPs within the PU foam.

36



Figure 3.6. TEM images of the Au-PU nanocomposite.

To evaluate the solar steam generation efficiency for different PGPU solar thermal converters,
eight circular foam composites each with a diameter of 6 cm and a thickness of 1.5 cm were
prepared with the compositions of: (1) pure polyurethane (PU), (2) 0.2 wt% Ag in PU (Ag-PU),
(3) 0.2 Wt% Au in PU (Au-PU), (4) 0.1 wt% Ag and 0.1 wt% Au in PU (Ag/Au-PU), (5) 0.5 wt%
GO in PU (GO-PU), (6) 0.2 wt% Ag, 0.5 wt% GO in PU (Ag-GO-PU), (7) 0.2 wt% Au, 0.5 wt%
GO in PU (Au-GO-PU), and (8) 0.1 wt% Ag, 0.1 wt% Au, 0.5 wt% GO in PU (Ag/Au-GO-PU).
The solar absorber samples display different colors according to their compositions as shown in
optical images displayed in Figure 3.7. All the samples were tested for steam generation and
compared with pure DI water in the absence of any solar absorber under three different solar

illuminations of 1, 5 and 8 kW/m? over 30 min using the 450 W, Newport Sol2A, Class ABA solar
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simulator. Each sample was floated on top of the water surface in a 50 mL Petri dish with 7 cm
inner diameter and was placed on a calibrated electronic balance. Water was transported from the
bulk water to the sample surface by capillary action. The temperature of the steam (evaporation
layers) and bulk water (water around the sample) was recorded by an IR thermometer and a
thermocouple placed below the foam sample in water, respectively. The evaporation rate was
calculated as the change in the recorded mass of water normalized by the area of the irradiated
sample and the corresponding time interval. The weight changes were recorded at the
corresponding time interval (5 min) and then used to calculate the evaporation rate and efficiencies
of solar vapor generation. All the experiments were carried out at room temperature, 20 + 1 °C and

humidity of ~40%. The experimental set up is shown in Figure 3.1.
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Figure 3.7. Optical images of the solar absorber foams: (1) PU (polyurethane), (2) Ag-PU (0.2
wt% Ag in PU), (3) Au-PU (0.2 wt% Au in PU), (4) Ag/Au-PU (0.1 wt% Ag and 0.1 wt% Au in
PU), (5) GO-PU (0.5 wt% GO in PU), (6) Ag-GO-PU (0.2 wt% Ag, 0.5 wt% GO in PU, (7) Au-
GO-PU (0.2 wt% Au, 0.5 wt% GO in PU, and (8) Ag/Au-GO-PU (0.1 wt% Ag, 0.1 wt% Au, 0.5
wt% GO in PU. Each sample is 6 cm in diameter and 1.5 cm in thickness.

Figure 3.8 displays photographs showing steam generation from the water surface using the GO-
PU, Au-PU, Ag-AU and the Ag/Au-PU solar absorbers. The porous and cellular structure of the
polyurethane foam (Figure 3.5) not only makes the material float on water (Figure 3.8) but also
enhances the light absorption by the gold and silver NPs dispersed on the surface of the PU foam.
Additionally, the cellular structure of the foam enables rapid replenishment of surface water after
evaporation through a capillary effect. Moreover, the hydroxyl and carboxylic functional groups
of GO enhance the hydrophilicity of the pore structure of the PU foam. At higher solar
illumination, the water evaporation rate is high and therefore, it is vital to replenish the surface

water layer on the PGPU composite by channeling water through the pores of the PU matrix by
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capillary action. When the pore structure of PU is reinforced by the hydrophilic GO nanosheets,
the capillary action becomes more efficient in replenishing the evaporating water. Since GO,
according to our design and synthesis strategy, is covalently bonded to the PU matrix, leaching of
GO is avoided thus allowing the material to be recycled without losing the strong solar absorber

GO as it will be demonstrated below.
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Figure 3.8. Steam generation from water surface using different solar absorbers and photothermal

converters under one sun illumination.
The results from the solar steam generation experiments of the eight photothermal converter foams
are presented in Figure 3.9. Figure 3.9A-C display the normalized steam generation rates at solar
illumination of 1 KW m2 (1 sun), 5 kW m (5 sun) and 8 kW m (8 sun), respectively. At all solar
illumination intensities, the pure PU foam exhibits the lowest evaporation rate (0.48 kg m?h* at
1 sun) among the eight foam samples. This is due to the lack of solar absorption by the PU foam
and therefore, the small enhancement effect in the evaporation rate over pure water (1.4 times at 1
sun) is attributed to surface evaporation through the porous structure of the PU foam which results
in minimizing the heat loss by bulk water. Both the incorporation of the plasmonic NPs within the

PU foam and the covalent attachment of GO to the PU show significant enhancements of the
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evaporation rates due to the broad light absorption band by the plasmonic NPs and GO. The
incorporation of the plasmonic NPs within the PU foam appears to be more effective in enhancing
the water evaporation rates compared to GO-PU at low illumination intensity such as 1 sun.
However, at 8 sun, the plasmonic PU foam shows a decrease in performance as compared to the
GO-PU foam. For example, at 1 sun, the steam generation rates were in the order: Ag/Au-GO-PU
> Au-GO-PU > Ag-GO-PU > Ag/Au-PU >Au-PU > Ag-PU > GO-PU > PU > DI H;0O. However,
at 8 sun, the steam generation rates were in the order: Ag/Au-GO-PU > Ag-GO-PU > Au-GO-PU
> GO-PU > Ag/Au-PU > Au-PU > Ag-PU > PU > pure H20 (blank). Steam generation rates for
all the PGPU samples and blank samples (pure PUF and DI water) are mentioned in Table 3.1. At
5 sun, the trend is almost similar to the trend at 8 sun except for the steam generation rate of Ag/Au-
PU is slightly higher than the Ag/Au-GO-PU sample. PUF is a thermoplastic polymer and also can
illumination, the localization of the plasmonic heat at the evaporation surface by the PU foam may
not be very effective and this could explain the decrease in the steam generation performance of

act as an insulator which can help to localize the plasmonic heat at the evaporation surface for
effective steam generation and decrease the heat loss to bulk water.*® However, at high solar the
plasmonic PU foam compared to the GO-PU foam at high illumination intensities. Another
explanation could be the possibility of agglomeration of the plasmonic NPs in the PU foam at high
solar illumination which could result in decreasing the photothermal effect of the plasmonic PU
foam. It is interesting that this effect is not observed in the plasmonic-GO-PU foams which exhibit
the highest evaporation rates among the eight photothermal converters at both low and high
illumination intensities. This result is consistent with the recent finding that the GO interface
enhances the photochemical stability of the plasmonic gold NPs.!}* It appears that the high

localization of the plasmonic heat at the evaporation surface by the GO-PU composite plays the
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major role in achieving the superior performance of the PGPU foams in solar water desalination.
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Figure 3.9. Solar evaporation of different foam samples using solar simulator with light densities
of (A) 1 kW m2 (optical concentration Copt = 1), and (B) 5 kW m2 (optical concentration Copt = 8).
(C) 8 kW m2 (optical concentration Copt = 8) (D) Temperature change at the surface of different
foam absorbers and DI water after solar illumination for 30 min under optical concentrations of
Copt =5 and 8.

42



Table 3.1. Steam generation rates of DI water, pure PUF and all the PGPU samples at different
solar intensities.

Sarmple Steam Generation Rate (kg m2h™)
1 Sun (1 kKW m) 5 Sun (5 kW m?) 8 Sun (8 kW m?)
DI Water 0.34 1.70 2.08
PUF 0.48 2.40 3.36
Ag-PU 0.86 5.74 8.62
Au-PU 0.90 6.08 9.62
Ag/Au-PU 0.91 6.82 10.62
GO-PU 0.82 5.83 10.78
Ag-GO-PU 0.92 6.21 11.30
Au-GO-PU 0.94 6.41 11.26
Ag/Au-GO-PU 1.00 6.60 11.34

Figure 3.9D displays a comparison of the temperature change at the surface of different solar
absorbers relative to pure water after solar illumination for 30 min under optical concentrations of
5 and 8 sun. The PGPU foams exhibit the highest temperature increase at any solar illumination.
For example, at 5 sun, the surface temperature of the Ag/Au-GO-PU foam can increase from 20.0
°C to 82.5 °C in 30 minutes, while the blank water can only reach 34.8 °C. This is also reflected
in the high rates of water evaporation by the Ag/Au-GO-PU foam which are 2.8, 4.0, and 5.4 times
higher than pure water evaporation at 1, 5 and 8 sun, respectively.'” 18 Figure 3.10A compares

the solar-to-vapor efficiencies of the PGPU foams at three solar intensities (1, 5 and 8 sun). The

thermal efficiency 7, is defined as,
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where m represents the mass flux in g m2s?, h,, is the total enthalpy for the liquid to vapor
phase change of water in J. C,, is the optical concentration (number of suns) and g, the nominal

direct solar intensity (generally considered as 1 sun = 1 KW m2).92:99.104.110 The results reveal that
the Ag/Au-GO-PU foam has calculated thermal efficiencies for solar-enabled steam generation
under 1, 5 and 8 sun of 63.0, 87.7 and 96.3 %, respectively. The calculated efficiency at 8 sun is
considered one of the highest values reported for photothermal energy conversion materials used

for solar water desalination as demonstrated by the date displayed in Figure 3.10B.37: 93 99-100, 108-

110, 118-120
00| I 1 sun (A) 100+ VA-GSM (Ref. 31) o This work  (B)
| 5 sun ] . AINP (Ref. 14)
Jva- . ‘
904VA (iSM(Ref 31) o This work
. 80 F gp- Y
(=] = | -wood (Ref. 43)
é % 704 P-Wood (Ref. 25)
~, 60 E ] This work
8 O god ¥ iGoMoE mer a2 BNC-RGO (ret. 45)
O g ] rGO-PU (Ref. 30)
= 404 =
O g 50+ ® f-crGO (Ref. 32)
3= g8 l
W 20 o 404
304
T T T T T T T T T T T T
0 2 4 6 8 10 12

A\ N\ N\ ) N N\ N S
2 < bd ° 2 g < g
PPN P P P W
1] Py P P g\w

Optical Concentration (kW m‘z)

Material

Figure 3.10. Solar-to-vapor efficiency of (A) different PGPU samples at solar intensities of 1, 5
and 8 sun and (B) of the Ag/Au-GO-PU foam in comparison with other reported photothermal
conversion materials.

To further evaluate the utility of the PGPU foam in solar SWD, the concentrations of the three
primary ions Na*, Ca?* and Mg?* naturally present in seawater were determined in the condensed

water obtained from the desalination system using ICP-OES. Figure 3.11A shows that the
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concentrations of the representative ions are significantly reduced after the solar water desalination
using the Ag/Au-GO-PU foam. After the desalination test, the concentrations of the Na*, Ca?* and
Mg?* ions decreased significantly from the original values of 1000, 1250 and 1500 mg/L to 0.04,
0.04 and 0.001 mg/L, respectively. The ion concentration values after the desalination test by the
PGPU foam are well below the standard values reported by the US Environmental Protection
Agency and the World Health Organization, and also below the values obtained by common SWD
techniques such as membrane (10-500 ppm) and distillation (1-50 ppm).8® 118 Additionally, the
solar water desalination experiments indicate that 11.34 kg m h* of clean water can be obtained

from the PGPU desalination system using Ag/Au-GO-PU foam under 8 sun illumination.

To evaluate the reusability and stability of Ag/Au-GO-PU foam in SWD, 10 evaporation cycles
were conducted under 5 sun illumination (30 min illumination for each cycle) as shown Figure
3.11B. The results reveal that the Ag/Au-GO-PU foam displays excellent stability over 10
evaporation cycles without any evidence for performance decay. The high evaporation efficiency,
excellent stability and long-time durability make the Ag/Au-GO-PU foam an ideal candidate for a

variety of applications in solar-steam-generation and SWD.
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Figure 3.11. (A) Concentrations of three primary ions in the synthesized seawater sample
determined by ICP-OES before and after SWD using the Ag/Au-GO-PU foam. (B) The
evaporation cycle performance of the Ag/Au-GO-PU foam under constant illumination of 5 sun
for 30 min for each cycle.

3.4. Conclusions

In this chapter, the development of a new class of PGPU nanocomposite foam for efficient solar
water desalination is described. With the characteristics of high optical absorption, low thermal
conductivity, effective water transmission, and the capacity of self-floating, the PGPU foam can
be an attractive material for efficient solar steam generation. Moreover, the functional foam
exhibited excellent stability due to the covalent bonds formed between GO and PU matrix. Since
the materials developed were synthesized and tested on a laboratory scale, it is very difficult to
make a reliable estimate of the cost of clean water produced. However, the small amount of
plasmonic metal NPs needed (0.2 wt%) and the low cost of the organic materials such as
polyurethane and GO are expected to lead to economically feasible materials as compared to the
membrane-based water desalination technology. The current contribution offers the opportunity

for improved solar photothermal energy conversion for many applications including domestic
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water heating, solar-driven desalination, solar steam for industrial purposes, solar crop drying

technologies, and basic solar stills to purify water in remote regions.
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Chapter 04: Plasmonic Chemically Modified Cotton Nanocomposite Fibers

for Efficient Solar Water Desalination and Wastewater Treatment

4.1. Introduction

The quest to find a cost-effective, durable and eco-friendly solar absorption material with flexible,
porous, low weight and efficient photothermal properties is still an active area of research 888 121
Metal NPs have been proposed to take advantage of the high efficiency of the photothermal energy
conversion associated with SPR absorption.®® 924 122 Numerous examples of noble-metal and
carbon-based nanofluids are available in the literature for solar steam generation.l” 7 123-124
Nanostructured carbon-based materials such as carbon nanotubes, GO and RGO have recently
been applied in photothermal energy conversion as they can absorb light over the visible and NIR
parts of the electromagnetic spectrum and convert the absorbed radiation into heat through
nonradiative decay processes with excellent photothermal transduction properties.®: 107-110. 125 |
the previous chapter, the utility of plasmonic-graphene polyurethane nanocomposite foams for the

efficient solar steam generation was demonstrated.*'?

Complicated synthesis methods and high material cost are considered as the major drawbacks of
using synthetic polymer materials for anchoring the solar absorbers. However, the cellulose fibers
obtained from cotton biomass waste can be a cost-effective host material for anchoring plasmonic
NPs. Even so, cotton fibers are inherently highly hydrophilic due to the hydroxyl functional groups
on the surface of the fibers.'?612” Thus, upon contact, cotton absorbs water very rapidly and tends
to sink in water.1?8 In this chapter, the successful development of a new highly efficient, flexible,
low weight and cost-effective PFC nanocomposite fibers for solar water desalination and for
wastewater treatment. In this work, partially hydrophobic cotton is introduced as a host material

for metal NPs to fabricate the PFC nanocomposite fibers as a new class of novel photothermal
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materials. The developed PFC fibers float on the surface of seawater and, at the same time, allow
water to be transported by capillary forces through the fibers to the external surface for solar
thermal evaporation. Here, we demonstrate that these materials can significantly enhance the
absorption of solar energy and the high conversion efficiency of sunlight into heat. PFC composites
also offer advantages over the polymeric materials which have the limitation in performing at high
temperatures, stability, and durability. This chapter is adapted from the article published in the

journal RSC Nanoscale.®

4.2. Materials and Methods

4.2.1. Materials

Commercial cotton, 2,4-toluene diisocyanate (95.0%), anhydrous dimethylformamide
(99.8%), gold (I1l) chloride solution (99.99%), silver nitrate (99.0%), hydrazine hydrate
(80%), magnesium sulfate (99.99%), calcium chloride (99.9%), sodium chloride (>99.0%).
All reagents were purchased from Sigma-Aldrich and used without further purification. DI

water was used in all the experiments.

4,2.2. Material Preparation

4.2.2.1. Synthesis of TDI-Cotton

In a typical synthesis, commercial cotton fibers were cut into squares (5x5x1 cm) and
washed with anhydrous DMF to remove impurities and traces of water. Then the cotton
squares were immersed in 25 mL of anhydrous DMF containing excess TDI for 24 hours.

Modified cotton samples then washed with DMF and dried under ambient conditions.
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4.2.2.2. Synthesis of Plasmonic TDI-Cotton

To synthesize 5% Au-f-C or 5% Ag-f-C samples, a TDI-cotton sample was first weighed
and then immersed in a 25 mL solution containing appropriate amounts of HAuClI4 or
AgNOs for 6 hours. Then the samples were mildly washed with DI water and re-immersed
in 25 mL of fresh DI water. To reduce the metal ions, 25 pL of hydrazine hydrate was added
and the solution was microwaved using a 700 W microwave oven for 60 s (in 10 s intervals).
Afterward, the samples were washed several times with cold water then dried overnight at

room temperature.

4.2.3. Characterization

The TDI-Cotton fibers were characterized using the FT-IR spectroscopy using the Nicolet-
Nexus 670 FTIR spectrometer (4 cm™ resolution and 32 scans) diamond attenuated total
reflectance. The morphology of the cotton fibers with and without plasmonic NPs was
characterized by SEM (Hitachi SU-70 FE-SEM). The optical characterization of the
plasmonic cotton fibers was determined using a superior micro spectrophotometer (Olis 14
CD), with reflectance power supply (CRAIC Technology, 75 W Xenon). A Newport Sol2A
solar simulator with a power of 450 W was used as the source of natural sunlight for all the
steam generation experiments. The concentration of metal ions in solution before and after

desalination was determined by ICP-OES

4.2.4. Solar Steam Generation Experiments
The same experimental set up using the solar simulator 450 W, Newport Sol2A, Class ABA was
used as shown in Figure 3.1 in chapter 3. The solar steam generation rates of three samples, Au-

f-C, Ag-f-C, and Ag/Au-f-C were measured and compared with pure DI water under three solar
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irradiation intensities of 1, 5 and 8 kW/m? over 30 mins. The different solar intensities were
obtained using a focusing lens (208.2 mm focal length and 279.4 mm diameter). The sample was
floated on top of the water surface in a 50 mL Petri dish filled with pure DI water placed on a
calibrated electronic balance. The temperatures of the irradiation surface and bulk water (water
below the sample) were recorded using an IR thermometer and a thermocouple, respectively. The
evaporation rate was calculated as the change in the recorded mass of water normalized by the area
of the irradiated sample and the corresponding time interval. The weight changes were recorded
every 5 minutes over a period of 30 minutes. Then, the obtained data were used to calculate the
evaporation rate and solar-to-vapor efficiencies. All the experiments were carried out at room

temperature of 20 + 1 °C and humidity of ~40%.

4.2.5. Solar Water Desalination Experiments

To evaluate the potential of the plasmonic cotton in SWD, a sample of artificial seawater
containing 1500 ppm Mg?*, 1250 ppm Ca?*, and 1000 ppm Na* was used for the steam
generation experiment. Another Petri dish was used to condense the generated steam which
was later collected by a clean pipette. The condensed steam sample then analyzed by ICP-
OES to determine the concentration of the primary ions (Na*, Mg?*, and Ca?*) naturally

existing in the seawater.

4.2.6. Wastewater Treatment

To evaluate the utility of PFC in wastewater treatment, samples were tested in two methods.
In the first experiment, steam generation was carried out using water at extreme pH values
of 2 and 10 using aqueous solutions of HCI and NaOH, respectively. In the second

experiment, an organic dye, methylene blue with a concentration of 10 ppm was used as a
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model of a polluted water sample. Steam generation experiment was carried out using the
dye solution instead of DI water at 5 kW m™ solar intensity and the absorption spectra of

the dye solution and the steam were compared to evaluate the purification.

4.2.7. Solar Steam Generation Recycling Experiments

Ten solar steam generation cycles were carried out to evaluate the recyclability and durability of
the Ag/Au-f-C sample. In each cycle, the cotton sample was illuminated under solar light
supplied by the solar simulator with a light density of 5 kW m for 30 minutes and the weight
changes of water and the temperature of the steam were determined. After each cycle, the sample

was cooled down under ambient conditions for the next cycle.

4.3. Results and Discussion

A summary of the synthesis of the PFC fibers is illustrated in Figure 4.1. The objective of the
modification is to covalently attach the TDI molecules to the cellulose fibers through the
formation of a stable urethane linkage between TDI and the hydroxyl groups in the cellulose
fibers. The TDI molecules contain phenyl hydrophobic groups which replace some of the hydroxyl
groups on the surface of the cotton fibers. Therefore, the TDI functionalization changes the
intrinsic hydrophilicity of the cotton fibers making it partially hydrophobic. Due to this
modification, functionalized cotton samples can float on the surface of the water allowing the
spontaneous flow of water through the fibers driven by a capillary force. To provide a strong solar
absorber to enable efficient photothermal energy conversion, plasmonic Au and Ag NPs are
anchored to the surface of the TDI-modified cotton fibers through strong electrostatic adsorption
of the Au and Ag ions by the amino and amide functional groups of the functionalized cotton

fibers. The next step involves the rapid reduction of the metal ions on the surface of the TDI-
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modified cotton fibers by hydrazine hydrate under fast microwave heating (50 s). The rapid
reduction of the adsorbed metal ions is expected to lead to pulsed nucleation under limited growth
conditions due to the low concentration of the metal ions thus resulting in the formation of well-

dispersed plasmonic NPs within the PFC fiber.!'*
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Figure 4.1. Design strategy and general steps involved in the synthesis of PFC samples.

The outcome of the modification is shown in Figure 4.2 which shows the difference of
buoyancy of pure cotton and TDI functionalized cotton fibers. It is clear that the TDI-
functionalized cotton takes up much less water than the un-functionalized pure cotton. The
process of water transport in the un-modified pure cotton is described by a sequence of capillary-
driven convection over the external surface, radial flow between the fibers along the length, and
diffusion into the individual fibers leading to extensive uptake of water which results in the sinking

of the wet cotton in water.
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Figure 4.2. The difference of the hydrophilicity of the pure cotton and TDI functionalized cotton.

The FT-IR spectra of pure cotton and TDI functionalized cotton fibers are shown in Figure 4.3.
The broad peak from 3100-3500 cm™ and the strong shoulder peak around 1050 cm™ correspond
to the O-H and C-O stretching vibrations of hydroxyl functional groups of cellulose fibers,
respectively. The TDI functionalized cotton fiber also shows a less prominent peak in the same
range as of the O-H stretching vibrations indicating that the material still has some hydroxyl groups
left to maintain hydrophilicity to channel water to the evaporation surface. The introduction of the
urethane linkage between cotton fibers and TDI molecules is evident by the peaks around 1710
and 1535 cm™ which are attributed to the C=0 stretching vibrations and N-H bending respectively
as shown in the magnified spectrum presented in Figure 4.3B.*2812° Therefore, the presence of the

C=0 and N-H bending peaks proves the successful functionalization of the cotton fibers
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Figure 4.3. FT-IR spectra of pure cotton and TDI functionalized cotton. (A) Full scale, (B)
Expanded region between 1500 cm™ and 1900 cm™.

Figure 4.4A and B display the UV-vis absorption spectra of the Au-f-C and Ag-f-C nanocomposite
fibers. Both the Au-f-C and Ag-f-C fibers exhibit broad SPR bands with peak maxima around 538
and 437 nm respectively.'> 11 The absence of a capping agent during the synthesis of the NPs
results in wide size distributions and broad SPR absorption bands. However, broad SPR absorption
bands can be beneficial for applications that harness solar energy since the material can utilize a
significant portion of the solar spectrum and effectively convert the photon energy into thermal

energy, thus the solar to steam conversion efficiency can be significantly increased.

55



(A) —Au-f-C (B) —Ag-f-C

Absorbance (AU)
Absorbance (AU)

500 550 600 650 700 400 450 500 550 600 650
Wavelength (nm) Wavelength (nm)

( C) PN AT
Ag-f-C (~450 nm) TN

Au-f-C (~540 nm) :

m
@

e (AL
=

—
L9
[

—
[\
1

o
(2]
L

o
w
L

= aps asn
Wavelength (nmj}

. -2 -1

Solar Irradiance (W m™ nm )
o
Q

o
o
—_

500 1000 1500 2000 2500
Wavelength (nm)

Figure 4.4. UV-Vis absorption spectra of (A) Au-f-C, (B) Ag-f-C nanocomposite fibers and (C)
Solar spectral irradiance (AM 1.5 G) with the UV-Vis absorption spectra of the Au-f-C and Ag-f-
C fibers (inset).

Moreover, having both gold and silver NPs in the same composite can effectively increase the
harnessed range of the solar spectrum.''? Figure 4.4C displays the reference solar irradiance
spectrum (under AM 1.5 G) with the UV-visible absorbance spectra of the Au-f-C and Ag-f-C
fibers shown in the inset.!® It is clear that the maximum absorbance of the Au-f-C and Ag-f-C
samples lies in the spectral region with the highest solar irradiance which is beneficial for the
effective photo-thermal energy conversion.
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The surface compositions of the Au-f-C and Ag-f-C nanocomposites are further analyzed using
XPS. The Au 4f spectrum displayed in Figure 4.5A clearly shows the presence of Au® NPs within
the Au-f-C composite. The strong doublet at 84.5 eV and 88.1 eV corresponds to the Au 4f7, and
Au 4f7» states of metallic Au. The less prominent doublet (89.5/86.2 eV) is ascribed to the surface
oxidized Au®" ions. The broadness of the Au®* peaks relative to those of Au® could be explained
by the chelation of Au®* ions by the amine groups present in the functionalized cotton.**°13! The
Ag 3d spectrum of the Ag NPs, displayed in Figure 4.5B, consists of two main peaks at 368.1 eV
and 374.1 eV which are assigned to the Ag 3ds2 and 3ds/. states of metallic Ag respectively.!
The two small peaks at 375.5 eV and 370.2 eV are most probably due to the presence of a small
fraction of silver oxide species on the surface of the NPs. Since the samples are stored under
ambient conditions, the formation of an oxide layer over the surface of the Ag NPs is inevitable.'33
However, it is also possible that these peaks represent the strong association of silver ions with the

amine groups of the urethane bond.***
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Figure 4.5. XPS spectra of the Au 4f electron (A) and the Ag 3d electron (B) in the Au-f-C and
Ag-f-C fibers, respectively.
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SEM images of the TDI-functionalized cotton fibers and the Au-f-C and Ag-f-C nanocomposite
fibers are shown in Figure 4.6. According to the SEM images, the size distributions of the Au and
Ag NPs are in the range of 70 to 100 nm with no evidence of agglomeration. Also, it is evident
that the NPs are uniformly distributed on the surface of the functionalized cotton fibers. Compared
to support materials with a planar morphology, materials with fibrous morphology provide a higher
surface area support for the dispersion of the NPs.1*? Also, the introduction of the amine and amide
functionality to the cotton fibers facilitates the chelation of the plasmonic metal ions on the surface

of the cotton fibers uniformly.

Figure 4.6. SEM images of NP free functionalized cotton fibers (A and B), Au-f-C
nanocomposites (C and D) and Ag-f-C nanocomposites (E-G). The scale bars of the images A to
G are 100, 10, 5, 0.5, 5, 1 and 0.5 pm, respectively.
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To evaluate the solar steam generation efficiency for different PFC solar thermal converters, four
samples of nanoparticle-free functionalized cotton (TDI-cotton), Au-functionalized cotton (Au-f-
C), Ag-functionalized cotton (Ag-f-C), and Ag/Au-functionalized cotton (Ag/Au-f-C)
nanocomposites were tested. All the samples were tested for steam generation and compared with
pure DI water in the absence of any solar absorber under three different solar illuminations of 1
kW/m?, 5 kW/m? and 8 kW/m? over 30 min using the solar simulator 450 W, Newport Sol2A,

Class ABA. Figure 4.7 displays digital images of the steam generating PFC samples.

g

4——¥

Figure 4.7. Visual images of the PFC samples during the steam generation experiment

The results presented in Figure 4.8A and B display the normalized steam generation rates at solar
illumination of 1, 5 and 8 kW m™. At all solar illumination intensities, the plasmonic free
functionalized cotton exhibits the lowest evaporation rate (0.82, 1.70 and 4.16 kg m2htat 1, 5
and 8 sun, respectively) due to the absence of any solar absorbers. The small enhancement effect
in the evaporation rate over pure water (2 times at 1 sun) is attributed to surface evaporation

through the porous structure of the fibers which results in minimizing the heat loss by bulk water.
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Introduction of plasmonic NPs on the functionalized cotton surface significantly enhances the rates
of solar steam generation compared to the control sample. At one sun, the Ag/Au-f-C sample could
evaporate water at a rate of 1.4 kg m h™ whereas plasmonic free functionalized cotton could only
evaporate about 0.8 kg m? hl. At 8 sun, the difference is even higher showing an evaporation rate
2.8 times higher than the plasmonic free sample. Under all the solar intensities, Ag/Au-f-C sample
demonstrated the highest steam generation rates (1.4, 6.7 and 11.3 kg m? h'* under 1, 5 and 8 sun,
respectively). The enhanced efficiency of the Ag/Au-f-C sample is due to the presence of both Au

and Ag NPs as
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Figure 4.8. Solar steam generation data for different PFC samples under different solar intensities
(A)1 kW m2 (optical concentration Copt = 1), and (B) 5 kKW m (optical concentration Copt = 5).
(C) 5 KW m™ (optical concentration Copt = 5) and (D) Temperature change at the surface of
different PFC samples and DI water after solar illumination for 30 min under optical
concentrations of Copt = 8.
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plasmonic absorbers within the cotton nanocomposite fibers. As shown in Figure 4.4, Au and Ag
NPs possess different absorption maxima in the visible spectra. Therefore, Ag/Au-f-C fibers which
contain 1:1 mixture of Au and Ag NPs can harness a much larger portion of the solar spectrum
compared to the PFC samples containing only one type of plasmonic NPs. The low thermal
conductivity of the cotton fibers (0.065 W/mK) also helps the PFC samples to isolate the heat and

minimize the heat loss to bulk water.

Figure 4.8D displays the temperature profiles of the different samples on the irradiation surface at
the solar intensity of 8 kW m=. The trend observed in the surface temperature profile correlates
with the general trends of the steam generation rates shown in Figure 4.8A, B and C. The Ag/Au-
f-C sample exhibits the largest increase in the surface temperature at 8 sun illumination. After 5
minutes of exposure, the surface temperature of the Ag/Au-f-C sample increased from 20.6 to 88.8
°C while the blank water sample only changes from 20.5 to 24.4 °C after the same period of
illumination time. Under 1 sun intensity, the maximum surface temperatures of the Au-f-C,
Ag/Au-f-C, Ag-f-C samples after 30 min of illumination time reach 31.8, 30.5 and 30.0 °C,
respectively. These low temperatures indicate the high evaporation efficiency of the PFC fibers

under 1 sun.

Figure 4.9 compares the solar-to-vapor efficiencies of the PFC fibers at three solar intensities (1,
5 and 8 sun). The thermal efficiency is calculated based on the equation 3.1.2%7 124125 The results
reveal that the Ag/Au-f-C sample exhibits the highest thermal efficiencies of 86.3, 82.9 and 94.3
% for a solar-enabled steam generation under 1, 5 and 8 sun, respectively. The calculated efficiency
at 8 sun is considered one of the highest values reported for photothermal energy conversion

materials used for solar water desalination,93 107-110, 112, 120, 124-125, 135
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Figure 4.9. The evaporation efficiency of different PFC samples under 1, 5, and 8 KW m solar
illumination.

Under the solar intensity of one sun, the Ag/Au-f-C sample exhibits a solar-to-vapor efficiency of
86.3% with only about 14% loss of energy due to the reflection of the incident light, conduction,
and convection.'?* Reflection measurements of the Ag/Au-f-C sample indicated an average
percentage reflection of around 20% in the spectral regions where they exhibit the maximum
absorbance. The maximum surface temperature of the Ag/Au-f-C sample after 30 min irradiation
is measured as 30.5 °C while the average bulk temperature of the water is 22.2 °C. Using the
average length of the conductive path of the PFC samples as 1 cm and assuming the PFC sample
possess a similar thermal conductivity as of pure cotton (0.026 W/m K),*3* the conductive heat
flux for the Ag/Au-f-C sample can be calculated as 21.6 W m. Considering the input solar
intensity at 1 sun (1 kW m), the calculated conductive heat loss is only ~ 2.2%. The temperature

difference between the bulk water and the irradiation surface is a critical factor for the magnitude
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of heat loss by convection and irradiation. However, since after 30 minutes of irradiation under 1
sun the temperature difference between the sample surface and bulk water is found to be only ~8
°C, the convection and radiation heat loss can be estimated as 8% comparable to carbonized

mushrooms materials.'?

To further evaluate the utility of the PFC fibers in solar SWD and wastewater treatment, the
concentrations of the three primary ions Na*, Ca?* and Mg?* naturally present in seawater were
determined in the condensed water obtained from the desalination system using ICP-OES. Figure
4.10A shows that the concentrations of the representative ions are significantly reduced after the
SWD using the Ag/Au-f-C fiber. After the experiment, the concentrations of the Na*, Ca?* and
Mg?* ions decreased significantly from the original values of 1000, 1250 and 1500 mg/L to 0.05,
0 and 0.1 mg/L, respectively. The ion concentration values after the SWD by the PFC are well
below the standard values reported by the US Environmental Protection Agency and the World
Health Organization, as well as below the values obtained by common SWD techniques such as
membrane (10-500 ppm) and distillation (1-50 ppm).3" 86 % Figure 4.10B represents the
reusability test done for the Ag/Au-f-C sample in SWD. According to the results, the Ag/Au-f-C
sample retains its stability over ten desalination cycles without any performance change. This
excellent stability and reusability demonstrate that the PFC fibers are highly suitable for various

applications in solar SWD and steam generation
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Figure 4.10. (A) The concentrations of three primary metal ions in an artificial seawater
sample before and after desalination and (B) Recyclability test of the Ag/Au-f-C sample during
10 cycles under constant illumination of 5 kW m2 for 30 minutes.

Finally, the utility of the Ag/Au-f-C sample was also tested for SWD under acidic and basic
environments and for the purification of wastewater containing an industrial dye. As shown in
Figure 4.11A, the Ag/Au-f-C sample could function in an acidic solution at pH 2 or in a basic
solution at pH 10 under a solar intensity of 5 kW m2 for 30 minutes without any significant
decrease in the performance. Steam generation rates at pH 2, 7 and 10 were 6.72, 6.70 and 6.84 kg
m2 h, respectively. Au and Ag metal NPs are well known for their inherent resistance to acidic
and basic environments.'® 13 Therefore, the PFC fibers can be ideal candidates for solar driven
steam generation techniques that can be used for wastewater treatment. Figure 4.11B demonstrates
the successful application of the Ag/Au-f-C sample in solar wastewater treatment. Methylene blue
dye was used as a model pollutant. The absorption spectra of the polluted water containing 10 ppm
methylene blue dye and the condensed steam sample after the solar illumination clearly confirms

the complete removal of the dye from the condensed steam sample.
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Figure 4.11. Applications of the PFC materials (Ag/Au-f-C as the representative sample) in
wastewater treatment. (A) Stability of the Ag/Au-f-C sample in extreme pH values (pH 2 and 10)
and (B) UV-vis spectra of the model pollutant methylene blue, before the steam generation
experiment and after condensation of the steam.

4.4, Conclusions

In conclusion, a new class of PFC nanocomposite fibers was fabricated for efficient solar water
desalination. With the unique features such as high optical absorption, low thermal conductivity,
effective water transmission, and the capacity of self-floating, the PFC foam can be an attractive
material for efficient solar steam generation and wastewater treatment. Moreover, the material
exhibits excellent stability over multiple cycles indicating its reusability in practical applications.
Utilization of low-cost materials such as cotton and low plasmonic metal loading leads to fabricate
an economically feasible material compared to other desalination techniques such as reverse

osmosis and membrane-based filters.
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Chapter 05: Low-Cost Functionalized Carbonized Cotton Device for Efficient

Solar Steam Generation

5.1. Introduction

In recent years, solar steam generation gained significant attention due to its interesting
applications in SWD,®® wastewater treatment,'’** domestic water heating and even autoclave-
based disinfection.*® Due to the increasing energy demand and the environmental impact of fossil
fuel consumption, it is palpable to utilize abundant and clean renewable energy sources like solar
energy in energy-yielding applications such as SWD. However, conventional technologies like
solar stills directly heat the bulk water and experience significant optical and systematic energy
losses.!® Therefore, modern solar steam generation devices are more lenient towards heat
localization through efficient photothermal energy conversion materials. Thus far, various
materials have been utilized in fabricating steam generation devices such as noble metal NPs,*?
138, 141-143 metal oxides,?? 1*41%° metal sulfides,** 14¢ carbon-based nanofluids®® and carbon-based
composites.®> 47 However, the utility of plasmonic metal NPs can be economically
disadvantageous. Also, the usage of bulk metals and metal oxides can lead to low solar absorption
and significant heat loss through heat dissipation to bulk water. On the contrary, carbon-based
materials can be cheap, eco-friendly, energy efficient due to the low heat conductivity and most
importantly they can absorb light in a wide wavelength range expanded over visible and NIR
regions of solar spectrum,24 30. 106, 109, 125, 148-149 Njevertheless, carbonized materials also possess

several drawbacks including material shedding, hydrophobicity, and limited durability.

Generally, solar steam generation materials are designed to float on water in order to efficiently
absorb solar energy. Often, the floating capability is an inherent property of the material which is

resulting from porosity or hydrophobicity*®® 1%° of the material itself. However, it is not rare to
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find photothermal materials which are mounted on low-density polymer foams like polyethylene,
polystyrene, polyurethane, etc. to facilitate the buoyancy.!%® 125 Other than the buoyancy, the low
thermal conductivity of these polymer foams helps to effectively localize the heat and minimize
the conductive heat loss. However, during the long-term steam generation procedures, solar
absorbers or the foam supports eventually start dissipating heat into the bulk water due to the heat
buildup. One way to address this issue is to reduce the contact surface area between bulk water
and solar absorber. One of the design strategies involves elevating the irradiation surface above
the water surface and providing a continuous flow of water to the solar absorber. For instance, Zhu

et al. have used a natural design of mushrooms to minimize conductive heat loss.*!

This chapter presents a novel design to mitigate the issues associated with the conductive heat loss
by utilizing materials that are economically viable. Inspired by natural designs like mushrooms,
carbonized cotton solar steam generation device is consisted of an irradiation surface which is a
bilayer of functionalized carbonized cotton and pristine cotton and a frame of low-density
polyethylene foam. To feed water to the irradiation surface a stem made of pristine cotton was
utilized. The unique design helped to solve some of the critical issues associated with the
applicability of carbonized materials in solar steam generation such as material shedding,

conductive heat loss, and durability.

5.2. Materials and Methods

5.2.1. Materials

Commercial cotton, nitric acid (70% (w/w), low-density polyethylene foam, methylene blue.
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5.2.2. Material Preparation

5.2.2.1. Synthesis of Carbonized Cotton

First, commercial cotton was washed with DI water to remove impurities and dried at 80 °C
overnight. Then, the dried cotton was carbonized at 600 °C for one hour under nitrogen to obtain
CC. To introduce hydrophilicity to the CC material, it was immersed in a 50% HNO3 solution and
refluxed at 80 °C for one hour. Then, the resultant hydrophilic CC material was washed several
times with DI water until the washings are neutral in pH. Finally, the material was dried at 80 °C

overnight.

5.2.2.2. Solar Steam Generation Device Preparation

To improve the durability, and minimize the conductive heat loss to bulk water, the carbonized
carbon material was mounted in a polyethylene foam block on a layer of a pristine unmodified
cotton layer. A cotton wool stalk was included to provide a continuous water supply to the
evaporation surface. A schematic representation of the general setup of the solar steam generation

device is illustrated in Figure 5.1.

Carbonized cotton layer

Pure cotton layer

«<—+—— Polyethylene foam block

“ Pure cotton stalk

Figure 5.1. Schematic representation of the solar evaporation setup.
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5.2.3. Characterization

Pure cotton fibers and CC fibers were characterized using Nexus 670 FTIR spectrometer, (4 cm™*
resolution and 32 scans) using diamond attenuated total reflectance. Raman spectrum for the CC
fibers was obtained from Thermo Scientific DXR SmartRaman (532 nm). Surface structure and
morphology of the pure and CC samples were characterized using Hitachi SU-70 FE-SEM. The
optical characterization of the CC fibers was determined using a diffuse reflectance accessory
attached to a Cary 6000i UV-vis-NIR spectrophotometer (Agilent Technologies). The XPS

characterization of the CC was done using PHI VersaProbe 111 Scanning XPS Microprobe.

5.2.4. Solar Steam Generation Experiments

A class ABA, Newport Sol2A, 450 W solar simulator was used to conduct the solar steam
generation experiments. The solar steam generation rate of the CC device was measured under
solar intensities of 1, 5 and 8 kW m. Also, a similar device was prepared to contain a sheet of
pure cotton instead of the CC sheet as a control. Solar steam generation rates were compared with
respect to the pure cotton device and DI water under the same solar intensities. Solar intensities 5
and 8 KW m were obtained using a Fresnel lens (208.2 mm focal length and 279.4 mm diameter).
In a typical steam generation experiment, the solar steam generation device was contained in a 100
mL beaker containing around 75 mL of water. The beaker was placed on a calibrated electronic
balance. The temperature of the evaporation surface and the bulk water was measured using am
IR heat sensor and a thermocouple respectively. Normalized solar steam generation rates were
calculated based on the weight loss of the water body per unit area of irradiation at a corresponding
time interval (5 min). Normalized steam generation data were used to calculate the solar-to-vapor
efficiency of the CC solar steam generation device. All the steam generation experiments were

carried out at room temperature of 20 = 1 °C and humidity of ~60%.

69



5.2.5. Wastewater Treatment

To evaluate the applications of the CC steam generation device in wastewater treatment, a 10 ppm
methylene blue solution was used as a model pollutant. Steam generation experiment was carried
out for the dye solution instead of DI water under a solar intensity of 5 kW mand the resultant

steam was condensed and analyzed using HP-8453 UV-visible spectrophotometer.

5.2.6. Recycling Study of the CC Solar Steam Generation Device

To evaluate the recyclability of the CC solar steam generation device, solar steam generation
experiments were carried out for 10 cycles at a light density of 5 kW m. Each cycle was carried
out for 30 minutes and the device was cooled down to room temperature after each cycle by

flushing cold DI water through the device.

5.3. Results and Discussion

Figure 5.2 shows the comparative FT-IR spectra of the pure cotton fibers and CC fibers. The peak
around 3325 cmt is attributed to the hydroxyl functional groups which are present in abundance
in pristine cotton fibers. Peaks at 2900, 1426 and 1054 cm™ are ascribed to C-H stretching, CH.
asymmetric bending and C-O stretching respectively.'5? After pure cotton is carbonized at 600 °C,
most of the hydroxyl functional groups are removed and black carbonaceous structure is left which
is hydrophobic due to the absence of polar functional groups. Since the hydrophobic CC cannot
transport water to the evaporation surface, an acid treatment was done to introduce oxygen
functional groups such as hydroxy groups to make the material slightly hydrophilic. The peak for
O-H stretching frequency of the acid-treated CC is not prominent and most likely overlapped with
the C-H stretching peak. However, a broad peak ranging from 1000-1500 cm™ is clearly visible

which can be ascribed to overlapped peaks of C-H bending and C-O stretching frequencies.
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Figure 5.2. FT-IR spectra of pure cotton and acid treated CC

XPS characterization was performed to evaluate the extent of oxidation in the CC after acid
treatment. Figure 5.3 displays the XPS data of the CC before and after the acid treatment. After
the acid treatment, an increase in the atomic percentage of oxygen can be observed due to the
addition of hydroxyl and carboxylic functional groups. Figure 5.3A represents the XPS survey
spectra of CC before and after acid treatment. The two peaks at 285.0 and 532.0 eV correspond to
the C 1s and O 1s respectively. An Auger peak is visible around 970 eV which is responsible for
the transition from L to K shell of oxygen and it is denoted as O KLL in the survey spectra. The
atomic percentage of oxygen before and after the acid treatment was calculated based on the peak
areas of C and O 1s peaks. Oxygen atomic percentage was increased from 6.3% to 24.8% after
refluxing in 50% HNOs3 for one hour. High-resolution spectra of C 1s before and after the oxidation

is shown in Figure 5.3A and B respectively. The dominant peak at 284.8 eV corresponds to C-C
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bond (diamond and graphitic type). A small amount of ethereal carbon (C-O and O-C-O) was also
observed even before the acid treatment which is probably coming from adventitious carbon
deposited on the surface. After the acid treatment, a significant increase can be seen in C=0 and
0O-C=0 bonds (~287 and ~289 eV respectively) due to the addition of carbonyl and carboxylic
functional groups.>1%* Addition of the above discussed polar functional groups effectively
enhanced the hydrophilicity of the material which is vital in designing an efficient solar steam

generation device.

—— Before acid treatment (A) Before Acid Treatment (B)
C1s
5
<
=
2
O1s 9
— £
-
<
=
= T T T T T T T T
7] 208 206 204 202 200 288 286 284 282 280
C -
Qo — After acid treatment Binding Energy (eV)
C
— O1s After Acid Treatment (C)
=)
<
=
K7
C
0]
=
1000 800 600 400 200 0 208 206 204 202 290 288 286 284 282 280
Binding Energy (eV) Binding Energy (eV)

Figure 5.3. XPS survey spectra of CC before and after acid treatment (A), C 1s spectra of CC
before (B) and after (C) acid treatment.

SEM images of the pure cotton fibers and CC is shown in Figure 5.4. As shown in Figure 5.4A

and B the average diameter of pristine cotton fibers can range from 15 to 20 um. However, after
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carbonization at 600 °C for 1 hour, the average diameter was decreased by around 50%. Due to
the release of H.O, CO2 and CO during the carbonization, the weight of the cotton was also
decreased by ~70% after one hour.'>® Also, during the heat treatment, most of the fibers were

cracked and opened probably due to the pressure build up from the evolved gases (Figure 5.4D).

SU70 5.0kV 7.8mm x4.00k SE(M) 5.00um

Figure 5.4. SEM images of PC fibers (A), (B) and CC (C), (D)

Raman spectrum of the CC is displayed in Figure 5.5. The two peaks in the spectrum can be
ascribed to the D and G bands which are located around 1350 and 1590 cm™ respectively. The
prominent G band ascertains that after carbonization at a higher temperature in an inert atmosphere

(N2), the cellulose fibers convert into sp? hybridized graphitic carbon.

73



Intensity (AU)

6(50 . 8(')0 .10'00. 12'00 . 14'00 . 16'00 . 18'00.20'00 . 2200
. -1
Raman Shift (cm )

Figure 5.5. Raman spectrum of CC

Optical properties of the CC material are shown in Figure 5.6. CC exhibits low percentage of
reflectance ascribed to its black color (Figure 5.6A). Moreover, the CC device possesses a strong
absorption band covering the whole spectrum which is shown in Figure 5.6B. The percentage
absorbance of the CC was above 70% in the entire visible range which is one of the key reasons
to use carbonized materials as photothermal devices.®” 1115 However, the percentage absorbance
drops by ~15% in the infra-red region which is not a significant impact since the solar irradiance

in the region after 800 nm is below ~0.6 Wm=2 nm™.
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Figure 5.6. Optical properties of the CC material. (A), the reflectance spectrum of CC and (B),
percentage absorbance of CC in comparison with.

To evaluate the performance of the CC solar steam generation device, the steam generation rates
were measured at different solar intensities of 1 kW m2 (1 sun), 5 kW m (5 sun) and 8 kW m
(8 sun). The solar steam generation rate of the CC device was compared with DI water and a
similar device made of PC. The irradiation source used for this project is a Newport Sol2A, Class
ABA solar simulator with a power of 450 W Figure 5.7 represents the solar steam generation rates,
solar-to-vapor efficiencies and surface temperature profiles of the CC, PC and DI water samples.
Evidently, CC device exhibits high evaporation rates compared to PC device at all the solar
intensities which are 0.93, 6.42 and 10.9 kg m h'* at solar intensities of 1, 5 and 8 sun respectively.
Comparatively, the solar evaporation rate of PC device was as low as 0.44, 1.68 and 2.39 kg m™
h! at the same solar intensities. The solar evaporation rate of the CC device at 8 sun is almost 5
times higher than the PC devise mainly due to the high solar absorption of the CC compared to the
PC device which reflects solar energy due to its inherent light-reflecting white color. However, the
solar steam generation rate of PC is higher than that of DI water since the hydrophilic fibrous

structure enhances the surface evaporation.
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Figure 5.7. Solar steam generation data for CC, PC and DI water at solar intensities of (A), 1 kW
m2 (1 sun) and (B), 8 kW m (8 sun). (C), The solar-to-vapor evaporation efficiency of CC, PC
and DI water. (D), the Surface temperature profile of CC, PC and DI water at 8 sun.

The solar-to-vapor efficiency was calculated based on the equation 3.1 mentioned in chapter 3.3

100,125 As shown in Figure 5.7C, the CC device exhibits very high solar-to-vapor efficiency at 8

sun compared to other devices reported in the literature. At solar intensities of 1, 5 and 8 sun the

calculated solar-to-vapor efficiencies of CC device are 59.2, 88.7 and 94.9% respectively.

The surface temperature profile of the CC device during the operation at 8 sun of solar intensity is

plotted in Figure 5.7D. The temperature was increased from room temperature to 80 °C within 5

minutes and after 15 minutes it reached a steady state temperature of ~85 °C. However, the surface



temperature of the PC device only reached 51.1 °C after 5 minutes and its equilibrium temperature
was only ~57 °C. Due to the special design of the CC devise the heat loss to the bulk water is
greatly minimized. At all the solar intensities the temperature increment in the bulk water was less
than 1 °C. Conduction heat loss is considered one of the main contributors to energy loss in solar
steam generation devices. Conduction heat loss can be quantified using Fourier’s law where the
conductive heat flux j is given by:

j=x— 5.1
JKL

where « is the thermal conductivity of the cotton stalk (0.026 W m™* K1) and AT/L is the
temperature gradient across the cotton stalk. In our CC device, the pure cotton stalk was about 5
cm in length and 0.8 cm in diameter. So the calculated conductive heat flux is around 6.3 W m
which is about 0.6% heat loss at 1 sun and even lower at 8 sun (~0.4%).1%* Moreover, the frame of
the CC solar steam generation device is made of polyethylene foam which has a low thermal
conductivity (~0.04 W m* K1) and it helps to confine the heat within the irradiation area. In a
previous study conducted by our group, in a case where the irradiation area is in direct contact
with the bulk water the percentage conductive heat loss was as high as 2.2% 3¢ compared to 0.6%
in the CC device. Thus, it is clear that the novel low-cost design of the CC solar steam generation

device effectively reduces the heat loss to bulk water.

One of the applications of the CC device is to extract pure water from wastewater. Figure 5.8A
displays the UV-Visible spectra of 10 ppm MB dye solution and the condensed water of the steam
extracted from the dye solution under the solar intensity of 5 sun. This concept can also be used to
desalinate seawater.'? 13 Figure 5.8B displays the recyclability data of the CC device during 10

steam generation cycles under the solar intensity of 5 sun. The average normalized steam

77



generation after 10 cycles was 3.24 kg m2and the standard deviation was 0.03 kg m™. Therefore,
it is safe to mention that the CC material is highly stable and suitable for long term applications in

solar steam generation and wastewater treatment applications.
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Figure 5.8. (A), UV visible spectra of 10 ppm MB dye solution and condensed steam sample, a
photograph of the setup is shown in the inset and (B), Recyclability test of the CC device during
10 cycles of constant solar irradiation under the solar intensity of 5 sun.

5.4. Conclusions

In conclusion, our group has designed a novel device using carbonized cotton, pristine cotton and
low-density polyethylene foam for efficient solar steam generation and wastewater treatment. The
special design of this device minimized the area that contact with bulk water which efficiently
minimized the conductive heat loss. The characteristic features such as durability, minimized
conductive heat loss, and self-floating capability make CC device a perfect candidate for efficient
solar steam generation and wastewater treatment. Moreover, the use of low-cost materials such as

cotton makes it an economically viable device for energy-yielding applications such as SWD.
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Chapter 06: Growth Mechanism of “Sea Urchin” ZnO Nanostructures and

their Photocatalytic Activity for the Degradation of Organic Dyes

6.1. Introduction

In the world of binary semiconductors, ZnO has gained a substantial research interest due to its
unique properties such as high exciton binding energy (60 meV), wide direct bandgap (3.37 eV)
and high intrinsic electron mobility (~300 cm? V! s). ZnO is naturally an n-type semiconductor
mainly under Zn rich conditions due to the creation of shallow donor levels by interstitial Zn
atoms.*®8 It is also possible to obtain p-type ZnO by doping elements such as Al, Na and N.1%9-161
It is one of the most widely studied semiconductors in the field due to its wide range of applications
such as catalysis, sensors, optoelectronics, photovoltaics, batteries, room temperature UV lasers
etc.182167 Also properties of ZnO like biocompatibility, biosafety, low cost and stability under

harsh conditions increased the range of its applications. 68169

In the past few decades, there has been a plethora of research efforts focused on the size and shape
control of inorganic nanostructures mainly due to its significant effect on the physical properties
of the material. Compared to 1D or 2D nanostructures such as rods, wires or disks, 3D
nanostructures exhibit unique features such as low aggregation, high surface area and superior
carrier mobility which can serve well in photocatalysis and sensing applications. However, it has
been a challenge to obtain well defined 3D nanostructures with a proper understanding of the
growth mechanism. Nevertheless, the recent advancements in techniques of nanomaterial
synthesis, opened doors to successfully synthesize 3D nanostructures and unveil the mechanistic
details of the crystal growth. Some of the examples that can be found in the literature include

tetrapods,*’%1"* hollow,"21"® non-hollow spheres,*’ corn-like,'” nanopropellers,’® branched’":

79



and flower-like structures 68178181 which were synthesized using hydrothermal, template-assisted

aging and chemical/solid vapor deposition techniques.

General approaches to obtain 3D architectures include the utilization of template directional
growth® or selective manipulation of growth rates of specific crystal facets using organic
surfactants’® 183184 However, the utilization of templates and organic surfactants can cause
complications due to the contaminations and can cause adverse effects on the properties of the
material. However, surfactant and template-free synthetic routes to obtain hierarchical 3D structure
can also be found in the literature. For example, Hu et al. developed a hydrothermal route where a
zinc amino complex is autoclaved at 180 °C for 12 hours to obtain sea urchin-like 3D architecture
for gas sensing applications.® In another work, Zhu et al. utilized a mixture of concentrated KOH
and Zn(NO3)2.6H20 solutions and a room temperature autoclave technique to obtain a similar
shape which was then loaded with Au NPs for photodegradation of rhodamine b.%® However, a
detailed mechanistic understanding of the growth of these nanostructures can be limited by the
growth technique. For instance, it can be problematic to track the sequential growth of a

nanostructure during hydrothermal synthesis.

With the rapid development in the fields like agriculture and production industry, wastewater has
become a major environmental concern in the modern world. According to a World Bank
estimation, 17-20% of the contributors to water pollution are related to the textile industry. Annual
production of textile dyes is close to a million tons and about 15% of it is generally released to the
environment with minimal or no treatments.'8 Therefore, the photodegradation of organic dyes is
one of the most important and widely studied branches of photocatalysis. Moreover, it has the
advantages of utilizing costless, inexhaustible and clean solar energy.*° ZnO is a proven candidate

which can be utilized as a cost-effective tool for pollution control due to the unique chemical and
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physical properties mentioned earlier. In this chapter, a simple two-step aqueous phase synthetic
route to obtain sea SU shaped ZnO 3D nanostructures is explained along with a proposed
mechanism for the sequential development of the SU shape. Moreover, the photocatalytic

performance of the SU ZnO in comparison with ZnO rods is discussed.

6.2. Materials and Methods

6.2.1. Materials
Zinc acetate (Alfa Aesar), zinc nitrate hexahydrate (Sigma-Aldrich) potassium hydroxide (Sigma),
ethanol (Alfa), hexamethylenetetramine (Sigma), methylene blue (Sigma), rhodamine b (Alfa),

indigo carmine (Sigma)

6.2.2. Preparation of ‘Sea Urchin’ Shaped ZnO Nanorod Clusters

As the first step of the sequential growth of SU shaped ZnO nanorod clusters, ZnO seeds were
prepared as a colloidal suspension in ethanol according to a method found in the literature.'®’
Initially, a solution of 2 mM Zn(Ac) solution in ethanol was heat-treated at 70 °C for 30 minutes
in a water bath. Then, a solution of 4 mM KOH solution in ethanol was added dropwise. The molar
ratio between Zn(Ac). and KOH was maintained at 1:1. Afterward, the temperature of the solution
was reduced to 60 °C and continued heating for one hour with constant stirring. The formation of

the ZnO seeds can be confirmed visually by observing the cloudiness of the reaction solution

To synthesize SU shaped ZnO nanorod clusters, a conventional aqueous phase growth process was
utilized. First, an equimolar aqueous solution of 20 mM Zn(NOs3)..6H>0 and HTA was used as the
growth solution. First, 25.0 mL of the pre-synthesized ZnO seed solution and 100.0 mL of the
growth solution were mixed together and sonicated for 15 minutes to homogeneously disperse the

seeds in the growth solution. Then, the mixture was incubated in a water bath at 90 °C for 1 hour
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without stirring. Finally, the nanorod clusters were formed and separated from the growth solution
and washed several times with DI water and ethanol to get rid of the unreacted components. The

resultant white powder was then oven dried at 70 °C overnight.

6.2.3. Characterization of Materials

Prepared SU ZnO nanorod clusters were characterized using the following techniques. TEM and
SEM images were obtained using Jeol JEM-1230 TEM with the Gatan Orius SC1000 side mount
CCD camera at 120 kV and Hitachi SU-70 FE-SEM respectively. UV-visible spectra were
obtained using an HP-8453 spectrophotometer. PXRD patterns were acquired with the
PANalytical MPD X’Pert Pro with a copper filter (Cu ka, A = 1.5405 A) at 45 kV and 40 mA with
a scan speed of 0.5° 20/min. Raman spectra were obtained from Thermo Scientific DXR
SmartRaman (532 nm). Micromeritics 3Flex™ surface and catalyst characterization analyzer was
used for the surface area measurements. Samples were activated overnight at 100 °C to degas.
Then, nitrogen adsorption-desorption isotherms were obtained at 77 K to determine the BET

surface area.

6.2.4. Photocatalytic Experiments

Photocatalytic activities of the SU ZnO samples were evaluated based on the photodegradation
efficiency of three common organic dyes, MB, Rh B and IC. The photodegradation experiment is
briefly introduced as follows. A 4 W, 365 nm UV lamp was used as the source of irradiation, and
a Petri dish (diameter of 3.5 inches) was used as the reaction container. The UV lamp was placed
about 10 cm above the Petri dish. Before the experiment, 50 mL of aqueous solutions were
prepared to contain dispersed ZnO (0.25 mg/mL) and the desired dye (10 ppm) and then added
into the container. Afterward, the solutions were kept in dark for one hour to achieve adsorption-

desorption equilibrium. Finally, the lamp was turned on and samples were withdrawn at different
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intervals to analyze the concentration variation of the dyes. The photodegradation efficiencies were

calculated based on the UV-visible absorption of each aliquot.

6.3. Results and Discussion

6.3.1. Material Characterization

Electron microscopic images of the ZnO seeds are shown in Figure 6.1. By the appearance of the
ZnO seeds under the TEM (Figure 6.1A and B), it is clear that they are clusters of small seeds.
These small seeds in the size range of 4-6 nm were then aggregated to form spherical seed clusters

which are around 80 nm in size as shown in the SEM images in Figure 6.1C to D.

SU70 5 0kV 6.4mm x150k SE(U)

Figure 6.1. TEM and SEM images of ZnO seeds (a, b and c, d respectively)
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To understand the formation mechanism of ZnO seeds, a mechanistic study was done by
obtaining TEM images at different stages of the reaction. For that, samples were carefully
withdrawn from the solution at different time intervals (5, 15, 30, 60 mins). The TEM images
of those samples are shown in Figure 6.2A-D. Upon adding the base, cloudiness was observed
after about 5 minutes indicating the formation of ZnO seeds (Figure 6.2A). Due to the absence
of a capping agent in the solution, seeds were started to aggregate under constant heating at 60
°C (Seen in Figure 6.2B, and C), forming the seed aggregates in the size range of 80-100 nm
(Figure 6.2D). Also, the UV-visible spectra shown in Figure 6.2E indicates a red shift in the
absorption edge from 334 nm (3.71 eV) to 350 nm (3.54 eV) indicating the decrease in bandgap
due to the increasing particle size. These seed clusters are stable as a suspension in ethanol as
confirmed by TEM images taken after being suspended in ethanol up to a week. Aggregation
of the seeds into seed clusters can be explained using Ostwald ripening where individual ZnO
seeds aggregate together to reduce the surface to volume ratio. The main hypothesis of this

project is that ZnO seed clusters are the key reason for the unique ‘sea urchin’ shape.

—5 min
E) v
350 nm 15 min

— 30 min

Absorbance (AU)

300 320 340 360 380 400
Wavelength (nm)

Figure 6.2. TEM images of ZnO seeds obtained at different time intervals, 5 minutes (A), 15
minutes (B), 30 minutes (C), 60 minutes (D) and respective UV-Vis spectra (E).
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To test this hypothesis, CTAB was added as a capping agent to prevent the seeds from aggregating.
As expected, seeds were remained separated after one hour of heat treatment at 60 °C (Figure 6.3).
Without CTAB, the absorption edge of the ZnO seeds was increased up to 350 nm after an hour
of heating. However, in the presence of CTAB, the absorption edge of the seeds was increased
only up to 336 nm (Figure 6.3E) indicating minimal aggregation and small particle size of the

seeds.
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Figure 6.3. TEM images showing the sequential growth of ZnO seeds in the presence of CTAB at
different time intervals, 5 minutes (A), 15 minutes (B), 30 minutes (C), 60 minutes (D) and
respective UV-Vis spectra (E).

Both CTAB passivated and naked seeds were incubated at 90 °C in a solution containing
Zn(NO3)2.6H20 and HTA. During the thermal hydrolysis of HTA, NHs is slowly released to the
solution which will then react with water to form NH4(OH).*®8 As the solution becomes basic, Zn?*
ions react with OH™ ions which will yield ZnO (equations 6.1-6.2). These steps are seemingly fast
because the solution became cloudy as the temperature reaches ~70 °C indicating the formation of
Zn(OH).. In the case of uncapped ZnO seed clusters, this will result in a growth of ZnO rods along
the [0001] direction in a way that all the rods are concentric to the core of the seed cluster yielding
the sea urchin-like shape (Figure 6.4A and B). The size distribution of the ZnO clusters is ranging
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from 0.5 um to 1.5 pum most likely due to the stagnant growth in the absence of stirring. However,
CTAB capped seeds were individually grown into separate rods supporting our hypothesis. The

diameter of the rods about 20 nm in both structures (seen in Figure 6.5).

(A)

15 min D) (G)|—*m™ 370 e
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|60 min (F) § —15min 358 nm
—5 min
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Figure 6.4. TEM image (A) and SEM image (B) of SU ZnO nanorod clusters, TEM images
showing the sequential growth of SU ZnO at different stages, 0 min (C), 15 min (D), 30 min (E),
60 min (F) and UV/vis spectra of the SU ZnO at different growth time intervals (G).

C.H,N, + 6H,0 —> 4NH, + BHCHO 6.1
NH, + H,0 = NH; + OH" 6.2
Zn* +20H — ZnO+H,0 6.3

Due to the polar nature of the ZnO lattice structure, the surface is either negatively or positively

charged. That will depend on the termination of the crystal plane whereas Zn terminated planes
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will be positively charged and O terminated planes will be negatively charged. Depending on the
charge, the surface will attract counterions in the medium (OHor Zn?*) and form a layer of charges
on the surface. The new charged layer will attract opposite charges which will consequently react
with each other to form Zn0O.'® This sequence will continue to form an ordered ZnO lattice in
[0001] direction until the concentration of the precursor ions in the solution depletes. Each seed in
the seed clusters has the potential to grow into a rod and Figure 6.4C-F show the sequential growth
of the SU ZnO structure at different stages of the synthesis. ZnO seeds have an absorption edge at
350 nm as shown in Figure 6.2E, but after the growth for 1 hour, the absorption edge was red-
shifted to 370 nm as shown in Figure 6.4G, indicating a decrease in the bandgap energy. It was
proven that the magnitude of the bandgap is inversely proportional to the semiconductor particle
size which can also be explained using the band theory. Valence band and conduction band are
simply molecular orbitals which are overlapped together forming a continuum. When the particle
size is small, a number of molecular orbitals that form the bands get lower hence increasing the
bandgap size. In the case of bulk materials, defects create inconsistency near the band edge making
the bandgap narrower.'®® However, increased particle size can negatively impact on the

photocatalytic performance due to the low surface area.
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Figure 6.5. TEM images of ZnO rods synthesized with CTAB capped ZnO seeds (A, B) and the
UV-Vis spectrum (C).

Figure 6.6A represents the XRD patterns of SU ZnO and seeds of ZnO. According to the XRD
pattern, the crystal system of the ZnO clusters belongs to the hexagonal wurtzite structure bearing
the space group P63mc. ZnO seeds (Figure 6.6B) show broader XRD peaks compared to the SU
ZnO due to the smaller particle size. The peak intensity of the (002) plane is relatively small in the
seeds. However, as the seeds are grown to SU ZnO, the relative peak intensity of the (002) plane
is increased which proves that the (002) plane has the highest activity during the crystal growth.

This observation further confirms the suggested mechanism for crystal growth.
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Figure 6.6. XRD patterns of SU ZnO (A), ZnO seeds (B) and TEM images showing how the seeds
transformed into SU shaped ZnO.

To confirm the hexagonal wurtzite structure of ZnO clusters, Raman spectra of SU ZnO and ZnO
rods were determined and shown in Figure 6.7. It is shown that the Raman spectrum obtained for
solid ZnO sample consisted of peaks at 332, 378, 437 and 580 cm! respectively. The prominent
peak at 437 cm™* corresponds to the non-polar E; (high) optical phonon mode. Peaks at 378 and
580 cm* are attributed to the polar transverse optical (TO) A1 and longitudinal optical (LO) Ex
phonon modes, respectively. The peak at 332 cm™ corresponds to 2E, mode. According to the
selection rules, Raman active phonon resonance modes for the ZnO wurtzite structure are

Al1+2E2+E2.1%0 Therefore, it further confirms that the SU ZnO clusters have the hexagonal

wurtzite crystal structure.
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Figure 6.7. Raman spectra for SU ZnO and ZnO rods.

6.3.2. Photocatalytic Activity of ZnO Nanorods and SU ZnO Nanorod Clusters

The photocatalytic performance of SU ZnO was evaluated based on the photodegradation
efficiency of organic dyes IC, MB and Rh B under UV irradiation. The results were shown in
Figure 6.8. Figure 6.8A-C represent the UV-visible spectra of Rh B, IC and MB during the
photodegradation experiment. The removal percentages of Rh B, IC and MB reached 96, 99 and
86% after UV irradiation for one hour, respectively. The photodegradation reactions for all the
three dyes follow pseudo-first-order kinetics (Figure 6.8D), and the degradation of IC shows the

fastest kinetics among all having a rate constant of 0.076 min™.
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Figure 6.8. Photocatalytic activity of SU ZnO in degrading organic dyes (A) Rh B, (B) IC, (C)
MB and (D) the apparent rate constants for the photodegradation of Rh B, IC and MB.

According to data, MB exhibits a slight resistance to photodegradation compared to other two
dyes. MB is the only anionic dye among the three dyes and ZnO surfaces can possess a slightly
negative charge while submerging in aqueous solutions due to the surface hydrolysis 1. On
account of the electrostatic repulsion, MB showed a little drop in the absorption edge after the
initial adsorption-desorption equilibrium for one hour which is evident at 0 min mark of Figure
6.8C. Weak chemical adsorption of MB could shorten its retention time on the surface of the SU
ZnO catalyst that brings a negative effect on its photodegradation. However, a clear drop in the
absorption edges was observed for Rh B and IC after the initial dark reaction as shown in Figure
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6.8A and B and a rapid photodegradation also happened within one-hour irradiation, which must

be related to its strong chemical adsorption on the catalyst surface.

Finally, the photocatalytic activities of SU ZnO and ZnO rods in photodegrading Rh B were
compared. As shown in Figure 6.9A and B, the photocatalytic activity of ZnO rods is weak
compared to SU ZnO. It is also noticeable that after the initial dark adsorption, SU ZnO exhibited
considerable adsorption of the dye compared to the rods. After one hour of UV irradiation, ZnO
rods only degraded 34% of the dye (10 ppm) whereas SU ZnO degraded 96%. Figure 6.9D shows
the kinetic plot of the degradation reaction. Per BET surface area measurements, SU ZnO catalyst
possesses a specific surface area of 26.94 m?/g which is acceptable considering the size and shape
of the SU particles.'®>1% ZnO rods, on the contrary, possess a surface area of 17.68 m?/g. Thus, it
is possible that comparatively high surface area of SU ZnO can be a key reason for its significantly

high photocatalytic activity.
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Figure 6.9. Comparison of photocatalytic activities of SU ZnO and ZnO rods prepared using
CTAB capped ZnO seeds in photodegrading Rh B. (A and B) UV-visible spectra of Rh B showing
photodegradation by SU ZnO and ZnO rods respectively and (C and D) kinetic plots of the
photodegradation reaction by SU ZnO and ZnO rods respectively.

6.4. Conclusions

In conclusion, in this study, the preparation and growth mechanism of SU shaped ZnO 3D
nanostructures were studied. As evident from the TEM images, the key step behind the SU shape
is the aggregation of ZnO seeds into small clusters that subsequently grew into a cluster of rods.
When the seeds were kept separated using a surfactant CTAB, 3D structures were not formed.
These unique 3D architectures possess a hexagonal wurtzite crystal structure in the size range of

0.5-1.5 um and a specific surface area of 26.94 m?/g. The high photocatalytic activity of the
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material was assessed by the photodegradation efficiency of three organic dyes, MB, IC and Rh B
in aqueous solutions. Weak chemical adsorption of anionic MB on the catalyst surface brought a
slightly negative effect on its photodegradation but still achieved 86% of removal efficiency after
one hour of UV irradiation. Therefore, SU ZnO shows the potential to be a versatile catalyst in

photodegrading industrial wastewater containing organic dyes.
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Chapter 07: Iron Carbide and Aminated Graphene Oxide Composite for

Chromium Removal in Wastewater

7.1. Introduction

Over the past few decades, magnetic NPs gained significant attention due to their potential for data
storage, %1% drug delivery,*-1% biomedical imaging,'%1% catalysis,'*-2%2 magnetic sensors?%
and spintronics.?* Particularly, iron carbide has extensively been used to cover a wide range of
applications such as MRI contrast agent,2®2% cancer therapy?®®2!! and Fischer-Tropsch
synthesis.?122%> |ron carbide materials possess high mechanical strength and chemical stability
compared to pure iron due to the presence of carbon atoms in its matrix. Primarily, these carbon
atoms reside in the interstices of the closed packed iron atoms giving rise to two main classes of
iron carbides depending on the type of interstice where carbon atoms are located. In some types of
iron carbides, the carbon atoms are present in trigonal-prismatic interstices (FesC, FesC», and
FezC3) whereas in the other, carbon atoms are located in octahedral interstices (Fe,..C and Fe2C).2%
For this project, H&gg iron carbide (FesC2) NPs were synthesized using the well-known hot

injection technique with the shape control simply by changing the ratio between two capping

agents, OAm and OAc.

Rapid industrialization is considered as one of the key reasons for water-related issues. Among
these issues, the release of wastewater containing toxic heavy metals (Cr, Hg, Cd, As, and Pb) is
considered as one of the biggest concerns. Out of these heavy metals, Cr(V1) is considered as one
of the common contaminants in wastewater due to its wide use in industrial operations such as
tanning, smelting, electroplating, and mining.?*® Cr(V1) is known to cause adverse health effects
ranging from skin diseases (superficial irritation, subdermal ulceration) to several types of

cancers.?-218 Therefore, Cr(VI) removal from wastewater has been a widely studied area in the
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past few decades. Current removal techniques involve ion exchange,?%220 reverse osmosis,??!22?
electrochemical precipitation,??2-?2> adsorption,??52%! etc. However, some of these techniques can
be disadvantageous due to the associated cost and poor performance at low concentrations.
Adsorption is by far the most economical and simplest technique available for heavy metal
removal. However, recycling and regeneration of the adsorbents can sometimes be challenging
depending on the nature of the material and the conditions of the wastewater. To overcome the
challenges associated with the separation of the material after use, magnetic composite adsorbents
can be utilized due to the ease of extraction using a magnet.?>2** |ron oxide is commonly used to
prepare composites with adsorbents such as activated carbon, GO, biomass-derived materials and

certain polymers.233-23

In this study, a composite material that consists of amine functionalized GO (adsorbent) and FesC»
NPs (magnetic material) is prepared for efficient removal of Cr(VI1). Among the carbon-based
adsorbents, GO has gained significant attention due to its good dispersion in water,
biocompatibility, ability to be functionalized and relatively easy preparation.?*-?3® GO contains
polar functional groups such as hydroxyl, epoxy and carboxylic which are responsible for the
hydrophilic nature of the material. Moreover, the oxygen atoms of these functional groups can
donate its lone pair electrons to the vacant orbitals of the transition metal ions forming metal
complexes which is beneficial for the removal applications.?3 240-241 However, according to the
theory of hard and soft acids and bases, these functional groups may not be very effective in
removing certain heavy metals. Never the less, these oxygen-containing functional groups can be
used to introduce strong chelating agents such as amines and thiols through functionalization for

enhanced removal of heavy metals.?!
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7.2. Materials and Methods

7.2.1. Materials

Iron pentacarbonyl (99.99%, Sigma-Aldrich), oleylamine (99%, Aldrich), oleic acid (70%,
Aldrich), cetyltrimethylammonium bromide (95%, Aldrich), potassium dichromate (Fischer),
hexane (Sigma), ethanol (Fischer), graphite powder (99.5%, Alfa), concentrated sulfuric acid
(99%, Alfa), phosphoric acid (99%, Alfa), potassium permanganate (Alfa), hydrogen peroxide
(30%, Sigma), thionyl chloride (99% Sigma), triethylamine (99.5%, Sigma-Aldrich),
ethylenediamine (99%, Sigma), chloroacetic acid (99%, Sigma-Aldrich), potassium dichromate

(99%, J.T. Baker), dimethylformamide (>99%, Sigma)

7.2.2. Material Preparation

7.2.2.1. Synthesis of Rod-Shaped and Polygonal Iron Carbide

To synthesize rod and cube shapes of FesC. NPs, a well-known hot-injection approach was
utilized.?® In a typical procedure, OAm was used as both solvent and surfactant. CTAB was used
as inducing agent and Fe(CO)s as the precursor. In a four-neck flask, a mixture of 25 mL of OAm
(52.7 mmol) and 0.113 g (0.307 mmol) of CTAB was stirred sufficiently and degassed under a
flow of N2 for 30 minutes. The mixture was heated to 120 °C, and then 0.5 mL of Fe(CO)s (3.6
mmol) was injected under a blanket of nitrogen gas. Then, the temperature was ramped up to 350
°C and kept at this temperature for 10 minutes. The orange color of Fe(CO)s was changed to black,
indicating the decomposition of Fe(CO)s and the nucleation of Fe nanocrystals. Afterward, the
solution was cooled down to room temperature. The product was then washed with ethanol and
hexane and collected for further characterization. To synthesize polygons and heart like shapes of

FesC2 NPs, a similar procedure was performed. In which, 1.25 mL (3.6 mmol) of OAc was added
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to 25 mL (52.7 mmol) of OAm and. The as-prepared NPs were kept in a vacuum desiccator to

avoid exposure to air before further characterization.

7.2.2.2. Synthesis of Iron Carbide-1GO-NH2 Composite

Preparation of IGO-NH> involves three steps: synthesis of GO, the introduction of acyl chloride
functionality and then reacting with ethylene diamine. First, improved GO was synthesized
according to a method found in the literature.?*> A 9:1 mixture of concentrated H,SO4/H3PO4
(540:60 mL) was added to a mixture of graphite flakes (4.5 g) and KMnO4 (27.0 g) and maintained
below 30°C using an ice bath. The reaction was then heated to 50°C and stirred for 12 hours. The
reaction was cooled to room temperature and poured onto ice (600 mL) containing 30% H20- (4.5
mL). Then, the mixture was centrifuged, and the remaining solid material was washed in
succession with 200 mL of DI water, 200 mL of 30% HNO3, and 200 mL of 2% ethanol. The IGO

was then vacuum dried overnight at 60 °C.

To prepare IGO-CI, 0.5 g of IGO was dispersed well in 10 mL anhydrous DMF by sonication for
1 hour and then treated with SOCl: (75mL) at 80°C for 3 days. The product was separated by
centrifugation, washed with anhydrous DMF and dried under vacuum. Finally, ethylenediamine
functionalized IGO was prepared by dispersing 0.5 g of IGO-CI in 15 mL of anhydrous DMF.
Then, 75 mL of ethylene diamine and 2 mL of triethylamine were added to the dispersion and
refluxed at 80 °C for 48 hours. Finally, the reaction mixture was cooled down to room temperature,

filtered and washed with a mixture of ethanol and water (1:1) several times. Product was then oven

dried at 70 C for 10 hours.
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7.2.2.3. Synthesis of Iron Carbide- IGO-NH2 Composite

To synthesize FesC2-IGO-NH; Composite, 5 mg of IGO-NHz and 0.113 g of CTAB was added to
25 mL of OAm and ultrasonicated for 1 hour. Then, the dispersion was included in a three-neck
flask and degassed under a continuous N2 flow for 30 minutes. Then the temperature of the mixture
was increased to 120 °C, and then 0.5 mL of Fe(CO)s was injected under an N2 blanket. Then, the
temperature was ramped to 350 °C and maintained at 350 °C for 10 min. Later, the mixture was

kept there for 10 min before it was cooled to room temperature.

7.2.3. Characterization

Prepared FesC> rods, polygons and FesC,-IGO-NH> composite were characterized using the
following techniques. TEM and SEM images were obtained using Jeol JEM-1230 TEM with the
Gatan Orius SC1000 side mount CCD camera at 120 kV and Hitachi SU-70 FE-SEM respectively.
PXRD patterns were acquired with the PANalytical MPD X’Pert Pro with a copper filter (Cu ka,
L=1.5405 A) at 45 kV and 40 mA with a scan speed of 0.5° 20/min. Raman spectra were obtained
from Thermo Scientific DXR SmartRaman (532 nm). Magnetic properties of the materials were

acquired by VersaLab™ 3 Tesla, Cryogen-free Physical Property Measurement System.

7.2.4. Cr (V1) Removal Experiments

7.2.4.1. Preparation of Cr(VI) Stock Solution

A stock solution of Cr(V1) containing 0.1 g of Cr in 1 L was prepared by dissolving 0.2828 g of
K2Cr207 in DI water and filling up to the mark of 1 L in a volumetric flask. Chromium solutions

of lower concentrations were prepared by further dilution with DI water.
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7.2.4.2. Batch Equilibrium and Kinetic Studies

Adsorption experiments were carried out by adding a fixed amount of FesCz, IGO-NH2 and FesC»-
IGO-NH nanocomposite (5 mg) to a series of 20 mL vials containing 5 mL aqueous solutions of
Cr(VI) with different concentrations. The concentration range was 0.5 — 25 ppm for iron carbide
NPs and 10 — 250 ppm for IGO-NH: and FesC2-IGO-NH2 nanocomposite. The initial pH values
of the solution were 2 for (FesC> NPs and IGO-NH>) and 3 for (FesC2-1IGO-NH2 nanocomposite).
The vials were then sealed and placed on a magnetic stirrer for desired time periods at 298 K. The
vials were then removed from the magnetic stirrer and the adsorbents were separated from the
solutions using a magnet and the final concentration of Cr(V1) in the solution was analyzed using
ICP-OES. The percentage extraction of Cr(VI), %E and the amount of Cr(\VI) adsorbed at

equilibrium, ge (mg/g) were calculated using equations 7.1. and 7.2 respectively.

%Extraction = @ x100% 7.1
0
g, = Gy =CV 7.2
m

where C, and C, are the initial and equilibrium concentrations of Cr (V1) in mg/L respectively, ge

is the adsorption capacity at the equilibrium in mg/g, V is the volume of the solution in L and m is
the weight of the adsorbent used in g. Batch kinetic studies were conducted for FesC,, IGO-NH:
and FesC2-1IGO-NH; with Cr(V1) concentrations of 22, 50 and 100 ppm respectively. The aqueous
samples were withdrawn at predetermined time intervals and the concentrations of Cr(\VI1) were
measured using ICP-OES. The amount adsorbed at time t, g: (mg/g), was calculated using equation

7.2.
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7.2.4.3. Effect of pH and Adsorbent Dose

To evaluate the effect of pH on the Cr(VI) adsorption, 5 mg of the adsorbent was dispersed in 5
mL solutions containing 22 ppm of Cr(VI) for FesC2 and 25 ppm for IGO-NH: and FesC»-1GO-
NH. nanocomposite. Initial pH values of the solutions were adjusted ranging from 1 to 8 using

0.01 M NaOH and HNO:s.

The effect of adsorbent dose on Cr(VI) removal was tested by adding different doses of adsorbents
(0.005 g-0.030 g) to 10 mL of Cr(V1) solutions containing 10, 50, 100 ppm for FesC,, FesCo-1GO-
NH2 and 1GO-NH: respectively. The solutions were stirred for 5 hours at the optimum pH values

for each adsorbent (2 for FesC, and 3 for FesC2-IGO-NH; and IGO-NH>).

7.3. Results and Discussion

7.3.1. Material Characterization

The morphology of the synthesized FesC, and FesC2-IGO-NH2 nanocomposites were observed
using TEM. Figure 7.1 shows the TEM images of FesC2 NPs which were synthesized using OAm
as the solvent as well as the surfactant. As shown in the TEM images, the resultant FesC> NPs are
predominantly rod and cubic shaped when OAm is used as the solvent/surfactant. Despite the
broad size distribution, the utility of OAm exclusively may have induced the growth of the FesC>
NPs in a selective direction. The size range of the FesC2 NPs is between 40-50 nm and the particle
width of the rods is around 16 nm with an aspect ratio up to 10. Cube shaped NPs are also observed

in the size range of 20-50 nm.
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Figure 7.1. TEM images of FesC2 NPs synthesized using OAm.
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Figure 7.2. Magnified TEM images of the FesC> rods indicating the carbon shell

Figure 7.2B and D shows the magnified images of FesC,rods. An amorphous thin layer of carbon
with a thickness of about 3 nm can be observed around the FesC, NPs. To study the growth
mechanism of the FesC> nanostructures synthesized in the presence of OAm as the surfactant, TEM
images of the samples which were withdrawn from the reaction mixture at different stages were
obtained. After the hot injection of Fe precursor at 120 °C, the temperature was increased to 180
°C. Figure 7.3A shows a TEM image of the Fe NPs once the temperature of the solution reached
180 °C. The orange color of the Fe(CO)s was disappeared and turned into black as the temperature
of the solution gradually increased up to 180 °C indicating the formation of Fe NPs in the size
range of 2-3 nm. When the temperature is reached up to 350 °C, the particle size was increased to

the size range of 10-12 nm (Figure 7.3B and C). A thin carbon shell can also be observed which is

103



about 2 nm thick. Figure 7.3D represents the TEM image of the sample withdrawn after the
solution was maintained at 350 °C. A wide shape and size distribution was observed after the heat
treatment yielding rods, cubes, and some spherical shaped FesC> NPs. However, the majority of
the shapes were observed to be rods. A clear amorphous carbon shell could be observed in all the
shape with the same thickness as of NPs shown in Figure 7.3B and C. The presence of small
spherical NPs after the heat treatment at 350 °C suggests that the formation of large NPs occurs

through Ostwald ripening by diffusion of small NPs through the carbon shell.

Figure 7.3. TEM images of the FesC, NPs obtained at different stages of the reaction. (A), after
reaching 180 °C, (B) and (C), After reaching 350 °C and (D), 20 minutes after reaching 350 °C.

To evaluate the effect of the ratio of surfactants on the morphology of the FesC,, OAc was

introduced to OAm in the early stage of the experiment. It is important to mention that FesC, was
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not formed in the presence of pure OAc. It is known that CTAB induced the formation of Fe NPs
which potentially catalyzed a dehydration reaction that converted OAm to nitriles. These nitrile
groups then undergo C-C bond cleavage which provides the C source for FesC2 2% Therefore, it

was not possible to obtain FesC> using OAc exclusively.

Figure 7.4 shows the TEM images of FesCz2 NPs synthesized under OAm to OAc molar ratio of
7:2. As expected, OAc has changed the morphology of the FesC> NPs significantly probably by
passivating certain growth planes over the others. At the molar ratio of 7:2, heart-shaped and rice
shaped NPs are observed. When the OAm to OAc molar ratio was changed to 14:1, Polygonal
shapes were observed with a relatively uniform size distribution compared to the FesC, samples
synthesized using pure OAm and OAm to OAc ratio of 7:2. Therefore, it is safe to deduce that by
changing the OAm to OAc ratio, the size and shape of the FesC> NPs can be manipulated.
However, under this molar ratio, the carbon shell which was clearly visible around the FesC. rods

was not observed under the TEM.
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Figure 7.4. TEM images of FesC2 NPs synthesized using OAm to OAc molar ratio of 7:2

Figure 7.5 represents the TEM images of FesC> NPs synthesized under OAm to OAc molar ratio
of 14:1. When the ratio between OAm and OAc was increased up to 14 to 1, most of the FesC»
NPs were polygonal in shape. Also, the NPs were narrow in size distribution compared to the NPs

obtained using pure OAm and OAm to OAc ratio of 7:2.
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Figure 7.5. TEM images of FesC> NPs synthesized using OAm to OAc molar ratio of 14:1

The crystalline structure of the FesC, NPs was characterized using XRD analysis. Figure 7.6
represents the XRD patterns of FesC, NPs synthesized with pure OAm (Figure 7.6A) and
OAmM/OAc mixture with a molar ratio of 14:1 (Figure 7.6B) which are consistent with the

crystalline FesC, (JCPDS no. 36-1248).
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Figure 7.6. XRD of FesC> NPs synthesized using (A) OAm and (B) mixture of OAc and OAm
(1:14 molar ratio)

As observed under the TEM, an amorphous carbon shell was observed around some of the FesC»
NPs. Therefore, XPS and Raman data were obtained to understand the nature of the FesC> NP
surface. Figure 7.7 shows the XPS data for FesC, NPs prepared with both OAm and mixture of
OAmM/OACc (Figure 7.7A, B and C, D respectively). In both samples, the presence of two peaks at
707.0 and 719.9 eV in Figure 7.7B and D indicating the existence of FesC> NPs. However, the
other two peaks at 724.5 and 710.8 eV are associated with FeszOa, indicating the slight surface
oxidation of the FesC, NPs. This advocates the coexistence of a magnetite phase and the carbide
phase at the surface.?*® The peak at 284.8 eV in the C1s spectra in Figure 7.7A and C prove the
existence of amorphous carbon on the NP surface. However, Fe 2p component of the polygonal
shaped FesC> NPs prepared in the presence of both OAm and OAc has two sharp peaks for FesCa
whereas in FesCa rods they are significantly low intense. This may be due to the surface passivation
of the FesC> polygons by OAc which probably reduced the surface oxidation. It can be also due to
the presence of an amorphous carbon layer around the FesCarods. Since XPS is a surface technique

may be the FesC, component underneath the surface may not have been detected.
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Figure 7.7. XPS data for FesC2 NPs synthesized using (A and B) OAm and (C and D) OAmM/OAc
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In the Raman spectrum shown in Figure 7.8A and B, the G band at 1595 cm™ and the D band at
1326 cm™* proves the existence of graphitic carbon on the surface.?** FesC, rods exhibit (Figure

7.8A) prominent and well-defined bands compared to FesC. polygons (Figure 7.8B) probably due
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to the clearly visible amorphous carbon shell.
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Figure 7.8. Raman spectra of FesC2 NPs synthesized using (A) OAm and (B) OAmM/OAc (14:1)

Figure 7.9 illustrates the magnetic properties of the FesC, NPs which were measured by means of
VSM at room temperature. The hysteresis loop measurement up to 3 T was performed at 300 K
for both FesC, samples synthesized using OAm (FesC>-OAm) and OAM/OAc mixture (FesCo-
OAmM/OAc) (Figure 7.9). Both samples exhibit ferromagnetic-like behavior with saturation
magnetization Msand coercivity Hc of 103 and 67 emu/g and 290 and 600 O, for FesC>-OAmM and
FesCo-OAmM/OAC respectively. Based on the XPS and XRD results, both samples have a small
amount of iron oxide (Fez0a4). These findings are confirmed by the magnetic measurement which
shows slightly smaller Ms for both FesC> samples compared to their bulk counterparts. To this
regard, FesC>-OAm has less amount of FesO4 than FesC-OAmM/OAc and the large Hc value in
FesCo-OAM/OAC is due to the exchange coupling between the FesC, and FesOs phases. In
addition, the amorphous carbon shell has a contribution of reducing the Ms values too. From the
displayed hysteresis in Figure 7.9, the magnetic domain size of the FesC>-OAm and FesCo-
OAmM/OAc samples was determined based on the initial magnetic susceptibility?°-24 to equal 4

and 6 nm respectively.
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Figure 7.9. Room temperature dependence of magnetization on the external magnetic field for
FesC2 NPs

7.3.2. Removal of Cr (V1) from Aqueous Solution by FesC2 NPs

7.3.2.1. The Effect of pH on Cr(VI) Removal

The effect of initial pH on the removal of Cr(V1) by FesC> NPs, IGO-NH2 and FesC,- IGO-NH>
is shown in Figure 7.10. The adsorption capacity increases when the pH increases from 1 to 3 and
the maximum adsorption of Cr(VI) occurs at pH 2 for FesC, and FesC,-IGO-NH>, and pH 3 for
IGO-NH2. However, the adsorption capacity decreased significantly from pH 3 to 8. The results
show that at high pH values, the removal efficiency of Cr(VI) decreased. Figure 7.10B shows a

visual image of the solutions after conducting adsorption studies at different pH values. The sample
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vial to the far right shows the retention of the color after the experiment showing the least
adsorption at pH 8. This may be attributed to the competition between Cr(\V1) anions and OH"
ions on the adsorption sites of iron carbide NPs. Hydroxyl ions are a strong competitor for
adsorption because of its small size. With the decrease of solution pH values, the amount of
Cr(VI) adsorbed at equilibrium (ge) increase due to the presence of Cr(V1) in different ionic forms
at acidic pH conditions (e.g. Crs013%, Cr.07%, HCrOx4).2® The predominant Cr(V1) species at pH
2 is HCrO4 which is favorably adsorbed since it has a low adsorption free energy so the maximum
uptake occurred at pH 2. All adsorption experiments were conducted at pH of 2 for (FesC2 and

FesC2-IGO-NH>) and at pH 3 for IGO-NHa.
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Figure 7.10. (A) Effect of pH of the solution on the removal of Cr(VI) by FesC,, IGO-NH>, and
FesC2-1GO-NH2 nanocomposite. (Conditions: Co = 22 mg/L for FesC2 NPs, and 25 mg/L for IGO-
NH2, and FesC>-1GO-NH2 nanocomposite. T= 273 K, adsorbent dose = 0.005 g in 5 mL and (B)
visual images of solutions of Cr(V1) at different pH values (from left to right pH 1, 2, 4, 6 and 8).

7.3.2.2. The Effect of Initial Concentration

The effect of initial concentration on the removal of Cr(VI) by FesC, NPs, IGO-NH:z and FesC: -
IGO-NH; was studied at the optimum pH value for each sample (2 for FesC», FesCo—IGO-NH;
and 3 for IGO-NH>) at room temperature. As shown in Figure 7.11, it was observed that the

equilibrium sorption capacities of the sorbents increase with the initial Cr(\V1) concentration until
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the equilibrium is reached. This is mainly due to the large concentration gradient at the solid-liquid
interface created by the high initial Cr(VI) concentration which caused an increase of the amount
of Cr(VI) adsorbed on the adsorbent. When the initial concentration of Cr(VI) was increased from
0.5to 25 mg/L at 25 °C for FesC, and from 10 mg/L to 200 mg/L for FesC,- IGO-NHz and 1GO-
NH. adsorbents, The amount of Cr(V1) adsorbed at equilibrium (qge) increased from 0.44 to 11.74
mg/g, 8.0 to 21.0, and 10 to 50.4 for FesC;, FesCz-IGO-NHz, and 1GO-NHz2, respectively.
However, the removal efficiencies were decreased from 88.0% to 39.0%, 80.0% to 10.5%, and
100.0% to 25.2% for FesCa, FesCz- 1IGO-NH2, and IGO-NHa, respectively. As expected, the
adsorption capacity was increased with the Cr(VI) concentration. With more Cr(VI) present in the
solution, a large fraction of active sites involves in the adsorption process. When the concentration

was further increased ge reached a plateau indicating saturation of the available binding sites of the

adsorbent.
504 (A) 124(B)
10
40 4
X<y 5 8
o) 304 >
E E .
[0} 204 [
g o 4]
1o, —=—IGO-NH, N
—+—Fe,C,-IGO-NH, ——Fe,C,
o L} L} L} L} L} O L) L} T T T
0 50 100 150 200 250 0 5 10 15 20 25
Concentration (mg/L) Concentration (mg/L)

Figure 7.11. The effect of the initial concentration of Cr(VI) on the removal by (A) IGO-NH_,
FesC»- IGO-NH2 and (B) FesC», nanocomposite. (Conditions: [Cr(V1)] = 0.5 -250 mg/L, T= 273K,
pH = 2 for FesC», FesC2-IGO-NH: and pH = 3 for IGO-NH,, Adsorbent dose = 0.005 g/5 mL)
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7.3.2.3. The Effect of Contact Time

The effect of contact time on Cr(VI1) removal was evaluated by varying the contact time (5-420
min), while other parameters were kept constant. According to the data shown in Figure 7.12, ge
increased with time and reached equilibrium. The adsorption rate was quite high in the beginning,
followed by a much slower subsequent removal rate and then leading to an equilibrium condition.
This is due to the availability of many vacant adsorption sites on the adsorbent surface at the initial
stage and the high initial concentration driving force available for mass transfer from the liquid to
the adsorbent active sites. Thereafter, the adsorption rate was slowed down near the adsorption
equilibrium and the maximum removal of Cr(V1) occurred within 300, 180, and 90 min for FesCo,

IGO-NH3, and FesC,- IGO-NH> respectively.
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Figure 7.12. The effect of contact time on the removal of Cr(VI) by FesC,, IGO-NH2, and FesC»-
IGO-NH; nanocomposite. (Conditions: [Cr(VI)] = 22, 50, 100 for FesC2, IGO-NH3, and FesCo-
IGO-NH: respectively. T = 273 K, pH = 2 for FesCa, FesC2- IGO-NH2 nanocomposite, pH = 3 for
IGO-NH., Adsorbent dose = 0.005 g/5 mL)

7.3.2.4. The Effect of Adsorbent Dosage

The effect of adsorbent dose on the removal efficiency is shown in Figure 7.13. It could be clearly
seen that when the dose was increased from 0.01 to 0.03 g, the removal efficiency was increased
from 47.0 to 91.0%, from 44.0 to 76.1%, and from 46.7 to 79.5% for FesCa, FesCz2- IGO-NH:, and
IGO-NH> respectively. This can be simply attributed to the increased sorbent surface area and
availability of more sorption sites by increasing the adsorbent dose. It was also observed that as
the adsorbent dose was increased from 0.005 to 0.03 g, ge decreased from 5.5 to 3.64, from 40 to
12.68, and from 46.7 to 13.25 mg/g for FesCa, FesC2-IGO-NH_, and IGO-NH> respectively. This

is mainly due to the aggregation of iron carbide NPs with increasing adsorbent dose which leads
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to a decrease in the number of active sites and total surface area of the adsorbent. Therefore, an

optimum dose of 0.01 g/10 mL was selected for all the experiments.
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Figure 7.13. Effect of adsorbent dose on the removal of Cr(VI) by FesC2, IGO-NH2, and FesC»-
IGO-NH2 nanocomposite. (Conditions: [Cr(VI)] = 10, 50, 100 mg L for FesCz, FesC2-1GO-NH;
and IGO-NHq, respectively. T=273 K, pH = 2 for FesC; and FesC>-1GO-NH2 nanocomposite, pH
= 3 for IGO-NH., Adsorbent dose = 0.005- 0.03 g/10 mL)

7.3.2.5. Desorption Studies

Desorption of Cr(V1) was done by disrupting the coordination between the adsorbent and the metal
ions using NaOH as a desorbing agent. The subsequent release of Cr(VI) from the adsorbent
surface into the desorbing medium was then studied. In order to investigate the desorption
capacity, 0.005 g of FesCs, FesC2-IGO-NH2, and IGO-NH: were introduced to 5 mL solutions of

15, 50, and 100 ppm Cr(V1) respectively. As the adsorption reaches equilibrium, the metal ion
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concentration of the solution was measured. Then, the adsorbent loaded with Cr(V1) was collected
and treated with 5 mL 0.05 M NaOH until the solution reached pH 10 to remove the adsorbed
Cr(VI) As shown in Table 7.1, it was revealed that the percentage recovery was about 44.1% at

pH 10 for IGO-NH..

Table 7.1. Desorption studies of Cr(VI) from at pH 10 using NaOH after the adsorption of 15, 50
and 100 mg/L of Cr(VI)

Adsorbent e Adsorbed (mg g1) | e Desorbed (mg gt) %Desorption

FesCo 9.0 1.5 17.0
FesC2-1GO-NH: 20.0 9.8 49.0
IGO-NH: 46.7 20.6 44.2

7.3.2.6. Adsorption Capacities of Different Sorbents for Cr(VI) Removal

Table 7.2 lists the comparisons of maximum adsorption capacities of FesC», FesC2-1GO-NH2 and
IGO-NH> obtained in this study with various adsorbents previously used for the adsorption of
Cr(V1).226-23L, 247254 The adsorbents tested in this study show a higher adsorption capacity than
most of the other adsorbents reported in the literature, suggesting that it may be effective for Cr(\V1)
removal from contaminated wastewater. Even though the maximum ge was obtained for IGO-NHo,
FesC2-1GO-NH: has the advantage of easily getting extracted from the solution after adsorption

due to the magnetic nature of FesC, NPs.
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Table 7.2. Comparison of the adsorption capacities of various adsorbents for Cr(VI) removal

Adsorbents Adsorpt(i:]g/(;padties References
FesO4 NPs 3.56 230
Magnetic Graphene Nanocomposites 1.03 231
Maghemite NPs 1.55 229
Mixed magnetite and maghemite NPs 2.4 228
n-HAp/chitin composite 2.80 221
n-HAp/chitosan composite 3.40 221
Humic acid coated on magnetite 3.37 226
Silica gel chitosan composite 3.50 254
Grape stalks entrapped alginate beads 3.60 253
Alumina 371 252
Modified bentonite 4.21 251
Fe NPs embedded in orange peel pith 5.37 250
Fe@o-Fe203 core-shell nanowires. 7.74 249
Cu NPs coated polymer foam 9.16 255
Ca-Alginate composite 9.45 248
Magnetite 10.6 247
FesC2 NPs 11.47
This
FesC2-1GO-NH; 21,00
Work

IGO-NH> 50.40
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7.4. Conclusions

In this project, a simple one-pot hot injection technique was introduced for the shape-controlled
synthesis of anisotropic shapes of FesC> NPs. Rod-shaped FesC> NPs were obtained using OAm
exclusively and different shapes of FesC> NPs such as rice, heart, and polygonal shapes were
obtained by changing the OAm to OAc molar ratio. Moreover, a composite material, FesC>-1GO-
NH was prepared by introducing 1IGO-NHz into the reaction mixture before introducing the Fe
source. Magnetic nature of the FesC2 NPs and the superior Cr(VI) removal efficiency of IGO-NH,
makes FesC>-1IGO-NH2 composite an ideal adsorbent which can be easily extracted after the

application, using a magnet for regeneration and recycling.

FesC2 NPs, FesCo-1GO-NH2, and 1IGO-NH2 were successfully evaluated as efficient adsorbents for
removal of Cr (V1) from aqueous solutions. The results showed that the solution pH, contact time,
adsorbent dosage and initial concentration significantly affected the adsorption amount of Cr(V1).
It was found that the sorption process is pH-dependent and maximum sorption was obtained at pH
2 for (FesC2and FesC2-1GO-NH2) and of pH 3 for IGO-NH.. The sorption studies were carried out
using different Cr(VI) concentrations. It was found that the extent of Cr(VI) sorption increases
upon increasing Cr(V1) concentration within the range studied. The maximum adsorption capacity
is11.47, 21.00, and 50.40 mg/g for FesC», FesC2-1GO-NH2, and IGO-NH, respectively. It was also
found that the extent of Cr(VI) adsorption increases upon increasing the contact time until
equilibrium is reached (300, 180, and 90 min for FesCz 1IGO-NH2, and FesC>-1IGO-NHy,

respectively).
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Chapter 08: Summary and Conclusions

The work presented in this dissertation reports the utility of nanostructured materials in solar
desalination and water treatment (photodegradation and heavy metal removal). Under solar
desalination, three materials were reported namely, plasmonic graphene polyurethane
nanocomposite, plasmonic functionalized cotton, and carbonized cotton. Under photodegradation,
the synthesis of unique “sea urchin” shaped zinc oxide nanorod clusters was reported for
photodegradation of organic dyes in wastewater. Under heavy metal removal, the synthesis of iron
carbide and aminated improved graphene oxide nanocomposite and its applications in Cr(VI)

removal from wastewater was described.

In the third chapter, a new class of PGPU nanocomposite foam for efficient solar water desalination
is described. With the characteristics of high optical absorption, low thermal conductivity,
effective water transmission, and the capacity of self-floating, the PGPU foam can be an attractive
material for efficient solar steam generation. Moreover, the functional foam exhibited excellent
stability due to the covalent bonds formed between GO and PU matrix. Under the solar intensities
of 1 and 8 KW m2, Ag/Au-GO-PU material exhibited the highest steam generation rate (1.00 and
11.34 kg mh respectively). However, plasmonic-free GO-PU composite exhibited competitive
steam generation rates showing 0.82 and 10.62 kg m2 h* under 1 and 8 kW m™ respectively.
Considering reduced fabrication cost by removing expensive plasmonic metal NPs, GO-PU can
be a competitive candidate for large scale applications of this material. The current contribution
offers the opportunity for improved solar photothermal energy conversion for many applications
including domestic water heating, solar-driven desalination, solar steam for industrial purposes,

solar crop drying technologies, and basic solar stills to purify water in remote regions.
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In the fourth chapter, a new class of PFC nanocomposite fibers was reported for efficient solar
water desalination and wastewater treatment. With the unique features such as high optical
absorption, low thermal conductivity, effective water transmission, and the capacity of self-
floating, the PFC foam can be considered as an attractive material for solar desalination and
wastewater treatment. Following the same trend as in the case of PGPU, PFC composite with both
Au and Ag NPs exhibited the highest steam generation rates showing 1.4, 6.7 and 11.3 kg m? ht
under 1, 5 and 8 kW m respectively. This is due to the efficient absorption of solar energy in a
broad range of the solar spectrum by both Au and Ag NPs. Moreover, the material exhibits
excellent stability over multiple cycles indicating its reusability in practical applications.
Utilization of low-cost materials such as cotton and low plasmonic metal loading leads to fabricate
an economically feasible material compared to other desalination techniques such as reverse

osmosis and membrane-based filters.

Chapter five reports a novel low-cost carbonized cotton device for efficient solar steam generation
and wastewater treatment. The special design of this device minimized the area that contact with
bulk water which efficiently minimized the conductive heat loss. Despite the absence of well-
known solar absorbers such as plasmonic NPs and GO, CC device exhibited almost similar steam
generation rates and solar-to-vapor efficiencies to the PGPU and PFC materials. The characteristic
features such as durability, minimized conductive heat loss, and self-floating capability make CC
device a perfect candidate for efficient solar steam generation and wastewater treatment.
Moreover, the use of low-cost materials such as cotton makes it an economically viable device for

energy-yielding applications such as SWD.

Chapter six describes the synthesis of unique sea urchin shaped ZnO nanostructures for

photodegradation of organic dyes. According to TEM and XRD data, it was proven that the key
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step behind the sequential growth of SU shape is the formation of seed clusters during the seep
preparation step. When the seeds were kept separated using a surfactant, CTAB, SU shape was not
formed. The obtained 3D nanostructures were in the range of 0.5-1.5 um in size and possess a
specific surface area of 26.94 m2/g. The high photocatalytic activity of the material was assessed
by the photodegradation efficiency of three organic dyes, MB, IC and Rh B in aqueous solutions.
Weak chemical adsorption of anionic MB on the catalyst surface brought a slightly negative effect
on its photodegradation but still achieved 86% of removal efficiency after one hour of UV
irradiation. Therefore, SU ZnO shows the potential to be a versatile catalyst in photodegrading

industrial wastewater containing organic dyes.

In chapter seven, shape-controlled synthesis of magnetic FesC2 NPs and synthesis of FesC>-1GO-
NH2 magnetic composite for the removal of Cr(V1) in wastewater was reported. A simple one-pot
hot injection technique was introduced for the shape-controlled synthesis of anisotropic shapes of
FesC2 NPs. Rod-shaped FesCo NPs were obtained using OAm exclusively and different shapes of
FesC2 NPs such as rice, heart, and polygonal shapes were obtained by changing the OAm to OAc
molar ratio. Moreover, a composite material, FesC2-1GO-NH was prepared by introducing 1GO-
NHz2 into the reaction mixture before introducing the Fe source. Magnetic nature of the FesC> NPs
and the superior Cr(VI) removal efficiency of IGO-NH,, makes FesC,-IGO-NH, composite an
ideal adsorbent which can be easily extracted after the application, using a magnet for regeneration

and recycling.

FesC2 NPs, FesCo-1GO-NH2, and IGO-NH: were successfully evaluated as efficient adsorbents for
removal of Cr (V1) from aqueous solutions. The results showed that the solution pH, contact time,
adsorbent dosage and initial concentration significantly affected the adsorption amount of Cr(V1).

It was found that the sorption process is pH-dependent and maximum sorption was obtained at pH
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2 for (FesC2 and FesC,-1GO-NH>) and of pH 3 for IGO-NH>. The sorption studies were carried
out using different Cr(VI) concentrations. It was found that the extent of Cr(\V1) sorption increases
upon increasing Cr(V1) concentration within the range studied. The maximum adsorption capacity
is 11.47, 21.00, and 50.40 mg/g for FesCa, FesC2-IGO-NH2, and IGO-NHz, respectively. It was
also found that the extent of Cr(VI) adsorption increases upon increasing the contact time until
equilibrium is reached (300, 180, and 90 min for FesCz, 1GO-NH2, and FesC>-1GO-NH,

respectively).

Even though this dissertation covers three techniques to find solutions for water-related issues,
solar desalination can be highlighted as the main area of research. The primary objective to
introduce a cost-effective, durable and scalable solar desalination device with high photothermal
properties was successfully achieved by considerably reducing the fabrication cost from the PGPU
nanocomposite to the CC device. Continuing research in the EI-Shall lab is now focused on

fabricating a large-scale low-cost solar desalination device for practical applications.
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