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ABSTRACT

In this thesis, an aqueous nanofluid containing plasma treated multi-walled carbon nan-
otubes (MWCNTS) was developed for capture of CO, and dyes. The surface chemistry of
the MWCNTs was tailored for their stability in water and affinity for the molecules to be
captured.

MWCNTs grown directly on a stainless steel mesh, by thermal chemical vapor depo-
sition, formed an open forest amenable for plasma treatment. Plasma polymerization of
ethylene with ammonia or carbon dioxide led to the deposition of a thin coating on the
MWCNTs. The coating contained nitrogen functional groups, such as amine groups, when
using ammonia, and oxygen functional groups, such as carboxylic acid groups, when us-
ing carbon dioxide. The chemical composition of these coatings remained stable even after
exposure to water or low heat (150 °C).

The stability of the plasma treated MWCNTs in water was affected by the nature of
the functional groups on the coatings and the pH of the mixture. At pH values where
these functional groups are neutral (basic pH for nitrogen-containing coating, and acidic pH
for oxygen-containing coating), MWCNTs agglomerated. However, these agglomerates were
redispersed by changing the pH of the mixture such that the functional groups on the plasma
polymer coating were again charged. Other factors that destabilized MWCNTSs such as high
ionic strength caused by high concentrations of salt also formed reversible agglomerates.

Nanofluids with plasma treated MWCNTs were tested for capture of CO, using a gas
bubble column. CO, was bubbled through a column of nanofluid until saturation of the
mixture. COy concentration at the outlet of the column was measured continuously using
a mass spectrometer in order to calculate the amount of COy absorbed. Nanofluids with
MWCNTs coated with oxygen-containing functional groups exhibited enhanced CO4 absorp-
tion capacity compared to pure water. However, the highest absorption capacity for COq
was obtained with MWCNTs with a nitrogen-rich plasma polymer coating. This was due to
the presence of amine functional groups which interacted favorably with CO,. This proved

that both the MWCNT and its surface chemistry tailored for the molecule to be captured
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were necessary for maximum absorption. It was also shown that by bubbling argon into the
mixture, COy was removed and the nanofluid was reused for another CO4 absorption cycle.

The two types of plasma treated MWCNTs were also tested for adsorption of dyes in
water. Nanofluids were mixed with a dye solution at different pH values and left in the
dark for a 24 hr period. The mixtures were centrifuged and the concentration of dye in the
supernatant was measured by visible light absorption spectroscopy. MWCNTs coated with
nitrogen functional groups, which provide a positive charge to the surface of the MWCNTs
at acidic pH, were efficient at adsorbing methyl orange which is an anionic dye. Whereas
MWCNTs with oxygen-containing functional groups, and thus carrying a negative charge at
basic pH, were better at adsorbing a cationic dye, methylene blue. The dye was released
from the MWCNTs by switching the pH of the mixture such that the functional groups on
the MWCNTs were neutral. By redispersing these MWCNTSs in a fresh dye solution, they

could be reused for dye adsorption.
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RESUME

Dans cette thése, un nanofluide aqueux contenant des nanotubes de carbone multi-parois
(MWCNT) traités par plasma ont été développés pour la capture de COy et de pigments.
La chimie de surface des MWCN'Ts a été adaptée pour leur conférer stabilité dans I'eau ainsi
qu'une affinité pour les molécules a capturer.

MWCNTs synthétisés directement sur une grille d’acier inoxydable, par dépot chimique
en phase vapeur, forment une forét propice pour le traitement par plasma. Par polymérisa-
tion plasma d’éthyléne avec de I'ammoniac ou du dioxyde de carbone, une couche mince a
été déposée sur les MWCNTs. Cette couche mince contient des groupes chimiques azotés,
tels que les groupes aminés, lorsque 'ammoniac est utilisé. La couche contient des groupes
chimiques oxygénés, tels que les groupes d’acides carboxyliques, lorsque le dioxyde de car-
bone est utilisé. La composition chimique de ces films est restée stable méme aprés contact
avec ’eau ou chauffage a basse température (150°C).

La stabilité dans I'eau des MWCNTs traités par plasma était affectée par la nature des
groupes chimiques des couches minces et le pH du mélange. Lorsque le pH du mélange rendait
ces groupes chimiques neutres (pH basique pour les films azotés et pH acide pour les films
oxygénés), les MWCNTSs s’aggloméraient. Cependant, ces agglomérats étaient redispersés
en changeant le pH de la solution vers une valeur qui rendait les groupes chimiques chargés
a nouveau. Une force ionique élevée, due a une forte concentration de sel, causait aussi la
déstabilisation des MWCN'Ts mais ces agglomérats étaient aussi réversibles.

Les nanofluides ont été testés pour capturer le CO5 dans une colonne a bulles de gaz. Le
COs était injecté dans une colonne de nanofluide jusqu’a ce que le mélange soit saturé. La
concentration de COy était mesurée par spectrométrie de masse a la sortie de la colonne de
facon continue afin de déterminer la quantité de CO5 absorbé. Les nanofluides contenant des
MWCNTs couverts par un film oxygéné absorbaient plus de CO5 que 'eau pure. Cependant,
la capacité d’absorption de CO, la plus élevée a été obtenue avec des MWCNTSs recouverts
d’un film azoté. Cela est dii aux groupes aminés qui peuvent interagir avec le CO5. Cela a

prouvé que les MWCNTs ainsi que leur chimie de surface adaptée a la molécule a capturer



étaient nécessaires pour une absorption maximale. Il a aussi été démontré qu’en injectant
de 'argon dans le nanofluide, le CO, était retiré et le nanofluide pouvait étre réutilisé pour
un autre cycle d’absorption de COs.

Les deux types de MWCNTs traités par plasma ont aussi été testés pour ’adsorption de
pigments dans ’eau. Les nanofluides ont été mélangés a une solution contenant un pigment et
conservés dans ’obscurité pour 24 hr. Les mélanges étaient centrifugés et la concentration de
pigment dans le surnageant était mesurée par spectroscopie d’absorption de la lumiére visible.
Les MWCNTs recouverts du film azoté, qui porte une charge positive, étaient plus efficaces
pour l'adsorption d’un pigment anionique, le méthylorange. Les MWCNTs recouverts d’un
film oxygéné, qui porte une charge négative, adsorbaient mieux un pigment cationique, le
bleu de méthyléne. Pour la désorption des pigments, le pH du mélange était modifié de
sorte que les groupes chimiques a la surface des MWCNTs soient neutres. Les MWCNTs
pouvaient ensuite étre redispersés dans une solution fraiche de pigments afin d’étre réutilisés

pour un autre cycle d’adsorption.
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CHAPTER 1
Introduction

Industrial processes generate large volumes of waste containing very small compounds.
Metal complexes, carbon dioxide, dyes and polymers are a few examples of harmful com-
pounds that find themselves mixed in water or air as by-products of these processes. These
compounds are too small to be simply filtered and they do not agglomerate nor sediment.
Due in part to a lack of efficient cleaning methods, these waste streams are often released
back into the environment, leading to the various pollution problems we face nowadays:
global warming, destruction of wildlife, contamination of crops, etc. One way of removing
the compounds from air or water is to capture them. New materials with high capacity and
chemical affinity for these compounds must be developed so that industries might consider

them worthwhile to implement in their processes.

Nanofluids, which are stable dispersions of solid nanoparticles in a liquid host, are
advantageous for waste treatment. With solid particles mixed throughout the liquid phase,
these can act as great adsorbents for the dissolved compounds that need to be captured.
Furthermore, enhanced mass transfer rates of gas molecules into a liquid absorbent have
been observed when the liquid phase contains solid particles [1, 2] making nanofluids a good

material for capture of toxic gases.

Carbon nanotubes (CNTs), which consist the basis of the material developed in this
work, are an interesting candidate as adsorbents in nanofluids. With their high aspect ratio
(a few pm in length but less than 100 nm in diameter), they offer large surface areas for

adsorption of a variety of compounds. Furthermore, it is possible to modify their surface



chemistry such that they interact more strongly with the compounds to be captured. How-
ever, as will be discussed in Chapter 2, their surface chemistry is not always tailored to
ensure their stability in the liquid. Poor stability means that, over time, CN'Ts agglomerate
which leads to loss of surface area and ultimately complete loss of material through sedimen-
tation of the larger agglomerates. The efficiency of these CNTs as adsorbents in a nanofluid
is therefore hindered. It is therefore interesting to investigate if surface modification of the
CNTs that allows for stability and interaction with other compounds makes for a better

material for capture applications.
1.1 Objectives

This Ph.D. thesis focuses on the production of stable multi-walled CNT (MWCNT)
nanofluids for capture applications. Plasma polymerization is the chosen technique to mod-
ify their surface chemistry for two purposes: stabilization of the MWCNTs in water and
increased affinity for capture of carbon dioxide and dyes. The following specific objectives

are addressed in this thesis:

e Investigation of the plasma polymer (PP) chemical composition and structure, before
and after exposure to water.

e Evaluation of the stability of PP-coated MWCNTs in pure water, and at different pH
and ionic strength values.

e Quantification of the CO5 absorption capacity and dye adsorption capacity by PP-
coated MWCN'Ts in water.

1.2 Thesis organization

This manuscript-based thesis is comprised of 8 chapters. Chapter 2 reviews the different

plasma treatments available to modify the surface chemistry of CN'Ts to make them stable



and well dispersed in water. A brief overview of how CNT nanofluids have been used to
capture COy and dyes is also presented. Chapter 3 describes the experimental methods and
equipment used to synthesize and characterize the novel materials produced. Chapters 4,
5 and 6 are composed of articles published (or submitted for publication) in peer-reviewed
journals. Chapter 4 presents the chemical composition of the PPs investigated, as well as
their stability in water. The impact of pH on the agglomeration and dispersion of PP-
coated MWCNTs is discussed. Chapter 5 investigates the structure of the PPs and their
stability with respect to heat. Another method to modify the surface chemistry of CNTs
using volatile molecules is shown. Chapter 6 presents a study on the use of PP-treated
MWCNT nanofluids for COs capture in a gas bubble column. Chapter 7 focuses on the
use of the MWCNT nanofluids for dye capture. A summary of the work presented as well
as recommendations for future work can be found in Chapter 8. The appendix includes

observations and a discussion on the spatial homogeneity of the PP coating on MWCN'Ts.



CHAPTER 2
Background

Carbon, with its four valence electrons, can bond with itself in different ways giving rise
to a vast family of allotropes, from crystalline structures such as diamond to the disorganized
amorphous carbon. CN'Ts are a member of this family and share many properties with other
carbon allotropes. In fact, the most common description of CNTs is based on its closest
cousin: graphene. Graphene is a flat sheet of carbon atoms arranged in a honeycomb pattern.
By rolling up a graphene sheet into a cylinder, a CNT is formed. A single tube is called
a single-walled carbon nanotube (SWCNT) and many concentric tubes form a multi-walled
CNT (MWCNT). SWCNTs are typically 1 nm in diameter, whereas MWCNTS can go up to
100 nm in diameter [3]. The spacing between each concentric tube in a MWCNT is typically
0.34 nm [4]. CNTs are usually hundreds of nanometers long, many reaching one or more pym

in length.

Given their very large surface, CN'Ts are interesting structures for enhanced interaction
with a variety of compounds (gas, liquid or solid) in applications involving detection, capture
or delivery of products. Furthermore, the chemistry of carbon is extensive and there are
numerous recipes to modify the CN'Ts’ surface chemistry so that they can selectively interact

with the desired compounds [5].

In this chapter, the synthesis and common modification methods of CN'Ts are presented,
with a particular focus on plasma based treatments. The dispersion of these CNTs in liquids
and the factors influencing their stability are discussed. And finally, a review of technologies

employing dispersions of nanoparticles to capture CO5 or dyes is presented. It is important to



note that for a more complete literature review, examples from both SWCNT and MWCNT
are presented. Although slight differences in electrical properties and size make these two
forms of CNTs suitable for different applications, when it comes to applications relying on
their capacity to bind with other compounds, they are interchangeable. However, the results
of this thesis only deal with MWCNTs given that it was the material synthesized in our

laboratory.
2.1 CNT synthesis

The main methods for CNT synthesis are arc discharge, laser ablation and thermal
chemical vapor deposition (t-CVD) [6]. The method chosen is usually based on the amount
of CNTs required and the desired properties of the CNTs (length, density, straightness, defect

density, etc.).

For large scale production, t-CVD is the most popular method [7]. It requires a metal
catalyst, typically nanoparticles of iron, nickel or cobalt, which are supported on an ap-
propriate substrate [8]. After the catalyst is brought to a temperature between 600 and
1000°C [7], a carbon source, such as acetylene, CoHy, methane, CHy, or ethylene, CoHy, is
injected into the system. The hydrocarbon adsorbs onto the surface of the catalyst, breaks
down and the carbon dissolves into the metal. It then precipitates out of the nanoparti-
cle into a carbon nanostructure depending on the size and properties of the metal catalyst
used [6]. Changing the conditions of the reaction (temperature, flow rate and concentration

of gases, heat treatment time of the substrate, etc.) affects the growth of the tubes.

The method used in this thesis is based on the works by Baddour [9] and Hordy [10].
They developed a t-CVD synthesis method where MWCNTs grow directly on metal sub-
strates without the need for additional surface pretreatments or deposition of metal nanopar-

ticles. In this process, a stainless steel (SS) mesh is first heated to create favorable iron-rich



sites for the growth of the nanotubes [11]. These sites are between 10 and 50 nm in diame-
ter [12] which is in the correct range for the formation of MWCNTs. Acetylene, the carbon
source, is injected in the tube and decomposes at 700°C. MWCN'Ts usually between 3 and
5 pm long and 30 nm in diameter are produced all around the mesh wires [12|. Figure 6.2
shows the MWCN'Ts on the grid. Note that the tubes form an open forest where their surface

is available for chemical or physical treatments.
2.2 CNT functionalization

Modifying the surface chemistry of CNTs can be as simple or as complicated as one
requires it to be. The techniques used can be separated into two main categories: wet and

dry chemistry.

Wet chemistry includes all techniques that occur when CNTs are in contact with a
liquid phase. Most of the tools from organic and polymer chemistry are therefore available to
modify the CNTs. As shown by the extensive review by Tasis et al. [5], the options are almost
endless and allow the user to sequentially add more and more building blocks starting from
the CNTs as scaffolds. In a liquid, it is also possible to work with very complex compounds
which is necessary for applications such as drug delivery. However, given that CNTs cannot
be dispersed in most solvents [5], when attempts are made to functionalize CNTs in a liquid,
especially in water, many CNTs remain agglomerated. Therefore, regardless of the method
chosen to treat the CN'Ts, many are left untreated leading to poor stability of the CNTs in

a liquid medium.

Dry chemistry includes all techniques where CN'Ts are in contact with a gaseous phase.
Dry chemistry on its own does not ensure that the surface of all CNTs in a sample are treated,
as this depends on how the CNTs are delivered to the functionalization chamber (compact

or loose powder, presence of physical obstacles between treatment source and sample, etc.).



However, it avoids further agglomeration of the starting material since it does not require
interaction with a liquid solvent. Another advantage of dry chemistry is avoiding the use of
large quantities of toxic solvents which cannot be reused. Eliminating liquid solvents also
means there can be no solvent residue on the final product and no swelling of the material
being treated [13]. The major disadvantage of dry chemistry techniques is that they require
molecules with high vapor pressure at low temperatures (low enough that the substrate won’t
melt or react with its environment). Therefore, only simpler and smaller molecules can be
used (i.e. no polymers), greatly limiting the scope of properties that can be imparted onto

the CN'Ts by functionalization.

In order to take advantage of the open forest of CN'Ts produced in our laboratory, a dry
technique was used to treat them: plasma functionalization. This method is often recognized
as being capable of providing uniform coatings and treating only the sample surface without
affecting the bulk material [13]. As will be described below, plasma functionalization can
create different surface chemistries on the desired substrate based on the nature of the gases

chosen.
2.3 Plasma functionalization

Plasma, the fourth state of matter, is a gaseous mixture of electrons, ions and neutral
species. Equilibrium, thermal plasmas, where the electron and ion temperatures (7, and
T; respectively) are of the same magnitude (7; ~ T, ~ 10* K), are used in welding and
arc furnaces, for example. Non-equilibrium, cold plasmas, where T, > T; (T; ~ 300 K,
T, ~ 10* K), can be used for lighting, analytical chemistry, and various surface treatments.
The low ion energy ensures that substrates do not reach high temperatures meaning that
temperature sensitive substrates such as polymers and carbon nanotubes can be treated.

Furthermore, at low pressures, relatively uniform treatments can be obtained over large



surface areas (~ 10° cm? [14]). The ability to tune the amount of energy delivered to the
gaseous molecules also allows to control their fragmentation and thus the chemistry of the

treatment.

A cold, non-equilibrium, plasma can be produced in a vessel equipped with electrodes
and containing one or more gases at a reduced pressure. When a sufficient voltage difference
is applied between the electrodes, the gas breaks down electrically and a plasma is ignited.
The sample to be treated may be positioned anywhere inside the chamber, but typically is
placed inside the plasma. With non-polymerizing gases such as argon, the plasma generates
species at different excitation levels. These may then release their energy when colliding
with the chamber walls, with other excited species or with the sample surface. Some of
these collisions may break bonds on the sample surface leading to reorganization of the
surface chemistry or even surface etching. With polymerizing gases such as hydrocarbons,
possible reactions in the plasma are described by Yasuda’s model called "rapid step-growth
polymerization mechanism”. This model resembles the classical polymerization reaction
with an initiation step, a propagation step and a termination step [15|. The plasma breaks
down the gas molecules and generates species with one or two reactive sites. These species
can combine with other neutral or activated species to form longer chains. When they
reach the sample, they may react with a dangling bond, adsorb onto an unreactive site and
diffuse on the surface, not react and return to the gas phase or even etch away the coating
already formed. Ion bombardment and UV light also affect the final structure of the coating
by generating radicals, breaking bonds or crosslinking chains in the coating [16, 17, 18|.
Operating conditions of the treatment (power, pressure, gas flow rates and nature of the
gases) are chosen such that deposition reactions win over ablation reactions, therefore slowly

building a coating on the sample.



For this thesis, the surface of MWCNTs needed to be modified in order to make them
hydrophilic. The treated MWCNTs could then be used for capture of various compounds
in aqueous mixtures. Plasmas using nitrogen or oxygen-containing gases are usually chosen
for this purpose. A review of plasma treatment involving nitrogen or oxygen compounds

follows.
2.3.1 Plasma grafting and polymerization

For a "soft” substrate such as CNTs, (where bonds in the substrate can be broken by the
plasma), plasmas that produce non-polymerizable species [19] such as nitrogen, Ny [17, 20|,
ammonia, NHs [21, 22|, oxygen, Oy [21] and carbon dioxide, COy [23] may induce what
is called plasma grafting. This treatment causes the replacement of carbon atoms on the
CNTs by heteroatoms (nitrogen or oxygen) or the addition of functional groups on the CNT
surface. It most frequently occurs at the open tips of CNTs, where weaker bonds can be
found, or at defect sites. The latter are present due to the CNT synthesis or by voluntary
defect generation through acid treatment [17] or plasma treatment with an inert gas [24]. In
this project, MWCN'Ts synthesized in-house already contain the necessary defects for plasma

grafting [6].

A plasma can also be used to coat the CNTs with an organic film. Igniting a plasma
in a hydrocarbon gas generates the deposition of carbonaceous films on all surfaces that
are accessible by the activated compounds. Common hydrocarbons used are ethane, CyHg,
ethylene, CoH,, and acetylene, CyHs, in increasing order of polymerizability. By adding a gas
typically used for plasma grafting (NHj, CO,, O,), it is possible to deposit a carbonaceous
film with useful functional groups. This film is commonly called a plasma polymer (PP).

However it is not a polymer and does not share the properties that polymers have such as



melting point and a repeating chain structure [25]. The choice of the word polymer rather

refers to the process of gaseous molecules forming networks and attaching on a surface [26].

The choice of gases depends mostly on the desired chemistry of the final product. For
most applications, a single chemical functional group is required. Obtaining surfaces with
a single type of functional group can easily be achieved through wet chemistry. In order to
mimic that in a plasma treatment, a gas carrying the desired functional group is selected.
By keeping the energy input per molecule as low as possible, less fragmentation occurs and
functional groups present on the initial gas molecules may be preserved on the sample surface.
If using a plasma that delivers very high energy per molecule, the nature of the gas chosen
has little impact on the final surface chemistry. All gaseous molecules are broken down into

their smallest constituents before they can react with the sample surface.

As mentioned above, for this thesis, nitrogen and oxygen-containing functional groups
are to be added onto CN'Ts. For addition of nitrogen, plasma treatments are often performed
using Ny and NH3. Ammonia is used more often given its lower ionization energy and there-
fore ease in activation for reaction with the desired substrate [27, 28]. To obtain nitrogen-rich
PPs, NH3 and CyHy [29, 30, 31| or butadiene, C4Hg [29], are often used. Larger quantities
of nitrogen are incorporated in the film when larger ammonia to hydrocarbon ratios are
used. The functional groups often reported for nitrogen grafting or nitrogen-rich PPs are
imines, C=N, amides, N-C=0, and amines, -NHy [32]. However, the most wanted func-
tional group are amines due to the numerous reactions they can be used for, such as capture
of CO4 or attachment of biological compounds through reaction with an acyl chloride |5, 33].
Higher selectivity for amine groups is obtained when power is kept low. This avoids exces-
sive dehydrogenation of the initial ammonia molecule or dehydrogenation of amines already
attached on the surface [34|. Injection of hydrogen gas also has been shown to counteract

the dehydrogenation processes and yields coatings with more amine functional groups [17].
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Oxygen-containing plasma treatments can be generated with CO; [35, 36] or Oy [21].
The main functional groups obtained are esters and carboxyls, COOR, hydroxyls and ethers,
COR or carbonyls, C=0 [37|. For oxygen-containing PPs, an increase in oxygen to hydro-
carbon ratio also leads to an increase in oxygen content of the final coating |38, 39, 40, 41].
However, oxygen-containing gases produce non-polymerizable molecules that can etch the
coating or scavenge a portion of the radicals formed in the plasma [19, 41], thus greatly

reducing the deposition rates of the coatings in comparison to nitrogen-containing coatings.

The polar functional groups generated by nitrogen or oxygen-containing plasma treat-
ments help make the CNT surface hydrophilic. A recent review by Saka [42] identified more
than 70 papers on plasma treated CN'Ts, the majority involving either nitrogen or oxygen
plasmas. However, are these treatments sufficient to produce stable CNT aqueous nanoflu-

ids? The next section reviews the factors influencing the stability of CNTs in water.
2.4 CNT nanofluid

Stability of CNTs (and other nanoparticles) in liquids is achieved through a balance of
van der Waals forces, Lewis acid-base forces and electrostatic forces [43]. Figure 2.1 shows
a schematic plot of the potential energy with respect to interparticle distance. Figure 2.1
curve a shows the case of an unstable dispersion, where no forces hinder the approach
between two particles and as they get closer, they ‘fall’ into a deep potential minimum
from which they cannot be removed. This is called coagulation and it is an irreversible
process. Figure 2.1 curve b has an additional smaller secondary minimum. If this minimum
is comparable to k,T', where k; is the Boltzmann constant and 7' is temperature, particles
that enter this minimum form weakly bound agglomerates called flocs. Formation of flocs

is reversible. Curve c¢ shows the case of a stable dispersion where the potential barrier to

11



reach the coagulation minimum is too large and thus particles remain separated and well

suspended in the liquid medium.

Debate exists on the models describing the interaction forces between water and nanopar-
ticles, and how to quantify each force [43, 45, 46]. However it is accepted that for successful
stabilization of particles in water, attractive forces between the particles must be low, and
attractive forces between the particles and water must be high to overcome the very strong
attractive force among water molecules (hydrogen bonding). Pristine CNT surfaces are
hydrophobic and strong van der Waals forces keep the nanotubes together when they are
dispersed in water. Researchers have therefore added on CNTs molecules with functional
groups that carry charges to enhance electrostatic repulsion, or molecules with high electron

donicity or accepticity to enhance hydration (and therefore stabilization) of the particles [43].

These functional groups that lead to stable dispersions of particles have been added onto
CNTs by plasma treatment using a variety of gases. Hordy added oxygen functional groups
on the surface of MWCNTs using mixtures of Ar, CoHg and O,. These treated CN'Ts, when
dispersed in water, showed remarkable stability for long periods of time (years) and could
also be heated to 85°C without MWCNT agglomeration [47|. Hernandez-Hernandez et al.
showed stability in water for carbon nanofibers treated in a NH3/H2O plasma [48]. Kim et
al. presented stable (for more than 120 hr) dispersions of CNTs after plasma treating the
CNTs with a mixture of CHy and O, [49]. Avila-Orta et al. plasma polymerized ethylene
glycol onto CN'Ts and demonstrated good stability of these nanoparticles in water, methanol
and ethylene glycol for at least 24 hr [50]. Nair et al. treated CNTs with either Oy or NH3

and reported good stability of the nanoparticles in water for ten days [51].

Evaluating the stability of functionalized nanoparticles in pure water is the first step in

understanding the types of interaction forces present. The next step is to test their stability
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Figure 2.1: Potential energy with respect to interparticle distance [44].

while changing other conditions of the nanofluid. Changing pH of the suspension has an
impact on charged functional groups. For acidic groups (usually from oxygen-containing
functional groups), an increase in pH deprotonates them which then increases the repulsion
force between nanoparticles [52, 53|. For basic groups (from nitrogen-containing functional
groups), a decrease in pH protonates them and also increases nanoparticle repulsion. In-
creasing the ionic strength of the fluid, through the addition of salts for example, may lead
to destabilization by thinning the double electrostatic layer around nanoparticles [43]. Other
sources of ions, such as positive metallic ions which may leach from containers, are also detri-
mental to the stability of negatively charged oxygen-functionalized MWCNTs in water as

shown by Karthikeyan et al. [54].

Not only does the composition of the fluid affect the nanoparticles’ stability, but the
coating itself may react over time with its environment. This is an important issue especially
with PP coatings as they can be unstable in water. Embedded radicals in the coating and

the density of the crosslinks determine the stability of the coating in water. Unstable films
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are often oxidized and may even dissolve in water, leaving nothing or a base layer on the

substrate [55].

Although numerous methods have been reported to make CNTs “stable”, and many
techniques are widely used to quantify this stability (zeta potential, light scattering, particle
counting) seldom is a definition of stability given. There is no standard to determine what is
stability and with respect to which variable should this stability be checked: time, tempera-
ture, sedimentation rate? The conditions of the desired applications also play an important
role in determining how stability is defined and measured. In particular, pH, temperature,
ionic strength and other solutes all have an effect on the stability of the dispersion but are
not necessarily relevant in all applications. Therefore, the stability of the MWCNTs suspen-
sions must be investigated in the context of the two chosen applications for this thesis which

are CO4y and dye capture. Following is a short review of these two fields.
2.5 Capture applications
2.5.1 Capturing carbon dioxide

Industrial methods to capture CO5 have been around for more than 80 years [56]. The
Intergovernmental Panel on Climate Change stated in a special report published in 2005 [56]
that current technologies used for CO5 capture are mature and have a 85 to 95% efficiency.
This technology relies mainly on liquid absorbents which are put into contact with the
gaseous waste stream (also called flue gases). When COs enters in contact with water it can
react as shown in the following equation (Equation 2.1) to form carbonic acid. This acid can

then dissociate partially into H™ and HCO; .

CO, + H,0 = H,CO4 (2.1)
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One of the common practices to increase the solubility and rate of absorption of COs is
to mix water with substances with high affinity for CO,. Given that CO, is an acidic gas,
alkaline materials can enhance the solubility of CO, in water. For example, ammonia [57]
forms a mixture of NH3 and NH, " in water and can improve the capture of CO, by making
the solution more alkaline. In so doing, Equation 2.1 can proceed easily in the forward
direction. Mixtures of water and other amine-containing molecules are also common CO,
absorbers [58, 59]. Such molecules are monoethanolamine (MEA), diethanolamine (DEA),
N-methyldiethanolamine (MDEA), diglycolamine (DGA), etc. [58, 60]. All these molecules
contain a nitrogen atom with a free pair of electrons capable of reacting with CO, or its
acid. However, amines are corrosive materials that can damage equipment [61]. They are also
volatile at low temperature. New materials are being developed that attempt to address these

issues while still maintaining the high efficiency in capturing CO5 of aminated compounds.

Current research in the field of CO, capture focuses on the use of suspensions containing
fine particles [62] which have shown enhanced gas mass transfer rates. Three main mecha-
nisms are thought to contribute to this enhancement. The grazing or shuttle effect involves
solid particles entering the boundary layer at the liquid-gas interface and adsorbing dissolved
gas molecules [1]. These ‘loaded’ particles are then transported into the bulk liquid where
the molecule can desorb and the solid particle is regenerated for another adsorption cycle.
For solid particles with high adsorption capacity of the desired gas molecule, this causes a
decrease in the concentration of dissolved gas molecules in this boundary layer, thus leading
to increased transfer through the gas-liquid interface [2]. The next effect, usually referred
to as the hydrodynamic effect, is linked to the Brownian motion of the particles. It is be-
lieved that the small particles affect the fluid flow and close to the gas-liquid interface, the

particles may cause better mixing of the liquid thereby shrinking the diffusion layer [1|. The
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last mechanism involves an increase in the gas-liquid interface area due to particles causing

a decrease in gas bubble coalescence [63].

Studies on CO,y absorption using nanofluids have shown enhancements in the mass
transfer rates |60, 64, 65, 66, 67|. Table 2.1 presents a few examples of enhancement factors
in absorption capacity observed in nanofluids with respect to the base solvent used. It is
important to note that these nanofluids were prepared without a particular attention to the
surface chemistry of the nanoparticles nor to their long term stability in the liquid. Careful
tailoring of the surface chemistry of the nanoparticles can potentially lead to enhanced
compatibility with the desired solute. Amine or nitrogen-functionalized carbon materials,
such as CNTs and activated carbon have been investigated as solid adsorbents for COq

capture [59, 68, 69, 70, 71, 72, 73, 74].

Carbon nanotubes in particular are very interesting for CO, capture in a nanofluid
on both a physical and chemical point of view. Their nanometric size makes them good
candidates for enhanced shuttle and hydrodynamic effect [2]|. It is also easy to add amine-
containing molecules to their surface to enhance interaction with CO,. This chemical modi-

fication may even enhance stability of the particles in the suspension, keeping them separate

Table 2.1: Examples of aqueous nanoparticle dispersions for CO, absorption.

Nanoparticle Solvent, Surface treat- Stability Enhancement
ment period (%)
SiOq [60] water None N/A 24
SiOy [65] methanol None 24 hr 5.6
SiO, [66] water None N/A 20
Al,O5 [67] NaCl “aqueous |\ opic oum | 24 r 12.5
solution
AL, O3 [65] methanol None 24 hr 4.5
CNT [66] water Acidification | N/A 40
CNT [75] water N/A N/A 70
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and avoiding formation of agglomerates which have less surface area available for interac-
tion with the gas. By fixing the amines on a solid particle, it also avoids having volatile

amine-containing molecules dissolved in the liquid [59].
2.5.2 Capturing dyes

To this day, the textile industry struggles with the treatment of huge volumes of toxic
aqueous waste produced through processes such as fabric dyeing, bleaching and washing. In
particular, dyes become an environmental problem [76] when released into water streams as
they can be aesthetically unpleasing, toxic and detrimental to the plant and animal life by
reflecting sunlight and depriving them from this energy source. Many techniques have been
developed to treat these dye effluents based on chemical, physical or biological processes.
Given the large volumes of effluent produced and the necessity to treat wastewater in a
continuous flow manner, adsorption on solid particles is a popular method for wastewater
treatment [77|. Although it is not the end of a full process of wastewater treatment, it is
the simplest way of first concentrating the dye and then having a solid material that can
be further processed in another location while allowing the bulk of the wastewater to be

returned to the environment in a less harmful state.

Much research has been done on CNTs and other carbonaceous materials as dye ad-
sorbents. Their carbon sp? bonds (more or less organized in hexagons depending on the
crystallinity of the amorphous carbon or the defect quantity in CNTs) help form 7-7 bonds
with the conjugated structure of most dyes [78]. Many chemical modifications are also made
on the base material in order to enhance its interaction with the desired dye. More specif-
ically, addition of functional groups that may carry a charge such as amines or carboxylic
acids are used given that many dyes are cations or anions. Table 2.2 gives some examples of

carbonaceous materials and their adsorption capacity for a variety of dyes. However, none of
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these chemical modifications were made with the intent of making more stable nanoparticle
dispersions. Stability of the particles would ensure that they are well separated offering the
largest area possible for dye adsorption. It also avoids sedimentation of the adsorbent which

becomes material unavailable for the adsorption process.

In particular, PP films could be an interesting part in the development of new materials
for dye adsorption, contributing to both helping stabilize the nanoparticles and interacting
with soluble dyes. The adsorption of dyes on PP films has been known for many years,
as it is one of the techniques used for characterization of functional groups on PP films.
Furthermore, PP films have also been used for enhancement of fabrics. Hegemann et al.
showed that amine functional groups (positively charged) allowed for dye molecules (anions,
negatively charged) to penetrate and bind to the PP film [90]. Furthermore, a single example
of a plasma polymerized nanoparticle for dye adsorption was found. Jarvis et al. used quartz
particles coated with plasma polymerized allylamine to adsorb acid orange 7 dye [91]. They

showed a maximum adsorption capacity of about 0.6 mg g~* at pH 3.
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Table 2.2: Examples of aqueous nanoparticle dispersions for dye adsorption.

Adsorption capacity

Nanoparticle Surface treatment Dye adsorbed _1
(mg g™") (approx.)

CNT |79 o>.(1d'at101.1 by malachite green 200

nitric acid

acid red and reac- | 45-60

CNT [30] N/A tive blue
CNT [81] 0).<1d'at10r.1 by malachite green 160

nitric acid
Graphene oxide (GO) 82
CNT composite [S2] N/A methylene blue
CNT [83] None direct blue 116

900 for MO and
) methyl orange and

Activated carbon [78] | N/A methylene blue 600 for MB
Carbon nanocables oxygen-containing 150
on CNTs [84] functional groups methylene blue
CNT [85] oxidation crystal violet 600
Metal organic frame-
work with unclear malachite green 1500
GO or CNT |[86]
CNT [87] APTS and TiO, methyl orange 42

iron oxide nanoparti-
GO-CNT [8§] cles + oxidation methylene blue 40

of CNTs
GO or CNT [89] oxidation basic red 46 140
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2.6 Issues with CINT nanofluids for capture applications

As can be seen from this review, many materials are being investigated as contenders for
the capture of CO5 or dyes. Stability of the nanoparticles in the desired liquid and affinity for
the molecules to be captured are the main concerns when developing new materials. CNTs
modified by plasma treatment have been shown to be stable in pure water. CNTs modified
by methods other than plasma have been used for capture of CO, and dyes. However, a
modification of the CNT surface chemistry using plasma (and more specifically PPs) that
allows for both stability in complex liquid mixtures and affinity for other molecules is still

lacking.
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CHAPTER 3
Experimental methodology

3.1 Material preparation
3.1.1 Synthesis of MWCNTs by t-CVD

MWCNTs were synthesized by t-CVD following a method developed by Baddour [9]
and Hordy [10]. The method uses a 316-grade SS mesh (400 series, McMaster-Carr or TWP
inc.) as a substrate. After cleaning the mesh in acetone with a sonication bath, the mesh is
placed in a quartz boat, which goes inside a quartz tube furnace (120 V/30 A, Lindberg-Blue
HTF 5500). Two setups were used over the course of this project, a batch (Chapter 6) and
a semi-batch process (Chapters 4, 5 and 7, see Figure 4.1 in Chapter 4). In both cases, the
following general sequence was followed: heat treatment at 700 °C, injection of acetylene,
CoHy (99%, dissolved in acetone), for 2 min at 68 sccm, 2 min growth period under Ar flow
at 600 sccm, cool down. More details can be found in Chapters 4 and 6. Samples could be

stored indefinitely at room temperature and in air.
3.1.2 Functionalization of MWCNTs

A plasma enhanced chemical vapor deposition system (PECVD) was used to function-
alize MWCNTs (see Figure 3.1, a schematic of the system can be found in [92]). The system
consisted of a ~10 L chamber equipped with a 8.7 cm diameter electrode. Gases are injected
4 cm above the electrode through a shower head, which also acts as the counter electrode.
Two meshes covered with MWCNTs were held on the electrode with carbon tape as shown

in Figure 3.2. The chamber base pressure was below 20 mTorr and functionalization was
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conducted at 600 mTorr (80 Pa). Gases used were ammonia, NHj (99.99%), carbon dioxide,
CO4 (99.99%), and ethylene, CoHy (99.70%). Gas flow rates were controlled using mass flow
controllers (Brooks SLA5850). Two types of ethylene-based PP were prepared, one using
NHjs, which is labelled PPE:N, and another with COs, labelled PPE:O. Before starting the
plasma treatments, the chamber was cleaned with an Ar and O, plasma to minimize contam-
ination from previous treatments. A low pressure capacitively-coupled radio frequency (RF,
13.56 MHz) glow discharge was generated using a power supply (Cesar generator, Advanced
Energy) and a matching network (VM 1000 VarioMatch, Advanced Energy). Gas flow rates,
power used and treatment times are presented in the respective chapters. MWCNTs after
plasma treatment are named MWCNT-PPE:N or MWCNT-PPE:O. PPE:X is used to refer
to both PPE:O and PPE:N.

Radicals formed on the sample’s surface during the plasma treatment are still active after
removal from the vacuum chamber. PP coatings undergo ageing after exposure to ambient
air. The most noticeable change is the increase in oxygen in their chemical composition [17,
22|. Kasparek et al. (unpublished report) [93] showed that nitrogen-rich coatings prepared in
our system had their oxygen content increase from the original 1 O at% (0 min air exposure)
to almost 2 O at% after 30 min of air exposure, and reaching 10 O at% after 3 days. Storing
samples in inert gases and at —18°C has been shown to decrease the ageing rate [94].
Whenever possible, such precautions were therefore taken for all samples studied. Whenever
air exposure was inevitable, the amount of time that samples were exposed to air was kept
constant for all samples studied. Samples used in Chapter 6 were exposed to ambient air
after functionalization for less than 5 min. These samples were stored in nitrogen-filled bags
(oxygen transfer rate 2.2 cc m~2 day !, Duropac) in the freezer (—17°C). They were then
used to prepare nanofluids or were analyzed less than a day after synthesis. For samples

used in Chapters 4, 5 and 7, the PECVD chamber was kept in a nitrogen-filled glovebox
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Figure 3.1: PECVD chamber.

Figure 3.2: Sample placement on PECVD electrode.
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(Oq concentration < 0.1 ppm, model MB200B, MBraun). Therefore, after functionalization,
meshes were not exposed to air. They were stored in the same bags as previously and in
a freezer (—40°C) located inside the glovebox. Given these conditions, samples could be

stored for longer periods of time, but were typically used in less than a week.

MWCNT-PPE:O and MWCNT were also further treated with either tetraethylenepen-
tamine (TEPA) or (3-aminopropyl)triethoxysilane (APTS) (both from Sigma-Aldrich) by
vapor functionalization. SS meshes covered with MWCNT-PPE:O or MWCNTs were taped
to the inside wall of glass jars. The bottom of the jars were lined with glass beads. Either
150 pL of TEPA or 50 puLi of APTS was then added to the jar. The closed jars were put in an
oven at 150 °C for 60 min for TEPA treatment, and 80°C for 60 min for APTS treatment.
After the samples had cooled down, they were stored in the glovebox and were used in less

than a week.
3.1.3 Production of nanofluid

Water at the desired pH (2 to 12) and salinity (0.001 to 4.3 mol L™!) was prepared us-
ing hydrochloric acid, HCI (Fisher), sodium hydroxide, NaOH (Aldrich) or sodium chloride,
NaCl (Fisher) and reverse osmosis (RO) water. A pH meter (pHBasic+ series, Sartorius)
equipped with a combination electrode (model 13-620-287A, single junction, Ag/AgCl ref-
erence, Accumet) was used to measure and record the pH. MWCNT-covered meshes were
put in glass vials with water. The vials were sonicated for 10 min (100 W, Branson 2510).
Nanofluids were transferred to clean new vials to avoid metal ions leaching from the mesh.

Concentration of MWCNTS in nanofluids was between 40 and 150 mg L.
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3.2 Characterization of PPE:X and MWCNT-PPE:X
3.2.1 Thermal gravimetric analysis and pyrolysis

Thermogravimetric analyses (TGA) and differential scanning calorimetric (DSC) studies
of the PPs were conducted to investigate their thermal properties. Measurements obtained
from this instrument are only useful when compared to other similar polymers or PPs given
that there was no detector attached to the TGA/DSC to analyze the exhaust’s composition.

Therefore, PPs and low density polyethylene (LDPE) were analyzed with this instrument.

To prepare samples for the TGA /DSC instrument, PPs were deposited for one hour on
glass Petri dishes. They were scraped from the dish and loaded into alumina cups in the
instrument (TGA/DSC 1 Star System, Mettler Toledo). Analysis was conducted under a

flow of 60 mL min~! of Ny at a heating rate of 10°C min~! from 40 to 550 °C.

In order to obtain compositional and structural information about the PP films after
pyrolysis, PP films on silicon wafers or PP powder scraped from a Petri dish were pyrolyzed
under argon atmosphere in the CVD tube furnace. The samples were heated to 600 °C, held
at this temperature for 30 s and then cooled down. They were then stored in nitrogen-filled

bags until further use.
3.2.2 Optical emission spectroscopy

Optical emission spectroscopy (OES) was used for identification of the main excited
species present in the plasma. Given the very complex and still unknown reaction mecha-
nisms involved in plasmas containing NH3, CO, or CyHy, as well as insufficient resolution of
the detector, it was not possible to obtain more quantifiable information about the plasma

(such as temperature, electron density and species concentration).
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The emission spectrum was collected by a fiber optic cable (M22L01, Thorlabs) and
recorded with a portable spectrometer (OceanOptics USB2000). The acquisition range was
limited from 300 to 850 nm and the spectral resolution was 1 nm. The fiber optic was posi-
tioned outside the vacuum chamber, close to the large glass viewport, the distance between
the fiber optic and the plasma being around 15 cm. The spectrum recorded was an average

of 3 spectra obtained each with an integration time of 1000 s.
3.2.3 Scanning and transmission electron microscopy

A high resolution scanning electron microscope (SEM, Hitachi SU-3500) and a transmis-
sion electron microscope (TEM, Tecnai G2 F20 200 kV Cryo-STEM) were used to investigate
the morphology of MWCNTs at different stages of preparation. MWCNT-covered meshes
were loaded directly into the SEM for observation and did not require any special coating.
As for TEM imaging, a 3 mm diameter circle was punched out of the MWCNT-covered
mesh. These samples could be loaded directly in the TEM. In order to observe the effect
of sonication on MWCNT-PPE:X, a droplet of nanofluid was deposited onto a TEM grid
(lacey formvar stabilized with carbon on copper mesh, Ted Pella) and left to dry completely

in air before imaging.
3.2.4 Light absorption spectroscopy

Tadros [95] identified the main studies required to fully characterize a suspension of
particles in a liquid medium. First, it is necessary to investigate the solid /liquid interface at
the molecular level. This involves identifying the structure of water molecules, ions, other
particles and solutes (surfactants, polymers, etc.) around a given particle. The best tool
for such studies are computer simulations. However, knowledge of all forces at play is in-
complete and models available do not accurately describe atoms and the molecules they

form. Furthermore, computer power is a limitation when it comes to analyzing systems
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with hundreds of water molecules (such as a system with one CNT surrounded by liquid
water). Zeta potential measurements, one of the most popular instruments to assess particle
stability, provide information on the electrostatic double layer around the particles, but can
only give a qualitative assessment of the suspension’s stability. This tool also only probes
particles in suspension and cannot quantify the material that has sedimented. Second, to
properly characterize a suspension of particles, it is necessary to acquire information about
its behavior upon standing. In such studies, researchers must characterize the size of the
particles and their flocculation and sedimentation rates. For large particles and dilute solu-
tions where individual particles can be distinguished, photographs of the solution over time
can be used [96]. For suspensions of smaller particles, light scattering [96] and absorption
are the most popular tools and when measured over time, can provide information about

the amount of material settled and still in suspension.

Visible light absorption was the method chosen here to investigate the stability of the
nanofluids produced. At pre-determined intervals from the time of production of the fluid,
measurements were taken with a UV-Vis spectrometer (Evolution 300, Thermo). The liquid
mixtures were put in disposable polystyrene cuvettes (Fisher) with a 1 em pathlength. The
cuvettes were transparent from 400 to 800 nm. The baseline was a cuvette filled with RO
water. Hordy [6] had explained that the absorbance of MWCNT nanofluids is proportional
to the concentration of MWCNTs suspended in the liquid. The changes in concentration of
MWCNTs in the nanofluids over time are reported as a percentage change with respect to a

reference initial absorbance of the nanofluid.

27



3.2.5 X-ray spectroscopy

X-ray photoelectron spectroscopy (XPS) was used for analysis of the surface elemental
composition of MWCNTs and PPE:X at different stages of preparation. Through decon-
volution of the peaks obtained and comparison with other materials with known functional
groups, it was possible to suggest potential functional groups present. However, XPS probes
the first ~10 nm of the sample and the composition reported assumes that the volume probed
is homogeneous. For MWCNTs treated by plasma grafting or with PP coatings thinner than
10 nm, the reported elemental composition represents a mixture of PP coating and intact
MWCNT. Therefore, these results can only be used to track trends and compare similarly
prepared samples. For these reasons, whenever the composition of the PPE:X alone was
needed, a sufficient thickness of PPE:X was deposited on silicon wafers such that only the

PP was probed and not the substrate.

Samples for XPS analysis were removed from their storage bags, mounted onto the
sample stage and inserted into the instrument. During this process, they were exposed to
ambient air for a maximum of 20 min before entering the instrument. The analysis was
conducted on a Thermo Scientific™ K-Alpha™ XPS. Monochromatic Al Ka excitation
with a 400 ym X-ray spot size was used. Survey spectra and high resolution spectra of C 1s,
N 1s and O 1s were recorded. A flood gun was necessary when analyzing PPE:X deposited

on silicon wafers.

CasaXPS§ software (version 2.3.16) was used for data treatment in Chapter 6. Avantage
software (version 5.956) was used for data treatment in Chapters 4, 5 and 7. They have
slightly different sensitivity factors for each element, but the same procedure was used on

both to deconvolute the high resolution peaks, as described in more detail in Chapter 6.
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Chemical derivatization (CD) using 4-(trifluoromethyl)benzaldehyde (TFBA, 98%, Sigma-
Aldrich) in conjunction with XPS was used to quantify the nucleophilic groups (such as
primary amines) present on the surface of the nanotubes. Originally meant for exclusive
detection of primary amines, recent investigation of the reactivity of TFBA indicates that it
may react with secondary amines, imines and even other nucleophilic groups [97]. Knowing
that nitrogen-rich PP coatings contain all these functional groups, all results using CD-XPS

are reported as concentrations of nucleophilic groups, and not amines exclusively.

In Chapter 6, samples were treated with TFBA in a vacuum chamber at room temper-
ature for 4 hr. In Chapter 5, samples were treated with TFBA at atmospheric pressure at
45°C for 3 hr. Equations 3.1 and 3.2 show how the total nucleophilic group concentration,
[Nu|r, and their selectivity, [Nu|g, (both reported as percentages) are linked to the total
nitrogen concentration, where |X] is the atomic percentage of a given atom, and subscripts

“nd” and “d” are for the non-derivatized and derivatized samples, respectively [98].

[Nujr = [N (3.1)

(3.2)

For a more in-depth study of unsaturated functional groups, near edge X-ray absorption
fine structure spectroscopy (NEXAFS) was performed on a HE-SGM monochromator dipole
magnet beam line at the BESSY II synchrotron radiation source (Berlin, Germany). The
spectra of the C, N and O K-edges were recorded. More details on data acquisition procedure

and deconvolution of peaks can be found in Chapter 6.
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XRD spectra of the pyrolyzed PP were taken on a Bruker D8 Discovery X-Ray Diffrac-
tometer (VANTEC Detector, Cu-Source).

3.3 Testing for applications using nanofluids
3.3.1 Destabilization and dispersion cycles

The ability to destabilize and subsequently redisperse MWCNTs by changing the pH

and salinity of the nanofluid was investigated.

A 10 mL sample of nanofluid was placed in a glass cuvette (Type 93 Colorimeter Cell,
FireflySci Cuvette Shop) with a 2 cm pathlength. A small magnetic stir rod and a pH
electrode attached to a meter were also added. One side of the cuvette was illuminated with
a compact fluorescent lamp and light transmitted through the cuvette was collected with
a fiber optic connected to a portable spectrometer. The lamp was turned on for one hour
before beginning experiments in order to obtain a constant output from the lamp. Each
experimental run consisted of alternatively adding 300 puL of 1 M NaOH or 1 M HCI until
the nanoparticles could no longer be redispersed in the liquid. Throughout each run, the
pH of the mixture was recorded every second. Stirring of the mixture was kept constant to
avoid changing the shearing forces affecting the size of the agglomerates formed. Figure 4.2

presents a picture of the setup.

Using Beer-Lambert’s law (Equation 3.3), the transmitted light was converted to the
extinction coefficient a (em™!), which is a function of concentration, ¢ (mg L™!), and the

absorption coefficient, € (cm™ mg~! L) of the particles.

—log(1/1,) = A=al (3.3)
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where A is the absorbance, [ is the measured intensity of the transmitted light, I, is
the measured intensity of the transmitted light through the cuvette with water, and [ (cm)
is the path length. The results are reported in terms of the extinction coefficient o = ec and
not with respect to ¢ given that € is unknown and could be changing with the size of the

particles in the nanofluid.

To test for regeneration of samples after pH cycles or addition of NaCl, destabilized
nanofluids were filtered onto nitrocellulose membrane filters (porosity 0.22 pm, 47 mm di-
ameter, Merck Millipore). They were washed with copious amounts of RO water and the
MWCNTs were scraped off the filter, transferred to a vial with water at the desired pH and

sonicated for 10 min.
3.3.2 Gas sorption column

A gas sorption column was chosen to test the CO5 absorption capacity of the MWCNT-
PPE:X nanofluids. In this setup, a gas was injected at the bottom of a column filled with
the absorbent material. The choice of the column dimensions were determined by the ne-
cessity of having the longest column possible to increase contact between the gas and liquid
phases (thus increasing gas absorption), while still taking into account our laboratory and
equipment constraints (available space, range of mass flow controllers, time required to run
one experimental run, quantity of nanofluid available, etc.). The flow rates and the pore size
of the filter were also chosen to ensure a homogeneous bubble flow regime with the smallest
bubbles possible [99]. Bubbles formed at the gas inlet port were uniform and rose through
the column at about the same velocity in a non-coalescing manner. A turbulent or churn
flow had to be avoided as these flows do not provide reproducible amounts of surface area
between liquid and gas phases. Furthermore, larger volumes of gas can push the liquid and

the MWCNTs out of the column.
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A mass spectrometer (MS) (OmniStar GSD-301 O2, Pfeiffer Vacuum) was chosen for
detection of the outlet gases as it is sufficiently sensitive for these experiments and it can

detect more than just COs (therefore capable of detecting impurities if present).

The setup for testing CO5 capture by MWCNT nanofluids is presented in Figure 6.1.
It consists of a glass column (16 mm inner diameter, 23 cm height), a porous metallic
filter (4 pm pores) at the bottom end for bubble formation and a MS at the top end for
measurement of the gas composition at the outlet. In a typical experiment, the column was
filled with 25 mL of the desired nanofluid. It was then purged with Ar. COy was injected
into the system at 10 sccm from the bottom of the column. During the absorption process,
Ar was injected at the top of the liquid column at a flow rate of 80 sccm to keep a low COq

concentration at the top of the liquid.

Equation 3.4 was used to calculate the amount of CO5 absorbed by the nanofluid, where
VEGS is the total volume of CO, absorbed in mL, Qco, is the flow rate of CO; going into the
column in mL min~!, C; is the concentration of CO, in the outgoing gas stream at time ¢,
Cinaz 1s the maximum concentration of CO; in the outgoing gas stream, and ¢, is the time
in min required to reach a pseudo equilibrium in the system. It was assumed that the CO,
absorption process reached equilibrium when the COy concentration recorded with the MS

remained constant for at least ten minutes.

t
mazx “ Q 2(Cma$ —C )dt
L e (3.4)
0 max

3.3.3 Interaction with dyes

In order to study the interaction of MWCNT-PPE:X with dyes, methyl orange (MO) and

methylene blue (MB), two sets of experiments were conducted (see Figure 7.2 for schematic).
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In the first set, 5 mL of dye solution, at 25 mg L~!, were mixed with 5 mL of MWCNT
nanofluid. After 24 hr, the samples were centrifuged and the quantity of dye left in the
supernatant was measured by visible absorption spectroscopy. Some samples were then
washed to release the adsorbed dye and mixed with a fresh batch of dye solution for a
second adsorption step. The adsorption capacity for the reused adsorbent was measured on
the following day. The second set of experiments also started with an adsorption step but
samples were then filtered and washed in order to determine the amount of dye adsorbed

that could be released. More details can be found in Chapter 7.

The design of these experiments was based on similar studies found in the literature.
Given the very small yield of MWCNTs from our in-house t-CVD method, it was necessary
to work with smaller volumes of solution to match adsorbent concentrations reported by
others which typically range from 100 to 1000 mg L~!. With a volume of 10 mL, MWCNT
concentration obtained for the experiments described here would typically be between 50 and
150 mg L~!. During adsorption, most researchers put their samples on automated shakers
to ensure the adsorbent stays in contact with the dye solution and does not sediment. Using
our MWCNT-PPE:X which are stable and well dispersed in water, it was not necessary to
shake the samples. After the adsorption period, in order to separate the solid adsorbent
from the dye solution, one of two methods is usually reported in the literature: filtration or
centrifugation. In this work, it was necessary to centrifuge samples, given that the filters
adsorbed too much of the dyes (especially MB) leading to errors in the measured adsorbed
dye. Furthermore, although MWCNTs agglomerated on a filter can be redispersed in a liquid,
a portion of the solid material is usually lost. Given the small initial quantity of MWCNTs
used in each sample, if samples had been filtered, there wouldn’t have been sufficient material
to reuse them for another adsorption cycle. For this reason, adsorption and reuse experiments

were done using centrifugation and release experiments were done separately on filters.
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The dye concentration, ¢ (mg L™'), in the supernatant was measured by visible absorp-
tion spectroscopy (Evolution 300, Thermo) using Beer-Lambert’s law (see Equation 3.5).
Table 7.2 presents the wavelength and the absorption coefficient, ¢ (cm™* mg™' L), used
for the two dyes. The path length of the cuvette, [, was 1 cm and A was the absorbance

measured.

A = cel (3.5)

The adsorption capacity, ¢; (mg g=!), was then calculated according to Equation 3.6

@ = W (3.6)

where ¢y and ¢, are, respectively, the initial and final dye concentration after adsorption,

V' is the volume of solution in L. and m is the mass of MWCNTSs in g.

The percentage of dye released, d, is calculated as shown in Equation 3.7

e Vi m,
d= ————= 3.7
(co— )V my (3.7)

where ¢, is the concentration of dye released and V. is the known volume of water used
to release the dye. In other words, d is the fraction of mass of dye released, m,., with respect

to the mass of adsorbed dye m,,.
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CHAPTER 4
Effect of water and pH on PPE:X and MWCNT-PPE:X

4.1 Preface

This chapter presents an article that was published in Plasma Processes and Polymers.

The complete citation of the published article is:

Jorge, L., Girard-Lauriault, P. L. & Coulombe, S. (2017). pH-Reversible Destabilisation-
Dispersion of MWCNTs Coated with Functional Plasma Polymer Films in Water, Plasma

Process. Polym., 14 (11), 1700026.

The work was planned, executed, analyzed and written by L. Jorge (Ph.D. candidate).
TEM images were taken by Dr. David Liu. Dr. P.-L. Girard-Lauriault and Dr. S. Coulombe

were responsible for supervision of the work and reviewing of the manuscript.

One of the main goals of this thesis was to develop stable aqueous dispersions of plasma
treated MWCNTs. This chapter establishes this first step by presenting the two PP coatings
chosen, how they interact with water and how treated MWCNTs are stabilized in different
aqueous conditions. It is shown that the pH of the mixture determines if MWCNTs ag-
glomerate or remain dispersed, confirming that the PP coatings carry a charge which will

be useful for future applications.
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pH-Reversible Destabilisation-Dispersion of MWCNTs Coated with

Functional Plasma Polymer Films in Water
Larissa Jorge, Pierre-Luc Girard-Lauriault, Sylvain Coulombe

Plasma Processing Laboratory, Department of Chemical Engineering, McGill University,

Montreal, QC, Canada H3A 0C5
Abstract

The stability in water of multi-walled carbon nanotubes (MWCNTs) coated with N-
or O-rich plasma polymers (PPs) is investigated at different pH values. MWOCNTs are
coated with PPs by plasma enhanced chemical vapor deposition of ethylene and ammonia
or ethylene and carbon dioxide. MWCN'Ts coated with N-rich PP in water at pH 12 exist as
agglomerates that readily sediment, whereas the agglomerate size decreases and suspension
stability increases as the pH changes from 10 to 2. The reverse effect is observed for MWCNTs
coated with O-rich PP which form agglomerates at pH 2, but are stable from pH 4 to 12.
By switching the pH of suspensions containing either one of these coated MWCNTS; it is

possible to cycle through destabilisation and dispersion steps.
4.2 Introduction

Molecules or nanoparticles with reversible properties when exposed to light or pH
changes are of great interest for a number of applications such as gas detection [100], control
of chemical reactions [101] or filtration of pollutants [102]. For example, agglomeration of
solid material is a common technique for pollutant removal in wastewater. Typically, par-

ticles that have adsorption sites for the targeted pollutant are added to the liquid mixture.
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Agglomeration of the formed composite facilitates its removal through settling or centrifu-
gation. It is therefore desirable to design particles that can agglomerate at the desired con-
ditions for pollutant removal and then be redispersed for reuse by switching the properties
of the mixture. Given their large surface area, multi-walled carbon nanotubes (MWCNTs)
with tailored surface modifications have been shown to be efficient adsorbers of a variety
of molecules [103, 104] and could make good candidates for this application. Production
of aqueous MWCNT nanofluids, which are engineered stable dispersions of MWCNTSs in
water, usually requires surface modifications of the MWCNTSs using acid treatments [105] or

surfactant wrapping [106].

Wet chemical methods to treat CNTs usually involve many steps and reagents. Simpli-
fying the functionalization procedure while still having control over the nature of functional
groups added to the CNT’s surface is possible through plasma treatment methods. In partic-
ular, plasma enhanced chemical vapor deposition (PECVD) of gaseous precursors has been
shown to add functional organic coatings on CNTs. Monomers such as heptylamine [107],
acrylonitrile [108], and ethylene glycol [50] have been plasma polymerised over CNTs for en-
hanced adhesion with other polymers and stability in aqueous nanofluids. Similar coatings
can also be obtained through the reaction of a hydrocarbon with a heteroatom-containing
gas that provides the desired functional groups. In our previous work [109] (Chapter 6),
multi-walled CNTs (MWCNTs) were plasma treated with ethylene and ammonia. The or-
ganic coating produced had nitrogen functional groups, such as amines, capable of capturing

COy but also stabilising the MWCNTs in the nanofluid.

MWCNTS’ stability and agglomeration state in a host fluid are determined by their
surface electrostatic potential as well as their capacity to undergo Lewis acid-base reactions

with the surrounding molecules as described in the extended DLVO theory of van Oss [43].
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Changing the pH of the solution interferes with the charged double layer around the MWC-
NTs and their electron donicity or accepticity character. Both processes have an impact on
the MWCNTS’ interactions between themselves and with the host fluid. By changing the pH
of their nanofluid, Han et al. [110] could control the agglomeration and dispersion of neg-
atively charged DNA-wrapped CNTs with ethylenediamine (EN). Xie et al. [105] observed
that acid-treated CNTs, which had carbonyl and carboxylic acid groups at the surface, were
less stable at pH 2 than at pH 6 and higher. Wang and Chen [111] also showed that by
wrapping pH-responsive polymers around CNTs, they could control their agglomeration. In
a similar fashion, the choice of functional groups on plasma polymers (PPs) deposited on
MWCNTs has an impact on their stability. The overall charge of the PP in water can be
tuned from positive to negative [38| through the amount of electron donating and electron
accepting groups present, typically N and O groups respectively. Thus MWCNT-PP with

different PPs are expected to be stable and well dispersed at different pH values.

In this contribution, we present MWCNT-PP aqueous nanofluids with controllable sta-
bility and agglomeration through pH adjustments. The composition of a nitrogen-containing
and an oxygen-containing PP is studied after exposure to water. Each PP studied causes
the MWCNTs to agglomerate and destabilise at a different extreme of the pH range, pro-
viding a simple method to tune the nanofluid’s stability for the conditions of the desired
application. Furthermore, it is possible to use this property to cycle multiple times through

destabilisation and dispersion steps of the MWCN'Ts by changing the pH of the nanofluid.
4.3 Experimental method

4.3.1 Nanofluid synthesis

MWCNTs were produced by thermal chemical vapor deposition (t-CVD) in a semi-

batch process at atmospheric pressure following a procedure similar to the one described by
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Hordy et al. [10]. Figure 4.1 shows a picture and a schematic of the reactor which consists
of a tubular furnace, a quartz tube, a gas injection port and a loading chamber for sample
transfers. The loading chamber allows for quick insertion and removal of samples without
the need to cool down the furnace. Pieces (3.5 x 7 cm?) of 316 grade stainless steel (SS316)
mesh (400 mesh, TWP Inc.) were loaded onto a quartz boat. The boat was slid in the
quartz tube to the hot section of the furnace which was kept at 700°C. After allowing for
oxidation of the sample for 2 min in ambient air, the quartz tube and loading dock were
purged with argon, Ar (99.999%, all gases were purchased from MEGS Specialty Gases) until
the oxygen concentration dropped to less than 0.5%. A mixture of acetylene, CoHy (99%,
dissolved in acetone), at 68 sccm and Ar at 600 sccm was then injected in the quartz tube for
2 min. Samples were left for two more minutes at high temperature to allow for MWCNT
growth under Ar atmosphere. The boat with the samples was then slid back into the loading
chamber and removed after a 5 min cool down period. Before adding the next batch of mesh
pieces for MWCNT synthesis, the load chamber was left open for 3 min for ambient air to
refill the quartz tube. MWCN'Ts produced in this manner have a mean diameter of ~30 nm

and are 3 to 5 pum in length [12].

PPs were deposited onto MWCNT-covered stainless steel meshes using a low-pressure
capacitively-coupled RF (13.56 MHz, continuous) glow discharge described in detail else-
where [92]. Samples were positioned directly on the live electrode (8.7 cm in diameter), and
gases were injected through a showerhead positioned 4 ¢cm above this electrode. A mixture
of either ammonia, NH3 (99.99%), and ethylene, CoHy (99.70%), (PPE:N) or carbon dioxide,
COq, and CyHy (PPE:O) was injected into the chamber with the flow rate values reported
in Table 7.1. Sample treatment was conducted at a pressure of 80 Pa (600 mTorr) and a
power of 35 W for 4 min for PPE:N and 20 min for PPE:O. The PECVD system as well

as the freezer (kept at —40°C) for sample storage are located inside a No-filled glovebox
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Figure 4.1: Picture (top) and schematic (bottom, not to scale) of semi-batch t-CVD setup
for MWCNTs synthesis. Insert shows the boat inside the loading chamber.
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(Oq concentration < 0.1ppm, model MB200B, MBraun). Therefore, after plasma treatment,
samples were not exposed to air until they were removed from the glovebox to be used in a

nanofluid or analysed. This minimizes the ageing process of the PPs [112].

Reverse-osmosis (RO) water was used as the host liquid for the nanofluid. Solutions
of 1 M HCI (Fisher), 1 M NaOH (Aldrich) or NaCl (Fisher) were prepared and used to
adjust the pH and ionic strength of the fluid when necessary. Vials each containing one
PP-coated MWCNT-covered SS316 mesh and 10 mL of pure RO water or water at different
pH values were put in an ultrasonic bath for 10 min. This process breaks off the MWCNTs
from the growth substrate. The meshes were then removed from the vials and disposed of.
The nanofluids were stored at room temperature. The concentration of MWCNTs in the
nanofluids was between 50 and 100 mg L~'. When required, the NaCl concentration of the

nanofluid was adjusted between 0.001 and 0.5 M.
4.3.2 Characterization of MWCNT-PPE:X
TEM

To investigate the morphology of MWCNT-PPE:X samples, a transmission electron
microscope was used (TEM, Tecnai G2 F20 200 kV Cryo-STEM). The effect of sonication
in water on the PP coating was also observed by drying a small droplet of nanofluid onto a

carbon coated TEM grid.

Table 4.1: Gas flow rates during plasma polymer deposition.

Sample name | QNpsorco, (sSccm) | Qc,pu, (scem)
MWCNT-PPE:N 10 10
MWCNT-PPE:O 30 4
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XPS

The chemical composition of the PP coatings as-synthesized and after exposure to water
was analysed by X-ray photoelectron spectroscopy (XPS). For these experiments, the PPs
were deposited on MWCNTs and Si wafers. The comparison between the PPs on these
two substrates is necessary due to the different thickness of the PP before and after water
treatment. Given that only the photoelectrons generated in the first 10 nm of the sample can
reach the detector, if the PP coating is thinner, then the signal detected by the XPS comes
from the PP as well as the substrate under it. MWCNTs being made of carbon and oxygen,
it is not possible to distinguish them from the PP coating. However, on Si wafers, if silicon
is not present in the survey spectrum, then it is a good indication that only the PP coating
is being detected. For the analysis of coated MWCNT samples after exposure to water and
sonication, 10 mL of nanofluid were allowed to dry in air. The powder was then collected
and fixed on copper tape for analysis. Si wafers coated with PPs were sonicated in water
for 10 min, removed from water and left to dry in air. The Si wafers with the remaining PP

coating were then analysed under the XPS.

The analysis was conducted on a Thermo Scientific™ K-Alpha™+ XPS and monochro-
matic Al Ka excitation with a 400 um X-ray spot size was used. Survey spectra were recorded
at a pass energy of 200 eV and 1 eV resolution and a 90° take-off angle. High resolution
spectra of C 1s, N 1s and O 1s were recorded at a pass energy of 50 eV and 0.1 eV resolution.
The Avantage software (version 5.956) and the following relative sensitivity factors for C,
N and O, 1, 1.676 and 2.881, were used to analyse the spectra. Error bars presented on
the atomic composition represent one standard deviation between three samples prepared
on different days. Peaks were fitted with a Tougaard background and components with a
mixed Gaussian/Lorentzian peak shape, following a procedure described by Girard-Lauriault

et al. [112].
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UV-Vis spectrometry

To study the stability of nanofluids, UV-Vis absorbance spectra (Evolution 300, Thermo)
of the nanofluids were taken (from 400 to 700 nm) in disposable polystyrene cuvettes (Fisher).
The baseline was a cuvette filled with RO water. As explained by Hordy [6], the absorbance
of the nanofluids has been shown to have a linear dependency on the amount of dispersed
MWCNTs. Agglomeration and sedimentation, which are indicators of MWCNTS’ stability,
cause a reduction in the effective concentration of particles in suspension and thus a decrease
in absorbance. The stability change of the nanofluid after different treatments is reported

as a percentage change in absorbance of the fluid.
pH cycling

The capacity to adjust the extent of destabilisation of the MWCNTs by changing the
nanofluid’s pH was studied. A stirring bar and a pH electrode (model 13-620-287A, Acc-
umet) connected to a meter (pHBasic+ series, Sartorius) were placed in a cuvette (Type
93 Colorimeter Cell, FireflySci Cuvette Shop) with dimensions 24x55x56 mm?® and a path-
length of 20 mm, as seen in Figure 4.2. A compact fluorescent lamp was positioned behind
the cuvette. A fiber optic cable (M22L01, Thorlabs) connected to a portable spectrometer
(OceanOptics USB2000) was positioned in front of the cuvette, aiming 0.5 cm above the bot-
tom of the cuvette. The light transmitted through the cuvette was recorded at a wavelength

of 546 nm, a mercury line, which was the lamp’s wavelength with strongest intensity.
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Figure 4.2: Setup for pH cycling experiments.

Using Beer-Lambert’s law (Equation 7.1), the transmitted light was converted to the
extinction coefficient o (em™!), which is a function of concentration, ¢ (mg L™'), and the

absorption coefficient, ¢ (cm™ mg™' L) of the particles.

—log(I/1,) = A =al (4.1)

where A is the absorbance, I is the measured intensity of the transmitted light, I, is
the measured intensity of the transmitted light through the cuvette with water, and [ (cm)
is the path length. The results are reported in terms of the extinction coefficient o = ec and
not with respect to ¢ given that € is unknown and could be changing with the size of the

particles in the nanofluid.

Before beginning experiments, the lamp was turned on for an hour in order to attain a
steady output intensity. The rotating speed of the stirring bar was kept constant for all ex-
periments, as shearing forces affect the size of the agglomerates formed and thus the amount
of light transmitted. Stirring was maintained throughout the duration of the experiment.

The pH of the mixture was recorded every second. For each experiment, a 10 mL sample of
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nanofluid was loaded into the cuvette. Then, 300 uL of NaOH and HCl 1 M solution were

alternatively injected into the nanofluid.
4.4 Results and discussion
4.4.1 Morphology and composition of MWCNT-PPE:X

Figure 4.3 shows MWCNTs after plasma polymerization. PPE:N forms a uniform coat-
ing of about 8 nm in thickness on most MWCN'Ts, with the maximum thickness being 14 nm
and minimum, 4 nm. Whereas for PPE:O on MWCNTs, the coating thickness can be as low
as 3 nm and as high as 60 nm. Furthermore, the PPE:O coating thickness varies over the
length of each MWCNT. It decreases along the length of the MWCNT from the tip towards
the SS mesh (as shown in the red ellipse). It also varies along the MWCNT circumference
(as shown in the right-hand part of Figure 4.3b). The difference in morphology of the two
PPs must be due to different surface reactions during synthesis. The probability of a species
produced in the plasma to be added to a growing coating depends on its ability to adsorb
and migrate on the surface to a suitable reaction site, the density of available reaction sites
and the competing reactions of etching and desorption [113]. It seems clear that for PPE:N,
species reaching the surface can easily move on the MWCNT to form a coating with uni-
form thickness. Good conformality in plasma processes using ammonia was also observed
for the deposition of silicon nitride [114]. On the other hand, the species formed in the CoHy
and COy plasma must have low mobility on the PP coating causing them to accumulate on
certain parts of the MWCNTs and yielding uneven coatings. It is also known that CyHy
and CO, mixtures produce oxygen fragments which can etch away some of the PP coating
or scavenge a portion of the radicals formed in the plasma. Yasuda calls it the “poisoning
effect” of oxygen-containing molecules which reduces the deposition rate of the PP as well

as affect the nature of the species that get deposited [19].
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Figure 4.3: TEM images of (a) MWCNT-PPE:N and (b) MWCNT-PPE:O. Straight red
lines highlight the plasma polymer around the MWCNT.

The coated MWCNTS used in this work are to be dispersed in water. It is known that
PPs can be soluble in water [115, 116, 117|. To confirm the presence of the PPs on MWCNTs
after sonication in water, TEM images and XPS spectra of the nanofluid’s solid content after
complete drying in air were collected. As can be seen in Figure 4.4, most of the PPE:X coating
has been removed leaving behind an uneven coating of PP of thickness less than 1 nm. The
XPS analysis of MWCNT-PPE:N confirms that there is still nitrogen present albeit the
quantity is much lower than with the original sample (Figure 4.5). This can be explained by
the fact that only the photoelectrons generated in the first 10 nm of the sample can reach
the detector. The as-synthesized PP coating thickness being around 10 nm as mentioned
previously, only information about the PP is obtained for those samples. However, when
analysing the MWCNT-PPE:X samples after exposure to water, the XPS spectrum obtained
contains information about the PP coating and MWCNT under it. The chemistry of PPE:X
before and after water exposure was investigated on Si wafers. Although the substrate
might influence the PP chemistry in the first few nanometers of the coating [118, 119, 120],
especially when comparing "hard” substrates (such as silicon wafers) and "soft” substrates

(such as MWCNTS), these differences are typically small. Therefore, the impact of water on
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the chemistry of Si-PPE:X should be similar on MWCNT-PPE:X. As shown in Figure 4.5, Si-
PPE:N changes slightly after water exposure. For PPE:N| the presence of dangling bonds and
nitrogen functional groups capable of undergoing oxidation can be responsible for oxygen
incorporation. As for Si-PPE:O, its composition did not change significantly after water

exposure (Figure 4.6).

Comparison of the PPs’ C 1s peak shape also reveals information on the changes in
structure of the material. Figure 4.7 shows the C 1s peaks with fitted components and their
respective area percentages for both PPs deposited on Si. The peaks were fitted with four
components, C1 to C4, and their properties are presented in Table 4.2. Given the complexity
of the PP, it is not possible to assign a single functional group to each component. Table 4.2
suggests possible groups for each one, knowing that C1 is usually attributed to C-C, C=C and
C-H bonds and then components from C2 to C4 correspond to increasingly electronegative
functional groups. We can observe a decrease in C2 and an increase in C3 after exposure of
PPE:N to water, which could be due to the oxidation of nitrogen functional groups on the
PP. As for PPE:O, water led to a slight decrease in the C2 component and an increase in

C1 with respect to the original PPE:O.

Insets in Figure 4.7 show the N 1s peak for as-synthesized PPE:N and O 1s peak for

as-synthesized PPE:O. In PPE:N, the N 1s peak at 399 eV is usually assigned to imines,

Table 4.2: Characteristics of XPS fitted components for C 1s [21, 38, 39, 112].

I(f;)ﬂrrllfonent ](365,) f;\\é/)HM Chemical assignment
PPE:N PPE:O
C1 285 | ~1.5 C-C, C=C, C-H same as PPE:N
C2 286 | ~1.5 C-N, C=N, C*-C=N, C-O | C*-COOR (R = C or H)
C3 287 | ~1.5 C=N, C*0-C=0 COR, C=0
C4 288.5 | ~2.5 N-C-O, N-C=0, C=0 COOR
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Figure 4.4: TEM images of (a) MWCNT-PPE:N and (b) MWCNT-PPE:O
after sonicating in water. Straight red lines highlight the plasma polymer around the
MWCNT.
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Figure 4.5: Elemental composition of MWCNT-PPE:N and Si-PPE:N
before and after sonication in water.
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Figure 4.6: Elemental composition of MWCNT-PPE:O and Si-PPE:O
before and after sonication in water.
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Figure 4.7: Experimental and fitted C 1s peaks for (a) as-synthesized Si-PPE:X|

(b) after sonication, PPE:N on the left, PPE:O on the right.

The component areas are also given as percentages. Insets show the high resolution N 1s
peak for PPE:N (left) and O 1s peak for PPE:O (right).
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C=N, amides, N-C=0, and amines, -NH, [32]. In PPE:O, the O 1s peak at 532 €V is
typical of systems that contain contributions from single (between 532 and 533 eV) and

double (between 531 and 532 eV) bonded oxygen to carbon [121, 122, 123].
4.4.2 Effect of pH on the stability of nanofluids

Figures 4.8 and 4.9 show the percentage loss of suspended MWCNT-PPE:X in aqueous
nanofluids at different pH one week after production. All nanofluids were stable immediately
after synthesis, except for MWCNT-PPE:N at pH 12 and MWCNT-PPE:O at pH 2. These
two nanofluids presented visible agglomerates less than an hour after sonication. After one
week, the agglomerates were completely settled leaving a perfectly clear solution on top.
We can observe that for nanofluids containing MWCNT-PPE:N (Figure 4.8), changing the
pH from 2 to 6 did not have a significant impact on the stability. Stability begins to be
altered at pH > 8 and complete sedimentation is observed at pH 12 as mentioned previously.
We believe that the higher stability at acidic pH is due to the formation of charged groups
such as amines which change from -NH, to -NH3" but also to the electron donicity of
other nitrogen groups [124]. These functional groups act as Lewis bases in water and in an
acidic environment preferentially attract water molecules and not other MWCNTs, therefore
stopping agglomeration. At pH 12, PPE:N does not form charged groups and becomes in

essence hydrophobic.

The reverse trend is observed for nanofluids with MWCNT-PPE:O (Figure 4.9). In this
case, the PP contains carboxylic acid groups which, at pH 12, may be charged, going from
-COOH to -COO . Furthermore, in this case, oxygen-containing functional groups may
act as good Lewis acids and therefore interact in a stabilising way with water at high pH.
However, contrary to MWCNT-PPE:N, we did not observe a significant change in stability

from pH 4 to 12. Xie et al. had also observed that for MWCN'Ts treated with acids, and
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Figure 4.8: Stability of nanofluids prepared with MWCNT-PPE:N
at different pH over a period of one week.
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Figure 4.9: Stability of nanofluids prepared with MWCNT-PPE:O
at different pH over a period of one week.
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thus also containing oxygen functional groups, the nanofluid stability increased as the pH of

the fluid was increased from 2 to 6 and then remained constant up to pH 12 [105].

Hordy et al. [47] had shown that grafting oxygen functional groups onto MWCNTs
also led to stable suspensions at boiling temperature in different fluids. A simplified boiling
experiment was conducted with these MWCNT-PPE:X in aqueous suspensions at different
pH. Figure 4.10 compares the loss of stability of nanofluids prepared at the indicated pH
or with pure RO water which is typically at a pH around 5.5. Adjusting the pH of the
nanofluid containing MWCNT-PPE:N to a value of 2 makes the nanofluid more stable at
boiling temperature. This correlates well with the trend seen previously where this nanofluid
becomes increasingly more stable at room temperature going from pH 12 to 2. As for
the nanofluid containing MWCNT-PPE:O, there is no significant change in its stability by

increasing the pH to 12.
4.4.3 Destabilisation and dispersion of MWCNT-PPE:X through pH cycling

As shown before, a strongly basic nanofluid causes MWCNT-PPE:N to destabilise
through the formation of agglomerates and a strongly acidic nanofluid has the same effect
on MWCNT-PPE:O. However, the formation of these agglomerates is a reversible process.
Figures 4.11 and 4.12 show that it is possible to cycle through at least seven destabilisa-
tion/dispersion steps by switching the pH from 2 to 12 and vice versa. The baseline decrease
with time observed for both samples is due to the dilution of the nanofluid with each injec-
tion of NaOH or HCI, but also to the irreversible loss of MWCNTs through attachment to

the stir bar and electrode or deposition in stagnation points in the cuvette.

When allowing the destabilisation step to run for longer times (Figure 4.13), it is possible
to observe two processes. The first one, which takes between 130 to 160 s to complete,

includes the mixing of the added acid or base and the agglomeration of the MWCNTs.
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Figure 4.10: Stability of nanofluids prepared with either MWCNT-PPE:N or
MWCNT-PPE:O at different pH after boiling for 3 min.
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The pH switch from 2 to 12 (or vice versa for MWCNT-PPE:O) is completed after the
first 40 s of this step. Although this first process seems to follow a first order mechanism,
it is difficult to model it as both the concentration of agglomerates and their absorption
coefficients are changing, and this data is not readily available. After the agglomerates have
reached an equilibrium size, a second much slower process occurs where agglomerates deposit
in stagnation points such as the corners of the cuvette and to the left of the stir bar as seen in
the insert of Figure 4.13. This second process follows a first order mechanism that depends

on the rate that the suspended agglomerates travel to the stagnation points [125].

It was also observed that the total concentration of ions added through the injections of
NaOH and HCI had an impact on the MWCNTS’ stability over time. After cycling the pH,
the nanofluids were adjusted back to pH 2 for MWCNT-PPE:N or 12 for MWCNT-PPE:O,
stirring of the nanofluid was stopped and they were stored at room temperature. Although
the nanofluids were black (indicating that the MWCNTs were well dispersed) right after
the cycling experiment, all MWCNTs had sedimented to the bottom of the vials in less than
24 hr. It is known that the pH as well as the ionic strength of the fluid have an impact on the
stability and agglomeration of nanoparticles |43, 46]. By covering the surface of MWCNTS,
ions from salts such as NaCl decrease the surface potential of the MWCNTs. Thus, there
is less repulsion between the MWCNTs which leads to agglomeration [43]. In order to
find the maximum permissible concentration of NaCl that does not affect the MWCNTS’
stability, nanofluids with MWCNT-PPE:N or PPE:O and no pH adjustment were prepared
and different quantities of NaCl were added. Their stability was then observed over time.
When the concentration of NaCl was equivalent to 0.001 mol L~! or less, the nanofluids
were stable for at least 4 days. However, above 0.01 mol L™, the MWCNTs sedimented
after one day, and above 0.5 mol L™}, formation of agglomerates occurred immediately after

salt injection. When comparing these salt concentrations to the concentration of NaCl in
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the nanofluid after one cycle of pH changes, it is possible to understand why the nanofluids
are destabilised. After a single cycle (i.e. injection of 300 pL of 1 M NaOH and then
300 pL of 1 M HCI for MWCNT-PPE:N), the NaCl concentration in the nanofluid is around
0.03 mol L~'. This is more than 0.001 mol of NaCl L', and as mentioned previously,
a stable suspension of MWCNTs cannot be maintained regardless of the nanofluid’s pH.
Nevertheless, given that the ions from NaCl are not covalently attached to the MWCNTs,
they can be removed. The unstable dispersions with high ionic strength can be regenerated
by filtering the MWCNTs and washing with RO water. After redispersion in a solution at
the appropriate pH (2 for MWCNT-PPE:N and 12 for MWCNT-PPE:O), the MWCNTs are

once again stable for more than two weeks.
4.5 Conclusion

A simple and short PECVD treatment was used to deposit a PP coating containing
either nitrogen or oxygen functional groups onto MWCNTs. Both PPs were shown to undergo

only slight compositional changes after exposure to water.

The presence of these PPs on MWCNTs was shown to be sufficient to alter their chem-
istry and render them responsive to pH changes. MWCNTs coated with nitrogen-containing
PP were unstable and agglomerated at pH 12 due to a decrease in charged functional groups
on the MWCNT surface and decrease of electron donicity of nitrogen groups. The reverse
effect was observed for MWCN'Ts coated with oxygen-containing PP which have carboxylic
groups that are not charged at pH 2. The agglomerates formed can be broken by switching
the pH to a range where the functional groups are charged. Destabilisation and dispersion
cycles can be repeated at least seven times. However, complete redispersion is not achieved
after each cycle. After destabilisation of the solution, agglomeration of the CN'Ts occurs over

a period of 130 to 160 s until an equilibrium agglomerate size is reached. These agglomerates

60



then slowly deposit or attach to the available surfaces. The presence of more than 0.01 mol
of NaCl L~ in the nanofluid also causes complete destabilisation even if the pH is amenable
to dispersion. Washing the MWCNTs with RO water is sufficient to remove the added salt
and regenerate stable suspensions of MWCNTs, therefore potentially enabling their use and

reuse in applications of pollutant removal through agglomeration.
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CHAPTER 5
Addition of APTS and TEPA on MWCNTs

5.1 Preface

This chapter presents an article submitted for publication in Thin Solid Films. The

complete citation of the article is:

Jorge, L., Coulombe, S., & Girard-Lauriault, P. L.. (2018). APTS and TEPA Adsorbed
on MWCNTs for Stable Water and Ethanol Nanofluids. Thin Solid Films.

The work was planned, executed, analyzed and written by L. Jorge (Ph.D. candidate).
TEM images were taken by Dr. David Liu. Dr. S. Coulombe and Dr. P.-L. Girard-Lauriault

were responsible for supervision of the work and reviewing of the manuscript.

In this chapter, the study of the PP coatings focuses on their structure and stability
with respect to temperature. Since they are not damaged significantly up to 200°C, it is
therefore possible to expand the toolbox for modifying the surface chemistry of the MWCNTs
to include vapor functionalization. With this technique, molecules with useful functional
groups, such as tetraethylenepentamine (TEPA) which carries amine functional groups, can
be adsorbed onto MWCNTs coated with oxygen-rich PP. Stable dispersions of these TEPA-
treated MWCNTs were prepared at pH 5.5 and at pH 2, confirming the presence of TEPA

onto the MWCNTs.
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APTS and TEPA Adsorbed on MWCNTs
for Stable Water and Ethanol Nanofluids

Larissa Jorge, Sylvain Coulombe, Pierre-Luc Girard-Lauriault

Plasma Processing Laboratory, Department of Chemical Engineering, McGill University,

Montreal, QC, Canada H3A 0C5
Abstract

Two solvent-free methods were combined to modify the surface of multi-walled carbon
nanotubes (MWCNTSs) with a high concentration of amine functional groups. First, an
oxygen-rich plasma polymer (PP) coating was deposited on the MWCNTs. Second, either
tetraethylenepentamine (TEPA) or (3-aminopropyl)triethoxysilane (APTS) were adsorbed
on the surface of the MWCNTs by vapor functionalization. Results from thermogravimetric
analysis of the PP coating reveal that it is composed of small oligomers, some of which are
volatile at temperatures as low as 150 °C. Nevertheless, the PP coating can withstand the
temperature required for vapor functionalization of the two chosen molecules. The APTS
treated MWCNTs are not stable when dispersed in water, but stable in ethanol. As for
TEPA treated MWCNTS, it is shown that they are stable in water at pH 2 and 5.5. This
confirms that TEPA is adsorbed on the PP coating and completely shields this coating,

allowing for the amines to stabilize the MWCN'Ts in an acidic environment.
5.2 Introduction

Aqueous carbon nanotube (CNT) nanofluids are extensively being studied for their use
in drug delivery [126], dye and gas adsorption |66, 79|, optical absorption of solar energy [47]
and many other applications. CNTs cannot be used as-synthesized since, in their pristine

state, they are hydrophobic and have limited interactions with other molecules. However, a

63



variety of chemical and physical methods can be used to modify their surface for the desired
application. In particular, amine functionalized CNTs are highly sought after for carbon

dioxide capture, epoxy polymer blends and capture of anionic dyes.

Wet chemical methods of adding amine functional groups onto CNTs include halogena-
tion followed by amide bond formation with a diamine molecule [127, 128], or wrapping
the nanotube with a polymer such as polyallylamine hydrochloride [129] to name only a
few examples. However, difficulty in properly separating agglomerates of pristine CNTs in
a solvent leads to partial functionalization of their surface. Given that CNTs are usually
synthesized in dry conditions, it is advantageous to treat their surface also in a liquid free
environment. The multi-walled CNTs (MWCNTs) used in this study are grown by thermal
chemical vapor deposition (t-CVD) on a stainless steel (SS) mesh. Their surface chemistry
is then modified by plasma enhanced chemical vapor deposition (PECVD), without having

to expose the MWCN'Ts to any liquids.

To produce plasma polymer (PP) coatings containing amine functional groups, gas
mixtures of a hydrocarbon with nitrogen, Ny [115], or ammonia, NH3 [29, 30, 31, 109], are
typically used. However, achieving high quantities of and selectivity for amine groups on
these coatings is difficult. First, a compromise must be made between nitrogen quantity in
the PP coating and coating stability. Coatings with up to 40 N at% [29] have been produced,
but they were soluble in water. In order to obtain a stable coating that remains on the
substrate, lower quantities of nitrogen must be incorporated, which also means less amine
groups. Second, the plasma breaks down the gaseous molecules and their recombination is
random, thus not leading only to amines but to a variety of nitrogen containing functional
groups. And although some parameters can be varied to preserve the original molecule, i.e.
using lower power or pulsed plasma treatments, these changes usually cause a decrease in

the coating’s stability [25, 55].
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It is possible to increase the density of the desired functional groups by vapor function-
alization. The substrate is exposed to molecules carrying multiple functional groups, one
of which is the desired amine and another one which can be used to covalently bind the
molecules to the substrate’s surface. Tetraethylenepentamine (TEPA) and (3-aminopropyl)-
triethoxysilane (APTS) were chosen in the present study because they have a sufficient
vapor pressure and are stable at the required reaction temperature. TEPA has two primary
amine groups and may react with aldehydes [97] which can be found on oxygen-rich PP
coatings [38, 130]. APTS has one primary amine and three ethoxy groups, which may react

with hydroxyl groups [131, 132, 133] also found on oxygen-rich PP coatings 37, 38|.

In this contribution, we combine plasma polymerization and vapor functionalization to
produce amine-functionalized MWCNTs. First, the thermal stability of an oxygen-rich PP
coating is presented using data obtained by thermal gravimetric analysis (TGA) to ensure
it can withstand the temperature required for vapor functionalization. Then, composition
analysis shows that APTS and TEPA are added onto the MWCNTs by vapor functionaliza-
tion. Finally, we show that it is possible to disperse the functionalized MWCN'Ts in ethanol

or water and obtain stable suspensions.
5.3 Experimental method

5.3.1 Synthesis of PPE:O and MWCNT-PPE:O

MWCNTs were produced in-house by t-CVD following a procedure described elsewhere
[37] (Chapter 4). In short, a 316L stainless steel (SS) mesh (400 mesh series, TWP inc.),
3.5 x 7 cm? in size was inserted in a quartz tube (122 c¢m in length, 5.5 cm inner diameter)
positioned inside a tube furnace. Air was removed from the tube by purging it with argon
(99.999%, all gases were purchased from MEGS Specialty Gases). When the temperature

inside the furnace reached 700 °C, acetylene, CoHs (99%, dissolved in acetone), was injected
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at 68 sccm for 2 min. The samples were then allowed to cool down under argon atmosphere

before being exposed to air and stored in Petri dishes at room temperature.

PP coatings were deposited using a low-pressure capacitively-coupled RF (13.56 MHz,
continuous) glow discharge described in detail by Kasparek et al. [92]. Carbon dioxide, CO4
(99.99%), and ethylene, CoHy (99.70%), were used to deposit an oxygen-rich coating named
PPE:O hereafter. The flow rate of CO5 was 30 sccm and 4 sccm for CoHy. The pressure was
held at 80 Pa and RF power at 35 W. Deposition times were 60 min on glass Petri dishes
(8.9 cm in diameter) in order to obtain sufficient material for TGA and 20 min on MWCNTs.
The PECVD being located inside a nitrogen-filled glovebox (Og concentration < 0.1 ppm,
model MB200B, MBraun), when samples were taken out of the PECVD, they were not
exposed to air and therefore were not oxidized. Samples were stored in sealed bags (oxygen
transfer rate 2.2 cc m~? day~!, Duropac) filled with nitrogen. They were then used or

analyzed in less than a week.

MWCNT-PPE:O samples were further modified by vapor functionalization with APTS
or TEPA (both from Sigma-Aldrich). The samples were secured on the inner wall of a clean
glass jar. A layer of glass beads lined the bottom of the jar. A volume of 150 uL of TEPA
was dripped onto the glass beads. For APTS treatments, 50 uL was added to the jars. The
jars were closed in a nitrogen-filled atmosphere, and put in an oven at 150 °C for 60 min for
TEPA treatment, and 80 °C for 60 min for APTS treatment. After allowing the jars to cool
down, they were opened in air and samples were either transferred to Petri dishes and stored
in nitrogen-filled bags until further analysis, or immediately transferred to vials containing
either reverse osmosis (RO) water or anhydrous ethanol. The pH of water was adjusted using
1 M HCI solution. It was measured using a pH meter (pHBasic+ series, Sartorius) equipped
with a combination electrode (model 13-620-287A, Accumet). The vials were sonicated for

10 min to break off the MWCNTs from the mesh and disperse them into the liquid.
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5.3.2 Characterization of PPE:O and MWCNTs
TEM

MWCNT-PPE:O still attached to the SS mesh were imaged using a transmission electron
microscope (TEM, Tecnai G2 F20 200 kV Cryo-STEM). Images were taken of samples before

and after heating at 150 °C for a period of 60 min.
TGA/DSC

The structure of the PPs was investigated by TGA and differential scanning calorimetry
(DSC). The material deposited onto the glass Petri dishes was scraped from the substrate
and loaded into alumina cups in the instrument (TGA/DSC 1 Star System, Mettler Toledo).
Analysis was conducted under a flow of 60 mL min~! of Ny to limit thermooxidative processes,
at a heating rate of 10°C min~! from 40 to 550 °C. The mass of the material remaining in
the cup was recorded throughout the heating process, yielding the TGA curve. The DSC
curve represents the difference in heat input between the reference cup (empty alumina cup)

and the sample cup required to bring both cups to the same temperature.
XPS and CD-XPS

X-ray photoelectron spectroscopy (XPS) was used to determine the elemental compo-
sition of the samples. The analysis was conducted on a Thermo Scientific™ K-Alpha™
XPS. Details on how spectra were obtained and analyzed are presented in our previous

publication [37] (see Chapter 4).

For chemical derivatization XPS (CD-XPS), samples were treated with 4-(trifluoromethyl)
benzaldehyde (98%, TFBA, Sigma-Aldrich) in a similar fashion as described above for TEPA

and APTS. Samples were treated for 3 hours, at 45°C [29, 115]. Equations used to calculate
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the total concentration of nucleophilic groups, [Nu|r, and the selectivity of these groups
with respect to all nitrogen containing groups, |[Nu|g, were presented in a previous publica-

tion [109] (see Chapter 6).
5.4 Results and discussion
5.4.1 Plasma polymer structure

The thermal behavior of the PP coating was investigated in order to better understand
its structure. The TGA spectrum of PPE:O was compared to low density polyethylene,
LDPE, and PPE, produced by plasma polymerization of ethylene gas only (Figure 5.1).
The TGA curve shows that PPE:O starts losing mass at low temperature. Under nitrogen
atmosphere, about 70% of the PPE:O’s mass evaporates while the rest is converted into char
after 500°C. This behavior is very different from LDPE’s which is thermally stable up to
400 °C and leaves no residue after 500 °C. PPE, which is a PP but containing no heteroatoms,
is positioned between LDPE and PPE:O. These observations reflect the expected growth
processes for LDPE and PPs.

In classic polymerization, all monomers react at the same unsaturated bond and form
the same repeating bond with other monomers. By choosing the correct synthesis conditions
and nature of monomers, it is possible to control the chain length size, and more specifically
to produce very long chains by limiting the production of molecules that can cause chain
termination (radical scavengers, impurities, etc.). When exposed to high temperature, poly-
mers like LDPE undergo random chain scission, during which the breakage of bonds in the
chains leads to the formation of a variety of smaller alkanes or alkenes [134, 135]. These

compounds are volatile and thus, no char residue is left after the TGA experiment.
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Figure 5.1: TGA spectra of LDPE, PPE and PPE:O.

During plasma polymerization, however, a variety of reactive species are generated.
Table 5.1 lists the main possible breakdown products for CO, and CyHy. Such products
may then recombine with each other in the gas phase or on the substrate, leading to films
that contain esters and carboxyls, COOR, hydroxyls and ethers, COR or carbonyls, C=0 in
PPE:O [37]. Tt is not possible to control all the reactions happening in the plasma volume.
Therefore, the formation of long carbon chains is rare and generation of oligomers is favored.

These oligomers are volatile at low temperature.

Larger connected networks are formed when UV photons and ions bombarding the
surface generate sites for crosslinking. Given that PPE:O formed char at high temperature,

it suggests the presence of crosslinks. Although char formation mechanisms are still not

Table 5.1: Possible breakdown products (ions, radicals or excited species)
of gases in the plasma.

C,H, CO,
C,H, [136, 137] | CO [39, 41]
C,Hs [137] O [39, 41]
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completely elucidated, it has been observed that crosslinked networks and unsaturated bonds
tend to form more char. These structures favor cyclization of the moieties in the coating
instead of monomer and oligomer formation [134, 138, 139|. These cyclical structures can

then undergo carbonization to finally form a black char residue [140].

DSC measurements confirm that the structure of the PPs is very different from that
of actual polymers such as LDPE. DSC spectra reveal characteristic endothermic (negative
heating rate) or exothermic (positive heating rate) reactions as the samples are heated as
shown in Figure 5.2. For polymers, deviations from a straight line may indicate a melt-
ing point or a single degradation mechanism. LDPE has a melting point [25] as seen in
Figure 5.2a whereas PPs don’t. Also, due to their random structure [141], PPs decompose
through a number of processes until complete pyrolysis whereas LDPE decomposes mainly
by random scission [142] thus explaining the dip in Figure 5.2b as well as the sharp loss of

mass around 450 °C.
5.4.2 Effect of heat on MWCNT-PPE:O

The TGA/DSC results presented above indicate that even very low temperature, such
as the one used here for vapor functionalization, should have an impact on the structure of
PPE:O. Therefore, TEM images of MWCNT-PPE:O (see Figure 5.3) were obtained after be-
ing heat treated at 150 °C for an hour. PPE:O forms a very uneven coating on MWCNTs [37],

and therefore no changes of the coating thickness were observed.

Figure 5.4 shows the nitrogen and oxygen contents of MWCNTs and MWCNT-PPE:O
before and after heat treatment at 150 °C in nitrogen-filled atmosphere using the same setup
as the one used for vapor functionalization. The coating composition does not change sig-
nificantly. The small changes observed are probably due to normal variations of the coating

from sample to sample.
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Figure 5.2: DSC spectra of LDPE, PPE and PPE:O.

Figure 5.3: TEM images of MWCNT-PPE:O before (a) and
after (b) heating at 150 °C for one hour in argon.
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Figure 5.4: Composition of (a) MWCNT-PPE:O and (b) MWCNT, freshly prepared, after
heating at 150 °C, after vapor functionalization with TEPA at 150°C or APTS at 80°C.

These results show that the PPE:O coating on MWCNTs is not affected significantly
by the conditions for vapor functionalization and it should thus provide anchoring sites for

APTS or TEPA.
5.4.3 APTS on MWCNT and MWCNT-PPE:O

Figure 5.4a shows the composition of MWCNT-PPE:O samples after vapor function-
alization with APTS. The same treatment procedure was performed with bare MWCNT
samples as well to determine if the PPE:O coating does have an impact on the attachment
of APTS (see Figure 5.4b). An increase in nitrogen content at the surface of both sam-
ples is observed. The presence of Si (for which the only source is APTS) at ~7 at% for
MWCNT-PPE:O-APTS and ~5 at% for MWCNT-APTS confirms the presence of APTS on

the surface.

Although XPS has shown that the molecules are present on the MWCNT samples, the
next step was to determine how APTS was attached to the substrate and if functional groups

present on PPE:O could indeed covalently react with APTS under the chosen treatment
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conditions. The desired reaction scheme for APTS is shown in Figure 5.5 where, after
losing the ethoxy groups through hydrolysis, the remaining silanols can react with available
hydroxyl groups on the substrate [143, 144, 145, 146]. Determining if these new bonds are
present on the substrate based on XPS spectra is difficult, since the spectra only change
slightly after addition of the new molecules. Fourier transform infrared spectroscopy (FTIR)
could provide a little more insight given that it probes functional groups and not individual
atoms but its interpretation remains complex and leaves much to the experience of each
researcher. In lieu of a better method to characterize the bonding strength of newly added
molecules on a substrate, many researchers opt for assessing the stability of their samples
in the conditions for their desired application. In this work, we assessed the stability of
MWCNTs treated with APTS dispersed in water and ethanol by visual observation of the

nanofluids produced over a period of two weeks.

As can be seen in Figure 5.6, both dispersions of APTS treated MWCNTSs were unstable
in water. MWCNT-APTS was temporarily stable in ethanol and only MWCNT-PPE:O-
APTS was stable over a longer period of time in ethanol. These observations suggest that
APTS is simply adsorbed onto MWCNT and MWCNT-PPE:O and that no covalent bonds
have formed between APTS and the nanoparticles. A more detailed look at the surface
chemistry of the nanoparticles and the reactivity of APTS in water and ethanol helps to

better understand these results.

If we look at bare MWCNTs, they contain very little oxygen and therefore it was ex-
pected that no reaction would occur with APTS. The lack of stability of MWCNT-APTS in
water confirms that. When dispersing MWCNT-APTS by sonication in water, the adsorbed
APTS undergoes hydrolysis to form a trisilanol group. Being hydrophilic, the trisilanol
molecule is repelled by the hydrophobic MWCNT surface. The MWCNTs are then left with

no coating and quickly agglomerate and sediment.
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In the case of MWCNT-PPE:O, without APTS, these nanoparticles are stable in wa-
ter [37], but with APTS they are unstable. This suggests that APTS is interfering with the
charged moieties on the surface of MWCNT-PPE:O that keep the nanoparticles separate

from each other [37]. This could be explained by the formation of insoluble oligomers of

neighbouring APTS molecules on the surface of MWCNT-PPE:O [147].

The temporary stability of MWCNT-APTS dispersions in ethanol also supports the
idea that APTS is only adsorbed on the nanoparticles during the vapor functionalization
step. In ethanol, APTS remains intact and cannot hydrolyse. Therefore, instead of forming
a trisilanol it remains as a triethoxy. This hydrophobic group may interact through van der
Waals forces with the bare MWCNTs, leaving the more polar amine group pointing outwards
towards the ethanol and thus helping stabilize the MWCNTs [148]. However, the amount
of stabilizing groups was not enough to provide long term stability and the MWCNT-APTS
agglomerated after three days. The MWCNT-PPE:O-APTS on the other hand remained
stable for two weeks. The adsorbed APTS cannot react to form oligomers and therefore,
it simply detaches from the nanoparticle’s surface leaving behind an intact PPE:O coating

which can stabilize the MWCNTs in ethanol.

There are two possible reasons that explain why APTS did not attach covalently to
MWCNT-PPE:O: a low density of hydroxyl groups and a lack of water vapor during vapor
functionalization. PPE:O contains hydroxyl groups but other groups as well such as car-
boxylic acid groups [38, 130]. Other researchers were able to covalently attach APTS to
nanoparticles only when these particles were covered with numerous hydroxyl groups [149,
150], such that all three silanols of each APTS molecule reacts with the surface. Control of
the amount of water vapor during vapor functionalization also greatly impacts the formation
of bonds between APTS and a desired substrate. In the case presented here, no water vapor

was added. Therefore APTS could not form silanol groups and only adsorbed on the surface.
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However, when detaching MWCNT-PPE:O-APTS from the mesh, there was enough water
to convert all ethoxy groups to silanols, but not enough hydroxyl groups on the surface for
them to attach to. This led to oligomerization of APTS. Similar observations were made by
other researchers. For example, Fiorilli et al. [143] showed through FTIR measurements that
reacting a hydroxyl-rich silicon surface with only APTS vapor led to its adsorption. Injection
of water vapor as a second step in the functionalization process was necessary to observe
bonding between APTS and the substrate. Zhuang et al. [133] observed the negative impact
of too much water vapor when preparing self-assembled monolayers. High quantities of water
vapor led to the oligomerization of the organosilane before it interacted with the surface, thus
leading to the deposition of undesirable agglomerates. Based on the results from these other
groups and the results presented above, it is suggested that for a better functionalization
of MWCNTs with APTS, a PP coating with more hydroxyl groups is necessary and water

vapor is needed during the vapor functionalization step.
5.4.4 TEPA on MWCNT and MWCNT-PPE:O

TEPA functionalization also led to an increase in nitrogen content for both MWCNT
and MWCNT-PPE:O (see Figure 5.4). The addition of TEPA on the MWCNTs had a clear
impact on their stability when dispersed in water at pH 2 or 5.5. As-synthesized MWCNTs
immediately form large agglomerates in water that are completely settled in only a few
hours. MWCNT-TEPA behaved differently. At pH 2 and 5.5, they were stable, although
agglomerates did form from the moment the nanoparticles were dispersed in water. These
agglomerates can be seen at the edge of the liquid. Furthermore, the pH of the nanofluid has
an impact on the stability of MWCNT-TEPA. After 2 weeks, most of the solid material from
MWCNT-TEPA at pH 5.5 has settled but at pH 2, the mixture is still opaque (there is solid
material settled at the bottom of the vial but it is not visible in the picture). This difference

is due to the increased formation of positively charged groups, such as amines -NHy being
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protonated to -NH3 " at pH 2 [37|. These charged groups repel neighboring MWCNTs, thus

avoiding agglomeration and sedimentation.

As for MWCNT-PPE:O-TEPA in water, they are still stable after 2 weeks as shown in
Figure 5.7. MWCNT-PPE:O, without TEPA, is stable at pH 5.5 however it is immediately
unstable at pH 2. As shown in Figure 5.7, coating MWCNT-PPE:O with TEPA seems to
mask the PPE:O and allows the nanoparticles to remain stable in water at pH 2. This is
contrary to what had been observed by other groups that had reacted CNTs or graphene
oxide with TEPA and saw these particles settling in less than 24 hr [151, 152, 153, 154]. The
combination of PPE:O and TEPA is therefore an improvement on these other attempts at

functionalizing MWCNTs with amine-containing molecules.

CD-XPS measurements show high levels of nucleophilic groups on TEPA-modified sam-
ples (see Figure 5.8). Although similar total nucleophilic concentration and selectivity have
been reported by others using only PPs [29, 30|, PPs contain a variety of functional groups
that can react with TFBA, not just amines. TEPA, on the other hand, does not degrade at
the temperature used during vapor functionalization and the nitrogen atoms being added on
the MWCNTs are primary and secondary amine groups only. Thus, vapor functionalization
is an easy method for enrichment of amine groups specifically, without having to resort to

classical wet chemistry.
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Figure 5.7: Nanofluids containing TEPA functionalized MWCNTSs after 48 hr (top)
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5.5 Conclusion

PPE:O coating on MWCN'Ts in combination with vapor functionalization using TEPA
or APTS produce amine-covered MWCNTs that can be dispersed in water or ethanol to form
stable suspensions. TGA and DSC measurements showed that PPE:O is thermally unstable
starting at 100°C. However, this is expected due to the conditions used in this work for
PP deposition which favor oligomer formation. Vapor functionalization of the MWCNTSs
at 150°C or less allowed for the deposition of TEPA or APTS on their surface without
degradation of the PP coating. When dispersed in water, MWCNT-PPE:O-APTS were
shown to be unstable due to the reaction of APTS with itself forming insoluble oligomers.
In all other cases, addition of TEPA or APTS either did not interfere or improved the stability
of the nanoparticles. With such simple methods of enriching the surface of MWCNTs with
a single functional group, it is possible to develop materials with more targeted interactions

with desired molecules in aqueous dispersions.
5.6 Supplementary information

This section presents data not to be submitted with the remainder of Chapter 5. It
presents additional information about the structure of PPE:X! obtained by analyzing the

char residue after complete pyrolysis of the samples.

Figure 5.9 shows that the composition of both PPs slightly changes after moderate
heating at 150 °C. A loss of about 2 at% of nitrogen is observed for PPE:N on Si wafer and
2 at% of oxygen for PPE:O on the same substrate. As for the char residue left after heating

at 600 °C, it contains only about half of the original content of the desired heteroatom.

! Information on nitrogen-rich coating PPE:N can be found in Chapter 4.
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Figure 5.9: Elemental composition of (a) Si-PPE:N and (b) Si-PPE:O.

Comparison of the shape of the C 1s peaks of the PPs also reveals information on the
changes in structure of the material. Figure 6.7 shows the C 1s peaks with fitted components
for both PPs deposited on Si. The peaks were fitted with four components, C1 to C4, and
their properties are presented in Table 4.2 (see Chapter 4). When comparing the peaks for
as-synthesized PPE:N and after treatment at 150°C, a certain ordering of the structure is
observed through an increase of the C1 component. As for PPE:O, mild heat exposure led

to a slight decrease in the C2 component and an increase in C1 with respect to the original

PPE:O.

As for the C 1s peak of the PPs heat treated at 600 °C, they are shown in Figure 5.11.
For these peaks it was necessary to add a component at 292 eV and with a full width at half

maximum (FWHM) of 6. This component, attributed to a m-7* transition, is commonly

observed in the tail of the C 1s peak of graphitic materials [98, 155]. The FWHM of the C1
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component for PPE:O also decreased to 1 which is indicative of a graphitization of the PP

film.

The changes in the N 1s peaks for PPE:N before and after pyrolysis (Figure 5.12) also
indicate graphitization of the sample. PPE:N as-synthesized has a N 1s peak at 399 eV
which is usually assigned for imines, C=N, amides, N-C=0, and amines, -NH, [32]. After
pyrolysis, the N 1s peak contains a component at 398 eV which is assigned to pyridinic
(6 member ring) nitrogen, and another component at 400 eV for pyrrolic (5 member ring)
nitrogen [32, 156]. Table 5.2 lists the characteristics of the components used to fit the N 1s
peak [32]. As-synthesized PPE:O has a O 1s peak at 532 eV which is typical of systems
that contain contributions from single (between 532 and 533 eV) and double (between 531
and 532 eV) bonded oxygen to carbon [121, 122, 123|. After pyrolysis, the O 1s peak has
changed shape and now has contributions from two components at 531 and 533.5 eV (see

Figure 5.13).

For XRD measurements, two samples (one of PPE:N and another of PPE:O) were
pyrolyzed. A black powder was obtained in both cases. However, the slower deposition rate
of PPE:O produced a smaller amount of sample and after pyrolysis, there wasn’t enough for
XRD measurement. Therefore only the XRD spectrum of PPE:N is presented in Figure 5.14.
The diffraction peak at 25 ° corresponds to the graphite (002) lattice plane which is associated
with the distance between stacked hexagonal structures. The peak at 43 ° is the (100) lattice
plane and is associated with a hexagonal repetitive structure [158, 159]. All coals exhibit
these peaks and a thinning of the peaks indicates formation of a larger crystal. Analysis
of the shape of the peaks allows for calculation of the graphitic interplanar distances and
the degree of crystallinity but this usually requires a study of a series of similarly prepared
samples where only one treatment variable is changed [160, 161]. Such analysis would be

relevant if future experiments using pyrolyzed PPs were to be investigated.
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CHAPTER 6
Carbon dioxide capture

6.1 Preface

This chapter presents an article that was published in Plasma Processes and Polymers.

The complete citation of the published article is:

Jorge, L., Coulombe, S., & Girard-Lauriault, P. L.. (2015). Nanofluids Containing
MWCNTs Coated with Nitrogen-Rich Plasma Polymer Films for CO5 Absorption in Aqueous
Medium. Plasma Process. Polym., 12(11), 1311-1321.

The work was planned, executed, analyzed and written by L. Jorge (Ph.D. candidate).
TEM images were taken by Dr. David Liu. Data acquisition on the NEXAFS was performed
by M. Andreas Lippitz, Dr. Paul Dietrich, and Dr. Wolfgang E.S. Dr. S. Coulombe and
Dr. P.-L. Girard-Lauriault were responsible for supervision of the work and reviewing of the

manuscript.

Chapters 4 and 5 established the main properties of the PP coatings and the behaviour
of plasma-treated MWCNTs in water. The current chapter and the next focus on the use
of these nanofluids for capture applications. In this chapter, the use of nanofluids for CO4
capture in a gas bubble column is presented. Four plasma treatments are tested on the
MWCNTs, three with increasing nitrogen quantity and a fourth with oxygen. The high-
est absorption capacity is observed for the MWCN'Ts carrying the largest quantity of amine
functional groups. Nanofluids containing oxygen-treated MWCNTs also show some enhance-

ment in absorption capacity but not as much as with the nitrogen-treated MWCNTs. This
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proves that both the nanoparticle and its surface chemistry tailored for the desired gas are

necessary for improvement of gas absorption capacity.

A different naming convention for plasma-treated MWCNTs was used in this chapter.
Note that MWCNT-10:10 presented here is the same as MWCNT-PPE:N presented in the

rest of this thesis.
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Nanofluids Containing MWCNTs Coated with Nitrogen-Rich

Plasma Polymer Films for COy Absorption in Aqueous Medium
Larissa Jorge, Sylvain Coulombe, Pierre-Luc Girard-Lauriault

Department of Chemical Engineering, Plasma Processing Laboratory, McGill University,

Montréal, QC, Canada H3A 0C5
Abstract

Amine-functionalized multi-walled carbon nanotubes (MWCNTSs) dispersed in water
are investigated as CO, absorbents. MWOCNTs grown by chemical vapor deposition on
stainless steel meshes form open forests that can be coated via a RF capacitively coupled glow
discharge. When treating the MWCNTs in an atmosphere containing either pure ammonia
or mixtures of ammonia and ethylene for 5 min, grafting of nitrogen functional groups or
deposition of a nitrogen-rich plasma polymer layer occurs. In particular, for a 1:1 mixture, a
10 nm thick plasma polymer layer coats the MWCNTs. This layer contains about 19 N at%,
and 12% of these nitrogen atoms are nucleophilic sites (such as amines) that may react with
CO,. These functional groups not only enhance the absorption of CO, but also increase the
hydrophilic character of the MWCNTs, allowing them to stay suspended in water for at least
three months at room temperature. The CO, absorption capacity of this nanofluid is 36%

higher than that of water, with a MWCNT concentration of about 40 mg L.
6.2 Introduction

Among the numerous technologies for green house gas mitigation, CO, capture is deemed
one of the most promising in the short term efforts to control climate change [56]. Current
technologies, which for the most part include the use of an aqueous alkanolamine solu-

tion [162], capture a fraction of the COs present in the flue gases after fuel combustion.
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However, there are still important energy costs associated with frequent equipment repairs
due to the corrosive nature of the COy absorbing fluid and flue gas cooling to decrease eva-
poration of the aminated molecules. These problems deter industries from installing CO,
reduction systems. For this reason, investigation of new CO, absorbents is technologically

relevant.

Nanofluids (NFs), which are engineered dispersions of nanoparticles (NPs) in a desired
host fluid, have been shown to enhance the mass transfer of gaseous species into a liquid
phase and are thus promising candidates as absorbents. A variety of NPs have been added
to water such as Al,O3 [64], SiOy [60], and Fe3Oy4 [58]. For example, Kim et al. observed
an overall 76% increase in CO5 absorption rate (and 24% increase in absorption capacity)
for an aqueous NF of silica NPs with respect to water in a gas bubble column [60]. They
attributed this increase to both the adsorption of CO, onto the NPs as well as the ability
of the NPs to induce bubble “cracking”, which increases the available contact area between
the gas and liquid phases. NPs have also been mixed with solutions containing aminated
molecules. Jiang et al. observed an enhanced CO, absorption rate when Al,O3 and SiOq
were added to aqueous solutions of monoethanolamine, one of the most used alkanolamines

for COy capture [163].

One of the main difficulties associated with the synthesis and use of NFs is the stability
of the NPs in the host liquid. Ultrasonication is usually the method of choice to disperse
the NPs but most often the resulting NFs are only stable for a few days [163, 164, 165].
Functional groups added to the surface of NPs can help stabilize them and, if chosen appro-
priately, may also participate in the gas absorption process. For example, Olle et al. reported
the use of oleic acid-functionalized FesO, NPs in water for the absorption of Oy. For CO,
capture, different types of amine functional groups can be mixed to tailor the properties of

the absorbent suspensions such as the loading capacity or absorption kinetics. Two primary

90



or secondary amines can react with one molecule of CO; to form a carbamate (Equation 6.1)
whereas one tertiary amine, in the presence of water, can lead to the formation of a bicar-
bonate ion by reacting with a single CO5 molecule (Equation 6.2) [166, 167, 168|. Therefore,
primary and secondary amines have smaller loading capacities compared to tertiary amines,
but their COy absorption kinetics is much higher [166]. To the best of our knowledge, there

have been no reports of NFs with amine-functionalized NPs for the capture of COs.

CO;y + 2R'R*NH == R'R*NCOO™ + R'R*NH," (6.1)

R'R’R°N + CO, + H,O == R'R*R’NH" + HCO3~ (6.2)

Multi-walled carbon nanotubes (MWCNTSs) have large surface areas amenable to graft-
ing or coating with many amine groups. Our laboratory has developed a methodology to
grow MWCNTs directly on a stainless steel mesh, forming an open forest that can be fully
functionalized. The ability to treat all the MWCNTs before they agglomerate in a liquid or
in powder form allows these NPs to stay stable in the host liquid for a period of months [10].
In this contribution, we present the use of an aqueous NF containing plasma-functionalized
MWCNTs for the sorption of COs in a simple bubble column gas-liquid contactor. For
this application, nitrogen functional groups are either grafted to the MWCNTs surface or
a nitrogen-rich plasma polymer layer is deposited onto the MWCNTs in order to combine
both the hydrophilic stabilization effect and a chemical affinity for CO,. It is hypothesized
that well-dispersed MWCN'Ts would enhance the absorption of CO4 in water by favoring the
formation of smaller bubbles, offering a large surface for CO4 adsorption and offering amine

functional groups where COy may react.
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6.3 Experimental method
6.3.1 Nanofluid synthesis

MWCNTSs were produced in-house following a method described in detail elsewhere [10].
Briefly, MWCNTs were grown by chemical vapor deposition (CVD) on a 3.5 x 6 cm? piece
of 316 grade stainless steel (SS316) mesh (400 series, McMaster-Carr) in a tube furnace. A
30 min heat treatment at 700°C under Ar' (99.999%) produced the required growth sites
on the mesh. A mixture of acetylene, CoHsy (99%), at 68 sccm and Ar at 600 sccm was then
injected in the tube furnace at atmospheric pressure for 2 min. The furnace was kept at
700°C for another two minutes to allow for MWCNT growth and then turned off to cool

down.

The MWCNT-covered stainless steel meshes were functionalized using a low-pressure
capacitively-coupled RF (13.56 MHz, continuous) glow discharge with either pure ammonia,
NH; (99.99%), or a mixture of ethylene, CoHy (99.70%) and a source of nitrogen (NH3) or
a source of oxygen (O,). The sample was positioned directly on the live electrode and the
chamber walls acted as the ground electrode. Process gases were injected inside the chamber
at the desired flowrates for about 5 min to ensure a homogeneous atmosphere, which was
maintained at a pressure of 80 Pa with a throttling gate valve. Samples were treated for 5 min
at 30 W RF power, and then left in the chamber at base pressure (<2 mTorr) for 10 min
before being exposed to air. Samples were stored in non-permeable high barrier bags filled
with Ny, and put in the freezer until further use to limit ageing of the samples [112]. Three

different combinations of gas flow rates, ), were used, shown in Table 7.1. Each sample was

I Gases were purchased from MEGS Specialty Gases.
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named as MWCNT-x-y where x and y are the flowrates of NH; and CoHy respectively (with

the exception of the sample where O, replaces NHj).

Reverse-osmosis (RO) water produced in-house with the use of a 0.22 pm filter and
containing a total organic content of less than 10 ppb and a conductivity of 10 xS was used
as the host liquid for the NF. Vials each containing one MWCNT-covered SS316 mesh and
25 mL of RO water were put in an ultrasonic bath for 15 min. This highly energetic process
breaks off the MWCNTs from the growth substrate. The meshes were then removed from
the vials and disposed of. The NFs were stored at room temperature. The concentration of
MWCNTs in the NF was obtained by measuring the weight of the MWCNT-covered mesh
before and after sonication to determine the mass of MWCNTSs removed in a given volume of
RO water. In these experiments, the concentration of MWCNTSs in the NF is approximately

40 mg L1,
6.3.2 Characterization of the MWCNTs
SEM and TEM

To investigate the MWCNTs morphology before and after plasma treatment, MWCNTs
on the mesh were imaged by scanning and transmission electron microscopy (SEM, Hitachi

SU-3500, and TEM, Tecnai G2 F20 200 kV Cryo-STEM).

Table 6.1: Gas flow rates during plasma functionalization.

Sample name QNHs0r0, (sCCm) | Qcyn, (scem)
MWCNT-10:10 10 10
MWCNT-10:10-O5 10 10
MWCNT-20:4 20 4
MWCNT-20:0 20 0
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OES

The main species present in the plasma were determined by collecting optical emission
spectra (OES) with a fiber optic cable (Solarization-Resistant Multimode Patch Cables for
UV, Thorlabs) connected to a portable spectrometer (OceanOptics USB2000). The fiber op-
tic cable was positioned outside the vacuum chamber on the glass viewport. The acquisition
range was limited to 300-850 nm, and the spectral resolution of the system was 1 nm. The
average of three spectra, each obtained with an integration time of 1000 s, was recorded. The
spectra were normalized with respect to the peak at 337 nm, corresponding to Ny species,

found in all the spectra recorded.
XPS, CD-XPS and NEXAFS

The chemical composition of the samples was analysed on a Thermo Scientific™ K-
Alpha™ + X-ray photoelectron spectrometer (XPS). Monochromatic Al Ko excitation with
a 400 pum X-ray spot size was used. Survey spectra were recorded at a pass energy of 200 eV
and 1 eV resolution and a 90° take-off angle. High resolution spectra of C 1s, N 1s and
O 1s were recorded at a pass energy of 50 eV and 0.1 eV resolution. The spectra recorded
were analyzed using the CasaXPS software (version 2.3.16) which uses the following relative
sensitivity factors for C, N, O and F: 1, 1.8, 2.93, 4.43. Peak fitting was performed according
to a procedure described by Girard-Lauriault et al. [98] and Estrade-Szwarckopf [155]. A
Tougaard background was applied to all the spectra and a mixed Gaussian/Lorentzian peak

shape was used for all components.

Chemical derivatization XPS (CD-XPS) using 4-(trifluoromethyl)benzaldehyde (98%,
TFBA, Sigma-Aldrich) was used to estimate the amount of nucleophilic functional groups
added by plasma treatment. Non-functionalized and functionalized samples were put in a

vacuum chamber at base pressure, 2.25 Torr. Samples were treated for 4 hours in vapors

94



of TFBA at room temperature. After derivatization, samples were stored again in Ns-filled
bags in the freezer until characterization with the XPS. Equations 6.3 and 6.4 show how
the total nucleophilic group concentration, [Nu]r, and their selectivity, [Nu]g, are linked to
the total nitrogen concentration, where [X] is the atomic percentage of a given atom, and

subscripts “nd” and “d” are for the non-derivatized and derivatized samples, respectively [98].

~ [Fla
_[Fla
[Nuls = 3V, (6.4)

CD-XPS with TFBA has generally been considered a method to estimate the concentra-
tion of primary amines on a given surface. A recent investigation of the reaction of plasma
prepared surfaces with TFBA is suggesting that TFBA does not react selectively with amines
and might also be reacting with imines [97]. Given that plasma treatment of MWCNTs may
introduce a number of chemical functional groups on the surface, including both amines
and imines, all results regarding CD-XPS will be reported as concentrations of nucleophilic

groups, and not amines exclusively.

For a more in-depth study of unsaturated functional groups, near edge X-ray absorption
fine structure spectroscopy (NEXAFS) was performed on a HE-SGM monochromator dipole
magnet beam line at the BESSY II synchrotron radiation source (Berlin, Germany). The
spectra of the C, N and O K-edges were taken in total electron yield mode. The spectra
were taken at an angle of 55° which had been shown in the past to provide the most
information on the samples analysed. More details on the data acquisition method can be

found elsewhere [98]. Spectra shown have been normalized. For peak fitting, a two-step
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background was used, with one step at the edge of the 1s — 7« (285.3 €V) transition and
another one at the 1s — o transition (291.7 eV) [169], with its height corresponding to the

magnitude of the spectra at 330 eV.
6.3.3 Gas bubble column

A gas bubble column was used to measure the CO, absorption capacity of the NFs
(Figure 6.1). The setup consisted of a glass column (16 mm diameter, 150 mm in length,
MDC Vacuum), a gas diffuser (4 pum pores sintered metal filter, Ideal Vacuum Products)
at the bottom of the column, an injection port that brings COy (bone dry, 99.9%, Praxair
Technology) and Ar to the gas diffuser, an injection port for Ar at the top of the column, and
a mass spectrometer (MS, Pfeiffer GSD 301 O2) for the determination of the gas composition.
Gas flow rates were controlled by two mass flow controllers (Brooks Instrument 5850E for
Ar and Qualifliow AFC80MD for CO;). The total volume from the gas diffuser to the MS
sampling capillary was 32 mL. Experiments were carried out at a room temperature of about
17°C. At the beginning of each day, the MS was baked to condition the analysis chamber
and recalibrated with a known gas mixture. The glass column was loaded with 25 mL of
RO water or NF. For all experiments, a few cycles of CO, desorption and absorption were
performed. Each cycle would begin with Ar being injected from the bottom of the column
to purge the liquid from CO,. Then, CO, was injected at 10 sccm from the bottom of the
column and Ar was injected from the top of the column at 80 sccm. The Ar input was
positioned just above the liquid and helped transport the CO, to the mass spectrometer
while keeping a low concentration of COs on top of the liquid. Equation 6.5 was used to
calculate the amount of CO; absorbed by the NF, where V75" is the total volume of CO,
absorbed, Qco, is the flowrate of COy going into the column, C} is the concentration of
COs in the outgoing gas stream at time ¢, C,,4, is the maximum concentration of CO, in

the outgoing gas stream, and t., is the time required to reach a pseudo equilibrium in the
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system. It was assumed that the CO4 absorption process reached equilibrium when the CO4

concentration recorded with the MS remained constant for at least ten minutes.

tea maxr ~ dt
VénOan — QCOQ (C Ct) (65)

0 Cmam

Figure 6.1: Gas bubble column for absorption of COy by NFs. 1) column, 2) gas inlet (a)
and outlet (b), 3) gas diffuser, 4) argon inlet, 5) connection to mass spectrometer.

6.4 Results and discussion
6.4.1 MWCNTs morphology

As-synthesized MWCNTs form an entangled network that cover the entire mesh (Fig-

ure 6.2a-b). Plasma functionalization of MWCNTs under the conditions presented above
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does not alter their physical aspect as seen by comparing images of as-synthesized MWC-
NTs and MWCNTs-10:10 (Figure 6.2c-d). The duration of the treatment is short enough

that there is no observable degradation of the MWCNTs.

TEM images show no visible changes to the MWCNT-20:0 samples after functional-
ization (Figure 6.3a). However, for samples MWCNT-20:4 (Figure 6.3b), a fraction of the
surface area of the tubes is covered with a plasma polymer layer no thicker than 5 nm. This
layer grows to about 10 nm in thickness and covers all tubes for samples MWCNT-10:10
(Figure 6.3c).

6.4.2 Gas-phase species in the plasma

Figure 6.4 shows the emission spectra of the plasma produced to treat the MWCNTs.
Ammonia decomposes sequentially into NHy, NH and then recombines into Ny [27]. Molec-
ular bands for these species can be observed in all three spectra with the exception of NH,
which cannot be detected by our low-sensitivity OES setup [22]. Another molecular band
around 388 nm due to CN species is found for the MWCNT-10:10 plasma. The intensity of
this band decreases for MWCNT-20:4 given the lower concentration of CoHy in the chamber.
The absence of the CN emission for the MWCNT-20:0 plasma, where no CoH, was used, is
a good indication that the plasma treatment did not degrade the MWCNTs [22|. Emission
from CN species was also observed by Choukourov et al. [170] when doing plasma polymer-
ization, whereas samples treated with NH3, Ny and Hy and no hydrocarbons usually lead to
grafting of molecules onto the surface [171|. From these spectra and the images obtained
by TEM, it is hypothesized that for sample MWCNT-20:0, grafting of functional groups
occurs and for the MWCNT-10:10 sample, the deposition of a plasma polymer is the main

mechanism of functionalization. Samples MWCNT-20:4 would therefore be a combination
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Figure 6.2: SEM images of as-produced MWCNTs (a and b)
and MWCNTs-10:10 (c and d).
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Figure 6.3: TEM images of a) MWCNT-20:0, b) MWCNT-20:4, ¢) MWCNT-10:10.
The plasma deposited organic macromolecule layer is found between the two red lines.
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of both processes given that only a fraction of the MWCNTs surface area is covered with a

thin plasma polymer layer.
6.4.3 MWCNTSs chemical composition

We are interested in integrating nitrogen, and more specifically amine functional groups
on the surface of the MWCNTs for better chemical affinity for CO,. Figure 6.5 shows the
atomic percentage of nitrogen as well as the concentration of nucleophilic functional groups
found in the treated samples by XPS and CD-XPS. MWCNT-20:0 samples with grafted
nitrogen groups contained about 8 N at%, whereas the deposited plasma polymer on sample
MWCNT-10:10 had about 19 N at%. As for sample MWCNT-20:4, its incorporation of
nitrogen comes from both grafting and deposition of a plasma polymer layer, leading to a
total of about 12 N at%. Also note that although the total concentration of nucleophilic sites
is higher for the MWCNT-10:10 sample, the selectivity of the nitrogen atoms for nucleophilic

sites remains relatively constant for all samples (Figure 6.6).

Other researchers have found that increasing R = Qnu,/Qc,n, vields coatings with
higher nitrogen contents [115, 116, 117]. In our case, only two samples had plasma polymer
coatings, MWCNT-20:4 and MWCNT-10:10. Therefore, we expected that the former sample
would have a larger nitrogen content than the latter. However, we observed the opposite as
seen on Figure 6.5. Since the plasma polymer layer in sample MWCNT-20:4 is thinner than
the XPS information depth, the reported nitrogen atomic concentrations can be significantly

lower than the actual atomic concentrations in the plasma polymer layer.

Peak fitting was performed on the C 1s peaks of as-synthesized and functionalized MWC-
NTs (Figure 6.7). The two main components used are an asymmetric graphene component
centered at 284.5 eV (sp?), and a “defects” component at 283.9 eV (sp). Defects are an im-

portant part of MWCNTSs as these are favorable sites for grafting of molecules [172]|. Other
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Figure 6.4: OES spectra of the plasma used to functionalize the MWCNTs.
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Figure 6.5: Nitrogen content (o) and total concentration (x) of nucleophilic groups
on the surface of functionalized MWCNTs.
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Figure 6.6: Selectivity of nitrogen functional groups for nucleophilic groups.

components that allow the description of the C 1s tail are found at 291.7 eV (7r-plasmon)
and at 294.2 eV (bulk loss). A component at 285 eV is attributed to sp® bonds. For the
treated samples, 4 components are added, from 286.5 to 289.5 eV, and they are labeled C1,
C2, C3, C4. These components correspond to functional groups added to the surface of the
MWCNTs with increasing electronegativity going from low to high binding energies (BE).
The possible functional groups are: amines C-N<, hydroxyls or ethers C-O, imines C=N,
nitriles C=N, carbonyls C=0, amides N-C=0 and N-C-O |21, 173]. Note that it is not pos-
sible to attribute specific functional groups to the C1 to C4 components given the complexity
of the C 1s peak for a functionalized MWCNT. Fitting these 4 components only allows us to
qualitatively observe the changes in functionalization between samples. All the components

and their positions are shown in Table 6.2.

Functional groups containing oxygen atoms were added to the list of possible functional
groups as there is about 1 at% of oxygen found in all samples. Oxygen can be incorporated

in the samples both on the grafted functional groups or the plasma polymer coating through
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Figure 6.7: Experimental and fitted C 1s peaks for a) as-synthesized MWCNTs,
b) MWCNT-20:0, ¢) MWCNT-20:4, d) MWCNT-10:10-Os.
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Table 6.2: XPS fit component positions [21, 173].

Component BE (eV) FWHM (eV) Chemical assignment
name
sp 283.9 ~3 defects in the graphitic structure
sp? 284.5 ~1 graphitic structure
sp? 285 ~1.5
286.5, 287.5, N and O functional groups
C1 to C4 288.5, 289.5 ~2 per component with increasing electronegativity
m-plasmon | 291.7 ~b
bulk loss 294.2 ~6

reactions between the fresh sample and components of atmospheric air, a phenomenon gen-
erally referred to as “ageing” |22, 112|. This process is limited by the storage of samples in
the freezer in inert atmosphere. However, sample handling during preparation for various

analyses led to an unavoidable 20 min exposure to air, on average.

When comparing pure MWCNTSs to ammonia plasma-treated samples, we can already
observe a decrease in the graphene component and an increase of the defect and C1 to C4
components. Given the very small changes between samples MWCNT-20:4 and MWCNT-
20:0, these changes may be attributed to the newly deposited plasma polymer on MWCNT-
20:4 and not to grafting of more functional groups. As for sample MWCNT-10:10, fitting
of the C 1s peak was not performed given that XPS measurements on this sample yielded
information on the plasma polymer alone. As we do not have a set of similar samples to
compare to each other, it is not possible to deduce meaningful conclusions about its different

components.

Figure 6.7d shows the C 1s peak for the MWCNTs-10:10-O5 sample. About 16 O at%
was measured for this sample and no nitrogen nor fluorine, after treatment with TFBA, were

detected. Peak fitting on this sample suggests that the main moieties added to the surface
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of the MWCNTs are hydroxylic and carboxylic groups (components C1 and C4 around 286
and 289 V) [10].

The first peak seen on the NEXAFS spectra of the carbon K-edge around 285 eV is at-
tributed to C 1s transitions to 7* orbitals (Figure 6.8) [115]. Other peaks typical of MWCNTs
and graphitized structures are those seen above 291 eV [115, 174], present on all samples
except MWCNT-10:10. As with the XPS measurements, the NEXAFS measurements for
MWCNT-10:10 only report information on the plasma polymer layer over the MWCNTs and
not the nanotubes themselves. The added functional groups to the MWCNTs can be found
between 285 and 289 eV. More specifically, the peak at 285 eV includes contributions from
C=N. Peaks seen around 286.8 eV on samples MWCNT-20:4 and MWCNT-10:10 are as-
signed to nitriles (C=N) [115]. The small peaks between 287.5 and 289 eV can be attributed
to nitrogen in conjugated systems, such as N=C-N and N=C-N [175|. In our case, since oxy-
gen was also found on these samples, these peaks may have contributions from oxygenated

surface functional groups as well [176].

Peak fitting was also performed for a part of the NEXAFS spectra (Figure 6.9). Two
components at 285.3 and 291.7 eV were used for the main transitions to the 7* and o*
orbitals. Components labelled A and B represent the added nitrogen and oxygen groups.
The increase in area of these two components when comparing samples MWCNTs-20:0 and
MWCNTs-20:4 to the as-synthesized MWCN'Ts reflect the incorporation of nitrogen groups
measured by XPS and the deposition of a plasma polymer that was observed through TEM.
Only one other component labelled C was used to fit the spectra between 291 and 293 eV
(not shown here). The rest of the available range of the spectra was not fitted since no
information on the attribution of the multiple components could be found for MWCNTs

modified with both oxygen and nitrogen groups.
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Figure 6.8: NEXAFS spectra of the C K-edge for as-synthesized MWCNTs
and all functionalized MWCN'Ts.

Figure 6.10 presents the NEXAFS spectra of the nitrogen K-edge. The shoulder at
399 eV corresponds to imines and the larger peak at 400 eV is attributed to nitriles. Other
researchers have also often observed nitriles when plasma polymerizing molecules containing
amine functional groups. Shard et al. explained this phenomenon through a reaction scheme
which favored nitriles instead of conservation of the original amines in the molecules [177].
Another feature of interest in this graph is the presence of a small peak at 401 eV in samples
MWCNT-20:0 and MWCNT-20:4 which could be attributed to substitutional nitrogen atoms
inside the graphitic structure of the tubes. The broadening of the large peak found after

401 €V is also an indication of the presence of defects.
6.4.4 Stability of nitrogen functionalization after water immersion

It has been reported that plasma polymers synthesized from ammonia and ethylene can
be unstable in water [115, 116, 117]. In order to investigate this, SS meshes covered with
plasma-treated MWCNTs were placed in water for 24 h and then dried in argon. The compo-

sition of the samples was analysed by XPS. It was observed that for all three samples, there
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Figure 6.9: Experimental and fitted carbon peaks for a) as-synthesized MWCNTSs,
b) MWCNT-20:0, and ¢) MWCNT-20:4.
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Figure 6.10: NEXAFS spectra of the N K-edge for all functionalized MWCNTs.

was an increase in oxygen content from about 1 to 3 at% and a loss in nitrogen content as
shown in Figure 6.11. For samples MWCNT-20:4 and MWCNT-10:10, the loss in nitrogen
could be attributed to solubilization of the plasma polymer layer. Truica-Marasescu et al.
explained that low power input and pressure conditions during synthesis led to poorly cross-
linked plasma polymers that are soluble in polar solvents such as water [115]. Hydrolysis
reactions that convert imines and amines into hydroxides, carboxylic acid and carbonyls
could be responsible for the degradation of the plasma polymer coating [178]. As for sample
MWCNT-20:0, although its nitrogen functional groups are directly grafted to the MWCNTS,
the same hydrolysis reactions could be responsible for the observed loss in nitrogen. Nev-
ertheless, on all three samples, a functional layer with nitrogen groups remains as was also

observed by other researchers [115, 116, 117].
6.4.5 NFs CO; absorption capacity
Figures 6.12 and 6.13 show the absorption capacity and rates of CO5 by RO water and

the three different NFs. Sample MWCNT-10:10, which has the most nucleophilic sites that
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Figure 6.11: Nitrogen content (0), and oxygen content (x) before (solid line) and after
(dashed line) immersion of the MWCNTSs in water.

may interact with CO,, has the largest gas absorption capacity, at 1.67 mL of CO, g~! of NF,
corresponding to a 36% increase with respect to water. Kim et al. reported similar total
absorption capacities with an aqueous SiO, NF [60]. Note however that their NP concentra-
tion was an order of magnitude higher than the one used in our experiments. A discrepancy
between our absorption capacity of CO5 in water and theirs also exists and is probably due
to experiments being run at different temperatures: Kim et al. did not specify their room

temperature.

The highest CO5 absorption capacity was registered during the first absorption cycle
for sample MWCNT-10:10. In subsequent cycles, the absorption capacity was smaller but
remained fairly constant (Figure 6.14). One explanation for this behavior is that flowing
Ar through the column might not be enough to remove all the CO4 present in the NF. For
common alkanolamines, it is usually necessary to heat them to dissociate the product of the

reaction between CO4 and amines [59]. For example, Liu et al. observed that Ny purging and
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Figure 6.13: Absorption rate of COy in RO water and aqueous MWCNT NFs.
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a temperature 40 °C higher than the CO5 adsorption temperature was necessary for efficient

recovery of their original material [179].

There was no agglomeration of MWCNTs during the experiments on the gas bubble
column. MWCNT-10:10 NFs that were stored at room temperature after being tested re-
mained stable. However, nanotubes in MWCNT-20:0 and MWCNT-20:4 would agglomerate
and drop to the bottom of the vial less than 24 h after the end of their use in the gas bubble
column. When these NFs were not tested and left untouched, visual inspection of the sus-
pensions for evidence of MWCNT agglomeration and settling showed none, thus indicating
that they were stable for at least three months. The agitation of the NFs by the passing
of the bubbles may accelerate the formation of larger MWCNT agglomerates. For poorly
stabilized samples as observed with MWCNTSs containing less nucleophilic sites, this possibly

may be all that is necessary to cause the loss of NP stability in the host fluid.

In order to demonstrate that the addition of nucleophilic groups is important, a sample
was treated with a Oy/CyHy mixture rather than NH3/CoHy. In this way, the MWCNTs
were stable in water but they do not react with CO,. As shown in Figure 6.15, the oxygen
functionalized sample did not perform as well as sample MWCNT-10:10. Its performance is

comparable to that of the two samples with the smallest amount of nucleophilic sites.

The absorption capacity of these NFs is low compared to other technologies available.
Common solutions of alkanolamines can go up to 4 mol of CO, L™!, with concentrations
of 5 mol L™! of the alkanolamine [180]. In the current study, the maximum obtained is
0.067 mol of COy L1 of NF. Although, the added nitrogen functional groups to the surface
of the MWCNTs have a noticeable impact on both their stability in RO water and CO,
absorption capacity, this latter effect is small. Olle et al. experiments also suggested that

the impact on absorption for the oleic acid used to stabilize the NPs was minimal since its
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concentration could account for only a very small portion of the total oxygen uptaken by
the NF [181]. This may also be the case in this work as the quantity of nucleophilic groups
added to the MWCNTs is very small compared to the large concentrations of alkanolamines

used in absorbing fluids.
6.5 Conclusion

MWCNTs plasma-functionalized with ammonia and ethylene were shown to have an
enhanced CO, absorption capacity with respect to water. Modification of the surface chem-
istry of MWCNTs fulfilled two goals: ensure stability of the MWCNTs in the host liquid
(RO water) and enhance their interaction with CO,. Grafting of functional groups onto the
MWCNTs using a pure NHj3 plasma was seen to yield low quantities of added nucleophilic
groups. Addition of ethylene in the plasma allowed for the deposition of a nitrogen-rich
plasma polymer layer on the MWCNTs. Aqueous nanofluids prepared with these MWCNTs
showed a 36% increase in CO, absorption capacity with respect to water. However, this
enhancement is not sufficient to compete with common aqueous solutions of alkanolamines

which have much higher concentrations of amines compared to our NFs.

Nevertheless, the combined addition of nitrogen functional groups and enhanced stabil-
ity of these NPs in water make them interesting candidates for biological applications. It
has been shown that amine and imine functional groups can provide anchoring points for
biomolecules [126]. Given their high level of functionalization, the MWCNTs will not tend to
agglomerate inside the body allowing for easy biodegradation and elimination [182]. Future
work will focus on increasing the density of nucleophilic functional groups on the MWCNTs

and exploring their potential use in biological applications.
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CHAPTER 7
Dye capture

7.1 Preface

This chapter presents the results from a study on the interaction between MWCNTs
and MWCNT-PPE:X with dyes.

The work was planned, executed, analyzed and written by L. Jorge (Ph.D. candidate).
Dr. S. Coulombe and Dr. P.-L. Girard-Lauriault were responsible for supervision of the

work and reviewing of the chapter.

By being able to tune the surface charge of the MWCNTs using the two different types
of plasma polymer coatings at different pH values, this chapter shows that they can be used

to preferentially adsorb dyes of opposite charge.
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7.2 Introduction

Some soluble molecules found in wastewater cannot be filtered, degraded or coagulated.
However, they might be removed by adsorption [183, 184]. Among the materials being
developed for wastewater treatment, carbon nanomaterials such as graphene and carbon
nanotubes make interesting adsorbents. They have large surface areas and their surface
chemistry can be easily modified to enhance interaction with the desired molecules. In
particular, they can make very strong adsorbents for dyes. The hexagonal structure of the
carbon nanomaterials provides bonding interactions with the conjugated systems of the dyes,
while addition of functional groups onto the adsorbent allows for electrostatic interactions

with the charged moieties of the dyes.

As shown in Chapter 4, multi-walled carbon nanotubes (MWCNTs) modified with ni-
trogen or oxygen-rich plasma polymer (PP) coatings form stable suspensions in water. There
are no visible agglomerates and a maximum of surface area is available for interaction with
other molecules. Furthermore, the choice of nitrogen or oxygen-containing functional groups
on the coating makes it positively or negatively charged, thus determining the type of dye

that it interacts with more favorably.

This chapter presents a study on adsorption of an anionic dye, methyl orange (MO),
and a cationic dye, methylene blue (MB, see Figure 7.1), onto MWCNTs and plasma treated
MWCNTs. The impact of pH on the adsorption capacity and the dye desorption is inves-
tigated. However, low quantities of MWCNTs available limited the types of experiments
that could be conducted. These experimental limitations are discussed and suggestions for

improvement are offered.
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Figure 7.1: Methylene blue (left) and methyl orange (right).

7.3 Experimental method
7.3.1 Nanofluid synthesis

MWCNTs were produced in-house using a method developed by Hordy et al. and
explained in detail elsewhere [37|(see Chapter 4). Briefly, in a tubular furnace kept at
700°C, MWCNTs are grown on the surface of a stainless steel mesh (316 grade, 400 mesh,
TWP Inc.) by thermal chemical vapor deposition (t-CVD) of acetylene gas CoHy (99%,

dissolved in acetone).

MWCNTs were then covered with a PP coating in a low pressure RF glow discharge
(13.56 MHz, continuous) described elsewhere [92]. Coatings containing nitrogen functional
groups were produced when using a mixture of ammonia, NHjz (99.99%), and ethylene, CoHy
(99.70%). These coatings are referred to as PPE:N. Coatings with oxygen functional groups
were obtained when using a mixture of carbon dioxide, CO5, and Cy;H, and are referred to
as PPE:O. The deposition conditions as well as the nitrogen and oxygen content of these

coatings is presented in Table 7.1.

Each mesh sample (size 3.5 x 7 cm?) was then sonicated for 10 min in 6 mL of reverse

osmosis (RO) water (pH ~5.5) or water at pH 4.0+0.1 or 9.940.1 (adjusted using solutions
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Table 7.1: Operating conditions for plasma polymer deposition.

MWCNT-PPE:N | MWCNT-PPE:O

QNHs0rCO, (SCCM) 10 10

Qc,m, (scem) 30 4

Deposition time (min) 4 20

N at% [37] 17.4 0.6

O at% [37] 1.3 20.0
Pressure (mTorr) 600
Power (W) 35

of 1 M HCl or 1 M NaOH). These pH values are referred to as pH 5.5, 4 and 10 respectively

for the rest of this chapter.
7.3.2 Interaction of MWCNT-PPE:X with dyes
Adsorption and reuse

For adsorption experiments (see Figure 7.2 for schematic), 5 mL of the desired nanofluid
were mixed with 5 mL of the dye solution, at 25 mg L™!, in a glass vial. The capped vials
were then stored in the dark for 24 hr. The nanofluids were transferred to 15 mL Falcon
tubes and centrifuged at 3500 RPM for 30 min. When MWCNTs would not settle after
centrifugation, 500 uL of 4.3 mol L~! NaCl solution was added and then nanofluids were
centrifuged again. The dye concentration in the supernatant was then measured by visible
absorption spectroscopy (Evolution 300, Thermo), using disposable polystyrene cuvettes
(Fisher). Spectra were recorded from 400 to 800 nm. When necessary, the sample was
diluted in order to obtain an absorbance between 0 and 1.4 absorbance units. The remaining
liquid mixture was then filtered onto a pre-weighed nitrocellulose membrane filter (porosity
0.22 pm, 47 mm diameter, Merck Millipore) and the mass of MWCNTs was measured by

weighing the filter with MWCNTs after it had completely dried in air.
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The first step in treating the data obtained was to bring all baselines to zero. MWCN'Ts
absorb in the same wavelength range as the dyes, and in some samples, centrifugation was
not enough to settle all MWCNTs. Their presence in the supernatant caused an offset of
the spectrum to higher absorption values, thus requiring an adjustment of the baselines
before performing further calculations. The second step was to calculate the concentration
of the dye, ¢ (mg L), using Beer-Lambert’s law (see Equation 7.1). Table 7.2 presents the
wavelength and the absorption coefficient, € (cm™! mg~! L), used for the two dyes. The path

length of the cuvette, [, was 1 cm and A is the absorbance measured.

A = cel (7.1)

The adsorption capacity, ¢; (mg g~1), was then calculated according to Equation 7.2

qr = W (7.2)

where ¢y and ¢, are, respectively, the initial and final dye concentration after adsorption,

V' is the volume of solution in L. and m is the mass of MWCNTs in g.

A few samples were selected to test for reusability of the adsorbent. At the end of the
first adsorption cycle, samples were in Falcon tubes, with the solid adsorbent at the bottom
and the remaining dye solution on top. The supernatant was removed and about 10 mL
of water at pH 12 for MWCNT-PPE:N or pH 2 for MWCNT-PPE:O was then added into
the Falcon tube to release the dye from the MWCNTs. The MWCNTs were redispersed
in the liquid and then underwent another centrifugation step. This washing technique was
repeated until the supernatant was clear and contained no more dye (usually three or four

cycles were necessary). One more washing cycle was then performed using water at pH 10
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for MWCNT-PPE:N and water at pH 4 for MWCNT-PPE:O. The supernatant was removed
and the remaining concentrated mixture of MWCNTs was redispersed in water at the desired
pH value. As previously done for the first adsorption test, 5 mL of the MWCNTs nanofluid
was mixed with 5 mL of fresh dye solution. After 24 hr in the dark, they were centrifuged

again and the absorption spectrum of the supernatant was recorded.
Release

In order to quantify the amount of dye released by washing the adsorbent, the nanofluids
with dye were filtered over a nitrocellulose membrane filter. The absorption spectrum of
the filtrate was measured. The solid MWCNTs were then washed with water at pH 2 for
MWCNT-PPE:N and water at pH 12 for MWCNT-PPE:O in order to remove any loosely
attached dye. When no more dye was observed in the filtrate, the solid residue was washed
with RO water and a new clean collection cup was positioned under the filter. Then, a
known volume of water at pH 2 was used with MWCNT-PPE:O or water at pH 12 with
MWCNT-PPE:N to release the dye from the solid residue. This solution was collected and its
absorption spectrum measured. The results are presented as a percentage of dye recovered,

d, as shown in Equation 7.3

¢V, m
d — rVr _ T )
(co— )V my (7.3)

where ¢, is the concentration of dye released and V;. is the known volume of water used
to release the dye. In other words, d is the fraction of mass of dye released, m,., with respect

to the mass of adsorbed dye m,,.
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7.4 Results and discussion
7.4.1 Effect of pH, concentration and time on MO and MB

The most common method of detection for studies involving colored dyes is the use of
visible absorption spectroscopy given its ease of use and fast sample throughput. The concen-
tration of the dye can be quickly determined through Beer’s law (see Equation 7.1) as long as
we know the molecule’s absorption coefficient at a given wavelength. However, a molecule’s
structure, and therefore its absorption coefficient, may change with its concentration or the
pH of the solution. In dye adsorption studies, where both these parameters change, not
considering their effect on the absorption coefficient may lead to errors in analysis of the
spectra obtained. Values for absorption coefficients are not readily available in the literature

and therefore they needed to be determined for our desired experimental conditions.

Starting from stock solutions of MO and MB, solutions at different pH values and con-
centrations were prepared. From the visible absorption spectra obtained for these solutions,
the wavelength at the peak of maximum absorption, A,,.., was recorded. Using the absorp-
tion intensity at this wavelength and the known concentration of the sample, the absorption

coefficients, e, were calculated.

Figure 7.3a shows the effect of pH on both € and A, for MO. As can be seen, A,z
is between 461 and 463 nm and e fluctuates from 0.077 to 0.079 L mg=! cm~! for a pH
between 4 and 12. Figure 7.3b also confirms that at pH 5.5, \,,.. and € are not functions of
concentration. However, at pH 2, the values for both properties are different. An apparent
change in € (see Figure 7.3b) is observed with a change in dye concentration. A white
precipitate forms when the solution is brought to pH 2. Furthermore, from pH 2 to 3.7,
the absorption peak of MO shifts from 463 to 505 nm, as the dye solution visually changes

from orange to red. This indicates that the solution is actually a mixture of MO in its
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anthraquinone and azo forms [185|, each one having its own absorption coefficient. To

simplify the data treatment, it was decided not to use MO solutions with pH below 4.

Figure 7.4a shows that \,,.. or ¢ for MB do not change from pH 2 to 10. However, at
pH 12, MB changes its structure gradually with time. As can be seen in Figure 7.5, a fresh
solution of MB at pH 12 already has a different absorption spectrum compared to a fresh
solution of MB at pH 5.5. MB continues to change over time at pH 12 as shown by its very
different absorption spectrum 11 days after preparation of the solution. At pH 2 and 5.5 the

absorption spectra remain the same after 11 days.

Figure 7.4b also shows that concentration has an important impact on the dye. Given
the cell path length used, the upper limit for the concentration of MB that can be measured
with this spectrometer is 25 mg L~!. Below that concentration, the absorption coefficient
constantly changes from 0.14 L mg~! cm™! at 19 mg L™ of MB to 0.23 L mg~! cm™! for
0.8 mg L~!. The explanation for this change in absorption coefficient is not precipitation of
the dye as was observed for MO. Rather, it is that MB exists as monomers, dimers, trimers
or even larger oligomers in solution, each one having a different absorption spectrum. Many
researchers have tried developing models to separate the absorption spectrum of the mixture
into its individual components with little success [186]. Therefore, for this study, an empirical
method was used to determine the apparent absorption coefficients at A, = 660 nm, based
on the regression line correlating measured absorption coefficient and absorbance intensity
of MB solutions (see Figure 7.6). Every MB solution analyzed was diluted to an absorbance
value below 1.4 and its apparent absorption coefficient was then calculated using the equation

from Figure 7.6.

In order to work with both dyes at the same conditions, it was decided that further

experiments would be limited to pH 4, 5.5, and 10. The initial dye concentration after being
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mixed with the MWCNT nanofluid was chosen as 12.5 mg L~!. The values for \,q. and €

for each dye are presented in Table 7.2.
7.4.2 Adsorption, reuse and release

Figure 7.7 shows the MO adsorption capacity of MWCNTs and MWCNT-PPE:X. The
main observation is that MWCNT-PPE:N increases its adsorption capacity as the pH be-
comes more acidic. A much smaller adsorption capacity was measured when using MWCNT-

PPE:O or MWCNT. Figure 7.8 shows the MB adsorption capacity. Contrary to adsorption

Table 7.2: Properties of MO and MB.

MO MB
e (Lmg~'em™) | 0.078 | 0.20 to 0.23
Amaz (nm) 463 660
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of MO, adsorption capacity for MB increases with more basic pH not only for MWCNT-
PPE:O but also for MWCNT-PPE:N and MWCNT. The adsorption capacity of samples
that were washed and then reused for a second adsorption experiment are shown with stars

as markers.

The main adsorption mechanism for dyes on MWCNT-PPE:X is electrostatic forces |78,
83, 187, 188, 189, 190, 191]. As had been shown in our previous work [37| (Chapter 4),
MWCNT-PPE:N is more stable at acidic pH values due to the formation of positive charges
on the nitrogen-containing functional groups. MWCNT-PPE:O is more stable at basic pH
values due to negatively charged oxygen-containing groups. This explains an increase in MO
adsorption, which is an anionic dye, on the positive surface of MWCNT-PPE:N at acidic
pH. The same effect is observed for MB, a cationic dye, which adsorbs more at basic pH
values on the negatively charged surface of MWCNT-PPE:O. On MWCNT, given that there
are no functional groups, adsorption occurs most likely through 7-7 interactions. MO and
MB may interact with the 7 system of the MWCN'Ts pristine surface since they are planar

molecules with conjugated systems |78].

Given that electrostatic forces are the strongest interactions determining the adsorption
of the dyes, a pH switch that decreases the amount of charged functional groups on the
surface of MWCNT-PPE:X was used to cause dye desorption. An increase in the amount of
dye released when switching the water pH was observed as shown in Figure 7.9. The spectrum
shown with a dashed line corresponds to the last 10 mL of water used to wash MWCNT-
PPE:O (a total of 80 mL of water was used). After switching to water at pH 2, more MB
could be removed (solid line in Figure 7.9). The desorption method used here allowed for
recovery of 51% of MO adsorbed on MWCNT-PPE:N, and 58% of MB on MWCNT-PPE:O.
This low recovery of the dyes suggests that other forces, in addition to electrostatic forces,

govern their adsorption. Other researchers have used a pH switch in conjunction with other

128



80 . .

I rH 4
EEpH 55| ]
[_JpH 10

MWCNT-PPE:N MWCNT-PPE:O MWCNT

Figure 7.7: Adsorption capacity of MO
on MWCNT-PPE:X and MWCNT after 24 hr.
The asterisks correspond to the adsorption capacity after adsorbent reuse.

129



80 . .

I pH 4

70 B pH5.5]|
[ JpH10
60 P .
*
— 50 .
o)
) i
£
o 30 i

MWCNT-PPE:N MWCNT-PPE:O MWCNT

Figure 7.8: Adsorption capacity of MB
on MWCNT-PPE:X and MWCNT after 24 hr.
The asterisk corresponds to the adsorption capacity after adsorbent reuse.

130



solvents such as ethanol or acetone for dye desorption. Although both of these solvents are
polar like water, the presence of methyl groups allows for hydrophobic interactions and less
hydrogen bonding, thus increasing the number of ways that they may interact strongly with

the dyes.
7.4.3 Experimental limitations

The results presented above clearly show an interaction between the chosen dyes and
coated or non-coated MWCN'TSs. The functional groups present on the PPE:X coating help
keep the MWCNTs stable and, at the correct pH, they interact more strongly with the dye of
opposite charge. However, further tests would have been necessary to better understand the
properties of MWCNT-PPE:X as a dye adsorbent. For example, other studies found in the
literature on dye adsorption usually report the adsorption capacity with respect to contact
time, the effect of initial dye or adsorbent concentration, and most importantly the kinetics of
adsorption. However, when designing the experimental plan for the study presented here, a
number of limitations related to the production method of the adsorbent made it impossible
to perform these other tests. This section provides some information about the experimental

choices made for this study and offers some suggestions for improvement.

The main problem in trying to conduct these dye adsorption experiments was the very
low quantity of MWCNTs available. When using our in-house MWCNT production method
as described in the experimental section, each piece of mesh of size 3.5 x 7 cm? contains
between 0.5 and 2 mg of MWCNTS. Producing about 10 mg of MWCNTSs (which is the lowest
quantity typically used in other studies in the literature [87, 88, 192, 193]) for each nanofluid
sample would be too time-consuming. Therefore, it was decided that smaller quantities of
MWCNTs had to be used. More specifically, one or two pieces of MWCNT-covered mesh

were used per nanofluid sample.
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Although this choice allowed for more experimental conditions to be tested, it meant
that other types of studies, such as kinetic studies, couldn’t be performed. In a kinetic study,
aliquots of a sample are removed at pre-determined times and the adsorption capacity of
each aliquot is measured. Given the very small quantity of MWCNTs used for each sample
in this study, each aliquot would contain so little MWCNT that it wouldn’t be possible to
accurately measure its mass. The weight of MWCNT and MWCNT-PPE:X couldn’t be
estimated because the amount removed from the mesh by sonication changed from sample

to sample.

Small quantities of MWCNT and MWCNT-PPE:X also meant that typical methods
for quantification of functional groups or surface area of the nanoparticles could not be
used. Titrations are the method of choice to determine quantities of carboxylic acid groups,
amine groups, pK,, pK, or points of zero charge of nanoparticles [194, 195, 196]. However,
all these techniques require large quantities of material, minimally around 25 mg, which
are not available with our production methods. Nitrogen gas adsorption for surface area
measurements also cannot be performed given that these instruments require at least 100 mg
of material. Consequently, much needed information to better understand the interaction

between the dyes and the adsorbents is not available.

It is important to note however that working with powders of commercial MWCNT5,
available in much larger quantities, is not necessarily the solution. In powders, MWCNTs are
already agglomerated and treatment methods in the liquid phase that are used to modify
the MWCNTSs’ surface chemistry do not ensure their proper separation. Therefore, not
all available MWCNTs are functionalized. Treatment methods in the gas phase, such as
PECVD, only treat the top of any powder sample put in the chamber. Some groups have
shown that mixing the powder during plasma treatment increases the quantity of sample

treated. However, improvements are still necessary. For example, Trulli et al. [197] showed
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that mixing during plasma treatment allowed for large quantities of oxygen treated CN'Ts to
remain stable in water for at least a month. However, about 30% of the CNTs in suspension
settled after 24 hr, which suggests that even though the sample was mixed during plasma
treatment, about 30% was not properly treated [197]. When comparing with similar oxygen-
treated MWCNTs using our in-house MWCNTSs on the stainless steel mesh, Hordy [47] was
able to show stability of the suspensions in water for 8 months with only a 5% decrease in
suspended material per month. Therefore, although commercial powders of MWCNTs can
be easily and relatively inexpensively obtained, some material is lost due to poor surface
treatment. Any agglomerated material is not available for dye adsorption which would lead

to lower adsorption capacities.

For future development of the PPE:X coated MWCNTs for dye adsorption, it will be
necessary to evaluate if the gain obtained from proper separation of the MWCNTs during
plasma treatment and thus a better functionalization of the samples outweighs the disadvan-
tage incurred by the labor intensive preparation of the samples. This material would need
to be compared to adsorbents that may be easier to produce in larger quantities, but where

more material will be lost due to agglomeration when dispersed in water.

In conjunction with this work, it would be necessary to design a setup to scale up the
MWCNT production. For example, roll-to-roll t-CVD would be suitable for increasing pro-
duction yields. Using a PECVD chamber with large surface area but minimal height, larger
quantities of mesh could be treated with minimal increase of pumping capacity. Such equip-
ment, albeit expensive and not simple to automate, is available commercially. The major
difficulty in this scale-up of the MWCNT production would be the design of a plasma cham-
ber that limits the deposition of a heterogeneous coating (see appendix for more information

on the coating deposition across the entire surface of the MWCNT covered mesh).
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7.5 Conclusion

Two dyes were shown to adsorb on MWCNTs and MWCNT-PPE:X. Increased adsorp-
tion capacity was observed between the cationic dye, methylene blue, and the negatively
charged MWCNT-PPE:O, or the anionic dye, methyl orange, and the positively charged
MWCNT-PPE:N. Changing the pH of the mixtures has an impact on the amount of charge
on the adsorbent and consequently on the adsorption capacity. This property of the adsor-

bent was used to show that it was possible to desorb the dyes and reuse the adsorbents.

Low production yields of the adsorbent limited this study to adsorption and reuse exper-
iments. Future work would require investigating options to scale up the MWCNT production
method as well as determining which applications justify the use of these easy to functionalize

and non-agglomerated MWCNTs.
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CHAPTER 8
Conclusion

8.1 Summary

With this thesis, it was shown that plasma polymer coated MWCNTs could be dispersed
in water and their surface chemistry could be used to enhance interaction with molecules

such as CO,, methylene blue and methyl orange.

It was first shown that MWCNTSs could be coated with a nitrogen-rich coating (PPE:N),
with 17.4 N at%, and an oxygen-rich coating (PPE:O), with 20.0 O at%. The coating had a
thickness between 4 and 14 nm for PPE:N, and between 3 and 60 nm for PPE:O. Different
deposition times had to be used for each type of coating as their deposition rates were
different. PPE:O deposits more slowly than PPE:N because of the ‘poisoning effect’ of
certain oxygen-containing compounds which can etch away the PP and scavenge a portion
of the radicals formed in the plasma. Sonication of the plasma-treated MWCNTs in water
caused dissolution of a portion of the PPE:X (where X is N or O). However, according
to results from PPE:X deposited on Si wafers, chemical composition was not altered by
exposure to water. MWCNT-PPE:X when dispersed in water were stable at all pH values
except at pH 12 for MWCNT-PPE:N and pH 2 for MWCNT-PPE:O. At pH 12, functional
groups such as amines -NH, cannot be protonated on PPE:N, and at pH 2, carboxylic acid
groups -COOH cannot be deprotonated. These neutral groups are not efficient at keeping
the MWCNTs separated. Nevertheless, the agglomerates formed at pH 12 with MWCNT-
PPE:N and those at pH 2 with MWCNT-PPE:O can be separated and the nanoparticles

redispersed to form stable nanofluids. It was possible to cycle from agglomerated to dispersed
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MWCNTs by switching the pH from 2 to 12 and back to 2 repeatedly. When the salt content
in the mixture exceeded 0.01 mol L', the MWCNTs remained agglomerated regardless of
the pH. The excess ions cause the electrostatic double layer around the nanoparticles to
shrink. The nanoparticles can then approach each other at smaller interparticle distances
where attractive forces can cause their agglomeration. However, washing and redispersing

the MWCN'Ts in water was sufficient to obtain again a stable nanofluid.

To better understand the structure of PPE:O, its thermal stability was measured by
thermal gravimetric analysis. The start of material loss at low temperatures suggested the
presence of small oligomers. However, its chemical composition was not significantly altered

by heating at 150 °C.

The stability of the coating at low temperature meant that it was possible to test another
treatment method to modify the surface chemistry of MWCNTs: vapor functionalization.
MWCNT-PPE:O and MWCNTs were exposed to vapors of two molecules containing amine
functional groups, APTS and TEPA. Both MWCNT-APTS and MWCNT-PPE:O-APTS
were unstable in water. However, MWCNT-APTS nanoparticles were stable for at least
a day in ethanol indicating that APTS adsorbed on the nanoparticle’s surface. The amine
functional group on APTS helped stabilize MWCNTs in ethanol. MWCNT-PPE:O is already
stable in ethanol and the addition of APTS did not disrupt their stability. TEPA on both
types of MWCNTSs had a clear impact on their stability. These usually unstable nanoparticles
at pH 2 were stable for at least two weeks. Analysis of their chemical composition also
confirmed that large quantities of amine functional groups were present on both of these

treated nanoparticles.

Knowing that the plasma-treated MWCNTs were stable in water and that their sur-

face charge could be tuned by changing the pH of the mixture, the last step was to test
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these nanofluids for capture applications. First, plasma-treated MWCNTs with different
quantities of amine functional groups were tested for COs capture. It was shown that with
increasing quantities of nucleophilic groups (amines being a part of this category of functional
groups), larger quantities of COy could be absorbed, with a maximum of 1.67 mL of COy g™ !
of MWCNT-10:10 nanofluid (which is the same as MWCNT-PPE:N used in Chapter 4).
Nanofluids with MWCNT-10:10 also had the largest absorption rate of the four nanofluids
tested. Furthermore, it was shown that these nanofluids could be regenerated and reused
for at least 5 cycles, albeit with a decrease in efficiency after the first absorption cycle.
The necessity of amine functional groups for CO, capture was confirmed by showing that
oxygen-containing MWCNTs improved the absorption capacity with respect to pure water
but were not as efficient as MWCNT-10:10. Although MWCNT-10:10 was stable in water
(and therefore well separated) and had amine groups fixed on its surface, the absorption ca-
pacity obtained with these nanofluids was insufficient to compete with common amine-rich

solutions for CO, absorption.

In order to test the interaction of MWCNT-PPE:X with dyes, an anionic dye, methyl
orange, and a cationic dye, methylene blue, were chosen. This study started by evaluating
the effect of pH and concentration on both dyes in order to choose the correct ranges in
which to use them without running into reproducibility problems. It was shown that methyl
orange could not be used at pH 2 due to formation of precipitates. Methylene blue could
not be used at pH 12 due to reactions that altered its structure and thus its absorption
spectrum. A single value for the absorption coefficient of methyl orange was found when
the concentration was kept below saturation for the instrument used. However, an empirical
equation relating absorption coefficient and absorbance intensity was developed to account
for the fact that methylene blue solutions of different concentrations have different absorption

spectra due to polymerization of the dye. Mixing the dyes with MWCNT-PPE:X at three
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different pH values, 4, 5.5 and 10, showed that MWCNT-PPE:N at pH 4 (more positively
charged) could adsorb 65 mg of methyl orange g=! of adsorbent, and MWCNT-PPE:O at

L of adsorbent.

pH 10 (more negatively charged) could adsorb 60 mg of methylene blue g~
Lower adsorption capacities were observed for MWCNT-PPE:X at pH values that decrease
the quantity of charged functional groups available, or when the dye and the nanoparticle

are both positive or negative. These adsorbents can also be reused after using a pH switch

to release the dye.
8.2 Statement of contributions
The following contributions were made to the fields of plasma polymers and nanofluids:

e Stable aqueous dispersions of plasma polymer coated MWCNTs (with nitrogen or
oxygen-containing functional groups) were produced. The choice of heteroatom on
the plasma polymer allows for tuning of the interaction of MWCNTs with its envi-
ronment. MWOCNTs coated with nitrogen-containing functional groups were stable
at acidic pH values and completely unstable above pH 12. MWCNTs with oxygen-
containing functional groups were stable at basic pH and unstable below pH 2.

e [t was shown that the agglomerates formed by changing the pH or increasing the ionic
strength of the mixture are reversible. Switching the pH to a value where the functional
groups on the MWCNT surface are charged allows the agglomerates to separate, while
redispersing the MWCN'Ts in an aqueous solution with low ionic strength also produces
stable nanofluids.

e MWCNTs modified with two dry functionalization methods were presented. An oxygen-

containing plasma polymer layer on the MWCNTs acted as a support for a high-amine
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content molecule, tetraethylenepentamine. This layer of amine functional groups com-
pletely shielded the oxygen-containing functional groups of the plasma polymer. These
treated MWCN'Ts were completely stable in water at pH 2 for more than two weeks.
e MWCNTs coated with nitrogen or oxygen-rich plasma polymers dispersed in water
were tested for capture of CO,, methyl orange and methylene blue. MWCNTS carry-
ing amine functional groups were efficient at capturing CO,. MWCNTs with plasma
polymers negatively or positively charged were more efficient at capturing the dye of
opposite charge. It was shown that the chemical affinity for the desired molecule is
necessary to obtain the maximum absorption of CO4 or adsorption of the dyes. These
interactions were shown to be reversible allowing for the adsorbent material to be

reused which is important for the sustainable development of novel materials.

8.3 Recommendations for future work

Numerous questions remain about these plasma polymer coated MWCNTs and their

use for capture applications. Below are a few suggestions on potential future work.

e Study of the shape of MWCNTs and their proximity to each other in water: the
applications described in this thesis rely on the available surface area of the MWCNTs
for interaction with other molecules. Although it was shown that the plasma-treated
MWCNTs are stable in water, nor their size nor their complete separation from other
MWCNTs was evaluated. By obtaining information such as the length and diameter of
MWCNTs in water, it would be possible to calculate their available surface area. Ima-
ging of the agglomerate structures, if any, would also help in determining agglomeration
mechanisms.

e Establishing the correlation between quantity of functional groups and adsorption ca-

pacities: to design the most efficient surface chemistry for the MWCNTs, it would
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be necessary to study if there is an observable variation in stability of MWCNTs and
their capacity to capture other molecules with changes in nitrogen or oxygen content
on the plasma polymer, and more specifically with changes in the quantity of specific
functional groups on the plasma polymers.

Evaluating the impact of more complex mixtures on the stability of the nanoparticles
and their adsorption capacities: the industrial waste streams where dyes and CO,
are found are not simple mixtures with a single pollutant. They contain many other
compounds and their interaction with the nanoparticles must be studied. In particular,
these plasma treated MWCNTs may be useful to capture other pollutants as well.
Scale-up of the production methods of the plasma polymer coated MWCNTs: as men-
tioned in Chapter 7, one of the main limitations of that study was the low quantity of
MWCNTs available. With more material, it would be possible to use common titration
techniques to quantify functional groups at the surface of plasma-treated MWCNTs,
to use gas adsorption techniques to measure the surface area of the MWCNTSs in the
dry state, and to simply perform more experiments for better assessment of the repro-
ducibility of results.

Comparing the usefulness of MWCNTs with other carbonaceous materials: MWCNTs
in this thesis are useful given their ease of synthesis and their separation which allows
for plasma functionalization. However, industrial methods of producing amorphous
carbon, carbon nanotubes and graphene can now produce large quantities of these
materials, albeit often in more agglomerated forms. Given that MWCNTs are used
here only as scaffolds for the plasma polymer coating, it would be necessary to compare
this material with other similar industrial materials and assess their cost of production
as well as their efficiency for the chosen applications. Another carbon-based material

may prove to be more convenient for these applications.
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APPENDIX A
Spatial homogeneity of PPE:X deposition on MWCNTs

Differences in deposition rate and PP composition on samples with complex geometry
have been reported |21, 198|. For the particular case of plasma treatment of MWCNTs, most
researchers opt for powders and employ some method to stir the powders during treatment to
expose as much material as possible to the plasma [107, 197, 199]. In this thesis, MWCNTs
were plasma treated while still on the SS mesh where they were synthesized. As shown in
Figure 6.2, MWCNTs form an open forest which is amenable to plasma treatment. However,
given that the mesh was laid flat on the electrode, a portion of the MWCNTs were hidden
under the mesh and could be expected to be less exposed to the plasma. Furthermore, the
density of MWCNTs increases as we approach the mesh. These potential barriers to the
PP deposition compelled us to verify the uniformity of the PP on the MWCNTs given our

current PECVD setup.

When coating a flat surface, the coating’s thickness can be chosen based on a known
deposition rate. For a porous material like the MWCNTs on the mesh however, not all
sections of the material may be coated uniformly. Given that the end goal for this project
was to have coated MWCNTs which could be dispersed in water, variations in the coating’s
thickness among MWCNTs wouldn’t necessarily be an issue as long as they were all coated.
Therefore, two sets of plasma treatments on MWCNTs, with changing deposition times
(PPE:N: 0.5, 1, 4 and 10 min; PPE:O: 0.5, 4, 10, 20 min), were conducted to try to find
the optimal treatment time. For each experiment, a MWCNT-covered mesh and a piece of

Si wafer were placed on the electrode. XPS measurements were conducted on each mesh
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approximately at the points shown on Figure A.1. The chemical composition of the deposit

on the Si wafer was also recorded.

Figure A.2 shows the nitrogen content of Si-PPE:N and MWCNT-PPE:N with different
PP deposition time! . The composition of Si-PPE:N does not change with deposition time.
However, on the front side of the MWCNT samples (exposed directly to the plasma), the
nitrogen content increases from 1 to 4 min and then stays constant. On the back of the
samples, an increase is also observed but does not reach the same value as in the front even
after 10 min of deposition. The changes in composition observed for MWCNTs are simply
due to changes in the PP thickness. With shorter deposition times, the signal detected by
the XPS is a mixture of MWCNT and PP, and as the PP coating becomes thicker, only
it is being detected by the XPS. This evolution is more easily observed with the change in
shape of the C 1s peak (Figure A.3). The C 1s peak for MWCNTs coated with PPE:N for
30 s looks like a combination of the pure MWCNT C 1s peak and some added functional
groups at higher binding energies. As the MWCNTs are treated for longer periods of time,
the C 1s peak shape transitions from that of MWCNT to pure PPE:N after 4 min. On the
back of the MWCNT mesh, the C 1s peak takes even longer (10 min) to correspond to that
of PPE:N. In contrast, the shape of the peak does not change over time for Si:PPE:N (not
shown here), again reinforcing the notion that it is not the coating which is changing in
composition but how much of the MWCNT forest is actually covered. As for the N 1s peak
on MWCNT-PPE:N (not shown here), it does not change in shape with different deposition

time. It only grows in intensity as more PP gets deposited on the MWCNTs.

! Note that the oxygen content of these samples is not shown here as it was always under
2 at%, except for the 30 s sample. On this sample, which would have a very thin PPE:N
coating, the oxygen measured probably comes from the MWCNT and not the PP coating.
Oxygen content of as-synthesized MWCNTs can be as high as 3.8 at% [200].

156



Figure A.1: Sample position on electrode, MWCNT mesh in the middle (dark grey) and Si
wafer on the side (light grey). For XPS measurements, the MWCNT mesh was cut along
the dashed line and one half of the sample was flipped in order to analyze its backside. The
circles show the approximate measurement positions (spot sizes are not to scale).
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Figure A.2: Nitrogen content of MWCNT-PPE:N with respect to deposition time.
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Figure A.3: Evolution of C 1s peak for MWCNT-PPE:N a) front, b) back.
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Another interesting observation is the variation in composition at different positions on
the samples (see error bars in Figure A.2). For the front, the variation between positions on
the sample are very small (except for 30 s) suggesting a uniform thickness of the PP coating
throughout. However, more variability is observed for the back of the samples. A plausible
explanation is that, since the meshes are not flat, but rather undulated due to the heating
process and carbon absorption into the mesh during MWCN'T synthesis, some sections of
the mesh (especially the edges) are sometimes curled up and may be more exposed to the

plasma. A thicker coating can then be found on those sections of the sample.

Figure A.4 shows the oxygen content of MWCNT-PPE:O (nitrogen content was less
than 1 at% on all samples). Note that the O content for Si-PPE:O at 30 s is not provided
because the coating was too thin and the XPS survey spectrum showed the PP as well as
the substrate underneath. Nevertheless, similar observations as with PPE:N can be made
for PPE:O, notably that the composition of the PP does not change with time as can be
seen with the results for Si:PPE:O. Again, the increase in PP thickness deposited on the
MWCNTs can be observed through the shape changes of the C 1s peak (Figure A.5). The
back of the meshes with MWCNT-PPE:O seem to be coated very thinly as the C 1s peak
shape barely changes from that of pure MWCNT. However, the O 1s peak from the back
side of the MWCNT samples shows that there is a change occurring even as early as 30 s

after plasma initiation (Figure A.6).

When working with a 3D structure, not only is it important to verify how the PP deposits
on all the different exposed faces, but also if PP deposition happens in porous structures. In
the case of the samples in this study, the MWCNTs are well separated far from the mesh but
towards the mesh, their density increases. For the purposes of making a stable nanofluid, it
is not necessary to coat the entire MWCNT, as about 1 yum remains rooted to the mesh after

sonication [6]. However, it would still be useful to better evaluate how much of the tube is
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coated. Other researchers have investigated how PP coatings deposit in high aspect ratio
features (trenches for example) [201, 202, 203|. They observed that for pores below a few
pm, no deposition occurs. This is due to the fact that a plasma cannot be sustained inside
such small pores [204]. Furthermore, although neutral gaseous molecules may diffuse inside
the pore, the charged species generated in the plasma bulk that participate in the plasma
polymerization may not diffuse inside the pore due to the plasma sheath [202]. Even in cases
where the plasma sheath does not stop diffusion of the charged species, if these species have
high sticking coefficients, they may not coat the inside of pores. These species with high
sticking coefficient will immediately react and deposit as they reach the pore opening if they
touch the walls [114]. For deposition at the end of the pore, a molecule would need to enter
the pore in a straight line and suffer no collisions which is more unlikely. Unfortunately, no
experiments could be designed to properly investigate this issue with the MWCNTs on the

mesh, and therefore this remains an open question to be investigated.
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The results above do not justify the choice of deposition time used for the studies
presented in this thesis. For MWCNT-PPE:N, samples were treated for 4 min, which is
sufficient for the front side of the samples but insufficient for the back side. For MWCNT-
PPE:O, samples were treated for 20 min, but according to the XPS results presented in this
appendix, 4 min would have been sufficient for the front side. These choices were mostly
based on trial and error and on the performance of the MWCNT-PPE:X when dispersed in

water.

Clearly many questions remain regarding the composition and structure of MWCNT-
PPE:X. In conjunction with the development of new methods to characterize this material,
design of a more suitable PECVD chamber for the samples used would be necessary to avoid
heterogeneous deposition (for example, a PECVD chamber where the mesh can be held

upright and both sides are exposed to the plasma).
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