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ABSTRACT 

An Investigation of Carbon-based Nanomaterials for Efficient 

Energy Production and Delivery 

by 

Varun Shenoy Gangoli 

Carbon-based nanomaterials have been demonstrated to have many potential applications 

in the energy industry including electricity transmission and solar cells for single wall carbon 

nanotubes (SWCNTs), and saturated oil residual (SOR) detection and quantification in 

underground reservoirs. However, there are many challenges in their implementation. The chirality 

of SWCNTs defines their electronic properties, and obtaining an ensemble of SWCNTs of the 

same chirality has been a problem studied for over two decades with no clear solution yet. Other 

carbon-based nanomaterials, such as carbon black aggregates, are hydrophobic in nature and 

quantifying oil content in reservoirs necessitates their dispersal in an aqueous solvent which is not 

a trivial process. Another application in the oil and gas industry is enhanced oil recovery (EOR), 

and there is a need for an inexpensive, stable, and efficient surfactant compared to currently used 

industrial solutions.  

The challenge of producing SWCNTs of the same chirality was investigated in this thesis 

using two approaches- separation after synthesis of SWCNTs of mixed chiralities, and chemical 

control over chirality of as-synthesized SWCNTs. Agarose gel-based affinity chromatography was 

used as a means towards highly semiconductor- enriched SWCNTs using a family of nonionic 

surfactants. UV-vis-NIR spectroscopy, Raman spectroscopy and photoluminescence spectroscopy 

was used to quantify the separation efficiency of the metal- and semiconductor-enriched SWCNTs. 

This process is an improvement over other chromatography-based techniques in that the nonionic 

surfactants used are less expensive, enable a higher purity of semiconductor SWCNTs (>95%) and 

decompose fully by simply heating in air thus leaving behind pristine SWCNTs. The second 

approach was based on using catalyst dopants to preferentially synthesize SWCNTs of a particular 

chirality at the expense of SWCNTs of other chiralities. Heterogeneous catalysis combined with 



the screw dislocation theory of SWCNT growth provided the background for this work, and both 

selenium and phosphorus were identified as chemical dopants for iron catalysts. Both selenium 

and phosphorus were demonstrated to have a direct effect on the average number density and 

length of SWCNTs, and selenium also was shown to have a direct control over the growth rate of 

SWCNTs. This, combined with preliminary spectroscopy results, suggests chirality control over 

the as-synthesized carbon nanotubes and, coupled with the improved chiral separation technique, 

establishes a framework to expand upon.  

The experience from handling CNTs and collaborative work on phase transfer of 

hydrophobic carbon-based nanomaterials into aqueous solvents for applications including 

saturated oil residual (SOR) detection and quantification in underground reservoirs helped 

recognize the potential of hydrophobically modified polymers as surfactants for EOR. Polystyrene 

sulfonate was chosen as the polymer of study owing to ease of availability, low cost of the 

precursor material and aromatic sulfonates already being studied for EOR. Controlled 

desulfonation of PSS was achieved by rapid heating of an aqueous solution of PSS in a microwave 

reactor under acidic conditions, with the reactant temperature and pH having a strong effect on the 

degree of desulfonation of the product ranging from 4.9% (as-obtained PSS) to 40%. Dynamic 

light scattering of the desulfonated PSS (termed PDS) in brine showed good stability of the 

polymer aggregates at temperatures as high as 150 ºC, and tensiometry with aromatic oils such as 

toluene and aliphatic oils such as Isopar L showed good surface activity with interfacial tension 

going as low as 10-2 mN/m. Breakthrough experiments with sand packed columns at the lab scale, 

and core flooding at an independent facility confirmed good propagation of PDS through materials 

such as Berea sandstone, with minimal plugging and adsorption losses. 
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Chapter 1 

  

Background and Research Overview 

 
Carbon-based nanomaterials for energy applications is the core theme of my dissertation. The 

first two chapters describe work done using carbon nanotubes- preferential growth of metallic or 

semiconductor type carbon nanotubes for potential applications such as electric grid transmission 

to reduce energy losses, or as solar cell devices for energy harvesting and storage. Catalysis and 

chemical growth modulating agents were used in the first route, whereas the understanding of 

how surfactants aid in aqueous dispersions of hydrocarbons and affinity chromatography using 

agarose gel was used in the second route. Learning how surfactants work on the molecular level, 

and how they participate in hydrophilic-lipophilic interactions at the interface of two phases 

provided the basis for the enhanced oil recovery (EOR) project. Specifically, the need for a new, 

inexpensive surfactant-based EOR method was understood to help extract oil from reservoirs. 

Traditional surfactants and polymer-derived surfactants have drawbacks including stability, cost 

and oil mobilization efficiency. Hydrophobically modified polystyrene sulfonate was proposed 

as a solution, and chapter 5 describes the work done on this project including the preparation of a 

library of materials referred to as PDS (partially desulfonated surfactant) and characterization for 

surface activity, stability and propagation in model reservoir systems. 

 

1.1. Introduction to Carbon Nanotubes 

Carbon nanotubes (CNTs) are one of 8 recognized allotrophic forms of carbon, the others being 

diamond, graphite, amorphous carbon, C60 buckminsterfullerene, lonsdaleite, C540 fullerite and 

C70 fullerene [1]. CNTs have cylindrical structures with very high length to diameter ratios. 

Although they have been synthesized, observed and reported in the 1950-1970s [2-6], it was not 

until Iijima’s article in 1991 [7] that nanotubes became recognized as helical arrangements of 

carbon atoms to give a cylindrical nanostructure. Iijima was also the first to report single and 

multi wall carbon nanotubes [8], with coaxial cylinders of carbon atoms in the latter case. As 

more research was conducted, more properties of CNTs were reported including mechanical 

(high tensile strength and Young’s modulus [9], high bulk modulus [10], wettability [11]), 

1 



electrical (variable bandgap [12], high electrical conductivity [13], superconductivity [14]), and 

thermal [15]. Some of these properties translated well from the nano scale to the bulk scale in 

terms of composite materials incorporating CNTs, especially with mechanical properties [16, 17] 

which resulted in multiple different applications including sports equipment and navigation 

vehicles. But electrical properties in particular simply did not scale well, even with micrometer 

size fibers spun from CNTs [18]. In fact, reports of inconsistent measurements of electrical 

properties of CNT ensembles showed that not all CNTs behaved identically.  

Reports from Dresselhaus and other researchers [19-21] confirmed that the electrical 

properties of CNTs are tied to the number of walls of the CNT and also the helical arrangement 

of the carbon atoms. Figure 1.1 adapted from Saito’s work in 1991 [22] shows a 2D arrangement 

of single atom thick carbon. This sheet of carbon, which we now call graphene, can be 

characterized such that each carbon atom can be described using the unit vectors a1 and a2. If a 

single wall carbon nanotube (SWCNT) can be conceptualized by rolling this graphene sheet such 

that the leading atom is defined by the C = na1 +ma2, where n, m are scalar values, then the 

eventual chirality of the SWCNT can also be described in terms of the vector C. In fact, (n,m) is 

a set of indices described as the chiral indices of the nanotube. There are limitations to the values 

of (n,m) based on thermodynamics and this also dictates the electrical properties of the SWCNT 

[23]. As a simple set of rules, if m = 0 the resulting SWCNT is termed a zigzag SWCNT and 

these are semiconductors. If n = m then the SWCNT is called an armchair nanotube and these are 

metals. If (n-m) is a multiple of 3 then they are also metals with the other cases being 

semiconductors of varying bandgaps.  
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Figure 1.1. A 2D graphene sheet with the carbon atoms defined in terms of the chiral vector C = 

na1 +ma2. The SWCNT formed by rolling up the graphene sheet based on the leading atom 

defines the chirality of the SWCNT with (n,m) being its chiral indices and it dictating the 

electrical properties of the SWCNT. 

 

1.2. Carbon Nanotube Synthesis 

While the rolling up of the graphene sheet is useful to understand the SWCNT chirality, it is not 

how SWCNTs, or CNTs in general, are synthesized. There are 3 general methods by which 

CNTs are produced. 

 

1.2.1 Arc Discharge 

Arc discharge uses a low voltage (~12-25 V) and high current (50-120 A) power supply to 

produce an electric arc between two graphite electrodes separated by ~1 mm and exposed to Ar 

or He environment at ~ 500-1000 torr. This method has been developed [24-26] to produce high 

quality multiwall carbon nanotubes (MWCNTs) by controlling the pressure of the inert gas as 

well as the current. In order to produce SWCNTs, the anode is doped with metal catalysts like 

Co and Ni. The latest developments [27] in SWCNT synthesis from arc discharge utilize a Y:Ni 

mixture of catalysts to produce up to 90 wt% SWCNTs with average diameter of ~1.4 nm. The 

main issue with this method is that there tend to be a lot of byproducts that need to be removed 

by extensive purification. Figure 1.2 shows a general schematic of arc discharge for CNT 

synthesis. 
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Figure 1.2. General schematic of an arc discharge setup where a high current arc between two 

graphite electrodes produces CNTs. Catalysts such as Ni and Co are added to the anode to 

promote SWCNT growth. 

 

1.2.2 Laser Ablation 

First reported by the Smalley group at Rice [28] to have successful CNT synthesis, this method 

uses intense laser pulses (Kr-F or Nd-Y-Al-Garnet laser) hitting a 99% graphite, 1% Ni/Co 

composite source target placed in a quartz furnace under a continuous flow of He or Ar at ~ 500 

torr and 1200 °C. The laser blasts result in the formation of catalyst nanoparticles (NPs) in a 

graphite cloud that catalyze SWCNT growth as well as other materials like fullerenes and 

amorphous coke. The inert gas stream carries the product onto a cold finger for collection. One 

can achieve around 85% SWCNT purity in the final product with average diameter around 1.2 to 

1.6 nm [28, 29]. Figure 1.3 shows a general schematic of a laser ablation setup for CNT 

synthesis. 
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Figure 1.3. General schematic of a laser ablation setup where SWCNT growth is carried out by 

the metal catalyst NPs formed in the graphite cloud formed when the laser hits the target and is 

transported for collection in the cold finger by inert gas flow. 

 

1.2.3 Chemical Vapor Deposition (CVD) 

CVD was first reported as a carbon nanofiber growth technique by Endo in 1976 [30] who later 

reported the synthesis of highly defective MWCNTs in 1993 by a similar CVD process [31]. The 

technique essentially involves exposing a suitable combination of carbon source and catalyst 

material with the operating conditions being specific to different scenarios. A comprehensive list 

of these permutations [32] for different catalysts, support materials, carbon source, chamber 

pressure and temperature is available. CVD is a very broad category by itself with some such 

permutations specialized for production of SWCNTs of specific diameters, lengths and to some 

extent even chirality. The simplest of CVD approaches is to flow a hydrocarbon over a supported 

metal catalyst placed in a quartz tube inside a heating furnace, and a general schematic is seen in 

figure 1.4. Some specialized versions such as plasma enhanced CVD (PECVD) [33] allow for 

use of growth temperatures lower than permitted by standard CVD, which in turn allows for use 

of specialized substrates such as glass. Lower synthesis temperatures also result in more uniform 

CNT synthesis and also a lower degree of byproduct formation. Due to the higher degree of 

control over CNT synthesis, CVD has been adopted more than arc discharge and laser ablation 

techniques. 
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Figure 1.4. General schematic of simple CVD system where the SWCNTs are synthesized by 

the catalytic decomposition of the flowing carbon source at the desired operating conditions. 
 

1.3. SWCNT Growth Mechanism 

1.3.1 High Temperature Processes (Arc Discharge and Laser Ablation) 

1.3.1.1 Vapor-Liquid-Solid (VLS) model 

First described in the context of SWNTs by Saito in 1995 [34], the VLS model remains the most 

established growth model for high temperature growth processes and, as shall be seen later, for 

CVD processes as well.  

After vaporization of carbon and metal from the starting material has occurred, the 

temperature reduces as growth commences. The VLS model assumes as the 1st step, the co-

condensation of the carbon and metal from the vapor phase to form a stable, liquid metal-carbide 

particle. On further cooling, carbon precipitates out of the super-saturated particles and either 

forms a graphitic coat all over the particle or forms the seeds for nucleating SWCNTs. SWCNT 

growth then occurs as more carbon is incorporated at the base. Figure 1.5 shows a simple 

schematic of the VLS model. The VLS model will be described in further detail when 

considering the CVD growth process. 
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Figure 1.5. General schematic of the Vapor-Liquid-Solid (VLS) model of SWCNT synthesis. 

Carbon feedstock in the vapor phase forms a co-condensate with the catalyst in a molten phase 

which then precipitates out as a solid SWCNT. 

 

1.3.1.2 Solid State model 

More recent studies indicate that the VLS model might not be accurate for high temperature 

growth processes. Heating fullerene soot to 3000 °C has been reported [35] to form SWCNTs 

and carbon nanocones. The model proposed by the authors involves the evaporated carbon 

condensing into fullerene soot that in turn forms seeds for CNT growth. However, this fails to 

explain why SWCNTs don’t grow in the absence of metal particles. It also does not explain why 

the carbon present in the fullerene soot develops into CNTs instead of other geometries like 

spherical nanoparticles. 

Another solid state model was proposed [36] by studying SWCNT growth using laser 

ablation involving a Nd:YAG (Neodymium-doped yttrium aluminum garnet) laser on a 

graphite/Ni-Co target. The proposal here was that SWCNT growth occurred only after carbon 

had formed aggregated clusters or nanoparticles. Heat treatment of soot containing short 

nanotubes (~50 nm average length) as “seeds” at 1000-1600 °C produced micron long SWCNTs. 

They put forth a model where the laser vaporizes carbon and Ni/Co atoms. Upon cooling, carbon 

forms clusters first followed by the metal atoms. At this stage, both carbon and metal atoms are 

condensed as solid and growth occurs hence as a solid state process.  
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Yet another report [37] proposed that the solid disordered carbon formed after 

condensation being penetrated by molten liquid metal particles that dissolves the carbon and 

precipitates the atoms on the particle surface as SWCNTs. The collective mechanism is called 

the Solid-Liquid-Solid (SLS) mechanism and is illustrated in figure 1.6. 

 

Figure 1.6. Illustration of the Solid-Liquid-Solid (SLS) mechanism of SWCNT synthesis for 

high temperature growth processes. Solid carbon forms a molten co-condensate with the catalyst 

which then precipitates out as a solid SWCNT. 

 

Kataura demonstrated a similar solid state growth by using a graphite/Ni-Co target at 

500-700 °C to make soot which in turn was heated in argon at 1200 °C to produce SWNTs. This 

model emphasizes the importance of fullerene-like fragments as intermediates to SWCNT 

growth. First, the carbon clusters formed during condensation nucleate into fullerene-like 

fragments. The metal atoms condense at a later stage and form particles that get supersaturated 

by carbon and then get covered by the fragments on the surface such that there are no dangling 

bonds. These fragments act as seeds for SWCNT growth and the model is illustrated in figure 

1.7. 
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Figure 1.7. Illustration of Kataura’s solid state growth model wherein disordered carbon 

nucleates into fullerene fragments that act as seeds for SWNT growth on metal nanoparticle. 

 

1.3.2 Low Temperature Processes (CVD) 

1.3.2.1 Vapor-Liquid-Solid (VLS) model 

The VLS growth model carries on from what was seen above for high temperature processes and 

is composed of 4 simple steps: 

 Mass transfer of carbon source from gas (carbon source) bulk phase to the catalyst 

surface; 

 Surface reaction of the carbon source by the catalyst to give free carbon atoms and H2; 

 The carbon atoms diffuse around the surface of the catalyst which is thought to remain as 

a solid, or diffuses through the catalyst bulk and forms a liquid-like metal carbide; 

 Diffusion continues until the SWCNT nucleates through to the other side of the catalyst 

surface, and further dissolution of carbon results in SWCNT growth. 

The rate limiting step for the whole process determines the overall SWCNT growth rate with the 

various resistances indicated in figure 1.8. Diffusion of the carbon through the catalyst is 

generally considered to be the rate limiting step. 
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Figure 1.8. A representation of the major steps in CNT growth and how the individual 

resistances play out in the overall scheme. Diffusion through the catalyst is generally considered 

to be the rate limiting step. 

 

Some of the 1st row transition metals (Fe, Ni, Co) being good catalysts for SWNT growth 

can be explained by taking a look at the metal-carbon binary phase diagram. Consider a Fe-C 

system where carbon content is increasing in iron. As seen from the phase diagram in figure 1.9, 

when the carbon content reaches approximately 2-6 wt% at temperatures typical of the CVD 

process, a eutectic transformation occurs resulting in a liquid-like iron carbide [38]. This is not a 

true liquid at the nanoscale, but just a loss of the well-defined outer shape that imparts a liquid-

like behavior. 
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Figure 1.9. The Fe-C binary phase diagram. As carbon content in Fe increases past 2 wt%, a co-

condensate of carbon and iron in the molten phase is formed. Increasing carbon content further 

precipates carbon out as a solid, in this case a CNT. 

 

1.3.2.2 Vapor-Solid-Solid (VSS) model 

Work done using nontraditional CVD catalysts showed that there was no metal carbide 

formation in the SWCNT growth mechanism [39-41]. CNT growth from solid state Fe3C carbide 

nanoparticles was observed using high resolution in-situ TEM. This experimental work was 

backed by molecular dynamics simulations [42] to bring out some limitations in the VLS 

mechanism. The proposed growth mechanism here is that the catalyst is fully covered with 

carbon fragments, mostly of the C2 type, which then form chains and nucleate a fullerene cap 

over the catalyst NP. Here, carbon from the vapor phase forms solid phase carbon links and 

chains which then nucleate into a solid phase SWNT. Thus, this mechanism is called the Vapor-

Solid-Solid mechanism of SWNT growth from CVD. 

For my work in chapters 2 and 3, an iron-carbon based CVD setup is used and the VLS 

model is taken to be valid here. 

 

1.4. Enhanced Oil Recovery 

Crude oil has been the driving force for the industrial revolution from the 19th century. As more 

oil fields were discovered, so too were the means to extract them and process them. The simplest 
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means of extraction involved simply drilling a hole into the ground, also known as primary 

recovery, and this method relied on the built-up pressure in underground reservoirs to push up 

crude oil, along with ground water, out the drilled production well until pressure normalized 

relative to the surface [43]. Holes of typical depth 20-75 feet were common in the 19th and 20th 

centuries, and it is estimated that approximately 10% of the crude oil deposits are recovered by 

this method [38]. Secondary recovery then involves a separate injection well further away from 

the production well to pump in water into the reservoir, most of which was obtained from the 

primary recovery itself. As the aqueous stream travels underground from the pumping pressure, 

it pushes the crude oil further and up the production well. This step is estimated to recover ~30-

35% of the crude oil deposits [38]. The remaining oil is the hardest to recover and tertiary 

recovery techniques come into play. Enhanced oil recovery (EOR) is simply the use of several 

different tertiary recovery techniques to mobilize the remaining oil out of the reservoir. Figure 

1.10 illustrates the general oil recovery in action. 

 

 

Figure 1.10.  An illustration of the primary, secondary and tertiary/enhanced oil recovery from an 

underground reservoir. Steam injection is used to show the EOR technique above. 

 

There are multiple different methods under EOR including bioremediation [44, 45], 

steam flooding [46], CO2 flooding [47, 48], seismic stimulation [49] and flue gas injection [50]. 

Applicability of different methods depends on the individual reservoir (depth, soil type, 

temperature, pressure and so on), and one of the more universally applicable EOR methods is 

polymer/surfactant flooding [51, 52] due to having the option of using different materials that 

suit different reservoirs. The materials chosen tend to be water soluble [53, 54] so as to use an 
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aqueous carrier stream pumped down an injection well, and the reduction of interfacial tension 

between the oil and water phase results in a mobile oil bank which is collected from a production 

well. Hydrophobically modified polymers [55, 56] have also been used in lieu of surfactants to 

lower the interfacial tension between the two phases. 

Hydrophobically modified polymers are generally prepared [57, 58] by micellar 

polymerization wherein copolymers of the hydrophobically modified units are randomly 

distributed as small blocks in the parent polymer chain. Polymers including polysaccharides and 

polyamides have been used in the late 21st century in chemical flooding EOR, but they have 

drawbacks. They generally have poor mobility through the underground reservoirs [59, 60] and 

can lead to plugging of the porous rocks, thus trapping oil inside. Polymers such as 

polysaccharides are prone to be hydrolyzed [61] in presence of water and change their molecular 

structure. Some polymers such as Xanthan gum are also expensive while others are very prone to 

shear forces (example: polyacrylamides) leading to bond cleavage [51, 61, 62].  

There is thus a need for polymers that are inexpensive, stable at reservoir conditions of 

high temperature, stable in a high salinity carrier stream, and also act like a surfactant that 

reduces the interfacial tension between the aqueous phase and the oil phase. Hydrophobically 

modified polystyrene sulfonate (PSS) was proposed to satisfy these criteria. 

 

1.5. Polystyrene Sulfonate Synthesis and Applications 

Polystyrene (PS) is a synthetic polymer of styrene, and is one of the most widely used plastics 

with applications in the packaging and container industry. It is a thermoplastic, and is completely 

hydrophobic. Polystyrene sulfonate (PSS) has a sulfonate functional group attached as seen in 

figure 1.11, and this changes the properties of the resulting polymer drastically. PSS can have 

different counter ions including sodium, potassium or even hydrogen (as sulfonic acid), but this 

is now hydrophilic.  
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Figure 1.11. Molecular structures of (a) polystyrene (PS) and (b) polystyrene sulfonate (PSS). 

PSS here is in the sodium form with a sodium counter ion. 

 

PSS is synthesized by gas phase sulfonation of polystyrene [63, 64], liquid phase 

sulfonation of polystyrene [65, 66] or polymerization of styrene sulfonate [67-69]. Commercial 

vendors such as Sigma-Aldrich obtain PSS from the gas phase sulfonation of PS [70], and as-

purchased PSS tends to not be 100% sulfonated, with reports estimating the degree of 

sulfonation from 93-97% varying across batches [71]. PSS, in the sodium form, is generally used 

in the medical industry to treat hyperkalemia (high potassium levels in blood serum) [72]. The 

counter ion exchange from sodium to potassium decreases potassium concentration in the blood, 

and the potassium form of PSS is safely removed as a by-product of the human digestion 

process. This ion exchange property is also used in water softening [73, 74] to remove excess 

calcium and magnesium from hard water. The biodegradability of PSS, combined with safety for 

human consumption, has even led to some novel applications as antimicrobial agents [75]. 

PSS as purchased from vendors is not hydrophobic enough to be considered for 

surfactant based EOR. Desulfonation of PSS even further would result in increased hydrophicity 

of the polymer chain, and controlled desulfonation can result in a block copolymer-type structure 

with varying polystyrene and polystyrene sulfonate segments. This is the basis for choosing 

partially desulfonated PSS as a potential EOR surfactant candidate. 

 

1.6. Research Overview 

Chapter 2 describes my work on improving the post synthesis separation of single wall carbon 

nanotubes (SWCNTs) to preferentially metal- and semiconductor-enriched ensembles. 

Specifically, the improved process is based on agarose gel affinity chromatography and usage of 
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two different surfactants to preferentially elute metal/semiconductor (M/S) enriched SWCNTs. 

The process takes less time compared to other published methods, has higher efficiency of 

separation and has the potential to yield pristine semiconductor-enriched SWCNTs. This work 

has been published in 2014 as an invited article in a peer reviewed journal, and I am the first 

author. 

Chapter 3 describes my work on modulating iron growth catalyst to have chemical 

control over SCWNT synthesis. Selenium was selected as a growth modulator and a new CVD 

reactor was set up to test the effects of selenium on any chiral and/or length selective SWCNT 

growth. The work done on this project establishes control over SWCNT growth rate by changing 

the concentration of the selenium precursor, which in turn is linked to SWCNT chirality via the 

screw dislocation theory of CNT growth and some characterization experiments. 

Chapter 4 describes some of my collaborative efforts that led to publications in peer 

reviewed journals. All three collaborations involve taking a hydrophobic form of carbon and 

functionalizing it to be hydrophilic for various different applications- nanodiamonds, carbon 

black and graphene oxide. 

Chapter 5 describes my work on the synthesis of amphiphilic polymers for EOR 

applications, specifically the controlled desulfonation of polystyrene sulfonate to yield a family 

of materials of varying degrees of desulfonation and interfacial activity with oils such as toluene. 

The samples with ultralow interfacial tension (IFT) value were tested for stability in conditions 

of high temperature and salinity with crushed reservoir rock, and then underwent successful core 

flooding experiments at a specialized reservoir characterization institute. 

 

1.7. References 

1. Hirsch, A., The era of carbon allotropes. Nat Mater, 2010. 9(11): p. 868-871. 

2. Baird, T., J.R. Fryer, and B. Grant, Structure of Fibrous Carbon. Nature, 1971. 

233(5318): p. 329-330. 

3. Baird, T., J.R. Fryer, and B. Grant, Carbon formation on iron and nickel foils by 

hydrocarbon pyrolysis—reactions at 700°C. Carbon, 1974. 12(5): p. 591-602. 

4. Davis, W.R., R.J. Slawson, and G.R. Rigby, An Unusual Form of Carbon. Nature, 1953. 

171(4356): p. 756-756. 

5. Hofer, L.J.E., E. Sterling, and J.T. McCartney, Structure of Carbon Deposited from 

Carbon Monoxide on Iron, Cobalt and Nickel. The Journal of Physical Chemistry, 1955. 

59(11): p. 1153-1155. 

15 



6. Walker, P.L., J.F. Rakszawski, and G.R. Imperial, Carbon Formation from Carbon 

Monoxide-Hydrogen Mixtures over Iron Catalysts.I. Properties of Carbon Formed. The 

Journal of Physical Chemistry, 1959. 63(2): p. 133-140. 

7. Iijima, S., Helical microtubules of graphitic carbon. Nature, 1991. 354(6348): p. 56-58. 

8. Iijima, S. and T. Ichihashi, Single-shell carbon nanotubes of 1-nm diameter. Nature, 

1993. 363(6430): p. 603-605. 

9. Yu, M.-F., O. Lourie, M.J. Dyer, K. Moloni, T.F. Kelly, and R.S. Ruoff, Strength and 

Breaking Mechanism of Multiwalled Carbon Nanotubes Under Tensile Load. Science, 

2000. 287(5453): p. 637-640. 

10. Popov, M., M. Kyotani, R.J. Nemanich, and Y. Koga, Superhard phase composed of 

single-wall carbon nanotubes. Physical Review B, 2002. 65(3): p. 033408. 

11. Wang, Z., L. Ci, L. Chen, S. Nayak, P.M. Ajayan, and N. Koratkar, Polarity-Dependent 

Electrochemically Controlled Transport of Water through Carbon Nanotube Membranes. 

Nano Letters, 2007. 7(3): p. 697-702. 

12. Lu, X. and Z. Chen, Curved Pi-Conjugation, Aromaticity, and the Related Chemistry of 

Small Fullerenes (<C60) and Single-Walled Carbon Nanotubes. Chemical Reviews, 

2005. 105(10): p. 3643-3696. 

13. Hong, S. and S. Myung, Nanotube Electronics: A flexible approach to mobility. Nat 

Nano, 2007. 2(4): p. 207-208. 

14. Takesue, I., J. Haruyama, N. Kobayashi, S. Chiashi, S. Maruyama, T. Sugai, and H. 

Shinohara, Superconductivity in Entirely End-Bonded Multiwalled Carbon Nanotubes. 

Physical Review Letters, 2006. 96(5): p. 057001. 

15. Pop, E., D. Mann, Q. Wang, K. Goodson, and H. Dai, Thermal Conductance of an 

Individual Single-Wall Carbon Nanotube above Room Temperature. Nano Letters, 2006. 

6(1): p. 96-100. 

16. Coleman, J.N., U. Khan, W.J. Blau, and Y.K. Gun’ko, Small but strong: A review of the 

mechanical properties of carbon nanotube–polymer composites. Carbon, 2006. 44(9): p. 

1624-1652. 

17. Arash, B., Q. Wang, and V.K. Varadan, Mechanical properties of carbon 

nanotube/polymer composites. Scientific Reports, 2014. 4: p. 6479. 

18. Lekawa-Raus, A., J. Patmore, L. Kurzepa, J. Bulmer, and K. Koziol, Electrical 

Properties of Carbon Nanotube Based Fibers and Their Future Use in Electrical Wiring. 

Advanced Functional Materials, 2014. 24(24): p. 3661-3682. 

19. Mintmire, J.W. and C.T. White, Electronic and structural properties of carbon 

nanotubes. Carbon, 1995. 33(7): p. 893-902. 

20. Dresselhaus, M.S., G. Dresselhaus, and R. Saito, Physics of carbon nanotubes. Carbon, 

1995. 33(7): p. 883-891. 

21. Mintmire, J.W., B.I. Dunlap, and C.T. White, Are fullerene tubules metallic? Physical 

Review Letters, 1992. 68(5): p. 631-634. 

22. Saito, R., M. Fujita, G. Dresselhaus, and M.S. Dresselhaus, Electronic structure of chiral 

graphene tubules. Applied Physics Letters, 1992. 60(18): p. 2204-2206. 

23. Liu, Y., A. Dobrinsky, and B.I. Yakobson, Graphene Edge from Armchair to Zigzag: The 

Origins of Nanotube Chirality? Physical Review Letters, 2010. 105(23): p. 235502. 

24. Gamaly, E.G. and T.W. Ebbesen, Mechanism of carbon nanotube formation in the arc 

discharge. Physical Review B, 1995. 52(3): p. 2083-2089. 

16 



25. Hutchison, J.L., N.A. Kiselev, E.P. Krinichnaya, A.V. Krestinin, R.O. Loutfy, A.P. 

Morawsky, V.E. Muradyan, E.D. Obraztsova, J. Sloan, S.V. Terekhov, and D.N. 

Zakharov, Double-walled carbon nanotubes fabricated by a hydrogen arc discharge 

method. Carbon, 2001. 39(5): p. 761-770. 

26. Jung, S.H., M.R. Kim, S.H. Jeong, S.U. Kim, O.J. Lee, K.H. Lee, J.H. Suh, and C.K. 

Park, High-yield synthesis of multi-walled carbon nanotubes by arc discharge in liquid 

nitrogen. Applied Physics A, 2003. 76(2): p. 285-286. 

27. Journet, C., W.K. Maser, P. Bernier, A. Loiseau, M.L. de la Chapelle, S. Lefrant, P. 

Deniard, R. Lee, and J.E. Fischer, Large-scale production of single-walled carbon 

nanotubes by the electric-arc technique. Nature, 1997. 388(6644): p. 756-758. 

28. Guo, T., P. Nikolaev, A. Thess, D.T. Colbert, and R.E. Smalley, Catalytic growth of 

single-walled manotubes by laser vaporization. Chemical Physics Letters, 1995. 243(1–

2): p. 49-54. 

29. Puretzky, A.A., D.B. Geohegan, X. Fan, and S.J. Pennycook, Dynamics of single-wall 

carbon nanotube synthesis by laser vaporization. Applied Physics A, 2000. 70(2): p. 153-

160. 

30. Oberlin, A., M. Endo, and T. Koyama, Filamentous growth of carbon through benzene 

decomposition. Journal of Crystal Growth, 1976. 32(3): p. 335-349. 

31. Endo, M., K. Takeuchi, S. Igarashi, K. Kobori, M. Shiraishi, and H.W. Kroto, The 

production and structure of pyrolytic carbon nanotubes (PCNTs). Journal of Physics and 

Chemistry of Solids, 1993. 54(12): p. 1841-1848. 

32. Kumar, M. and Y. Ando, Chemical Vapor Deposition of Carbon Nanotubes: A Review on 

Growth Mechanism and Mass Production. Journal of Nanoscience and Nanotechnology, 

2010. 10(6): p. 3739-3758. 

33. Meyyappan, M., D. Lance, C. Alan, and H. David, Carbon nanotube growth by PECVD: 

a review. Plasma Sources Science and Technology, 2003. 12(2): p. 205. 

34. Saito, Y., Nanoparticles and filled nanocapsules. Carbon, 1995. 33(7): p. 979-988. 

35. Harris, P.J.F., Solid state growth mechanisms for carbon nanotubes. Carbon, 2007. 45(2): 

p. 229-239. 

36. Puretzky, A.A., D.B. Geohegan, X. Fan, and S.J. Pennycook, In situ imaging and 

spectroscopy of single-wall carbon nanotube synthesis by laser vaporization. Applied 

Physics Letters, 2000. 76(2): p. 182-184. 

37. Gorbunov, A., O. Jost, W. Pompe, and A. Graff, Solid–liquid–solid growth mechanism of 

single-wall carbon nanotubes. Carbon, 2002. 40(1): p. 113-118. 

38. Deck, C.P. and K. Vecchio, Prediction of carbon nanotube growth success by the 

analysis of carbon–catalyst binary phase diagrams. Carbon, 2006. 44(2): p. 267-275. 

39. Takagi, D., Y. Homma, H. Hibino, S. Suzuki, and Y. Kobayashi, Single-Walled Carbon 

Nanotube Growth from Highly Activated Metal Nanoparticles. Nano Letters, 2006. 6(12): 

p. 2642-2645. 

40. Homma, Y., Y. Kobayashi, T. Ogino, D. Takagi, R. Ito, Y.J. Jung, and P.M. Ajayan, Role 

of Transition Metal Catalysts in Single-Walled Carbon Nanotube Growth in Chemical 

Vapor Deposition. The Journal of Physical Chemistry B, 2003. 107(44): p. 12161-12164. 

41. Liu, H., D. Takagi, S. Chiashi, T. Chokan, and Y. Homma, Investigation of Catalytic 

Properties of Al<sub 

xmlns="http://pub2web.metastore.ingenta.com/ns/">2</sub>O<sub 

xmlns="http://pub2web.metastore.ingenta.com/ns/">3</sub> Particles in the Growth of 

17 

http://pub2web.metastore.ingenta.com/ns/%22%3e2%3c/sub%3eO%3csub
http://pub2web.metastore.ingenta.com/ns/%22%3e3%3c/sub


Single-Walled Carbon Nanotubes. Journal of Nanoscience and Nanotechnology, 2010. 

10(6): p. 4068-4073. 

42. Page, A.J., K.R.S. Chandrakumar, S. Irle, and K. Morokuma, SWNT Nucleation from 

Carbon-Coated SiO2 Nanoparticles via a Vapor−Solid−Solid Mechanism. Journal of the 

American Chemical Society, 2011. 133(3): p. 621-628. 

43. F, P.E. and V.H. E, Recovery of viscous crude oil. 1958, Google Patents. 

44. Introduction to Enhanced Oil Recovery (EOR) Processes and Bioremediation of Oil-

Contaminated Sites, ed. L. Romero-Zerón. 2012: InTech. 330. 

45. Shu F., S.Y., Wang Z. and Kong S., Mechanism Analysis of Indigenous Microbial 

Enhancement for Residue Oil Recovery. Adv. Mat. Res., 2012. 365: p. 305-311. 

46. Thomas, S., Récupération assistée du pétrole : panorama. Oil & Gas Science and 

Technology - Rev. IFP, 2008. 63(1): p. 9-19. 

47. Martin, D.F. and J.J. Taber, Carbon Dioxide Flooding. 

48. Shaw, J. and S. Bachu, Screening, Evaluation, and Ranking of Oil Reservoirs Suitable for 

CO2-Flood EOR and Carbon Dioxide Sequestration. 

49. Pride, S., E. Flekkøy, and O. Aursjø, Seismic stimulation for enhanced oil recovery. 

GEOPHYSICS, 2008. 73(5): p. O23-O35. 

50. Shokoya, O.S., S.A. Mehta, R.G. Moore, B.B. Maini, M. Pooladi-Darvish, and A. 

Chakma, The Mechanism of Flue Gas Injection for Enhanced Light Oil Recovery. Journal 

of Energy Resources Technology, 2004. 126(2): p. 119-124. 

51. Hirasaki, G., C. Miller, and M. Puerto, Recent Advances in Surfactant EOR. SPE Journal, 

2011. 16(4): p. 889-907. 

52. Kamath, K.I. and S.J. Yan, Enhanced Oil Recovery by Flooding With Dilute Aqueous 

Chemical Solutions. Journal of Energy Resources Technology, 1981. 103(4): p. 285-290. 

53. Favero C., G.N., Marroni D., Water-soluble polymers for oil recovery, SPCM, Editor. 

2011: South Africa. 

54. Taylor, K.C. and H.A. Nasr-El-Din, Water-soluble hydrophobically associating polymers 

for improved oil recovery: A literature review. Journal of Petroleum Science and 

Engineering, 1998. 19(3–4): p. 265-280. 

55. Gaillard N., F.C., Enhanced oil recovery process using water soluble polymers having 

improved shear resistance, SPCM, Editor. 2013: South Africa. 

56. Zolfaghari, R., A.A. Katbab, J. Nabavizadeh, R.Y. Tabasi, and M.H. Nejad, Preparation 

and characterization of nanocomposite hydrogels based on polyacrylamide for enhanced 

oil recovery applications. Journal of Applied Polymer Science, 2006. 100(3): p. 2096-

2103. 

57. Xue, W., I.W. Hamley, V. Castelletto, and P.D. Olmsted, Synthesis and characterization 

of hydrophobically modified polyacrylamides and some observations on rheological 

properties. European Polymer Journal, 2004. 40(1): p. 47-56. 

58. Candau, F. and J. Selb, Hydrophobically-modified polyacrylamides prepared by micellar 

polymerization. Advances in Colloid and Interface Science, 1999. 79(2–3): p. 149-172. 

59. Wassmuth, F.R., K. Green, W. Arnold, and N. Cameron, Polymer Flood Application to 

Improve Heavy Oil Recovery at East Bodo. 

60. Levitt, D., A. Jackson, C. Heinson, L.N. Britton, T. Malik, V. Dwarakanath, and G.A. 

Pope, Identification and Evaluation of High-Performance EOR Surfactants. Society of 

Petroleum Engineers. 

18 



61. O’Brien, B.M., Enhanced oil recovery chemical needs. Journal of the American Oil 

Chemists Society, 1982. 59(10): p. 839A-852A. 

62. Reed, R.L. and R.N. Healy, Some Physicochemical Aspects of Microemulsion Flooding: 

A Review, in Improved Oil Recovery by Surfactant and Polymer Flooding, D.O. Shah and 

R.S. Schechter, Editors. 1977, Academic Press. p. 383-437. 

63. Kim, G., R. Salovey, and J. Aklonis, Synthesis of Conducting Composite Polymer Beads, 

in Advances in New Materials, J.C. Salamone and J. Riffle, Editors. 1992, Springer US. 

p. 213-220. 

64. Olsen, D.A. and A.J. Osteraas, Sulfur modification of polyethylene surfaces. II. 

Modification of polyethylene surfaces with fuming sulfuric acid. Journal of Polymer 

Science Part A-1: Polymer Chemistry, 1969. 7(7): p. 1921-1926. 

65. Kučera, F. and J. Jančař, Preliminary study of sulfonation of polystyrene by homogeneous 

and heterogeneous reaction. Chemical Papers, 1996. 50(4): p. 224-227. 

66. Carroll, W.R. and H. Eisenberg, Narrow molecular weight distribution 

poly(styrenesulfonic acid). Part I. Preparation, solution properties, and phase 

separation. Journal of Polymer Science Part A-2: Polymer Physics, 1966. 4(4): p. 599-

610. 

67. Mannan, M.A., K. Fukuda, and Y. Miura, Living Radical Polymerization of Sodium 4-

Styrenesulfonate Mediated by New Water-Soluble Nitroxides. Polym. J, 2007. 39(6): p. 

500-501. 

68. Mock, R.A., Polymerization of styrene sulfonic acid. 1964, Google Patents. 

69. Iddon, P.D., K.L. Robinson, and S.P. Armes, Polymerization of sodium 4-

styrenesulfonate via atom transfer radical polymerization in protic media. Polymer, 

2004. 45(3): p. 759-768. 

70. Phone interview with Sigma Aldrich technical service representative. 2013. 

71. Sen, A.K., S. Roy, and V.A. Juvekar, Effect of structure on solution and interfacial 

properties of sodium polystyrene sulfonate (NaPSS). Polymer International, 2007. 56(2): 

p. 167-174. 

72. Scherr, L., D.A. Ogden, A.W. Mead, N. Spritz, and A.L. Rubin, Management of 

hyperkalemia with a cation-exchange resin. New England Journal of Medicine, 1961. 

264(3): p. 115-119. 

73. Klein, G., S. Cherney, E.L. Ruddick, and T. Vermeulen, Calcium removal from sea water 

by fixed-bed ion exchange. Desalination, 1968. 4(2): p. 158-166. 

74. Tabatabai, A., J.F. Scamehorn, and S.D. Christian, Water Softening Using 

Polyelectrolyte-Enhanced Ultrafiltration. Separation Science and Technology, 1995. 

30(2): p. 211-224. 

75. Garg, S., K. Vermani, A. Garg, R.A. Anderson, W.B. Rencher, and L.J.D. Zaneveld, 

Development and characterization of bioadhesive vaginal films of sodium polystyrene 

sulfonate (PSS), a novel contraceptive antimicrobial agent. Pharmaceutical research, 

2005. 22(4): p. 584-595. 

 

19 



 

 

Chapter 2 

  

Using Nonionic Surfactants for Production of 

Semiconductor-type Carbon Nanotubes via Gel-

based Affinity Chromatography 
 

This work has been published in 2014 as an invited article in Nanomaterials and Nanotechnology 

(DOI: 10.5772/58828). All copyright belongs to the authors under the Creative Commons license. 

 

2.1. Introduction 

Single wall carbon nanotubes (SWCNTs) have remarkable properties such as high electrical 

conductivity, chemical reactivity and mechanical strength based on whether they are metallic or 

semiconducting. Metallic SWCNTs are the best electrical conductor on a unit mass basis, and 

semiconducting SWCNTs have potential applications as fluorescent tags in nanomedicine, solar 

energy and as nanoelectronic devices such as field effect transistors (FETs) [1-7]. However, 

SWCNTs are typically synthesized such that the ensemble contains both metallic and 

semiconducting types, and are handled as a powder comprised of huge aggregates of individual 

nanotubes. Methods to produce individual, unaggregated nanotubes of mostly one type exist, but 

the quantities produced are small or the efficiency in production of discrete types of nanotubes is 

low. These methods are based on various separation schemes [8-12]. 

 One approach to circumvent the low-yield problem of separation processes is to 

synthesize SWCNTs of only the metallic or semiconductor type. There is one commercial source 

of preferentially semiconducting SWCNTs (with some metallic SWCNTs present, especially 

from the (6,6) and (7,7) families), which is synthesized by SouthWest NanoTechnologies through 

the "CoMoCAT" process [13, 14]. However, these SWCNTs have very small diameters (~0.7 
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nm), and larger-diameter semiconducting SWCNTs are not available. The smaller diameter rules 

out a lot of applications owing to the hardship in handling an ensemble of them. The second 

approach to go around the low-yield problem of separation processes is to improve the separation 

efficiency of existing processes. The separation of SWCNTs into metallic and semiconducting 

types (metal/semiconductor or "M/S" separation) has been studied for the better part of the last 

two decades now, yet there is still no established method that can provide high-purity M- and S-

enriched SWCNT samples in large quantities. Gel column chromatography is a scalable 

technique potentially capable of producing highly enriched semiconducting SWCNTs through a 

purification approach, using SWCNTs synthesized from multiple different manufacturing 

processes including HiPco, laser ablation, and others. 

 Agarose gel has been used to separate DNA strands and proteins through techniques such 

as column affinity chromatography and gel electrophoresis [15-19]. The dimensional similarities 

of individual SWCNTs and DNA/proteins suggested the possible use of agarose gel column 

chromatography for SWCNT separation. In 2009, Tanaka et al. reported the successful use of 

agarose gel column chromatography to perform M/S separation of SWCNTs [20]. A SWCNT 

suspension in an aqueous solution of sodium dodecyl sulfate (SDS) was prepared through 

sonication of as-grown SWCNTs in the fluid followed by ultracentrifugation to remove bundles 

of aggregated SWCNTs and impurities like the SWCNT growth catalyst used. This SWCNT 

suspension was subjected to agarose gel column chromatography to produce purified suspensions 

of metallic and semiconducting SWCNTs after elution with SDS and sodium deoxycholate 

(DOC) aqueous solutions, respectively (Figure 2.1). This separation protocol was reported to take 

>24 hours to perform (including preparation of the SWCNT parent sample) with a reported purity 

yield of 90-95% for the S-enriched SWCNT suspension.  
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Figure 2.1. General structure of (a) Pluronic triblock copolymer and (b) sodium deoxycholate 

(DOC) compounds.  

 

 This work demonstrates an improved method that takes less than 6 hours and that 

consistently yields S-enriched fractions with purity levels ~ 95%. SDS suspensions of HiPco 

SWCNTs were prepared and SDS and Pluronic surfactants were used to elute out the M- and S-

enriched fractions, respectively. Recently, Ziegler and co-workers reported how selective 

adsorption of surfactant-stabilized SWCNTs onto agarose gel is responsible for M/S separation 

[8]. Pluronic is a family of commercially available nonionic polyethylene oxide-polypropylene 

oxide-polyethylene oxide surfactants that has not been used for chromatographic purification of 

SWCNTs before, and it is proposed that Pluronic is more effective than DOC at displacing the 

surfactant-stabilized SWCNTs bound to the agarose gel. UV-vis-NIR and resonant Raman 

scattering spectroscopies were performed to assess the SWCNT types and to quantify purities of 

the resulting suspensions. Surfactant-free S-enriched SWCNTs were recovered by calcining the 

dried SWCNT suspension, which eliminates the need for vacuum filtration. 
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2.2. Materials and Methods 

2.2.1 Materials 

HiPco SWCNTs (Batch HPR 94 with average diameter 1.1 ± 0.1 nm) were obtained from Rice 

University and laser ablation SWCNTs (Average diameter 1.3 ± 0.1 nm) were obtained from 

NanoPower Research Labs at the Rochester Institute of Technology. The as-produced HiPco 

SWCNTs are comprised almost entirely of bundles [16]. Sodium dodecylsulfate (SDS, 

NaC12H25SO4, >99%), Pluronic F68 (>99%), Pluronic F77 (>99%) and Pluronic F108 (>99%) 

were purchased from Sigma-Aldrich. Agarose gel (Sepharose 2B, 60-200-μm mean bead 

diameter) was procured from GE Healthcare. Deionized water from a Barnstead NANOpure 

Diamond purifier (resistivity > 18 MΩ cm-1) was used for all experiments. All chemicals were 

used as-received unless otherwise noted. 

 

2.2.2 SWCNT Parent Sample Preparation 

The SWCNTs (20-mg) were dispersed in a 2 wt% SDS aqueous solution (20-mL) at an initial 

SWCNT concentration of 1 g-SWCNT L-1-solution. Bath sonication using a Cole-Palmer 60W 

ultrasonic cleaner (Model #08849-00) for 30 min was followed by probe sonication for 2 hr using 

a Cole-Palmer 500W ultrasonic processor (Model #CPX-600, ¼” probe, 35% amplitude) at a 

water bath temperature of 15 °C (Figure 2.2). 10-mL of the resulting suspension was 

ultracentrifuged in a PN 7030 centrifuge tube from Seton Scientific for 2 hr at 208,400g 

(average) using a Sorvall Discovery 100SE ultracentrifuge with a TH-641 swinging-bucket-type 

titanium rotor, which removed large SWCNT bundles and SWCNT impurities. The upper 7.5-mL 

of the supernatant was used as the stock SWCNT suspension, i.e., the SWCNT parent sample 

used for separation.  
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Figure 2.2. Illustrating the improved SWCNT parent sample preparation protocol: (a) SWCNTs 

are added to a 2 wt% SDS aqueous solution at an initial SWCNT concentration of 1 g-SWCNT L-

1-solution, (b) the suspension is sonicated so as to help SDS individualize the SWCNTs before 

ultracentrifugation and (c) ultracentrifugation at 208,400g helps isolate the individualized 

SWCNTs from most of the SWCNT bundles and other impurities. Total processing time was <6 

hours. 

 

The SWCNT concentration was determined by performing a mass balance between the 

top 7.5-mL and the discarded 2.5-mL. I account for the increased weight due to the surfactant by 

having a control of just the surfactant solution undergoing sonication and ultracentrifugation and 

weighing this sample. This calculation gave us a value of ~0.265 g-(SWCNT+SDS) L-1-solution 

in the stock suspension. Thermogravimetric analysis of the suspension was then performed to 

plot derivative wt% vs temperature. The peak for SDS and SWCNT were fitted using a 

Lorentzian-type fitting algorithm in OriginPro 8.5 and the ratio of area under each peak was used 

to calculate the approximate ratio of SDS to SWCNT in the suspension to get a SWCNT 

concentration ~0.25 g-SWCNT L-1-solution in the parent sample.  

2.2.3 SWCNT M/S Separation 

A 10-mL medical plastic syringe was used as the chromatography column. Agarose gel was 

added to the top of the syringe with the plunger removed. Cotton was used to plug the bottom of 

the syringe to prevent agarose gel loss. The gel was added to an initial height of 9 cm in the 

column, followed by passing 15-20 mL of 1.5 wt% SDS solution through the column. The gel 

column was then left to settle and dry to give a final column height of ~5-7 cm, with a 6-cm 

column providing the best M/S separation performance. 1-mL of the SWCNT parent sample was 

carefully added to the top of the column, followed by a series of 2-mL eluent (1.5 wt% SDS 
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solution) until no more color was seen in the eluate by eye (Figure 2.3). The collected fluid was 

pink in color. A series of 2-mL eluent (2 wt% Pluronic F77 solution) was next used until no more 

color was seen in the eluate, generating a fluid which was green in color. The separation takes no 

more than an hour once the gel has been added to the column. 

 

Figure 2.3. Illustration of agarose gel column chromatography applied to the SWCNT parent 

sample: (a) Agarose gel added to the column and equilibrated with SDS/H2O, (b) 1-mL SWCNT 

parent sample added to the top of the column, (c) SDS solution preferentially elutes metallic 

SWCNTs and (d) Pluronic solution preferentially elutes semiconducting SWCNTs. 

 

2.2.4 Characterization Techniques 

2.2.4.1 Ultraviolet-visible-near infrared (UV-vis-NIR) absorption spectroscopy 

UV-vis-NIR absorption spectroscopy of the samples was performed using a Shimadzu UV-

3101PC double beam scanning spectrophotometer in the range of 400-1350 nm with 1-nm 

interval and a quartz cuvette (10-mm path length).  

 

2.2.4.2 Resonant Raman spectroscopy 

Resonant Raman spectroscopy of all samples was performed in a Renishaw inVia Raman 

microscope fitted with a liquid sample holder. The samples were placed in quartz cuvettes and 

spectra were collected at excitation laser wavelengths of 514, 633, and 785 nm. All 

measurements were performed at room temperature and atmospheric pressure with an exposure 

time of 60s with each measurement collected across 15 accumulations in a spectral range of 100-

500 cm-1. 
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2.2.4.3 Photoluminescence (PL) spectroscopy 

Photoluminescence (PL) spectroscopy of the samples was performed using a NS1 

NanoSpectralyzer (Applied NanoFluorescence) at 660 nm and 785 nm excitation wavelengths 

and emission spectra were collected in the range of 900-1400 nm using a 250 ms integration time 

across 10 acquisitions for each sample.  

 

2.2.4.4 Thermogravimetric analysis (TGA) 

TGA was carried out with a TA instruments Q-600 Simultaneous TGA/DSC. The samples were 

first heated to 100 °C in ambient environment to remove most of the water present and the 

concentrated suspension was cooled to room temperature which was then used for TGA. Samples 

were heated at a ramp rate of 10 °C/min from 25 °C to 100 °C, kept isothermal for 10 minutes, 

and then heated again at a ramp rate of 5 °C min-1 to a final temperature of 800 °C. All 

measurements were done under air (Matheson Trigas, research purity) at a flow rate of 90 

standard centimeter cube per minute (sccm). 

 

2.3. Results and Discussion 

The SWCNT suspension yielded two eluate suspensions after performing the chromatographic 

separation (Figure 1). The first eluate (Sample A, from SDS) was pink-colored and the second 

eluate (Sample B, from Pluronic F77) was green (Figure 2.4). The colors were consistent with 

those reported for M-enriched and S-enriched HiPco SWCNT suspensions [21, 22]. The SWCNT 

concentrations were determined to be ~0.10 and ~0.15 g-SWCNT/L-solution, respectively, for 

samples A and B using a technique similar to the determination of SWCNT concentration for the 

parent sample. This separation method, from beginning (i.e., preparation of SWCNT/SDS parent 

sample) to end (i.e., recovery of two colored suspensions), took <6 hr to perform, a significant 

time savings over the 25-hr duration of the recent methods described by Tanaka and co-workers 

[23, 24]. As another point of comparison, density gradient ultracentrifugation (DGU) was used to 

generate suspensions of chirally pure SWCNTs with concentrations on the order of ~10 mg L-1 

after 24+ hr of processing time [1]. Our process readily yields 10× higher concentrations using 4× 

less time, but it is not chiral selective like DGU is. 
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Figure 2.4. Pictures of the HiPco parent sample (~0.25 g-SWCNT/L-solution) and the separated 

samples obtained post-chromatography. Sample A (~0.10 g-SWCNT/L-solution), appears pink 

and Sample B (~0.15 g-SWCNT/L-solution) appears green. 

 

2.3.1 UV-vis-NIR absorption spectroscopy analysis 

UV-vis-NIR absorption spectroscopy was performed to verify that Sample A was metallic 

SWCNT-enriched and that Sample B was semiconducting SWCNT-enriched. The absorption 

spectrum of the parent sample showed peak features throughout the entire wavelength range 

(Figure 2.5). The absorption peaks in the 400-650 nm range were assigned to the first optical 

transition of metallic SWCNTs of different diameters (M11 band region) [20]. The peaks in the 

620-920 nm and 920-1320 nm range were assigned to the second and first optical transitions of 

semiconducting SWCNTs of different diameters (S22 and S11 bands, respectively). 

 

 

Figure 2.5. UV-vis-NIR spectra of (a) Sample B (eluted with Pluronic), (b) HiPco parent sample, 

and (c) Sample A (eluted with SDS). The spectra have been offset for clarity. 
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The spectra of Figure 2.5 are offset but not normalized or re-scaled; spectra without the 

offset are shown as Figure 2.6. Relative to the M11 peaks, the S11 and S22 peaks of the HiPco 

sample diminished significantly in absorbance in Sample A, confirming that Sample A was M-

enriched (Figure 2.4b). Sample B was S-enriched because the M11 peak intensities decreased to 

nearly the background absorbance levels (Figure 2.4c). The M-enriched and S-enriched samples 

were determined to be 75-80% pure in metallic SWCNTs and 90-95% pure in semiconducting 

SWCNTs, respectively, using a fitting protocol described in the Electronic Supplementary 

Material (Figure 2.7). The SWCNT parent sample was 35-40% pure in the metallic type and the 

remainder in semiconducting type. 

 
Figure 2.6. UV-vis-NIR spectra of (a) HiPco parent sample, (b) Sample A (eluted with SDS), 

and (c) Sample B (eluted with Pluronic) without any offset.  
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Figure 2.7. Procedure for peak identification and fitting for a UV-vis-NIR spectrum for assigning 

metallic/semiconducting SWCNT content in a SWCNT sample: (a) collecting the spectrum of 

HiPco parent sample, (b) creating a user-defined baseline, (c) subtracting the baseline, and (d) 

identifying and fitting the peaks. 

 

2.3.2 Resonant Raman spectroscopy analysis 

Resonant Raman spectroscopy provided additional information about the M-enriched and S-

enriched samples. "Small-diameter" metallic SWCNTs resonate at an excitation wavelength 514 

nm, such that Raman spectra collected at this excitation wavelength can reveal their presence, as 

seen in Figure 2.8(a) [25]. The spectrum of the parent sample showed 3 distinct peaks 

corresponding to the radial breathing modes of 3 different metallic SWCNTs. Based on the 

Kataura plots for HiPco SWCNTs [2, 25-27], the following SWCNT types were identified: (7,7) 

(with a diameter of 0.95 nm), (8,5) (0.89 nm) and (9,3) (0.85 nm) (Figure 2.8a). The diameter of 

SWCNTs with a known chirality was calculated from the corresponding (n,m) index using the 

equation d =  22246.0
mnmn 


 [27]. The electrical conduction type of SWCNTs was 

assigned in the following manner: metal-types are those with the difference between n and m to 
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be a multiple of 3 (with the so-called "armchair" SWCNTs with n = m), and semiconductors are 

those with the difference not being a multiple of 3 [27]. The M-enriched sample contained all the 

metallic SWCNTs, and the S-enriched sample did not.  

 

Figure 2.8. Resonant Raman spectra of the parent, M-enriched, and S-enriched samples collected 

at laser excitation wavelengths of (a) 514 nm, (b) 633 nm, and (c) 785 nm. 

 

Resonant Raman spectroscopy performed at 633 nm laser excitation can reveal the 

presence of "large-diameter" metallic SWCNTs and "small-diameter" semiconducting SWCNTs 

if radial breathing modes are detected, respectively, below and above the empirically chosen 

Raman shift of 233 cm-1 [28]. The parent sample contained (13,4) metallic SWCNTs and (10,3), 

(7,6), (7,5), and (8,3) semiconducting SWCNTs, as seen in Figure 2.8(b). The M-enriched sample 

contained the (13,4) metallic SWCNTs and very little of the semiconducting SWCNTs. The 

(13,4) metallic SWCNTs were absent from the S-enriched sample. The data of Figures 2.8(a) and 
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(b) support UV-vis-NIR absorption spectroscopy results, i.e., the S-enriched SWCNT sample is 

highly pure in semiconducting SWCNTs.  

Resonant Raman spectroscopy performed at 785 nm laser excitation, which reveals the 

presence of "large-diameter" semiconducting SWCNTs, indicated that the M-enriched sample 

lacked the "large-diameter" (9,7), (10,5) and (11,3) semiconducting SWCNTs detected in the 

parent sample and the S-enriched sample (Figure 2.8(c)). This data, combined with Figure 2.8(b) 

data, leads us to conclude the M-enriched sample is also very pure, consistent with the purity 

estimates from UV-vis-NIR spectroscopy.  

Table 2.1 summarizes the detected SWCNT types found in the M- and S-enriched eluates. 

This improved method is applicable to HiPco SWCNTs and also laser ablation-type SWCNTs 

(Figures 2.9 and 2.10). 

 

Table 2.1. SWCNT types detected through resonant Raman spectroscopy (excitation 

wavelengths of 514, 633 and 785 nm) in the parent and purified samples.  

SWCNT types 

detected in 

parent sample 

SWCNT 

diameter 

(nm)a 

Excitation 

wavelength 

(nm) 

Semiconducting 

(S) or metallic 

(M) typeb 

Found in the 

M-enriched 

sample? 

Found in the 

S-enriched 

sample? 

(7,7) 0.95 

514 

M   

(8,5) 0.89 M   

(9,3) 0.85 M   

(13,4) 1.20 

633 

M   

(10,3) 0.92 S   

(7,6) 0.88 S   

(7,5) 0.82 S   

(8,3) 0.77 S   

(9,7) 1.10 

785 

S   

(10,5) 1.00 S   

(11,3) 1.00 S   

a SWCNT diameter  =  22246.0
mnmn 


 

b If mod[(n-m),3] = 0, then SWCNT is considered metallic. If mod[(n-m),3] = 1 or 2, then 

SWCNT is considered semiconducting 
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Figure 2.9. Pictures of the laser ablation parent sample and the separated samples obtained post-

chromatography. Sample A, eluted with SDS, appears cyan and Sample B, eluted with Pluronic, 

appears orange. 

 

 

Figure 2.10. UV-vis-NIR spectra of the laser ablation parent sample and eluates from SDS 

(cyan) and Pluronic (orange) shows that SDS preferentially eluted metal SWCNTs and Pluronic 

preferentially eluted semiconducting SWCNTs. 

 

 

2.3.3 Photoluminescence (PL) spectroscopy analysis 

From photoluminescence spectroscopy, semiconductor-type SWCNTs in a sample are identified 

by chirality whereas metallic SWCNTs are not seen. This is a supporting means for confirming 

semiconducting SWCNT content in the separated samples. I chose to perform PL studies at 660 

and 785 nm excitations because most, if not all, semiconducting HiPco SWCNTs of average 

diameter 1 nm show emission at these two wavelengths. There is a red-shift in the spectra of the 
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semiconductor-enriched sample compared to the parent sample due to the different surfactant 

present. Figure 2.11(a) and 2.11(b) show that the metal-enriched sample has very little “small-

diameter” and “large-diameter” semiconducting SWCNTs and the relative intensity of 

semiconducting SWCNTs in the semiconductor-enriched sample has greatly increased compared 

to the parent sample. This supports our results from UV-vis-NIR and Raman spectroscopy and 

also shows that there is no loss of semiconducting SWCNTs of specific chirality after the 

separation process. 

 

Figure 2.11. Photoluminescence (PL) spectra of the parent, M-enriched, and S-enriched samples 

collected at laser excitation wavelengths of (a) 660 nm and (b) 785 nm. The spectra have been 

offset for clarity. 

 

2.3.4 Separation mechanism 

To understand the mechanism of separation, it is recognized that SWCNTs do not undergo 

reversible adsorption to the gel (i.e., partitioning from the mobile phase to the solid phase). 

Rather, they adsorb irreversibly onto specific binding sites on the gel surface. The gel-based 

process used here and by others is a form of affinity, or displacement, chromatography, wherein 

the parent SDS-suspended SWCNT sample is passed through the gel column, leading to the SDS-

coated SWCNTs to bind to the column material. Then, a SDS solution is passed through the 

column, causing the metallic SWCNTs to be desorbed from the surface and eluted out with the 

SDS phase. Our results imply that the semiconducting SWCNTs have a stronger affinity to bind 

to the stationary agarose gel phase rather than SDS surfactant head groups, and the metal ones 

prefer the SDS surfactant head groups over the agarose surface.  
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Kataura and coworkers also suggested that metal SWCNTs have a more polarizable 

surface than semiconducting SWCNTs, allowing the anionic SDS surfactant to attach more 

favorably to metallic SWCNTs than to semiconducting ones [29]. This is consistent with the 

observation that other anionic surfactants like sodium dodecanesulfonate and sodium dodecyl 

phosphate also preferentially enrich metal SWCNTs [30]. The Kataura group recently concluded 

that the metallic- and semiconductor-SWCNTs had different free energies of adsorption on 

agarose gel, with the latter binding more strongly than the former; this is consistent with the 

affinity chromatography concept [31]. The concentration of SDS has also been shown to play a 

role in facilitating metal-semiconductor SWCNT separation [32]. It is likely that a combination 

of these different effects causes the M-SWCNTs to displace from the agarose surface more 

readily than the S-SWCNTs during the passage of the SDS eluting fluid through the column. 

Recent work from Strano and coworkers indicated that different chiral SWCNTs have different 

affinities to the gel surface and that single-chirality SWCNT separation is possible by adjusting 

the surfactant-SWCNT binding energy [33]. This theory is further supported by work from 

Ziegler and coworkers [34] who recently performed a comprehensive study of the various 

interaction forces of adsorption between SWCNTs suspended with SDS and agarose- ionic, 

hydrophobic and π-π. They concluded that a large permanent dipole moment associated with 

agarose combined with the dissimilar packing of SDS on the SWCNT surface resulted in 

SWCNTs of different chiralities having different affinities to the agarose gel surface. 

Semiconducting SWCNTs remain bound to the gel until a surfactant more effective than 

SDS can dislodge them, such as DOC or Pluronic. DOC was used in a comparison experiment to 

replace Pluronic, and found that the resulting semiconducting eluate was not as pure (80%) as the 

Pluronic case (95%). I do not believe there are any SWCNT bundles/impurities remaining behind 

in the column after SDS has been passed through and so it is unlikely that DOC could have 

pulled off the semiconductor-SWCNTs along with bundles giving a lower impurity of final s-

SWCNTs. Perhaps the reason DOC performed so is due to Pluronic having a stronger binding 

affinity to SWCNTs than DOC when suspending SWCNTs. This was verified by preparing 

SWCNT suspensions using DOC and F77 in place of SDS: DOC which led to a concentration of 

~0.33 g-SWCNT L-1-solution and F77 led to a higher concentration of ~0.41 g-SWCNT L-1-

solution. Another possible explanation is that Pluronic binds more strongly to the agarose gel 
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than DOC does, thereby displacing more SWCNT from the surface and increasing the 

semiconducting content of the eluate.  

 

2.3.5 Use of different Pluronic and Tetronic surfactants 

Less expensive than DOC and also biocompatible, Pluronic surfactants have been used to 

suspend SWCNTs in water [35, 36]. Hersam and coworkers recently reported using Pluronic in 

density gradient ultracentrifugation to obtain S-enriched SWCNTs [37]. Two more Pluronic 

surfactants (F66 and F108) were studied for any structural effects on separation efficacy. UV-vis-

NIR spectroscopy results showed that the eluates were S-enriched with similar purities (90-95%) 

as calculated earlier for the F77-derived eluate, suggesting little effect of Pluronic molecular 

structure (Figure 2.12).  

The relative hydrophilicity and hydrophobicity of Pluronic (as characterized by its 

hydrophilic-lipophilic balance, or HLB, value) depends on the content of poly(propylene oxide) 

(PPO) linkages as compared to poly(ethylene oxide) (PEO) blocks for Pluronic [38], and plays an 

important role in determining how the polymer behaves in a suspension of organics and water. 

The HLB values calculated for all 3 Pluronics used (29 for Pluronic F68, 26 for Pluronic F77 and 

27 for Pluronic F108) were similar [39]. Pluronic F77 was chosen to represent the Pluronic 

family of polymers because its number of PPO units was between that for Pluronic F68 and 

Pluronic F108. I found that another nonionic surfactant type, called Tetronic surfactants (HLB of 

7) [39], was able to generate semiconducting-enriched SWCNT's of similar purities, indicating 

polymer surfactants with a wide range of HLB values can be used (Figures 2.13 and 2.14). In 

fact, Tetronics have recently been shown to be able to disperse graphene [40] as well as have a 

pH-dependent interaction [41] with SWCNT sorting via DGU which agrees with our findings. 
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Figure 2.12. UV-vis-NIR absorption spectra of S-enriched samples eluted by 3 different Pluronic 

surfactants. PEO and PPO units are designated as x and y, respectively, in the general structure. 

 

 

Figure 2.13. General structure of (a) Pluronic copolymer and (b) Tetronic copolymer 

compounds. PEO and PPO units are designated as x and y, respectively, in the general structure. 
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Figure 2.14. UV-vis-NIR absorption spectra of HiPco parent sample and S-enriched samples 

eluted by Tetronic 90R4 and Pluronic F77. The semiconducting SWCNT purity is similar for the 

samples from both nonionic surfactants. 

 

 

A concentrated Pluronic-eluted, S-enriched SWCNT suspension was dried at 100 °C, and 

the residue was analyzed through TGA under flowing compressed air (Figure 2.15a). The first 

major mass loss by 300 °C was due to Pluronic combustion and the second mass loss by 400 °C 

was due to SWCNT combustion, based on a comparison of TGA profiles of Pluronic and of dried 

HiPco powder (Figure 2.16). The TGA results were similar for the other Pluronic types. The 

residual material at 800 °C (~17 wt%) was attributed to the now-oxidized growth catalyst. 
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Figure 2.15. TGA profiles of dried S-enriched SWCNTs eluted with (a) Pluronic F77 and (b) 

DOC. 

 

  

Figure 2.16. TGA profiles of (a) Pluronic F77 powder, (b) HiPco powder, and (c) DOC powder. 

 

A concentrated DOC-eluted, S-enriched SWCNT suspension was prepared and dried at 

100 °C, and an analogous TGA study was performed (Figure 8b). In this case, the first major loss 

occurred by 400 °C, which was due to SWCNT combustion and DOC decomposition. The 

second weight loss occurred by 550 °C, which was also due to DOC decomposition (Figure 

2.16).  
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The implication of the TGA results is that Pluronic-eluted, S-enriched SWCNT 

suspensions can be treated to remove the Pluronic by drying and calcining under air above 200 

°C and below 300 °C. DOC-eluted SWCNTs cannot be treated in the same manner, because 

DOC does not fully decompose at a temperature below the combustion temperature for 

SWCNTs. 

 

2.4. Conclusions 

Agarose gel column-based affinity chromatography is a scalable technique towards high 

efficiency separation of metallic and semiconducting single wall carbon nanotubes. The 

separation mechanism is based on the affinity differences of metallic and semiconducting 

SWCNTs towards the agarose gel surface. The existing methods rely on anionic surfactants in a 

process that takes more than one day to complete and requires physical methods such as vacuum 

filtration after separation to recover pristine SWCNTs. This process was improved by reducing 

the total time to less than 6 hours through the use of biocompatible, nonionic surfactants to elute 

the semiconducting SWCNTs adsorbed to the gel phase after SDS elution of the metallic 

SWCNTs. SWCNT suspensions with a semiconductor-type purity level of up to 95% can be 

achieved, as quantified through UV-vis-NIR absorption and resonant Raman spectroscopy. 

Pluronic-free SWCNTs can be generated by removing the water and heating the dried material to 

a temperature at which Pluronic thermally decomposes but below the decomposition temperature 

of SWCNTs. The use of nonionics increases the availability of semiconductor-type SWCNTs and 

could improve chiral-specific semiconductor-type SWCNT separations. 
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Chapter 3  

 

Modifying Iron Catalysts Using Dopants to 

Influence Carbon Nanotube Growth 
 

3.1. Introduction 

Single wall carbon nanotubes (SWCNTs) have been the topic of some high quality research ever 

since Iijima [1] first identified them using high resolution transmission electron microscopy in 

1991. The high length/diameter ration of a SWCNT led to predictions of some remarkable 1 

dimensional quantum effects that could be harnessed for electronic properties tuned for specific 

applications [2]. These properties are linked to the SWCNT bonding configuration, known as its 

chirality, and there has been little progress made towards establishing a scalable technique to 

obtain chiral selective SWCNT samples [3] despite two decades of research.  

Many novel methods have been developed towards separating SWCNTs by chirality, such 

as gel electrophoresis [4], density gradient ultracentrifugation [5] and column chromatography [6] 

to name a few but these are all techniques that do not attempt to focus on chiral selective growth 

of SWCNTs. The drawback of these post-growth sorting techniques is that they are not 

economically feasible for scale-up at this time and each technique has its own individual issues 

ranging from sample preparation to sorting time to final product yield [7]. A truly scalable and 

elegant approach towards chiral selective SWCNT samples is to have chemical control over 

SWCNT chirality during growth itself. 

Li et al. claimed in 2004 [8] that plasma-enhanced CVD using ferritin as the catalyst 

precursor resulted in growth of ~90% semiconducting SWCNTs. Hassanien and co-workers [9] 

followed up on this work to demonstrate selective hydrogen plasma etching of metallic SWCNTs 

over semiconducting SWCNTs and speculated that H* species in the plasma played a role in this 

process. 

Resasco and coworkers reported [10] highly enriched synthesis of (6,5) semiconducting 

SWCNTs using their CoMoCAT process and have since further tuned their growth process to be 

able to produce >90% semiconducting SWCNTs [11]. Dr. Sankaran’s group at Case Western 

university [12, 13] used a 2-step process for synthesizing NixFe1-x bimetallic catalyst NPs and to 
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selectively grow semiconducting SWCNTs of larger diameter, particular the (9,5) type from 

C2H2. Dr. Jie Liu’s group at Duke University has demonstrated [14] selective growth of highly 

aligned semiconducting SWCNTs from ethanol/methanol mixture and Cu catalyst on a quartz 

support. However, any change in experimental procedure- be it a change from ethanol/methanol 

blend to just ethanol or a change from quartz to silica- does not result in the selective growth 

being replicated. 

It is simpler to selectively grow semiconductor-only SWCNTs than metallic-only tubes. 

Work from Prof. Daniel Resasco’s group [11] has linked selectively growing semiconducting 

SWCNTs to just using small diameter (sub 2 nanometer) catalyst nanoparticles. A more recent 

article from Qin et al. [15] showed that using a ceria based catalyst support resulted in a 

preferential growth of semiconducting CNTs (single- and double-walled CNTs). Multiple growth 

cycles, as in growing CNTs once, cooling them and then using them as the growth substrates for 

the next cycle, also tends to favor semiconducting CNTs as seen in this report by Li et al in 2014 

[16]. Indeed, density functional theory (DFT) calculations reveal [17] that it takes lesser energy 

to form large band-gap semiconducting SWCNTs of small diameters (0.9-1.4 nm) than it is to 

form metallic SWCNTs at the same operating conditions. But there has been at least 1 prominent 

case in literature where people have claimed selective growth of metallic SWCNTs. 

When Harutyunyan et al. reported in 2009 [18] that they were able to selectively grow 

metallic SWCNTs, there was a lot of attention duly paid to their work.  They did not do anything 

out of the ordinary as far growth protocol went, except that they tested the effect of He over Ar as 

the inert gas. They claim that using He resulted in as high as 96% metal selective SWCNT 

growth. This is backed up by resonance Raman measurements and electrical characteristics from 

SWCNT FET devices made from these tubes. However, their Raman spectroscopy was only done 

at 1 excitation wavelength even though their tube diameters were in a broad range. This means 

there is a very good possibility that only a small fraction of the tubes resonated and hence the 

Raman measurements cannot be claimed to be representative of the entire SWCNT sample. Their 

hypothesis is based on in-situ transmission electron microscopy (TEM) results of the catalyst 

NP’s being exposed to He and Ar at temperatures much lower than the actual growth temperature 

and so the claim that He maintains the (111) facet on Fe NPs during growth is a bold one. The 

FET measurements did show that the majority of SWCNTs were metallic in nature and this work 

remains one of the most important in the area of chiral-selective SWCNT growth. 
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Another interesting publication came in 2014 from Yang et al. in 2014 [17] where they 

reported that using a catalyst with higher melting points than the CVD reaction itself was key to 

preferential growth of SWCNTs of specific chiralities. They propose that maintaining the catalyst 

in a crystalline phase and never allowing it to melt allows the catalytically active atoms to orient 

themselves along one plane of the catalyst nanocrystal which in turn affects how the carbon 

atoms deposit on it that then form the SWCNTs. Using tungsten-based bimetallic alloy crystals 

resulted in ~92% abundance of the (12,6) metallic type SWCNT grown. Characterization was 

done by resonant Raman spectroscopy at several excitation wavelengths followed by electron 

diffraction to assign the chiral indices. The characterization was thus extensive, and the work is 

one to refer to. However the usage of bimetallic allow catalysts seems to restrict SWCNT growth 

to very few grown horizontally on substrates and as such makes scale-up a potential issue. 

Yet another approach to preferential growth of metallic SWCNTs involves cloning of 

“seed SWCNTs”. This has been tried for over a decade now but inefficiency of cloning and 

obtaining said clones in the first place has not led to any significant breakthrough. Perhaps the 

closest came in 2014 where Sanchez-Valencia and coworkers [19] used molecular precursors on 

a platinum (111) surface to form ultrashort, capped (6,6) armchair SWCNT seeds. In particular, 

C96H54 molecules were used and a cyclodehydrogenation reaction was performed to get the (6,6) 

SWCNT seeds. While they did show evidence of these seeds being formed, and also that the 

seeds then formed “multi-hundred nanometer” sized nanotubes they did not show how many of 

the seeds grew longer and also did not conclusively show that the longer SWCNTs had the same 

chirality as the seeds. 

Here I present work done using heteroatoms like Se, P and S to promote growth of 

SWCNTs of only certain chirality while retarding growth of the rest. The hypothesis was based 

off decades of work done in heterogeneous catalysis, with the hypothesis being that one could use 

catalysis dopants to promote the growth of nanotubes of a certain chirality while slowing 

down/stopping the growth of nanotubes of other chiralities. This is based off Boris Yakubson’s 

Screw Dislocation theory [20] of SWCNT growth.  If one thinks about how a screw moves 

forward as it is rotated (be it right or left handed), a similar thought process can be put for 

SWCNTs wherein this theory proposes that nanotubes rotate as they grow and the leading carbon 

atom rotating horizontally, or slightly raised with respect to the direction of growth dictates the 

chirality of the nanotube. As such, the rate of the nanotube growth dictates the angle by which the 
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leading atom moves forward also and thus chirality of SWCNTs is related to the growth rate of 

the SWCNTs itself. There has been experimental evidence [21] of this theory including from our 

collaborator (Benji Maruyama’s group at Wright-Patterson AFRL) who performed in-situ Raman 

spectroscopy studies of individual nanotubes and was able to link in-situ growth kinetics of a 

growing SWCNT to its chiral angle [22].  

The process of filamentous carbon being formed on heated iron surfaces exposed to 

hydrocarbons like methane in the absence of oxygen is commonly observed in heterogeneous 

catalysis. This is very much an analogy for SWCNT production from Fe NPs exposed to heat and 

hydrocarbons like methane. In fact, filamentous coke is often produced [23] as a by-product in 

reactors, furnaces and especially airplane engines using hydrocarbon fuels. The problem of 

minimizing coke formation in such conditions has been studied in depth [24, 25].  

A patent filed in 2002 [26] describes use of organoselenides such as diarylselenides to 

have a detrimental effect on coke formation on furnace walls made of metals like iron and nickel 

at high temperature (>750 ºC) and in a methane atmosphere as seen in figure 3.1. 

 

Figure 3.1. Presence of selenium additive has resulted in a major decrease in coke formation on 

heated iron metal walls of a furnace exposed to methane. Image taken from patent 

#US20020128161 A1 with written permission from the USPTO. 

 

The presence of selenium additives has resulted in nearly 95% reduction in coke formation 

compared to experiments not incorporating any selenium (Se). A quick look at the periodic table 

of elements shows that Se is also in the same group as oxygen, which if present in a growth setup 

even in the ppm (parts per million) level can result in no SWCNTs being grown. Thus Se is a 

good starting element to try as a growth regular of iron catalyst. Adapting this idea to the 
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nanoscale, introduction of selenium to the iron nanoparticle catalysts should slow down the 

growth rate of SWCNTs of specific chirality and hence relatively promote the growth of 

SWCNTs of other chiralities. If the amount of Se added is controlled, then there will only be an 

exaggeration of this growth rate difference and it will not lead to all the catalyst NPs getting 

poisoned. This is different from some reported attempts at poisoning catalysts from growing 

CNTs. 

A recent report from 2010 from Chang [27] discussed “poisoning” Fe catalyst particles 

from growing carbon nanotubes. However, an analysis of work revealed no chemical poisoning 

of the catalyst was studied. The author patterned a layer of aluminum and iron over a Si support 

so that there were regions where iron is resting on Si. As the temperature ramped up, they 

claimed Fe NPs sank below the melting Al layer as a result of Marangoni convection. CNTs were 

found to grow where Fe was located (directly on Si) and not on the Al regions (Figure 3.2).  

 

Figure 3.2. (a) Process scheme, (b) Iron sinking below Al layer, (c) and (d) SEM imaging of 

MWNTs grown on Fe/Si surface for 5 min and 30 min respectively 

 

Preliminary work was done using a small CVD (chemical vapor deposition) reactor 

located in a collaborator’s (Prof. Andrew Barron) lab for proof of concept, followed by the 

construction of an ultrapure, high yield lab scale CVD set up capable of vertically aligned carbon 

nanotube array (VANTA) synthesis and then testing the effect of the heteroatoms on these 

VANTAs. Previous work was done primarily on individual nanotubes grown horizontally across 

a substrate, making it impossible to tell if the method or findings held true for an ensemble of 

SWCNTs grown together. It is also extremely difficult to characterize individual SWCNTs grown 

horizontally on a substrate for chirality, especially if there are multiple such SWCNTs 

overlapping each other. This is why the new CVD reactor capable of producing a relatively large 

amount of SWCNTs in the so-called “carpet” style growth is useful to determine the effect of 

catalyst modulation on SWCNT chirality, and also to establish if the effect works on SWCNT 
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ensembles. Finally, having a reactor capable of VANTA growth results in enough material that 

can be synthesized from individual growth runs for characterization, thus limiting the time to test 

out reaction variables.  

Characterization was done using scanning electron microscopy and resonant Raman 

microscopy which showed a strong effect of the heteroatoms on the growth rate of the nanotube 

arrays. Unfortunately, at the time of the project, characterizing larger diameter nanotube arrays 

for chirality of the individual nanotubes comprising the array was not possible and this work 

leaves scope for someone to follow up.  

 

3.2. Materials and Methods     

3.2.1. Materials 

Silicon wafers were purchased from Wafer World Inc. to be used as the base substrate for 

nanotube growth. Ammonium hydroxide solution (NH4OH, 28% in DI H2O NH3 basis), 

hydrogen peroxide solution (H2O2, 30 wt% in H2O), trioctylphosphine (TOP, [CH3(CH2)7]3P, 

>97%) , selenium powder (Se, ~100 mesh, >99.5%) and iron nitrate (Fe(NO3)3.9H2O, >98%) 

were purchased from Sigma Aldrich. Accuglass T-11 Spin-on glass (SOG) was purchased from 

Honeywell. Deionized water from a Barnstead NANOpure Diamond purifier (resistivity > 18 

MΩ cm-1) was used for all experiments. All chemicals were used as-received unless otherwise 

noted. 

 

3.2.2. Substrate preparation for non-VANTA synthesis 

A 4” Si wafer with a native oxide layer and single side polished was used as the base substrate for 

SWCNT growth. Using a diamond scribe and a set of tweezers, the wafer was cut into chips of 

size approximately 1 cm x 1 cm. An air duster was used on each chip to remove any large 

physical impurities. The chips were then cleaned using RCA clean, a procedure for cleaning 

silicon wafers developed by the Radio Corporation of America. Accordingly, the chips are dipped 

into a glass trough containing a 5:1:1 volume ratio of DI H2O:NH4OH:H2O2 for 15-20 minutes at 

room temperature. This step results in removal of organic contaminants as a result of oxidative 

dissolution. Also, metal contamination, especially Fe, is removed to an extent. Ammonia acts as a 

mild native oxide etchant while the peroxide, as a strong silicon oxidant, forms an oxide layer 

wherever the silicon surface is free of contaminants. Thus, there is a continuous layer of oxide for 
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the ammonia to etch away. After thorough rinsing with DI water, a new oxide layer free from 

organic contaminants remains. 

 

3.2.3. Catalyst preparation for non-VANTA synthesis 

Spin-on glass is widely used in the semiconductor industry for planarization of dielectric layers. 

Accuglass T-11 SOG is composed of about 10 wt% methyl siloxane polymer, 20 wt% acetone, 

30 wt% each of ethanol and isopropanol and the remainder being water. It is specially formulated 

to be crack resistant and fill narrow gaps in wafer surfaces without any voids to give smooth 

planar surfaces in the microelectronics industry. A single spin-coat at 2000 rotations per minute 

(rpm) for 1 minute on a spin-coater gives a SOG layer approximately 150 nm thick. At the 

operating temperature for SWCNT growth, SOG forms a smooth, continuous layer of SiOx. 

When iron nitrate is dissolved in SOG and spun-cast on a Si chip, it provides for uniform 

coverage of the catalyst precursor. Furthermore, heating to typical SWCNT CVD growth 

temperatures of 700-900 oC under H2 with/without an inert gas results in formation of Fe 

nanoparticles (NPs) in-situ. The SiOX layer formed from SOG acts as a support for the catalyst 

NPs and the SWCNTs that grow from the NPs and also retards catalyst NP agglomeration at the 

growth conditions. 

Different concentrations of iron nitrate in SOG ranging from 0.5 mM to 500 mM were 

tried out to maximize SWCNT number density, i.e., the number of SWCNTs grown in, say, 1 

mm2 of surface area on the Si chip. This was qualitatively analyzed by scanning electron 

microscopy and a Fe concentration of 50 mM in SOG was chosen for further studies. 

3.2.4. Addition of growth regulators (Se, P) 

100mg Se was dissolved per mL of TOP and this particular solution heceforth referred as TOPSe 

(TOP selenide) was used to introduce Se into the system. Figure 3.3 shows the chemical formulae 

of TOP and TOPSe. TOP invariably introduces phosphorus into the system as well and this was 

identified as a possible growth regulator as well. 
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Figure 3.3. Chemical formulae of trioctylphosphene (TOP) and selenium dissolved in 

trioctylphosphine (TOPSe) 

 

3.2.5. Non-VANTA synthesis 

A drop of SOG was spun-cast onto an RCA cleaned Si chip of 1 cm2 area at 2000 rpm for 40 s. 

This was then calcined at 900 ºC for 30 min in an oven exposed to ambient environment. A 

solution of 50 mM Fe(NO3)3.9H2O in SOG was prepared and 1 drop was spun-cast onto the chip 

at 2000 rpm for 40 s after it had cooled down to room temperature. SWCNT growth was carried 

out in the CVD reactor in the Barron lab at Rice University. The system consists of inlet gas lines 

for Ar, H2, CH4 and C2H4, all of which are 99.8% pure. It has the capacity to control and monitor 

flow rate of each stream and the combined gas line enters a quartz tube of 1” diameter and 3 feet 

in length. The quartz tube is placed on a Lindberg blue tube furnace as seen in figure 3.4 which is 

capable of temperatures as high as 1100 ºC.  

The system operates at 1 atmospheric pressure and the outlet from the quartz tube either 

goes through a bubbler and to exhaust when in operation or to a roughing pump/turbo pump setup 

to keep the system under vacuum when not in operation. 

Each sample for growth was placed in a quartz boat which in turn was placed in the quartz 

tube near the center of the furnace. The placement of the sample relative to the furnace 

thermocouple is important as even 2 inches on either side of the thermocouple results in a 

deviation of ~30-50 °C from the set point. 
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Figure 3.4. A photograph of the reactor setup where initial CVD growth experiments were done 

 

For SWCNT growth, CH4 was chosen as the hydrocarbon source. The established protocol was: 

1) Ar (500 sccm) + H2 (250 sccm) at 900 ºC for 30 min to ensure formation of Fe 

NPs 

2) CH4 (250 sccm) + H2 (250 sccm) at  900 ºC for 15 min for SWCNT growth, where 

sccm stands for standard cubic centimeters per minute and denotes the volumetric 

flow rate of each gas.  

During growth with samples having TOPSe, it is possible that H2Se may be produced if the 

selenium does not have a strong affinity to iron. H2Se is colorless, has a very bad stench and is 

very toxic with a recommended maximum exposure limit of 0.05 ppm over an 8 hour work 

period. To ensure any formed H2Se is not released into the exhaust line, a KMnO4 bubbler was 

installed as close to the gas outlet stream as possible. KMnO4 will oxidize H2Se as: 

 

 3H2Se + 2KMnO4                   3Se + 2H2O + 2KOH + 2MnO2 (Acidic conditions) 

 3H2Se + 8KMnO4                   3K2SeO4 + 2H2O + 2KOH + 8MnO2 (alkaline conditions) 

 

In mixed pH conditions, one obtains a mixture of Se compounds all of which are either 

precipitated out of solution or are rendered harmless enough to be let through the exhaust line. 
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After growth was carried out, the samples were cooled down to room temperature before removal 

from the growth chamber for characterization. 

3.2.6. Construction of new CVD setup for VANTA synthesis 

The limitations of the current CVD setup meant that one could not grow SWCNTs in quantities 

enough to perform optical spectroscopy and hence test for chiral selective growth. The need for a 

new, dedicated system capable of vertically aligned SWCNT carpet growth was recognized and 

work began towards making this a reality. 

To have a system free of leaks and impurities one recognizes that when operating at 

pressures of 1 atm or less, the swagelok type of tube fittings is unreliable. Every time the fitting is 

loosened and tightened, the ferrules clamp down more on the tubing causing the tube to 

deform/fitting to leak over time and this is especially worse for copper tubing. NPT type fittings 

are just as unreliable over time, needing external agents like Teflon tape to provide a secure fit. 

Hence a conscious decision was made to use as little Swagelok/NPT tube fittings as possible and 

most of the fittings used are VCO (Rubber O-ring seal), VCR (Copper gasket seal) or Ultratorr 

(O-ring seal). This is the biggest contributor towards establishing a clean system. 

SWCNT growth was decided to be carried out at atmospheric pressure with the option to 

switch to vacuum in the next iteration if need be. Accordingly, ethylene was chosen as the carbon 

source and a gas flow system was designed to cater to ethylene, hydrogen and argon with the 

capability to add an acetylene line. All 3 gases were ordered from Matheson Trigas with 99.999% 

purity for a minimum O2 content. To further retard the poisoning effects of molecular oxygen, all 

gases pass through dedicated oxygen filters that ensure low ppb levels of O2 in the outlet gas. 

Figure 3.5 shows the filters on the right side of the furnace, and also shows the rest of the setup 

with the gas feed coming in from the right and exiting from the left. 
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Figure 3.5. A picture of the main components of the new CVD reactor. The gases enter the O2 

filters at the top and pass through the mass flow controllers and the manifold assembly before 

combining into 1 main line that enters the quartz tube as depicted. The growth sample is inserted 

through the same direction as the exit stream that either passes through a KMnO4 bubbler or to a 

vacuum pump. 

 

A mass flow control system followed by diaphragm type valves were mounted on a 

manifold that took in all the gas lines as input and delivered a single line as feed.  The manifold 

also has a digital pressure gauge of 0.1 torr capacity for thorough leak detection as well as a 

manual gauge with a larger range for quick leak detection. The argon line was split into 2 

separate lines before it enters the manifold assembly, one of which passes through a water 

bubbler setup to carry water vapor into the growth chamber. This is because of results obtained 

by Hata and Amama et al. that suggest water vapor increases catalyst lifetime by etching away 

amorphous carbon coverage over the catalyst NPs and also retards coarsening of the NPs. The 

single feed line is connected by an ultratorr coupling to a quartz tube. 

The gases are fed into a 1” diameter, 4’ long quartz tube that is placed inside a tube 

furnace capable of reaching up to 1100 ºC. The growth samples are placed in a quartz boat fitted 

with magnets and the boat is fed into the quartz tube from the opposite side as the gas inlet. This 
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is done so that whenever the downstream end is opened to remove/insert the quartz boat, a small 

flow of argon from the other end will reduce any contamination of the tube from oxygen in the 

ambient environment. When in operation, the gases exit the quartz tube into a 3-way connector 

that also has the sample inlet and a carbon filter to prevent any carbon in the exit stream to return 

to the tube by any means and hence preventing carbon contamination of the growth chamber. The 

carbon filter is connected to a 5-way connector arm. 

Two of the connections of the 5-way arm are attached to digital pressure gauges to 

measure the operating pressure and to check for leakage on the downstream end. A third 

connection leads to a vacuum pump that evacuates the system anytime it is exposed to air or 

when the system is not running for more than 1-2 days. The last connection leads to a KMnO4 

bubbler that serves as an indicator of flow and also to render harmless any H2Se that might 

possibly form as a result of TOPse in the system. The outlet of the bubbler leads to an exhaust 

line. 

The system is very well controlled in flow, pressure and temperature parameters. The gas 

flow rates are controlled by dedicated mass flow controllers (MFCs) that are hooked to a 

sensitive MFC control unit. There are pressure gauges both upstream and downstream of the 

furnace to detect any major or minor leaks as well as to indicate operating pressure. There are 2 

thermocouples that are inserted into the quartz tube by the ultratorr coupling at the inlet- one is 4’ 

long that can read the temperature across the entire tube and another is 3’ long with a bent end 

that can touch the sample itself during growth to get the actual growth temperature. There is also 

a glass window on the downstream side to observe/record the carpet growth from the side. The 

entire set up was codesigned with Mr. Carter Kittrell, a research scientist in the department of 

Chemistry at Rice University. It took 10 months to build from scratch, and Mr. Kittrell and Mr. 

Steve Ripley (Instrumentation manager, Rice Shared Equipment Authority) helped in the 

construction of the system. 

3.2.7. VANTA synthesis 

To achieve VANTA growth, the support layer has to be changed from SOG as seen from work 

reported by Amama et al., and Yamada et al. This is mostly because SOG forms a layer of SiOx 

during the heating and iron nanoparticles on this silicon oxide layer are prone to Ostwald ripening 

(wherein smaller nanoparticles in a molten state combine to form larger particles that are less 
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amenable to SWCNT growth) as seen by the work from Hata and coworkers [28]. Kim et al. 

demonstrated clearly catalyst nanoparticles diffuse more through the support layer in the case of 

silicon oxide based supports [29], and this results in a non-uniform, sparse distribution of 

nanoparticles that can catalyze SWCNT growth which in turn results in horizontal, individual 

SWCNT growth as opposed to a VANTA.  

Alumina has been used often as a support layer for VANTA growth, and Amama’s work 

[30] shows that the nature of deposition of alumina has a strong effect on the degree of Ostwald 

ripening that the catalyst nanoparticles are affected by. In fact, heterogenous catalysis literature 

shows that it is used similarly in the oil and gas industry. Alumina was the first catalyst used to 

successfully crack higher molecular weight hydrocarbons to lower molecular weight ones [31]. 

Presently, iron deposited on alumina support are used as catalysts in fluid catalytic cracking [32] 

to achieve the same. Alumina-supported iron is also a major catalyst in processes like styrene 

production where coke is one of the major by-products [33].  

While sputter coated alumina was shown to have the strongest effect in terms of average 

nanotube height at a set time grown at the same conditions, for reason of availability and 

resources the decision was made to go with atomic layer deposited alumina instead. Accordingly, 

several 4” wafers of silicon were plasma etched in an oxygen environment, cut into 0.5 cm x 0.5 

cm chips and shipped to collaborators at the Wright-Patterson air force base. The Maruyama 

group there then oxidized the chips to have an SiO2 layer of average thickness 275 nm followed 

by atomic layer deposition of Al2O3 such that the average support layer thickness was 10 nm. Iron 

was chosen as the catalyst for the study and approximately 0.5 nm of Fe was sputter coated on 

top of these chips which were then shipped back to us. 

The carbon precursor also changed from CH4 previously to C2H4 gas (99.9998% pure 

from Matheson Trigas) at 50 sccm flow which was diluted in a stream of argon gas (5000 sccm) 

and hydrogen gas (100 sccm). A fourth gas stream of argon gas (10 sccm) passed through the 

aforementioned water bubbler to carry in water vapor to aid in VANTA growth. All the gases 

passed through 2 oxygen filters before reaching the reactor itself.  

To introduce selenium, TOPSe could have been used as before but since the effects of 

selenium and phosphorus needed to be isolated, a  different carrying agent was used. 

Accordingly, a known amount of selenium powder and a known volume of 1-octadecene was 

placed in a 3-necked flask with a round bottom. One of the necks was plugged completely, 
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another had a rubber cork with a thermometer passing through while the third was connected to a 

condenser which had cold water passing through the outside. The flask was then heated using a 

heating mantle such that the temperature inside increased at a constant rate of 11 ºC/min to 240 

ºC followed by cooling immediately to room temperature. Selenium concentrations ranging from 

0 to 40 mg/mL were tested by spin coating 0.05 mL of the resulting solution all over the growth 

substrate. The spin coating was done at 3000 RPM for a total time of 30 s to ensure a uniform 

coverage. 

The growth substrate was then placed in a quartz boat with a magnetic end, and the 

reactor heated to 750 ºC at 1 atm pressure. When the temperature hit 750 ºC, another magnet was 

used to push the quartz boat into the heating zone in a matter of seconds where it stayed for a 

desired time of growth followed by quick removal as well.  

3.3. Results and discussion 

3.3.1. Non-VANTA results 

Figures 3.6 and 3.7 are pictures taken of an example growth substrate with iron nitrate solution in 

SOG spun cast only and iron nitrate/SOG + TOPSe (100 mg Se/mL TOP) respectively. There is a 

change in the color of the substrate but most importantly the results closer to the center are to be 

considered as opposed to the corners where the spin coating was not as effective.  
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Figure 3.6. A photograph of an example growth substrate with iron nitrate in SOG (50 mM) only 

 

 Figure 3.7. A photograph of an example growth substrate with iron nitrate in SOG (50 mM) + 

TOPSe (100 mg Se/mL TOP) 
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 Scanning electron microscopy of the samples post growth was done using an FEI Quanta 

400 field emission scanning electron microscope in backscattering mode with high vacuum on. 

Figure 3.8 shows a typical section of the sample with no TOPSe added. A lot of carbon nanotubes 

are present, which at this time cannot be confirmed as single or multi walled, and also 

nanoparticles which are very likely that of the iron catalyst formed in-situ. Not all the iron 

nanoparticles formed a CNT, and the nanoparticles are also not uniformly formed all over the 

substrate. This is one of the reasons for the switch to a different growth substrate for VANTA 

growth.  

 

Figure 3.8. An SEM image taken from a section near the middle of the sample that had no 

TOPSe. A lot of CNTs and nanoparticles are seen here, and also different sized depressions in the 

SOG support layer.  

 

Also seen are these depressions in the substrate which were unexplained at the time of this 

study. To understand what was happening, SEM imaging was done after each step in the growth 

substrate formation as seen in figures 3.9, 3.10 and 3.11. The circular depressions form after 

calcination of the iron nitrate/SOG solution only. To make sure it was not a system issue, a 

similar set of experiments were conducted in a completely different CVD system using different 

growth conditions (C2H2 precursor in a stream of argon, hydrogen and water vapor, set to a 

temperature of 750 ºC at a pressure of 10 torr). Figure 3.12 shows that the depressions are present 
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there as well, and also that the density of the CNTs grown is much higher thus indicating some of 

the steps that were followed during the setup of our own CVD system. 

 

Figure 3.9. An SEM image of an RCA cleaned silicon chip. The circular depressions are not 

observed here. 

 

Figure 3.10. An SEM image of an RCA cleaned silicon chip + SOG spun cast over it. No 

depressions seen here. 

59 



 

 

Figure 3.11. An SEM image of an RCA cleaned silicon chip + iron nitrate solution in SOG spun 

cast over it, followed by calcination in an oven exposed to ambient environment at 900 º for 30 

min to follow the growth conditions. Here the circular depressions are observed, as well as the 

individual Fe NPs as well. 

 

 

Figure 3.12. An SEM image of a similar growth substrate as used for the first CNT growth 

shown previously, done in a different CVD reactor under different growth conditions. The 

density of CNTs is higher, and the presence of the circular depressions in the substrate confirms 

that this is tied to the calcination of the iron nitrate solution in SOG. 
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Now that the cause for the substrate depressions were tied to the calcination of the iron 

nitrate solution in SOG, the supplier of SOG (Honeywell) was contacted who confirmed that 

SOG is only guaranteed till a temperature of 350 ºC following which they take no responsibility. 

Interestingly, our collaborators in the Maruyama group also noticed these before but had not 

taken the time to understand the cause. I believe that the calcination of SOG causes this, and to 

prove that the iron nitrate precursor did not have anything to do with this I spun cast just SOG on 

a growth substrate and calcined it as before. Figure 3.13 shows the depressions in the substrate as 

before, except that they are even larger and oval in shape. By itself, SOG simply forms an 

unstable layer of SiOx which is different from thermally deposited SiO2 and this is backed by the 

findings of Flinn et al. in 1987 [34] where a SOG film of similar composition as used for my 

work underwent a stress vs. temperature test. The slope of the stress vs. temperature plot 

indicates mismatch between the coefficients of thermal expansion of the underlying Si chip and 

the SOG film and a flat line was seen for this case which is indicative of a yielding film. Also, 

Chiang et al. in 1989 [35] noticed the SOG to lose stability at a mechanical strength as low as 100 

MPa and undergo thermal decomposition of the entire siloxane framework at high temperatures 

(>650 ºC).  As such I do not a recommended using it as a means for catalyst support in similar 

conditions of high temperature. This was another reason for the switch to alumina support in the 

VANTA growth reactor. 
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Figure 3.13. An SEM image of a growth substrate with just SOG spun cast, followed by 

calcination. The presence of the depressions here indicates that the SOG forms an unstable layer 

of Si0x during calcination and is the case for these depressions where the catalyst nanoparticles 

accumulate leading to non-uniform CNT growth. 

 

Knowing now that these depressions are due to the SOG, I proceeded on with the work. 

Figure 3.14 shows that having TOPSe on the growth substrate results in a dramatic reduction in 

the number density of CNTs grown, compared to what was seen in figure 3.8. Even so, the fact 

that CNTs were grown shows that Se and/or P do have an effect on the iron catalyst but do not 

act as poisons and completely stop CNT growth. 
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Figure 3.14. An SEM image of a growth substrate with iron nitrate in SOG (50 mM) + 0.05 mL 

of TOPSe (100 mg Se/mL TOP) spun cast. The substrate was then exposed to the growth 

conditions described in the methods section. The number density of CNTs grown here is a lot less 

compared to when there is no TOPSe indicating an effect of Se and/or P on the iron catalyst.  

 

To confirm that this is indeed because of the added TOPSe, a new sample was prepared 

and TOPSe was added to just one half of the chip. A diamond scribe was used to physically etch 

a cross mark on that half for visual indication as seen in figure 3.15 below. This sample then went 

through the same growth procedure and, as expected, CNT growth is observed on the side where 

there is no TOPSe. On the side where there is TOPSe, the number density of CNTs is a lot lower. 

In fact, this effect is so pronounced that it is seen easily in figure 3.16 at the region in the middle 

of the chip where going from no TOPSe to coverage of TOPSe. This also shows that Se and/or P 

do not migrate across the surface of the chip during the growth process. 
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Figure 3.15. A picture of a growth substrate sample with TOPSe only added on the right half that 

is marked with a cross pattern. The different color of the halves matching that of the samples with 

no TOPSe and TOPSe all over indicates that the spin coating was done successfully. 

 

 

Figure 3.16. SEM image of the sample above, showing a higher number density of SWCNTs in 

the half with no TOPSe compared to the half that had TOPSe spun cast on it. This shows a clear 

effect of TOPSe, and also that it is localized to where TOPSe was applied. 
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Given that TOPSe has both Se and P elements which could both be affecting growth, 

another sample was made with just TOP spun cast all over. For ease of comparisons, the sample 

with no precursor will be henceforth referred to as Sample A, the one with TOPSe all over as 

Sample B, the sample with TOPSe on one side only as Sample C and this new sample with TOP 

all over as Sample D. Figure 3.17 does a visual comparison of representative SEM images for 

Samples A, B and D. Having TOP alone also has a slight effect of the number density of the 

SWCNTs, albeit not the extent as TOPSe did. 

 

Figure 3.17. SEM images comparing the effect of no growth modulator (Sample A), TOPSe 

(Sample B, Se + P) and TOP (Sample D, P only) on iron catalyst for CNT growth. Both Se and P 

have definite effects on CNT growth from iron catalyst. 
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To be sure this was not a one-time thing, each of these samples were reproduced 10 times 

and each time the results were similar. In order to quantify the effect, SEM images of the same 

area of sample (100 μm x 100 μm = 0.1 mm2) were used for each of the variations. 4 images were 

collected from every sample, thus providing 40 SEM images for Sample A, another 40 for 

Sample B and 40 again for Sample D. ImageJ was then used to count the number of individual 

CNTs in each image. Accordingly, there was an average of 70 CNTs per 0.1 mm2 area of the 

samples with no growth modulators, 21 CNTs per 0.1 mm2 area of the samples with TOP (P 

growth modulator) on it and 7 CNTs per 0.1mm2 area of the samples with TOPSe (Se and P 

growth modulators) on it. This means that the presence of P has resulted in a 70% decrease in 

CNT number density and the presence of P + Se has resulted in an 87% decrease in CNT number 

density compared to growth without any P or Se. 

Another interesting finding was that the average length of the CNTs was also affected by 

the presence or absence of these growth modulators. I used ImageJ once more to manually trace 

30 different CNTs from samples grown in this three different situations- no growth modulators, 

growth with phosphorus present, growth with both selenium and phosphorus present. These are 

CNTs that are representative of the entire set, and the error bar accounts for small variations from 

sample to sample and also limitations in the measurement technique. Figures 3.18 (a), (b) and (c) 

are histograms of the CNT lengths for the samples grown with no growth modulator, with 

phosphorus only and with selenium + phosphorus respectively. The presence of phosphorus tends 

to result in an increased length of the longer CNTs compared to no growth modulator, while the 

shorter CNT distribution tends to be the same. With selenium added, there is an increase in 

average CNT length throughout. This is a very interesting find as this is indication of the growth 

modulators having an effect on CNT length as well. 
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Figure 3.18. Histogram plots of measured CNT length for each sample type: (a) no growth 

modulator, (b) phosphorus only and (c) selenium + phosphorus. Both phosphorus and selenium 

have an effect on average CNT length. 

 

The average length for the case with no growth modulator was 3.85 ± 0.45 μm, the 

average length for the case with phosphorus as the sole growth modulator increased to 5.67 ± 

0.64 μm and the average length with both selenium and phosphorus modulators was the highest 

at 7.79 ± 0.41 μm. Chemical control over not just the number density of CNTs but also the 

average length of said CNTs has thus been demonstrated.  

In order to check whether these CNTs were indeed single walled, atomic force 

microscopy was performed using a Digital Instrument Nanoscope IIIA AFM in non-contact 

tapping mode using super sharp DLC (diamond like carbon) probes from K-Tek Nanotechnology, 

in a 5 μm x 5 μm area for each sample. The scan rate was held at 2 Hz with a 512 line sensitivity 

for a total scan time of approximately 8 min per sample. This was done for all the samples (30 
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total) and average height of the CNTs was measured using the built in software. Since the tip has 

a Z-axis (height) sensitivity of less 0.2 nm for these particular experiments, the height of the 

CNTs can be measured accurately as long as it is done on CNTs not inside/over the depressions 

in the substrate. Figure 3.19 is an example AFM image of some of the CNTs, and it must be 

noted here that the X-Y resolution is much worse than that in the Z-axis making the CNTs look 

wider than they truly are. 

 

Figure 3.19. Example AFM image of CNTs grown with no growth modulators 

 

Accordingly, I measured the height of 30 separate CNTs once more but this time making 

sure to do so where the CNTs are on the flat substrate and not across the depressions. The 

average height of the CNTs was 1.22 ± 0.09 nm for the case with no growth modulators, 1.18 ± 

0.11 nm with phosphorus growth modulator and 1.21 ± 0.15 nm with both selenium and 
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phosphorus growth modulators. Typically reported SWCNT diameters (= height for tubes) is on 

the order of 0.65-1.4 nm depending on the growth conditions and diameters of the catalyst 

nanoparticles. Thus it would be fair to say that a good majority of these CNTs, if not all of them, 

are SWCNTs. It also shows that the addition of growth modulators does not affect the diameter of 

the resulting CNTs much, and also not the number of walls of the CNTs. 

Based on these results, it can be concluded that the selenium and phosphorus growth 

modulators affect the number density of SWCNTs and the average length of the SWCNTs grown 

but not so the diameters. It is not known whether the chirality of the SWCNTs has been affected 

or not. Due to the complexity involved in measuring chirality of individual nanotubes grown 

horizontally on a substrate, it is here that the discussion moves on to the results from the VANTA 

setup. After some experiments with the different mass flow rates of the various gases fed to the 

VANTA setup, the flow rates were finalized as described earlier and such that the average linear 

velocity in the reactor was 175 cm/min. This is consistent with other reports of linear velocity 

ranging from 160-215 cm/min that resulted in VANTA growth. Figure 3.20 below shows an 

SEM image taken at the widest focal length of the microscope such that the substrate itself 

(approximately 0.5 mm thick, and 1 cm x 1 cm in area) is seen with a dense film of material on 

top. The inset in the top right corner indicates these are indeed vertically aligned carbon nanotube 

arrays. 

 

Figure 3.20. An SEM image of the growth substrate after the CVD reaction was completed. C2H4 

was used as the carbon precursor and a dense film of material is seen on top, and the inset 

zoomed in picture at the top right corner indicates VANTA growth.  
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To check and see if this is indeed a carbon nanotube array, the material was scraped off 

the substrate using a diamond tip blade and the resulting material underwent Resonant Raman 

spectroscopy in solid form, similar to what was used in chapter 1. This time, instead of focusing 

on just the radial breathing modes (RBMs), the entire spectrum was collected at all three 

available excitation wavelengths- 514, 633 and 765 nm. As seen in figure 3.21, the presence of 

the familiar RBMs (unique to carbon nanotubes) and the D- and G-bands in all three plots tells us 

that the dense film is indeed a VANTA. Averaging across all 3 spectra, and repeating for 10 

different samples synthesized under the same conditions the following numbers are obtained: 

1) G/D ratio is 2.64 indicating some structural defects and impurity present 

2) Particularly strong RBMs at 514 and 785 nm indicate a mix of single- and few-walled 

CNTs (double or triple walled at most). This is further corroborated by estimating the 

diameter of the CNTs from the RBM frequencies that yielded CNT diameters ranging 

from 0.8 nm to 1.85 nm 

The CNT diameters were calculated using the relation υRBM = (234/D) + 10 where υ is the 

frequency shift of the RBM peak(s) and D the corresponding CNT diameter as described in 

chapter 2. However, care must be taken here since these 3 excitation wavelengths may not 

represent the entire CNT range in the sample. 
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Figure 3.21. Resonant Raman spectroscopy of the synthesized material, done at (a) 514 nm, (b) 

633nm and (c) 785 nm. The presence of the radial breathing modes (RBMs) and the D- and G-

bands confirm that CNTs have been synthesized. 
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Knowing now that the CVD setup successfully synthesizes CNTs, the effect of heating 

rate was studied. As a reminder, the samples were introduced to the furnace using quartz boats 

with a magnet on one end so the substrates went from 25 ºC to 750 ºC in a matter of 1-2 seconds. 

Indeed, there are reports [36-38] on the heating rate affecting both the average CNT length and 

also the purity of the sample (CNT vs amorphous carbon, for example). Accordingly, 

experiments were performed with the same set of growth conditions except that the substrates 

were placed in the furnace and then heated at a constant ramp rate varying from 10 ºC/min to 60 

ºC/min which was the maximum consistently attainable ramp rate with the furnace used. Once 

750 ºC was reached, each substrate was held for a time of 10 min before cooling down to 25 ºC 

and characterization. Figure 3.22 below is an SEM image of the sample synthesized with the 

heating rate of 10 ºC/min. It is evident that the synthesized material is not a VANTA but rather 

horizontally growth CNTs. 

 

 

Figure 3.22. An SEM image of the product of growth experiments done with a heating rate of 10 

ºC/min from 25 ºC to 750 ºC, followed by a hold time of 10 min. Horizontally grown CNTs are 

observed here instead of vertically aligned arrays. 
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At heating rates of 25 ºC/min and higher, vertically aligned matter was formed which 

were then characterized by resonant Raman spectroscopy as before (powder form). Figure 3.23 

(a) shown an example Raman spectrum of the sample synthesized with a heating rate of 25 

ºC/min at 633 nm excitation. The G/D ratio is relatively much worse (~1.35) compared to that 

from figure 3.21 (2.64 for the sample introduced immediately into the hot furnace at 750 ºC).  
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Figure 3.23. Resonant Raman spectroscopy of the material synthesized at a heating rate of 25 

ºC/min from 25 ºC to 750 ºC, followed by a hold time of 10 min. The G/D ratio here is ~1.35 

indicating a relatively high degree of impurities. The less pronounced RBMs also show that while 

there are CNTs here, they are in less abundance compared to the previous samples introduced to 

the hot furnace at 750 ºC immediately. 

 

In fact, nothing came close to the 2.64 value for the G/D ratio when using a fixed ramp 

rate and heating the substrate to 750 ºC. The average height of the synthesized material was also 

consistently lower even with a heating rate of 60 ºC/min (90 μm of mixed carbon) vs that of the 

samples introduced to 750 ºC immediately (145 µm of CNTs). This is why the initial procedure 
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of using the magnetic boats to introduce the substrates to 750 ºC immediately was continued for 

all experiments henceforth. 

Since Raman spectroscopy of the VANTA sample doesn’t help measure the diameters of 

the CNTs conclusively, the sample underwent the same surfactant suspension protocol described 

in chapter 2. Once more, SDS was used to suspend the material followed by sonication and 

ultracentrifugation. It was here that I noticed an average of 32% loss in material in the suspension 

following a mass balance which can be attributed to (a) the removal of left over catalyst and 

impurities and (b) if this was indeed a carbon nanotube array, then not all of them were single 

walled. SDS can suspend CNTs of average diameter up to 1.5-1.6 nm on average although 

sometimes higher diameter CNTs are seen in the suspension also. Atomic force microscopy was 

then performed by spin coating 0.05 mL of this suspension on to a piece of HOPG (highly 

ordered pyrolytic graphite, a commonly used AFM substrate). Taking a look at the 3 example 

AFM images in figure 3.22 below, CNTs of height (= diameter) 0.71, 1.3 and 2 nm are seen- 

further indicating the presence of SWCNTs in the synthesized sample.  
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Figure 3.24. Height analysis of a few CNTs in a surfactant (SDS) aided suspension using atomic 

force microscopy. CNTs varying from height of ~0.7 nm all the way to 2 nm are observed here. 

Note that this does not represent the VANTA as-is owing to a material loss in the suspension 

stage, but these values are representative of single and double walled CNTs.  

 

Raman spectroscopy of this suspended material also looks a lot better, as seen in figure 

3.23 below taken at an excitation wavelength of 633 nm (the spectrum at 514 and 785 nm look 

similar). In fact here the G/D ration is > 100 which is indicative of a very pure sample. But here 

also it must be noted that this is not representative of the entire sample because of both the loss in 

material in the suspension stage but also the absence of a tunable Raman spectrometer with a 

continuous excitation wavelength range. Thus, for the CNTs grown as-is with this current set up, 

a standard SDS surfactant aided suspension is not a conclusive means towards testing for any 

chiral control of the nanotubes. 
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Figure 3.25. Resonant Raman spectroscopy of an SDS surfactant aided aqueous suspension of 

the VANTA sample synthesized without any catalyst dopants, done at 633 nm. The G/D ratio is 

very high here indicating that most of the impurities were separated out in the suspension stage, 

but there has been loss of some of the CNTs also. The Raman spectra at 514 and 785 nm show a 

similar behavior.  

 

Knowing thus that vertically aligned CNT arrays have been successfully grown, the same 

experiment was performed again except with different growth times. This was followed by SEM 

imaging to measure the height of the VANTA at each step. The plot of VANTA height vs time is 

shown in figure 3.24, and the average growth rate of the CNTs is calculated from the slope of the 

linear fit which is a fair assumption here given the good fit of the experimental data points and 

the linear fit. Accordingly, an average VANTA growth rate of 15 µm/min is observed here which 

holds true till a growth time of 2 hours at the minimum. 
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Figure 3.26. Plot of average VANTA height vs. growth time, as measured using SEM imaging. 

The VANTA growth rate is linear at 15 µm/min as measured up to a growth time of 2 hours.  

 

This linear growth is attributed to the careful choice of growth conditions used along with 

the overall higher “cleanliness” of the reactor set up. So much carbon is synthesized that it is 

fairly easy to measure the growth substrate before and after. As such, an average carbon mass of 

400 µg/h/cm2 is calculated here based of 10 samples synthesized for an hour each measured using 

a quartz crystal microbalance. This is a really good number considering that the reaction is going 

on at atmospheric pressure and is thus easier to scale up compared to CVD reactors that operate 

under vacuum. 

Now that a much better understanding of the new reactor and growth without any catalyst 

dopants has been established, it was time to study the effects of selenium. As such, selenium 

powder was dissolved in 1-octadecene (ODE) in varying amounts ranging from 0 (ODE only) to 

40 mg Se/mL ODE. VANTA growth was done on identical substrates and in the same conditions 

as before, except with 0.05 mL of ODE/Se (as applicable) spun cast all over at 2000 RPM for 

30s, and for a growth time of 10 min. SEM imaging was then done to measure the average height 

of the CNT array and figure 3.25 is the plot of average VANTA growth rate (average VANTA 

height/growth time) vs selenium concentration in ODE. Having just ODE spun cast has no effect 

on VANTA height as that value of  14.5 µm/min is near identical to when there is nothing spun 
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cast on the growth substrate. Having 2 mg Se/mL ODE drops down the average VANTA growth 

rate to 14 µm/min and from there onwards there is a linear decrease till a vertically aligned CNT 

array is no longer observed past a selenium concentration of 40 mg/mL. Thus, adding selenium 

results in a decrease in average CNT growth rate (and height) in the vertical CNT growth setup. 
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Figure 3.27. Plot of average VANTA growth rate vs. concentration of selenium in ODE carrier, 

as measured by a series of growth experiments done with varying selenium concentration for a 

growth period of 10 min and measuring the VANTA height by SEM imaging. A value of zero on 

the x-axis corresponds to ODE alone, which has no effect on the VANTA growth rate. Addition 

of selenium results in a linear, steep drop going to nearly zero at 40 mg Se/mL ODE.  

 

As mentioned earlier, the Maruyama group [22] used patterned growth substrates to create 

“pillars” that then had iron catalyst sputter coated on top to create individual nanoparticles per 

pillar. This enabled them to grow individual CNTs grow on each pillar using their own CVD 

setup. In-situ resonant Raman spectroscopy enabled chirality measurement of the nanotubes and, 

due to the standard distance between pillars, they were also able to measure the average growth 

rate of the CNTs. Their results demonstrated a direct correlation between the average growth rate 

of the CNTs (mostly SWCNTs) vs chirality, which goes back to the Screw Dislocation theory.  
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Use of selenium gives tunable control over the growth rate of CNTs, including a lot of 

SWCNTs. Slowing down the growth rate of SWCNTs may result in preferentially 

zigzag/semiconductor-type SWCNTs being grown only. In fact, figure 3.28 below shows the 

Raman spectrum collected at 633 nm excitation wavelength for the sample synthesized with 40 

mg Se/mL ODE spun cast all over the growth substrate. Comparing this to the spectrum for the 

control sample with no growth modulator seen in figure 3.25, it is observed here that the G/D 

ratio is even higher. Also different here are some missing peaks in the radial breathing modes 

compared to the control sample. Since RBM peaks correspond to individual CNT chiralities, this 

points towards chirality control from using selenium as a growth modulator. A similar behavior 

was observed at 514 and 785 nm excitation wavelengths as well but once more it must be noted 

that this is not necessarily indicative of all the CNTs synthesized as-is due to the loss in some 

material during the surfactant suspension formation, and also from the absence of a tunable 

excitation laser for resonant Raman spectroscopy. 
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Figure 3.28. Resonant Raman spectroscopy of an SDS surfactant aided aqueous suspension of 

the VANTA sample synthesized with 40 mg Se/mL ODE spun cast all over before synthesis, 

done at 633 nm. Comparing to the control sample spectrum in figure 3.25, the G/D ratio is even 

higher here and some of the RBM peaks are absent here indicating there has been some chirality 

control here. The Raman spectra at 514 and 785 nm show a similar behavior.  
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Unfortunately, due to inconclusive characterization available at the time, and the project 

funding running out, this project did not end with conclusive results showing whether the usage 

of selenium (and/or phosphorus) dopant on iron catalyst affected the chirality of as-grown 

SWCNTs or not. Using an SDS surfactant aided suspension is not representative of the entire 

VANTA, and resonant Raman spectroscopy at just 3 excitation wavelengths does not map out the 

chirality of all the CNTs present. A scanning capacitance microscope/electric force microscope 

would have helped here but the knowledge base using this characterization technique was very 

limited at this time.  

3.4. Summary and conclusions 

Chemical control of SWCNT chirality is still a holy grail of carbon nanotube science. My 

approach here was to use catalyst dopants to steer CNT growth towards one particular chirality. 

A study of heterogeneous catalysis literature and contemporary CNT growth literature led to the 

identification of selenium as a potential doping agent, and trioctylphosphene (TOP) was used as a 

carrier agent. Preliminary work done on a standard CVD set up using iron catalyst was promising 

and showed a direct effect of both selenium and phosphorus on the number density of 

horizontally grown SWCNTs and the average length of the SWCNTs. A new CVD set up capable 

of vertically aligned carbon nanotube array (VANTA) growth was built over the course of an 

year, and further tests using selenium and 1-octadecene as the carrier showed a direct effect of 

selenium concentration on the average growth rate of the CNTs. While there is work done 

independently demonstrating a correlation between the average growth rate of SWCNTs and their 

chirality, a lack of available, conclusive characterization techniques at the time combined with 

the project ending resulted in the work remaining incomplete. 
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Chapter 4 

  

Collaborative Work 

 
The work described in this chapter has been published as 3 separate research articles. The first 

titled “Water-Soluble Nanodiamond” in Langmuir (2012, DOI: 10.1021/la204660h) [1], the 

second titled “Surface modification of carbon black nanoparticles by dodecylamine: Thermal 

stability and phase transfer in brine medium” in Carbon (2014, DOI: 

10.1016/j.carbon.2014.02.008) [2] and the third titled “Facile Graphene Oxide Preparation by 

Microwave-Assisted Acid Method” in J. Braz. Chem. Soc. (2015, DOI: 10.5935/0103-

5053.20150061) [3]. All copyrights belong to the journal publishers. 

 

4.1 Water-soluble Nanodiamond 

4.1.1 Introduction 

Nanodiamond particles possess extraordinary mechanical, electronic, thermal, and tribological 

properties and exhibit significant potential as components of novel multifunctional materials [4-

11]. However, processing of diamond nanoparticles for many applications is hampered by 

agglomeration and inhomogeneous dispersions in organic or aqueous solvents that are often used 

for these applications. The search for novel methods to process nanodiamonds is thus an important 

goal in materials science [12-20].  This collaborative effort with Dr. Kuznetsov and the rest of the 

Billups group (Rice University) is on a versatile, scalable synthesis of water-soluble nanodiamonds 

using a route similar to that demonstrated earlier for carbon nanotubes [21] and graphene [22]. I 

performed dynamic light scattering and Raman spectroscopy for the two samples of interest, and 

also helped in the synthesis of one sample and solubility measurements of both samples. 

 

4.1.2 Materials and methods 

4.1.2.1 Materials 

Sample 3: This sample received from Dr. Kuznetsov is the sodium salt of carboxylated 

nanodiamonds as described in the published article. The functionalized nanodiamond sample was 
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treated with 1 M NaOH at 80 oC for 24 h followed by filtering through a PTFE membrane, washing 

with water, and drying overnight at 80 oC. 

Sample 6: This sample received from Dr. Kuznetsov is the sodium salt of sulfonated 

nanodiamonds. After sulfonation was done as described in the article, the nanodiamond sample 

was treated with 1 M NaOH at 80 oC for 12 h followed by separation of the supernatant (discarded) 

and precipitate collected by centrigufation. The precipitate was then washed with water and dried 

overnight at 80 oC. 

4.1.2.2 Solubility Measurements in Water 

Solubility measurements of the functionalized nanodiamond samples were performed as follows: 

100 mg of the functionalized material was dispersed in 100 mL of DI water and sonicated for 20 

min; the dispersion was then left to settle for 1 day. The top 50 mL of solution was then decanted 

and filtered through the pre weighed 0.2 μm PTFE membrane, dried at 80 oC in the oven overnight. 

The collected sample and membrane were then weighed. The weight of the membrane was 

deducted to determine the weight of the sample that was dissolved. 

 

4.1.2.3 Dynamic Light Scattering (DLS) 

The size of the nanodiamond clusters stabilized in DI water, reported as hydrodynamic diameter 

Dh, was measured using a Brookhaven ZetaPALS DLS instrument equipped with a He–Ne laser 

(λ = 656 nm) and a BI-9000AT digital autocorrelator. All measurements were conducted at room 

temperature using standard 4 mL polystyrene cuvettes at a fixed scattering angle of 90°. The 

measurements were conducted multiple times for each sample to ensure reliability of data. The 

diameters reported are number-weighted which were obtained using the CONTIN fitting 

algorithm. Volume-weighted hydrodynamic diameter (Dh,v) values were determined and compared 

to the number-weighted Dh values. Since number-weighted diameters vary as Dh and volume-

weighted diameters vary as Dh
3, the case of Dh,v ≈ Dh indicates a narrow size distribution and the 

case ofDh,v > Dh indicates the additional presence of larger-diameter particles. For all three 

nanodiamond samples in which particle size analysis was performed by DLS, Dh,v was found to 

be larger than Dh (vide infra): dh,v = 283 ± 15, 703 ± 50, and 553 ± 45 nm for sample 3, sample 6 at 

pH 7, and sample 6 at pH 14, respectively. Excluding the largest particles (<5% of the total 

population), the remaining cluster population in each sample had dh,v values of 189 ± 12, 443 ± 

42, and 170 ± 21 nm, respectively. These values are similar to the Dh values (vide infra), and 
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thus Dh can be taken to represent the average diameter of >95% of the cluster population for a 

given nanodiamond suspension. 

 

4.1.2.4 Raman Spectroscopy 

Raman spectra were collected using a Renishaw 1000 micro-Raman system with a 514 nm laser 

source. The samples, in powder form, were placed on a microscope glass slide. All measurements 

were performed at room temperature and atmospheric pressure with an exposure time of 60s with 

each measurement collected across 15 accumulations in a spectral range of 1000-2500 cm-1. 

 

4.1.3 Results and Discussion 

Please note that I will be discussing my results from Raman spectroscopy and DLS only here, the 

published work has more data from transmission electron microscopy (TEM) showing the 

nanodiamonds in both pristine and functionalized forms, x-ray diffraction (XRD), Fourier 

transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA) and x-ray 

photoelectron spectroscopy (XPS).  

Figure 4.1 shows the Raman spectrum of a pristine nanodiamonds as received from 

NanoAmor Inc. (figure 4.1 a) compared to that of the nanodiamonds then annealed at 1100 oC 

(figure 4.1 b). We see the presence of more prominent D-band (1300 cm-1) and G-band (1570 cm-

1) as a single peak each [23]. We know that the D-band corresponds to a more diamond like 

structure for carbon nanotubes as seen in chapters 2 and 3, but for other forms of nanometer sized 

carbon it also corresponds to a disorder in the structure. The G-band also shows that the annealed 

nanodiamonds have a graphitic structure, at least on the outside which is contributing to the 

disorder as well. This was then corroborated by XRD, and this surface graphitization of the 

nanodiamonds is the first step to make them water-soluble. 
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Figure 4.1. Raman spectra of (a) pristine nanodiamond as received from NanoAmor Inc. and (b) 

after annealing at 1100 oC for 3 hours. The more prominent D-band (1300 cm-1) and G-band (1570 

cm-1) are indicative of surface graphitization of the nanodiamonds. 

  

Dynamic light scattering was done on aqueous solutions of sample 3 (sodium salt of the 

carboxylated nanodiamond, solubility in water measured at 160 mg/L) and sample 6 (sodium salt 

of the phenyl sulfonated nanodiamond, solubility in water measured at 248 m/L), with the latter 

having being measured at pH 7 and 14 respectively. Sodium hydroxide was used to raise the pH 

to 14 in the final case. Figures 4.2, 4.3 and 4.4 show an example diameter distribution from one of 

the DLS measurement runs for each of the three samples. The number averaged hydrodynamic 

diameters are respectively 189 ± 12, 443 ± 42, and 170 ± 21 nm and these numbers matched very 

well with the diameters measured from TEM. The sodium salt forms of the carboxylated and the 

phenyl sulfonated nanodiamonds are more soluble in water compared to pristine nanodiamonds. 
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Figure 4.2. An example diameter distribution for sample 3. The hydrodynamic diameters are 

number averaged, and the distribution is unimodal and narrow. 

 

 

Figure 4.3. An example diameter distribution for sample 6 at pH 7. The hydrodynamic diameters 

are number averaged, and the distribution is unimodal but broader than the previous sample. 
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Figure 4.4. An example diameter distribution for sample 6 at pH 14. The hydrodynamic 

diameters are number averaged, and the distribution is unimodal and narrow. 

 

4.2 Surface Modification of Carbon Black Nanoparticles 

4.2.1 Introduction 

Carbon black (CB) is a carbon-based nanomaterial with typical diameters in the 10-1000 nm range. 

CB is obtained from the partial combustion or thermal decomposition of hydrocarbons forming 

aggregates which further agglomerate because of strong Van der Waals forces along the surface 

of the CB nanoparticles [24]. CB is a versatile material that can be used as a catalyst [25, 26], an 

adsorbent [27, 28], a black color pigment [29], a conductive material [30], and as a reinforcing 

filler [31, 32]. Furthermore, CB can modify the optical [33], thermal [34],  and electrical properties 

[35] of the systems in which it is dispersed. 

The applications of CB depend on its dispersion; however, it exhibits a strong tendency to 

agglomerate, and the preparation of a stable dispersion of the material in organic solvents [36] or 

in polar solvents such as water [37] is challenging and labor-intensive. Currently existing 

techniques including surface modification via oxidation [38], surfactant adsorption [39], polymer 

grafting, or encapsulation [40] can render CB dispersible in organic solvents [41] without a 

significant increase in particle size. In order to have them disperse in aqueous solvents, surface 
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modification followed by a phase-transfer to the aqueous phase has been studied before [42, 43] 

to varying degrees of success. 

This collaborative effort with Dr. Soares and the Silva group (Universidade Federal de 

Minas Gerais, Brazil) describes an improvement in processability of CB dispersions in aqueous 

solvents and stability of these dispersions at temperatures as high as 70 oC and salinity as high as 

API brine (8 wt% NaCl, 2 wt% CaCl2, 90 wt% H2O; ionic strength 1.91 M). In particular, these 

conditions were chosen because surface modified carbon black nanoparticles have been used as 

nanoreporters [36, 43] for hydrocarbon detection in oilfield rocks. Nanoreporters are nanomaterials 

with signaling, sensing, and detection capabilities for oil exploration and reservoir characterization 

and as such need to be stable at typical reservoir conditions of temperature and salinity. Here the 

functionalized carbon black would serve as a carrier for the tag that enables detection, and thus 

dispersion and stability at the reservoir conditions is very crucial. I did dynamic light scattering of 

the functionalized CB in chloroform, and the phase transferred CB in an aqueous dispersion. I also 

conducted breakthrough experiments in a sand packed column to demonstrate feasibility as a 

carrier component of nanoreporters. 

 

4.2.2 Materials and methods 

4.2.2.1 Materials 

Functionalized CB (OCB-DDA): This sample received from Dr. Soares is oxidized carbon black 

(OCB) which has undergone surface modification with dodecylamine (DDA). CB was purchased 

from a commercial source, oxidized in an acidic environment as described in the published article 

and then heated to 120 oC in an oil bath for 24 h in the presence of DDA. The insoluble material 

was precipitated, rinsed with ethanol and dried at 85 oC for 30 min. 

OCB-DDA/Avanel/API brine: This sample received from Dr. Soares was obtained after phase 

transfer of functionalized CB into an aqueous system. The phase transfer from chloroform to brine 

was done as described in the article, and used Avanel surfactant to aid in the dispersion stability.  

4.2.2.2. Characterization 

Hydrodynamic diameters were measured using a Brookhaven Instruments ZetaPals dynamic light 

scattering instrument in the temperature range 25–75 oC; and Fiber Optics Quasi-Elastic Light 

Scattering (FOQELS) attachment was used to measure diameters at temperatures greater than 
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75 oC. Each measurement was repeated 10 times for statistical accuracy, and the hydrodynamic 

diameters reported are number averaged. 

The fundamental transport and retention properties of OCB–DDA under saline conditions 

were investigated by breakthrough tests in sandstone, which is a type of oilfield rock. A glass 

column (Omnifit Labware SOLVENTPLUS column, 10 mm diameter × 100 mm length) was 

filled with crushed Berea sandstone (110 mesh) for a filled column length of 7.5 cm. A syringe 

pump (New Era model 300) was used to control the flow rate of the liquid entering the column. 

API brine was first flushed through the column for 18 h at a constant flow rate of 2 mL/h, followed 

by a solution of Avanel in API brine (0.75 g/L Avanel in API brine) for 2 h at 8 mL/h. After the 

column material was saturated with Avanel, the OCB–DDA/Avanel in API brine was passed 

through the column at 8 mL/h. Samples of OCB–DDA were collected from the exit stream of the 

column every 6 min, and the concentration of CB in the exit stream was measured by UV–vis 

spectroscopy. Samples were collected until the concentration in the exit stream remained 

unchanged for 2–3 min, and API brine was then flowed into the column at 8 mL/h to flush the 

remaining OCB–DDA from the column. The volume of the collected samples was converted in 

terms of the pore volume of the column, i.e., the total volume occupied by the pores in the 

sandstone-packed column. The pore volume was separately calculated using a tritiated water tracer 

flow experiment. Each measurement was repeated 4 additional times with fresh sand for statistical 

accuracy. I performed the DLS measurements as well as most of the transport experiments using 

the sand pack columns. 

 

4.2.3 Results and discussion 

As seen in the published article, XPS was done on oxidized CB (OCB) and functionalized OCB-

DDA and the results show that DDA bonded covalently with OCB. With pristine CB, the 

functionalization was not as successful thus demonstrating the need for the oxidation step before 

functionalization. FTIR of the samples agreed with the findings from XPS as well. TGA was done 

by the collaborators on pristine carbon black (CB), oxidized CB, DDA and functionalized CB-

DDA, and OCB-DDA. The results show that functionalized OCB-DDA was stable until 120 oC 

following which DDA started decomposing. This showed that these nanoparticles were stable in 

desired temperature range of 70-120 oC for our proposed application as nanoreporters. 
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The mean diameter of CB-DDA as measured by HRTEM was 16 ± 1 nm (as opposed to 

15 ± 1 nm for pristine CB) and that of OCB-DDA was 20 ± 1 nm (as opposed to 16 ± 1 nm for 

OCB). While the surface morphology was not clear enough to show the surface functionalization, 

the increase in mean diameters points to the covalent bonding of the DDA group on to the surface 

of CB and OCB (with more functionalization on OCB). Please note that these are dry sample 

diameters and not that of dispersions in aqueous solvents. 

DLS was done on the OCB-DDA after phase transfer using Avanel, and in API brine 

solvent. Figure 4.5 (a) depicts the phase transfer process going from chloroform phase to API brine 

phase and figure 4.5 (c) shows the mean number average hydrodynamic diameters for the dispersed 

OCB-DDA in API brine at 25, 75 and 150 oC. The hydrodynamic diameters remained smaller than 

100 nm across the investigated temperature range, and this is smaller than that of the PVA-OCB 

nanoparticles reported by Berlin et al. [36] which were functionalized similarly for a nanoreporter 

application. In both cases, the functional nanoparticles are the carrier component of the 

nanoreporter with the actual tag material being another component. 

Figure 4.6 shows the breakthrough profile of the OCB-DDA dispersion in API brine going 

through a sand packed column filled with crushed Berea sandstone. The concentration profiles 

were measured using UV-vis spectroscopy (peak at 248 nm) and then normalizing the 

concentration relative to the injected sample so as to get C/C0 (%). Pore volume for the column 

was measured to be 1.32 mL using tritiated water as a tracer, and cumulative effluent volume after 

each collected sample (sans dead volume) was converted into multiples of pore volume (PV) 

accordingly. The stable dispersion of OCB–DDA/Avanel in API brine exhibited considerable 

breakthrough in sandstone media. Approximately 96% of the OCB–DDA nanoparticles flowed 

through the sandstone column, confirming the potential of these nanoparticles as carriers in a 

nanoreporter formulation to detect hydrocarbons in oilfield reservoirs. 
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Figure 4.5. (a) Transfer process of OCB-DDA nanoparticles (concentration 12.5 ppm) into 

bilayers of Avanel in API brine; (b) legend of the chemical species; and (c) hydrodynamic diameter 

of OCB–DDA as a function of temperature in Avanel/API brine. The hydrodynamic diameters are 

number averaged, and remain below 100 nm even at 150 oC. 

 

 
Figure 4.6. Breakthrough profile of OCB–DDA/Avanel/API brine flowing through sandstone. 

The profile is an average of 5 total runs, with each error bar representing 1 standard deviation. We 

see an average breakthrough of nearly 96% at 4 PV indicating low adsorption. 
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4.3 Graphene Oxide Preparation by Microwave-assisted Acid Method 

4.3.1 Introduction 

Scientific and technological progress involving the preparation and application of graphene since 

its preparation from micromechanical exfoliation by Novoselov et al. in 2004 [44] has necessitated 

the development of several methodologies for its production from graphite: a top-down process. 

Some chemical routes lead to the preparation of graphene oxide (GO), which is a single layer of 

carbon atoms that contains both C–C and C–O bonds with sp2 and sp3 hybridization and which is 

considered a new type of non-stoichiometric macromolecule that is chemically labile and 

hygroscopic under ambient conditions [45]. GO has been mainly prepared using methods which 

involve oxidation of the graphite structure [46]. The Hummers method is an efficient and widely 

used approach to prepare GO nanosheets, i.e., few-layered GO; however, considerable time is 

required to prepare GO in this manner. Some alternative chemical methods have also been used, 

such as solvothermal [47], electrochemical [48] and microwave-assisted methods [49], which are 

rapid and efficient approaches to exfoliating graphite. 

This collaborative effort with Dr. Viana and the Caliman group (Universidade Federal de 

Minas Gerais, Brazil) is based on a fast and reproducible process to prepare GO from graphite 

using microwave (MW) irradiation under acidic conditions. I did the UV-vis absorption 

spectroscopy, zeta potential measurements and contributed with the electrical conductivity 

measurements by preparing the sample for testing and analyzing the raw data obtained from the 

four-point probe. 

 

4.3.2 Materials and methods 

4.3.2.1 Materials 

GO nanosheets: This sample received from Dr. Viana was prepared by microwave assisted heating 

of commercially obtained graphite powder in an acidic environment. The powder obtained was 

then washed with water, dried and exfoliated in an aqueous environment as described in the 

published article to obtain graphene oxide (GO) nanosheets in an aqueous dispersion. 

Reduced GO (rGO) films: This sample received from Dr. Viana was prepared by treating the GO 

dispersion in a dilute acid as described in the article, which resulted in precipitated GO that was 

then dried 110 oC for 12 h to give the rGO films. 
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4.3.2.2 Characterization 

UV-vis spectroscopy performed on a Shimadzu UV-Vis (UV-24601 PC) spectrophotometer in the 

200-500 nm range was used to evaluate the stability of the GO aqueous dispersion. Quartz cuvettes 

of 4 mL total volume were used to minimize any noise in the spectrum, and each sample was 

measured 5 times for statistical accuracy. The zeta potential of the GO sheets was measured using 

a Brookhaven Zeta PALS instrument and a solvent resistant electrode with 25 measurements per 

sample for statistical accuracy. Electrical measurements were performed on rGO film formed by 

drop-casting the GO dispersion onto 2 cm x 2 cm Si chips with a 275nm thick thermally grown 

SiO2 layer and subsequently annealing the coated chips in air at 110 oC for 12 h. Silver paint was 

coated on each of the 4 corners on the chips and used as control points so as to enable multiple 

measurements. A Lakeshore CPX four-point probe, at 25 oC, was used to provide a current between 

the two outer probes (one of these probes is on the silver paint) while a voltmeter reads the potential 

generated between the two inner probes. The voltage measured was plotted as a function of the 

applied current so as to calculate the resistivity, and thus also the conductivity, of the film. This 

last measurement was done with help from the Tour group at Rice University. 

 

4.3.3 Results and discussion 

The GO (still in the aqueous dispersion) was characterized first by UV-vis spectroscopy as a 

function of time spent in the dispersion going from 1 day to 30 days. As seen in figure 4.7 (a), the 

intensity of the spectrum decreases with time which is a result of the GO precipitating slowly and 

the concentration in the suspension decreasing. The peak at ~230 nm is due to the π-π* transition 

from C=C bonds and the broad shoulder at ~300 nm is from the π-π* transition from the C=O 

bonds [50]. The inset in 4.7 (a) top right shows the linear relation between UV-vis intensity 

(measured for the peak at 230 nm) and concentration of GO. The inset in 4.7 (a) bottom left shows 

a normalized photoluminescence (PL) spectrum with the peak at 545 nm attributed to electron-

hole recombination between conduction band and neighbor-localized states to valence band. The 

oxidized and non-oxidized carbon on GO are responsible for emission species to visible 

fluorescence [51]. 

Figure 4.7 (b) shows the trend of zeta potential of the GO (still in the aqueous dispersion) 

as a function of the dispersion pH going from a pH of 1 to 13. A negative zeta potential value is 
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measured throughout, and going from pH 1 to pH 4 results in increased stability of the dispersion 

(a zeta potential value ≥ |30| mV is generally considered stable for aqueous dispersions, and there 

are reports published [50, 52] that use this for GO dispersions). The increase in the absolute value 

of zeta potential at higher pH is because of protonation of the carboxyl and hydroxyl groups on 

the surface at lower pH which does not happen as pH increases. The zeta potential once more gets 

less negative at higher pH past 12 and this has been attributed to a compression in the electrostatic 

double layer in aqueous GO dispersions. 

 

Figure 4.7. UV-Vis spectra of GO nanosheets dissolved in water for 30 days in (a). The inset (top) 

shows the linear relationship between the absorbance and the GO concentration; the inset (bottom) 

shows the normalized PL spectrum. Zeta potential measurements of a 0.25 mg/mL GO in water in 

(b) as a function of pH shows a stable dispersion from pH 4 to 12. 

 

TEM and AFM imaging conducted by the primary author, Dr. Viana, showed that the GO was 

present as wrinkled sheets of thickness 1.5-3 nm roughly corresponding to 5-9 GO layers. Upon 

drying, these GO sheets formed an rGO film which was further characterized by XRD, TGA, XPS, 

SEM and FTIR as indicated in the published article.  

To measure the electrical properties of the rGO film, 0.05 mL of the aqueous GO dispersion 

was drop cast onto Si/SiO2 chips as described above, and these chips were annealed in air at 110 

oC for 12 h to form the rGO film. Figure 4.8 shows the generated voltage in the four-point probe 

as a function of the applied current. Given that the chips are 2 cm x 2 cm in size, the average 

resistivity of the rGO films was calculated to be 1.35 x 10-3 Ωm. Conductivity of the rGO film was 

thus calculated to be 7.36 x 102 S/m. 

This relatively high conductivity value, compared to published literature, indicates the 

formation of an rGO film with low defects. It is well known [53, 54] that the electrical conductivity 
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of rGO films is dependent on characteristics as amount of defects, annealing temperature, 

reduction atmosphere, film thickness and oxidation residual. There are reports [55, 56] indicating 

higher conductivity values, sometimes by 2 orders of magnitude, by simply increasing the 

annealing temperature but with shorter annealing times. In this work the rGO film was submitted 

to low annealing temperature for longer than other studies cited above showing an unexpected 

conductivity value which probably can improve with increasing annealing temperature. Due to the 

nature of a time deadline on the collaboration, no further work was done to explore this. 

 

Figure 4.8. A plot of applied current across the rGO film (with silver paint control points) and 

the voltage generated. The slope gives the conductance for the film (taking the silver paint into 

account) and knowing the area of the film gives us the conductivity for the film. The inset top 

left shows the 2 cm x 2 cm chip used for the experiment and the inset bottom right is an SEM 

image of the chip showing the rGO film drop cast on it. 

 

4.4 Summary and Conclusion 

All the three collaborations mentioned here explore a different carbon based nanomaterial and 

functionalization of the same to make aqueous dispersions. Water soluble nanodiamonds form a 

basis for understanding functionalization of sp3 hybridized carbon to form aqueous suspensions, 

which pairs well with the work described in the previous chapters talking about aqueous 

suspensions of more graphite-like/sp2 hybridized carbon nanotubes.  

Next, my collaborators and I explored functionalization of carbon black followed by a 

phase transfer method to introduce carbon black based nanoparticles that dispersed in API brine 
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and were stable at temperatures as high as 120 oC. This stability in relatively high temperatures 

and salinity typical of oilfield reservoirs, combined with very good breakthrough in sandstone 

packed columns makes this nanomaterial a potential carrier component of nanoreporter 

formulations to quantify oil content in reservoirs.  

Finally, we improved upon existing methods to make graphene oxide (GO) by reducing 

the total time required, and showed these formed aqueous dispersions which were stable across 

multiple days. Zeta potential measurements indicated that the dispersions were very stable across 

a wide range of pH (4-12). We also prepared reduced GO (rGO) films from annealing the GO 

dispersions, and measured a relatively high electrical conductivity for the rGO film. There is also 

potential to make rGO films with even higher electrical conductivity by a few simple changes in 

the annealing process. 
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Chapter 5 

  

One-step preparation of amphiphilic polymers that 

achieve ultralow interfacial tension values 
 

5.1. Introduction 

In the 2013 OPEC world oil outlook report [1], there was much emphasis placed on the forecast 

of global oil production not being able to match the increasing global oil demand from 2015. 

Despite the currently lower price of crude oil ($45-50/barrel on average) compared to what was 

predicted in said report ($80-90/barrel on average), the demand for oil has not changed with the 

average consumption in the US still in the 10-15 million barrels of oil/day range [2]. Currently, 

the conventional production methods typically only recover 30-40% of oil from a reservoir [3-6]. 

There is thus renewed industrial and academic interest in new and improved methods of oil 

production, including enhanced oil recovery (EOR) techniques that can aid in recovery of a 

further 25-35% oil. For EOR to be economically feasible, oil cost has to exceed $50-100 

depending on the method of EOR used [7].  

Surfactant flooding is an important EOR approach [8-12], wherein specially formulated 

surfactant solutions are injected in oil reservoirs to lower the interfacial tension (IFT) between 

the entrapped oil phase and the mobile water phase injected to mobilize the entrapped oil. The 

classic criterion for an EOR surfactant is its ability to decrease IFT values from 20-30 mN/m (for 

brine water and oil) to <10-3 mN/m [4, 5]. Surfactants have been developed to achieve this 4 

orders-of-magnitude decrease, but surfactant flooding has been limited in practice due to cost (in 

terms of raw materials, production costs, transportation and storage as well as material loss due 

to adsorption and clogging in reservoirs) [13-18]. Thus the search for an ultralow IFT-achieving 

surfactant that can be produced inexpensively continues.  

Typical EOR surfactant flooding operations use either an alkaline surfactant polymer 

formulation comprising ~1 wt% alkali, 0.1% surfactant and 0.1% polymer, or a surfactant 

polymer flooding formulation comprising ~1% surfactant and 0.1% polymer [19]. The choice 

between the two is made based on the oil type in the reservoir, composition of the brine used 

(e.g., monovalent ions vs divalent ions) and the geochemical composition of the reservoir. 
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Examples of industrial formulations include internal olefin sulfonate (e.g., ENORDET from 

Shell) [20] and alcohol-based surfactants (e.g., Neodol-67) and polyacrylates (e.g., FLOSPERSE 

from SNF) [21]. 

One particular category of surfactant flooding involves the use of polymeric surfactants 

[13, 22, 23] that have an advantage in terms of material cost and also tunable characteristics of 

length and average molecular weight for side applications such as viscosity reduction of the 

mobile oil phase. A surface active polymeric surfactant with hydrophilic and hydrophobic 

portions could potentially be much larger in size relative to the currently used materials.  

This chapter describes the preparation of ultralow IFT-achieving surfactants out of 

polystyrene sulfonate (PSS) polymer. The approach is based on chemically removing the 

sulfonate group from the phenyl sulfonate pendant groups of PSS. The effect of the synthesis 

parameters of pH and temperature on the extent of PSS desulfonation through acid-base titration 

and zeta potential measurements. Hydrodynamic diameter of the resulting materials (termed here 

as "Partially Desulfonated polystyrene Sulfonate" or "PDS") was measured in the range of 25 

and 150 °C through dynamic light scattering. Through pendant drop and spinning drop 

tensiometry, interfacial tension values of the surfactant in API brine (2 wt% CaCl2 and 8 wt% 

NaCl in water) were measured against oils like toluene and Isopar-L and shown to be in the 

ultralow regime (10-3 mN/m).  

 

5.2. Materials and Methods     

5.2.1. Materials 

Poly(sodium 4-styrene sulfonate) in powder form ("PSS", average molecular weight 70 kDa and 

1 MDa from Sigma Aldrich) and in solution form (20 wt% PSS in DI H2O of  average molecular 

weight 20 kDa, 75 kDa, 500 kDa and 1 MDa from Tosoh) was acquired from two different 

commercial sources. Hydrochloric acid (HCl, 1M conc. in water), sodium hydroxide (NaOH, 

>99%) powder, sodium chloride (NaCl, >99%) powder and calcium chloride dihydrate 

(CaCl2·2H2O, >99%) powder and toluene (>99.98%) were purchased from Sigma Aldrich. 

Isopar-L oil (>98% C11-C13 straight chain alkanes) was provided by the Advanced Energy 

Consortium (Bureau of Economic Geology, UT Austin). Deionized (DI) water from a Barnstead 

NANOpure Diamond purifier (resistivity > 18 MΩ cm-1) was used for all experiments. API brine 

(one type of brine composition recommended by the American Petroleum Institute) was prepared 
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using NaCl and CaCl2·2H2O such that the final concentrations in DI water were 8 wt% NaCl and 

2 wt% CaCl2, respectively (ionic strength = 1.91 M) [24]. All chemicals were used as-received 

unless otherwise noted.  

 

5.2.2. Desulfonation Method 

A 5 wt% solution of PSS was prepared in DI water and the solution pH was adjusted to the 

desired value using HCl or NaOH (Table 5.1). The range of ionic strength of the PDS samples 

was maintained < 0.1 M. 10 mL of this solution was placed inside a 30-mL sealed glass vial 

(GC-30 model, Anton Paar) containing a magnetic stir bar, and the vial was inserted into a 

microwave heating apparatus (Anton Paar Monowave 300, max power 850 W). Magnetically 

stirred at 1200 rpm, the fluid was microwave heated to a target temperature (in the range of 25 

and 200 °C) over the course of ~1 min, held for 5 min at that temperature, and then cooled down 

to 55 °C as fast as possible. A fresh vial was used for each run to prevent any sample 

contamination. The actual fluid temperatures (measured using an internal ruby thermometer) 

were roughly 5% higher than the target temperatures (measured using an infrared thermometer 

external to the vial) (Table 5.). A typical set of temperature profiles is shown in Figure 5.1. 

Hereafter "synthesis temperature" refers to the measured fluid temperature. Caution: at 

temperatures about 100 °C, the internal pressure of the seal vial exceeds 1 atm; at 200 °C, the 

autogenous pressure reaches 16 atm. In a separate set of experiments, identical experimental 

parameters were used again as described in Table 5.1 but the ionic strength of the reactant 

mixture was maintained at 0.1 M using NaCl salt to test the effect of ionic strength. There was no 

effect of ionic strength observed across any of the synthesized samples, and future synthesis was 

done without ionic strength held constant. 

Table 5.1. pH and temperature values used in desulfonation method. 

pH Target temperature (°C)/ Fluid temperature (°C) 

0.5, 1, 2, 4, 7, 9, 11 25/25 40/41 80/84 120/125 160/168 200/209 
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Figure 5.1. Example of temperature (in °C) and pressure (in atm) profiles during a typical 

desulfonation run set using the microwave apparatus (pH 1, target temperature of 160 °C).  

 

5.2.3. Characterization Techniques 

5.2.3.1 Acid/Base Titration 

As-received PSS and as-synthesized PDS samples were dialyzed for 24 h at 25 °C (Pierce 3.4 

kDa MWCO cassettes) against DI water to remove salts and then passed through a cation 

exchange resin column filled with Amberlite 200 to substitute Na+ with H+. This was followed 

by titration against standard 1M NaOH using NaOH in a titration burette and PDS in a conical 

flask with Phenolphthalein indicator that turned from colorless to pink to indicate the reaction 

being complete. A control experiment was performed using standard 1M HCl and titrating it 

against 1M NaOH. Comparing the volumes of the acid content in each case helped calculate the 

percentage of acid content in the product which is the same as % sulfonation. Thus the degree of 

desulfonation was calculated (as % of original content).  

 

5.2.3.2 Dynamic Light Scattering (DLS) 

 The hydrodynamic diameters of the samples (containing 5 wt% polymer) was analyzed using a 

Brookhaven Instruments ZetaPALS using a 35 mW red diode laser at 660 nm and a Turbocorr 

digital autocorrelator. When scattering was observed from a sample such that the scattering count 
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exceeded the background signal by ~80×, a number-averaged hydrodynamic diameter (Dh) was 

calculated using the CONTIN algorithm after verifying the size distribution was unimodal [25]. 

All measurements were conducted at 25 °C using a standard 4-mL quartz cuvette at a fixed 

scattering angle of 90º, and repeated 10 times for each sample.  

Each sample was then diluted in API brine such that the final polymer concentration was 

0.5 wt% and the same measurement procedure was performed. DLS measurements were also 

conducted at elevated temperatures, up to 150 °C using the FOQELS (Fiber Optic Quasi Elastic 

Light Scattering) attachment. 

 

5.2.3.3 Zeta Potential Analysis 

Zeta potential values of as-synthesized samples (at 5 wt% concentration) were calculated from 

electrophoretic mobility measurements using the Brookhaven Instruments ZetaPALS described 

above. Approximately 2 mL of each sample was placed inside a standard 4 mL quartz cuvette 

and then a general solvent resistant electrode (BI-SREL) was placed inside it such that the 

sample was in contact with the electrode at all times. Conducted at 25 °C, each measurement was 

repeated 10 times for statistical accuracy. Oscillating electric fields of 2-8 V/cm were applied to 

the fluid within the electrode, and electrophoretic mobility values were ascertained from phase 

analysis light scattering. The Smoluchowski equation, which is independent of ionic strengths, 

was used to calculate zeta potential values: 

ζ = (6.μ.υE)/(4.ε0.εr.(1+κ.r) 

in which ζ is the zeta potential of the sample in mV, μ is the solution viscosity in Kg/m.s, υE is 

the sample electrophoretic mobility in m/s, ε0 and εr are the relative dielectric constant and the 

electrical permittivity of a vacuum respectively in F/m, κ is the Debye–Hückel parameter and r is 

the average sample radius in mm 

 

5.2.3.4 Spinning Drop Tensiometry 

A spinning drop tensiometer (Model M6500, Grace Instruments) was used to measure the IFT 

values (below 5 mN/m) of water solutions containing PDS samples against toluene. Each PDS 

sample was diluted in API brine such that the final polymer concentration was 0.5 wt%. The 

denser phase was chosen as the stationary phase (in this case PDS in API brine) and the lighter 

phase was chosen as the mobile phase (in this case toluene). Both phases were injected into the 
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sample tube holder using a 20 guage needle on a glass syringe. With a microscope fitted with a 

25× optical zoom lens and connected to a calibrated micrometer display, the diameter of the oil 

droplet is measured under steady-state rotation at 25 °C, and the corresponding IFT value was 

calculated using the Navier-Stokes equation: 

γ = 1.44×10-7·Δρ·D3·θ2 

in which γ is the IFT of the aqueous phase against the oil (units of mN/m), Δρ is the density 

difference between the two phases (0.135 in g/cm3 for water/toluene and 0.235 for water/Isopar 

L), ,D is the oil droplet diameter (units of mm), and θ is the rotational speed of the sample tube 

(units of in rpm)  

 

5.2.3.5 Pendant Drop Tensiometry 

A KSV CAM 200 pendant drop tensiometer was used to measure the interfacial tension between 

synthesized samples (diluted 1:10 into an API brine solution) and an oil such as toluene.  The 

measurements were done at 25 °C by suspending a drop of the oil in a glass cuvette cube of 5 cm 

sides (OG Helma) filled with the sample. The interfacial tension of the drop was measured using 

the KSV software included with the instrument.  A video capture of the falling oil drop as it hits 

the aqueous phase was used to measure the two radii of curvature (oil-air and oil-aqueous phase). 

IFT was calculated as per the Young-Laplace equation below: 

γ = (ΔΡ)/(1/r1 + 1/r2) 

in which γ is the IFT between the oil and aqueous phase in mN/m, ΔΡ is the pressure difference 

across the curved interface of the drop in N/m2 and r1, r2 are the two principal radius of curvature 

of the oil drop in mm 

 

5.2.3.6 Breakthrough experiments 

A glass column (Omnifit Labware SOLVENTPLUS column, 10 mm diameter × 100 mm length) 

was filled with crushed Berea sandstone (110 mesh, provided by the Advanced Energy 

Consortium) for a filled column length of 7.5 cm. A syringe pump (New Era model 300) was 

used to control the flow rate of the liquid entering the column. API brine was first flushed 

through the column for 18 h at a constant flow rate of 2 mL/h, followed by a solution of the 

desulfonated PSS in API brine (0.5 wt% in API brine) for 2 h at 8 mL/h. Evaluation samples 

were collected from the exit stream of the column every 6 min, and the concentration of the 
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desulfonated PSS in the exit stream was measured by UV–vis spectroscopy relative to the 

starting concentration. Samples were collected until the concentration in the exit stream 

remained unchanged for 2–3 more collections, and API brine was then flowed into the column at 

8 mL/h to flush the remaining material from the column. The volume of the collected samples 

was converted in terms of the pore volume of the column, i.e., the total volume occupied by the 

pores in the sandstone-packed column. The pore volume was separately calculated using 

a tritiated water tracer flow experiment. Each measurement was repeated 4 additional times with 

fresh sand for statistical accuracy. 

 

5.3 Results and Discussion 

The desulfonation chemistry is based on desulfonation of benzene sulfonate at low pH and high 

temperatures. Figure 5.2 depicts the desulfonation of a single styrene sulfonate unit using HCl as 

acid in the microwave reactor. 

 
Figure 5.2. Desulfonation of polystyrene sulfonate (PSS) under acidic conditions and high 

temperature to yield partially desulfonated PSS 

 

Under extreme conditions of temperature and pH, it is proposed [26-29] that some of the 

monomer units would lose the SO3
-Na+ groups as a result of desulfonation (which are 

responsible for the water solubility of the polymer) causing the polymer to curl up with the 

remaining SO3
-Na+ groups extending into the water phase and the styrene groups close to each 

other thus forming a polymer aggregate. The mechanism is similar to the well understood 

desulfonation of benzene sulfonate [30]- a reverse electrophilic substitution as seen in figure 5.3. 

 

108 



 
Figure 5.3. Mechanism of benzene desulfonation in presence of an acid at high temperature 

 

PSS, as purchased commercially or prepared through polymerization of styrene sulfonated 

monomer, is theoretically 100% sulfonated, i.e., each aromatic unit is attached to a sulfonated 

group. Partially desulfonated PSS thus is less than 100% sulfonated, and polystyrene (PS) is 0% 

sulfonated. Acid/base titration results confirm that the samples synthesized are indeed 

desulfonated. As seen in Table 5.2, as pH decreased and temperature increased, the degree of 

desulfonation increased. While this does not specify where along the polymer chain the degree of 

desulfonation took place, one can surmise that the synthesized samples are more hydrophobic 

with increased desulfonation. As-obtained PSS itself was 4.9% desulfonated. This can be 

explained by the fact that gas phase sulfonation of PS is not always 100% efficient [26, 31]. 

 

Table 5.2. Degree of desulfonation (as %) for the synthesized samples with non-zero DH as 

measured by acid/base titration. Measured % desulfonation for PSS is 4.9%.  

    Temp 

(°C) 

pH 

 

25 41 84 125 168 209 

4 4.9 5.4 5.4 5.4 5.4 5.4 

2 4.9 5.4 5.7 11  29  34 

1 4.9 5.4 8.4 19 36 38 

0.5 4.9 5.4 8.4 19 36 38 

 

A commonly used metric in relating the molecular structure of a surfactant to a particular 

surface-active property is the hydrophilic-lipophilic balance or HLB. As defined by Griffin [32]: 

HLB = 20 (Mh/M) 

where Mh and M are the molar mass of hydrophilic portion of the molecule and that of the whole 

molecule respectively 

             

This metric can be especially useful describing a well-defined molecular structure for nonionic 

surfactants in particular, usually polyethylene oxide (PEO) copolymers with polypropylene oxide 
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(PPO), but also describes ionic surfactants in general. There is also the Davies’ method of 

calculating HLB which works well for cationic surfactants given by: 

HLB = 7 + m.Hh – n.Hl 

where m is the number of hydrophilic groups, n is the number of lipophilic groups, Hh is the value 

of hydrophilic groups and Hl is the value of lipophilic groups 

 

Since we believe partially desulfonated PSS behaves as an anionic surfactant, the Griffin 

metric is more suitable here. It must be noted that the HLB value does not account for how 

hydrophilic and lipophilic units are distributed within the molecule. For desulfonated PSS 

materials, a HLB value may be assignable as seen in Table 5.3 but the molecular structure cannot 

be inferred from this value. 

Table 5.3. HLB values calculated from degrees of desulfonation of the synthesized samples with 

non-zero DH. 

    Temp 

(°C) 

pH 

 

25 41 84 125 168 209 

4 19.02 18.92 18.92 18.92 18.92 18.92 

2 19.02 18.92 18.86 17.8 14.2 13.2 

1 19.02 18.92 18.32 16.2 12.8 12.4 

0.5 19.02 18.92 18.32 16.2 12.8 12.4 

 

Zeta potential values help describe the extent of stability of a suspension in a liquid. 

Typically, the higher the absolute value of zeta potential, the more stable it is at the conditions the 

measurement was done. In this case, all the samples synthesized at pH 2 and below and at 41 °C 

and above showed a non-zero, negative zeta potential as seen in Table 5.4. The negative values 

indicate that the surface charges are anionic in nature, which comes from the remaining sulfonate 

units. Also, the zeta potential values get more negative with increasing extremity of the synthesis 

conditions. This suggests that the samples that are more desulfonated are also the most stable and 

hence this data also corroborates the DLS data shown previously. 
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Table 5.4. Zeta potential values of all samples synthesized under acidic conditions (in mV) 

    Temp 

(°C) 

pH 

 

25 41 84 125 168 209 

4 N/D N/D N/D N/D N/D N/D 

2 N/D -8 -8 -10 -15 -16 

1 N/D -8 -20 -26 -28 -28 

0.5 N/D -12 -22 -26 -28 -30 

 

 

Dynamic light scattering was done on all synthesized samples to test for the formation of 

any aggregation. As seen in Table 5.5, the more acidic the synthesis conditions, the more the 

likelihood of desulfonation. This agrees nicely with the mechanism of benzene desulfonation under 

acidic conditions. In fact, we only get non-zero DH values from samples synthesized at the most 

extreme conditions tested - pH <4, T > 40 °C - and DH increased with increasing extremity up to 

a point.  

 

Table 5.5. Average hydrodynamic diameters of the samples synthesized at the various pH and T 

tested. All diameters are collected at 25 °C, number weighed and statistically accurate. Each 

sample has a final concentration of 5 wt% (5000 ppm) in DI H2O. N/D represents situations where 

no light scattering was observed. 

    Temp 

(°C) 

pH 

 

25 41 84 125 168 209 

11 N/D  N/D  N/D  N/D  N/D  N/D  

9 N/D  N/D  N/D  N/D  N/D  N/D  

7 N/D N/D  N/D  N/D  N/D  N/D  

4 N/D N/D  N/D  N/D  N/D  3.1 

2 N/D N/D  3.8 4.9 7.1 7.9 

1 N/D N/D  3.8 5.2 7.5 9.4 

0.5 N/D N/D  3.8 5.2 7.6 9.4 

 

 

Stability at high temperatures and salinity was also tested for various samples. As a specific 

example, the sample synthesized at pH 1 and 168 °C was diluted to 0.5 wt% in API brine. This 

concentration lies in a range of operating surfactant concentrations typically used for EOR by 
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industry (0.1-1%). As seen in figure 5.4, the DH remained constant with salinity and temperatures 

all the way up to 150 °C. A similar test conducted 6 months later gave the same results. 

 
Figure 5.4. Hydrodynamic diameter of the samples synthesized at pH 1 and 84, 125, 168 and 209 

°C. The samples were diluted in API brine for a final concentration of 5000 ppm and measured for 

light scattering from 25 to 150 °C to test for high temperature, high salinity stability. All diameters 

reported are number-weighed and statistically accurate. 

 

In order to test for polymer aggregation after desulfonation, methanol was used a co-

solvent post synthesis to break up any aggregates that may have been formed. As seen in Figure 

5.5, with a methanol concentration of 0.1 M the DH of the sample (in this specific case synthesized 

at pH 1 and 168 °C) lowered to the point where the intensity of the scattered light was too low to 

calculate a non-zero hydrodynamic diameter. This very sample was then heated up to 100 °C  (over 

the boiling point of methanol- 65 °C at 1 atm pressure) while inside the DLS instrument with the 

cuvette uncovered to remove all methanol from the system. The DH returned back to 7.5 nm. Then 

0.1 M was further added after the same sample was cooled to 25 °C and this experiment performed 

again while inside the instrument to ensure repeatability. This conclusively proves that the polymer 

chains aggregated post desulfonation and it is this aggregation that scatters light and gives a non-

zero DH. As the synthesis conditions get more extreme, more desulfonation occurs and the degree 

of aggregation also increases. 
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Figure 5.5. Hydrodynamic diameter of the sample synthesized at pH 1 and 168 °C. Methanol 

(0.1 M) was added a cosolvent to test for aggregation. Addition of methanol resulted in no light 

scattering due to de-aggregation of the polymer chains. Heating the sample to 100 °C (above the 

boiling point of methanol, 65 °C) brought the DH back to 7.5 nm proving polymer aggregation. 

0.1 M methanol was added to this same sample after cooling down to 25 °C and DH was 

measured at this temperature and again after heating to 100 °C to prove repeatability. All 

diameters are number weighed and statistically accurate. 

 

A combination of spinning drop tensiometry (IFT < 5 mN/m) and pendant drop 

tensiometry (IFT > 5 mN/m) was used to measure the interfacial tension of the synthesized 

samples with toluene. Table 5.6 lists the IFT values for all samples synthesized under acidic 

conditions. As the synthesis conditions get more extreme, the IFT decreases drastically. This also 

agrees with DLS and degree of desulfonation data in that a more hydrophobic sample has a lower 

IFT with oil.  The PSS precursor as-is has approximately 16 polystyrene (PS) units per chain that 

should have had 340 units of PSS if 100% sulfonated. The sample synthesized pH 4 and 40 °C 

has an IFT value ~0.5x that of the precursor despite only having an additional 3 PS units from 

desulfonation. Degree of desulfonation only gives us information on how many PSS units have 

been desulfonation, but not where the desulfonation has occurred. It is proposed that the PS units 

in the precursor act as desulfonation “templates” in that they promote desulfonation of the 

neighboring PSS units. If the precursor itself has all 16 PS units together, that also potentially 

explains the reduction in IFT when comparing API brine alone to a solution of PSS in API brine 
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as seen in Table 5.6. Similarly, comparing the sample synthesized at pH 2 and 168 °C (38 PS 

units) with that synthesized at pH 1 and 168 °C (65 PS units), a 2 order of magnitude reduction 

in IFT is seen which could also be explained by a more block copolymer type structure with sets 

of PS and PSS units rather than a more random type molecular. 

There is an effect of molecular weight of the precursor PSSNa used, experiments done 

with different MW polymers from Tosoh ranging from 20 kDa average weight all the way to 1 

MDa showed that these low values were typical from precursors having an average MW in the 

50-250 kDa range. 

 

Table 5.6. Interfacial tension (IFT, in mN/m) of all samples synthesized under acidic conditions 

(and then diluted to 5000 ppm in API brine) with toluene measured by tensiometry. All 

measurements are done at 25 °C and are statistically accurate. 

    Temp 

(°C) 

pH 

 

25 41 84 125 168 209 

7 16 16 16 14.80 13.42 13.42 

4 16 7.40 6.59 5.38 5.16 4.91 

2 16 5.41 4.91 3.80 1.20 0.83 

1 16 5.36 2.50 0.74 1.82×10
-2

 1.25×10
-2

 

0.5 16 5.12 2.21 0.74 1.82×10
-2

 1.25×10
-2

 

 

Table 5.7 also showcases various different control systems and their IFT with toluene. 

There are orders of magnitude in reduction of IFT of desulfonated PSS compared to as-obtained 

PSS which is noteworthy. IUPAC defines a surfactant (surface active agent) as “a material which 

lowers the surface tension of the medium in which it is dissolved, and/or the interfacial 

tension with other phases, and, accordingly, is positively adsorbed at the liquid/vapour and/or at 

other interfaces” [33]. Since the addition of partially desulfonated PSS has resulted is a 3 order 

magnitude reduction in IFT compared to the precursor, we can now classify this as a surfactant. 

 

Table 5.7. Interfacial tension of various systems compared to the best case as-synthesized 

partially desulfonated PSS 

System IFT (in mN/m) at 25 °C  

Deionized water/Toluene 37.1 

API brine/Toluene 30.5 

PSS (50,000 ppm in API 16 
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brine)/Toluene 

PSS (5000 ppm) in API brine/toluene 16 

SDBS (5000 ppm) in API brine/toluene 0.5 

Enordet (5000 ppm, Commercial EOR 

surfactant [20]) in API brine/Toluene 

1.1×10
-2

 

Partially desulfonated PSS (5000 ppm 

in API brine)/toluene 

1.25×10-2 

 

 

Toluene is a very aromatic oil and so, as comparison, we also measured IFT against 

Isopar-L (blend of C11-C13 alkanes with < 2% aromatics). Figure 5.6 shows the IFT of a specific 

sample synthesized at pH 1 and 168 °C against these different oils to see how it behaves with a 

highly aromatic oil compared to a highly aliphatic oil. With 100% Isopar-L, IFT increased to 

0.75 mN/m but it should be noted that crude oil has a much larger fraction of aromatic content so 

in reality one should expect ultralow IFT values. An exponential fit was done on the data to 

model IFT of this specific sample (in API brine) against aliphatic content in a tested oil sample. 

If x is the percentage Isopar-L (aliphatic content) in an oil blend, IFT can be expressed as: 

IFT = 0.0178 e0.0372x 

Thus one can estimate aliphatic content in an unknown oil knowing just the IFT value. 
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Figure 5.6. IFT of sample synthesized at pH 1 and 168 °C with oils ranging from highly 

aromatic (toluene) to highly aliphatic (Isopar-L). Each sample had a concentration of 5000 ppm 

in API brine. All measurements were done at 25 °C and are statistically accurate.  

 

IFT of some of the samples synthesized at pH 1 (T = 84, 125, 168 and 209 ºC) in a 

similar API brine solution at 5000 ppm with toluene as the oil phase was also monitored as a 

function of time and temperature. Figure 5.7 shows that the IFT values stay nearly constant even 

after 2 hours which is a good indication for applications in underground reservoirs where typical 

mean residence times are on the order of a few months. Figure 5.8 shows small decrease in IFT 

going from 25 to 75 °C which is attributed to the weakening of intermolecular forces at the 

oil/surfactant interface [34, 35]. 
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Figure 5.7. IFT of samples synthesized at pH 1 and 4 different temperatures with toluene oil as a 

function of time. The IFT values stay nearly constant in the tested time period. Each sample had 

a concentration of 5000 ppm in API brine. All measurements were done at 25 °C. 

 

 

Figure 5.8. IFT of samples synthesized at pH 1 and 4 different temperatures with toluene oil as a 

function of temperature. There is a small decrease in IFT going from 25 to 75 °C which is 

attributed to the weakening of intermolecular forces at the oil/surfactant solution interface. Each 

sample had a concentration of 5000 ppm in API brine.  
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A combination of spinning drop tensiometry and pendant drop tensiometry was also used 

to calculate the critical aggregation concentration (CAC) of the sample. In Figure 5.9, the case of 

the samples synthesized at pH 1 and 84, 125, 168 and 209 °C is shown. By serial dilution of the 

sample in API brine followed by IFT measurement with toluene, a CAC of 0.14 wt% or 1400 

PPM was measured, for example, for the sample synthesized at p H 1 and 168 °C. In fact, the 

CAC decreases slightly with increasing degree of desulfonation thus necessitating less amount of 

the most surface active samples for IFT reduction. 

 

Figure 5.9. IFT of the samples synthesized at pH 1 and 84, 125, 168 and 209 °C at different 

concentrations in API brine measured with toluene as the oil source. A CAC value is calculated 

at the point of inflection of IFT for each sample. 

 

Breakthrough experiments were conducted with the PDS sample synthesized at pH 1 and 

168 °C with Berea sandstone packed in a glass column. Figure 5.10 shows the concentration 

profile as a function of the pore volume of the model reservoir. Representing breakthrough 

profiles such is useful as it can be scaled to large systems including actual underground 

reservoirs. A tracer such as tritiated water would generally show 100% breakthrough at PV =1 
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[36]indicating no loss of material in the reservoir. Here a 97% breakthrough is achieved at PV 

3.75 which indicates there is some loss of the material, but still very good in general. In fact, an 

adsorption test done with the same Berea sand showed that ~0.062 mg/gsand is adsorbed and this 

is much better than most commercial EOR surfactants used [4, 23]. Flushing with API brine 

results in almost all the trapped material coming out pointing to reversible adsorption with the 

sandstone. 

 

  
Figure 5.10. Breakthrough profile of the PDS sample synthesized at pH 1, 168 °C (0.5 wt% in 

API brine) through a glass column packed with crushed Berea sandstone (110 mesh). A 

breakthrough of 97% initial concentration at 3.75 PV indicates good propagation through 

reservoirs of the same material with some material loss as a result of adsorption. 

 

The successful sand column breakthrough experiments made this material a viable 

candidate for core flooding experiments at Stim-Labs based in Duncan, OK. In total, 1 L of PDS 

sample (synthesized at pH 1, 168 °C at a concentration of 0.5 wt% in API brine) was sent after 

DLS and IFT characterization was done to test for aggregate formation and the low IFT 

w/toluene as described earlier. Five different tests were conducted as seen in figure 5.11 obtained 

directly from Stim-Labs. Each test was done with a different Berea sandstone core plug of 
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diameter 1.5” and length 6”, with tests 1-3 done using a higher permeability core compared to 

those used for tests 4 and 5 as seen in the figure. Tests 1-3 were also done at milder conditions of 

temperature and pressure compared to tests 4 and 5. Finally, tests 3-5 had the cores saturated 

with oil (toluene or Isopar L) to test for any oil mobility from the sample. 

 

Figure 5.11. Core flooding experiments performed at Stim-Labs using Berea sandstone core and 

the sample synthesized at pH 1, 168 °C (0.5 wt% in API brine). The effect of harsher conditions 

(core permeability, operating temperature and backpressure) and oil saturation were tested. 

 

Stim-Lab pumped in 5 PV of the sample followed by 4 PV of API brine through the core, 

and collected samples at every 6th PV aside from test 2 where the experiment was not conducted 

correctly resulting in loss of material even before the test began. For each test, the permeability 

of the core was monitored as a function of PV of sample pumped in. This gives real time 

information on the propagation of the desulfonated PSS relative to that of API brine. Figure 5.12 

shows the permeability profiles provided by Stim-Labs for all the 5 tests. A decrease in core 

permeability (from 219.5 to 179.5 mD) is observed in test 1 during the PDS sample injection 

period, with the decrease attributed to some face plugging of the core by Stim-Labs. Test 2 was 

conducted with a similar core but saturated with Isopar L oil, and showed a minimal decrease 
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(from 47.8 to 43.6 mD) indicating no core plugging. It must be noted that only 3 PV of the 

sample was injected here due to operator error at Stim-Labs, and that oil mobilization out of the 

core can offset the decrease in core permeability as well [37]. For test 3, the core was saturated 

with toluene oil instead and a slight increase in permeability is observed here (from 69.5 to 74.2 

mD) indicating that some toluene has been extracted out of the core by the sample. Test 4, done 

at much harsher conditions than before, shows no change in core permeability during sample 

injection indicating good breakthrough again as well as sample stability at these testing 

conditions. Test 5 was conducted at similar conditions but with the core saturated with toluene 

oil and, as with test 3, a slight increase in permeability (from 38.2 to 41.4 mD) indicative of oil 

recovery from the core. 

 
 

Test 1
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Figure 5.12. Core permeability as a function of PDS sample injected through the core (in PV) 

for the 5 tests conducted at Stim-Labs. A decrease in permeability during the sample injection 

period is indicative of some core plugging as a possible result of the sample getting trapped in 

the core, which is seen in test 1. Test 2 shows a minimal decrease in permeability, and test 3 

actually shows a slight increase in permeability which could be a result of some oil mobilization 

out of the core. Test 4 shows no change in permeability indicating very good breakthrough, and 

we see another increase in permeability in test 5 indicative of oil recovery again. 

 

The effluents were shipped back for further analysis. UV-vis absorption was used as 

before to measure concentration of the desulfonated PSS in each of the effluents and plot a 

breakthrough curve for each of the 5 tests. Figure 5.13 shows the breakthrough profiles for the 
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effluent samples sent from tests 1, 2 and 3. Test 1 showed a breakthrough of ~92% at 5 PV and 

nearly all of the sample was recovered by the API brine flush. With test 2, complete 

breakthrough was not completed as a result of operator error at Stim-Lab and ~89% 

breakthrough is noted at 3 PV. Once more, nearly all the PDS sample is recovered by the API 

brine flush. Test 3 showed a >100% relative concentration which makes sense knowing that 

toluene oil has a UV-vis absorption peak in the same region as desulfonated PSS. This further 

indicates oil recovery from the core and agrees with the Stim-Lab findings as well. Tests 4 and 5 

could not be characterized because of suspected errors once again at Stim-Labs. Several effluent 

vials were empty when their own records indicated otherwise, and many others arrived without 

any labelling. This, combined with the received samples showing no chemical trace of PSS of 

desulfonated PSS, indicates that perhaps different samples were shipped back. Indeed, an NMR 

analysis of some of the samples from other tests showed a Brij-like surfactant present as well. 

Stim-Labs reported that the operator who performed these tests is no longer working there, and 

there are no lab records of the effluent collection either. At this time, tests 4 and 5 are unable to 

be characterized for breakthrough, DLS and more. 
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Figure 5.13. Breakthrough profiles for the effluent samples from tests 1, 2 and 3 conducted at 

Stim-Labs. The concentration profiles for tests 1 and 2 indicate some adsorption during injection, 
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and possibly minor core plugging also. All the trapped material was recovered by the API brine 

flush showing no permament loss of sample. For test 3, since toluene has a UV-vis absorption 

peak that coincides with that of PDS, a >100% relative concentration is observed here which 

points to oil recovery from the core and matches well with the Stim-Labs findings. 

 

DLS was also done to test for any aggregation or break-up after the core flooding tests. 

Figure 5.14 charts the average hydrodynamic diameter for any aggregates present in the samples 

for tests 1, 2 and 3. As described above, the average DH for the PDS sample synthesized at pH 1 

and 168 ºC is 7.5 nm (± 0.4 nm) and the DLS results match this number very well for all the 

effluent samples that had PDS in sufficient concentration for reliable measurements. This 

indicates that the propagation through the core did not result in any irreversible aggregation or 

break-up of the sample. 

 

 
 

0 1 2 3 4 5 6 7 8 9

0.0

2.5

5.0

7.5

10.0

Sample injected
 

 

H
y
d
ro

d
y
n
a
m

ic
 d

ia
m

e
te

r,
 D

H
 (

n
m

)

Pore volume

Flush with 

API Brine

Test 1 (standard conditions, no oil)

126 



 
 

 
Figure 5.14. Hydrodynamic diameters for all the effluent samples sent back for tests 1, 2 and 3. 

The average DH of 7.5 nm matches that of the PDS sample shipped to Stim-Lab and shows there 

is no irreversible aggregation or break-up of the sample. The diameters reported are number 

weighed and statistically accurate. 
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5.4 Debugging the Microwave Reactor 

The controlled desulfonation of PSS has been done using a microwave reactor as described 

previously, in particular the Anton Paar Monowave 300. In December of 2014, the synthesis 

reactions have been not reproducible all the time in terms of achieving the 10-2mN/m IFT values 

with toluene. Further tests revealed incorrect heating and cooling, sometimes resulting in a 

decrease in sample volume, in March of 2015. The unit was sent to Anton Paar for repair, 

supposedly fixed and sent back to us in May, but it was then noted that the reactor was no longer 

initiating any experiments. It was sent back to the company, who spotted a physical damage to 

the pressure sensor and the vial chamber. In the meantime, a loaner unit was sent which in turn 

did not work with any of the vials meant for the Monowave 300. A second loaner unit did the 

same, but also reported incorrect temperatures and pressure values despite calibration.  

 The company sent over a representative along with the “fixed” original reactor and a 3rd 

loaner unit in July 2015 and he was able to confirm independently the instrumentation problems 

we observed. The original reactor went back a third time, now to Austria, for repairs. This 3rd 

loaner unit also displayed the same issues despite a set of new vials, septa and covers sent along 

with it. As an illustration of the issues faced with these reactors, a single experiment was 

performed seven times and monitored with time the parameters of power output, temperature 

measured using the built-in IR sensor and pressure. The experiment was the heating of water (20 

mL of DI H2O in a 30 mL glass vial, heated as fast as possible to 160 ºC, held for 5 minutes and 

then cooled down to 55 ºC). Figure 5.15 shows the seven plots for the temperature, power and 

pressure profiles as a function of time. 
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Figure 5.15. A collection of experimental power, temperature and pressure readouts directly 

from the microwave reactor. The experimental procedure for these seven experiments were 

identical: 20 mL distilled water in a 30 mL glass vial heated as fast as possible to 160 ºC, held 

for 5 minutes and then cooled down to 55 ºC. 

 

The target temperature of 160 ºC was occasionally reached, all profiles were different, 

and three of the experiments ended early due to an overpressure readout within a few seconds of 

the experiment beginning. Some of these experiments were conducted during a video conference 

with a service technician from Anton Paar (August of 2015), who concluded the microwave 

reactor unit was not functioning properly. The power readout and ramp rate also differ in the 
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experiments that did go to completion, and this variation in ramp rate of heating is even higher 

during the actual PDS synthesis experiments.  

In October of 2015, Anton Paar was able to find the root cause for these issues. Their 

supplier for the septa had changed the product without notifying the customers, and this in turn 

led to inconsistent sealing of the sample vials. This further aggravated other problems with the 

reactor including, but not limited to, a broken belt drive, a deformed cavity support chamber, and 

IR/pressure sensors that read incorrectly despite calibration. As of December, 2015 the company 

has yet to identify a complete solution to this issue and re-using the currently provided septa 

more than 1-2 times is expected to result in the same problems. 
While all this was going on, non-microwave based methods of synthesis were explored, 

including heating in an oven, to make surface-active PDS. An extreme case of heating 1 g 

polystyrene sulfonate dissolved in 15 mL of 0.7M HCl (theoretical pH 0.16) in an convection, 

non-microwave oven set to 200 ºC resulted in desulfonation (10-15% desulfonation after 2 hours 

and >80% after 13 hours), but the IFT of the resulting solutions at 5000 ppm in API brine using 

toluene as the oil phase was too high to be measured using spinning drop tensiometry. It is 

speculated that these thermal methods resulted in the desulfonation occurring randomly along the 

polymer backbone [38], as opposed to in a block copolymer like nature of surfactants, perhaps 

due to the hours-long times required to reach the target temperature in the oven. In contrast, 

microwave heating takes ~1 min to reach similar temperatures. This extremely quick heating is 

critical to control desulfonation so as to achieve a speculated block copolymer type structure. 

Indeed, PSS from the vendors is <100% sulfonated and there have been studies linking similar 

chemistry [39, 40] to happen on adjacent monomer units of those that already have missing 

functional groups. The PS units in the PSS backbone can thus be acting as “seeds” for 

desulfonation around it. 

 

5.5 Summary and Conclusions 

The need for an inexpensive, efficient surfactant-based EOR approach was recognized by both 

independent research and collaborations with industry. Hydrophobically modified polymers have 

been studied for EOR since the 1980s, and controlled desulfonation of polystyrene sulfonate was 

hypothesized as the means to achieve said goal. Polystyrene sulfonate is readily available, 
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inexpensive and the main applications for PSS (treatment for hyperkalemia) has dwindled down 

in recent times.  

Controlled desulfonation by heating in an acidic environment follows the well understood 

mechanism of desulfonation of benzene sulfonate. The effects of temperature and pH were 

studied and it was concluded that the more extreme of reaction conditions (high temperature, low 

pH) was more conducive to higher degrees of desulfonation. A library of materials with varying 

% desulfonation was created, and labelled PDS (partially desulfonated surfactant). Stability was 

tested in API brine as a high salinity medium, and at temperatures as high as 150 ºC by dynamic 

light scattering. Interfacial activity was measured by tensiometry against oils such as toluene and 

Isopar L with IFTs going as low as ~10-3 mN/m. IFTs were stable with time, and even decreased 

slightly with at elevated temperatures that more resemble underground reservoir conditions. The 

more promising samples underwent successful sand pack column breakthrough using crushed 

sandstone, and also successful core flooding experiments using actual reservoir cores- in some 

cases even indicating towards positive oil recovery from oil saturated cores. 

At this time, instrument issues have resulted in no means of PDS synthesis. Work is 

ongoing with the instrument company to diagnose and solve these issues. 
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Chapter 6 

  

Recommendations for future work 

 
6.1. Recommendations for future work 

Chiral selective separation of carbon nanotubes (CNTs) is currently limited by the sonication 

process to disperse the CNTs into an aqueous solution. This leads to shortening of the average 

CNT length as a result of shearing along the nanotube surface, and often has a >50% reduction in 

length [1]. Figure 6.1 shows the average length distributions of HiPCo CNTs dispersed in an 

aqueous solution of SDS in an identical process as described in chapter 2. These are histograms 

obtained from the analysis of >250 different CNTs across multiple AFM scans, then accumulated 

together using SIMAGIS image analysis. Figure 6.1 (a) is the length distribution for the CNTs 

after one hour of probe sonication, and we see the average length is 189 ± 55 nm. It must be noted 

that the average length of the as-synthesized CNTs is 300 nm provided directly from HipCo. 2 

hours of probe sonication reduces the average length to 117 ± 45 nm as seen in figure 6.1 (b), and 

this decrease continues on as seen in figure 6.1 (c) where the average length after 8 hours of 

sonication is 20 ± 16 nm. 

As such, depending on the CNT parent sample, the dispersed nanotubes can be too short 

for many applications including fiber spinning or solar cells [2]. Furthermore, surfactants used in 

the dispersion and/or separation process remain associated with the CNT and recovery of pristine 

nanotubes is not easy. The improved method described in chapter 2 solves this issue for 

semiconductor enriched CNTs by using a nonionic surfactant (Pluronic) that fully decomposes by 

air heating the CNT ensemble well before the CNTs themselves do. But the metal enriched CNTs 

still have anionic surfactants such as SDS (Sodium dodecylsulphate) wrapped on the surface. It is 

possible to use the same Pluronic nonionic surfactant to disperse single wall CNTs [3] but this still 

does not solve the issue of needing sonication for dispersal.  
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Figure 6.1. Average length distributions of HiPCo CNTs after probe sonication in an aqueous 

dispersion for (a) 1 hour, (b) 2 hours and (c) 8 hours. As-synthesized CNTs were 300 nm in length 

and 2 hours of sonication resulted in a 60% reduction in length. 

  

One potential method to solve this issue is to functionalize the CNT surface so it is 

hydrophilic, perform chiral selective separation and then defunctionalize the CNTs. The work 

described in chapter 4 ties in here where functionalized nanodiamonds have been shown [4] to 

easily disperse in water without the need for surfactants or rigorous sonication. In fact, there is 

precedent for this already in literature with varying degrees of success [5-7]. Another method is 

using DNA to selectively wrap CNTs based on chirality and separate them [8] but the yield is 

extremely low making it impractical for scale up. A promising method based upon preliminary 

work is functionalizing the CNT surface for dispersion in tetrahydrofuran [9] followed by phase 

transfer into an aqueous solution. This method needs improvement to increase the yield of transfer 

of the CNTs into the aqueous phase but it is possible to do so without any reduction in CNT length. 

Preliminary work ongoing at Rice University also indicated that the degree of functionalization is 

chiral dependent, and this needs to be investigated further. 

(a) (b)

(c)
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For chiral selective growth of CNTs, characterization of as-grown single wall carbon 

nanotubes (SWCNTs) is now much easier thanks to the development of techniques including 

scanning capacitance microscopy (SCM) [10] and better understanding of resonant Raman 

spectroscopy for larger diameter SWCNTs [11-13]. Figure 6.2 shows some SCM and electric force 

microscopy (EFM) images of the preferentially metal and semiconductor enriched CNT samples 

eluted by agarose gel chromatography as described in chapter 2. The characterization was done 

with help from the Bruker corporation using their MultiMode 8 AFM. Figure 6.2 (a) shows a small 

ensemble of CNTs in height (left) and SCM (right) modes. SCM mode maps semiconductor 

activity and a high contrast of the CNTs means it is semiconducting in nature. The sample here 

was metal enriched, and the poor contrast of the CNTs further shows these are metallic in nature. 

Figure 6.2(b) shows the height (left) EFM phase (right) mode for a lot of different CNTs. EFM 

measures the electric field gradient just above the sample surface, and used in conjunction with a 

metallic probe can result in metals having high contrast relative to semiconductors. The sample 

under analysis here was the parent HiPCo dispersion and a mixture of metals and semiconductors 

are seen here with quantitative analysis after several scans resulting in a 62% semiconductor, 38% 

metal distribution which matches very well with the expected 66-34 distribution for HiPCo. SCM 

and EFM can thus help characterize the as-grown SWCNTs for any chiral selectivity- at least in 

terms of metals and semiconductors.  

 

 
2 μm scan size

(a)
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Figure 6.2. (a) Scanning capacitance microscopy (SCM) imaging of a metallic SWCNT and (b) 

electric force microscopy (EFM) of a mixed metal/semiconductor SWCNT sample. Metals show 

no contrast in SCM mode and have high contrast in EFM phase mode. This allows for quantitative 

calculation of metal (and semiconductor) content in CNT ensembles. 

 

The work described in chapter 3 can be continued to confirm chiral selectivity of as-grown 

SWCNTs by modulating the iron catalyst using selenium and/or phosphorous. Introduction of the 

growth modulator onto the surface of iron catalyst can be done so that the percent surface coverage 

of iron can be controlled. Work done in the Wong lab at Rice University [14, 15] has shown that, 

with bimetallic catalysts, the surface coverage of one element greatly influences the activity of the 

catalyst. Characterization techniques such as EXAFS (Extended X-ray Absorption Fine Structure) 

[16] can help understand how the growth modulators affect Iron, and better understand chiral 

selective growth of CNTs. This can be further extended to different catalysts and growth 

modulators to have more control over CNT growth rate, average length and chirality. The degree 

of metal or semiconductor enrichment can be further improved by affinity chromatography as 

described in chapter 2. 

The controlled desulfonation of PSS has shown to be extremely promising in the creation 

of a library of materials with varying degrees of desulfonation, and also hydrophobicity. While the 

more desulfonated PSS has shown to be good EOR surfactant candidates, the less desulfonated 

3 μm scan size

(b)
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PSS (including PSS as-obtained from vendors) can be used in different applications as well. 

Preliminary work in the Wong lab testing PSS with 5-10% desulfonation for single well tracer 

tests [17] to determine oil content underground is ongoing. Simultaneously, PSS is being explored 

as a potential scale inhibiting agent following up on its applications in hard water treatment [18, 

19]. Amjad and coworkers explored hydrophobically modified polymers including PSS to lower 

formation of limestone and gypsum type scales by having ion exchange of the PSS counter ions 

(sodium into water phase, calcium out of water phase) [20]. Raymond and coworkers studied [21] 

the effect of zeta potential on the precipitation rates of several salts that cause scaling, and showed 

that having PSS (as-is) can change the zeta potential of the aqueous phase to aid in having a stable 

dispersion of the salts. PDS with different zeta potential depending on the degree of desulfonation 

can thus be used to have finer control over the stability of salt dispersion, and lowering scale 

formation.  Going back to the synthesis, having the microwave reactor back in operation will help 

better understand the desulfonation process. If rapid heating is essential for a block copolymer type 

structure, then it can be tested by changing the rate of heating of the reactant solution. Testing for 

microwave vs non-microwave effects can also be done by using a SiC vessel that absorbs all 

microwave radiation and transfers only thermal energy to the contents inside, and also using 

solvents that are more microwave active compared to water (including toluene and chloroform). It 

has previously been shown that microwave synthesis has a secondary effect that can affect the 

synthesis chemistry [22]. The non-thermal effect of microwaves on a solvent can be quantified by 

its loss tangent, which indicates how well a solvent can absorb microwave energy and convert it 

to thermal energy. Since the “as fast as possible” heating mode was used here, which results in 

approximately 1 minute before the set temperature is reached, the loss tangent here would only 

indicate what fraction of the absorbed microwave energy is converted to heat. Water has a loss 

tangent of 0.123 [23] and so to study the microwave effect, desulfonation (at pH 1 and 168 °C) 

was done using a silicon carbide vessel. Hydrodynamic diameters (DH) and IFT was measured as 

before. SiC strongly absorbs the microwave radiation while still letting the heat through to the 

sample inside. 

Table 6.1. Effect of the thermal vs non-thermal effect microwave effect studied by using two 

different reaction vessels for samples synthesized at pH 1 and 168 °C 

Vessel used Average time taken to 

reach 168 °C (s) 

DH (in nm) IFT w/toluene (in 

mN/m) 

Quartz 60 7.5 1.821×10
-2
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SiC 62 7.6 1.82×10
-2

 

 

When the secondary microwave effect was eliminated, any non-thermal effects were also 

removed. As seen above, preliminary work suggests there is very little difference in the two cases 

which shows the thermal effect being predominant here. This agrees with known literature testing 

the non-thermal effect on organic synthesis [24]. Using cosolvents that are more susceptible to 

microwave heating than water may result in an even higher heating rate. This in turn could help 

control the eventual structure of the desulfonated polymers (block copolymer, random, alternate 

and so forth) which in turn would affect the surface activity of the product. Purifying the product 

to remove excess acid has been seen to have no effect, but better control over the resulting 

structures could also help test if one particular desulfonation scheme (block copolymer, for 

example) is better in all situations (aromatic vs aliphatic oils, anionic vs cationic sand and so on). 

Similarly, testing the effect of having polymers of varying degrees of desulfonation would also be 

useful. Classical surfactant theories suggest a continuum of layers between the oil and water phase 

going from lipophilic (in contact with the oil) to hydrophilic (in contact with water) [25]. Having 

control over the degree of desulfonation of PDS makes it possible to see if PDS behaves like a 

classical surfactant which will help better understand the field of hydrophically modified polymer 

surfactants. 

 Classical surfactant tests such as phase behavior and the Epton’s titration test [26] can help 

better understand and quantify the amount of active surfactant in PDS. From an application point 

of view, better controlled core flooding tests with oil saturated cores at reservoir conditions can 

help test for oil mobilization by surfactant EOR. While toluene and PDS are not easy to distinguish 

using UV-vis absorption spectroscopy, it is possible to use other techniques such as differential 

refractometry [27] to quantify the amount of oil and surfactant separately in effluent samples.  
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