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Abstract 

Carbon nanotubes are studied as catalyst supports in biphasic (oil and water) 

systems. In the first part the relationships between a carbon nanotubes properties before 

and after functionalization and the influence those properties have on emulsions 

characteristics is studied. Emulsion characteristics studied were emulsion type, droplet 

size, interfacial area, and quantity of carbon nanotubes at the oil-water interface. 

Emulsions stabilized with carbon nanotubes are compared with emulsions stabilized 

with silica nanoparticles to further understand how material properties influence 

emulsion characteristics. The relationship between carbon nanotubes and silica 

nanoparticles properties and emulsion characteristics is utilized to control reaction 

selectivity, further understand the particles environment at the oil-water interface, and 

create a responsive system where reaction selectivity can be tuned as the reaction 

proceeds. Finally, with the ability to synthesize carbon nanotubes with different 

properties a novel catalyst is made which can determine the location of the active site 

for bifunctional catalysts.  

Keywords - Carbon nanotubes, surfactant, hydrogen spillover, Pickering emulsions, 

bifunctional catalysts, biphasic, responsive, and catalysis.  
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Chapter 1: Introduction 

Biphasic systems are composed of two chemically similar, but physically distinct 

phases. Common examples of these are two immiscible liquids, such as oil and water, 

liquid and gas, such as a bubble, and two physically distinct solids, such as a metal alloy 

under certain conditions or a polymer blend with two immiscible polymers. The use of 

two distinct phases can be creatively taken advantage as in biology,
1,2

 carbon nanotube 

separation based on chirality,
3
 cosmetics industry,

4
 food industry,

5
 enhanced oil 

recovery,
9
 homogenous catalysis,

6
 and heterogeneous catalysis.

7,8 
The basis for this 

work is the last example where heterogeneous catalysis is performed in biphasic 

systems composed of oil and water.  

Conducting heterogeneous catalysis in biphasic systems offers several advantages. 

These advantages are: (1) controlling selectivity by operating under mass transfer 

conditions wherein molecules in a specific phase are reacted with catalyst solely in that 

phase, (2) effective separation of products and reactants by utilizing the differences in 

solubility of oil and water, (3) phase transfer of molecules between the oil and water 

phases which can be made facile with a emulsion which increases the interfacial area, 

and (4) the combination of a reaction system and separation process. These advantages 

can have use in production of specialty chemicals, pharmaceuticals, enhancement of oil 

recovery,
9
 Fischer-Tropsch synthesis,

143,144
 and biomass conversion to fuels.

7,8
 

Due to the many advantages gained by performing heterogeneous catalysis in 

biphasic systems, several aspects are explored. The particles properties on emulsion 

characteristics and the effect these characteristics have on reaction selectivity are 

examined. To explore these aspects carbon nanotubes are used as emulsion stabilizers 
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and catalyst supports for several reasons. Carbon nanotubes can be functionalized to 

have a variety of different functional groups on the surface.
27,33 

The van der Waals 

forces which cause carbon nanotubes to agglomerate together have been shown to 

create rigid networks which helps stabilize emulsions.
63

 The conductive nature of 

carbon nanotubes makes them capable of hydrogen spillover, which is an important 

phenomenon in many catalytic applications.
271,272,274

 Carbon nanotubes can be grown in 

a random,
254,255

 horizontal,
253

 or vertical
251,255

 orientation with chemical vapor 

deposition, which provides flexibility when making catalysts. The structure of carbon 

nanotubes provides a large external surface area and catalyst particles reside on the 

outside of the carbon nanotubes which eliminates internal mass transfer limitations and 

makes studying particles at the oil-water interface facile. With this combination of 

properties carbon nanotubes are suitable for understanding the relationship between a 

particles properties and emulsion characteristics and using that knowledge for 

controlling chemical reactions in biphasic systems.  

In this work, carbon nanotubes are functionalized to tune their wettability to 

understand the relationship between carbon nanotubes wettability and emulsion 

characteristics. Emulsion type, droplet size, interfacial area, and quantity of carbon 

nanotubes at the oil-water interface are measured. The knowledge gained from this is 

then tied with reactions to further understand the environment of the carbon nanotubes 

at the oil-water interface and how reaction selectivity can be tuned. Carbon nanotubes 

are compared with silica nanoparticles, due to their wide use in research and industry, to 

act as a comparison and to understand a materials influence on emulsion characteristics. 

Using the knowledge gained from the behavior of carbon nanotubes and silica 
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nanoparticles at the oil-water interface a responsive system is created where the 

particles environment at the oil-water interface is tuned while the reaction proceeds. 

Tuning the particles environment as the reaction proceeds allows for the reaction 

selectivity to be controlled as the reaction proceeds, thereby creating a responsive 

system. Finally, utilizing the ability to synthesize catalyst which can control selectivity 

in biphasic systems, a novel catalyst using carbon nanotubes is created which can 

determine the location of the active site when using bifunctional catalysts.  
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Chapter 2: Stable Pickering Emulsions using Multi-Walled Carbon 

Nanotubes of Varying Wettability  

 

Introduction 

Pickering emulsions have found uses in catalysis,
7,8,9

 Janus particle 

synthesis
10,11,12,13,14,15

, oil recovery
16

, food applications
17

, drug delivery
18

, and 

templates
19

. With the many uses for Pickering emulsions, the ability to control their 

properties offers many attractive commercial applications. Emulsion droplet size and 

type of emulsion can be controlled by tuning the wettability of fumed silica (by varying 

the percent of SiOH) which in turn allows for control over the emulsion’s properties
20

. 

In addition, silica particles fused with single-walled carbon nanotubes (SWNTs) can 

also be tuned to change emulsion droplet size and type of emulsion when the SWNTs 

are oxidized
21

. 

Results from silica experiments have indicated that minimum emulsion droplet 

size is achieved when the silica particles are amphiphilic
20,43

. The relationship of droplet 

size to particle wettability is determined by the free energy of a spherical particle 

adsorption at a planar interface. For a spherical particle at a planar interface the free 

energy is 
20,22,23,43

 

𝐸 = 𝜋𝑅2𝛾𝑜𝑤(1 ± 𝑐𝑜𝑠𝜃)2 

where R is the particle’s radius, 𝛾𝑜𝑤 is its interfacial tension, 𝜃 is its contact angle, and 

E is the energy required for the particle to be adsorbed at the interface. By plotting the 

equation, while holding both the radius and interfacial tension constant and varying the 
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contact angle, it can be seen that the energy required to remove the particle from the 

interface is greatest when the contact angle is at 90°. 

 The same trend that is seen for spheres is also seen for cylinders, with the 

greatest energy required for adsorption/desorption of a cylinder at the interface when 

the contact angle is at 90°
24,25,26

. Because of this, adsorption of cylinders at the interface 

is most favorable in the parallel orientation, not the perpendicular orientation
24

. Our 

recent work has shown the majority of multi-walled carbon nanotubes (MWNTs) orient 

themselves parallel to the interface of the emulsion droplet
27

. 

 Despite extensive work done with Pickering emulsions stabilized with silica, 

few studies have focused on MWNTs being used as Pickering emulsion stabilizers. The 

first study with carbon nanotubes in Pickering emulsions was with SWNTs
28

, which 

was followed up by work showing that SWNTs wrapped with DNA are also capable of 

stabilizing emulsions
29

. Pickering emulsions with SWNTs have been used to remove 

SWNT bundles from individual SWNTs,
30,31

 for the purpose of achieving a scalable 

separation of SWNTs. Oxidized MWNTs were also used to make water in oil (w/o) 

emulsions that could then be dried out to create carbon nanotube microcapsules
32

. 

MWNTs oxidized through plasma treatment were also shown to stabilize oil in water 

(o/w) emulsions
33

. Recently it was shown that attractive van der Waals forces between 

carbon nanotubes makes them agglomerate together and create a rigid network of 

carbon nanotubes at the emulsion interface that enhance emulsion stability
34

. Our recent 

work also found that the addition of a surfactant creates a repulsive force between 

carbon nanotubes that decreases emulsion stability
27

. Other studies that we reviewed, 

however, provided little information on how emulsion droplet size and emulsion type 
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can be tuned by varying MWNT wettability, oil to water ratios and the mix of MWNTs 

with different wettability characteristics. To the best of our knowledge, there has been 

no effort made to control the degree of MWNT functionalization to see if higher 

emulsion stability could be obtained. Due to the vast use of Pickering emulsions in 

industry, the ability to be able to have greater control over emulsion properties and their 

stability could have an impact in many industrial fields. 

 The main objective of this study is to examine Pickering emulsions stabilized 

with MWNTs of different wettability characteristics and the potential impact on 

emulsion stability. In addition to this, the effects of using different oils, oil to water 

ratios, concentrations of MWNTs, mixes of MWNTs with different wettability 

characteristics were studied, along with the phase in which the MWNTs were initially 

dispersed. Studying these effects allows for further comparisons to be drawn between 

MWNTs and other emulsion stabilizers. This study shows how MWNT wettability can 

be changed to tune emulsion properties and shows the effects these changes have on 

MWNT stability. We hope that as a result of the many parameters tested in this study, 

that comparisons can be made between MWNTs and other emulsion stabilizers used in 

the literature that will be of value to the community.  

 

Experimental Details 

MWNTs were obtained from SouthWest Nanotechnologies, Inc. that were 

designated by the company as type SMW100. The MWNTs were less than one micron 

long with diameters between 6 to 9 nm, and contained from 3 to 6 walls. Nitric acid 
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(70%), dodecane (99%), heptane (99%), and toluene (99%) were purchased from Sigma 

Aldrich. 18 MΩ water was obtained from a Cole Parmer filtration system. 

Oxidation of the MWNTs was completed by adding one gram of MWNTs to a 

round bottom flask and using either 6 M or 12 M of HNO3 to control the number of 

functional groups. The solution was then refluxed at 110°C for either 1.5 hours or 24 

hours to control the number of functional groups. After oxidation, the MWNT solution 

was filtered using a 0.22 μm PTFE filter. After this, the filtered material was then rinsed 

with 18 MΩ water until the pH was neutral. 

MWNT Pickering emulsions were made by horn sonication using a Fisher 

Scientific Model 505 Sonic Dismembrator with a 0.5-inch horn tip. Between 0.03% and 

0.26% by weight with respect to water of MWNTs were then added to a 100 mL beaker. 

A concentration of 0.07 wt% of MWNTs was used for all emulsions, unless otherwise 

stated. Except for emulsions where the oil to water ratio was changed, an equal volume 

of dodecane was then added to the same amount water used. The solution was then 

sonicated for 5 minutes at 75% amplitude to disperse the MWNTs since they are 

typically highly agglomerated and bundled naturally in their solid state. After this, the 

opposite phase, either oil or water, was then added and emulsification was performed by 

horn sonicating the solution for 5 minutes at 100% amplitude. Twenty-four hours after 

emulsification, emulsion droplet size, volume fraction of oil, emulsion, and water were 

measured and then the emulsions were left undisturbed for one month. After one month, 

the emulsion droplet size and volume fraction of oil, emulsion, and water were 

measured again and emulsion stability was determined by comparing emulsion droplet 

size and interfacial area one month and 24 hours after emulsification. 
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Optical microscopy was used to obtain the average emulsion droplet size for 

each emulsion by depositing a drop of the emulsion phase on a microscope slide and 

viewing it under an optical microscope, which allowed for capturing the images shown 

in this study. ImageJ software was used to measure the diameter of one hundred 

emulsion droplets from the captured images, which was then used to make a histogram 

of droplet size and determine average droplet size. 

Two methods were used to test if the resulting emulsion was of type o/w or w/o. 

If an aliquot of the emulsion dispersed in a beaker of pure water, then the test indicated 

that it was an o/w type of emulsion. If the aliquot did not disperse, then it was 

determined to be a w/o type of emulsion. The second method utilized the opposite phase 

in the same manner. If an aliquot of the emulsion dispersed in a beaker of pure 

dodecane, then the test indicated it was a w/o type of emulsion, and similarly, if it did 

not disperse, it was determined to be an o/w type of emulsion. 

All temperature programmed desorption (TPD) experiments were performed in 

a Thermcraft Furnace (Model SST-0.75-0-12-1C-D2155-A). Each MWNT sample was 

prepared by drying it at 120◦C in a vacuum oven to remove any moisture, adjusting its 

weight to 50 mg, and then placing it in a quartz tube (3mm inner diameter, 5mm outer 

diameter, 50cm length). An Omega thermocouple was placed in the quartz tube at the 

surface of the CNT material to ensure that the heating rate was maintained at 10◦C/min. 

Quartz wool (~300 ml) was used at the inlet and outlet of the furnace around the sample 

tube in order to minimize heat loss. These samples were heated programmatically from 

room temperature to 900◦C at a heating rate of 10◦C/min in the Thermcraft furnace with 

a helium flow of 35 ml/min. After the samples reached 900◦C, after approximately 90 
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minutes, the temperature was held isothermal for an additional 30 minutes with a 

helium flow of 35 ml/min. The outlet gas from the furnace was then mixed with a 

hydrogen stream (45 ml/min) and fed into a nickel (aluminum supported) catalyst held 

at 400◦C, which converted all of the carbon containing gases to methane. This gas 

stream was then sent to a flame ionizing detector (FID) (SRI 110 Detector Chassis) 

where it was mixed with oxygen (80 ml/min) and hydrogen (10 ml/min) to produce 

combustion for the detector. 

Total integrated TPD signals were used in order to determine the atomic 

percentage of the Oxygen groups on the MWNT sample material. This was achieved by 

using Simpson's rule for integration of the FID signal over time. The total moles of 

carbon desorbed were calculated by multiplying the integrated area by a constant, which 

was determined by injecting CO2 (in 64 micoliter pulses) through the TPD system 

under the same conditions and flow rates used for all of the other gases described above. 

Treating this CO2 as an ideal gas provided a molar value associated with the total 

integrated TPD signal, 1.3x10
-13

 mol C/area. It was assumed that the carbon desorbed 

from the CNT material during the TPD experiments was equivalent to the oxygen 

functional groups created by the acid treatments, due to the lower thermal stability of 

these groups which convert to CO or CO2. Based on this assumption, The atomic 

percentage of the thermally destable oxygen groups was calculated to be the ratio of 

total molar carbon desorbed (found by the process above) and the total molar carbon in 

the initial sample. 

The TPD experimental data suggests that the four samples tested above had 

0.8%, 2.3%, 3.1% and 4.4% by weight of thermally unstable carbon on their surfaces. 
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These four samples were then designated as follows: sample 0.8MWCNT, which was 

the as-received sample?; sample 2.3MWCNT, which had been oxidized for 1.5 hours 

with 6M HNO3 at 110°C; sample 3.1MWCNT, which had been oxidized for 24 hours 

with 6M HNO3 at 110°C; and sample 4.4MWCNT, which had been oxidized for 24 

hours with 12M HNO3 at 110°C. 

 

Results and Discussion 

MWNT Sample Characterization 

MWNTs are inherently hydrophobic and tend to agglomerate due to van der 

Waals forces. A typical method to increase the hydrophilicity and decrease 

agglomeration is to oxidize the MWNTs with nitric acid or a mix of nitric and sulfuric 

acid to create hydrophilic functional groups
35,36,37

. By varying the MWNTs treatment 

with nitric acid, the number of hydrophilic functional groups can be controlled, which 

was determined using TPD methods, Figure 1. TPD plots showing the carbon desorbed 

as a function of temperature for each sample are included in the appendix, Figure 79. 

 

Figure 1: TPD results of MWNT samples. Percent carbon desorbed for each 

MWNT sample.  
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Previous work by Binks et al. has shown the emulsion inversion point will 

change at different oil to water ratios depending on the hydrophobicity of spherical 

silica particles
20,46

. Hydrophobic particles favor w/o emulsions at a one to one oil to 

water ratio, while hydrophilic particles favor o/w emulsions
20,46

. A high oil to water 

ratio is required for emulsion inversion of particles with a high amount of hydrophobic 

groups, while a low oil to water ratio is required for particles with a low amount of 

hydrophobic groups. It also follows that a roughly equal oil to water ratio is required for 

emulsion inversion of particles with an intermediate amount of hydrophobic groups. 

Since particles of different hydrophobicity have different emulsion inversion points 

when changing oil to water ratios, a quick characterization of the particles’ 

hydrophobicity can be accomplished using this phenomenon. Using this 

characterization method, it was found that different oil to water ratios were required for 

emulsion inversion for each MWNT sample, as shown in Table 1. This indicates the 

hydrophilicty of each MWNT sample is unique, which correlates with the TPD 

experimental results. Initially no inversion in emulsion was obtained, due to the 

MWNTs’ inherent hydrophobicity. As the number of hydrophilic functional groups 

increased on the MWNTs, the emulsion inversion points required higher oil to water 

ratios. For the most hydrophilic MWNT sample, 4.4MWNT, no emulsion inversion was 

observed, which indicated that the MWNTs changed from being hydrophobic to 

hydrophilic. It appears that the most hydrophobic and hydrophilic MWNTs may invert 

at higher or lower oil to water ratios respectively, but this was not considered to be a 

factor in determining the relative wettability of the oil to water ratios tested for this 

study. 
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Table 1: Emulsion type for each O:W ratio of the MWNT samples.  

 

Role of MWNT Wettability 

 It was found by this study that emulsion droplet size and interfacial area change 

based on the MWNTs wettability, Figure 2. This is the same trend as seen with fractal 

silica with different wetability
20

. This study found that the emulsion droplet diameter 

was largest with hydrophobic and hydrophilic MWNTs and smallest with amphiphilic 

MWNTs, and that the emulsion type changed within the range of the amphiphilic 

MWNTs, Figure 2 and Figure 3. The type of emulsion has been shown to change when 

silica particles of intermediate wettability were initially dispersed in oil or water, with 

the continuous phase of the emulsion being the phase the particles are initially dispersed 

in
38

. For MWNTs in the amphiphilic range, however, it was found that the emulsion 

type changed if the MWNTs were not dispersed in water, Figure 2 (a), or oil, Figure 2 

(b),which may have been due to not having MWNTs of the required wettability. 

Regardless of whether the MWNTs were dispersed in the oil or water, the change in 
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droplet size with MWNT wettability remained the same. At this point, it can be 

concluded that changes in interfacial area result from amphiphilic MWNTs creating the 

largest interfacial area from having the smallest emulsion droplet size. It can also be 

concluded that the most hydrophobic and hydrophilic MWNTs have the smallest 

interfacial area, Figure 2 (a).  

 The reason emulsion droplet size changes with MWNT wettability may be 

similar to the reason emulsion droplet size changes with fractal silica particles of 

different wettability.
43,39

 Depending on the oil-water contact angle of the particle the 

orientation of the fractal silica particle can change. The hydrophobic and hydrophilic 

are loosely held at the oil-water interface and can change orientation with respect to the 

oil-water interface, while amphiphilic particles are strongly held at the oil-water 

interface and maintain a parallel orientation to the oil-water interface. For hydrophilic 

and hydrophobic particles at the oil-water interface when two droplets collide the 

loosely held particles at the oil-water interface change orientation and droplet 

coalescence continues until the enough particles are at the oil-water interface to keep 

the particles from no longer changing orientation. Amphiphilic particles are held 

strongly at the oil-water interface in a parallel orientation. This minimizes the amount of 

droplet coalescence from occurring keeping emulsion droplet small. Molecular dynamic 

studies have shown the orientation of ellipsoidal Janus nanoparticles varies depending 

on the particles oil-water contact angle.
40

 This ability to change orientation depending 

on the particles oil-water contact angle may also explain why emulsion droplet size 

varies with MWNT wettability. 
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Figure 2: For dodecane and water systems, (a) shows change in droplet diameter 

as a function of MWNT wettability when dispersing MWNTs in water while (b) 

shows change in droplet size as a function of MWNT wettability when dispersing 

MWNTs in dodecane. 0.07wt% of MWNTs was used in both cases. Circles 

represent droplet diameter and squares represent interfacial area divided by the 

amount of MWNTs used. 

 

 

Figure 3: Optical microscope for dodecane and water systems (a) sample 

0.8MWNT, (b) sample 2.3MWNT, (c) sample 3.1MWNT, and (d) sample 

4.4MWNT. 0.07wt% of MWNTs were used in all cases. The scale bar shown in the 

images is 100 μm. 
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The results of studying the variation in MWNT concentration showed the same 

trend as shown in Figure 2 for MWNTs of different wettability. Previous work by 

others showed that the concentration of particles in an emulsion system increases as the 

emulsion droplet size decreases until a point is reached where concentration then 

plateaus
41

. The initial decrease in emulsion droplet size is dependent on the number of 

particles to stabilize and stop the coalescence of the droplets. It was found that at a 

particular point, there were sufficient particles to cover the emulsion droplets and 

droplet sizes no longer changed. For all of the MWNT samples, it was found that the 

emulsion droplet size decreased until reaching a plateau at which point the emulsion 

droplet size no longer changed significantly. 

 

Figure 4: Effect of concentration of MWNTs on emulsion droplet size for each 

sample. Diamonds are for sample 0.8MWNT, squares are for sample 2.3MWNT, 

triangles are for sample 3.1MWNT, and circles are for sample 4.4MWNT.  
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Different Oils 

To further study the extent to which the change in MWNT wettability could be 

used to tune emulsion droplet size, two additional oils, toluene and heptane, were used 

and tested in addition to dodecane. Heptane has an oil–water interfacial tension of 50.7 

mN/m and contact angle of 105°and dodecane has an oil-water interfacial tension of 

52.5 mN/m and contact angle of 122°.
54,42

 Heptane and dodecane vary in the oil-water 

contact angle. Toluene has an oil-water interfacial tension of 36.0 mN/m and contact 

angle of 125°.
54,42

 Dodecane and toluene vary the most in interfacial tension, however, 

both interfacial tension and oil-water contact angle affect the energy of 

adsorption/desorption for a particle at the oil-water interface, which leads to the same 

results regardless of which oil is used
20,22,23

. Because of this, it was, expected that the 

emulsion droplet size would be different depending on which oil was used, but the 

relative results would remain unchanged. As expected, this study found that the 

emulsion droplet size and interfacial area varied depending on if heptane, Figure 5 (a), 

toluene, Figure 5 (b), or dodecane, Figure 2, was used as the oil. The point at which the 

emulsion type changed with respect to MWNT wettability changes depended on the 

type of oil. This study found that with heptane the emulsion type changed from w/o to 

o/w between sample 0.8MWNT and sample 2.3MWNT and with toluene between 

sample 3.1MWNT and sample 4.4MWNT. The point at which emulsion type changes 

with respect to silica wettability has been found to change when using toluene
20

 and 

limonene
43

.  
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Figure 5: Use of different oils. Change in emulsion droplet size and interfacial area 

for (a) heptane and (b) toluene. Circles represent droplet diameter and squares 

represent interfacial area divided by the amount of MWNTs used. 

 

Emulsion Stability 

Agglomeration of carbon nanotubes has been shown to enhance emulsion 

stability over silica particles because of the strong van der Waals forces between carbon 

nanotubes
44

. Van der Waals forces between carbon nanotubes form a rigid network at 

the interface of an emulsion droplet that keep emulsion droplets from coalescing. 

Charge repulsion between silica particles creates a weak network at the interface of an 

emulsion droplet that allows for the rate of coalescence to increase. Emulsions 

stabilized with silica particles with different wettability properties have been shown to 

have different emulsion stability characteristics
20

. The most unstable emulsions were 

made with hydrophobic and hydrophilic silica particles while stable emulsions were 

made with silica particles with intermediate wettability properties. 

Emulsion stability tests done for this study with MWNTs showed small changes 

in the interfacial area 24 hours and one month after emulsification, Figure 6, indicating 

that the MWNT network was maintained even though the MWNT wettability 
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characteristics had been changed. Treatment of the MWNTs with nitric acid added 

oxygen-containing functional groups that helped disperse the MWNTs by creating 

repulsion. In this case, however, the functionalization was enough to change the 

MWNT wettability characteristics but not enough to weaken the MWNT network that 

inhibited droplet coalescence. It can be concluded that for applications requiring high 

emulsion stability, MWNTs of different wettability characteristics allow for greater 

flexibility.  

 

Figure 6: Change in interfacial areas per mass of MWNTs 24 hours and one month 

after emulsification. Emulsions were made with dodecane and water. 

 

Oil to Water Ratio 

This study found that changing the oil to water ratio of an emulsion allowed for 

tuning the emulsion characteristics without having to change particle properties, or the 
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oil or aqueous phase. When changing the oil to water ratio for hydrophobic MWNTs, a 

decrease in emulsion droplet size was observed as the oil fraction increased with no 

change in emulsion type, sample 0.8MWNT, Figure 7(a). Stiller et al. showed a similar 

trend for hydrophilic titanium dioxide, except the emulsion droplet size increased with 

increasing oil fraction due to the hydrophilic nature of the titanium dioxide
45

. This study 

found that holding the amount of MWNTs constant and decreasing the volume of water 

the number of emulsion droplets increased. With this increase in the number of 

emulsion droplets and the decrease in droplet size, their was an increase in interfacial 

area. 

This study found that for MWNTs with intermediate wettability characteristics , 

the emulsion droplet size and interfacial area tapered off at high and low oil fractions, 

sample 2.3MWNT, Figure 7 (b). Because emulsion inversion occurs close to an oil 

fraction of 0.5, the MWNTs are roughly, equally wet by both oil and water. This may be 

why the greatest interfacial area is obtained at an oil fraction close to 0.5, and that the 

change in emulsion droplet size at the inversion point is not catastrophic. 

Test results from sample 3.1MWNT shows that since the emulsion droplet size 

is small, catastrophic phase inversion does not occur as until an oil fraction of 0.8 is 

reached Figure 7 (c). This type of catastrophic phase inversion has also been observed 

with hydrophobic and hydrophilic silica particles
46

. This study found that emulsion 

droplet size increases significantly after reaching the oil fraction that causes emulsion 

inversion from o/w to w/o and that the significant change in emulsion droplet size 

corresponds with a decrease in interfacial area. 
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The observation of catastrophic inversion provided an opportunity to further 

study the ability of MWNTs to stabilize emulsions since they can cause significant 

changes in emulsion type and droplet size. Emulsion stability tests were conducted in 

the same manner as the previous stability tests. It was found that emulsion stability did 

not change regardless of the oil to water ratio as shown for sample 3.1MWNT, Figure 8. 

It was also found that even after emulsion inversion and a significant change in 

emulsion droplet size, the emulsion was still stable. Once catastrophic inversion takes 

place with silica, however, changing the oil to water ratio decreases emulsion stability
46

. 

With MWNTs, the oil to water ratio can be used to change the emulsion type and 

droplet size without affecting emulsion stability, which may prove useful for separating 

and recycling solid catalyst particles based on Pickering emulsion inversion
47

.    

This study found that the most hydrophilic MWNTs, sample 4.4MWNT, 

showed no change in emulsion type, Figure 7(d). As the oil fraction was decreased, 

emulsion droplet size decreased and the interfacial area increased. A similar trend is 

seen in emulsion droplet size when using hydrophilic titanium dioxide particles
45

. With 

less oil in a system and the amount of MWNTs held constant, the number of emulsion 

droplets increased. The increase in the number of emulsion droplets and the decrease in 

droplet size increased the interfacial area. 
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Figure 7: Effect of changing the oil (dodecane) to water ratio on droplet diameter. 

Sample (a) 0.8MWNT, (b) 2.3MWNT, (c) 3.1MWNT, & (d) 4.4MWNT. Circles 

represent droplet diameter and squares represent interfacial area divided by the 

amount of MWNTs used. 

 

 

Figure 8: Change in interfacial areas per mass of MWNTS for different oil to 

water ratios over a one month period for sample 3.1MWNT.  
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Mixture of MWNTs of Different Wettability 

While the ability to change emulsion properties by tuning MWNT wettability 

characteristics offers interesting possibilities, doing so has proven to be difficult. The 

ability to mix two MWNT particles with different wettability characteristics to create an 

emulsion with the desired properties is easier and possibly a faster approach. To test if 

emulsion properties could be tuned with a mixture of hydrophobic MWNTs, sample 

0.8MWNT, and amphiphilic MWNTs, sample 3.1MWNT, were mixed together at 

different fractions while keeping the total MWNT concentration constant. Both types of 

MWNTs were initially dispersed in water, and as stated previously, no significant 

change was initially observed when dispersing the MWNTs in oil or water. 

Increasing the ratio of sample 0.8MWNT to sample 3.1MWNT produced 

increases in emulsion droplet size that occurs slowly at first as the ratio increases, but 

rapidly accelerates after the mixture of the two sample types of MWNTs become equal, 

Figure 9. The emulsion type does not change until the ratio of sample 0.8MWNT to 

sample 3.1MWNT reaches 0.97. This trend agrees with what has been seen by others 

when silica particles of different hydrophobicity are mixed together to make 

emulsions
48

. The hydrophobic silica used in their study stabilized smaller droplets than 

hydrophilic silica did, and only at a high ratio of hydrophilic to hydrophobic silica did 

the emulsion droplet size increase significantly and the emulsion type change. It could 

be concluded that the emulsion inversion point and when the emulsion droplet size 

changes significantly may depend on how well one particle stabilizes an emulsion 

compared to another. 
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Figure 9: Effect of changing the ratio of MWNTs with different wettability. 0.7 

wt% of MWNTs used, varied fraction of 0.8MWNT to 3.1MWNT. Change in 

emulsion droplet size (a) and change in interfacial area per mass (b). Circles 

represent droplet diameter and squares represent interfacial area divided by the 

amount of MWNTs used. 

 

Conclusion 

Pickering emulsions stabilized with MWNTs are highly stable. The MWNTs 

used to stabilize emulsions can also be tuned to have different wettability characteristics 

to change emulsion properties. Through controlled functionalization of MWNTs, the 

properties of Pickering emulsions can be controlled along with changes in emulsion 

droplet size and emulsion inversion points consistent with different oils. Changing the 

oil to water ratio allows for emulsion droplet size to be changed, and for amphiphilic 

MWNTs, the emulsion type to be changed. Mixing MWNTs of different wettability 

characteristics in different ratios can be used to control emulsion droplet size and type, 
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which creates the prospect of achieving the same results as tuning MWNTs to specific 

wettability characteristics. Most important, MWNT wettability characteristics can be 

tuned to change emulsion properties while inhibiting emulsion droplet coalescence, 

which has not been achieved with silica. MWNTs may allow for a wider range of 

possibilities with Pickering emulsions due to their high stability over other solid particle 

emulsion stabilizers. 
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Chapter 3: Multi-Walled Carbon Nanotubes at the Interface of 

Pickering Emulsions  

49505152535455565758596061626364656667686970717273747576777879808182838485868788899091929394959697 

The following chapter is based on a publication which can be found in Langmuir 

using the citation: Briggs, Nicholas M., et al. “Multiwalled Carbon Nanotubes at the 

Interface of Pickering Emulsions” Langmuir 31.48 (2015): 13077-13084.  

 

Introduction 

Pickering emulsions have found uses in a wide range of applications, including 

catalysis
49,

 oil recovery,
50

 food applications,
51

 drug delivery,
52

 and templates
53

. This has 

led to significant research efforts investigating the influence of the 

hydrophilic/hydrophobic properties of the solid particles
54,55,56,57,58

 to the addition of 

polymers
59,60

 and surfactants
61,62

 on the stability of Pickering emulsions. However, these 

publications all deal with spherical metal oxide particles or fumed metal oxide particles. 

Cylindrical carbon nanotubes exhibit very unique properties upon stabilizing Pickering 

emulsions. Carbon nanotubes can reside at an oil−water interface while also displaying 

attractive forces between the tubes at the interface. A recent report by Wu et al. has 

shown a promising decrease in emulsion coalescence rates with nanotube-stabilized 

emulsions when compared with spherical particles
63

.  While it is known that cylindrical 

carbon nanotubes can form Pickering emulsions, very little is known about these 

systems
62

. The promising evidence of enhanced emulsion stability in nanotube 

stabilized emulsions warrants further investigation.  
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 Carbon nanotubes have found numerous applications as catalyst supports, with 

notable enhancements in activity and selectivity to target products when used at the 

oil−water interface of biphasic systems
49,64

. Carbon nanotubes have also shown promise 

in oil−water systems in the area of enhanced oil recovery
65

. The wide range of 

applications where carbon nanotubes are used, including drug delivery capsules,
66,67

 

batteries,
68

 sensors,
69

 field effect transistors,
70

 coatings,
71

 hydrogen storage,
72,73

 

yarns,
74,75

 thermal management,
76

 and compressible foams,
77

 is a testament to their 

promising properties and potential to impact even more fields as emulsion stabilizers.  

The first emulsion stabilized by carbon nanotubes was reported by Wang et al., 

who used single-walled carbon nanotubes to stabilize water-in-oil (W/O) emulsions in a 

toluene and water system
62

. In 2005, Hobbie et al. showed that DNA-coated single-

walled carbon nanotubes can also stabilize emulsions
78

. Single-walled carbon nanotube 

bundles have also been shown to preferentially locate at an oil−water interface
79

. 

Carbon nanotubes fused to silica support particles from which they were grown, or 

nanohybrids, can also be used to stabilize emulsions
80

. A shift in the type of emulsion 

stabilized (W/O vs O/W) has been observed upon oxidation of both nanohybrids
80

 and 

carbon nanotubes
81

. 

While it has been shown that carbon nanotubes are capable of stabilizing 

Pickering emulsions, very little is known about the nature of these resulting emulsions 

and how the nanotubes arrange at an oil−water interface. Single-walled carbon 

nanotubes have been suggested to bend with the curvature of the interface in emulsions 

to form nanorings based on analysis of nanotube curvature after solvent removal
82,83

. 

Even less is known about the behavior of nanotubes in biphasic systems where the 
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hydrophilicity of the surface has been modified, either covalently by introducing 

carboxylic groups or noncovalently through the use of polymers or surfactants. Only 

very recent work has shown that the attractive forces between carbon nanotubes help 

inhibit droplet coalescence, unlike silica or latex particles where electrostatic repulsive 

forces promote droplet coalescence
63

. The impact of surface functionalization on the 

orientation of nanotubes at an interface and the resulting impact on droplet coalescence 

remains unknown. Here we investigate carbon nanotube stabilized Pickering emulsions 

by using both paraffin wax/water and dodecane/water systems to study multiwalled 

carbon nanotube (MWNT) orientation at the interface of an O/W Pickering emulsion 

and the resulting emulsion stability. A similar technique has been used to study the 

location of particles in polymer blends
84

. Paraffin wax/water systems have been used to 

capture silica nanoparticles at an O/W interface for the preparation of Janus silica 

particles
85,86,87,88,89,90

 and to study emulsions under shear and gelation
92

. MWNTs were 

functionalized through covalent and noncovalent methods and compared with 

unmodified MWNTs. The MWNT location and thickness at the interface were then 

characterized through a combination of microscopy techniques. The droplet diameter, 

volume of each phase, and interfacial area were all obtained for each system. This 

relationship between the hydrophilicity of the MWNTs modified through various 

methods and the location and orientation of MWNTs at the interface are discussed. The 

relationship between emulsion stability and interfacial thickness is also investigated for 

the first time. The critical role of a continuous carbon nanotube network provides 

further insight into the stability of carbon nanotube stabilized Pickering emulsions. 
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Experimental Details 

The MWNTs used in this study were SWeNT SMW100 type nanotubes 

obtained from SouthWest Nanotechnologies. The MWNTs have reported diameters of 

6−9 nm, 3−6 walls, and an average length of less than 1 μm per the manufacturer. Alkyl 

glucoside, AG 6202, was purchased from Akzo Nobel. 2-Hydroxyethyl cellulose with a 

Mw ∼1 300 000 and paraffin wax, with a melting point between 53 and 57 °C, were 

both purchased from Sigma-Aldrich. 18 MΩ water was obtained from an in house 

filtration system.  

Oxidation of the MWNTs was completed by adding 1 g of MWNTs to a round-

bottom flask with 50 mL of 70% nitric acid. The solution was refluxed for 3 h at 120 

°C. The MWNTs were filtered using a vacuum filtration setup and a 0.22 μm PTFE 

filter. The filtered material was then rinsed with 18 MΩ water to remove residual nitric 

acid until a neutral pH was reached.  

Pickering emulsions stabilized by oxidized MWNTs were prepared by adding a 

specific amount of carbon nanotubes to 50 mL of 18 MΩ water in a beaker, between 

0.033 and 0.20 wt % with respect to H2O. This was then horn sonicated with a Fisher 

Scientific Model 505 Sonic Dismembrator for 3 h at 50% amplitude using a 1/2 in. tip 

to disperse the nanotubes. The beaker was then placed in an oil bath at 80 °C. A 

quantity of 6.6 g of paraffin wax was added to the beaker and allowed to melt. Once the 

paraffin wax had melted, the solution was horn sonicated for 1 h at 50% amplitude 

using a 1/2 in. tip to form the Pickering emulsion. This sample is labeled Ox-MWNT.  

Pickering emulsions stabilized with pristine MWNTs were prepared with the 

same procedure as the Ox-MWNT, except with unmodified SWeNT SMW100 carbon 
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nanotubes. The weight percent of unmodified MWNTs with respect to water used was 

0.165. This sample is identified as p-MWNT. 

Emulsions with 2-hydroxyethyl cellulose dispersed nanotubes (labeled HEC-

MWNT) were prepared with a high-viscosity aqueous solution of the polymer. A 1 wt 

% solution of 2-hydroxyethyl cellulose, with respect to water, was mixed overnight to 

solubilize and exfoliate the 2-hydroxyethyl cellulose. 50 mL of water was used in this 

experiment. The same procedure used to make sample Ox-MWNT was used; 0.165 wt 

% of MWNTs with respect to water was used.  

For preparation of Pickering emulsions with alkyl glucoside dispersed MWNTs, 

a procedure similar to the one used for making sample Ox-MWNT was used. First, 

0.165 wt % of MWNTs with respect to water was added to 50 mL of water. The 

solution was then horn sonicated for 1.5 h at 50% amplitude using a 1/2 in. tip. After 

this, alkyl glucoside was added to give a weight percent of 1.1, 6.4, or 12 of alkyl 

glucoside with respect to water. The solution was further horn sonicated for 1.5 h at 

50% amplitude using a 1/2 in. tip. Paraffin wax (6.6 g) was subsequently added and 

melted, and the mixture was horn sonicated using the same conditions as described 

earlier for the Ox-MWNT sample. For sample AG-MWNT, 0.165 wt % of MWNTs and 

6.4 wt % of alkyl glucoside were used. A control experiment using 6.4 wt % of alkyl 

glucoside with no MWNTs is labeled AG.  

Emulsion stability tests were conducted by replacing the paraffin wax with 

dodecane. The same volumetric amount of dodecane was used as paraffin wax at room 

temperature. The procedure for making the emulsions was the same as described above. 
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The droplet size and volume of oil, emulsion, and water fractions were measured 24 h 

and 2 weeks after making the emulsion.  

Electron microscope images of the MWNTs on the surface of the wax droplets 

were obtained with a Zeis NEON 40 EsB scanning electron microscope using an 

accelerating voltage of 2 kV. Samples were prepared by placing a drop of the emulsion 

on a Si wafer and allowing the water to evaporate. Only the paraffin wax droplets 

remained after evaporation of the water.  

To determine the location of MWNTs at the interface, wax droplets resulting 

from Pickering emulsions stabilized with oxidized MWNTs, pristine MWNTs with 

alkyl glucoside, or pristine MWNTs with 2-hydroxyethyl cellulose were filtered using a 

Whatman 1 filter and rinsed with water to remove any unattached particles. After this, 

3.5 wt% of the wax droplets covered with MWNTs was mixed with LR White resin, a 

hydrophilic resin. The solution was then shaken by hand for several minutes to disperse 

the wax droplets in the resin. After mixing, the solution was placed in a gel capsule and 

then placed in an oven at 40 °C (below the melting point of the wax) to allow the LR 

White Resin to polymerize. The gel capsule was then removed, and the polymerized LR 

White was then thin sectioned using an ultramicrotome, making 100 nm thick sections. 

These sections were then placed on a TEM gird. TEM of the samples was performed to 

see the location of the MWNTs at the interface using a JEOL 2000-FX with an 

acceleration voltage of 200 kV. Interfacial thickness measurements and angles of 

MWNTs at the interface were obtained from the TEM images. Differences in interfacial 

thickness and angles between each sample were determined using a paired t test with 

unequal variances.  
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Acoustic spectrometry measurements were conducted on 200 mL of paraffin 

wax-in-water emulsion stabilized with MWNTs and hexyl glucoside, sample AG-

MWNTs with a Dispersion Technology Inc. DT 1201 acoustic spectrometer. The 

sample was analyzed after emulsification, and the wax had solidified. 

 

Results and Discussion 

MWNT Pickering Emulsions Characteristics  

The characteristics of MWNT stabilized Pickering emulsions are investigated by 

analyzing droplet distributions resulting from cooled wax droplets produced in the 

paraffin wax/water system. After emulsification using molten paraffin wax at 80 °C, the 

Pickering emulsion is cooled to room temperature yielding a dispersion of solid wax 

particles with the MWNTs remaining trapped at the interface. While the unmodified 

carbon nanotubes are capable of stabilizing Pickering emulsions, their hydrophobic 

nature stabilizes water-in-oil (W/O) emulsions. The oxidation of MWNTs with nitric 

acid creates hydrophilic functional groups such as carboxylic acids on the surface of the 

MWNTs, thereby improving their dispersion in water. This increased hydrophilicity 

modifies the contact angle of the carbon nanotube. As Binks et al. have demonstrated, 

increasing or decreasing the number of hydroxyl groups on silica nanoparticles can 

influence the stabilized emulsion droplet size, resulting in emulsion inversion
56

. Silica 

particles hydrophobized by silanation yield W/O emulsions while hydrophilic silica 

particles stabilize O/W emulsions. A similar trend is observed when comparing the p-

MWNTs with Ox-MWNTs, with the increasing hydrophilicity of the nanotubes upon 

functionalization leading to the formation of O/W emulsions.  
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By varying the concentration of Ox-MWNT in the mixture, the impact on the 

size and the resulting interfacial area stabilized can be determined. The weight of the 

wax layer formed on the top of the emulsion after cooling is used to calculate the 

volume of the excess oil phase. As the amount of oxidized MWNTs increases, the 

continuous oil and water phase volumes decrease while the emulsion volume increases 

as shown in Figure 10. This demonstrates the clear increase in interfacial area that can 

be stabilized by the addition of more carbon nanotubes to the mixture. 

 

 
Figure 10: Trends of oil, emulsion, and water volumes of Pickering emulsions 

made with oxidized carbon nanotubes (Ox-MWNT). 
 

The hydrophilicity of the nanotubes can be modified by noncovalent means as 

well. The polymer 2-hydroxyethyl cellulose can wrap around the MWNTs and increase 

their hydrophilicity, a strategy that has been used to improve the hydrophilicity of drug 
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capsules
93

. A second noncovalent dispersant, alkyl glucoside (AG), is a hydrophilic 

linker that likely increases the interaction of the MWNTs with the water, just as 

hydrophilic linkers are used to increase a surfactant’s interaction with water
94

. A similar 

approach has been employed with silica particles and cetyltrimethylammonium bromide 

(CTAB)
85,86,87,88,89,90,92

. It is important to note that the AG influences the hydrophilicity 

of the nanotubes and is not responsible for the lone stabilization of emulsion droplets as 

evidenced by Figure 11. In the absence of MWNTs, Figure 11a shows that the addition 

6.4 wt % AG results in large wax particle agglomerates with an average size of 88.5 

μm. Additionally, a significant wax layer was formed on top of the mixture once the 

emulsion was brought to room temperature, indicating inadequate emulsion 

stabilization. In contrast, the combined use of 6.4 wt % AG and 0.165 wt % carbon 

nanotubes creates smaller emulsion droplets with no observed agglomerates as shown in 

Figure 11b. Similar results have been reported in the literature with CTAB and silica 

systems
92

.  

 

  

Figure 11: (a) Wax particles stabilized by 6.4 wt% alkyl glucoside, sample AG-

MWNTs. (b) Wax particles stabilized by 6.4 wt% of alkyl glucoside and 0.165 wt% 

MWNTs, sample AG-MWNTs. Weight percent’s are with respect to water. Images 

were taken at 40°C after cooling of the molten wax/water system. Each scale bar is 

100 µm.  
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The amount of AG necessary to hydrophilize the MWNTs necessary for the 

stabilization of O/W emulsions was determined by varying the AG content. Previous 

work has shown that if the concentration of surfactant used to wet the particles is above 

the critical micelle concentration, an unstable emulsion is obtained
92

. The concentration 

of alkyl glucoside was increased until the emulsion type changed from W/O to O/W. 

Using 1.1 wt % AG created a W/O emulsion, while 6.4 wt % of AG created an O/W 

emulsion, which was also the case when using 12 wt % of alkyl glucoside, with 

emulsion droplet sizes of 4.9 and 6.9 μm, respectively. A 6.4 wt % concentration of 

alkyl glucoside was selected for subsequent experiments to minimize excess surfactant 

in the system while stabilizing a O/W emulsion.  

As can be seen in Figure 10 and Figure 12, as the concentration of oxidized 

carbon nanotubes increases, the increase in volume of the emulsion fraction is 

accompanied by a decrease in the emulsion droplet size. This is consistent with 

numerous publications that show this behavior of decreased particle size with increasing 

concentrations of silica particles,
57,58

 singlewalled carbon nanotubes,
62

 oxidized carbon 

nanotubes,
81

 and carbon nanotube−silica nanohybrids
80

.  
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Figure 12: Emulsion droplet diameter as a function of MWNT wt% with respect to 

water. Samples used were oxidized MWNTs (Ox-MWNT), MWNTs with 6.4 wt% 

of alkyl glucoside (AG-MWNT), MWNTs with 1 wt% of 2-hydroxylethyl cellulose 

(HEC-MWNT).  
 

In order to further confirm the accuracy of the experimental technique for 

droplet size measurements, acoustic spectrometry was used to determine the droplet size 

distribution of the AGMWNT sample. The acoustic spectrometer allowed for the 

diameter of the emulsion droplets to be measured in liquid after emulsion formation and 

solidification of the wax. Results from acoustic spectroscopy showed the average 

paraffin wax droplet diameter and distribution were similar to that obtained with 

measuring wax particle diameters from optical microscope images as shown in Figure 

13. The mean size of the paraffin wax particles calculated using acoustic spectroscopy 
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and optical microscopy were 5.2 and 4.9 μm, respectively, further confirming the 

accuracy of the droplet size measurements.  

 

 

Figure 13: Distribution of droplet diameters for paraffin wax droplets stabilized 

with pristine carbon nanotubes and alkyl glucoside. (a) Distribution obtained with 

acoustic spectroscopy and (b) optical microscopy.  
 

The oil−water interfacial area of the emulsions follows an increasing trend with 

decreasing emulsion droplet size and increasing emulsion volume as shown in Figure 

14. It should be noted that when using MWNTs and 6.4 wt % of alkyl glucoside, a 

significantly higher interfacial area is obtained for a given weight percent of nanotubes. 

The different interfacial areas stabilized imply that the amount of nanotubes located at 

the oil−water interface may be different, which could result in important differences in 

emulsion stability. The thickness of nanotubes at the interface and resulting emulsion 

stability are discussed in more detail in the following sections. 
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Figure 14: Change in interfacial area with respect to change in MWNT 

concentration for oxidized MWNTs (Ox-MWNT). Included are emulsions made 

with MWNTs with 1wt% hydroxyethyl cellulose (HEC-MWNT), MWNTs with 6.4 

wt% alkyl glucoside, and 6.4 wt% alkyl glucoside (AG). 
 

MWNT at the Interface of a Pickering Emulsion 

Further information regarding the behavior of nanotubes at the oil−water 

interface can be found via electron microscopy of the produced Pickering emulsions. 

After emulsification using molten paraffin wax at 80 °C, the Pickering emulsion is 

cooled to room temperature and analyzed via SEM,Figure 15. The pristine nanotubes 

(p-MWNTs) alone under these conditions stabilize a water-in-oil emulsion, resulting in 

a solid oil continuous phase as shown in Figure 15e,f. By breaking open the cooled wax 

emulsion (Figure 15e), holes are observed where the water droplets once resided with 
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MWNTs lining their perimeter as shown near a cross section of one of these holes in 

Figure 15f. The majority of the emulsion droplets formed for samples p-MWNT, Ox-

MWNT, HEC-MWNT, and AGMWNTs as shown in Figure 15a−h are roughly 

spherical in shape. 

 

Figure 15: SEM images of wax particles formed on cooling of Pickering emulsions 

using 0.2wt% of oxidized MWNTs (a & b), HEC-MWNTs (c & d), p-MWNTs (e & 

f), and AG-MWNTs (g & h).  
 



39 

In order to better illustrate the interfacial behavior of nanotubes at the interface, 

samples Ox-MWNTs, AG-MWNTs, and HEC-MWNTs were embedded in LR white 

resin after cooling of the emulsions, thin sectioned, and then characterized with TEM. It 

is important to point out that for all samples shown in Figure 16 the MWNTs appear to 

be located at the interface of the wax droplets and not dispersed in the individual 

phases. 

 

 

Figure 16: Images of thin sectioned wax droplets with MWNTs at the interface. 

Ox-MWNTs at the interface (a) (b). HEC-MWNTs at the interface (c) (d). AG-

MWNTs at the interface (e) (f). All samples were made with 0.165 wt% MWNTs 

with respect to water.  
 

The thickness of nanotubes at the interface, hereafter referred to as interfacial 

thickness, is significantly different for the three samples shown in Figure 16. By 

measuring the interfacial thickness at 350 different positions from TEM images, an 

average was obtained. Results indicate an average interfacial thickness of 75 nm for Ox-

MWNT, 54 nm for AGMWNT, and 107 nm for HEC-MWNTs. A statistically 
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significant difference between each sample is confirmed by the t test as discussed in 

more detail in the Appendix. The AG-MWNTs sample has the lowest interfacial 

thickness while the HEC-MWNTs display the highest interfacial thickness.  

The vast majority of the MWNTs for samples p-MWNT, Ox-MWNT, HEC-

MWNT, and AG-MWNT appear to orient close to the interface. This is in agreement 

with calculations that show a lower adsorption energy required for a cylinder to orient 

parallel to an oil−water interface rather than perpendicular
95,96

. Analysis of the angle of 

100 nanotubes with respect to the interface reveals that the majority of nanotubes in all 

samples lie along the interface. Average angles from the interface, with errors 

representing one standard deviation, were 18 ± 14° for the Ox-MWNT sample, 15 ± 9° 

for the AG-MWNT sample, and 30 ± 21° for the HECMWNT sample. While the angles 

of all samples fall within one standard deviation of one another, the broadest 

distribution of angles was found with the HEC-MWNT sample. This is also the sample 

that contained the greatest interfacial thickness, where the attractive forces among the 

nanotubes could lead to random agglomeration near the region of the interface. More 

details on the statistical distribution of angles with respect to the oil−water interface can 

be found in the Appendix.  

The use of surfactants to disperse carbon nanotubes is well known
97

. A better 

dispersion of MWNTs leads to more MWNTs covering the interface of emulsion 

droplets, stabilizing a greater interfacial surface area. In addition, the emulsion droplets 

in the AG-MWNTs emulsions appear to have bare spots that can be observed in the 

SEM images in Figure 15g of places where MWNTs are missing from the droplet 

surface Figure 15e. The HEC-MWNT sample appears to have the largest interfacial 
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thickness, which could be due to polymer flocculating the MWNTs together. Previous 

work has shown the homopolymer hydroxypropyl cellulose can be used to flocculate 

Ludox silica particles
60

.  

Emulsion Stability 

Perhaps the most important implication of the interfacial thickness of nanotubes 

at an interface is the resulting impact that the nanotube−nanotube attractive forces have 

on emulsion stability. While coalescence rates cease when the paraffin wax is solidified, 

this is not true in a liquid oil−water system. A dodecane/water mixture enables the 

investigation of interfacial thickness on emulsion stability. The emulsion stability is 

measured by comparing the emulsions 24 h and 2 weeks after preparation.  

The first important observation is that the same trend in droplet size and interfacial 

area is observed 24 h after preparation in the dodecane/water system as was reported 

earlier for the paraffin wax/water system as shown in Figure 17. The AG-MWNTs 

results in the highest interfacial area stabilized after 24 h followed by the HEC-MWNTs 

and finally the Ox-MWNTs. The fact that the increase in interfacial area upon the 

introduction of AG is not as pronounced as was observed when using paraffin wax is 

likely due to coalescence that has already occurred in this system after 24 h.  

Samples HEC-MWNTs and Ox-MWNTs exhibit the best stability as the emulsion 

droplet size and interfacial area change a small amount. The largest change in droplet 

size and interfacial area occurs for sample AG-MWNTs indicating much faster rates of 

droplet coalescence. It should be kept in mind that this sample also has a very thin 

interfacial thickness of nanotubes accompanied by interfacial regions devoid of 
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nanotubes as shown in Figure 16e,f. This is the first evidence demonstrating that a thick 

and continuous interface of carbon nanotubes results in enhanced emulsion stability.  

Previous work has shown carbon nanotubes inhibit droplet coalescence more 

effectively than silica or latex particles
63

. This has been proposed to result from the 

attractive forces between the nanotubes being greater than their electrostatic repulsive 

forces. Silica and latex particles exhibit primarily electrostatic repulsive forces, whereas 

the attractive forces among carbon nanotubes form a network that is difficult to break 

when emulsion droplets come into contact with one another. A comparison of samples 

Ox-MWNT and HEC-MWNT to AGMWNT in Figure 17 further supports the 

importance of this interaction. 

 

 

Figure 17: Emulsions stability test comparing emulsion (a) droplet size and (b) 

interfacial area. Comparison is 24 hours and two weeks after emulsion formation. 

Amount of MWNTs was kept constant for all emulsions made.  
 

Surfactants are commonly used to disperse carbon nanotubes individually and 

provide a repulsive force between individual carbon nanotubes, inhibiting 

agglomeration of the tubes
97

. Only upon addition of a surfactant, AG-MWNT, does the 

emulsion droplet size and interfacial area change drastically which is due in large part to 

the surfactant creating a repulsive force between carbon nanotubes. While there is a 
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possibility that the surfactant cooperatively stabilizes the emulsions, a blank run with 

the AG in the absence of MWNTs yielded very little interfacial area as shown 

previously in Figure 14. With the carbon nanotube network disrupted, droplet 

coalescence can occur at a much faster rate. For sample HEC-MWNTs, the polymer 

likely wraps around the carbon nanotubes linking them together, which has shown to be 

the case with a mixture of silica and polymer,
60

 thus maintaining the carbon nanotube 

network. Oxidation of carbon nanotubes introduces hydrophilic groups that can cause 

repulsion between carbon nanotubes. However, the extent of oxidation for the carbon 

nanotubes used in sample Ox-MWNTs appears to be enough to change emulsion type, 

but not enough to hinder the formation of a stable carbon nanotube network. This is 

evidenced by the multiple layers of nanotubes at the interface as well as the 

corresponding emulsion stability that is significantly greater than AG-MWNTs and 

comparable to HEC-MWNTs. 

Sonication Intensity 

Varying the amount of energy used for dispersion of oxidized MWNTs in water 

and the energy for emulsification resulted in differences in emulsion droplet diameter. 

Using 0.2 wt% oxidized MWNTs and a horn sonication setting of 25% amplitude for 

dispersion and emulsification formed large agglomerates of oxidized MWNTs with 

paraffin wax droplets inside are shown in Figure 18 (a) and (b). The agglomerates of 

MWNTs are 67 µm in diameter, while the average emulsion droplet diameter is 13.9 

µm, which is slightly larger than the 9.2 µm droplets observed when using a horn 

sonication setting of 50% amplitude for dispersion and emulsification steps. It is 

important to note that no MWNT agglomerates were observed at the higher sonication 
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intensity. Changes in the MWNT concentration when using horn sonication settings of 

25% amplitude for dispersion and emulsification is reported the Figure S4 of the 

appendix. 

Increasing horn sonication amplitude to 50% during the dispersion of the 

MWNTs results in emulsion droplets that do not appear collected in large oxidized 

MWNT agglomerates, Figure 18 (c), however the oxidized MWNTs due appear to 

connect the emulsion droplets together Figure 18 (d). The attachment of emulsion 

droplets with oxidized MWNTs is further confirmed with optical microscopy where the 

emulsion droplets appear together in clumps rather than individual emulsion droplets, 

the average diameter of these clumps of droplets is 59 µm. Alternatively when using a 

low energy dispersion and high energy emulsification, no oxidized MWNT 

agglomerates are observed, Figure 18 (e), and the emulsion droplets are not connected 

to one another, Figure 18 (f). The results after a high energy emulsification step are 

similar to those obtained after using both a high energy dispersion and high energy 

emulsification step as shown in Figure 18 (a).  

The energy used in pre-dispersing the MWNTs and the amount of energy used 

to make an emulsion from the MWNT dispersion both have a significant impact on the 

emulsion. One possible reason for the emulsion droplets embedded in MWNT 

agglomerates when using horn sonication setting of 25% or 50% amplitude for 

dispersion and 25% amplitude for emulsification is that any MWNT agglomerates 

present in the system are capable of capturing oil droplets or having oil droplets forced 

into them. This phenomenon is more like capillary imbibition than a true emulsification 
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process. Capillary imbibition occurs in oil recovery when water is used to displace oil in 

porous rock
90

.  

 
Figure 18: SEM images. Using 25% amplitude for dispersion of MWNTs and 25% 

amplitude for emulsification of MWNTs (a & b), 50% amplitude for dispersion of 

MWNTs and 25% amplitude for emulsification (c & d), 25% amplitude for 

dispersion of MWNTs and 50% amplitude for emulsification (e & f). 

 

Conclusion 

MWNTs are found to lie at the interface of paraffin wax emulsion droplets both 

when the wax is a liquid above its melting point and after the wax has solidified below 

its melting point. The majority of the MWNTs lie parallel to the O/W interface, which 

is consistent with calculations showing this to be the favorable position. The emulsion 

type can be changed from W/O to O/W by using either covalent or noncovalent 

methods to modify the hydrophilicity of the MWNTs. A cooperative effect between the 

introduction of alkyl glucosides and MWNTs was observed, stabilizing interfacial areas 

much higher than could be achieved by using the surfactant or oxidized MWNT’s alone. 

The thickness of the interface was measured through TEM of thin sections, indicating a 

reduction in the thickness of MWNTs at the O/W interface for alkyl glucoside modified 



46 

nanotubes when compared with oxidized MWNTs or MWNTs dispersed with 

hydroxyethyl cellulose. Patches of oil−water interfacial area lacking nanotubes were 

observed when alkyl glucoside was used with the MWNTs. The introduction of a 

cellulose polymer appears to flocculate the nanotubes at the interface, resulting in both 

increased interfacial areas and a thicker layer of MWNTs at the oil−water interface. 
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Chapter 4: Controlling Reaction Selectivity in Emulsions Using 

Particles of Different Wettability 

 

Introduction 

Since the first discovery of the benefits of performing catalysis with solid 

stabilized emulsions
98

 there has been a large effort to study heterogeneous catalysis in 

these systems
126,99,117,100,101,102

. A few of the benefits of performing heterogeneous 

catalysis reactions in emulsions is an increase in mass transfer of molecules between the 

oil and water phases, increase in oil-water interfacial area, easy recovery of products 

due to solid particles stabilizing the emulsion instead of a surfactant, separation of the 

products from the reaction mixture due to differences in oil-water solubility, and the 

opportunity to control reaction selectivity when operating under mass transfer 

limitations due to the presence of two different liquid phases. One particular application 

which benefits from these advantages is catalytic upgrading of bio-oil produced from 

pyrolysis of biomass. 

Due to bio-oil having a highly oxygenated structure and after thermochemical 

conversion results in liquid products of high water solubility, high reactivity, and low 

vapor pressure biomass becomes difficult to upgrade in the vapor phase
103

 making the 

catalytic upgrading in the liquid-phase more appealing
117

. Water is often a solvent of 

choice due to its relatively low cost, low environmental impact, and ability to solubilize 

oxygenated biomass molecules. Yet the presence of water can cause undesired side 

reactions and harm certain catalysts
100,117,104

. By having an oil and aqueous phase a 

catalyst can be functionalized to be in the oil phase and the impact of water mitigated, 
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such is the case when using zeolites at high enough temperature in water
117

. Another 

benefit of having two phases is in catalytic upgrading biofuel when it is desirable to 

acid-base catalysts with metal catalyst
126

. The acid-base catalyst can be used to 

dehydrate the reactant and the metal to hydrogenate the dehydrated product. If the 

hydrogenation catalyst were not in one specific phase then there will be competition 

with the acid-base catalyst, resulting in a decrease in yield of desired product. Due to 

the importance of controlling selectivity and mitigating catalyst deactivation in biomass 

upgrading conducting reactions in emulsions is advantageous.  

Since solid stabilized emulsions provide many key advantages there is a strong 

need to understand how solid stabilized emulsions can be tuned and controlled. 

Fortunately there has been a large amount of work to understand how solid stabilized 

emulsions behave and the solid particles modified to control the emulsions properties. 

The wettability of the solid particle stabilizing an emulsion can be used to control 

emulsion type, emulsion droplet size, and emulsion stability
105

. By changing the 

wettability of the particle it is believed this changes the location of the particle at the 

oil-water interface, Figure 19. The addition of salts, change in pH, or surfactants has 

been found to control emulsion stability
106,107,108,109

. Mixing solid particles of different 

wettability at different ratios can be used to control emulsion type and emulsion droplet 

size
110

 and changing the oil to water ratio can be used to change the emulsion droplet 

size and type
111

. With the vast array of tools for controlling a solid stabilized emulsion 

properties there are many opportunities to apply these tools for conducting reactions in 

emulsions and to control reaction selectivity.  
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Figure 19: Location of the particle at the oil water interface as a function of the 

particles wettability.  

 

In this work we combine knowledge from the emulsion and catalysis community 

to understand how reaction selectivity can be controlled in biphasic systems. Two 

reactants are used and were chosen such that one has a high oil solubility and the other a 

high water solubility to study how reaction selectivity of the reaction in the oil or water 

can be controlled by tuning spherical silica nanoparticles to be either hydrophobic, 

amphiphilic, or hydrophilic. Using this knowledge particles of different wettability are 

mixed together to create a “Janus effect”, the same idea as a Janus particle, where in the 

reaction in the oil phase is catalyzed by hydrophobic silica nanoparticles and the 

reaction in the aqueous phase by hydrophilic silica nanoparticles, Figure 20. To study if 

not only silica nanoparticles of different wettability can be mixed together multi-walled 

carbon nanotubes (MWNTs) are mixed with silica. The approach of mixing MWNTs 

and silica nanoparticles allows for further control of the rates of reaction in the oil and 

aqueous phases.  
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Figure 20: Hydrophobic and hydrophilic silica at the oil-water interface creating 

the same effect as a Janus particle.  

 

Experimental Details 

 Ludox TM-50 colloidal silica was used as one of the catalyst supports and was 

purchased from Sigma Aldrich. The Ludox particles are 32 nm in diameter, have a 

specific surface area of 110-150 m
2
/g. The silica particles come as a 50 wt% aqueous 

dispersion with a solution pH of 8.5-9.5. The other catalyst supports used in this study 

were MWNTs donated by SouthWest Nanotechnologies and designated by the company 

as SWeNT SMW100. The MWNTs have a reported outer diameter of six to nine 

nanometers, three to six walls, and an average length of less than one µm according to 

the manufacturer. Palladium nitrate dihydrate, octadecyltrichlorosilane (OTS), cis-2-

butene-1,4-diol, decane, 1-dodecene, and 70% nitric acid were both purchased from 

Sigma Aldrich for functionalization of catalyst supports.  
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   A detailed description of the process to functionalize Ludox TM-50 can be 

found in previous work
112

. The Ludox TM-50 colloidal silica nanoparticles were 

removed from aqueous solution for functionalization since octadecyltrichlorosilane 

reacts violently with water. Once removed the particles were repeatedly dispersed in 

water by vortex mixing and centrifuged at 7000 rpm. These steps were repeated until 

the supernatant solution conductivity was ≤ 75 µS/cm. Next the silica nanoparticles 

were washed two times with a 70/30 (v/v) mixture of isopropyl alcohol and deionized 

water and dried for 24 h in a vacuum oven at 120°C. Silanization of the silica 

nanoparticles was carried out by dispersing the one gram of silica particles in 50 mL of 

toluene with a ½” tip at 70% amplitude for 15 minutes. Once the silica particles were 

dispersed 37.5 µL of octadecyltrichlorosilane was added to functionalize 50% of the 

silanol groups on the silica surface. To functionalize 100% of the silanol groups on the 

silica surface 75 µL of octadecyltrichlorosilane was added to the mixture. The number 

of silanols on the silica surface was based on literature values of two to three surface 

hydroxyls per nm
2
,
113,114

. The sample with 50% OTS coverage is labelled Ludox-

50%OTS and the sample with 100% coverage is labelled Ludox-100%OTS. After 

functionalization with OTS the samples were removed from toluene by centrifugation 

and washed three times with toluene and two times with isopropyl alcohol to remove 

excess silane.  

MWNTs were oxidized by adding one gram of MWNTs to a round-bottom flask 

and then adding 50 mL of six molarity nitric acid. The flask was connected to a 

condenser column and refluxed for 24 hours at 120°C. The MWNTs were removed 
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from solution using a vacuum filtration setup using a 0.22 µm PTFE filter. 18 MΩ 

water was used to wash the oxidized MWNTs until the pH was neutral.    

 Wet impregnation was used to deposit Pd precursors on the catalyst supports. Pd 

nitrate dihydrate was dissolved in water and impregnated dropwise onto a specified 

support. All catalysts were made to be one weight percent Pd with respect to the catalyst 

support material. After impregnation catalyst were placed in an alumina boat and loaded 

into a one inch diameter quartz tube. The quartz tube was placed in a furnace for 

heating and inlet and outlet of the gas tube connected to gas lines. Hydrogen at a rate of 

200 sccm was flown through the gas tube while the furnace was heated. The furnace 

ramped to 100°C at 2°C/min, held at 100°C for four hours, ramped to 400°C at 

2°C/min, and held at 400°C for four hours. This process decomposes the catalyst 

precursor and reduces the Pd.  

 Pd nanoparticles sizes were measured from TEM images and used to calculate 

the Pd dispersion on the catalyst supports. A JEOL 2000 FX equipped with a LaB6 

filament operating with an accelerating voltage of 200 kV was used to take the images. 

Measurements of the Pd nanoparticle sizes were determined by using ImageJ software. 

With the particle sizes a dispersion and turn over frequency (TOF) was calculated for 

each catalyst allowing for comparison between the different catalysts. TEM images can 

be found in the appendix section.  

 Reactions were conducted in a custom made glass reactor unit. The unit contains 

a three-neck round bottom flask with one neck connected to a condenser column. One 

of the other necks is used to bubble hydrogen into the flask and the other neck has a 

rubber cap which can be punctured to inject reactants. A hot plate with stirring 
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capabilities holds the round bottom flask to provide temperature control. For reactions 

with either oil or water 16 mg of catalyst was added and 50 mL of oil or water used. 

When using a single oil or water phase particles were dispersed with horn sonication 

using a ¼” tip at 45% amplitude for three minutes. For reactions with emulsions 8 mg 

of catalyst was added to a round bottom flask and 25 mL of decalin or water were used. 

The particles were dispersed with horn sonication using a ¼” tip at 35% amplitude for 

three minutes. Following this 25 mL of water or oil, opposite of what was added the 

first time, was added to the flask and horn sonicated using a ¼” tip at 45% amplitude 

for three minutes to create an emulsion. The round bottom flask with a single phase or 

emulsion was then connected to the reactor and hydrogen bubbled into the system at a 

rate of 125 sccm. The temperature of the reactor was set to 70°C and the stir speed at 60 

rpm both temperature and stir speed were held constant for both reduction and reaction 

steps. The catalyst was reduced for 90 minutes with hydrogen flowing. After reduction 

reactants were injected into the reactor using a syringe. For a single aqueous phase a 10 

mL mixture of cis-2-butene-1,4-diol and water was injected which made the 

concentration in the reactor after injection 0.2 M cis-2-butene-1,4-diol. For a single oil 

phase a 10 mL mixture of 1-dodecene and decalin was injected which made the 

concentration in the reactor after 0.2 M 1-dodecene. For a emulsion a five mL mixture 

of cis-2-butene-1,4-diol in water and 5 mL mixture of 1-dodecene and decalin was 

injected which made the concentration of 1-dodecene in oil 0.2 M and concentration of 

cis-2-butene-1,4-diol in water 0.2 M. Reactant cis-2-butene-1,4-diol has very low 

solubility in decalin and 1-dodecene very low solubility in water. After injection the 

reaction was allowed to proceed for one hour. To stop the reaction the flow of hydrogen 
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was stopped and nitrogen was bubbled into the reactor system at a rate of 125 sccm and 

the heating element of the hot plate turned off.  

 An Agilent 7890B GC-FID equipped with a capillary column, low-polarity 

column (Phenomen ZB-6) of 60.0m x 0.25 mm x 0.25 µm was used for quantification 

of products and reactants in the oil phase. For the water phase the same model GC-FID 

was used expect equipped with a polar column, Phenomen ZB-WaxPlus. For GC-FID 

analysis external standards decane was used for the oil phase and 1-butanol for the 

aqueous phase. All carbon balances were better than 90%.    

 

Results and Discussion 

Catalyst Supports of Different Wettability for Reactions in Emulsions 

To investigate the ability of controlling selectivity in biphasic systems with 

silica nanoparticles of different wettability two reactants were chosen, cis-2-butene-1,4-

diol (water soluble reactant) and 1-dodecene (oil soluble reactant) because these 

reactants provide two major advantages. The first advantage is the hydrogenation of cis-

2-butene-1,4-diol
115

 and alkenes
116

 have been shown to be structure insensitive, which 

rules out changes in TOF between two different catalyst being due to the dispersion of 

the Pd particles. The second advantage is the solubility of the two reactants in decalin 

and water. The water soluble reactant has a high solubility in water and makes a 

separate phase in decalin. When mixing the water soluble reactant and decalin together, 

taking a sample of the decalin phase, and injecting in the GC-FID and GC-MS results in 

no discernable peaks of the water soluble reactant which is indicative of the low 

solubility in decalin. The same result is obtained when mixing 1-dodecene and water. 
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Thus, both reactants have almost exclusive solubility and allows for tracking of the 

hydrogenation activity in the organic and aqueous phases at the same time.  

 Three types of silica nanoparticles with different wettability are used with the 

water and oil soluble reactants. Pd/Ludox is the most hydrophilic due to the surface 

being entirely hydroxyls which interact strongly with the water. Pd/Ludox-50%OTS is 

amphiphilic due to having both hydroxyls and OTS groups and likely interacts with the 

aqueous and oil phase of the emulsion. Pd/Ludox-100%OTS is the most hydrophobic 

due to the entire surface being covered with OTS groups which strongly repel water. 

Multiple publications have shown particles functionalize with OTS become 

hydrophobic
112,117,100

. Each of these three silica nanoparticles has been found to have 

different water contact angles and create emulsions with different properties
112

. 

Therefore, each of these three catalysts will interact differently at the oil-water interface 

of an emulsion and can be used to study how selectivity can be controlled in emulsion 

systems. The catalyst dispersion was calculated using the particle size measurements 

from TEM
118

. The dispersions for the three catalysts were 25% for Pd/Ludox, 26% for 

Pd/Ludox-50%OTS, and 19% for Pd/Ludox-100%OTS, TEM images of the catalyst 

used in this study can be found in the appendix information. With the dispersions 

calculated the turn over frequency for each catalyst was calculated allowing for a fair 

comparison between the three catalysts.  

 Hydrogenation reactions with Pd on silica nanoparticles of different wettability 

show vast differences in selectivity when in an emulsion and operating with mass 

transfer limitations, Figure 21 (a). Hydrophilic silica nanoparticles, Pd/Ludox, have a 

high selectivity for the water soluble reactant and low selectivity for the oil soluble 
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reactant. This strong favoritism for the water soluble reactant is likely due to the 

hydroxyl groups of the silica Pd/Ludox bringing the catalyst into a aqueous 

environment at the oil-water interface. Amphiphilic silica nanoparticles Pd/Ludox-

50%OTS has a roughly equal TOF for the oil soluble reactant and water soluble 

reactant. The hydroxyl groups and OTS groups expose the catalyst to the oil and 

aqueous environments at the same time at the oil-water interface. Hydrophobic silica, 

Pd/Ludox-100%OTS has a high TOF for the oil soluble reactant and low TOF for the 

water soluble reactant. This is a similar but opposite case of what occurs with the 

hydrophilic silica. With the hydrophobic silica the OTS groups expose the catalyst to an 

oil environment at the oil-water interface. The three catalysts were tested in a single 

phase of oil and water to compare with the emulsions, Figure 21 (b). TOF of the three 

catalyst of the oil soluble reactant in a single oil phase is roughly the same and the TOF 

of the three catalyst of the water soluble reactant in a single aqueous phase is the same.  

 

Figure 21: TOF for silica nanoparticles of different wettability in (a) emulsions and 

(b) single phase systems.  
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 Controlled selectivity with particles of different wettability when under 

operating under mass transfer limitations is due to the oil and aqueous phases not being 

in thermodynamic equilibrium. When the two phases are not in thermodynamic the 

chemical potential for the oil soluble reactant and water soluble reactants are not the 

same. With the chemical potentials unequal the low solubility of the oil soluble reactant 

in the aqueous phase can be used to limit the reaction with catalyst particles in an 

aqueous environment at the oil-water interface, while the low solubility of the water 

soluble reactant in the oil phase is used to limit the reaction with catalyst particles in an 

oil environment at the oil-water interface. In addition to the low solubility the molecules 

must also diffuse through the oil or water film covering the particles surface, which is 

controlled by the stir speed.   

If the oil and aqueous phases were in thermodynamic equilibrium the chemical 

potentials for the oil and water soluble reactants would be the same
119

. With the 

chemical potentials for the reactants the same the environment the catalyst particle is in 

would not control selectivity and the dramatic differences in selectivity would be 

unachievable. In such a case chemical potential controlled-kinetics can be applied.  

 Solvents present during reactions in liquid phase can also play a role in the 

reaction and if the rate limiting step then chemical potential controlled-kinetics cannot 

be applied
120,121,122,123,124

. Solvents, such as water, can compete for active sites with the 

reactants or play a part in the reaction mechanism. To rule out the role of water in 

causing the drastic change in selectivity with particle wettability a reaction was run in a 

single oil phase and small amounts of water injected.  
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 Small amounts of water were injected by bubbling hydrogen through water 

before entering the reactor with a single oil phase and catalyst. Bubbling hydrogen 

through water exposes the catalyst to small amounts of water, but does not put the 

catalyst at the oil-water interface. This test allows for water to be present in the system 

and a comparison made between when a single oil phase with no water present is used. 

If a change in conversion occurs when hydrogen is bubbled through water then water is 

competing for sites on the catalyst surface with the oil soluble reactant or playing a role 

in the reaction. Testing catalysts Pd/Ludox and Pd/Ludox-100%OTS results in little to 

no change in conversion due to the presence of water, Figure 22, indicating there are no 

solvent effects or competition for sites due to the presence of water.    

 

 

Figure 22: Reaction with Pd/Ludox and Pd/Ludox-100%OTS in a single oil phase 

and hydrogen bubbled into the system and bubbled through water before being 

bubbled into the system.  
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To rule out competition between reactants is not playing a part in controlling 

reaction selectivity reactions with an emulsion were run with one reactant at a time. For 

all three catalysts the TOF does not change significantly when the two reactants are 

present, Figure 23. This result rules out the oil soluble reactant and water soluble 

reactant are competing for active sites and gives further proof that the change in 

selectivity as a function of the particles wettability is controlled by mass transfer 

limitations and not competition between reactants or solvents.   

 

Figure 23: Reactions run with one reactant at a time in a emulsion and both 

reactants at the same time for the three catalyst (a) Pd/Ludox, (b) Pd/Ludox-

50%OTS, (c) and Pd/Ludox-100%OTS. 
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 Pickering emulsions made with particles wetted equally by oil and water can 

cause the type of emulsion to change depending on which phase the particles are 

dispersed in before forming an emulsion
125

. None of the three catalysts tested here 

change emulsion type when dispersed in a different phase before emulsification. 

However, we were interested in determining if dispersing the particles in the opposite 

phase created a different film over the surface of the particle and could change 

selectivity. For the reactions carried out with Pd/Ludox is dispersed in the water since it 

is hydrophilic. Reactions with Pd/Ludox-100%OTS catalyst were dispersed in the oil 

due to the silica nanoparticles floating on water. The majority of Pd/Ludox-50%OTS 

floats on the surface of the water and therefore was dispersed in the oil. When 

dispersing the three catalysts in the opposite phase normally dispersed in there is no 

significant difference in selectivity, Figure 24. Indicating the catalyst particles keep the 

same amount of oil and water films over the surface of the particle which keeps the 

reaction selectivity constant.     
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Figure 24: TOF for (a) Pd/Ludox, (b) Pd/Ludox-50%OTS, and (c) Pd/Ludox-

100%OTS when dispersing the particles in oil or water before emulsification.  

 

Mixture of Particles for Reactions in Emulsions 

 An advantage of conducting reactions in emulsions is to be able to put different 

catalyst in different phases. Therefore molecules can be reacted in a particular phase 

with one type of catalyst and then phase transferred to another phase for a reaction with 

a different catalyst. As described above one advantage of this process is in biofuels 

refining
126

. One method to conduct such a reaction is to make a Janus particle, where 

one side of the particle is made hydrophobic and the other hydrophilic. With the two 

sides of different wettability one type of catalyst can be placed on the hydrophobic side 

and a different type of catalyst on the hydrophilic side. Then operating under mass 
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transfer limitations reactant molecules in one phase will have quick access to one type 

of catalyst and starved from the other catalyst in the other phase. Janus particles have 

yielded the ability to control selectivity in an emulsion system as shown by Resasco’s 

group
126

. When depositing Pd catalyst on the hydrophobic side of the Janus particle a 

high selectivity for the reaction in the oil phase was achieved when compared to when 

the Pd was on both sides of the Janus particle.  

Janus particles prove promising for the possibility to have two different catalyst 

in a emulsion system, however, Janus particles are difficult to synthesize and the 

synthesis procedures for Janus particles may limit the type of catalyst which can be 

deposited on the Janus particles
127,128,129,130,131

. Binks et al. has shown Pickering 

emulsions can be stabilized with a mix of hydrophobic and hydrophilic particles and by 

controlling the ratio of hydrophobic to hydrophilic particles the emulsion droplet size 

and type can be tuned.
132

 Since Pickering emulsions can be stabilized with a mix of 

particles of different wettability there is potential to deposit one type of catalyst on 

hydrophilic particles and a different catalyst on hydrophobic particles and create a 

system which behaves the same as with Janus particles.  

To test the potential of this idea we have made emulsions with a one to one ratio 

of hydrophilic catalyst, Pd/Ludox, and hydrophobic catalyst, Pd/Ludox-100%OTS and 

keeping the total amount of Pd between the two catalyst the same as when one of the 

catalyst is used. With this mix system both Pd/Ludox and Pd/Ludox-100%OTS work 

together in the reaction, Figure 25. Comparing Pd/Ludox to the mix of Pd/Ludox and 

Pd/Ludox-100%OTS the conversion of the oil soluble reactant increased and conversion 

of the water soluble reactant decreased. Comparing the Pd/Ludox-100%OTS to the mix 
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of Pd/Ludox and Pd/Ludox-100%OTS the conversion of the oil soluble reactant  

decreased the water soluble reactant has increased. Thus, indicating in the mix system 

the Pd/Ludox is mainly responsible for the conversion of the water soluble reactant and 

the Pd/Ludox-100%OTS is responsible for the conversion of the oil soluble reactant. By 

conducting reactions with a mix of hydrophobic and hydrophilic particles the same 

effect can be achieved as when using Janus particles.   

 

Figure 25: Reaction when mixing Pd/Ludox and Pd/Ludox-100%OTS in a 

emulsion.  

 

In this mix system half of the Pd is on the hydrophobic Ludox and the other half 

is on the hydrophilic Ludox. Therefore, one can check the results of the mix system as 

the conversion of the oil soluble reactant in the mix system should be the sum of half of 

the conversion of the oil soluble reactant with Pd/Ludox and Pd/Ludox-100%OTS. The 

same should also be true for the water soluble reactant. The expected conversions for 

the oil soluble reactant are 8.5% and the water soluble reactant 11.5%. Comparing with 

the results for the mix system in Figure 25 the oil soluble reactant is slightly lower at 

7% and the water soluble reactant higher at 18%. These changes in conversion may be 
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due to how the particles interact at the oil-water interface. Dissipative particle dynamics 

simulations have shown two particles with different wettability can get closer to one 

another at the oil-water interface due to the differences in contact angles of the two 

particles than particles with the same contact angle.
133

 With the two different particles 

closer together there is a possibility one of the particles environment dominates the 

other which influences the film on the other particle which influences mass transfer 

limitations which controls the rate of reaction under these mass transfer limitation 

conditions. To test this idea MWNTs were mixed with the two silica nanoparticles of 

different wettability. As can be seen in Figure 26 the MWNTs decrease the conversion 

of the water soluble reactant and the conversion value is close to what is expected.  

 

Figure 26: Pd/Ludox and Pd/Ludox-100%OTS mixed with MWNTs to act as a 

separator between the two silica nanoparticles.   

 

 To further test the flexibility of this system a different type of particle was 

chosen to mix with the functionalized silica nanoparticles. We recently showed 
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MWNTs have high emulsion stability and multiple carbon nanotubes are present at the 

oil-water interface of an emulsion.
134

 This high emulsion stability has been attributed to 

the van der Waals forces creating strong attraction between MWNTs and helping to 

decrease droplet coalescence
135

. With the benefit of using MWNTs in emulsions we 

deposited Pd catalyst on MWNTs and mixed with silica nanoparticles with the intent of 

seeing how having the Pd on the MWNTs effects conversion of the oil and water 

soluble reactants. For reactions in emulsions stabilized by MWNTs the catalyst Pd/CNT 

gives a roughly equal conversion for the oil and water soluble reactant, Figure 27. This 

may be attributed to there being multiple MWNTs at the oil-water interface
134

, whereas 

with spherical particles, such as silica used in our study, there tends to be a monolayer 

of particles at the oil-water interface
129

. Combining the two catalyst Pd/CNT and 

Pd/Ludox-100%OTS yields in a higher conversion of the oil soluble reactant than the 

water soluble reactant, Figure 27 (a). Additionally, the expected conversions when 

combining these two catalysts matches well with the results obtained experimentally. 

By using a different type of catalyst support the interaction between the two particles 

has been changed and for this reaction has shifted selectivity to the oil soluble reactant. 

Mixing Pd/CNT with Pd/Ludox results in a higher conversion of the water soluble 

reactant, Figure 27 (b), and unlike with the mix of Pd/Ludox and Pd/Ludox-100%OTS 

the expected conversions match well with the results obtained experimentally. Here we 

show MWNTs and silica nanoparticles can be mixed together to favor a reaction in the 

water or oil by using silica nanoparticles that are either hydrophilic or hydrophobic.  
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Figure 27: Reactions with (a) Pd/Ludox and Pd/CNT mixed together in an 

emulsion. Reactions with (b) Pd/Ludox-100%OTS and Pd/CNT mixed together in 

an emulsion. 

 

 To further test the boundaries of how reaction selectivity can be controlled in 

mixed particles systems MWNTs were oxidized to be more hydrophilic. We have 

observed MWNTs create w/o emulsions due to their inherent hydrophobicity while 

oxidized MWNTs create o/w emulsions due to the oxygen containing functional groups 

formed on the surface of the MWNTs.
134

 Using oxidized MWNTs as a support for Pd, 

catalyst Pd/o-CNT, in a emulsion system alone results in an increase in conversion of 

both oil and water soluble reactants, Figure 28, compared to the catalyst with MWNTs 

as the support, Pd/CNT, Figure 27. We believe this increase in conversion with the 

Pd/o-CNT compared to the Pd/CNT may be due to there being two to three times less 

oxidized MWNTs at the oil-water interface than with the MWNTs
134

. With less 

MWNTs at the oil-water interface there is less of a barrier, internal mass transfer 

limitations, the reactants must pass through, however, due to the presence of multiple 

MWNTs at the interface there is roughly equal conversion of the oil and water soluble 

reactants.   
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 Mixing Pd/Ludox-100%OTS and Pd/o-CNT results in roughly equal conversion 

of the oil and water soluble reactants, just as when Pd/Ludox-100%OTS and Pd/CNT 

are used, Figure 28 (a). The conversion of the oil and water soluble reactants is higher 

than when using Pd/Ludox-100%OTS and Pd/CNT, which is possibly due to there 

being fewer oxidized MWNTs at the oil-water interface creating less internal mass 

transfer limitations for the reactants to reach the Pd on the oxidized MWNTs. Mixing 

the catalyst Pd/o-CNT and Pd/Ludox results in a higher conversion of the water soluble 

reactant compared to the oil soluble reactant, Figure 28 (b), which is the same trend as 

with Pd/CNT and Pd/Ludox, Figure 27 (b), but the conversions are higher which again 

is possibly due to fewer oxidized MWNTs being at the oil-water interface creating less 

internal mass transfer limitations. If the environment the MWNTs and oxidized 

MWNTs create around the silica nanoparticles influences the rates of reaction then this 

may also be what is occurring with the Pd/Silica and Pd/Silica-OTS. The Pd/Silica may 

be creating an environment which is also influencing the Pd/Silica-OTS as suggested 

earlier.  

 

Figure 28: Reactions with (a) Pd/Ludox and Pd/o-CNT mixed together in an 

emulsion. Reactions with (b) Pd/Ludox-100%OTS and Pd/o-CNT mixed together 

in an emulsion. 
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Conclusion 

 Reaction selectivity can be tuned to favor the reaction in either phase of an 

emulsion system by tuning the particles wettability to be the same as the desired phase. 

Additional experiments rule out the control in selectivity being due to solvent effects or 

competition between reactants. Dispersing particles in the oil or water phase before 

emulsification does not result in a change in selectivity for the catalyst tested. Implying 

the catalyst particles after emulsification are in the same environment regardless of what 

phase the catalyst particles are dispersed initially. Mixing particles of different 

wettability allows for the creation of a “Janus effect”, the same effect as when using 

Janus particles. Not only can the same type of materials with different wettability be 

mixed together, but different materials, which can be used to favor a reaction in one 

phase of the emulsion more than another. Mixing particles of different wettability to 

create this Janus effect is a simpler method than making Janus particles and opens the 

doorway for creating systems with different catalyst in different phases a emulsions for 

new reaction schemes. Additionally, the mixtures of particles at the oil-water interface 

may not retain their original environment with one particle being influenced by another 

environment causing changes in rates of reactions.  
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Chapter 5: Responsive System for Tuning Reaction Selectivity in 

Biphasic Systems 

 

Introduction 

Heterogeneous catalysis reactions gain many benefits when performed in a oil-

water emulsion where the catalyst participates in the reaction and stabilizes the 

emulsion
136,137,138,139,140,141,142,143,144

. The benefits of conducting reactions in emulsions 

allows for easy recovery of products since solid particles stabilize are responsible for 

stabilizing the emulsion rather than a surfactant, separation of the products from the 

reaction mixture by using the differences in oil-water solubility, the possibility to 

control reaction selectivity when operating under mass transfer limitations due two 

different liquid phases, and an increase in oil-water interfacial area which increases the 

mass transfer of molecules between the oil and water phases. These advantages have 

proven particularly advantageous for those working in biomass upgrading due to 

biomass being composed of a sizable portion of water and the ability to control 

selectivity in these systems
136,138,142

 and in Fischer-Tropsch where having two solvents 

can help prolong catalyst life
143,144

. 

A goal currently being worked on with these systems is to recycle the solid 

catalyst by breaking the emulsion allowing for products to be extracted from the 

catalyst and then fresh reactant added and the emulsion reformed so the process can be 

repeated. This is advantageous over the current method where filtration is used to 

remove the solid particles from the liquid, which interrupts the reaction process and is 

time consuming
139,140,141,148,145,146,147

. Several different routes to recycle catalyst by 
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breaking the emulsions have been taken. One approach is to use magnetic particles to 

stabilize an emulsion and then use a magnet to pull the magnetic particles from the oil-

water interface breaking the emulsion droplet.
141,148,149

 A second approach is to change 

the solid particle stabilizing the emulsions wettability by making the particle more 

hydrophobic or hydrophilic which can be used to break the emulsion or transfers the 

particles between the oil and water phases. Solid particles have been functionalized with 

thermos-responsive functional groups
150,147,151

, light-responsive functional groups
152,153

, 

pH responsive functional groups
141,154

, and mixed with surfactants in attempts to change 

the particles wettability
155,156

. In addition, particles have been made to respond to more 

than one type of stimuli, such as particles which are sensitive to magnetic fields and 

temperature variations.
157

 

Another use for these responsive systems is to move the solid particles into 

different phases as the reaction proceeds for cleaning of the catalyst or to change the 

rate of reaction in the oil or water phase of the emulsion. The ability to move solid 

particles into different phases is useful if during the reaction a polymer forms on the 

catalyst. By moving the catalyst into the phase the polymer is soluble in the catalyst can 

be cleaned. A similar concept is used for Fischer-Tropsch reactions in emulsions.
143,144

 

The reaction is accelerated in the presence of water, but quickly deactivates the catalyst 

due to the growth of the carbon chains. Combining an oil and aqueous phase the catalyst 

is at the interface of the emulsion and the oil can clean the catalyst of the growing 

carbon chains on the catalyst allowing for the growth of more carbon chains.  

Controllably moving the catalyst between the oil and aqueous phase of the emulsion can 

prove useful for taking advantage of solvent effects to control reaction selectivity. A 
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molecule can be partially reacted in one solvent and then phase transfer to another phase 

where the catalyst can move with the molecule and continue the reaction where in this 

different solvent effects take place creating different reaction pathways. Without the 

ability to move the catalyst the reaction would continue to proceed in both phases and 

could not increase in the opposite phase giving a low yield of desired product.  

Herein we report the creation of a responsive system where the particles 

wettability is tuned to increase the rate of reaction in the oil or aqueous phases of the 

emulsion. Cationic surfactant is used to change the silica nanoparticles wettability 

changing the environment of the catalyst which changes reaction selectivity for the 

reactants in the oil or aqueous phase. Using ionic surfactants is advantageous since an 

oppositely charged surfactant can be added to the system causing the cationic and 

anionic surfactants to form ion pairs. Once ion pairs are formed the silica nanoparticles 

return to their original environment and reaction selectivity returns to the state before 

surfactant was added to the system. To change the selectivity again additional cationic 

surfactant can be added to the system. This process of adding cationic and anionic 

surfactant to change the rate of reaction of the reactants in the oil or aqueous phase of 

the emulsion can be repeated. Silica nanoparticle wettability and surfactant hydrophilic-

lipophilic characteristics control if reaction selectivity can be tuned. To the best of our 

knowledge this is the first report of a responsive system used to change reaction 

selectivity during the reaction process.  
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Experimental Details 

The chemicals octadecyltrichlorosilane (OTS), dodecane, 1-dodecene, cis-2-

butene-1,4-diol, butane-1,4-diol, decane, sodium dodecyl sulfate, 

cetyltrimethylammonium bromide, and decalin were all purchased from Sigma Aldrich. 

The catalyst precursor Pd nitrate dehydrate was purchased from Sigma Aldrich. Silica 

nanoparticles, with diameters between 10 – 20 nm, and Ludox TM-50 colloidal silica 

nanoparticles, with average diameter of 32 nm, were both purchased from Sigma 

Aldrich. Ludox TM-50 colloidal silica from the manufacturer comes as a 50 wt% 

aqueous dispersion of silica with a solution pH of 8.5 – 9.5. Silica nanoparticles were 

removed from the aqueous solution by filtering and washing as previously described
158

.   

Wet impregnation was used to deposit Pd on the silica nanoparticles. The 

catalyst precursor Pd nitrate dihydrate was dissolved in water and impregnated 

dropwise onto silica nanoparticles. Catalysts were made have one weight percent Pd 

with respect to the silica support. After impregnation of the Pd on the silica 

nanoparticles the silica nanoparticles were placed in an alumina boat and loaded into a 

one inch diameter quartz tube. Next the outlet and inlet of the quartz tube was 

connected to gas lines and the quartz tube placed in a furnace. Hydrogen at a flow rate 

of 200 sccm was flowed through the quartz tube while the furnace heated the catalyst. 

The furnace was set to ramp at 2°C/min to 100°C, held at 100°C for four hours, ramp at 

2°C/min to 200°C, and hold at 200°C for four hours. This process decomposes the 

catalyst precursor and reduces the Pd.  

Functionalization of the of the silica nanoparticles with OTS was carried out by 

dispersing the one gram of the dried and washed Ludox TM-50 silica particles in 50 mL 



73 

of toluene with a ½” tip at 70% amplitude for 15 minutes. Once the silica particles were 

dispersed 75 µL of OTS was added to functionalize 100% of the silanol groups on the 

silica surface. The number of silanols on the silica surface was based on literature 

values of two to three surface hydroxyls per nm
2
.
159,160

 After functionalization with 

OTS the samples were removed from toluene by centrifugation and washed three times 

with toluene and two times with isopropyl alcohol to remove excess silane. The sample 

functionalized with OTS is labelled Pd/Silica-OTS. Silica purchased from Sigma 

Aldrich was not functionalized with OTS to remain hydrophilic and is labelled 

Pd/Silica.  

The Pd nanoparticles on the silica particles were measured from TEM images 

taken using a JEOL 2000 FX equipped with a LaB6 filament and operating at an 

accelerating voltage of 200 kV. From the TEM images Image J software was used to 

measure the Pd nanoparticle sizes. With the Pd particle sizes a dispersion of Pd over the 

silica nanoparticles surface was calculated and for the reactions a turn over frequency 

(TOF) was calculated allowing for comparison between different catalysts.  

Reactions were conducted in a custom made glass reactor unit. The unit contains 

a three-neck round bottom flask with one neck connected to a condenser column. One 

of the other necks has a rubber cap which can be punctured with a syringe needle to 

inject reactants and the other neck is used to bubble hydrogen into the flask. A hot plate 

with stirring capabilities holds the round bottom flask to provide temperature control. 

For reactions eight milligrams of catalyst was added to a round bottom flask and 25 mL 

of water added or 25 mL of an aqueous solution with the desired amount of surfactant. 

The silica nanoparticles were dispersed with horn sonication using a ¼” tip at 35% 
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amplitude for three minutes. Following this 25 mL of decalin was added to the flask and 

horn sonicated using a ¼” tip at 45% amplitude for three minutes to create an emulsion. 

Next the round bottom flask was connected to the reactor and hydrogen bubbled into the 

system at a rate of 125 sccm. The temperature of the reactor was set to 70°C and the stir 

speed at 60 rpm. Both temperature and stir speed were held constant for both reduction 

and reaction steps. The catalyst was reduced for 90 minutes with hydrogen flowing. 

After reduction reactants were injected into the reactor using a syringe. Five millimeter 

mixture of cis-2-butene-1,4-diol in water and a five millimeter mixture of 1-dodecene 

and decalin was injected which made the concentration of 1-dodecene in oil 0.2 M and 

concentration of cis-2-butene-1,4-diol in water 0.2 M. Reactant cis-2-butene-1,4-diol 

has very low solubility in decalin and 1-dodecene very low solubility in water. After 

injection the reaction was allowed to proceed for one hour. To stop the reaction the flow 

of hydrogen was stopped and nitrogen was bubbled into the reactor system at a rate of 

125 sccm and the heating element of the hot plate turned off.  

 An Agilent 7890B GC-FID equipped with a capillary column, low-polarity 

column (Phenomen ZB-6) of 60.0m x 0.25 mm x 0.25 µm was used for quantification 

of products and reactants in the oil phase. For the water phase the same model GC-FID 

was used expect equipped with a polar column, Phenomen ZB-WaxPlus. For GC-FID 

analysis external standards decane was used for the oil phase and 1-butanol for the 

aqueous phase. All carbon balances were better than 90%.    

 

Results and Discussion 

Particle Wettability and Switchable Emulsion Stability 
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 Before testing the responsiveness of the catalyst the particles wettability and 

ability to stabilize emulsions was tested. To test the catalyst particles wettability 

particles were placed in water. As can be seen in, Figure 29, the hydrophilic silica used 

in this study sinks in water due to its inherent hydrophilic nature, while hydrophobic 

silica made for this study floats on the surface of the water due to the functionalization 

with OTS making the silica hydrophobic.  

 

Figure 29: Hydrophilic silica in the vial on the left and hydrophobic silica in the 

vial on the right.  

 

Making emulsions with the hydrophobic and hydrophilic silica nanoparticles 

used in this study results in an unstable emulsion when using hydrophilic silica 

nanoparticles, Figure 30 (a), and little to no emulsion when using hydrophobic silica, 

Figure 30 (b). This has been observed in other studies where silica nanoparticles have 

been functionalized to have a completely hydrophilic or hydrophobic surface.
161,162

 

From these studies it is believed if the silica nanoparticles are at the extreme of being 
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hydrophilic or hydrophobic then the silica nanoparticles are not rigidly held at the oil-

water interface or can be desorbed from the oil-water interface. If the particles are not 

held rigidly at the oil-water interface or desorb from the oil-water interface then droplet 

coalescence occurs rapidly and the emulsion becomes unstable.  

 

Figure 30: Emulsions made with hydrophilic silica (a) and hydrophobic silica (b).  

 

 Hydrophilic silica which cannot stabilize an emulsion can be mixed with a 

cationic surfactant to form stable emulsions due to the surfactant changing the 

wettability of the silica to be more amphiphilic
163

. Recently it has been shown when 

mixing hydrophilic silica and CTAB, a cationic surfactant, a stable emulsion is formed 

when SDS, an anionic surfactant, is added the emulsion becomes unstable and 

breaks,
164

 Figure 31. The instability is due the CTAB and SDS forming ion pairs, which 

changes the wettability of the silica. A stable emulsion can be formed again if additional 

CTAB is added to the system.  
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Figure 31: Hydrophobization of hydrophilic silica with cationic surfactant and 

then formation of ion pairs by addition of anionic surfactant to make the silica 

hydrophilic. 

 

This switching in emulsion stability is due to the CTAB, which has a positive charge, 

having a strong attraction for the silica, due to the negative surface charge. Due to the 

opposite charge the CTAB is attracted to the silica surface and reduces the 

hydrophilicity of the silica due to the presence of the surfactants hydrophobic tail. This 

change in wettability of the silica nanoparticles due to the presence of surfactant has 

been measured by Granick’s group, where they show the hydrophilic silica particles 

contact angle increases with increasing surfactant concentration
165

. Addition of an 

equimolar amount of SDS to CTAB surfactant causes the CTAB to form ion pairs with 

the added SDS making the surface of the silica hydrophilic and unable to stabilize an 

emulsion. A stable emulsion can be reformed by adding a surplus of CTAB to the 
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system which hydrophobizes the silica once again. This process of stabilization and 

destabilization of the emulsion can be accomplished by changing the ratio of CTAB to 

SDS in the system. Using the hydrophilic silica in our study we are able to reproduce 

these results, Figure 32. 

 

Figure 32: Stable emulsion made with 0.5 wt% hydrophilic silica nanoparticles 

and 10 µM CTAB. Addition of equimolar amount of CTAB to SDS results in 

emulsion destabilization. After adding a surplus of CTAB the emulsion can be 

stabilized again. 

 

 Since surfactants have a hydrophobic tail and hydrophilic head the idea of 

mixing cationic and anionic surfactants to stabilize and destabilize an emulsion 

stabilized by hydrophobic silica nanoparticles was tested. Our test show mixing CTAB 

and hydrophobic silica results in a stable emulsion and addition of equimolar amount of 

SDS to CTAB results in an unstable emulsion, Figure 33. Once a surplus of CTAB is 

added to the system then a stable emulsion can be reformed. We believe mixing the 

hydrophobic silica nanoparticles with CTAB results in hydrophobic tail of the 

surfactant interacting with the OTS groups on the silica surface instead of the 

hydrophilic head, Figure 34.  
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Figure 33: Stable emulsion made with 0.5 wt% hydrophobic silica nanoparticles 

and 10 µM CTAB. Addition of equimolar amount of CTAB to SDS results in 

emulsion destabilization. After adding a surplus of CTAB the emulsion can be 

stabilized again. 

 

The exposure of the hydrophilic head decreases the hydrophobicity of the hydrophobic 

silica nanoparticles making them more hydrophilic and capable of stabilizing an 

emulsion. Adding an equimolar amount of SDS to CTAB causes the two surfactants to 

form ion pairs making the silica hydrophobic again and unable to stabilize an emulsion. 

A stable emulsion can be reformed if a surplus of CTAB is added to the system due to 

the hydrophobic silica nanoparticles becoming more hydrophilic.  
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Figure 34: Hydrophilization of hydrophobic silica with cationic surfactant and 

then formation of ion pairs by addition of anionic surfactant to make the silica 

hydrophobic.  

 

Reactions with Responsive System  

This change in emulsion stability and location of the particle in the system seen 

when using surfactants and hydrophilic or hydrophobic silica nanoparticles offers the 

opportunity to tune reaction selectivity as the reaction proceeds. To test the feasibility of 

using surfactants to tune the silica nanoparticles wettability for controlling reaction 

selectivity reactions were performed. Two probe molecules one for the oil phase and the 

one for the aqueous phase were chosen to test if the reaction selectivity can be tuned 

during the reaction period. For the aqueous phase cis-2-butene-1,4-diol (water soluble 

reactant), was chosen for its high water solubility and low solubility in decalin and for 

the oil phase 1-dodecene (oil soluble reactant) was chosen which has a high solubility in 
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decalin and low solubility in water. The hydrogenation of cis-2-butene-1,4-diol
166

 and 

alkenes
167

 have been shown to be structure insensitive which allows for comparison of 

different catalysts using the TOF.  

The hydrophobic catalyst, Pd/Silica-OTS, yields a higher TOF for the oil soluble 

reactant than the water soluble reactant and the hydrophilic catalyst Pd/Silica yields the 

opposite result, a higher TOF for the water soluble reactant than the oil soluble reactant, 

Figure 35. This drastic change in selectivity depending on the silica nanoparticles 

wettability occurs when operating under mass transfer limitations in a biphasic system. 

The Pd/Silica-OTS catalyst particles at the oil-water interface favor the oil phase and 

the Pd/Silica catalyst particles at the oil-water interface favor the aqueous phase. Due to 

the particles at the interface favoring one phase more than another the reaction 

selectivity is changed. This drastic change in selectivity depending on the wettability of 

the particle means these two catalysts are ideal for mixing with a surfactant to see if the 

selectivity can be changed.    

 

Figure 35: TOFs for the oil and water soluble reactants for the catalysts Pd/Silica-

OTS and Pd/Silica in an emulsion.    
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 Hydrophobic silica Pd/Silica-OTS mixed with a small amount of CTAB at the 

beginning of a reaction results in an increase in conversion of the water soluble reactant 

and a decrease in conversion of the oil soluble reactant, Figure 36. In this case the 

hydrophobic tails of CTAB interact with the OTS groups of the Pd/Silica-OTS catalyst 

and the hydrophilic head groups of the CTAB decrease the hydrophobicity of the 

Pd/Silica-OTS catalyst. This decrease in hydrophobicity of the Pd/Silica-OTS catalyst 

causes the increase in TOF of the water soluble reactant and decrease in the oil soluble 

reactant.  

 Addition of a trace amount of SDS and CTAB with Pd/Silica-OTS at the 

beginning of the reaction results in a favorable conversion for the oil soluble reactant 

and low conversion for the water soluble reactant, Figure 36. The SDS in the system 

forms ion pairs with the CTAB which increase the hydrophobicity of the Pd/Silica-OTS 

catalyst. Increasing the amounts and ratio of SDS and CTAB added at the beginning of 

the reaction shows the same trend. If there is a surplus of CTAB then the water soluble 

reactant conversion increases and with an equimolar amount of SDS and CTAB the 

conversion of the oil soluble reactant increases. While the selectivity changes the 

conversion of the water and oil soluble reactants decrease as the amount of surfactant in 

the system increases. The surfactant may be adsorbing to the Pd metal and taking up 

active sites or acting as poison for the Pd catalyst. 
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Figure 36: Pd/Silica-OTS catalyst mixed with different amounts of surfactant, 

showing the change in selectivity.  

  

 Depending on the ratio of CTAB and SDS in the system the reaction selectivity 

can be controlled by changing the wettability of the hydrophobic catalyst, Pd/Silica-

OTS. Next the ability to control selectivity over a reaction period of five hours was 

tested. Starting with Pd/Silica-OTS in an emulsion there is a higher conversion of the 

oil soluble reactant than the water soluble reactant due to the hydrophobic nature of the 

catalyst, Figure 37. After bringing the CTAB concentration in the system to 10 µM and 

after one hour of reaction there is a shift from in rates of reaction with the water soluble 

reactant being converted faster than the oil soluble reactant. As can be seen in Figure 37 

the conversion of the water soluble reactant increase is greater than the conversion of 

the oil soluble reactant, indicating the rate of reaction for the water soluble reactant is 

increased. Adding enough SDS to bring the ratio of CTAB to SDS equal and allowing 

the reaction to proceed for one hour results in an increase in rate of reaction for the oil 

soluble reactant and decrease in rate of reaction for the water soluble reactant. No 
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further change in conversion of the water or oil soluble reactants is observed when 

adding additional CTAB or SDS over the next two hours, Figure 37. This is possibly 

due to the surfactant blocking Pd active sites or the surfactant is poisoning the catalyst.  

 

Figure 37: Addition of CTAB and SDS as the reaction proceeds over a 4 hour time 

period.  

 

 With evidence showing the hydrophobic catalyst Pd/Silica-OTS and surfactants 

can be used to control the reaction selectivity we tested the hydrophilic catalyst, 

Pd/Silica, with surfactants to see how selectivity could be tuned. Mixing Pd/Silica with 

CTAB does not change the selectivity as in the case with the hydrophobic catalyst 

Pd/Silica-OTS, Figure 38. Instead the water soluble reaction is still the dominant 

compared to the oil soluble reaction. The only change seen is the rates of both the oil 

and water soluble reactions drop. Previous work has shown the concentration of CTAB 

can change the wettability of the silica changing the particles contact angle
163,165

. 
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Investigating this further we increased the CTAB concentration to the point where the 

entire surface of the silica should have been covered by a monolayer of CTAB. The 

amount of CTAB required for monolayer coverage was based on an adsorption isotherm 

from another study,
164

 from this adsorption isotherm the required concentration for 

monolayer coverage was 141 µM of CTAB. However, at all CTAB concentrations 

tested above and below this value no change in selectivity was observed.  

 

Figure 38: Reactions in emulsions with different concentrations CTAB using the 

hydrophilic Pd/Silica catalyst.  

 

 We noticed when making the emulsions for the reactions at these different 

CTAB concentrations the emulsion type was consistently o/w and the emulsion droplet 

size initially decreases, but eventually becomes constant, Figure 39. Changing silica 

nanoparticles wettability by covalent functionalization with a hydrophobic group 
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follows the trend of the emulsion droplet size being large for hydrophilic silica 

nanoparticles, then decreasing as the silica nanoparticles are made more hydrophobic, 

and when the silica nanoparticles are amphiphilic the emulsion type flips from o/w to 

w/o and as the particles become more hydrophobic the emulsion droplet size 

increases
161,162

. Since the CTAB, regardless of concentration, when mixed with the 

hydrophilic silica nanoparticles does not change the emulsion type this leads us to 

believe the CTAB does not sufficiently change the hydrophobicity of the silica 

nanoparticles to see a change in reaction selectivity. However, the CTAB can 

sufficiently lower the hydrophobicity of the hydrophobic silica to change the reaction 

selectivity.  

A surfactants hydrophilic-lipophilic character can be determined from its 

hydrophilic-lipophilic balance (HLB) value
168,169

. The HLB value is based on the type 

and number of hydrophobic and hydrophilic groups the surfactant consist from. CTAB 

has a HLB value of 12.3 and this value makes it suitable for forming o/w emulsions. 

Since CTAB is suitable for making o/w emulsions when it is mixed with hydrophilic 

silica nanoparticles the emulsion type stays the same even though the emulsion becomes 

stable and the droplet size changes. This limit to how much the CTAB can change the 

wettability of hydrophilic silica nanoparticles is what causes there to be no change in 

reaction selectivity when using the hydrophilic catalyst Pd/Silica. However, mixing 

CTAB with hydrophobic silica nanoparticles results in the CTAB being able to 

sufficiently decrease the hydrophobicity of the hydrophobic silica nanoparticles and 

change emulsion type. This decrease in hydrophobicity of the hydrophobic catalyst, 

Pd/Silica-OTS, results in a change in selectivity of the oil and water soluble reactants. 
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Thereofre, the wettability of the particle and surfactants HLB may play a vital role in 

determining how and if reaction selectivity can be tuned.     

 

Figure 39: Emulsion droplet diameter as a function of CTAB concentration mixed 

with a constant amount of hydrophilic silica nanoparticles.  

 

 Results of mixing multi-walled carbon nanotubes with CTAB and SDS along 

with reactions using palladium supported on multi-walled carbon nanotubes and CTAB 

can be found in the appendix section.  

 

Conclusion 

 Reaction selectivity in a emulsion system can be tuned by changing a silica 

nanoparticles wettability by using surfactants. By changing the ratio of CTAB to SDS 
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surfactants the silica nanoparticles wettability can be tuned and this tuning is 

responsible for changes in the reaction selectivity. The rate of reactions can be tuned to 

be higher in the oil or aqueous phase of the emulsion system and can be done 

reversibly. During our study we found this this control in selectivity is dependent on the 

hydrophilic-lipophilic characteristics of the surfactant and the wettability of the silica 

nanoparticles. The particles wettability and the surfactants ability to change the 

wettability of the particle are critical in achieving changes in reaction selectivity.  
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Chapter 6: Rapid Growth of Vertically Aligned Multi-Walled Carbon 

Nanotubes on a Lamellar Support 
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The following chapter is based on a publication which can be found in RSC 

Advances using the citation: Briggs, N. M., and S. P. Crossley. “Rapid growth of 

vertically aligned multi-walled carbon nanotube on a lamellar support” RSC Advances 

5. 102 (2015): 83945-83952. 

 

Introduction 

Carbon nanotubes have found uses in a variety of applications ranging from 

catalyst supports
170 

to electronic devices
176

. The vertical alignment of carbon nanotube 

forests exhibit several advantages over non-aligned carbon nanotubes that tend to 

agglomerate. The unique orientation of the carbon nanotubes makes them useful 

because of their field emission properties
177

 and their self-cleaning capabilities resulting 

from the super hydrophobicity created by the lotus leaf effect of their arrays
178

. 

Vertically aligned carbon nanotubes  have also shown promise for use in thermal 

management,
179

 hydrogen storage,
180,181

 sensors,
182

 yarns,
183,184

 energy adsorbing hybrid 

composites,
185

 compressible foams,
186

 lithium-ion batteries,
174

 hydrophobic coatings,
171

 

oil adsorption,
187

 and applications that require strong adhesive forces
188

.  

An additional key benefit of vertically aligned carbon nanotubes is the reduced 

catalyst weight required to produce a given amount of nanotubes as a result of longer 

lengths. The reduced catalyst requirement could enable the use of carbon nanotubes in 

applications that would otherwise be cost prohibitive.
189

 In addition, due to the 
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unconfined growth in a vertical array, Hata et al. reported that the addition of small 

amounts of water during the synthesis can result in ultra-long (up to 2.5 mm) vertically 

aligned nanotubes in ten minutes.
190

 Due to the increased length, a carbon purity of 

99.98% was achieved and the carbon nanotubes could more easily be removed from the 

substrate.
190

 This easy separation from the substrate and high purity should eliminate 

the need for typical purification processes that may create defects
189

 and change the 

point of zero charge of the carbon nanotubes.
191

 

The synthesis of aligned carbon nanotubes was first reported on mesoporous 

silica in 1996
192

 and on glass in 1998.
193

 Two approaches to further increase the yield of 

vertical carbon nanotube arrays that have been proposed are by moving flat substrates 

on a conveyor belt
194,195

 and by using lamellar clay as supports in fluidized 

beds.
185,196,197,198,199

 By synthesizing the nanotubes within the layers of the lamellar 

support, the vertical growth of the tubes is enabled while avoiding cleavage of the 

nanotubes from attrition during fluidization. While vertical carbon nanotubes have been 

grown on substrates with different geometries, including flakes
200

, spheres
201,202,203,204

, 

and fibers
204

, lamellar supports
185,196,197,198,199

 have shown the best potential to produce 

the highest ratio of nanotube weight per gram of catalyst.
196

 The longest reported 

vertical carbon nanotubes arrays produced over lamellar supports are 50 μm with a 

growth rate a rate of 20 μm/h. While these lengths are promising for fluidized bed 

growth and indicate there is potential to grow longer vertically aligned carbon 

nanotubes in large quantities, there is significant room for improvement to approach the 

nanotube lengths obtained on single flat substrates. 
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In this article, the growth of vertically aligned multi-walled carbon nanotubes (V-

MWNTs) is investigated in a fluidized bed using lamellar supports while incorporating 

alumina within the catalyst to inhibit metal particle sintering. We report V-MWNT 

growth rates of 160 µm/h with lengths over 80 microns, which is 8 times faster than the 

highest rate reported over lamellar supports with unprecedented lengths.
185,196,197,198,199

 

Only a small handful of literature reports
185,196,197,198,199

 investigate V-MWNTs growth 

with  lamellar clay supports. Most literature on lamellar supports reports growth of 

randomly oriented carbon nanotubes.
206,207,208,209,210

 The limited work on this subject 

only emphasizes the need to further understand these systems to maximize length and 

production of vertically aligned carbon nanotube arrays. This article, therefore, reports 

on the role of varying amounts of Al, Fe, and Co, the method by which the catalyst is 

deposited, and the effect of reduction and reaction temperatures. The role of elevated 

catalyst impregnation temperature is also discussed. A typical approach for increasing 

carbon nanotube length is to increase the reaction temperature, however, this typically 

results in larger diameter carbon nanotubes.
211,212

 This article shows that by modifying 

the catalyst loading, alumina concentration, reduction temperature, and partial pressure 

of the carbon source, the length of the V-MWNTs grown between layers of a lamellar 

catalyst support can be increased with a minimal increase in nanotube diameter. The 

critical role of an aluminum precursor is also discussed, which inhibits sintering and 

enables the use of higher temperatures where longer carbon nanotubes and more rapid 

growth rates are achieved. 

Experimental Section 
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Mica grade V-5 muscovite with a lateral size of 75 mm by 50 mm and thickness 

of 0.15 mm was purchased from SPI Supplies/Structure Probe, Inc. The mica sheets 

were then cut into small rectangular pieces roughly 2 mm by 2 mm and placed in a 

beaker of water. A T25 Digital Ultra Turrax with dispersant element IKA S 25 N – 18 

GA was then used to break the mica sheets into small mica flakes by homogenizing 

them in water for three minutes at 10,000 rpm. The flakes were then sieved to sort out 

sizes between 150 and 355 μm using Cole Parmer mesh screens. 

 For wet impregnation of the mica flakes, Iron (III) nitrate nonahydrate, Cobalt 

(II) nitrate hexahydrate, and Aluminium nitrate nonahydrate were added to a beaker to 

obtain the desired metal concentrations. Fifty millilitres of either 18 MΩ water or 

isopropanol (IPA) was then added to the beaker as a solvent and the solution was mixed 

to dissolve the catalyst precursors. Two grams of the mica flakes were then placed in a 

mesh boat with a sieve size of 66 μm. The mesh boat was then placed in a glass petri 

dish and the catalyst solution was poured into the petri dish. The mica flakes were then 

soaked in the solution for two hours, after which the mesh boat was slowly removed 

from the solution and hung for two days to allow for excess catalyst solution to drip off 

and for the catalyst solution to dry. 

The mica flakes were then calcined in air in a Thermolyne 48000 furnace for two 

hours at 450°C. To grow the V-MWNTs, 100 mg of the catalyst was placed on top of a 

quartz frit in the center of a 1 inch diameter quartz tube. The quartz tube was oriented 

vertically, so that fluidization of the mica flakes could take place. The catalyst was 

reduced by increasing the temperature to either 560°C or 650°C at a rate of 10°C per 

minute under a hydrogen flow rate of 300 sccm. The temperature was then held at the 
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desired reduction temperature for 30 minutes with a hydrogen flow rate of 300 sccm. 

After reduction, the temperature was increased to the desired reaction temperature at a 

rate of 10°C per minute at a nitrogen flow rate of 300 sccm. The temperature was then 

held at the reaction temperature for 10 minutes under nitrogen flow to bring the reactor 

temperature to a steady state. Ethylene or a mixture of ethylene and nitrogen was then 

introduced for 30 minutes with a total flow rate of 400 sccm. After the reaction, the 

reactor was allowed to cool to room temperature under a flow rate of 300 sccm 

nitrogen. 

Table 2 contains the sample labels, precursor concentrations, solvent used to 

dissolve the catalyst, temperature of reduction and reaction, and flow rates of ethylene 

and hydrogen used during reaction.  

 

 

Table 2: Sample names, catalyst loading, solvent used, reduction, reaction temperature, 

and partial pressure of ethylene. NoAl = No alumina layer made, HW = hot water was 

used a solvent, W = Water was used as a solvent, D = ethylene was diluted with 

nitrogen, and HR = reduction temperature of 650°C 
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For SEM characterization, a Zeis NEON 40 EsB SEM was used to determine 

vertical alignment of the V-MWNTs and take images for measurement of their lengths 

using ImageJ software. For TEM characterization, a JEOL 2010F high resolution TEM, 

equipped with a field emission gun, was used to take images that were used to measure 

the diameter distribution of the carbon nanotubes. Measurement of the inner and outer 

diameters was determined by using ImageJ software. The average inner and outer 

diameter measurements of 100 randomly selected nanotubes were used to obtain an 

estimate of the average number of walls assuming an average nanotube wall thickness 

of 0.344 nm.
213

 To test the validity of this method the number of walls for 100 carbon 

nanotubes were also counted for three samples. The three samples were HRRx760, 

HRRx650D, and HRRx650D-D, which span a range from an average of 4 to 32 walls. 

Both methods for determining the number of carbon nanotube walls gave comparable 

results as can be seen in the Appendix. The validity of this approach is further supported 

by Chiodarelli et al. who came to the same conclusion upon correlating the number of 

walls of multiwalled carbon nanotubes to their diameters.
214 

Carbon yields were 

determined by oxidizing the carbon nanotubes and catalyst in air to 800°C in the 

previously described calcination system and measuring the resulting weight loss using a 

Metler Toledo AL204 analytical balance. 

Temperature Programmed Reduction (TPR) experiments were conducted by 

flowing 5% H2 in Ar at a rate of 30 sccm over a packed bed of 60 mg of mica flakes 

with catalyst. A temperature increase of 10°C per minute starting at room temperature 

and ending at 900°C was used. Analysis of effluent gas was detected with an SRI 110 
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thermal conductivity detector (TCD). The effluent gas was dried by passing through a 

packed bed filled with Drierite before introduction into the TCD detector. 

 

Results and Discussion 

Relationship between volume of nanotube arrays and nanotube length  

A noticeable change in the volume of the mica flakes can be observed during the 

nanotube growth. This can be attributed to the expansion of the mica via V-MWNT 

growth between the layers. An average length of the V-MWNTs is measured for each 

sample by estimating the lengths of over 50 arrays via SEM imaging. The volume of the 

recovered catalyst and nanotubes post reaction are plotted against the average lengths of 

the V-MWNTs as shown in Figure 40. All reaction data obtained with pure ethylene 

used during the reaction step is plotted in Figure 40 (a) while the results obtained with 

an ethylene stream diluted with N2 during the reaction step are shown in Figure 40 (b). 

The role of reactant dilution is discussed in following sections of this article. Carbon 

yield is also plotted versus average V-MWNT length as shown by Figure S1 & S2 of 

the Appendix. These figures show a linear correlation in both cases but the slope is not 

as pronounced as the volume expansion of the material. As will be discussed in the 

following sections, a small fraction of the ethylene decomposes during the reaction to 

form an amorphous carbon layer under certain conditions. This leads to a more direct 

and pronounced correlation between the catalyst volume expansion and nanotube length 

when compared to the relationship between volume expansion and carbon yield. 

To demonstrate the important role of Al in the growth of V-MWNTs on mica 

flakes, Fe and Co catalysts were tested without any additional Al precursor. This 
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approach does not create a V-MWNT forest upon reaction at 760°C as shown for 

sample NoAlRx760 in Figure 41(a) with only small fragments of non aligned carbon 

nanotubes observed.  

Precursors that decompose to form alumina have been shown to play a critical 

role in the synthesis of V-MWNTs by Fe catalysts supported on silicon wafers.
190,215,216

 

The incorporation of an Al precursor during catalyst synthesis results in a similar 

positive influence resulting in the production VMWNT arrays on lamellar supports as 

shown in Figure 40(a) and 2(b). The increase in both length and volume, shown by 

comparison of samples NoAlRx760 and Rx760, is significant since the only change is 

the incorporation of an Al precursor with the Fe and Co catalyst. The average V-

MWNT length increased from 1 to 50 μm and the volume increased from one cm
3
 to 

almost four cm
3
, as can be seen in Figure 40(a). As observed on non-lamellar supports, 

alumina likely hinders the sintering of the catalyst particles responsible for growth of 

the carbon nanotubes, as has been shown by
,
 Mattevi et al.

215 
and Kaneko et al.

216 
Both 

groups showed reduced sintering of the iron by using alumina resulting in a narrower 

carbon nanotube diameter because of the narrower catalyst size distribution when 

compared to silica supported catalysts. This reduction in the rate of sintering is likely 

responsible for the longer growth of V-MWNTs in a shorter time frame than was 

achieved by other groups that previously synthesized vertically aligned carbon 

nanotubes between lamellar supports.
185,196,197,198,199 
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Figure 40 (a) Correlation between volume of catalyst and V-MWNTs and average 

length of V-MWNTs when only ethylene is used during the reaction step.  (b) 

Correlation between volume of catalyst and V-MWNTs and average length of V-

MWNTs when ethylene is diluted with nitrogen during the reaction step 

 

Mattevi et al. showed the existence of Fe
2+

 and Fe
3+

 and their strong interaction 

with the surface oxygen atoms of the alumina support by using in-situ X-ray 

photoelectron spectroscopy and annealing under H2 and Ar at 580°C.
215 

This group 

found, however, that only metallic Fe existed on a silica surface, when annealed under 

the same conditions. Interface states formed between the Fe and surface oxygen atoms 

of the alumina were proposed to help reduce the surface mobility, which are not present 

when Fe is supported on silica. Because no interfacial states formed between Fe and 

silica, the Fe coalesces into large islands. It can, therefore, be concluded that the Al 

precursor is likely forming interface states with the Fe, which is reducing the sintering 

of Fe and promoting growth of the V-MWNTs. An Al precursor is therefore 

incorporated in all samples discussed hereafter. 

The role of heating the catalyst and mica flakes during impregnation at 80°C in 

reflux for 24 hours was investigated by preparing a sample, HWRx760, in a similar 
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manner to literature reports.
196,197,199

 Other studies report catalyst impregnation in 

lamellar supports at ambient temperatures,
185

 with no clear rationale for either 

impregnation technique. Samples HWRx760, WRx760 and Rx760 serve to elucidate the 

role of heating solvent choice during wet impregnation of the catalyst within layers of 

mica flakes. An Al precursor was incorporated in each case.  

Previous reports demonstrated growth of V-MWNT arrays between layers of 

lamellar clay supports of approximately 10 µm in nanotube length in half an 

hour,
185,196,197,198,199 

while sample HWRx760 shows growth of 20 µm over the same 

period of time. As can be seen in Figure 40(a) for sample HWRx760, the volume 

expands to approximately two cm
3
 post reaction. SEM and TEM results are shown in 

Figure S3 of the Appendix along with outer and inner diameters of the V-MWNTs. 

During preparation of sample HWRx760, the heating turned the catalyst solution from a 

transparent orange to a dark red color. The darker color of the heated solution could be 

due to the formation of insoluble iron hydroxide particulates, in agreement with 

literature observations.
217 

By maintaining the catalyst solution at ambient temperature the formation of the 

precipitate is avoided, with the resulting catalyst sample designated as WRx760. V-

MWNT length significantly increased over the heated precursor impregnation sample, 

HWRx760, as can be seen in Figure 40(a). This result implies that insoluble iron 

hydroxide particulates hinder V-MWNT growth. SEM and TEM images can be seen in 

Figure S4 of the Appendix, along with inner and outer diameter measurements of the V-

MWNTs.  
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To test the impact of the solvent during catalyst impregnation, isopropanol was 

used as a solvent in place of water, sample Rx760. Replacing isopropanol with water as 

a solvent yielded an increase in V-MWNT length as shown in Figure 41(b), and volume 

of material as shown in Figure 40(a). Measurements of the V-MWNTs from TEM 

images, such as Figure 41(c), indicate their average outer and inner diameters to be 

19.2±6.9 nm and 6.7±2.3 nm, respectively, and with an average wall number of 18. The 

variance in growth resulting from the two different solvents during catalyst deposition 

may be due to (i) hindered amounts of iron hydroxide formation in isopropanol or (ii) 

isopropanol, having a lower surface tension than water, may have created a more 

uniform coating of catalyst upon evaporation of the solvent. The lower surface tension 

may have resulted in the catalyst being left behind as the evaporated whereas with water 

a higher surface tension will pull the catalyst particles to the remaining liquid as 

evaporation occurs. Isopropanol appears to be a superior catalyst deposition solvent, 

and as will be discussed in the following sections, further optimization of reaction 

conditions using this deposition technique results in V-MWNT lengths over 80 μm and 

a volume expansion of almost four cm
3
. 

 

Figure 41 (a) SEM image of sample NoAlRx760 without incorporation of alumina, 

(b) SEM image of sample Rx760, incorporation of alumina, and (c) TEM image of 

sample Rx760. 
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During the reaction step when pure ethylene was flowed above 700°C, an orange-

yellow colored gas was produced due to pyrolysis of ethylene. The quartz glass tube 

after reaction was coated with a black opaque layer of carbon. Similar observations 

have been reported during V-MWNT growth with ethylene in the literature.
203

 It is 

possible this pyrolysis of ethylene is producing carbon that is coking and deactivating 

catalyst particles or possibly fusing layers of the mica. 

 To overcome the problem of fast coking or fusing layers of mica together, 

ethylene was diluted with nitrogen during the reaction step. The dilution of the ethylene 

resulted in a large increase in V-MWNTs volume and a decrease in diameter as shown 

in Figure 40(b), which will be discussed in later sections. This indicates there is more 

growth of V-MWNT arrays since the detrimental impact of high ethylene 

concentrations is minimized. Regardless of whether nitrogen was or was not used to 

dilute the ethylene during the reaction step, a linear relationship was found between the 

average length of the V-MWNTs and the volume of the samples post reaction as shown 

in Figure 40(b). 

 

Role of Reduction Temperature 

V-MWNTs with lengths over 80 μm were obtained for sample HRRx760 by 

increasing the reduction temperature to 650°C. Inner and outer diameters of the V-

MWNTs of sample HRRx760 were 8.3±1.9 nm and 32±3.5 nm respectively, resulting 

in an average number of 36 walls per nanotube. SEM and TEM images of sample 

HRRx760 can be seen in the appendix, Figure S5. A reasonable explanation for the 

increased length of the V-MWNTs is that the Fe and Co have been reduced to a greater 

extent at 650°C, as shown by the TPR in Figure 42. When the Fe and Co is not fully 
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reduced, the ethylene serves as the reducing agent, potentially at the expense of 

excessive carbon deposition, that may deactivate the catalyst for V-MWNTs growth. 

 

 

Figure 42 Temperature programmed reduction of catalyst used for samples 

RX760, HRRX760, HRRX650, and HRRX650D. 

 

Consistent with Brown et al. the major reduction of bulk Fe and Co is around 

650°C, see Figure 42.
218

 The peak at 300°C shown on Figure 42 was observed by this 

group for both Fe and Co. Brown et al. attributed this peak to well dispersed Fe and Co 

on the alumina. The maximum hydrogen uptake was found to be greater at lower 

temperatures as the Co to Fe ratio increased, which is observed in the TPR profile 

shown in Figure S6 of the Appendix. Mossbauer spectroscopy revealed as the Co to Fe 

ratio increased Fe and Co spinels formed because of the depletion of Fe2O3 by Co.
219
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The role of the Co to Fe ratio on V-MWNT growth will be discussed in the following 

sections. 

 

Growth of few walled V-MWNTs 

Due to the assumption that excessive pyrolysis occurs when flowing pure 

ethylene, the ethylene was diluted with nitrogen and the reaction temperature lowered 

for this research in an attempt to decrease the diameter of the V-MWNTs and to 

produce few-walled V-MWNTs, defined as two to five layers of side walls and 

diameters between three to eight nm.
220

 To study the effect of diluting the ethylene and 

lowering the reaction temperatures both cases were studied, using increased reduction 

temperature of 650°C instead of 560°C. Sample HRRx650 is the result of lowering the 

reaction temperature, which resulted in no observable pyrolysis or oil coating the glass 

reactor vessel during the reaction step. Based on SEM and TEM images Figure S7 of 

the Appendix, V-MWNT lengths up to 30 μm were produced with average outer and 

inner diameters of 6.9±2.4 nm and 3.7±1.3 nm, respectively. From this information, the 

average number of V-MWNT walls was determined to be five, with some double and 

triple walled V-MWNTs present. 

Carbon nanotube yield can be increased by changing the partial pressure of the 

carbon source.
221

 To increase the yield of V-MWNTs, the partial pressure of ethylene 

was modified while keeping all other parameters the same as for sample HRRx650. To 

change the partial pressure of ethylene, an equal volume of nitrogen and ethylene were 

flown, sample HRRx650D. This ratio of ethylene to nitrogen results in an increase in 

volume expansion with the same catalyst, Figure 40 (a & b). The V-MWNTs produced 

are up to 30 μm in length as shown in Figure 43 (a). 
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An explanation for the increase in volume of the collected material is the change 

in partial pressure, which decreased the amount of catalyst particles that were 

deactivated or inaccessible due to the excessive ethylene partial pressures. TEM results 

for sample HRRx650D are similar to results shown for sample HRRx650. Sample 

HRRx650 shows an average V-MWNT outer diameter of 6.8±2.4 nm and inner 

diameter of 3.9±2.4 nm, and an average of 4 walls with some double and triple walls 

being present as shown in Figure 43 (b). The use of the proper reduction temperature 

allows for a lower reaction temperature to be used and still grow longer V-MWNTs 

with few walls. Dilution of the ethylene during the reaction step increased the yield of 

V-MWNTs.  

 

Role of Catalyst Ratios and Temperatures 

The role of the Co to Fe ratio was modified in an attempt to increase the length 

of the V-MWNTs without increasing the V-MWNTs’ diameters, which is usually the 

case when increasing temperature.
211,212

 The synergistic effect of Fe and Co has been 

shown to give a higher yield of carbon nanotubes than either Fe or Co alone.
222

 

Increasing the Co to Fe ratio for sample HRRx650D-A, resulted in an increase in V-

MWNT length and volume compared to using a lower Co to Fe ratio as used for sample 

HRRx650D. TEM results show that the average diameter and number of walls for 

sample HRRx650D-A are comparable to HRRx650D. SEM and TEM images for 

sample HRRx650D-A are in Figure S8 of the Appendix. Two possible reasons for the 

increased length and volume expansion of material are, (i), the Co helps to reduce the 

Fe further
217

 and, (ii) the formation of Fe and Co spinels may hinder particle 

sintering.
218
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Excessive amounts of the Al precursor could possibly coat the Fe and Co and 

render them inactive. The role of Al precursor concentration was explored by 

decreasing the concentration by half as shown for sample HRRx650D-B. With the 

reaction conditions kept the same as for sample HRRx650D, there was an increase in 

the volume of V-MWNTs and the mica. TEM results indicate that the average diameters 

and the number of walls were similar to samples HRRx650D-A and HRRx650D. SEM 

and TEM images can be found in the Figure S9 of the Appendix. By decreasing the 

amount of Al precursor, more Fe and Co may be exposed for growing V-MWNTs, 

which is a likely reason for the increased volume expansion.  

While improvements in the volume expansion and length of the V-MWNTs are 

observed by either increasing the amount of Co or decreasing the amount of Al in the 

sample, further improvements are not obtained by combining both strategies. 

HRRx650D-C was prepared with both a higher Co and lower Al loading. This resulted 

in an effect similar to both samples HRRx650D-B and HRRx650D-C, in which neither 

a significant volume expansion or length change of the V-MWNTs occurred. TEM 

results for sample HRRx650D-C show no significant change in average diameter or 

number of walls. The appendix has SEM and TEM images of sample HRRx650D-C as 

shown by Figure S10. 

The reaction temperature has a significant influence on the final nanotube length 

and diameter. This is illustrated by sample HRRx650D-D, which was prepared using 

the same catalyst as in sample HRRx650D-C at a higher reaction temperature of 700°C. 

The results of these changes are quite dramatic showing a significant increase in the 

length of the V-MWNTs, over 80 μm, and a significant volume expansion in material as 
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shown in Figure 43(c). The V-MWNTs grew at a rate of 160 μm/h, which is eight times 

faster than previously reported.
185,196,197,198,199

 In addition to the length and significant 

volume expansion, the diameter of the V-MWNTs doubled to an average outer diameter 

of 11.5±3.5 nm, average inner diameter of 5.6±1.8 nm, and average wall number of 9, 

as shown in Figure 43(d). Increased nanotube diameters as a function of temperature 

have also been reported in the literature using vermiculite clay supports.
199

 The increase 

in growth of the V-MWNT arrays results in the separation of layers within the mica 

sheets, as can be seen in Figure 43(c). This finding is in agreement with those reported 

by Zhang et al. who observed unequal rates of nanotube growth along the mica surfaces 

resulting in fracturing of the mica sheets.
196
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Figure 43 (a) SEM image of sample HRRx650D, decrease in partial pressure of 

ethylene and reduction temperature of 650°C (b) TEM image of sample 

HRRx650D, (c) SEM image of sample HRRx650D-D, reaction temperature of 

700°C and catalyst precursor of Al decreased and Co increased, and (d) TEM 

image of sample HRRx650D-D.  

 

Conclusions 

 The synthesis of V-MWNTs in a scalable fashion over lamellar supports at 

lengths greater than those reported in the literature is achieved. This is 

accomplished through the incorporation of Co and Al within the Fe catalyst to 

promote metal reduction and reduce sintering. Few walled V-MWNTs with 

lengths of up to 40 μm are synthesized via this approach. The incorporation of Al 

enables increased growth temperatures, resulting in V-MWNTs over 80 μm in 

length. The height of the expanded mica flakes post reaction shows a linear 

correlation with the average MWNT length. Modifications in precursor 

concentration, catalyst deposition method, and reaction temperature allow for 

control of both nanotube length and diameter in lamellar supports. 
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Chapter 7: Method for Determination of Catalytic Active Sites for 

Bifunctional Catalysts 

 

Introduction 

Bifunctional Catalysts 

Bifunctional catalysts have found use in a variety of fields and industries due to 

their ability to open the doorway for the production of new products. One common type 

of bifunctional catalyst is a metal catalyst supported on an oxide or solid-acid catalyst. 

These types of bifunctional catalysts create a synergistic benefit because of the presence 

of two different catalysts each with their own set of abilities to react with molecules. 

Molecules can react with the two catalysts in a variety of ways one way is the molecule 

reacts with one catalyst and then the other
223

, another way is the two catalysts work 

together when reacting with the molecule,
247,248,224,225,226

 and lastly one of the two 

catalysts creates active sites on the other.
227,228

 Since there are many different ways 

bifunctional catalysts can provide this synergy there has been a large effort to determine 

which way the molecule reacts with the two catalysts. To do this it is important to 

understand how each catalyst works alone.  

The most important metals for catalysis are transition metals, specifically, from 

groups VIII and I-B of the periodic table. Catalytic activity for metals are controlled by 

electronic, geometric, or an interplay of electronic and geometric effects.
229

,
230

,
231

,
232

 

There has been great debate as to whether a reactions activity is controlled by geometric 

or electronic effects for reactions.
233,234,235,236 

The electronic effect is the role of the 

bond strength and can be explained by the d-band model.
230,231,232

 The d-band model 
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takes into account the interaction between the s and d states of the transition metal and 

the adsorbates valence states. The coupling of the adsorbate to the metal s states is 

approximately the same for each metal, but differs for the coupling of the adsorbate to 

the metal d states. Therefore, transition metals reactivity can be determined by looking 

at the density of states and locating the position of the center of the d-band relative to 

the Fermi level. As the d-band center approaches the Fermi level the number of 

antibonding states above the Fermi level increase which increases the reactivity of the 

metal due to the antibonding states becoming depopulated. The geometric effect is the 

arrangement of the surface atoms near the adsorption site. Important contributions to the 

geometric effect are the ensemble effect which is the required number of adjacent 

surface atoms required to form an adsorption site, the template effect where a molecule 

requires a adsorption site of a certain shape and size, and the coordination effect where 

a reactant or reactants requires a minimum number of adjacent adsorption sites.
229,237

 

Norskov has shown how alloying of metals, different planes, and other factors can 

change the electronic binding energy of metals by changing the location of the d-band 

center.
232

 Showing there can be interplay of geometric and electronic effects which 

control the reactivity of metal catalyst.  

Oxides offer a variety of different active sites.
238

 The metal cations act as Lewis 

acids since they can accept electrons, with metal cations of lower oxidation states 

typically being more reactive. Oxygen ions behave as Bronsted bases because they can 

accept protons. Due to the definition of Lewis and Bronsted acids and bases the oxygen 

ion can also be considered a Lewis base. With the presence of both acid and bases acid-

base chemistry can be performed on the surface of oxides.
239
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Much debate exists in the literature as to the location of the catalytic active site 

for bifunctional catalysts. Catalytic active sites are typically thought to be at the metal 

oxide interface or on the oxide created by hydrogen spillover from the metal. The 

interface of the metal oxide is one type of catalytic active site because the metal catalyst 

and oxide catalyst can work together creating a synergistic effect. The metal oxide 

interface can be changed if there is a strong metal support interaction (SMSI) where a 

thin metal-oxide coating begins to form over the surface of the metal
224,240,241,242

, Figure 

44. Hydrogen spillover can create surface defects, subsurface defects, or Bronsted acids 

or bases on the oxide which serve as catalytic active sites,
243,244,245,246

 Figure 44. Surface 

and subsurface defects are missing oxygen anions or metal cations, usually missing 

oxygen anions. Due to the importance of knowing where the catalytic active site is there 

is a great effort to determine the location of the catalytic active site to maximize 

production. In this quest to determine the active site conflicting viewpoints arise as to 

the location of the catalytic active site.  

 

Figure 44: Type of catalytic active sites for bifunctional catalysts of metals and 

oxides.  

 

One example of debate about the location of the catalytic active site is the 

Fischer-Tropsch reaction where carbon monoxide and hydrogen are converted to liquid 
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hydrocarbons. Several groups have proposed carbon monoxide bonds at the metal oxide 

interface with the carbon end of the molecule bonded to the metal while the oxygen 

interacts with exposed metal cations of the oxide creating a Lewis acid-base 

interaction
247,248

. Others groups have suggested the metal serves to facilitate hydrogen 

spillover onto the oxide and the intermediate formed on the metal will spillover onto the 

oxide, where the intermediate undergoes hydrogenation to methane more rapidly than 

on the metal
249,250

. The location of the active site has been studied for metals supported 

on oxides for furfural hydrogenation,
227

 catalytic reforming of n-hexane,
226

 enhanced 

CO oxidation,
225

 and selective hydrogenation of C=O.
228

 With the large number of 

studies to determine the location of the active site several experimental methods have 

been developed to find the active site.  

 

Methods to Determine the Catalytic Active Site 

A variety of methods have been applied to determine the active sites responsible 

for the synergistic benefit with bifunctional catalyst. One method is to change the 

particle size of the metal supported on the oxide which changes the perimeter of the 

metal oxide interface
224,247

. As the perimeter is increased or decreased then the rate of 

reaction should increase or decrease, respectively. If the rate reaction does not change 

with change in metal oxide perimeter then the active site is considered to be located on 

the oxide. However, this method has its complications which can cause difficulty in 

ascertaining the location of the active site.  The metal oxide interface can change solely 

if there is SMSI where the metal becomes encapsulated by the oxide.
224,240,241,242

 

Additionally, density functional theory (DFT) calculations have shown the distance 
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which spilled over hydrogen from the metal travels on the oxide varies depending on 

the oxide
259

. With smaller particles more hydrogen will spillover onto the oxide creating 

active sites. A second method is to use reaction kinetics; however, there is a limit to this 

approach because as the kinetics become more complex the difficulty increases to 

ascertain the location of the active site.  A third method is to use spectroscopy however, 

this technique suffers from limitations of equipment and what is observed on the surface 

of the catalyst may be a spectator and not the intermediate in the reaction leading to the 

wrong conclusion. There is a still a need for improving how the location of the active 

site is determined.  

 

A New Method to Determine the Catalytic Active Site 

In this work carbon nanotubes are used to create a novel catalyst to answer the 

question of where the catalytic active site is when using a metal catalyst supported on a 

oxide catalyst. This is accomplished by separating metal and oxide catalysts on carbon 

nanotubes breaking the metal oxide interface that is normally formed when the metal is 

supported on the oxide. By separating the two catalysts on carbon nanotubes the only 

catalytic active sites on the oxide can be formed allowing for one to determine if the 

catalytic active site is on the oxide or at the metal oxide interface. By comparing results 

of the catalysts with the metal and oxide catalysts separate and together and seeing 

which reactions occur and which do not the active site can be found. With the metal and 

oxide catalysts separated on the carbon nanotubes reactions which do not take place 

occur at the metal oxide interface, while reactions which do occur take place on the 

metal or oxide. To determine if the reaction takes place on the metal or oxide the metal 
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alone can be tested. A critical part to the success of this approach is two abilities of 

carbon nanotubes. 

The first set of abilities is the one dimensional nature of carbon nanotubes, the 

rod like structure, the ability to grow them in a vertical orientation parallel to one 

another, and to different lengths.
251

,
252

,
253

,
254

,
255

 The second ability is carbon nanotubes 

can facilitate hydrogen spillover.
73,272,274,276

 Using the first set of abilities carbon 

nanotubes can be grown vertically allowing for selective deposition of nanoparticles 

along the length of the carbon nanotube.
256,257,258

 It has been shown that by partially 

coating the carbon nanotubes in polymer one end of the carbon nanotubes is exposed 

and platinum nanocubes are deposited on this end of the carbon nanotubes. After which 

the exposed end is coated in a polymer with a different solubility than the first and the 

first polymer washed away. Platinum nanospheres were then deposited on this now 

exposed end and the second polymer removed, creating carbon nanotubes with a portion 

of the length with platinum nanospheres and the other platinum nanocubes. This can be 

taken advantage of to deposit along one half of the length of the carbon nanotube a 

metal catalyst and the other half an oxide catalyst. Therefore, the two catalysts are on 

the same carbon nanotube which can facilitate hydrogen spillover.  

The facilitation of hydrogen spillover on carbon nanotubes is a second critical 

ability as it serves as a bridge between the metal and oxide for the creation of catalytic 

active sites on the oxide. The metal catalyst can dissociate hydrogen and the dissociated 

hydrogen can then travel along the carbon nanotube to the oxide to create catalytic 

active sites on the oxide. Carbon nanotubes have been shown to be capable of 

transporting hydrogen along the surface and are currently studied for use as hydrogen 
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storage materials.
73,272,274,276 

The process for hydrogen spillover with a metal supported 

on a carbon nanotube is as follows: (1) hydrogen is chemisorbed on the metal and 

dissociated (2) dissociated hydrogen spills over from the metal to the carbon support 

and (3) hydrogen diffuses over the carbon surface to the oxide.  

Hydrogen Spillover Mechanism 

Before discussing the hydrogen spillover mechanism on carbon the hydrogen 

spillover mechanism on oxides will be discussed. Since the discovery of hydrogen 

spillover there has been significant interest in understanding the mechanism and is 

covered in several review articles.
259,260,261

 The first discovery of hydrogen spillover 

was by Khoobiar who found Pt/A2O3 was capable of reducing WO3 at a temperature 

below which WO3 reduced
262

. This was then followed up by Boudart et al. who found a 

significant uptake when Pt was supported on the WO3 which was attributed to the 

hydrogen spilling over from the Pt to the WO3. In addition, it was found the rate of 

hydrogen spillover increases with the addition of water and was reduced when water 

was replaced by molecules of higher proton affinity.
263

 With the apparent role of water 

the hydrogen spillover mechanism proposed was the dissociated hydrogen on the metal 

would move to the WO3 by using the electron to reduce the tungsten cation from W
6+

 to 

W
5+ 

and the proton of the hydrogen atom would create a hydronium ion with the water, 

Figure 45. The proton and electron would then move across the WO3 surface with the 

electron reducing tungsten cations and proton hoping to the next water molecule, 

thereby maintaining charge balance.  
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Figure 45: (a) Hydrogen dissociated on platinum. (b) Electron reduces W6+ to 

W5+ and the proton moves to the water. (c) Charge balance is maintained. (d) 

Process is repeated allowing for the hydrogen to diffuse across the WO3 surface. 

 

This was followed up with DFT calculations which found for platinum on 

molybdenum oxide the hydrogen migrates from the metal to the oxide as a proton and 

electron
264

. A hydrogen atom on the platinum gains 0.05-0.15 electrons from the Pt-5d 

bands and the terminal oxygen on MoO3 are 0.8-1.2 electrons negatively charged. 

Therefore, hydrogen atoms are unable to migrate onto the MoO3 due to repulsive 

interactions. However, if the H atoms electron is used to reduce the Mo
6+

 to Mo
5+

 then 

the hydrogen proton can migrate to the terminal oxygen and this creates an attractive 

interaction between the hydrogen proton and reduced molybdenum cation, Figure 46. 
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This process can be repeated allowing the hydrogen to migrate over the surface of 

MoO3. Both studies state the hydrogen atom moves as a proton and electron the only 

difference is how the proton moves over the surface. In one case the proton moves using 

water and the other the proton moves using the terminal oxygens of the oxide. Xi et al. 

performed a DFT study with platinum on WO3 found hydrogen migration occurs by 

reducing the tungsten cation and moving to the terminal oxygen, but found water can 

serve as a bridge for the hydrogen proton to hop to the next terminal oxygen
265

. 

Therefore, the hydrogen proton may be using water and terminal oxygens to travel 

across the surface.  

 

Figure 46: (a) Hydrogen dissociated on platinum. (b) Electron reduces Mo6+ to 

Mo5+ and the proton moves to the water. (c) Charge balance is maintained. (d) 

Process is repeated allowing for the hydrogen to diffuse across the MoO3 surface. 
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Hydrogen spillover has been shown to occur on reducible oxides. Examples of 

reducible oxides are: TiO2, CeO2, MoO3, WO3, V2O5, and Fe2O3. However, DFT 

calculations have shown hydrogen spillover cannot occur on a non-reducible oxide 

support
266

. Examples of non-reducible oxides are: Al2O3, SiO2, and MgO. This is due to 

the electron of the hydrogen atom being unable to reduce the metal cation and stopping 

the hydrogen proton from migrating to a water molecule or terminal oxygen of the 

oxide, Figure 47. As was already discussed there is a repulsive interaction if the 

hydrogen atom tries to move to the oxide due to the electrons it gains from the platinum 

metal and the terminal oxygens of the oxide.  

 

Figure 47: Electron of hydrogen unable to reduce the silicon cation which stops 

hydrogen spillover.  

 

Hydrogen spillover can occur in the presence of non-reducible supports if there are 

carbon contaminants on the non-reducible oxide which act as a bridge for hydrogen to 

spill over from the metal
266,267

. While a large amount of evidence suggests hydrogen 

spillover does not occur on non-reducible supports a recent report by Somorjai et al. 

showed a substantial increase in the reaction rate when platinum and cobalt particles are 

together supported on silica for CO2 methanation. However, when mixing platinum 
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supported on silica with cobalt supported on silica a roughly 50% drop in apparent 

activation energy is observed which is attributed to hydrogen spillover on silica.
268

 The 

authors counter the argument that the spillover could be done on carbon deposits since 

the drop in activation energies are above what would be expected for a diffusion limited 

process. Therefore, while most studies suggest non-reducible supports cannot facilitate 

hydrogen spillover there is obviously a need for further investigation. 

Since the discovery of the possibility for using carbon nanotubes as hydrogen 

storage materials there has been a great effort to understand the hydrogen spillover 

mechanism on carbon nanotubes and other carbon materials.
269,270,271,272,273,274,275

 

Hydrogen spillover from the metal to the carbon support has been proposed to occur by 

either physisorption
269,270,271

 or chemisorption
272,273,274,275

. Hydrogen spillover by 

physisorption occurs with the hydrogen atom just above the carbon surface and the 

hydrogen atom migrating over the carbon surface, but these physisorbed H atoms can 

recombine to form molecular hydrogen and leave the surface
270

. Chemisorption occurs 

by C-H bond formation and on carbon nanotubes this occurs by breaking one of the 

carbon double bonds changing the carbon atoms hybridization from sp
2
 to sp

3
, this 

breaking of bonds and formation of C-H bonds is how the hydrogen diffuses across the 

carbon surface
272

. Several studies have found the migration of hydrogen from the metal 

to carbon and diffusion over the carbon surface occurs at a low rate, by solely C-H bond 

formation, but can be significantly enhanced by the presence of oxygen functional 

groups on the surface of the carbon
276,277 

or the presence of water
278,279,280

. With strong 

evidence that hydrogen spillover can occur on carbon nanotubes a reactant must be 
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selected which has been previously shown to interact at the metal oxide interface or on 

catalytic active sites created on the oxide.  

 

Probe Reaction - Furfural 

Furfurals are a major component produced during pyrolysis of biomass
281,282

. 

Furfural itself can be upgraded to more valuable molecules which are typically 

produced using fossil fuels.
283,284,285,286

 Therefore, the catalytic upgrading of furfural has 

gained much attention as an renewable and environmentally friendly replacement for 

fossil fuels. Furfural can be upgraded to a variety of molecules with different uses. 

Hydrogenation of the aldehyde group of furfural produces furfuryl alcohol which can be 

used for synthesis of solvent and resins for ceramic processing.
283

 Hydrogenolysis of 

furfural yields 2-methylfuran which can be used to produce fine chemicals, perfumes, 

and medicines.
284,285 

Recently it has been shown cyclopentanone can be produced from 

furfural.
286

 Cylcopentanone can be used for rubber and pharmaceutical applications or 

can undergo self-aldol condensation and further hydrodeoxygenation to form 

hydrocarbons in the jet fuel range.
287,288,289

 With the wide range of applications there 

has been a large effort to study the catalytic upgrading and determine which catalytic 

active sites are responsible for producing the desired product. The end goal is more of 

the desired active sites can be made to maximize the yield of the desired product.   

Work has been done with metals supported on non-reducible and reducible 

oxide supports. Copper, palladium, and nickel supported on silica each can be used to 

hydrodeoxygenate furfural and give different product distributions.
290,291

 This difference 

in product distributions with different metals was attributed to the type of surface 
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intermediate that each metal is able to stabilize and the strength of the interaction of the 

furan ring with the metal surface. Studies have also been conducted with the 

combinations of metals Pd-Cu on silica
292

 and Ni-Fe on silica.
293

 With reducible oxides 

platinum supported on titania furfural hydrogenation to furufuryl alcohol can be favored 

due to active sites created on the titania by spillover of hydrogen from the platinum.
227

 

On the reducible oxide titania there has been shown to be a favor for hydrogenation of 

furfural to furfuryl aclochol with Pt/TiO2. This selectivity to furfuryl alcohol over furan 

is attributed to the hydrogen dissociated on platinum spilling over onto the titania to 

create active sites on the titania. These active sites allow for the carbonyl oxygen atom 

of the furfural intermediate to bond to the titania and be hydrogenated producing 

furfuryl aclochol. With the large number of studies available and differences in 

selectivity seen with metals and metals supported on oxides furfural is an acceptable 

choice for testing this novel catalyst.  

By growing VMWNTs and depositing palladium and titania on opposite ends of 

the VMWNTs a catalyst is tested as a way to determine the location of active sites for 

bifunctional catalysts. With the metal and oxide catalysts separated on VMWNTs 

reactions occurring at the metal oxide interface will not occur, but reactions requiring 

the active sites created from hydrogen spillover onto the oxide can occur. Therefore, 

with the ability to remove one type of active site it can be determined if the catalytic 

active site for specific reactions using bifunctional catalysts occurs at the metal oxide 

interface or on active sites created on the oxide from hydrogen spillover.  

 

Experimental Details 
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Valeria Herrera Araque performed the reactions with the furfural in the flow 

reactor.  

Chemicals used for multi-walled carbon nanotube growth were isopropanol, iron 

nitrate nonahydrate, cobalt nitrate hexahydrate, aluminum nitrate nonahydrate, and 2-

hydroxyethyl cellulose (Mw ~ 1,300,000). All of the chemicals used were purchased 

from Sigma Aldrich. Silicon wafers of n-type were purchased from Silicon were 

purchased from Wafer World, Inc. (SKU: 1186). 18 MΩ water was obtained from an in 

house filtration system and used in this study.  

 Vertical multi-walled carbon nanotubes (VMWNTs) were grown by spin 

coating a catalyst solution on silicon wafers. First silicon wafers were cut using a 

diamond scribe into 20 mm x 20 mm square pieces. A catalyst solution was made 

containing 1.11 wt% iron nitrate nonahydrate, 0.39 wt% cobalt nitrate hexahydrate, 1.23 

wt% aluminum nitrate nonahydrate, and 0.74 wt% 2-hydroxyethyl cellulose all with 

respect to water. The solution was spin coated on the silicon wafers by putting one 

millimeter of solution on the silicon wafer and spin coating using two stages which 

followed one another. The silicon wafer was first spin coated at 500 rpm for 10 seconds 

and then at 2000 rpm for 30 seconds.  The silicon wafers with the solution were then 

allowed to dry overnight and calcined the next day.  

 The silicon wafer with spin coated catalyst solution was calcined the next day by 

placing the sample in a one inch quartz diameter tube and connecting one end to an inlet 

and the other an outlet airline. The one inch quartz diameter tube was placed in a 

furnace oriented horizontally. With a continuous flow of 150 sccm of air through the 

quartz tube the furnace was ramped to 450°C at 10°C per minute and then held at 450°C 
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for two hours. After heating at 450°C the reactor was allowed to cool to room 

temperature and the sample removed from the quartz tube.  

 For the growth of vertically aligned MWNTs the silicon wafer with catalyst was 

placed in a one inch quartz diameter tube and connected to inlet and outlet gas lines. 

The quartz tube was placed in a furnace oriented horizontally for heating. With a flow 

of 300 sccm of hydrogen passing through the quartz tube the furnace was heated to 

650°C at a rate of 10°C per minute and then held at 650°C for 30 minutes. The flow of 

hydrogen was stopped and a flow of 300 sccm of argon was flowed through the quartz 

tube and the quartz tube ramped to a reaction temperature of 675°C or 700°C at a rate of 

10°C per minute. Once the temperature stabilized at the desired temperature, the flow of 

argon was changed to 200 sccm and flowed with ethylene at 200 sccm for 30 seconds, 1 

minute, 5 minutes, or 20 minutes, depending on the desired length of VMWNTs. After 

the reaction the flow of ethylene was stopped and argon continued to flow through the 

quartz tube as the temperature decreased to room temperature.  

 To facilitate the removal of the VMWNTs from the silicon wafer the sample 

was heated in air to help weaken the interaction between the VMWNTs and catalyst 

particles on the silicon wafer. The sample was loaded into an inch diameter quartz tube 

and the quartz tube connected to inlet and outlet airlines. Next the quartz tube was 

loaded into a furnace oriented horizontally. Air was flowed through the quartz tube at 

150 sccm while the furnace was heated to 480°C at 10°C per minute and then held at 

480°C for two hours. After this step the sample was removed from the quartz tube once 

the temperature of the furnace reached room temperature.  
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 Physical vapor deposition of palladium and titanium onto VMWNTs was 

completed by using a JEOL vacuum evaporator type JEE-4C. To evaporate metal onto 

the VMWNTs the VMWNTs were placed in the vacuum evaporator sample area. Next a 

tungsten wire, 0.030 inches, was connected to two electrodes which held the tungsten 

wire 3.8 cm above the sample. The tungsten wire was wrapped either titanium, 0.020” 

inches, or palladium wire, 0.010. When evaporating titanium 8 cm of titanium wire was 

wrapped around the tungsten wire and when using palladium 4 cm was used. During 

each evaporation step a silicon wafer was placed in the chamber to determine how much 

titanium or palladium was deposited on the VMWNTs. Titanium was first evaporated 

on the VMWNTs by heating the tungsten wire wrapped with titanium wire up to 25 

amps. After evaporation of the titanium the side of the VMWNTs with titanium was 

attached to carbon tape, with an adhesive layer, to remove the VMWNTs from the 

silicon wafer. Following this the carbon tape with VMWNTs was placed back into the 

vacuum evaporator sample area with the end of the VMWNTs without titanium face up. 

Palladium was then evaporated by heating the tungsten wire wrapped with palladium 

wire up to 20 amps. After evaporation of the palladium onto the VMWNTs on the 

carbon tape the VMWNTs on carbon tape were removed from the vacuum evaporator 

and the edges of the VMWNTs on the carbon tape were cut off using a razor blade. This 

removal of the edges was performed to ensure that any palladium which came into 

contact with titanium was removed. Next the VMWNTs on carbon tape were placed in 

a petri dish filled with isopropanol and soaked for one hour to solubilize the acrylic 

adhesive holding the VMWNTs to the carbon tape. After soaking for one hour the 

carbon tape was shaken to help dislodge the VMWNTs from the carbon tape. The 
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VMWNTs were then recovered from the isopropanol by filtering with vacuum filtration 

using and a Whatman 1 filter. By measuring the thickness of metal deposited on the 

silicon wafers the weight percent of metal deposited on the VMWNTs was calculated 

and measuring the amount of VMWNTs grown on a silicon wafer which yielded 0.018 

mg/cm
2
. Three weight percent of palladium was deposited on the VMWNTs and 2 

weight percent of titania deposited on the VMWNTs. Exposure of the titanium to air 

was responsible for producing titania.  

 Reactions with the VMWNTs with palladium on one end and titania on the other 

were performed using a flow reactor connected to a Hewlett Packard 6890 GC/ FID. 

Ten milligrams of catalyst were mixed with 190 mg of glass beads and placed into a ¼” 

diameter quartz tube. The catalyst and glass beads were held in place in the quartz tube 

by packing quartz wool around the catalyst and glass beads. The quartz tube was placed 

in a furnace oriented vertically and connected to an inlet gas line at the top and an outlet 

gas line at the bottom. The catalyst was reduced by flowing 50 sccm of hydrogen 

through the quartz tube and heating the furnace up to 400°C at 5°C/minute and then 

holding at 400°C for four hours. After reduction the hydrogen flow rate was set at 20 

sccm of hydrogen for the reaction step. Furfural was introduced using a syringe pump at 

a rate of 0.1 mL/h and carried by the hydrogen flowing at 20 sccm. The gases exiting 

the reactor passed through a sample loop which is used to inject a sample of the gas into 

the GC-FID for analysis.  

 Scanning electron microscopy of the catalyst was performed using a Zeis Neon 

40 EsB scanning electron microscope operating at an accelerating voltage of 5 kV for 

imaging and 10 kV when performing energy-dispersive x-ray spectroscopy. 
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Transmission electron microscopy was performed by using a JEOL 200 FX equipped 

with a LaB6 filament and operating at 200 kV. Temperature programmed reduction 

(TPR) was performed using the same procedure and apparatus as in Chapter 7, except 

30 mg of catalyst was used. 

Results and Discussion 

Vertical Multi-Walled Carbon Nanotube Growth 

 VMWNTs were grown with different heights and diameters depending on the 

temperature of the reaction. Different lengths of VMWNTs with a constant diameter 

can be grown by changing the length of the reaction time. This flexibility offers 

potential to maximize hydrogen spillover as diffusion of the hydrogen may become a 

rate limiting step if the dissociated hydrogen has to travel over the length of the carbon 

nanotube to reach the oxide. Reports have also suggested hydrogen spillover may be 

dependent on the diameter of the VMWNTs
294

. VMWNTs can be grown between five 

and one hundred microns depending on the temperature or reaction time, Figure 48.  

The diameter of the VMWNTs can be controlled by the reaction temperature due to 

higher temperatures creating larger particles which in turns creates larger diameter 

carbon nanotubes
295

. The average diameter of the VMWNTs grown at 650°C, 665°C, 

675°C, and 700°C were 7.9 nm, 8.7 nm, 10.3nm, and 12 nm, respectively. VMWNTs 

grown at 650°C had an average of five walls, while VMWNTs grown at 700°C had an 

average of nine walls. Diameters and numbers of walls were measured from TEM 

images. The flexibility to grow VMWNTs of different diameters and lengths offers the 

ability to maximize hydrogen spillover from the metal to the oxide for the creation of 

catalytic active sites on the oxide.  
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Figure 48: VMWNTs height dependence on the (a) reaction temperature and (b) 

reaction time.   

 

Deposition of Palladium and Titania on VMWNTs 

 Palladium and titania was deposited on VMWNTs and separated by using metal 

evaporation. To ensure separation of the palladium and titania SEM and EDS were used 

for characterization of the catalyst. As can be seen in the SEM image, Figure 49, there 

is a coating of palladium on the top portion of the VMWNTs and a titania coating on 

the bottom portion of the VMWNTs.  



126 

 

Figure 49: Visible coating of palladium at the top of the VMWNTs and coating of 

titania on the bottom. No visible coating in the middle of the VMWNTs.  

 

EDS was used to confirm the presence palladium and titanium on the VMWNTs and to 

ensure both metals were at opposite ends of the VMWNTs. Viewing the EDS maps 

there is palladium at the top and titanium at the bottom of the VMWNTs, Figure 53. 

The presence of the few dots in the EDS map of palladium and titanium in the middle of 

the VMWNTs is due to noise from Bremsstrahlung scattering. The EDS spectra also 

show peaks present above the noise for palladium and titanium. To ensure no palladium 

or titanium was deposited in the middle of the VMWNTs or on top of the other metal 

EDS spectra and maps were collected at the top, middle, and bottom of the VMWNTs. 

At the top of the VMWNTs there is only palladium present as can be seen in the map 

and EDS spectra, Figure 51. In the middle of the VMWNTs there is neither palladium 

nor titanium, Figure 52. At the bottom of the VMWNTs only titanium is present, Figure 



127 

53. Thus, the deposition allows for palladium and titanium to be deposited on opposite 

ends of the VMWNTs without either catalyst coming into contact.  

 

Figure 50: EDS spectra and map of entire catalyst with palladium and titanium 

separated on VMWNTs. 

 

Figure 51: EDS spectra and map of the top of the catalyst with palladium and 

titanium separated on VMWNTs. 
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Figure 52: EDS spectra and map of the middle of the catalyst with palladium and 

titanium separated on VMWNTs. 

 

Figure 53: EDS spectra and map of bottom of the of the catalyst with palladium 

and titanium separated on VMWNTs.  

 

 With the successful deposition palladium and titanium on separate ends of the 

VMWNTs the catalyst had to be tested under reaction conditions to ensure the 

palladium or titania would not sinter on the carbon nanotubes and come in contact with 



129 

one another. Palladium and other metals have been shown to sinter on carbon 

supports.
296,297

 Sintering is an important consideration for chemical reactions and efforts 

have been made to mix different oxides to reduce metal sintering.
298,299,300 

To ensure the 

palladium and titania did not sinter the catalyst was reduced at 400°C for four hours 

with a flow of hydrogen. After this treatment the catalyst was again characterized with 

SEM and EDS. With EDS characterization the palladium and titania did not sinter over 

a great length of the VMWNTs. A strong presence of palladium can be seen at the top 

of the VMWNTs and a strong presence of titanium at the bottom of the VMWNTs and 

EDS spectra shows peaks for palladium and titanium, Figure 54. Focusing on the top of 

the VMWNTs only palladium is present and there is no titanium peak in the spectra, 

Figure 55. In the middle of the VMWNTs there is neither palladium nor titanium 

present, Figure 56. At the bottom of the VMWNTs only titanium is present no 

palladium, Figure 57.   

 

Figure 54: EDS spectra and map of entire catalyst with palladium and titanium 

separated on VMWNTs after heating in hydrogen at 400°C. 
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Figure 55: EDS spectra and map of the top of the catalyst with palladium and 

titanium separated on VMWNTs after heating in hydrogen at 400°C. 

 

Figure 56: EDS spectra and map of the middle of the catalyst with palladium and 

titanium separated on VMWNTs after heating in hydrogen at 400°C. 
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Figure 57: EDS spectra and map of the bottom of the catalyst with palladium and 

titanium separated on VMWNTs after heating in hydrogen at 400°C. 

 

 The EDS maps and spectra give strong evidence that the palladium and titania 

have not sintered significantly enough for the two catalysts to come in contact on the 

carbon nanotubes. While sintering is likely to occur along the length of the VMWNTs 

the VMWNTs is greater than the distance the catalyst particles can sinter, thus no 

palladium titania interface is formed. Since it appears the VMWNTs used for this study 

are more than sufficient in length to reduce the palladium and titania coming into 

contact shorter VMWNTs can be tested in the future which may provide better 

hydrogen spillover since the distance the hydrogen must diffuse across to reach the 

oxide is shorter.  
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Iron and cobalt are used to grow VMWNTs and depending on the growth 

mechanism the catalyst can be at the tip or root of the VMWNTs.
301

 To ensure no 

residual iron are present at either ends of the VMWNTs the EDS spectra at both ends of 

the VMWNTs were analyzed for the presence of iron and cobalt, Figure 58. As can be 

seen in there are no discernable peaks for iron and cobalt. The catalyst likely stays on 

the silicon wafer or becomes entrapped in the carbon nanotubes and does not play any 

catalytic role.  

 

Figure 58: EDS spectra of the (a) top of the VMWNTs, end with palladium, and 

(b) bottom of the VMWNTs, end with titania.  

 

Reactions with Furfural 

 Due to the importance of furfurals in biofuels, furfural was chosen as a probe 

molecule to test this novel catalyst and see if the catalytic active site responsible for a 
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specific reaction pathway or for enhancing a reaction pathway when using a 

bifunctional catalyst is located at the palladium titania interface or on the titania. A 

significant difference can be found when comparing palladium and titania separated and 

supported on VMWNTs to palladium supported on titania supported on VMWNTs, 

Table 3. Additional reaction data can be found in the Appendix. 

For all three catalysts furan, tetrahydrofuran, methylfuran, cyclopentanone, 2-

cyclopenten-1-one, furfuryl alcohol and methane were produced from furfural. 

However, furan, 2-methylfuran, and methane were produced in significant amounts and 

vary between the three catalysts under the reaction conditions tested. Testing the 

catalyst with palladium supported on VMWNTs results in furan being produced in the 

highest yield. Introducing the palladium titania interface by using the catalyst with 

palladium supported on titania supported on VMWNTs results in equal yields of 2-

methylfuran and furan. Indicating the presence of titania is playing a role in increasing 

the yield of 2-methylfuran. To elucidate if the active site responsible for the increase in 

yield of 2-methylfuran the catalyst with the palladium and titania separated on 

VMWNTs was tested. In this case the yield of furan increases and the results are similar 

to when using solely palladium supported on VMWNTs. With the palladium and titania 

interface no longer present the yield of furan increases and 2-methylfuran drops. Thus, 

indicating the increase in yield of 2-methylfuran seen with palladium and titania is due 

to the palladium titania interface.  
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Catalysts Conversion (%) 

Yields (%) 

Furan 2MF FOH THF 2COP COP Me 

Pd on VMWNTs 98.1 77.9 12.9 0.3 0.1 0.2 0.1 6.5 

Pd on TiO2 on VMWNTs 51 20.5 25.2 0.1 0.2 0.6 0 4.5 

Pd and TiO2 separated on 

VMWNTs 

87 59.6 16.0 0.3 0.1 0.2 0.3 11.3 

Table 3: Conversion and yields for furfural on the three different catalyst at a time 

on stream of 33 minutes. 2MF = 2-methylfuran, FOH = furfuryl alcohol, THF = 

tetrahydrofuran, 2COP = 2-cyclopeten-1-one, COP = cyclopentanone, and Me = 

methane. 

 

 Production of 2-methylfuran occurs first with hydrogenation of furfural to 

furfuryl alcohol and then hydrogenolysis of furfuryl alcohol.
290

 Hydrogenation of 

furfural and hydrogenolysis of furfuryl alcohol occurs on the metal catalysts Cu, Pd, 

and Ni.
290,291,292,293,302

 However, the sites formed between the palladium and titania may 

be able to enhance hydrogenolysis of furfuryl alcohol to 2-methylfuran. This 

enhancement may be similar to how the metal oxide interface can enhance CO bond 

activation
247

 and carbon-carbon bond activation in alkane hydrogenolysis.
224

 An 

enhancement for furfuryl alcohol hydrgeonolysis to methyl furan has been seen with 

Pd/TiO2 catalyst with the palladium titania interface proposed as responsible for the 

increase in yield of methyl furan.
303

 Therefore, the hydrogenolysis may be enhanced by 

the presence of the palladium titania interface.  

 Furan is formed from decarbonylation of furfural. On palladium furfurals carbon 

and oxygen atoms of the carbonyl group interact with the metal. If the reaction 

temperature is low then hydrogenation of the aldehyde takes place producing furfuryl 

alcohol. If the temperature is high the bonding of solely the carbon atom to the metal 
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surface is more stable forming an acyl species.
290

 At high temperatures the acyl species 

increases in stability and the C atom strongly binds to the metal surface, thus forming 

the intermediate for decarbonylation and production of furan.  

 The results indicate the palladium titania interface, the palladium and titania 

catalysts working together, is responsible for enhancing the production of 2-

methylfuran and not active sites created on titania. To prove the existence of active sites 

on the titania by hydrogen spillover on the carbon nanotube a TPR of the catalyst with 

palladium and titania separated on VMWNTs was performed. As can be seen in Figure 

59 the titania on the catalyst with palladium and titania separated on VMWNTs begins 

to reduce at 300°C. There is no palladium reduction peak present since the catalyst had 

to be pre-flushed at room temperature with hydrogen which reduced the palladium and 

the palladium was deposited in metal form on the VMWNTs and it is likely that little to 

palladium oxide exists. In the literature titania alone without a metal begins to reduce 

around 500°C.
304

 Therefore, since the reduction occurs at a lower temperature the 

palladium is dissociating hydrogen which can travel along the carbon nanotube to the 

titania to create active sites on the titania below the temperature titania normally 

reduces. Thus, the same active sites on this catalyst are created when palladium is 

supported on titania. Combining this result with the reaction results, Table 3, indicates 

the active sites on the titania are not responsible for the enhanced production of 2-

methylfuran, even though active sites are on the titania. Instead the synergistic effect 

which increases production of 2-methylfuran is caused by the palladium titania 

interface. The palladium and titania work together to perform hydrogenolysis of the 

furfuryl alcohol.  
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Figure 59: Temperature programmed reduction of a catalyst with palladium and 

titania separated on VMWNTs.  

 

Conclusions 

 Palladium and titania have been deposited on opposite ends of the VMWNTs 

using physical vapor deposition. Due to length of the VMWNTs and spacing between 

the two catalysts the palladium and titania remain separated and at the ends of the 

VMWNTs. The palladium and titania do not sinter enough to come in contact with one 

another on the VMWNTs and this is likely due to the length of the VMWNTs being 

sufficient enough to keep the two catalysts apart. TPR indicates hydrogen can spillover 

on the VMWNTs occurs after being dissociated on the palladium since titania is 

reduced below the normal reduction temperature of titania. Indicating active sites on the 

titania can still be produced with the palladium and titania separated on VMWNTs. The 

VMWNTs act as a conductive bridge for hydrogen spillover. Using furfural as a probe 
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molecule there is a significant difference in selectivity. Palladium alone on VMWNTs 

yields the highest production of furan. When palladium is supported on titania on 

VMWNTs the presence of titania increases production of 2-methylfuran and decreases 

production of furan. To determine if the palladium titania interface or active sites solely 

on the titania are responsible for the enhancement of 2-mehtlyfuran the palladium and 

titania are separated on VMWNTs. With the palladium and titania separated on the 

VMWNTs the production of furan increases and 2-methylfuran decreases. This 

indicates the enhancement of 2-methlyfuran is due to the synergistic benefit of the 

palladium titania interface, having two different catalysts in close proximity, and not the 

active sites created on titania. 

 This novel catalyst provides the opportunity to determine the location of the 

active site in bifunctional catalysts and measure hydrogen spillover rates on carbon 

nanotubes. Other reactions requiring bifunctional catalysts can be tested and knowledge 

gained to help improve catalyst design. The length and diameter of the VMWNTs can 

be tuned to measure the rate of hydrogen spillover on carbon nanotubes which may 

have important implications for hydrogen storage. This novel catalyst warrants further 

investigation as a tool for studying bifunctional catalysts and understanding hydrogen 

spillover for hydrogen storage materials.   
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Chapter 8: Concluding Remarks 

 Carbon nanotubes have been studied as catalyst supports in biphasic systems. 

Changing carbon nanotubes wettability by either covalent or non-covalent means has an 

impact on the emulsions properties, yet emulsion stability is maintained unlike other 

nanoparticles since the tendency of carbon nanotubes to agglomerate is not significantly 

hindered by the functionalization. Multiple carbon nanotubes were found to reside at the 

oil-water interface of an emulsion and the carbon nanotubes wettability as well as the 

and way in which the carbon nanotubes wettability is modified has an effect on the 

quantity of carbon nanotubes at the oil-water interface. Carbon nanotubes can stabilize 

emulsions with a wide variety of different properties and the amount of carbon 

nanotubes at the oil-water interface controlled. Controlling the amount of carbon 

nanotubes at the oil-water interface may have future applications as a mass transfer 

barrier. The understanding of particles properties on emulsion characteristics may have 

use in the fields of enhanced oil recovery and increasing the strength of polymer blends. 

Since carbon nanotubes are highly suitable for applications with emulsions they may 

also be suitable for forming bicontinuous interfacially jammed emulsion gels (BIJEL). 

A BIJEL will allow for the oil and water to be flowed continuously over the catalyst 

particles, like a gas flow reactor, allowing for continuous operation.   

 Utilizing this knowledge of how carbon nanotubes of different wettability 

change an emulsions characteristics and existing literature on silica nanoparticles 

reactions were used to further understand the environment of the particle at the oil-

water interface. Silica nanoparticles were functionalized to have different wettability to 

change their environment at the oil-water interface which in turn changes the reaction 
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selectivity. The environment of the particle at the oil-water interface can be changed by 

controlling the ratio of cationic to anionic surfactants which influences the silica 

nanoparticles wettability in the system. By changing the nanoparticles environment at 

the oil-water interface the reaction selectivity can be tuned, while the reaction proceeds. 

Evidence that a responsive system can be created in a biphasic system opens the 

doorway to using other stimuli’s and other types of biphasic systems such as foams.  

Carbon nanotubes of different wettability did not change the selectivity as silica 

nanoparticles did. However, the rates of reaction for reactants in the oil and aqueous 

phases increased when fewer carbon nanotubes resided at the oil-water interface, 

possibly due to the thinner barrier the molecules were forced to diffuse through to reach 

the catalyst. If a mass transfer barrier is being formed this may have uses for delaying 

the release of chemicals or as a separation tool.  

 An area which needs further exploration is what the environment of the particle 

at the oil-water interface looks like which is responsible for controlling selectivity. Two 

possible scenarios for how selectivity is controlled (1) is the particles position at the 

interface, which controls the number of active sites in each phase or (2) are the patches 

of oil and water on the particles surface where in the number and size of these patches 

are dependent on the number and type of functional groups. Catalyst particles in the oil 

patches favor reactions in the oil phase and catalyst particles in water patches favor 

reactions in the aqueous phase.   

 Utilizing the ability to synthesize carbon nanotubes with different properties, 

carbon nanotubes were used to create a novel catalyst. This novel catalyst can be used 

to determine the location of the catalytic active site for bifunctional catalysts and 
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understand hydrogen spillover on carbon nanotubes. Bifunctional catalysts can be 

designed to optimize the desired reaction pathway with the improved understanding of 

these catalysts.  
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Appendix A1: Hierarchical Zeolites for Enhanced Reaction Selectivity  

 

Introduction 

Zeolites have become an important material in catalysis and have been used for 

a wide range of reactions. Zeolites are used in fluidized catalytic cracking where low 

value high molecular weight hydrocarbons are converted to high value olefinic gases, 

gasoline and diesel oil.
305,306

 However, since zeolites are composed of solely 

microspores intracrystalline diffusion limitations can limit the applicability of zeolites 

unless micropores are added.
312

 Hierarchical zeolites allow for the diffusion paths to be 

modified which can change reaction selectivity.
307,308,309,310,311,312 

Modification of the 

diffusion path can be done to increase the ability of molecules to diffuse in and out of 

the zeolite so that the molecules do not become trapped. 
  

Several approaches have been taken to create hierarchical zeolites by using 

templates and chemicals. One approach is to etch away portions of the zeolite with an 

alkaline solution. The alkaline solution attacks defects on the zeolite creating 

mesopores.
313,314,315,316

 However, this method suffers from the inability to control where 

and how the alkaline solution etches the zeolites. A different approach Mesoporous 

zeolites have been synthesized using surfactants which create rod-like micelles creating 

the well-known MCM-41
317,318

 and SBA 15.
319,320

 However, these catalysts can have 

low acidity due to the synthesis. Another approach is to construct zeolites using a 

template, such as carbon nanotubes.
321,322,323,324,325,326 

 Carbon nanotubes have also been 

used to construct oxide nanotubes.
327,328,329,330,331,332

 By building the zeolite around the 

carbon nanotube a pore is formed and then carbon can then be burned away leaving the 
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zeolite with a pores the size of the carbon nanotubes. This approach suffers from the 

form in which carbon nanotubes and carbon particulates are received. Particulates of 

carbon can agglomerate together and can become trapped if the zeolite grows entirely 

around the carbon wasting zeolite material. Carbon nanotubes are typically in a random 

orientation and agglomerated together. Therefore, it is difficult to control the position of 

the pores and pore spacing. Carbon nanotubes can be grown vertically, however, 

approaches taken so far have been with the carbon nanotubes grown on a silicon wafer, 

which offers low surface area and is difficult to scale up.
333

,
334

 Therefore, there is a 

necessity to create a process which is scalable and can finely control the pores 

properties.  

 In this report we have created a hierarchical zeolite using vertically aligned 

multi-walled carbon nanotubes (VMWNTs) in a scalable method. This is accomplished 

by growing VMWNTs between mica sheets which was initially proven by Wei’s 

group
335

 and then improved upon by our group.
336

 Zeolite crystals are grown on the 

outside of VMWNTs and then the VMWNTs are removed by oxidation. The result is a 

hierarchical zeolite with large pores the diameter and width of the VMWNTs. The 

VMWNTs are grown between mica sheets and this keeps the ends of the VMWNTs 

open allowing for molecules to diffuse into the large pores. By varying the amount of 

VMWNTs added to the solution for zeolite growth the density of zeolite crystals around 

the VMWNTs can be changed. Zeolite rods can be made or a zeolite block with large 

pores can be made. This hierarchical zeolite has enhanced selectivity for cracking bulky 

molecules such as triisopropylbenzene. Zeolite with solely micropores results in 

molecules resulting from cracking of triisopropylbenzene becoming trapped in the 
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zeolite pores and carbon deposited on the outside of the catalyst resulting in catalyst 

deactivation. With the the hierarchical zeolite the triisopropylbenzene and the products 

formed from cracking can diffuse in and out of the zeolite due to the large pores. This 

prolongs catalyst life and enhances reaction selectivity.  

 

Experimental Details 

Zeolite synthesis, reactions, surface area measurements and x-ray diffraction 

were performed by Abhishek Gumidyala.  

 

VMWNTs Synthesis 

VMWNTs were grown between mica sheets by following the conditions to grown 

sample HRRx650D-D.  

Zeolite Synthesis: 

Zeolite precursor was prepared with a gel composition of 

9TPAOH/0.16NaOH/Al/25Si/495H2O/100EtOH.
337

 The reagents used for the synthesis 

are tetraethyl orthosilicate (98%, Sigma-Aldrich), tetrapropylammonium hydroxide 

(40% W/W, Alfa-Aesar), aluminum isopropoxide (98%, Sigma-Aldrich), sodium 

hydroxide (>98%, Sigma-Aldrich) and double distilled water. Precursor gel was stirred 

at 500 rpm for 24hrs for incubation. Several batches of this gel were prepared and for 

each batch 500 mg, 750 mg, 1000 mg or 2000 mg of CNT’s were added and stirred for 

1 hr. The samples made with 500 mg are labelled Z-CNT-1, 750 mg are labelled Z-

CNT-2, 1000 mg Z-CNT-3, and 2000 mg Z-CNT-4. Each batch was transferred into a 

Parr vessel and left in the oven at 165 °C for 120 hrs. The obtained sample after 
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synthesis was washed with water several times. The obtained cake was dried for twelve 

hours at 85 ˚C in an oven. The dried sample is ion-exchanged from sodium form to 

ammonia form with 2M ammonium nitrate solution at 80˚C for three hours. The ion-

exchange procedure was repeated five times to ensure complete exchange. This was 

followed by washing with double distilled water three times and drying for twelve hours 

at 85˚C. Obtained ammonium form zeolite was calcined at 600˚C (ramp rate 2 ˚C/min) 

for five hours to burn off the CNT’s and to get proton form of zeolite. 

Nitrogen Adsorption for Surface Area Measurements 

A Micrometrics ASAP 2020 Surface Area and Porosity Analyzer (Micrometrics; 

Norcross, GA) was used to perform nitrogen adsorption experiments to determine the 

total pore volume, micropore volume, and by difference the mesopore volume of the 

catalysts.   

IPA-TPD 

Isopropyl amine (IPA) temperature-programmed desorption (TPD) is a proven 

technique for estimating the number of Brønsted acid sites in H-form zeolites.
338

 IPA 

reacts on a Brønsted acid site of H-zeolite to produce propylene and ammonia. IPA-

TPD experiments were done on all the H-Zeolite samples used in this study to 

investigate the amount of Brønsted acid sites. 50mg of catalyst was loaded into a quartz 

reactor (1/4” OD) and flushed at 300˚C for two hours with helium as carrier gas 

(20ml/min). After flushing the sample the temperature was reduced to 100˚C and 2 μL 

pulses of IPA were injected into the reactor through a septum via a syringe. Mass to 

charge ratio (m/e) of 44 and 58 were tracked at exit of the reactor with a MKS Cirrus 

200 quadrupole mass spectrometer (MS), to ensure saturation of all the acid sites in the 
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catalyst bed with IPA. Pulses of IPA were continued until a constant signal m/e=44 and 

58 was observed. After adsorption of IPA on to the catalyst bed, it was flushed with 

carrier gas (20ml/min) at 100˚C for 4hrs to remove all the physically absorbed IPA. 

Flushing was followed by a temperature ramp from 100˚C to 600˚C at a rate of 

10˚C/min. The products desorbing from the reactor with temperature ramp were tracked 

by MS. Quantification of the products was done by injecting standards and propylene 

gas pulsed using a sample loop. 

X-Ray Diffraction 

For checking the crystallinity of the sample, X-ray diffraction studies using Rigaku 

automatic diffractor (Model D-MAX A) with a curved crystal monochromator were 

performed. A flat surface of the well ground samples was prepared on a plastic slide for 

the experiments. The instrument has Cu-Kα as a radiation source and was operated at 

40kV and 35 mA between the angle range of 5-60˚. 

Reaction Studies 

Flow reaction studies are performed in a quartz tube reactor (1/4” OD) at 400 °C 

and at atmospheric pressure. The H-zeolite catalyst is diluted with acid washed glass 

beads packed in the reactor between plugs of quartz wool. The inlet of the reactor is 

heated to create a vaporization zone and the outlet stream of the reactor as well as the 

six port valve for injection to the gas chromatograph (GC) were heated to 250 °C to 

prevent condensation. The temperature of the catalyst bed was controlled by a 

thermocouple attached to the outer wall of the reactor. The catalyst was preheated and 

flushed with helium (125 mL/min) for one hour at 400 °C before introducing the 

reactant using a syringe pump. The products were analyzed using a HP-6890GC 
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equipped with a flame ionization detector and innowax column (30m and 0.25 µm). 

Reaction products were condensed in a sample bubbler using ice and water as a coolant 

medium for identification via GCMS.  

Probe chemical reactions are used to confirm the activity and stability of CNT-HZSM-5 in 

comparison of commercial HZSM-5. Triisopropylbenzene (TIPB) is a bulky molecule with 

three reactive isopropyl groups and a kinetic diameter of 8.5 Å, which is larger than the pores of 

MFI (5.6 Å). This limits the reactivity of TIPB to the external surface of the zeolite. 

Commercial zeolite which does not have any mesoporisity is to have activity only due to 

external sites if any present. On an equivalent acid site basis, the activity on commercial zeolite 

is limited to the surface activity. In contrast CNT-HZSM-5 should have stable activity due to 

high mesoporisity reducing the diffusion limitations. Thus a dramatic reduction in the reactivity 

of TIPB over H-ZSM-5 is seen compared to CNT-HZSM-5 

Electron Microscopy 

Scanning electron microscopy (SEM) was performed with a Zeis Neon 40 EsB 

scanning electron miscrocpe operating at an accelerating voltage of 2 kV or 5 kV. The 

accelerating voltage was chosen to minimize charging of the sample due to its non-

conductive nature. Transmission electorn microscopy was performed with a JEOL 2000 

FX equipped with a LaB6 filament operating at 2000 kV. 

 

Results and Discussion 

Catalyst 

VMWNTs deposited in a solution for growth of zeolites results in a layer of 

zeolites on the outside of the VMWNTs, Figure 60. After growth of the zeolites the 
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VMWNTs can be removed by heating the sample to 600°C at which point carbon 

nanotubes decompose.
339

  

 

Figure 60: (a) VMWNTs grown between mica sheets and (b &c) after growth of 

zeolites on the VMWNTs.  

 

The zeolites remain and the structure is maintained after the VMWNTs have been 

decomposed, Figure 61. As can be seen in the SEM images the zeolites maintain the 

shape of the VMWNTs and holes can be seen where possibly the ends of the carbon 

nanotubes protruded. This observation along with with TEM images, Figure 62, 

indicates after removal of the carbon nanotubes the zeolites do not collapse on 
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themselves and retain the spacing the VMWNTs once provided. This is evident since 

the diameter of the pores created after removal of the VMWNTs are comparable with 

the outer diameter of the VMWNTs.  

 

 

Figure 61: Images of zeolites after burning out the carbon nanotube template. (a) 

Low magnification image of the the middle of the VMWNT  array (b) high 

magnification image of the middle of the VMWNT array, (c) low magnication 

image of the end of a VMWNT array, and (d) high magnification image of the end 

of the VMWNT array.  
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Figure 62: TEM images of sample Z-CNT-3 (a) low magnification showing arrays 

of zeolites and (b & c) high magniciation showing the channels created where the 

VMWNTs once resided.  

 

 From nitrogen adsorption experiments the surface area and presence of 

micropores and mesopores can be measured using the BET equation, Figure 63. From 

the nitrogen adsorption experiments the surface area was 309 m
2
/g with a micropore 

volume of 0.0321 cm
2
/g and a mesopore volume of 0.923 cm

2
/g. The average pore 

diameter was 11.8 nm, which is an average of the mesoporous and microporous pores 

present, Figure 64.  
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Figure 63: Nitrogen adsorption used to calculate the volume of the micropores and 

mesopores for sample Z-CNT-1. 

 

 

Figure 64: Average pore diameter of the Z-CNT-1 sample.  
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Reactions 

 To determine if our hierarchical zeolite changes the diffusion paths which allow 

for more selective cracking of bulky molecules compared to microporous zeolites 

triispropylbenzene (TIPB) was used as a probe molecule. Using HZSM5 with a 

Si/Al=40 the conversion of TIPB quickly drops off, Figure 65. In addition no cracking 

products are observed. This is likely due to the TIPB molecules and resulting products 

from the cracking becoming trapped in the micropores of the zeolite and coking up the 

catalyst due to poor diffusion. Using a HZSM5 with a Si/Al=11resutls in a slower 

deactivation. This is attributed to a few acid sites on the outside of the zeolite crystals 

which can crack the TIPB molecules before entering the pores. Active sites on the 

outside of the zeolite results in better conversion and propylene and benzene are 

observed, Figure 66. However, there is still not enough diffusion as the TIPB and 

resulting products from TIPB cracking become trapped in the zeolite. Thus, the zeolite 

catalyst deactivates from coking.  

 

Figure 65: Conversion and carbon balance for HZSM5 with a Si/Al=40.  
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Figure 66: For HZSM5 with a Si/Al=11 the (a) conversion and carbon balance and 

(b) the selectivity for propylene and benzene. 

 

 The CNT-Zeolite-1 catalyst results in a stable conversion over the time tested 

and in a greater number of products, unlike the HZSM5 zeolites, Figure 67 (a). 

Benzene, cumene, diisopropylbezne, and propylene are all observed from the cracking 

of TIPB, Figure 67 (b). Due to the hierarchical zeolite structure there are more diffusion 

pathways for the TIPB molecules and the resulting products to enter and leave the 

micropores of the zeolite. Molecules can enter and leave from the outside of the zeolite 

nanotubes or can enter and leave from the pores created by the VMWNTs. The 

hierarchical structure created yields greater reaction selectivity and less catalyst 

deactivation than HZSM5.  
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Figure 67: Reactions results for Z-CNT-1 (a) selectivity and (b) conversion and 

carbon balance.  

 

Modification of the Zeolite Catalyst 

 By changing the amount of VMWNTs placed in the solution for zeolite growth 

the nucleation during the growth of the zeolites if changed, Figure 68. The higher the 

amount of VMWNTs in the solution the more surface area the zeolite has to nucleate 

over. With lower VMWNT surface area for the zeolite to nucleate over the zeolite 

grows outwards from the VMWNT forming a block. These differences can possibly be 

used to change the diffusion of molecules to the zeolites. Therefore, the reaction 

selectivity for the cracking of TIPB can be further tuned.  
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Figure 68: SEM images of samples (a & b) Z-CNT-1, (c & d) Z-CNT-2, (e & f) Z-

CNT-3, (g & h) Z-CNT-4.  
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Conclusion 

 A hierarchical zeolite has been created which allows for bulky molecules such 

as triisopropyl benzene to diffuse in and out of the zeolite micropores because of the 

large pores. These large pores are formed by using VMWNTs for the zeolite crystals to 

grow around and then removing the VMWNTs through oxidation leaving a pore 

roughly the size of the VMWNT. With the large pores the hierarchical zeolites allow for 

molecules to diffuse in and out of the micropores, unlike the commercial zeolite with 

only micropores which can trap molecules and results in coking of the catalyst. The 

VMWNTs are grown between layers of mica sheets which allows for VMWNT growth 

in a fluidized bed, which allows for the manufacturing hierarchical zeolites to be scaled 

up. Additionally, the VMWNTs can be grown to different lengths and diameters 

offering further flexibility for tuning pore size which can change the molecules 

diffusion path. The diffusion path of the molecules can also be changed by varying the 

density of zeolite crystals surrounding the VMWNTs. These results in zeolite nanorods 

or a zeolite block with pores the size of the VMWNTs. Therefore, several routes are 

available to further enhance reaction selectivity by modification of the hierarchical 

zeolite which will be explored.   
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Appendix A2: Oxidation of Oil for Enhanced Oil Recovery by Using 

Carbon Nanotubes as Transport Vessels of Hydrogen Peroxide 

 

Introduction 

Large oil field production is eventually stopped many times due to the extraction 

becoming uneconomical even though a significant fraction of oil still remains. Two 

approaches have been taken to enhance oil recovery.
340

 The first is the introduction of 

chemicals into the oil well which has been investigated for several decades.
341

 The 

second approach is the use of nanotechnology to help characterize the reservoir and 

recovery oil.
342,343,344 

An example of this is the use of nanohybrids to modify the 

wettability of the porous media which alters the interaction between the rock and the 

fluids increasing oil recovery.
345,346

 In addition a combination of nanoparticles and 

surfactant was found to decrease the interfacial tension about 70% more than when 

using surfactants alone.
347

  

 The mobility ratio and capillary number are two variables which may have an 

impact on the oil recovery process when using chemicals and particles. The capillary 

number is defined as 𝑁𝑐 =
µ𝜈

𝜎⁄  where 𝜈 is the the Darcy velocity, 𝜈 is the viscosity of 

the mobilizing fluid, typically water, and 𝜎 is the interfacial tension between the oil and 

water. Surfactants have been injected into oil reservoirs to lower the interfacial tension 

and increase the interfacial area which decreases the capillary forces that act on the oil 

inside the pores.
348

 The mobility ratio defined as 𝑀𝑅 =
𝑘𝑤

𝑘𝑜
⁄

µ𝑤
µ𝑜⁄

 and is dependent on the 

relative permeatbility (k) of the porous media toward oil and water, and the viscosity 



184 

(µ) of the oil and the mobilizing fluid, typically water. For the water to displace the oil 

the mobility ratio must be less than one.
349

 To achieve a mobility ratio less than one the 

viscosity of the sweeping fluid can be increased, typically by the addition of 

polymers.
350,351

 Another approach is the creation of oil in water emulsions which can 

improve the mobility of the oil by increasing the sweep efficiently.
352

  

 Due to the drastic impact the interfacial tension can have on oil recovery and the 

need to improve oil recovery new methodologies are required. In this work we use 

carbon nanotubes loaded with hydrogen peroxide and tungsten oxide supported on 

carbon nanotubes to oxidize oil at the oil-water interface. The purpose of oxidation is to 

lower the interfacial tension of the oil by adding oxygen functional groups to the oil. 

Carbon nanotubes are used as a transport vessel due to residing preferentially at the oil-

water interface and having hollow structure which can be filled with hydrogen 

peroxide.
353

 By filling the carbon nanotubes with hydrogen peroxide the hydrogen 

peroxide is transported through the aqueous phase and released at the oil-water interface 

which helps reduce the amount of hydrogen peroxide required. Lastly, carbon 

nanotubes are loaded with hydrogen peroxide and then coated with paraffin wax to keep 

the hydrogen peroxide from leaking out of the carbon nanotubes during transport 

through the aqueous phase.  

 

Experimental Details 

Daniel Santhanaraj performed the reactions, loaded hydrogen peroxide on the 

carbon nanotubes, coated hydrogen peroxide loaded carbon nanotubes with paraffin 

wax, and deposited tungsten oxide on the oxidized carbon nanotubes. 
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MWNTs were donated by SouthWest Nanotechnologies and designated as 

SWeNT MW100. According the manufacturer the MWNTs had an outer diameter of six 

to nine nanometers, three to six walls, and an average length of less than one micron 

according to the manufacturer. Cyclohexene (99%), hydrogen peroxide (50%), 

methanol (99%), paraffin wax with a melting point between 53 and 57 °C, and 

hexadecane (99%) were all purchased from Sigma Aldrich.  

The MWNTs were oxidized to increase their hydrophilicity. Oxidation of the 

MWNTs was performed using nitric acid in a reflux setup for 12 hours. To a round 

bottom flask two grams of carbon nanotubes and 100 mL of six molarity nitric acid 

were added. During reflux the solution temperature in the flask was held at 120°C and 

stirred at 750 rpm. After the reflux step the MWNTs were filtered using a 0.22 µm 

PTFE filter. With the MWNTs on the filter water was passed over the MWNTs to 

remove residual acid. The MWNTs were washed until the pH of the water was neutral.  

Wet impregnation of WO3 on oxidized MWNTs was performed by using 

ammonium metatungstate as the catalyst precursor and water as the solvent to create a 

one weight percent WO3 loading on MWNTs. After impregnation the catalyst was 

calcined to decompose the catalyst precursor to WO3. Calcination of the catalyst was 

performed in a custom built system. WO3/MWNT catalyst was placed in an alumina 

boat which was then loaded into a one inch inner diameter quartz tube. With catalyst 

loaded the quartz tube was placed horizontally in a furnace and connected to the inlet 

and outlet lines. Air was flowed through the quartz tube at 100 sccm during the entire 

calcination procedure. The furnace was ramped to 350 °C at 10 °C/minute and then held 

at 350°C for four hours.  
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 Hydrogen peroxide was loaded inside carbon nanotubes by using incipient 

wetness impregnation. One gram of oxidized MWNTs was placed in a mortar and then 

0.6 mL of 50% hydrogen peroxide was added dropwise while mixing the oxidized 

MWNTs with a pestle. Once completed the MWNTs loaded with hydrogen peroxide 

were used in reaction or stored in a refrigerator was later use. Sealing hydrogen 

peroxide inside of MWNTs with wax was performed after incipient wetness 

impregnation of hydrogen peroxide inside MWNTs. MWNTs loaded with hydrogen 

peroxide were placed in a mortar and then 0.6 mL of paraffin wax added dropwise 

while mixing the MWNTs. After coating the MWNTs loaded with hydrogen peroxide 

with paraffin wax the material was placed in a refrigerator to quickly solidify the molten 

wax.  

 Characterization of the tungsten oxide on the MWNTs was completed by using 

transmission electron microscopy. A JEOL 2000FX transmission electron microscope 

was operated at 200 kV for taking images. The size of the tungsten oxide particles were 

measured by using the program ImageJ from the images taken.  

  

Results and Discussion 

The catalyst tungsten oxide supported on carbon nanotubes had an average 

tungsten oxide particle diameter of 1.8 nm. A representative TEM image can be seen in 

Figure 69. Tungsten oxide is used as an oxidation catalyst by reacting hydrogen 

peroxide and cyclohexene to form the cyclohexene diol, alcohol, epoxide, and ketone.  
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Figure 69: Representative TEM image of WO3/Ox-MWNT catalyst 

 

Tungsten oxide supported on carbon nanotubes reside at the oil-water interface and on 

the addition of hydrogen peroxide results in the oxidation of cyclohexene, Figure 70. By 

loading hydrogen peroxide in carbon nanotubes a conversion of cyclohexene is 

achieved due to the hydrogen peroxide being transported to the oil-water interface 

where the hydrogen peroxide is released. This is further confirmed when looking at the 

percentage of hydrogen peroxide decomposed during the reaction. As can be seen in 

Figure 71 there is a roughly 20% difference in the amount of hydrogen peroxide 

decomposed when carbon nanotubes are used as a transport vessel. By increasing the 

stir speed the reaction selectivity changes and the conversion of cyclohexene drops, 

Figure 70. This may be due to the hydrogen peroxide diffusing at a higher rate into the 

aqueous phase. The increase in stir speeds results in an increase in hydrogen peroxide 



188 

decomposition which may give warrant to the idea that the hydrogen peroxide is 

diffusing faster from the carbon nanotubes and into the aqueous phase, Figure 71.  

 

 

Figure 70: Amounts of oxidation products from cyclohexene oxidation with 

hydrogen peroxide catalyzed with tungsten oxide.  

 

 

Figure 71: Decomposition of hydrogen peroxide after the reaction.  

 

 During oil recovery the carbon nanotubes may have to travel over a great 

distance to reach the oil-water interface. To overcome the problem of hydrogen 
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peroxide leaching out of the carbon nanotubes paraffin wax was used. Hydrogen 

peroxide was loaded into carbon nanotubes and then the carbon nanotubes coated with 

paraffin wax to seal in the hydrogen peroxide. The paraffin wax keeps the hydrogen 

peroxide from diffusing out the of carbon nanotubes and into the water since the 

paraffin wax is insoluble in water. Once the paraffin wax coated carbon nanotubes reach 

the oil-water interface the oil solubilizes the paraffin wax releasing the hydrogen 

peroxide at the oil-water interface. To test the feasibility of this idea we placed the 

carbon nanotubes loaded with hydrogen peroxide with and without a paraffin wax 

coating in the aqueous phase. The aqueous phase with the hydrogen peroxide loaded 

MWNTs was mixed for three hours. After which cyclohexene was added and the 

reaction started.  

 Coating the carbon nanotubes loaded with hydrogen peroxide proved to be 

beneficial in retaining conversion of cyclohexene. As can be seen in Figure 72 there is a 

significantly higher conversion of cyclohexene when the carbon nanotubes containing 

hydrogen peroxide were coated with paraffin wax. This is further confirmed by the 

percent of hydrogen peroxide decomposed. Almost all of the hydrogen peroxide is 

decomposed without a paraffin wax coating and with a paraffin wax coating roughly 

30% of the hydrogen peroxide remains, Figure 73. Therefore, the paraffin wax coating 

of the hydrogen peroxide loaded carbon nanotubes delays the release time of the 

hydrogen peroxide to maximize oxidation of the oil. This can prove important since 

there is a significant distance the hydrogen peroxide loaded carbon nanotubes will have 

to travel through water to reach the oil-water interface in an oil reservoir.  
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Figure 72: Amounts of oxidation products from cyclohexene oxidation with 

hydrogen peroxide catalyzed with tungsten oxide after allowing the catalyst to 

reside at the interface for a period of time.  

 

 

Figure 73: Decomposition of hydrogen peroxide after the reaction for catalyst 

when left to reside at the oil-water interface. 

 

Conclusion 
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 Carbon nanotubes can successfully transport hydrogen peroxide to the oil-water 

interface for catalytic oxidation of the oil. By oxidizing the oil the interfacial tension 

can be lowered which can help with oil recovery. Taking advantage of the porous nature 

of the carbon nanotubes allows for transport of the hydrogen peroxide directly to the 

oil-water interface, reducing the amount of hydrogen peroxide required to lower the 

interfacial tension. To further improve the process carbon nanotubes can be coated with 

a paraffin wax to keep the hydrogen peroxide from leaching out of the carbon nanotubes 

during transportation through the aqueous phase. By providing a protecting barrier more 

oil can be oxidized which can further help reduce the interfacial tension.  
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Appendix A3: Morphology of Polystyrene/Poly(methyl methacrylate) 

Blends: Effects of Carbon Nanotubes Aspect Ratio and Surface 

Modification 

 

 This work was performed with Dr. Brian Grady and Dr. Jiaxi Guo. My 

contribution in this work was measuring the length of the mulit-walled carbon 

nanotubes before and after the polymer blends were made. The goal was to determine 

the breakage of the multi-walled carbon nanotubes when polymer blends were made. 

The length of the multi-walled carbon nanotubes was found to have an impact on the 

properties of the polymer blends. This work was published in the AIChE journal. 

 The citation is: Guo, Jiaxi, et al. "Morphology of polystyrene/poly (methyl 

methacrylate) blends: Effects of carbon nanotubes aspect ratio and surface 

modification." AIChE Journal 61.10 (2015): 3500-3510. 
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Appendix A4: Vertically Aligned Multi-walled Carbon Nanotube 

Growth of Unique Structures and on Different Supports 

The following chapter is growth of vertically aligned multi-walled carbon 

nanotubes on various other substrates and of unique structures formed during the 

growth.   

Mushroom Growth 

Experimental Details 

The substrate for growing vertically aligned multi-walled carbon nanotubes (V-

MWNTs) was a three-inch diameter n-typesilicon wafer with orientation (100). The 

wafer was cut into 21mm x 21mm squares using a diamond scribe. The silicon wafer 

was bath sonicated in first acetone, then methanol and finally isopropanol. The silicon 

wafers where then blown dry with air.  

A solution of aluminum isopropoxide in isopropanol with a concentration of 

0.00489 M was made. 100μL of this solution was deposited with a micropipette onto a 

square 21 mm x 21 mm silicon wafer. The solution was allowed to dry overnight on the 

silicon wafer. The sample was then calcined in an oven at 450°C for two hours. Another 

solution was made by using isopropanol as a solvent with catalyst precursors iron 

nitrate nonahydrate and cobalt nitrate hexahydrate withconcentrations of 0.0111 M and 

0.0028 M, respectively, which yielded a Fe:Co molar ratio of 4:1.  30 μL this solution 

was deposited on the silicon wafer with a micropipette. Again the solution was allowed 

to dry overnight on the silicon wafer. The sample was then calcined again in an oven at 

450°C for two hours. 
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The sample was then placed in a vertical quartz tube reactor. The first step 

consisted of reduction. The reactor was ramped to 560°C in 50 minutes with a flow of 

150 sccm of hydrogen. Then the temperature was held at 560°C for 30 minutes with a 

flow of 150 sccm of hydrogen. Following was a ramp to 760°C in 20 minutes under a 

flow of 300 sccm of nitrogen. The reaction took place at 760°C for 30 minutes under a 

flow of 200 sccm of ethylene. Finally, 300 sccm of nitrogen was flowed for five 

minutes to cool the reactor and remove any harmful gas. The sample was then removed 

from the reactor and had a V-MWNT forest over the entire silicon wafer. 

Results and Discussion 

VMWNTs were found to grow into mushroom structures, Figure 74. These 

structures are believed to be caused by the amount of catalyst solution containing iron 

and cobalt catalyst not being sufficient enough to cover the entire surface of the silicon 

wafer and small islands of catalyst particles were created. The nature of the alumina 

film formed on the silicon wafer surface may play a part in the formation of these 

unique structures. This may be also be due to the catalyst particles sintering as the 

reaction proceeds. Once the particles sinter and become close enough to one another 

then the VMWNTs grow vertically.   
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Figure 74: VMWNTs grown into a mushroom type structure.  

 

During this process other unique and random structures have been observed.  
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Figure 75: VMWNTs grown in random structures.  

 

VMWNTs Grown on Alumina Spheres 

Experimental Details 

 VMWNTs were grown on alumina spheres at 0.3 mm, 0.5 mm, and 1 mm in 

diameter, by following the same produces as in Chapter 7 for growing VMWNTs on 

mica sheets. The only differences alumina spheres are dipped in the catalyst solution 

instead of mica sheets. The same weight is used.  

Results and Discussion 

 SEM images of the VMWNTs grown on alumina spheres can be seen in Figure 

76. 
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Figure 76: SEM images of VMWNTs grown on a variety of different size alumina 

spheres.  

 

Nitrogen doped VMWNTs 

Experimental Details 

Nitrogen doped VMWNTs on mica were grown the same way as in Chapter 7 

except ethylene was replaced with a flow of 0.1 mL/h of acetonitrile. Acetonitrile is 

responsible for incorporation of nitrogen into the VMWNTs. All samples were grown 

with the conditions use to make sample HRRx650D-D.  

Results and Discussion 

 Raman data from of samples made with and without nitrogen doping.  
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Suppression of the G’ at about 2600 cm
-1

 has been shown to be  indicative of nitrogen 

doping.
354 

The D peak at about 1350 cm
-1

 and G peak at about 1580 cm
-1

 do not change 

appreciably only the G’ peak, Figure 77.  

  

Figure 77: Raman data for VMWNTs grown with ethylene as a carbon source and 

with acetonitrile as a carbon and nitrogen source.  

 

SEM and TEM images of the VMWNTs grown with acetonitrile can be seen in 

Figure 78. The effect of nitrogen doping causes the bamboo effect seen in the TEM 

images.
355

 The outer and inner diameters of the VMWNTs grown with acetonitrile were 

13.2 nm and 7.6 nm, respectively. Outer and inner diameters of the VMWNTs grown 

with ethylene diamine were 13.4 nm and 6.8 nm.   
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Figure 78: From left to right and down. SEM image of VMWNTs grown on mica 

and doped with nitrogen. The TEM images in the top right corner and bottom left 

corner are of VMWNTs grown with acetonitrile. The TEM image in the bottom 

right corner is grown with ethylene diamine.  
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Appendix A5: Supporting Information for Chapter 2 

 

Figure 79: TPD profiles for MWNT samples as a function of temperature.  

 

 

Figure 80: Emulsion droplet diameter and interfacial area when toluene is used as 

oil. Axis for emulsion droplet diameter is logarithmic scale to help better see the 

changes in emulsion droplet diameter. Circles are for droplet diameter and 

squares are for interfacial area.    
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Appendix A6: Supporting Information for Chapter 3 

 Supporting information for this chapter can be found on the Langmuir journal 

website where the article was published.  

 

 The publication and supporting information can be found using the citation: 

Briggs, Nicholas M., et al. "Multiwalled Carbon Nanotubes at the Interface of Pickering 

Emulsions." Langmuir 31.48 (2015): 13077-13084. 

 

  



204 

Appendix A7: Supporting Information for Chapter 5 

 

Figure 81: TEM images of catalysts (a) Pd/Ludox (b) Pd/Ludox-50%OTS, (c) 

Pd/Ludox-100%OTS, (d) Pd/CNT, and Pd/o-CNT. 
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Appendix A8: Supporting Information for Chapter 6 

 

Figure 82: TEM image of Pd/Silica catalyst  

 

Figure 83: TEM image of Pd/Silica-OTS catalyst  

 

 Emulsions made with MWNTs and CTAB were made the same way as in 

Chapter 2 using 0.03 wt% of MWNTs with respect to water. The oil to water ratio was 
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kept at one to one. CTAB concentrations are with respect to the water. Decalin was 

used as an oil. The emulsions did not appear to break when varying the CTAB 

concentration. However, the emulsion droplet diameters did change, Figure 84.  

 

 
Figure 84: Dependence of emulsion droplet diameter with CTAB concentration 

when using MWNTs.  

 

 Since the most drastic change in droplet size is seen between CTAB 

concentrations of 50 µM and 175 µM CTAB an equimolar amount of SDS was added to 

samples with 50 µM, 125 µM, and 175 µM of CTAB. The solutions were then 

sonicated and droplet size measured again. After this a equimolar amount of CTAB was 

added and the solutions sonicated and the droplet size measured. As can be seen in 

Figure 85, Figure 86, and Figure 87 the emulsion droplet size initially increases due to 

the CTAB changing the wettability of the MWNTs. Then upon addition of SDS the 

CTAB and SDS form ion pairs and the MWNTs return to their original wettability, 
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indicated by the emulsion droplet size decreasing. Addition of additional CTAB results 

in the emulsion droplet size increasing due to the MWNTs wettability changing once 

again.  

 
Figure 85: Comparison of emulsion droplet size when adding 50 µM CTAB, then 

50 µM SDS, and then 50 µM CTAB again.  
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Figure 86: Comparison of emulsion droplet size when adding 125 µM CTAB, then 

125 µM SDS, and then 125 µM CTAB again. 

 
Figure 87: Comparison of emulsion droplet size when adding 175 µM CTAB, then 

175 µM SDS, and then 175 µM CTAB again. 
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Reactions with Palladium supported on multi-walled carbon nanotubes. 

Reactions were run the same way as in Chapter 5, except CTAB was added. Conversion 

for the oil soluble reactant increases and the water soluble reactant decreases when 

using 10 µM CTAB, Figure 88. However, using a higher amount of CTAB, 125 µM, 

results in a decrease in conversion of the oil and water soluble reactants, but the 

selectivity remains similar to when using 10 µM of CTAB.  

 

 
Figure 88: Reaction with Pd/CNT at different concentrations of CTAB in a 

emulsion.  
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tension each has between oil and water.
42,53

 Several groups have shown phase transfer 

of particles between two phases only occurs when the oil-water interfacial tension is 

significantly low.
148,140,151,356

 Using undecanol the MWNTs initially phase transfer to 

the oil because of their hydrophobicity, but as the concentration of surfactant increases 

the MWNTs being to phase transfer at a CTAB concentration of  µM and appear to 

completely phase transfer at a concentration of 2500 µM, Figure 89. Using decalin as an 

oil the MWNTs are initially in both phases after mixing the phases, but with increasing 

CTAB concentration begin to transfer into the aqueous phase. At the highest CTAB 

concentration tested the a emulsion appears to form.  

 

 

 
Figure 89: 0.03 wt% MWNTs dispersed in aqueous solutions containing various 

amounts of CTAB and then mixed with undecanol. The concentrations of CTAB in 

each vial from left to right is 0 µM, 15 µM, 25 µM, 50 µM, 75 µM, 100 µM, 150 

µM, 200 µM, 250 µM, 2500 µM. In the photo it may appear the middle vials have 

MWNTs entirely in the aqueous phase, but this is due to the quality of the photo. 

Only the vial at the far right do the MWNTs appear to entirely be in the aqueous 

phase.  
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Figure 90: 0.03 wt% MWNTs dispersed in aqueous solutions containing various 

amounts of CTAB and then mixed with decalin. The concentrations of CTAB in 

each vial from left to right is 0 µM, 15 µM, 25 µM, 50 µM, 75 µM, 100 µM, 150 

µM, 200 µM, 250 µM, 2500 µM.  
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Appendix A9: Supporting Information for Chapter 7 

 Supporting information for this chapter can be found on the RSC Advances 

journal website where the article was published.  

 

 The publication and supporting information can be found using the citation: 

Briggs, N. M., and S. P. Crossley. "Rapid growth of vertically aligned multi-walled 

carbon nanotubes on a lamellar support." RSC Advances 5.102 (2015): 83945-83952. 
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Appendix A10: Supporting Information for Chapter 8 

Additional Reaction Data 

For Pd/MWNT 

 

Figure 91: Conversion of furfural for Pd/MWNT 

 

 

Figure 92: Selectivity using Pd/MWNT 
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Figure 93: Mole fraction for Pd/CNT 

 

For catalyst Pd/TiO2/MWNT 

 

Figure 94: Conversion for Pd/TiO2/MWNT 
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Figure 95: Mole fractions for Pd/TiO2/MWNT 

 

Pd and TiO2 separated on MWNTs 

 

Figure 96: Conversion for Pd and TiO2 separated on MWNTs 

 

 

Figure 97: Mole fractions for products of Pd and TiO2 separated on MWNTs 
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Figure 98: Yields for the three different catalysts.  

 

Partial Masking of VMWNTs using Polymers 

A different approach for partially coating VMWNTs is to partially embed 

VMWNTs in a polymer film.
357,358

 With one end of the VMWNTs protected in the 

polymer the exposed end can be functionalized or have catalyst deposited on. After 

functionalizing or depositing catalyst on the exposed end a polymer with different 

solubility than the VMWNTs were initially embedded in can be used to cover the 

exposed end of the VMWNTs. Then the first polymer can be washed away and the 

second polymer left intact. This then allows for the now exposed end of the VMWNTs 

to be functionalized or have a catalyst deposited on. Once the exposed in has been 

treated the second polymer can be removed. The result is a VMWNT with functional 

groups on different ends or catalyst particles. 

We have repeated this approach by using poly(methyl methacrylate) (PMMA) 

with a Mw ~ 120,000 and polyvinylpyrrolidone (PVP) with a Mw ~ 55,000. A silicon 

wafer 21 mm x 21 mm is spin coated with a PMMA solution consisting of PMMA in 
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toluene. The solution is placed on a silicon wafer and spun using a spin coater at 500 

rpm for one minute. Depending on the weight percent of PMMA in toluene the 

thickness of the film will vary, Figure 99. Using a PVP solution consisting of PVP and 

isopropanol and spin coating on silicon wafers at the same speed can be used to make a 

PVP film. The weight percent of PVP in isopropanol can be used to control the PVP 

film thickness. 

 
Figure 99: Dependence of polymer film thickness on a silicon wafer with the 

weight percent of polymer in the solution.   

 

 The VMWNTs are embedded in the polymer by placing the silicon wafer with 

the polymer film on a hot plate and the VMWNTs on the silicon wafer they were grown  

on the polymer. A weight of 500 g is then placed on top of the two sandwiched silicon 

wafers. The hot plate is then set to bring the temperature of the silicon wafers to 160°C. 

After reaching 160°C the temperature is held for 15 minutes. After which the weight is 

removed and the samples allowed to cool. The silicon wafer the VMWNTs are grown 

0

2

4

6

8

10

12

14

16

18

20

0 5 10 15 20 25 30

H
ei

g
h

t 
o

f 
p

o
ly

m
er

 f
il

m
 (

m
ic

ro
n

s)
 

wt% of polymer in solvent 

PVP

PMMA



218 

on is then removed leaving VMWNTs embedded in the polymer film. This can be done 

with either a PMMA or PVP film. A SEM image of the VMWNTs embedded in the 

PMMA film can be seen in Figure 100. 

 

 
Figure 100: VMWNTs partially embedded in a PMMA film.  

 

 Two approaches were used to determine if the VMWNTs are embedded in the 

polymer and how much of the VMWNTs. For the first approach VMWNTs of nine 

microns were embedded in a PMMA film. Then the PMMA film thickness and portion 

of the VMWNTs above the polymer film measured. As can be seen in Figure 101 the a 

PMMA film made from a 10 wt% PMMA solution yields a polymer film thickness of 

1.9 microns and the exposed VMWNTs is 6.3 nm. Indicating the VMWNTs are 

partially embedded in the polymer. Another example can be seen in Figure 102 where 

the PMMA film made from a 15 wt% PMMA solution yields a polymer film thickness 

of 4.0 microns and the portion of VMWNTs exposed is 5.9 microns. These two results 

indicate the VMWNTs are likely partially embedded in the PMMA film.  
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Figure 101: VMWNTs of nine microns in length partially embedded in a PMMA 

film made from a 10 wt% PMMA solution.  

 

 
Figure 102: VMWNTs of nine microns in length partially embedded in a PMMA 

film made from a 10 wt% PMMA solution. 
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 In the second approach after partially embedding the VMWNTs in a PMMA 

film made with a 10 wt% PMMA solution titanium isopropoxide was deposited on top 

of the exposed ends of the VMWNTs. The titanium isopropoxide was then hydrolyzed 

creating titania. Next the PMMA was washed away with toluene. From the resulting 

SEM images the exposed ends of the VMWNTs are embedded in titania, while the 

portion of the VMWNTs embedded in polymer are free of a titania coating. Thus, 

indicating the VMWNTs is partially being embedded in the polymer, Figure 103.  

 

Figure 103: VMWNTs partially coated with titania.  

 

If a barrier is desired to be created between the two ends of where catalyst or 

functional groups are on the VMWNTs then a second polymer can be used. After spin 

coating the first polymer, in this case PMMA, a second polymer PVP can be spin coated 

on top, Figure 104. This creates a two polymer films on top of one another and each 

with different solubility. A barrier between the two ends of the VMWNTs may be 
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desirable if catalyst sintering becomes a problem and the different catalysts at opposite 

ends of the VMWNTs need to be kept from coming in contact. VMWNTs can be 

partially embedded through both polymer films using the same approach as with a 

single polymer film.   

 

Figure 104: PVP film on top of a PMMA film.  
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