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Abstract   

  

Buckypaper (BP) is a macroscopic aggregate of carbon nanotubes. More specifically, it is an 

easy-to-handle thin film formed from carbon nanotube networks. Buckypaper contains valuable 

high mechanical strength, electrical, and thermal conductivity due to their nanoscale dimension 

and unique structural network. Application examples of buckypaper include for fire and lightning 

protection, aerospace structures, armor plating, artificial muscles, miniaturization of electrical 

connections, and etc. The current batch-production method has its own associated limitations and 

problems, including long process time, cost effectiveness, as well as spilling and improper 

sonication operation.   
  

This research will focus on the analysis of sonication time, examining an effective filtration 

model that will produce buckypaper at effective rates, and the effect of oven drying on the 

buckypaper, without sacrificing its conducive, electric, and strength properties. The technical 

approach used in this work is to study the effect of varying the sonication process time on the 

quality and properties of the resultant buckypaper samples. During this experiment, buckypaper 

was created using high, medium, and low sonication times, as well as samples were placed in the 

oven and compared to those that were not.  
  

The study proves that lower sonication time does not prove to be ideal in the maintaining the 

properties of the buckypaper. The resultant buckypaper did not yield good results due to the 

tendency of carbon nanotubes to agglomerate with short sonication dispersion time. 

Additionally, samples that were not placed in the oven after water and methanol baths still 

proved to have large amounts of surfactant left over, affecting the density and properties of the 

buckypaper. Poor dispersion and high residual surfactant lead to a decrease in functional 

properties such as mechanical, electrical, and thermodynamic of the buckypaper. Further 

investigation into applying those batch-production parameters to the continuous manufacturing 

process is necessary.   
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1 INTRODUCTION  

Carbon nanotubes (CNTs) are essentially cylindrical tubes composed of carbon that is 

1/50,000th the dimension of one strand of human hair. These cylindrical structures have lengths 

ranging from 1 micron to a few millimeters, and are composed of diameters within the nanometer 

scale. The most distinguishable types of carbon nanotubes include the single-walled carbon 

nanotubes (SWCNT) and the multi-walled carbon nanotubes (MWCNT). SWCNTs consist of a 

single graphene layer rolled up into a cylinder. MWCNTs, on the other hand, consist of two or 

more concentric cylindrical shells of graphene sheets arranged around a central hollow core held 

together by van der Waals forces between adjacent layers. Figure 2.1 show structures of single-

walled carbon nanotubes and multi-walled carbon nanotubes.   

  

   

Figure 2.1: Structures of SWNT and MWNT  

Buckypaper is a macroscopic aggregate of carbon nanotubes, as seen in Figure 2.2. More 

specifically, it is an easy-to-handle film formed using carbon nanotubes. Composed of single or 
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carbon nanofibers that undergo a repeatable and scalable manufacturing process, buckypaper can 

be measured to be as thin as approximately 25 microns, with a lightweight areal density of 

0.0705 oz/ft2. Buckypaper contains valuable high mechanical strength, electrical, and thermal 

conductivity due to their nanoscale dimension and unique structural network. Some of the 

applications of buckypaper include for fire and lightning protection, aerospace structures, armor 

plating, artificial muscles, miniaturization of electrical connections, and etc. For instance, 

buckypaper can be combined with an aircraft as a layer on top of the skin for both lightning 

protection and electromagnetic interference shielding as demonstrated in Figure 2.3.   

  

Figure 2.2: Researcher holding sample of Buckypaper (HPMI)  

 

 

Figure 2.3 Aerospace structured with Buckypaper showcasing lightning protection (HPMI) 
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The High-Performance Materials Institute (HPMI) began a comprehensive research 

program to fabricate and investigate the properties of buckpaper and applications in composites. 

Upon starting in 2000, the researchers at HPMI begun creating buckypaper of greater quality and 

at a much more rapid rate in larger size, up to where a continuous manufacturing process was 

developed. With larger quantities of buckypaper being manufactured, the production costs 

decreased exponentially and increased the amount of buckypaper samples that can be observed, 

thus advancing further the research for the nanomaterial’s application in everyday life. Figure 2.4 

shows a long buckypaper trip produced by the early continuous process developed at HPMI.    

  

Figure 2.4: Continuous manufactured buckypaper at HPMI  

The HPMI’s extensive research has been conducted on batch production of buckypaper, 

but the resultant BP size was restricted by sealed chamber manufacturing equipment. Recently, a 

continuous method of continuous fabrication of BP was developed at HPMI. In this research, a 

comprehensive study on the impact of varying the processing parameters of BP continuous 

manufacturing process has been carried out. Additionally, demonstration of consistent quality 
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and major properties of continuous Buckypaper (CBP) was conducted to prove the potential of 

CBP for industrial applications.  

2 PROBLEM STATEMENT AND RESEARCH OBJECTIVES  

2.0.1 Problem Statement  

Two main processes are involved in buckypaper fabrication: dispersing nanoparticles into 

an aqueous solvent and filtration. This can also be simply described as the production of 

suspension, and filtration of the suspension to form a membrane or buckypaper. To improve and 

increase the properties of buckypaper, filtration can be completed under a magnetic field to 

arrange in a line the singular nanotubes for even higher conductivity along the alignment 

direction. The main focus during buckypaper production comprises, but is not limited to, the 

following aspects: nanotube quality, suspension quality, suspension concentration, filtering 

methods, drying process and supplemental filtering procedures such as magnetic alignment. For 

the purpose of this study, a focus on the dispersion and filtration processes as well as the 

posttreatment of produced buckypaper will be conducted.  

  Under the batch-process method, while it may have a multitude of advantages, does 

present some hindrances such as a small sample size, an elevated price, and extensive 

production/filtration time that inhibits latent commercialization application. The filtration 

procedure of buckypaper normally takes a couple of hours, which is a slow method. Filtration 

generates many disadvantages to the total development costs. Filtration materials include 

chemicals required for dispersion, disposable filter membranes, and the filtration apparatus and 
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sonicator. Figure 2.5 shows the flow chart of the current buckypaper bath-production process. 

Collectively, multiple variables of these materials and equipment as well as operation parameters 

create issues for manufacture productivity, quality, property, and expenses. New approaches for 

fast and low-cost production of buckypaper materials are extremely anticipated.  

  

Figure 2.5 Buckpaper filtration process flow chart  

  The aforementioned batch-method production system integrates one operator quantifying 

the carbon nanotubes and the Triton X-100 (surfactant), crushing the nanotubes, and then 

commencing the sonication process, which then lasts for approximately two hours for one batch 

production. Some of the problems that arise often with batch production include overheating 

with small volumes of suspension, as well as spattering and inadequate sonication operation. 

These three problems have a great impact on the quality of the suspension. For instance, if the 
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suspension is placed in a 250 mL beaker to be sonicated for 15 minutes with the sonication tip 

too close to the beaker, the nanoparticles will scorch and therefore, stick to the tip. Machine 

preservation is therefore required in order for the suspension to be created appropriately in the 

future. Another common incidence is spattering. During maximum fabrication in HPMI’s 

research laboratory, up to 160 liters are manufactured daily—with 12 separate transfers in each 2 

liters of production, which would calculate to be 960 pours a day.  

The current system being utilized obviously leaves too much room for variability.   

  The main situations that this study will focus on in manipulating the sonication process 

time for the suspension to analyze the process and filtration flow rate of the suspension to the 

membrane, as well as the impact of drying time on the sample. By varying the sonication time 

for the suspension, parameters such as viscosity, permeability, conductivity, strength, flow rate 

for filtration, and the thickness of the sample will be observed for any significant changes in the 

process. By modifying the drying time for the sample, conductivity, strength, flow rate for 

filtration, and the thickness of the sample will be observed for any significant changes in the 

process. For the filtration process, the flow rate of the suspension is exponentially increasing in 

the beginning of the filtration process and as the suspension goes through the wet caking process 

(layering and slowing flow rate), then the thickness seems to slow down as time progresses, 

leaving a slow filtration rate. We would like  to maintain the flow rate at a high rate by 

concentrating on one of the independent variables that composes a buckpaper batch sample, of 

which being the sonication time of the suspension of MWCNTs. Similarly, we want to reduce 
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the amount of time being used in the batch-process, while maintaining the quality and 

performance of the buckypaper.  

2.0.2 Research Objectives  

  The objective of this research is to setup and test multiple MWNT samples of buckypaper 

made using the batch method by altering the sonication time for a various set of samples. This 

new approach to the sonication time will potentially decrease the manufacturing cost by finding 

the most effective sonication time that will provide a suitable viscosity and permeability for the 

suspension to filter at the highest flow rate without sacrificing quality or parameter of the 

sample. By studying this process, cost to run the batch-method process and time to sonicate and 

filter will potentially be reduced while still maintaining the quality of the samples. These 

findings will be beneficial to reducing the cost of the batch-process, all the while providing data 

that can be observed for future study with the continuous manufacturing process method. The 

quality of the resultant buckypaper samples for each sonication time will be tested and analyzed, 

including electrical conductivity, permeability, flow rate during filtration, mechanical testing of 

tensile strength, thermal conductivity, Young’s modulus, time taken to sonicate, and cost for 

each sample’s production. Additionally, to reduce the amount of time in the manufacturing 

process, half of the samples will go through the normal bath and drying process, while the other 

half will go through the normal bath and only air dry. The reason behind this is to prove whether 

or not the methanol bath removes excess surfactant remaining after filtration and if the oven is a 

necessary procedure in the buckypaper manufacturing process.      

 The detail goals include:  
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● Produce 15 Samples Formed Using Varying Sonication Times   

● Produce 15 Samples Placed in the Oven and 15 Samples Not Placed in the Oven  

● Produce A Comparable Sample (Control Variable) To Compare Samples of Varying  

Sonication Times To  

● Measuring the Output, Determine The Flow Rate For Filtration Of Each Sample  

● Compose a Linear Relationship Between Time And Thickness Of Buckypaper Sample  

● Determine The Most Effective Filtration Rate Using The Best Sonication Time  

● Determine The Cost/Quality Of Buckypaper Produced And Manufacturing Process  

● Obtain Training In SEM, TGA, Probe, And DMA Machinery  

● Determine The Quality Of Each Sample Of Buckypaper Utilizing The SEM, TGA,  

Probe, And DMA.   

● Determine Permeability, Viscosity, And Flow Rate, Among Other Parameters For Each  

Sample   

3 LITERATURE REVIEW  

  There are several different methods of filtration processes: all of which aim to attain the 

separation of substances. Two methods of filtration that will be focused upon are:  

nanofiltration and wet caking filtration. 
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3.0.1 Nanofiltration  

  Nanofiltration is a relatively recent membrane filtration process used most often with low 

total dissolved solids water such as surface water and fresh groundwater, with the purpose of 

softening and removal of disinfection by-product precursors such as natural organic matter and 

synthetic organic matter. Nanofiltration is becoming commonly used in food processing 

applications such as dairy, for simultaneous concentration and partial demineralization.   

  Nanofiltration is a membrane filtration based method that uses nanometer sized 

cylindrical through-pores that pass through the membrane at a 90°. Nanofiltration membranes 

have pore sizes from 1-10 nanometers, smaller than that used in microfiltration and 

ultrafiltration, but just larger than that in reverse osmosis (Belfort). Membranes used are 

predominantly created from polymer thin films. Materials that are commonly used include 

polyethylene terephthalate or metals such as aluminum. Pore dimensions are controlled by pH, 

temperature, and time during development with pore densities ranging from 1 to 106 pores per 

cm2. Historically, nanofiltration and other membrane technology used for molecular separation 

were applied entirely on aqueous systems. The original uses for nanofiltration were water 

treatment and in particular water softening. Nanofilters can “soften” water by retaining scale-

forming, hydrated divalent ions while passing smaller hydrated monovalent ions.  

  One of the main advantages and reasons for why nanofiltration is considered a prime 

method of softening water is that during the process of retaining calcium and magnesium ions 

while passing smaller hydrated monovalent ions is performed without adding extra sodium ions, 
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as used in ion exchangers. Many separation processes that do not operate at room temperature 

(such as distillation), which largely increases the cost of the process when continuous heating or 

cooling is applied. Performing gentle molecular separation is linked with nanofiltration that is 

often not included with other forms of separation processes (centrifugation). These are two of the 

main benefits that are associated with nanofiltration. A main disadvantage associated with 

nanotechnology, as with all membrane filter technology, is the cost and maintenance of the 

membranes used. Nanofiltration membranes are an expensive part of the process. Repairs and 

replacement of membranes is dependent on total dissolved solids, flow rate, and components of 

the feed. With nanofiltration being used across various industries, only an estimation of 

replacement frequency can be used. This causes nanofilters to be replaced a short time before or 

after their prime usage is complete.  

3.0.2 Wet Caking Filtration  

  Cake filtration consists of the accumulated particles or macromolecules that form a 

fouling layer on the membrane surface, in Ultrafiltration this is also known as a gel layer. 

Intermediate blocking is when macromolecules deposit into pores or onto already blocked pores, 

contributing to cake formation.  

  Oversize particles may form a cake layer on top of the filter and may also block the filter 

lattice, preventing the fluid phase from crossing the filter (blinding). Commercially, the term 

filter is applied to membranes where the separation lattice is so thin that the surface becomes the 

main zone of particle separation, even though these products might be described as sieves. 
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    Certain filter aids may be used to aid filtration. These are often incompressible 

diatomaceous earth, or kieselguhr, which is composed primarily of silica. Also used are wood 

cellulose and other inert porous solids such as the cheaper and safer perlite. These filter aids can 

be used in two different ways. They can be used as a precoat before the slurry is filtered. This 

will prevent gelatinous-type solids from plugging the filter medium and give a clearer filtrate. 

They can also be added to the slurry before filtration. This increases the porosity of the cake and 

reduces resistance of the cake during filtration. In a rotary filter, the filter aid may be applied as a 

precoat; subsequently, thin slices of this layer are sliced off with the cake. The use of filter aids is 

usually limited to cases where the cake is discarded or where the precipitate can be chemically 

separated from the filter.  

  Filtration is a more efficient method for the separation of mixtures than decantation, but 

is much more time consuming. If very small amounts of solution are involved, most of the 

solution may be soaked up by the filter medium. An alternative to filtration is centrifugation — 

instead of filtering the mixture of solid and liquid particles, the mixture is centrifuged to force the 

(usually) denser solid to the bottom, where it often forms a firm cake. The liquid above can then 

be decanted. This method is especially useful for separating solids, which do not filter well, such 

as gelatinous or fine particles. These solids can clog or pass through the filter, respectively. 

Cleaning of the membrane is done regularly to prevent the accumulation of foulants and reverse 

the degrading effects of fouling on permeability and selectivity. Regular backwashing is often 

conducted every 10 min for some processes to remove cake layers formed on the membrane 

surface. 
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  Filtration process of buckypaper creation is a wet-case filtration case: 1) filtrate pore size 

0.4 microns and 2) formation of wet cake is due to form the CNT networks during filtration, as 

seen in Figure 2.6. Included in this paper will be a study of the effects of the wet cake process 

towards finding the most optimal point at which the flow rate is highest for filtration.   

 

Figure 2.6: Wet caking filtration process 

With the production of Buckypaper, there consist two main processes for manufacturing  

samples: batch-method and continuous-method production.  

3.0.3 Batch Method  

  Batch method production is the manufacture of different versions of the same basic 

product in batches; in our case, samples of buckypaper are made using the batch method. Some 

of the advantages of the batch method include:  Batch production can be useful for small 

businesses that do not have enough capital to run continuous production lines of buckypaper. It 

also helps companies avoid large amounts of waste. Production is not continuous. Changeover 

between batches means that resources are idle at times such as membranes, machinery, etc. 

Consequently, production managers of buckypaper have to plan production schedules to 
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minimize changeovers. The machinery employed will be specialized for production of the 

buckypaper, but yet flexible enough for different batches.  

  Producing buckypaper in batches is inefficient because of the downtime associated with 

the process. Manufacturers of buckypaper usually have to shut down machines and reconfigure 

them for each new batch they produce. They also have to be retest machines to ensure their 

output is on target for the products being made. The downtime between batch runs can be 

lengthy if the production process is complicated or involves several machines. Lastly, the 

chemicals required for dispersion and the time required required for sonication and filtration are 

quite extensive.   

The filtration method is a batch style method that uses carbon nanotubes that have been 

sonicated in a solvent to achieve even dispersion, injects this pressurized CNT/surfactant/solvent 

solution through a nylon membrane for filtration. The suspension is filtered through the 

membrane and the residual carbon nanotube forms a buckypaper thin film sample. This method 

is optimal in creating thin sheets with high electrical properties due to good dispersion of CNTs 

and filtration to dense packing of CNTs. In addition to the high cost and long processing time, 

another problem that occurs is during the separation of buckypaper and membrane peeling phase. 

Since the buckypaper sample is very thin (5-10 microns) and does not simply detach from the 

nylon membrane, a series of manual removal steps must occur. Figure 2.7 shows a fractured 

buckypaper from the peeling process. The operator must perform a manual process of peeling the 

buckypaper sample from the membrane. This process is tedious, delicate, can introduce defects 

due to user error, and slows down the entire production process.  
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Figure 2.7: A sheet of buckypaper fractured while separating from the filtration membrane  

3.0.4 Continuous Method  

  An assembly line, or production line, allows manufacturers to produce large quantities of 

buckypaper quickly and efficiently. Recently, HPMI developed their own continuous 

manufacturing process of buckypaper as shown in Figure 2.8. Each machine performs a specific 

task to build a portion of a buckypaper as it moves down a production line until it is complete. 

Assembly line production often works in favor of economies of scale, which refers to the 

reduction in the average cost to make a product due to an increase in its production. For example, 

manufacturers may receive discounts on materials needed to make a product when they buy 

those materials in large quantities for big production runs.  

  It can be difficult to control waste and financial losses in assembly line production of 

buckypaper. Buckypaper production lines often include expensive assembly machines that are 

only economical for manufacturers to use at high outputs. However, large production runs 

increase the chances for manufacturing mistakes that produce defective products a manufacturer 
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cannot sell. Big production outputs also may leave manufacturers stuck with a large number of 

products that cannot be sold/used due to a drop in consumer demand.  

  

Figure 2.8: Continuous sample of buckypaper  

  In order to prevent the multi-walled carbon nanotubes from agglomerating during the 

process of producing buckypaper, sonication is included in the manufacturing process to disperse 

the MWNTS and to prevent the van der Waals forces from causing the CNTs from 

agglomerating once again.   

3.0.5 Sonication   

  Sonication is the act of applying sound energy to agitate particles in a sample for various 

purposes. Sonication can be used for the production of nanoparticles, such as nanoemulsions, 

nanocrystals, liposomes and wax emulsions, as well as for wastewater purification, degassing, 

extraction of plant oil, extraction of anthocyanins and antioxidants, production of biofuels, crude 

oil desulphurization, cell disruption, polymer and epoxy processing, adhesive thinning, and many 

other processes. Sonication can be used to remove dissolved gases from liquids (degassing) by 

sonicating the liquid while it is under a vacuum, as seen in Figure 2.9. Sonication is commonly 
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used in nanotechnology for evenly dispersing nanoparticles in liquids. Sonication can also be 

used to initiate crystallization processes and even control polymorphic crystallizations. It is used 

to intervene in anti-solvent precipitations (crystallization) to aid mixing and isolate small 

crystals. Sonication is also the mechanism used in ultrasonic cleaning—loosening particles 

adhering to surfaces. During sonication process, the parameters include: the tip size of the 

sonicator, whether it is an aqueous sample or solvent, the shape and size of the vessel, the 

amplitude and intensity, the temperature, and the amount of energy and power exerted during the 

process.   

 

Figure 2.9 Sonicator (HPMI)  
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4 TECHNICAL APPROACH  

4.0.1 Parameter Selection   

  The objective of this research is to study an improved method of CNT dispersion and 

manufacturing drying process modification in order to more efficiently create buckypaper. The 

parameter selection is an important part of this research because it is the initial stage of 

experimentation. To create a buckypaper sample, it is necessary to start at CNT dispersion. The 

parameters are broken down into nine types based on the method of dispersion via sonication and 

drying. The three techniques researched are dispersing dry carbon nanotubes powders in high 

(long sonication time, medium sonication time, and low (short) sonication time. Prior to this 

procedure, it is important to understand that the amplitude, idle time, and running time of the 

sonicator remained constant. Following this, half of the samples made were placed in the oven to 

dry, while the other half air-dried only. Prior to this procedure, it is important to understand that 

the buckypaper is placed in the oven for 4 hours at 280 °C. The following discussion is to 

identify the parameters selected in order to perform the dispersion and drying techniques.  

4.0.2 Sonication Dispersion  

 Before applying to the sonicator, the nanotube agglomerates must be broken down into smaller 

pieces. Using the hot plate and medium stir, the covered nanotube, DI water, and Trident X-100 

mixture is stirred at 600 RPMs for 10 minutes. Again, this step is to break down any large bundles 

that may slow down the sonication process. Once the 10-minute stir is complete, the mixture can 

be transferred to the sonication stage. The surfactant, water, and CNT solution is sonicated using 
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a 3/4” Qsonica Solid Tip Sonicator Model 334. For each of the following processes, there consists 

of a 30 second pulse on time and 10-second pulse off time to prevent damage to the nanotubes.   

The High sonication process is applied in four phases:  

1. 100% Amplitude for 12 minutes   

2. 75% Amplitude for 10 minutes  

3. 50% Amplitude for 8 minutes  

4. 25% Amplitude for 6 minutes  

The Medium sonication process is applied in four phases:  

1. 100% Amplitude for 10 minutes   

2. 75% Amplitude for 8 minutes  

3. 50% Amplitude for 6 minutes  

4. 25% Amplitude for 4 minutes  

The Low sonication process is applied in four phases:  

1. 100% Amplitude for 8 minutes   

2. 75% Amplitude for 6 minutes  

3. 50% Amplitude for 4 minutes  

4. 25% Amplitude for 2 minutes  

The change in amplitude, time, and heat is due to the nature of sonication. Sonication uses 

sound vibrations at a high frequency. This, in turn, produces heat within the mixture. It is crucial 

to not allow the mixture to get above 40C due to potential damage to the suspension. Overall, that 
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would lead to variability in a comparative analysis, which is undesirable. Once the sonication 

process is complete, it is transported to the filtration phase.      

4.0.3 Filtration Method  

  The filtration method is a batch production style method that uses CNTs that have been 

sonicated in a solvent to achieve even dispersion, injects this pressurized CNT/surfactant/solvent 

solution through a polycarbonate membrane for filtration. This method is optimal in creating thin 

sheets with high electrical properties due to good dispersion of CNTs and filtration to densely pack 

the CNTs. In addition to the high cost and long processing time, another problem that occurs is 

during the separation of buckypaper and membrane peeling phase. Since the buckypaper sample 

is very thin (5-10 µm) and does not simply detach from the polycarbonate membrane, a series of 

manual removal steps must occur.   

Before applying the CNT suspension to filtration, a polycarbonate membrane, 0.4 µm thick, 

and a backing, 44 µm thick, must be cut to a circle with diameter 11.5” and set up on the in the 

filtration unit accordingly. Deionized water is used to soak the membrane, as seen in Figure 3.0.  

     

 Figure 3.0 Soaked Membrane and Backing on Filtration Unit  
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Once afterwards, the pressure vessel is filled with 10L of DI water and set in an ice bath to 

cool. If no large particles of carbon nanotubes are in the suspension, the suspension is then poured 

into the pressure vessel and filled with air to 60 PSI, as seen in Figure 3.1. For each of the 15 

samples, 5 for high, medium, and low sonication each, the output tube for filtration was placed in 

a 2000 mL beaker. A timer was included in this process to measure the output during filtration 

every minute. To begin filtration, the filter valve is open slowly to allow the flow rate to reach a 

constant state prior to increasing pressure after 2 minutes, as seen in Figure 3.2. For the full duration 

of filtration, the output volume was recorded as shown in the process in Figure 3.3.When foaming 

occurs, filtration time was stopped and the membrane and backing was removed from the filter.   

                                            

Figure 3.1 Suspension being poured in vessel           Figure 3.2 Filter valve being opened   
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Figure 3.3 Complete experimental setup (a), (b) and (c) collection of residual solution after  

filtration  

Once each sample was removed of its membrane, they were placed in baths to remove any 

excess surfactant. Each sample was placed in a DI water bath for  4 hours, followed by a 

Methanol bath for  4 hours, followed by another DI water bath for  4 hours.  

4.0.4 Oven Drying  

 After washing has been completed, an air-dry stage follows. The samples are placed between paper 

towel sheets with a weight on top for a natural drying process overnight, as seen in Figure 3.3.   
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Figure 3.3 Air Drying Process for Buckypaper  

Half of the samples were left only to air dry overnight. The other half of the samples 

continued into the final procedure of vacuum oven drying. The vacuum oven is set to 280° C, and 

the samples are layered on top of one another, with porous Teflon separating them in between, 

while the pump is turned on and so is the vacuum. These samples are left in the oven for 4 hours, 

as seen in Figure 3.4. 

  

 Figure 3.4 Vacuum Oven Drying Process for Buckypaper  
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5 CHARACTERIZATION SETUPS   

TGA measurements were performed using a TA instruments Q50 thermogravimetric 

analyzer. The sample was heated to 800˚C with a 10˚C/min ramp in an Oxygen atmosphere. The 

mass of the sample is recorded over time as chemical species evaporate or sublimate.   

Mechanical property tests were conducted using the DMA Q800 machine (TA Instruments 

Inc.) using the film mode with a constant frequency of 1 Hz at room temperature. Specimen gauge 

length for testing was controlled at approximately 19 mm. Tensile properties were estimated from 

the stress-strain curves with preloaded force of 0.01 N and force ramp of 1 N/min.  

The electrical conductivity was measured using the four-probe method. A 4-probe 

resistivity tester and a nano-voltmeter were used to measure voltage changes and resistivity, while 

a DC/AC current source was used to supply current to the samples.  

6 PROBLEMS ENCOUNTERED  

  While performing this research in the experiment stage, several obstacles were  

uncovered. In the beginning process of sonication of the high sonication samples, failed samples 

were made as they were either sonicated without pulse-off time in each phase, or did not transition 

into the next stage automatically, leaving a wait time in between.   

In the filtration process, the first sample was created with an incorrect amount of DI water 

being poured into the pressure vessel, leaving a very long filtration time to occur.  

Similarly, in the process of measuring the output, changing from one beaker to another to keep the 

measurements as precise as possible did lead to some spillage from the output tube. If the 
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membrane and backing were not tightened correctly, this led to some samples spilling out 

immediately when the filter valve was opened, or the output not resulting in an almost clear liquid 

as seen in Figure 3.5. 

                    

Figure 3.5 (a) Filtration process halted for leak in one of the bolts and (b) collection of residual  

solution after resulting filtration  

  

When the samples were placed in the oven, some of the Teflon pieces got stuck to the 

buckypaper, making it difficult to remove and some tears in the buckypaper. Additionally, some 

of the buckypaper folded onto itself while baking, which resulted in a difficult removal process 

without damaging the samples.   

When running the TGA, the medium sonication, no oven sample had three instances of 

situations occur: someone terminated the first run; the computer had been restarted while a run was 
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processing, and the file corrupted. Since the samples are so thin, it was difficult to carefully put 

them in place for testing on the DMA without any rips or tears occurring prior to the tensile testing. 

The scanning electron microscope (SEM) was not functioning throughout the entire duration of 

my defense, and as such, no SEM images were included in this defense.   

7 RESULTS AND DISCUSSIONS  

7.0.1 Thermogravimetric Analyzer (TGA) Analysis   

Thermogravimetric analyzer (TGA) allows the user to identify the mass percentage of 

weight in a sample through burning. Samples of both oven drying and sonicated dispersion were 

burned and quantified using TGA outputs as shown in Figures 3.5-3.10. Each figure hosts two 

plots with respect to time, the percentage weight in green and the derivative of percentage weight 

loss in blue. The derivative graph allows the user to identify individual instances of mass reduction 

by heat necessary to burn off.   

A sample of high sonication, no oven can be identified in Figure 3.5. The figure hosts two 

areas of local maximums on the derivative graph. Reading from left to right on the graph, these 

two areas have the peaks at 352.94°C and 673.50°C. The first 10.2% weight loss before 126C is 

mainly due to vapor residual water molecules. Knowing that Trident X-100 has a boiling point of 

270°C, it can be assumed that the first peak is the surfactant burning away. The bulk is the primary 

top layer of the surfactant on the CNT network. When looking at the end of this cycle, it can be 

seen that the bulk mass of surfactant in the high sonication, no oven sample is a little less than 32% 

of the buckypaper’s total mass. The final and largest local maximum occurs at 673.50°C, knowing 
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this is the CNTs that remain after all the surfactant is burned away. In this high sonication, no oven 

sample, the CNT network accounts for 64% of the buckypaper’s total weight. At 747.55°C, the 

percent weight increases. This is due to oxidation of the catalyst involved in producing the CNTs, 

creating rust.   

  

Figure 3.5 High Sonication, No Oven Sample  

Similarly, to the high sonication, no oven sample, the high sonication, oven sample, in 

Figure 3.6, reacts in the same manner. However, there are three local maximums, reading from left 

to right are 362.05°C, and 624.74°C, and 651.77°C respectively. We disregard the first local 

maximum of 27.05°C due to it being a result of noise in the beginning process of the TGA running. 

The first local max at 362.05°C is as well the Trident X-100, which accounts for now less than 6% 

of the total mass. The second local max occurring at 624.74°C is due to surfactant between 
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nanotubes. This portion of surfactant accounts for 17.16% of the buckypaper’s total weight. The 

final and absolute maximum on the derivative graph occurs at 651.77°C, this is the  

CNT network. The CNT network in the sonicated sample accounts for 74.68% of its total mass. 

Similarly to the sample in Figure 3.5, the percentage weight increases after the CNTs burn off, this 

is the oxidation of the ferrous metal catalyst. This sonicated sample is preferred because total 

surfactant removal is the most optimal.   

  

Figure 3.6 High Sonication, Oven Sample  

A sample of medium sonication, no oven can be identified in Figure 3.7. The figure hosts 

two areas of local maximums on the derivative graph. Reading from left to right on the graph, these 

two areas have the peaks at 361.27°Cand 671.17°C. Knowing that Trident X-100 has a boiling 

point of 270°C, it can be assumed that the first peak is the surfactant burning away. The bulk is the 

primary top layer of the surfactant on the CNT network. When looking at the end of this cycle, it 
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can be seen that the bulk mass of surfactant in the medium sonication, no oven sample is 28% of 

the buckypaper’s total mass. The final and largest local maximum occurs at 671.17°C, knowing 

this is the CNTs that remain after all the surfactant is burned away. In this medium sonication, no 

oven sample, the CNT network accounts for 60.82% of the buckypaper’s total weight. At 

730.21°C, the percent weight increases. This is due to oxidation of the catalyst involved in 

producing the CNTs, creating rust.   

  

Figure 3.7 Medium Sonication, No Oven Sample  

Corresponding to the medium sonication, no oven sample, the medium sonication, oven 

sample, in Figure 3.8, reacts in the same manner. There are two local maximums, reading from left 

to right are at 108.50°C and 670.53°C, respectively. The first local max at 108.50°C is as well the 

surfactant, which accounts for less than 3% of the total mass. The final and absolute maximum on 

the derivative graph occurs at 670.53°C, this is the CNT network. The CNT network in the 
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sonicated sample accounts for 79% of its total mass. Similarly to the sample in Figure 3.7, the 

percentage weight increases after the CNTs burn off, this is the oxidation of the ferrous metal 

catalyst. This sonicated sample is preferred because total paraffin removal is the most optimal.   

  

Figure 3.8 Medium Sonication, Oven Sample  

A sample of low sonication, no oven can be identified in Figure 3.9. The figure hosts four 

areas of local maximums on the derivative graph. Reading from left to right on the graph, these 

four areas have the peaks at 112.39°C, 357.01°C, 652.90°C, and 662.90°C. The first peak is partly 

due to any excess water particles remaining, as the boiling point for water is 100°C, it is assumed 

to have burned off then. The water in the sample makes up less than 8% of the sample’s total 

weight. Knowing that Trident X-100 has a boiling point of 270°C, it can be assumed that the second 

peak is the surfactant burning away. The bulk is the primary top layer of the surfactant on the CNT 

network. When looking at the end of this cycle, it can be seen that the bulk mass of surfactant in 
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the high sonication, no oven sample is a little less than 31% of the buckypaper’s total mass. The 

penultimate largest and local maximum occurs at 652.90°C, which is due to surfactant between 

nanotubes. This surfactant in between the nanotubes accounts for less than 12% of the total weight 

of the sample. The final local maximum occurs at 662.90°C, knowing this is the CNTs that remain 

after all the surfactant is burned away. In this low sonication, no oven sample, the CNT network 

accounts for 56.4% of the buckypaper’s total weight. At 693.94°C, the percent weight increases. 

This is due to oxidation of the catalyst involved in producing the CNTs, creating rust.   

  

Figure 3.9 Low Sonication, No Oven Sample  

Equal to the low sonication, no oven sample, the low sonication, oven sample, in Figure 

3.10, reacts in the same manner, except it does not have a significant local max in the beginning 

representing water remaining in the sample. There are two local maximums, reading from left to 

right are at 367.63°C and 633.85°C, respectively. The first local max at 367.63°C is as well the 

surfactant, which accounts for less than 7% of the total mass. The final and absolute maximum on 
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the derivative graph occurs at 633.85°C, this is the CNT network. The CNT network in the 

sonicated sample accounts for 78.23% of its total mass. Similarly to the sample in Figure 3.9, the 

percentage weight increases after the CNTs burn off, this is the oxidation of the ferrous metal 

catalyst. This sonicated sample is preferred because total paraffin removal is the most optimal.   

  

Figure 3.10 Low Sonication, Oven Sample  

7.0.2 Dynamic Mechanical Analyzer (DMA) Analysis  

   DMA tests will reveal mechanical testing for small samples with a high load resolution. 

Of the oven varying sonication samples and no oven varying sonication samples, 5 of each type 

were tested. Due to outliers within the results that fractured at the sample tab, 3 samples were 

chosen to represent the mechanical properties of each method. Samples of both oven varying 

sonication and no oven varying sonication were cut to have a length of 19 mm and a width of 7 

mm.   
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The first test was of the high sonication, no oven method samples, located in Table 1. The 

table identifies each sample’s Young’s modulus, tensile strength, and strain-to-failure. The average 

of each of those properties among the sample population was found to be 1% respectively. The 

standard deviation was found to be 77.554 MPa, 3.144 MPa, and 1.256% respectively. Analyzing 

the standard deviation of each sample’s property generates a consistency test. With a standard 

deviation of 77.554 MPa, it can be hypothesized that there is little consistency among the Young’s 

modulus results. The least standard deviation of 1.256 occurs with the tensile strength.   

Table 1: DMA testing resultant buckypaper samples using high sonication and no oven   

Name  Young’s Modulus (MPa)  Tensile Strength (MPa)  Strain-to-Failure (%)  

High Sample 1 No Oven   1374  53.219  5.949  

 High Sample 2 No Oven  1425  56.95  8.660  

High Sample 3 No Oven  1340  53.333  5.901  

High Sample 4 No Oven  1524  58.294  7.645  

High Sample 5 No Oven  1493  60.418  6.016  

Standard Deviation  77.554  3.144  1.256  

Control Variable Sample    3683  78.8  -  

  

The second test was of the high sonication, oven method samples, located in Table 2. The 

average of each of those properties among the sample population were found to be 3001.4 MPa, 

80.559 MPa, and 3.656% respectively. The standard deviation was found to be 816.575 MPa, 4.363 

MPa, and 6.834% respectively. Analyzing the standard deviation of each sample’s property 

generates a consistency test. With a standard deviation of 816.575 MPa, it can be hypothesized that 
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there is little consistency among the Young’s modulus results. The least standard deviation of 0.896 

MPa occurs with the tensile strength. Figure 3.11 compares the DMA results from each test that 

best represents the sample data from both oven and no oven high sonication. The no oven sample 

requires low force to elongate, but trades off with a low tensile strength. The oven sample generates 

a higher strength as well as a high elongation.  

Table 2: DMA testing resultant buckypaper samples using high sonication and oven   

  

Name  Young’s Modulus (MPa)  Tensile Strength (MPa)  Strain-to-Failure (%)  

High Sample 1 Oven   4211  74.181  2.613  

High Sample 2 Oven  3255  80.117  3.043  

High Sample 3 Oven  2031  79.207  3.730  

High Sample 4 Oven  2953  84.623  4.944  

High Sample 5 Oven  2559  84.671  3.950  

Standard Deviation  816.575  4.363  0.896  

Control Variable Sample    3683  78.8  -  
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Figure 3.11: DMA results of high sonicated (oven and no oven) dispersion sample  

The first test was of the medium sonication, no oven method samples, located in Table 3.  

The table identifies each sample’s Young’s modulus, tensile strength, and strain-to-failure. The 

average of each of those properties among the sample population were found to be 1585.8 MPa,  

66.005 MPa, and 7.221% respectively. The standard deviation was found to be 289.866 MPa, 

15.529 MPa, and 1.629% respectively. Analyzing the standard deviation of each sample’s property 

generates a consistency test. With a standard deviation of 289.866 MPa, it can be hypothesized 

that there is little consistency among the Young’s modulus results. The least standard deviation of 

1.629 occurs with the tensile strength.   
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Table 3: DMA testing resultant buckypaper samples using medium sonication and no oven   

   Name  Young’s Modulus (MPa)  Tensile Strength (MPa)  Strain-to-Failure 

(%)  

Med Sample 1 No Oven   1334  49.634  7.242  

Med Sample 2 No Oven  1224  60.261  7.817  

Med Sample 3 No Oven  1820  83.412  7.976  

Med Sample 4 No Oven  1689  81.579  8.627  

Med Sample 5 No Oven  1862  55.139  4.443  

Standard Deviation  289.866  15.529  1.629  

Control Variable Sample    3683  78.8  -  

  

The second test was of the medium sonication, oven method samples, located in Table 4.  

The average of each of those properties among the sample population were found to be 2065.8 

MPa, 102.0656 MPa, and 8.217% respectively. The standard deviation was found to be 358.225 

MPa, 29.658 MPa, and 1.958% respectively. Analyzing the standard deviation of each sample’s 

property generates a consistency test. With a standard deviation of 358.225 MPa, it can be 

hypothesized that there is little consistency among the Young’s modulus results. The least standard 

deviation of 1.958 occurs with the tensile strength. Figure 3.13 compares the DMA results from 

each test that best represents the sample data from both oven and no oven medium sonication. The 

no oven sample requires low force to elongate, but trades off with a low tensile strength. The oven 

sample generates a higher strength as well as a high elongation.  
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Table 4: DMA testing resultant buckypaper samples using medium sonication and oven   

Name  Young’s Modulus (MPa)  
Tensile Strength (MPa)  Strain-to-Failure 

(%)  

Med Sample 1 Oven   1607  52.879  5.440  

Med Sample 2 Oven  2131  118.350  8.193  

Med Sample 3 Oven  1877  113.110  10.676  

Med Sample 4 Oven  2141  128.375  9.258  

Med Sample 5 Oven  2573  97.624  7.519  

Standard Deviation  358.225  29.658  1.958  

Control Variable Sample    3683  78.8  -  

  

 

Figure 3.12: DMA results of medium sonicated (oven and no oven) dispersion sample  

 

The first test was of the low sonication, no oven method samples, located in Table 5. The 

table identifies each sample’s Young’s modulus, tensile strength, and strain-to-failure. The average 

of each of those properties among the sample population were found to be 963.62 MPa,  



41  

  

52.742 MPa, and 12.32% respectively. The standard deviation was found to be 88.148 MPa, 5.356 

MPa, and 2.880% respectively. Analyzing the standard deviation of each sample’s property 

generates a consistency test. With a standard deviation of 88.148 MPa, it can be hypothesized that 

there is little consistency among the Young’s modulus results. The least standard deviation of 2.880 

occurs with the tensile strength.   

Table 5: DMA testing resultant buckypaper samples using low sonication and no oven  

Name  Young’s Modulus (MPa)  Tensile Strength (MPa)  Strain-to-Failure 

(%)  

Low Sample 1 No Oven   949.2  49.387  11.669  

Low Sample 2 No Oven  844.2  47.741  15.530  

Low Sample 3 No Oven  928.7  50.757  13.746  

Low Sample 4 No Oven  1024  61.158  12.824  

Low Sample 5 No Oven  1072  54.668  7.831  

Standard Deviation  88.148  5.356  2.880  

Control Variable Sample    3683  78.8  -  

  

The second test was of the low sonication, oven method samples, located in Table 6. The 

average of each of those properties among the sample population were found to be 1290.2 MPa,  

65.248 MPa, and 8.026% respectively. The standard deviation was found to be 223.416 MPa,  

6.198 MPa, and 2.262% respectively. Analyzing the standard deviation of each sample’s property 

generates a consistency test. With a standard deviation of 223.416 MPa, it can be hypothesized 

that there is little consistency among the Young’s modulus results. The least standard deviation of 

2.262 occurs with the tensile strength. Figure 3.13 compares the DMA results from each test that 
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best represents the sample data from both oven and no oven low sonication. The no oven sample 

requires low force to elongate, but trades off with a low tensile strength. The oven sample generates 

a higher strength as well as a high elongation.  

Table 6: DMA testing resultant buckypaper samples using low sonication and oven  

Name  Young’s Modulus (MPa)  Tensile Strength (MPa)  Strain-to-Failure 

(%)  

Low Sample 1  Oven   1242  64.624  6.006  

Low Sample 2  Oven  1291  66.701  11.882  

Low Sample 3  Oven  1015  57.222  7.913  

Low Sample 4  Oven  1638  74.362  7.271  

Low Sample 5  Oven  1265  63.331  7.057  

Standard Deviation  223.416  6.198  2.262  

Control Variable Sample    3683  78.8  -  

  

 

 Figure 3.13: DMA results of low sonicated (oven and no oven) dispersion 

sample  
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Analyzing all results, it can be inferred that the high-sonicated samples and oven samples 

produce higher mechanical properties than the lower sonicated samples and no oven samples, as 

seen in Table 6.5 and Figure 3.135. The high-sonicated oven batch produces an average Young’s 

modulus just around 3 times the amount of the low sonication oven batch. Similarly, the high-

sonicated oven batch produces an average Young’s modulus just around 2 times the amount of the 

high sonication no oven batch. This means that plastic deformation will occur at a much higher 

stress in the high-sonicated oven samples than that of the lower sonication no oven samples. The 

tensile strength average is also greater in the higher sonicated oven samples. In a high-sonicated 

oven sample, the highest tensile strength was found to be 4211 MPa. In a low sonicated no oven 

sample, the lowest sample was found to be 844.2 MPa. This as well shows the extent of stress 

required to create failure within the sample. High-sonicated oven samples prove to generate the 

higher stress required to fracture a sample. Although the tensile strength has proven to be much 

higher in higher sonicated oven samples, the strain-to-failure was found to be of a higher 

percentage in no oven samples and in lower sonication times. The low sonicated no oven samples 

hosted a strain-to-failure of 8.026% while the high sonication oven samples yielded 3.656%. This 

information yields the hypothesis that higher sonication dispersion and oven drying does change 

the amount of strain capable to elongate, does influence the tensile strength and overall modulus 

of each sample. More tests, however, must be performed in future work to further test this 

hypothesis.   
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Table 7: Summary of DMA testing resultant buckypaper samples  

Name  Young’s Modulus (MPa)  
Tensile Strength (MPa)  Strain-to-Failure 

(%)  

Low Sample No Oven   963.62   52.742   12.32   

Low Sample Oven  1290.2   65.248   8.026  

Med Sample No Oven  1585.8   66.005   7.221  

Med Sample  Oven  2065.8   102.0656   8.217  

High Sample No Oven  431.2   56.443   6.834  

High Sample Oven  3001.4   80.559   3.656  

Standard Deviation  5%  5%  20%  

Control Variable Sample    3683  78.8  -  
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Figure 3.135: Summary of DMA testing resultant Young’s Modulus buckypaper samples  

7.0.3 Electrical Conductivity Testing   

Electrical testing examines the conductivity of a buckypaper sample. Naturally, CNT 

networks are found to be electrically conductive due to their carbon bonds; however, the 

conductivity is undermined by resistive residual materials, such as surfactant. The following was 

a measurement of 3 samples, quantifying the effects of varying dispersion and oven drying on the 

electrical properties of the resultant buckypaper. Sample sizes were cut to be a length of 25.4 mm 

by a width of 25.4 mm.  

  The high sonication, no oven samples were shown to host electrically conductive 

properties. These properties can be located below in Table 7. The average value for the 

conductivity and resistivity are 152.061 S/cm and 0.00524 Ω/cm respectively. The standard 

deviations among samples were found to be 12.089 S/cm and 0.000368 Ω/cm respectively. Sample 

standard deviations can be high due to the variance in thickness, samples were found to have a 
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thickness ranging from 6 µm to 7.6 µm along the surface of a single sample. The resistivity is 

relatively low which is consistent with the nature of CNT networks. Resistivity is the nature in 

which a material can resist the flow of electrical current.   

Table 7: Electrical testing resultant high sonication no oven buckypaper samples   

Name  Conductivity (S/cm)  Resistivity (Ω/cm)  

High Sample 1 No Oven  142.526  0.00512  

High Sample 2 No Oven  169.984  0.00482  

High Sample 3 No Oven  147.703  0.00526  

High Sample 4 No Oven  158.572  0.00583  

High Sample 5 No Oven  141.521  0.00517  

Standard Deviation  12.089     0.000368   

Control Variable Sample  204.000 ±15.0000  -  

  

  The second batch comprised of the high sonication oven samples. The following table, 

Table 8, identifies the measured values that were found when characterizing the material. The 

average conductivity among the samples is 208.033 S/cm. As for the average resistivity is 0.0048 

Ω/cm. The standard deviation among the conductivity and resistivity samples were found to be  
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15.039 S/cm and 0.000332 Ω/cm. The standard deviations between the two electrical properties 

are rather low, giving confidence to the application of producing consistent samples.   

Table 8: Electrical testing resultant high sonication oven buckypaper samples   

Name  Conductivity (S/cm)  Resistivity (Ω/cm)  

High Sample 1 Oven  194.023  0.00515  

High Sample 2 Oven  229.429  0.00432  

High Sample 3 Oven  199.754  0.00501  

High Sample 4 Oven  205.871  0.00489  

High Sample 5 Oven  216.208  0.00463  

Standard Deviation  15.039   0.000332  

Control Variable Sample  204.000 ±15.0000 -  

  

The medium sonication, no oven samples were shown to host electrically conductive 

properties. These properties can be located below in Table 9. The average value for the 

conductivity and resistivity are 165.656 S/cm and 0.00600 Ω/cm respectively. The standard 

deviations among samples were found to be 13.105 S/cm and 0.000416 Ω/cm respectively. Sample 

standard deviations can be high due to the variance in thickness, samples were found to have a 

thickness ranging from 6.3 µm to 7.6 µm along the surface of a single sample. The resistivity is 
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relatively low which is consistent with the nature of CNT networks. Resistivity is the nature in 

which a material can resist the flow of electrical current.   

Table 9: Electrical testing resultant medium sonication no oven buckypaper samples   

Name  Conductivity (S/cm)  Resistivity (Ω/cm)  

Med Sample 1 No Oven  181.500  0.00553  

Med Sample 2 No Oven  150.532  0.0065  

Med Sample 3 No Oven  162.706  0.00608  

Med Sample 4 No Oven  156.8735  0.00628  

Med Sample 5 No Oven  176.672  0.00563  

Standard Deviation  13.105  0.000416  

Control Variable Sample  204.000 ±15.0000  -  

  

The second batch comprised of the medium sonication oven samples. The following table, 

Table 10, identifies the measured values that were found when characterizing the material. The 

average conductivity among the samples is 191.283 S/cm. As for the average resistivity is 0.00526 

Ω/cm. The standard deviation among the conductivity and resistivity samples were found to be 

26.414 S/cm and 0.000686 Ω/cm. The standard deviations between the two electrical properties 

are rather low, giving confidence to the application of producing consistent samples.   
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Table 10: Electrical testing resultant medium sonication oven buckypaper samples   

Name  Conductivity (S/cm)  Resistivity (Ω/cm)  

Med Sample 1 Oven  213.827  0.00463  

Med Sample 2 Oven  179.509  0.00542  

Med Sample 3 Oven  179.069  0.00559  

Med Sample 4 Oven  160.432  0.00614  

Med Sample 5 Oven  223.578  0.0045  

Standard Deviation  26.414   0.000686  

Control Variable Sample  204.000 ±15.0000  -  

  

The low sonication, no oven samples were shown to host electrically conductive properties. 

These properties can be located below in Table 11. The average value for the conductivity and 

resistivity are 142.148 S/cm and 0.00697 Ω/cm respectively. The standard deviations among 

samples were found to be 2.236 S/cm and 0.0000786 Ω/cm respectively. Sample standard 

deviations can be high due to the variance in thickness, samples were found to have a thickness 

ranging from 7.5 µm to 8.2 µm along the surface of a single sample. The resistivity is relatively 

low which is consistent with the nature of CNT networks. Resistivity is the nature in which a 

material can resist the flow of electrical current.   
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Table 11: Electrical testing resultant low sonication no oven buckypaper samples   

Name  Conductivity (S/cm)  Resistivity (Ω/cm)  

Low Sample 1 No Oven  142.883  0.00698  

Low Sample 2 No Oven  141.870  0.00708  

Low Sample 3 No Oven  138.439  0.00692  

Low Sample 4 No Oven  144.297  0.00698  

Low Sample 5 No Oven  143.153  0.00687  

Standard Deviation  2.236   0.0000786  

Control Variable Sample  204.000 ±15.0000  -  

  

The second batch comprised of the low sonication oven samples. The following table, Table 

12, identifies the measured values that were found when characterizing the material. The average 

conductivity among the samples is 179.357 S/cm. As for the average resistivity is 0.00558 Ω/cm. 

The standard deviation among the conductivity and resistivity samples were found to be 17.724 

S/cm and 0.000501 Ω/cm. The standard deviations between the two electrical properties are rather 

low, giving confidence to the application of producing consistent samples.   

  

  

  



51  

  

Table 12: Electrical testing resultant low sonication no oven buckypaper samples   

Name  Conductivity (S/cm)  Resistivity (Ω/cm)  

Low Sample 1  Oven  163.895  0.00598  

Low Sample 2  Oven  167.413  0.00589  

Low Sample 3 Oven  180.267  0.00554  

Low Sample 4  Oven  210.892  0.00473  

Low Sample 5  Oven  174.322  0.00573  

Standard Deviation  7.724   0.000501  

Control Variable Sample  204.000 ±15.0000    

    

In comparison of the varying sonication times and oven drying, it is evident that further 

investigation must be done in order to come to conclusive results about varying conductivity and 

resistivity, as seen in Table 13. From the results obtained, there was not a significant variation from 

one sample to the other or one method of dispersion to the other. With the CNT network being 

dispersed in the sonication process it leads to better nanotube-to-nanotube contact. However, it 

cannot be concluded with confidence that the more dispersion time that occurs, the greater the bond 

density there will be.   
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Table 13: Summary electrical testing resultant buckypaper samples   

Name  Conductivity (S/cm)  Resistivity (Ω/cm)  

Low Sample No Oven  142.148  0.00697  

Low Sample Oven  179.357  0.00558  

Med Sample No Oven  165.656  0.00600  

Med Sample Oven  191.283  0.00526  

High Sample No Oven  152.061  0.00524  

High Sample Oven  208.033  0.00480  

Standard Deviation 24.6826 7.60e-4 

Control Variable Sample  204.000 ±15.0000 -  

  

7.0.4 Filtration Output Analysis  

 After measuring the output per minute for each low, medium, and high sonication sample 

produced, a logarithmic relationship was developed for each of the samples, as seen below in 

Figures 3.14-3.16.  
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Figure 3.14 Flow Rate (mL/min) of Low Sonication Sample 

 

 

Figure 3.15 Flow Rate (mL/min) of Medium Sonication Sample  
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Figure 3.16 Flow Rate (mL/min) of High Sonication Sample  

 

Based on the results obtained in Table 14, it can be inferred that the samples with lower 

sonication time have a higher volumetric flow since the samples are not as dispersed as a sample 

with longer sonication time. As a result, wet caking occurs much faster in the process, as the flow 

rate will decrease faster than a sample with much more dispersion. Some of the factors that result 

in the volumetric flow being faster for lower dispersed samples are the overall concentration of the 

solids, CNTs, in the solution. Since less dispersion results in nanotubes, agglomerating or 

remaining closely together, this would result in a faster filtration rate, but a not as evenly dispersed 

final sample.   
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Table 14: Summary of volumetric flow resultant buckypaper samples   

Sample Type  Volumetric flow cm^3/s 

High Sonication  773.280  

Medium Sonication  1061.003  

Low Sonication  917.953  

Standard Deviation 143.862 

Using Darcy’s Law as a basis to compose a better understanding of the wet caking process:  

  

Where k is the permeability constant, A is the cross sectional area, ��2, and µ is the viscosity 

of the fluid, centipoise, Q is the volumetric flow,  and  is the pressure gradient, atm/cm.  

Using the findings found in Figure 3.16 as the basic of this calculation, we let the logarithmic slope 

of 495.86 mL/min become equivalent to the ratio of the permeability constant to the viscosity of 

the fluid, after being converted to mL/s. The cross sectional area can be determined by finding the 

diameter of the tubing for the input of suspension into the filtration process, which was measured 

to be 29.21 cm in diameter. As a result:   

� = ��2 = � (14.605)2 = 669.781 ��2  

By multiplying the cross sectional area to the permeability to viscosity ratio, a value is 

obtained of 5535.293. The pressure gradient, too, can be calculated based on the diameter of the 
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filtration, and the air pressure set in the pressure valve containing the suspension prior to filtration, 

60 PSI. Converting 60 Psi to 4.08276 atm, the pressure gradient is found to be:   

  

By combining these newly acquired values into Darcy’s Equation:  

  

With this value obtained for the high sonication process, further investigations can be done to 

observe the relationship of the wet caking filtration process and to see if there is any way to keep 

the flow rate to an optimal rate and find the onset for all further samples.   
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8 CONCLUSION  

The objective of this research was to analyze a method of creating a buckypaper that would 

maintain its functionality while eliminating expensive and time-consuming manufacturing 

components such as high sonication and drying processes. The results show that the sonicating 

and oven procedure are significant influences to the mechanical and thermal properties of the 

buckypaper. The low sonication no oven buckypaper, that was produced, held low mechanical 

strength and still had excess surfactant in the sample, even after the methanol bath. These low 

properties were due to the low level of dispersion since the sonication time had been reduced 

significantly in each phase. Good dispersion with high sonication will lead to great surface 

contacts, improving the properties of buckypaper. Optimally, to produce a buckypaper using this 

method and to uncover a mathematical model for the filtration process, further research must be 

explored in order to disperse the CNT network to a higher extent.  
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9 FUTURE WORK  

1. Obtain Scanning Electron Microscope Images (SEM) of the 15 30 samples obtained.  

2. Test similar experiments with the continuous manufacturing process.  

3. Test the electroconductivity of the samples obtained in larger amounts for varying results.  

4. Compose mathematical model to obtain onset point that which has the optimal filtration rate.  

Generate a scalable plan of action required to implement the process.  
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