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ABSTRACT 
Although nanomanufacturing has significant economic benefits, little is known 

about the energy consumption, potential environmental health and safety risks associated 

with public exposure of nanoparticles synthesis processes. The overarching objective of 

this research is to present a complete thermodynamic (including energy consumption and 

exergy losses) analysis and sustainability improvement for the nanoparticles synthesis 

processes. Firstly, the introductions of sustainable manufacturing, industrial ecology, 

energy consumption and nanotechnology are introduced briefly in Chapter 1. Then 

problem statement, research objective and contribution are clearly stated. Secondly, the 

literature review on data collection (top-down and bottom-up), thermodynamic model, 

mechanical model, finite element analysis and manufacturing processes are summarized 

in Chapter 2. Thirdly, the energy consumption and exergy losses general model for 

nanoparticles synthesis processes (divided into two main processes: precursor transport 

and chemical reaction) based on thermodynamics and kinetics is created in Chapter 3, 

which includes all the assumptions, boundaries, conditions and equations of model. Both 

first law and second law of thermodynamics were used for energy consumption and 

exergy losses of nanoparticles synthesis processes which are considered as steady state, 

steady flow open system. A simplified exergy model was also created for nanoparticles 

synthesis process. A two dimensional kinetic differential equation was modeled for 

precursor transport process (convection and diffusion). The NPs chemical reaction 

process was modeled by thermodynamic model. Fourthly, the created model was applied 

to titanium dioxide nanoparticles (TiO2 NPs) synthesis processes. Background, crystal 

structure and route of TiO2 NPs are introduced in first section. Then the experimental 

setup, calculation and analysis for electrochemical annodization process (including five 

main processes: formation of oxide layer, chemical diffusion, physical diffusion, 

infiltration and crystallization) of TiO2 NPs are placed in detail. Based on results from 

experimental data and discussions, the energy consumption and exergy losses for the 

specific electrochemical annodization process are clearly demonstrated and the 

identification of sustainability improvement potential is also given. The thermodynamic 

model about size dependence of nanoparticles on electrical voltage is also discussed and 
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validated by both experimental data and literature data. Fifthly, conclusion is given that 

the created model is validated by the electrochemical annodization process of TiO2 NPs 

and can also be applied to other nanoparticles synthesis processes, which is really 

essential and fundamental for sustainability development and life cycle assessment of 

manufacturing process. Future work is indicated in the end. 
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CHAPTER I 

INTRODUCTION 

1.1 Research Background 

1.1.1 Sustainable Manufacturing Concepts and Definitions 
Sustainable manufacturing has received enormous attention in recent years as a 

comprehensive strategy for reducing the environmental impact and improving the 

economic performance of manufacture. However, the definition of sustainable 

manufacturing is not clear as there is no one definition is widely accepted at present for 

use by various practitioners. To understand the concept of sustainable manufacturing, the 

meaning of sustainable development and sustainability must be established. Sustainable 

development was firstly defined as “Development that meets the needs of the present 

without compromising the ability of future generations to meet their own needs”, by 

World Commission on Environment and Development (WCED) of the United Nations in 

1987 (World Commission on Environment and Development., 1987). Although this 

concept was embraced with great interest, it was impractical because the meaning of the 

term “needs” is too vague and the needs of future generations are simply unknown. Since 

its first appearance, sustainable development has been defined in many other ways that 

allow clearer connections with more tangible goals. The International Institute of 

Environment and Development (IIED) (Clayton and Bass, 2006) defines sustainable 

development as “A development path that can be maintained indefinitely because it is 

socially desirable, economically viable, and ecologically sustainable.”  

Differences in the philosophical and ethical interpretation of sustainable 

development have resulted in the emergence of the concepts of weak and strong 

sustainability (Hediger, 2001). Weak Sustainability is an economic value principle that 

states that the sum of economic, natural and social capital must be increasing or 

maintained constant over time. This concept considers the three types of capital to be 

mutually substitutable. Strong Sustainability is an ecologically-based physical principle 

that states that natural capital must at least be maintained constant over time. It rejects the 

notion of substitutability of natural capital, since many ecosystem goods and services like 
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biodiversity and biogeochemical cycles cannot be replaced by other ecosystem, economic 

or social processes.  

Many scientists have tried to formulate succinct definitions of sustainability. A 

general sustainability strategy has often been described as satisfying the triple bottom 

line, which means simultaneously enhancing economic prosperity, environmental 

protection and social equity (Elkington, 1999). John Ehrenfeld’s (Ehrenfeld, 2007) 

definition is: “Sustainability is the possibility that human and other forms of life will 

flourish on the planet forever.” A concise definition for sustainability can be seen in 

Mihelcic (Mihelcic et al., 2003), where: 

Sustainability is the design of human and industrial systems to ensure that 

humankind’s use of natural resources and cycles do not lead to diminished 

quality of life due either to losses in future economic opportunities or to 

adverse impacts on social conditions, human health and the environment. 

These requirements reflect that social conditions, economic opportunity, and 

environmental quality are essential if we are to reconcile society’s development goals 

with international environmental limitations. From this definition, two major points are 

evident:  

Sustainability is based on the health of an interrelated group of systems (i.e. the 

social, economical, and environmental systems). 

Sustainability is based on a time frame determined by the cyclic use of resources a 

product or system will encounter (e.g. the life-cycle). 

With these two points in place, sustainable manufacturing will be the production 

cycle with optimized social, economical, and environmental benefit throughout the 

product’s whole life cycle- that is from raw material extraction to the end-of-life in 

Figure 1. 

U.S. Department of Commerce’s definition of sustainable manufacturing is: 

Sustainable manufacturing is defined as the creation of manufactured 

products that use materials and processes that minimize negative 
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environmental impacts, conserve energy and natural resources, are safe for 

employees, communities, and consumers and are economically sound. 
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Material
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End-of-Life

Economy
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Society

Anthropo-sphere
Ecosphere

Wastes & 
Emissions
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Design

Process 
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Energy Flow
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Figure 1 Sustainable manufacturing concept and framework 

Allwood (Allwood, 2005) at the University of Cambridge define sustainable 

manufacturing as “developing technologies to transform materials without emission of 

greenhouse gases, use of non-renewable or toxic materials or generation of waste.” He 
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concludes five options for sustainable manufacturing: 1) use less material and energy, 2) 

substitute input materials: non-toxic for toxic, renewable for non-renewable, 3) reduce 

unwanted outputs: cleaner production, industrial symbiosis, 4) convert outputs to inputs: 

recycling and all its variants, 5) changed structures of ownership and production: product 

service systems, supply chain structure. 

The definitions above emphasize on reducing the environmental impact of 

manufacturing, although they are different from each other. The core theme of 

sustainable manufacturing currently is on how to minimize and manage the 

environmental wastes and emissions, energy and material consumption of manufacturing. 

Sustainable manufacturing, as an innovative strategy, is motivated for implementation in 

the whole manufacturing industry by a number of factors, both internally and externally. 

1.1.2 Industrial Ecology Concepts and Definitions 
Industrial ecology takes a systemic view of the way that materials and energy 

flow through the economy. It is defined in the book “Industrial Ecology and Sustainable 

Engineering” by Graedel and Allenby (Graedel and Allenby, 2010): 

Industrial ecology is the means by which humanity can deliberately 

approach and maintain sustainability, given continued economic, cultural, 

and technological evolution. The concept requires that an industrial system 

be viewed not in isolation from its surrounding systems, but in concert 

with them. It is a system view in which one seeks to optimize the total 

materials cycle from virgin material, to finished material, to component, to 

product, to obsolete product, and to ultimate disposal. 

This definition indicates that industrial ecology practices have the potential to 

support a sustainable world with a high quality of life for all. 

The main tools of industrial ecology are Technological Product Development (the 

Pugh Selection Matrix, the House of Quality, and Design for X), Life Cycle Assessment, 

Material Flow Analysis, Energy Flow Analysis, and Exergy Analysis (ORourke et al., 

1996). These provide a framework by which to understand the total effect that a product 

or an industrial process has on the environment and allow us to make comparisons. In this 
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work, an analysis of the iron casting industry is performed, with the goal of showing that 

industrial ecology methods can be applied to this industry and used in order to enable it to 

improve its energy and environmental footprint. The basis for this research is the concept 

that it is to our benefit as a country to keep the heavy manufacturing industries within our 

borders. This is not to imply that they should be allow to freely pollute the environment, 

but that we should make an effort to understand where the problems are occurring so that 

we can make intelligent decisions in the formulation of environmental policy. 

In order to understand where in an industry resources are consumed and pollution 

emitted, it is necessary to construct a facility level process overview. From a review of 

the different technology choices, we can make decisions about where the areas for 

improvement lie and thus optimize the research process to save both time and funding. 

Through this analysis, the goal is not just to capture and control pollution at the end of the 

process, but to find technology change options that will allow us prevent the creation of 

that pollution in the first place. 

1.1.3 Energy Consumption in U.S. 
As manufacturing process converts starting materials into final products resulting 

in physical and/or chemical changes,  environmental wastes and emissions are 

simultaneously generated by the consumption of energy, excessive materials and other 

resources in the manufacturing system (Groover, 2011). Manufacturing industry is both 

material and energy intensive. In the year 2010, the industry as a total consumed 

approximately 30.75% of total energy consumptions of U.S. economic sectors. The 

energy consumption of manufacturing, as shown by the statistical data in Figure 2, is 

larger than that of transportation, residential and commercial sectors. Due to the fact that 

current energy is mainly supplied from fossil fuels, energy consumption causes 

significant environmental problems like global warming, acidification, smog, etc. Figure 

3 shows the trends of energy consumption by sectors from 1949 to 2010. In Figure 4 

below, electric power sector energy consumption is shown by source in the year 2010. 

For the total amount of 39491 Trillion Btu primary consumption in 2010 in the U.S., 

68.45% is from fossil fuels. 
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In Figure 4 below, U.S. electricity generation is shown by energy source in the 

year 2010 (EIA, 2011). For the total amount of 39491 Trillion Btu electricity generated in 

2010 in the U.S., 68.45% is generated from fossil fuels. Reducing the environmental 

impact of manufacturing from energy consumption can be made by improving energy 

efficiency of the manufacturing processes to reduce the amount of energy consumption. 

30.75%

28.09%

22.6%

18.58%

Commercial

Industrial

Residential

Transportation

 

Figure 2 End-use sector shares of total consumption in 2010 (EIA, 2011) 

 
Figure 3 Total consumption by end-use sector 1949-2010 (EIA, 2011) 
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Figure 4 Electric Power Sector Energy Consumption by source 2010 (EIA, 2011) 

1.1.4 Nanotechnology 
Nanotechnology is precisely defined as design, characterization, production and 

application of materials, devices and systems at nanometer scale, by manipulating their 

shape and dimension in a controlled way (NNI, 2011). There are both "bottom-up" 

processes (such as self-assembly) that create nanoscale materials from atoms and 

molecules, as well as "top-down" processes (such as milling) that create nanoscale 

materials from their macro-scale counterparts (Initiative, 2006) in Figure 5.  
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Figure 5 Top-down vs Bottom-up (Initiative, 2006) 

Nanomaterials can be categorized into four different types (Agency, 2007): 

carbon-based materials, metal-based materials, dendrimers and composites. In this 

research we focus on one most notable nanomaterials of titanium dioxide. 

1.2 Problem Statement 
Quantification of each sustainability indicators is the foundation of sustainability 

development and assessment. However it is very difficult to implement completely while 

it is a large complicated system with environmental, economic and social aspects. The 

sustainability analysis of manufacturing processes requires the clear definition of the 

boundaries under consideration and quantification of each single indicator, such as 

energy and material. Even to present time, quantification of energy related consumption 

in the manufacturing process for life cycle assessment and sustainability assessment is 

still a challenge. 

While a great deal of research has been conducted in the area of conventional 

manufacturing processes, much of it has been focused on process-level activities and 

improvements. Some of these improvements, including optimizing material use, 
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minimizing the use of cutting fluids, and reducing cutting energy, do have important 

environmental ramifications. For example, cutting fluids, with serious health and 

environmental issues stemming from their use and disposal, are often studied as an area 

for potential improvement. Various researchers have examined the benefits, drawbacks, 

and conditions necessary for both wet and dry machining (Graham, 2000, Sreejith and 

Ngoi, 2000, Sutherland et al., 2000, Stanford and Lister, 2002). Much research has also 

been conducted to generate detailed analyses of tool-tip cutting energies, from which 

energy utilization can be estimated. Such analyses are generally quite well-understood, 

and simple models can be found in traditional manufacturing texts (Groover, 2011, 

Kalpakjian, 2010). 

Traditional life cycle assessment methodologies focus on emissions and impacts 

over all stages in process level and include energy consumption in the system level, 

which can not indicate how resources are utilized in detail. Although many regard energy 

accounting analysis as the most important step of life cycle assessment, improvement 

analysis is given relatively little attention in the literature. A missing component of 

traditional thermodynamics is that the ability of exergy analysis to provide insight into 

opportunities for improving the life cycle. Only exergy analysis can identify the specific 

irreversibilities that diminish the ability of processes to perform useful work and provide 

the potential improvement of manufacturing process. 

1.3 Research Objective 
This work focuses on investigating various aspects of the manufacturing process 

from energy and material flow perspective through the use of several analytical methods. 

The result is a system-level, environmentally-focused analysis of nanomanufacturing 

process. Key areas for possible improvements will be identified and new technology 

developments will be analyzed for their ability to reduce the impact of manufacturing 

processes. Manufacturing process to be analyzed is nanoparticles synthesis process with a 

case study in titanium dioxide preparation process. 

The overarching objective of analysis is to present a complete thermodynamic 

(energy and exergy) analysis and sustainability improvement for the nanoparticles 
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synthesis processes. This study of thermodynamics analysis used in the preparation of 

nanoparticles has three objectives. The second goal is to understand and characterize in 

detail how resources (energy, exergy and materials) are utilized by a nanoparticles 

synthesis process. The final goal is to use these thermodynamic analysis results for the 

identification of losses and inefficiencies in a process to conclude the potential 

sustainability improvement. To the author's knowledge, the principles of thermodynamics 

are not new, but the application of thermodynamic analysis and sustainability 

improvement to nanoparticles synthesis processes is relatively new. Furthermore, many 

studies focus on one type of input (only chemicals, for example) to the exclusion of 

others. I suspect that this research work will attract more attentions and concerns about 

sustainable manufacturing. 

1.4 Research Contribution 
Although nanomanufacturing has significant economic benefits, little is known 

about the energy consumption, potential environmental health and safety risks associated 

with public exposure of nanoparticles synthesis processes. This research work creates 

energy consumption and exergy losses model for nanomanufacturing by thermodynamics 

and kinetics. Based on this system boundary definition, the nanoparticles synthesis 

process can be divided into two main processes: precursor transport (convection and 

diffusion) process and chemical deposition reaction. The model based on both 

thermodynamics and kinetics is more precise for both precursor transport and chemical 

deposition. The analysis and results in the application of titanium dioxide electrochemical 

annodization process validated the energy consumption and exergy losses model, which 

also shows that this model can be used for other nanoparticles synthesis processes. 

This research uses the analysis results from these models based on 

thermodynamics and kinetics for the identification of losses and inefficiencies in a 

process to conclude the potential sustainability improvement. Sustainability improvement 

is essential and powerful for the sustainable manufacturing. Detailed analysis of titanium 

dioxide electrochemical annodization process yielded general insight into the value of 

exergy lossess over other methods for process improvement at both the local and life 

cycle scales. So this research also shows that this model can be used to identify the 



Texas Tech University, Bingbing Li, May 2012 

11 

improvement potential for sustainability development of nanoparticles synthesis 

processes. 

  



Texas Tech University, Bingbing Li, May 2012 

12 

CHAPTER II 

LITERATURE REVIEW 
In this chapter, energy consumption model for manufacturing processes is 

reviewed. In order to understand where in manufacturing processes energy and materials 

are consumed and pollution emitted, it is necessary to construct a process overview. From 

a review of energy consumptions, we can make decisions about where the areas for 

improvement lie and thus optimize the manufacturing processes to reduce environmental 

impacts (Jones, 2007). The objective of this chapter is to review two data collection 

methods (top-down and bottom-up), and three process based analytical methods 

including thermodynamic model (energy flow analysis, material flow analysis, exergy 

analysis, emergy analysis), mechanical model and finite element analysis model used to 

evaluate the energy and exergy consumption for manufacturing processes. 

2.1 Data Collection Methodology 
Data collection is significantly important for the energy-related analysis, such as 

Life Cycle Assessment (LCA), environmental impacts analysis, carbon footprint 

calculation, Design for Environment (DFE) and Design for Manufacturing (DFM). 

Without good data it is impossible to track the energy consumption in sustainable 

manufacturing. There are two different methods to collect the energy consumption data: 

top-down method and bottom-up method.  

2.1.1 Top-down Method 
The most popular top-down approach is Input Output Analysis (IOA), which is a 

general equilibrium model that describes interactions between different units of a 

network(Leontief, 1986). It can be applied to any network as long as interactions between 

network units are linear(Ukidwe, 2005). Data resources are easy to get from the annual 

report from national government, such as ”Manufacturing Energy Consumption Survey 

(MECS)”, “The Annual Energy Review (AER)” and “Annual Energy Outlook (AEO)” by 

U.S. Energy Information Administration, and “Energy Trends in Selected Manufacturing 

Sectors: Opportunities and Challenges for Environmentally Preferable Energy Outcomes” 
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by U.S. Environmental Protection Agency. We can also collect total manufacturing 

process sector input data from electric company billings. 

The disadvantage of IOA for energy analysis is that processes are relatively 

aggregated, i.e. at the level of industry sector rather than individual manufacturing 

process(PReConsultants, 2010).  

2.1.2 Bottom-up Method 
The bottom-up method is a process based method, which monitors all the energy 

consumption within the manufacturing process to measure every sizable load 

independently by manual and automated measurement approaches. The purpose of 

bottom-up assessment of energy consumption is to track how and where electrical power 

is used in the whole manufacturing process with as much resolution as possible. Branham 

uses an AEMC PowerPad® 3-phase power meter to make electrical measurements of 

integrated circuit manufacturing, which is extremely capable, logging more than twenty 

different power metrics (Branham, 2008). But critical assumption that the manufacturing 

operates in a steady state is required to apply this bottom-up analysis. Vijayaraghavan 

and Dornfeld  applied Event Stream Processing Techniques to automate the monitoring 

and analysis of energy consumption in manufacturing systems in Figure 6 

(Vijayaraghavan and Dornfeld, 2010). Vijayaraghvan indicated that automated 

monitoring can significantly decrease the complexity of working with large systems, and 

help attach contextual process-related information to the raw energy data. The 

MTConnectSM standard for data exchange is selected for data collection from the 

manufacturing equipment to acquire, store and process the streams of data from a variety 

of machines in a variety of systems throughout a variety of factories.  
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Figure 6 Time scale of data collection for energy use in the context of manufacturing 

process(Vijayaraghavan and Dornfeld, 2010) 

2.2 Thermodynamic Model 
With increasing recognition of the importance of ecological products and services 

for industrial processes and human well-being, some approaches have been suggested to 

account for their contribution. These approaches are usually based on either economics or 

thermodynamics. Techniques from environmental economics attempt to assign a 

monetary value to ecological inputs (Bockstael et al., 2000, Nordhaus et al., 1999). 

Methods based on thermodynamic principles rely on material and energy flow to account 

for ecological inputs. Material Flow Analysis (MFA) (Adriaanse and World Resources 

Institute., 1997, Matthews, 2000) accounts for the flow of materials from the ecosystem 

to the economy, but ignores the inputs of ecological services. Energy flow analysis 

(Spreng, 1988) and its variations are promising due to their ability to objectively value all 

types of material and energy flows without violating physical laws, as methods like LCA 

often do.  

The use of thermodynamic methods for evaluating environmentally conscious 

decision making of industrial products and processes is motivated by the fact that all 
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activities on earth rely on the availability of energy and its conversion to various goods 

and services. Odum (Odum and Barrett, 2005, Odum, 1971) once wrote that “all progress 

is due to special power subsidies, and progress evaporates whenever and wherever they 

are removed.” He suggested that it is ultimately the availability of energy, and not human 

creativity, what guarantees survival of societies. Rifkin (Rifkin, 2002) argues that slavery 

sustained ancient civilizations just as fossil  fuels maintain ours. Ancient technology 

developed sophisticated weaponry to capture more land and slaves, just as modern 

technology develops more advanced machinery to extract more fossil fuel. Consequently, 

it is in the preservation of our energy sources where really lies the key to progress and 

self-preservation; and it is from ecosystem goods and services where our society finds its 

power subsidies. Ultimately, all planetary activities depend on this available energy or 

exergy (Ayres and Ayres, 1996, Ayres and Ayres, 2002, Odum, 1996, Szargut et al., 

1988), making it the ultimate limiting resource. Exergy provides a scientifically rigorous 

way to compare and combine streams of material and energy. Since exergy is lost or 

consumed in all processes for their functioning, it has been useful for improving process 

efficiency (Szargut et al., 1988). Cumulative Exergy Consumption (CEC) analysis 

expands the analysis boundary by considering all industrial processes needed to convert 

natural resources into the desired industrial products or services. Many recent extensions 

of exergy analysis have focused on methods for environmentally conscious decision 

making and LCA (Sciubba, 2003, Ayres et al., 1998, Connelly and Koshland, 1997, 

Cornelissen and Hirs, 2002). The combination of exergy-based methods and LCA is 

attractive since exergy can provide a common ground for ecological and industrial 

processes, in which all types of material and energy streams can be fairly assessed, or 

valued. In addition, exergy may be related to some environmental impacts of emissions 

(Seager and Theis, 2002), may quantify the sustainability of processes (Dewulf et al., 

2000), and characterize self-organized systems (Fath et al., 2001). Although these 

characteristics make thermodynamics, especially exergy, ideal for the analysis of 

industrial and ecological systems, the above mentioned efforts ignore the contribution of 

ecological products and services, thus limiting their ability to evaluate the full cost of 

industrial activities. 
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Table 1 Generation of major approaches EFA in ecology 
Name and Year Hannon (1973)(Hannon, 

1973) 

Finn (1977)(Finn, 1977) Szyrmer and 

Ulanowicz 

(1987)(Szyrmer and 

Ulanowicz, 1987) 

Pattern (1982)(Patten, 1982) 

Model The total production of 

energy: 

ei = �pij
j

+ ri 

Where pij is the amount of 

energy consumed by j feeding 

on i for a given period 

The energy flows within an 

ecosystem and between the 

ecosystem and its environment: 

P = �
0 0 0

P21 P22 0
0 P32 0

� 

Where P21 describes the flows to 

the system from the environment, 

P22 those within the system, and 

P32 those from the system to the 

environment and the changes in 

stock 

The total energy: 

x = (I − A)−1y 

where aij is the direct 

input from i used to 

produce one unit of 

output by , and yi is 

the amount of i that 

leaves the system to 

environment. 

The analytical power: 

EA,m = N�m∗  Q∗ 

And  

EΩ,k = N�� .k
∗∗Q∗∗ 

Where m is net system output, k is 

primary input, N�m∗  is a diagonalized mth 

row in matrix N*, N�� .k
∗∗ is a diagonalized 

kth column in matrix N**, EA,m is the 

amount of energy flow from j to i that is 

required to produce one unit of net system 

output from m, and EΩ,k is the amount of 

energy flow from j to i that is enabled by 

one unit of primary input from k. 

Flows within 

structural matrix 

Inter-ecosystem component 

exchanges, primary energy 

inputs 

Inter-ecosystem component 

exchanges, primary energy inputs, 

changes in stocks, exports 

Inter-ecosystem 

component exchanges 

- 

Flows outside the 

structural matrix 

Exports, changes in stock, 

respiration 

- Exports, respiration - 



Texas Tech University, Bingbing Li, May 2012 

17 

2.2.1 Energy Flow Analysis 
Energy Flow Analysis (EFA) is a methodology developed for tracking and 

understanding the energy flows within a complex system, often for decision support in 

minimizing the energy consumption of the target system to reduce its environmental 

impact from fissile fuel energy use(Yuan, 2009). In a manufacturing system, energy is 

universally needed to drive machines and operate manufacturing processes. Lotka firstly 

introduced the concept of materials and energy flows among the central issues in ecology 

in 1925 (Lotka, 1925). In 1973 Hannon introduced the use of a system of linear 

equations, taken from input-output economics, to analyze the structure of energy 

utilization in an ecosystem (Hannon, 1973). Shortly after its introduction, Hannon’s 

approach was adopted by various ecologists. Table 1 shows a generation of major 

approaches EFA in ecology. 

2.2.2 Exergy Analysis 
Definition of exergy is “the maximum shaft work that can be done by the 

composite of the system and a specified reference environment” (Dinçer and Rosen, 

2007). Exergy analysis is a tool that can be used to comprehensively assess the use of 

materials and energy in a manufacturing process. It is applicable as a way to evaluate the 

efficiency with which energy is used and whether there has been beneficiation or 

degradation of the materials. Consequently, exergy analysis has been useful for 

improving process efficiency. Szargut (Szargut et al., 1988) firstly applied exergy to 

industrial process, and Ayres applied to metals processing (Ayres et al., 2003). 

Cumulative Exergy Consumption (CEC) analysis expands the analysis boundary by 

considering all industrial processes needed to convert natural resources into the desired 

industrial products or services. Recently many exergy experts focused on methods for 

environmentally conscious decision making and LCA (Ayres et al., 1998, Wall, 2002, 

Connelly and Koshland, 1997). The combination of exergy-based methods and LCA is 

attractive because exergy can provide a common ground for ecological and industrial 

processes, in which all types of material and energy streams can be fairly assessed, or 

valued (Cornelissen and Hirs, 2002). Gutowski developed a thermodynamic framework 

(Figure 7) to characterize the material and energy resources used in manufacturing 

processes (Branham et al., 2008). Gutowski analyzed 20 processes from conventional 
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processes to advanced machining processes, and to the vapor-phase processes used in 

semiconductor and nanomaterials fabrication shown in Figure 8 (Gutowski et al., 2009).  
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Figure 7 Thermodynamic framework used in manufacturing  process(Branham et al., 

2008) 

Gutowski developed a thermodynamic model to calculate the work requirement 

for the manufacturing process as follows: 
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ẆECMF
MF← = ��ḢMF

prod + ḢMF
res� − ḢMF

mat� − T0 ��ṠMF
prod + ṠMFres� − ṠMFmat� −

∑ �1 − T0
Ti
�i>0 Q̇ECMF

MF← + T0            (2-1) 

The quantity H-TS appears often in thermodynamic analysis and is referred to as 

the free energy. When related to the reference state (Po, To) the free energy becomes 

equivalent to exergy (B). That is,B = (H − T0S)P,T − (H − T0S)P0,T0. Exergy is the 

maximum amount of work that could be extracted from a system compared to 

environmental reference state (hence the requirement that the exergy reference be P0 and 

T0). 

Alternately, the terms hf,i° − T0si°are known as chemical exergy �bich = Ḃi
ch ṁi⁄ � 

and represent the additional potential that can be extracted by bringing the chemical 

potentials (µi) of a given system to equilibrium with its surroundings in the ultimate dead 

state (To, Po). 

ẆECMF
MF← = ��ḂMF

prod + ḂMF
res� − ḂMF

mat�
ph

+ �∑ b0,i
chṁi

n
i=1 �

MF
prod

+ �∑ b0,i
chṁi

n
i=1 �

MF
res

−

�∑ b0,i
chṁi

n
i=1 �

MF
mat

− ∑ �1 − T0
Ti
�i>0 Q̇ECMF

MF← + T0Ṡirr,MF           (2-2) 
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Figure 8 Energy requirement of manufacturing processes as a function of materials 

removed (Gutowski et al., 2009) 

2.2.3 Emergy Analysis 
Emergy analysis is a thermodynamic approach to be used for the analysis of 

ecological and economic systems. Odum developed the concepts of emergy and 

transformity (Odum, 1996). Emergy is the available energy of one kind previously used 

up directly and indirectly to make a product or service (Scienceman, 1997). The unit of 

emergy is the emjoule, which connotes the past use of energy that is embodied in the 

present product or service. It determines the energy used directly and indirectly, in 

equivalents of solar radiation, required to sustain industrial and ecological systems 

(Brown and Ulgiati, 2001). An important and powerful feature of emergy analysis is that 
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it accounts for all possible inputs, including the contribution of ecological products and 

services. 

Firstly, a detailed energy system diagram is constructed representing all 

interactions between human and natural components of the system that have been 

identified as relevant (Figure 9). The energy systems language symbols and their intrinsic 

mathematics are used to develop models of ecological and socioeconomic interactions 

and components representative of the functions and structures within the system (Odum, 

1996).  

 
Figure 9 Detailed energy systems model of the State of West Virginia (Daniel et al., 

2005). 

2.3 Mechanical Model 
Machine model a mechanical work based approach. The environmental impacts 

of traditional manufacturing processes from a broader system perspective have been 

analyzed.  Munoz complete a comprehensive system analysis of machining addresses 

energy utilization (Munoz and Sheng, 1995). William (Williams et al., 2002) has done 

some energy and material process accounting for semiconductor manufacturing, and 

Dahmus (Dahmus, 2007) finished such accounting for many traditional manufacturing 

process, including milling, turning, drilling, and sawing. Kordonowy analyzed 
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experimental power measurements for both the automated milling machines and the 

manual milling machine (Kordonowy, 2002a). Makino released a report showing that 

power data for the production machining center relied upon manufacturer’s 

specifications.  

The energy flows within a manufacturing system could be modeled by using an 

equipment centric approach like EnV-S as described in (Krishnan et al., 2008). In this 

way, the total amount of energy consumed in a manufacturing system equals the sum of 

energy consumed by each manufacturing facility, as shown by the following expression: 

E = ∑ Pi × tiN
n=1                                                           (2-3) 

or 

E = ∫ P(t)T
o dt                                                           (2-4) 

Where  

E is the total amount of energy consumed in a manufacturing system 

𝑃𝑖 or 𝑃(𝑡)  is the power demand of device i 

𝑡𝑖 or 𝑑𝑡 is the operating time of device i 

N is the total number of devices in the manufacturing system 

The power demand of manufacturing process can be calculated through material 

removal rates (MRR) and specific energy (Kalpakjian and Schmid, 2008, Kalpakjian, 

2010). With operating parameters, accurate material removal rates can be calculated from 

the speeds and feeds section of standard machinery’s handbook (Todd et al., 1994a, Todd 

et al., 1994b).  
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Table 2 shows the typical power model for tradition manufacturing processes 

such as cutting, turning, open die forging, shearing, and milling. 
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Table 2 Typical power model for traditional manufacturing processes 

Manufacturing 

Process 

Formulation  Note  

Cutting  P = Fc ∙ V = R cos(β − α) V This power is dissipated mainly in 

the shear zone and on the rake 

face. Fc is cutting force, V is 

cutting speed, R is resultant force, 

β is friction angle, α is rake angle. 

Turning P = es ∙ MRR = es
∙ πDavgdfN 

es is specific energy, MRR is 

material remove rate, Davg is 

average diameter of work piece, d 

is depth of cut,  f is feed, and N is 

rotational speed of the workpiece. 

Milling P = es ∙ MRR = es ∙ wdv

= es ∙ wd ∙ fNn 

w is width of the cut, d is depth of 

cut, v is the linear speed of the 

workpiece, f is feed per tooth, N is 

rotational speed of workpiece, n is 

the number of teeth on the cutter 

periphery. 

Drilling P = es ∙ MRR

= es ∙ �
πD2

4
� fN

= es ∙ �
πD2

4
� f �

V
πD�

= es ∙
DfV

4
 

D is diameter of drill, f is feed, N is 

rotational speed of workpiece, V is 

velocity of the drill perpendicular 

to the workpiece. 

Open die forging 
P = � F ∙ dh

hf

hi
= � Yfπr2 �1

hf

hi

+
2μr
3h

� ∙ dh 

Yf is the flow stress of the material, 

μ is the coefficient of friction, and 

r and h are the radius and height of 

the work piece, respectively. 

Shearing  Ws = A ∙ τb ∙ s ∙ χ Where A is the cross-sectional area 
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Ws = � Fdy
iD

0
= Favg ∙ iD

= π
iD3

4
∙ χ ∙ τb 

of the bar, tb is the shear strength of 

the material, s is the stroke of the 

shear blade and x is a process 

factor that accounts for the typical 

shape of the force-displacement 

diagram. 

 

2.4 Finite Element Analysis Model 
Finite element analysis (FEA) was firstly developed in 1943 by R. Courant to 

utilize the Ritz method of numerical analysis and minimization of variable calculus to 

obtain approximate solution to vibration systems (Turner, 1956). FEA consists of a 

computer model of a material or design that is stressed and analyzed for specific results. 

Nava examined shearing of an extruded bar and subsequent cold, lubricated upset forging 

of the billet by means of nonlinear FEA in Figure 10 (Nava, 2009). He considered how 

variations to the initial geometry of the feedstock, and the choice of the lubricant, affect 

the environmental performance along with the quality of the final shape of the work 

piece. He extend the contacts area to some portions of the sidewall, because as the 

deformation happens some regions not in contact with the platens at the beginning of the 

process eventually touch them and participate in the contact (Figure 11). A gradient-

based optimization routine was implemented to identify the optimal lubricant that 

minimize the total carbon emissions CE, and the results also showed reductions as large 

as 13% can be achieved, with an accurate design of the manufacturing process. 

 
Figure 10 Finite element analysis of lubricated cold upset forging(Nava, 2009) 
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Figure 11 The finite element model for the compression(Nava, 2009) 

2.5 Manufacturing Processes 
The Environmentally Benign Manufacturing (EBM) Lab at Massachusetts 

Institute of Technology (MIT) focuses on the environmental characterization of 

manufacturing processes. Their earlier work analyzed the so-called traditional and 

advanced manufacturing processes such as machining tools by Kordonowy in 2002 

(Kordonowy, 2002b, Kordonowy, 2002a), electrical discharge machining by Cho in 2004 

(Cho, 2004), sand casting and die casting by Dalquist in 2004 (Dalquist and Gutowski, 

2004b, Dalquist and Gutowski, 2004a), abrasive waterjet maching by Kurd in 2004 

(Kurd, 2004), grinding by Baniszewski in 2005 (Baniszewski, 2005), injection molding 

by Thiriez in 2006 (Thiriez, 2006), iron casting by Jones in 2007 (Jones, 2007), 

traditional machining (milling, turning, cutting, ) by Dahmus in 2007 (Dahmus, 2007), 

micro processes of semiconductors integrated circuit manufacturing by Branham in 2008 

(Branham, 2008), fiber-reinforced composites by Song in 2009 (Song et al., 2009), 

carbon nanotubes by Gutowski in 2010 (Gutowski et al., 2010).  

Dahmus  summarized electrical energy requirements for four different milling 

machines based on experimental data and theoretical power calculation of material 

removal rate which is illustrated in Table 3 (Dahmus, 2007). 

The Process Systems Engineering (PSE) Group at Ohio State University (OSU) 

focuses on theoretical thermodynamics framework and accounting for ecosystem 

services. Their methods are applied to a large variety of existing and emerging 
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technologies including transportation fuels, nanomanufacturing, green chemistry, etc. 

Zhang analyzed ionic liquid and molecular solvents in 2008 (Zhang et al., 2008), Khama 

analyzed carbon nanofiber polymer composite and production in 2009 (Khanna et al., 

2008, Khanna and Bakshi, 2009), Urban analyzed 1,3- Propanediol from fossils versus 

biomass in 2009 (Urban and Bakshi, 2009), Baral analyzed transportation fuels in 2010 

(Baral and Bakshi, 2010b, Baral and Bakshi, 2010a). 
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Table 3 A summary of the electrical energy requirements for four different milling machines (Dahmus, 2007) 
 Production Machining 

Center 

Automated milling 

Machine (1998) 

Automated milling 

Machine (1988) 

Manual Milling Machine 

Power Requirements     

Constant operations 

Run-time operations (positioning, tool 

changing, etc) 

Material removal (maximum powers in 

cut) 

76 

7 

22 

kW 

kW 

kW 

0.9 

1.5 

4.6 

kW 

kW 

kW 

3.4 

3.1 

6.0 

kW 

kW 

kW 

0.7 

0 

2.3 

kW 

kW 

kW 

Machine Use Scenario     

Available machine time 

Percentage of machine time spent in run-

time operation 

Machine time spent in run-time 

operation 

Percentage of run-time operation time 

spent in material removal 

Machine time spent in material removal 

1000 

90 

900 

70 

630 

hours 

% 

hours 

% 

hours 

1000 

65 

650 

40 

260 

hours 

% 

hours 

% 

hours 

1000 

65 

650 

40 

260 

hours 

% 

hours 

% 

hours 

1000 

35 

350 

30 

105 

hours 

% 

hours 

% 

hours 

Energy Consumption     

Constant operations (per 1000 machine 

hours) 

Run-time operations (per 1000 machine 

hours) 

Material removal (per 1000 machine 

76319 

6327 

6930 

89577 

kWh 

kWh 

kWh 

kWh 

920 

956 

598 

2474 

kWh 

kWh 

kWh 

kWh 

3360 

2028 

780 

6168 

kWh 

kWh 

kWh 

kWh 

695 

0 

121 

816 

kWh 

kWh 

kWh 

kWh 
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hours) 

Total (per 1000 machine hours) 

Energy Use Breakdown     

Constant operations 

Run-time operations 

Material removal 

85 

7 

8 

% 

% 

% 

37 

39 

24 

% 

% 

% 

54 

33 

13 

% 

% 

% 

85 

0 

15 

% 

% 

% 

Energy consumed per material 

removal 

    

Material machined 

Material removal rate 

Material removed (per 1000 machine 

hours) 

Energy consumed per material removed 

Aluminum 

20.0 cm3/sec 

45360000cm3 

7.1 kJ/cm3 

Steel 

4.7 cm3/sec 

10659600cm3 

30 kJ/cm3 

Aluminum 

5.0 cm3/sec 

4680000cm3 

1.9 kJ/cm3 

Steel 

1.2 cm3/sec 

1123200cm3 

8 kJ/cm3 

Aluminum 

5.0 cm3/sec 

4680000cm3 

4.7 kJ/cm3 

Steel 

1.2 cm3/sec 

1123200cm3 

20 kJ/cm3 

Aluminum 

1.5 cm3/sec 

567000cm3 

5.2 kJ/cm3 

Steel 

0.35 cm3/sec 

132300cm3 

22 kJ/cm3 
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CHAPTER III 

RESEARCH METHODOLOGIES 

3.1 Energy analysis model for nanoparticles synthesis process. 
Firstly we assume the nanoparticles synthesis process as a steady state, steady 

flow open system. Based on this system boundary definition, the nanoparticles synthesis 

process can be divided into two main processes: precursor transport and chemical 

reaction. Due to the first law of thermodynamics, the overall energy rate balance for an 

open system in control volume is expressed as follows: 

dEcv
dt

= Ėcv = � Q̇i

l

i=1

−� Ẇj

m

j=1

+ � ṁkH0
n

k=1

 

And, 

H0 = h +
1
2

v2 + gz = u + PV +
1
2

v2 + gz 

Where cv indicates the character of control volume, left side of equation dEcv
dt

 is 

total energy rate consumption, the first item in the right side ∑ Q̇i
l
i=1  is total heat transfer 

including the energy change in the convection and diffusion process, chemical reaction, 

and radiation energy. The second item in the right side ∑ Ẇj
m
j=1  is total work interaction, 

including the work of temperature increase of transport media, work of heating substrate, 

work of heating reaction container, and work of gas disposition by mechanical pumps. 

The third item in the right side ∑ ṁkH0n
k=1  is the total energy of flow fluid including 

enthalpy, kinetic energy, and potential energy. Where H0 is methalpy, combining Greek 

work meta with enthalpy. In the equation above all the items coming into control volume 

is positive, and going out of control volume is negative. 
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3.2 Exergy analysis model for nanoparticles synthesis process. 
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Figure 12 Schematic diagram of multi-elements system 

Due to the second law of thermodynamics, the overall entropy rate requirement 

for an open system in control volume is expressed as follows: 

dScv
dt

= �
Q̇i

Ti

l

i=1

+ � ṁkS
n

k=1

+ Ṡgen 

Solving the first and second law for heat of environment Q̇0 at the temperatureT0 

we can yield: 

 Q̇0 =
dEcv

dt
−� Q̇i

l

i=1

+ � Ẇj

m

j=1

−� ṁkH0
n

k=1

 

Q̇0 = T0
dScv

dt
−�

T0
Ti

Q̇i

l

i=1

−� ṁkT0S
n

k=1

− T0Ṡgen 

Eliminating Q̇0 between equations above and we can yield: 

d
dt

(T0Scv − Ecv) + ��1 −
T0
Ti
� Q̇i

l

i=1

−� Ẇj

m

j=1

+ � ṁk(H0 − T0S)
n

k=1

− T0Ṡgen = 0 
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From equation above we can yield expressions for the actual work rate 

requirement for the nanoparticles synthesis processes. 

Ẇ = � Ẇj

m

j=1

=
d
dt

(T0Scv − Ecv) + ��1 −
T0
Ti
� Q̇i

l

i=1

+ � ṁk(H0 − T0S)
n

k=1

− T0Ṡgen 

Where, 

Ḃcv =
dBcv

dt
= � ṁk(H0 − T0S)

n

k=1

 

We can also yield exergy requirement for the nanoparticles synthesis processes 

Ḃcv = ��1 −
T0
Ti
� Q̇i

l

i=1

−� Ẇj

m

j=1

+
d
dt

(T0Scv − Ecv) − T0Ṡgen 

Where the item on left-hand side is time rate of systems exergy change, the first 

item on right-hand side is time rate of exergy transfer by heat, the second item on right-

hand side is time rate of exergy transfer by work, the third item on right-hand side is time 

rate of exergy transfer by bulk flow exergy inputs or outputs, and the last item on right-

hand side is rate of exergy destruction. 

Based on the exergy equilibrium equation of multi-elements, we can calculate the 

exergy of transport gas in the inlets, exergy of disposal gas in the outlets, exergy of heat 

dissipation, transport and substrate thermal radiation, and exergy of substrate heating. 

Quantifying the exergy flow and lost, we can get efficiency of manufacture process and 

give suggestion of improvement. 

Let us assume the system a continuous steady-state material flow with no 

chemical reactions and correspondingly no changes in chemical exergy, and with no heat 

inputs. The simplified exergy model of nanoparticles synthesis process in this research is 

raising the temperature from T0 to desired temperature T and the pressure from standard 

pressure P0 to desired temperature P of gas stream modeled as an ideal gas. The minimum 

physical exergy required to create the conditions necessary to produce nanoparticles is 

following: 
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dbph = dh − T0ds = cpdT − T0 �cp
dT
T
− R

dP
P � 

bph = cp(T − T0) − cpT0ln
T
T0

+ T0Rln
P
P0

 

Assuming T0Ṡgen = 0, and the minimum work comes out as following: 

wmin = bph = cp(T − T0) − cpT0ln
T
T0

+ T0Rln
P
P0

 

3.3 Thermodynamic model for precursor physical transport process 

Gas Supply

Convection

Gas phase diffusion

Adsorption

Surface reaction

Film composition & structure

transport

deposition

 

Figure 13 Physics of Chemical Vapor Disposition 

Figure 13 shows a typical physics of nanoparticles synthesis process, which can 

be divided into two processes: precursor transport and deposition. The precursor transport 

process in the nanoparticles synthesis process basically includes three steps: convection, 

gas-phase diffusion and adsorption. The deposition process (including chemical reaction 

and film composition) will be discussed in detail in part 3.4. 
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For the convection it concerns: 

• Movement of gas through the reactor after injection 

• Gas flow pattern: determines gas residence time and heating, influences 

gas-phase reaction 

• Depends on mass, momentum, energy conservation, ideal gas law 

• Depends on reactor geometry 

The diffusion is due to the concentration gradient between the surface and the 

reservoir. Diffusion needs pass through boundary layer. 

3.3.1 Kinetic model for precursor transport  
Make the assumption that transport media (fluid or gas) is viscous incompressible 

continuous flow in steady state, gas mixture is uniform, and flow is laminar and no 

sliding with the inner wall. The transport and diffusion processes were simulated by 

solving the conservation equations for the mass, momentum, energy, and chemical 

species. Considering the diffusion effects of transport media, the kinetic model for 

precursor transport is created based on the incompressible Navier-Stokes equation. The 

pressure equation was derived from the continuity and momentum equations. Based on 

the projection method, the velocity corrected by the pressure satisfied the continuity 

equation (Chorin, 1968). Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) 

algorithm is selected to solve the linear pressure-velocity coupling. 

In this study I mainly focus on the energy and mass flow in the cross stream 

direction and caused by a vertical temperature gradient aligned with the gravitation field. 

So the fluid dynamic problem of flow and heat transfer in the chemical reaction was 

considered to be two-dimensional. A simplified geometry for computational grid is given 

in Figure 14 to solve the governing equations numerically. The flow and temperature 

field in the reactor can now be fully described by a set of 4 partial differential equations 

describing the conservation of mass, momentum and energy with appropriate boundary 

conditions. 
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Tin Th

Tin

x=0 x=Lr

y=0

y=Hr

 

Figure 14 Simplified two dimension representation of reactor. 

The continuity equation is: 

∂
∂x

(ρvx) +
∂
∂y
�ρvy� = 0 

The horizontal momentum equation is: 

∂
∂x

(ρvx2) +
∂
∂y
�ρvxvy�

=
∂
∂x �

2𝛍
∂vx
∂x �

+
∂
∂y �

𝛍
∂vx
∂y �

+
∂
∂y
�𝛍

∂vy
∂x

� −
2
3
∂
∂x�

𝛍�
∂vx
∂x

+
∂vy
∂y

��

−
∂P
∂x

 

The vertical momentum equation is: 

∂
∂x
�ρvxvy� +

∂
∂y
�ρvy2�

=
∂
∂y
�2𝛍

∂vy
∂y

� +
∂
∂x
�𝛍

∂vy
∂x

� +
∂
∂x
�𝛍

∂vy
∂y

� −
2
3
∂
∂y�

𝛍�
∂vx
∂x

+
∂vy
∂y

��

−
∂P
∂y

+ ρg 

Neglecting viscous dissipation and pressure labour, energy equation is as follows: 

∂
∂x
�ρcpTvx� +

∂
∂y
�ρcpTvy� =

∂
∂x �

λ
∂T
∂x�

+
∂
∂y �

λ
∂T
∂y�

+ ρT�vx
∂cp
∂x

+ vy
∂cp
∂y

� 
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Where vx is the horizontal velocity, vy is the vertical velocity; P is pressure, T is 

temperature, ρ is density, 𝛍 is dynamic viscosity, and cpis specific heat, and λ is the 

thermal conductivity of the gas. 

Boundary conditions are: 

Inflow:  vx = vx,in,  vy = 0,  T = Tin 

Outflow: ∂(ρvx) ∂x⁄ = 0, v = 0, ∂T ∂x = 0⁄  

Upper wall: vx = 0, vy = 0,     T = Tin 

Lower wall: vx = 0, vy = 0,      T = Tin 

Heater: vx = 0, vx = 0,       T = Th 

The boundary conditions for vx and T in the outflow assume fully developed 

velocity and temperature profiles at the end of the heated susceptor. The outlet boundary 

condition for vx follows automatically from the outlet boundary condition for vy through 

the continuity equation and does not have to be imposed explicitly. 

The Reynolds number of flow conditions in this model is calculated by the 

equation: 

Re =
vxρrefHr

𝛍ref
 

Where µin is the velocity of the incoming gas at room temperature, Hr is the 

reactor height, ρref is density at the reference temperature, and 𝛍ref is viscosity at the 

reference temperature. Where the reference temperature Tref is calculated as follows: 

Tref =
1
2

(Tin + Th) 

Where Tin is the temperature of inlet, and Th is the temperature of the heater.  

Another important fluid dynamical number is Grashoff number: 

Gr = −
gρref2 h3∆T
𝛍ref2 Tref

 

Where ∆T = Th − Tin 
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3.3.2 Precursor convection process 

 

Figure 15 Laminar gas flow across flat plate. 

When a fluid flows adjacent to a solid substrate, the fluid velocity on the substrate 

surface must be zero. The boundary layer is defined as this transition region in which the 

fluid velocity changes from constant value (bulk fluid flow velocity) to zero. 

The expression for the thickness of boundary layer across flat plate is a function 

of distance in flow direction x and Reynolds number Rex: 

δ(x) =
5x

(Rex)1/2 

The Reynolds number of flow conditions is calculated by the equation: 

Rex =
v0ρx
𝛍

 

Where v0 is the velocity of bulk flow, ρ is density of flow, and 𝛍 is the viscosity 

of flow. By integrating the thickness expression over the length of the flat plate and 

dividing the result by the length, the average width of boundary layer is represented as 

follows: 

δ� = 1 �L� δ(x)dx
L

0
�� =

10
3

L�
𝛍

ρv0L
=

10
3

L
�ReL
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3.3.3 Precursor diffusion model 

 

Figure 16 Kinetic model of film growth on flat wafer 

Based on the Fick’s law, the reactant diffusion through the boundary layer is 

expressed as: 

Ji = −
D

RT
dCi
dy

≈ −
D

RT
(Cg − Cs)

δ
 

Where Ji is the diffusion, D is the diffusivity of the reactants, Ci is the flux 

concentration, R is the gas constant, T is the absolute temperature, y is the vertical 

distance,  δ is the thickness of boundary layer, Cg is the concentration of the bulk stream 

and Cs is the concentration on the plate surface. 

Based on time nonlinear Boltzmann equation, setup the diffusion model during 

precursor transport process. Functionalize composite change of multi-element transport 

gas by density distribution function f (i)(x, u, t). Solve it by BGK model and Shakov 

model approximate collide item. Setup the CVD geometric shape as boundary condition. 

So the concentration function of precursor can be expressed as: 

Ci(x, t) = � f (i)(x, v, t)
R3

dv 

Where f (i)(x, u, t) is the density distribution function of precursor i, which 

indicates the molecular number of element i at time t, position x = (x1, x2, x3) and 

velocity v = (v, v2, v3). Only the molecular across the boundary to substrate by diffusion 
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can successful deposit. So the relationship function between diffusion amount and 

concentration at point x can be modeled. The film disposition amount function would be 

the integration of film disposition velocity by time. 

Mass flow of deposition component: 

J(x, y) = Jt(x, y) + Jd(x, y) = C(x, y)v� − D∇C(x, y) 

Jt(x, y) is the total convection, Jd(x, y) is diffusion. 

Density change on one specific point: 

∂C(x, y, t)
∂t

= −∇Jd(x, y) + ∇Jt(x, y) = D �
∂2C(x. y. t)

∂x2
+
∂2C(x, y, t)

∂y2
� + v�

∂C(x, y, t)
∂x

 

Equillium state: 

C(x, y, t) = C(x, y) 

∂C(x, y, t)
∂t

= 0 

D �
∂2C(x, y)
∂x2

+
∂2C(x, y)
∂y2

� + v�
∂C(x, y)
∂x

= 0 

Boundary condition: 

�∂C(x, y)
∂y

�
y=b

= 0 

C(x, 0) = 0 

C(0, y) = Ci 

C(∞, y) = 0 

Dissolved variant: 

C(x, y) = X(x)Y(y) 

C(x, y) =
4Ci
π
�

1
2n + 1

sin �
(2n + 1)πy

2b �
∞

n=0

xexp �v� D⁄

− [(v� D⁄ )2 + �(2n + 1)π/b�2]1/2�x 
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C(x, y) ≈
4Ci
π

sin �
πy
2b
� exp�

−π2Dxϑ
4v�b2

� 

Source gas flow (g/cm2s) flowed to base: 

J(x) = �D
∂C(x, y)
∂y

�
y=0

 

G(x) =
MJ(x)
ρMs

=
2CiMD
bρMs

e−
π2Dx
4v�b2  

Diffusion equation of steady state flow: 

D �
1
r
∂
∂r
�

r ∂C(r, z)
∂r

� +
∂2C(r, z)
∂z2

� = 0 

The boundary condition is: 

⎩
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎧ �∂C(r, z)

∂r
�
r=0

= 0

�C(r, z)|r=r0 = C0

D �
∂C(r, z)
∂z

�
z=zi

= kC(r)

−D �
∂C(r, z)
∂z

�
z=zi+∆

= kC(r)

� 

This model can be calculated by the kinetic simulation software such as FEA tool, 

HSC Chemistry (Chemical Reaction and Equilibrium software, which is the world’s 

favorite thermochemical software.) 

3.3.4 Heat transfer model of precursor transport process. 
Because of the temperature difference between gas and reactor wall, fluid 

temperature distribution along the axial direction is changing.  

ρCp �
∂T
∂t

+ ur
∂T
∂r

+
u∅
r
∂T
∂∅

+ uz
∂T
∂z�

= k �
1
r
∂
∂r �

r
∂T
∂r�

+
1
r2
∂2T
∂∅2

+
∂2T
∂z2�

+ qr + qg 

where qr is radiation heat transfer rate between substrate and sheet, qg is 

generated heat rate during the chemical vapor process. 
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3.3.5 Energy model of precursor transport process 
When the gas flows, part of mechanical energy would be transferred to thermal 

energy, so that energy must be lost because of viscosity. For the viscosity effects of gas 

and reactor inner wall, the energy model for precursor transport process based on the 

First Law of thermodynamics is expressed as:  

ρ
De
Dt

=
∂
∂x �

k
∂T
∂x�

+
∂
∂y �

k
∂T
∂y�

+
∂
∂z �

k
∂T
∂z�

+ µ∅ 

Where e is internal energy of unit mass fluid, k is the heat transfer rate, µ is the 

viscosity, T is temperature, ∅ is viscosity consumption function. Dynamic change 

between internal energy and kinetic energy of gas flow can be monitored by solving the 

energy equation. 

Energy diffusion equation of precursor transport process can be expressed as: 

E = µ� �2�ε̇xx2 + ε̇yy2 + ε̇zz2 � + 4�φ̇xy
2 + φ̇yz

2 + φ̇zx
2 ��dV

V
 

Where ε̇ is linear deformation rate, φ̇ is angular deformation rate. By coupling the 

chemical reaction energy model and precursor transport process heat transfer model, the 

energy consumption and lost can be analyzed quantitatively. 

3.4 Thermodynamic model for chemical reaction process 
Because of reduced size and increased surface area of nanoparticles, the chemical 

reaction process of nanoparticles is different from that of bulk materials. The chemical 

reaction process of titanium dioxide and titanium in solutions can be described as 

following: 

TiO2(s) + 4H+ ↔ Ti4+ + 2H2O 

TiO2(s) + 2H2O ↔ Ti4+ + 4OH− 

TiO2(s) + 2OH− ↔ TiO3
2− + H2O 

In general all the chemical reaction can be written as follows: 

γaAa + γbAb → γcAc + γdAd 

�γiAi = 0 
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Where γi is stoichiometric coefficients, and γi for reactants are negative, γi for 

products are positive. Ai is element or compound. 

Within the system both in thermal contact and diffusive contact, the chemical 

potentials of each element also has the similar equation as above: 

�γiϑi
i

= 0 

The chemical potential of dissolved components can be expressed as: 

ϑi = ϑi0 + RTln(Xi) 

Where R is the Boltzmann constant, T is the temperature and Xi is the molar 

fraction of component i in solution, and ϑi0 is the chemical potential under standard 

conditions. 

So the first law for steady flow combustion is: 

Q̇ − Ẇ + � Ṅih�i
R

−� Ṅjh�j
P

= 0 

In general, h�i is the partial molal enthalpy. If we assume an ideal solution, partial 

molal quantity is equal to the proper molal quantity. P0 is typically 1 atm. 

h�i = hi = hf0 + �hT,P − hT,P0� 

The second law for steady state, steady flow chemical reaction is: 

dS
dt

= � ṄiS�i
P

−� ṄjS�j
R

−�
Q̇j

Tj
+ Ṡgen 

Free energy change 

∆G = �γiGi
i

 

Where Gi is mole Gibbs free energy for component i: 

Gi = Gi
0 + RTlnXi 

Gi
0 is the mole Gibbs free energy in standard situation. Xi is the molar fraction of 

ith component in reaction. 



Texas Tech University, Bingbing Li, May 2012 

43 

∆G = ∆G0 + RTln�
∏ Ai

γi
P

∏ Ai
γi

R
� 

In the equilibrium state, ∆G is equal to zero. Equilibrium constant is a function of 

the temperature alone, which can be expressed as: 

0 = ∆Ge
0 + RTln�

∏ Ai,e
γi

P

∏ Ai,e
γi

R
� 

−∆Ge
0 = RTln�

∏ Ai,e
γi

P

∏ Ai,e
γi

R
� = RTlnKe 

Ke = exp�−
∆Ge

0

RT
� 

The definition of chemical potential is a partial derivative of thermodynamic 

potential over the amount of element, which can be described by the equation as follows: 

ϑ(T, V, N) = �
∂G
∂N�T,V

 

For the nanotubes, especially the anatase and rutile phase, the change of surface 

area is resulted from the variation of amount of moles. So the equation of chemical 

potential can also be described as follows: 

ϑNT = �
∂GNT

∂nNT
�
T,P,ni

= �
∂GNT

b

∂nNT
�
T,P,ni

+ σVm �
dA
dV�

= ϑNTb + σVm �
dA
dV�

 

Where, 

ϑNTb →the chemical potential of NT without an interfacial boundary 

σ →the excess surface energy in the dioxide-solution interface (constant) 

Vm→the partial molar volume of nanostured NT (constant) 

A→ the surface area of the nanostured NT 

V→ volume of the nanostured NT 

The equation above is only valid with the assumption that the dissolution-

crystallization process only exits on the wall surface rather the end of nanotubes. 
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The radius change both in internal concave surface and external convex surface 

during the crystallization process is illustrated in Figure 17. Assuming the change dr is 

differentially small, the surface area over volume can be described as follows: 

dA
dV

=
dAext

dVext
+

dAint

dVint
=

2πLtubedr
2πLtuberextdr

−
2πLtubedr

2πLtuberintdr
=

1
rext

−
1

rint
 

Where Ltube is the nanotube length. So the formula for the chemical potential of 

nanotubes is described as follows: 

ϑNT = ϑNTb + σVm �
1

rext
−

1
rint

� 

σVm �
1

rext
−

1
rint

� + �θiϑi0

i

= RT�(−θi)lnXi
i
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intr

extr

dr dr

 

Figure 17 Change in nanotube radius during crystallization onto the wall 
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CHAPTER IV 

THERMODYNAMIC ANALYSIS AND SUSTAINABILITY DEVELOPMENT FOR 
TIO2 NPS 

4.1 Introduction of TiO2 NPs 

4.1.1 Why TiO2 NPs? 
Since Iijima firstly reported carbon nanotubes (multi-wall tubes) in 1991 (Iijima, 

1991), they have been mainly explored for physics, chemistry, materials science and 

microelectronic technology. Inorganic nanotubes (especially transition-metal sulfides or 

oxides) also triggered enormous efforts on biomedical, photochemical, electrical, and 

environmental applications. Among all transition-metal oxides, TiO2 is the most 

investigated compounds and most extensively studied material with more than 40000 

publications over the past 10 years (Roy et al., 2011). 

Due to their large surface to volume ratio, TiO2 is a mass-produced material 

(4×106 ton per year), very useful non-toxic, environmentally friendly, and corrosion-

resistant material used in a variety of applications including: as photocatalysis for organic 

waste decomposition and environment self-cleaning, water splitting for hydrogen and 

fuel generation, biomedical devices, and electricity generation by harvesting solar energy 

(dye-sensitized solar cells, DSSC), as white pigments used in paints, and toothpaste, other 

cosmetic products, such as optical coating, and in applications in nanostructured forms in 

recharge battery and electronic devices (Macak et al., 2007, Fujishima and Honda, 1972, 

Gratzel, 2001). For many of the applications, control TiO2 nanomaterial size, shape, 

geometry, crystal phases, crystal facets, and surface area are critical requirements for the 

related performances (Diebold, 2003). There are three kinds of crystal phases found in 

titania: anatase, rutile, and brookite. Anatase is preferable to rutile for DSSC, where rutile 

is suitable for gas sensors and water photolysis (Park et al., 2000).  

4.1.2 Crystal structures of TiO2 
There are three different crystal structures in nature, i.e., anatase, rutile, and 

brookite. These polymorphous modification of TiO2 can convert to each other under 

certain conditions. Rutile is the most common form and equilibrium phase, while anatase 
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and brookite are metastable phase which will be converted to rutile if heated to 700℃ and 

900℃. 

Table 4 TiO2 Property Data (Smyth and Bish, 1988) 

 Rutile TiO2 Anatase TiO2 Brookite TiO2 

molecular weight 79.866 79.866 79.866 

z 2 4 8 

Crystal system Tetragonal Tetragonal  Orthorhombic  

Point group 4/mmm 4/mmm 4/mmm 

Space group P42/mnm I41/amd Pbca 

Unit Cell 

a 4.5845 3.7842 9.184 

b   5.447 

c 2.9533 9.5146 5.145 

Vol 62.07 136.25 257.38 

MolarVol 18.693 20.156 19.37 

Density 4.2743 3.895 4.123 

Based on the Chemistry WebBook by NIST CSTL Standard Reference Data 

Program, we can calculate the condensed phase thermo-chemistry data for rutile and 

anatase TiO2 by Shomate equation. 

Cp0 = A + B ∗ T + C ∗ T2 + D ∗ T3 + E/T2 

H0 − H298.15
0 = A ∗ T + B ∗

T2

2
+ C ∗

T3

3
+ D ∗

T4

4
−

E
T

+ F − H 

S0 = A ∗ ln(T) + B ∗ T + C ∗
T2

2
+ D ∗

T3

3
−

E
2 ∗ t2

+ G 

Where T=temperature (K)/1000. Parameters in the Shomate equation can be 

achieved from Table 5. 
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Table 5 Parameters of Shomate equation for solid phase heat capacity(Chase, 1998) 

Phase Rutile Anatase 

Temperature 298-2000K 298-2000K 

A 67.29830 67.49796 

B 18.70940 18.27015 

C -11.57900 -11.25467 

D 2.449561 2.371717 

E -1.485471 -1.492815 

F -964.5140 -964.5919 

G 117.8630 118.1658 

H -938.7220 -938.7222 

During the thermodynamic analysis and calculation, specific data was used for 

each phase of TiO2 in different process of its synthesis process. 

4.1.3 Synthesis Routes For TiO2 NPs 
Currently, there are two main processes for titanium dioxide industrial production: 

the chloride process (better for rutile phase titanium dioxide, popular in U.S.) and the 

sulphate process (better for ilmenite ores, popular in Europe). (Grubb and Bakshi, 2011) 

Sol-gel method, 1998

Template-assisted method, 1996 Hydrothermal treatment, 1999

Electronchemical anodization, 2001

PmProduct2Product1ReactantnReactant2Reactant1 ,, +++ →+++  tpT

Chemical Vapor Deposition, 1995
 

Figure 18 The scenario of chemical nanosynthesis routes in TiO2 NPs 

Based on the synthesis mechanism, nanosynthesis routes can be classified into two main 
categories: physical methods (including carbon arc, laser ablation, and vapor trapping) 
and chemical methods. In the chemical methods, there are various routes to synthesis 
TiO2 NT including sol-gel transcription (wet-chemical technique) method (Kobayashi et 
al., 2002), template assisted method (Imai et al., 1999), seeded growth (Tian et al., 2003), 
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electrochemical anodization process (Yao et al., 2003), and hydrothermal/solvothermal 
approach (Bavykin et al., 2006). The scenario of chemical nanosynthesis routes in TiO2 
is shown in  

Figure 18. Each synthesis route can have unique advantages, disadvantages, 

functional features and influence factors, which is demonstrated in Table 6. Among all 

the routes, electrochemical oxidation reaction of a metallic titanium substrate under a 

specific set of environmental conditions is a relatively simple and low-cost parallel 

process to form highly ordered TiO2 NT (Alivov et al., 2009). 
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Table 6 Comparisons of chemical synthesis routes in TiO2 NT 

Synthesis route Advantage  Disadvantage  Features Influence factors 

Sol-gel 1) Large area scale 

2) Precise composition control 

3) Low-temperature synthesis 

4) High homogeneity 

5) Easy achieved 

1) Sensitivity for atmosphere 

condition 

2) Expensive of raw materials 

3) Use of toxic solvent system 

 

 Temperature, durability, 

ethanol medium, concentration 

of precursor 

Hydrothermal 1) Easy route 

2) Cost effective 

3) Feasible for extended 

application 

4) Available numbers of 

modifications 

1) Long reaction time 

2) Need highly concentrated 

NaOH 

3) Difficult in achieving uniform 

size 

Random alignment 

(powder form) 

Temperature, duration, 

washing procedure, the 

concentration of alkaline, 

titanium source, the size and 

size distribution of raw titania, 

and post treatment 

Template assisted 1) Nanorods can be diamerter-

controllable and well defined 

2) The pores are arranged in a 

regular hexagonal array 

3) Pore densities as high as 10 

1) Synthesis process are 

complicated 

2) Morphology may be 

destroyed 

Ordered arrays (powder 

form) 
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pores cm-2 can be achieved 

4) Cheap and fast 

Electrochemical 

anodization 

1) Ordered alignment with high 

aspect ratio 

2) More desirable 

1) Highly expensive 

2) Limited mass production 

Oriented arrays (thin 

film) 

Fluoride containing acids, rate 

of chemical dissolution of the 

oxide in electrolytes, applied 

voltage, initial current, 

anodization time 

Chemical vapor 

deposition 

1) Possibility to control a great 

variety of microstructures 

that obviously influence the 

properties. 

2) Dense and uniform coating 

can be obtained. 

 Efficient for wire-like 

nanomaterials 

Coating time, temperature of 

the precursor, flow rate of the 

carrier gas, temperature of the 

reactor 
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The following is a brief overview of different preparation approaches. 

1) Chemical vapor deposition (CVD). CVD is an old chemical process with 

over one century history in the ceramic industry. It is widely used again to synthesize 

nanomaterials. In a typical CVD process, the substrate is exposed to one or more 

precursors, which react and/or decompose on the substrate surface to produce the desired 

deposit. There are plenty forms of CVD, such as Microwave Plasma-Assisted CVD 

(MPCVD), Plasma-Enhanced CVD (PECVD), Atomic layer CVD (ALCVD), 

Combustion Chemical Vapor Deposition (CCVD), Metalorganic Chemical Vapor 

Deposition (MOCVD), and Hybrid Physical-Chemical Vapor Deposition (HPCVD), etc. 

Mostly popular used precursors in TiO2 coating by CVD include titanium tetra-

isopropoxide (TTIP), titanium tetrachloride (TiCl4), titanium tetranitrato (N4O12Ti), and 

TTIP stabilized with a chelating alkoxide (Ding et al., 2001). A schematic diagram of the 

reactor is shown in Figure 19.

 

Figure 19 Schematic diagram of the CVD system (Ding et al., 2001). 
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As a low cost inorganic precursor, TiCl4 can be oxidized to prepare TiO2 

nanoparticles according to following chemical vapor deposition (CVD) process: 

TiCl4(g) + O2(g) = TiO2(s) + 2Cl2(g) 

Where the production of nanoparticles is favored by the increase of reaction 

temperature, typically in the range of 1400 to 1500 °C. The high growth temperature may 

cause rapid reactor corrosion. Another route to produce nanoparticles is by vapor-phase 

hydrolysis at lower temperature: 

TiCl4(g) + 2H2O(g) = TiO2(s) + 4HCl(g) 

2) Template assisted method. Template assisted method is a method to 

synthesis TiO2 nanostructured arrays by utilizing oxide nanorods (ZnO, NiO, MgO, CuO, 

etc. ) as a template. ZnO is one of the most promising template. The nanostructured 

arrays are prepared on Si substrate directly by combining the ZnO nanorod arrays using a 

low-temperature aqueous solution method and the TiO2 by liquid phase deposition (LPD). 

This synthesis process relies on the chemical equilibrium between a metal-fluoro 

complex and metal oxide, homogeneous thin films can be deposited on various kinds of 

substrates with large areas and complex morphologies(Lee et al., 2005). A schematic 

process for synthesizing vertically aligned TiO2 nanotubes arrays on transparent 

conducting oxides (TCO) is shown in Figure 20 (Xu et al., 2009).  

 

Figure 20 Schematic process for synthesizing vertically aligned TiO2 nanotube arrays on 

TCO (Xu et al., 2009). 

3) Sol-gel method. The sol-gel method is a wet-chemical technique, which is 

also known as chemical solution deposition. It is widely used for the synthesis of 

nanometer-sized metal oxide particles with a chemical solution (sol) as the precursor to 

produce integrated network (gel). The gel can be processed by various drying methods 
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(shown by the narrows in Figure 21) to develop materials with distinct properties (Rath, 

2005). The sol-gel method is an attractive method for low-temperature synthesis of TiO2, 

and it is easier to realize metal doping (Zhou et al., 2006). 

 

Figure 21 Sol-gel process (Rath, 2005). 

The hydrolysis of TiCl4 in water yields anatase phase TiO2 nanoparticles. The 

crystallinity and particle size are controlled by the TiCl4 to H2O volume ratio. Powders 

with 250 m2g-1 BET surface area and 12 nm size can be obtained with 1:50 TiCl4/H2O 

volume ratio (Addamo et al., 2005).  For solar cell applications, colloidal TiO2 solution 

prepared by hydrolysis of sol-gel precursors Ti(IV) alkoxide, such as isopropoxide and 

butoxide, is often used, which will be detailed later on. Figure 22 shows a scanning 

electron microscopy (SEM) image of TiO2 nanoparticles produced by hydrolysis of 

isopropoxide. 
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Figure 22 A representative of SEM image of TiO2 nanoparticles 

4) Hydrothermal synthesis. Hydrothermal synthesis is one of the low 

temperature chemical precipitation methods (>100 d C and >1 atmosphere pressure). The 

process is termed ‘hydrothermal process’ when solvent is water, while the process is 

called ‘solvothermal process’ when any solvent including water or organic solvents are 

used (Komarneni, 2003). Solvothermal synthesis utilizes a solvent under pressures and 

temperatures above its critical point to increase the solubility of solid and to speed up 

reaction between solids. Hydrothermal method is a promising method used in the 

preparation of nanocrystalline TiO2 (Zhou et al., 2006). 

Advantages of hydrothermal method are (Stambaugh and Miller, 1982): 

a) Relative low temperature synthesis (in general less than 523K). 

b) Precipitants are not needed in most cases, and thus it is cost-effective. 

c) Different hydrothermal conditions (such as temperature, pH, reactant 

concentration, and molar ratio) can result in different compositions, structures and 

morphologies. 

d) Very high purity. 

e) Simpler equipment and processing required, and easier control of reaction 

conditions. 

One main disadvantage is slow kinetics at any given temperature. In order to 

increase the kinetics of crystallization, one can introduce microwave, electric or 

ultrasonic fields in the hydrothermal system (Komarneni, 2003). 
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5) Electrochemical anodization. Electrochemical anodic oxidation to produce 

regular nanotube array (Grimes et al., 2008). In addition to nanoparticles, TiO2 nanotube 

array will also be extensively investigated for energy applications. As illustrated in 

Figure 23, a two-electrode electrochemical cell with a distance of 2cm is used to 

synthesizeTiO2 nanotube arrays, with a titanium sheet as working electrode (anode), a 

platinum meshed plate as the counter electrode, and ammonium fluoride (NH4F) in 

glycerol as electrolyte. Typically a titanium metal sheet is degreased in acetone and 

ethanol, followed by rinsing in de-ionized water and drying in a nitrogen stream. 

Electrochemical anodization is carried out in DC voltage of 5-350 V with NH4F 

concentration varied in a range of 0.1 – 0.7 wt %. TiO2 NTs prepared in glycerol 

solutions of NH4F were reported to have a higher degree of regularity and homogeneity 

compared to nanotubes prepared in other electrolytes (Macak and Schmuki, 2006). After 

NTs grow, samples are washed in DI water to remove residual electrolyte. The obtained 

highly ordered TiO2 nanotube arrays are amorphous, and are annealed in air for 30 min in 

a temperature range of 300-800°C with a ramping rate of 16 °Cmin-1 for crystallization to 

obtain anatase TiO2 phase. 

 

Figure 23 Schematic of the electrochemical cell for TiO2 nanotube array fabrication. 

There are many other approaches to prepare nanostructured TiO2 materials, but in 

this research the focus will be on the wet chemical route for nanoparticle synthesis, 

chemical vapor deposition and electrochemical anodization route for nanotube array 

preparation. 
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4.2 Experimental Setup 

 

Figure 24 Illustrative drawing of two electrode electrochemical cell 

As illustrated in Figure 24, a chamber with two electrode inside is placed on the 

platform. And the total electricity consumption is monitored by a power meter “Kill a 

WattTM”. At the first five synthesis cycles, the temperature change was monitored during 

the whole anodization process and only little difference was found. In the model the 

temperature change is ignored. A DC power converter (Q1770, Dick Smith electronics, 

Australia) is used to offer required DC voltage output. 

The anode side thick titanium sheet is 0.25 mm with 99.97% purity. The DC 

voltage in 5-350V range is performed. The current was varied in the range of 1-2.5A. The 

solution is ethylene glycol containing 0.4 wt% ammonia fluoride (NH4F) and 5 wt% 

deionized water. The titanium sheet is degreased in acetone and ethanol, rinsed in 
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deionized water and dried in a nitrogen stream. The anodization was performed at room 

temperature. A platinum plate is placed as a cathode by a distance of 20 mm from the 

anode. NTs with different lengths can be achieved by varying anodizing time and voltage. 

Then calcinations are performed at 450℃ to crystallize the formed amorphous TiO2 NTs 

into anatase phase for 1 hour. Schematic of this annodization method is illustrated in 

Figure 25. 

Titanium foils (0.25 mm, 99.97% purity)

Degreased, cleaned and dried

Electrochemical Anodiztion
Voltage: 5-350V

Time: 10-300 min
Electrolyte: ethylene glycol +NH4F (0.4 

wt%) + deionized water (5 wt%)
Stirred: magnetic 150rpm 

Deionized water cleaned

Infiltration in TiCl4 for 30 mins at 100C

Calcination for 1h at 450C
 

Figure 25 Schematic illustration of the preparation of TiO2 nanotube arrays by 

anodization method. 

Anodization was performed at applied voltages of 5, 10, 20, 30, 60, 120, 160, 240, 

and 350V. The length of NTs varied in range from 400 nm to 7 μm with anodization 

conditions. The diameter of NTs varied in range 18-220nm. All the raw experimental 

data is listed in Table 7 
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Table 7 Parameters of TiO2 NTs from the experiments 
Voltage Average diameter Wall thickness Length Electricity (kWh) 

5V None None  None  0.02 

10V 18nm 6nm 400nm 0.03 

20V 26nm 8nm 700nm 0.07 

30V 35nm 9nm 1100nm 0.13 

60V 86nm 13nm 2060nm 0.22 

120V 118nm 17nm 4000nm 0.40 

160V 156nm 19nm 5260nm 0.66 

240V 220nm 23nm 7000nm 0.91 

350V None None None  1.32 

Experiment setup: 0.25mm titanium with 99.97% purity, electrolyte is glycerol 

(99.8%) with NH4F (98%) concentration in a range 0.1-0.7 wt% 
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4.3 Calculations and Analysis for Electrochemical Anodization Process 

4.3.1 Thermodynamic Analysis for Formation Process of Oxide Layer 

 
Figure 26 The basic premise of electrochemical anodization (Macak et al., 2007) 

The basic premise of electrochemical anodization is the competition between 

formation of compact TiO2 layer and formation/dissolution of Ti4+ in the nanotube TiO2 

layer, which is illustrated in Figure 26. By applying electric current to titanium electrode 

plates, titanium ions from the anode plate are dissolved into the aqueous solution. 

Hydrogen gas is released at the cathode which causes the flotation. The electrode 

reactions using titanium are as follows: 

Anode 

Ti(s) → Ti4+ + 4e− 

Cathode 

2H2O + 4e− → 2H2(g) + 2O2− 

So the overall electrochemical oxide reaction is described as following 



Texas Tech University, Bingbing Li, May 2012 

61 

Ti(s) + 2H2O → 2H2(g) + TiO2(s) 

 

Figure 27 The electrochemical anodization process and possible anodic morphologies. 

As illustrated in Figure 27 above, I indicates metal electropolishing, II indicates 

formation of compact anodic oxides, III indicates self-ordered oxides (nanotubes or 

nanopores), IV indicates rapid (disorganized) oxide nanotube formation, and V indicates 

ordered nanoporous layers. 

Table 8 Enthalpy of formation and absolute entropy of some of the most common 

substances encounters in the analysis of chemical reaction processes 

Substance Phase * Molecular weight 

(kg/kmol) 
 hf° kJ/mol S° 

J/mol*K 
TiCl4 Titan tetrachloride (g) 189.678 -763.16 354.84 
H2O Water (g) 18.0153 -241.83 188.84 
TiO2 Rutile Titan oxide (s) 79.866 -938.72 50.62 
TiO2 Anatase Titan oxide(s) 

 
79.866 -938.72 49.82 
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Ti Titanium (s) 47.867 13.65 30.72 
HCl Hydrogen chloride (g) 36.4606 -92.31 186.90 
O2 Oxygen(g) 31.9988 0 205.02 
Cl2 Chlorine(g) 70.9054 0 223.08 
CH4 Methane(g) 16.0425 -74.87 186.25 
C Carbon (graphite) (s) 12.0107 0 5.686 
H2 Hydrogen(g) 2.01588 0 130.68 
CO Carbon monoxide(g) 28.0101 -110.53 197.66 
CO2 Carbon dioxide(g) 44.0095 -393.52 213.79 
F- Fluorine anion 18.9989 79.39 158.78 
H+ Hydrogen cation 1.00739 1555 108.95 
TiF6 Titanium fluoride 104.8637 -66.94 237.31 
*(g, gas; l, liquid; s, solid ), (NIST CSTL Standard Reference Data Program, Chemistry, 

T=25C, P= 1 bar) 

The total overall entropy change for the overall process in kJ/mol*K: 

∆SReaction = � γiSi
Products

− � γiSi
Reactants

 

Where Si = Si° − Rln Pi
P0

 

Products (mixture): 

TiO2 →γSTiO2 = 1(50.62 − 0) = 50.62 J/mol ∙ K 

→γHf
°
TiO2

= −938.72 kJ/mol 

H2 → γSH2 = 2 �130.68 − 8.314ln 4
4
� = 261.36 J/mol ∙ K 

→γHf
°
H2

= 2(0 kJ/mol) =  0 kJ/mol 

Reactants (mixture): 

Ti → γSTi = 1(30.72 − 0) = 30.72 J/mol ∙ K 

→γHf
°
Ti = 1(13.65 kJ/mol) =  13.65 kJ/mol 

H2O → γSH2O = 2 �188.84 − 8.314ln 3
3
� = 377.68 J/mol ∙ K 

→γHf
°
H2O

= 2(−241.83 kJ/mol) =  −483.66 kJ/mol 

∆SReaction = � γiSi
Products

− � γiSi
Reactants

= 50.62 + 261.36 − 30.72 − 377.68

= −96.42 J/mol ∙ K 
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Q = ∆Hf
°
Reaction = � γiH�i

°

Products

− � γiH�i
°

Reactants

= −938.72 − 0 − 13.65 + 483.66

= −468.71 kJ/mol  

Q0 = −Q = 468.71 kJ/mol 

∆SSurrounding =
Q0

T0
=

468.71 kJ/mol
298 K

= 1570 J/mol ∙ K 

∆STotal = ∆SReaction + ∆SSurrounding = −96.42
J

mol ∙ K
+ 1570

J
mol ∙ K

= 1473.58
J

mol ∙ K
 

The reversible work associated with the process is: 

wrev = (HR − T0SR) − (HP − T0SP) = HR − HP − T0(SR − SP) = −Q − T0(−∆SR)

= 468.71
kJ

mol
+ 298K �−96.42

J
mol ∙ K�

= 439.98kJ/mol 

For Ti itself, it is 439.98kJ/mol / 79.867g/mol=5.51kJ/g. 

 
Figure 28 Cross sectional image of TiO2/Ti thick film electrode. 

During the lab experiments, for 2 hours it generates 4µm TiO2 layer (illustrated in 

Figure 28), the volume is 2×1cm× 5cm×4 µm=0.004cm3, the density is 3.82g/cm3, and 

the total mass is 0.01528g. The energy consumption in formation process of oxide layer 

is calculated as follows: 

E = 5.51kJ/g × 0.004cm3 × 3.82g/cm3 = 84.19J  
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4.3.2 Thermodynamic Analysis for Chemical Diffusion Process of Oxide 

 
Figure 29 Schematic drawing of diffusion process (Macak et al., 2007) 

After the formation of compact TiO2 oxide layer, ions Ti4+ at the metal-oxide 

interface will move towards the oxide-electrolyte interface under the applied electric field 

(illustrated in Figure 29). This is also called chemical dissolution process of oxide, which 

is described as chemical reaction as following: 

TiO2(s) + 6F− + 4H+ → TiF62− + 2H2O 

The total overall entropy change for the overall process in kJ/mol*K: 

∆SReaction = � γiSi
Products

− � γiSi
Reactants

 

Where Si = Si° − Rln Pi
P0

 

Products (mixture): 

TiF6 →γSTiF6 = 1 �237.31 − 8.314ln 1
3
� = 246.44 J/mol ∙ K 

→γHf
°
TiF6

= −66.94 kJ/mol 

H2O → γSH2O = 2 �188.84 − 8.314ln 2
3
� = 384.42 J/mol ∙ K 



Texas Tech University, Bingbing Li, May 2012 

65 

→γHf
°
H2O

= 2(−241.83 kJ/mol) =  −483.66 kJ/mol 

Reactants (mixture): 

TiO2 → γSTiO2 = 1(50.62 − 0) = 50.62 J/mol ∙ K 

→γHf
°
TiO2

= 1(−938.72 kJ/mol) =  −938.72 kJ/mol 

F → γSF = 6 �158.78 − 8.314ln 6
10
� = 978.16 J/mol ∙ K 

→γHf
°
F = 6(79.39 kJ/mol) =  476.34 kJ/mol 

H → γSF = 4 �108.95 − 8.314ln 4
10
� = 466.27 J/mol ∙ K 

→γHf
°
F = 4(1555 kJ/mol) =  6220 kJ/mol 

 

∆SReaction = � γiSi
Products

− � γiSi
Reactants

= 246.44 + 384.42 − 50.62 − 978.16 − 466.27 = −864.19 J/mol ∙ K 

Q = ∆Hf
°
Reaction = � γiH�i

°

Products

− � γiH�i
°

Reactants

= −66.94 − 483.66 + 938.72 − 6220

= −5831.88 kJ/mol  

 

Q0 = −Q = 5831.88 kJ/mol 

∆SSurrounding =
Q0

T0
=

5831.88 kJ/mol
298 K

= 19570 J/mol ∙ K 

∆STotal = ∆SReaction + ∆SSurrounding = −864.19
J

mol ∙ K
+ 19570

J
mol ∙ K

= 18705.81
J

mol ∙ K
 

The reversible work associated with the process is: 

Wrev = (HR − T0SR) − (HP − T0SP) = HR − HP − T0(SR − SP) = −Q − T0(−∆SR)

= 5831.88
kJ

mol
+ 298K �18705.81

J
mol ∙ K�

= 11406.21kJ/mol 

For Ti itself, it is 439.98kJ/mol / 79.867g/mol=142.82kJ/g. 

During the lab experiments, for 2 hours it generates 4µm TiO2 layer, the volume 

is 2×1cm× 5cm×4 µm=0.004cm3, the density is 3.82g/cm3, and the total mass is 
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0.01528g.The electricity consumption at 30V DC tested by Kill a Watt is 0.13 Kwh 

(468kJ). The energy in chemical diffusion process of oxide is calculated as follows: 

E = 142.82kJ/g × 0.004cm3 × 3.82g/cm3 = 2.18kJ  

4.3.3 Kinetics Analysis of Diffusion Process during Anodization 
 

 
Figure 30 Schematic drawing of diffusion model for ionic species during anodization 

The current in the anodization process decrease because the diffusion of ionic 

species (F−, [TiF6]2−-) control NTs formation. Based on the diffusion model in Chapter 

3, a schematic drawing of diffusion model for ionic species is illustrated in Figure 30. In 

this model, when the two electrode are connected ions [TiF6]2− will be produced at 

cathode, and ions F− will be consumed at anode. It is only occurred at the bottom of NTs, 

and the top dissolution is ignored. 

The flow of ions in the diffusion layer (−x0 ≤ x ≤ 0) is: 

J = −D
∂C
∂x

 

The flow of ions in the nanotube layer (0 ≤ x ≤ L) is 

J = −pD
∂C
∂x

 

Boundary condition: 

C(x ≤ −x0)F = C0 

C(x ≥ L)TiF = C0 

C(x ≤ −x0)TiF = 0 
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C(x ≥ L)F = 0 

Assumption for this model is that ions diffusion in the electrolyte is linear along a 

concentration gradient between tube bottom and bulk electrolyte. Where D is the 

diffusion coefficient, C is the concentration, x0 is thickness of the diffusion layer, L is 

length of the nanotube, and p is the porosity of the nanotube. 

The anodic current is described as: 

I = |nFJ| =
pnFDC0
L + px0

 

Or  
1
I

=
1

pnFDC0
(L + px0) 

Where n is the number of electrons transported in the process, and F is the 

Faraday constant (96485 Cmol-1). So during the diffusion-controlled process, the inverse 

of current is proportional to the nanotube length. 

Based on the data in Table 7 at 30V, the diameter is 35nm, wall thickness is 9nm 

and length is 1100nm. So the porosity of nanotube is calculated as: 

p = 1 − volume fraction = 1 −
VTiO2
VTotal

= 1 −
d02 − di2

d02
=

di2

d02
=

352

(35 + 2 × 9)2 = 43.6% 

The diffusion layer thickness x0 is calculated 10300nm, C0 is calculated as 2.5 ×

10−5mol cm−3, D is assuming as 10−5cm2s−1 and n as 4, so the value of nDC0 for 

fluoride ions in a 0.5wt% NH4F solution is 1.0 × 10−9mol cm−1s−1. 

The anodic current density at 30V is calculated as: 

I =
43.6% × 4 × 96485Cmol−1 × 10−5cm2s−1 × 2.5 × 10−5mol cm−3

1100nm + 43.6% × 10300nm
= 75 mA ∙ cm−2 

The titanium sheet size is 1cm by 5cm, so the area is calculated as: 

A = 1cm × 5cm = 5cm2 

The energy consumption during the diffusion process in 2 hours is calculated as: 

Ediffusion = ∆V ∙ I ∙ A ∙ t = 30V × 75mAcm−2 × 5cm2 × 2h = 0.0225kWh = 81kJ 
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4.3.4 Chemical Potential Analysis of Diffusion Process 
After the electrochemical oxide formation of TiO2, the growth of TiO2 NTs will 

occur between the interface of nanostructure and surrounding environment. Because 

nanostructures have an increased surface area and reduced size, the chemical and 

physical properties of nanostructures will be significantly dependent of size. 

NH4F based electrolyte is used in the experiment, so the chemical dissolution of 

nanostructured TiO2 is described as the following chemical reaction: 

TiO2(s) + 6F− + 4H+ ↔ [TiF6]2− + 2H2O 

In this experiment, when the two electrode are connected ions [TiF6]2− will be 

produced at cathode, and ions H+ will be consumed at anode. All the positive and 

negative electrons can be exchanged to drive this reaction. This is equivalent to saying 

that electric potential is offering the potential difference to make the diffusion 

equilibrium. Equilibrium on cathode side can be described as: 

ϑ(electrode) + (−2q)∆V− = ϑ(electrolyte) 

or  

(−2q)∆V− = ∆ϑ([TiF6]2−) = ϑ(electrolyte) − ϑ(electrode) 

Same equation can be expressed for anode side: 

(+2q)∆V+ = ∆ϑ(H+) 

So the electric potential difference is proportional to chemical potential difference, 

as expressed following: 

∆V = ∆V+ − ∆V− =
∆ϑ(H+) + ∆ϑ([TiF6]2−)

2q
 

Based on the equation 3.5.19, we can calculate the chemical potential of solid 

TiO2 NTs: 

ϑTiO2 = ϑTiO2
b + σVm �

1
rext

−
1

rint
� = ϑTiO2

b + σVm �
rint − rext

rextrint
� 

This equation indicates that the chemical potential is size dependent, which also 

means the applied electric field (voltage) is also size dependent. Figure 31 shows the 

dependence of nanotube inner diameter on voltage, where diameter increases 

approximate linearly with the voltage. Figure 32 shows the dependence of nanotube 

thickness on voltage, where thickness increases approximate linearly with the voltage. 

Figure 33 shows the dependence of nanotube length on voltage, where thickness 



Texas Tech University, Bingbing Li, May 2012 

69 

increases approximate linearly with the voltage. This is consistent with results of 

experiments in Table 7. 

 
Figure 31 Dependence of nanotube inner diameter on voltage 

 
Figure 32 Dependence of nanotube thickness on voltage 
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Figure 33 Dependence of nanotube length on voltage 

This conclusion is also consistent with previous literature (Macak et al., 2008) 

which stated that TiO2 NT diameter increased with anodization voltage. The data in 

Table 9 achieve approximately the dependence of tube diameter and bottom layer 

thickness on the applied potential (voltage), which is also illustrated in Figure 34, Figure 

35, and Figure 36: 

�
d ≈ 5 × ∆V

tB = 2.2 × ∆V
� 

Table 9 Parameters of TiO2 NTs from the literature (Macak et al., 2008) 
Voltage Tube diameter (d) Layer thickness (tL) Bottom layer thickness (tB) 

2V 20nm 10nm 5nm 

5V 28nm 25nm 12nm 

10V 50nm 135nm 21nm 

15V 78nm 200nm 32nm 

20V 105nm 260nm 45nm 

25V 140nm 235nm 57nm 

30V 175nm 275nm 67nm 

35V 225nm 240nm 75nm 

40V 300nm 200nm 85nm 

y = 29.484x + 235.2 
R² = 0.9928 
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Notes: Experiment setup: 0.1mm titanium with 99.6% purity, electrolyte is water and 

glycerol (50:50 vol.%) and 0.27M NH4F at 35V for 6h. 

 
Figure 34 Dependence of nanotube diameter on voltage 

 
Figure 35 Dependence of nanotube layer thickness on voltage 
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Figure 36 Dependence of nanotube bottom layer thickness on voltage 

Size of nanotubes is dependent of many other parameters, such as electrolyte type, 

electrolyte pH, electrolyte concentration, anodization duration, temperature, anodization 

condition, and stirring rate. The results in Table 10 show the dependence of these 

parameters, which is consistent with the model and conclusion above. The size (both 

diameter and length) increases with the increasing voltage when the other parameters are 

same in experiments No.1-8, while the difference of electrolyte SO4
2− does not influence. 

With the same voltage (10V) and time (20h) in experiments No.9, 10, 13, 16, 18, the size 

(both diameter and length) increases with the increasing pH. These experiments proved 

the model in equation 3.5.21, which describes the solubility is size dependent. With the 

same pH (3.8) and voltage (10V) in experiments No.13-15, the length increases with the 

increasing time, while the diameter stay stable. 

Table 10 KF-based Electrolyte pH and composition, anodization conditions, and size of 

the resulting nanotubes(Mor et al., 2006) 

No. Electrolyte 𝐩𝐇𝐛 V(V) T(h) D (nm) L (μm) Qc 

F1 SO4
2−  PO4

3− Cit 

01 0.1 1.0 — — <1 5 1 10±2 — No NT 

02 0.1 1.0 — — <1 10 1 40±5 0.28±0.02 NT 

03 0.1 1.0 — — <1 15 1 80±9 — NT 
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04 0.1 1.0 — — <1 20 1 100±11 0.48±0.03 NT 

05 0.1 1.0 — — <1 25 1 110±12 0.56±0.04 NT 

06 0.1 1.0 — — <1 30 1 — — No NT 

07 0.1 1.0 — — <1 20 6.5 100±11 0.43±0.03 NT 

08 0.1 2.0 — — <1 20 1 100±11 0.45±0.03 NT 

09 0.1 1.0 — 0.2 1.3 10 20 30±5 0.32±0.03 NT 

10 0.1 1.0 — 0.2 2.8 10 20 30±5 0.59±0.05 NT 

11 0.1 1.0 — 0.2 2.8 15 20 50±5 1.00±0.05 NT 

12 0.1 1.0 — 0.2 2.8 25 20 115±10 1.50±0.04 NT 

13 0.1 1.0 — 0.2 3.8 10 20 30±5 0.80±0.06 NT 

14 0.1 1.0 — 0.2 3.8 10 60 30±5 1.80±0.06 NT 

15 0.1 1.0 — 0.2 3.8 10 90 30±5 2.30±0.08 NT 

16 0.1 1.0 — 0.2 4.5 10 20 30±5 1.05±0.04 NT 

17 0.1 1.0 — 0.2 4.5 25 20 115±5 4.40±0.10 NT 

18 0.1 1.0 — 0.2 5.0 10 20 30±5 1.40±0.06 NT 

19 0.1 1.0 — 0.2 5.0 25 20 115±5 6.00±0.40 NT 

20 0.1 1.0 0.1 0.2 6.4 10 24 — — No NT 

21 — 2.0 — — <1 10 24 — — No NT 

The available range of concentration and voltage for formation of TiO2 NTs 

grown in a glycerol NH4F based electrolyte is shown in Figure 37. Alivov found that the 

range of voltage is 5-250V and NH4F acid concentration is 0.1-0.7 wt%.  
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Figure 37 Anodization voltage–NH4F acid concentration diagram presenting the region 

in which the formation of TiO2 NTs occurs (Alivov et al., 2009) 

The dependence of temperature on size is described using the Gibbs-Thomson 

equation. 

Tm = Tmb �1 −
4σ

Hmρsd�
 

The Gibbs-Thomson equation shows that temperature has linear relationship with 

inverse of diameter 1/d. The results in Table 11 illustrates that the size (both thickness 

and length) decrease with the increasing temperature, which is consistent with the 

thermodynamic model above. 

Table 11 Average wall-thickness and tube-length of 10 V titania nanotube arrays 

anodized at different bath temperatures (HF electrolyte) (Mor et al., 2006) 

Anodization temperature (℃) Wall thickness (nm) Tube length (nm) 

5 34 224 

25 24 176 
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35 13.5 156 

50 9 120 

4.3.5 Physical Exergy Analysis for Infiltration and Crystallization Process. 
Let us assume the system a continuous steady-state material flow with no 

chemical reactions and correspondingly no changes in chemical exergy, and with no heat 

inputs. The infiltration process is to immerse TiO2 NTs and NPs in 40mL 0.2M TiCl4 

solution in an enclosed autoclave, which is heated in a furnace at 100℃ for 30 minutes. 

The simplified exergy model of NTs infiltration process in this research is raising the 

temperature from 273K to 373K titanium tetrachloride (TiCl4 with molecular weight 

189.679g/mol) modeled as liquid in a close system. 

Based on the Shomate Equation, we can calculate the liquid phase heat capacity 

by using the average temperature T=323K: 

cp = A + B ∗ T + C ∗ T2 + D ∗ T3 + E/T2 

Where A=143.0480, B=7.600362, C=1.530575, D=-0.538376, and E=-0.020638. 

cp = 143.048 + 7.600362 ∗ 0.323 + 1.530575 ∗ 0.3232 − 0.538376 ∗ 0.3233

−
0.020638

0.3232
= 145.45J/mol ∙ K 

The minimum physical exergy required to create the conditions necessary to 

infiltrate TiO2 is following: 

bph = cp(T − T0) − cpT0ln
T
T0

+ T0Rln
P
P0

= 145.45 J mol ∙ K⁄  × (373K − 273K) − 145.45 J mol ∙ K⁄  × 273K

× ln �
373
273�

= 2151.92J/mol 

Assuming T0Ṡgen = 0, and the minimum work of infiltration process comes out 

as following: 

Wmin = bph ∙ m =
2151.92J

mol
× 40ml ×

0.02mol
L

= 1.72J 
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The crystallization process is to calcinate the infiltrated TiO2 NTs and NPs at 

450℃ for 2 hours. The furnace model used in this experiment is F48000 furnace by 

Thermolyne, whose chamber size is 17.78cm*12.7cm*25.4cm, and power is 240V-7.5A-

1800W. The simplified exergy model of NTs crystallization process in this research is 

raising the temperature from 273K to 723K of an air gas stream (specific heat capacity of 

dry air at 400C is 1.068kJ/kgK, density is 0.524 kg/m3, and molecular mass is 28.97 

g/mol)(ToolBox, 2012) modeled as ideal gas in a close system. 

In this close system volume is constant, so we can calculate the pressure by 

classic ideal gas law: 

PV = nRT 

P
P0

=
T
T0

=
723
273

= 2.648 

Where heat capacity 

cp =
1.068kJ

kg ∙ K
×

28.97g
mol

= 30.94J/mol ∙ K 

The minimum physical exergy required to create the conditions necessary to 

crystallize TiO2 is following: 

bph = cp(T − T0) − cpT0ln
T
T0

+ T0Rln
P
P0

=
30.94J
mol ∙ K

× (723K − 273K) −
30.94J
mol ∙ K

× 273K × ln �
723
273�

+ 273K

×
8.314J
mol ∙ K

× ln �
723
273�

= 7.907kJ/mol 

Assuming T0Ṡgen = 0, and the minimum work of crystallization process comes 

out as following: 

Wmin = bph ∙ m =
7.907kJ

mol
× 17.78cm × 12.7cm × 25.4cm ×

0.524mol
L

= 23.76kJ 

4.4 Chemical Exergy Analysis for Wet Chemical Synthesis Process. 
The following is the energy consumption model for wet chemical routes. The 

energy consumption model of wet chemical route for nanoparticle synthesis is analyzed 
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according to Hess's law. The heat balance function of chemical reaction is expressed as 

follows: 

∆Hf
°
Reaction = � γiH�i

°

Products

− � γiH�i
°

Reactants

 

where γi is stoichiometric coefficient of species i in the reaction equation. 

For the chemical reaction of the wet chemical route: 

TiCl4 + 2H2O ↔ TiO2 + 4HCl 

The total overall entropy change for the overall process in kJ/mol*K: 

∆SReaction = � γiSi
Products

− � γiSi
Reactants

 

Where Si = Si° − Rln Pi
P0

 

Products (mixture): 

TiO2 →γSTiO2 = 1(50.62 − 0) = 50.62 J/mol ∙ K 

→γHf
°
TiO2

= −938.72 kJ/mol 

HCl → γSHCl = 4 �186.90 − 8.314ln 4
4
� = 747.6 J/mol ∙ K 

→γHf
°
HCl = 4(−92.31 kJ/mol) =  −369.24 kJ/mol 

Reactants (mixture): 

TiCl4 → γSTiCl4 = 1 �354.84 − 8.314ln 1
3
� = 363.97 J/mol ∙ K 

→γHf
°
TiCl4

= 1(−763.16 kJ/mol) =  −763.16 kJ/mol 

H2O → γSH2O = 2 �188.84 − 8.314ln 2
3
� = 192.21 J/mol ∙ K 

→γHf
°
H2O

= 2(−241.83 kJ/mol) =  −483.66 kJ/mol 

∆SReaction = � γiSi
Products

− � γiSi
Reactants

= 50.62 + 747.6 − 363.97 − 192.21

= 242.04 J/mol ∙ K 

Q = ∆Hf
°
Reaction = � γiH�i

°

Products

− � γiH�i
°

Reactants

= −938.72 − 369.24 + 763.16 + 483.66 = −61.14 kJ/mol  

 

Q0 = −Q = 61.14 kJ/mol 
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∆SSurrounding =
Q0

T0
=

61.14 kJ/mol
298 K

= 205.17 J/mol ∙ K 

∆STotal = ∆SReaction + ∆SSurrounding = 242.04 J/mol ∙ K + 205.17 J/mol ∙ K 

The reversible work associated with the process is: 

Wrev = (HR − T0SR) − (HP − T0SP) = HR − HP − T0(SR − SP) = −Q − T0(−∆SR)

= 61.14
kJ

mol
+ 298K �242.04

J
mol

∙ K� = 133.27kJ/mol 

Based on the thermodynamics method above, we can apply these models stated in 

chapter 3 to the other two nanomanufacturing processes of titanium oxide. 

4.5 Results and Discussion 
Thermodynamic analysis (including first law energy analysis and second law 

exergy analysis) and kinetic analysis (including transport and diffusion process) have 

been done at the process scale. The calculations in section 4.4 are based on process 

information available in experiments and other literatures. In this research, only five main 

processing units are considered such as formation of oxide layer, chemical diffusion, 

physical diffusion, infiltration and crystallization. A few units are not considered because 

of sufficient information (such as chemical exergy, temperature, mass consumption, and 

size of NTs) could not be achieved. Energy and exergy consumption and efficiencies 

were calculated at each processing unit. The goal of thermodynamic analysis and 

sustainability development is to identify the units of a process with the greatest potential 

for improvement. 
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Figure 38 Energy consumption for each processing unit of TiO2 NTs electrochemical 

annodization synthesis process. 

 

Figure 39 Percentage allocation of energy consumption for each processing unit 
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Figure 40 Percentage allocation of energy consumption for five major processing units 

The energy consumption analysis results illustrate a more useful view of the 

titanium dioxide nanotube electrochemical annodization synthesis process. First law 

energy consumption for each major processing unit is illustrated in Figure 38. The energy 

consumption in physical diffusion stage is highest (81kJ), which is 17% of total energy 

consumption in synthesis process in Figure 39 and 76% of energy consumption for five 

major processing units in Figure 40. These losses represent a large amount of physical 

diffusion activities in the process, which suggests that physical diffusion stage has the 

highest potential for improvement. The energy consumption in infiltration process is 

lowest (1.72J), which is 0.0016% percent of consumption for five major processing units 

in Figure 40. These losses represent the energy loss in infiltration process is really small 

and can be ignored.  
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Figure 41 Exergy losses for each processing unit of TiO2 NTs electrochemical 

annodization synthesis process. 

 
Figure 42 Percentage allocation of exergy losses for five major processing units 

From exergy analysis point of view the greatest potential for improvement goes 

into the unites with the greatest exergetic losses and lowest efficiencies. However exergy 

analysis illustrates a totally different result. Second law exergy losses for five major 

processing units are illustrated in Figure 41. The exergy loss in chemical diffusion stage 

is largest (1140.21kJ/mol), which is 71% of exergy losses for five major processing units 

in Figure 42. The largest exergy losses suggest that the greatest potential for 

439.98 

1140.21 

8.31 2.15 7.91 
0 

200 
400 
600 
800 

1000 
1200 

Exergy(kJ/mol) 

Exergy(kJ/mol) 

28% 

71% 

1% 

0% 

0% 
Exergy(kJ/mol) 

formation of oxide layer 

chemical diffusion 

physical diffusion 

infiltration 

crystallization 



Texas Tech University, Bingbing Li, May 2012 

82 

improvement should be focused on the chemical diffusion stage. The second largest 

exergy loss is in formation of oxide layer, which is 28% of exergy losses for five major 

processing units. Exergy losses in these two chemical process cost almost 99%, which 

means that the major exergy losses in the TiO2 NTs synthesis process are from chemical 

reaction and chemical diffusion. So the chemical formation of oxide layer and chemical 

diffusion are the most potential for improvement in TiO2 NTs synthesis process. 

  

Figure 43 Grassmann diagram of exergy flows at the process level. 

Grassmann diagram is a very effective way to present the exergy flows in the 

process, and has widely been used in the exergy analyses. In the Grassmann diagram, the 

width of the bands between unit operations is directly proportional to the exergy flows. 

These diagrams express a great deal of information in a single figure. At a glance, one 
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can see the relative size, losses, and efficiency of all the flows and unit process in the 

system. In Figure 43, we can clearly conclude that the formation of oxide layer and 

chemical diffusion process are the largest exergy consumer. The infiltration process is 

relatively efficient. 

Most of the recent modifications of synthesis process have been targeted at an 

improved control of the morphology of nanotube (including the length, diameter and size 

of agglomerates), a reduction in the synthesis temperature and process intensification. 

 

Figure 44 Comparison with Gutowski’s Diagram of energy requirement of manufacturing 

processes 

Based on the thermodynamic and kinetic models and experimental data from 

synthesis routes of titanium dioxide nanotbues, we can calculate the electricity 

requirements and process rate for a specific nanoparticles synthesis process. In this 



Texas Tech University, Bingbing Li, May 2012 

84 

research, we validate the model through one typical synthesis route electrochemical 

annodization process. Goutowski from MIT drew a diagram of energy requirement of 

manufacturing in the function of material removed. His research is only based on 

thermodynamic analysis including physical and chemical process, accumulating the 

energetic consumption and exergetic losses. The model in my research includes kinetic 

analysis for transport and diffusion process and chemical potential consideration besides 

thermodynamic analysis, which is more accurate and provides more insights into 

potentials for improvement of nanoparticles synthesis process. 

Illustrating the experiment of TiO2 NTs electrochemical annodization process at 

30V for 2 hours, we can calculate the electricity requirement and process rate. The 

electricity requirements for TiO2 NTs is 468kJ while the mass of created TiO2 NTs is 

0.01528g. 

So the electricity requirement is calculated as follows: 

468kJ
0.01528g

= 3.06 × 1010J/kg 

The process rate is calculated as follows: 

0.01528g
2h

= 7.6 × 10−3kg/hr 

After locating the electricity requirements and process rate of TiO2 NTs synthesis 

process as a red flag in Figure 44, we can clearly find that it is in the range of 

nanomanufacturing such as CVD, PECVD of a nitride film, dry etching of an oxide film, 

Dry etching of a nitride film, and sputtering of AlCu. The methodologies in this research 

can be used in quantifying energetic consumption and exergetic losses for other TiO2 

NTs synthesis routes, and also other nanomanufacturing processes. 
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CHAPTER V 

CONCLUSION 
This research work creates energy consumption and exergy losses model for 

nanomanufacturing by thermodynamics and kinetics. Based on this system boundary 

definition, the nanoparticles synthesis process can be divided into two main processes: 

precursor transport (convection and diffusion) process and chemical deposition reaction. 

The model based on both thermodynamics and kinetics is more precise for both precursor 

transport and chemical deposition. The analysis and results in the application of titanium 

dioxide electrochemical annodization process validated the energy consumption and 

exergy losses model, which also shows that this model can be used for other 

nanoparticles synthesis processes. 

This research uses the analysis results from these models based on 

thermodynamics and kinetics for the identification of losses and inefficiencies in a 

process to conclude the potential sustainability improvement. Sustainability improvement 

is essential and powerful for the sustainable manufacturing. Detailed analysis of titanium 

dioxide electrochemical annodization process yielded general insight into the value of 

exergy lossess over other methods for process improvement at both the local and life 

cycle scales. So this research also shows that this model can be used to identify the 

improvement potential for sustainability development of nanoparticles synthesis 

processes. 

Traditional life cycle assessment methodologies focus on the environmental 

impacts of process or product from cradle to grave, including all the stages (material 

extraction, design, manufacturing, transportation and distribution, usage, maintenance, 

end of life disposal and recycling) through the whole life cycle. It often includes an 

accounting of energy consumption to improve processes performance. However, energy 

is never consumed but always conserved. It is exergy that is consumed, not energy. 

Exergy is the maximum amount of useful work available in a process, so exergy analysis 

can provide insight for understanding and improving industrial process performance an 

life cycles. This research demonstrates the benefit of thermodynamic analysis for 

identifying improvement potentials in sustainability development at the process scale. It 
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also illustrates that thermodynamic analysis can narrow the gap between traditional life 

cycle assessment and process scales design. When we discuss the feedback or 

improvement potential of environmental impacts of process or product, it can only be 

applied after the fact or end of the pipe suggestions for reducing impacts. The traditional 

process design mainly focuses on the process itself such as process parameters 

(temperature, pressure, solvent, and duration time etc.) or equipment used. This is 

essential. However environmental factors would be neglected or ignored at the design 

stage, and only be considered after many other factors. Studies in this paper allows for 

sustainability development for process design and improvement concerning energy 

consumption and exergy losses. It is not only thermodynamic analysis, but also kinetic 

analysis for transport and diffusion process which is more reasonable and effective. 

Sustainability assessment and quantitative life cycle assessment will benefit from the use 

of thermodynamics-based and kinetic-based metrics such as indices for sustainability, 

renewability and efficiency. But the truth is that the big challenge of how to modify and 

improve the current process or product requires more creative science and technology 

solutions after identifying the improvement potentials. 
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CHAPTER VI 

FUTURE WORK 
Based on the literature review, methodology and current research work on TiO2 

nanoparticles processes, there are still a lot of work to be done in the following areas: 

1. Validation of thermodynamic model of energy, exergy analysis by more TiO2 

nanoparticles synthesis processes. 

2. Finish the complete energy, exergy, and material analysis for nanomanufacturing, 

including experimental preparation processes and industrial production process.  

3. Finish the life cycle assessment, especially the life cycle energy analysis and 

environmental effects of TiO2 nanoparticles processes via GaBi 4. Compare the 

results between energy analysis, material analysis, exergy analysis. 

4. Develop a survey of toxicological effects of nanoparticles networks. 

5. Give multi-scale improvement for nanoparticles production, design of carbon 

conscious techno-ecological networks. 

  



Texas Tech University, Bingbing Li, May 2012 

88 

BIBLIOGRAPHY 
ADDAMO, M., AUGUGLIARO, V., DI PAOLA, A., GARCIA-LOPEZ, E., LODDO, V., 

MARCI, G. & PALMISANO, L. (2005) Preparation and photoactivity of 
nanostructured TiO2 particles obtained by hydrolysis of TiCl4. Colloids and 
Surfaces a-Physicochemical and Engineering Aspects, Vol.265, pp.23-31. 

ADRIAANSE, A. & WORLD RESOURCES INSTITUTE. (1997) Resource flows : the 
material basis of industrial economies, Washington, D.C., World Resources 
Institute ;. 

AGENCY, U. S. E. P. (2007) Nanotechnology White Paper. February. 

ALIVOV, Y., PANDIKUNTA, M., NIKISHIN, S. & FAN, Z. Y. (2009) The anodization 
voltage influence on the properties of TiO2 nanotubes grown by electrochemical 
oxidation. Nanotechnology, Vol.20, pp.225602. 

ALLWOOD, J. (2005) What is Sustainable Manufacturing [Online]. Cambridge. 
Available: 
http://www.ifm.eng.cam.ac.uk/sustainability/seminar/documents/050216lo.pdf. 
[Accessed February 16 2005]. 

AYRES, R. U. & AYRES, L. (1996) Industrial ecology : towards closing the materials 
cycle, Cheltenham, UK ; Brookfield, Vt., US, E. Elgar. 

AYRES, R. U. & AYRES, L. (2002) A handbook of industrial ecology, Cheltenham, UK ; 
Northampton, MA, Edward Elgar Pub. 

AYRES, R. U., AYRES, L. W. & MARTINAS, K. (1998) Exergy, waste accounting, and 
life-cycle analysis. Energy, Vol.23, pp.355-363. 

AYRES, R. U., AYRES, L. W. & WARR, B. (2003) Exergy, power and work in the US 
economy, 1900-1998. Energy, Vol.28, pp.219-273. 

BANISZEWSKI, B. (2005) An environmental impact analysis of grinding. S b, 
Massachusetts Institute of Technology. 

BARAL, A. & BAKSHI, B. R. (2010a) Emergy analysis using US economic input-output 
models with applications to life cycles of gasoline and corn ethanol. Ecological 
Modelling, Vol.221, pp.1807-1818. 

BARAL, A. & BAKSHI, B. R. (2010b) Thermodynamic Metrics for Aggregation of 
Natural Resources in Life Cycle Analysis: Insight via Application to Some 
Transportation Fuels. Environmental Science & Technology, Vol.44, pp.800-807. 

BAVYKIN, D. V., FRIEDRICH, J. M. & WALSH, F. C. (2006) Protonated Titanates 
and TiO2 Nanostructured Materials: Synthesis, Properties, and Applications. 
Advanced Materials, Vol.18, pp.2807-2824. 

http://www.ifm.eng.cam.ac.uk/sustainability/seminar/documents/050216lo.pdf�


Texas Tech University, Bingbing Li, May 2012 

89 

BOCKSTAEL, N. E., FREEMAN, A. M., KOPP, R. J., PORTNEY, P. R. & SMITH, V. 
K. (2000) On measuring economic values for nature. Environmental Science & 
Technology, Vol.34, pp.1384-1389. 

BRANHAM, M., GUTOWSKI, T. G., JONES, A. & SEKULIC, D. P. (2008) A 
thermodynamic framework for analyzing and improving manufacturing processes. 
2008 IEEE International Symposium on Electronics and the Environment, 
pp.349-354. 

BRANHAM, M. S. (2008) Semiconductors and sustainability : energy and materials use 
in integrated circuit manufacturing. M.S., Massachusetts Institute of Technology. 

BROWN, M. T. & ULGIATI, S. (2001) Emergy measures of carrying capacity to 
evaluate economic investments. Population and Environment, Vol.22, pp.471-501. 

CHASE, M. W. (1998) NIST-JANAF Themochemical Tables, Fourth Edition. J. Phys. 
Chem. Ref. Data, Vol.Monograph 9, pp.1-1951. 

CHO, M. H. (2004) Environmental constituents of Electrical Discharge Machining. S b, 
Massachusetts Institute of Technology. 

CHORIN, A. J. (1968) Numerical solution of the Navier-Stokes equations. Math. Comp, 
Vol.22, pp.745-762. 

CLAYTON, B. D. & BASS, S. (2006) A Review of Monitoring Mechanisms for National 
Sustainable Development Strategies. International Institute for Environment and 
Development (IIED). July. 

CONNELLY, L. & KOSHLAND, C. P. (1997) Two aspects of consumption: Using an 
energy-based measure of degradation to advance the theory and implementation 
of industrial ecology. Resources Conservation and Recycling, Vol.19, pp.199-217. 

CORNELISSEN, R. L. & HIRS, G. G. (2002) The value of the exergetic life cycle 
assessment besides the LCA. Energy Conversion and Management, Vol.43, 
pp.1417-1424. 

DAHMUS, J. B. (2007) Applications of industrial ecology : manufacturing, recycling, 
and efficiency. Ph.D., Massachusetts Institute of Technology. 

DALQUIST, S. & GUTOWSKI, T. (2004a) Life Cycle Analysis of Conventional 
Manufacturing Techniques : Die Casting. LMP. Cambridge, Massachusetts, 
United States: Massachusetts Institute of Technology. 

DALQUIST, S. & GUTOWSKI, T. (2004b) Life Cycle Analysis of Conventional 
Manufacturing Techniques: Sand Casting. Proceedings of the ASME International 
Mechanical Engineering Congress and RD&D Exposition. Anaheim, California, 
USA. 



Texas Tech University, Bingbing Li, May 2012 

90 

DANIEL, E. C., SHERRY, L. B.-W. & MARIA, E. A. M. (2005) Environmental 
Accounting Using Emergy evaluation of the State of West Virginia. In: AGENCY, 
U. S. E. P. (ed.). Narragansett, RI 02882. 

DEWULF, J., VAN LANGENHOVE, H., MULDER, J., VAN DEN BERG, M. M. D., 
VAN DER KOOI, H. J. & ARONS, J. D. (2000) Illustrations towards quantifying 
the sustainability of technology. Green Chemistry, Vol.2, pp.108-114. 

DIEBOLD, U. (2003) The surface science of titanium dioxide. Surface Science Reports, 
Vol.48, pp.53-229. 

DINÇER, I. & ROSEN, M. (2007) Exergy : energy, environment, and sustainable 
development, Amsterdam ; Boston, Elsevier. 

DING, Z., HU, X. J., YUE, P. L., LU, G. Q. & GREENFIELD, P. F. (2001) Synthesis of 
anatase TiO2 supported on porous solids by chemical vapor deposition. Catalysis 
Today, Vol.68, pp.173-182. 

EHRENFELD, J. R. (2007) Would industrial ecology exist without Sustainability in the 
background? Journal of Industrial Ecology, Vol.11, pp.73-84. 

EIA, U. S. (2011) Annual Energy Review 2010. U.S. Energy Information Administration. 
October 19. 

ELKINGTON, J. (1999) The triple bottom line: Implications for the oil industry. Oil & 
Gas Journal, Vol.97, pp.139-141. 

FATH, B. D., PATTEN, B. C. & CHOI, J. S. (2001) Complementarity of ecological goal 
functions. Journal of Theoretical Biology, Vol.208, pp.493-506. 

FINN, J. T. (1977) Flow analysis : a method for tracing flows through ecosystem models. 
Ph.D., University of Georgia. 

FUJISHIMA, A. & HONDA, K. (1972) Electrochemical Photolysis of Water at a 
Semiconductor Electrode. Nature, Vol.238, pp.37-38. 

GRAEDEL, T. E. & ALLENBY, B. R. (2010) Industrial ecology and sustainable 
engineering, Upper Saddle River, NJ, Prentice Hall. 

GRAHAM, D. (2000) Going dry. Manufacturing Engineering, Vol.124, pp.72-+. 

GRATZEL, M. (2001) Photoelectrochemical cells. Nature, Vol.414, pp.338-344. 

GRIMES, C. A., VARGHESE, O. K. & RANJAN, S. (2008) Light, water, hydrogen : the 
solar generation of hydrogen by water photoelectrolysis, New York, Springer. 

GROOVER, M. P. (2011) Fundamentals of modern manufacturing : materials, processes, 
and systems, Hoboken, NJ, J. Wiley & Sons. 



Texas Tech University, Bingbing Li, May 2012 

91 

GRUBB, G. F. & BAKSHI, B. R. (2011) Life Cycle of Titanium Dioxide Nanoparticle 
Production Impact of Emissions and Use of Resources. Journal of Industrial 
Ecology, Vol.15, pp.81-95. 

GUTOWSKI, T., LIOW, J. L. & SEKULIC, D. P. (2010) Minimum Exergy 
Requirements for the Manufacturing of Carbon Nanotubes. IEEE International 
Symposium on Sustainable Systems and Technology. Washington D.C. 

GUTOWSKI, T. G., BRANHAM, M. S., DAHMUS, J. B., JONES, A. I., THIRIEZ, A. 
& SEKULIC, D. P. (2009) Thermodynamic Analysis of Resources Used in 
Manufacturing Processes. Environmental Science & Technology, Vol.43, 
pp.1584-1590. 

HANNON, B. (1973) The structure of ecosystems. Journal of Theoretical Biology, 
Vol.41, pp.535-546. 

HEDIGER, W. (2001) Weak versus strong sustainability: Exploring the limits of two 
opposing paradigms. Kyklos, Vol.54, pp.156-157. 

IIJIMA, S. (1991) Helical microtubules of graphitic carbon. Nature, Vol.354, pp.56-58. 

IMAI, H., TAKEI, Y., SHIMIZU, K., MATSUDA, M. & HIRASHIMA, H. (1999) 
Direct preparation of anatase TiO2 nanotubes in porous alumina membranes. 
Journal of Materials Chemistry, Vol.9, pp.2971-2972. 

INITIATIVE, N. N. (2006) About the NNI [Online]. Available: 
http://www.nano.gov/html/about/home_about.html [Accessed]. 

JONES, A. J. (2007) The industrial ecology of the iron casting industry. S m, 
Massachusetts Institute of Technology. 

KALPAKJIAN, S. (2010) Manufacturing engineering and technology, New York, 
Prentice Hall. 

KALPAKJIAN, S. & SCHMID, S. R. (2008) Manufacturing processes for engineering 
materials, Upper Saddle River, N.J., Pearson Education. 

KHANNA, V. & BAKSHI, B. R. (2009) Carbon Nanofiber Polymer Composites: 
Evaluation of Life Cycle Energy Use. Environmental Science & Technology, 
Vol.43, pp.2078-2084. 

KHANNA, V., BAKSHI, B. R. & LEE, L. J. (2008) Carbon nanofiber production: Life 
cycle energy consumption and environmental impact. Journal of Industrial 
Ecology, Vol.12, pp.394-410. 

KOBAYASHI, S., HAMASAKI, N., SUZUKI, M., KIMURA, M., SHIRAI, H. & 
HANABUSA, K. (2002) Preparation of Helical Transition-Metal Oxide Tubes 

http://www.nano.gov/html/about/home_about.html�


Texas Tech University, Bingbing Li, May 2012 

92 

Using Organogelators as Structure-Directing Agents. Journal of the American 
Chemical Society, Vol.124, pp.6550-6551. 

KOMARNENI, S. (2003) Nanophase materials by hydrothermal, microwave-
hydrothermal and microwave-solvothermal methods. Current Science, Vol.85, 
pp.1730-1734. 

KORDONOWY, D. N. (2002a) A power assessment of machining tools. B.S., 
Massachusetts Institute of Technology. 

KORDONOWY, D. N. (2002b) A power assessment of machining tools. S b, 
Massachusetts Institute of Technology. 

KRISHNAN, N., BOYD, S., SOMANI, A., RAOUX, S., CLARK, D. & DORNFELD, D. 
(2008) A hybrid life cycle inventory of nano-scale semiconductor manufacturing. 
Environmental Science & Technology, Vol.42, pp.3069-3075. 

KURD, M. O. (2004) The material and energy flow through the abrasive waterjet 
machining and recycling processes. S b, Massachusetts Institute of Technology. 

LEE, J.-H., LEU, I.-C., HSU, M.-C., CHUNG, Y.-W. & HON, M.-H. (2005) Fabrication 
of Aligned TiO2 One-Dimensional Nanostructured Arrays Using a One-Step 
Templating Solution Approach. The Journal of Physical Chemistry B, Vol.109, 
pp.13056-13059. 

LEONTIEF, W. (1986) Input-output economics, New York, Oxford University Press. 

LOTKA, A. J. (1925) Elements of physical biology, Baltimore,, Williams & Wilkins 
company. 

MACAK, J. M., HILDEBRAND, H., MARTEN-JAHNS, U. & SCHMUKI, P. (2008) 
Mechanistic aspects and growth of large diameter self-organized TiO2 nanotubes. 
Journal of Electroanalytical Chemistry, Vol.621, pp.254-266. 

MACAK, J. M. & SCHMUKI, P. (2006) Anodic growth of self-organized anodic TiO2 
nanotubes in viscous electrolytes. Electrochimica Acta, Vol.52, pp.1258-1264. 

MACAK, J. M., TSUCHIYA, H., GHICOV, A., YASUDA, K., HAHN, R., BAUER, S. 
& SCHMUKI, P. (2007) TiO2 nanotubes: Self-organized electrochemical 
formation, properties and applications. Current Opinion in Solid State and 
Materials Science, Vol.11, pp.3-18. 

MATTHEWS, E. (2000) The weight of nations : material outflows from industrial 
economies, Washington, DC, World Resources Institute. 

MIHELCIC, J. R., CRITTENDEN, J. C., SMALL, M. J., SHONNARD, D. R., 
HOKANSON, D. R., ZHANG, Q., CHEN, H., SORBY, S. A., JAMES, V. U., 
SUTHERLAND, J. W. & SCHNOOR, J. L. (2003) Sustainability science and 



Texas Tech University, Bingbing Li, May 2012 

93 

engineering: The emergence of a new metadiscipline. Environmental Science & 
Technology, Vol.37, pp.5314-5324. 

MOR, G. K., VARGHESE, O. K., PAULOSE, M., SHANKAR, K. & GRIMES, C. A. 
(2006) A review on highly ordered, vertically oriented TiO2 nanotube arrays: 
Fabrication, material properties, and solar energy applications. Solar Energy 
Materials and Solar Cells, Vol.90, pp.2011-2075. 

MUNOZ, A. A. & SHENG, P. (1995) An Analytical Approach for Determining the 
Environmental-Impact of Machining Processes. Journal of Materials Processing 
Technology, Vol.53, pp.736-758. 

NAVA, P. (2009) Minimizing Carbon Emissions in Metal Forming. Master of Applied 
Science M.S., Queen's University. 

NNI. (2011) What is Nanotechnology? [Online]. United States National Nanotechnology 
Initiative. Available: http://www.nano.gov/nanotech-101/what/definition 
[Accessed October 26 2011]. 

NORDHAUS, W. D., KOKKELENBERG, E. C. & NATIONAL RESEARCH 
COUNCIL (U.S.). PANEL ON INTEGRATED ENVIRONMENTAL AND 
ECONOMIC ACCOUNTING. (1999) Nature's numbers : expanding the national 
economic accounts to include the environment, Washington, D.C., National 
Academy Press. 

ODUM, E. P. (1971) Fundamentals of ecology, Philadelphia,, Saunders. 

ODUM, E. P. & BARRETT, G. W. (2005) Fundamentals of ecology, Belmont, CA, 
Thomson Brooks/Cole. 

ODUM, H. T. (1996) Environmental accounting : EMERGY and environmental decision 
making, New York, Wiley. 

OROURKE, D., CONNELLY, L. & KOSHLAND, C. P. (1996) Industrial ecology: A 
critical review. International Journal of Environment and Pollution, Vol.6, pp.89-
112. 

PARK, N. G., VAN DE LAGEMAAT, J. & FRANK, A. J. (2000) Comparison of Dye-
Sensitized Rutile- and Anatase-Based TiO2 Solar Cells. The Journal of Physical 
Chemistry B, Vol.104, pp.8989-8994. 

PATTEN, B. C. (1982) Environs - Relativistic Elementary-Particles for Ecology. 
American Naturalist, Vol.119, pp.179-219. 

PRECONSULTANTS. (2010) Input Output Analysis for LCA with SimaPro [Online]. 
Available: http://www.pre.nl/simapro/inputoutput.htm [Accessed December 25 
2010]. 

http://www.nano.gov/nanotech-101/what/definition�
http://www.pre.nl/simapro/inputoutput.htm�


Texas Tech University, Bingbing Li, May 2012 

94 

RATH, K. (2005) Novel Materials from Solgel Chemistry. Science & Technology Review. 
Livermore, California: Lawrence Livermore National Laboratory. 

RIFKIN, J. (2002) The hydrogen economy : the creation of the worldwide energy web 
and the redistribution of power on earth, New York, J.P. Tarcher/Putnam. 

ROY, P., BERGER, S. & SCHMUKI, P. (2011) TiO2 Nanotubes: Synthesis and 
Applications. Angewandte Chemie International Edition, Vol.50, pp.2904-2939. 

SCIENCEMAN, D. M. (1997) Emergy definition. Ecological Engineering, Vol.9, 
pp.209-212. 

SCIUBBA, E. (2003) Extended exergy accounting applied to energy recovery from waste: 
The concept of total recycling. Energy, Vol.28, pp.1315-1334. 

SEAGER, T. P. & THEIS, T. L. (2002) A uniform definition and quantitative basis for 
industrial ecology. Journal of Cleaner Production, Vol.10, pp.225-235. 

SMYTH, J. R. & BISH, D. L. (1988) Crystal Structures and Cation Sites of the Rock-
Forming Minerals, Springer-Verlag New York, LLC. 

SONG, Y. S., YOUNG, J. R. & GUTOWSKI, T. G. (2009) Life cycle energy analysis of 
fiber-reinforced composites. Composites Part a-Applied Science and 
Manufacturing, Vol.40, pp.1257-1265. 

SPRENG, D. T. (1988) Net-energy analysis and the energy requirements of energy 
systems, New York, Praeger. 

SREEJITH, P. S. & NGOI, B. K. A. (2000) Dry machining: Machining of the future. 
Journal of Materials Processing Technology, Vol.101, pp.287-291. 

STAMBAUGH, E. & MILLER, J. (1982) Hydrothermal precipitation of high-quality 
inorganic oxides. Paper presented in the Proceedings of the First International 
Symposium on Hydrothermal Reactions. March 22-26, 1982. Tokyo, Japan. 
Association for Science Documents Information, pp.859-872. 

STANFORD, M. & LISTER, P. M. (2002) The future role of metalworking fluids in 
metal cutting operations. Industrial Lubrication and Tribology, Vol.54, pp.11-19. 

SUTHERLAND, J. W., KULUR, V. N. & KING, N. C. (2000) An experimental 
investigation of air quality in wet and dry turning. Cirp Annals 2000: 
Manufacturing Technology, pp.61-64. 

SZARGUT, J., MORRIS, D. R. & STEWARD, F. R. (1988) Exergy analysis of thermal, 
chemical, and metallurgical processes, New York, Hemisphere. 

SZYRMER, J. & ULANOWICZ, R. E. (1987) Total Flows in Ecosystems. Ecological 
Modelling, Vol.35, pp.123-136. 



Texas Tech University, Bingbing Li, May 2012 

95 

THIRIEZ, A. (2006) An environmental analysis of injection molding. S m, Massachusetts 
Institute of Technology. 

TIAN, Z. R., VOIGT, J. A., LIU, J., MCKENZIE, B. & XU, H. (2003) Large Oriented 
Arrays and Continuous Films of TiO2-Based Nanotubes. Journal of the American 
Chemical Society, Vol.125, pp.12384-12385. 

TODD, R. H., ALLEN, D. K. & ALTING, L. (1994a) Fundamental principles of 
manufacturing processes, New York, Industrial Press. 

TODD, R. H., ALLEN, D. K. & ALTING, L. (1994b) Manufacturing processes 
reference guide, New York, Industrial Press. 

TOOLBOX, T. E. (2012) Air Properties [Online]. Available: 
http://www.engineeringtoolbox.com/air-properties-d_156.html [Accessed 
February 26 2012]. 

TURNER, M. J., CLOUGH, R.W., MARTIN, H.C., AND TOPP L.J. (1956) Stiffness 
and deflection analysis of complex structures. Journal of the Aeronautical 
Sciences, pp.19. 

UKIDWE, N. U. (2005) Thermodynamic input-output analysis of economic and 
ecological systems for sustainable engineering. Ph.D. Dissertation, Ohio State 
University. 

URBAN, R. A. & BAKSHI, B. R. (2009) 1,3-Propanediol from Fossils versus Biomass: 
A Life Cycle Evaluation of Emissions and Ecological Resources. Industrial & 
Engineering Chemistry Research, Vol.48, pp.8068-8082. 

VIJAYARAGHAVAN, A. & DORNFELD, D. (2010) Automated energy monitoring of 
machine tools. Cirp Annals-Manufacturing Technology, Vol.59, pp.21-24. 

WALL, G. (2002) Conditions and tools in the design of energy conversion and 
management systems of a sustainable society. Energy Conversion and 
Management, Vol.43, pp.1235-1248. 

WILLIAMS, E. D., AYRES, R. U. & HELLER, M. (2002) The 1.7 kilogram microchip: 
Energy and material use in the production of semiconductor devices. 
Environmental Science & Technology, Vol.36, pp.5504-5510. 

WORLD COMMISSION ON ENVIRONMENT AND DEVELOPMENT. (1987) Our 
common future, Oxford ; New York, Oxford University Press. 

XU, C., SHIN, P. H., CAO, L., WU, J. & GAO, D. (2009) Ordered TiO2 Nanotube 
Arrays on Transparent Conductive Oxide for Dye-Sensitized Solar Cells. 
Chemistry of Materials, Vol.22, pp.143-148. 

http://www.engineeringtoolbox.com/air-properties-d_156.html�


Texas Tech University, Bingbing Li, May 2012 

96 

YAO, B. D., CHAN, Y. F., ZHANG, X. Y., ZHANG, W. F., YANG, Z. Y. & WANG, N. 
(2003) Formation mechanism of TiO2 nanotubes. Applied Physics Letters, Vol.82, 
pp.281-283. 

YUAN, C. Y. (2009) A System Approach for Reducing the Environmental Impact of 
Manufacturing and Sustainability Improvement of Nano-scale Manufacturing. 
Ph.D. Dissertation, University of California at Berkeley. 

ZHANG, Y., BAKSHI, B. R. & DEMESSIE, E. S. (2008) Life cycle assessment of an 
ionic liquid versus molecular solvents and their applications. Environmental 
Science & Technology, Vol.42, pp.1724-1730. 

ZHOU, J., ZHANG, Y., ZHAO, X. S. & RAY, A. K. (2006) Photodegradation of 
Benzoic Acid over Metal-Doped TiO2. Industrial & Engineering Chemistry 
Research, Vol.45, pp.3503-3511. 

 

   



Texas Tech University, Bingbing Li, May 2012 

97 

APPENDIX I LIST OF SYMBOLS 
Symbol Description Dimension  

A Surface area  

𝐀𝐢𝐧𝐭 Internal concave surface  

𝐀𝐞𝐱𝐭 External convex surface  

B Exergy or available work J 

�̇� Exergy rate J/s 

b Specific exergy J/kg 

𝐁𝐜𝐡 Chemical exergy J 

𝐁𝐜𝐡−𝐞𝐱𝐭𝐫𝐚𝐜𝐭𝐢𝐨𝐧   

𝐁𝐜𝐡−𝐜𝐡𝐞𝐦𝐢𝐜𝐚𝐥 𝐩𝐨𝐭𝐞𝐧𝐭𝐢𝐚𝐥   

𝐛𝐜𝐡 Specific chemical exergy J/kg 

𝐁𝐜𝐯 exergy in control volume  

   

𝐁𝐩𝐡 Physical exergy J 

𝐛𝐩𝐡 Specific physical exergy J/kg 

C Concentration  

𝐂𝐠 concentration of the bulk stream  

𝐂𝐬 concentration on the plate surface  

𝐂𝐫𝐞𝐟 Concentration of the reference state  

𝐜𝐩 Specific heat of the gas J/kg·K 

𝐜𝐩,𝐫𝐞𝐟 Specific heat of the gas at T = Tref J/kg·K 

D Diffusivity of the reactants  

d diameter of the spheroidal particles  
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E Energy J 

�̇� Energy rate J/s 

𝐄𝐜𝐯 Energy in control volume  

   

e Specific energy J/kg 

g acceleration of gravity m/s2 

G Gibbs free energy J/kg 

Gr Grashoff number - 

H enthalpy J 

𝐇𝟎 methalpy  

h Specific enthalpy J/kg 

𝐇𝐦 bulk latent heat of fusion  

𝐇𝐫 Height of the reactor M 

J Reactant diffusion  

𝐉𝐭 Total convection  

𝐉𝐝 diffusion  

𝐊𝐬𝐩
𝐛  Solubility product of bulk TiO2 with a flat 

surface 

 

L Length of substrate  

𝐋𝐫 Length of the reactor m 

M Mass of the system Kg 

�̇� Mass flow rate of the system Kg/s 

n amount  

P Pressure Pa 
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𝐏𝐢𝐧 Pressure at reactor inlet Pa 

𝐏𝐫 Prandtl number - 

𝐏𝟎 saturation vapor pressure at temperatre T0  

Q Heat transfer J 

𝐐𝐫𝐞𝐯 Reversible heat transfer  

�̇� Heat transfer rate J/s=W 

q Heat flux rate W m2⁄  

𝐪𝐫 Radiation heat transfer SLM(standard liters per 

minute) 

𝐪𝐠 Generated heat   

R Gas constant  

Re Reynolds number - 

rT Dimensionless temperature difference - 

S Entropy J/K 

�̇� Entropy rate J/K ∙ s 

𝐒𝐠𝐞𝐧 Entropy generation J/K 

𝐒𝐜𝐯 Entropy in control volume  

s Specific entropy J/kg 

T Temperature K 

𝐓𝟎   

t Time s 

𝐓𝐡 Temperature of the heater K 

𝐓𝐢𝐧 Temperature at reactor inlet K 

𝐓𝐦𝐛  melting temperature of an infinite bulk 

crystal with a flat surface 
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𝐓𝐫𝐞𝐟 Reference temperature K 

∆𝐓 Temperature difference between heated 

susceptor and incoming gas 

K 

u Internal energy  

𝐯𝟎 The velocity of bulk flow  

𝐯𝐱 Horizontal velocity component ms−1 

𝐯𝐱,𝐢𝐧 Average inlet velocity ms−1 

𝐯𝐲 Vertical velocity component ms−1 

V Volume  

𝐕𝐦 Partial molar volume  

v velocity  

W Work J 

w Specific work  

𝐖𝐫𝐞𝐯 Reversible work  

𝐖𝐦𝐢𝐧 Minimum work  

�̇� Work rate J/s=W 

𝐗𝐢 molar fraction of component i in solution  

x Horizontal coordinate m 

y Vertical coordinate m 

z height in a gravity field m 

   

𝛄 Stoichiommetric coefficient of specy  

𝛌 Thermal conductivity of the gas M/m·K 

𝛌𝐫𝐞𝐟 Thermal conductivity of the gas at T = Tref M/m·K 
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𝛍 Dynamic viscosity of the gas Kg/m·s 

𝛍𝐫𝐞𝐟 Dynamic viscosity of the gas at T = Tref Kg/m·s 

𝛒 Density kg ∙ m−3 

𝛒𝐫𝐞𝐟 Density of the gas at T = Tref kg ∙ m−3 

𝛒𝐬 Density of solid particles  

𝛅 Thickness or boundary layer  

∅ Viscosity consumption function  

�̇� linear deformation rate  

�̇� angular deformation rate  

𝛝 Chemical potential  

𝛝𝐢𝟎 chemical potential under standard conditions  

𝛈 efficiency  

𝛈𝐈𝐈 The second law efficiency  

𝛈𝐩 Degree of perfection  

𝛔 Excess surface energy per unit area in the 

TiO2 solution interface 

 

𝛔𝐠−𝐥 Interfacial tension at the gas-liquid interface  
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