INTRODUCTION
CHEMISTRY HAS MADE life easier and better, beginning with the first people who figured out that stomach fluid from a goat could be used to make cheese or that chewing on willow bark would decrease pain. This information was collected, handed down from generation to generation, and shared to some degree between people and civilizations. Possessing this information made individuals powerful and invaluable to a tribe or village, so it was not always openly shared, but rather kept a secret by a family, a society, or a culture. However, a lot of chemically based information was distributed because it was easier for a tribe or village to specialize in tasks instead of everyone trying to do it all for themselves. Tanners, bakers, and apothecaries are all examples of people with special chemical knowledge that benefited their cultural group.
CHAPTER 14
CHEMICAL TECHNOLOGY

SECTION 1 Defining Chemical Technology

SECTION 2 The Changing World of Chemical Technology

SECTION 3 Focusing on Commodities/Polymers and Feedstock Chemicals

SECTION 4 Focusing on Specialty/Fine Chemicals and Pharmaceuticals

SECTION 5 Current and Future Chemical Energy Sources

The first apothecary shops were founded during the Middle Ages. The individuals who ran these shops became known as apothecaries and their study of herbal and chemical ingredients is considered the precursor of the modern sciences of chemistry and pharmacology. By the fifteenth century, the apothecary had gained the status of a skilled practitioner of medicine (see Figure 14.1). By the end of the nineteenth century, however, the role of the apothecary was more narrowly viewed as that of dispensing pharmacist and not one who could prescribe medicines.

[[Insert Figure 14.1 here]]
This chapter will review the following: the nature of chemical technology, changes in the chemical industry, and the three categories that make up the chemical industry.

Introduction

SECTION 1: Defining Chemical Technology

[[Start Key Ideas Box here]]

KEY IDEAS >
· Chemical technologies provide a means for humans to alter or modify materials and to produce chemical products. The chemical industry is divided into three categories; commodities, specialty/fine chemicals, and energy/fuel.

· Like other technologies, chemical technology is regulated to protect the worker, the environment, and the customer who purchases the product.

[[End Key Ideas Box here]]

Chemical technologies provide a means for humans to alter or modify materials and to produce chemical products. In today’s world, the chemical industry is a multibillion dollar industry and an important contributor to society, lifestyle, and world economics. Part of the reason the United States was able to establish itself as an economic world power was due to its chemical industry, and this is still true today. The chemical industry in the United States converts raw materials, (e.g., oil, natural gas, air, water, metals, and minerals) into more than 70,000 different products like those shown in Figure 14.2. Few goods are manufactured without some input from the chemical industry; just look around your home and school for materials that are made with chemical products, either directly or indirectly. Even goods such as wood furniture or bikes are manufactured with some input from the chemical industry, in that the wood furniture is covered with varnish and the bike is covered with paint.
The process parameters for producing chemical products are the factors that govern their production. These process parameters are similar to the production of products in any industry:

· The initial materials, known as raw materials, or feedstocks, should be as inexpensive as possible and readily available.

· The process to convert the feedstocks into finished products should be cost-effective and, nowadays, energy efficient.

· The process should abide by governmental guidelines and regulations, many of which are the same or similar to the ones found in the biotechnology industry.

[[Insert Figure 14.2 here]]

Review the product development process for the chemical industry shown in Figure 14.3, and compare it to the graphic that visualizes the steps in the development of recombinant insulin (rhinsulin). Are they similar? The titles for the steps are different, but many of the activities are the same.
The chemical industry is divided into three categories, shown in Figure 14.4: commodities, specialty and fine chemicals, and energy/fuel.
[[Insert Figure 14.3 here]]

[[Insert Figure 14.4 here]]
Commodity products are the feedstocks for other industries. Examples include ethylene for plastics or surfactants (chemicals that break up or dissolve grease and similar compounds) for detergents. This is the largest category of the chemical market. Commodity products are produced in bulk and are inexpensive to make. The second category is specialty and fine chemicals. Pharmaceuticals and cosmetics are good examples of fine chemicals. The third category is energy/fuel products, such as gasoline, oil, and hydrogen gas. Many scientists, technologists, economists, business people, and consumers find this category important yet somewhat confusing. Why are our fuels so expensive? Why are we dependent on oil? Why aren’t we using more “green” fuels instead of oil? These fuels that are discussed represent some of the prominent fuels of the present and future.
Considering the breadth of the chemical technology industry, the number of categories appears to be limited. Yet, the process techniques and research approaches are similar across the entire spectrum of chemical products. For example, process development approaches in drug design are similar to approaches in the development of plastics. In fact, chemical engineers are sometimes called universal engineers because the control of processes (temperature, pressure, and time) is common to the synthesis (production) of all chemicals, whether it is drugs, paints, plastics, cosmetics, rubber, or gasoline.
Like other technologies, chemical technology is regulated to protect the worker, the environment, and the customer who purchases the product.
Some of these agencies are as follows: the Occupational Safety and Health Administration (OSHA), which protects the worker (see Figure 14.5); the Environmental Protection Agency (EPA) (see Figure 14.6); the Department of Transportation (DOT); and the Nuclear Regulatory Commission (NRC), which protect the environment including people; and, depending upon the product, the Food and Drug Administration (FDA) and the U.S. Department of Agriculture (USDA), which protect the consumer.

[[Insert Figure 14.5 here]]

[[Start SECTION ONE FEEDBACK here]]

SECTION ONE FEEDBACK >
1.
What are the main functions of chemical technologies?

2.
What are the three categories that make up the chemical industry? Give an example for each category.

3.
Why are chemical engineers sometimes called universal engineers?

4.
Name three agencies that regulate the chemical industry. What are such agencies designed to protect?

[[End SECTION ONE FEEDBACK here]]

SECTION 2: The Changing World of Chemical Technology

[[Start Key Ideas Box here]]

KEY IDEAS >
· Originally, society was agriculture based, but the availability of resources, different economics, and technology, led to a chemical-based society.

· Products made from plants and animals are considered natural, whereas products made using specific chemical steps, possibly involving high temperature and pressure and using chemically-derived feedstocks, are generally considered synthetic.
· The goals for green chemistry include decreasing waste and the need for energy; more economical processes; and increased safety for the plant technician, the environment, and the consumer.

· Genetically engineered chemical processes are also considered green chemistry since they occur at lower temperatures and pressures and produce chemicals that natural processes can degrade.

· Many synthetic products are not degradable by natural processes and therefore become pollutants as they persist in the environment.

[[End Key Ideas Box here]]

[[Insert Figure 14.6 here]]

From a Bio-based Society to a Chemical-based Society

Originally, society was agriculture based, but the availability of resources, different economics, and technology led to a chemical-based society.
One hundred years ago, a major proportion of human clothing, fuel, dyes, medicines, construction materials, and industrial chemicals were still derived from plants and animals. These types of products are considered to be “natural” since they appear in nature or they are made from natural ingredients. This situation changed dramatically over the past fifty to one hundred years as synthetic products became more common, as shown in Figure 14.7.
[[Insert Figure 14.7 here]]
Products made from plants and animals are considered natural, whereas products made using specific chemical steps, possibly involving high temperature and pressure and using chemically derived feedstocks, are generally considered synthetic. Synthetic rubber and synthetic fibers for clothing (e.g., nylon, polyester) are just two examples of chemically derived products that were developed to replace products once obtained exclusively from agriculture. In fact, both of these synthetic products are derived from oil or natural gas and are known as petroleum-based products. Many synthetic products are not degradable by natural processes and therefore become pollutants as they persist in the environment.
As of the year 2000, over 95 percent of organic chemicals that society used were derived from oil and gas and not from plants. Why? The trend is due to three major factors: (1) development of the automobile, which generated an enormous demand for inexpensive liquid fuel; (2) the discovery and development of large oil deposits; and (3) the chemical industry’s invention of new processes that converted the cheap petroleum (oil and natural gas) into usable, inexpensive products such as gasoline. In the 1940s and 1950s, a kilogram of corn cost four to five times more than a kilogram of oil. However, times have changed, and in the past fifty years agricultural costs have decreased whereas oil production costs have increased (see Figure 14.8). A barrel of crude oil is now much more expensive than a barrel of corn.
[[Insert Figure 14.8 here]]

Additional factors that could cause a switch of fuel sources from petroleum to other technologies are the environmental, political, and social benefits and costs associated with the cleaning up of waste products. Governmental regulations, starting thirty-five years ago, mandate that industries clean up the wastes they produce or face large fines or even lawsuits from cities or individuals affected by the waste. All of these factors have made the old processes more costly in the long run and have opened the door to green chemistry.
Green chemistry is the term that has been given to a variety of environmentally friendly products and processes, and it is a major goal of the twenty-first century chemical industry. The goals for green chemistry include decreasing waste and the need for energy, more economical processes, and increased safety for the plant technician, the environment, and the consumer.
The U.S. Environmental Protection Agency (EPA) has developed a list of the principles of green chemistry, some of which are presented below:

1.
Design chemical syntheses to prevent waste, leaving no waste to treat or remove. Synthetic chemical reactions where the majority of starting material atoms are found in the products are said to be atom economic, a phrase invented as part of the green-chemistry philosophy.

2.
Design and use safer chemicals and run the chemical reactions under safer and more economical conditions (e.g., milder temperature and pressure).

3.
Use renewable feedstocks for both starting materials (reactants) and as an energy source. Renewable feedstocks are often made from agricultural products while depleting feedstocks are from fossil fuels (oil, gas, or coal). Fossil fuels cannot be renewed.

4.
Use catalysts (materials that cause a reaction but are not used up in the reaction) for speeding up processes instead of high temperatures and pressure, decreasing energy usage.
5.
Analyze the process in real time (i.e., monitor while the reactions are occurring rather than simply at the end) to monitor the accumulation of undesirable by-products and to allow for immediate changes in the process.

Upon comparing these guidelines with what happens in nature, you will notice that synthetic “green” chemical production resembles bio-processing in nature. The lower temperature, the use of catalysts, the real-time analysis/feedback, and fewer by-products are all traits of natural processes. This means that “green” synthetic chemical production often will mimic natural chemical production, if it is designed appropriately. However, the definition and guiding principles of green chemical engineering do not specify that the process must be based on a natural process.
[[Insert Figure 14.9 here]]
A good example of an old wasteful process revamped into a new, environmentally friendly, energy-efficient process is the synthesis of ibuprofen (see Figure 14.9).
Ibuprofen is a common anti-inflammatory agent found in a variety of pain killers (e.g., Motrin, Advil, and Medipren). The original reaction developed by Boots Company of England in the 1960s yielded only 40 percent atom economy, which means that 60 percent of the atoms from the starting materials were wasted:
Starting Materials (100% of the atoms) ( (yields) Ibuprofen (40% of the original number of atoms) + Waste (60% of the number of atoms)

What is an atom? It is the smallest particle defining a chemical element. Ibuprofen is a compound composed of three different elements, carbon (C), hydrogen (H), and oxygen (O). The chemical formula is thirteen carbons, eighteen hydrogens and two oxygens as shown in Table 14.1. The weight of the ibuprofen and the other compounds is determined by adding up the weight of all of the atoms found in that compound; so for ibuprofen, the weight would be 13 carbons + 18 hydrogens + 2 oxygens. You can learn the identity and weight of the elements by looking them up in the periodic table, which groups all of the elements based on their physical and chemical properties.

[[Insert Table 14.1 here]]

[[Start Table 14.1 here]]

Table 14.1 | Comparing the Atom Economy of the Two Reactions
	TOTAL NUMBER OF ATOMS IN STARTING MATERIALS
	WEIGHT OF STARTING MATERIALS 
	TOTAL ATOMS USED
	WEIGHT OF UTILIZED ATOMS
	WASTE PRODUCTS
	WEIGHT OF WASTE PRODUCTS

	Boots process C20H42NO10ClNa
	514.5
	Ibuprofen C13,H18,O2
	206
	C7H24NO8ClNa
	308.5

	BHC process C15H22O4
	266
	Ibuprofen C13,H18,O2
	206
	can be recycled C2H3O2 (acetic acid)
	60


[[End Table 14.1 here]]
The “wasted” atoms were therefore a source of pollution and required proper disposal. The green, BHC, reaction has an atom economy of 77 percent or actually closer to 100 percent, since its only byproduct, acetic acid, could be used over again.
Starting Material (100% of the atoms) ( Ibuprofen (77% of the atoms) + (23% of the atoms—and it is recycled back to starting materials)
The green BHC process was a result of a joint venture between the Boots Company and the Celanese Corporation. The Celanese Corporation came up with the process and the Boots Company was responsible for marketing. In addition to producing less waste, the green process uses a faster, three-step catalyzed synthesis, while the older process uses six steps and no catalysis. Thus, the green synthesis is a win-win situation in terms of both the environment and the cost of the reaction. On October 15, 1992, the green synthesis was put into practice on an industrial scale by Celanese Corporation at one of the largest ibuprofen manufacturing facilities in the world in Bishop, Texas. Currently, it produces 20 to 25 percent (more than 7 million lbs.) of the world’s supply of ibuprofen. This city might be considered the painkiller capital of the world, since the company also makes 20 million pounds of acetaminophen (the active ingredient in Tylenol). With the advent of new chemical technologies, it is anticipated that many other old, wasteful chemical processes will be converted to green processes.
Genetically engineered chemical processes are also considered green chemistry, since they occur at lower temperatures and pressures and produce chemicals that natural processes can degrade. See the following text box, Technology in the Real World: Green Chemical Manufacturing Utilizing Gene Technology.

TECHNOLOGY IN THE REAL WORLD:
Green Chemical Manufacturing Utilizing Gene Technology

The New Zealand–based life science company, HortResearch, has discovered the gene responsible for producing the compound alpha-farnesenes. This compound gives green apples their characteristic scent (see Figure 14.10a). Up to this point, the only way to get a “green apple” smell was to manufacture the compound synthetically using an energy-inefficient process that also produced a lot of “atom-waste.” Using gene technology coupled with biofermentation, similar to the process shown in Figure 14.10b, HortResearch can synthesize large amounts of this compound efficiently, at low cost and with little waste.
[[Insert Figure 14.10a here]]

[[Insert Figure 14.10b here]]

[[Start SECTION TWO FEEDBACK here]]

SECTION TWO FEEDBACK >
1.
Give two reasons why society went from bio-based products to chemically based products.

2.
Define green chemistry.

3.
Name two factors that have caused a switch away from petroleum fuels.

4.
What is a catalyst?

5.
Is the product alpha-farnesene, made by HortResearch, natural or synthetic? Or is it both? Explain.

[[End SECTION TWO FEEDBACK here]]

SECTION 3: Focusing on Commodities/Polymers and Feedstock Chemicals

[[Start Key Ideas Box here]]

KEY IDEAS >
· Commodity chemicals are produced in bulk at low cost, are interchangeable, and are not branded.

· The largest amount of feedstock or intermediate produced in the world is ethylene.

· The majority of feedstock chemicals are produced from oil and gas, which means their cost increases with increases in energy costs.

· Polymers are large molecules made up of long chains of molecules (monomers) bonded (polymerized) together.

· Examples of natural polymers are collagen, cellulose, DNA, and starch.

· Examples of synthetic polymers are the plastics, polyvinyl chloride (PVC), and polypropylene.

· Green chemistry initiatives push for the development of biodegradable or recyclable plastics.

[[End Key Ideas Box here]]
Commodity chemicals are produced in bulk at low cost, are interchangeable, and are not branded. Examples are ethanol, ethylene, acetic acid, and even aspirin, which was originally a specialty, branded chemical when solely made by the Bayer Corporation. Now it is cheaply produced in bulk by several manufacturers worldwide. Many of these chemicals serve as feedstock for other more expensive products. The largest amount of feedstock or intermediate produced in the world is ethylene.
Ethylene is produced by a variety of processes. The principal method uses thermal cracking (breaking apart) of hydrocarbons (compounds containing hydrogen and carbon such as natural gas or oil) in the presence of steam, and recovery from oil refinery-cracked gas. The majority of feedstock chemicals are produced from oil and gas, which means their cost increases with increases in energy costs.
If ethylene is produced from natural gas, the methane is removed, and the ethane portion of the gas is purified. The purified ethane is heated with steam (steam “cracked”), breaking down the ethane into ethylene, hydrogen, and other byproducts, as shown in Figure 14.11. Sudden cooling stops the reaction, and the subsequent mixture of gasses is compressed, changing the components from a gas to a liquid. The mixture is chilled and separated in a series of distillation towers. Since the production of ethylene is energy intensive, chemical engineers figured out how to recover the heat from the cracked gas to power the turbines that power the compression of the cracked gas. This made the process more economical. In addition, petrochemical plants that use ethylene as a feedstock are commonly placed near plants that produce ethylene. Then it can be directly piped to those plants (see Figure 14.12), decreasing transportation costs.

[[Insert Figure 14.11 here]]

[[Insert Figure 14.12 here]]

In a related process used in oil refineries, high-molecular-weight hydrocarbons found in oil are cracked (broken into smaller hydrocarbons) over catalysts. Because of the catalyst, the reaction temperature does not need to be as high as in steam cracking.
The plants that use ethylene as a feedstock produce a number of products, including several types of synthetic plastics. For example, the plastic polyethylene is formed by the joining of many ethylene subunits. The ethylene subunits are known as monomers and the resultant polyethylene product is known as a polymer. The formulae for ethylene, the ethylene monomer, and the polymer are given in Figure 14.13.
Polymers

Polymers are large molecules made up of long chains of molecules (monomers) that are bonded (polymerized) together, much like beads on a string. Polymer synthesis was not invented by researchers; many polymers occur in the natural world. Examples of natural polymers are collagen, cellulose, DNA, and starch (see Figure 14.14).
[[Insert Figure 14.13 here]]
The polymer DNA is synthesized from nucleic acid monomers, and the polymer cellulose is produced by the joining of sugar monomers.
However, at first, researchers did not realize that these natural materials were polymers. Then, in 1922, the renowned German chemist Dr. Hermann Staudinger published his theories on polymers stating that natural rubbers were made up of long, repetitive chains of monomers. Researchers then started to realize how many things in the natural world could be made of polymers and saw the many possibilities for chemically synthesizing polymers such as plastics.
In today’s world, there are lots of different synthetic polymers. Examples of synthetic polymers are plastics, polyvinyl chloride (PVC), and polypropylene. Plastics dominate the market. Several are made starting with the monomer ethylene, while others are synthesized from totally different monomers and chemicals. For example, there are two types of polyethylene plastics, depending upon the structure of the monomer that is polymerized. As a result, the different polymerized plastics have a wide variety of chemical and physical properties that make them useful for different applications as listed in Table 14.2.
[[Insert Figure 14.14 here]]

[[Insert Table 14.2 here]]

[[Start Table 14.2 here]]

Table 14.2 | Plastic Polymers: Properties and Uses
	MAJOR PLASTIC RESINS AND THEIR USES

	RESIN CODE
	RESIN NAME
	CHARACTERISTICS
	USES
	RECYCLED PRODUCTS

	[image: image1.emf]
	Polyethylene Terephthalate (PET or PETE)
	Transparent, high impact strength, impervious to acid and atmospheric gasses, not subject to stretching
	Plastic soft drink bottles, mouthwash bottles, peanut butter, and salad dressing containers
	Liquid soap bottles, strapping, fiberfill for winter coats, surfboards, paint brushes, fuzz on tennis balls, soft drink bottles, film, egg cartons, skis, carpets, boats

	[image: image2.emf]
	High Density Polyethylene (HDPE)
	Similar to LDPE, more opaque, denser and rigid
	Milk, water, and juice containers, grocery bags, toys, liquid detergent bottles
	Flower pots, drain pipes, signs, stadium seats, trash cans, recycling bins, traffic-barrier cones, golf bag liners, detergent bottles, toys

	[image: image3.emf]
	Polyvinyl Chloride (V)
	Rigid, thermoplastic, impervious to oils and many organic materials, high impact strength
	Clear food packaging, shampoo bottles
	Floor mats, pipes, hose, mud flaps

	[image: image4.emf]
	Low Density Polyethylene (LDPE)
	Opaque, white, soft, flexible, melts at 100 to 125°C, oxidizes on exposure to sunlight
	Bread bags, frozen food bags, grocery bags
	Garbage can liners, grocery bags, multipurpose bags

	[image: image5.emf]
	Polypropylene (PP)
	Opaque, high melting point, lowest density commercial plastic, impermeable to liquid and gasses, smooth surface with high luster
	Ketchup bottles, yogurt containers and margarine tubs, medicine bottles
	Manhole steps, paint buckets, videocassette storage cases, ice scrapers, fast-food trays, lawn mower wheels, automobile battery parts

	[image: image6.emf]
	Polystyrene (PS)
	Glassy, sparkling clarity, rigid, brittle, upper temperature use 90°C, soluble in many organic materials
	Videocassette cases, compact disc jackets, coffee cups, knives, spoons, forks, cafeteria trays, grocery store meat trays, and fast-food sandwich containers
	License plate holders, golf course and septic tank drainage systems, desk top accessories, hanging files, food service trays, flower pots, trash cans, videocassettes


[[End Table 14.2 here]]

For the big six, once the monomers have been polymerized to form the polymer, they are extruded (pushed out through a mold or nozzle), pelletized, or flaked, making a product known as a resin. These resins are sold to plastic plants; re-extruded, and made into containers, films, and other products. See Figure 14.15.

The Big Six Plastic Polymers

Since 1976, the United States has manufactured more synthetic plastic polymers than the volume of steel, copper, and aluminum combined. Sixty-six percent of all plastics in the United States are low- and high-density polyethylene (LDPE and HDPE), polypropylene (PP), polystyrene (PS), polyvinyl chloride (PVC), and polyethylene terephthalate (PET or PETE). These polymers have the resin recycling designation numbers from 1 to 6 (see Figure 14.16) and are often called “the big six.” They are summarized in Table 14.2. All other plastic resins are designated with a 7. You can find these designations stamped on the plastic items.

[[Insert Figure 14.15 here]]

[[Insert Figure 14.16 here]]
As you can see from the table, many everyday items are made out of plastics. However, these items represent a large problem for disposal, especially since many of them are not biodegradable, that is, they cannot easily degraded by natural processes, such as exposure to sun and water and degradation by the action of bacteria or fungus. In addition, their production costs fluctuate as the cost of the feedstocks and the source of energy for the reactions fluctuates (usually upward). Some of the different resin products can be recycled and made into other items, as shown in the table, but even this has its problems. Recycling itself costs money in that recycled plastic trash has be sorted, and then transported to the appropriate facilities for recycling. Plus, several of the recycled items, for example, polyester clothing made from PET products, cannot be recycled into other plastic products. Green chemistry initiatives push for the development of biodegradable or recyclable plastics, plastics that are better suited for recycling over and over again, and plastics that are made from renewable feedstocks such as plants.
Green Chemistry and Plastics

In the emerging field of green chemistry, researchers area finding new ways to make plastics out of organic materials such as plants and bacteria.

Plastics Can Be Made out of Plants Significant efforts have been made to use ingredients and processes that follow green chemistry principles. Plastics can be made from biodegradable plant materials such as hemp (see Figure 14.17); non-biodegradable polymers like polyethylene can be processed with starch to make biodegradable products such as grocery bags. In addition, using plants to manufacture plastics decreases the use of petroleum feedstocks and provides a high value crop for the farmer. Balanced against these benefits is the reality that food will be diverted from populations that need it, and that the trend will likely promote the agricultural development of wildlife habitat (e.g., rainforest) or recreational land.

[[Insert Figure 14.17 here]]

Bacteria Can Make Plastics Bacteria can also be used to make plastics (see Figure 14.18). Large-scale production facilities have recently been established for two molecules that can be polymerized to make plastics. A plastic with the trade name NatureWorks® is produced by CargillDow Polymers. The NatureWorks® process is based on feeding certain bacteria with glucose derived from starch to produce large amounts of lactic acid. After recovery from the fermentor, technicians chemically polymerize the lactic acid to polylactic acid (PLA), a biodegradable plastic polymer with many attractive properties for products such as carpet fibers and thin films (see Figure 14.19). By using a biologically derived feedstock (glucose), PLA uses 30 to 50 percent less fossil fuel than is required to produce conventional plastic resins, and the polymer is highly biodegradable.
Another example is the bacterial fermentation of glucose to produce the organic chemical 1,3-propanediol, which, after combining with terephthalic acid, can be polymerized to produce a plastic useful for fiber production. DuPont will market this bio-based plastic under the name Sorona®. Genetic engineering of bacterial strains to achieve high yields of the polymer feedstock has been key to economic production of both of these bio-plastics. In the case of PLA, almost 70 percent of the carbon from the glucose feedstock ends up in the final plastic.
In a third example, genetically modified bacteria are used to produce a plastic known as PHB. The bacteria actually make the final product. Therefore, chemical synthesis is not required to make the final polymer product, as in the first two examples. However, the bacteria must be broken open, making this process more expensive. The production of PLA only costs $1–2/kg dry weight of bacteria while the production of PHB costs $4–5/kg dry weight of bacteria. Therefore, although all steps of PHB synthesis occur biologically, the extraction/recovery costs raise the final cost of the product above that of PLA.
[[Insert Figure 14.18 here]]

[[Insert Figure 14.19 here]]

Future of Polymer Chemistry

In 2007, the National Science Foundation, in conjunction with several other organizations, held a workshop on polymer chemistry. Based on presentations by workshop participants, a paper was published on the importance of polymer chemistry and its future. It was found that polymer chemistry, already important, was going to be even more important in areas such as health care, communication, production of lightweight but strong structural materials, water purification, and development of new energy sources.
[[Start SECTION THREE FEEDBACK here]]

SECTION THREE FEEDBACK >
1.
What is a polymer?

2.
Go online and find information about the commodity company BASF and write a brief paragraph summarizing some of the commodities produced and what industries or companies use these products.

3.
What are the “big six” plastic polymers?

4.
Go online and find the following information: Prepare a table of the “big six” polymers and indicate which ones are biodegradable and which ones are not. If they are biodegradable, how long does it take for them to degrade in the environment?

5.
Go online and find three products for new applications of polymers (e.g., wound care, conductivity of light or electricity). Write a brief paragraph on how these products were developed and how they will be used.

[[End SECTION THREE FEEDBACK here]]

SECTION 4: Focusing on Specialty/Fine Chemicals and Pharmaceuticals

[[Start Key Ideas Box here]]
KEY IDEAS >
· While commodity chemicals are made in large batches at low cost, specialty chemicals cost more to make and are made in small amounts.

· Two tools used to visualize proteins are X-ray crystallography and nuclear magnetic resonance (NMR).

[[End Key Ideas Box here]]
While commodity chemicals are made in large batches at low cost, specialty chemicals are made in small batches and cost more to make. Some examples of specialty chemicals are adhesives, additives, antioxidants, corrosion inhibitors, cutting fluids, dyes, lubricants, pigments, cosmetics, and pharmaceuticals. As in any industry, specialty chemical product development can occur in many ways; all of them are based on the needs of the consumer, whether that consumer is another industry or the public. A good example is the development of pharmaceutical products. In the pharmaceutical industry, product development can be the result of researchers investigating the basis for ancient remedies (e.g., discovery of aspirin), the result of a “prepared mind” viewing an accidental occurrence (e.g., discovery of penicillin), or, as it is often done in today’s chemical laboratory, the methodical designing of a chemical, in this case a drug otherwise known as a “targeted drug.”

Aspirin: An Ancient Remedy

The use of willow bark as a pain medication was recommended by the Greek physician Hippocrates over 2,000 years ago. He used it to alleviate the pain of childbirth and to treat eye infections. Realizing that willow bark must contain an ingredient that alleviates pain, chemists analyzed the chemicals in it and discovered the compound salicin (see Figure 14.20). Aspirin, otherwise known as acetylsalicylic acid, was isolated from this compound and became the first drug to be chemically synthesized.

[[Insert Figure 14.20 here]]
Many drugs on the market today have their origins in nature. In fact, scientists argue this is another good reason for maintaining wild and uncharacterized natural habitats, on the grounds that there may be compounds with medicinal value just waiting to be discovered (Figure 14.21).

[[Insert Figure 14.21 here]]

[[Start ENGINEERING QUICK TAKE here]]

ENGINEERING QUICK TAKE
Penicillin: A Discovery made by “Prepared Minds”

Dr. Alexander Fleming accidentally discovered an important drug, the antibiotic penicillin. In 1928, he was working at St. Mary’s Hospital in London on the bacteria Staphylococcus aureus, important pathogenic bacteria. Dr. Fleming had left petri dishes of the bacteria by the sink before leaving the laboratory for vacation. After returning to the laboratory, he noticed that the plates were contaminated with mold growth. He was throwing away the plates when he noticed something odd about the plates containing both the mold and the bacteria. There was no bacterial growth near the mold. (See Figure 14.22.) He realized that the mold must be producing chemicals that killed the bacteria. He isolated the mold and later identified it as from the genus Penicillium (see Figure 14.23). It was later identified as Penicillim notatum. Most likely it came from a laboratory one floor below, where it was being studied.

Fleming presented his findings and published them in the British Journal of Experimental Pathology in 1929, but the presentation and article raised little interest. Fleming worked with the mold for some time, but isolating the chemical penicillin was a difficult process for him, as he was not trained as a chemist. In 1938, Dr. Ernst Chain, who was part of Dr. Howard Florey’s Oxford chemistry team, happened across Fleming’s paper on penicillin, and realized the implications of the report.

[[Insert Figure 14.22 here]]

The team began experimenting with penicillin mold, finding that it cured mice with bacterial infections. They then experimented on a few human subjects who had bacterial infections and saw positive results. However, they could not produce it in large amounts. By this time, it was 1941. England was at war. Florey realized that penicillin was needed to save lives, but the big problem was producing enough penicillin for the number of wounded soldiers that the war was generating. He knew of connections in the United States that could both solve the problem and fund the large-scale production of penicillin. The scientists met with U.S. chemical manufacturers who were producing compounds in large-scale fermentation facilities and using one such facility at an agricultural research center in Peoria, Illinois. They determined how to grow the fungus on a large scale using corn, which was not commonly grown in Britain. The yield of penicillin increased 500-fold. In searching for more productive strains of the mold, the team eventually found a vigorous and productive strain on a rotting cantaloupe from a Peoria, Illinois, market in 1943. When the United States entered World War II, the American government, knowing the benefits of penicillin, funded and enlisted twenty-one chemical companies to produce it (see Figure 14.24). By the end of the war, U.S. companies were making 650 billion units of penicillin per month.

[[Insert Figure 14.23 here]]

Fleming later said that he felt the chance of that particular mold of growing on that plate at that spot on a Petri dish containing that particular bacterial strain, as well as his noticing how it inhibited the bacterial growth before he threw away the plate, was as slim as him winning the Irish Sweepstakes. (See Figure 14.25.)

This story illustrates several traits about successful scientists and technologists: (1) They possess minds that are open and observant of the world around them at all times. (2) They persevere and learn to be patient. It was a long time before another scientist realized the value of Fleming’s observations, and, luckily, Fleming was not discouraged at the lack of interest by other scientists and continued to work on the project. (3) They understand the value of collaboration and are willing to search out others to find expertise that they lack.
[[Insert Figure 14.24 here]]

[[Insert Figure 14.25 here]]
[[End ENGINEERING QUICK TAKE here]]

After the discovery of penicillin, scientists realized that there were probably many different types of potential antibiotics being produced by fungi and bacteria as they competed for survival. They isolated and purified hundreds of natural compounds and tested them to see if they would work, which took a lot of time. In addition, every time they made small chemical additions to these compounds to change the solubility of the original compound or make them work more effectively against their targets, they would have to retest their effectiveness. Sometimes these compounds worked better than the original, and sometimes they did not work at all. It was not until the penicillin was purified, crystallized, and its 3-D structure determined did researchers start thinking about designing drugs based on their structure and how they interact with their target molecules. Two tools used to visualize proteins are X-ray crystallography and nuclear magnetic resonance (NMR). These are both described in the following sections.

TECHNOLOGY AND PEOPLE:
Dorothy Crowfoot Hodgkin

Dorothy Crowfoot Hodgkin (1910–1994) was born in Cairo, Egypt. Both of her English parents were well-known archaeologists and, as a result, she developed an interest in archaeology herself. She became interested in chemistry and in crystals at about the age of ten, an interest encouraged by a friend of her parents, who gave her chemicals and helped her analyze minerals. In fact, she performed some of her early work on archaeological samples. She also lived in the Sudan and in England, where she attended Sir John Leman School and was allowed to join the boys doing chemistry. By the end of her school career, she had decided to study chemistry and possibly biochemistry at university. At Somerville College, Oxford, for her fourth-year research project, she decided to do a project based on X-ray crystallography. A new technique, X-ray crystallography involved viewing chemical structure using X-rays beamed into crystals to determine where the various atoms are located in molecules in three dimensions. The technique required a lot of math to interpret the data generated, and there were no computers to do the number crunching. Because the technique was so new, there were still many challenges to overcome, so not many people were willing to use it. Hence, there were many opportunities for research using this technique. After graduating, she went to Cambridge so she could work with one of the leaders in this new field, John Bernal. They were able to determine the 3-D structure of several organic compounds: something that had not been done before (see Figure 14.26). After receiving her Ph.D. in 1937, she joined thefaculty at Oxford. That year, she married Thomas L. Hodgkin, a member of the Oxford history faculty. Dorothy Hodgkin’s most significant discoveries were the determination of the organic structures of vitamin B12, insulin, and penicillin using X-ray crystallography. She and her group were the first to determine the structure of penicillin, which took several years because of the difficulties of getting enough crystalline material to use this new technique. Hodgkin’s structural information on penicillin proved most useful after the war when semisynthetic antibiotics like ampicillin were developed based on the structure she determined.
[[Insert Figure 14.26 here]]

In 1964, Hodgkin won the Nobel Prize in Chemistry “for her determinations by X-ray techniques of the structures of important biochemical substances.” She was the third woman ever to win the prize in chemistry.

[Adapted from Mary Ellen Bowden, Chemical Achievers (Philadelphia: Chemical Heritage Foundation, 1997).]

Designing Drugs

In order to design drugs successfully, researchers have developed a variety of sophisticated instruments. Today, the main tools are still X-ray crystallography and a technique developed later, nuclear magnetic resonance spectroscopy (NMR). Combined with computer modeling, they are powerful techniques for imaging chemical structures. Today, these tools are used to determine the chemical structure of drugs and how they bind to target sites to cause their therapeutic effects.
For example, scientists have used them to visualize the binding of penicillin to its target, an enzyme on the bacterial cell wall. When penicillin binds, it prevents the enzyme from forming cross-links. If the bacteria continue to grow, eventually the cell wall breaks and the bacteria break open, releasing their contents as shown in Figure 14.27.

[[Insert Figure 14.27 here]]
Knowing the structure of penicillin and how it binds to this enzyme provides information that researchers can use to create new antibiotics. How do these techniques work, and what do researchers have to do to prepare their samples?

Tools for Visualizing Chemical Compounds and Interactions To perform X-ray crystallography, crystallographers (researchers who specialize in this technique) have to grow solid crystals because crystal bonds are fixed and not moving around, as they would be in a chemical solution. They aim high-power X-rays at a tiny crystal containing trillions of identical molecules (see Figure 14.28). The molecules, based on their structure, scatter the rays onto an electronic detector, similar to how a digital camera captures images. After this blast, the researchers rotate the crystal and blast it again. They do this repeatedly until the crystal has been completely rotated and enough information has been gathered to form a computerized 3-D digital image of an individual molecule. (Remember, there are trillions of these molecules in one crystal!)
[[Insert Figure 14.28 here]]
A major drawback with this technique is that the crystalline form most likely is not the form found in solution. For example, the structure of DNA in a cell is also determined by the water and proteins that are bound to it; crystalline DNA does not have anything bound to it and forms a different structure. NMR examines the structure of proteins in solution, and it can even examine drugs binding to a protein target (see Figure 14.29).

[[Insert Figure 14.29 here]]
To use NMR, researchers have to know a protein’s amino acid sequence (the names and order of all of its amino acid building blocks). Through a series of experiments, the researcher will learn how particular atoms (e.g., carbon-13 and hydrogen) of each amino acid in the protein interact together. This information is processed by a computer program that translates it into a 3-D model of the protein. As you can imagine, this is a lot of data and it usually takes about six months to determine the structure of a small protein and up to a year for a large protein.
How does NMR work? Only the nuclei of hydrogen (H), fluorine (F), phosphorus (P), and certain carbon isotopes (C13) can act as tiny magnets. When you put a compound containing these nuclei into a large magnet, they all orient themselves to align with the magnetic field. Then the molecules are “blasted” with a series of split-second radio-wave pulses that disrupt this magnetic equilibrium in the nuclei of the selected atoms. (See Figure 14.30.)

[[Insert Figure 14.30 here]]
By observing how these nuclei react to the radio waves, researchers can assess their chemical nature. They measure a property of the atoms called chemical shift, which is how an element’s chemical profile changes, or shifts, from one environment to another. Every type of NMR-active atom (hydrogen, fluorine, phosphorus, and carbon isotopes) has a characteristic chemical shift. NMR spectroscopists have discovered characteristic chemical shift values for different atoms (e.g., a hydrogen bonded to an oxygen has a different shift value than a hydrogen bonded to a carbon). To determine protein structures, researchers use a technique called multi-dimensional NMR, which, combining several sets of experiments, even using computer modeling, can take from six months to one year to complete.
By using these two techniques, scientists have developed a large number of molecular models that can be viewed using different software programs. Scientists and technologists use these programs to model drug interactions with protein targets such as enzymes and cell-surface receptors. The next section discusses how this type of modeling was done to design drugs to combat the viral infection HIV.
Designing Drugs for Combating HIV HIV (human immunodeficiency virus) is the virus responsible for the disease AIDS (acquired immunodeficiency syndrome). Presently there is no cure for this virus, but as a result of targeted drug design, infected individuals are living longer. In their efforts to determine how to combat this virus, researchers first determined the life cycle of the virus (e.g., how individuals are infected with the virus, what cells the virus infects, and how it reproduces), and the biochemistry behind its life cycle (for example, what proteins it uses in the cell and what proteins are encoded by its genetic material). From this point, researchers can determine specific HIV proteins to target, yet avoid destroying human proteins. Researchers determined that the HIV protease enzyme, vital to the virus’s life cycle, was an appropriate target. This protease enzyme is responsible for generating mature viral particles right before they bud off from the infected cell; without this enzyme, only immature, noninfectious viral particles are released. This enzyme was purified and crystallized. In 1969, X-ray crystallography was used to determine the protease enzyme’s 3-D structure. Figure 14.31 shows a computer-generated model using the X-ray crystallography information.
[[Insert Figure 14.31 here]]

Once they knew the structure, researchers could determine which drug molecules could fit into the active site (the site where the substrate, another material acted upon in a chemical reaction, binds) and inhibit the action of the enzyme. Since both the protein structure and drug structures were known, they could use computational chemistry to select chemicals that would fit in the site. Researchers no longer had to perform expensive, time-consuming and hit-or miss-drug studies using cells or animals to figure out if a drug could work. Essentially, by being able to generate the 3-D structures, the initial screening could be done using computers. Plus researchers can take a drug that doesn’t quite fit, change its 3-D structure using a computer model, and then see if it fits better.
What the computer modeling program revealed about the protease enzyme was that it was made up of two identical halves, with the active site in the middle. Pharmaceutical researchers at Abbott realized that the drug molecule needed to possess the same two-fold symmetry of the enzyme. Using a computer modeling program, they took the enzyme’s natural substrate, divided it in half, rotated both halves 180 degrees, and “glued” the two halves back together. (See Figure 14.32.) They synthesized this compound, and it fitted perfectly into the active site of the enzyme, inhibiting its activity. However, it was not water soluble so it would not make an effective drug. The Abbott researchers added some water soluble structures to it and eventually ended up with a nonsymmetrical molecule they called Norvir® (Ritonavir). This entire process is known as structure-based design or the “targeted drug approach” to developing drugs.
However, this is not the end of the story for HIV drug development. Like many disease-causing bacterial or viral biological agents, or even cancers, the disease-causing agent can develop resistance to the drug. Why? Because in a biological world, genetic material changes with each generation through mutation or the reproductive process (for example, cell division, viral replication). HIV has an especially high mutation rate, which means that each time the virus replicates, some of the copies are genetically different from the original. For example, DNA mutations may result in a protease enzyme that is active even though the drug Norvir is present. This virus may be present in low amounts, but because it is the only copy that can replicate in the presence of the drug, it becomes, over time, the predominant strain in that individual. To combat this problem, researchers mapped all of the changes (as shown in red on the enzyme in Figure 14.33) in the active site that prevented the drug from binding but that still allowed the enzyme to work. From this information, they determined what sites were necessary for enzyme activity. Then they designed a drug that bound to some of these sites, inactivating the enzyme. If the virus mutated so that this drug would not bind or act at the site, it did not matter because that mutation made the virus also inactive. Either way, virus replication was stopped.
[[Insert Figure 14.32 here]]
Of course, this does not eliminate the possibility that a mutation elsewhere in the enzyme could alter the structure of the protease, preventing the binding of the drug. The current approach only decreases the number of drug resistant mutations occurring at the enzyme’s active site.
[[Insert Figure 14.33 here]]

[[Start SECTION FOUR FEEDBACK here]]

SECTION FOUR FEEDBACK >
1.
How is a specialty chemical different from a commodity chemical?

2.
What did you learn about the discovery of penicillin?

3.
Do an Internet search and find another drug, besides aspirin and penicillin, that has been isolated from an organism. Provide information on the organism, how it was discovered, and how it is used in the healthcare industry. Also provide information about how this chemical is used by the organism in nature. (Hint: Try searching with “natural medicinal chemicals” or “natural medical botanical products.”)

4.
Do an Internet search on the “life cycle of HIV” and also “drug therapy for HIV.” Write a paragraph on the life cycle of HIV and how drug therapies target this life cycle to prevent the replication of HIV in the human body.

[[End SECTION FOUR FEEDBACK here]]

SECTION 5: Current and Future Chemical Energy Sources

[[Start Key Ideas Box here]]

KEY IDEAS >
· Energy production is greatly influenced by the chemical industry.

· Energy fuels are renewable or nonrenewable.

· Examples of possible energy fuels for the future include hydrogen and biofuels.
· Future fuels will be dependent on the cost of feedstocks, the costs of converting process technology, and the costs for developing and implementing the technology.

[[End Key Ideas Box here]]
Energy production is greatly influenced by the chemical industry. Listed below are different types of energy, their definitions, and how the chemical industry affects them.
Electrical energy is the movement of electrical charges. The charges move through wires that are made in the chemical industry. All of the wires that conduct electricity made by other sources of energy such as radiant, thermal, water, and wind are made in the chemical industry. Structures such as buildings and dams are made of cement and other construction materials that are made in the chemical industry. (See Figure 14.34.)
Radiant energy is electromagnetic energy and includes visible light, X-rays, gamma rays and radio waves. Solar energy is an example of radiant energy, and the newer solar panels are made from plastic.
Thermal energy, or heat, is the internal energy in substances, and geothermal (hot water produced by volcanic activity under the ground) is an example of thermal energy.
Chemical energy is energy stored in the bonds of atoms and molecules. It is the energy that holds these particles together. Biomass (plant and animal materials), petroleum, natural gas, and propane are examples of stored chemical energy.
[[Insert Figure 14.34 here]]
Nuclear energy is energy stored in the nucleus of an atom—the energy that holds the nucleus together. The energy can be released when the nuclei are combined or split apart. Nuclear energy generation is considered to be part of the chemical industry.
The use of each form of energy is affected by its availability (for example, geothermal energy in Iceland); the cost and development of the energy production technology or devices for extracting it (for example, retrieving oil from below the ocean floor); the development of processes that transform the source into useable fuels (for example, oil refineries); and, finally, the costs of implementing the transformed source (for example, gas for car engines). The chemical industry plays a major role in all of the steps that lead from harvesting the energy source to its final implementation.
Figure 14.35 shows the global demand for energy, which is governed by all of these steps, from availability to implementation.

[[Insert Figure 14.35 here]]
Countries focus on the energy source that is most economical for them. For example, coal (Figure 14.36) is heavily used in Africa because it is readily available. Geothermal is used in Iceland because of the abundance of thermal vents. As oil reserves dwindle and the cost of oil refining increases, energy companies are experimenting with new technologies, such as hydrogen fuel cells, wind and solar power, as well as fuels derived from vegetation and other organic matter. Nuclear energy is also making a comeback, even though many experts doubt that it will ever be a major source because of its media-poor relationship with the public. However, because of the major investment in oil technology (from refineries to cars) for many decades to come, fossil fuels (petroleum, natural gas, and coal) will continue to supply the bulk of our energy needs; in response, the oil industry will do its utmost to extract every drop of oil from this earth. It may be up to the public and governments to encourage a switch to other sources of fuel.

[[Insert Figure 14.36 here]]

Chemical Energy Sources

What makes substances, such as coal, oil, and gas, biofuels, and even hydrogen, usable as fuels? To answer this question, one must consider the chemical and physical properties of the substance; the availability of technology for harvesting, processing, and distributing energy; and, essentially, all of the costs associated with this technology. Energy fuels are renewable or nonrenewable. It is reasonable to assume that, as the demand for energy increases with the population, there will be a switch from nonrenewable, cheap sources to more expensive, renewable sources (although with technological advances, the renewable sources could become cheaper in the future).
In the past and presently, the most common energy-generating chemical reaction is combustion. Combustion is the combination of fuel with oxygen to form product compounds. In these chemical transformations, the potential energy of initial compounds (reactants) is greater than that of the products. It was the combustion of fossil fuels in the steam engine that started the Industrial Revolution about two centuries ago.
People used either wood or coal, but they found that coal produced more energy. Coal is a better fuel than wood because it contains a higher percentage of carbon and a lower percentage of oxygen and water. Coal, formed from buried plant material that is subjected to elevated temperature and pressure over a long period of time, is a complex mixture of compounds that naturally occurs in varying grades—carbon, hydrogen, oxygen, and nitrogen atoms come from the original plant material. The lowest grade is soft lignite or brown coal (it has undergone the least amount of change) and the highest grade is bituminous and anthracite, which have been exposed to higher pressure, temperatures, and durations in the subsurface. Generally speaking, the less oxygen a compound contains, then the more energy per gram it will release on combustion because it is higher up on the potential energy scale. There are many detrimental side effects of using coal for energy, such as environmental deterioration (e.g., strip mining) and the production of harmful products (i.e., greenhouse gasses and acid-rain–producing sulfur oxides). However, as readily available oil reserves are depleted, it is likely that the world’s dependence on coal will increase. We need coal for energy, but prefer not to have the environmental problems that accompany its use. How do we reconcile this dilemma? Most likely, coal will not be burned in its familiar solid form but rather converted to cleaner-burning and more convenient liquid and gaseous fuels, which will increase the cost of energy.

The Switch from Coal to Petroleum Globally, somewhere around 1950, petroleum surpassed coal as the major energy source for the industrialized world. The reasons are relatively easy to understand. Like coal, petroleum is transformed organic matter, formed from single cell organisms such as diatoms buried in the sediments of oceans and seas, and subjected to high temperature and pressure over a long period of time, but it is a liquid, which means it can be pumped to the surface, rather than mined, and it can be transported as a liquid via pipelines to points of use. Moreover, it is a more concentrated energy source than coal, yielding approximately 40 to 60 percent more energy per gram than coal. There is one property that hindered its acceptance; unlike coal, crude oil is not ready for immediate use when it is extracted from the ground. It must first be refined. In the refining process, the crude oil is separated into compounds (fractions) with similar properties. This fractionation (see Figure 14.37) is accomplished by distillation; a separation process in which a solution is heated to its boiling point and the vapors are condensed and collected.
The refining of a barrel (forty-two gallons) of crude oil provides a variety of products, and the percentages of the refining fractions can be varied. In general, the lowest amount goes to chemical products, including plastics, and the highest amount goes to gasoline and diesel.
Natural Gas No discussion concerning energy compounds is complete without mentioning natural gas, which is mostly methane. A distinct advantage of natural gas is that it burns much more completely and cleanly than do other fossil fuels. Because of its purity, it releases hardly any sulfur dioxide, and only low levels of unburned volatile hydrocarbons, carbon monoxide, and nitrogen oxides. In addition, it leaves no residue of ash or heavy metals. Moreover, natural gas produces 30 percent less carbon dioxide than oil and 43 percent less than coal. Its disadvantages as a transportation fuel are the short driving range it provides—about 100 miles—the heavy and awkward fuel tanks it requires, and the complexity of refueling. It is more suitable to fleet vehicles than to private automobiles.
[[Insert Figure 14.37 here]]

Chemical Fuels for the Twenty-First Century

If cheap fuel products defined the last century, what about the twenty-first century? There are more fossil fuels, such as kerogen, an organic compound found in sedimentary rocks, and tar sands, mixtures of clay or sand, water, and a dense form of petroleum, but their extraction and processing will increase the cost of fuel tremendously, and they are still dirty, nonrenewable energy sources. Examples of possible energy fuels for the future include hydrogen and biofuels. Biofuels (for example, biodiesel and ethanol from fermentation of grains), water, geothermal, and solar will all play a part in increased renewable energy sources.
Hydrogen as a Fuel Source Hydrogen is first on the list in many respects. It is the first element in the periodic table of the elements, containing only one proton and one electron. It is first in energy content of any common fuel and lowest by weight. But since it is the lowest by volume and is a gas at room temperature and normal pressure, it occupies a very large space, which makes it difficult to store and transport. Found in all living things, it is the most abundant gas in the universe, and the source of all the energy we receive from the sun. It is the tenth most abundant element in the earth’s crust. Hydrogen as a gas (H2) does not exist naturally on earth in large concentrations but rather in combination with other elements to form compounds. Combined with oxygen, it is water (H2O). Combined with carbon it forms compounds like methane (CH4), coal, and petroleum.
However, as an energy source, hydrogen is not without its problems. In addition to taking up a lot of room in its gas form, to cool down and compress it requires a great deal of energy. This means that, storing liquid hydrogen in a small area demands a lot of energy. Plus, since molecular hydrogen (H2) does not occur naturally except in combination with other elements, before we can utilize its energy, it must be converted to H2, which also takes a lot of energy.
There are a variety of ways to utilize hydrogen as energy; one way is the fuel cell, in which it is combined with oxygen to form water and release energy in the form of electricity. Figure 14.38 shows the basic structure of a fuel cell.

As you have learned, it takes a great deal of energy to produce hydrogen gas. So how is it being made now, what are the relative costs, and what are the possibilities for the future?

Industry produces the hydrogen it needs by a process called steam reforming, in which high-temperature steam separates hydrogen from the carbon atoms in methane (CH4). The hydrogen produced by this method isn’t used as a fuel but rather as an industrial chemical. This is the most cost-effective way to produce hydrogen today, but it uses fossil fuels both in the manufacturing process and as the heat source, which means it is not a long-term solution.

[[Insert Figure 14.38 here]]
Another way to make hydrogen is by electrolysis—splitting water into its basic elements—hydrogen and oxygen. Electrolysis involves passing an electric current through water to separate the atoms (2H2O + electricity = 2H2 + O2). Molecular hydrogen collects at the negatively charged cathode and oxygen at the positive anode. Hydrogen produced by electrolysis is extremely pure, and electricity from renewable energy sources can be used to power the process, but it is very expensive at this time. On the other hand, water is abundant and renewable, and technological advances in renewable electricity could make electrolysis a more attractive way to produce hydrogen in the future.

There are also several experimental methods of producing hydrogen. Photoelectrolysis uses sunlight to split water molecules into its components. A semiconductor absorbs the energy from the sun and acts as an electrode to separate the water molecules (see Figure 14.39).

[[Insert Figure 14.39 here]]
In biomass gasification, wood chips and agricultural wastes are super-heated until they turn into hydrogen and other gasses. Biomass can also be used to provide the heat.
Scientists have also discovered that some algae (e.g. Chorella) and bacteria (e.g., Clostridium) produce hydrogen under certain conditions. Experiments are underway to find ways to induce these microbes to produce hydrogen efficiently.
The first possible widespread use of hydrogen could be as an additive to transportation fuels.
Hydrogen can be combined with gasoline, ethanol, methanol, and natural gas to increase performance and reduce pollution. Adding just 5 percent hydrogen to gasoline can reduce nitrogen oxide emissions by 30 to 40 percent in today’s engines. Because of the cost, hydrogen will not produce electricity on a wide scale in the near future. It may, however, be added to natural gas to reduce emissions from existing power plants. As the production of electricity from renewable sources increases, so will the need for energy storage and transportation. Many of these sources—especially solar and wind—are located far from population centers and produce electricity only part of the time. Hydrogen may be the perfect carrier for this energy. It can store the energy and distribute it to wherever it is needed. It is estimated that transmitting electricity long distances is four times more expensive than shipping hydrogen by pipeline.

[[Insert Figure 14.40 here]]

Fermentation Products Unlike fuels obtained from petroleum, ethanol (ethyl alcohol) comes from the fermentation of biomass such as grains, corn, and potatoes. All of these sources are renewable. Ethanol combustion does produce carbon dioxide, but it is more carbon neutral than petroleum products since plants use carbon dioxide to make the fermentable products that are turned into ethanol. Also, ethanol has comparatively low toxicity and burns cleanly. Among its disadvantages are its relatively high cost compared to other fuel costs (its production is subsidized indirectly by the government), low energy content, and current lack of abundance. Ethanol has been widely used in gasoline. However, this increases the volatility of the mixture and thereby increases the tendency of the hydrocarbon components to vaporize and potentially escape into the atmosphere.
Biodiesel also comes from biomass, mostly from the oils of plant crops, but also from recycled restaurant greases, sewage, algae, and animal fats. It is easily produced by a transesterification reaction using methanol and triglycerides (plant and animal fats) and that only 20 percent biodiesel/ 80 percent diesel blends can be used in most unmodified diesel engines. Engines do need to be modified for higher percentages of biodiesel. It is safe, biodegradable, and can be distributed using today’s infrastructure. Fuel stations are beginning to make biodiesel available to consumers, and a growing number of transport fleets use it to supplement their large fuel consumption. In the United States, a famous singer/songwriter has given it his stamp of approval and in fact is a shareholder in a company that produces a biodiesel product named BioWillie in his honor (Figure 14.41).

[[Insert Figure 14.41 here]]
Some say, however, that use of biodiesel could increase nitrous oxide emissions and that biodiesel can’t be produced in enough quantity without turning more habitable land into farmland.
Methanol costs about as much as gasoline, mile for mile, and produces fewer pollutants. It can be manufactured from a variety of sources, including wood, coal, natural gas, and even garbage. Unfortunately, it corrodes common varieties of steel, has relatively low energy content, and is toxic. As a result, fuel tanks would have to be large, made of strong polymers or expensive, corrosion-resistant stainless steel, and well sealed. One of the most serious, but minor, side-products in methanol is formaldehyde. In addition to being the active ingredient of embalming fluid, formaldehyde is also a carcinogen (it can cause cancer) and an irritant.
Completely changing from gasoline to another fuel source will be a daunting task. Just think of the thousands of fueling stations that would have to be converted, the production and distribution systems that serve them, and the engineering of the engines that would use this fuel. Cost is, in fact, a major factor in converting from any major nonrenewable fuel to a renewable one. Future fuels will be dependent on the cost of feedstocks, the costs of converting process technology, and the costs for developing and implementing the technology. Change will come slowly and will depend on many environmental, societal, and economic factors.
[[Start SECTION FIVE FEEDBACK here]]

SECTION FIVE FEEDBACK >
1.
Why was there a switch from coal as an energy source to oil as an energy source in the 1950s?

2.
Go online and research “Vermont gasifier” at the National Renewable Energy Laboratory (NREL) Web site. Write a brief paragraph on how it was developed and who developed it. Include in your explanation the significance of its development and why it is an R&D 100 Award-winning gasification system.

3.
At the National Renewable Energy Laboratory (NREL) Web site, find information on the six biomass platforms and write a brief description of each platform.

4.
How can hydrogen be used as an energy source? Describe two ways that it can be produced on a large scale. How should it be stored and made available for consumer use?

5.
Do an Internet search with “feedstocks for biodiesel” and find out at least three different feedstocks for biodiesel production.

[[End SECTION FIVE FEEDBACK here]]

Using Block Flow Diagrams

( Chemical engineers have much to consider when designing plants. First, chemists research how elements and compounds interact, and often, on a small scale in a “batch-type” experiment, determine optimal reaction conditions. Chemical engineers take that information, along with their own expertise, and convert it to an industrial process that is either batch or continuous synthesis. Often, a small chemical plant called a pilot plant is built to provide design and operating information before construction of a large plant. As part of this design process, the chemical engineer can draw a simplified drawing known as a block flow diagram or a more detailed diagram showing pipes and valves known as a process flow diagram. In the diagram, each block or rectangle represents a unit operation. The blocks are connected by straight lines to represent the process flow streams from one unit to another. These process flow streams may be mixtures of liquids, gasses and solids flowing in pipes or ducts, or solids being carried on a conveyor belt.

In order to prepare clear, easy-to-understand, and unambiguous block flow diagrams, a number of rules should be followed:

· Unit operations such as mixers, separators, reactors, distillation columns, and heat exchangers are usually denoted by a simple block or rectangle.

· Groups of unit operations may be noted by a single block or rectangle.

· Process flow streams flowing into and out of the blocks are represented by straight lines. These lines should either be horizontal or vertical.

· The flow direction of each process flow stream must be clearly indicated by arrows.

· Flow streams should be numbered sequentially in a logical order.

· Unit operations (i.e., blocks) should be labeled.

· Where possible, the diagram should be arranged so that the process material flows from left to right, with upstream units on the left and downstream units on the right.

In Figure 14.42, the simple block flow diagram shows the production of heat water for a house, with the final delivery point being a bathtub.
A more elaborate block flow diagram is shown in Figure 14 43. It is a typical block flow diagram for an oil refinery.
[[Insert Figure 14.42 here]]

[[Insert Figure 14.43 here]]

Chemical engineers also have to consider plant location, transport of feedstocks and product, employee safety, and cost of materials to build the plant. They also have to weigh the cost of different processes with the cost of feedstock, the amount of energy required, cost of waste disposal, and the cost of disposing of the product (biodegradability).
Besides the heating of water for a tub, there are several processes that occur in your house that could be represented by a block flow diagram; for example, the air conditioning of your room or house. You could find similar processes at school or your church. Pick one process and diagram the flow from one unit, to the next, to the final delivery point using a block flow diagram.
CAREERS IN TECHNOLOGY
Matching Your Interests and Abilities with Career Opportunities: Chemists and Materials Scientists

There are many possible careers in the field of chemistry: Researchers study how atoms, elements, and compounds react. Chemical technicians work in research laboratories, where they set up, operate, and maintain laboratory instruments, monitor experiments, make observations, calculate and record results, and often develop conclusions. Biological scientists study living organisms and their relationship to the environment. They perform research to develop new products or processes. They may specialize in one area of biology, such as zoology or microbiology. Chemists and materials scientists search for and use new knowledge about chemicals and develop processes such as improved oil refining and petrochemical processing that save energy and reduce pollution. This career profile focuses on chemists and materials scientists.

Significant Points

For chemists and materials scientists:
· A bachelor’s degree in chemistry or a related discipline is the minimum educational requirement; however, many research jobs require a master’s degree or, more often, a Ph.D.
· Job growth will occur in professional, scientific, and technical services firms as manufacturing companies continue to outsource their research and development (R&D) and testing operations to these smaller, specialized firms.
· New chemists at all levels may experience competition for jobs, particularly in declining chemical manufacturing industries. Graduates with a master’s degree, and particularly those with a Ph.D., will enjoy better opportunities at larger pharmaceutical and biotechnology firms.

Nature of the Industry

Chemists and materials scientists search for and use new knowledge about chemicals, leading to new and improved synthetic fibers, paints, adhesives, drugs, cosmetics, electronic components, lubricants, and thousands of other products. They also develop processes such as improved oil refining and petrochemical processing that save energy and reduce pollution.
Many chemists and materials scientists work in R&D, where they investigate the properties, composition, and structure of matter and the laws that govern the combination of elements and reactions of substances. They create new products and processes or improve existing ones.

Chemists also work in production and quality control in chemical manufacturing plants. They prepare instructions for and monitor processes to ensure proper product yield. They test products to ensure that they meet industry and government standards and then report and analyze results. Materials scientists study the structures and chemical properties of materials to develop new products and determine ways to strengthen or combine materials or develop new materials.
Working Conditions

Chemists and materials scientists usually work regular hours in offices and laboratories. R&D chemists and materials scientists spend much time in laboratories but also work in offices when they do theoretical research or plan, record, and report on their lab research. Although some laboratories are small, others are large enough to incorporate prototype chemical manufacturing facilities as well as advanced testing equipment. Materials scientists also work with engineers and processing specialists in industrial manufacturing facilities. Chemists do some of their work in a chemical plant or outdoors—gathering water samples to test for pollutants, for example. Workers are required to have protective gear and extensive knowledge of the dangers associated with the job. Body suits with breathing devices designed to filter out any harmful fumes are mandatory for work in dangerous environments.

Chemists and materials scientists typically work regular hours. A forty-hour workweek is usual, but longer hours are not uncommon. Researchers may be required to work odd hours in laboratories or other locations, depending on the nature of their research. Manufacturing chemicals usually is a continuous process, which means that workers must be present twenty-four hours a day, seven days a week. For this reason, split, weekend, and night shifts are common.
Training and Advancement

A bachelor’s degree in chemistry or a related discipline is the minimum educational requirement; however, many research jobs require a master’s degree or, more often, a Ph.D. Individuals with Ph.D.s can apply for jobs in R&D at companies, state laboratories and faculty positions at four-year universities and colleges. While some materials scientists hold a degree in materials science, degrees in chemistry, physics, or electrical engineering are also common.
In government or industry, beginning chemists with a bachelor’s degree work in quality control, perform analytical testing, or assist senior chemists in R&D laboratories. Many employers prefer chemists and materials scientists with a Ph.D., or at least a master’s degree, to lead basic and applied research. Within materials science, a broad background in various sciences is preferred.
Advancement among chemists and materials scientists usually takes the form of greater independence in their work or larger budgets. Others choose to move into managerial positions and become natural sciences managers. People who pursue management careers spend more time preparing budgets and schedules and setting research strategy.
Outlook

New chemists at all levels may experience competition for jobs, particularly in declining chemical manufacturing industries. Graduates with a master’s degree or a Ph.D. will enjoy better opportunities, especially at larger pharmaceutical and biotechnology firms.
Employment of chemists and materials scientists is expected to grow 9 percent over the 2006–16 decade. Job growth is expected to occur in professional, scientific, and technical services firms as manufacturing companies continue to outsource their R&D and testing operations to these smaller, specialized firms.
Chemists should experience employment growth in pharmaceutical and biotechnology research as recent advances in genetics open new avenues of treatment for diseases. Employment of chemists in the non-pharmaceutical chemical manufacturing industries is expected to decline, along with overall declining employment in these industries.
Employment of materials scientists should continue to grow as manufacturers of diverse products seek to improve their quality by using new materials and manufacturing processes.
Graduates with a bachelor’s degree in chemistry may find science-related jobs in sales, marketing, and middle management. Some become chemical technicians, chemical technologists, or high school chemistry teachers. Community college graduates can become chemical technicians, working under the supervision of a person with a master’s degree or Ph.D. in a research laboratory. In addition, bachelor’s degree holders are increasingly finding assistant research positions at smaller research organizations.
Earnings

Median annual earnings of chemists in 2006 were $59,870. The middle 50 percent earned between $44,780 and $82,610. The lowest 10 percent earned less than $35,480, and the highest 10 percent earned more than $106,310. Median annual earnings of materials scientists in 2006 were $74,610. The middle 50 percent earned between $55,170 and $96,800. The lowest 10 percent earned less than $41,810, and the highest 10 percent earned more than $118,670. Median annual earnings in the industries employing the largest numbers of chemists in 2006 are shown below:

	Federal executive branch
	$88,930

	Scientific research and development services
	68,760

	Basic chemical manufacturing
	62,340

	Pharmaceutical and medicine manufacturing
	57,210

	Testing laboratories
	45,730


Beginning salary offers in July 2007 for graduates with bachelor’s degrees in chemistry averaged $41,506 a year. In 2007, annual earnings of chemists in non-supervisory, supervisory, and managerial positions in the Federal Government averaged $89,954.
[Bureau of Labor Statistics, U.S. Department of Labor, Occupational Outlook Handbook, 2008–09 Edition, visited May 2008, http://www.bls.gov/oco/]

Summary >

Historically, human civilization was biologically based; most clothing, medications, and materials came from plants and animals. Today, most of these items are manufactured from oil and gas using chemical technologies. Chemical technologies provide a means for humans to alter or modify materials and to produce chemical products that make life easier, as in the production of gasoline from oil or the production of penicillin from mold.
Based on the commercialization of chemical products, the chemical industry can be divided into three categories: commodities, specialty/fine chemicals, and energy/fuel. Commodity chemicals are produced in bulk and are relatively inexpensive to make. They are the feedstocks for other industries, such as ethylene for plastics or surfactants (i.e., chemicals that break up or dissolve grease and similar compounds) for detergents. Presently, the “big six plastics” are made from the commodity product, ethylene, the largest petrochemical feedstock made worldwide. However, ethylene is not a renewable feedstock, like plants. With the push for green chemistry (products that are easily recycled or made from renewable feedstocks such as plants or bacteria), it is hoped that the majority of plastics made in the future will be from those feedstocks instead of ethylene or oil.
The second category is specialty and fine chemicals, such as lubricants, adhesives, pharmaceuticals, and cosmetics. Pharmaceutical development and production is an excellent example of the different approaches that are taken to develop and produce new chemicals. For example, there are drug compounds synthetically made but originally known as ancient remedies found in the natural world such as the active ingredient in aspirin. Drugs have been discovered accidentally as a result of keen observation of the natural world such as the inhibition of bacterial growth by the fungal-produced compound, penicillin. Thirdly, in today’s world, it is common for chemists to design the drug or chemical based on the required application using techniques like X-ray crystallography or nuclear magnetic resonance spectroscopy (NMR). Designed products can range from a marine paint that must be resistant to salt water, wave action, and the growth of barnacles to a drug that must target a specific site on an enzyme or protein that a pathogenic microorganism needs to infect an individual.
The third category of the chemical industry is energy/fuel. The chemical industry plays a large part in energy production, including electrical, radiant, thermal, and nuclear sources. As global energy demand grows, countries will use the most practical energy sources available to them, which, for many countries, will continue to be oil technology. But as technological advances increase opportunities for and bring down the cost of using hydrogen, biomass fermentation, wind, and solar energy, a long, slow transition to renewable energy sources may be possible.

FEEDBACK
1.
What are the three categories that compose the chemical industry? Which one is the largest category?

2.
Search on the Internet for the production of ethylene and write a short paragraph on how it is made and determine some of the final products it serves as a feedstock.
3.
Briefly define the differences and similarities between a chemist and a materials scientist.

4.
As head of human resources, you write job descriptions for your company. Write a brief job description for two people, one person who will determine how to synthesize ibuprofen using “green chemistry” and one who will design the plant and scaled up production process to make the drug.

5.
What does a biological scientist do?

6.
Why is a chemical engineer known as the universal engineer?

7.
Prepare a table listing sources of energy that may replace today’s gasoline for our cars of tomorrow. List several of the advantages and disadvantages of each.

8.
Go online and find out what biodiesel is and how it is made. Write a brief paragraph explaining your findings.

9.
In a table, compare the production of the plastics PLA, PHB, and polyethylene, including the different feedstocks and processes (synthetic chemistry or biological), the amount of energy is required, and whether or not they are biodegradable.

10.
The chemical industry provides numerous products. For each category in Table 14.3, list at least five different products. For example, for food, you might list fertilizers and animal feed (but not cat food and dog food as they are the same type of items); do not list brand names. Two categories already have entries to help you get started.

	Category
	Product

	Agriculture and Food
	Food Additives

	Intermediate and Specialty Chemicals
	Biocides (used to slow the growth of bacteria)

	Electronics
	

	Energy and Fuel
	

	Environmental Technologies
	

	Health and Medicine
	

	Housing and Construction
	

	Industrial Coatings and Colorants
	

	Paper and Printing
	

	Polymers, Materials, and Textiles
	

	Personal-Care Products
	


DESIGN CHALLENGE 1:
Manufacturing Glue

· Problem Situation

Your research and development group at the chemical company Solutions has been charged with developing a nontoxic glue for use by young children for school projects.
· Your Challenge

Develop a nontoxic glue that works with paper and wood. Preferably the glue will not discolor with age and the bond will last for at least two weeks.

· Safety Considerations

All chemical companies must adhere to safety regulations that are both for the safety of the employees and the customers who use their products.
1.
Always wear gloves and eye protection.

2.
Use special care when working with the hot plate or oven.

3.
Wipe up all spills.

· Materials Needed

1.
Distilled water
2.
Nonfat dry milk

3.
White vinegar or acetic acid

4.
Cheesecloth

5.
Baking soda or sodium bicarbonate

6.
Metric measuring tools

7.
Beakers or bowls

8.
Hot plate or oven

9.
Thermometer

· Clarify the Design Specifications and Constraints

The glue needs to be nontoxic and develop a bond as soon as possible, with twelve hours, or overnight, being the maximum amount of time. It should bond paper to paper, paper to wood, and wood to wood. The bond should last at least two weeks. Both tensile and shear strength need to be determined. Toxicity to biological life needs to be determined.

· Research and Investigate

To better complete the design challenge, you need to first gather information to help you build a knowledge base.

1.
In your guide, complete the Knowledge and Skill Builder I: Safety considerations.

2.
In your guide, complete the Knowledge and Skill Builder II: Preliminary glue recipe and testing.

3.
In your guide, complete the Knowledge and Skill Builder III: Tensile and shear testing.

4.
In your guide, complete the Knowledge and Skill Builder IV: Toxicity testing.

5.
In your guide, complete the Knowledge and Skill Builder V: Factor analysis.

· Generate Alternative Designs

Describe two of your possible changes to the glue recipe; remember to consider the specifications and constraints.

· Choose and Justify the Optimal Solution
Refer to your guide; explain why you selected your final glue recipe and why it is the best choice.

· Develop Your Prototypes

Produce your glue prototype. Include any necessary documentation, data measurements, tables, descriptions, photographs, or drawings of these in your guide.

· Test and Evaluate

Explain if your designs met the specifications and constraints. What tests did you conduct to verify this?

· Redesign the Solution

If you had to redesign your glue formulation, what problems did you encounter? Did you modify your original design concept? Why? If you had to redesign your formulation, what changes would you recommend? Explain your reasoning. What additional trade-offs, if any, would you have to make?

· Communicate Your Achievements

Describe the plan you will use to present your glue formulation to your class. (Include a media-based presentation.)

DESIGN CHALLENGE 2:
Photobioreactor

· Problem Situation

The power plant company has hired your company, Solar Solutions, to design an algal photobioreactor that will remove much of the polluting nitric oxide (NO), nitrogen dioxide (NO2), and carbon dioxide gasses being emitted by their plant and then convert it to biomass.
· Your Challenge

Given the necessary raw materials, you will design and build the algae photobioreactor, optimizing its operation for sequestration of carbon dioxide and nitric oxide, nitrogen dioxide, and production of biomass.
· Safety Considerations

1.
Operating the photobioreactor with nitric oxide or nitrogen dioxide feed gas (representing power plant flue gas) is not recommended. It is preferable to use sodium nitrate in the growth medium instead of these gaseous nitrogen oxides as the source of nitrogen for algal growth.
2.
Always exercise caution when working with electricity.

3.
Assume that circuits are energized.

4.
Follow your instructor’s safety guidelines for your lab.

· Materials Needed
1.
At least three inexpensive 2 ft double-bulb fluorescent fixtures

2.
16 gauge two-wire, water resistant electrical cord (12 ft)

3.
Small aquarium air pump from local pet store (this air pump injects air into the bottom of the PVC coil such that the medium is “air-lifted” up the tubing coil to the reservoir on top and then is fed back into the coil via a small-diameter plastic tube from the reservoir to the bottom of the coil)

4.
8 ft airline tubing for the pump

5.
At least 3 two-prong plugs
6.
¾ inch inner diameter, PVC (vinyl) clear, flexible tubing, 40 ft total

7.
Plastic barbed connector(s) for tubing, if unable to obtain continuous 40 ft of tubing

8.
½ mesh hardware cloth to mount the PVC coil

9.
Black rubber ¾ inch diameter stopper to plug bottom end of PVC coil. Stopper must be cored to accept 2 metal tubes for attaching air supply tubing and medium feed to the coiled PVC from the medium reservoir on top.

10.
Plastic vessel (~1 gal.) to hold medium. It should have leak-proof barbed fittings to attach the 3/4 inch PVC tubing at the top of the coil and the air pump tubing attached to the bottom of the PVC coil.

11.
6 cool, daylight 20W lamps

12.
2 ft × ~13 ft piece of galvanized flashing sheet metal to act as a reflector surrounding the photobioreactor.

13.
Cooling fan. The photobioreactor has a 5-inch square fan mounted in the base of the wood support to pull out the hot air generated by the fluorescent fixtures.
14.
On/Off wall-socket timer to provide power to the fluorescent fixtures on a light/dark daily cycle of 16 hrs light and 8 hrs dark.

15.
Chorella culture (ordered from WARDS Natural Science or Carolina Biological Supply). Bristol culture medium composition is included.

16.
Chemicals for Chorella growth medium

· Clarify the Design Specifications and Constraints

Your design must meet the following specifications and constraints: The photobioreactor should occupy no more than 30 cubic ft and have a footprint no more than 10 square ft. It must be built following safety considerations

1.
All wiring must meet code.

2.
Maximize algal biomass within the budget constraints.
3.
Consider ease of construction, maintenance, and repair.

· Research and Investigate

To complete the design challenge, you need to first gather information to help you build a knowledge base.

1.
In your guide, complete the Knowledge and Skill Builder I: Safety considerations.

2.
In your guide, complete the Knowledge and Skill Builder II: Algal basics: Choose your algae and growth medium.

3.
In your guide, complete the Knowledge and Skill Builder III: Pollution generated by power plants.

4.
In your guide, complete the Knowledge and Skill Builder IV: Designing a photobioreactor.

5.
In your guide, complete the Knowledge and Skill Builder V: Building the photobioreactor.

6.
In your guide, complete the Knowledge and Skill Builder VI: Operating the photobioreactor.

7.
In your guide, complete the Knowledge and Skill Builder VII: Measurements for the photobioreactor.

· Generate Alternative Designs
There is more than one solution. Remember that form follows function. The purpose of the 40-ft coil of PVC tubing is to remove gaseous nitrogen oxides. What are alternative designs?
Describe two of your possible alternative approaches to making a photobioreactor. Discuss the decisions you made in (a) choosing the algae culture, (b) designing the photobioreactor, (c) building the photobioreactor, and (d) determining methods for measurement of algal growth, optimization of culture conditions, and sequestration of carbon dioxide and nitrogen oxides. Attach drawings if helpful and use additional sheets of paper if necessary.

· Choose and Justify the Optimal Solution
What decisions did you reach about the design of the photobioreactor?
· Display Your Prototypes

Produce your photobioreactor. Include any necessary documentation, data measurements, tables, descriptions, photographs, or drawings of these in your guide.

· Test and Evaluate

Explain if your designs met the specifications and constraints. What tests did you conduct to verify this?

· Redesign the Solution

What problems did you face that would cause you to redesign the (a) photobioreactor, (b) the algal choice, and (c) the measurement techniques? What changes would you recommend in your new designs? What additional trade offs would you have to make?
· Communicate Your Achievements

Describe the plan you will use to present your solution to an audience. (Include a media-based presentation.)

Numbered Figure

Figure 14.1|How much power can be wielded by a group that understands how chemicals affect the body? In England, the apothecaries merited their own trade association, founded in 1617. Today, this group continues to license doctors as a member of the United Examining Board, the only nonuniversity medical licensing body in the United Kingdom.

Figure 14.2|Examples of chemical products include the components for iPods; DVDs; all types of plastics; athletic equipment; cosmetics; food preservatives and additives; fuels for transportation, heating, and powering industries; houses; airplanes; reagents for medical tests; drugs; textiles; synthetic materials for furniture; and cleaning reagents.

Figure 14.3|This figure reviews the steps for development of a chemical product. Compare it to the graphic that visualizes the steps in the development of the pharmaceutical recombinant insulin (rhinsulin) (see Figure 13.23).

Figure 14.4|The chemical industry can be divided into three categories: commodities/intermediates such as ethylene, or ammonia, specialty/fine chemicals such as drugs, glue, cosmetics, and energy and fuels such as gasoline, oil, hydrogen gas, and biofuels.

Figure 14.5|One of several agencies that regulate industries, the Occupational Safety and Health Administration (OSHA) strives to promote the safety and health of U.S. workers by setting and enforcing standards and by providing training, outreach, and education. OSHA employs over 2,000 inspectors, investigators, engineers, and other personnel in more than 200 offices across the country to assist employers and employees.

Figure 14.6|The Environmental Protection Agency (EPA) develops and enforces regulations, performs and funds environmental research, and publishes educational materials to protect human health and the environment. The agency monitors a wide range of areas, including air quality, wetland management, human health, pollution prevention, and handling of hazardous wastes. Its largest facility is this Research Park Triangle campus in North Carolina, which employs over 2,000 workers.

Figure 14.7|In the 1930s, the primary source of industrial chemicals in the United States was plants. In the 1960s and early 2000s, it was petroleum. What will it be in the future?

Figure 14.8|World oil prices have more than doubled over the last several years. Some analysts say that prices may double again over the next five to ten years, due to production levels that are not rising to meet increased demand.

Figure 14.9|Ibuprofen is a nonprescription anti-inflammatory and pain reliever marketed under many trade names worldwide, including Advil and Motrin in the United States. In 1992, the production of ibuprofen became a more efficient “green” process that eliminated the production of millions of pounds of landfill waste every year.

Figure 14.10a|What is the value of manufactured smells, especially “fresh” smells? Fresh odors have been shown to have positive effects on our mood. For example, the presence of lemon fragrance in the central air-conditioning system of an office block has been known to significantly reduce the stress levels of the occupants and hence operator errors. The scent of green apple has been shown to reduce the severity of migraine headaches.

Figure 14.10b|Flowchart describing how gene technology and biofermentation is applied to the production of synthetic production of “natural smells”; an example of the “new” chemical technology.

Figure 14.11|Ethylene can be produced by several methods. One is method is thermal, using, for example, high-temperature steam (816°C) to break larger-chain hydrocarbons into smaller-chain hydrocarbons. A second method uses an inorganic catalyst at a lower temperature.

Figure 14.12|One cost-saving approach is to pipe the oil from the field directly to the oil refinery, which distills the oil into different fractions; the fractions are piped directly into the petrochemical plant, which produces the plastic resins. The resins are then shipped directly to the plastics plant that makes the plastic products, such as in this case, plastic toy dinosaurs.

Figure 14.13|Ethylene is joined to another ethylene in a chemical reaction known as polymerization. This reaction occurs many times to form the long-chain molecule known as polyethylene. Polyethylene is identified as the polymer made from the polymerization of the monomer ethylene.
Figure 14.14|There are many examples of polymers in nature formed from the polymerization of monomers. The sugar monomer, glucose, is joined to another glucose to make the polymer cellulose, which is found in plants. Glycogen and starch are also polymers formed by the joining of the sugar monomer, glucose. The difference between these sugar polymers is how the glucose monomers are joined together. The polymer DNA is formed from the joining of 4 different nucleic acid monomers.

Figure 14.15|Once a polymer is formed, it is palletized, at which point it becomes known as resin. Companies can then sell the resin to other companies that make a variety of plastic products.

Figure 14.16|The six major groups of plastics are labeled with numbers so that they can be properly grouped for recycling purposes.

Figure 14.17|Plastics can be made from biodegradable plant materials.

Figure 14.18|There are several ways bacterial products can be used to make plastics. The first and second processes use bacterial-synthesized feedstocks to make plastics and in the third process, the bacteria make the final plastic product (PHB).

Figure 14.19|NatureWorks™ is a bacterial plastic product made from the polymer PLA.

Figure 14.20|The original source for aspirin was the bark of the willow tree.

Figure 14.21|Rain forests and other wild environments contain many compounds with medicinal value that are just waiting to be discovered.

Figure 14.22|This petri dish shows the antibacterial properties of penicillin; the large white area at the top of the dish is the mold Penicillium notatum; the smaller spots are the bacteria. Notice the lack of bacterial growth near the mold; this demonstrates how the mold carves out space for itself in nature by producing penicillin.

Figure 14.23|Dr. Alexander Fleming accidentally discovered the world’s first antibiotic, penicillin.

Figure 14.24|Large-scale production of penicillin soared around the time of World War II.

Figure 14.25|In 1945, Alexander Fleming, along with Howard Walter Florey and Ernst Boris Chain, received the Nobel Prize in Medicine for their work on penicillin.

Figure 14.26|Dorothy Crowfoot Hodgkin determined the 3-D structures of several important organic molecules, including penicillin. Her work helped develop the basis for the “targeted design” approach that is used today by many pharmaceutical chemists.

Figure 14.27|Penicillin binds to a site on the cell wall of certain types of bacteria, preventing the synthesis of the cell wall. The bacteria keep growing, and, eventually, the wall breaks. This allows water to get inside, and the cell breaks open.

Figure 14.28|X-rays are directed through the crystal, and the scattered X-rays are collected on a digital screen, similar to a digital-camera screen.

Figure 14.29|An NMR (nuclear magnetic resonance) machine can provide 3-D information about proteins and chemical molecules in solution; even protein to protein interactions, as well as protein to chemical interactions.

Figure 14.30|There is a very powerful magnet inside an NMR machine. It can align particular atoms in an element or compound that are tiny magnets themselves, producing a characteristic signal that is detected by the machine, and recorded on a computer. Hydrogen is one example of an element that acts as a magnet and depending upon what element it is bonded to and what elements it is close to, it produces a different signal. For example, a hydrogen bonded to a carbon which is nearby an oxygen will produce a different signal than a hydrogen bonded to a carbon near another carbon.

Figure 14.31|This computer-generated drawing shows the human immunodeficiency virus (HIV) protease enzyme, which is essential in order for HIV to infect humans. This makes it a good target for drug therapy as knocking it out stops the virus. The enzyme is a symmetrical molecule with two equal but separate halves. The computer-generated model shows how each half, identified as a different color, folds over on itself, creating a site where the target protein can sit. This site is also known as the active site of the enzyme. The target proteins for this enzyme are viral products that are modified to make the mature form of the virus before it buds off the infected cell. If this enzyme does not work, the virus does not mature—only immature, noninfectious viral proteins are released.

Figure 14.32|Knowing that HIV protease has two symmetrical halves, pharmaceutical researchers initially attempted to block the enzyme with symmetrical small molecules. They made these by chopping in half molecules of the natural substrate, then making a new molecule by fusing together two identical halves of the natural substrate.

Figure 14.33|The red balls indicate the sites where mutations in the protease enzyme resulted in drug resistance. Some of these sites are not in the active site, so these mutations must change the structure of the enzyme so that the drug still could not bind to the enzyme.

Figure 14.34|Known as “The Land of Fire and Ice,” Iceland not only has abundant water, but it also has numerous steam vents due to its active volcanoes. This geothermal energy supplies about 10 percent of the country’s energy needs, and hydroelectric supplies most of the remainder. Thus, most of Iceland’s energy supply comes from clean sources.

Figure 14.35|This chart shows global energy demand, starting from the year 2006 and projecting to 2030. Source: Annual Energy Outlook 2008, Energy Information Administration, www.eia.doe.gov/oiaf/aeo/.
Figure 14.36|Coal is a fossil fuel made from plant remains protected from biodegradation by water and mud and subjected to geological action over a long time.

Figure 14.37|This diagram of a fractional distillation column lists some of the fractions obtained when oil is distilled. The petroleum is pumped into the bottom of the industrial-sized still, and the mixture is heated. As the temperature increases, the components with the lowest boiling points are the first to vaporize. The gaseous molecules move up the still, where they are cooled back to a liquid state, but this time in a purer condition. By varying the temperature of the still and the fractionating column, the chemical engineer can regulate the boiling point range of the fractions distilled and condensed and therefore regulate the amount of each fraction. Notice that the compounds with more carbons atoms, and hence electrons and higher molecular weight, require more energy to volatilize (i.e., a higher boiling point). At the highest still temperature, some compounds (the asphalt-containing fraction) still do not volatilize and are siphoned off the bottom. The largest fraction is the one containing gasoline. In fact, in another type of tower, known as a cracking tower, large carbon-containing compounds (sixteen to eighteen carbons) are converted to smaller carbon compounds to maximize the amount of gasoline produced.

Figure 14.38|The space shuttle uses hydrogen fuel cells (batteries) to run its computer systems. The fuel cells basically reverse electrolysis—hydrogen and oxygen are combined to produce electricity. Hydrogen fuel cells are very efficient and produce only water as a by-product, but they are expensive to build. Source: Energy Kids Page, Energy Information Administration.

Figure 14.39|A solar semiconductor device splits water into hydrogen and oxygen.

Figure 14.40|General Motors displayed this fuel-cell vehicle concept at the 2007 Shanghai Auto Show. However, the high cost of fuel cells may prevent such vehicles from becoming viable in the near future.

Figure 14.41|Biowillie is one example of a commercially available biodiesel. Would you be more likely to buy it because it is endorsed by the famous singer/song writer Willie Nelson?

Figure 14.42|A simple block diagram of a process that occurs in your house—the production of hot water for use in a bathtub.

Figure 14.43|A complex block diagram of a typical oil refinery. Notice how the individual processes are placed in a box and that the flow between the boxes is identified.
� Originally published by Paul Anastas and John Warner in Green Chemistry: Theory and Practice (Oxford University Press: New York, 1998.
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