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Descriptive Short Articles

1. Chemistry: A Science for the Twenty-First Century

Chemistry is the study of matter and the changes it undergoes. Chemistry is often called
the central science, because a basic knowledge of chemistry is essential for students of biolo-
gy, physics, geology, ecology, and many other subjects. Indeed, it is central to our way
of life; without it, we would be living shorter lives in what we would consider primitive
conditions, without automobiles, electricity, computers, CDs, and many other everyday
conveniences.

Although chemistry is an ancient science, its modern foundation was laid in the nine-
teenth century, when intellectual and technological advances enabled scientists to break
down substances into ever smaller components and consequently to explain many of their
physical and chemical characteristics.! The rapid development of increasingly sophisticated
technology throughout the twentieth century has given us even greater means to study things
that cannot be seen with the naked eye. Using computers and special microscopes, for exam-
ple, chemists can analyze the structure of atoms and molecules— the fundamental units on
which the study of chemistry is based—and design new substances with specific properties,
such as drugs and environmentally friendly consumer products.

As we enter the twenty-first century, it is fitting to ask what part the central science
will have in this century. Almost certainly, chemistry will continue to play a pivotal role in
all areas of science and technology. Before plunging into the study of matter and its transfor-
mation, let us consider some of the frontiers that chemists are currently exploring. Whatev-
er your reasons for taking introductory chemistry, a good knowledge of the subject will
better enable you to appreciate its impact on society and on you as an individual. ?

Health and Medicine

Three major advances in the past century have enabled us to prevent and treat diseases.
They are public health measures establishing sanitation systems to protect vast numbers of
people from infectious disease; surgery with anesthesia, enabling physicians to cure poten-
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tially fatal conditions, such as an inflamed appendix; and the introduction of vaccines and
antibiotics that make it possible to prevent diseases spread by microbes. Gene therapy promi-
ses to be the fourth revolution in medicine. (A gene is the basic unit of inheritance.) Sever-
al thousand known conditions, including cystic fibrosis and hemophilia, are carried by
inborn damage to a single gene. Many other ailments, such as cancer, heart disease,
AIDS, and arthritis, result to an extent from impairment of one or more genes involved in
the body’s defenses. In gene therapy, a selected healthy gene is delivered to a patient’s cell
to cure or ease such disorders. To carry out such a procedure, a doctor must have a sound
knowledge of the chemical properties of the molecular components involved. The decoding of
the human genome, which comprises all of the genetic material in the human body and plays
an essential part in gene therapy, relies largely on chemical techniques. ?

Chemists in the pharmaceutical industry are researching potent drugs with few or no side
effects to treat cancer, AIDS, and many other diseases as well as drugs to increase the
number of successful organ transplants. * On a broader scale, improved understanding of the
mechanism of aging will lead to a longer and healthier life span for the world’s population.

Energy and the Environment

Energy is a by-product of many chemical processes, and as the demand for energy
continues to increase, both in technologically advanced countries like the United States and
in developing ones like China, chemists are actively trying to find new energy sources.
Currently the major sources of energy are fossil fuels (coal, petroleum, and natural gas).
The estimated reserves of these fuels will last us another 50~100 years, at the present rate
of consumption, so it is urgent that we {ind alternatives.

Solar energy promises to be a viable source of energy for the future. Every year Earth’s

surface receives about 10 times as much energy from sunlight as is contained in all of the .

known reserves of coal, oil, natural gas, and uranium combined. > But much of this energy
is “wasted” because it is reflected back into space. For the past 30 years, intense research
efforts have shown that solar energy can be harnessed effectively in two ways. One is the

conversion of sunlight directly to electricity using devices called photovoltaic ceils. The other

is to use sunlight to obtain hydrogen from water. The hydrogen can then be fed into a fuel
cell to generate electricity. Although our understanding of the scientific process of converting
solar energy to electricity has advanced, the technology has not yet improved to the point
where we can produce electricity on a large scale at an economically acceptable cost. ® By
2050, however, it has been predicted that solar energy will supply oyér 50 percent of our
power needs. / :

Another potential source of energy is nuclear fission, but bécause of envirommental

concerns about the radioactive wastes from fission processes, the future of the nuclear indus-

try in the United States is uncertain. Chemists can help to devise better ways to dispose off

nuclear waste. Nuclear fusion, the process that occurs in the sun and other «tars, generates
huge amounts of energy without producing much dangerous radioactive waste. In another 50
years, nuclear fusion will likely be a significant source of energy.

Energy production and energy utilization are closely tied to the quality of our environ-
ment. A major disadvantage of burning fossil fuels is that they give off carbon dioxide,
which is a greenhouse gas (that is, it promotes the heating of Earth’s atmosphere), along
with sulfur dioxide and nitrogen oxides, which result in acid rain and smog. (Harnessing
solar energy has no such detrimental effects on the environment. ) By using fuel-efficient

z
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automobiles and more effective catalytic converters, we should be able to drastically reduce
harmful auto emissions and improve the air quality in areas with heavy traffic. In addition,
electric cars, powered by durable, longlasting batteries, should become more prevalent,
and their use will help to minimize air pollution.

Materials and Technology

Chemical research and development in the twentieth century have provided us with new
materials that have profoundly improved the quality of our lives and helped to advance tech-
nology in countless ways. A few examples are polymers (including rubber and nylon),
ceramics (such as cookware), liquid crystals (like those in electronic displays), adhesives
and coatings (for example, latex paint).

What is in store for the near future? One likely possibility is room-temperature super-
conductors. Electricity is carried by copper cables, which are not perfect conductors. Conse-
quently, about 20 percent of electrical energy is lost in the form of heat between the power
station and our homes. This is a tremendous waste. Superconductors are materials that have
no electrical resistance and can therefore conduct electricity with no energy loss. Although
the phenomenon of superconductivity at very low temperatures (more than 400 degrees
Fahrenheit below the freezing point of water) has been known for over 80 years, a major
breakthrough in the mid-1980s demonstrated that it is possible to make materials that act as
superconductors at or near room temperature. Chemists have helped to design and synthesize
new materials that show promise in this quest. The next 30 years will see high-temperature
superconductors being applied on a large scale in magnetic resonance imaging (MRI), levi-
tated trains, and nuclear fusion.

If we had to name one technological advance that has shaped our lives more than any
other, it would be the computer. The “engine” that drives the ongoing computer revolution
is the microprocessor — the tiny silicon chip that has inspired countless inventions, such as
laptop computers and fax machines. The performance of a microprocessor is jucfged by the
speed with which it carries out mathematical operations, such as addition. The pace of
progress is such that since their introduction, microprocessors have doubled in speed every
18 months. The quality of any microprocessor depends on the purity of the silicon chip and
on the ability to add the desired amount of other substances, and chemists play an important
role in the research and development of silicon chips. For the future, scientists have begun
to explore the prospect of “molecular computing”, that is, replacing silicon with molecules.
The advantages are that certain molecules can be made to respond to light, rather than to
electrons, so that we would have optical computers rather than electronic computers. ” With
proper genetic engineering, scientists can synthesize such molecules using microorganisms
instead of large factories. Optical computers also would have much greater storage capacity
than electronic computers.

Food and Agriculture

How can the world’s rapidly increasing population be fed? In poor countries, agricul-
tural activities occupy about 80 percent of the workforce, and half of an average family
budget is spent on foodstuffs. This is a tremendous drain on a nation’s resources. The
factors that affect agricultural production are the richness of the soil, insects and diseases
that damage crops, and weeds that compete for nutrients. Besides irrigation, farmers rely
on fertilizers and pesticides to increase crop yield. Since the 1950s, treatment for crops
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suffering from pest infestations has sometimes been the indiscriminate application of potent
chemicals. Such measures have often had serious detrimental effects on the environment.
Even the excessive use of fertilizers is harmful to the land, water, and air.

To meet the food demands of the twenty-first century, new and novel approaches in
farming must be devised. It has already been demonstrated that, through biotechnology, it
is possible to grow larger and better crops. These techniques can be applied to many different
farm products, not only for improved yields, but also for better frequency, that is, more
crops every year.® For example, it is known that a certain bacterium produces a protein
molecule that is toxic to leaf-eating caterpillars. Incorporating the gene that codes for the
toxin into crops enables plants to protect themselves so that pesticides are not necessary. *
Researchers have also found a way to prevent pesky insects from reproducing. Insects
communicate with one another by emitting and reacting to special molecules called phero-
mones. By identifying and synthesizing pheromones used in mating, it is possible to inter-
fere with the normal reproductive cycle of common pests; for example, by inducing insects
to mate too soon or tricking female insects into mating with sterile males. Moreover, chem-
ists can devise ways to increase the production of fertilizers that are less harmful to the envi-
ronment and substances that would selectively kill weeds.

The Study of Chemistry

Compared with other subjects, chemistry is commonly believed to be more difficult, at
least at the introductory level. There is some justification for this perception; for one thing,
chemistry has a very specialized vocabulary. However, even if this is your first course in
chemistry, you already have more familiarity with the subject than you may realize. In
everyday conversations we hear words that have a chemical connection, although they may
not be used in the scientifically correct sense. Examples are “electronic”, “equilibrium”,
“catalyst,” “chain reaction,” and “critical mass. ” Moreover, if you cook, then you are a
practicing chemist! From experience gained in the kitchen, you know that oil and water do
not mix and that boiling water left on the stove will evaporate. You apply chemical and phys-
ical principles when you use baking soda to leaven bread, choose a pressure cooker to short-
en the time it takes to prepare soup, add meat tenderizer to a pot roast, squeeze lemon juice
over sliced pears to prevent them from turning brown or over fish to minimize its odor, and
add vinegar to the water in which you are going to poach eggs. Every day we observe such
changes without thinking about their chemical nature. The purpose of this course is to make
you think like a chemist, to lock at the macroscopic world—the things we can see, touch,
and measure directly—and visualize the particles and events of the microscopic world that we
cannot experience without modern technology and our imaginations.

At first some students find it confusing that their chemistry instructor and textbook
seem to be continually shifting back and forth between the macroscopic and microscopic
worlds. Just keep in mind that the data for chemical investigations most often come from
observations of large-scale phenomena, but the explanations frequently lie in the unseen and
partially imagined microscopic world of atoms and molecules. In another words, chemists
often see one thing (in the macroscopic world) and think another (in the microscopic
world). Looking at the rusted car, for example, a chemist might think about the basic
properties of individual atoms of iron and how these units interact with other atoms and
molecules to produce the observed change.
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The Scientific Method

All sciences, including the social sciences, employ variations of what is called the
scientific method, a systematic approach to research. For example, a psychologist who
wants to know how noise affects people’s ability to learn chemistry and a chemist interested
in measuring the heat given off when hydrogen gas burns in air would follow roughly the
same procedure in carrying out their investigations. The first step is to carefully define the
problem. The next step includes performing experiments, making careful observations, and
recording information, or data, about the system—the part of the universe that is under
investigation. (In the examples just discussed, the systems are the group of people the
psychologist will study and a mixture of hydrogen and air. )

The data obtained in a research study may be both qualitative, consisting of general
observations about the system, and quantitative, comprising numbers obtained by various
measurements of the system. Chemists generally use standardized symbols and equations in
recording their measurements and observations. This form of representation not only simpli-
fies the process of keeping records, but also provides a common basis for communication
with other chemists.

When the experiments have been completed and the data have been recorded, the next
step in the scientific method is interpretation, meaning that the scientist attempts to explain
the observed phenomenon. Based on the data that were gathered, the researcher formulates
a hypothesis, a tentative explanation for a set of observations. Further experiments are
devised to test the validity of the hypothesis in as many ways as possible, and the process
begins anew.

After a large amount of data has been collected, it is often desirable to summarize the
information in a concise way, as a law. In science, a law is a concise verbal or mathematical
statement of a relationship between phenomena that is always the same under the same
conditions. For example, Sir Isaac Newton’s second law of motion, which you may remem-
ber from high school science, says that force equals mass times acceleration (F=ma). What
this law means is that an increase in the mass or in the acceleration of an object will always
increase its force proportionally, and a decrease in mass or acceleration will always decrease
the force. o

Hypotheses that survive many experimental tests of their validity may evolve into theo-
ries. A theory is a unifying principle that explains a body of facts and/or those laws that are
based on them. Theories, too, are constantly being tested.® If a theory is disproved by
experiment, then it must be discarded or modified so that it becomes consistent with experi-
mental observations. Proving or disproving a theory can take years, even centuries, in part
because the necessary technology may not be available. Atomic theory, which we will study
later, is a case in point. It took more than 2000 years to work out this fundamental principle
of chemistry proposed by Democritus, an ancient Greek philosopher. A more contemporary
example is the Big Bang theory of the origin of the universe.

Scientific progress is seldom, if ever, made in a rigid, step-by-step fashion. Sometimes
law precedes a theory; sometimes it is the other way around. Two scientists may start work-
ing on a project with exactly the same objective, but will end up taking drastically different
approaches. Scientists are, after all, human beings, and their modes of thinking and work-
ing are very much influenced by their background, training, and personalities.

The development of science has been irregular and sometimes even illogical. Great
discoveries are usually the result of the cumulative contributions and experience of many
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workers, even though the credit for formulating a theory or a law is usually given to only one
individual. There is, of course, an element of luck involved in scientific discoveries, but it has
been said that “chance favors the prepared mind. ” It takes an alert and well—trained person to
recognize the significance of an accidental discovery and to take full advantage of it. More often
than not, the public learns only of spectacular scientific breakthroughs. For every success
story, however, there are hundreds of cases in which scientists have spent years working on
projects that ultimately led to a dead end. And in which positive achievements came only after
many wrong turns and at such a slow pace that they went unheralded. Yet even the dead ends
contribute something to the continually growing body of knowledge about the physical universe.
It is the love of the search that keeps many scientists in the laboratory.

~New Words and Expressions

primitive ['primitiv] adj. RIGH, EH W,
HRER, WEK

convenience [ kan'vinjons] n. {E#Hl, K {&E,
A, AAMAR. K. £H%

sophisticated [ so'fistikeitid] adj. ¥ # 8 2
B, BELEK, B4H, RERRNY

naked ['neikid] adj. FRK, BEKK, T
F=H

pivotal ['pivatal] adj. WRIK, XaM

frontier ['frantia] n. BjHs, [HHAE] M
FEREBGER, R, IR

sanitation [sani'teifon] n. P4, T4 R

infectious [in'fekfes] adj. HERHEW, B
e, ARENH

anesthesia [enisfiizia] n. BEBE, R EHHE,
RBFER

inflamed [infleimid] adj. R 48 ; £k

appendix [ opendiks] n. WE

vaccine [ 'veksiin] adj. WH W, £ BH;
n B ‘

antibiotic [ entibai'otik] n. & ¥; adj.
AR

inheritance [inheritans] n. &, #M™

fibrosis [ fai'brousis] n. 44, 44k

cystic fibrosis n. MR Ui B 15T
R 5%

microbe [‘maikroub] n. #AY, ¥

hemophilia [ hiimafilia] n. M &%

inborn ['in'ban] adj. K%M, X B, %
F )

ailment ['eilmont] n. &K, AT, AE

arthritis [a’Oraitis] n. X% 4%

impairment [im'pesmont ] n. ¥, #f

decoding [diksudin] n. %W, @B

genome ['d3imnsum ]| n. EEHA, PEEE

pharmaceutical [ faimasjuitikel] n. # %

transplant [trensplanit] v. B, B#, 8
R, &8; n. B, #BHEY

viable ['vaiobl] adj. BEFHIEM, BRAEFH,
AT H

greenhouse gas
BORE B S Ak

fossil [fosl] n. 4t A, BMILWHEY; adj. i
A, BEK, SFIRK

uranium [jusreiniom] n. 4

harness [*hamis] vt. FFH (EH. BHE)
FESHN (Rigwh)

photovoltaic [ foutouvol 'teiik ] adj. s
B, RBEBEN, XEm

fission [fifon] n. BWA; v. (f#f) &

drastically ['draestikli] adv. ¥Fis, BEH

emission [i'mifon] n. (6. |EM) #WE,
RE, wE

prevalent ['prevelont] adj. %MWM, RKTH

ceramics [ sireemiks ] n. HBA, &I

adhesive [adhisiv] n. B4 M; adj. ¥HH
#, B

latex ['leiteks] n. $LH, ZLEBE, WE

superconductor [,sju:pakan'dakts] n. R
(8) &

levitate ['leviteit] v. #7758, FREB

microprocessor [ maikrsu'prausess (r)] n.
AL, LA

laptop [leeptop] n. &4 i
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budget ['bad3it] n. FE; vi. HFAE, &
ABKE

irrigation [irigeifon] n. J¥, Wk

pesticide ['pestisaid] n. WA

infestation [infes'teifon] n. (FE &, B W
%) BE, BB, BT

indiscriminate [ indis'kriminit] adj. 7 ik
BH, AoRER

detrimental [ detrimentl] adj. HEH

caterpillar ['keetapilo] n. £l

incorporate [in'koporeit] vi. & ¥, BE,
HRAE

pesky ['peski] adj. Wity BEMHG, WK
B adv. B

pheromone [feromoaun] n. £ 8%

sterile ['sterail] adj. A EHMN, AHEH, A%
R, HEHEH

leaven ['leven] wvt. iR

vinegar ['vinige] n. B

poach [pautf] vt. K& (FAE), oo
BRRE

interpretation [in topri'teifon] n. B, W
B, O#%, #i%

hypothesis [ hai'poBisis] n. B

unify [Yjumifai] vt. Gi—, {FR—&

disprove [dis'pruv] v. B ¥, B F, if

Democritus [ di'mokritos | #iE % #|4% (&4
JTRI 460—/AJCHT 370, A E %)

Phrases

plunge into  #A, BEA, Fif
not only ... but also ... Y N | JETEET m

break down 4r#&
be delivered to ##i% 5]
carry out SERL, LW, BH, #iT

keep in mind #ig

in addition %54}

in store W#E, REEH, BER
interfere with 588, &30, T#, Fit
trick sb. into ¥k%&. HA

take full advantage of 3543 |4

Affixes

anti- ['2nti] #R “K¥, #EH” Z X antibiotics; antibody; antilogarithm.
in- [in] R, #R “BE, Heoroer MR” 2, EBFRIZHERI, EFB r2Z2HEH -, #
F®b, m, M pZE KM im-, &. indiscriminate, inability, inaccurate,

Notes

1. Although chemistry is an ancient science, its modern foundation was laid in the nine-
teenth century, when intellectual and technological advances enabled scientists to break
down substances into ever smaller components and consequently to explain many of their
physical and chemical characteristics. “although” 8|S 2ik B REBEMNE; “when” B|FHE
ENABM LT “century” . BEFN. BRI¥R-THENME, BEXAREMNEE
IOHEABIERN, HRHENMERANFELSERERMNTDIAARFAETRRMHA, A
MEEERANB YRR BAILEER.

2. Whatever your reasons for taking introductory chemistry, a good knowledge of the
subject will better enable you to appreciate its impact on society and on you as an individual.
BERL: TRREFREIEMAEVEREAG A, HEEENLFERNREEARETFHER
Kyt RERMAHER,

3. The decoding of the human genome, which comprises all of the genetic material in
the human body and plays an essential part in gene therapy, relies largely on chemical tech-
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niques. which 5| HIEMRFtEEBEMNA, X E4 “The decoding of the human genome” #A2iff —
SREBEMERER;: EFRHGESENDSEAREAESRTF. SEEFX.: BREALEXEEAN
TERRKEBE LEKETEER, XIHERAQBEARFGENEEME, ENEXELKEIT
BABBREAZ .

4. Chemists in the pharmaceutical industry are researching potent drugs with few or no
side effects to treat cancer, AIDS, and many other diseases as well as drugs to increase the
number of successful organ transplants. as well as BERBE S X ENER, EELE “UR”,
BEFRIL: HATLRAERMNEERRATRITERE. LERSERNBERPNRILEEA
RN, UABERSEBERIENGY.

5. Solar energy promises to be a viable source of energy for the future. Every year
earth’s surface receives about 10 times as much energy from sunlight as is contained in all of
the known reserves of coal, oil, natural gas, and uranium combined. %%, KHEH
BRARRTENERER. 8, REXOEZINRAAHMNEERCHEBBENE. AMH.
KRS FEEE LM 10 65,

6. Although our understanding of the scientific process of converting solar energy to
electricity has advanced, the technology has not yet inproved to the point where we can
produce electricity on a large scale at an economically acceptable cost. although 5| % # £ il %
RENG, BEEL: BRAAENBERKABKE BB 2RACEBEE, BENMNEAR
BB R 2R AT KB,

7. The advantages are that certain molecules can be made to respond to light, rather
than to electrons, so that we would have optical computers rather than electronic comput-
ers. “rather than” WMEER “&--- y MAR ", BHEEX: ﬁﬂE?TUﬁﬁﬁﬁﬁ%ﬁ
A FEXT L F R AW RL I 4 F 3 RE R R DA B R T B LA E L.

8. These techniques can be applied to many different farm products, not only for improved
yields, but also for better frequency, thatis, more crops every year. “not only ... but also...”
REFKGEAMITER, HEBR “FT{L-- T eeeee Y. BEEX: EYBATHFEE
KiEfh, AMUATLURB=®, WHEWTEEBERKKSE, MEFERERE.

9. For example, it is known that a certain bacterium produces a protein molecule that is
toxic to leaf-eating caterpillars. Incorporating the gene that codes for the toxin into crops
enables plants to protect themselves so that pesticides are not necessary. %% . #40, &
AR, EHAERER—MIEHHNELAERNEAR. EABXMHEXNERAHAEY
&, BEEHYBEPACTHALEFERRASRA.

10. Hypotheses that survive many experimental tests of their validity may evolve into
theories. A theory is a unifying principle that explains a body of facts and/or those laws that
are based on them. Theories, too, are constantly being tested. B%iFX. B3 LRILB K
BIEHERENBRATERLASTERELD. EREMBBEABRESN/RE FXBEL N R
HOTWRBENEGE —. MH, ELERREHHBRBIEE.
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2. What is Chemical Engineering?

Is there a simple definition of chemical engineering?

Chemical engineering is the study and practice of transforming substances at large scales
for the tangible improvement of the human condition. Such transformations are executed to
produce other useful substances or energy, and lie at the heart of vast segments of the chem-
ical, petroleum, pharmaceutical, and electronic industries.

Chemical engineering differs from chemistry mainly in the focus on large scales. The
definition of “large” is a bit arbitrary, of course, but is set mainly by the scale of useful
commercial production. Typically, this scale ranges from barrels to tank cars, whereas the
chemist tends to be concerned sizes closer to vials to beakers.

Is chemical engineering an old discipline?

Chemical engineering has been practiced in rudimentary form since at least the great
Roman road-building projects that began about 300 B. C. The cement used for pavement was
based on the contemporary Hellenistic formula employing lime, a calcined (heated) form of
calcium carbonate. However, academic programs in the US formally called “chemical engi-
neering” or something similar originated only near the start of the 20 Century.

Equipment used to make thin films of semiconducting materials for microelectronics

'y

applications. The methodology is called “chemical vapor deposition,” and heating is accom-
plished by banks of lamps (e.g., upper right) . Chemical engineers help to design and

operate such equipment.

What de practicing chemical engineers typically do?

For many years, most chemical engineers took jobs in the oil or petrochemical industry.
Job functions typically involved the development or operation of processes to convert
oil-based feedstocks into energy or other useful chemical products ranging from fibers for
clothing to lubricants to fertilizers.! In recent decades, however, job descriptions have
become far more diverse. Chemical engineers often develop or operate processes to create
products ranging from integrated circuits to disease-fighting drugs to fuel cells. Some recent
graduates use a chemical engineering Bachelor’ s Degree as a launching pad for careers as
physicians or patent attorneys.

How do chemical engineers think?

The unique focus perspective of this discipline can be represented by an extension
ladder, shown in the figure. The two uprights of this very useful tool represent the two
primary physical foundations upon which all of chemical engineering rests: chemistry and
transport. Here, “chemistry” refers to the rates and extents of transformation among substances.
“Transport” refers to the movement of mass, energy or momentum.

The rungs of the ladder represent the mathematical balance equations that connect
chemistry and transport. The balance equations can be time-dependent or steady state.
Whatever their nature, however, these balance equations are rarely written in their own
right; they are almost always written to optimize or control some variable within them. 2 The
rungs therefore also represent the use of balance equations for the optimization and control of
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useful commercial processes.

Chemical engineering embraces an enormous range of size scales in a fully integrated
way—commonly ranging from atoms to oil tankers. The figure represents this notion by
three extension segments, representing length scales corresponding to the microscopic, the
bench scale (or “unit operation” in the lingo of the discipline) and the factory. At the
molecular level, the balance equations might incorporate variables like temperature or pres-
sure. At the unit operation level, the key variables might be flow rate or controller gain. At
the factory level, the variables might be operating cost or overall production rate.

The ladder idea provides more than a simple picture of the conceptual structure of chem-
ical engineering. However, the idea also illustrates an important point about the use of this
structure. Consider how a house painter uses a ladder. The skilled painter moves continually
up and down the rungs as circumstances dictate. When carrying materials and brushes to the
third floor, the painter may climb rapidly, covering a great deal of territory. When scraping
the stubborn shavings from an old window, however, the painter may need to stay on one
particular rung for a long time. Good painting requires a constellation of climbing skills inte-
grated judiciously: Knowing when to climb, when to descend, when to overlap ladder
segments, how to lean, how to reach. Although these skills can be described and listed,
they cannot be used algorithmically. Judicious ladder use requires judgment and experience,
i.e., “ladder wisdom.”

Balance Equations —
Optimization

An extension ladder can represent important aspects of how chemical engineers think.

In a similar way, when we want to transform chemical substances, the “ladder” of
chemistry/transport, balances, and optimization offers a versatile tool. The skilled chemi-
cal engineer moves continually over the span of length scales from atomic to factory-level as
circumstances dictate. When designing or optimizing an overall process flow, the chemical
engineer may move rapidly up and down the span of length scales. When troubleshooting a
particular unit operation, however, the chemical engineer may need to stay at that level for
a long time with just a few balance equations. Good chemical engineering requires a constel-
lation of intellectual skills integrated judiciously: knowing what kind of balance equation to
write, what control volume to use, what terms to neglect, when to overlap tools from
different length scales, what mathematics to use. Although these skills can be described and
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