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Foreword 

In the fall of 1983, the Board on Chemical Sciences and Technology created 
the Committee on Separation Science and Technology to conduct an in-depth 
examination of this cross-disciplinary area, to identify opportunities for 
separation research to contribute to the technological needs of society, and to 
make recommendations to facilitate research and education. 

The committee has responded to this charge by producing this report. It 
provides new definition to the interdisciplinary area of separations and a 
priority list of generic research frontiers, a marked contrast to the exces
sively application-specific approach often taken towards research in this 
area. We betieve this report to be a significant contn"bution to providing a 
better foundation for future research in separations. 

The Board on Chemical Sciences and Technology has carefully reviewed this 
report to ensure that its recommendations and priorities are consonant with 
those of two other major reports that havc been undertaken by the board
OppoltUIIitks ill Chemi.rlly (1985) and a forthcoming study, Frontiers in 
Oaemical Engineering, being completed by a committee chaired by Neal R. 
Amundson. We are satisfied that the conclusions and recommendations of the 
present report will not be interpreted as advocating priorities or action 
recommendations different from those laid out in more general terms in the 
disciplinary sUI"VCys of chemistry and chemical engineering. 

On behalf of the Board, we wholeheartedly commend the report to the 
reader's attention. 

Leo J. Thomas, Jr. 
George M. Whitesides 
Co-Chairmen, Board on Chemical Sciences and Technology 
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Preface 

The Committee on Separation Science and Technology was organized by the 
National Research Council in 1983 to foster the advancement of this 
interdisciplinary field by defining separation problems of key importance to 
national technological progress, by enumerating possible approaches toward 
their solution, and by bringing opportunities of concern to the attention of 
government, industry, and academe. This report is the product of the 
committee's attempts to provide definition and a set of priorities to a field 
whose boundaries and structure are diffuse and that has lacked adequate 
communication and cooperation across disciplinary boundaries. 

The committee has sketched out its vision of a new way of proceeding to 
solve separation problems-a way founded on generic research frontiers where 
progress will contribute to advances in many different applications of 
separation technology. By rec:uting the fundamental problems facing separation 
researchers and by listing them in a rough priority order, the committee hopes 
to stimulate research addressing the fundamental aspects of separations, and, 
in the process, both to engage the best minds already in the field and to 
attract new talent to the most significant research frontiers. 

The committee has taken care to coordinate its conclusions and 
recommendations with several other relevant NRC reports that either have been 
recently issued or arc in rrogress. These reports include OpptNtunities in 
Chemistry (1985) and the forthcoming Frontiers in Chemiclll Engineering. 
A special section discussing this overlap is included in the fmal chapter of 
the report. 

I would like to thank my colleagues on the committee for their generous and 
very constructive efforts in bringing forth this report. The committee is 
particularly indebted to Dr. Elliott P. Doane of the Stauffer Chemical Company 
for his valuable help and advice, and to Dr. Robert M. Simon for excellent 
staff support. I would also like to express my appreciation to the committee's 
staff at the National Research Council. 

C. Judson King 
Chairman, Committee on Separation Science and Technology 
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1 

Executive Summary 

THE IMPORTANCE OF SEPARATIONS TO THE UNITED STATES 

Separation processes are pervasive in U.S. industry. Whether they are used 
to make purified products from mixtures or to remove hazardous materials &om 
process waste streams, separations are essential to Wtually all manufacturing 
operations in the processing industries. They are also key parts of many 
analytical proc:edures. 

The efficiency of a separation process is often a major factor in determin
ing the cost of a manufactured product. Advances in separation science and 
technology, therefore, are aucial to future U.S. economic competitiveness in a 
variety of areas, including the following ones, which are discussed in more 
detail in Chapter 4. 

• Blotechaololf. Most of the projected products of commercial 
biochemical processes are produced in dilute aqueous solution. Recovering 
these products &om water is energy-intensive, and energy costs become a large 
&action of product value in the biosynthesis of products in the price range 
below SlO/kg. For higher value products, conventional separation systems 
cannot cope with the complex composition of the synthesis medium and the 
fragility of the biological organisms. In fact, separation systems in use 
today for these products are severely limited in capability and are simply 
scaled-up versions of laboratory analytical apparatus. Worldwide markets for 
these products will depend critically on development of economical and reliable 
manufacturing technology. Better separations are aucial to that technology. 

• Crltkal aad Stratep: Metals. The United States is more dependent 
on foreign sources for critical and strategic metals, in terms of the 
percentage of domestic consumption that is imported, than it is for oil. This 
uneasy situation prevails despite the availability of dilute domestic sources 
for several of these metals, either in low-grade ores or in process waste mate
rials. Research on developing efficient means of separating these metals &om 
dilute sources can make an important contn"bution to U.S. national security. 

• Eawroameat. Many challenging enviromental problems could be 
ameliorated by developing and applying better separations for recovery, 
recycle, and reuse of waste materials. Separations used for these purposes 
serve directly to reduce releases of potentially toxic or hazardous materials 
to the environment. Examples include exhaust and stack gases, waste water, and 
materials that would otherwise find their ways to landfill sites or hazardous 
waste treatment facilities. 

1 
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2 EXECUTIVE SUMMARY 

• Ultrapurlficatlon. S everal •sunrise• industries have special 
requirements for materials of extremely high purity, where impurities must be 
held to levels of parts-per-million, parts-per-billion, or even less. One 
example is the manufacture of electronic and fiber-optic materials; the world
wide semiconductor industry currently utilizes about 4,000 metric tons of 
ultrapure silicon each year. Another example is the processing of food and 
pharmaceutical products, where potentially harmful contaminants must be reduced 
to very low levels. Ultrapurification of these materials calls for novel and 
improved methods of separation with very high selectivities. 

• Enel'l)' and Feedstocks. The continued worldwide depletion of 
petroleum and natural gas reserves will generate a major need for alternate 
sources of energy and alternate chemical feedstocks by sometime early in the 
next century. Separations will necessarily play an increasingly important role 
in the preparation of fuels, the enhanced recovery of fuels, and the removal 
from fuels of contaminants that could harm the environment. 

There is a common base of scientific and technological concepts underlying 
separations, although these concepts are at present only loosely explored and 
developed. A national thrust to build and expand these underpinnings is needed 
if the United States is to meet critical national needs and opportunities in a 
timely and economically efficient way. 

HIGH-PRIORI1Y RESEARCH NEEDS AND OPPORn.JNITIES 

Underlying the most critical needs for improved separations are a number of 
generic research frontiers, where focused efforts could lead to much clearer 
insights into fundamental principles and major opportunities for technological 
innovation. Taken together, these research areas constitute a unified and 
coherent field of endeavor with high leverage for important national technolo

gies. They are described in detail in Chapter 5 and are presented here in the 
rough priority order perceived by the committee, although advances in each of 
these areas will have major impacts. 

• Generatiq Improved Selectivity Amona Solutes in Separations. A 
most important generic research goal is to develop highly selective agents that 
can discriminate among chemically similar species in a readily reversible 
process. Research relevant to this goal focuses on understanding and 
generating separating agents with specific chemical, physical, or biological 
interactions at the molecular level. 

• Concentratlq Solutes from Dilute Solutions. The most promising 
research on better methods of concentrating dilute solutions will focus on 
developing agents to selectively remove solutes from dilute solutions. These 
agents would discriminate between solute and solvent, much as the selective 
agents mentioned in the preceding research area discriminate among solutes. 
Electrochemical, electrodialytic, and charge-mosaic processes present addition
al opportunities for accomplishing selective solute removal, and should be 
further explored. At present, concentration of solutes is most commonly 
achieved by removing the solvent (e.g., evaporation). For solvent removal, the 
most promising research areas are freeze concentration and separation processes 
using membranes. 
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EXECUTIVE SUMMARY 3 

• UadentaDdJDa aad CoatroiJiaa laterfadal Pbeaomeaa. There are 
large gaps in our knowleclge of phenomena at fluid-fluid and fluid-solid inter
faces that affect many separation processes. A critical thrust would be the 
�lopment of instrumental techniques for studying these interfaces. Other 
high priorities are studies of interfaces in three-phase systems; aspects of 
interfacial stability important in flotation, emulsion, and foams; effects of 
external fields on interfacial transport; and practical research on utilizing 
interfacial phenomena to advantage in separations. 

• lacreasiDI the Rate aad Capacity of Sepantlons. Emphasis should 
be given to means for effecting large increases in volumetric productivity and 
minimization of process and equipment complexity, emphasizing development of 
continuously staged contactors, dewlopment of high-capacity sorbents and mass 
separating agents, studies of hydrodynamics in process equipment, and the study 
of the effects of external fields on flow patterns in separations equipment. 

• Developlaa Improved Process Coana urations for Separatioa 
Eq uipmeat. lmprcm:d and novel separations equipment configurations should be 
sought. Goals include utilizing fiXed beds in continuous processes, solving 
the problems of axial dispersion in separations equipment, developing 
contactors that rely on force fields other than gravity, utilizing transient 
and oscillating modes in separations equipment, and integrating separation 
operations with other process steps for greater efficiency. 

• lmpi'OYlai Eaeqy Ellideaq Ia Sepantloa S15tems. At the systems 
lewl, continued development of heat-integration and more efficient control 
strategies should be pursued. Research is needed on combinations of processes 
to reduce energy usage for a given separation and for the regeneration of mass
separating agents. 

In contrast to the basic conceptulll unity of separation research, activ
ities in this area are currently fragmented among many disciplines and 
sponsors. While there are some benefits from broad-based support and diverse 
programs, the current situation impairs effective communication, exchange of 
ideas, and technology transfer among researchers with different backgrounds. 
Moreover, cross-cutting research opportunities in separations often suffer when 
support for the field is so diffuse and oriented toward individual applica
tions. One cogent example is the generic need for research on methods for 
recovering constituents selectively from dilute, usually aqueous solutions. 
This broad area accounts for the two highest priority research needs identified 
in Chapter 5, and is vitally important to three of the problem areas outlined 
in Chapter 4-selective recovery of products from biosynthetic and pharmaceu
tical fermentation processes, extraction and purification of metals from 
low-grade mineral resources, and removal of hazardous materials recovered from 
wastewater streams. There are no focused government programs of research 
addressing selectivity in separations or dilute-solution separations as a 
class, despite the clear need for fundamental research that would serve many 
different applications. Such research arguably would have the highest poten
tial for stimulating commercial innovation. 

The following recommendations outline an appropriate national agenda, 
focused on generic research and improved interactions among researchers, that 
will stimulate progress in the field and enable it to contribute fully to 
important societal and national needs. 
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EXECUTIVE SUMMARY 

11IE NEED FOR 11IE FEDERAL GOVERNMENT TO STIMULATE GENERIC 
RESEARCH ON SEPARATIONS 

Federal agencies involved in the support of research in separations should 
increase the focus of their activities on separations as a UDified field. The 
committee beliew:s that support for generic research is in no way antithetical 
to the need for relevanc:e to agency missions. Indeed, generic research is 
often the most efficient route to progress. The committee recommends special 
emphasis on areas discussed in Chapter 5 and summarized in the section above. 

Substantially enhanced support for generic separation research should be 
built on a core consisting of research support from the National Science 
Foundation (NSF) Separation Processes Program (in the Division of Chemical, 
Biological, and Thermal Engineering), the NSF Division of Chemistry, the 
Department of Energy (DOE) Program on Separations and Analysis, and a new 
initiative recommended for the National Institutes of Health. To stimulate 
cross-disciplinary research, the committee urges a pilot program at NSF that 
would be a joint undertaking between the Division of Chemistry and the Division 
of Chemical, Biochemical and Thermal Engineering. In mission-oriented federal 
agencies, including other parts of the Department of Energy, the Department of 
Defense, the Bureau of Mines, the Department of Agriculture, and the Environ
mental Protection Agency, rich opportunities exist for developing meaningful 
programs that respond to agency missions while advancing the field and empha
sizing generic themes. Appendix B of this report contains a detailed descrip
tion of existing funding of separations by federal agencies, and Chapter 6 
contains an analysis of how specific agencies can respond to the opportunities 
that have been outlined above. 

These recommendations for enhanced federal support are consistent with 
related and overlapping recommendations of other recent reports from the 
National Research Council, notably Opportunities in Chemistry and Bio
processingfor the Energy-Efficient Pmduction of Chemicals. 

PROFESSIONAL SOCIETIES AND SEPARATIONS 

The fragmentation of separations research is reflected in a profusion of 
technical meetings dealing with specific aspects of the field, but a lack of a 
well-recognized, integrated, and interdisciplinary forum that can comprehensive
ly reach those working in the areas. The very successful Gordon Research 
Conference on Separation and Purification and occasional Engineering Foundation 
Conferences reach only limited audiences. 

To stimulate more effective interchange of ideas, particularly between 
chemists and chemical engineers, the committee urges the initiation of a Confer
ence on Separation Science and Technology that would formally and functionally 
be a joint undertaking of both the American Institute of Chemical Engineers 
(AIChE) and the American Chemical Society (ACS). The conference would focus 
specifically on chemically related separations, encompassing topics that might 
otherwise be presented at meetings of the AIChE, of the Subdivision on Separa
tions Science and Technology of the ACS Industrial and Engineering Chemistry 
Division, of the Separations Subdivision of the ACS Analytical Chemistry Divi
sion, or any of the various subject-specific meetings dealing with individual 
separation techniques. The conference proceedings would be published, con
taining peer-reviewed papers on significant research advances. There could 
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EXECUTIVE SUMMARY 5 

also be in-depth reviews by leading researchers. 
Such an undertakiDg "WOuld require a significant commitment by both profes

sional societies, comparable to the cooperation between the AIChE and the 
American Society of Mechanical Engineers in organizing the National Heat 
Transfer Conferences. Failing the establishment of such a joint conference, 
the committee recommends that a new professional society for separations 
research be formed along the lines of the Combustion Institute. 

EDUCATIONAL NEEDS 

University education in separation science and technology should continue 
to be firmly grounded upon degree programs in the classical disciplines, 
notably chemical engineering, chemistry, and biochemistry. 

Within chemical engineering baccalaureate programs, there should be a 
course emphasizing generic aspects of separations, replacing much of the 
content of former courses in unit operations and integrating some of the 
concepts currently in courses on transport phenomena and thermodynamics. 

Within chemistry, it should be recognized that many aspects of classical 
physical chemistry underlie separation science and technology. Courses in 
analytical chemistry should broaden coverage to a variety of different 
separation methods, includiug, but in no way limited to, chromatographic 
separations. Concepts of acidity and basicity, coordination chemistry, and 
chelation, &om advanced courses in organic and inorganic chemistry, should be 
built upon in the specific context of separations. A more comprehensive and 
generic approach to separations with biochemistry courses should be effective. 

Cross-disciplinary aspects can be developed through elective interdisciplin
ary courses that build upon education in the classical discip6nes and deal 
with generic aspects of separation science and technology. Focused courses 
dealing with more specific applications may be effective for initiating cross
disciplinary teaching activities. Graduate degrees in one discipline, 
following an undergraduate degree in a different discipline, afford another 
effective avenue. 

There is a shortage of texts that can be effectively used for courses 
within disciplines and for interdisciplinary courses. These should follow 
naturally &om the other activities recommended in this report. 

The committee urges that the pilot program proposed above for the NSF 
Division of Chemical, Biochemical and Process Engineering and the NSF Division 
of Chemistry specifically support cross-disciplinary curriculum development in 
separation science and technology, in addition to research. Up to 25 percent 
of the funding for this program could be reserved for curriculum development. 
The committee also recommends establishment of a national committee that "WOuld 
convene and follow up on an initial interdisciplinary "WOrkshop by defining 
course outlines, topics, examples, and resources for interdisciplinary courses 
in separations, as well as for integrating generic aspects of separations into 
existing courses. 

Because the needs for, and problems in, separation science and technology 
are pervasive in industry, the need for trained manpower to address these 
problems, both now and in the future, is great. The teaching of separations in 
universities should be virtually universal at the undergraduate level. At the 
graduate level, the committee considers it a desirable goal to have strong 
programs of research in separations at about half of the chemistry departments 
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6 EXECUIWE SUMMARY 

and half of the chemical engineering departments in waivcrsities aationwide. 
This is a cousiderable increa&c &om the present level of activity. This 
implies that federal support of separation reseuch must therefore be 
distn"buted broadly, rather than being concentrated at a few centers. 

Continuing education affords a way of bringing recent advances in 
separation science and technology into practice, and for promoting well
rounded skills and interdisciplinary perspectives. The proposed joint 
ACS/ AJ.OlE Coaference on Separaaioa Science and Technology affords an excellent 
opportunity for this. 

EVALUATED DATA AND PREDICTIVE MODELS 

Sepuations research, development, and design are often hampered by a lack 
of reliable physicochemical data. Acquiring, evaluating, correlating, and 
disseminating these data should be given higher priority by the federal 
agencies that are concerned with sepuations research, comparable to the 
priority given to such activities as the development of specific sepuation 
applications or the development of mathematical models for sepuations. It is 
important to create more powerful predictive models for situations where 
experimental data on properties are lacking. The National Bureau of Standuds 
is a logical focal point for coordinating the collection, evaluation, and 
dissemination of physicochemical data on separations. 

CONCWSION 

The importance and pervasiveness of sepuations throughout the U.S. economy 
indicate that a federal program of generic research, of the size recommended by 
this committee and structured along the high-priority research frontiers 
identified in this report, will have significant benefits to our economic 
competitiveness. Although the nation is faced with a budgetary crisis of 
considerable magnitude, its need to address separation problems, both to meet 
pressing needs and to maintain international competitiveness in high-technology 
markets, is too great to postpone the exploitation of opportunities afforded by 
separation research to the indefinite future. A timely response is required if 
these opportunities are not to slip from our grasp. 
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2 

Introduction 

Most aatural substances exist as mixtures. Separatious are needed to 
derive specific products from these mixtures. Separatious are also needed for 
isolating products made. in the various processing industries (e.g., chemicals, 
fuels, pharmaceuticals, foods, and metals) and for removing contaminants from 
man-made wastes. They are widely used for chemical analyses of compositious of 
substances. Separatious, and needs for separatious, are pervasive. 

Progress in separation research is vital for meeting several of our most 
critical aational needs and opportunities. This fact is illustrated by the 
following eumples. 

• Successful commercialization of new concepts in biotechnology will 
require major reductious in the costs of isolating and purifying what are 
typically fragile molecules occurring as minor components of complex mixtures. 

• High-technology materials, such as silicon and gallium arsenide for the 
electronics industry, must be refined to purity levels once thought 
unattainable, if they are to be used effectively. 

• Obtaining critical and strategic metals such as chromium, cobalt, and 
nickel from low-grade sources economically requires more efficient recovery 
techniques than now exist. The same is true for a number of other economically 
important metals, including copper, uranium, and vanadium. 

• Alternative fuels and alternative raw materials for the manufacture of 
chemicals will be needed over the next few decades. These substances will have 
to be isolated in an economical and environmentally acceptable manner from the 
complex matrixes in which they naturally occur. 

• Many undesirable substances must be removed from large volumes of waste 
effiuents to protect the environment, particularly our drinking water supply 
and the atmosphere. 

The present and the near future are particularly important times for those 
areas of science and technology that focus upon separatious. These needs are 
documented in this reP._Ort. They have been recognized by a number of other 
recent studies, as weu.1•3 

The preceding eumples also illustrate the diversity of separation applica
tions. More than 50 different types of separation processes can be classified; 
these operate at feed rates that range over a factor of 1012- from a few 
milligrams per hour to several million kilograms per hour. Given such a 
diverse and wide-ranging technology, one might suspect that a coherent scien
tific base for separatious does not exist. But indeed it does, and results 
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8 INTRODUCTION 

of fundameatal research can have broad and significant applic:ability aaoss 
many separation processes. 

Concentrated efforts in the development of separations have achieved some 
outstanding successes in the past, particularly duriug World War n. In fact, 
the last big national •pusb• on separations occurred duriug the 1940s in 
response to a number of war-related emergencies. These projects included: 

• the recovery and purification of the fissionable isotope of uranium for 
use in the Manhattan Project; 

• the large-scale isolation, purification, and stabilization of penicillin 
(by January 1945, enouP. penicillin was being produced to treat approximately 
250,000 wounded a month4); and 

• the manufacture of synthetic rubber from chemical raw materials, to 
replace unavailable natural rubber supplies. 

A retrospective look at these highly problem-specific thrusts is 
instructive (see Appendix C). Much of the fundamental knowledge underlying 
these separation applications had to be gained en route, on a very short 
timetable, with inefficiency, and with much extra expense. If a greater 
portion of the scientific base and common concepts that underlie separations 
had been known, progress could have been made more rapidly and efficiently. 
Similarly, progress on the critical current national needs and opportunities 
outlined above will be much more effective if a concerted push is made now to 
expand and develop the generic knowledge base for separations. The principal 
theme of this report is that such an effort is both needed and possible. 

ECONOMICS OF SEPARATION 

Separation processes greatly influence the cost of the material being sep
arated. One way of illustrating this influence is by comparing the sales price 
of a pure substance with its original concentration in the raw material, as 
shown in Ftgure 2.1. 

This plot, first formulated by Thomas K. Sherwood,5 shows that the 
more dilute a substance is in its raw material, the higher its price will be, 
reflecting the cost of handling, transporting. and processing larger quantities 
of material per unit quantity of the desired product. For example, the concen
tration of copper in ore mined in the United States has dropped from about 3 
percent in 1900 to 05 percent today as higher-grade ore sources have been 
exhausted, and costs of mining and recovery have risen accordingly. 

Fortunately, improved separation technology can reduce these costs. The 
plot in Ftgure 2.1 covers many orders of magnitude. Although a factor of two 
in cost (about the diameter of each data point) does not look very big on such 
a graph, it is all-important for economic viability of a process and the market 
for the product. There is ample opportunity for reducing separation costs 
through research and innovation. 

A second way of examining the cost of performing separations is to consider 
energy consumption. In 1979, the U.S. petroleum, chemical, and natural � 
industries are estimated to have consumed about 2 quadrillion (2 x 10 � 
BTUs of energy, or the equivalent of 315 million barrels of fuel oil, in per
forming a single separation process - distillation.6 This energy use was 
greater than that of the entire U.S. commercial and general aviation industry. 
If fuel oil is given a crude-oil-equivalent price of $18 per barre� two 
•quads• of energy cost nearly $6 billion. 
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Similar estimates of energy consumption are not available for other separa
tion processes or for separationS in other industries, but it is reasonable to 
postulate that the energy use in all other separations would at least equal 
that in distillation. Thus, separations most likely account for more than 5 
percent of the total national energy consumption. 

A third way of thinking about separation costs is to consider capital 
imestment for separation equipment and facilities in industry. In typical 
chemical plants, imestments in separations and supporting facilities average 
over one-third of the total capital cost. In petroleum refining and bioproc:ess 
facilities, the &action may be as high as 70 percent. 

Separation costs, then, are important in a number of ways, and there is a 
significant opportunity for reducing these costs through research and improved 
technology. The "Sherwood Plot" in FJgUre 2.1 is not a statement of immutable 
thermodynamic limits. In fact, most separations use more than 50 times as much 
energy as is thermodynamically required to perform the separation. The payoffs 
for improving on this low thermodynamic efficiency are so great that U.S. indus
try has spent a great deal of effort trying to improve specific applications of 
separation science and technology. It has been estimated, for example, that 
improvements in industrial distillation technology resulted in a savings of 
S2 billion over the period 1950-1970.7 Yet most research carried out in 
industry focuses, naturally, on specific separation applications. To facili
tate future progress a broad effort is needed to develop the underlying knowl
edge base for separations. Empirical understanding of separation processes 
needs to be reinforced by understanding at the molecular level, new separation 
concepts must be devised and investigated, better integrated systems need to be 
designed, and research personnel must be trained and stimulated to provide 
these breakthroughs. 

ViteminB-12 
• 

Penicillin e 

1 00 percent 1 percent 

Megnelium from s..-ter 

.. • Bromine from s.-ter 
Sulfur from Steck G• 

1 thousandth of 
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1 millionth of 
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DILUTION lexpr-d as percent concentration) 

l_ Fector of 2 

T differential in price 

1 billionth of 
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FIGURE 2.1 1be Sbenvood Plot: Selling prices of materiala correlate with their degree of 
dilutioa in the illitial matrix from which they are being reparated. Note that the horizontal 
axil shows inc:reaing dilutioa, or decraliJII concentratioa, in the initial matrix. 

(SOURCE: NormaD N. U, Allied-Sipal Corporation. Modified and updated from Sherwoocf.] 
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STRUCTtJRE OF miSREPORT 

This report seeks to Jay a base for such a broad effort by developing a 
detailed analysis of the needs, cballcages, and opportunities of separatious 
research. A more comprcllcDme defiDition and overview of separation science 
and technology arc presented in Chapter 3. Next, Chapter 4 discusses target 
fields in which separation research bas potentially large leverage on major 
technological needs. These two chapters arc written for the nonexpert, to 
introduce the concepts and common clements underlying all separations, and to 
demonstrate the relevance of separation research to major societal needs. 

Chapters S and 6 outline generic research needs and the needs of the field, 
respcc:tively. In the discussion of research frontiers in Chapter S, a more 
highly technical vocabulary must be used than clsewbere in the report. Recom
mendations &om the committee on research priorities and suggested responses by 
federal agencies, educators, and professional societies are interspersed 
through the relevant text in these two chapters. These recommendations for 
advanciDg the field of separation science and technology arc collected in the 
Executive Summary in Chapter 1 of the report. 

Fmally, this report contains three appendixes. Appendix A is a bibliogra
phy of key reference works in separation research, intended as an aid to 
investigators new to this field. Appendix B is a description of separation 
research programs supported by the federal government and major private 
consortia. Some of these programs make extramural grants to support research; 
others only support in-house research in federal laboratories. Because of the 
current uncertainty regarding federal budgets, budget data in Appendix B 
reflect rascal Year 1985 expenditures. Appendix C is ·a history of some past 
contributions of separation research. 
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Separation Science and Technology: 

An Overview 

There arc many different uses and types of separations, but all share com
mon features. This brief overview defines some frequently used terms, presents 
some of the common aspects of separations, and categorizes some of the many and 
varied applications of separations into one of many posstblc organizational 
frameworks. 

DEFINITIONS AND COMMON FEA11JRES 

A few of the terms often used in describing separations serve aJso to show 
some of the common aspects among all separations. 

• Every separation process divides one or more feeds into at least two 
products of different composition. Given a desired degree of separation, the 
separation factor (sec •solutions, Solutes, and Separation Factors• on 
page 13) is direct measure of how easily the separation can be made. A larger 
separation factor for any particular separation phenomenon results in smaller 
equipment and lower c:ost. 

• All separations require species-selective motion in order to achieve 
the desired differences in composition among product streams. This is accom
plished by one or more of a limited number of separation mechanisms. 

• The basic separation provided by these fundamental mechanisms can be 
built upon to generate a purified product. This is typically accomplished by 
means such as superimposed bulk flow and/or segregation of different phases of 
matter or other regions differing in composition. 

• Some separation processes operate on feeds that are heterogeneous 
mixtures and usually involve screening or settling. Others operate on 
physically homogeneous mixtures and must usc more subtle means to create 
products of different composition. These latter processes are pervasive in 
industry, and are the principal focus of this report. They consume large 
amounts of energy and require sophisticated research and design. 

• Separations of a physically homogeneous solution are often carried out 
by adding or generating a second phase and allowing the two phases to approach 
equih'brium. The phase that is added or generated is chosen to isolate prefer
entially the desired product. Such processes arc called equilibration 
separation processes. The scc:ond phase is often formed by adding or subtract
ing energy. In distillation, for example, a vapor phase is created over a 
liquid phase by heating the mixture to its boiling point. In partial freezing, 
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SOLUTIONS, SOLUTES, AND SEPARATION FACTORS 

ADD ETHER STIR 

(1) (2) (3) 

The above Ulustratlon shows a simple separation. [1] A flask contains a 
solution of A and B in water. The dissolved substances, A and B, are called 
solutes and the dissolving medium, water, Is called the solvent. [2] A 
second solvent, ether, Is added to the flask. Since ether Is only partly misci
ble with water It forms a separate layer, and since It Is less dense than water 
this layer floats on top. [3] In this Illustration, ether Interacts with A 
more strongly than It does B, whUe water Interacts with B more easily than It 
does A. The result Is that the ether layer Is rich In A, the water layer rich 
In B. A separation has been carried out, albeit Imperfectly. 

HON can one express the degree of completeness of this separation? Suppose 
that the ether layer contains 90 percent of the A In the two-solvent system, 
while the water contains 80 percent of the B. The following fraction: 

a Concentration of A In Ether /Concentration of A In Water 
�B = Concentration of B In Ether /Concentration of B In Water 

would yield the value: 
90/10 

20/80 
= 36 

which Is called the separation factor for the system. 
The separation factor Is a ratio of ratios. The numerator of the separa

tion factor Is the distribution ratio of A (D A) between the two solvents, 
and the denominator of the separation factor Is the distribution ratio of B 
(De). The larger the separation factor Is, the more substance A Is concen
trated preferentially CNer B In one solvent layer. Thus, large separation 
factors Indicate systems capable of discriminating selectively between 
solutes. Conversely, separation factors close to or equal to 1 are typical of 
systems with poor discriminating power between solutes. As an Alustratlon, If 
adding the ether to the above system had resulted In no separation; If A and B 
had been equally present in both ether and water, the formula for aAB 
would have yielded: 

50/50 

50/50 
= 1 

Thus, for separations to be effective the separation factor must be differ
ent from 1. Usually A and B are chosen so that aAB Is greater than one. 
One important goal of separations research Is to create separations having 
large values of the separation factor. 
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heat energy is removed from the system until one or more of the components 
&cczes out of solution. 

• In other processes, known as rate-governed, the difference in prod
uct compositions comes from different rates of transport of components of the 
mixture through a barrier or within a phase. External potentials, such as 
differences in temperature or electric voltage, can be imposed on such a system 
to create these different transport rates. 

• In many processes, a material is added to form a second phase or to 
alter phase equilibrium or transport rates by interacting with certain 
components of the mixture to be separated. For example, in extraction of 
solids by liquids, a liquid is added that preferentially dissolves one or more 
constituents. To separate acids from an aqueous system, a long-chain organic 
amine can be added to convert the acid to the alkylammonium salt, which is 
preferentially soluble in an added organic phase. The material that is added 
to effect or enhance such separations is called a mass separating agent. 
For a process that uses a mass separating agent to be economically feasible, it 
is usually essential that the agent be regenerated and recycled. 

• Separation processes are frequently designed so that the same basic 
separation is repeated several times. This design principle is known as 
staging. The two principal reasons for staging are to increase product 
purity beyond that provided by a single stage and to reduce energy 
consumption. There arc two main methods of staging. Discrete staging 
involves assembling discrete but similar contactors in countercurrent or 
crosscurrent flow. Continuous staging involves equilibration across all 
points of the interface of two streams in countercurrent flow. In distillation 
these two approaches are represented by plate and packed columns, respectively. 

CATEGORIZATION OF DIFFERENT SEPARATIONS 

Whether used on a processing scale or for laboratory analyses, separations 
tend to serve one of relatively few common functions. These can be broken down 
into three broad and overlapping categories: 

• ConcentTation, in which one or more desired substances that are 
dilute in a solvent or other matrix arc brought to higher levels of strength 
within the matrix. Two important subcategories of concentration arc 
solubilization &om a solid matrix and recovery from dilute liquid solutions. 

• Purification, in which undesired impurities are removed from a 
desired substance. 

• Frac tionation, in which two or more species of interest are 
segregated into different products. 

Table 3.1 illustrates how important separation processes can be broken down 
into the above-mentioned categories and subcategories. 

• Solubilization from a Solid Matrix. This class contains many of the 
most vexing current problems in separations, including deriving mineral values 
from dilute sources, more complete recovery of petroleum from underground 
strata, and processing of oil shale and tar sands. 

• Concentration or Dilute Solutions. This problem is common to the 
recovery of chemicals made by biosynthetic processes, extraction and 
purification of metals, organic chemical processes involving oxidation, and the 
processing of effluen t  streams for recycling rather than release of 
contaminants. 
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• Purlllcad011. High-pwity materials are needed as reactants in the 
preparation of miaoelectronic c:Omponents and optkal fiben. Ultrapurification 
is also needed to remove trace contaminants &om some foods and drugs. 

• FnctloaatloL Separating products from one another and from 
recyde streams is a common problem, particularly in the chemical and petroleum 
industries. 

• Cheadcal AnaiJBia by Separatloa. Separation processes are often 
crucial steps in ana1ytica1 procedures. 

Researchen in separation science and technology draw upon and contribute 
to the accomplishments of scientists and eagineen in a variety of related 
fields. Analytical chemists, for example, have made major theoretical and 
conceptual contributions to separation research, and improved separations have 
played an important role in facilitating advances in analytical techniques. 
[See "Separations for Chemical Analysis• on page 18.] Other fields of study 
important to separation research include phase-equilibrium thermodynamics; mass 
transfer and transport phenomena in general; interfacial phenomena, including 
surface and colloid chemistry; mechanistic aspects of chemical reactious, 
especially complexation reactions; analytical chemistry; and computer-assisted 
process and control engineering. Future progress in separation science and 
technology will require continued intellectual cross-fertilization and 
cooperative research with scientists and eagineen in these fields. 
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TABLE 3.1 Categories of Separation Processes 

INDUSTRY 

BloledmoiO&f/ 
Pbarmaceutlcal 

Microelectroalcs 

Plastics 

Metals 

PoUutlon Control 

Drlaldag Water 
Supply 

Food Processlag 

FossU Fuels 

Nuclear Power 

Commodity Cbemlcals 

Fertlllzen (Ammonia 
ud Phosphate) 

Pulp ud Paper 

SEPARATION CATEGORY 

Solublllzatloa from a 
Solid Matrbr: 

Reclaiming solutes &om 
cell mass 

Learbing= underground or 
&om tailings 

Removal of sulfur from 
coal 

Extraction of beverages, 
e.g., coffee and tea 

Enhanced oil recovery; 
oil from shale and tar 
sands 

Selective dissolution of 
fuel rods 

Catalyst regeneration 

Extracting phosphates 
from rock 

Dclignification 

Coaceatratloa ol Dilute 
Solutlou 

Rccovcry of products from 
dilute broths 

Recycling from effluent 
streams 

Removal of solvent and 
unrcacted monomer 

Recovery of metal values 
from dilute lcachates 

Rccovcry of sulfur &om 
off-gases 

Concentration of fruit 
juices 

Recovery of phenols from 
coal-gasifier water 

Volume reduct ion of 
radioactive waste 

Recove ry of e thylene 
glycol (antifreeze) 

Handling of slimes 

Concentration of black 
liquors 
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PurlJication 

Artificial kidney; remov
al of toxic impurities, 
e . g . ,  a n t i g e n s  f r o m  
penicillin 

Removal of impurities 
from s ilicon, ga llium 
arsenide, etc. 

Preparation of monomers 

Removal of mineral impu
rities 

Purification of air 

Desalinization; purifica
tion of irrigation re
turn water 

Removal of trace aflatox
ins, gossypo� etc. 

Removal of sulfur and 
nitrogen from gasoline 

Preparation of uranium-
235 

Manufacture of absolute 
alcohol 

P u r if icat ion of f inal  
product 

Removal of contaminants 
from emuents 

Fractionation 

Separating product from 
side-products 

Obtaining trichlorosilane 
from mixed chlorosilancs 

Separation of product 
polymer by molecular 
weight 

Metals derived from com
mon sources, e.g., Cu, Au 

Removing hydrogen sulfide 
from natural gas 

High-fructose com sweet
ners 

Separation of crude oil 
into streams of different 
boiling range 

Separation of short-lived 
wa ste from long-lived 
waste 

Separation of isomers 

Production of anhydrous 
ammonia 

Separation of pulp chemi
cals 
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Chemica l  An alys is  by 
Separation 

An alyses  of nutr ients, 
toxic species, etc. 

Preconcentration for analy
ses of reactant purity 

Determining monomer purity 

Selective extractants 

Fractionation of PCBs 

Preconcentration to aUow 
monitoring of impurity 
levels 

Analyses of vitamins and 
nutrients 

Gas and liquid chromatogra
phy 

Monitoring waste storage 

Quality control 

Monitor product purity 

Monitor emuents 
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SEPARATIONS FOR CHEMICAL ANALYSIS 

Chemical analysis seeks to answer two questions: 
• Is a particular substance present In a given sample? 
• If so, how much of that substance Is present? 
Today, the answer to the first question Is generally sought through one of 

a variety of spectroscopic techniques. These techniques originated In the 
nineteenth century with the recognition that many inorganic Ions and organic 
functional groups absorbed specific characteristic wavelengths of Incident 
visible or ultraviolet light and that these absorbances could signal the pres
ence of such Ions or groups In a mixture. From this beginning, there has 
evolved an array of spectroscopic techniques that utHize Interactions of atoms 
and molecules with electromagnetic radiation ranging from X-rays to radlofre
quency, as well as beams of electrons or Ions. Although these spectroscopic 
techniques have wide utility for Identification of constituents of mixtures, 
they generally do not provide precise quantitative Information about the amount 
of a substance In a mixture, and have significant limitations for detection and 
analysis of substances In very dHute solutions or mixtures. 

To determine accurately the quantity of a substance In a mixture, particu
larly when It Is present In very small amount, some type of separation proce
dure will usually be necessary. The purpose of this separation can be to con
centrate a dilute solution, to fractionate components so that they can be 
analyzed Individually, or both. Here again, a variety of techniques have 
evolved for analytical separations based on differential chemical or physical 
behavior. Such separations can depend on phase changes salubRity, volatH
ity or differential rates of migration diffusion, electrophoresis, centrifuga
tion. 

For example, In the mass spectrometer minute quantities of a mixture can be 
converted Into Ions and Ionic fragments by electron Impact, and the Ions then 
separated according to their mass/charge ratios by magnetic or electrostatic 
fields. Modem high-resolution mass spectrometers can determine Ionic masses 
to an accuracy better than 1 part In 1 05, and can distinguish Isomers of 
an organic compound by differences In their fragmentation patterns. 

Chromatographic techniques were developed early In the twentieth century to 
separate plant pigments, by MlkhaH Tswett, a Russian botanist. These tech
niques have played a vital role In advancing the fields of natural products 
chemistry, biochemistry, and molecular biology. Chromatography enables us to 
Isolate lndlvudual substances from a complex mixture. •Peaks• for Individual 
components can then be detected by an appropriate sensor. In recent years, 
simple chromatography has evolved Into an array of techniques that depend on 
multistage modifications of dlstUiatlon, l iquid-liquid distribution, adsorp
tion, lon exchange, and molecular sieve processes. These Include gas, parti
tion, one- and two-dimensional thin layer chromatography, and various forms of 
liquid chromatography (e.g., adsorption, lon exchange, gel permeation, size 
exclusion), which have given analysts the capabUity to detect minute traces of 
compounds In d ilute and complex mixtures at high resolution. 

Combination of analytical separation techniques has also become a powerful 
tool. For example, It Is sometimes difficult to analyze the Ionic fragments 
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produced from a complex mixture In a mass spectrometer. Attaching a gas 
chromatograph to the sample chamber of the mass spectrometer, so that the 
sample is separated by the chromatograph before being analyzed by the 
spectrometer, gives Information about Identity and quantity of the Individual 
mixture components that cannot be obtained from the spectrometer alone. 

Another sophisticated form of separations analysis. one that has evolved 
from recent advances in biochemistry, Is affinity chromatography. In this 
method, a specific substrate inhibitor (In the case shown In Figure 3 1 ,  the 
Inhibitor of enzyme A) Is Irreversibly attached to a solid support, where it 
sefectively adsorbs an enzyme (enzyme A) from a complex mixture of proteins. 
After the unadsorbed contaminating praeins are washed away, the desired enzyme 
can be recovered from the affinity matrix. Qualitative or quantitative analy
ses of such biological mixtures are often not possible by other techniques. 

As more selective analytical methods have been developed, needs have grown 
simultaneously for the analysis of mixtures that are both Increasingly complex 
and Increasingly dilute in the species of Interest It Is now often necessary 
to perform a separation prior to actual analysis to remove Interfering sub
stances and to preconcentrate the species of Interest. For example. solvent 

flCURE l.l Sttf" in Afflnaty Ouomatography. 

ISOURCF� Rcpnntcd With pcrmA.sioo from Chcrmcol .and f.'ngin«nng Nr..-s, Augu�t 26, 198S. 
p. 18 Copyright (c) 19&5 by the American Chemical Socacty I 
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extraction procedures are used to preconcentrate selectively trace metal Ions 
so that the techniques of atomic absorption s�rometry can be extended from 
parts in 1 09 to as low as parts In 1 012. Many individual constitu
ents in body fluids and tissues can be determined by gas or liquid chromatogra
phy. Such techniques are now used routinely to monitor the molecular Indica
tions of disease and therapeutic drug levels. 

Environmental pollutants can now be determined by chromatographic tech
niques even when the pollutant of Interest Is present at very low concentration 
in a mixture of many constituents. Thus, po'Ychlorlnated biphenyls (PCBs) can 
be determined routinely to parts In 1 o 1 . The combination of gas chroma
tography and mass spectroscopy has been used to Isolate and determine one 
specific isomer of tetrachlorodibenzodioxln in parts In 1 015  in the pres
ence of 21 other Isomers and many other compounds In a water sample. Constitu
ents in Industrial process streams, such as those In the petrochemical Indus
try, are routinely determined by chromatographic techniques, often with on�lne 
systems. 

There Is no sign of an abatement of societal and technological pressures on 
analytical chemists to determine Individual species at ever lower levels In 
Increasingly complex samples. Thus the challenge continues to develop both 
more sensitive and selective detection Instrumentation and Improved separation 
methodology. As the frontiers of science advance, new discoveries wHI bring 
new complexities In chemical analysis that wHI require more highly resolving 
separation systems. Even now, determination of trace quantities of constitu
ents that are of environmental, health, and technological concern often require 
the utmost of our present capability In separation and preconcentration. It Is 
safe to predict that, as we continue to deal with the novel properties of 
high-purity materials, with the unraveling of metabolic pathways, with the 
detection of cancer precursors In vivo, and with the development of new mate
rials for as yet undefined high-technology uses, the analytical chemist will be 
challenged to unravel complex compositional problems that will call for 
advanced separation concepts yet to be developed. 
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The Impact of Separation Science and 
Technology on Some Key Technological 

Challenges Facing Society 

Research on separations is relevant to a number of societal problems, 
needs, and opportunities where technological barriers impede progress. These 
areas include the practical utilization of biotechnology, the dependence of the 
United States on imported aitical metals, environmental control of pollutants, 
the need for ultrapurification of certain materials, and the quest for economic 
utilization of alternative energy resources. The opportunities that can be 
created by separation research in each of these areas are discussed in this 
chapter. 

COMMERCIALIZING BIOTECHNOLOGY 

Biotechnology may be defined as the practical utilization of living organ
isms, or portions of them, as a product or as a means of producing a desirable 
chemical change. Biological processes such as fermentation have been of major 
economic importance since prehistoric times, and the recent explosive growth in 
the biological sciences provides some of the most promising unexploited commer
cial opportunities for the remainder of this century. Estimates of potential 
worldwide markets for biologically derived products fall in the range of 
$40-100 billion annually by the year 2000.1 A recent analysis of interna
tional competition in biotechnol0gy2 stresses the need for development of 
U.S. capabilities in the engineering of biological processes, such as separa
tions and reactor design, in order to maintain a strong competitive position. 

Biotechnology will affect the design and manufacture of a wide range of 
products, from diagnostic kits through pharmaceutical and agricultural prod
ucts to commodity chemicals. Full exploitation of the power of biotechnology 
in each of these areas will be facilitated and in many cases enabled by improve
ments in separation technology. The importance of separations in biomanufactur
ing can be illustrated by the relationship between the sales price of biologi
cal products and the concentrations from which they must be isolated and 
purified in industrial processes (F"JgUJ'C 4.1). This is, of course, another 
form of the ·sherwood Plot• given earlier in F"JgUI'e 2.1. 

The relationship between cost and concentration for biological products is 
driven by several factors. F"ust, bioproducts are generally produced in very 
dilute aqueous solutions. For the lower-cost biological products, initial 
volume reduction from a solution that is mostly water is an energy-intensive 
separation problem. In fact, for bioproducts in the price range below $10/kg, 
process energy costs are a large fraction of product value. 

21 
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For the more c:o&tly biosynthetic: products, other factors contribute to the 
cost-coDCCDtration relatioaship. High-value bioproducts are usually &agile 
molecules that require highly spr.ciali:red and mild processing conditioas. A 
further complication arises bec:ause these products are generally formed in 
complex mixtures of molecules that have similar properties. In some cases, 
these mixtures CODtain structural permutatioas, or isomm, of the desired 
product that differ in the subtlest of ways. (In the case of opticlll 
isomm, for CDJDple, the very same atoms are c:oufigured diffei'CDtly arouud a 
central atom. This difference between optical isomers cau be detected by the 
way that a solution of a particular isomer interacts with polarized light.) It 
is often the case that only one isomer out of maa.y possesses the biological 
activity that is required iD au application (for CDJDple, as a drug). The 
ability to separate mixtures of isomers, especially optical isomers, is au 
importaut ueed aud a major challenge. 

Future separation research for biotechuology cau best be discussed by focus
ing on three major types of biological products: aualytical and diaguostic 
reagents, high-value substances, and commodity chemicals. Within each of these 
product categories, there are several possible approaches to improved large
scale separations. F'II'St, biochemical laboratory techuiques for separations 
may be scaled up and transformed into economical processes. Secoud, present 
large-scale separations techuiques &om other industries may be adapted to meet 
the special requirements of biological applications. [See "Transferring 
Separation Techuology: From Copper to Citric Acid• on page 24.] F'maUy, 
novel techuiques may emerge &om a constructive synthesis of knowledge &om 
ceO biology, biochemistry, physical chemistry, aud chemical engiucering. 
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ftGURE 4.1 Tbc Sherwood Plot for Biolo&icaJs (sec P'�pre 2.1): Selliq prices of 
bioiop:al materials correlate with their depee of dilution ill the initial broth ill which they 
are produced. Note dult the horizontal uil lhowl  iDc:reeliq dUution, • ill Figure 2.1. 

[SOURCE: Norman N. U, ADiecl-Sipal Corporation. MocliriCICI from BiD/T«<rnooogy, 1984, 
957. Qriaiaal r�pre copyri&llt (c) 1984 by BiD/T«httiJJogy ud urcd by permission.) 
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Aaalytlcal and Dlapostlc Reagents 

Small-scale biochemical separations for medical diagnoses and process 
control represent a vigorously growing commercial opportunity, with additional 
applications in animal diagnostics, testing of food and agricultural products, 
and environmental monitoring. Most of the current devices in this field are 
simply refinements of classical analytical devices such as chromatographic 
columns. Rate-governed chromatographic schemes of the •field flow" type (see 
Yagure 5.7) provide another avenue. To sustain progress in this area, funda
mental research on separations is needed to provide a scientific basis for 
designing innovative process concepts and equipment. Some examples of research 
that might provide new avenues for development are as follows. 

• The best chromatographs now available approach the theoretical limits of 
performance for conventional designs. Radical departures in design are needed 
to make further breakthroughs. This will require research into novel equipment 
configurations, better column packings, and more reliable prediction of 
selectivity in chromatographic separations. Also needed is a quantitative 
theory of such processes as gradient elution chromatography and electro
phoresis. 

• The development of novel nonchromatographic techniques for fractionating 
very large molecules, organelles, and cells is being spurred by the adaptation 
of separation techniques from other applications, such as elutriation, which 
was first developed in large settling ponds and is now being used for semimicro 
cell fractionation. 

• New ways of de6igning multidimensional separations and concepts such as 
dielectrophoresis and magnetophoresis offer untapped opportunities. 

High-Value Substances 

The biosynthesis of high-value substances is one of the most exciting new 
opportunities in biotechnology. This class of substances includes a variety of 
proteins and peptides that arc the focus of much interest as potentially valu
able pharmaceutical agents. Some of the more tantalizing candidate compounds, 
and their potential uses, are listed in Table 4.1. Since most of these mate
rials are currently needed in relatively small quantities, the key criterion 
for a system for isolating them from the synthesis medium is simply feasi
bility. 

Because of the complex composition of the synthesis medium and the fragil
ity of the products, conventional separation systems are generally not useful, 
and most separation systems being used today for these products are scaled-up 
laboratory procedures. In the future, though, some high-value substances such 
as tissue plasminogen activator will be required in large quantities. Other 
substances will become more sensitive to separation costs as competition drives 
prices down and makes processing costs more important. Ymally, as genetically 
altered plant and mammalian cells are used to produce high-value substances, 
these exotic: cells may become high-value substances themselves, and processes 
to separate and recycle them will have to be developed. 

Separations research, then, is crucial if the United States is to develop 
and maintain technological leadership in manufacturing high-value bioproducts. 
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TRANSFERRING SEPARATION TECHNOLOGY: 
FROM COPPER TO CITRIC ACID 

Are the concepts underlying separations really generic? Can they be trans
ferred successfully between seemingly unrelated applications? There are a 
number of successful examples of just this kind of technology transfer between 
separation applications. This Is the story of one example that has strongly In
fluenced the technology used to produce citric acid, a 1 00,000 metric tonfyear 
commodity. 

Citric acid Is used prlmarRy In the food Industry as an acldulant for 
carbonated beverages, jams, jellies, and other products. It Is also used In 
pharmaceuticals for making cltrates and effervescent salts. The citric acid 
molecule, 

OH 
I 

HOOC-CH -C-CH -COOH 2 I 2 

COOH 

contains several polar groups, and Is therefore hydrophilic. It also has low 
volatility. In Its biosynthesis by fermentation of sugar or com syrup, It Is 
formed In dDute aqueous solution, and the recovery of the acid from this 
solution Is not easy. The recovery procedure traditionally used involved the 
following steps. 3 

• Addition of calcium hydroxide Olme) slurry to precipitate calcium 
citrate. 

• Isolation of the calcium citrate by filtration. 
• Addition of sulfuric acid to generate citric acid In a relatively 

concentrated aqueous solution and to precipitate calcium sulfate. 
• Fltratlon to separate the calcium sulfate sludge. 
• Recovery of crystalline citric acid by evaporative crystallization. 
There were several drawbacks to this technology. Arst, both lime and sul

furic acid were consumed, which was expensive. Second, It was necessary to dis
pose of the calcium sulfate sludge. Third, the crystallization step was diffi
cult, with low yield, because of the high concentration of calcium sulfate In 
the solution. Finally, Impurities such as oxalic acid accompanied the citric 
acid through the process. 

A substantial Improvement in the recovery of citric acid has recently been 
made through the adaptation of technology originally developed for hydrometal
lurglcal extraction. Chemically complexlng extractants-chelatlng oximes, 
organophosphorlc acids, and long-chain amlnes-have come into use on a very 
large scale for recovery of valuable metals-such as copper, nickel, and 
molybdenum-from dilute leachate solutions. Some of this technology was 
developed at Israel Mining Industries. These researchers subsequently became 
Interested In the recovery of fermentation acids, and turned their attention to 
citric acid. Their process Involves the following steps. 

• Extraction of citric acid from the dDute aqueous synthesis solution by 
a solvent mixture composed of a long-chain tertiary amine extractant In an 
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appropriate diluent, such as an aliphatic or aromatic solvent containing a few 
percent of n-octanol.4 

• Taking advantage of the effect of temperature upon the equilibrium 
distribution coefficient In this system. The temperature Is increased and 
citric acid Is back-extracted from the solvent phase Into the aqueous phase In 
substantially higher concentration than in the original fermentation 
solutlon.5 

• Citric acid Is then recovered from the aqueous solution by evaporative 
crystallization. in the presence of many fewer Impurities than In the classical 
technology. 

This new process has come Into large-scale use because It provides for no 
consumption of chemicals, fewer problems of effluent disposal, and citric acid 
of greater purity, which facilitates subsequent crystallization and Improves 
product quality. This successful transfer of technology from one field to 
another suggests that there are probably similar opportunities to develop new 
processes for separation. purification, and recovery of biologically produced 
substances and other chemicals that are synthesized In dilute solutions. 
However, research and development will be needed to solve the problems specific 
to each application. 

This process Is an example of a separation based upon reversible chemical 
complexation. This class of separations Is potentially very useful for 
recx:Nery of oxygenated biochemicals from aqueous solution. However, our under
standing of weak. acid-base, and other complexation Interactions Is still 
rudimentary. This hampers Intelligent selection of a good separating agent for 
a particular application. More research is needed. 
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TABLE 4.1 High-Value Products of J3iotechnology 

Product Potential Use 

Interferons Regulation of cellular response to viral 

Lymphokines 
Tissue plasminogen activator 
Human growth hormone 
Neuroactive pcptides 
Regulatory pcptides 

infections and cancer proliferation 
Modulation of immune reactions 
Dissolving blood clots 
Reversal of hypopituitarism in children 
Mimicry of body's pain-controlling pcptides 
Stimulation of bone and c:artilage regrowth 
Treatment of physic:al trauma Human serum albumin 

Gamma globulin 
Antihemophilic: factors 

Prevention of infections 
Treatment of hereditary bleeding disorders 

TABLE 4.Z Potential Routes to Commodity Chemic:als by Microbial Fermenta
tion of Glucose 

1981 u.s. 1981 
Production Price 
(million (cents 

Chemic:al Mic:rorganism(s) pounds) per lb.) 

Ethanol Sacchfl1'011Jyces cerevisiae 
Zymomonas mobilis 1,157 1:1.5 

Butanol aostridium acetobutylicum 823 33.5 

Adipic: acid Pseudomonas species 1,210 57 

Methyl ethyl ketone KlebsieUa pneumoniae 62 37 

Glycerol Sacchfl1'011Jyces cerevisiae 
Dunaliella species 370 80.5 

Citric: acid Aspergillus niger 235 77.5 

[SOURCE: T.K. Ng, R.M. Busche, C.C. McDonald, and R.W.F. Hardy, Science, 
219, 1983, 733. Copyright (c:) 1983 by the AAAS. Excerpted with permission.] 
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A number of separation strategies used in laboratories look promisiDg and arc 
attractive candidates for largc-sc:aiC operation: 

• Selective predpltatloa proce��e�. Precipitation techniques have 
been at the heart of blood plasma fractionation, and where such processes arc 
applicable they arc amoag the cheapest and most cft'cctive. Applyiag precipita
tion techniques to biologicals will require better understanding of both 
protein chemistry and Ouid mechanics. 

• Separatloas asl•l multiple fields. Combinations of electrical, 
magnetic, and gravitatioaal fields arc beginning to be explored. 

• Membraae-bued separatloas. Microfiltration, ultrafiltration, and 
rcwrae osmosis arc promising techniques. 

• Uqald atnctloas, &om both aqueous phases and nonaqueous systems. 
• AdsGrplhe and cllromatGRnphlc sepantloas. As noted in the pre

ceding section on analytical and diagnostic reagents, radically different 
approaches arc needed to improve chromatographic separations significantly. 
For large-scale operations, mntinuous systems and high-capacity packings that 
arc not easily crushed arc needed. Concepts for new processing systems may 
d�lop &om successful specialty operations such as UOP's "Sorbcx" process or 
Exxon's magnctical1y stabilized moving beds of granular solids (see F'"lpl'es 
5.4 and 5.6 on pages 57 and 59.) 

In addition to scaled-up laboratory separations, separations resulting &om 
a creative synthesis of biochemistry, molecular biology, and chemical engineer
ing seem particularly promising. A major problem in the separation of high
value substances is that they arc generally synthcsizcd in a dilute solution 
that mntains other chemically similar substances. Approaches that require 
cooperame research between separation experts and biologists might include 
the following: 

• genetically engineering the cell to suppress production of by-products 
that would complicate the separation of the desired product; 

• altering the genetic structure of the cell so that the cell waD is 
selectively permeable to the desired product; and 

• separating the desired product by one or more selective enzymatic 
transformations. 

It has been predicted that biological processes will eventually offer an 
alternative to the current petrochemical manufacture of the organic acids and 
alcohols, as worldwide supplies of petroleum become more scarce and expensive. 
Biomass is an abundant domestic resource. While citric acid is the only com
modity chemical made primarily through a biosynthctic route today, potential 
biological synthetic routes for a number of commodity chemicals have been demon
strated, as shown in Table 4.2. However, processing costs arc, for the most 
part, not yet economical. Biological synthesis of any of these chemicals 
yields a dilute aqueous solution, and separation costs arc aitical to the 
economic success of such processes. Biological synthesis of the lower-molecu
lar-weight commodity chemicals confronts the most serious cost problems. Their 
increased value relative to that of the substrate is modest, and both yield and 
processing cost arc aitically important. 

For such commodity chemicals, traditional separation processes may be 
prohibitively expensive or impossible. For example, the distillation of a 
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1.5 percent solution of acetic acid in water (the maximum now attainable by 
fermentation) requires nearly 7 x 1o' joules/kg of acid.6•7 Conven
tional technology uses extraction followed by auotro.pic distillation, which 
lowers the energy consumption to about 3.5 x 10 joules/kg of acid. 7 

This is still a large flgUI'e; one that currently requires, for economical 
recovery of acetic acid, a minimum feed concentration of acid in the range of 3 
to S percent. Clearly, the first step in the isolation of any of these chemi
cals must be a sharp reduction in the volume of the aqueous solution without a 
large expenditure of energy or reagents, and this volume reduction must be 
coupled with an economical reextraction and regeneration of any mass separating 
agent that has been used. 

Achieving this goal will require fundamental research in a number of 
areas. Some promising research opportunities that extend the reach of 
classical separations research include the following: 

• The development of more selective and higher-capacity extracting 
solvents, carbons, resins, and inorganic sorbents would be very useful. In 
particular, fundamental research on tailored sorbents, clathrates, and 
synthetic affinity-based adsorbents could yield important dividends. 

• Research into new reversible extraction systems whose separation 
behavior can swing with changes in temperature, pressure, or pH seems 
promising. (See "Transferring Separation Technology: From Copper to Citric 
Acid" on page 24.) Similar approaches have been used to separate biological 
molecules more complex than these commodity chemicals; weD-known successes 
include the pH-sensitive liquid-liquid extraction of penicilliD and the use of 
ion exchange for the purification of streptomycin. 

• Major advances in the prediction of parameters for phase equilibria are 
possible. Prediction of the properties of microporous gels, ordered open 
solids such as zeolites, and reversible complexation reactions would be most 
helpful in designing new separation process concepts. 

Other promising research opportunities wiD emerge from a creative 
synthesis of separation science, reactor design, and biology. For example, 
fermentation products often inhibit biological processes in a feedback loop. 
Keeping these inhibitory products at low concentration without introducing 
contaminants into the fermentation that would affect its efficiency, and 
developing separation and fermentation processes that operate at optimal 
efficiency under the same conditions, are challenging, multidisciplinary 
problems. In the final analysis, the production of commodity chemicals using 
biological processes must compete economically with alternative nonbiological 
routes to these compounds, including the catalytic processing of synthesis gas 
(carbon monoxide and hydrogen mixtures). Only if energy-efficient separations 
can be designed will biological syntheses of commodity chemicals play a major 
role in the future chemical industry in the United States. And this role could 
be an essential part of reducing our dependence upon imported oil for chemical 
feedstock. 

REDUCING U.S. DEPENDENCE ON IMPORTED CRITICAL METALS 

Just as the United States depends heavily on foreign sources for important 
quantities of fossil fuels, there is an even greater dependence on foreign 
nations for many critical and strategic metals.8 As with fossil fuels, 
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this dependence has developed over a period of years as domestic high-grade 
sources of metals have been depleted and new foreign sources tapped. In 1978 
over 90 percent of six strategic metals-niobium, manganese, tantalum, cobalt, 
chromium, and the platinum group metals (PGMs)-were imported, and in man; 
cases the supplier was a politically unstable or unfriendly country. 
Major quantities of other strategic materials are also now imported (Table 
4.3), and many of those that are produced primarily in this country, including 
nuclear fuel materials, must use very dilute resources. 

The United States is no longer a producer of the most important strategic 
metals (i.e., chromium, cobalt, manganese, or PGMs). The main reason for this 
situation is that the mineral industry cannot maintain profitable production at 
current prices. Policies of foreign governments to promote local economic 
interest, such as maintaining employment and gathering foreign currency, have 
also contnouted to the depressed state of the U.S. mineral industry. If 
foreign supplies were restricted or unavailable as the result of a global or 
local crisis, the development of new mineral and metal separation technologies 
could provide for domestic production at lower cost. Therefore, in assessing 
the need of federal stimulation of research the primary consideration is supply 
security. The risks entailed in continuing to depend on foreign sources 
(F'JgUJ'e 4.2) provide an important argument in favor of stimulating research 
that will lead to domestic production at the lowest pos51ole prices. 

This domestic production of critical metals, facilitated by improved 
separation technologies, could come from four sources. The first source is the 
remaining domestic inventory of low-grade ores. The potential contributions to 
U.S. metal supplies from these reserves vary from moderate to large in the case 
of PGMs and cobalt, to small in the case of chromium and manganese. Several 
potentially exploitable PGM deposits exist, the largest of which are located in 
the Stillwater Complex in Montana. Potentially exploitable cobalt deposits 

TABLE 4.3 U.S. Dependence on Imported Metals in 1985 

Niobium 100 
Manganese 100 
Mica (sheet) 100 
Strontium 100 
Bauxite & alumina 97 
Cobalt 95 
Platinum group 92 
Tantalum 92 
Potash 77 
Chromium 73 
nn 72 
Asbestos 71 
Barite 69 
Zinc 69 
Nickel 68 
Tungsten 68 
Silver 64 
Mercury 57 
Cadmium 55 
Selenium 54 

Percentage 

I 
I 

I 
J 
I 

J 

J 
I 
I 
I 

I 

Brazil, Canada, Thailand 
South Africa, France, Brazil, Gabon 
India, Belgium, France 
Mexico, Spain 
Australia, Jamaica, Guinea, Surinam 
Zaire, Zambia, Canada, Norway 
South Africa, Great Britain, Soviet Union 
Thailand, Brazil, Malaysia, Australia 
Canadll, Israel 
South Africa, Zimbabwe, Yugoslavia, Turkey 
Thailand, Malaysia, Bolivia, Indonesia 
Canada, South Africa 
China, Morocco, Chile, Peru 
Canadll, Peru, Mexico, Australia 
Canada, Australia, Botswana, Norway 
Canada, China, Bolivia, Portugal 
Canadll, Mexico, Peru, Great Britain 
Spain, Algeria, Japan, Turkey 
Canadll, Australia, Peru, Mexico 
Canadll, Great Britain, Japan 

[SOURCE: Bureau of Mines, U.S. Department of tbe Interior.) 
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indude the Blackbird Mine (Idaho), the Madison Mine (Missouri), the Gasquet 
Mountain Project (Ca6fomia), and the Duluth Gabbro Complex (Mimaesota).10 
Cobalt could also be recovered together with Dickel &om abundant domestic 
laterite ores. The key to making these resources more available is basic 
research in extraction metallurgy. 

Reeycliag represents a second potential source for aitica1 metals. This 
may entail highly sophisticated tedmologies, especially in situations where 
the metal exists as an alloy or dilute mixture and simple reeycliag teclmiques 
such as mechanical segregation cannot be used. The increasing complexity of 
materials used in end products (e.g., jet engines and automobiles) and the 
general trend toward more stringent material specifications require DCW, 
technically advanced separation techniques. Extensive research in separation 
techniques for reeycliag will be needed to keep pace with changes in end 
products. 

Process waste materials are a third potential source of aitical metals. A 
large fraction of the domestic demand for aluminum could be satisfied if there 
were an economical way of remveriDg alumina from Oy ash generated during the 
burning of coal. 11 Highly efficient means for recovering dissolved 
metals from water could be used to capture metals &om process emuent 
streams. 

Spent nuclear fuel could be a fourth source of precious metals and of 
reusable nuclear fuel, if appropriate, environmen� acceptable separation 
systems could be developed (Tables 4.4 and 4.5 2-�. Of course, the 
amount of recoverable metals from this source and &om process waste materials 
depends on the amount of material present at high enough concentration levels 
to make recovery economical. 

Exploiting the above resources will require new techniques for extracting 
desired materials from wry dilute sources and for separating and purifying 
them. In many cases, the recovery of sewral products from a single source 
will enhance the economics of such systems. Some examples of how fundamental 
research on separations would be of benefit are spelled out below. 

auomium 
Cobllt 

N iobium 

MNI IIbl 
Tia.nium 153811 
Nickel 15:G41 
Ovomium 1 1 1581 
Cobllt ll 101 
Aluminum 17201 
Niobium 1 1 71 1  
Tanr.lum 131 

ftGURE 4.2 Strategic: MateriU ill u PlOO TuJbolaD Pipter Engine. 

IRI I!Iri-v , .. -ttrWI 
77 
10 
10 
10 

100 
II 

[SOURCB: MiMnll ProcaJ111g tm4 TeclrlltJiotr.y Rmlw, 1, 1983, 155. Used with pei'Dlis-
lion.) 
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• Since relatively low-grade resources will have to be used for much of 
the domestic metal production in the future, efficient means arc needed for 
concentratiug the crude material prior to cmaction to reduce the amounts of 
solids bandliDg and of cmaction reagent required. Although techniques based 
on flotation or gravitational, magnetic, or electrostatic forces have been 
traditioDally used for this purpose, a basic understanding of this important 
class of separations is lacking. Understanding particulate interactions, 
solid-fluid behavior, and ways of controlling surface activity is indispensable 
for developing better processes based on physical separations. Another 
promisiDg direction is to explore the use of multiple force fields, applied 
simultaneously. 

• New extractants with high specificities and capacities for certain 
metals could result in more efficient and economical rcco\'Cry processes. These 
extractants might be solid sorbcnts, biosorbcnts, ion-exchange systems, 
solvcnt-cmaction systems, or membrane transfer agents. 

• The study of microbial leaching of orcs and tailings by, e.g., sulfur
metabolizing organisms is another promising area of basic research. 

• In situ (underground) techniques for cmacting or leaching metals could 
become important for ore bodies that arc too costly to mine and proc:css 
conventioDally. New, cost-effective chemical reagents for this purpose would 
revolutionize solution mining While microbial slurries may be the reagents of 
choice for some applications, the design of environmentally benign separation 
reagents for solution mining is critical if such processes arc to be carried 
out without damage to groundwater resources. 

PROTECI'ING AND IMPROVING THE ENVIRONMENT 

The expanding world population is having a tremendous impact on our 
ecosystem, since the environment must ultimately accommodate all human-derived 

TABLE 4.4 Estimated Availability of Nonradioactive Precious Metals from 
Nuclear Waste in 1990 

Metal 

Rhodium-103 
Palladium-106 

TABLE 4.5 

Isotope 

Strontium-90 
Cesium-137 

Metric Tons 

33 
60 

Potential Value 
(S x 1o6) 

$ 500 
$ 900 

Radioisotopes Obtainable from Spent Nuclear Fuel 

Use 

Special purpose energy source 
Industrial radiation source 

[SOURCE: Compiled by Pier R. Dancsi, IAEA, from References 12-15.) 
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waste materials. The industries that provide us with food, energy, and shelter 
also introduce pollutants into the air, water, and land. The potential for an 
increasing environmental impact will inevitably result in society's setting 
c� lower allowable l�ls for pollutants. 

The cmuent streams of industry arc particularly noticeable because of 
their large volumes. Air may be polluted with particulates such as heavy 
metals and hazardous organic compounds, and combustion products such as oxides 
of sulfur (SOx) or nitrogen (NOx) can contr ibute to  acid rain. 
Thousands of tons of sulfur dioxide and NOx arc released into the air 
every day in the emuent gaseous streams from power plants and other 
industrial facilities.16 Environmental concerns will undoubtedly demand 
that more and more of these substances be removed by separation systems. 

Aqueous emuents include many types of pollutants such as particulates, 
droplets, or dissolved substances, and this source of pollution will inaease 
as a synthetic fuels industry becomes extensive.t' Isolation or recovery 
of such materials will be quite a challenge for innovative separation 
techniques. 

Large quantities of solid waste generated by industry include overburden 
and tailings from mining. milling. and refining. as well as residues from coal
rued steam plants and the wastes from many manufacturing processes. For 
example, the estimated solid waste from the mining and milling industries is 
over 1 billion (109) tons per year .18 Hazardous materials in these 
wastes must be removed or detoxified before the wastes can be returned to the 
environment. In addition, separation and recovery of primary and by-product 
values present in low concentrations can be made more economical by improved 
separations. 

The nuclear industry has unique problems with radioactive wastes. Although 
nuclear power plants operate with less contamination of air or water than 
conventional electrical generating facilities, they generate solid wastes that 
must be carefully handled and isolated.19 Effective ways of fraction
ating long-lived radioactive isotopes from short-lived ones arc needed, since 
the long-lived ones require the most expensive handling and storage. As noted 
in the section on strategic metals, there may be an economic as well as environ
mental advantage in separating and reusing some of the components of high-level 
radioactive wastes prior to their disposition in acceptable repositories. 

Hospitals and laboratories generate significant amounts of low-level radio
active waste. An inexpensive way of separating the small quantities of 
radioactive materials from these wastes would significantly benefit society by 
enabling usc of different handling and treatment procedures for the radioactive 
and nonradioactive portions. 

The environmental problems of residential wastes are inaeasing as the 
population grows. More than 100 million (loB} tons of municipal solid 
waste is generated every year.20 It is important to segregate and 
recycle useful materials from these wastes. lnaeased research in separations 
may afford new solutions to this problem. One of the best opportunities for 
contributions from basic research lies in the treatment of aqueous wastes, or 
sanitary sewage. Heavy metals, nitrates, phosphates, and dissolved carbon 
compounds can be present in the emucnt from conventional municipal-sewage 
secondary treatment systems. Efficient tertiary steps are needed to separate 
and remove or degrade these materials to conserve our dwindling water supplies 
by recycling. 
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F'mally, agriculture presents challenging pollution problems, some of which 
will be responsive to improved separation technology. For example, the threat 
to the Kesterson National Wildlife Refuge in California by drainage water with 
high concentrations of selenium from local agriculture illustrates the need for 
treating irrigation-return and other drainage water to remove potentially toxic 
levels of certain ions. 

In many parts of the country there are no effective options for dealing 
with toxic liquid wastes. Landfill and surface impoundment are being phased 
out. There is a strong incentive toward source reduction and recycling, which, 
in tum, necessarily utilize separations. 

All of the above separation needs for environmental considerations are 
oriented primarily toward removal and isolation of hazardous materials from 
effluent or waste streams. Pollutants are frequently present in only trace 
quantities, and highly resolving separation systems will be required for their 
detection and removal. 

Separation technology is already making an important contribution to 
ameliorating the acid rain problem. Wet scrubbing processes are the most 
widely used systems for removal of sulfur and nitrogen compounds from effluent 
stack gases. [See "The Sulfur Problem: Where Separations Can Help" on 
page 34.) The limits of practicality and cost for wet scrubbing techniques, 
though, are such that they are not used to remove more than 75 percent of the 
sulfur oxide compounds present and are currently of only limited effectiveness 
for removal of nitrogen oxides. Such systems also produce large quantities of 
sludge that present a solids disposal problem. New reagent systems that can be 
used in a more effective recycling mode are needed, and would be particularly 
useful if they could simultaneously remove both sulfur and nitrogen compounds 
in forms from which they could be converted into useful products. Further 
development of solids-based processes is warranted. In any case, effective 
approaches must be brought into use to remove the nitrogen compounds. For 
power plant applications, it would also be useful to have removal systems that 
could operate at the temperature of the effluent as it leaves the combustion 
chamber, eliminating the need for reheating stack exhaust to regain buoyancy 
upon release. 

The problem of removing pollutants from extremely dilute solutions is 
becoming more important as allowable release levels for pollutants are 
lowered. For example, proposed standards for the release of arsenic prescribe 
levels at or below the current limit of detection. Another example is the 
pervasive polynuclear aromatic hydrocarbons, some of which may be potent 
carcinogens. These substances have the additional complication of very low 
solubility in water, which promotes adsorption onto very fine suspended 
particles in water streams. 

Three areas of separation research are particularly pertinent to these 
problems. One is the development of high-capacity reagent systems that are 
specific for certain pollutants at low concentrations. The second area is the 
investigation of highly efficient contacting systems to handle large volumes of 
effluents with minimal energy expenditure. The third important research need 
is for a better way of separating submicron particles suspended in large-volume 
streams. 

It is very difficult to collect and remove such fme particles, but when 
this can be accomplished, separations of pollutants such as dioxin, which are 
strongly adsorbed onto fme particles, can be effected on a large scale. In 
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THE SUU:UR PROBLEM: WHERE SEPARAnONS CAN HELP 

Our principal sources of energy-fossl fuels-are all contaminated to some 
extent with sulfur compounds. When these fuels are burned, the sulfur 
compounds are burned to sulfur oxides, which are emitted to the atmosphere In 
the flue gas. In the atmosphere these oxides are converted Into the sulfur 
acids that are a principal cause of acid rain. 

When coal was the fuel that pa.vered the Industrialization of the United 
States In the nineteenth century, Industrial centers experienced severe 
pollution from the emitted stMur oxides and the stMur acids. This pollution 
abated substantially with the advent of plentiful supplies of low-sulfur ol 
and natural gas. However, as these natural low-sulfur fuels have become 
depleted, sulfur pollution has returned to plague our Industrial society. 

Separation technology plays a critical role in limiting sulfur oxide 
pollution from sulfur-bearing fossl fuels. This technology is sufficiently 
advanced that there are no Inherent technological limits to removing more than 
95 percent of the sulfur present in natural gas, crude oil, and coal-a variety 
of processes exist for accomplishing this before, during, or after combustion. 
The principal barriers to nearly complete sulfur removal are cost and 
practicality. 

Natural Gas. The principal sulfur contaminant of natural gas Is 
another gas-hydrogen sulfide. Because hydrogen sulfide Is extremely toxic, 
civil authorities have long forbidden significant levels of this compound In 
natural gas pipelines; It must be removed from the gas prior to pipeline 
transportation. Current separation techniques permit the safe and economical 
exploitation of even high-sulfur gas wells. Hydrogen sulfide is removed from 
natural gas by a variety of commercial processes including reaction with 
aqueous solutions of oxidants, absorption Into aqueous solutions of bases, 
distllation, and selective permeation through membranes. The end product of 
these processes Is elemental sulfur, which can be sold and, In some cases, Is 
worth more than the co-produced natural gas. In 1 984, about 24,000 tons of 
sulfur was produced from natural gas wells In the United States. 

Petroleum. Sulfur can also be recovered from crude oil. The table 
below shows the approximate limits of sulfur-removal technology for different 
fractions of crude ol, from lightest to heaviest. This technology relies on 
the reaction of hydrogen with sulfur-containing compounds In crude ol 
(hydrodesulfurlzation) and permits modem refiners to tum 3 percent sulfur 
crudes Into liquid products with no more than 0.5 percent sulfur. About 26,000 
tons of saleable by-product sulfur was produced from crude oll ln 1983. 

Crude Oil Fraction 

Naphtha Cut 
Middle Cut 
Vacuum Gas OR 
Residual 01 

Bollll]l Range 

fc) 

< 200 
200-290 
290-470 

> 470 

Umit of Sulfur Remaining 
After HydrodesuHurization 

Less than 1 ppm 
Less than 1 0  ppm 
Less than 50 ppm 
About 0.5 percent 

Separation & Purification: Critical Needs and Opportunities

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/19188


35 

Coal. Coal can be partially desulfurlzed before combustion. Washing 
and magnetic separation are effective In reducing the content of Iron sulfide, 
the principal Inorganic sulfur contaminant, by up to 50 percent or somewhat 
higher. However, there are also organic sulfur compounds In coal , and a 
feasible means of removing them has not yet been found. Accordingly, 
combustion of coal produces a flue gas that contains significant amounts of 
sulfur oxides, which must be removed from the gas If siJfur pollution Is to be 
minimized. 

Aue gas scrubbers are pro11911 tu axpaiSive separation devices for removing 
sulfur from combustion gases. For relatively small combustion units, there Is 
the new dry scrubber technology, by which about 90 percent of the sulfur In a 
flue gas can be removed by contact with a lime slurry In a specially designed 
combination spray dryer and reactor. The reaction product Is a dry calcium 
sulfat•&Uflte mix that Is environmentally benign. Larger users favor the wet 
scrubber technology, which Is capable of removing up to 90 percent of the 
sulfur with a lime slurry In a contactor column. Pushing wet scrubbers to this 
limit Is cosily, though, both In terms of the amount of lime feed needed and 
the disposal of the sludge created. 

Separation technology has made a substantial contribution to reducing the 
sulfur pollution problem associated with the burning of fossil fuels. The 
principal barrier to further alleviation of this problem Is economic and will 
respald to Improved technology gai1ed through further research and development. 
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research being carried out at Dow Chemical U.SA., concentrations of adsorbed 
dioxin at the part-per-quadrillion (1015) level have been successfully 
removed from aqueous emuents. That technology has now been scaled up. 
Dioxin removals to less than ten parts per quadrillion are being achieved on a 
continuous basis on the 20 million gallon per day waste water emuent stream 
from Dow's Midland, Michigan, manufacturing facility.21 

This spectacular achievement highlights an important scientific trend in 
analytic methodology. Analyses for pollutants at the parts-per-billion or even 
parts-per-trillion level are now considered routine, and even more sensitive 
techniques have been developed. Separation methods will be needed for concen
trating trace quantities of pollutants so that instrumental methods can be used 
to detect and quantitate them. Complex mixtures will require high-resolution 
separations, probably by chromatography. The same separation concepts may also 
have some utility for large-scale separations. However, it should be stressed 
that there are practical combined economic and toxicological limits to the 
removal of pollutants from extremely dilute sources, even though our analytical 
capabilities will be able to detect even lower levels. 

ACHIEVING VERY HIGH DEGREES OF PURIFICATION 

There are increasing needs for carrying out separations to obtain a number 
of materials of extremely high purity by removing impurities down to levels of 
parts per million, parts per billion, and less. These needs demand special 
features from separation processes. 

The manufacture of electronic and fiber-optic materials represents an impor
tant industry with stringent purity requirements.22•23 The present and 
future uses of silicon, germanium, and gallium arsenide set purity requirements 
higher than have ever been met before. F'Jglll'e 4.3 shows some of the starting 
materials used in the production of ultrapure silicon; these chlorosilanes are 
currently purified through distillation. The worldwide semiconductor industry 
currently uses about 4000 metric tons of ultrapure silicon per year, worth many 

Si + HCI - SiHCI, + 
SI,Hp. 

( 1 )  

(2] 
1 , 1 00" C  

SiHCI, + Ha - Si + 
HCI + SI,Hp. 

ftGURE 4.3 Manufacture of Ultrapure Silicon: The production of polycrystalline silicon 
for the elec:tronic:l industry iavolva several step� aimed at the reduction of impurities. 
These include (1] the reaction of metallurgical grade silicon to produce a mixture of 
chlor01ilaaes, [2] distillation of trichloiOiilane, aDd (3) reduction of trichloro&ilane to 
polyaystalliae silicon. 

[SOURCE: BIC'erpted by special permission from Chemical Engin«ring (June 10, 198.5). 
Copyright (c) 198.5, by McGraw-Hill, Inc., New York, NY 10020.) 
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thousand dollars per metric ton. This quantity could inaeasc manyfold with 
large-scale usc of semiconductor materials for photovoltaics or solar 
photochemistry. Ultrapurification of these semiconductor materials calls for 
development of novel and improved methods of separation with very high 
selectivities. Zone rcfmiag, which is based upon the high selectivities 
attainable in crystallization proc:esses, is a sua:essful example of such a 
development. Because of the many different situations that are encountered, we 
need more processes of this sort, capable of scale-up and reliable, continuous 
operation. 

The electronics industry also requires separations to aeate particle-free 
clean rooms of the order of 10 particles per cubic foot (350 per cubic meter) 
greater than 0.2 miaon in size. Future requirements for clean rooms may be of 
the order of 1 particle per cubic foot (35 per cubic meter) or less (Fagurc 
4.4). 

Another industry with strict demands for purity is the food processing 
industry. Several food processing applications require the removal of specific 
substances to very low levels. An example is the removal of residues of 
chlorinated solvents used for decaffeination of coffee. In addition, many 
phannaccutical products require high degrees of purification to remove 
undesirable biologically active substances. 

1 970 1 975 1 980 1 985 1 990 
YEAR 

ftGURE 4A Trends in Requirements for aean Rooms: aean room classes are defined by the 
maximum number of particles greater than 0.2 microns in diameter that are allowed per cubic 
foot of air. � the design of integnated circuits has evolved from small-scale integnation 
(SSI) to beyond \ICty-larp-scale integnation (VLSI), the sensitivity of the manufacturing 
process to impurities in the surrounding air has increased. The requirements for clean rooms 
where manufacturing processes are carried out have become increasingly more stringent. 

[SOURCE: Isaac Trachtenberg, University of Texas, Austin) 
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A related application for ultrapurification can be found in the area of 
biological and tOiic:olosic:al testiDg. In order for such tests to yield valid 
results, candidate compounds must be free of all impurities that could affect 
the test. A tiDal need for ultrapurification is represented by the entire area 
of reprocessing hazardous wastes. This need bas already been partly explored 
in the pm:cding section on "Protecting and Improving the Environment.• The 
need to remove diCDiDs from contaminated soils at certain Superfund waste 
sites, down to parts-per-trillion or parts-per-quadrillion levels, is an 
example of an ultrapurification problem on a masme scale. The development of 
fully demonstrated and ac:ccpted decontamination techniques for hazardous waste 
sites is needed to use Superfund appropriations effectively and efficiently. 

Ultrapurification cannot be achieved practically unless one is able to 
anaJ.yze chemically for specific impurities at very low concentrations and to 
understand the implications of the data that such analyses provide. Satisfying 
the need for ultratrace detection requires sophisticated techniques for 
prec:oacentrati impurities before analysis techniques capable of both high 
degrees of coacentratioa and nearly complete recovery of the substances of 
interest. These preconcentration methods also require their own set of 
ultrapure reagents and solvents. Otherwise, the ultimate analysis may be 
dominated by impurities introduced during the preconcentration. This need can 
call for removal of impurities in solvents and reagents to very low levels, 
approaching or exceeding the limit of detection. Another important problem in 
ultratrace analysis is raised when trace substances oa:ur in a chemically 
sequestered form; for example, in complexes with other solutes or incorporated 
into micelles. This sequestering complicates trace substance removal and 
detection. Basic separations research, focused on complexation chemistry, may 
provide a solution to this problem . 

Facilitat ing determination of ultratrace impurities through better 
separation methods will have several important benefits. One will be to lower 
the cost and increase the reliability of biological and toxicological testing. 
Another benefit will be to improve manufacturing quality for chemical and 
biological products. In manufacturing processes, improved separations will 
facilitate the development of better on-line monitors that could be used as a 
portion of the process control loop. 

DEVELOPING ALTERNATIVE ENERGY SOURCES AND RESOURCES FOR 
CHEMICALS 

The continuing depletion of fossil fuels, especially conventional liquid 
and gaseous fuels, is expected to create a need for alternative sources of 
energy in coming decades. The need will not be just for energy itself, but for 
energy in convenient and environmentally acceptable forms such as electricity, 
or liquid and gaseous fuels that can be easily stored and transported. 
Although nuclear sources and conventional fossil fuels will continue to be 
important components of our future energy supply, alternative sources of energy 
will also be required as some fossil fuels become scarce and energy demands 
increase. 

A more complex mix of energy sources may be required to meet these needs. 
For instance, fusion may ultimately become a primary process for the production 
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of electricity, although it will not be a source of liquid or gaseous fuels. 
On the other band, renewable elicrgy sources such as biomass may be used for 
liquid and gaseous fuels. Some of the alternative energy sources c:urrcntly 
viewed with considerable hope arc tertiary oil recovery; oil shale and tar 
sands as sources of hydrocarbon feed stocks; c:onversion of coal to liquid and 
gaseous fuels; biomass as a rcncwable fuel or feed material for liquid and 
gaseous fuels; and fusion energy to augment the production of elcctric:ity. 
Separations will play an important role in the preparation of fuels, the 
recovery of unused fuels, and in the removal from emucnts of contaminants 
that could harm the environment. 

Tertiary oil recovery represents a potential source of hydrocarbon fuels 
that is just beginning to have an important impact. 24 The potential 
resource is huge since conventional recovery tcc:lmiques may leave SO percent or 
more of the oil in the ground. Tertiary recovery methods currently under 
development imolvc the injection of fluids into oil-bearing fonnations to 
cause hydraulic fracture, thus making the oil more accessible, or the injection 
of chemicals such as carbon dioxide or surfactant& to fac:ilitate the removal of 
the oil. The mcehanisms of separation of the oil from a porous matrix have not 
been well-defined, and economical recovery of some of the posstble additives 
has not been established. 

Several separation problems can be identified in the recovery of hydrocar
bons from shale and tar sands.25.26 In both cases the fossil resources 
are contained at relatively low concentrations in a solid matrix. Most 
research has been directed toward the recovery of oil by heating. In the case 
of shale, the heat is usually provided by partial combustion of the shale, 
producing gaseous and liquid products that must be separated and refined to 
produce usable fuels. 

Coal, one of our most abundant fossil fuels, is conventionally burned to 
produce steam or heat, but it can also be used as the feed material for the 
production of liquid or gaseous fuels. Strictly speaking, this is not an 
alternative energy source, but an alternative energy form. Heating coal in the 
presence of a catalyst converts it directly into liquid and gaseous fuels and a 
char residue. Gasification of the char to synthesis gas (carbon monoxide and 
hydrogen) can be carried out; synthesis gas can then be converted to liquid or 
gaseous fuels. Synthesis gas c:an also be produced directly by coal 
gasification or by reaction of coal with steam. 

The processing steps for treating coal-conversion liquids are similar to 
those used in oil refineries, although they may differ in detail because the 
coal 6quids contain more aromatic: compounds than most crude oils currently 
proc:csscd. Some special needs for new developments in separations can be 
outlined. For example, some of the compounds present in coal liquids are toxic: 
and must be removed before the fuel is marketed. In addition, coal liquids can 
be heavily contaminated by fine particles which must be removed. Solvent 
extraction or sorption systems may be the best separation tcc:lmiques for some 
of these problems, but separation reagents and mec:hanisms for coal liquids are 
not well developed. 

The products and effiucnts of coal gasification may require processing at 
extreme conditions (e.g., clean-up at high temperature and pressure prior to 
use as a turbine fuel). Separation systems that can operate at these extreme 
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conditions will be required. The principal contaminants to be removed from 
gaseous fuels arc inert products that would diminish the energy content of the 
fuel, fine particles, and corrosive chemicals. 

The usc of biomass or biomass wastes as an alt� energy source in
volves growing and hanesting plants that contain sipificant amounts of fixed 
carbon and either subsequent combustion for heat or c:omcrsion of the plant 
material to other fuels. The c:omcrsion can involve the production of fluid 
fuels, e.g., fennentation to an alcohol, anaerobic digestion to gaseous hydr� 
carbons (principally methane), or thennolysis to a char that can be eo�WCrted 
into synthesis gas. Fermentation produces dilute products that must be coacen
trated for usc as fuel Anaerobic digestion of biomass produces methane contam
inated with carbon dicmde, hydrogen sulfide, and other gases that must be 
removed because they lower the heating value of the fuel or arc tcmc. 

Energy efficiency is a common issue in separation research on alt� 
energy systems that produce liquid or gaseous fuels. The fuel values must be 
reclaimed from more dilute sources (tertiary oil recovery, shale, and biomass) 
or from chemical forms that arc different from and more complex than convention
al sources (coal con�rsion, shale, and tar sands). Greater usc of low-euergy 
separation methods will be required. 

Fusion energy is an altcrnamc energy form that docs not depend upon our 
limited supplies of fossil fuel materials. It offers the potential for provid
ing the large concentrated electric power sources needed for large industrial 
facilities. Separation systems will be necessary for the initial isolation of 
fuel (deuterium cmde) from natural water sources, for rccyding "unburned" 
deuterium and tritium from fusion plasma exhaust systems, and for rc:covering 
tritium bred in fusion reactor blankets and present in the coolant and � 
exhausts. The potential environmental impact of tritium is a concem.27 

It is IUghly tcmc and can permeate metal walls and most containment systems, 
thus contaminating the coolant (which will probably be water) and spreading 
throughout the reactor system. Clearly, novel separation coacepts will ha� to 
be developed to meet this problem before fusion reactors can be designed and 
built safely. Since deuterium and tritium condense into a liquid only at 
extremely cold temperatures, it is likely that separation processes for them 
will involve efficient adsorption systems operating at cryogenic coaditions, or 
will take advantage of differences in chemical reactivity. Fundamental under
standing of these types of separation system is lacking. 

The usc of altemamc fuel sources will depend heavily on advances in 
separations that provide for fuel preparation and amelioration of potential 
environmental impacts, while consuming relamcly little energy. This area, 
like the others that have preceded it in this chapter, poses difficult chal
lenges to the ingenuity and resourcefulness of scientists and engineers. How 
can a program of basic research begin to address these aitical needs? This 
question is addressed in the following chapter on generic research in 
separations. 
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Generic Research Frontiers 

The previous chapter discussed the potential impact of separation researc:h 
on a number of our nation's and society's needs and the potentially large pay
off that could result from fundamental research in separation science and tech
nology. However, a federal program to expand the base of scientific and techni
cal knowledge concerning separations would be poorly c:onc:eiwd if it was simply 
structured along impact-oriented linea. The keya to improwd separations are 
generic; they cut across many applic:ations. A federal program that would 
enlarge the knowledge base underlyiDg separations must define and focus on 
generic themes. This committee offen six such themes with a discussion of 
significant researc:h directions typified by each one. These themes are present
ed in rough order of perc:eived importance by the committee. They are as 
follows: 

• generating improved selectivity amoag solutes in separations; 
• concentrating solutes from clilute solutions; 
• understanding and controlling interfacial phenomena; 
• increasing the rate and capacity of separation systems; 
• developiq improved process c:onfiprations for separation equipment; and 
• impnwing energy efficiency in separation systems. 

SUIIUIW")' Wecommendatloa: UnderlyiDg the most critical needs for 
improved separations are six generic research areas, where focused 
efforts will lead to clearer iaaights into fundamental principles and 
major opportunities for technological innovation. These generic 
research areas should be the basis for a coherent national program on 
separation research. 

GDiERATING IMPROVED SEIECI'IVI'lY AMONG SOUTID IN SEPARA110NS 

Ideal separations, where two or more substancea are completely separated 
from one another, are never ac:hicved in practice for homogeneous solutions. ID 
fact, a law of diminishing returDs applies, whereby it becomes more and more 
expensive to achieve greater degrees of separation amoag substances. As one 
example, achieving more nearly complete separations between two products by 
distillation requires equipment that contains more stages (or plates), and 
which therefore costs more. 

Since, as noted at the beginning of Chapter 3, separations of homogeneous 
solutions pervade the chemical and allied processing industries and consume 
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much energy, it is important to find ways of obtaiDiDg greater degrees of sepa
ratioa within a simple separator. This can be ac:mmplished by increasing the 
separatioa factor. 

For those processes that usc a mass separating agent (e.g., a solvent, a 
sorbent, a membrane), the separatioa factor increases with inc:reasing selectivi
ty of the mass separating agent. It is critically important to seek and devel
op highly seJec:me separating agents. Often it is ncccssary to &actionate 
amoog two or more substances present u solutes in solutiOD. A selec:tM sepa
rating agent will interact much more stroDg1y with some of these substances or 
solutes than with the others. 

Mass separating agents should be ,.,.-,�e. They should be designed 
so that the substances or solutes with which they interact can be recowred 
&om them without a large expenditure for equipment or energy. Thus, the 
interaction between the separating agent and the substances taken up needs to 
be r�le. This implies that the interactions between mus separating 
agents and solutes should haw an usociation energy that falls between those 
observed for ordinary qn der Waals interactions and those observed for full 
chemical reactions (F'JgUre S.l). This is the world of coordination chemistry, 
dominated by complexation, or usociation, reactions. 

Research on separating agents with high selectivity should focus on funda
mental interactions at the atomic or molecular level and on ways in which 
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chemical, physical, and biological phenomeua can be used to enhance sclcctivity 
of mass separatiDg agents and membranes. A key requiremeut for progress is a 
better understanding of intermolecuJar interactions in higb1y DODideal liquid 
solutious and between solutes and various CJtrad•nts, sorbents, and other 
selective agents. Thermodyaamic data (e.g., enthalpics, entropies, free eacr
gies) are particularly needed. 

Research on improving selectivity currently focuses on relatiwly few 
areas, such as the use of crown ethers, laser excitation, and CJtradion with 
superaitical solvalts. Each of these methods bas limitatioDs, and a major 
initiative to increase support for research on improving selcctMty should be 
clirec:ted to a much wider variety of approaches. 

Chemlcal latenctiODI 

Reversible complexation reactions offer many opportunities for gaining the 
high spec:ificity needed to make separations more economical. Such reactions 
include hydrogen bonding. add-base reactions, electron donor-acceptor interac
tions, clathration, and chelation. These reactions can be used to enhance many 
types of separation processes, including solvent extraction, gas adsorption, 
extractive distmatioa, and enhanced-transport membrane processes. Exploring 
these reactions and utilizing them in processes offer fertile ground for inter
disciplinary research between chemists and chemical engineers. 

For example, reagents that can form inclusion complexes offer possibilities 
for effecting separations based on molecular size. Such inclusion complexes 
arise when one stable compound combines with another without the existence of 
substantial chemical bonds between the two components . . This is possible if one 
of the compounds can form a very open strudure containing cavities, holes, or 
channels in which atoms or molecules of the other can be trapped. These inclu
sion complexes, or clathrtltu, are capable of separating molecules based on 
differences in size and shape. Other compounds, while not classifiable as 
clathrates, afford similar possibilities for separations based on geometric 
fadors. Graphite and other materials that have layered crystal strudures can 
form intercalation compounds that discriminate on the basis of shape. The 
crystal strudure of urea, for example, bas parallcl uniform capillaries; it 
has been used to separate straight-chain hydrocarbons from branched ones, the 
latter being unable to fit into the capillaries. Molecular sieves can carry 
out size-based separations governed by the diameters of very uniform holes of 
molecular size. Recent extensions of the use of inclusion phenomena in separa
tions are illustrated by work being carried out on liquid inclusion compounds 
and on separation achieved with micelles and reverse micelles. 

The power of modem synthetic chemistry, in conjunction with separation 
science, can be used to create new separatiDg agents with enhanced functional
ities for selective separations. These agents can take several forms. 
Synthetic polymer chemistry can be used to develop new sorbents and membranes. 
Reagents that can form inclusion compounds can also be tailored through elegant 
synthetic chemistry. The separation of optical isomers is even possible, given 
the careful design of chiral cavities in molecular sieves and the host com
pounds for inclusion complexes. 

Chemical synthesis is already being used to enhance the seledivity of 
separating agents by incorporating steric fadors into designs that are based 
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on a selective chemical reaction. One example of this development is illustrat
ed by the use of large, bulky sUbstituent groups on amines utilized for acid 
gas treatment (F"J8Ufe 5.2). The conventional amine reacts with carbon dioxide 
to form a stable carbamate. Moderately hindered amines form unstable carbam
ates and thus provide more &ee amine molec:ules for removal of acid gases 
(e.g., carbon dioxide and hydrogen sulfide). Severely hindered amines do not 
react with carbon dioxide to form carbamates, and c:an be used to remove 
hydrogen sulfide selectively.1 

Creative combination of chemical and steric factors in the design of adsor
bents and sohalts, then, is a promising avenue toward highly selective agents. 

Perhaps the ultimate examples of combined chemical and steric interactions 
are enzyme-based separations. Some current research is leading to chiral 
agents that offer intriguing possibilities for economical separation of optical 
isomers. In fact, companies in both Japan (Ajinomoto) and Germany (Degussa) 
are already using selective enzymatic transformation on an industrial scale for 
the separation of racemic amino acid mixtures. Other approaches, such as affin
ity chromatography (see rtgUI'e 3.1) are also being investigated. The opportuni
ties for achieving selective separations by coupling chemistry with steric 
interactions are so rich that, by contrast, they seem to be barely exploited. 
Future collaboration between synthetic chemists, with their understanding of 
rational design and synthesis of molec:ules, chemical engineers, and solution 
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F1GURE 5.2 Using Sterle Pac:tOI'I to Enbaac:c the Olcmical Selectivity of a Mass Separating 
A&ent [1] ComlentionaJ amincs with linear substituent groups do not experience steric 
hindrance of their ..:activity. Tbua, they react with c:ubon dioxide to form stable 
c:arbamates. Regeneration of the free amine for recirculation and further n:ac:tion requin:s 
expensive equipment and considerable eneiJY. [2] Increasing the steric bulk of the amine 
groups changes the n:ac:tivity ol the nitrogen atom. The c:arbamates it forms with carbon 
dioxide an: unstable. The talk ol ..:generating the fn:e amine becomes much easier, with the 
result that the capacity per molecule increases for the n:moval ol carbon dioxide. The savinp 
in eneiJY and equipment costa, �r conventional amine&, can be up to SO percent. [3] A 
further increase in the size of the bulky substituent group on the amine produces a molecule 
whale n:ac:tivity il IICYen:ly hinden:d by the apace available to the nitrogen atom. Such amine& 
do not react with calbon dioxide, but do react with hydrogen sulfide. Thus, they provide a way 
to n:� hydrogen sulfide selec:tively in the pn:sence of carbon dioxide. 

[SOURCE: Peter J. Lua:hesi, Exxon Research and Enaifteering Company.] 
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chemists with their understanding of process design, molecular thermodynamics, 
and the statistic:al-mechanic:al and electron donor-acceptor phenomeaa that 
govern phase and complexation equilibria, will aid in the exploration of this 
frontier. 

Pbyslcal loterac:tlons 

Other potential routes to improved selectivity rely on physical interac
tions to discriminate among solutes in solution. Such interactions include 
transport phenomena, electrical phenomena, and phenomeaa based on photoelec:tron 
excitation. 

The phenomenon of differential transport can be used to create separations 
based upon rate differences. Several of the newer awnues being pursued for 
separation of hydrogen sulfide from gas streams rich in carbon dioxide usc such 
approaches, as do many of the processes utilized for separation of uranium 
isotopes- the gas centrifuge, gaseous diffusion, and thermal diffusion. Just 
as steric factors can be used to enhance chemically based separations (see the 
preceding section on "Chemic:al Interactions"), the creatiw combination of 
synthetic chemistry and transport provides excellent opportunities to achiew 
enhanced selectivity, particularly in processes based upon surface activity and 
interfacial phenomena. Among these are mineral flotation and bubble fraction
ation. 

For charged species, such as proteins and various ionic substances, electri
c:al fields provide another useful tool for separation. Processes relying on 
elec:trophoresis separate solutes on the basis of differences in charge-to-mass 
ratio (actually the ratio of charge to transport resistance). Although wry 
effectiw on the laboratory sc:ale, these processes have proven vexing to sc:ale 
up, because of the need to dissipate ohmic heat and to maintain streamline 
flow. There has recently been some indication of success with these problems, 
but more research is definitely warranted. The same is true of processes based 
on electrically driven field-flow fractionation, or electropolarization 
chromatography. Dielectrophoresis (the use of a nonuniform AC field to 
separate solutes of different polarizability or dielectric constant) is also 
worthy of continued investigation. So are innovative unions of electrophoresis 
with other means of separation, such as combinations of electrophoresis with 
membrane processes, or of electrophoresis with partitioning chromatography. 

F'mally, the development of tunable lasers has introduced the possibility 
of photocxciting a particular atom or molecule in a mixture in preference to 
the other components of the mixture. The excited state may then present the 
opportunity for enhanced selectivity in a separation by chemic:al or other 
means. This technique is being developed for the separation of 235u from 
other isotopes. There are formidable barriers that may prevent the general use 
of lasers in separation processes, though. A molecule in its excited state is 
capable of becoming deactivated quickly through collisions with other molecules 
or through internal conversion, and may also undergo undesirable chemic:al reac
tions. Any of these pathways could result in a low yield of separated product 
per quantum of exciting radiation. Since energy from tuaable lasers is 
expensive, such processes will not be economic:al in most cases. 
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BloiGIIaf ... _ 

Many biological processes exhibit coasiderable sclectMty, aDd the dc�lop
ment of biologically based separations is worthy of inteasiw research. An 
example of biological selectivity in separations is the use of enzymes, mon� 
clonal antibodies, or surface antigens as separation agents in affinity chroma
tography. Because biological substrates are inherently cbiral, they will 
certainly 6nd use in the separation of mixtures of optical isomers. Another 
� promising thrust, which has already met some suc:ceas, is the �opment 
of ceJls whole walls are selectively permeable to products of biological reac
tions. This offen the possibility of ac:mmplishiag produc:t &actionation 
through the nature of the cell wall itself. 

A third use of biological selectivity is the use of microbes as biosor
bents. Some mic:roorpnisms are able to preferentially absorb metals &om 
aqueous solution with distribution coefficients greater than 10,000. Fmally, 
the combination of advanced molecular biology with the process insights of 
separation scientists is also likely to lead to the design of organisms that 
produce only the desired isomer of a compound, thus avoiding a separation 
entirely. In the entire area of combining biological phenomena with separa
tions, we have just scratched the surface of possibilities. 

Membrane processes have been the subject of considerable effort by research
ers seeking to achieve selective separations of solutes. Because of their 
importance as an avenue toward impr� selec:tivity in separations, and because 
current research is integrating chemical, physical, and biological inter
actioos, membranes and membrane processes are discussed separately in this 
section. 

Membrane processes are based on the phenomenon of differential transport of 
solutes across a barrier. There are no economies of scale, equipment, or oper
ating c:osts to be ac:bi� by staging a membrane process, and with some notable 
em:eptiona (e.g., uranium gaseous diffusion) membrane processes are generally 
not staged. Very high separation factors are needed, then, to gain the desired 

· degree of separation in a membrane process without staging. 
This high selectivity is gained through incorporating chemical or physical 

interactions into the membrane. For example, by building pores of fairly uni
form size into the membrane, separations based on gross differences in molec
ular size can be c:arried out. Membrane microfiltration and ultrafiltration 
(Ysgure 5.3) are based on this principle, and can give nearly in6nite separa
tion factors, or selectivities, when solutes are wry different in molecular 
size. The ability of polymer scientists to achieve uniform pore sizes in 
membranes is much more limited than with molecular sieves, though, and for 
solutes that do not differ greatly in molecular size it is not yet possible to 
achieve sharp size-based fractionations. 

Fac:ilitated-traosport membranes represent another way in which chemical 
selectivity can be built into membranes. These membranes incorporate a mobile 
carrier agent, which se� to react with the solute of interest on the feed 
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side of the membrane and carry it over to the permeate (product) side. This 
chemic:al reaction can greatly increase selectivities among solutes. The proper
ties sought for the chemic:al trBDSport agent are very similar to those sought 
for a complexing cmactant: the chemic:al interaction must be strong enough to 
give the desired selectivity, but cannot be too strong since the agent must 
release the solute on the product side of the membrane. These impregnated 
membranes (or solid-supported "liquid• membranes) increase the capacity and 
selectivity of separation processes without incurring the limitations of emul
sion formation and feed contamination that sometimes accompany solvent cmac
tion processes. 

For membrane separations of liquid mixtures in general, gaining improved 
selectivities amoog solutes is not simply a matter of creating a better struc
ture in the membrane. Present membrane processes for liquid feeds are compli
cated by the phenomena of membrrme fouling and of concentratiotl po/ariztl
tioll in the liquid boundary layer adjacent to the membrane surface. Fouliog 
seems to result from the preferential attachment of certain solutes or suspend
ed matter to the membrane surface, and/or build-up within membrane pores. 
Concentration polarization is a build-up of rejected solutes near the membrane 

(3( Membrane 

(41 Permeate 
Collecllon Mltertll and 
Permeate Flow (After Pauage 
through Membrane Into Permeate 
Collecllon Material) 

(21 Feed Channel Spacer 

(31 Membrane 

ftGURE 5.3 Ultrafiltration: Ultraf'tltration membranes cont8ill pores of fairly uniform 
size. These membranes can selec:tively separate molecules that differ groaly in size. An 
eumple of a spiral-wowld ultrafiltration module is shown above. Tile feed IOlution, contaiaing 
tbe molecule of interest, is injectecl under pressure [1) into a feed c:banllel that is wound in a 
spiraL Tile feed channel contains a spacer (2) that introduces some turbulence into the flow. 
Tbis helps to p�nt c:onc:entration polarization and fouling at the membrane surface. On 
either side of tbe feed channel is an ultraf'tltration membrane [3) that performs a size-based 
separation. The permeate, consisting of small molec:ules that fit tluougb tbe membrane, flow& 
through a collection material [4) that leads down to and then surrounds a collection pipe [S]. 
The pipe contains boles through which the permeate flows and is then coUected (6). Tile 
remaining material in tbe feed channel c:onsistl of a c:onc:entrated solution of large molecules 
that can also be collected [7]. Ultrafiltration membranes currently find their greatest use in 
tbe processing of food and dairy products and the recovery of electrophoretic paints. 

[SOURCE: William Eykamp, Koch Membrane Systems, Inc.) 
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surface. This build-up is causccl by limitatioas on the rate at which the 
rejected solutes can be transported back into the bulk of the solution by diffu
sion or other processes. Solutes of low enough diffusivity or high enough 
concentration can actually precipitate at the membrane surface. Selectivities 
of membrane processes for Hquid mixtures, especially with solutes of higher 
molecular weight, are stroagly influenced, and usually diminished, by fouling 
and concentration polarization. Strategies to lessen fouling tendencies and to 
mitigate the effects of conc:entration polarization are required to achieve 
improved selectivity with membranes. These strategies will also have the bene
fit of improving the size-selective properties of the membrane itself. 

Avenues for research include continuing the search for nonfouling or low
fouling membrane materials. Related research in the biomaterials area may 
provide useful leads here. Relief of concentration polarization is a matter of 
dissipatiDg energy to the boundary-layer region in a way that most effectively 
and economically promotes mass transport of solute. This has been a goal of 
research for years, and consequently there are probably few promising leads 
left to be uncovered. Electrophoretic depolarization methods deserve continued 
attention. 

Membranes can also be used in combination with other separation forces or 
phenomena to generate improved separations. One such approach, deserving of 
further evaluation, is to use selective precipitation, micelle formation, 
compleDtion, or chelation with macromolecular reagents on the feed side as a 
means of achieving more complete rejection of a solute by an ultrafiltration 
membrane. 

SUIIliiUU")' Recommendatloa: The most important generic research goal 
is to develop highly selective agents that can discriminate among 
chemically similar species in a readily reversible process. Research 
relevant to this goal focuses on understanding and generating 
separating agents with specific chemical, physical, or biological 
interactioas at the molecular level. 

RECOVERING SUBSTANCES FROM DILUTE SOLUTIONS 

Many of the most important current and future separation needs involve 
recovery of substances from solutioas where they are present at low concentra
tioas. The problem of dilute solutions occurs throughout various methods for 
production of substances by biotechnology, as well as in hydrometallurgical 
processing of metals and minerals and in recovery of substances from emuent 
streams for recycling. The most common solvent, by far, in these dilute 
solutions is water. 

The distinguishing feature of dilute solutions is that handling and 
processing costs for the solvent become dominant. This situation occurs for 
concentratioas ranging from very low, up to 10 or 20 percent by weight. In 
some cases (e.g., expensive bioproducts, detoxification of wastes), one can be 
faced with the need to remove or recover a gram, or less, of material from a 
tank car of solution. 

The committee felt that the problem of dilute solutions is sufficiently 
pressing, and yet sufficiently general, that it sponsored a workshop on the 
subject, held in Knoxville, Tennessee, in October 1985. This was attended by 
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persons from a wide variety of backgrounds, includiag biologic:al processing, 
hydrometallurgical processing, environmental control, and separations in 
general. A report stemming from this worbhop is available.2 

Classic:ally, the first step that is carried out in such a situation is to 
remove large quantities of solvent seledively, so as to increase the c:onc:entra
tion of the solute(s) of interest and to decrease the volume of material that 
must be subjected to further processing The reduction in volume considerably 
lessens the cost of subsequent processing. However, the stratC8)' of separating 
dilute solutions is itself challenging, and has recently been analyzed by Light
foot.3 

The most common separation process for concentrating dilute solutions by 
removal of solvent is evaporation. Evaporative concentration is used on a very 
large sc:ale in corn wet milling. in the manufacture of sugar from sugar beets 
and sugar cane, and in the concentration of citrus juices, among other applica
tions. Evaporation has been widely used for a long time. It is energy-inten
sive, but the energy consumption can be reduced by use of the multieffec:t prin
ciple. It is unlikely that many further improvements will occur, with the 
possible exception of the development of devices for more efficient heat trans
fer. The use of evaporation for products of biotechnology is frequently 
limited by the thermal sensitivity of the products. 

Two alternative approaches for solvent removal are freeze concentration and 
membrane processes. Both of these offer the possibility of lower energy con
sumption, compared to evaporation. They also both offer promise for consider
able improvement, given well-directed research. 

Freeze concentration to remove water from aqueous solutions typic:ally 
suffers from problems associated with the formation of very small and 
plate-like crystals and from the resultant difficulties in washing these crys
tals free from the concentrate. Problems of incomplete separation of solute 
from the crystallized solvent may also arise from adsorption onto crystal sur
faces and occlusion or incorporation into the crystal structure, as well as 
from entrainment. Greater knowledge concer:ning mechanisms of solute distribu
tion and/or effective avenues toward larger crystal sizes could make freeze 
concentration become more widely used. 

Membrane processes used for concentration of dilute solutions are reverse 
osmosis for simple solutes and ultrafiltration for macromolecular solutes and 
colloidal matter. As already mentioned, two fundamental limitations to these 
processes are the build-up of solute-rich layers adjacent to the membrane sur
face and membrane fouling. In addition to causing lower selectivity between 
solvent and solute, these phenomena also decrease the available rate of through
put of solvent, thereby making the required membrane area larger. Improved 
approaches to overcoming concentration polarization, however unlikely, would be 
highly desirable, as would more selective, high-flux, thermally stable, nonfoul
ing or low-fouling membranes. 

An entirely different approach for concentrating dilute solutions is to 
•pluct• the solute of interest out of solution in a highly specific manner. 
One way of doing this is to use a selective mass separating agent, such as a 
sorbent or solvent. Recent research in Japan has resulted in very impressive 
adsorption routes for concentrating uranium from its very low natural concentra
tion (about 3 parts per billion) in seawater. A process of this sort faces the 
challenge that the highly specific sorption or extraction process should also 
be reversible, so that the solute can be recovered at high concentration from 
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the separating agent by regeneration. This is not a simple prescription. A 
separating agent that is able to concentrate a highly dilute substance usually 
binds that substance very tightly. 

Another way of •plucking" ionized solutes out of solution is to use electro
chemical separation methods. The energy consumption of these methods is direct
ly related to the amount of solute recovered. Thus, energy consumption is 
nearly independent of the degree of dilution of the solute in the feed, except 
in extremely dilute solutions, where ohmic loss of electrical energy becomes 
important. Electrochemical separations in quite dilute solutions represent a 
promising line of research, on which little research has been done so far. 

Electrodialysis processes are another avenue toward the recovery or removal 
of ionized species from aqueous solution. Here again, the solute is what is 
remowd, with the result that the energy consumption is primarily related to 
the amount of solute, rather than the amount of solvent (water). This makes 
electrodialysis processes most suitable for ionic solutes in dilute solution. 

Electrodialysis with bilayer membranes, which consist of a sandwich of an 
anion-exchange membraae and a cation-exchange membrane, with the apparent prop
erty of splitting water present between the layers into hydronium and hydroxyl 
ions. is being investigated as a method to separate ionized salts while convert
ing them simultaneously to the corresponding free acid and base. Such a devel
opment could be useful for biological processing, where optimal reaction condi
tions often correspond to a level of pH (relative acidity) that results in the 
desired product appearing in the salt form. This electrodialysis method should 
receive continued attention and development to assess its potential. The same 
is true for any other method of separation that givca the promise of recovering 
salts from dilute aqueous solution while simultaneously converting them into 
the corresponding free acid and base. 

A final approach to removing solutes selectively from dilute solutions, 
rather than removing solvent, is through the use of composite, charge-mosaic 
ion-exchangers. Processes built around these materials are being investigated 
in Australia (the Sirotherm Process, which uses mosaic resins for removing 
salts from water) and in Japan (a membrane process for selective permeation of 
electrolytes from aqueous solutions). The advantage of the composite resins is 
that regeneration can be performed by a temperature swing. Conventional ion-ex
change resins for similar applications, in contrast, require the consumption of 
chemicals (usually strong acids and bases) for regeneration. 

In sum, there is a very large potential for the development of effective 
separating agents for selective and specific removal of desired solutes from 
dilute solutions. These opportunities are probably even greater than those for 
developing improved solvent-removal processes for concentrating solutions. 
Promising directions include development of adsorbents that have low porosity 
but satisfactory transport rates, agents whose binding mechanism changes with 
c:hanges in temperature or pH, and chemical extractants that c:o-cxtract only 
small amounts of water of solvation. Many of the sorts of research challenges 
for utilizing chemical and biological interactions to build highly selective 
agents, mentioned in the preceding section on •Generating Improved Selectivity 
Among Solutes in Separations,• are applicable to the problem of creating selec
tive agents for concentrating dilute solutions by removing the solute. 

Summlll')' Recommendation: The most promising research on better 
methods of concentrating dilute solutions will focus on the 
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development of processes and agents for selecmely •pluckiug" solutes 
from dilute solutions. New separatiag agents will be needed to dis
aiminate between solute and solvent, much as the selec:tiw agents in 
the preceding section disaiminate amoag solutes. Electrochemical, 
electrolytic, and charge-mosaic processes offer possibilities for 
selecme solute removal The most promisiog areas for research on 
concentration by solwnt remmal, as opposed to solute remmal, are 
membrane processes and freeze concentration. 

UNDERSTANDING AND CONTROLLING INTERFACIAL PHENOMENA 

Many important steps in separation processes occur in the interfacial 
region between phases. Matter in its three states can form five interfaces 
between two phases: solid-solid, solid-liquid, solid-gas, liquid-liquid, and 
liquid-gas. The last four are important in separation processes, yet there are 
large gaps in our knowledge of phenomena that occur at them. Interfacial 
phenomena relate to separation science in at least two ways. 

The first is that many separation processes utilize substances that are 
interfacially active. Examples of separation processes in wbich surface-actiYe 
materials are utilized are flotation, selective flocculation, liquid-liquid 
extraction, and liquid membrane separations. All of these separation methods 
involve complex interfacial phenomena that are aitic:al to the separation 
process. 

The second effect of interfacial phenomena is that the rates of many separa
tion processes are affected by interfacial mass transfer resistance or enhance
ment due to the presence of surface-active compounds, wbich alter the structure 
of the interfacial region relative to the bulk phases or alter fluid mobility. 
This effed: is seen in separation processes based on adsorption, liquid-liquid 
extraction, and crystallization. Mass transfer in these processes can be sig
nificantly affed:ed by interfacial phenomena, and the effects can be either 
positive or negative. For example, in solvent extraction or liquid membrane 
systems, strongly polar extractant molecules polarize water molecules in the 
interfacial region, formiag an interfacial structure that can retard mass trans
fer. On the other hand, surface-active molecules reduce interfacial tension, 
resultiag in breakup of drops to smaller droplets, and hence in larger total 
surface area for mass transfer. The presence of surface-active materials in 
crystallization can change the size or shape of crystals, and consequently the 
degree and rate of separation of crystals from liquids in a crystallizer. 

Research is needed to define the structure of interfacial regions in solu
tion and to explore more fully the influence of interfacial phenomena on mass 
transfer. A aitic:al thrust should be the development of workable instrumental 
techniques for such studies, with capabilities comparable to those of tech
niques developed for the study of solid surfaces. Eled:rochemic:al methods are 
one of the more useful approaches to studies of solid-liquid and, more recent
ly, liquid-liquid interfaces and the effects of fields on separations at these 
interfaces. 

Other high-priority areas of research are the study of interfaces in three
phase systems (liquid-liquid-solid and gas-liquid-solid interfaces), understand
jag aspects of interfacial stability important in emulsification and demulsifi
cation, better understanding of the effects of external fields on interfacial 
transport, and practical research on utilizing interfacial phenomena to 
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advantage in separatiODS. One aitical area for practical research supported 
by fundamental investigations ·is characterization and handliug of process 
slimes. Such materials pose a severe environmental problem, and they are 
extremely difficult to process for disposal 

Despite the importance of interfacial phenomena to separation science and 
technology, not enough attention has been gi¥cn to this area by researchers in 
either academe or industry. This is a fertile field with great potential 

S1111U1181'1 1tecommeDdatloa: There are large gaps in our knowledge of 
phenomena at fluid-fluid and fluid-solid interfaces that affect many 
separation processes. A aitical thrust would be the development of 
instrumental techniques for studying these interfaces. Other high 
priorities are studies of interfaces in three-phase systems; aspects 
of interfacial stability important in flotation, emulsion, and foams; 
effects of external fields on interfacial transport; and practical 
research on utilizing interfacial phenomena to advantage in 
separations. 

INCREASING THE RATE AND CAPACITY OF SEPARATION SYSTEMS 

As important as energy costs are in separation processes, capital charges 
often exceed energy costs. As was noted in Chapter 2, separations often 
account for a large fraction of plant capital costs. Capital charges are 
directly related to equipment size and process complexity. Thus any reduction 
in size or complexity wiD result in real economic benefits to the process. 
Downsizing equipment can have a further cost-reduction benefit: smaller equip
ment sizes make modularization more practical. Building plants in modules and 
transporting them to the construction site can effect significant cost savings 
for the overall system, as well as for individual pieces of equipment. 

To make equipment size and complexity reduction practical, it is necessary 
to increase the wlumetric productivity of existing equipment. Fundamental 
research opportunities that wiD meet this goal include developing high-capac
ity separation reagents and improving the flow patterns in separation equip
ment. Probably the most important elements are increases in mass-transfer 
rates, since the size of equipment for most separation processes depends on 
them. There are several avenues for increasing these rates. These would 
include, for example, decreasing the length of the diffusion path, increasing 
the driving force, increasing interfacial area, and imposing convective 
forces. Basic research on hydrodynamics in separation equipment should be 
given more attention. The development of continuously staged contactors should 
receive particular attention. Attention should also be given to studying the 
use of external fields other than gravity in separation equipment. 

As processes are scaled up, separation performance often declines because 
one or more of the improvements discussed above cannot be sustained. Heat-dis
sipation effects and the maintenance of high interfacial areas and specific 
flow patterns upon scale-up are two important fundamental problems for study. 
In processes involving mass-separating agents (e.g., adsorption, solvent extrac
tion, and absorption), equipment can be downsized if higher-capacity agents can 
be developed or the turnover rate of the agent can be increased. Research 
aimed at high-capacity mass-separating agents should be encouraged for this 
reason, as well as for reasons of selectivity and concentrating power. 
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Advances in improving rate and capacity wiD require the solution of funda
mental chemical, mass-transfer-rate, hydrodyaamic, and proc:ess-c:ontrol pr• 
lems. Continuous or semicontinuous systems for adsorption separations could 
allow higher turnover rates by circulating or moving an adsorbent or other 
solid mass-separating agent between two or more zoaes, thus requiring solids 
transport. Considerable fundamental work is required to understand and predict 
mass-transfer rates under high-concentration, high-load conditions for which 
the usual linear mathematical analyses are not applicable. 

F"mally, it should not be forgotten that in some cases the best way to 
increase rate and capacity in separations is to move to proceasea based on 
entirely different concepts. For example, cryogenic systems for the separation 
of hydrogen from gas mixtures have been supplanted in a number of cases during 
the past few yean by newly developed, less energy-intensive membrane systems. 

S1UD11181'1 Recommeadatloa: Emphasis should be given to means for 
effecting large incrcasea in volumetric productivity and minimization 
of process and equipment complexity, stressing development of contin
uously staged contactors, development of high-capacity sorbents and 
mass separating agents, studies of hydrodynamics in process equipment, 
and the study of the effects of external fields on flow patterns in 
separation equipment. 

DEVELOPING IMPROVED PROCESS CONFIGURATIONS FOR SEPARATION 
EQUIPMENT 

The number of basically different process configurations used for 
separations is rather small, and similar configurations arc often used for 
separations based upon quite different phenomena. There is considerable 
opportunity for reducing costs and widening the applicability of various 
separation methods by creating novel and improved process configurations. 

Maida& Fbed Beds Continuous 

A prime example of what can be accomplished is afforded by rotating-valve 
and related technologies, which allow fixed-bed adsorptive separations to be 
carried out in a continuous mode. As is shown in F"sgurc 5.4, feed and take-off 
points arc moved continually along a fixed bed at discrete time intervals, 
malcing the adsorption and desorption zones move continually along the bed. 
This innovative approach toward making the inherently batch fixed-bed contactor 
continuous has resulted in a proliferation of processing plants using the 
technique. As of 1984 there were 60 large industrial implementations of one 
form of this technology, covering six different types of separations for 
products as diverse as para-xylene crccursor of polyesters), linear paraffins 
(jet fuel), and high-fructose com syrup. 

A somewhat similar approach to making fixed beds more nearly continuous 
involves a multipipc, multivalve process, which advances the location of fixed 
beds along a flow sequence at discrete intervals of time. This approach has 
been used for years to manufacture instant coffee and is seeing expanded use 
for applications such as separations of fructose from glucose, as well as other 
separations of biologicals. Such a process has several degrees of freedom, 
which can be used advantageously for process improvement. Other innovations in 

- - - - - -
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equipment CODfiguratioD should be possible to aYOid solids transport, or to 
ac:hieve solids transport without attrition and axial mixiDg. Similarly, other 
innovations should be possible for implementiug chromatographic and adsorptive 
scparaticms on a large scale. In addition to equipment configurations that 
enable isolatiDg several products in a c:ontinuous operation, these can include 
the usc of multiple force fields, multiple separation principles, and multi
dimensional cascades. 

lnteraals of Coatlldon 

Recent advances in boundary layer and dispersion theory, and in fluid 
mechanics, should permit more rational design of such internal CODlponcnts as 
packing and distributors. Improvements in these components should lead to 

DESORBENT 

RV EXTRACT 

FEED 

RAFFINATE 

ftGVRE 5A Making P"med Bcda Continuous-The Sorbex Process: The illustratiOil &bows an 
imlovatiw approach to making a fiXed-bed separator, which i& inherently suitable Ollly for 
batdl operation, suitable for continuous operatiOil. A rotating valve (RV) control& the now of 
four liquid &treaJIII to an adlorbent chamber (AC) containing a fixed bed of ad&orbent material. 
Incoming &treaml of the feed mixture and a de&orbent specifiC to the de&ired product, and 
outaomg 11tream1 of the extract with the de&ired product and a raffinate containing other 
material&, are moved continually along the ad&orbent chamber at di&crete time interval&, thus 
mating the ad&orption and clelorptioll ZIOftel move continually along the chamber. 

(SOURCE: Norman N. Li, Allied-Signal CorporatiOil.) 
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reduced equipment size and process stream imcntorics. In addition, transient 
response times should be shortened, simplifying start-up and improviDg process 
control. One can expect increased mass transfer cflcc:tivencss and reduction of 
form drag. with a consequent increase in fluid handliDg capacity and less flow 
segregation in packed columns. It should also be possible to dccrcasc the dele
terious effects of surface-tension gradients in continuous countercurrent con
tactors, as has been achieved in large distillation columns through operation 
in a spray rather than a foam regime. Such modifications should both improve 
the performance of existing equipment and facilitate the development of novel 
configurations such as the Ia "HiGcc• contactor. (Sec •Centrifugal Distilla
tion• and F'JSUI'C S.S on pages 59 and 60.) Similar improvements arc to be 
expected in solid-fluid contactors by using cylindrical packing clements 
instead of randomly shaped granules. 

Another pervasive problem in many sorts of separation equipment is axial 
mixing, which reduces both the concentration-difference driving force for trans
port and the beneficial effects of countercurrent flow. Both these factors 
increase equipment size and cost, and can also lead to undesirably large flow 
rates and energy consumption. A promising recent approach for avoiding axial 
mixing in shown in F'lgW'e 5.6. Magnetic stabilization of fixed or expanded 
beds greatly reduces axial mixing without other deleterious effects. Nonsphcr
ical particles can be oriented preferentially in magnetic fields, offering 
additional avenues toward improved contactors. 

Contactors that provide high ratios of flow rates of countcrflowing streams 
arc particularly susceptible to axial mixing, since the high-flow stream tends 
to drag the lower-flow stream backward. There is a need for contactors that 
avoid this problem effectively, especially for air- and water-treatment 
applications where it is economically important to usc solvent flow rates that 
are much lower than the flow rate of the stream being treated. 

Overcomiq Capadty Umlts of Separatlll(l Agents 

In processes that usc solvents and other mass separating agents, the uptake 
capacity of the separating agent for the desired solute is often an important 
economic limit, necessitating high solvent circulation rates. In membrane 
processes one can usc the mass separating agent in the mode of a thin transport 
barrier, where the desirable separatory effect is obtained but the capacity 
limit of the agent is, in effect, avoided. Liquid membrane separations arc 
another promising approach of a different sort for overcoming the same capacity 
limits experienced with solvents in conventional liquid-liquid extraction 
modes. 

Other Opportunities 

As has been observed earlier, mineral flotation is a process much in need 
of better fundamental understanding and the resultant process improvements, and 
these needs include the configurational aspects of flotation. Flotation 
devices are typically large, well-mixed vessels. It should be posstolc to 
improve their effectiveness by designing them to acate axial concentration 
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CENTRIFUGAL DISTILLATION 

DlstUiatlon Is by far the most widely used separation process In the 
organic-chemical, petroleum, natural-gas, and allied Industries. This wide use 
has prompted the development of very large, highly efficient columns which can 
have diameters up to 30 feet or more and heights up to 200 feet or more. 

DlstRiatlon's energy profligacy has been extensively chronicled. Less 
well known Is the fact that Its capital costs (which derive primarily from the 
Investment In both the column and supporting equipment and facilities) are 
often as great or greater than Its energy costs. · Realization of this fact has 
caused one company, Imperial Chemical Industries (ICI) In the United Kingdom, 
to question whether a massive, vertically oriented cylinder containing either 
trays or packing represents the optimal geometry for distillation. Might a 
more compact structure offer significant Investment savings? From ICI's 
research has come •HIGee• technology, which radically shrinks the size of 
dlstUiatlon equipment. Figure 5.5 shows a schematic diagram of a HIGee 
•column.• 

The factors that cause conventional distillation columns to be so large are 
the need to promote Intense vapor-liquid phase mbdng and the need to disengage 
the two phases after that mixing. Typically these mixing and disengaging opera
tions occur many times In a column. The HIGee concept makes use of a high
gravitational field to increase the rate of both these operations, thereby 
reducing equipment size. The heart of the technology Is a donut- or annular
shaped drum or rotor filled with a proprietary mesh material. This rotor spins 
to produce an acceleration at the mean diameter of about 1 000 times the stan
dard gravitational acceleration. Liquid Is fed at the Inner surface of the 
rotor and passes outward; vapor Is fed at the outer surface and passes Inward, 
creating the desired countercurrent-contacting zone. The result Is Incredibly 
Intense and efficient phase contacting and phase separation. Volumetric
capacity reductions up to 1 000-fold over standard columns performing the same 
separations are claimed. 

This major size reduction comes with a penalty, however. That penalty Is 
the mechanical complexity of the device. Rotating equipment costs more per 
unit size than stationary equipment and also has a higher maintenance cost. A 
motor or turbine Is also required to drive the rotor. In addition, all of the 
other capital costs associated with a dlstUiatlon column for example, those 
deriving from the reboller, the condenser, the piping, the Instrumentation, the 
control-room allocation, the analyzers, and assorted other overheads remain 
essentially the same, and these costs are far from negligible compared to the 
capital costs of the column Itself. The result Is that the Investment
reduction picture Is somewhat clouded. In addition the HIGee technology does 
not save on energy costs. ' 

These facts have caused Industry to go slow In accepting HIGee technology, 
and It appears that the Initial applications wHI be those for which smallness 
Is a virtue In and of Itself, Irrespective of the column-Investment picture. 
An example Is a distillation that must be carried out on a drlling rig In the 
ocean. Here space Is at a premium, and a substantial Investment reduction In 
the rig can occur by using a HiGee device. A second example Is a distillation 
step In a modular plant -a plant constructed In one location In the form of 
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modules and then shipped to Its production sfte. In such a situation It might 
not be possible to build a large distillation column In a shippable module, and 
the use of a HIGee device might be the only practical way to overcome the 
problem. Here again the savings for the overall plant resulting from modular 
construction could be large irrespective of the relative Investments of HiGee 
and conventional columns. 

Having passed Its Initial technological testing, HiGee technology is now 

undergoing Its lnttial stages of economic testing. If the early applications 
can show that solid economic returns can be achieved and that mechanical 
problems are minimal, then we can expect to see a rapid Increase in the use of 
HiGee technology. And If this increase occurs, ft will constitute the most 
radical substitution of one separation technology for another in this century. 
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ftGURE � Mapetic: Stabilization of Moving Beds: A major problem of separatiOil schemes 
that rely Oil IIKWina beds of IOiids is shown ill [1]. Bllc:lt-mixillg of solids and bubble-bypassing 
impmr the effectivellCII of the system for achieving eff'acicnt separations. This problem can 
be avoided by claigni"' a fluidized bed of particle& that can be ltlbilizccl in a magnetic fJCid 
(2]. A magnetically stabilized bed chromatograph [3] can then be designed, with solids flowing 
ill a horizontal direction (11 showft ill the illustration) and a carrier fluid for the 
chromatograph introduced 11 the fluidization medium and flowi"' vertically through the bed. A 
multicompoaeDt feed is illjectecl COiltinuously ill a ZOilC at the bottom of the bed. The 
components have varyiDg adsorption/daorptioD characteristics with the bed solids. Wealdy 
adsorbed components [A] wiD come to the surface of the bed dele to the feed point, while 
stroft&ly ad&oJbed components [C, D) are transported dowllstream with the solids and mach the 
top of the bed at different pcllitions. Collection of the different components may be acheived 
by removi"' them at the bed surface at these different positions. 

[SOURCB: SepartJiitNI Science tJ1Id T«hnooogy, 19, 1984, m. Copyright (c) 1984 by 
Martel Deltlter, Inc. Used with permission.] 
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gradients, and possibly also by introducing the various feeds at different 
locations. 

F1ow through contacting equipment is most often carried out by using 
gravity as the motive force. Other types of contactors that do not rely upon 
gravity should be created. Such contactors would offer the possibility of 
reducing axial mixing, reducing equipment volumes and costs, and making 
economical separations that cannot be accomplished well by using gravity-driven 
flow. 

Another promising route for innOYation is the use of transient and oscil
latory modes of operation. These modes can stabilize flows (as in pulsed wash 
columns), can allow use of much smaller amounts of separating agent (as in the 
new •molecular gate• adsorptive process for separation of gases), and should 
make possible some separations that are not feasible with steady-state 
operation. 

Electrophoresis and other separation processes driven by electric fields 
have been considerably hampered by natural-convection mixing resulting from 
dissipation of ohmic heat. Membrane-moderated electrophoresis. or electro
decantation, is a way of coping with this problem on a moderate scale, but is 
limited to only two product streams. Better control of secondary flows and 
heat dissipation in electrophoretic separators may come from more sophisticated 
process modeling. Other means of dealing effectively with the heating problem 
are needed. 

The field-flow or polarization-chromatography class of separations (F"lpl'e 
5.1) has received considerable research over the last decade and now shows 
promise for expanding use in analytical and production-scale separations. 

Yet another configurational need is for ways of integrating separation 
synergistically with other processing steps. As. but one example, many 

High Flow Velocity 

Medium Flow 

Low 
Flow 
� A .. 

\.___ ComponJnt Layers / 
FIGURE 5.7 UlinJ Extel'llll Pieldl to Perform Separations: The illusttation shows a croa
section of a flow cbaDnel In a �eparatlon method known u field-flow fractionation or polariza
tion cbJOmatography. The field or padlent applied ac:rma the thicknea of tile challnel 
compreaea 10luta into layen of different thicknea, depending on how strongly they interact 
with the field. The thinner the layer, the llower ill progreu down the channel because of 
frictional drag near tile wall of tile cbaDnel. Zona A. 8, and C are, of coune, diffuse at the 
top and tile edps; thil r�pre lhows only the relative compreaion and ill effect on downstream 
motion. 

[SOURCE: Reprinted with permission from .Anlllytical Chemlslry, 53(11), 1981, 1174A. 
Copyright (c) 1981 by the American Chemical Society.] 
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fermentation reactions are product-inhibited. Accomplishing product removal 
directly in the fermentor can allow a higher rate of fermentation per unit 
fermentor volume. So far, the approaches to making this combination involve 
circulating large recycle flows through external extractors, membrane units, or 
adsorbers. More efficient synergisms should be possible, given the greater 
understanding that research will yield. 

Summiii'J Recommendation: Improved and novel separation equipment 
configurations should be sought. Goals include utilizing fixed beds 
in continuous processes, solving the problems of axial dispersion in 
separation equipment, developing contactors that rely on force fields 
other than gravity, utilizing transient and oscillating modes in 
separation equipment, and integrating separation operations with other 
process steps for greater efficiency. 

IMPROVING ENERGY EmCIENCY IN SEPARATION SYSTEMS 

In spite of recent downward trends in energy prices, these prices are still 
substantially higher than those of the early 1970s, and the long-term price 
trend will undoubtedly be upward. Since separation steps are among the largest 
energy consumers in many chemical processes, research aimed at reduction of 
energy use in separations is a aitical area for investigation. Several 
thrusts in this area can be highlighted. 

The first is heat integration or heat reuse. If the heat rejected in a 
distillation column condenser can be used to provide reboiler heat to a second 
column, the net heat requirement for the combination will dearly be reduced. 
Although such a scheme has been used for many years in multieffect evaporators, 
its use for complexes of stills and other separation processes is relatively 
limited. Conceptual methods for specifying optimal heat-integration arrange
ments are being developed, but much more needs to be done. For example, the 
use of side reboilers, side condensers, heat-pump cycles, sloppy cuts followed 
by precise cuts, and the feeding of reflux from one column to another 
constitute a partial list of relatively unexplored avenues for inaeasing heat 
integration. Tools for analyzing and specifying optimal process conflgUJ'ations 
for these operations are rare. 

Integration of heat flows between units inevitably causes process pertur
bations in one unit to affect the operation of another unit. Thus research on 
process control and process dynamics becomes vitally important in making heat 
integration practical. The process-control problem is not confmed to the 
maintenance of steady-state operation, however. Just as important is the 
problem of start-up and shutdown of a heat-integrated set of columns. Such 
operations should be carried out in such a way that a minimum of extra reboil
en and condensers is required, so that investment costs can be minimized. 
Effective modeling techniques are critical for an understanding of process 
dynamics and interactions. Opportunities can be identified for heat-integrat
ing different unit operations, such as distillation and extractive distilla
tion, and these should also be investigated. 

A second thrust is process substitution. Little research has been done to 
defme opportunities for economically replacing a high-energy-consumption 
process such as distillation with a lower-energy-consumption process such as 
solvent extraction or adsorption. Criteria are needed to identify situations 
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in which such substitutions could be economical and to identify which processes 
to substitute. 

A third thrust is process combination. In separations in which noaideal 
phases exist, a process such as distillation may require low energy inputs over 
part of the composition range, while OYer other parts either energy require
ments are high or the separation is impossible. Effecting the complete 
separation of ethanol and water is a classic example. Methods of combining 
distillation with either azeotropic or extractive distillation or adsorption 
have been investigated, but not in any systematic way with respect to optimal 
heat integration. Substantial reductions in energy use and nOYCl process 
combinations can be expected to emerge from fundamental studies in this area. 

A fourth thrust is low-energy methods for regeneration of mass separating 
agents. In processes like solvent extraction, extractive distillation, or 
adsorption, the principal energy consumption is nearly always for regeneration 
of the mass-separation agent. Methods of reducing this consumption by 
techniques such as staged pressure reduction, partial stripping of the agent, 
split-Dow and multiple-recycle designs, and use of multiple effects in the 
regeneration step are realistic possibilities awaiting fundamental studies to 
provide directions. 

SumiiUU")' Recommendation: At the systems leve� continued develop
ment of heat-integration and more efficient control strategies should 
be pursued. Research is needed on combinations of processes to reduce 
energy usage for a given separation and for the regeneration of mass
separating agents. 
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Needs of the Field 

EDUCATION IN SEPARATION SCIENCE AND TECHNOLOGY 

Education takes many forms. Education pertaining to separation science and 
technology should and will take place primarily in uuiversities, but not 
exclusively so. In addition to formal coursework, important aspects of 
education can also occur through: 

• collaborative research; 
• addressing current problems in practice; 
• fonnalized continuing education programs; 
• professional journals and meetings of professional societies; and in 

other ways. 
The universities have two important roles-codifying and communicating 

knowledge, and discoYering new knowledge. New knowledge comes primarily 
through research, many of the needs for which are discussed elsewhere in this 
report. In this section the focus is upon codification and communication of 
knowledge. 

The Present s15tem 

Many of the elements of separations are covered piecemeal in undergraduate 
courses in chemistry and chemical eagineering. and even though some elements 
are covered in a quite sophisticated fashion, an overall integrated view of the 
field is lacking. 

In chemistry, separation processes are usually considered in analytical 
chemistry courses. The emphasis, though. is heavily on chromatography and its 
instrumental aspects. In chemical eagineering. separations are covered in a 
course on unit operations, or a separations course emphasizing equipment design 
and analysis in processes such as distillation, absorption, and extraction. 
There has been virtually no effort to integrate or coordinate the analytical 
chemistry and chemical eagineering courses, one reason being that chemistry and 
chemical eagineering are almost always separated organizationally in university 
systems. While separations also appear in the curricula of biochemistry, 
metallurgical and nuclear eagineering. these are almost always addressed with 
little or no considerations that serve to unify separation problems or methods. 
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Crou·FertlllzadoD 

There is clearly a Deed for greater uaificatioa aacl design of iastructioa 
in separatioD scieace aad technology, aad for greatly eahanced aoss-fertiliza
tioD among disciplines. 

AD easy rccommendatioa could be to establish disciplinary or interdiscipli
nary degree programs in separation scieace aad technology. But the committee 
does not believe that this would be wise because of the likelihood that the 
resultaat breadth would also engender a shallowaess that would severely limit 
the capabilities of the graduates. 

Instead, the committee stroogly recommeDds that the educational process 
start with a firm grounding in oDe of the classical disciplines, such as chemis
try, chemical engineering. or biochemistry. These provide the intellectual 
tools aad mastery of general principles that the practitioaer in separation 
science aad technology must have in order to be effective. The aim, then, is 
to take persons well-versed in one or more classical disciplines aad to build 
bridges among them that will facilitate bringing multidisciplinary approaches 
to separatioa needs. 

One of the first aad most importaat activities should be curriculum develop
ment. AD interdisciplinary workshop should be coavened to focus oa the follow
ing needs: 

• describing the elements of separations now in the curricula of chemis
try, chemical engineering. aad related disciplines (e.g., biochemistry, Duclear 
engineering. aad metallurgy); 

• disc:ussiog meaas of developing a more integrated approach to separation 
science aad technology aad how these could be incorporated in various 
curricula. 

The workshop would be dedicated to outlining where curricula are now aad 
where they should be, aad would suggest practical meaas of getting from here to 
there. 

1be Classical DlldpUnes 

Chemical EqlDeerlq. The spectrum of employment for chemical engineer
ing graduates is (!hanging markedly. The chemical aad petroleum industries DO 
longer dominate the picture as they did in the past, although they remain impor
taat sources of employment. A wide variety of industries are starting to 
employ chemical engineers in significant numbers. These include, among others, 
the electronics, pharmaceutical, aad food-processing industries, as well as 
smaller firms dealing with eDvironmeDtal control, energy problems, instrumeDta
tion, aad a variety of other applications. 

As a result of this change, it is essential that the undergraduate chemical 
engineering curriculum CODtain a course dealing with geDeric aspects of separa
tions. A course of this sort oD separations can replace much of the traditioa
al unit operations course aad lesser portions of courses OD thermodyaamics aad 
transport pheDomena. Most of the classical unit operations are, in fact, sepa
ration processes (e.g., distillatioD, extractioD, evaporatioD, crystallization, 
aad drying). Distillatioa should be a constitueDt of such a course, but should 
receive less emphasis, siace maay of the areas of most curreDt interest (e.g., 
biotechnology, metals, aad minerals) require other kinds of separations. More 
of the separations based upoD chemical pheDomeaa should be brought into this 

Separation & Purification: Critical Needs and Opportunities

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/19188


NEEDS OF mE FIELD 67 

course. There should be a closer integration of the traasport-phenomena and 
equipment aspects of separatio.is with the underlyiag chemical factors that 
enable the separation in the first place. Aspects of phase equih"brium and 
chemical equilibrium have traditioaally been placed in courses on thermodynam
ics. There needs to be a more coordinated consideration of these topics in 
conjUDCtion with those separation methods that build upon those concepts. 

There is a need for more tcxts that are well suited to such courses, as 
well as for effective ezamples drawn &om different applications, many of them 
interdisciplinary in nature. 

Chemistry. Most analytical, physical, inorganic:, and biochemistry 
courses, cover, in one way or another, phase and chemical equih"brium, surface 
and colloid chemistry, electrochemistry, kinetics, acid-base and donor-ac:ccptor 
theories, precipitation, distillation, extraction, ion exchange, and their 
multistage counterparts in various types of chromatography. However, these 
courses do not, on the whole, satisfy the needs of an integrated understanding 
of the field of separations. The sort of insight into the fundamentals re
quired for a stroag presentation of separation aies out for active collabora
tion of chemical eagineers and chemists in the development of jointly adminis
tered courses and seminars devoted to separations. These can be elective 
courses available to students &om various backgrounds. 

Freshman chemistry introduces the student to a number of concepts that can 
be illustrated very effectively in the context of separations. These include 
ionization constants, pH effects, solubilities and solubility constants, and 
vapor pressure. Couching these concepts in the fonn of realistic: and meaniag
ful separation problems can be an effective way of both providing students with 
stimulatiag •reaJ iife• problems and introducing them to separations. 

Blololfeal Sdenc:es. With the advent of molec:ular biology, separations 
have become one of the most important tools of the biological scientist. Iso
lation and purification of biochemical molec:ular constituents has made it pos
sa"ble to elucidate biological processes on a fundamental basis. Also, produc
tion of useful primary and secondary metabolites or other valuable biological 
&actions for biomedical applications or for commodity chemic:als generally 
requires a significant concentration and purification process. 

Until recent years, there was little interest in developiag separation 
concepts for specific: use in the biological area. In most cases, tec:hniques 
developed for use in the physical sciences or process industries were simply 
adapted. More rec:ently, the biological scientists and practitioners have devel
oped innovative approaches specifically for bioscparations. Some of these are 
useful in solving other separation problems. 

Formal coursework in separation science is usually not available in biologi
cal schools or departments. Rather, the student in the biological sciences is 
frequently exposed to such concepts in practical laboratory courses or courses 
on instrumental methods. Specific: courses in bioscparations would be 
appropriate, especlally if the students were introduced to the fundamental 
concepts as well as the practical applications. In this respect, an emphasis 
on those separation methods especlally important to the biological sciences 
(e.g., chromatography, ccntrifugation, and electrophoresis) should be encour
aged. Joint courses with analytical chemists and chemical eagineers should be 
considered. 

Other Disciplines. Curricula in extractive metallurgy and nuclear 
eagineering contain instruction in those separation methods that have found 
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particular usc in the proceuing of ores, metals, nuclear feedstocks, isotopic 
mixtures, and fission products. Because of the complexity of these mixtures, 
many important past advances in separations have been made in these areas. In 
university instruction, though, the emphasis has understandably been on specif
ic applications, without much generalization to the basic concepts of separa
tion. Interdisciplinary courses and courses within c:hcmical cuginccriag and 
chemistry that stress generic aspects of separations should be particularly 
useful for spurring further innovations in these areas of application. 

Cross-disciplinary activities in separation science and technology should 
be encouraged and facilitated. These activities should build upon the training 
in classical disciplines outlined above. 

Interdisciplinary research itself provides an effective avenue toward cross
fertilization of ideas and concepts, and for providing a person trained in one 
discipline with some of the essential concepts of other disciplines. Important 
steps that could be taken to promote such activities include the following: 

• government programs which explicitly encourage cross-disciplinary 
research in separation science and technology, and 

• establishment and promotion of tec:hnical meetings and journals devoted 
to generic and interdisciplinary aspects of separation science and technology. 
The present organization of federal gOYCrnment research support docs little to 
encourage such interdisciplinary interaction. For example, within the National 
Science Foundation the Division of Chemistry and the Division of Chemical, 
Biochemical, and Thermal Enginccriag are budgeted separately, and there is 
little incentive for one division to fund research in the discipline of the 
other division, or for the two divisions to jointly fund a single project. We 
therefore urge a special initiative between these divisions that would target 
support to interdisciplinary research groups in separations having major and 
joint involvements of a chemist and a chemical engineer, a biochemist and a 
chemical engineer, and the like. Such an initiative could target profitably up 
to 25 percent of its funds to curriculum development. This initiative is 
described in more detail later in this chapter (see page 74). 

Universities should institute more cross-disciplinary elective courses 
relating to separations. These would not be intended to take the place of the 
core courses in the classical disciplines, disc:usscd above. In such courses, 
separations should again be addressed in generic fashion. These courses could 
very effectively bring multidisciplinary talents to bear on many of the generic 
needs and problems outlined in Chapter 5. Examples, a few from among many, 
include the design of improved sorbents and membranes, fractionation of 
proteins on a production scale, and solvent-extraction chemistry (including 
methods of regeneration). Another opportunity for such courses is to address 
questions of concern to society, such as the implications of purity constraints 
and how they should be devised and •How clean is clean?• for emuents. 

Expanding upon the suggestion made earlier, the interdisciplinary workshop 
convened on approaches to teac:hing separations could provide the basis for a 
national committee, which would also be interdisciplinary. This committee 
would recommend and develop curricular outlines and materials for unified, 
interdisciplinary courses at the advanced undergraduate and graduate levels, 
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and define topics, ezamples, and back-up material for usc in existing courses 
in chemistry, chemical engineerin& and other disciptines. 

Scope of 'l'bae Adlvltles 

Needs for and problems in separation science and technology are pervasive, 
with the result that the need for trained manpower is great. Teaching of separa
tions in universities should be virtually universal at the undergraduate level 

At the graduate lewl, the committee cousiders it a desirable goal to haw 
strong programs of research in separations at about half of the chemical 
engineering departments and half of the chemistry departments in universities 
nationwide. This is a considerable increase from the present level of 
activity. This implies also that support of separation research must be 
broadly distributed, rather than being concentrated into a few centers. 

Coatloulq Educadoa 

Continuing education can be both formal and informal In addition to 
actual courses, collaborative research and attendance at meetings of 
professional societies afford effective continuing education. Continuing 
education programs provide a good opportunity for persons with degrees in one 
discipline to learn concepts from another discipline. A joint ACS/AIChE 
Conference on Separation Science and Technology, proposed later in this report, 
would afford an opportunity for cross-disciplinary continuing education. 
Workshops on focused, practical problems at this conference or under the 
sponsorship of other bodies can generate concepts and ideas that set the stage 
for fundamental research. 

SuiDIDal")' Recommendations: University education in separation 
science and technology should continue to be firmly grounded upon 
degree programs in the classical disciplines, notably chemical 
engineering. chemistry, and the biological sciences. Within each of 
these disciplines the appropriate focus of separations should be on 
generic aspects. 

Within chemical engineering. a generic course on separations should 
replace the mass-transfer-operations portion of classical courses on 
unit operations, as well as smaller portions of existing courses on 
thennodynamics and transport phenomena. 

Cross-disciplinary perspectives can be developed through elective 
interdisciplinary courses and seminars that build upon education in 
the classical disciplines while dealing with generic aspects of 
separation science and technology. A national committee, following up 
on an interdisciplinary planning workshop, can provide definition for 
such courses, as well as for integration of separation concepts into 
existing courses. Graduate degrees in one discipline, following an 
undergraduate degree in a different discipline, afford another 
effective avenue to encouraging cross-disciplinary perspectives. 

The committee urges a joint initiative between the NSF Division of 
Chemistry and the NSF Division of Chemical, Biological, and Thermal 
Engineering to support cross-disciplinary research and education in 
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separation science and technology. Details of this proposal arc given 
in the section on federal agency programs (sec page 74). 

The committee supports the goal of having strong programs of 
teaching and research in separation science and technology at about 
half of the university departments nationwide, in both chemistry and 
chemical engineering. Federal support of research in this area must 
therefore be distributed broadly, rather than being concentrated at a 
few institutions. 

Continuing education affords a way to bring recent advances in 
separation science and technology into practice and to promote 
well-rounded skills and interdisciplinary research. 

EVALUATED DATA AND PREDICI'IVE MODELS 

Obviously the design, scale-up, and even the selection of industrial 
separation processes require data on physicochemical properties of the systems 
involved. The necessary data may involve either phase equih'bria, such as 
solubilities, or transport properties, such as diffusivitics. Data can be 
evaluated experimentally or predicted; often predictive models arc used to 
eld:end the range of available data. While much useful design information on 
separation processes can be developed from such data, equipment that simulates 
on a small scale a commercial separation process often can provide data that 
arc very valuable for scaling up to larger process equipment. What is 
ncc:cssary to improve the effectiveness of these diverse approaches to design of 
separation processes will be discussed briefly. 

There is a great deal of phase equilibrium data on many inorganic and some 
organic systems. However, even in a common system such as sodium carbonate
sodium bicarbonate-water, there arc significant gaps in the existing data, 
which need to be filled. Our predictive capability for equih'brium properties 
of liquid-liquid and liquid-solid systems is not as good as for vapor-liquid 
systems, so experimental evaluation will be ncc:cssary in many of these cases. 

In many simple organic systems the available data can be verified and 
eld:rapolated by the use of predictive models. Such models have been very 
succcssful in estimating vapor-liquid equilibrium (VLE) data, often for systems 
under conditions that would make experimental determination difficult. 
Accurate estimates also can be made of gas-phase diffusivitics under ordinary 
conditions. In these and similar instances the need is for extending an 
already considerable predictive capability to other and more complex systems, 
and to more emcmc conditions. 

Improving the acc:cssibility of available data certainly is desirable. Data 
bases that can be accessed by personal computcn would probably be the way to 
accomplish this goal. Chemical Abstracts Service may be in the best position 
to determine whether implementation of such a data service would be practical. 

The need in some cases is not for more data or better models per se, but 
rather for a more fundamental undentanding of what is occurring. For example, 
thermal diffusivity data are ordinarily measured relative to those for toluene, 
but the measured absolute values for toluene keep changing. Distillation tray 
efficiencies decrease drastically when applied to impurities present at 
part-per-million levels, a phenomenon that is well known but not well 
understood. Although gas-phase diffusivitics can be predicted accurately, 
diffusion of gases in miaoporous inorganic or polymeric systems docs not 
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follow Pick's Law and cannot be predicted weD. F'mally, in the c:ase of 
biochemical and biological systCms, we need to understand the behavior of 
proteins better before we can even teD what data are really necessary. 

Experimeatal measuremcats made in small equipment that simulates the perfor
mance of larger equipment have proven to be valuable for the scale-up of separa
tion proceues, Two CJUDples are the Oldenbaw column for distillation and the 
small siugle-plate test filter for filtration. Refined over many years, such 
test equipment baa proved COIWCDient and reliable for predicting the perfor
manc:e of proc:eu equipment that is larger by orders of magnitude. Development 
of comparable test equipment for other separation processes is reaDy needed 
and desenes a high priority. An CJUDple is in high-pressure liquid chroma
tography, where estimation of the parameters for scale-up is a problem. 

Some of the many suc:cessful applic:ation& of predictive models in separation 
processes have been mentioned already. VLE data, gas-phase and, less 
accurately, liquid-phase diffusivities, and solubilities of nonelectrolyte& are 
CJUDples where reliable estimates of parameters can be made. Refinement of 
existing methods for predicting some separation parameters deserves emphasis 
because they can be a highly effic:icnt use of separation research funds. An 
accurate and reliable predictive model can obviate the need for costly, 
euen&M experimental measurement of those properties that are aitical in 
separation proceues General models of separation processes are useful for 
scaling up from the laboratory or pilot plant to commercial equipment. Such 
models also permit more reliable design of control systems for separation 
processes, which are often a aitical factor in the performance of separation 
steps in a plant. 

It is apparent that the needs regarding separations data are complex, and 
supplyiag them efficiently will require more than a •measure more and predict 
better• approach. More detailed analyses of the most important needs in each 
area will be necessary, followed by a listing by priority of the best 
approaches to filling those needs. The National Bureau of Standards 
historically has sened as a source of precise, reliable, and consistent 
thermochemical and other data. The NBS would, therefore, be an appropriate 
agency to perform the anal,ses of needs and listing by priority of approaches 
outlined above. Major grants and contracts and lead agency work by other 
national laboratories are other routes. 

SUIIIIIIai'J Reeoauaeadatloa: Separation research, development, and 
design are often hampered by a lack of reliable physicochemical data. 
Acquiring. evaluating, and disseminating these data should be given 
higher priority by the federal agencies that are concerned with separa
tion research. The National Bureau of Standards is a logical focal 
point for coordinating the collection, evaluation, and dissemination 
of physicochemical data on separations. 

PROFESSIONAL SOCIETIES AND JOURNAlS 

The fragmentation of components of separation science and technology among 
classical disciplines has led, in turn, to a fragmentation of pertinent 
professional societies and journals. 

For CJUDple, sessions on separations are a component of the national 
programming of the American Institute of Chemical Engineers (AIChE). These 
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activities deal with individnal separation processes and applications, and do 
not emphasize either the generic aspects of separations or its ties with chemis
try. Within the American Chemical Society (ACS) there is a Subdivision of 
Separations Science and Technology in the Division of Industrial and Engineer
ing Chemistry. This is still a small activity that has relatiwly little par
ticipation from chemical engineers. Within the Division of Analytical Chemis
try of ACS there is a substantial amount of programming on chromatography, but 
it is not tied much with other implementations of separation phenomena. The 
American Institute of Miniag. Metallurgical and Petroleum Engineers regularly 
programs in areas related to separations, but with a nearly exclusive focus on 
particular applications. 

There are also various international meetings relating to specific types of 
separations and meetings devoted to specific applications. Example include the 
International Solvent Extraction Conferences, various Engineering Foundation 
Conferences, and the Conferences on Separation Science and Technology for Ener
gy Applic:ations sponsored by the Department of Energy and the Oak Ridge Nation
al Laboratory. 

Fmally, there is the Gordon Research Conference on Separation and Purifica
tion, which has been held annually for OYer 30 years. This conference has very 
successfuUy addressed current research across the entire field of separations, 
and has brought chemists and chemical engineers together effectively, as well 
as researchers from other disciplines. The conference includes no more than 
about 20 presentations, by virtue of its nature, and is of necessity limited to 
no more than about 130 participants. It, therefore, provides only a limited 
coverage of the field, to a limited audience. 

Thus, there are few meetings that cover both chemical and engineering 
aspec:ts of separations in general Because of the strong need for generic: 
research in separations and because of the inherently interdisciplinary dimen
sions of this activity, there is a need for a much larger interdisciplinary 
forum that covers separations in general. The committee does not beliaoe that 
this can be effectively achie\'ed within any one of the existing professional 
societies. Instead, the best format would be a Conference on Separation 
Science and Technology, jointly sponsored by the American Chemical Society and 
the American Institute of Chemical Engineers. This would be patterned after 
the very successful National Heat Transfer Conferences, sponsored by the AIChE 
and the American Society for Mechanical Engineers (ASME). The committee 
believes so strongly in the need for an integrated forum for communicating 
results of separations research that it would endorse the fonnation of a sep
arate professional society, modeled after the Combustion Institute, if coopera
tion between the ACS and AIChE were not forthcoming on a joint conference. 

Separation research is also fragmented among journals, appearing in the few 
journals specific to separations, in the general chemical engineering litera
ture, the analytical chemistry and chromatography literature, in some of the 
biological sciences literature, and in journals specific to partic:ular separa
tion methods. There is no lack of places to publish, but more focus on fewer 
media of publication would be highly desirable. Some pertinent journals are 
listed in Appendix A along with texts and reference books. 

Summary Recommendation: To stimulate more effective interchange 
of ideas, particularly between chemists and chemical engineers, the 
committee urges the initiation of a Conference on Separation Science 
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and Technology that would be a joint undertaking of both the American 
Iustitute of Chemical Engineen and the American Chemical Society. 
Such an undertaking would require a significant commitment by both 
professional societies, comparable to the cooperation between the 
AIChE and the ASME in organizing the National Heat Transfer Confer
ences. Faillug the establishment of such a joint conference, a new 
professional society should be formed along the lines of the Combus
tion Institute. 

FEDERAL SUPPORT OF SEPARATION RESEARCH 

73 

The support of research in separation science and technology is divided 
among a number of different agencies within the federal government. While 
there is strength in maintaining a diverse funding base, there are problems as 
well. With few exceptions, federal support of separations oc:curs within the 
conteu of mission-specific programs that emphasize particular applications, 
rather than generic research. 

In such an environment, cross-cutting research opportunities can be 
missed. One cogent example is the generic need for research on methods for 
recovering constituents selectively from often dilute, usually aqueous 
streams. This broad area accounts for the two highest priority research needs 
identified in Chapter 5, and is vitally important to three of the problem areas 
outlined in Chapter 4-selec:tive recovery of products from biosynthetic and 
pharmaceutical fermentation processes, prQCT.S!ling of leachates from low-grade 
mineral resources, and recycling of materials recovered from wastewater 
streams. There are no focused government programs of research addressing selec
tivity in separations or dilute-solution separations as a class, despite the 
clear need for fundamental research that would sene many different applica
tions. Such research arguably would have the highest potential for innova
tions. 

If the United States is to make effective and efficient progress on the key 
technological challenges outlined in Chapter 4, challenges that are crucial to 
our national well-being (e.g., a cleaner environment) as well as to our econom
ic competitiveness in world markets (e.g., commercializing biotechnology}, then 
a major change is needed in the way that investigaton conceive and defme 
research topics and in the ways that federal agencies plan and organize the 
support of separation research. The committee believes that its priority list 
of generic research needs (Chapter 5) provides the basis for rethinking the way 
in which separation research is carried out and supported. To recast the field 
and make progress on the most important research areas, though, will require a 
much larger "balanced portfolio• of federal funding. Such increased funding 
will enable federal agencies to stimulate work on generic research frontien 
and to recruit additional talent from the classical disciplines into separa
tions research. 

As background to the following section, Appendix B contains a description 
and analysis of existing federal programs in separations. 

Expanding and Strengthening Existing Generic Programs 

The nucleus of a national initiative for separation research can be found 
in two existing federal programs. They are the Separation Processes Program 
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(SPP) within the Division of Chemical, Biochemical, and Thermal Engineering 
(CBTE) of the Natioaal Sc:icacc FOUDdation (NSF), and the Program on Separations 
and Analysis within the Office of Energy Research of the Department of Energy 
(DOE). At present, both programs are too small to undertake the lead roles in 
the national effort that this committee envisions. The committee beliews that 
the research frontiers in separations are sufficiently promising that the NSF 
program can be sustained at more than twice its present size without 
sacrificing quality. Similarly, nonisotope separation research at DOE should 
be funded at least one-and-a-half times the present level of support. A 
multiyear pattem of budgetary growth to achieve these program levels is vital 
if the nation is to benefit from the promising research opportunities outlined 
in this report. In both cases, the increased programs should emphasize generic 
research and take steps to attract additional investigators into this field. 

The importance of separations and the intelledual promise of its generic 
research frontiers are such that it might be asked whether the NSF Separation 
Processes Program ought to be moved to the Division of Fundamental Research for 
Emerging and Critical Engineering Systems in the Engineering Directorate. The 
committee has considered this possibility in its deliberations. Although SPP 
fits several of the criteria for this Division well, the committee recommends 
that the expanded Separation Processes Program be retained in its entirety 
within the Division of Chemical, Biochemical, and Thermal Engineering. The 
reason for this recommendation is that the recommended increase is for generic 
and relatively fundamental research, which can tie closely with other CBTE 
activities in transport processes, chemical thermodynamics, and multipha&e and 
interfacial phenomena. 

Both the NSF and the DOE programs exist in larger organizations that fund 
basic research in chemistry as well as chemical engineering. These broader 
programs should stimulate more cross-disciplinary activity between the two 
disciplines in separations. The NSF Division of Chemistry and the NSF Division 
of Chemical, Biological, and Thermal Engineering can have a major impact on the 
field of separation research by jointly supporting medium-sized cross-disciplin
ary research collaborations in separations. The committee recommends an 
initiative that would target support to about 10 interdisciplinary research 
groups, at a level capable of supporting two to three co-principal investiga
tors-whose backgrounds would cut across disciplinary boundaries-and about 
five graduate students or postdoctoral scholars per group. This initiative can 
also target profitably up to 25 percent of its funds for curriculum development 
in separations, to the extent that high-quality proposals materialize in 
response to a solicitation. 

Even in a time of constrained budgets, this committee believes that 
sustained p-ogram growth in the NSF Separations Proceases Program and the DOE 
Separations and Analysis Program, and the new joint program initiative proposed 
for NSF, represent wise investments in high-leverage research opportunities. 

Support b7 NIH for Fundamental Raearch In Bloseparatlou 

The National Institutes of Health (NIH) have an important stake in address
ing many of the more fundamental generic research priorities outlined in this 
report. Better separations are needed to isolate increasingly complex bio
active substances, and incorporating biological activity into separation 
processes promises to result in major advances. How can NIH and the research 
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commODity best address the promisiDg opportuDities in the area of fundamental 
bio&eparatioas research? 

· 

W'ltbin NIH, the National Institute of General Medical Sciences (NIGMS) is 
probably the most appropriate "home• for bioseparatioas research with a generic 
and fundamental foc:us. The committee stroDgly recommends that the funding for 
NIGMS be increased to allow it to explore research opportuDities in biosepara
tioas without detriment to its existing program of research support in other 
areas. A new thrust in bioseparatioas ought to be large enough to attract 
high-quality proposals and to allow for a realistic eumination of its ac:c:om
plishments CMr a period of years. A funding level sufficient to enable 15 to 
20 new starts annually, at an average level of $150,000 per grant, is needed to 
allow this new thrust to be successful. 

The separation research community is relatively unfamiliar with the 
structure and processes of NIH. If a bioseparatioas program is to attract 
high-quality proposals, the research community and NIH will need to work 
together to educate potential applicants about NIH and to promote communication 
on the c:ontributioas that separation research c:an make to NIH's health-related 
missioas. Giving a specific: program officer respoast"bility for this endeavor 
is probably in order. This committee stands ready to assist in this process by 
organizing workshops at professional meetiap on these topics, and by serving 
as a resource to NIH, if needed, in identifying appropriate reviewers for 
proposals and/or members for a special study section. 

This recommended new activity for NIGMS in fundamental aspects of 
bio&eparatioas research should not imply less support for, or an alternative 
to, the programs of more applied, but still generic:, research in bioprocessing 
separatioas (e.g., DOE-ECUT) desc:ribed later in this section. 

A Crltleal Role for tbe Natloaal Bureau of Staadards 

The special need for evaluated data and predic:tiw models for separatioas 
has already been noted in this chapter. This committee believes that the 
eWing program in separatioas at the National Bureau of Standards is a 
logical focal point for coordinating the collection, evaluation, and 
dissemination of physicochemical data on separations, as well as for 
dcwlopment of needed methods of measurement in complex separation systems, 
such as multiphase dispenioas. In order to allow NBS to begin to play an 
important role in this area, an increase of about 10 percent in the resources 
available to the Center for Chemical Engineering c:an profitably be targeted 
towards separation research over the next few years. This will approximately 
double the present level of activity in the area of separatioas. 

•Applied• Federal PfG8nms In Sepantlou 

Department of Ene1'17. In addition to its Separations and Analysis 
Program in the Office of Basic Energy Sciences, the Department of Energy 
supports research on separatioas within two programs under the Assistant 
Secretary for Conservation and Renewable Energy and an additional program in 
the Office of Energy Research. 

One of these three programs, in the Office of Industrial Programs, funds 
research on industrial innoYatioas in separatioas that could lead to substan
tial energy savings. Much of this work has been directed toward specific 
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methods and specific applications. In recent � this program has moved 
towards supportiDg research of a more generic: nature. The committee supports 
this change in emphasis, and sees an opportuDity for this program to assume a 
valuable role in facilitatiug technology transfer betw=n the performers of 
basic research funded by NSF, NIH, and the DOE Office of Energy Research, on 
the one hand, and potential industry users of technologies based on this basic 
research, on the other hand. One way of doing this would be for OIP to 
organize a series of workshops that would bring together users and basic 
researchers to discuss the potential applic:ability of advanc:es in separations 
research. These workshops might weD identify areas where OIP should fund 
generic applied research to further develop new c:oncepts and processes for 
separations that haw advanced beyond the stage appropriate for sponsorship by 
basic research agencies, but are not � at the stage where industry will c:arry 
forward. These two new ac:tivities should logic:ally be supported through an 
inc:reasecl budget. 

The committee also encourages further development of the generic: separa
tions aspects of the research program on bioprocessing and biocatalysis that 
exists within the program on Energy Conwrsion and Utilization Technologies 
(ECUT) of the Office of Energy Utilization. The dewlopment of methods for 
production of organic chemicals, solwnts, pharmaceutic:al products, and liquid 
fuels from biomass resources involws separations that are dominated by energy 
requirements resultiug from the dilute-solution problem and from needs to frac
tionate among chemic:ally similar substances. This recommendation is supportive 
of a recommendation made recently by another committee of the National Research 
Council, the Committee on Bioprocessing for the Energy-Efficient Production of 
Chemicals, chaired by Dr. George T. Tsao. Their report1 has recommended 
$10 million of additional support for bioprocessing ac:tivities in the ECUT 
program. One of the principal areas of bioprocessing recommended for emphasis 
in the "Tsao Report• is separations. 

It would also be most appropriate for this same office to create a separate 
program on generic aspects of energy-intensiw separations. 

The third applied DOE separation program, in the Office of Health and 
Enviromnental Research (OHER), supports research on separations associated with 
instrumental and monitoring techniques relating directly to environmental and 
health needs. Although we see the primary expansion of research on health
related areas occurring within the National Institutes of Health, the OHER 
program occupies an important niche. It should be augmented to support three 
or four additional research groups in separations. If a typic:al research group 
includes two graduate students and a postdoctoral researcher, the awrage grant 
size would be about $150,000 per year. 

Bureau of Mines. Within the Department of the Interior, the Bureau of 
Mines funds a substantial amount of research on hydrometallurgic:al separation 
processes. This research is carried out in in-house laboratories. The current 
depressed state of the U.S. minerals industry, typified by diminished research 
efforts within industrial laboratories and, in some cases, wholesale termina
tion of research operations, has resulted in bleak prospects for the employment 
of new researchers in this area. At the same time, the U.S. cannot afford to 
lose a professional generation of research personnel in an area that would be 
of critic:al importance if foreign supplies of certain metals were interrupted. 
The committee recommends that the Bureau fund a modest number of 1Jiliwrsity-
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based Centers of Elu:ellence in Separation Research related to minerals and 
metals. The research in these centen should explicitly focus on generic 
themes, to stimulate fresh ideas and iusights in metals-related separations, to 
allow for technology transfer of separation concepts among research groups in 
ac:ademe, to facilitate exchange of ideas with researchen in other areas of 
separations, and to train a new generation of research scientists and engineers 
flexible enough either to move into a revitalized minerals industry or to find 
employment in the broader sector of process industries. 

EavlroDJHntal Protection ApDCJ. A focus on generic separations 
research would help a number of other federal agencies achiew their missions 
more effectively. Within the realm of environmental protection, there are 
numerous aitic:al separation problems. These include separations of dioxins 
from soils and decontamination of toxic-waste sites. GWen the central impor
tance of separations to environmental control and improvement, it would be 
appropriate for the EPA Office of Exploratory Research to dewlop a focused 
attention to separations; this currently does not exist. Separations in the 
processing of dilute solutions and analytic:al separations would be two obvious 
components of an enhanced generic program at EPA. 

Department of Agriculture. There are opportunities for generic 
research in separations relevant to the mission of the Department of Agricul
ture, both in the regional laboratories and in the small program of peer
reviewed, external grants. Substantial research on separations for food pro
cessing existed at one time in USDA; it has virtually disappeared with the 
shift in emphasis away from post-harvest technology. 

Department of Defense. Finally, the amount of basic research on 
separations sponsored by the Department of Defense is far less than corresponds 
to the potential contribution of this research to national defense interests. 
This contribution could result in better methods for sequestering and treating 
hazardous materials, manufacturing processes to produce more stable pharma
ceutic:als for use in the field, improved food concentration and dehydration, 
and enhanced production of large, defect-free crystals of ultrapure materials 
for new electronic technologies. 

INDUSTRIAL SUPPORT OF SEPARATION RESEARCH 

There is, and should be, a substantial amount of funding of research and 
dewlopment in various industries, pertaining to separations as weD as some 
industrial funding of UDWenity research on separations. Of necessity, these 
projects are highly application-specific and often have proprietary elements. 
Industrial research efforts should continue and be facilitated, but they cannot 
be expected to shoulder a significant portion of the more fundamental, generic 
research efforts that are the principal recommendation of this report. Support 
of generic research must fall to the federal government. 

While industrial funding cannot assume a major burden of support for 
generic research in separations, it is still important to facilitate joint 
university-industry efforts, through government funding and other enabling 
activities. Industrial consortia can be valuable, and should be encouraged. 
The Industry-University Cooperative Research Program of the National Science 
Foundation has played a valuable role, with separations being among the many 
areas that have received partial support. 
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DISCUSSION 

Although they address research needs and opportuDities from the focused 
viewpoint of generic research in separatioaa, the rec:ommenclcd budget increases 
in the previous sec:tion are coasisteDt with, ud supJJCJdiw of, rec:ommend•tions 
that haw been made in other recent reports &om committees of the NatiODal 
Research Council. 

The Committee to Suncy Opportunities in Chemistry has identified fields of 
opportunity, national needs, ud iDtellec:tual chaJJenges spread aaoss the 
field of c:hemistry. The report from this c:ommittee, OppoltUnitiu in 
Chemistry, 2 has noted the importance of separations for rec:owry ud 
processing of strategic: metals and nuclear fuels, as well as for separation of 
fission produc:ts (pp. 224-246), for fractionation and preconcentration in 
analytic:al chemistry (p. 2S2; pp. 271-276), for isolation of bioactiw mole
c:ules (pp. 1.20-121), ud for cleu-up of wastewaters and ground water (pp. 206-
208). At sewral poiDts in this report (e.g., pp. 84-86) the importanc:e of 
gaining selec:tivity in organic: synthesis is undersc:ored. The same awnues of 
chemoselectivity ud stereoselec:tivity underlie the dewlopment of selec:tiw 
separating ageDts, one of our principal recommendations. The difference is 
that, for selec:tive separation, reversibility-and therefore weak bond 
strength-are also importut c:onsiderations. 

Among the iDtellec:tual challenges noted in OppottunitiG in Chemistry 
are understuding solution chemistry on the most fundamental lew� so as to 
enable advanc:es in those methods of separation that receiw or involw liquid 
solutions (pp. 258-2S9), ud understuding the chemic:al nature of adsorption 
ud co-adsorption at solid surfac:es (pp. 243-245), which is u importut awnue 
toward imprcm:d adsorption processes for separations. 

Opportunities in Chemistry recommends that the budgets for basic: 
chemic:al research at the National Science Foundation and the DepartmeDt of 
Energy be inaeased by facton of 2 and 2.5, respec:tiwly, ewer the next few 
yean. The rec:ommendations of the Committee on Separation Science ud 
Tec:hnology for separation research funding are fully c:onsistent with these 
rec:ommendations. 

Separation processes and reaction engineering are usually rec:ogni:rcd as the 
main areas that distinguish chemic:al engineering from other forms of engineer
ing. As such, they haw long been recogaized as c:entral c:ore c:omponents of 
chemic:al engineering. The Committee on Chemic:al Engineering Frontien: 
Research Needs ud Opportunities (under the Board on Chemic:al Scienc:es ud 
Tec:hnology, NatiODal Research Council) is c:urrently suneying the broad field 
of chemic:al engineering. Although no report has yet been issued, one c:u be 
c:onfident that a number of c:ritic:al needs ud opportunities relating to 
separations will be ideDtified. 

CONCWSION 

The importance ud pervasMness of separations throughout the U.S. ec:onomy 
indic:ate that a federal program of generic: research, structured along the 
priorities rec:ommended by this c:ommittee, c:ould haw signific:aDt benefits to 
our ec:onomic: c:ompetitiwness. Although the nation is faced with a budgetary 
c:risis of c:onsiderable magnitude, its need to address separation problems, both 
to meet pressing national needs and to maintain international c:ompetitiwness 
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in high-technology markets, is too great to postpone the exploitation of 
opportunities afforded by separation research to the indefinite future. A 
timely response is required if these opportuDities are not to slip from our 
grasp. 
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General References to the Literature 
of Separations 

BOOKS ON SEPARATIONS IN GENERAL 

E.W. Berg. Physical and Chemical Methods of Separation. New York: McGraw
Hill, 1963. 

EJ. Healey and J.D. Seader, Equilibrium Stage Operations in Chemical 
EagineeriDg. New York: John W"dey and Sons, 1981. 

B.L Karger, L.R. Snyder, and C. Horvath, An Introduction to Separation 
Science. New York: John W"dey and Sons, 1973. 

CJ. King, Separation Processes, 2nd ed. New York: McGraw-HiD, 1980. 

N.N. Li, Ed., Recent Dewlopments in Separation Science, multiple volumes. 
New York: CRC Press, 1972 and subsequent. 

J.M. Miller, Separation Methods in Chemical Analysis. New York: John Wiley 
and Sons, 1975. 

J. Minczewski, et al., Separation and Prcc:oncentration Methods in Inorganic 
Trace Analysis. New York: John W"dey and Sons, 1982. 

R.W. Rousseau, Handbook ofSeparation Process Tcc:hnology. New York: W"dey
lnterscience, 1986. 

P.A. Schweitzer, Handbook of Separation Techniques for Chemical Engineers. 
New York: McGraw-HiD, 1979. 

A. Weiasbergcr and E.S. Perry, Eds., Techniques of Chemistry: Separation and 
Purification. (Techniques of Chemistry Series, VoL 12.) New York: John 
W"dey and Sons, 1978. 

FJ. Wolf, Separation Methods in Organic Chemistry and Biochemistry. New 
York: Academic Press, 1969. 

R.S. YoUD& Separation Procedures in Inorganic Analysis. Bucks, England: 
Charles Griffin and Company, Ltd., 1980. New York: W"dey-Halsted, 1980. 

83 

Separation & Purification: Critical Needs and Opportunities

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/19188


GENERAL REFERENCES 

BOOKS ON SPECIFIC SEPARATION 'IECHNIQUES 

G. Astarita, D.W. Savage, and A. Bisio, Gas Treating with Chemical Soheats. 
New York: W"Jley-Interscience, 1983. 

J.C. Giddings, E. Grushka, J. Cazes, and P.R. Browu, Eds., Advanc:es in 
Chromatography, multiple volumes. New York: Marcel Dekker, 1965 and 
subsequent. 

C. Hanson, T.C. Lo, and M.HJ. Baird, Eds., Solvent Extraction Handbook. New 
York: John W"Jley and Sons, 1983. 

F. Helfferich, Ion &change. New York: McGraw-HiD, 1962. 

C.D. Holland, Fundamentals of Multicomponent Distillation. New York: McGraw
Hill, 1981. 

A. Kohl and F.C. Riesenfeld, Gas Purification, 4th ed. Houston: Gulf 
Publishing, 1985. 

R. Lemlich, Adsorptive Bubble Separation Techniques. Orlando: Academic: 
. Press, 1972. 

J .A. Marinsky and Y. Marcus, Eds., Ion E"change and Solvent &traction, 
multiple volumes. New York: Marcel Dekker, 1966 and subsequent. 

A.S. Mujumdar, Ed., Advances in Drying. multiple volumes. New York: 
Hemisphere Publishing. 1980 and subsequent. 

Proceedings of the International Solvent &traction Conferences (ISEC). 
Proceedin&J � published for ISEC '77, ISEC ·� tmd ISEC '83 U1'Uier the 
following titles: 

Proceedinp of the International Solvent &traction Conference (ISEC 71). 
OM Special Volume 21. (Two volumes) Montreal: Canadian Institute of 
Mining and Metallurgy, 1911. 

Proceedinp of the International Solvent Extraction Conference - 1980. 
Liege, Belgium: Universite de l'Etat de Liege, 1980. 

International Solvent &traction Conference, Denver, Colorado, August 26 to 
September 2, 1983. Proceedings. (Selected papers) AIChE Symposium Series 
No. 238. New York: American Institute of Chemical Engineers, 1983. 

Proceedin&J of ISEC '86 will be published by the Deutsche Gesellscluift 
fur chemisches Appalrllewesen e.V. (DECHEMA.), F1'flllk/wt, F.R.G. 

G.M. Ritcey and A.W. Ashbrook, Solvent Extraction: Principles and Applications 
to Process Metallurgy, Parts I and U. New York: Elsevier, 1983, 1984. 
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D.M. Ruthven, Principles of Adsorption and Adsorption Processes. New York: 
John Wiley and Sons, 1984. 

CLOSELY RELATED BOOKS 

M. Benedict, T.H. Pigford, and H.W. Levi, Nuclear Chemical Engineering, 3rd 
ed. New York: McGraw-Hill, 1981. 

R.B. Bird, W.E. Stewart, and E.N. Lightfoot, Jr., Transport Phenomena. New 
York: John W'dey and Sons, 1960. 

Kirk-Othmer Encyclopedia of Chemical Technology, 3rd ed. New York: W'dey
lnterscience, 1978-1984. 

A.L Lydersen, Mass Transfer in Engineering Practice, New York: John Wiley 
and Sons, 1984. 

R.H. Perry and D. Green, Eds., Perry's Chemical Engineers' Handbook, 6th eel. 
New York: McGraw-Hill, 1984. 

T.K. Sherwood, R.L Pigford, and C.R. Wilke, Mass Transfer. New York: McGraw
Hill, 1975. 

JOURNAlS ON SEPARATIONS IN GENERAL 

Journal of Separation Process Technology. London: Childwall University 
Press. 

Separation and Purification Methods. New York: Marcel Dekker Journals. 

Separation Science and Technology. New York: Marcel Dekker Journals. 

JOURNAlS ON SPECIFIC SEPARATION TECHNIQUES 

Adsorption and Ion Exchange (AIChE Symposium Series). New York: American 
Institute of Chemical Engineers. 

Drying Technology. New York: Marcel Dekker Journals. 

Journal of . Chromatographic Science. Niles, Ill.: Preston Publications, 
Inc. 

Joumal of Chromatography. Amsterdam: Elsevier Scientific Publishing Co. 

Membrane Science and Desalination (incorporating Journal of Membrane 
Science). Amsterdam: Elsevier Scientific Publishing Co. 

Separation & Purification: Critical Needs and Opportunities

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/19188


86 GENERAL REFERENCES 

Solvent Extraction IIIUl lon Exdumge. New York: Marcel Dekker Journals. 

RELATED JOURNALS 

AIChE Joumtll. New York: American Institute of Chemical Eagjnccrs. 

Analytic11 Chimic11 Act11. Amsterdam: Elsevier Scientific: Publishing Co. 

Analytictll Biochemistly. Orlando: Academic: Press. 

Anlllytictll Chemistly. Washington, D.C.: American Chemical Society. 

Biotechnology Progress. New York: American Institute of Chemical 
Eagjnccrs. 

Ctubon. Elmsford, N.Y.: Pergamon Press. 

Chemic11l Engineering Joumtll. Lausanne: Elsevier Sequoia S.A. 

Chemictll Engineering Science. Elmsford, N.Y.: Pergamon Press. 

Environmentlll Science 11nd Technology. Washington, D.C. : American 
Chemical Society. 

Hydroclllbon Processing. Houston: Gulf Publishing Co. 

Hydromettllhugy. Amsterdam: Elsevier Scientific: Publishing Co. 

lndustrltll ��nd Engineering Chemistly ReseiiiCh. Washington, D.C.: American 
Chemical Society. 

Polyhedron (incorporating Joumtll of lnorg��nic 11nd NucleiiT Chemistry). 
Elmsford, N.Y.: Pergamon Press. 

Re11ctlve Polymers, Ion Exch11ngers, Sorbents . Amsterdam: Elsevier 
Scientific: Publishing Co. 

Ttll��ntll. Elmsford, N.Y.: Pergamon Press. 
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Appendix B 

Federal Programs Supporting 

Separation Research 

Separation science and technology is a broad, multidisciplinary area of 
vital importance to major aatioaal and societal needs. It is not surprising, 
then, that research in this field is supported by a number of federal agencies 
and programs. 

The purpose of this appendix is to dcsc:ribc the general scope and interests 
of the current federal programs supporting separation research, both to provide 
detailed baclcground for the comments made in Chapter 6 regarding these pro
grams, and to provide the researcher interested in exploiting the research 
opportunities described in this report with a guide to programs where funding 
may be found. 

Of course, the comments in this section arc coastrained by the general 
uncertainty regarding federal budgets for research in a time of budgetary 
stress. The dcscriptioas that follow attempt to portray these federal programs 
as they existed in fiscal year 1985. 

NATIONAL SCIENCE FOUNDATION 

The focus for fundamental separation research within the National Science 
Foundation is the Separation Processes Program (SPP) in the Division of 
Chemical, Biochemical, and Thermal Engineering. This program was created in 
1982, and has a coasistent history of budgetary growth. In FY 85, the program 
stood at $3.15 million and funded about 25 percent of the proposals received. 
Some examples of research areas supported by the program include membrane 
technology, adsorption, ion exchange, chromatography, extraction, distillation, 
and various novel separatioas. As part of the recent reorganization of the NSF 
Engineering Directorate, some topics in minerals processing, such as flotation, 
c:amc under the aegis of SPP in FY 85. This reorganization also resulted in the 
establishment of a Division of Critical and Emerging Systems, containing a 
program on biotechnology. This program was funded for FY 85 at nearly $2.0 
million, and included some activities related to separatioas. 

Within the NSF Division of Chemistry, the Chemical Analysis Program funds 
separation research related primarily to chromatography. Its effort in this 
area approached $1.8 million in FY 85, approximately 16 percent of the 
program's budget. 
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DEPARTMENT OF ENERGY 

There is substantial support for separation research in many of the mission 
areas of the Department of Energy including the large applied programs that are 
responsible for fossil energy, solar energy, and nuclear energy. More 
fundamental and generic research in separations is also supported by at least 
four administrative units. Two of these are in the Office of Energy Research 
and are administered by the Division of Chemical Sciences within the Office of 
Basic Energy Sciences and by the Division of Physical and Technological 
Research within the Office of Health and Environmental Research. The other two 
are under the Assistant Secretary for Conservation and Renewable Energy, in the 
Office of Industrial Programs and the Office of Energy Utilization Research. 

OIDce or Basic Energy Sciences 

The Separation and Analysis Program within the Division of Chemical 
Sciences of the Office of Basic Energy Sciences had a budget in FY 85 of 
approximately $12 million. Of this amount, separation research, including 
isotope separation projects, totalled approximately $7 million. Isotope 
separation projects accounted for $13 million. One notable aspect of this 
program is the large fraction of support going to projects at the National 
Laboratories and other large contractors (for example, Mound Laboratories of 
Monsanto Research Corporation). These account for over $4.5 million of the $7 
million total. The overall budget for this program is fairly stable, and about 
20 percent of proposals received are funded. 

The basic themes of this program mirror the concerns of DOE, including 
chemical analysis, isolation, and preparation of stable and radioactive 
isotopes, hydrometallurgical processes and techniques (especially related to 
the nuclear fuel cycle}, and separations of hydrocarbons. The separations 
program at academic institutions (about 25 research groups are supported) also 
includes a number of investigations of novel separation concepts. 

OIDce or Health and Environmental Research 

The Division of Physical and Technological Research under the Office of 
Health and Environmental Research supports the mission of that office with 
research in a variety of applied areas. This includes separation research, 
especially that associated with instrumental methods and monitoring 
techniques. There has also been support for the development of separation 
technology for the recovery and purification of biological research materials. 

OIDce or Industrial Prop-ams 

Another major DOE separation program is located in the Office of Industrial 
Programs under the Assistant Secretary for Conservation and Renewable Energy. 
This program funds research on innovations in industrial separations that could 
lead to substantial energy savings; its budget was between $1.0 and 1.5 million 
in FY 85 and has been fairly stable in the past few years. It is estimated 
that 30 to 40 percent of the projects funded by the program are carried out in 
universities. Research areas supported included indirect freeze concentration 
emphasizing applications in the food and paper industries, membrane research 
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foc:used on petrochemical, food, and brine applications, and chemical and 
physical analyses of liquors from the manufacture of pulp and paper. 

This work is of a different character than that supported by the DOE Office 
of Energy Research, stressing innovations in specific processing methods that 
might lead to patents and be taken over directly by industry, if the research 
is successful. It is probable that some projects of high risk but of potential 
high energy savings would not be started in industry without impetus from this 
DOE program. 

omc:e or Energy Utilization Research 

This office, also under the Assistant Secretary for Conservation and 
Renewable Energy, is about five years old. Within it is a bioc:atalysis 
program, funded for FY 8S at the level of $2.5-3.0 million per year. The 
program emphasizes research on the selectivity of biological catalysts (e.g., 
enzymes) and on separation methods for bioproducts, notably those commodity 
chemicals for which energy costs for separation would be a substantial fraction 
of product value. These activities address research needs and opportunities 
for bioproccssing, including generating improved selectivity and processing of 
dilute solutions. 

BUREAU OF MINES 

The Bureau of Mines of the Department of the Interior carries out research 
directed at the specific processing needs of the minerals industry. Separation 
research is funded primarily by the Extractive Metallurgy Technology Division 
and the Materials and Recycling Technology Division in the Minerals and 
Materials Research Program. This research is almost entirely in-house at six 
research centers: Albany Research Center, Oregon; Avondale Research Center, 
Maryland; Reno Research Center, Nevada; Rolla Research Center, Missouri; Salt 
Lake City Research Center, Utah; and Tuscaloosa Research Center, Alabama. Both 
generic research and commodity-specific research are conducted, with the goal 
of improving existing metallurgical processes. A significant amount of 
research in hydrometallugical processes is supported. 

The size and scope of separation research at the Bureau of Mines has been 
declining over the past few years. Extramural grants to research groups in 
universities arc no longer made, and the Extractive Metallurgy Technology 
Division received a 25 percent cut in its FY 86 budget, from $17.5 million to 
$13.5 million. The Mineral Institutes Program, which supported interactions 
between the BOM and universities in a number of areas, including comminution, 
is being phased out in FY 86. The FY 8S funding level for this program was $9 
million. 

NATIONAL BUREAU OF STANDARDS 

The National Bureau of Standards (NBS) established a Center for Chemical 
Engineering at its laboratories in Boulder, Colorado, and Gaithersburg, Mary
land, in 1981. Within the Division of Chemical Engineering Sciences of the 
Center, NBS has begun an in-house program on separation processes. The new 
separation activity in NBS is a small program (a budget of approximately 
$1 million and 8 fTE professional staff in FY 8S) and focuses primarily on 
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facilitated-transport membranes and emulsion liquid membranes. It is branching 
into measurement and property-determination needs for bioseparations of 
proteins and similar complex molecules. 

NATIONAL INSTmJTES OF HEALTH 

The National Institutes of Health (NIH) fund a number of projects related 
to basic separation research in the National Institute of General Medical 
Sciences. This Institute has recently taken greater interest in supporting 
research related to process engineering for biotechnology. While there appears 
to be only a small amount of NIH research directed towards separations now, 
this amount will probably increase in the future. 

DEPARTMENT OF AGRICULTURE 

The extramural research activities supported by the USDA are carried out by 
three mechanisms: the Cooperative State Research Services, a program of Special 
Competitive Grants, and a Competitive Grants Program. It is difficult to 
determine if any separation research is supported by these programs. The USDA 
also sponsors a considerable amount of research through the Agricultural 
Research Service (ARS}. Almost all of this research is conduded in-house, 
though the ARS funds some research at universities under cooperative agreements 
with USDA laboratories. Within ARS, some separation research is carried out at 
the Eastern Regional Laboratory in Philadelphia. Overall, with the redirection 
of USDA research efforts in the past several years toward pre-harvest 
teclmology and energy problems associated with agriculture, the activity of 
USDA in food processing research and relevant separations has become much less. 

PRIVATE SOURCES OF SUPPORT FOR SEPARATION RESEARCH 

While this appendix has focused on federal sponsorship of separation 
research, it should be noted that the Gas Research Institute and the Eledric 
Power Research Institute also support research in this area. Within EPRI, 
support for separation research is spread over several programs, with about 
$350,000 of support from the EPRI's Industrial Programs office over the last 3 
years. Most of this research is in processes and applications development 
including applications of heat pump technology to separations, a major effort 
in freeze concentration, membrane research, and eledrolytic separations. 

CONCLUSION 

A summary table for federally sponsored separation research is shown 
below. Two charaderistics of these data stand out-the relatively small size 
of the U.S. effort in separation research, compared to the importance of 
separations for U.S. industrial competitiveness, and the small percentage of 
existing funds going to study the fundamental science of separation processes. 
Aside from the small NSF programs and the program in the DOE Office of Basic 
Energy Sciences, most separation research programs focus on specific 
applications, rather than on understanding generic phenomena. This point is 
discussed in more detail in the section on "Federal Support of Research in 
Separation Science and Technology" in Chapter 6. 

Separation & Purification: Critical Needs and Opportunities

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/19188


FEDERAL PROGRAMS IN SEPARATIONS 

TABLE B.1 Summary of Federal Support for Separation Research 

Natloaal SdeDce Foundatloa 

Separation Processes Program 
Chemical Analysis Program 

Office of Basic Energy Sciences 
Office of Industrial Programs 

Natloaal Bureau of Staadanb 

Bureau of MIDes 

TOTAL 

FY 1985 Budget 
(thousands of dollan) 

s 3,150 
1,800 

1,cm 
1,250 

l,CXXJ 

$27,700 
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Appendix C 

The Contribution of Separations to the 

War Effort: 1940-1945 

The last great national "push" for better separation technologies came 
during World War II, as America and her allies were challenged to apply new 
knowledge from the frontiers of physics, chemistry, and biology to the war 
effort. This search for better separations was not viewed at the time in those 
terms, but separations quickly proved to be the key problems in wartime crash 
programs to manufacture commodities as diverse as synthetic: rubber, blood 
plasma, uranium, and penicillin. The following examples suggest that had a 
more coherent body of knowledge about separations existed before the war, these 
projects would have been significantly speeded towards their conclusion. 

STYRENE-KEY INGREDIENT FOR SYNTHETIC RUBBER 

In the early 1940s, the Japanese war machine swept through the western rim 
of the Pacific: Basin, and sources of natural rubber on which the United States 
had depended to a large degree were lost. It quickly became obvious that 
development of alternative sources of rubber would be an essential feature of 
preparation for war. Synthetic: rubber was given a high priority, and plans 
were formulated to begin producing styrene-butadiene rubber. 

At this time, styrene was produced as only a specialty chemic:al. The most 
obvious synthetic: route to styrene, by the catalytic: dehydrogenation of ethyl
benzene, faced formidable problems in adaptation to large-scale production. To 
begin with, the reaction that oc:c:urred as cthylbenzene was passed over a cata
lyst resulted in less than 50 percent conversion of ethylbenzene to styrene. 
The resulting mixture of compounds included the desired styrene, unreac:ted 
ethylbenzene, and side products such as toluene and benzene. The straight
forward way to separate such a mixture of organic: chemicals, distillation, 
could not be used since styrene would polymerize at temperatures well below its 
boiling point under normal atmospheric: pressure, resulting in fouling and 
plugging of the distillation equipment. It was rec:ogoized that styrene could 
be made to distill at lower temperatures by conducting the process under a 
partial vacuum, but there was considerable doubt that a distillation column 
could be designed that would both function under a partial vacuum and separate 
styrene from ethylbenzene, a compound whose boiling point is almost the same as 
that of styrene. 

As a result of the lack of a satisfactory distillation technology, a costly 
but foolproof alternative process was built (F'JgW'e C.l). Ethylbenzene was 
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first oxidized to acetophenone. Acetophenone was thea hydrogenated to form 
(1-hydroxyethyl)beazene. rmallj, (1-hydroxyethyl)benzcne was dehydrated to 
styrene. Distillation of styrene from ethylbenzcne was completely avoided, but 
at a tremendous peaalty in terms of energy costs, investment in process 
equipment for this multistep process, and raw material efficiency. 

The crash program for synthetic rubber stimulated efforts at Mousanto, Dow, 
and elsewhere to improve vacuum distillation. The only practical design 
possible, given the thea current state of the art in distillation column 
internals, was to split the fractionation between two columns in series, with 
complete recondensing and reboiling of the vapors between the two columns. 
This primary-secondary column system consumed a great deal of energy in heating 
and cooling utilities, but was preferable to the multistep chemical reaction 
route to styrene. 

The dual-column configuration for styrene distillation remained in use 
until 1964, when Union Carbide's Linde Division commercialized new high
capacity, low-pressure-drop trays for use in distillation columns for this 
separation. These internals allowed single-column distillation to be carried 
out, at a 25 percent energy savings for the overall process and a considerable 
savings in equipment and associated costs. Since that time, breakthroughs in 
research on structured packings for distillation columns have led to even more 
efficient columns for this process. 

The styrene story clearly shows the importance and far-reaching impact of 
generic research into better equipment configurations, including the design of 
the internals of separation equipment such as distillation columns. The Linde 
trays that revolutionized styrene manufacture in 1964 were the product of years 
of research on cryogenic separations of liquid air into oxygen and nitrogen. 
Their application to styrene is an illustration of a generic idea crossing the 
boundary between applications. Had more been known about the efficient design 
of column internals prior to World War D, inefficient and cumbersome routes to 
styrene would not have been needed to provide America with synthetic rubber, 
and wartime rationing of tires and other rubber articles might not even have 
been needed. 

�CH2-CH3 

�CH=CH2 

+ 02 
-H 0 2 

-H 0 2 

nGVRE C.l Synthesis or Stytene from Ethylbenzene. 

[SOURCE: G.B. KeiJer 0, Union Carbide Corporation.] 
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PENICILLIN 

As German bombs fell on Eagland in 1940, a group of researchers at Oxford 
University was carrying out the definitive experiments that established 
penicillin's ability to act as an antimicrobial agent in the treatment of 
systemic infections. They found that penicillin was even effective against 
organisms, such as staphylococ:cus, for which there were no effective drugs. 
The penicillin preparations used in these experiments were highly dilute (less 
than 1 percent penicillin), impure (contaminated, for example, with 
fever-producing impurities), and unstable (penicillin stored in solution could 
become inactivated under a wide variety of conditions). Because of wartime 
conditions in Eagland, the Oxford researchers looked to colleagues in the 
United States for assistance in bringiDg penio11in into large-scale production 
for medical use. 

The problems to be overcome in accomplishing large-scale production were 
numerous and formidable. Important contributions to their solution were made 
during the war by chemists, chemical engineers, biochemists, and biologists of 
all stripes. Yet the problems of purifying and stabilizing penicillin proved 
to be key challeoges in bringing about penicillin production on a commercial 
scale. This was made possible by separation research. 

The crude broths from Penecillium cultures at that time contained only 
20 to 60 parts per million (ppm) of active penicillin. These crude broths also 
contained dissolved solids at 1,000 times the level of penicillin, and included 
many compounds whose chemical properties were similar to those of penicillin. 
Up to 1943, when researchers knowledgeable in separations first became involved 
in the penicillin production effort, industrial manufacturers employed a batch 
purification process consisting of adsorption of penicillin on activated 
charcoal followed by elution with chloroform and processing of the chloroform 
solution of penicillin. About one-third of the potentially recoverable 
penicillin was actually recovered by this process; the majority of penicillin 
originally produced was lost by decomposition or deactivation during recovery. 

When chemical engineers at Shell Development Company were first brought 
into the penicillin recovery problem, they were able immediately to put to use 
existing generic knowledge of two-phase extraction with pH gradients to design 
a continuous countercurrent extraction process. The process was complex and 
somewhat cumbersome, involving five different extraction steps, but it worked. 
Within three months, the new process was established and demonstrated. Within 
seven months of their initial involvement, an integrated pilot plant using this 
process had been constructed and was pr()(ftling 200 gallons of fermentation 
broth per day. Recovery of penicillin in the pilot plant was nearly 85 
percent, with less than 5 percent being lost to deactivation in the recovery 
process. Four penicillin producers installed the Shell process, and it played 
an important role in boosting penicillin production nationwide from a rate in 
the second half of 1943 capable of sustaining the treatment of 4,100 patients 
per month to a rate in the second half of 1944 equivalent to treatments for 
nearly 250,000 patients per month. 

As successful as the Shell process was, it still suffered from a number of 
problems. An important difficulty arose whenever penicillin broths were placed 
in contact with water and organic solvents, and were stirred. Emulsions
complex and stable mixtures of broth components, water, and the organic 
solvent formed and persisted, trapping the penicillin in the interfacial 
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region made up by the emulsion and preventing extraction of the penicillin into 
or out of the organic soM:nt. A second problem was the impracticality of 
concentrating penicillin in one pass through the process, from the crude broth 
to the optimum level needed for final processing. The Shell process required a 
flash evaporation of water at a pressure of 5 torr (atmospheric pressure is 
about 7«J torr) to provide a concentrated liquor suitable for final proceu;ng 

The problems called for extractor equipment capable of using high 
centrifugal force to break up emulsions, combined with process improvements to 
reduce the number of extractions and boost the final concentration of the 
penicillin solution emerging from the process. These advances were largely 
achieved late in the war by the introduction of the centrifugal multistage 
soM:nt extractor by Walter J. Podbiclniak and his co-workers (an example of a 
Podbiclniak contactor for vapor-liquid separations is shown in Fpc C.2). 
The three-step extraction using the "Podbiclniak contactor" boosted penicillin 
recovery to nearly 95 percent. A major difficulty in implementing the process 
was the need to filter solids from the crude broths prior to the first 
centrifugal contacting step. Emulsions that formed were CKeedingly difficult 
to handle, and the total lack of any theory of emulsification or demulsifica
tion, or even an understanding of the basic interfacial phenomena involved, 
forced process cngineen to proceed on a time-consuming trial-and-error basis. 

After the difficulties of separating penicillin from its fermentation broth 
were largely solved, a final challenge: remained. Penicillin, in solution, was 
easily rendered inactive by a wide variety of conditions. A stable form of 
penicillin was needed for storage and shipment to hospitals and clinics. This 
could be accomplished if penicillin could be separated, without deactivation, 
from the aqueous solution in which it emerged from the process. Crystalliza
tion was tried without success. flash evaporation under high vacuum was costly 

nGURE C.2 Centrifugal Multistep Solvent Extractor ("Podbielniat Contactor"). This 
diagram iUustrates the principle of the Podbielniat Contactor for a vapor-liquid separation. 

[SOURCE: W J. Podbielniat, H.R. Kaiser, OJ. Ziegenhom, Chml. Eng. Prog. Symp. Series, 
100 (1970), 46. Copyright (c) 1970 by the American Institute of Cllemical Engineers and used 
with pennission.] 
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and inefficient. Researchers then turned to freeze drying, in which the 
aqueous solution containing penicillin was first frozen to ice, followed by 
removal of water by direct sublimation from ice to water vapor under vacuum. 
Freeze drying had never been implemented on a production scale before this 
time. The large-scale use of vacuum techniques and the complex limitations on 
rates of heat and mass transfer involved in freeze drying were unknown. 
Progress came only after a crash project led by Thomas K. Sherwood at MJ.T. 
duriDg 1942-1943 established enough understanding of the fundamental phenomena 
involved to enable the construction of workable production plants. 

In the postwar years, the problem of crystallizing penicillin from aqueous 
solution was fmally solved, obviating the need for freeze drying. The 
knowledge of freeze drying obtained from the World War II penicillin project 
formed the basis for later industrial use of freeze drying of foods, beverages, 
and pharmaceuticals. 

Production of penicillin would have been achieved more rapidly, with much 
less cost, if there had been better understanding of interfacial phenomena in 
liquids, if there had been more generic knowledge of centrifugal contactors, if 
the inherent rate limitations in freeze drying had been better understood, and 
if there had been better communication across disciplinary lines among 
scientists (e.g., chemists, biochemists, and biologists) and chemical engineers 
specializing in separations. 

URANIUM 

Perhaps the best-known technological undertaking of World War II was the 
Manhattan Project, which resulted in the first use of the atomic bomb. While 
much attention has been given to the accomplishments of theoretical and nuclear 
physicists in designing the bomb, less attention has been focused on the role 
that was played by chemists and chemical engineers who produced the needed 
uranium and plutonium for the bombs that ended the war. 

As found in nature, uranium consists principally of two isotopes-
uranium-235 and uranium-238--that have similar chemical properties but differ
ent masses and radioactive characteristics. Uranium-235 alone is useful for 
maintaining nuclear fiSSion, but it is present in only very low concentration 
(0.7 percent) in naturally occurring uranium. Moreover, the chemical similar
ities between uranium-235 and uranium-238 make their separation from one 
another very difficult by standard methods. A variety of separation processes 
were tried during the Manhattan Project to enrich the isotopic composition of 
uranium to the needed level of greater than 90 percent uranium-235. 

The first samples of uranium-235 obtained were isolated in mass spectro
graphs by A.O. Nier and E.O. Lawrence. By the end of 1941, the latter was able 
to report that he could deposit in one hour one microgram of uranium-235 from 
which a large proportion of the uranium-238 had been removed. The principle 
underlying this electromagnetic separation of uranium isotopes is shown in 
F'tgure C.3. A sample of uranium is ionized, and when the charged ions of 
uranium traverse a magnetic field, their paths bend into arcs or curves whose 
radii are proportional to the mass of the ion. The dominant design of 
electromagnetic separators used during the Manhattan Project was built on this 
principle and called ctllutrons because the prototype used the magnet of the 
University of California Cyclotron. 
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FIGURE c.3 Mechanism of FJectromagnetic Separation of Isotopes. When charged ions 
traverse a magnetic field (in the illustration the r�eld is perpendicular to the page), their 
paths bend into c:irc:lel whole radii are proportioaal to the 111811 of the ions. 

Temperature 
T" 

Ught 
stream 

Heavy 
stream 

FIGURE CA Sc:bematic: Diagram of Separation by Thermal Diffusion in a Ousius-Dic:kel 
Column. 

[SOURCE: Excepted by special permission from Nuclear CltmticDJ Engin«ring, 1951, 
p. 498. Copyript (c) 1957, by Mc:Graw-HiU, Inc:., New York, NY 10020.] 
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nc calutroas were inefficient for uraDium enrichment because they could 
achieve a high degree of separation with only a very low throughput of 
material. Moreover, the design of the calutrons required batch operation; 
after a sample of uraDium metal was processed, the machines bad to be disassem
bled and the uraDium bad to be dissolved, recovered, and converted back into a 
suitable salt to be vaporized at the beginning of the next pass through the 
calutroas a costly and time-consuming task. Nevertheless, the calutroas 
played an important role in the Manhattan Project because for nearly a year 
they were the only uraDium isotope separators in operation. 

While the Manhattan Project was dependent on the calutrons, efforts were 
made to boost the production rate of the calutroas by enriching the initial 
feed of 0.7 percent uraDium-235. Even slight improvements, for eumplc, to 1.4 
percent, could improve the output of a calutron &om one gram per day of 40 
percent pure uraDium-235 to two grams per day of 80 percent pure product. A 
second separation process, thermal diffusion, figured in achieving this goal. 
As shown in FlgUI'C C.4, when a temperature gradient is set up in a homogeneous 
mixture, small diffusion currents arise that conduct one component in the same 
direction u the flow of heat, and the other in the opposite direction. This 
thermal diffusion effect was used prior to 1941 to separate isotopes, but appli
cation of the effect was hampered by a complete lack of a theory of how the 
effect might work in liquids, such u UF6 under pressure. An isotope 
separation effect in the latter case was discovered in 1940. Although it would 
have been prob.J."bitively expensive in terms of capital and energy to attempt the 
complete purification of uraDium-235 by thermal diffusion, by 1944 the effect 
was well enough understood and the need for modest enrichments in feed material 
for the calutroas was acute, so a large-scale thermal diffusion plant was con
structed. During its operation in tandem with the calutrons, it considerably 
inaeued the production rate of uraDium. 

The third source of enriched uraDium for the Manhattan Project, and subse
quently the sole source of uraDium-235 for post-war commercial nuclear industry 
and weapons programs, relied on a process hued on an entirely different prin
ciple, gucous diffusion. 

In this process, gucous UF6 (the only volatile compound of uraDium) 
is made to flow through a barrier with very fine holes (less than 10 nanometers 

ENRICHED 
IN U.DI 

• 
f1!!'=11F�=:=-.:==�� · 

FIGURE C.S Separation of Uranium llotopea by Oueoua Difflllion. A pseo111 mixture of 
uranium bexafluoricle, containill1 botb uranium-:235 and uranium-238 ilotopea, will baw a unifonn 
distribution of molecules at different killetic enerJies. SiDc:c ldftetic eaerzy is proportional 
to mall and the �quare of \'Ciocity, an isotope of areater mall will haw a smaller mean 
wlocity in tbe JUCOIII mixture. Difflllioa tJuoup a barrier, wbicb is rate-limited by tbe 
mean YCiocity of tbe pseous molecule, will preferentiaJJy discrimillate for Jiabter isotopes 
with a biper mean wlocity. 

(SOURCE: U.S. Department of Ellerzy.] 
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in diameter) &om a rum-pressure chamber to a lowver-pressure region {YJgW'C 
C.S).  The lighter UF 6 molecules flow through the barrier slight
ly faster than do the heavier 238UF 6 molecules; therefore, the gas 
passing through the barrier is slightly richer in uranium-235 than the portion 
remaining behind. About one-half of the gas passes through the barrier in any 
one diffuser unit. The degree of enrichment in a single diffusion operation, 
though, is quite small the diffusion rates of the two molec:ules differ by only 
about 0.4 percent. 

To enrich uranium for the first atomic bomb required that the diffusion 
process be repeated thousands of times by coupling diffuser units in a series 
arrangement. The extensive recycling of gas through the connected stages re
quired that thousands of times as much material had to pass through the bar
riers of the lower stages as would ultimately appear as product &om the high
est stage. Moreover, the gas had to be compressed each time it reentered a 
stage containing the diffusion barrier, and since pumping this large amount of 
gas invariably involwd heating it, a large cooling S)'Stem had to be built for 
the gaseous diffusion plant, as weD. With all these complexities, it is no 
wonder that, when completed, the uranium gaseous diffusion plant in Oak Ridge 
was the largest industrial plant in the world. 

A final separation method that was considered for uranium during the Manhat
tan Project was the gas centrifuge. Again, the separation factor achievable in 
a gas centrifuge was close to unity, and the engineering problems associated 
with constructing and maintaining cascades of thousands of centrifuges operat
ing at high speed were sufficiently formidable that a large-scale production 
plant was never built. 

There can be no doubt that, without the intensive effort put into research 
on uranium separation processes of all kinds, the Manhattan Project would never 
have reached a suc:c:essful conclusion. Yet this effort began in 1941 with the 
faintest of understandings of the technical and theoretical challenges 
involved. Clearly, a preexisting knowledge base on the generic principles of 
isotope separation would have greatly facilitated progress, and provided more 
plentiful suppHes of uranium earlier in the project. 
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