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PREFACE

Going back over the events in the membrane world since the first edition 
of Ultrafiltration Handbook, one cannot help being pleasantly surprised at the 
remarkable progress in many aspects of this ubiquitous technology. The devel
opment of the Sourirajan-Loeb synthetic membrane in 1960 provided a valuable 
separation tool to the process industries, but it faced considerable resistance in 
its early days. The situation is different today: membranes are more robust, 
modules and equipment are better designed (if the feedstream can be pumped, 
the chances are one or more of the modules available today will be able to 
handle it), and we have a better understanding of the fouling phenomenon and 
how to minimize its effects. Most important, costs have come down signi
ficantly, partly because of maturing of the technology and partly because of 
competition from an increasing number of membrane suppliers and original 
equipment manufacturers (OEM). Simultaneously, several company mergers 
and marketing alliances occurred that should provide a firmer footing from a 
business viewpoint. Developments in nanofiltration, gas separations, pervapo- 
ration, and bipolar membrane electrodialysis have widened the applicability of 
membranes, thus attracting even more attention. This revision of the Ultra
filtration Handbook is an attempt to catch up with these developments. The 
main themes remain the same and familiar to readers of the previous edition, 
but each chapter has been updated and revised while keeping the “handbook” 
flavor intact.

One major change in this edition starts with its title: microfiltration has 
been added to recognize it as an important member of the family of membrane 
technologies. Purists may argue that microfiltration (ME) is essentially the same 
as ultrafiltration (UF), with the difference being only in pore size. On the other 
hand, end users and membrane manufacturers tend to view them as distinct 
enough to justify separate treatment. I have tried to merge the two views since 
both are correct, but for different reasons. The scientific principles and much 
of the equipment may be the same, but these two sister technologies differ 
in operating strategies, mathematical modeling, and applications. A unified 
approach has been taken in earlier chapters, and distinctions are drawn in later 
chapters, especially when describing specific applications.

XI



Xll Preface

I have followed the same format as the first edition. Chapter 1 is a brief history 
of membranes, definitions, and basic thermodynamic principles. Chapter 2 
reviews membrane chemistry and materials. The objective is not to teach 
membrane manufacture or design, but what membranes are designed to do. 
Unlike the early days when most membrane development was done by a few 
companies, there are numerous public and private institutions, universities, and 
independent research organizations involved today. This has lifted the veil of 
secrecy and improved manufacturing techniques to the extent that membranes 
are now considered to be a commodity. The trend today is towards speciali
zation: many companies offer only membranes and/or modules of a certain type 
while relying on OEMs to provide system design and engineering. This is why 
Chapter 3 assumes even greater importance. Quality control and properties 
of membranes, inasmuch as they affect their potential use, are now the shared 
responsibility of the end user. Chapter 4 reviews mathematical models that 
will be useful in understanding the effect of process parameters on system 
performance. Here also, the emphasis is on factors the end user will need to 
consider when designing a membrane process.

Listing all the changes that have occurred over the past decade in equipment 
and module design (Chapter 5) has been a daunting task. Some of the companies 
that were major players a decade ago have ceased to exist or have been merged 
out of existence. This is part of the risk in a technology that is rapidly changing, 
not only to users of the equipment (where will they get replacement parts and 
support from?), but to authors of books targeted at the end user. Rather than 
attempt to describe each manufacturer’s equipment in detail, the approach in 
this book has been to describe general operating principles of each type of 
equipment, with commercial examples being used to illustrate selected design 
features. Chapter 6 deals with an area of crucial importance: membrane fouling. 
A more general approach has been taken instead of the case study approach of 
the first edition. This is partly because of a better understanding of this vexing 
problem and also in order to be useful in as many applications as possible. 
Cleaning has been discussed in greater detail in this edition. Chapter 7 focuses 
on process design aspects, with expanded coverage of system design and cost 
calculations.

Like the previous edition, Chapter 8 forms the bulk of this book. At that 
time, I noted that the bias towards citing biologically oriented examples was 
probably because of the special interests of the author, rather than a reflection 
of actual usage of ultrafiltration. Although the range of applications of MF and 
UF has widened, it now appears that these bio-industries did indeed constitute 
the major market for UF and MF and will continue to be important for the 
foreseeable future. In contrast, chemical and petroleum industry applications 
are few. It is likely that water treatment and environmental applications will 
see the greatest growth in the next decade.



Preface

In order to serve readers with a variety of backgrounds and to keep this book 
as practical as possible, I have not delved too deeply into the theoretical aspects 
of the technology. Appendix C contains a list of books that provide greater 
depth in these areas. I have also minimized the use of jargon in order to be 
readily comprehensible to the novice, but sometimes it is unavoidable. A list 
of abbreviations at the beginning of the book and the glossary of terms at the 
end should be useful in this regard. Appendix A provides names and addresses 
of some membrane manufacturers (with the caveat that inclusion in this list 
should not be interpreted as an endorsement nor should omission be taken to 
mean otherwise). Appendix B contains conversion factors (to help translate 
English engineering units to the metric and vice versa).

Numerous individuals working for membrane manufacturers, engineering 
companies, and end users have continued to educate me in this exciting tech
nology. Interacting with them has expanded my knowledge and appreciation 
of what it takes for this technology to succeed in the marketplace as much 
as scholarly papers from academic institutions helped elucidate the scientific 
principles. This subject has long ceased to be a ‘laboratory curiosity” or an 
“emerging technology.” This, in turn, has generated vast numbers of papers 
and books over the past decade. I may have summarized, simplified, or omitted 
contributions of several distinguished workers in this area and perhaps not cited 
them individually. It should not be construed as ignoring or minimizing their 
contributions or those of the legions of scientists, engineers, and marketing peo
ple who may not publish papers but have done much to move this technology 
forward.

I am once again indebted to my graduate students and research associates 
for their enthusiasm and doing much of the experimental work while we were 
learning the art of membrane technology. Technomic Publishing Company did 
a magnificent job of converting essentially classroom notes into a widely used 
reference book with the first edition. They were extraordinarily patient waiting 
for this long-overdue revision. Needless to say, the most important element has 
been my family. This book is dedicated to them in appreciation for their support 
and for sharing the joys and tribulations that accompanied my professional life 
and the writing of this book.

xMI

MUNIR CHERYAN 
U rb a n a , I l l in o is
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CHAPTER 1

I n t r o d u c t i o n

LA*
DEFINITION AND CLASSIFICATION OF MEMBRANE SEPARATION PROCESSES

Filtration is defined as the separation of two or more components from a 
fluid stream based primarily on size differences. In conventional usage, it usu
ally refers to the separation of solid immiscible particles from liquid or gaseous 
streams. Membrane filtration extends this application further to include the 
separation of dissolved solutes in liquid streams and for separation of gas 
mixtures.

The primary role of a membrane is to act as a selective barrier. It should 
permit passage of certain components and retain certain other components of 
a mixture. By implication, either the permeating stream or the retained phase 
should be enriched in one or more components. In its broadest sense a mem
brane could be defined as “a region of discontinuity interposed between two 
phases” (Hwang and Kammermeyer 1975), or as a “phase that acts as a barrier 
to prevent mass movement but allows restricted and/or regulated passage of 
one or more species through it” (Lakshminarayanaiah 1984). By these defini
tions, a membrane can be gaseous, liquid, or solid or combinations of these. 
Membranes can be further classified by (a) nature of the membrane—natural 
versus synthetic; (b) structure of the membrane—porous versus nonporous, 
its morphological characteristics, or as liquid membranes; (c) application of 
the membrane—gaseous phase separations, gas-liquid, liquid-liquid, etc.; (d) 
mechanism of membrane action—adsorptive versus diffusive, ion-exchange, 
osmotic, or nonselective (inert) membranes.

Membranes can also physically or chemically modify the permeating species 
(as with ion-exchange or biofunctional membranes), conduct electric current, 
prevent permeation (e.g., in packaging or coating applications), or regulate 
the rate of permeation (as in controlled release technology). Thus, membranes 
may be either passive or reactive, depending on the membrane’s ability to 
alter the chemical nature of the permeating species (Lloyd 1985). lonogenic 
groups and pores in the membrane confer properties such as permselectivity  
and semipermeability.

1
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Definition and Classification o f Membrane Separation Processes 3

Table 1.1. Characteristics of membrane processes.

Process Driving Force Retentate Permeate

Osmosis Chemical
potential

Solutes, water Water

Dialysis Concentration Large molecules, Small molecules,
difference water water

Microfiltration Pressure Suspended particles, 
water

Dissolved solutes, 
water

Ultrafiltration Pressure Large molecules, 
water

Small molecules, 
water

Nanofiltration Pressure Small molecules, 
divalent salts, 
dissociated acids, 
water

Monovalent ions, 
undissociated acids, 
water

Reverse
osmosis

Pressure All solutes, water Water

Electrodialysis Voltage/current Nonionic solutes, 
water

Ionized solutes, 
water

Pervaporation Pressure Nonvolatile 
molecules, water

Volatile small 
molecules, water

Figure 1.1 shows a classification of various separation processes based on par
ticle or molecular size and the primary factor affecting the separation process. 
The major membrane separation processes—reverse osmosis (RO), nanofil
tration (NF), ultrafiltration (UF), microfiltration (MF), dialysis, electrodialysis 
(ED), and pervaporation (PV)—cover a wide range of particle/molecular sizes 
and applications. Among membrane separation processes, the distinction be
tween the various processes is somewhat arbitrary and has evolved with usage 
and convention. Table 1.1 shows the characteristics of various membrane pro
cesses. Osmosis (to be discussed in detail in Section l.C.) is the transport of 
solvent through a semipermeable membrane from the dilute solution side to the 
concentrated solution side of the membrane. It is driven by chemical potential 
differences between the water on either side of the membrane. With an ideal 
semipermeable membrane, only water should permeate through the membrane. 
The common laboratory technique of dialysis, on the other hand, is primarily a 
technique for purifying macromolecules, such as desalting of proteins, and the 
primary driving force is the difference in concentration of the permeable species 
between the solution in the dialysis bag and outside the bag. Electrodialysis re
lies primarily on voltage or electromotive force and ion-selective membranes 
to effect a separation between charged ionic species.

What distinguishes the more common pres sure-driven membrane process
es—microfiltration, ultrafiltration, nanofiltration, and reverse osmosis—is the 
application of hydraulic pressure to speed up the transport process. However, the 
nature of the membrane itself controls which components permeate and which
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Membrane Separations

M icrofiltration

o a A
° a <>

0 \o t5L o
oo a . <;

Ultrafiltration

O ■° ■  o ■o soo
_______ Q _ _

O = s V
Suspended
particles

o B Macromolecules/

N anofiltration

O ■O Io Iooo
6  /V AV

Sugars 
Divalent salts 
Dissociated acids

R e v e rs e  o sm o s is

o m
o 1ooo &Monovalent salts 

Undissociated acids

OO
Water

Figure 1.2. P r e s s u r e - d r iv e n  membrane processes and their separation characteris
tics.

are retained, as shown in Figure 1.2. In its ideal definition, reverse osmosis 
retains all components other than the solvent (e.g., water) itself, while ultra
filtration retains only macromolecules or particles larger than about 10-200 A 
(about 0.001-0.02 /xm). Microfiltration, on the other hand, is designed to re
tain particles in the “micron” range, that is, suspended particles in the range 
of 0.10 /xm to about 5 /xm (particles larger than 5-10 /xm are better separated 
using conventional cake filtration methods). Thus, in its broadest sense, reverse 
osmosis is essentially considered to be a dewatering technique, while ultrafiltra
tion can be looked at as a method for simultaneously purifying, concentrating, 
and fractionating macromolecules or fine colloidal suspensions. Microfiltra
tion is used mainly as a clarification technique, separating suspended particles 
from dissolved substances, provided the particles meet the size requirements 
for microfiltration membranes.

Nanofiltration is a relatively new process that uses charged membranes with 
pores that are larger than RO membranes, but too small to allow permeation of 
many organic compounds such as sugars. They also have a useful property in
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Figure 1.3. Comparison o f centrifugation and filtration processes.

that they can separate dissociated forms of a compound from the undissociated 
form; e.g., organic acids such as lactic, citric, and acetic pass through easily at 
low pH but are rejected at higher pH when in their salt forms (Raman et al. 1994).

In terms of versatility, centrifugation is perhaps the only method to match 
membrane technology (Figure 1.3). However, an absolute requirement for 
centrifugal processes is the existence of a suitable density difference between 
the two phases that are to be separated, in addition to the two phases being im
miscible. Membrane separation processes have no such requirement; indeed, the 
real value of membranes is that they permit separation of dissolved molecules 
down to the ionic range, provided the appropriate membrane is used.

Figure 1.4 shows some typical examples of components that fall under these 
four processes. Membranes are usually classified according to the size of the 
separated components, and thus particle sizes in MF applications are specified 
in microns (i.e., pun). However, with UF membranes, it is customary to refer 
to the “molecular weight cut-off” (MWCO) instead of particle size per se. In 
the early days of membrane technology, UF membranes were characterized 
by studying the relative permeabilities of proteins and polyethylene glycols, 
which were characterized in terms of their molecular weights. Even though it is 
known that molecular weight alone does not determine the size of a protein and, 
indeed, many manufacturers use dextrans rather than proteins to characterize UF 
membranes (as discussed in Chapter 3), this terminology is still used, sometimes 
prefixed with the word nominal, as in NMWCO. Thus, UF covers “particles”



6 INTRODUCTION

SIZE
MOLECULAR

WEIGHT
EXAM PLE MEMBRANE

PROCESS

—  100 pm Pollen —

—  10 pm Starch —

Blood Cells — WICROFILTRATION
Bacteria —

—  1pm

Latex emulsion —

-  1000 A
(100 nm)

-  100 A
100,000 — Albumin —

ULTRAFILTRATION
10,000 — Pepsin —

-  10 A 1000 — Vitamin B-12 
Glucose — NANOFILTRATION

-  1 A
Water — REVERSE
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Figure 1.4. Typical examples o f solutes separated by membrane processes.

and molecules that range from about 1000 in molecular weight to about 500,000 
dal tons.

When first developed in the 1960s, UF and RO—and later joined by their 
sister pres sure-driven membrane processes, MF and NF—constituted the first 
continuous molecular separation processes that do not involve a phase change 
or interphase mass transfer. This is perhaps what is most exciting when con
sidering applications in food, pharmaceutical, and biological processing. In its 
simplest form, as shown in Figure 1.5, membrane technology consists merely 
of pumping the feed solution under pressure over the surface of a membrane of 
the appropriate chemical nature and physical configuration. In MF and UF, the 
pressure gradient across the membrane would force solvent and smaller species 
through the pores of the membrane, while the larger molecules/particles would 
be retained. Thus, one feedstream is split into two product streams. The re
tained stream (referred to as “retentate” or “concentrate”) will thus be enriched 
in the retained macromolecules, while the fraction going through the membrane 
(referred to as the “permeate”) will be depleted of the macromolecules. The re- 
tentate will also contain some of the permeable solutes. In fact, the permeable
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RECYCLE

Figure 1.5. Operating principle o f membrane technology. Unlike a conventional fil
tration process, which operates in a "dead-end" mode, membranes are configured  
to be operated in the "cross-flow" mode, where the feed is pum ped over the surface 
o f the membrane, resulting in two product streams. Further details are provided in 
Chapter 4.

solutes may be at the very same or higher concentration than in the perme
ate stream, depending on how the membrane separates or “rejects” that solute. 
However, since the retentate now forms a much smaller volume than the feed, 
there has, in effect, been a “purification” of the retained species. This will be 
explained in detail in Chapter 7.

Because ultrafiltration deals with the separation of fairly large molecules, 
such as natural polymers like proteins, starch and gums, and colloidally dis
persed compounds such as clays, paints, pigments, latex particles, etc., the 
osmotic pressures involved in ultrafiltration processes are fairly low (see Sec
tion l.C. for osmotic pressure calculations). In contrast, pressures involved in 
reverse osmosis would be fairly high, of the order of 500-1500 psi (35-100 bar), 
in order to overcome the high osmotic pressures of the small solutes. NF, used 
as it is for desalting and deacidification, has lower osmotic pressure to work 
against and thus will need lower operating pressures of 150-450 psi (10-30 
bar). UF and MF, on the other hand, would thus need fairly low pressures for 
operation, which would lower equipment and operating (pumping) costs by a 
considerable margin.

A further advantage of membrane technology, as compared to conventional 
dewatering processes, is the absence of a change in phase or state of the sol
vent during the dewatering process. Evaporation and freeze concentration are 
common dewatering techniques used for liquid products. Evaporation requires 
the input of about 1000 Btu/lb of water evaporated (540 kcal/kg) while freezing 
requires about 144 Btu/lb water frozen, merely to effect the change in state of 
water from liquid to vapor and liquid to solid, respectively. Since membrane 
separations do not require a change in state of the solvent to effect a dewatering,



8 INTRODUCTION

Table 1.2. Comparison of energy requirements and costs between 
evaporation and membrane processes.

Process Evaporation Membrane

Whole milk (2.2x) 136 kcal/kg (MVR) 17 kcal/kg (RO)
Cheese whey (3x) $380,000/year $130,000/year

18,000 Ib/hour (double effect) (RO)
Corn steep liquor (6 to 50% $1.2 million/year $390,000/year

TS ) 300 gpm (MVR) (RO to 14% TS, then MVR)
Gelatin (2 to 18% TS) $516,200/year $186,750/year

20 tons/hour (4-effect) (UF)

Source: Data from Cheryan and Nichols (1992); Koch Membrane Systems (1987)

this should result in considerable savings in energy. Some examples of energy 
and cost savings are shown in Table 1.2.

It should be borne in mind, however, when comparing membrane processes 
to evaporation, that saving energy does not necessarily imply a savings in cost. 
Considerable economies in energy usage are possible in evaporation by the 
use of multiple effects and mechanical vapor recompression. Furthermore, the 
unit energy cost for steam can be much lower than electricity. For example, 
steam costs in the United States today are typically $5/1000 lb ($ll/ton) and 
electricity costs $0.05 per kWh. The unit energy cost of steam is $0,515 per 
1000 Btu ($0,488 per megajoule) and electricity is $1.46 per 1000 Btu ($1,382 
per MJ). Thus, membranes must use 65% less energy in order to compete with 
a steam-based dewatering process. That is why it is more important to compare 
actual costs, as shown in Table 1.2 for the cheese whey, corn steep liquor, and 
gelatin examples, rather than just energy consumption.

A less obvious advantage is that no complicated heat transfer or heat-gene
rating equipment is needed, and the membrane operation, which requires only 
electrical energy to drive the pump motor, can be situated far from the prime 
power-generating plant. No additional steam capacity need be installed to handle 
the UF/RO unit. A further advantage over evaporators is that no condensers (and 
the huge condenser cooling water supply needed for its operation) are needed, 
thus avoiding related problems like thermal pollution and overloading of sewage 
treatment systems. In fact, if a reverse osmosis system is used in tandem with 
an MF or UF plant to treat the UF permeate, the plant would get high-quality 
water as one of the by-products of the operation.

Another advantage of membrane processes is that they can be operated at 
ambient temperatures, even though there may be frequent occasions when it is 
necessary to operate at considerably lower temperatures (e.g., to prevent micro
bial growth problems or denaturation of heat-sensitive components) or higher 
temperatures (e.g., to minimize microbial growth problems; to lower viscos
ity of the retentate, which lowers pumping cost; to improve mass transfer and
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flux). Thus, thermal or oxidative degradation problems common to evapora
tion processes can be avoided. Finally, since small molecules should normally 
freely pass through UF and MF membranes, their concentration on either side 
of the membrane should be the same during processing and about equal to that 
in the original feed solution. Thus, there should be minimal changes in the 
micro-environment during UF and MF, i.e., no changes in pH or ionic strength, 
a particular advantage when isolating and purifying proteins.

There are some limitations to membrane processes. None can take the solutes 
to dryness. In fact, membrane processes are quite limited in their upper solids 
limits. In RO, it is frequently the osmotic pressure of the concentrated solutes 
that limits the process. In the case of UF and MF, it is rarely the osmotic 
pressure of the retained macromolecules, but rather the low mass transfer rates 
obtained with concentrated macromolecules and the high viscosity that makes 
pumping of the retentate difficult. As an example, current technology permits 
skim milk to be concentrated economically by multiple effect evaporation to 
about 50% total solids, while the best obtained to date by RO is about 30% 
total solids and by UF about 42% total solids. Other problems that plagued 
early membrane applications—fouling of membranes, poor cleanability, and 
restricted operating conditions—have been overcome through the development 
of superior membrane materials and improved module design. This has vastly 
enlarged the applicability of MF and UF in the food, pharmaceutical, biological, 
and chemical processing industries.

I.B.
HISTORICAL DEVELOPMENTS

The phenomenon of osmosis, which is the transport of water or solvent 
through a semipermeable membrane (defined as a membrane that is perme
able to solvent and impermeable to solutes), has been known about since 1748, 
when Abbe Nollet observed that water diffuses from a dilute solution to a more 
concentrated one when separated by a semipermeable membrane (Boddeker 
1995; Lonsdale 1982). Dutorchet is credited with introducing the term osm o
sis to characterize spontaneous liquid flow across permeable partitions. Later, 
in 1845, Matteucci and Cima observed that these membranes tended to be 
anisotropic in nature; that is, their behavior was different, depending on which 
side of the membrane faced the feed solution. Schmidt also observed the same 
phenomenon in 1856.

In 1855, Fick developed the first synthetic membrane, made apparently of ni
trocellulose. Two years later, Traube also prepared artificial membranes, while 
Pfeffer reported in 1877 the successful manufacture of membranes made by 
precipitating copper ferrocyanide in the pores of porcelain. The first quantita
tive measurements of diffusion phenomena and osmotic pressure were made 
using these early membranes. Interest also focused on membranes made of
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“collodion,” a term commonly used for cellulosic polymers. Basically, the pro
cedure for making these membranes was as follows: nitrocellulose was dis
solved in a suitable solvent, such as alcohol-ether or acetic acid, and the solution 
poured on a flat surface. The solvents were allowed to evaporate. Perhaps the 
first reference to the use of a membrane for separations is by Graham in 1854, 
who used it as a dialyser to separate a solution into its components.

Bechhold, around the year 1907, then developed methods for controlling the 
pore size of these collodion membranes, apparently by controlling the rate of 
evaporation of the solvents and by water washing of the film. He was the first to 
suggest using air pressure for improving permeation rates and also developed 
methods for measuring pore diameters using air pressure and surface tension 
measurements. He is generally credited with coining the term ultrafiltration.

The period of 1870-1920 saw the rapid development of theories of thermo
dynamics of solutions, most notably those of van’t Hoff and his theory of dilute 
solutions and Gibbs, whose work led to the primary relationship between os
motic pressure and other thermodynamic properties. Membrane filters became 
commercially available in 1927 from the Sartorius Company in Germany, man
ufactured using the Zsigmondy process. In 1931, Elford developed methods for 
sterilizing membrane filters using ultraviolet radiation.

Up until 1945, membrane filters were used primarily for removal of microor
ganisms and particles from liquid and gaseous streams, for diffusion studies, 
and for sizing of macromolecules. German scientists also developed methods 
for culturing bacterial cells on membranes. In 1951, Goetz imprinted grid lines 
on filters to facilitate counting bacterial colonies. These gridded membranes are 
now used extensively for water analysis. In 1957, the U.S. Public Health Service 
officially adopted the membrane filtration procedure for drinking water analysis.

Simultaneously with these developments in microfiltration membranes, there 
was considerable interest in developing membranes for reverse osmosis applica
tions, especially for desalination of seawater and purification of brackish water. 
Obviously, the semipermeable membranes used by the early investigators (lin
ings of pig’s bladders, onion skins, etc.) would be impractical for these purposes 
due to the high pressures necessary for practical desalination, which would be of 
the order of500-1000 psi (35-70 bar). The MF membranes commercially avail
able at that time were also obviously unsuitable because of their large pore sizes.

In the early 1950s, Samuel Yuster, of the University of California, Los An
geles, had predicted that, based on the Gibbs adsorption isotherm, it should 
be possible to produce fresh water from brine. Srinivasa Sourirajan, who also 
worked at the same university, reported some success with this concept (Yuster 
et al. 1958) using commercially available homogenous membranes (homoge
nous from an ultrastructural point of view). He used a hand-operated pump, and 
it is reported that it took a few days to produce a few milliliters of fresh water 
(Loeb 1981). Around the same time, Reid and Breton (1959) independently 
obtained promising results using a homogenous cellulose acetate membrane.
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At this juncture, the general conclusions by most researchers in the reverse 
osmosis area were that, to obtain commercially feasible flux or dewatering 
rates, the ihost practical route would be to reduce the thickness of the mem
brane. From 1958 to 1960, Sourirajan, now joined by Sidney Loeb, attempted to 
modify commercial cellulose acetate membranes by heating them under water, 
in the apparent hope that this would expand the pores and that the pores would 
remain open when the membrane cooled, thus increasing flux. But exactly the 
opposite happened: heating contracted the pores. When the heat treatment was 
performed with commercially available ultrafiltration membranes, it caused the 
pores to shrink, which increased the rejection of salts but also resulted in much 
higher flux than before. This heating or annealing process created a phenomenon 
known as “anisotropy” or “asymmetry” in the ultrastructure of the membrane;
i.e., the behavior of the membrane was different, depending on which side of 
the membrane faced the feed solution, an observation that had been made over 
100 years ago with natural membranes.

Figures 1.6-1.9 show the ultrastructure of a typical asymmetric membrane. 
The anisotropic nature of the Loeb-Sourirajan membrane is characterized by a 
thin “skin” on one surface of the membrane, usually 0.1-0.2 /xm thick, while 
the main body of the membrane is sponge-like in nature with extremely porous 
voids. Since the major resistance to mass transport through the membrane is 
the thickness of the membrane, and the effective thickness of the anisotropic 
membrane is now of the order of 0.1-0.2 /xm, instead of the 100-200 /xm of 
the old homogeneous membranes, this resulted in fairly high flux. The rejection 
of salt remained high, however, due to the decreased effective pore size, also 
a result of the annealing process. This single development of the asymmetric 
membrane by Loeb and Sourirajan is what converted a hitherto laboratory 
curiosity into a practical and viable unit operation that is unmatched in its 
versatility for the widest possible range of applications.

Figure 1.6. Light m icroscope view  o f the cross section o f an asymmetric membrane: 
ms = membrane surface, v = voids, v w  = void wall (adapted from Cheryan and M erin1980).



Figure 1.7. S canning e lectron m icrog raph  o f  an asym m etric  u ltra filtra tio n  m em 
brane: m s = m em brane surface, v =  voids, v w  = void wall (adapted from Cheryan  
and  M erin  1980).

F igure 1.8. Scanning e lectron m icrograph  o f  the bo tto m  side o f  an asym m etric  m em 
brane. The "pores" o r open ings on th is  side o f  the m em brane are m uch la rge r to 
m in im ize  resistance o f  so lven t transp o rt (adapted from  M erin  1979).
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Since that time, several major commercial developments in membrane sci
ence have taken place. The most notable include inorganic membranes, presently 
dominated by ceramic membranes, and which saw large-scale commercial ap
plications in the early 1980s. Nanofiltration membranes found its own success
ful niche during this decade, as did large-scale gas separations. As we come to 
the end of the 20th century, new developments in pervaporation (so termed and 
observed by Kober as early as 1917) and bipolar membranes for electrodialysis 
will further widen the applicability of membrane technology in a wide variety 
of industries.

l.C .
PHYSICAL CHEMISTRY OF MEMBRANE SEPARATIONS

l.C.l.
CHEMICAL POTENTIAL AND OSMOSIS

All thermodynamic relationships used to correlate physicochemical prop
erties of a system with thermodynamic parameters stem from the Gibbs free 
energy equation, which in its simplest form can be expressed as:

G = H  - T S (l.i)
H  = E  +  P V (1.2)

where
G =  Gibbs free energy 
H  =  enthalpy 
T  =  absolute temperature 
S =  entropy 
E  =  internal energy 
P =  pressure 
V =  volume
In differential form, these equations can be written as

dG = d H  - T d S - S d T  (1.3)
d H  =  dE  +  P dV  +  V dP  (1.4)

or

dG = d E  + Pd V + V dP - T d S  -  SdT (1 .5 )
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From the first law of thermodynamics, we can write

dE  =  dq +  dw  (1.6)

where q is the heat produced and w is the work done. Assuming the change in 
the system is reversible, by the second law,

dq — T  dS =  0 (1.7)

Assuming further that only “P V” work is allowed (i.e., no electric or magnetic 
fields present) and no change in composition of the system

dw  +  P d V  =  0 (1.8)

Combining Equations (1.5) through (1.8), we get the final result as

dG = V d P - S d T  (1.9)

For “open” systems, i.e., one in which matter and energy may leave and enter, 
the earlier equations must be modified by adding terms relating changes in the 
mass of a system. Equation (1.9) will then become

dG =  —S d T  +  V dP  +  fi\ dn\ +  f i2 dn 2 +  M3 dn3 +  • • • (1.10)

where
/x =  chemical potential, by definition, of component 1, 2, 3 . . .  
n — number of moles of component 1, 2, 3 . . .

dG =  - S d T  +  V d P  +  fiidrii (1.11)
Thus, by definition,

IM = {dGldni)T,P,nj (1.12)
where i denotes the ith component of interest and j  denotes all other compo
nents. Unlike other intensive thermodynamic properties such as pressure and 
temperature (i.e., those not dependent on the size of the system), chemical po
tential cannot be physically “felt” the way heat and force can, which results in 
some difficulty for the novice when trying to grasp its significance. In simple
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Figure 1.10. The osm osis phenom enon. The tw o  com partm en ts  are separated b y  an 
idea l sem iperm eab le  m em brane. A rro w  show s d irec tion  o f  w a te r transp o rt unde r 
the chem ica l po te n tia l gradient.

terms, chemical potential /x can be looked at as being to chemical energy what 
temperature is to heat energy, pressure is to mechanical energy (e.g., flow of 
fluids), and voltage, or emf, is to electrical energy. Thus, chemical potential 
is essentially a driving force expressed as a change in the free energy of the 
system as a result of the change in the composition of the system.

The application of these concepts is shown in Figure 1.10, which shows 
two compartments separated by a semipermeable membrane. The right one 
contains a very dilute solution, or the pure solvent, and the other contains a 
solute dissolved in the solvent. The standard chemical potential is defined as 
the free energy change per mole of substance formed, consumed, or transferred 
from one phase to another in its standard state. The standard state is usually 
defined as being 1 atmosphere pressure at a particular temperature (e.g., 20°C) 
and in a certain reference form, usually the pure state of the component. For 
aqueous systems, this is pure water. Thus, in Figure 1.10, the pure solvent 
compartment, containing a mole fraction of water (Xj) of 1 would have a 
chemical potential designated by pPv  while the solution compartment, with a 
mole fraction of water less than 1, would have a lower chemical potential of /xi.

Physically speaking, the highest energy form of water is when it is in its pure 
state. Adding any material or impurity increases the entropy (since we create 
disorder in the system when a solute is added). The Gibbs energy Equation (1.1) 
states that this will result in a decrease in free energy. In other words, the chem
ical potential of water in a solution is always lower than when it is in a pure 
state. This means that the water in the right compartment has a greater chemical
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potential than the water in the left compartment. Since the two compartments 
are separated by a semipermeable membrane, which in the ideal case is perme
able only to the water and not to the solute, the natural tendency would be for 
the water to flow in the downward direction of the driving force. Thus, the water 
would be transported from the right compartment to the left. This is the phe
nomenon of osmosis, the movement of solvent from the dilute solution to the 
more concentrated solution. In the ideal case, with no pressure effects on either 
side of the membrane, the water would diffuse until the chemical potentials on 
both sides of the membrane were equal. In theory, this should never happen be
cause of the presence of the solute in the solution compartment, resulting in X \ 
always being less than 1. In practice, the increase in height of the liquid column 
in the left (solution) compartment would create a hydraulic pressure against the 
membrane, and the water would stop diffusing through the membrane when the 
pressure developed would just balance the chemical potential difference. This 
is shown schematically in Figure 1.11.
I.C.2.
VAPOR PRESSURE

The two compartments depicted in Figure 1.10 will also have differences in 
vapor pressure as a result of differences in solvent concentration. The vapor 
pressure of a solution is always less than that of the pure solvent. This is best 
expressed according to Raoult’s law as follows:

P = X l P° (1.13)

where P  is the vapor pressure of the solution and P° the vapor pressure of
the pure solvent at that temperature. As mentioned earlier, to prevent passage 
of solvent from the pure solvent side to the solution side, we need to apply a 
pressure on the solution side equal to the osmotic pressure difference. However, 
this osmotic pressure is not the difference in the vapor pressures (P° — P). 
It is important to remember that, in osmosis (and reverse osmosis), we must 
overcome not only hydraulic and mechanical resistances, but also try to achieve 
chemical equilibrium. In other words, the criterion for osmotic equilibrium is 
that the chemical potential o f  the solvent should be the same on both sides of 
the membrane, rather than the “pressures’’ being the same.
I.C.3.
OSMOTIC PRESSURE AND CHEMICAL POTENTIAL

In order to develop a relationship between osmotic pressure, chemical po
tential, and parameters that can be easily measured experimentally, we need to 
make two assumptions: (1) the solvent vapor behaves ideally and Raoult’s law 
applies, and (2) the liquid is incompressible.
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Figure  1 1 1  The phenom ena o f  osm osis and reverse osmosis.

At constant temperature and composition, we can rewrite Equation (E ll)  as

d2G 
driidP J T n.

= V (1.14)
( a v  \
\3 n /)  T P n. (1.15)

By definition,
(dV/dmh.P.nj = Vi (1.16)
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where Vt is the partial molar volume of component i , which is the increase in 
volume per mole of component i when an infinitesimal amount of i is added. 
From Equations (1.12), (1.15), and (1.16),

Vi =  (d fM /d P )T,ni,nj (1.17)
or

d fn  = V id P  (1.18)
Equation (1.18) shows that the chemical potential of a system can be changed 
by changing the external applied pressure. Furthermore, since a solution and 
its vapor are in equilibrium, we can also substitute the ideal gas law into 
Equation (1.18) and obtain

dfM = R T  (1.19)P
Equation (1.19) states that a change in vapor pressure, due to a change in 
the concentration of solute or solvent, for example, will result in a change in 
chemical potential. Both Equations (1.18) and (1.19) relate changes in chemical 
potential /x for infinitesimally small changes in pressure for an ideal solution.

The following boundary conditions can be used when integrating Equa
tion (1.19): for ideal solutions, /x = /x? when P = P°, and /x = /xi when 
P =  P. Thus, after integrating Equation (1.19):

I X , = R T  In P /P °  (1.20)
Or, for aqueous solutions, denoting i =  1 for water,

f x ° - f X i  =  - R T l n P / P 0 (1.21)
Substituting Equation (1.13) into Equation (1.21),

= - R T  In X 1 (1.22)
In physical terms, the above equation states that, since the mole fraction of 

water in a solution is always less than 1, the term (In X \)  is negative, which 
means the right-hand side of Equation (1.22) is always a positive quantity. 
Thus, /Xj > fi\ and the natural phenomenon will be for water to flow from 
the pure water side to the solution side. To overcome this natural tendency, the 
chemical potential difference has to be overcome by applying external pressure
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to the solution side, in order to raise its chemical potential. Thus, the governing 
equation will now be a combination of Equations (1.22) and (1.18):

- j x \  =  tfrinX , +  [  VdP (1.23)J Pi)
where P* is the external pressure and P0 is a standard pressure. By definition, 
the pressure applied such that f i \  — i i \  =  0 is called osmotic pressure, i.e., 
it =  (P* — Po), and assuming further that the liquid is incompressible, so that 
V  can be taken out from under the integral sign in Equation (1.23),

V\7t =  —R T  \n X \  (1.24)
or

R Tre =  In X  i (1 .25)k)
Equation (1.25) is the thermodynamic relationship for osmotic pressure, derived 
using only two assumptions: ideal solution behavior, which holds true only for 
very dilute solutions, and the liquid is incompressible, which is valid only at 
relatively low pressures.

Van’t Hoff had independently developed a correlation for osmotic pressure
tc =  n ^ R T  (1.26)

where n2 is the molar concentration of the solute in moles per liter of the 
solution. Van’t Hoff’s Equation (1.26) can be derived from the more rigorous 
Equation (1.25) by making some rather extreme approximations: since X \ is 
mole fraction of water,

X ! + V 2 = l  (1.27)
=  1 - X 2 (1.28)

When X 2 is very small, i.e., when X2 <$C 1,
ln ( l  — X 2)  =  — X 2 ' (1 .29)

In X i =  —X 2 (1.30)
By definition,

N2
N \ +  N 2

X2 = (1 .31)
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where N  is the number of moles of component 1 or 2. Since N 2 1, Equa
tion (1.31) can also be written to a first approximation as

N 2
N\ (1 .32)

Substituting Equations (1.30) and (1.32) into Equation (1.25), we get

tr = N 2 R T (1 .33)

By definition, V\ =  molar volume of solvent =  volume of solvent/moles of 
solvent =  volume of sol vent/TV). Or

V\ N\ =  volume of solvent (1 .34)

When the solution is an ideal, dilute, one, the volumes of the solvent and 
solution are essentially the same. Therefore, Equation (1.34) can be substituted 
into Equation (1.33) to get

Tt = N 2 -R T Cn 2R T  =  i — R TMVolume of solvent 
which is the same as van’t Hoff’s Equation (1.26), where

(1.35)

C =  concentration of solute in g/L of solution 
M  =  molecular weight of solute 

i =  number of ions for ionized solutes (e.g., i = 1 for sugars, 
i =  2 for NaCl)

T  =  temperature of the solution in the absolute scale (e.g., °K or °R)
R  =  ideal gas constant (e.g., 0.08206 atm-L/gmole • °K, or 

8315 N-m/kgmole ■ °K, or 1545 ft-lbf/lbm ole • °R)
Note that the van’t Hoff equation has been modified for ionized solutes to 
include i .

Table 1.3 shows the relative accuracy of the two models in predicting osmotic 
pressure. The van’t Hoff model deviates significantly even at low solute con
centrations because of the several approximations made in its development. The 
Gibbs (thermodynamic) relationship, Equation (1.25), is more accurate over a 
wider range of solute concentrations. Higher concentration results in deviations 
from ideal solution behavior even with the Gibbs equation.

Since the van’t Hoff equation resembles the ideal gas law, a common mis
conception has been to visualize osmotic pressure as being caused by the bom
bardment of solute molecules against the membrane. Higher concentrations
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Table 1.3. Osmotic pressure of aqueous sucrose 
solutions at 30°C.

Concentration 
(%  w/w) Molality

Osmotic Pressure (atm)

van't Hoff 
Equation

Gibbs
Model

Experimental
Data

25.31 0.991 20.3 26.8 27.2
36.01 1.646 30.3 47.3 47.5
44.73 2.366 39.0 72.6 72.5
52.74 3.263 47.8 107.6 105.9
58.42 4.108 54.2 143.3 144.0
64.58 5.332 61.5 199.0 204.3

of solute would then logically result in higher osmotic pressure. This view is 
incorrect since the presence of the membrane per se is not necessary for the 
existence of an osmotic pressure.

The physical significance of osmotic pressure in biological and clinical situa
tions is well known: the osmotic pressure difference is what causes germinating 
seeds to burst open their protective coat, causes the drawing of water from the 
soil into the root system of plants, and can burst open cells by immersing them 
in a solution of much lower osmotic pressure. As far as membrane processing is 
concerned, its major significance lies in the fact that the external pressure that 
must be applied for significant permeate flux must be higher than the osmotic 
pressure of the solution. As will be seen later, the basic relationship between ap
plied pressure (e.g., by a pump), osmotic pressure, and flow of solvent through 
a membrane is, like many transport processes, expressed in terms of the flux 
(the rate of solvent transport per unit area per unit time) and the driving force 
and resistances. For an ideal semipermeable membrane:

J  = A (P t - jtf ) (1.36)
where J  is the flux, A is a membrane permeability coefficient (the reciprocal 
of resistance to flow), P j is the transmembrane pressure, and ixF is the osmotic 
pressure of the feed solution. Thus, there has to be a positive driving force for 
flux; i.e., P j  must be always greater than ttf .

Even relatively small concentrations of dissolved solutes can develop fairly 
large osmotic pressures. A concentration difference ofO.l M across a membrane 
can result in an osmotic pressure of about 2.5 bar (about 37 psi). Table 1.4 shows 
some examples of osmotic pressure calculations using the van’t Hoff equation. 
With sodium chloride, a 1% solution results in an osmotic pressure of about 
125 psi (860 kPa). Thus, no flux will be obtained unless the pressure is above 
860 kPa. On the other hand, a 1% solution of lactose (MW =  342) will have an 
osmotic pressure of 10 psi (69 kPa) and a 1% solution of casein, a milk protein 
(MW =  25,000) only 0.28 psi (1.8 kPa). Thus, much lower pressures have to
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Table 1.4. Osmotic pressure of 1% solutions at 30° C, 
calculated using the van't Hoff equation.

Component
Molecular

Weight I M )
Number of Ions 

fil
Osmotic Pressure 

(psi)

NaCI 58.50 2 125
Lactose 342 1 10
Casein 25,000 1 0.28

be applied with the protein and sugar solutions than with the salt solution. This 
is why osmotic pressures are of little or no consequence in UF and MF, but 
important in RO and NR

This is shown in Figure 1.12, which shows typical flux during RO of water 
(jtf — 0), solutions of 1% NaCl, 1% lactose, and a real liquid food (skim milk 
of 9.1% total solids with an osmotic pressure of 100 psi). As expected, no 
permeation was observed until the applied pressure was higher than the osmotic 
pressure. The slopes of the salt and sugar lines are almost the same as the 
water line. With milk, however, there is a deviation from linearity. As will 
be explained in Chapter 4, this is because of “concentration polarization” of

F ig u r e  1.12. Reverse osm osis o f  a sa lt so lu tion , sugar so lu tion , and a com p lex  p ro 
te in  suspension (adapted from  Cheryan e t al. 1990).
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rejected particles. Flux becomes controlled by the mass transfer characteristics 
of the system. This explains why turbulence (in the form of higher velocities) 
has a beneficial effect with skim milk, but not so with salt or lactose where 
polarization is less important.

The significance of these calculations in MF and UF is that, at the normal 
concentrations of polymers and macromolecules (e.g., proteins), the osmotic 
pressure due to the presence of these macromolecules is usually low enough to 
be negligible. Since MF and UF are designed to retain only the larger dissolved 
solutes, such as proteins and other colloidal substances, it is assumed that the 
prevailing osmotic pressures in UF and MF are usually low enough to ignore, 
and thus the operating strategy will be to maximize mass transfer effects and 
control viscosity. In RO and NF, osmotic pressure effects are likely to be the 
dominant resistance.

Osmotic pressure data for macromolecular or colloidal solutes are few, es
pecially as a function of concentration. This is unfortunate, since at sufficiently 
high concentrations, the osmotic pressure could become significant, especially 
at the membrane surface due to the polarization phenomenon (see Section 4.E. 
later). Table 1.5 lists osmotic pressures of food and biological products. Osmotic 
pressure data obtained from reverse osmosis experiments must be used with 
caution, since it is frequently obtained by extrapolation of flux data to zero flux.

If the van’t Hoff model is used to calculate osmotic pressure, it should be 
remembered that it assumes that osmotic pressure will increase in a linear 
fashion with solute concentration. In fact, much of the actual experimental data 
and the Gibbs osmotic model indicate an exponential increase, as shown in 
Table 1.3 and also in Figures 1.13-1.15. Figure 1.13 compares the van’t Hoff 
equation with experimental data. For charged molecules such as proteins, the

Table 1.5. Osmotic pressure of foods 
at room temperature.

Food Concentration
Osmotic 

Pressure (psi)

Milk 9% solids-not-fat 100
Whey 6% total solids 100
Orange juice 11% total solids 230
Apple juice 15% total solids 300
Grape juice 16% total solids 300
Coffee extract 28% total solids 500
Lactose 5% w/v 55
Sodium chloride 1% w/v 125
Lactic acid 1 %  w/v 80
Sweet potato wastewater 22% total solids 870
Perilla anthocyanins 10.6% total solids 330

1 psi — 6.895 kPa = 0.0689 bar
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Figure 1.13. Effect o f  p ro te in  concentra tion and pH  on osm otic  pressure o f  serum  
album in . The b o tto m  curve is the ca lcu la ted curve based on the va n 't H o ff equa tion  
fo r  a so lu te  o f 60,000 m o lecu la r we ight. The o th e r tw o  curves are exp erim e n ta l data. 
Differences be tw een the van 't H o ff curve and  the others are due to non id e a lity  o f  the  
a lbu m in  so lu tio ns  a t h ig h e r concentra tions. The diffe rence betw een the tw o a lbum in  
curves is due to the ne t negative  charge a t pH  7.4 and  the consequent G ibbs-Duheim  
effec t (adapted from  Scatchard e t al. 1944).

osmotic pressure also depends on pH and ionic strength of the solution. In 
general, osmotic pressure of protein solutions is minimum at the isoelectric 
point and tends to be higher away from the isoelectric point, especially if other 
charged species and salts are present. This phenomenon is shown in Figures 1.13 
and 1.14. This pH effect is usually ascribed to the Gibbs-Donnan effect.

The dextran T10 and whey protein solutions (Figure 1.15) show surprisingly 
high osmotic pressures at concentrations where the viscosity is relatively low. 
For example, a 50% w/w dextran solution has a very high osmotic pressure 
of 25.5 atm, but the viscosity is only 270 cP (Jonsson 1984). Considering the 
magnitude of the osmotic pressures in Figures 1.13-1.15, it is quite possible 
that it is the osmotic pressure at the membrane surface that limits the flux, 
in addition to the resistance of any “gel-polarized” layer (see discussion in 
Chapter 4). The exponential increase in osmotic pressure with concentration 
also explains the maxima noticed at high pressures during RO (e.g., with skim 
milk in Figure 1.12).



Physical Chemistry of Membrane Separations 2 5

C o n c e n t r a t i o n  ( g / L )
Figure 1.14. E ffect o f  concen tra tion  on osm o tic  pressure o f  se lected m acro 
m olecu les. Sucrose is show n fo r  com parison. Lines are draw n acco rd ing  to the  
osm otic  pressure m o d e l [E quation (1.37)] and v ir ia l coe ffic ien ts in  Table 1.6. Points  
are experim en ta l data. The e ffect o f  pH  on bov ine  serum  a lbum in  (BSA) is shown. 
Data sources are show n in Table 1.6.

To account for the curvature in the osmotic pressure-concentration data, the 
van’t Hoff model for osmotic pressure is expressed as

Tt = A l C +  A 2C 2 +  A 3C 3 +  ‘ -- (1.37)
where A \, A 2, . . .  are known as the “virial coefficients.” Table 1.6 lists typical 
virial coefficients for several solutes. At high concentrations of macromolecules, 
the second and third virial coefficients may become sufficiently important that 
osmotic pressure effects may become significant in ultrafiltration.

In summary, the major resistances to be overcome in reverse osmosis are 
the resistance of the membrane, osmotic pressure of the retained solutes, and 
possibly mass transfer resistance in the boundary layer. In ultrafiltration and 
microfiltration, on the other hand, the major resistance is usually due to con
centration polarization and the associated boundary layer and, to a lesser extent, 
the membrane resistance itself, depending on the feed properties and the oper
ating conditions. Under certain conditions and with certain solutes, the osmotic
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0 10 20 30 40 50
Concentration { % w/w)

Figure 1.15. Effect o f concentration on osmotic pressure. Lines are drawn according 
to the osmotic pressure m odel [Equation (1.37)] and viria l coefficients in Table 1.6. 
Points are experimental data. Data sources are shown in Table 1.6.

pressure may become the limiting factor in ultrafiltration also. Thus, the operat
ing strategy to maximize the flux will depend on the mechanism of the limiting 
flux.
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