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About this book ...

This revised and expanded edition of Liguid Detergents covers all fundamental
theories, practical applications, and manufacturing aspects of liquid detergents,
from hand dishwashing liquids, liquid laundry detergents, to shampoos and con-
ditioners. More than 30% of new material has been added, and this covers all the
advances in liquid detergent products and technologies in the last decade.

Over 1800 relevant and up-to-date references are cited; these include books,
book chapters, journal articles and patents for each product category. A wealth
of information is presented in 300 helpful figures and tables.

Twenty-three international researchers from academia and industry have con-
tributed their expertise to the book. This second edition of Liquid Detergents
will continue to serve as a convenient, comprehensive and useful reference for
researchers, and product development chemists and engineers, in the detergent
field.

© 2006 by Taylor & Francis Group, LLC



Preface

Since its publication in 1996, the first edition of Liquid Detergents has been well
received around the world by researchers in the detergent field. However, since
its first publication there have been significant advances in this area. This second
edition is intended to capture these advances and maintain the book as a useful,
up-to-date reference.

Every chapter has been updated and expanded. This is true for both theoret-
ical and application aspects. Over 30% of the information is new and updated.
Chapter 2, “Hydrotropy,” has been rewritten to incorporate a significant num-
ber of updated references. In Chapter 3, “Phase Equilibria,” the discussion
of emulsion has been expanded, and a section on nanoemulsions added. For
Chapter 4, “Rheology of Liquid Detergents,” in addition to general updating,
data on the rheology of current commercial detergent raw materials and finished
products are included, emphasizing those with particularly unique properties.
Chapter 5, “Rheology Modifiers and Thickeners for Liquid Detergents,” has
been rewritten with expanded coverage of all the different rheology modifiers
and thickeners for detergent applications. Chapter 6, “Nonaqueous Surfactant
Systems,” has been expanded to give a more comprehensive theoretical review
of aggregation in nonaqueous solvents. Chapter 7, “Light-Duty Liquid Deter-
gents,” has been significantly rewritten and expanded; the new trends in recent
years, including the success of antibacterial products and sensorial products, are
a major focus of discussion. An extensive review of recent patent trends and a
new discussion of “high-efficiency detergents,” “color/fabric care” and “wrin-
kle reduction” have been added to Chapter 8, “Heavy-Duty Liquid Detergents.”
Chapter 9, “Liquid Automatic Dishwasher Detergents,” has been updated to
cover the evolution of products in recent years, and includes complete sum-
maries of a large number of new patents granted since the mid-1990s. Chapter
10, “Shampoos and Conditioners,” has been completely rewritten to align with
the other application chapters; it has also been significantly expanded, with exten-
sive summaries of patents for various new technologies and new products for
shampoos and conditioners. Chapter 11, “Liquid Hand Soap and Body Wash,”
is a newly written chapter that covers not only liquid hand soaps, but also the

xiii
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Xiv Preface

exciting developments in shower gel/liquid body wash products in recent years.
Chapter 12, “Fabric Softeners,” has been rewritten and updated. New sections,
especially on household cleaning wipes, have been added to Chapter 13, “Specialty
Liquid Household Surface Cleaners.” New discussions of continuous vs. batch
process, aeration avoidance and microbial contamination have been added to
Chapter 14, “Manufacture of Liquid Detergents.”

It is hoped that, with these updates and additions, the second edition of Liquid
Detergents will continue to serve as a useful and handy reference for researchers
in the field.
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1
Liquid Detergents: An Overview

TARNO CAHN Arno Cahn Consulting Services, Inc., Pearl River, New York

KUO-YANN LAl Global Technology, Colgate-Palmolive Company,
Piscataway, New Jersey

L INTRODUCTION . ... e 1

Il. LIGHT-DUTY LIQUID DETERGENTS. ... ..o 2
Il HEAVY-DUTY LIQUID DETERGENTS ... ... 5
IV. LIQUID AUTOMATIC DISHWASHER DETERGENTS ...ttt 9
V. SHAMPOOS AND CONDITIONERS...... ..o 9
VI. LIQUID HAND SOAP ANDBODY WASH ..... ..o 11
VII. FABRIC SOFTENERS ... . e 12
VIIl. SPECIALTY LIQUID HOUSEHOLD SURFACE CLEANERS....................... 13
IX. MANUFACTURE AND RAW MATERIALS. ... .o 18

. INTRODUCTION

Liquid detergents provide convenience in our daily life ranging from personal
care of hand and body cleansing and hair cleaning and conditioning to home
care in dishwashing and cleaning of various household surfaces to fabric care
in laundering and fabric softening. Compared with powdered detergents, liquid
detergents dissolve more rapidly, particularly in cold water, they generate less
dust, and they are easier to dose. It is not surprising, therefore, that liquid forms
of cleaning products have been gaining in popularity since their introduction in
the late 1940s.

With the exception of fabric softeners and shampoos, the solid form of cleaning
products preceded the liquid form. This is true of manual and automatic dishwash-
ing, laundering, and general personal cleansing products. As a result, the technical
history of liquid detergents is to a large extent one of emulating the performance
features of the powder models.

Dr. Cahn passed away on October 26, 2004. This overview chapter is based on his earlier work in the
first edition with an update since that time. We would like to acknowledge Dr. Cahn for the enormous
contributions that he made to the detergent industry over the last few decades.
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2 Cahn and Lai

All other factors — soiling, water hardness, and temperature — being equal,
cleaning performance is a function of concentration and type of active ingredients
that are delivered into the cleaning bath. Almost by definition, the liquid form
involves a dilution of the active ingredients, that is, a given volume of a powdered
detergent can generally deliver more active ingredients than an equal volume of
a liquid detergent. The task of providing performance equality with powders is
therefore not insignificant. It is made even more difficult when salts often pose
problems of solubility and compatibility with any organic surfactants of the formu-
lation. Finally, formulation problems are most severe when the active components
are less stable in an aqueous environment than in a solid matrix.

These considerations apply principally to the heavy-duty liquids, the largest
of the liquid detergent categories, but they also come into play with automatic
dishwasher liquid detergents.

The situation is different for products designed for light duty, such as for hand
dishwashing and softening fabrics. These liquids are generally superior in per-
formance to their powder counterparts to the extent that these existed in the first
place. This is also true of shampoo formulations, for which there is no common
solid equivalent.

Since the mid-1990s there have been numerous new products launched around
the world and there have been many advances in technology in this field. Liquid
detergents have further gained popularity around the world replacing many tra-
ditional products in solid, powder, or other forms. Detergent manufacturers have
introduced a large number of new products in every category. These products
not only offer continuous improvement in cleaning performance but also incor-
porate more and more additional benefits. This is true for all products. Chapters
7 to 14 provide a detailed review of these new products and the advances in new
technologies in every area.

This chapter is intended to give readers a historical overview of the various
products as well as the new developments in the last decade (1995-2004).

Il. LIGHT-DUTY LIQUID DETERGENTS

On a truly commercial scale, the age of liquid detergents can be said to have
begun in the late 1940s when the first liquid detergent for manual dishwash-
ing was introduced. This liquid consisted essentially of a nonionic surfactant,
alkylphenol ethoxylate. It produced only a moderate amount of foam when in use.

This proved to be a serious detriment. To be successful, consumer product inno-
vations must show a large measure of similarity to the conventional products they
are intended to displace. In this case, copious foam was the essential performance
attribute that needed to be as close as possible to that generated from powders and
soap chips.
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The requirement for copious foam levels has a technical basis and is more than
a mere emotional reaction to a visual phenomenon. With soap-based products the
appearance of a persistent foam signals that all hard water ions have been removed
by precipitation as calcium and magnesium caboxylates and that excess soap is
available to act as a surfactant.

The foaming requirements for light-duty liquids were met by the next series
of product introductions in the early 1950s. These formulations were based on
high-foaming anionic surfactants. They were capable of maintaining adequate
levels of foam throughout the dishwashing process and possessed sufficient emul-
sifying power to handle any grease to produce “squeaky clean” dishware. This
was accomplished by a mixture of anionic surfactants — alkylbenzenesulfonate,
alcohol ether sulfate, and alcohol sulfate — sometimes in combination with non-
ionic surfactants. To maintain foam stability alkanolamides were incorporated. In
some products alkanolamides were subsequently replaced by long-chain amine
oxides.

The formulation of light-duty liquids overcame a second major technical hurdle
inherent in the formulation of all liquid detergents: to maintain homogeneity in the
presence of significant levels (about 30% or more) of moderately soluble organic
surfactants. Coupling agents or hydrotropes (see Chapter 2) were introduced for
this purpose, specifically short-chain alkylbenzenesulfonates, such as xylene-,
cumene-, and toluenesulfonate, as well as ethanol.

Light-duty liquids have maintained a significant market volume to this day. This
is in spite of the introduction and increasing popularity of automatic dishwashing
machines and the detergents formulated for these machines. In fact, the use of
both has increased greatly since their introduction in the late 1950s. This can be
explained in part by the fact that some consumers use the light-duty liquids for
washing delicate laundry items by hand in addition to continued use of them for
washing small loads of dishes.

Over the years, minor additives have been incorporated into light-duty lig-
uid formulations, principally to support marketing claims for special performance
features. For a period in the 1960s, antimicrobials were incorporated into some
products designed to prevent secondary infections of broken skin during dish-
washing. After an absence of some 30 years antimicrobials are again appearing
in light-duty liquids, and antimicrobial-containing formulations have become an
important product segment. This is clearly a result of the increasing awareness of
the possible presence of bacteria in foods, especially in chicken.

Improving the condition of skin as a result of exposure to light-duty liquid solu-
tions proved to be technically very difficult. Exposure times are relatively short,
about 20 minutes, three times a day in the best circumstances, and use concentra-
tions are low, about 0.15%. The combination of low use levels and short exposure
times makes it difficult to overcome the adverse effects of skin exposure to other
influences, such as dry air in heated homes and strong household chemicals.
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Generally speaking, light-duty liquid compositions are relatively nonirritating
to skin. Mildness to skin could therefore be claimed for these products with rea-
sonable justification. During the 1960s and 1970s the cosmetic image was further
enhanced by making light-duty liquids more opaque, and imparting to them the
ability to emulsify grease, combined with a persistent foam, has been the main
objective of technical improvement.

In line with cleaning efficacy, solid particles have also been incorporated into
some light-duty liquid formulations with the objective of increasing the effec-
tiveness of the products in removing solid caked-on or baked-on soiling from
articles.

Since the mid-1990s a great wave of evolution has taken place in the
hand dishwashing liquid detergent market. The new products not only include
“smarter” surfactants and surfactant mixtures, but also address multiple consumer
needs offering multidimensional benefits. While consumers are in general quite
satisfied with the primary cleaning function of dishwashing detergents, they have
started looking for additional benefits beyond cleaning. New products introduced
to the market incorporate various benefits including antibacterial and hand care
properties and cleaning of tough-to-remove soiling.

A number of nontraditional ingredients have been introduced to light-duty lig-
uid detergent formulations. These include some novel surfactants, antimicrobial
agents, special polymers, and enzymes. Novel surfactants such as mid-chain
branched ethoxy sulfates, ethylene diaminetriacetate, ethoxylated/propoxylated
nonionic surfactants, Gemini surfactant, bridged polyhydroxy fatty acid amides,
and the amphoteric surfactant sultaine are used for enhancement of cleaning or
foaming performance.

The antimicrobial agent most commonly used in light-duty liquid detergents is
triclosan (2,4,4’-trichloro-2’-hydroxydiphenyl ether). Other antimicrobial agents
such as triclorocarban (TCC) and para-chloro-meta-xylenol (PCMX) are also used
in some products, although to a much lesser extent.

Many polymers are used in light-duty liquid detergents to give various bene-
fits. For example, polyoxyethylene diamine is used to increase grease cleaning,
polyacrylate to aggregate and suspend particles, amino acid copolymer to tackle
resistant soiling, polyethylene glycol to increase solubility, and ethylene oxide—
propylene oxide copolymer to increase solubility, grease cleaning, or foam stabi-
lity, or to improve mildness.

The other major development in light-duty liquid detergents since 2000 has
been the introduction of experiential products, with different colors and fragrances
that enhance a cleaning task. Colgate-Palmolive launched the Spring Sensations
line in the U.S. market in the spring of 2000. New variants in colors and fragrances
such as Orchard Fresh and Green Apple have been added to the line. Procter &
Gamble followed with Joy Invigorating Splash and Tropical Calm and in the spring
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of 2001 with Dawn Fresh Escapes featuring Citrus Burst Apple Blossom and
Wildflower Medley.

More recently, the aromatherapy benefit offered by personal care products has
been extended to hand dishwashing products. Colgate-Palmolive launched Ultra
Palmolive Anti-Stress Aromatherapy Dish Liquid with lavender and ylang-ylang
extracts claiming “a whole new sensation in dishwashing.”

lll. HEAVY-DUTY LIQUID DETERGENTS

Once light-duty liquid products had established an attractive market position, the
development of heavy-duty liquids could not be far behind. As with light-duty
liquids, the requirement of similarity to existing products also had to be met. In this
case these products were powdered laundry detergents. The powdered laundry
detergents of the 1950s were characterized by the presence of high levels of builder,
specifically pentasodium tripolyphosphate (STPP), and relatively low levels, about
15%, of surfactants. In formulating a heavy-duty liquid, therefore, the major
technical objective was to find ways of stably incorporating maximum levels of
builder salts.

The first commercially important heavy-duty liquid was introduced into the
U.S. market in 1958. The product incorporated tetrapotassium pyrophosphate,
which is more soluble than STPP. Even so, in the presence of a surfactant system
of sodium alkylbenzenesulfonate and a mixture of alkanolamides the formulation
could tolerate only 15 to 20% of tetrapotassium pyrophosphate.

Incorporation of an antiredeposition agent, another ingredient present in
laundry powders, proved to be another major technical hurdle. Antiredeposition
agents, generally carbohydrate derivatives such as carboxymethylcellulose, had
been introduced into laundry powders to prevent graying after a number of repeat
wash cycles. In one product the patented solution to this problem consisted of
balancing two antiredepostion agents of different specific gravity such that the ten-
dency of one to rise in the finished product was counterbalanced by the tendency
of the second to settle in the product [1].

Although the first major commercial heavy-duty liquid composition was for-
mulated with a builder system, the concentrations of builders and surfactants it
delivered into the washing solution were lower than those provided by conven-
tional detergent powders. As a liquid, however, the product possessed a unique
convenience in use, particularly for full-strength application to specific soiled
areas of garments. Convenience was accompanied by effectiveness, because the
concentration of individual ingredients in the neat form approached that of a
nonaqueous system.

This is illustrated by the following consideration. Recommended washing
product use directions lead to washing solutions with a concentration of about
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0.15% of the total product. At a surfactant level of about 15% in the product,
the final concentration of surfactant in the wash solution is about 0.0225%. The
efficacy of surfactants in providing observable cleaning at such a low concentra-
tion attests to the power of the interfacial phenomena that underlie the action of
surfactants.

By contrast, a heavy-duty liquid containing 20% surfactant, applied full stren-
gth, leads to a surfactant concentration of 20%, some three orders of magnitude
larger than in the case discussed above. At these (almost nonaqueous) concentra-
tions solution phenomena, such as those occurring in nonaqueous dry cleaning,
are likely to be responsible for cleaning efficacy. The popularity of heavy-duty
liquids for pretreating stains was thus based not only on convenience but also on
real performance.

In the mid-1960s branched-chain surfactants were replaced by more biodegrad-
able analogs in all laundry products. In heavy-duty liquids sodium alkylbenzene-
sulfonate, derived from an alkylbenzene with a tetrapropylene side chain, was
replaced by its straight-chain analog, referred to as sodium linear alkylbenzesul-
fonate (LAS).

The conversion to more biodegradable surfactants was prompted by the appear-
ance of foam in rivers. The appearance of excessive algal growth in stagnant
lakes prompted a second environmental development that proved to be benefi-
cial to the expansion in use of heavy-duty liquids: the reduction or elimination
of the sodium tripolyphosphate builder in laundry detergents. Restrictions on the
use of phosphate in laundry detergents were imposed by a number of states and
smaller administrative agencies beginning in 1970. Because no totally equivalent
phosphate substitute was immediately available, the performance of heavy-duty
laundry powders was adversely affected. As the whole-wash performance differ-
ential between powders and liquids narrowed, the usage of heavy-duty liquids
for the whole wash expanded, markedly so in areas where phosphate had been
banned.

In the first nonphosphate version of a commercial product, phosphate was
replaced by NTA (trisodium nitrilotriacetate), a powerful builder, comparable to
condensed phosphate in its efficacy in sequestering calcium ions in the washing
solution. Because of reports of adverse teratogenic effects in laboratory experi-
ments, this builder was withdrawn from the market toward the end of 1971. It
was replaced by sodium citrate, an environmentally more acceptable but inher-
ently less powerful calcium sequestering agent. At the same time surfactant levels
were increased by a factor of about three. What had happened in practice (if not in
theory) was that higher levels of surfactants had been introduced to compensate
for the loss in the builder contribution to washing efficacy provided previously
by phosphate.

The 1970s saw the introduction of several heavy-duty liquids that carried this
substitution to its limit, being totally free of builder and consisting solely of
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surfactants at levels ranging from 35 to 50%. These compositions were distin-
guished from light-duty liquids by the presence of laundry auxiliaries, such as
fluorescent whiteners and antiredeposition agents. With the exception of a few
products based on surfactants only, most heavy-duty liquids are formulated with
a mixture of anionic and nonionic surfactants, with anionics predominating.

The steady expansion of the banning of phosphate across the U.S. accompa-
nied by an increase in the convenience and efficacy of heavy-duty liquids led
to an expansion in the use of this product category in the 1970s and 1980s.
This expansion was fueled not only by the publicity that normally accompanies
the introduction of new brands but also by some significant product improve-
ments. The first of these to appear in the early 1980s was the incorporation of
proteolytic and, later, amylolytic enzymes. In liquid detergents, with their rela-
tively high amounts of water, proteolytic enzymes must be stabilized to prevent
degradation during storage [2,3]. Enzymes make a significant and demonstra-
ble contribution to washing efficacy, not only in the removal of enzyme-specific
stains, such as grass and blood, by proteinases, but also in an increase in the level
of general cleanliness. The latter effect is the result of the ability of a proteolytic
enzyme to act upon proteinaceous components of the matrix that binds soils to
fabrics.

Enzymes had been used in detergent powders in the U.S. and Europe as early
as 1960. They were subsequently withdrawn in the U.S., but not in Europe, when
the raw proteinase used at the time proved to have an adverse effect on the health
of detergent plant workers. Improvements in the enzymes, specifically encapsula-
tion, eliminated their dustiness and made it possible to use these materials in
detergent plants without adverse health effects.

Since the 1990s enzyme mixtures have been commonly used in heavy-duty lig-
uids. Most products contain a minimum of a protease for removal of proteinaceous
soils and an amylase to facilitate starchy food-based soil removal. Some products
contain lipases for degrading fatty or oily soils and cellulases to improve fabric
appearance by cleaving the pills or fuzz formed on cotton and synthetic blends.

The second product innovation was the incorporation of a fabric-softening
ingredient. Again, a powdered version of a “softergent” that had been on the market
for some time served as the model product. In a powder the mutually antagonistic
anionic surfactants and cationic softening ingredients could be kept apart so that
they would not neutralize their individual benefits in the wash cycle. In a liquid this
proved to be unattainable. As a result, the choice of surfactants in liquid softergents
was restricted to nonionics.

Although the incorporation of enzymes and fabric softeners strengthened the
market position of heavy-duty liquids, it did not solve the basic problem of limited
general detergency performance in normal washing. As noted earlier, heavy-duty
liquids came close to the performance of the first nonphosphate laundry powders.
With time, however, the performance of nonphosphate laundry powders improved
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as new surfactant systems and new nonphosphate builders, notably zeolite in com-
bination with polycarboxylate polymers, were introduced.

From the mid-1980s to the mid-1990s some major brands of heavy-duty lig-
uids were converted from builder-free to builder-containing compositions. The
first of these products employed a builder system consisting of sodium citrate in
combination with potassium laurate [2]. Later, potassium laurate was replaced
by a small-molecule ether polycarboxylate sequestrant, a mixture of sodium
tartrate monosuccinate and sodium tartrate disuccinate [3]. In these builder-
containing products the stabilization of enzymes is technically more difficult than
in builder-free systems. A combination of low-molecular-weight fatty acids, low-
molecular-weight alcohols, and very low levels of free calcium ions proved to be
the solution to this problem.

In the U.S. heavy-duty liquids have grown at about 3% volume share of market
a year in the last decade replacing powder laundry detergents that have dominated
the market for years. By 1998 liquids had surpassed powders for the first time,
and by 2001 liquid products accounted for 72% volume share of the U.S. laundry
detergent market while powder laundry detergents declined to only 28% [4]. In
Canada the heavy-duty liquid detergent volume share of the market grew from
15% in 1997 to 35% in 2001 [4]. In other parts of the world the volume share of
heavy-duty liquid detergents grew at varying degrees.

There has been a significant technological development in heavy-duty lig-
uid detergents in the last decade. Several thousand patents in this area were
granted during this period. While many of these advances continue to focus on
improvement in cleaning efficacy with conventional approaches using alterna-
tive surfactant systems, optical brighteners, or enzymes, there has been a greater
emphasis on additives incorporated into the detergent formulation at low con-
centrations that deliver other significant, consumer-perceivable benefits. A strong
emphasis in recent years has been on fabric and color care benefits, with the goal
of preserving fabric appearance after multiple launderings. The market has also
shifted toward consumer-friendly products that reduce fabric wrinkling and elim-
inate the need for ironing or reduce ironing time. Procter & Gamble developed
a “Liquifiber” technology using a hydrophobically modified cellulosic to help
reduce wrinkles in clothes. There has also been a continuous effort to find novel
polymers that reduce dye transfer in the wash or rinse. Several patents on soil
release technologies have been granted, with the focus being shifted from syn-
thetics or blends to cotton garments. Novel enzymes are routinely finding new
uses in liquid detergents, with efforts aimed at reducing allergenicity also being
actively pursued. Polymers have been employed to modify the rheology of various
liquid formulations for improving product aesthetics through suspension of visual
cues. Incorporating encapsulated fragrances and additives into heavy-duty liquids
for masking or eliminating malodors is another important development in recent
years.
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IV. LIQUID AUTOMATIC DISHWASHER DETERGENTS

Liquid automatic dishwasher detergents (LADDs) were first introduced to the
U.S. and European markets in 1986. Prior to that, all dishwasher detergents were
in powder form. LADDs have slowly gained popularity since their introduction.
At the same time there has been an increase in the number of households with
dishwashers, especially in the U.S. and Europe. By the early 2000s about half
of U.S. households had dishwashers. LADDs account for about 40% of the dish-
washer detergent market; 40% is accounted for by the powder form and 20% by
the new unit-dosed form.

There has been an evolution in the technology of LADDs from clay hypochlorite
bleach form to gel hypochlorite bleach form to gel enzyme nonbleach form.

The first LADDs were essentially powder compositions in a liquid form, in
which functional components were suspended or dispersed in a structured liquid
matrix. The liquid matrix consisted of water and the common structuring addi-
tives used were bipolar clays and a co-thickener comprising a metal salt of a fatty
acid or hydroxy fatty acid. These liquid products, although minimizing some of
the shortcomings of powders, suffered from two major disadvantages. First, the
rheological properties of these products were such that the product needed to be
shaken prior to dispensing. Second, the shelf life stability of these products did
not meet consumer expectations. These problems were recognized by the manu-
facturers and aesthetically superior, non-shake, stable, and translucent products
were introduced to the market in 1991 as “gels.” All the liquid products marketed
in the U.S. today are essentially in “gel” form using polymeric thickeners.

V. SHAMPOOS AND CONDITIONERS

Shampoos are liquid detergents designed to clean hair and scalp. They bear some
resemblance to hand dishwashing liquids in that they are essentially builder-free
surfactant solutions.

The history of shampoos is long, beginning well before the days of synthetic
surfactants. The advent of synthetic surfactants greatly expanded the options for
formulators and at the same time improved the aesthetics of the products.

Aesthetic properties, such as appearance (clear or pearlescent), viscosity, and
fragrance, are perhaps more important in this product group than in any other
product category discussed in this book. Development and maintenance of an
adequate foam level is a performance property and also an aesthetic property in
that it is noticed and evaluated by users.

Shampoos almost always contain additives with activity in areas other than
cleaning and foaming, designed to provide specific performance attributes such
as hair luster and manageability and elimination of dandruff.
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The use concentration of shampoos is estimated as near 8%. This is an order of
magnitude greater than that of laundry and dishwashing liquids. Mildness to skin
and low irritation to eyes are therefore important requirements for shampoos.

Salts, generally sodium but also triethanolammonium, of long-chain alcohol
sulfates and alcohol ether sulfates are the most widely used surfactants in shampoo
formulations. Alkanolamides act as viscosity regulators and foam stabilizers.

The most general benefits associated with the use of conditioners are a reduc-
tion in static charge on hair and hence a greater ease of combing, that is, improved
manageability. Cationic, quaternary surfactants and cationic polymers provide
these benefits as a result of electrostatic adsorption on hair. Analogous to “soft-
ergents,” the mutual antagonism of the cationic conditioners and the anionic
surfactants that provide the primary shampoo function of removing oily deposits
on hair presents a problem in the development of conditioning shampoos. Some
anionic surfactants, notably carboxylated nonionics, have been found to be more
tolerant toward cationic surfactants than alcohol sulfates or alcohol ether sulfates.

Like all other liquid detergents, shampoos have evolved from basic cleaning
products into products with multiple benefits. “Two-in-one” shampoos that com-
bine cleaning and conditioning benefits in one product have gained increasing
acceptance since their development in the late 1980s and have become the major
product type on the market. Consumers like the convenience and the savings from
this kind of product in contrast to using shampoo and conditioner separately. The
primary conditioning agent used in most two-in-one shampoos is dimethicone.
Other related silicones such as dimethiconol, amodimethicone, and dimethicone
copolyol have also been used, either in a primary or secondary capacity. Because
many of these materials are not soluble in water, it is necessary to incorporate
these ingredients into the product with emulsifying agents or stabilizers. There-
fore, two-in-one shampoos are typically oil-in-water emulsions. There have been
significant technological advances in two-in-one shampoos focusing on improv-
ing cleaning or conditioning benefits and improved stability. There have been
numerous patents relating to these kinds of products, especially since the 1990s.

Shampoos are also formulated with antidandruff agents. Water-insoluble anti-
dandruff agents, such as zinc pyrithione (ZPT), selenium sulfide, climbazole, coal
tar derivatives, and sulfur, have been used in many products for treating dandruff.
In the last decade there have been many new developments in this kind of prod-
uct providing improved antidandruff efficacy. Three-in-one shampoos are also
available, which provide cleaning, conditioning, and antidandruff benefits in one
product.

Shampoos for particular individual needs have been increasing in acceptance
among consumers with specific cosmetic or health concerns. The demand for
specialty products is driven by race, age, gender, image, personality, lifestyle,
health, well-being, fashion, etc. New specialty shampoos that have been devel-
oped and are appearing on the market include those offering volume control,
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color protection, sun protection, revitalization or repair of damaged hairs or
split-ends, frizz and flyaway reduction, and styling control.

The growing trend of using natural ingredients in personal care products in
recent years also holds true for shampoos and conditioners. Keratins, vitamin E,
essential oils, green tea, rosemary, grapefruit, grape seeds, saw palmetto, lotus,
honey, chitosan, and ginseng are examples of some of the ingredients used
in “natural” shampoos. Some of these shampoos only contain minute amounts
of these ingredients for making “ingredient claims” with no real substantiated
benefits.

VI. LIQUID HAND SOAP AND BODY WASH

The initial development of liquid hand soap may be dated to as early as the 1940s.
In the 1960s and 1970s liquid soaps started to appear as institutional and hospi-
tal health care hand washing products, some using simple liquid fatty acid coco
soaps and some using blends of synthetic surfactants. In the late 1970s liquid
soap was developed and launched on the mass market in the U.S. With the advan-
tages liquid soaps offer over conventional bar soaps, they soon gained consumer
acceptance and became increasingly popular.

Liquid soap can be stored and dispensed with the convenience characteristics of
all liquids. Beyond these generic attractions, they possess an aesthetic advantage
over conventional bar soaps in that during use, and particularly during occasional
use, they are not subject to the visual and physical deterioration in appearance of
bar soaps. Stored in an aqueous matrix (residual water from washing), soap bars
tend to slough and crack to various degrees. The cracks, in turn, can collect dirt,
which leads to a less than attractive appearance.

As liquid soap has gained popularity, its application has extended beyond wash-
ing hands to body cleansing and liquid body wash/shower gel products. These have
become a growing product subcategory.

Since the mid-1990s liquid hand soap and body wash/shower gel products have
experienced probably the biggest increase in use among all the liquid detergents.
This is especially true for liquid body wash/shower gel products. While there has
not been a dramatic change in the cleaning chemistry and formulation, this product
category has expanded with ever-growing new consumer benefits. The growing
usage of liquid soap and body wash products is not merely at the expense of
traditional bar soaps but is an additional usage. Consumers started using these new
products for benefits that they did not get or expect to get from traditional bar soaps.

New liquid hand soap products introduced to the market in the last decade
continue to focus on superior cleaning plus antibacterial and skin moisturizing
benefits. Triclosan is the universal choice of antimicrobial agent for these products.

With the advent of liquid body wash or shower gel, the rapid pace of innova-
tion in the bath and shower market in the last decade has transformed traditional
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bathing and showering practice from the necessity of basic cleaning and hygiene
to pampering and caring for the well-being of body and mind. The skin care ben-
efits that were being delivered via products sold only in specialty stores and for
indulgences such as spas are now coming onto the mass market. Relaxation of
body and mind is being offered in the shower with the introduction of aromather-
apy shower gels based on essential oils, traditionally known to soothe the nerves
and relax the muscles. A desire for youthful appearance and willingness to pay
for products that promise such a benefit are leading to the development and intro-
duction of a multitude of antiaging shower products based on firming, exfoliation,
etc. (see Chapter 11).

Vil. FABRIC SOFTENERS

Fabric softeners or conditioners are designed to deliver softness to washed clothes
and to impart a pleasant smell. They first made their appearance in the U.S. mar-
ket in the 1950s. The softening effect is typically accomplished using cationic
surfactants, “quats” (quaternary ammonium surfactants), which adsorb onto fab-
ric surfaces. Di-hard tallow dimethylammonium chloride (DHTDMAC) has been
the most commonly used softening ingredient for several decades. The positive
charge on the nitrogen atom combined with the high molecular mass associated
with the long alkyl chain ensure adsorption of the compound on the substrate and
a soft feel of the conditioned fabric.

In contrast to most other liquid detergents, fabric softeners are not true solu-
tions. The long-chain quaternary salts do not dissolve to form an isotropic solution.

Cottonis the primary target substrate for fabric softeners. With repeated washing
the fine structure of cotton at the surface of a fabric becomes dendritic, that is,
many fine spikes of cotton fibers are formed that protrude from the surface of
the textile. Electrostatic repulsion holds these spikes in place, but in the presence
of a cationic softening agent they are smoothed out. Synthetic fabrics, such as
polyester and nylon, are not subject to this phenomenon. Much of the “softening”
with these substrates is provided by the mechanical flexing action in the drier.
However, the mechanical action of the drier causes a buildup of static electricity on
synthetic fabrics, which can result in considerable sparking when garments made
of synthetic fibers are withdrawn from the clothes drier. Fortunately, the agents
that confer softening to cotton fibers also reduce the buildup of static charges on
synthetics.

In a conventional fabric softener formulation the level of the quaternary sur-
factants is about 5%. Low concentrations of leveling agents can also be present.
These materials, often nonionic surfactants, assist in the uniform deposition of
the softening quats. In addition, a buffering system is used to ensure an acidic
pH. Finally, a solvent, such as isopropanol, present at a level of about 10 to 15%,
ensures a viscosity range suitable for easy dispensing from the bottle.
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As additives to improve ease of ironing and to reduce the wrinkling tendencies
of a treated textile, silicone derivatives, such as polydimethyl siloxanes, have been
incorporated into liquid fabric softener compositions [5].

As alternative softening quaternaries, imidazolinium compounds have been
introduced with a claim of superior rewet performance. This can be a useful
performance feature because with continuing usage and buildup of cationics on
the substrate, the water absorption of the substrate can be adversely affected.
The use of anionic detergents in the main wash can mitigate this phenomenon
because the anionic surfactant can combine with the cationic fabric softener to
form a combination that is removed as part of the oil on the fabric.

Since the late 1970s concentrated fabric softener products have been marketed
in the U.S. and Europe. The concentration of the softening cationic in these
products is about three times as high as in conventional products.

As more and more attention was paid to the environmental impact of every
product, the biodegradability profile of DHTDMAC was scrutinized. In the early
1990s, as the result of changes in European regulations, fabric softener manufac-
turers in Europe voluntarily replaced DHTDMAC with the more biodegradable
esterquats. Since 1996 manufacturers in the rest of the world have also started to
remove DHTDMAC from products and to replace it with esterquats. Replacing
DHTDMAC with esterquats is not a simple one-to-one replacement in a formula.
It requires full reformulation to maintain product aesthetics and performance.
This is discussed in detail in Chapter 12.

Over the years consumers’ expectation of and demand for this kind of product
have been increasing. Like all other liquid detergents, more and more bene-
fits have been added to fabric softener products. These added benefits include
ease of ironing, wrinkle reduction, fiber care and protection, antibacterial prop-
erties, color protection, long-lasting freshness, deodorization, soil release, and
dye transfer inhibition. There are significant differences in consumer needs and
expectations from different parts of the world. In spite of all these developments,
fragrance remains the most important attribute of the product on which consumers
base their purchasing decision. Manufacturers offer products with various new
fragrance variants as line extensions on a continuing basis.

Vill. SPECIALTY LIQUID HOUSEHOLD
SURFACE CLEANERS

Detergents for cleaning various household surfaces are considered specialty
cleaners. These include all-purpose cleaners for floors and surfaces, and cleaners
for bathrooms, kitchens, toilet bowls, and glass.

Early versions of specialty liquid cleaners were based on low levels of tetrapyro-
phosphate builder and surfactant, and additions such as alkanolamides and a
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sufficient amount of hydrotrope to keep the composition homogeneous. For san-
itizing products, the additions included compounds with antimicrobial efficacy,
such as pine oil or antimicrobial cationics. With the advent of phosphate bans,
sodium citrate has emerged as the most common phosphate replacement in these
products.

For increased efficacy in removing particulates adhering to substrates, some
general-purpose cleaners incorporate a soft abrasive, such as calcium carbonate.
The resulting products are milky suspensions with about 40 to 50% of sus-
pended calcium carbonate [6]. Keeping these compositions homogeneous through
extended storage is a technical challenge. One approach to solving this problem is
to provide “structure” to the liquid medium. Surfactants present as a lamellar phase
are capable of structuring liquids. U.S. patent 4,695,394 discloses a composition
containing both soft abrasive and bleach.

Solvent cleaners are generally free of builder salts. The cleaning efficacy
depends on solvent-type compounds, such as glycol ethers. Solvent cleaners are
less effective on particulate soiling, such as mud on floors; however, they are
effective against oily soiling, particularly on modern plastic surfaces.

Window cleaners constitute a specialty within the solvent cleaner category.
Because any residue left on glass after drying leads to streaking or an other-
wise undesirable appearance, these products are highly dilute aqueous solutions
containing extremely low surfactant levels — most often nonionic surfactants
— and a combination of glycol ethers and isopropyl alcohol as the solvent
system.

Bathroom cleaners, sometimes referred to as tub-tile-and-sink cleaners, repre-
sent “subspecialty” liquids that must be effective against a combination of sebum
soil deposited from skin detritus during bathing or showering and the hardness
deposits deriving from hard water or from the interaction of hard water with
soap, that is, calcium salts of fatty acids (soap scum). One subset in this group
depends on acids for removing this combination of soiling. The acids contained
in these products range from strong hydrochloric and phosphoric acids to moder-
ately strong organic acids such as glycolic acid. Other products are formulated at a
basic pH, incorporating calcium sequestrants, such as the sodium salt of ethylene-
diaminetetraacetic acid (EDTA), surfactants, and, in the case of products with
disinfecting action, antimicrobial quaternaries.

Toilet bowl cleaners, like bathroom cleaners, are formulated to remove mineral
deposits, principally iron salts that form an unsightly deposit at the water level.
Again, acids ranging in strength from hydrochloric to citric are found in these
products.

Like other liquid detergents, household surface cleaners have been produced in
recent years with added benefits beyond their simple cleaning action. These added
benefits include disinfection, surface shine, prevention of tenacious soil adhesion,
and reduced fogging.
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With so many different kinds of cleaning tasks in the home, consumers are look-
ing for convenience, efficiency, and time savings from products. To satisfy these
needs many products are moving toward more dilute, ready-to-use form. Sprays
are popular forms to meet these needs. There is a large array of spray cleaners now
available, including all-purpose cleaners and cleaners for bathrooms, kitchens,
furniture, and glass.

The biggest change in household cleaners around the turn of the millennium,
largely in the developed markets of Europe and North America, was the rise of
wipes as a product form. These take the convenience factor even further, presenting
the cleaner at its use concentration (like spray cleaners) but already impreg-
nated in the cleaning implement. Wipes constitute yet another delivery system
for liquid cleaners.

The use of wipes eliminates the need to rinse the surfaces on which they are used.
Consumers expect wipes to give streak-free cleaning and quick drying of surfaces.
The use of volatile solvents is an easy way to achieve effective cleaning with no
residue, but the solvents contribute significantly to the odor of the product and
can be limited by volatile organic compound considerations. Therefore, some
developments are concerned with lower levels of solvent.

The area in which these types of wipe products have made the biggest impact is
that of floor cleaning. The main advantage of these systems is that they represent
an essentially “bucketless” floor cleaning method, which was first mentioned in
the literature almost 10 years ago. There are wet and dry wipes. Both are used
in conjunction with a resilient slightly spongy pad on the end of a long handle.
In the wet system, wipes are supplied saturated with the cleaning solution. The
wet wipe is secured to the bottom of the pad to clean the floor. In the dry system,
dry nonwoven wipes are supplied separately from the cleaning solution, which is
bottled. The dry nonwoven wipe is attached to the bottom of the pad at the end of
the handle, and the cleaning solution is fixed in some way to the handle, either in
a holder for the bottle or in a reservoir.

This type of system has led to one of the biggest changes in consumer cleaning
habit and practice in the last decade. First, the system makes floor cleaning imme-
diately available, cutting out the setup phase of getting out a bucket, cleaner, and
mop and then making the solution. Second, it eliminates the need to clean the mop
and bucket. Third, because minimal solution is used on the floor and the wipe is
highly absorbent, the cleaned floor does not need rinsing. For many consumers
this has completely changed the way they clean floors.

The formulations of the liquids impregnated in the wipes and the liquids sup-
plied in bottles are similar. Typically, foam suppressors such as silicones are added
to minimize foaming during the cleaning so as not to leave consumers with the
impression that rinsing may be needed.

There have also been significant packaging innovations that have contributed
to the new products in terms of convenience and aesthetics.
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TABLE 1.1 Major Raw Materials Used in Various Liquid Detergents

Hydrotropes/ Builders/
Product Surfactants Foam stabilizers solvents sequestrants Other additives
Light-duty liquids ~ Linear alkylbenzenesulfonate  Fatty acid Sodium EDTA, sodium Triclosan (antibacterial),
salts (LAS), alkyl ether alkanolamides, xylenesulfonate, citrate enzymes (cleaning aid), lemon
sulfate salts (AEOS), alkyldimethylamine sodium juice (cleaning aid), protein
betaines, oxides cumenesulfonate (skin care), abrasives (cleaning
alkylpolyglycoside (APG), aid), polymers (skin care)
paraffin sulfonate salts,
alcohol ethoxylates, fatty
acid glucoamides,
alkyldimethylamine oxides
Heavy-duty Linear alkylbenzenesulfonate Sodium Sodium citrate, Enzymes (stain remover), borax
liquids salts (LAS), alkyl ether xylenesulfonate, sodium (cleaning aid), sodium
sulfate salts (AEOS), alkyl sodium tripolyphosphate formate, calcium chloride
sulfate salts, alcohol cumenesulfonate (enzyme stabilizing system),
ethoxylates, hydrogen peroxide (bleach),
N-methylglucamides soil release polymers (soil
release), polyvinylpyrrolidone
(dye transfer inhibition)
Liquid automatic Alkyldiphenyl oxide Pentasodium Sodium hypochlorite (bleach),
dishwasher disulfonate salts, hydroxy tripolyphosphate, polyacrylate sodium salts
detergents fatty acid salts tetrasodium (rheology modifier), carbopol
pyrophosphate, (rheology modifier), enzymes
sodium (cleaning aid), monostearyl
carbonate, acid phosphate (suds
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Shampoos and
conditioners

Liquid hand soap
and body wash

Fabric softeners

Specialty liquid
household
surface cleaners

Alkyl sulfate salts, alkyl ether

sulfate salts (AEOS),
betaines,
alpha-olefinsulfonate salts
(AOS), polysorbate 20,
PEG-80 sorbitan laurate

Alcohol sulfate salts,

alcohol ether sulfate salts,
alpha-olefinsulfonate

salts (AOS),
alkylbenzenesulfonte salts
(LAS),

sodium isethionate, fatty
acid salts,
alkylpolyglucoside,
betaines

Di-hard tallow

dimethylammonium
chloride (DHTDMAC),
esterquats, imidazolinium
salts, diamido quaternary
ammonium salts

Linear alkylbenzenesulfonate

salts (LAS), alcohol sulfate
salts, alkylsulfonate salts,
alkyl ether sulfate salts
(AEOS), alkylphenol
ethoxylates, alcohol
ethoxylates

Fatty acid
alkanolamides,
amine oxides

Fatty acid
alkanolamides

Ethanol,
isopropanol,
polyethylene
glycol

Glycol ether,
ethanol,
isopropanol,
sodium
xylenesulfonate,
sodium
cumenesulfonate

Citric acid, EDTA,
polyphosphates

EDTA, sodium
citrate

Sodium carbonate,
sodium
sesquicarbonate,
sodium citrate,
EDTA

Polyquaternium 7 (conditioner),
polyquaternium-10 (conditioner),
fatty alcohols (conditioning aid),
silicones (conditioner), climbazole
(antidandruff), zinc pyrithione
(antidandruff), glycol
monostearate (opacifier), aloe vera
(luster promoter), jojoba (luster
promoter)

Triclosan (antibacterial), glycerin
(moisturizer), essential oils
(aromatherapy), glycol distearate
(pearlescent agent), citric acid (pH
adjuster), sodium chloride
(viscosity adjuster), microparticles
(exfoliant), dried fruit particles
(exfoliant), vitamins (antioxidant)

Fatty alcohol (co-softener), fatty acid
ester (co-softener), fatty amides
(co-softener), amido amines
(co-softener), polyethylene
terephthalate (soil release agent),
PVP-type polymers, (dye transfer
inhibitor)

Pine oil (disinfectant), orange oil
(cleaning), benzalkylonium
cationics (antimicrobial), sodium
hypochlorite (bleach), calcium
carbonate (cleaning), acids/alkalis
(cleaning)
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IX. MANUFACTURE AND RAW MATERIALS

In principle, the manufacture of unstructured liquid detergents in general is
relatively simple, as it involves mainly good mixing of aqueous solutions. For
light- and heavy-duty liquids, which contain sodium salts of surfactant acids, neu-
tralization can be carried out in situ, that is, as a first step in the mixing process.
The heat of neutralization must be dissipated before addition of more temperature-
sensitive ingredients such as the fragrance. Heat must also be dissipated in the
manufacture of products that require heat input to solubilize individual ingredi-
ents. In contrast, the manufacture of structured liquid detergents can be quite
difficult because of the complexity of their rheological profiles. Both structured
and unstructured liquids can be manufactured using either batch or continuous
processes depending on the specific production and volume requirements. There
can be significant manufacturing challenges, such as overfoaming, aeration of
product, and long batch cycle times. Detailed discussions on all aspects of liquid
detergent manufacture can be found in Chapter 14.

The raw materials used in the production of liquid detergents are discussed
in some detail in Chapters 7 to 13. Table 1.1 provides a summary of the major
raw materials used for various product categories. The similarities and differences
between these products are evident.
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. INTRODUCTION

Hydrotropes are an essential ingredient of cleaning and laundry products, serving
to reduce excessive thickening of the former and to improve the dirt-removing
action of the latter.

This chapter provides a short review of the early development in the knowledge
of the function of these compounds. This is followed by a discussion of the funda-
mentals of their action and a section devoted to phenomena specific to their action
in cleaners and detergents.

Il. HISTORICAL REVIEW

Hydrotropes are molecules traditionally with a structure of a short hydrocarbon
chain, often aromatic, combined with a polar group that in the early days of their
development was ionic. Figure 2.1 shows a few typical structures of these kinds
of molecules and in addition gives examples of more recent developments.

The historical development of the science of these molecules has been amply
described [1-3] and the following treatment is, hence, condensed. The evolution
of knowledge of these compounds and their action may be characterized as taking
place in three distinct periods, the first of which was the introduction by Neuberg
in 1916 [4,5]. Neuberg described the hydrotropes as compounds enhancing the
solubility of organic compounds in water and investigated a large number of them.

19
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FIG. 2.1 Structure of some hydrotropes.
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The next period came 30 years later with efforts geared toward chemical engi-
neering focusing on applied aspects. McKee [6] noted that hydrotrope solutions
during dilution have a tendency to separate the dissolved compound leaving the
hydrotrope in the aqueous solution to be used anew for extraction purposes. In
addition, during this period the structure of hydrotrope solutions and the specific
mechanism of the enhanced solubility were the aim of an initial discussion with
Lumb [7] advocating the view that the enhanced solubility is due to solubilization:
a well-known colloidal phenomenon in surfactant solutions. Licht and Wiener [8]
supported the view of McKee in describing the enhanced solubility as a “salting-in”
effect.

The third period came when Lawrence [9], Friberg and Rydhag [10], and
Pearson and Smith [11] presented phase diagrams for hydrotrope solutions. The
interpretation of the results from the determination of phase diagrams [10] intro-
duced a new view of the hydrotrope solubilizing action. Instead of the earlier
attempts to relate the increased solubility to the association of the hydrotrope
molecules per se, the results showed that the superior solubilization in a hydrotrope
solution compared to that in a surfactant solution (Figure 2.2) is in fact an out-
come of the hydrotrope action on the collodial association structure of surfactants.
The very large solubilization of a hydrophobic amphiphile, octanoic acid, in a
hydrotrope solution is caused by the influence of the hydrotrope molecule on the
packing conditions in colloidal association structures, especially a lamellar lig-
uid crystal (Figure 2.3). In fact the hydrotrope molecule was seen as an entity
that would not only be unsuited to form such a liquid crystal, but actually by its
presence would prevent the formation. This result has had a bearing on the prac-
tical applications of hydrotropes, which will be briefly discussed in the following
paragraphs.

Many studies of these applications have been reported reflecting the impor-
tance of these compounds in the commercial realm. Among the recent examples
of new molecules with hydrotropic action may be mentioned vitamin C [12], use-
ful for sunscreen formulations [13,14]. Other hydrotropes reported as new are
diisopropylnaphthalene sulfonates [15], while the application of hydrotropes to
solubilize pharmaceuticals continues to be extensive [16-24]. Long-chain amphi-
hiles [25] and polymers [26] have been shown to exert hydrotropic action under
certain conditions. Among the most recent developments should be mentioned the
alkyl polyglucosides as hydrotropes [27]. They have been shown to be useful in
strongly alkaline systems [28].

Investigations using hydrotrope solutions in reaction kinetics have varied from
the direct analysis of the influence on the kinetics by the solubilization per se [29]
of aromatic esters to more elaborate reaction systems. Microwave heating was
early shown as an efficient way to enhance organic reactions [30,31]. However,
the use of common organic solvents causes environmental problems in connec-
tion with microwave heating and aqueous solutions offer safe and convenient

© 2006 by Taylor & Francis Group, LLC



22 Friberg and Blute

50
40 i
9 'e
s e
3 a
8 301 5
Q '
e i
C 1
g i
o i
© 1
kS B i
2 20 ;
s Not ! Hydrotrope
° soluble 1 solution
@ H
10 {
Micellar
. solution
0 a===" I J
0 10 20 30

Concentration of
solubilizing agent (wt%)

FIG. 2.2 Solubilization of octanoic acid into an aqueous micellar solution of a sur-
factant, sodium octanoate (—), is limited, while the solubilization into a corresponding
hydrotrope (sodium xylenesulfonate) solution (- - - -) is very large at high concentrations of
the hydrotrope.

reaction media as demonstrated by the Hantzch dihydropyridine ester synthesis
[32]. Hydrotrope solutions also offer a useful medium in the scale-up process
[33]. In addition, hydrotrope solutions have been involved in reactions concern-
ing solid particles. As examples may be mentioned the template-free synthesis of
microtubules [34], important materials in nano-technology, and the more sophis-
ticated role of hydrotropes to concurrently optimize the interfacial tension and
the colloidal stabilization of rhodium particles in biphasic liquid-liquid alkene
hydrogenation catalysis [35]. Finally reaction kinetics has been used as a means
to follow the association of hydrotrope molecules in aqueous solutions [36].

The use of hydrotrope solutions for extraction was introduced by McKee [6]
(Figure 2.4). More recent studies have been concerned with optimization [37] and
with the separation of o- and p-chlorobenzoic acids [38—40]. The latter separation
is excellent even for eutectic mixtures of the two compounds [39]. Results such as
these may at first lend support to an earlier suggestion [41] of complex formation
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FIG. 2.3 Solubilization of octanoic acid into a surfactant micellar solution (L;) is limited
because the addition of the acid leads to the formation of a lamellar liquid crystal (Ly).
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FIG. 2.4 Extraction is initiated with the aqueous hydrotrope solution at A, saturation
extraction at B. The total composition along BC when water is added. The extracted com-
pound, saturated with water, is separated E, while the aqueous solution changes along BD.
Evaporation of water gives DF and the process is repeated.
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between the hydrotrope and the solubilizate. However, vapor pressure values of
the solubilizate [42] do not support such an interpretation, but instead show the
solubilizate to be located in a colloid association structure. Hydrotrope solutions
have also been used to study the solubility and mass transfer coefficient for butyl
acetate [43] and methyl salicylate [44]. In the production of semisynthetic antibi-
otics, intermediates may be difficult to separate. A good example is the production
of 6-aminopenicillanic acid, the separation of which from phenoxyacetic acid is
difficult with traditional systems. However, the use of aqueous solutions of sodium
monoglycol sulfate has been shown to be efficient for the process [45].

Finally, hydrotrope solutions have been involved in natural product separation,
e.g., in lipase purification and the evaluation of its thermal stability [46], as well
as in the extraction of piperine from black pepper [47].

lll. FUNDAMENTALS

The structure of hydrotrope molecules, as mentioned earlier, is characteristic
(Figure 2.1). One finds a short, predominantly aromatic hydrophobic chain and in
most cases an ionized polar group. With this structure in mind, it is not surprising
that the association structures of the hydrotrope molecules in water have attracted
some interest over the years, even if these may not be the decisive feature in the
practical applications of these compounds.

It is of interest to note that the focus of research on the self-association of
hydrotrope molecules was due, in part, to the early discussions about the fun-
damental nature of the solubility-enhancing capacity of hydrotrope molecules in
aqueous solutions. These early attempts at clarification argued for the phenom-
ena of colloidal solubilization versus molecular dispersion [6-8]. This dispute
was resolved by the results from traditional surface chemistry analysis of inter-
facial tension, etc., which favored a colloidal association of molecules at high
concentrations [48,49], and from vapor pressure measurements [42].

On a more detailed scale, osmotic vapor pressure measurements and light scat-
tering determinations [50] gave results that were interpreted as arising from the
formation of dimers and trimers at the initial association of nicotineamide in water
while at higher concentrations an aggregation number of 4.37 was found. As
expected, the trimerization constant was significantly greater, about two orders of
magnitude, than the dimerization constant. It was tacitly assumed that the asso-
ciation takes place through stacking of the molecules, an expected conclusion
considering the molecular structure of these compounds. However, this assump-
tion was to some extent cast in doubt by Balasubramanian and coworkers [51],
who determined the crystalline structure of sodium p-ferz-butylbenzenesulfonate
dihydrate, sodium cumenesulfonate semihydrate, sodium toluenesulfonate hemi-
hydrate, and sodium 3,4-dimethylbenzenesulfonate. In none of these crystalline
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structures was a stacking of the molecules found and it was concluded that the
notion of stacking of the molecules during association in aqueous solutions should
not be assumed a priori. As for the conditions in a solubilized system at high
concentrations, the determination of vapor pressure of the solubilizate phenethyl
alcohol in sodium xylenesulfonate solutions [42] showed a constant vapor pres-
sure at hydrotrope concentrations above the association concentration, indicating
a colloid association without structure changes, once the association and solubi-
lization take place. These results, once more, justify the emphasis on the influence
of the hydrotrope molecule on colloidal association structures as a meaningful
exercise.

The comparison with surfactant associations is a relevant theme and Srinivas
and Balasubramanian [52] have evaluated this difference by observing the surface
tension of and solubilization by a series of sodium alkylbenzenesulfonates. Vary-
ing the alkyl chain length gives a range of compounds with properties changing
from those of a hydrotrope to those of a traditional surfactant. The results were
interpreted to indicate that the transition is gradual.

In this context it is appropriate to caution against routine interpretation of such
results. Mechanical analysis of the variation of surface tension versus the logarithm
of the amphiphile concentration may be misleading, as exemplified by the results
for a series of alcohols, which were interpreted as indicating micellar association
[53]. The correct visualization in the form of a plot of surface tension versus
the activity of the amphiphile [54] shows no indication of a sudden association
(Figure 2.5). Hence, while a plot of the surface tension values from Srinivas and
Balasubramanian [52] against the logarithm of the concentration certainly gives the
knick-points characteristic of micellar association behavior (Figure 2.6), a correct
interpretation must await information about the activity of the amphiphiles taking
into consideration the very high concentrations of hydrotrope for association to
take place.

Unfortunately, information about the activity of hydrotrope molecules in the
concentration range of interest is not available. The only determination in exis-
tence, to our knowledge, is concerned with a more complex associated system [55].
This is in contrast to the case for traditional long-chain surfactants, which have been
thoroughly investigated [56-59], the results of which justified the approach to use
concentrations instead of activities in the common plot of surface tension to deter-
mine critical micellization concentrations. The closest to hydrotrope molecules
should be bile salts, which have been investigated [60].

The main concern of the investigations discussed so far was the self-association
of the hydrotrope molecules. Although such a subject constitutes an interesting area
of research, it must be kept in mind that the hydrotrope molecule functions as a
modifier of surfactant association structures in the majority of its applications. It
is, hence, of interest to review available material on the alteration of surfactant
association structures by addition of a hydrotrope.
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FIG. 2.5 Curve of surface tension vs. logarithm of mole fraction of amphiphiles at first
indicates micellization. (Adapted from Srinivas, V. and Balasubramanian, D., Langmuir,
14, 6658-6661, 1998.)

The initial publications did not emphasize the specific action of the hydrotrope
molecules in different applications. Instead they considered the structural modi-
fication of aqueous micelles by the addition of hydrotrope. Assessing the results
from this point of view [61-64] the conclusion was that the reduction of electro-
static repulsion is the main cause of the modification of surfactant micelles from
spherical to cylindrical shape after addition of a hydrotrope with opposite charge.

It should be noted that the effect is present at hydrotrope concentrations well
below the self-association concentration. A more elaborate and sophisticated inves-
tigation of this phenomenon has recently been presented by Kaler and collaborators
[65,66]. They analyzed the influence of added salt and added hydrotrope on a solu-
tion of worm-like micelles and were able to reveal the alteration of relevant length
scales of the micellar system (contour length, entanglement length, mesh size, per-
sistence length, and cross-sectional radius) by a combination of rheological, flow
birefringence, and small-angle neutron scattering measurements, (Figure 2.7). The
interpretation is similar to that of more simple systems [61-64], with the impor-
tant difference that information now was obtained also for the number of branches,
which increase due to the change in relative energy of branching versus that of the
formation of end caps.

Although this research on ionic surfactant micelles is of high quality and fun-
damentally relevant, the research on nonionic micellar systems has a more direct
bearing on the application of hydrotropes. One essential function of hydrotropic
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FIG.2.6 Curve of surface tension vs. logarithm of mole fraction shows a pattern indicating
micellization (top), while the curve vs. the logarithm of activity shows no such features
(bottom).

molecules in practice is to clarify slightly turbid systems of high water content: an
important problem as regards applications. This phenomenon has been described
as a “coupling” or “linking” of organic and aqueous regions in a liquid vehicle. In
this context a recent publication [67] is of interest, relating the action of hydrotropes
to a general scheme of interactions with the oil and aqueous regions in emulsions
and microemulsions [68,69]. There is no doubt that this manner of describing the
phenomena is valuable, but it must be emphasized that a purely molecular model-
ing approach may significantly contribute to a better understanding of the clouding
phenomenon. The approach by Shinoda and Arai [70] interpreting the cloud point
behavior as a consequence of the curvature of the surfactant layer, defined the cloud
point as an increase of the layer radius toward the hydrophobic region to a degree
such that a normal micelle could not be formed because of packing considerations.
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FIG. 2.7 Relevant length scales for the colloidal structure of worm-like micelles: contour
length, Le, entanglement length, le, mesh size, &m, persistence length, I, and cross-sectional
radius, r¢s. Values shown are those measured for a solution with 1.5% total surfactant at a
cetyltrimethylammonium tosylate (CTAT)/sodium dodecylbenzenesulfonate (SDBS) ratio
of 97/3 with 0.10% added sodium tosylate. (Reproduced from Schubert, B.A., Kaler, E-W.,
and Wagner, N.J., Langmuir, 19, 4079-4089, 2003. With permission.)

The recent investigation [71] of a nonionic system, hexaoxyethylene dodecyl ether
and water, showed a hydrotrope molecule to be introduced into the micelle first at
concentrations at which the hydrotrope self-associates.This increase of the mini-
mum concentration at which the hydrotrope molecule enters the micelle from the
values in ionic systems [61-66] is in all probability due to electrostatic effects.
One essential result of the investigations into nonionic systems [71] is that the
presence of the hydrotrope reduces the size of the micelle; i.e., the radius of the
curvature toward the hydrophobic region is reduced and, hence, the cloud point
is enhanced in accordance with the views of Shinoda and Arai [70]. Investigations
of block copolymer systems [72—76] may now be interpreted in a similar manner
and the coupling or linking action of a hydrotrope in a nonionic system is given a
simple explanation in the form of a modified micellar structure.

The clarifying action of a hydrotrope in an aqueous system of ionic surfactants,
which is generally described as a coupling action of the hydrotrope between the
organic and aqueous regions, has recently been given a simple explanation [77,78].
It was shown that in a number of systems the cloudiness at high water content is
due to the formation of a lamellar liquid crystalline phase and that the addition
of a hydrotrope destabilizes the lamellar structure in accordance with the original
interpretation of this phenomenon [10], (Figure 2.8).

These results have added to the understanding of the action of hydrotropes in
the clouding in aqueous solutions, but have also had a significant influence on other
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FIG. 2.8 Microemulsion regions for the system containing (a) water (W), sodium dode-
cylsulfate (SDS), pentanol (C5OH), decane (n-Cjg), and sodium xylenesulfonate (SXS).
The composition of the aqueous solution of the surfactant and the hydrotrope is given in the
left-hand corner. (b) The system containing water (W), sodium dodecylsulfate (SDS), and
pentanol (C5OH) shows an isotropic liquid solubility region with three kinds of amphiphilic
association structures. I: inverse micellar region; II: bicontinuous micellar region; I11: aque-
ous micellar solution; LLC: lyotropic liquid crystal. (c, d) Combination of the diagrams
in (a) and (b). (Reproduced from Friberg, S.E., Brancewicz, C., and Morrison, D.S.,
Langmuir, 10, 2945-2949, 1994. With permission.)

applications of hydrotropes. At first, the influence on the method of preparation
of oil-in-water microemulsions should be mentioned. The early phase diagrams
showing the oil-in-water microemulsion areas [79] could not be interpreted, but
did indicate significant problems in practical formulation efforts, because the areas
were narrow and there were serious difficulties establishing the areas of thermo-
dynamically stable formulations. These problems were resolved once the influence
of a hydrotrope was established [77]. Addition of hydrotrope in small amounts
(of the order of 5% by weight) gives wide areas of microemulsion formulations,
which is very useful for practical applications (Figure 2.8).
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The early realization that the tremendous solubilization of octanoic acid into
an aqueous solution of sodium xylenesulfonate [10], as distinct from the modest
solubilization into a surfactant solution, is in fact, due to the inability of the
hydrotrope molecule to form liquid crystals with the hydrophobic straight-chain
amphipile, led to the later insight that hydrotropes would be useful to prepare
vesicles at high concentrations in a simple one-step process [80,81]. In this context
itis useful to refer to the early studies of bile salts and their relation to lecithin liquid
crystals [82,83] and the resulting vesicles. Although lecithin and other double-tail
surfactants were popular compounds to prepare vesicles, it is obvious that the
traditional oxyethylene adducts with sufficiently short hydrophobic chains to make
them “insoluble” in water also should be useful to prepare vesicle solutions [84].
Actually such surfactants were the medium in the determinations of the vesicle
formation kinetics [85,86]. The realization of these phenomena led to a renewed
interest in the phase diagrams of systems with hydrotropes and liquid crystal-
forming surfactants [87] and to an interesting study of the change in the rheological
properties of a lamellar liquid crystal due to the addition of a hydrotrope [88].

IV. CLEANING AND WASHING

Cleaning and washing processes are mainly concerned with the removal of “oily
dirt,” depending to a high degree on the complex phase equilibria encountered in
the surfactant—water—oily dirt system [89].

In addition to the progress in the area of traditional hydrotropes [90,91] one
finds two treatments [92,93] on the action of a nontraditional hydrotrope struc-
ture in cleaning and laundry systems. Instead of the short and bulky molecule
(Figure 2.8), this compound [94] is a dicarboxylic acid of considerable chain length
(Figure 2.9).

The fundamental action of this hydrotrope in a liquid cleaner has been inves-
tigated. In such an application, the hydrotrope functions in the formulation
concentrate by preventing gelation. In addition, under the dilute conditions in
the washing process, the hydrotrope facilitates the removal of oily dirt from the
fabric. In the following discussion these two functions are related to the phase
equilibria of water—amphiphile systems.

OH 0

OH

FIG. 2.9 Dicarboxylic acid hydrotrope with an elongated structure.
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The formula for the dicarboxylic acid (Figure 2.9) has a hydrophilic/lipophilic
balance similar to that of octanoic acid, but the influence of the two acids on
amphiphilic association structures is entirely different, as shown in Figure 2.10
[93]. The octanoic acid causes the formation of a liquid crystal when added to a
solution of water in hexylamine. The size of the lamellar liquid crystalline region is
large (Figure 2.10a). Addition of the dicarboxylic acid, in contrast, gives no liquid
crystal, and it may be concluded that its action in concentrated systems is similar

(a) Octanoic acid

H,O CgNH,
(b) Dicarboxylic acid

H,O CgNH,

FIG. 2.10 (a) Combination of water and hexylamine with octanoic acid (a) gives a very
large area of a lamellar liquid crystal (LC). (b) Combination with the dicarboxylic acid of
Figure 2.9 results in an isotropic liquid solution only.
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to that of the common short-chain hydrotropes despite its long hydrocarbon chain
(Figure 2.10b).

Activity in dilute systems was investigated using a model system from Unilever
[96] in which octanol mimicks the oily dirt. A lamellar liquid crystal is present at
low concentration of the oily dirt [93], in the absence of the hydrotrope, because the
formation of a lamellar liquid crystal on the addition of the octanol is the limiting
factor in its solubilization into the micelles. After addition of the hydrotrope, the
amount of model oily dirt solubilized into the aqueous micellar solution is greatly
enhanced (Figure 2.11). Clearly, this hydrotrope functions not only as a destabilizer
of liquid crystals in the formulation concentrate but also as a destabilizer of liquid
crystals under the dilute conditions of the washing process [95].

The molecular mechanism behind the destabilization of liquid crystals was
subsequently clarified [25]. The specific disordering promoted by the hydrotrope
in the water—surfactant—oily liquid crystal was first determined, followed by an
investigation into the conformation of the diacid molecule itself [92].

The order of the individual groups in the hydrocarbon chains in a liquid crys-
tal is directly obtained from nuclear magnetic resonance (NMR) spectra using
amphiphiles with deuterated chains. Each methylene group and the terminal methyl
group give a NMR signal doublet, and the difference in frequency between the
two signals is proportional to the order parameter [25]. Using a lamellar liquid
crystal model system of “oily dirt,” [96] surfactant, and water, the influence of the
hydrotrope on the structure can be directly determined. Addition of the hydrotrope
molecule results in a narrowing of the difference between the NMR signals due to

Liquid
crystal

“Oily dirt”

.-
-
-
-
-
-
-
-

Surfactant concentration

FIG.2.11 Solubilization of a model compound for oily dirt is small in a surfactant solution
at concentrations below the critical micelle concentration (----) because of the formation of a
liquid crystal. A combination of hydrotrope and surfactant gives an increased solubilization
(—) caused by the hydrotrope destabilizing the liquid crystal.
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FIG. 2.12 Addition of a hydrotrope (that of Figure 2.9) to a lamellar liquid crystal gives
a reduction of the order parameter of the surfactant hydrocarbon chain (o); addition of a
surfactant gives no change in order (e).

a disordering of the liquid crystal, as shown in Figure 2.12 [25]. It was assumed
that this is the primary factor in the destabilization of the liquid crystal.

The diacid conformation was determined after it was added to the oily dirt liquid
crystalline phase. Figure 2.13 shows two possibilities for the conformation of the
hydrotrope in the liquid crystal. In one form of the diacid (Figure 2.13, right), both
polar groups are located at the interface between the amphiphile polar groups and
the water; the other possibility is that only the terminal carboxylic group is found
at this site (Figure 2.13, left). The two conformations would result in different
interlayer spacing (Figure 2.14) and a determination of this dimension can be used
to distinguish between the two alternatives. Low-angle x-ray diffraction gives the
interlayer spacing directly from the maxima in the diffraction pattern.

Interpretation of the results is straightforward. If addition of the diacid to a
lamellar liquid crystal model dirt system does not increase the interlayer spacing,
the conformation on the right in Figure 2.13 is correct; if an increase does take
place, the situation on the left in Figure 2.13 would describe the structural
organization of the diacid molecule.

The interlayer spacing with the diacid added [25] is very close to that of the
host liquid crystal (Figure 2.14), and the conformation shown on the right in
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T
geflp Half

FIG.2.13 Ahydrotrope (that of Figure 2.9) conformation with only one polar group at the
water—amphiphile interface (left) results in an enhanced interlayer spacing, d|, compared
with the value, d», for a conformation with both polar groups at the interface (right).

371

Interlayer spacing (A)
w
]
T

33

31 ‘ ‘
3.8 4.6 5.4

Water molecules/functional group

FIG. 2.14 Low-angle x-ray values for interlayer spacing in a lamellar liquid crystal (X)
show the spacing is unchanged with the addition of the hydrotrope (o) of Figure 2.9. Addition
of a long-chain compound, oleic acid, gives the expected increase (A).

Figure 2.13 is obviously the one encountered in the liquid crystal. As a compari-
son, the addition of oleic acid with one polar group located at the interface gives the
expected increase in interlayer spacing, as shown in Figure 2.14. Destabilization
of the lamellar liquid crystal is not only affected by the diacid: it appears to be
a general property shared by other hydrotropes, such as alkanols, short-chain
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quaternary ammonium salts, xylenesulfonates, and glycols, as shown by Pearson
and Smith (11) and by Darwish et al. [97].

In some cases, the oily dirt is less polar than the model system of Kielman and
Van Steen [96]. For less polar fatty oils the concept of hydrotropic breakdown of
a liquid crystal is also useful [98].

V.  SUMMARY

The function of hydrotropes in detergency has been discussed as regards their
interaction with surfactant colloidal association structures, especially lyotropic
liquid crystals. The main activity of the hydrotrope as a part of a liquid detergent
is to avoid gelation in both the concentrated package system and under the dilute
conditions in the actual laundry process.

Both these activities are directly related to a detergent’s phase equilibria with
hydrophobic amphiphiles. These phase equilibria illustrate and explain the two
basic characteristics of hydrotropes: their high association concentration and their
pronounced solubilizing power.
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. INTRODUCTION

All liquid detergents contain at least one surfactant in the presence of other materi-
als, such as electrolytes, oily materials, and other impurities. Unlike the academic
researcher, the formulator must work with industrial-grade raw materials con-
taining significant amounts of different molecules, the properties of which may
significantly differ from those of the main material. The understanding of how
a given property of a “pure” system is affected by “impurities” is accordingly
of essential practical importance. Understanding the principles by which a given
product behaves (as is or under use conditions) allows us to replace counterpro-
ductive trial-and-error by more efficient methods with a broader range of potential
applications. Phase diagrams are very useful tools to achieve this understanding.
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Il. WHAT IS A PHASE DIAGRAM?

A phase diagram is a graphic representation of the phase behavior of a system
under study. The behavior of a single component as a function of temperature and
pressure can be represented on a phase diagram, which will show the conditions
under which a material is a solid, liquid, or gas. More complex phase diagrams
may involve several components. Phase diagrams are very useful tools for formu-
lation, as they allow one to define not only the acceptable composition range of a
product but also enable one to optimize the order of addition of the different raw
materials.

A. Two-Component Phase Diagrams

1. Temperature and Composition

Whether a given proportion of two (liquid) ingredients will mix is defined by ther-
modynamics. Although in regular systems the entropy of mixing is always positive
and accordingly favorable to mixing, the enthalpy of mixing can be positive or
negative depending on the energy of formation of heterocontacts at the expense of
homocontacts.

An exothermic mixture usually leads to mixing in all proportions. This is the
case for water and ethanol. If the mixing is endothermic, the number of coexisting
phases and their composition depend on temperature. Increasing the tempera-
ture usually results in an increase in the mutual solubility of the two compounds,
eventually leading to complete miscibility above a critical temperature, the upper
consolute temperature (UCT). Note that some abnormal systems can also have a
lower consolute temperature (LCT). Both UCT and LCT are thermodynamic crit-
ical points. At a critical point, the compositions of the two phases in equilibrium
become identical.

Figure 3.1 shows a schematic representation of a two-component phase
diagram characterized by a UCT. The left axis corresponds to pure component
A and the right axis to pure component B. The abscissa corresponds to different
A-B compositions. It is very common to express the compositions in weight frac-
tion. Mole fraction or volume fraction can also be used. The central, shaded area
corresponds to the two-phase domain, also referred to as the miscibility gap. The
clear zone surrounding it represents a single phase.

2. Tie Lines and Lever Rule

When a mixture separates into two phases, it is important to know the compo-
sitions and the amounts of the two phases in equilibrium. A fie line links the
two conjugated compositions in equilibrium. This means that any composition
located on the same tie line will separate in the same two phases, the composi-
tions of which are defined by the points of contact of the tie line with the phase
boundary.

© 2006 by Taylor & Francis Group, LLC



Phase Equilibria M

T
uUcCT
/é\ Tie line
/ \
/ N\
/ \
/ \
/ \
/ s \
[ \
[ \
[ \
[ \
A B

FIG. 3.1 Phase diagram of two components (A and B) that are only partly miscible at
low temperature and become fully miscible above the upper consolute temperature (UCT).

Ay c o/
1 phase : 1 phase
/ 2 phases \

FIG. 3.2 Lever rule allowing quantification of the proportion of two coexisting phases in
a two-phase domain of a phase diagram.

The relative amounts of the two phases are determined according to the lever
rule (Figure 3.2). If the compositions are expressed in weight fractions, the weight
fraction of phase A is CB/AB and the weight fraction of phase B is AC/AB.

B. Three-Component Phase Diagrams

Practical systems involve more than two components. A three-component system
can be represented by an equilateral triangle (Figure 3.3). A corner of the triangle
represents a pure component, a side represents the binary mixture of the compo-
nents represented by the adjacent corners, and any point in the triangle represents
one and only one three-component composition.

The weight fraction of component A in the composition represented by P in the
triangle is given by the ratio of the lengths of the segments perpendicular to the
sides: Pa/(Pa + Pb + Pc). Similarly, the amount of B is given by Pb/(Pa + Pb + Pc)
and the amount of C by Pc/(Pa + Pb + Pc).

Such a phase diagram is valid at one temperature. The effect of temperature
on a three-component phase diagram can be visualized in three dimensions, with
temperature on the elevation axis. The phase diagram looks like a triangular prism,
with every horizontal slice corresponding to one temperature.
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A c B

FIG. 3.3 Method of determining the composition of a three-component mixture.

1. Fields and Densities

There is an important difference among the thermodynamic functions of state as far
as phase equilibria are concerned. Some thermodynamic functions of state, such
as temperature and pressure, have the same value in all the phases of a system
under equilibrium conditions. They are actually the “forces” driving a system to
its equilibrium. Such functions are referred to as fields [1].

The other thermodynamic functions of state generally have different values in
the different phases of a system at equilibrium. Typical examples are the phase
volumes, composition, enthalpy, etc. Such functions are known as densities.

A thermodynamic expression of functions of state can be expressed as a sum
of field variables multiplied by their conjugated density. For example

G=U+PV—TS+ZMn,»

where U is the internal energy, PV is the product of the field variable pressure and
the density variable volume, TS is the product of the field variable temperature
and the density variable entropy; and w;n; is the product of the field variable
chemical potential of component i and the density variable number of moles of
component i. The chemical potentials are the field functions conjugated with the
concentrations.

2. Phase Rule

For a multicomponent system, the phase rule [2] allows us to know the number of
independent variables necessary to define completely (from a compositional point
of view) a system. This number is called the number of degrees of freedom or the
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variance of the system. The variance fis given by
f=C—-—®42

where C is the number of chemically independent components in the system, ®
is the number of coexisting phases at equilibrium, and the last term takes care of
temperature and pressure. Note that this definition of the variance supposes that the
components do not react with each other. For systems at constant pressure, such
as all systems under atmospheric pressure, the last term should be 1. Similarly,
systems studied at constant temperature and pressure have O as the last term.

A direct implication of the phase rule is that a three-component system in one
phase at atmospheric pressure and at 25°C has a variance equal to 2. This means that
two dimensions are necessary to describe fully such a system. Another implication
is that such a system could show a maximum of three coexisting phases. Indeed,
a negative variance does not have any physical meaning.

A system based on five components will need, according to the phase rule, a
four-dimension hyperspace to be completely described. To represent such a system,
some variables are usually grouped. The accuracy of such a representation is, of
course, imperfect.

A more accurate procedure is to set a variable to a constant value. This is
impossible with a composition because it is a density and is usually different in
each of the coexisting phases. The phase rule determines the number of independent
variables a system needs to be represented but does not introduce any restriction on
the choice of the independent variables. It is accordingly much better, whenever
possible, to fix a field variable to reduce a system of one dimension. Instead of using
concentrations (density variables), a representation as a function of the chemical
potentials is easier to read and is more accurate. The problem is that, in practice,
it is very complicated to work at defined chemical potentials.

3. Tie Lines and Critical Points

Let us consider two liquids A and B that are not very soluble in each other. Addition
of liquid C increases the miscibility of B in A and of A in B. The addition of C
has the same effect as increasing the temperature in the binary phase diagram.
The major difference is that the tie lines are no longer necessarily parallel to the
baseline, and the critical end point is no longer at the maximum of the miscibility
gap (Figure 3.4). This is because C does not partition evenly between the two
coexisting phases. In the present case, C goes preferably into B. The critical end
point is located near the A corner. An isothermal critical end point is usually
referred to as a plait point.

4. Three-Phase Domain

In some cases a three-phase region occurs (Figure 3.5). The coexistence of
three phases in equilibrium in an isothermal three-component phase diagram is
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FIG. 3.4 A Winsor II ternary phase diagram.
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FIG. 3.5 A Winsor III ternary phase diagram.

a zero-variant situation. Of course, an infinity of different compositions fall inside
the three-phase triangle, but the compositions of the three coexisting phases are
the same for all the initial compositions falling in the three-phase triangle. They
are represented by the three corners of the three-phase triangle. What changes are
their respective amounts.

C. Recording Phase Diagrams

There are basically two methods for recording phase diagrams: the titration method
and the constant composition method. Both have advantages and drawbacks.
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1. Titration Method

In the titration method a mixture is titrated by another. Typically, a mixture of two
of the components is titrated by the third. The weight of titrant to reach a phase
boundary is carefully recorded and plotted on the phase diagram. The process is
then repeated to cover the whole domain to be investigated. Such a method is
relatively fast and can give a good idea of the phase boundaries.

There are two major drawbacks to this method. First, this method gives the
phase diagram at one temperature only. To determine the phase diagram at another
temperature, the process must be repeated. The temperature domain available with
the titration method is limited for practical reasons, as all the components must be
kept at the same temperature.

The second drawback is that the method is usually used in out-of-equilibrium
conditions. In some systems, such as those involving lyotropic liquid crystals, the
time required to reach equilibrium can be very long; metastable phases can also
be encountered.

A phase diagram recorded by the titration method should be used as a guide
only and should never be applied for long-term stability prediction.

2. Constant Composition Method

In the constant composition method a series of compositions covering the com-
position range to be studied are prepared in test tubes, which are sealed. The test
tubes are shaken thoroughly and allowed to stand in a thermostatic bath. The test
tubes containing turbid solutions are allowed to stand until they separate into two
or more completely clear phases. The number of clear phases can be reported on
the phase diagram, and the phase domains can be mapped.

This method is very time consuming, but it allows one to approach true equi-
librium conditions, and the tubes can be used at other temperatures. Another
advantage of this method is that, when a system gives more than one phase, it
is possible to analyze the phases and accordingly know exactly where the phase
boundaries are, as well as the orientation of the tie lines.

lll. PHASE DIAGRAMS FOR IONIC
SURFACTANT-CONTAINING SYSTEMS

A. lonic Surfactant and Water

1. Krafft Point

The Krafft point can be defined as the temperature Ty above which the amphiphile

(surfactant) solubility in water greatly increases [3]. The reason is that the water

solubility of the amphiphile, which increases with temperature, reaches the

amphiphile critical micelle concentration (Cy in Figure 3.6). When the solubility

curve is above Cy the dissolved amphiphile forms micelles and the amphiphile
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T« T(°C)

FIG. 3.6 The Krafft point is the temperature at which the solubility of the amphiphile
becomes higher than its critical micelle concentration (Cyp).

activity in water solution no longer increases. There is accordingly no longer a
limitation to solubilzation.

The Krafft point s a triple point because at this temperature three “phases” coex-
ist [4]: hydrated solid amphiphile, individual amphiphile molecules in solution
(unimers), and amphiphile molecules involved in micelles.

The value of T increases as the amphiphile hydrophobic chain length increases.
The Krafft points of the sodium salts of the classic amphiphiles (alkyl sulfates, sul-
fonates, and benzenesulfonates) are usually below room temperature. The Krafft
point is a function of the counter-ion. Alkaline earth cations give higher Krafft
points: for sodium laurylsulfate, Ty = 9°C; the values for the calcium, strontium,
and barium salts are 50, 64, and 105°C, respectively.

Because the Krafft point imposes a limitation in formulation, the following
rules to reduce Ty are of interest:

* Chain branching and polydispersity reduce T.
* Complexation of Mg and Ca reduces 7.
* The presence of unsaturation decreases Tk.

A very efficient way to reduce T is to incorporate two or three oxyethylene
monomers between the amphiphile hydrophobic chain and the polar head group
(alcohol ethoxy sulfates). In each case other properties of the amphiphile, such as
the surface activity, can be consequently modified.
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FIG. 3.7 Typical phase diagram of a water—anionic surfactant system.

2. Phase Diagram

The phase diagram of sodium dodecyl sulfate—water is representative of many
ionic systems (Figure 3.7) [5]. In Figure 3.7 “Liquid” is the aqueous micellar
phase; H,, is the hexagonal lyotropic liquid crystal, sometimes called the middle
phase; and L, is the lamellar lyotropic liquid crystal, sometimes called the neat
phase. On the surfactant-rich side, several hydrated solid phases are present.

As a general rule, in any (real) phase diagram, at any point representative of a
region and on its boundaries, the number of phases and their nature are similar.

A tie line is the line joining the points representing two coexisting phases. If
the total composition of a mixture falls in a two-phase region, it separates into the
two phases located at both sides of the tie line that passes the formulation point.
The weight distribution of the two phases is given by the lever rule.

B. lonic Surfactant, Water, and Organic Material

Ternary Systems
1. Organic Material: Hydrocarbon
Let us consider an isotherm of a water—ionic amphiphile binary mixture above
the Krafft point (for example, water—sodium octanoate) [6]. At an amphiphile
concentration of 7% (the critical micellar concentration), the micellar isotropic
solution L1 appears and lasts up to 41%. Between 41 and 46% is the miscibility
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gap between L1 and H1, the hexagonal phase, which lasts up to 52%. Above 52%
is the miscibility gap between H1 and the hydrated crystal.

If a nonpolar component (aliphatic hydrocarbon or tetrachloromethane) is
added, almost nothing happens (Figure 3.8a). The solubility of octane in either the
micellar solution or the liquid crystal is very limited. This is true of any molecule
exhibiting only dispersion cohesive forces (induced dipole—induced dipole van der
Waals forces).

2. Organic Material: Polar but Not Proton Donating

The solubility of a molecule exhibiting dipole—dipole cohesive forces and low
H-bonding cohesive forces, such as methyl octanoate, is greater than that of a
hydrocarbon, but nothing particular happens in the center of the phase diagram.

3. Organic Material: Proton Donating

If the third component is a water-insoluble alcohol (five carbons or more), amine,
carboxylic acid, or amide, the phase topography is profoundly modified. The phase
diagram shown in Figure 3.8b [7] shows in addition to L1 and H1 a very large
lamellar phase, a narrow reverse hexagonal phase H2, and, even more important,
a “sector-like” area of reverse micelles L2. This means that the solubility of n-
decanol in a sodium octanoate—water mixture containing between 25 and 62%
amphiphile is far more important (30 to 36%) than pure water (4%) and pure
sodium octanoate (almost zero). This phase is essential to obtain water-in-oil
(w/0) microemulsions.

The solubility of n-decanol in the L1 phase is also important (up to 12% at the
“end” of the L1 phase). The L1 phase is accountable for the observation of oil-in-
water (o/w) microemulsions. The L, domain, generally located in the middle of
the diagram, points toward the water side for a critical surfactant-to-cosurfactant
ratio. (A 1:2 sodium octanoate to n-decanol ratio leads to a lamellar phase with
as little as 17% surfactant—cosurfactant mixture.) In some cases, such as for octyl
trimethylammonium bromide (OTAB)-hexanol-water, the lamellar phase already
exists for 3% hexanol + 3% OTAB!

The practical interest of a lamellar liquid crystal lies in its suspending capability.
A lyotropic liquid crystal exhibits a viscoelastic behavior that allows suspension
of solid particles for a very long time. The lamellar phase is additionally charac-
terized by an ideal critical strain to provide the suspension with good resistance
to vibrations and convections, without impairing its flowability with too great a
viscosity.

C. lonic Surfactant, Water, Proton-Donating Material,
and Hydrocarbon Quaternary Systems

The “solubility” of an oil such as decane in the micellar isotropic solution L1 or in
the reverse micellar isotropic solution L2 can be very important. L1 leads to w/o
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FIG. 3.8 (a) Typical ternary phase diagram of water, an amphiphile (sodium octanoate),
and a hydrocarbon (octane). (b) Typical ternary phase diagram of water, an amphiphile
(sodium octanoate), and a co-amphiphile (decanol). This phase diagram was established by
Ekwall in 1975.
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FIG. 3.9 Phase diagram of a water-in-oil microemulsion.

microemulsions and L2 to o/w microemulsions. Note that the cosurfactant is an
amphiphile with (generally) a lower molecular weight than the main amphiphile,
the surfactant.

1. Water-in-Oil Systems

As shown in Figure 3.9, the L2 phase is able to solubilize a very large amount of
a hydrocarbon such as decane or hexadecane. In fact, a composition containing
up to 75% decane and water/surfactant/cosurfactant proportions corresponding
to the L2 phase is still clear, fluid and isotropic, forms spontaneously, and is
thermodynamically stable. The structure of this microemulsion can be (to some
extent) regarded as a dispersion of tiny water droplets (reverse micelles) in a
continuous phase of the hydrocarbon. The surfactant and cosurfactant are mainly
located at the water/oil interface. This type of system is often referred to as a w/o
microemulsion.

The term “microemulsion” to describe such systems is not well chosen: it
conveys the idea of an actual emulsion characterized by submicrometer (below
0.1 pm) droplets. As is well known, an emulsion is not thermodynamically stable
and cannot be represented by a single-phase domain in a thermodynamic phase
diagram. The so-called microemulsions must be considered as real micellar solu-
tions containing oil in addition to water and surfactants. These solutions, although
very far from ideal in the thermodynamic sense, are nevertheless always real in
the thermodynamic sense. Another important difference between microemulsions
and emulsions is that, in general, a microemulsion requires significantly more
surfactant than an emulsion.
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These w/o microemulsions exhibit other important characteristics:

* The domain of existence is large. Significant compositional changes can
occur without crossing a phase boundary. Such behavior is particularly
important for manufacturing processes, because it provides robustness to
the formulation.

* They are very stable in a large temperature range, usually from the Krafft
point up to the boiling point. Moreover, the phase boundaries are almost
insensitive to temperature.

* The phase topography remains almost unchanged even if up to 75% of the
ionic amphiphile is replaced by a nonionic amphiphile.

To obtain a wide w/o microemulsion phase it is essential to adjust carefully the
cosurfactant structure (usually its chain length) and its relative amount. Although
trial and error is still the most commonly used method for obtaining microemul-
sions, a tentative rule is to combine a very hydrophobic cosurfactant (n-decanol)
with a very hydrophilic ionic surfactant (alcohol sulfate) and a less hydrophobic
cosurfactant (hexanol) with a less hydrophilic ionic surfactant (OTAB). For very
hydrophobic ionic surfactants, such as dialkyl dimethylammonium chloride, a
water-soluble cosurfactant, such as butanol or isopropanol, is adequate (this rule
derives at least partially from the fact that an important feature of the cosurfactant
consists of readjusting the surfactant packing at the solvent/oil interface).

2. Oil-in-Water Systems

It was stated earlier that the solubility of decane in the L1 phase is almost zero.
For a well-defined surfactant-to-cosurfactant ratio, very large quantities of decane
(or any hydrocarbon) can be solubilized in the L1 phase. A thin, snake-like single-
phase domain develops toward the oil vertex of the phase diagram (Figure 3.10).
This phase can be regarded as amphiphile micelles swollen with oil.

Generally, the o/w microemulsion phases are only metastable systems. As with
any metastable system, o/w microemulsions need an activation energy to separate;
sometimes this activation energy is so large that the separation almost never occurs.
Such systems are not thermodynamically stable and should accordingly not be
considered in a phase diagram. However, they form spontaneously and are stable
(because of the high activation energy for separation) for a very long time.

A typical example of a very stable metastable system is a mixture of one vol-
ume of oxygen with two volumes of hydrogen. The mixture is spontaneous and
stable for a very long time, without being thermodynamically stable. The final
thermodynamically stable state is obtained by adding a catalyst (platinum foam)
or a flame to the mixture.

Although not thermodynamically stable, o/w microemulsions form sponta-
neously and are accordingly useful (ease of manufacture).
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FIG. 3.10 Phase diagram of an oil-in-water microemulsion.

Thermodynamic instability implies some constraints on o/w microemulsions:

* Their position may depend on the order of addition of the raw materials and
on the shear imposed on the system.

* Their domain of existence is generally narrow.

» They can be sensitive to freeze and thaw cycles.

IV. PHASE DIAGRAMS FOR NONIONIC
SURFACTANT-CONTAINING SYSTEMS

The phase topography of a ternary system involving water, a hydrocarbon, and a
polyethoxylated fatty alcohol depends on the hydrocarbon chain length, branching,
degree of unsaturation, aromaticity, etc., on the amphiphile structure (hydropho-
bic and hydrophilic chain length), and also on temperature, which exerts a very
strong influence on the configuration (and accordingly on the solubility) of the
polyoxyethylene segments in water solution. A review has been presented in a
series of papers [8—11].

The phase topography is strongly influenced by the more elementary behaviors
of the binary amphiphile—oil and amphiphile—water systems.

A. Nonionic Surfactant and Oil

Polyethylene oxide is not soluble in hydrocarbons such as hexane or decane. If a
fatty chain is attached to a short segment of polyethylene oxide (4 to 8 ethylene
oxide units), the nonionic amphiphile obtained exhibits a solubility profile in oil
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FIG. 3.11 (a) Haze point temperature (CP, critical point; amph, amphiphile). (b) Haze
point temperature dependence on oil structure.

depending on temperature. At low temperatures a miscibility gap is obtained,
translating to the insolubility of the polyethylene oxide chain in the oil. At high
temperatures the effect of the entropy is predominant and the amphiphile is soluble
in all proportions in the oil.

As predicted by the Flory—Huggins theory, such a system shows a lower mis-
cibility gap characterized by an upper critical point, at temperature T, which
depends on both the oil and the amphiphile structure (Figure 3.11a). The critical
composition is usually not far from the pure oil side.

Figure 3.11b shows the lower miscibility gap between some n-alkanes and
CO6ES (pentaethylene glycol monohexyl ether). The upper critical temperature T,
increases with increasing hydrocarbon chain length (hydrophobicity).

The critical temperature T, is often referred to as the haze point temperature,
and the miscibility gap between oil and amphiphile plays an essential role in the
ternary phase diagram.

B. Nonionic Surfactant and Water Cloud Point

The phase diagram of a nonionic amphiphile-water binary system is more com-
plicated (see Figure 3.12). A “classic” upper critical point exists, but it is usually
located below 0°C. At higher temperatures most nonionic amphiphiles show a
miscibility gap, which is actually a closed loop with an upper as well as a lower
critical point. The lower critical point CPg is often referred to as the cloud point
temperature. The upper critical point often lies above the boiling temperature
of the mixture (at 0.1 MPa). The position and the shape of the loop depend on
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FIG. 3.12 Phase behavior of a water—nonionic amphiphile system (CP, critical point;
amph, amphiphile).

the chemical structure of the amphiphile. The cloud point temperature plays an
essential role in three-component phase diagram topography.

The closed loop can be regarded as a vertical section through a “nose” in the
concentration—temperature—pressure space at constant pressure (see Figure 3.13a).
When the pressure increases, the surface covered in the temperature—concentration
phase by the phase separation loop decreases and vanishes at a critical pressure P*.

The shrinking of the loop of the water—ethylene glycol butyl ether (C4El) system
with increasing pressure is shown in Figure 3.13b. The critical conditions for the
loop to vanish are T* = 95°C, P* = 80 MPa, and C* = 28 wt%.

To show the multidimensional nature of these phenomena, note that sim-
ilar effects (shrinking of the loop, f.i.) can be achieved by the addition of
“hydrotropic” electrolytes at constant pressure or by increasing the hydrophilicity
of the amphiphile. Figure 3.13c shows the loop areas of butanol (C4EQ), ethylene
glycol butyl ether (C4El), and diethylene glycol butyl ether (C4E2). The last does
not exhibit a loop at 0.1 MPa (1 atm), but the system behaves actually as if the
nose were “lurking.”

Although no phase separation occurs in water, the lurking nose exerts some
influence on the three-component phase diagram. Another way to look at the
same phenomenon is to consider that, in conditions close to 7 = 90°C and
C = 30 wt%, the C4E2—water system is such that the mixing entropy is just
high enough to maintain the molecules in a single phase, the enthalpic term being
positive (endothermic). As soon as a third incompatible component (the oil f.i.) is
incorporated, the entropy is no longer able to maintain the molecules in a single
phase, and phase separation occurs.

In Table 3.1, the hydrophilic/lipophilic balance (HLB) is calculated according
to the empirical equation HLB = 20My/M, where My is the molar mass of the
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FIG. 3.13 (a) Effect of pressure on the size of the closed loop. (b) Closed loop of the
water—ethylene glycol butyl ether system at different pressures. (c) Effect of the hydrophilic
group of the amphiphile on the shape of the closed loop. (From Schneider, G., J. Phys.
Chem. (Munich), 37, 333, 1963. With permission.)

hydrophilic group and M the total molar mass of the ethoxylated amphiphile.
The parameter yp,i, is the minimum amphiphile concentration required for the
homogenization of a 1:1 (wt%) mixture of water and n-decane at around 40°C and
T and Cy are the coordinates of the lower critical points (cloud point). Although the
HLB seems to be correlated with the cloud point, it cannot give any information on
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TABLE 3.1 Values of HLB, ¥y, 7 and Cp for Selected Amphiphiles

Amphiphile HLB Ymin (Wt%) Tg (°C) Cp (Wt%)
C4E1 10.3 58.9 48.7 29.0
C6E3 12.7 474 454 13.5
C8E4 12.6 29.6 39.6 6.9
C10E5 12.5 19.7 40.3 35
CI12E6 124 10.6 48.0 22

T

Water Amphiphile

FIG. 3.14 Binary phase diagram of a water—ethoxylated nonionic amphiphile system,
including lyotropic liquid crystal domains. (From Kalhweit, M. and Strey, R., Angew.
Chem. Int. Ed. Engl., 24, 654, 1985. With permission.)

the amphiphile efficacy (Ymin). Even if the HLB remains constant, increasing both
the polar and the nonpolar parts of a surfactant molecule significantly improves
its efficacy (at least its water—oil coupling efficacy).

The closed loop is not the only characteristic of the nonionic surfactant—water
binary phase diagram. Like the ionic surfactant—water mixture, nonionic surfac-
tants, at higher concentration in water, exhibit lyotropic mesophases. Figure 3.14
shows a typical binary phase diagram exhibiting the full lyotropic mesophase
sequence: I1, cubic isotropic phase; H1, direct hexagonal phase (middle phase);
V1, special cubic (“viscous” phase); Ly, lamellar phase (neat phase). Note the
presence of the two-phase domains surrounding each mesophase, the critical point
on top of each, and the zero-variant three-phase feature.

Although very difficult to determine with accuracy, the miscibility gaps always
exist, as well as the three-phase situations. Of course, the critical temperatures and
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concentrations corresponding to each mesophase depend on the chemical nature
of the amphiphile, the pressure, and the optional presence of an electrolyte.

Figure 3.15 shows some examples of real nonionic amphiphile—water binary
phase diagrams [10,12]. As a rule, amphiphiles with a hydrocarbon chain length
of eight or fewer carbon atoms exhibit only the loop (in a domain depending on
the ethoxylation) and no mesophase.

Longer chain amphiphiles show one or more mesophases (usually one). The
type of the main mesophase (the one having the highest critical temperature)
depends on the relative volumes of the ethoxylate and hydrocarbon chains. If
the volumes are similar, the lamellar phase is predominant. This is the case for
C12E®6. If the volume of the ethoxylate chain is significantly higher than that of the
hydrocarbon chain, the hexagonal phase will melt at higher temperature (C12E7);
if the volume of the ethoxylate chain is much higher than that of the hydrocarbon
chain, the cubic phase I1 may appear.

In some cases, such as for C12ES5, the lamellar phase L, (or the H1 phase) inter-
feres with the loop (with the cloud point curve) and induces the so-called critical
phase L3. L3 is an isotropic, often bluish phase, exhibiting a zero-variant three-
phase critical point at its lowest temperature of existence. The three phases present
at the critical conditions are W (water with a minute amount of amphiphile), L3,
and Ly. The L3 phase seems to have a beneficial action on cleaning performance,
maybe because of the presence of the critical point.

C. Nonionic Surfactant, Water, and Oil

From the phase behavior of both binary mixtures (water—amphiphile and oil-
amphiphile), it is now possible to account, at least qualitatively, for the
three-component phase diagram as a function of temperature. The presence of
a haze point on the oil-amphiphile phase diagram (critical point o) at tempera-
ture T, shows that the surfactant is more compatible with the oil at high than at
low temperature. The presence of a cloud point on the water—amphiphile phase
diagram (the lower critical point B) at temperature T shows that (at least in the
neighborhood of the temperature domain) the amphiphile is less compatible with
water at high than at low temperature. As a consequence (the other parameters
being kept constant), the amphiphile behavior depends on temperature.

Atlow temperature the amphiphile is more compatible with water than with oil.
The phase diagram corresponding to this situation is shown in Figure 3.16 (al or a2).
The tie line orientation is directly deduced from the partitioning of the amphiphile
between water and oil: because under the current conditions the surfactant is more
compatible with water than with oil, the majority of the amphiphile is in the water
phase and only a limited amount of amphiphile is present in the oil. Accordingly,
the tie lines point in the direction of the oil vertex. The phase diagrams al and a2
of Figure 3.16 are referred to as Winsor I (WI).
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FIG. 3.15 Examples of water—ethoxylated nonionic amphiphile binary phase diagrams.
(From Broze, G., Comm. J. Com. Esp. Deterg., Barcelona, 20, 133, 1989. With permission.)
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FIG. 3.16 Evolution of water—ethoxylated nonionic amphiphile-oil ternary phase dia-
grams with temperature (temperature increasing from a to c).

If the temperature at which the phase diagram is recorded is above T, (the haze
point), a critical point CP,, is present near the oil vertex (although pure amphiphile
and pure oil are miscible, the presence of a small amount of water “recalls” the
lack of compatibility between amphiphile and oil). If the temperature is below
T, no critical point appears in the three-component phase diagram (it would be
positioned at a negative water concentration).

At high temperatures these mixtures are more compatible with oil than with
water. The phase diagram corresponding to this situation is shown in Figure 3.16
(cl or c2). The amphiphile partitioning now favors the oil, and the tie lines point
in the direction of the water vertex. Phase diagrams cl and c2 of Figure 3.16 are
referred to as Winsor II (WII). A critical point CPg occurs if the temperature is
below the cloud point 7, but more often the critical point lies outside the Gibbs
triangle (T > Tp).

In WI and WII representations, the critical points CPg and CP, are called plait
points. If the difference between the temperature T at which the phase diagram
is recorded and the critical point of the binary mixture, 7g or Ty, increases, the
distance from the plait point to the oil-amphiphile axis for CP and the water—
amphiphile axis for CP, also increases. An important characteristic of a ternary
system is the line that links the plait points as a function of temperature. The plait
point curve is really the trace of the partitioning of the amphiphile between oil and
water. The closer the plait point is to the oil, the more water soluble the amphiphile,
and vice versa.
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At low temperatures the amphiphile is more compatible with water because
water interacts strongly with the hydrophilic head group. Accordingly, the hydro-
dynamic volume of the head group is greater than that of the hydrocarbon tail. At
high temperatures head group hydration is reduced and so is the hydrodynamic
volume, which becomes smaller than the hydrodynamic volume of the hydrocar-
bon tail. There is necessarily a temperature at which the hydrodynamic volumes
of the two antagonistic parts of the amphiphile molecule are equal. This particular
temperature, represented by 7, is the phase inversion temperature (also called
the HLB temperature). The phase inversion temperature is a characteristic (and
is accordingly a function) of the nature of the oil, the amphiphile, and the water
solution (if electrolytes are present). If the pressure can vary (as in oil recovery),
this also changes T.Itis important to realize that T can be higher than both CPg
and CP, when the amphiphile solubility is very small in water and oil.

The topography of the phase diagram at the phase inversion tempera-
ture depends on the mutual incompatibilities among oil-amphiphile, water—
amphiphile, and water—oil. Even with a polar oil and water containing a chaotropic
(hydrotropic) electrolyte, the water—oil incompatibility is enough to guarantee a
miscibility gap from 0 to 100°C. ~

For the amphiphile the situation is not as simple. At 7' the amphiphile is equally
compatible with water and oil, but no assumption is made about the degree of
compatibility. Two limiting cases can occur:

1. The amphiphile is very compatible with both water and oil. The phase
diagram will look like diagram b1 of Figure 3.16, with a plait point only for an
equal amount of oil and water and with the lines parallel to the water—oil axis
(equal partitioning). This plait point corresponds to the merging of the CP, and
CPg lines, and the projection of the plait point curves on the oil-water—temperature
phase diagram should look like those shown in Figure 3.17a or Figure 3.17b.

CP

p/
///
_|
o
S

2D S CP

Water Qil
(a) (b) (c) (d) (e)

FIG. 3.17 Transition from an infratricritical situation (a and b) to a supertricritical sit-
uation (d and e) through a tricritical point (TCP) (c). (From Kalhweit, M. and Strey, R.,
Angew. Chem. Int. Ed. Engl., 24, 654, 1985. With permission.)
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2. The amphiphile is equally (and significantly) incompatible with both water
and oil. The phase diagram will now look like diagram b2 of Figure 3.16. A
three-phase triangle (3PT) appears.

Three phases are now in equilibrium:

1. A water-rich phase (W)
2. An oil-rich phase (O)
3. An amphiphile-rich phase (S)

The amphiphile-rich phase is also called the surfactant phase or the middle phase.
These terms, due to Shinoda, result from the physical appearance of a three-phase
system:

1. A dense, water-rich phase at the bottom
2. Alight, oil-rich phase at the top
3. A phase containing most of the amphiphile in the middle

It is worth noting that with higher molar volume amphiphiles, such as C12E4, a
significant amount of the amphiphile can be present in the oil phase, even at T.
Here, too, the plait points CPy and CPg will be inside or not be inside the Gibbs
triangle depending on the relative positions of T, Ty, and Tg.

If the phase diagram exhibits a 3PT it is called a Winsor III (WIII) system. In
such a situation, the plait point curves do not merge but “cross” each other and
stop at two terminal critical points (see Figure 3.17d or Figure 3.17e).

The sequence of the evolution of a three-component system when temperature is
increased can be summarized as follows. If the amphiphile is strongly incompat-
ible with oil and water the sequence is WI — WIII — WIL. If the amphiphile
is compatible or is weakly incompatible with oil and water the sequence is
WI — WIL

A way to modify amphiphile compatibility with oil and water is to change the
amphiphile molecular mass, keeping the appropriate balance between lipophobic-
ity and hydrophobicity. A high-molecular-weight amphiphile like C12E6 will show
a WI-WII-WII sequence; a low-molecular-mass amphiphile like C4E2 will show
(with decanol acetate as the oil) a WI-WII sequence. By varying the amphiphile
compatibility through the molecular mass, it is possible to pass from a WI-WII to
a WI-WIII-WII sequence. At a certain point a situation as shown in Figure 3.17¢
will occur: the plait point curves just merge critically and the 3PT collapses.
This situation corresponds to a tricritical point, an essential concept in theoretical
thermodynamics.

When the system is such that a 3PT appears (by far the most common case), the
3PT is present from a temperature 77 lower than Ttoa temperature 7, above T.To
some extent the difference between 7 and 7y is a measure of how far the system
is from the tricritical conditions. (Note that T is not necessarily the mathematical
average of 71 and Ty, but it is close to it.)
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FIG. 3.18 Detailed evolution of the phase diagram of a water—oil-ethoxylated nonionic
amphiphile (low molecular weight) with temperature. (From Kalhweit, M. and Strey, R.,
Angew. Chem. Int. Ed. Engl., 24, 654, 1985. With permission.)

The thermal evolution of a typical system, with broken critical lines (see
Figure 3.18), can be summarized as follows:

For T < Tj, the phase diagram is a typical WI.

T is the temperature of the critical end point of the CPg curve. At T =T, the phase
diagram is still a WI, but with a critical tie line from which the 3PT will appear
with the slightest increase in temperature.

For T} < T < T, the corner of the 3PT corresponding to the amphiphile phase
remains close to the water side but moves “clockwise” in the Gibbs triangle.

ForT=T, the amphiphile corner of the 3PT reaches “12 o’clock” (phase inversion
temperature).
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For T < T < T,, the corner of the 3PT corresponding to the amphiphile phase
keeps on “moving clockwise” to the oil phase.

Ty is the temperature of the critical end point of the CP, curve. At T = Ty, the
amphiphile corner of the 3PT merges with the oil corner and the 3PT collapses
in a critical tie line of a WII phase topography.

At T > T, the phase diagram is a typical WIL.

It is important to remark on the shape of the line joining the three corners of
the 3PT triangle (I" lines). It is a single, continuous gauche line, with a minimum
at 71 on the water side of the critical tie line and a maximum at 7, on the oil
side of the critical tie line. The branches can be identified (I",, I'y, and I'¢), each
corresponding to the compositions of each corner of the 3PT. It is important to
note that I' has nothing to do with CPy and that I', has nothing to do with CPg.
I'i are composition curves, and CP; are critical point curves. At a critical end
point, however, the critical point curve meets the extreme of the composition
curve (CPy meets I'y at T, and CPg meets I'y, at 77).

Another important characteristic of these systems is that the best compatibility
capacity is achieved at 7= T, when the hydrodynamic volumes of both parts of the
surfactant are equal. Under phase inversion conditions, the amount of amphiphile
needed to make compatible a mixture of equal amounts of oil and water is min-
imal. The phase inversion conditions are accordingly looked for to minimize the
amphiphile quantity needed to achieve a given task.

Winsor behavior is not the only characteristic of water—oil-nonionic amphiphile
systems. The lyotropic mesophases appearing on the water—amphiphile binary
phase diagrams expand to some extent in the Gibbs triangle (Figure 3.19).

Amphiphiles based on alcohols lower than C8 do not generate liquid crystals
at all (amphiphiles based on alcohols of C4 and less do not even give micelles).
Alcohol-based nonionic amphiphiles of C10 and above give lyotropic liquid crys-
tals, at least usually up to 7,. Figure 3.19 shows the typical and general behavior of
aternary system with an amphiphile giving liquid crystals. At a temperature below
Ti each lyotropic mesophase appearing on the water—amphiphile binary phase dia-
gram expands in the Gibbs triangle. At a temperature close to T generally only the
lamellar liquid crystal phase is present, and points toward the amphiphile corner
of the 3PT. Above T, all the liquid crystals are molten.

D. Effects of System Parameters on Phase Behavior
1. Nonionic Surfactant Structure
The parameters Ty, 77, and T increase if more hydrophilic amphiphiles are used.
This is easily explained by the HLB concept: a more hydrophilic amphiphile will
remain in water up to a higher temperature.

Another fundamental effect of the amphiphile is aresult of its molecular mass (or
molar volume): increasing the molecular mass of an amphiphile at constant HLB
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FIG. 3.19 Ternary phase diagrams involving nonionic amphiphiles (amph) generating
lyotropic liquid crystals with water. (From Kalhweit, M. and Strey, R., Angew. Chem. Int.
Ed. Engl., 24, 654, 1985. With permission.)

results in much less amphiphile being required to compatibilize equal amounts of
water and oil, as illustrated in Figure 3.20.

2. Effect of Oil

(a) Molar Volume. Increasing the oil molar volume results in an increase in 7y,
Ti (if they exist), and T. This is illustrated in Figure 3.21 for aliphatic hydrocar-
bon, alkyl benzene, and alkanol acetate mixtures with water and diethylene glycol
monobutyl ether (C4E2). Increasing the oil molar volume corresponds to increas-
ing the oil-water incompatibility. Another result is an increase in the difference
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FIG. 3.20 Effect of the molecular weight of an amphiphile on the shape of the ternary
phase diagram. (From Kalhweit, M., Strey, R., and Haase, D., J. Phys. Chem., 89, 163,
1985. With permission.)

between T, and Ti. This is illustrated by the alkyl benzene series in Figure 3.21,
which presents a tricritical point for an alkyl chain length between six and seven.

(b) Polarity. Because increasing the oil polarity (by moving from aliphatic
hydrocarbons to alkyl benzenes to alkanol acetates) decreases the water—oil incom-
patibility, it is not surprising that the Winsor transitions (7, 71, and T) occur at
lower temperatures and the supertricriticality decreases.

The polarity of the oil can be estimated from Hansen’s three-dimensional sol-
ubility parameters. Hansen separated Hildebrand’s solubility parameter into three
independent components: d4 for the dispersion contribution, 8, for the polar contri-
bution, and dy, for the H-bonding contribution. As an estimation of the oil polarity,
we define Dp, as the square root of the square of the polar component plus the
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FIG. 3.21 Effects of oil molar volume and polarity on the characteristics of ternary phase
diagrams obtained with water and diethylene glycol butyl ether.

square of the H-bonding component of the solubility parameter, using the table
published by Barton [13].

For ternary mixtures of alkanes, alkyl benzenes, or alkanol acetates with water
and C4E2, the phase inversion temperature can be satisfactorily expressed as

T(°C) = 1.016V — 0.00121V? — 44.72Dy, + 4.747D2, — 2.74

where V is the oil molar volume in ml/mol and Dy, is the oil polar character
in MPa!’2. The effects of the molar volume and of the polarity appear to be
independent, at least in this specific case.

3. Effect of Electrolytes

It is possible to modify the behavior of water by adding electrolytes. Electrolytes
usually reduce the solubility of uncharged organic components in water. Although
the great majority of electrolytes exert a salting-out action, several exceptions
exist, such as perchlorates and thiocyanates, which have a salting-in action.

The salting-out or salting-in characteristics of electrolytes were discovered at
the end of the nineteenth century by Hofmeister [14] and essentially remain a
mystery. It has been established that this effect has nothing to do with ionic strength:
different salts at the same ionic strength have different salting-out or salting-in
characteristics. Besides, unlike a classic electrostatic effect, it is almost linear
with salt concentration (at least in the low concentration range).

In water, the effects of anions are much more pronounced than the effects of
cations. The sequence of anions for increasing salting-out character in aqueous
solutions is as follows: nitrate < chloride < carbonate < chromate < sulfate.
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FIG. 3.22 Effect of the nature and concentration of electrolytes on the characteristics of
ternary phase diagrams obtained with water, diethylene glycol butyl ether, and tridecanol
acetate.

Perchlorates and thiocyanates are salting-in electrolytes. A salting-out elec-
trolyte strengthens the structure of water and makes it less available to hydrate
organic molecules; salting-in electrolytes disrupt the structure of water, creating
“holes.” Salting-in electrolytes usually have a positive enthalpy of solubilization
in water (endothermic solubilization).

In practice, salting-out electrolytes make water even more incompatible with
oil. The result is a decrease in the Winsor transition temperatures and an increase in
the supertricritical character. The amount of amphiphile necessary to compatibilize
water and oil generally increases in the presence of a salting-out electrolyte. All
these tendencies are reversed with a salting-in electrolyte. Figure 3.22 illustrates
the effects of different electrolytes on a C4E2—-C13 acetate—water system.

4. Effect of Low-Molecular-Mass, Water-Soluble Organic
Molecules
Water can be made less incompatible with oil by adding small, uncharged, water-
soluble organic molecules, such as amides and substituted ureas [15].
High salting-in performance is obtained with organic molecules with the
following characteristics:

* Amphiphilic structure
* Hydrophobic segment short enough to prevent aggregation
* Concentration well below the solubility limit

Typical examples are urea derivatives, especially butyl urea.
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V. EMULSIONS

Unlike microemulsions, emulsions are not thermodynamically stable. When a
mixture of oil (such as decane) and water is shaken, oil molecules come into
contact with water. The area of contact between oil and water increases. As the
two liquids are not miscible, increasing the area of contact results in an increased
energy. In the case of decane, creating 1 m? of contact with water requires 0.050 J.
This does not appear to be very much; however, if one considers one liter of a
50:50 volume mixture, creating a dispersion of 10 um droplets requires 15 J. The
net result is that water and oil will rapidly separate.

Adding a well-chosen surfactant can reduce the rate of separation between oil
and water. Indeed, many of the surfactant molecules will be located at the oil/water
interface, reducing significantly the interfacial tension to the order of 1 mN/m. The
energy required to create the interface will be accordingly reduced. However, the
role of surfactants is not limited to interfacial tension reduction. By adsorbing at
the surface of the droplets, a surfactant will create a protecting barrier, which will
significantly increase the droplet lifetime.

A. Emuilsion Instability and Breakdown

One can distinguish two different types of instabilities. There are instabilities
resulting from thermodynamics, such as flocculation, coalescence, and Ost-
wald ripening, and there are those resulting from gravity, such as sedimentation,
creaming, and coacervation.

1. Flocculation and Coalescence

Let us consider an emulsion of an oil (e.g., decane) in water. The oil droplets
are constantly in motion due to thermal agitation or convection. In the course of
their movements they may collide with each other. The collision may be perfectly
elastic, in which case only the velocities of the droplets change, but their size or
number do not. The collision, however, may not be elastic. The droplets may stick
together, leading to flocculation. In a flocculation process the number of droplets
remains constant, but they are no longer independent: they move together. In
fact, flocculation involves many droplets, leading to large structures named flocs,
which may even create a three-dimensional network. This can result in a viscosity
increase, which may lead to a paste or a gel state.

Flocculation, by itself, can be reversible. Agitation may be sufficient to redis-
perse the droplets. However, when in close contact, the wall separating two
droplets may break, allowing the droplets to merge into a single, bigger droplet.
This phenomenon is referred to as coalescence and is not reversible. It results in
a drift of the particle size distribution toward larger values, and may even lead to
total phase separation.
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Flocculation and coalescence can be avoided by preventing droplets approach-
ing each other. In fact, flocculation (which may lead to coalescence) is the result
of the van der Waals forces between two droplets. These forces act at relatively
short distances, and are always attractive. There are two ways to counteract these
forces: electrostatic repulsion and steric repulsion.

(a) Electrostatic Repulsion. The creation of electrical charges on droplets
induces electrostatic repulsion forces that act at a longer distance than van der
Waals forces. If strong enough, the electrostatic repulsion can offset van der Waals
attraction, which means that the particles will repel each other. Ionic surfactants
or polymers are commonly used to achieve electrostatic repulsion.

Electrostatic repulsion has a limitation. It works only for systems that do not
contain large quantities of electrolytes. Indeed, the presence of electrolytes reduces
the so-called Debye length, which is basically the distance at which electrostatic
repulsion is effective. Electrolytes also compress the electrical double layer. The
result is a reduction of the electrostatic repulsion, which may become weaker than
van der Waals attraction.

(b) Steric Repulsion. Rather than creating electrical charges at the surface of
droplets, itis possible to adsorb a water-soluble polymer. This polymer will expand
in the aqueous phase to a certain distance. When two particles covered with poly-
mer approach each other the polymer chains are compressed. This compression
results in loss of configurational entropy. Besides, in the area where the poly-
mer shells overlap, due to compression the local polymer concentration is higher.
Osmotic pressure will pull the particles apart.

The selection of polymer is critical. If too water soluble, the polymer will not
adsorb very well on the droplet surface. If not hydrophilic enough, the polymer
will lie flat on the surface, so that van der Waals attraction can again take place.

The molecular weight of the polymer is also important. A polymer of too low a
molecular weigh will not be efficient. The use of a high-molecular-weight polymer
is better, but its concentration has to be high enough to cover the surface of all the
droplets. If the amount of polymer is not high enough the same polymer molecule
can anchor onto two different droplets, leading to the phenomenon known as
bridging flocculation.

Properly selected nonionic surfactants can be good candidates to stabilize
emulsions through steric repulsion.

2. Ostwald Ripening

Ostwald ripening also leads to a shift of particle size distribution toward higher
values, but the mechanism is fundamentally different. Let us consider two droplets
of different sizes located close together but not in contact. The Laplace pressure,
which is equal to twice the interfacial tension divided by the droplet radius, is
higher in the smaller particle. Now, if the oil has a nonzero solubility in water
(which is the case for decane: its solubility in water is very small, but finite),
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diffusion will occur from the smaller particle toward the larger one through the
continuous aqueous phase. The result is a growth of the larger particle at the
expense of the smaller one.

Ostwald ripening obviously depends on particle polydispersity. If all the par-
ticles have the same size, there is no reason for one to grow at the expense of
another. Ostwald ripening is also a function of the solubility of the oil in water and
of the diffusion coefficient. This provides an excellent means to reduce its effect.
The addition of a moderate amount of a water-insoluble oil such as a triglyceride
is usually enough to reduce the impact of this destabilization mechanism.

3. Concentration Depletion

It may be logical to think that the higher the surfactant concentration, the more
stable the emulsion. This is not always true. Indeed, a surfactant in excess forms
micelles, which are significantly smaller than the emulsion droplets. Droplets are
of the order of a micrometer and micelles are 5 to 100 nm. Droplets are surrounded
by numerous micelles which bombard them constantly due to Brownian motion.
When two droplets happen to be close to each other the collisions of the micelles
are no longer isotropic. There are fewer micelles between the two droplets. The
result from the unbalanced collisions is that the droplets are actually brought into
contact.

This phenomenon is highly sensitive to droplet size and it is sometimes used
as a method to prepare homodisperse emulsions by fractionation.

4. Sedimentation and Creaming

Sedimentation or creaming, depending on the relative densities of the oil and water
phases, results from the action of gravity on the droplets. Under a gravitational
field a spherical droplet will accelerate until it reaches a velocity for which the
friction force balances the gravitational force. At this point the particle will move
at a constant velocity v predicted by Stokes’ law:

_ A,or2

67y

where Ap is the density difference between the oil and water phases, r is the radius
of the supposed spherical droplet, and 7 is the viscosity of the continuous phase.

Stability can be reached if the density of the dispersed phase exactly matches
that of the continuous phase. This is difficult to achieve in practice as the volumic
expansion coefficients are different for oil and water. Density matching accordingly
holds only at one temperature. Decreasing the particle size reduces the separation
rate but does not stop it. Moreover, particle size reduction commonly leads to
a viscosity increase, and even to gelling. Increasing the viscosity contributes to
separation reduction but it is not very easy to achieve in practice.
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Good physical stability can, however, be obtained by developing a viscoelastic
network in the continuous phase. The elastic component acts as a net that prevents
the droplets from settling or creaming. Viscoelastic networks can be obtained with
high-molecular-weight water-soluble polymers or lyotropic liquid crystals.

5. Coacervation

The electrostatic repulsion discussed above may be strong enough to prevent parti-
cles from coming into close contact but still be too weak to maintain the droplets far
enough away from each other to counteract the effect of gravitation. The result is
the sedimentation (or creaming) of some of the droplets. Unlike flocculation, coac-
ervation is very easily reversible by simple agitation. Sometimes even convection
currents are enough to redisperse the droplets.

Coacervation is usually observed in electrostatically stabilized systems in which
the electrolyte concentration is slightly too high.

V. NANOEMULSIONS

The term “nanoemulsion” naturally creates confusion with the term “microemul-
sion.” One may think that nanoemulsions have droplets smaller than microemul-
sions, since the prefix “nano” indicates a quantity three orders of magnitude smaller
than a quantity indicated by the prefix “micro.” As mentioned earlier in the chapter,
the term microemulsion is not well chosen, butitis too well established to change it.

Microemulsions are thermodynamically stable phases, which can be repre-
sented by clear areas in equilibrium phase diagrams. Nanoemulsions are really
small emulsions, with the main characteristics of emulsions: they are not ther-
modynamically stable and the way they are prepared has a great impact on their
physical stability. The only difference with common emulsions is their very small
droplet size, which ranges from 10 to 500 nm. Accordingly, nanoemulsions
may look bluish, due to light diffusion (brown/yellow by transmission), just like
microemulsions close to a critical point.

In contrast to thermodynamically stable microemulsions, nanoemulsions can
be highly efficient in releasing oily materials. Indeed, they are highly metastable:
the droplet size is small, but the interfacial tension is not so small. This results in
the Laplace pressure inside the droplets being very high. Metastability is due to
the activation energy required for two droplets to merge.

There are essentially two ways to prepare nanoemulsions. These are the phase
inversion temperature (PIT) process and the high-pressure homogenization (HPH)
process.

A. PIT Process

A regular emulsion is prepared with a surfactant that is mainly water soluble, at a
temperature lower than the PIT of the system. The emulsion is heated to the PIT.
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At this temperature the interfacial tension is very small, and a very limited mechan-
ical energy is required to mix thoroughly the ingredients. (Note that it is not
necessary to add enough surfactant to reach the middle phase.) The temperature
is then rapidly reduced to room temperature. The small droplets are accordingly
“frozen” in their state before the rapid temperature reduction.

Unfortunately, the droplet size distribution of a nanoemulsion prepared by the
PIT process is relatively large. Due to the high Laplace pressure, Ostwald ripening
takes place rapidly, limiting the lifetime of the nanoemulsions to a few minutes to
a few days. The addition of a water-insoluble component can significantly reduce
the breakdown kinetics; however, long-term stability is rarely achieved with this
process.

B. HPH Process

A high-pressure homogenizer is an instrument able to generate high-speed colli-
sions between the droplets of a preformed emulsion. The result of these collisions
is the production of very small (nanometric) droplets. If the process conditions
are carefully optimized, narrow droplet size distributions can be obtained, and the
addition of a water-insoluble oil can largely overcome Ostwald ripening.

The drawbacks of the HPH process are the expensive investment required, the
constant attention of a highly skilled engineer during the operation, and the delicate
cleaning and sanitization of the production line.
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. INTRODUCTION

Liquid detergent products span the entire rheology spectrum from low-viscosity
Newtonian fluids to semisolid pastes, as demonstrated in Figure 4.1. Consumers
can readily purchase the product form most in keeping with their preferences
throughout the personal and household care product lines. For example, sham-
poos can be easily found that are low-viscosity Newtonian solutions, viscoelastic
dispersions, or highly elastic gels. Similarly, laundry detergent products range in
consistency and form from low-viscosity Newtonian liquids, to viscous pastes, to
solid tablets. Developing these products to yield the desired shelf life and rheology
stability is a complex task considering the number of components included in final
commercial formulations.

Research scientists and engineers involved in successful development and
manufacture of commercial products have different rheology needs. Advanced
technology emphasis may be on fundamental studies of interactions of product

73
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FIG. 4.1 Liquid detergent product delivery forms and rheology spectrum. (Courtesy of
Fluid Dynamics, Inc.)

ingredients and phase behavior of multicomponent surfactant systems, for exam-
ple, while product formulators may need to benchmark rapidly the rheology of
market prototypes and competitive products. Testing conditions for process engi-
neers may extend rheology measurements to high shear rates and temperatures
in keeping with process conditions for surfactants and/or product manufacture.
Further, quality control professionals generally require test protocols for finished
goods at factory locations. In response to these highly diversified needs, instrument
manufacturers have produced a broad range of rheometers and viscometers.

From R&D to quality control, rheology measurements for each phase of
the product development life cycle involve raw materials, premixes, solutions,
dispersions, emulsions, and full formulations. Well-equipped laboratories with
stress- and strain-controlled oscillatory/steady shear rheometers and viscometers
can generally satisfy most characterization needs. When necessary, customized
systems are designed to simulate specific user or process conditions. Rheology
measurements are also coupled with optic, thermal, dielectric, and other ana-
lytical methods to further probe the internal microstucture of surfactant systems.
New commercial and research developments are briefly discussed in the following
sections.
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Rheology is frequently cited in patents, often as a claim, and Section II pro-
vides examples of liquid detergent patents recently issued where rheology is cited
as a key property. Instruments and methods used for product characterizations in
several patents are included. Section III highlights new developments in rheology
measurements, also listing several patents for new rheology measurement tech-
nology, since there have been dramatic advances in the science of rheology over
the past decade. Examples of the flow behavior of commercial detergent products,
including laundry detergents, shampoos, dishwashing liquids, and dentifrices, are
included in Section I'V and selections of fundamental rheology studies in surfactant
systems are presented in Section V.

This chapter is intended to expand on the chapter of the same title in the first
edition of this book [1]. An overview of the rheology of liquid detergents, including
dispersions, suspensions, gels, and surfactant systems, is included in that chapter.

Il. PATENT SURVEY OF LIQUID DETERGENT
FORMULATIONS

Personal and household care detergents have applications ranging from hard
surface cleaners, to body washes, to dental pastes and gels. Products used by
consumers need to be poured, pumped, squeezed, or sprayed while maintaining
constant rheology profiles throughout the shelf life. Since rheology is a per-
formance and consumer perceived property, patents describe compositions and
manufacturing procedures needed to achieve desirable rheological properties and
shelf life stability. This applies also to surfactants and admixtures during detergent
manufacture, since these fluids need to be easily processed.

A representative catalog of recent patents is provided in Table 4.1 in chrono-
logical order. Each of these patents focuses attention on flow properties of key
raw materials or full formulations. For high- and low-pH formulations, patents
describe rheology modifiers meeting the demands of these difficult systems. Var-
ious rheology modifiers are also disclosed for the purpose of targeting specific
rheology requirements. Several of the patents listed in Table 4.1 are discussed in
the following sections.

A. Home Care Products

Numerous patents have been granted for automatic dishwasher detergents, hard
surface cleaners, and laundry detergents. Of special interest are patents concerning
liquid compositions containing bleach, due to the problems encountered with the
rheology and chemical and physical stability of these complex systems. Increas-
ingly, patents describe “thickened” compositions and specifically cite viscoelastic
behavior. A stable perfumed bleaching composition is described in U.S. Patent
6,248,705 for hard surface cleaning having a pH less than 2. The perfume cited is
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TABLE 4.1

Summary of Patents Relating to Rheology of Liquid Detergents

Patent number and date

Assignee and inventors

Title

U.S. 6,576,602, June
10, 2003

U.S. 6,506,716,
January 14, 2003

U.S. 6,331,291,
December 18, 2001

U.S. 6,313,085,
November 6, 2001

U.S. 6,306,916,
October 23, 2001

U.S. 6,294,511,
September 25, 2001

U.S. 6,274,539, August
14, 2001

U.S. 6,274,546, August
14, 2001

© 2006 by Taylor and Francis Group, LLC

Procter & Gamble Company
M.A. Smerznak, W.A.M. Broeckz, 1. Goderis,
R. Jones, D. Parry, J. Kahn, J. Wevers

Procter & Gamble Company
P. Delplancke, F. de Buzzaccarini, A. Fredj,
P. Reddy, R. oswell, E. Sadlowski

W.R. Glace, R.L. Ibsen, G.A. Skoler

Cognis Deutschland GmbH
C. Le Hen-Ferrenbach

Henkel Kommanditgesellschaft auf Aktien
A. Ansmann, R. Kawa, G. Strauss

Clorox Company
B.P. Argo, C.K. Choy, S.L. Nelson

Procter & Gamble Company
M.L. Kacher, D.P. Wallace, E.S. Allouch

Henkel Kommanditgesellschaft auf Aktien
D. Legel, J. Penninger, T. Voelkel

Nonaqueous, particulate-containing liquid detergent
compositions with surfactant-structured liquid phase

Aqueous, gel laundry detergent composition

Dentifrice gel/paste compositions

High-concentration flowable anionic surfactant
mixtures containing alkyl ether sulfates and alkyl
sulfates

Pearly luster concentrate with Newtonian viscosity

Thickened aqueous composition for the cleaning of a
ceramic surface and methods of preparation thereof
and cleaning therewith

Light-duty liquid or gel dishwashing detergent
compositions having controller pH and desirable food
soil removal, rheological, and sudsing characteristics

Stable high-viscosity liquid detergents
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U.S. 6,271,187, August
7, 2001

U.S. 6,271,192, August
7, 2001

U.S. 6,277,798, August
21,2001

U.S. 6,258,859, July
10, 2001

U.S. 6,248,705, June
19, 2001

U.S. 6,268,324, July
31,2001

U.S. 6,241,812, June 5,
2001

U.S. 6,221,827, April
24,2001

EP1088545, April 4,
2001

Ecolab Inc.
C.A. Hodge, C.J. Uecker

National Starch &Chemical Investment
Holding Co.
E.W. Verstrat, J.S. Maxim, Jr., J. Rosie

Procter & Gamble Company
P.E. Russell, N.J. Phipps

Rhodia, Inc.
M. Dahayanake, J. Yang, J. G. Niu, P.-J. Derian,
R. Li, D. Dino

Procter & Gamble Company
S. Cardola, L. Pieroni, R. Scoccianti

Ecolab Inc.
M.E. Besse, R.O. Ruhr, GK. Wichmann,
T.A. Gutzmann

Pharmacia Corporation
B.A. Smith, GT. Colegrove, W.G. Rakitsky

Henkel Kommanditgesellschaft auf Aktien
M. Mendoza Cruz, E. de Jorge

Procter & Gamble Company
G.N. McKelvey, K. Rigal

Hand soap concentrate, use solution, and method for
modifying a hand soap concentrate

Associative thickener for aqueous fabric softener

Cleansing compositions containing water-soluble
gel-forming nonionic surfactant

Viscoelastic surfactant fluids and related methods
of use

Stable perfumed bleaching compositions

Thickened hard surface cleaner

Acid-stable and cationic-compatible cellulose
compositions and methods of preparation

Viscoelastic bleaching and disinfecting compositions

Hair care compositions
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TABLE 4.1 (Contd.)

Patent number and date

Assignee and inventors

Title

U.S. 6,187,221 B1,
February 13, 2001

U.S. 6,180,594 B1,
January 30, 2001

U.S. 6,177,396 B1,
January 23, 2001

U.S. 6,150,320,
November 21, 2000

U.S. 6,150,445,
November 21, 2000

U.S. 6,140,413,
October 31, 2000

U.S. 6,126,922,
October 3, 2000

WO00046331, August
10, 2000

© 2006 by Taylor and Francis Group, LLC

National Starch & Chemical Investment
Holding Co.
C.G. Gore, S.M. Steele

Witco Surfactants GmbH
M. Fender, K. Hans-Jurgen, S. Schussler

Albright & Wilson UK Limited

R.M. Clapperton, J.R. Goulding, B.W.Grover,
LE. Guthrie, W.P. Haslop, E.T. Messenger,
J.E. Newton, S.A. Warburton

3M Innovative Properties Company
J. McDonell, J. Mlinar

Akzo Nobel AV
P. Bostrom, A. Myrstrom

Henkel Corporation
L.N. Castles, S.C. James, J. Stewart

3M Innovative Properties Company
B. Wang, S.B. Mitra, S.M. Rozzi

Procter & Gamble
J.M. Clarks, GK. Embleton, H.D. Hutton,
J.D. Sadler, M.L. Kacher, D.P. Wallace

Controlled release bleach thickening composition
having enhanced viscosity stability at elevated
temperatures

Low-concentration, high-viscosity aqueous fabric
softeners

Aqueous-based surfactant compositions

Concentrated cleaner compositions capable of
viscosity increase upon dilution

Aqueous concentrate of an associative thickening
polymer, and use of a nonionic surfactant for
reducing the viscosity of the concentrate

Silicone softener viscosity reducer

Fluid-releasing compositions and compositions with
improved rheology

Diols and polymeric glycols in dishwashing
detergent compositions
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U.S. 6,100,228, August
8, 2000

U.S. 6,087,320, July
11, 2000

U.S. 6,083,893, July 4,
2000

U.S. 6,083,854, July 4,
2000

WO0015180, March
23,2000

U.S. 6,028,043,
February 22, 2000

U.S. 6,008,261,
December 8, 1999

U.S. 6,008,184,
December 28, 1999

U.S. 5,997,764,
December 7, 1999

U.S. 5,939,375, August
17, 1999

Clorox Company
B.P. Argo, C.K. Choy, A. Garabedian, Jr.

Henkel Corporation
A.D. Urfer, V. Lazarowitz, P.E. Bator,
B.A. Salka, G. de Goederen, R.A. Alaksejczyk

Procter & Gamble Company
D.R. Zint, T. Pace, R. Owens, M.L. Kacher

Procter & Gamble Company
M.S. Bogdanski, U.C. Glaser

Hercules Inc.
J.E. Brady

Procter & Gamble Company
R.W. Glenn, Jr., M.D. Evans, M.E. Carethers,
S.C. Heilshorn

Condea Augusta SpA
C. Genova, F. Montesion, E. Bozzeda

Procter & Gamble Company
J.GL. Pluyter, M.G. Eeckhout

B F Goodrich Co.
S.V. Kotian, H. Ambuter

Th. Goldschmidt AG
E. Muller, J. Peggau

Bleaching gel cleaner thickened with amine oxide,
soap, and solvent

Viscosity-adjusted surfactant concentrate
compositions

Shaped semisolid or solid dishwashing detergent

Wet wipes with low-viscosity silicone emulsion
systems

Rheology-modified compositions and processes
thereof

Liquid personal cleansing compositions which
contain a complex coacervate for improved sensory
perception

Aqueous surfactant compositions with a high viscosity
Block copolymers for improved viscosity stability in
concentrated fabric softeners

Thickened bleach compositions

Low-viscosity alkaline cleaning emulsion

© 2006 by Taylor and Francis Group, LLC
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TABLE 4.1 (Contd.)

Patent number and date

Assignee and inventors

Title

U.S. 5,932,538, August
3,1999

U.S. 5,922,667, July
13,1999

U.S. 5,922,664, July
13,1999

U.S. 5,851,979,
December 22, 1998

U.S. 5,981,457,
November 9, 1999

U.S. 5,965,502,
October 12, 1999

U.S. 5,962,392,
October 5, 1999

U.S. 5,939,375, August
17, 1999

U.S. 5,922,664, July
13, 1999

© 2006 by Taylor and Francis Group, LLC

Procter & Gamble Company
R.W. Glenn, Jr., M.D. Evans, M.E. Carethers,
S.C. Heilshorn

Diversey Lever, Inc.
E.C. van Baggem, N.J. Pritchard,
G. de Goederen, R. Jakobs

Colgate-Palmolive Company
H.C. Cao, P. Pagnoul

Procter & Gamble Company
S. Scialla, S. Dardola, G.O. Boamcjetto

Kay Chemical Company
F.U. Ahmed

Huels Aktiengesellschaft
D. Balzer

Solvay Interox Limited

Th. Goldschmidt AG
F. Fuller, J. Peggau

Colgate-Palmolive Company
H.C. Cao, P. Pagnoul

Liquid personal cleansing compositions which
contain an encapsulated lipophilic skin moisturizing
agent comprised of relatively large droplets

Cleaning gels

Pourable detergent concentrates which maintain or
increase in viscosity after dilution with water

Pseudoplastic and thixotropic cleaning compositions
with specifically defined viscosity profile

Concentrated liquid gel warewash detergent
Aqueous viscoelastic surfactant solutions for hair and
skin cleaning

Thickened peracid compositions

Low-viscosity alkaline cleaning emulsion

Pourable detergent concentrates which maintain or
increase in viscosity after dilution with water
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U.S. 5,916,859, June
29, 1999

U.S. 5,912,220, June
15, 1999

U.S. 5,888,487, March
30, 1999

U.S. 5,851,979,
December 22, 1998

SK279419B,
November 4, 1998

U.S. 5,804,540,
September 8§, 1998

U.S. 5,811,383,
September 22, 1998

U.S. 5,798,324, August
25,1998

U.S. 5,776,883. July 7,
1998

Clorox Company
C.K. Choy, P.F. Reboa

S.C. Johnson & Son, Inc.
J.A. Sramek, H.A. Doumaux, T. Tungsubutra,
P.J. Schroeder

Hankel Kommanditgesellschaft auf Aktien
G. Baumoeller, A. Wadle, C. Ansmann,
H. Tesmann, T. Foerster

Procter & Gamble Company
S. Scialla, S. Cardola, G.O. Bianchetti

Colgate-Palmolive Company
G.A. Durga, M. Prencipe

Lever Brothers Company
L.S. Tsaur, M. He, M. Massaro, M.P. Aronson

Dow Chemical Company
J. Klier, C.J. Tucker, GM. Strandburg

S.C. Johnson & Son, Inc.
G.J. Svoboda

Lever Brothers Company
T.V. Vasudevan

Hexadeylamine oxide/counterion composition and
method for developing extensional viscosity in
cleaning compositions

Surfactant complex with associative polymeric
thickener

Low-viscosity opacifier concentrates

Pseudoplastic and thixotropic cleaning compositions
with specifically defined viscosity profile

Viscoelastic dentifrice composition

Personal wash liquid composition comprising
low-viscosity oils prethickened by nonantifoaming
hydrophobic polymers

High water content, low-viscosity, oil continuous
microemulsions and their use in cleaning applications

Glass cleaner with adjustable rheology

Structured liquid detergent compositions containing
nonionic structuring polymers providing enhanced
shear thinning behavior

© 2006 by Taylor and Francis Group, LLC
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TABLE 4.1 (Contd.)

Patent number and date

Assignee and inventors

Title

U.S. 5,759,989, June 2,
1998

U.S. 5,733,861, March
31, 1998

U.S. 5,728,665, March
17, 1998

U.S. 5,688,435,
November 18, 1997

U.S. 5,389,157,
February 14, 1995

U.S. 5,409,630, April
25, 1995

U.S. 5,336,426, August
9, 1994

Procter & Gamble Company
S. Scialla, S. Cardola, G.O. Bianchetti

BASF Corporation
S. Gopalkrishnan, K.M. Guiney, J.V. Sherman,
D.T. Durocher, M.C. Welch

Clorox Company
C.K.-M. Choy, B.P. Argo

Reckitt & Colman Inc.
D.A. Chang, J.W. Cavanagh

Clorox Company
W.L. Smith

Colgate-Palmolive Co.
R. Lysy, M. Marchal

J.E. Rader, W.L. Smith

Stable aqueous emulsions of nonionic surfactants
with a viscosity controlling agent

Hydrophilic copolymers for reducing the viscosity of
detergent slurries

Composition and method for developing extensional
viscosity in cleaning compositions

Pigmented rheopectic cleaning compositions with
thixotropic properties

Viscoelastic cleaning compositions with long
relaxation times

Thickened stable acidic microemulsion cleaning
composition

Phase stable viscoelastic cleaning compositions

© 2006 by Taylor and Francis Group, LLC
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a cyclic terpene/sesquiterpene compound, such as eucalyptol, added with cationic
surfactants to yield the desired viscosity. An optimum rheology is claimed for
vertical hard surface applications such as toilet bowl cleaners. Optimum vis-
cosity is most preferably 250 or 900 cP at 20°C measured using a Brookfield
viscometer at 60 r/min using Spindle no. 2 or with the Carri-Med viscometer
at a shear stress of 50 dyn/cm?. Thickened aqueous bleach cleaners containing
hypohalite or peroxygen bleaches for hard surfaces are also the subject of U.S.
Patent 5,997,764. Storage stability viscosity data at 20 r/min and 20°C are pro-
vided for example formulations containing viscosity stabilizers. A thickened bleach
gel cleaner comprising hypochlorite-generating compounds, a ternary thickening
system consisting of an alkali metal soap, hydrotrope, and bleach stable solvent,
buffer/electrolyte stabilizer, and water is mentioned in U.S. Patent 6,100,228.

Viscoelastic non-Newtonian bleaching and disinfecting compositions are fur-
ther cited in U.S. Patent 6,221,827. Brookfield RVT (Spindle no. 1, 60 r/min)
viscosity data are included for several examples following storage for four weeks
at 40°C. The compositions are noted to yield high stability in storage. A controlled
release bleach thickening composition cited to have enhanced viscosity stability at
higher temperatures is disclosed in U.S. Patent 6,187,221. The controlled release
thickening composition contains halogen bleach, water, a crosslinked carboxylated
polymer, and degradable crosslinking monomer. Brookfield viscosity of examples
aged at 50°C is provided. Thickened peracid compositions are included in U.S.
Patent 5,962,392 containing an aliphatic alcohol ethoxylate and an amine oxide
cosurfactant. Brookfield viscosity data (Spindle no. 2, 50 r/min) are included in
the patent text.

A rheopectic pigmented bleach (alkali metal hypochlorite) hard surface cleaner
formulated with bentonite clay is disclosed in U.S. Patent 5,688,435. Examples of
time-dependent shear effects determined from constant shear rate measurements
at 1, 10, 50, and 100 sec! are provided in the patent and shown in Figure 4.2
and Figure 4.3. The viscosity data show evidence of shear thickening as a function
of time at constant shear rates of 1 and 10 sec™! and thixotropy occurs at 50 and
100 sec™!. The formulation is rheopectic at 10 sec™!. Dynamic mechanical data
are also contained in the patent and the storage and loss modulus as a function of
strain amplitude is shown in Figure 4.4, for one patent example.

Hypochlorite hard surface and drain cleaner compositions exhibiting enhanced
extensional viscosity are mentioned in U.S. Patents 5,728,665 and 5,916,859. The
viscoelastic compositions are intended for use with trigger sprayers and the hexa-
decyl amineoxide/organic counterion compositions provide low bleach odor and
reduced spray misting. The patent contains extensional viscosity data in support
of the claims. Viscosity as a function of shear rate at various Ci¢ diphenyloxide
disulfonate concentrations is shown in Figure 4.5. Examples of steady shear and
extensional viscosity as a function of shear rate and extensional rate are shown in
Figure 4.6 and Figure 4.7.
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FIG. 4.2 Step shear rate measurements of a bleach hard surface cleaner containing
bentonite clay. (Reprinted from U.S. Patent 5,688,435.)
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FIG. 4.3 Step shear rate measurement of a bleach hard surface cleaner containing
bentonite clay. (Reprinted from U.S. Patent 5,688,435.)
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FIG. 4.4 Dynamic mechanical test results for bleach hard surface cleaner. (Reprinted
from U.S. Patent 5,688,435.)
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FIG. 4.5 Viscosity as a function C;¢ diphenyloxide disulfonate concentration. (Reprinted
from U.S. Patent 5,728,665.)
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FIG. 4.6 Viscosity differences between state-of-the-art Newtonian systems and the
extensional system of an invention cited in a patent. (Reprinted from U.S. Patent 5,918,665.)
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FIG. 4.7 Extensional viscosity differences between state-of-the-art Newtonian systems
and the extensional system of an invention cited in a patent. (Reprinted from U.S. Patent
5,918,665.)
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Structured surfactant systems are also cited in patents. One example is a sta-
ble, pourable, spherulitic surfactant composition containing up to 80% by weight
surfactant in U.S. Patent 6,177,396. This patent also contains a list of prior art
worldwide patents using “structured surfactant” systems. Structured viscoelastic
surfactant systems developed for suspending particles are cited in U.S. Patent
6,258,859, comprised of amphoteric/zwitterionic surfactants and their mixtures.
The systems are also cited to increase effectively the average droplet size of sprays.
The patent contains steady shear and dynamic mechanical data for disodium tal-
lowiminodipropionate with phthalic acid, as well as disodium oleomidopropyl
betaine solutions containing potassium chloride and phthalic acid. An acidic
microemulsion cleaning composition, a viscoelastic gel, is described in U.S.
Patent 5,409,630. The composition contains a sodium paraffin sulfonate, non-
ionic detergent, one aliphatic carboxylic acid, water-insoluble perfume, water,
and an associative polymeric thickener. The pH is preferably in the range of 1 to
5 and dynamic mechanical data are cited in the patent as a function of strain and
frequency.

U.S. Patent 6,268,324 describes low-viscosity cleaning compositions that
increase in viscosity upon dilution. Thickening is attributed to rod-like micellar
structuring. A shear thinning heavy-duty liquid containing 30 to 80% surfactants
as lamellar drops dispersed in an aqueous medium is disclosed in U.S. Patent
5,776,883. Shear thinning behavior is cited using the Sisko model constants, k
and n, as well as pour viscosity (21 sec™!) and it states that n should be less
than 0.35, preferably less than 0.3. A nonaqueous liquid detergent composition
containing a surfactant-structured continuous phase is disclosed in U.S. Patent
6,277,804. The “particulate containing detergent compositions” exhibit viscosity
ranging from 300 to 5000 cP as measured with a Carrimed CSL2 rheometer at
a shear rate of 20 sec™!'. Examples are cited in the patent for nonaqueous base
systems giving yield values and pouring viscosity test results. The transforma-
tion of a detergent concentrate from micellar to lamellar phase in the presence of
a water-soluble electrolyte produces an increase in viscosity upon dilution (U.S.
Patent 5,922,664). The viscosity enhancement of an illustrative laundry detergent
concentrate using potassium citrate as a function of concentration is provided in
the patent. Enhancement is demonstrated with Brookfield viscosity measurements
(Spindle nos. 1 and 2 at 25°C).

U.S. Patent 5,798,324 discloses a glass cleaner containing a synthetic polymer
thickener in the presence of certain glycol ethers, nonionic surfactants, and lin-
ear alcohols that increases viscosity synergistically. Cited compositions exhibit
optimal vertical cling and ease of use.

Light-duty or gel dishwashing compositions containing an alkyl ether sulfate-
based anionic surfactant, polyhydroxy fatty acid amide nonionic surfactant, suds
boosters/stabilizers, aqueous liquid carrier, pH control agent, and acrylic copoly-
mer thickener are disclosed in U.S. Patent 6,274,539. Viscosity as determined
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using a Brookfield viscometer with RV no. 2 spindle at 1 r/min ranges from 800
to 1500 cP at 25°C.

A pseudoplastic and thixotropic cleaning composition is disclosed in U.S. Patent
5,851,979, which is suitable for both fabric and hard surface care. The viscosity
values of the compositions range from 60 to 1500 cP at 12 r/min, 40 to 800 cP at
30 r/min, and 20 to 500 cP at 60 r/min (Spindle no. 2 and 20°C).

Concentrated compositions that increase in viscosity when diluted are described
in U.S. Patent 6,150,320. A Bostwick consistometer is used for all viscosity mea-
surements and equivalence is offered to Brookfield measurements using Spindle
no. 1, at 60 r/min, and the Zahn viscometer, no. 1 cup. Alow-viscosity hard surface
cleaning emulsion, approximately 12 mPas, is described in U.S. Patent 5,934,375
that increases in viscosity upon dilution with water to 800 to 1200 mPas.

Pseudoplastic and thixotropic liquid detergents as emulsions are the subjects of
U.S. Patent 5,851,979. Equilibrium viscosity values measured using a Brookfield
viscometer with Spindle no. 2 at 20°C are cited at 12, 30, and 60 r/min. For one
example containing hydrogen peroxide, the viscosity is 1020, 400, and 220 cP
at 12, 30, and 60 r/min, respectively. Pseudoplasticity is clearly evident, as the
viscosity decreases with increasing rotational speed.

B. Personal Care Products

Rheology is a product attribute frequently exploited in personal care products
to create visual appeal to prospective consumers. Liquid products in transparent
packaging may highlight the gel strength of the continuous phase with obvious sus-
pension of the particulate phases. In certain instances, aeration may be introduced
to emphasize the gel-like consistency of the product. Premium brand products
may include stable suspensions captured within the gel matrix of encapsulated
fragrances, moisturizers, exfoliating compounds, etc.

Because of the frequent use of personal care products by the consumer for hair,
body, and skin care, rheological properties are designed to achieve product dif-
ferentiation. Products are formulated to achieve efficacy within a definite matrix
of rheological properties. Certain manufacturers lean toward lower viscosity sys-
tems, while others focus on a thicker, “richer” composition. Regardless of the
rheology preference, formulators need to overcome obstacles to achieve robust
product design, including variables such as pH and electrolyte concentration.

Aqueous viscoelastic surfactant solutions for hair and skin care are disclosed
in U.S. Patent 5,965,502. Rheology conditions are specified for optimum flow
behavior, in terms of the shear modulus as a function of temperature and pH.
A representative graph of the storage and loss modulus as a function of angular
frequency is presented in the patent and this is shown in Figure 4.8. Cited com-
positions contain anionic, betainic, and nonionic surfactants, electrolytes, and a
water-soluble polymer. A nonionic gel personal cleanser is specified in U.S. Patent
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FIG. 4.8 Dynamic mechanical test results for a personal care product. (Reprinted from
U.S. Patent 5,965,502.)

6,277,798. The high-viscosity composition has a viscosity (Helipath, Spindle A,
10 r/min and 25°C) ranging from 500 to 10,000 cP. Emulsion, moisturizing per-
sonal cleansing compositions containing a complex coacervate are disclosed in
U.S. Patent 6,028,043 having a viscosity ranging from 2,000 to 100,000 cP and a
yield point from about 5 to 50 dyn/cm?. Patent rheology data cited are determined
using the Carrimed CSL 100 controlled stress rheometer and the Wells-Brookfield
cone/plate viscometer (2.4 cm cone). The instruments are used to determine the
consistency and shear index, k and n. The complex coacervate is characterized
using the Stable MicroSystems Universal TA.XT2 texture analyzer. U.S. Patent
5,932,528 cites encapsulated lipophilic skin moisturizing agents. The Carrimed
CSL 100 controlled stress rheometer is using to determine yield stress, as the
amount of stress required to produce a strain of 1%.

Viscoelastic dentifrice compositions are disclosed in patents SK279419B and
PL169998B. Hair care compositions comprising at least one associative polymer
are disclosed in patent EP1088545. They are said to be easy to dispense and apply
to the hair, having an excellent rheology profile.

A skin cleansing and moisturizing composition is disclosed in U.S. Patent
5,804,504. Low-viscosity oils having a viscosity less than 1000 cP prethickened
with hydrophobic polymers having a low degree of crystallinity are used to deliver
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skin benefits without compromising foaming. A hand soap concentrate having a
viscosity of 200 cP is disclosed in U.S. Patent 6,271,187 that increases in viscosity
when mixed with an aqueous solution. Preferred thickeners for this application are
polyalkylene ether diesters.

Anonaqueous dentifrice gel and/or paste composition is disclosed in U.S. Patent
6,331,291 B, cited as a thixotropic and smooth-flowing substance. Brookfield
viscosity values are reported in the patent for illustrative examples of the invention
using Spindle no. 6 at 10 r/min and 23.5°C. The preferred viscosity range is 75,000
to 150,000 cP.

C. Actives

Modifying the rheological behavior of high-concentration surfactants is desirable
for various reasons and this is also reflected in the patent literature. One example
is U.S. Patent 6,313,085 involving high-concentration anionic surfactant mixtures
of alkyl ether sulfate (60 to 90%) and alkyl sulfates (10 to 40% alkyl sulfate).
This patent defines “flowable” by means of a Brookfield viscosity, as measured
with an RVT instrument, 20°C, 10 r/min, Spindle no. 1. To be flowable, the
patent states that the viscosity is less than 50,000 mPas, preferably less than
10,000 mPas. A pumpable, flowable, and pourable surfactant concentration is
disclosed in U.S. Patent 6,087,320 for an aqueous blend of alkylpolyglycoside
(70%) and anionic or amphoteric surfactants (30%) in the presence of inorganic
and/or organic electrolytes. Viscosity determinations are included obtained using
a viscometer at 25°C with Spindle no. 4, at 10 r/min.

Hydrophilic copolymers that reduce the viscosity of detergent slurries are dis-
closed in U.S. Patent 5,733,861. Viscosity-reducing properties are illustrated using
data obtained from a Brookfield viscometer, Spindle no. 4, 20 r/min, at 25°C. The
copolymer comprises an unsaturated hydrophilic monomer copolymerized with
an oxyethylated monomer.

The process for producing detergent agglomerates from high active surfactant
pastes is discussed in U.S. Patent 5,574,005. The surfactant paste is identified as
having nonlinear viscoelastic properties, described as a power law fluid. An exam-
ple of paste characterization is provided using a stress-controlled rheometer with
truncated 2° cone (4 cm in diameter) and solvent vapor trap. A schematic of the
rheometer tooling is shown in the patent with a shear stress—shear rate diagram for
the paste where “shear fracture” is evidenced. Using a Carri-Med rheometer, a
stress ramp from 5 to 5000 dyn/cm? is applied over a three-minute period.

It is very apparent that a great deal of effort is put in by research groups in
defining the relevant mechanical properties of personal and home care liquid
detergent formulations. Throughout the industry it is apparent that more rigorous
characterization methods are being applied and included in product definitions
comprising corporate patent portfolios.
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lll. RHEOLOGY MEASUREMENTS
A. Measurement Technology

During the past decade there has been a surge of technical developments in the
rheometer industry and this is reflected in worldwide patents. Several examples
are provided below:

WO00169231, Method of Fluid Rheology Characterization and Apparatus

U.S. 6,378,357, Method of Fluid Rheology Characterization and Apparatus

U.S. 5,456,105, Rheometer for Determining Extensional Elasticity

U.S. 5,532,289, Apparatus and Method for the Study of Liquid-Liquid Interfacial
Rheology

U.S. 6,200,022, Method and Apparatus for Localized Dynamic Mechano-Thermal
Analysis with Scanning Probe Microscopy

U.S. 5,543,594, Nuclear Magnetic Resonance Imaging Rheometer

U.S. 6,220,083, Elongational Rheometer and On-Line Process Controller

U.S. 5,520,042, Apparatus and Method for the Simultaneous Measurements of
Rheological and Thermal Characteristics of Materials and Measuring Cell

Rheology is increasingly being coupled to other analytical test methods for
more comprehensive material characterizations. Many of these developments are
driven by research needs for broadened characterization capability. For funda-
mental studies of detergent systems this offers a broad suite of methods to probe
surfactant mesophases and internal microstructure.

An overview of the viscometer and rheometer market from 1969 to 1999 is
given by Barnes et al. [2] and examples of other advances are addressed in the
technical literature [3—16]. Concurrent with new developments in rheology instru-
mentation are both introductory and advanced texts on rheology for industrial
scientists [17-22].

Flow visualization, conductivity, turbidity, and light scattering can be simul-
taneously conducted with rheology measurements. Small-angle light scattering
(SALS) coupled to rheology measurements is provided by Paar Physica (Rheo-
SALS). Using a modular design concept, the SALS system is an add-on accessory
to the research rheometer using concentric cylinder, parallel plate geometries. The
laser wavelength is 658 nm and the maximum scattering angle for the concentric
cylinder geometry is 11.3°.

GBC Scientific Equipment offers a Micro Fourier Rheometer, MFR 2100. The
rheometer applies a squeezing motion to the sample, performing analyses on sam-
ple volumes less than 100 pl. An automated sample injection system is included
in the instrument design. The rheometer is capable of handling low-viscosity
fluids, 1 mPas, with storage modulus measurement down to 1074 Pa. Using a
different measurement technique, both benchtop and in-line, the real-time ultra-
sonic rheometer and fluid characterization device uses spatially resolved ultrasonic
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Doppler velocimetry techniques to monitor rheology of fluids and slurries (Pacific
Northwest National Laboratory, Richland, WA).

Brookfield Engineering Laboratories has recently introduced a stress-controlled
and yield stress viscometer, and the Thermo Haake RheoScopel includes optical
microscopy with video accessory for the cone and plate rheometer. With the Rheo-
Scopel, rheology measurements are integrated with image/video acquisition. This
accessory permits flow visualization during rheology measurements to observe and
document shear-induced microstructural changes.

Although there have been steady advances in rheology measurement technol-
ogy, not all areas have been equally addressed. One of the most difficultis the facile
transition of characterization tools from R&D laboratories to the factory floor. For
viscoelastic compositions, frequently encountered in personal and household care
products, this presents a challenge to both R&D and production facilities. Further,
rotational devices are limited in the shear rate and shear stress operating range.
For process simulations, high-shear measurement tools are not readily available
in the appropriate viscosity range. Several additional needs are discussed in the
following sections.

B. Quality Control Metrics

“Simple” rheology measurements appear to be the measurements of choice in
many industrial settings. Relative consistency indices are used routinely in both
product development and manufacturing facilities as benchmarks, regardless of the
complex nature of the fluids under consideration, obtained using analog or digital
rotational devices. For structured detergents with yield stresses, the vane tool is
more widely accepted and other characterization methods are frequently applied
[23-26]. For many R&D and quality control (QC) applications, viscometry is still
the principal characterization tool and several review articles discuss the use of
rotational instruments in QC applications [27,28].

Texture analyzers are also used to assess deformability of a fluid, using pen-
etration force vs. depth profiles, etc. These instruments in addition to Brookfield
and Haake viscometers are common QC metrics. Other methods include viscosity
flow cups and bubble or falling ball viscometers, and several relevant standard test
methods include ASTM D1200, DIN/ISO 2431, ASTM D5125, BS3900:Part A6,
ASTM D1545, and ASTM D1725.

For viscoelastic liquid detergent systems, oscillatory measurements may be
more appropriate for QC applications. A benchtop, portable QC oscillatory
instrument providing storage and loss modulus, complex viscosity values as a
function of time and/or temperature, known as the T2SR® (Fluid Dynamics,
Inc.) time/temperature scanning rheometer, has recently been introduced. The
instrument uses a simple testing geometry in the shape of a flattened blade that is
relatively noninvasive. The instrument, operating at 110 to 120 or 220 to 240 V
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FIG. 4.9 T2SR rheometer with temperature controller and high-temperature heating cell.
(Courtesy of Fluid Dynamics, Inc.)

(50 to 60 Hz), is shown in Figure 4.9 [29]. A schematic of the instrument is shown
in Figure 4.10. Originally designed at the University of Strathclyde as a rheome-
ter for cure studies [30], the rheometer has been redesigned and electronically
upgraded with modifications producing an oscillatory rheometer for general R&D
and QC use for structured fluid systems.

Examples of time sweep test results at 2 Hz for an antibacterial hand soap are
shown in Figure 4.11 and Figure 4.12. Figure 4.11 summarizes the complex modu-
lus components, G’ and G”, and the complex viscosity, n*, while Figure 4.12 shows
the experimental variables of phase angle and amplitude obtained at 23 to 24°C.

For high-consistency viscoelastic personal and home care products, the T2SR
provides a means of obtaining complex rheology information under constant fre-
quency conditions in time sweeps, isothermally, or with temperature control in
temperature sweeps. The viscosity range is listed as 10 to 10,000 Pas, in the
frequency range 0.5 to 5 Hz, and in the temperature range —20 to 400°C.

C. High-Shear Viscometry

Most capillary theometers are designed for high-viscosity materials such as poly-
mer melts and have limited application to lower viscosity liquid detergent systems.
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FIG. 4.10 Design elements of the T2SR (time/temperature scanning rheometer). (Cour-
tesy of Fluid Dynamics, Inc.)
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FIG. 4.11 Measurement results for an antibacterial hand soap determined at 2 Hz using
the T2SR rheometer at room temperature.
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FIG. 4.12 Phase angle and amplitude measurement results for an antibacterial hand soap
at 2 Hz using the T2SR rheometer.

There are notable exceptions, however, such as the CEP Lodge Stressmeter®.
This rheometer is unique in that it measures both viscosity and first normal stress
difference, N1. Both laboratory and in-line configurations are available. The
instrument is shown in Figure 4.13. The Lodge Stressmeter is applicable to low-
viscosity systems and available commercially from Chemical ElectroPhysics Corp.
(Delaware, NJ).

The ACAV A4 (ACA Systems Oy, Finland), a pneumatic instrument, can also
handle lower viscosity fluids, <50 mPas. The ACAV A4, designed for coating
applications, covers a broad shear rate range of 1 x 103 to4 x 10° sec™! [31]. The
benchtop instrument is shown in Figure 4.14. To demonstrate the low-viscosity
range, Figure 4.15 provides viscosity vs. shear rate data for simple sugar/water
solutions [32].

With design modifications, rotational rheometers can be used for high-shear-
rate measurements. A high-shear rotational rheometer constructed with optically
transparent parallel plates set up for simultaneous birefringence measurements on
thin films is reported by Mriziq et al. [33]. Rheology and birefringence measure-
ments for a perfluoropolyether lubricant are reported over a range of strain rates
from 103 to greater than 10° sec™!.
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FIG. 4.13 CEP Lodge Stressmeter. (Courtesy of Chemical ElectroPhysics Corp.)

D. Extensional Viscosity Measurements

While dynamic mechanical and steady shear measurements are frequently used
in rheology studies of surfactant systems, extensional viscosity measurements
are lacking. This can be attributed to the difficulties associated with such
measurements and the lack of commercial laboratory instrumentation since the
discontinuance of the Rheometric Scientific RFX rheometer. For many detergent
compositions, the relatively low viscosity further complicates such measurements.
There appear to be very few data on extensional or elongation viscosity for
detergent consumer products and actives in the technical literature at this time.

Filament stretching and capillary breakup rheometers are two experimental
instruments used to impose uniaxial extension to fluids [34-39]. In both of these
devices a fluid is placed between two surfaces or platens, and the spacing between
the platens holding the sample is increased, as shown in Figure 4.16.

There are many practical situations in which extensional flow properties are
important, both in processing detergent compositions and during consumer use.
One of the most problematic can be the filling operation where a clean separation
of the fluid and the filling nozzle does not occur. When extensional viscosity is
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FIG. 4.14 ACAV A4 capillary rheometer. (Courtesy of ACA Systems, Oy, Finland.)

high, a consumer will experience problems with “stringiness” in dispensing fluid
from a pump or tube. This has been observed with various commercial personal
care products. An example of one hair care product is shown in Figure 4.17, where
the dispersion is quite stringy. This property is readily perceivable by the consumer
and might not be an acceptable characteristic, since a clean break of the fluid from
the dispensing orifice is generally desirable. Certainly this is true of fluids that are
processed in high-throughput filling lines.

A commercial instrument for extensional viscosity measurements is currently
offered by the Thermo Electron Corporation [40]. The device uses capillary
breakup techniques and is called the Haake CaBER™. Vilastic Scientific, Inc.
also offers an orifice attachment to their oscillatory rheometer for extensional
viscosity determinations [41,42]. The principle of operation of the rheometer is
oscillatory tube flow [43,44]. Dynamic mechanical properties can be determined
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FIG. 4.15 Example test results using the ACAV capillary rheometer. (Courtesy of ACA
Systems, Oy, Finland.)
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FIG. 4.16 Example of an extensional viscosity measurement configuration using parallel
plates.

as a function of frequency in the range 0.01 to 40 Hz. Shear stress and shear
rates are 0.01 to 1000 dyn/cm? and 0.1 to 1000 sec™!, respectively, for 0.4 to
90°C. This tube flow rheometer uses water as a calibration fluid and can handle
very low-viscosity fluids for testing. With the orifice attachment, measurement of
oscillatory pressure and flow through the converging channel allows extensional
viscosity and elasticity to be calculated. The rheometer operates with small sample
volumes (3 ml).
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b

FIG. 4.17 Liquid soap solution in extension.

E. Interfacial Rheology

The properties of liquid/surface and liquid/liquid interfaces are fundamental to
surfactant science. Surface tension measurements are quite common but interfacial
rheology measurements are not and the rheology of these interfaces determines
emulsion and foam stability, for example. Various experimental methods have
been developed to determine interfacial rheology, including Gibbs elasticity and
surface dilatational viscosity [45-52]. Common testing geometries for interfacial
rheology measurements are shown in Figure 4.18.

A commercial stress-controlled interfacial rheometer is available from Camtel
Ltd, CIR-100, equipped for use with a Langmuir trough accessory, CIR-LT. A
schematic diagram of the CIR-100 drive mechanism and test sensor is shown in
Figure 4.19 [53]. For the Camtel CIR-100, the platinum Du Nouy ring is the
standard geometry. This rheometer applies an oscillating stress to a test sample
and interfacial viscosity and elasticity are calculated from strain amplitude (y) and
phase angle (§), as shown in Figure 4.20. Measurement capabilities include time,
strain, frequency, and temperature sweeps in simple shear and under changing
surface pressure. Interfacial dilatational complex modulus can be determined at
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FIG. 4.18 Typical geometries for use in interfacial rheometers.
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FIG. 4.19 Schematic diagram of drive mechanism and sensor of CIR-100. (Courtesy of
Camtel Ltd, U.K.)

the liquid/gas and liquid/liquid interfaces as a function of surface area and pressure,
using the Langmuir trough. Application notes describing the operation of the CIR-
100 are available from Camtel Ltd [54] and there are publications reviewing the
principles and applications of surface/interfacial rtheology [55-57].

Sinterface Technologies Profile Analysis Tensiometer (PAT1) can also be used
for dynamic dilatational rheology measurements using a different testing method
from the Camtel instrument [58]. The PAT1 is a sessile or pendant drop and
drop/bubble oscillation instrument consisting of an automatic dosing system and
video camera with framegrabber (Figure 4.21). Oscillations can be programmed
to determine surface elasticity with temperature control in the range 10 to 350°C.
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FIG. 4.21 PAT1 instrument. (Courtesy of Sinterface Technologies.)

There is an extra oscillation module, based on direct measurements of the capillary
pressure, which operates from 1 to 150 Hz. There is also an additional accessory
for the PAT1 for low-frequency oscillations. The range of surface and interfacial
tension is 1 to 1000 mN/m with a resolution of +0.1 mN/m. The instrument allows
for transient relaxation measurements, using perturbations such as ramp, square
pulse, or trapezoidal area changes.

An Interfacial Shear Rheometer (ISR-1) is also offered by Sinterface Tech-
nologies for measuring interfacial shear properties, in the frequency range 0.02
to 0.2 Hz, dependent on the measurement system, in the temperature range 10 to
50°C. The measurement ranges of the rheometer include surface shear viscosity
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FIG. 4.22 Schematic of biconical tool for surface rheology measurements using the Paar
Physica interfacial rheometer. (Courtesy of American Institute of Physics.)

range of 1 wNs/m to 100 mNs/m and surface shear elasticity range of 1 pnPas
to 100 mPas.

A biconical disk interfacial rheometer is available from Anton Paar, known
as the Physica Interfacial Rheology System (IRS). A schematic of the rheometer
tool is shown in Figure 4.22. Current specifications of the instrument include a
torque range of 0.02 pNm to 150 mNm with temperature control from 5 to 70°C.
All rheological test modes are available for the interfacial rheometer including
oscillatory testing [59].

IV. PRODUCT AND RAW MATERIAL
CHARACTERIZATIONS

U.S. commercial products were selected for rheological characterization, demon-
strating the breadth of rheology exhibited by current household and personal
care products. Products include fabric softeners, dishwashing liquids, laundry
detergents, shampoos, and dentifrices.

For dynamic mechanical and steady shear measurements, the Rheometric Sci-
entific RFSII rheometer was used equipped with the sensitive range force rebalance
transducer and couette geometry or parallel plate tooling.

Liquid detergent formulations covering the personal care and household care
product categories exhibit a very wide range of rheological properties as shown in
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FIG. 4.23 Newtonian viscosity of U.S. liquid laundry detergent products.

Figure 4.1. Within a single product category such as hair care one finds simple low-
viscosity Newtonian fluids, non-Newtonian viscoelastic dispersions with time-
dependent shear effects, and transparent highly elastic gels.

A. Fabric Care Products

U.S. laundry detergents are typically Newtonian fluids and the viscosity of six
commercial products is summarized in Figure 4.23. Several lots of each product,
labeled A to F, were obtained and measurements completed at room temperature,
20 to 25°C, as a function of shear rate from 0 to 500 sec™!. A typical shear stress—
shear rate diagram is shown in Figure 4.24 for a product sampled from a 50 fl oz
container. All six products tested are Newtonian with a viscosity less than 0.5 Pa s
at room temperature, 21 to 23°C, with the shear rate ramped from 0 to 500 sec™!
at an acceleration rate of 0.83 sec™2. Newtonian behavior was confirmed through
additional step shear rate measurements within the selected shear rate range.

Liquid fabric softeners are generally non-Newtonian and examples of the shear
stress—shear rate relationship for two commercial products (A and B) is shown in
Figure 4.25, determined at 22.5°C. In the shear rate range 0 to 250 sec™!, we note
non-Newtonian pseudoplastic behavior.

Dynamic mechanical strain-controlled measurements for both concentrated fab-
ric softeners are shown in Figure 4.26. There are significant differences between
the two products as regards the magnitude of the complex viscosity and complex
modulus components and their strain dependence. Product B exhibits a higher
viscosity and markedly longer linear region. The zero shear viscosity of product
B is approximately 95 mPas whereas that of product A is approximately half of
this value at 50 mPas.
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FIG. 4.24 Typical shear stress—shear rate relationship for Newtonian laundry detergent.

Both liquid fabric softeners exhibit time-dependent shear effects as shown in
step shear rate measurements at room temperature. Figure 4.27 summarizes the
steady shear viscosity as a function of time at shear rates of 0.1, 0.5, 1, and 5 sec™ L,
Each shear rate is held for a period of 30 sec.

Fabric softeners, as demonstrated by these two commercial concentrated prod-
ucts, are more complex compositions due to their dispersion characteristics. The
systems studied are non-Newtonian with time-dependent shear effects.

B. Personal Care Products

Shampoos, conditioning shampoos, body washes, and dentifrices cover a broad
range of the rheology spectrum. This is a creative category where there are as many
types of rheological fluids as there are containers. Examples of shear stress—shear
rate profiles of randomly selected premium and value brand products obtained dur-
ing thixotropic loop measurements, 0 to 25 sec ~! /60 sec, are shown in Figure 4.28.
These products include clarifying and conditioning shampoos.

Several conditioning shampoos exhibit rheopectic behavior at low shear rates
and examples for two commercial products are provided in Figure 4.29 at 0.05 and
0.1 sec™!. The shear rates are applied sequentially for a time interval of 120 sec.
Within this timeframe an equilibrium steady state shear stress is not reached. For
product A, the shear rate is extended to 5 sec™! with similar results.

The oral care category has become a more complex product category, with
the introduction of many products tailored to the youthful and senior consumer.
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FIG. 4.25 (a) Pseudoplasticity of product A (concentrated fabric softener). (b) Psuedo-
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FIG. 4.27 Viscosity during consecutive step shear rates of 0.1, 0.5, 1, and 5 sec ™!

(a) product A (concentrated fabric softener); (b) product B (concentrated fabric softener).

Different flavors, colorants, and “sparkling” additives, as well as packaging, are
clearly adding complexity to the R&D product development venue for the junior
market. In addition, the dentifrice product category has seen the recent introduction
of many bleaching or “tooth whitening” compositions from many manufacturers.
Some of these products are in the form of films for direct placement on the teeth,
and others are in the conventional dentifrice form of pastes or gels. Rheology
measurements show that the properties of these “whitening” compositions have
broadened the spectrum of the rheology matrix, since some of these products
appear markedly lower in consistency.
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V.  FUNDAMENTAL RHEOLOGY STUDIES

Over the past few decades there has been an increase in the research tools for
fundamental rheology studies of surfactant solutions and commercial detergent
formulations. The coupling of rheometers with other methods has broadened the
range of studies that can be completed, leading to a better understanding of solution
properties, self-assembled mesophases, multiple-component dispersions, and gels.

An x-ray shear cell for studying the complex fluid of nematic surfactants in
time-dependent shearing flows has been developed by Caputo ef al. [60]. Shear
aligning and director tumbling are cited for two surfactant systems, SDS/decanol
and CPyCl/hexanol. A microscopic particle imaging velocimeter with a torsional
shearing-flow cell has also been used to study the shear thickening of worm-like
micelle solutions [61]. The effect of wall slip on the rheology of the micellar
solutions as a function of shear rate is deduced from coupled flow visualization
and rheology measurements. Particle image velocimetry of micellar solutions in
unstable capillary flow has also been carried out [62]. At a critical stress found to be
independent of strain rate, the worm-like micelle filaments rupture near the axial
midplane. Filament failure is thought to occur from local scission of individual
micellar chains.

Coupled controlled velocity, magnetic resonance imaging (MRI)/rheology
measurements of thixotropic and yielding colloidal suspensions further demon-
strate the importance of paired measurements [63]. Shear rate profiles obtained
in laminar tube flow for both Newtonian and non-Newtonian fluids from MRI
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FIG. 4.29 Time-dependent shear effects at step shear rates of 0.05 and 0.1 sec™!:
(a) conditioning shampoo A; (b) conditioning shampoo B.

and laser Doppler velocimetry data using Tikhonoz regularization is discussed
by Yeow and Taylor [64]. NMR investigations during rheology measurement
at rest and under shear for a nematic surfactant system (sodium dodecylsul-
fate, decanol, water) have been carried out. These measurements are used to
determine the director orientations of the surfactant [65]. Shear-thickening self-
assembling fluids have been studied using rheooptics, revealing unusual flow
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behavior at various flow conditions [66]. Measurements included stress growth,
steady state viscosity, and stress relaxation for aqueous CTSAB/sodium salicylate
solutions.

An overview of rheological measurements coupled with magnetic resonance is
provided by Callaghan [67]. Rheo-NMR of emulsified systems has been studied,
the systems including formulations with yield stress exhibiting wall slip [68].
Comparisons are provided between conventional rheological techniques and Rheo-
NMR characterization.

VI. CONCLUSIONS

The past decade has seen many advances in the science of rheology with appli-
cations to liquid detergent systems. This is in keeping with the progressive
developments in detergent systems for personal, household, and industrial use.
Very common household products exhibit remarkably rich rheology profiles and
significant effort is being directed toward understanding how to expand, manip-
ulate, and control these properties to generate high-performance products for
consumer use. With new generations of raw materials, this continues to be a
difficult field of rheology research.

Coupling of rheology measurements to other analytical techniques such as light
scattering and NMR facilitates the study of micellar solutions and liquid crys-
talline phases, microemulsions, vesicles, etc., leading to the development of new
surfactant systems. We anticipate continuing advances in rheology measurement
technology with direct applications to the study of liquid detergent systems.
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. INTRODUCTION

Liquid detergents make a major contribution to the overall detergent and cleaners
market, due in part to their handling characteristics and their ease of use. However,
in numerous cases, the formulations would lack either consumer appeal or essential
physical properties if they did not include additives to modify their viscosity or
rheology. Generally speaking, viscosity build is required to improve the aesthetics
of a formulation and meet the demands of consumers, for whom the concept
“thicker is better” often remains valid [1]. This is especially true in those liquid
formulations where the resulting viscosity without additives is barely above that of
water itself. A simple increase in viscosity, though, is often not sufficient to meet
the technical demands of a formulation. To address these needs, the rheology of
the system has to be taken into consideration, and this is intimately bound up with
the nature of the formulation, as well as its intended delivery system and its use.

113
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Thus, a scouring cream will require suspending properties to prevent the finely
divided abrasive from precipitating, yet it must be pourable or squeeze-dispensable
from its package. Similarly, a spray cleaner will require a low viscosity under
conditions of high shear in order to facilitate the passage through the spray or trigger
mechanism. In the case of a wall or bathroom cleaner, a certain degree of “vertical
cling” will be needed to maximize the contact time between the formulation and
the surface. All these properties can be obtained through the appropriate choice of
rheology modifiers [2].

The selection of the most suitable rheology modifier will depend on the type of
flow, or rheology, required, based on considerations such as those indicated above.
This will be largely, but not exclusively, an inherent property of the modifier itself.
Selection will also depend to some extent on the nature of the formulation, as not
all rheology modifiers are necessarily physically or chemically compatible with all
other formulation components. For example, anionically charged rheology modi-
fiers are often precluded from use in cationic-based systems such as fabric softeners
in order to avoid incompatibilities with the surfactant. Even presuming compati-
bility, the other components of a formulation can alter the rheological properties
of the additive being used, particularly if this is an associative rheology modifier.
Clarity can be another issue with certain additives per se, or in combination with
different ingredients. Bentonite, which is useful for contributing to the suspend-
ing properties of a formulation, gives opacity. Polyacrylic acids, whereas clear in
aqueous solution, may show lack of clarity when certain surfactants are present.

In the case of liquid detergents, surfactants are almost always present. At low to
intermediate concentration, most neat surfactant solutions have low viscosity and
are close to Newtonian in flow. Only at higher surfactant concentrations, when
structured micellar bilayers and other complex phases are formed, do systems
tend to differ greatly from Newtonian. This behavior also helps drive the viscosity
of finished formulations. In the great majority of liquid detergent formulations,
concentrations of surfactant are such that little structure is developed by the sur-
factants themselves, resulting in formulations of low viscosity. As such, thickeners
and/or rheology modifiers are often required to obtain the desired viscosity and
flow characteristics.

In this chapter we survey the most common types of rheology modifiers that
are used today in liquid detergents. This covers both natural and synthetic modi-
fiers, with numerous subclasses in each, as illustrated in Table 5.1. Guidelines
for the types of rheological profiles each modifier can provide, as well as general
formulation issues, are presented.

II. RHEOLOGY

When a stress is applied to a liquid it will begin to deform, or flow. The deformation
per unit of time, referred to as the shear rate, will increase as the applied stress
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TABLE 5.1 Classification of Various Types of Organic and Inorganic Rheology
Modifiers

Organic thickeners
Nonassociative
Naturally derived
Nonionics (e.g., hydroxyethyl cellulose), anionic (e.g., carboxymethyl cellulose)
Other polysaccharides (e.g., xanthan)
Miscellaneous (e.g., alginates)
Synthetic
Nonionics (e.g., polyvinyl alcohol)
Alkali swellables (e.g., crosslinked acrylics)
Alkali solubles (e.g., noncrosslinked acrylics)
Associative
Naturally derived
Nonionics (e.g., hydrophobically modified hydroxyethyl cellulose, HMHEC)
Synthetic
Nonionics (e.g., hydrophobically modified ethoxylated urethanes, HEUR;
hydrophobically modified nonionic polyols, HNP)
Anionics (e.g., hydrophobically modified alkali-soluble emulsions, HASE)
Inorganic thickeners
Salts (e.g., sodium chloride, magnesium chloride)
Clays (e.g., bentonite, hectorite)

increases. If the relationship between increasing applied stress and increasing
shear rate is linear, then the liquid is defined as Newtonian, and the viscosity is the
slope of the plot of shear rate against applied stress. As the relationship is linear,
then the slope is constant, and so the viscosity is independent of the shear rate
(Figure 5.1).

In reality, few systems are Newtonian, and some of the other principal rheo-
logical profiles are also shown in Figure 5.1. In many cases a Newtonian behavior
is not desirable for a formulated product. This can be illustrated by the case of a
spray cleaner. A certain minimum viscosity is often required such that the material
appears to be “concentrated” in the bottle. The visual appearance is referred to in
this chapter as the “apparent viscosity” and is generally considered to correspond
to a shear rate of the order of 10 sec™! (reciprocal seconds). If the formulation is
Newtonian, then the viscosity will remain the same even at the relatively high shear
rates corresponding to spraying (Figure 5.2). This is not desirable, as the spray
pattern obtained varies considerably with the viscosity of the fluid in the spray noz-
zle, and better atomization is observed when the viscosity is low. Consequently,
an ideal profile for such a formulation is one in which the viscosity decreases as
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FIG. 5.2 Various flow events and their link to typical shear rate ranges.

the shear rate increases, as shown in Figure 5.1. Such a fluid is described as shear
thinning, or pseudoplastic, and the degree of pseudoplasticity can be adjusted by
the choice of rheology modifier. Figure 5.3 shows the viscosity response for aque-
ous solutions of four different rheology modifiers. Note the differences in the shear
rate dependences of the solutions, with the Laponite being the most pseudoplastic
of the four.

In the case of suspensions, be they opaque dispersions of abrasives found in
certain scouring creams, or the suspension of visual cues or active ingredients now
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FIG. 5.3 Measured flow curves for aqueous solutions of four common types of rheology
modifiers. ASE is an alkali swellable/soluble emulsion-type rheology modifier and HASE
is a hydrophobically modified alkali-soluble emulsion.

encountered in transparent hand, dish, and toilet cleaners, the properties required
from the rheology modifier must ensure no settling of the components in the bottle.
There are several techniques used to evaluate whether or not a formulation will
adequately suspend ingredients, and it is not intended to evaluate the merits of
each here. One of the simplest methods to use is the Brookfield yield value, which
is a useful comparative tool, and in many cases is certainly sufficient to obtain a
good approximation of the suspending properties of a system. This is evaluated
by measuring the Brookfield viscosity at 0.5 and 1 rpm, and then calculating the
yield value (YV) as:

viscosity (0.5 rpm) — viscosity (1 rpm)
100

YV =

More sophisticated techniques use a controlled stress rheometer to evaluate
the minimum stress necessary to obtain flow (the yield stress) or to calculate, by
appropriate modeling, the zero shear viscosity of the system. Whichever technique
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is employed, the yield stress/value required to achieve a stable suspension will be
greater as the size of the particle to be suspended increases, and as the density
difference between the matrix and the particle increases.

lll. ORGANIC THICKENERS

Within the group of polymers classified under the heading of organic thickeners,
there are both associative and nonassociative variants of several of the polymers.
Associative rheology modifiers are those polymers that contain hydrophobic
moieties at various levels in their composition. If this modification is made to
a high-molecular-weight polymer, then it gives rise to an additional mechanism
for modifying the rheological characteristics of the matrix. As well as the swelling
and/or chain entanglement that occurs with polymers of a high molecular weight,
inter- or intramolecular hydrophobic association can also take place in aqueous
media. This is similar to the hydrophobic association that takes place in aqueous
surfactant solutions, and which drives the surfactant molecules to form micelles.
In the case of associative polymers, these interactions can take place between
the polymer molecules, with other hydrophobes present in the matrix, including
surfactants, or even with certain particle surfaces. By associating with other com-
ponents in the system, additional structure can be developed which can modify
rheology, and also contribute to the overall stability of the matrix.

A. Acrylics

A wide range of acrylic-derived polymers is available, and they can be classi-
fied in various ways. There are homopolymers and copolymers, and they can be
emulsion polymerized (in water) or inverse polymerized (in an organic solvent). In
addition they can be associative or nonassociative. Different acronyms and nomen-
clatures are used to describe the various classes of polymers. Some of the earliest
acrylic rtheology modifiers were the carbomers, which are crosslinked homopoly-
mers of polyacrylic acid manufactured by inverse polymerization in a suitable
solvent. They are generally recovered from the solvent by precipitation and are
available as powders. A second class of nonassociative acrylic rheology modifiers
are the alkali swellable/soluble emulsion (ASE) polymers which is subdivided
into two categories. There are both crosslinked and noncrosslinked ASE poly-
mers, which are essentially acrylic copolymers produced by aqueous (emulsion)
polymerization and which are in the form of low-viscosity aqueous dispersions.
The different product forms of the various classes of polymer can have an impact
on the choice of the most suitable additive for a given situation. The equipment
required for handling the aqueous-based emulsion polymers is simpler than that
required for handling powders, in particular since polyacrylic acid-based powders
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are hygroscopic. The water-based emulsion polymers also show an advantage for
high-throughput systems, as they can be integrated into continuous manufacturing
processes, which is more difficult with a powdered additive.

Both of the types of polymer mentioned above can be modified by the incorpora-
tion of hydrophobic monomers onto the essentially hydrophilic acrylate backbone.
The effect of this is to modify their characteristics by giving them so-called “asso-
ciative” properties. These hydrophobes can interact or “associate” with other
hydrophobes in the formulation (e.g., surfactants, oils, or hydrophobic particles)
and thus build additional structures in the matrix [3—11]. These associative poly-
mers are termed cross-polymers when they are based on carbomer-type chemistry
[12] and hydrophobically modified alkali-soluble emulsions (HASEs) when based
on ASE technology.

Although all of these additives are based on acrylic chemistry, both the behavior
and the performance of the different categories of polymer vary considerably. One
point in common, however, is that they are nearly all supplied in the acidic form
and require neutralization to develop their thickening and rheological properties.
The precise pH range over which these properties are obtained varies with the
composition of the material, but in general the carbomers and the cross-polymers
begin to develop their rheology-modifying behavior at a pH value of about 1 to 2
units below that of the ASE and HASE polymers.

The simplest system to consider is represented by a dispersion of the neutral-
ized polymer in water. All show excellent clarity, but the carbomers (and the
cross-polymers, not shown) are undoubtedly the most efficient in terms of their
simple aqueous thickening properties, as indicated in Figure 5.4. The quantity of
polymer required to achieve a given mid-shear rate viscosity is close to an order
of magnitude less than that required for a crosslinked ASE thickener. The HASE
polymers are generally found to have an efficiency between that of the ASE and
the carbomer/cross-polymers.

The shape of the aqueous rheology curve also varies with the nature of the
polymer. Both the carbomers and the cross-polymers show fairly similar behavior.
Crosslinked ASE polymers, as shown in Figure 5.4, show a profile close to that of
the carbomers, giving highly shear-thinning properties, although this is to some
extent dependent on molecular weight. A noncrosslinked ASE polymer shows a
more Newtonian profile. The HASE polymers tend to show a behavior between
that of a noncrosslinked ASE thickener and the carbomers or crosslinked ASE
polymers.

Build of significant low shear viscosity is used in many applications, and con-
tributes significantly to formulation properties such as the vertical cling and the
ability to suspend particles in a matrix. The obvious use of particle suspension is
in slurries, where stability of the suspension over time is required. However, it is
clear that this ability to suspend can also be applied to emulsions, which are simply
suspensions of one immiscible liquid phase in another. As such, acrylic polymers
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FIG.5.4 Measured flow curves for aqueous solutions of four different acrylic thickeners.

showing low shear viscosity build can be very useful additives for stabilizing
liquid-liquid emulsions and solid—liquid dispersions.

In HASE polymers the nature of the hydrophobe has a significant impact on
both the efficiency and the pseudoplasticity of the resulting aqueous solution [13].
The longer the hydrophobe chain, and, within limits, the greater the number of
hydrophobes on the polymer backbone, the greater the efficiency and the more
pseudoplastic the polymer. This is illustrated in Figure 5.5, where the medium
and high shear viscosities of the two polymers are equivalent. The two HASE
polymers vary by the length of the hydrophobic moieties, C18 vs. C22. To obtain
these results, a significantly lower content of the more hydrophobic HASE is
required (0.55% vs. 0.8% for the less hydrophobic variant). In addition, the more
hydrophobic C22 HASE polymer remains pseudoplastic over a wider shear rate
range.

The above guidelines for the acrylic rheology modifiers are most useful in
simple systems that are mainly water. However, in more complex matrices such as
many finished formulations the situation can be very different. Both the carbomer
and the cross-polymer type of rheology modifier are very sensitive to the presence
of electrolytes, and this has a dramatic effect on the efficiency of the polymer, as
well as on clarity. It is frequently found that in systems containing electrolytes,
be they inorganic salts or anionic surfactants, the efficiency of a crosslinked ASE
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FIG. 5.5 Measured flow curves for aqueous solutions of two different HASE polymers,
illustrating the effect of hydrophobe size (see legend) on the low shear rate viscosity.

(x-ASE) or a HASE can often be as good if not better than a carbomer or a
cross-polymer. This can also frequently be allied with a better formulation clarity.

Whereas in simple aqueous solutions the carbomers and the cross-polymers
show a significantly better efficiency, Table 5.2 shows that in surfactant-based
systems this no longer holds true. The use levels indicated in the table are the
quantities of polymer required to obtain a given apparent Brookfield LV-60 vis-
cosity of about 3000 mPas, and in all the anionic surfactants the results are more
equitable for the different classes of polymer compared with the situation in water.
In the case of the nonionic surfactant, the difference is still maintained, however.

In terms of clarity, though, there is a notable advantage when using a HASE
polymer in place of other acrylic polymers. Clarity is measured as the optical
density, and from Table 5.2 the better clarity of the surfactants thickened with the
HASE polymer is apparent. An optical density of 0.05 or less can be considered
clear, and between 0.05 and 0.075 as showing a very slight haze. Above a value
of 0.1 a loss of clarity becomes easily apparent.

In terms of the overall rheology profile of acrylic polymers when used in fin-
ished formulations, the behavior of the nonassociative thickeners is relatively easy
to predict, as there is little interaction from a rheological point of view between
the thickener and the matrix. Significantly higher polymer levels will be required
if electrolytes are present, but the overall formulation rheology (e.g., pseudoplas-
ticity, yield development) will remain similar. In most circumstances, though,
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TABLE 5.2 Use Level (% Solids Based on Total) Required of Four Rheology Modifiers
to Obtain a Surfactant Solution with Brookfield Viscosity of 3000 mPas, and the
Measured Clarity Values (Optical Density) of these Solutions

Surfactant HASE x-ASE Cross-polymer Carbomer
10% SLES

Use level 1.1 4.5 1.2 1.6
Clarity 0.05 0.33 0.30 1.30
10% SLS

Use level 1.35 3.0 1.1 1.4
Clarity 0.03 0.28 0.15 0.70
5% CAPB

Use level 1.75 2.1 1.0 1.2
Clarity 0.05 2.36 0.16 0.83
5% SLES

Use level 1.05 3.7 1.1 1.3
Clarity 0.03 0.18 0.13 0.81
5% APG

Use level 1.7 2.0 0.4 0.5
Clarity 0.02 0.01 0.19 0.84

Surfactants: anionics sodium lauryl ether sulfate (SLES) and sodium lauryl sulfate (SLS); amphoteric
cocamidopropyl betaine (CAPB); nonionic alkyl polyglucoside (APG).

HASE, hydrophobically modified alkali-soluble emulsion; x-ASE, crosslinked alkali swellable/soluble
emulsion.

the clarity of the formulation will decrease as the electrolyte content increases,
particularly in the case of the carbomers. Additionally, the ultimate stability of the
formulation may be suspect.

The cross-polymers show rheology similar to that found in water, albeit at
markedly reduced efficiency, and with some loss in clarity. However, the absence of
clarity is not so great as that found with the carbomers. This improvement in clarity,
but with little change in rheology, is attributed to the fact that these cross-polymers
contain relatively small amounts of hydrophobe. The HASE polymers generally
show good compatibility with electrolytes with little loss of clarity and efficiency.
Nevertheless, the relatively high hydrophobe content of these polymers leads to
strong associations between the polymer and the hydrophobes of the surfactant,
and hence the rheology of the HASE polymers in surfactant solutions tends to differ
significantly from the behavior found in water. This change depends to some extent
on the surfactant, but also on the nature and quantity of the hydrophobe present
on the polymer. It is sometimes found judicious to blend polymers of differing
characteristics in order to achieve the required physical properties in a finished
formulation.
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FIG.5.6 Measured flow curves for a crosslinked ASE polymer in solutions of increasing
alkyl polyglucoside (APG) concentration.

In the following examples some of the matrix effects observed between rheol-
ogy modifiers and different surfactants are illustrated. The case of a crosslinked
ASE polymer in the presence of a nonionic alkyl polyglucoside (APG) surfac-
tant is shown in Figure 5.6. The rheological profiles of the polymer in different
concentrations of APG are very similar to those of the aqueous polymer results,
indicating that the surfactant has very little effect on the rheological behavior of
the ASE polymer.

The situation is a little different in the case of a crosslinked ASE with an
anionic surfactant such as sodium lauryl sulfate (SLS), as shown in Figure 5.7.
The overall shapes of the curves at the different SLS contents are similar to that
of the aqueous solution. However, the curves are shifted downwards, illustrating
a loss in efficiency of the polymer. This, however, is not a surfactant effect, but
an electrolyte effect, showing how the ionic strength of the matrix is reducing the
swelling of the polymer and reducing its efficiency.

The case of a HASE polymer is different, as illustrated in Figure 5.8 and
Figure 5.9. Here the overall profiles of the rheological curves are significantly
altered in the presence of the different surfactants, the system becoming less
pseudoplastic as the surfactant concentration increases [14,15]. It is interesting
to note that in this case the efficiency of the polymer varies with the shear rate. At
low shear rates the viscosity shows a decline as the surfactant content increases,
but at higher shear rates the surfactant—polymer solutions show a higher viscosity
than the simple aqueous solution of the polymer. This change occurs with both
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FIG.5.7 Measured flow curves for a crosslinked ASE polymer in solutions of increasing
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FIG. 5.8 Measured flow curves for a HASE polymer in solutions of increasing alkyl

polyglucoside (APG) concentration.
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FIG. 5.9 Measured flow curves for a HASE polymer in solutions of increasing SLS
concentration.

anionic and nonionic surfactants, and is more marked with the less hydrophobic
HASE rheology modifiers. As the polymer becomes more hydrophobic, either due
to longer chain hydrophobes or to a greater number of hydrophobes (hydrophobe
density), so this effect becomes somewhat attenuated.

The noncrosslinked ASE polymers are of interest due to their good electrolyte
tolerance and their tendency to thicken formulations containing high levels of
alkaline salts and builders. Thus, these types of polymer are often preferred in
industrial and institutional cleaners.

B. Synthetic Nonionic Polymers

Water-soluble synthetic nonionic polymers represent a large class of thickeners
and rheology modifiers. Included in this group of commercial rheology modi-
fiers are polymers based on polyacrylamide (pAm), polyethylene oxide or glycol
(PEO or PEG), block copolymers (ethylene oxide [EO] and propylene oxide
[PO]), polyvinyl alcohol (PVA), and polyvinyl pyrrolidone (PVP) (Figure 5.10).
Nonionic polymers are generally compatible with anionic, nonionic, amphoteric,
and cationic surfactants. They also have a much better tolerance for electrolytes
than anionic polymers. Depending on the specific chemistry, nonionic polymers
may exhibit a cloud point behavior, undergo base or acid hydrolysis, and may
be unstable (certain types, e.g., pAm) to harsh environments such as peroxides,
persulfates, or hypochlorite.
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FIG. 5.10 Representative synthetic nonionic homopolymers.

The rheological behavior of aqueous pAm solutions is typically pseudoplas-
tic. An example of the use of pAm polymer to thicken an acidic composition is
disclosed in patent application WO 9419443 A1 [16].

EO-based polymers are classified as PEGs or PEOs depending upon their mole-
cular weight [17]. Low-to-medium-molecular-weight (200 to 25,000) homopoly-
mers of EO are referred to as PEGs and polymers with molecular weight range
of 100,000 to 2,000,000 are classified as PEOs. PEG esters, and in particular
the diesters, can also be used as thickeners in surfactants. The most common of
this class is the PEG-6000 distearate, which is often referred to as a hydrophobi-
cally modified nonionic polyol, or HNP. Being an ester, it has a limited pH range
over which it can be used. Materials thickened with this additive tend to be rela-
tively Newtonian in their behavior. Heat is required to incorporate the thickener,
which has a melting point of about 60°C. One of the limitations with this class of
thickener is that in general the higher the surfactant content, the greater the con-
centration of thickener required to achieve the desired viscosity. As such, they are
usually encountered in formulations that contain less than about 15% surfactant.
The stearic acid diester of PEG, (PEG),,—stearate (n = 2 to 175), is most often used
to thicken shampoos. The esters are also used as thickeners in lotions, emulsions,
cream deodorants, and hair conditioners [17].

Block copolymers of EO and PO such as EO-PO-EO, which are formed
by condensing EO onto polypropylene glycol, are useful rheological additives
with applications in household cleaners (toilet bowl cleaners, gels for cleaning
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vertical surfaces), personal care (shampoos, shaving creams, hair styling gels,
antiperspirant gels, etc.), and pharmaceutical products (such as toothpastes and
ointments). The viscosity build is the result of hydrogen bonding in aqueous sys-
tems, caused by the attraction of the polymer ether oxygen atoms to water protons.
Alkylated EO-PO polymers are also suggested to thicken a liquid fabric softening
composition [18].

Poly(N-vinyl-2-pyrrolidone), PVP, is available in various molecular weights
(10,000, 40,000, 160,000, and 360,000) and can yield solutions of varying vis-
cosities. PVP is best known for its unusual complexing ability toward many types
of small molecules and for its physiological inertness [19]. As a thickener, it is
used in biomedical, pharmaceutical, cosmetic, and personal care products (hair
styling gels, shaving creams, shampoos, emollient creams and lotions, etc.).

C. Urethanes

The hydrophobically modified ethoxylated urethane (HEUR) rheology modifiers
are intermediate molecular weight nonionic polymers which combine a hydro-
philic backbone of varying chain length PEG with a hydrophobic, long-chain alco-
hol via a diisocyanurate linkage. The hydrophobicity of the long-chain alcohols can
be adjusted by altering the alkyl chain length, grafting one or more hydrophobes
onto the polyol chain, or attaching these hydrophobes either terminally or pendant
to the polymer backbone. Due to the fact that HEUR rheology modifiers possess a
relatively low molecular weight, particularly when compared to HASE polymers,
thickening is achieved through the associative interaction between the hydro-
phobic portion of the molecule and other hydrophobic components in the
formulation (surfactants, oils, pigments).

In the presence of surfactants, studies have indicated that the degree of associa-
tion achieved with nonionic rheology modifiers tends to be greater when surfactants
of lower hydrophilic-lipophilic balance (HLB) are employed [20,21]. This leads
to significantly higher measured viscosities (using a fixed concentration of HEUR
rheology modifier) with minor changes in the surfactant composition (Figure 5.11).
The “size” of the surfactant hydrophobe at a given HLB also plays a role in deter-
mining the performance of these polymers, larger hydrophobes generally being
preferred.

The rheology of HEUR-type polymers varies with a given formulation, but
these polymers typically impart Newtonian behavior to the systems with which
they are mixed, particularly at higher shear rates.

Due to the chemical nature of HEUR rheology modifiers, no neutralization
is required to induce thickening. These materials are therefore compatible with
anionic, nonionic, and cationic surfactant matrices, and are effective across a
wide range of pH (3 to 13) [22]. HEUR rheology modifiers are used in cationic
systems such as rinse-added fabric softeners (where anionic thickeners have
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incompatibility problems). The new generation of highly biodegradable cationics
(esterquats) deliver extremely low viscosities at use concentrations in aqueous
fabric softeners. Incorporation of very low concentrations of the appropriate
HEUR thickener can generate significant viscosity build and formula stabiliza-
tion, providing consumer compositions with more acceptable product aesthetics
(Figure 5.12).

© 2006 by Taylor & Francis Group, LLC



Rheology Modifiers and Thickeners for Liquid Detergents 129

Another area where HEUR rheology modifiers find utility is in acidic household
cleaning products (typically formulated for the bathroom or kitchen). Many of the
more commonly used rheology modifiers provide thickening benefits only upon
neutralization (via chain—chain entanglement), and are ineffective in these types
of applications. The addition of a small amount of the appropriate surfactant and
HEUR rheology modifier to a system containing citric, sulfamic, or phosphoric
acid can deliver acceptable viscosity, a transparent appearance, and good overall
product stability. These polymers have been used successfully to thicken peroxide
bleach formulations containing up to 25% hydrogen peroxide without inducing
any appreciable loss of active oxygen.

D. Synthetic Cationic Polymers

There are instances where a formulator may need to turn to cationic rheology mod-
ifiers, although these are less widely used. Synthetic cationic polymers are of three
types: ammonium (primary, secondary, tertiary, and quaternary), sulfonium, and
phosphonium compounds [23]. Of these, the ammonium-based polymers con-
stitute a large class of materials with diverse applications such as additives for
shampoos and soaps, as antistatic and thickening agents for rinse-added fabric
softeners, in papermaking, mineral processing, and petroleum recovery, as stabi-
lizers for emulsion polymerization, as biocides in waste water treatment, and in
grease thickeners, hair sprays, and hair gels.

The copolymer of acrylamide and ammonium acrylate is used to build viscosity
in rinse cycle fabric softeners. This polymer is compatible with nonionic and most
cationic surfactants that are used in fabric softener formulations. The polymer is
incompatible with anionic surfactants and strong oxidizing agents, and it is sen-
sitive to electrolytes. An example of other cationic polymers useful as thickeners
for aqueous acid solutions is described in patent application EP 395282 [24].

E. Celluloses

Modified organic thickeners can be derived from naturally occurring water-
insoluble polymers such as cellulose, chitin, and starch [25,26]. The most common
derivatives include carboxymethyl, hydroxyethyl, hydroxypropyl, and methyl cel-
Iulose. Cationic, anionic (sulfate, phosphate), and zwitterionic derivatives have
also been reported in the literature.

Sodium carboxymethyl cellulose (CMC, cellulose gum) is an anionic, water-
soluble polymer (Figure 5.13). Itis stable in a pH range of 4 to 10 and is compatible
with most monovalent and divalent salts, as well as most anionic and nonionic
materials. However, it is generally incompatible with cationic species due to
its anionic nature. The structural stability of dispersions induced by CMC is
highly dependent upon the concentration of the polymer. CMC is used as a thick-
ener in toothpastes, skin creams, lotions, and food applications. The degree of
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from Hercules Inc., Aqualon Division, Copyright 2004, Hercules Inc., Wilmington, DE.)

substitution (DS) for a given CMC grade is the average number of substituted
hydroxyl groups per ring. Therefore, the theoretical maximum DS is 3. The maxi-
mum substitution level of commercial CMC is a DS of 1.4. Thixotropy in CMC
typically increases with decreasing DS.

Hydroxyethyl cellulose (HEC) is a water-soluble nonionic polymer having the
general structure shown in Figure 5.14 [27]. The water solubility of HEC depends
upon DS and the molar substitution (MS; also termed moles of substitution).
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MS is the average number of moles of substitution (in the case of HEC, hydroxy-
ethyl and ethoxy units) added per anhydroglucose ring. The MS value, unlike DS,
can exceed 3 in the case of HEC, since side chains of PEO can form. Commer-
cial water-soluble HEC samples have DS values in the range 0.85 to 1.35 and
MS values in the range 1.3 to 3.4. HEC aqueous dispersions are pseudoplastic
and thermally reversible. HEC is compatible with nonionic, cationic, and anionic
materials (salts and surfactants). It is stable in the pH range 2 to 11. As a thickener,
it is used in hair care products (conditioners, etc.), liquid soaps, shaving products,
cationic lotions, antiperspirants, and deodorants.

Hydroxypropyl methyl cellulose and methyl cellulose are also water-soluble
nonionic polymers [28]. They are compatible with inorganic salts and ionic
species up to a certain concentration. Methyl cellulose can be salted out of solu-
tion when the concentration of electrolytes or other dissolved materials exceeds
certain limits. Hydroxypropyl methyl cellulose has a higher tolerance for salts
in solution than methyl cellulose. Both are stable over a pH range of 3 to 11.
Commercial water-soluble methyl cellulose products have a methoxy DS of 1.64
to 1.92. A DS of lower than 1.64 yields material with lower water solubility.
The methoxy DS in hydroxypropyl methyl cellulose ranges from 1.3 to 2. The
hydroxypropyl MS ranges from 0.13 to 0.82. Methyl cellulose and hydroxy-
propyl methyl cellulose polymers have a number of applications and are used
as thickeners in latex paints, food products, shampoos, creams and lotions, and
cleansing gels. U.S. Patent 5,565,421 is an example of the use of hydroxypropyl
methyl cellulose polymer to gel a light-duty liquid detergent containing anionic
surfactants [29].

As is the case for HASE and cross-polymers, grafting of long-chain alkyl
hydrophobes onto water-soluble cellulosic polymers leads to modified solution
properties such as enhanced viscosity, surface activity, and unusual rheological
properties [30-35]. Associative cellulosic thickeners build viscosity through two
mechanisms: hydrogen bonding with water molecules (as with the unmodified
cellulosic polymers) and micellar interactions that occur between the hydropho-
bic groups. The hydrophobic association can be viewed as pseudo-crosslinks
which induce a three-dimensional network. The hydrophobic groups on the
polymer can also interact more favorably with surfactant micelles to build vis-
cosity in dispersions. The enhanced solution viscosity of C16 hydrophobically
modified HEC is the result of intermolecular associations via the hydropho-
bic groups (Figure 5.15). Primary applications, sensitivity to electrolytes, and
pH stability of this hydrophobically modified polymer are similar to those of
unmodified HEC.

A polymeric quaternary ammonium salt of HEC, polyquaternium-24, in combi-
nation with certain primary surfactants, salts, and other viscosifying agents can be
used as a thickener in personal care products such as shampoos, hair conditioners,
creams, and aftershave gels.
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FIG. 5.15 Idealized structure of hydrophobically modified HEC, with hydroxyethyl
MS = 2.5. (Reproduced with permission from Hercules Inc., Aqualon Division, Copyright
2004, Hercules Inc., Wilmington, DE.)

F. Gums

Several natural biopolymers originally developed for use in the food industry,
including xanthan, gum arabic, carrageenan, succinoglycan, gellan, locust bean
gum, and alginates, have found use recently in the detergents industry. From a
commercial point of view the most significant of these today is xanthan, a water-
soluble polymer based on an anionic heteropolysaccharide, and produced by
bacterial fermentation, followed by recovery of the resulting exopolymer. The
organism employed during the fermentation process is a species of the bacterium
Xanthamonas campestris. The polymer, due to its nature, is biodegradable, and it is
necessary to ensure that formulations using this thickener are adequately preserved
to prevent bacterial spoilage from taking place over the life of the product.
Xanthan is a slightly hygroscopic powder that requires hydrating prior to use.
As aconsequence, itis generally introduced into the water being used to prepare the
formulation at the beginning of the processing, and stirred well to disperse com-
pletely and hydrate prior to addition of the remaining components. The behavior
of xanthan is extremely pseudoplastic, with very high viscosities being developed
under conditions of low shear, as shown in Figure 5.16. As shear is removed,
the solution rebuilds structure almost instantaneously. Xanthan is thus a good

© 2006 by Taylor & Francis Group, LLC



Rheology Modifiers and Thickeners for Liquid Detergents 133

100 T T
10° —_— 0.05% |
_— 0.1%
108 - —_———02%
1 N e 0.5%
w 10 1.0%
% L0 S
B ~-
o 10%1
G
2z 10*
'g ————————————
g —————
2 I
102 -
10" i
10° \ \ \ \ \ | | \ | e T TTETT

107% 107% 107* 1072 1072 107" 10° 10" 10%® 10® 10* 10%° 10°
Shear rate (1/sec)

FIG. 5.16 Flow curves for aqueous solutions of xanthan gum at various concentra-
tions. (Reproduced with permission from CP Kelco ApS, Copyright 2004, CP Kelco,
San Diego, CA.)

candidate for providing suspending properties to formulations, as well as giving
vertical cling properties. Slight turbidity is often observed in finished products.

Xanthan gum is one of the few rheology modifiers stable over a wide range of
pH, including both acidic and alkaline ranges (Figure 5.17). It is thus suitable for
acid cleaners and scale removers as well as the traditionally neutral detergents and
alkaline hard surface cleaners. Xanthan gum can be quite tolerant of both monova-
lent and divalent metal salts, but the presence of trivalent metal ions (Fe3t, AP,
and Cr**) often leads to marked crosslinking, in some cases causing precipitation.
Sequestering such ions will ensure stability.

Figure 5.18 shows the viscosities of some common natural polymers over a
range of shear rates. At low shear rates, solutions of xanthan gum have approxi-
mately 15 times the viscosity of guar gum and an even higher margin over the
viscosity of CMC and sodium alginate. This further explains the strength of
xanthan gum as a stabilizer for suspensions and for providing vertical cling.

We have already mentioned that xanthan gum solutions are tolerant to both
acids and bases. Solutions of xanthan gum also have excellent compatibility with
many surfactants, water-miscible solvents, and other thickeners. As an anionic
polysaccharide, xanthan gum is most stable with anionic surfactants (up to 20%
active), nonionic surfactants (up to 40% active), and amphoteric surfactants (up to
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25% active) depending upon the composition of the surfactant. Generally, xanthan
gum is not recommended for use with cationic surfactants, bleach solutions, and
strong reducing environments.

Although encountered less frequently than xanthan, carrageenan is another of
the gums sometimes used in liquid detergents. This polysaccharide is extracted
from certain varieties of red seaweed [36]. The polysaccharide is made up of
repeating galactose units and 3,6-anhydrogalactose, both sulfated and nonsulfated,
joined by alternating a1-3 and B1-4 glycosidic linkages, and is available as the
kappa, iota, or lambda forms, with varying sulfate galactose ratios (1:2, 2:2, and
3:2 for the three versions, respectively). The lambda type is the most soluble and
dissolves in cold water. The kappa and iota types of carrageenan form thermally
reversible gels at low concentrations (1% by weight). Both kappa and iota types
also form strong gels in the presence of specific ions (K, Rb™, and Ca®*) [37].
The carrageenans are stable in the pH range 3.5 to 9, with all three types undergoing
hydrolysis at pH < 3.5. Carrageenans are used in toothpastes, skin creams, lotions,
and food products (such as puddings, chocolate milk, and ice cream). One of the
potential drawbacks is the fact that carrageenan systems have the tendency to show
syneresis.

Alginates are extracted from brown seaweed, and can be thickeners or gellifiers
depending on the type of alginate and the matrix. They have various conformations
depending on the source of the seaweed. In the alginic acid form or as the Ca salt
they have very low solubilities, but the Na or K salts are soluble. The Mg salt is the
only soluble divalent salt. Even hard water will cause thickening of alginates, but
the process can be controlled by the use of complexants and chelatants. Alginates
show rheology much closer to Newtonian than most of the other gums.

Locust bean gum can be extracted from the European carob tree. As the extract,
with impurities removed, it gives clear solutions. It shows significant synergy with
carrageenan and xanthan, usually at about 50/50 levels, and this synergy tends to
eliminate the syneresis often seen with carrageenan. Being insoluble in cold water,
heat is required to obtain solutions.

Guar gum has a major processing advantage in that it is soluble in cold
water. However, it is very much less pseudoplastic than xanthan and tends to
give formulations with a long or “stringy” rheology.

IV. INORGANIC THICKENERS

The two most commonly used inorganic additives for rheology modification of
liquid detergents are salts and smectite clays. Other inorganics such as silica
and alumina have found more limited use in detergent cleaners. Each of these
additive types has a distinctly different mechanism for modifying the rheology of
a detergent, and very critical sensitivities within a formulation.
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A. Inorganic Salts

Perhaps the greatest benefit of using inorganic salts to thicken a system is the low
cost it adds to a formulation. It is not solely salt addition that drives thickening
in a detergent, but rather the interaction that the salt has with other components
of the system, most notably charged (anionic and cationic) surfactants. It is this
interaction between salt and surfactant of which formulators typically attempt to
take advantage, and this strategy works best in detergents with relatively high
surfactant levels. Liquid laundry detergents, hand dishwashing (light-duty) lig-
uids, and hand soaps are common examples of products thickened by simple salt
addition.

However, the ability to thicken surfactant systems with salt addition is not uni-
versal, even in products with relatively high levels of surfactant. Not all anionic
surfactants respond to added salt with increased viscosity, but the more commonly
used alkylbenzene sulfonates (ABSs) and alkyl ether sulfates (AESs) do. In par-
ticular for AESs the shorter the EO segment, the more sensitive they are to salt
addition, with the alkyl sulfate (no EO) at the most responsive extreme. The ABSs
can be thickened with salt addition as well, but only over a narrow viscosity range
before they salt out of solution. Addition of certain nonionics, especially alkyl
polyglucosides (APGs) or alkanolamides, can enhance the thickening effect in
anionic surfactants, often reducing the amount of salt needed to achieve a given
viscosity.

Fundamental studies of salt effects on well-characterized anionic and cationic
surfactant solutions have provided a mechanistic picture that links the surfactant
structures and the rheology. In Chapter 4, rheology modification by neat surfac-
tant solutions was detailed. This rheology is a complex result of, among other
things, surfactant type(s) and concentration, mixture ratios, pH, and added sol-
vents, all of which determine the structure of the surfactant aggregates, directly
affecting the solution viscosity. Addition of salt provides another way of changing
how surfactants develop structure. For example, Rybicki [38] showed decreas-
ing viscosity of low-concentration sodium dodecylbenzene sulfonate solutions
with addition of many different salts, while Wang [39] showed increased vis-
cosity at higher surfactant concentration. In the former case, the salt is believed
to screen the electrostatic field on the spherical micelle surface, reducing the
effective volume of the micelle and thus the relative viscosity. In the latter case,
the added salt drives a structural change from spherical to elongated, asymmet-
ric micelles. The magnitude of the viscosity increase has also been observed to
be dependent on the type of salt, and especially the type of counterion that is
chosen (e.g., NaT vs. Lit vs. Mg?*). Additionally, Gamboa and Sepulveda [40]
have shown NaCl can increase the viscosity of anionic sodium dodecyl sulfate
solutions and cationic cetyltrimethylammonium bromide solutions.
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There are a number of potential downsides of this thickening technique. A
formulator usually can control the viscosity only within a limited range, and often
there is no added control over the shape of the flow curve. That is, a Newtonian
product will remain Newtonian in flow rather than building in rheological features
such as pseudoplasticity, thixotropy, or yield stresses. These are not restrictive limi-
tations if one is only attempting to provide a little “body” to a formulation through
small viscosity increases, but it is unlikely that salt will provide properties such
as suspendability or vertical cling. Also, inorganic salts may interact negatively
with other formulation components (e.g., electrolytes), resulting in a cloudy, or in
the worst case unstable, product. Salts can promote irritation and possibly create
corrosive conditions at high use levels. Finally, seemingly small differences in
the byproducts that are formed during the surfactant synthesis can affect the salt
thickening profile, resulting in potential for product variations if one does not use
good process control.

B. Inorganic Clays

Smectite clays are naturally occurring water-swellable clays. Often, one finds the
terms smectite, bentonite, hectorite, saponite, montmorillonite, and magnesium
aluminum silicate (MAS) clays used interchangeably, leading to the potential
for confusion. For clarity, smectite is the name of the subgroup of clays that
encompass hectorite, saponite, and montmorillonite. Bentonite is the geological
term commonly used to refer to smectite clays, the latter being a mineralogical
term. The differences between hectorite, saponite, and montmorillonite clays lie
in their chemical makeup and structure, with the latter two having MAS composi-
tions [41]. All of the natural clays are mined and purified for use, typically being
sold in powder form that requires a hydration step. The extent of purification of
these clays can have an impact on the efficiency, clarity, and cost. The synthetic
hectorite clays such as Laponite (Southern Clay Products) are typically sold as
powders and similarly require hydration prior to use, but they are prepared free
from impurities.

Both natural and synthetic clays are used as rheology modifiers for liquid deter-
gents. They can stabilize emulsions and provide excellent particle suspension via
the development of yield stresses. They can tolerate significant levels of water-
miscible cosolvents like glycols and glycol ethers, thus finding greatest usage in
surface cleaners of various types (e.g., toilet and oven cleaners). They are some
of the few rheology modifiers stable to hypochlorite, and they can be formulated
in products covering a wide pH range (roughly 3 to 12, but can be as low as 1),
although they are not compatible with cationic species. Since these materials
function via electrostatic interactions, the rheology modification they impart is
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essentially temperature-insensitive, and their mineral nature makes them resistant
to biological degradation. After inorganic salts, natural clays tend to be the least
expensive of the rheology modifiers, although the purification steps result in higher
costs than less purified materials. The synthetic hectorites are the most expensive
on a per weight basis, but they also tend to be significantly more efficient than
the natural clays, resulting in potential for lower use levels in formulations. Addi-
tionally, these synthetic clays can form clear, aqueous solutions due to their small
particle dimensions.

The hydration step of inorganic clays is vital to their effective usage in liquid
formulations. In powdered form, all smectite clays (including the synthetic
analogs) exist as aggregates of stacks of primary, disk-like clay platelets. When
stirred in water, these aggregates break up toward the individual stacks, which can
then hydrate, swell, and delaminate to the primary clay particle. This is shown
schematically for the Laponite example in Figure 5.19. Energetic mixing and
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FIG. 5.19 Schematic of the wetting and delamination of inorganic clay particles.
(Supplied by and used with the permission of Southern Clay Products.)
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FIG. 5.20 Schematic of the “house-of-cards” structure derived from clay platelet edge—
face interactions. (Supplied by and used with the permission of Southern Clay Products.)

sufficient free water is required for full hydration of the particles and for full
effectiveness to be achieved. Completely delaminated, each primary clay particle
has a thickness typically of the order of 1 to 3 nm with face dimension dependent
on clay type, ranging from about 25 to 1000 nm. The flat, larger face holds an
anionic charge, while the thin outer edge of the plate is slightly positive. At suf-
ficient concentration, the clay particles align and fill space in what is known as a
house-of-cards structure, with the positive edges of one particle interacting with
the negatively charged face of another, as shown in Figure 5.20. This stacking
provides structure in the aqueous system resulting in the creation of a yield stress.

These clays are unique in the fact that although they can build yield struc-
tures, they typically do not provide significant thickening. Once sufficient shear
is applied to break the three-dimensional structure, the small clay particles pro-
vide minimal resistance, and thus the viscosity decreases to essentially that of the
clay-free system. (This is one reason clays are usually used in conjunction with
co-thickeners.) Once the fluid is brought again to rest, the clay platelets reorient
and rebuild the yield stress. The yield value achieved and the time it takes to rebuild
after breakdown are dependent on clay concentration and can be low and slow at
low usage levels. Thus, clay-modified systems are examples of thixotropic, highly
pseudoplastic, or yield-containing solutions. The result can be readily pourable
systems that maintain a stable suspension or provide a degree of wall cling after
spraying.

As described above, the ability of smectite clays to act as rheology modifiers
is a result of their interparticle electrostatic interactions. Thus, their behavior and
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stability are very sensitive to relatively low levels of electrolyte in a formulation.
For example, Mourchid and co-workers [42] have studied the phase behavior and
stability of aqueous Laponite solutions in the presence of NaCl. For solutions above
roughly 0.01 M, they find a flocculated clay state, independent of the concentration
of the clay. In clay-modified detergent formulations such flocculation can lead to
syneresis and instability, as well as increased opacity.

It is commonly recommended to utilize a second rheology modifier along with
smectite clays in order to increase formulation stability and/or to provide more
precise control to the overall theology. Often, synergistic rheology is observed in
these blends, resulting in viscosity increases greater than what would be expected
based on the behavior of the two individual modifiers. This can lead to utilization
of lower levels of each thickener, reducing total formulation cost and potentially
eliminating some of the drawbacks of using the higher level of the co-thickener.
Recommended co-thickeners include organic gums such as xanthan gum, cel-
lulosics such as CMC and HEC, and polyacrylics such as HASE and carbomer
polymers.

V.  SUMMARY

There are many distinct types of rheology modifiers to which a formulator can turn
so as to achieve the flow characteristics necessary for a liquid detergent formula-
tion. Deciding where to start, or even who to contact for help, can be complicated
even more by the numerous unique “flavors” that are available within each larger
class of modifier. Initially, one can try to narrow the choices based on some general
aspects of the formulation, such as pH or salt level. Table 5.3 provides a summary
of each of the technology classes discussed in this chapter, their broad applicability
under various formulation conditions, and some handling considerations.

It is clear that some classes of rheology modifiers will have more utility in
certain detergent systems than in others. For example, the subset of modifiers
that function in the neutral-to-alkaline range of pH would not be suitable for an
acid-based surface cleaner at very low pH. Table 5.4 provides some guidance for
choosing a rheology modifier based on different detergent applications.

These summary tables, along with the accompanying discussion throughout the
chapter, provide formulators with much of the background knowledge needed to
make an educated initial choice of rheology modifier for their specific formulation
needs. However, with the on-going growth of liquid detergents in the consumer
market, there is a corresponding need to differentiate these products to the con-
sumer. Formulations will get more intricate, the demands on the rheology modifier
system will become more complex, and the current stable of modifiers may not
meet these demands. Solutions to these requirements may come from unique mix-
tures of available modifiers, or they may come from newly developed chemistries
within the various classes of rheology modifiers. As many of the companies that
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TABLE 5.3 Summary of the Applicability of Various Rheology Modifiers, with their Common As-Supplied Formats

Neutralization = Typical form of
Class Electrolyte tolerance pH range Pseudoplasticity required raw material
ASE (crosslinked) Moderate Neutral to alkaline High Yes Liquid
ASE (noncrosslinked) Excellent Neutral to alkaline Low Yes Liquid
Carbomers Poor Neutral to alkaline High Yes Powder
Cellulosics (ionic) Poor Neutral to alkaline Medium Yes Powder
Cellulosics (nonionic) Excellent Acidic to alkaline Medium No Powder
Cross-polymers Poor Neutral to alkaline High Yes Powder
HASE Good Neutral to alkaline High Yes Liquid
HEUR Good Acidic to alkaline Low No Liquid
Synthetic nonionics/HNP Moderate Acidic to alkaline Low No Powder
Inorganic clays Poor Acidic to alkaline Very high No Powder
Xanthan Good Acidic to alkaline High No Powder
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TABLE 5.4 Summary of Preferred Rheology Modifiers by Application

Carbomer/ Synthetic
Cross- nonionics/
ASE HASE  polymers HEUR Xanthan Inorganic clays  Cellulosics HNP Salts
Hand dishwashing + + + + +
Laundry + +
Auto dishwashing
Chlorinated +
Nonchlorinated + +
Hand soap + + 4 4
Surface cleaners
Acidic + + +
Alkaline + + + +
Peroxide + + +
Hypochlorite —+ +
Fabric softeners +
Shampoos/conditioners + + + + + +
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offer rheology modifiers have active development programs, formulators should
be encouraged to contact the technical staff of these suppliers for further specific
guidance for individual formulation needs.
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. INTRODUCTION

There has been much interest in studying surfactant aggregation in polar solvents
other than water over the last few decades. In a large number of studies various
surfactant systems have been mapped and evidence for self-assembly of surfac-
tants in some nonaqueous polar solvents has been published. During the last few
years more detailed information on the structure of the aggregates and on the
characteristics of the aggregation processes have been provided.

The research on aggregation of surfactants in nonaqueous, polar solvent sys-
tems can be motivated, mainly, with two different arguments. First, are the basic
considerations of amphiphile aggregation involving a description of the hydropho-
bic interaction leading to, for example, micelle and liquid crystal formation. What
can be learned from comparing water with other polar solvents? Much work has
been performed to elucidate those properties of the solvent that are essential in
order to obtain a hydrophobic (or “solvophobic”) interaction. Comparisons of crit-
ical micelle concentrations in different solvents with parameters characterizing the
solvent are numerous in the literature [1,2].

Second, there are technical applications where amphiphile aggregates and struc-
tures are needed to promote a specific effect, while circumstances may prevent
the particular use of water due to certain reactions, corrosion, or other specific
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interactions with water. Of particular interest in this context are, for example,
alcohol-based systems for cleaning purposes [3]. Another highly relevant area is
that of chemical reactions in an aprotic solvent such as formamide [4-6].

This review deals with the first, fundamental, point, in particular the formation
of micelles and the mapping of phase equilibria. This is a logical starting point,
since a prerequisite for most applied work in the field is some knowledge of
aggregation processes and the relevant phase diagrams.

Methodological questions have often been raised when studying nonaqueous
systems, since many early studies on micellization were performed using indirect
methods for detecting aggregation [7—14]. This has caused considerable confusion
due to apparently irreconcilable results. Also, several studies have pointed out the
difference between a proper micellization process and ordinary aggregation. As is
discussed in this chapter, depending on the combination of solvent and surfactant
[15-18], it is possible to have a cooperative aggregation (micelle formation) as
well as a more gradual aggregation process.

II. MICELLAR AGGREGATION

Micellization has been studied in a large number of nonaqueous polar solvents,
such as different alcohols, formamide, fused salts [19-26], hydrazine, hydrogen
fluoride [27], and N-methylsydnone [28,29]. However, most of the early investiga-
tions used indirect methods such as surface tension measurements or conductimetry
for the detection of surfactant aggregation. More recently, direct methods have
been used to prove the existence of aggregates in the solution phase of polar sol-
vent other than water. For example, PGSE-NMR [17], fluorescence spectroscopy
[30], and SANS [31] have proven to be powerful methods for probing micelle
formation in aqueous and nonaqueous systems.

The nonaqueous polar solvent that has been studied most extensively in
this context is probably formamide. Lattes and co-workers have studied the
aggregation of surfactants in formamide [32-35]. They have investigated the SDS—
formamide and the C14TABr—formamide systems. A sharp rise in solubility of the
surfactant with increasing temperature was noted in these systems and interpreted
as the Krafft point, i.e., the temperature where the monomeric solubility of the sur-
factant exceeds the c.m.c. The c.m.c. as well as the Krafft point were found to be
considerably higher in formamide than in water for both surfactants. Other studies
of surfactant aggregation in formamide, where aggregates were not found, have
been performed at temperatures below the Krafft point [36-38]. The C14TABr—
formamide system has been widely studied with a number of different techniques,
such as NMR relaxation and self-diffusion [18,35,39,40], small-angle x-ray scat-
tering [34], positron annihilation [38], or Raman spectroscopy [41]. Most studies
agree that aggregates start to form at considerably higher surfactant concentration
than in water and that they are considerably smaller than in water. An aggregate
radius of 9 A was found at a concentration close to the c.m.c. [34], while it was
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TABLE 6.1 Interfacial Tension Between Solvent and Hydrocarbon, and
Dielectric Constant for the Solvent

Solvent Interfacial tension? (mN/m) Dielectric constant
Water 500 78
Glycerol 29.7¢ 42
Formamide 27.3¢ 109
Ethylene glycol 17.2¢ 37
N-methylformamide 12.5¢ 182

4At 20°C.

bAgainst hexadecane.
€Against dodecane.
Source: From Wirnheim, T. and Jonsson, A., J. Colloid Interface Sci., 125, 627, 1988.

found to be about 15 A at five times the c.m.c. [18]. This corresponds to an
aggregation number of approximately one third of that in water. Aggregate growth
with concentration has been verified both in a study of the solvent binding to
the aggregates [39] and in a study of the counterion binding [40]. An increase in
the micellar size with increasing surfactant concentration was also found in the
SDS—formamide system [42].

An investigation of counterion binding of a cationic surfactant, C;¢TAF, in
formamide, ethylene glycol, and water showed that the degree of counterion bind-
ing is very different in the different solvents, depending on the dielectric constant
of the solvent [40]: high in water and ethylene glycol but lower in formamide.
Calculations confirmed that the effects of the dielectric constant (Table 6.1) could
account for this trend [40]. This observation supports the study of Binana-Limbele
and Zana [15], who found the micelles to be small and highly ionized in formamide.

The aggregation process of cationic and anionic surfactants in formamide has
also been studied by SANS [31,43]. For N-alkylpyridinium halides, it was found
that at an alkyl chain length of 12 carbons, only small, unstructured aggregates are
formed while at a chain length of 16 to 20 carbons micelles are sole species. The
micelles are smaller and with a higher charge than in water. Moreover, in a study
of SDS in formamide it was found that micelles are formed but the mechanism of
self-association is in agreement with a multiple equilibrium model rather than a
pseudophase model. That is, the aggregates increase in size with surfactant concen-
tration over a large region. The authors of the study conclude that the aggregation
process in formamide is analogous to that of short-chained surfactants in water.

Micelles of cationic surfactants have been found to form both in glycerol [44]
and in ethylene glycol [18]. The micelle formation of C16PyBr in ethylene gly-
col and glycerol was studied with surfactant-selective electrodes [45,46]. The
monomer concentration could in this way be measured at different total surfactant
concentrations, and it was concluded that there is some premicellar aggregation
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and that the c.m.c. is not very well defined. The dissociation of C{¢PyBr micelles
in mixtures of water and ethylene glycol has been studied and it was concluded
that the degree of counterion association decreases with increasing amount of eth-
ylene glycol in the solvent [47]. This is consistent with earlier estimations of the
counterion binding in the water—ethylene glycol system, where conductivity mea-
surements suggested a decrease in counterion association when ethylene glycol
was added to the water [48].

For micelles of C14TABr in mixtures of water and ethylene glycol the sol-
vent penetration in the micelles was investigated [30] through the fluorescence
anisotropy of different probe molecules residing in different regions of the micelles.
When the ethylene glycol-water ratio is increased the microviscosity in the
hydrophobic regions of the micelles is constant while the microviscosity at the
micellar surface increases. This indicates that the micellar interior does not change
but the solvent penetration at the micellar surface increases upon addition of the
ethylene glycol cosolvent.

Aggregation of nonionic surfactants in these nonaqueous solvents could, in
principle, be more energetically favorable than that of ionic surfactants since,
at least in water, the repulsive interaction between the polar head groups is
smaller. The values of c.m.c. of different polyethylene glycol alkyl ethers (C;E;)
have been determined in different nonaqueous solvents [17,49-55]. Different
C,E;—formamide systems have been investigated using NMR self-diffusion [17].
Micelles are formed but are smaller than in water. In contrast to what is found
in water, no micellar growth occurs at high temperatures, high surfactant con-
centration, or when approaching the lower consolute temperature. The same
systems were later examined in a calorimetric study [16], and it was found that
the enthalpies of micelle formation of C;E; in formamide are much smaller and
not as temperature dependent as in water. The aggregation numbers were found
to be smaller, and for the C;2E; surfactants the smoothly bended titration curves
indicate that the micelle formation extends over a significant concentration region.

Ruiz et al. have investigated the micellization of the nonionic surfactant Triton
X-100 ( p-tert-octyl-phenoxy(9.5)polyethylene ether) in mixed solvents of water
and ethylene glycol [56], or water and formamide [57]. They found that for both
solvent combinations there is a decrease in the micellar size, due to a decrease in the
micellar aggregation number, with increasing cosolvent concentration. Moreover,
the cloud point for the nonionic surfactant was found to increase with addition of
formamide or ethylene glycol. This increase in the cloud point can be explained
by the increased solubility of the EO chain in the solvent at high temperatures
with increasing cosolvent content. A fluorescence study suggested that there is a
considerable contact of the cosolvent with the inner region of the micelles for the
Triton X-100 surfactant in water—formamide mixtures.

The effect of three alcohols (glycerol, propylene glycol, and 1-propanol) on the
surfactant aggregation of C1;Eg in water has been studied by Kunieda et al. [58].
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They observed that addition of propylene glycol or 1-propanol results in smaller
micelles and more solvent penetration into the palisade layer of the aggregates.
In contrast, in the corresponding system with glycerol the micelles grow in size
with increasing glycerol content. Moreover, the cloud point for the nonionic sur-
factant was found to decrease with increasing glycerol concentration. Both these
observations are opposite to what has been found for the nonionic surfactant in
formamide or ethylene glycol (higher cloud point and smaller micelles with more
cosolvent). Both SAXS and PGSE-NMR results reveal that the addition of glycerol
induces dehydration of the EO chain of the surfactant. The consequence of this
dehydration is that the surfactant becomes increasingly hydrophobic the higher the
glycerol content, which is consistent with larger micelles and lower cloud point
upon glycerol addition. This is compared with a “salting-out” effect, i.e., when the
added species are depleted from the surfactant film [59].

In a SANS study of the aggregation of nonionic surfactants in water mixed with
glycerol or ethylene glycol, Penfold et al. [60] found similar differences comparing
the two alcohols. With addition of ethylene glycol the cloud point of the surfactant
increases, while addition of glycerol causes a reduction of the cloud point. They
have also shown that the micellar aggregation number increases for Cj2Eg when
the glycerol concentration increases. This increase in the micellar size is associated
with the dehydration of the EO head group, similar to the observations made by
Kunieda et al. [58].

The aggregation of amphiphilic poly(ethylene oxide)—poly(propylene oxide)—
poly(ethylene oxide) block copolymers is in many ways similar to the aggregation
of nonionic C;E; surfactants. The phase behavior of these block copolymers in
nonaqueous polar solvents was first reported by Samii et al. [61]. More recently,
these systems have been investigated thoroughly by the group of Alexandridis
[62—-64]. This group has studied the micelle formation of the block copolymer
Pluronic P105 (EO37POs3EQO37) both in pure formamide and in mixed solvents
of water and formamide, ethanol, or glycerol. They conclude that micelles are
formed in pure formamide but at higher concentration and temperature than in
water [62]. Moreover, the enthalpy of micellization is lower in formamide and
both the micelle radii and the association numbers are lower in formamide than
in water. For the block copolymer in a mixed water and formamide solvent, it
was concluded that the polymer volume fractions in both the micelle core and the
micelle corona decreased with increasing formamide-to-water ratio [62]. Thus,
addition of formamide causes an increased solvation of the micelle core and corona,
thereby favoring the formation of smaller micelles.

Comparing micellization behavior in the cosolvents formamide, ethanol, and
glycerol, some interesting trends were observed [64]. With formamide or ethanol
as cosolvent the micelle formation of Pluronic P105 occurs at higher concentrations
and temperatures compared to water without cosolvent. However, for glycerol the
results show an opposite trend. The addition of glycerol promotes the formation of
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micelles and micellization starts at lower concentrations and temperatures. Also,
the micelle association number increases and the polymer volume fraction in the
corona increases when the glycerol content is increased (see Figure 6.1). This is
similar to the differences found for nonionic surfactants comparing, for example,
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FIG. 6.1 Structural information obtained from SANS for an 8 wt% EO37POs53EO37
solution at 60°C plotted as a function of the cosolvent (glycerol, formamide, or ethanol)
content in the mixed solvent. First row: micellar association number (N,ggociation); Second
row: radii of core and core + corona (Rcore and Rypicelte); third row: polymer volume
fraction of core and corona (tcore and ocorona). (From Alexandridis, P. and Yang, L.,
Macromolecules, 33, 5574, 2000.)
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formamide and glycerol. Consequently, it is probable that the observed differences
are due to the dehydration of the EO head groups.

The aggregation of fluorinated surfactants in nonaqueous solvents has also been
studied. These surfactants form aggregates at lower concentrations than ordinary
hydrogenated surfactants in water. Chrisment et al. have studied nonionic fluoro-
alkyllipopeptides in DMSO and found progressive and very limited aggregation
in this solvent as expected from the low polarity of the solvent [65]. In addition,
the lithium salt of nonadecafluorodecanoic acid has been studied with '°F NMR
in formamide, N-methylformamide, and ethylene glycol [66].

The thermodynamics of micellization in nonaqueous polar solvents have been
studied by a number of authors. Important work has been published by Evans et al.
using hydrazine as solvent [67,68] and later by Ruiz using ethylene glycol as
solvent [69]. Both groups conclude that even though both the enthalpic and entropic
contributions to the micellization differ substantially comparing water and the
other solvent, these effects cancel out in the standard molar Gibbs free energy of
micellization. Evans et al. could from their work challenge the conventional view
that the structural properties of water would be necessary to obtain a driving force
for aggregation [67,68].

The experimental work published so far on micelle formation in polar solvents
other than water is clearly very extensive. Efforts to use theoretical models to
predict the aggregation behavior have been more scarce. However, the group
of Nagarajan has reported on theoretical thermodynamic treatment of these sys-
tems [70—72]. They could predict some trends that previously have been observed
experimentally. For example, they predict an increase in the c.m.c., a decrease
in the average micelle size, an increase in the aggregate polydispersity, and a
stronger dependence of the aggregation number on the total surfactant concentra-
tion for nonaqueous solvents compared with water (see Figure 6.2). Also, they
conclude that:

1. The high c.m.c. values in nonaqueous solvents are mainly due to the smaller
magnitude of the surfactant tail transfer free energy to the nonaqueous solvent
compared to water.

2. The small aggregation numbers in nonaqueous solvents originate mainly
from the smaller magnitude of the hydrocarbon—solvent interfacial tension
compared to water.

3. Neither the c.m.c. nor the micellar size is affected to any great extent by the
lower dielectric constant of the nonaqueous solvent compared to water.

It is evident from all these experimental and theoretical investigations that
micelles are formed in a selection of nonaqueous, polar solvents but that the
aggregates, comparing the same surfactant, are generally smaller than in water.
There is consequently a larger contact between the inner regions of the micelles
and the solvent in these small aggregates. In the nonaqueous solvents investigated
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the interfacial tension between solvent and hydrocarbon is smaller (Table 6.1) and
smaller aggregates are thus less energetically unfavorable from this point of view.
Also, the micelles are generally formed at higher surfactant concentrations and the
micelle formation extends over a significant concentration region. However, there
is one exception to this trend, i.e., the aggregation of nonionic C;E; surfactants
or nonionic block copolymers (EOQ;PO;EO;) in glycerol. In mixtures of glycerol
and water the micellization starts at lower concentrations and temperatures, the
aggregates grow in size, and the cloud point decreases with increasing glycerol
content of the solvent. This has been explained by the dehydration of the EO
groups with increasing glycerol content.

lll. CONCENTRATED SURFACTANT SYSTEMS
A. Liquid Crystals

The first report on a nonaqueous lyotropic liquid crystal in a polar solvent appeared
in 1979, where Friberg and co-workers revealed the existence of a lamellar (D)
phase in the lecithin (dialkylphosphatidylcholine)—ethylene glycol system [73].
In a series of papers a large number of lecithin—diol systems have been charac-
terized, and detailed structural properties of the systems have been elucidated
[74-81]. The interlayer distance in the D-phase with ethylene glycol is shorter
than in water, indicating an enhanced disorder in the lipid layers [73]. It was
suggested that the primary solvation shell of the phosphatidylcholine group con-
tains one bound solvent molecule per polar head group, with several more loosely
associated, as determined by 2H NMR measurements [74,76]. Extensive phase
studies reveal that lecithin readily forms D-phases with the homologous series
of o, w-diols, from ethylene glycol up to 1,7-heptanediol, although the swelling
decreases with increasing molecular size of the solvent [75]. Oligomers and poly-
mers of EO [79] and polyethylene glycol alkyl ether also form D-phases with
lecithin, the latter as mixed lamellae containing the acyl part of the lecithin and
the alkyl chain of the ethers [81].

The existence of a lamellar phase with lecithin has also been demonstrated for
ethylammonium nitrate [82]. For lecithin and formamide, N-methylformamide,
or N,N-dimethylformamide, the full phase diagrams have been determined [83]
showing a gradual disappearance of liquid crystalline phases with increasing
methylation of the solvent (Figure 6.3). The lamellar phase is stable with
N-methylformamide, but disappears with N,N-dimethylformamide.

To summarize, the lecithin studies provide a qualitative picture of how the sol-
vent affects the phase behavior for a zwitterionic surfactant with a large hydro-
phobic moiety. Lecithin forms lamellar lyotropic liquid crystals with a wide variety
of solvents; a sufficiently hydrophilic solvent — and indeed even amphiphilic
compounds with a hydrophilic moiety — stabilizes lamellar phases.
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Full and partial phase equilibria have also been determined for a large number
of systems with ionic surfactants, and there are numerous reported combinations
of surfactant and solvent that form liquid crystals. The first reported liquid crystal
formed in a binary system containing a single-alkyl-chain ionic surfactant was for
the C1sTABr—formamide system. C14TABr forms hexagonal, cubic, and lamellar
phases in formamide, in analogy with the aqueous system [84—88]. The liquid
crystals form at higher temperatures and melt at lower temperatures than in water.
The melting point of solvated crystals can be lowered by addition of alcohol
cosurfactants, as in the aqueous systems, which would be of importance in different
technical applications [89]. C;¢TABr and the homologous series of alkyltrimethyl-
ammonium bromides have been extensively characterized, and there are reports of
liquid crystals formed in glycerol [86], ethylene glycol [86], mixtures of ethylene
glycol and water [90], and N-methylsydnone [91,92] (Figure 6.4).

An extensive comparison between the aggregation of C14TABr and C;¢PyBr in
a series of solvents, formamide, N-methylformamide, N,N-dimethylformamide,
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FIG. 6.4 Phase diagrams of Ci¢TABr and different solvents: (a) water, (b) glycerol,
(c) formamide, (d) ethylene glycol, and (e) methylformamide. For notation, see Section V.
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306, 695, 1988; Wirnheim, T. and Jonsson, A., J. Colloid Interface Sci., 125, 627, 1988.)

glycerol, ethylene glycol, or N-methylsydnone, revealed some interesting differ-
ences between the surfactants. With formamide, ethylene glycol, and glycerol,
the phase sequence was E — I — D for both surfactants, and with N,N-dimethyl-
formamide, the least polar solvent, only D-phases formed. However, only C16PyBr
showed the sequence E — I — D with N-methylformamide and N-methylsydnone

[91,92].
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Considering solely the phase diagram, the main effect of exchanging water
for a more weakly polar solvent in these systems is to decrease their existence
regions. In addition to that, more subtle phenomena may occur in the nonaqueous
systems. It has been demonstrated that for alkylpyridinium chlorides and bromides
in glycerol and formamide, cubic phases can occur intermediate to the Li- and
E-phase region, where they are not stable in water [93].

E-, I-, and D-phases have been observed in the SDS—formamide system. In
other solvents, ethylene glycol, glycerol, N-methylformamide, only a D-phase is
formed at high surfactant concentrations with SDS [94].

Binary phase diagrams of the homologous series of potassium soaps (with alkyl
chain length C1,—C»7) and ethylene glycol, butylene glycol, or glycerol have been
determined [95]. Extensive structural investigations of the different phases using
x-ray diffraction have been performed [96].

The nonaqueous systems also form liquid crystals analogous to aqueous systems
in ternary systems with an added weakly hydrophilic component. SDS has been
extensively employed in studies of ternary and quaternary systems with glycerol or
formamide, a long-chain alcohol, and, sometimes, hydrocarbon [97-101]. In the
SDS—glycerol-decanol system the lamellar phase swells extensively, even more
so than in water [97]. While no liquid crystals form at room temperature in the
binary systems, a D-phase occurs when decanol is added.

Aerosol OT (sodium diethylhexylsulfosuccinate) is another extensively studied
ionic surfactant. This surfactant forms a lamellar and cubic phase with form-
amide [103] and glycerol [104], just as with water. With ethylene glycol and
N-methylformamide, no liquid crystals except the inverse hexagonal occur [103].

In contrast, for a solvent such as propylene glycol, which has a less polar
character, no liquid crystals are formed even for ionic surfactants with a reasonably
large hydrophobic moiety such as didodecyldimethylammonium bromide [105].

The formation of liquid crystals by nonionic surfactants of the polyethylene
glycol alkyl ether type, C;E;, has been much less considered. Phase diagrams of
Ci2E3, Ci2E4, Ci6E4, Ci6Es, and CigEg with formamide as solvent have been
determined [17]. No liquid crystals are stable for the C1;E; surfactants; however,
there is a clouding, a lower consolute temperature, in the C12E3 system [17]. The
Ci6E; series follow the same trend as the aqueous systems [107]: CigE4 gives
a D-phase, Ci6E¢ an E-phase, and CigEg an I-phase, most likely of the I; type.
As with ionic surfactants, the existence regions of the liquid crystalline phase are
smaller, and there are fewer phases present, comparing formamide with water as
solvent [17,107]. For C12Eg, the phase diagrams with glycerol, propylene glycol,
and propanol as solvents together with water show that no liquid crystalline phases
are stable at volume fractions of polar cosolvent above 0.5 [108].

More recently, investigations of the solution behavior of block copolymers
of the poly(ethylene oxide) (PEO)—poly(propylene oxide) (PPO) type have been
extended to nonaqueous, polar solvent systems. The block copolymer Pluronic
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P105 (EO37P0s3EO37) forms a variety of liquid crystalline phases (micellar cubic,
hexagonal, bicontinuous cubic, and lamellar phase with increasing polymer con-
centration) in formamide [109] (Figure 6.5). Investigations on the aggregation
behavior of Pluronic 105 in other solvents or solutes (ethanol, glycerol, propy-
lene glycol) show that the formation of liquid crystals is limited to formamide.
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FIG. 6.5 Binary phase diagrams of (a) Pluronic 105 (EO37POsgEO37)-water and
(b) Pluronic 105—-formamide. For notation, see Section V. (From Alexandridis, P., Macro-
molecules, 31, 6935, 1998; Ivanova, R., Lindman, B., and Alexandridis, P., Adv. Coll.
Interface Sci., 89-90, 351, 2001.)
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Some interesting features are found for the lattice parameters and aggregate
dimensions derived from SAXS for the liquid crystalline phases when gradually
exchanging water for another polar solvent. Cosolvents that are shown to have
a smaller effect on the lattice parameters (e.g., propylene glycol) will maintain
the microstructure and stability of the phase up to high cosolvent-to-water ratios
[110]. The block copolymers could be of particular practical relevance for different
applications, e.g., within the pharmaceutical area. This prompts investigations of
cosolvent—water systems that are acceptable in this context [110,111].

Monoglycerides form an inverse hexagonal phase with glycerol, as in water
[112]. Mixtures of triethanolamine and oleic acid form a nonaqueous lamellar
liquid crystal with a surfactant bilayer of soap and acid with intercalated ionized
and unionized alkanolamine as solvent [113,114]. Lamellar liquid crystals form
analogously with dodecylbenzenesulfonic acid and triethanolamine [115].

These and other systems reported to contain a nonaqueous liquid crystalline
phase are summarized in Table 6.2.

B. Microemulsions

The first reports on nonaqueous microemulsions, isotropic solutions containing
a hydrophilic and a lipophilic component, stabilized by a surfactant, were made
by Palit and McBain in 1946 [116] and by Winsor in 1948 [117]. They both used
glycols as polar solvents. The microemulsion regions were only observed visually
so no structural information could be obtained.

Three groups reported independently the observation of microemulsions with
nonaqueous polar solvents in 1984. The group of Lattes found microemulsions in
the C14TABr—formamide—cyclohexane system with butanol as cosurfactant [118—
120] while Friberg and Podzimek detected a narrow microemulsion region in
the lecithin—ethylene glycol-decane system [121] (Figure 6.6). The third group
investigated glycerol in heptane microemulsions, with AOT as surfactant [122],
using dynamic light scattering to study the aggregation.

Lattes and co-workers have investigated the C;4TABr—formamide—butanol sys-
tem with cyclohexane or isooctane as an oil component [118—120]. In both of these
systems, conductivity measurements with varying composition were interpreted
as indicative of percolation. When an x-ray scattering study was conducted on the
latter system, no discrete droplets could be detected. When increasing the hydro-
carbon volume of the surfactant by using didodecyldimethylammonium bromide
((C12)2DABr), microemulsions form without cosurfactant in formamide and in
ethylene glycol using dodecane and toluene as oil [102].

Fletcher et al. have investigated the glycerol-in-oil microemulsion stabilized by
C16TABr using a mixture of n-heptane and chloroform as oil with dynamic light
scattering, giving a hydrodynamic radius of reverse micellar aggregate, glycerol
droplets, and an area per surfactant head group [123].
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TABLE 6.2 Nonaqueous Lyotropic Liquid Crystalline Phases Reported in the Literature

Surfactant Solvent Additive Phases detected? Ref.
Lecithin EG D 73
Lecithin 1,3-Propanediol D 75
Lecithin 1,4-Butandiol D 75
Lecithin 1,5-Pentanediol D 75
Lecithin 1,6-Hexanediol D 75
Lecithin 1,7-Heptanediol D 75
Lecithin (EG);_4 D 79
Lecithin PEG D 79
Lecithin C2Ej D 81
Lecithin EAN D 82
Lecithin FA D,LLF 83
Lecithin MFA D,ILF 83
Lecithin DMF ILF 83
Lecithin EG Methanol D 80
Lecithin EG Decanol D 80
Lecithin EG Decane D 80
C16TABr FA E,ILD 84-87
C6TABr G E,I,D 86, 87
C1¢TABr EG E,ILD 86
C16TABr MFA D 91,92
C6TABr NMS D 91,92
C6TABr EG Decanol D 102
C16TACI FA LE. 91,92
C16TASOy4 EG E,D 86
C14TABr G E,ILD 86
C4TABr EG E,D 86
CooPyBr FA RN A 93
C1gPyBr FA R 93
Ci6PyCl FA LEL.. 91-93
C6PyCl G E,I,D 93
Ci6PyCl MFA E,ILD 91,92
Ci6PyCl DMF D 91,92
C6PyCl EG E,I,D 91,92
Ci6PyCl NMS E,ILD 91,92
SDS FA E,I,D 94
SDS FA Decanol D 97
SDS FA-H;0 Decanol D (E) 124
SDS FA Decanol + toluene D 97
SDS G D 94
SDS EG D 94
SDS MFA D 94
SDS G Decanol D 97
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TABLE 6.2 (Contd.)

Surfactant Solvent Additive Phases detected? Ref.
KCpo G E,D 95
KCig G E,ILD 95
KCig G E,D 95
KCiyg G E,ILD 95
KCi2 G E,D 95
KC»ro EG E,D 95
KCig EG E,ILD 95
KC»po BG D 95
KCig BG ILD 95
AOT FA D,LF 103
AOT G Decanol D... 104
AOT G Decane D... 104
AOT G p-Xylene D... 104
TEAOI TEA G, EG D 113,114
DBSA TEA G, EG, TEG D 115
Ci6E4 FA D 17
Ci6Ee6 FA E 17
CieEs FA LE 17

Note: For notation, see Section V.
@Ellipses indicate that the entire phase diagram has not been investigated.

Decane

Ethylene glycol Lecithin

FIG. 6.6 Phase diagram of the lecithin—ethylene glycol-decane system at 25°C, showing
a narrow microemulsion region. (From Friberg, S.E. and Podzimek, M., Colloid Polym.
Sci., 262,252, 1984.)
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Friberg and co-workers have studied a number of SDS-stabilized formamide
microemulsions using different hydrocarbons and cosurfactants [124—126]. The
system containing toluene and hexanol showed a microemulsion region but from
light scattering studies it was concluded to be a nonstructured solution [125].
However, when increasing the alkyl chain length of the alcohol to decanol two
isotropic solutions could be observed; the formamide solution gave no indication
of an organized structure, but in the decanol solution the results were interpreted
in terms of inverse micelles [126].

Ceglie and co-workers examined different microemulsions using SDS and
formamide but changing the oil to p-xylene and using alcohols of different alkyl
chain length, going from pentanol to octanol [37,127-129]. Both ternary and
quaternary systems were investigated with two different NMR techniques: self-
diffusion and frequency variable relaxation measurements. The self-diffusion
study gave no indications of any organized structures, but from relaxation mea-
surements a fraction of the SDS molecules was observed to aggregate into some
interfacial domains when octanol was used as cosurfactant. Solution regions were
observed with methylformamide and dimethylformamide as polar component and
octanol as cosurfactant, but the phases were found to be nonaggregated solutions
[37,127].

Another polar solvent that has been used in SDS-stabilized microemulsions
is glycerol. Hexanol or decanol have been used as cosurfactants and systems
both with and without oil have been studied. The ternary system with hexanol
as cosurfactant was examined with SANS and NMR self-diffusion measurements
by two different groups and both found the microemulsions to be structureless
solutions [130,131]. Similar behavior was found from a self-diffusion study of the
quaternary systems with p-xylene or decane as the oil component [131,132].

AOT-glycerol microemulsions have been carefully studied by two different
groups: that of Friberg and that of Robinson. The former group studied ternary
phase diagrams with decanol, decane, or p-xylene as the third component and
isotropic solution phases were detected in all systems [104]. The latter group
studied two other ternary systems with heptane or octane as the third compo-
nent [122,133]. Reverse micelles with glycerol were found in both systems using
dynamic light scattering for the heptane system and quasielastic neutron scattering
for the octane system. AOT microemulsions have been the subject for additional
investigations with formamide as polar solvent and isooctane or decane as an
oil component [134—137]. Light scattering and steady-state adsorption spectra of
the molecular probe Coumarin 343 were interpreted in terms of the formation of
reverse micelles not only in formamide but also in a variety of less polar solvents
such as methanol and acetonitrile [134]. The effects due to the molecular size of
the probe have also been considered [135], effects that will be of importance in
restricted systems [136].
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Nonaqueous microemulsions with nonionic surfactants have been studied.
The Ci2E4 surfactant was found to stabilize microemulsions of formamide and
dodecane [138]. The ternary phase diagrams were studied at different temperatures
and the solubilization of hydrocarbon was shown to be very temperature dependent
(Figure 6.7). It was also observed that the temperature intervals of the three-phase
regions are dependent on the hydrocarbon used; larger aliphatic hydrocarbons

Dodecane Dodecane

Formamide CqoEyg Formamide CqoEg
(a) (b)

Dodecane

Formamide C10Eg
(c)

FIG. 6.7 Phase diagrams of the CjpE4—formamide-dodecane system at (a) 30°C,
(b) 40°C, and (c) 50°C, showing the growth of the three-phase region where a solution
phase is formed at minimum surfactant concentration. (From Warnheim, T. and Sjéberg,
M., J. Colloid Interface Sci., 131, 402, 1989.)
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give three-phase regions at higher temperatures, observations completely analo-
gous to the corresponding aqueous systems. In a SANS study Schubert and Strey
[139] investigated the order/disorder transition in microemulsions of nonionic
surfactants, water—formamide mixtures, and oil. As the water content of the sys-
tems was decreased a more disordered microstructure was observed. However,
even with pure formamide as polar solvent, the existence of internal interfaces,
although uncorrelated, could be detected. Studies using NMR self-diffusion mea-
surements and SANS in microemulsions formed with Ci2Es—propylene glycol
and/or glycerol-alkane are interpreted in terms of droplet structures at low oil
contents which through a percolation form an oil continuous structure [140].

As a brief conclusion it can be noted that many nonaqueous microemulsions
reported do not seem to contain an organized structure, being simply molecular
solutions. Since the degree of organization already in many aqueous microemul-
sion is low, in particular for quaternary systems containing ionic surfactant and
cosurfactant, this is not really surprising.

IV. CONCLUDING REMARKS

Evidently, the mapping of surfactant aggregation in nonaqueous polar solvents has
grown to be very extensive, and investigations of many different combinations of
surfactants and solvents are available in the literature. Furthermore, a wide range
of experimental techniques have been used. The results from different studies are
quite consistent and most of the authors agree on some basic trends.

Qualitatively, the general aggregation behavior is similar to water. That is,
surfactant aggregation in the form of micelles, liquid crystals, or microemulsions
is possible in polar solvents other than water. However, the Krafft temperatures of
ionic surfactants and c.m.c. values are higher and the aggregation numbers of the
micelles are lower in these nonaqueous solvents. The existence regions for liquid
crystal phases in nonaqueous solvents are reduced and the phase diagrams are less
complex than in water. Also, the microemulsions formed in nonaqueous solvents
have often a more disordered microstructure than in water. It is tempting, in a
qualitative manner, to ascribe these differences to the less extensive solvophobic
interaction in the polar solvents used compared to water.

There are other ways of expressing and discussing this solvophobic interac-
tion than, for example, comparing the interfacial tensions between solvent and
hydrocarbon as in Table 6.1. The nonaqueous solvents that have been reported
to promote aggregation of surfactant molecules have one property in common:
they all have high cohesive energy. That is, the net attractive interactions between
the solvent molecules are strong. Hildebrand e al. [141] have derived a cohesive
energy parameter from the heat of vaporization of the solvent. Another measure of
the cohesive energy is the Gordon parameter [142], /V'/3 (y = surface tension,
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V = molar volume). This parameter has the advantage that it can be used for both
liquids and fused salts.

Different authors [15,143] have tried to determine a limiting value for the
cohesive energy of the solvent above which a certain solvent should be able to
promote surfactant aggregation. However, it is curiously often overlooked that the
hydrophobicity of the surfactant must also be taken into account in this context.
A surfactant with a long hydrocarbon chain or a fluorinated hydrocarbon chain
will be able to aggregate in solvents where a less hydrophobic surfactant will
remain in monomeric form, just as in water.

V. NOTATION

AQT Aerosol OT (sodium diethylhexylsulfosuccinate)
(C12)2DAB  Didodecyldimethylammonium bromide
CiE; Nonionic surfactant of the polyethylene glycol alkyl ether type;

the alkyl chain contains i carbon atoms and the polar group j
ethylene glycol units

c.m.c. Critical micelle concentration

CNH;Br Cationic surfactant of the alkylammonium bromide type; the alkyl
chain contains x carbon atoms

C,PyBr Cationic surfactant of the alkylpyridinium bromide type; the alkyl
chain contains x carbon atoms
C,TABr Cationic surfactant of the alkyltrimethylammonium bromide type;

the alkyl chain contains x carbon atoms
C,TASOq4 Cationic surfactant of the alkyltrimethylammonium sulfate type;
the alkyl chain contains x carbon atoms

CTbPB Cetyltributylphosphonium bromide

D Lyotropic liquid crystalline phase with lamellar structure

DBSA Dodecylbenzene sulfonic acid

DMF N,N-dimethylformamide

DMSO Dimethylsulfoxide

E Lyotropic liquid crystalline phase with hexagonal structure

EAN Ethylammonium nitrate

EG Ethylene glycol

EO Ethylene oxide

F Lyotropic liquid crystalline phase with reverse hexagonal structure
FA Formamide

G Glycerol

H Lyotropic liquid crystalline phase with hexagonal structure (cf. E)
I Isotropic liquid crystalline phase (used for structures with discrete

aggregates) (cf. V)
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KC, Potassium soap with x carbon atoms in the alkyl chain

Ly Lyotropic liquid crystalline phase lamella structure (cf. D)

MFA N-methylformamide

NaOl Sodium oleate

NMS N-methylsydnone

PEG Polyethylene glycol

PG Propylene glycol

PGSE NMR  Pulsed gradient spin echo NMR for self-diffusion measurements
PO Propylene oxide

SANS Small-angle neutron scattering

SAXS Small-angle x-ray scattering

SDS Sodium dodecyl sulfate

TEA Triethanolamine

TEAOI Triethanolammonium oleate

TEG Triethylene glycol

A% Isotropic liquid crystalline phase (used for bicontinuous structures)
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. INTRODUCTION

Light-duty liquid detergents (LDLDs) are mixtures of surfactants dispersed in
water and, as opposed to heavy-duty liquid detergents (HDLDs), are free of
builders or alkaline inorganics. They are used primarily for hand washing of dishes,
glasses, pots and pans, and other cooking and serving utensils. They are also used
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for washing hands, cleaning kitchen countertops, cutting boards, stove surfaces,
and less often for washing delicate fabrics and general household cleaning.

Consumers expect LDLDs to clean, foam, and be mild to their hands. In addi-
tion, many consumers have come to want long-lasting foam, pleasing appearance
and fragrance, ease of rinsing, safety for dishes, consumers, and the environment,
convenient packaging and ease of dispensing, and good value. In the developed
markets, LDLDs are now more and more concentrated, some are antibacterial for
those concerned about family health, and some are more experiential. With the
introduction of these “ultras,” antibacterial, and sensorial variants of LDLDs in the
1990s, the face of the hand dishwashing liquid market in the developed markets
has changed significantly. In the developing markets, LDLDs are in general more
dilute with lower active levels and generally do not have the added benefits (such
as antibacterial ability or the “aromatherapy” experience). However, the funda-
mental consumer need is still a dishwashing liquid that cleans fast, is convenient
to use, and is not too expensive.

The LDLD market is worth over $900 million in the U.S. [1]. In a recent Habits
and Practices study [2] conducted by Colgate-Palmolive in the U.S., it was found
that an average household has on average 6.8 main meals per week. An LDLD is
used to some extent after 94% of these meals. This is despite the fact that 60%
of households have an automatic dishwasher (which is the highest incidence of
these appliances in homes in the world). Even with the popularity of automatic
dishwashers, a great deal of dishwashing is still performed manually; in particular
the toughest to clean items are mostly washed by hand rather than in a dishwasher
(86% vs. 16%).

The literature specifically devoted to the discussion of LDLDs is limited [3—11].
The advances in technology in this area are primarily documented in patents.

This chapter attempts to provide a thorough review of all aspects of LDLDs,
including discussions on typical compositions and ingredients, the hand dishwash-
ing process and the chemistry involved, test methods and performance evaluations,
formulation technology, and new products and future trends. The LDLD chapter
from the first edition [11] has been updated and sections rewritten to reflect the
recent advances in technology and new products and future trends in the markets.

Il. TYPICAL COMPOSITION AND INGREDIENTS
A. Typical Composition

LDLDs consist of a mixture of ingredients designed to provide cleaning, foam-
ing, solubilization, preservation, fragrance, color, and in some cases antibacterial
action. A typical light-duty liquid composition is detailed in Table 7.1.
Surfactants are the main active ingredients in an LDLD formulation and
usually make up the bulk of the solids. Surfactants are surface-active agents and
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TABLE 7.1 Typical Light-Duty Liquid Composition

Ingredient Content (%) Purpose
Surfactants 1-50 Cleaning, foaming

Hydrotrope 0-10 Phase stability, solubility

Salts <3 Viscosity control

Preservative <0.1 Micro stability

Fragrance 0.1-1 Aesthetics

Dye <0.1 Aesthetics

Other Additives  0-3 Chelant, antibacterial agent, enzymes,

divalent ions, UV stabilizer
Water Balance

TABLE 7.2 Typical Physical and Chemical
Characteristics of Light-Duty Liquid Detergents

Characteristic Typical value
Viscosity, cP 100-500
pH 5-8
Cloud point, °C <5
Clear point, °C <10
Solids level, % 10-50
Specific gravity 1.0-1.1

their function is to penetrate and loosen soil, enhance water absorption and wet-
ting of surfaces, suspend, disperse, and emulsify soil in water, and generate and
stabilize foam.

Typical physical characteristics of LDLDs are summarized in Table 7.2. They
are generally slightly viscous, Newtonian fluids with viscosities in the range 100
to 500 cP. The pH has always typically been near neutral (pH = 5 to 7) to match
the natural pH range of the skin. Very recently more extremes in product pH have
come onto the market with the relaunch of some of Procter & Gamble’s products
in the U.S. (pH = 8 to 8.5) and new antibacterial products by Colgate-Palmolive
in Europe (pH = 3.5). LDLDs are usually between 10 and 50% solids in water.

B. Ingredients
1. Surfactants

The primary cleaning ingredients in hand dishwashing liquids are surfactants.
Surfactants are also responsible for providing the foaming, which is an important
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sensory indicator of efficacy for consumers. Another factor that is important to the
consumer is mildness to the skin, as hand dishwashing is one cleaning task in which
the hands are exposed to the cleaning solution for an extended time. Surfactants,
since they are present in the formula in the largest amount, contribute the most
to the irritation or lack of irritation of a product. The type of surfactants typically
used in LDLDs are anionics and to a lesser degree nonionics and amphoterics.
Cationics have not been used historically because of their lesser cleaning ability
and incompatibility with anionic surfactants. Table 7.3 summarizes some of the
surfactants and their structures falling into these three classes (anionic, nonionic,
and amphoteric) that are found in LDLDs.

Anionic surfactants have been used predominantly because of their availability,
good cleaning properties, excellent foaming properties, and low cost [12]. The
anionics that have been most widely used either have a sulfonate (SO5’) or sulfate
(OSO3’) head group. Some common sulfonates are linear alkylbenzene sulfonate
(LAS), a-olefin sulfonate (AOS), and paraffin sulfonate (PS, also referred to as
secondary alkane sulfonate, SAS). Some typical sulfates are alkyl sulfate (e.g.,
sodium lauryl sulfate, SLS) and alkylethoxy sulfate (AEOS or more specifically
sodium lauryl ethoxy sulfate, SLES), which differ only by the number of moles of
ethylene oxide groups. Another anionic surfactant used on a limited scale is alpha
sulfomethyl ester (ASME). In general, ASMEs have excellent detergency and are
potential substitutes for LAS [13]. In the U.S. (and much of the rest of the world)
LAS and AEOS are the most commonly used anionics, while in Europe PS is the
major anionic used.

Nonionic surfactants have been used to a lesser extent because of their lower
foaming performance and higher cost [14]. However, when used in combination
with anionic surfactants they provide benefits to the overall formulation, such as
mildness, improved wetting, foam boosting, and foam stabilization. Some nonion-
ics that are found in LDLDs are ethoxylated alcohols, in particular 11-carbon chains
with 9 moles of ethoxylation (e.g., Neodol 1-9 from Shell). Surfactants derived
from sugar, such as alkylpolyglycosides (APG) [15] and fatty acid glucamides
[16], are also used in many hand dishwashing formulations.

Another important class of nonionics are amine oxides, such as DMDAO
(dimethyldodecyl amine oxide) and CAPAO (cocoamidopropyldimethyl amine
oxide). This type of surfactant is nonionic at pH values above its pK,; and
cationic below that point. When functioning as a nonionic, amine oxides have
many useful properties. They interact strongly with anionics which can result
in performance benefits [17]. Amine oxides help to mitigate anionic surfac-
tant irritation, act as foam stabilizers, and can also function to improve grease
removal.

Amphoteric surfactants, in particular betaines, especially cocoamidopropyl
betaine, typically provide synergistic benefits with anionic surfactants [18]. Similar
to the benefits of amine oxides, they have been found to mitigate the inherent
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TABLE 7.3 Surfactants Commonly Used in Light-Duty Liquid Detergents

Chemical description Chemical structure

Anionic surfactants
Alkylbenzene sulfonate

R SOzNa*
Paraffin sulfonate CH3(CHg)yy —CH ——SsO3Na*
(CH,),,CH3
a-Olefin sulfonate R-CHp-CH=CH-H,-SO5 Nat
Alkyl sulfate R-0SO5 Na™
Alkylethoxy sulfate R—(OCH,CH;),-0S03 Na™t
Alpha sulfomethyl ester 10)
|

CI_ OCHj
R—CH——50;Na*

Nonionic surfactants

Alcohol ethoxylate R(OCH,CHj),OH
Alkylpolyglycoside CH,OH
HO °
HO OH OR

n

Fatty acid glucamide

R —C — NHCH,CH,0H

Amine oxide

CH4
R—N——>=O0
CHgy
Ampbhoteric surfactants
Cocoamidopropyl betaine CHq

RCONH(CH,)3 —N* —— CH,CO0~

CHj

© 2006 by Taylor & Francis Group, LLC



176 Gambogi, Arvanitidou, and Lai

irritation of anionics, boost foaming and foam stability, and enhance grease
removal. Taking proper advantage of positive surfactant interactions allows for
the use of overall less total surfactant for similar performance benefits.

Surfactant suppliers [19] are concentrating their research on improving the
cost/performance attributes of the surfactants. Their efforts have been and are
focused on:

* The ability to remove and emulsify the suspended soil.

* Foaming and foam stability in the presence of soils.

* Solubility in the aqueous phase.

* The ability to coexist with other ingredients under extreme conditions as
well as at room temperature.

* A good environmental profile.

2. Foam Stabilizers

Foam is an important visual signal for LDLDs. While there is no direct correlation
between foam and cleaning, consumers in general use foam volume and foam
persistence to judge the performance of an LDLD. There is a wide variety of
stabilizers for foam [20]. Among the most commonly used in LDLDs are the
following:

¢ Fatty alkanol amides, such as LMMEA (lauric/myristic monoethanol
amide), LMDEA (lauric/myristic diethanol amide), CDEA (cocodiethanol
amide), and CMEA (cocomonoethanol amide). (Although recently there
have been negative reports about DEA, diethanol amides [21].)

* Amine oxides, such as DMDAO (dimethyldodecyl amine oxide) and
DMMAO (dimethylmyristyl amine oxide).

Details of fatty alkanol amides and amine oxides commonly used as foam
stabilizers in LDLDs can be found in the literature [22].

3. Hydrotropes

Hydrotropes are often added to an LDLD to help solubilize certain surfactants
or other materials that are not easily soluble in water to ensure the stability of
the formulation. The fundamental properties of hydrotropes and their hydrotropic
action in liquid detergents are discussed in Chapter 2. The addition of a hydrotrope
affects the formula viscosity and cloud/clear points.

The hydrotropes most widely used in LDLDs are sodium xylene sulfonate
(§XS), sodium cumene sulfonate (SCS), sodium toluene sulfonate (STS), urea,
and ethanol, as shown in Table 7.4. SXS, SCS, and ethanol are the most often
used hydrotropes in LDLDs since they are nearly odorless and colorless. Urea is
an effective and cheap hydrotrope; however, it has been found to raise the pH
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TABLE 7.4 Hydrotropes Commonly Used in Light-Duty Liquid Detergents

Hydrotrope Chemical structure

Sodium xylene sulfonate (SXS) CHj

HaC SOzNa*

Sodium toluene sulfonate (STS)
CH4 SO3Na*

Sodium cumene sulfonate (SCS)  HzC

Urea O

Ethanol CH;CH,0H

of a formulation upon aging, which could potentially result in an ammonia odor.
Urea is also a good nutrient for bacteria. With proper attention toward pH and
preservation, urea can be utilized. Other molecules used as hydrotropes include
isopropanol, propylene glycol, and polyethylene glycol ethers.

4. Minor Ingredients

Many minor ingredients are added at the level of less than 1% and mainly to affect
product aesthetics. Examples of these include fragrances, dyes, preservatives,
chelators, viscosity modifiers, and pH modifiers. The fragrance and color of an
LDLD are of critical importance to its success. The selection of these, together
with packaging, creates the image for the product.

Preservatives are often needed to prevent microbial and fungal growth in
LDLDs. Preservatives commonly used are formaldehyde, gluteraldehyde, benzoic
acid, Kathon®, Dowicil®, Bronopol®, various esters of hydroxybenzoic acid, and
others.

Chelants are used to ensure that no precipitation occurs on aging. The most
common problem is iron, which is introduced as an impurity from surfactants
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and salts. The chelants most commonly used are EDTA, HEDTA, citrate salts, and
disodium diethylene pentaacetate.

Viscosity modifiers are used to achieve the desired product viscosity. These
include alcohols, salts, polymers, and hydrotropes. Viscosity adjustment with
polymers, particularly in the high surfactant concentrations of “ultra” LDLD for-
mulations, can be challenging. Acids, such as citric or sulfuric acids, or bases,
such as hydroxide, are also added to bring the product pH to the desired level.

In certain products, specialty ingredients are also added for extra benefits, spe-
cific aesthetic effects, or for marketing claims. Some examples of these ingredients
include antibacterial agents, enzymes, protein, lemon juice, opacifier, abrasives,
polymers, bleach, and aloe. Antibacterial agents, such as triclosan, are popular
in U.S. hand dishwashing liquids and provide a benefit to consumers of killing
germs on hands. Recently, Procter & Gamble has introduced enzymes into two of
its hand dishwashing liquids for cleaning or skin conditioning benefits. Polymers
have been added to LDLDs in order to improve foaming, or grease release, or to
enhance mildness.

Ill. HAND DISHWASHING
A. Variables
1. Mechanical Action

Mechanical action is very important in hand dishwashing. When people wash
dishes they actively rub the surface. This mixes the surfactants with the soils and
accelerates the cleaning. It also physically removes the soil.

The amount of mechanical action used in hand dishwashing is extremely vari-
able and hard to quantify. This is typified by the large number of dishwashing
performance tests that are used (see Section IV). Consumers may soak items that
are difficult to clean in a low mechanical action environment. Under these condi-
tions, surface chemistry is very important. Consumers may also scrub vigorously
directly on the soiled area, break up the soil particles, and suspend them. At this
point interfacial processes become important again. All individuals have their own
techniques. Individuals vary the amount of effort they use depending on the type
and distribution of the soil on the item. However, they usually do not use enough
sustained mechanical action to make a stable oil-in-water emulsion.

Much of the cleaning occurs from water, heat, and mechanical action alone,
as is true in automatic dishwashing machines. Large food particles, sugars, many
starches, and some protein soils are readily removed by rinsing or soaking with
plain hot water. However, some food soils, such as baked-on starches or poly-
merized fats, are extremely resistant. These require vigorous, direct mechanical
action. In some cases vigorous chemical action is used, as in oven cleaners, but
this mechanism is not within the scope of typical LDLDs.
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2. Washing Methods

Dishwashing methods are extremely diverse and vary greatly according to
geography, local tradition, and individual person, lifestyle, and diet.

Neat dishwashing. Neat dishwashing refers to the practice of placing the dish-
washing liquid directly on the item to be washed or directly on the washing tool
(sponge, brush, rag, etc.). The item is usually rinsed first. In neat dishwashing the
surfactant concentration ranges from a few percent to 30% or more, depending on
the active ingredient level of the product. In developed countries neat dishwash-
ing is used when there are only a few dishes to wash or when one particular item
is especially soiled. Neat dishwashing is also a common habit in places such as
Brazil, India, and Japan [23].

Dilute methods. Dilute dishwashing is the widely used practice of filling a tub,
sink, or pot with water and adding the dishwashing liquid (1 to 10 g) to make
a solution [24]. The dishes are either submerged in the solution all at once or
submerged one at a time and then washed. Typical surfactant concentrations range
from 0.06 to 0.2% for U.S. consumers (using an “ultra” concentrated product) and
from 0.06 to 0.3% for European consumers. The sinks range in size from 5 to
20 liters [25].

Soaking. The soaking method is used for hard-to-clean, baked-on grease and
soils. One or two squirts of the product are added directly to the cookware, which
is filled with hot water and left to soak for a period of time. After soaking, the
items are cleaned with much less effort since the soils have been loosened. Typical
soak concentrations are 0.2 to 0.5%, temperatures are usually those of domestic
hot water supplies (40 to 50°C), and time is 10 to 15 minutes.

Dip and dab methods. The dip and dab method consists of adding product (10
to 100 g) to a small bowl and filling the bowl with water. The soiled item is then
washed with this solution, but not submerged as in the dilute method. The dip and
dab method generally has much higher concentrations (1 to 3%) than the dilute
method and is generally only used in developing countries.

Rinsing. Once items are washed, they are generally rinsed with clean water.
This is especially important when higher concentrations of dishwashing liquid are
used. Some consumers in German-speaking countries do not rinse. They scrape the
plates thoroughly so there is a minimum soil load, wash in very dilute solutions,
and dry with a towel.

3. Soils

Many food soils are encountered in hand dishwashing, such as grease, carbo-
hydrate, protein, dairy, and mixed soils. Baked-on soil requires more vigorous
treatment, either mechanical or chemical [26]. The type of oily soil is almost
exclusively triglycerides. The hydrocarbon chains in food triglycerides are
predominantly C12 to C16, although higher and lower chains are also present.
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When heated by cooking these fats and oils can undergo significant chemical
changes due to oxidation and polymerization.

4. Surfaces

In dishwashing, one must consider soil and surfactant adsorption to both polar and
nonpolar surfaces. Metals (aluminum, stainless steel, carbon steel, cast iron, silver,
and tin), siliceous surfaces (china, glass, and pottery), and organics (polyethy-
lene, polypropylene, polyethylene terephthalate (PET), polytetrafluoroethylene
(PTFE), and wood) present a wide variety of surface characteristics. They span the
range of high interfacial free energy (metals and many ceramics) to low interfacial
free energy (hydrocarbon polymers) surfaces [27,28].

5. Water Temperature and Hardness

The water temperature used in hand dishwashing is highly variable and depends
on the climate and the availability of hot water. In tropical places the ambient
temperature of water is 30 to 37°C. Many edible fats are at least partly liquefied at
this temperature. In some temperate zones the water can be close to 0°C, depend-
ing on its source and time of year. A source of hot water is essential under these
conditions. A typical wash temperature is usually between 32 and 43°C. The max-
imum wash temperature is about 50°C due to the previously mentioned exposure
of the consumer’s skin during the washing process. Above this temperature the
water becomes dangerously hot. Hotter water is used for tough jobs, but the items
are left to soak and are not handled, unless perhaps gloves are used. Raising the
washing temperature can markedly increase the amount of cleaning [29].

The amount of hardness ions in the water can vary greatly according to geo-
graphic location. Typical values in the U.S. are around 50 ppm (soft water) to 300
ppm (hard water). Water hardness can be beneficial or detrimental to performance,
depending on the application and the product composition. In hand dishwashing,
water hardness generally increases the efficacy of LDLDs. High water hardness
increases grease removal and increases the number of items washed with a given
amount of surfactant. Water hardness has a variable effect on foam depending on
the range of hardness and the anionic or nonionic nature of the surfactants. Hard
water can also increase the likelihood of spotting on articles when they are left to
air dry.

B. Mechanisms of Performance and Relevant
Physical and Chemical Properties
1. Cleaning Mechanisms

The three main mechanisms for soil removal from hard surfaces are chemical,
mechanical, and detergent action [30]. Cleaning of dishes by hand is accomplished
primarily by mechanical action, warm water, and the detergent. The role of the
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LDLD, through the use of surfactants, is to provide the detergency. Different
surfactant physicochemical processes are relevant depending on whether the soil
is a liquid or a solid.

Liquid soil is usually removed by roll-up, emulsification, direct solubilization,
and possibly formation of microemulsion or liquid crystalline phases. The oil
emulsification capability of the surfactant solution and the oil-water interfacial
tension are relevant physicochemical parameters.

The first mechanism of cleaning hard surfaces is the roll-up of liquid soils or
soils that have been liquefied by heat or surfactant penetration [31]. The mech-
anism involves successive steps. The first step is the wetting step in which the
washing solution adsorbs on the grease and the substrate. The interfacial tensions
of the grease—water and substrate—water interfaces are reduced to the same range
as that of the substrate—grease interface. At this point, convection or mild mechan-
ical agitation can be enough to detach the grease droplet from the surface. If the
substrate—grease interfacial tension remains lower than the substrate—water ten-
sion, then all the grease cannot be removed. A portion is removed, however, and
the remainder can be emulsified or solubilized.

Above the critical micelle concentration (CMC), surfactant molecules aggregate
into structures called micelles. The hydrophobic portion of the surfactant molecule
occupies the core of the aggregate and the hydrophilic head groups point toward
the water phase. Solubilization is the spontaneous dissolving of grease in the
hydrophobic core of the micelles. This results in swollen micelles, the size of
which is still well below the wavelength of light, resulting in transparent systems.
Swollen micellar systems are thermodynamically stable and can be considered
oil-in-water microemulsions. The extent to which the LDLD can solubilize oily
soil depends on the chemical structure of the surfactants, its use concentration,
and the temperature. High concentrations of surfactants can accommodate much
larger amounts of oil.

When insufficient surfactant is present to solubilize all of the oily soil, the
remainder can be suspended in the bath by emulsification. An emulsion is a ther-
modynamically unstable suspension of liquid particles in a second liquid phase.
Emulsion particles are much larger than micelles, about 500 nm or greater. The
fact that emulsions are not thermodynamically stable is irrelevant since the dirty
suspension is drained down the sink and the dishes are rinsed.

A recent review [32] describes several cases in which the maximum soil
removal occurs when the soil is incorporated into an intermediate phase, such
as a microemulsion or lamellar liquid crystals. These intermediate phases form at
the interface between the soil and the washing bath. The phases grow up to a point
and then, as a result of agitation, break off into the bath, where they are emulsified
into the aqueous solution.

Solid inorganic soils, such as dust particles, are removed through a wetting and
suspension mechanism. Solid organic soils, such as greases, are broken up and
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suspended in the bath by the LDLD. Penetration into the solid grease can cause
it to swell and liquify. The relevant physicochemical processes are wetting and
adhesion tension. The first step in cleaning hard surfaces is the adsorption of the
surfactants at the soil interface. The cleaning solution first must effectively wet the
surface. Wetting involves the interaction of a liquid with a solid. For dishwashing,
it is usually the spreading of a liquid over a surface. Wettability can be measured
by the contact angle (6), which is the angle that the liquid makes when it is in
equilibrium with the other phases in contact with it. A low contact angle means
high wettability and a high contact angle means poor wettability.

The work required to separate a unit area of liquid from a solid is called
the work of adhesion. Adhesion tension is found from the product of surface
tension and the cosine of the contact angle made by a drop of surfactant solu-
tion on a solid surface. Adhesion tension measurements have been conducted
at a model grease surface—water interface and used to design superior consumer
products [33]. Nonionic surfactants are useful in solid grease removal because
they are efficient at covering the grease substrate and reducing the interfacial
tension even at very low surfactant concentrations. Anionic surfactants are nec-
essary, however, to disperse and emulsify the soil. I