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Description of the picture on the front cover

The pictures are described clockwise beginning at the top side.

Position: Top right side
Pearls of water gliding on a hydrophobic surface.

Position: Middle of right side
“The Lady in White” as a symbol for the brand Persil� as it was created by the Berlin
artist Kurt Heiligenstaedt in 1922.

Position: Bottom right side
Cotton woven textile in plain weave seen through a microscope.

Position: Bottom in the middle
Behavior of surfactants in water (schematic drawing).
Demonstrated is the equilibrium between surfactants forming a layer on the water
surface, dissolved surfactants in the water phase (left) and a micelle (right).

Position: Middle of left side
Spray drying tower for the production of detergents in powder form.

Position: Top left side
Front door and porthole of a typical European drum-type washing machine.

Position: Centre
Direction and magnitude of power vectors of water molecules depending on their
location either at the interface water/air or dissolved in the water bulk phase.
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1. Historical Review
The symbol used by the ancient Egyptians to represent a launderer was a pair of legs

immersed in water. This choice was logical, because at that time the standard way to
wash clothes was to tread on them. The “fullones” of ancient Rome earned their bread,
too, by washing clothes with their feet. The washing process then was very simple:
laundry of every kind was subjected to purely mechanical treatment consisting of
beating, treading, rubbing, and similar procedures. It has long been known, however,
that the washing power of water can be increased in various ways. Rainwater, for
example, was found to be more suitable for washing than well water. Hot water also
was found to have more washing power than cold, and certain additives seemed to
improve any water's effectiveness.
Even the ancient Egyptians used soda ash as a wash additive. This was later

supplemented with sodium silicate to make the water softer. These two substances
also formed the basis for the first commercial detergent brand to appear on the
German market, Henkel's “Bleichsoda”, introduced in 1878. Its water-softening effect
was a result of the precipitation of calcium and magnesium ions, and it simultaneously
eliminated iron salts, which had a tendency to turn laundry yellow. Used along with
soap, which had also been known since antiquity, this product prevented the formation
of inactive material known as “lime soaps”, and the laundry no longer suffered from a
buildup of insoluble soap residues.

Soap is the oldest of the surfactants. It was known to the Sumerians by ca. 2500 b.c.,
although the Gauls were long credited with its discovery. For more than 3000 years,
soap was regarded strictly as a cosmetic— in particular a hair pomade—and as a
remedy. Only in the last 1000 years has it come to be used as a general purpose washing
and laundering agent. Soap remained a luxury until practical means were discovered
for producing soda ash required for saponification of fats. With the beginning of the
20th century and the introduction in Germany of the first self-acting laundry detergent
(Persil, 1907), soap took its place as one ingredient in multicomponent systems for the
routine washing of textiles. In these, soap was combined with so-called builders, usually
sodium carbonate, sodium silicate, and sodium perborate. The new detergents were
capable of sparing people the weather-dependent drudgery of bleaching their clothes on
the lawn, and the enhanced performance of these new agents substantially reduced the
work entailed in doing laundry by hand.
The next important development was the transition brought about by technology

from the highly labor-intensive manual way of doing laundry to machine washing. This
change in turn led to a need for appropriate changes in the formulation of laundry
detergents. Soap, notorious for its sensitivity to water hardness, was gradually replaced
by so-called synthetic surfactants with their more favorable characteristics. The term
“synthetic surfactants” is erroneous when used to distinguish from soap, which itself is
made through synthesis as well. The first practical substitutes for soap were fatty
alcohol sulfates, discovered in Germany by Bertsch and coworkers in 1928 [1]. The
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availability of synthetic alkyl sulfates based on natural fats and oils made possible the
first neutral detergent for delicate fabrics: Fewa, introduced in Germany in 1932. This
was followed in 1933 on the U.S. market by Dreft, a similarly conceived product. Fatty
alcohol sulfates and their derivatives (alkyl ether sulfates, obtained by treating fatty
alcohols with ethylene oxide and subsequent sulfation) still retain their importance in
many applications, particularly in heavy-duty detergents, specialty detergents, dish-
washing agents, cosmetics, and toiletries. The general acceptance worldwide of syn-
thetic surfactants, with their reduced sensitivity to water hardness relative to soap, is a
development of the 1940s. Procter & Gamble introduced the synthetic detergent Tide in
the USA in 1946. By the 1950s the widespread availability of tetrapropylenebenzene-
sulfonate (TPS), a product of the petrochemical industry, had largely displaced soap as
the key surfactant from the detergent market in the industrialized nations. The only
remaining role of soap in the industrialized countries became that of a foam regulator.
The favorable economics associated with TPS, along with its desirable properties,
caused this branched-chain synthetic surfactant to capture ca. 65 % of the total synthetic
surfactant demand in the Western world in the late 1950s.
However, a new criterion soon appeared for surfactants, a criterion that had long

been ignored: the biodegradability of the products. As a result of several unusually dry
summers in Germany, especially that of 1959, water flow in many streams and rivers
was severely restricted. Great masses of stable foam began to build up in the vicinity of
weirs, locks, and other constructions in waterways. These were caused by insufficiently
biodegraded TPS and nonylphenol ethoxylates, another class of surfactants that had
been introduced at that time. The discovery that many surfactants could emerge
unchanged even from a modern sewage treatment plant and thus enter surface waters
led to adoption of the first German Detergent Law in 1961 [2], whose provisions took
effect in 1964 [3]. Manufacturers were subsequently enjoined from marketing any
detergents or cleansing agents whose biodegradability fell below 80 % in a test devised
by the Detergent Commission. Initially only anionic surfactants were affected, but these
were later joined by nonionic surfactants. The German precedent was soon followed by
the enactment of similar legislation in such countries as France, Italy, and Japan. In the
UK and the USA, the transition to biodegradable surfactants occurred as a result of
voluntary agreements between industry and government.

For a long time branched alkylbenzenesulfonates and nonylphenol ethoxylates have
been replaced in most countries by the much more rapidly and effectively degradable
linear alkylbenzenesulfonates and long-chain alcohol ethoxylates.
Another important step in the development of laundry detergents was replacement

of builders such as sodium carbonate by complexing agents. The first complexing
agents that were used were of the sodium diphosphate type, but these were replaced
after World War II by the more effective sodium triphosphate. Inorganic ion exchangers
such as zeolite A have meanwhile replaced sodium triphosphate in many countries,
particularly in those where phosphate legislation has been enacted. Table 1 summarizes
the performance characteristics of detergents containing various builders and
surfactants [4].
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The last decades also saw the introduction of other ingredients for improving
detergency performance, and their presence in formulations has been state of the
art for modern laundry detergents. Key ingredients among these are the following:

Ion exchangers (zeolites)
Soil antiredeposition agents
Enzymes
Fluorescent whitening agents
Foam regulators
Bleach activators
Soil repellents
Polycarboxylate cobuilders

Table 2 shows highlights of the historical development of detergent ingredients and
detergents with concurrent developments in textile fibers and washing machines.
Comparison of the changes clarifies how closely the various participants in the washing
process are tied to one another. The laundry occupies the center of the stage, and it has
consistently kept pace both with detergents and with available washing processes and
machines, at least to the extent that the newly developed textiles have been found to
have value and market appeal. Thus, close cooperation between all manufacturers
involved has become essential for the development of more and more optimized
washing processes.

Table 1. Properties of detergents based on different surfactants and builders

Detergent Single wash Soil antirede- Deposition on Yellowing and
cycle perform-
ance

position
capability

fabrics and
washing machines

bad odor

Soap – sodium carbonate –
sodium silicate poor poor very heavy heavy

Synthetic nonionic surfactants –
sodium carbonate – sodium silicate fair to good fair heavy none

Synthetic surfactants –
sodium diphosphate good fair to good heavy none

Synthetic surfactants –
sodium triphosphate good good weak none

Synthetic surfactants –
sodium triphosphate – zeolite 4 A good good weak none

Synthetic surfactants – zeolite 4 A –
polycarboxylates – sodium
carbonate

good good weak none
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Table 2. Development of detergent ingredients, detergents, textile fibers, and washing equipment from 1876 to 2000

Year Detergent ingredients Detergents Textile fibers Washing equipment

1876 sodium silicate cotton boiler
soap linen
starch wool

1878 sodium carbonate prewashing product and
sodium silicate laundry softener

(Henko, Henkel, Germany)
1890 cupro
1907 soap heavy-duty detergent rayon wooden vat machine

sodium carbonate (Persil, Henkel, Germany) acetate silk
sodium perborate
sodium silicate

1913 proteases prewashing product
(pancreatic enzymes) (Burnus, R�hm & Haas, Ger-

many)
1920 viscose staple fiber metal tub agitator

washing machine
1932/33 synthetic surfactants specialty detergent

(fatty alcohol sulfates) (Fewa, Henkel, Germany;
Dreft, P & G, USA)

1933 sodium diphosphate heavy-duty detergent
magnesium silicate (Persil, Henkel, Germany)

1940 alkylsulfonates (Merso-
lat)

heavy-duty detergent automatic agitator

antiredeposition agents (Henkel, Unilever, Germany) washing machine
(CMCa) (Blackstone, USA)

1946 fatty alcohol sulfates heavy-duty detergent polyamide automatic drum-type
alkylbenzenesulfonates (Tide, P & G, USA) machine (Bendix,

USA)
sodium triphosphate

1948 nonionic surfactants heavy-duty detergent
(All, Monsanto, USA)

1949 fluorescent whitening rinsing additive
agents (Sil, Henkel, Germany)
(optical brighteners)

1950 fragrances heavy-duty detergent
(Dial, Armour Dial, USA)

cationic surfactants fabric softener
(CPC International, USA)

1954 anionic – nonionic polyacrylonitrile semiautomatic drum-
combinations type machine (wash-

ing
foam-regulators heavy-duty detergent automatically, rinsing
(soap) (Dash, P & G, USA) by hand, spinning se-

pa-
rately, Europe)

1957 polyester automatic drum-type
resin-finished cotton machine (washing and

spinning separately,
Europe)

1959 proteases prewashing detergent
(enzymes) (Bio 40, Gebr. Schnyder, Swit-

zerland)
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Table 2. (continued)

Year Detergent ingredients Detergents Textile fibers Washing equipment

1962 foam-regulators heavy-duty detergent polyester – fully automatic drum-
(behenate soap) (Dash, P & G, Germany) cotton blend type machine (wash-

ing, rinsing, and spin-
ning
automatically, Europe)

1965 polyurethane wash dryer (washing,
wool with reduced rinsing, spinning, and
felting tumble drying auto-

matically in one ma-
chine)

1966 nonwovens
1970 fatty acid amine detergent for delicates with resin-finished linen

condensation product fabric softening effect
(Perwoll, Henkel, Germany)

1972 bleach activators heavy-duty detergent
(TAGU) b (Cid, Henkel, Germany)
NTA c heavy-duty detergent

(various brands, Canada)
1973 amylases heavy-duty detergent

(enzymes) (Mustang, Henkel, Germany)
1974 sodium percarbonate heavy-duty detergent

(Dixan, Henkel, Cyprus; Persil,
Lever, UK)

1975 sodium citrate heavy-duty liquid detergent
(Wisk, Lever, USA)

1976 zeolite 4 A heavy-duty detergent
(prodixan, Henkel, Germany;
Tide, P & G, USA)

foam-regulators heavy-duty detergent
(silicone oils) (Mustang, Henkel, Germany)

heavy-duty liquid detergent
without builders
(Era, P & G, USA)

1977 layered silicates – cati-
onic

dual-function detergent with

surfactants fabric-softening effect
(Bold 3, P & G, USA)

1978 bleach activator heavy-duty detergent Dunova (modified
polyacrylonitrile
fiber)

microprocessor opera-
tion, electronic sens-
ing

TAEDd (Skip, Lever, France)
1981 liquid heavy-duty detergent in

Europe
(Liz, Henkel, Germany; Vizir,
P & G, Germany

esterquats fabric softeners
(Minidou, Lesieur Cotelle,
France)

1982 zeolite 4 A –NTA
builder systems

nonphosphate heavy-duty
powder detergent, (Dixan,
Henkel, Switzerland)

PTFEe-fiber Goretex

1984 poly(acrylic acid), heavy-duty detergents
poly(acrylicacid-co-
maleic acid)
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Table 2. (continued)

Year Detergent ingredients Detergents Textile fibers Washing equipment

1986 PESf-polyether fiber
Sympatex

controlled water in-
take (Europe)

1987 compact heavy-duty detergent
(Attack, Kao, Japan)

cellulase compact heavy-duty detergent
(enzyme) (Attack, Kao, Japan)
soil repellent heavy-duty detergents, USA

1988 lipase compact heavy-duty detergent
(enzyme) (Hi Top, Lion, Japan)

1990 alkylpolyglycosides liquid heavy-duty detergent
(APG) (Persil, Henkel, Germany)
foam regulators heavy-duty detergent
(paraffins) (Persil, Henkel, Germany)

1991 dye transfer inhibitor heavy-duty color detergent
PVPg (Persil Color, Henkel, Ger-

many)
1992 extruded supercompact heavy-

duty detergent
(Persil Megaperls, Henkel, The
Netherlands, Belgium, Aus-
tria)

1994 N-methylglucamide heavy-duty detergents
(Ariel, P & G, Germany; Tide,
P & G, USA)

bleach catalyst heavy-duty detergent
Mn-TACNh (Omo Power, Lever, The

Netherlands; Persil Power,
Lever, UK)

1995 fuzzy logic control
1996 gel-structured liquid heavy-

duty detergents
(Persil Gel and Dixan Gel,
Henkel, Europe)

1997-
1998

heavy-duty detergent tablets

(Europe: Colon, Benckiser,
Spain; Persil, Lever, UK; Le
Chat, Henkel, France; Dixan,
Henkel, Italy; Persil, Henkel,
Germany)

a CMC = carboxymethyl cellulose.
b TAGU = tetraacetylglycoluril.
c NTA = nitrilotriacetic acid.
d TAED = tetraacetylethylenediamine
e PTFE = polytetrafluoroethylene
f PES = poly(ethylene glycol terephthalate)
g PVP = poly(N-vinylpyrrolidone)
h Mn– TACN = manganese – tetraazacylononane complex
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2. Physical Chemistry of the
Washing Process

Washing and cleaning in aqueous wash liquor is a complex process involving the
cooperative interaction of numerous physical and chemical influences. In the broadest
sense, washing can be defined as both the removal by water or aqueous surfactant
solution of poorly soluble matter and the dissolution of water-soluble impurities from
textile surfaces.
A fundamental distinction exists between the primary step, in which soil is removed

from a substrate, and secondary stabilization in the wash liquor of dispersed or
molecularly dissolved soil. Stabilization is necessary to prevent redeposition onto the
fibers of soil that has already been removed. The terms single and multiple wash cycle or
multicycle performance are used respectively in conjunction with the two phenomena.
The following components constitute a partnership in the overall washing process:

Water
Soil
Textiles
Washing equipment
Detergent

Wash performance is highly sensitive to such factors as textile properties, soil type,
water quality, washing technique (amount and kind of mechanical input, time, and
temperature), and detergent composition. Not all these mutually interrelated factors
are amenable to random variation; indeed, they are generally restricted within rather
narrow limits. Of particular importance is the composition of the detergent.

2.1. Influence of the Water

The most obvious role of water is to serve as a solvent, both for the detergent and for
soluble salts within the soil. Water is also the transport medium for dispersed and
colloidal soil components, however. The washing process begins with wetting and
penetration of the soiled laundry by the detergent solution. Water has a very high
surface tension (72 mN/m), and wetting can only take place rapidly and effectively if
the surface tension is drastically reduced by surfactants to values of 30 mN/m and
below. The surfactants thus become key components of any detergent. The surface
tension as a function of the surfactant concentration is shown in Figure 1 for typical
surfactants used in detergents [5].
Water hardness has also a significant influence on the results of the washing process.

Water hardness is defined in terms of the amount of calcium and magnesium salts
present, measured in millimoles per liter (mmol/L). A calcium hardness of 1 mmol/L
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corresponds to 40.08 mg of calcium ions per liter of water. Additional hardness data are
provided in Table 3 [6], along with other measures of hardness and relationships among
them.
Water hardness can vary considerably from one country to another (Table 4) and

even from region to region within a country. Soft water is relatively rare in most of
Europe, whereas it is common in North America, Brazil, Japan, and many other
countries.
Water of poor quality can severely impair the washing process and have detrimental

effects on washing machines. The calcium and magnesium ions, which are responsible
for water hardness, are prone to precipitate, either in the form of carbonates or as
insoluble compounds derived from ingredients present in detergents. These precipitates
may cause the formation of residues on the laundry, but they can also build up as scale
in the washing machine, thereby adversely affecting the function of heating coils and
other machine components. A high calcium content in the water also impedes the
removal of particulate soil. The presence of trace amounts of iron, copper, or manga-
nese ions in water may also be detrimental to washing. These ions can catalyze
decomposition of bleaching agents during the washing process. Complexing agents
or ion exchangers are often found in detergents, and one of their functions is to bind
multivalent alkaline earth and heavy-metal ions through chelation or ion exchange.

2.2. Types of Soil

One way to categorize soils is by their origin, i.e.:

Dust from the atmosphere
Bodily excretions
Impurities derived from domestic, commercial, or industrial activity

From a detergency standpoint, however, it is more appropriate to regard the prin-
cipal types of soil in other ways. Thus, one can distinguish the following:

Figure 1. Surface tension as a function of concen-
tration for different alkylglycosides at 60 �C in dis-
tilled water* = C8 monoglycoside; & = C10 mono-
glycoside; ~ = C12 monoglycoside; & = C12 – C14
alkylpolyglycoside
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Water-soluble materials:

inorganic salts
sugar
urea
perspiration

Particles:

metal oxides
carbonates
silicates
humus
carbon black (soot)

Fats and oils:

animal fat
vegetable fat and oil
sebum
mineral oil and grease
wax

Proteins from the following :

blood
grass
egg
milk
keratin from skin

Table 4. Distribution of water hardness shown as percentage of homes affected by defined ranges of hardness [7]

Country Range of hardness

0 – 90 ppm 90 – 270 ppm 4270 ppm

Japan 92 8 0
United States 60 * 35 5
Western Europe 9 ** 49 ** 42 **

Austria 1.8 74.7 23.5
Belgium 3.4 22.6 74
France 5 50 45
Germany 10.8 41.7 47.5
Great Britain 1 37 62
Italy 8.9 74.7 16.4
The Netherlands 5.1 76.1 18.8
Spain 33.2 24.1 42.7
Switzerland 2.8 79.7 17.5
* Including 10 % with home water softening appliances.
** Average
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Carbohydrates :

starch

Bleachable dyes from :

fruit/fruit juices
vegetables
wine
coffee
tea

Soils and stains mostly consist of mixtures of the above materials, e.g., stains from
food, kitchen, or cooking.
Soil removal during the washing process is enhanced by increasing the mechanical

input, wash time, and temperature. For any given washing technology, however,
detergency performance is dependent on specific interactions among substrate surface,
soil, and detergent components. In this context, it is important to consider not only the
interactions of the wash components with one another, but also interactions among the
various classes of soil. The most difficult soils to remove from fabrics are pigments, such
as carbon black, inorganic oxides, carbonates, and silicates. Other problematic soils
include fats, waxes, higher hydrocarbons, denatured protein, and certain natural dyes.
All of these are mostly present on fibers in the form of mixed soils.
The removal of soil from a surface can either be coupled with a chemical reaction or

it can occur without chemical change. A redox process involving a bleach is an example
of the former, in the course of which some oxidizable substance (e.g., a natural dye from
tea, wine, or fruit juice) is cleaved. Enzyme-mediated decomposition of a strongly
bound protein soil and its subsequent removal is another example.

In many cases, however, the soil to be removed consists of substances that are not
amenable to chemical treatment, and the only alternative is to remove the soil by
interfacial processes. This requirement is reflected in the composition of modern
detergents. Apart from bleaches, the primary components of modern detergents are
surfactants, water-soluble complexing agents, and water-insoluble ion exchangers.

2.3. The Soil Removal Process

Physical removal of soil from a surface occurs as a result of nonspecific adsorption of
surfactants on the various interfaces present [8] and through specific adsorption of
chelating agents on certain polar soil components [4]. In addition, an indirect effect is
caused by calcium ion exchange, whereby the release of calcium ions from soil deposits
and fibers causes a loosening of the structure of the residue. Compression by elec-
trolytes of the electrical double layer at interfaces is also significant [8]. All of these
effects work together to remove oily and particulate soils from textile substrates or solid
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surfaces. Interfacial properties, which are modified by the adsorption of detergent
components onto the various interfaces present, include the following:
Air – water interface:

surface tension
foam generation
film elasticity
film viscosity

Liquid – liquid interface:

interfacial tension
interfacial viscosity
emulsification
electric charge
active-ingredient penetration

Solid – liquid interface:

disjoining pressure
suspension stability
electric charge

Solid – solid interface:

adhesion
flocculation
heterocoagulation
sedimentation

Interfaces in multicomponent systems :

wetting
rolling-up processes

Interfacial chemical properties undergo change as detergent compounds are ad-
sorbed, and these changes are prerequisite to effective soil removal. The significance
of a given change in respect to the overall process can vary, depending on the system
involved. However, in general, the greater the equilibrium adsorption of washing active
substances, and the more favorable their adsorption kinetics, the better will be their
detergency performance [8].
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2.3.1. Oily/Greasy Soil

Rolling-up Processes. Most oily/greasy soils are liquid at wash temperatures
> 40 �C. The removal of these soils is mainly influenced by the wetting behavior
between washing liquid, substrate, and soil, and by the interfacial tension between
washing liquid and oily soil [9]. Oily soils wet most textile substrates very effectively,
and they have a tendency to spread over a surface, forming more or less closed surface
layers. For this reason the following observations can be regarded as equally applicable
to both liquid and solid fat residues.
In the first phase of washing, textile fibers and soil must be wetted as thoroughly as

possible by the wash liquor [10]. The contact angle between a solid and a drop of a
liquid applied to its surface can be taken as a measure of wetting. Figure 2 schematically
depicts the way in which this angle decreases with decreasing surface tension gL.

To a first approximation, wetting can be described [11] by the Young equation [8]:

j ¼ gS � gSL ¼ gL cosy ð1Þ

j = wetting tension (mN/m)
gS = interfacial tension substrate/air (mN/m)
gSL = interfacial tension substrate/liquid (mN/m)
gL = interfacial tension liquid/air (mN/m)
y = contact angle of the wetting liquid

Total wetting of a solid is possible only if the liquid drop spreads spontaneously over
the solid surface, e.g., when y = 0 and cos y = 1. With a given solid surface possessing a
low surface energy, for various liquids a linear relationship normally exists between
cos y and surface tension. The limiting value for cos y = 1 is a constant of the solid and
is referred to as its critical surface tension, gc. This means that only those liquids with
surface tension equal to or less than the critical surface tension of a given solid spread
spontaneously, thus causing thorough wetting. Table 5 contains a collection of critical
surface tension data for various synthetic materials.
Polyamide, for example, which has a gc of ca. 46 mN/m, is relatively easy to wet with

standard commercial surfactants, whereas polytetrafluoroethylene, which has a gc of

Figure 2. Schematic representation of wetting of
a solid surface

P
hy

si
ca

l
C
h
em

is
tr
y
o
f
th
e
W

as
h
in
g
P
ro

ce
ss

13



about 18 mN/m, is wettable only with special fluoro surfactants. This relationship
simplifies the choice of a proper surfactant for a given wetting problem.
Strictly speaking, the limiting case described above, that of total wetting (Eq. 1), is

only applicable if gSL is so reduced through adsorption that it approaches zero. In
typical washing and cleansing operations, the situation is much more complicated,
since the solid surfaces that are present tend to be irregularly covered with oily or
greasy soils. Thus, the wash liquor must compete with soil in wetting the surface.
Figure 3 illustrates the problem schematically.
If two drops of different liquids (e.g., wash liquor A and an oily residue B) are placed

next to each other on a solid surface S, two different wetting tensions jA and jB act on
the surface. If the two liquids come into direct contact and form a common interface,
then the difference in their wetting tensions Dj, the so-called oil displacement tension,

Table 5. Critical surface tensions of several typical plastics [12]

Polymer gc at 20 �C, mN/m

Polytetrafluoroethylene 18
Polytrifluoroethylene 22
Poly(vinyl fluoride) 28
Polyethylene 31
Polystyrene 33
Poly(vinyl alcohol) 37
Poly(vinyl chloride) 39
Poly(ethylene terephthalate) 43
Poly(hexamethylene adipamide) 46

Figure 3. Two liquids on a solid surface
a) Separated; b) Overlapping
A) Wash liquor; B) Oily dirt
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is effective along the line of contact. In addition, a portion of the interfacial tension gAB
remains effective along the substrate surface, but with reversed sign and a magnitude of
gAB cos y, where y is the contact angle in the oily phase B. The total force that results is
the contact tension, gR, given by Equation (2):

gR ¼ Dj þ gAB cosy ð2Þ

The contact tension acts in such a direction as to constrict the oil drop. As a result of
adsorption of surfactants from phase A, the value of D j is increased and that of gAB is
decreased. The value of gAB cos y is negative for obtuse contact angles. From Equation
(2), it can be seen that both quantities contribute to an increase in the contact tension
and, thus, to better penetration of the oil drop. This complex process, in which a
surface undergoes wetting first by oil and then by water, is known as “roll-up”. For
many cases of practical interest, roll-up is not a spontaneous phenomenon. More often,
total constriction of an oil drop can be achieved only if mechanical energy is applied to
the system [13]. The required energy is directly proportional to the interfacial tension g
AB and decreases with increasing surfactant concentration.
All the relationships presented thus far confirm the premise that interfacial tension is

the primary force resisting the removal of liquid soils, and this force must be minimized
if the washing process is to be effective. One way to reduce the interfacial tension is to
create appropriate mixed adsorption layers comprised of surfactants of differing con-
stitution. For example, Figure 4 shows the interfacial tension of the system water –
toluene as a function of composition for a surfactant mixture containing the anionic
surfactant sodium n-dodecyl sulfate (SDS) and the nonionic surfactant hexadecyl
triglycol ether (C16E3), whereby the total surfactant concentration is kept constant [14].
Even small additions of one surfactant to another may cause a significant reduction

in the interfacial tension. In a broad concentration range mixtures of these surfactants

Figure 4. Interfacial tension after 10 min and after equilibrium
vs. composition of the mixture (organic phase toluene, con-
centration 0.5 g/L, pH = 10, T = 298 K)

P
hy

si
ca

l
C
h
em

is
tr
y
o
f
th
e
W

as
h
in
g
P
ro

ce
ss

15



show lower values of interfacial tension than the two surfactants alone. The presence of
a small amount of nonionic surfactant in the surface layer reduces the mutual repulsion
of negatively charged groups on the anionic surfactant, as a result of which adsorption
increases.
Findings such as these are independent of the nature of the fiber and apply to all

soils containing hydrophobic particles and oily material [15]. The oil specificity of
surfactants is very important for the use in different applications [9]. Figure 5 shows the
interfacial tension of (linear) alkylbenzenesulfonate (LAS) and of a fatty alcohol sulfate
(C12/14 FAS) against three different oils [16]. Both surfactants show nearly identical
interfacial tension against decane and 2-octyldodecanol. In contrast the interfacial
tension of FAS against isopropyl myristate is significantly lower than that of LAS.
Figure 6 shows the interfacial tension of alkylpolyglycosides in dependence on the alkyl
chain length. As a result, most commercial detergents contain mixtures of surfactants in
carefully determined proportions. The interfacial tension in detergents is a measure of
their product performance. This is shown by way of example for five different heavy-
duty detergents in Figure 7 [9].

Emulsification. In addition to roll-up, the emulsification of oily liquids and greases
can also play a role in the washing process, provided certain specific preconditions are
met. In particular, the system must possess a sufficiently high interfacial activity so that
the interfacial tension falls below 10–2 – 10–3 mN/m for soil to be removed by the

Figure 5. Dynamic interfacial tension of C12/14 fatty
alkyl sulfate (FAS) & and linear alkylbenzenesul-
fonate (LAS) & as a function of time for decane and
2-octyldodecanol (A) and isopropyl myristate (IPM)
(B)
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largely substrate-nonspecific emulsification process. However, these conditions are
rarely observed in practice. As a result, emulsification is currently a major factor only
in multiple wash cycle performance. In this case, the formation of largely stable
emulsions inhibits the redeposition of previously removed liquid soils onto textile
fibers. The emulsification of surfactant mixtures of SDS and C16E3 is demonstrated
in Figure 8. In contrast to the interfacial tension (Fig. 4), mixtures of these surfactants
show better emulsification than the individual substances in a broad concentration
range.

Solubilization. Increasing surfactant concentration leads to a decrease in both
surface tension and interfacial tension until the point is reached at which surfactant
clusters begin to form. Above this concentration (the critical micelle concentration cM)
changes in surface and interfacial activity are only minimal. Oil-removal values also
reach their upper limit at the critical micelle concentration of the surfactant employed
[17]. This is illustrated in Figure 9 for the example of removing olive oil from wool.
From this behavior it can be concluded that effective washing is a result of the

properties of individual surface-active ions, not of micelles. Just as with emulsification,
however, micelles are able to solubilize water-insoluble materials and thereby prevent
redeposition of previously removed soil in the later stages of the washing process.
Values reported in the literature for critical micelle concentrations are based on pure
solutions of surfactant. However, in an actual washing process, surfactants are invari-
ably adsorbed onto a variety of surfaces, which means that the true surfactant con-

Figure 6. Plateau values of the interfacial tension gc in
three different oil/water systems as a function of the
alkyl chain length n of the alkylpolyglycoside surfac-
tant at 60 �C

Figure 7. Interfacial tension of different detergents
(A to E) against mineral oil
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centration in the wash liquor is correspondingly diminished. The true surfactant
concentration in solution is the only significant measure.

Phase Behavior. Penetration of individual detergent components (primarily surfac-
tants) into an oily phase and the resulting formation of new anisotropic mixed phases
can also cause a change in the water – oil interfacial tension. Development of liquid-
crystalline mixed phases can be observed, for example, with olive oil – oleic acid –
sodium n-dodecyl sulfate, and these lead to improved soil removal from textile
substrates [17].

Figure 8. Emulsifying ability (% of absorption) of toluene
versus composition of the mixture SDS – C16E3 (surfactant
concentration 0.5 g/L, pH = , T = 298 K)

Figure 9. Removability of an olive oil – oleic acid
mixture from wool, shown as a function of sodium
n-dodecyl sulfate concentration for various degrees
of oil coating (cM=critical micelle concentration) [17]
a) 4.6 % Oil coat; b) 3.3 % Oil coat; c) 2.2 % Oil coat
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The dramatic effect of liquid-crystalline mixed phase formation on soil removal is
illustrated in Figure 10 for the model system decanol – potassium octanoate. This
combination forms such phases in the presence of added electrolytes [19].

Decanol is removed completely from the fibers, provided the wash experiment is
carried out under conditions leading to liquid-crystalline layers at the boundary
surfaces. When this is not the case, only minimal separation of the oily residue from
the polyester fibers is observed, which is a result of a slow rolling-up process.
The phase behavior of the surfactant solution has an important influence on the

washing performance. Figure 11 shows the washing performance in units of reflectance
versus temperature for C12E9 (C12E9 denotes a C12 alcohol ethoxylated with 9 mol of
ethylene oxide). A micellar phase is formed over the whole temperature range, and the
washing performance increases linearly. In Figure 12 the same diagram is shown for C12
E4. In this system a liquid-crystalline phase appears above 45 �C. In the region of the
liquid-crystalline phase, the increase in washing performance is much more pro-
nounced than in the micellar region [18].

Specific Electrolyte Influence. In general, electrolytes are found to have only an
indirect effect, and then only when anionic surfactant adsorption occurs at boundary

Figure 10. Washing effect S of potassium octa-
noate (2 wt %) on polyester fibers coated with
decanol [19]
0.5 mol/L KCl added after 90 min
Prior to a: no formation of liquid-crystalline mixed
phase; subsequent to a: formation of liquid-crys-
talline mixed phase

Figure 11. Phase behavior of C12E9 and
detergency
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surfaces. An example which shows the reduction of the interfacial tension as a con-
sequence of the addition of electrolytes is illustrated in Figure 13 for C16 a-ester
sulfonate [20]. The addition of electrolytes causes a compression of the electrical double
layer at all interfaces, which in turn causes enhanced surface adsorption of surfactants.
However, if the system is devoid of surfactants, a vast difference exists between the
properties of normal electrolytes, such as sodium chloride and sodium sulfate, and
electrolytes prone to form complexes, including sodium triphosphate and sodium
citrate.

In systems containing highly nonpolar oils, both sodium sulfate and sodium triphos-
phate show indifferent behavior, and they have no effect on the interfacial tension.
When a small amount of oleic acid is added to the paraffin oil, however, the difference
becomes clearly apparent. Although sodium sulfate has no effect on the interfacial
tension, this tension is reduced dramatically by sodium triphosphate. Thus, electrolytes
capable of forming complexes facilitate penetration of fatty acids through the interface,
causing the liquid – liquid interfacial tension to be reduced. As a consequence, these
materials are capable of activating a surfactant, an effect particularly significant for the
removal of sebum, which is rich in fatty acids. Table 6 shows that the effect is not
simply soap formation in an alkaline medium. The interfacial tension observed with
sodium and potassium hydroxide is significantly greater than that with sodium triphos-
phate, even though the pH in the latter case is lower.

Figure 12. Phase behavior of C10E4 and
detergency

Table 6. Interfacial tension with sebum in surfactant-free alkali and sodium triphosphate solutions at 40�C

Substance Concentration, g/L Interfacial tension, mN/m pH Water hardness, �d

NaOH 0.14 0.8 10 16
KOH 0.21 0.9 10 16
Na5P3O10 2.0 0.09 9 16
Na5P3O10 2.0 0.07 9 0
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The influence of a change in the oil – water interfacial tension on soil removal for oily
liquid soils is demonstrated by model wash experiments carried out with the system
sebum – polyester/ cotton fabric (Fig. 14).
Removal of greasy soil by both water (the water value) and sodium sulfate solution is

ca. 25 %. Sodium triphosphate increases the value to ca. 45 %. This clearly demonstrates
the supplemental washing effect obtained when a complexing agent is introduced to
reduce the interfacial tension.

2.3.2. Particulate Soil

Fundamental Principles of Adhesion and Displacement. A theoretical understand-
ing of the interaction forces causing a solid particle to adhere to a more or less smooth
surface is based on the Derjaguin – Landau – Verwey – Overbeek theory (DLVO) [21],
[22]. Since this theory was developed to explain the phenomena of flocculation and

Figure 13. Dynamic interfacial tension g between
aqueous phase and mineral oil vs. time t for tallow
a-ester sulfonate and tallow di-salt (T = 60 �C; 0.2 g/l
surfactant; 4 g/l Na2SO4) [14]

Figure 14. Removal of sebum from polyester/
cotton blend fabric studied as a function of elec-
trolyte concentration
Sebum load: 12 g/m2; apparatus: Launder-ometer;
bath ratio: 1 : 30; wash time: 30 min; temperature:
40 �C
a) Na2SO4; b) Na5P3O10
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coagulation, however, it can be applied to the washing process only in modified form
[23]. A plot of potential energy as a function of the distance of a particle from a fabric
shows that the potential energy passes through a maximum (Fig. 15).
The minimum in the potential energy curve corresponds to the closest possible

approach, i.e., to the minimum distance that can be established between the particle
and the fiber. The maximum is a measure of the potential barrier that must be
overcome if the particle either is removed from the fiber or approaches the fiber from
a distance. Adhering particles are more easily removed if the potential barrier is small.
Conversely, a soil particle already in the wash liquor is less likely to establish renewed
contact with the fabric if the potential barrier is large.
With respect to the washing process, if a particle is bound to a fabric, only a single

common electrical double layer located at the overall external surface exists initially.
None is present within the zone of contact. During the washing process, new diffuse
double layers are created, which cause a reduction in the free energy of the system. The
free energy of an electrical double layer is a function of distance and diminishes
asymptotically to a limiting value that corresponds to a condition of no interaction
between two double layers. Twice as much effort must be expended to bring a particle
into contact with a substrate because of the presence on both surfaces of a double layer
(curve 2 F in Fig. 16). The separation of two adhering surfaces is characterized initially
only by van der Waals – London attractive forces PA and Born repulsion forces PB , since
at this point no electrical double layer exists [23]. In Figure 16, the equilibrium

Figure 15. Calculated potential energy of attrac-
tion PA and repulsion PR as a function of the
distance of a particle from a fabric, along with the
resultant potential P; predictions based on the
DLVO theory
DLVO computational parameter z = 4
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condition corresponding to the potential energy minimum has been taken as the zero
point on the abscissa. With increasing distance between the particle and the contact
surface, a diffuse double layer arises, which assists in the separation process by
establishing an element of repulsion. Thus, the true potential curve P for the separation
of an adhering particle in an electrolyte solution results from a combination of the van
der Waals – Born potential and the free energy of formation of the electrical double
layer. The important conclusion from Figures 15 and 16 is that an increase in the
potential of the electrical double layer increases the energy barrier for particle depo-
sition but decreases that for particle removal.
The negative influence exerted by calcium ions originating from water hardness can

also be explained with the help of potential theory. According to the Schulze – Hardy
rule, compression of an electrical double layer increases rapidly as the valence of a
cation increases. Therefore, high concentrations of calcium might cause attractive forces
to become the dominant factor, leading to significantly lower washing efficiency than
would be achieved in distilled water.

Effect of Electrical Charge. The foregoing theoretical treatment offers an explana-
tion for the behavior that is actually observed. Surface potentials cannot be measured
directly. Instead, the z-potential or electrophoretic mobility of a particle is used as a
measure of surface charge. As a rule, fibers and pigments in an aqueous medium

Figure 16. Potential energy diagram for the re-
moval of an adhering particle [23]
PB Born repulsion; PA van der Waals attraction; F
Free energy of the double layer; P Resulting po-
tential curve
DLVO computational parameter z = 4
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acquire negative charges, whereby the extent of charge increases with increasing pH.
This is illustrated in Figure 17, in which the z-potential of various fibers is taken as a
measure of electrical charge and is plotted against pH [24].
Essentially similar results are obtained for all major particulate soil components.

This is one of the reasons for enhancement of wash performance by mere introduction
of alkali. However, repulsive forces between soil and fibers alone are insufficient to
produce satisfactory washing even at high pH.

Apart from changing pH, another way to significantly alter fiber and pigment surface
charges is to introduce a surfactant. The sign of the resulting charge depends on the
nature of the hydrophilic group of the surfactant. Figure 18 shows the effect of several
aqueous surfactant solutions on the surface potential of carbon black [25]. The
surfactants chosen for the study all share the same hydrophobic component, but their
hydrophilic groups vary. Electrophoretic mobility (EM) is taken as a measure of surface
potential in this case.
Carbon black acquires a negative charge in water. The negative charge of pigments

and fibers is further increased by adsorption of anionic surfactants. The corresponding
increase in mutual repulsion is responsible for an increase in the washing effect.
Dispersing power for pigments also increases for the same reason, whereas the redep-
osition tendency of removed soil is diminished.

In contrast to anionic surfactants, cationic surfactants reduce the magnitude of any
negative surface charge. Consequently, electrostatic attraction between soil and fabric is
increased. For this reason, cationic surfactants may cause a decrease in washing effect
below that observed with pure water. Significant soil removal then occurs only at high
surfactant concentrations, at which a complete charge reversal takes place on both
fabric and soil. When the laundry is rinsed, however, a second charge reversal takes
place on the fabric. At the point of electrical neutrality, redeposition of previously

Figure 17. z-Potential of various fibers as a
function of pH [24]
a) Wool; b) Nylon; c) Silk; d) Cotton;
e) Viscose
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removed pigment soil is observed. This is why cationic surfactants are less suited for use
in detergents than anionic surfactants.
Whereas surfactants are adsorbed nonspecifically at all hydrophobic surfaces, com-

plexing agents can undergo specific attraction to surfaces that have distinct localized
charges. The main process is chemisorption and is especially characteristic of metal
oxides and certain fibers [4]. As shown in Figure 19, the adsorption of a complexing
agent produces an effect similar to that of an anionic surfactant. The change in
z-potential for hematite is taken as illustrative.
The specificity of adsorption of complexing agents with respect to metal oxides is so

great that even displacement of anionic surfactants from surfaces with lower adsorption
energies is permitted [4].
Complexing agents suppress the adsorption of anionic surfactants on metal oxides.

However, adsorption is enhanced on materials such as carbon black or synthetic fibers.
This effect is due to the electrolyte character of the complexing agent. The washing
process generally involves removing mixed soils that consist of both hydrophilic and
hydrophobic matter from fiber surfaces. For this reason, the different specificities of
complexing agents and surfactants give complementary functions to these two types of
material.

Adsorption Layer. In contrast to anionic and cationic surfactants, nonionic surfac-
tants have no or little effect on surface charge [26]. Therefore, their mode of action
cannot be ascribed to changes in electrical charge on pigments and fibers. Instead, the
effect is related exclusively to properties of the adsorption layer. Compared to anionic

Figure 18. Electrophoretic mobility (EM) of car-
bon black in solutions containing various surfac-
tants at 35 �C [25]
a) C14H29OSO3Na (anionic); b) C14H29O (CH2CH2

O) 9H (nonionic); c) C14H29N (CH3 )3Cl (cationic)
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surfactants, the adsorption of nonionic surfactants is quite strong at hydrophobic,
weakly polar interfaces. This is illustrated in Figure 20 by the relative adsorption of
dodecyl dodecaglycol ether and n-dodecyl sulfate on activated carbon black [25].

In the case of n-dodecyl sulfate, both the hydrophilic surfactant groups and the
surface have charges of the same sign. Consequently, a higher potential barrier must be
overcome for its adsorption compared to the electrically neutral nonionic surfactant.
With nonionic surfactants, both the adsorption equilibrium and the maximum surface
coverage are displaced to relatively low concentration. The adsorption behavior of the
nonionic surfactants is dependent on the structure of the molecule [28]. This is shown
in Figure 21 for an alkylmonoglycoside and a fatty alcohol ethoxylate. The adsorption of
the fatty alcohol ethoxylate is strongly temperature dependent in the higher concen-
tration range and increases with increasing temperature, unlike the adsorption of the
alkyl glycoside. The decisive paramenter for the temperature dependence of the ad-
sorption of the fatty alcohol ethoxylate is apparently the cloud point (Tc = 20 �C).

Figure 19. z-Potential of hematite as a function
of pH at 25 �C in the presence of sodium chloride
(a), sodium triphosphate (b), benzenehexacar-
boxylic acid (c), and 1-hydroxyethane-1,1-di-
phosphonic acid (d) [4]
Anion concentration: 2.5�10–3 mol/L

Figure 20. Adsorption isotherms for surfactants
on activated carbon black [25]
25 �C, surface 1150 m2/g (from BET measure-
ments)
a) C12H25O (CH2CH2O)12H; b) C12H25OSO3Na
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Figure 22 is a schematic representation of the adsorption layers on substrate and soil
particles. As can be seen from the diagram, both surfactant layers advance to the point
of particle – surface contact. One consequence is the development of a disjoining
pressure, which leads to separation of the soil particle from the surface. This effect
is obviously present with anionic surfactants as well. However, this pressure is the
decisive factor with nonionic surfactants, due to the absence of any repulsive compo-
nents of electrostatic origin.
Thus, hydration of hydrophilic groups is extremely important with nonionic surfac-

tants. Adsorbed surfactant molecules are oriented such that their hydrophilic regions
are directed toward the aqueous phase. Both pigment and substrate are surrounded by
hydration spheres. The redeposition tendency of a soil particle is thereby reduced,

Figure 21. Adsorbed amounts mads and surface con-
centration G on graphitized carbon black as a function
of the surfactant concentration cA) Alkyl monoglycoside
(C10G1) at 22 �C (&) and 44 �C (&); B) Fatty alcohol
ethoxylate (C10E4) at 19 �C (&), 30 �C (&), and 45 �C
(*)

Figure 22. Schematic representation of adsorption-in-
duced separation of a spherical particle from a hard
surface
S Surface; P Particle; PS Splitting pressure of the
surfactant layer on the surface; PP Splitting pressure of
the surfactant layer on the particle
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because the voluminous hydration sphere minimizes the effectiveness of short-range
van der Waals attractive forces. This can be demonstrated by the coagulation of
hydrophobic soil in the presence of nonionic surfactants containing varying numbers
of ethoxy groups in their hydrophilic regions [29].

Figure 23 illustrates the stabilizing effects of dodecyl polyglycol ethers on a paraffin
oil soil, where reduction in turbidity, DT, of the coagulated soil is plotted against the
concentrations of ethers containing varying numbers of ethoxy groups. Coagulation is
induced in this case by the presence of large amounts of sodium chloride, which causes
compression of the electrical double layer. The decrease in turbidity becomes greater
with increasing number of ethoxy groups in the molecule, and the curves are displaced
in the direction of lower concentration.

Hydrodynamics. In practice, the physicochemical principles discussed thus far
increase when taking advantage of hydrodynamic effects. Such hydrodynamic effects
are generally strongly dependent on particle size [30]; their significance in the removal
of particulate soil from fibers increases as particle size increases. Even with vigorous
mechanical action, a laminar film of finite thickness in which no flow takes place is
present on every surface. The flow velocity gradient increases with increasing distance
from the surface, as shown schematically in Figure 24.

Figure 23. Reduction in the turbidity D T of a
paraffin soil by addition of dodecyl polyglycol
ethers (C12H25O (CH2CH2O)mH) in the presence of
0.5 mol/L NaCl [29]

Figure 24. Schematic drawing of the effect of
liquid flow on adhering particles of different size
u Flow velocity; d Distance from the solid surface
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Thus, an increase in mechanical force has a significant soil-removing effect on larger
particles. A high flow velocity gradient in the immediate vicinity of a surface is excluded
for hydrodynamic reasons. Therefore, washing machines employ abrupt changes in
direction of operation to achieve adequate turbulence near substrate surfaces. Even so,
particles smaller than 0.1 mm cannot be displaced by mechanical means alone.

2.3.3. Calcium-Containing Soil

The principles discussed in Section 2.3.2 also apply without exception to calcium-
containing particulate soil. However, other important mechanisms, which deserve
discussion, also exist. Salts of multivalent cations are almost always present in soils
and on textile fiber surfaces. Examples are calcium carbonate, calcium phosphate, and
calcium stearate. Cationic bridges, which are responsible for binding soil components
chemically to fibers, also frequently form. This type of linkage can be due, for example,
to the carboxyl groups commonly found in cotton as a result of oxidation, but such a
linkage may also arise from the presence of reactive centers associated with metal oxides
or from soaps derived from sebum. Problems stem principally from poorly soluble
calcium salts, whose solubility is further diminished as the water hardness of the wash
liquor increases. On the other hand, their solubility in distilled water is higher because
of displacement of the solubility equilibrium. When calcium salts are dissolved from a
multilayered soil deposit, cavities remain in the structure. These cavities loosen the
deposit and facilitate its removal from the surface. Thus, one task of detergent com-
ponents is to create the highest possible calcium ion concentration gradient between
soil and aqueous phase during the washing process.
Figure 25 illustrates this principle, taking the wash effectiveness of a water-insoluble

cross-linked polyacrylate as an example [4]. Apparently, virtually no wash effectiveness
is achieved with an ion exchanger at a concentration sufficient to eliminate most of the
water hardness; an effect is observed only at higher concentrations of ion exchanger.
This phenomenon can be greatly accelerated by additionally introducing an appropriate
amount of water-soluble complexing agent.

Figure 25. Water softening (a) and soil removal S
from cotton soiled with a dust/sebum mixture (b)
resulting from a cross-linked water-insoluble
polyacrylate at 90 �C [4]
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Before slightly soluble cations can be dissolved from soil and fibers, adsorption of the
complexing agent takes place on the surface, particularly in those areas that contain
multivalent cations. In the course of subsequent desorption of water-soluble multivalent
cation complexes, many of the soil – fiber bonds are broken, leading to a marked
enhancement of the washing effect. Removal of cations from soil and fibers by adsorp-
tion – desorption processes and displacement of solubility equilibria are the most
important phenomena that accompany the use of complexing agents and ion ex-
changers in the washing process.
The mechanisms of action for complexing agents and water-insoluble ion exchangers

are different. The two complement each other in their respective roles. Figure 26 shows
the way in which a small amount of a water-soluble complexing agent can increase the
washing effectiveness of the water-insoluble ion exchanger zeolite A. The effect results
from an increase in the rate of dissolution of divalent ions from soil and fibers. The
mode of action is depicted schematically in Figure 27. The water-soluble complexing
agent serves as a carrier that transports calcium from the precipitate into the water-

Figure 26. Comparison of soil removal S of ze-
olite A (a), sodium triphosphate (b), and a mix-
ture of the two builders in the ratio zeolite A:
sodium triphosphate = 9 : 1 (c); results obtained
for non-resin-finished cotton tested in a
Launder-ometer
Wash time: 30 min with heating; temperature:
90 �C; water hardness: 16 �d (285 ppm)

Figure 27. Mechanistic scheme for the carrier
effect [24]
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insoluble ion exchanger. The process is based on successive adsorption, desorption, and
dissociation, and it accelerates the delivery of free calcium ions into solution.
The effectiveness of complexing agents and ion exchangers is related to the presence

of calcium in the system, as is evident from Table 7. Two different soils and the cotton
yarn to be studied were decalcified prior to applying artificial soil. No washing effect
due to zeolite A could be observed within the method's limits of accuracy. This result
can be taken as an indirect proof of the importance of dissolution of calcium from soil
and fibers during the washing process.
The concentration of complexing agent and the temperature are generally the

decisive factors in removing multivalent metal ions by a water-soluble complexing
agent; the binding ability diminishes with increasing temperature.
Essentially the same relationships also apply when using a water-insoluble ion

exchanger, although the temperature effect is usually reversed [32], [33].
Figure 28 shows the wash effectiveness of various zeolites in water with a hardness of

16 �d (285 ppm CaCO3) as a function of concentration. It is apparent that the best
results are achieved with zeolite A and the poorest with analcime.

Table 7. Wash experiments in a calcium-free system [31]

Soil Wash medium * Remission, %

80.2 % Osmosed kaolin, 16.5 % carbon black, H2O 65.5
3.3 % black iron oxide

H2O + 2 g zeolite 4 A/L 66.0
89.7 % Osmosed kaolin, 5.9 % carbon black, H2O 59.5
2.9 % black iron oxide, 1.5 % yellow iron oxide

H2O + 2 g zeolite 4 A/L 59.0
* Water is distilled.

Figure 28. Soil removal of various zeolites [32]
a) Zeolite A; b) Faujasite; c) Desmine; d) Sodalite;
e) Analcime
Apparatus: Launder-ometer; water hardness:
16 �d; temperature: 95 �C; wash time: 30 min with
heating; fabric: non-resin-finished cotton P

hy
si
ca

l
C
h
em

is
tr
y
o
f
th
e
W

as
h
in
g
P
ro

ce
ss

31



In addition to the previously described reasons for removing divalent alkaline earth
ions, their interaction with other detergent components must also be considered. For
example, soaps form poorly soluble salts with calcium, as do many synthetic surfac-
tants, and these can be deposited on fibers. This phenomenon is extremely common
with detergents in which soap is the key surfactant, when no strongly complexing
agents such as sodium triphosphate are present. Precipitation of relatively insoluble
surfactant calcium salts has the additional disadvantage that it causes a severe reduc-
tion in the active surfactant concentration and, thus, to generally deteriorated con-
ditions for soil removal.

Figure 29 illustrates how surfactants, salts, and complexing agents complement each
other in the removal of soil. The negative influence of calcium is eliminated by sodium
triphosphate or other complexing agents. The magnitude of the indirect counterion
effect of sodium ions is made clear when sodium sulfate is added to alkylbenzenesul-
fonate (curve b).
Polycarboxylates are widely used in detergents as cobuilders [34], [77] – [79]. They are

able to retard precipitation of sparingly soluble calcium salts such as calcium carbonate
and calcium phosphate (threshold effect) when used in small concentrations. As anionic
polyelectrolytes they bind cations (counterion condensation), whereby multivalent
cations are strongly preferred. Polycarboxylates can also disperse solids in aqueous
solution. Both dispersion and threshold effect result from adsorption of the polymer on
the surface of soil and CaCO3 particles, respectively. Stabilization of sparingly soluble
salts such as CaCO3 in a colloidal state by polycarboxylates occurs at substoichiometric
concentrations of the cobuilder in the washing liquor, which is an advantage compared
to ion excahnge or complexation. Thus, small amounts of threshold-active compounds
can be used as cobuilders even in laundry detergents with a high content of sodium
carbonate. The effect, however, is strongly dependent on the washing conditions, such
as temperature, soda ash, and cobuilder concentration. Figure 30 illustrates the range

Figure 29. Soil removal S from wool as a function
of water hardness at 30 �C [4]
a) Sodium alkylbenzenesulfonate (0.5 g/L);
b) Sodium alkylbenzenesulfonate (0.5 g/L) to-
gether with sodium sulfate (1.5 g/L); c) Sodium
alkylbenzenesulfonate (0.5 g/L) together with so-
dium triphosphate (1.5 g/L)
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of effectiveness of a polycarboxylate (AC) in a carbonate-containing system for typical
European conditions of water hardness (3.04� 10-3 mol/L Ca2+) [35]. The appearance
of CaCO3 particles larger than ca. 0.2 mm within 30 min was taken as an indicator of
the threshold effect. The results show that polycarboxylates are no longer threshold-
active above 40 �C. This holds even more for higher carbonate concentrations, i.e., with
detergents containing soda ash as the sole builder.

For zeolite A and soda ash containing products the participation of zeolite A in the
elimination of calcium ions during the washing process must be taken into account. In
contrast to the results obtained in the absence of zeolite A, the precipitation in the
presence of zeolite A and the polycarboxylate AC is negligibly low at temperatures
above 40 �C. These results can be explained by the binding of calcium ions by zeolite A
and by AC in its water-soluble form. This is possible because the calcium ion concen-
tration of the water is reduced by zeolite A. Thus, Ca2+ is no longer in excess with
respect to AC, and the formation of an insoluble calcium salt of polycarboxylates, which
decreases the threshold activity, is no longer possible. According to this mechanism,
polymers with high carboxylate content and relatively high molecular weight should be
used in combination with zeolite A.

2.3.4. Influence of Textile Fiber Type

The ability of a detergent to remove soil depends not only on the foregoing factors,
but also on the type of textile substrate. Textile fibers that have a high calcium content
at their surface (e.g., cotton) behave very differently from synthetic fibers with a low
calcium content. The type of fiber has a dramatic influence on the degree of hydro-
phobicity/hydrophilicity, the wettability, and the extent of soil removal. Figure 31

Figure 30. Precipitation inhibition of CaCO3 by AC
(threshold effect) as a function of temperature and
soda ash concentration (3.04 � 10-3 mol/L Ca2+)a)
105 mg/L AC; b) 210 mg/L AC
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clearly demonstrates in terms of soil removal the differing effects that complexing
agents and surfactants have on a series of fibers. The anionic surfactant selected in this
case for study (alkylbenzenesulfonate) has virtually no effect on cotton, whereas even by
itself sodium triphosphate, as an example of a complexing agent, brings about sub-
stantially improved soil removal. Permanent press cotton also shows a greater effect for
sodium triphosphate than for surfactants alone. The effect of sodium triphosphate is
particularly pronounced with the relatively hydrophilic synthetic fibers polyamide and
polyacrylonitrile. This behavior changes when more hydrophobic textile fibers are used.
An effect is still apparent with polyester/cotton and polyester, but it is not greater than
that of surfactants alone. At the same time, overall wash performance decreases. In the
case of the very hydrophobic polyolefin fibers, the wash effectiveness of the surfactant is
substantially greater than that of the complexing agent. These examples show the
synergistic way in which surfactants and complexing agents or ion exchangers com-
plement each other, not only in the case of mixed soils, but also with regard to
removing soil from different fibers.

2.4. Subsequent Processes

After soil has been removed, it must be stabilized in the wash liquor, and redepo-
sition of the removed soil must be prevented. This property of a wash liquor is known
as its soil antiredeposition capability. Several mechanisms play a role in ensuring good
antiredeposition characteristics.

2.4.1. Dispersion and Solubilization Processes

The most important factor in this context is the dispersion process. Nonspecific
adsorption of surfactants and specific adsorption of complexing agents cause liquid
soils to be emulsified and solid soils to be suspended or dispersed. Poorly soluble
substances are solubilized by surfactant micelles as molecular dispersions. These mech-
anisms have been discussed in detail in Sections 2.3.1 and 2.3.2.

Figure 31. Influence of textile fibers on soil re-
moval S [4]
Detergents: a) 1 g/L Alkylbenzenesulfonate +
2 g/L sodium sulfate; b) 2 g/L sodium triphos-
phate; c) 1 g/L alkylbenzenesulfonate + 2 g/L so-
dium triphosphate
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2.4.2. Adsorption

Supplementary adsorption effects play an important role when zeolites are used in
detergents. Such effects are not observed with detergents containing only the com-
plexing agent sodium triphosphate.

Zeolites can significantly enhance washing effectiveness by serving as competitive
substrates for the adsorption of molecularly dispersed soluble substances and colloidal
particles. Their presence is particularly advantageous under extreme conditions involv-
ing large quantities of particulate matter. Adsorption and heterocoagulation of the soil
by zeolites substantially reduce redeposition of soil on the fabric, leading to a signif-
icant increase in whiteness maintenance.

2.4.3. Soil Antiredeposition and Soil Repellent
Effects

Soils and detergents also contain natural and synthetic macromolecules in addition
to low molecular mass compounds. Proteins from blood and protein-containing food,
for example, can be adsorbed onto textile fibers and must by some means be desorbed
during the wash process.

Detergents often contain polymeric soil antiredeposition agents, whose role is to be
adsorbed onto the substrate, thereby creating a protective layer that sterically inhibits
redeposition of previously removed particulate soil. The desorption of proteins and the
adsorption of antiredeposition agent in a single process represent competing phenom-
ena, so that careful selection of the proper antiredeposition agent is required.

In a surfactant-free environment, the adsorption of most macromolecules onto a
solid surface is effectively an irreversible process. The reason for this irreversibility is
the vast number of points of contact that exist between macromolecule and substrate.
From a statistical standpoint, the number of bonds between the two is so large that
adherence is ensured regardless of the strength of the bonds. Most of the observed
binding results from weak hydrophobic interactions.

In a multicomponent system containing both surfactants and macromolecules,
competitive adsorption is possible at the substrate surface. This permits the surfactant
to successively destroy the individual points of contact binding the macromolecule,
thereby displacing it from the interface. This mechanism is most often observed for
nonionic surfactants. Anionic surfactants are often capable of forming polymer – sur-
factant complexes, in the course of which the conformation of the macromolecule is
altered in such a way as to reduce the extent of its attraction to the interface.
Figure 32 depicts the adsorption behavior of gelatin on glass both in the presence

and in the absence of sodium n-dodecyl sulfate. The two adsorption isotherms are very
different; in the presence of a surfactant, adsorption of the macromolecule is virtually
eliminated. Even preadsorbed gelatin is desorbed from the surface by subsequent
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surfactant addition. This competitive adsorption phenomenon involving surfactants
and macromolecules is of great importance in soil removal, as is the formation of
macromolecule – surfactant complexes. Both significantly impair the desired adsorption
of polymeric antiredeposition agents.
The adsorption of antiredeposition agents is usually a selective process dependent on

the chemical constitutions of both fiber and polymer. For example, the soil antirede-
position effect of carboxymethyl cellulose is rather limited on hydrophilic fibers such as
cotton. Cellulose ethers, such as methylhydroxypropyl cellulose, or polymers from
terephthalic acid and polyethylene glycol (soil repellent) are effective especially with
more hydrophobic fibers such as polyester. Therefore, combinations of several anti-
redeposition agents often must be used to ensure satisfactory results with mixed
laundry. In this case the absolute amount of adsorbed substance is not the determining
factor, but rather the extent to which adsorption confers hydrophilic characteristics, i.e.,
the change in surface characteristics relative to untreated fiber surfaces. This can be
characterized either by measuring the kinetics of wetting (Fig. 33) or by observing the
resulting differences in the wetting tension with respect to pure water (cf. Eqs. 1 and 2).
Figure 33 reveals clear differences in the time-dependent increase in weight when
prewashed polyester is immersed in water [9]. The polyester fibers had previously
been washed with different detergent formulations. Table 8 shows that carboxymethyl
cellulose, a frequently used antiredeposition agent for cotton, has no effect on polyester.

Figure 32. Adsorption of gelatin on powdered
glass (temperature 25 �C)
a) Without sodium dodecyl sulfate; b) With so-
dium dodecyl sulfate (gelatin – surfactant mass
ratio 1 : 1.44)

Figure 33. Kinetics of wetting of polyester fibers
by three different detergents. The increase in
weight of the fibers during wetting by pure water
is plotted as a function of the wetting time [9]
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By contrast, methylhydroxypropyl cellulose and soil repellents cause the polyester
surface to become considerably more hydrophilic. It is noteworthy that the effects
are retained with both detergents, albeit to a somewhat reduced extent. Only with these
formulations is a significant increase in the soil antiredeposition effect observed, as
evidenced by the changes in percentage remission. Hydroxyethyl cellulose can be
regarded as a representative of numerous polymers which, though they are readily
adsorbed from aqueous solutions and are capable of showing considerable antirede-
position activity in pure water, nonetheless lose most of their effectiveness in a
detergent solution as a result of competitive adsorption and displacement by surfac-
tants.

2.5. Concluding Remarks

To simplify a physicochemcial approach of the washing process, it has been necessary
to treat separately each of the several phenomena involved and to isolate them from
one another. In any real washing process, the various mechanisms are all at work more
or less simultaneously. Thus, these mechanisms affect one another in a mutually
supportive and additive way. Investigations on the physical chemistry of washing have
made possible a rather thorough understanding of the process. Despite the complexity
of the washing phenomenon and the continued presence of certain unanswered ques-
tions, increasing knowledge of physicochemical correlations has exerted a major in-
fluence on product development.

3. Detergent Ingredients
Detergents for household and institutional use are complex formulations containing

up to more than 25 different ingredients. These can be categorized into the following
major groups:

Surfactants
Builders
Bleaching agents
Auxiliary agents (additives)

Each individual component of a detergent has its own very specific functions in the
washing process. To some extent they have synergistic effects on one another. In
addition to the above ingredients, certain additives are made necessary for production
reasons, whereas other materials may be added to improve product appearance.

L
au

n
d
ry

D
et
er
ge

n
ts

38

Laundry Detergents. E. Smulders
Copyright © 2002  Wiley-VCH Verlag GmbH  &  Co. KGaA

ISBNs: 3-527-30520-3 (Hardback); 3-527-60045-0 (Electronic)



3.1. Surfactants

Surfactants constitute the most important group of detergent components, and they
are present in all types of detergents. Generally, surfactants are water-soluble surface-
active agents comprised of a hydrophobic portion (usually a long alkyl chain) attached
to hydrophilic or solubility-enhancing functional groups.
A surfactant can be grouped in one of four classes, depending on what charge is

present in the chain-carrying portion of the molecule after dissociation in aqueous
solution:

Anionic surfactants
Nonionic surfactants
Cationic surfactants
Amphoteric surfactants

Table 9 [36] provides an overview of these classes.
In general, both adsorption and detergency performance increase with increasing

chain length. For example, ionic surfactants bearing n-alkyl groups show a linear
relationship between the number of carbon atoms in the surfactant molecule and
the logarithm of the amount of surfactant adsorbed on activated carbon or kaolin clay.
The structure of the hydrophobic residue also has a significant effect on surfactant

properties. Surfactants with little branching in their alkyl chains generally show a good
cleaning effect but relatively poor wetting characteristics, whereas more highly
branched surfactants are good wetting agents but have unsatisfactory detergency
performance. For compounds containing an equal number of carbon atoms in their
hydrophobic chains, wetting power increases markedly as the hydrophilic groups move
to the center of the chain or as branching increases. Simultaneously a decrease in
adsorption and detergency performance occurs (Figs. 34 and 35).
The changes with respect to adsorption, wetting, and detergency performance that

result from varying the degree of branching are far more significant for ionic surfac-
tants than for nonionic surfactants. In the case of anionic surfactants, losses in
detergency performance caused by increased branching can be compensated for to
some extent, provided the overall number of carbon atoms is increased appropriately.
Household washing of textiles normally poses few situations requiring extraordinary

wetting power. If problems arise, they can usually be overcome by increasing the wash
time or the amount of detergent used. Most important is the effectiveness of the
rolling-up process. Optical microscopy has revealed that oily and greasy soil tends
to reside in more or less evenly distributed layers on the surface of fibers. These layers
are gradually constricted by the action of a surfactant and its associated spreading
pressure, with the layers ultimately being reduced to drops resting loosely on the fibers,
which are then easily detached. Thus, oily residue as a fiber wetting agent is replaced by
aqueous wash solution.
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The number of types of surfactants suitable for use in laundry products has increased
considerably in the past 50 years. The principal criteria for judging surfactant suitability
apart from performance are toxicological and ecological characteristics. Cationic and
nonionic surfactants have come to play an increasingly important role along with their
anionic counterparts (cf. Table 10). Despite the wide choice of possibilities, however,
only few surfactants account for the major share of the market, partly as a result of
economic factors [27], [38].

Anionic surfactants are the most common ingredients in detergents designed for
laundry, dishwashing, and general cleansing. Nonionic surfactants such as alcohol
ethoxylates have acquired great importance during the last decades. Cationic surfactant
use is largely restricted to fabric softeners because of the fundamental incompatibility of
these materials with anionic surfactants and their poor cleaning efficiency. Amphoteric
surfactants still lack a significant place in the market. Around the world a remarkable
variability in the types of surfactants employed in products for similar purposes can be
seen. The reasons are to be found in the variations in the kinds of fabric encountered
worldwide, the diversity in washing machine technology, and different regional habits
for fabric use and care (Fig. 36).
Wash technology has been the subject of major changes and developments during

the past 50 years. The textile market has also changed, with synthetic fibers playing an
increasingly large role. The wide variety of textile fibers and fiber blends and their
differing characteristics have forced manufacturers to devise surfactants with a broad

Figure 34. Decrease in adsorbed amount Q at
equilibrium with increased branching of the
hydrophobic residue [37]
Adsorbent: activated carbon M; amount of ad-
sorbent: 0.050 g; particle diameter: 0.084 cm;
surfactant:

surfactant concentration: 1�10–4 mol/L; tem-
perature: 25 �C

Figure 35. Decrease in soil removal S from
soiled cotton as a function of increased
branching in the hydrophobic residue [37]
Surfactant:

temperature: 90 �C; bath ratio: 1 : 12.5; water
hardness: 16 �d (285 ppm); surfactant concen-
tration: 2.91�10–3 mol/L

D
et
er
ge

n
t
In
gr
ed

ie
n
ts

41



Table 10. Key surfactants

Structure Chemical name Acronym

Anionic surfactants
R = C10–16 soaps

R–C6H4–SO3Na R = C10–13 alkylbenzenesulfonates LAS
R1 + R2 = C11–17 alkanesulfonates SAS

n +m = 9 – 15
n = 0,1,2_ m = 1,2,3_
R = C7–13 x = 1,2,3 a-olefinsulfonates AOS

R = C14–16 a-sulfo fatty acid methyl esters MES

R–CH2–O–SO3Na R = C11–17 alcohol sulfates, alkyl sulfates (linear
and branched)

AS

a) R1 = H alkyl ether sulfates AES
R2 = C10–12 a) fatty alcohol ether sulfates

b) R1 + R2 = C11–13 b) oxo alcohol ether sulfates
R1 =H, C1, C2_

n = 1 – 4

Cationic surfactants
R1, R2 = C16–18 quaternary ammonium compounds
R3, R4 = C1 tetraalkylammonium chloride

Nonionic surfactants
alcohol ethoxylates AE

a) R1 = H R2 = C6–16 a) fatty alcohol ethoxylates
b) R1 + R2 = C7–13

R1 =H, C1, C2_ b) oxo alcohol ethoxylates
n = 3 – 15

R–C6H4–O–(CH2–CH2–O)nH R= C8–12 n = 5 – 10 alkylphenol ethoxylates APE
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Table 10. (continued)

Structure Chemical name Acronym

R = C11–17
n = 1, 2 m = 0, 1 fatty acid alkanolamides FAA

R = C8–18
n = 3 – 6 m = 3 – 6 alcohol alkoxylates (EO/PO adducts)

n = 2 – 60 ethylene oxide – propylene oxide EPE
m = 15 – 80 block polymers

R = C12–18 alkyldimethylamine oxides

x = 0 – 2
n = 11 – 17 alkyl polyglycosides APG

n = 10 – 16 fatty acid N-methylglucamides NMG

N-methyl-N,N-bis[2-(C16/18-
acyloxy)ethyl]-N-(2-hydroxy-
ethyl)ammonium-methosulfate
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performance range. No single surfactant is capable of fulfilling all demands in an
optimal way; consequently, the trend has been increasingly toward using surfactant
blends, in which the characteristics of each component are intended to supplement
those of the others. The widening scope of the demand for surfactants used in
detergents not only relates to performance, but encompasses toxicological, ecological,
and economic considerations as well. Surfactants suitable for detergent use are expected
to demonstrate the following characteristics [40], [41]:

Specific adsorption
Excellent soil removal
Low sensitivity to water hardness
Good dispersion properties
Good soil antiredeposition capability
High solubility

Table 10. (continued)

Structure Chemical name Acronym

N,N,N-trimethyl-N-[1,2-dl(C16/18-acyl-
oxy)propyl]-ammonium-chloride

DEQ

alkyl betaines

Figure 36. 1995 Global use
pattern of major
surfactants [39]
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Sufficient wetting power
Desirable foam characteristics
Neutral odor
Low intrinsic color
Sufficient storage stability
Good handling characteristics
Low toxicity to humans
Favorable environmental behavior
Assured raw material supply
Competitive costs

3.1.1. Anionic Surfactants

Most detergents contain larger amounts of anionic surfactants than nonionic sur-
factants. The following discussion deals with anionic surfactants that are in widespread
use and/or have favorable characteristics. Anionic surfactants and their manufacturing
processes are amply described in the literature [184].

Soap. Soap is no longer as important in many parts of the world as it was before the
existence of mass-produced synthetic surfactants. Although soap powders for washing
once contained as much as 40 % soap as their sole surfactant, powder detergents have
since the 1950s been formulated with mixtures of far more effective surfactants in
considerably smaller proportion. A further reason for the decreasing use of soap in
laundry detergents is its sensitivity to water hardness, manifested through inactivation
due to the formation of lime soap, which tends to accumulate on fabrics and washing
machine parts. Such accumulation reduces the absorbency of fabrics and their permea-
bility to air, and eventually through “aging” causes laundry to become discolored and to
develop malodors. The primary function that remains for soap currently is as a foam
regulator in laundry detergents in Europe. Nonetheless, soap has remained worldwide
the largest surfactant by volume. It is still the surfactant of choice in many countries
with low gross national product (cf. Chap. 9) (cf. Section 3.4.3).

Alkylbenzenesulfonates (LAS and TPS). Until the mid-1960s, this largest class of
synthetic surfactants was most prominently represented by tetrapropylenebenzenesul-
fonate (TPS):
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In the 1950s TPS had largely replaced soap as an active ingredient in laundry detergents
in Europe, the USA, and Japan. It was later found, however, that the branched side-
chain present in TPS prevents the compound from undergoing sufficient biodegrada-
tion. Thus, means were developed to replace it by more readily biodegradable straight-
chain homologues. Since that time, favorable economic circumstances and good per-
formance characteristics have permitted straight-chain or linear alkylbenzenesulfonates
(LAS) to take the lead among laundry detergent surfactants in Europe, the Americas,
and Asia. Nevertheless, a few countries remain in which TPS continues to be used in
detergents (see Section 10.3.1). The large-scale manufacturing methods for LAS have
been reviewed [48].

n + m = 7–10
LAS

Apart from their very good detergency performance, LAS have interesting foaming
characteristics, which are of great significance to their use in detergents. Their foaming
ability is high, and the foam that is produced is readily stabilized by foam stabilizers, an
important factor in many parts of the world. At the same time, however, LAS can be
controlled easily by foam regulators, and this is significant with respect to detergents
for the European market, where horizontal-axis drum-type washing machines are
common.

As a result of their high solubility, LAS are also frequently employed in formulations
for liquid detergents. However, LAS are sensitive to water hardness: the detergency
performance of LAS diminishes as the hardness of the water increases. The relationship
between water hardness and performance for a series of surfactants in the absence of
builders or sequestrants is well demonstrated by soil removal from wool, as illustrated
in Figure 37.
The decline in detergency performance with increasing water hardness is most

dramatic with soap. Sensitivity to water hardness largely disappears in built formu-
lations (zeolite A, triphosphate, soda ash, etc.) because of sequestration, binding, or ion
exchange of the water hardness ions (cf. Chap. 2, Fig. 29). Figure 38 illustrates wool
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wash performance for various readily accessible anionic surfactants in the absence of
complexing agents, plotted as a function of surfactant concentration. It can be seen that
products with a lower sensitivity to hardness display only a slight advantage.

Secondary Alkanesulfonates (SAS).

R1 + R2 = C11–17

Sodium alkanesulfonates (SAS) have been known as commercial surfactants since the
1940s. Their large-scale production began in the late 1960s. Sodium alkanesulfonates
are still valued as specialty anionic surfactants for consumer products. Their 1998
demand amounted to only 60�103 t. SAS feature high solubility, fast wetting proper-
ties, chemical stability to alkali, acids, and strong oxidants including chlorine. Sodium
alkanesulfonates are produced by photochemical sulfoxidation or sulfochlorination of
suitable C12 – C18 paraffin cuts. Manufacturing, properties, applications, and character-
istics of SAS have been reviewed [43] – [46]. Sodium alkanesulfonates are the com-
pounds that closely resemble LAS in terms of solubility, solubilizing properties, wetting
power and other detergency properties. Therefore, SAS can largely be substituted for
LAS in most formulations.

Figure 37. Detergency performance on wool by
various surfactants as a function of water hardness
[42]
Time: 15 min; temperature: 30 �C; bath ratio:
1 : 50; concentration: 0.5 g/L surfactant + 1.5 g/L
sodium sulfate
a) Nonylphenol 9 EO; b) C12–14 Alcohol 2 EO
sulfates; c) C15–18 a-Olefinsulfonates; d) C16–18
a-Sulfo fatty acid esters; e) C12–18 Alcohol sulfates;
f ) C10–13 Alkylbenzenesulfonates; g) C13–18 Al-
kanesulfonates
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Alkanesulfonates are completely insensitive to hydrolysis even at extreme pH values,
a result of the presence of the stable carbon – sulfur bond.
The water hardness sensitivity and foaming characteristics of SAS largely resemble

those of LAS, as discussed above.

a-Olefinsulfonates (AOS).

R1–CH2–CH=CH–(CH2)n–SO3Na Alkenesulfonates

Hydroxyalkanesulfonates

R1 = C8 – C12 n = 1, 2, 3

R2 = C7 – C13 m = 1, 2, 3

a-Olefinsulfonates (AOS) are produced commercially starting from a-olefins. Alka-
line hydrolysis of the sultone intermediate results in ca. 60 – 65 % alkenesulfonates and
ca. 35 – 40 % hydroxyalkanesulfonates. Because of the use of olefinic precursors, these
mixtures are customarily called a-olefinsulfonates.

Figure 38. Detergency performance on wool of
various synthetic anionic surfactants as a function
of concentration [40]
Product: 25 % surfactant + 75 % sodium sulfate;
temperature: 30 �C; wash time: 15 min; bath ratio:
1 : 30; water hardness: 16 �d (285 ppm CaCO3)
a) C12–14 Alcohol 2 EO sulfates; b) C15–18 a-Ole-
finsulfonates; c) C16–18 a-Sulfo fatty acid esters;
d) C13–18 Alkanesulfonates; e) Alkylbenzenesul-
fonates
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In contrast to LAS and SAS, AOS show little sensitivity to water hardness (cf.
Fig. 37). This apparent advantage is only of significance in a few very special applica-
tions, however. Depending on chain length, AOS may cause foaming problems in
drum-type washing machines, which requires the addition of special foam regulators.
Since this problem does not arise with washing machines of the type used in Japan,
AOS have long been an important component of some Japanese detergents.
In addition to a-olefinsulfonates, sulfonates prepared from olefins with internal or

central double bonds and from vinylidene olefins also exist. These types of olefinsul-
fonates are unsuitable for detergent use, however, because of their poor performance
characteristics. In Figure 39, a C15–18 a-olefinsulfonate is compared with a C15–18
internal olefinsulfonate, the inferior performance of which is clearly apparent. The
reason for the difference is the fact that AOS have their hydrophilic group in a terminal
position, whereas with the internal olefinsulfonates, additional isomers can arise in
which hydrophilic groups are distributed throughout the entire hydrophobic chain.
This has the same consequences as branching (cf. Section 3.1). However, olefinsulfon-
ates prepared from internal olefins generally show very good textile wetting character-
istics.

a-Sulfo Fatty Acid Esters (MES)

R = C12–16
a-Sulfo fatty acid methyl esters

Figure 39. Performance of various
olefinsulfonates [47]
Water hardness: 16 �d (285 ppm CaCO3); wash
time: 30 min; wash temperature: 60 �C
a) 0.75 g/L C15–18 Internal olefinsulfonates +
2.0 g/L sodium triphosphate; b) 0.75 g/L C15–18
a-Olefinsulfonates + 2.0 g/L sodium triphosphate
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Another class of anionic surfactants is the a-sulfo fatty acid esters, particularly the
methyl derivatives. This group of surfactants is also called methyl ester sulfonates
(MES). Methyl ester sulfonates are derived from a variety of methyl ester feedstocks
from renewable resources, such as coconut, palm kernel, palm stearin, beef tallow, lard,
and soy. Good detergency performance is attained with products having rather long
hydrophobic residues (e.g., palmitic and stearic acid derivatives) [48]. The sensitivity of
MES to water hardness is small relative to that of LAS and SAS, more closely resem-
bling that of AOS. One of the interesting detergency properties of a-sulfo fatty acid
methyl esters is their exceptional dispersion power with respect to lime soap.

Special attention is to be paid to the manufacturing of finished laundry products
based on MES. Insufficient storage stability of MES has so far impeded their large-scale
use in detergents; they have only been used in a few Japanese detergents [49].

Alkyl Sulfates (AS).

R = C11–17

Alkyl sulfates (AS), also known as alcohol sulfates, achieved prominence as early as
the 1930s in detergents for delicate fabrics in Germany and the USA and as components
of textile auxiliaries. Their availability resulted from the development by Schrauth to
produce primary fatty alcohols by high-pressure hydrogenation of fatty acids and their
methyl esters. Alkyl sulfates are produced either from natural fatty alcohols derived
from palm oil, palm kernel oil, or coconut oil, or from oxo alcohols, i.e., of petro-
chemical origin [38]. They are characterized by desirable detergency properties, and
have found increasing application not only in specialty products, but also in heavy-duty
detergents, especially in those concentrated products produced by nontower technology
(cf. Section 6.2.3).

Alcohol sulfates derived from natural, renewable feedstocks have been playing a
steadily increasing role as surfactants in laundry detergents since the 1980s. They have
found increasing application at the expense of LAS [27], [38], [50] – [53].

Alkyl Ether Sulfates (AES).

Alkyl ether sulfates

1. R1 = H, R2 = C10–12 Fatty alcohol ether sulfates
2. R1 + R2 = C11–13 Oxo alcohol ether sulfates
R1 =H, C1, C2_
n = 1–2
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Alkyl ether sulfates (AES), also known as alcohol ether sulfates, are obtained by
ethoxylation and subsequent sulfation of alcohols derived from natural feedstocks or of
synthetic alcohols. They exhibit the following unique characteristics relative to alkyl
sulfates:

Low sensitivity to water hardness (cf. Fig. 37)
High solubility
Good storage stability at low temperature in liquid formulations

Commercial AES consist of alkyl ether sulfates and alkyl sulfates as the main
components. Unsulfated alcohols, alcohol ethoxylates, inorganic salts, and poly(ethyl-
ene oxide) sulfates are contained as byproducts [38]. Manufacturing, properties, and
analysics of AES have been reviewed [54].
Alcohol ether sulfates that are least sensitive to water hardness, e.g., sodium C12–14

n-alkyl diethylene glycol ether sulfates, actually demonstrate increased detergency
performance (e.g., on wool) as the hardness increases. This is a result of the positive
electrolyte effects attributable to calcium/magnesium ions. Addition of sodium sulfate
produces a slight improvement of detergency performance only in regions of low water
hardness. However, detergency performance declines in the presence of sodium triphos-
phate due to calcium/magnesium sequestration (cf. Fig. 40).

Binding of alkaline earth ions can occur not only through complexation, but also as a
result of ion exchange. Calcium ions can be exchanged particularly effectively and with
favorable kinetics by using zeolite A. The properties discussed above in the context of
calcium sequestration can be equally well described in terms of ion exchange.

From the foregoing, it follows that if one were to undertake the development of, for
example, a wool detergent, an important consideration would be the careful choice of
supplemental salts; i.e., the presence of complexing agents or ion exchangers is not
always advantageous in a detergent formulation containing surfactants if these are

Figure 40. Soil removal S from wool as a function
of water hardness at 30 �C with 0.5 g/L sodium
C12–14 n-alkyl diethylene glycol ether sulfates con-
taining no added electrolyte (a), with 1.5 g/L so-
dium sulfate (b), and with 1.5 g/L sodium tri-
phosphate (c) [4]
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insensitive to water hardness. On the other hand, a surfactant that is sensitive to water
hardness is not necessarily inferior, provided it is combined with the proper complexing
agents or ion exchangers. The situation can be somewhat more complicated, however, if
a detergent has to be developed for fibers whose nature requires the presence of
complexing agents for proper washing.

Alkyl ether sulfates are very intensively foaming compounds that are well suited for
use in high-foam detergents for vertical-axis washing machines, but are less directly
applicable to detergents for horizontal-axis drum-type machines. Because of their
specific properties, alkyl ether sulfates are preferred constituents of detergents for
delicate or wool washables, as well as foam baths, hair shampoos, and manual dish-
washing agents. The optimal carbon chain length has been established to be C12–14 with
ca. 2 mol of ethylene oxide.

Alcohol ether sulfates have achieved some importance in the U.S. and Japanese
markets. This is because their critical micelle concentration is considerably lower than
that for LAS, resulting in very satisfactory washing power even at the low detergent
concentrations typical in these countries. In Europe, the use of alcohol ether sulfates has
so far been largely restricted to specialty detergents.
Alkyl ether sulfates were formerly prepared exclusively by ethoxylation and sulfation

of native fatty alcohols. For a long time, synthetic alcohols have also been used,
particularly the partially branched oxo alcohols. Oxo alcohol ether sulfates have good
wetting properties comparable to those of straight-chain native fatty alcohol ether
sulfates, whereas their detergency performance is inferior to the latter [55].

3.1.2. Nonionic Surfactants

3.1.2.1. Alcohol Ethoxylates (AE)

Nonionic surfactants of the alcohol ethoxylate (AE) type do not dissociate in aqueous
solution. Some of their properties can be singled out for special attention:

The absence of electrostatic interactions
Behavior with respect to electrolytes
The possibility of favorable adjustment of hydrophilic – lipophilic balance values
(HLB)
Anomalous solubility in water

Adsorption phenomena involving nonionic surfactants can be explained on the basis
of hydrophobic interactions, in some cases coupled with steric effects. Electrolytes have
no direct influence on adsorption with nonionic surfactants. Nonionic surfactant
detergency performance is adversely affected by the presence of polyvalent cations.
These cations cause reduced negative z-potentials of fiber surface and soil, leading to
reduced repulsion and correspondingly poor soil removal.
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An important advantage of nonionic surfactants of the alcohol ethoxylate type is the
fact that a proper balance (HLB) can be easily achieved between the hydrophobic and
hydrophilic portions of the nonionic surfactants. For example, the hydrophilic portion
of the molecule can be extended gradually by stepwise addition of ethylene oxide
moieties. This leads to a stepwise increase in hydration and corresponding successive
increase in solubility. On the other hand, with ionic surfactants, the presence of even
one ionic group makes such a strong contribution to hydrophilic character that the
introduction of further ionic groups totally eliminates the possibility of any equilibrium
relationship with respect to the hydrophobic portion. The result is a rapid deterioration
of typical surfactant characteristics. For a surfactant bearing two strong ionic hydro-
philic groups to show washing activity, a considerably longer alkyl chain (>C20 ) would
be necessary.

Nonionic surfactants with a given hydrophobic residue can be adjusted to have
optimal properties for various substrates with respect to adsorption and detergency
performance simply by changing the degree of ethoxylation. Performance shows an
initial increase with an increasing degree of ethoxylation, but a point is then reached
after which it declines markedly (Fig. 41). Textile wetting power often decreases only at
very high degrees of ethoxylation, whereas the wetting power for hard hydrophobic
surfaces continues to climb as the number of ethoxy groups increases.
Alcohol ethoxylates show a solubility anomaly: when they are heated in aqueous

solution, suddenly turbidity appears, usually at a relatively precise temperature. This is
caused by a separation of the alcohol ethoxylate solution into two phases, one with a
high water content and one with a low water content. The corresponding characteristic
temperature for a given surfactant is known as its cloud point. The cloud point moves
to a higher temperature as the number of ethoxy groups increases. If the cloud point is
not greatly exceeded, then the largely aqueous phases and largely surfactant phases
form an emulsion. For a given surfactant, adsorption (hence, detergency performance)
decreases when the cloud point is surpassed to a significant extent. The main reason for
this behavior is the reduced solubility of the alcohol ethoxylates, which are then
expelled from the aqueous phase. Nevertheless, nonionic surfactants with a cloud point
somewhat below the application temperature commonly show better performance than
those whose cloud point is higher (Fig. 41). Thus, the wash temperature is a significant

Figure 41. Detergency performance on wool and
cloud point of C13–15 oxo alcohols as a function of
degree of ethoxylation [40]
a) Detergency performance on wool (temperature:
30 �C; water hardness: 16 �d (285 ppm CaCO3); bath
ratio: 1 : 30; time: 15 min; concentration: 0.75 g/L
surfactant +2.25 g/L sodium sulfate); b) Cloud point
(surfactant concentration 10 g/L)
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factor in determining an optimal degree of ethoxylation (Table 11). The table shows
that the best detergency performance is obtained when the temperature is maintained
near the cloud point.
The cloud point can be greatly reduced by addition of several grams of electrolytes

per liter, depending on the surfactant. However, everything said in this section is strictly
applicable only to systems comprised of pure nonionic surfactants. For binary mixtures
of nonionic and ionic surfactants, it is important to recognize that even a small amount
of ionic surfactant can cause the cloud point to rise more or less dramatically.
The share of nonionic surfactants in overall surfactant production and use has been

increasing since the 1970s. The major contributors to this increase have been fatty
alcohol, oxo alcohol, and secondary alcohol ethoxylates, all of which are obtained by
reaction of the corresponding alcohols with ethylene oxide. By varying the carbon chain
length and the degree of ethoxylation, these nonionic surfactants can be tailor-made
with respect to the washing temperature. For these reasons, the increased use of
nonionic surfactants has been partly concomitant with the trend to wash at lower
temperature and with changes in the production shares of different fibers [27], [56].
The reasons for the increased use of nonionic surfactants are found in their favorable

detergency properties, particularly with respect to synthetics, and the decrease in wash
temperatures observed since the 1970s.
Favorable detergency properties of nonionic surfactants derive largely from the

following factors:

Low critical micelle concentration (cM)
Very good detergency performance
Excellent soil antiredeposition characteristics with synthetic fibers

The low cM values of nonionic surfactants indicate that they display high detergency
performance even at relatively low concentrations. Table 12 provides data illustrating
the low cM of these compounds relative to that of anionic surfactants.

Table 11. Detergency performance (in % remission) of alcohol ethoxylates with comparable cloud points [42]

Surfactant * Cloud
point,

Cotton Permanent-press cot-
ton

Polyester/cotton

�C 60 �C 90 �C 60 �C 90 �C 60 �C 90 �C

C11–15 sec-Alcohol 9 EO 59 71 53 69 55 65 48
C9–11 Oxo alcohol 7 EO 61 57 44 66 52 53 43
Oleyl/cetyl alcohol 10 EO ** 89 60 68 70 72 57 67
C13–15 Oxo alcohol 11 EO 88 54 69 67 69 53 58
* Surfactant concentration: 0.75 g/L; water hardness: 16 �d (285 ppm); wash time: 30 min.
** Iodine number 45.
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3.1.2.2. Alkylphenol Ethoxylates (APE)

Alkylphenol ethoxylates (APE), are based on p-octyl-, nonyl-, and dodecylphenol
poly(ethylene glycol) ethers. They achieved early success due to their exceptional
detergency properties, particularly their oil and fat removal characteristics.

R = C8–12 n = 5–10

The usage of APE has greatly declined, however, especially in Europe since 1986, due
to their environmental characteristics, particularly the extent of their biodegradability
and the fish toxicity of certain metabolites resulting from partial biodegradation (see
Chap. 10).

3.1.2.3. Fatty Acid Alkanolamides (FAA)

Fatty acid alkanolamides are ethanolamides of fatty acids with the following struc-
ture:

R = C11–17 n = 1, 2 m = 0, 1

Fatty acid alkanolamides find only little application in laundry detergents. Their
most important feature is foam boosting, i.e., adding desired stability to the foam
produced by detergents prone to heavy foaming. This property is not desirable for
horizontal-axis drum-type washing machines employed, e.g., in Europe. Nevertheless,

Table 12. Critical micelle concentration cM of various surfactants [42]

Surfactant cM , g/L

LAS (C10–13 alkyl) 0.65
C12–17 Alkanesulfonates 0.35
C15–18 a-Olefinsulfonates 0.30
C12–14 Fatty alcohol 2 EO sulfates 0.30
Nonylphenol 9 EO 0.049
Oleyl/cetyl alcohol 10 EO * 0.035
* Iodine number 45. D
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small amounts of FAA as cosurfactants are capable of enhancing the soil removal
properties of the classical detergent components at low washing temperatures.

3.1.2.4. Alkylamine Oxides

The alkylamine oxides are produced by oxidation of tertiary amines with hydrogen
peroxide. They are compounds that exhibit cationic behavior in acidic conditions
(pH5 3), but they behave as nonionic surfactants under neutral or alkaline conditions.
For this reason they are included in the nonionic surfactant category.

R = C12–16

Compounds in this class have been known since 1934 and were described as
detergent components in a patent issued to IG-Farbenfabriken. Combinations of
alkylbenzenesulfonates and specific amine oxides are reputed to be especially gentle
to the skin. Despite good detergency properties, however, they are rarely included in
laundry detergent fromulations. The reasons for this include high cost, low thermal
stability, and high foam stability.

3.1.2.5. N-Methylglucamides (NMG)

N-Methylglucamides are a new type of nonionic surfactants, that has been intro-
duced in detergents in the 1990s. N-Methylglucamides derive their hydrophilic char-
acter from the hydroxyl groups of sugar or starch glucose moieties. These surfactants
are obtained by reacting sugars with methylamine and subsequent acylation with fatty
acid. They have increasingly been used as co-surfactants in powder and liquid detergent
formulations.

3.1.2.6. Alkylpolyglycosides (APG)

Alkylpolyglycosides are produced by the dehydration – condensation reaction of
alcohols with glucose. Alkylpolyglycosides have distinct lathering characteristics, espe-
cially in combination with anionic surfactants. Due to their good foaming properties
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APG are predominantly used in dishwashing detergents, liquid detergents, and spe-
cialty detergents for fine fabrics.

Excellent skin compatibility is one of the outstanding characteristics of alkylpolyglyco-
sides. Many APG compounds with special properties can be synthesized by varying the
alkyl chain length and the degree of glucose polymerization [57]. Since APG are
completely based on natural resources, they biodegrade easily and rapidly to carbon
dioxide and water only.

3.1.3. Cationic Surfactants

Long-chain cationic surfactants such as distearyldimethylammonium chloride
(DSDMAC) exhibit extraordinarily high sorption power with respect to a wide variety
of surfaces [58], [59], [62], [63]. They are very strongly absorbed to the surface of natural
fibers, such as cotton, wool, and linen. Adsorption on synthetic fibers is much less
pronounced. Figure 42 shows this behavior for several textile fibers. Adsorption rises
steeply at low surfactant concentrations, followed by rapid saturation as the concen-
tration increases. This behavior suggests complete coverage of boundary surfaces.
At the same time, cationic surfactants display behavior opposite to that of anionic

surfactants as regards charge relationships on solids. Since the surfactant molecules
bear a positive charge, their adsorption reduces the negative z-potential of solids
present in aqueous solution, thereby reducing mutual repulsions, including that be-
tween soil and fibers. Use of higher surfactant concentrations causes charge reversal;
thus, solid particles become positively charged, resulting again in repulsion. Soil
removal can be achieved if adequate amounts of cationic surfactants are present and
if their alkyl chains are somewhat longer than those of comparable anionic surfactants.
This fact has little practical significance, however, since the subsequent rinse and
dilution processes cause charge reversal in the direction of negative z-potentials,
whereby a large fraction of the previously removed soil is once more attracted to
the fibers. Therefore, cationic surfactants are employed only for the purpose of achiev-
ing certain special effects, which include applications in rinse-cycle fabric softeners,
antistatic agents, and microbicides.
Mixtures made up of equivalent amounts of anionic surfactant and cationic surfac-

tant remain virtually unadsorbed on surfaces and thus display no washing effect.
Reactions between anionic and cationic surfactants produce neutral salts with ex-
tremely low water solubility. Regarding the washing process, these salts behave like
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an additional load of greasy soil. On the other hand, addition of small amounts of
certain specific cationic surfactants to an anionic surfactant — or even a nonionic
surfactant — can enhance detergency performance.
Nonionic surfactants are more tolerant of the presence of cationic surfactants than

anionic surfactants. Mixtures of the two are sometimes used in specialty detergents
intended to have a wash-cycle fabric-softening effect. In such cases, it must be taken
into account that adsorption of the cationic surfactant can be greatly reduced by the
presence of the nonionic surfactant, depending on the concentration of the latter, a
phenomenon that can have a negative influence on the fabric-softening characteristics
(Fig. 43).

Dialkyldimethylammonium Chlorides. The first surfactant developed in this cat-
egory was distearyldimethylammonium chloride (DSDMAC), introduced in 1949 as a
fabric softener for cotton diapers and presented to the U.S. market a year later as a
laundry rinse-cycle fabric softener.

R = C16–18

Figure 42. Adsorption isotherms of distearyldi-
methylammonium chloride (DSDMAC) on wool
(a), cotton (b), and polyacrylonitrile (c) [58]
Temperature: 23 �C; time: 20 min; bath ratio:
1 : 10
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Only in the mid-1960s did these surfactants begin to have a major impact as laundry
aftertreatment aids on the U.S. and Western European markets (especially in the
Federal Republic of Germany).

Imidazolinium salts such as 1-(alkylamidoethyl)-2-alkyl-3-methylimidazolinium
methylsulfate have achieved a place as rinse-cycle softening agents, although not nearly
as significant as that of DSDMAC.

R = C16–18

Alkyldimethylbenzylammonium Chlorides. Compounds of the alkyldimethyl-
benzylammonium chloride type show only limited fabric softening character, but they
have been used in laundry disinfecting agents as a result of their activity toward
gram-positive and gram-negative bacteria.

Figure 43. Adsorption isotherms of distearyldi-
methylammonium chloride (DSDMAC) on cotton
as a function of the alkyl polyglycol
ether : DSDMAC ratio at equilibrium [58]
Temperature: 23 �C; time: 20 min; bath ratio:
1 : 10
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R = C8–18

The high adsorption capability of alkyldimethylbenzylammonium chloride also leads
to applications as antistatic agents in laundry aftertreatment products.

Esterquats (EQ). In the new generation of fabric softeners that came up in the
1980s/1990s, DSDMAC has been largely replaced by esterquats, e.g., products with the
following structures [60], [61]:

N-Methyl-N,N-bis[2-(C16/18-acyloxy)ethyl]-
N-(2-hydroxyethyl)ammonium-methosulfate
EQ (Esterquat)

N,N,N-Trimethyl-N-[1,2-di(C16/18-acyloxy)
propyl] ammonium chloride
DEQ (Diesterquat)

Diethylester dimethyl ammonium chloride (DEEDMAC)
R = Tallow fatty acid
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Due to their ester bonds, which are potential breaking points, esterquats are readily
biodegradable in contrast to DSDMAC, which is only poorly biodegradable (see Chap.
10). Esterquats have favorable ecotoxicological and toxicological properties. All avail-
able data proves that esterquats present no hazard for living organisms.

Esterquats have similar physicochemical and chemical properties as DSDMAC [60],
[61]. It may be assumed that esterquats exhibit adsorption characteristics that are very
similar to those of DSDMAC, as shown in Figure 42.

3.1.4. Amphoteric Surfactants

Compounds of the alkylbetaine or alkylsulfobetaine type possess both anionic and
cationic groups in the same molecule even in aqueous solution. Despite what could be
seen in some respects as excellent detergency properties, these surfactants are only
rarely employed in laundry detergents, primarily for cost reasons. They are mainly
applied in manual dishwashing products.

R = C12–18 Alkylbetaines

R = C12–18 Alkylsulfobetaines

3.2. Builders

Detergent builders play a central role in the course of the washing process [64]. Their
function is largely that of supporting detergent action and of water softening, i.e.,
eliminating calcium and magnesium ions, which arise from the water and from soil.
The category of builders is predomintantly comprised of several types of materials:

specific precipitating alkaline materials such as sodium carbonate and sodium silicate;
complexing agents like sodium triphosphate or nitrilotriacetic acid (NTA); and ion
exchangers, such as water-soluble polycarboxylic acids and zeolites (e.g., zeolite A).
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Detergent builders must fulfill a number of criteria [4]:

1) Elimination of alkaline earth ions originating from
water
textiles
soil

2) Soil and stain removal
high specific detergency performance for particulate soil and fats
distinct detergency performance on specific textile fibers
enhancement of surfactant properties
dispersion of soil in detergent solutions
favorable influence on foam characteristics

3) Multiple wash cycle performance
good soil antiredeposition capability
prevention of lime deposits on textiles and washing machine parts
anticorrosion properties

4) Handling properties
sufficient chemical stability
no hygroscopicity
good color and odor qualities
compatibility with other detergent ingredients
good storage stability
assured raw material basis

5) Human toxicological safety assurance
6) Environmental properties

response to deactivation by biological degradation, adsorption, or other mech-
anisms
no adverse effects on the biological systems found in sewage plants and surface
water
no uncontrolled accumulation
no heavy-metal ion remobilization
no eutrophication
no detrimental effects on drinking water quality

7) Cost effectiveness

3.2.1. Alkalies

Alkalies such as potash and soda ash have been used to enhance the washing
effectiveness of water since antiquity. Their activity is based on the fact that soil and
fibers become more negatively charged as the pH value increases, resulting in increased
mutual repulsion. Alkali also precipitates ions that contribute to water hardness.
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At the beginning of the 20th century, the principal ingredients (apart from soap) of
all detergents were soda ash and silicate, which often made up nearly 50 % of the
formulation of a powder detergent. These detergent ingredients were partly replaced
during the 1930s by sodium monophosphate and diphosphate. All these builders
removed water hardness by precipitation.
Modern builders no longer precipitate hardness; instead, water hardness is removed

by complexation (sequestration) or ion exchange. Even commercial laundries using soft
water have converted to detergents that are low in soda ash and contain the complexing
agent sodium triphosphate. The latter has many valuable properties, among which are
better detergency performance than soda ash (Fig. 44) [65].

3.2.2. Complexing Agents

Soda ash induces precipitation of calcium and magnesium salts from wash water.
This can lead to formation of lime deposits on both laundry and washing machine
parts. By contrast, sequestering agents form stable, water-soluble complexes with
alkaline-earth ions, as well as with traces of heavy-metal present in water. Often the
resulting complexes are chelates (Fig. 45). Sodium triphosphate forms a stable water-
soluble complex with calcium when their stoichiometric ratio is 1 : 1 (Fig. 45). However,
when a substoichiometric quantity of sodium triphosphate is present, the water-insol-
uble dicalcium triphosphate is formed, which precipitates on textile fibers and washing
machine parts. Its precipitation can be impeded by adding small amounts of hydroxy-
ethanediphosphonate and/or special polycarboxylates to the detergent formulation
[78].
Temperature and complexing agent concentration are generally the decisive factors

in successful elimination of polyvalent metal ions. Table 13 shows the calcium binding
capacity of various sequestering agents as a function of temperature. Calcium binding

Figure 44. Comparison of soil removal (given as
remission R in %) on permanent-press cotton at
0 �d and 90 �C for sodium triphosphate- and so-
dium carbonate-containing detergents, formulated
on the basis of
a) 40 % Sodium triphosphate; b) 20 % Sodium
triphosphate + 20 % sodium sulfate; c) 40 % So-
dium carbonate
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capacity is here to be viewed as a quantitative measure of the stoichiometry of the
resulting complexes. For most sequestering agents, this capacity decreases markedly
with increasing temperature.

Regarding stability, the data presented show only that the stability constants (which
are a function of the method of study employed, e.g., the dissolving power for freshly
precipitated calcium carbonate) exceed a specific value that is dependent on the solu-
bility of the calcium carbonate. Extremely high stability constants or stabilities, which
would result in very low calcium ion concentrations, are not required; indeed, they are
normally undesirable. It is important that those salts present to the greatest extent,
such as calcium carbonate or others with even higher solubility products, be prevented
from precipitating during the washing process. Less soluble calcium salts normally play
a minor role.
Relative to other polyvalent ions, sequestration of alkaline earth ions is of primary

concern because these ions are likely present in high concentration in tap water.
Nevertheless, heavy-metal ions must also be eliminated because even in trace amounts
their presence can have a negative effect on the washing process. For this reason, low
concentrations of selective complexing agents are generally added as well, usually
specific phosphonic acids, e.g., sodium hydroxyethanediphosphonate or sodium diethy-
lenetriaminepentakis(methylenephosphonate).
If a sequestering agent is present in less than stoichiometric amounts relative to

polyvalent metal ions, precipitation of carbonates and insoluble salts of the sequester-
ing agent with the ions causing the water hardness usually results. Even with adequate
amounts of sequestering agent, this effect is important because dilution during the rinse
cycle can cause sequestrant concentration to drop below the necessary value, thereby
permitting undesirable precipitates to form. These can build up on both fabric and
washing machine components, leading eventually to serious accumulations. The prob-
lem can be particularly severe if conditions permit large crystals to form as a result of
seed crystals located on fabric or machine components.

Figure 45. Metal complexes
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Table 13. Calcium binding capacity of selected sequestering agents [4]
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There are a number of compounds that even in substoichiometric amounts are
capable of retarding, hindering, or otherwise interfering with precipitation of insoluble
salts. In some cases their action induces salts to precipitate in amorphous form, thereby
strongly reducing the tendency toward formation of crystals such as calcite, whose
sharp edges can be damaging to fabrics. Sodium polycarboxylates and sodium hy-
droxyethanediphosphonate are frequently used additives in modern detergents, which
strongly exhibit the latter property even at low concentrations; this is known as a
threshold effect [78].
Despite the many desirable properties shown by sodium triphosphate in the washing

process, its continued use has been the subject of an international debate between
industry, governments, and water authorities in Europe, the USA, Japan, and other
regions for many years. The problem has been that sodium triphosphate is a contrib-
utor to eutrophication of standing or slowly flowing surface waters; that is, it may lead
to overfertilization, which in turn encourages extreme algal growth and adversely affects
marine organisms. Recognition of the problem led to an intense worldwide search for
suitable replacements in the 1960s and 1970s (see also Chap. 10). Developments have
been concentrated not only on sequestering agents, but also on ion exchangers, since
these are capable of binding polyvalent metal ions [66] – [68]. Most of the promising
substitutes examined so far were organic compounds, primarily those derived from raw
materials produced by the petrochemical industry. However, few of these substances
were available in large quantity. The cost for commercial production on the necessary
scale of > 106 t/a was in many cases prohibitive.
Apart from eliminating cations and achieving good soil and stain removal, other

important factors in the washing process are dispersion of soil and prevention of soil
redeposition (cf. Chap. 2). Because of the presence of distinct localized charges, seques-
tering agents are readily adsorbed onto particulate soil. As a result, these compounds
often act as effective dispersing agents for such soils.

Figures 46 and 47 show the relationship between dispersing agent concentration and
sediment volume for two structurally different soil pigments where the sediment
volume is understood as an indicator of the effectiveness of the dispersion process.

Figure 46. Sediment volume Vs of kaolin clay as a
function of active ingredient concentration for
water of hardness 16 �d (285 ppm CaCO3) [4]
a) Sodium sulfate; b) C16–18 n-Alkyl decaglycol
ethers; c) Hydroxyethyliminodiacetic acid, sodium
salt; d) Nitrilotriacetic acid, sodium salt; e) So-
dium triphosphate; f ) Sodium n-dodecyl sulfate
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Voluminous sediments are formed in the presence of poor dispersing agents; adsorption
is insufficient to produce an adequate negative surface charge, and the result is coagu-
lation. Figure 46 shows that the extent of dispersion, in this case of kaolin clay, depends
on the specificity with which a sequestering agent is adsorbed. Virtually no effect is
produced by sodium sulfate (a) and a nonionic surfactant (b). Anionic surfactants begin
to show stabilization only at high concentrations that are rarely used in practice (f ).
With graphite, the results are exactly opposite to those observed with kaolin clay

(Fig. 47). Sodium triphosphate alone shows no effect and is thus analogous to sodium
sulfate (curves a and b), whereas sodium n-dodecyl sulfate has a very significant
stabilizing effect. Because n-dodecyl sulfate is sensitive to water hardness, the dispersing
effect increases with diminishing hardness; hence, the sediment volume decreases (both
curves c: 16 and 0 �d). Although neither electrolytes nor sequestering agents alone are
capable of stabilizing the particulate soil graphite, they are capable of exerting a positive
influence, either indirectly through an electrolyte effect (curve d) or in hard water as a
result of fixation of alkaline-earth ions (curve e). With sodium triphosphate, seques-
tration is accompanied not only by an electrolyte effect, but also by a pH effect. An
increase in the hydroxide ion concentration and accompanying hydroxide ion adsorp-
tion causes increased electrostatic repulsion and, hence, better dispersion (reduced
sediment volume). The indirect effect of sequestering agents on the dispersion of
hydrophobic particulate soil applies also in principle to emulsification of water-insol-
uble greasy soil.

A number of additional factors must be considered when selecting a sequestering
agent for detergent use. Several important criteria have been listed in Section 3.2. The
extent to which evaluation of a sequestering agent can vary depends on how the several
criteria are weighted, as is apparent from Table 14.

Figure 47. Sediment volume Vs of graphite as a
function of active ingredient concentration [4]
a) Sodium sulfate; b) Sodium triphosphate;
c) Sodium n-dodecyl sulfate; d) Sodium n-dodecyl
sulfate + 1.5 g/L sodium sulfate; e) Sodium
n-dodecyl sulfate + 1.5 g/L sodium triphosphate
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3.2.3. Ion Exchangers

The disruptive effect of polyvalent metal ions can be reduced not only by the use of
low molecular mass sequestering agents, but also by ion exchangers [67]. Table 15
shows that ion exchangers generally have a high binding capacity for calcium but that
this usually decreases with increasing temperature.
In the early years the idea of introducing water-insoluble substances into detergents

had never been seriously investigated. This was primarily because the known materials
lacked sufficient calcium binding ability, were available only in forms with unsuitable
particle structure, and were deemed impractical for economic reasons. Success was first
achieved through research in the field of sodium aluminum silicates. Systematic
investigation revealed that, among the many known types of sodium aluminum sili-
cates, those with a regular crystalline form were appropriate for use in the washing
process. One particular modification proved especially applicable and economically
interesting: zeolite A [31] – [33], [70] – [74], manufactured under the registered name
Sasil� (sodium aluminum silicate) [66] – [68]. The ion-exchange behavior of this
particular water-insoluble crystalline sodium aluminum silicate (Table 15) depends
on ionic size and on the state of hydration of the ions. In addition to Ca and Mg,
exchange also takes place with, e.g., Pb, Cu, Ag, Cd, Zn, and Hg ions. The elimination of
calcium ions— and to a lesser extent magnesium ions— is of greatest importance for
the washing process, but ion exchange capacity for heavy metal ions is also important
from an ecological standpoint.
Ion exchange is dependent not only on ionic size, but also on concentration, time,

temperature, and pH value. Figure 48 shows the exchange kinetics as a function of
concentration and time. Calcium ions are exchanged very rapidly. The process occurs
somewhat more slowly with magnesium, although exchange becomes more rapid at
higher temperature. These results can be explained by the larger hydration shell of

Table 14. Evaluation of sequestering agents according to various criteria

Ingredient (as sodium salt) Calcium Detergency Incrustation on Hygroscopicity
sequestration performance fabrics and

washing
machines

Sodium diphosphate low very good very heavy insignificant
Sodium triphosphate adequate very good little insignificant
1-Hydroxyethane-1,1-diphosphonic acid very high very good very little hygroscopic
Nitrilotrimethylenephosphonic acid high good little very hygroscopic
Nitrilotriacetic acid high very good very little hygroscopic
N-(2-hydroxyethyl)iminodiacetic acid less adequate good very hygroscopic
Ethylenediaminetetraacetic acid high good very little very hygroscopic
1,2,3,4-Cyclopentanetetracarboxylic acid high fair little hygroscopic
Citric acid low fairly low little insignificant
O-Carboxymethyltartronic acid high good little hygroscopic
O-Carboxymethyloxysuccinic acid less adequate fair hygroscopic
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Table 15. Calcium binding capacity of selected ion exchangers [69]

Formula Chemical name Calcium binding
capacity**,
mg CaO/g
20 �C 90 �C

Poly(acrylic acid) 310 260

Poly(acrylic acid-co-allyl alcohol) 250 140

Poly(acrylic acid-co-maleic acid) 330 260

Poly(a-hydroxyacrylic acid) 300 240

Poly(tetramethylene-1,2-dicarboxylic
acid)

240 240

Poly(4-methoxytetramethylene-
1,2-dicarboxylic acid)

430 330

xNa2O · Al2O3 · ySiO2 · zH2O Sodium aluminium silicate
(Zeolite A)

165 190

D
et
er
ge

n
t
In
gr
ed

ie
n
ts

69



magnesium ions that impedes exchange at low temperature but is largely destroyed at
higher temperature.
The fact that ion exchange occurs in a heterogeneous phase and that adsorption –

desorption phenomena are absent means it is advantageous to employ combinations of
sodium aluminum silicates with water-soluble sequestering agents. The latter have the
ability to remove polyvalent cations, especially calcium and magnesium, from a solid
surface, transport them through an aqueous medium, and then release them to the ion
exchanger. This property is best described as a carrier effect consisting of the following
steps (cf. also Fig. 27):

Figure 48. Kinetics of calcium binding to zeolite A [75]
Initial hardness: 30 �d (530 ppm CaCO3); temperature: 25 �C

L
au

n
d
ry

D
et
er
ge

n
ts

70



1) Sorption of the carrier onto the fiber – soil interface
2) Complexation of calcium and magnesium ions
3) Transfer from the solid fiber – soil interface through the wash liquor to the sodium

aluminum silicate – water interface
4) Dissociation of the complex into carrier and calcium and magnesium ions
5) Ion exchange of calcium and magnesium ions for sodium ions in the sodium

aluminum silicate crystalites
6) Renewed sorption of the carrier on the fiber – soil interface and further complexa-

tion with calcium and magnesium ions

If the properties of sodium triphosphate (a water-soluble sequestering agent) are
compared with those of sodium aluminum silicate (zeolite A), a number of similarities
become apparent, as do typical differences [67], [75]:

1) Characteristics of sodium triphosphate:
a) complex formation with polyvalent ions
b) alkaline reaction
c) specific adsorption on particulate soil and fibers
d) specific electrostatic charging of particulate soil and fibers, dissolution of poly-

valent ions from soil and fibers
e) nonspecific electrolyte effect

2) Characteristics of sodium aluminum silicate:
a) binding capability for polyvalent ions through ion exchange
b) alkaline reaction
c) adsorption of molecularly dispersed substances
d) heterocoagulation with particulate soil
e) crystallization surface for poorly soluble compounds

The different properties of sodium triphosphate and sodium aluminum silicates can
be explained on the basis of their differing solubilities and the divergent ways they
eliminate ions contributing to water hardness. In the case of sodium triphosphate,
calcium binding occurs by chelation, whereas with sodium aluminum silicates, calcium
binding is a result of ion exchange [75].
Ca2+ binding by chelation (sodium triphosphate):
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Ca2+ binding by ion exchange (zeolite A):

Additional differences result from the exceptional adsorption capability of the triphos-
phate anion.
The binary builder system sodium triphosphate – zeolite A assures outstanding

multiple wash cycle performance; that is, incrustations resulting from precipitation
of calcium and magnesium phosphates are largely avoided. Replacement of sodium
triphosphate by zeolite A in a detergent leads to some deterioration in removal of some
soils and stains. By reoptimization of the detergent formulation with respect to
surfactants, bleach system, enzymes, etc., this effect can be easily compensated for.
Alternative ion exchangers like certain water-soluble polycarboxylic acids have also

achieved great importance for phosphate-free and low-phosphate detergents (see Sec-
tion 3.2.4).
Zeolite A, as it is mass produced for use in detergents, appears as cubic crystals with

rounded corners and edges. These crystalline particles show a tendency to form
agglomerates [67], [71] (Fig. 49).
The average diameter of a zeolite A particle is ca. 4 mm. A diameter distribution

curve obtained by differentiation of a residue summation curve (determined by using a

Figure 49. Scanning electron micrograph of ze-
olite A [71]
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Coulter counter) shows quite a sharp maximum at the corresponding abscissa value
(Fig. 50).
Zeolite A is specially optimized for use in detergents. Its unique particle form, cubes

with rounded corners, protects fibers against damage, and the tiny particles with their
narrow range of particle sizes ensures that deposition on laundry is practically
nonexistent [67].
Table 16 summarizes a number of important criteria for the evaluation of water-

soluble and water-insoluble ion exchangers.

Figure 50. Residue summation curve and par-
ticle diameter distribution curve for zeolite A
[71]
Coulter counter, 50 mm cell
a) Residue distribution; b) Particle frequency

Table 16. Comparison of various ion exchangers [4]

Substance (as sodium salt) Calcium Detergency Incrusta- Hygroscopicity Biodegra-
seque- performance tion on dability*

stration fabrics
and
washing
machines

Poly(acrylic acid) very high good little very hygroscopic minimal
Poly(a-hydroxyacrylic acid) high very good little hygroscopic minimal
Poly(acrylic acid-co-allyl alcohol) high fairly good little very hygroscopic minimal
Poly(4-methoxytetramethylene-
1,2-dicarboxylic acid) high good little very hygroscopic minimal

Poly(tetramethylene-1,2-
dicarboxylic acid)

high good little very hygroscopic minimal

Poly(acrylic acid-co-maleic acid) high good little hygroscopic minimal
Sodium aluminum silicate (zeolite A) high good ** little minimal irrelevant
* Under the conditions of the Closed Bottle Test [250].
** In combination with appropriate soluble sequestering agents or soluble ion exchangers.
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3.2.4. Builder Combinations

Since the beginning of the 1980s, the ternary builder combination zeolite A – poly-
carboxylate – soda ash has been increasingly used in nonphosphate detergents all over
the world [76]. Polycarboxylates—polyacrylate and poly(acrylate-co-maleinate)
—have an outstanding function in this ternary builder system in that they effectively
prevent lime and soil depositions on laundry and washing machines. The mechanism of
action is based on the threshold effect (see Section 3.2.2) [77], [78]. Further ternary
builder systems such as sodium triphosphate – sodium carbonate – sodium polycarbox-
ylate are also frequently applied, of course only in those global regions where phos-
phate-built laundry detergents are common. The use of substoichiometric quantities of
high molecular mass polymers or copolymers of acrylic and maleic acid in these
formulations enables a reduction in the content of sodium triphosphate and its partial
substitution by the more cost effective sodium carbonate. This is due to the ability of
the polycarboxylates to retard or inhibit crystal growth of sparingly soluble salts, such
as calcium phosphate and calcium carbonate. Increasing charge density of the poly-
carboxylic acid (i.e., maleate content in the copolymer) increases its sequestration
capacity [78], [79].

Special crystalline and amorphous silicates, sodium carbonate – silicate compounds,
and zeolite P are also used as alternatives to zeolite A. These alternatives are found in
some European, U.S., and Japanese nonphosphate detergent formulations [80], [81].
Zeolite P was introduced as a builder in laundry detergents in 1994 [82], [83]. It has the
chemical formula Na2O · Al2O3 · (2 – 5) SiO2 · x H2O and is also known under the
trade names zeolite MAP, Doucil A 24, and Wessalith NaP. Zeolite P has the advantage
of substantially stronger calcium binding than zeolite A. Furthermore, zeolite P exhibits
a superior uptake for nonionic surfactants due to is smaller average particle size and,
hence, larger surface per unit weight than zeolite A [167], [200] – [202]. This property
can be essential for special detergent manufacturing technologies.
Unlike zeolites, silicate-based builders are water-soluble and contribute to the alka-

linity of the washing liquor. They are generally better compatible with sensitive bleach
components such as percarbonate. Crystalline layered disilicate Na2Si2O5 and sodium
carbonate – sodium silicate are most suitable for use as detergent builders. They are
commercially available under the tradenames SKS-6 and Nabion 15, respectively. Due
to their superior efficiency in preventing buildup of lime deposits, they can replace
zeolite A in nonphosphate detergents [80], [81], [194].

3.3. Bleaches

The term bleach can be taken in the widest sense to include the induction of any
change toward a lighter shade in the color of an object. Physically, this implies an
increase in the reflectance of visible light at the expense of absorption.
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Bleaching effects can occur through mechanical, physical, and/or chemical means,
specifically through change or removal of dyes and soil adhering to the bleached object.
In the washing process, all of these processes occur in parallel, but to varying extents.
The relative significance of each is determined in part by the nature of the soil and dyes
present. Mechanical/physical mechanisms are effective primarily for the removal of
particulate and greasy soil. Chemical bleaching is employed for the removal of colored
nonwashable soils and stains adhering to fibers and is accomplished by oxidative or
reductive decomposition of chromophoric systems. Only oxidative bleaches are used in
laundry products to a great extent; many soils commonly encountered in everyday
laundry contain compounds which, if bleached reductively, become colorless but may
later return to their colored forms as a result of subsequent atmospheric oxidation.
Nevertheless, this generalization does not rule out the use of special reductive bleaches
(e.g., NaHSO3, Na2S2O4) to treat specific types of discoloration occurring in either
household or institutional settings.
The extent of the bleaching effect that can be achieved is dependent on a number of

factors, including the type of bleach, its oxidation potential and concentration, as well
as the residence time in the washing or rinsing process, the wash temperature, the type
of soil to be bleached, and the nature of the fabric.

Bleachable soils encountered in household and institutional laundry consist of a
broad spectrum of diverse materials which are generally of vegetable origin and contain
primarily polyphenolic compounds. These include the anthocyanin dyes derived from,
e.g., cherries, blueberries, and currants, and curcuma dyes from curry and mustard.
The brown tannins found in, e.g., fruit, tea, and wine stains arise from condensation of
polyphenols with proteins. Other brown organic polymers include the humic acids
present, for example, in coffee, tea, and cocoa. The green dye chlorophyll and the red
betanin from beets are pyrrole derivatives, as are the urobilin and urobilinogen dyes
derived from degradation of hemoglobin and discharged in urine. Carrot and tomato
stains contain carotenoid dyes. Dyes of commercial origin such as those found in
cosmetics, hair coloring agents, and ink are also important. Blood is also a bleachable
soil, but its removal can sometimes present problems.
Two procedures have attained major importance in oxidative bleaching during the

washing and rinsing processes: peroxide bleaching and hypochlorite bleaching. The
relative extent of their application varies, depending heavily on laundering habits in the
different global regions.

3.3.1. Bleach-Active Compounds

The dominant bleaches in Europe and many other regions of the world are of the
peroxide variety. Hydrogen peroxide is converted by alkaline medium to the active
intermediate hydrogen peroxide anion according to the following equation:

H2O2 +OH
–ÐH2O +HO2

–
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The perhydroxyl anion oxidizes bleachable soils and stains. The usual sources of
hydrogen peroxide are inorganic peroxides and peroxohydrates. The most frequently
encountered source is sodium perborate (sodium peroxoborate tetrahydrate, NaBO3

· 4 H2O) [84] , which in crystalline form contains the peroxodiborate anion:

Peroxodiborate is hydrolyzed in water to form hydrogen peroxide. Sodium perborate
monohydrate and sodium percarbonate, which dissolve more quickly than perborate
tetrahydrate, have been increasingly used either as separate color-safe bleach or in
bleach-containing detergents at the expense of sodium perborate tetrahydrate. The
monohydrate version has an improved storage stability as compared with the tetrahy-
drate version. Sodium perborate monohydrate is the preferred ingredient for laundry
products in countries having high ambient temperatures because, contrary to perborate
tetrahydrate, the monhydrate does not cause caking of powder products upon storing at
elevated temperatures for prolonged periods. In contrast to what its name would
suggest, sodium perborate monohydrate contains no water of crystallization. Its mo-
lecular structure is [85]:

On a per weight basis the monohydrate has a considerably higher content of active
oxygen than the tetrahydrate. For this reason, the monohydrate has become the favorite
form of perborate in compact detergents.
The use of sodium percarbonate has gained importance in those countries in which

boron is either banned or restricted for environmental and regulatory reasons, or
negatively discussed. In contrast to sodium perborate, sodium percarbonate is a true
peroxohydrate (Na2CO3 · 1.5 H2O2). In order to achieve a good storage stability for the
bleach, coated or stabilized percarbonate must be used.
The salts of peroxomono- and peroxodisulfuric acid and peroxomono- and perox-

odiphosphoric acid are not significant as detergent bleaches. This results largely from
their insufficient bleaching power in wash liquor, either because they are insufficiently
hydrolyzed to hydrogen peroxide in an alkaline medium or because their oxidation
potential is too low.
Comparison shows that sodium perborate and sodium percarbonate have the most

preferred prerequisites for use as a detergent bleach additive. Oxygen bleaches have
been reviewed [85] – [88].
The concentration of bleach-active hydrogen peroxide anion increases with pH value

and temperature. Sodium perborate exhibits significantly less bleaching efficiency at
temperatures below 60 �C. Even at low temperatures (i.e., where the reaction equilib-
rium is unfavorable), hydrogen peroxide anions are present in the wash water, but show
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only modest bleaching power (Fig. 51). The bleaching effect also increases markedly
with increasing perborate concentration (Fig. 52) and time.

Many attempts were made in the 1980s to improve the performance of a detergent
by using organic peroxy acids, for example, monoperoxyphthalic acid and diperoxy-
dodecanedioic acid (DPDDA) salts, as bleach components:

Figure 51. Bleach performance of sodium perborate vs. temperature [89]
Initial perborate tetrahydrate concentration 1.5 g/L = 150 mg of active oxygen/L
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Monoperoxyphthalic acid
monomagnesium salt

Diperoxydodecanedioic acid
sodium salt

With these it is possible to obtain significant bleaching at a temperature as low as 30 �C.
However, for several reasons (dye damage and cost effectiveness) a technical and
commercial breakthrough with these peroxyacids has not been achieved so far.

Hypochlorite is used for bleaching in many global regions where laundry habits,
such as cold water washing, cause sodium perborate to be less effective. In an alkaline
medium, hypochlorite bleaches are converted to the hypochlorite anion:

HOCl +OH–Ð ClO– + H2O

Hypochlorite bleach chemistry and applications have been reviewed [90] – [92].
Hypochlorite can be used in either the wash or the rinse cycle at concentrations

between ca. 50 and 400 mg/L active chlorine (Fig. 53) and a wash liquor ratio (bath
ratio) between 1 : 15 and 1 : 30.
Normally, an aqueous solution of sodium hypochlorite (NaOCl) is used as a source of

active chlorine. Organic chlorine carriers (e.g., sodium dichloroisocyanurate), which are

Figure 52. Bleach performance of sodium per-
borate vs. concentration (red wine soil) [89]
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hydrolyzed to hypochlorite in an alkaline medium, are only common in automatic
dishwashing detergents. Figure 54 shows a comparison of the bleaching properties of
sodium hypochlorite and sodium perborate as a function of temperature and pH value.
One of the major advantages of powdery sodium perborate over liquid sodium

hypochlorite is the fact that whereas the latter must be added separately in either
the wash or the rinse cycle, perborate can be incorporated directly into a powder
laundry product. This results in a mild color-safe bleach. By contrast, successful
addition of chlorine bleach solution, whether in a household or an institutional
machine, is heavily dependent on experience of the user and on observing the manu-
facturer's recommendations. Incorrect dosage of sodium hypochlorite may easily occur,
and this may cause significant damage to laundry and colors. A further advantage of
sodium perborate is its long shelf life, whereas sodium hypochlorite solutions have
limited storage stability, which depends very much on the content of impurities,
particularly traces of heavy metal ions. On the other hand, hypochlorite bleaches
can be used in both wash and rinse cycles independent of temperature. They provide
effective bleaching and disinfection (hygiene) even at very low temperature. However,
because of its great reactivity and extraordinarily high oxidation potential, sodium
hypochlorite, in contrast to sodium perborate, may cause problems with textile dyes
and most fluorescent whitening agents, both of which often show poor stability in the
presence of chlorine. Studies of washing and bleaching habits show that peroxide
bleach use dominates in Europe, chlorine bleach being used predominantly in Med-
iterranean countries. Hypochlorite bleach in either the wash or the rinse cycle is still the
preferred bleaching agent in a large part of the world (cf. Table 17). The use of peroxide

Figure 53. Recommended concentrations of active
chlorine as a function of wash temperature [93]
a) Maximum concentration of application; b)
Minimum concentration of application
“Active or available chlorine” is calculated as twice
the actual weight percent of chlorine in the hy-
pochlorite molecule

Figure 54. Stain removal comparisons
& Hypochlorite (200 ppm active chlorine) +
0.15 % detergent; * Perborate bleach (28 ppm
active oxygen) with protease enzymes + 0.15 %
detergent; ~ 0.15 % Detergent only[94]
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(“oxygen”) bleach in laundry products has increased significantly in the USA, Japan,
and other regions of the world during the 1980s and 1990s.

3.3.2. Bleach Activators

To achieve satisfactory bleaching with sodium perborate and sodium percarbonate at
temperatures 5 60 �C, so-called bleach activators are commonly utilized. These are
mainly acylating agents incorporated in laundry products. When present in a wash
liquor of pH value 9 – 12, these activators preferentially react with hydrogen peroxide
(perhydrolysis) to form organic peroxy acids in situ. As a result of their higher oxidation
potentials relative to hydrogen peroxide, these intermediates demonstrate effective
low-temperature bleaching properties. Due to the low concentration, resulting from
the in situ generation, these peroxyacids are much less aggressive to fabric dyes and
fluorescent whitening agents than sodium hypochlorite. However, activated peroxy
bleach systems may adversely affect the color fastness of fibers treated with some
specific dyes upon multiple washing [95]. Among the wide variety of bleach activators

Table 17. Washing habits in different regions

Washing conditions United States Japan Europe

Washing machine vertical axis/agitator type vertical axis/pulsator type horizontal axis drum type
Heating equipment no no yes
Fabric load, kg 23 – 5 4 – 8 2 – 5
Amount of water, L medium loads: ca. 50 – 60 low: 30 low: 10 – 16

large loads: ca. 65 – 75 high: 65 high: 20 – 25
Total water consumption, L 120 120 – 150 55 – 90

(regular cycle)
Wash liquor ratio ca. 1 : 25 ca. 1 : 10 – 1 : 15 ca: 1 : 4 – 1 : 10
Washing time, min 8 – 18 5 – 15 50 – 60 (90 �C)

20 – 30 (30 �C)
Washing, rinsing, and
spinning time, min

20 – 35 15 – 35 100 – 120 (90 �C)
50 – 70 (30 �C)

Washing temperature, �C hot: 55 (130 �F) 5 – 25 90
warm: 30 – 45 (90 – 110 �F) 60
cold: 10 – 25 (50 – 80 �F) 40

30
Water hardness (average),
ppm CaCO3

relatively low, 100 very low, 30 relatively high, 250

Detergent dispenser mostly no mostly no yes
Recommended detergent
dosage *, g/L

1.0 – 1.2 0.5 – 0.8 4.5 – 8.0

g/kg laundry 15 – 30 5 – 7 15 – 35
Peroxide bleach mostly added separately mostly dosed separately mostly incorporated in de-

tergent
Chlorine bleach added separately dosed separately predominantly in mediter-

ranean countries
* In the United States and Japan mostly without bleaching components.
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investigated [96], only the following compounds have been incorporated on a large
scale in laundry products worldwide:

Tetraacetylethylenediamine
(TAED) [97].

Sodium p-nonanoyl-
oxybenzenesulfonate
(NOBS) [104]

The first activator reacts with hydrogen peroxide according to the following scheme
to produce peroxyacetic acid:

Under the conditions of the washing process the reaction activates only two acetyl
groups. TAED has been used in laundry products in Europe since 1977 and has became
state-of-the-art in many laundry detergents and bleaches. TAED has remained the
bleach activator of choice in Europe, whereas NOBS has been predominantly used
in the Americas and Asia. The broad spectrum of effectiveness of TAED has been
reviewed [98] – [101]. Sodium p-nonanoyloxybenzenesulfonate (NOBS) reacts with hy-
drogen peroxide (is perhydrolyzed) to produce peroxynonanoic acid. Aside from their
efficiency regarding improvement of low-temperature bleaching, these bleach activators
markedly contribute to enhancing the hygiene of laundry due to the biocidal effect of
the peracids generated in situ [102], [103]. The effectiveness of the system sodium
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perborate – TAED on tea stains as a function of concentration and temperature is
shown in Figures 55 and 56.
Perborate – TAED bleach systems are not sufficiently effective at cold washing tem-

peratures used in large regions of the world. However, soaking of the laundry in a
detergent containing activated perborate prior to washing can greatly enhance the
removal of bleachable stains due to the prolonged time of soaking. The problem of
graying of white textiles caused by dye transfer during soaking can be reduced by the
addition of perborate – TAED to a detergent [106].

Figure 55. Bleaching effect as a function of
bleach concentration [105]

Figure 56. Bleaching effect as a function of
temperature [105]
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3.3.3. Bleach Catalysts

Numerous attempts have been made to introduce into sodium perborate and/or
percarbonate based laundry products small amounts of catalysts that would increase
their bleaching performance, especially at low temperature. In most cases, traces of
heavy metal ions have been used. While addition of heavy metal ions alone can indeed
cause decomposition of sodium perborate, it does not lead to a better bleach. In fact,
bleaching action is usually diminished, and serious fiber and color damage may occur.
The patent literature describes a number of examples in which the bleaching power of
sodium perborate can be increased by heavy metal ion chelates. However, the effective-
ness of such systems remains controversial, and catalysts have not been accepted as a
part of the washing process. Excellent catalytic bleach enhancement by manganese
complexes derived from 1,4,7-trimethyl-1,4,7-triazacyclononane and related ligands has
been reported [107]. However, under certain conditions severe dye and fiber damage
has been observed in connection with this catalyst system. For this reason detergents
using manganese catalysts introduced on the European markets in 1994 were later
withdrawn.

Photobleaching with aluminum or zinc phthalocyaninetetrasulfonate represents
another form of bleach catalysis. With photobleaching, oxygen from the atmosphere
is catalytically activated by the phthalocyanine compound, and the active oxygen
generated in turn bleaches oxidizable stains. Suitable conditions for the few detergents
that contain photobleaches include— apart from soaking in sunlight— slow drying of
the laundry under conditions of high humidity and high light intensity. Therefore,
photobleach catalysts are of interest and have been employed in laundry products only
in regions with intense solar radiation.

3.3.4. Bleach Stabilizers

Traces of ions such as copper, manganese, and iron catalyze the release of oxygen
from bleach systems. This reduces bleach effectiveness and at the same time causes
damage to fabrics and dyes. The addition of small amounts of finely divided mag-
nesium silicate largely suppresses this catalysis as a result of absorption of the heavy
metal ions. Therefore, magnesium silicate was used in perborate based laundry de-
tergents until the 1980s.
Another possibility for elimination of trace heavy metal ions is the addition of

selective complexing agents. Sodium triphosphate has only a modest complexing effect
with heavy metal ions and is incapable of causing sufficient bleach stabilization in their
presence. By contrast, complexing agents such as sodium hydroxyethanediphosphonate
(HEDP) or sodium diethylenetriamine pentakis(methylenephosphonate), as well as
other phosphonic acids, exhibit a marked stabilizing effect. The use of these phos-
phonates is state of the art in many modern laundry products. Amounts of much less
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than 1 wt % of these strong, selective complexing agents suffice in detergent formu-
lations.

3.4. Further Detergent Ingredients

Surfactants, builders, and bleaches are quantitatively the major components of
modern detergents; the auxiliary agents— also called additives—discussed in this
section are introduced only in small amounts, each to accomplish its own specific
purpose. Today, their absence from current detergent formulations is difficult to
imagine. They have greatly contributed to making laundry detergents more multi-
functional during the last 30 years.

3.4.1. Enzymes

Stubborn proteinaceous stains derived from sources such as milk, cocoa, blood, egg
yolk, and grass are resistant to removal from fibers by enzyme-free detergents, partic-
ularly when stains have dried-on. So are chocolate and starch-based food stains as well
as greasy/fatty stains, particularly in low-temperature washing. Proteolytic, amylolytic,
and lipolytic enzymes are usually capable of eliminating such soil without major
problems during washing.
Use of enzymes in detergents was first described by Otto R�hm in a 1913 patent

application. Enzyme-containing detergents failed to play a major role in the following
decades because the only available proteolytic enzyme preparation, a pancreatic extract
obtained from slaughtered animals, was too sensitive to the alkaline and oxidative
components of detergents. Only in 1959 were R�hm's ideas realized by the use of
proteolytic enzymes from fermentation with specific strains of bacteria (Bacillus subtilis,
later on Bacillus licheniformis). These protease enzymes were highly resistant to alkali
and showed adequate stability at temperatures as high as ca. 65 �C for the time period
required by normal washing processes. The first successful detergents on the market
containing these proteases were Bio 40 from Gebr. Schnyder in Switzerland in 1959,
followed by Biotex produced by Kortman & Schulte in The Netherlands in 1963.
Commercial production of detergent enzymes experienced rapid expansion in the years
that followed. For example, by 1969 nearly 80 % of the detergents marketed in the
Federal Republic of Germany contained proteases as enzyme additives. Industry re-
duced this proportion to5 50 % as a result of public discussion of certain toxicological
concerns. The reservations regarding detergent enzymes have since been addressed and
overcome by technical modifications, particularly those involving the delivery form in
which enzymes are introduced into detergents: enzymes have been manufactured since
1971 as dust-free granulates, prills, extrudates, or pellets. Today's detergent enzymes
are perfectly safe. As a result, nearly all detergents produced in Europe, North America,
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Japan and many other countries worldwide contain enzymes today. Table 18 provides a
brief historical review of the production and application of detergent enzymes.
The effectiveness of proteolytic, amylolytic, and lipolytic detergent enzymes is based

on enzymatic hydrolysis of peptide, glucosidic, or ester linkages, respectively. To be well
suited for use in detergents, enzymes must exhibit the following properties [108]:

Table 18. Historical review of the preparation and use of detergent enzymes [108], [109]

Year Enzyme Enzyme-containing detergents

1913 Otto R�hm claims the use of tryptic enzymes for
detergents

1931 detergents containing pancreatic enzymes
(Burnus, Germany)

1959 Bacterial protease Bio 49 (Gebr. Schnyder, Switzerland)
1960 Alcalase and Maxatase, microbial proteases made

available on a commercial scale by Novo Industri,
Bagsvaerd, Denmark and Gist-Brocades, Delft, The
Netherlands, respectively

1963 prewash detergent Biotex (Kortman &
Schulte, The Netherlands)

1966 first heavy-duty detergent with microbial
proteases

1969 microbial proteases contained in 80 % of all
detergents in Germany

1970 severe setback of production of microbial
proteases due to public criticism (the “al-
lergy debate”)

1972 Additional microbial enzymes made commercially
available for use in detergents (amylases)

enzymes in detergents declared to be safe by
the German Federal Health Agency

1973 Amylase introduced in Germany presoak and prewash detergent (Mustang,
Henkel, Germany)

1975 market share of enzyme-containing deter-
gents in Germany is 80 %

1975 Liquid proteases for HDL (Maxatase LS, Alcalase L)
1980s High-alkaline proteases become available (Savinase,

Novo; Maxacal, IBIS; BLAP, Henkel; Purafect, Ge-
nencor)

improved efficacy and storage stability for
enzymes in heavy-duty detergents

1986 Cellulase (Celluzyme, Novo)
1987 heavy-duty detergent containing cellulase

KAC (Attack, Kao, Japan)
1988 Lipase (Lipolase, Novo) heavy-duty detergent containing lipase (Hi

Top, Lion, Japan)
1988 – 1989 Bleach-resistant proteases (Maxapem, Gist-Bro-

cades; Durazym, Novo)
1990s Enzymes spreading out in detergents worldwide

(China, India, South America)
roll-out of multifunctional detergents with
more than one enzyme in Europe, Japan,
and the USA
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Activity optimum at alkaline pH
Efficacy at low wash temperatures of 20 – 40 �C
Stability at wash temperatures up to 60 �C
Stability in the presence of other detergent ingredients, such as surfactants, builders,
and activated bleach, both during storage and use
Low specificity to soils, i.e., a specificity broad enough to enable the degradation of a
large variety of proteins, starches, and triglycerides

The activity of enzymes depends on temperature and pH value of the wash bath.
Figures 57 and 58 show these respective dependencies of a typical commercially
available protease (Savinase) [110].
Ever since detergent-grade enzymes were introduced in the 1960s there has been

made considerable progress in terms of

Delivery form
Reduced dust content
Improved alkali resistance
Increased low-temperature activity
Increased activity per unit weight of finished product
Storage stability
Resistance to active oxygen

Figure 57. Activity of Savinase at different temperatures
[110]

Figure 58. Activity of Savinase at different pH values
[110]
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Effectiveness, functionality
Genetic and enzyme engineering
Decreasing market prices

Enzymes in detergents have therefore meanwhile become state-of-the-art worldwide.
Their use spread dramatically in Western Europe, North America, and Japan in the
1970s and 1980s. The 1990s saw also the opening up of the vast detergent markets of
China, South America, and India for enzymes [109]. Figure 59 [111] shows the geo-
graphical use and value of enzymes in the world. Penetration of enzymes in the U.S.
market is 75 %, compared with 95 % for both Europe and Japan. The mainstay of the
market have been the protease types.
Only above a certain temperature of the wash bath (mostly 55 �C) does the activity of

enzymes decrease, and then very rapidly. Other modes of decomposition present little
problems. For example, intensive research has shown that detergent-grade enzymes
currently available are not subject to significant damage during storage or in the wash
liquor, provided detergents containing them are properly formulated. Stability prob-
lems with respect to anionic surfactants and active oxygen were once the subject of
debate, but usually these are readily solved by the proper choice of enzyme type and the
appropriate formulation.
Especially in the U.S. and European markets, amylases have been added to detergents

along with proteases since 1973 to capitalize on the activity of the amylases toward
starch-containing soils. Of the different amylases available, only a-amylases are used for
detergents. They are able to catalyze the hydrolysis of the amylose and amylopectin
fractions of starch, i.e., cleavage of the a-1,4-glycosidic bonds of the starch chain [112].
This eases the removal of starch-based stains by the detergent.

In this context, the lipases which, due to their substrate specificity, ease the removal
of triglycerides-containing soils are also worth mentioning. The activity of lipases is
highly dependent on temperature and concentration. Studies on model greasy soils
have shown that removal of solid fats at very low temperatures (e.g., 20 �C) is largely
due to the action of added lipases [113]. Lipases produced economically by applying
genetic engineering techniques have been commercially available since 1988. The

Figure 59. Regional detergent enzyme market values
(1995, 106 US$)
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removal of triglyceride-based fatty stains is mostly evident after several washings and
drying cycles. At present lipases are contained as further enzymes in premium branded
detergents.

Cellulases are capable of degrading the structure of damaged (amorphous) cellulose
fibrils, which exist mostly at the surface of cotton fibers after multicycle washing and
using. Cotton textiles treated with a cellulase-containing detergent have a smooth
surface. For these reasons cellulases are preferably applied in specialty detergents for
delicate fabrics or in color heavy-duty detergents for colored textiles. Cellulases also
help prevent redeposition of soil on cotton fibers. As such, garments treated with
cellulase-containing detergents look new for a longer time, i.e., whites and coloreds do
not look dull or dingy after multicycle washing. Today many detergents contain blends
of two, three, or even four enzymes [114].

3.4.2. Soil Antiredeposition Agents, Soil
Repellent/Soil Release Agents
(see also Section 2.4.3)

The principal characteristic expected of a detergent is that it will cause soil to be
removed from textile fibers during the washing process. Removed soil is normally finely
dispersed, and if a suboptimal detergent formulation is employed, or too little detergent
is used, some may return to the fibers. This is termed a wash liquor showing “insuf-
ficient soil antiredeposition capability”. The problem becomes especially apparent after
multicycle washing as a distinct graying of the laundry, which then looks dull and
dingy.

Redeposition of displaced soil can be largely prevented by carefully choosing the
various detergent components (surfactants and builders), but addition of special anti-
redeposition agents is also helpful. Such agents act by becoming adsorbed irreversibly,
i.e., in a way that prevents their removal by water, on both textile fibers and soil
particles. Adherence of the soil to fibers is thereby hindered. This phenomenon is called
soil repellent or soil release effect. Classical antiredeposition agents are carboxymethyl
cellulose (CMC) derivatives bearing relatively few substituents. Analogous derivatives of
carboxymethyl starch (CMS) have played a similar role. These substances are effective
only with cellulose-containing fibers such as cotton and blends of cotton and synthetic
fibers. With the increasing replacement of these natural fibers by synthetics, on which
CMC has virtually no effect, the need arose to develop other effective antiredeposition
agents and soil repellents. Some surfactants have been found to be well-suited to the
purpose (Fig. 60), as are such nonionic cellulose ethers [115], [116] as the following:
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Also anionic derivatives of polymers from terephthalic acid and polyethylene glycol
have proved to be very effective soil repellents, particularly on polyester fibers and
polyester – cotton blends. They impart hydrophilic properties to these fibers and thus
strongly repel oily/greasy soil [117] – [119].
Because of the multitude of fabrics currently on the market, manufacturers sup-

plement most modern detergents with mixtures of anionic and nonionic polymers (e.g.,

Figure 60. Influence of specific surfactants on the soil antiredeposition capability of detergents [40]
DR indicates the improvement in the soil antiredeposition capability conferred by a given additive
a) Cotton, 95 �C; b) Permanent-press cotton, 95 �C; c) Polyester, 60 �C; d) Polyester/cotton, 60 �C
5 g/L Detergent; 0.2 g/L surfactant; number of wash cycles: 3; time: 30 min
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carboxymethyl cellulose –methyl cellulose) and polymers from polyethylene glycol and
terephthalic acid and their anionically modified derivatives.
Polymer cobuilders, such as sodium polycarboxylates, and cellulase enzymes have

also proved to exert a very good soil antiredeposition effect with cotton fibers.

3.4.3. Foam Regulators

For soap detergents, which are very popular in regions with low per capita income
worldwide, foam is understood as an important measure for washing performance.
With detergents based on synthetic surfactants, however, soap has lost virtually all of its
former significance in the industrialized countries. Nonetheless, most consumers—
apart from those using horizontal axis drum-type washing machines— still expect their
detergent to produce voluminous and dense foam. The reason for this seems to be
largely psychological (i.e., foam provides evidence of detergent activity and it hides the
soil). Consequently, detergents designed for use in vertical-axis washing machines (i.e.,
products mainly for the non-European market) are quite frequently given the desired
foam characteristics by incorporating small amounts of foam boosters. Compound
types suited to the purpose include

Fatty acid amides
Fatty acid alkanolamides
Betaines
Sulfobetaines
Amine oxides

In Europe, horizontal axis drum-type washing machines are very common; with such
machines, only weakly or moderately foaming detergents are permissible. Thus, foam
boosters have lost their former significance in the European market, with the exception
of the role they retain in certain specialty detergents (e.g., detergents for hand wash-
ables). Especially at high temperature, heavy foaming may cause overfoaming in
drum-type machines, often accompanied by considerable loss of active ingredients.
Furthermore, large amounts of foam reduce the mechanical action to which laundry is
subjected in horizontal axis machines and hence the washing performance. Moreover,
excessive foam may result in poor rinsing, spinning, and draining of the washing
machine. On the other hand, too little foam must be avoided because consumers have
the perception that low foam levels are a sign of poor cleaning performance. A certain
level of foam can be beneficial for delicate fabrics to reduce fabric damage. For these
reasons, foam regulators— often somewhat incorrectly described as “foam
inhibitors”— are commonly added to minimize detergent foaming tendencies.
Ensuring effective foam regulation requires that the regulating system be precisely

matched to the other detergent components present. The most difficult cases are
surfactants with exceptionally high foam stability, such as alcohol sulfates, alcohol
ether sulfates, alkylpolyglycosides, and alkylglucamides. By contrast, an unstable foam,
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even if present in large amounts, like that produced by LAS or SAS, seldom causes a
problem. The principal requirements for a substance to show foam regulating capabil-
ity are extremely low water solubility and high surface spreading pressure. Typically, an
antifoam is a dispersion of hydrophobic solid particles in a hydrophobic liquid. Foam
regulators show a wide range of physicochemical properties, but their mechanism of
action can usually be explained by assuming that they either force surfactant molecules
away from interfaces or they penetrate interfaces that are already occupied by surfac-
tants, thereby creating defects. These defects weaken the mechanical strength of the
foam lamellae and cause their rupture.
A great many foam regulators are described in the patent literature, but relatively

few have had any real impact. The detergents on the market that are based on
LAS/alcohol ethoxylates can be effectively controlled by soaps with a broad chain
length spectrum (C12–22). Such soaps have limitations, however, for the following
reasons:

1) The foam-depressing activity of soaps is largely due to calcium salts that form during
the washing process, with the calcium originating either from hard water or from
calcium-containing soil. In other words, satisfactory foam regulation occurs only
when a sufficiently high calcium ion content is assured. It is absent when excep-
tionally soft water is used and when the laundry is only lightly soiled, and foaming
problems may result.

2) The foam regulating power of soap is substantially lower with detergents based on
anionic surfactants other than alkylbenzenesulfonates (e.g., a-olefinsulfonates, alco-
hol sulfates, a-sulfo fatty acid esters).

3) When soap is used as a foam regulator, the only complexing agents that can be
added as builders are those with limited stability constants; i.e., even in the presence
of builders, the calcium ion concentration must remain high enough to permit
formation of sufficient lime soap able to act as a foam regulator. An advantage of
sodium triphosphate, widely used as a complexing agent in detergents, is that
stability constant values for calcium triphosphate complexes are quite low. Other
complexing agents (e.g., nitrilotriacetic acid, NTA), that have higher stability con-
stants, prevent the formation of foam-regulating lime soaps (Fig. 61).

Figure 61. Foaming behavior in a drum-type
washing machine [4]
A) Schematic drawing of the inner drum of a
drum-type washing machine, including dispenser
a) 7.5 g/L Detergent based on 40 % sodium tri-
phosphate; b) 7.5 g/L Detergent based on 40 %
NTA
Foam grading: 0, no foam; 4, foam at the upper
edge of the front door; 5, foam in the dispenser;
6, foam overflow D
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Intensive investigations have shown that specific silica – silicone mixtures or paraffin oil
systems are considerably more universal in their applicability and that their effective-
ness is independent of both water hardness and the nature of the surfactant – builder
system employed [120] – [123]. Therefore, most heavy-duty detergents in Europe have
silicone oil and/or paraffins as foam depressors. Soap has almost lost its importance as
foam regulator. Silica – silicone systems, frequently called silicone antifoams, are usually
commercially available as concentrated powders. They are robust and effective over a
wide range of washing conditions for a wide range of laundry products at quite low
levels in the formulation (typically 0.1 – 0.4 %). The key silicone oils used for antifoams
are dimethylpolysiloxanes [124]. Silicone antifoam powders are easily processed as
postaddition components for detergent manufacturing. It is not recommended to
process them in the detergent slurry during production, because the antifoam perform-
ance is largely destroyed during spray drying.

3.4.4. Corrosion Inhibitors

Washing machines currently on the market are constructed almost exclusively with
drums and laundry tubs of corrosion-resistant stainless steel or with an enameled finish
that is inert to alkaline wash liquors or plastic. Nevertheless, various machine compo-
nents are made of less detergent resistant metals or alloys. To prevent corrosion of these
parts, modern detergents contain corrosion inhibitors in the form of sodium silicate.
The colloidal silicate that is present deposits as a thin, inert layer on metallic surfaces,
thereby protecting them from attack by alkali.

3.4.5. Fluorescent Whitening Agents

Properly washed and bleached white laundry, even when clean, actually has a slight
yellowish tinge. For this reason, as early as the middle of the 19th century, people began
treating laundry with a trace of blue dye (blueing agents, e.g., ultramarine blue) so that
the color was modified slightly and a more intense visual sensation of improved
whiteness was produced. Blueing agents are still popular in some regions of the world.
Modern detergents contain fluorescent whitening agents (FWA), also known as optical
brighteners, to accomplish the same purpose. Fluorescent whitening agents are organic
compounds that convert a portion of the invisible ultraviolet light into longer wave-
length visible blue light. It is well known that the yellowish cast of freshly washed and
bleached laundry is a result of partial absorption of the blue radiation reaching it,
resulting in reflected light that is partially deficient in the blue region of its spectrum.
The radiation emitted by optical brighteners makes up for this deficiency, so that the
laundry becomes both brighter and whiter (Fig. 62).
This process of compensating for differences in yellow and blue radiation is funda-

mentally different from treatment with a blueing agent (washing blue). The latter
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entails subtractive absorption of yellow light, which results in an overall reduction in
brightness (Fig. 63).

Limits exist for the extent of whitening that can be achieved by fluorescent whitening
agents. This is due in part to the fact that these agents are themselves dyes that exhibit a
certain extent of reflectance in the visible region in addition to their emission. Thus, any
agglomeration or buildup of fluorescent whitening agent on the fibers eventually
becomes apparent. Furthermore, the absorption edge gradually shifts into the visible
region of the spectrum, leading to emission at higher wavelengths. These factors can
work in combination with the innate color of the fabric, however, and eventually result
in a visible shift of the hue (discoloration).
The major commercially available optical brighteners for laundry products are based

on four basic structural frameworks: distyrylbiphenyl, stilbene, coumarin, and bis(ben-
zoxazole). Table 19 provides an overview of the most important optical brighteners.
Those mentioned here are estimated to cover more than 95 % of optical brighteners for
laundry products on the market.
The application of FWA in the wash liquor is essentially a dyeing process (FWA are

actually dyes). In the case of cotton and chlorine-resistant FWA, binding occurs through
the formation of hydrogen bonds to the fibers. Permanent-press easy-care cotton is
generally less susceptible to the effects of FWA. Whitening effects achieved with

Figure 62. Remission – emission curve of a
bleached fabric after application of a fluores-
cent whitening agent [36]
a) Bleached fabric; b) Fabric treated with small
amounts of whitener; c) Fabric treated with
large amounts of whitener

Figure 63. Remission curve of a bleached fabric
after application of ultramarine blue [36]
a) Bleached fabric; b) Weakly blued fabric; c)
Intensely blued fabric
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Table 19. Summary of key fluorescent whitening agents for laundry products [125]

Structure Chemical Name

4,4’-di(2-sulfostyryl)biphenyl disodium salt

4,4’-Bis[[6-anilino-4-(methylamino)-1,3,5-triazin-
2-yl]amino]stilbene-2,2’-disulphonic acid, disodium salt

4,4’-bis[[6-anilino-4-[(2-hydroxyethyl)methylami-
no]-1,3,5-triazin-2-yl]amino]stilbene-2,2’-disulphonic
acid, disodium salt

4,4’-Bis[[2-anilino-4-[bis(2-hydroxyethyl)amino]-1,3,5-tri-
azin-6-yl]amino]stilbene-2,2’-disulfonic acid, disodium
salt
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polyamide whiteners, and particularly polyester whiteners (which tend to be less
adsorbed), are due largely to the diffusing power of whitening agent molecules present
at the fiber surfaces.
Fluorescent whitening agents are evaluated not only on the basis of their affinity for

the relevant fibers, but also on their stability and fastness. “Stability” means their
resistance to chemical change during the washing process prior to their adsorption on
fibers. “Fastness” refers to their chemical resistance after adsorption. Of primary
concern is fastness against light and oxygen, as well as good oxygen stability and, in
countries where chlorine bleach is used, fastness and stability to hypochlorite bleaches.

Table 19. (continued)

Structure Chemical Name

4,4’-Bis[(2-anilino-4-morpholino-1,3,5-triazin-6-yl)ami-
no]-2,2’stilbenedisulfonic acid, disodium salt

4,4’-bis[(4,6-dianilino-1,3,5-triazin-2-yl)amino]stilbene-
2,2’disulphonic acid, disodium salt

2,5-bis(benzoxazol-2-yl)thiophene

7-diethylamino-4-methylcoumarin
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Most detergents currently on the market contain fluorescent whitening agents. A
concern to detergent formulators is the difficulty to define optimal FWA type(s) and
concentration in laundry detergents for sufficient whiteness maintenance because of the
wide variety of washing habits and fiber types used for white textiles [126]. The use of
FWA-containing detergents on certain pastel fabrics can cause unwanted color shifts;
for this reason special FWA-free detergents are very popular [e.g., color detergents (see
Section 4.1.5) and detergents for woolens)].

3.4.6. Dye Transfer Inhibitors

Frequently used dye transfer inhibitors are poly(N-vinylpyrrolidone) and poly(vi-
nylpyridine N-oxide). These inhibitors form stable complexes with dye molecules that
detach from colored textiles and diffuse into the wash bath. As such, the dye transfer
inhibitors impede the re-adsorption or redeposition of the dyestuff on other textiles.
The result is that white and colored garments look new longer after multicycle washing.
A dull and dingy look of the textiles is avoided.

3.4.7. Fragrances

Fragrances were first added to detergents in the 1950s. Their presence is more than
simply a fad or a matter of fashion. Thus, apart from their role in providing detergents
with a pleasant odor, an important function of fragrances is to mask certain odors
arising from the wash liquor during washing. This is particularly important because
most washing machines are installed in the living areas of homes. Fragrances are also
intended to confer a fresh, pleasant odor on the laundry itself. For this, long-lasting
fragrances on dry laundry, resulting either from detergents or from fabric softeners
have become a more and more important factor in the 1990s.
Detergent fragrances are generally present only in very low concentrations, usually

5 1 % in powder products. They are all complex mixtures of many individual ingre-
dients (Table 20).

Several factors are involved in establishing the composition of a fragrance mixture
apart from odor and the cost of the often expensive individual components. In
particular, the detergent formulation must be taken into careful account, as must
the properties of the fabrics to be washed. Chemical stability relative to other detergent
ingredients is especially important, as is the limited volatility of the individual fra-
grances. Temperatures to which the detergent will be exposed during storage must also
be considered.
The fragrance industry has at its disposal for the preparation of detergent fragrance

oils not only a large selection of synthetic compounds, but also a wide range of natural
fragrances. The overall selection is, nevertheless, restricted considerably due to the
instability of many fragrances and the fact that some have a tendency to discolor
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detergents to which they are added. There are also restrictions for toxicological and
ecological reasons (cf. Chaps. 10 and 11).

3.4.8. Dyes

Until the 1950s, powder detergents were more or less white, consistent with the color
of their components. Thereafter, products were commonly encountered in which
colored granules were present along with the basically white powder: certain compo-
nents had been deliberately dyed to make the finished detergent more distinctive,
featuring speckles. Uniformly colored detergents have also appeared on the market,
and the idea of introducing coloring agents has become quite common. The preferred
colors for both powders and liquids are blue, green, and pink.
There are two important criteria for selecting a coloring agent:

1) Good storage stability with respect to other detergent components and to light and
temperature

2) No significant tendency to adversely affect textile fibers through adsorption after
multiple washing

Table 20. Hypothetical formulation of a fragrance blend for detergent use

Ingredient Quantity, g

Cyclohexyl salicylate 200.0
Iso E Super 100.0
Vertofix Coeur 80.0
Boisambrene Forte 50.0
Sandelice 40.0
Dihydromyrcenol 70.0
Benzyl acetone 35.0
Verdyl propionate 30.0
Verdyl acetate 20.0
Isoraldein 70 75.0
Floramat 25.0
O-tert-butylcyclohexyl acetate 20.0
Cironellol 20.0
Geraniol 20.0
Linalyl acetate 50.0
Hedione 50.0
Neroli phase oil 40.0
Linalool 20.0
Diphenyl ether 10.0
Anisaldehyde 5.0
Cyclovertal 3.0
Styrolyl acetate 5.0
Isobornyl acetate 15.0
Ambroxan 2.0
Herbavert 15.0
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3.4.9. Fillers and Formulation Aids

The usual fillers for powder detergents are inorganic salts, especially sodium sulfate.
Their purpose is to confer the following properties on a detergent:

Flowability
Good flushing properties
High solubility
No caking of the powder even under highly humid conditions
No dusting

Compact detergents usually contain no fillers.
Formulation aids are materials required in the manufacturing of liquid detergents.

The most important of these have the assignment of ensuring through their own
hydrotropic characteristics that the other detergent components can be combined in
a stable way in an aqueous environment. Above all, these ingredients must prevent
phase separation occurring with time, and precipitation occurring as a result of shifts in
temperature. Commonly used materials include short-chain alkylbenzenesulfonates
(e.g., toluenesulfonate and cumenesulfonate) and, less frequently, urea, as well as
low-molecular mass alcohols (ethanol, 2-propanol, glycerol) and polyglycol ethers
[poly(ethylene glycols)]. These alcohols are frequently called solubilizers.

4. Household Laundry Products
Laundry products currently on the market in various parts of the world can be

classified into the following groups from a product standpoint:

Heavy-duty detergents
Specialty detergents
Laundry aids

Quite large differences exist in the per capita consumption of detergents in various
countries of the world. As depicted in Figure 64, it amounted to 2 – 3 kg/a in countries
such as Brazil, China, and Russia and to more than 10 kg/a in Mexico and some
European countries in 1997 [127], [128].
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4.1. Heavy-Duty Detergents

The category of heavy-duty detergents includes those detergent products suited to all
types of laundry and to all wash temperatures. They are offered in the delivery forms of
conventional powders, extrudates, tablets, bars, and liquids and pastes. Figure 65
indicates that worldwide powders have been the dominant delivery form of detergents
over the years. They account for ca. 65 % of the world production of detergents.
Compact powders worldwide accounted for 24 % of total detergent powder production
in 1998. Depending on quality, product concept, manufacturing process, local stand-
ards, local regulations, and voluntary agreements, great differences are found from one
formulation to another. For example, detergent manufacturers market laundry deter-
gents with and without phosphate in various regions and countries for ecological and
regulatory reasons. Figure 66 provides an overview of global production shares of
individual heavy-duty detergent types in 1994 and 1998.
The world production of laundry detergents amounted to 21.5�106 t in 1998.

Table 21 shows the proportions of the tonnages of individual delivery forms of deter-
gents in 1994 and 1998. As can be seen, the total produced volume remained nearly
constant in the 1990s worldwide.

Figure 64. Per capita consumption of detergents in 1996 (kg/a)
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4.1.1. Conventional Powder Heavy-Duty
Detergents

Significant differences in composition exist among powder heavy-duty detergents
around the world. An approximate breakdown of detergent formulations for various
global regions is provided in Table 22.
Recommended detergent dosages in Europe generally lie between 3 and 8 g detergent

per liter of wash water, whereas values of 0.5 – 1.5 g/L are usual in the Americas and
Eastern and Southern Asia. There are a number of reasons for the latter being so much
lower; for example, differences in washing habits (different washing machines, hand-

Figure 65. World production of individual heavy-duty detergents (in 103 t)
(source: Ciba Speciality Chemicals Ltd., Switzerland)

Figure 66. Detergent production, world total (103 t)
(source: Ciba Speciality Chemicals Ltd., Switzerland)
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Table 21. Worldwide production Detergent Industry

Production, 103 t 1994 1998

Soap bars 4579 3651
Detergent bars 1251 968
Powders 13 310 14 137
Pastes 496 505
Liquids 2052 2372
Total 21688 21633
World Average per capita consumption, kg/a 4.5 3.9

(Source: Ciba Speciality Chemicals Ltd., Switzerland)

Table 22. Powder heavy-duty detergent formulations around the world in 1999a

Ingredients Examples Composition, %

USA South America Europe China, India Japan

Surfactants alkylbenzenesulfon-
ate, alcohol sulfate,
alcohol ethoxylate

10 – 25 18 – 25 10 – 25 8 – 18 25 – 40

Builders zeolite, sodium ti-
phosphate, Na-cit-
rate, Na-silicate, Na-
carbonate/Na-bicar-
bonate

40 – 65 40 – 55 30 – 55 30 – 50 40 – 55

Cobuilders sodium polycarbox-
ylate

0 – 5 – 3 – 8 – 0 – 5

Bleaching
agents

sodium perborate,
sodium percarbonate

0 – 10 – 8 – 15 – 0 – 6

Bleach activa-
tors

TAED, NOBS 0 – 3b – 1 – 7c – 0 – 3b

Antiredeposi-
tion agents

carboxymethyl cellu-
lose, cellulose ethers

1 – 2 0.5 – 1 0 – 1 0.5 – 1 0.5 – 1

Stabilizers phosphonates – – 0 – 1 – –
Foam regula-
tors

soap, silicone oil
and/or paraffins

– – 0.1 – 4 – –

Enzymes protease, cellulase,
amylase, lipase

0.3 – 2 0.3 – 0.8 0.3 – 2 0.3 – 0.8 0.3 – 1.5

Optical
brighteners

stilbene-, biphe-
nyldistyryl deriva-
tives

0.1 – 0.3 0.1 – 0.3 0.1 – 0.3 0.1 – 0.2 0.1 – 0.2

Soil repellents poly(ethylene glycol
terephthalate) deriv-
atives

0 – 1 – 0 – 1.5 – –

Fillers/process-
ing aids

sodium sulfate 5 – 30 20 – 35 0 – 30 20 – 40 5 – 15

Minors Fragrance +/– + +/– + +
Water 5 – 15 5 – 15 5 – 15 5 – 15 5 – 15
a All figures expressed as 100 % active material, except for enzymes for which figures relate to % granulate.
b Nonanoyloxybenzenesulfonate (NOBS).
c Tetraacetylethylenediamine.
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washing), softer water, higher bath ratios, separate addition of bleach, e.g., hypochlorite
solution or sodium perborate, and different detergent formulations. Detergents in
North America, Japan, and Brazil are designed for agitator and impeller type washing
machines (cf. Chap. 13). These detergents lack foam suppressors. They sometimes even
contain foam boosters instead.
The rise in popularity of ever more colored and easy-care fabrics in the last 30 years,

along with the trend toward energy conservation, has resulted in a large decline in the
once common European practice of washing at 95 �C, while the 30 – 60 �C wash
temperatures have significantly gained favor. The change is illustrated in Figure 67
for the time period 1972 to 1995 in Germany. A similar trend from hot (4 50 �C) to
warm (27 – 43 �C) and cold washing is apparent in the USA (Fig. 68). Detergent
manufacturers have responded to these changes by increasing the content of surfactants
that are effective in low-temperature washing, as well as by adding various enzymes,
bleach activators, soil repellents, and phosphonates. Detergents have become more and
more multifunctional over the last decades, particularly those for use at low washing
temperatures.

Figure 67. Percentage of wash loads versus washing
temperature in Germany (source: Leading German
Market Research Institute)

Figure 68. Home laundry washing temperature trends in
the USA
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4.1.2. Compact and Supercompact Heavy-Duty
Detergents

Apart from a few minor and temporary attempts in Japan, Germany, and the USA in
the 1970s and early 1980s [56], this heavy-duty detergent category was introduced on a
large scale for the first time in Japan in 1987. Within a couple of years it almost
completely replaced the conventional powders. The wave of compact detergents
reached Europe in 1989. North America followed shortly afterwards [131]. The global
introduction of compact and supercompact powder detergents in the late 1980s and
early 1990s has had a major impact on detergent categories of large markets such as
Japan, Europe, and the USA, as well as on composition and manufacturing processes of
heavy-duty detergents [131]. Production processes of concentrated detergents are
described in Chapter 6. A comparison of the composition of conventional versus
compact heavy-duty detergents in Europe is depicted in Table 23 [127], [128]. For
reasons of significantly reduced recommended dosage along with increased detergency
performance compact detergents have markedly higher contents of surfactants, active
oxygen for bleach, bleach activators, and enzymes than conventional detergents. On the
other hand, the total level of alkaline builders has been reduced and the conventional
filler/processing aid sodium sulfate has been omitted to a large extent (Fig. 69 [127],
[128]). The apparent density of most compact detergents is above 0.75 kg/L. Most of
the first-generation compact detergents were produced by the method of downstream
compaction of tower powder.

Heavy-duty detergents featuring bulk densities of from 0.8 to 1.0 kg/L are called
supercompact detergents or second-generation compact detergents. The prevailing
manufacturing methods used are wet granulation/compounding and extrusion. Super-

Table 23. Composition of conventional versus compact heavy-duty detergents in Europe, % [127]

Ingredients Conventional Compact

Anionic and nonionic surfactants 10 – 15 10 – 25
Builders 25 – 50 25 – 40
Cobuilders 3 – 5 3 – 8
Bleaching agents 10 – 25 10 – 20
Bleach activators 1 – 3 3 – 8
Antiredeposition agents 0 – 1 0 – 1
Corrosion inhibitors 2 – 6 2 – 6
Stabilizers 0 – 1 0 – 1
Foam regulators 0.1 – 4.0 0.1 – 2.0
Enzymes 0.3 – 0.8 0.5 – 2.0
Optical brighteners 0.1 – 0.3 0.1 – 0.3
Soil repellents +/– +/–
Fillers/processing aids 5 – 30 –
Minors, water balance balance

Bulk density, g/L 500 – 650 600 – 900
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compact detergents have made their way worldwide since 1992 and are meanwhile state
of the art in many countries. Consumer relevant properties of (super)compact vs.
conventional detergents are depicted in Figure 70 [127], [129]. Market shares of
compact/supercompact powder heavy-duty detergents in Europe as compared with
conventional powders and liquid detergents are indicated in Figure 71 [129] for 2000.
The market shares significantly vary from country to country and from region to region.
In the USA compact powders accounted for 80 % of total detergent powders, whereas
their share in Japan was even 92 % in the total powder category in 1998.
Sodium triphosphate has been increasingly losing its importance as a key ingredient

in detergents in Europe, the USA, and some East-Asian countries since the mid-1980s.
1998 market shares of nonphosphate powder detergents in most European countries
are shown in Figure 72 [131]. Triphosphate has been replaced mainly by zeolite A,
special silicates, sodium carbonate, specific polycarboxylates, and citrate (see Sec-
tion 3.2). A key driving force for the increasing market shares of nonphosphate powder
heavy-duty detergents has been the proliferation of supercompact detergents [127],

Figure 69. Formulations of heavy-duty detergents
[127]

Figure 70. Consumer-relevant characteristics of heavy-duty detergents
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[128]. Generally, the use of (super)compact detergents has contributed to decreasing
their influx into wastewaters, much to the benefit of the environment [137].

Figure 71. Individual heavy-duty detergents in Europe, market shares (value) 2000 in % [129]

Figure 72. Market shares of nonphosphate HDD powders in Europe in 1998 [131]
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4.1.3. Extruded Heavy Duty Detergents [136]

Extruded detergents have been an innovative and unconventional delivery form of
second-generation compact detergents. The large-scale extrusion process for detergents
was applied for the first time in 1992 and is described in Chapter 6 [138] – [141].
Extruded detergents have since then been marketed under the registered trademark of
Megaperls� by Henkel throughout Europe.
Extruded detergents feature spherical particles of uniform particle size (for example

1.4 mm) whereas conventional spray-dried detergent powders and granulated super-
compact detergents are characterized by a broad particle size distribution. The density
of an extruded particle is approximately 1.4 kg/L. Extruded detergents have one of the
highest densities achieved in detergent manufacturing.

Apart from being an extraordinary basis for manufacturing supercompact products,
extruded detergents feature additional advantages such as complete absence of dust
particles, very high homogeneity, no segregation of particles, and excellent free-flowing
characteristics. Extruded detergents allow anionic surfactant contents of more than
20 % along with very high densities.

4.1.4. Heavy-Duty Detergent Tablets [142] – [145]

Busier consumer lifestyles have increased demand for laundry products that em-
phasize convenience and ease of use, as exemplified by detergent tablets. Apart from
very few regional distributions in the past, detergent tablets were first introduced on a
large scale in Europe in late 1997. Ever since they have spread out on the European
market and held a share of 10 % in the heavy-duty detergent category by mid-2000. The
Japanese, Canadian, and U.S. markets saw their introduction during the year 2000. In
the wide field of laundry products, tablets meanwhile also cover the categories of bleach
boosters and water softeners in Europe.
Consumer-relevant characteristics of tablets are ease of dispensing and convenience

in handling, i.e., no dosing and dispensing aids are needed. Other advantages include
precise dosing, smaller packages as compared with powder products due to the highly
concentrated form, extra portability, and more accurate sense of how many washes
remain in the detergent box.
Tablets are the most compact delivery form of nonliquid detergents. They have

densities of 1 to 1.3 kg/L. This results in benefits in terms of lower packaging volume,
ease of transportation and storage, and reduced shelf space. Detergent tablets therefore
belong to the supercompact detergent category (see Section 4.1.2).
One of the key requirements of laundry detergent tablets is fast disintegration. Upon

their first contact with water, be it in the washing machine dispenser of a European
drum-type washer or in the basket of top-loading agitator (North America) or pulsator
machines (East Asia), tablets must disintegrate within seconds or at least within a
minute or so. This is a necessary prerequisite for the next step of dissolving, particularly
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with regard to the short washing times used in Japan, the USA and, recently, Europe.
Special precautions must therefore be taken to avoid intermediate formation of viscous
liquid-crystalline phases (gelling effect) of the surfactants in the tablet detergent during
contact with water. To enable fast disintegration laundry detergent tablets generally
contain special disintegrants. These can be classified into four groups:

1) Effervescents such as carbonate/hydrogencarbonate/citric acid
2) Swelling agents like cellulose, carboxymethyl cellulose, and cross-linked poly(N-vi-

nylpyrrolidone)
3) Quickly dissolving materials such as Na (K) acetate or Na (K) citrate
4) Rapidly dissolving water-soluble rigid coating such as dicarboxylic acids

or combinations therof.
Another specific demand made on heavy-duty detergent tablets is sufficient hardness

to enable handling during packaging, transportation, and in-home use. The conflicting
desired properties of sufficient hardness and fast disintegration have to be well bal-
anced. Usually, laundry detergent tablets have weights of ca. 35 to 45 g and diameters
in the range of 40 to 45 mm. The most common recommended dosage in Europe is two
tablets per wash cycle. One- and two-phase (colored) tablets are available on the
market. Two-phase tablets allow separation of certain detergent ingredients that other-
wise might adversely affect each other during storage, for example, enzymes and
activated bleach.
In terms of their composition, heavy-duty detergent tablets differ from other super-

compact detergents mostly with regard to the disintegrants. Table 24 lists the com-
position of European detergent tablets. All compact heavy-duty detergents in Europe
have been nonphosphate zeolite-based thus far [127]. The reappearance of phosphate in
the detergent tablet category in Europe (see Table 24) may therefore be considered a
remarkable development [142].

4.1.5. Color Heavy-Duty Detergents

In 1991, a new category of heavy-duty detergents appeared on the West European
market, for which the name color detergents was coined. So far, this type of compact
detergent has mainly spread out on the market in Western Europe. 1999 market shares
of color detergents in some countries on the European continent are shown in Fig-
ure 73. Color detergents differ from conventional European heavy-duty detergents in
that they contain neither bleach nor optical brighteners and in that they feature specific
dye transfer inhibitors such as poly(N-vinylpyrrolidone) or poly(vinylpyridine N-oxide).
Color detergents are recommended and used for washing colored laundry, for which
improved color care is claimed.
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4.1.6. Liquid Heavy-Duty Detergents

Liquid detergents have been common in the USA since the 1970s for a variety of
reasons. Today, the USA is the largest single market of liquid heavy-duty detergents
(HDL) in the world. The market share of HDL in the USA was some 50 % in 1999. Until
1987, such products were insignificant in Europe, although liquid heavy-duty detergents
had been available on the European market since 1981. In 1998, liquid heavy-duty
detergents represented 12 % of the market in Europe, and their worldwide share was
14 % of total detergent production.
Liquid heavy-duty detergents are distinctive because of their usually high surfactant

content (up to ca. 50 %). They rarely contain builders such as zeolite or triphosphate
and are generally devoid of bleaching agents, the latter for reasons of loss of active
oxygen and incompatibility with enzymes during storage. They are most effective in
removing greasy and oily soil, especially at wash temperatures below 60 �C. A com-
parison of the detergency characteristics of European liquid and powder heavy-duty
detergents is depicted in Table 25 [27]. From the characteristics of the two types of
detergent it is obvious that both products have different but distinct fields of optimal

Table 24. Composition of heavy-duty detergent tablets on the European market [142]

Ingredients Zeolite-based, % Phosphate-based, %

Surfactants 13 – 18 15 – 18
Bleaching agents 13 – 15 12 – 16
TAED 3 – 7 4 – 7
Zeolite 11 – 25
Sodium triphosphate 25 – 47
Layered silicate 0 – 9 –
Sodium polycarboxylate 2 – 3 2
Disintegrants 5 – 17 0 – 12
Enzymes 2 – 4 2 – 3

Figure 73. Market Shares (value) of Color Heavy-
Duty Detergents in the Total HDD Category (source:
Leading International Market Research Institute)
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performance. Depending on washing habits, HDL are alternatives to powders especially
for washing in the lower temperature range [146].
HDL are marketed both with and without added builders. Formulations for liquid

heavy-duty detergents with (structured) and without builders (unstructured) in Europe
are given in Table 26 [127]. Liquid detergents with builders typically contain 15 – 30 %
surfactants; the total amount of surfactants in products without builders can be as high
as 50 %. The unstructured liquid detergents have continued to dominate the market.
Besides having a high content of synthetic surfactants, they include a large proportion
of soap with a defined carbon chain length as a water-softening component, as well as
ingredients needed as formulation aids. The total content of washing active compo-
nents can be as high as 60 %. The liquid products still contain water and are free of
bleaching agents. Although many patents have been filed for liquid detergents that
contain bleaching agents, none have yet been marketed successfully. In common with

Table 25. Performance of powder versus liquid heavy-duty detergents

Product characteristics Powder 60 – 90 �C Liquid 30 – 60 �C

Removal of
Fatty/oil soil ++ +++
Particulate soil ++ +
Bleachable stains +++ ++
Proteinaceous stains ++ ++

Detergency performance on
Cotton ++ +
Cotton/polyester blends ++ ++
Synthetics + ++
Wool + ++
Antiredeposition/whitening
30 to 60 �C ++ ++
90 �C ++ +

Prevention of inorganic salt deposits + ++
Fabric care + ++
Solubility/dispersability + +++

+++ = excellent; ++ = very good; + = good

Table 26. Composition of liquid heavy-duty detergents in Europe (2000), %

Ingredients Unstructured Structured

Anionic surfactants 7 – 18 10 – 25
Nonionic surfactants 15 – 30 6 – 10
Soaps 10 – 22 4 – 6
Builders 0 – 8 15 – 30
Solubilizers 0 – 12 0 – 5
Alcohols 8 – 12 0 – 5
Enzymes 0 – 2.5 0 – 1.5
Optical brighteners 0.05 – 0.25 0.05 – 0.25
Stabilizers +/– +/–
Fragrance + +
Minors, water 30 – 50 30 – 50
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the increasing multifunctionality of powders, liquid heavy-duty detergents show a
steady trend towards a higher enzyme content and incorporation of more types of
enzymes.

Increasing concentrations of total active ingedients have been introduced in liquid
detergents in the first half of the 1990s, although the degree of compaction has not been
as drastic as with powdered products. Conventional liquid heavy-duty detergents still
dominate the market in some European countries.
The physical appearance of liquid laundry detergents remained unchanged for a long

time. They were marketed as low-viscosity (250 – 300 mPa · s) products with a New-
tonian flow behavior. This changed with the launch of detergent gels in Europe. Gel-like
pourable heavy-duty detergent concentrates that feature a specific rheological behavior
represent a new delivery form in the liquid segment in Europe [147]. These gel
detergents have much higher viscosities than conventional HDL (ca.
1500 – 3000 mPa · s). Gels were introduced in almost all European markets in 1997.
Because of their high viscosity and rheological properties gels show improved deter-
gency performance in pretreating stains as compared with conventional HDL [147].
Due to the continuous increase in the use of liquid concentrates and the reduction of
the recommended dosage, it has been possible to reduce package sizes without de-
creasing the number of wash loads per package. This has resulted in large savings on
packaging material and transportation costs.

4.2. Specialty Detergents

Specialty detergents play a relatively minor role outside Europe, but they are quite
important in Europe.
Specialty detergents are products developed for washing specific types of laundry.

Such detergents are generally used in washing machines but also for hand washing.
They usually require the use of special washing programs (e.g., a wool cycle to prevent
felting or a gentle cycle to prevent wrinkling). They can be characterized by the fact that
fabric care ranks high and is a more important feature than with heavy-duty detergents,
for which soil and stain removal is the key characteristic.
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4.2.1. Powder Specialty Detergents

Distinction is made among products of the following types:

Detergents for delicate and colored laundry
Detergents for woolens
Detergents for curtains
Detergents for washing by hand

Many of these products are appropriate for either machine or handwashing. Most of
them are marketed with an average bulk density of 0.4 – 0.5 kg/L.
Detergents specially designed for delicate and colored laundry contain neither bleach

nor fluorescent whitening agents, which may adversely affect sensitive dyes used with
some of these fabrics. These detergents are particularly useful for laundry colored with
dyes sensitive to oxidation or for pastel fabrics that otherwise might experience color
shifts if treated with fluorescent whitening agents. Most products today contain cellu-
lases, which help fabrics look new longer and keep colors bright. Dye transfer inhibitors
are added to some specialty detergents.
Detergents for wool are primarily intended for use in washing machines. Particular

care must be exercised to prevent damage to the sensitive fibers that constitute natural
wool, including applying low-temperature washing, short washing times, high bath
ratios, and avoiding vigorous mechanical action.
High-foaming detergents for washing by hand are intended for washing small

amounts of laundry in the sink or in a bowl. Due to the increased number of household
washing machines, the use of specialty handwashing detergents has been gradually
declining in Europe through the last decades. Their share was ca. 3 % in the entire
detergent category in 1999.
Table 27 provides the compositions of various types of specialty detergents.

4.2.2. Liquid Specialty Detergents

Liquid specialty detergents have been on the market in Europe for a long time. Some
liquid specialty detergents are intended for handwashing. However, most specialty
liquid products are intended for washing machine application, e.g., detergents for
woolens. The latter may be free of anionic surfactants, in which case they usually
contain mixtures of cationic and nonionic surface active agents. The cationic agents act
as fabric softeners to help keep wool soft and fluffy. Table 28 describes typical formu-
lations for liquid specialty detergents.
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4.3. Laundry Aids

Laundry aids are products developed to meet the varying needs of often widely
divergent washing habits and practices in different parts of the world. For example,
most powdered heavy-duty detergents in Europe contain oxygen bleach. Most in the
Americas, Africa, and Asia do not, and hence separate addition of bleach may be

Table 28. Frame formulations of European liquid detergents for woolens

Ingredients Composition, %

With incorporated Without incorporated
softeners softeners

Anionic surfactants 0 – 1 10 – 15
(alkylbenzenesulfonates, fatty alcohol ether sulfates)

Nonionic surfactants 15 – 20 0 – 2
(alcohol ethoxylates, fatty acid amides)

Cationic surfactants 2 – 4 –
(esterquats)

Solubilizers
(ethanol, propylene glycol) 0 – 5 0 – 5

Hydrotropes
(toluenesulfonates, 0 – 3
xylenesulfonates, cumenesulfonates)

Fragrances, dyes + +
Water 60 – 70 60 – 80

Table 27. General formulations of West European powder specialty detergents

Ingredients Composition, %

Detergents for
delicate textiles

Detergents for
woolens

Detergents for
curtains

Handwashing de-
tergents

Anionic surfactants 5 – 20 10 – 20 10 – 16 12 – 25
(alkylbenzenesulfonates, fatty
alcohol ether sulfates)

Nonionic surfactants 2 – 10 2 – 20 2 – 7 1 – 4
(alcohol ethoxylates)

Soaps 1 – 5 0 – 5 2 – 6 0 – 5
Cationic surfactants 0 – 5
Zeolite A 20 – 40 5 – 40 25 – 40 7 – 30 *

Sodium perborate 0 – 15
Sodium silicate 0 – 7 0 – 3 2 – 5 2 – 9
Sodium polycarboxylate 2 – 5 2 – 5 2 – 5 2 – 5
Antiredeposition agents 0.2 – 1.5 0 – 1.5 0.5 – 1.5 0.5 – 1.5
Enzymes 0 – 1 0 – 1
Optical brighteners 0 – 0.2 0.1 – 0.2 0 – 0.1
Dye Transfer Inhibitors 0 – 0.5
Fragrances + + + +
Fillers and water balance balance balance balance
* Some hand washing detergents contain 15 – 30 % sodium triphosphate instead.
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required. Depending on their use, laundry aids can be divided into the following
categories:

Pretreatment aids (prespotters, water softeners)
Bleaches
Detergent boosters
Fabric softeners
Stiffeners
Laundry dryer aids
Refreshing products for dryer application
Odor removers

The global laundry aids market was worth $ 38.7� 109 in 1998. Western Europe
accounted for 30.4 %, while the USA ranked second with 20.8 % of global sales [148].

4.3.1. Pretreatment Aids

The most important pretreatment aids are soil and stain removers and water
softeners. Special presoaking agents that were frequently applied in the past have
gradually lost their market importance in the industrialized countries.

Soil and stain removers , also called prespotters or pretreatment aids, are frequently
products with high surfactant contents. Their direct application helps removing greasy
and/or bleachable stains (Table 29). Such products are applied to soiled areas prior to

Table 29. Frame formulations of soil and stain removers in Europe and the USA

Components Composition, %

Europe USA

Pastes Sprays Liquid/
sprays

Sticks Gels

Anionic surfactants 15 – 30 0 – 3 10 – 15 0 – 0.5
(alkylbenzenesulfonates, alcohol
sulfates, soaps)

Nonionic surfactants 3 – 10 15 – 40 1 – 15 25 – 35 8 – 45
(nonylphenol ethoxylates, alcohol
ethoxylates, amine oxides)

Hydrotropes 0 – 10 0 – 5 0 – 5
(sodium xylenesulfonate)

Builders 0 – 3.5 1 – 2 0 – 2
(sodium citrate, sodium carbonate)

Oxidants 0 – 3.5 – –
(hydrogen peroxide)

Bleach activator 0 – 0.5 – –
Solvents, solubilizers 30 – 80 0 – 12 25 – 35 0 – 35
Enzymes 0.2 – 1 2 – 3 0 – 2
Dyes, fragrance, stabilizers, water balance balance balance balance balance
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washing. They are supplied as pastes, sticks, or aerosols or in trigger spray bottles. The
major targets of such products are fabrics that require low-temperature washing. The
regular use of soil and stain removers can also help prevent the buildup of soil on
problem areas such as shirt collars and cuffs after multicycle wear/washing.

Spray stain removers mainly consist of mixtures of solvents and surfactants. Solvents
similar to those employed in dry cleaning loosen grease so that it can subsequently be
emulsified by appropriate surfactant blends. Sprays generally work more rapidly than
paste products. Proper application of such products prevents formation of undesirable
rings around stains, a consequence that is nearly unavoidable when stains are subjected
to local treatment with pure solvents instead.

Water softeners are used both in the USA and in Europe. European manufacturers
recommend that these softeners be used in combination with detergents for applica-
tions involving water of medium to high hardness. However, the great majority of
heavy-duty laundry detergents contain sufficient builders and cobuilders to prevent
build-up of lime deposits upon multicycle washing even in hard water. European water
softeners generally contain ion exchangers, usually zeolite A and polymeric carboxylic
acids (Table 30).

4.3.2. Boosters

Boosters are products that can be added separately to detergents to exert specific
influences on the washing process and thereby improve its effectiveness. The principal
types of boosters offered on the market are bleaching agents and laundry boosters.

Bleaching agents are found worldwide on the market. They have been common in
the Americas and Asia for a long time, where they are available in both powder and
liquid form. Powder bleaching agents generally contain sodium perborate or sodium
percarbonate (Table 31), whereas most liquid bleaching agents are dilute solutions of
sodium hypochlorite or hydrogen peroxide. Bleaches are usually applied optionally
when needed along with detergent. Sodium hypochlorite is to be used for whites only,
whereas hydrogen peroxide solutions and powder and tablet peroxygen bleaches (per-
borate/percarbonate) are considered color-safe products.

Table 30. Frame formulation of water softeners in Europe

Ingredients Composition, %

Zeolite A 45 – 60
Sodium polycarboxylate 10 – 15
Sodium silicate 10 – 15
Sodium sulfate, minors, water balance
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Laundry boosters are marketed largely in the USA; various formulations exist. They
contain either sodium silicate, sodium citrate, sodium borate, or sodium carbonate,
usually in combination with surfactants. Enzymes are often present as well (Table 32).

4.3.3. Aftertreatment Aids

After the washing process has been completed and soil removal has been accom-
plished, fabrics are sometimes subjected to some type of aftertreatment. The goal is to
increase the usefulness of laundry by restoring textile characteristics that have suffered
in the course of the wash. Needs in this respect can vary considerably, depending on the

Table 31. Frame formulations of all-fabric bleaches in the USA

Ingredients Composition, %

Powders Liquids

Builders 60 – 75 –
(sodium carbonate, zeolite, sodium citrate, sodium silicate)

Anionic surfactants 5 – 15 2 – 10
(alkylbenzenesulfonates, alcohol sulfates, alcohol ether sulfates)

Nonionic surfactants 0 – trace 0.3 – 5
(alcohol ethoxylates, amine oxides)

Bleach 3 – 15 3 – 4 *

(sodium perborate, sodium percarbonate, hydrogen peroxide)
Fillers 5 – 20 0 – 2
(sodium sulfate, sodium chloride)

Fluorescent whitening agents 0.2 – 0.5 0.1 – 0.2
Enzymes 0 – 1 –
Dyes, fragrances, pH-regulators + +

Water balance balance
* Hydrogen peroxide.

Table 32. Frame formulations of laundry boosters in the USA

Ingredients Composition, %

Powders Liquids

Builders
Sodium carbonate 30 – 40 –
Sodium borate 0 – 50 0 – 1
Sodium silicate 0 – 5 –

Anionic surfactants 0 – 10 0 – 5
(alkylbenzenesulfonates, alcohol sulfates, alcohol ether sulfates)

Nonionic surfactants – 0 – 1
(alcohol ethoxylates, amine oxides)

Hydrotropes – +
Fluorescent whitening agents 0 – 1 0 – 0.5
Enzymes 0 – 2 0 – 1
Dyes, fragrances, neutralizing agents + +
Water balance balance
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fabric involved. Thus, products in this category may be called on to provide elastic
stiffness, improved fit and body (shirts and blouses); smoothness, sheen; good drape
(curtains); fluffiness and softness (underwear, towels, bath gowns); or antistatic prop-
erties (garments, underwear, hosiery, and other easy-care articles made from synthetic
fibers). To achieve such effects, the following product groups are marketed:

Fabric softeners
Stiffeners
Laundry dryer aids

4.3.3.1. Fabric Softeners

Textiles washed by machine are subjected to greater mechanical stress than those
washed by hand. Indeed, machine-washed laundry may be so severely jammed that the
pile of the fibers at the fabric surface is reduced to an extreme state of disarray,
especially in the case of natural fibers such as cotton and wool. During subsequent
drying in static air (e.g., when laundry is dried hanging indoors), this condition tends
to become fixed in the fabrics, and the laundry acquires a harsh feel. Addition of a
liquid fabric softener in the final rinse (rinse-cycle softener) results in fabrics that feel
softer.
The conditions described above are frequently found in Europe, Japan, and other

regions of the world. Fabric softeners play another role in the USA, where laundry is
mostly dried in mechanical dryers. The tumbling of the laundry in the dryer accom-
plishes its own softening effect. The chief task of household fabric softeners in the USA
is rather to impart antistatic properties and a pleasant odor to the laundry. Therefore,
fabric softeners in the USA are frequently applied as sheets impregnated with active
material which are added to the moist laundry at the beginning of the dryer cycle (see
Section 4.3.3.3)
The principal active ingredients in commercially available rinse-cycle softeners are

usually cationic surfactants of the quaternary ammonium type [60] – [63], [155], [156].
When applied in appropriate concentrations, cationic surfactants are adsorbed nearly
quantitatively onto natural fibers, in contrast to their behavior with synthetic fibers
(Table 33) [132] – [134].
To prevent undesired interactions between the anionic surfactants of a detergent and

the cationic surfactants of a fabric softener, the latter must be introduced only in the
last rinse cycle. Overuse of fabric softener must be avoided. Otherwise, the absorbency
characteristics of the textiles decrease which in turn adversely affects the function of
towels.
Conventional softeners, which contain on average 4 – 8 % active material, have been

partially replaced in many countries by softener concentrates having some 12 – 30 %
active material. This development is an answer to the increasing public environmental
criticism centered on the bulky plastic packaging of conventional softeners. Bottles with
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volumes of 4 – 6 L of conventional fabric softener need large amounts of plastic for their
manufacture, and also present waste disposal problems.
Due to its poor biodegradability the formerly widespread distearyldimethylammo-

nium chloride (DSDMAC) [60], the former active material of most softeners in Europe,
the USA, and Japan, has been replaced by the readily biodegradable (see Section 10.5.1)
esterquats in the 1980s and 1990s. Frame formulations of liquid fabric softeners are
given in Table 34.
The formulation of products with higher amounts of active material requires a

well-balanced system of selected emulsifiers to maintain good dispersion stability upon
storage.
Fabric softeners have additional benefits. They impart good antistatic properties on

fabrics. They prevent the build-up of electrostatic charges on synthetic fibers, which in
turn eliminates such unpleasant phenomena as fabric cling during handling and
wearing, crackling noises, and dust attraction. Also, fabric softeners make fabrics easier
to iron and help reduce wrinkles in garments. In addition, they reduce drying times so
that energy is saved when softened laundry is tumble-dried. Last but not least, they also
impart a pleasant fragrance to the laundry. That is why branded softeners are
frequently offered with different fragrances.

4.3.3.2. Stiffeners

If stiffness and body are desired rather than soft and fluffy laundry, stiffeners can be
added as aftertreatment. Usual agents for this purpose include natural starch derived
from rice, corn, or potato, which can be used to impart extreme stiffness to fabrics.
Synthetic polymeric stiffeners are good alternatives. They impart a more modest degree
of stiffness than natural starch does, which is more closely attuned to contemporary
taste. Products of the latter type are generally liquid and are easier to apply than
natural starch. Stiffeners are supplied as dispersions and contain, in addition to a small
amount of starch, substances such as poly(vinyl acetate), which has been partially

Table 33. Sorption of distearyldimethylammonium chloride * [58]

Textiles Adsorbed amount **

mg/g mol/g mg/m2 %

Wool 1.20 2.06 301 100
Resin-finished cotton 1.18 2.01 133 98
Cotton 1.17 2.00 169 96
Polyester/cotton 1.17 2.00 110 98
Polyamide 0.96 1.63 66 79
Polyacrylonitrile 0.90 1.53 68 74
Polyester 0.57 0.97 109 47
* Equilibrium conditions: time = 60 min, t = 23 �C, bath ratio = 1 : 10; initial concentration: 120 mg/L.
** Based on the mass and geometric surface of the textiles.
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hydrolyzed to poly(vinyl alcohol). Table 35 shows a frame formulation for typical
European liquid stiffeners. Such products are offered not only as dispersions, but also
as aerosol sprays. The latter allow local treatment of garments, for example, collars and
cuffs.

Synthetic polymeric stiffening agents are called permanent stiffeners because, unlike
starch, their effectiveness endures through several wash cycles. This property also has
its negative aspects, however, since poly(vinyl acetate) film on a fabric can attract both
soil and dyes, thereby leading to discoloration.

Table 34. Formulations of fabric softeners in Europe, the USA, and Japan

Ingredients Composition, %

Europe USA Japan

Regular Concentrate Conditioner Regular Concentrate Conditioner

Quaternary ammo-
nium compoundsa

3 – 11 11 – 20 11 – 26 3 – 11 10 – 30 15 – 35 0 – 20

Aminoamide 0 – 2 0 – 2 0 – 2 0 – 2 0 – 2 0 – 2 0 – 5
Nonionic surfactants 0 – 0.8 0 – 3 0 – 3 0 – 0.8 0 – 3 0 – 3 0 – 5
Additional softening
compoundsb

0 – 1 0 – 4 0 – 4 0 – 1 0 – 4 0 – 4 0 – 1

Preservatives, antibac-
terial agents

0 – 0.5 0 – 0.3 0 – 0.1 0 – 0.5 0 – 0.3 0 – 0.1 0 – 2

Dye fixatives 0 – 0.2 0 – 0.2 0 – 0.2 0 – 0.2 0 – 0.2 0 – 0.2
Ironing aidsc – – 0 – 6 – – 0 – 6 0 – 5
Dyes, fragrances + + + + + + +
Ethanol/isopropanol
solvents

0.2 – 2.5 0.5 – 3 0.5 – 4 0.2 – 2.5 0.5 – 3 0.5 – 4 0 – 3

Diol solvents – – 0 – 12 – – 0 – 15 0 – 10
Viscosity regulatorsd 0 – 0.2 0 – 0.6 0 – 0.7 0 – 0.2 0 – 0.6 0 – 0.7 0 – 0.5
Water balance balance balance balance balance balance balance
a Esterquat type: triethanol amine, diethanol amine, or epichlorohydrine esterified with tallow-based acids or
oil-based acids are preferred in Europe. Diesters are preferred due to superior softening performance. Aside from
esterquats, distearyl dimethyl ammonium chloride (DSDMAC) types, imidazolines, and amino ester salts are used in
some countries.
b Fatty alcohols, fatty acids, triglycerides.
c Silicone oils, dispersed polyethylene.
d Magnesium chloride, calcium chloride, sodium chloride, sodium acetate.

Table 35. Formulation of liquid stiffeners in Europe

Ingredients Composition, %

Alkyl/alkylaryl polyglycol ethers 0.1 – 2
Poly(vinyl acetates)
(partially hydrolized) 10 – 30

Starch 0 – 10
Poly(ethylene glycols) 0.5 – 1.5
Fluorescent whitening agents +/-
Dyes +/-
Water balance
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4.3.3.3. Laundry Dryer Aids

Laundry dryers are far more widespread in the USA than in Europe. They have held a
significant place in the U.S. market since the early 1970s. Dryer aids are introduced into
the dryer along with the damp, spin-dried laundry. During the drying process, they
impart to the laundry both softness and a pleasant odor. Most importantly, however,
they prevent static buildup on the fabric. The latter point is particularly significant in
the USA, where synthetic fabrics are quite frequently used. Synthetic fabrics are less
popular in Europe and elsewhere.

Laundry dryer aids are almost exclusively applied as sheets, which serve as carrier.
The sheets are made from nonwoven material and impregnated with both fabric
softeners and temperature-resistant fragrance oils. During the drying process, active
ingredients from the dryer sheet are transferred to the laundry through frictional
contact. The sheet materials are designed for single use and are discarded at the
end of the drying cycle.

An additional reason for the popularity of dryer aids in the USA is the fact that
washing machines in the USA often lack dispensers for automatic addition of liquid
fabric softeners to the rinse cycle.

4.3.4. Other Laundry Aids

4.3.4.1. Refreshing Products for Dryer Application

Refreshing products form a new subsector in the laundry aids category. They were
introduced in the USA and Europe in the late 1990s. These products are used for
dry-clean and handwashable clothes. They do not replace professional dry cleaning, but
they allow the consumers to refresh their garments any time at home. The custom
products have two main features: a refreshing and a spot-cleaning action. The refresh-
ing action is achieved inside the tumble dryer by using a moist impregnated sheet along
with the item to be treated. Some systems use a plastic bag for producing a damp
microclimate inside the dryer, whereas other systems work without a bag. In both cases
the water vapor removes unpleasant odors from the garments. For spot cleaning either
the moist sheet or a separate stain remover liquid is used in conjunction with an
absorbent layer of cloth or paper placed underneath the stained garment to pick up
dissolved soil.

H
o
u
se
h
o
ld

L
au

n
d
ry

P
ro

d
u
ct
s

119



4.3.4.2. Odor Removers for Washer Application

Laundry odor removers are liquid products. They were introduced on the U.S.
market in the year 2000. Their formulation and technology allows the removal of
(unpleasant) odors from laundry. The product is dispensed directly into the washer
along with the detergent at the beginning of the wash cycle. Their main active
component is based on cyclodextrins.

5. Industrial and Institutional
Detergents

Even though the principles that determine the effectiveness of detergents for house-
hold and professional laundries are the same, detergents for large-scale institutional use
generally differ insofar as they must be designed to meet the special circumstances
associated with laundry on an industrial scale [135]. In contrary to home laundering,
professional laundries have to deal with large volumes of textile garments and require
therefore completely automatic processing with microprocessor-controlled machines
and dosing units. They also need data retrieval systems for complete process control.
The washing process is in general much shorter and is operated with soft water. For
environmental and economic reasons energy and water recycling is essential. Since soil
levels are commonly much higher in professional than in household laundry and the
variety of textiles is very large, concentrated products, special bleaches, and stain-
removal processes are often applied. In many cases disinfection of the laundry load
is necessary. Specific packaging for laundry products in large quantities and safe storage
systems are frequently required. On the whole, a professional laundry process is a
thorough balance between economy, ecology, quality, and safety.
A large variety of products for professional laundries is available today. These

products belong to one of the following three major categories:

Base detergents
Detergent additives
Specialty detergents

Table 36 shows the formulation of these products for institutional use.

Base Detergents. In principle, such products are completely built detergents and
they are primarily responsible for a good basic detergency. Base detergents are usually
highly alkaline and contain no bleach. The major ingredients are surfactants, builders
(either phosphate or zeolite with polymer cobuilder), alkalies, fluorescent whitening
agents, complexing agents, antiredeposition agents, and enzymes. Currently, they are
used quite commonly in continuous batch washing machines with counterflow systems.
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Oxygen or chlorine bleach can be added depending on the degree of soiling. The
addition of other detergent additives such as disinfecting agents or enzyme boosters
is optional. Base detergents are available in form of powders, liquids, and pastes.

Detergent Additives. In order to improve the removal of heavy soilings and tough
stains, which are quite common in professional laundries, detergent additives are
frequently used. Special products like surfactant, alkaline, bleach, and enzyme boosters
are commonly available. One of the most important additives is the disinfectant for
hospital use. Such disinfectant additives are specifically designed to handle laundry
originating from isolation wards and therefore require thermal and chemothermal
sterilization. Common disinfectants for this purpose include peracetic acid – hydrogen
peroxide mixture, sodium N-chloro-p-toluenesulfonamide (chloramine T), dichlorodi-
methylhydantoin, quaternary ammonium compounds, and other organic chlorine
carriers which liberate active chlorine in the presence of water. Disinfecting procedures
of this kind are mainly common in Europe. Laundry sterilization in the USA is
accomplished either thermally or by active chlorine bleaches.

Specialty detergents are products formulated in such a way as to meet the demands
of particular kinds of laundry or particular laundering processes. These include, for
example, detergents without whitening agents for easy-care and colored fabrics, de-
tergents with high contents of nonionics for heavily soiled working clothes, and
enzyme-containing products for proteinaceous soils.

In many semiprofessional laundries like in small hotels and restaurants, detergents
which are more or less comparable to those for the household sector are required. For
example, perborate-containing detergents have been very popular especially in Europe.
The formulation of a perborate containing detergent is given in Table 37.

Table 36. Formulations of various types of detergents for institutional use

Components Detergents Partially built products

Base Specialty Surfactant
boosters

Bleaching
agents

Enzyme
boosters

Surfactants � � � �
Sodium triphosphate � �
or zeolite/polycarboxylate
Alkalies (soda ash, metasilicate) � � �
Bleaching agents �
Fluorescent whitening agents � � �
Enzymes � �
Complexing agents (phosphonates) � �
Antiredeposition agents � � �
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6. Production of Powder
Detergents

Until 1987 the term powder detergent worldwide was synonymous to what today is
called a conventional detergent. Powder detergents were manufactured mainly by hot
spray drying and had densities of some 300 to 550 g/L. Triggered by the rapid market
growth of compact detergents in Japan in the late 1980s, a significant change of the
technology to manufacture high-density (> 600 g/L) heavy-duty detergents also took
place in Europe and the USA, following the fast growing demands of the respective
markets. In major parts of Europe and the vast majority of the USA, compact detergents
became state of the art during the 1990s. In addition, detergent tablets have made their
way in Europe since 1998, whereas their market introduction in North America began
in 2000.
For compact powder detergents, the traditional manufacturing process comprising

slurry drying of most detergent components in a spray tower and postaddition of
temperature-sensitive components had to be extended by an additional densifying step.
In addition, quite a different development took place in the 1990s, namely, the use of

nontower technology. This technology encompasses processes in which the drying step
in the spray tower is replaced by a process which uses an increased number of dried raw
materials and compounds (e.g., FAS on zeolite) than before. Initially, the bulk density
of the tower powder was increased by dry mixing/milling the powder in fast-revolving,
continuous, preferably high-speed mixers. In the 1990s, the European detergent indus-
try developed new and more effective densifying processes which are based on tower
powder, nontower granules, and dried raw materials or compounds. The achievable
bulk densities depend on the detergent composition and the densifying process used
(see Table 38).

Table 37. Formulation of a perborate-containing detergent for institutional use

Components Examples Composition, %

Surfactants alkylbenzenesulfonates, soaps, alcohol ethoxylates 10 – 15
Sequestering agents pentasodium triphosphate, zeolite, polymer cobuilder 20 – 30
Alkalies sodium carbonate/silicates 10 – 20
Bleaching agents sodium perborate, TAED 15 – 30
Fluorescent whitening agents stilbene derivatives 0.1 – 0.3
Antiredeposition agents carboxymethyl cellulose, polymers 0.5 – 2
Corrosion inhibitors sodium silicate 3 – 5
Foam iregulators silicone/paraffin 0.1 – 0.3
Stabilizers phosphonates 0.2 – 2
Fragrance oils 0.1 – 0.2
Enzymes protease, amylase 0.5 – 1.0
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For each process many variants exist, e.g., wet granulation using

Water
Water-based binder, or
Pastes (surfactants)

in a

Dryer (fluidized-bed, linear, or round)
Mixer (L�dige, Fukae, Drais, Ballestra, Eirich, Schugi) [157], or
Combination of various mixers/dryers

A different technology has gained increasing importance as well, i.e., the process of
mixing of compounds (see Section 6.2.4). In this process each raw material or part of it
is separately agglomerated to dense particles. Therefore, anionic surfactant compounds,
nonionic surfactants, builders, etc., can be easily varied in their content by dosing more
or less of each compound. Compounds are manufactured by the detergent industry
and— increasingly—by raw material suppliers, e.g., defoamer or tetraacetylethylene-
diamine granulates.

6.1. Technology Overview

Figure 74 depicts currently used detergent production technologies in a simplified
way. Table 39 illustrates the main process alternatives, starting with drying/mixing,
followed by a densification/shaping step. The processes are terminated with postaddi-
tion of thermally and chemically sensitive raw materials. Figure 75 additionally shows
these alternatives as a chain.

Table 38. Densifying processes

Densifying process Bulk density

Dry mixing/milling 650 – 720 g/L
Wet granulation/drying 750 – 900 g/L
Nonionic granulation � 800 g/L
Roller compaction/milling 700 – 900 g/L
Bar extrusion/milling 700 – 900 g/L
"Spaghetti" extrusion 700 – 900 g/L
Tableting 4 1200 g/L
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Figure 74. Manufacturing of compact powder detergents, sche-
matic block flow diagram

Figure 75. Chains of different processes
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6.2. Manufacturing Processes

6.2.1. Traditional Spray-Drying Process [158]

In the first step of the traditional spray-drying process (Fig. 76) a slurry of thermally
stable and chemically compatible ingredients of the detergent is prepared. Solid and
liquid raw materials are drawn off from silos or tanks and introduced batchwise into
scales. Water is added as required to maintain a manageable viscosity. The liquid
mixture and the solids are taken from the scales and mixed to form a slurry in a
crutcher or by using some other type of forced mixer. The slurry is transferred to a
stirred storage vessel from where the process runs continuously.
The slurry is transported by a low- or medium-pressure pump (up to 80 bar).

Changes in pressure in the high-pressure portions of the system are compensated
for by using an air vessel. The slurry is sprayed into the tower by two spraying levels
connecting a series of nozzles. The number and type of nozzles must be designed such
that overlapping of spray cones is avoided. Dried tower powder flows off from the tower
at a temperature of 90 – 100 �C. To prevent lumping, an airlift is used for cooling.

Table 39. Detergents manufacturing process alternatives

Process Drying step Densifying step

Tower process Spray drying Dry mixing/milling
Nontower (mixer(s))-process – fluidized bed

– chemical binding with e.g. zeolite,
soda ash

– neutralization with soda ash and
chemical binding

– integrated in the high granulation
step or

– mixture is
. extruded
. tableted
. roller compacted

Combination of tower/nontower
“premix-process”

– one part is spray dried
– another part is granulated with

water and/or surfactants
– third part is dry mixed

– without densifying
– integrated in the high shear gran-

ulation step, or
– mixture is

. extruded

. tableted

. roller compacted

Compound process (mixer(s)) Compounds are

– fluidized bed dried
– roller compacted
– granulated with surfactants

– integrated in the high shear gran-
ulation/extrusion/roller compac-
tion step
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The spray-drying process can be run cocurrently or, most common, countercurrently
[159]. If particles and air move cocurrently and the slurry enters the hottest zone of the
tower, a rapid evaporation of water occurs, and blown-up, relatively light particles
(beads) result. In the countercurrent process, drying starts in an area of high humidity
and lower temperature, and beads are obtained that are characterized by thicker walls.
The lower free-fall speed due to the countercurrent airstream results in a higher number
of particles in the tower at any time. Agglomeration products resulting from a
countercurrent system are heavier and coarser than those resulting from cocurrent
spray drying. Figure 76 shows a countercurrent operation. The air is directly heated by
exhaust gases from an oil- or gas-fueled burner and led into the tower at about 300 �C
through a ring channel. Appropriate design of both the air inlet zone above the cone
and the air outlet at the tower dome is important. Air entering the tower is “swirled”,
i.e., it is accelerated tangentially and vertically. This causes homogeneous heat transfer
between air and product. Water vapor, combustion gases, and drying air are withdrawn
from the tower by means of a ventilating fan.

Figure 76. Traditional spray-drying process
a) Storage tanks for liquid raw materials; b) Storage silos for solid raw materials; c) Liquids weighing vessel; d) Solids
weighing vessel; e) Mixing vessel; f ) Intermediate tank; g) Booster pump; h) High-pressure pump; i) Air vessel;
k) Nozzles; l) Airlift; m) Storage bunker; n) Belt conveyor scales; o) Powder mixer; p) Sieve; q) Packaging machine;
r) Air inlet fan; s) Burner; t) Ring channel; u) Spray tower; v) Top filter; w) Exhaust
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Fine particles are drawn off from the tower along with the exhaust gas and collected
in a filter. In modern plants this filter is installed on top of the tower so that the
separated fines and dust fall down into the agglomeration zone of the tower [160]. The
resulting tower powder has a low content of fine particles. Heat exchangers are installed
to use the exhaust gas energy for preheating the burner air. Another way is partially
recycling the exhaust air (about 50 %) and mixing it with fresh air from the atmosphere
[161]. In doing so, energy savings of about 10 – 20 % can be achieved. Plant control is
possible by installation of an expert system [162].

6.2.2. Superheated Steam Drying

Environmental issues of spray drying using hot air are:

Emission of dust, normally 5 10 mg/m3

Emission of odor and volatile organic matter in very small amounts, normally
5 50 mg/m3

Potential dust-explosion and fire hazard
Loss of vaporization heat

These problems can be solved by switching over to drying with superheated steam
instead of air [163]. The usage of superheated steam allows the heat of vaporization to
be recovered [164]; the system is closed and no exhaust gas escapes from the tower
[165]. Presently, this technology is being adapted in a pilot project [166].
The bulk density of steam-dried products is significantly higher and the water

content is lower compared to hot-air spray drying.

6.2.3. Nontower Agglomeration Process

The nontower agglomeration process is carried out in a continuous mixer such as the
Ballestra Kettemix Reactor or the L�dige CB-Mixer or in a combination of high- and
low-shear mixers. Zeolite is applied in powdered form to bind surplus water, especially
as zeolite P or X or as superdried zeolite A plus soda ash. In the first step the powder
components are continuously added. Metering is carefully controlled at the entrance of
the reactor. In this zone all liquids, such as nonionic surfactants, polymer solutions,
fatty acids, sodium silicates, and linear alkylbenzenesulfonic acid, are separately dosed
[167].
Due to the high energy input granules are formed and at the same time neutrali-

zation with sodium carbonate or sodium hydroxide takes place. The granules can take
up limited amounts of nonionic surfactants. Optionally the granules are surface-treated
with zeolite (“powdered”) in an additional step to reduce product stickiness, which is
mainly due to the nonionics. If the water binding capacity of zeolite and soda ash is not
sufficient, e.g., in the case of neutralization with sodium hydroxide solution, added
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water and reaction water have to be removed from the product in a further step. This is
done in a fluidized-bed dryer, where the granules are dried with hot air (140 �C) in the
entrance zone. In the outlet zone the granules are cooled down, normally using cold air
(5 – 15 �C). The drying process is controlled by measuring the product water content
and temperature. Depending on the formula the product temperature has to be
maintained between 50 and 110 �C (preferably between 60 and 80 �C).
If the water balance is fitted by using small amounts of water and/or by neutral-

ization with carbonates the granules are only cooled in the fluidized bed and not dried.
The fluidization air is transported in a cycle with a cooling/heating step to ensure a
constant water content of the air.

After sieving and milling, the granules are transported to the postaddition step.
Quite a few limitations with respect to the nontower agglomeration process exist.

Firstly, the neutralization heat increases the granulation temperature. Therefore, the
amount of acids in the feed material is strongly limited. Secondly, the water level must
be lower than 14 %. The nonionic surfactant content depends on the detergent com-
position. At higher nonionics contents the granules become too soft and sticky. A
typical nontower agglomeration process with one mixer and a fluidized-bed dryer is
shown in Figure 77 as a block diagram. The more advanced variant with two mixers
and a fluidized-bed cooler is illustrated in Figure 78 as a flow sheet diagram. The
process uses a high-shear/low-shear mixer combination. Neutralization is effected by
using 50 % caustic soda.

Figure 77. Nontower agglomeration process

L
au

n
d
ry

D
et
er
ge

n
ts

128



6.2.4. Nontower Compound Technology

Another way of realizing a nontower process is application of compound technology.
A finished laundry detergent is produced by blending the following components [168]:

Nonionic surfactant agglomerate 13.4 wt %
Anionic surfactant agglomerate 32.5 wt %
Layered silicate compacted granules 10.1 wt %
Granular percarbonate 22.7 wt %
Tetraacetylethylenediamine agglomerate 7.8 wt %
Suds suppressor agglomerate 6.5 wt %
Perfume encapsulate 0.1 wt %
Granular soil release polymer 0.4 wt %
Granular sodium citrate dihydrate 3.5 wt %
Enzymes 2.0 wt %

Each component is produced separately, in most cases by using the granulation
technology. By applying different densification technologies an inhomogeneous product
aspect results after blending of the compounds. Compound blending is presented in
Figure 79.

6.3. Densification Processes

To increase the bulk density of the final product to values higher than about 650 g/L,
one or more densifying steps must be used in detergent production and/or denser raw
materials/compounds have to be applied. Usually, the particle size distribution of the
densified product is adjusted by sieving/milling. In most cases the size distribution is
similar to that of tower powder or standard products (0.2 – 0.8 mm). Larger and denser
particles may retard dissolution of the finished product. Therefore, detergent manu-
facturers try to minimize the quantity of oversize particles.

Figure 78. Flow sheet diagram of a typical two-
mixer nontower process
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Many process alternatives for densification exist. Typical process technologies are
described in the following.

6.3.1. Dry Densification in a Mixer

A very simple and cheap method for achieving a limited increase in detergent density
is mixing/milling/spheronizing of tower powder in a continuous mixer such as the
L�dige CB-mixer (Fig. 80). The densification yields an increase in bulk density of
50 – 100 g/L [169], [170]. Usually, a liquid (nonionic surfactant) is added to the
CB-mixer to reduce stickiness, especially at the mixer walls and the tools.

6.3.2. Dry Densification in a Spheronizer

The bulk density of some products can be increased slightly by rounding off the
particles in a spheronizer [158]. After entering the spheronizer the particles are
accelerated by a high-speed rotating disk. They are driven against the vessel wall by
centrifugal forces. There they roll against each other in a particle cloud. As a con-
sequence, edges and surfaces of the particles are polished. In this way, the form of the
particles is improved.

Figure 79. Dosing and mixing of different compounds
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6.3.3. Dry Densification in a Roller Press

Compacting of raw materials or compounds in a roller press is a very simple process
that is followed by a relatively complex milling/sieving step (Fig. 81). Compacting in a
roller press is accompanied by a dust problem, especially when using products with a
high content of organic matter. The resulting product is very dense, but the particles are
irregular in shape (splinters). The latest development in this field is a closed device in
which rolls, mills, sieves, and recycling tubes are installed in one unit.

For “dry” densification an extruder can be applied as well. In this case, a binder/
lubricant must be added to the powder mixture. The product is extruded to form bars.
The final form can be achieved by milling/sieving, as shown in Figure 81.

6.3.4. Wet Granulation

Wet granulation is the most common process for densifying tower powders, raw
materials, or compounds. Wet granulation is performed by adding water, polymer
solutions, anionic surfactant pastes, or surfactant gels at high shear rates [171] – [174].
The wet granulation process consists of the following steps:

Step 1: grinding in a high-speed mixer or in a mill; addition of polymer solution
(7 – 12 %) via spray nozzles to the powder in the mixer (pregranulation)
Step 2: granulation and conditioning in a high- or medium-shear-rate mixer
Step 3: evaporation of added water in a fluidized bed and/or cooling down
Step 4: sieving of coarse particles and milling; usually, fine particles remain in the
product

Figure 82 illustrates one of several possible designs of a typical wet granulation process
[175]. The use of two or more mixers of different types in a cascade increases process

Figure 80. L�dige CB-mixer for dry densification of
detergent tower powder (view of the internals)
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flexibility. Energy input, granulation temperature and time, dosage of liquids, powder-
ing of the particles, and types of mixers represent the know-how of the detergent
manufacturers.
A very promising new granulation technology is foam granulation [242], [176].

Usually, the granulation liquid is sprayed on the solids or dosed in a jet. The addition of
a foam enables a more flexible granulation with less recycled material. A comparison of
different granulation techniques is shown in Figure 83.

6.3.5. Spaghetti Extrusion

The spaghetti extrusion process represent a new approach to densifying detergents.
Powders, raw materials, and compounds are mixed while a lubricant is added. The
mixture is plastified in an extruder and pressed through many small holes. The
resulting spaghetti-shaped detergent strands are cut in such a way that the length-to-
diameter ratio of the resulting tiny cylinders is unity. The cylinders are rounded off in a

Figure 81. Typical compaction/granulation systems
with screening and recycling of overs and fines
a) Original powder feeder (lower hopper), b) Recycle
system, c) Upper feed hopper, d) Horizontal feed
screw, e) Vertical screw, f ) Compaction rolls,
g) Pressure applied, h) Prebreak, i) Granulator,
j) Screen, k) Screener
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spheronizer [138], [177]. To harden the product an additional cooling step can be
necessary. This densification process has the advantage that a dust-free product is
obtained with spherically shaped particles of uniform size, whereas all other processes
deliver powders, granulates, splinters, or mixtures thereof, that have a more or less
broad spectrum of particle sizes.

Densification by extrusion occurs before the postaddition process (Fig. 84). If the raw
materials are used as they are, no further granulation step (e.g., tower drying or wet

Figure 82. Flow sheet of a typical nontower granulation process

Figure 83. Wet granulation
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granulation) is necessary. Both densification and particle shaping occurs inside the
extruder by means of a specially constructed extruder head and knife.
The detergent mass is plastified in a cooled twin-screw extruder. In the extruder head

a mass temperature of 60 to 80 �C prevails under a pressure of 70 to 110 bar. The mass
is pressed through bore holes of 1.4 mm in diameter. There are about one hundred
bore holes per plate and more than hundred plates per extrusion die.
The extruded particles differ significantly from other detergent particles, they are

much larger, spherical, and nearly uniform (see Fig. 85).

Figure 84. Flow sheet diagram of the extrusion (Megaperls�) process
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6.3.6. Postaddition Process

The finishing process of granulated or extruded detergents includes postaddition of
thermally sensitive raw materials and/or chemically incompatible ingredients such as
bleaching components (sodium perborate, sodium percarbonate), bleach activators,
enzymes, soil repellents, foam inhibitor concentrate, fragrances, and, occasionally,
colored granules. After the postaddition step the finished product is ready for sieving
and packaging.
Postadded granules or powders generally have to be adjusted in their particle size

distribution to match the particles of the base powder. Smaller postadded particles,
particularly when they have higher densities, tend to segregate in the package or in the
process before.

6.3.7. Dry Densification in a Tablet Press

Tablets are a convenient application form for laundry products. Tablets may consist
of one, two, or more layers. In Europe, usually two tablets are recommended to clean a
4.5 kg laundry load in the washing machine. To achieve maximum performance all
ingredients need to be in a dissolved state from the very beginning of the wash cycle
[178] – [182]. Two main problems must be solved:

1) The low surface-to-volume ratio of detergent tablets adversely affects the dissolution
rate.

2) In the presence of surfactants, especially nonionics, gel phases may form upon first
contact of the tablets with water. Gel formation impedes fast dissolution.

The different concepts that have been developed to formulate and to produce tablets
that quickly disintegrate are presented in Section 4.1.4.
Independent of the product concept many physical parameters are identical for the

finished tablet and its manufacturing (Table 40). All manufacturers use rotary die
presses for production.

Figure 85. Appearance of market detergent prod-
ucts
A) Particles from granulation/compounding;
B) Particles from extrusion
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The critical points of tableting detergents are the strong reciprocal dependency of
tablet hardness and dissolution or disintegration time. The tableting pressure depends
on the mechanical stability of the tablet and on its disintegration time. Tablets
produced under high pressure are very stable but have too long disintegration times.
On the other hand, tablets produced under low pressure are friable. Only a narrow
range of tableting pressures can be applied for producing stable, nonfriable tablets with
a short disintegration time. The so-called operation area for the tableting press is not
fixed, the values depend on formula, size and distribution of the particles as well as on
the bulk density of the premixture.
As described in Section 6.3.6, the particle size distribution of all formula components

has to be adjusted.
The ingredients of the tablet can be separated into two layers. In this way, for

example, enzymes and bleach can be compacted together in one tablet but in different
layers without interaction during storage. The manufacturing process for a single-layer
tablet is given below. For the second and third layer the same procedure is applied in
separate equipments to components with different composition and color:

Step 1: Granulation of the main components and drying
Step 2: Sieving of the granules in a range of 0.2 to 2 mm or a smaller range
Step 3: Postaddition/mixing/sieving (bleach, enzymes, salts, optical brighteners,
polymer compounds, fragrances, suds and pH regulators, recycled materials, dyes)
Step 4: Tableting
Step 5: Flow wrapping of the tablets
Step 6: Packaging

The whole process must be temperature- and moisture-controlled. To prevent picking
and sticking of granules the water content is limited to 6 – 9 %, depending on the
formula. To ensure maximum action of the disintegrant, wrapping of the tablet in a

Table 40. Parameters affecting tablet quality and process efficiency

Product Assumptions Process Conditions Tableting Machine Arrangement

. Formula (formula splitting into
two phases)

. Content of liquids

. Tableting aids

. Particle size and distribution

. Bulk density

. Stickiness

. Particle shape

. Moisture content

. Disintegrant in the tablet and/or
coating

. Speed of tableting

. Climatic conditions

. Hardness of particles and tablets

. Homogeneity of mixtures

. Compressibility

. Pressure of tableting

. Temperature of the tablets

. Surface of the punches

. Dosing systems

. Tablet shape, weight, height and
type

. Control systems

. One, two or three different phases

. Tablets with an inscription
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so-called flow packer is necessary. Each flow pack usually contains two tablets for one
wash cycle.

Figure 86 shows the dependency of the tableting pressure and dissolution rate on the
particle size. Very fine particles need low pressures to form stable tablets. Since a
disintegration agent with a small particle size develops only low forces, a minimum size
of the disintegrant is needed, optimally adjusted to the particle size distribution of the
granules. An interesting range of particle sizes may be, for example, 0.4 to 1.2 mm.
A contrary approach is the manufacturing of a friable, unstable detergent tablet with

low tableting pressures. This kind of tablets already break by simply touching them. To
stabilize the product it has to be coated with materials that form a very hard, easily
melting layer or shell. A preferred technology may be using an enrober with single or
double curtains. Suitable raw materials for enrobers are C12 – 14 dicarboxylic acids
combined with a disintegrant.

Rotary die presses are used for tableting detergents [157]. Two-layer-tablet presses are
equipped with an upper and lower punch and two filling stations. The residence time
under maximum pressure and the press forces determine tablet stability and disinte-
gration time. Figure 87 shows the punches.

Figure 86. Dependence of the tableting pressure
and dissolution rate on the particle size

Figure 87. Punches of a double-layer tableting
machine [183]
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6.4. Raw Materials

Each of the key detergent ingredients (see Chap. 3) consists of chemically and
physically very different raw materials, also called systems, e.g., bleaching systems
with sodium perborate monohydrate or percarbonate and TAED. The ingredients
influence the choice of production technology.

6.4.1. Anionic Surfactants

For laundry detergents usually linear alkylbenzenesulfonates and alcohol sulfates,
linear or branched, are used as anionic surfactants. As LAS do not crystallize, they are
only available on the market as an aqueous paste or a dusty powder or powder
compound. Alcohol sulfates crystallize more or less well, depending on their carbon
chain distribution. Quite a few manufacturing processes exist for the production of AS
compounds with up to 93 % active matter. Anionic surfactants and their manufacturing
processes are amply described in the literature [184].
The starting materials for alcohol sulfates, alcohol sulfuric acid semiesters, are

derived from sulfation of long-chain alcohols (C12 – C18) with SO3. The semiesters
are not stable and have to be instantaneously neutralized with sodium hydroxide.
One process is “low-water” neutralization with highly concentrated sodium hydroxide
at elevated temperatures in a melt in a continuous neutralization loop [185]. Another
technology applies a spray neutralization process, in which the alcohol sulfuric acid
semiester and sodium hydroxide solution are mixed and sprayed into the tower using a
special nozzle. The heat of neutralization evaporates the water, so that no further
energy input is required for drying [186]. The resulting powder must be granulated
under densifying conditions [187]. Another method embodies drying in a high-shear-
rate dryer, in which the paste is dried in a thin film along the wall of the dryer [188].
A further process recommends applying vacuum neutralization in a special film

reactor with a high-shear mixer on the top [167]. The reaction rate is controlled by
continuously measuring the pH value of the product. Alcohol sulfates are most
frequently used in a paste delivery form. The paste can be dried in a cocurrent
spray-drying tower under inert atmosphere. The resulting powder is very light and
fine and must be densified, e.g., by extrusion as noodles. The produced shape is shown
in Figure 89.
The Ballestra company offers the Dryex process for the production of dry anionic

surfactants, especially for AS. The neutralized and preheated (80 – 85 �C) pastelike
surfactant is fed into the top of a wiped film evaporator. Rotating blades form a thin
film over the evaporator surface and remove the dried product from the wall. Drying is
supported by using a slight underpressure. The product can be flaked and milled inline.
Similar processes are available from various manufacturers of thin-film evaporators.
In another more elegant and economic method the paste is dried in a fluidized-bed

dryer/agglomerator. This process, shown in Figure 88, performs drying, densifying, and
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sieving in one apparatus [189]. The paste is sprayed onto smaller particles, for example,
product dust which is fluidized in the bed. The product is sprayed and dried shell by
shell. Rotation and the method of drying provide products of high bulk density. The
stickiness can be reduced by compounding with carrier materials such as zeolite, starch,
and inorganic or organic salts.
The drying of AS paste is accompanied by emissions resulting from unavoidable

small amounts of free fatty alcohols in the exhaust air. The problem may be partially
resolved by reducing the inlet temperature.
Shape and particle size of the product depend strongly on the process type, as shown

in Figure 89.

6.4.2. Nonionic Surfactants

Nonionic surfactants are derived either from natural renewable feedstocks or from
petrochemicals. As renewable raw materials for surfactants, particularly tallow, coconut
and palm kernel oil (laurics), and soybean oil are of paramount importance. The oils
are purified in a first step with sulfuric acid in separators or decanters [191], [192]. The
triglycerides are either split with steam at elevated temperatures and pressures to form

Figure 88. Flow sheet of the one-step agglomeration/drying process[190] a) Fluidized-bed dryer; b) Fluidized-bed
cooler; c) Heater for process air; d) Deduster; e) Dosing pump; f ) Metering rotary valve; g) Conveying air fan; h) Fan
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fatty acids and glycerol, or transesterified with methanol to produce fatty acid methyl
esters in a one-step reaction. The methyl ester are subsequently hydrogenated to form
fatty alcohols.
For the production of fatty alcohols from petrochemicals (paraffins and ethylene) a

range of processes exist [193]. The most well-known processes start with the catalyzed
oligomerization of ethylene either according to the Shell Higher Olefins Process (SHOP)
or the Ziegler trialkylaluminum process. The SHOP olefins are hydroformylated with
carbon monoxide and hydrogen to form aldehydes and in a further step hydrogenated
to low-branched alcohols. In the Ziegler process trialkylaluminum is oxygenated and in
a further step hydrolyzed with sulfuric acid, which converts it to long-chain linear
alcohols.
The manufacture of nonionic surfactants starts in most cases with chemical modif-

cation of fatty alcohols, fatty acids, or fatty acid methyl esters. Fatty alcohols are
converted to alcohol ethoxylates and alkylpolyglycosides; fatty acids to fatty acid
ethoxylates and alkanolamides; and the methyl esters to the corresponding ethoxylates
and glucamides. Important nonionic surfactants are shown below:

Fatty alcohol ethoxylates R–(OCH2–CH2)nOH
Fatty acid methylester ethoxylates

Fatty acid ethoxylates

N-Methylglucamide

Figure 89. Particle shapes of dried anionic surfactant salts
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Alkylpolyglycosides (APG)

R = C8 – C18
R1 = C7 – C17
n = 2 – 10

m = 1 – 3

Ethoxylated fatty alcohols are the most important nonionic surfactants. Also, ethoxy-
lated fatty acids and fatty acid methyl esters [177] are valuable products for the
detergent industry. Therefore, ethoxylation is a key technology for manufacturing
nonionic surfactants. The ethoxylation process is conducted in batch reactors.
The ethoxylated substrates are chemically inhomogeneous because, firstly, the raw

material has a chain length distribution (e.g., C12 – C14 alcohols) and, secondly, the
addition of ethylene oxide is carried out in a broad concentration range. The des-
ignation “fatty alcohol + 7 EO” indicates a mean value of seven added molecules of
ethylene oxide per molecule of alcohol. In reality a mixture of alcohol ethoxylates with
zero to eighteen EO moieties (broad-range ethoxylates with KOH catalyst) is obtained.
When special catalysts are used, narrow-range ethoxylates are formed. These process
parameters affect the product quality significantly and are part of the manufacturer's
know-how.

6.4.3. Builders

Quite a few builders are applied in the detergent industry today. Worldwide, sodium
triphosphate is a key builder used on a large scale. Since the early 1980s sodium
aluminum silicates (zeolites) have become more and more important, particularly in
Europe, the USA, and Japan. Today, the field of builders/cobuilders is more complex
than ever. Apart from sodium triphosphate and zeolites, special layered silicates,
amorphous silicates, and compounds made from sodium carbonate and amorphous
silicate are applied [80], [81], [194]. Besides zeolite A, other zeolite types have gained
importance, e.g., zeolite P and zeolite X. Production processes for zeolite A have been
described [158].

Layered Silicates. Several methods have been established for manufacturing layered
silicates. One method uses the crystallization of amorphous sodium silicates (SiO2:Na2
O ratios from 1.9 to 3.5), evaporation of the water, and tempering at above 450 �C but
below the melting point, to achieve complete crystallization. From this process a-, b-,
g-, and d-silicate (Na2Si2O5) modifications are available [195] – [196], [80]. Another
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process comprises spray drying of a water glass solution, milling of the product, and
tempering in a rotary kiln at 400 to 800 �C for 1 h to crystallize the sodium disilicate
[197]. Subsequent densification can be carried out by roller compaction, if necessary.

Amorphous Silicates. A simpler process is the manufacture of amorphous silicates.
A spray-dried silicate solution having an SiO2 : Na2O ratio of between 2 and 3.5, which
is derived from the hydrothermal or water glass process, is compacted and partially
loaded with a selected liquid, e.g., nonionics [198]. A variation of the densifying process
is the granulation of milled silicate particles [185], [199].
In the 1990s, some raw material suppliers developed manufacturing processes for

detergent-grade zeolite types, such as zeolite P and zeolite X, which feature increased
loading capacity for liquids [167], [200] – [202]. The manufacturing processes differ
from the zeolite A manufacturing technologies in the crystallization conditions.

6.4.4. Peroxygen Bleaches

The detergent industry has used sodium perborate tetrahydrate or monohydrate as a
source of active oxygen since 1907. In addition, sodium percarbonate has gained
increasing importance in the last decades.

Sodium Perborate. As raw materials for the sodium perborate tetrahydrate process
boron minerals, e.g., kernite or tincal with B2O3 contents > 47 %, are utilized. In the
first step the boron compounds are dissolved in an alkaline solution at about 90 �C to
form sodium metaborate:

Na2B4O7 + 2NaOH? 4NaBO2 +H2O

After filtering and diluting the solution to 75 g/L, hydrogen peroxide is added with
cooling (5 30 �C) in a crystallizer:

NaBO2 +H2O2 + 3H2O?NaBO3 · 4 H2O

The sodium perborate tetrahydrate crystals are separated from the liquid phase in a
centrifuge. They contain 3 to 10 % of surface-adsorbed water, which is removed in a
fluidized-bed dryer with product temperatures below 60 �C. Above this temperature
(65.5 �C) the product melts in its water of crystallization. Sodium perborate mono-
hydrate is produced from the tetrahydrate by dehydration in a fluidized bed, con-
ditioning, and drying with a steam – air mixture at temperatures not exceeding 100 �C.
In its crystalline state sodium perborate forms a stabilizing anion (see Section 3.3.1)
[85], [203]:
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Sodium percarbonate (Na2CO3 · 1.5 H2O2) is easily manufactured starting from a
crystallization process or from spraying a 35 % aqueous hydrogen peroxide solution
onto sodium carbonate in a mixer or, preferably, in a fluidized bed. Percarbonate
stability depends on the degree of purity of the sodium carbonate used. Especially heavy
metal ions adversely affect the stability by catalyzing the decomposition of hydrogen
peroxide.
To enable storage of sodium percarbonate in silos it has to be protected by a coating

layer. It is common to use inorganic materials as a coating layer, e.g., sodium carbonate,
sodium perborate monohydrate, or sodium sulfate. Coating is performed in batchwise
or continuously operating fluidized beds.

Stability. All bleaching agents mentioned above are storage stable up to 60 �C. The
perborates are stable at this temperature even when they are loaded with nonionic
surfactants. Dust and particles of percarbonate in direct contact with even small
amounts of organic material may result in spontaneous ignition of the organic material.
Caution measures are to be taken in case of a damaged coating layer or with broken
particles.

6.4.5. Enzymes

Detergents may contain up to four different types of enzymes: proteases, amylases,
cellulases, and lipases. Enzymes are effective at low temperatures. Even small amounts
of these biocatalysts guarantee major effects.

Enzymes are produced in fermenters by microorganisms such as bacteria, yeasts, and
fungi. For production of proteases and amylases Bacillus species are used, which today
are usually genetically engineered. A flow sheet of production of enzymes for detergents
is show in Figure 90.
In the fermenter, the extracellularly produced enzymes are dissolved and highly

diluted in the fermentation broth. The first step of downstream processing is the
separation of the biomass and other solids originating from the nutrient medium
(Fig. 90).
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Three alternatives are in use:

Centrifuges with extreme centrifugal forces (separators)
Precipitation with salts
Microfiltration

This separation step has proved difficult in practice because the bacterial cells that
produce the enzymes are very small (0.2 to 0.5 mm) and their density is close to that of
the fermenter broth. Moreover, the fermenter broth has a relatively high viscosity,
frequently combined with a non-Newtonian flow behavior. A further limitation is
imposed by the poor temperature stability of the enzymes, so that, in many cases,
the working temperature may not exceed 30 �C [204]. In addition, slimes can impede
work-up.
To guarantee a microorganism-free product, a sterile filtration in a microfiltration

plant follows. In the next step the highly diluted solution is ultrafiltered to achieve 15-
to 25-fold concentration of the large protein molecules. For the next step two alterna-
tives exist:

Figure 90. Downstream processing in enzyme
production
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1) Precipitation of the enzymes, filtering the suspension, washing and dissolution of
the cake.

2) Deodorization of the concentrated enzyme solution to remove unpleasant odors,
generated during fermentation and sterilization. This is conducted in vacuum with
superheated steam.

The concentrated enzyme solution is finally sprayed on solid carriers, granulated or
extruded (Fig. 91), dried, and coated. Coating is performed in a fluidized bed by
spraying a polymer solution on the particles under drying conditions. The coating
layer must be perfect to prevent human contact with the particles and to make them
dust-free.

7. Analysis of the Composition
The fact that detergents can consist of a large number of individual components

whose structures vary greatly is apparent from Chapters 3 and 4. The dramatic indus-
trial advances of the past 50 years together with ecological and economic issues have
resulted in steady modifications of detergent formulas. These modifications have
required adjustments of analytical methods, with routine procedures frequently be-
coming outdated.

Figure 91. Extrusion process [205]
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The multitude of products and a constantly growing variety of raw materials, as well
as the complexity of their constitution, makes a summary of the methods used for
detergent analysis difficult, especially because the situation is complicated even further
by the wealth of analytical techniques available.
The most important factor in choosing an analytical method is the nature of the

question posed. In addition, the value of an analysis is highly dependent on the use of
proper sampling techniques. Often several methods of analysis are employed in the
search for a single answer.
The following procedure can be regarded as a typical example of how a general

analysis of a powder detergent might be conducted:
First, the product is separated by extraction into ethanol-soluble and ethanol-insol-

uble fractions. The ethanol extract can usually be regarded as containing all of the
surfactants. The various surfactants are then determined: anionic surfactants by two-
phase titration, nonionic surfactants by passing the ethanol extract through both
anionic and cationic ion-exchange resins, and the soaps either by titration of the
alkalinity of the ethanol extract or by a second two-phase titration in alkaline medium.
After suitable sample preparation, such major inorganic components as carbonates,
silicates, phosphates, borates, and sulfates are determined either instrumentally or by
classical wet methods. All of the more specialized auxiliary ingredients (e.g., soil
antiredeposition agents, fluorescent whitening agents, enzymes, chelating agents,
bleach activators, etc.) are present in relatively small quantities, and their qualitative
and quantitative analysis requires considerable knowledge and experience. Thus, they
would fall outside the bounds of a general investigation.

Following is a summary of the literature on detergent analysis. This is intended only
as a useful overview. The information has been divided into five categories:

1) Detergent ingredients
2) Purposes of detergent analysis
3) Importance of sample preparation
4) Analytical methods
5) Sources of information

7.1. Detergent Ingredients: [149] – [154], [206],
[207] – [210]

Inorganic components: [211] – [218]
Organic components: [219] – [222], [223], [224]
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7.2. Purposes of Detergent Analysis: [225]

Raw material analysis (triphosphate and alkylbenzenesulfonate): [226] – [228]
Production control (EO products): [229]
Product quality control (detergent analysis): [230], [231]
Market analysis (detergents): [222], [223, pp. 991 – 1045], [232] – [237], [238, pp.
25 – 43 (1977)]
Trace analysis (vinyl chloride in PVC): [239] – [241]
Analysis of formulated products: [242]
Analysis of detergent formulation: [243]
Detergent analysis: [244]

7.3. Sample Preparation: [222, pp. 21 – 26]

Liquids, solutions, suspensions, emulsions, and pastes: [227, p. 6], [245, H – I 4 (65)]
Detergent bars[245, G – I 1 – 3 (50)], [246, Da 1 – 45]
Powders: [245, H – I 5], [246, Dc 1 – 59, Dd 1 – 59], [247, ISO 607 (1980)], [248], [249,
DIN 53 911]

7.4. Analytical Methods

7.4.1. Qualitative Analysis: [222, pp. 27 – 49], [234,
pp. 166 – 178]

General Analysis:
Solubility, pH: [245, H – III 1 (65)]
Elemental analysis: [245, H – III 5 (65)]
Analysis for Inorganic Ingredients: [250], [251]
Active oxygen: [250, p. 171], [251, pp. 492 – 493]
Peroxide accumulation in detergents: [252]
Active chlorine: [250, p. 159], [253, Part 2, vol. VII, p. 35]
Ammonia: [250, p. 241], [254, E 5]
Boron: [250, p. 230], [251, p. 776],
Water-insoluble inorganic builders: [154], [255] – [259]
Analysis for Organic Ingredients: [260] – [262]
Alkanolamines after hydrolysis: [222, p. 32] ,[224], [263]
Sequestrants (NTA, EDTA): [264], [265]
Urea: [266], [267, p. 235], [268]
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Fluorescent whitening agents: [222, p. 414], [269] – [271]
Anionic surfactants: [272] – [275]
Alkylene oxide adducts (EO, PO, aromatics): [222, p. 46], [260, p. 138], [274], [276] ,
[277]
Hydrotropic substances: [266]
Enzymes: [278]
Carboxymethyl cellulose: [279], [280], [281] – [283]
Amphoteric surfactants: [284]
Alkyl polyglycosides: [285], [286]
Polycarboxylates: [287]

7.4.2. Sample Preparation

Extraction, Perforation, and Sublation
Ethanol solubles: [222, p. 148], [245, H – III 4 (65)]
Soap fatty acids: [245, G – III 6 b (57) and G – III 8 (61)], [288, p. 1352]
Monosulfonate in alkanesulfonate: [227, p. 39],[245,H – IV 2 b (76)], [247, ISO 3206
(1975)]
Acetone solubles: [222, pp. 253 and 362]
Nonionic surfactants in wastewater: [289]
Nonionic surfactants in sludge: [290]
Polyglycol in ethylene oxide adducts: [291]
Distillation: [292]
Ion Exchange: [222, pp. 50 – 58] , [293]
Nonionic surfactants, anionic surfactants, cationic surfactants, soap, fatty acids, and
urea: [294] – [301]
Antimicrobicides: [302]
Phosphate types: [222, p. 467]
Carbon Methods
Sulfate: [245,H – III 8 b (76)]
Phosphate: [303]
Decomposition Methods: [304]
Residue on ignition, with hydrofluoric acid digestion: [305, p. 8]
Sulfate ash: [222, p. 335], [245, H – III 11], [306]
Borate: [222, pp. 474 – 476]
Borate decomposition for X-ray fluorescence analysis: [228], [307] , [308]
Potassium disulfate melt for Al and Fe: [305, p. 12]
Soda – potash decomposition for water glass: [305, p. 9]
Wet Decomposition
Sulfuric acid – nitric acid, perchloric acid, nitric acid – perchloric acid: [309,
pp. 188 – 209]
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Measurement of zeolite, silicate, and phosphate: [259]
Chemical Transformations: [310]
Sodium hydrogen sulfite – acid hydrolysis: [221, p. 152] , [245, H – IV 7 a], [311], [288,
pp. 1474 and 1353], [312], [313]
Cleavage of ether sulfates: [222, pp. 279 and 323], [314] – [316] [317] – [319]
Esterification of fatty acids: [222, p. 572], [320] – [323]
Desulfonation (alkylbenzenesulfonates, alkanesulfonates): [222, p. 197], [315], [316],
[324] – [329]

Acetylation (fatty alcohols): [330, p. 543]
Determination of industrial grade carboxymethyl celluloses: [281]
Alkaline Hydrolysis: [222, p. 150]
UV photolysis: [331]

7.4.3. Quantitative Analysis

Gravimetric Analysis
Inorganic Ingredients
Dry residue: [222, p. 434], [332]
Carbon dioxide: [253, Part 3, vol. IVaa pp. 225 – 229]
Silicon dioxide: [319, D 501 – 558] , [333], [222, p. 447], [253, Part 3, vol. IVaa,
p. 456]
Phosphorus pentoxide: [222, p. 452], [247, ISO/ TC 91 444F], [253, Part 3, vol. Vab,
p. 118], [334]
Sulfate: [245, H – III 8 b (76)], [335]
Magnesium: [222, p. 492], [253, Part 3, vol. II a, pp. 141 – 149]
Organic Ingredients: [288]
Ethanol solubles: [222, p. 148], [245, H – III 4 (65)]
Loss on drying: [222, p. 548], [332]
Unsulfated fraction (US): [222, p. 555], [247, ISO – 893 (78) and ISO – 894 (77)]
Nonsaponifiable fraction: [222, p. 555], [245, C – III 1 a and 1 b (77)]
Soap fatty acids: [222, p. 550], [245, G – III 6 b (57) and G – III 8 (61)], [288, p. 1352]

Nonionic surfactants: [222, p. 167], [245, H – IV 9 b]
Volumetric Analysis: [222, p. 215], [336], [337]
Acidimetry
Alkalinity: [222, pp. 334 and 472]
Sodium oxide content in soaps: [222, p. 554], [245, H – III 7 a (65)], [338]
Borate: [222, p. 474], [253, Part 3, vol. III, pp. 11 – 60]
Potentiometry: [339] – [341]
Phosphate: [222, pp. 455 and 480]
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Borate: [222, p. 480], [342]
Chloride: [222, p. 446], [253,Part 3, vol. VII ab, pp. 107 – 109]
Fluoride: [343], [344]
Nonionic surfactants in wastewater: [289]
Nonionic surfactants in detergents:[345]
Ionic surfactants: [346] – [353]
Ethylenediaminetetraacetate: [354]
Complexometry: [355], [356]
Ethylenediaminetetraacetate: [222, pp. 403 and 487], [247, ISO TC 91/490]
Nitrilotriacetate: [222, p. 403], [247, ISO TC 91/513 E]
Citrate: [357]
Calcium: [254, E 3], [358, p. 25]
Magnesium: [355, pp. 136 – 137], [358, p. 28], [254, E 4]
Nonionic surfactants: [359]
Conductometry: [360]
Sulfate: [361]
Two-Phase Systems: [222, pp. 215 and 218], [232, p. 427], [227, p. 16], [362, p. 221]
Anionic surfactants: [222, p. 234], [245, H – III 10], [363], [313], [364]
Cationic surfactants: [247, ISO 2871 (73)], [365]
Turbidity titration: [366]
Miscellaneous Titrimetric Analyses:
Sulfate: [222, p. 442], [227, H – III 8 a (76)], [245, H – III 8 a (76), p. 24; H – III 8 d
], [367], [368]
Chloride: [222, p. 445], [253, Part 3, vol. VII a, pp. 98, 99]
Water by Karl Fischer method: [222, p. 435], [245, H – III 3 a (65)], [247, ISO 4317
(77)]
Active oxygen: [222, p. 483], [247, R 607] , [253, Part 3, vol. VI aa, pp. 193 – 207]
Active chlorine: [222, p. 487], [253, Part 3, vol. VII ab II, pp. 74 – 76]
Calcium and magnesium binding capacity: [369], [370]
Gluconate: [371]
Bleach activator: [372]
Spectrophotometric Determinations: [309]
Perborate: [373, A 124]
Phosphate: [222, p. 457], [334], [374] – [376]
Enzymes: [377], [378], [379]
Enzymatic analysis: [380], [381]
Alkylpolyglycosides: [382]
Polycarboxylates: [383]
Trace elements: [309]
Anionic surfactants in wastewater: [335], [384] – [386]
Cationic surfactants in wastewater: [387]
Size Exclusion Chromatography:
Polycarboxylates: [388]
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Flame Photometry: [389]
Sodium and potassium: [389]
Atomic Absorption Spectrometry: [390] – [393]
Traces of Cu, Fe, Zn, and Mn: [394], [395]
Traces of As: [396]
Traces of Co [397]
Atomic Emission Spectrometry: [256], [398]
X-Ray Fluorescence: [228], [399] – [402]
X-Ray Diffraction: [403]
Phosphate phases I and II: [404]
Zeolite types: [405]
Radiometric Methods: [406], [407], [408]

7.4.4. Separation Methods: [409], [410, p. 21]

Capillary Zone Electrophoresis:
Anionic surfactants: [411], [412]
Polycarboxylates: [413]
Paper Chromatography: [414]
Phosphate types: [222, p. 460], [226] , [415]
Alkanolamines: [416]
Alkanolamides: [222, p. 391]
Urea: [409, pp. 360 and 402], [414, p. 210], [417]
Thin-Layer Chromatography: [222, p. 45], [262], [418], [419]
NTA, EDTA: [420]
Akanolamines: [224]
Ether sulfates: [421]
Surfactant mixtures: [274], [275], [362, p. 47], [422]
Free fatty alcohols in ethylene oxide adducts: [423], [424]
Bactericides: [302], [425]
Amphoteric surfactants: [222, p. 371], [426]
Anionic surfactants: [427] – [429]
Optical brighteners: [430]
Nonionic surfactants in wastewater: [431], [432]
Column Chromatography: [222, pp. 51 – 63], [410], [433], [434]
Glycerides [288, Part I, p. 832], [435]
Fatty acid polyglycol esters: [436]
Petroleum sulfonates: [222, p. 61], [437]
Nonionic surfactants: [222, p. 167], [438]
Gas Chromatography: [222, p. 80], [439] – [442]
Fatty acid carbon-chain distribution: [323], [443] – [445], [446]
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Alkylbenzenesulfonate chain distribution: [447]
Fatty alcohol carbon-chain distribution: [448]
Solvents from cleansers: [449], [450]
Propellants in sprays: [451] – [453]
Dioxane in ethylene oxide adducts: [454]
Antimicrobial agents: [425]
Alkoxy content of cellulose ethers: [280]
Nitro musk compounds: [455]
Pentaacetylglucose: [456]
Fragrances by head space analysis: [457]
Supercritical Chromatography:
Nonionic surfactants: [458]
Anionic surfactants: [458]
Liquid Chromatography: [441], [459] – [461]
Poly(ethylene glycol) in nonionic surfactants: [462] – [464]
Unreacted alkylbenzenes and fatty alcohols in their sulfonation or esterification
products: [465]
Bleach activators: [466], [467]
Fatty acid amides: [468]
Separation of fluorescent whitening agents: [430], [469] – [471]
Bacteriostatic substances in soaps: [472]
Nonionic surfactants: [441], [473] – [476], [478]
Anionic surfactants: [474], [475], [477], [479] – [481]
Separation of sulfonic acids: [482], [483]
Separation of lower alcohols: [484]
Separation of sulfur-containing surfactants: [485]
Phosphonates, polyphosphates: [486]
Ion Chromatography: [487] – [489]
Phosphates: [490] – [492]
Phosphonates: [490], [493], [494]
Capillary Electrophoresis: [495] – [497]

7.4.5. Structure Determination

UV Spectrometry: [222, p. 74], [498] – [501]
Alkylbenzenesulfonates: [246, Dd 3 – 60], [502] – [504]
Toluenesulfonate, xylenesulfonate, cumenesulfonate: [222, p. 205], [505], [506]
Structural information of surfactants: [437], [507]
Toluenesulfonamides: [508]
IR Spectrometry: [222, p. 69], [234], [509] – [515], [516]
Petroleum sulfonates: [437]
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Degree of branching in alkylbenzenesulfonates: [517], [518]
Surfactant sulfonates: [519], [520]
Soil antiredeposition agents, cellulose derivatives: [521]
NMR Spectrometry: [222, p. 86], [522], [523]
Ethylene oxide – propylene oxide adducts: [222, p. 301], [441], [524], [525]
LAS: [526], [527]
Mass Spectrometry: [222, p. 76], [528] – [530], [531]
Fragrances (GC –MS): [532], [533]
Bactericides (TLC –MS): [222, p. 426], [538]
Nonionic surfactants (LC/FAB –MS): [534], [535]
Nonionic surfactants (MS): [536]
Nonionic surfactants (GC/CI –MS): [537]

7.4.6. Determination of Characteristic Values

Elemental Analysis: [539]
Nitrogen: [222, pp. 124 and 444], [539, p. 178], [540]
Halogen: [222, p. 128], [541], [542]
Sulfur: [222, pp. 126 and 439], [539, pp. 252 and 307], [542]
Phosphorus: [222, p.129], [309, pp. 899 and 902], [539, p. 360]
Fat Analysis Data: [288], [543]
Acid number: [222, p. 182], [245, C – V 2 (77)]
Saponification number: [222, p. 183], [245, C – V 3 (57)]
Iodine number: [222, p. 183], [245, C – V 11 a – d (53)]
Hydrogen iodide number: [245, C – V 12 (53)]
Hydroxyl number: [222, pp. 186 and 303], [245, C – V 17 a + b (53)]

7.4.7. Analysis Automation: [544]

Phosphorus pentoxide: [545] – [547]
Enzymes: [548], [549]

7.5. Sources of Information: [238, p. 403 (1981)]

Analytical Commissions: [550], [551]
Germany
GAT (Gemeinschaftsausschuß f�r die Analytik von Tensiden) [552]; member organ-
izations of GAT:
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a) DGF (Deutsche Gesellschaft f�r Fettwissenschaften) Varrentrappstraße 40 – 42, 60486
Frankfurt, Germany

b) TEGEWA (Verband der Textilhilfsmittel-, Lederhilfsmittel-, Gerbstoff- und Waschroh-
stoff-Industrie e.V., Karlstraße 21, 60329 Frankfurt, Germany, and the IKW (Indus-
trieverband K�rperpflege und Waschmittel e.V., Karlstraße 21, 60329 Frankfurt,
Germany.

c) NMP (Normenausschuß Materialpr�fung im DIN) Burggrafenstraße 4 – 10, Postfach 11 04,
10787 Berlin, Germany

International Organizations
CESIO/AISE (Comit� Europ�en d'Agents de Surface et Interm�diaires Organiques/
Association Internationale de la Savonnerie, de la D�tergence et des Produits d'En-
tretien) Working Group on Analysis
ISO (International Organization for Standardization)
IUPAC (International Union of Pure and Applied Chemistry) Commission on Oils,
Fats, and Derivatives in the Applied Chemistry Division
Collections of Methods, and Sources from Which They May Be Obtained:
DGF-Einheitsmethoden.
Single pages: Deutsche Gesellschaft f�r Fettwissenschaften e.V., Varrentrappstraße
40 – 42, 60486 Frankfurt, Germany.
DIN Standards, ASTM Standards, ISO Standards.
Beuth Verlag GmbH, Burggrafenstraße 6, 10787 Berlin, Germany.
AOCS Official and Tentative Methods.
American Oil Chemists Society, 508 South Sixth Street, Champaign, Illinois 61820,
USA.
ISO International Standards
ISO Central Secretariat, 1 Rue de Varemb�, 1211 Geneva 20, Switzerland.

8. Test Methods for Laundry
Detergents

All detergent test methods have the establishment of product quality as their goal.
“Quality” is taken to include all those subjectively judgeable and objectively measurable
properties of a product that play a significant role in its application.

Many possible approaches are available for measuring detergent quality, but these
can be subdivided into three major groups:

Laboratory methods
Practical evaluation
Consumer tests
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8.1. Laboratory Methods

Practical evaluations require careful statistical analysis of increasing numbers of test
series, most of which are time-consuming and associated with high labor and material
costs. For this reason, development of preliminary and screening test procedures has
become necessary, as well as suitable laboratory methods for obtaining useful and
relevant information, especially for development work. Such tests are designed to
approximate service conditions to which the products will actually be subjected. The
tests generally produce valuable clues to product quality, but their results should not be
overrated, since the circumstances under which they are obtained are not totally
identical to those that apply in the field. Normally these tests are conducted with
laboratory equipment specially designed for small-scale tests (e.g., Launder-ometer
[553], Linitest equipment [554], Terg-o-tometer [555], and various foam testing
equipment [556], [557]).

In place of naturally soiled domestic laundry, use of artificially soiled and stained
textiles and test swatches is standard in laboratory tests. These swatches are prepared
by using various standardized fabrics and knitware and various soils and stains. The
swatches are often commercially available [558]. In addition, individual stains are
prepared in the laboratory for specific purposes, either by hand or using special
equipment. Artificially soiled fibers or fabrics must be prepared so that they respond
selectively to different detergent components and different sets of washing conditions if
adequate differentiation is to be assured. The amount of a certain soil on every swatch
is identical and it is evenly distributed.
Criteria for testing detergents are subdivided as follows:

– Single wash cycle performance (soil and stain removal and bleaching)
– Multiple wash cycle performance, e.g., after 25 or 50 washes (soil antiredeposition
properties, degree of whiteness, buildup of undesirable deposits, fiber damage,
stiffness, color change, fluorescent whitening)

– Special characteristics (powder characteristics such as density, free flowability, dis-
pensing in a washing machine, homogeneity, dusting properties, solubility, foaming,
rinse behavior, and such storage characteristics as chemical and physical stability,
hygroscopicity, color, odor, and tendency to form lumps)

The literature describes numerous methods for testing according to the above
criteria, some of which are standardized. Standardization is a concern not only of
national bodies (e.g., ANSI, the American National Standards Institute; JISC, the
Japanese Industrial Standards Committee; DIN, Deutsches Institut f�r Normung [559];
AFNOR, Association Fran�aise de Normalisation; BSI, British Standards Institution),
but also of international groups (e.g., ISO, International Organization for Standardi-
zation).
The above national organizations are all members of ISO and can, therefore, exercise

influence on questions of international standardization [560]. Another particularly
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important organization concerned with international standardization of test methods is
the CID (Comit� International des Deriv�s Tensio-Actifs) with its subcommittee, the CIE
(Commission Internationale d'Essai). This organization was disbanded in 1978, but in
the meantime, its activities have been taken over and carried forward by the Working
Group TMS (Test Methods for Surfactants) of the CESIO (Comit� Europ�en d'Agents de
Surface et Interm�diaires Organiques).

8.2. Practical Evaluation [561] – [565]

Practical wash evaluation is conducted with the exclusive use of commercial washing
machines. In contrast to pure laboratory investigations and screening procedures, this
work is carried out with laundry whose soil has been acquired naturally. The purpose of
such experiments is to obtain results that can be regarded as far more realistic.
Nonetheless, it is impossible to encompass the entire spectrum of conditions that
might be encountered in practice. In many cases, so-called anonymous domestic
laundry is tested: laundry of household origin, but not otherwise identified. Far better,
however, even though more difficult to arrange, are wash-and-wear tests conducted by
using specific new fabric items, e.g., terry towels, dishtowels, shirts, pillow cases, etc.,
that have been distributed for regular use during a certain period (usually a week) in a
sufficient number of representative households. After each use cycle, the samples are
collected in the laboratory and washed with the detergent being evaluated. The same
item must always be washed with precisely the same detergent and under identical
washing conditions. The number of necessary wash-and-wear cycles depends on the
nature of the questions being investigated. Nonetheless, usually ca. 15 – 25 wash-and-
wear cycles are necessary, occasionally even more. The detergent is generally used
according to the manufacturer's directions, although effects of under- and overdosing
may also be taken into account. Analytical precision is improved if instrumental
methods are used to evaluate test results, but such measurements are sometimes
difficult both to interpret and to conduct. Thus, an alternative evaluation is based
primarily on visual evaluation, with physical measurements used only in a supporting
role. Recommendations for comparative testing of detergent use characteristics have
been the subject of a tentative DIN standard [566], as well as an ISO standard [567].

In the interest of both manufacturers and especially consumers, comparative use
tests must be conducted under the most realistic conditions. This is particularly true of
tests designed for consumer education, such as those carried out by consumer organ-
izations; otherwise the results are of little value. Therefore, good communication and
close contacts between the consumer organizations and the product manufacturers
regarding test methods and criteria to be applied prior to conducting the tests is of
paramount importance. Oversimplified tests, e.g., those using artificially soiled
swatches only, are incapable of making the sorts of distinctions that consumers con-
sider relevant, and are a disservice to all parties concerned. Ultimate product judge-

L
au

n
d
ry

D
et
er
ge

n
ts

156



ments must be based not only on wash results, but on all of the relevant factors
affecting use value.

8.3. Consumer Tests

To obtain a final degree of certainty with respect to a detergent's use characteristics
and acceptance, consumer tests are conducted in addition to laboratory tests as a
regular control to determine consumer acceptance. In such tests, consumers subject a
product to their own sets of conditions; i.e., they use their own washing machines on
their own laundry and soil, and it is assumed that they introduce the detergent in the
manner to which they are accustomed. The precision of such in-home use tests is of
course limited, because consumers judge, they do not measure. Therefore, it is nec-
essary that a large number of consumers (usually 200 – 300 households) participate if
statistically meaningful conclusions are to be drawn. Experience has shown that such
tests are of high value in addition to laboratory results, both for determining product
weaknesses and for identifying particular strengths. By their very nature, consumer
tests subject a product to a great many different sets of circumstances, and they lead to
very meaningful results. Thus, consumer tests are very frequently conducted prior to
marketing a new product.

9. Economic Aspects
The worldwide economic role of detergents represents a factor of considerable

importance. Nonetheless, laundry detergent consumption per capita varies tremen-
dously from country to country (Fig. 64 [127]). Changing patterns of use for laundry
detergents and increased standards of living over the last 40 years reveal a remarkable
growth in worldwide consumption, with the absolute quantity rising from approx-
imately 10�106 t in the late 1950s to 21.5�106 t worldwide in 1998.
Total consumption of laundry, dishwashing, and cleaning detergents in Europe was

6.4� 106 t in 1991. Eight years later it was 6.8�106 t, corresponding to a volume
growth rate of nearly 1 % per year (Table 41 [568]).
Only a handful of large companies manufacture most of the world's laundry de-

tergents and cleansing agents. The leaders are Procter & Gamble (Cincinnati, Ohio,
USA) and Unilever (London, UK and Vlaardingen, The Netherlands). Further inter-
nationally operating major manufacturers are Colgate Palmolive (New York, USA),
Henkel (D�sseldorf, Germany), Reckitt Benckiser (Windsor, UK), Kao (Tokyo, Japan),
and Lion (Tokyo, Japan). In the U.S. market, four firms (Procter & Gamble, Lever, Dial,
and Colgate) dominate. The remainder is split among many smaller local or regional
producers. In Europe, for example, the Association Internationale de la Savonnerie, de
la D�tergence et des Produits d'Entretien (AISE), a trade association made up of
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European national detergent industry groups, estimates that its members represent
some 1200 individual firms.

9.1. Detergent Components

Production capacity and demand for the major detergent raw materials by volume
are briefly reviewed in the following sections.

9.1.1. Surfactants [569]

World surfactant consumption was estimated at 9.9 �106 t in 1998, corresponding to
an increase of 20 % since 1992 (Table 41). The two largest end uses, household products
and industrial processing aids, together account for for 86 % of the total. Household
products alone accounted for nearly 5.1�106 t, or half of the world total. Household

Table 41. World total surfactant consumption by end use, 1992 and 1998 (103 t) [569]

End use 1992 1998

Household
North America 866 1115
Western Europe 1061 1119
Asia 1208 1599
Other regions 998 1235
Total 4133 5068
Personal care
North America 204 210
Western Europe 143 163
Asia 119 194
Other regions 86 155
Total 552 722
Industrial and institutional cleaners
North America 263 311
Western Europe 155 192
Asia 60 75
Other regions 42 53
Total 520 631
Industrial process aids
North America 1191 1316
Western Europe 644 676
Asia 858 1085
Other regions 355 364
Total * 3048 3441

Grand total 8253 9862
* Does not include soap.
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products include heavy-duty powder and liquid detergents, light-duty liquids, and
fabric softeners. The regional distribution of surfactants consumption for houshold
use in 1998 is shown in Figure 92.

Industrial processing aids cover five major end uses: plastics and elastomers, textiles,
agricultural chemicals, leather and paper chemicals, and other miscellaneous uses. The
other major categories featured include personal care products and industrial and
institutional (I&I) cleaners, which together consumed about 1.4� 106 t of surfactants
in 1998. I&I products include laundry products, hard-surface cleaners, and dishwashing
detergents. From data shown in Figure 93 it is obvious that the two major sectors of the
total world surfactant market are the household and I&I areas. Surfactant consumption
grew most rapidly in Asia in the 1990s (> 30 %), whereas Europe showed only a
moderate growth (5 10 %) in that period.
Breakdown of total surfactant consumption by type is depicted in Table 42. Apart

from soap, which is the world's largest surfactant by volume (worldwide consumption
8.8�106 t in 1999 [570]), surfactant consumption is headed by anionic surfactants, viz.
linear alkylbenzenesulfonates, alcohol sulfates, and alcohol ethoxy sulfates. Second in
consumption are alcohol ethoxylates and alkylphenol ethoxylates. LAS has remained
the most widely used synthetic surfactants. They have weathered the environmental
concerns and experienced a comeback in Europe. They continue to dominate in the
Americas and Asia.

Figure 92. Surfactant demand for household use in 1998 [569]
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9.1.2. Builders

Sodium triphosphate has been the most important detergent builder in powder
detergents since the 1950s worldwide. Its use has become a subject of intense public
discussion in many countries in the last 30 years as a result of phosphate-induced
regional overfertilization of surface waters. In countries where overfertilization has been
particularly severe, this has resulted in both voluntary agreements and legal restric-
tions, which have caused a sharp decrease in the use of sodium triphosphate for
washing and cleansing purposes, mainly in the USA, Europe, and Japan. Within ten
years, the use of sodium triphosphate in detergents dropped by more than 50 % in these

Figure 93. Total surfactant end user markets in 1998 [569]

Table 42. World major surfactant consumption by type, 1992 and 1998 (103 t) [569]

Surfactant type 1992 1998

Linear alkylbenzenesulfonates 2385 3027
Branched alkylbenzenesulfonates 411 198
Alcohol sulfates 466 479
Alcohol ethoxysulfates 511 911
Alcohol ethoxylates 742 849
Alkylphenol ethoxylates 652 701
Quaternaries 312 434
Others * 2774 3263
Total 8253 9862
*Does not include soap.
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regions [571], [572]. Worldwide production capacity has risen dramatically for the most
important phosphate substitute zeolite A. Figure 94 shows the increase in production
capacities for zeolite A in Western Europe in the 1980s and 1990s [80]. Additional
major manufacturing capacities are located in the USA, Japan, and Taiwan. Meanwhile,
production capacities for detergent-grade zeolites have largely surpassed demand.
Quantitatively, detergent builder zeolites represent the largest application field for

zeolites [572]. Almost 90 % or 1 050 000 t/a of zeolites produced worldwide in 1994
were used for detergents. Of this, ca. 950 000 t/a were zeolite A and some 100 000 t/a
were of the zeolite P type.

In Japan, for example, since the mid-1980s more than 95 % of all detergents produced
and sold are phosphate-free, containing zeolite instead. Also in the USA meanwhile
nearly all laundry detergents are nonphosphate products. A large portion of them
contains zeolite A as the main builder. The situation in Europe is illustrated in
Figure 72 [131]. Here, too, zeolite is the main builder for phosphate-free laundry
products. The replacement of phosphate by zeolite A has gained additional momentum
as a result of changes in the prices for raw materials.
The economic situation with respect to other detergent ingredients is highly variable

from continent to continent. Moreover, these materials are used in smaller quantities.
Hence, their economic impact is less significant and will not be dealt with here.

9.2. Laundry Detergents

In 1998, total world production of soap bars and laundry detergents was 21.5 �106 t.
Again, the tonnage varies among the global regions and individual countries (Table 43).
Worldwide, powder detergents continue to constitute the largest section of the total

textile washing and cleaning products market, both in volume and value terms. The
powder detergents category is prominent due to the well-established nature of the
standard powder delivery form, and latterly the market performance of the tablet
laundry detergents, introduced into several markets in the late 1990s and 2000.

Figure 94. Production capacities of zeolite A in
Europe (103 t) [80]
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Table 43. World production of soap bars and powder, liquid and paste laundry detergents in 1998, 103 t

Country Soap bars Powder
detergents

Liquid deter-
gents

Paste detergents Total laundry
detergents

Austria - 61 7 - 68
Belarus - - 31 - 31
Belgium - 226 46 - 272
Bosnia-Herzegowina - 2 - - 2
Bulgaria - 7 - - 7
Croatia - 31 2 - 33
Cyprus - 4 - - 4
Czechia 10 306 10 - 326
Denmark - 29 5 - 34
Finland - 26 - - 26
France - 467 111 - 578
Germany - 578 46 - 624
Greece 11 48 5 3 64
Hungary - 65 10 - 78
Ireland 5 41 1 - 47
Italy 20 485 190 1 695
Macedonia 1 20 1 - 23
Norway - 6 - - 6
Poland 31 196 10 - 237
Portugal 27 91 10 - 128
Rumania - 42 1 5 43
Russia 70 340 6 - 421
Serbia - 61 - - 61
Slovakia 2 20 - 1 22
Slovenia - 21 1 - 23
Spain 6 406 34 - 446
Sweden - 9 4 10 13
Switzerland - 41 - 1 51
The Netherlands - 31 5 - 37
United Kingdom - 337 80 - 417
Total Europe 183 3997 616 21 4817
Total North America - 1493 1493 - 2986
Argentina 62 143 18 - 223
Brazil 550 640 10 - 1200
Mexico 241 846 41 4 1132
Others 544 584 13 10 1151
Total Latin America 1397 2213 82 14 3706
Congo 57 81 - - 138
Egypt 220 350 - 1 571
Kenya 122 82 10 31 245
Nigeria 151 82 - - 233
South Africa 63 163 9 2 237
Others 120 269 5 1 395
Total Africa 733 1027 24 35 1819
China 274 1508 13 107 1902
India 965 1500 9 - 2474
Indonesia 42 180 1 260 483
Iran 5 265 10 - 280
Japan 23 522 50 - 595
Philippines 244 61 - - 305
Saudi-Arabia 12 122 - 4 138
South Korea 35 109 2 - 146
Turkey 82 230 2 - 314
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Exceptions are the USA, where liquid laundry products took over the lead in the 1990s;
Indonesia, whose market is dominated by detergent pastes; and the Philippines, where
the vast majority of consumers use soap bars. India is the world's largest single market
by volume for soap bars, but here, too, powders dominate and continue to grow at the
expense of bars.

In terms of value, total textile washing products amounted to sales of $ 17.7� 109 in
the seven major single markets (USA, Japan, Germany, UK, France, Italy, and Spain) in
1999 [130]. These markets are best characterized by having a high degree of maturity,
along with fierce price competition and high advertising expenditures. Four of these
markets registered positive gross value growth over the period 1995 through 1999. This
translates into a positive real value growth of the U.S. market of almost 13 %, whereas
Germany, Italy, and Japan recorded real value declines of 6.5 %, 11.7 %, and 7.6 %,
respectively. Due to their high levels of saturation and maturity, continuous product
innovations play an important role in stimulating these major markets.
Within the powder detergents sector, conventional products claim most of the sales

in France, Italy, Spain, and the UK, whilst the (super)concentrated powders are more
popular in Germany, Japan, and the USA for various reasons, such as space-constraints
in the home (Japan), reduced packaging costs, space-saving benefits, and consumers'
greater environmental awareness (Germany), as well as consumer perceived greater
convenience and product benefits vs. retail price (USA).

In the liquid detergent sector, concentrated products form the larger subsector in
Germany, Japan, the UK, and the USA. Conventional liquid detergents lead in France,
Italy, and Spain.
Within the category of other detergents, fine-fabric specialty detergents lead in most

of the seven major markets, ahead of handwashing detergents and detergent bars.
Changing lifestyles and increased saturation of the washing-machine market have
contributed to considerably reduced consumption of products of the last two subsec-
tors.

Table 43. (continued)

Country Soap bars Powder
detergents

Liquid deter-
gents

Paste detergents Total laundry
detergents

Others 574 719 56 64 1413
Total Asia 2256 5216 143 435 8050
Total Australia 1 115 44 - 160
World Grand Total 4570 14061 2402 505 21538

(Source: Ciba Speciality Chemicals Ltd., Switzerland)
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9.3. Fabric Softeners

Europe is the major consumer of rinse-cycle fabric softeners. A number of reasons
explain this, including the fact that European tap water on average is relatively hard
and the fact that the vast majority of drum-type washing machines are equipped with
separate dispensers for laundry aids in Europe. Apart from the USA and Japan,
products in this class continue to be relatively insignificant in volume in the rest of
the world. Figure 95 provides information about European fabric softener consumption
for the year 1999. These consumption figures represent both conventional fabric
softeners, which contain 4 to 8 % active ingredients, and concentrated softeners, which
usually have 12 to 30 % active cationics. After a period of decreasing consumption in the
1980s, fabric softeners enjoyed growth in both value and volume in the 1990s.
Concentrated fabric softeners have dramatically increased their market share at the

expense of diluted conventional softeners. The shares of concentrated softeners in
Europe in 1998 varied from some 20 % in Italy to 98 % in Germany. Use of concentrated
products saves packaging materials and transportation costs and reduces the amount of
waste. To further decrease waste, part of the concentrated fabric softeners are sold as
refill packages in many European countries. Their share of total concentrates varies
from 10 % in Belgium to some 65 % in France. Fabric softener sheets, which are very
popular in the USA as laundry dryer aids, find only very limited use in Europe and
Japan. The share of softener sheets ranges from 0 to 5 % of the fabric softener market in
European countries.

Figure 95. Consumption of fabric softeners in Europe in 1999 (source: Leading International Market Research
Institute)
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Total consumption of fabric softeners in Japan was some 250 000 t in 1998, about
40 % of which were concentrated products.

9.4. Other Laundry Aids

In the seven major detergent markets, laundry aids comprise a wide number of
subcategories, with spot and stain removers and laundry bleach claiming the leading
positions in most key markets. Although chlorine bleaches have been used for textile
washing for many years, the introduction of color-safe, non-chlorine bleaches led to a
considerable consumption of this subcategory in the 1990s. Laundry bleach accounts
for the largest share of sales in the USA, Spain, and Italy.

10. Ecology

10.1. Laundry, Wastewater, and the
Environment

The washing process represents a complex interaction between soiled laundry, water,
mechanical and thermal energy, and detergents. Laundry is repeatedly cycled through
the system, and clean laundry can be regarded as the product. Wastewater is the
troublesome byproduct which has the potential for causing a number of undesirable
effects in sewage treatment plants and in the environment. Virtually all of the clean
water brought into the process is later released to the sewage system in the form of
contaminated wastewater containing additional energy (heat), soil from the laundry,
lint, dyes, finishing agents, and detergents. Detergent components are released to the
wastewater either in essentially unchanged form or as the products of reaction with
other materials present.

Laundry wastewaters vary considerably in concentration and composition. These
differences arise partly due to variations in laundry soil levels, although washing
technology and the composition and amount of added detergent are also significant
factors. The differences are particularly great between the wastewaters generated by
household laundry and those from I&I laundries. The latter generally contain lower
portions of contaminants originating from detergents, largely as a result of more
economical use of typical I&I laundry products and the use of water-softening equip-
ment. Little doubt exists that laundry wastewater must be generally regarded as a
heavily contaminated medium; it should not be returned to receiving waters in un-
treated form.
Fortunately, the wastewater emanating from the hundreds of millions of household

washing machines and from washing by hand worldwide is widely distributed, and in a
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pattern consistent with that of general water consumption. As a result of dilution in the
public sewerage system and in sewage treatment plants, both the temperature and the
relatively high pH value of wastewater are considerably decreased, and the effect of peak
loads is also somewhat compensated for. Only for this reason is biological treatment of
laundry wastewater in a normal sewage treatment plant feasible. If laundry wastewater
were treated separately, major problems would be encountered in dealing with the load
of organic pollutants introduced by household and commercial laundry operations.
Dilution of laundry wastewater within a typical public sewage system normally exceeds
a factor of ten.

10.2. Contribution of Laundry to the
Sewage Load

Table 44 presents calculated estimates of average theoretical concentrations of the
detergent and cleanser components in public wastewater. These estimates are derived
from statistical data collected in Germany and depend on both product consumption
and the average water consumption in households. These calculated average wastewater
concentrations are “worst-case” assumptions, since the average per capita wastewater
production rate (combined household and commercial) is around 200 L/d in the EU
member states.
In addition, the calculated concentrations of some of the chemicals are only partly

due to the use in laundry detergents since other applications (e.g., dish washing and
cleansing products) may contribute to a considerable extent. Furthermore, actual values
for concentrations and loads show considerable variation. Time of day is a factor, as is
the day of week (with Saturdays and Mondays producing the highest values). Even
seasonal variations are apparent, but all of these fluctuations are reasonable when
examined in the light of known household laundry habits [574].

A significant portion of domestic water is used in the household laundering oper-
ation. According to [575], the per capita amount of laundry wastewater generated daily
is around 17 L, which translates into 13 % of the domestic water consumption or about
8 % of the total hydraulic load reaching a sewage treatment plant. Not only in terms of
the hydraulic load but also with respect to the chemical load, the laundry washing
process is a major factor influencing municipal wastewater. As shown in Table 45, the
detergents contribute about 10 % to the COD, the biodegradable organic matter (usually
reported as the BOD5), and the dry solid matter content of the municipal wastewater
load, while the contribution to the nitrogen and phosphorus load is low. In addition, of
course, the soil contained in soiled laundry represents another important contributor to
the load of wastewaters. About half of the biodegradable contaminants load of mixed
wastewater derived from laundering is due to laundry soil and stains. The amount of
organic contamination originating from soil is doubled or tripled in institutional
laundry wastewaters, compared to laundry wastewater from households.
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10.3. Detergent Laws

Detergents represent a typical and important group of environmental chemicals, i.e.,
substances entering the environment after their use. The per capita consumption of
detergents is nowadays at a level considerably below the figures of the 1980s (1980:
33.3 g per capita and day in Western Germany; 1997: 21.1 g per capita and day in
Germany). Nevertheless, the current annual consumption is in the range of 660 000 t/a
(Table 44). These large amounts of chemicals go down the drain and enter receiving
waters directly or after sewage treatment. Since the wastewater treatment situation was
relatively poor in most European countries a few decades ago, it is not surprising that
certain detergent ingredients, i.e., surfactants and phosphates, exhibited an apparent
specific impact on the aquatic environment and became subject of specific laws and
regulations.

Table 44. Consumption figures and average wastewater concentrations of ingredients of household detergents and
cleansers (Germany, 1999)

Product ingredient Consumption, t/a [573] Per capita consumption,
g/da

Calculated average waste-
water concentration, mg/Lb

Total ingredients 688 000 23.0 177

Anionic surfactants 104 700 3.50 26.9
Nonionic surfactants 53 000 1.77 13.6
Cationic surfactants 30 400 1.02 7.8

Zeolites 139 000 4.64 35.7
Polycarboxylates 15 700 0.52 4.0
Na carbonate (soda ash) 98 800 3.30 25.4
Phosphates 23 600 0.79 6.1
Na citrate 15 600 0.52 4.0

Na perborate tetrahydrate 49 500 1.65 12.7
Na percarbonate 27 200 0.91 7.0
TAED 13100 0.44 3.4
Phosphonates 2 900 0.10 0.7
NTA 400 0.01 0.1

Carboxymethyl cellulose 2 200 0.07 0.6
Dye transfer inhibitors 400 0.01 0.1
Silicates 22 300 0.74 5.7
Enzymes 6 000 0.20 1.5
Optical brighteners 500 0.02 0.1
Paraffins 1 200 0.04 0.3
Soil repellents 600 0.02 0.2
Perfumes 5 700 0.19 1.5
Dyes 100 0.003 0.03
Na sulfate 74 600 2.49 19.2
a Population in Germany (1998): 82 � 106 [573].
b Average per capita water consumption in households in Germany: 130 L/d (1998) [573].
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10.3.1. Development of the European Detergent
Legislation

One of the earliest pieces of detergent legislation was the German Detergent Law of
1961 [2]. With its specific requirement for a minimum level of biodegradability, this law
subjected a fundamental product parameter to legal control for the first time. The
trigger for setting minimum biodegradability standards for synthetic detergents was the
fact that the first generation of synthetic anionic surfactants was represented by the
poorly biodegradable tetrapropylenebenzenesulfonate. The highly branched chemical
structure of the anionic surfactant prevented its microbial degradation in sewage plants
and rivers and caused formation of large mountains of foam in sewage treatment
plants, weirs, locks and rivers in Germany, particularly during the droughtlike summers
of 1959 and 1960. The law and the statute that followed (1962) [3] placed a strict
requirement of at least 80 % biodegradability on all anionic surfactants. This legal move
successfully displaced TPS from detergent formulations by the readily biodegradable
linear alkylbenzenesulfonates. Thus, by 1965 foaming problems in German sewage
treatment plants and surface waters had been eliminated.
In the late 1960s most of the European countries had limited the use of TPS in

household detergents. Based on an agreement of the Council of Europe [577] requiring
all types of surfactants to be biodegradable, the EEC released two directives on the
biodegradability of surfactants in 1973: The EEC Directive 73/404/EEC stipulated an
average biodegradability of at least 90 % for all types of surfactants used in detergents,
i.e., anionic, nonionic, cationic and amphoteric surfactants [578]. The Directive
73/405/EEC described the biodegradability test methods to be applied for anionic
surfactants and specified a minimum of 80 % degradation in a single test [579].

Table 45. Contribution of laundry washing (without laundry soil) to the chemical load of municipal wastewater

Chemical load pa-
rameter

Concentration in
laundry waste water
[576], mg/L

Per capita load of
laundry wastewater *,
g/d

Per capita load of
municipal
wastewater [576], g/d

Contribution of
laundry washing to
the chemical load in
wastewater, %

COD 600 10.2 120 8.5
BOD5 350 5.95 60 10.0
Dry solid matter 450 7.65 72 10.6
Total nitrogen 7 0.12 12 1.0
Total phosphorus 2 0.03 2.4 1.0
* Derived from a water consumption of 17 L/d for laundry washing [576].
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On the national level these European Directives were translated into detergent laws
by the member states, e.g., in Italy in 1974, France in 1977, The Netherlands in 1977,
and the UK in 1978 [580]. In Germany the detergent law of 1975 [581] and its statutory
orders of 1977 [582] and 1980 [583] regulated the “environmental compatibility of
laundry detergents and cleansers”. According to § 1 (1) of the German Detergent Law
placement of detergents and cleansers on the market is permitted only if the absence of
all avoidable deterioration in the quality of surface water can be ensured. Particular
attention is paid to the potential role of surface water in the drinking water supply and
to problems related to the operation of sewage treatment plants. The general require-
ments and authorizations for implementation apply directly to the following areas:

1) Unambiguous product labeling, including qualitative declaration of all significant
components present

2) Deposition of frame formulations for all products at the Federal German Environ-
mental Agency

3) Utilization only of biodegradable organic components, particularly surfactants and
other organic compounds as specified in a statutory order

4) Provision of directions for dosage of detergents on all packages, including variations
applicable to water of differing hardness, where hardness is defined in terms of four
ranges

5) Obligation on the part of local water supply authorities to publish the hardness
characteristics of their water

6) Limitations on permitted phosphate levels, including some cases of a total phos-
phate ban, provided that ecologically sound substitutes are available (see Sec-
tion 10.3.4)

Products covered by the Detergent Law include: household laundry detergents;
household cleansers; dishwashing agents; rinsing and other laundry aids; detergents
for I&I laundries; industrial cleansers; and cleansing agents employed in the leather,
tanning, paper, and textile finishing industries that might be released into wastewater.
Thus, the definition of detergent products according to the German Detergent Law is

more comprehensive than the EU definition, that only covers surface active substances
which are main components in detergents and designed for cleaning purposes [580].

10.3.2. Regulatory Limitations on Anionic and
Nonionic Surfactants

The Directive 73/405/EEC [579] and its updated version Directive 82/243/EEC [584]
specify the minimum biodegradability of anionic surfactants contained in detergents. In
addition, the procedures are described to be applied for measurement of biodegrad-
ability. In close analogy the Directive 82/242/EEC [585] specifies an 80 % biodegrada-
tion pass limit for nonionic surfactants used in detergents, and the test methods to be
used. A corresponding national regulation has existed in the Federal Republic of
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Germany already since 1977 [582] (“Tensidverordnung”). The regulation requires a
minimum of 80 % biodegradability for the anionic and nonionic surfactants present in a
packaged detergent. Anionic surfactants are determined as “methylene blue active
substances” (MBAS), i.e., materials forming a chloroform soluble complex with the
cationic dye methylene blue. Nonionic surfactants are defined as “bismuth active
substances” (BiAS), i.e., materials forming an insoluble complex with the bismuth-
containing Dragendorff reagent [586].

Although not all anionic and nonionic surfactants can be analytically measured by
the MBAS and BiAS method [587], these parameters are used for the evaluation of the
biodegradability according to the legal requirements. Essentially, the percentage of
MBAS or BiAS loss describes the disappearance of a specific analytical reaction of
the parent surfactant. This loss of reactivity is due to microbial transformation of the
chemical structure of the surfactant, resulting in the loss of typical surfactant properties
such as surface activity and foaming power. Therefore, it is called “primary or func-
tional biodegradation” (see Section 10.4.2.1).

10.3.3. Primary Biodegradation Test Procedures

According to the Directives 82/243/EEC and 82/242/EEC and corresponding na-
tional legislations two types of test methods are applicable for determining the (pri-
mary) biodegradability of anionic and nonionic surfactants, respectively. The first type
is a discontinuous shake flask test operating with a low bacterial inoculum, that is
incubated with 5 mg/L of MBAS or BiAS as the sole carbon source. In this OECD
Screening Test [588] the loss of MBAS or BiAS is determined periodically up to 19 d. The
results are compared with the degradation behavior of two control substances: the
poorly degradable TPS (5 35 % MBAS decrease) and the readily biodegradable LAS
(about 92 % decrease). The biodegradability determination in this test is illustrated in
Figure 96. The second test type is represented by the OECD Confirmatory Test [588]
simulating the biodegradation process occurring in an continuous activated sludge
plant (Fig. 97). In this procedure, MBAS (20 mg /L) or BiAS (10 mg /L) is dissolved
in synthetic sewage (containing peptone, meat extract, urea, and mineral salts) and fed

Figure 96. Biodegradability evaluation in the
OECD Screening Test
tA: maximum 14 d; tA + tX: maximum 19 d
--- examples for two surfactants; one is biode-
grated more easily (tA) than the second one
(tA + tX)
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continuously into a model sewage treatment plant with a hydraulic retention time of
3 h. After inoculation of the test system with the effluent of a predominantly domestic
sewage treatment plant and after growth of the activated sludge, the effluent is analyzed
periodically. This running-in period lasts six weeks at maximum and is followed by a
21-d evaluation period after the degradation rate has become regular. The average
degree of biodegradation during the evaluation phase is calculated as a mean value of at
least 14 separate results based on samples from 24-h collection periods (Fig. 98).
The discussed test types represent a hierarchical system of the biodegradability

evaluation. Usually, surfactants are evaluated on the basis of die-away screening tests
such as the OECD Screening Test or the French AFNOR Test. In addition, the British
Porous Pot Test, which is a continuous sewage-works simulation test, may be used at
this stage of data generation [584], [585]. However, if the degradation proves MBAS or
BiAS loss lower than 80 %, or if doubt remains, a subsequent confirmatory test is
required, and the outcome of this OECD Confirmatory Test is regarded as definitive.

Figure 97. Experimental arrangement for the
OECD Confirmatory Test as specified by the
German Detergent Law
a) Sample container; b) Dosage pump; c) Ac-
tivated sludge vessel (capacity 3 L); d) Settling
vessel; e) Air lift; f ) Collection vessel; g) Fritted
disk; h) Air flow meter

Figure 98. Determination of a rate of biodegradation according to the method specified in the OECD Confirmatory
Test
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10.3.4. Regulation of Maximum Phosphate
Content in Detergents

The detergent regulations at the European Union level address exclusively the
surfactants and their biodegradability. However, at national levels, regulations or
voluntary agreements on the phosphate content of detergents exist in many countries,
e.g., Austria, Germany, Italy, The Netherlands, Norway, Sweden, Switzerland, USA,
Canada, and Japan.

In itself, phosphate is not harmful but is a natural and essential macronutrient for all
living organisms. Normally, the phosphate concentration of surface waters is so low
that it is a limiting factor for growth of algae and higher plants. Consequently, when
excess phosphate is released into the aquatic environment, the resulting overfertiliza-
tion leads to increased growth of algae. Due to the concomitant secondary processes
(organic load of waters, oxygen depletion after the organic bio-mass is microbially
degraded) the overall water quality may be considerably reduced. Detergent phosphates
released with laundry wastewater are quickly converted into orthophosphate. Thus, the
use of sodium triphosphate in detergents came under critical scrutiny although many
other phosphate sources exist that contribute to eutrophication of surface waters.

According to a profound study on phosphates in Germany in 1975, some 60 % of the
phosphate contained in municipal sewage originated from detergents and cleansers
[589]. As a consequence of the partial removal of phosphate in sewage treatment plants
and the input of phosphates by other sources (human excretion, food industry, agricul-
tural fertilizers), the share of detergent phosphates in surface waters was estimated to
be about 40 %. This balance showed already that the reduction of phosphates in
detergents is an important but not the sole factor in solving the eutrophication problem
of surface waters.
The most comprehensive approach involves chemical elimination of phosphates in

the sewage treatment plant (tertiary treatment) removing the total phosphorus content
of the wastewater. This approach is realized in some countries to a greater or lesser
extent. Nevertheless, phosphate reduction in detergents, i.e., at its source, provides
immediate relief to receiving waters and, ultimately, also to the coastal areas of the seas,
which are increasingly confronted with eutrophication problems.The phosphate regu-
lation of 1980 [583] implementing the pertinent authorization of the German Detergent
Law of 1975 (see Section 10.3.1) had a considerable impact on the development of the
phosphate loads in German rivers (Fig. 99). The phosphate reduction in detergents was
enforced in a two-step decree starting with an overall relative decrease of 25 % of the
detergents' phosphate in 1981 and around 50 % in late 1983. The second step required
the availability of suitable phosphate substitutes for detergents (see Section 10.5.2).
Their good performance in phosphate-reduced and -free detergents and the acceptance
of nonphosphate detergents by the consumer has meanwhile led to a complete sub-
stitution of phosphate-containing detergents by phosphate-free ones in many countries,
for example in Europe in Germany, the Scandinavian countries, Italy, Austria, The
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Netherlands, and Switzerland (see Fig. 72). Thus, the legal requirements on reduction
or banning phosphates in detergents have been superseded in many cases by the
industrial supply of efficient phosphate-free detergents and their acceptance by the
consumer.
The legislative pressure towards phosphate reduction in detergents accompanied by

the availability of suitable substitutes has resulted in a noticeable quality improvement
of a number of surface waters today [590]. Phosphate balances of the river Rhine in
1979 and 1989 showed that the measured phosphorus load reduction of about
28 400 t/a within this period corresponded very well with the expected phosphorus
reduction due to the use of phosphate-reduced or -free detergents (26 700 t/a) [591].

10.4. General Criteria for the Ecological
Evaluation of Detergent Chemicals

The history and the development of the detergent legislation in Europe impressingly
reflects the environmental relevance of this group of anthropogenic chemicals (xeno-
biotics) encountered already in times when the terms “environmental safety” or “en-
vironmental risk assessment” were not yet used. The lesson of the so-called detergent
problem of the late 1950s was learned both by the legislators and the detergent
industry long before general criteria were developed and applied for the ecological
evaluation of chemicals. Now, such broadly applicable instruments and standards have
been available for several years, e.g., the risk assessment directives for new and existing
chemicals of the European Union [592], [593] and the accompanying Technical
Guidance Documents [594] that provide an evaluation system applicable by authorities

Figure 99. Variations of the orthophosphate load in the river Rhine from 1981 to 1999 (sampling site: D�ssel-
dorf-Himmelgeist, Germany)
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and industry as well. This chapter deals with the concept and the methods of the
environmental compatibility assessment that form the basis for the evaluation of
chemicals in general.

10.4.1. Concept

Production, use, and disposal of chemical products has a more or less significant
impact on the environmental compartments water, soil, and air. To secure that such
emissions will not negatively influence the biota of these compartments it is necessary
that a possible ecological risk is already recognized before the product enters the
environment. The environmental safety of chemical products is essentially based on
the safety of their individual ingredients. Thus, the product safety assessment must
concentrate on the identification of possible risks of the raw materials. Two main issues
exist that are relevant to safety or risk assessment:

1) The environmental fate of detergent ingredients and the resulting concentrations in
the affected environmental compartments. The final outcome of such an exposure
assessment is the predicted environmental concentration (PEC).

2) The environmental effects of a chemical towards the living organisms of the com-
partments concerned. The final result of such an effects assessment is the predicted
no-effect concentration (PNEC).

The comparison of these two assessment parameters, PEC versus PNEC, forms the
basis of the internationally used concept for the environmental risk assessment of
chemicals: a chemical is considered safe if the PEC is not higher than the PNEC. The
environmental fate and effects of a chemical and the risk assessment based thereon are
governed essentially by the inherent properties of the individual chemical such as
biodegradation behavior and ecotoxicological properties. The connection of these
intrinsic substance properties with the concrete conditions of use of the substance—
e.g., the use pattern and the usage figures of the chemical, the sewage treatment
situation, the application of safety factors, etc.—provides the data necessary for the
calculation/measurement of PEC and PNEC (Table 46).

10.4.2. Environmental Exposure Assessment

The chemical compounds contained in detergents are typical representatives of
xenobiotics intended to go down the drain after their use and thus to enter receiving
river waters directly or after passing a sewage treatment plant. Depending on their
physicochemical properties (for example solubility, adsorption behavior, volatility),
these substances can be distributed in environmental compartments such as the water
phase, sediment, sludges, soil, etc. The knowledge of the fate and the resulting environ-
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mental concentrations are therefore a prerequisite and a decisive criterion for risk
evaluation.

10.4.2.1. Biodegradation

Biodegradation is the most important mechanism for the ultimate removal of
organic compounds from sewages, surface waters and soils. It is a stepwise process
mainly effected by aerobic microorganisms, i.e., in the presence of oxygen (Fig. 100). In
a first step the parent compound is transformed to a first degradation product (primary
degradation), which is subsequently degraded to a second, third, etc., intermediate, i.e.,
to metabolites with decreasing molecular mass and structural complexity. Ultimately,
the total organic structure of the starting material has been decomposed to mineral-
ization products (carbon dioxide, water, inorganic salts) and, in parallel, partly trans-
formed into bacterial biomass (ultimate biodegradation).
The term “primary degradation” only refers to the first steps of the degradation

process. Nevertheless, the proof of a fast and quantitative removal of the parent
compound is of high ecological relevance for certain chemical classes, e.g., for surfac-
tants. As a rule, the primary degradation of surfactants significantly reduces their
surface activity (including their foaming properties) and their aquatic toxicity. For that
reason, the European detergent legislation requires a minimum primary biodegrad-
ability for anionic and nonionic surfactants (see Section 10.3). Nevertheless, ultimate
biodegradability is the decisive criterion for the long-term fate of a chemical and its
degradation intermediates in the environment, because this will guarantee the complete
re-integration of all components of the substance into the natural material cycles.

Table 46. Elements of environmental safety assessment of chemicals

Environmental fate Environmental effects

Substance-inherent properties (haz-
ard identification)

biodegradability ecotoxicity

Environmental frame conditions
(healistic worst case)

exposure scenario, e.g.,

– usage quantities
– use pattern
– sewage treatment situation

extrapolation of effect data:
laboratory data ? real environment
(extrapolation factors)

Evaluation (hisk hharacterization) exposure analysis: effects assessment:
predicted environmental concentra-
tion (PEC)

predicted no effect concentration
(PNEC)

comparison: PEC vs. PNEC (No risk: PEC5 PNEC)
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10.4.2.2. Biodegradability Standard Test Methods

Primary and ultimate biodegradability of organic chemicals can be evaluated by
using suitable test methods (Table 47). The determination of the removal of the parent
compound (primary degradation) requires the availability of a substance- or a sub-
stance-group-specific analytical determination method. As discussed previously (see
Section 10.3), the primary biodegradation of anionic and nonionic surfactants is de-
termined in standardized tests by measuring the removal of MBAS and BiAS, respec-
tively. The ultimate biodegradation of chemicals can be followed in the tests by means
of nonspecific analytical parameters such as carbon dioxide evolution, the BOD, or the
removal of dissolved organic carbon (DOC).
Primary and ultimate biodegradability of test substances is normally evaluated by

applying standardized and internationally used (OECD, ISO, EU) test procedures
(Table 47). The most broadly used category of tests are the screening tests representing
simple but stringent evaluation procedures. For instance, the OECD Screening Test
determines the primary biodegradation of anionic and nonionic surfactants. The
corresponding ultimate biodegradability screening tests are represented by the OECD
tests for ready biodegradability (OECD 301 A – F) [595], e.g., the DOC die-away test
(OECD 301 A), the CO2 evolution test (OECD 301 B), or the Closed Bottle Test (OECD
301 D). If the pass level of 60 % BOD (compared to the COD) and CO2 evolution,
respectively or of 70 % COD is surpassed within the four-week test duration, it can be
concluded that ultimate biodegradation of the chemical will proceed readily in the real
environment [595].

It is a common feature of screening tests that a few milligrams of the test substance
are diluted or suspended in a test vessel containing an aqueous mineral medium. This

Figure 100. Terms of biodegradability evaluation exemplified by the degradation pathway of fatty alcohol sulfate
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mixture is inoculated by adding a small amount of a bacterial suspension, in most cases
originating from a municipal sewage treatment plant (30 mg/L of activated sludge or
5 10 ml/L of plant effluent). Thus, the test inoculum contains the microorganisms
ubiquitously present in wastewater treatment plants and receiving river waters. The
degradation process can be analytically followed by substance-specific methods as well
as by summary parameters since the test substance is the only carbon source for the
degrading organisms in such a screening test system.

Due to the stringency of the screening tests, a negative or poor degradation result
obtained in such a system is not necessarily a proof of lack of biodegradability in the
real environment. To obtain a realistic view of the biodegradation behavior under
practical conditions, model test systems are used simulating the primary and ultimate
biodegradation process in the biological stage of a municipal sewage treatment plant
(Table 47). In contrast to screening tests, the test chemical is continuously dosed to the
model plant resulting in a hydraulic retention time of 3 – 6 h. Another important
difference to screening tests is the fact that the test material is dosed together with
a large surplus of highly biodegradable substances (“synthetic wastewater”) to give a
competitive situation which also prevails in real domestic sewage treatment plants. The
bacterial concentration in a continuous activated sludge model sewage treatment plant
is relatively high (ca. 3 g/L of suspended solids). Depending on the analytical test
method either the primary degradation in the simulation test (requiring substance-
specific analytical methods) can be determined or the substance removal based on
summary analytical parameters (DOC, COD). If a nonspecific analytical method is
applied, a modified test design is necessary to obtain removal data that specifically refer
to the test substance. In the Coupled Units Test (OECD 301 A), for example, two model
plants are run in parallel [595]. One is the control, which is only fed with synthetic
sewage, while the influent of the second additionally contains the test substance. The
test substance-related carbon removal can be calculated from the difference of the DOC
concentrations in the two plant effluents compared with the carbon content of the
substance in the influent of the test unit. Monitoring data on the removal of surfactants
in municipal sewage treatment plants have broadly confirmed that the elimination rates
obtained in model plants are a realistic or rather a conservative description of the
practical situation [596].

10.4.2.3. Supplementary Biodegradation Test Methods

Apart from these internationally used standard degradation tests additional test
methods exist to extend the information about the fate of chemical substances in the
environment. The results from the previously discussed screening and simulation tests
are, in principle, a measure of the degradation rate, i.e., the extent of degradation
within the test period. Therefore, the question remains unanswered whether the test-
substance-derived material which was not biodegraded within the test period may
contain recalcitrant degradation intermediates. In other words, if it is possible to show
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that no poorly biodegradable intermediates are formed during the degradation process,
unknown negative effects from the long-term existence of those materials in the
environment can also be excluded. The test for detecting recalcitrant metabolites (metab-
olite test [597]) which is experimentally based on the Coupled Units Test, represents an
instrument for answering this question. Thus, the test for recalcitrant metabolites can
improve and supplement the conclusions drawn from positive results obtained in
standard degradation tests.
In contrast to the Coupled Units Test, the effluents of the test and the control plants

are reused each day as an influent after addition of a concentrate of the nutrients
(control unit) and the test substance. Thus, a circuit is achieved which gives the
degrading organisms the permanent chance to cope with the test compound and its
intermediates under competitive conditions. Since the metabolite test is run over
several weeks— corresponding to up to 100 cycles— even very small amounts of
recalcitrant metabolites would accumulate and could be analytically detected. The
proof of the absence of any recalcitrant metabolites was obtained for all important
detergent surfactants by means of this method [598].
The issue of the completeness of the ultimate degradation in the environment has yet

another dimension. Substances with a marked adsorption tendency such as surfactants
or poorly water-soluble compounds may to a considerable extent reach environmental
areas where no oxygen is present for the biodegradation processes of microorganisms.
Examples are septic tanks, digesters, some river sediments, and soils. The anaerobic
biodegradability evaluation is therefore an additional important aspect for those sub-
stances. A screening test method has been available for several years (ECETOC Test, ISO
11734 [599]) that measures the ultimate anaerobic biodegradation of a substance on the
basis of the digester gas formation (carbon dioxide and methane). In addition, digester
simulation tests with radiolabeled test materials have shown the anaerobic biodegrad-
ability of important surfactant groups [598].

10.4.2.4. Exposure Analysis

After identification of the environmental areas mainly exposed to the chemical(s)
concerned (e.g., wastewater treatment plants, sludges, river waters and sediments, as
well as soils are target areas of detergent chemicals) a preliminary exposure analysis
may be conducted. The first tier of such a process is based on relatively simple but
conservative standard exposure scenarios. Thus, the concentrations of detergent in-
gredients in raw wastewaters are calculated on the basis of the per capita usage of the
product and the ingredient, respectively, and the per capita water consumption (see
Table 44). The elimination of the chemical in sewage treatment plants is estimated by
means of calculation models taking the physicochemical (adsorption behavior, volatil-
ity) and the biodegradability properties (deduced from degradation screening tests) of
the substance into account. From the PEC of the chemical in the plant effluent it is
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possible to derive a PEC of the receiving water by applying a standard dilution factor of
10 for treated wastewater [594].
A more detailed and reliable environmental concentration prognosis can be obtained

in the second tier of the exposure analysis when concrete data of the individual
environmental situation are taken into account. These data are, for example, elimina-
tion data from sewage treatment plant simulation tests and information on the waste-
water treatment (e.g., sewage volumes, hydraulic retention time, etc.) and river water
situation (e.g., wastewater dilution ratio, flow rate, etc.). In addition, also the back-
ground concentration of the substance concerned must be considered, i.e., the PEC
above the sewage outfall. This prognosis of the regional distribution is obtained by
means of multimedia calculation models, for instance according to MacKay [600],
which predict an average PEC in the environmental compartments of water, soil, and
air.
The exposure analysis is— as is the whole environmental safety assessment— an

iterative process. This means that the precision and reliability of the PEC values can be
improved continuously by the improvement of the data and information based thereon.
Therefore, it is understandable that the highest tier of the exposure analysis is rep-
resented by the measurement of real environmental concentrations, i.e., by environ-
mental-monitoring data. If sufficiently specific and sensitive analytical methods are
available and if the chemical concerned is already in use, such measurements can be
conducted. Thus, environmental-monitoring data and PEC data from exposure models
form a necessary mutual supplement to fill the environmental concentration data gap
for most of the chemicals present in the environment. Due to the conservative character
of the model calculations there is consensus that the data obtained from real environ-
mental measurements take precedence over calculated values [594].
Detergent ingredients, particularly the most broadly used surfactants (LAS, alcohol

ethoxylates, alcohol ether sulfates, soap) have been thoroughly investigated by means of
the multi-tiered approach of exposure analysis. It could be shown that the measured
concentrations in raw and treated wastewaters are considerably lower than predicted
by the calculation algorithm described for the tier 1 screening phase (cf. Table 48) [601],
[602]. Consequently, also the predicted river water concentrations (PECriver) are higher
than the measured concentrations reported for several detergent surfactants [596],
[603]. The conservatism of the model calculations is also connected with the fact that
the biodegradation/elimination processes of chemical compounds are only considered
with regard to the removal in sewage treatment plants, while an in-stream removal after
entering the receiving river is not taken into account or is based on over-conservative
assumptions [604]: for instance, the half-life for LAS and other readily biodegradable
surfactants in rivers was determined to be in the range of 1 – 5 h, while the calculation
model used in the EU risk assessment process assumes a value of 360 h [594].

L
au

n
d
ry

D
et
er
ge

n
ts

180



10.4.3. Assessment of Environmental Effects

The impact of chemical substances to environmental systems can be different and
may also include indirect effects, for example eutrophication of water due to a nutrient
function of the substance, or remobilization of heavy metal ions. However, the most
important aspect to be evaluated in the environmental risk assessment is the ecotoxicity
of substances, i.e., the toxic impact to organisms living in the individual environmental
compartments. Of course, it is not possible to test all these organisms in the laboratory
in terms of their sensitiveness to the chemical. However, a number of internationally
accepted and standardized test systems exist, which cover the different trophic levels of
the aquatic food chain: starting from the algae as representatives of the plants, the
plant-feeding animals, represented by the daphnia while the fish stand for higher
trophic levels. Finally, the bacteria close the carbon cycle in the aquatic ecosystem
due to their degradation activities (Fig. 101). In the terrestrial environment, too, the
ecosystem has a similar structure, consisting of producers (plants), consumers (an-
imals), and destruents (bacteria, fungi).
As in the case of degradation tests, there is a sensible hierarchy of ecotoxicity tests,

starting with relatively simple acute toxicity tests which allow a first general evaluation;
these are followed by more sensitive and more expensive chronic or subchronic tests

Table 48. Stepwise environmental risk assessment process exemplified on a detergent-based surfactant (LAS)

Test hierarchy Exposure analysis Effects assessment PEC/
PNECBasis PEC Basis Extrapolation

factor
PNEC

Tier 1
(screening)

calculation mod-
el:

acute toxicity:

STP influent*:
12.3 mg/L

lowest 1000

Elimination in
STP: 95 %

EC50 = 1.1 mg/L 1.1 mg/L 56

Dilution factor:
10

62 mg/L

Tier 2
(confirmatory)

STP simulation
test:

chronic toxicity:

STP influent*:
12.3 mg/L

lowest 10

Elimination in
STP: 99 %

NOEC = 0.12
mg/L

12 mg/L 1.0

Dilution factor:
10

12 mg/L

Tier 3
(investigative)

River monitor-
ing:

field studies/
biocenotic tests:

1 – 10

1 – 5 km
downstream of
STP release

5 20 mg/L NOEC = 0.25
mg/L

250/25 mg/L 0.08/0.8

* LAS-consumption: 0.9 kg/inhabitant/year
Water consumption: 200 L/inhabitant/day
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which have a higher predictive value for the practical situation. In any case, the
objective of the tests is to find out a relationship between the concentration of the
test substance and the ecotoxicological effect. Therefore, the test organisms are exposed
to different concentrations of the chemical under defined test conditions, and the effects
are evaluated by comparison with benchmarks (without addition of the test substance).

10.4.3.1. Basic Ecotoxicity Tests

The base set of ecotoxicological information of a chemical is obtained from acute
tests on fish and daphnia and from an algal toxicity test (Table 49). Acute toxicity tests
determine the lowest test concentration leading to death (fish) or immobilization
(daphnia) of all tested organisms (LC100/ EC100). On the other hand, also the highest
concentration showing no acute effect is experimentally determined (LC0/EC0). The
acute toxicity is usually expressed by the LC50/EC50 values, which can be calculated
from the experimental LC0/EC0 and LC100/EC100 data. The acute fish test is mainly
conducted according to the pertinent OECD Guidelines [595] with zebra fish in a 96-h
test. The acute daphnia test is also standardized [595] and has a duration of 48 h. The
algal toxicity test differs from the previous tests, as the test criteria are based on the
growth rate of the algal cells and the algal biomass formed within the 72- or 96-h
incubation period [595]. Since this test not only covers the test organisms exposed at
the beginning of the test but also the following generations of algae it is a chronic test
determining the EC0 and EC50 of algal growth (which is different from an acute algicidal
effect). Despite the qualitative differences between the acute fish and daphnia tests and
the chronic algae test, the LC50/EC50 values from these three tests form the ecotoxico-

Figure 101. Scheme of the aquatic food chain
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logical criteria for the classification and labeling of substances as “dangerous for the
environment” in the European Union [605]. At the same time also the environmental
effects assessment for the preliminary determination of the PNEC takes reference to the
lowest, i.e., most toxic LC50/EC50 value from these tests [594]. The data from this set of
three ecotoxicological characteristic values is also required when a new chemical is to be
notified according to the chemical laws in EU member states [606].
Although not contained in the discussed ecotoxicological base set, the determination

of the acute (e.g., bacterial respiration inhibition test [607]) or chronic (e.g., bacterial
cell growth inhibition test [608]) toxicity to bacteria has a high ecological relevance for
the practical situation. The chronic bacterial toxicity is measured during an 18-h
incubation period using a Pseudomonas putida shake-flask culture and determining
the rate of cell multiplication. The same bacterial species or an activated sludge culture
is employed in the acute test measuring the influence of the test chemical on the oxygen
consumption (respiration) rate of the bacteria. The EC0 of this test has a high predictive
value for the beginning toxicity of a substance to the purification performance of a
biological sewage plant [609]. Information on the basic ecotoxicological data of a
chemical product as well as the environmental classification (EU classification [605],
Water Hazard Class in Germany [610]) is usually provided from the pertinent safety
data sheets.

Table 49. Ecotoxicological test methods

Test Evaluation parameter Relevance

Acute aquatic toxicity
Fish lethal effects: LC50 basic data for ecotoxico-

logical evaluation (Safety
Data Sheets)

Daphnia ability to swim: EC50

Algae cell growth: EC50 EU classification “danger-
ous for the environment”

bacteria respiration: EC0, EC10, EC50 initial risk assessment
Chronic/subchronic toxicity
Fish (prolonged test/early life stage) growth: NOEC
Daphnia (life cycle) reproduction: NOEC aquatic risk assessment
Algae cell growth: EC0
bacteria cell growth: EC0, EC10
Biocenotic toxicity
Microcosmos test species composition: NOECbiocoen. aquatic risk assessment
Model river flow

Terrestrial toxicity
Earthworm (acute) lethal effects: LC50 terrestrial risk assessment
Higher plants (chronic) growth: EC0

NOEC =No observed effect concentration
LC/EC = Lethal/Effect concentration
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10.4.3.2. Subchronic and Chronic Ecotoxicity Tests

Information on long-term ecotoxicological effects at concentration levels fairly below
their acute toxicity can be gained from standardized subchronic and chronic tests with
the same test organisms also used in acute tests. This type of tests aims at determining
the no observed effect concentration (NOEC), i.e., the highest tested concentration that
does not exhibit any effect (vs. a benchmark). The criteria for assessing effects in the
subchronic fish test (test duration 3 – 4 weeks) are not only lethality but also changes in
growth, weight, behavior, etc. In the subchronic early life stage fish test with trout
(OECD 204, test duration 90 d) [595] the influence of a compound on the most sensitive
life stage of the fish is tested, because the development of juvenile fish from fertilized
spawn is used as criteria. The 21-d daphnia reproduction test (daphnia life cycle test,
OECD 202) [595] determines the number of new daphnids produced within the test
period, and thus also covers the most sensitive life processes like growth, maturation,
and reproduction.

10.4.3.3. Biocenotic Ecotoxicity Tests

While the discussed test systems are single-species tests, the biota in an environ-
mental compartment form a biocenosis with many and complex interactions. Thus, the
issue must be addressed whether a single-species NOEC is suitable to allow such
biocenotic implications to be assessed. Laboratory tests also exist for biocenotic effects
where a self-developing biocenosis of microorganisms, algae, unicellular protozoans,
and small metazoans (rotifers) represents the “test organism” [611]. The possible
impact of a chemical is determined by biological analysis of the qualitative and
quantitative composition of the species developing within the test period. Examples
of such tests are the microcosm test and the river flow simulation test [611]. Test results
obtained in such complex systems indicate that biocenoses are not significantly more
sensitive to toxic substance influences than single species used in standard chronic/
subchronic tests [612].

10.4.3.4. Bioaccumulation

Bioaccumulation or bioconcentration describes the fact that a compound is enriched
in the living organism to concentrations higher than that prevailing in the surrounding
milieu. Experimentally, bioconcentration is determined in relatively costly tests with
fish or other aquatic organisms. These organisms are exposed to a very low concen-
tration of the test substance and the increase of the substance in the organism in the
time course is analytically monitored. The bioconcentration factor (BCF) describes the
ratio of the substance concentration in the organism and the surrounding medium after
attaining a steady state. The BCF can also be calculated from the quotient of the
substance uptake (k1) and elimination (k2) rate constants; the latter is determined in the
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depuration phase of the experiment after transfer of the exposed organisms to sub-
stance-free water. The most widely used bioaccumulation test is the flow-through
bioaccumulation fish test (OECD 305) [595].

Because of the demanding analytical requirements with regard to the sensitivity and
specific detection of a compound in the test organism, e.g., in a fish homogenate, in
most cases the physicochemical properties of the test substance or quantitative struc-
ture – activity relationships (QSARs) are used for the bioaccumulation assessment. The
descriptor mostly used for the bioaccumulation potential is the partition coefficient of a
substance in a two-phase system of water and octanol (Pow). The Pow can be determined
experimentally [595] or by calculation [613]. Substances having a BCF 4 100 or a log
Pow 4 3 are considered as significantly bioaccumulating and are to be classified as
“dangerous for the environment” if their ecotoxicity is also high (EC/LC50 5 10 mg/L)
[595]. However, it has to be borne in mind that the Pow is not generally suitable for
prediction of the real bioaccumulation behavior of chemicals: it is not applicable to
ionic substances and surfactants [595] and does not take into account the manifold
biotransformation processes in living organisms [614].

10.4.4. Process of Environmental Risk
Assessment

The exposure and effects assessment implies a hierarchy of methods starting with
simple standardized basic tests up to exacting simulation tests and monitoring studies.
All these investigations aim at conclusively predicting the environmental concentration
(PEC) and a reliable no effect concentration (PNEC). The PEC and PNEC data gener-
ation is therefore a stepwise process. Depending on the outcome of the PEC/PNEC
comparison it can be decided whether or not the PEC prognoses derived from simple
but stringent (screening) tests are sufficient or whether data from more realistic
(simulation) tests or monitoring data is required. A similar hierarchy of the predictive
value of the data is implemented in the effects assessment by the use of application
(safety) factors to derive the PNEC from acute LC/EC50 data and chronic NOEC data,
respectively (see Table 48). It should be noted that the chronic toxicity test data of
chemical substances already imply the increased body burden resulting from a poten-
tial bioconcentration so that no additional safety factors need to be applied for the
PNEC derivation.
These principles form the basis of the European environmental risk assessment

process described in Technical Guidance Documents [594]. Environmental risk assess-
ment is an iterative process which can be stopped when the PEC/PNEC ratio is 5 1,
which indicates the environmental safety of the chemical (“no further information/tests
required”), or when all possibilities to further improve the predictive value of the data
are exhausted. Risk management measures are to be taken when a PEC/PNEC ratio > 1
indicates a risk for the environment [592], [593].
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According to the three-tiered process described in Section 10.4.2.4 the environmental
risk of key surfactants used in detergents (LAS, alcohol ether sulfates, alcohol ethoxy-
lates, soap) was evaluated. The LAS example (Table 48) indicates that compounds with
a high environmental relevance such as detergent components often require the infor-
mation even from the highest tier to reach PEC/PNEC 5 1. In the end, this risk
assessment showed that the most prominent surfactants in detergents are safe for the
aquatic systems in spite of their high input to the environment [601], [602].

10.5. Ecological Characterization of Main
Detergent Ingredients

10.5.1. Surfactants

The surfactants are the category of detergent ingredients with the highest ecological
relevance due to their high consumption figures and their potential ecotoxicological
impact connected with their surface-active properties. This relevance is reflected by the
fact that the two most important surfactant groups, the anionics and nonionics, are
subjected to legal regulations regarding their (primary) biodegradability (see Sec-
tion 10.3.2). Strictly speaking, also the second main criterion for the environmental
risk assessment, the ecotoxicological behavior is included therein because the primary
biodegradation of surfactants and the loss of their high aquatic toxicity are normally
concomitant processes. Hence, sometimes the primacy of biodegradation is emphasized
since a fast and complete (ultimate) biodegradability is the best prerequisite to exclude
long-term effects in the environment.

10.5.1.1. Anionic Surfactants

The oldest and largest-volume anionic surfactant worldwide is soap. However, the
superiority of synthetic anionic surfactants in terms of detergency performance con-
siderably reduced the relevance of soap in detergents in many countries. Instead,
branched-chain TPS and its successor LAS have played the most important role as
detergent surfactants. The poor biodegradability of TPS became evident in many rivers
and sewage plants in the late 1950s and is also recognizable from the poor results in
standard primary and ultimate biodegradability tests, as shown in Table 50 (see
Section 10.3.1). Unlike TPS, LAS not only fulfills the legal requirements of the European
detergent legislation but is also evaluated as “readily biodegradable” in the OECD 301
tests on ultimate biodegradability (Table 50). Also in the continuous activated sludge
test (OECD Confirmatory Test) a high elimination result of about 95 % MBAS removal
was found, which is still lower than the > 99 % removal measured in real sewage
treatment plants [596].
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Table 50. Biodegradation data of surfactants

Primary biodegradation Ultimate biodegradation

Surfactant OECD Screen.
test, % re-
moval

OECD Con-
firm., % re-
moval

Ready biode-
gradability
test, %

Coupled Units
Test, % C re-
moval

Metabolite
test, % C re-
moval

Anaerobic bio-
degradability

Anionics:
TPS (C12) 10 – 50 MBAS 20 – 45 MBAS 301 D: 5 10

BOD/COD
41€ 9 (COD) n.d. no

301 E: 37 C
removal

LAS (C10 – 13) 95 MBAS 93 – 97 MBAS 301 E: 73 – 84
C removal

73 – 82 94.9€1.2 no

301 D: 55 – 65
BOD/COD

C12 – 14
FA + 2EO sul-
fate

99 MBAS 100 MBAS 301 E: 100 C
removal

89€ 6 102.1€ 3.9 yes

301 D: 100
BOD/COD

C16 – 18
FA sulfate

99 MBAS 98 – 99 MBAS 301 E: 85 – 88
C removal

96 99.9€1.6 yes

301 D: 77
BOD/COD

C14 – 18 sec-
alkanesulfon-
ate

96 MBAS 97 – 98 MBAS 301 E: 88 – 96
C removal

83 – 96 97.4 € 0.5 no

301 D: 63 – 95
BOD/COD

C8 – 18 soap n.a. n.a. 301 D:
79 – 100
BOD/COD

n.d. 100.8 €1.4 yes

301 B: 80 – 90
CO2 evolution

Nonionics:
C8 FA + 6 EO 99 BiAS n.d. 301 D: 84

BOD/COD
97€ 3 98.5€ 2.7 yes

C16 – 18
FA + 10 EO

99 BiAS 98 BiAS 301 D: 77
BOD/COD

90€16 98.8€ 2.7 yes

C12 – 14
FA + 30 EO

99 BiAS n.d. 301 D: 80 – 83
BOD/COD

94€ 2 95.1€ 3.1 yes

Isononylphe-
nol + 10 EO

6 – > 80 BiAS 87 – 97 BiAS 301 D: 5 – 10
BOD/COD

59€ 22 93.6€ 2.7 partial

C12 – 14 APG – 99 subst.-spe-
cific

301 D: 73 – 88
BOD/COD

89€ 2 101.8€ 2.0 yes

301 E: 90 – 93
C removal

Cationics:
DTDMAC n.a. 94 DSBAS 301 D: 5 5

BOD/COD
108€ 9 n.a. no

EQ esterquat n.a. 93 DSBAS 301 D: 67 – 88
BOD/COD

89€ 7 n.a. yes

n.d. = not determined
n.a. = not applicable
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The success of the measures to improve the environmental compatibility of detergent
surfactants can be impressively demonstrated by the results of a systematic monitoring
program conducted by the Henkel company in the river Rhine in Germany since 1958
and in some of its tributaries [590], [591], [615] – [617]. Based on the MBAS analytical
method, the usage of TPS in detergents is recognizable as a continuous and steep
increase of the MBAS loads and concentrations (Fig. 102); the maximum concentration
detected in the Rhine was 0.72 mg/L MBAS in the fall of 1964 while concentrations of
even more than 1 mg/L were observed in its tributaries [615]. The replacement of TPS
by LAS in 1964 marked the turning point: the MBAS values decreased continuously
from then on in spite of the fact that surfactant consumption increased by 80 % from
1963 to 1975 [615].
A second reason for this positive development was the construction of biological

sewage treatment plants. In highly populated areas such as Germany such technical
measures are a prerequisite for a sufficiently effective reduction of the organic load
present in sewage prior to entering receiving waters.

Based on the experiences from the detergent problem of the early 1960s, the devel-
opment of new detergent surfactants has always been a search for improvements in
terms of both their detergency performance and the reduction of the environmental
impact. Besides the legally required primary biodegradability, the ultimate biodegrad-
ability behavior today is in the focus of the ecological safety assessment of surfactants
used in laundry products. As shown in Table 50, there are a number of anionic
surfactants which exhibit excellent ultimate biodegradability in the OECD 301 tests.
This underlines that the high removal rates determined in model sewage treatment
plants are mainly due to mineralization (carbon dioxide formation) and assimilation
(biomass formation). Furthermore, it could be shown by comprehensive investigations

Figure 102. Changes of the anionic surfactant load (MBAS/LAS) in the river Rhine 1958 – 1999 (sampling site:
D�sseldorf-Himmelgeist, Germany)
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based on metabolic studies with radiolabeled model surfactants, or on the “test for
recalcitrant metabolites”, that all major anionic surfactants are biodegraded without
the formation of any poorly biodegradable intermediates [618]. Surfactants exhibit a
distinct adsorption behavior onto suspended solids in sewage or surface waters that
cause transportation of a significant portion of these chemicals into anaerobic environ-
mental areas (see Section 10.4.2). Thus, surfactants which have proved their ultimate
biodegradability in aerobic and anaerobic environments meet a very high standard of
ecological safety, as they are biodegradable under all environmental conditions. Ta-
ble 50 shows that the sulfated anionic surfactants (alcohol sulfates, alcohol ethersul-
fates) are anaerobically degradable in contrast to the sulfonated materials (LAS, second-
ary alkane sulfonates, methyl ester sulfonates).
The second general essential criterion for the environmental risk assessment of

chemicals is the effects assessment (see Section 10.4.3). The ecotoxicological behavior
of the major detergent surfactants is very well investigated and documented involving
acute, subacute/chronic, and biocenotic tests [601], [602]. Table 51 gives an overview of
some ecotoxicological standard data of surfactants used for their evaluation according
to the EU classification “dangerous for the environment” [605]. The comparison of the
data reveals the marked aquatic toxicity of the surfactants with EC/LC50 values being
predominantly in the range of 1 – 10 mg/L. This is a concentration range which could
be achieved in surface waters if the surfactants were not biodegraded beforehand [619].
In reality, the concentrations of the most prominent detergent surfactants LAS are in
the lower microgram per liter range even in small rivers receiving the effluents of

Table 51. Ecotoxicological data of surfactants (concentrations are given in mg/L)

Surfactant Acute toxicity (EC/LC50) Algal toxicity Bacterial toxicity Long-term toxicity

fish daphnia
(EC50/EC0) (EC0) (daphnia life cycle

test; NOEC)

Anionics:
LAS 2.9 4 – 6 7.3/2.6 64
C12 – 14 FA + 2 EO sulfate 7.9 79 1.8/1.0 360 0.72
C16 – 18 FA sulfate 5.2 280 30/10 35 16.5
C14 – 18 sec- alkanesulfonate 5 7.5 8.7 (EC0) 390 (EC10) 0.6
C12 – 18 soap 46 25 10 (EC0) 595 10

Nonionics:
C12 – 14 FA + 9 EO 1.7 2.7 0.9/0.3 700 3.0
C12 – 14 FA + 30 EO 455 790 24/10 990 n.d.
C16 – 18 FA + 5 EO 2.7 3.9 0.3/0.1 64 n.d.
C16 – 18 FA + 14 EO 3.5 16 0.8/0.3 1000 1.0
Isononylphenol + 9/10 EO 4.6 14 2.8/1 1000 n.d.
C12 – 14 APG 3.0 7.0 12 500 1.0

Cationics:
DTDMAC 0.6 – 3.0 1.1 0.06 (EC50) 10 0.38
EQ esterquat 3.0 78 1.8/0.3 90 2.7

n.d. = not determined

E
co

lo
gy

189



biological sewage treatment plants [603], [620], while rivers receiving effluents from
mechanical sewage treatment plants show LAS concentrations in the range of
500 – 600 mg/L [620]. It may therefore be concluded that the biological treatment of
wastewaters is the decisive prerequisite for excluding an acute ecotoxicological impact
of surfactants on surface waters' biota. Since an environmental safety assessment must
take into account particularly long-term effects, predicted no effect concentrations
derived from subacute and chronic toxicity data are more reliable than acute toxicity
data. The no observed effect concentrations obtained in these tests with fish, daphnia,
and algae are in the range of about 0.1 – 1 mg/L, i.e., one order of magnitude below the
acute toxicity levels [601]; also the biocenotic NOECs determined in microcosm or
mesocosm tests with anionic surfactants such as LAS and fatty alcohol sulfates [601],
[612] are in the same order of magnitude. From information on the long-term ecotox-
icity of key anionic surfactants a PNEC has been calculated, being 250 mg/L for LAS
and 400 mg/L for alcohol ethersulfates [602]. Taking the discussed LAS concentration
levels (PEC) into account it can be concluded that LAS and all other surfactants with a
comparable ecological profile (readily biodegradable, ecotoxicological properties similar
to LAS) will yield a ratio of PEC/PNEC 5 1, i.e., are safe to the aquatic environment
[602].
The bioaccumulation behavior of surfactants in general was tested in several inves-

tigations that were mainly conducted using radiolabeled test materials [621]. While in
some cases a bioaccumulation in fish can be definitely excluded (e.g., alcohol sulfates),
in other cases only the bioconcentration of the radioactivity in the piscine body was
determined without differentiation between the parent compound and the biotrans-
formation products. A recent and very detailed investigation of the bioconcentration
behavior of several n-(p-sulfophenyl)alkanes, i.e., constituents of LAS, revealed that
these chemical structures are not or only moderately bioaccumulative not the least due
to the action of biotransformation processes [622].

10.5.1.2. Nonionic Surfactants

Alcohol Ethoxylates. Nonionic surfactants of the alcohol ethoxylate type are con-
tained in almost all detergents and cleansers (see Section 3.1.2.1). Alcohol ethoxylates
with a linear or single-branched alkyl chain are highly biodegradable. As shown in
Table 50, they easily fulfill the legal requirements of a minimum primary biodegrad-
ability of 80 % BiAS removal and are “readily biodegradable” in the OECD tests on
ultimate biodegradability. Alcohol ethoxylates are also bio-degradable under anaerobic
conditions, thus providing all prerequisites for their fast and complete removal from
the aquatic environment. The residue-free biodegradation of AE has been shown in the
metabolite test [598] as well as in detailed investigations of the biodegradation
pathways of these compounds [623], [624]. Consequently, also the elimination rates
of alcohol ethoxylates in model plants (Table 50) and in real sewage treatment plants
are very high (> 99 % [596]) and allow an environmental concentration (PEC) of a few
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micrograms per liter in receiving waters to be predicted. These figures are considerably
lower than the BiAS concentrations determined in the river-monitoring programs of
Henkel (10 – 100 mg/L [590], [616]). These differences are probably due to the insuf-
ficient specificity of the BiAS analytical method [625].
The ecotoxicological profile of AE has also been very well investigated. Their acute

aquatic toxicity data are in the same order of magnitude as those of the anionics,
although their algal toxicity seems to be more pronounced frequently (Table 51). The
comprehensive set of available acute, chronic, subchronic, and biocenotic ecotoxicity
data on alcohol ethoxylates was used in a recent environmental risk assessment study to
derive a PNEC for alcohol ethoxylates [601]. The PEC/PNEC comparison led to the
conclusion that this most prominent class of nonionic surfactants is safe to the aquatic
environment [602]. Further support for this evaluation comes from comprehensive
bioaccumulation studies showing that these surfactants are metabolized intensively in
the piscine body [626].

Alkylphenol Ethoxylates. Another relevant group of nonionic surfactants still being
used in some countries are the alkylphenol ethoxylates (see Section 3.1.2.2). In contrast
to alcohol ethoxylates they show some ecological properties which have made their
environmental compatibility questionable. Nonyl- and octylphenol ethoxylates have a
highly branched alkyl chain which is an obstacle for microbial degradation. Thus, these
surfactants are not readily biodegradable although they fulfill the legal requirement of
> 80 % BiAS removal (Table 50). In winter conditions, however, even this primary
biodegradation is relatively slow, so that foam problems in sewage treatment plants
have been observed [627]. The major ecological reservations came from the fact that in
the primary degradation process poorly biodegradable intermediates are formed which
are even more toxic than the parent surfactant [628]. These intermediates
(alkylphenol + 1 – 3 EO units) are poorly water soluble and are adsorbed strongly on
sewage sludges. During the anaerobic treatment of these sludges in digesters alkyl-
phenol is formed by splitting off the residual EO units. This metabolite shows an even
increased aquatic toxicity [628], [629]. These findings led to a ban (e.g., in Switzerland
in 1986) or voluntary renunciations (e.g., in Germany in 1987) of alkylphenol ethoxy-
lates in laundry products. Since 1992 a PARCOM recommendation has existed to phase
out alkylphenol ethoxylates in household laundry products by 1995 and in I&I cleaning
products by the year 2000.

Alkylpolyglycosides. Developments towards more efficient and better environmen-
tally compatible products are steadily in progress, also in the field of the nonionic
surfactants. One interesting and promising example is the class of alkylpolyglycosides
(see Section 3.1.2.6) These surfactants feature ready and complete ultimate biodegrad-
ability in aerobic and anaerobic environments (Table 50) [630]. Also, alkylpolyglyco-
sides exhibit very low acute, subacute, and chronic toxicity data within the effect
concentration range typical for surfactants (Table 51). A very conservative environ-
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mental risk assessment conducted on the basis of these data showed that this surfactant
class is safe for the aquatic and terrestrial environment [630].

10.5.1.3. Cationic Surfactants

The cationics are the smallest of the three main surfactant groups (Table 44). They
are not contained in usual detergents, but represent the active agent in fabric softeners
(see Section 3.1.3). Until the beginning of the 1990s, ditallow dimethyl ammonium
chloride (DTDMAC) was the most important cationic softener, with a market share of
about 80 % [60] (see Section 3.1.3). This surfactant is almost quantitatively eliminated
from sewage, as illustrated by the high elimination rates in model sewage treatment
plants (columns 3 and 5 in Table 50). This is mainly due to adsorption onto sewage
sludge, whereas its biodegradation is slow. As yet, cationic surfactants are not subjected
to legal bio degradability requirements, although a group-specific analytical method
exists to follow the primary biodegradation by measuring the decrease of the disulfine
blue-active substance (DSBAS) [631].
Generally, degradation of cationics in usual screening tests is poor, maybe due to the

fact that their bactericidal properties may prevent bacterial growth at the test concen-
trations required from the analytical point of view. However, even application of very
low concentrations (5 1 mg/L) of 14C-labeled DTDMAC did not result in substantial
14CO2 formation under screening test conditions, and this indicates a poor biodegrad-
ability of DTDMAC even at concentrations that do not adversely affect bacterial
growth. Results from activated sludge studies tend to be ambiguous due to the difficulty
in distinguishing between elimination by adsorptive processes and real biodegradation.
Analytical determinations of the residual amount of the parent DTDMAC present in
the activated sludge of an OECD Confirmatory Test indicated that a major part of the
elimination was due to (primary) biodegradation [632]. The strong adsorptivity of
DTDMAC, its very slow aerobic biodegradability and its nonbiodegradability under
anaerobic conditions resulted in relatively high concentrations of this surfactant in
digested sludges [633]. These properties and findings in combination with the relatively
high ecotoxicity of DTDMAC in standard tests (Table 51) triggered the development of
alternative cationic surfactants exhibiting more favorable ecological characteristics.
Today, the fabric softener market in industrial countries has virtually completely

switched to new cationic surfactants. The major active ingredients in softeners are now
esterquats (e.g., EQ, DEQ, DEEDMAC, see Section p. 60). Esterquats are readily bi-
odegradable under aerobic and anaerobic conditions which favors a high elimination
rate in sewage treatment plants. This is attributed to genuine biodegradation (Ta-
ble 50). Although the test for detecting recalcitrant metabolites is not applicable to
strongly adsorbing compounds such as cationics, in-depth investigations of the degra-
dation behavior of triethanolamine-based [60] and other esterquats [61], [634] have
clearly indicated that these molecules are completely and ultimately biodegradable in
the environment. The comparison of the ecotoxicological data of DTDMAC and the EQ
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esterquat (Table 51) points out the favorable ecological properties of the latter group of
cationic surfactants. Although DTDMAC has not proved to be a risk for the aquatic
environment according to the PEC/PNEC concept [635], it is even more evident that the
use of esterquat cationics in fabric softeners does not have any negative impact to
aquatic life.

10.5.2. Builders

As discussed in Sections 9.1.2 and 10.3.4, the complexing agent sodium triphosphate
had been the main builder in almost all detergents in Europe, USA, Japan and other
countries for a long time. Today, phosphate-free detergents are mainly based on builder
systems consisting of the inorganic builders zeolite A and soda ash, and organic
cobuilders such as polycarboxylates and/or citrate [77].

10.5.2.1. Zeolites

The major breakthrough with respect to phosphate-reduced and nonphosphate
detergents was the development and introduction of inorganic water-insoluble sodium
aluminum silicates of the zeolite A type. The ecological behavior of this ion exchanger
had been investigated in a comprehensive research program that was started in 1973. It
covered laboratory tests and field trials conducted by experts from industry, water
authorities, and academia [636]. It was shown that no excessive sedimentation of the
insoluble particulate matter occurred in the household sewer systems and communal
sewage systems. A major part of the load of zeolite A (about 60 %) is already eliminated
in the mechanical stage of sewage treatment plants (sand trap and primary settler)
while total elimination is around 95 % after passing the biological stage and the
secondary settler. Although the mass of the sewage sludge is increased due to zeolite,
no negative effects on the purification performance of the activated sludge and on the
anaerobic amenability of the sludge in the digester was found; no decreased retention of
heavy metals in sewage plants has been detected in the presence of zeolite either.
Investigations in the 1990s showed that zeolite A is quickly transformed into an
extremely insoluble amorphous complex of basic calcium aluminum silicate phosphate
under usual sewage treatment plant conditions [637].

Although only about 5 % of the zeolite A present in raw sewage will pass the sewage
treatment plant, it was necessary to investigate all possible effects on the biota in
receiving waters. Acute and long-term toxicity to fish and daphnia proved to be very
low (EC0 > 250 mg/L), while a growth-inhibiting effect on algae could be observed at
concentrations > 10 mg/L in nutrient-poor culture media. This effect is, however, with-
out any practical relevance because it is due to ion-exchange by zeolite A and the
resulting depletion of essential trace elements in the test vessel [638]. In practice, zeolite
A will never reach oligotrophic water bodies alone but only in conjunction with other
nutrients in treated or untreated effluents. Long-term ecotoxicity data from fish (early
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life stage test) and daphnia (21-d reproduction test) revealed NOEC values of 87 mg/L
and 37 mg/L, respectively [639].
Since no suitable analytical methods are available to determine zeolite concentra-

tions in river water, calculations of the PEC were made by taking into account the
consumption figures, elimination rates in sewage plants, and a river dilution factor of
10. Such a rough estimation leads to river water concentrations of 150 – 300 mg/L
decreasing to 57 mg/L if a half-life of 1 – 2 months [640] is taken into account [637].
These figures prove the environmental safety of zeolite A since the PEC is far below the
PNEC.

10.5.2.2. Polycarboxylates

Phosphate-free detergents require cobuilders in addition to zeolite – soda ash to
achieve comparable performance to STP [77] (see Section 3.2.4). By volume, the most
important organic cobuilders are polycarboxylates, i.e., high-molecular mass (Mr
5 100 000) homopolymers of acrylic acid or copolymers of acrylic acid and maleic
acid (Table 44). These water-soluble polyelectrolytes form sparingly soluble coagulates
with excess calcium ions and adsorb on solid surfaces [641]. Based on these properties,
polycarboxylates are eliminated to a high extent (> 90 %) in mechanical-biological
sewage treatment plants [641], [642]. The contribution of biodegradation to this
effective elimination process is minute. Polycarboxylates are poorly biodegradable
except for the low molecular constituents (Mr 5 1000) as was shown by investigations
using 14C-radiolabeled model compounds. On the other hand, polycarboxylates in
real-life concentrations have proved to be without influence on the operation of sewage
plants. They exhibited no adverse effects on the biological activity of sludge bacteria,
the settling behavior of the sewage sludges, and heavy metal retention in laboratory
tests and in a field trial [641]. Large amounts of polycarboxylates in sewage sludges do
not influence the degradation process and the polycarboxylates are not redissolved in
sludge digesters [641], [642].
Similarly comprehensive studies regarding fate and effects of polycarboxylates were

conducted for the environmental compartments of surface waters and soil. These
studies have shown that neither significant biodegradation nor heavy metal remo-
bilization from the sediments is to be expected at relevant river concentrations
(5 0.1 mg/L) [641], [642]. Due to the low ecotoxicity of polycarboxylates concluded
from results of standard acute and long-term tests (acute EC50 > 200 mg/L, fish embryo
larvae test NOEC = 40 mg/L, algal growth NOEC = 32 to > 200 mg/L, daphnia
NOEC = 1.3 – 350 mg/L) a negative influence on the biota in surface waters can be
excluded. The low no-effect concentrations within the broad range of the NOEC values
observed in the chronic algae and daphnia test are connected with the precipitation of
the polymer in the test system, i.e., with physical effects [642]. Bioaccumulation of
polycarboxylates can be excluded because of their water solubility (log Pow5 – 4.2) and
their high molecular mass.

L
au

n
d
ry

D
et
er
ge

n
ts

194



Polycarboxylates enter the terrestrial compartment when sewage sludges are used for
agricultural purposes. The high-molecular polymers are retained in the top layer of the
soil, as shown by lysimeter tests; the more mobile low-molecular fractions will hardly
be present in real sludges because of their biodegradability and their less pronounced
precipitation behavior [641], [642]. Thus, contamination of ground water by polycar-
boxylates can be ruled out. As expected, the ecotoxicity of these materials to terrestrial
organisms is very low: the NOEC values in the plant growth test (> 200 mg/kg) and in
toxicity tests with earthworms (1600 mg/kg) are orders of magnitude above the PECsoil
(5 0.1 mg/kg) [641], [642].
In spite of their proved environmental compatibility, the presently used polycar-

boxylates are still regarded as detergent components which are to be substituted as
soon as efficient and biodegradable alternatives are available.

10.5.2.3. Citrates

Citrates are widely used in phosphate-free detergents and cleansers, especially in
liquid formulations (Table 44). Since citric acid is a natural constituent and a common
metabolite of most living organisms, it can be expected that its environmental behavior
is very favorable. In fact, this compound is readily biodegraded in standard ultimate
biodegradation screening tests and in continuous activated sludge tests [643]. Anaer-
obic biodegradation has also been proven [644], although only a small percentage of
this water-soluble detergent ingredient will reach the anaerobic areas of the aqueous
environment. Taking the citrate consumption in detergents and its excellent biodegrad-
ability into account, an influence of this weakly complexing agent on heavy metal
remobilization in sludges and sediments can be excluded. The same positive conclusion
is possible in regard to the ecotoxicological effects: citrate has low acute aquatic toxicity
values of LC50 4 500 mg/L (fish), EC50 4 100 mg/L (daphnia) and EC50
4 1000 mg/L (algae) [643], [644].

10.5.2.4. Sodium Carbonate (Soda Ash)

The inorganic compound soda ash plays an important role as a water-soluble builder
and cobuilder in phosphate-containing and nonphosphate detergents. Although deter-
gent-based consumption figures of soda ash are high (Table 44), no environmental
impact is to be expected, because the ecotoxicological effects observed at high concen-
trations (daphnia EC50 4 260 mg/L, fish LC50 4 200 mg/L) are due to the resulting
increase in the pH value of the test medium [643], which is irrelevant under real-life
conditions.
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10.5.2.5. Nitrilotriacetate (NTA)

In principle, NTA is an efficient builder and cobuilder in phosphate-free detergents.
Its environmental compatibility was investigated in comprehensive studies [645].
Nitrilotriacetate was found to be ultimately biodegradable in aerobic conditions,
although the degradation rate depends on temperature, concentration, and other
ambient conditions. Heavy-metal complexes of NTA are degraded more slowly. The
ecotoxicological data of NTA characterize this compound as weakly toxic to higher
aquatic organisms (fish LC50 4 100 mg/L, daphnia EC50 4 80 mg/L). The NOEC of
algal growth is in the range of 10 mg/L. In spite of these ecologically favorable
characteristics concern arose from the strong complexing properties of NTA and, hence,
the potential of heavy-metal remobilization. Due to uncertainties in regard to biode-
gradation rates of NTA under real-life conditions and its heavy-metal remobilization
potential, it was recommended in Germany in the 1980s to use NTA only to a limited
extent and to conduct further studies. The outcome of this successive program
(1987 – 1990) is that NTA is readily biodegradable and is eliminated in sewage treat-
ment plants to a high extent (95 %) irrespective of seasonal influences [646]. Heavy-
metal removal from sewage is not impaired nor is a remobilization of heavy metals
from river sediments to be anticipated below a concentration of 50 mg/L of NTA. Thus,
NTA today is considerably more positively evaluated than in the past. Nevertheless,
NTA is only used in minute amounts in detergents (Table 44), and it seems doubtful
whether this compound will play a prominent role in the future as a detergent
(co)builder.

10.5.3. Bleaching Agents (see Section 3.3)

10.5.3.1. Sodium Perborate

Sodium perborate decomposes during the washing process forming hydrogen perox-
ide and sodium metaborate. The water-soluble metaborate is not eliminated in waste-
water treatment plants and may cause a considerable increase in the boron concen-
tration in rivers. Although large regional variations exist due to geological conditions
and degree of river pollution, the ratio of anthropogenic to naturally occuring boron in
more closely investigated rivers in Germany was found to be up to 50 % in the river
Rhine [615], about 70 % in the Neckar river [647], and considerably more than 100 % in
the river Ruhr [648]. Nevertheless, a broad systematic study on the boron concen-
trations in German surface waters and drinking waters conducted in the mid-1970s
[649] showed that boron concentrations in most rivers are below 0.25 mg/L and less
than 0.1 mg/L in drinking waters. In small and heavily polluted rivers of Germany and
other European countries higher concentrations up to 1 mg/L were found [649]. In the
1990s investigations on the boron content of drinking water in Germany showed that
the concentrations had not changed significantly as compared with 1974 values [650].
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Accordingly, more recent data from the river Rhine and its tributaries [590] have
verified that the boron concentrations have not changed (rivers Rhine and Ruhr) or
have decreased considerably (rivers Main and Neckar).
The ecotoxicological behavior of borate in water and soil has been studied

comprehensively [651], [652]. The ecotoxicity of borate is relatively low. This is true
for fish and invertebrates although the effective concentrations vary in a very broad
range, depending on the individual studies. Fish LC50 values between 11 and
3400 mg/L are reported. Long-term toxicity data do not indicate a pronounced ecotoxic
action of borate either. NOEC values are clearly above a concentration of 1 mg/L [652].
However, literature data exists that indicate chronic effects towards certain aquatic
organisms, e.g., fish, algae, or reed plants in the submicrogram per liter concentration
range [643], [651], [652]. A critical re-evaluation of these previously collected data in the
light of more recent investigations showed, however, that the environmentally relevant
no effect concentration in fresh waters is not lower than 1 mg/L [652]. Taking the
reported river water concentrations of boron into account it is evident that boron does
not constitute a problem for surface waters. However, the margin between the ecotox-
icological no effect concentration and the environmental concentrations in the majority
of rivers is relatively small.
With respect to the terrestrial toxicity of boron, a specific phytotoxicity towards

certain agricultural plants exists, such as fruit trees, tomatoes, and vineyard stock.
Therefore, it is not advisable to recycle boron-containing wastewater for irrigation
purposes [651].

10.5.3.2. Sodium Percarbonate

Sodium percarbonate decomposes during the washing process forming hydrogen
peroxide and sodium carbonate. Sodium carbonate is a water soluble mineral and
ubiquitously present in the aqueous environment, because it is in equilibrium with
carbon dioxide from the atmosphere and because of the presence of other dissolved
mineral carbonates. Sodium carbonate has a very low aquatic toxicity (fish LC50 =
200 – 740 mg/L, daphnia EC50 = 265 – 565 mg/L) [643] which is attributable to the
increased pH value at these high test concentrations. Thus, the use of sodium percar-
bonate as bleaching agent in detergents will not have any significant impact on the
aquatic environment.

10.5.3.3. Tetraacetylethylenediamine (TAED)

Tetraacetylethylenediamine is the most widespread bleach activator used in laundry
products (Table 44). In the washing process it is almost quantitatively perhydrolyzed to
diacetylethylenediamine (DAED) and peracetate, the latter ultimately forming acetate.
TAED and DAED dissolve well in aqueous alkaline solutions and have a low log Pow
[653]. The ready ultimate biodegradability of the two compounds has been shown in
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several tests [643], [653]. Accordingly, the elimination in sewage treatment plants is
very high (4 95 %) [653].
The ecotoxicity of TAED and DAED is remarkably low, since no effects were observed

in the majority of tests, even at the highest concentration tested. For instance, the fish
LC50 is well above 1000 mg/L and significant effects on daphnia and algae could not be
observed at 800 and 500 mg/L, respectively [653]. Based on these biodegradation and
ecotoxicological data it can be concluded that no adverse ecological effects will result
from the use of TAED in laundry products.

10.5.4. Auxiliary Agents

Auxiliary agents are present in small amounts in many laundry product formu-
lations. Nevertheless, their widespread use in these products results in considerable
consumption figures (see Table 44) and, consequently, in a significant entry into the
environment.

10.5.4.1. Phosphonates

Phosphonate compounds with more than one phosphonate group are suitable bleach
stabilizers (see Section 3.3.4), because they are effective complexing agents and have
additional chemical properties that support the washing process. Phosphonates have
been well investigated with regard to their environmental behavior. They are poorly
biodegradable under standard test conditions, although evidence exists that the chem-
ically very stable C–P bond in phosphonates can be microbially attacked [654].
Nevertheless, phosphonates are not persistent in the environment, because they are
subject to abiotic degradation in waters and in soil [654] – [656]. The degradation rate
is strongly affected by the chemical composition of waters, e.g., the presence of metal
ions like Fe3+, and by sunlight. The degradation of HEDP is mainly based on photo-
chemical processes [654], [655] while degradation of nitrogen-containing phosphonates
seems to be a hydrolytic process that produces decomposition products which are, at
least in part, accessible to biodegradation [654], [655]. Phosphonates are partially
(about 50 %) eliminated in sewage treatment plants as shown in model experiments and
field trials [654], [657]. In sewage plants having a phosphate precipitation stage the
elimination of phosphonates is high (> 90 %) [657].

Phosphonates are strongly complexing agents which have the potential to affect the
distribution and partitioning of metal ions in sludges, sediments, and soils. Laboratory
and field studies showed no mobilization of heavy-metal ions in sewage sludges at
phosphonate concentrations in the 2 – 10 mg/L range [654], [657]. Similar investiga-
tions on heavy metal release from river sediments made clear that the strong adsorp-
tion of phosphonates to sludges and sediments will prevent that metal ion remo-
bilization occurs at environmentally relevant phosphonate concentrations of5 1 mg/L
in wastewater and 5 10 mg/L in surface waters [654].
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The aquatic toxicity of phosphonates is low. The acute fish and daphnia LC50 values
are > 100 mg/L [654]. Also, long-term NOEC data characterizes the phosphonates as
unproblematic: subchronic/chronic studies on fish and daphnia revealed NOECs
> 10 mg/L, i.e., orders of magnitude above the PEC levels [654]. Similarly to other
complexing agents or ion exchangers, phosphonates, too, pretend to be relatively toxic
to algae in standard tests. In fact, the algal NOEC was found to be in the range of
0.1 – 10 mg/L. However, there is clear evidence that this inhibition is due to the
depletion of essential micronutrients for algal growth [654]. Ultimately, bioconcen-
tration studies on two phosphonates (HEDP, ATMP) in fish [655], [656] proved that
these chemicals do not bioaccumulate significantly.

10.5.4.2. EDTA

Ethylenediaminetetraacetate played an important role as a bleach stabilizer in the
past. However, issues related to the environmental properties of this strongly chelating
agent have led to a considerable decrease of its use in detergents. For instance, in
Germany and some other European countries the use of EDTA in detergents ceased
more than a decade ago. EDTA proved to be poorly biodegradable under environmental
conditions although there is evidence that microbial degradation mechanisms exist
[658]. In standard tests for ready and inherent biodegradability, this complexing agent
indicated insignificant degradation rates and was not eliminated in a model sewage
treatment plant (4€ 2 % DOC removal in the Coupled Units Test) [643]. The insignif-
icant elimination of EDTA in two-stage sewage treatment plants was confirmed in
monitoring studies [659]. Thus, it is obvious that EDTA present in raw wastewater will
enter receiving waters almost quantitatively. Accordingly, EDTA was found in rivers of
Germany, the UK, Switzerland, and Austria in significant concentrations up to 50 mg/L
[658]. At the same time similar concentrations of EDTA were detected in raw drinking
water at sites where it is prepared from river water. This suggested that the processes
normally employed for drinking water preparation do not eliminate low EDTA levels
[659]. The influence of EDTA present in surface waters on the drinking water quality,
its possible effects on remobilization of heavy-metal ions from sludges and sediments,
and its deficiency of being adequately eliminated raised concerns over its environmental
safety. This pushed activities towards replacing EDTA by phosphonates and NTA.
From an ecotoxicological point of view no critical aspects can be deduced. EDTA is

not bioaccumulating and has a very low acute toxicity to fish and daphniae. LC/EC50
values are fairly above 100 mg/L [643], [658]. As expected, the algal growth NOEC in
standard tests is considerably lower, i.e., in the range of 10 mg/L [643] which may be
explained by the already discussed deprivation of trace metals in the test medium. On
the other hand, stimulation effects of EDTA on algal growth are reported which could
be explained by the photodegradation of ferric complexes to form less stable ferrous
complexes with an enhanced bioavailability of growth-stimulating iron [658].
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10.5.4.3. Enzymes (see Section 3.4.1)

Most detergents today contain enzymes, i.e., proteases, amylases, lipases, and cel-
lulases. Being proteins, the ultimate biodegradation of enzymes in standard tests for
ready biodegradability is high [643]. Investigations on the removal of protease in a
model sewage treatment plant indeed showed a loss of proteolytic activity of more than
99 %. Of course, enzymes are also accessible to anaerobic degradation. The acute
aquatic toxicity of enzymes is relatively low (fish LC50 = 25 – 350 mg/L, daphnia
EC50 = 160 mg/L) [643]. Algal toxicity values are in the range of EC50 = 10 – 100 mg/L.
The ecotoxicological effect concentrations of enzymes are better referred to enzyme
activity rather than to weight.

10.5.4.4. Optical Brighteners (see Section 3.4.5)

Fluorescent whitening agents (FWA) in laundry products are mainly anionic di-
aminostilbene (DAS) or distyrylbiphenyl (DSBP) derivatives. They are hydrophilic
water-soluble compounds having a high affinity to textile fibers and to particulate
matter such as sewage sludges. A considerable portion of optical brighteners present
in wastewaters is eliminated in sewage treatment plants (about 90 % in case of the most
important stilbene derivative DAS 1, and about 50 % in case of DSBP, which is the
major distyrylbiphenyl compound) [660]. This elimination is only due to adsorption
but not to biodegradation since FWA are not readily biodegradable and seem only to
undergo slow primary biological degradation [661]. In anaerobic digesters they are not
biodegraded either, so that concentrations up to 1 g per kilogram of dry matter were
found [661]. The portion of FWA not eliminated in wastewater treatment plants enters
receiving waters and is exposed to daylight. The photodegradation of DAS 1 and DSBP
was investigated in detail by experimental work and computer simulations [660]. As the
kinetics of direct photodegradation is not only a function of the chemical properties of
the FWA but also of the ambient environmental conditions (spectrum and intensity of
daylight) the half life of DAS 1 varies from a few days to six months, whereas DSBP has
a lifetime of a few hours. The photodegradation is essentially a primary degradation
that forms a large number of products from DAS 1, while the degradation of DSBP
follows a relatively simple path [660]. The triazinyl derivatives formed from DAS 1
during photodegradation are poorly biodegradable but weakly toxic in the acute fish
test (LC0 > 97 mg/L). The DSBP degradation products are predominantly accessible to
biodegradation as shown in inherent biodegradability tests [660]. Recent monitoring
data of the two major FWA species obtained in Germany and Switzerland revealed
results that were well comparable with individual concentrations in the microgram per
liter range in sewage, in the milligram per kilogram range in sludges and sediments,
and in the nanogram per liter range in river waters [660].
The aquatic toxicity of FWA is low. Tests indicate fish LC50 values of > 320 mg/L

(DAS 1) and > 70 mg/L (DSBP), respectively. The daphnia EC50 value for individual
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FWA is > 1000 mg/L. The algal toxicity is uncritical (EC50 > 80 and > 10 mg/L, respec-
tively) as well. The low ecotoxicity of FWA, which, in addition, do not bioaccumulate
[661], is confirmed by the NOEC values determined for DSBP in the prolonged fish test
(> 1 mg/L) and the three-week daphnia reproduction test (> 7.5 mg/L). The compari-
son of the PNEC deduced from these experimental results with the measured environ-
mental concentrations does not indicate an environmental risk.

10.5.4.5. Carboxymethyl Cellulose

Carboxymethyl cellulose is a classical soil antiredeposition agent contained in some
detergents. It is a water-soluble polymer which is only very slowly biodegraded [643],
[662]. The resistance to biodegradation increases with the degree of substitution of free
hydroxyl groups by carboxymethyl groups [662]. Thus, it is understandable that
detergent-based CMC exhibits only poor results in ready biodegradability tests. Even
in inherent biodegradability tests like the Zahn –Wellens test only a 40 % elimination
value was found [643]. Also in the Coupled Units model sewage treatment plant CMC
showed only a partial elimination with a 25 % DOC removal [643]. On the other hand,
the polymer exhibits the expected very low aquatic toxicity with EC0 values
> 1000 mg/L in the acute fish and daphnia test [643]. Based on these data CMC is
not considered a detergent chemical impacting the environmental biota.

10.5.4.6. Dye Transfer Inhibitors

Dye transfer inhibitors are polymeric compounds that prevent the transfer of dyes
from one laundry item to an other via the wash bath. A prominent representative of
these compounds is poly(N-vinylpyrollidone) (PVP). Its ecological behavior is similar to
that of CMC, i.e., PVP is poorly biodegradable in standard biodegradation tests and
eliminated in sewage treatment plants only to a limited extent. The very low ecotoxicity
of the polymer (chronic toxicity NOEC > 100 mg/L) on the other hand assures that no
detrimental effects from PVP will result in the aquatic environment.

10.5.4.7. Fragrances

Fragrances are mostly present at concentrations 5 1 % in almost all laundry prod-
ucts. Usually, they are very complex mixtures of numerous individual perfume com-
ponents that differ in their chemical structure and therefore in their ecological behavior.
Due to their volatility and adsorbing properties they have been considered hardly
relevant to the aquatic environment. However, more recent studies have revealed that
certain perfume compounds, e.g., musk xylene, can be detected in fish and river water,
obviously due to a bioaccumulation process [663]. This nitro musk compound has a
high log Pow and is poorly biodegradable. Since this compound has also been detected
in human adipose tissues and mother's milk [664], the detergent and cosmetic industry
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in some European countries (Germany, The Netherlands) has discontinued using this
component in its products. This case exemplifies the necessity of a sufficient ecological
knowledge on any detergent ingredient irrespective of whether it is contained in the
product in high or very low concentrations. Presently, extensive investigation programs
are under way to found a sound basis for the ecological evaluation of perfume
ingredients used in detergents and cosmetics.

10.5.4.8. Foam Regulators (see Section 3.4.3)

Two key groups of chemicals used as antifoam agents are silicone fluids (polydi-
methylsiloxanes, PDMS) and paraffins (Table 44). Paraffins are accessible to ultimate
biodegradation but the rate is strongly dependent on the chain length and the molec-
ular mass, respectively. Polydimethylsiloxanes are not biodegradable but virtually
quantitatively eliminated in sewage treatment plants due to their strong adsorptivity
on sludges. PDMS that enter the terrestrial environment when sewage sludges are used
for agricultural purposes are not persistent as they are abiotically decomposed in the
presence of clay soils. Volatile cyclic products and linear water soluble siloxanols are
formed which may undergo photolytic oxidative degradation [665]. PDMS and paraf-
fins exhibit a low aquatic toxicity and have no bioaccumulation potential due to their
polymeric properties. They will not have adverse effects on the environment.

10.5.4.9. Soil Repellents

The most important soil repellents in detergents are anionically modified polymers
from terephthalic acid and poly(ethylene glycol). Due to their polymeric nature they are
not readily biodegradable but, nevertheless, accessible to ultimate biodegradation
under aerobic and anaerobic conditions. Based on results obtained in a static activated
sludge biodegradation test system (OECD 202 B), the extent of elimination under
sewage treatment plant conditions is expected to be very high. The ecotoxicity of these
polymers is very low. They exhibit no acute toxic effects to fish, daphnids, and algae at
the highest concentration tested (100 mg/L) which is clearly above their water solu-
bility. Taking this data and the relatively low consumption figures (Table 44) into
account it can be concluded that soil repellents pose no risk to the aquatic environ-
ment.

10.5.4.10. Dyes

Dyes are sometimes used in powder and liquid detergent products. The total usage of
these complex compounds in detergents is very low (Table 44). Available ecological
information on these materials from the producers' safety data sheets characterize them
as poorly biodegradable and having low acute aquatic toxicity.
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10.5.4.11. Sodium Sulfate

Sodium sulfate is used mainly as a filler in conventional powder detergents. The
German consumption figure of this inorganic salt in detergents has decreased consid-
erably within the last few years (1997: 100100; 1999: 74 600 t/a [666]), mainly due to
the growing market share of compact detergents. Sodium and sulfate ions are natural
constituents of surface waters. Based on recent consumption figures (Table 44) and
sulfate concentrations in several German rivers (30 – 160 mg/L), it can be calculated
that the contribution of detergents to the sulfate load in rivers is less than 1 %. The
aquatic toxicity of sodium sulfate is very low. The LC50 is in the range of > 1 g/L [643].
Hence, regarding the mass balance and the ecotoxicity of this compound it is obvious
that sodium sulfate from detergents does not represent a significant factor influencing
the aquatic environment.

11. Toxicology
Detergents are products designed for everyday use; thus, they are found in large

quantity in nearly every household. The home is quite unlike the industrial workplace:
one cannot assume that every user of a household product plays strict attention to
warning labels or recommended safety precautions. For this reason, any product offered
on the market must insofar as possible be formulated so that it represents no significant
or foreseeable health hazard, regardless of whether or not the product is properly
handled. This in turn means that even at the earliest stages of raw material selection,
great value should be attached to chemicals known to be harmless to humans following
any realistic type of exposure.
The following types of exposure must be taken into account in assessing the risk

presented by detergents and their components:

Skin contact (wash bath, residues remaining on laundered items, or exposure during
manufacture)
Ingestion (accidents, especially with children, and trace residues in drinking water)
Inhalation (during production or use of powder detergents)

Extensive toxicological studies are required, and the results must be carefully
weighed, taking into account the amount and stability of individual substances. Such
studies should examine local effects (skin irritation, development of allergic reactions
on contact, skin penetration), systemic effects (both acute and chronic), and potential
hazards of a more subtle nature (mutagenicity, embryotoxicity, and carcinogenicity).
This chapter begins by examining the toxicology of the main detergent constituents,

after which the properties of complete detergent formulations are explored. The
approach is analogous to that followed in practice by a manufacturer in the course
of product development.
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11.1. Detergent Ingredients

11.1.1. Surfactants

Most of the biological properties of surfactants can be understood in terms of
interactions occurring between surfactant molecules and such fundamental biological
structures as membranes, proteins, and enzymes. Contact between a surfactant and a
membrane leads to changes in membrane permeability, and in extreme cases, can even
result in membrane solubilization. The most obvious potential consequence is inter-
ference with material transport and, ultimately, cell damage. A further danger is the
fact that surfactants can significantly affect the resorption of other chemicals.
Proteins form adsorption complexes with both anionic and cationic surfactants.

Complex formation is often a consequence of polar interactions between the hydro-
philic residue of a surfactant and charged sites on the protein molecule, but hydro-
phobic interactions can also play a role. Such complex formation results in protein
denaturation, which in the case of an enzyme implies a reduction or even total loss of
catalytic activity, corresponding to a change in metabolic function [667].

Nonionic surfactants are characterized by their lack of strongly polar functional
groups. Thus, compounds of this class rarely cause protein denaturation. They can
induce a limited amount of protein solubilization, but the concentrations required for
the appearance of harmful effects are usually greater than those of ionic surfactants.
Transport through skin is an important consideration with respect to detergent

ingredients, which tends to be quite low for anionic and cationic surfactants [668],
[669]. Transport is greater for nonionic surfactants, but again the amount of material
capable of entering an organism by this route is so low that it can be essentially
disregarded as a potential hazard [670]. By contrast, both anionic and nonionic
surfactants can be readily resorbed through the gastrointestinal tract following their
ingestion, whereas the intestinal resorption of cationic surfactants is low [671]. Even
absorbed surfactants are relatively harmless because they are rapidly metabolized,
mainly by b- or o-oxidation of alkyl chains and some cleavage of poly(alkylene glycol)
ether linkages. Elimination occurs through the bile and the urine; significant accumu-
lation within the body has never been demonstrated.
The ability of surface-active agents to emulsify lipids means that repeated or pro-

longed exposure to surfactant-containing solutions can cause damage to the lipid film
layer that covers the skin surface. As a consequence, the barrier function of the lipids is
impaired, leading to increased permeability and loss of moisture. This is evidenced by
dryness, roughness, and flaking of the skin. Very prolonged exposure to concentrated
surfactant solutions can lead to serious damage and even necrosis. Skin tolerance varies
widely among the compounds making up each class of surfactants. Nevertheless, one
can generalize that tolerance to surfactants tends to increase in the order cationic,
anionic, nonionic materials.
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Broadly speaking, all of the commercially relevant surfactants are well-tolerated in
the concentration ranges applicable to detergent use [672], [673]. However, certain
structure – activity relationships have been found. With nonionic surfactants, for ex-
ample alcohol ethoxylates, skin irritation diminishes with an increasing degree of
ethoxylation [674]. For anionic surfactants, the length of the alkyl chain is closely
related to skin irritability. Thus, within a given homologous series, compounds con-
taining saturated alkyl chains of 10 – 12 carbon atoms show the strongest effects [675].
The eye is much more sensitive than skin to damage by small amounts of surfactants.

Anionic surfactant solutions with a concentration above ca. 1 % can produce minor eye
irritation, although this is normally reversible [675]. Serious damage is likely only if the
eye comes in direct contact with a concentrated surfactant solution and if this contact is
not followed by immediate and intensive flushing with water.
Virtually all surfactants that are employed in detergents have been the subject of

extensive investigation with respect to their allergenic properties. In no case has an
increased risk of allergy for the consumer been demonstrated. A few isolated examples
of sudden, multiple allergic reactions in connection with anionic surfactants (alkyl ether
sulfates or a-olefinsulfonates) were later traced to impurities of 1,3-sultones and
chlorosultones, compounds that have long been recognized as potent allergens and
that can arise by bleaching of surfactants with hypochlorite at low pH [676].
The acute oral toxicity of surfactants is low; LD50 values normally fall in the range of

several hundred to several thousand milligrams per kilogram of body weight [677]. The
major detrimental effect of surfactants is damage to the mucous membranes of the
gastrointestinal tract. High doses lead to vomiting and diarrhea. If a surfactant reaches
the circulatory system, it can cause damage even in very low concentration as a result of
interactions with erythrocyte cell membranes, ultimately resulting in destruction of the
cells (hemolysis). Inhalation of dust or aerosol containing high concentrations of
surfactants can interfere with pulmonary functions [678]. This interference can be
partly attributed to interactions with the surface-active film of the vesicles of the lung
[679].
The possibility of chronic toxicity has been a subject of intense investigation with

members of all of the surfactant classes. Tests with experimental animals involving
exposures for up to two years in dosage ranges of several thousand parts per million
have without exception shown complete safety [672], [673], [680]. Moreover, a number
of investigations have been conducted over long periods of time with human volunteers.
Substantial amounts of both anionic and nonionic surfactants were administered, but
no serious side effects were discovered [677].
Neither long-term oral ingestion nor continuous skin exposure has ever suggested

that surfactants within the three major groups possess carcinogenic activity [672], [681].
Similarly, surfactants can be regarded as completely devoid of both mutagenic [682]
and teratogenic [672] , [681] characteristics.
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11.1.2. Builders

The most important substances in this category are sodium triphosphate, zeolite A,
and sodium nitrilotriacetate (NTA).
Pentasodium triphosphate can be regarded as innocuous. Effects of triphosphate

ingestion first become acute with dosages of several grams per kilogram of body weight,
and even these manifestations are simply a result of localized damage caused by the
high alkalinity of concentrated phosphate solutions [683].
Zeolite A has undergone intensive toxicological investigation and has been found to

possess absolutely no acute toxicity. The compound is also tolerated well locally. No
adverse effects are seen with eye tissue beyond those associated with the presence of any
foreign body. Studies on chronic toxicity or carcinogenicity following oral ingestion
have also shown zeolite A to be completely safe when used in detergents, even
considering long-term use of the products. Inhalation of the material leads neither
to silicosis nor to the development of tumors. Isolated reports of alleged carcinogenic
activity have been associated with synthetic zeolites, but these have been shown to be
related to the presence of natural zeolites possessing a fibrous morphology. The latter
are indeed capable of inducing tumors, unlike zeolite A, which consists of cubic
crystals. In summary, zeolite A appears to present no health risks [684].

NTA shows little acute toxicity with respect to both inhalation and oral ingestion.
Moreover, the compound produces minimal adverse effects on the skin even after
repeated exposure, and it has no sensitizing properties. NTA is readily absorbed
through the gastrointestinal tract, but it is then quickly eliminated without being
metabolized. Numerous investigations support the conclusion that NTA is not a
mutagen. Results from animal studies have shown that repeated applications of large
amounts of NTA can cause changes in the urinary tract, including tumor formation, but
these changes seem to be due to alterations in the metabolism of certain divalent
cations by interaction with the complexing agent NTA. This effect is not considered
relevant to conditions likely to be found when NTA is used in detergents. The possi-
bility cannot be excluded that use of NTA could lead to trace amounts in drinking
water. Nevertheless, concentrations to date have never been found to exceed a few
micrograms per liter, and toxicological data suggest that this presents no human health
risk [685] – [690].

11.1.3. Bleach-Active Compounds

Sodium perborate and sodium percarbonate show only slight acute toxicity. Exten-
sive contact with concentrated solutions can cause irritation to the skin and mucous
membranes, but this is a consequence of alkalinity rather than a specific effect of the
substances themselves. The rapid hydrolysis of the bleaching agent means that any
physiological effects that are observed will be those of borates or carbonates, respec-
tively. While it is true that these substances pass readily through the mucous mem-
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branes or through damaged skin surfaces, intact skin prevents excessive amounts from
being absorbed. However, the intestinal tract is capable of admitting substantial
amounts of boric acid, and the substance is considered lethal to adults at a dose of
18 – 20 g [691]. Recent studies have revealed reprotoxic effects in animals treated with
borate [692]. However, with respect to the exposure situation of normal use of
detergents a human health risk can be excluded.

11.1.4. Auxiliary Agents

Enzymes. The proteolytic enzymes employed in detergents are quite safe from a
toxicological standpoint. Evidence of local skin irritation appears to be rare, as are
systemic effects following ingestion. As with all proteins, however, human allergic
reactions are possible. Indeed, exposure to industrial dust in the early days of the
production of enzyme-containing detergents resulted in a number of asthmatic reac-
tions among factory workers. This risk has been eliminated by drastic reduction in the
enzyme concentration of industrial dust and by the introduction of coated enzyme
granulates, prills, and extrudates.
The possibility that a consumer might inhale significant amounts of enzyme from

detergent dust can be essentially excluded. Thus, the only plausible and relevant form
of consumer exposure is skin contact in the course of dealing with hand-washable
items. At one time a definite relationship was assumed between skin reactions and use
of enzyme-containing detergents, but a large body of evidence now shows the contrary.
It appears safe to say that the presence of enzymes does not contribute to skin irritation
by detergents, nor does it lead to increased risk of allergenic reactions [693] – [695].

Fluorescent Whitening Agents. Much information is now available that supports
the conclusion that the fluorescent whitening agents employed in detergents are safe
materials. All studies on toxicity, teratogenicity, mutagenicity, and carcinogenicity are
consistent in affirming that such compounds present no risk. Local tolerance of the
substances is also good, and they display no tendency to cause sensitization. Moreover,
long-term studies involving cutaneous application have failed to reveal any carcinogenic
potential. Fluorescent whitening agents bind rather tightly to proteinaceous material; as
a result, they are firmly retained by the upper keratin layer of the skin, ruling out any
significant percutaneous transport. The correspondingly firm binding to textile fibers
implies that risks of exposure by way of clothing can also be disregarded. In other
words, all available toxicological and dermatological evidence supports the belief that
low-concentration detergent use of fluorescent whitening agents presents no human
health risk [696], [697].
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11.2. Finished Detergents

Appropriate choice of ingredients has enabled manufacturers to assure the virtual
absence of health risks associated with detergent use. Potential long-term and systemic
risks, such as mutagenicity, carcinogenicity, allergy, etc., all are examined and elimi-
nated in the course of the thorough evaluations that routinely accompany raw material
considerations during product development. Nevertheless, the possibility remains that
finished products could reveal harmful characteristics despite the safety of the raw
materials. Acute toxicity and localized reactions are both potential areas of concern,
because complex mixtures occasionally show behavior in these respects different from
that predicted for the sum of the components.
In fact, the usual commercial detergents display only minimal acute toxicity. Oral

ingestion leads usually to vomiting, and this may be accompanied by irritation of the
mucous membranes of the gastrointestinal tract and diarrhea. Low toxicity and the fact
that vomiting is virtually unpreventable after ingestion of large quantities of detergent
essentially exclude any serious threat of poisoning through product misuse, even with
respect to children.
Skin irritation is also practically ruled out for modern detergents, provided they are

used as directed. Nevertheless, the surfactants that are present and the alkalinity of
detergent solutions cause natural lipids to be removed from exposed skin, which can
result in minor irritation. Most reported instances of skin irritation can be attributed to
extreme levels of exposure coupled with inadequate skin care.

Similarly, no risks appear to be associated with the use of laundry and clothing that
has been treated with modern detergents. Only very small amounts of the detergent
components (e.g., surfactants, zeolites, fabric softeners) remain on the fabric after
rinsing [698]. Of these minor remnants again only traces can be transferred to the
skin, amounts well under the limits of local or systemic toxicity [698], [699].

11.3. Conclusions

The constituents of modern detergents can be regarded as toxicologically well
characterized and safe for the consumer. The occupational safety concerns that remain
in the production process center around surfactants, alkaline components, and the local
effects these elements can have on the skin and mucous membranes. Detergent
enzymes present the potential for allergenic problems, but the risk is minimal if
suitable protective measures are implemented.
From the standpoint of consumer protection, the standard commercial detergents

are entirely safe. Even inadvertent misuse of the products can be expected to lead to
only minor effects, which are readily reversible.
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12. Textiles
A dominant characteristic of the current textile market is the large range of available

products. Moreover, essentially all of the fiber types that are worked into textiles for
everyday use lend themselves to washing with water— although not all fabrics and
finished goods are equally able to withstand high wash temperatures, the alkaline
medium, and vigorous mechanical action. Of course, articles that cannot be regarded
as washable require dry cleaning; examples include wool suits and dresses, silk neckties,
and various highly ornamented items made from a variety of different materials.
Nevertheless, the overwhelming majority of fabrics and knitwear is washable and is
washed— in some cases very frequently. Proper washing conditions vary from fabric to
fabric, depending on a number of parameters.
Questions regarding washability and, in particular, choice of optimum washing

conditions (e.g., selecting the proper cycle with an automatic washing machine), can
no longer be resolved simply by determining what type of fibers is involved. Indeed, it
has become increasingly necessary to take into account such factors as the types of dyes
present and finishing operations to which a fabric may have been subjected.

Dyeing and Printing. Dyes for Cellulosic Fibers. All cellulosic fibers (cotton, linen,
viscose, etc.) resemble one another in their properties and can all be dyed with the same
materials and by similar procedures. What follows is a description of the major types of
dyes appropriate to these fibers.

Direct dyes are transferred onto the fibers directly from a hot dye bath. Materials
that have been subjected to direct dyeing are quite capable of withstanding a gentle
wash cycle at 40 �C, although subsequent treatment with special chemicals can further
improve both wash- and water-fastness.
If a textile color is to withstand hot-water washing (60 �C) and if a direct dye is to be

used, the dye must be carefully selected and a special treatment (fixation) must be
administered to increase fastness. Alternatively, dyes can be chosen that lend them-
selves to after-coppering. In any event, dyes must be chosen from the appropriate
fastness grouping at the time of original dyeing.
If a dyed cellulosic fabric is to be subjected to particularly high demands for fastness,

a dye of an entirely different type is commonly selected. Among these are vat dyes,
reactive dyes, or dyes in the naphthol, phthalocyanine, or sulfur categories. Reactive
dyes are capable of forming chemical bonds with cellulose molecules, which display
exceptionally high degrees of water fastness.

Dyes for Wool and Silk. Only relatively few such dyes are sufficiently versatile for
application to wool and silk. Wool is normally treated with acid dyes, at least in the
absence of extraordinary requirements for fastness. Metal-complex dyes have been
specially developed for the treatment of wool, and they possess unusually good fastness
properties.

Te
xt
ile

s

209

Laundry Detergents. E. Smulders
Copyright © 2002  Wiley-VCH Verlag GmbH  &  Co. KGaA

ISBNs: 3-527-30520-3 (Hardback); 3-527-60045-0 (Electronic)



Dyes for Synthetic and Cellulose Acetate Fibers. Synthetic and cellulose acetate fibers are
generally treated with disperse dyes or, in some cases, pigment dyes. The insoluble
coloring agent present is subsequently fixed to the fabric with the aid of heat-setting
resins.
The printing of textiles entails the use of essentially the same coloring agents that are

employed in dyeing; a separate discussion of this process is therefore unnecessary. In
any case, a crucial step in dying and printing of textiles is a special treatment to
maximize color fastness. If the color fastness is insufficient, the dyes will severely fade
upon washing. The lower the fastness, the more easily colors will fade, independent of
the composition and ingredients of the detergents used. Low quality colored textiles
may already fade when only water and mechanical action are applied to them.

Finishing. Consumers have come to expect fabrics emerging from washing with
relatively few wrinkles. Wrinkles that remain should disappear quickly or easily be
ironed off without the need for special treatment. Meeting these expectations has
required manufacturers to develop special finishing methods involving the use of
special resins. Appropriate water-soluble resin precondensates are applied to the raw
fabric, which are induced to condense during a subsequent drying process.
With the assumption that washing is conducted under the proper conditions, resin

finishing assures that the original crease angle is largely restored as the fabric dries,
thereby eliminating the need for ironing. Furthermore, garments treated in this manner
retain their form as they are worn. Resin-finished fabrics are frequently called per-
manent-press, easy-care, wash-and-wear, or no-iron fabrics.
Fabric finishes tend not to be permanent: the benefits they confer are gradually lost

as a garment is subjected to repeated washing. Certain finishing characteristics can be
restored by laundry aftertreatment aids, however, particularly softness, stiffness, or
antistatic properties.
In some countries (e.g., the USA and Canada), flameproofing is another form of

fabric finishing commonly applied to household goods. Items that have been so treated
are generally identified by special labels. Strict adherence to manufacturer's washing
instructions is necessary if lack of flammability is to be maintained.
A recent form of fabric finishing is the application of sun protection for special

textiles such as garments for leisure, sports, and children's wear. Sun protection for
fabrics is considered particularly valuable for regions with increased UV radiation due
to ozone depletion in the stratosphere. Sun-protection finishings are commercially
available, and are permanent and washfast [700], [701].

Washable Fabrics. Textile demand for washable fabrics in Europe (i.e., in the
countries comprising the EU) for 1994 is outlined in Table 52 [702]. Three types of
material can be seen to account for most of the sales: cotton (47 %), wool (9 %), and
synthetic fibers (42 %). Attention is drawn to the fact that by far the largest part of
synthetic fibers for domestic use is blended with natural fibers such as cotton and wool.
Pure synthetic fibers are used only to a lesser extent for apparel and home furnishing
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textiles except upholstery and curtains. Table 52 also reveals the distribution of these
fabrics over the principal categories of household washables.
In Western Europe, the proportion of white goods in a typical laundry has been quite

constant since 1988. This trend is illustrated for Germany in Figure 103. These data can
be extrapolated to reflect generally the situation in the European Community as a
whole.
Table 53 shows the distribution of colored and white washables in the USA. The

proportion of white fabrics in Japan is somewhat larger, it accounted for 35 % of total

Table 52. Fiber consumption in the domestic production of the most important washable textile articles in the
European Union 1994 * (1000 t)

Textiles Total Wool Cotton Cellulosics Polya-
mide

Polyester Acrylics Others

Apparel
Workwear 65.3 41.9 1.3 1.3 19.9 0.3 0.6
Skirts 61.8 11.6 17.5 5.5 0.8 23.4 2.1 0.9
Long trousers 70.0 8.7 40.8 1.9 1.7 15.0 1.2 0.7
Sweaters 251.0 66.5 40.9 3.3 6.1 18.1 115.2 0.9
T-shirts and sweater
shirts

54.9 1.9 40.7 3.8 0.4 5.3 2.6 0.2

Blouses and shirts 81.8 0.3 43.1 9.8 0.6 26.5 0.9 0.6
Underwear 66.6 0.1 54.1 1.6 4.2 5.4 0.9 0.3
Night wear 37.8 0.5 24.0 0.8 2.6 7.8 1.8 0.3
Footwear 139.0 9.3 49.4 66.5 1.0 8.6 4.2
Brassieres and
foundation garments 9.0 0.3 0.8 4.8 1.3 0.2 1.6

Home furnishing
Towels 71.8 70.3 0.9 0.2 0.1 0.3
Bed linen 181.0 132.9 4.5 0.9 39.2 3.5
Blankets 47.7 12.9 3.1 1.9 0.7 2.0 25.1 2.0
Net curtains 67.4 7.2 2.3 0.2 51.9 5.6 0.2
Table linen 21.5 12.0 1.4 0.3 3.6 1.2 3.0

100 % 9.1 % 47.1 % 3.2 % 7.5 18.0 % 13.5 % 1.6 %
* Excluding Denmark, Ireland, and Greece.

Figure 103. Proportions of wash loads in Germany (%)
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laundry in 1994 (see Fig. 104). The washable fabrics comprise home-washed domestic
laundry including clothing, towels, bed sheets, etc. [703].

Washing Conditions. Washable woven and knitted fabrics are normally washed
either in the household, in a launderette, or by a professional laundry. The distribution
among the three varies widely from country to country. In Germany, for example, more
than 90 % of household laundry is done at home, usually in a horizontal-axis drum-type
machine. In Europe generally, wherever the percentage of households with washing
machines is high, the fraction of the laundry done at home is also high. A major reason
for this pattern is the substantial reduction of effort brought by the technological
advances incorporated in current automatic washers. The process has become even
simpler with the advent of wash-and-wear fabrics. The finishing work associated with a
load of laundry currently entails little more than folding and putting away the washed
and dried articles (Fig. 105).
Establishing proper washing conditions— temperature, time, mechanical input,

wash liquor ratio, and detergent— requires consideration of the characteristics of each
of the materials that make up a given article of laundry. For this reason, washability is a
characteristic that can only be measured with respect to finished goods. However,

Figure 104. Distribution of white and colored wash-
ables in Japan

Table 53. Distribution of colored and white fabrics in the USA

Fabric color Percentage

(% white) 1993 1995 1997 1999

Only white (100 %) 18 17 18 17
Mostly white (75 %) 12 13 12 12
Mixed white (50 %) 21 19 18 18
Mostly colored (25 %) 16 17 16 17
Only colored (0 %) 33 34 36 36
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conditions imposed during washing, drying, and ironing differ, depending on whether
the process is carried out at home or in a commercial laundry. Differences occur in
times required for washing and drying, the stress imposed in conjunction with hot-air
drying, and the pressure and temperature associated with ironing.
Throughout Europe, white and colorfast cottons are usually washed with a heavy-

duty detergent and a normal machine program, i.e., at 60 – 95 �C with a low wash
liquor ratio and a standard amount of mechanical input. Cottons that are not colorfast
are usually washed at 40 – 60�C, frequently with color detergents. Pastel coloreds often
require the use of specialty detergents or heavy-duty detergents designed for colored
fabrics; their main advantage is the absence of fluorescent whiteners and bleaching
agents.
Woolens and silks are regarded as especially sensitive to washing conditions. In some

cases, these fabrics must simply be accepted as non-washable and submitted to dry
cleaning. The surface of a wool fiber has a unique “scaly” construction; this peculiar
morphology contributes to wool's characteristic tendency toward felting. This term is
used to describe the appearance of wool after mechanical action has caused individual
fibers to become entangled with one another. Wool can be washed much more success-
fully if it is first given a special treatment known as an antifelting finish. Woolens and
silks should always be washed at low temperature (maximum 30 �C), using a high wash

Figure 105. Effort involved in the laundry process in Germany [704]
The reduction in energy expenditure accompanying various stages of technological development through the last 50
years is symbolized by the length of the black bars under the various pictures. The more automated the process and
the more nearly the fabrics show “easy-care” (“wash and wear”) characteristics, the less the effort required.
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liquor ratio and a reduced level of mechanical input. The detergent employed should be
either designed for easy-care fabrics or else a product specifically intended for wool.

Synthetic fabrics made from regenerated cellulose fibers (e.g., rayon staple or
artificial wool), require a wash temperature of 60 �C, but if sensitive colors are present,
the temperature should be reduced to ca. 40 �C. A high wash liquor ratio is rec-
ommended, as is a limited amount of mechanical input. Cellulose acetate is generally
washed at 40 �C.

Pure synthetics are best washed using a gentle program with a high wash liquor
ratio. A heavy-duty detergent is considered appropriate, as is one designed for easy-care
fabrics. In some cases a specialty detergent for colored fabrics is necessary (e.g., with
uniformly colored pastels, when optical brighteners are to be avoided).
White polyamide fabrics can be washed at 60 �C, colored polyamide fabrics at 30 or

40 �C.
White polyester fabrics are washed at 40 or 60 �C, whereas colored polyesters can

only withstand a wash temperature of 40 �C.
Knitware made of polyacrylonitrile is treated like wool, i.e., it is washed in cold water

(or at a maximum of 30 �C). White polyurethane-containing undergarments can be
washed at 40 – 60 �C, and colored items at either 40 or 60 �C, depending on the degree
of colorfastness.

Many of the easy-care fabrics on the market consist of blends of two or more fiber
types brought together as the material is woven or knitted. Such blends are treated like
easy-care fabrics, using a high wash liquor ratio and gentle agitation. Recommended
wash temperatures vary, depending on the nature and composition of the blend. In
general, the recommended laundering conditions are those that apply to the major
constituent. Wool/polyacrylonitrile or wool/polyester blends are always washed at low
temperature (maximum 30 �C), whereas with permanent-press cotton/polyester blends,
60 �C is appropriate.
Items that consist of two or more types of fabric or yarn (e.g., linen tablecloths with

wool embroidery, cotton shirts with polyamide piping, jackets with an easy-care
exterior and a standard rayon lining, etc.) require different treatment than blended
fabrics. The same applies to materials containing dyes of varying degrees of fastness.
Such items must always be washed, dried, and ironed under the conditions applicable
to the most sensitive fabric or color present, even if this fabric constitutes only a small
portion of the whole. For example, a cotton tablecloth with a small amount of wool
embroidery requires the same treatment as if it were made entirely of wool. Table 54
provides a summary of the washability of various fibers.

Care Labeling. The European Community (EC), acting in the interest of consumers,
has developed a uniform and comprehensive system of care labeling for textile goods.
This system has required the cooperation of textile fiber manufacturers, the textile and
detergent industries, and representatives of the laundry and dry-cleaning trades. The
results are illustrated in Figure 106 [705]. Labels of the approved type are permanently
affixed to items of clothing prior to sale, providing the consumer with a straightforward
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guide to proper washing and handling. The symbols themselves are internationally
protected trademarks, the rights to which are held by the Groupement International
d'Etiquetage pour l'Entretien des Textiles (GINETEX). The German trademark rights
rest with the Arbeitsgemeinschaft Pflegekennzeichen f�r Textilien in der Bundesre-
publik Deutschland, itself a member of GINETEX. The German organization also
confers the right to use these symbols. No license fees are entailed, but the symbols
must be used correctly and in their entirety, as specified in the appropriate guidelines.
Improper use can lead to loss of the right to employ the symbols. Care labels must be
understood merely as sources of advice; they do not in any sense represent evidence of
product quality. Nevertheless, any label that appears must be appropriate to the item in
question and must be legible and permanently affixed. In NAFTA countries care
symbols used are nearly identical to those employed in the EC. Only in a few cases
do they differ somewhat.

Laundry Sorting. In Europe, all laundry is customarily sorted on the basis of the
care symbols described above. The situation in the USA is rather different, primarily
because of the use of different washing conditions (cf. Table 17). In particular, average
wash temperatures in North America are significantly lower than in Europe, partly due
to the absence of heating units in North American washing machines. Temperature
recommendations applicable under these conditions are outlined in Table 55. Sorting of

Table 54. Washability of textiles

Fibers White Colored Pastel colored

Temperature,
�C

Bath
ratio *

Temperature, �C Bath
ratio *

Temperature, �C Bath
ratio *

Natural fibers
Cotton 95 low 40, 60, or 95 ** low 95 or 60 low or

high
Linen 95 low 40, 60, or 95 ** low 95 or 60 low or

high
Wool cold, 530 high cold, 530 high cold, 530 high
Silk cold, 530 high cold, 530 high cold, 530 high

Chemical fibers
(cellulosics)
Rayon staple 60 high 60 or 40 high 60 or 40 high
Acetate 40 high 40 high 40 high

Chemical fibers
(synthetics)
Polyamide 60 high 30 or 40 high 30 or 40 high
Polyester 30 – 60 high 30 or 40 high 30 or 40 high

Polyacrylo-
nitrile

cold, 530 high cold, 530 high cold, 530 high

Polyurethane 40 – 60 high 40 – 60 high 40 – 60 high
* Low: bath ratio 1 : 5 and normal mechanical input; high: bath ratio 1 : 20 to 1 : 30 and decreased mechanical input.
** Colorfast items.
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Figure 106. GINETEX international care labeling symbols

Washing

Symbol Washing process

– maximum temperature 95 �C
– mechanical action normal
– rinsing normal
– spinning normal

– maximum temperature 95 �C
– mechanical action reduced
– rinsing at gradually decreasing temperature (cool down)
– spinning reduced

– maximum temperature 70 �C
– mechanical action normal
– rinsing normal
– spinning normal

– maximum temperature 60 �C
– mechanical action normal
– rinsing normal
– spinning normal

– maximum temperature 60 �C
– mechanical action reduced
– rinsing at gradually decreasing temperature (cool down)
– spinning reduced

– maximum temperature 50 �C
– mechanical action reduced
– rinsing at gradually decreasing temperature (cool down)
– spinning reduced

– maximum temperature 40 �C
– mechanical action normal
– rinsing normal
– spinning normal

– maximum temperature 40 �C
– mechanical action reduced
– rinsing at gradually decreasing temperature (cool down)
– spinning reduced
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Washing

Symbol Washing process

– maximum temperature 40 �C
– mechanical action much reduced
– rinsing normal
– spinning reduced
– do not wring by hand

– maximum temperature 30 �C
– mechanical action much reduced
– rinsing at gradually decreasing temperature (cool down)
– spinning reduced

– hand wash only
– do not machine wash
– maximum temperature 40 �C
– handle with care

– do not wash
– be cautious when treating in wet stage

Chlorine–based bleaching (hypochlorite)

Symbol Process

– chlorine-based bleaching allowed
– only cold and dilute solution

– do not use chlorine-based bleach

Ironing

Symbol Process

– iron at a maximum sole-plate temperature of 200 �C
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Washing

Symbol Washing process

– iron at a maximum sole-plate temperature of 150 �C

– iron at a maximum sole-plate temperature of 110 �C
– steam-ironing may be risky

– do not iron
– steaming and steam treatments are not allowed

Chlorine–based bleaching (hypochlorite)

Symbol Process

– dry-cleaning in all solvents normally used for dry-cleaning – this includes all solvents listed
for the symbol P plus trichloroethylene and 1,1,1-trichloroethane

– dry-cleaning in tetrachloroehtylene, monofluorotrichloromethane and all solvents listed for
the symbol F

– normal cleaning procedures without restrictions

– dry-cleaning in the solvents listed in the previous paragraph
– strict limitations on the addition of water and/or mechanical action and or temperature
during cleaning and/or drying

– so self-service cleaning allowed

– dry-cleaning in trifluorotrichloroethane, white spirit (distillation temperature between 150 �C
and 210 �C, flash point 38 �C to 60�C)

– normal cleansing procedures without restrictions

– dry-cleaning in the solvents listed in the previous paragraph
– strict limitations on the addition of water and/or mechanical action and/or temperature
during cleaning and/or drying

– no self-service cleaning allowed
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laundry in North America is usually limited to that required for producing entire loads
subject to a common wash temperature, degree of agitation, and spin speed, as well as
to the same laundry aid treatment (Table 56).
In Japan, laundry is customarily sorted into three categories, defined solely by the

degree of soil: light, normal, and heavy.

Fabric Labeling. Current EC guidelines specify that all textile products offered to
consumers must be accompanied by a detailed description of their content of different
fibers. A “textile product” in this regulation is any item whose weight is made up of
4 80 % textile raw material.
The guidelines enumerate a very large number of categories covering the entire range

of animal, vegetable, and synthetic fibers, including the newest man-made materials. In
this context, the term “synthetic” is in itself not considered sufficient and definitive;

Washing

Symbol Washing process

– do not dry-clean
– no stain removal with solvents

Table 55. Wash water temperatures in the USA

Water temperatures Use

Hot, 130 �F (54 �C) or above white and colorfast pastels
heavy and greasy soils

Warm, 90 – 110 �F (30 – 45 �C) dark, bright, or noncolorfast colors
moderate to light soils
knits

Cold, less than 90 �F (5 32 �C) lightly soiled fabrics
colors that bleed or fade *

* Heavily bleeding coloreds are to be washed separately from other laundry items.

Table 56. Cloth sorting in the USA

Color Amount of soil Fabric and construction

White heavy permanent-press and
synthetics

Colorfast normal towels, jeans, and denims
synthetic knits

Noncolorfast light delicates

Te
xt
ile

s

219



more explicit identification of material category is required (e.g., polyester, polyacry-
lonitrile, polyamide, polyurethane, etc.).
Fiber content is specified on the basis of a percentage of net weight, e.g.:

70 % cotton
20 % polyester
10 % silk

Constituent textile raw materials whose contribution is less than 10 % may be collected
under the single heading “other fibers.” Thus, a product comprised of 72 % cotton, 7 %
polyester, 7 % polyamide, 7 % viscose, and 7 % acetate could be labeled as follows:

72 % cotton
28 % other fibers.

13. Washing Machines and Wash
Programs (Cycles)

In contrast to the situation in the USA, the beginning of extensive mechanization of
the washing process in Europe was delayed until the late 1950s. A major factor in its
ultimate arrival was the development of automatic washers operating on regular home
electric current, particularly those whose spin cycle was sufficiently balance-controlled
so that the machine would not need to be permanently fastened to the floor.
Automation to some extent has long been present in institutional laundries. This has

culminated in systems designed to operate on a production-line basis, resulting in a
multifold increase in hourly output per employee and a major reduction in required
man power. Nevertheless, only a small fraction of household laundry is washed
commercially, primarily because the effort involved in doing laundry at home has been
so dramatically reduced by the advent of the household automatic washer.

13.1. Household Washing Machines

13.1.1. Classification

Two basic types of home automatic washers exist: vertical-axis machines and hor-
izontal-axis drum machines. In the Americas and Asia vertical-axis washers of the
agitator (Fig. 107 [706]) and the related impeller (also called pulsator) types
(Fig. 108 [707]) dominate. They both lack internal heating facilities and therefore must
be connected to an external source of hot water if a heated wash liquor is desired. By
contrast, this type of machine has lost virtually all of its former significance in Europe,
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where it has been replaced entirely by the horizontal-axis drum-type washer (Fig. 109
[708]).

Agitator Machines.Most American agitator-type washing machines mostly have an
enameled metal laundry tub. Inside the tub is an open, perforated vertical axis basket,
usually of a size suitable for holding up to 5 kg of laundry.
The laundry tub is filled with 50 to 75 L of water, depending on the wash program

chosen and the type and weight of the load (medium or large load). Manufacturers
recommend that water and detergent be introduced into the machine first, followed by
the laundry, which should always be distributed as evenly as possible. Machines of this
type normally have two water connections, one for hot water and one for cold. The
desired wash temperature (hot, warm, or cold) is selected by proper setting of the

Figure 107. Agitator-type vertical-axis washer
a) Pressure switch; b) Timer, c) Lid switch; d) Agitator;
e) Air-pressure tube; f ) Air-pressure dome; g) Motor;
h) Water pump; i) Transmission; j) Tub; k) Basket;
l) Filter; m) Drain hose; n) Fill hoses; o) Water inlet
mixing valve; p) Inlet hose; q) Temperature dial;
r) Water inlet

Figure 108. Impeller- (pulsator-) type washing machine
a) Water supply valve; b) Basket; c) Agitator; d) Spirit
level; e) Lint filter; f ) Control panel; g) Inside lid;
h) Detergent and fabric softener dispenser; i) Water
supply pump; j) Earth wire; k) Cord and plug; l) Drain
hose; m) Leveling feet
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controls, and the selected temperature is achieved by automatic mixing of water from
the two input sources. Sodium hypochlorite or oxygen bleach may be added separately
by hand during the wash cycle, although quite a few machines are equipped with
automatic dispensers for the purpose.
After the desired water level has been reached, the agitator is set to function, and the

laundry is jostled for ca. 8 – 18 min by the rhythmic motion of the agitator (Fig. 107).
When the wash cycle is complete, the used wash liquor is pumped off. American
machines that are set for the regular cycle then begin a series of spins and spray
rinses, whereby fresh cold water is sprayed on the load during spinning to remove
residual wash water. Water is again allowed to fill the tub for a brief rinse (ca. 2 min),
after which it is once more drained off and a final spin drying occurs.

Impeller (Pulsator) Machines. These fully automatic washing machines are used in
Japan, China, and other Asian countries. They use a rotating ribbed disk mostly
mounted at the bottom of the tub as their source of mechanical input (Fig. 108).
Japanese machines have a capacity of 3 to 8 kg of laundry.

Horizontal-Axis Drum Washing Machines. In automatic drum-type washers, the
laundry is placed in a horizontal-axis perforated drum which rotates in a tub in
alternating directions (Figs. 109 and 110). For a regular cotton wash, only the lower
quarter of the drum is filled with wash liquor (bath ratio ca. 1 : 4), which means that, in
contrast to agitator machines and pulsator washers, the laundry is only partly sub-
merged. Individual laundry items are repeatedly lifted by paddles located at the inner
wall of the drum, each time falling again and tossed into the wash liquor for renewed
soaking and rubbing. The wash liquor is heated internally either by means of electrical

Figure 109. Horizontal-axis drum-type washer
a) Top; b) Dispenser drawer; c) Program control
knob; d) Front door; e) Heating coil; f ) Magnetic
valves; g) Drum and tub; h) Water level control;
i) Drain hose; j) Program control; k) Driving motor;
l) Casing; m) Drain pump
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heating coils located at the bottom of the tub or by a continuous flow heater. A
relatively small number of automatic drum-type washing machines are equipped with
a separate hot-water inlet for use in households that have access to an economical
external hot-water source. In this case the bath is often tempered initially to 30 – 40 �C
by introduction of cold water, thereby preventing proteinaceous soils and stains from
being thermally denatured and set in the fabric. Subsequent heating can then take place
if this is required by the particular automatic cycle selected.
Laundry is loaded either from the top through an open lid in the side of the drum

(top loader) or through its open front (front loader).
Detergent is introduced through a dispenser. In a front loader, the dispenser is

usually a device resembling a drawer located at the front of the machine. The dispenser
for a top loader is located beneath the lid of the machine. Dispensers permit automatic
sequences consisting of either one or two wash cycles (i.e., a prewash and a main wash).
Additional compartments are also provided for the automatic introduction of laundry

Figure 110. Front loading
washing machine
a) Suds container air vent;
b) Water path control sys-
tem; c) Water Control Sys-
tem valve; d) Detergent
dispenser; e) Suspension
springs; f ) Water intake via
door glass; g) Drain pump
vent/Non-return valve;
h) Non-return valve;
i) Counterweight; j) Door
lock; k) Emergency door
release; l) Drain pump;
m) Hydraulic shock ab-
sorber (Only on models
with loading level indica-
tion); n) Fluff filter hous-
ing; o) WaterProof System
valve; p) Interference sup-
pression filter; q) Heater
relay; r) Power module;
s) Control module;
t) Pushbutton switch unit;
u) Imbalance sensor (Only
on models with loading
level indication); v) Inner
drum; w) Door seal; x) Air
trap; y) Heating; z) NTC
resistor; aa) Ball-and-seat
valve; ab) Motor; ac) Load
sensor (Only on models
with loading level indica-
tion); ad) WaterProof Sys-
tem switch.
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aftertreatment aids and, especially in Southern Europe, additional automatic dosage of
a chlorine-containing bleach during the rinse cycles.
Fully automatic drum type washers utilize one drum for successively accomplishing

three separate consecutive operations: washing, rinsing, and spin drying. The machines
are equipped with special mechanical devices that compensate for load imbalances.The
trend toward space-saving machines has led to the development of smaller washers and
washers fitted for built-in kitchens.

Modified European-type horizontal axis drum washers have been introduced in the
1990s in the USA and Japan for reasons of improved efficiency versus current washers
in terms of water and energy conservation. Both markets indicate increasing shares of
these front loaders. The market shares are, however, still very low.

13.1.2. Operational Parameters

Four factors must be regulated in the washing operation: chemistry, mechanical
input, wash temperature, and time.
The effect of each factor on wash performance varies, depending on the washing

techniques employed. Figure 111 illustrates graphically by a Sinner's circle the rough
percentage influence of the individual parameters on the overall process.
The inner circle implies that the effectiveness of the four factors is a consequence of

the medium that unites them, i.e., water.
In the days when laundry was done in an open vat, the required amount of water

was large, the role of mechanical action was very limited, and time was a very

Figure 111. Circular laundry chart (Sinner's
circle)
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important factor. A washing machine provides considerably more mechanical action;
thus, the wash time has been shortened.

Wash Liquor Ratio. “Wash liquor ratio” (or bath ratio) means the ratio of dry
laundry (in kilograms) to the volume of wash liquor (in liters). The total amount of
wash liquor required in the overall process is made up of two portions: that which is
absorbed by the laundry (bound wash liquor) and that which remains in excess (free
wash liquor).
Various washing processes have different wash liquor requirements. North American

agitator-type washing machines typically use some 25 L of water per kilogram of
laundry, i.e., a wash liquor ratio of 1 : 25, whereas Asian pulsator machines require
a ratio of ca. 1 : 20 to 1 : 15. Modern horizontal axis drum-type automatic washers are
characterized by a low 1 : 4 wash liquor ratio with cotton, but rather high values of up
to 1 : 15 for easy-care and delicate fabrics.

Wash Liquor Level and Reversing Rhythm. A drum-type washer is programmed to
rotate in a reversing fashion, i.e., first in one direction and then in the opposite. The
extent of the mechanical action imparted to the laundry can be altered by changing
either the rhythm of reversal or the wash liquor level (or both). A low wash liquor level
(wash liquor ratio of ca. 1 : 4) and relatively rapid reversal (e.g., a reversing rhythm of
12 s of rotation/4 s of pause) causes a large mechanical effect on the laundry. In
contrast, a high wash liquor level (wash liquor ratio 1 : 15) and slower reversal (e.g.,
reversing rhythm 4 s of rotation/12 s of pause) provides less mechanical action, hence
the term “gentle cycle”.

Residual Moisture. Residual moisture is defined as the amount of water remaining
in the laundry after draining and spinning. Data is reported as a percentage of the mass
of air-dried laundry. Separate spin drying with a vertical drum permits relatively high
rates of rotation: up to ca. 2800 rpm. Corresponding residual moisture levels for a
cotton laundry load are typically ca. 40 – 50 %. Automatic drum-type machines spin dry
the load at rates of 400 – 1800 rpm and result in residual moisture levels for cotton of
100 – 45 %, respectively.

Wash Temperature. In Europe clothes are commonly washed over a wide temper-
ature range of 30 – 90 �C, whereas elsewhere much lower temperatures are used (e.g., in
North America up to ca. 55 �C, in Asia and South America only up to 25 �C or, in
exceptional cases, 40 �C). The high wash temperatures frequently used in Europe for
decades before the 1980s had been based largely on tradition and on the firmly held
belief that “only clothes that have been boiled are really clean.” Nonetheless, this
attitude has been changing as a result of the increasing popularity of colored and
permanent-press fabrics, the desire to conserve energy, and the introduction of more
effective multifunctional heavy-duty detergents, designed for use at a lower temperature
(cf. Section 4.1). Today, the predominant washing temperature in Europe is 40 �C.
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Lower temperatures have long been the rule in North America and in Japan, a fact
partly explained by the hygienic function associated with use of chlorine-containing
bleaches. Nevertheless, the majority of the world's population (Asia, Latin America,
Africa) usually washes at tap-water temperature, i.e., cold.

Washing Times. Customary wash times also differ substantially between Europe on
the one hand and North America and Japan on the other. Much of the difference is
attributable to differences in washing temperatures: relatively low temperatures and the
absence of built-in heating facilities in North America and in Japan, as compared to
Europe, where a typical washer can heat water to 90 �C. The heating process also
consumes a great deal of time. Nearly 40 min are required to raise the temperature of
the wash liquor in a drum-type machine to a preset value of 90 �C, not counting the
time occupied by a prewash. A wash cycle that includes a prewash entails draining
about half of the first wash liquor after it has reached a temperature of about 40 �C at
the end of the prewash cycle, which adds ca. 15 min to the process.
The cycles provided for most drum-type automatic washers use the temperature as

their time controlling variable. Thus, a high wash temperature dictates a long wash
cycle whereas a low temperature requires less time. Meanwhile it has become common
for manufacturers to install optional “energy-saving cycles,” where a lower wash tem-
perature is compensated for by increasing the wash time. The resulting increase in time
and mechanical input accomplishes essentially the same end as a high-temperature
wash; the corresponding Sinner's circle reveals that a temperature deficit has been
balanced by a gain in time and mechanical action.
Washing machines in the Americas and Asia operate considerably more rapidly.

They normally require only 8 – 18 min for the wash cycle, followed by one or two brief
rinse cycles. A comparison of machine washing conditions in Europe, Japan, and the
USA is given in Table 57 [709].

Table 57. Predominant machine washing conditions

Europe Japan USA
Machine type Front loader (drum)* Top loader (pulsator)** Top loader (agitator)**

Washing time, min 20 – 60 5 – 15 8 – 18
Amount of water, L 8 – 15 30 – 60 75
Bath ratio 4 : 1 10 : 1 25 : 1
Temperature, �C 40 – 60 5 – 25 10 – 40
Water hardness medium/high very low low/medium
Detergent dosage, g/L 5 – 10 0.5 1 – 2
* Horizontal-axis type.
** Vertical-axis type.
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13.1.3. Wash Programs

Since laundry habits and washing machines vary considerably in different parts of
the world, discussion of washing programs under separate headings reflects the three
major traditions: those found in Japan, North America, and Europe.

13.1.3.1. Japanese Washing Machines and Washing
Conditions

The washing machines found in Japanese households are of the automatic vertical
axis impeller/pulsator type. A declining 25 % of the machines were still semiautomatic
twin-tub type washers in 1998. They feature a single housing that contains one separate
tub each for washing and spin drying, with the impeller/pulsator located in the former.
A characteristic of most Japanese washing machines is the absence of a provision for
temperature control, since the process is predominantly conducted at tap water tem-
perature.
The most important variables with a Japanese washing machine are the water level,

the weight of the wash load, and the extent of mechanical action. Washing time is
adjusted to match the degree of soil of the laundry (ca. 5 – 15 min). Table 58 depicts
program selections of a typical Japanese washer.

13.1.3.2. North American Washing Machines and
Washing Conditions

Although horizontal-axis drum-type machines have gained importance in the U.S.
[710] and Canadian markets in the late 1990s, the automatic agitator washing machine
still is by far the most common in North American households. Such machines perform
a full set of laundry operations in the usual sequence, i.e., wash, rinse, and spin dry.
North American machines resemble their Asian counterparts in that they lack heating
coils. Therefore, they are designed for connection to domestic supply of both hot and
cold water. Three wash temperatures are generally used: hot (55 �C/130 �F), warm (30
to 45 �C/90 to 110 �F), and cold (10 to 25 �C/50 to 80 �F). Rinse temperatures can also
be selected, usually from among the two alternatives, warm and cold. One further
variable is the water level, which is adjusted according to the quantity of laundry, e.g.,
medium and large load, and type of laundry to be washed. The mechanical input is also
adjustable within limits by introducing changes in the agitator speed and the wash
time. The following set of washing programs is typical (cf. Tables 17 and 59):
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Regular (heavy-duty wash)
Permanent press
Knit/gentle
Woolens
Soak
Prewash

13.1.3.3. European Washing Machines and Washing
Conditions

Horizontal-axis drum-type washing machines in which the water can be heated to up
to 90 �C dominate the household market in Europe. To meet the demands posed by
current laundry, such machines are provided with a wide variety of wash cycles. In
choosing the appropriate cycle for a given load of laundry, the first decision is whether
or not a prewash is desired. Options in later stages are supported by the presence of a
special third compartment in the detergent dispenser, which permits addition of
aftertreatment aids to the final rinse. Machines built for the Southern European market

Table 58. Program selections of a typical Japanese washing machine

Program Application

Wash Selector Automatic program
Normal For normally soiled clothes
Gentle For lightly soiled clothes
Heavy For heavily soiled clothes
Hand Wash For delicate fabrics with hand wash/dry

markDry Cleaning
Blanket For blankets, etc.

Optional program
Wash – To set preferred program (only wash,

wash & rinse, only spin, only drain, etc.)
– To set automatic/original wash program.

Rinse
Spin/Dry

Wash Timer To set washing time
Water Selector Level To set water level. If not selected, washer

adjust the level automatically
Bathtub Water To recycle used wash water for washing/

rinsing. (Tap water is supplied to the last
rinse.)

Optional Selectors* Dosage Selector For automatic detergent dispensing
Basket Wash To remove soap scum from basket using

chlorine bleach. (Scum may cause malodor
on clothes.)

Spin Selector To select spin level, depending on type of
garment

* Depending on manufacturer of the washer.
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commonly offer a fourth compartment, which allows addition of chlorine bleach to the
second rinse.
Selection of the proper cycle is accomplished in one of several ways. Some machines

are equipped with one control knob for establishing the program and a separate
infinitely variable temperature regulation control. Alternatively, both functions can
be combined in one knob while other models offer a set of pushbutton controls.
Separate temperature control provides the greatest degree of flexibility.
Management of any wash cycle requires a more or less complicated switching

system. Very few machines (mostly those in the lowest price category) continue to
be equipped with time-based switching, an approach in which each operation is allowed
to continue for a precise and predetermined length of time. The principal disadvantage
of such a system is that temperature cannot be properly established without taking into
account the temperature and volume of the water being introduced and the ambient
temperature, all of which can vary.
Modern washing machines are mostly equipped with integrated electronic circuitry

based on microprocessors, which may be regarded as microcomputers. These circuits
take full functional control of the machine. So-called fully electronic washing machines
of this type lack any complex mechanical switching formerly typical of automatic
washers.

Modern washers frequently also have so-called fuzzy logic control governing partial
processes of the washing program. Fuzzy logics are able to automatically provide, for
example, variable speed of reversion of the drum depending on the amount of foam
during the wash cycle [711], provide an additional rinse cycle depending on the quantity
of residual foam after the regular final rinse, control the quantity of water intake and
washing time depending on weight and type of wash load, etc. Fuzzy logic provides for
increased fabric care and water and energy conservation.
European washing machines have been reviewed [712].

Table 59. Typical wash programs in North America

Wash program Fabric Degree of soiling Wash time, Water temperature

min Wash Rinse

Regular heavy cotton, linen heavy 12 – 18 warm or hot cold
moderate 10 – 12 warm cold
light 8 – 10 cold or warm cold

Knits/gentle synthetic moderate 10 – 12 warm cold
delicate light 8 – 10 warm cold

Permanent press Permanent press
cotton, cotton/syn-
thetic fiber blends

heavy 12 warm or hot cold
light to moderate 8 – 12 warm cold

Woolens wool light 4
Soak colorfast heavy 30 cold or warm none

stained 30 cold or warm none
Prewash colorfast heavy 6 cold or warm none

stained 6 cold or warm none
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Today, most garments sold in Europe have uniform labels specifying the use of one of
four wash temperatures: 30 �C, 40 �C, 60 �C, and 95 �C (see Figure 106). Table 60 gives
examples of the wash cycles commonly provided to meet these needs (cf. also Table 17).
Similar care labels are found in USA and Japan.

13.1.4. Energy and Water Consumption

Mechanization of the washing process has relieved much of the burden formerly
resting on the person doing the wash. At the same time, however, steady increases in
energy and water supply costs have made the use of a household drum-type washing
machine increasingly expensive. In particular, the cost increases as the selected wash
temperature is increased (Table 61), due to the fact that washers are usually poorly heat
insulated.
It is not surprising that efforts to reduce the costs have begun with the 90 �C cycles,

since these hold the greatest potential for energy savings (e.g., by lowering the water
temperature from 90 �C to 60 �C). Some washers have herefore incorporated an
optional energy conservation program. Such cycles are usually designed to function
at 60 �C. Examples of typical energy conservation measures are shown in Table 62. (For
information on the related trend in the USA toward washing at lower temperatures, see
Fig. 68.)
With respect to conserving water and energy, European washers have made consid-

erable progress during the 1980s and 1990s. This has been made possible through
automatic control of the amount of water intake depending on the quantity of the wash
load, by omitting the former intermediate cool-down rinse at the end of a hot or warm
wash cycle, by considerably increasing the number of revolutions per minute for
spinning, applying spray-spinning and, last but not least, by reducing the number
of rinse cycles. To encourage consumers to use washing machines that operate with
lower consumption of electric power and water all new washing machines manufac-
tured in Europe since 1996 have to display the Energy Label (Fig. 112) as per Official
Directive of the European Union. The label indicates the efficiency of the appliance in
terms of energy and water consumption, washing performance, capacity, etc. [131].

13.1.5. Construction Materials Used in Washing
Machines

Materials used in the construction of washing machines must exhibit a high degree
of resistance to various mechanical, heat, and chemical influences. The following
materials are particularly well-suited to the purpose:
Stainless Steel. The vast majority of drums are made of stainless steel. Chromium steel

continues to be widely used for the construction of tubs, heating coils, and thermostat
sensors. Wash tubs have been increasingly constructed from plastic in the 1990s.
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Sheet Steel. Casings and lids are made from sheet steel with a protective surface (e.g.,
enamel paint, baked enamel, galvanization). Baked enamel provides the most per-
manent form of protection.
Plastics. Certain components can be made from alkali-resistant plastics, usually

polypropylene. Typical applications include detergent dispensers, lint filters, paddles,
operating controls, mechanical parts, and various small components. Glass fiber rein-
forced polypropylene has also been employed for tub construction in drum-type
machines.
Rubber. Molded rubber is the material of choice for components that require a high

degree of elasticity. This applies particularly to gaskets, such as those around the door,
as well as to various hoses, hose connectors, and shaft seals. Synthetic rubber is used
exclusively for such purposes. A drawback of rubber is its tendency to deteriorate with
age. Deterioration is accelerated by exposure to grease, by which the rubber gradually
acquires a soft and greasy character.

13.1.6. The Market for Washing Machines

The majority of the world population cleans laundry by hand, washing either in
bowls, tubs, sinks, or in river waters. Washing machines dominate only in indus-
trialized global regions.
The percentage of households equipped with washing machines varies considerably

among the countries of the EU. Percentages for 1998 are as follows [713]:

Table 61. Typical energy consumption for various wash programs with a European drum-type automatic washer

Program Energy consumption, kWh

90 �C Boiling wash program 1.8
60 �C Colored fabrics 1.2
60 �C Synthetics 1.2
40 �C Synthetics 0.6
30 �C Woolens 0.3

Table 62. Examples of energy conservation programs for European automatic washers

Modification of program Wash load, Savings in comparison to
kg usual 90�C-programs, %

Electricity Water

No prewash cycle 4 10 11
Reduction of the washing 4 30 –
temperature from 90 �C to
60 �C

L
au

n
d
ry

D
et
er
ge

n
ts

232



Austria 88
France 91
Germany 95
Great Britain 93
Italy 99
Sweden 63
The Netherlands 95
Europe, average 89

Figure 112. European Union energy label
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In 1998, 3.36�106 automatic washers were produced in Germany alone. Total
European production was more than 16�106 units with a total consumption number
of some 11�106 in 1998 [713]. A report and analysis on washing machines in Europe
has been published. It contains detailed statistical figures for all countries of the
European Union [714].
Worldwide, the USA represents the largest single washing machine market. Never-

theless, market penetration in the USA is lower than that in Europe and Japan; 80 % of
American households owned a washing machine in 1998 [715]. In the same year, the
USA manufactured some 7.0�106 washers [715].

More than 99 % of the households in Japan are equipped with a washing machine.
The Japanese manufactured 4.4� 106 units in 1999. Of these, 3.8�106 were fully
automatic, whereas 0.6�106 units were of the twin-tub type.
Market penetration of washing machines in Brazil was 28 % of all households in

2000, in China it was 10 %, and in India 7 %[715].

13.2. Laundry Dryers

Laundry dryers represent a further stage in the development of laundry technology.
Dryers are machines that utilize an influx of heat to cause evaporation of the moisture
remaining in spin-dried laundry. Electricity is normally used to supply the heat,
although some of the dryers in the USA and Europe are heated by gas. Several basic
types of dryers exist, including those based on circulation of heated air, heat transfer
from metal surfaces, and radiant heating. Most are drum-type machines, so-called
tumblers. They can be categorized by the way they dispose of the resulting steam:

Air-Vented Dryers. Dryers in this category function on the same principle as a fan.
Ambient air is drawn in by suction, passed through a heated zone, and then introduced
into the laundry drum. As the air becomes enriched in moisture, it is vented through a
lint filter either directly to the room or out of the building through an exhaust hose or
duct.

Condenser Dryers. In these dryers the air needed for drying is drawn from the
ambience and passed over a heating device before encountering the laundry. Moist air
leaving the tumbler drum is cooled by an additional supply of incoming ambient air.
This cooling takes place in the presence of a drip screen, which collects precipitated
drops of water. Water from the drip screen collects in a condensate vessel which has to
be emptied after each drying cycle. The working principle is depicted in Fig. 113 [708].
The most recent developments comprise condenser dryers that use heat generated by a
heat pump [716].
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Combination Washer –Dryers. The European washer – dryer is a further devel-
opment of the drum-type washing machine. It is comprised of a washer combined with
a water-cooled condensation dryer, and the same drum is used for washing, spinning,
and drying. A drawback of these machines is the fact that the small size of the washing
drum requires a full load of laundry to be divided into two batches before it can be
dried. The heat necessary for drying is supplied either by radiation or by heated air. The
market share of these combines in Europe has remained low. In Germany it was only
some 4 % in 1999.

Market for Laundry Dryers. The market penetration for laundry dryers in the EU
was 27 % on average in 1998 [713]. Percentages for individual countries vary consid-
erably:

Austria 12
France 28
Germany 31
Great Britain 42
Italy 2
The Netherlands 44
Sweden 30

Major manufacturing countries are Great Britain (1.2� 106 units in 1998), Germany
(0.9�106), France (0.5�106) and Italy (0.3�106). The majority (65 %) of the dryers in
Europe are air-vented dryers and the remainder (35 %) represent dryers that use
condensation technology.

Figure 113. Condenser dryer
a) Ventilator; b) Heater; c) Drying air; d) Tumbler
drum; e) Moist air exit; f ) Heat echanger; g) Con-
densing water
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The situation in the USA is quite different from that in Europe. In the USA, 74 % of
all households are equipped with dryers, of which some 27 % are gas-heated, the
remaining 73 % being electrically heated units. U.S. production of household dryers
amounted to 5.2� 106 units in 1998 of which 23 % were gas-heated dryers [715].
In 1999, some 20 % of the Japanese households operated a laundry dryer. Approx-

imately 45 % of the dryers have a capacity of more than 5 kg of laundry. The largest part
of the remaining 55 % consists of units that have a capacity of 4 – 4.5 kg.

13.3. Washing Machines for Institutional
Use

Washing machines designed for use by commercial laundries are generally designed
to keep operating costs as low as possible. As a result, the more labor-intensive batch
laundry systems are being increasingly replaced by more efficient continuous devices.
In contrast to European households, where laundry water is heated electrically, com-
mercial laundries worldwide usually employ high-pressure steam as their source of heat.
Heat from the steam is led into the wash liquor either directly or indirectly, resulting in
more rapid heating and shorter wash times.

13.3.1. Batch-Type Machines

There are many situations even today in which batch-type commercial washing
machines are indispensable. This is particularly true where a frequent need exists to
process numerous small batches of different kinds of laundry. Batch-type machines
require a substantial amount of manual supervision; thus, their commercial use is
expensive.

Conventional Drum-Type Devices. Such devices are basically scaled-up versions of
household washing machines. Commercial front loaders often allow the processing of
up to 400 kg of laundry, with special designs allowing even higher amounts. Reversal
and rotation rates commonly produce g-factors during washing of 0.7 – 0.9. During spin
extraction 400 g and higher rates are usual. The large drums require that the effect of
mechanical action resulting from great fall heights and excessive weight be moderated
and that loading and removing the laundry be simplified. These targets are generally
accomplished by introducing into the drum a set of partitions that divide the drum into
compartments. Three partitioning schemes (the Pullmann, Y, and star-pattern systems)
are illustrated in Figure 114.
Machines of this type are nowadays controlled by microprocessors. Final drying is

also performed in large commercial-type equipment.
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Wash Extractors. Machines in this category, with a capacity of up to 360 kg, are
capable of not only the wash step, but also a spin drying and “fluffing” of the laundered
items. Spinning occurs after each wash and rinse operation, an expedient that has the
effect of minimizing the number of required rinses. This in turn conserves water and
reduces overall wash time to ca. 40 min (Fig. 115). Wash extractors are used in all parts
of the world. The machine types, however, vary from manufacturer to manufacturer.

13.3.2. Continuous Batch Washers

The development of the continuous batch washer is a consequence of the demand for
a laundry system requiring even less manual intervention. Such machines operate
uninterrupted and are best suited to institutions faced with large amounts of relatively
uniform laundry. Soiled laundry is loaded onto either a conveyor belt or a suspended
conveyor system. As it progresses through the machine, the laundry is exposed to a
series of zones designed to accomplish the equivalent of wetting, prewashing, main
washing, and rinsing. Most of the zones operate on the countercurrent principle: all
water encountered by the laundry flows continuously and in a direction opposite to the

Figure 114. Four common designs for commercial washing machines
A) Open machine; internal drum diameter up to 900 mm; inner drum lacking subdivisions; B) Pullmann type
machine; internal drum diameter 900 – 1400 mm; inner drum divided into two equivalent compartments by means
of an axial partition; C) Y-type machine; internal drum diameter 1400 – 1700 mm; inner drum divided into three
compartments by three axial partitions joined along the axis; D) Star-pattern machine, internal drum diameter
> 1700 mm; inner drum divided into four compartments by four axial partitions joined along the axis

Figure 115. Schematic diagram of a wash ex-
tractor
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motion of the laundry. Each zone leads directly into the next, resulting in significant
savings of energy, water, and detergent. Typical water consumption for hospital linen is
8 – 12 L/kg, sometimes even less.
Following the actual washing process, the laundry is directly loaded into an extrac-

tion press or a spin extraction to remove the water. The damp goods are then passed to
steam or gas heated batch dryers. The entire process occurs without manual inter-
vention. Continuous batch washers are found all around the globe. But especially in
Europe high amounts of goods are treated in this type of machines. Figure 116 illus-
trates the design of a typical continuous batch washer, in this case one of the Senking
type [717].
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– ecologics 196 ff
– heavy-duty detergents 101
– industrial detergents 121
– laundry aids 113 ff
– powder detergents 138
blending 129
block flow diagram, powder
production 124

blood 10
blueing agents 92
boosters 113 ff
Born repulsion 22
builders 1 f
– combinations 74
– detergent ingredients 38, 61 ff
– ecologics 193
– economics 160 f
– heavy-duty detergents 101, 109

– powder detergents 141 f
– toxicology 206

calcium binding capacity 63, 69 f
calcium carbonate 32
calcium containing soils 29 ff
calcium phosphate 32
calcium salts 7
capillary zone electrophoresis 151
carbohydrates 11
carbon black 10 f, 24, 31
carbonates 11
carboxyl groups 29
carboxymethyl cellulose (CMC)
– antiredeposition 88
– ecologics 201
carboxymethyltartronic acid 65
carcinogenicity 203 ff
care labeling 214 ff
catalysts 83
cationic bridges 29
cationic surfactants 4
– detergent ingredients 39, 57 f, 112
– ecologics 187, 192 f
– fabric softeners 116
– soil removal 24
– toxicology 204
– wastewater 167
cellulase 6
– detergent ingredients 85 f
– heavy-duty detergents 101
cellulose ethers 36
celluosic fibers 209
chelating agents 11
chemothermal sterilization 121
chloramine T 121
chlorine, industrial detergents 121
chlorine bleaching 217
chromium steel 230
chronic toxicity 184, 205
citrates
– ecologics 193, 195
– heavy-duty detergents 104, 107
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– wastewater 167
citric acid 65
coagulation, soil removal 22, 28
cobuilders, heavy-duty detergents 101
coconut oil 139
coffee 11
colored laundry 111
coloring agents 97
colors 107, 209
column chromatography 151
compact heavy-duty detergents 103 f
complex formation, toxicology 204
complexing agents 2
– bleaches 83
– builders 63 f
– industrial detergents 121
– soil removal 25, 31
complexometry, detergent

ingredients 150
composition analysis 145–154
compositions see: formulations
condenser dryers 234
conductometry 150
construction materials, washing

machines 230 ff
consumer tests 157
consumption
– detergents 99
– fabric softeners 164
– surfactants 158
continuous batch washers 237
corn starch 117
corrosion inhibitors 92
cotton 215
coumarin 93
crutchers 125
cycles, wash programs 220–238
cyclohexyl salicylate 97
cyclovertal 97

Daphnia tests 183
decane 16

decomposition methods, detergent
ingredients 148

densifying processes, powder
detergents 123, 129 ff

density 155
Derjaguin-Landau-Verwey-Overbeek
theory (DLVO) 21

desmine 31
desorption processes, calcium
containing soils 30

detergent ingredients 38–98
– analytical methods 146 ff
– ecologics 186 ff
– economics 158 ff
– toxicology 204 ff
dialkyldimethylammonium
chlorides 58

diaminostilbenes 200
dicarboxylic acid 107
dimethyl ammonium chloride 192
diperoxydodecanedioic acid (DPDDA)

salts 77
disinfectant additives 121
disintegration time, tablet
detergents 136

dispersion, soil removal 34
dissolution, tablet detergents 136
dissolved organic carbon (DOC) 176
distearyldimethylammonium chloride

(DSDMAC) 57, 117
distryrylbiphenyl 93
distyrylbiphenyl derivatives 200
n-dodecyl sulfate (SDS)
– adsorption 35
– oil/grease 15, 26
n-dodecyl sulfonate 67
domestic laundry 155
dosing units, industrial detergents 120
drum type washing machines 236
dry densification 130
dry milling, powder detergents 123
dryers 234
– laundry aids 113, 116, 119
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dye transfer inhibitors
– detergent ingredients 96, 112
– ecologics 201
– heavy-duty detergents 107
dyes
– bleachable 11
– detergent ingredients 97
– ecologics 202
– textiles 209 ff
– wastewater 167

ecology 165–203
economic aspects 157–165
ecotoxicity tests 183 ff
effervescents 107
egg 10
electrolytes 18
electrophoretic mobility 24
elemental analysis, detergent

ingredients 153
embryotoxicity 203 ff
emulsification, oil/grease 16
energy consumption, washing

machines 230
environmental aspects 165–203
enzymes 3
– detergent ingredients 84 f
– ecologics 200
– heavy-duty detergents 101, 109
– industrial detergents 121
– powder detergents 112, 143
– toxicology 207
– wastewater 167
esterquats (EQ) 60, 117
ethanol extract 146
ethoxy groups 28
ethoxylates 2, 26
– detergent ingredients 42, 52 f
– economics 160
– powder detergents 140
– toxicology 205
ethylene 140

ethylenediaminetetraacetate
(EDTA) 199

ethylenediaminetetraacetic acid 65
European washing machines 228
exposure assessment 174, 179
extraction, detergent ingredients 148
extractors, institutional uses 237
extrusion
– enzyme production 145
– heavy-duty detergents 103, 106
– powder detergents 123, 132 f

fabric labeling, textiles 219
fabric softeners 116, 164 f
fat analysis data 153
fat saponification 1
fats 10
fatty acid alkanolamides
(FAA) 43, 55, 90

fatty acid ethoxylates 140
fatty alcohol ether sulfates 42, 50
fatty alcohol ethoxylates 140
fatty alkyl sulfate (FAS) 16
faujasite 31
fermenters 143
fibers, soil removal 23
fillers 97, 101
finishing 210
fixations 209
flame photometry 151
flameproofing 210
flocculation, soil removal 12, 21
floramat 97
flow packers, tablet detergents 137
flowability 155
fluorescent whitening agents 4, 92 ff
– ecologics 200
– industrial detergents 121
– toxicology 207
foam regulators 3 f, 90 f
– ecologics 202
– heavy-duty detergents 101
food chain, ecologics 182
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formulations
– bleaches 115
– boosters 115
– fabric softeners 118
– heavy-duty detergents 101 ff, 108 f
– powder specialty detergents 112
– stiffeners 118
fragrances 4
– detergent ingredients 96, 112
– ecologics 201
– fabric softeners 117
– heavy-duty detergents 101, 109
fruits 11

gas chromatography 151
gel formation, tablet detergents 135
gelatin 36
gelling effect 107
GINETEX labeling symbols,

textiles 216 ff
granulation
– heavy-duty detergents 103, 106
– powder detergents 123
grass 10
gravimetric analysis 149
grease 10, 13

hand washing 111
hardness, water 7, 9
heavy-duty detergents 99 ff
hedione 97
hematite 26
hemolysis, toxicology 205
herbavert 97
heterocoagulation, soil removal 12
hexadecyltriglycol ether 15
horizontal drum washing
machines 220 f

household laundry products 98–120
household washing machines 220 ff
hydrogen peroxide 114
hydrophilic-lipophilic balance (HLB)
values 52 f

hydrophilic groups 27
hydrophobic residues 41 f
hydrophobicity/hydrophilicity 33
hydroxyethanediphosphonate
(HEDP) 83

hypochlorite bleaching 75, 78, 217

imidazolinium salts 59
impeller washing machines 220 f
industrial detergents 120 ff
ingestion/inhalation 203
inorganic components 146
inorganic salts 10
institutional detergents 120 ff
institutional uses, washing
machines 236

ion exchangers 2 f
– builders 68 f
– calcium containing soils 30
– detergent ingredients 148
IR spectrometry 152
iron oxides 31
ironing 217
isopropyl myristate (IPM) 16

Japanese washing machines 227

kaolin
– builders 66
– calcium containing soils 31
keratin 10

laundry aids 112
laundry dryers 234
laundry sorting, textiles 215
laws/legislation, ecologics 167 ff
layered silicates 141
lime soaps 1
linalol 97
linear alkylbenzenesulfonates (LAS) see:
alkylbenzenesulfonates
linen 215
lipase 6, 87
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– detergent ingredients 84 f
– heavy-duty detergents 101
– powder detergents 143
liquid chromatography 152
liquid detergents 108, 111

magnesium salts 7
manganese complexes 83
manufacturing processes, powder
detergents 124 ff

market
– dryers 235
– washing machines 232 f
mass spectrometry 153
mechanical input, washing
machines 212, 224
metabolite test 179
metal complex dyes 209
metal complexes 64
metal oxides 10
N-methylglucamides (NMG) 5 f, 140
micelle concentration 54
microfiltration 144
milk 10
miscellaneous titrimetric analysis 150
mixer processes, powder
detergents 125f

mobility, electrophoretic 24
monoperoxyphthalic acid 77
mutagenicity 203 ff

naphthol 209
natural fibers 215
nitrilotriacetic acid (NTA)
– builders 61, 65
– ecologics 196
NMR spectrometry 153
no effect concentration
(NOEC) 185, 194

nonionic granulation 123
nonionic surfactants
– detergent ingredients 39, 52 ff
– ecologics 186 f, 190 f

– heavy-duty detergents 109
– powder detergents 112, 139
– regulatory limitations 169
– toxicology 204
– wastewater 167
nonphosphate heavy-duty
detergents 105

nonylphenol ethoxylates 2
North American washing machines 227

odor removers 113, 119 f
OECD test 170
oils 10, 13
oily/greasy soils 13
a-olefinsulfonates (AOS) 42, 48
oligomerization 140
optical brighteners 4, 92,112
– ecologics 200
– heavy-duty detergents 101, 109
– wastewater 167
oral toxicity 205
organic components 146
oxidative bleaching 75
oxygen 121
oxygen loss 108

packaging volume 106
palm kern oil 139
pancreatic enzymes 4
paper chromatography 151
paraffins
– heavy-duty detergents 101
– powder detergents 140
– soil removal 28
– wastewater 167
particulate soils 21
peracetic acid-hydrogen peroxide mixture,
disinfectant 121

permanent stiffeners 118
peroxide bleaching 75
peroxygen bleaches 142
perspiration, soil types 10
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phase behavior, detergent
penetration 18

phosphate content, maximum 172
phosphates 167
phosphonates 198
photobleaching 83
phthalocyanine dyes 209
physical chemistry, washing
process 7–38
pigments 11, 23
plastics 14, 232
poly(acrylic acid) 69, 73
polyamide 13
polycarbonates 167
polycarboxylates
– cobuilders 3
– ecologics 193 f
– heavy-duty detergents 104
– soil removal 32
polyester fabrics 214
polyester fibers 18
poly(ethylene glycol) 89
poly(a-hydroxyacrylic acid) 69, 73
polymeric stiffeners 118
polytetrafluoroethylene 13
poly(tetramethylene-1,2-dicarboxylic

acid) 69, 73
polyurethane 215
poly(vinyl acetate) 117
poly(vinylpyridine N-oxide) 96
poly(N-vinylpyrrolidone) 96
postaddition processes, powder
detergents 135

potassium octanoate 18
potato starch 117
potentiometry 149
powder characteristics 155
powder detergents, production 122–145
powder heavy-duty detergents 100
powder specialty detergents 111
precipitation 144
predicted environmental
concentration (PEC) 185, 190

pretreatment, laundry aids 113
printing, textiles 209
production
– enzymes 144
– heavy-duty detergents 101
– powder detergents 122–145
protease 4, 84
– heavy-duty detergents 101
– powder detergents 143
proteins 10, 204
Pseudomonas putia 183
pulsator washing machines 220 f

qualitative analysis, detergent
ingredients 147

quantitative analysis, detergent
ingredients 149 f
quantitative structure-activity

relationship (QSAR) 185
quaternary ammonium
– disinfectants 121
– fabric softeners 116

radiometric methods 151
raw materials, powder detergents 138
rayon 215
refreshing products 113, 119
release agents 88 f
removal processes, soil types 11 ff
repellent agents 22, 35 ff, 88 f
residual moisture 225
reversing rhythm, washing
machines 225

rice starch 117
roller compaction 123, 131
rolling-up processes 13 f
rubber 232

sample preparation 147
Sandelice 97
savinase 86
sebum 10, 19
sedimentation, soil removal 12
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semiesters 138
separation methods 151
sequestering agents 67
sewage load, laundry
contribution 166 ff

Shell Higher Olefins Process
(SHOP) 140

silicates
– heavy-duty detergents 104
– powder detergents 112, 141
– soil types 11
– wastewater 167
silk 209
Sinner's circle, washing machines 224
size exclusion chromatography 150
skin contact, toxicology 203
slurries 125
soaps
– detergent ingredients 42, 44
– economics 162
– heavy-duty detergents 109
soda 63
soda ash 1 f
– ecologics 193, 195
– powder detergents 125 f
– wastewater 167
sodalite 31
sodium alkylbenzenesulfonates 32
sodium aluminium silicate see: zeolite A
sodium carbonate 1, 3, 61
– heavy-duty detergents 101
– laundry aids 114
sodium citrate 5
sodium diphosphates 65 f, 68
sodium hypochlorite 114
sodium nitrilotriacetate (NTA) 206
sodium perborate 1, 3, 76, 142
– bleaches 80
– ecologics 196
– heavy-duty detergents 101
– laundry aids 114
– powder detergents 112, 142
– toxicology 206

sodium percarbonate
– bleaches 80
– ecologics 197
– powder detergents 143
– toxicology 206
sodium p-nonanoyloxybenzenesulfonate
(NOBS) 81, 101

sodium polycarboxylates 66, 114
sodium silicate 1, 3
– builders 61, 114
sodium sulfates
– laundry aids 114
– ecologics 203
– heavy-duty detergents 101
sodium triphosphate 2
– builders 65, 71
– ecologics 177
– economics 160 f
– industrial detergents 121
– interfacial tension 20
– powder detergents 141
– toxicology 206
soil antiredeposition 3, 34 ff, 88 ff
soil removers, laundry aids 113
soil repellents 3, 35 f
– ecologics 202
– heavy-duty detergents 101
– wastewater 167
soil types 7 ff
solubilization
– oil/grease 17
– soil removal 34
solubilizers 109
soybean oil 139
spaghetti extrusion 123, 132
specialty detergents 110, 120
spectrometric determination 150
spheronizer densification 130
spray drying 106, 125
stabilizers
– powder detergents 143
– bleaches 83
– ecologics 198

268



– heavy-duty detergents 101, 109
stain removers 113
stainless steel, washing machines 230
standardization 155
starch 117
steam drying 127
sterilization 121
stiffeners 113, 116 ff
stilbenes 93, 101
structure determination, detergent
ingredients 152

subchronic ecotoxicity tests 184
sublation 148
sugar 10
a-sulfo fatty acid methyl esters
(MES) 42, 49

sulfobetaines 90
sulfuric acid semiesters 138
supercompact heavy-duty
detergents 103 f

supercritical chromatography 152
superheated steam drying 127
surface tension 7, 12 ff
surfactants 1 ff
– bioaccumulation 190
– detergent ingredients 38 ff
– ecologics 186 f
– economics 158 f
– heavy-duty detergents 101, 109
– industrial detergents 121
– oil/grease 15
– powder detergents 112, 138 f
– regulatory limitations 169
– soil removal 24
– toxicology 204 ff
– wastewater 167
see also: anionic, ionic, nonionic, and
other individual types

swelling agents 107
synthetic fibers 210, 214
synthetic polymeric stiffeners 118
synthetic surfactants 1, 3

tableting
– dry densification 135
– heavy-duty detergents 106
– powder detergents 123
tallow oil 139
tea 11
temperatures 99
– bleaches 82
– textiles 212 ff
– washing machines 224
terephthalic acid 89
terrestrial toxicity 183
test methods 154–157
tetraacetylethylenediamine (TAED)
– bleaches 81
– ecologics 197
– heavy-duty detergents 101
– wastewater 167
tetrapropylenebenzenesulfonate
(TPS) 2, 45, 187

textile fibers 4, 7, 33, 209–220
thermal sterilization 121
thin-layer chromatography 151
threshold effect 66
tower process, powder detergents 125
toxicology 182, 203–209
transport properties 204
triglycerides 139
turbidity 28

urea 10
UV spectrometry 152

van der Waals-London attraction 22
vegetables 11
vertical axis washing machines 220 f
Vertofix Coeur 97
viscosity 12
volumetric analysis, detergent

ingredients 149

wash cycles 155
wash liquor ratio 225
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wash programs 220–238
washable fabrics 210
washing conditions, textiles 212
washing machines 220–238
washing process, physical

chemistry 7–38
wastewate 165
water consumption, washing

machines 230
water influences 7
water softeners 113
wax 10
wet granulation
– heavy-duty detergents 103
– powder detergents 123, 131
wetting 13 ff, 33, 39
wine 11
wool 111, 209
world soap production 162

X ray diffraction 151
xenobiotics 174 f

Young equation 13

zeolite A 2 f, 5
– builders 68, 70
– calcium containing soils 30
zeolite P 74
zeolites
– adsorption 35
– builders 61, 68, 73
– ecologics 193
– economics 161
– heavy-duty detergents 101, 104
– industrial detergents 121
– laundry aids 114
– powder detergents 112, 127, 141
– wastewater 167
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