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1. Als gevolg van de aanwezigheid van verontreinigen worden in vele industriële niet-
ionogene oppervlakte-actieve stoffen hoge geleidbaarheden gemeten. Gezien de 
daaruit af te leiden aanwezigheid van aanzienlijke ionenconcentraties lijkt het gebruik 
van de naam 'nonionics' voor deze vloeistoffen nauwelijks terecht. Dit proefschrift, 
hoofdstuk 2. 

2. Tot nog toe is slechts weinig aandacht besteed aan kolloidale eigenschappen in 
niet-waterige media van dispersies van in water oplosbare vaste stoffen, zoals die 
bijvoorbeeld gebruikt worden in was- en reinigingsmiddelen. Gezien het maatschap
pelijk belang van deze stoffen wekt deze geringe aandacht bevreemding, te meer daar 
wel veel aandacht wordt besteed aan kolloidale eigenschappen in deze media van in 
water onoplosbare stoffen. Dit proefschrift, hoofdstuk 2. 

3. De stelling dat vlokking aanleiding geeft tot separatie is correct voor verdunde 
kolloidale systemen. In geconcentreerde suspensies geeft meer vlokking juist aan
leiding tot minder separatie. Dit proefschrift, hoofdstukken 2 en 3. 

4. De suggestie dat de Hamaker constante van een anorganisch zout tijdens een 
kristalisatieproces invloed zou hebben op de kristalgroei en op de porositeit van 
poederdeeltjes verkregen uit een waterige dispersie verdient meer onderzoek. Dit 
proefschrift, hoofdstuk 3. 

5. Het vinden van buitengewoon lage geleidbaarheden in apolaire koolwaterstoffen 
heeft tot de misvatting geleid dat in alle niet-waterige mee ;a de ionenconcentraties 
eveneens zo laag zijn dat geen electrostatische stabilisatie ''an kolloidale systemen zou 
mogen worden verwacht. Dit proefschrift, hoofdstuk 4. 

6. De toepassing van de theorie van G.R. Féat and S. Levine (/. Colloid Interface Sei. 
1976, 54, 34) over electrostatische stabilisatie in apolaire koolwaterstoffen door J.H. 
Green and G.D. Parfitt (Colloids Surf. 1988, 29, 391) op kolloidale suspensies met 
toegevoegde dispersiemiddelen, is onjuist. Dit proefschrift, hoofdstuk 4. 

7. Onder invloed van licht in het nabij e-ultraviolet kan zwaveldioxide fotochemisch 
worden aangeslagen tot een hogere en reaktievere energietoestand (J.G. Calvert and 
J.N. Pitts. Photochemistry. (J. Wiley, New York), 1965, p. 210). Dit geeft aanleiding 
tot substitutie van zwaveldioxide in een reactie met polaire media (J.R. Nooi, Ph.C 
van der Hoeven (Tetrahedron Letters, 1970, 29, p. 2531; Recueil 1972, 91, p.161); in 
alkanen in aanwezigheid van zuurstof moet echter, gezien een geconstateerde 
kwantumopbrengst van alkylsulfonzuur van ongeveer 4000, een radicaal kettingreactie 
worden aangenomen. 

8. De veronderstelling dat de waswerking van een wasmiddel kan worden beoordeeld 
aan de hand van experimenten met proeflapjes in een laboratoriumopstelling gaat 
voorbij aan de grote invloed op de waswerking van variabele factoren die te maken 
hebben met consumentengedrag en vuilconcentratie. 

9. Een progressief energie-tariefstelsel stimuleert zonder twijfel de ontwikkeling van 
energiezuiniger wasprocessen. 



10. De ontkleuring van hydrofiele chromoforen door oxydatie met perazijnzuur kan 
met kleine hoeveelheden van een sterke complexant voor overgangsmetaalionen zeer 
aanzienlijk worden versneld. 

11. Calciumzeep complexen hebben een zodanig lage oplosbaarheid in water dat ze, 
na adsorptie op een kristalletje van een in water-oplosbare vaste stof, in staat zijn de 
oplossnelheid van die vaste stof in water zeer sterk te verlagen. 

12. De naambekendheid die door Lever zou kunnen worden verworven met een 
speciaal ontwikkeld middel voor de reiniging van gevels van belangrijke cultuur
monumenten, zoals bijvoorbeeld die van het Vaticaan, is zo groot dat financiële 
experts een dergelijk project zouden bestempelen als 'low-risk, high-pay'. 

13. De significante verschillen die tussen diverse, willekeurig gekozen proteasen 
worden gevonden bij de ontkleuring in alkalisch milieu van eiwithoudende vlekken, 
maakt het aannemelijk dat verder onderzoek moet leiden tot de ontdekking van nog 
meer effectieve proteasen. 

14. Het gebruik in een zeepziederij van proceswater, dat afkomstig is uit de rivier, 
zodat het zout-gehalte in het proceswater afhankelijk is van de getijdebeweging, leidt 
tot de schijnbaar onwetenschappelijke doch juiste conclusie dat 'zeepzieden bij volle 
maan de beste zeep oplevert'. Conclusies als deze tonen aan dat het streven van de 
stichting 'Skepsis' om parafysische beweringen op hun merites te onderzoeken een 
juist streven is. 

15. De keuze die de overheid maakt tot bezuiniging in de gezondheidszorg is betreu
renswaardig gezien de noodzaak voor meer onderzoek bij een nog steeds geleidelijke 
toename van het aantal gevallen van acute myeloïde leukemie in onze samenleving en 
de huidige machteloosheid van medici bij de behandeling van deze ziekte en van 
andere ongeneeslijke ziekten van het afweersysteem. 

16. De beperking van het aantal letters in de titels van computerbestanden tot acht 
kan op den duur leiden tot een afname van de meer dan achtletterige woorden in 
onze taal. 

17. De noodzaak dat hoboïsten het hout van hun riet enige tijd ter zwelling in water 
moeten laten weken, met het doel het opwekken van trillingen in het riet te vereen
voudigen en daarmee het door de hoboïst geproduceerde geluid te verbeteren, creëert 
bij musiceren in oude kerken een probleem. Dit kan worden beschouwd als een 
bijzonder voorbeeld van problemen die kunnen ontstaan in een niet-waterige om
geving. 

18. Het begrip 'pasta-achtig' voor het aangeven van de aggregatietoestand van een 
stof kan leiden tot verwarring bij de kenners van de Italiaanse keuken. 

19. Uit emancipatorische overwegingen dient de zegswijze 'Kleren maken de man' te 
worden herzien. Deze uitdrukking kan ten onrechte het vermoeden wekken dat alleen 
de man kleren nodig heeft om het te maken. 
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VOORWOORD 

Het werk beschreven in dit proefschrift is een onderdeel van het 'Detergents 
research' programma van het Unilever Research Laboratorium in Vlaardingen. Het 
is uitgevoerd in de sectie 'Liquids' van de 'Detergents' divisie. 

Fysisch-chemisch onderzoek binnen een industriële onderzoeksgroep zoals onze 
wasmiddeldivisie is, anders dan een buitenstaander misschien zou vermoeden, niet 
zo heel erg verschillend van datgene wat plaats vindt in niet-industriële 
onderzoekscentra. De werkwijzen en meetinstrumenten zijn in grote mate dezelfde 
en ook de drang van de onderzoeker naar het vinden van de 'wetenschappelijke 
waarheid' is niet anders. Ook de gehanteerde methoden bij het onderzoek zijn in 
principe niet verschillend en volgen vaak de bekende route van de opstelling van 
een meest waarschijnlijke werkhypothese, na het uitvoeren van de experimenten de 
vergelijking van het resultaat met de hypothese, de verwerping van de hypothese of 
de aanvaarding of uitbreiding daarvan, enzovoorts. Deze werkwijze is sterk 
gelijkend op die toegepast in disciplines waar men te maken heeft met door de 
natuur veroorzaakte variaties in omstandigheden of 'materialen', zoals in de 
landbouwkunde, de levensmiddelenwetenschappen of in de geneeskunde. 

Natuurlijk is de doelstelling wel verschillend. Die heeft in de industrie praktisch 
altijd een toegepaste achtergrond. Onderzoek moet leiden tot een nieuwe 
technologie, een nieuw produkt, een verbetering van de veiligheid van een 
bestaand produkt of van een gebruikt proces, of tot een kostenbesparing. Het moet 
oplossingen aandragen voor de gevolgen van een iets andere samenstelling van de 
grondstof, enzovoorts. Daar deze doelstelling zonder een verder inzichtelijk 
onderzoek vaak niet kan worden bereikt is daarmee de basis gelegd voor een 
researchinstituut zoals het onze. De researchinstelling fungeert daarbij als 
kennisbank voor de werkmaatschappijen. 

Een ander gevolg van deze randvoorwaarde voor de fysisch-chemisch onderzoeker 
is het gebruik van materialen die direct afkomstig zijn uit het produktieproces, dat 
wil zeggen zonder verdere omvorming of zuivering. Deze processen zouden leiden 
tot een gedrag van de grondstof dat niet meer geheel representatief is voor de in de 
praktijk gebruikte grondstof en wordt daarom in 'exploratief' zowel als in 
'toegepast' onderzoek zoveel mogelijk gemeden. Een gevolg daarvan is dat de 
stoffen waarmee we werken vaak minder goed zijn gedefinieerd en dat we bij onze 
resultaten te maken kunnen hebben met de invloeden van experimentele ruis. Er is 
dan veel experimenteel werk nodig om de 'praktische' onderliggende relaties te 
ontdekken. Zonder dit zal echter het echt begrip nodig om aan onze doelstellingen 
te voldoen niet worden verkregen. 

Bij het onderzoek beschreven in dit proefschrift is voortdurend een poging gedaan 
relaties te vinden tussen het gedrag van de praktische grondstoffen en het gedrag 
zoals dat volgens de bestaande kennis of theorie zou mogen worden voorspeld. Om 
precies te weten wat we in handen hadden, was het daarom nodig de gebruikte 
grondstoffen niet alleen wat betreft hun chemische samenstelling, maar juist ook 
wat betreft hun fysische vorm uitgebreid te analyseren. Als gevolg daarvan is het 
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aantal verbindingen waarmee dit onderzoek is uitgevoerd, beperkt gebleven. Het is 
de oprechte hoop van de schrijver van dit proefschrift dat met verdere studies op 
het gebied van de dispersies in de 'laag-polaire nonionics', deze kennis verder zal 
worden uitgebouwd. 

MET DANK AAN... 

Een omvangrijke studie als deze was niet mogelijk geweest zonder de steun, 
begeleiding en hulp van een groot aantal personen. Op deze plaats wil ik graag 
iedereen bedanken die door zijn beslissing of medewerking mij in staat gesteld 
heeft tot het doen van dit onderzoek en tot het schrijven van dit proefschrift. 

Op de allereerste plaats betreft dit mijn promotor Prof. Dr. Hans Lyklema. Hans, 
ik ben je zeer dankbaar voor de medewerking die je van het begin tot aan het eind 
aan dit ongewone promotieonderzoek hebt willen geven. Ik heb buitengewoon veel 
geleerd van je inspirerende en altijd opbouwende kritiek. Voor mij was dit een tot 
voorbeeld strekkende ervaring. Het is mij duidelijk geworden waarom de vakgroep 
Fysische- en Kolloïdchemie in Wageningen onder jouw leiding zo'n 
toonaangevende positie in de wereld heeft veroverd. Ik ben er trots op juist bij jou 
te mogen promoveren. 

Mijn dank betreft natuurlijk vervolgens mijn werkgever, in de personen van Dr. 
Hans Broekhoff, Senior Research Member van de 'Detergents Management 
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Viaardingen Dr. Tony Lee en mijn Division-Manager Ir. Henk Vonkeman, die mij 
de gelegenheid hebben gegeven tot het doen van dit onderzoek. Verder betreft mijn 
dank mijn Section-Managers Dr. Terry Clarke en Dr. Hans Droge, die de ruimte 
voor dit onderzoek hebben gecreëerd en het hardnekkig tegen velerlei aanvallen 
hebben verdedigd. Hans, Tony, Henk, Terry en nogmaals Hans, dank voor het 
vertrouwen dat jullie van het begin af aan in het slagen van deze onderneming 
hebben getoond. 

Op deze plaats wil ik verder vooral bedanken de medewerkers in mijn afdeling die 
op zo'n enthousiaste wijze aan dit hele project hebben meegewerkt. Zonder 
anderen tekort te willen doen, noem ik daarbij speciaal Ing. Peter Versluis, die van 
het begin af aan betrokken is geweest bij dit project en die mij heeft ingewijd in de 
geheimen van de reologie, en Gert-Jan van den Oever, mijn ervaren 
gesprekspartner die het nooit moe werd met mij over de elektrische en 
dielektrische eigenschappen van niet-waterige media te discussiëren. Ook wil ik 
noemen Piet van Reeven en Kees Zuijdervliet, die bergen experimenteel werk 
hebben verzet. Zoals dat ook het geval is in de niet-industriële laboratoria is ook 
onderzoek in een industrieel laboratorium een zaak van teamwerk en goede sfeer in 
de werkomgeving. Het is te gemakkelijk te zeggen dat ieder eenvoudig zijn werk 
heeft gedaan. Zonder jullie betrokkenheid en motivatie waren we niet zo ver 
gekomen. Ook de andere medewerkers van de sectie 'Liquids' wil ik in deze dank 
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Chapter 1 

INTRODUCTION 

LIQUID PRODUCTS FOR WASHING 

At present there is a trend for consumers of detergent products to have an 
increasing preference for products in a liquid form. In the last few years many new 
liquid detergent products have appeared on the market, which gradually replace the 
detergent powders. For users, as well as for the manufacturing industry, the liquid 
product form has advantages. Liquid products tend to dissolve more rapidly, are 
easier to use and do not dust during preparation and application. Also in washing 
machines utilizing automatic dosing from containers, liquid products have good 
opportunities for application. 

All detergent powders on the market contain a blend of 'actives' mixed with a 
variety of other solid adjuncts. Actives are surfactant molecules which help to 
remove the soil during a washing process. The solids applied, sometimes in patent 
literature referred to as 'detergency adjuvant solids' or simply 'detergent solids', 
have a variety of other functions. Normally, in detergent powders a calcium binder 
or 'builder' is present, which improves the efficiency of the washing process by 
binding the calcium ions that give rise to the water-hardness. Other solid adjuncts 
that can be present are bleaches and enzymes. They contribute to the oxidative or 
enzymatic removal of stains. Bleach stabilizers, enzyme stabilizers, anti-
redeposition aids and pH-buffers are also solids and commonly applied in detergent 
powder formulations. 

Liquid detergent products are usually emulsions or suspensions, in which water is 
the continuous liquid medium. They contain mainly actives and a limited number 
of dissolved or suspended solids as detergency adjuncts. The current study deals 
with suspensions of (detergent-related) solids in a non-aqueous liquid, i.e. in a 
liquid nonionic surfactant. 

NON-AQUEOUS LIQUID DETERGENT PRODUCTS 

When water is evaporated from an aqueous liquid detergent product, eventually a 
non-aqueous mixture of non-volatile actives and solids results. If the actives 
applied are liquid at room temperature, the mixture formed is a concentrated 
(pasty) suspension of solids with surfactants as continuous phase. As a detergent 
product, such a non-aqueous liquid detergent suspension can be advantageous. It 
can be made very concentrated and allows, in contrast to aqueous products, the 
combination of water sensitive bleaching agents and enzymes in one product. 
Preparations of such detergent suspensions have been considered for more than 20 
years and are now researched for practical application. 
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Various nonionic surfactants are available which are liquid at room temperature 
and which can be used as a liquid medium. Most nonionics are mild in contact 
with the human skin and are biodegradable. Therefore it is particularly 
advantageous to develop detergent products in which the continuous phase is a 
liquid nonionic surfactant. A typical example of a non-aqueous liquid detergent 
composition with a nonionic as the liquid phase is given in Table 1.1 

Table 1.1: Example of a composition of a non
aqueous liquid detergent product for fabric washing. 
From European patent 266 199 (1986). 

The composition given in Table 
1.1 is a practical example and 
was developed for fabric washing 
in drum-type washing machines. 
It contains sodium triphosphate as 
builder and soda ash (anhydrous 
sodium carbonate) as buffer. 
Sodium perborate combined with 
N,N,N,N Tetraacetyl ethylenedi-
amine forms the bleach system. 
Further the product contains a 
proteolytic enzyme. 

To avoid tactile grittiness in 
liquid products the average 
particle diameter of the sus
pended solids must be lower than 
about 25 /*m. Since granulated 
detergent grade raw materials 
generally contain particles with 
greater diameters, in the 
production process usually a 

milling operation has to be included. At a typical particle size the solids volume 
fraction <t> of the non-aqueous liquid suspensions ranges from 0.35 to 0.53 and the 
particle number concentrations is approximately 1015 to 1017 m"3. The non-aqueous 
liquid detergent products therefore belong to the domain of concentrated 
suspensions. 

Component: 

Nonionic (Plurafac RA30) 

Na triphosphate 

Na carbonate 

Na perborate 

T.A.E.D." 

Proteolytic enzyme 

E.D.T.A.b, silica, etc. 

Total 

% w/w 

43.5 

30.0 

4.0 

15.5 

4.0 

0.6 

2.4 

100.0 

* T.A.E.D.: N,N,N,N Tetraacetyl ethylene 
diamine; b E.D.T.A.: Di-sodium ethylene 

diamine tetraacetic acid. 

1.3 'SETTING' OF PROTOTYPE NON-AQUEOUS LIQUID PRODUCTS 

One considerable drawback of a product with the composition given in Table 1.1 is 
that the viscosity of the product increases with time. On storage over a period of a 
few weeks products can set completely solid and become unpourable (Table 1.2, 
1st row). This process, which is denoted 'setting', occurs more rapidly at higher 
temperatures. As products are in practice sometimes stored at elevated 
temperatures and as the period between production and use is sometimes longer 
than two months, setting leads to unacceptable products. 

In the course of the development of non-aqueous liquid products setting was 
interpreted as a consequence of instability in the colloid chemical sense. In 
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colloidally unstable systems, interact
ing suspended particles attract each 
other so strongly that they coagulate or 
flocculate. Being diffusion controlled 
this process progresses further with 
time. According to this picture, the 
observed viscosity rise is seen as a 
consequence of a continued coagulation 
of the suspended particles causing an 
increase of volume fraction of solids 
and of the viscosity due to 
immobilization by inclusion of the 
continuous phase. 

Table 1.2: Setting and pourability after storage 
of a non-aqueous liquid product with and 
without added DoBS acid. From European 
patent 266 199 (1986). 

DoBS acid 

Absent 

Present 

Setting 
in %* 

Poura
bility 

75 

0 

poor 

good 

* Setting was measured after 2 weeks at 
37 °C by tilting a bottle with product and 
observing the percentage which remained 

in an unchanged position. When indeed setting is due to colloidal 
instability, reduction of the attraction 
between the particles, i.e. colloidal 
stabilization, should decrease setting and give a maintenance of control over the 
physical properties of the suspension. For suggestions regarding suspension 
stabilization in non-aqueous media a literature study was carried out. The number 
of papers dealing with dispersion stabilization is considerable. Surveys dealing 
with practical and theoretical aspects and with control of physical properties have 
been given by Parfitt (1981) [1.1] and Tadros (1980) [1.2], (1986) 
[1.3]. Elementary principles have been discussed in the textbook of Hiemenz 
(1986) [1.4]. Reviews on dispersions in non-aqueous media have been given 
by Lyklema (1968) [1.5], Parfitt and Peacock (1978) [1.6] and McKay 
(1984) [1.7]. The fundamentals and kinetics of agglomeration and their effects 
on viscosity, or more in general on rheology, are discussed by Sonntag and 
Strenge (1987) [1.8]. Discussions and suggestions for stabilizers for colloidal 
systems have been given by Napper (1983) [1.9], Tadros (1982, 1987) 
[1.10] and Lyklema (1985) [1.11]. However, the routes mentioned did 
not offer an adequate solution to our problem and did not made it possible to us to 
stabilize a wide range of solid ingredients suspended in nonionic. 

SUSPENSIONS WITH ADDED DODECYLBENZENE SULPHONIC ACID 

In our attempts to obtain control over the physical properties of solids at high 
volume fractions <t> suspended in a liquid nonionic surfactant, a number of 
surprising observations have been made. It was found that addition of a small 
amount of a soluble acid derived from an organic anionic active, viz. dodecyl-
benzene sulphonic acid (DoBS acid or HDoBS), changed the physical properties of 
these suspension considerably: On pouring, no inhomogeneities, but a regular flow 
was observed. Also, after prolonged storage, setting was no longer occurring (see 
Table 1.2, 2nd row). 

Similar effects were observed in suspensions of single ingredients. For example, 
on addition of DoBS acid to a concentrated suspension of sodium triphosphate in 
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the same nonionic as used for the 
product (Plurafac LFRA30), the 
viscosity decreases markedly from 
pasty to pourable (Fig. 1.1). The effect 
was already found with small amounts 
of added acid and is particularly large 
at low shear rates. At higher levels of 
DoBS acid the viscosity rises again, 
owing to the rise of the viscosity of the 
continuous phase. 

Another observation is that DoBS acid 
effects the sedimentation behaviour 
(Fig. 1.2). In the absence of DoBS 
acid, the uninhibited attraction between 
particles has the result that colliding 
particles agglomerate rapidly. This 
causes the equilibrium sediment 
volume to be rapidly achieved and the 
formation of a solid sediment. First 
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Fig. 1.1: The viscosity drop resulting from 
addition of DoBS acid to a concentrated 
suspension of sodium triphosphate in nonionic 
(Plurafac LFRA30) (</> : 0.39). 

encounters of particles are already 
sufficient for sticking. After addition 
of DoBS acid, however, the suspended 
particles not only sediment more 
slowly with time, but also form a 
denser sediment. The system behaves 
as if the particles are less strongly 
bound and are moving more freely 
(Fig. 1.3). 

With sodium triphosphate suspensions, 
with an initial <f> of 0.38 and in the 
absence of acid, sedimentation leads to 
an increase of the average volume 
fraction of the sediment to 0.42. On 
dosing of DoBS acid to a level of 0.1 
% w/w they rise to 0 = 0.44 and on 
dosing to a level of 1 % of acid further 
to 0 = 0.51. Addition of higher levels 
of acid has only limited additional 
influence on the final sediment volume, 

but has a diminishing influence on the sedimentation rate (Fig. 1.2). 

0.2 0.4 0.6 0.8 
Sedimentation t ime / 1000 Hours 

Fig. 1.2: Change in sedimentation pattern at 
addition of DoBS acid to a concentrated 
suspension of sodium triphosphate in nonionic 
(Plurafac LFRA30) (0 : 0.38). 

The observations imply that DoBS acid achieves some degree of deflocculation and 
the creation of a stabilization against agglomeration of the suspended particles in 
nonionic liquid. 
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DoBS acid 

Fig. 1.3: Deflocculation model (in the lower 
diagram) of a coagulated suspension at addition 
of DoBS acid. 

This is further supported by the ob
servation that after addition of DoBS 
acid to a concentrated suspension of 
sodium triphosphate in Plurafac non-
ionic, the relative viscosity does not 
increase significantly with temperature 
(Fig. 1.4), whereas the viscosity of the 
suspension without acid as function of 
the temperature strongly rises. These 
results clearly illustrate the 
achievement of and maintained control 
over the physical properties by acid 
addition. The results given in this 
chapter demonstrate that the effect of 
addition of DoBS acid can be quite 
striking in that the physical properties 
of nonionic suspensions are changed 
dramatically. 

WORKING HYPOTHESIS AND 
SCOPE OF STUDY 

Although the results cited strongly 
supports the assertion that a stabilizing 
effect is obtained from the added acid, 
the issue is now whether the acid acts 
as a steric or as an electrostatic 
stabilizer. Surprising as it may seem in 
view of the literature on non-aqueous 
systems, during our research the 
hypothesis developed that the stability 
is of an electrostatic nature. This was 
firstly based on the observation that 
the addition of small amounts of DoBS 
acid, i.e. < 1 %, already gave the 
observed effects. Based on this 
hypothesis a further programme was 
established with the objective of 
generalizing the mechanism of 
suspension stabilization in nonionic surfactant media by systematic observation, 
paying particular attention to the possibilities and consequences of electrical double 
layer formation. 

The subject-matter of the present study is the suspension behaviour of stabilized 
non-aqueous suspensions of individual (detergent-related) solids, in various 
nonionic surfactants as liquid phases. The experimental methods we have applied 
to the particles are size analysis and shape characterization. In addition we have 

20 40 60 
Temperature / C 

Fig. 1.4: Viscosity dependence on tempera
ture. Influence of the addition of DoBS acid to 
a concentrated suspension of sodium tri
phosphate in nonionic (# = 0.40). 
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also measured the dielectric constants and refractive indices of the solids. On 
supernatants obtained after decanting we have applied elemental analyses and 
conductometry. Further we measured on supernatants dielectric constants and pulse 
nuclear magnetic resonance. Electrophoresis was carried out on particles 
suspended in supernatants. The suspension properties were investigated by 7-ray 
absorption, by (laser-) light- and electron- microscopy and by Theological methods. 
These techniques allowed us to determine not only such important characteristics 
as electrolyte dissociation and charge present on particle surfaces, but also allowed 
us to evaluate the Hamaker constants of the solids in suspension. Attempts are 
made to relate the electrostatic repulsions obtained in these systems with 
suspension properties in equilibrated sediments and also under shear. 

It will be demonstrated that the insights obtained support the hypothesis of an 
electrostatic stabilization mechanism in non-aqueous nonionic surfactant media. It 
is the primary objective of this work that the results give solutions to problems met 
in the various stages of development of detergent products. Although nonionic 
surfactants are a mixture of compounds and the systems are therefore rather 
complex, the work has allowed us to draw conclusions which have scientific 
interest well beyond the scope of detergent applications. 

1.6 SUMMARY 

Concentrated suspensions of detergent powder solids in a liquid nonionic surfactant 
are considered for practical application as liquid detergent products. However, for 
practical purposes such suspensions cannot be prepared by simple mixing of the 
ingredients. The reason is that during storage the viscosity of the suspensions 
increases and the pourability drops. It is supposed that this effect is due to 
colloidal instability, causing the suspended particles to coagulate and agglomerate 
on storage. 

It has been found that after addition of a small amount of dodecylbenzene 
sulphonic acid (DoBS acid), good pourability is maintained on storage. All the 
effects obtained with suspensions in nonionic surfactants suggest that the addition 
of DoBS acid prevents coagulation and improves colloidal stability. Based on the 
small amounts of DoBS acid required it was hypothesized that the colloidal 
stability obtained is of an electrostatic nature. In a liquid non-aqueous medium this 
is unexpected. The hypothesis was used to form the basis of a further study of the 
mechanism of stabilization. 
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Chapter 2 

COAGULATION IN 

CONCENTRATED SUSPENSIONS 

INTRODUCTION AND DEFINITIONS 

Suspensions in non-aqueous media that are most commonly studied are virtually all 
based on hydrocarbons (xylene or benzene) or alcohols as the liquid phase. They 
mainly involve three groups: 1. insoluble oxides of metals or metalloids, 
represented by rutile (TiO^ and silica (Si02), 2. particles of organic polymeric 
origin, represented by various types of organic polymer latexes, and 3. a group of 
miscellaneous compounds including for example carbon black or salts of Ca, such 
as CaC03, or Ba, exemplified by BaTi03. This selection of water-insoluble solids 
for studies in non-aqueous liquids may suggest that water-soluble solids cannot be 
easily dispersed in apolar media. Although, they have to our knowledge not yet 
been discussed in the literature, we noticed that concentrated suspensions of 
various water-soluble crystalline sodium salts in non-ionic surfactants can be 
readily prepared. In this chapter we start with a brief description of the materials 
applied in this study and of a few basic features of the suspensions. Further aspects 
considered in this chapter are the influence of attraction on coagulation between 
particles and its effects on the physical properties of a suspension as a whole. 
Frequently a comparison will be made with the related colloidal dispersions of 
small sub-micron size particles. 

'Aggregote par t ic le ' : 
surface area in contact: > 0.20 

« ^ 
primary particle 

'Agglomerate par t ic le ' : 
surface area in contact: ± 0.05 

« $ 

Coagulate of part ic les : 

porticles 
agglomerates and 
aggregates 

Fig. 2.1: Particles (aggregates and agglomer
ates) formed of primary particles, and a 
coagulate of particles. 

The terminology applied is based, with 
some adaptations, upon that proposed 
by Parfitt (1981) [2.1]. Solids in 
suspension are considered to consist 
basically of: 1. primary particles, 
usually crystals with a size of a few 
tens of nm (nm = nanometer = 10"9 

m), 2. 'aggregate particles' and 3. 
'agglomerate particles' (Fig. 2.1). An 
aggregate is a collection of primary 
particles sintered together so that their 
surface area is significantly less than 
the sum of the areas of their 
constituent particles (Fig. 2.1). An 
agglomerate is formed from primary 
particles firmly joined at edges and 
corners, and gives less loss of the 
surface area. Agglomerates and 



24 Chapter 2 

aggregates are porous and both contain voids, but agglomerates at a higher fraction 
than aggregates. Usually, aggregate particles and agglomerate particles is the 
species we recognize under a optical microscope as the particles in a powder. The 
term dispersion is used for the mixture of particles in a liquid irrespective of the 
size of the particles and so also includes colloidal-size particles. The term 
suspension is reserved for systems where the dispersed particles have larger 
dimensions than colloidal, i.e. larger than 1 /im 0*m = micrometer = 10"6 m). In 
suspensions, particle settling under the influence of gravity leads to the formation 
of a sediment with a clear layer on top; the term sedimentation is used for the 
particle settling process. 

The terms used to describe the formation in suspension of relatively weak clusters 
from aggregates or agglomerates is flocculation, when influenced by the presence 
of polymer, or coagulation, when influenced by electrostatics. By definition, small 
pressures giving low shear, such as applied during pouring or mild shaking, are 
sufficient to distort coagulates and floes, but not to disintegrate the agglomerates 
or aggregates. Crumbling of aggregates or agglomerates occurs under influence of 
larger shear forces, for example such as those occurring during centrifugation. De-
flocculation and de-coagulation are the terms used for the breakdown of floes and 
coagulates into smaller entities. Packing is defined as the space occupied in a 
sediment (Vsed) by a volume of solid particles (Vsol). The packing fraction is 
equivalent to the inverse of the solids volume fraction <t> (Eq. 2.1). 

Packing fraction = YsSs* = - [2.1] 

For non-homodisperse particles, when not specified differently, the 'surface-
weighted' mean particle radius (a32) is used (for particle radius nomenclature see 
for example Alderliesten, 1984) [2.2]). 

2.2 MATERIALS 

2.2.1 The nonionics 

Nonionic surfactants, or briefly nonionics, are organic molecules and usually 
contain no other elements than C, H and O. Alkyl ethers of polyethylene glycol 
are used the most frequent in present detergent formulations and contain an 
aliphatic tail besides this polar, polyethylene part. Examples of representative 
nonionic structures are given in Fig. 2.2. Nonionics are synthesized in a conden
sation reaction with ethylene-oxide (-CH2-CH2-0-: EO or E) and can have a range 
of molecular weights. Optionally they can be co-polymerized with propylene-oxide 
groups (-CH2-CH(CH3)-0-: PO or P). Alkyl chain lengths and numbers of EO or 
PO groups determine the properties of nonionics. Their composition is usually 
abbreviated to CnEmPp, in which n, m and p stand for the average number of 
carbon atoms of the alkyl chain, for the number of EO groups and for the number 
of PO groups, respectively. In current detergent products, nonionics with 9 < n 
< 18 and 3 < m < 9 are usually preferred. Nonionic surfactants usually contain 
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water at a level of approximately 0.5 
to 0.8 %. Specific densities are close 
to 1 x 103 kg m"3 and their conductiv
ity K can be as high as 10"4 S m"1 (S = 
Siemens = O"1), due to the presence of 
ionic impurities. Nonionic surfactants 
are considered to be solvents with a 
low polarity. Their relative dielectric 
constant ranges between 4 and 12. The 
alkylene oxide groups give these 
molecules good surface active 
properties and good miscibility with 
water. 

A comprehensive introduction to 
nonionics, their structure, composition 
and manufacturing has been given by 
Schönfeldt (1969) [2.3] and more 
recently by Cross (1987) [2.4]. By 
cation and anion exchange (using 
Biorad AG/ 1X2 and Biorad AG 
50W/X8 resins) followed by 
microwave drying, ionogenic matter 
and water levels in nonionics can be 

Common structure elements : 

ethylene ethyleneoxide propyleneoxyde 

EO—nonionic : 

VWWWAAA/ 
C,2E4 

Examples : 
Synperonic A7: C R 2 E g 2 

Imbentin ( C - 9 1 / 3 5 ) : C , 0 5 E 6 3 

Trioxitol: C2 E3 

EO/PO nonionic : 

VVVVVVVVAAAAA-/ 
E 4 P , 

Example 
Plurafac RA30: C 1 3 8 E 6 2 P 2 7 

Fig. 2.2: Models and common structure 
elements of examples of EO and EO/PO 
nonionics. For clarity H-atoms are omitted. 

Table 2.1: Properties of two purified and dried nonionics. 

Molecular 
weight (M) 

Specific 
density (p) 

Water content 

Conductivity (K) 

Dielectric 
constant (e) 

Refractive 
index (25°C) (n) 

Viscosity (ij) 

/lu"3 

kg Mol"1 

/103 kg m"3 

% w/w 

/10"6 

Sm"1 

/10"3 

Pas 

Imbentin 
C91/35" 

419 

0.979 

0.03 

2.84 

6.23 

1.4528 

33.6 

Plurafac 
LFRA30b 

687 

0.976 

0.06 

0.30 

5.70 

1.4529 

51.6 

" ex ICI (UK); b ex Kolb (CH). 
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reduced considerably. Physical data after purification and drying of two repre
sentative nonionics applied in the current studies (Plurafac LFRA30 and Imbentin 
C91/35) are given in Table 2.1. 

2.2.2 The solids 

The solids used in this study involve those usually applied in current detergent 
powders and were used without further purification. Typical examples are the 
inorganic 'builder' salts soda ash (sodium carbonate), STP (sodium triphosphate), 
Soluble M (sodium trisilicate) or 'activated' Zeolite 4A (a sodium aluminium-
silicate with 5 % water). Other examples are perborate monohydrate (sodium 
perborate) and calcite (calcium carbonate). A list of solids and some physical data 
have been given in Table 2.2. A small number of synthetic oxides such as 
Periclase, Lime, Anatase and Alumina have also been applied in some of the 
studies. 

Table 2.2: Specific density, particle size and water content of the solids applied in the 
current study. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Solid 

Anataseb 

Alumina0 

Periclased 

Lime" 

Calcite' 

Perborateag 

Zeolite 4Ag 

Soda ashah 

STP"1 

Soluble Mai 

Chemical For
mula 

Ti02 

A1203 

MgO 

CaO 

CaC03 

NaB03.H20 

Na2O.Al203.-
(Si02)2 

Na2C03 

Na5P3O10 

Na20. 
(Si02)3 

P 
/ l ^ k g 

m 3 

3.81 

3.40 

2.96 

3.22 

2.57 

2.14 

1.68 

2.47 

2.47 

1.95 

«3,2j 

/10"6 

m 

3.8 

4.2 

3.6 

2.1 

2.6 

4.4 

4.4 

4.8 

6.6 

8.4 

Water 
content 
% w/w 

0.2 

< 0.1 

0.5 

< 0.1 

3.0 

1.1 

3.3 

0.6 

0.4 

11.6 

" Dry-milled. b ex BDH c Merck d Rhone Poulenc c Baker f Interox 
g Degussa h AKZO ' Crossfield > Experimental results (Malvern sizer). 

Solids were chosen that had an average 'surface-weighted' particle radius of 2 to 5 
Htn. If necessary we milled to that size. From Table 2.2 it can be seen that these 
attempts were reasonably successful. Under the microscope, after milling, the 
particles show irregular surfaces, but with an approximate spherical shape and 



Coagulation in concentrated suspensions 27 

width to length ratios of < 0.6. To a good approximation, the particles can 
therefore be considered as spheres. The densities measured in a pycnometer under 
ambient conditions in nonionic liquid were found to range between 1.7 and 3.4 
xlO3 kg m"3. In the cases where literature values are available these values are in 
good agreement, indicating that in the density measurements the voids are 
sufficiently large to become completely filled with nonionic liquid. The water 
levels of the solids are usually low although they are not completely anhydrous. 
Their dielectric constants range between 4 and 15 and shows them to be poor 
conductors. Dielectric data of the individual solids are given in Chapter 6. 

The measured density of 'activated' Zeolite 4A (1.68 xlO3 kg m"3) is considerably 
lower than the literature value given for conventional Zeolite 4A (2.1 xlO3 

kg m"3) given by Kimura et. al. (1987) [2.5] or for sodium aluminium silicate 
(2.62 x 103 kg m"3). This is ascribed to the presence of small pores of 0.4 nm in 
crystalline primary particles of 'activated' Zeolite 4A (Breck, 1956) [2.6], 
being too small to be filled with nonionic liquid. 

Suspensions in nonionics 

After mixing of solids with nonionics, chemical analysis of the supernatants 
showed that the solids have a limited solubility. For example, with sodium 
triphosphate (STP), atomic absorption measurements of a (millipore filtered) 
supernatant showed that sodium concentrations increase only to a level of 6 mM at 
most (mM = millimolar = 10"3 M) after a period of four months (Table 2.3). 
Phosphorous levels remained below the detection limit of 0.1 mM. The limited 
increase in specific conductivity also confirmed this. Similar observations were 
made with suspensions of the other solids. From microscopic observations of 

Table 2.3: Solubility of STP in nonionics. Concentrations (Na, P and H20) and 
conductivity (K) in the supernatant, four months after suspension making. 

K 

Na 

P 

Water 

/10"6 

S m"1 

mM 

mM 

% w/w 

Imbentin 
C91/35 

-

2.84 

0.03 

n.d. 

0.04 

+ STP* 

25.8 

5.8 

n.d. 

0.36 

Plurafac 
RA30 

-

0.30 

0.01 

n.d. 

0.03 

+ STP 

0.80 

0.8 

n.d 

0.27 

* STP: sodium triphosphate; n.d.: non detectable. 

solids isolated from the suspensions it can be further concluded that the particles 
neither visibly swell nor dissolve. These suspensions are colloidally unstable. The 
particles attract each other due to van der Waals attraction forces and, if present at 
all, repulsive forces are not sufficient to prevent coagulation. 
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2.2 A The DoBS acid additive 

The DoBS acid additive we used at low levels in our studies of the nonionic 
suspensions is n-dodecylbenzene sulphonic acid (Marlon AS3, ex Hüls) with the 
average chemical formula: C12H25C6H4S03H. This sulphonic acid, a strong 
Brensted acid, is obtained by sulphonation with S03 of 'alkylate', i.e. a product 
formed by catalytic reaction of benzene and linear C12 alkene. In the catalytic 
reaction a mixture of isomers is formed whereby the benzene group is substituted 
fairly evenly among the secondary carbon atoms in the alkane chain (Agozzino, et 
al, 1986) [2.7]. Its 'average' structure is represented in Fig. 2.3. Commercial 
grades of the DoBS acid have a purity > 96.5 %; as impurities they contain ca. 2 
% of sulphuric acid and some non-converted organic matter. A discussion of linear 
alkylbenzene sulphonate, i.e. the 'anionic' sodium salt derived from DoBS acid, its 
manufacture and properties has been given by Kumar and Bhat (1987) [2.8] 
and by Drozd and Gorman (1988) 
[2.9]. 

Ç G—G 

The sodium salt of DoBS acid, i.e. I / 
sodium dodecylbenzene sulphonate, 1 / 
has some structural similarity to °— <T ^—^ 
Aerosol OT (sodium di-2-ethyl- hexyl c 
sulphosuccinate, Na AOT) a well- c 

known anionic dispersant, which has fXc 
been found to give surface charging cWc 
and ionization in non-aqueous c 

dispersions (Parfitt and Peacock, 1978) 
[2.10]. Sodium alkylbenzene 
sulphonate is worldwide the most c H c H SO H 
frequently applied anionic in detergent 

S-OH 
II 
O 

powders and liquids. 

2.3 ATTRACTION AND ITS 
INFLUENCE ON COAGULATION 

Fig. 2.3: Molecular structure of DoBS acid. 
For clarity H-atoms are omitted. 

2.3.1 Attraction strength and sediment type 

Particles in a lyophobic suspension attract each other as a consequence of van der 
Waals attraction between dispersed particles. A quantitative discussion of the van 
der Waals attraction between the solids in a nonionic suspension will be given in 
Chapter 3. Anticipating this, a more qualitative discussion of the consequences of 
van der Waals forces for suspension properties is given here. 

By approximation it can be said that the van der Waals attraction energy (Va) for a 
pair of interacting particles is larger for big particles than for small ones and that 
it increases when particles approach each other. Mathematically, this relation can 
be represented by 
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K 4 « - 4 [2.2] 

if a is the particle radius and H the interparticle distance. When two suspended 
particles approach each other, for example under the influence of gravity, their 
first points of encounter are the edges and asperities. The energy gain obtained 
could be considered as a type of an interparticle 'bonding energy', where the edges 
and asperities are the primary interacting parts. The situation of such interacting 
surface parts of two macrobodies may be compared with that of chemically 
interacting groups of two encountering macromolecules in a solution. 

Strong a t t r ac t i on 

One contact point 
per particle 

b. Weak a t t r ac t i on 

When the van der Waals bonding energy is 
large it can be supposed that the bonds 
between two particles are formed almost 
immediately at their first encounter. In this 
situation small areas of contact between 
particles can already be sufficient to 
immobilize them completely with respect to 
each other ('hit-and- stick'). Further 
encounters of such formed pairs lead to the 
formation of a strongly coagulated, open 
structure in three dimensions, where a 
limited number of contact points per 
particle is present (Fig 2.4 a). If all the 
particles are connected a network of cross-
linked particles will be formed 
immobilizing and encompassing the full 
continuous phase. However, if the bonding 
energy is small, sufficient immobilization is 
achieved only after more bonding has 
occurred. To achieve this a re-orientation of the interacting particle surfaces is 
necessary. Many unsuccessful encounters may be needed between two approaching 
particles before this has happened and before they are bound rigidly to each other. 
Alternatively, contacting pairs can slide along each other till such a rigid bond has 
established itself. For micron-size particles this implies that the time-scale of 
sedimentation under gravity becomes shorter than the time-scale of interparticle 
bonding. Therefore the first bonding, and also the further bonding of the pairs to 
larger coagulates, only occurs slowly so that the particles become densely packed 
in a sediment (Fig. 2.4b). 

More contact points 
per particle 

Fig. 2.4: Sedimentation of (a) an unstable 
suspension and (b) a stable or slightly 
unstable suspension. 

The weak coagulates with a more dense structure and the strong coagulates with a 
more open structure can in this respect be compared with the formation from 
primary particles (Fig. 2.1) of densely packed particle aggregates or of more 
loosely packed particle agglomerates, respectively. In the discussion of the 
sediment model the extreme situations have been described, viz. strong versus 
weak bonding energies. Intermediate values of bonding energy, will lead to 
sediments in between the two extremes. 
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In sect. 1.3, it was mentioned that coagulation due to colloidal instability was 
responsible for the large sediment volume (Fig. 1.2) as well as for the high 
viscosity (Fig. 1.1). Moreover, it was found that the suspensions were not stable 
during storage or at elevated temperatures (Fig. 1.4), which was ascribed to 
progressive coagulation. Addition of the DoBS acid evidently changed various 
properties of the suspensions and at elevated temperatures no viscosity increase 
was observed any more. Apparently, the state of the suspension was changed from 
coagulated to less coagulated or even to stability. In the next section the origin of 
this effect will be discussed further. 

2.3.2 Reduced attraction and colloidal stabilization 

Attraction by van der Waals forces causes an energetically favourable situation 
when particles approach each other; it results in bonds with a more negative value 
of Va (Eq. 2.2). The reduction in potential energy can be represented by a curve, 
showing that the closer the surfaces approach the larger the lowering (Fig. 2.5; see 
also sects. 3.2.2 and 3.2.3). If at some distance from the surface of a particle 
some 'obstruction' is created that hinders a closer approach, the energy at that 
distance is more favourable (lower) than that at infinite separation. In Fig. 2.5 this 
is represented by Va

(a). When the range of the obstruction is shorter this causes an 
even higher energy of 'bonding'. In Fig. 2.5 this is represented by Va

(b). 

From colloid chemistry it is known 
that such an obstruction can be created 
by a repulsive barrier. For dispersions 
of colliding colloidal-size particles it 
results in a reduction of the rate of 
coagulation (see for example Hiemenz, 
1986) [2.11]. It is found that for 
dispersed systems a repulsive barrier 
can be obtained basically by an 
electrostatic or by a steric effect, or by 
combinations of these two. The first 
effect is based on the creation of an 
electrostatic repulsive force. The 
second is based on the formation of a 
steric obstruction to a closer approach, 
for example from an adsorbed, bulky 
polymeric molecule. The repulsive 
effect is being generated as soon as 
adsorbed layers begin to overlap. 

Surface Long range 
'obstruction' 

(o) ,,. 

Surface 

Short range 
'obstruction' 

(b) 

Fig. 2.5: The effect of obstruction on potential 
energy of attraction (Va) for two approaching 
surfaces. 

Both these routes render coagulation less favourable. Hence, they reduce the rate 
of the coagulation process and lead to a situation where the original number of 
particles (and their properties) are longer maintained. In colloid chemistry 
therefore usually they are referred to as 'electrostatic stabilization' (Overbeek, 
1981, 1987)[2.12]and as 'steric stabilization' (Heller and Pugh, 1960) 
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[2.13]. In situations of adsorbed polyelectrolytes this may lead to combi
nations of electrostatic and steric stabilization (Fowkes, 1983 [2.14]; 
Lyklema, 1985 [2.15]). Electrostatic or charge stabilization is widely applied 
in aqueous systems, when ions from dissociated electrolytes are present and can 
charge the particles. Steric stabilization is currently applied in non-aqueous media, 
where electrolyte dissociations are usually low, but also in aqueous media. 

For stable colloidal particles with large repulsive barriers and small remaining 
attractions, Brownian motion caused by thermal energy is large in comparison to 
the bonding energy. However, particles with an average size in the micron-range 
are so large that gravity-induced settling is only to a minor degree influenced by 
Brownian movements. It leads to the formation of a sediment irrespective of the 
preponderance of attractive or repulsive forces, although the compactness of the 
sediment will differ. The interparticle distance after sedimentation, where the 
particles are at rest, is the distance at which the sum of all forces is zero and 
where the repulsions withstand the gravitational force. The energy or force 
required to cause a sediment to flow must be larger than the sum of the van der 
Waals bonding energy and the potential energy due to gravitation. The flow is the 
easier, the longer the range of the repulsion and the smaller the contribution of the 
attraction to this sum is. 

2.3.3 DLVO theory 

The magnitudes of attraction and of repulsion, created by electrostatic or steric 
effects, is usually represented in potential energy-distance or force-distance curves. 
Such graphs describe the energies or forces of each of these attractive and 
repulsive interaction as a function of the distance between the interacting surfaces. 
A simple addition of all these functions allows one to obtain the complete picture 
and permits one to find which of the two effects at a certain distance dominates 
over the other. Examples of two typical extreme patterns are given in Fig. 2.6. 

By its nature the range of the attraction is always larger than that of the repulsion 
(Fig. 2.6). The combination of the attraction with an extinguishing repulsive 
energy causes a secondary minimum in the energy- distance curves. When 
particle surfaces approach each other up to very short distances, i.e. in the atomic 
distance range, Born effects cause very strong repulsions between the particle 
surfaces. The combination of Born repulsion with the van der Waals attraction 
causes the development of another minimum in the energy-distance curve, viz. the 
primary minimum. Since the attraction is particularly strong at small distances 
(Eq. 2.2), the primary minimum is much deeper than the secondary minimum (see 
Fig. 2.6). 

The theory describing the additivity of attractive- and repulsive-electrostatic forces 
is named "DLVO theory" after Deryagin, Landau, Verwey and Overbeek, who 
formulated this theory more than 40 years ago. A review of the theory has been 
given by Kitahara and Watanabe (1984) [2.16], or can be found in the 
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textbook of Hiemenz (1986) [2.11]. An original discussion is given by Verwey and 
Overbeek (1948) [2.17]. 

Particles which are so close to each other that they are positioned at the distance of 
their primary minimum are in an energetically extremely favourable situation and 
are rigidly bound to each other. Suspensions consisting of such particles are 
completely solid and unpourable. However, when between particles only 
'secondary minimum coagulation' occurs this gives rise to a more 'liquid' 
behaviour of the suspensions. Thus, the strength of the interparticle attractions 
determines the physical properties of a suspension (sect. 2.3.2). 

The interparticle attractions can be strong or weak depending completely on the 
size and range of the repulsive barrier: A high repulsive barrier inhibits the 
(strong) primary minimum coagulation. A short range of the repulsive barrier 
causes a deeper secondary minimum. It induces an energetically more favourable 
position for the particles (in the 

, . . . . r Surface 

secondary minimum) and gives faster 
coagulation to form loose and open 
coagulates. On the other hand a long 
range of the repulsive barrier causes a 
shallow secondary minimum at a 
relatively large interparticle distance. 
It causes weak coagulation with dense 
packing (see Fig. 2.6). 

Strong, primary minimum coagulation 
is assumed to occur when the depth of 
the minimum is > 10 kT-units, i.e. > 
4.12 xlO'20 J (J = Joule; at room 
temperature 1 kT-unit = 4.12 XlO20 

J). Secondary minimum coagulation is 
supposed if the value is < 10 kT, 
whereas strong and weak secondary 
minimum coagulation can be distinguished further. Apart from the depth of the 
secondary minimum also the range of the area in the vicinity of the secondary 
minimum is mentioned to be important (Vincent, 1987) [2.18]. Hence, when 
the magnitude of the attraction could be manipulated by varying the size and range 
of the repulsion, this would directly influence the degree of coagulation. The 
methods by which the magnitude of the attraction can be affected will be discussed 
in sect. 2.5. First it will be discussed in what way the type of coagulation 
influences the physical properties of a suspension. 

Distance H / nm 

Fig. 2.6: DLVO curves (a) for a short range 
repulsion and (b) for a long range repulsion. 
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2.4 COAGULATION AND SUSPENSION PHYSICAL PROPERTIES 

2.4.1 Sedimentation 

The coagulation, occurring as a result of attraction between particles, influences 
various physical aspects of concentrated suspensions, viz. the rate of 
sedimentation, the final sediment volume, the viscosity and the network- and 
shear- moduli of the sediment formed (see Chapter 7). 

According to the coagulation model given (sect. 2.3.1), strong net overall 
attraction between particles could explain the large sediment volume observed in 
the absence of acid for the concentrated suspension of sodium triphosphate in 
Plurafac nonionic (Fig. 1.2). The reduction of the sediment volume resulting from 
addition of DoBS acid is explained from the a creation of a repulsion leading to 
weaker attraction and more densely packed coagulates. 

The strength of the attraction has also an effect on the compressibility of sediments 
under pressure. Compressibilities of sediments formed by strongly attracting 
particles will be larger than those of weakly attracting particles. This consideration 
leads to the apparent contradiction that in concentrated suspensions stronger 
attraction leads not only to larger average interparticle distances but also to weaker 
suspensions, which are more easily distorted. If it were possible to reduce the 
attractive dispersion forces, we would observe the opposite, viz. creation of a 
denser and better packed sediment and with a lower compression. Such effects are 
obtained from the creation of an effective resistance against coagulation by 
colloidal stabilization. 

The slower rate of sedimentation found after the addition of DoBS acid to 
concentrated sodium triphosphate suspensions can also be ascribed to a reduction 
of the attractive forces between coagulates. According to the model, if the 
attractive forces between coagulates are reduced, more encounters or more sliding 
in the sediment can occur before further coagulation causes the complete 
immobilization of the coagulates. Since the addition of DoBS acid has lead to a 
reduction in degree of coagulation its effect can be interpreted as a de-coagulation. 
An order of magnitude estimation of the lowest secondary minimum energy 
minimally necessary to have no visible sedimentation in our nonionic suspensions 
can be made by the sedimentation experiment (Fig. 1.2): After an initial stage 
where sedimentation is visible, there follows a stage during which no measurable 
sedimentation occurs any more. As the accuracy of the visual observation of the 
sediment height is ca. 1 mm, over the 850 hours of observation the sedimentation 
rate in the later stage was maximally 1 mm, which is equivalent to 3 xlO"10 m s*1. 
For particles with a radius a of 5 jtm this would correspond to a relative shear rate 
d7/dt (often short-hand written as 7) of 6 XlO"5 s"1. The hydrodynamic energy 
(VH) required to displace a particle over a distance 3a/4, is given by Eq. 2.3 
(Blom, Jongschaap, van Gelder; 1987) [2.19]) 




