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1. INTRODUCTION 

1. 1. GENERAL INTRODUCTION 

The metal oxides are very commonly present in the nature 

as well as the artificially created environment. The soil 

that covers the earth for example is mainly composed of 

silicium oxides, aluminium oxides and iron oxides. 

In a lot of cases a metal(oxide) comes in contact with water 

or with solutions of salts in water; less commonly we find 

the oxide in contact with a non-aqueous solvent, e.g. acetone, 

alkanes etcetera. A number of chemical processes can take 

place that will influence the properties of the (surface 

of) the metal oxide. The metal oxide can dissolve, a chemical 

transformation into a metalhydroxide can take place, all 

kinds of ions from dissolved salts can interact with the 

surface of the metal oxide etcetera. 

Very important is the capability of (oxide) surfaces to 

adsorb or release specific kinds of ions. In this way a 

positive or a negative charge is formed at the surface. 

This charge can cause particles to attract or to repel each 

other. The processes of charge formation and particle inter

action are some of the important themes of colloid chemistry. 

These properties are used very often in practice. For example, 

in paint we can use the adsorption of molecules in order to 

achieve a good homogeneous paint, in water purification we can 

use the adsorption either by letting polluting ions adsorb 

in a filterbed or by influencing the charge on the pollutants 

in order to achieve a clotting of the polluting substances 

and a subsequent fast sedimentation process. The adsorption 

properties of the soil towards ions is very important for 

the soil structure and for availabi of ions for plant 

growth. It has been shown that most of the adsorption capa

city of the soils arises from oxides and not from clay mine

rals. The behaviour of oxides in solutions has been studied by 

a lot of scientific disciplines, such as geology, physical 
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chemistry, biochemistry etcetera. The field of applications 

of oxides is very wide, we will mention some of these later 

on. 

In the last decades, the development of semiconducting mate

rials and their application in e.g. solar energy systems, 

computers and other electronics have assumed enormous propor

tions. In search for semiconducting materials it has been 

found that some oxides also show semiconducting properties. 

They can be used now as electrodes in solar energy cells, 

as ion selective sensors, in catalysis etcetera. A lot of 

these systems incorporate the contact of the semiconducting 

oxide with a liquid environment, In this field, the knowledge 

of the semiconductor/solution phase boundary and hence knowledge 

of the relation between solid state properties and colloid 

chemical behaviour, is indispensable, 

Zinc oxide is a (semiconducting) material that has been 

studied for a long time. Reasons for this interest in zinc 

oxide are the various applications (e.g. in paints, in photo

copying devices, in dental cements, in rubbers and so on). 

Undoubtedly a supporting factor is the relatively low 

price of the material. Scientifically, zinc oxide has the 

advantage that it is available both as a powder and as a 

single crystal, both of which can be eas controlled in 

their electronic properties. 

Many of the colloid chemical concepts have been developed 

on less common model substances such as Hg or Agi. The present 

investigation forms a part of a study which aims to 

bridge the gap between the theory of model systems and the 

theory of more usual (oxide) systems, 

1.2. OUTLINE OF THE PRESENT STUDY 

From the various kinds of oxides, zinc oxide was chosen 

because it had been shown to be a suitable material for the 

combination of measurements with powders and with crystals. 

In this work however we have confined our experiments to the 
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powdered zinc oxide samples. Our first aim was to find 

whether or not a relation exists between variations in some 

solid state properties of a given oxide and its colloid 

chemical behaviour (with emphasis to adsorption phenomena 

and dispersions stability). 

In chapter 2 we pay attention to the solid state properties of 

zinc oxide, in a literature survey as well as by own experiments. 

The experiments were performed to try and find suitable samples 

of zinc oxide with different solid state properties and to 

characterize the solid state properties of these samples. After 

an introduction in some basic double layer models of the oxide/ 

solution interface (chapter 3) we describe the measurements 

of the electrokinetic potential and the resulting stability 

for dispersions of the differently pretreated samples of zinc 

oxide. In this chapter (4) we have also studied the influence of 

a flow field in a dispersion on its stability behaviour, 

a theme often neglected in literature. In the next chapter we 

present the measurements of the adsorption of hydrogen- and 

hydroxyl ions at the zinc oxide/aqueous electrolyte interface 

and the role of some anions,by means of a titration technique 

(adsorption at constant pH). We discuss the results of these 

measurements together with those of chapter 4 in order to 

complete our picture of the double layer at the zinc oxide/ 

aqueous electrolyte interface and the influence of the solid 

state properties thereupon. Chapter 6 presents some results 

of measurements on dispersions of zinc oxide in non-aqueous 

media. These experiments were performed in order to eluc"idate 

the role of water in the adsorption process. 

Chapter 7 gives some concluding remarks on the line of work, 

followed in this investigation. Some suggestions for further 

research are done. 
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2. CHARACTERISATION AND PROPERTIES OF ZINC OXIDE 

2 .1. INTRODUCTION 

In colloid chemistry, it is of great importance to have 

knowledge of the properties of the soli.d particles to be 

investigated, before they have been in contact with the 

medium. In order to be able to calculate the amount of 

adsorbed species per square meter of surface, we have to 

know the specific surface area of the parti~les (m2/gr), 

Calculations of interactions of particles in suspensions 

require information about particle size and particle size 

distribution, and the interpretation of adsorption phenomena 

can be improved by the knowledge of chemical species 

present at the surface of the particles. 

In this chapter we review the literature on some surface

and bulk properties of zinc oxide and report some of our 

own results for samples of zinc oxide pretreated in various 

ways. Two extensive reviews already exist which cover a 

large area of zinc oxide properties : Heiland and Mollwo (1) 

cover the period until 1958 and Hirschwald (2) covers 

the period 1958-1979. Brown (3) gives a survey of the 

applications of zinc oxide in practice and gives an extended 

list of references on the properties and applications 

of zinc oxide. 

2. 2. LITERATURE 

In this section we review the literature on the characteri

sation and properties of zinc oxide that might b~ relevant 

for the interpretation of our colloid chemical experiments. 
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2.2.1. Lattice structure 

Zinc oxide crystallizes in a hexagonal wurtzite structure 

(fig 1) (1,4). Crystals are usually obtained in the form 

of hexagonal prisms, but various other forms (plates, 

needles, fourlings etc) may be manufactured (3). The 

ZnO-structure may best be described by a series of atomic 

double layers (Zn, 0), which are normal to the c-axis. 

The series ends with the two polar (0001)-faces (5,6), 

designated as the Zn-face and the o-face. The Zn - 0 

distance is .1992 nm parallel to the c-axis and .1973 nrn 

in the other directions (1). This ideal crystal structure 

normally \.,rill be disturbed, e.g. by interstitial zinc and 

by other impurities. The interstitial zinc is usually 

present at ppm-level and is dissociated at room temperature 

in zn: and a free electron (1,6,7,8) • . 

2.2.2. Electronic properties 

Fig. 2-1: hrurtzi te str..1ctnre of ZnO 

(after Heila~d and Kijnstmann). 

The electrical conductivity of solids covers a broad range 

from the high resistivity of good insulators to the high 

conductivity of metals. Between these extremes there are 

solids known as semiconductors, with specific electrical 

conductivities ranging from 10- 10 to 10 5 ohm- 1cm- 1 . 
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Pure zinc oxide, carefully prepared in the laboratory, 

is a good insulator; however, usually zinc oxide contains 

impurities such as excess zinc atoms. By special heat 

treatments and/or introduction of artificial impurities, 

the electrical conductivity can be increased. Seitz and 

Whitmore (10) could obtain conductivities of zinc oxide 
-17 3 -1 -1 

ranging from 10 to 10 ohm em , depending on the 

method of sample preparation. 

It is necessary to present some features and terms of 

semiconductor research that will be used here (11-17). 

First we consider an electronic band diagram, e.g. for 

stoichiometric zinc oxide. This contains two allowed energy 

regions or bands, the valence band and the conduction 

band. These two allowed regions for electrons are seperated 

by a forbidden energy region, the forbidden gap. 

Semiconductors are usually classified as intrinsic or 

extrinsic (15,17). The conductivity of intrinsic semi

conductors arises from thermal excitation across the band 

gap. In extrinsic semiconductors, the conductivity arises 

from ionisation of a chemical impurity, usually called a 

dope. Extrinsic semiconductors are either of the n-type or 

of the p-type • In n-type semiconductors the charge carriers 

are primarily electrons in the conduction band, originating 

from the ionisation of donor impurities, e.g. Zni in ZnO (1). 

In the p-type, the carriers are primarily valence band holes, 

produced by the transfer of electrons from the valence band 

to acceptors. Zinc oxide can be classified as an n-type 

extrinsic semiconductor. 

On the surface of a solid, electroniclevels (surface states) 

may be created which can give riste to charge transfer from 

the bulk to the surface or vice versa. Thus, a positively 

charged electron depletion region within the zinc oxide 

can be depicted for an electron transfer from the bulk 

to the surface (fig 2). The band edges are bent to indicate 

the electrostatic field. 
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E 

semiconductor electrolyte 

?ig. 2-2: Energy scheme of the semiconductor/ 

elec~roly~e phase boundary. 

In the band picture, the so called Fermi-level has been de

picted. This level is equivalent to the chemical potential 

for the electrons in the solid. At the Fermi-level, the 

probability, f, of an electron occupying a level is \. The 

probability that a higher available level is occupied by 

an electron is less than ~' decreasing with 

energy according to the Fermi-distribution function (15) 

f 1/ [1 + exp(E-Ef)/kT] [ 1 J 

with E being the energy level of, for instance, a surface 

state. The importance of this band picture for interpretations 

of reactions at the semiconductor-electrolyt interface 

will be discussed in chapter 3. 

The width of the forbidden gap for ZnO is 3.2 ev (315 kJ) 

(1). The band diagram for stoichiometric ZnO must be 

modified for chemical impurities, including excess zinc, 

by including the other energy levels. The allowed level 

for interstitial zinc is located within the forbidden 

gap approximately(O.OS eV below the conduction band (13)), 

At room temperature, the interstitial zinc will be ionised 

to give Zn+, placing the electron in the conduction band, 
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Thermal excitations of electrons from the valence band to 

the conduction band will be negligible at room temperature. 

Photoexcitation by photons with an energy equal to or 

greater than the band gap energy will raise the electrons 

from the electron-filled valence band to the conduction 

band. An almost filled valence band behaves like a filled 

band with positive electronic carries; these positive 

electronic carriers are called holes and given the symbol 

h·. The excitation process, the production of a hole-electron 

pair can be written as 

hv _._ I • 

e + h 

It is important to point out that in the dark zinc oxide 

contains virtually no holes; hence, experiments, carried 

out in the dark, can be interpreted without the need 

to consider complication of (reacting) holes (13). 

2.2.3. Surface states 

The surface of a crystal leads to a discontinuity in the 

periodic lattice potential. Owing to this discontinuity, 

electron states arise, also appearing in the forbidden 

gap. These states are localised in the surface, i.e. their 

influence decays towards the bulk and towards the adjacent 

medium. As these surface states also exist on ideal crystals, 

they are called intrinsic surface states. States, connected 

with defects, such as structural imperfections or adsorbed 

species, are called extrinsic surface states (15,18). 

Intrinsic surface states on zinc oxide have been studied 

by several investigators, e.g. Rihon (19), Pollman (20), 

Hoorman et al. (21), Swank (22), and Llith (23). Their results 

appeared to be very much dependent on the method of cleaning 

of the surface. This indicates that the created extrinsic 

surface states are much more important for the creation 

of a surface potential than the intrinsic surface states. 
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Until now studies performed on the existence of extrinsic 

surface states are rather scarce and difficult to compare 

due to the different methods used. Morrison (24) and 

Williams and Willis (25) found surface bands ascribed 

to 0- and o2-. Levine et al (26) found strongly adsorbed 

acceptor-like chlorine impurities after treatment of zinc 

oxide with an aqueous solution of hydrochloric acid. 

These chloride impurities were found at the (0001)~, 

(1120)- and (lOlO)- faces, but not at the (0001)-face. 

Morrison (135,136) has been investigating the creation of 

surface states by several kinds of anions and cations, 

using an electrostatic method involving measurement 

of the surface potential of a single crystal and using a 

powder conductance measurement. His results indicate, that 
-4 -some anions (for example (Fe(CN}

6
} and I } are more 

able to donate an electron to the conduction band of 

zinc oxide than others (for example Cl-}. For the group 

of bivalent group IIA cations it was found, that the acceptor 

levels created by Mg++, Ca++ and Sr++ additions arelower 

with respect to the conduction band than are the levels 
++ ++ 

created by Be and Ba • Both methanol and ethanol were 

able to donate electrons to the conduction band of the zinc 

oxide, ethanol being a stronger agent than methanol. 

It is not yet clear to what extent these results (using 

vacuum techniques, etching techniques, corona discharging 

etcetera) may be "translated" to a wet colloid chemical 

system. 

2.2.4. Oxygen on zinc oxide 

Sorption of oxygen on zinc oxide surface is now a well 

studied subject. Melnick (27) was one of the first to 

suppose a substrate-dependent mechanism for the light

dependent oxygen desorptionfrorn zinc oxide in order~ to 

explain the observed increase in conductivity upon illumi

nation. Later on, Medved (28,29) reported an increase in 

pressure in a vacuum chamber containing ZnO powder that 

had been illuminatedi here also an increase in conductivity 
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was observed. In concordance with Morrison's chemisorption 

theory (24), the following model for the photodesorption 

was developed: chemisorbed oxygen has captured electrons 

from the conduction band of the semi-conductor bulk. 

After illumination, photogenerated holes from the bulk move 

to the surface and react v1ith these electrons., The chemi

sorption bonds are broken and the oxygen is then considered 

to desorb. 

A.fter this and similar work, a lot of research was focussed 

on a) the adsorption mechanism and b) the (photo)-. desorption 

mechanism (30-68). Up to now, there is general agreement concern

ing the adsorbing species : oxygen is supposed to adsorb 

at low temperatures (T < 250°C) as 0- and at elevated 

temperatures as o
2 

(This will be discussed further in 

paragraph 2.3.4., ESR-work). Up to 1975, the general 

op1n1on was, that o2 would adsorb at Zn-sites in the ZnO 

crystal and desorb again as o2 • In 1975 Lichtman and co-

workers (48,30,54) published a series of papers, in which 

they reject this hypothesis. By combining Auger analysis 

of the surface and mass spectrometry of the desorbed species, 

they postulated the following model : oxygen adsorbs at 

carbon impurities at the ZnO-surface but does not adsorb 

on an entirely cleaned surface : an adsorbed group like 

co
2 

will be formed, Under illumination, co2 and not 

o2 will desorb from the surface. They find this theory 

in agreement with previous work of other authors. They 

suppose that other workers were too much focussed.on 

o
2 

and o
2

- to look for co
2 

(-). Furthermore, they think of 

misinterpretation of mass spectrometrical results, and work 

with carbon-contaminated gases and/or -surfaces. This matter 

is now subject to discussion (51,55) (see also 2.2.7.). 
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2.2.5. Hydrogen on zinc oxide 

Many investigations have been published on the adsorption 

behaviour of hydrogen on zinc oxide. Up to now seven types 

of hydrogen surface complexes have been determined (69) and 

diffusion of hydrogen in the zinc oxide lattice has been 

shown to occur (70,71). Mollwo (70) showed an increase in 

conductivity of zinc oxide single crystals at elevated 

temperatures (T > 200°C) upon addition of hydrogen gas 

(10 5 N/m2 H
2
). Mollwo (70) and Thomas and Landler (71) 

were able to show that diffusion of hydrogen in the zinc 

oxide lattice takes place and they gave values for the 

diffusion coefficient of "hydrogen" in the temperature 
-11 -6 2 

range 500-1200 K, being 10 - 10 em /s respectively. 

Since then a lot of work has been done on characterizing 

the nature of the adsorbed hydrogen species by infrared 

detection techniques. Eischens et al. (72) were the first 

to report the infrared active ("type I") and the infrared 

inactive ("type II") hydrogen species sorbed on zinc 

oxide. Bands appearing at 3500 and 1710 cm- 1 were identified 

as stretching frequencies of -OH and ZnH groups. They 

supposed a splitting of hydrogen molecules on the zinc oxide 

surface according to 

+ .... ZnH + OH 

From their results of volumetric measurements of hydrogen 

adsorption they concluded that an additional "IR-inactive" 

hydrogen adsorption should occur. The higher the temperature 

of adsorption, the greater the amount of IR~inactive hydrogen 

adsorption. These first results were confirmed by several 

studies of other groups (68,69,73-75). 

Chang et al. (75) and Esser and Gopel (56) measured 

adsorption of hydrogen in the low temperature range. 

They found weak physisorption of molecules and low coverage 

of the surface. Dent and Kokes (59,60) suggested that the 

type II adsorbed hydrogen is located in subsurface cavities 
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e.g. in trigonal, tetrahedral and octahedral sites 

in the crystal lattice. This suggestion was cpnfirmed 

by Bocuzzi et al. (7 3, 7 4) • They believe that type II adsorbed 

hydrogen is bound to Zn or 0 atoms (Zn-H-Zn and OH •.• O). 

Type I adsorbed hydrogen is believed to be confined to 

densely populated patches, with strong long range forces 

between the Zn-H and 0-H groups. Taylor et al. (63,76) used 

thermal desorption studies to show the existence of different 

states of hydrogen chemisorption on zinc oxide. They detecteCI. 

four desorption maxima at 333, 423, 523, and 673 K. Hydrogen 

adsorption sites were claimed to be Zn+o
2
-, Zn+, o2- and 

-OH- surface sites. Some years later Baranski and Galuszka 

(69) extended the thermal desorption measurements to lower 

temperature ranges. They also found molecular adsorption 

at low temperatures. Thus "six or seven" types of hydrogen 

surface complexes were detected. Gerasimova et al. (77) studied 

the adsorption of hydrogen using ESR-techniques. They found 

an acceptor type adsorption state at temperatures between 

293-393 K (type I). Two donor states were found at 374-473 .K 

and 573 K respectively. Below 293 K no significant changes 

in conductivity of the ZnO-samples upon adsorption were 

observed. Whereas ~esavulu and Taylor (63) found high 

activity towards hydrogen adsorption on samples with high 

Zn-content, Gerasimova et al. found a decrease in activity 

with rising Zn-concentration. 

Hardly any experimental results have been published with 

respect to conductivity changes upon heating in hydrogen 

atmosphere ~62,71). In the work of Thomas and Landler 

(71) and of Hirschwald et al. (62) an increase in conduc

tivity upon heating in hydrogen was found. Results of ESR

work reyeal the decrease of the relaxation of the spin of the 

conduction electrons at the surface (78) and the formation 

of 0- at the surface (79) • Interaction of atomic hydrogen 

with the zinc oxide surface has been investigated to a 

greater extent (e.g. Wilsch e.a. (80,81) l and it has been 

shown that strong space charge accumulation can be produced. 
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In the scope of this work we will not discuss this parti

cular subject here. 

2.2,6. water on zinc oxide 

A well known feature of metal oxides is the presence of 

surface hydroxyls under ambient conditions. Several 

authors (83,87,94) used infrared-spectroscopy to identify 

the nature of the surface hydroxyls on zinc oxide. The 
-1 -1 

bands at 3670 em and 3620 em are cowroonly attributed 

to surface hydroxyls on the (0001) and (OOOl) surfaces, 

whilst there is some discussion about the bands at 3555 cm- 1 

and 3440 cm-1 • Some authors claim them to originate from 

physisorbed H2o (83), others associated these bands to 

chemisorbed H2o at the (10l0) and (lOll) surfaces of zinc 

oxide (82). 

Morimoto et al. (88-96) and l1attmann et al. {83) investigated 

the influence of temperature on the adsorption and desorption 

of water on/from zinc oxide. On a hydroxylated 

surface, most commonly a coverage of about 8 OH/nm2 is 

found for different kinds of zinc oxide (83,89). Full 

coverage of the surface of zinc oxide with hydroxyls, 

calculated on basis of surface geometry, should yield 

11-12 OH/nm2 {83,91). Desorption of H2o from the surface 

of zinc oxide as a function of temperature, as measured by 

e.g. successive ignition loss {88,93,95), differential 

thermal analysis (94,96), calorimetry (91), volumetric 

techniques (89,90,92,94) show two distinct types of adsorbed 

water. Upon heating, physisorbed water desorbs at tempe

ratures of about 200°C, chemisorbed water desorbs slowly 

at temperatures above 300°c. Some surface hydroxyls appear 

to be very stable: even after prolonged heating at 600°C 

hydroxyl groups were shown to be present at the zinc oxide 

surface. 
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The mechanism of hydroxylation was discussed by several 

authors. Atherton et al. (82), Morimoto et al. (88-96) and 

~iyasnikov et al. (57) claim the adsorption mechanism to be 

a dissociative one : 

0 
/ ' Zn Zn 

/ "o/ \. 
or 

Sengupta et al. (97 ,98) investigated the adsorption of 

I 

II 

water on reduced and oxidized zinc oxide. Using ESR-techniques 

and conductivity measurements they concluded several mechanisms 

to be possible. On reduced zinc oxide, adsorption of H
2
o leads 

to 

OH H 
! I 

Zn+ - 0 

and to a decrease in conductivity (as had been shown by 

Myasnikov (57)),caused by the pairing up of free electrons 

associated with the Zn+-defect site with the OH'-radical, 

At temperatures above 250°C oxygen can adsorb as o2-. With 

H2o this leads to : 

-+ 
+ 

OH H 
I + I-

Zn - 0 + e 

This generation of electrons is supposed to be stronger 

than the capture of electrons in reaction III , so now 

the conductivity is increased. 

Horimoto and coworkers (88,89,96) found an inverse linear 

relation between the amount of chemisorbed H
2
o and the 

III 

IV 

amount of chemisorbed co2 • From their papers one may conclude 

that there is a competition between co
2

- and H20-adsorption 

at the ZnO-surface. The H20-chemisorption is favoured, thus 

co
2 

can relatively easily be removed from the surface by an 
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excess of H2o. In the presence of both co
2 

and H
2
o, 

complexes may be found, probably dependent on the 

kind of zinc oxide used (96). 

2.2.7. Carbon dioxide on zinc oxide 

Sorption of carbon dioxide on oxi.de surface has gained 

considerable attenti.on during the last twenty years. 

Especially i.n the fi.eld of recent detection techni.ques 

used for the study of (clean} surfaces of si.ngle crystals, 

much work has been done (47,53,56,81,108,109). 

At fi.rst, emphasis has been lai.d on the possible influence 

of carbon di.oxide on the conductivity of, e.g., zinc oxide. 

Later on, more attention has been paid to the mechanism 

of adsorption and_desorption and the quantification of 

the adsorbed gases. 

Amigues and Teichner (99) studied the conductivi.ty of zinc 

oxide as influenced by 0
2

, CO and/or co2 • They found 

no change in conductivi.ty upon adsorption of carbon dioxide 

on vacuum-evacuated zinc oxide samples. Zinc oxide that 

had adsorbed oxygen (to form 0-, see 2.2.4.) did show 

a change in conductivity upon addition of carbon, dioxide, 

Combining this result with their experimentally determined 

reaction kinetics, they argued that co 2 will be adsorbed 

on zinc oxide as a carbonate, reacting with two sites of 
0-

co2(adsl + 0 2(g) + 2e 

According to Stone (31), heat of adsorption values indicate 

the adsorbed co2 to be present as co3 (ads)' This was confirmed 

by various authors using IR-techniques (82,88,100-104). 
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Matsushita and Nakata (1021 have concluded from their IR

experiments that co 2 will adsorb at surface zinc species 

and not at surface oxygen species, but they did only 

consider lattice oxygen and not adsorbed oxygen. 

Atherton et al. (821 and Morimoto et al. (88,891 showed 

that carbon dioxide does not adsorb on fully hydroxylated 

zinc oxide (as Yates did for Tio2 (~0511. There did not 

appear any carbonate-like species on fully hydroxylated 

zinc oxide, whereas on dehydroxylated zinc oxide various 

carbonate-like species were found. Morimoto and Nagao et al. 

(88,89,96,100,102,106,1071 performed a great deal of work 

on the quantification of adsorbing and desorbing co
2 

and 

H2o (see also 2.2.6.). They showed that adsorbed co
2 

can be 

replaced by an equal amount of H
2
o, indicating that the 

same surface sites for both species are required. The 

chemisorption force of H2o exceeds that of co 2 (891. The 

amount of co
2 

present on the surface of their untreated 
2 ZnO-samples was usually about 4 molecules per nm (88,89,106). 

Samples preserved for longer periods in ambient atmosphere 

(2-90 monthsl did show an increased uptake of H2o and 

co2 (961. From the relation between adsorbed co 2 and H2o 

(ratio almost constant being .71 and the decomposition 

temperature of the surface material, they concluded that 

a slow transition of ZnO to zn 5 (0H1 6 (co3 ) 2 would occur. 

For samples, outgassed at temperatures around 200°C this 

may lead to an increase in specific surface area caused 

by the formation of a porous surface structure. This structure, 

and hence the increase in specific surface area, disappears 

upon further heating. 

Taylor and Amberg (lOll showed that the adsorption of co2 
on zinc oxide can be very fast at 25°C. Levi and Steinberg 

(110) used gas chromatographic techniques to study the 

heat of adsorption of co 2 on ZnO at 300-365°C. The heat of 

adsorption varied linearly with the concentration of 
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"free zinc", Hotan et al. (108} found no difference in the 

kinetic parameters of adsorption for annealed (i.e. stoichio

metric) surfaces or surfaces with varying concentration 

of point defects, They explained their results in terms 

of reconstruction of the ZnO-(lOlQ}_-,surface with the 

formation of carbonate-like surface complexes, The activation 

energy of desorption corresponded almost exactly to the 

activation energy of Znco 3 decomposition. 

Shapira and Lichtmann (49,50,54,U1,112) investigated the 

photodesorption of co2 from single crystal and polycrystalline 

zinc oxide samples, According to these authors, no adsorption 

of co2 on zinc oxide surfaces takes place. The results of 

previous experiments by other authors should be attri-

buted to o 2-contaminations in co2 and CO used in these 

studies. They showed that their ZnO-samples contained 

consi.derable amounts of carbon contaminations. Oxygen thus 

reacts with carbon to form adsorbed carbon dioxide. Light 

or heat then causes the adsorbed oxygen to desorb as 

carbon dioxide. They also showed, that on carbon free 

z.inc oxide no adsorption of o
2 

or co2 took place, that 

no changes in conductivity had been observed and that no 

more photodesorption of co2 could be detected. Their 

reports are at variance with other results on oxygen 

adsorption on well-defined and clean single crystal surfaces 

(see also 2.2.4.), Lagowski et al. (53} varied the amount 

of carbon at the surface and found no correlation of that 

amount with the rate of oxygen chemisorption. Also, the 

large amounts of co2;H2o desorbing from zinc oxide after 

prolonged aging in air (Nagao et al, (96)) cannot be explained 

by this theory. 

Up to now, there is general agreement that under ambient 

conditions carbonate species are likely to be present at 

the surface of zinc oxide. Most probably the carbon atom 

will be bound to a (surface} oxygen and one of the co2-oxygen 

atoms will be bound to a (surface} zinc atom. Whether the 
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carbonate species stem from a carbon impurity that has 

adsorbed oxygen or from adsorbed carbon dioxide is still a 

matter of discussion. 

2.3. CHARACTERISATION OF THE ZINC OXIDE SAMPLES 

In this section we present the results of our own experiments 

for the characterisation of the zinc oxide samples used 

in this study. 

2. 3. 1. Preparation of t'h:e samples 

The zinc oxide used in this work was obtained from Merck 

and of p.a. quality unless stated otherwise. For some 

experiments Highways Ultrapur zinc oxide was used. We used 

Merck p.a. zinc oxide because we were interested in the 

influence of oxygen and hydrogen treatment on the colloid 

chemical behaviour of zinc oxide. If this influence would 

be noteworthy, the intention was to use samples of different 

degree of purity to investigate the role of impurities. 

It should be noted, that the influence of impurities might 

be important, as pointed out in sections 2.2.2, and 2.2,3., 

but even in highly purified zinc oxide some impurities 

might remain present and thus represent an additional 

parameter. Therefore we decided to start our experiments 

with Merck p.a. zinc oxide. 

Pretreatment of zinc oxide samples consisted of heating 

under a flow of oxygen or nitrogen (10 ml per minute). 

The samples were heated in pyrex-glass tubes with vacuum 

tight taps (see fig 3) using a programmable oven. No 

grease was used between the glass connections or at the 

vacuum tight taps in order to avoid adsorption of grease 

at the zinc oxide surface. Unless mentioned otherwise, 

samples were heated at a rate of 3.5°C per minute to 

18 



vacuu.on tkgbt 
Lap 

Fig. 2-3: Ignition tube for zinc 

oxide pretreatments. 

the desired temperature, then the temperature was maintained 

constant (~ .2°C1 and eventually the samples were cooled 

down to room temperature in the oven. In the case of hydrogen 

treatment, the samples were first heated in oxygen at a 

given temperature, then nitroqen was passed for 15 minutes, 

after that hydrogen was flushed through the tube and 

the oven was turned off. The sample was then cooled under 

flow of hydrogen. 

Non treated zinc oxide is referred to as "as received" 

zinc oxide (a.r,}, 

2 • 3. 2 • surface are'a and particle shape 

Information about the shape of zinc oxide particles was 

obtained from electron micrographs. One sample was dried 

at 80°C at 1 Torr overnight, another sample was dispersed 

in water with the aid of an ultrasonic bath. A small 

aliquot of the dispersion was brought onto grids and dried. 

All the samples were sputtered with gold. 

The images of the samples originating from the dispersed 

phase were rather blurred. Yet it could be seen that there 

had been some aggregation and that some of the primary 
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Fig. 2-4: Electron micrographs of zinc oxide (!lerck p.a.). 

Magnifications: a) 10400x, b) 5000x. 

20 

a) 
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particles seemed more or less spherical, others more 

hexagonally shaped. Pictures taken from the dried powder 

were more clear (fig 4). Here, hexagonal zinc oxide particles 

could be observed, as well as some more irregular fonns. 

Particle sizes varied from approximately 0.2 - 1,5 ~m, 

the ratio between the long side of the particle to the 

side of hexagon was approximately 2 : 1. The photographs 

of the oxygen treated and the hydrogen treated samples did 

not reveal· any differences withMas receive~ zinc oxide. 

Introduction 

Results of adsorption experiments are commonly 

in units per square meter surface area. This requires 

the knowledge of the specific area of the materials to 

be investigated. One of the most commonly applied methods 

for surface area determination today is the gas adsorption 

method. Here, the amount of gas adsorbed on a surface 

can be used to calculate the area of that surface. Brunauer, 

Emmet and Teller (113 1 114) derived the well-known equation 

which the relation between the relative gas pressure 

of the adsorbate (P/PJand the volume of gas adsorbed (V). 

(C-1) • P/P
0 

1. 
+ 

Here, Vm is the volume of gas adsorbed in a monolayer and 

C is a constant related to the heats of adsorption in the 

first and the subsequent layers. In practice, very often 

only one point of the adsorption isotherm is used to determine 

the surface area, This may be done as long as one is well 

aware of the assumptions and limitations of the theory 

and of the method used. The basic assumtions of the BET

theory are 
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the adsorption is localized on sites; 

- there is no lateral interaction between the adsorbate 

molecules: 

the adsorption energy is equal for each site on the 

surface; 

the heat of adsorption in the second and subsequent 

layers equals the heat of condensation of the adsorbate; 

the number of adsorbed layers becomes infinite when the 

vapour pressure reaches saturation. 

For low vapour pressures (P/P < 0,05} the second assumption 
0 

may become invalid, for higher vapour pressures (P/P
0 

> 0,35} 

the fourth assumption may become invalid. Very often, a 

surface may contain pores (115}. Here the number of layers 

per site may not become infinite on increasing vapour 

pressure (see fig 5l. These pores may complicate BET

measurements, because the heat of adsorption in pores may 

be di£ferent from that at the surface, cappilary conden

sation may occur and the molecular area of the adsorbate 

in the pores may be higher, Thus, care should be taken to 

evaluate the porosity of the samples. 

Fig9 2-5: Condensation in pores~ 

Experimental 

In our studies a Strohlein Areameter was used, Except 

for one sample the one-point-method was used, One sample was 

used to evaluate porosity. This was done by measuring an 

adsorption isotherm with pressure of nitrogen varying from 

10 to 75 mm Hg (1.33 103 to 10 4 N/m2). First, the adsorption 
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was measured with decreasing relative pressure and afterwards 

the measurement was done with increasing relative pressure. 

The Areameter was connected to a vacuum pump acccrdinq tc 

operating instructions, the pressure could be read from 

a mercury manometer. All samples were outgassed prior 

to use at least two hours at 150°C under flow of dried 

nitrogen. 

Results and discussion 

The adsorption isotherm obtained for a Merck p.a. zinc oxide 

sample is shown in fig 6. No hysteresis seemed to be present, 

so there is no indication here that mesopores are present 

on the surface of this sample, In view of the results of 

the adsorption measurements (chapter 5) we therefore de

cided that for the other samples the one-point method was 

sufficient for our surface area determinations. 

The surface areas thus measured for ZnO Merck p.a., ZnO Merck 

reinst and ZnO Highways Ultrapur were 3.66, 2.04 and 

4.15 m2;g respectively. 

t~h{mm) 

• 
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0 
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Fig. 2-6: Adsorpti"On isotherm of zinc oxide 

(:.lerck p.a.). 
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(Merck p.a.), ignited in oxygen at 

different temperatures. A: heated 

in nitrogen 0 : heated in hydrogen. 



The influence of temperature on the specific surface area 

of zinc oxide Merck p.a. is shown in fig 7. Here ·we see 

little influence of temperature on the specific surface 

area up to temperatures of 600°c. Treatment of ZnO at 

temperatures above 600°C for at least 4 hours in nitrogen 

or oxygen atmosphere leads to more pronounced sintering. 

Treatment of zinc oxide at elevated temperatures under 

flow of hydrogen may lead to increased sintering even at 

temperatures lower than 600°C, Therefore we decided to keep 

our hydrogen treatments moderate, e.g. by flushing 

hydrogen through the igniti.on tube after the oven had 

been turned off. 

The particle size distribution of Merck p,a, zinc oxide 

was determined by sedimentation analysis. The apparatus 

used for these experiments was a Sedigraph 5000D Particle 

Size Analyser, kindly placed at our disposal by the 

Institute ofApplied Physics, TNO-TH, Eindhoven. 

In principle, the instrument determines, by means of a 

finely collimated beam of X-rays, the concentration of 

particles remaining in the solvent at decreasing sedimen

tation depths as a function of time. The logarithm of the 

difference in transmitted X-ray intensity is electronically 

generated, scaled and presented linearly as "Cumulative 

Mass Percent" versus equivalent spherical diameter. Particle 

diameters of 0.1 - 50 ~m can be measured with accuracy. 

The method is based on the equation of Stokes 

D 

in which 

D = the diameter of a spherical particle 
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v its equilibrium sedimentation velocity 

p the density of the particle 

p the density of the medium 
0 

1"J the viscosity of the medium 

g = the gravity constant. 

This equation can be applied as long as the particle 

Reynolds number 1 D. v. P 
0 

1 n. is less then 0. 3. When the 

particles are not truly spherical, the Stokes equation is 

not exact. However, it is common practice to define an 

"equivalent spherical" diameter or "Stokes" diameter 1 

being the size of non-spherical particles would result in 

the same sedimentation velocity as a sphere of the same 

material. 

When we are interested in the particle si.ze distribution 

of a dried powder, in sedimentation analysis we must be 

sure to have a non-coagulated suspension, This can be 

achieved by choosing the right suspension properties (e.g. 

viscosity, pH, ionic strength) and by a suitable suspen

ding procedure (e.g. (ultrasonic) stirring), if necessary 

with aid of a dispersing agent. In our experiments, the 

concentration of zinc oxide, needed to achieve a maximum 

in sensitivity of the detection device, was 0.9 gr per 

100 ml doubly destilled water. After dispersing the zinc 

oxide in the destilled water with aid of an ultrasonic 

bath and/or an Ultra Turrax stirrer, the suspension clearly 

coagulated fast, either at pH 8.0 or pH 10,0. Thus, a 

dispersing agent was needed. We used Vanidisperse CB, 

and checked for suspension stability by applying different 

amounts of dispersing agent, The suspension was stirred 

with the Ultra Turrax stirrer for 5 minutes exactly. In 

this case the temperature of the dispersion did not exceed 30°C. 

Fig 8 shows some results of varying concentration of 

dispersing agent. Clearly 1 a concentration of 4 mg Vani

disperse CB per 100 ml suspension is enough to stabilize 
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Fig. 2~8: Cumulative mass percent versus equivalent 

spherical diameter of ZnO (Merck p~a.) as a function 

of concentration of dispersing agent (Vanidisperse CB). 

1) . 0 4 mg , 2 ) • 4 0 mg , 3 I • 8 0 mg , 4) 2 • 0 mg , 

5) 3.0 mg, 6) 4, 6, 12 and 24 mg [per 100 1:'.11. 

the zinc oxide particles against coagulation. No influence 

on the viscosity of the suspension by Vanidisperse CB 

was found, for additions up to 24 mg per 100 ml gave the 

same experimental curve. Neither had prolonged stirring 

(30 minutes Ultra Turrax, cooled to keep the temperature 

within the range 25-30°) any additional effect. Thus we 

were sure to measure the primary particles from the dried 

zinc oxide powder. 

Ln order to estimate the specific surface of the sample 

and the total number of particles per gram zinc oxide, 

we recalculated the cumulative mass percent versus equivalent 

spherical diameter curve in the following way : 

The cumulative mass percent curve was transferred to a 

mass fraction curve by a computer fit method. This was 

done in order to be able to estimate the number of small 

particles present. These small particles do not contribute 

very much in a mass percent curve and thus i.t was hard 

to read the exact data from the measured curve. The best 

fit for the transfer of cumulative mass percent to mass 

fraction gave a Gaussian distribution. Integration of this 

curve yields the total mass, which was normalised to 
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1,000 gram.- The number fraction was calculated by dividing 

the mass fraction by 4/3.IT.r 3 .p (fig 9). Integration 

of the number fraction curve yields the total number of 

particles present in 1.000 gram, for ZnO "as received" 

Merck p.a. being 3.34 * 10 12 • From this particle size 

distribution we could calculate the specific surface area 
2 according to S = ~. n. (4Tib1 ) for spheres. For hexagons, 

s 2 ~ ~ 
in stead of (4Tibi ) we used the surface of a hexagon, being 

Sh = 3a2 13 + 6ac, in which "a" is the side of the hexagon 

and "c" is the height of the hexagonally shaped particle. 

Introducing c y.a yields 

Sh = (3/3 + 6y)a2 • From the first assumption, being 
3 2 3 4/3.IT.b 3/2.a .l3.c 3/2.yl3,a , we get 

sn -1 3 
y .b thus S = f.b 2 , in which 

913 

f is a form factor, being 4IT for spheres and 

(3/3 + 6y). [SIT 
913 

-1 
• y for hexagons • 

Fig. 2-9: Particle size distribution 

curve of ZnO (Merck p.a.). 
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In table 1 the calculated surface areas for 

different form factors are given. The calculated surface 

area assuming spheres yields a value lower than the BET

surface, the calculated surface 

always higher than BET-surface. 

area using hexagons is 

Minimalising f for hexa-

gons (by differentiation) 

For a value of y = 0.25 

f = 14.86 for y 

), the Sedigraph· 

area can be fitted to the BET-area 

Table 2-1 : Specific surface area as calculated 
from sedigraph experiments for different 
assumptions of particle shape. 

shape parameter f S (m2 /gr) 

sphere b 12.57 l. 92 

hexagon c 0.25a 23.85 3.66 

c = O.SOa 17.92 2. 72 

c = l.OOa 15,42 2.35 

c = l. 73a 14.86 2.27 

c = 2.00a 14.94 2.29 

c = 4.00a 15.86 2.42 

BET-fit 23.85 3.66 

1.73. 

Sedigraph experiments thus can only be used to calculate 

specific surface areas when the particle shape is uniform 

and exactly known. The fitted form factor is only an 

indication of the average particle shape; in ZnO-powder, 

for example, spheres and hexagons as well as more irre

gular forms may be present (see also the micrographs, fig 4). 

2.3.3. Photometric determination of excess zinc 

Excess zinc was determined with a photometric method and 

with electron spin resonance. The electron spin resonance 

method is described in section 2,3.4, Here we report the 

results of the photometric measurement. We used the method 

described by Nornan (116), The method is based on the 

reduction of dichromate, When the sample is dissolved 

in acid in the presence of a standard dichromate solution, 
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the d.ichromate .is reduced by. excess of metal .in the zinc 

ox.ide, and the res.idual hex.ivalent chrom.ium formed, .is 

est.imated photometr.ically w.ith diphenylcarbaz.ide as the 

colour.ing agent. Compensation for oxidizable matter .in the 

sample and the reagents is achieved by means of a reference 

/ experiment, in which solely the dichromate solution is added 

after dissolut.ion of the sample in the ac.id has been completed. 

Reagents : 

ac.id solut.ion : 165 ml H2so4 ( 1. 84) and 65 ml orthophos

phoric ac.id (1.75), d.iluted to 1 l.iter. 

- standard potass.ium d.ichromate : 0.001 N. 

- d.iphenylcarbazide solution : 0.6 gr I 250 ml aceton. 

Procedure : 

Reference solution 

Add 20 ml of the acid solut.ion with 20 ml of water .in 

a 100 ml beaker. Add 5.0 gr zinc oxide to the acid solut.ion, 

d.issolve the zinc oxide as quickly as possible and cool 

down the room tem?erature. Add 25 ml standard potassium 

dichromate solution, transfer the solution to a 100 ml 

calibrated flask. Dilute the solution to approximately 

90 ml with water, add 5 ml of the d.iphenyl carbazide 

solution and dilute to the mark immediately. 

- Sample solution 

Place a beaker containing 25 ml of standard dichromate 

solution and 20 ml of acid mixture in a cooling bath, 

weigh 5.0 gr zinc oxide and add to the acid solution. 

Dissolute the zinc oxide as quickly as possible and 

cool down to room temperature. Transfer the solution to 

a 100 ml calibrated flask, dilute with water to approxi

mately 90 ml, add 5 ml of diphenylcarbazide solution and 

dilute to the mark immediately, 

Blank solution 

Dissolve 5, 0 gr zinc oxide in 20 ml acid solution. Trans.fer 

to a 100 ml calibrated flask, dilute to approximately 
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90 ml water, add 5 ml diphenylcarbazide solution and 

dilute to the mark, 

Place the flasks in a water bath for 10 minutes to allow 

complete development of colour and to ensure temperature 

equality for all solutions. Measure the extinction in 

2 em or 4 em cells, using a water-setting of 1,00 at 

520 nm. Make a calibration graph by using the procedure 

described as "reference solution", but vary the amount 

of potassium dichromate solution (0, 5, 10, 15, 20 and 

25 ml respectively) and use zinc oxide, that has been ignited 

for 4 hours at 650°C in an atmosphere of oxygen (this sample 

is supposed to be free of zn.). Draw a calibration 
]_ 

graph and determine the extinction of the 25 ml potassium 

dichromate solution (c), The amount of interstitial zinc 

can thus be calculated. Results of the experiments with 

different samples of zinc oxide are given in table 2. 

Table 2-2: Determination of interstitial zinc 
accordin.g to the method of Norman. 

(c) (a) (b) lin. 
1. 

Blanc Ref. sample (ppm) 

ZnO a.r. . 313 .311 ,295 8,4 

,562 .579 .549 8.7 

Zno;o2 ,313 .303 .291 6.2 

.562 .564 ,542 6,4 

Zn0/N
2 .313 ,304 .293 5.9 

,562 .566 .545 6.1 

Zn0/H 2 • 313 .245 .104 73.5 

,562 .456 .194 76.2 
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The interpretation of the results for ZnO/~ i.s not 

quite clear. According. to Norman, the .lower value of the 

reference extincti.on of the Zn0/H2-sample, as compared 

to Zn0/0 2 or Zn0/N2 , would mean·that Zn0/H
2 

contains 

consi.derably more "oxi.di.z.able matter" than Zn0/02 or Zn0/N2 • 

Zn0/H2 i.s essentially the same ZnO as Zn0/02 , except 

that a~terwards reducti.on has taken place. Thus the only 

oxidi.zable matter that can be introduced that we can 

imagine is a 2 or zn. However, Norman claims that hydrogen 

gas does not have an influence in this method. In our opinion, 

the reference value for Zn0/02 should also be used for 

Zn0/H2 , thus yielding 

respectively. 

Zn.-levels of 104.0 and 107.6 ppm 
l. 

Clearly, the oxygen treated and the nitrogen treated ZnO

samples do not differ very much in zinc content from 

the "as received" sample. The hydrogen treated sample 

however contains considerably more Zni than the other ones. 

This is in agreement with theoretical consideration and 

with the results from ESR-measurements. 

2.3,4. Electron Spin Resonance 

Introduction 

In recent years several investigators have used electron 

spin resonance techniques for studying defects and adsorbed 

species on zinc oxide surfaces, ESR studies can provide 

valuable information on the nature of the paramagnetic 

species in the bulk or at the surface. By this method the 

adsorption on zinc oxide of several gases (78) and of ions 

in solutions (117,118) have been studied. In this section 

we review some of the literature on the subject and give 

some experimental data on the samples used in our further 

studies. A systematic treatise on the expected influence 

of lattice defects in the ESR spectrum of zinc oxide was 

given by Hoffmann and Hahn (l21). They considered the 

following species 
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Zinc on interstitial site, Zni' is a common feature in 

zinc oxide. It has the electronic configuration (1 s 2 ) 

(2 s 2 ) (2 p 6
) (3 s 2 ) (3 p 6 ) (3 d 10 ) (4 s 2 ) and therefore 

it is diamagnetic. The ionisation energy of Zni for the 

first 4s electron is smallar than 0.01 eV (100 K). The 

ionisation energy of the second 4s electron is approximately 

0.1 eV (1020 K). For ESR spectra in the range of 100 to 

400 K the Zn+ configuration exists. The 4s electron is trans

ferred to the conduction band, thus contributing to the n-type 

conductivity in zinc oxide. This paramagnetic Zni centre 

should show a hyperfine splitting of the signal, due to 

the isotope 67 zn (I= 5/2, natural abundance 0.04%). 

Zinc vacancies, VZn' are unlikely, since zinc oxide is a 

semiconductor, possessing zinc in excess. 

Artificially created V~~ showed ESR-signals with a g-factor 

of g = 2.0023. 

'Oxygen at interstitial site, Oi. The possible electron 

configurations of oxygen in tetrahedral or octahedral 

interstitial sites in zinc oxide are : 

oi (1 s 2 ) (2 s
2

) 2 p 4 
1 a triplet state 

Oi (1 s 2 ) (2 s 2 ) 2 p 5 , a paramagnetic centre. 

Hyperfine splitting of this centre due to the 17o isotope 

cannot be detected since the natural abundance of 13o 

amounts to only 0.04%. 

o~· (1 s 2 ) ( s 2 ) (2 p 6 ) 1 a diamagnetic state. 
~ 

Oxygen vacancies, V , could occur in three different states 
0 •• 

1. a vacancy, that did not trap an electron, v
0 

• Since it 

has no unpaired electrons, it will be diamagnetic, 

2. a vacancy that is occupied by one electron, v•. It is 
0 

a paramagnetic defect similar to a Zn~ state, the electron 

being delocalised, 

3. a vaqancy that has captured two electrons, v
0

• If the 

spins of the two electrons compensate, this lattice 

defect is diamagnetic. If the spins are not compensated, 

a triplet structure should be present. 
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Effect of reduction (vacuum, hydrogen) 

The ESR-spectra of vacuum outgassed zinc oxide show a 

principal signal at g% .1.96. This signal, with a peak-to

peak width of about 7 - 6 gauss at 77 K, shows marked 

changes in intensity upon pretreatment of the zinc oxide, 

e.g. by reduction, oxydation or by adsorption of species. 

Several authors have tried to explain the nature of the 

signal, but no definitive conclusion can be drawn yet. 

Iyengar and co-workers 08-4D observed a change in the 

g value (1.961 to 1.9661 and in the width (3 to 7 gauss1 

following high temperature treatment. From studies on the 

adsorption of tert-butylhydroperoxide on differently 

prepared zinc oxide, they concluded that the signal observed 

at g ~ 1.96 on outgassed actually results from an 

overlap of the two signals with g 1 _= 1.961 and g2 = 1.965, 

caused by oxygen vacancies (trapped electrons1 and inter

stitial zn" ions respectively. The work of Setaka et al. 

(124) confirmed the existence of the two signals. As a result 

of their studies on the effect of doping Al or Ti 1 they 

suggested that the signals arose from conduction electrons 

and electrons trapped at interstitial zinc sites. A lot 

of discussion has been focussed on the question whether 

the 1.96 signal should be attributed to zn7 ions or to 

Zn atoms. Schneider and Rauber (123) concluded, from the 

absence of a hyperfine structure due to the presence of 
67 zn (natural abundance 4,12%; nuclear spin 5/2), that the 

• ESR-signals were not caused by Zn1 ions but should be 

attributed to zinc atoms or oxygen vacancies. Kasai (33} 

observed the 1.96 signal for zinc oxide preheated in air 

and attributed it to oxygen vacancies. 

Hoffman and Hahn (1211 varied the specific surface of their 

zinc oxide samples, with the purpose to discriminate 

between surfaces effects and bulk effects. They observed 

three signals at g :t 1.96. The 1.955 signal is claimed 
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to be caused by an ox;tgen vacancy which has captured an .. 
electron : v

0
• The g = 1.958 si..gnal was effec.ted by a 

coupli..ng of the paramagneti..c oxygen at i..ntersti..ti..al si..te . .. 
V

0 
: oi... The third si..gnal, g 1.987 was attri..buted to 

• the undisturbed paramagneti..c oxygen at interstitial site oi... 

This signal was found only for grai..n sizes of 50 '\.lm or more. 

Up to now there is still discussion about the origin of 

this free electron. 

Mizokawa and Nakamura (122i showed a temperature dependence 

of the 1.96 signals, that they were able to relate to 

donor electron densities and not to conduction electron 

densities. Watanabe and Ito (18) however, described ESR 

and NMR.measurements, stating that the g ~ 1.96 signal 

should originate from conduction electrons. 

More results will be needed to arrive at definite conclusi..ons 

in this matter. Other peaks due to reduction were shown 

by Iyengar and coworkers (38,41). They showed that a heat 

treatment of zinc oxide in an atmosphere of pure hydrogen 

(760 mm) can induce a triplet in the ESR-spectrum with 

g values 2.042, 2.009 and 2.003, attributed to the formati..on 

of 0- species from lattice o2-ions in zinc oxi..de. Thi..s 

signal is nearly identical to the o 2 signal, occurring 

upon oxidation. This type of spectrum will be discussed 

in the next section. 

Effect of oxidation (30,33,35,38,40,41,79,123) 

Oxidation of zinc oxide can lead to the formation of different 

species, some of which are paramagnetic. o2 , 0-and o2 fall 

in this category, Spectra of outgassed zinc oxide samples 

with adsorbed oxygen have been reported by many investigators. 

Most of the workers attri..bute the tri..plet signal, with g· 

values of 2.039, 2.009 and 2,003, to the o 2 radical formed 

by the transfer of an electron from zno to o2 • Formation 
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of 0 species at the surface of zinc oxide should lead 

to a pronounced peak at g = 2.003. However, investigations 

of Iyengar et al. (38,41) showed no detectable 0- ESR 

signals. 

Effect of hydroxylation 

Sengupta et al. ( 9 7, 9 81 studied the change in ESR-signals 
+ . - . 

(1.96, due to Zn 1 and 2,005, attributed to 0 1 under 

influence of H2o adsorption, They observed a disappearance 

of the 0- signal and a decrease of the Zn+ signal upon 

H2o adsorption from the vapour phase. Thi:s was explained 

by them as due to a dissociative chemisorption of H2o as 

.Hand .OH radicals (see 2.2.6,). 

ESR of aqueous suspensions of zinc oxide 

The only ESR study on zinc oxide in dispersion, known 

by the author at the moment is the work of Cunningham and 

Corkery (117,118). They investigated the effect of light, 

of dope, of pH and electrolyte on the 1.96 signaL In the 

view of our investigations, the following of their results 

are of of interest : 

untreated and Li-doped zinc oxide (decreased number of 

free electrons) showed no detectable signal if the sus

pension was kept in the dark, Introduction of aqueous 

electrolyte to the sample caused severe dielectric loss, 

thus d~cr~asing the detection sensitivity·. The 1.96 

signal for In-doped zinc oxide (increased number of 

free electrons) -suspensions, kept in the dark was 

independent of pH (pH 7- pH 10.5), 

ZnO-In and untreated zinc oxide showed increasing 1.96 

signals on increasing illumination intensity, ZnO-Li 

did not show any signal, 

no significant variation in the photogenerated g-factor was 

found if the zinc oxide...;samples were either slightly 

oxidized or slightly reduced, 

an increasing effect on the photogenerated 1.96 signals could 

be shown for Cl-, Br- and I- respectively. 
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2 3 
There is a discrepancy factor of 10 -10 between thenumber of 

unpaired electrons measured for well outgassed particles 

in aqueous suspension (5 x 10
15 and< 5 x 10

14 
g -l for 

ZnO-In and untreated zinc oxide, respectively) and for dry 

and well outgassed samples (1.8 x 10
18 

and 3 x 10
16 

g-
1 

respectively}. This discrepancy in electron density between 

zinc oxide particles suspended in aqueous electrolyte 

and dry zinc oxide particles could be due to two doub~e layer 

effects in the zinc oxide ; the adsorption of 

ions at the zinc oxide surface and/or a capacitative 

effect due to dipolar interactions between electrons within 

zinc oxide and the dipolar water molecules at the zinc oxide 

surface. 

The adsorption of H+ and OH on zinc oxide has been associated 

'th f 't h f 1 5 C cm- 2 (pH-unl't)- 1 , w1 sur ace capac1 ance c anges o - ~ 

e.g. by Blok (137) and in our work (chapter 5). This would 

correspond, related to the net interfacial area of the 

ZnO-Indium present in the ESR-cell to a change of 

approximately 10 16 separated charges at the interface per 

unit change in pH. Since the ESR-signal intensity observed 

from ZnO-In particles present in the ESR cell corresponded 

to 10 14 unpaired electrons, a marked effect of pH upon 

ESR signal intensity could be expected from the capacitive 

effect of the adsorbed ions. No such pH dependence was 

observed. It was argued, that another process must have 

determined the number of unpaired electrons, detectable 

by ESR within the ZnO-In particles. From the work of Blok (1379) 

andLohmann (138) it could be argued that at pH= 7.5 to 

pH = 9.5 the band bending (see 2) will be downward. 

Thus a large fraction of the conduction band electrons would 

be localized adjacent to the surface and would thereby 

couple their spins. This would explain the independence of 

the ESR signal of pH as well as the lower number of spins 

of zinc oxide in the ESR cell as compared with that of 

zinc oxide in vacuum. 
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Resul.:ts 

1.965 
'd 

Fig. 2-IO: ESR-signals of differently 

pretreated samples of ZnO (Merck p.a.). 

a) , b) ZnO/a.r., c) ZnO/He, 

d) Zn0/H2 • 

ESR-measurements were carried out with an X-band Varian E·:-·15 

Spectrometer, All si.gnals were recorded at li.quid ni.trogen 

temperature. Prior to the measurements, all samples were 

evacuated to 10-S Torr at room temperature and flushed 

several times with helium. Fig 10 shows the signals of 

Merck a.r. zinc oxide and of differently pretreated samples. 

No triplet signals of o
2 

or 0- appear to be present. Both 

the signals at 1.965 and 2.003 increase with increasing 

reduction of the ZnO-sample. The 1. 965 signal may be 

ascribed to the Zni. The 2.003 signal could be due to 

0-. The origin of such a 0-, however, has not been cleared 

yet. The signal of Zn0/02 also shows an additional si.gnal 

at 1.966. This signal may also be seen in the ZnO/a.r.

sample and may also be present but not detectable (because 

of the large 1.965 signal) in the other samples, The ratio 

of the 1.965 signals is : 

Zn0/02 : ZnO/a.r. : ZnO/He : Zn0/H
2 

1 3 10 50. 

From these experiments we conclude that there are distinct 

differences in solid state properties of the differently 

pretreated zinc oxide samples. 
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2.3.5. x-ray diffraction 

x-ray diffraction was used to identify the kind of zinc 

oxide, used in this study and the nature of the basic 

zinc carbonate. Also we performed some experiments with zinc 

oxide from suspensions, in order to check for any transformations 

of the zinc oxide during prolonged storage in electrolyte. 

The samples of Merck p.a. and Highways Ultrapur zinc oxide 

showed the typical structure of crystalline synthetic 

zinc oxide, zincite (fig 11) • No other peaks were observed. 

45 oO 35 30 

Fig. 2-11: x-ray analysis of ZnO (~erck p.a.). 

50 

In order to check for the transformation of zinc oxide, e.g. 

to zinchydroxide, during prolonged contact with an aqueous 

electrolyte solution, three samples were measured : 

11 ZnO Merck p.a., humidified just before measurement 

with 10-
2

M KCl pH 8.00 solution, 

2) ZnO Merck p.a., from a pH-stat experiment in 10-2M KCl 

pH 8.00, stored during 5 months in a polyethylene bottle, 

3) ZnO Merck p.a. 1 from a pH-stat experiment in 10-2M KCl 

pH 10,00, stored during 6 months in a polyethylene 

bottle. 
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All the§e samples showed the typLcal zincite 1 without 

any other peaks. Thus there is no indLcation here for any 

transformations of zinc oxide in aqueous electrolyte 

solutions under the conditions described before. 

The basic zinc carbonate, provided by Brocades Delft, 

showed a spectrum of small crystalli.tes. The spectrum 
is given in 12. In this spectrum, znco3 , zn5 (co3) 2 (0H) 6 
(hydrozincite) 1 zn4co3 (oH) 6 ,H2o and, tentatively, zincite 

peaks may be determined. There is some discrepancy between 

d and 2e values used in the three reference sources 

(125-127). However, the resemblance between our spectrum 

and those of Neczaj-Hruzewicz et al. (125) does indicate 

the presence of znco3 and zn5 (co3 ) 2 (0H) 6 in this basic 

zinc carbonate. 

M 

~0 ~. 
0 ...., 
...., 

/\ 9"' I .,A. 
" " 12 13 14 23 25 27 29 31 33 35 37 39 56 sa 60 62 

29 

Fig. 2-12: X-ray analysis of the basic zinc carbonate. 

2.3.6, Ellipsometrr 

Ellipsometry enables us to study properties of and changes 

at interfaces by measuring the change in polarisation 

of monochromatic light, caused by reflections at that 

interface. This technique can be used at the solid-gas 

interface as well as at the solid-liquid interface. In 

this study we used ellipsometry to check for any multi-layer 

formation during pH-stat measurements. Multilayer formation 
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would cause a change in refractive index of the interface 

(unless fortuitous the multilayer formed would have the 

same refractive index (as the original surface) and thus can 

be measured ell:Lpsometr:Lcally. From the measured ell:Lpsometr:Lc 

angles 1::, and 1J! one can calculate for an :Lsotrop:Lc surface 

the opt:Lcal constants n (refract:Lve :Lndexl and k (ext:Lnct:Lon 

coeffic:Lentl of the reflect:Lng substrate. I.ncluded :Ln these 

values are the influence of overlayers (adsorbed molecules, 

surface state layers, space charge layer). As we are 

interested :Ln the :Lnfluence of the pH of an electrolyte 

solution on (changes :Lnl the ex:Lstence of overlayers, 

we are merely interested in the (changes in the) values of 

t, and 1J!, For a more detailed introduction into the principles 

of ellipsometry, see references 128-131. Some publications 

have appeared on the ellipsometric properties of zinc oxide 

as a function of wavelength (132-1341. These publications 

all consider zinc oxide single crystals in gaseous atmospheres. 

The agreement between the various authors on the values 

of n and k is not very good, probably due to d:Lfferences 

:Ln crystallographic planes and pretreatment of the surfaces. 

In our work we used a single crystal z:Lnc oxide, obtained 

from Prof. Heiland, Technische Hochschule Aachen, West Germany.* 

It had been grown from the vapour phase. A part of this 

crystal (0.5 x 0.4 x 0.1 em) was imbedded in a resin (trans

parant Resin no 3, Struers) and heated in 20 minutes up to 
0 2 130 c. After that, a pressure of 2.3 tonnes per 25 em was 

applied and the resin was cooled down to room temperature. 

The result was a small cylinder with diameter 2.5 em and height 

2.0 em. The crystal face was polished with succesively 3~, 

1~ and 0.25~ diamond powder, rinsed with 76% ethanol and 

dried with hot air. Finally, the crystal was stored in an 

exsiccator over dried cac12 • 

*We express our thanks to Prof. Heiland for providing us this 
sample. 
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For the ellLpsometric experiment,. the crystal wa.s placed 

in a holder, the reflectivity waS. checked in ail and then 

the crystal was immersed in ~0-2M KCl pli 9. 00 solution in 

a thermostatted vessel under flow of nLtrogen. After adjust

ment of the system, 6 and ~ were registered as a function of 

time. After two days in electroly.te no signLfLcant changes 

in 11 and .p were detected (values 176.2 and 20.5 respec-
-2 tively). Now we added 10 M KOH solutLon to the electrolyte 

and changed the pH in 5 steps to pH 10,8. Between each 

step, a waiting time of 5 minutes was taken to check for 

any changes in 11 and w. No changes were found, 

The conclusLon from these experiments is that there is no 

indication for multilayer formations on zinc oxLde in 

10-2M KCl solution at pH between 8 and 10, neither as a 

fast process nor as a slow process, 

2,3.7, Infrared spectrometry 

The Lnfrared experiments were carrLed out with a Bruker 

IFS 113V Fourier Transformation Infrared Spectrophotometer, 

with globar light source and triglLcerinesulphate/KBr-window. 

The number of scans was 512 and the resolution 4 cm- 1 • 

We tried three methods of sample preparation : 

- 1 to 10 mg ZnO were mixed with 1000 mg dried KBr. 300 mg 

of this mLxture were pressed to dLsks with a diameter 

of 13 mm under pressure of 50 tonnes per 13 mm diameter. 

Under these conditions we could not find satisfying 

spectra, because eLther the transmittance or the sLgnal 

intensLty was too low~ 

- ZnO-powder was pressed between two KRS-5 (thallium bromide) 

crystals. The light beam enters the KRS-5 crystal under 
0 

an angle of 45 , reflects several times VLa the zinc oxide 

and the crystal and the outcoming beam is measured 

(ATR-method, attenuated total reflection). As compared to 
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Fig. 2-13: Infrared spectrum of 

ZnO (Merck p.a.). 

Fig. 2-14: Infrared spectrum of 

ZnO (Highways Ultrapur) • 

fig. 2-15: Infrared spectrum of ZnO 

(Merck p.a.). 

Enlargement from fig. 2-13. 



other methods, the .advantage of. this method .is the possibi

lity. to. emphasize mo.re surface signals as compar.ed with 

bulk. signals, Ho:vre.ver, th:e:te appeared .to be too much loss 

in transmission and too poor rep.roducibility, so this 

method was rejected: 

- 75 mg ZnO were pressed to solid selfsupporting disks 

with diameter of J.3 mm, under pressure of 50 tonnes per 
. -1 . 

13 mm diameter and a vacuum of 3,10 Torr, In this case, 

the transmission, the signal intensity as well as the 

reproducibility of the spectra were satisfying, 

Fig 13 and 14 show the spectra of 75 mg pressed disks of 

ZnO Merck p.a, and ZnO Highways Ultrapur respectively. 

Both spectra show three distinct groups : 

-the group 3000-3700 em - 1 , containing distinct signals 
-1 

at 3670, 3620, 3550 and 3440 em • These signals can be 

ascribed to OR-stretch vibrations of chemisorbed and/or 

physisorbed H2o; 
the group 1300-1700 em - 1 containing signals of carbonates 

and physisorbed H
2
o. Fig 15 gives an enlargement of these 

signals. This spectrum is quite similar to the ones 

obtained by Taylor and Amberg (101) and Atherton et al, 

(82), after adsorption of carbon dioxide at 

zinc oxide; 

- the group < 1200 cm- 1 contains signals of the ZnO-matrix 

(Scholten and Van Montfoort (68), Mattmann (831~ bands 

from carbonate species (Lavalley et al.~04)) and OR-stretch 

vibrations (Mattmann (83)), 

Both samples (as received} thus contain adsorbed water and 

carbon dioxide, Comparison of both spectra was done by 

dividing the spectra. Fig 16 shows the spectrum of a Merck p.a. 

sample divided by a Highways Ultrapur-spectrum in the 1200-
-1 . 

1800 em region, Clearly, the Merck ZnO sample contains 

more carbonate than the Highways sample, 

43 



0 725 

0 6 

100.0 

t: z 
~ SD.O 

;: .. 
g 

" " 

1800 1600 !'tOO 12 
\JAVfNUMBERS CM- \ 

Fig. 2-16: Spectrum of fig. 2-13 divided by 

that of fig. 2-14. 
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Fig. 2-17: Spectra of ZnO/a.r. (b), Zn0/02 (a) 

and of Zn0/H 2 (c) . 

The spectra of ZnO Merck. p,a,, r.espect.i.vely as recei.ved, 

oxygen treated and hydrogen treated are gi.ven in fi.g 17. 

Vi.sually, before oxygen treatment, the di.sks contained 

very clear brown spots, After oxydati.on the brown spots 

had nearly camp letely vani.shed and the di.sk.s looked white. 

After reducti.on, the di.sk.s showed a very sli.ghtly greyi.sh 

haze. Thi.s mi.ght be caused by the formati.on of intersti.ti.al 

zinc in the samples. Heating of the zinc oxi.de in an 

atmosphere of oxygen at 450°C resulted in a clear decrease 
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in the carbonate peaks and in a decrease in the broad 3440 cm-1 

peak, The peaks at 3670 1 3620 and- 3550 cm-1 were not 

affected as could be shown by comparing the scaled spectra, 

This indicates that treatment o.f zinc oxide in a flow of 

oxygen at 450°C does remove physisorbed water, but does 

not remove chemisorbed water (surface hydroxylsl. The 

remaining carbonate signals could be due to readsorption 

· from atmosphere : the self-supporting disks had to be 

transferred from the ignition tube to the infrared apparatus. 

Atherton et al, (82) already showed, that the adsorption 

of carbon dioxide at the zinc oxide surface can be a fast 

process. 

After heating the oxygen treated disk again up to 450°C for 

four hours under flow of nitrogen, with subsequent cooling 

in hydrogen, the spectrum showed a dramatic decrease in 

transmittance. No carbonate peaks could be distinguished 

any more, the hydroxyl peaks remained unchanged compared 

to those of oxygen treated zinc oxide. We did not find a 

Zn-H peak as described by Eischens et al. (72) and by 

Dent and Kokes (59) (1710 cm-1 }. However, these authors 

state that this Zn-H is rather unstable, so it might 

either have disappeared during storage in hydrogen atmosphere 

overnight or during transport to the IR-apparatus. 

2.3.8. Determination of surface hyarox:yls 

For quantification of the surface hydroxyls of zinc oxide, 

the methOd used by Morimoto and Naono (931 .was adopted 

and modified, 

The principle of the determinat:Lon is transformation of 

OH-groups by the reaction 
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7 

Fig. 2-18: Measuring system for the determination of 

surface hydroxyls and carbonate groups. 

10 

l)thermostatted vessel 2)reaction liquid 3)glass container 
4)stirrer motor S)thermostatted tube 6)deaeration tap 
?)measuring pipette 8)adjustable container 9)connection 

tube 10) equilibrium manometer 

where R can be zinc oxide or R, hence this reaction measures 

both physisorbed and chernisorbed K
2
o. The methane gas 

evolved is measured in a gas burette system (see fig 18~. 

The following procedure was finally adopted : Dibutylether 

was dried over sodium curls unti.l no more bubbles did 

appear, 150 gr of dried dibutylether and 9 gr of magnesium 

powder were heated to 70°C. 50 gr of methyliodide were 

slowly added and the reaction proceeded at 70°C during one 

hour. The reagent was stored in the reaction vessel until 

use. The system was flushed with nitrogen for one night. 

150 ml of the reaction mixture was added to the reaction 

vessel. Nitrogen was flushed through the system to remove 

moisture from the air. The system was stirred one night 

to obtain equilibrium, e.g. to react with surface hydroxyls 

from the glassware. The samples were brought upon a plastic 

bottom (to avoid sticking to the glass wall) and then 

in a glass container. The glass container had been fitted 

to the stopper of the reaction vessel. After the stopper 
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had been fitted to the reaction vessel, the measurement 

started bychecking for any base-line shift during 30 minutes. 

After that, the sample was brought into the methylmagnesium

iodide-solution by turning the stopper. The reaction was 

followed by measuring the amount of gas evolved during 

at least one hour. After correction for base-line-shift, 
the amount of gas. evolved was calculated by : 

273.15 
v (mMole).. 

76.0 • 22.41 

Here v is the amount of CH.4 evolved (mMolel, P is the 

room pressure (mm Hgl, Tis the room temperature and the 

temperature of the thermostatic bath, !::. V i.s the measured 

volume evolved in ml, 

A blanc reaction, using the plastic bottom only, as well 

as some calibration runs using pentachlorphenol, were done 

to calibrate the system. The plastic bottoms gave a negligible 

result, e.g. an equivalent of .01 m..'t\1 OH/gr plastic with 

a mean weight of bottoms of 0.6 gr. The test with pentachlor

phenol showed excellent recovery, four test runs gave 

recoveries of 99.8% ± ,3%, 

Samples of zinc oxide were used either untreated or treated 

as described in section 2.3.1, Ignited samples (ca. 1,5 gr} 

were put out of the ignition tube into the glass container 

under flow of dried nitrogen and then transferred to the 

reaction vessel, also under flow of nitrogen. The weight 

of the sample was determined by subtracting the weight of 

the empty tube from that of the filled tube. 

The results of the measurements of the hydroxyl content 

of various zinc oxide samples are given in table 3 and 

expressed as molecules per nm2 , 
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Table 2-3: Hydroxyl content of differently 
pretreated samples of Zno Merck p.a. 

sample -OH (molecules/nm2) 

as received 8.4 • 3 

240°/ 02 9,5 .7 

450° I o2 8,3 ± .4 
450°/ H2 8,5 ± • 2 

A result that at first puzzled us, was the apparent absence 

of physisorbed water at the surface of the "as received" 

zinc oxide. We added some extra water to a sample of zinc 

oxide and did find the same results in the hydroxyl deter

mination as for a sample without addition of water. We 

concluded that molecular water. vapourises during the equili

bration period prior to the measurement. This was .confirmed 

in two ways : 

a coc1 2 sample, containing hydration water, was discoloured 

immediately after the sample was brought into the atmos~ 

phere of the measuring vessel~ 

- samples of "as received" zinc oxide, sealed in glass 

ampoules, were brought into the system, After equilibrium 

had been reached, the ampoules were broken in the methyl

magnesium iodide solution, a response of 17.2 -OH/nm2 

was found. The response of the empty glass ampoules was 

negligible. Thus the amount of physisorbed water will be 
2 17.2 - 8.4 = 8.8 mol H20/nm • 

We conclude, that this method is very suitable for the 

detection of chemisorbed and of physisorbed water. 

From the results of the hydroxyl determinations we conclude, 

that as received zinc oxide contains about 8.8 mol/nm2 of 

physisorbed H2o and 8.4 mol/nm2 of surface hydroxyl groups 

(full coverage of the surface, section 2.2,6.). The oxygen 

treated and hydrogen treated samples have lost their 

physisorbed water but still have a full coverage of surface 

hydroxyls. This is confirmed by the IR-measurements 

(section 2.3.7.). 
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2 

2.3.9. Determination of surface carbonates 

The system used for the hydroxyl :determination was also 

used for the determination of surface carbonates, except 

that the methylmagnesiumiodide reagent was replaced by a 

1 M HCl solution. Calibration runs were made with the plastic 

bottoms and with sodium carbonate. The plastic bottoms did 

not show any significant response. The sodium carbonate 

had been dried for 4 hours at 285°C. 

V(ml) 

I 

0/00 
0 10 

ln V 

i 
a) 

0 

0 o o 0 0 0 

··~-Hminl 

20 30 40 0 02 

Fig~ 2-19: Calibration run with sodium carbonate in the 

carbonate determination system. a} Volume versus time, 

b) as a) ,but now ln(V) versus time-
1

. 

b) 

0.4 

A typical result of this method is shown in fig 19. The 

volume versus time curve can be transformed into a ln(V) 

versus (time)- 1 curve (fig 19), The extrapolation to 

t + oo (t-1 
+ 0) yields a value of ln(V}. This value was 

0.6 

taken to represent the total amount of carbon dioxide released. 

Thus, it is not necessary to take up a complete curve~' 

Results of several experiments with sodium carbonate are 

shown in table 4. considering the small amounts of 

samples used, this method gives reasonable results, However, 

the response in all cases was less than 100%. Thus, not all 

the carbonate from the samples is released as carbon dioxide. 
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Table 2-4: Calibration of the surface carbonate detection 
method with Na2C03. (l) : estimated V versus t curve, 
(2) : calculated from ln(V) versus curve (linear 
regression). 

weight 

(mg) 

as received 42.6 

32.4 

21.8 

21.0 

20.8 

7.3 

6.8 

9.0 

3,1 

a) 

t (mml 

20 30 
b) 

recovery recovery 

(%) {1) (%) (2) 

76.7 84.5 

70.8 80.8 

72.3 76.7 

59,4 72.3 

76.1 89.3 

72.6 91.9 

72.6 84.3 

79,2 90.7 

79.7 84.6 

Pig. 2-20: Determination of surface 

carbonates, volume versus time. 

a) znO/a.r., b) Zn0/H
2

. 

Table 2-5: Carbonate content of pretreated 
~erck P·~· ZnO samples. (1) : calculated volume 
evolved , (2) : calculated with volume evolved from 

_Zn0/02 as zero setting. 

sample C02 co
2 C02 (11 

(.a.l.M/5 grt (.uM/m
2

l (mol./nm2l 

ZnO/a.r-~ + 51.~ + 2,79 + 1.68 
Zn0/0

2 8,3 0,46 0.28 
Zn0/N

2 5.6 - 0.31 0.19 
Zn0/H

2 - 15,8 - 0,99 0.59 
ZnO/ + 
Highways 

7.2 + 0.35 + 0,21 

so 

co
2 

(2) 

(mol,fnm2 l 

:1- 1,95 

0,00 

+ 0.10 

0.28 

+ 0.45 



A typical result of a non treated and of an ignited sample 

of zinc oxide is shown in fig 20, The large (apparent) 

release of gas in the first minutes is caused by a temperature 

rise in the measuring vessel, due to the dissolution of the 

zinc oxide. 

Table 5 shows the results of measurements with various 

samples of zinc oxide, 5,00 gr each. Just before each 

experiment, a calibration run was done with 10-25 mg 

zinc carbonate (see2.3.5.), In the same solution, the experi

ment with the zinc oxide was performed. As can be seen from 

table 5, the heated ZnO samples all show a negative increase 

in volume. We suppose that this is due to a volume effect 

of dissolution of the zinc oxide (sol.id zinc oxide to. dissolved 

zinc oxidel. This was confirmed by saturating the hydrochloric 

acid solution with zinc oxide (approximately 7 grl; after 

equilibrium had been obtained, 5 gr of zinc oxide were added 

and no volume effect was observed. Hence, we corrected the 

results of the untreated samples for the dissolution effect 

of the zno;o
2
-sample. 

We also could take into account the results of the sodium 

carbonate experiments. As was concluded, the response of the 

system seemed to be approximately 85% of the expected amount. 

Correction then leads for untreated zinc oxide Merck p.a. 
2 to 2.3 molecules per nrn and for Highways Ultrapur zinc oxide 
2 to 0,5 molecules per nrn • 

In these experiments we did not find an effect of inter

stitial zinc, which might have lead to the evolution of 

hydrogen gas (Zn + 2H+ + zn2+ + a21. Within experimental 

error the response for the Zn0/H2 samples was the same as 

that of the other heated samples. Moreover, addition of 

up to 0.5 gr of zinc powder did not give a significant 

response in the system. 
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0.2 

0.1 

0.10 OJ2 

Fig. 2-21: Response of various amounts of "Znoco3", 
amount of co

2 
in mN versus amount of "Znoco 3 " (g). 

We also used a basic zinc carbonate (Zinci subcarbonas, 

Brocades Delft; according to label 5Zn02co3 4H 2o) 

(78-73% ZnO). X-ray analysis showed it to be a non-crys
talline powder, wlth peaks indicating the presence of 

several zinc carbonates (see 2.3.5.). Results of co 2-

determinations of this basic zinc carbonate are represented 

in fig 21. From the straight line, an amount of 0.27 mM 

"co2 " per gram may be calculated; This basic zinc carbonate 

was used in pH-stat experiments for comparison with untreated 

zinc oxide samples •. 
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2.4. SUMMARY AND CONCLUSLONS 

In this chapter w:e have reviewed the factors that might 

inf~uence the so~id state properties of zinc oxide. From 

our own experiments we found : 

as received zinc oxi.de contains surface carbonate groups, 

physisorbed and chemi.sorbed water and some interstitia~ 

zinc; 

as compared to as received zinc oxide, our oxygen treated 

and hydrogen treated zinc oxi.des have ~ost carbonate 

groups and their physisorbed water; 

oxygen ·treated zinc oxide has significant~y ~ess inter

stitia~ zinc than as received zinc oxide. We did not find 

i.ndicati.ons for the presence of o2 or o2 adsorbed at 

the surface of this zinc oxi.de; 

- hydrogen treated zinc oxide has significant~y more inter

sti.tia~ zinc than as recei.ved zinc oxide. We did not find 

indications for the presence of Zn-H groups on the surface 

of this· zinc oxide; 

- our zinc oxide samp~es consist of various forms of partic~es. 

There appear to be spheres, hexagons (micrographs) and more 

irregu~ar shapes (BET/Sedigraph). The BET-areas of the as 

received zinc oxide was 3.66 m2/gr, of oxygen treated zinc 
2 2 oxide 3.60 m /gr and of hydrogen treated zinc oxide 3.20m /gr. 

These va~ues wi~~ be used in the next chapters 

The differences in so~id state properties, as far as can be 

conc~uded from our measurements, are the sma~~ differences 

in specific surface area (=mean partic~e size), the diffe

rences in content of interstitia~ zinc and of surface 

carbonate groups, 

The inf~uence of these differences on the co~~oid chemica~ 

behavi.our of zinc oxide wi~~ be discussed in the next 

chapters, 
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3. THEORY OF DOUBLE LAYER PROPERTIES 

3.1. INTRODUCTION 

A main topic of this thesis is the adsorption of ions at 

the zinc oxide/aqueous electrolyte solution interface. In 

this chapter we will discuss some models of the solid/ 

liquid interface, which will serve as a basis for the inter

pretation of the colloidchemical experiments. 

When solid particles are suspended in an aqueous solution, 

they usually obtain a surface charge due to adsorption of 

ions from the solution or by dissociation of surface groups. 

This adsorption and/or dissociation is caused by a difference 

in affinity of the solid and the medium for one charge or 

the other. The adsorption and/or dissociation will continue 

until an equilibrium has been reached. 

The electrochemical potential for any ion that can move 

freely between the two phases is the same in both phases. 

A well-known model system for colloid chemical studies is 

the silver iodide/water system (1-9). When silver iodide 

i·s immersed in pure water, the charge separation at the 

interface between the crystal and the water is caused by 

preferential desorption of Ag+ions from the crystal lattice. 

At equilibrium the electrochemical potential of both Ag+ 

and I ions must be the same in the crystal phase and in 

the bulk phase of the aqueous solution 

in which 

+ 
\Jl (Ag ) + ze¢

1 

\J the chemical potential of a species 

z = the valence of the species 

e = the elementary charge 

¢ the Galvani potential 
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Here, the subscript "s" refers to the surface and the 

subscript "1" refers to the aqueous phase. zeflx refers 

to the potential difference between the two phases due to 

dipole orientation. Rewriting the chemical potential terms 

leads to 

110 (Ag +) + kT ln 
s 

Pf (Ag+) + kT ln 

+ a (Ag } 
s + 

a (Ag } 
1 

+ ze¢s + zellx 

+ ze¢ 
l 

in which "a" is the activity of species. By changing the 

bulk activity of the Ag+ions the relative proportions of 

Ag+ and I on the Agi crystal surface are altered and so 

the potential difference (¢S-¢l) can be varied. 

[3-2] 

If the potential difference due to the free charges is zero 

(point of zero charge, pzc} we can write : 

+ kT ln 

+ kT ln 

+ a-' (Ag ) 
s 

a' (Ag +) 
l 

+ zellx 

[ 3-3] 

If we now presume that the llx and as(Ag+) are not dependent 
+. on the bulk activity of Ag ~n the liquid, we obtain : 

kT 
ln 

ze 

or 

+ a
1

(Ag} 

+ ai (Ag ) 

at 298 K 

[3-4] 

[3-5] 

This Nernst-type equation implies a change in surface poten

tial of 59.8 mV for each unit change in pAg+. 

A similar set of equations may be derived for the oxide 

surfaces (10-12,15,21,22). Here, the oxide surface are 

considered topossessa large number of amphoteric hydroxyl 

groups. 
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MOH + 
2 

+ M-OH 
OH 

(or MO (3-6] 

A princip~e difference between the oxides and the silver 

halides is that the potential determining ions for the 

silver halides are the ions from the crystal itself, whilst 

for the oxides the potential determining ions are H+ and 

OH- (section 3.5.). These are to the most only minor components 

of the solid phase. In contrast to e.g. Agi we can not consider 

the activity of the potential determining ions at the surface 

independent of the activity in the bulk of the solution. 

The surface potential now may be expressed as 

kTe ~ 2.303 pH - pH - log pzc 
(H+) ) 

a + s,pzc(H ) 

[3-7] 

The last term of the equation has the effect of lowering the 

change in surface potential with respect to the Nernst-type 

equation. Several authors have tried to find the correct 

theoretical basis that could match theoretical predictions 

with experimental results. Some features of their double 

layer models will be outlined below. 

One of the basic models of the electrical double layer is 

the Gouy-Chapman-Stern-Grahame model, modified by Frumkin 

(13-15). Here, the surface charge is considered to be confined 

to the surface plane and to be smeared out. Figure 1 

shows an example of the most important features of the model. 

The potential determining ions are considered to be adsorbed 

in the plane of the surface, giving rise to a surface charge 

o and a surface potential ~ • The plane through the centres 
0 0 

of the, partly dehydrated, electrostatically adsorbed anions 

is called the Inner Helmholtz Plane (IHP) . The plane through 

the centres of the (hydrated) cations is called the Outer 

Helmholtz Plane (OHP). The layer between the OHP and the 

surface is called the Stern layer. The diffuse (Gouy-Chapman) 

layer is situated outside the OHP; it contains ions that are 
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t lHP 

' 
' OHP 

t Fig. 3-1: Schematic representation of a double 

layer model (after Hunter (15)). 

spread out in a Boltzmann-like distribution towards the bulk of 

the solution. 

Ions that are adsorbed within the Stern layer will have lost 

a part of their hydration shell. They are called specifically 

adsorbed ions. If the number of specifically adsorbed ions 

exceeds that of the potential determining ions we have a 

so-called super-equivalent adsorption. Ions that are not 

potential determining or specifically adsorbed are called 

indifferent. 

In the interpretation of electrokinetic measurements the term 

electrokinetic slipping plane is used. This is thought to 

be a plane, situated outside the OHP, inside of which the 

solvent molecules are stagnant with respect to the surface 

of the particle. The potential at this elect.rokinetic slipping 

plane is called the zeta potential (~).The zeta potential is 

used to determine the charge behind the electrokinetic slipping 

plane. Usually this charge is assumed to be the same as that 

in the entire diffuse double layer and the zeta potential is 

assumed to be the same as (or to differ very little from) 

the potential at the outer Helmholtz plane (14-29) 
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The thickness of the diffuse double layer is K-l. The Debye

parameter K depends on the ionic strength of the solution 

according to : 

K p-8] 

in which 

N. the number of ions of species i per unit volume in the L 

bulk of the solution 

£0 the permittivity of the vacuum 

£r the relative permittivity of the solution 

3.2. POINT OF ZERO CHARGE AND ISO-ELECTRIC POINT 

The point of zero charge (pzc) is defined as that concentration 

of potential determining ions at which the net adsorbed surface 

charge is zero. If there is no specific adsorption, then the 

pzc is independent of the concentration of the electrolyte 

solution (13,15). In the case of specific adsorption, the 

apparent pzc will .shift. For example, specific adsorption of 

negative ions will stimulate the adsorption of positive 

potential determining ions. In this case the (apparent) pzc 

as determined by potentiometric titrations, will change with 

changing concentration of supporting electrolyte. 

The iso-electric point (iep) is the point of zero zeta poten

tial. In the absence of specific adsorption the iso-electric 

point coincides with the point of zero charge. In the presence 

of specific adsorption, both points shift to a different 

direction. The zeta potential, being determined by the total 

charge behind the electrokinetic slipping plane, will become 

more positive upon specific adsorption of positive ions. 
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3.3. CAPACITANCE OF THE DOUBLE LAYER 

The charge balanceover the double layer is given by the electro

neutrality condition for the space charge distribution (see 

fig 3-1) : 

[3-9] 

Here a
0 

is the charge density at the surface,am is the 

charge density in the Stern layer and ad is the charge 

density in the diffuse layer. The charge (a) and potential 

(t) of the double layer can be described also in terms of 

a series of capacitances, according to 

1 r da l l1 + ___!!! 
da

0 
c 

Here, C is the total differential capacitance: 

da 
c 0 

em is the differential capacitance of the Stern layer 

c 
m 

Cd is the differential capacitance of the diffuse layer 

[ 3-10] 

[3-11] 

[3-12] 

[ 3-13] 

dam 
~ is a correction for adsorption. It will always 

be
0 

< 0, so the total capacitance may become greater than cd. 

If we define an experimental capacitance, that can be measured 

for example by titration techniques 
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e 

2.303kT dpH 

we can find from the re.tations 

d 1 as. (H ) 
1 1 og -

aS,EZC(H+) 

3-7, 3-11 and 3-14 

c cexp do
0 

The right hand term will be >> 0, so the total capacitance 

will be greater than the experimental capacitance. 

[3-14] 

[ 3-15] 

The capacitance of the diffuse part of the double layer can be 

calculated from the relation between the potential of the 

diffuse part of the double layer ~d(usually set equal to the 

zeta potential) and the charge in the diffuse part of the 

double layer od 

- /8n.cc kT sinh (ze~d/2kt) 
1. 0 

3.4. MODELS FOR THE OXIDE-WATER INTERFACE 

3.4.1. Introduction 

[3-16] 

One of the most significant features of the oxide/aqueous 

electrolyte system compared to the mercury-or Agi/aqueous 

electrolyte system is, that the surface charge densities of 

oxides are very much higher at comparable values of the surface 

potentials (21). These very high surface charge densities are 

accompanied by very modest values of the electrokinetic poten

tial (21), which means that a large part of the surface charge 

is compensated by adsorbed counterions behind the electrokinetic 

slipping plane. 

Several models have been suggested that should explain the 

colloid chemical behaviour of the oxide/solution system. Some 

authors have focussed their attention on the mathematical cor

rection of the Nernst-equation, others on a more physical 
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representation of the ionic composition of the double layer. 

In the next sections we will briefly discuss some of the present 

double layer models. We will emphasize on the ideas and assump

tions of_the models without going into mathematical details. 

3.4.2. Site-dissociation/site-binding models 

The site-dissociation model (22-27) considers the surface of 

the oxides to be composed of amphoteric hydroxyl sites which 

can become charged either positively or negatively depending 

on the pH. A model of the inner part of the double layer is 

used in which the adsorption of both types of ions of the 

supporting electrolyte is imaged to take place over a finite 

range of distances, rather than being confined to a single 

plane, The phase boundary is regarded as an "equi

potential surface, but variations in the potential at 

the centres of the adsorbed ions are included (discreteness 

of charge effect, 17,22,27-30). The two types of ions experience 

a different specific adsorption potential. In this model, one 

of the main parameters that has to be fitted is the 6pK, 

indicating the difference in the dissociation constants of the 

hydroxyl groups and of the protonated hydroxyl groups. Healy 

and White (26) have shown that this model can reproduce the 

broad features of charge pH data, for example for Sio2 and Ti0
2

, 

but a simultaneous fit of charge data and of zeta potential 

data could not be obtained. 

In addition to the site-dissociation model, some authors have 

suggested that negative and positive sites, formed by reactions 

like those shown in equation 3-6 can, in effect, be neutralized 

by complexation reactions with ions from the supporting 

electrolyte (31-35). Yates et al. (31) introduced the site

binding model, postulating a direct binding of counter charges 

to the surface charges. In this model, which does offer an 

explanation for the combination of high surface charge and low 

electrokinetic potential, the counterions are located in the 

IHP. Both types of counterions have the same approach distance 

69 



as they undergo association at the surface. Davis et al. (32-34) 

and James et al. (35) made some improvements to the model of 

Yates et al., especially in developing the extrapolation 

procedures required to obtain the values for the various 

parameters of the model (e.g. dissociation constants of the 

surface hydroxyls and of the surface complexes). Smit and 

Holten (36) performed zeta potential and radiotracer adsorp

tion experiments on aluminium oxide single crystals. They 

presented evidence of the specific adsorption (complexation) 

of monovalent anions and cations on these surfaces. They found 

that the site-binding model could give an accurate description 

of their data. Bousse (37) used a model in which the planes 

of the two types of counter ions could be different and he 

gave a simple iteration procedure to evaluate the parameters 

involved in the model. His calculated data could be fitted 

to a great extent to his experimental data obtained in experi

ments with silicium/silica and silicium/aluminium oxide ion

sensitive field effect transmitters (ISFET 1 s). Stol (38) 

introduced a model in which the potential determining ions 

as well as the ions from the supporting electrolyte could lie 

in the plane of the surface and could contribute to the 

surface charge. A-nobjection to this model is, that all the 

ions are supposed to be equivalent in their adsorption be

haviour, despite the clear differences in charge and size 
. 3+ - + -of the lOns (e.g. Al , OH, H, Cl ). Also this model 

however considers the adsorption sites to be positively and 

negatively charged lattice sites and thus it is not applicable 

if only -OR-surface sites are present. It is however to be 

kept in mind that due to geometrical inhomogenity of the 

surface the "planes" of adsorption of potential determining 

ions and of specifically adsorbing ions can become mixed up. 

3.4.3. Porous gel model 

The porous gel model was first presented by Tadros and 

Lyklema (39,40) and was developed further by Lyklema (21,41), 

Wright (42), Levine et al. (22) and Perram et al (43-45). 

In this model it is supposed that the H+ and OH- ions can 

penetrate the surface layers of the oxide and react with ampho

teric -OR-groups inside the solid. Simultaneously, counter 
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ions can penetrate the surface and enter the porous layer, 

reducing the potential at the outer edge of this layer. 

Thus it is possible to accomodate a high surface charge with 

low electrokinetic potentials and diffuse layer charges. 

Breeuwsma (46) used the porous gel model in the analysis of 

his data on the adsorption at the a-hematite (Fe 2o 3 )/aqueous 

solution interface. The surface charge-pH data could be described 

fairly well for some electrolyte solutions (containing Li+, 
2+ + + 2+ Mg ) but not for others (containing e.g. K , Cs , Sr and 
2+ Ba ) . Perram et al. (45) showed for titanium dioxide, silica 

and aluminium oxide that charge data and zeta potential data 

could be reasonably fitted with the porous gel model. On the 

other hand, Yates and Healy (31) did not find a penetration 

of H+ in.Ti0
2 

in their tritium exchange studies, thus indicating 

that the porous gel model should not be applied to Tio2 . 

In conclusion, the porous gel model seems a useful additional 

model to the non-porous models. It must be elucidated still 

whether or not a porous gel layer is actually commonly present 

on the surface of the oxides. 

3.4.4. Stimulated adsorption model 

Siskens, Stein et al. (47-52) have put forward the stimulated 

adsorption model. They found for calcium silicates in aqueous 

solutions of cac1
2 

and NaOH an increasing adsorption of hydroxyl 

ions with increasing concentration of calcium ions (at a 

constant pH). They argued that an adsorption of hydroxyl 

ions would make the surface of the calcium silicates more 

attractive to calcium ions, through local deviations from the 

average surface potential, whereupon a new adsorption of 

hydroxyl ions could occur. Chloride ions did not stimulate the 

adsorption of calcium ions, hence only strongly adsorbed ions 

seem to be involved in the stimulated adsorption. 
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3.4.5. The semiconductor-electrolyte interface 

The properties of the bulk of the solid phase are usually not 

considered in the studies of colloidal phenomena. Sometimes 

this is justified because the solid phase is either a good 

conductor or it is an isolator, in which cases the solid state 

properties can be incorporated in discussions about whether 

or not a local potential of an adsorption site has to be accoun

ted for. Very often the solid state properties are neglected 

without argument. Already some thirtyfive years ago, Grimley 

and Mott (53,54) pointed out how solid state properties might 

influence colloidal phenomena. They suggested that mobile 

interstitial ions and vacancies {lattice defects in the solid 

matrix) could give rise to a diffuse charge layer inside the 

solid, next to the diffuse charge layer, formed by cations and 

anions in the liquid phase. Bijsterbosch and Lyklema (7,9) 

concluded from adsorption experiments with Agi that the influence 

of the double layer in solid Agi is probably small. Ottewill 

and Woodbridge (55), using titration techniques, could not 

detect an influence of the solid state properties on the ad

sorption behaviour of Agi and AgBr either. Honig and Hengst 

(56,57) however, using the same system, did find an influence 

of the defect properties of the solid phase. Since then, the 

increasing importance of semiconductor research has resulted 

in numerous publications on the investigation of the semi

conductor-electrolyte interface. 

It has been verified now that the solid state properties can 

regulate many kinds of (surface) reactions, for example in 

catalysis or in electrochemical systems (58-85). 

For electrochemical experiments mostly semiconductor electrodes 

are used. To these electrodes a voltage is supplied and the 

capacity of the system, usually recalculated in terms of the 

capacity of the solid state, is measured. Some experiments 

are performed using illumination (62,75-85), that causes the 

creation of electrons and holes inside the solid (see chapter 2) • 

The differences of the electrode systems compared with dispersions 

are mainly the possibility of the electrode systems to get 
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electron transfer accompanied by oxidation-reduction reactions, 

and the use of high concentrations of electrolyte in order 

to compress double layer effects (which are the effects that 

interest us). 

In catalysis it has been shown that the properties of a semi

conductor, such as the width of the forbidden gap, the number 

of electrons and/or holes etcetera have a significant influence 

on catalytic processes (75-79). For zinc oxide a number of 

these reactions have been studied (85). Some results have 

already been discussed in chapter 2, concerning the adsorption 

of o2 ,H2 , H
2

0 and co
2

• Other reactions are for example the 

hydrogenation of ethylene, the decomposition of H2o2 , the 

oxidation of carbonmonoxide etcetera. 

Dewald (58) and Blok (97) have used zinc oxide single crystal 

electrodes in concentrated electrolyte solutions for their 

capacity studies. Dewald did not find a significant influence 

of the electron density inside the solid on the potential drop 

across the Helmholtz layer. Trimbos and Stein (86,87) used the 

double diffuse charge layer model to explain a slow adsorp

tion of H+/OH- at the zinc oxide/aqueous electrolyte solution 

interface. They supposed that the electrons and holes in the 

solid phase could affect the adsorption of (chloride) ions 

at the zinc oxide surface. No other information is known by 

this author about an actual influence of the semiconductor 

properties of moderately doped semiconductors on the double 

layer structure in the liquid phase. 

Fig. 3-2: Schematic structure and energy level 

diagram of a typical n-type semi-conductor/ 

electrolyte interface (after Dewald (58)). 
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3.5. POTENTIAL DETERMINING IONS OF ZINC OXIDE 

In section 3.1. it has been pointed out that it has been 

found experimentally that the potential determining ions 

for oxide systems are usually H+ and OH-. These ions have 

been found to adsorb by far more than the other monovalent 

ions at the surface of the oxides. In the models of the double 

layer, discussed in the previous section other ions can also 

adsorb in considerable amounts but only after the adsorption 

of H+/OH- has been established. We will now discuss the 

theoretical basis of this phenomenon for zinc oxide. 

A first explanation can be found in the relation between the 

activities of the lattice ions (Zn ++ and o 2-l and the activi

ties of the ionic species, for example zn 2+, ZnOH+, Zn0
2
H-, 

zno 2-, H+ and OH-, in a solution containing zinc oxide. 

If the activity of one of these species in the solution is 

given, the activities of all the other species are fixed if 

the system is in equilibrium (!) with solid zinc oxide. This 

can be shown from the following reactions (97) 

a) ZnO Zn 
++ 2-

+ dllo2--dllzno + + o :d]Jzn++ [ 3-18] +-

Zn++ -
+2dlloH--dllzno -d\lH 0 b) zno + H20 + +20H :d]Jzn++ [3-19] +-

2 
c) ZnOH+ -

d]JOH--d]Jzno -d\lH 0 ZnO + H20 _,. + OH :d\lZnOH+ + [3-20] +-
2 

d) Zn0
2

H-+ + 
-d]Jzno -d]JH 0 ZnO + H2o + H :dllzno2H-+ d\lH+ [3-21] +-

2 
e) 

2- + 
-d11 zno -d]JH 0 ZnO + H20 + zno 2 + 2H :dllzno

2
2-+2dllH+ [3-22] +-

2 

Since in the suspension ]JZnO and ]JH 0 may be regarded constant 

we obtain from the equations above 2 

-2d]JZnOH+ = -2d]J - = -d]J 2-Zn02H Zn02 
[ 3-2 3] 

From a thermodynamic point of view any of these ions may be 

considered as potential determining. The hydrogen ion however 

is the most convenient choice here, since changes in its 

concentration in the solution can be measured easily. 
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Another explanation for the role of H+/OH- as potential deter

mining ions is the presence of a hydroxide layer on the surface 

of zinc oxide. It has been found experimentally that usually 

a hydroxide layer is present and that only after a special 

treatment of the zinc oxide this surface layer disappears 

(see section 2.2.6.). If a zinc oxide sample free of hydroxyl 

groups into an aqueous solution, the surface will 

become hydroxyl a ted at once. The hydro:XYl group'S now can 

act as centres for the adsorption/desorption of H+. 

It is interesting to note, that the free energy of formation 

of different kinds of zinc oxide does not differ very much 

(tabel 3-l). On the one hand this explains that the surface 

of zinc oxide can easily become hydroxylated (the surface is 

a disturbed bulk layer, thus not to be considered as the same 

thermodynamic phase as the bulk of the zinc oxide) • On the 

other hand the question arises whether zinc oxide is stable in 

an aqueous solution or whether it will be transformed slowly 

into a zinchydroxide phase. Several authors have considered 

this problem (90-96) and the general opinion is that zinc 

oxide will be stable below 30°C in an aqueous solution. In 

this context the words of Gutbier (1928, ref 93), are 

noteworthy : 

"Bei allen diesen das System ZnO-H 0 betreffenden Ueberlegungen 
muss wohl darnit gerechnet werden, ~ass unterhalb eines bestirnmten 
Temperaturpunkts, der sich von der Zirnmertemperatur nicht 
allzusehr zu unterscheiden braucht, es Umstande geben kann, unter 
denen auch das Zinkmonohydrat als stabile Verbindung existieren 
kann." 

Table 3-l: Relative stability of ZnO and Zn (Ofl) 2 
Schindler et al. (95)). 

Reaction 
~···---··-------------

am. Zn (OH) 2 (s) :tZnO (s) +H 20 (l) -5.0 to -6.7 

61- Zn(OH)Z(s)1ZnO(sl+H20(l) -1.4 

y Z!1 (OH) 2 (s);zno (s) +H 2o lll -1.1 

+0.5 to -1.1 
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From our own experiments (sections 2.3.5. and 2.3.6.) we have 

concluded for our systems that zinc oxide will not obtain a multi

layer of zinc hydroxide at its surface. 

3.6. POrNT OF ZERO CHARGE OF ZINC OXIDE 

The point of zero charge of zinc oxide has been determined 

by several authors, using titration techniques and micro

electrophoretic investigations (86-89,97-101). The reported 

values vary considerably. This is mainly due to the different 

methods that have been used in preparation of the zinc 

oxide samples, and partly because some of the authors neglected 

the possibility of specific adsorption at the zinc oxide 

surface. Table 3-2 gives the results obtained up to now by 

several authors. 

Table 3-2: Point of zero charge as determined by several authors. 

author (s) 

Mattson and Pugh (98) 

Holmes (99) 

Ray et al. {87) 

preparation 

and NaOH 

Zn(N0
3

) 2 and NaOH 

zncl
2 

and NaOH in NaNo
3

,NaClo
4 

pzc 

Hercynska and Pr6szynska (89) oxidized zinc metal 

10.3 

9.3 

8.7 

9.0 

Blok (97) 

Trimbos and Stein (86) 

Drzymala (88) 

ZnC1
2 

or Zn(N0
3

) 2 in NaOh or KOH 8.0-9.5 

Merck p.a. ZnO 8.7 

Zincite Ciech Gliwice 8.2 

Blok (97) used several samples of zinc oxide that were pre

pared in a different way. He found a large variation in pzc. 

After refluxing a sample that had been prepared from Zn(N0
3

)
2 

and NaOH he found an increase in pzc from 8.0 to 8.6. This 

change in pzc was described to a leaching out of anion im

purities. 
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Parks (102) introduced a method in which the pzc could be 

calculated from the charge, the radius and the coordination 

number of the metal ion. This method predicts a pzc of 10.0 

for zinc oxide. Parks and De Bruyn (101) showed that in many 

cases the pzc of oxides is close to the point of minimum 

solubility. The solubility diagram fol zinc oxide has been 

calculated from the data of Latimer (100) by Blok (97). It 

is given in fig 3-3. The minimum point of solubility is found 

at pH 9.7. According to Parks and DeBruyn (101} this should 

correspond to the pzc of zinc oxide. It should be pointed out 

that the point of minimum solubility does not depend on whether 

active zinc oxide, inactive zinc oxide or a form of zinc 

hydroxide is considered. The difference in free energy of for

mation of-these species will be expressed only in a shift 

of the y-axis of fig 3-3, so though the solubility of ~he 

species varies, the point of minimum solubility does not. 

gr-------.---------~------. 

0 

'-"-' 
"' 0 

0 

_10 

Fig. 3-3: The equilibrium solubility 

diagram of ZnO (after Blok (97)). 

77 



3.7. SUMMARY 

In this chapter we have introduced some fundamentals of 

colloid chemistry with respect to adsorption phenomena at 

the solid/liquid interface. In subchapter 3.4. we have 

presented some models of the electrical double layer 

at the oxide/aqueous solution interface. The site-dissociation 

model considers the charge at the surface to originate from 

dissociation/ association reactions at surface hydroxyl sites. 

The counter ions are thought to be present in different planes 

near the surface. The site-binding model also assumes disso

ciation/association equtlibria, but considers the counterions 

to be adsorbed at the associated/dissociated sites; the. counter 

ions can only adsorb after adsorption of potential determining 

ions. The porous gel model is based on the assumption that the 

oxide is porous with respect to potential determining ions .. and 

counter ions. The ions can adsorb at sites inside the solid. 

The stimulated adsorption model takes into account local 

potential phenomena. The main supposition of this model is 

that the surface charge may not be considered to be smeared 

out, but due to non-conducting properties of the solid the 

potential at the surface can vary locally. Positive and negative 

ions are thought to stimulate mutually their adsorption. The semi

conductor/electrolyte interface can be described in terms of 

a double diffuse double layer. Next to the double layer at 

the solution side {with freely moving ions) there can exist 

a double layer inside the solid {with freely moving electrons 

and/or holes and mostly immobile donors/acceptors) . The hypo

thesis of Trimbos and Stein, that the double layer inside the 

solid might influence the adsorption at the zinc oxide/ aqueous 

electrolyte interface, is subject of this thesis. This chapter 
~ + -

concluded with the role of H /OH as potential determining 

ions in the zinc oxide/aqueous electrolyte interface. The 

adsorption behaviour may be traced back to dissolution phenomena 

of zinc oxide and to the formation of surface hydroxyl groups 

by hydroxylation of the surface. 
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4. STABILITY MEASUREMENTS 

4.1. INTRODUCTION 

Understanding the stability of colloidal dispersions is im

portant from both a practical and a theoretical point of 

view. For practice, the information about the stability of 

colloids is important for a variety of fields, as different 

as paint technology, water purification, soil science etcetera. 

Theoretically, stability measurements can provide information 

about the distribution of the counter charge of the dispersed 

particles (1,2,3). It also enables us to estimate the Hamaker 

constant in order to calculate the Van der Waals forces 

between the particles concerned (4,5). 

The stability of lyophobic colloids is determined by the inter

action between two or more approaching particles. This inter

action is due to a superposition of the Van der Waals attrac

tion and a repulsion, which may be caused by overlap of the 

diffuse double layers (6,7) (DLVO-theory). The stability may 

be determined by steric interaction as well (8-i4). In the 

DLVO-theory the Van der Waals forces are assumed to be constant 

for a given colloid whereas the electrostatic repulsion forces 

are predominantly governed by the concentration of potential 

determining ions (which determine~), by the concentration of 
0 

indifferent electrolyte (which determines the double layer 

thickness K -
1 ) and the concentration of counter ions i.n the 

S.tern layer (which determines 1/Jd) . Steric interaction is in 

most cases caused by adsorption of polymeric molecules. This 

subject will not be discussed here. 

In this chapter we will start with a discussion of some theories 

of the stability of dispersions with respect to coagulation 

in the absence and in the presence of a flow field. Then 

we will present some results·on the influence of a flow field 

on the rate of coagulation and we will try to find relations 
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between the stirring rate, the shear rate and the rate of 

coagulation. After that, we will discuss the stability of 

dispersions of differently samples of zinc oxide 

in aqueous electrolyte solutions. 

4.2. THEORY 

4.2.1. Interaction between particles in suspensions 

In this paragraph we give a derivation of the total inter

action energy between two particles in a suspension. 

The attraction-energy between two spherical particles, due 

to Van der Waals forces, was calculated by Hamaker (17) : 

6 

in which 

b 1 radius of particle 1 

b 2 radius of particle 2 

R distance between the centres of the particles 

[4-1] 

A12 the Hamaker constant, describing the interaction between 

two particles of substance 1 in a medium 2 (4,17-20) 

For particles of equal radius eq ~-!]becomes 

A12 ! 2 2 •'-• ) VA 
s2-4 

+- + ln 
6 52 

[4- 2 ] 
R 

with s 
b 
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In this derivation the following assumptions were made : 

- the interaction due to Van der \'laals forces is caused by 

London-type forces1 the Debye or Keesom type forces are 

negligible because dipolar contributions tend to cancel 

out if averaged over large ensembles; 

- the London forces are additive; 

- as the distance between particle surfaces is large compared 

to interatomic distances in the particles, the summation 

of forces may be replaced by an integration. In other words 

the two contacting phases are considered as continua. 

Concerning our experimental work two remarks about the 

Hamaker constant can be made : 

1. The influence of the vaiue of A12 on the total interaction 

(see 4.2.1.3.) is relatively small at small particle size 

(b < 100 nm), but increases with increasing particle size. 

2. The influence of the medium on A
12 

is usually negligible, 

since the Hamaker constants of the solvents are small com

pared to that of the solid (2,4). 

A last remark on the validity of equation (4-1] must be made 

concerning the retardation effect (20). When the distances 

between the particles are comparable to the London disper

sion wavelength, the correlation between the fluctuations of 

the dipole moments is changed. This leads to a faster decrease 

of VA with increasing distance than is obtained from equation 

(4-1). This effect leads to a weakening of the attraction 

with increasing particle size, at given R/b values. In the 

calculations of the potential barriers we considered distances 

between the particles smaller than 15 nm. Then the retardation 

effect may be neglected. For the calculation of particle tra

jectories (section 4.2.3.2,) corrections for the retardation 

effect were included. 
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Two particles of like charge in suspensions approaching each 

other will experience a repulsive force due to the overlap 

of their double layers. The properties of the double layer 

are described in chapter 3. 

In the DLVO-theory the surface charge density o and the 
0 

surface potential ~ are determining parameters. Double layer 
0 

overlap on approach of two particles can therefore occur with 

two fundamentally different mechanisms: with constant poten

tial or with constant charge (7,21-25). If, at double layer 

overlap, ~he potential remains constant, then the charge 

has to decrease; if the charge on the approaching particles 

remains constant, then ~ 0 should increase (Verweij en Over

beek, ref 7). Of course, one can imagine intermediate cases. 

Essentially, the question which of the two mechanisms takes 

place is a matter of adsorption/desorption kinetics. If during 

the collision of the particles the time of desorption of 

potential-determining ions is slow compared to the collision 

time, the interaction can be regarded as a constant-charge

process. On the other hand if the ions, during the collision 

of the particles, have enough time to reach a new equilibrium, 

the potential will remain constant. 

Frens (21,22) has shown that the adsorption and desorption of 

potential determining ions on silver iodide particles is 

a relatively slow process and that for this system the constant 

charge model may be applied. This was confirmed by Lyklema 

and Van Leeuwen (93). In calculating the interaction energy 

in coagulation experiments it does not seem to make any 

significant difference whether the constant charge or constant 

potential model is applied, as is shown by Frens (22) and 

Jones et al. (23), as long as the distance between the colliding 

particles is not too small (H ..:::. 0,4K - 1 ). This justifies the 

application of the DLVO-theory at constant potential for our 

experiments. 
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Fig. 4-1: Distances for the interparticle 

interaction between t.w~ charged spherical 

colloidal particles. H = effective inter

action distance for the repulsion energy VR, 

H effective interaction distance for the 

attraction energy VA, b particle radiusr 

6 = Stern layer, R = distance between the 

centres of the particles~ 

The quantitative description of the repulsion energy has been 

given by Bell et al. (26) and modified by De Wit (27) (see 

fig 1 • The expression of the repulsion energy as described 

by Bell et al. has been given in [4-3] 

b 1b 2 [ze~d l [ze~d l ---- tanh ----1 tanh ____ l . 
R 4kT 4kT j 

exp (-K(R-b -b)) 1 2 

This formula is valid for particles of different sizes 

b
1 

and b 2 and potential ~d as well as for different values 

of KH (though KH > 1). 

For particles of equal radius and potential [4-3] changes 

into [ 4-4] : 

641TE E o r r::r :' { ta"h r '::: 1}' exp(-KH) 

[ 4-3] 

(4-4] 

As only the diffuse parts of the double layer contribute to 

the repulsion, H has to be corrected for the thickness of 

the Stern layer, 6 (5,27). This leads to the formula of De Wit 

v 64TIE E [::]2 r o r 
b+6 I rze• ] j 2 

· 
s, l tanh l 4k; exp {-K (b+6) (s '-2)} 

[ 4-5] 
with s' R/(b+6). 

Rewriting [4-5) leads to 

[

kTl2 
VR = 641TE E --. 

o r zej 

(b+6) 

H+2b [ ze~dj. }
2 

4kT 
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Considering the various parameters in [4-6] we can state 

qualitatively the following : 

an increase of e leads to an increasing value of 64ne e r o r 
and to a decreasing value of K. The initial value of VR will 

be higher and VR will decay less with an increase of H; 

- the influence of temperature on VR is relatively small 

if there is any effect, it is more likely to stem from the 

influence of T on the dissociation constants of groups 

at the surface of the particles or on dissociation 

constants of species in the solution. 

- VR increases nearly linearly with increasing b. By increasing 

~, (b+~) 2 increases only slightly, but the influence of the 

introduction of d in the exponential term causes higher 

initial VR-values and a steeper decay with H; 

- VR is nearly proportional with ~d2 at values of ~d < 50 mV; 

- the influence of electrolyte concentration is to be found 

in K: a larger concentration causes a faster decay in VR 

with H. 

The total energy of interaction is given by 

[4-7] 

Fig 2 shows the variation of VA, VR and VT with distance for 

a fixed value of ~d. 

One can imagine, that there are numerous possible values for 

VA and VR and thus of VT' depending on the values of the 

different parameters. If a net repulsion of sufficient magni

tude exists at a given separation, the particles will not 

aggregate. As depicted in fig 2, there often exists an energy 

barrier (Vmax and "max) in the total potential curve. The 

height of this energy barrier is a determining factor for the 

stability of a colloidal system. At the left side of the 

maximum in potential, v , the so-called primary minimum max 
is situated. Particles that have approached each other to 

this distance will undergo a strong attractive force. Particles 
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80 V (J I 

40 

Fig. 4-2, Repulsion energy (VR), attraction 

energy (VA) and total interaction ene~gy 

(VT} as a function of interparticle distance. 
-20 b ~ 188 nm, ~d = 35 mV, A12 3.10 J, 0. 

that have coagulated in the primary minimum are very hard 

to separate again. At the right hand side of the Vmax there 

is a secondary minimum (29-33). This minimum is less deep 

than the primary minimum. Because of this and because of the 

larger separation of the particles, that have coagulated 

in the secondary minimum, it is much easier to separate these 

particles again. 

Some authors have considered the influence on the above pic

ture of heterodispersity (34-37,43), of deviations from the 

spherical shape (37,69,71) and the role of water structure 

at the surface of the particles (38,39,44) on the rate of 

coagulation of dispersions in aqueous media. Their results 

will be discussed later. 

4.2.2. Stability in the absence of shear 

The stability of a colloidal system against coagulation is 

frequently caused by the electrostatic repulsion forces 

(2,7). In addition, steric repulsion between molecules ad

sorbed on the solid may occur (8-14). As the repulsion de

creases the stability of the system decreases. If VT becomes 

small (in the order of a few kT's), every collision between 
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the particles will lead to coagulation (fast coagulation). 

At this stage, a further lowering of VT will no longer influence 

the coagulation rate. Fuchs (40)introduced the so-called 

stability ratio W, defined as the number of collisions leading 

to coagulation in the presence of an energy barrier divided 

by the number of collisions leading to coagulation in the 

absence of an energy barrier. 

McGown and Parfitt (41) gave the stability ratio (for 

Brownian movement only) as : 

VT ds 
J exp 

w 2 

J exp 
2 kT 

From the definition of Fuchs, another way of writing W is: 

w 

in which ks and kf are the coagulation constants at slow 

respectively fast coagulation. 

(4-8] 

(4-9] 

These coagulation constants originate from the theory of 

Von Smoluchowski (1917) (47). Von Smoluchowski considered the 

coagulation process as a bimolecular reaction, thus leading 

to the reaction rate 

d 

dt 

with k 

D 

Nt 

= k N 2 
t 

16TI D b = coagulation constant 

the diffusion constant 

the total amount of particles at time t. 

Inte~ration of [4-10] leads to 
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Von Smoluchowski did not account for the presence of inter

action forces between the particles. Fuchs (40) developed 

a qualitative theory in which he introduced the particle 

flux, J, as the sum of the flux due to diffusion, J
0

, and 

the. flux due to interaction, JI. Derjaguin (43,44) pointed 

out that the theory of the coagulation kinetics until then 

had neglected hydrodynamical effects. As the particles in 

suspension approach each other to very short distances, 

the solvent molecules between the particles will obstruct 

further approach. This can be described as a decrease in 

the diffusion constant D with decreasing distance between 

the particles, R. 

Spielman (45) and Honig et al. (46) calculated the dependence 

of D on R. This leads to the correction of the diffusion 

constant D with a factor S(u) : 

D = D(u) . i3(u) [4-12] 

in which D(u) is the diffusion constant at distance u, with 

u H/b (fig 1). 

According to Spielman S(u) can be approximated by 

6 u
2 + 13 u + 2 

i3 (u) = 
[ 4-13] 

Correcting k-1~ for the presence of a Stern layer leads to (29) 

H - 2 A. 
u' = [4-14] 

b + !:. 

Introducing corrections [4-12] to [4-14] in [4-8] leads to : 

i3 (u') 

[:i] J (2 + u') 2 exp du' 
0 w [ 4-15] 

J 
i3 (u') 

exp [::] 
du' 

0 (2 + U I) 2 
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Prieve and Ruckenstein (29) derived a simplified formula by 

assuming that the height of the energy barrier is determining 

for the stability ratio, thus leading to 

1 

r~l~ exp (V /kT) max 
, 2 Ymax 

[4-16] w 
b 

Here the index "max" indicates the values of the parameter 

at the distance H, where the maximum of the potential barrier 

occurs; 

Ymax 
[4-17] 

Calculations showed, that [4-16] is valid for Vmax/kT > 3.5. 

A linear approximation of (4-16] and [4-17].' gave : 

log w 0.40 [::ax] - 1 (4-18] 

This equation leads to values of w that are within 10% of the 

values calculated by more rigorous means, provided 

The equations derived above are valid if the particles move 

by Brownian motion only, that is : for the so-called perikinetic 

coagulation. In the next section we will pay attention to 

the coagulation as influenced by shear (orthokinetic coagulation). 

4.2.3. Stability of dispersions in flow fields 

The large influence of flow fields on the rate of coagulation 

is widely known, both in theory and in practice (47-70). 

Qualitatively several mechanisms have been suggested which 

promote aggregation or de-aggregation of particles. Flow 
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fields may promote the distribution of chemical reagents 

in the liquid phase, and may influence the transport of 

these chemicals to the solid-liquid interface, where the 

adsorption processes occur. A flow field may affect the 

stability of dispersions by increasing the number of en

counters of the particles per unit of time. Also, agitation 

of the dispersions may lead to rupture of aggregates by 

hydrodynamic forces. A lot of work has been done to find a 

more quantitative theoretical basis for these phenomena. 

For those cases in which the motion of the liquid and/or 

the particles can be adequately described (simple shear, 

slow mixing), combined with solid-liquid systems that were 

found to show an orthokinetic coagulation behaviour (that 

can be described by the theories of section 4.2.2.), con

siderable progress has been made. For more complicated systems 

the theories still fail to predict the coagulation behaviour, 

mainly because of irregular particle shapes, unknown Hamaker 

constants, inhomogenous flow fields, insufficient knowledge 

of the forces acting in and on aggregates etc. For the 

analysis of our results we made use of the theory of 

Van de Ven and Mason (56,58), describing the interaction 

of spheres in shear flow. 

Von Smoluchowski (42) calculated the rate of encounters, J , s 
of spheres with a reference sphere, assuming that the spheres 

move along rectilinear trajectories (absence of hydrodynamic 

effects and no interaction forces). This resulted in : 

J 
s 3 

[4-19] 

Calculations of Arp and Mason (57), including hydrodynamic 

interactions, showed that in the absence of interparticle 

forces most of the spheres never touch but separate. Van de 

Ven and Mason (56,58) and Zeichner and Schowalter (58,64) 
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included attractive and repulsive forces (which we described in 

4.2.1.). When these interparticle forces act between two par

ticles, the latter may either capture each other on an encounter 

encounter (separating doublet). Coagulation in the primary 

minimum will lead to primary doublets, in which the spheres 

touch. Coagulation in the secondary minimum may lead to a doublet 

in which the spheres do not touch but orbit around each other 

at a small distance. Van de Ven and Mason introduced a 

correction factor for the Smoluchowski equation : the ortho

kinetic capture efficiency : 

Ct = J/J 
0 - s 

where J is the number of collisions per second when inter

particle interactions are accounted for. a can be calcu-
o 

lated when the trajectories of two approaching particles 

[4-20) 

are known. Lin, Lee and Sather (49) and Batchelor and Green 

(50) have established the theory of the trajectories of two 

equal sized spheres, arbitrarily located in a simple shear 

flow at low Reynolds numbers and in the absence of Browni~n 

motion, electrostatic interaction and Van der Waals attraction. 

Van de Ven and Mason (56,58) and Zeichner and Schowalter 

(58,64) included attractive and repulsive forces, neglecting 

intertial forces. In our work we did incorporate inertial 

forces in our equation. The origin of the coordinate systems 

(fig 3) was chosen exactly between the centres of the approaching 

spheres. This gave trajectory equations : 

X 

Fig. 4-3: Coordinate system for the trajectory 

equations. The origin of the coordinate system 

must be thought to be situated in point M. 
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dr 
(1-A)r* e sin$ cos4> + C [4-21] 

df. 

d6. 
(1-B)sine cose sin¢ cos4> [4-22] 

dt 

[4-23] 
dt 

c [ 4-2 4] 

r* r/b 

The interaction force Ft{r*) is composed of a repulsive force 

FR , an attractive force FA and a centripetal force Fcentr* 

The repulsive force is given by Verwey and Overbeek (7) by 

differentiating eq [4-4] with respect to H. 

6411 b k T 2 lrzewdl tanh --
4kT 

exp(-KH) 
K 

in which 

ni the number of particles per unit volume 

b the radius of the particles 

k Boltzmann's constant 

T the temperature 
_l 

K double thickness(section 3.1.) 

z the valence of the ion 

e elementary charge 

wd the Stern potential (section 3.1.) 

H interparticle distance (see fig 1) 
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The equations, given by Schenkel and Kitchener (71) were 

taken for the Van der Waals attraction. These equations 

account for the retardation effect (4.2.1.1.) 

+ 1. 354p 2] 

+ 1. 77p) 
when p < 1 [4-26] 

[ 4-2 7] 

where p = 2nh/A with A being the characteristic wavelength 

of the dispersion interaction and h being Planck's constant. 

The value of A is usually taken as 100 nm (2). 

Fcentr 

with m 

mVP 

r c 

the mass of a particle ( jnb3
p) 

the velocity of the particle 

the radius of curvature of the trajectory of the 

particle 

[ 4-28] 

The parameters A, Band C(r*)account for the hydrodynamic 

interaction for equal sized spheres. They are dimensionless 

functions of r* and were obtained from the work of Batchelor 

and Green (50). In these trajectory equations the individual 

spheres are considered not to rotate. This might lead to 

erroneous estimations of the capture efficiency, since 

Van de Ven and Mason (95) have shown that the rotation of the 

individual spheres slows down the rotation of the secondary 

doublets, compared to the rotation of rigidly connected dumb

bells. If the rotation of the doublets is slowed down, the 

particles will experience a different force field, e.g. 

the particles could experience for a larger time an attractive 

force. The incorporation of the effects of rotating spheres 

in the trajectory equations has not been accomplished yet. 

Results of Zeichner and Schowalter (64) however do indicate 
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that qualitative agreement between experiment and the 

present theory can be satisfying. 

The calculations we performed were done on a Burroughs computer 

of the Technical University Eindhoven. Use was made of the 

Algol computer language. For the numerical integrations we 

used a fourth order Runge-Kutta method. 

For a calculations of a , we need to establish the capture 
0 

cross section first. The boundary of the capture cross 

section is defined as the boundary, within which all particles, 

passing perpendicularly through the plane of, that boundary, 

will form permanent doublets with the reference sphere. 

All passing outside that boundary will not form 

a permanent doublet. The flux of particles passing within 

the boundary (y + dy) per unit time will be : 

dJ 

Here 

4 Ny 

y* 

F fL* 
z (y) dy 4Ny b 3 y* Z*(y*)dy* 

J 
6 6 

y/b, z * (y*) Z(y)/b and L*= L/b 

04 o.a 

~--·--·--- 1. 20 
~~4·~'--'....:.._~~ l. 2 5 
------1.31 

~·----- l. 3 9 

-x• 
12 16 1.0 

Fig. 4-4: Calculated trajectories for two 

particles. Values of the parameters used: 

J, li>d 0 r:N, b 2.10-
7 

rn, 1 = 3500 s-
1 

1.57. T~e xrs indicate a collision. Boundary 

value for y* : 0.655. 
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Z(y) is some function describing the boundary of the capture 

cross section. Combining equation [4-19] and [4-29] yields : 

a 
0 

: rL;* Z*(y*) dy* 

0 

a 
0 

= 1 when the boundary of the capture cross section is 

equal to the boundary of a circle with radius 2b (L*=2) • 

An example of some trajectories and of a boundary value of 

y* is given in fig 4. 

[4-30] 

The stability ratio as defined by Fuchs (40) and modified by 

McGown and Parfitt (41) was derived for conditions of Brownian 

motion only. Clearly, this equation does not apply for situa

tions in which Brownian motion is replaced by shear flow. 

Another approach is that of Van de Ven and Mason (56,58) 

(equation 4-20). Their capture efficiency is defined as the 

ratio of the number of collisions between particles with inter

action forces and the number of collisions between particles 

without interaction. 

Clearly, as the capture efficiency decreases, the stability 

ratio increases. Apart from this "reverse" w.ay of defining 

a stability criterion, the main difference between a
0 

and 

W is the reference term used: for a 0 no interactions at all 

are included in the reference situation whilst for W the 

reference situation includes hydrodynamic and attractive 

forces. Hence the minimum value for W is 1 while a
0

-
1 can 

be less than 1 (namely when for example the attractive forces 

are strong enough to pull particles outside the boundary 

of a circle of radius 2b towards the reference sphere) . 

In our opinion, the definition of W has more practical 

relevance: the number of collisions in the absence of electro

static repulsion divided by the number of collisions in the 

presence of electrostatic repulsion. However,'the theoretical 

basis of this stability ratio must be extended to include 

shear effects by means of equations like those of Van de Ven 

and Mason. Thus we propose the combination of the theories 

by defining: 
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Fig . 4-5: Capture efficiency as a function 

of shear rate for different values of Wd• 

Fig. 4-6: Wtheor as a tunct~on at 

shear rate for different values of 

'f' d' calculated from fig. 4-5. 

wexp 

the rate of coagulation including all interactions 
except electrocratic rep~lsion forces or repulsion 
.forces caused by steric inte.raction of .. adsorbed spe.c .ies 

the rate of coagulation including all interactions 

(l 
0 

a
0 

and ai can be calculated according to the trajectory 

analysis of Van de Ven and Mason. An example of calculations 

of Wth is given in fig's 5 and 6. eor 

4.2.4. Light extinction measurements 

[ 4-40 ] 

In the study of coagulating systems the rate of change of 

turbidity of the suspension has been used often to characterise 

the extent of the reaction. Several authors have tried to give 

a theoretical basis to this technique by making use of light 

scattering theories (72-80). 
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By combining the Rayleigh law of light scattering (79) valid 

at r < A/10 with r = particle radius and A= wavelength 

of light in the medium, with Flory's statistical theory of 

particle size distribution (81) at any time in condensation 

polymerisation and the theory of diffusion controlled coagu

lation, Oster {74) has shown that in the initial stages of 

coagulation, the optical density is directly proportional to 

time, whereas its rate of change with time is proportional 

to the square of the concentration of the aggregating compo

nent. 

Mie (72) extended the theory of Rayleigh to r > A/10. La Mer 

(75) expressed the intensity of the scattered light at any 

value of r/A as 

I K'' : [~] y [4-42] 

where K'' is a constant and y is a parameter from the Mie 

theory. This parameter varies in a complicated way with r/A 

depending on the index of refraction of the particles, relative 

to that of the medium. 

Timasheff (78) showed, that the turbidity of a coagulating 

system could be written as 

K NV (y+ 2)/ 3 
, = o o Lx px-1 (1-p)2 x(y+2)/3 

Ay 

T the turbidity 

K a proportionality constant 

N
0 

initial number of particles 

V
0 

volume of the initial particles 

x degree of polymerisation 

p the fraction of the total number of particles which 

have reacted 
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This equation is based on the formation of linear aggregates 

of spherical particles. As we will confine ourselves to the 

first stages of coagulation (two-particle coagulation) , this 

equation may be used in our calculations. 

Differentiating this equation, taking y = 0 and using bimole

cular reaction kinetics, we find (see appendix) 

[::] t+O 

[
d · lnE] 

dt t+O 

[
d lnEl = -0.41 
dt J t+O 

-kN 
2 

0 

kN f 213 
0 

0.41 f 2/3 [d lnN] 
dt t+O 

[4-44] 

[ 4-4 5] 

[4-46] 

which is the relation between the decrease in extinction and 

the decrease in total number of particles. 

4 . 3 . METHODS 

4.3.1. Preparation of the dispersions 

-2 Solutions of electrolyte, of 10 M HCl, HN03 or HI and of 

10- 2M KOH were made in calibrated flasks* under flow of 

nitrogen. The solutions were transferred to a glove box, that 

was freed of carbon dioxide by continuous flow of nitrogen 

and by continuously pumping the inner atmosphere over carbosorb. 

Inside the box several saucers with KOH and carbosorb were 

stored as adsorbing agents. The absence of carbon dioxide 

was checked by measuring the pH of a 10-2M KCl-solution of 

* All glassware was cleaned with chromic acid, exhaustively 
rinsed with double distilled water, kept overnight in double 
distilled water, rinsed again and dried at 60°C. 
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initial pH = 10.000 at three succesive days. No change in 

pH was found. The temperature of the glove box was maintained 

at 20-25°c by cooling the atmosphere during pumping. An 

initial suspension was prepared by adding 0.4 gr ZnO to 100 ml 

of an electrolyte solution of pH 8.70. The pH was registered 

with a Corning 113 pH-meter with a Schott N62 combination 

electrode: the pH was adjusted when needed, to maintain a 

pH of 8.70. When changes in the pH, due to adsorption of 

H+/OH- at the zinc oxide and due to desorption of carbon 

dioxide from the surface of "as received" zinc oxide, became 

less than 0.001 per minute, the flask containing the suspen

sion was closed, transferred to an ultrasonic stirring bath 

and the suspension was dispersed for 30 minutes. Then the flask 

was brought back to the glove box, the pH of the suspension 

was measured and corrected when needed. This procedure was 

repeated until the pH did not change any more. For the sus

pensions of zno Merck p.a. as received, pH-changes were pro

nounced and four redispersion procedures were needed to get 

a stable pH. The ignited samples of zinc oxide only needed 

one major pH-correction and only one dispersion procedure to 

get a stable pH. 

The preparation of a series of dispersions with a constant 

concentration of electrolyte and a varying pH was done as 

follows: 20 ml of electrolyte was transferred to a 30 ml brown 

flask. To the electrolyte solution then certain amounts of 

10-2M diluted acid or 10- 2M KOH were added, necessary to obtain 

an estimated final pH of the dispersion (to reach pH 10.0 

or pH 7.5, approximately 0.3 ml 10- 2M KOH respectively 0.6 ml 

diluted acid were needed). Then 0.8 ml of the starting sus

pension was added and the total volume was made up to 25.00 ml 

with electrolyte. A stirrer magnet was added, the flask was 

closed with a screw cover and the suspension was stirred 

vigorously with the magnetic stirrer. The flask was stored 

in the dark until measurement next day. A series of 12 flasks 

was prepared each day. The next day, pH was measured and 

registered, 10 ml of the suspension and the stirrer magnet 
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were transferred to a coagulation tube (glass,diameter 15 mm). 

The coagulation tubes were closed air tight with the aid of 

snapcaps. The 15 ml remaining in the brown flasks were used 

for the electrokinetic experiments. Series of dispersions 

with varying concentrations of electrolyte and a constant pH 

were made in a similar way. 

4.3.2. Light extinction measurements 

A coagulation tube, containing a dispersion that was prepared 

as described in the previous paragraph, was placed in an 

ultrasonic stirring bath (thermostatted at 25 ~ 0.1°C) for 

thirty minutes. Afterwards the tube was dried at the outside 

with a tissue and placed in a Vitatron MPS spectrophotometer 

with additional stirrer. The stirring speed of the magnet 

could be adjusted to a desired value. The decrease in extinc

tion upon coagulation was recorded. 

The transfer of the coagulation tube from the ultrasonic 

bath to the spectrophotometer did not influence the measurement 

of the rate of coagulation. This was shown by taking a dispersion 

that coagulated fast when a stirring rate of 700 rpm was 

maintained. After redispersion and subsequent transfer to the 

spectrophotometer, no noticeable coagulation took place under 

non-stirring conditions. 

4.3.3. Electrophoresis 

The mobilities of the zinc oxide particles in suspension were 

measured by means of a Rank Brothers Mark II micro-electro

phoresis apparatus. A flat micro-electrophoresis cell was 

rinsed with 2 x 4 ml suspension and then filled with 5 ml 

suspension. The cell was closed with the two electrodes that 

consisted of platinized platina (2 x 1 em) attached to 

platinum wire and molten in glass. The stationary levels of the 

cell were determined according to the Rank Brothers Manual 

and the system was standardized by measuring the mobility of 
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red blood cells in a 1/15 M phosphate buffer at pH 7.4 

(mobility = 1. 31 ~ ~m) (ref 94). 

For the conversion of mobilities into zeta potentials, cal

culations according to Wiersema, Loeb and Overbeek (83) were 

performed. One of the assumptions, underlying these calculations, 

namely that the particles must be spherical, is obviously not 

correct because our particles are hexagonally shaped (chapter 2). 

As far as we know the Wiersema,Loeb and Overbeek formulas are 

the best estimate available up to now. 

4. 4. RESULTS 

4.4.1. Preliminary investigations 

The influence of time of sonication was checked by ultra

sonically dispersing a suspension taking various dispersion 

times. Thirty minutes of ultrasonic dispersion were found 

sufficient to give reproducible results for one sample (the 

same E
0 

and f~~Jt~o). The spread in results for different 

samples was more pronounced, probably due to variations in 

added amounts of zinc oxide. The mean value for E of dis-a 
persions that were not ultrasonically dispersed, was .38 

± .02. The mean value for E
0 

of ultrasonically dispersed 

samples was .80 + .03. 

The influence of the wavelength on the extinction as a 

function of time was measured for four dispersions. The dis

persions were made with ZnO/a.r. in 10-2M KCl at pH of 8.0, 8.1, 

8.6 and 9.1 respectively. For each wavelength a 10-2M KCl 

solution was used as zero-setting. The initial extinction 

(E
0

) of the suspensions, that were not dispersed ultraso

nically were identical within experimental error for the wave

lengths 366, 486, 510 and 565 nm. There was no influence of 

the wavelength on the E
0 

or on the decay of extinction as 

a function of time for the four dispersions as well. From 

these experiments we concluded that for our experiments the 
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factor y in the Mie theory (equation 4-~2, 4-43) can be taken 

zero and that thus equation 4-44 holds. 

The influence of the concentration of zinc oxide in the dis

persions on the coagulation kinetics is given in f 's 7 

and 8 • The initial extinction varies directly proportional 

with the concentration of zinc oxide (and thus with N
0

). The 

decrease in extinction~~ is directly proportional to c2 , 

N
0

2 and 2 In order to correct for variations in concentra-
. dE/dt 

Eo 

1 oo I 

1 o-1 

1()2 

tion of zinc oxide we w~ll use ~ as the (normalized} 

coagulation rate. For those cases~ where no disturbance by 

differences in initial zinc oxide particle concentration is 
dE/dt . to be feared, --.-E--- ~s taken. This is the case for the 

ments where one s~mple was coagulated several times using 

different stirring rates. 
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Fig. 4-7: Extintion at t=O as a function Fig. 4-8: Ra~e of coagulation as a function 
of concentration of zinc oxide~ Upper curve: 

ultrasonically dispersed zinc oxide. Lower 

curve: the same suspension before ultrasonic 

dispersion. 
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4.4.2. Coagulation as a function of shear rate 

In this section we consider the influence of the shear rate 

on the coagulation kinetics of zinc oxide dispersions. To 

avoid the influence of settling in the measurement of extinc

tion versus time, we had to stir our solutions with a stirring 

magnet. By doing this we introduced a flow field and a shear 

rate in the system. The shear rate may influence both the 

collision frequency of the particles and the rate of rupture 

of formed aggregates. First we will show some experimental 

results on the rate of coagulation as a function of stirring 

rate (rounds per minute of the stirring magnet, rpm). Next 

we will calculate the shear rates, related to the stirring rates, 

using velocity profiles in the cuvettes obtained by Laser 

Doppler Anemometer experiments. To conclude, we will evaluate 

our results in terms of a model of the coagulation rate as 

a function of shear rate. 

In fig 9 an example of the shape of the curves representing 

extinction as a function of time is given. The dashed curves 

represent dispersions with pH 8.5 and varying [KCl] 

(= varying zeta potential) at a stirring rate of 200 rpm. 

The solid curves represent the same dispersions, but with 

a stirring rate of 1000 rpm. Clearly, in all cases coagulation 

rates are increased at higher stirring rates. The s~ape of 

the coagulating curves at somewhat higher coagulation rates 

is sigmoidal. This shape is not caused by a change in value 

of y (equation 4-43). As has been shown previously, no change 

in the shape of the coagulation curves was noticed for different 

wavelengths. An effect such as the speeding up of the stirrer 

magnet may be excluded. The stirring rate became constant within 

15 seconds; the sigmoid shape covers a far larger time scale. 
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Fig. 4-9: Extinction as a function of time 

of zinc oxide dispersions in solutions of 

different electrolyte concentrations. Dotted 

curves: 200 rpm, solid curves: 1000 rpm. 

pH; 8.5, (KCl]: a 3.2 10-
4

, b 1.8 10-
3

, 
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Fig., 4-10: Fit on reaction kinetics. 

symbols: zinc oxide dispersions in 6 

0 

M KCl pH 8.5, lower symbols: in 9.7 10-
2 

M KCL pH 8.5. e 1200 rpm, o ; 850 rpm, 

l> ; 600 rpm, o = 400 rpm, • ; 200 rpm. 

Obviously, a kind of increase in collision frequency must be 

due to the acceleration of the coagulation rate; one can 

imagine an increase in collision probability of the particles 

as their sizes increase from single particles to agglomerates. 

We observed, that coagulation curves of dispersions that were 

stirred at fairly high stirring rates (e.g. 1000 rpm) could 

cross the coagulation curves of the same dispersions, coagulated 

at a lower stirring rate (e.g. 800 rpm). The final extinction 

of the 1000 rpm curve then stayed above that of the 800 rpm 

curve. This indicates that rupture of agglomerates must be 

accounted for, the number of ruptures increasing relative to 

the number of collisions with increasing stirring rate. This 

can be illustrated by fig 10 , in which we tried to fit the~ 

curves for different stirring rates by adapting the time 

scale. The figure clearly shows, that the curves at higher 
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shear rate show a more pronounced sigmoid • Fig 10 

shows a best fit of the curves over the entire time interval. 

The next figure, 11 7 gives the increase in initial coagulation 

rate as a function of stirring rate for different values of 

the zeta potential (dispersions of varying pH) . The curves 

coincide at low stirring rates, diverge at increasing stirring 

rate and flatten off at higher stirring rates. The concave 
- 53 parts could best be fitted by the relation Ki(rpm) · , 

K. depending on the zeta potential of the 
~ -3 

(e.g. Ki 3 10 for the lowest curve and Ki 

the highest curve) . Similar curves were obtained 

the concentration electrolyte and/or pH. An 

in suspension 

8.10- 3 for 

by varying 

of this 

is shown _in fig 13 (pH 8.5, varying concentration of KCl 

and varying stirring rates). 

0.12 ~ 

100 600 

Fig~ 4-11: Rate of coagulation as a func~ion 

of stirring rate. The zeta potential was 

varied by changing the pH of the dispersions 

at constant concentration of KCl. 

x: pH 8.68, -20.2 rnV; o: pH 9.10, -26.8 ., pH 9.78, -29.5 mV; /:>: pH 9.84, -30.4 ., pH 7.93, -:32.1 mV: 
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Pig. 4-12: Stability ratio as calculated 

from fig. 4-11. 
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From the same experiment as fig 11 , the values of the sta-
bility constant W that is dE/~t divided by dE/dt 

were calculated (fig 12} . Eo (slow) Eo 
2 

(fast) 

The terms "slow" and "fast" refer to : the slowest coagulation 

at one stirring rate and the faster coagulations at the same 

stirring rate, the difference being caused by the influence 

of (concentration of} electrolyte or pH. Fig 14 was obtained 

from the values given in fig 13 , the stability ratio is 

plotted as a function of the concentration of KCl.Fig 15 shows a 

similar set of curves for dispersions with pH 9.0. 

The stability ratio apparently is dependent on the stirring rate. 

For Brownian coagulation, it has been shown (1) that 

dlogW/dlogC must yield two straight lines. One line will 

represent the disappearance of the energy barrier v due to max 
compression of the double layer at high concentrations of 

electrolyte. The other straight line is due to the increase 

in energy barrier upon decrease in electrolyte concentration. 

The slope of ~i~~~ at low electrolyte concentrations, combined 

with parameters obtained from the point of intersection of 

the two curves (e.g. K, critical coagulation concentration) 

-rpm 

500 1000 

Stability ratio as a function of stirring 

with pH 8.5 and [KCl] (M/l) 

6 '98 10- 4 ,• l.D3 10- 3 , 

2.48 
-2 

9.71 10- 2 , 10 ' 0 : 

110 

--IKCI) 

Fig. 4-14: Stability ratio as a function of 

IKCl] for dlspersions with pH 8,5 and stirring 

rate (rpi:l): 0 : 1000, •: 800, t:.: 600, 

0 : 400' ')(. : 200' 
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Fiq. 4-15: Stability ratio as a fu~ction of 

[KCl] for dispersions with pH 9.0 and stirring 

rate Crpm) : a : 1000, • : 800, :::. : 600, 

0 : 400, X : 200. 

[ KCI I 

can be used to calculate the Hamaker constant. As can be seen 

from fiqures 14 and 15, the dlogW/dlogC is very dependent on 

the stirrer speed. Moreover, the values of wall tend to unity 

at lower stirring rates. Clearly, no reasonable values for 

the Hamaker constant can be obtained from these curves. It 

is important to note, that dispersions with high zeta potential 

are relatively more stable, compared to dispersions with 

low zeta potential, at high stirring rates than at low stirring 

rates. Similar results have been by Zeichner and 

Schowalter (64) for latex dispersions. 

At lower stirring rates the values of W all tend to unity. 

This could mean either that all dispersions are completely 

instable at low stirring rates or that all dispersions are very 

stable. The explanation can be found in the calculation of 

collision rates. Overbeek (82) gave an expression for the time, 

in which the number of particles will be decreased to half the 

original number, as a function of the original particle con

centration, under condition of Brownian motion 

3n 

t~ [4-47] 
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* 

in water at 25°c 

1.86 10 17 

sec * 

In our system, we have 3.3 10 12 particles per gram. 

[ 4-48] 

Our dispersions contain 3.2 mg per 25 ml, this is 4.2 1o 14m- 3 • 

Sot~ will be 7.3 min for coagulation of uncharged particles. 

We could not measure the rate of coagulation of dispersions 

of zinc oxide particles with zero zeta potential accurately 

because of problems with sedimentation. If we assume that the 

t~ > 7.3 minutes, we measure for dispersions of zinc oxide 

particles with zero zeta potential apparently "no coagulation" 

at low stirring rates. For dispersions with (equally) 

charged particles, the t~ will even be longer, so the 

experimental stability ratio at low stirring rates will be 1 

for all zeta potentials. 

4.4.2.3.1. Introduction 

In the last paragraph we have shown the influence of the stirrin~ 

rate on the coagulation kinetics of the zinc oxide dispersions. 

However, a stirring rate does not give us information about 

the relative velocity of two particles with respect to their 

mutual distance. For example, consider a particle ~ at the 

outside of a circular and a particle £ more to the center 

of the plate (fig 16) Clearly, at each angular velocity 

("stirring rate") of the plate, ~ will have a greater velocity 

than £, but the distance between the particles will remain 

the same. If we could give ~ a different angular velocity 

The t however, is calculated under the assumption that no 
hydroaynamic or interparticle interactions will influence the 
rate of coagulation. 

112 



Fig. 4-16: Solid disk representation of the 

velocity profile in the cuvette. The arrows 

indicate the direction and the velocity of 

the particles in the plane of the disk. 

than£, the interparticle distance would change. This relative 

velocity gradient is commonly expressed as : 

y - w [4-49] 
X 

in which 

y = shear rate 

Va,Vb = the linear velocity of particles ~ and £ respectively. 

x the interparticle distance at closest approach 

w the anguJar frequency of the circular plate. 

If we want to convert a stirring rate into a shear rate, 

we have to know the velocity profile of the dispersion in 

the coagulation cuvette. Velocity profiles at different 

stirring rates were measured by means of laser doppler anemometry. 

4.4.2.3.2. Laser Doppler Anemometry (LDA) 

Laser Doppler Anemometry (84) is a recently developed technique 

that can be used to measure local velocities of liquids or gases. 

The principles of the method are outlined below. The advantages 

of LDA above other methods of determination of velocities 

are : 

- velocities can be measured in very small volumes (ca 1x1x2 mm}, 

which is of course essential for our measurements in a 

cuvette with a diameter as small as 1.5 em; 

- the measurement does not disturb the velocity profile; 

- the system is very flexible and easy to handle. 

The principle of Laser Doppler Anemometry is shown in fig17. 
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ihe arrcw~ X,Yand l 

Fig. 4-17: Schematic representation of the Laser 

Doppler Anemometer~ 

ruvette + st1rrer 

A laser beam is split into two parallel coherent beams with 

equal opticalpathlengths.These beams are focussed to a 

point of intersection, the measuring point. At this point, an 

interference pattern appears ( fig 18 ) . If a particle crosses 

this pattern (line t in fig 18 } , it will give rise to a 

light fluctuation. The light fluctuations are detected and 

recalculated to give the velocity of • By rotating 

the laser beams around their mutual axis, the components of the 

velocity of a particle in different directions can be measured, 

e.g. the horizontal and the vertical component. 

The apparatus used was a DISA 55 x Modular LDA-system with a 

Spectra Physics He-Ne laser (632.8 nm, 35 mWatt). The average 

values of the velocities were read from a DISA 55L90a' 

Counter Processor, the fluctuations in the velocity were 

registered on a calibrated recorder. The cuvette, stirrer 

magnet and stirrer motor and tachymeter were the same as 

those described in section 4.3.2. The cuvette was filled 

with water from the tap, which contained enough particles for 

Fig. 4-18: Relative intensities of the inter

ference pattern at the crossing of two pola

rized laser beams with a Gaussian distribution 
function. 
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ig. 4-19; Average velocity in the x-direction Fig. 4-20: Average velocity in the z-direction~ 

t variable heights in the cuvette. Velocity of Otherwise as in Fig. 4-18. 

he stirrer magnet: 700 rpm. Height above the 

agnetic stirrer: A 6 em, ~ 0.5 em, • 1.0 em~ 

2.0 em. 

accurate measurements. The cuvetue was mounted in a rectangular 

glass cell filled with tap water. The rectangular cell was 

put in a holder on a micrometer system; this made an exact 

positioning of the cell in horizontal direction possible 

(x-direction). The laser beams could be shifted sidewards 

(y) and upwards (z). These positions were measured with a 

ruler. Thus the velocity profiles in different sections of the 

cell could be measured. 

The average velocities of particles in the medium, in the 

tangential direction, as a function of distance to the wall 

of the cuvette and at different heights in the cuvette are 

given in fig 19 • The fluctuation in the velocity at a given 

distance was+ 10% of the average value. These fluctuations 

can be caused by an actual fluctuation in velocity and by par

ticles that do not cross the interference pattern exactly 

115 



perpendicularly. The velocity profiles were symmetrical with 

respect to the centre of the cuvette. As the velocities near 

the wall of the cuvette could not be measured because of 

optical interference of the glass wall, the minima in velocity 

profiles were situated above the 7.5 nun point of the length 

axis, corresponding with the middle of the cuvette. 

As can be seen in fig 19 , the velocity of the liquid in 

the tangential (x) direction decreases with increasing 

height in the cuvette. The velocity in one section increases 

from the center of the cuvette towards the wall, reaches a 

maximum and then decreases, due to friction with the wall. 

The velocities in the middle of the cuvette will not become 

zero, because the centre of the stirrer magnet will not keep 

exactly the same position and because turbulence will cause 

some mixing. Figures 20, 21 and 22 show similar results 

for the z-direction and for a variation in stirring rate • 

. 20 

.32 .16 

.28i 

.24 .12 

.20 

.16 .08 

.12 
0 

i "'0 

::r 
---r (mm) 

0 
2 4 6 a 10 2 4 6 8 10 

Fig. 4-21: Average velocity in the x-direction, Fig. 4-22: Average velocity in the z-directi< 

0.5 ern above the stirrer magnet. Velocity of Otherwise as in fig. 4-21. 

the stirrer magnet: • 200 rpm, o 300 rpm 1 

AI> 400 rpm, • 500 rpm, o 600 rpm, o 700 rpm. 
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Fig. 4-23: Calculation of VR from the 

LDA-results. Explanation: see text. 

4.4.2.3.3. Calculation of average velocities 

we have measured velocities in the tangential e and the vertical 

(Vz) direction. The velocities perpendicular to the line 

PQR in fig 23' were measured as well (Val· From v 6 and Va' 

the velocity in the radial direction could be calculated. 

For reasons of symmetry, the velocity v 6 measured in S is the 

same as the velocity V ' in T. Choosing a, the value of r can e 
be calculated from simple geometrical relations. Then Vr can 

be calculated from vector calculations, using : 

2:r 

R 

The total, average, value of the velocity of a particle at 

a given position in the cuvette then follows from : 

vr could usually be neglected compared to v 8 and Vz, 

except for some positions near the bottom of the cell. 

[ 4-50] 

[4-51] 

Some results of velocity calculations are given in figures 

24 and 25 . The total average velocity as a function of 

the height in the cuvette at a stirring rate of 700 rpm is 

shown in fig 24. It can be seen clearly, that the average 

velocity of the particles decreases with increasing height 

in the cuvette. We can also observe, that the velocity profile 

resembles that of a solid disk at least for a large part of 

(the radius of) the cuvette. The same holds for the velocity 
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Fig. 4-24: The total average velocity 

as a function of the height in the 

cuvette. Velocity of the stirrer magnet 

700 rpm. o 0 ern, ~ 0.5 ern, 0 1.0 ern, 

X 2.0 ern. 

m1ddle wall 

Fig. 4-25: The total average velocity 

as a function of stirrer speed. Height 

of measurement: 0.5 ern above the stirrer 

magnet. ~ 200 rpm, 0 300 rpm, • 400 rpm, 

6 500 rpm, • 700 rpm. 

profile as a function of stirring rate (fig 25 ) at one 

height in the cuvette. It is remarkable, however, that the 

"solid disk" appears to become smaller closer to the stirrer 

magnet. The radius of the cuvette is 0.75 ern, half the length 

of the stirrer magnet is 0.70 ern so the gap between the side 

of the stirrer magnet and the wall of the cuvette will be 

0.05-0.10 ern. The apparent gap between the "solid disk" and 

the wall, as measured from the velocity profile directly 

above the stirrer magnet fig 24 .) is 2.5 rnrn, much larger 

than the distance between the magnet and the wall. 

4.4.2.3.4. Calculation of shear rates 

Fig 26 shows the visualization of the flow in the cuvette 

using a suspension of 6.8 g of aluminium powder in 1 litre of 

0.05 M Na dodecylsulphate solution. At a stirring rate of 

200 rpm there appear some bands in the flow pattern. At higher 

stirring rates, the bands appear in the entire volume of the 

cuvette. These bands may be described by the so called Tayler

Gertler vortices (85-91). Gertler vortices can appear with 

flow along concave walls. Taylor vortices are more specific 

for flow between two concentric cylinders. They are shown in 

fig 27 They arise when the Taylor nUmber 
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Fig. 4-26: Flow visualization. Flow 

pattern in the cuvette at different 

velocities of the stirrer magnet. 
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Pig. 4-27: Taylor-(a) and Gortler-(b) vortices. 

exceeds the value of 41.3. The Taylor number is given by 

Ta fdl [:J 
d the gap width 

v the liquid velocity 

v the kinematic viscosity 

Ri the radius of the inner cylinder 

[4-52] 

Stuart (94) derived some equations that describe the velocities 

in Taylor vortices. We decided to use Taylor-vortex calculations 

because : 

- from the measurements of the velocity profile in the cuvette 

the approximation of the flow field by a model with in its 

center a rigidly rotating body was suggested; 

- Taylor or Gertler vortices were shown to be present by 

flow visualization; 

- the Taylor number exceeds the critical value at stirring 

rates above 150 rpm, dimensions taken from 's 

24 and 25 . This corresponds fairly well with our 

results from flow visualization. 

The average shear rate was calculated as : 

y { [ ar 
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with V = (V 2 + V 2 + V 
2 l~ e r e z 

[4-54] 

Vr' v
6 

and vz now were calculated using Stuart's equations. 

[:zl 

[ 4-55] 
vr -ar1 wP cos 

2 3 3d2 ar2w2d 
[ TidZ l 

a r ,w 
ve ~r1 w(1-2~;) - Q + s cos 

v 
[4-56] 

ar 1d 
[TidZ]-

ar1w dP 

f :z l vz • p sin sin . [4-57] 
TI TI d~; 

in which 

r
1 

radius of the inner cylinder ("solid diska) 

r
2 

radius of the outer cylinder (cuvette wall) 

(4-58] 

d 
relative position between the inner and outer [4-59] 

cylinder, -0.5 ~ ~; ~ +0.5 

d r2 - r1 

constant 

1 -[~:2] a 
Re 2 

wr1 d 
Re ---

v 

v kinematic viscosity 

Tc = critical Taylor number (4.3.1.) 

P, Q and S are complicated functions describing the first 

order harmonic disturbance of the flow field a function of 

!; • 

[4-60] 

[ 4-61] 

[ 4-62] 

The flow field in a disk-like part of the cuvette between the 
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Fig. 4-28: Shear rate at various heights in 

the cuvette. Explanation: see text. 

heights z and z+dz was approximated by considering it to be 

composed of two parts 

a) a rigidly rotating inner core (solid disk, fig 16) 

b) an outer ring-like region in which Taylor vortices were 

formed. 

The calculated average shear rate in the Taylor vortex region 

as a function of the height in the cuvette (above the stirring 

magnet) is given in fig 28. The magnitude of the shear rate 

does not vary much with increasing height, because of two 

counteracting effects : the average velocity decreases with 

increasing height, but the gap between the wall and the 

"solid disk" decreases as well. In fig 29 we show the cal

culated shear rates as a function of stirring rate. The 

lower curve is calculated from LOA-measurements at 0.5 em above 

the stirrer magnet. The middle curve represents the shear rate 

between the wall and the stirrer magnet, calculated with 

ri .70 em and ru .75 em. The upper curve indicates the 

maximum shear rates that can be expected from Taylor~vortex 

calculations. Here we varied the width of the gap for each 

stirring rate until a maximum in shear rate was found. This 

calculation was done in order to estimate the maximum possible 

shear rate that can be found assuming Taylor vortex behaviour. 

The shear rates in this figure were used to calculate the 
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Fig. 4-29: Average shear rate as a function 

of stirrir::r:r !:'Eli::~. 0 :- ~E'lC'.llat"=d '..ralu~£> f!'om 

fig. 4-24 (variable gap);-~ : calculated 

shear rate between the stirrer megnet and 

the wall; x ! maximum average velocity of 

the shear rate under assumption of Taylor 

vortices, with variable gap width~ 

theoretical orthokinetic capture efficiency (a ) from the 
0 

analysis of Van de Ven and Mason (56,58) (see paragraph 4.2.3.2.). 

This procedure is described in the next section. 

The possible values of the shear rates, as depicted in fig 29, 

must also be considered when discussing possible influences 

of rupture of aggregates on the apparent rate of coagulation. 

In the appendix we have derived the relation between ~~ and 
dE b . 
dt' e~ng 

0.41 f~/3 [d ln Nl 
dt t+O 

[4-46] 

Von Smoluchowski (30) derived his well-known relation between 

the number of collisions, experienced by one particle per unit 

of time and the shear rate : 

J 
4 3 

N y Rr. 
3 J 

[4-64) 
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N the number of particles per unit of volume and 

Rij the collision radius, i.e. that distance of shortest 

approach between the centres of two passing particles 

which leads to pair formation. 

The number of collisions expected when all particles would 

approach each other along straight lines would follow from 

dN 

dt 

Taking R:l;j 2b, this leads to 

d lnN 2 
f ( 2b) 3 

dt 3 

[4-65] 

[4-66] 

Now we can calculate the capture efficiency, as the ratio. 

between the measured decrease in particle number and the decrease 

in particle number as calculated for a rectilinear approach 

(without interaction between the particles) 

a 
0 

(
d lnN) 

= dt t->-0, exp 

[
d lnNJ 
dt t->-0, rectilin. 

2.43 rd lnE) 
dt t-+0 

!§. b 3 • N 3 y • 

[4-57] 

[4-56] 

Here, y is the average shear rate in the cuvette. It is cal

culated using the two lower curves of fig 29. In the calculation 

we assume that there are three distinct flow fields in the 

cuvette : 

- an inner core, composed of an infinite series of "solid 

disks", in which the shear can be neglected, 

- a flow field between that core and the glass wall, and 

- a flow field between the stirrer magnet and the glass wall. 
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Now, 

y [ 4-67] 
LV. 

l l 

in which 

y = the shear rate in a certain volume Vi' calculated as 

described in paragraph .4.4.2.3. and depicted in fig 29. 

Now we can transform fig 11 from a 

a dE,dt versus ~ figure (fig 30) • 

versus rpm figure to 

0 

Calculation of a
0 

from fig 23 according to equation 4-60 

leads to the relations between a
0 

and the zeta potential with 

variable shear rate, shown in 31 • At shear rates above 

200 sec- 1 , it is clear that a decreases with increasing value 
0 

of the zeta potential. The value for a
0 

at zero zeta potential, 

obtained from fig 31 exceeds unity. The actual rate of 

coagulation for zero potential thus seems hiqher than calcu

lated on basis of the relation of Von Smoluchowski. 

1.0 

/X 0.8 
X 

I /0 0.6 b 0 • /.~6 0.4 

~~~· 

CX.o 

l --~ 

~-~ 
A~~'¥< 

"'' 0 ·--- ----·---q x-------~-::3,;/ • s,: 
0.2 • -~(mVl 

100 zoo 300 •oo 500 

-30: Rate of coagulation of zinc 

lispersions in 10- 2 M KCl. Conversion 

·ring rates (fig. 4-11) to shear 

Symbols as in fig. 4-11. 

0 
-10 -20 -30 

Fig. 4-31: Capture efficiency aexp as a 

_ function of zeta potential at different 

shear rates. ~ (s- 1 ): * 400, 0 350, 

• 300' [;;, 250' • ~ 200. 
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A first explanation must be sought in the inaccuracy of the 

determination of y. On the other hand, a value of the rate of 

coagulation higher than calculated on basis of the ~quation 

of Von Smoluchowski is to be expected, because the theory of 

Von Smoluchowski does not take into account attraction forces 

due to Va:-:. der ';liaals interaction, 

The increase in capture efficiency with increasing shear rate 

was not found by Van de Ven and Mason (56,58) and by Zeichner 

and Schowalter (59,64). These authors neglected inertial 

forces. We did included inertial forces in our calculations, 

in view of the high density of zinc oxide (5.67 gr/cm3 ) and 

the high shear rates in our system. Some results of calcula

tions of the capture efficiency at moderate shear rates were 

already shown in fig 5 . We made some additional calculations 
for three different particle sizes (in order to estimate the 

influence of the particle size distribution) and for three 

high shear rates (figures 32 and 33)~ The following parameters 

were used : 

particle size 10- 7 , 2.10- 7 and 10- 6m 
4 

10 5 10 6 -1 shear rate 10 and s 

interaction parameters Al2 
10-21J, ljJ = 0 mV 

d 
Al2 3 10-20J, ljJ = 15,20 mV 

10-19J, 
d 

and Al2 ljJ = 35, 38 and 41 mV. 
d 

* 
.. 

* * 
* * * .8 

.4 

-1.2 -.8 -.4 .4 .8 1.2 1.6 2.0 

Fig. 4-32: Trajectories of two zinc oxide spheres at high shear 

t P t A 3 10 - 20 J, "d = 20 mv, b = 10- 6 m. ra es. arame ers: 12 = ~ 

x: 10 4 s- 1 , /::, : 10 5 s- 1 , • : 10 6 s- 1 
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Fig. 4-33: Trajectories of two zinc oxide spheres at high shear 

rates. Parameters as in fig. 4-32, but with b; 2 10- 7 m. 

z.o 

These interaction parameters were chosen to simulate systems 

with a low potential barrier. A high net attraction or repulsion 

force would make the influence of inertial forces negligible. 

The influence of the particle size on the capture efficiency 

was only a minor one. In agreement with Van de Ven and Mason 

it was found, that our small particles had a slightly higher 

capture efficiency (~ 10%) than our larger particles. 

The influence of high shear rates on the capture efficiences 

were minor as well. It is interesting however, to note that 
-7 -6 

for our small and large particles (10 and 10 m respectively), 

the capture efficiences decreased with increasing shear rate, 

whilst for intermediate particle size there was some increase 

in capture efficiency upon increasing shear rate. This 

emphasizes the complexity of the forces acting upon these 

particles as a function of particle size. 

We did not find any indications for secondary 

coagulation for our systems at shear rates higher 

than 250 s- 1 • Lower shear rates were not used because of 

the extremely long computer calculation times needed. 

In addition to that, it may be clear that at very low 

shear rates the hydrodynamic or intertial forces will 
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become negligible. This will lead to collisions between all 

particles that do not have positive potential barrier (Vmax) 

and to the impossibility to collide for particles with a 

positive energy barrier (at least in the primary minimum) . 

Also at low shear rates the Brownian movements cannot be 

neglected any more. 

4.4.2.6. §~~~EY 

In this subchapter (4.4.2.) we have shown that classical 

theories for the calculation of stability ratios, , derived 

for perikinetic coagulation (no shear) cannot be applied to 

orthokinetic coagulation. This is clear from the relation 

between the classical stability ratio and the shear rate. 

The relation between stability ratio and zeta potential 

remains qualitatively the same, namely an increase in sta

bility ratio upon an increase in zeta potential. 

We have made an attempt to calculate shear rates in stirred 

dispersions in a cuvette. Plow visualization showed the 

presence of Taylor (Gertler) vortices above a stirring rate 

of approximately 150 rpm. This, together with the results of 

the determination of the velocity profile inside the cuvette 

by means of laser doppler anemometry enabled us to calculate 

local and average shear rates in the dispersions, at least 

in a semi-quantative way. 

The relation between the stirring rate and the average shear 

rate was used to find the relation between rate of coagula

tion and shear rate. It was shown that the relation between 

orthokinetic capture efficiency and shear rate was contra

dictory to the results reported by Van de Ven and Mason,. namely 

an increase in capture efficiency with an increase in shear 

rate. Calculations of the capture efficiency, using extremely 

high (local) shear rates revealed, that inertial forces cannot 

be the cause for this discrepancy. It is suggested, that due to 

the relatively sharp edges of the zinc oxide particles, 

they will be much more able to penetrate the liquid core 

surrounding the particles than will be possible with 

spherically shaped particles. 
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4.4.3. Stability of dispersions of differently pretreated 
samples of zinc oxide 

In chapter 2 and 3 we proved the presence of carbon dioxide at 

the surface of "as received" zinc oxide. We observed in pH-stat 
-2 + measurements in 10 M KCl a slow process of H or OH con-

sumption, ascribed to the desorption of carbon dioxide from 

the zinc oxide surface. It was shown, that the zeta potential 

of the zinc oxide particles in the dispersions did not change 

during this slow process. We now performed measurements of the 

rate of coagulation and the zeta potential of zinc oxide as 

described in 4.3 .• We made five series of suspensions of zinc 

oxide in to- 2M KCl in order to compare the zeta potentials 

of these suspensions with those of suspensions from pH-stat 

measurements. For the first series, the concentrated dis

persion (see 4.3.) was brought to pH 8.70, but not ultrasoni

cally dispersed. This series was measured immediately after 

preparation. The second and the third series originated from 

the same concentrated dispersion, but these were ultrasonically 

treated and with subsequent adjustment of pH. These series were 

measured after one day and two days respectively. The series 

four and five were independently prepared suspensions; they were 

measured after one day. The results of these measurements are 

given in fig 3~-36. We do not find any significant differences 

between the five dispersions. The agreement of these zeta 

measurements with the zeta measurements from pH-stat work is 

within experimental error. There is no noticeable influence 

of carbon dioxide on the zeta potential of the zinc oxide 

particles. 

The history of the zinc oxide suspensions taken from pH-stat 

is completely different from the zinc oxide suspensions pre

pared in the glove box. The former originate from dry zinc 

oxide immersed in an electrolyte at constant pH, the latter 

from a zinc oxide suspension from which a sample is transferred 

to a solution at preset pH. As this difference in history does 
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not result in a difference in zeta potential the resulting 

charge formation at the ZnO/electrolyte interface will be the 

same whether we immerse a dry zinc oxide powder in an aqueous 

solution or dilute a suspension at a given pH, at least as far 

as the net charge behind the electrokinetic slipping plane is 

concerned. 

The rate of coagulation of the suspensions was measured for 

each sample 36). In fig36 we have plotted the rate of 

coagulation against the zeta potential. There is an increase 

in rate of coagulation with a decrease in zeta potential. 

The maximum rate of coagulation coincides with the minimum 

in the zeta potential. This result is different from that of 

Healy and·Jellet (96), who observed that maxima in rate of coa

gulation did not coincide with minima in zeta potential. Healy 

and Jellet explained their results in terms of adsorption of 

polymeric zinc hydroxides. We do not find an indication for 

the presence of such polymeric species. 

The scattering in experimental results in fig36 ~eems to the 

larger side. However, we combine in this figure the scattering 

in measured zeta potentials (fig34) and the scattering in 

di/~t (fig35). An analysis of the curves, representing the 

re~ults of the individual series, did not give any indication 

that the influence of zeta potentials on rate of coagulation 

at pH less than 8.5 was different from the influence of zeta 

potential on rate of coagulation pH above 8.5. The same 

stabilising mechanism seems to be responsible for the (de-) 

stabilisation at all pH's measured. 

The relation between zeta potential and surface charge (pH-stat) 

will be discussed extensively in chapterS. However, it might 

already be noticed here, that the surface charge of zinc oxide 
-2 in 10 M KCl changes its sign at pH = 9.0 whereas the zeta 

potential remains and even becomes more negative 

while decreasing pH from 8.5 to 8.0. Obviously this cannot be 

caused by adsorption of H+ only, as also suggested by pH-stat 
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measurements. As H+ and OH are the potential determining 

ions, the influence of potassium chloride must be described 

in terms of an influence of indifferent electrolyte or of 

specifically adsorbed ions. 

Modi and Fuerstenau(97) clearly showed the influence of 

potential determining ions, indifferent electrolytes and of 

specifically adsorbed ions on the zeta potential of Al 2o3 
(corundum). Nechaev and Shein (98) also showed the influence 

of indifferent electrolyte and of specifically adsorbed ions 

on the zeta potential of a variety of oxides. In all cases, 

the specifically adsorbed ions change the iso-electric point 

to a different pH and in most cases the zeta potential becomes 

more positive with decreasing pH (= increasing amount of the 

potential determining ion H+) . Some exceptions to this general 

rule are given by Nechaev and Shein. Some oxides exhibited 

a behaviour similar to our zinc oxide, that is a more negative 

zeta potential upon addition of H+(e.g. Sn0 2 , CuO, Pb0 2 ). 

For zinc oxide Ray et al. (99) and Nechaev and Shein (98) 

did not find an anomalous behaviour in NaCl and KCl respec

tively, but Healy and Jellet (96), Trirnbos anc Stein (100) 

and this author did find a more negative zeta potential in 

potassium chloride upon decreasing pH from 8.5 to 8.0. 

The effect of concentration of potassium chloride on the zeta 

potential might give more information about the process of 

charge formation. 

The effect of the increase in electrolyte concentration in 

the absence of specific adsorption is twofold. On the one 

hand, the adsorption of potential determining ions is favoured 

because of screening effects of the electrolyte ions. This 

enables the surface charge to rise at given pH. On the other 

hand, the double layer gets more compressed. This leads to 

a decrease in zeta potential with increasing concentration of 

indifferent electrolyte, 

Modi and Fuerstenau (97) showed that the zeta potential of 

Al 2o3 increases slightly with increasing concentration 
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-7 
of indifferent electrolyte at concentrations from 10 up 

to 10-
5

M, and then decreases due to compression of the double 

layer. In our work (fig 37), the decrease of the zeta poten

tials starts at a much higher concentration of electrolyte. 

The curve of zeta potential as a function of concentration 

of potassium chloride at pH = 8.00 in our view indicates an 

increasing adsorption of Cl- at the zinc oxide surface with 

increasing concentration of KCl, which gives rise to the 

increase in the absolute value of the zeta potential; the 

decrease in zeta potential at higher concentrations will be 

caused by compression of the part of the double layer between 

OHP and electrokinetic slipping plane and by a stronger 

adsorption of counter ions in the Stern The rate of 

coagulation as a function of zeta potential for these samples 

is given in fig 39. As the relation between the rate of 

coagulation and the zeta potential in 39 and fig 36 is 

similar, there are no indications to assume other than electro-

cratic and Van der waals forces between the 

these suspensions. 

in 

The zeta potentials of particles of oxidised zinc oxide in 

10-2M KCl solutions as a function of the pH are given in fig 40. 

All the dispersions were measured 24 hours after preparation. 

For some reason, the reproducibility was rather poor. Curves 

II and IV give zeta potentials of "as received" zinc oxide. 

Curves I, III and v show significantly lower values of the 

zeta potentials. The relation between the rate of coagulation 

and the zeta potential is similar to that of "as received" 

zinc oxide. The differences between the series I, III and 

V on the one hand and the series II and IV on the other 

hand could not be explained. The oxygen treatment gave 

fairly reproducible results in the various determinations of 

solid state properties (chapter 2) . The results of pH-stat 

measurements with oxygen treated zinc oxide were also of good 

reproducibility. As the glassware we used was the same we used 
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for all the other suspensions, we do not expect the presence 

of some impurity from the glassware or the cleaning procedure 

for just these three series. In addition we may note that the 

relation between zeta potential and rate of coagulation is 

similar to the other series. Qualitatively, the same relation 

is found between the zeta potential and the pH as for disper

sions of "as received" zinc oxide : a lowering of zeta po

tential with decrease of the pH up to pH 8.25-8.50, then an 

increase in absolute value of the zeta potential (the latter 

remaining negative) upon decrease of the pH. The relation 

between the zeta potential and the concentration of potassium 

chloride is depicted in fig 41. Bearing in mind the differences 

in the zeta potential as a function of pH, the curves of 

fig 42 are quite similar in shape to that of fig 37. 

The influence of the nature of the supporting electrolyte was 

investigated with KN0 3 and KI. The zeta potential of oxygen 

treated zinc oxide particles in 10-2M KN03 as a function 

of pH are shown in fig 43. Compared to the lower curves of 

fig 40, the sharp peak at pH 8.0 and the positive values at 

a pH lower than 7.8 are to be mentioned. This peak arises 

where the zeta potential would have tended to become zero, 

if one would extrapolate the curve of pH 10.5 via 8.25 to 

8.0. If adsorption of N0
3 

would be the cause for the sudden 

increase in absolute value of the zeta potential, this ad

sorption apparently can only take place near the iso-electric 

point. This will be dealt with in: chapter 5. Fig 4'4 shows the 

(usual) relation between rate of coagulation and zeta poten

tial. 

Fig 45 shows results of zeta measurements for dispersions of 

oxygen treated zinc oxide in 10-2M KI. From pH 10 to pH 8.25 

the curve is similar to that of dispersions in 10-2 KN03 . Then 

there is a marked change in sign of the zeta potential at 

pH 8.15-8.20, followed, after a minimum value at pH of 7.80, 

by a second change in sign at a pH 7.60. We assume that for 

dispersions KI there may be a peak value similar to those 
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for dispersions in KCl and KN0 3 , but this peak value may be 

present at lower pH values (e.g. pH 7.5}. 

The relation between the rate of coagulation and the zeta 

potential is again as usual. The relation is the same for 

positive as well as for negative values of the zeta potential. 

As we noted in 4.4.3.1., the increase in the negative value 

of the zeta potential with a decrease in pH is not very common 

for oxides. It can only be explained in terms of superequivalent 

adsorption (chapter 3} of anions and/or a sudden increase 

in desorption of positive ions from the surface. The latter 

cations are then expected to originate from the solid particles 

In literature it is stated that zinc ions do not form complexes 

with either halide- or nitrate ions in dilute solutions (101-~03 

Therefore we do not expect.a difference in solubility of zinc 

oxide in 10- 2M. KCl, KI or KN0
3 

to be the cause of the peaks 

in the zeta potential. Dissolution of the zinc oxide could 

explain the sudden change in zeta potential from a negative 
-2 value to a positive value (pH 8.0 - 7.5, 10 M KN0 3}. The change 

in zeta potential in this pH-region can be expected to be more 

pronounced than in the region pH 10.0 - 8.5 because at a 

pH lower than 8.5 the dissolution of the zinc oxide becomes 
++ significant. Thus, at pH values lower than pH 8.5, both Zn -

ions and protons might contribute to the zeta potential. 

The increase in zeta potential towards more negative values 

upon a decrease in pH can then be explained by a superequivalent 

adsorption of the anions, the preference of adsorption being 

> 

The zeta potentials as a function of the pH for dispersions 

of hydrogen treated zinc oxide (fig 47} are similar to those 

of "as received" zinc oxide (fig 34) and to the zeta poten

tials of the upper curves of fig 40. The relation between 

rate of coagulation and zeta potential is as usual (fig 48) • 

There is no indication that hydrogen treatment of the zinc 

138 



40 S (mV) .32 

I • 0 

30 
• 0 1::.~-ac:.-
~ 0~ t:,.!f:e 

• ~ ~::.!~ 
20 1::.\1~::. 

eo o 

.24 

.16 

1 

--PH -s(mvJ • 
oL-----~L------~------~--~---L--

7 8 9 10 -10 -20 -30 -40 

Fig. 4-47: Zeta potential as a function 
-2 

of pH for dispersions of Zn0/H
2 

in 10 M 

KCl, results of three series. 

Fig. 4-48: Rate of coagulation as a 

function of zeta potential for dispersions 
-2 

of Zn0/H
2 

in 10 M KCl, results of 

three series. 

oxide, as described in chapter 2, alters the adsorption be

haviour of H+, OH, K+ or Cl at the ZnO/electrolyte inter

face. 

There are no clear indications for an influence of oxygen or 

hydrogen treatment on the zeta potential or on the rate of 

coagulation of zinc oxide particles in 10- 2M KCl solutions. 

However, there is distinct evidence for an influence of the 

kind of anion in the electrolyte on the charge behind the electro

kinetic slipping plane. The anions have been shown to adsorb 

a superequivalent way, the preference of adsorption being 

Cl- > N0
3 

> I • 
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4. 5. SUMMARY 

In this chapter we discussed the influence of the shear rate 

on the coagulation of zinc oxide particles in aqueous electro

lyte solutions. The influence of oxygen and hydrogen treat

ment on the zeta potential and the stability of the dis

persions was investigated, as well as the influence of the 

nature of the anion in the electrolyte solution. 

It was concluded, that the calculations of the stability ratio 

as a function of zeta potential, used for dispersions in the 

absence of shear, cannot be applied to dispersions in the 

presence of shear. The theories of van de Ven and Mason and 

Zeichner and Schowalter could not explain the influence of 

shear on the rate of coagulation. Apparently, the deviation of 

the zinc oxide particles from the spherical shape is the main 

cause that these theories cannot explain our results 

the edges of the zinc oxide particles will be much more 

able to penetrate the liquid core around an other zinc 

oxide particle than will be possible with spherically 

shaped particles. 

We did not find indications for an influence of oxygen or 

h~drogen treatment hence for an influence of interstitial zinc 

on the charge outside the electrokinetic slipping plane. We 

did find evidence for a superequivalent adsorption of anions 

at the zinc oxide electrolyte phase boundary. The preference 

of adsorption is Cl > N0
3 

> I • 
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APPENDIX 

Derivation of the relation between change in extinction and 

change in total particle number. 

We 

T = 

start with equation ~-3~ (78) 

K N V (y+ 2 )/?i 
o o E px-1( 1-p)2 x (y+2)/3 
t.Y X 

The volume of the polymeric particles can be described by 

However, a form factor has to be introduced to account for 

deviations of this idealised equation. Thus 

f . X • V 
0 

[4-31] 

[A-1] 

[A-2] 

in which 0 < f < 1 theoretically and 0.5 < f < 1 in practice. 

An expression for p in equation[4-31)can be found using Flory 

statistics 

2 ( 1-x) N
0 

(1-p) p [A-3) 

N -N 
p ,_o_ (A- 41 _ 

1 1 
kt (bimolecular reaction) [A-51_ 

thus : 

1 kt N 
p = 1 - 0 [A-6] _ 

1 + kt No 1 + kt No 

1 
1 - p [A-71 

1 + kt N 
0 
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combining these equations with [4-31] 

T = L.... (fx) (y+ 2 ) 12 KNOVO(y+2)/3. ~ [kt No l x-1 1 

).,Y X 1+ktN
0 

(1+ktN
0

)
2 

KNOVO(y+2)/3 ~ (kt No) (x-1) 
L (fx) (y+2) /2 

).,Y x (1 + kt N ) (x+ 1 ) 
0 

dT = KNo V o (y+2) /3 Ij (x-1) (kNo) (x-1) t (x-2) -

dt ).,Y x (1 + kt N ) (x+ 1 ) 
0 

(x+1) kN
0 

(ktN
0

). (x-
1

) Jl (fx) (y+2) /3 

(1 + kN ) (x+ 2 ) 
0 

KN V (y+ 2 )/ 3 
o o (- 2 + 2 (y+2)/3) kN f2/3 

Ay o 

rd TJ ,dt t->-0 

T 
0 

[A-81 

[A-91. 

[A-10] 

[A-ll] 

y can vary in a complicated way depending on particle size 

and wave length (72,75-77,81). Hodkinson (77) has shown, that 

for non-spherical and/or non-uniform particles the sinoidal 

curve is transformed into a more smooth one. The value of 

the wave length for which y becomes zero can be estimated 

according to Hodkinson : 

2 a (m-1) > 6 

2nb 
with a 

and m the refractive index of the particles. With 

mzno= 2,00 and b (~article radius) = 188 nm, the critical 

wave length will be approximately , ~ 400 "medium ~ nm. 
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Experimentally, we found no dependence of 

on the wave length using A i 565, 510, a r 
{see experimental section}. 

Introducing y = 0 to [A 11]: 

[*) t~o (*] t~o 

dT 
T or dt 
486 and 366 nm 

[A-14] 

[4-44] 

Thus the extinction will decrease in time and r~~Jt~O/E0 will 

vary linearly with the initial concentration ot particles. 

Using bimolecular reaction kinetics, 

1 1 
kt 

N N 
0 

N 
N 0 

1 + kt No 

dN 

dt {1 

r::JH 
we find 

[ *] t~o 
Eo 

-k ·N 2 
0 

+ kt N ) 2 
0 

-k N 2 
0 

[A-15] 

(A-16] 

[4-45] 

[ 4-46] 

which is the relation between the decrease in extinction and 

the decrease in total number of particles. 
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5. SURFACE CHARGE MEASUREMENTS 

5.1, INTRODUCTION 

In this chapter we describe the experiments and results of 

surface charge measurements for our samples of zinc oxide in 

various concentrations of KCl and KN0
3

• Most of the experiments 

were performed at constant pH (pH-stat), some were done at 

varying pH (fast titrations). In the discussion of results of 

these measurements we include the results of our previous 

chapters. 

5.2. REAGENTS 

The titration reagents were obtained by dilution of Merck 

Titrisol 0.1 M HCl, HN0
3 

or KOH solutions. The KCl and KN0
3 

were of Merck p.a. quality, Double distilled water 

with specific conductivity less than 2.10- 6 n- 1 cm- 1 was used. 

The Na
2
co

3 
and NaHco

3 
were of Merck p.a. quality. The basic 

zinc carbonate was obtained from Brocades (see section 2.3.5.). 

5.3. pH-STAT MEASUREMENTS 

5.3.1. The experimental set-up 

The adsorption measurements were performed in a 400 ml beaker 

at 20.0 + 0.1 °c. The beaker was coloured black in order to 

eliminate any influence of light. The solution in the beaker was 

intensively stirred with a magnet stirrer during the whole 

experiment. The solution was kept free of carbon dioxide 

by a continuous flow of nitrogen. The nitrogen was flushed 

through a one meter column of carbosorb and through 
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two washbottles with 30% NaOH. The pH was kept at a preset 

value by means of a Radiometer pH-stat, composed of a TTT 2 

Titrator extended by a two-way pH-stat module. The two ABU

IB autoburettes were filled with 0.01 M HCl and 0.01 M NaOH 

respectively. The amounts of 0.01 M HCl and/or 0.01 M NaOH, 
necessary to maintain a constant pH in the solution were 

registered on SBR 2c recorders. The pH was registered 

independently of the pH-stat by means of a Corning 113 

pH-meter. The pH was measured with two Orion 91-01-00 

glass electrodes and a 90-01 single junction reference 

Ag/AgCl electrode, A salt bridge was composed of two inert 

plastic tubes with a ceramic plug (from an Orion double 

junction electrode model 90-02) connected by a piece of 

pvc-tubing. The salt bridge was filled with 2 M KCl or 

2 M KN0
3
-solutions, which were degassed and brought to 

a pH that deviated less than 0.25 pH unit from the pH 

of the solution (i.e. to pH= 8.5 for solutions having 

8.25 <pH< 8.75 etc). After the filling of the salt bridge 

it was closed. In this way there was no leak through the 

ceramic plugs, only diffusion could take place and the 

concentration of the electrolyte solution in the beaker 

was affected to a negligible extent. The electrodes were 

calibrated before each experiment in Merck titrisol buffers 

at 20°C. 

5.3.2. The experimental procedure 

300 ml of a solution of supporting electrolyte were degassed 

under vacuum and transferred to the measuring beaker, 

that had been flushed with nitrogen. The (calibrated) 

electrodes were transferred from the buffer solution to the 

electrolyte solution, When the electrodes were in equilibrium 

with the solution, the pH-stat apparatus was switched on 

and the pH was brought to a preset value, The pH of the 

solution was monitored for at least four hours to ensure 

the stability of the pH, Then, 15 mg of zinc oxide were 

added in order to saturate the solution towards dissolved 
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zinc oxide. As could be inferred from acid or alkali 

requirements, the attainment of solubility equilibrium 

took ~-15 hours, depending on the pH. A standard equili

bration time of 15 hours was adopted. Extra additions 

of 15 mg of zinc oxide did not give any response in any 

solution used. Then 7.00 gr zinc oxide (unless otherwise 

stated) were added; the ignited samples were added straight 

from the ignition tube. The amounts of KOH or HCl required 

for keeping the pH constant were registered continuously. 

The differences in added amounts were sometimes used to 

calculate surface charges. This was done under the assump

tion that the consumption of H+/OH- was caused entirely 

by adsorption/desorption of H+/OH- at the zinc oxide surface. 

The stability of the pH electrodes was excellent. For 

long-lasting experiments (up to five days), the drift in 

pH was to the most 0.006 pH units. For ignited zinc oxide 

samples a measuring time of 20 hours was sufficient (being 

4 hours for the electrolyte solution, 15 hours for the 

ZnO-satured electrolyte solution and 1 hour for the actual 

dispersion) • 

We always used the same stirring speed of the stirring 

motor, because the stirring rate of the dispersion did 

influence the registered pH. In a 10-3 M KCl solution the 

registered pH's while stirring were for example 10.000, 

9.000 and 8.000 respectively. Immediately after switching 

off the motor these pH's were 10.024, 9.008 and 8.003. 

The differences were less in more concentrated solutions. 

The pH used in our graphs was that of the stirred solutions. 

It has often been observed that the pH of a paste or a 

suspension is different from the pH of the filtrate or super

natant liquid of the same paste or suspension. This phenomenon 

is known as the suspension effect (1-3). We checked for 

the presence of this effect by measuring the pH of a 

stirred dispersion. Then the stirrer motor was switched 
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off, letting the zinc oxide flocculate and form a sediment 

on the bottom of the beaker. The pH of the clear super

natant and of the pH-sediment were measured by rising or 

lowering the electrodes. No difference greater than 0.01 pH 

unit was detected in 10- 3 M KCl solutions of pH 8-10, 

so the influence of a suspension effect on our experimental 

results can be neglected. 

5.4. FAST TITRATIONS 

The fast titration technique is used very often for the 

determination of surface charge and capacitance of colloid 

systems (4-16). This technique however, is less suited 

for relatively soluble materials, as for instance zinc 

oxide. A change in pH can cause a change in solubility. 

This change in solubility can lead to a consumption of 

H+ or OH- and thus can disturb the measurement of adsorp-
+ -tion of H or OH at the surface. These problems have 

been discussed for zinc oxide by Blok (16). 

Another problem often encountered in fast titrations is 

a slow consumption of H+ or OH- as a function of time that 

is not caused by dissolution effects (10,16,21). The origin 

of this slow process has not been clarified yet. Breeuwsma 

(10) suggested that at least a part of the slow process 

can be explained by carbon dioxide contamination in the 

titration cell used by some authors. For zinc oxide Blok 

(16) supposes that an exchange between surface hydroxyls 

and anions might be the cause for the slow process. 

Trimbos (21) suggests that this slow process is caused 

by a slow reaction with the free electrons inside the 

solid particles. In section 5.5.1. we will give another 

explanation. Here it must be stated that this slow process 

can be an additional problem in the interpretation of 

fast titration measurements, because the onset of the slow 

process can still be relatively fast. 
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We used the fast titration procedure for comparison with the 

pH-stat measurements. The equipment was the same as that for 

pH-stat measurements. The suspension to be investigated was first 

used to determine the adsorption in a pH-stat experiment. One 

hour after the pH-stat adsorption had ended, we performed in the 

same dispersion a fast titration starting with the pH of the 

suspension (e.g. pH 9.000). Then we changed the pH in steps 

of 0.05 units, each 30 seconds. The amounts of 10-2 M KOH, 

used after these 30 seconds were registered. After the desired end 

pH had been reached (e.g. pH 8.300) we waited 30 minutes and 

then performed the same procedure in the opposite direction of 

pH (e.g. from pH 8.300 to 9.000). 

A blanc experiment was done with an electrolyte solution that 

had been saturated with 15 mg zinc oxide, starting at the same 

pH (e.g. 9.000). The difference between the amounts of HCl 

(or HN0 3 ) and KOH, needed in the two experiments, was taken as 

the adsorption at the surface of the zinc oxide. 

5.5. RESULTS AND DISCUSSION 

5.5.1. Zinc oxide "as received" 

The results of the pH-stat measurements for zinc oxide a.r. 

(Merck p.a.), were essentially the same as those published by 
+ -Trimbos (20,21). The net consumption of H /OH is plotted as 

r(OH-- H+) versus time in fig 1. The positive value in the 

y-axis indicates a net consumption of KOH. Fig 1 reveals that the 

adsorption/desorption process can be divided in at least two 

processes. Especially the curve for pH= 8.00, which indicates 

a fast consumption of OH followed by a slow consumption of H+, 

is noteworthy. 

The zeta potential of the particles in 10-
2 

M KC1 suspensions 

was measured after 2 and after 24 hours by means of a Rank 

Brothers electrophoresis apparatus (see chapter 4). There was 

no effect of the time on the zeta potential (fig 2), in agree-
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Fig. 5-l: Net consumption of H+ or OR
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Fig~ 5-2: Zeta potential as a function 

of pH for dispersions in KCl of 

as received zinc oxide, obtained from 

pH-stat experiments 0 

• = after 24 hours. 
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We performed some experiments on the reproducibility of the 

experiments by adding different amounts of zinc oxide to the 

beaker. This revealed a rather poor reproducibility in terms of 
- -2 consumed OH per square meter in 10 M KCl. Repeated addition 

of portions of zinc oxide (after 24 hours each) showed, that the 

last portions always gave the same result (lrv, lv, 2rr-v, 
3III, IV and , fig 3-5). This indicates that some saturation 

effects must occur, in spite of previous saturation of the 

solutions towards zinc oxide. 
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From the ellipsometric experiments and the x-ray diffraction studies. 

as described in sections 2.3.5. and 2.3.6., we found no indica-

tion of a multilayer transformation at the surface of zinc 

oxide, neither as a fast process nor as a slow process. 

Pretreatment of zinc oxide at elevated temperatures revealed 

that the slow process disappears upon heating of the zinc oxide 

for 4 hours above 220°C in oxygen. This is shown in fig 6 for 

suspensions in 10-2 M KCl at pH 10.00. The curve of 300-450°C 

was also found for hydrogen treated and nitrogen treated zinc 

oxide. The disappearance of the slow process upon heating was 

also observed for Highways Ultrapur zinc oxide (fig 7). 

Fig. 5-7: As fig. 5-6 for zinc oxide 

Highways Ultrapur. 

The temperature at which the slow process disappears (200-220°C) 

coincided with the disappearance of carbon dioxide from the 

surface, as was found in the literature and from our own ex

periments (chapter 2). 

From experiments with Na 2co3 , NaHC0
3 

and a basic zinc carbonate 

(see sections 2.3.5 and 2.3.9.) we found the following results 

- Na 2co3 showed a consumption of HCl at pH 10.00 as well as 

at pH 8.00. We found a consumption of approximately 1 molecule 

H+ per molecule co;; 

- NaHco3 gives a fast consumption of alkali at pH 10.00, which 

amounted to about 25 mol% of the added amount of NaHco
3

.There is 
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no slow process, which indicates that Hco 3-, is not released 

from the solution as co 2 under the influence of the flow of 

nitrogen. At pH of 8.00 there is a slow consumption of acid. 

This could be caused by the reaction 
- + HC0 3 + H ~ H

2
0 + C0

2
t 

- The basic zinc carbonate showed at pH 10.00 in 10-2 M KCl a slo1 

consumption of alkali, as depicted in fig 8. At a pH of 8.00 

the basic zinc carbonate showed for a first portion (after 

equilibrium saturation of the solution with 15 mg zinc oxide) 

0.8 

a slow use of acid. A second portion only revealed a slight 

(fast) consumption of alkali. The amount of co2 that could be 

calculated for Znoco3 from the pH-stat experiments at pH 

10.00 was 0.25 ~M/mg, whereas the amount of co2 from the carbon 

dioxide determinations (section 2.3.9.) was 2.60 ~M/mg. For 
2 ZnO/a.r. we calculated 2.0 - 2.5 ~M/m co2 from the pH-

stat experiments, whereas we found 2,8 ~M/m2 in the co2 
determinations described in section 2.3.9. Thus the composition 

and relative amounts of the carbonate species of Znoco
3 

will 

be different from that of zinc oxide as received. 

l 
71.5 mg 

04 II '""' _! 
Fig. 5-8: Xet consunp~io:t of CH !:or 

additions of "Znoc:;
3 

tr in KCl. 

____,.! (hours) 
0 L---~----~----~----

The dip between 34.0 and 71.5 mg 

indicates a reset-to-zero. 
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Table 5-l: pK-values for varicus reactions 
of zinc carbonate species. 

Reaction 

CO,.,, ~ H,O = H,CO, 

3 H,CO, a HC0,-

4 HCO,- H- -;- C0;-

5 Zn(OHhw Z.u(OH)z::""' 
6 Zn(OH),,,, ZnOH• + OH-

pK 

1.468 

2.585 

3.7 

10.32 

s 
12 

16.66 7 

8 

9 

Zn(OH), ,(CO,),,,,,"" Zn'' + 1.2 OH- + 0.4 co,•- 14.4 

Zn10H)o,(C0,),.,,,+0.2 H" :=ZnOH· + 0.2 H10 + 
5.99 

10 Zn(OH),_,(CO,),_.,,, + 0.8 H,O -.= Zn(OH),<,1+0.4 
H,CO, 3.59 

11 Zn(OH)u(CO,),.,,, + 0.4 H,O + 0.4 OH- ""Zn 
(OH)"'' + 0.4 HCO,- -0.32 

12 Zn(OH)..,(CO,l..«•> + O.ll oH- Zn(OH),,, + 0.4 
Co,'-- -1.95 

13 Zn(OH),,,(CO,),.,., + 1.8 OH--.= Zn(OH),- + 0.4 
co,- o.o3 

14 Zn(OH),(CO,)o.•<•> + 2.8 OH- Zn(OH),- + 0.4 
C~- -I.M 

15 ZnCO"'' -.= Zn" + CO,'- 1022 

16 ZnCO,,, + 2 H• ""Zn" + H,CO, 4.00 

17 ZnC0,,,1 + H,O-.= ZnOH• + HCO,- 9.46 

18 ZnCO.,,, + 2 H,O = Zn(OH),,,, + H,CO, 18.26 

19 ZnCO"'' + H,O + OH- -.= Zn(OH),1,, + HCO,- -2.45 

20 ZnCO><•> + 2 OH- "" Zn(OH),,, + CO,'- -6.13 

21 Znco.,,, + 1.2 H,O"" Zn(OH),_,(CO,},.,,, + 0.6 
H,CO, 7.M 

22 znco,,, + 1.2 OH--.= Zn(OH),_,(CO,>. .• h> + 0.6 
co,•- 422 

23 ZnC0,1,, + 3 OH-"" Zn{OH),- +CO,'- -4.18 

24 ZnCO"'' + 4 OH- ""Zn(OH).'- +CO,'- -522 

Neczaj-Hruzewicz et al. (22) have tabulated the pK values for 

the dissociation reactions of zinc carbonate species (table 1). 

Moelwijn Hughes et al.(23) have investigated the kinetics of 

decarboxylation reactions. They found that such reactions are 

usually relatively slow. The kinetics of decarboxylations was 

found to differ for different carboxylates (e.g. RCOOH + RH + co2 t} 

The reaction kinetics was approximately monomolecular, 

log (C
0 

- Ct) decreases approximately linearly with time. This 

is in agreement with the consumption of H+/OH- as a function of 

time in the slow process. 
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From the experiments described in this section we conclude : 

the slow effect in pH-stat measurements of zinc oxide is caused 

by adsorbed carbon dioxide. The carbon dioxide is released in 

the molecular form from the surface of the zinc oxide. This 

explains the constant value of the zeta potential in time. 

The carbon dioxide reacts with H2o to H+ and HC0 3-. This 

explains the fast consumption of OH- of ZnO/a.r. at pH 8.00 

where ignited zinc oxide samples exhibit a -consumption. 

5.5.2. The effect of pretreatment of zinc oxide 

In section 5. 5.1. we have shown that heating of zinc oxide 

at temperatures higher than 200°c during 4 hours caused 

a disappearance of the slow process in pH-stat measurements. 

Fig~ 5-9: ~Jet consumption of H+ or 

OH- for additions 7.00 g Zn0/0
2 

in KCl-solutions as a function of 

pH.D~ 10- 3t-1, X 10- 2M, 0 ~ 10-1H. 
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This was explained in terms of the desorption of adsorbed 

carbon dioxide upon heating of zinc oxide. In chapter 2 it 

was shown that heating in oxygen, nitrogen or hydrogen influences 

the amount of interstitial zinc in the zinc oxide as well. 

In fig 9 and 10 we show the results of pH-stat experiments 

with dispersions of oxygen treated and hydrogen treated zinc 

oxide in solutions of potassium chloride. The shapes of the 

curves will be discussed in the next section. Here we note 

that there is no significant difference between the two figures. 

The peak values for dispersions in 10- 3 M KCl are drawn differently, 

but we did not perform enough experiments with hydrogen treated 

zinc oxide to establish the precise peak height. For nitrogen 

treated zinc oxide we performed experiments in 10- 2 M KCl 

only. The results of those experiments agreed within experi-

mental error with the results for hydrogen treated zinc oxide 

and oxygen treated zinc oxide. 

From these results we conclude, that there is no influence 

of the amount of interstitial zinc in our zinc oxide samples 

on the adsorption of H+ or OH- at the zinc oxide surface, 

at least when the experiments are carried out in the dark. 

The results of the zeta potential measurements (section 4.4.3.) 

also indicate that the adsorption of anions (Cl-) is not 

different for the differently pretreated samples of zinc oxide. 

We did not find an indication for any other influences of pre

treatment on the adsorption at the zinc oxide electrolyte inter

face, that is : influences of oxydation or reduction, that 

might have occurred but were not detected by the techniques 

used in chapter 2. 

5.5.3. The peaks in the pH-stat curves 

In fig 9 we showed pH-stat curves for oxygen treated zinc 

oxide in solutions of potassium chloride. Fig 11 shows the 

curves for dispersions of oxygen treated zinc oxide in solutions 

of potassium nitrate. The influence of the kind of anion 
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on the adsorption characteristics will be discussed in ee~tion 

5.5.4. In this section we will discuss the remarkable result 

of the appearance of a peak value in the net consumption of 

OH 1 for 10- 3 M KCl at pH 8.55 and for 10-l M KN0
3 

at 

a pH of 8.00 (or below). No such peak values were known 

to us from fast titration experiments. We therefore decided 

to perform fast titration experiments (see section 5.4.) on 

some of the same dispersions we measured in pH-stat work. 

Fig 12 gives the results of an experiment, started with a 

dispersion of oxygen treated zinc oxide in 10- 3 M KCl at pH 9.00. 

The pH-stat adsorption was 1.35 ~M/m2 • We performed fast 

titrations from pH 9.00 to 8,30 and back. A second fast titration 
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experiment was performed with a dispersion in 10-3 M KCl 

starting at pH 8.55. Here the adsorption at constant pH was 
2 4.10 ~M/m • The fast titrations were performed from pH 8.55 

to pH 9.00, then back to pH 8.30 and then up to pH 8.55 again. 

The net resulting curves were the same as those from the fast 

titration experiments started at 9.00. A fast titration ex

periment in a dispersion in 10- 3 M KN0 3 , started at pH 8.00 

up to pH 9.00 and back to pH 8.00 again revealed the same net 

H+/OH- consumption in the pH range 8.30 - 9.00 as for the 

dispersions in 10-3 M KCl. The resulting curves are drawn 

in fig 13 and 14. Thus, the fast titration experiments did not 

show the peak that the pH-stat experiments did show. This 

indicates that some kind of irreversible process must be 

responsible for the peak value in the pH-stat experiments. 

This irreversible process could be, for example, an adsorption 

of some species from the solution, or a desorption from the 

surface of the zinc oxide. We performed some experiments with 

repeated addition of 3.50 gr of oxygen treated zinc oxide. 

Fig. 5-13: Comparison of net consump

tion of H+ or OH- for 7.00 g in 

10-JM KCL<>-a pH-stat, fast titra-

tion. 
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We found, that two subsequent additions in (with 15 · mg zinc 
-2 -3 oxide saturated) 10 M or 10 potassium chloride solutions 

at a pH of 8.00, 9.00 or 10.00, did give the same adsorption, 
- + 2 -3 expressed in r (OH -H ) (IJM/m ) . In 10 M KCl at a pH of 8. 55 

however, we found that the first 3.50 gr of zinc oxide resulted 

in the usual consumption of OH- (in IJM/m2 ), but with the second 

portion we found no consumption at all. In the experiment we had 

added the second portion 10 minutes after the first one. In 

another experiment we added the second portion 24 hours after 

the first one. The result was the same : no adsorption was 

found with the second portion. 

From these experiments we conclude (with respect to the peak 

values): 

- The effect cannot be caused by traces of carbon dioxide that 

may have remained at the surface after the heating procedure. 

The sharpness of the peak, the strong dependence on the pH and 

the dependence on the nature and concentration of electrolyte 

exclude carbon dioxide as the cause for the peak effect; 

-An impurity,desorbing from the glass, can be excluded too. 

If the impurity would desorb fast from the glass wall the 

second addition after 10 minutes should have shown a considerable 

adsorption. If the impurity would desorb slowly from the 

glass wall, either the first 3.50 gr should show a slow net 

OH consumption (if the surface of this first portion would 

not have been saturated with the impurity at once)or the 

second portion, added after 24 hours, should show a net OH- con

sumption; 

- As the effect was noticed both with oxygen treated and with 

hydrogen treated zinc oxide, it is not likely that the sup

posed impurity originates from the heating gas; this argument 

excludes also the possibility that the effect is connected 

with interstitial zinc: 

- An impurity from the supporting electrolyte can be excluded, 

because at higher concentrations of electrolyte the effect 

disappears; 

- If the effect would have been caused by an impurity anion 

from the zinc oxide surface, we could suppose that this 
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anion is able to exchange with anions from the solution, e.g. 

Cl-, N0
3 

and OH-. At low concentrations of supporting 

electrolyte, the exchange with OH- would be favoured, at 

higher concentrations of electrolyte the exchange with Cl- or 

N0 3 would be favoured. However, this explanation must be 

rejected in view of the lack of adsorption of OH- when 

a second portion of zinc oxide was added: 

- The adsorption of ions from the solution at cationic impu

rities on the zinc oxide surface can be excluded because 

of the lack of adsorption at the zinc oxide of the second 

portion. 

The desorption of cations from the surface of the zinc oxide 

could be a cause for the peak effect if : 

complexes will be formed between the cation and the hydroxyl 

ion (consumption of OH-) and 

complexes will be formed between the cation and the anion 

of the supporting electrolyte (influence of the kind and 

concentration of supporting electrolyte) and 

• the desorption and/or the complexation reaction takes place 

at a specific pH and 

• the solution becomes saturated with the complexes after a 

certain amount of zinc oxide has been added (second portion 

effect) and 

the desorption of the cation is hindered by the adsorbed 
- + OH /H (no effect with fast titrations). 

It should be stressed that the cations concerned are thought 

to be impurities rather than predominant species in zinc oxide 

the saturation mentioned is not reached by the addition of 

15 mg of zinc oxide, but it is reached by the addition of 

3.5. gr of zinc oxide. 

5.5.4. The effect of anions on the adsorption of H+/OH-

In fig 9 and 11 we have plotted the consumption of H+/OH-

as a function of pH. In fig 15 and 16 we have plotted the same 

results but now as a function of the concentration of suppor-
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ting electrolyte, This elucidates the influence of the nature 

of the anion on the adsorption. The net consumption of OH- is 

hardly affected by the concentration of KN0
3 

in the range 

of pH 9.00 - 10.00. At a pH below 9.00 the influence of the 

nitrate ion becomes more pronounced. The chloride ion influences 

the adsorption over the entire concentration range. As can 

be seen from the figures 9 and 15, the chloride ion stimulates 

the consumption of H+ (and/or hinders the consumption of OH-). 

We do not expect that the chloride ion interchanges with surface 

hydroxyl groups; this would diminish the number of surface 

hydroxyls and hence the number of adsorption sites for ions. 
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Another model that is not likely to be applicable to our 

results is the porous gel model (26,27). From the ellipsometric 

and the X-ray experiments we did not find an indication for 

the formation of a (porous) multilayer at the surface of our 

zinc oxide samples. 

From some results of pH-stat experiments we recalculated the 

consumed amount of H+/OH- to adsorbed charge, which we suppose 

to be adsorbed to the surface. We have combined these results 

with the results of zeta potential measurements, plotting 

the surface charge (cr 0 )against the zeta potential (~) (fig's 

17 and 18). From these figures we can see, that for cro = 0 
-2 -2 

the zeta potential is negative in 10 M KCl and in 10 M 
-2 

KNo
3

. The zeta potential is more negative in 10 M KCl. 

This supports our previous conclusions that the chloride ion 

will be adsorbed more strongly than the nitrate ion. From 

the relation between cr 0 and ~ we can see that adsorption of 

anions will occur at all pH's measured. 

The chloride ions may adsorb at the zinc sites of the zinc oxide 

surface, thus making the hydroxyl sites more attractive for 

H+ and less attractive for OH-, It must be stated here, that 

the site binding model (24,25) (see chapter 3) cannot explain 

the adsorption curves we have found. One reason is, that the 

site binding model, as a model system, does not account for 

interfering impurities. Another, more important, reason is that 

the site binding model only allows adsorption at the -OH 

sites~ in this model the Cl- ion can only adsorb after an 

adsorption of H+ on an -OH has taken place, leading to 

-OHH+Cl- sites. This, however, cannot explain the large shift 

in p.z.c. as a function of chloride ion concentration we have 

found in our experiments, nor can it explain the increase 

in zeta potential to more negative values upon a decrease 

in pH. 
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The peak values in the zeta potential, as discussed already 

in section 5.5.3., are represented in fig 17 and 18 as well. 

At the corresponding pH's we did not find a peak value in the 
- -2 net adsorption of OH in the 10 M electrolyte solutions. 

If the peak values were to be ascribed to an additional ad

sorption of anions from the supporting electrolyte, we would 

(following the line of arguments presented above) expect an 

additional adsorption of H+ too. From the results of the 

pH-stat experiments, as presented in figures 9, 10 and 11, 

this additional adsorption is not very clear, but might very 

well be present. Thus 1 the mutual stimulation of adsorbing 

an~ons and kations, as already mentioned on page 166, must 

be responsible for most of the charge formation on the zinc 

oxide surface. The relatively sharp peaks in the zeta 
-3 potential and the peak values at 10 M supporting electro-

lyte in pH-stat measurements provide strong evidence that 

an additional desorption of kations from the zinc oxide 

surface influence the process of charge formation at the 

zinc oxide/aqueous electrolyte interface. 

168 



We do not think that it is justified to present a complete 

double layer model in terms of adsorption sites and capacitances 

of the double layer based on the experimental results presented 

in this chapter. Additional information is required on the 

nature of the impurity(ies) and more data of pH-stat experiments 

of different samples of zinc oxide are needed. 

5.5.5. pH-stat versus fast titrations 

We can compare our results with those of other authors (e.g. 

Blok (16), Trimbos (20,21), Ray (15)) by considering all the 

consumed OH or H+ to be adsorbed at the surface. Then we find 
- + 2 -2 2 for r(OH -H) = 1 ~M/m a surface charge of= 9.6 10 C/m = 

9.6 • The order of magnitude of the surface charges calcu-

lated from our experiments is the same as of those of the 

other authors. In concordance with the results of Blok (16) 

we have found, that the chloride ion adsorbs more strongly 

than.the nitrate ion. Ray (15), however, did not find differences 

between the adsorption of H+/OH- in the presence of NaCl or 

NaN0
3 

using titration experiments. 

The shape of the pH-stat curves differs considerably from the 

fast titration curves of Blok and Ray. This was explained 

in terms of an irreversible desorption of cationic impurities 

from the zinc oxide surfacet in fast titration experiments, 

these are screened from desorption by adsorbed 

H+/OH- and/or ions from the supporting electrolyte. 

Compared to the method of fast titrations, the pH-stat method 

has the advantages that solubility of the material to be in

vestigated does not interfere in the adsorption process and that 

irreversible processes can be detected easily. A disadvantage 

of the pH-stat method is the amount of time needed to establish 

an adsorption curve, 

5,6. SUMMARY 

In this chapter we have discussed the results of pH-stat 

experiments c·ombined with results of some fast titrations 

and the measurements of the zeta potential (described in chapter 

4). Zinc oxide Merck p.a. and Highways Ultrapur exhibited a 
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slow consumption of H+ or OH- dependent on the pH of the sus

pension. This slow process was found to originate from carbonate 

species, present on the surface of these zinc oxides. Treatment 

of zinc oxide at 450°C in an atmosphere of oxygen, nitrogen 

or hydrogen caused desorption of the carbonate species (chapter 2 

and disappearance of the slow process. 

We did not find any significant differences between oxygen 

treated and hydrogen treated zinc oxide samples, neither in 

the results of the pH-stat experiments (this chapter) nor 

in the results of the measurements of zeta potentials (chapter 4) 

It was concluded that the amount of interstitial zinc (in the 

range of our experiments) does not play a role in the adsorption 

process of ions at the zinc oxide/aqueous electrolyte surface. 

We might recall here the work of Cunningham and Corkery (28), 

as discussed in section 2.3.4, They did not find an influence 

of the pH on the ESR signals of dispersions of zinc oxide, 

indicating that an adsorption of H+/OH- does not influence 

the number of of unpaired electrons in a significant way. 

Experiments with varying concentrations of supporting electro

lyte (KCl or KN0 3 ) revealed, that chloride ions are adsorbed 

more strongly at the zinc oxide/electrolyte interface than 

nitrate ions. The anions from the supporting electrolyte 

stimulate the adsorption of H+-ions. There are strong indi

cations that cationic impurities from the zinc oxide surface 

interfere with the adsorption measurements. 
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6. STABILITY OF DISPERSIONS OF ZINC OXIDE IN ALCOHOLS 

6.1. INTRODUCTION 

In this chapter we present the results of some measurements 

of the stability and the zeta potential of zinc oxide in metha

nol, ethanol and propanol. Our aim was to get information 

about the influence of water on the double layer properties 

of zinc oxide by addition of different amounts of water to dis

persions of zinc oxide in non-aqueous (alcoholic) media. 

This choice of the non-aqueous medium was determined by : 

- purity : we needed a medium that could be obtained without 

adsorbable impurities or that could be purified relatively 

easily. This excluded a large number cf solvents; 

- dielectric constant : too low a dielectric constant would 

cause difficulties in electrophoresis experiments; 

- viscosity : too high viscosity would complicate measurements 

of coagulation rate and mobility; 

stability : reactions of the solvent with acid, base or zinc 

oxide would give complicating impurities. 

A first choice was dimethylsulfoxide (DMSO); this was supposed 

to be stable, easily to purify from water and to have a high 

dielectric constant (£:46,7) (1,2). However, DMSO appeared to 

be unstable in presence of even small amounts of hydroxyl ions, 

as was shown gas chromatographically and by OH- determination 

in DMSO-water mixtures. Our second choice was the zinc oxide

alcohol system. We decided to choose methanol, ethanol and 

propanol in order to be able to investigate influences of 

dielectric constant, proton donating ability and influence of 

chain length. 
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6,2, THE ELECTRIC DOUBLE LAYER IN NON-AQUEOUS MEDIA 

The theory of the double layer in non-aqueous media is in 

the same as that for aqueous media, as dealt with in chapters 

3 and 4. However in practice, non-aqueous media provide a much 

more complex system than aqueous media. 

This is caused by the following complications 

it is nearly impossible to get a rigorously purified non

aqueous medium; traces of impurities (organic, inorganic 

or even water) almost always remain present; 

- the low conductivity of some apolar non-aqueous media often 

causes severe complications in electrical measurements, e,g, 

surface conductivity and polarization problems in electro

phoresis; 

- the low solubility of electrolytes, accompanied by incomplete 

dissociation makes the correct quantitative interpretation 

of, e.g., coagulation data troublesome; 

- the low dielectric constant and the low concentration of 

of electrolyte gives rise to very extended double layers, 

Thus, only a few elementary charges on dispersed particles 

cause considerable surface potentials with relatively long 

range interactions (3). 

Despite these problems, several authors have tried to find a 

fundamental basis for problems in the field of stability of 

dispersions in non-aqueous media (3-23), On the one side, there 

is an increasing interest from a theoretical point of view, 

on the other side there is a wide field of applications that 

needs theoretical backing, Payne (4) and Damaskin (5). have re

viewed a great deal of literature on the structure of the 

electrical double layer, mainly oriented on electrodics in 

non-aqueous media, covering mostly Russian literature, 

Lyklema (3) has given an extensive review on the principles of 

stability of lyophobic collodial dispersions in non-aqueous 

media, Some of the results of these and other authors that 

might be of interest for the interpretation of our results 

will be discussed below. 
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The work of the Russian authors can be summarized as follows 

The change in the free energy of adsorption of an ion, if one 

solvent is replaced by another, is determined by two factors: 

the difference in solvation energy and the difference in surface 

excess free energy (related to the surface tension) of the 

adsorbate in the two solvents. From electrocapillary measurement: 

it has been found that the surface tension of the mercury/water 

interface is higher than the mercury/N.A.M.-system. Thus, ions 

should adsorb better at the mercury/water interface than 

at the mercury/N.A.M.-interface: this conclusion does 

not agree with experiments. It has been found that the surface 

activity of the halide ions at the mercury electrode in N.A.M. 

increases in the sequence < Br < I (i.e. as in aqueous 

solutions). At a bismuth (semiconductor) electrode the Br--ion 

has an increased adsorbability in the sequence water < methanol < 

ethanol < DMSO < acetonitril. These results indicate that the 

energy of solvation of the ions appears to play a more dominant 

role than the surface tension, 

The change in solvation energy from one polar medium to another 

will be mainly determined by factors other than the Born term. 

These factors include hydrogen bond formation and the effect 

of the ion on the solvent structure. We must also take into 

account donor-acceptor relations between the ion and the solvent 

molecules. For example, the small chloride anion is strongly 

solvated in aqueous solutions, whereas in aprotic solvents it 

is only poorly solvated, The change in solvation energy of a 

given ion on being transferred to different solvents can be 

predicted by the electron-accepting ability (acceptor-number) 

of the solvent. The adsorbability of anions on a bismuth electrod' 

decreases as the acceptor number increases, that is: as we go 

from water via methanol and ethanol to DMSO. The size of the 

solvent molecules is also of importance in the adsorption 

process. This does not only apply to the change in adsorption 

energy but also to the repulsion interaction between specifically 

adsorbed ions located in the inner Helmholtz plane. In practice 

the counter-ions that reside in the outer Helmholtz plane, 
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partially screen the repulsion between the adsorbed ions 

in the inner Helmholtz plane. A screening of the repulsion can 

give rise to an increased adsorption at the surface. This screening 

effect is greatest when the inner and outer Helmholtz plane are 

closest together. The distance between inner and outer Helmholtz 

plane increase with increasing size of the solvent molecules. 

Since the molecules of non-aqueous solvents are larger than 

water molecules we expect the strongest repulsion effects in 

non-aqueous solvents. 

Van der Minne and Hermanie investigated the stability of carbon 

black particles in benzene containing calcium diisopropyl 

salicylate or tetraisoamylammoniumpicrate as stabilising agents. 

They indicated how a homogenous field can be obtained in an 

electrophoresis cell filled with a medium with low conductivity 

and how polarisation can be avoided. Their criteria for correct 

determination of zeta potentials were adopted for our experimental 

work. 

The mobility of their particles depended in a complex way on 

the concentration of dispersing agent. They assumed that "various 

complicated association products" at higher concentration 

dispersing agent might have caused these effects. Cooper and 

Marsden (8,9) have investigated the influence of additions of 

H2o, HCl and LiCl on the zeta potential of several colloidal 

particle species in butanol. The colloidal particles 

differed with respect to surface species, such as carbonate, 

hydroxyl and sulfate groups. The systems all showed zeta po

tentials as a function of electrolyte concentration that could 

be explained in terms of a Gouy-Chapman character of the double 

layer, Charge formation appeared to be essentially due to 

proton transfer. Addition of water merely influenced butanol 

acidity. Ion association of LiCl in butanol was shown to be 

small. For graphon, experimental stability was in agreement with 

DLVO calculations. Polystyrene dispersions appeared to be more 

stable than predicted by DLVO-theory; this was explained in 

terms of sterical stabilization. 
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Parfitt et al (10) reported investigations of carbon black/ 

aerosol-OT/n-heptane and rutile/aerosol-OT/p-xylene dispersions. 

For the carbon black dispersions, Hamaker constant values varying 

over two orders of magnitude were necessary to fit the theoretical 

curves with the experimental ones. The rutile dispersions were 

very sensitive to the concentration of water in the medium. 

Rigorously dried dispersions exhibited a negative zeta poten-

tial of the particles whilst traces of water caused the zeta 

potential to shift to positive values; this was explained 

in terms of association of sodium ions with water at the surface 

of the rutile particles. The relation between the stability 

and the zeta potential could be fitted using realistic DLVO

parameters. Three studies of the Tio2-alcohol systems are 

known to .the author at this moment. Griot (11) studied the elec

trophoretic mobility of anatase in dried n-pentanol. Removal 

of physisorbed water, as shown by infra-red measurements, 

increased the electrophoretic mobility. Physically adsorbed water 

was thought to hinder the dissociation of the surface hydroxyls. 

The role of chemisorbed water and the influence of water in the 

alcohol were not investigated. 

Micale et al. (12) reported on the stability and mobility of 

rutile in heptanol. The heptanol contained approximately 25 ppm 

H2o. The rutile was ignited up to 400°c. Samples, outgassed 

at 400°C were taken as point of zero water coverage. The rutile 

was supposed to contain internal water in the particle structure. 

Micale et al. found the same trends as Griot (11) : increase 

in zeta potential at decreasing amount of physisorbed water. As 

also found by Griot, the zeta potential decreased at low coverages 

to 60% of the maximum value. Infra-red spectroscopy indicated 

an increase in heptanol adsorption at the surface of rutile at 

fractional water coverages of less than 0.08, This could be 

a reaso~ for the decrease in zeta potential. 

Jackson and Parfitt (13) investigated the electrophoretic 

mobility of samples of rutile dried at 400°C and of samples of 

humidified rutile (400°C sample, exposed to saturated vapour 
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pressure~ of water at room temperature) in the n-aliphatic alcohol 

systems (n = 1-10). They found a change in the zeta potential 

from -70 mV to+70 mv, going from n = 1 to n 10. No significant 

differences were found between dried or humidified rutile samples. 

One of the main conclusions of their work was, that the 

charge of the oxide particles originated from the oxide 

surface itself and was not directly related to the 

concentration of solvated protons, arising from the bulk 

liquid phase. To be sure, in higher alcohols the disso-

ciation and thus the proton donating ability is less 

than in lower alcohols; however, rutile has a more positive 

charge in higher alcohols. 

Jackson and Parfitt suggest that in the rutile alcohol system 

protons may arise either from the surface hydroxyls or from traces 

of water present in the system. With increasing chain length of 

the alcohol, the protons will tend to accumulate more strongly 

at the surface than in the bulk liquid, leading to a more positive 

particle charge in higher alcohols. A second important conclusion 

of Jackson and Parfitt was, that the number of adsorption sites, 

being surface hydroxyls as well as surface impurities (chloride 

e.g.), exceeds by far the calculated number of adsorbed charges. 

This emphasizes the possible complication that could be caused 

by surface impurities. 

The influence of water on the zeta potential in the a-Al2o3; 

Al(OH) 3-alcohol systems was investigated by Romo (14). He ob

served a charge reversal from -26 to +20 mV upon an increase 

in water content of the alcohol. There were no significant 

differences between propanol-butanol and pentanol-dispersions. 

Romo's explanations for these results are not very clarifying; 

a suggestion may be the accumulation at the surface of the 

water molecules, which in turn are able to donate a proton 

to the surface. 

For an aqueous polyvinylacetate sol, Johnson et al. (15) 

have shown that repulsive forces due to the st·ructuring of water 

near the surface might play an important role in colloid 
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stability. 

The conclusions of this literature review, with respect to the 

oxide/alcohol system, are : 

- the process of charge formation on the particles in a dis

persion in a non-aqueous medium can often be associated with 

association/dissociation of surface groups~ 

- a Gouy-Chapman-like behaviour of the double layer in terms 

of the compression of the double layer by electrolyte may 

be expected for the oxide/alcohol system; 

- the proton donating ability of the alcohol as a non-aqueous 

medium is of minor importance with respect to the formation 

of the surface charge as compared with the association/disso

ciation of surface groups of the suspended particles; 

- an increase in water content, either in the medium or on the 

surface of the dispersed particles, tends to make the zeta 

potential of oxides less negative (or : more positive). 

6.3. MATERIALS 

For these experiments, Merck p.a. zinc oxide was used that had 

been ignited for four hours at 450°C under flow of oxygen 

(see chapter 2). For characteristics of this zinc oxide see 

chapter 2. The methanol and ethanol were Merck p.a., the propanol 

was Riedel de Haan p.a. The alcohols were purified by flushing 

them through a one meter column containing 500 gr dried molsieve 

3R (24) . For every litre alcohol a fresh column 

was prepared by heating the column at 400°C under flow of dried 

nitrogen for 24 hours. The dried alcohol from the column was 

added (dropwise) directly to a column containing 100 gr of 

Zn0/02 . This was done in order to extract impurities from the 

alcohol, which might adsorb at the zinc oxide (e.g. water, 

metal ions). The alcohol from the zinc oxide column was received 

in a flask, that could be closed from the surrounding atmosphere. 

This purification procedure was performed directly before the 

preparation of the dispersions. 

All glassware was cleaned thoroughly with a chromic acid solu-
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tion, then extensively rinsed with double destilled water and 

afterwards dried in an oven overnight at 150°C. Then the glassware 

was rinsed with alcohol and dried again. Between the various 

experiments, the glassware was cleaned when necessary with dilute 

nitric acid, rinsed with destilled water and alcohol and dried. 

Before each experiment, the glassware was brought from the 

oven (150°C) directly to a water-free glove box. If possible, 

flasks were closed by stoppers in the water-free glove box. 

The atmosphere in the glove box was continuously circulated over 

three dried molsieve 4~-columns. Each day one of the three columns 

was refreshed. 

The potassium chloride solution for the propanol experiments 

was Merck p.a. KCl, dried at 150°C and transferred directly 

to dried propanol. From a saturated solution, a 1:100 diluted 

solution (in propanol) was prepared, which was used for the 

concentration series. 

The KOH solutions were made by dissolving KOH Merck p.a. directly 

in dried alcohol, making a concentration of 10-2 M. This solution 

was diluted with dried alcohol up to 10- 3M. The HCl-solution 

was made by using Merck p.a. hydrochloric acid which was diluted 

with dried alcohol to 10- 3M. 

The dispersions were prepared by adding 0.4 gr ignited zinc oxide 

straight from the ignition tube to 100 ml of dried alcohol. 

From this dispersion 3.2 ml was added to the alcohol (+ electro

lyte or water, acid or base). The total volume of these dispersions 

then was made up to 100.0 ml. 

Materials that could not be dried at 150°C (plastic stoppers, 

plastic stirrers, plastic taps etcetera) were dried at 50°C under 

reduced pressure. 

Solutions and samples stored in the glove box did not show any 

increase in water content after storage for 1~ week. 
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6. 4. !-!ETHODS 

6.4.1. Determination of water content 

The water content of the solutions and dispersions was determined 

by means of a Hewlett Packard 5710A gas chromatograph. For the 

separation of the alcohols and the water a 50 ern 1/8 inch column 

with Porapack Q 150-200 mesh was used. The carrier gas was hydrogen 

under a pressure of three atrnosphers. The gas velocity, the 

temperature of injector, column and detector were chosen as follows 

for methanol 25 rnl/rnin, 150/102/150°C, for ethanol 25 rnl/rnin 

150/130/150°C and for propanol 20 rnl/rnin 150/150/150°C. The 

detector was a catharorneter with a detection current of 325 rnA. 

The sensitivity and reproducibility were checked by using al

cohols containing known amounts of water. The sensitivity was 

1 . ~1 H2o per 100 rnl alcohol and the reproducibility was ~ 5%. 

6.4.2. Determination of Zn++_concentration 

As the solubility of zinc oxide in alcohols might vary under 

the experimental conditons applied, we had to check it by measuring 

the concentration of Zn++. As the concentration of Zn++ appeared 

to be very low, we used the differential pulse anodic stripping 

(DPAS)-technique. This method has been thouroughly described 

by Bond (25). 

Essentially, in this method zinc ions from solution are deposited 

on a hanging mercury drop by applying a fixed voltage (-1.20 V) 

versus a calomel reference electrode at a fixed time (two minutes). 

Then, by changing the applied voltage stepwise to the positive 

direction, the adsorbed zinc will be released in a given solution 

at a given voltage (-1.02V) .This causes a current; the difference 

in the current between two voltage steps is recorded. By comparing 

this response to the response of an addition of a standard 

solution of znc1 2 , the concentration in the original solution 

can be measured. For our experiments, we used the relation 
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in which 

em concentration of the sample solution 

i1 height of the sample peak 

12 height of the peak after addition of the standard solution 

vs volume of the standard addition 

v volume of the sample 
0 

cs concentration of the standard solution 

Sample solutions were prepared by centrifuging 15 ml of an 

alcoholic dispersion, transferring 10 ml of alcohol to a 

50 ml calibrated flask and evaporating the alcohol at 50°C under 

reduced pressure (sample solutions containing alcohol caused 

troubles by destabilisation of the hanging mercury drop) • 

The zinc (ions) were brought into solution again by addition 

of 50.0 ml of 0.1 N HCl/KCl. This solution then was placed 

in an ultrasonic bath for 30 minutes at 50°C. The solution 

was made oxygen free by bubbling with nitrogen which was 

deoxygenated by a pyrogallol-solution. This 50 ml solution 

was then used for the DPAS-analysis with a Princeton Applied 

Research Model 174A Polarographic Analyser. As standard 

solutions 10- 3M or 10-4M ZnC1 2 solutions in water were used. 

The method was checked by using different amounts of 10- 5M 

Zncl 2 in water, equally treated as the dispersion samples 

(see section 6.5.1., table 6-3). 

6.4.3. Determination of zeta potential 

The method used for the determination of the mobility of the 

particles in dispersion was the same as described in chapter 4. 

The dispersion was transferred from the stoppered flask to 

the electrophoresis eel in the water free glove box. Before 

each series of measurements the cell was cleaned and dried 
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in the oven at 150°C. For each new dispersion, the cell was 

flushed with this dispersion before filling. The cell was 

closed with the two electrodes, using teflon sleeves in stead 

of grease. The cell was then mounted in the Rank Brothers 

apparatus, put in the water batb and connected to the voltage 

supply system. Storage of a closed cell overnight revealed 

no increase in water content as measured with the gas chromato

graph. 

The criteria for correct measurement of mobilities of Hermanie 

and Vander Minne (6,7) were used 

- the motion of the was rectilinear and uniform, 

- the velocity was independent of the position in the electric 

field, 

- the velocity was proportional to the electric field and 

reversed on reversal of the field. 

For conversion of mobilities to zeta potentials we used the 

Huckel-equation : 

cc r o 

n dynamic viscosity of the alcohol (Nsm- 2 ) 

~ = mobility of the (m2v-ls- 1 ) 

cr= relative permittivity of the alcohol (1) 

c = permittivity in vacuum (c 2N-lm- 2 ) 
0 

The maximum error in the zeta potential, using this equation, 

was an overestimation of zeta of 6% as compared to the 

Wiersma, Loeb and Overbeek (26) calculations (for the dis

persions of zinc oxide in methanol, containing 1000 vl of 

10-3M HCl and 15 10- 5 M/1 Zn++). As we do not know the 

exact ionic composition of our dispersions, we could not 

use the Wiersma, Loeb and Overbeek (26) calculations for our 

alcoholic dispersions. 
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6.4.4. Determination of the rate of coagulation 

The method used for determination of the rate of coagulation 

was the same as that, described in chapter 4. All samples 

were transferred from the stoppered flasks to the previously 

dried coagulation tubes in the water free glove box. The 

coagulation tubes were stoppered with inert plastic caps 

by means of metal sealings and a sealing device (Fermpress 

HO 207). Just before measurement the tubes were removed from 

the glove box, afterwards they were stored in the box for 

the next day, if required. 

When stored outside the box for one night, samples of 

ethanol did not show any noticable increase in water content. 

6.5. RESULTS AND DISCUSSION 

6.5.1. Water content and zinc content of alcohols 

The solvents were purified by dropwise addition to a molsieve 

3R column, followed by dropwise addition to a Zn0/0 2 column 

(see 6.3.). Several fractions of the solvent during this 

purification procedure were collected and analysed on water 

content. Tables 6-1 and 6-2 give some results for methanol 

and ethanol. Figures are given for only the first fractions 

from the columns and for the water contents of some disper

sions used. No significant changes in concentration of water 

were noticed during storage of the solutions/dispersions 

during four days. 

The water content of the solvents after passaging the zinc 

oxide column is not less, perhaps even higher than the water 

content of the solvents after passing the molsieve 3~ 
column. This indicates that no water is adsorbed in the zinc 

oxide column. We thus do not expect the remaining water to 

adsorb at our zinc oxide particles in the dispersions either. 

If we calculate the amount of water, necessary to cover the 

zinc oxide particles in our dispersions with one monolayer 

thickness with 3.2 · 10- 3gr ZnO, 3.60 m2/gr and a maximum 
2 coverage of the zinc oxide surface of 11 OH/nm , we get 
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Table 6-1: Water content of methanol and ethanol after 
purification through the molsieve A3 column and the ZnO
column, and after extra additions of water. * vl H 0 
in 100 ml dispersion, (1) after one day, (3) after 2 

three days. 

methanol ethanol 

(d/100 ml) (ul/100 ml) 

(1) (3) (1) {3) 

as received 32.1 44.1 

from A3 12.8 13.6 

13.6 14.8 

from ZnO-column 15.0 16.0 

15.8 15.5 

15.3 16.1 14.6 15.1 

0 ul H20 18.1 17.4 15.8 14.1 

20 56.2 71.0 56 42 

75 176 158 125 135 

150 244 212 190 202 

350 323 338 380 395 

700 785 799 

Table 6-2: t'iater content of methanol and ethanol after 
purificction through the molsieve A3 colurr:n and the zno-

and after extra add1tions o: HC:l or KOH. 
M solution in 100 rnl 

(1) after one day, ( 3) after 

methanol ethanol 

(ul/100 rnl) (~1/100 ml) 

( 1) (3) ( 1) { 3) 

as received 25.0 33.2 

from A3 14.2 11.0 

13.2 14.8 

from ZnO-column 16.1 13.0 

14.9 16.5 

13.0 16.7 ll. 5 14.5 

0 ul 16.7 19.0 14.5 13.4 

10 ul HCl 16.4 18.5 11.0 12.1 

100 .,1 17.8 15.6 11.8 14.6 

1000 ul 16.3 18.8 12.0 13.2 

10 ul KOH 12.8 16.5 11.6 14.5 

100 ul 13.5 17.9 11.1 15.1 
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6.3 • 10 16 molecules of H2o which is .1.1 · 10- 7 Mole or 

2.10- 3 ~1 H
2

o per 100 ml alcoholic dispersion. This is far 

less than the water content of the purified solutions. If we 

use the same calculation for the purification column, con

taining 100 gr zno;o2 , we calculate a maximum adsorption of 

65 ~1 H2o. However, as the analysis of even the first drops 

of alcohol out of the zinc oxide column did not show a decrease 

in water content compared to the alcohol from the molsieve A
3 

column, we do not expect zinc oxide to adsorb H2o specifically. 

As has been shown by Morimoto and Nagao (27,28), water is 

adsorbed preferentially to the alcohols by the zinc oxide 

surface, but an equilibrium between water and alcohol ad

sorption may be expected. 

Tables 6-l, 6-4 and 6-5 give the results of Zn++_determinations 

for a test solution and for methanol and ethanol with variable 

water content and HCl/KOH-content. There is no indication that 

the Zn++ concentration increases with increasing water content. 

Dispersions with 1000 ~1 of 10- 3 HCl in methanol per 100 ml 

solution seem the only ones with increased Zn++_content. 

Dispersions in ethanol have significantly lower Zn++_concentra

tions than those in methanol. 

6.5.2. Influence of aging of the dispersions 

Each dispersion was measured three times at three successive 

days. Statistical analysis (method of paired comparisons, 

ref. 29) showed no significant influence of time neither on 

the zeta-potential nor on the rate of coagulation (0.05 con

fidence limit). 

6.5.3. Influence of water content 

Fig 1 shows the zeta potential as a function of the v1ater 

content in dispersions of zinc oxide in methanol, ethanol and 

propanol. For methanol dispersions, the zeta potential seems 

to be independent of the water content. Zinc oxide particles 

in ethanol show an increase in zeta potential from negative 
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Table 6-3: Calibration results of the DPAS
zinc-determination. added to a 50 ml calibrated 
flask, evaporated dissolved in 0.1 M KCl/HCl, 
2 0.1 ~ KCl/HCl. 

ZnC1 2 
Zn++initial Zn++measured 

10-SM (uM/1) (uM/ll 

blanc o.o 0.28 

ml 0.2 0.11 

ml 0.4 0.52 

8 ml 1.60 1.72 

15 ml 3.00 3.40 

Table 6-4: [Zn++) in dispersions with variable 
water content.-·Per 100 ml dispersion, 
(1) after one day, (3) after three days. 

methanol ethanol 

solution (M/L) (M/L) 

( 1) (3) ( 1) 

as received • 5 10-6 
• 3 10-6 

from ZnO-column 6.8 10-s 1.6 10-5 

0 ul H20 6.3 4.2 1.4 

20 ul 5.9 3.4 4. 6 

75 d 5. 0 10.4 1.8 

150 ul 1.6 

350 ul 1.9 1.9 3.1 

Table 6-5: [Zn~;] in dispersions with variable 
acidity .. • 10 M solution in 100 ml dispersion. 
(1) after one day, (3) after three days. 

methanol ethanol 

solution (M/L) (M/L) 

( 1) (l) (3) 

as received .s .3 10- 6 

from ZnO-column 6.8 1.6 10-s 

0 ~1 a.5 1.0 1.8 
10 ul Hcl* 9. 1 2.0 

100 ul 1.2 2.3 
1000 ul 15.5 6.5 10.4 

10 ul KOH 7.8 3.2 
100 "1 8.6 1.6 
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Fig. 6-l: Zeta potential of ZnO particles 

as a function of water content.o ~methanol, 

ethanol and l:l. propanol. 

Fig~ 6-2: Rate of coagulation as a function 

of water content. 0 = methanol, o 
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to positive potentials : a charge reversal can be observed 

here. The rates of coagulation of the same dispersions are 

plotted in fig 2. The relation between the zeta potential and 

rate of coagulation for these systems are given in fig 3. 

In this figure also the averaged curve for zno;o
2 

dispersions in 

water .is given. A relation between zeta potential and rate 

of coagulation similar to that in water can be observed. 

There is no evidence for any influence of Zn(OH) 2-polymers 

on the rate of coagulation, neither in water nor in the alcohols. 

As the rates of coagulation in water or in alcohol are of the 

same order of magnitude, the viscosity of the medium is ob

viously of minor influence in the process of coagulation~ most 

likely, the stirring rate is the determining factor here. 

The more positive values of the zeta-potentials in ethanol 

and propanol with increasing water content might be caused 

by the increasing concentration of protons and hydroxyls 

in the dispersions. Similar to the aqueous system, protons may 

have a higher affinity to the surface of the zinc oxide than 

the hydroxyl ions. In section 6.5.5. we will see a similar 

effect on zeta potential upon addition of small amounts of 

acid. 

The difference in zeta potentials between the three alcohols 

might be explained in the following way : lower alcohols have 

a higher degree of dissociation than the higher alcohols (30) ~ 

addition of protons and/or hydroxyl ions (e.g. from dissociated 

water) will have a more pronounced effect on the pH of the 

medium in the case of the higher alcohols than in the case of 

the lower alcohols. The possibility that differences in solu

bility of water in the alcohols play a role, e.g. by causing 

water to be expelled from the liquid to the zinc oxide surface 

in the higher alcohols to a greater extent than in the lower 

alcohols can be excluded since no adsorption of water to the 

zinc oxide surface was detected. 

Changes in the dielectric constant of the medium due to small 

additions of water, will be negigible small (31,32) ~ no 
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corrections for the dielectric constant in the calculation 

of zeta potential from mobilities will be necessary. 

The effect of changes in the Hamaker constant on the rate of 

coagulation due to the different kinds of media may be considered 

negligible as well (3), because the polarizability of the 

molecules in the media does not differ very much. Furthermore, 

the effect of variations of the Hamaker constant of the solvents 

will only have a small influence on the mixed Hamaker constant 

(33); the Hamaker constant of the zinc oxide is expected to be 

higher than that of the solvents (33) • Indeed, the measurements 

of Romo (14) on the stability of dispersions of aluminium 

oxide and aluminium-hydroxide have indicated that the use of 

the same mixed Hamaker constant for n-alcohols is permitted. 

6.5.4. Influence of potassium chloride 

The influence of potassium chloride on the zeta potential of 

zinc oxide dispersions in propanol is given in fig 4. Potas

sium chloride does not have a significant effect on the zeta 

potential in these dispersions. This is also reflected in 

the coagulation-curves (fig 5) • 

Hence there is no indication of adsorption of excess chloride 

or potassium at the surface of zinc oxide in these dispersions. 

+20 

• 

+40 

Fig, 6-4: Zeta potential as a function 

of watercontent with varying concentr~ 

tions of potassium chloride for disper 

sions in propanol. 0 = no KCl, 

• = .45 ~M/1, A= .91 1'11/l, 

ll ~ averaged values. 
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6.5.5. Influence of acidity 

The influence of acidity in suspensions of zinc oxide in 

methanol was checked by addition of 10,00 and 1000 ~1 of 

10-3M KCl or 10 and 100 ~1 of 10-3M KOH to 100 ml suspension. 

Zeta potentials were markedly influenced by acidi tv of the 

alcohols, as shown in fig 6. Zeta potentials for acidic dis

persions were all more negative for ethanol than for methanol. 

This is contrary to the results of Jackson and Parfitt for 

rutile: they found a less negative value of,the zeta potential 

in ethanol than in methanol. According to Abraham et al (34-36) 

the hydrogen ion has more affinity for the higher alcohols than 

the lower alcohols (single ion free energy of transfer from 

water to alcohol (in kcal mol- 1 ) at 298 K for methanol 2.49, 

ethanol 2.32 and for propanol 2.09) (35). Thus the dissociation 

of surface hydroxyl groups will be more pronounced in ethanol 

than in methanol. From these data, one would expect results 

as found by us rather than those reported by Jackson and Parfitt 

(13). 
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Fig. 6-6: Zeta potential as a function 

of acidity of the dispersions. 

methanol, 0 ethanol. 



Another explanation for the difference in behaviour of zinc 

oxide as compared to titanium dioxide might be found in the 

different solubility of zinc oxide and titanium dioxide. 

As shown in tables 6-4 and 6-5 zinc oxide is more dissolved 

in methanol than in ethanol. The dissolution of titani~~ dioxide 

in various media is known to be very low. 

The bending of the zeta-curves towards more negative potentials 

at additions of more than 10 ~1 of 10- 3M HCl per 100 ml is 

explained as follows : the concentration of chloride ions 

in these experiments increases from zero to 10- 4M/l. For the 

experiments :with varying concentration of KCl in propanol 

we used concentrations of .45 ~M/1 and .91 ~M/1 KCl respec

tively. This can be compared to the additions of 45 and 91 ~1 

of 10- 3M HCl to 100 ~1 alcohol. The zeta potentials of the 

dispersions with HCl are less negative than the dispersions 

with KCl of comparable chloride ion concentration. Furthermore, 

the zeta potentials of the acidic dispersions tend to get more 

negative on increasing the concentration of HCl. In our view, 

this can only be explained by assuming an adsorption of chloride 

ions, that is stimulated by the presence of (adsorbed) hydrogen 

ions. This may be stimulated even more because of the low 

affinity of the chloride ions to the solvent. The same expla

nation then holds for the addition of KOH. 

The dependence of the rate of coagulation (fig 7) versus 

zeta potential gives a similar picture as fig 3· Apparently 

there is no significant difference in rate of coagulation in 
water or in the alcohols, at 700 rpm. Hence, the shear rate 

will be the main determining factor determining the collision 

chance. The influence of the viscosity in this case is not 

noticeable. 
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6.5.6. Sedimentation experiments 

Fig. 6-7: Rate of coagulation as a func

tion of zeta potential in dispersions 

with varying acidity. 0 = methanol, 

0 = ethanol. 

We performed some sedimentation experiments with the disper

sions of zinc oxide in methanol and ethanol containing the 

HCl and KOH additions. The rate of sedimentation was measured 

in 25 ml calibrated cylinders and appeared to be not dependent 

on whether or not additions of acid or base had been made. 

The rates of sedimentation in the alcohol were in agreement 

with the sedimentation of the primary particles with equivalent 

spherical radii of approximately 200 nm (see section 2.3.2.). 

From these experiments we conclude, that in the dispe.rsions of 

zinc oxide in the alcohols under conditions of "no shear", 

at the concentrations of zinc oxide used in these experiments, 

the rate of coagulation will be very low and that the ultra

sonic treatment is efficient enough to break down all aggregates. 
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6.6. SUMMARY 

In this chapter we have considered the stability of dispersions 

of zinc oxide in methanol, ethanol and propanol. In these 

dispersions we varied the water content, the concentration 

of potassium chloride and the acidity. The water content of 

the dispersions, the concentration of zinc ions, the zeta 

potential and the rate of coagulation were measured. The 

description of the results is preceded by a literature study 

of the electrical double layer in non-aqueous media. From 

experimental results it was found that the added amounts of 

water in the dispersions were not adsorbed at the zinc oxide, 

nor did they cause a noticeable change in the solubility 

of zinc oxide. In combination with the results of the variation 

in the concentration of potassium chloride and in the acidity 

of the dispersions it was shown .tha:t water merely acts as a 

proton donor in the zinc oxide/alcohol system. Additions of 

potassium chloride alone did not cause any significant changes 

in the zeta potential or the rate of coagulation. Simultaneous 

additions of H+ and Cl- or K+ and OH- did lead to an additional 

adsorption of Cl or K+ respectively. This indicates that 
+ - + 

H /OH are necessary for the adsorption of Cl and K respec-

tively. These results are in concordance with those, found for 

the zinc oxide/aqueous electrolyte system. The relation between 

the rate of coagulation and the zeta potential was similar for 

all dispersions in the alcohols as well as in the aqueous electro

lyte systems. The same mechanism of stabilization is supposed for 

all dispersions. The variation of the stability as a function of 

acidity, of concentration of supporting electrolyte or of water 

content will mainly be determined by the variation in the zeta 

potential. We have not found a significant influence of the viscosit~ 

or of the dielectric constant of the medium on the stability. 

The effect of the stirring rate (shear rate) is apparently dominant 

over the effect of viscosity or dielectric constant. 
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7 • CONCLUDING REMARKS AND SUGGESTIONS FOR FURTHER RESEARCH 

FURTHER RESEARCH 

The starting-point of this investigation was the hypothesis, 

that the solid state properties could be of influence on the 

colloid chemical behaviour of semiconducting particles. 

For that reason, a lot of work has been done to characterize 

the solid state properties of various zinc oxide samples. 

As the research was proceeding, it seemed that the solid 

state properties did not have a noticeable influence on 

the colloid chemical behaviour of the zinc oxide/aqueous 

electrolyte system, at least not in the systems under in

vestigation. In addition to that, several problems that made 

the interpretation of our data troublesome, were met. Two 

ways for further research were open : we could investigate 

a system of zinc oxide/aqueous electrolyte, in which we 

could apply sub-band gap illumination to the system. In 

this way we would intensify the semiconducting properties 

of zinc oxide by creating electron/hole pairs inside the 

solid. However, in addition to that we would have to cope 

with surface reactions (e.g. formation of c12 and/or H2o2 , 

dissolution phenomena etc.) that could complicate the measure

ments to a great extent. An extensive analytical programm 

would have been necessary. For this reason we decided to 

concentrate our investigations on the solution of the 

problems we had encountered while performing our measurements 

on zinc oxide "in the dark". Some of these problems were 

the influence of stirring rate and/or shear rate on the 

rate of coagulation, and the interpretation of the "peak" 

values in the graphs of zeta potential versus pH and.of 

adsorption versus pH. It is hoped that the solutions of 

these "additional" problems did not distract the attention 

from the main theme of this thesis too much. 

We have in effect, mentioned one suggestion for future research 

already in the previous lines: the influences of sub-band gap 

illumination on the colloid chemical behaviour of zinc oxide. 
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A prerequisite here is a well established analytical program 

in order to be able to detect several possible surface reactions. 

Another suggestion is the research of the colloid chemical 

behaviour of single crystal zinc oxide. Many problems can be 

raced here also, as has been shown by Blok (1) and Dewald (2), 

However, Janssen et al. (3) have shown that the puls-relax-

ation method can provide a lot of useful information. In 

addition to that, the method of Smit and Holten (4) can be 

used to measure electrokinetic potentials at single crystal 

electrodes, in the absence or in the presence of an applied 

voltage, 
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SUMMARY 

The aim of this study was primarily to insight in the 

relation between the solid state of semiconducting 

oxides and their colloid chemical behaviour. In addition, 

attention is given to the relation between ionic adsorption 

and the colloid chemical stability of zinc oxide dispersions 

in aqueous as well as in alcoholic media. The influence of shear 

on the stability of dispersions was studied as well. 

Chapter 1 is concerned with the motivation of the present 

study and introduces some general features zinc oxide and 

of the colloid chemistry of oxides. Knowledge of the relation 

between the solid state properties and the colloid chemical 

behaviour of semiconducting oxides can provide more insight into 

the fundamentals of processes in for example solar liquid cells, 

catalysts and paints. 

The properties and characterization of the zinc oxide samples 

used in this study have been described in chapter 2. A litera

ture study provides an insight into the solid state properties 

that might be of importance for the colloid chemical ~haviour 

of zinc oxide. Four kinds of zinc oxide (non-treated, 

oxygen treated, nitrogen treated and hydrogen treated zinc 

oxide) have been studied with several techniques, such as 

electron micrography, BET-nitrogen gas adsorption, sedinentation 

analysis, photometric determination of excess zinc, electron 

spin resonance, X-ray diffraction, infrared spectrometry and 

volumetric determinations of surface hydroxyls and surface 

carbonates. The volumetric determination of surface hydroxyls 

could be used to distinguish between physisorbed and chemi

sorbed water. The zinc oxide samples were shown to be more 

or less hexagonally shaped with specific surface areas of 

3.00 to 3.67 m2/g. Non-treated zinc oxide contained nearly 

a full coverage of surface hydroxyls, a nearly equivalent 

amount of physisorbed water and some surface carbonate species. 

Treatment of zinc oxide at 450°c for four hours in an atmos-

of oxygen, nitrogen or hydrogen removes the surface 

carbonate species and the physisorbed water, but not the 
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chemisorbed surface hydroxyls. Heating of zinc oxide in 

oxygen or nitrogen hardly alters the content of free zinc 

in the samples, whereas treatment in an atmosphere of hydrogen 

increases the amount of free zinc 10-50 times. With experiments 

using X-ray diffraction and ellipsometry we investigated the 

hypothesis that a multilayer (e.g. of Zn(OH)
2

) would be formed 

upon immersion of zinc oxide in water. We did not find 

indications for such multilayer formation at the zinc oxide/ 

aqueous electrolyte interfase in dispersions of pH 7.5-10.5. 

In chapter 3 some basic double layer models are described, 

in order to elucidate the present ideas on the charge distri

bution at the oxide/solution interface. The role of H+/OH- ions 

at this interface is discussed The adsorption properties of 

these ions can be traced back to dissolution equilibria. 

At the zinc oxide/aqueous solution interface equilibrium 

between the surface layers and the solution can be expected; 

whether there is equilibrium between the surface layers and 

the bulk of the solid, especially with respect to the excess 

zinc and the free electrons in the solid, is subject of the 

present investigation. 

Chapter 4 deals with the methods and results of stability 

measurements. After a theoretical treatise on the parameters, 

determining the stability of dispersions in the absence of 

shear as well as in the presence of shear, experimental results 

are presented. In subchapter 4.4.2. the flow field in the 

coagulation tube is characterized by flow visualization and 

by Laser Doppler Anemometry. It was argued that so-called 

Taylor vortices give rise to high local shear rates in the 

cuvette at stirring rates larger than 150 rounds per minute. 

Local as well as average shear rates could be calculated in a 

semi-quantitative way. These calculated shear rates were used 

in computer calculations of the trajectories of two approaching 

spheres. No significant influence of inertial forces and/or 

particle size on the trajectories at high shear rates could 

be found. These computer simulations, which have been shown 

by other authors to be able to match the experimental results 
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for spherical particles fairly well, indicate that deviations 

from the sperical form, such as the hexagonality of the zinc 

oxide particles, influence the capture efficiency of two 

approaching particles in a significant way. Most probably, the 

hydrodynamic repulsion is diminished to a great extent because 

of the relative sharp edges of the zinc oxide particles. 

In subchapter 4.4.3. the influence of the pretreatment of 

zinc oxide on the stability and the zeta potential is dis

cussed. No influence of differences in the solid state proper

ties (e.g. interstitial zinc and number of free electrons) of 

zinc oxide on the stability or the zeta potential were detected. 

Adsorbed carbon dioxide did not influence the zeta potential, 

which means that it will desorb in a neutral molecular form. 

The stability of zinc oxide dispersions as a function of the 

zeta potential indicates that only electrostatic forces 

determine the change in the rate of coagulation of a given 

dispersion as a function of pH. There are no indications for 

the adsorption of neutral polymeric species (such as (Zn(OH) 2 )n) 

at the zinc oxide/aqueous electrolyte interface. The zeta 

potential as a function of pH at constant electrolyte concen

tration shows a surprising increase in negative value upon 

increase of hydrogen ion concentration in the range 7. 5 ( pH ( 8. 5. 

Together with the different values of the zeta potential in 

dispersions of zinc oxide in KCl, KI or KN03 this leads to 

the conclusion that the anions adsorb in a super-equivalent 

way, the order of adsorbability being Cl-) No
3 

> I-. 

Measurements of the adsorption of hydrogen and/or hydroxyl

ions are described in chapter 5. The amount of consumed H+/OH

was determined by potentiometric titrations at constant pH 

(pH-stat measurements). The titrations at constant pH, preceded 

by a saturation of the solution towards zinc oxide, have the 

advantage that dissolution effects (of zinc oxide) can be 

excluded. The suspension effect did not interfere with the 

measurements to a noticeable amount. Non-treated zinc oxide 

showed a complicated consumption of H+/OH- as a function of 

time. A fast consumption was followed by a slow process. 
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At least three processes are responsible for this result: 

a fast consumption of H+/OH- at the surface hydroxyl groups, 

a release of carbon dioxide from the surface of the zinc oxide 

with subsequent OH- consumption and a consumption of H+ at the 

lower pH values, caused by reaction with Hco 3-. Removal of 

the carbon dioxide by heating the zinc oxide above 220°C caused 

a complete disappearance of the slow process. No differences 

were found between samples heated in an atmosphere of oxygen, 

nitrogen or hydrogen. It was concluded that the solid state 

properties of zinc oxide, such as the amount of interstitial 

zinc, the number of free electrons, the amounts of adsorbed 

oxygen, nitrogen or hydrogen, do not play a role in the 

adsorption properties of zinc oxide in aqueous media. 

The consumption of H+/OH- in dispersions of pretreated zinc 

oxides as a function of pH at various concentrations of KCl and 

KN0 3 revealed an interesting effect, that had not been noticed 

by the fast titration technique before. From these measurements 

we could conclude that co-adsorption of Cl- or N0
3

- must occur, 

in accordance with the zeta potential measurements described 

in chapter 4. The adsorption of anions from the electrolyte 

solutions stimulates the adsorption of H+-ions at the zinc oxide/ 

aqueous electrolyte solution, Desorption of cations is believed 

to be the cause for the anomalous results in pH-stat titrations 

as compared with fast titrations. The present double layer models, 

as for example the site binding model and the porous gel model, 

are not able to explain these results. 

The influence of water on the stability of zinc oxide in al

cohols was treated in chapter 6, together with the influences 

of the concentration of potassium chloride and the acidity of 

the alcohols. It was found that additions of potassium chloride 

alone did not cause any significant changes in the zeta poten

tial or the stability. The simultaneous addition of H+ and 

Cl- and of K+ and OH leads to an adsorption of Cl-, stimu

lated by adsorbed H+, and to an adsorption of K+ stimulated by 

OH-. An increase in water content has the same effect as an 

increase in acidity : the water merely acts as a donor of 
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hydrogen ions. 

Chapter 7 gives some concluding remarks on the line of work, 

followed in this investigation. Some suggestions for further 

research are done. 

In conclusion, this study shows that the solid state properties 

of zinc oxide do not play a role of importance in the adsorptive 

properties of zinc oxide in aqueous dispersions, nor in the 

stabilization of zinc oxide dispersions. The pH-stat method, 

used in this study as an alternative method for surface charge 

determinations, revealed some interesting possibilities for 

obtaining information of adsorption processes at solid/liquid 

interfaces, especially when irreversible processes may be 

involved. 
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1. De methode van Ropp e.a. voor het meten van intrinsieke ge
leidingsvermogens van halfgeleidende poeders is ondeugdelijk. 

R.C. Ropp, S.W. Hall, R.J. Ropp and B. Carrol (1979). 
Direct measurement of intrinsic conductivity of ZnO powders. 
Ceramic Bulletin, ~ : 198. 

2. Ten onrechte houden Nagao e.a. geen rekening met de oplosbaar
heid van zinkoxide en met proton-adsorptie aan het ZnO-waterig 
electrolyt grensvlak bij hun metingen van de dompelwarmte van 
zinkoxide in water. 

M. Nagao, K. Yunoki, H. Muraishi and T. Morimoto (1978). 
Differential heat of chemisorption. 1. Chemisorption of water 
on zinc oxide and titanium dioxide. J.Phys.Chem., ~: 1032. 

3. De methode van Morimoto en Naono voor het meten van water op 
oxidische oppervlakken kan worden gebruikt voor het afzonder
lijk meten van gechemisorbeerd en gefysisorbeerd water. 

T. Morimoto and H. Naono (1973). Water content on metal oxides 
I, Bull.Chem.Soc. Japan, 46 : 2000. 
Dit proefschrift, pg. 45-48. 

4. De stelling van Butler en Ginley dat alleen waarden van flat
band potentialen, gemeten bij het p.z.z.p. (point of zero zeta 
potential) zinvol zijn, is aanvechtbaar. 

M.A. Butler and D.S. Ginley (1978). Prediction of flatband 
potentials at semiconductor-electrolyte interfaces from atomic 
electronegativities. J. Electrochem.Soc., 125 : 228. 

5. Ramo verwaarloost bij de interpretatie van zijn metingen ten 
onrechte dat de zeta-potentiaal niet alleen afneemt bij toe
nemend watergehalte in de aluminiumoxide-alcohol dispersies, 
maar dat de zeta-potentiaal bovendien van teken wisselt. 

A. Ramo (1966). Effect of c3 , C4 and c5 clcohols and water on 
the stability of dispersions with alumina and aluminium hydroxi 
Disc. Far. Soc., ~ : 232. 

6. De vraag of zinkoxide bij kamertemperatuur de meest stabiele 
vorm is boven zinkhydroxide(s) kan voor de gestoorde opper
vlaktelaag niet beantwoord worden met behulp van thermodyna
mische berekeningen. 

7. De Wet van Fick wordt vaak ten onrechte toegepast voor het 
beschrijven van vochttransport door hout. 

C.A. Hart (1977). Effective surface moisture content of wood 
during sorption. Wood Sci., 9 : 194. 
G. Bramhall (1979). Sorption-diffusion in wood. 
Wood Sci., 12 3. 



8. De huidige norm voor het keuren van spaanplaat voor bouw
kundige doeleinden, die ondermeer het meten van het 
formaldehyde gehalte van spaanplaten bevat, dient vervangen 
te worden door een norm met een methode, die de emissie 
van formaldehyde uit spaanplaten meet. De relatie tussen de 
emissie onder praktijkomstandigheden en onder proefomstandig
heden dient daarbij duidelijk te z 

Centrum Rout Brochure 83-1. Naarden. 

9. De naam "Partij van de Arbeid" suggereert een ~~nzi 
gerichtheid op de produktiefaktor arbeid; een naam, 
het socialistische karakter van deze meer tot 
doet komen ware aan te bevelen. 

10. De merkwaardige gewoonte van de, met name medische, administra
tieve sector om gegevens van een vrouw onder 
haar mans naam op te nemen, getuigt van een onjuist inzicht 
in de maatschappeliike verhoudinqen. 

11. Ten onrechte is het woord "kolloidchemie" (met een k) niet 
opgenomen in de Nederlandse woordenboeken. 

Einhoven, 23 december 1983. E.H.P. Logtenberg 




