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ABSTRACT 

In this thesis specific surface reactions on the mineral kaolinite have 

been investigated. The experimental methods used are mainly diffuse 

reflectance fourier transform infrared (DRIFT) spectroscopy, FT-

Raman spectroscopy and viscosity measurements. 

The properties of the kaolinite surface in various applications are of 

great importance. Kaolinite is, for example, used as an additive in 

polymers, as an extender in paints and inks, as a component in 

porcelain, and as a coating pigment in the paper industry. 

The first part of this work comprises an attempt to characterize the 

surface of kaolinite by investigating the deuterium exchange of the 

hydroxyl protons of kaolinite. The experiments were carried out 

during different times, at different pH, and at various temperatures. 

DRIFT spectra indicate that a long reaction time and an increase in 

temperature are needed for the deuteration to occur. A change in pH 

seems not to have any influence on the isotopic exchange. 

The second part of this work deals with adsorption of three different 

silane coupling agents onto the surface of kaolinite. The adsorption 

was studied in the solvents water and ethanol. According to DRIFT 

spectra and viscosity measurements all three silanes adsorb onto the 

surface of kaolinite independently of the solvent used. The results 

indicate that the silane coupling agents do probably not form covalent 

bonds with the hydroxyls on the surface of kaolinite. Instead hydrogen 

bonds are probably formed when the organo Mimes come into contact 

with surface of kaolinite. 
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INTRODUCTION 

Background 

Kaolinite is a clay mineral that has many industrial applications 

especially as a coating pigment in paper production. The main reason 

to perform paper coating is to improve the optical and printing 

properties. Kaolinite is also used, for example, in porcelain, rubber and 

electric heat insulators, as an extender in water based inks and paints, 

and as an additive in polymers (1-7). The properties of kaolinite in 

various applications are mainly due to its surface reactions. It is 

therefore of interest to characterize the surface of kaolinite. 

Clay minerals 

Structure of clay minerals 

A clay is a group of hydrous alumino-silicate minerals related to the 

micas (8). Clay minerals are important since they are abundant in soils 

where they play a dominant role in weathering processes. They have a 

layered structure with sandwiches of tetrahedral and octahedral 

sheets. The composing units of these sheets are Si and Al atoms. The 

silicon sheet consists of SiO4  tetrahedrons and the aluminium sheet 

consists of A1(OH)6  octahedrons. The SiO4  tetrahedrons share three 

out of four corners with one another, the fourth sticking out towards 

one side. The A1(OH)6  octahedrons share all their corners with one 
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another. The bonding of these two different sheets occurs between the 

apical oxygen atoms of the tetrahedral sheet and the hydroxyls of the 

octahedral sheet. The combination of these sheets forms the structural 

layer of a clay mineral. 

There are three major layer types of clay minerals (fig 1), distinguished 

by the number of tetrahedral and octahedral sheets combined. The 1:1 

layer type has one tetrahedral and one octahedral sheet, the 2:1 layer 

type has two tetrahedral sheets and one octahedral sheet, and the 2:1 

layer type with a hydroxide layer also has two tetrahedral sheets and 

one octahedral sheet but with a hydroxide interlayer. Clay minerals are 

also divided into five groups (table 1), differentiated by the kinds of 

isomorphic cation substitutions that occur. The 1:1 layer type is 

represented by the kaolinite group, the 2:1 layer type without a 

hydroxide interlayer by the illite, vermiculite and smectite groups, and 

the 2:1 layer type with a hydroxide interlayer by the chlorite group (9-

11). 

Properties of clay mineral surfaces 

The surface reactivity of a clay mineral evolves from the chemical 

behaviour of the surface functional groups. These functional groups 

behave differently from functional groups in individual molecules since 

they are bound into the solid framework of the mineral. 

When a surface functional group reacts with a molecule dissolved in a 

solvent, a surface complex is formed. This formation reaction is called 

surface complexation. Two different kinds of surface complexes can be 

formed; inner-sphere complexes and outer-sphere complexes. If no 

solvent molecule is interposed between the surface functional group 
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s 4  

1:1 LAYER 

2:1 LAYER 

2:1 LAYER WITH HYDROXIDE INTERLAYER 

Figure 1. The three layer types of clay minerals. 

Layer 
Group 
	

Layer type 	charge  (x) 
	

Typical chemical formula* 

Kaolinite 1:1 <0,01 ISLJA140,o(OH)inH20  (n  .= 0 or 4) 
Ill ite 2:1 1.4-2.0 Mn[Si, 8A1,.2]Al,Fe0.25Mg,,, 
Vermiculite 2:1 1.2-1.8 MdSi7A1iA13Feo.484.502(OH)4 
Smectite° 2:1 0.5-1.2 MdSiOA.1.3.2Fe0,2Mg0.60,(OH). 
Chlorite 2:1 with hydroxide 

interlayer 
variable (Al[OH]2.55)4•54.5A11,21A13.4M80.6020(OH), 

"  n  = 0 is kaolinite and  n  = 4 is halloysite: M = monovalent interlayer cation. 
Principally montmorillonite and beidellite in weathering environment. 

Table 1. Clay mineral groups. 

3 



and the adsorbed molecule, an inner-sphere complex is formed. An 

outer-sphere complex is formed when at least one solvent molecule is 

interposed between the surface functional group and the adsorbed 

molecule. An outer-sphere complex tends to be less stable than an 

inner-sphere complex because the former involves electrostatic 

bonding and the latter involves ionic or covalent bonding, or 

sometimes a combination of both. 

The hydroxyl groups exposed on a clay mineral surface are the most 

reactive and abundant functional groups of a clay mineral. Usually a 

clay mineral surface has different kinds of hydroxyl groups. Since this 

work concentrates on the clay mineral kaolinite, this mineral is used as 

an example to illustrate the characteristics of these surface hydroxyls. 

A kaolinite crystal consists of layers of octahedral sheets of gibbsite 

and tetrahedral sheets of siloxane. It is assumed that the negative 

charge on the siloxane sheet is attributed to an isomorphic substitution 

of Si(IV) by Al(III). The resulting negatively charged groups on the 

siloxane surface are involved in ion exchange reactions. When a crystal 

is broken apart, edge surfaces are created and hydroxyl groups are 

exposed. These edge-surface hydroxyl groups, also called "outer 

hydroxyls", are of two kinds; alurninol and silanol, depending on which 

sheet they are bonded to (fig 2). The hydroxyl groups situated on the 

gibbsite surface of the kaolinite crystal are also called "outer 

hydroxyls". Between the different layers in kaolinite there are so called 

"inner-surface" hydroxyls at the surface of the octahedral sheet 

opposite the tetrahedral  oxygens  of the next layer. Inside the 

octahedral and tetrahedral sheet there are hydroxyl groups called "inner 

hydroxyls" (9,12,13). 
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Figure 2. Schematic representation of the kaolinite structure. 

The most reactive hydroxyl groups are the "outer hydroxyls". These 

"outer hydroxyls" and the Si-O-Si groups at the siloxane surface are 

involved in acid-base equilibria. The reactions of the hydroxyls at the 

edge surface are pH dependent. The edge surface is protonated in the 

near neutral and weakly acidic pH range. The intrinsic acidity constants 

of the aluminol groups at the edge surface are 6.3 (plCsai) and 8.7 

(plCa2), and the intrinsic acidity constant of the hydroxyls at the 

gibbsite surface is 4 (pKsai) (13). 

Siffert et al. (14) has studied the pH dependence of the edge surface by 

measuring the Çpotential in aqueous kaolinite suspensions. At pH 

below 4.9, the isoelectric point of the edge surface, the edge surface 

mainly consists of Si-OH, 	A1-OH2+  and  E.  Al-OH groups. 

When pH is increased to pH 4.9 following reactions are supposed to 

happen: 

Si-OH + OH' E--- 	+ H20 	(a) 
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(b)  

In a zone from pH 4.9 up to  about  pH 8.0  reaction  (b)  continues while 

reaction  (a) is  practically  over. In  this  zone  many  --a.-  Al-OH  groups are  

present.  Since reaction  (a) is over  only  a Si-0-  groups are  present. The  

isoelectric  point  of  the  gibbsite  sheet  is  reached  at pH 8.0.  When  pH is  

increased  from 8.0 to 11,  following reactions are supposed  to  occur:  

---- Al-OH 2+  + OH-  <-4 -- Al-OH + H20 (c) 

E Al-OH + OH-  4-> -. Al-0-  + H2O 	(d)  

This means that when pH increases, the surface of kaolinite will 

become more and more negative. At the isoelectric point of the 

gibbsite sheet, at pH 8.0, both the edge surfaces and the basal planes 

are negatively charged and the kaolinite layers will repel each other. 

This behaviour can also be studied by measuring the viscosity of 

kaolinite suspensions. The viscosity of the kaolinite suspensions will 

decrease with an increase in pH. 

It should be noticed that the values of the acidity constants and the 

isoelectric point depend on the kaolinite used. The values presented 

here can only be considered as approximate values of the kaolinite used 

in this study. 
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Objective of present work 

The aim of the present work was to throw light on specific surface 

reactions of kaolinite and thereby trying to characterize the surface of 

kaolinite. The study also aimed to use FT-IR  and FT-Raman 

measurements to receive knowledge about how the kaolinite surface 

reacts. It is possible to obtain information about the reactions by using 

FT-IR  measurements but it is difficult to obtain specific information 

from FT-Raman measurements due to the occurrence of fluorescence 

originating from kaolinite. In this study Raman measurements have 

been made on solutions that do not contain kaolinite. 

The surface reactions of kaolinite have been investigated by doing a 

deuterium exchange of the hydroxyl protons of kaolinite. The variables 

have been reaction time, temperature and pH. 

The surface reactions have also been studied by adsorbing different 

silanes onto the surface of kaolinite. The adsorption was performed in 

the solvents water and ethanol. In addition to the FT-IR  measurements, 

viscosity measurements were made. 
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EXPERIMENTAL METHODS 

Fourier Transform Infrared Spectroscopy (FT-IR)  

The infrared region of the electromagnetic spectrum comprises the 

radiation at wavenumbers from 12 000 to 10 cm-1. The region is 

divided into three parts; near-, mid- and far-IR,  where the mid-1R, 

ranging from 4000 to 400 cm-', is the most interesting part of the 

region. 

Infrared radiation is absorbed by a molecule when its dipole moment is 

changed as a result of its vibrational or rotational motions. In an  IR  

spectrum of a gas it is possible to see bands due to rotational and 

vibrational motions, but since rotations are restricted in solids and 

liquids only bands due to vibrational motions can be observed in such 

samples. 

The vibration motions are divided into stretching and bending modes. 

A stretching vibration is a change of the length of the bond between 

two atoms. A bending vibration involves a change in the angle between 

two bonds (15,16). 

There are two kinds of  IR  spectrometers, dispersive and fourier 

transform instruments. A dispersive instrument measures one 

wavelength at the time while a fourier transform instrument measures 

the whole spectrum simultaneously. The most frequently used 

instrument today is the fourier transform instrument. The major 
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Fixed 
Mirror 

advantage obtained by using FT-IR  instruments is the large signal to 

noise ratio. 

A  Ff-IR  spectrometer consists of a source, an interferometer and a 

detector. The source consists of a material that is an efficient emitter of 

infrared radiation. An important device is a Michelson interferometer 

(fig 3). The light from the source strikes the beamsplitter and half of 

the light intensity is reflected and hits a movable mirror where it is 

reflected back to the beamsplitter. The other half of the light intensity 

is transmitted through the beamsplitter and is reflected on a fixed 

mirror back to the beamsplitter again. The two beams are recombined 

and lead to the detector. From the obtained interferogram a spectrum is 

generated by fourier transformation. 

Movable 
Mirror 

Lens 

Source 

co9  

<2"   Lens 

Detector 

Figure 3. Schematic of a Michelson interferometer. 

The infrared detector changes the infrared light into electrical energy. 

There are two types of detectors; thermal and selective detectors. 

Thermal detectors are well-suited detectors for fourier transform 
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infrared instrument. One example is the pyroelectric triglycine sulphate 

(TGS) detector. The dielectric constant of the pyroelectric material is 

dependent of temperature. Thus, a pyroelectric detector works as a 

temperature dependent capacitor. The change in capacitance, induced 

by the temperature change, is measured as a voltage across the 

capacitor. A TGS detector works fast and at room temperature. It is 

working in the whole mid-IR  range but is rather insensitive (15,17,18). 

DRIFT 

Various sampling techniques can be used for analysing liquids, gases 

and solids in FT-IR.  A commonly used technique for analysing 

reflected light from solids is the diffuse reflectance infrared fourier 

transform (DRIFT) technique. In this work all samples were analysed 

with the DRIFT-technique. 

A small amount of the sample is mixed with dried potassium bromide 

(KBr). The radiation from the source strikes the mixture and the light 

is diffusely reflected in different directions. The reflected light is 

measured and ratioed against a background spectrum of pure KBr. 

In order to change the reflectance spectrum into a linear absorbance 

spectrum the Kubelka-Munk function, f(R), is used. The function can 

be used in a computer program and is expressed as follows: 

f(R) = (1- R-)21 2 R.= ids 	 (1)  

where  R.  is the reflectance of the scattered layer,  k  is the molar 

absorption coefficient, and s the scattering coefficient, which is 

sensitive to particle size. 
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The advantages of using the DRIFT technique are high sensitivity, 

surface selectivity and the nondestruction of the sample. When using 

the Kubelka-Munk function it is important to have a uniform particle 

size of the sample (16-18). 

FT-Raman 

A Raman spectrum is obtained by irradiating a sample with 

monochromatic light. The monochromatic light is scattered by the 

molecules. Elastic scattering (Rayleigh scattering) occurs when the 

scattered light has the same energy as the incoming light. Rayleigh 

scattering gives rise to a strong band at  Av  = 0. When the scattered 

light has different energy than the incoming light inelastic scattering 

occurs, also known as the Raman effect. The Raman effect occurs 

when monochromatic light passes through a sample consisting of 

molecules that can tolerate a change in polarizability. The polarizability 

can be explained as the deformability of the electron cloud of the 

molecule by the electric field. The inelastic scattering gives rise to 

Stokes and Anti-Stokes lines in a Raman spectrum. The Stokes lines 

arise when the scattered light has less energy than the irradiated light 

and Anti-Stokes lines arise when the energy of the scattered light is 

greater than the irradiated light. Since Stokes lines have greater 

intensities than Anti-Stoke lines, usually only the Stokes part of a 

Raman spectrum is used (15,17). 
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A FT-Raman spectrometer consists of a source, an interferometer and 

a detector (fig 4). The source is usually a high power laser emitting in 

the near infrared region. A frequently used laser is the Neodynium-

doped Yttrium Aluminium Garnet (Nd3+:YAG) laser that emits at 1064  

nm.  By using this laser the problem with fluorescence can be 

overcome. In order to remove the Rayleigh scattering and the noise 

from the instrument, optical filters are used. A frequently used detector 

is the Indium Gallium Arsenide (InGaAs) detector. It can operate at 

room temperature and is sensitive in the near infrared region 

(15,16,18). 

Focusing 
	 Fixed 

mirror 	 mirror 

Spatial filters 

Figure 4. Schematic diagram of an FT-Raman instrument. 

Liquids, solids and gases can be analysed by FT-Raman. The samples 

analysed in this work have all been pure liquids or water solutions. 

Spectra from liquids can be obtained by using quartz cells. Water is a 

weak Raman scatterer but a strong adsorber of infrared light. It is 
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therefore an advantage to study aqueous solutions by Raman 

spectroscopy. 

Viscosity 

The viscosity of a liquid is the measure of the internal resistance against 

deformation influenced by an external force. The quotient between the 

deformed force per unit area (shear stress) and the resulting 

deformation of the substance per time unit (shear rate) is defined as the 

viscosity of a substance. This can be expressed mathematically by the 

formula: 

= F/S 	 (2) 

where  ri  is the viscosity in Pa-s, F is the shear stress in Pa and S is the 

shear rate in s-I. 

If the viscosity of the fluid is independent of the shear rate, the fluid 

has a flow behaviour called "Newtonian" (fig 5). Water is a typical 

Newtonian fluid. 

Colloidal suspensions often show a non-newtonian behaviour. The 

viscosity of such suspensions is dependent of the shear rate. Non-

newtonian flow behaviours are divided into different categories 

depending on how the viscosity changes with the shear rate. The 

categories are  pseudoplastic,  dilatant and plastic flow behaviours (fig 

5). In a  pseudoplastic  fluid the viscosity decreases with shear rate and 

in a dilatant fluid the viscosity increases with shear rate. In a plastic 
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fluid, a certain amount of force called the "yield value" needs to be 

applied to the fluid before it can flow. Once the "yield value" is 

reached and the fluid starts to flow, the fluid may show Newtonian,  

pseudoplastic  or dilatant flow characteristics.  

n  

 

A  

     

   

B 

 

       

      

  

S 

   

S 

     

     

e 
C D  

  

 

S  

 

S 

  

  

Figure 5. Viscosity (T1) as a function of shear rate (S). Different flow behaviours: 

A) Newtonian  B)  Non-Newtonian,  pseudoplastic C)  Non-Newtonian, dilatant and  

D)  Non-Newtonian, plastic. 

A fluid's viscosity can also decrease or increase with time. The former 

flow behaviour is called thixotropic and the latter rheopectic. 
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In a colloidal suspension, for example a kaolinite suspension, the 

viscosity is influenced by the amount of colloidal particles, the shape of 

the particles, the charge of the particles, and what kind of solvent in 

which the particles are dissolved. 

Methods for measuring viscosity are capillary flow and rotational 

methods. Capillary flow methods are useful when measuring viscosity 

of Newtonian fluids, and the most frequently used instrument is the  

Ostwald  viscometer. When measuring viscosity of non-newtonian 

fluids it is more convenient to use rotational methods, and the most 

frequently used instruments are the concentric cylinder (Couette) and 

the cone and plate viscometers. In this work all viscosity measurements 

have been performed by using the concentric cylinder (19-20). 

SUMMARY AND CONCLUSIONS 

A study of the isotopic exchange of the hydroxyl protons of kaolinite 

(Paper I) 

The deuterium exchange of the hydroxyl protons on kaolinite has been 

investigated. Reaction time, reaction temperature, and pH have been 

varied. DRIFT spectra were used to illustrate the surface reactions. 

The reaction times studied were 48 hours, 21/2  weeks and 5 weeks. 
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Spectra show that deuterium exchange has not occurred after 48 hours, 

21/2  weeks or 5 weeks when the experiments were carried out in room 

temperature. 

The temperature was increased to 30°C and 60°C and the samples were 

stored for 48 hours, 21/2  weeks and 5 weeks. DRIFT spectra indicate 

that deuteration has occurred both at 30°C and 60°C after 48 hours, 

21/2  weeks and 5 weeks. The best result was achieved after 5 weeks at 

60°C (Fig.6). Obviously more and more of the hydroxyl protons will be 

exchanged the longer the reaction time and the higher temperature. 

100°C 

60°C 

30°C 

----......./ 25°C 

2801 	2760 	2720 cm-1 2680 	2640 	2600 

Figure 6. DRIFT spectra showing the deuteration of kaolinite at different 

temperatures. The experiments were carried out during five weeks at 25°C, 30°C 

and 60°C and for 1/2  hour (boiled) at 100°C. The samples were dried at room 

temperature. 

KM 
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KM 

The highest temperature studied in this work was 100°C. Those 

samples were boiled for 1/2  hour. DRIFT spectra show that the OD 

peaks at 2750-2650 cm-1  are not very distinct, but if the reaction time 

had been longer more distinct peaks may have appeared in the spectra. 

The pH dependence of the deuteration has also been investigated. The 

pH of the samples were —3, the natural (-5.2) and —8. DRIFT spectra 

show that the deuteration is not affected by pH (Fig. 7). 

PH 7 8 

pH 4 

69 pH 

2800 	 2760 	 2720 	 2680 	 2640 	 2600 
cm-1 

Figure 7. A comparison of deuterated kaolinite at different pH. The samples were 

stored during five weeks at 60°C and dried at room temperature. 

A decrease in absorbance of the OD peaks was observed when the 

drying temperature of solid deuterated samples was increased (Fig. 8). 
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The drying temperatures investigated were room temperature, 60°C 

and 100°C. Since the peaks do not disappear when samples were dried 

at 100°C it is supposed that deuteration on some of the hydroxyl 

groups has occurred. The drying time (1.5, 3,4, 7, 24h) was also 

studied but no decrease in absorbance was noticed. 

dried at 25°C 

dried at 6CPC 
dried at lotec 

2801 	2760 	2720 cm_i 2680 	2640 	2600 

Figure 8. DRIFT spectra of kaolinite dried at different temperatures. The samples 

were stored at 60°C during five weeks and the pH was about 5. 

Apparently it is difficult to achieve an isotopic exchange of the 

hydroxyl protons of kaolinite. The temperature and the reaction time 

must be increased. Since the absorbance of the OH bands at 3700-3600 

cm does not decrease or disappear and the OD peaks are small, it is 

probably only a few of the hydroxyl protons that are exchanged 
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(Fig. 9). The OD peaks in the DRIFT spectra are assigned to both the 

"inner surface" hydroxyls and the "inner" hydroxyls. Deuteration has 

probably occurred on some of these hydroxyl groups. 

A pure kaolinite 

deuterated kaolinite  

3200 
	

2800 	25100 
cm-1 

Figure 9. DRIFT spectra of pure kaolinite and deuterated kaolinite. 

The result in this work indicates that deuteration of kaolinite occurs, 

but it is difficult to say to what extent and which of the hydroxyl 

groups that have been deuterated. 

19 
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A study of adsorption of silane coupling agents onto kaolinite 

(Paper II) 

The adsorption of three different silane coupling agents onto the 

surface of kaolinite has been studied. The adsorption was studied in the 

solvents water and ethanol. Different amounts of the silanes were 

added to the kaolinite suspensions. Analysis was performed by means 

of diffuse reflectance infrared spectroscopy and Raman spectroscopy. 

Viscosity measurements have been performed. 

There are two possibilities how silane coupling agents react with an 

inorganic mineral like kaolinite. The first possibility is that they are 

hydrolysed and silanol groups are formed, then these silanol groups are 

condensed and oligomers are formed, where after these oligomers are 

first bonded the hydroxyl groups on the mineral surface by hydrogen 

bonding and then finally by covalent bonding. The second possibility is 

that the silane coupling are hydrolysed in the same way but then they 

are condensed directly onto the surface of the mineral. 

The silane coupling agents used were; N-(2-aminoethyl)-3-

aminopropyltrimethoxysilane (Z-6020), N-(2-(vinylbenzyl-amino)-

ethyl)-3-aminopropyltrimethoxysilanes (Z-6032) and 3-g1ycidoxy-

propyltrimethoxysilane (Z-6040). 

DRIFT spectra show that all three silane coupling agents adsorb onto 

the surface of kaolinite independently of the solvent used (Fig. 10). 
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Figure 10. DRIFT spectra showing the adsorption of the silane coupling agent Z- 

6032 onto kaolinite, in water and in ethanol. 

When these silanes are dissolved in water the trimethoxy groups will 

react with water and silanol groups are formed. Raman spectra (Fig. 

11) of these water solutions of silanes show that a condensation of the 

silanes into oligomers also has occurred. The peak at 1000 cm' due to 

Si-O-Si vibrations manifests that polymerisation has occurred. 

Apparently the same thing happens when the silanes are dissolved in 

ethanol. Since the ethanol contains some water it is probably with this 

water that the silanes react. 
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Figure 11. Raman spectra showing A) Z-6020 pure  B)  Z-6020 dissolved in water 

and  C)  water. 

The solid samples were washed with water and acetone. In DRIFT 

spectra it can be seen that the absorbance of the peaks in the region 

3000-2700 cm' and1500-1400 cm-1  due to  C-H  vibrations decreases 

when a sample is washed with water. This indicates that the silanes are 

probably bonded to the mineral surface by hydrogen bonding. Another 

explanation could be that if there are many layers of the silanes 

adsorbed onto the surface, the outermost layers are dissolved in the 

water and a monolayer is remained on the kaolinite surface. 

Viscosity measurements also show that adsorption has occurred. 

The viscosity decreases when more of the silane coupling agents Z- 

6020 and Z-6032 are added to water suspensions of kaolinite (Fig. 12). 

This implies that the kaolinite particles are covered with the silanes. 
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The particles will repel each other since they have the same charge and 

this results in a decrease in viscosity. No change in viscosity is noticed 

when the silane Z-6040 is added to a water suspension of kaolinite. 

The probable reason is that this silane is neutral and then there are no 

repulsion between the kaolinite particles. 
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Figure 12. Viscosity as a function velocity when various amounts of the silane 

coupling agent Z-6020 is added to water suspensions of kaolinite. 

The adsorption of the silanes studied has occurred onto the kaolinite 

surface, independently of the solvent used. 

The silanes have reacted with kaolinite according to the first possibility 

how silane coupling agents react with mineral surfaces. However, 

further investigations need to be performed to manifest if covalent 

bonding to the surface of kaolinite has occurred. 
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Studies of adsorption on mineral surfaces by FT-spectroscopy 

(Paper III) 

Specific surface reactions on kaolinite were investigated by means of 

diffuse reflectance FT-IR.  The reactions studied were the deuterium 

exchange of the hydroxyl protons and the adsorption of three different 

silane coupling agents onto the surface of kaolinite. 

The isotopic exchange experiments were carried out at different 

temperatures and during different times. DRIFT spectra indicate that 

deuteration has occurred, and that an increase in temperature and 

reaction time is needed. 

The adsorption experiments were carried out in the solvents water and 

ethanol. The three silanes adsorbed were all trimethoxy silanes. 

DRIFT spectra show that adsorption has occurred independently of the 

solvent used. 
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Abstract: Specific surface reactions on kaolinite have been 

investigated by deuterium exchange of the hydroxyl protons of 

kaolinite. The kaolinite samples were allowed to react with deuterium 

oxide for 48 hours, 2; weeks and 5 weeks. The experiments were 

carried out at various pH-values (3, natural and 8) and at different 

temperatures (room temperature, 30°C, 60°C and 100°C). Analysis 

was performed using diffuse reflectance fourier transform infrared 

spectroscopy (DRIFT). Spectra indicate that isotopic exchange does 

not occur instantly but after some time, an increase in temperature is 

needed and pH seems not to have an effect on the deuteration of 

kaolinite. 

Keywords: kaolinite, deuteration, diffuse reflectance, FT-IR  
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INTRODUCTION 

Kaolinite is used for example in porcelain, plaster material, rubber and 

electric and heat insulators (1-3). Kaolinite is also used as a coating 

pigment in the paper industry. A paper coating consists of a pigment, 

usually mineral particles like kaolinite, and a binder, usually a polymer 

like polyacrylate that anchors the kaolinite to the cellulose fibers. The 

main reason why a paper is coated is to improve its optical and printing 

properties (4,5). 

Kaolinite is essentially a hydrated aluminium silicate, with the 

composition H2Al2Si208*H20. The kaolinite surface consists of three 

morphological planes of different chemical composition; a siloxane 

sheet with a tetrahedral structure, a gibbsite sheet with an octahedral 

structure, and an edge surface of Al(OH)3  and Si02. The combination 

of these sheets gives the kaolinite layer that is about 7.2Å (fig 1). A 

kaolinite crystal contains many of these layers. If the crystal is ordered 

the layers are stacked upon each other and held together by hydrogen 

bonds between the hydroxyls on the gibbsite sheet and the  oxygens  on 

the siloxane sheet. This is not the case for a disordered kaolinite where 

some of the hydrogen bonds are broken. On the surface of the gibbsite 

sheet and on the siloxane sheet water can be hydrogenbonded (6-8). 

The most reactive parts of kaolinite are the different hydroxyl groups. 

There are three types of hydroxyl groups in kaolinite: 1) "outer 

hydroxyls" at the surface of the crystal and the edge surface of the 

crystal; 2) "inner-surface" hydroxyls at the surface of the octahedral 

sheet opposite the tetrahedral  oxygens  of the next layer; and 3) "inner 

hydroxyls" that are located inside the octahedral and tetrahedral sheets 
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(9). In what way the "inner-surface" hydroxyls are orientated is not yet 

solved and the assignment of the four peaks appearing in an  IR-spectra 

is still a matter for discussion. It should be easy to adsorb molecules 

onto the surface of a kaolinite crystal or to do an isotopic exchange of 

the "outer hydroxyls". On the opposite it should be much more difficult 

to do an isotopic exchange of the "inner-surface" hydroxyls or the 

"inner hydroxyls". 

It has been shown that it is possible to bring molecules in-between the 

layers of a kaolinite crystal, so called intercalation. A numerous of 

works has been reported studying the intercalation of various 

compounds into kaolinite (10-19). Not all compounds intercalate 

directly into kaolinite but are brought into kaolinite by displacement of 

a previously intercalated compound (11). Previous studies of isotopic 

exchange on kaolinite have been performed using an intercalated 

kaolinite (20,21). In this work the experiments were carried out using 

pure kaolinite. 

The properties of kaolinite in various applications are mainly due to its 

surface reactions. In this study an attempt to characterize the surface of 

kaolinite is done by deuterium exchange of the hydroxyl protons on 

kaolinite. The samples were analysed with fourier transform infrared 

(FT-IR)  spectroscopy using the diffuse reflectance (DRIFT) technique. 
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EXPERIMENTAL 

Materials and chemicals 

The kaolinite Amazon was provided by Assi  kraftliner  in  Piteå,  

Sweden, ASP600 by Engelhard Corporation, USA and the Clay 

Minerals Society Standard kaolinite KGa-1 by Dr. Ray Frost at the 

Queensland University of Technology in Brisbane, Australia. All 

deuteration experiments were carried out with the kaolinite Amazon. 

The kaolinite ASP600 and KGa-1 were only used for comparison. 

The BET specific surface area for Amazon was measured to be 16.2 

m2/g and 17.3 m2/g for ASP600. 

The average particle size was measured to be 1.0 gm for Amazon (22) 

and 0.6 gm for ASP600 (23). 

Deuterium oxide, 99.95%, was provided by Merck and by Sigma. 

Deionized water was provided by Millipore Milli-Q  reagent Grade 

Water System with a water resistance of >18 MO•cm. 

The pH-values of the deuterium oxide suspensions were adjusted with 

0.1M Na0D or 0.1M DC1 and the pH-values of the water suspensions 

were adjusted with 0.1M NaOH or 0.1M  Hd.  

Sample preparation 

Deuteriumoxide suspensions of kaolinite with a solid concentration of 

50g/1 were prepared in all experiments. Water suspensions with a solid 
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concentration of 50g/1 were also always prepared for comparison and 

treated in the same way as the deuterium suspensions. 

Suspensions with low pH (-3), natural pH (-5.2 for Amazon) and high 

pH (-8) were stored at room temperature, 30°C and 60°C for 

approximately 48 hours, for two and a half week and five weeks 

without stirring. In the suspension stored for 48 hours the pH value 

was measured the first day and after two days. After two days the 

samples were filtered through filterpaper of 00H-grade and dried at 

room temperature for approximately 24 hours. In the suspensions 

stored for two and a half week and five weeks the pH was measured 

and adjusted about once week. After two and a half week and five 

weeks respectively the suspensions were filtered through filterpaper of 

00H-grade and dried at room temperature for approximately 24 

hours. The samples stored for five weeks were also dried in an oven at 

60°C and at 100°C for approximately 24 hours. Some of the samples 

dried at room temperature were washed with H20, filtered through 

filterpaper of 00H-grade and dried again in an oven at 60°C. 

Suspension with low pH (-3), natural pH (-5.2 for Amazon)and high 

pH (-8) were boiled during half an hour and pH was measured before 

boiling and after boiling (when the temperature of the suspensions had 

reached room temperature). The suspensions were then filtered 

through filterpaper of 00H-grade and dried at room temperature for 

approximately 24 hours. 

Samples for investigating the influence of drying time on the 

deuteration were prepared. Some of a deuterated kaolinite sample 

dried at room temperature was grinded and mixed with potassium 

bromide (KBr) and the mixture was put in a sample cup for measuring 
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diffuse reflectance. The sample cup and a "background" cup, 

containing pure KBr were put in an oven at 60°C and 100°C and 

spectra of the sample and the background were recorded at different 

times (0, 1.5, 3, 4, 7, 24h). 

Sample preparation for Scanning Electron Microscope  (SEM)  photos: 

Kaolinite was mixed with ethanol and the mixture was put on a 

microscope slide. The ethanol evaporated and gold was spottered over 

the sample to get enough conductivity. 

For the X-ray diffraction (XRD) analysis no sample preparation was 

needed. 

Instrumentation 

In this study a Perkin-Elmer Fourier-Transform infrared (FT-IR)  

2000X spectrometer equipped with a triglycinesulphate (TGS) detector 

was used.  IR  spectra were collected by the diffuse-reflectance 

technique using the Perkin-Elmer DRIFT accessory. About 10% by 

weight of the solid samples were mixed with ovendried (at 

approximately 110°C) spectroscopic grade KBr Uvasol® with a 

refractive index of 1.559 and a particle size of 5-20 gm. The spectra 

were recorded at resolution of 4 cm-1  and with a scan rate of 0.2  cm/s,  

by the accumulating of 100 scans (sometimes 200 scans) in the range 

4000-370 cm-1. A background spectrum of pure KBr was also 

recorded. All DRIFT spectra were converted to Kubelka-Munk 

spectra. 
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Data manipulation of the spectra was carried out using the computer 

programs PE GRAMS/2000 version 2.03 and Graph Builder version 

1.10. 

The BET specific surface area was measured with a Micromeritics 

ASAP 2010. The measurements were carried out letting N2 adsorb 

onto kaolinite at five different pressures at 250°C. 

The  SEM  measurements were performed with a Cam Scan instrument 

at 2500 enlargement, 30 kV and with a working distance of 13 mm. 

The XRD measurement was done with Co Ka radiation and with a 

monochromator in the diffracted beam. 

RESULTS AND DISCUSSION 

The  SEM  photos (fig 2) confirm that the average particle size data of 

the two kaolinites Amazon and ASP600 are correct. In the photos it's 

possible to see the hexagonal form of the kaolinite particles. 

The XRD spectrum of Amazon indicates that it is a poorly crystallized 

kaolinite with however strong 001 and 002 reflections. The layers are 

probably well stacked but there is a strong turbustratic effect, which 

means there is rotation of the layers perpendicular to the  c-axis. The 

kaolinite layer is 7.20Å. 
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Figure 3 shows a comparison between the DRIFT spectra of the 

kaolinites ASP600, Amazon and KGa-1. There is no difference among 

the three spectra indicating that the kaolinites are all ordered kaolinites 

and would react in the same way. All deuteration experiments were 

performed with kaolinite Amazon. In table 1 the literature assignment 

of the peaks to specific vibrations is presented. Usually only four peaks 

in the region 3800-3600 crn-1  due to OH stretching vibrations appear in 

a DRIFT spectrum of kaolinite, but in this work it sometimes appears 

six peaks instead of four (fig 4). There is not yet a definite assignment 

of the four peaks at 3695, 3668, 3653 and 3620 cm-1. The peak at 

3695 cm-1  is assigned to either an "outer-hydroxyl" (25) or to an 

"inner-surface" hydroxyl (9,20,21,27) and the peaks at 3668 and 3653 

cm" are assigned to "inner-surface" hydroxyls (9,20,21,25,27). How 

the "inner-surface" hydroxyls are located inside the structure of 

kaolinite is still a subject for controversy. Two of the three "inner-

surface" hydroxyls are probably located in a position perpendicular to 

the sheet and one is lying close to the plane of the sheet. The peak at 

3620 cm-1  is assigned to the "inner-hydroxyl" (9,20,21,25,27). The 

appearance of the two extra peaks in this work at 3648 and 3674 cm-1  

(Fig 4) may be an indication of that there are more than two 

orientations of the "inner-surface" hydroxyls. In Raman spectra 

obtained by Pajcini et al. (28) at room temperature four OH-bands at 

about the same wavenumbers as the  IR  bands appear. An asymmetry is 

observed for the 3695 crn-1  band, which could be explained by the 

presence of another band that is unresolved from the 3695 cm-1  band. 

In Raman spectra recorded at lower temperatures (28) more bands 

appear at the wavenumbers 3711, 3675, 3657, 3628 and 3618 crn-I . 
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The two extra Raman peaks do not appear at the same wavenumber as 

the two extra peaks in the  IR  spectra obtained in this study (fig 4). In 

three other Raman studies of kaolinites at room temperature (9, 26,29) 

a fifth OH-peak is observed at about 3688 cm-1  but this peak is 

probably not the same as either of the two extra peaks in our  IR  

spectra. 

If you deuterate kaolinite three or four peaks, depending on how much 

the kaolinite is deuterated (27), due to OD stretching vibrations will 

appear in the region 2750-2650 ail'. 

In table 2 a literature assignment of the OD peaks, appearing in spectra 

in this work, is presented. The frequency of the OH-peaks should be 

about 1.37 times the frequency of the OD-peaks (30), but this is not 

the case in this study. According to literature (20,21,27) it is possible 

to assign the OD-peaks. Three OD peaks appear in this study (fig 5). 

The two peaks at 2719 and 2695 cm-' are assigned to "inner-surface" 

OD groups and the peak at 2672 crn-1  is assigned to an "inner OD". 

Rouxhet et al. (27) suggest that when the degree of deuteration is less 

than 20% only one peak at 2714 cm-1  will appear and when the a 

degree of deuteration is more than 20% two peaks at 2708 and 2723 

cm-1  will appear. The results in this study indicate that the degree of 

deuteration is less than 20% since only one peak at 2719 cm-1  appears 

in the DRIFT spectra. The presence of the peak at 2672 cm-' is strange 

since it is known that it is very difficult to deuterate the "inner 

hydroxyl" (20). If the degree of deuteration is less than 20% than it 

would not be possible to deuterate the "inner hydroxyl". This 

observation is a subject of further investigation. 
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DRIFT spectra show that kaolinite was not deuterated when the 

samples were stored at room temperature for 48 hours. The expected 

peaks at about 2700 cm-1, corresponding to the stretching vibration of  

O-D  are missing. When the reaction time was increased to 2.5 or 5 

weeks a broad band with low absorbance in the region 2750-2650 cm-1  

appear. However no resolved peaks could be observed in the  OD-

region.  Apparently it is only water molecules adsorbed at the surface of 

kaolinite that have been exchanged. 

Deuteration has occurred after 48 hours, 2.5 weeks and 5 weeks at 

both 30°C and 60°C and after boiling for half an hour. In figure 6 a 

comparison of the spectra of the deuteration of kaolinite at 60°C 

during different reaction times is shown. The bands in the region 2750-

2650 cm-1  are due to  O-D  stretching vibrations. The absorbance of the 

OD peaks increases with increasing reaction time. The best result is 

obtained at 60  °C  after 5 weeks since the OD peaks are best resolved in 

this spectrum. Apparently more and more of the hydroxyl protons of 

kaolinite will be exchanged the longer the reaction time. 

DRIFT spectra in figure 7 show a comparison of the deuteration at 

various temperatures. The OD peaks have different shapes at the 

various temperatures with the most distinct peaks in the spectrum 

when deuteration has occurred at 60 °C. Evidently, 60 °C is a very 

convenient temperature for deuteration of the hydroxyl protons of 

kaolinite. However if the reaction time had been longer in the 

experiments performed at 100°C this temperature may have been even 

more convenient. 
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Obviously it is very difficult to make an isotopic exchange of the OH-

groups to OD-groups at the surface of kaolinite. The result in this 

study shows that it takes long time and an increase in temperature is 

needed to deuterate kaolinite (figs 6 and 7). 

Since the 0-D bands are small and the absorbance of the O-H  bands do 

not decrease during deuteration it is supposed that deuteration only 

occurs on very few of the OH-groups of kaolinite. The protons at the 

surface and at the edges of kaolinite are probably easier to exchange 

with deuterons than the protons inside the structure of kaolinite. One 

possibility could be that it is only these protons that are exchanged. 

Though since three 0-D peaks appear and are assigned to both the 

"inner-surface" and inner OD-groups it is probably more true that 

some of the original protons on these groups are exchanged for 

deuterons. 

Figure 8 shows a comparison of the DRIFTspectra of deuterated 

kaolinite at three different pH-values. The pH does not seem to affect 

the isotopic exchange. Deuteration occurs at the low (-3), the natural 

(-5.2) and the high pH-value (-8), but at the highest pH-value the O-

D bands are not so distinct as at the two lower pH-values. 

The hydroxyls at the gibbsite plane are protonated at a pH less than 5 

and the hydroxyls at the edge surfaces are protonated in near neutral 

and weakly acidic pH range. The intrinsic acidity constants of the 

hydroxyls at the edge are 6.3 (plCal) and 8.7 (pKsa2) whereas the 

intrinsic acidity constant of the hydroxyls at the gibbsite surface is 

about 4 (plVai). Due to isomorphic substitution of Si(IV) by Al(III) the 

siloxane surface is permanently negatively charged (6). The values of 
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the acidity constants vary depending on the kaolinite. Since no titration 

experiments were performed on the kaolinite used in this work the 

values of the acidity constants are only approximate. However at the 

pH values 3 and 5.2 the surface of kaolinite is protonated and the 

isotopic exchange of the hydroxyl protons by deuterons is possible. At 

pH 8 only a few of the surface hydroxyls are protonated and this could 

be the reason why the OD peaks are not so distinct at the high pH. 

In the samples stored at approximately 48 hours at room temperature, 

30°C and 60°C the pH-value was measured the first day and after two 

days. The pH-value of the samples stored at room temperature, 30°C 

and 60°C during 2.5 and 5 weeks were measured about once a week. 

The pH-values, at low pH, increased and at the natural pH and at high 

pH, the pH-values decreased during the different times of storage of 

the samples. This may imply that carbondioxide in air dissolves in the 

water and in the heavy water, and carbon acid is formed which lower 

the pH-value. Another explanation could be that the surface will be 

hydroxylated, protons will be released and then pH decreases. In the 

samples that were boiled for 1/2h the pH-values also decreased. 

When a solid deuterated kaolinite sample was dried at room 

temperature, 60°C and 100°C a decrease in absorbance of the OD 

peaks is noticed with increased drying temperature (fig 9). This may 

indicate that it is water molecules at the surface of kaolinite that have 

been exchanged. However, since the peaks do not disappear it is 

supposed that deuteration on some of the hydroxyl groups on kaolinite 

has occurred. The drying time up to 24 hours at 60°C and 100°C did 

not affect the OD bands, no decrease in absorbance was observed. This 
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is also an indication of that deuteration has occurred on some of the 

hydroxyl groups on kaolinite. If the OD peaks had disappeared when 

the samples were dried at 100°C then we could suppose that heavy 

water only was adsorbed onto the surface. 

After washing a deuterated sample with water the bands corresponding 

to the  O-D  stretching vibrations became less distinct than before 

washing and the absorbance decreases. This may imply, that the 

deuteration reaction is a reversible reaction and that deuterons are 

exchanged for protons. 

CONCLUSIONS 

Evidently it is very hard at room temperature to make an isotopic 

exchange of the hydroxyl protons with deuterons at the surface of 

kaolinite. The temperature and the reaction time must be increased. 

The most convenient temperature, of the temperatures studied in this 

work, is 60  °C.  The pH seems not to influence the deuteration very 

much. It is only at the highest pH were some changes of the OD peaks 

in the DRIFT spectra can be observed. This work shows that it is 

possible to deuterate kaolinite without using an intercalated kaolinite as 

has been used in previous studies. However at present it is not 

possible to draw any conclusion about how many and which of the 

hydroxyl protons that have been exchanged. 
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Table 1  
Group assignment of kaolinite using diffuse reflectance infrared 
spectroscopy 

wavenumber, cm-1  Literature assignment 
(16,20,21,24,25-27) 

3695 free, outer OH or inner surface OH 
3668 inner-surface OH 
3653 inner-surface OH 
3620 inner OH 
1639  H-O-H  bend 
1115 Si-O-Si 
1034 Si-O-Si 
916 Si-OH 
795 Si-O-Al 
754 Si-O-Al 
644 Si-O-Si 
553 Si-O-Si 
476 Si-O-Si 
434 Si-O-Si 

Table 2 
Group assignment of OD peaks using diffuse reflectance infrared 
spectroscopy 

wavenumber, cm-1  Literature assignment 
(20,21,27) 

2719 
2695 
2672 

inner-surface OD 
inner-surface OD 
inner OD 
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Figure 1 Representation of the structure of kaolinite 



Figure 2  SEM  photos of the kaolinites; Amazon and ASP600. 
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Figure 3 DRIFT spectra showing the comparison of kaolinites; Amazon, ASP600 
and KGa-1. 
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Figure 4 DRIFT spectrum showing peaks due to OH stretching vibrations of 
kaolinite. 
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Figure 5 DRIFT spectra showing peaks due to OD stretching vibrations of 
kaolinite. 
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Figure 6 DRIFT spectra showing the deuteration of kaolinite during different 
reaction times. The pH of the samples were about 5, they were stored at 60°C and 
dried at room temperature. The bands in the region 2750-2650 cm-1  are due to  O-D  
stretching vibrations. 



Figure 7 DRIFT spectra showing the deuteration of kaolinite at different 
temperatures. The experiments were carried out during five weeks at 25, 30 and 
60°C and for ;. hour (boiled) at 100°C. The samples were dried at room 
temperature. 



Figure 8 A comparison of deuterated kaolinite at different pH. The samples were 
stored during five weeks at 60°C and dried at room temperature. 
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Figure 9 DRIFT spectra of kaolinite dried at different temperatures. The samples 
were stored at 60°C during five weeks and the pH was about 5. 
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Abstract: Specific surface reactions on kaolinite have been studied by 

adsorbing different amount of the silane coupling agents: N-(2-

aminoethyl)-3-aminopropyltrimethoxysilane (Z-6020), N-(2-

(vinylbenzyl-amino)-ethyl)-3-aminopropyltrimethoxysilanes (Z-6032) 

and 3-glycidoxy-propyltrimethoxysilane (Z-6040), onto the surface of 

kaolinite, in the solvents water and ethanol. Analysis was carried out by 

means of diffuse reflectance fourier transform infrared spectroscopy 

(DRIFT). Spectra show that adsorption of the silane coupling agents 

occurs on the kaolinite surface, independently of the solvent used. 

Viscosity measurements were performed on the suspensions containing 

kaolinite, silane and water. The viscosity decreased when more of the 

silane coupling agents Z-6020 and Z-6032 were added to the water 

suspensions of kaolinite. No change of the viscosity was observed 

when more of the silane coupling agent Z-6040 was added to the water 

suspension of kaolinite. 

Keywords: kaolinite, adsorption, silane, DRIFT, viscosity 



INTRODUCTION 

Kaolinite is essentially a hydrated aluminium silicate, approximately 

H2Al2Si208*H20. The kaolinite surface consists of three morphological 

planes of different chemical composition; a gibbsite layer with an 

octahedral structure, a siloxane layer with a tertrahedral structure and 

an edge surface of Al(OH)3  and Si02  (fig 1) (1,2). Combination of 

these sheets makes up the kaolinite layer and a kaolinite crystal consists 

of many of these layers. The kaolinite particles look like hexagonal 

formed platelets, with basal planes that are negatively charged and with 

broken edges that are positively charged (fig 2). These charges are pH 

dependent. The negatively charged basal planes will become more 

negative with increasing pH and the positive charges at the edges are 

eliminated at pH above 7. 

Kaolinite is a mineral that has many industrial applications especially as 

a coating pigment in the paper production. It is also used as a 

component in porcelain, plaster material and electric and heat 

insulators, as an additive in polymers and as an extender in water based 

inks and paints (3-5). The kaolinite surface is usually modified in some 

way when used as an additive. A modified kaolinite can improve the 

properties of the materials in which it is dispersed. One way to do this 

modification is to adsorb organo functional silanes or so called silane 

coupling agents onto the surface of kaolinite. Silane coupling agents 

will permit the bonding of an otherwise nonbonding surface like 

kaolinite. It is known that organosilanes have an established reactivity 
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for kaolinite. The general formula of an organosilane (I) shows that the 

molecule has two reactive parts. 

RSiX3 	 (I)  

R  is a nonhydrolyzable organic radical and  X  is a hydrolyzable group, 

for instance an alkoxy or amine group. There are two alternatives how 

the reaction of organosilanes with inorganic surfaces characterized by 

the presence of hydroxyl (OH) groups, occurs. The first one involves 

four steps (Fig 3a): 1) the hydrolyzable group  X  is converted to the 

reactive silanol form by hydrolysis, 2) condensation of the organosilane 

to oligomers, 3) formation of hydrogen bonds between the oligomers 

and the OH groups on the inorganic surface and 4) finally a covalent 

linkage is formed during drying. The second alternative involves only 

two steps (Fig 3b): 1) the hydrolyzable group  X  is converted to the 

reactive silanol form by hydrolysis and 2) the silanol form reacts 

directly with the hydroxyl groups on the inorganic surface. The first 

step in both cases can occur either by preparation of an aqueous 

solution of the organosilane or on the inorganic surface containing 

adsorbed water (6-8). 

Earlier studies of adsorption of silanes onto kaolinite are for example 

from the rubber industry (9,10). Silane modified clays used in the 

rubber industry can for instance reduce the heat build-up in tyre 

carcasses. An earlier work of silane adsorption studied by diffuse 

reflectance fourier transform infrared (DRIFT) spectroscopy has been 

reported (7) where the adsorption of vinyltriethoxy, gammapropyl- 
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aminotriethoxy and propylmercaptotrimethoxy silanes has been 

investigated quantitatively. 

The aim of this work is to study specific surface reactions on kaolinite 

by adsorbing the silane coupling agents: N-(2-aminoethyl)-3-amino-

propyltrimethoxysilane (Z-6020), N-(2-(vinylbenzyl-amino)-ethyl)-3-

aminopropyltrimethoxysilanes (Z-6032) and 3-glycidoxy-propyl-

trimethoxysilane (Z-6040) from the solvents water and ethanol, onto 

the surface of kaolinite. The samples were analysed with fourier 

transform infrared (FT-IR)  spectroscopy using the diffuse reflectance 

(DRIFT) technique. Viscosity measurements of the water suspension 

of kaolinite containing various amounts of the different silanes were 

also performed. 

EXPERIMENTAL 

Materials and chemicals 

The kaolinite Amazon was provided by Assi  kraftliner  in  Piteå,  

Sweden. 

The BET specific surface area of Amazon was measured to be 16.2 
m2,/g.  

The average particle size was measured to be 1.0 gm (11). 

The silane coupling agents; N-(2-aminoethyl)-3-amino- 

propyltrimethoxysilane (Z-6020), N-(2-(vinylbenzyl-amino)-ethyl)-3- 
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aminopropyltrimethoxysilanes (Z-6032) and 3-glycidoxy-propyl-

trimethoxysilane (Z-6040) were provided by Dow Coming 

Corporation, Midland, USA. The structural formulas are shown in 

figure 4. 

Deionized water was provided by Millipore Milli-Q  reagent Grade 

Water System with a water resistance of more than 18 M11-cm. 

Ethanol, 95%, was provided by Kemetyl and acetone, purum 99.5%, 

by KeboLab. 

Sample preparation for DRIFT measurements 

Adsorption of silanes in water 

Water suspensions of kaolinite with a solid concentration of 50 g/1 

were prepared and different amounts (0.10, 0.25, 0.50, 1.00, 1.50, 

2.00g) of the silane coupling agents Z-6020, Z-6032 and Z-6040 

respectively were added to the suspensions. The suspensions were 

stirred at room temperature for two days. The pH of the suspensions 

was measured before the silanes were added, directly after the addition 

and after two days. After two days the samples were filtered and 

divided into two parts, one part of the sample was dried in an oven at 

60°C for approximately 24 hours and the other part was dried at room 

temperature for approximately 24 hours. One part of the sample that 

was dried at room temperature was washed with water and the other 

part was washed with acetone. 
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Adsorption of silanes in ethanol 

Different amounts (0.10, 0.25, 0.50, 1.00, 1.50, 2.00g) of the silane 

coupling agents Z-6020, Z-6032 and Z-6040 respectively were added 

to 40  ml  ethanol. After the addition of a silane, 2g of the kaolinite 

amazon was added to the solutions in order to achieve suspensions 

with a solid concentration of 50 g/l. The suspensions were stirred at 

room temperature for two days. The pH of the samples was measured 

after addition of a silane, immediately after addition of kaolinite and 

after two days. The samples were after two days filtered and divided 

into two parts, one part of the sample was dried in an oven at 60°C for 

approximately 24 hours and the other part was dried at room 

temperature for approximately 24 hours. One part of the sample that 

was dried at room temperature was washed with water and the other 

part was washed with acetone. 

Sample preparation for FT-Raman measurements 

The three silane coupling agents were run pure and as aqueous 

solutions with a concentration of about 1 mole/1. A 1 cm quartz cell 

was used for the measurements. 
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Sample preparation for viscosity measurements 

Water suspensions of kaolinite with a solid concentration of 450 g/1 

were prepared. Different amounts, from 4.5g up to 72.1  g,  of the silane 

coupling agents were added to kaolinite suspensions. 

Instrumentation 

In this study a Perkin-Elmer Fourier-Transform Infrared (FT-IR)  

2000X spectrometer was used.  IR  spectra were collected by the diffuse 

reflectance technique (DRIFT) using the Perkin-Elmer DRIFT 

accessory. About 10% by weight of the solid samples were mixed with 

ovendried (at approximately 110°C) spectroscopic grade IG3r Uvasol® 

with a refractive index of 1.559 and a particle size of 5-20 gm. A 

background spectrum of pure KBr was also recorded. 

A triglycinesulphate (TGS) detector was used and 100 scans 

(sometimes 200 scans), in the region 4000-370 cm-1, were accumulated 

at a resolution of 4 cm-1  and with a scan rate of 0.2  cm/s.  All DRIFT 

spectra were converted to Kubelka-Munk spectra. 

The Raman spectra of the silane coupling agents pure and in water 

were collected by using a Perkin Elmer PE1760X fourier transform 

infrared (FT-IR)  spectrometer equipped with a near-infrared (NW) 

Raman bench. The scattering was excited from 1064  nm  emission with 

a Spectron SL 301 Neodymium-doped Yttrium Aluminium Garnet 

(Nd3±:YAG) laser. Two hundred or 400 scans were accumulated at a 
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resolution of 4 cm"' and with a scan rate of 0.1  cm/s  using an Indium 

Gallium Arsenide (InGaAs) detector. 

Data manipulation of the spectra was carried out using the computer 

programs PE GRAMS/2000 version 2.03 and Graph Builder version 

1.10. 

The BET specific surface area was measured with a Micromeritics 

ASAP 2010. The measurement was carried out letting N2 adsorb onto 

kaolinite at five different pressures at 250°C. 

The viscosity measurements were carried out, using the rotational 

method, at different shear rates with a Brookfield model DV-II+ digital 

viscometer. 

RESULTS AND DISCUSSION 

Adsorption of silanes in water 

All three silane coupling agents dissolved in water adsorb onto the 

surface of kaolinite as can been seen in DRIFT spectra in figure 5. The 

peaks in the region 3000-2700 cm"' are due to aliphatic  C-H  stretching 

vibrations, the peaks in the region 1500-1400 cm' correspond to 

aliphatic  C-H  bending vibrations and the peaks (for the silanes Z-6020 

and Z-6032) in the region 1700-1550 cm"' correspond to  N-H  bending 

vibrations. Hydrolysis of silane coupling agents into silanols is 

supposed to occur in water. An attempt to confirm that this hydrolysis 
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really occurs was made by recording Raman spectra of the pure silane 

coupling agents and the silanes dissolved in water (fig 6). In Raman 

spectra of the silane coupling agents dissolved in water a broad peak 

around 3300 cm-1  due to OH stretching vibration can be seen. It is 

difficult to assign this peak to the silanols because when the Raman 

spectrum of pure water was recorded a broad band in the same region 

appears. However a peak around 1000 cm-1  appears in the spectra of 

the silanes dissolved in water. This peak can be assigned to Si-O-Si 

vibrations that indicate that siloxane polymers are formed. Thus the 

silanes are probably first hydrolysed and then condensed to oligomers 

according the first alternative how silane coupling agents reacts with 

inorganic surfaces (fig 3a). 

As can be seen in figure 7, when a sample is washed with water a 

decrease of the absorbance of the peaks due to  C-H  stretching 

vibrations is noticed and when a sample is washed with acetone only a 

small decrease of the absorbance of the peaks is noticed. One possible 

reason may be that the silanes do not form any covalent bonds with the 

mineral surface. Instead only hydrogen bonds are probably formed. 

Another explanation could be that the kaolinite surface is covered with 

many layers of silanes. The outermost layers of silanes are dissolved in 

the water and a monolayer of silane is remained on the surface. If there 

is a monolayer of silane on the kaolinite surface it could be possible 

that this monolayer is attached to the surface by covalent linkages. 

The DRIFT spectra in figure 8 show that there is no difference if the 

sample is dried at room temperature or at 60°C. This implies that 

probably are no covalent bonds formed during drying. 
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Obviously the silane coupling agents react with inorganic surfaces 

according to the first alternative, but perhaps without the fourth step, 

proposed in figure 3a. 

No decrease in absorbance of the OH bands in the region 3700-3600 

cm-1  is observed. It is supposed that the silanes react with only a few of 

the OH groups on the kaolinite surface, maybe due to steric hindrance. 

The DRIFT spectra in figure 9 show that when more Z-6032 is added 

to the suspensions the absorbance of the bands in the region 3000-2700 
-I cmincreases. This indicates that even when the largest amount, 2g of 

Z-6032, is added to a kaolinite suspension (50 g/1) the kaolinite surface 

is not saturated with the silane coupling agent. This does not happen to 

the same extent when more Z-6020 or Z-6040 is added to the 

suspensions maybe because in these two cases the surface of kaolinite 

is saturated. 

The data of the pH measurements are listed in table 1. After addition of 

the silane Z-6020 to a water suspension of kaolinite the pH values 

increased up to about 10. Pure Z-6020 has a pH value of 8.5. The 

increasing pH values imply that hydroxide ions are produced indicating 

that not only hydrolysis occurs. The silane coupling agent Z-6020 is 

also a primary amine (fig 4) and like ammonia, all amines are weak 

basis and aqueous solutions of amines are basic. Apparently the 

following reaction (II) occurs: 

R-NH2  + H2O <=> R-NH3+  +  OH- 	 (II)  
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The silane coupling agent Z-6032 is an amine too, but a secondary 

amine with two amine groups (fig 4) and as shown in table 1 the pH 

values increase when Z-6032 is added to aqueous suspensions of 

kaolinite. The pH value of pure Z-6032 is 7.6. If we compare the pH 

value of pure Z-6032 and the pH values obtained after the addition of 

Z-6032 to the kaolinite suspension there is a small decrease in pH. 

Since Z-6032 also contains HC1 it is supposed that Z-6032 is a salt 

with the proton from the HC1 attached to one of the amine groups. 

When Z-6032 is dissolved in water reaction II will occur and a proton 

from the water will be attached to the second amine group. Apparently 

this protonated amine has buffer capacity and will not cause any 

change in pH but since a hydrolysis of the methoxy groups into silanols 

also occurs, a small decrease in pH will occur. 

No change in pH was observed when the silane coupling agent Z-6040 

was added to water suspensions of kaolinite (table 1). Pure Z-6040 has 

a pH-value of 3.8. Even if pure Z-6040 has a lower pH then when it is 

dissolved in water it is supposed that no other reaction occurs or that a 

reaction that causes no change in pH occurs. Since Z-6040 is an 

epoxide (fig 4), the only reaction that may occur, in addition to the 

hydrolysis, is the reaction of the epoxide group with water where it is 

possible that a dialcohol is formed. This reaction causes no change in 

pH. 

Even though other reactions will occur with the silane coupling agent 

we suppose the silanol groups are reacting with the surface of 

kaolinite. 
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Adsorption of silanes in ethanol 

DRIFT spectra in figure 10 show that all three silanes adsorb onto the 

kaolinite surface in ethanol. The assignment of the bands is the same as 

is explained when the adsorption occurs in water. In these experiments, 

it is supposed that hydrolysis of the slimes occurs at the surface of 

kaolinite or in the 5% water in the ethanol. No change in pH is 

observed after addition of the various silanes to the ethanol 

suspensions of kaolinite (table 2) and this is an indication of that no 

reaction occurs between ethanol and the silanes. 

The DRIFT spectra in figure 11 show a decrease of the absorbance of 

the peaks due to  C-H  stretching vibrations when a sample is washed 

with water. When a sample is washed with acetone only a small 

decrease of the absorbance of the peaks is noticed. Figure 12 shows 

that there is no difference if the sample is dried at room temperature or 

at 60°C. 

Apparently the silanes react in the same way as suggested in the 

experiments with silanes in water. 

In spectra of silanes adsorbed onto kaolinite no decrease in absorbance 

of the OH peaks is noticed. This implies that only a few of the hydroxyl 

on the mineral surface react with the silanes, probably due to steric 

hindrance. 

The absorbance of the bands increases with increased amount of Z-

6020, Z-6032 or Z-6040 added to the suspensions which implies that 

the kaolinite surface is not saturated. 
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Viscosity measurements 

The curve in figure 13 shows that a water suspension of kaolinite has a 

flow behaviour of a non-Newtonian fluid which means that the 

viscosity is dependent of the shear rate or the velocity of the spindle 

used. There are several types of non-Newtonian flow behaviours. In 

these experiments the kaolinite suspensions behave either as a  

pseudoplastic  or a plastic fluid. 

In figure 14 a comparison of the flow behaviours is shown when 

various amounts of the silane Z-6020 is added to a water suspension of 

kaolinite. The viscosity decreases with increased amount of Z-6020 

added and the flow behaviour is non-Newtonian. The kaolinite surface 

will be more and more covered with the silane and the kaolinite 

aggregates will repel each other since both the edge surface and the 

basal planes will have the same charges and this will cause a decrease 

in viscosity. Consideration must also be taken to the facts that pH is 

about 10 after addition of Z-6020. At a pH value above 7 the edge 

surfaces of kaolinite are negatively charged even though no silane is 

added and then the kaolinite aggregates also repel each other and the 

viscosity decreases. Since the viscosity decreases and the pH does not 

increase to the same extent after further addition of silane it is 

supposed that the silane coupling agent Z-6020 adsorbs onto the 

surface of kaolinite. 

As can be seen in figure 15 the viscosity also decreases when more of 

the silane coupling agent Z-6032 is added to a water suspension of 

kaolinite and the flow behaviour is non-Newtonian. Apparently a 

reaction between the silane Z-6032 and the hydroxyls of kaolinite 
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occurs. The pH change is not very large after addition of the silane but 

pH is about 7.3-7.4. It is supposed that the pH change does not have 

any influence on the decrease in viscosity. 

No change in viscosity is observed when more of the silane coupling 

agent Z-6040 is added to aqueous suspensions of kaolinite (fig 16). 

There is no change in pH after the addition. Since there is no change in 

pH and since the silane coupling agent Z-6040 is a neutral molecule no 

repulsion of the kaolinite particles are possible. This is a probable 

reason why no change in viscosity is observed. 

CONCLUSIONS 

DRIFT spectra and viscosity measurements show that adsorption of 

the three different silane coupling agents onto the surface of kaolinite 

occurs. The adsorption of silane coupling agents onto the kaolinite 

surface occurs independently of the solvents used; water and ethanol. 

When the silane coupling agents are dissolved in water or ethanol they 

will be hydrolysed into silanols. After hydrolysis the silane coupling 

agents are condensed and oligomers are formed. These oligomers are 

then probably bonded to the kaolinite surface only through hydrogen 

bonds and probably are no covalent bonds created. However, further 

investigations need to be performed to manifest if covalent bonding to 

the surface of kaolinite has occurred. 
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Table 1  
pH-values of the samples in the study of adsorption of silanes in water onto 
kaolinite 

Z-6020 

Amount of silane pH (before addition pH (after addition pH (after addition 
added  (g)  to a 
kaolinite 
suspension* 

of silane) of silane) of silane and after 
two days) 

0.10 5.23 10.17 9.98 
0.25 5.27 10.39 10.24 
0.50 5.27 10.46 10.35 
1.00 5.20 10.59 10.46 
1.50 5.23 10.63 10.51 
2.00 5.24 10.66 10.55 

2-6032 

Amount of silane pH (before addition pH (after addition pH (after addition 
added  (g)  to a 
kaolinite 
suspension* 

of silane) of silane) of silane and after 
two days) 

0.10 5.25 6.67 7.0** 
0.25 5.37 7.10 7.3** 
0.50 5.38 7.30 7.6** 
1.00 5.31 7.41 7.6** 
1.50 5.26 7.46 7.6** 
2.00 5.39 7.47 7.6** 

Z-6040 

Amount of silane pH (before addition pH (after addition pH (after addition 
added  (g)  to a 
kaolinite 
suspension* 

of silane) of silane) of silane and after 
two days) 

0.10 5.36 5.0** 5.3** 
0.25 5.35 5.3** 5.0** 
0.50 5.31 5.3** 5.3** 
1.00 5.33 5.3** 5.3** 
1.50 5.25 5.3** 5.3** 
2.00 5.30 5.3** 5.3** 

*2g kaolinite (Amazon) in 40  ml  water, ** pH was measured with pH-paper 



Table 2 
The pH-values of the samples in the study of adsorption of silanes in ethanol onto 
kaolinite. The pH measurements were made with pH-paper. 

Z-6020 

Amount of silane 
added  (g)  to ethanol 

pH (after addition of 
silane to ethanol) 

pH (after addition of 
kaolinite to the 
silane-solution) 

pH (after two 
days) 

0.10 8.0 7.7 7.7 
0.25 7.7 7.7 7.7 
0.50 7.7 7.7 7.7 
1.00 7.7 7.7 7.7 
1.50 7.7 7.7 8.0 
2.00 8.0 7.7 8.0 

Z-6032 

Amount of silane 
added  (g)  to ethanol 

pH (after addition of 
silane to ethanol) 

pH (after addition of 
kaolinite to the 
silane-solution) 

pH (after two 
days) 

0.10 5.0 5.0 5.3 
0.25 5.0 5.0 5.9 
0.50 5.3 5.6 5.9 
1.00 5.6 5.9 5.9 
1.50 5.9 5.9 5.9 
2.00 5.9 5.9 5.9 

Z-6040 

Amount of silane 
added  (g)  to ethanol 

pH (after addition of 
silane to ethanol) 

pH (after addition of 
kaolinite to the 
silane-solution) 

pH (after two 
days) 

0.10 4.4 4.4 4.4 
0.25 4.4 4.4 4.4 
0.50 4.4 4.4 4.4 
1.00 4.4 4.4 4.4 
1.50 4.4 4.4 4.4 
2.00 4.4 4.4 4.4 
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Figure 1 Representation of the structure of kaolinite. 

Figure 2 A typical kaolinite particle. The basal planes are negatively charged and 
the edges are positively charged. The edges become negatively charged at a pH 
above 7. 
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Figure 3 Two alternative reactions of silane coupling agents with inorganic 
surfaces. 



1) NII2C112C112NH(C112)3Si(OCH3)3 

2) CH2=CH-C6H4-CH2NH(CH2)2NH(CH2)3Si(OCH3)3  . HC1 

3) CH2-CHCH20(CH2)3-Si(OCH3)3  
\ 	/ 

0 

Figure 4 Structural formula of 1) N-(2-arninoethyl)-3-aminopropyltrimethoxy 
silane (Z-6020) 2) N-(2-(vinylbenzylamino)-ethyl)-3-aminopropyltrimethoxy silane 
(Z-6032) and 3) 3-glyci-doxy-propyltrimethoxy silane (Z-6040) 



Figure 5 DRIFT spectra showing the adsorption, in water, of various silanes onto 
kaolinite. Z-6020=N-(2-aminoethyl)-3-aminopropyltrimethoxy silane, Z-6032=N-
(2-(vinylbenzylarnino)-ethyl)-3-aminopropyltrimethoxy silane and Z-6020=3-
glycidoxy-propylirimethoxy silane. 
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Figure 6 Raman spectra showing A) Z-6020 pure  B)  Z-6020 dissolved in water  C)  
Z-6032 pure  D)  Z-6032 dissolved in water  E)  Z-6040 pure F) Z-6040 dissolved in 
water and  G)  water. 
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Figure 7 DRIFT spectra showing the difference of a kaolinite sample, adsorbed 
with Z-6020 in water; unwashed (upper spectrum), washed with acetone (middle 
spectrum) and washed with water (lower spectrum). 
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Figure 8 DRIFT spectra showing the adsorption of Z-6040, in water, onto 
kaolinite when the sample is dried at 60°C (upper spectrum) and at room 
temperature (lower spectrum). 



Figure 9 DRIFT-spectra showing the adsorption of Z-6032, in water, onto 
kaolinite when different amount of Z-6032 is added to the kaolinite suspensions. 
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Figure 10 DRIFT spectra showing the adsorption, in ethanol, of various silanes 
onto kaolinite. Z-6020=N-(2-aminoethyl)-3-aminopropyltrimethoxy silane, Z-
6032=N-(2-(vinylbenzylamino)-ethyl)-3-aminopropyltrimethoxy silane and Z-
6040=3-glycidoxy-propyltrimethoxy silane. 
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Figure 11 DRIFT spectra showing the difference if a kaolinite sample adsorbed 
with Z-6032 in ethanol, is unwashed (upper spectrum), is washed with acetone 
(middle spectrum) and is washed with water (lower spectrum). 



Figure 12 DRIFT spectra showing the adsorption of Z-6040, in ethanol, onto 
kaolinite when the sample is dried at 60°C (upper spectrum) and at room 
temperature (lower spectrum). 
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Figure 13 Viscosity as a function of velocity for a water suspension of kaolimte 
with a solid concentration of 450 g/l. 
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Figure 14 Viscosity as a function of velocity when various amounts of the silane 
coupling agent Z-6020 is added to water suspensions of kaolinite. 
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Figure 15 Viscosity as a function of velocity when various amounts of the silane 
coupling agent Z-6032 is added to water suspensions of kaolinite. 
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Figure 16 Viscosity as a function of velocity when various amounts of the silane 
coupling agent Z-6040 is added to water suspensions of kaolinite. 
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Abstract 

Specific surfaces reactions have been studied by adsorbing different 

type of substances on the surfaces of kaolinite and  y-alumina. Analysis 

were performed using FT-Raman and Diffuse Reflectance MID-IR.  

DRIFT spectra indicate isotopic exchange of hydroxyl groups on 

kaolinite and that it is possible to adsorb silanes at the surface. DRIFT 

and FT-Raman spectra indicate that the solvent may react with the  'y-

alumina surface and that phosphate adsorption occurs at the surface. 

Ke_Aud.5  

y-alumina, Kaolinite, Adsorption, FT-spectroscopy 

Introduchom  

Previous studies of isotopic exchange on kaolinite have been 

performed using an intercalated kaolinite to favour the exchange (1,2). 
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In this study experiments were performed without intercalated 

kaolinite. An earlier study of silane adsorption on kaolinite has been 

reported (3) but not with the silanes used in this study. 

Few studies of phosphate adsorption on  y-alumina have been done, 

especially with FT-Raman spectroscopy (4,5). Here various organic 

phosphates have been adsorbed on the  'y-alumina surface using 

different solvents. 

Explimental 

Materials and sample preparation  

Kaolinite was supplied from Assi  kraftliner, Piteå,  Sweden, and the  y-

alumina from Mandoval Ltd, England. 

Suspensions of kaolinite (50mg/m1 solvent) and  y-alumina (20mg/m1 

solvent) were used. 

Surface exchange reactions took place during five-six weeks at 60°C 

and in various solvents; water, deuterium oxide, ethanol and 7-

butyrolactone (C4I-1602)• 

The adsorption of silanes [ (NH2)(C2114)(N11)(C3H6)Si(OCH3)3, 

(C2H3)(C6H4)(CH2)- (NH)(C2114)(N11)(C3H6)Si(OCH3)3*HCI and 

(CH2OCH)(CH2)0(C3H6)Si(OCH3)31 onto kaolinite and phosphates 

[(C41190P0(OH)2 + (C41190)2 PO(OH)), (C6H5)2 P(0)0H and 

(C6H50)3P(0)] onto  y-alumina took place during 24-48 hours at room 

temperature. 
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Phosphates were added to  y-alumina suspensions at different pH. pH 

was adjusted with 0.1M HCI and 0.1M NaOH. 

Instrumentation 

In this study a Perkin-Elmer Fourier-Transform infrared (FT-IR)  

2000X spectrometer was used.  IR  spectra were collected by DRIFT 

accessory. A Perkin-Elmer PE1760X FT-IR  spectrometer equipped 

with a near-infrared (NIR) Raman bench was used for Raman 

measurements. The Raman bench utilises a Spectron SL 301 neody-

mium-doped yttrium aluminium garnet (Nd3+:YAG) laser system 

providing intensity-stabilized continuos wave emission at 1064  nm.  A 

triglycinesulphate (TGS) detector was used in the  IR  and Raman 

measurements. 

R_e_sult£_an_d DiSUISSi0J3  

Surface exchange reactions 

In this study the experiments show that it takes long time and that an 

increase in temperature is needed to deuterate kaolinite (Fig 1). Since 

the  OD-bands  are small and the absorbance of the hydroxyl (OH) 

bands does not decrease during deuteration it is supposed that the 

deuteration only occurs on very few of the OH-groups and it is 

obvious that it is very difficult to make an isotopic exchange of the 

OH-groups to OD-groups at the surface of kaolinite. 

It is apparent that the solvent used with  y-alumina is of great 

importance for further reac-tions on the surface (Fig 2). With a solvent 
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containing free OH-groups ( water but not ethanol ) a surface reaction 

occurs after some time and a new phase may appear (6). 

A different kind of solvent like rbutyrolactone seems to be adsorbed 

on the surface and occupy some of the surface sites. This will decrease 

the possibility of other surface reactions to occur. 

Surface adsorption  

Results show that silanes interact with OH-groups on the surface of 

kaolinite forming chemical bonds at the interface. The adsorption of 

silanes onto kaolinite occurs in-dependent of the solvent (Fig 3). 

FT-Raman spectra indicate that the adsorption of arenephosphates on  

y-alumina seems not to be affected by pH although the highest 

adsorption occurs at pH 8.7 which should be when the 7-alumina 

surface is neutral. 

Since buthylphosphate adsorption on 1-alumina only takes place at low 

pH when the surface is positively charged, the reactive part of the 

molecule needs to be negatively charged. As a single bonded oxygen 

has stronger  negativ  charge than a double bonded oxygen the 

adsorption takes place via the free  P-0-oxygen. The presence of P=0-

stretching bands confirms this (Fig 4). 
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Figure 1. DRIFT spectra of kaolinite (upper spectrum) and deuterated kaolinite 

(lower spectrum). 

The bands in the region 3700-3600 cm-1  are due to 0-H stretching vibrations and 

the bands in the region 2750-2650 cm-1  are due to 0-D stretching vibrations. 

Figure 2. DRIFT spectra showing how various solvents react with the  y-alumina 

surface. Changes of the OH-bands above 3200 cm-1  are shown in spectra of  y-

alumina in water but not in ethanol (uppermost spectra). The two lower spectra 

show  y-alumina in y-butyrolactone. Peaks at 1730 and 1175 cni1  , which appear 

after some time, are due to C=0- and C-0-stretchings in 5-ring lactones. 

Figure 3. DRIFT spectra showing the comparison between the adsorption of 3-

glycidoxy-propyltrimethoxy silane [ (CH2OCH)(CH2)0(C3H6)Si(OCH3)3 I onto 

kaolinite in destilled water (upper spectrum) and in ethanol (lower spectrum). The 

bands in the region 3000-2700 cm-1  are due to aliphatic  C-H  stretching vibrations. 

Figure 4. FT-Raman spectra showing buthylphosphate, triphenylphosphate and 

diphenylphosphonic acid respectively adsorbed on  y-alumina. Peaks corresponding 

to P=0-stretchings are in the region 1300-1100 cm-1. 

The peaks at 1450 and 1300 cm-1  correspond to aliphatic stretchings and the peaks 

around 1000, 1030, 1155 and 1595 cm-1  are due to ring vibrations/stretchings of 

phenylgroups. 
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