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[ 
Abstract 

In sulphide mineral flotation a sufficient hydrophobicity of the mineral sur-
faces is obtained by the adsorption of collector chemicals at the metal sul-
phide/aqueous interface. This surface alteration is of fundamental and ap-
plied interest. In this thesis, attenuated total reflection infrared spectroscopy 
has been used to monitor the adsorption kinetics and the orientation of  hep-
tyl  xanthate when adsorbed onto three solid surfaces - germanium, zinc sul-
phide and lead sulphide in-situ. The choice of using the ATR technique is 
because it is very suitable when working with water as solvent, and the 
choice of germanium as internal reflection element is because of its small 
penetration depth due to a high refraction index. The Chemical Bath Depo-
sition method has been used to deposit metal sulphides onto germanium in-
ternal reflection elements. For determining the adsorption of heptyl xan-
thate onto lead sulphide a novel method has been tested, and verified as ca-
pable in recovering information about surface reactions at a lead sul-
phide/aqueous interface. 

In the study of surface reactions the substrate is of vast importance, imply-
ing that the chemistry of the surface has to be well characterised. This work 
has utilized X-ray Photoelectron spectroscopy, and ATR spectroscopy, in 
the characterisation of the different surfaces. 

The adsorption kinetics has been followed to adsorption equilibrium at dif-
ferent concentrations. In the case of heptyl xanthate adsorbed at the zinc 
sulphide/aqueous interface, an adsorption isotherm has been calculated 
from the equilibrium data. On the assumption that the adsorption step was 
rate controlling a second order rate equation was derived and adsorption 
rate data tested according to this equation. In addition, an orientation study 
of the heptyl xanthate molecule at the different interfaces was performed, 
which requires polarised infrared light. In the case of heptyl xanthate ad-
sorbed onto germanium, both surface excess (F) and a degree of alignment 
of the alkyl chain from the surface normal has been calculated. 
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Chapter 1 

INTRODUCTION 

In the year 2001, a research programme started at the department of chemi-
cal and metallurgical engineering at  Luleå  University of Technology, funded 
by SSF,  LKAB  and  Boliden  AB. One goal the research programme has to 
achieve is a better understanding of the important surface reactions going 
on at mineral surfaces exposed to water. This licentiate thesis is a contribu-
tion to one of the programme areas, namely "Mineral surface reactions and 
chemical modelling", focusing on the kinetics of collector adsorption at 
metal sulphide/solution interfaces. 

A thin inorganic layer covering the attenuated total reflection (ATR) element 
used in combination with infrared spectroscopy is a prerequisite for the ad-
sorption studies. Among a variety of such possible ATR elements, the 
choice fell on germanium, because of its high refractive index. A high refrac-
tive index implies that the penetration depth of the totally reflected infrared 
radiation outside the germanium surface becomes small and therefore inter-
acts less with the bulk solution. Its high refractive index also facilitates total 
internal reflection by being higher than the refractive index of many of the 
inorganic materials, intended to be synthesised on the germanium surface. 

The results of the study are presented as directly observed infrared spectra 
of adsorbed species, from which information about adsorption kinetics, the 
adsorption isotherm and the orientation of the adsorbed species are ob-
tained. However, a large part of the work was to develop experimental 
methods for the deposition of synthetic inorganic thin films on infrared 
transparent materials. 

The following aqueous in-situ systems are involved in this thesis: 

1. Germanium — Heptyl Xanthate 
2. Zinc sulphide — Heptyl Xanthate 
3. Lead sulphide — Heptyl Xanthate 
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Introduction — 

COMPLEX SULPHIDE MINERALS 
Complex sulphide minerals are minerals containing different atoms in com-
bination with sulphur — see examples in Table 1. The metals of interest are 
usually zinc, lead, copper, silver and gold, but other elements can also be of 
more or less interest — iron, arsenic, platinum, etc. Due to the nature of the 
minerals, different separation techniques are needed, such as flotation. 

Mineral (Eng.) 

Table 1 Different sulphide minerals 
Mineral (Swe.) 	 Chemical composition 

Galena 	 Blyglans 	 PbS 
Sphalerite (Marmaite) 	Zinkblände/Svalerit 	 ZnS ((Zn,Fe)S) 

Wurtzite 	 Wurtzit 	 ZnS 
Achanite 	 Silverglans 	 Ag2S 

Prousite 	 Pomsit 	 Ag3AsS3 

Pyrargite 	 Pyrargit 	 Ag3SbS3 

Tertrahedrite 	Fahlerz/Tetrahedrit 	(Cu, Fe)Ißb4Si3 or  (Ag,  Feb 2Sb4S13 
Electrum 	 Elektrum 	 (Au,  Ag)  within sulphide minerals 
Amalgam 	 Amalgam 	 (Au,  Hg)  within sulphide minerals 
Cooperite 	 Cooperit 	 PtS 

Chalcopyrite 	 Koppaskis 	 CuFeS/ 

Bornite 	 Bornit 	 Cu5FeS4 
Chalcocite 	 Kopparglans 	 Cu2S 
Covellite 	 Covellin 	 CuS  

Pynt 	 Pynte 	 FeS2  

Flotation means a physical separation between a valuable material and a 
waste material, or other material, in a chemically controlled way. 

In the flotation of complex sulphide minerals, the aim is to make the valu-
able mineral hydrophobic. To make a certain mineral hydrophobic, an addi-
tion of a surface-active reactant — a surfactant - has to be made. For instance 
in the case of flotation of lead sulphide, this surfactant can be an organo-
sulphur compound (Fig. la) or an organo-phosphorous compound (Fig.  
Ib,  namely xanthates or dithiophosphates.  

b)  R-0 

S - (M+)  

Figure 1 a) Heptyl Xanthate and  b)  Dialkyl Dithiophosphate 

Flotation chemistry is a widely studied topic and highly qualified research 
has been ongoing since the beginning of the last century. Despite the long 
time of research there are still some uncertainties in the fundamental under-
standing of the flotation systems. One of these uncertainties is the surface 
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chemistry of the solid/solution interface such as adsorption mechanisms 
and adsorption structures. 

A SHORT HISTORICAL REVIEW 

In 1959, both NJ Harrick and  J.  Fahrenfort independently presented their 
results with infrared internal reflection techniques. Harrick called the 
method frustrated total internal reflection, and Fahrenfort called it attenuated total 
reflection. In 1960, Harrick published his results in Physical Review letters'. In 
the article, he studied water and polyethylene adsorbed on germanium mul-
tiple internal reflection element. Fahrenfort published his results in Spectro-
chimica  Acta  1961 with single internal reflection elements, in this case both 
KRS-5 and AgC1, and different chemicals in contact with the optical ele-
ments'. 

Since then numerous publications with the internal reflection technique has 
been published. A publication within mineralogical particulate systems is the 
investigation of Coleman et al from 1968. They studied both an activated 
zinc sulphide mineral and an activated synthetic zinc sulphide with ethyl 
xanthate as adsorbate'. Their procedure with analyzing residues from ex-
tracted solvent with a thallium halide IRE, and analyzing the metal sulphide 
clamped to the side of a thallium halide IRE showed both ethyl dixanthogen 
and cuprous ethyl xanthate reaction products. Haller and Rice published in 
1970 the results from a structure and orientation study of calcium sterate 
and  n-amyl alcohol adsorbed at an A1203  internal reflection element4. To the 
authors knowledge this is the first attempt to study the orientation with the 
help of polarized light with the internal reflection technique. They also pub-
lished adsorption isotherms for  n-amyl alcohol on three crystal surfaces of 

— A1203 , and calculated isosteric heats of adsorption for the  n-amyl alco- 

hol/ — A1203  system. 

The first attempt to deposit a film, of any kind, at an internal reflection ele-
ment was made by Mattson in 19735. Mattson studied surface reactions on 
both copper- and carbon vacuum deposited layers on KRS-5 internal reflec-
tion elements. Mattson adsorbed bovine albumin at the carbon surface, 
studied the oxidation of the carbon layer, and the air oxidation of the copper 
layer. In 1977, Fringeli published the results from an investigation trying to 
elucidate the orientation of adsorbed lipids and proteins on germanium, 
KRS-5, and zinc  selenide  internal reflection elements'. A work to lighten up 
the black spots within the mineral particle system technology was made by 
Mielczarski et al during the 70's. In 1979, Mielczarski et al published the re-
sults from adsorption of xanthates on different minerals, both real minerals 
and synthetic minerals'. They used some kind of "semi in-situ" internal reflec-
tion measurement of the xanthates adsorbed at the different surfaces. 
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In 1987, Sperline et al published an equation to quantitatively determine the 
amount of in-situ adsorbed species at a solid/liquid interface by the infrared 
attenuated total reflection technique'. "In-situ FTIR study of ethyl xanthate 
adsorption on sulphide minerals under condition of controlled potential" 
was the name of an article published by Leppinen et al in the International 
Journal of Mineral Processing in 19899. They made an electrochemical study 
of ethyl xanthate adsorption at powdered mineral samples (chalcocite, chal-
copyrite, pyrite and galena) pressed against the internal reflection element. 
They proposed for instance three different potential regions for the adsorp-
tion of the collector on chalcocite — chemisorption, copper ethyl xanthate 
formation and a multilayer formation of copper ethyl xanthate.  Ahn  and 
Franses used the internal reflection technique in 1993 to make models for 
orientation of  uniaxial  and biaxial molecules at internal reflection element 
surfaces'. The systems they explained molecular orientation for, was differ-
ent metal sterates as Langmuir-Blodgetts films on germanium and silicon in-
ternal reflection elements. An article from the department of chemistry at  
Luleå  University of Technology was written by  Larsson, Holmgren  and  
Forsling,  and published in Langmuir in 200011. It was an investigation about 
xanthate adsorbed on a zinc sulphide internal reflection element. In 2003, 
Pardo and Boland used the internal reflection technique to study thiols at 
the Au-surface12. Pardo and Boland studied both structure and orientation at 
the monolayer/fluid interface, and they calculated reference spectra for the 
adsorbed thiols. 

4 



Chapter 2 
THEORY 

This chapter describes some concepts and methods encountered in the thesis. For in-
formation that is more detailed please consult the references within the chapter. 

FILM DEPOSITION METHODS 

In the beginning of this thesis work, two different deposition methods were 
tested. Simplicity and inexpensiveness has been the guidelines for the selec-
tion of the final method. The method, Chemical Bath Deposition, was used 
because the chemical environment is relatively simple to control and it is 
adequately good for making thin films. 

CHEMICAL BATH DEPOSITION 

Chemical Bath Deposition (CBD) is used in the deposition of semiconduc-
tor particles on glass or other substrates suitable for semiconductors. The 
technique°  is simply that substrates (glass, metal, plastics etc.) are immersed 
into a dilute solution containing metal ions (Zn2+, Pb2+, Cd2+), and a source 
of required anion (S2-, Se2-), see Fig. 2. There are three different mechanisms 
discussed, see Fig. 3. Froment and Lincot have suggested that CdS, accord-
ing to their experiments, is deposited by an atom by atom process, and that 
ZnS and CdSe is more of a colloidal aggregation process. They also sug-
gested that the conditions, i.e. the properties of the reacting solutions, could 
be altered to get an atom-by-atom  deposition process'''. 

- Aninon 
- Cation 
- Solvent 
- Complex-
binder 
- Buffer 
- Crystal 
(vertical) 

Figure 2 Schematic picture for the Chemical Bath Deposition method 
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Figure 3 Deposition processes  i)  atom-by-atom,  ii) colloid aggregation, and 
mixture between  i)  and 14 

 

A good thin-film deposit is able to take place when the precipitation is con-
trolled by the use of a complexing agent, such as triethanolamine (TEA). 
The complexing agent is used to reduce the amount of free metal ions in the 
solution, and give a slow uniform film growth. To control the amount of 
anions in the solution the appropriate chemical equilibrium is adjusted, as 
stated by Nair et all'. 

The rate of deposition and the film thickness depends on the chemical na-
ture of the solution — pH, concentration, temperature, the complexing 
agent, and the substrate16'17. Some significant advantages for the CBD 
method, compared with other physical and chemical deposition techniques, 
are the simplicity, inexpensiveness and the possibility to make the deposition 
under atmospheric conditions. 
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Theory 

SUCCESSIVE IONIC LAYER ADSORPTION AND REACTION 

Another, slightly different, method than CBD is the Successive Ionic Layer 
Adsorption and Reaction method  (SILAR).  It is a method for depositing 
thin layers, or films, layer-by-layer on different substrates. Yann F. Nicolau 
patented the method in 198718. 

The concept of  SILAR  is to sequentially let the substrate get in contact with 
precursors and rinsing media, having the anion solution, cation solution and 
rinsing media in different containers. In the  SILAR  method, the set-up is 
kept within a special box for controlled environment — temperature and 
oxygen-content. Here the substrate are moved from vessel to vessel, and are 
kept in the solutions, slightly moving, sufficiently long time for the film 
thickness requester-22. 

The  SILAR  experiments were done in collaboration with Dr. Seppo Lindroos at the 
department of chemistry, and the lab of inorganic chemistry at Helsinki University, 
Finland. 
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INFRARED SPECTROSCOPY 

BASIC DEFINITIONS 

Fourier Transform Infrared Spectroscopy (FT-IRS) is used to collect infor-
mation about normal modes of vibrations within molecules. 

By definition a normal mode is a vibration where all the atoms perform 
simple harmonic motion with the same frequency, and all the atoms must go 
through their equilibrium positions at the same tirne23. Only vibrational 
modes that make a change in the dipole moment during the vibration are in-
frared active. 

Absorption of energy by molecules is related to the incident radiation thr-
ough the Beer-Lambert law24  as: 

Io  
log — — —logT = s • 1 • C = A Equation 1] 

Io  -= incident intensity 
I = transmitted intensity 
T = transmission (YO)  

E  = molar absorption coefficient [dni 3  • moUl  cm-I ] 

1 = length of sample [cm]  

C  = concentration of absorbing species  [mo/  

A = absorbance 

Putting absorbed energy on the x-axis and absorption intensity on the y-axis 
makes an infrared spectrum. In most cases, the energy is expressed as 
wavenumbers, a unit that is directly proportional to the frequency of the vi- 
bration, i.e. the energy (see below). 

• AE Ephoton =b•v=h.c.v= 
 h c 

 =  
k 	

[Equation 2] 

= 	[cm 	 [Equation 31  
h  •  c  

where  

c  =  [Speed  of light  in  vacuum] =  2.997925  •  101°  cm/s  
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Theory 

and  

h  = [Planck's constant] = 6.6256 • 10-34  Js 

A general picture of the electromagnetic spectrum is shown in Fig. 4. The 
infrared field is in the lower energy field compared to the visible light, or the 
visible radiation. 
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Figure 4 The energy diagram 

Chemical analysis is an important application of infrared spectroscopy. The 
vibrational spectrum of fundamental modes, of different atomic groups, in a 
molecule is rather similar to the spectrum of these groups in some other 
molecule. The identity of the molecule or the atomic groups within the 
molecule can consequently often be established by examining the infrared 
spectrum and referring to a table of characteristic vibrational frequencies 
(see table 2). 

Table 2 Characteristic frequencies23  
Vibrating mode Wavenumber [erg] Example  
C-H  stretch 	2800-3300  
C-H  bend 	1300-1500, 500-900  
R-0-(C=S)-S-X  1250-1200 

1140-1110 
1070-1020  

C-0-C stretch 1190-1175 
CS2  stretch 	1064-1021 
O-H  stretch 	3100-3800 
O-H  bend 	1200-1600 

Dialkyl xanthates, dixanthogens 
and copper and zinc xanthates 

Sodium and Potassium xanthates 
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Theory 

ATTENUATED TOTAL REFLECTION FOURIER INFRARED SPECTROSCOPY 
(ATR-FT-IRS) 

ATR-FT-IRS is a special infrared technique, utilizing total reflection in an 
optical medium. When  IR  radiation undergoes multiple internal reflections 
in an  IR  element, see Fig. 5, the evanescent field established at the IRE sur-
face can be used for infrared analysis. 

Figure 5 Infrared light internally reflected through an infrared transparent 
material 

The basic requirement to obtain internal reflection is that the propagating 
wave in the optically denser medium  (IR  element) stays above the critical 
angle. Snell's law defines the critical angel as: 

= sin-1(1121 )  

E medium  
E21 =  

[Equation 4] 

EIRE  
[refractive index of  medium in contact  with  IRE] 

[refractive index of the IRE] 

[Equation 5] 

The propagating wave creates an electromagnetic disturbance with exponen-
tially decaying intensity normal to the surface, and into the lower refraction 
index medium. This exponentially decaying electric field is called an evanes-
cent wave. 

The wave is reduced or attenuated upon interaction with the absorbing me-
dium just outside the interface of the IRE, and the intensities of the  IR  
bands are equal up to a micron of penetration into the absorbing medium, 
schematically illustrated in Fig. 6. Multiple reflections and the possibility to 
vary the penetration depth makes the ATR method very surface sensitive 
and suitable for the study of different interfacial phenomena occurring in 
water as solvent. 

10 
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Figure 6 Schematic picture of penetration depth 

The penetration depth, dp, of the evanescent wave into the absorbing me-
dium in contact with the IRE is a function of the wavelength, incident angle 
and refractive indices (see Eq. 6), and it is the depth to where the energy has 
dropped to 61  of its starting value. 

Xi  d 
P 	 • 2 2 rc (sin — n221  ) 

[Equation 61 

Another penetration depth is defined as, de, and called the effective penetra-
tion depth which is dependent of wavelength and quantity: 

2 
n21 • Eo d  p  

d e  = 
2 cos°  

[Equation 7] 

The penetrations depths, de  and dp, can be used to quantitatively determine 
adsorbed species at the solid/liquid interface by appropriate equations, these 
equations will be explained thoroughly further on in this chapter. 

The effective penetration depth is the thickness of a sample required to ob-
tain the same intensity in an ordinary transmission measurement. There will 
be bands of higher intensity in ATR spectra, compared with transmission 
spectra, when the wavelength increases. This is caused by dp  = f  (X)  for thick 
films. Another distortion can be that n2, the refractive index of the absorb-
ing medium, fluctuates much in the region of an absorption band. This 
problem causes a refractive index distortion of the band shapes. The  distor- 
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tion can be kept away from making any problem by keeping the angle of the 
incident light much higher than the critical angle23. 

Polarized light 

To use a combination of polarized light with the ATR technique it can un-
cover information about the direction of transition moments of normal 
modes of vibration, i.e. give information on orientation of species attached 
or close to the surface. 

The internally reflected beam is in the plane of incidence, and the plane is 
defined as the  x-z plane (Fig. 7). The surface is the  x-y  plane and orthogonal 
to  x-z plane (Fig. 7). If the wave is polarized the wave may be polarized ei-
ther in the plane of incident, or in the surface plane. Polarized light in the 
plane of the surface is defined as perpendicular or S-polarized, whereas light 
polarized in the plane of incidence is defined as parallel or  P-polarized. 
Propagation of the wave is in the  x-direction. 

Figure 7 Electric vector coordinates and polarization of the radiation 

When the absorbing species is interacting with the evanescent energy field, 
the degree of interaction is dependent on the plane of polarization of the 
wave relative to the plane in which the transition moments lies. This rela-
tionship between plane of polarization and the transition moment makes it 
possible to determine the preferred orientation of the absorbing species. 

When measuring orientation with polarized light the dichroic ratio is of in-
terest and the absorbance for the two different polarizations are measured. 
The dichroic ratio is the absorbance ratio between s- and  p-polarized light, 
and is defined as:  

D= As = AII 
A A 

P 	1  

[Equation 8] 
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The possibility of predicting the dichroic value from transition moments of 
given orientations is made possible by relating the plane of orientation to 
the electric field amplitude components of the different planes of polariza-
tion. The calculated dichroic values can then be related to real data, and give 
information about the preferred orientation of that transition moment. 

For example, if the methylene groups of a surfactant tail are aligned with 
their transition moments in the plane of the surface, the surfactant tail is 
normal to the surface (Fig. 8). 

FI—C—H 

—C/—H 

\ \ 
	

\ \  
Figure 8 Methylene alignment 

The methylene groups aligned as in Fig. 8 have a dichroic ratio predicted as: 

2 

D = — = 
A E2  

P 	x  

[Equation 91 

A very interesting and useful ratio is that of a molecule with no preferential 
transition moment alignment, i.e. it has no preferred orientation:  

D= A' = 	 
A 	E2  + E2  p 	x 	z  

[Equation 101 

To calculate the electric field amplitudes in the  x-, y-  and z-direction we 
must know the angle of incidence and the refractive index of the different  
medias.  If the angle of incidence and the refractive indices are known we 
can determine the orientation of  uniaxial  molecules using a Two-Layer Re-
fractive Index Model or a Three-Layer Refractive Index Model depending 
on which model is approp riate26. 

Three-Layer Refractive Index Model 
For a three-layer model according to Fig. 9, the electric field amplitude com- 
ponents can be calculated by Eq. 11-Eq. 13. 
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Solution, n3  

Adsorbate
' 
n

2 

Substrate, n1  

Figure 9 Three layers 

2 • cos0 • (sin20 n3
2
1 
)--2  

Ex  = 

rdi  p .  [(I  + n321 420  _ riL 

2 • cos0 
E, = 	 

— 11321 F 

2 • cos@ • sine • nL 
Ez  = \ 

n321 )2  [(1  n 231 )sin2° n321  

[Equation 111 

[Equation 12] 

[Equation 13] 

A substitution of n1 =4.03  (Ge),  n2=1.50 (Organic layer) and n3=1.33 (Wa-
ter) into equations 11, 12 and 13, and the subsequent substitution of the cal-
culated electric field components into equation 10, imply that the dichroic 
value for an isotropic oscillator is equal to 0.65. A deviation from that value 
indicates some kind of orientation of the molecule. 

Surface Excess with Attenuated Total Reflection 

Sperline et al published in 1987 the derivation of the determination of sur-
face excess for adsorbed species at a solid/liquid interface by internal reflec-
tion spectroscopys. Some years later Jang and Miller27  verified the work done 
by Sperline et al, and they verified the model for the "adsorption density 
equation" to include Langmuir-Blodgett films — films of one or several lay-
ers of species at a surface28:29 . 

Derivation of Surface Excess for Thin Films 
A slightly different approach than both Sperline et al, and Jang and Miller 
are going to be shown in the derivation below. The difference in relation to 
earlier publications is that the expression for "effective thickness, de, for thin 
films" is used°, rather than the expression for "effective thickness,  d„  for 
bulk materials" 31. 

The IRS adsorption density equation as published by Sperline et al may be 
written, 
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A 
— E • Cb  • de  

N  r = 
d 

1000 s • 2  
[Equation 141 

Theory 

where  A/N  is the absorbance per reflection,  ris  the integrated molar ab-
sorptivity, Cb  is the bulk concentration, and dp  the depth of penetration. 

Expressions 
Earlier in this chapter, expressions for both the depth of penetration, and 
the effective thickness were shown (Eq. 6 and Eq. 7). The expressions for 
the effective thickness for perpendicular polarized light (Eq. 15), the parallel 
polarized light (Eq. 16) and the average effective thickness (Eq. 17) - can be 
found in a book edited by Mirabella.32. In 1974, Tompkins derived an ex-
pression for absorbance per reflection (Eq. 18) for a multiple internal reflec-
tion element with a thin film adsorbed at the surfacem.  

d 	_ 4n 21d • cos(0) 
[Equation 151 el 	 2 (1 — n 31 ) 

4 	 2 
d 	_ 4n21d cos(0)((1 — n 2  )sin2 	— n31  ) 3  [Equation 16] ell — 	

(1 — n321 )((1— n32i )sin20 — n2  ) 31 

de  = d
ei_ + dell  

[Equation 17] 
2 

\  

c<> 

—2z 
A 	r121E,o2 	fc(z). e, d P 'dz  [Equation 181 
N 	cos(0)  

Molar absotptive 
An important expression in the step of quantification with the help of spec-
troscopic studies is the Beer-Lambert law (Eq. 1). With the help of the Beer-
Lambert law the integrated molar absorptivity,  E,  can be calculated from in-
frared transmission studies. 

Evolution of the Adsorption Density Equation for Thin Films 
If equation 18 is integrated over a step-concentration profile for adsorbed 
molecules at the internal reflection element by setting: 

C(Z) = 	Cb  for 0 < z < t 
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and 

C(z) = Cb  for t < t < oe 

The above assumption will give equation 18 in the form of: 

7 	 7 	\ 	 7 	x 	\  
-2z 	 -2/ 

2 	t 	 0.  
nA 21E0e 	 d  

--= 	f(Ci  + Cb) 	j  • e`  dP  a  -i-  j(Cb) •  e` l'  'dz  
N  cos(0)  o  

\ 	 /  

[Equation 191 

When solving the above equation, and using the approximation that 

\ 
-2t 

	

d,0 	2t 

	

e' • 	— — 
d P  

 

[Equation 201 

For  thin  films (t  <<  dr),  the solution  will be:  

 

2 r E • Cb • d p A 	2n Eo  
E • C • t 	  

N cos(0) 	 2  

  

 

[Equation 21] 

  

When substituting  C,  • t =1000 I-, rearranging the equation, and making the 

assumption that the contribution from the bulk solution can be neglected 
will give the "Adsorption Density Equation for Thin Films": 

F = 

A 

N  
d 

1000 • E • 
d  

[Equation 22] 

Where F is the surface excess in mol/cm2. 

To the authors knowledge the theory today has no valid expressions for the 
necessary energy vectors for more than three layers (Fig. 9). In this thesis, 
three different systems are studied, i.e. three-layer, four-layer and five-layer 
systems. It is not possible with the existing theory to calculate the surface 
excess for more than a three-layer model without making further assump-
tions. 

When considering the assumption of neglecting the bulk concentration 
when deriving the expression for the Adsorption Density Equation, Sperline 
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et al showed that the bulk concentration had an influence up to 20%. Other 
investigators have shown that the influence of bulk concentration is only a 
few percent, and are ignoring the contribution of bulk concentration. The 
author has made an attempt to establish the influence of the bulk, and in 
that attempt, the bulk had only minor influence, i.e. a few percent (not 
shown in papers I- III). 
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KINETICS 

In chemical kinetics, studies are made of how rapid reactions are and how 
chemical reactions take place, i.e. about mechanisms of chemical reactions. 
The study of chemical mechanisms can in detail demonstrate how reactions 
occur. In chemical kinetics, the approach can be of experimental, as well as 
of empirical and theoretical character. 

RATE EQUATIONS AND LANGMUIR ADSORPTION ISOTHERM 

In this study, a surface-active reactant is adsorbed at a surface. This can be 
described by a simplified picture as in Fig. 10. At t = 0, the surfactants are in 
the solution, and none is adsorbed. At t = t, some of the surfactants has ad-
sorbed, and some are still in the solution. For longer reaction times equilib-
rium between the molecules at the surface and in the solution exists. 

= 0 	 t 

Figure 10 Schematic overview for the adsorption of a surfactant at a surface 

The reaction rate of the adsorption can be expressed with respect to the 
concentration in the solution and the surface coverage as: 

dA d(C0 — A) 
-=  k r,  •  [C,  — A]  [Am 	 [Equation 23]  

dt 	 dt  

Where  C,  is the initial HX concentration in solution, A is the amount ad-
sorbed at time t, An, is the amount adsorbed at equilibrium,  kr,  is the rate 
constant, and  p  +  q  is the reaction order. 

Assuming second order reaction with  p  = 1 and  q 	1 this equation be- 
comes: 

cl(Co  —  A) 
 =k  2  (Co  A)1  (A  ni  A)  dA  

dt 	 dt  
[Equation 241 
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Upon integration of eq. 24 with initial condition A = 0 at t = 0 one obtains: 

1 
	 In

( A
m 	

(Co  — A) \ 
= k2 • t 	 [Equation 25] 

(Co  — A) 	Co  (A m  — A) 

By choosing the experimental conditions so that Co  is always much greater 
than A (C0 » A) this equation may be written as: 

  

Am  

 

= k i /  • t 	 [Equation 26] In 

  

 

A -A1  

   

Which has the form of a first order rate law, with  k,  =k,•C,,. 

To our experience, the surface excess of adsorbate is proportional to the 
measured intensity of methylene and methyl stretching vibrations in the 
wavenumber region 2800-3000 cm-1. This is also an experience encountered 
by other authors27. Accordingly A in eq. 26 should be proportional to the 
absorbance measured, which can be used in eq. 26 to calculate the pseudo-
first order rate constant from the slope of a ln (Am/(Am-A)) versus t plot. In 
the derivation of the rate law expressed in eq. 26, we did not account for a 
possible desorption of the adsorbate, i.e. we assume that the rate of adsorp-
tion is much larger than the rate of desorption. However, the adsorption 
process is going to an equilibrium, also involving desorption of the adsor-
bate. Taking desorption into account the rate equation (eq. 24) should be 
written as: 

dA d(C0 —  A) 
 = k  a  •  (C0  —  A)  •  (Am  —  A)  — kd  A  = 

dt
[Equation  27]  

dt 

where kd  and ka  are the rate constant of desorption and adsorption, respec-
tively, and other symbols have the same meaning as in eq. 23. If we assume 
that Amax  corresponds to a surface fully covered with a monolayer of the ad-
sorbate, Arna,-A corresponds to the fraction of the surface that is not cov-
ered. Denoting this fraction by 1-0, the rate equation becomes: 

d(C0  —A) 
 =  k a  •(Co  —  A) (1— 0)  — k d  •  0 	 [Equation  28] =

0  

dt 	 dt 

where 0 is the fractional surface coverage. We further assume that the bulk 
concentration of the collector is much larger than the concentration ad-
sorbed on the metal sulphide surface  (C,  >> A), which implies that: 
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—
dO 

= ka  •  Co  -  (1— 0)—  kd  0  
dt  

[Equation 29] 

This assumption is reasonable since the surface excess of monolayer cover-
age is in the order of le mol/cm2, which means that less than about 10-7  
mol  of the collector is adsorbed on the metal sulphide surface. That corre-
sponds to 2x1016  M in a solution volume of 50  ml,  which is the volume used 
in our experiments. According to these experiments, monolayer coverage 
needs a bulk concentration of more than 10-3  M. That means that Co/A is 
less than 1%, at lower bulk concentration (Oco  < 1). 

Integration of eq. 29 with the initial condition 0 -= 0 at t = 0 one obtains: 

0  = 
	k a  • Co 	

e-(k a 	)t i  
k,  • Co  + kd  

[Equation 30] 

where the second order adsorption rate constant,  k„  has the unit 1V1-1s-1, and 
the first order desorption rate constant, the unit s-1. Ot is the fraction of cov-
ered surface at time, t, using a bulk solute concentration, Co. The equation is 
of course valid for all bulk concentrations up to the one that corresponds to 
monolayer coverage, if every adsorption site is equivalent, and the ability of 
the collector molecule to bind to a site is independent of whether the 
neighboring sites are occupied, or not. 

Equation 30 reduces to the Langmuir isotherm at equilibrium, i.e, as t ap- 
proaches large values (t 	). Then eq. 30 can be written as:  

k • C 	K • C 
eq 

0  =  a 0  , 	  

ka  •  Co  + kd  1 + K • C  
[Equation 31] 

where  C  -= Co, and  K  = ka/kd  is an equilibrium constant for the distribution 
of material between the surface and the solution. Eq. 31 may conveniently 
be rewritten as,  

C 	1 	1  
+ 	C  

A 	K  • A nt  Am  
[Equation 32] 

where Deg has been substituted for the ratio A/An. C/A versus  C  would 

therefore result in a straight line if the adsorption data follows a Langmuir 
adsorption isotherm. 
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Chapter 3 
EXPERIMENTAL 

This chapter will briefly give the experimental work this thesis. Deposition method, 
spectroscopic methods, chemical synthesis and the conditions for the adsorption ex-
periments are described. 

CHEMICAL BATH DEPOSITION 

Chemical Bath Deposition (CBD) was used to deposit. the zinc sulphide film 
onto the germanium crystals, according to  PK  Nair and MTS Nair13. Lead 
sulphide was deposited by the same method onto a layer of zinc sulphide. In 
this thesis zinc sulphate and thioacetamide were used as cation source and 
anion source respectively, and triethanolamine as complex binder. The lead 
sulphide deposited onto the zinc sulphide was made according to P.K Nair 
et all'. As cation source lead acetate was used and as anion source  tiourea  
was used. The complex binder during the lead sulphide deposition was the 
same as for the zinc sulphide. The temperature during deposition of the 
films were —20° Celsius. The crystals were vertically immersed in the bath 
with a weak stirring during the depositions. 

The experimental set-up used for the deposition of the different metal sul-
phide films is thoroughly described in chapter 2. 

INFRARED ATTENUATED TOTAL REFLECTION MEASURE-
MENTS (PAPERS I-IV) 

Infrared spectra were recorded with a Bruker IFS 113V (pressure —1mmHg) 
spectrometer equipped with a MCT detector. In order to get a good signal 
to noise ratio, the background was recorded using 1000-1500 scans. Spectra 
recorded during the adsorption process were obtained by co-adding scans 
during 1 —3 minutes at a resolution of 4 cm-1. When  p-  and s-polarized ra-
diation was used, a polarizer was placed before the internal reflection ele-
ment. The internal reflection elements were delivered from Spectroscopy 
Central LTD, UK and have the size of 50  x  20  x  2mm3, with a trapezoidal 
form (45°) (Fig. 11a-c).  The incident angle of the infrared light impinging on 
the internal reflection element is 45°. 
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The in-situ HX adsorption onto the germanium internal reflection element 
and on the ZnS and PbS covered elements was performed in a cell, admit-
ting both single and double side adsorption, where the element was sealed to 
the cell with a viton gasket (Fig. 1 la-c).  Measurements were carried out in 
aqueous solution (pH — 5) and under a continuous flow through the cell 
(17.5 ml/min). The system flow is shown schematically in Fig. 11. 
The germanium crystals with, or without deposited metal sulphides, were 
thoroughly washed first in pure acetone, then in an ultrasonic bath with pure 
ethanol and subsequently with milliQ water, before starting the adsorption 
experiments. The washing time varied from 15 to 30 min in each washing 
solution. Before the adsorption tests on germanium and lead sulphide a 
cleaning by a Plasma-Cleaner was used, utilizing both Argon (PbS) and Air  
(Ge)  environment. 

HEPTYL XANTHATE ADSORPTION ONTO GE (PAPER I) 

The concentration of the KHX solution used in paper I was 0.02 mM, and 
concentrations between 5x10 7  M to 2.57x10-3  M were also tested (not 
shown in paper I). The adsorption experiments were carried out with a vol-
ume of 50  ml,  and milliQ water was used as solvent. See figure 11a for a 
schematic picture of the set-up. 

HEPTYL XANTHATE ADSORPTION ONTO ZNS (PAPERS 

The concentration of the  Kl-IX solutions used varied between 0.01 mM and 
50 mM (papers II-III). The adsorption experiments were carried out with 
two different volumes of the solutions, 50 and 500  ml,  and milliQ water was 
used as solvent. See figure 11b for a schematic picture of the set-up. 

HEPTYL XANTHATE ADSORPTION ONTO PBS (PAPER IV) 

The concentration of the KHX solutions used varied between 0.01 mM and 
1.27 mM (paper IV). The adsorption experiments were carried out with a 
volume of 50  ml,  and milliQ water was used as solvent. See figure 11  c  for a 
schematic picture of the set-up. 
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Figure 11 Schematic experimental set-up for the total internal reflection 
measurements. A) Set-up for the adsorption onto a  Ge-surface  B)  Set-up for 
the adsorption onto a ZnS-surface and  C)  Set-up for the adsorption onto a 

PbS-surface 
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HEPTYL XANTHATE PREPARATION 

Potassium heptyl xanthate  (Kl-IX) was synthesized according to the method 
described by Rao34. Heptanol, KOH and CS2  were used in the synthesis. Pu-
rification of the obtained KHX was performed by recrystallization from ace-
tone/ether and acetone/benzene. The chemical was stored in an exiccator. 

X-RAY PHOTOELECTRON MEASUREMENTS 

The XP spectroscopy spectra were collected with a  Kratos  Axis Ultra elec-
tron spectrometer with monochromatic Al  K  ot radiation (1486.6 eV). The 
analyzing pass energy were 160 eV, with a step size of 1 eV for the survey 
scans, and to separate photoelectron lines a pass energy of 20 eV was used, 
with a step size of 0.1 eV. 

The pressure in the analyzing chamber during measurements was 5x10-9  torr  
and no pre-cooling was used. This was to allow volatile species, such as ele-
mentary sulphur and water, to leave the surface. 

To compensate for surface charging, a low-energy electron gun was used. 
Processing of spectra was accomplished with the  Kratos  software. The bind-
ing energy (BE) scale was referenced to the Cis line of aliphatic carbon, set 
at 285.0 eV. 

The XPS-measurements were done in collaboration with Dr. Andrei Shchukarev at the 
department of inotganic chemistg at  Umeå  Universe, Sweden. 
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Chapter 4 
RESULTS 

The aim of this chapter is to evaluate the surface chemistry of collector adsorption at 
the metal sulphide/aqueous interface. A brief individual discussion about the papers I-
IV are presented, a comparison between the results of the papers II-IV are shown, and 
other interesting results obtained are presented (not shown in papers I-IV). 

PAPER I 
In paper I, heptyl xanthate was permitted to adsorb, in-situ, onto the surface 
of the germanium internal reflection element. The reason to this study was 
that during the adsorption of heptyl xanthate onto synthesized zinc sul-
phide, an adsorption of heptyl xanthate onto the  Ge-surface was observed. 
The adsorption study in paper I reveal that heptyl xanthate adsorb very eas-
ily at the internal reflection element. Polarized infrared measurements were 
used to establish the average orientation of the alkyl chain in heptyl xan-
thate. Spectra reveal the formation of closely packed xanthate molecules, 
with the alkyl chain in all-trans conformation. From calculations described 
in chapter 2, the average tilt angle of the alkyl chains was approximated to 
470  from the surface normal. Adsorption density calculations displayed a re-
sult of around four molecules of heptyl xanthate/nm2. 

Further investigations, with other concentrations than in paper I, revealed 
entirely different results (not shown in paper 1). As seen in the kinetic curve 
of Fig. 12, the other experiments illustrated a lower adsorption to the  Ge-
surface — adsorption at 0.02 mM is larger than at 1.14 mM. The explanation 
to this behaviour is that the latter experiment do not form closed packed 
heptyl xanthate molecules on the surface. This statement is confirmed by 
Fig. 13a-13b and Fig. 14, where big differences are seen in the infrared spec-
tra. The CH stretching region (Fig. 14) show no peak near 2940 cm-1  for the 
not closed packed molecules, and the shift in the methylene band from 
—2916 cm-1  to —2925 cm-1  also indicate not closed packed molecules. 
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Further evidence of the difference in packing density is indicated by the shift 
of band at 1470 cm-1  (closed packed) to —1460 cm' (not closed packed) - see 
Fig. 13b. The bands at 2853 cm-1  and 2916 cm-1  are the symmetric and 
asymmetric stretching vibrations of the methylene groups (closed packed). It 
is well known that especially the peak frequency of the latter band is sensi-
tive to the conformation of the molecule, being higher for a liquid state and 
lower in a crystalline state35. 

The reason for this unexpected behaviour should be due to the properties of 
the  Ge-surface. It must have been changed between the experiments in pa-
per I, and the additional experiments. The difference in adsorption behav-
iour may be due to the cleaning procedure, involving a Plasma-Cleaner. It is 
likely that the Plasma-cleaner has altered the surface properties of the  Ge-
surface, and this can be the explanation for the results obtained after meas-
urements shown in paper I. Additional investigations have to be made to 
really establish the effect of the plasma cleaning on the surface properties. 
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Figure 12 Comparison of paper 1(0.02 mM) and tests made with Plasma 
cleaned  Ge-surface (1.14 mM). 
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Figure 13a and 13b Fingerprint region comparison closed packed (--) and 
not closed packed (--). a) The whole fingerprint region, and  b)  the area 

around 1470 cm-'. 
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closed packed I-1X  on  Ge  
not  closed packed  HK  on  Ge  

3050 
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Figure 14 Comparison of carbon-hydrogen stretching vibrations for closed 
packed (--) and not closed packed (--) alkyl chains 

PAPER II AND PAPER III 

In papers II-III an examination of the adsorption of heptyl xanthate onto a 
zinc sulphide layer has been done. The thin zinc sulphide layer has been 
shown possible to deposit on a germanium internal reflection element by 
Chemical Bath Deposition. The layer has been examined by X-ray photo-
electron spectroscopy (Fig. 15) and total internal reflection spectroscopy. A 
zinc sulphide layer containing carbonate- and hydroxide functions has been 
observed. The film also has impurities of carbon containing species at the 
surface, but these species can be minimized by a thorough cleaning proce-
dure. 
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Figure 15 X-ray Photoelectron Spectra of ZnS layer 
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In paper II the experimental data fits the Langmuir Adsorption Isotherm 
rather well (Fig. 16), and from the Langmuir plot using eq. 32 one gets 
K=1069, and Ama„=0.0528 (Fig. 17).  
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Figure 16 Langmuir Adsorption 	Figure 17 Langmuir plot with  lin- 
Isotherm 	 ear curve fit (--); R2=0.99. 
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A polarized infrared study (paper II) shows a dichroic value becoming lower 
with higher concentrations (Fig. 18) — indicating a more randomly orientated 
alkyl chain. The reason for this may be that the formation of precipitated 
zinc heptyl xanthate is more dominating at higher adsorbate concentrations. 
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Figure 18 Three-dimensional demonstration of the dichroic value  (B)  — the 
axis's are concentration (mM), time (min) and the dichroic value (As/Ap). 

In paper III the kinetics of heptyl xanthate adsorption has been investigated. 
In-situ adsorption measurements onto zinc sulphide at different adsorbate 
concentrations have been successfully monitored by following the asymmet-
ric methylene stretching vibration with time. A pseudo-first order rate reac-
tion has been proposed in paper III, i.e. the reaction rate is dependent of 
surface coverage and concentration. A result from the kinetic curves in pa-
per III is that at decreasing adsorbate concentration the time to reach equi-
librium — the adsorption plateau maxima in the kinetic curves — increases. 
However, the difference in adsorption times to reach the equilibrium is 
rather small and complete monolayer coverage of the ZnS surface is attained 
within 40-60 minutes in the concentration range used (Fig.19). 
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Figure 19 Heptyl xanthate adsorbed onto ZnS in three different concentra- 
tions 

PAPER IV 

This is a novel approach to study adsorption onto deposited layers with total 
internal reflection spectroscopy. The concept of deposition of a second layer 
onto an internal reflection element has never been utilized before, and it 
opens up new ways for studying surface reactions on different materials. In 
this paper, a layer of lead sulphide has been deposited onto a layer of zinc 
sulphide. The X-ray photoelectron spectroscopy results (Fig. 20) present a 
layer containing lead sulphide, oxidation products of lead sulphide (Pb0 or 
Pb0H), some lead sulphate and a contamination of carbon containing spe-
cies. However, it seems that the lead sulphide layer oxidizes easier than the 
zinc sulphide layer — Pb0 or PbOH is within the layer — and that the layer 
contains compounds that can be related to the Chemical Bath Deposition 
method (PbSO4  and carbon containing species). The reproducibility of the 
surface layer is good, although small differences between synthesised layers 
are detected. The reproducibility can also be checked in the infrared spectra 
because the layer shows peaks within the fingerprint region, which seems to 
be the same for independently deposited lead sulphide layers (black spectra 
in Fig. 24). In Fig. 24 the broad band originating from OH vibrations is 
clearly seen, as are peaks probably coming from impurities within the layer. 
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Figure 20 XPS result for a CBD-(ZnS,PbS)-layer 

ADSORPTION RATE (PAPER IV) 

The adsorption rate is possible to monitor by following the asymmetric me-
thylene stretching band around 2926 cm-1  (Fig. 21). So far only a few con-
centrations has been tested (Fig. 22), and they indicate that increasing ad-
sorbate concentration increases the time needed to reach the adsorption 
equilibrium - the plateau value in the kinetic curves. 
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Figure 21 CH2  stretch vibrations monitored with time 
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Figure 22 Heptyl Xanthate adsorption onto PbS — different concentrations 

POLARIZED INFRARED MEASUREMENT (PAPER IV) 

In-situ polarized infrared measurements reveals that adsorbed molecules 
have an alignment of the alkyl chain more parallel to the surface, as com-
pared with the system studied in paper II. This conclusion relies on the as-
sumption that the molecule Dodecane (C12H26) has no preferential orienta-
tion at the lead sulphide surface. The dichroic measurements of heptyl xan-
thate adsorbed at the lead sulphide/aqueous interface are depicted in the 
three-dimensional Fig. 23, and the dichroic value for dodecane is experi-
mentally determined to be 0.73, i.e. all the values in Fig. 23 are below the 
value of 0.73. The lower dichroic values than for the isotropic methylene 
oscillators in dodecane is an indication of alkyl chains with the chain closer 
to the surface than to the surface normal. No significant change of the di-
chroic value with time is observed, as well as any significant change with 
concentration. 
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Figure 23 Three-dimensional demonstration of the dichroic value (z) — the 
axis's are concentration (mM), time (min) and the dichroic value (As/Ap). 

COMPARISON OF PAPERS II AND III WITH PAPER IV 

SURFACE CHARACTERIZATION 

The infrared spectrum of a layer of zinc sulphide, and a layer of zinc sul-
phide + lead sulphide, is compared in Fig. 24. The layer contains hydroxide 
functions, as mentioned before, and there exists CH stretching bands — an 
indication of impurities of the layers. 
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Figure 24  IR  spectra for deposited ZnS and ZnS+PbS films on germanium 
crystals. 

HEPTYL XANTHATE ADSORPTION 

Fig. 25 shows two representative infrared spectra of heptyl xanthate vibra-
tions from the fingerprint region. As stated by Mielczarski et a1.36  the band 
at 1200 cm-1  is mainly due to the asymmetric stretching vibration of  C-0-C, 
and the band between 1064-1021 cm' has a strong involvement of the 
asymmetric S-C-S  stretch37. The formation of dixanthogen is often discussed 
in research concerning flotation chemistry, and it can be seen from Fig. 25 
that no dixanthogen is formed since absorption bands from dixanthogen 
should appear at 1023 cm' and 1260 cm-1. A clear difference is seen be-
tween the adsorbed species on ZnS, compared with adsorbed species on 
PbS. Heptyl xanthate adsorbed onto PbS has a shift to lower values for the 
characteristic xanthate vibration bands. 
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Figure 25 Fingerprint region for HX/ZnS and HX/PbS 

ADSORPTION RATE 

The rate of heptyl xanthate adsorption in-situ onto the zinc sulphide and the 
lead sulphide is compared with each other in Fig. 26. According to Fig. 26 
the adsorption of  hep ty!  xanthate onto lead sulphide is more rapid than onto 
zinc sulphide. This may be due to a bigger surface area of the lead sulphide, 
than the surface area for the zinc sulphide or it may be a better affinity of 
the xanthate to the lead sulphide, than to the zinc sulphide. 

Figure 26 Heptyl Xanthate adsorption onto ZnS and PbS 
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Results 

The assumption of a pseudo first-order rate reaction according to Eq. 26 
seems to give about similar result for the adsorption onto lead sulphide, as 
for zinc sulphide (Fig. 27). More adsorption tests onto lead sulphide must be 
done to make conclusions that are more detailed. 
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A  0.05mIg HX/ZnS 

• • 

•  

• 

5 	10 	15 	20 	25 	30 	35 
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Figure 27 Plot of kinetic data according to a pseudo-first order reaction 

37 



Chapter 5 
CONCLUSIONS 

We have shown that chemical bath deposited thin layers of zinc sulphide 
and lead sulphide on a germanium internal reflection element offers the pos-
sibility to study the adsorption behaviour of these thin films using in-situ IR-
ATR spectroscopy. The metal sulphide layers obtained has involvement of 
different impurities, but the reproducibility of the layers is good. In general 
the possibility of controlled synthesis of thin films on ATR elements opens 
up new possibilities to study various materials in-situ. 

In the case of heptyl xanthate adsorbed on germanium from aqueous solu-
tion we observed a high degree of order on the crystal surface with alkyl 
chains in all-trans conformation. The tilt angle of the alkyl chain was deter-
mined and adsorption kinetics was monitored by following the asymmetric 
methylene stretching vibration. Plasma cleaning of the germanium internal 
reflection element before adsorption experiments was found to affect its ad-
sorption properties. 
Heptyl xanthate adsorbed onto a Chemical Bath Deposition synthesised 
zinc sulphide fits the Langmuir adsorption isotherm reasonably well. When 
using polarized infrared radiation to study the orientation of the alkyl chain 
a dichroic ratio that becomes lower at higher bulk concentration is obtained. 
The adsorption step of the reaction was assumed to be rate controlling, giv-
ing a fairly good fit to a pseudo-first order rate equation. This indicates that 
the adsorption rate is dependent on available surface sites and initial bulk 
concentration. 

A second deposited layer onto the internal reflection element covered with 
zinc sulphide made it possible to study the adsorption of heptyl xanthate 
onto a lead sulphide surface. Both adsorption kinetics and information 
about the preferred orientation of the alkyl chain in adsorbed heptyl xan-
thate was shown possible to obtain. 
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Chapter 6 
FUTURE WORK 

First, we intend to monitor the rate of adsorption of xanthates, and other 
collectors (dithiophosphates), at metal sulphide/ solution interfaces more 
closely exploring rapid scan facilities that recently have become available at 
our laboratories. Rapid scan is a valuable tool in order to follow the adsorp-
tion at short reaction times. 

Since adsorption properties of any surface, not the least metal sulphide sur-
faces are very sensitive to the chemistry of the surface itself, surface charac-
terisation is extremely important. Therefore, a systematic study of the corre-
lation between XPS characterised surfaces exposed to different environment 
and kinetics will be performed. According to our experience, the plasma 
cleaning procedure may change the adsorption properties of a germanium 
crystal. This is important to examine further. 

Activation of ZnS-surfaces by copper or lead ions is still an interesting topic 
within flotation chemistry. Addition of copper ions to ZnS is expected to 
cause a number of surface reactions and after some time copper atoms has 
been shown to diffuse into the ZnS layer. It would be interesting to monitor 
collector adsorption rates at different times after activation, and at various 
times of activation. 

Since the hydrophobicity of the metal sulphide surface is important in flota-
tion and is easy to measure by contact angle measurements, surface hydro-
phobicity will be measured at different collector adsorption times. Contact 
angles versus adsorption reaction time are expected to imply a similar ad-
sorption rate curve as those obtained by ATR experiments. 

Of course, adsorption tests on other metal sulphides is also interesting to 
perform, for example adsorption onto Cu,S, or adsorption on mixed sul-
phides (CuFeS„ (Pb,Zn)S) — on the presumption that it is possible to make 
mixed metal sulphide layers on a internal reflection element. 
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Future Work — 

Other experiments worthwhile further activity may be to compare adsorp-
tion results from metal sulphides layers synthesised with the  SILAR  method 
and the CBD method, as in Fig. 28. 

SMAR-Zr, 	031,ZrIS 

,  

Figure 28 Adsorption kinetics of heptyl xanthate onto SILAR-ZnS, and 
CBD-ZnS 
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NOMENCLATURE  

E Molar absorption coefficient (At cm') 

Wavelength (cm) 

✓ Frequency (Hz) 
Wavenumber (cm 1) 

o 	 Critical angle 

O 	 Angle of incident 

Surface adsorption density, surface excess (mol/cm2) 
A 	 Absorbance 
A, 	 Absorbance at monolayer coverage 
As 	 Perpendicular or s-polarized light  
Ap 	 Parallel or  p-polarized light 
ATR 	 Attenuated Total Reflection  

c 	 Speed of light; 2.997925 • 10  cm/s  
Co,C, 	 Initial bulk concentration  
C,  Cb 	 Bulk concentration 
CBD 	 Chemical Bath Deposition  
D 	 Dichroic ratio 
de 	 Effective penetration depth 
dp 	 Penetration depth 
Ex 	 Energy vector in  x-direction 

Energy vector in  y-direction 
Ez 	 Energy vector in z-direction 

Ephoton 	 Energy for a photon  

h Planck's constant; 6.6256 - 10-34  IS 

HX 	 Heptyl xanthate 
Io 	 Incident radiation intensity 

Transmitted radiation intensity 
IRS 	 InfraRed Spectroscopy 
IRE 	 Internal Reflection Element 
k2 	 Second order rate reaction constant 

1(-1 	 Pseudo-first order rate reaction constant 
ka 	 Adsorption constant 
kd 	 Desorption constant 
1 	 Length of sample (cm) 
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Nomenclature -  

N 	 Number of internal reflections  
n, 	 refractive index of  x  
nzi 	 Relative refractive index; n,/ni  
n31 	 Relative refractive index; n3/n1  
n32 	 Relative refractive index; n3/n2  
SILAR 	Successive Ionic Layer and Adsorption Reaction 

Transmission (%) 
Time or film thickness 

XPS 	 X-ray Photoelectron Spectroscopy 
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Direct Observation of a Self-Assembled Monolayer of Heptyl Xan-
thate at the Germanium/Water Interface. A Polarized FTIR Study. 
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Div. of Chemistry,  Luleå  University of Technology, SE-971 87  Luleå,  Swe- 
den 

Abstract 
The adsorption of heptyl xanthate on germanium has been studied by the at-
tenuated total reflection (ATR) technique. Polarized infrared light was used 
to determine the average orientation of the alkyl chain in heptyl xanthate ad-
sorbed at the germanium/solution interface, in situ. Spectra reveal the for-
mation of closely packed xanthate ions with the alkyl chains in all-trans con-
formation. The average tilt angle of the alkyl chains of heptyl xanthate was 
approximately 47° from the surface normal. 

Key words: Heptyl xanthate, orientation, germanium surface, ATR. 
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Introduction  
IR-spectroscopy is a powerful technique to investigate adsorbed layers of 
collector chemicals on various substrate surfaces. Thus, xanthates and other 
collector chemicals have been studied using both external and internal re-
flection, (1), (2), (3), (4). However, these studies have not utilized the possi-
bility of in situ experiments. In situ in this context means that the adsorbent is 
in contact with the solution during the spectroscopic measurements. Sper-
line et al. used the internal reflection technique to study the adsorption of 
cetylpyridinium chloride on a ZnSe element and they also derived an equa-
tion to use for quantitative determination of the amount of adsorbed analyte 
(5). Jang and Miller verified the adsorption density equation in a study of 
Langmuir-Blodgett films transferred to CaF2  (6), and also found it suitable 
to use in estimations of the degree of monolayer coverage. This possibility is 
important for adsorption studies that focus on kinetics and molecular order. 
The order of adsorbed molecules can be calculated from  IR  spectra re-
corded using perpendicular and parallel polarized radiation. A first attempt 
to study the preferential orientation of adsorbed molecules in situ was ac-
complished by Neivandt et al (7). 

In our ongoing adsorption studies using a synthesized metal sulphide layer 
on a Ge-ATR (Attenuated Total Reflection)-prism, we noticed that heptyl 
xanthate adsorbs very willingly on Germanium. In the present study we re-
port the  IR-spectra of heptyl xanthate adsorbed at the Germanium (ATR-
prism)/solution interface and the orientation of the adsorbed molecules in 
aqueous solution as surrounding medium. 

Experimental 

Instrumentation and materials 
By means of a stainless steel flow-through cell (-2  x  3  ml)  attached to an 
ATR accessory and a  Ge-prism (50  x  20  x  2 mm3, Spectroscopy Central), the 
adsorption of heptyl xanthate (HX) ions onto the  Ge-surface was studied. 
The cell was sealed to the  Ge-prism with viton o-rings. A schematic picture 
of the experimental set up is shown in Fig.1a. The solution was contained in 
an external reservoir and was introduced to the germanium prism via a peri-
staltic pump and a viton tubing. The adsorption on the germanium crystal 
was from a 0.02 mM KHX solution prepared with milliQ water as solvent 
(Millipore corp.). 
Potassium HX was synthesized from KOH, CS2, and heptanol. The  KI-IX 
product was recrystallized twice according to a method described in ref. 8. 
Background spectra were collected, 1000 scans for non-polarized and 1500 
scans for s- and  p-polarized spectra with milliQ water in the flow-through 
cell. The spectrometer used was a Bruker IFS 113V, equipped with an MCT-
detector. When  Kl-IX had been added to the solvent, spectra (non- 



polarized, s- and  p-polarized) were recorded, by co-adding 250 scans for 
each spectrum. There is a certain time delay between recorded spectra with 
different polarization, and since adsorption obviously takes place during this 
time, two spectra with s-polarized light and one spectrum with  p-polarized 
light in between the s-polarized spectra were recorded. 

AIR Jpectroscopy and dichroic ratio 
In an ATR set up the  IR  beam is internally reflected through the crystal and 
the evanescent wave interacts with molecules on the surface. The  p-
polarized spectrum and the mean value of the two s-polarized spectra were 
used for the determination of the dichroic ratio. The dichroic ratio is de-
fined as the ratio between the absorbance of s-polarized light and of  p-
polarized light and is used to evaluate the mean orientation of the molecules 
in the adsorbed layer (Fig. 1b). The mean orientation here refers to the tilt 
angle of the molecular-axis from the normal of the surface. By transforming 
the transition moment from a molecular coordinate system into a laboratory 
frame and calculating the projection of the transition moment on the electri-
cal vector, the orientation is determined. The orientation is expressed as the 
mean value of the angle that the alkyl-chain tilts from the surface normal. In 
our calculations we assume an  uniaxial  distribution, which is a normal as-
sumption for self assembled layers. For non-uniaxial  distributions around 
the normal, either experiments where the orientation of the ATR-element 
can be changed, or absorption bands originating from transition moments 
with different orientation relative to the molecular axis could be used to de-
termine the dichroic ratio. Neither of these possibilities could be utilized in 
this study. The expressions for the components of the electrical field of the 
evanescent wave in a thin film were used, (9). The method to calculate the 
orientation is well described in a publication by  Ahn  et al. (10) and the ma-
trix used to transform the transition moment from the molecular coordinate 
system into the laboratory frame is reported in ref. 11. The transition mo-

ments of the asymmetric and symmetric stretching vibrations of CH, (vas  

(CH2) and vs  (CH2)) in the alkyl-chain of heptyl xanthate were used in our 
calculations. These transition moments are perpendicular to the alkyl-chain. 
Even though the alkyl-chain is a  "zig-zag-line", a molecular axis can be de-
fined if the chain has an all-trans conformation. The transition moment of 

the asymmetric stretching vibration of CH3, (vas(CH3)), forms an angle of 

54.7° (by geometric arguments) to the all-trans alkyl-chain and can be used 
to determine the refractive index of the film. The dichroic ratio of a band 

originating from a transition moment that forms this angle, 54.7°, to the 
molecular-axis is independent of the tilt-angle, orientation, of the alkyl chain. 
Furthermore, an isotropic film would give the same dichroic ratio as if the 

tilt-angle of the molecular axis was 54.7°. In this study, the peak heights of 
the absorbance values were used to calculate the dichroic ratios. Refractive 



indices used in the calculation are 4.0 for  Ge,  1.5— 1.4 for the film and 1.333 
for the surrounding medium. 

Results and discussion 

Adsorbed species 
Spectra of heptyl xanthate adsorbed on a Germanium prism from a 0.02 
mM potassium heptyl xanthate solution are presented in Fig. 2. Infrared ab-
sorption characteristics of metal xanthate can be seen in the spectral region 
1030 cm-I  - 1230 cm-I. According to assignments made by Mielczarski et al. 
(12) the band at 1201 cm -I  should mainly be due to asymmetric stretching 
vibration of  C-0-C. This is the strongest band observed in our infrared 
spectrum of heptyl xanthate. Compared with the corresponding band in the 
spectrum of heptyl xanthate adsorbed on ZnS (1), the intensity is stronger, 
the half-width is smaller, and the peak frequency is shifted to a lower value. 
According to a study of xanthate adsorption on gold by Ihs et al. (3) the peak 
around 1200 cm-I  had also a narrow half-width and was the strongest one in 
the spectrum. It is well known that gold surfaces willingly adsorb sulphur 
containing species forming a covalent bond between Au and S. It seems that 
germanium surfaces have the same ability to form a  Ge-S bond. This is not 
very surprising since  Ge,  S and  Ag  forms the naturally occurring mineral ar-
gyrodite. If the xanthate molecules would be just physically adsorbed the 
layer should quite easily be removed by rinsing and this was not the case. 
The assignment of other absorption bands in this spectral region is more 
uncertain due the severe coupling of all vibration modes in the region. 
However, based on theoretical normal coordinate analysis made by Colthup 
et al. (13) for ethyl xanthate we suggest the absorption band at 1051 cm ' to 
have a strong contribution from the asymmetric S-C-S  stretch, although the 
frequency positions are expected to differ between adsorbed molecules and 
molecules in gas phase. 
It can be inferred from Fig. 2 that no dixanthogen is formed on the germa-
nium surface. Dixanthogen has typical absorption bands at 1023 cm-1  and 
1260 cm ' and the absence of these bands in the infrared spectrum clearly 
support such a conclusion. In this context it is interesting to notice our find-
ings from a recent in situ study of heptyl xanthate adsorbed on a ZnS inter-
nal reflection element, showing the formation of dixanthogen on the surface 
(to be published). Since dixanthogen is the oxidized form of xanthate, some-
thing has to be reduced in the system in order to get dixanthogen. Dissolved 
oxygen in solutions has generally been thought of as the oxidizing agent. 
Compared with the results from our experiments on ZnS (same amount of 
dissolved oxygen and about similar concentration of xanthate) it seems clear 
that the surface of ZnS, probably partially oxidized, must be reduced when 
in contact with xanthate. 



In the  C-H  stretching region of the infrared spectrum of heptyl xanthate on 
germanium the bands at 2853 cm" and 2916 cm' are the symmetric and 
asymmetric stretching vibrations of the methylene groups. It is well known 
that especially the peak position of the latter band is sensitive to the state of 
the molecule, being higher for a liquid state and lower in a crystalline state. 

In precipitated Zn(HX), the peak position of the vas(CH2) mode is at 2919 
cm" and for HX ions adsorbed on ZnS the corresponding peak position is 
at 2923 cm" (1). Apparently the low frequency value of 2916 cm" in Fig. 2 
suggests the HX ions to be in a crystalline state at the germanium surface 
with alkyl chains in all-trans conformation. The interaction between alkyl 
chains increases when they are in all-trans conformation and this is reflected 
in the low frequency position of the peak (14). Even in the early part of the 
adsorption process the adsorbate seemed to be in a crystalline state, based 
on the frequency position of the vas  (CH2) mode. The kinetics of the adsorp-
tion of HX from a 0.02 mM potassium heptyl xanthate solution was meas-
ured during two hours monitoring the 2916 cm" methylene band of heptyl 
xanthate, although it took less than 20 minutes until equilibrium was at-
tained. Already after 7 minutes the peak position 2916 cm" was reached 
(Fig. 2). 

In Fig. 3 the adsorption density versus the adsorption time is shown. As 
evident from the figure the formation of the adsorbed layer is rapid and a 
plateau in the adsorption is reached after approximately twenty minutes. The 
density was calculated by using a similar equation as derived in ref. 6, viz: 

A/1\  
F = 

	

	, where F is the adsorption density (mol/cm).  A/N  is the 
1 000e(d, /  d)  

integrated absorbance per internal reflection (cm"),  E  is the integrated molar 
absorptivity (M"cm-2), de  is the mean value of effective thickness for a thin 
layer (9), and  d  is the thickness of the adsorbed film. The contribution from 
the bulk concentration can be omitted in the calculations since it does not 
affect the calculated density. The integrated molar absorptivity of heptyl 
xanthate was determined by transmission experiments using HX in D20 as 
solvent and was found to be 16,900 M 1cm-2  when using the integrated area 
for the whole CH-stretching region (2820 — 3000 cm"). When comparing 
the values of adsorption density with the values obtained for heptyl xanthate 
adsorbed on ZnS (1), the values obtained in this study are about the same 
(-4 molecules/nm2). A visual inspection of a water droplet on the germa-
nium surface before and after adsorption of heptyl xanthate clearly showed 
an increased hydrophobicity after adsorption. Since a bilayer of adsorbed 
heptyl xanthate would rather decrease the hydrophobicity it seems reason-
able to assume that the adsorption process implies that a monolayer (or 
submonolayer) of heptyl xanthate is formed on the crystal surface. 



Orientation of alkyl chains 
In Fig. 4 polarized spectra from one experiment used to determine the di-
chroic ratio are shown. They were recorded during adsorption from a 0.02 
mM  Kl-IX aqueous solution. The dichroic ratio was measured after all-trans 
conformation was attained and did not change with time. Table 1 shows the 
calculated average orientation of the alkyl chains at different adsorption 
times. Irrespective of adsorption time all calculated tilt angles in Table 1 are 
very similar. The results shown are from 4 independent adsorption experi-
ments. It should be mentioned here that the model used to calculate the ori-
entation presumes an all-trans conformation of the alkyl chains, which 
seems to be true in this case since similar tilt angles are obtained for two dif-
ferent transition moments (Table 1). The small difference between the val-
ues can be a result of peaks overlapping in such a way that the measured 
peak heights do not reflect the absorbance from a single band. The 
closepacking of molecules affects mostly the band originating from the 

Vas(CH2) stretching mode, and as can be seen in Figs 2 and 4 the band is 
quite broad and especially on the high frequency side of the band there 
seems to be at least one shoulder. Haller and Rice (15) obtained the same 
value of  D  for the two CH2  bands in a study of adsorbed stearate molecules 
and interpreted this result as being caused by random orientation of the me-
thylene groups. Accordingly, an explanation of the measured difference be-
tween the orientation obtained from the bands of the asymmetric and sym-
metric stretching of CH2  here could be that there is a preferred orientation 
of adsorbed xanthate around the surface normal. As already mentioned, to 
check this possibility an absorption band with a transition moment that hav-
ing a different orientation with respect to the molecular axis and a biaxial 
orientation model are needed (10). The symmetric stretch of CH3  has such a 
transition moment, but since the difference in tilt-angle is small and the 
methyl band is weak no attempt was made to utilize this band. 
The similarity between tilt angles at different adsorption times may be due 
to the heptyl xanthate molecules being closely packed already at reaction 
times shorter than 20 minutes. Unfortunately, our spectroscopic facilities did 
not allow us to investigate the orientation at very short reaction times. How-
ever, according to our experimental results (Table 1) the alkyl chains tilt — 
47° from the surface normal, even in a sub-monolayer of HX. This is an un-
expectedly large tilt angle although the alkyl chains seem to be in a crystal-
line state. Probably they adopt an orientation deviating from the surface 
normal in order to achieve a more complete close-packing. 
Assuming a bridging coordination of heptyl xanthate on germanium and an 
all-trans conformation of the alkyl chain we arrive at a theoretical tilt angle 
of — 37°, as outlined in Ref. 1. This is a significantly lower value than the 
experimental tilt angle obtained in the present study. 
In this context it is informative to compare with results from a study of oc-
tyl xanthate adsorbed on gold (3), where the tilt angle calculated from ex- 



perimental data was —29° from the surface normal (no error limit was 
given). In that investigation the alkyl chains extended into a hydrophobic 
environment (air). However, the theoretically calculated tilt angle was very 
close to the experimental one. 

Conclusions 
Heptyl xanthate adsorbed on germanium from aqueous solution was ob-
served to possess a high degree of order on the crystal surface with alkyl 
chains in all-trans conformation. This crystalline state was attained already 
after a reaction time of some minutes and the collector molecules seemed to 
be chemically adsorbed at the internal reflection element. Even though the 
adsorption from the aqueous heptyl xanthate solution (0.02 mM) was in 
equilibrium after about 20 minutes the adsorption reaction was monitored 
for two hours. During this period the plateau in the adsorbed amount was 
constant indicating no additional surface reactions as a bilayer formation. 
After the reaction was completed the hydrophobicity of the germanium sur-
face had increased. 
The tilt angle of the all-trans alkyl chains is —47 ° from the surface normal of 
the germanium crystal. This angle is larger than expected for an heptyl xan-
thate ion coordinated to the surface through both sulphur atoms. 
Further investigations are necessary to fully elucidate the adsorption process 
studied, especially it would be informative to monitor the adsorption behav-
iour at short reaction times and higher adsorbate concentrations. 
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Table 1 Calculated tilt angles of the alkyl chains of heptyl xanthate ions adsorbed on the 
germanium internal reflection element during various adsorption periods. 

Adsorption time (min.) Tilt angle (va(CH2) ) Tilt angle (vs(CH2)) 

13 — 22 500  ± 2.5° 46°  ± 1.9° 

36 — 47 49°  ± 1.5° 48°  ± 1A° 

68 — 95 490  ± 1.7° 47°  ± 0.9° 

36 — 95 490  ± 1.5° 47°  ± 1.1° 



Figure captions: 
Figure 1. A schematic picture of the experimental set up (a). The direction 
and polarization of the  IR  beam in the ATR set up  (b).  

Figure 2. Spectra of adsorbed heptyl xanthate on the surface of Germanium, 
recorded after 2, 7, 15, 25, 50, 75 and 135 minutes of adsorption. 

Figure 3. Adsorption density versus adsorption time, when adsorbing from a 
0.02 mM KHX solution. 

Figure 4. Polarized infrared spectra recorded during adsorption from a 0.02 
mM aqueous KHX solution. 
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Abstract 
Adsorption of heptyl xanthate on synthesized zinc sulphide was followed in 
situ by monitoring the methylene absorption band at 2925 cm1. The zinc 
sulphide surface used in the adsorption experiments was synthesized on a 
germanium internal reflection element using the Chemical Bath Deposition 
method. Characterization of the adsorbent surface was done by X-ray Pho-
toelectron Spectroscopy. 
The time needed to reach adsorption equilibrium varied with the initial con-
centration of the heptyl xanthate and the amount of adsorbed xanthate ions 
increased with the concentration of the solution within the range studied (10 
1.tM - 50 mM). Experimental data show a reasonably good fit to the Lang-
muir adsorption isotherm. 
Polarized infrared attenuated total reflection was used to determine the av-
erage orientation of the alkyl chains of heptyl xanthate by measuring the ab-
sorbance of the infrared beam polarized perpendicular and parallel to the 
plane of incidence. 



Introduction 
Mineral particle science and technology is a research program ongoing at 
our laboratories. The goal of the program is to understand the surface phe-
nomena involved in mineral processing well enough to improve existing and 
introduce new methods. Chemical reactions at mineral surfaces such as 
metal sulphides is a part of this program, with the goal to elucidate the inter-
action between surface active species (collectors) used in the mineral flota-
tion process and sulphide minerals. To more closely imitate a real situation 
in situ studies are desirable. Since a high surface sensitivity also is crucial for 
the success of these studies as well as to get information about the orienta-
tion of adsorbed molecules, infrared attenuated total reflection (IR-ATR) 
spectroscopy appeared to be the best approach available. ATR is ideally 
suited for aqueous solution infrared studies. Furthermore, during the past 15 
years interesting methods to produce thin layers of metal sulphides on dif-
ferent substrates have been presented. Successive ionic layer adsorption and 
reaction  (SILAR)  is one such method (Refs. 1-4) and Chemical Bath Depo-
sition (CBD) (Refs. 5-8) is the method used in this study to synthesize a 
solid film of zinc sulphide on germanium multiple internal reflection ele-
ments. 
For many years the ATR technique has been applied to the study of surface-
active species, although most frequently ex-situ (Refs. 9-11). Polarized IR-
ATR allows determination of the orientation of adsorbed species through 
the ratio of the absorbance values caused by the incident electric field paral-
lel and perpendicular to the crystal surface. A number of such studies, pre-
dominantly ex-situ, have appeared during the last few decades (Refs. 12-14), 
but only very few in-situ investigations (Ref. 15). 
In this study, the kinetics of heptyl xanthate adsorption on ZnS deposited 
onto a germanium internal reflection element was investigated. The kinetics 
was monitored at different bulk concentrations of the adsorbate molecules 
admitting the determination of the adsorption isotherm. The slope of the 
isotherm gives an indication of the affinity of the collector for the solid sur-
face. In addition, polarized  IR  radiation was used to determine the preferred 
orientation of the alkyl chains of the collector molecules. 

Experimental 

AIR - spectroscopy 
ATR-FTIR spectroscopy is a technique using the evanescent field of the  IR  
radiation, resulting from total internal reflections in an ATR element  (Ge,  
ZnS, ZnSe, etc.). An evanescent field is established at the surface of the op-
tically denser medium (ATR element), only if the angle of incidence, 6, with 
respect to the surface normal is greater than the critical angle, and decays 
exponentially in the rarer medium with the distance from the surface. The 



penetration depth into the rarer medium varies, depending on refractive in-
dices of the system and on the wavelength of the radiation, and can be up to 

a few microns. The critical angel is defined as, 8 -= sin  n„,  where  n„  is the 
ratio between the refractive index for the medium in contact with the ATR 
element and the refractive index of the ATR element. If the evanescent field 
interacts with absorbing species the intensity of the propagating wave is re-
duced or attenuated, resulting in an ATR infrared spectrum. For a complete 
description of the ATR technique, see Refs. 16-17. If the ATR technique is 
combined with the use of polarized radiation, information about the orienta-
tion of adsorbed molecular species is possible. 
Two polarizations of the evanescent wave is necessary, one with the electric 
field amplitude in the plane of the crystal surface (s polarization) and one 
with the electric field perpendicular to the surface  (p  polarization) both in-
teracting with the dipole moment of the vibrating entities (Refs.16-17). In a 
coordinate system, the z-axis is normal to the surface of the element, the x-
axis is defined by the propagation direction of the  IR-beam, and the y-axis is 
parallel to the direction of the s-polarization. The  p-polarized radiation will 
interact with vibrating dipoles having a component in the xz-plane. 

Chemical bath deposition 
CBD was used to deposit ZnS films onto germanium crystals, according to a 
method described by Nair et al. (Ref. 5). Some significant advantages of the 
CBD method, compared with other physical and chemical deposition tech-
niques, are the simplicity, the low cost, possibility to deposit highly insoluble 
compounds, and the ability to perform the deposition under atmospheric 
conditions. 
The rate of deposition and the film thickness depend on a number of fac-
tors, e.g. the chemical nature of the solution, complexing agent used, sub-
strate, concentrations, and at which temperature the deposition is performed 
(Ref. 6). There are reports on different chemical compositions of solutions 
used to produce thin ZnS films. ZnO, and ZnSO4  are the most frequently 
used cation sources, whereas Na,S, thioacetamide, or thiourea have been 
utilized as anion sources. In this work, we used ZnSO4  and thioacetamide 
with triethanolamine (TEA) as complexing agent. The temperature during 

deposition of the ZnS layer was 25°  C  and the ATR crystal was vertically 
immersed in the bath with gentle stirring during the deposition.  

X-Ray Photoelectron measurement 
The XP spectra were collected with a  Kratos  Axis Ultra electron spectrome-
ter using monochromatic Al  K  a radiation (1486.6 eV). The analyzing pass 
energy was 160 eV, with a step size of 1 eV for the survey scans, and to 
separate photoelectron lines a pass energy of 20 eV was used, with a step 
size of 0.1 eV. The pressure in the analyzing chamber during measurements 



was 5x10-9  torr  and no pre-cooling was used. This was to allow volatile spe-
cies, such as elementary sulphur and water, to leave the surface. To compen-
sate for surface charging, a low-energy electron gun was used. Processing of 
spectra was accomplished with the  Kratos  software. The binding energy 
(BE) scale was referenced to the Cls line of aliphatic carbon, set at 285.0 
eV. 

Materials and methods for the in situ measurement 
Infrared spectra were recorded with a Bruker IFS 113V (pressure —1 mmHg) 
spectrometer equipped with a MCT detector. In order to get a good signal 
to noise ratio, the background was recorded using 1500 scans, with the cell 
filled with milliQ water (Milliporecorp.). Spectra recorded during the ad-
sorption process were obtained by co-adding scans during 2 —3 minutes at a 
resolution of 4 cm". A polarizer was placed before the ATR crystal to get  p-
and s-polarized radiation. In this study a germanium ATR crystal covered 
with a film of ZnS was used. The ATR elements (50x 20x 2mm3, trapezoi-

dal, 450) were supplied by Spectroscopy Central LTD, UK. 
The in-situ HX adsorption onto the ZnS covered elements was performed in 
a flow-through cell, where the element was sealed to the cell with a viton 
gasket (Fig. 1). Measurements were carried with aqueous solution (pH — 5) 
continuously flowing through the cell (17.5 ml/min). The  Ge  crystals with 
ZnS deposited on both sides were thoroughly washed first in pure acetone, 
then in an ultrasonic bath with pure ethanol and subsequently with milliQ 
water, before starting the adsorption experiments. The washing time varied 
from 15 to 30 min in each washing solution, depending on the  IR-spectrum 
of the film. The film was washed until no  IR  signal from impurities could be 
detected. The concentration of the  Kl-IX solutions used varied between 0.01 
mM and 50 mM. The adsorption experiments were carried out with two dif-
ferent volumes of the solutions, 50 and 500  ml,  and milliQ water was used 
as solvent.  
KI-IX was synthesized according to the method described by Rao, (Ref. 18). 
Heptanol, KOH and CS, were used in the synthesis. Purification of the ob-
tained  Kl-IX was performed by recrystallization from acetone/ether and ace-
tone/benzene. 

Results and discussion 

Suace characterization  
IR  and XP spectroscopy were used to characterize the CBD layer of ZnS on 
germanium.  IR  spectra of deposited ZnS layers obtained with a Ge-ATR 
element as reference showed absorption in the OH stretching region (3640-
3000 cm') and a weaker band around 1640 cm" (the bending mode of the 
water molecule). In addition to these bands very weak absorption in the CH 



stretching region were observed, indicating organic impurities in the ZnS 
layer. However, these impurities were considerably reduced upon further 
cleaning of the surface layer. In Fig. 2 the results of the XPS measurements 
are shown. These measurements show an oxygen content of the ZnS layer 
which originates from both hydroxide and carbonate functions — very likely 
caused by the pH at which the ZnS layers were deposited (pH-8.8). In addi-
tion to oxygen, also  Zn,  S,  C  and  Ge  are observed in the XP spectrum. The 
fact that  Ge  is one of the detected elements is an indication of a very thin 
layer on the surface (< 20  nm).  All of the elements except  Ge  are commonly 
found in CBD films. The results from our XPS measurements are in good 
agreement with already published XPS results on ZnS films produced with 
the CBD method. (Ref.19) 
It has been shown that the CBD method gives homogenous microcrystalline 
structures with no preferential growth direction and a stoichiometric cubic 
ZnS film (Refs. 20 and 21) with traces of other species (Refs. 5, 6 and 22). 
An attempt to characterize the surface layer by X-ray diffraction gave no 
useful information. This can be due the film not being perfectly crystalline, 
as suggested by Froment and Lincot (Ref. 21), who also found that the 
deposition conditions are critical (bath formulation with respect to the hy-
droxide precipitation line, temperature, substrate activation) when it comes 
to the synthesis of a more crystalline ZnS film. Another reason to the lack 
of a diffractogram may be that the film is too thin, having a micro-
polycrystalline structure, as suggested by Chopra et al. (Ref. 23) and Vidal et 
al. (Ref. 22) 

HX adsoiption 
Fig. 3 shows two representative infrared spectra of heptyl xanthate vibra-
tions. As stated by Mielczarski et al. (Ref. 24) the band at 1200 cm" is 
mainly due to the asymmetric stretching vibration of  C-0-C, and the band 
between 1064-1021 cm' has a strong involvement of the asymmetric S-C-S  
stretch (Ref. 25). In the region between 3000-2800 cm" characteristic vibra-
tion bands for carbon-hydrogen vibrations are seen. The peaks around 2960 
cm", and 2925 cm" are the asymmetric methyl and methylene vibration 
bands, respectively. The bands around 2870 cm-1, and 2850 cm-1 are the 
symmetric methyl and methylene vibrations. 
A comparison of the in-situ adsorbed heptyl xanthate with an in-situ zinc 
heptyl xanthate precipitate (Zn(HX)2) can be made from Fig. 3. The forma-
tion of dixanthogen is often discussed in research concerning flotation 
chemistry, and it can be seen from Fig. 3 that no dixanthogen is formed 
since absorption bands from dixanthogen should appear at 1023 cm" and 
1260 cm-1. 
Fig. 4 shows the adsorption isotherm for the HX-ZnS system. Each point in 
the adsorption isotherm represents the peak height of the asymmetric CH2 



band at equilibrium. A spectrum for some equilibrium points are shown in 
Fig. 5. 
In the Langmuir adsorption model we assume that the plateau adsorption at 
the highest solution concentration implies that all surface sites are occupied, 
and that the concentration of adsorbed molecules is proportional to the ab-
sorbance measured, neglecting contribution from dissolved adsorbate mole-
cules. We further assume that the absorbance measured follows the Beer-
Lambert law, which seems plausible at least for monolayer adsorption. 
Monolayer adsorption can then be treated as a surface-site filling procedure, 
with the adsorption and desorption steps counteracting each other. With 
these assumptions we arrive at the following expression for the adsorption 
isotherm, 

1 	1  	+—c  
A K4„, A,„ 

where A„, is the absorbance at full monolayer coverage of the surface, and  K  
is essentially an equilibrium constant depending on the adsorption and de-
sorption rates (ka/kd). If C/A is plotted as a function of the concentration, it 
would give a straight line with intercept and slope, from which the values of 
Am  and  K  could be determined. A minor deviation from a straight line is ex-
pected at the lowest concentrations since we did not correct for a reduced 
bulk concentration due to adsorption. However, this correction is estimated 
to be very small not exceeding a few percent. At the highest concentrations 
used dissolved heptyl xanthate may also contribute to the measured absorb-
ance, resulting in an overestimation of the surface concentration. 
In Fig. 6 experimental data for the concentration range 0.01 — 50 mM are 
plotted as C/A = f(C). The straight line is a linear least square fit to the ex-
perimental data points. From the slope and intercept of the line, Am  = 
0.0528 and  K  = 1069 dm3  mol-1. The maximum absorbance calculated is 
very close to the experimental value and the correlation coefficient of the 
straight line, R2  = 0.997. Although the correlation coefficient is high it is ap-
parent from Fig. 6 that the initial experimental points represent a straight 
line with larger slope. Using the first experimental points we arrive at a  K-
value of 6017 dm3/mol (R2  = 0.986), see Fig. 7. This indicates that all ad-
sorption sites on the surface are not identical but some sites have a larger af-
finity for the adsorbed molecules. 
From the absorbance values it would be possible to estimate the fractional 

coverage 9 = A/Am  at a certain bulk concentration. The temperature de-
pendence of  K  can therefore be used to determine the standard enthalpy of 
adsorption at a fixed surface coverage, which will be the subject of further 
studies on heptyl xanthate adsorption onto ZnS. 



The dichroic ratio 
The Dichroic ratio was obtained from the peak heights of the asymmetric 
CH2  stretching vibration at 2925 cm-1. Since there is a time delay between 
the recorded spectra with s- and  p-polarization, and adsorption takes place 
during this time, two spectra with s-polarized light on each side of a spec-
trum with  p-polarized light were recorded. The  p-polarized spectrum and 
the mean value of the two s-polarized spectra were used to determine the 
dichroic ratio. In Table 1 the As/Ap ratio is reported for each set of meas-
urement, and the average of the time interval is tabulated. 

Table 1 Dichroic ratio from five adsorption experiments on ZnS. 
Conc.(rni-\1) Adsorption time (min) As/Ap  

0,01 29 0,73 

0,01 152 0,77 

0,038 13 0,77 

0,038 92 0,77 

1,26 19 0,67 

1,26 50,5 0,68 

40 13 0,67 

40 211 0,68 

50 19,5 0,62 

50 236 0,64 

Fig. 8 shows the  p-  (marked) and s-polarized spectra recorded at the bulk 
concentration 0.038 mIVI. As/Ap gives information on the orientation of the 
transition moment for the CH, stretching vibration, which gives information 
about the orientation of the heptyl-chain in heptyl xanthate adsorbed at the 
surface. It is not straightforward to calculate this orientation using a four-
layer model consisting of  Ge,  ZnS, adsorbate, and water. One way to solve 
this problem experimentally is to determine the dichroic ratio from spectra 
of an isotropic adsorbate on the surface. Once the dichroic ratio of a ran-
domly oriented adsorbate is known, it can be used to decide whether the al-
kyl chains of e.g. heptyl xanthate are orientated preferentially parallel or per-
pendicular to the substrate surface. This was accomplished by recording po-
larized spectra of a thin layer of dodecane on the ZnS film. The dichroic ra-

tio of this thin layer of dodecane was measured to be As/Ap  0.6, which we 
assume to be the ratio for isotropic alkyl chains. This assumption seems rea-
sonable since a thin film of dodecane (refractive index = 1.4) on a  Ge  crystal 
would imply a dichroic ratio of 0.56 in the three-layer model, if the mole-
cules were randomly orientated. An organic film with refractive index 1.5 
(the same as heptyl xanthate) would result in an AS/AP  ratio of 0.63, as cal-
culated using the same model. On the assumption that dodecane is ran-
domly orientated on ZnS, the very thin zinc sulphide film on germanium 



seem to have only a minor influence on the theoretically calculated dichroic 
ratio of randomly orientated molecules. 
Referring to Table 1, it can be inferred that heptyl xanthate at low bulk con-
centrations adopt a more perpendicular than parallel orientation relative to 
the substrate surface. At higher bulk concentration the orientation tends to 
be increasingly random or isotropic. It can also be inferred from Table 1 
that the dichroic ratio did not change with the adsorption time. 

Conclusions 
We have shown that chemical bath deposited thin layers of zinc sulphide on 
a germanium internal reflection element offers the possibility to study the 
adsorption behaviour of these thin films using in situ IR-ATR spectroscopy. 
In general the possibility of controlled synthesis of thin films on ATR ele-
ments opens up new possibilities to study various materials in situ. 
The equilibrium adsorption at various bulk concentrations fit reasonably 
well to a Langmuir type of adsorption isotherm. However, a closer inspec-
tion of the isotherm indicates that the adsorption coefficient is larger at low 
concentrations. Our explanation to this behaviour is that certain adsorption 
sites at the ZnS surface have a larger affinity for the heptyl xanthate ions. 
As evident from this study the dichroic ratio of the transition moments of 
the methylene vibrations becomes lower at higher bulk concentration. 
Therefore, it seems that a higher surface coverage gives more randomly ori-
entated alkyl chains. The reason for this may be that the formation of pre-
cipitated zinc heptyl xanthate is more dominating at higher adsorbate con-
centration. 
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Figure captions 
Figure 1 A schematic view of the experimental setup. 
Figure 2 XPS result for a CBD-ZnS (7.2h). 
Figure 3  IR  spectra of heptyl xanthate adsorbed on ZnS and precipitated 
Zn(HX), as indicated. 
Figure 4 The adsorption isotherm for the KHX-ZnS system at room tem- 
perature. The volume of the solution was 50  ml  and adsorption was allowed 
on both sides of the ATR element. 
Figure 5 Spectra corresponding to various adsorptions of heptyl xanthate on 
ZnS. The concentrations are indicated and the experiments were preformed 
at room temperature (-23°C). 
Figure 6 C/A versus  C  (0.01 - 50mM). The straight line is a linear least 
square fit of the experimental points. 
Figure 7 C/A versus  C  (0.01 - 1mM). The straight line is a linear least square 
fit of the experimental points. 
Figure 8 s- and  p-polarized spectra of heptyl xanthate adsorbed on ZnS. Ad- 
sorption took place from a 0.038 m.M aqueous KHX solution. 
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Kinetics of collector adsorption at the zinc sulphide/aqueous solution 
interface studied with total internal reflectance spectroscopy. 

Andreas  Fredriksson%  and, Allan  Holmgren  
Div. of Chemistry,  Luleå  University of Technology, SE-971 87  Luleå,  Swe- 
den. 

Abstract 
Infrared attenuated reflection (IR-ATR) was used to monitor the adsorption 
of a monolayer of heptyl xanthate (HX) on a zinc sulphide layer in-situ. The 
metal sulphide layer was synthesized on a germanium ATR crystal using the 
Chemical Bath Deposition (CBD) method. The adsorption stage was as-
sumed to be rate-determining implying that second order kinetics was ex-
pected. Accordingly, a rate equation was derived where the reaction rate was 
proportional to the concentration of HX in solution and the adsorption sites 
available on the ZnS surface. The rates determined for the adsorption of 
HX on ZnS, at pH-5, showed good agreement with the derived equation. 
The metal sulphide surface onto which HX was adsorbed has been charac-
terized using X-ray photoelectron spectroscopy (XPS). 

Corresponding author: Andreas.Fredriksson@knaluth.se  



Introduction 
The surface chemistry of inorganic materials is of great significance in a 
number of industrially important processes such as separation of ore by flo-
tation, catalysis and the production of pharmaceuticals. Studies of HX inter-
action between inorganic surfaces and species soluble in water are in most 
instances carried out either using samples of industrial relevance or using 
idealized model systems. The latter approach, used in this study, involves 
studies of chemically rather well defined materials and is expected to gener-
ate an understanding of surface chemical events of more general value, but 
is limited by the fact that industrial samples are rarely pure and well defined. 

Reactions at the solid/liquid-interface often represent a complex system 
where many possible reactions can occur. Attenuated Total Reflection Infra-
red Spectroscopy (ATR-FT-IRS) is ideally suited for aqueous solution infra-
red studies because of its high surface sensitivity and reasonably low absorp-
tion of water in aqueous solutions. ATR-11.-IRS is a technique using the 
evanescent field of the infrared light undergoing multiple internal reflections 
in an infrared element. In many investigations the ATR technique has been 
applied to the study of adsorbed surfactants, although most frequently fo-
cused on ex-situ studies whereas in-situ investigations are preferred. 
Chemical Bath Deposition was used to deposit an inorganic layer onto a 
germanium internal reflection element. This inexpensive and simple method 
has formerly been most frequently used as a deposition technique for semi-
conductor particles on glass or other substrates, suitable for semiconductors. 

In this paper we explored the ATR technique to obtain information about 
kinetics of heptyl xanthate adsorption at a zinc sulphide film deposited at a 
germanium internal reflection element. The aim of the study was to test 
whether the rate of HX adsorption on synthesized ZnS was controlled by 
the adsorption step or not. 

Experimental 

Collector adsotion 
Infrared spectra were measured using a Bruker IFS 113V (pressure 
—1mmHg) equipped with a MCT detector. Sufficiently many scans were ac-
cumulated to get a good signal-to-noise ratio. The internal reflection ele-
ment (IRE) used for measuring  IR  spectra was a germanium crystal covered 
with ZnS. The in-situ HX adsorption onto ZnS was preformed in a cell 
sealed with a viton gasket; see Fig. 1. Measurements were carried out in 
aqueous solution (pH —5.0) and under a continuous flow (-17.5 ml/min). 
The experimental set-up is shown in Fig. 1. Spectroscopy Central LTD in 
Warrington (UK) made the germanium crystal (50  x  20  x  2mm, 450, and 



trapezoidal shape). Before the HX adsorption experiment the ZnS deposited 
at  Ge  crystals were thoroughly washed first in pure acetone, then in an ultra 
sonic bath with pure ethanol and at last with MilliQ-water. The washing 
time varied from 15 min to 30 min per washing solution in order to get a 
clean surface. The concentration for HX during adsorption varied from 10 5  
M to 10 3 M with MilliQ-water as solvent. 

pH T Conc.... 

Figure 1 Experimental set-up  

KF-IX formation  
Kl-IX was synthesized according to the method described by Rao'. Hep-
tanol, KOH and CS2  were used to synthesize KHX. Purification of KHX 
was done by recrystallisation with acetone/ether and acetone/benzene. 

Chemical bath deposition 
Chemical Bath Deposition (CBD) was used to deposit zinc sulphide films 
onto the germanium crystals, according to Nair et  af.  ZnC12  and ZnSO4  are 
two different cation sources quite commonly used and as anion source 
Na2S, thioacetamide and thiourea are reported. In this paper zinc sulphate 
and thioacetamide were used as cation source and anion source respectively, 
and different precipitation times were used giving similar results. The tem-
perature during deposition of the ZnS films were 25° Celsius. The crystals 
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were vertically immersed in the bath with stirring during the deposition. Fur-
ther description of the CBD method can be found in Refs. 4-7. 

S uace characterization 
Infrared spectra of the zinc sulphide film made by the CBD method showed 
a layer containing carbon-hydrogen and hydroxide functions. Other vibra-
tion modes than hydroxide are most probably from impurities within the 
film. X-ray photoelectron measurements showed that the impurities ap-
peared as oxygen and carbon peaks. These peaks originate from both hy-
droxide and carbonate structures within the surface layer. Some of the car-
bon content in the surface layer may be due to surface contamination from 
the environment because after better cleaning of the surface the CH vibra-
tions decreased in intensity. An illustration of the ZnS layer formed is 
shown in Refs. 2-7. 

Theory 
In this study, a surface-active reactant is adsorbed at a surface. This can be 
described by a simplified picture as in Fig. 2. At t = 0, the surfactants are in 
the solution, and none is adsorbed. At t = t, some of the surfactants has ad-
sorbed, and some are still in the solution. For longer reaction times equilib-
rium between the molecules at the surface and in the solution exists. 

t = 	 t= t 

Figure 2 Schematic overview for the adsorption of a surfactant at a surface 

The reaction rate of the adsorption can be expressed with respect to the 
concentration in the solution and the surface coverage as: 

dA d(Co  —  A)  = k  .[C0 Ar  .[Am  _A]' 
 dtn 

dt  
[Equation 1] 

Where Co  is the initial HX concentration in solution, A is the amount ad-
sorbed at time t, Am  is the amount at equilibrium,  kr,  is the rate constant, and  
p  +  q  is the reaction order. 



Assuming second order reaction with  p  = 1 and  q  = 1 this equation be-
comes: 

c(Co —  A) 
 = k  2  •  (C0  —A)'  •  (A m  —  A)  = —

dA 
dt 	 dt  

[Equation 2] 

Upon integration of eq. 2 with initial condition A = 0 at t = 0 one obtains: 

1 
	 ln 

( A
' 

 (C
(I) 
 — A) 

(Co  — A) 	Co  (A m  — A))  
[Equation 3] 

By choosing the experimental conditions so that Co  is always much greater 
than A  (C„  >> A) this equation may be written as: 

ln 

   

=k1  •t [Equation 4] 

 

Am  -A)  

    

Which has the form of a first order rate law, with  k,  =  k,  

Results and discussion 

Hepl xanthate adsoption 
The kinetics of heptyl xanthate adsorption was followed by monitoring the 
evolution of the peak height of the asymmetric methylene stretching vibra-
tion band at 2925 cm-i.  In Fig. 3 the peak heights versus time are shown. In-
frared spectra corresponding to the upper curve in Fig. 3 are shown in Fig. 
4. Fig. 3 also shows the difference between for adsorption on one side of 
the IRE and adsorption on two sides. As can be seen there is almost a factor 
of two between the equilibrium plateau values. It also seems to be a slightly 
faster adsorption onto the 1 area-surface illustrated in Fig. 5, where the 
normalized value of the absorbance (A/Ao.,,$) versus time is shown. This dif-
ference is an indication of the reproducibility of the measurements including 
the difference in the similarity of the two synthesized ZnS layers. 
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Figure 5 Normalized absorbance (A/Amax) versus time 

Fig. 6 shows adsorption curves for three different initial bulk concentra-
tions. At lower bulk concentration, the time to reach adsorption equilibrium 
is longer as compared with higher bulk concentrations. However, the differ-
ence in adsorption times to reach the equilibrium is rather small and com-
plete monolayer coverage of the ZnS surface is attained within 40-60 min-
utes in the concentration range used. 
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Figure 6 Different concentration — same surface area 

After the time required to reach an expected plateau maximum, pure water 
was added to the system in order to monitor the desorption of HX from the 
surface, but also to get an idea of the contribution of the bulk solution to 



the measured absorbance values. The desorption behaviour is shown in Fig. 
7. 
As seen in Fig. 7 the desorption rate is high in the beginning and the desorp-
tion goes to an equilibrium value. This shows that some of the xanthate 
molecules are probably more loosely bound to the surface. The result indi-
cates physisorbed molecules that desorbs first and that molecules more 
strongly bonded to the surface are left. This and other similar experiments 
also indicate that the contribution from the bulk solution to the measured 
absorbance is rather low, not exceeding a few percent. 

desorption start 

3 
 11....... 

20 4,E1 	 60 

time (min) 

Figure 7 Adsorption of heptyl xanthate on ZnS showing both adsorption 
and desorption kinetics. The concentration of the bulk solution was 0.05 
mM HX. 

Pseudo-first order assumption 
To describe the adsorption kinetics a pseudo-first order rate reaction has 
been assumed. This means that the adsorption is dependent on the actual 
number of free surface sites, and the initial bulk concentration. 

In the theory section an expression for the integrated pseudo-first order rate 
reaction was derived (Eq. 4). In Fig. 8 the three tests in Fig. 6 is plotted with 
the left-hand expression in eq. 4 versus time. A Fairly good fit to a linear 
curve through  origo  is obtained, indicating that the pseudo-first order rate 
reaction assumption is quite good. 

S. 
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Figure 8 Pseudo-first order rate assumption — change in concentration 

Conclusions 
We have shown that infrared attenuated total reflection (IR-ATR) can be 
used to monitor the rate of adsorption of collectors from aqueous solution 
in-situ. Measurements were made utilizing the asymmetric methylene absorb-
ance band at 2925 cm-1. It was also shown possible to synthesise useful ZnS 
layers on a Ge-ATR crystal using the Chemical Bath Deposition method, 
which is promising for future studies of adsorption rates for various other 
inorganic surface layers. 

The time required to reach the plateau maxima (equilibrium) increased with 
decreasing bulk concentration of the adsorbate (0.01 mM — 1.26 mM). 
However, the difference in adsorption times to reach the equilibrium is 
rather small and complete monolayer coverage of the ZnS surface is attained 
within 40-60 minutes in the concentration range used. 
The measured adsorption rate follows a pseudo-first order rate reaction 
fairly well, which indicates that the adsorption rate constant is dependent on 
available surface sites and initial bulk concentration. 
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