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In sulphide mineral flotation, a sufficient hydrophobicity of the mineral surfaces is 
obtained by the adsorption of collector chemicals at the metal sulphide/aqueous 
interface. This surface alteration is of fundamental and applied interest. In this the-
sis, attenuated total reflection infrared spectroscopy has been used to monitor the 
adsorption kinetics and the orientation of heptyl xanthate when adsorbed onto 
three solid surfaces - germanium, zinc sulphide and lead sulphide in-situ. The 
Chemical Bath Deposition method has been used to deposit metal sulphides onto 
germanium internal reflection elements, and verified as capable in synthesizing 
metal sulphide surfaces for adsorption studies recovering information about surface 
reactions at metal sulphide/solution interfaces.  

In the study of surface reactions the substrate is of great importance, implying that 
the chemistry of the surface has to be well characterised. This work has utilized X-
ray photoelectron spectroscopy in the characterisation of the different surfaces. 

The adsorption kinetics has been followed to monitor the adsorption equilibria at 
different concentrations. In the case of heptyl xanthate adsorbed at the zinc sul-
phide/aqueous interface, an adsorption isotherm has been calculated from the 
equilibrium data. On the assumption that the adsorption step was rate controlling a 
pseudo-first order equation was derived and adsorption rate data, in all the three 
studied systems, 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.  

ABSTRACT



Abstract

    

Density Functional calculations of a free heptyl xanthate molecule, and a heptyl 
xanthate molecule adsorbed on a pure Ge(111) were utilized to get more informa-
tion about the in-situ adsorption of heptyl xanthate on a germanium surface. The 
important vibration bands were assigned to different vibrations, and the theoretical 
infrared spectra were compared with the experimentally analyzed spectra. This 
study shows the strengths of using advanced first-principle Density Functional 
Theory in the interpretation of real surface adsorption systems. 
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"God made solids. Surfaces are a work of the Devil"
Wolfgang Pauli 
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INTRODUCTION 

This work is a contribution to a long tradition of flotation chemistry research, which has been on-
going for more than 100 years. Excellent pioneers and researchers in the flotation chemistry and 
technology area, such as Ian Wark, have made this topic one of the last decade’s heaviest research 
areas whereas billion tones of ore have been made feasible by froth flotation.

In the year 2001, a research programme, Agricola Research Centre, started at the 
department of chemical and metallurgical engineering at Luleå University of Tech-
nology, funded by SSF, LKAB and Boliden AB. One goal that the research pro-
gramme had to achieve was a better understanding of the important surface reac-
tions occurring at mineral surfaces exposed to water. This thesis is a contribution to 
one of the programme areas, namely “Mineral surface reactions and chemical mod-
elling”, focusing on the kinetics of collector adsorption at metal sulphide/solution 
interfaces.

In this work, the main focus has been to study the interaction of collector chemi-
cals with metal sulphides, with special emphasis on the kinetics of adsorption. This 
was done by monitoring the adsorption through infrared internal reflection in-situ 
analysis. A prerequisite for this investigation has been the thin inorganic layers cov-
ering the attenuated total reflection (ATR) element used. Among a variety of such 
possible ATR elements, the choice fell on germanium, because of its high refractive 
index and fairly good chemical resistance. A high refractive index implies that the 
penetration depth of the totally reflected infrared radiation outside the germanium 
surface becomes small and therefore interacts less with the bulk solution. Its high 
refractive index also facilitates total internal reflection by being higher than the re-
fractive index of many of the inorganic materials commonly used in flotation 
chemistry studies. The results of the study are presented as directly observed infra-
red spectra of adsorbed species, from which information about adsorption kinetics, 
the adsorption isotherm and the orientation of the adsorbed species are obtained. 
However, an important part of the work has been to understand and to use ex-
perimental methods for the deposition of synthetic inorganic thin films on infrared 
transparent materials. A minor part has also been devoted to the modelling of 
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molecules by ab initio calculations to obtain intrinsic information of collector struc-
tures and vibrational energies. This approach is among the best, and sometimes the 
only, way to explore the origin of experimentally collected spectra. The interesting 
case explored to some extent in this thesis is the possibility to “put” a molecule on 
a surface and calculate the vibrational energies in the attempt to find out more 
about the adsorption chemistry analyzed by infrared techniques.

Scope of the thesis

In the attempt to understand and describe the in-situ adsorption of collector 
chemicals, three different model systems have been investigated. In paper I, II and 
III, the focus has been to elucidate the behaviour of xanthate adsorption directly 
on the germanium reflection element. Here, both advanced experimental surface 
sensitive techniques as well as highly sophisticated molecular modelling calculations 
have been used. The information retrieved contains adsorption kinetics, adsorption 
density, molecular orientation at the nano-level and intrinsic information regarding 
the molecular structure and vibrational energies for the adsorbed molecule. In the 
study of adsorption phenomena in connection to a real process such as flotation, it 
is of great interest to get information about how the systems behave, in the attempt 
to develop further the widely used flotation process. The behaviour is of course 
fundamental properties such as adsorption kinetics, hydrophobicity, and adsorption 
mechanisms, among others. The papers IV and V are studies of a synthetic, but a 
far from “pure”, zinc sulphide surface in contact with an aqueous xanthate solu-
tion. The adsorption isotherm, adsorption kinetics and some details about the ori-
entation of the in-situ adsorbed heptyl xanthate molecule is some of the obtained 
information. Paper VI is a work exploring the adsorption behaviour of heptyl xan-
thate on to a synthetic lead sulphide through a slightly different and new approach. 
Other adsorption data have been collected in the area of dithiophosphate in-situ 
adsorption on a synthetic zinc sulphide, but this will only briefly be discussed in 
this thesis.



   

“We learn from history that we never learn anything from history” 
Georg Wilhelm Friedrich Hegel 

LITERATURE SURVEY
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LITERATURE SURVEY 

“…when Light goes out of Glafs into Air, as obliquely as it can poffibly do, if its Incidence be 
made ftill more oblique, it becomes totally reflected.”

Sir Isaac Newton 

This survey deal with the progress of using infrared internal reflections as an analysis technique 
within surface chemistry, but as this thesis also is a contribution in the research about mineral par-
ticulate systems; it is of importance to mention some of the earlier studies done by other techniques 
as well. The choice of papers herein are almost arbitrary chosen among the thousands, and thou-
sands of papers within mineralogical particulate research during the last hundred years.

In 1963, George Wesley Poling1 published his thesis where he used multiple exter-
nal reflections with infrared light in the study of the mineral-xanthate system. The 
samples he studied were, among others, an evaporated lead sulphide layer, a natural 
galena, and a copper surface.  He presented many interesting data around these sys-
tems such as that a multilayer formation of xanthate on the lead sulphide films is a 
probable surface reaction product, and that dixantogen undergo dissociative chemi-
sorption on a copper surface to produce cuprous xanthate. He also goes into the 
discussion around the surface conformation of the adsorbed ethyl xanthate. His 
proposal is that the shift in the vibration mode at 1212 cm-1 to 1195 cm-1 is due to a 
difference between surface complexation of the adsorbed xanthate molecule, i.e. 
the relationship between adsorbed xanthate molecules and lead surface atoms. 
Norman Robert Tipman2 wrote his thesis in 1970 and he thoroughly investigated 
how the xanthates act in contact with water. He showed that a “slow” hydrolysis of 
xanthate to CS2 and its corresponding alcohol were the main products of the hy-
drolysis reaction, and he expected the dimeric form of the xanthate (dixantogen) to 
be formed within mineral systems through a catalytic oxidation, or an electro-
chemical reaction at, or near, the surface. One of his important results was that 
oxygen was not involved in the rate controlling steps of xanthate decomposition. 
“On the sorption of some soft ligands on sulphide mineral surfaces” was Mats 
Valli’s3 doctoral thesis from 1994. Valli thoroughly studied the adsorption of collec-
tor chemicals on various mineral samples (pyrite4, covellite and malachite5,
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chalcopyrite, marcasite, pentlandite, pyrrhotite and troilite6, and arsenopyrite, mil-
lerite, molybdenite, orpiment and realgar7) mainly by DRIFT, atomic absorption 
and X-ray photoelectron spectroscopy. The results obtained are among others 
spectral data of precipitates, adsorbed species on several minerals, and Valli dis-
cusses the fundamental way of how xanthates adsorb to different minerals. The re-
sults are supported by normal-coordinate analysis. One of Valli’s main contribu-
tions can be summarized as quoted; “During this investigation it became obvious that there 
is a relationship between the shortest sulphur-sulphur distance in the crystal lattice of the mineral 
and the alkylxanthate species adsorbed to the surface after treatment with the alkylxanthate ions. 
If the shortest sulphur-sulphur distance is shorter than about 3.4 Å, dialkyl dixantogen is ad-
sorbed to the surface. If the shortest sulphur-sulphur distance is longer than about 3.7 Å the ad-
sorbed alkylxanthate species is the corresponding metal alkylxanthate provided enough metal ions 
are dissolved from the mineral surface to exceed the solubility of the metal alkylxanthate. If the 
sulphur-sulphur distance is long and the concentrations of the metal and/or alkylxanthate ions are 
low enough to prevent precipitation of metal alkylxanthate, formation of a chemisorbed surface 
complex may occur”.

A historical review of the internal reflection technique 

Although the phenomena of total internal reflection of light has been known for 
centuries, it is only a few decades ago since the world-wide research community 
started to use total internal reflection vibrational spectroscopy in the study of vari-
ous topics within surface chemistry. In 1959, both Harrick and Fahrenfort inde-
pendently presented their results with infrared internal reflection techniques. Har-
rick called the method frustrated total internal reflection, and Fahrenfort called it attenu-
ated total reflection. In 1960, Harrick8 published his results in Physical Review letters. 
In the article, he studied water and polyethylene adsorbed on germanium multiple 
internal reflection elements. Fahrenfort9 published his results in Spectrochimica 
Acta 1961 with single internal reflection elements, in this case KRS-5 and AgCl, 
and different chemicals in contact with the optical elements.

Since then numerous publications with the internal reflection technique have been 
published. Harrick10 was active in this area during the 60’s and in 1962, he discusses 
the possibility to study surface states by frustrated total internal reflections, and he 
gave some observations on silicon as an example. A more thorough paper11 regard-
ing the nature of the internally reflected beam, and how the electric fields changes, 



Literature Survey

7

was presented in 1965. He also wrote the well-cited and excellent monograph12 as a 
summary of the technique where he gave in-depth explanations of the technique, 
and related it to the development “so far”. A publication within mineralogical par-
ticulate systems technology is the investigation of Coleman, Powell and Cochran13

from 1968. They studied ethyl xanthate adsorption at powder samples of both a 
CuSO4-activated zinc sulphide mineral and a CuSO4-activated synthetic zinc sul-
phide. Their procedure with analyzing residues from extracted solvent (super-
natant) with a thallium halide internal reflection element, and analyzing the metal 
sulphide clamped to the side of a thallium halide internal reflection element showed 
both ethyl dixanthogen and cuprous ethyl xanthate reaction products. Tipman and 
Leja14 adsorbed xanthate on a copper surface in 1969, and at the same time, they 
evaluated the different techniques used. They summarized their findings with the 
difficulties of retrieving a good picture of the studied systems, even though several 
different methods have been used. 

The essential approximate equations needed with reference to the change in reflec-
tance when using the internal reflection technique with a radiation absorbing ad-
sorbed layer on the internal reflection element was described by Hansen15 in 1970. 
Haller and Rice16 published in 1970 the results from a structure and orientation 
study of calcium stearate and n-amyl alcohol adsorbed at an Al2O3 internal reflec-
tion element. The adsorbed layers were deposited through a Langmuir-Blodgett 
technique, and through vacuum deposition. To the author’s knowledge this is the 
first attempt to study the orientation with the help of polarized light with the inter-
nal reflection technique. They also published adsorption isotherms for n-amyl alco-
hol on three crystal surfaces ( )053,412110001,  of 32OAl− , and calculated isos-

teric heats of adsorption for the n-amyl alcohol/ 32OAl−  system - 13, 19 and 26 

kcal/mol, respectively. One of the first attempts to deposit a film, of any kind, at an 
internal reflection element was made by Mattson17 in 1973. Mattson studied surface 
reactions on both copper- and carbon vacuum deposited layers on KRS-5 internal 
reflection elements, and he assumed the layers to be 10-20 Å and 100-200 Å in 
thickness, respectively. Mattson adsorbed bovine albumin at the carbon surface, 
studied the persulfate oxidation of the carbon layer, and the atmospheric oxidation 
of the copper layer. Mattson used a repolishing technique to regenerate the surfaces 
and allow for a fresh surface during the experiments. Yang, Haller, Low and Fenn18

made in-situ studies of steric acid adsorbed from a CCl4 solution on to germanium 
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- and aluminium oxide internal reflection elements. The authors claim to have 
maximum 0.3 of a monolayer in the concentration range 10-4-10-2 M, and down to 
0.03 of a monolayer. In this study, they also have studied a PdO coated germanium 
crystal. They highlight the possibilities for measurements of adsorption with time, 
to measure isotherms, and that the orientation of steric acid shows random orienta-
tion. “The methylene groups near the carbonyl group of an adsorbed steric acid molecule would be 
more perturbed than methylene groups elsewhere on the hydrocarbon chain, so that the absorbance 
per methylene group would vary somewhat depending on its position along the chain, …” The 
case of -Al2O3 with steric their conclusion is “poor matching of refractive indices”, and 
the PdO case gave highly uncertain results due to poor spectra. They also state that 
at a concentration of 10-3 M the evanescent wave will be 2-5% affected by the bulk. 
Strojek and Mielczarski19 worked in 1974 with dry and wet samples of ethyl xan-
thate adsorbed on a cuprous sulphide powder. They showed spectra of the ad-
sorbed species, and declared that no dixantogen was formed. They worked with 
three different sorption times (30 -, 45 – and 90 minutes), which did allow them to 
follow the development with time. 1976 was the year when Mattson and Jones20

made an electrochemical protein adsorption study on a carbon coated germanium 
internal reflection element. The same year Mielczarski, Nowak and Strojek21 pub-
lished a study with a vacuum-deposited copper film on the internal reflection ele-
ment. Their study performed was with deaerated and aerated xanthate solutions in 
contact with the copper substrate. They mentioned that the copper surface is oxi-
dized to cuprous oxide and that in the case with a deaerated solution their sole 
sorption product was a cuprous xanthate. In the case of a more deoxidized copper 
surface (through their experimental deoxidation technique), they claim to get a 
sorption product “similar” to cuprous xanthate. They also see that the dixantogen 
adsorbing at the surface converts to cuprous xanthate on a more oxidized copper 
surface. In 1977, Urs Peter Fringeli22 published an excellent and thorough paper 
regarding the orientation of lipids and proteins. He clearly gives an in-depth discus-
sion around different transition moments, and writes; “Since the oscillating dipole mo-
ment of w(CH2) is directed parallel to the chain, polarization measurements with the wagging 
progression is an efficient tool to determine the main direction of all-trans hydrocarbon chains. 
However, deviation from the hydrocarbon chain may be induced by certain polar end groups”. He 
also observed a band broadening due to hydrogen bonding. In this study, Fringeli 
used hydrophilic (probably oxidized) germanium, KRS-5, and zinc selenide internal 
reflection elements. In the end of the 70’s, Mielczarski, Nowak, Strojek and Po-
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mianowski23 published the results from adsorption of xanthates on different miner-
als, both real minerals and synthetic minerals. Their adsorption results were ob-
tained from e.g. natural galena and a precipitated layer of lead sulphide onto a ger-
manium reflection element. They used a kind of “semi in-situ” internal reflection 
measurement of the xanthates adsorbed at the different surfaces. They claim, which 
is unlikely, that they see no oxidation products of galena until after one month, and 
then they see e.g. PbO, PbS04 and PbS2O3. When they adsorb ethyl xanthate onto 
their surfaces, they claim to see the formation of lead(II) xanthate, and that there 
are essentially no differences between the studied pH-regions (5.4-5.8 and 7.8-8.5). 
The authors tell that their monolayer, or multilayer, formation is dependent on 
their “lab-practice” (as quoted: “The course of sorption, as may be concluded from experi-
mental results, depends to a great extent on the preparation of the samples”). In this study, they 
also studied a natural chalcocite, a synthetic copper(I) sulphide, a natural sphalerite 
(which contains small amounts of lead), a CuSO4-activated zinc sulphide and a 
non-activated synthetic zinc sulphide. At the synthetic zinc sulphide, they saw no 
sorption products of the ethyl xanthate, but on the sphalerite they did. They claim 
that the available lead surface atoms facilitate this sorption on the sphalerite, and 
they assign their surface product to be a lead(II) xanthate.

In a nice review from 1983 Strojek and Mielczarski24 covered a lot of the work 
done within mineral type systems until the beginning of the 80’s by citing around 
60 sources in their successful attempt to give a picture of the information retrieved 
around the solid-liquid interface studied by the technique using infrared internal re-
flections. Francis M. Mirabella25 wrote together with Harrick a review as a mono-
graph in the mid 80’s. Foley and Pons26 discuss the important details when using 
infrared analysis from in-situ electrochemical studies, and Kellner with co-workers27

studies electrochemically some polymers with a platinum-coated germanium infra-
red internal reflection element. Jerzy Mielczarski28 presented a nice paper of xan-
thate adsorption on marcasite in 1986. Mielczarski suggests a two-stage adsorption 
process, where at first a monolayer of iron xanthate (and lead xanthate) is formed, 
and subsequently multilayers of dixantogen. The decomposition of xanthate is said 
to be catalyzed by the marcasite. The monolayer of xanthate seems to have an ori-
entation, while dixantogen is disordered. Irrespective of adsorbed reagent (xanthate 
or dixantogen), an iron xanthate is formed on the surface, and if there exits lead 
surface atoms there will also be a lead xanthate formed. Mielczarski uses ultra-violet 
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analysis in combination with ATR-FTIR measurements to outline his idea. He also 
declares that oxidation of the sample and impurities in the sample effects the ad-
sorption; “The nature and quantity of the xanthate adsorption products observed on the marca-
site surface at similar conditions of sorption (xanthate initial concentration, pH of solution, and 
treatment time) depend on the degree of oxidation of the sample and the content of impurities in 
marcasite”. In February 1987, Leppinen29 presents the results from an investigation 
of xanthate and dithiophosphate adsorption on a synthetic lead sulphide powder. 
Leppinen claims to have coverage of ethyl xanthate (up to 2.1 monolayers) that re-
sembles a lead(II) xanthate precipitate, and that the ethyl xanthate is coordinated at 
the lead sulphide surface in a different phase compared to a lead(II) xanthate pre-
cipitate. He discusses the shift of the vibration frequency of the vibration band at 
1200 cm-1 to be change in bonding strength, and/or structure of the adsorbed spe-
cies. The distinction between different surface complexions could not be estab-
lished. In the case of the dithiophosphate adsorption he see the resemblance to a 
lead(II) dithiophosphate, but still with differences between a precipitated lead(II) 
dithiophosphate and the adsorbed species. Leppinen states, which is unlikely, to 
have an unoxidized lead sulphide. Sperline, Muralidharan, and Freiser30 published 
one of the real milestones in the use of infrared internal reflections in surface 
chemistry in 1987. They present the adsorption density equation to determine the 
quantity of adsorbed species at the solid-liquid interface, or as they say; “A method 
and the necessary equations were developed for quantitative spectral analysis of the surface active 
analyte adsorbed onto attenuated total reflectance (ATR) internal reflection elements (IRE) in the 
presence of analyte solution”. In addition, an equation to calculate the contribution of 
the bulk is presented. Jan D. Miller and co-workers have the last 20 years done a lot 
of really good and interesting research with the use of infrared internal reflections. 
In 1989, Miller and Kellar31 presented a material about the oleate/flourapatite sys-
tem, and Kellar, Cross and Miller32 presented an investigation about the adsorption 
density calculation from in-situ measurements. In that study, they had studied the 
oleate adsorption on a fluorite (reactive) internal reflection element, and they 
showed some real-time monitored adsorption data. They conclude monolayer cov-
erage at “low” concentrations, and multilayer formation at “higher” concentrations. 
The multilayer formation “appears to be a surface-precipitated calcium dioleate”, as they 
wrote in their concluding text. Nevertheless, most interesting is their conclusion as 
quoted “with considerable confidence that quantitative in-situ FT-IR/IRS analysis of surfactant 
adsorption at the surface of reactive internal reflection elements is possible”. A minor review of 
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four different systems; sodium dodecylsulfate/Al2O3, oleate/CaF2, xanthate/ZnS 
and n-octylamine/KCl was written by Miller, Kellar and Cross33. The reviewed xan-
thate-zinc sulphide system (pH=8.5) seems to have significantly lower than one 
monolayer at the concentration of 6·10-5 M of amyl xanthate. They mention that 
the ability to float sphalerite by xanthates is dependent on the concentration used. 
Shorter homologues need higher concentrations to float sphalerite. “In-situ FTIR 
study of ethyl xanthate adsorption on sulphide minerals under condition of con-
trolled potential” was the name of an article published by Leppinen, Basilio, and 
Yoon34 in the International Journal of Mineral Processing in 1989. They made an 
in-situ electrochemical adsorption study of ethyl xanthate on mineral samples of 
chalcocite, chalcopyrite, pyrite and galena. The minerals were pressed against the 
infrared element to get a good contact. Their results for the galena showed similari-
ties between the adsorbed species and a lead(II) xanthate, but still with differences. 
They made a reference to an earlier publication by Poling and Leja (see the article 
for the correct reference), where Poling and Leja states that the monolayer adsorp-
tion is in a 1:1 relationship between the lead surface atom and xanthate, and 1:2 be-
tween the lead surface atom and xanthate in the case of multilayer formation. They 
saw no evidence for dixantogen formation on the galena surface. On oxidized sur-
faces, they claim to have a non-electrochemical chemisorption process (an ion-
exchange reaction with the oxidation products), and that the formed species are 
“lead-ethylxanthate-like”. The authors propose, for instance three different potential 
regions for the adsorption of the xanthate on chalcocite; chemisorption, copper 
ethyl xanthate formation and a multilayer formation of copper ethyl xanthate. 

In 1990, Leppinen35 published a paper with ethyl xanthate adsorption on pyrite, 
pyrrhotite, chalcopyrite and sphalerite. The adsorption was performed on both 
non-activated mineral samples, as well as CuSO4-activated mineral samples. “After 
CuSO4 activation a copper(I) type xanthate compound exist on all of the minerals studied”. 
“Acidic pH favours the adsorption of ethyl xanthate on non-activated minerals, whereas neutral 
pH range is most favourable for xanthate adsorption on activated minerals”. In the case of 
sphalerite (with a very high content of silicates), Leppinen saw no adsorption on a 
non-activated sample. Leppinen used a spectral subtraction procedure to reduce the 
influence of the water bands in his processing and analyzing of his spectral data. 
“The system is affected by factors such as pH, oxidation potential, and different solution species in 
addition to the history of the mineral”. In 1991, gave Ulman36 an overview of ATR-FTIR 
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and grazing angle measurements together with polarized light. Kellar, Young, 
Knutson and Miller37 did a study of the oleate adsorption on fluorite. Here the fo-
cus was on the phase transition of oleate when the temperature is raised from 25o

Celsius to 40o Celsius. They also described the conformational changes of the alkyl 
chain by following the changes in the vibration frequency of the characteristic 
asymmetric methylene vibration ( as(CH2)) from around 2925 cm-1 down to 2919 
cm-1. The use of in-situ internal reflections has subsequently given more results in 
the oleate/fluorite case38. Another milestone is the article by Ahn and Franses39.
They present a uniaxial model and a biaxial model to calculate the tilt angle of alkyl 
chains of adsorbed species measured by polarized light. In the study, they use 
Langmuir-Blodgett monolayers of steric acid salts. They explore the effects of sub-
strate type, counter ion, and temperature on the spatial molecular hydrocarbon 
chain orientation. In 1993, Jang and Miller40 clearly verified the earlier published 
adsorption density equation to include Langmuir-Blodgett transferred layers. In this 
case, they transferred layers of steric acid and oleic acid on a calcium fluoride re-
flection element. Mirabella edited a book with focus on the internal technique pub-
lished in 199341. Mielczarski and co-workers42,43 published two articles in 1993 with 
infrared – (ATR-FTIR and DRIFT) - nuclear magnetic resonance, and X-ray pho-
toelectron studies of the adsorption of oleate on a synthetic hydroxoapatite. The 
authors saw a chemisorbed layer at “low” concentration, and multilayer/precipitate 
formation at “higher concentrations”. An isotherm was presented, as well as elec-
trokinetic and hydrophobicity measurements. Mielczarski and co-workers discuss 
the doublet/singlet at 1560 cm-1 to be characteristic for different organizations of 
the oleate at the surface.  A surface phase transition study and a valuable discussion 
around chain conformation for three systems (Oleate/CaF2, dodecylsulfate/Al2O3

and octylamine/KCl) were presented in a publication by Kellar, Cross, Yalaman-
chili, Young and Miller44 in 1993. Here they mention that at low concentrations the 
bulk has an insignificant contribution to the measured spectral data. In 1994, a 
study of the co-adsorption of benzophenone with sodium dodecylsulfate and so-
dium dodecylbenzenesulfonate on an rf-sputtered Al2O3-coating (100-200 nm 
thick) on a ZnSe crystal was published. Here, Sperline, Song and Freiser45 try to 
give a summarized picture of four basic structures for physisorbed anionic surfac-
tants. They also presented calculations of the contribution of the bulk, the amount 
adsorbed, and the tilt angles of the adsorbed molecules.  An important issue when 
measuring quantitatively by infrared internal reflections was highlighted by Free, 
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Jang and Miller46 in 1994. Here they thoroughly discuss the errors that can lead to 
wrong quantitative estimations through ATR-FTIR results. Steric – and oleic acids 
were used in this study, and their kinetic behaviours are elucidated when used with 
changes in infrared beam height. A dichroic and adsorption density measurement 
of Langmuir-Blodgett and self-assembled monolayers of sterate on a fluorite sur-
face was shown by Jang and Miller47 in 1995. Their results indicate an all-trans con-
formation of the alkyl chain, with average spatial chain orientation from the surface 
normal to 9-16o for the Langmuir-Blodgett films, and around 21o for the self-
assembled molecules. They used the transition dipole moments of the as(CH2)
mode in their calculations, and discussion around the molecular orientation. In 
1995, Chernyshova and Tolstoy48 presented an interesting technique when using 
ATR-FTIR in electrochemistry. They used a glass-coated infrared reflection ele-
ment, with the xanthate-galena and xanthate-pyrite in contact with the glass. They 
saw similarities of the adsorbed xanthate on galena with a precipitated lead(II) xan-
thate (pH=9.2, 0.01M Na2B4O7 and room temperature). Chernyshova and Tolstoy 
also discuss the (H2O) band in aspects of increasing surface hydrophobicity when 
the xanthate adsorbs, and “drawing attention to the bonding form of the (H2O) vibration, 
one can conclude that a structural reorganization of the water layer at the solid/aqueous boundary 
takes place”. Yalamanchili, Aita, and Miller49 did an interesting paper about the 
analysis of interfacial water on a hydrophilic silicon surface in 1996. Jeon, Sperline, 
Raghavan, and Hiskey50 studied the in-situ alkyl phosphate adsorption on an alu-
minium covered ZnSe crystal. The study contains zeta-potential, surface tension 
and contact angle measurements. Through the ATR-FTIR data, they calculated ad-
sorption density, the spatial hydrocarbon chain orientation, and discussed the kinet-
ics of adsorption. Here they have used a multiple peak-fitting procedure to evaluate 
the CH-stretching region (3000-2800cm-1). In a paper by Drelich, Atia, Yalaman-
chili and Miller51, they studied the kinetics and adsorption density of unsaturated 
carboxylates on fluoride. This study shows first-order kinetics of the carboxylate 
adsorption, and during their experiments they saw some features they could not 
explain; “Sometimes a smaller-than-expected value for the adsorption density was obtained for a 
certain reaction time. The reason for this remains unclear. It is speculated that the fluorite surface 
characteristics were not always reproducible with regard to the number of active surface sites”.
Three minerals; chalcopyrite, tetrahedrite and tennanite were studied by Mielczar-
ski, Cases and Barres52 with in-situ adsorption of xanthate. This study divided the 
mineral as wet samples analyzed by ATR-FTIR, and dry samples by DRIFT. For 
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the chalcopyrite sample both acidic and basic conditions showed similar results, 
and three surface species were suggested; cuprous xanthate, iron xanthate and dix-
antogen. The shoulder above 1200 cm-1 was assigned to iron xanthate. A Fe(OH)X2

is a likely product according to the authors. In the case of tetrahedrite no dixanto-
gen were formed, and both ex-situ and in-situ measurements show similar results 
with xanthate adsorbed showing these major vibration bands; 1227 cm-1, 1211 cm-1,
1200 cm-1, 1124 cm-1, 1049 cm-1 and 1037 cm-1. The xanthate adsorbed on 
tennanite is assigned to cuprous xanthate, and no formation of dixantogen was es-
tablished. In addition, the in-situ as well as the ex-situ measurements indicate the 
same results. One remark made by the authors is that the dixantogen seems to be 
unstable on mineral surfaces. Free and Miller53 published an in-situ adsorption ki-
netic measurement of oleate and linoleate at a fluorite surface in 1997. They clearly 
stated that the adsorption is not rate controlled by convection, but rather by the ad-
sorption reaction. They discuss how different ions (OH-, CO3

- and F-) can restrict 
the rate of the oleate adsorption. The reaction is here believed to be a first-order 
rate reaction with respect to available surface sites, and they have a mostly chemi-
sorbed layer that insignificantly desorbs when there is a “presence of reasonable quanti-
ties of competitive anions”. Other published studies are studies such as connecting con-
tact angle measurements with ATR-FTIR measurements54, and studying the effect 
of calcium in the oleate/fluorite system55. Bozkurt, Xu and Finch56 highlighted the 
importance of oxygen in the flotation of minerals through a semi in-situ study were 
wet natural pentlandite/pyrrhotite particulate beds were in contact with the infrared 
internal reflection element. They wrote; “Oxygen is often the final electron acceptor in flota-
tion systems. It was reported that dixantogen did not form on a pyrrhotite system when air was 
replaced by nitrogen, which confirms the important role of oxygen in the adsorption of xanthate”.  
In a paper presented by Neivandt, Gee, Hair and Tripp57, they made an in-situ ori-
entational study by polarized ATR-FTIR, and presented two models (two-layer re-
fractive model and three-layer refractive model) for calculation of tilt angles by us-
ing polarized light. Cetyltrimethylammonium bromide adsorbed at pH 9.2 at the 
silica/solution interface were their studied system They saw no preferential orienta-
tion in the initial stage of the adsorption., but as the adsorbed amount increased the 
system goes to a alkyl chain oriented normal to the surface. Drelich, Lu, Chen, 
Miller, and Guruswamy58 did a study with a coated germanium crystal in 1998. In 
this case, a 100-200 Å thick TiO2 layer was made by an rf/dc magnetron reactive 
sputtering system. X-ray photoelectron measurements established the major com-
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ponent to be TiO2. Langmuir-Blodgett layers of oleate/oleic acid were tested in the 
pH-range 3.5 to 9.5. They observed an increased noise level with the coated infra-
red element, and stated that this affects the detection limit as well as the band 
shapes of the characteristic carboxylate stretching vibrations. Goormaghtigh and 
co-workers59 reviewed the use of ATR-FTIR within protein and lipid adsorption on 
biological membranes. This is an excellent review highlighting many important fea-
tures of ATR-FTIR analysis, and its comparison with transmission infrared spec-
troscopy. Degenhardt and McQuillan60 discuss the oxalate binding models and ad-
sorption mechanisms on a thin colloid chromium(III) oxide-hydroxide film on a 
ZnSe crystal. They also discuss the time evolution, and they show the adsorption 
isotherm interpreted as a Langmuir type of isotherm. Kubicki and co-workers61

utilized molecular modelling (HF/3-21G**) in their interpretation of the naturally 
occurring carboxylic acids adsorbed on quartz, albite, illite, kaolinite and mont-
morillonite. The samples were pressed against the ZnSe crystal in the attempt to get 
sufficient contact with the electric field at the ZnSe surface. 

Larsson, Holmgren and Forsling62 from the division of chemistry at Luleå Univer-
sity of Technology presented a study in 2000. They studied adsorbed heptyl xan-
thate on a zinc sulphide internal reflection element by a spraying method, as well as 
adsorption from a solution to get self-assembled xanthate. A bridging binding co-
ordination of adsorbed xanthates was proposed, and they saw a formation of dix-
antogen.  “At the solid/liquid interface: FTIR/ATR – the tool of choice” was a re-
view published in 2001. Here Hind, Bhargava and McKinnon63 touch many good 
contributions published on 1) adsorption directly on the infrared internal reflection 
element, 2) coated infrared internal reflection elements, and 3) particulate systems 
in some way in good contact with the infrared internal reflection element. In 2001, 
Larsson, Holmgren and Forsling64 adsorbed two collectors (dibutyldithiphosphate 
and mercaptobenzothiazole) on a zinc sulphide internal reflection element. The au-
thors proposed a chemisorbed dithiophosphate on the zinc sulphide surface. 
Chernyshova made some spectrochemical studies of amyl xanthate adsorption on 
galena. The author used borate buffered (pH=9.2) nitrogen saturated solutions65,
deaerated solutions66 and air-saturated solution67 in the spectroelectrochemical 
studies. In 2003, Pardo and Boland68 used the internal reflection technique to study 
thiols adsorbed on a gold surface. They studied both structure and orientation of 
self-assembled hexandecanethiol at the monolayer/fluid interface of gold, and they 
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calculated reference spectra for the adsorbed thiols. Here they also mention that a 

as(CH2) value of below 2920 cm-1 is an indication of a crystalline packing structure 
on the surface. Freger and Ben-David69 made an investigation, and presented nec-
essary assumptions and derivations for the partition of solutes in a thin film on a 
internal reflection element. In 2005, Bargar and co-workers70 characterized carbon-
ate surface complexes on hematite by ATR-FTIR, and compared their results with 
DFT/MO calculations. Guan and co-workers71 studied the surface complexion and 
the real-time evolution of condensed phosphate on an aluminium hydroxide. Some 
of the quite recent articles using coated infrared internal elements were presented 
by Araujo and co-workers72, and by Wang and co-workers73. Araujo and co-workers 
worked with the catalytic photo-oxidation on a TiO2-layer and Wang and co-
workers with thin MFI type zeolite films on internal reflection elements as sensor 
probes. The recent publication of Axe, Vejgården and Persson74 was a study of the 
competitive adsorption between oxalate and malonate at a goethite surface. Wet 
mineral paste was distributed on a diamond infrared element in their study of sur-
face complexions, and the adsorption as function of pH and ligand concentration. 
Vucinic and co-workers75 published recently adsorption in mineral suspensions of 
both lead-modified galena and lead-modified sphalerite, and they suggest a pseudo-
first order rate reaction with respect to the xanthate when it adsorbs on their min-
eral samples. In addition, Chiem, Huynh, Ralston and Beattie76 showed a pseudo-
first order rate reaction when two polymers, unmodified polyarcrylamide and hy-
droxyl-substituted polyarcrylamide, were adsorbed in-situ on a particle film of talc 
at the infrared internal reflection element. They got the rate constants to k1´=0.1
min-1 and k1´=0.15 min-1, respectively. Their conclusion was that the rate-
determining step was the surface reaction. Lefêvre and Fédoroff77 made a sorption 
study of sulphate ions onto hematite. The main focus was on kinetics, and competi-
tion with other ions (SeO4

4-, ReO4
4-, UO2

2+). They saw equilibrium after around 30 
minutes of adsorption time, and assigned the surface complex to a monodentate 
configuration, with minor influence of a bidentate configuration. The surface com-
plexes were elucidated by second-derivative spectral analysis. 



"The applicability of bulk compound solubility data to the actual solubility of sur-
face compounds is however highly suspect and controversial"  

George Wesley Poling  

METHODS & THEORY
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METHODS & THEORY  

This chapter describes some concepts and methods encountered in the thesis, and an attempt to cite 
key examples within respective area has been made. The reader is referred to the cited references for 
a more in-depth description within each area. 

Complex sulphide minerals 

This thesis deals with the analysis of surface chemical phenomena of in-situ collec-
tor adsorption on metal sulphides, and in reality, these metal sulphides are com-
monly found in mixtures of many different metal sulphides, called “complex sul-
phides”. Complex sulphide minerals are minerals containing different atoms in 
combination 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, dif-
ferent separation techniques are often needed, such as gravimetrical separation and 
flotation.

Table 1

Different sulphide minerals 
Mineral (Eng.) Mineral (Swe.) Chemical composition
Galena Blyglans PbS
Sphalerite ZnS, (Zn,Fe)S
Wurtzite Wurtzit ZnS
Achanite Silverglans Ag S
Electrum Elektrum (Au,Ag) within sulphide minerals
Amalgam Amalgam (Au,Hg)        - || -     - || -
Cooperite Cooperit PtS
Chalcopyrite Kopparkis CuFeS
Chalcocite Kopparglans Cu S
Covellite Covellin CuS
Pyrite Pyrit FeS

2

2
2

2

Svalerit/Zinkblande..
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Flotation

Flotation basically 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 valuable mineral hydrophobic. 
To induce hydrophobicity of a certain mineral, an addition of a surface-active reac-
tant – a surfactant - has to be made. For instance in the case of flotation of lead 
sulphide, this surfactant can be an organo-sulphurous compound or an organo-
phosphorous compound, namely xanthate (Figure 1a) or dithiophosphate (Figure 
1b).

Figure 1 

a) A modelled potassium ethyl xanthate molecule78 and b) a modelled potassium O’,O’-
dibutyldithiophosphate molecule79 (one of the possible structures) (  = potassium,  = 
phosphor,  = sulphur,  = oxygen,  = carbon and   = hydrogen) 

Flotation is among the best applications of adsorption and is a widely studied topic 
and highly qualified research has been ongoing since the beginning of the last cen-
tury. Despite the long time of research there are still some uncertainties in the fun-
damental understanding of the flotation systems. One of these uncertainties is the 
surface chemistry of the solid/solution interface such as adsorption mechanisms 
and adsorption kinetics. 
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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 selection 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 semiconductor parti-
cles on glass or other substrates suitable for semiconductors. The technique80 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 Figure 2. There are three different mechanisms discussed, see Figure 3. 
Froment and Lincot81 have suggested that CdS, according to their experiments, is 
deposited by an atom-by-atom process, and that ZnS and CdSe is more of a colloi-
dal aggregation process. They also suggested that the conditions, i.e. the properties 
of the reacting solutions, could be altered to get an atom-by-atom deposition proc-
ess.

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

Figure 2

Schematic picture over the Chemical Bath Deposition method. 
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Figure 3

Deposition processes a) atom-by-atom, b) colloid aggregation, and c) mixture between a) 
and b). 

A good thin-film deposit is able to take place when the precipitation is controlled 
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 ap-
propriate chemical equilibrium is adjusted, as stated by Nair and co-workers82.

The rate of deposition and the film thickness depends on the chemical nature of 
the solution; pH, concentration, temperature, the complexing agent, and the sub-
strate83,84. 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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Successive Ionic Layer Adsorption and Reaction 

Another, slightly different, method than CBD is the Successive Ionic Layer Ad-
sorption 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 198785.

The concept of SILAR is to sequentially let the substrate get in contact with pre-
cursors and rinsing media, having the anion solution, cation solution and rinsing 
media in different containers. In the SILAR method, the set-up is kept enclosed for 
a controlled environment (temperature and oxygen-content). Here the substrate are 
moved from vessel to vessel, and are kept in the solutions, slightly moving, suffi-
ciently long time for the film thickness requested86-89. This procedure is often re-
ferred to as a “dip-coating” method. 
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Spectroscopy

If a molecule is exposed to radiation the molecule will in some cases absorb some 
of the energy. This absorption of energy can physically be explained through differ-
ent theories, mostly dependent of what type of absorption that is occurring. In this 
part of the chapter explanations of vibrational spectroscopy (absorption of energy 
by molecular bonds) and X-ray photoelectron spectroscopy (absorption of energy 
by electrons within atoms) will be made. 

Fundamentals of vibrational spectroscopy 

The atoms within a molecule are connected by covalent bonds, and these atoms 
can perform simple periodic motions (as springs). Energy in the infrared region can 
stimulate excitations of vibrations of these molecular bonds. These stimulated exci-
tations generate an increase in the amplitude of the molecular vibrations and the 
vibrations are often called normal modes, or normal vibrations. By definition, a 
normal mode is a vibration where all the atoms involved perform simple harmonic 
motion with the same frequency, and all the atoms must go through their equilib-
rium positions at the same time. The molecule possesses three different types to 
motion, i.e. translational, rotational and vibrational motions. A polyatomic mole-
cule has 3N-6 degrees of vibrational freedom (N is the number of atoms) and a lin-
ear molecule 3N-5 (it only has 2 degrees of rotational freedom). Only bonds be-
tween atoms that have a changing dipole moment ( ) as a function of q are capable 
of absorbing infrared radiation. The changing molecular dipole moment must sat-
isfy Equation 1 to be infrared active. 

0
q 0

≠
∂
∂

Equation 1 

Where q is the normal coordinate representing the moving atoms during a normal 
vibration, and  is the molecular dipole moment.

If the vibrational problem is simplified to a one-dimensional harmonic oscillator 
where a particle of mass m is exposed to a potential V(x) = 0.5m 2x2 then the 
Hamiltonian (H) can be written as: 
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2
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2m
pH +=

Equation 2 

Where p is the momentum operator, x is the position operator and  is the angular 
frequency. The first part of the Hamiltonian is the kinetic energy, and the second 
term the potential energy. To find the energy states (and its energy eigenstates) of 
this one-dimensional case, one way is to solve the Schrödinger equation: 

EH =

Equation 3 

In addition, if one should solve Equation 3, the corresponding energy levels to the 
one-dimensional case can be represented as: 

+=
2
1vE

Equation 4 

Equation 4 illustrates one of the big differences between classical mechanics and 
quantum mechanics, where the energy levels of vibrations have discrete energy lev-
els. This also shows that the ground-state (v=0) of the vibrations is not zero but 

/2. This is a contradiction to classical mechanics where vibrations can vibrate 
with amplitudes in any energy states and have a ground-state of zero energy. The 
vibrations were approximated to harmonic oscillations but in reality the oscillations 
are anharmonic, and the potential energy can be described by e.g. the Morse poten-
tial. See Figure 4 for a general picture for a diatomic molecule. 
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Figure 4 

The harmonic oscillator potential and the Morse potential. The dissociation energy (De) is lar-
ger than the true dissociation energy (D0). The harmonic oscillator has evenly spaced energy 
levels, while the space between the energy levels for the Morse potential is decreasing.

There exist different kinds of molecular bonding energy absorptions, where the 
fundamental vibration (Figure 5) is the most intense. Overtones, as illustrated in 
Figure 5, are other types of vibrational excitations, as well as the possibility to get 
combinations of two or more vibrations, i.e. sum ( i + j) or differences ( i - j) of 
vibration bands. Fermi resonance is another type where a fundamental vibration is 
coupled with an overtone or a combination band, and this often generates two 
bands where only one band was expected. 

a) 
- - - - - - - - - - - - - 
- - - - - - - - - - - - - 
- - - - - - - - - - - - - 
- - - - - - - - - - - - - 
- - - - - - - - - - - - - 

b) 
- - - - - - - - - - - - - 
- - - - - - - - - - - - - 
- - - - - - - - - - - - - 
- - - - - - - - - - - - - 
- - - - - - - - - - - - - 

c) 
- - - - - - - - - - - - - 
- - - - - - - - - - - - - 
- - - - - - - - - - - - - 
- - - - - - - - - - - - - 
- - - - - - - - - - - - - 

Figure 5 

The general picture illustrates excitations from energy levels as; a) a fundamental excitation 
( 0 v1), b) the first overtone ( 0 v2) and c) the second overtone ( 0 v3), and so-forth. 

Absorption of energy by molecules in a sample is related to the incident radiation 
through the Beer-Lambert law90 as: 
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ClA ⋅⋅=    

Equation 5 

Where A is a dimensionless product known as absorbance,  is the molar absorp-
tion coefficient, l is the path length and C is the concentration of the solution. In 
the case of infrared spectroscopy, the energy is usually expressed as wavenumber, a 
unit that is directly proportional to the frequency of the vibration ( ), i.e. the en-
ergy:

EchchhE
~

photon =⋅=⋅⋅=⋅=      

Equation 6 

ch
E~

⋅
= (wavenumber, normally presented in cm-1)    

Equation 7 

where c is the speed of light in vacuum, and h is Planck’s constant. 

Chemical analysis is an important application of infrared spectroscopy. The vibra-
tional frequencies of fundamental modes, of different atomic groups, in a molecule 
are rather similar and fairly independent of molecule type. The identity of the mole-
cule or the atomic groups within the molecule can consequently often be estab-
lished by examining an infrared spectrum and referring to a table of characteristic 
vibrational frequencies (see Table 2 as an example).

Table 2 

Characteristic frequencies91

Vibrating mode Wavenumber [cm-1] Example(s)
C-H stretch 2800-3300
C-H bend 1300-1500, 500-900
R-O-(C=S)-S-X 1250-1200 Dialkyl xanthates, dixanthogens 

1140-1110 and copper and zinc xanthates
1070-1020

C-O-C stretch 1190-1175 Sodium and Potassium xanthates
CS2 stretch 1064-1021
O-H stretch 3100-3800
O-H bend 1200-1600
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Attenuated Total Reflection infrared spectroscopy (ATR-FTIR) 

ATR-FTIR is one of the most versatile infrared techniques, utilizing total reflection 
in an optical medium, also sometimes referred to as waveguide, i.e. “a medium that 
guides the wave”. When the infrared radiation undergoes multiple internal reflec-
tions in an infrared element, see Figure 6, the electric field established at the IRE 
surface can be used for infrared analysis, i.e. the light “sense” disturbances at the 
surface of the infrared element.  

I0

I

Figure 6

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 (infrared element) stays above the critical angle. Snell’s 
law defines the critical angel as: 

)(nsin 21
1−=         

Equation 8 

elementinfrared

medium
21 n

n
n =    

Equation 9 

The propagating wave creates an electromagnetic disturbance with exponentially 
decaying intensity normal to the surface, and into the lower refraction index me-
dium. This exponentially decaying electric field is per definition called an evanes-
cent wave. 
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The wave is reduced or attenuated upon interaction with the absorbing medium 
just outside the interface of the infrared element, and the wave can penetrate up to 
a micron into the absorbing medium, schematically illustrated in Figure 7. Multiple 
reflections and the possibility to vary the depth of penetration makes the ATR-
FTIR method very surface sensitive and suitable for the study of different interfa-
cial phenomena occurring in e.g. water as solvent.

dp

E(x)=E   e
-x/dp

0
.

E0

E(x)

x

Figure 7

Schematic illustration of depth of penetration, and the exponentially decaying electric field 

The depth of penetration, dp, of the evanescent wave into the absorbing medium in 
contact with the infrared element is a function of the wavelength, incident angle 
and refractive indices (see Equation 10), and it is defined as the depth to where the 
electric field has dropped to e-1 of its value at the surface: 
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=        

Equation 10 

Another depth of penetration is defined as, de, and called the effective thickness, 
which is the thickness of a film of a sample material on the infrared element that 
would give the same absorbance in a transmission spectrum as for the attained in-
ternal reflection spectrum. The effective thickness is illustrated in Equation 11: 
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There will be bands of higher intensity in ATR spectra, compared with transmis-
sion spectra, when the wavelength increases. This is caused by the fact that the 
depth of penetration is dependent of the wavelength of the infrared light, i.e. dp = f 
(λ) for thick films. Another distortion can be that n2, the refractive index of the ab-
sorbing medium, fluctuates much in the region of an absorption band. This prob-
lem causes a refractive index distortion of the band shapes. The distortion can be 
kept away from making any problem by keeping the angle of the incident light 
much higher than the critical angle (Equation 8).  

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

Remarks on the choice of infrared element 

The choice of infrared internal reflection element is of great importance when 
working with in-situ measurements, especially with regular water as solvent. This is 
because the depth of penetration (described by Equation 10) is dependent of the 
refractive index of the infrared element, e.g. the difference in depth of penetration 
between a germanium element and zinc sulphide element can be seen in Table 3. 
Not only the refractive index is crucial, both also the incident angle. In this work, 
and at our laboratory, the commonly used incidence angle is 45o, and with a trape-
zoidal configuration (length=50 mm, thickness=2 mm and width=20 mm) this 
generates 25 reflections inside the infrared element. In addition, a very crucial pa-
rameter is the hardness and chemical resistance of the infrared element, see Table 
3. Clearly, a very soft infrared element is easily ruined if it is not carefully handled, 
and this is very easy done if working with cell configurations where high pressure is 
needed to tightly seal the cell. The chemical resistance can be of great importance if 
working with e.g. oxidizing/reducing environments. One such way of chemically 
alter the surfaces is when the infrared element is cleaned by an oxygen containing 
plasma. In the case of germanium, this readily oxidizes the surface. Other effects 
like spectral distortions have been mentioned earlier. 
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Table 3 

Physical properties of different infrared elements92

Material o) n1
* dp

** Range (cm -1) Hardness*** Chemical properties 

C (diamond) 45 2.4 0.399 a 45000-10 7000 Insoluble in water,  

   1.197 b   acids and bases 

Si 45 3.42 0.215 a 10000-100 1150 Insoluble in most acids  

   0.646 b   and bases, soluble in  

      HF and HNO3

Ge 45 4.01 0.175 a 5000-600 550 Insoluble in water,  

   0.524 b   souble in hot H2SO4

      and aqua regia 

ZnS 45 2.25 0.472 a 22000-950 355 Insoluble in water  

   1.416 b   and soluble in acids 
       KRS-5 45 2.36 0.416 a 16000-200 40 Insoluble in acids,

   
1.247 b

   
soluble in warm water 

            
and bases

* The refractive index at 2000 cm -1

** Calculated at a) 3000 cm -1 b) 1000 cm -1, and with n
2
=1.5 

*** Knoop hardness

Polarized light with Attenuated Total Reflection 

If polarized light is combined with the ATR-FTIR technique it can uncover infor-
mation about the direction of transition moments of normal modes of vibration, 
i.e. give information on orientation of functional groups attached or close to the 
surface. This means that ATR-FTIR in combination with polarized light can reveal 
the spatial orientation of molecules at the nano-level.

The internally reflected beam is in the plane of incidence, and the plane is defined 
as the x-z plane (Figure 8). The surface is the x-y plane and orthogonal to x-z plane. 
If the wave is polarized the wave may be polarized either in the plane of incidence, 
or in the surface plane. Polarized light in the plane of the surface is defined as per-
pendicular or S-polarized, whereas light polarized in the plane of incidence is de-
fined as parallel or P-polarized. Propagation of the wave is in the x-direction. 
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Electric field vector coordinates and polarization of the radiation 

When the absorbing species is interacting with the evanescent 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 relationship between plane of po-
larization and the transition moment makes it possible to determine the preferred 
average spatial orientation of the absorbing species. 

When measuring orientation with polarized light the dichroic ratio is of interest 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: 
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Equation 12 

For example, if the methylene groups of a surfactant tail are aligned with their tran-
sition moments in the plane of the surface (Figure 9c), the surfactant tail is in aver-
age normal to the surface. This is not valid if there exist a “kink” in the carbon 
chain, i.e. that a gauche conformer is present, as illustrated in Figure 9b. 
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Figure 9 

Heptyl hydrocarbon chain alignment of a) an all-trans conformer and b) one of the probable 
gauche conformers. The (*) shows which methylene groups that are by far most affected by 
the “kink” of the hydrocarbon chain. Figure 9c illustrates the alignment of the dipole transition 
moment of the methylene group in an all-trans conformation (  = sulphur,  = oxygen,  = 
carbon and   = hydrogen). 

The methylene groups aligned in an all-trans conformation (Figure 9 a) have a di-
chroic ratio predicted as: 
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Equation 13 

A very interesting and useful ratio is that of a molecule with no preferential transi-
tion moment alignment, i.e. it has no preferred orientation: 
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Equation 14 

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 media. If the angle 
of incidence and the refractive indices are known we can determine the tilt angle of 
uniaxial (and biaxial) molecules using a Two-Layer (2L) Refractive Index Model or 
a Three-Layer (3L) Refractive Index Model depending on which model is appropri-
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ate57. To the author’s knowledge, in the cases of four-layers (4L)IV,V and five-layers 
(5L)VI there exists  no models to calculate the tilt angle of an adsorbed molecule. 

Three-Layer (3L) Refractive Index Model 

For a three-layer model according to Figure 10, the electric field amplitude compo-
nents can be calculated by Equation 15-Equation 17. 

Solution, n

Adsorbate, n

Substrate, n

3

2

1

Figure 10

Three layers – substrate, adsorbate and solution 
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Equation 17 

A substitution of n1=4.0 (germanium), n2=1.50 (organic layer) and n3=1.33 (water) 
into Equation 15, Equation 16 and Equation 17, and the subsequent substitution of 
the calculated electric field components into Equation 14, imply that the dichroic 
value for an isotropic oscillator is equal to 0.65. A deviation from that value indi-
cates some kind of orientation of the molecule. 
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Surface Excess with Attenuated Total Reflection 

Sperline, Muralidharan and Freiser30 published in 1987 the derivation of the deter-
mination of surface excess for adsorbed species at a solid/liquid interface by inter-
nal reflection spectroscopy. Some years later Jang and Miller40 verified the work 
done by Sperline and co-workers, and they verified the model for the “adsorption 
density equation” to include Langmuir-Blodgett films93,94 – films of one or several 
layers of species adsorbed at a surface.  

Surface Excess for Thin Films 

A slightly different approach than both Sperline and co-workers, and Jang and 
Miller are going to be shown below, and the derivation of the “adsorption density 
equation for thin films” can be seen in appendix A. The difference in relation to 
earlier publications is that the expression for “effective thickness, de, for thin 
films”12  is used, rather than the expression for “effective thickness, de, for bulk ma-
terials”12.

The IRS adsorption density equation as published by Sperline and co-workers may 
be written as: 

p

e

eb

d
d21000

dC
N
A

⋅⋅⋅

⋅⋅−
=

Equation 18 

Where A/N is the absorbance per reflection,  is the integrated molar absorptivity, 
Cb is the bulk concentration, and dp the depth of penetration. With the help of the 
Beer-Lambert law (Equation 5) the integrated molar absorptivity ( ) can be calcu-
lated from infrared transmission studies. 

Adsorption Density Equation for thin films 

As seen in the derivation in appendix A, the adsorption density measured with 
ATR-FTIR on thin films, i.e. when t  <<  dp, is:
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Equation 19 

where Γ is the surface excess in mol/cm2. To the author’s knowledge the theory 
today has no valid expressions for the necessary electric field vectors for more than 
three layers (Figure 10). In this thesis, three different systems are studied, i.e. three-
layer (3L), four-layer (4L) and five-layer (5L) systems. It is not possible with the ex-
isting theory to calculate the surface excess for more than a three-layer model with-
out making further assumptions.

When considering the assumption of neglecting the bulk concentration when deriv-
ing the expression for the Adsorption Density Equation, Sperline and co-workers 
showed that, the bulk concentration (illustrated in percentage in Equation 24) 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 con-
centration. The author has attempted to establish the influence of the bulk, and in 
that attempt, the bulk had only minor influence at low concentrations (<10-3 M), 
but for concentrations higher than about 5 mM the bulk will certainly influence the 
analysed spectra.

Expressions used in the “thin film” case 

Earlier in this chapter, expressions for both the depth of penetration, and the effec-
tive thickness were shown (Equation 10 and Equation 11). The expressions for the 
effective thickness for perpendicular polarized light (Equation 20), the parallel-
polarized light (Equation 21) and the average effective thickness (Equation 22) - 
can be found in a book edited by Mirabella41. In 1974, Tompkins95 derived an ex-
pression for absorbance per reflection for a multiple internal reflection element 
with a thin film adsorbed at the surface (Equation 23).
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Manipulation of in-situ measured data 

Correction of bulk contribution of measured absorbances 

Sperline, Muralidharan and Freiser30 derived an equation representing the contribu-
tion (in percentage) of the bulk solution on the measured absorbances of adsorbed 
species:

2000dc
dc

100%bulk
pss

pss

⋅+⋅
⋅

=

Equation 24 

In this case, s denotes sample or surfactant. This is normally a necessary correction 
due to the contribution of molecules in solution on the in-situ measured absorb-
ances. In this work, the bulk contribution has generally been corrected for at con-
centrations higher than 10-3 M. 

Correction of water absorption

When water (H2O) is used as solvent in infrared measurements, the collected spec-
tra will always be strongly influenced by the water absorption of infrared radiation. 
In Figure 11, the water influenced areas are around 3000 cm-1 (stretching vibrations 
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of H2O), around 2200 cm-1 (a combination band often referred to as the association 
band* of H2O), around 1640 cm-1 (bending vibration of H2O) and below 1000 cm-1

(liberation vibrations, and intermolecular vibrations of H2O). The water correction 
is made by means of a subtraction of a negative H2O absorbance spectrum (Figure 
11), to achieve a flat baseline in respective area. See Figure 12a where the uncor-
rected spectra in the region 3050-2750 cm-1 are shown, and in Figure 12b the water 
corrected spectra for the same region are shown. 
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Figure 11 

A negative water spectrum used in subtraction of water influenced areas in the mid-infrared 
region.
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Figure 12

In-situ collected spectra over the hydrocarbon stretching region, which are a) uncorrected (an 
inconsistent baseline) for the influence of water vibrations, and b) corrected (an uniform 
baseline) for the influence of water vibrations. 

                                          

* The ‘association band’ is a combination band between the bending mode of H2O and liberation 
bands, or restricted rotations i.e. rocking vibrations of H2O. The liberation vibrations are im-
posed by hydrogen bonding and can be found around 700 cm-1 and 400 cm-1.
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X-ray Photoelectron Spectroscopy (XPS) 

XPS96 is one of the most versatile techniques utilized in surface studies of elemental 
composition, chemical state and electronic state of the elements of the studied sur-
faces. The technique has the availability to measure across the top of the surfaces 
(line profiling), as well as a function of depth (depth profiling). Systems studied are 
a wide variety of materials such as metals and metal alloys, semiconductors, inor-
ganic material, paint, polymers, bio materials etc.  

Physical background 

The general idea of XPS is to bombard a surface with monochromatic radiation, i.e. 
photons of specific energy, to induce electron emission from core level electrons. 
In surface chemical studies, highly collimated and intense synchrotron radiation can 
be beneficial.  The electrons have to be excited above the vacuum level to be emit-
ted and collected for detection with respect to their kinetic energy (KE) and 
amount (number of emitted electrons). The vacuum level represents an electron 
with zero kinetic energy, and that the electrons have zero potential energy, i.e. the 
electrons do not interact with neighbouring particles. 

By applying the principle of energy conservation, it is possible to calculate the elec-
tron binding energy (BE) for the emitted electrons through Equation 25 (Φ  is a 
work function for the specific spectrometer used).

Φ−−⋅= KEh υBE

Equation 25 

The physical basis behind photoelectron spectroscopy can be simplified as an illus-
tration, see Figure 13 a) and Figure 13 b):
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Figure 13 

Physical basis of X-ray photoelectron spectroscopy. The illustration shows how a core level 
electron is being excited and “pushed” out of the atom. KE is the kinetic energy of the elec-
tron, BE is the electron binding energy and hv is the photon energy.  

The binding energy is characteristic for each atom (see Table 4), and it is also sensi-
tive for the surrounding environment of the atom, i.e. the possibility to analyze 
specific elements and their composition exists. 

Table 4 

Specific binding energies for elements (eV) 
Atom  1s1/2  2s1/2  2p1/2  2p3/2  3s1/2  3p1/2  3p3/2  3d3/2  3d5/2  

C 284          

O  532  24         

Na  1072  63         

P  2149  189  136  135       

S  2472  229  165  164       

Cl  2823  270  202  200       

K  3608  377  297  294  34      

Fe  7114  846  723  710  95  56*     

Cu  8979  1096  951  931  120  74 *    

Zn  9659  1194  1044  1021  137  87*     

Ge  11104  1413  1249  1217  181  129  122  29*  

Atom  4p1/2  4p3/2  4d3/2  4d5/2  5s1/2  4f5/2  4f7/2  5p1/2  5p3/2  

Pb  761  644  434  412  148  142  138  106  83  

*The value is shown as an average for two non-resolved peaks 

In this thesis, the interest is to use XPS for the analysis of three different systems, 
i.e. germanium, zinc sulphide and lead sulphide. 
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Interesting information from the literature about the germanium 

and the collector/metal sulphide cases studied by XPS 

In the literature there exist some publications of germanium studied by XPS, and 
how the germanium alters during different preparations and in different environ-
ments. This is because germanium has won substantial ground within the semicon-
ductor business during the last decades. Prabhakaran and Ogino97 have studied the 
oxidation of Ge(100) and Ge(111) surfaces by XPS and ultraviolet photoemission 
spectroscopy (UPS). The most important conclusion they have derived is that the 
germanium surface oxidizes to GeO and GeO2 quite easily in for instance a regular 
laboratory environment (air and in room temperature). They also showed that the 
“through-their-experiment” formed hexagonal GeO2 is removed by warm water 
rinsing, but still there exists germanium oxides after rinsing. Their peak assignments 
for germanium and developed oxides are summarized in Table 5: 

Table 5 

Peak assignments of germanium 
Surface Electronic states (eV)

O 1s O 2p* Ge 2p Ge 3d

Ge(111) - - 1217,5 30,2

Ge(100) - - 1217,5 30,2

GeO  531,2 5,2 1219,3 31,6

GeO2 532,3 6,3  10   12,2 1220,7 33,4

*UPS values, i.e. not seen by XPS.

Another investigation was done by Tabet and Salim98 on the oxidation of a Ge(001) 
surface. The show the same peaks as Table 5, but do not assign the chemical shifts 
from Ge0 to other than oxidized germanium, i.e. Geox. They also see Geox, as Prab-
hakaran and Ogino, when the germanium has been in contact with air.  This altera-
tion of the germanium surface by air has subsequently been established also by 
Wang and co-workers99.

Mielczarski and co-workers100,101 studied three minerals (chalcopyrite, tetrahedrite 
and tennanite) both in aqueous solution at pH=10, and in contact with an amyl 
xanthate solution at pH=10. Their main conclusion regarding the surface composi-
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tion of the minerals in contact with water can be summarized as (somewhat de-
pending on mineral): 

The outermost layers have species like oxides, hydroxides and adsorbed water. The 
oxides and hydroxides can be seen as several different depending of general surface 
composition of the mineral. The next layers seem to have a gradually changing sul-
phur-enriched composition. The innermost layers have resemblance to the bulk 
mineral composition. The minerals in contact with amyl xanthate generally show at 
the outermost layers a cuprous xanthate complex, and small amounts of metal hy-
droxides. The layers beneath the outermost layers have gradually changing charac-
ter down to that of a bulk mineral composition. The surfaces seem to have copper 
enrichment, probably due to diffusion of copper atoms from the bulk to the sur-
face. The enrichment of sulphur, as in the case of contact with water, was not ob-
served when the samples were in contact with a xanthate solution. 
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Overview of analysis techniques 

Other techniques in molecular spectroscopy 

Other common molecular analysis techniques used, and not used in this work are; 
transmission infrared spectroscopy, diffuse reflectance spectroscopy, Raman spec-
troscopy, specular reflectance spectroscopy, photoacoustic spectroscopy, emission 
spectroscopy and ultraviolet-visible spectroscopy. These techniques are not given 
further details about, but can be found amongst a substantial amount of literature 
about spectroscopy, e.g. the book edited by Mirabella102 if the interest lies in the in-
frared region of energy. 

Other surface analysis techniques 

A brief overview will be shown about other surface sensitive analysis techniques (to 
describe but a few) 103,104. There exist several surface sensitive methods, and every 
method has its “pros and cons”. When in-situ analysis is regarded, the biggest 
drawback of many methods is that they need high vacuum conditions for analysis, 
i.e. the availability to perform in-situ analysis is inhibited. The choice of appropriate 
method(s) has do be made with respect to the problem that is needed to solve. 

X-ray Diffraction (XRD) 

If X-ray diffraction of highly collimated (synchrotron) X-rays is used the possibility 
to study surfaces can be established. XRD is based on that if X-rays is exposed on a 
surface and the diffraction pattern of the diffracted beams is colleted through a de-
tector, surface chemical compositions and other data can be retrieved from the dif-
fraction pattern. The method allows for studies in ambient conditions. 

Atomic Force Microscopy (AFM) and Scanning Tunnelling Micros-

copy (STM) 

The AFM method is based on that a cantilever with an atomic sharp tip is physi-
cally moved over the studied surface, and that the variation of the atomic force at 
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the cantilever (an elastic or inelastic cantilever) is translated to a surface image. 
AFM is originally based on the STM method where the tunnelling effect between 
the surface and the atomic sharp tip is translated to a surface image. Both AFM and 
STM have possibilities to work in ambient conditions and e.g. in water.  

Secondary Ion Mass Spectrometry (SIMS) 

SIMS is based on detecting secondary ions (atomic and molecular particles) from a 
surface of a solid when it is bombarded with ions (primary particles). This can yield 
interface analysis such as chemical and elemental information of both inorganic and 
organic species. In addition, isotopic detection is possible. A SIMS equipment with 
a Time-of-Flight (ToF) analyzer is a really surface sensitive set-up, and it has be-
come a synonym to high sensitivity when measuring with SIMS. SIMS is used un-
der high vacuum conditions. 

Scanning Electron Microscopy (SEM) 

SEM is in principal used to retrieve sample images of high resolution (under high 
vacuum) of surfaces and the sample’s elemental composition by energy dispersive 
X-ray spectroscopy (EDS). The method use a (through lenses) focused electron 
beam scanning a surface. The detection can be made of e.g. secondary electrons, 
backscattered electrons and X-rays. 
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Adsorption at surfaces 

The different types of adsorption are divided into two groups, i.e. physically ad-
sorbed (physisorbed) species and chemically adsorbed (chemisorbed) species. In-
termolecular interaction forces characterize physisorbed species, as well as the re-
versibility of the adsorption, and a heat of adsorption below about -35 kJ/mol 

( 0
ionphysisorptH- <35~40 kJ/mol). Chemisorbed species are characterized by a 

strong molecular bonding to the surface, the adsorption is practically not reversible 

and the heat of adsorption is above about -40 kJ/mol ( 0
ionchemisorptH- >35~40 

kJ/mol).

Adsorption onto surfaces can adopt many types of structures and they differ with 
increasing concentration of surfactants in the bulk solution, as schematically illus-
trated in Figure 14A. In Figure 14B, some of the different binding types of the xan-
thate to a pure Ge(111) surface are illustrated. 

A)

Increasing C

B)

R R

R
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Figure 14 

The figure illustrates; A) a solid particle with different types of possible adsorbed species with 
increasing surfactant bulk concentration (C), and B) the possible surface binding types of 
heptyl xanthate on a pure Ge(111) surface, illustrated as; a) monodentate mononuclear, b) 
bidentate mononuclear (terminal), and c) bidentate binuclear (bridging). 
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The surfaces 

The surfaces of zinc sulphide and lead sulphide have been thoroughly studied by a 
number of authors (see forthcoming references). The common questions have 
been how these metal sulphides react in different environments, e.g. in air, in water 
solution and under different oxidizing conditions, and what is the dominant surface 
during different conditions. Various types of analysis techniques - potentiometric 
titrations105,106, IR spectroscopy107-109, XPS108,110-114, ToF-SIMS115, STM111 and 
AFM112 - have been used to study these surfaces (to name but a few).  

Sun105 and co-workers106 showed that the zinc sulphide and lead sulphide have am-
photeric properties, and that an ion exchange mechanism governs the dissolution 
of the surface. They also state that in slightly acidic conditions the surface will be a 
metal-deficient surface (illustrated in Reaction 1), as also Buckley, Woods and 
Wouterlock114 showed by XPS analysis on a natural sphalerite. In addition, 
Rönngren and co-workers116, and Gärd and co-workers117 have published models 
regarding some reactions of zinc sulphide in aqueous solution, i.e. the surface hy-
dration and surface protonation reactions. 
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Reaction 1 

A study of grinded samples of metal sulphides, ZnS and PbS among others, show 
slow conversion of ZnS to ZnSO4

108, and a hydrated ZnS surface contains zinc-
hydroxide and sulphur-hydrogen groups118. A model for surface ionization and 
complexation for sphalerite was further improved by Zhang, Xu and Finch119, and 
they started their improvement based on the work done by e.g. Sun105. Buckley, 
Woods and Wouterlock114 stated that the sphalerite has a slow oxidation process 
under ambient conditions in air. 

Fornasiero110,120 and co-workers studied the oxidation of galena and mentioned sev-
eral interesting things, such as that oxidation is faster in aqueous solution than in 
air, that lead hydroxide and lead oxide are the major oxidation forms and that the 
content of lead carbonate increases in air grinding. They also enlighten that “min-
ute amounts of O2 can promote oxidation” and their main idea is that the oxidation 
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is governed by dissolution-precipitation reactions at the interface of galena. Laa-
jalehto and co-workers111 stated that during exposure to air, galena reacts to form 
oxycarbonate/hydroxycarbonate surface products. They also see oxidation only af-
ter short exposure to air (moving from sample preparation to ultra-high vacuum 
chamber), and assumes the oxidation to start at different lattice point defects 
(emerging screw dislocations, missing atoms, impurities, etc). 

Adsorption models 

During the last century many models have been made to describe the nature of ad-
sorption. The Langmuir adsorption isotherm121 (Equation 26) is one such model, 
and another is the Freundlich adsorption isotherm122 (Equation 27), among several 
others.

C1
C

Q
Q

max ⋅+
⋅==

Equation 26 

n
f CKq ⋅=

Equation 27 

In the Langmuir equation, Q is the adsorption capacity, Qmax is the maximum ad-
sorption capacity, is the fraction of covered surface,  is an equilibrium constant 
and C is the bulk solute concentration. In Equation 27, Kf is the Freundlich con-
stant related to the adsorption capacity, n is related to the surface heterogeneity and 
q is the amount adsorbed at the surface. The data of the adsorption experiments in 
this thesis follows the Langmuir type of adsorption well, and this will be further in-
terpreted in the forthcoming text. 

Adsorption 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 studies of 
chemical mechanisms demonstrate in detail how reactions occur. In chemical kinet-
ics, the approach can be of experimental, as well as of empirical and of theoretical 
character. In this work, the aim has been to study the adsorption kinetics of collec-
tor chemicals on metal sulphides, and try to find explanations to the adsorption 
behaviour from in-situ real-time adsorption studies.
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Rate Equations and Langmuir Adsorption Isotherm 

In this study, a surface-active reactant is adsorbed at a surface. A simplified picture 
, as in Figure 15 can describe this. At t = zero, the surfactants (A) are in the solu-
tion, and none is adsorbed at the available surface sites (S). At t = t, some of the 
surfactants has adsorbed, and some are still in the solution. For longer reaction 
times, equilibrium between the molecules at the surface and in the solution exists, 
as illustrated in Figure 15. 
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Figure 15 

Schematic overview for the adsorption of a surfactant (A) on surface sites (S) on a solid par-
ticle. The adsorption is illustrated from time equals zero to time equals an arbitrary time t. 

If we assume the adsorption to follow a second order rate reaction, and that the ad-
sorbed amount is much smaller than the initial bulk concentration, then we derive 
the following expression (see appendix B): 

tk
A-A

A
ln 1

m

m ⋅′=

Equation 28 

which has the form of a pseudo-first order rate law, with 021 Ckk ⋅=′ . Am is the 

measured absorbance at equilibrium, and A is the measured absorbance with time. 
To our experience, the surface excess of adsorbate is proportional to the measured 
intensity of methylene and methyl stretching vibrations in the wavenumber region 
3000-2800 cm-1, and in region characteristic for the xanthate vibrations (1500-900 
cm-1). This is also an experience encountered by Jang and Miller40, among others. 
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Equation 28 can be used to calculate the pseudo-first order rate constant from the 
slope of an ln (Am/(Am-A) ) versus t plot. In the derivation of the rate law ex-
pressed in Equation 28, we did not account for a possible desorption of the adsor-
bate, i.e. we assume that the rate of adsorption is much larger than the rate of de-
sorption. However, the adsorption process is going to an equilibrium, also involv-
ing desorption of the adsorbate. Taking desorption into account the rate equation 
(see appendix B) should be written as: 

( )
dt
dAAkA)(AA)(Ck

dt
ACd

- dm0a
0 =⋅−−⋅−⋅=

−
   

Equation 29 

Where kd and ka are the rate constant of desorption and adsorption, respectively, 
and other symbols have the same meaning as in appendix B. If we assume that Am

corresponds to a surface fully covered with a monolayer of the adsorbate, Am-A
corresponds to the fraction of the surface that is not covered. Denoting this frac-
tion by 1- , the rate equation becomes:

( )
dt
dk)(1A)(Ck

dt
ACd

- d0a
0 =⋅−−⋅−⋅=

−
    

Equation 30 

Where  is the fractional coverage of the surface. We further assume that the bulk 
concentration of the collector is much larger than the concentration adsorbed on 
the metal sulphide surface (C0 >> A), which implies that: 

k)(1Ck
dt
d

d0a ⋅−−⋅⋅=       

Equation 31 

This assumption is reasonable since the surface excess of monolayer coverage is in 
the order of 10-9 mol/cm2, which means that less than about 10-7 mol of the collec-
tor is adsorbed on the metal sulphide surface. That corresponds to 2x10-6 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 C0/A is less than 1%, at lower bulk concentration (

0C <

1).
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Integration of Equation 31 with the initial condition  = zero at t = zero one ob-
tains:

( )[ ]tkCk

d0a

0a
t

d0ae1
kCk

Ck +⋅−−
+⋅

⋅
=      

Equation 32 

where the second order adsorption rate constant, ka, has the unit M-1s-1, and the 
first order desorption rate constant, the unit s-1. t is the fraction of covered surface 
at time = t, using a bulk solute concentration, C0. 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 neighbouring sites are occupied, or not 
(Langmuir type of adsorption). 

Equation 32 reduces to the Langmuir isotherm at equilibrium, i.e. as t approaches 
large values ( ∞→t ). Then Equation 32 can be written as: 
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Equation 33 

Where C = C0, and K = ka/kd is an equilibrium constant for the distribution of ma-
terial between the surface and the solution. Equation 33 may conveniently be re-
written as, 

C
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A
C
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⋅+

⋅
=        

Equation 34 

Where eq has been substituted for the ratio A/Am. C/A versus C would therefore 

result in a straight line if the adsorption data follows a Langmuir adsorption iso-
therm.
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Molecular modelling 

“…, and quantum mechanics, even in its simplest form, seems to effect adversely the sanity of 
many who touch thereon.” 

Drew Myers 

One of the best ways of retrieving information about normal modes of vibrations 
in a molecule is to combine experimental findings with that of quantum molecular 
modelling. In the attempt to locate the necessary information about the systems 
within this work, the help of quantum molecular modelling has been of great value. 
In some cases, this is the only way to establish the origin of vibration bands in an 
infrared spectrum. Of course, molecular modelling of today has a big challenge to 
get close to the real situation of experimental “laboratory” conditions, but still re-
sults based on molecular modelling are of great help generating the answers of 
many questions. 

In this part of the chapter brief explanations of theories concerning the quantum 
mechanical approach (ab initio calculations), with special emphasis on Density-
Functional Theory, will be shown and discussed merely as a small introduction to 
this intriguing area of science. For a more thorough coverage of modern quantum 
chemistry, the reader is recommended to read the excellent books by Szabo and 
Ostlund123, Parr and Yang124, and Jensen125.

The Electronic Wave Function and the Variation Principle 

The main interest in computational quantum chemistry is to find approximate solu-
tions to Equation 35: 
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OEOH = †   

Equation 35 

(R)VR)(r,V(r)V(R)T(r)TH nnneeene ++++=

Equation 36 

Equation 35 is called the non-relativistic time-independent Schrödinger equation, 
and is used to describe cases involving single or many-electron problems. H is the 
Hermitian‡ operator, also called the Hamiltonian, O  is the wave function and E 

the energy. Here the Hamiltonian is an operator for a system of nuclei§ and elec-
trons**. Te(r) is the total kinetic energy of the involved electrons, Tn(R) is the total 
kinetic energy of the involved nuclei, Vee(r) is the electron-electron interaction en-
ergy potential, Vne(r,R) is the nuclear-electron interaction energy potential  and 
Vnn(R) is the nuclear-nuclear interaction energy potential. 

The way of finding approximate solutions to the eigenvalue problem (described by 
Equation 35) is supported by the variation principle. The variation principle for the 
ground state E, states that the energy of an approximate wave function is always 
higher compared to the (true) exact ground state, E0,

0EO~HO~E ≥=     

Equation 37 

By varying certain parameters (position of the atoms) the expectation value 

(E= O~HO~ ), can be minimized until a minimum value of E. This, commonly it-
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aaabababa  : Dirac notations, which makes the nota-

tions for e.g. column and row matrices simple and concise (and beautiful).  
‡ A Hermitian operator has real eigenvalues and orthogonal eigenfunctions. 
§ Denoted by an ”n” for nuclei 
** Denoted by an ”e” for electrons 
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eratively, minimized expectation value will then be the approximate solution to the 
exact ground state, E0.  A calculated expectation value that becomes lower between 
each calculation thus means a better approximation of the exact ground state, E0.

The Born-Oppenheimer Approximation 

In trying to find solutions for the time independent Schrödinger equation 
(Equation 35) it is only possible to get exact solutions for the simplest cases (hy-
drogen atom). Often in chemistry the most interesting problems lies within many 
electron systems. To solve many electron problems by Equation 35 approximations 
has to be made. One such approximation is the Born-Oppenheimer approximation, 
which approximates the electrons to be moving in a fixed field of nuclei. This is re-
garded as a good approximation because nuclei are much heavier than electrons; 
hence the nuclei move much slower than the electrons, i.e. all the electrons will in-
stantly move and correct their position with respect or in relation to the nuclei if 
the nuclei move.

In reality, this means that Equation 36 can be separated into two parts; one de-
pendent of the nucleus and one dependent of the electron(s), hence the problem 
will be easier to solve. The electron depending part of Equation 36 is described as 
the electronic Hamiltonian, which describes the motion of N electrons in an M 
point charge field.  

R)(r,ER)(r,HR)(r,V(r)V(r)TH eeeeneeeee =→++=

Equation 38 

Basis sets 

When approximating a molecular orbital to a series of functions this is called a ba-
sis set. An orbital is a wave function for a single electron, and molecular orbitals are 
wave functions of the electrons in a molecule. Often pointed out is that basis sets 
are not necessary approximations if they are complete, although basis sets are usu-
ally approximations of the molecular orbitals, i.e. the electrons. In ab initio calcula-
tions there are commonly two types of basis sets used; STO (Slater Type Orbitals) 
and GTO (Gaussian Type Orbitals). There are numerous basis sets used in compu-
tational chemistry and the set of basis functions are often specified by an abbrevia-
tion, e.g.  STO3-G, 6-311G or cc-pVDZ. Another term of basis sets used is con-
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tracted basis sets (e.g. CGTO), which simply use less basis sets to give a, as satisfac-
tory result as possible compared to a non-contracted basis set, but with less calcula-
tions.

Density Functional Theory 

One powerful ab initio method is Density Functional Theory (DFT), which origi-
nates from a proof by Hohenberg and Kohn126. DFT states that the ground state of 
a many body system is completely described by its electron density, rather than the 
wave functions of the molecular orbitals, and this statement can be used to solve 
Equation 38. This generally means that a calculation can be done a lot faster due to 
this fundamental difference between DFT and wave function based methods. This 
does not necessarily mean that DFT gives a more accurate result because the wave 
function based methods, with enough time could theoretically give the exact solu-
tion. Within the DFT method, different functionals†† (abbreviated as e.g. LDA or 
B3LYP) are used to describe the connection between the electron density and the 
ground state energy of the studied system. 

Vibrational frequencies 

So far, this part of the chapter has been focused on the use of advanced theory to 
find the optimal geometry that result in a minimum total energy of a system. Once 
the optimal conformation of a molecule has been found, it can be used to find the 
vibrational frequencies for the molecule. This is of great interest for the experimen-
talist, such as spectroscopists, when they are trying to interpret the observed vibra-
tional frequencies of molecules and their relation to surface-molecule interactions. 
When trying to get information about the frequencies the second derivative of the 
energy is used, the force constant matrix, and it is evaluated from the equilibrium 
geometry. As shown earlier in the part about theory of vibrational spectroscopy, in 
Equation 4 the vibrational frequency in the diatomic case is correlated to the 
atomic masses and the force constant. In the case of the force constant matrix, the 
eigenvalues of the matrix ( i) is related to the vibrational frequencies as (for the 
one-dimensional harmonic oscillator): 

                                          

†† A functional is real-valued function of a vector space, usually a vector space of functions 
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Equation 39 

This means, by finding the optimal geometry of a molecule, e.g. adsorbed at a sur-
face, one can use the calculated eigenvalues of the force constant matrix to find ap-
proximate values for the vibrational frequencies. 

ii 2
1=





“The true method of knowledge is experiment” 
William Blake 

EXPERIMENTAL
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EXPERIMENTAL 

This chapter will briefly explain the experimental conditions used during the work in papers I-VI. 
Deposition method, spectroscopic methods, chemical synthesis and the conditions for the adsorption 
experiments are described, as well as a brief discussion about the set-up for the molecular model-
ling.

Deposition method 

Chemical Bath Deposition (CBD) was used to deposit the zinc sulphide film onto 
the germanium crystals, according to Nair and Nair80. 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 sul-
phide was made according to Nair and co-workers82. 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 20o or 25o Celsius. The crystals were vertically im-
mersed in the bath with a weak stirring during the depositions. The experimental 
set-up used for the deposition of the different metal sulphide films is thoroughly 
described in the theory part of this thesis. 

Collector chemical preparation 

The different xanthate homologues (ethyl, amyl and heptyl) were synthesized ac-
cording to the method described by Rao127. Ethanol, pentanol or heptanol, KOH 
and CS2 were used in the synthesis. Purification of the obtained xanthate was per-
formed by recrystallization from acetone and ether, and acetone and benzene. The 
chemicals were stored in an exiccator, and were by infrared spectroscopy con-
firmed to be stable over long periods. Cheminova delivered dithiophosphates used 
in this work. 
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X-ray photoelectron measurements 

The XP spectroscopy spectra were collected with a Kratos Axis Ultra electron 
spectrometer with monochromatic Al K α radiation (1486.6 eV). The analyzing 
pass energy were 160 eV, with a step size of 1 eV for the survey scans, and to sepa-
rate 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 elementary sul-
phur and water, to leave the surface.

To compensate for surface charging, a low-energy electron gun was used. Process-
ing of spectra was accomplished with the Kratos software. The binding energy 
(BE) scale was referenced to the C1s line of aliphatic carbon, set at 285.0 eV. 

The samples were thoroughly washed by acetone prior to the XPS measurements 
to minimize the hydrocarbon contaminations. The samples were as quickly as pos-
sible measured after making, and if storage was necessary the samples were stored 
in room temperature, in argon atmosphere, and under dark conditions, but no 
longer for 2-3 days. This was done to keep the samples as fresh as possible. The 
storage in the argon chamber was by the XPS measurements established as a very 
stable and unoxidizing environment. 

In-Situ Infrared Attenuated Total Reflection Measurements

The in-situ colleted infrared spectra were recorded with two types of spectrometers 
equipped with MCT/DTGS detectors; a Bruker IFS 113V (pressure ~1mmHg) 
and a Bruker IFS 66 v/S (pressure 1-4·10-3 Bar). In order to get a good signal to 
noise ratio, the background was recorded between 10-15 minutes in scanning time. 
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 radiation was 
used, a polarizer was placed before the internal reflection element. The internal re-
flection elements were delivered from Spectroscopy Central LTD, UK and have 
the size of 50 x 20 x 2mm3, with a trapezoidal form (45°) (Figure 16). The inci-

dence angle of the infrared light impinging on the internal reflection element is 45°.
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The in-situ HepX adsorption onto the germanium internal reflection element and 
on the ZnS and PbS covered elements was performed in a cell, admitting both sin-
gle and double side adsorption, where the element was sealed to the cell with a vi-
ton gasket (Figure 16). Measurements were carried out in aqueous solution and un-
der a continuous flow through the cell. The system flow is shown schematically in 
Figure 16.

Cleaning procedure for the surfaces 

The germanium crystals with, or without deposited metal sulphides, were thor-
oughly 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 lead sulphide, a cleaning procedure involving a plasma-cleaner 
was used, utilizing argon environment. In the case of germanium, a gentle polishing 
regeneration with a diamond paste was used in paper II and III. 

Xanthate adsorption onto germanium I, II, III

The concentration of the xanthate solutions used in paper I-III were between 5·10-

7 M to 2.6·10-3 M were also tested (not shown in I). The adsorption experiments 
were carried out with a volume of 50 ml, and milliQ water was used as solvent. See 
figure Figure 16 for a schematic picture of the set-up. 

Heptyl xanthate adsorption onto zinc sulphide IV, V

The concentration of the heptyl xanthate solutions used varied between 1·10-5 M 
and 5·10-2 M. The adsorption experiments were carried out with a 50 ml volume of 
the solution, and milliQ water was used as solvent. See Figure 16 for a schematic 
picture of the set-up. 

Heptyl xanthate adsorption onto lead sulphide VI

The concentration of the heptyl solutions used varied between 1·10-5 M and 3.0·10-

3 M. The adsorption experiments were carried out with a volume of 50 ml, and mil-
liQ water was used as solvent. See Figure 16 for a schematic picture of the set-up. 
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Figure 16

Schematic experimental set-up for the total internal reflection measurements. a) Set-up for 
the adsorption onto a germanium surface b) set-up for the adsorption onto a zinc sulphide 
surface and c) set-up for the adsorption onto a lead sulphide surface 
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Other analysis methods 

In this work other methods have been used, such as , transmission IR spectros-
copy, diffuse IR reflectance spectroscopy (DRIFT), UV/Vis spectroscopy, Raman 
spectroscopy, surface tension measurements, X-ray diffraction and scanning elec-
tron microscopy (SEM). In these measurements, mostly standard laboratory equip-
ments, and practices have been used, and further explanations are hereby left out. 
Regarding the different systems studied by each method a short summary is as fol-
lows:

1. Transmission IR spectroscopy: The transmission measurements have been made 
both on solids, and liquids, to give complementary information regarding the col-
lectors studied. 
2. DRIFT: The diffuse reflectance measurements have been made on solids to give 
complementary information regarding the collectors studied. 
3. UV/Vis spectroscopy: The method has mostly been used to study the behaviour 
of collectors in aqueous solution (xanthates and dithiophosphates). For example, 
the xanthate has a characteristic electronic excitation seen as a peak at 300 nm in 
the UV/Vis spectrum.  
4. Raman spectroscopy: Raman has mostly been used on powders, and saturated 
solutions, to generate complementary spectral information regarding the collector 
chemicals (xanthates and dithiophosphates) studied.
5. Surface tension measurements: Surface tension studies have been used to see if 
the collector chemicals have a tendency to form colloidal aggregates in aqueous so-
lution.
6. XRD: X-ray diffraction was tested in the analysis of the synthesized surfaces, in 
order to get complementary information. 
7. SEM: SEM has been used in the studies of the precipitated layers on the germa-
nium crystals. 

Set-up for the molecular modelling 

To model the adsorption we have used the Ab Initio Modelling PROgram (AIM-
PRO)128 with LDA and pseudopotentials. Supercells of germanium were used to 
model the adsorption of heptyl xanthate.  The supercells are hydrogen terminated 
on the opposite side.  The calculations were only performed on a pure Ge(111) sur-
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face, and this is motivated by the fact that these calculations are computer time 
demanding and a need to choose one surface plane was necessary. When the opti-
mized geometrical structure and vibrational modes of the HepX ion were calcu-
lated, we also used the supercell approach. The supercell calculations where per-
formed with one xanthate molecule in a box of 15x25x15 Å. The box is periodically 
repeated, hence 50 Å between the same atom in two adjacent boxes. This ensures 
no interaction between the molecules. Regardless, the calculation follows the same 
scheme; the initial structures are first geometrical optimized with respect to energy. 
Then vibrational modes are calculated from the converged structure. Normally 
used in the fitting of the calculated vibrational frequencies to the experimentally 
obtained vibrational frequencies is a scale factor (to account for systematic errors), 
and the scale factor is usually between 0.95-1.05 (i.e. the maximum deviations are in 
the range of ±5 percentage from the real values), but in our investigation we have 
not used any scale factor. The assignments of vibrational frequencies were made by 
animations of the atom displacements (as used by Hellström125 and co-workers 
78,129).



"Imagination is more important than knowledge"
Albert Einstein 
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RESULTS & DISCUSSION 

This chapter contain a summarized discussion about the results gained during the both experimen-
tal and theoretical studies made by the author with colleagues, see papers I-VI and references 
herein.

Xanthate adsorption on germanium I, II, III

In the beginning of this work, it was found that xanthates readily adsorbs on ger-
manium in-situ. When working with in-situ adsorption on synthesized metal sul-
phide layers on germanium internal reflection elements, it is of outmost importance 
to know if the adsorbates adsorbs to the internal reflection element or not. During 
the work with the in-situ adsorption of heptyl xanthate on germanium, it became 
clear that two separate systems had to be studied, one system with an “as-
delivered” crystal from the manufacturer, and one system with a crystal regenerated 
by a gentle polishing procedure. The first case readily adsorbs heptyl xanthate in a 
close-packed all-trans conformation, and the only analyzed surface species was the 
chemisorbed heptyl xanthate. This chemisorbed species is seen as an intense peak 
at about 1200 cm-1, and peaks at about 1130 cm-1, 1080 cm-1, 1050 cm-1 and 1040 
cm-1 (see Figure 17).

Figure 17 

The infrared region between 1350 cm-1 to 950 cm-1 for an in-situ adsorbed heptyl xanthate on 
germanium at about 190 minutes of adsorption time, showing all the major features of in-
volved surface species.  
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All these are assigned to a chemisorbed species of the heptyl xanthate. By the use 
of analysis with polarized infrared light, the average tilt angle of the hydrocarbon 
chain was estimated to be about 50o. The choice to study the dichroic value fell on 
the as(CH2) mode and the s(CH2) mode at around 2920 cm-1 and 2850 cm-1, re-
spectively, because these vibration bands are only insignificantly affected by other 
vibration bands. The second case, with a regenerated crystal, is identified as a 
slightly rougher surface facilitating the simultaneously formation of dixantogen on 
the germanium surface when heptyl xanthate is adsorbed on the crystal. In Figure 
17, the characteristic peaks for the oxidized form of the heptyl xanthate are out-
lined. Though a degassed water solution was used, the dixantogen formation was 
established. It is believed that the surface roughness incorporate air-domains possi-
ble to oxidize the xanthate. Oxygen is seen as the most probable candidate to be 
reduced upon heptyl xanthate oxidation. The kinetics of the in-situ adsorption of 
heptyl xanthate, modelled by a sub-peak at about 1200 cm-1 (see Figure 17), follows 
the assumption of a pseudo-first order rate reaction, with a modelled rate constant 
(k1´) of about 0.21 s-1. The assumption of the adsorption reaction to be the rate-
determining step is hereby made, and this has also been seen by e.g. Grow and 
Shaeiwitz130, Chiem and co-workers76, and Free and Miller53. The rate of adsorption 
is initially high, during the first 10-15 minutes, and after about 25 minutes, equilib-
rium is reached (Figure 18).  

Figure 18 

The time dependence of the integrated absorbances for the modelled sub-peak at 1200 cm-1

( ) characteristic of adsorbed surfactant, and the integrated absorbances for the modelled 
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sub-peak at 1260 cm-1 ( ) characteristic of the oxidized form of the xanthate, e.g. dixanto-
gen. The fitted curve (- - -) is according to the pseudo-first order reaction rate model. 

In the studies of the germanium surfaces by XPS, there were no significant differ-
ences between the two cases of germanium surfaces. The XPS analysis revealed 
that the germanium surface was partly oxidized, seen as e.g. an O 1s peak in Figure 
19a and Figure 19b, and that the surface has aliphatic surface contaminations (C 1s 
peak in Figure 19a and Figure 19c at about 285 eV). Of course, also germanium 
was present, e.g. as the Ge 3d peak illustrated in Figure 19a and Figure 19d.  In the 
attempts to lower the carbon containing contaminants, a cleaning procedure in-
volving a plasma-cleaner were tested. In the use of a plasma-cleaner in the cleaning 
of surfaces used for adsorption, it is an advantage to have low, or none, oxygen-
containing atmosphere. A highly oxidized surface drastically changes the prerequi-
sites for the in-situ adsorption, which were seen as e.g. shifts in the infrared spectra 
and that the heptyl xanthate did not chemically adsorb to the surface.  

a)

b) c) d)

Figure 19 

XP analysis of a germanium surface; a) a spectrum over the 1100-0 eV binding energy re-
gion, and magnifications of b) the peak of O 1s, c) the peak of C 1s, and d) the peak of Ge 
3d.
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In the eager attempt to understand the system of xanthate adsorption on the ger-
manium surface, an ab-initio DFT study was made. Looking for a suitable germa-
nium surface, the choice fell upon a pure Ge(111) surface. A supercell was used to 
model the adsorption of heptyl xanthate on this pure surface, illustrated in Figure 
20.

90o

Figure 20 

Illustration of two different views of the optimized heptyl xanthate molecule on a pure 
Ge(111) surface. 

The geometrically optimized structure is suggested to have a bidentate binuclear 
binding to the pure Ge(111) surface with an all-trans (anti) conformation of the 
hydrocarbon chain. In this case, with a pure Ge(111) surface the monodentate 
binding type will give a higher energy system relative to the bidentate type of bind-
ing. The optimized conformation at the pure Ge(111) surface was then used to cal-
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culate the vibrational frequencies. Through these calculated frequencies for the ad-
sorbed species, and from other calculations involving the free heptyl xanthate 
molecule, it was concluded that the biggest differences between the modelled spec-
tra lies in the region 1150 cm-1 to 1000 cm-1. These differences were assigned to in-
volve mostly the lowering of the vibrational amplitude of the CS2 entity of the ad-
sorbed xanthate compared to a free xanthate molecule. Similar features were seen 
for the experimentally analyzed adsorbed xanthate versus the xanthate ion in aque-
ous solution. The intense peak seen at about 1200 cm-1 in the in-situ measured 
spectrum in Figure 17 is assigned to have its major contributions from the COC, 
CS2 and CH2 entities, i.e. the (COC/CCC) mode, the as(COC) mode , the w(CH2)
mode, and the s(CS2) mode.

Adsorption on zinc sulphide IV,V

The focus from the beginning of this thesis work has been to develop a methodol-
ogy, and to measure the in-situ adsorption of collectors on synthe-
sized/precipitated/deposited metal sulphide layers on internal reflection elements. 
Among the available internal reflection elements, germanium seemed to have the 
right preferences for the task. Initially two methods for “film-making” were tested, 
and the choice fell on the chemical bath deposition method, as it was adequately 
good for the making of zinc sulphide (and lead sulphide) films. XPS measurements, 
as illustrated in Figure 21, shows that in this case it is a thin film, with electrons de-
tected from Zn, S, C, O and Ge atoms. It was established that the deposited film 
was in good agreement with earlier characterization studies, and the film shows fea-
tures of a cubic ZnS film, together with hydroxide and carbonate containing spe-
cies. The surface, as in the case of a pure germanium surface, has aliphatic surface 
contaminations. A thorough cleaning procedure, and experimental handling, prior 
to the X-ray photoelectron analysis could lower the C 1s peak.
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 Figure 21 

X-ray photoelectron spectrum of the deposited zinc sulphide layer on a germanium internal 
reflection element. 

In-situ adsorption of heptyl xanthate on the synthesized zinc sulphide layer was 
reasonably described by a Langmuir type of adsorption; see the Langmuir adsorp-
tion isotherm in Figure 22. The Langmuir adsorption assumption is regarded as 
sufficiently good, although there exists several other isotherms to be used, in par-
ticular those who take the lateral interactions between the adsorbates in considera-
tion.
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Figure 22 

The adsorption isotherm for the heptyl xanthate-zinc sulphide system at room temperature. 
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In this case of heptyl xanthate adsorption on a synthesized zinc sulphide film no 
other surface species, such as dixantogen, was established. This is clearly seen by 
the lack of the specific peaks (1260/1020 cm-1) for the dimeric form of heptyl xan-
thate (see Figure 23). Valli and co-workers3-7, stated e.g. that the probable surface 
species on sphalerite is either a precipitated or an adsorbed xanthate. Polarized in-
frared light measurements indicate that the heptyl xanthate has a preferential orien-
tation of the hydrocarbon chain closer to the surface normal than to the surface 
plane. At higher heptyl xanthate concentrations, the influence of the bulk ions, 
and/or other surface structures heavily affects the measured dichroic value.  
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Figure 23 

Spectrum of heptyl xanthate adsorbed in-situ on a zinc sulphide layer 

The in-situ adsorption kinetics of heptyl xanthate at lower concentrations (0.01-
0.1mM) is shown to follow a pseudo-first order reaction (k1´ 0.16 s-1). The adsorp-
tion rate follows the characteristic behaviour of an initially higher rate during the 
first 20 minutes, while equilibrium is reached after about 30-40 minutes. In the 
measurements of the isotherm, the kinetics, and the dichroic value, the as(CH2)
mode was used due to its low overlapping with other vibration bands (see Figure 
24). The spectra were all corrected for the influence of water as solvent. 
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Figure 24 

The hydrocarbon stretching region recorded (1-31 min.) during heptyl xanthate (0.1 mM) in-
situ adsorption on zinc sulphide. 

Remarks on dixantogen stability and dithiophosphate adsorption 

on zinc sulphide 

According to both the results of Valli3, and the results from paper IV-V, there is no 
preferred formation of dixantogen on the zinc sulphide layer. The stability of the 
dixantogen was tested in-situ by adsorbing a small amount of dixantogen on the 
synthetic zinc sulphide layer, and subsequently monitoring the in-situ behaviour of 
the stability by infrared spectral analysis. The results indicate that the adsorbed dix-
antogen is not stable, and after some hours, the resemblances to an adsorbed spe-
cies will start to show.  

Other data are the results of O,O’-di-n-butyldithiophosphate adsorption on a syn-
thetic zinc sulphide. The dithiophosphate readily adsorbs on the zinc sulphide 
layer, and the kinetics of adsorption is possible to evaluate. An in-depth investiga-
tion of the dithiophosphate was accomplished by the author and colleagues131. At 
our division several investigations regarding the metal sulphides and their interac-
tion with collectors (mostly dithiophosphates) have been made129,132-134.

Xanthate adsorption on lead sulphide VI

The germanium internal reflection element and the lead sulphide layer have almost 
identical refractive indices, 4.0 and 3.9, respectively. Therefore, a slightly different 
approach was needed in the deposition of the lead sulphide on to the internal re-
flection element. First, a thin layer of zinc sulphide was deposited directly onto the 
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internal reflection element, and subsequently the lead sulphide was deposited onto 
the zinc sulphide. The fifth layer was analyzed by XPS, and the layer is indicated to 
mainly consist of lead sulphide, oxidation products of lead sulphide (PbO and/or 
PbOH), lead sulphate, and carbon containing species. This carbon content seems, 
as for the pure germanium surface and the zinc sulphide surface, most likely to 
come from aliphatic surface contaminations (see Figure 25).
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Figure 25 

XPS measurement of a lead sulphide layer 

The in-situ analyzed spectra of heptyl xanthate are shown in Figure 26, as well as 
there second derivatives and Fourier self-deconvolution. The reason for the differ-
ent adjusted spectra is to overcome the problems with overlapping bands, espe-
cially in the region between 1200 cm-1 and 1030 cm-1. Hellström and co-workers78

have assigned this region, to be influenced by the CS2, COC entities, together with 
wagging, twisting and rocking of the CH3/CH2 entities in the heptyl chain. The 
main features of the in-situ analyzed heptyl xanthate is seen as peaks at 1200 cm-1,
1180 cm-1, 1135-1126 cm-1, and 1030 cm-1. These vibration bands have been as-
signed to have their main contribution from an adsorbed heptyl xanthate, and these 
bands are the major features at low concentrations (< 0.1 mM). At higher concen-
trations (>1 mM) peaks assigned to a lead xanthate precipitate becomes dominat-
ing, i.e. peaks at about 1230 cm-1 and 1220 cm-1.
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Figure 26 

Infrared spectra of HepX adsorbed on PbS from a 0.1 mM aqueous solution after 2 and 83 
minutes of adsorption. Spectra were subjected to Fourier self-deconvolution in order to get 
better resolved peak frequencies. The second derivative spectra are also shown. The arrows 
indicate peaks associated mainly with the surface precipitate. The absorbance units are arbi-
trary.

The rate of adsorption shows the characteristic features of pseudo-first order kinet-
ics, with an initially higher rate and equilibrium after some minutes (about 30 min-
utes). If the assumption of a pseudo-first order reaction is made, the rate constant 
can be estimated to 0.21 s-1. At lower concentrations the simultaneously formed 
lead xanthate precipitate is only slightly affecting the as(CH2) mode, thus it was 
judged convenient to be used in kinetic studies, and studies with polarized light. 
When the dichroic value was measured, it gave indications of a hydrocarbon tail 
predominantly aligned parallel to the surface plane rather than to the surface nor-
mal. This result was established with reference to a randomly oriented dodecane 
molecule on the lead sulphide surface, as seen in Table 6. 
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Table 6 

Dichroic measurement of adsorbed heptyl xanthate on a synthetic lead sulphide surface 

277.50.630.1

Dodecane

31.50.620.1

256.50.690.1

30.50.670.1

: As/Ap = 0.73

Time (min)As/ApConc. (mM)





“The chemist, on his side, must ask of the metallurgist a considerable 
 store of patience. So many variables influence flotation that it will 

 be long before every one of them can be investigated and its 
 influence on the process determined” 

Sir Ian William Wark  
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CONCLUSIONS 

Through this work, it became clear that xanthate readily self-assembles on the ger-
manium internal reflection element. In one, of two examined cases, the heptyl xan-
thate adsorbs in a close-packed all-trans conformation. The estimated  tilt angle of 
the all-trans alkyl chains is about 50o from the surface normal of the germanium 
crystal. In the second case, with a regenerated germanium crystal, the heptyl xan-
thate is assumed to be chemisorbed to the germanium surface, and the adsorption 
kinetics seems to follow a pseudo-first order rate reaction. The estimated rate con-
stant (k1´) is 0.21 s-1. Simultaneously formed dixantogen on the surface was detet-
ced, and its formation was suggested to be facilitated by available oxygen at/near 
the surface. It was necessary to use a sub-peak at about 1200 cm-1 in the analysis of 
the kinetics due to the presence of two surface species. XPS analysis revealed that 
the germanium surface was partly oxidized, with aliphatic contaminations. The 
strengths of first-principle Density Functional calculations is used in the interpreta-
tion of the experimentally analyzed spectra of both a free heptyl xanthate molecule, 
and a heptyl xanthate adsorbed on a pure Ge(111) surface. The differ-
ences/similarities with experimentally analyzed spectra are thoroughly investigated 
and the important vibrations are hereby assigned.

This investigation have shown that chemical bath deposited thin layers of zinc sul-
phide on a germanium internal reflection element offer 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 elements opens 
up new possibilities to study various materials in-situ. 

The surface analysis by XPS showed oxygen content in the zinc sulphide layer, 
which originates from both hydroxide and carbonate groups – very likely caused by 
the adsorption of carbon dioxide, as the pH of the xanthate solution was ~8.8. In 
addition to oxygen, Zn, S, C and Ge are also observed in the XP spectrum. The re-
sults from our XPS measurements are in good agreement with previously published 
XPS data on zinc sulphide films produced with the CBD method. The equilibrium 
adsorption for heptyl xanthate on the zinc sulphide layer at various bulk concentra-
tions is described reasonably well by a Langmuir type of adsorption. As evident 
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from this study, the dichroic ratio of the transition moments of the methylene vi-
brations becomes lower at higher bulk concentrations. Therefore, it seems that a 
higher surface coverage results in more randomly orientated alkyl chains, most 
likely due to the simultaneously analysis of bulk ions and/or other surface species. 
For bulk concentrations of 0.1 mM and 0.01 mM the adsorption equilibrium was 
attained within 30-40 minutes. The measured adsorption rates followed a pseudo-
first order rate law, indicating the adsorption step to be rate controlling (k1´ 0.16 s-

1).

This work has also shown the possibility to utilize a second deposited layer on an 
infrared internal reflection element. Chemical bath deposition has successfully been 
used to deposit a layer of lead sulphide as adsorbent on a thin zinc sulphide film, 
and the layer seems to be a mixture of lead sulphide, lead oxide/hydroxide, lead 
sulphate and some carbon-containing impurities according to XPS measurements. 
The rate of adsorption of heptyl xanthate onto a lead sulphide layer was monitored 
by recording infrared spectra in-situ. Utilizing the asymmetric methylene stretching 
band, a pseudo first order rate constant could be determined. The value of this 
constant turned out to be about 23 % higher than the corresponding constant ob-
tained using a zinc sulphide layer as adsorbent. At low concentrations (  0.1 mM), 
the only surface reaction product is the adsorbed species, but at higher concentra-
tions infrared spectra indicate the formation of precipitated lead xanthate on the 
lead sulphide surface. Polarized light was used to estimate the preferential orienta-
tion of the alkyl chain of the adsorbed heptyl xanthate molecule. Using dodecane as 
a reference molecule, the orientation of the alkyl chain in heptyl xanthate was 
shown to be predominantly parallel to the surface i.e. the average tilt angle is larger 
than the magic angle (54.7o).



"Education is the passport to the future, for tomorrow
belongs to those who prepare for it today”

Malcolm X 
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FUTURE WORK 

In a project of this character, it always opens up new possibilities and new ideas, and the always so 
important questions “how” and “why” can sometimes be forgotten. In many cases the really novel 
and important findings starts by “That’s funny…”. 

First, the work with combining spectroscopic methods with advanced Density 
Functional Theory calculations is highly interesting and could be developed further 
by incorporating other systems. The use of nuclear magnetic resonance spectros-
copy (NMR) could also be interesting in these studies. NMR could be a possible 
method to use to get complementary information regarding the xanthates adsorp-
tion onto metal sulphides, i.e. with C13 enriched xanthates.

A thorough study of the contact angle at the pure germanium surface and a surface 
with adsorbed xanthates would give complementary information regarding the pos-
sible bilayer formation at the surfaces. Regarding the surfaces, it would be interest-
ing to study how different surface chemical compositions affect the kinetics of ad-
sorption. This is probably a huge and highly difficult task, but still an interesting 
one.

The temperature dependence and chain length dependence on the adsorption ki-
netics is interesting to study, and kinetics of mixtures of different surfactants.

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 diffusion 
of copper into the ZnS layer. It would be interesting to further explore this by 
means of in-situ ATR-FTIR, DFT-modelling and other surface sensitive tech-
niques.

Of course, adsorption tests on other metal sulphides/collector systems are also in-
teresting to perform, e.g. adsorption onto CuxS, or adsorption on mixed sulphides 
(CuFeS2, (Pb,Zn)S) – on the presumption that it is possible to make mixed metal 
sulphide layers on an internal reflection element. 
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NOMENCLATURE 

Greek letters 

   Decay constant 
ε   Molar absorption coefficient (M-1cm-1)
   Dipole moment or deformation/bending vibration 

λ   Wavelength (cm) 
   Frequency (Hz) 

as/s   Asymmetric/symmetric stretching vibration mode 

w   Wagging vibration mode 

t   Twisting vibration mode 

r   Rocking vibration mode 

ν~   Wavenumber (cm-1)
   Critical angle 

   Angle of incidence 
   Surface adsorption density, surface excess (mol/cm2)
   Wavefunction 

Latin letters, and acronyms 

3L   Three layer system 
4L    Four layer system 
5L   Five layer system 
A   Absorbance 
a   Absorption parameter 
Am   Absorbance at monolayer coverage 
As   Perpendicular or s-polarized light 

NOMENCLATURE
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Ap   Parallel or p-polarized light 
AIMPRO  Ab Initio Modelling PROgram 
AmX   Amyl Xanthate 
ATR   Attenuated Total Reflection 

c   Speed of light; 10997925.2 10⋅ cm/s
C0,Ci   Initial bulk concentration 
C, Cb   Bulk concentration 
CBD   Chemical Bath Deposition 
D   Dichroic ratio 
DFT   Density Functional Theory 
DRIFT  Diffuse reflectance infrared spectroscopy 
DTP   Dithiophosphate 
de   Effective depth or effective thickness 
dp   Depth of penetration 
e   electron 
E   Energy or electronic energy 
E0   Exact ground state 
Ex   Electric field in x-direction 
Ey   Electric field in y-direction 
Ez   Electric field in z-direction 
Ephoton   Energy for a photon 
EtX   Ethyl Xanthate 
FT   Fourier Transform  
GTO   Gaussian Type Orbital 

h   Planck’s constant; JS106.6256 34−⋅
H   Hermitian operator or Hamiltonian 
HepX   Heptyl Xanthate 
I0   Incident intensity 
I   Transmitted intensity 
IR    Infrared 
IRS   Infrared Spectroscopy 
IRE   Internal Reflection Element 
k2   Second order rate reaction constant 
k1´   Pseudo-first order rate reaction constant 
ka   Adsorption constant 
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kd   Desorption constant 
l   Length of sample (cm) 
N   Number of internal reflections 
n   nucleus 
nx   refractive index of x 
n21   Relative refractive index; n2/n1

n31   Relative refractive index; n3/n1

n32   Relative refractive index; n3/n2

O   Operator 
r   Position vector of electrons 
R   Position vector of nuclei 
SILAR   Successive Ionic Layer and Adsorption Reaction 
STO   Slater Type Orbital 
T   Transmission (%)  
T(x)   Kinetic energy 
TIR   Total Internal Reflection 
t   Time or film thickness 
UV/Vis  Ultraviolet and visible 
UPS   Ultraviolet Photoelectron Spectroscopy  
V(x)   Potential energy 
XPS   X-ray photoelectron Spectroscopy 
Z   Distance from the surface of IRE 
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APPENDIX A 

Evolution of the Adsorption Density Equation for Thin 

Films
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profile for adsorbed molecules at the internal reflection element by setting: 
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When substituting tCi ⋅  = Γ⋅1000 , 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”: 

d
d1000

N
A

e⋅⋅
=       

Where Γ is the surface excess in mol/cm2.
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APPENDIX B 

Rate Equations and the 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 figure below. At t = 0, the surfactants (A) 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 equilibrium 
between the molecules at the surface and in the solution exists. 
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Schematic overview for the adsorption of a surfactant (A) at surface sites (S) 

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

( ) [ ] [ ]
dt
dAAAACk

dt
ACd

- q
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p
0n

0 =−⋅−⋅=−

Where C0 is the initial surfactant concentration in solution, A is the amount 
adsorbed at time t, Am is the amount at equilibrium, kn is the rate constant, and p + 
q is the reaction order. 
Assuming a second order rate reaction with p = 1 and q = 1 this equation becomes: 
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dAA)(AA)(Ck

dt
ACd

- 1
m

1
02

0 =−⋅−⋅=−



104

Upon integration of the equation above, with initial condition A = 0 at t = 0 one 
obtains:

tk
A)(AC
A)(CAln

A)(C
1

2
m0

0m

0
⋅=

−
−⋅

−

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

tk
A-A

Aln 1
m

m ⋅′=

Which has the form of a first order rate law, with 021 Ckk ⋅=′ .
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Abstract

The adsorption of heptyl xanthate on germanium has been studied by the attenuated total reflection (ATR) technique. Polarized infrared
light was used in situ to determine the average orientation of the alkyl chain in heptyl xanthate adsorbed at the germanium/solution interface.
Spectra reveal the formation of closely packed xanthate ions with the alkyl chains in the all-trans conformation. The average tilt angle of the
alkyl chains of heptyl xanthate was approximately 47◦ from the surface normal.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

IR spectroscopy is a powerful technique for investigat-
ing adsorbed layers of collector chemicals on various sub-
strate surfaces. Thus, xanthates and other collector chem-
icals have been studied using both external and internal
reflection [1–4]. However, these studies have not utilized
the possibility of in situ experiments. In situ in this con-
text means that the adsorbent is in contact with the solution
during the spectroscopic measurements. Sperline et al. used
the internal reflection technique to study the adsorption of
cetylpyridinium chloride on a ZnSe element and they also
derived an equation 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 mole-
cules can be calculated from IR spectra recorded using per-
pendicular and parallel polarized radiation. A first attempt
to study the preferential orientation of adsorbed molecules
in situ was accomplished by Neivandt et al. [7].

In our ongoing adsorption studies using a synthesized
metal sulfide layer on a Ge-ATR (Attenuated Total Reflec-

* Corresponding author.
E-mail address: margareta.larsson@km.luth.se (M.L. Larsson).

tion) prism, we noticed that heptyl xanthate adsorbs very
willingly on germanium. In the present study we report the
IR spectra of heptyl xanthate adsorbed at the germanium
(ATR-prism)/solution interface and the orientation of the ad-
sorbed molecules with aqueous solution as the surrounding
medium.

2. Experimental

2.1. Instrumentation and materials

By means of a stainless steel flow-through cell (∼2 ×
3 ml) attached to an ATR accessory and a Ge prism (50 ×
20×2 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 setup is shown in Fig. 1a. The
solution was contained in an external reservoir and was in-
troduced to the germanium prism via a peristaltic pump and
a viton tubing. The adsorption on the germanium crystal was
from a 0.02 mM KHX solution prepared with Milli-Q water
as solvent (Millipore Corp.).

Potassium HX was synthesized from KOH, CS2, and hep-
tanol. The KHX 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

0021-9797/$ – see front matter © 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcis.2004.02.043
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Fig. 1. A schematic picture of the experimental setup (a). The direction and
polarization of the IR beam in the ATR setup (b).

with Milli-Q water in the flow-through cell. The spectrom-
eter used was a Bruker IFS 113V equipped with an MCT-
detector. When KHX had been added to the solvent, spectra
(nonpolarized and 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 polarizations,
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.

2.2. ATR spectroscopy and dichroic ratio

In an ATR setup 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 ori-
entation of the molecules in the adsorbed layer (Fig. 1b). The
mean orientation here refers to the tilt angle of the molec-
ular axis from the normal to 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 electrical vector, the orientation is
determined. The orientation is expressed as the mean value
of the angle at which the alkyl chain tilts from the surface

normal. In our calculations we assume a uniaxial distribu-
tion, which is a normal assumption for self-assembled lay-
ers. For nonuniaxial 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 orientations relative to the molecu-
lar axis could be used to determine the dichroic ratio. Neither
of these possibilities could be utilized in this study. The ex-
pressions 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 and Franses [10] and the matrix used to transform
the transition moment from the molecular coordinate system
into the laboratory frame is reported in Ref. [11]. The tran-
sition moments of the asymmetric and symmetric stretching
vibrations of CH2 (νas(CH2) and νs(CH2)) in the alkyl chain
of heptyl xanthate were used in our calculations. These tran-
sition moments are perpendicular to the alkyl chain. Even
though the alkyl chain is a “zigzag line,” a molecular axis can
be defined if the chain has an all-trans conformation. The
transition moment of the asymmetric stretching vibration
of CH3, (νas(CH3)), forms an angle of 54.7◦ (by geomet-
ric 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 were 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 sur-
rounding medium.

3. Results and discussion

3.1. 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 absorption characteristics
of metal xanthate can be seen in the spectral region 1030–
1230 cm−1. According to assignments made by Mielczarski
and Leppinen [12] the band at 1201 cm−1 should be due
mainly to the asymmetric stretching vibration of C–O–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−1 had also a nar-
row half-width and was the strongest one in the spectrum.
It is well known that gold surfaces willingly adsorb sulfur-
containing species forming a covalent bond between Au
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Fig. 2. Spectra of adsorbed heptyl xanthate on the surface of germanium, recorded after 2, 7, 15, 25, 50, 75, and 135 min of adsorption.

and S. It seems that germanium surfaces have the same abil-
ity to form a Ge–S bond. This is not very surprising since Ge,
S, and Ag forms the naturally occurring mineral argyrodite.
If the xanthate molecules were just physically adsorbed the
layer should be removed quite easily by rinsing and this was
not the case.

The assignment of other absorption bands in this spec-
tral region is more uncertain due to the severe coupling of
all vibration modes in the region. However, based on the-
oretical normal coordinate analysis by Colthup and Porter
Powel [13] for ethyl xanthate, we suggest that the absorption
band at 1051 cm−1 has a strong contribution from the asym-
metric S–C–S stretch, although the frequency positions are
expected to differ between adsorbed molecules and mole-
cules in the gas phase.

It can be inferred from Fig. 2 that no dixanthogen is
formed on the germanium surface. Dixanthogen has typical
absorption bands at 1023 and 1260 cm−1 and the absence of
these bands in the infrared spectrum clearly supports 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 internal reflection element, showing the formation
of dixanthogen on the surface (to be published). Since dix-
anthogen is the oxidized form of xanthate, something has to
be reduced in the system in order to get dixanthogen. Dis-
solved oxygen in solutions has generally been thought of as
the oxidizing agent. Compared with the results from our ex-
periments on ZnS (the same amount of dissolved oxygen and
about similar concentration of xanthate), it seems clear that
the surface of ZnS, probably partially oxidized, must be re-
duced when in contact with xanthate.

In the C–H stretching region of the infrared spectrum
of heptyl xanthate on germanium the bands at 2853 and
2916 cm−1 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 for a crystalline state. In precipitated Zn(HX)2 the
peak position of the νas(CH2) mode is at 2919 cm−1 and
for HX ions adsorbed on ZnS the corresponding peak po-
sition is at 2923 cm−1 [1]. Apparently the low-frequency
value of 2916 cm−1 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 conforma-
tion 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 νas(CH2) mode. The kinetics
of the adsorption of HX from a 0.02 mM potassium hep-
tyl xanthate solution was measured during two hours mon-
itoring the 2916 cm−1 methylene band of heptyl xanthate,
although it took less than 20 minutes until equilibrium was
attained. Already after 7 min the peak position 2916 cm−1

was reached (Fig. 2).
In Fig. 3 the adsorption density time is shown versus

the adsorption. As evident from the figure, the formation
of the adsorbed layer is rapid and a plateau in the adsorp-
tion is reached after approximately twenty minutes. The
density was calculated by using a similar equation as de-
rived in Ref. [6], viz., Γ = (A/N)/(1000ε(de/d)), where
Γ is the adsorption density (mol/cm2), A/N is the inte-
grated absorbance per internal reflection (cm−1), ε is the
integrated molar absorptivity (M−1 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 inte-
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Fig. 3. Adsorption density versus adsorption time for adsorption from a
0.02 mM KHX solution.

Fig. 4. Polarized infrared spectra recorded during adsorption from a
0.02 mM aqueous KHX solution.

grated molar absorptivity of heptyl xanthate was determined
by transmission experiments using HX in D2O as solvent
and was found to be 16,900 M−1 cm−2 when the integrated
area was used for the whole CH-stretching region (2820–
3000 cm−1). When the values of adsorption density are com-
pared with the values obtained for heptyl xanthate adsorbed
on ZnS [1], the values obtained in this study are about dou-
ble (∼8 molec/nm2). A visual inspection of a water droplet
on the germanium surface before and after adsorption of
heptyl xanthate clearly showed increased hydrophobicity af-
ter adsorption. Since a bilayer of adsorbed heptyl xanthate
would decrease the hydrophobicity, it seems reasonable to
assume that the adsorption process implies that a monolayer
(or submonolayer) of heptyl xanthate is formed on the crys-
tal surface.

3.2. Orientation of alkyl chains

In Fig. 4 polarized spectra from one experiment used to
determine the dichroic ratio are shown. They were recorded
during adsorption from a 0.02 mM KHX aqueous solution.
The dichroic ratio was measured after the all-trans confor-
mation 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 four independent adsorption exper-
iments. It should be mentioned here that the model used to
calculate the orientation presumes an all-trans conformation

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 (νas(CH2)) Tilt angle (νs(CH2))

13–22 50◦ ±2.5◦ 46◦ ±1.9◦
36–47 49◦ ±1.5◦ 48◦ ±1.4◦
68–95 49◦ ±1.7◦ 47◦ ±0.9◦
36–95 49◦ ±1.5◦ 47◦ ±1.1◦

of the alkyl chains, which seems to be true in this case since
similar tilt angles are obtained for two different transition
moments (Table 1). The small difference between the val-
ues can be the 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 νas(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 re-
sult as being caused by random orientation of the methylene
groups. Accordingly, an explanation of the measured differ-
ence between the orientations obtained from the bands of
the asymmetric and symmetric 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 has a different orientation with respect to the molec-
ular axis and a biaxial orientation model are needed [10].
The symmetric stretch of CH3 has such a transition mo-
ment, 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 min.
Unfortunately, our spectroscopic facilities did not allow us
to investigate the orientation at very short reaction times.
However, according to our experimental results (Table 1),
the alkyl chains tilt ∼47◦ from the surface normal, even in
a submonolayer of HX. This is an unexpectedly large tilt
angle, although the alkyl chains seem to be in a crystalline
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 experi-
mental tilt angle obtained in the present study.

In this context it is informative to compare results from a
study of octyl xanthate adsorbed on gold [3], where the tilt
angle calculated from experimental data was ∼29◦ from the
surface normal (no error limit was given). In that investiga-
tion the alkyl chains extended into a hydrophobic environ-
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ment (air). However, the theoretically calculated tilt angle
was very close to the experimental one.

4. Conclusions

Heptyl xanthate adsorbed on germanium from aqueous
solution was observed to possess a high degree of order
on the crystal surface with alkyl chains in all-trans confor-
mation. 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 hep-
tyl xanthate solution (0.02 mM) was in equilibrium after
about 20 min, the adsorption reaction was monitored for
2 h. 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 hy-
drophobicity of the germanium surface 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 a heptyl xanthate ion coordinated to
the surface through both sulfur atoms.

Further investigations are necessary to fully elucidate the
adsorption process studied; it would be especially informa-

tive to monitor the adsorption behavior at short reaction
times and higher adsorbate concentrations.
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ABSTRACT 
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1. INTRODUCTION 

In the studies of surfaces, and especially 
when in-situ studies are preferred, i.e. in the 
presence of the solvent, infrared attenuated 
total reflection spectroscopy (ATR-FTIR) is 
one of the most versatile techniques to use. 
The phenomenon of total internal reflection 
of light has been known for centuries [1], 
but only a few decades ago after the pioneer-
ing work of N.J. Harrick [2] and J. Fahren-
fort [3], the research community started to 
use total internal reflection vibrational spec-
troscopy in the studies of various topics 
within surface chemistry [4,5,6]. Compared 
with many other (ex-situ) surface sensitive 
techniques - X-ray photoelectron spectros-
copy, Auger electron spectroscopy, low-
energy electron diffraction and scanning 
tunnelling microscopy (to name but a few), 
which most of them needs ultra high vac-
uum conditions, ATR-FTIR can be used 
under ambient conditions. From an indus-
trial point-of-view, the most relevant studies 
are usually those with an aqueous solution 
outside the internal reflection element. One 
frequently used method to significantly in-
crease the sensitivity when using water as 
solvent (water is a very good absorber of 
infrared radiation) is to take advantage of 
multiple internal reflections, and to use an 
infrared element which gives less bulk con-
tribution (infrared elements with high refrac-
tive indices). This is because the depth of 
penetration (Eq. 1) from the infrared ele-
ment and into the sample solution depends 
on the radiation wavelength ( 1), the angle of 
incidence ( ), and the ratio between the in-
frared element’s refraction index (n1) and the 
surrounding medium’s refractive index n2
(n21=n2/n1). The depth of penetration is de-
fined as “the distance required for the elec-
tric field amplitude to fall to e-1 of its value at 
the surface” [7], and it is given by: 

)n-(sin2
d 2

21
2
1

p ⋅
=    (1) 

In-situ ATR-FTIR spectroscopy studies can 
be used to characterize the adsorption be-
haviour, e.g. measure the adsorption iso-

therm(s) [8,9], calculate the adsorption den-
sity [6], evaluate the adsorbate’s adsorption 
structure(s) [10] and orientation [11,12] and 
discuss/model the adsorption kinetics 
[9,13,14]. In this article we have studied the 
kinetics of the in-situ adsorption of heptyl 
xanthate (HepX) molecules on a germanium 
internal reflection element, and discussed the 
simultaneously formed dimeric form of the 
heptyl xanthate (dixantogen). 

2. EXPERIMENTAL 

2.1. Materials

Potassium heptyl xanthate (KHepX) was 
synthesized according to the method de-
scribed by Rao [15]. Heptanol, KOH and 
CS2 were used in the synthesis. Purification 
of the obtained KHepX was performed by 
recrystallization from acetone/ether and ace-
tone/benzene solvent mixtures. 

Samples for X-ray photoelectron measure-
ments were; a) a germanium surface as deliv-
ered by the manufacturer (Spectroscopy 
Central LTD) and washed according to the 
washing procedure described for adsorption 
experiments (the washing procedure is de-
scribed in the next paragraph) , b) germa-
nium surface polished by a diamond paste, 
c) germanium surface kept in an aqueous 
environment (up to two weeks), and d) a 
germanium sample cleaned by an argon 
plasma cleaner. The samples b) and c) were 
washed before storage using acetone in or-
der to, as much as possible, remove surface 
hydrocarbon contaminations. All the sam-
ples were dried in a stream of argon, and 
stored in a container with argon atmosphere 
to keep them out of contact with air before 
X-ray photoelectron analysis.  

The in-situ HepX adsorption onto the ger-
manium infrared element was performed in 
a flow-through cell, where the element was 
sealed to the cell with a viton gasket (Fig. 1). 
Measurements were carried out with aque-
ous solution continuously flowing through 
the cell (15-20 ml/min) and under constant 
moderate ionic strength (0.2 M potassium 
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bromide). The germanium crystal was at first 
gently polished with diamond paste, to en-
sure a fresh surface, and subsequently thor-
oughly washed first in pure acetone (p.a.), 
then in an ultrasonic bath with pure ethanol 
(99.7 %) and after that with milliQ water, 
before starting the adsorption experiment. 
The stability of the aqueous heptyl xanthate 
solution (T=22oC) during the adsorption 
experiment was examined by using a 
Lambda-2 UV/Vis spectrometer, and it was 
concluded to be stable during the reaction 
time (< 60 min). In a previous article by 
Fredriksson, Larsson and Holmgren [8] it 
was concluded that the bulk contribution to 
the measured absorbance is insignificant at 
the HepX concentration used in this study.  

2.2. Attenuated Total Reflection 

Spectroscopy

A Bruker IFS 66 v/S spectrometer equipped 
with a mercury cadmium telluride (MCT) 
detector was used in the collection of the 
infrared spectra. Single beam background 
spectra were recorded during 15 minutes, 
with the cell filled with milliQ water (Milli-
pore corp.). Spectra recorded during the ad-
sorption process were obtained by taking an 
average of scans co-added during 2 minutes 
at a resolution of 4 cm-1. The kinetics of 
heptyl xanthate adsorption was evaluated 
using the integrated absorbance under the 
vibration at 1200 cm-1 calculated by the 
OPUS software (ver. 4, BRUKER OPTIK, 
GmbH). The integrated absorbances were 
analyzed using the measured in-situ spectra, 
and the curve-fitted sub-peaks at 1260 cm-1

and 1027 cm-1 (dixantogen specific vibra-
tions), and 1200 cm-1 and 1080 cm-1 (vibra-
tions mainly due to the adsorbed surfactant). 
The curve-fitting procedure by the OPUS 
program, based on the damped least-squares 
optimization algorithm developed by 
Levenberg –Marquardt [16,17] and by a local 
least-squares algorithm (included in the 
OPUS software), allows the band parameters 
(intensity, frequency, and band-width) to 
vary. The band shape used in the curve-
fitting procedure was a linear combination 
of Lorentzian bands (a 100% Lorentzian 

band shape was used for all peaks, but the 
OPUS program also allows for e.g. up to 
100% Gaussian band shape). The output of 
the calculations provides a value for the 
standard deviation (residual RMS error), 
which is the square root of the sum of the 
squares of the residuals between the data 
and the best fitted curve. Compared with the 
measured spectra the deviation was from 10-

4 and below, for all fitted data. The model 
was made from eleven peaks or shoulders 
chosen by visual inspection (illustrated in 
Fig. 2), and each collected in-situ spectrum 
was fitted to this model. This curve-fitting 
procedure was applied in the region between 
1350 cm-1 and 970 cm-1. All spectra were also 
corrected for the high absorption of water in 
the region around 1640 cm-1. This correction 
is done by a spectrum addition of water to 
the sample spectrum to obtain a flat baseline 
in the region of the infrared spectrum where 
the curve-fitting procedure was made. 

2.3. X-ray Photoelectron Spec-

troscopy

The XPS spectra were collected with a Kra-
tos Axis Ultra electron spectrometer using 
monochromatic Al Kα radiation (1486.6 eV). 
The analyzer pass energy was 160 eV, with a 
step size of 1 eV for the survey scans, and 
for separate photoelectron lines a pass en-
ergy of 20 eV was used, with a step size of 
0.1 eV. The pressure in the analysis chamber 
during measurements was at most 5x10-9

torr and no pre-cooling was used. This was 
to allow volatile species, such as elementary 
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 binding energy (BE) scale was 
referenced to the C1s line of aliphatic car-
bon, set at 285.0 eV. 

3. ADSORPTION KINETICS 

If we assume that the adsorption stage is 
rate-determining, second order kinetics 
would be expected, as shown for the heptyl 
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xanthate adsorption on a synthetic zinc sul-
fide surface [13]. The assumption of a reac-
tion controlled system is also made by Free 
and Miller [18], who studied the adsorption 
of carboxylates on a fluorite surface. They 
concluded that the adsorption kinetics of 
their system could be explained by a first-
order rate law with respect to available sur-
face sites. Also Chiem et al [9] recently 
showed that the adsorption of polyarcryla-
mide on a talc surface was rate-controlled by 
the surface reaction, and governed by a 
pseudo-first order rate law.  Our assumption 
of second order kinetics means that the rate 
of reaction should be proportional to the 
concentration of heptyl xanthate in solution 
and the adsorption sites available on the 
germanium surface. Assuming the desorp-
tion rate to be much slower than the adsorp-
tion rate and that the rate is first order with 
respect to concentration and available sites, 
the rate of reaction can be expressed as,

( ) [ ] [ ]
/dtdC

CCCCkCCd/dt

t

ttb2tb

=
−⋅−=−− ∞ (2)

Where Cb is the initial bulk concentration of 
heptyl xanthate in solution, Ct corresponds 
to the amount adsorbed at time t, C  corre-
sponds to the amount adsorbed at equilib-
rium, and k2 is the second order rate con-
stant. Upon integration of Eq. (2) with initial 
condition Ct = 0 at t = 0 one obtains, 

( )
( )
( ) tk

CCC
CCC

ln
CC

1
2

tb

tb

b
⋅=

−
−

⋅
− ∞

∞

∞
 (3) 

By choosing the experimental conditions so 
that Cb is always much larger than Ct and C ,
this equation may be written as, 

tktCk
)CC(

C
ln 1b2

t
⋅′=⋅⋅=

−∞

∞  (4) 

which has the form of a pseudo first order 
rate expression, with k´1 = k2Cb. To our ex-
perience, the surface excess of adsorbate is 
proportional to the measured intensity of 
methylene and methyl stretching vibrations 
(region 2800-3000 cm-1) [13] and to the vi-
brations specific for the adsorbed xanthate 

molecule, e.g. the vibration at 1200 cm-1

(used in this study). The results of propor-
tionality between the excess of adsorbate 
and the methyl/methylene stretching vibra-
tions were also verified by Jang and Miller 
[19] in their studies of Langmuir-Blodgett 
films. Accordingly, Eq. (4) may be rewritten 
as,

( )t)kexp(1AA 1t ⋅′−−= ∞   (5) 

Where At and A  represent the measured 
absorbance due to adsorbed molecules at 
time t and at equilibrium, respectively. The 
absorbance measured as a function of time 
can then be used to calculate the pseudo first 
order rate constant. 

4. RESULTS AND DISCUS-

SION

4.1. X-ray Photoelectron Spec-

troscopy

Prabhakaran and Ogino [20] have studied 
the oxidation of Ge(100) and Ge(111) sur-
faces by XPS and ultraviolet photoelectron 
spectroscopy (UPS). The most important 
conclusion is that the germanium surface 
oxidizes (increasing with time of exposure) 
primarily to GeO and GeO2 quite easily in 
for instance a regular laboratory environ-
ment (air and in room temperature). The 
analysis gave clear chemical shifts between 
the oxide state and the elemental germanium 
(Table 1). They also showed that the 
“through-their-experiment” formed hexago-
nal GeO2 is removed by warm water rinsing, 
but still there exists germanium oxides after 
rinsing. The peak assignments for germa-
nium and developed oxides are summarized 
in Table 1. 

Tabet and Salim [21] investigated the oxida-
tion of a Ge(001) surface. They show the 
same peak positions as in Table 1, but do 
not assign the chemical shifts from Ge0 to 
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other than oxidized germanium (Geox), i.e. 
they did not assign the chemical shifts to any 
specific chemical compound. They also de-
tect Geox, as Prabhakaran and Ogino, when 
the germanium has been in contact with air. 
This oxidation of the germanium surface by 
air has subsequently been established also by 
Wang et al. [22]. In our XP measurements 
we observed similar results as above (see 
Fig. 3a) and our results show that we have a 
partly oxidized germanium crystal. In addi-
tion to the earlier published results, we ob-
served no significant difference in the sur-
face composition of germanium during ex-
position to water (pH  5.6) for a period of 
two weeks. For this reason we assume the 
germanium surface to be stable during the 
handling of the germanium crystals, and dur-
ing our experiments. The XP spectrum (Fig. 
3a) shows peaks for O 1s (Fig. 3b, mainly 
assigned to germanium oxides), C 1s (Fig. 
3c, due to aliphatic surface contaminations), 
and Ge 3d (Fig. 3d). The C 1s content on 
the surface can be considerably decreased by 
a cleaning procedure involving a plasma-
cleaner with argon atmosphere. A cleaning 
procedure with “oxygen” plasma must be 
used with care because this clearly oxidizes 
the germanium surface and drastically 
changes the prerequisites for the in-situ ad-
sorption. Also we observed that a plasma-
cleaning procedure in argon atmosphere 
gives no significant oxidation, but a clear 
lowering of the carbon-containing surface 
impurities. However, the X-ray photoelec-
tron spectrum of a non-polished germanium 
crystal is very similar to a polished one, al-
though the polished surface was carefully 
protected from air before the X-ray photo-
electron measurements. This shows that the 
reaction between air and its possible content 
of polluting agents is rather fast, and caused 
by exposition of the crystal to air during ex-
perimental handling.

4.2. Heptyl xanthate adsorption 

The heptyl xanthate ions were adsorbed 
onto germanium at a solution concentration 
of 0.5 mM, and a pH value of around 6.0 
(initially the pH was 5.8, and after 40 min-
utes around 6.2). Infrared spectra are shown 

in Fig. 4 as a function of reaction time. It is 
evident that the amount of surfactant in the 
vicinity of the surface is increasing with 
time. Figure 2 also clearly shows that the 
dimeric form of the surfactant (dixantogen) 
is simultaneously forming in the vicinity of 
the germanium surface. This is evidenced by 
the increasing intensity about 1260 cm-1 and 
the broadening at the lower energy side (a 
shoulder around 1030 cm-1 is building up) of 
the peak at 1040 cm-1.

The rate of adsorption (Fig. 5) is fast during 
the first 10-15 minutes, and after that virtu-
ally no adsorption occurs until equilibrium is 
reached (within 25 minutes). The adsorption 
kinetics can be modelled by a pseudo-first 
order rate law (the modelled line is shown in 
Fig. 5) with the rate constant, k´1, equal to 
0.21 ± 0.01 s-1. The adsorption has also been 
performed using a degassed water solution, 
and with argon gas bubbling during the ex-
periment. This was done to explore the pos-
sibility of oxidation of the surfactant by dis-
solved oxygen. The results suggest that the 
rate of dixantogen formation is not signifi-
cantly effected by a lower oxygen content in 
the solvent and the heptyl xanthate adsorp-
tion with much lower dissolved oxygen con-
tent can still be modelled by the pseudo-first 
order rate law with the same rate constant as 
without degassing (within experimental er-
rors).

A possible surface reaction is illustrated in 
Fig. 6. This reaction seems plausible when 
considering the relatively high tilt angle from 
the surface normal (~50o) observed by Lars-
son, Fredriksson and Holmgren [11], and 
the change in pH from 5.8 to 6.2 during the 
in-situ adsorption of heptyl xanthate on the 
germanium surface. The suggested reaction 
may be established by DFT calculations, and 
will therefore be the subject of further inves-
tigations.

4.2.1. Dixantogen formation 

The dixantogen formation was monitored by 
the integrated absorbance of the modelled 
sub-peak at 1260 cm-1. A faster growth in 
the beginning seems to be followed by a lin-
ear growth region (see Fig. 7). This linear 
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growth of the amount of dixantogen is char-
acteristic for physically adsorbed molecules. 
In an in-situ study of xanthate adsorption on 
marcasite (FeS2), Mielczarski [23] proposed 
an adsorption mechanism where xanthate is 
adsorbed at the surface and that dixantogen 
forms on top of the adsorbed layer. Accord-
ing to our experimental results, the forma-
tion of dixantogen clearly increased with 
time even after 150 minutes of in-situ ad-
sorption. This implies that also after the 
equilibrium plateau value of the HepX for-
mation is reached (25 minutes), the forma-
tion of dixantogen still increases. First of all 
this indicates that adsorbed heptyl xanthate 
is a prerequisite for the formation of dixan-
togen. It also seems that the rate of dixanto-
gen formation is faster during the first 25 
minutes than after this period of time (Fig. 
7). Since degassing of the aqueous solutions 
with argon had no significant effect on the 
formation rate of dixantogen and oxygen is 
the most probable candidate to be reduced 
upon heptyl xanthate oxidation, the oxygen 
source could possibly be extremely small air 
bubbles attached to the substrate surface 
(Ge). Apparently, dissolved oxygen has no 
detectable effect on the formation of the 
oxidation product. Secondly, the substrate 
surface itself is observed to be important for 
the formation of dixantogen. On an “as-
delivered” germanium crystal no dixantogen 
formation could be observed whilst a pol-
ished “fresh” surface exhibits the formation 
of the oxidation product as described above. 
The reason for this difference might be that 
the texture of the polished surface facilitates 
the formation of air domains on the crystal 
surface.

5. CONCLUSIONS 

This study shows that very small amounts of 
adsorbed xanthate can be detected by the 
infrared attenuated total reflection technique 
although the rare medium is a strongly infra-
red absorbing aqueous solution. Molecules 
such as the xanthates adsorb easily on a 
germanium surface, which might be useful 
information for those who are attempting to 
study xanthate adsorption on e.g. mineral 
pastes pressed against germanium internal 

reflection crystals. We have shown that the 
adsorption of heptyl xanthate can be repre-
sented by a pseudo-first order rate law, i.e. 
the adsorption rate is proportional to the 
number of unoccupied surface sites and the 
initial surfactant concentration. The rate of 
adsorption is rapid during the first 15 min-
utes and reaches an equilibrium plateau 
value after about 25 minutes. A monoden-
tate binding of the xanthate to the germa-
nium surface is suggested. The recorded 
spectra could be modelled by sub-bands, 
representing both the adsorbed surfactant 
and the simultaneously formed dimeric form 
of the surfactant. The growth of the dimeric 
form could be followed with time, although 
a very small amount was adsorbed during 
the first 30 minutes. The linear growth of 
dixantogen with time clearly indicates physi-
cal adsorption. It is also clear from this study 
that the texture of the crystal surface may 
influence the chemical reactions taking 
place, probably due to difference in air-
domains on the surface, as compared with a 
fresh non-polished germanium crystal. 
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FIGURE AND TABLE CAP-

TIONS

IR equipment
with an ATR  
cell

Pump
pH, T, ...

Solution
Adsorbate
Substrate

Germanium internal
reflection element

Figure 1 

Overview of the ATR-FTIR set-up. 

Figure 2 

Spectrum of HepX after 190 minutes of ad-
sorption showing its fitted sub-peaks and 
major spectral features. 

a)

b) c) d)

Figure 3 
XP analysis of a germanium surface used in 
our investigation, a) a spectrum over the 
1100-0 eV binding energy region, and mag-
nifications of b) the peak of O 1s, c) the 
peak of C 1s, and d) the peak of Ge 3d. 
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Figure 4 

Infrared spectra of the heptyl xanthate ad-
sorption as a function of time. 



Figure 5 

The time dependence of the integrated ab-
sorbances for the modelled sub-peak at 1200 
cm-1 (  ) characteristic of adsorbed surfac-
tant, and the integrated absorbances for the 
modelled sub-peak at 1260 cm-1 (  ) charac-
teristic of the oxidized form of the xanthate, 
e.g. dixantogen. All integrated values were 
corrected for H2O influence. The fitted 
curve ( - - - ) is according to the pseudo-first 
order reaction rate model, see Eq. (5), with 
k´1 = 0.21 ± 0.01 (R2=0.987). 
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Figure 6 

Heptyl xanthate adsorption on a hydrated 
germanium surface. 

Figure 7 

The integrated absorbance of the modelled 
sub-peak at 1260 cm-1 versus time (corrected 
for H2O influence). 

Table 1 

Peak assignments of germanium and oxi-
dized germanium [20]. 

Surface Electronic states (eV)   
  O 1s Ge 2p Ge 3d 
Ge(111) - 1217,5 30,2 
Ge(100) - 1217,5 30,2 
GeO 531,2 1219,3 31,6 
GeO2 532,3 1220,7 33,4 
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Introduction
Although the phenomenon of total internal 
reflection of light has been known for centu-
ries 1, it is only a few decades ago since the 
world-wide research community started to use 
total internal reflection vibrational spectros-
copy (ATR-FTIR) in the study of various top-
ics within surface chemistry2-4. N.J. Harrick5

and J. Fahrenfort6 were the pioneers in the 
area of infrared internal reflection spectros-
copy in the end of the 1950’s and during the 
1960’s. Since then numerous publications 
have been published7,8, and a lot of work are 
still going on9-11. One big advantage with 
ATR-FTIR spectroscopy is the possibility to 
use it in in-situ studies, i.e. analysis with the 
presence of a solvent, and under ambient con-
ditions. The information obtained by using in-
situ ATR-FTIR includes the adsorption be-
haviour, i.e. adsorption isotherms12, adsorp-
tion kinetics13,14, adsorption density4 and ad-
sorbate’s adsorption structure3 and orienta-
tion15,16 of adsorbed molecules. 

The experimental approach of in-situ ATR-
FTIR spectroscopy in combination with the 
rapidly increasing area of computational 
chemistry is a great tool for the spectro-
scopists to get a more detailed knowledge 
about the systems they are studying 17,18 im-
plying supplementary information virtually 
impossible to obtain otherwise. One powerful 
theoretical method is Density Functional The-
ory (DFT). DFT is based on a proof by 
Hohenberg and Kohn19, which state the fun-
damental fact that the ground state of a many 
body system is completely described by its 
electron density. The DFT approach is well 
suited for ab initio calculation of large sys-
tems such required for surfaces, since it is 
more computational effective than traditional 
methods such as Hartree-Fock. In the case of 
xanthate adsorbed on germanium surface, 
three optimized surface complexes can be ex-
pected, as illustrated in Figure 1. 

R R

R

a)
b)

c)

Figure 1 
Expected surface complexes of an adsorbed xan-
thate on a “dry” germanium surface. The first one 
a) is a monodentate mononuclear complex, b) is a 
bidentate mononuclear (terminal) complex and c) 
is a bidentate binuclear (bridging) complex. R de-
notes the alkyl chain, which in this study is a hep-
tyl hydrocarbon chain. 

In this paper, we present an investigation util-
izing the strengths of Density Functional the-
ory calculations to obtain the vibrational fre-
quencies of a geometrically optimized ad-
sorbed structure of heptyl xanthate (HepXads)
on a pure (“dry”) Ge(111) surface, and these 
vibrational frequencies are used to investigate 
further the in-situ ATR adsorption measure-
ments of heptyl xanthate at the germa-
nium/water interface. In addition, a discussion 
around the infrared spectrum of a heptyl xan-
thate (HepX ion) in an aqueous solution is 
presented. The DFT calculations offer all the 
vibrational modes available (infrared as well 
as Raman active), from 0 cm-1 up to around 
3000 cm-1, but the in-situ measurements only 
give values between about 900 cm-1 and 3500 
cm-1. The main reason for the “cut-off” at 
about 900 cm-1 in the experiments is due to 
that the germanium crystal absorbs the energy 
below 900 cm-1. For the modelled vibrational 
frequencies, we have therefore only assigned 
the vibrations above about 1000 cm-1. In ex-
perimental, as well as modelled spectra, the 
molecule has no vibrations above 3100 cm-1.

Experimental

Materials 
The xanthate (potassium heptyl xanthate - 
KHepX) was synthesized according to the 
method described by Rao20. Heptanol, KOH 
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and CS2 were used in the synthesis. Purifica-
tion of the obtained KHepX was performed 
by recrystallization from acetone/ether and 
acetone/benzene. 

The in-situ HepX adsorption onto the germa-
nium infrared element was performed in a 
flow-through cell, where the element was 
sealed to the cell with a viton gasket (Figure 
2). Measurements were carried out with aque-
ous solution continuously flowing through the 
cell (15-20 ml/min) and under constant mod-
erate ionic concentration (0.2M KBr). The 
germanium crystal was at first gently polished 
with diamond paste, to ensure a fresh surface, 
and subsequently thoroughly washed first in 
pure acetone (p.a.), then in an ultrasonic bath 
with pure ethanol (99.7 %) and after that with 
milliQ water, before starting the adsorption 
experiment. The stability of the aqueous 
HepX solution (T=22oC) during the adsorp-
tion experiment was examined by using a 
Lambda-2 UV/Vis spectrometer, and it was 
concluded to be stable during the experimen-
tal time (experimental time < 60 min). In a 
recent article published by Fredriksson et al12

it was concluded that the bulk contribution is 
insignificant on the measured absorbances in 
the concentration range we have used 
(CHepX 0.5mM). 

IR equipment
with an ATR  
cell

Pump
pH, T, ...

Solution
Adsorbate
Substrate

Germanium internal
reflection element

Figure 2 
Overview of the ATR-FTIR set-up 

Aqueous transmission infrared 
spectroscopy 
Infrared spectra of the xanthate solution were 
recorded using a Bruker IFS 66 v/S spec-
trometer equipped with a mercury cadmium 
telluride (MCT) detector. The aqueous infra-
red transmission experiments were performed 
using a viton gasket tightened vacuum cell, 
with six m spacers and CaF2 infrared trans-
mitting window material. Spectra recorded 
during the transmission analysis were ob-
tained by co-adding scans to get a sufficiently 
good signal-to-noise ratio at a resolution of 4 
cm-1. The HepX concentration used was 0.5 
M, which was necessary to obtain a good sig-
nal-to-noise ratio using a ~six m thick water 
layer. No differences in the analyzed infrared 
spectra were found during the experimental 
time (experimental time>several hours). All 
the illustrations in this paper have been cor-
rected for the influence of water absorption to 
obtain a flat base line in the illustrated areas 
(see Figure 5). 

Total internal reflection spectros-
copy 
Infrared spectra were recorded with a Bruker 
IFS 66 v/S spectrometer equipped with a mer-
cury cadmium telluride (MCT) detector. In 
order to obtain a good signal to noise ratio, 
the background was recorded during 10-15 
minutes, with the cell filled with milliQ water 
(Millipore corp.). Thus, the single-beam 
background spectrum was recorded with the 
germanium IRE in contact with water. Spectra 
recorded during the adsorption process were 
obtained by co-adding scans during 2 minutes 
at a resolution of 4 cm-1. The ATR elements 
(50x20x2mm3, trapezoidal, 45°, refractive 
index 4.0) were supplied by Spectroscopy 
Central Ltd, UK. The spectra (Figure 7) were 
adjusted because of the high absorption of 
water in the regions over 3000 cm-1 and 
around 1640 cm-1. This correction is done by 
a spectrum addition of water to the sample 
spectrum to obtain a flat baseline in respective 
water influenced areas in the infrared spec-
trum21.
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Ab-initio calculations 
To model the adsorption we have used the Ab 
Initio Modelling PROgram (AIMPRO)22 with 
LDA and pseudopotentials. Supercells of 175 
germanium atoms, and the 26 atoms of the 
HepX were used to model the adsorption, see 
Figure 3. Since the supercell is periodically 
repeated in three dimensions a larger transla-
tion vector (35 Å) in the direction of the sur-
face normal is chosen to create a vacuum be-
tween and hence a surface. In the other two 
directions, the vectors are chosen to create a 
continuous surface. The supercells are hydro-
gen terminated on the opposite side of the sur-
face of interest. This is done to make that sur-
face passive. A k-point grid of 2x3x2 is used 
which yield 6 k-points in the Brillouin zone. 
When calculating properties of surfaces the 
presence of the surface introduces a large shift 
in charge density compared to the final one. A 
special method has been adopted to distribute 
the initial charge density to speed up the con-
vergence of Kohn-Sham’s equation. The ex-
perimental determined lattice constant of 
Germanium is 5.6575 Å. In our calculations, 
we have used a lattice constant of 5.592098 
Å, which is the optimized lattice constant cor-
responding to the basis set we used in our cal-
culations.  This does not influence the calcu-
lations except than that the bond lengths 
within the bulk are underestimated by 1.16%. 
The calculations were only performed on a 
Ge(111) surface, and this is motivated by the 
fact that these calculations are computer time 
demanding and a need to choose one surface 
plane was necessary. When the optimized 
geometrical structure and vibrational modes 
of the HepX ion were calculated, we also used 
the supercell approach. The supercell calcula-
tions where performed with one xanthate 
molecule in a box of 25x25x25 Å. The box is 
periodically repeated, hence 50 Å between the 
same atom in two adjacent boxes. This en-
sures no interaction between the molecules. 
Up to 14 k-points were used in the Brillouin 
zone; using more seems not to affect the re-
sult significantly. Regardless, the calculation 
follows the same scheme; the initial structures 
are first geometrical optimized with respect to 
energy. Then vibrational modes are calculated 

from the converged structure. Normally used 
in the fitting of the calculated vibrational fre-
quencies to the experimentally obtained vibra-
tional frequencies is a scale factor (to account 
for systematic errors), and the scale factor is 
usually between 0.95-1.05 (i.e. the maximum 
deviations are in the range of ±5 percentage 
from the real values), but in our investigation 
we have not used any scale factor. The as-
signments of vibrational frequencies were 
made by animations of the atom displace-
ments, as done in other investigations 23,24,
and these characterizations are presented in 
Table 1- Table 3, as classified. 

Results and discussion 

Ab-initio calculations 

Structure of the adsorbed molecule 
The optimized structure of the adsorbed hep-
tyl xanthate on pure Ge(111) surface is shown 
in Figure 3. A bidentate binuclear binding of 
the heptyl xanthate is the most probable 
chemisorbed species to the pure Ge(111) sur-
face and with an all-trans (anti) conformation 
of the hydrocarbon tail, as illustrated in 
Figure 3. A minor tilting of the hydrocarbon 
tail exists, as shown if the supercell is rotated 
90o. We have found that at this pure Ge(111) 
surface a monodentate bond will result in a 
system with higher energy. 
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90o

Figure 3 
Illustration of two different views of the optimized 
heptyl xanthate molecule on a pure Ge(111) sur-
face. 

Calculated infrared spectra 

The methyl/methylene stretching region 
In Figure 4, the calculated infrared spectrum 
of an adsorbed heptyl xanthate molecule on a 
Ge(111) surface is compared with the corre-
sponding spectrum for a free heptyl xanthate 
ion. Figure 4 shows the hydrocarbon 
(CH3/CH2) stretching region between 2875-
3050 cm-1. In the characterization of differ-
ences between free heptyl xanthate molecules 
versus adsorbed heptyl xanthate molecules 
this spectral region is only to some extent af-
fected by the adsorption of the molecule to 
the pure Ge(111) surface. The modelled fre-
quencies for the adsorbed species are slightly 
shifted upwards in the spectral region com-
pared to the free molecule. In reality, the ad-

sorbed heptyl xanthate has its main vibra-
tional frequency of the asymmetric CH2
stretching ( as(CH2)) at about 2925 cm-1 and 
the symmetric CH2 stretching ( s(CH2)) at 
about 2854 cm-1 (see Figure 7). The assigned 
vibrational frequencies are in Table 1. 

Figure 4 
The modelled hydrocarbon stretching region for 
the free heptyl xanthate molecule (upper spec-
trum) and an adsorbed heptyl xanthate on a pure 
Ge(111) surface (lower spectrum). 

Table 1 
Peak assignments (3050 - 2900cm-1) of a mod-
elled HepX on a pure Ge(111) surface. 

HepXads

Wavenumber 
(1/cm) Intensity Assignment* 
2906 0.003 CH2 4,5 sym. stretch 
2918 0.013 CH2 3,4,5,6 sym. stretch 
2921 0.265 CH2 1,2,4 sym. stretch 
2926 0.069 CH2 3,4,6 sym. stretch 
2932 0.599 CH2 5,6 sym. stretch 

2943 0.099 
CH2 1,2 sym. stretch  
and CH2 3,4,5 asym. stretch 

2945 0.631 
CH2 2,3 sym. stretch  
and CH2 4,5 asym. stretch 

2947 0.389 CH3 sym. stretch  
2956 0.013 CH2 3,4,5,6 asym. stretch 
2970 0.205 CH2 1,2,3,4,6 asym. stretch 
2976 0.040 CH2 1,3,6 asym. stretch 
2984 0.965 CH2 3,4,5,6 asym. stretch 
3003 1.845 CH2 1,2,3,4 asym. stretch 

3025 0.959 
CH3 asym. stretch  
(no in plane H move) 

3041 0.619 
CH3 asym. stretch  
(in plane H out-of-phase) 
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* The assignments in Table 1-Table 3 are made 
according to the following structure; a) the denota-
tion “1,2, …” for the CH2 entity explains the CH2
position relative to the headgroup. Denoted with 
“1” means the CH2 group closest to the 
headgroup, and so forth along the hydrocarbon 
chain, b) asym equals asymmetric, c) sym equals 
symmetric and d) stretch, wag, def, twist is abbre-
viations for the stretching mode, wagging mode, 
bending mode and twisting mode, respectively. 

The spectral region of 1500 cm-1 - 1150 cm-1

In this region, the two modelled spectra are 
essentially equal. The characteristic bend’s 
( ), wag’s ( w) and twist’s ( t) of the CH3/CH2
groups are seen between 1450-1250 cm-1 in 
Figure 5, and all the vibrations in this spectral 
region are assigned in Table 2. Interesting fea-
tures of the spectra in Figure 5, from an ex-
perimental point-of-view, are seen between 
1250 cm-1 and 1180 cm-1. The vibrations in 
this region is associated with the COC, CS2
and CH2 entities, e.g. (COC/CCC), 

as(COC), s(CS2) and w(CH2) modes, as 
seen in Table 2. The intense peak at about 
1430 cm-1 in both spectra of Figure 5 has its 
origin mainly from a highly symmetric CH2
wagging mode. This spectral region, from a 
modelling point-of-view, appears to be insig-
nificantly affected by the differences of an 
adsorbed versus a free molecule (which are 
not the case for the experimentally measured 
infrared spectra, as illustrated later on) 

Figure 5 
The modelled spectral region of 1500 cm-1 to 1155 
cm-1of HepX on a pure Ge(111) surface. 

Table 2 

Peak assignments (1500 cm-1 - 1155 cm-1) of a 
modelled HepX on a pure Ge(111) surface. 

HepXads

Wavenumber 
(1/cm) Intensity Assignment 
1187 2.936 CH2 wag and COC bend 

1199 0.139 
CH2 wag and CCC out-of-plane  
bend 

1223 0.042 
COC asym. stretch, SCS sym.  
stretch and CH2 wag 

1239 0.007 CH2 twist 

1242 0.028 
CH2 2,3,5,6 wag, COC asym.  
stretch and SCS sym. stretch 

1260 0.001 CH2 twist 
1268 0.001 CH2 1,2,3,4,5 twist 
1274 0.001 CH2 2,3,5,6 twist 
1289 0.590 CH2 wag, COC/CCC def., SCS  

sym. stretch and (C)OC stretch 
1326 0.183 CH2 wag and CH3 sym. def. 
1340 0.582 CH3 sym. def. and CH2 4,6 wag 
1354 0.007 CH2 wag and CH3 sym. def. 

1365 0.062 
CH2 1,2,3,4 wag  
(each side in-phase) 

1405 0.025 CH2 1,3,4,6 sym. def. 
1406 0.008 CH2 2,4,5,6 sym. def. 
1410 0.139 CH2 1,3,6 sym. def.  
1413 0.063 CH2 1,2,3,4,6 sym. def.  

1415 0.252 
CH2 2,3,4 sym. def. and CH3
asym. def. 

1417 0.077 
CH2 sym. def. and CH3 sym.
def. no in-plane H bend 

1426 0.143 
CH2 1,2,3,5,6 sym. def. and  
CH3 sym. def. no in-plane H  
bend 

1430 3.150 CH2 sym. def. 

The spectral region of 1150 cm-1 - 1000 cm-1

The vibrational frequency range 1150-1000 
cm-1 seems to be the region with the largest 
differences between an adsorbed molecule 
and a free molecule (see Figure 6). In this re-
gion the free molecule has its main contribu-
tion from the CS2, COC, OCC and CCC enti-
ties (see Table 3a), and three of them are as-
sociated with the headgroup of the heptyl xan-
thate. The large peak for the free molecule at 
1102 cm-1 is composed of two unresolved 
peaks at 1103cm-1 and 1101 cm-1. The same 
peak observed for the adsorbed molecule, is 
shifted down to about 1005 cm-1 (see Table 
3b). This is one of the big differences associ-
ated with an adsorbed molecule versus a free 
molecule as seen in the modelled results. The 
CS2 entity’s vibrations seem to be highly af-
fected by the adsorption of the xanthate to a 
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Ge(111) surface. The amplitude of the 
as(CS2) mode is low in this region compared 

to the free molecule, and the amplitude of the 
COC stretching/deformation mode is also 
lower compared with the free molecule. The 
differences are clearly seen between the two 
cases when the spectra in Figure 6 are com-
pared. The free molecule seems to have four 
distinct vibrations at 1135 cm-1, 1103 cm-1,
1101 cm-1 and 1042 cm-1 (assigned in Table 
3a), and the adsorbed molecule has six dis-
tinct vibrations at 1131 cm-1, 1090 cm-1, 1066 
cm-1, 1055 cm-1, 1023 cm-1 and 1005 cm-1.
The contribution to the vibration mode at 
1131 cm-1 comes mainly from the (COC),
(OCC) and (CCC) modes. The vibrations at 

1090 cm-1, 1066 cm-1 and 1055 cm-1 have 
their contribution from the deformations of 
the COC/OCC/CCC groups together with 
contribution from the stretching of the hydro-
carbon tail ( (CCC) mode) (see Table 3b). As 
seen in Figure 6, the spectral region between 
1150 cm-1 and 1000 cm-1 shows high potential 
in finding differences between an adsorbed 
xanthate molecule and its corresponding ion.  

Figure 6 
Modelled spectra of the heptyl xanthate ion (HepX 
ion) and the heptyl xanthate adsorbed on a pure 
Ge(111) surface (HepXads).

Table 3 
Peak assignments in the infrared region 1150-990 
cm-1 for; a) the HepX ion and b) HepXads

a)
HepX ion     
Wavenumber 
(1/cm) Intensity Assignment 

1042 0.734 
CS2 asym. stretch, CCC  
stretch and CCC/OCC def. 

1101 0.494 
CS2/COC asym. stretch,  
CCC def. and minor COC/ 
OCC def. 

1103 0.360 
CS2/COC asym. stretch,  
CCC/COC def. and  
OCC stretch 

1135 0.043 
CS2 asym. stretch and  
COC/OCC/CCC def. 

b)
HepXads     
Wavenumber 
(1/cm) Intensity Assignment 

1005 0.111 
CS2/COC asym. stretch, COC  
def. and OCC stretch 

1023 0.034 
CCC stretch, CCC def.  
and minor COC def.  
and minor CS2 asym. stretch 

1055 0.654 CCC stretch, CCC/COC/OCC  
def. and minor CS2 asym. stretch  

1065 0.426 CCC stretch, COC/CCC/OCC  
def. and minor CS2 asym. stretch  

1089 0.239 CCC stretch, CCC/COC def.  
and minor CS2 asym. stretch 

1131 0.275 
CCC/COC/OCC def. and  
minor CS2 asym. stretch 

In-situ ATR spectra compared with 
transmission infrared spectra and 
spectra from DFT-modelling 
The experimental differences, and similarities, 
between heptyl xanthate ions in aqueous solu-
tion and in-situ adsorbed heptyl xanthates are 
seen in Figure 7. The specific vibration modes 
of the CH2/CH2 stretching (3050 cm-1 – 2800 
cm-1) for the HepX ion is shifted upwards 
about 6-7 cm-1, showing that the adsorption of 
the HepX molecule to a Ge(111) surface af-
fects the vibrational frequencies of the spe-
cific CH2/CH2 vibrations.

The spectra of the adsorbed species have an 
intense peak at 1200 cm-1 that is not seen, or 
is too small to be seen, in the spectrum for the 
HepX ion. This peak is assigned by the DFT 
calculations to originate from bending mode 
of the COC entity, the symmetric wagging of 
the CH2 groups, the symmetric stretching of 
the CS2 entity, the asymmetric stretching of 
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the COC entity, and the bending of the hydro-
carbon tail, i.e. the (CCC) mode.  

When the most interesting spectral region 
(1150 cm-1-1000 cm-1), with respect to the 
DFT results, is studied, clear differences are 
seen. The spectrum of the ion has two main 
peaks at 1120 cm-1 and 1060 cm-1, and a 
shoulder at the high frequency side of the 
peak at 1120 cm-1. These peaks are assigned 
predominantly to the deformations of the 
headgroup ( (COC/OCC) modes), deforma-
tions of the hydrocarbon tail ( (CCC) mode) 
and stretching of the hydrocarbon tail 
( (CCC) mode). As seen from the DFT results 
the CS2 entity only has minor contribution in 
this spectral region. However, for the ion the 
CS2 entity has a major contribution to the 
spectral features seen in the upper spectrum of 
Figure 7.

One major feature is seen in the structures of 
the spectra. There are completely different 
structures for an infrared spectrum of an ad-
sorbed species compared to the structures of a 
free molecule. The adsorbed species generates 
several peaks in the infrared spectrum not 
seen in the infrared spectrum for the ion. 
These structural differences are seen also in 
the case of the DFT-modelled spectra, see 
Figure 6. These result shows distinct differ-
ence be the two cases. In addition, the simi-
larities between the modelled results and the 
experimentally analyzed spectra, if e.g. Figure 
6 and Figure 7 are compared, are very good. 
This result is clearly highlights the strengths 
and possibilities in the use of DFT in the 
study of our systems. 

In the spectra of the adsorbed xanthate, as 
shown in Figure 7, features of the simultane-
ously forming oxidized form of the xanthate 
is emerging , i.e. the (HepX)2-molecules. Es-
pecially this is seen for the spectrum at 61 
minutes of adsorption. The peaks at about 
1260 cm-1 and the shoulder on the lower fre-
quency side of the peak at 1040 cm-1 are as-
signed to the dixantogen, both from our own 
laboratory test, as well as by other authors25.

Figure 7 
Spectra of HepX (0.5mM) in-situ adsorbed at 
germanium at 1 minute, 31 minutes and 61 min-
utes (lower spectra), and a transmission infrared 
spectrum of an aqueous (0.5 M) solution of HepX 
(upper spectrum). The solid arrows indicate peaks 
associated with the adsorbed species for the in-
situ measured spectra and dashed arrows indi-
cates features associated with the simultaneously 
formed dimeric form of the xanthate.  

Conclusions 
The results of this investigation show that 
heptyl xanthate will form a bidentate binding 
to a pure Ge(111) surface. The modelled ad-
sorbed species have similar features in the 
infrared spectrum between 3000 cm-1 and 
1250 cm-1 as the modelled spectrum of a free 
heptyl xanthate molecule. The main differ-
ences between the spectrum of an adsorbed 
heptyl xanthate and a free heptyl xanthate 
molecule are seen in the region between 1150 
cm-1 and 1000 cm-1. This region is established 
to have the same differences if the experimen-
tal results are taken in consideration, thus a 
distinction between an adsorbed heptyl xan-
thate and a heptyl xanthate ion is possible to 
be made. The in-situ ATR-FTIR spectrum of 
an adsorbed heptyl xanthate on germanium 
also shows an intense peak at 1200 cm-1 as-
signed to the COC, CH2, CS2 and CCC enti-
ties. This intense peak is not seen in the infra-
red spectrum of a heptyl xanthate ion in aque-
ous solution. The assignment of the differ-
ences and similarities of the experimentally 
measured adsorbed heptyl xanthate and the 
heptyl xanthate ion was possible by the Den-
sity Functional Theory calculations. The fit-
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ting of the modelled spectra with the experi-
mentally retrieved spectra were very good in 
all cases, and it shows the strengths of using 
Density Functional Theory calculations in the 
interpretation of real systems involving both 
free molecules as well as molecules at sur-
faces.
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Abstract

Adsorption of n-heptyl xanthate on synthesized zinc sulfide was followed in situ by monitoring the methylene absorption band at
2925 cm−1. The zinc sulfide surface used in the adsorption experiments was synthesized on a germanium internal reflection element us-
ing the chemical bath deposition method. Characterization of the adsorbent surface was performed by X-ray photoelectron spectroscopy.
The time needed to reach adsorption equilibrium varied with the initial concentration of the aqueous potassium heptyl xanthate solution. The
amount of adsorbed xanthate ions increased with the concentration of the solution within the range studied (10 µM–50 mM). The experimen-
tal data are reasonably well described by the Langmuir adsorption isotherm. Polarized infrared attenuated total reflection (ATR) was used
to determine the average orientation of the heptyl chains by measuring the absorbance of the infrared beam polarized perpendicularly and
parallely to the plane of incidence. Measured absorbances were corrected for contribution from heptyl xanthate in bulk solution.
© 2005 Elsevier Inc. All rights reserved.

Keywords: IR-ATR; Chemical bath deposition; Zinc sulfide; Polarized IR-ATR; Heptyl xanthate

1. Introduction

Characterization of surface–adsorbate interactions at the
molecular level is of great importance to better understand
the surface chemistry of minerals. This is of great signif-
icance in processes such as concentration of ore by flota-
tion, but also in other industrially important applications,
e.g., catalysis. A high surface sensitivity is also crucial for
successful studies, as is the possibility to obtain informa-
tion about the orientation of adsorbed molecules, infrared
attenuated total reflection (IR-ATR) spectroscopy appears to
be the best approach available as it is ideally suited for in-
frared studies in aqueous solution. During the past 15 years
methods to produce thin layers of metal sulfides on differ-
ent substrates have been developed. Successive ionic layer
adsorption and reaction (SILAR) is one such method [1–4]
and chemical bath deposition (CBD) [5–8] is another, used

* Corresponding author.
E-mail address: andreas.fredriksson@ltu.se (A. Fredriksson).

in this study to synthesize a solid film of zinc sulfide on ger-
manium multiple internal reflection elements.

For many years the ATR technique has been applied to
the study of surface-active species, although most frequently
ex situ [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 par-
allel and perpendicular to the crystal surface. A number of
such studies, predominantly ex situ [12–14] but only very
few in situ investigations [15–17], have appeared during the
last few decades.

In this study, heptyl xanthate (HepX) adsorption on ZnS
deposited onto a germanium internal reflection element was
investigated. The adsorption was monitored at different bulk
concentrations of the adsorbate molecules, to facilitate de-
termination of the adsorption isotherm. The slope of the
isotherm indicates of the affinity of the collector for the solid
surface. In addition, polarized IR radiation was used to de-
termine the preferred orientation of the alkyl chains of the
collector molecules.

0021-9797/$ – see front matter © 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcis.2005.01.022
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Fig. 1. A schematic view of the experimental setup (IRE, internal reflection
element).

2. Experimental

2.1. Materials

Potassium n-heptyl xanthate (KHepX) was synthesized
according to the method described by Rao [18]. Heptanol,
KOH and CS2 were used in the synthesis. Purification of the
obtained KHepX was performed by recrystallization from
acetone/ether and acetone/benzene.

The in situ HepX adsorption onto the ZnS covered ger-
manium ATR 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 out with aque-
ous 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 solu-
tion, depending on the IR spectrum of the film. The film
was washed until no IR signal from impurities could be de-
tected. The concentration of the KHepX solutions used var-
ied between 0.01 and 50 mM. The adsorption experiments
were carried out with two different solution volumes, 50 and
500 ml, and MilliQ water was used as solvent.

2.2. Chemical bath deposition

CBD was used to deposit ZnS films onto germanium
crystals, according to a method described by Nair et al.
[5]. Different chemical compositions of solutions have been
used to produce thin ZnS films [5–8,19–23]. ZnCl2 and
ZnSO4 are the most frequently used cation sources, whereas
Na2S, thioacetamide, or thiourea have been utilized as sul-
fide sources. In this work, we used ZnSO4 and thioacetamide
with triethanolamine (TEA) as complexing agent. The tem-
perature 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.

2.3. X-ray photoelectron measurement

The XPS spectra were collected with a Kratos Axis Ultra
electron spectrometer using monochromatic AlKα 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 pho-
toelectron lines pass energy of 20 eV was used, with a step
size of 0.1 eV. The pressure in the analyzing chamber during
measurements was 6.67 × 10−7 Pa and without precooling.
This was made to allow volatile species, such as elementary
sulfur and water, to leave the surface. To compensate for sur-
face charging, a low-energy electron gun was used. Process-
ing of spectra was accomplished with the Kratos software.
The binding energy (BE) scale was referenced to the C1s

line of aliphatic carbon, set to 285.0 eV.

2.4. ATR spectroscopy

Infrared spectra were recorded with a Bruker IFS 113V
(pressure ∼1 mm Hg) spectrometer equipped with a mer-
cury cadmium telluride (MCT) detector. In order to obtain
a good signal to noise ratio, the background was recorded
using 1500 scans, with the cell filled with MilliQ water
(Millipore corp.). Thus, the single-beam background spec-
trum was recorded with ZnS in contact with water. Spectra
recorded during the adsorption process were obtained by
co-adding scans during 2–3 min at a resolution of 4 cm−1.
A rotatable grid of aluminum deposited on a BaF2 polar-
izer was placed before the ATR crystal to provide p- and
s-polarized radiation. In this study, a germanium ATR crys-
tal covered with a film of ZnS was used. The ATR elements
(50 × 20 × 2 mm, trapezoidal, 45◦) were supplied by Spec-
troscopy Central Ltd., UK. For a complete description of
the ATR technique, see [24,25]. The in situ spectrum of
precipitated Zn(HepX)2 was measured after first dissolving
Zn(HepX)2 in carbontetrachloride (CCl4) and then repre-
cipitating the Zn(HepX)2 on the ZnS surface. Because of
the precipitate on the ZnS surface less of the infrared beam
penetrates through water, explaining the negative water ab-
sorption band from water that appears in Fig. 3. The relative
amount of adsorbed HepX ions was calculated from the peak
absorbance of the asymmetric methylene stretching vibra-
tion band at 2925 cm−1. As the apparent negative absorption
of water increased with the adsorption density, the baseline
of the stretching band was affected, especially at high ad-
sorption density. To evaluate the peak height at 2925 cm−1,
a spectrum of water was added to the sample spectrum in or-
der to obtain a flat baseline from 2800 to 3000 cm−1. All
peak heights at 2925 cm−1 were measured relative to this
baseline. However, heptyl xanthate in bulk solution also con-
tributes to the measured absorbance. This contribution was
corrected according to the equation proposed by Sperline et
al. [26],

% − bulk = 100Cbdp

2000Γ + Cbdp
,
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where the penetration depth (dp) equals 2.15 × 10−5 cm
at 2900 cm−1 and the maximum Gibbs surface excess (Γ )

was estimated to 1 × 10−9 mol/cm2, which corresponds to
6 molecules/nm2. This should be a reasonable assumption
since a surface excess of about 0.7 × 10−9 mol/cm2 was
obtained for oleic acid on CaF2 [27]. Cb is the bulk concen-
tration of potassium heptyl xanthate.

3. Results and discussion

3.1. Surface characterization

IR and XP spectroscopies 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−1) and a weaker band around 1640 cm−1. These
frequencies represent stretching and bending of water mole-
cules. In addition to these bands, a very weak absorption in
the CH stretching region was observed, indicating organic
impurities in the ZnS layer. However, these impurities were
considerably reduced upon further washing of the surface
layer. In Fig. 2, the results of the XPS measurements are
shown. These measurements show oxygen content of the
ZnS layer which originates from both hydroxide and carbon-
ate groups—very likely caused by the adsorption of carbon
dioxide as the pH of the xanthate solution was ∼8.8. In addi-
tion to oxygen, Zn, S, C and Ge are also 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 previously published XPS data on ZnS films
produced with the CBD method [19].

It has been shown that the CBD method gives homo-
geneous microcrystalline structures with no preferential
growth direction and a stoichiometric cubic ZnS film [20,
21] with traces of other species [5,6,22].

An attempt to characterize the surface layer by X-ray dif-
fraction gave no useful information. This can be due the film
not being perfectly crystalline, as suggested by Froment and
Lincot [21], who also found that the deposition conditions
are critical (bath formulation with respect to the hydrox-
ide precipitation line, temperature, and substrate activation)
when it comes to the synthesis of a more crystalline ZnS
film. Another reason for the lack of a useful diffractogram
may be that the film is too thin, having a micropolycrys-
talline structure, as suggested by Vidal et al. [22] and Chopra
et al. [23].

3.2. Adsorption of n-heptyl xanthate

Fig. 3 shows two representative in situ infrared spectra
of n-heptyl xanthate vibrations—in situ adsorbed n-heptyl
xanthate and precipitated Zn(HepX)2. As stated by Miel-
czarski et al. [29], the band at 1200 cm−1 is mainly due to the
asymmetric stretching vibration of C–O–C, and the band at
1064–1021 cm−1 has a strong involvement of the asymmet-
ric S–C–S stretch [28]. In the region 3000–2800 cm−1, char-
acteristic bands for carbon–hydrogen vibrations are seen.
The peaks around 2960 and 2925 cm−1 are the asymmetric

Fig. 2. XPS result for a CBD–ZnS film (deposition time 7.2 h).
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Fig. 3. IR spectra of heptyl xanthate adsorbed on ZnS and precipitated Zn(HepX)2 on ZnS, both measured in situ.

methyl (CH3) and methylene (CH2) vibration bands, respec-
tively, and the bands around 2870 and 2850 cm−1 are the
corresponding symmetric vibrations.

A comparison of the in situ adsorbed n-heptyl xan-
thate with an in situ zinc n-heptyl xanthate precipitate
(Zn(HepX)2) can be made from Fig. 3. Precipitated and ad-
sorbed heptyl xanthates have different absorption features in
the C–O–C stretching region, which make them distinguish-
able from each other. According to Fig. 3, the precipitated
and adsorbed xanthates show different spectral features in
the region 1060–1250 cm−1. This difference is typical for
precipitated and adsorbed xanthate and appears in all spec-
tra recorded irrespective of the bulk concentration of the
adsorbate or the time during which the adsorption reaction
takes place. Eventually a plateau value in the absorbance
versus time curves is obtained. The asymmetric methylene
stretching vibration at 2925 cm−1 in adsorbed xanthate is
shifted to a lower frequency (2919 cm−1) in the precipitated
Zn(HepX)2. For these reasons we find it plausible to assume
that HepX is adsorbed at the ZnS surface.

The formation of dialkyl dixanthogen is often discussed
in studies of flotation chemistry where alkyl xanthates are
involved, although it can be seen from Fig. 3 that no such
formation occurs since the characteristic absorption bands at
1023 and 1260 cm−1 are absent.

Fig. 4 shows the adsorption isotherm for the HepX–ZnS
system, each point representing the peak height of the asym-
metric CH2 band at equilibrium. Spectra for some equilib-
rium concentrations are shown in Fig. 5.

In the Langmuir adsorption model, we assume that the
plateau adsorption at the highest solution concentration im-
plies that all available surface sites are occupied, and that
the concentration of adsorbed molecules is proportional to
the absorbance caused by them.

Fig. 4. The adsorption isotherm for the KHepX–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. Empty circles (◦) correspond to measured
peak intensity whereas filled circles (•) denote absorbance data corrected
for absorption due to HepX in bulk solution.

The proportionality between integrated absorbance and
surface concentration of species adsorbed on ATR crys-
tals has been utilized by Jang and Miller [27] in a study
of Langmuir–Blodgett films transferred to CaF2. Their re-
sults were verified by surface pressure–area isotherms. They
found that the equation derived to quantify the amount of ad-
sorbed molecules also was useful to estimate the degree of
monolayer coverage. In a recent publication we have used
the relation between integrated absorbance and surface con-
centration to estimate the density of adsorbed n-heptyl xan-
thate on germanium [16]. It was shown by transmission mea-
surements that the integrated absorbance between 2820 and
3000 cm−1, as well as the peak absorbance of the asymmet-
ric CH2 stretch, both varied linearly with the bulk concen-
tration of n-heptyl xanthate in D2O as solvent. We therefore
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Fig. 5. Spectra corresponding to various adsorptions of heptyl xanthate on
ZnS. The concentrations are indicated. The experiments were performed at
room temperature (∼23 ◦C).

assume that the absorbance measured in this investigation
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 expres-
sion for the adsorption isotherm,

C

A
= 1

KAm
+ 1

Am
C,

where Am is the absorbance at full monolayer coverage of
the surface, and K is essentially an equilibrium constant de-
pending on the adsorption and desorption rates (ka/kd). If
C/A is plotted as a function of the concentration, C, the re-
sult should be a straight line, with an intercept and slope,
from which the values of Am and K can be determined.
A minor deviation from a straight line is expected at the low-
est adsorbate levels since we did not correct for a reduced
bulk concentration due to adsorption. However, this correc-
tion is estimated to be very small, certainly not exceeding a
few percent.

In Fig. 6 experimental data for the concentration range
0.01–30 mM are plotted as C/A = f (C). The straight
line represents a linear least-squares fit to the experimen-
tal data points. From the slope and intercept of the line,
Am = 0.0347 and K = 3592 dm3 mol−1. The maximum ab-
sorbance calculated is very close to the experimental value
and the correlation coefficient of the straight line, R2 =
0.999.

3.3. 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 spectra recorded with
s- and p-polarization, and adsorption continues during this
time, two spectra with s-polarized light bracketing a spec-
trum with p-polarized light were recorded. The CH2 bands

Fig. 6. C/A versus C (0.01–30 mM). The straight line is a linear least-
squares fit to the experimental points.

Table 1
Dichroic ratio from five adsorption experiments on ZnS

Concentration (mM) Adsorption time (min) D = As/Ap

0.01 29 0.74
0.01 152 0.79
0.038 13 0.74
0.038 92 0.74
1.26 19 0.66
1.26 50.5 0.68

40 13 0.66
40 211 0.67
50 19.5 0.62
50 236 0.63

from p-polarized spectrum and the mean value from the two
s-polarized spectra were used to determine the dichroic ratio
(As/Ap). In Table 1 the dichroic ratio is shown for five bulk
concentrations at two different reaction times. Each reaction
time corresponds to the middle of the time interval during
which the p-polarized spectrum was recorded. As/Ap gives
information on the orientation of the transition moment of
the CH2 stretching vibration (which provides insight into
the orientation of the n-heptyl chain in n-heptyl xanthate ad-
sorbed at the surface). However, it is not straightforward to
calculate this orientation using a four-layer model consisting
of Ge, ZnS, adsorbate, and water.

One way to solve the problem experimentally is to deter-
mine the dichroic ratio from spectra of an isotropic adsorbate
on the surface. Once the dichroic ratio of a randomly ori-
ented adsorbate is known, it can be used to decide whether
the alkyl chains of, e.g., n-heptyl xanthate are preferentially
orientated parallely or perpendicularly to the substrate sur-
face. This was accomplished by recording polarized spec-
tra of a thin layer of dodecane on the ZnS film, yielding a
dichroic ratio of As/Ap ≈ 0.57, 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 molecules were randomly orientated
[15,16]. An organic film with refractive index of around 1.5
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(the same as n-heptyl xanthate) would result in a theoretical
As/Ap ratio of 0.63, as calculated using the same three-layer
model. A thin layer of Zn(HepX)2 on ZnS gives a value of
0.61. On the assumption that dodecane and the Zn(HepX)2
precipitate are randomly orientated on ZnS, the very thin
zinc sulfide film on germanium seems to have only a mi-
nor influence on the theoretically calculated dichroic ratio of
randomly orientated molecules.

Referring to Table 1, it can be inferred that n-heptyl xan-
thate at low bulk concentrations adopts a more perpendicular
than parallel orientation relative to the substrate surface. At
higher bulk concentrations, the orientation tends to be in-
creasingly random or isotropic.

4. Conclusions

We have shown that chemical bath deposited thin layers
of zinc sulfide on a germanium internal reflection element
offer the possibility to study the adsorption behavior 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 concentra-
tions is described reasonably well by a Langmuir type of
adsorption isotherm. As evident from this study, the dichroic
ratio of the transition moments of the methylene vibrations
becomes lower at higher bulk concentrations. Therefore, it
seems that a higher surface coverage results in more ran-
domly orientated alkyl chains. This tendency was not ex-
pected but rather that a denser packing of molecules at the
surface would imply an increased order. Three possible rea-
sons for the observed behavior might be the morphology
of the surface, a precipitation of Zn(HepX)2 on the surface
and/or the formation of micellar-like structures at higher
concentrations. However, further investigations are neces-
sary to fully explain this unexpected result.
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Abstract

In the present study infrared attenuated total reflection (IR-ATR) was used to monitor the rate of in situ adsorption of heptyl xan-
thate on a layer of zinc sulphide synthesized on a germanium ATR crystal. The zinc sulphide surface was characterized using X-ray pho-
toelectron spectroscopy (XPS). The absorbance of heptyl xanthate measured increased with increasing bulk concentration of the
adsorbate up to an equilibrium plateau value corresponding to a fractional coverage of the surface sites of the substrate. For the adsorp-
tion from solutions of concentrations between 10�3 and 10�5 M, the rate of adsorption increased with increasing bulk concentration. At
higher concentrations the measured absorbance should be corrected for the absorbance due to the concentration of xanthate in bulk
solution. The present work provides a discussion of this correction. Assuming the adsorption stage to be rate-controlling and propor-
tional both to the concentration of the adsorbing species in solution and unreacted surface area, a rate law governing this type of tran-
sient adsorption kinetics was derived. By means of absorbance data for the concentrations 0.1 and 0.01 mM, the rate constant of
adsorption was calculated. From the initial part of a Langmuir adsorption isotherm, the absorbance at monolayer coverage and the equi-
librium constant of adsorption could be estimated.
� 2005 Elsevier Ltd. All rights reserved.

Keywords: Flotation collectors; Flotation reagents; Reaction kinetics

1. Introduction

The adsorption of organic molecules from solution onto
solid substrates has attracted a great deal of research inter-
est in recent years because of the potential technological
and scientific applications involved. Flotation is among
the best applications of adsorption and involves the use
of organic molecules as collectors and frothers. A large
number of significant contributions to this topic have
appeared in the literature during the past few decades
(e.g. Strojek and Mielczarski, 1983; Leppinen, 1987; Las-
kowski et al., 1997; Finkelstein, 1997; Fuerstenau, 2001;
Boulton et al., 2003). Studies of the interaction between
inorganic surfaces and soluble species are, in most
instances, carried out using either samples of industrial

relevance or idealized model systems. The latter approach
involves studies of chemically rather well defined materials
and generates an understanding of chemical events usually
of more general value, but is, of course, limited by the fact
that industrial samples rarely are pure and well defined.
Another factor making the studies of many inorganic mate-
rials difficult is that they are not adapted for the analysis
techniques used. Material properties such as low surface
areas, complex morphology and broad particle size distri-
butions, chemical impurities, etc. limit the usefulness or
even prevent the use of many sophisticated analytical meth-
ods. Furthermore, all of these methods are not adapted for
in situ studies.

As a part of our ongoing research program in mineral
particle science and technology the use of IR-ATR (atten-
uated total reflection) for in situ studies of the interaction
between various metal sulphide surfaces and collectors
looks promising. ATR is ideally suited for aqueous solu-
tion infrared studies and recently convenient methods to
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synthesize thin layers of metal sulphides on ATR substrates
have been reported by various authors (Nair and Nair,
1992; Johnston et al., 2002). Chemical bath deposition
(CBD) is the method used in this study to synthesize solid
films of ZnS on germanium multiple internal reflection
elements. The metal sulphide surfaces were then used to
monitor the rate of adsorption by analyzing the time
dependence of the absorbance of methylene stretching
vibrations.

The aim of the study was to test whether the adsorption
stage was rate-controlling or not. If the adsorption stage
controls the rate of reaction, second order kinetics would
be expected implying that the rate of reaction is propor-
tional both to the concentration of adsorbing species in
solution and unreacted surface area.

2. Experimental

Infrared spectra were recorded using a Bruker IFS
113 V (pressure �1 mmHg), equipped with a liquid nitro-
gen cooled mercury–cadmium-telluride (MCT) detector.
A total of 250 scans were combined, and the resultant
interferogram was Fourier transformed to obtain a resolu-
tion of 4 cm�1. This number of scans was sufficient to get a
good signal-to-noise ratio. The reaction time of the adsorp-
tion was measured in the middle of the time interval neces-
sary to accumulate 250 scans (�3 min). All spectra were
corrected for absorption due to water. A germanium inter-
nal reflection plate (50 · 20 · 2 mm3, 45� bevel, refractive
index 4.0) from Spectroscopy Central LTD was used as
substrate for the synthesized ZnS layer. This micro crystal-
line layer was synthesized using the chemical bath deposi-
tion (CBD) method as described by Nair and Nair (1992)
and the surface was characterized by X-ray photoelectron
spectroscopy (XPS). The fact that germanium was detected
by XPS (Fig. 2) is an indication of a very thin layer of zinc
sulphide on the germanium substrate (<20 nm). The refrac-
tive index of zinc sulphide is 2.22. Potassium heptyl xan-
thate was synthesized from KOH, CS2, and heptanol.
The product was recrystallized twice according to a method
described by Rao (1971). The stability of the aqueous hep-
tyl xanthate solution at room temperature (22 �C) was
investigated using a Lambda-2 UV/VIS spectrometer.
The heptyl xanthate absorption at 301 nm was nearly con-
stant (<5% decomposition) for at least 60 min, which is the
maximum reaction time, used in our adsorption experi-
ments. In situ adsorption of heptyl xanthate onto the
ZnS covered germanium plate was performed in a flow-
through cell, where the plate was sealed to the cell with a
viton gasket. Fig. 1 shows the experimental set-up. Spectra
were recorded with the aqueous (milliQ-water) heptyl xan-
thate solution (pH � 5) continuously flowing through the
cell (17.5 ml/min). Pump rates of 6 and 35 ml/min were
also tested to examine a possible influence of the pump rate
on the rate of adsorption. The total volume of the flow-
through cell was 6 ml with half the volume on each side
of the internal reflection element and the pump type used

was an Alitea C4-XV. Before each experiment, the just pre-
viously synthesized ZnS surface was thoroughly washed
with acetone (p.a.), then in an ultrasonic bath with ethanol
(99.9%.) and subsequently with milliQ water.

3. Adsorption kinetics

If we assume that the adsorption stage is rate-determin-
ing, second order kinetics would be expected. This means
that the rate of reaction should be proportional to the con-
centration of heptyl xanthate in solution and the adsorp-
tion sites available on the ZnS surface. Assuming the
desorption rate to be much slower than the adsorption rate
and that the rate is first order with respect to concentration
and available sites, the rate of reaction can be expressed as

�d=dtðCi � CatÞ ¼ k2½Ci � Cat� � ½Cae � Cat� ¼ dCat=dt;

ð1Þ
where Ci is the initial concentration of heptyl xanthate in
solution, Cat corresponds to the amount adsorbed at time
t, Cae corresponds to the amount adsorbed at equilibrium,
and k2 is the second order rate constant. Upon integration
of Eq. (1) with initial condition Cat = 0 at t = 0 one obtains

1

ðCi � CaeÞ � ln
CaeðCi � CatÞ
CiðCae � CatÞ

� �
¼ k2 � t. ð2Þ

Solution

Adsorbate
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PUMP
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Fig. 1. A schematic view of the experimental set-up.
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By choosing the experimental conditions so that Ci is al-
ways much larger than Cat and Cae, this equation may be
written as

ln
Cae

Cae � Cat

� �
¼ k2 � Ci � t ¼ k1 � t ð3Þ

which has the form of a pseudo first order rate expression,
with k1 = k2Ci. To our experience, the surface excess of
adsorbate is proportional to the measured intensity of
methylene and methyl stretching vibrations in the wave-
number region 2800–3000 cm�1. This was also verified by
Jang and Miller (1993) in their studies of Langmuir-Blodg-
ett films. Accordingly, Eq. (3) may be written as

ln
Am

Am � A

� �
¼ k2 � Ci � t ¼ k1 � t; ð4Þ

where A and Am represent the measured absorbance due to
adsorbed molecules at time t and at equilibrium, respec-
tively. The absorbance measured as a function of time
can then be used 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 a possible desorption of
heptyl xanthate from the ZnS surface was regarded as
insignificant. However, taking desorption into account, it
is straightforward to show that the integrated form of the
particular rate law is

Ht ¼ ka � C
ka � C þ kd

1� e� ka�Cþkdð Þt� �
; ð5Þ

where Ht = At/Am is the fraction of the surface covered at
time t and C is the bulk concentration. The second order
adsorption rate constant, ka, and the first order desorption
rate constant, kd, have the units M�1 s�1 and s�1, respec-
tively. The equation is of course valid for all bulk concen-
trations up to the one that corresponds to monolayer
coverage, if the adsorption sites are equivalent and the abil-
ity of a collector molecule to bind to a surface site is inde-
pendent of whether the neighboring sites are occupied or
not. Eq. (5) reduces to the Langmuir isotherm at equilib-
rium i.e. as t approaches large values (t ! 1). Then
Eq. (5) can be written

Heq ¼ ka � C
ka � C þ kd

¼ K � C
1þ K � C ; ð6Þ

where K = ka/kd is an equilibrium constant for the distribu-
tion of material between the surface and the solution.
Eq. (6) may conveniently be rewritten as

C
Aeq

¼ 1

K � A1
þ 1

A1
� C. ð7Þ

In Eq. (7) Heq has been substituted for the ratio Aeq/A1,
where the equilibrium plateau value of the absorbance,
Aeq is obtained for each initial concentration, and A1 is
the equilibrium plateau value obtained at monolayer cover-
age. From a plot of C/A versus C the equilibrium constant
K and the absorbance corresponding to monolayer cover-
age can be estimated.

4. Results and discussion

In all surface chemical work it is of utmost importance
to know the chemical composition of the surface studied.
Therefore XPS was used to characterize the CBD layers
of ZnS synthesized on the germanium internal reflection
elements. The XPS spectrum in Fig. 2 shows that the
ZnS layer contains oxygen, which originates from both
hydroxide and carbonate functions. The ZnS layers were
deposited at pH � 8.8. In addition to oxygen, also Zn, S,
C and Ge were observed. The fact that Ge is one of the
detected elements indicates a very thin layer on the surface
(<20 nm). All of the elements except Ge are commonly
found in CBD films. Ortega Borges et al. (1992) showed
similar results from XPS measurements on CBD films of
ZnS.

The kinetics of heptyl xanthate adsorption on synthe-
sized zinc sulphide layers was studied by monitoring the
evolution of the peak height of the asymmetric methylene
stretching band at 2927 cm�1, as shown in Fig. 3 for a
0.1 mM solution of potassium heptyl xanthate. The absor-
bance measured is due to adsorbed heptyl xanthate but also
to heptyl xanthate in the bulk solution. However, at low
bulk concentrations, the contribution from the bulk can
be omitted. As shown by Sperline et al. (1987) the bulk
contribution can be estimated from the equation

%-bulk ¼ 100 � Cb � dp= 2000Cþ Cb � dp

� �
; ð8Þ

where dp is the penetration depth, C is the Gibbs surface ex-
cess, and subscript b denotes bulk solution. The penetration

Binding energy (eV)

In
te

ns
ity

 (
C

PS
)

Fig. 2. XPS spectrum of a thin ZnS layer synthesized on germanium,
showing the elements detected on the surface.
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depth was defined by Harrick (1979) to be the distance
required for the electric field amplitude to fall to 1/e of its
value at the surface of the internal reflection element,
dp = k/(2pn1(sin

2h � (n2/n1)
2)1/2), where n2/n1 is the ratio be-

tween the refractive index of the rarer medium and that of
the denser, h is the angle of incidence, and k is the wavelength
of the infrared radiation. Assuming that fourmolecules/nm2

is necessary to get a monolayer coverage of the ZnS surface,
the Gibbs surface excess becomes 6.6 · 10�10 mol/cm2,
which is a reasonable value according to Larsson et al.
(2000, 2004). At our experimental conditions (dp = 2.2 ·
10�5 cm at 2927 cm�1), about 8% of the band intensity is
due to heptyl xanthate in a 5 mM bulk solution. In this cal-
culation it is assumed that the adsorption density is about
90% of a monolayer, which is a reasonable fraction since
experimental data indicate monolayer coverage at about
30 mM, as shown in a recent publication by Fredriksson
et al. (2005) (data corrected for bulk contribution). At lower
concentration (<1 mM), the bulk contribution to the
measured absorbance is small enough to be ignored. Indices
of refraction used in the calculation of the penetration depth
were: for water, 1.399 at 2927 cm�1; for germanium, 4.0
at the same wavenumber. A possible influence by the very
thin layers between these two phases was omitted. It should
be pointed out that an error of 10% in the value of dp only
affects the %-bulk contribution by 0.5% at 5 mM bulk
concentration.

Fig. 4 shows the adsorption curves of two different ini-
tial bulk concentrations of potassium heptyl xanthate. At
the lower bulk concentration (0.01 mM), a slightly longer
time is necessary in order to reach the equilibrium plateau
value as compared with the higher bulk concentration
(0.1 mM). However, the initial rate of adsorption (dA/dt)
is considerably faster at the higher concentration although
the time necessary to reach the equilibrium plateau value is
about 35 min in both cases. The adsorption data plotted in
Fig. 4 were subsequently used to demonstrate the adsorp-

tion kinetics of the adsorption reaction. According to Eq.
(4), a plot of ln(Am/(Am � A)) versus time, t, would result
in a straight line with slope equal to the pseudo first order
rate constant k1. Fig. 5 shows that straight lines are
obtained for the two initial concentrations. The regression
coefficient is equal to R2 = 0.99 for both the low and the
high concentration and the pseudo first order rate con-
stants are 0.15 and 0.17 s�1, respectively. The two rate con-
stants are regarded as equal within experimental errors.
Pseudo first order kinetics is based on the assumption that
the adsorbed amount of heptyl xanthate corresponds to a
concentration in bulk solution that is much lower than
the initial bulk concentration. This assumption is reason-
able since the surface excess at monolayer coverage is
about 6.6 · 10�10 mol/cm2, which means that certainly less
than about 10�7 mol of the collector is adsorbed on the
metal sulphide surface. This corresponds to 2 · 10�6 M in
a solution volume of 50 ml, which is the volume used in
our experiments. Monolayer coverage needs an initial bulk
concentration of more than 10�3 M, which imply that the
amount of collector adsorbed is always less than 1% of
the bulk concentration. Therefore it seems reasonable to
assume that for the adsorption of collectors onto this

Fig. 3. Infrared spectra recorded during the adsorption of heptyl xanthate
from a aqueous 0.1 mM potassium heptyl xanthate solution at pH 5 (CH
stretching region).

Fig. 4. Adsorption versus time for two different potassium heptyl
xanthate concentrations (0.1 and 0.01 mM). MilliQ water was used as
solvent. Equilibrium plateau values are reached after 30–35 min.

Fig. 5. A plot of ln Am

Am�A

� 	
versus time showing that the adsorption rate

followed a pseudo first order reaction. The straight lines are the linear least
square fit of the experimental points of each concentration.
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surface, the surface concentration is so small that the
adsorption step should always be rate-controlling.

Two other rate expressions have been tested viz. A =
k log(t) and A =

p
t, where A is the adsorption density, k a

rate constant, and t the current time. These rate expressions
were found to describe the kinetics of copper activation of
sphalerite, the first equation describing the first part of the
activation; the latter one describing the final part, as shown
by Jain and Furstenau (1985). However, both of the two rate
expressions resulted in non-linear (curved) plots when
applied to our kinetic data. Since the latter plot is expected
to be linear if the adsorption of the collector is diffusion con-
trolled, the curved plot indicates that the adsorption is not
diffusion controlled but rather adsorption controlled. This
is also supported by Grow and Shaeiwitz (1982), investigat-
ing adsorption dynamics of a number of surfactants adsorb-
ing on glass and alumina. They concluded that the mass
transfer coefficient was orders of magnitude larger than the
adsorption coefficient and that the surface adsorption step
therefore was rate determining. This is in accordance with
our experimental data. Furthermore, the rate of adsorption
of heptyl xanthate onto a germanium internal reflection ele-
ment was identical within experimental errors, when the
pump-rate was increased from 17.5 to 35 ml/min. In this
context it should be stressed that only identical substrate sur-
faces are expected to imply identical rate constants, and that
the calculated rate constants in this work are valid only for
the as synthesized zinc sulphide surface.

If monolayer adsorption is treated as a surface-site filling
procedure with adsorption and desorption steps counteract-
ing each other, Eq. (7) should describe the adsorption iso-
therm. Experimental data in the present study only
represents the first part of this isotherm, since proper correc-
tion for the bulk contribution to themeasured absorbance at
high concentration is not yet available. However, absor-
bance data for bulk concentrations less than 1 mM will still
give an indication of the magnitude of the equilibrium con-
stantK and the value of the absorbance to be expected at full
monolayer coverage. A plot of C/A versus C is shown in
Fig. 6. The straight line obtained is a least-squares fit to
the seven experimental data points in the concentration
range 0.01–1 mM, withR2 = 0.97. From the slope and inter-
cept of the line,A1 = 0.031 andK = 5570 dm3/mol. The cal-
culated absorbance value that would be expected for
monolayer adsorption is lower than the experimental value
(Fredriksson et al., 2005) obtained for the concentration
range 0.01–30 mM, viz. 0.0347 (K = 3592 dm3/mol). This
indicates that all adsorption sites at the zinc sulphide surface
are not identical, which is reasonable according to the XPS
results. Gibbs free energy of adsorption, as calculated from
the apparent Langmuir adsorption parameters K, are
�21.4 and �20.3 kJ/mol for the concentration ranges
0.01–1 mM and 0.01–30 mM, respectively. From these fig-
ures it is not possible to unequivocally decide whether heptyl
xanthate is chemisorbed or physisorbed on the ZnS surface.
The temperature dependence of the adsorption is necessary
to know whether the entropy change is negative or positive.

5. Conclusions

It was shown that IR-ATR spectroscopy can be used to
monitor the rate of adsorption of collectors on ZnS films
synthesized on ATR-elements in situ. The possibility to
synthesize inorganic layers on multiple internal reflection
substrates is promising for further studies focused on the
kinetics of adsorption of collectors. It was recognized dur-
ing this study that the absorbance due to collectors in bulk
solution needs to be corrected for at least at concentrations
above 5 mM.

The time required to reach equilibrium plateau maxi-
mum of the adsorption increased with decreasing bulk con-
centration of the adsorbate. For bulk concentrations of 0.1
and 0.01 mM the plateau maximum was attained within
30–40 min. The measured adsorption rates followed a
pseudo-first order rate law, indicating the adsorption step
to be rate controlling. The equilibrium plateau absorbances
at low concentrations of potassium heptyl xanthate were
used in a Langmuir plot. From the straight line the equilib-
rium constant for distribution of the collector between
surface and bulk solution was obtained. The negative
free energy change shows the spontaneous nature of
the adsorption process.
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Abstract

A lead sulphide film precipitated on a zinc sulphide layer of an ATR-crystal has 
been used to study in-situ surface reactions of heptyl xanthate adsorption. The lead 
sulphide film was made by the chemical bath deposition method and was analyzed 
by X-ray photoelectron spectroscopy. In turn deposited layers makes it possible to 
study the PbS/aqueous solution interface in-situ and opens up interesting areas for 
attenuated total reflection spectroscopy. Monitoring the adsorption of heptyl xan-
thate from a 0.1 mM aqueous solution using the vibration band at 1200 cm-1 has 
shown the existence of adsorbed molecules on the lead sulphide surface as well as 
precipitated lead xanthate on the surface at bulk concentrations higher than 1 mM. 
At lower concentrations, the adsorbed species are dominant, as is the precipitate at 
higher concentrations. The rate of adsorption is in accordance with pseudo first 
order kinetics with a rate constant of 0.21 s-1. Dichroic measurements indicate the 
hydrocarbon chain of the heptyl xanthate to be preferentially orientated perpen-
dicular to the surface normal of the internal reflection element. 
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Introduction

Surfactant adsorption at the solid/ 
aqueous solution interface is one of 
the most interesting ways of control-
ling the surface properties of an ad-
sorbent in many industrial applica-
tions. The adsorption is governed by a 
number of parameters, e.g. the surface 
wettability, surface charge, and spe-
cific surfactant properties such as the 
hydrophilic/hydrophobic chain char-
acter and the charge or dipole charac-
ter of the head group of the surfac-
tant. Interactions between adsorbed 
molecules and between these mole-
cules and the substrate surface may 
imply the formation of inner-sphere 
complexes (covalently bonded) or 
outer-sphere complexes formed 
through hydrogen bonding interac-
tion. Furthermore, hydrophobic inter-
action between alkyl chains may lead 
to the formation of micellar or bilayer 
structures on the surface. The latter 
type of structure will make the surface 
more hydrophilic. One of the most 
versatile techniques for measuring ad-
sorption in-situ is infrared internal re-
flection spectroscopy (ATR-FTIR). 
ATR-FTIR can be used for real-time 
kinetic investigations [1, 2], studies of 
the adsorption isotherm(s) [3] and 
surface structure with reference to 
hydrocarbon chain orientation [4], and 
type of bonding between adsorbent 
and adsorbate [5]. A prerequisite for 
this technique is that the adsorbate is 
within the penetration depth of the 
evanescent field outside the crystal 
surface. The ATR crystal itself may be 
used as adsorbent or a thin film of a 
material with a lower refractive index 
than the crystal may be attached to it 

and used as adsorbent surface. A 
number of studies utilizing this ex-
perimental method have been per-
formed during the last decades [6-8] , 
both using unpolarized and polarized 
infrared radiation. In the studies using 
polarized light, the dichroic ratio (D = 
As/Ap) is measured. In order to calcu-
late an average tilt angle of e.g. heptyl 
xanthate (HepX), it is assumed possi-
ble to define a molecular axis. Con-
cerning HepX, this implies that the 
alkyl chains have all-trans conforma-
tion, which may not be the case. If the 
asymmetric stretching mode of a me-
thylene group ( as(CH2)) in the hydro-
carbon chain is considered, two “ex-
treme” cases can be derived. One of 
these is the random orientation of 
transition moments and the second is 
where all the as(CH2) transition mo-
ments are aligned parallel to the sur-
face of the infrared element. For these 
two cases, the dichroic ratio becomes: 

22
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 which is obtained for an isotropic 
distribution of transition moments, 
and
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E
=    Eq. 2  

which is obtained if the transition 
moments of the methylene stretching 
vibrations in the alkyl chain are 
aligned perpendicular to the surface 
normal of the internal reflection ele-
ment.

In this work the internal reflection 
element (Ge) and the adsorbent (PbS) 
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have almost identical refractive indices 
( nGe = 4.0 and nPbS = 3.9). Therefore, 
a very thin layer of a compound with 
lower refractive index was first depos-
ited on the internal reflection element 
( nZnS = 2.4 ). Subsequently the ad-
sorbent was deposited on the layer 
with the lower refractive index. Ac-
cordingly, a five-layer system (5L-
ATR-FTIR) was obtained. The depo-
sition method used is called chemical 
bath deposition (CBD). The method 
is simple, inexpensive and allows 
deposition under ambient conditions. 
The method to deposit zinc sulphide 
with the CBD-method and use it as 
substrate for other metal sulphides 
has been described by PK Nair and 
MTS Nair [9]. The aim of this study 
was to measure the rate of adsorption 
of heptyl xanthate from aqueous solu-
tion onto a PbS surface, and to use 
polarized infrared radiation to esti-
mate the preferential alkyl chain orien-
tation of the adsorbed surfactant.

Experimental

Attenuated Total Reflection 

Spectroscopy

The infrared spectra were measured 
with a Bruker IFS 113V (pressure 
~1mmHg) and a MCT detector. In 
order to obtain a good signal to noise 
ratio, the background was recorded 
during 15 minutes, with the cell filled 
with milliQ water (Millipore corp.). 
Thus, the single-beam background 
spectrum was recorded with the syn-
thesized inorganic layer on the infra-
red element in contact with water. 
Spectra recorded during the adsorp-
tion process were obtained by taking 

an average of scans co-added during 2 
minutes at a resolution of 4 cm-1. All 
the spectra were also adjusted because 
of the high absorption of water in the 
region above 3000 cm-1 and around 
1640 cm-1. This correction is done by 
a spectrum addition of water to the 
sample spectrum to obtain a flat base-
line in the studied regions of the infra-
red spectrum. The in-situ HepX ad-
sorption onto the PbS layer of the 
germanium infrared element was per-
formed in a flow-through cell, where 
the element was sealed to the cell with 
a viton gasket. Measurements were 
carried out with aqueous solution con-
tinuously flowing through the cell (15-
20 ml/min). The as synthesized PbS 
layer was thoroughly washed first in 
pure acetone (p.a.), then in an plasma-
cleaner in argon atmosphere for some 
minutes (argon atmosphere to ensure 
less oxidation by the plasma), then in 
an ultrasonic bath with pure ethanol 
(99.7 %) and after that rinsing with 
milliQ water, before starting the ad-
sorption experiment. In a former 
work by Fredriksson et al [3] it was 
concluded that measured absorbance 
due to the bulk contribution was in-
significant at the concentrations we 
have used in this study (CHepX =10-5-
10-3 M), but can be up to several per-
cent at higher concentration than 5 
mM.
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IR apparatus
with a 
ATR cell

Pump

Flow in

Flow out

pH, T, ...

Adsorption on PbS

See schematic
magnification

Solution
Adsorbate
Substrate
Inorganic layer

IRE

Figure 1

Experimental set-up for an in-situ 5L-ATR-
FTIR study  

Potassium Heptyl Xanthate 

Synthesis 

Potassium heptyl xanthate (KHepX) 
was synthesized according to the 
method described by Rao [10]. Hep-
tanol, KOH and CS2 were used to 
synthesize KHepX. Purification of 
KHepX was done by recrystallization 
with acetone/ether and ace-
tone/benzene.

Chemical bath deposition 

Chemical Bath Deposition (CBD) was 
used to deposit the zinc sulfide film 
onto the germanium crystals, accord-
ing to Nair et al [9, 11]. In this paper 
zinc sulphate and thioacetamide were 
used as cation source and anion 
source, respectively, and triethanola-

mine ( TEA ) was used as complex 
binder, when depositing the layer of 
zinc sulfide. The lead sulfide depos-
ited onto the zinc sulfide was made 
according to Nair et al [11]. As cation 
source lead acetate was used and as 
anion source thiourea was used. The 
complex binder during the lead sulfide 
film deposition was the same as for 
the zinc sulfide. The temperature dur-
ing deposition of the films were 25o

Celsius. The crystals were vertically 
immersed in the bath with a low stir-
ring rate during the depositions. 

X-Ray Photoelectron meas-

urement

The XP spectrum was collected with a 
Kratos Axis Ultra electron spectrome-
ter under monochromatic Al K  ra-
diation (1486.6 eV). The analyzing 
pass energy were 160 eV with a step 
size of 1 eV for the survey scans, and 
for separate photoelectron lines a pass 
energy of 20 eV was used and a step 
size of 0.1 eV. The pressure in the 
analyzing chamber during measure-
ments was 5x10-9 torr and no pre-
cooling was used. This was to allow 
volatile species such as elementary sul-
phur and water to leave the surface. 
To compensate for surface charging, a 
low-energy electron gun was used. 
Processing of the spectra was accom-
plished with Kratos software. The 
binding energy (BE) scale was refer-
enced to the C 1s line of aliphatic car-
bon, set at 285.0 eV. 
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Results and discussion 

Surface characterization 

In Figure 2 the XP spectra for the 
lead sulphide surface is shown. The 
peaks are labelled with the atom at 
each characteristic peak in the spec-
trum. As seen the layer consists of 
carbon, oxygen, lead, and sulphur. 
The evaluation of the spectra indicates 
that the surface consists of lead sul-
phide, an oxidation product of lead 
sulphide (PbO and/or PbOH), lead 
sulphate (PbSO4) and carbon contain-
ing species, which are most likely 
some hydrocarbon impurities on the 
surface. García et al [12] claims that a 
high turbidity in the bath can incorpo-
rate Pb(OH)2 in the layer. This is seen 
as a grayish appearance of the film, 
rather than a black mirror-like film. In 
our investigation this difference is not 
possible to observe because the ger-
manium internal reflection element is 
dark coloured. They also claim that 
TEA is a crucial parameter in making 
PbS-films of high quality. Thiourea 
predominantly affects the rate of 
deposition. At high thiourea concen-
trations, the time to reach a certain 
film thickness is shortened. According 
to Nair et al. [13], minimizing the 
amount of Pb2+ and an optimized 
OH- concentration will minimize the 
Pb(OH)2 formation. 
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Figure 2 

XPS result for a CBD-(ZnS+PbS) layer 
(deposition time = (6.5h + 2 h)).  

Heptyl xanthate adsorption

In Figure 3, the fingerprint region of 
adsorbed HepX is shown (adsorption 
at 2 minutes and 83 minutes). As 
stated by Hellström et al [14], the 
bands in the region of 1200-1030 cm-1

is mainly influenced by the CS2 sym-
metric ( s) and asymmetric ( as) vibra-
tions, and by the COC asymmetric 
( as) stretch with some influence from 
CS2/COC deformation ( ) vibrations 
as well as rocking ( r), wagging ( w)
and twisting ( t) of CH2/CH3 entities 
in the alkyl chain. Similar peak as-
signments have also been given by 
others [15]. When trying to locate di-
rectly the position of each vibration 
band, overlapping of vibration bands 
makes it almost impossible. To over-
come this, a spectrum deconvolution 
and second-derivative spectral analysis 
were used.  It is evident, when study-
ing Figure 3 that the main features of 
the adsorbed xanthate molecules are 
peaks around 1200 cm-1, 1180 cm-1,
1135-1126 cm-1 and 1030 cm-1. In 
Figure 3, there are also distinct peaks 
coming from the aliphatic chain of the 
xanthate molecule. This is seen as 
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peaks around 1465 cm-1 ( (CH2) and 
as(CH3)) and 1380 cm-1 ( s(CH3)).

Figure 3 

Infrared spectra of HepX adsorbed on PbS 
from a 0.1 mM aqueous solution after 2 
and 83 minutes of adsorption. Spectra 
were subjected to Fourier self-
deconvolution in order to get better re-
solved peak frequencies. The second de-
rivative spectra are also shown. The ar-
rows indicate peaks associated mainly 
with the surface precipitate. The absorb-
ance units are arbitrary. 

Typical for all bulk concentrations in 
the 0.1 mM – 3 mM range, is a rapid 
increase in the intensity of adsorbed 
HepX during the first 20 minutes af-
ter which the intensity increase is 
slower eventually reaching an equilib-
rium plateau value. Another typical 
spectral behaviour is the growing of 
the shoulder at about 1220 cm-1 with 
increasing bulk concentration. At 
concentrations  1 mM, the shoulder 
is well resolved with peak intensities at 
1226 cm-1 and 1217 cm-1, which be-
comes the dominating intensities in 
this part of the spectrum. The peak 
intensity at 1030 cm-1 also shows a 
fast adsorption during the first 20 
minutes, and an equilibrium plateau 
value after about 30 minutes of ad-

sorption. However, the intensity maxi-
mum shifts from 1030 cm-1 to 1020 
cm-1 at the high bulk concentrations, 
which according to investigations by 
Valli [16], and Leppinen, Basilio, and 
Yoon [17] strongly suggests that a 
precipitate is formed on the surface. 
Valli states that an oxidized lead sul-
phide initiates easier the formation of 
precipitates, because the oxidation 
products are more easily dissolved in 
comparison with a pure lead sulphide.  
This may be one reason why precipi-
tated lead xanthate appears in our 
spectra at high bulk concentration 
since PbO and/or PbOH is present at 
the PbS surface according to XPS 
data (Figure 2), even though a very 
fresh surface was analyzed. All to-
gether, the increasing intensities ob-
served at 1226 cm-1 and 1217 cm-1 to-
gether with the growing intensity at 
1017 cm-1 indicate the formation of 
lead xanthate on the PbS surface. It 
may be noticed that the frequently 
discussed dimeric form of the xan-
thate is known to have characteristic 
bands at e.g. 1260 cm-1. As seen in 
Figure 3, this band do not appear in 
our infrared spectra, indicating no 
dixanthogen formation on the PbS 
surface. This result is also in accor-
dance with other studies17.

Figure 4 
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Infrared spectra of HepX adsorbed on PbS 
from a 0.1 mM aqueous solution. Spectra 
are shown for the reaction interval 1 – 83 
minutes.  

At low bulk concentration (0.01-0.1 
mM) there is no evidence for precipi-
tation. This concentration range is 
therefore suitable for the evaluation of 
adsorption kinetics. For this purpose, 
the intensity of the asymmetric CH2
stretch in the 2945-2910 cm-1 region 
was used. One reason to use this spec-
tral region is that only minor, if any, 
contributions from overlapping bands 
are expected to influence the calcu-
lated absorption intensity. Only the 
contribution from the solvent (water) 
has to be corrected for in the analyzed 
spectra. Assuming the reaction rate to 
be first order with respect to concen-
tration and available surface sites, a 
pseudo first order rate expression may 
be written as [1]:

ln(Aeq/(Aeq-At)) = kt Eq. 3 

where At and Aeq represent the inte-
grated absorbance of the asymmetric 
CH2 stretch due to adsorbed HepX at 
time t and at equilibrium, respectively. 
A plot of ln(Aeq/(Aeq-At)) versus time 
yielded a straight line with a regression 
coefficient of 0.996 and a first order 
rate constant of 0.21 s-1. This value is 
about 23 % higher than the rate con-
stant obtained for adsorption of 
HepX from aqueous solution 
(0.1mM) onto a zinc sulphide surface 
(0.17 s-1)1.

Figure 5 

An in-situ ATR-FTIR spectrum recorded 
for a high concentration (CHepX>1 mM) and 
an adsorption time above 100 minutes 
(“Precip.” indicates peaks associated with 
a lead xanthate precipitate). 

Orientation of heptyl xanthate 

on lead sulphide 

With the use of polarized light one 
can determine the dichroic ratio 
(As/Ap), where A is the absorbance 
measured with the electric vector per-
pendicular (s) and parallel (p) to the 
surface normal. The dichroic values 
obtained for the asymmetric methyl-
ene vibration at 2925 cm-1 are shown 
in Table 1. Of course, the dichroic 
values reflect an average orientation 
of the transition moments associated 
with the methylene entities in the alkyl 
chain. If all the alkyl chains in HepX 
were in all-trans conformation, it 
would be meaningful to calculate an 
average tilt angle of the chains. How-
ever, the high frequency of the me-
thylene vibrations rather indicates a 
considerable contribution from 
gauche conformers. Therefore, only 
the dichroic ratio at different reaction 
times is shown (Table 1). However, it 
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is possible to judge whether the alkyl 
chain of the collector is preferentially 
orientated parallel or perpendicular to 
the surface normal, by introducing an 
adsorbate expected to be randomly 
orientated on the PbS surface. Do-
decane forming an oil-film on the sur-
face is such a candidate. The dichroic 
ratio obtained for dodecane on the 
PbS surface was 0.73. On the assump-
tion that dodecane has no preferential 
orientation at the lead sul-
phide/aqueous interface, a value of 
As/Ap = 0.73 would imply a random 
orientation of the alkyl chains of 
HepX. As is evident from Table 1, the 
dichroic values are all below 0.73 
upon adsorption from a 0.1 mM 
aqueous HepX solution. This is an in-
dication of the alkyl chains to be 
aligned predominantly parallel to the 
surface. Table 1 also shows that the 
dichroic ratio does not increase with 
the reaction time, indicating no con-
tribution from precipitated lead xan-
thate, since an amorphous precipitate 
is expected to be randomly orientated.    
Table 1 

Dichroic measurement of adsorbed HepX 
on a synthetic PbS surface 

277.50.630.1

Dodecane : As/Ap = 0.73

31.50.620.1

256.50.690.1

30.50.670.1

Time (min)As/ApConc. (mM)

277.50.630.1

Dodecane : As/Ap = 0.73

31.50.620.1

256.50.690.1

30.50.670.1

Time (min)As/ApConc. (mM)

Conclusions

This work has shown the possibility 
to utilize a second deposited layer on 
an infrared internal reflection element, 

which opens up for new interesting 
systems to be studied by the attenu-
ated total reflection technique. 
Chemical bath deposition has success-
fully been used to deposit a layer of 
lead sulphide as adsorbent on a thin 
zinc sulphide film, and the layer seems 
to be mixture of lead sulphide, lead 
oxide/hydroxide, lead sulphate and 
some carbon-containing impurities 
according to XPS measurements. The 
rate of adsorption of heptyl xanthate 
onto a lead sulphide layer was moni-
tored by recording infrared spectra in-
situ. Utilizing the asymmetric methyl-
ene stretching band, a pseudo first or-
der rate constant could be determined. 
The value of this constant turned out 
to be about 23 % higher than the cor-
responding constant obtained using a 
zinc sulphide layer as adsorbent. At 
low concentrations (  0.1 mM), the 
only surface reaction product is the 
adsorbed species, but at higher con-
centrations infrared spectra indicate 
the formation of precipitated lead 
xanthate on the PbS surface. How-
ever, no evidence for dixanthogen 
formation could be detected. Polar-
ized light was used to estimate the 
preferential orientation of the alkyl 
chain of the adsorbed heptyl xanthate 
molecule. Using dodecane as a refer-
ence molecule, the orientation of the 
alkyl chain in heptyl xanthate was 
shown to be predominantly parallel to 
the surface i.e. the average tilt angle is 
larger than the magic angle (54.7o).
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