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I N T R O D U C T I O N 

Sulphide minerals are very important as sources for various valuable metals such as 

lead copper and zinc. In the mineral concentration plants, surface reactions are utilised 

to change the properties of the ores. Sulphides are also known to bring about troubles 

in connection with mining waste. Oxidation of pyrite, FeS2 is the major cause for acid 

mine drainage from tailings and the increased acidity also results in dissolution of 

metal ions from other sulphides. Basically all these processes are initialised by surface 

reactions. Therefore it is important to obtain information about the reactions that take 

place at the surfaces of sulphide minerals. 

An impressing amount of knowledge, concerning surface complexation at the sulphide 

mineral/water interface, has been gathered during the past years. This knowledge has 

been brought about mainly by the use of Potentiometrie titrations. Vibration 

spectroscopy may provide more direct information about surface reactions, than can 

be obtained by traditional titration. However, these reactions can be troublesome to 

study with spectroscopic methods. Many common, commercially important sulphide 

minerals such as pyrite, galena and chalcopyrite have a dark colour and are therefore 

not always suitable for spectroscopic investigations. Furthermore many of them are 

contaminated with other minerals and they are also often prone to oxidise. Synthetic 

zinc sulphide on the other hand is white, pure and does not oxidise very easily. 

Flotation is a very important industrial process and has hence attained much interest 

from researchers. Two of the key steps in this process is the adsorption of collectors 

onto the surfaces of valuable minerals to make them hydrophobic and the adsorption 

of depressors onto the surfaces of less desirable minerals to prevent the action of the 

collectors. One of the main scientific interests has been to find out the mechanism for 

the adsorption of such molecules at the mineral surface and how and if they are 

altered in that process. Much less interest has been directed towards possible changes 

in the mineral itself. We have therefore decided, also to investigate how and if the 

acidic and alkaline sites at the mineral surface are altered upon sorption of collectors 

and depressors. 
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T H E O R E T I C A L B A C K G R O U N D 

1.1. ZINC SULPHIDE 

Zinc sulphide occurs in two dimorphous forms; sphalerite (ß-ZnS) and wurtzite (a-

ZnS). Sphalerite is the stable form of ZnS and crystallises from weakly alkaline to 

weakly acid solutions while wurtzite crystallises from acid solutions [1]. At 

temperatures above 1020 °C sphalerite is altered to wurtzite. 

Sphalerite is the most important zinc mineral and is often associated with galena in the 

deposits. Cadmium can replace zinc in sphalerite. Sphalerite has a structure analogous 

to diamond with each zinc atom co-ordinated to four sulphur atoms and each sulphur 

atom co-ordinated to four zinc atoms. The ZnS tetrahedral layers show a face-centred 

cubic stacking (Fig. 1). 

Wurtzite is of far less importance and can be found in various sulphidic ores. Like in 

sphalerite Zn is often substituted by Fe, Cd or Mn. Wurtzite has a hexagonal stacking 

of the ZnS tetrahedral layers [2] (Fig. 2). 

Due to the potential problems with native minerals, mentioned earlier, we have chosen 

to use precipitated zinc sulphide. When ZnS is precipitated an amorphous phase is 

created that will gradually crystallise. According to Persson et al. [3] the same 

^ _ a 3 . 8 4 - ^ 

Fig. 1. Sphalerite Fig. 2. Wurtzite 
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crystalline bulk phase wil l emerge irrespective of the stoichiometry at the precipitation. 

The precipitate will have a large surface to volume ratio (which is difficult to achieve 

with ground minerals). This way the signal from the surface species will not be 

drowned in the signal from the bulk. Another advantage with synthetic ZnS is that it 

does not contain iron, which most native zinc sulphides do (iron interferes with a 1064 

nm laser [4]). Pure zinc sulphide is IR-transmitting and white, which is also 

advantageous for vibration spectroscopic measurements. The results obtained from 

experiments with precipitated ZnS does not automatically apply for native minerals 

since it is probably more easy to dissolve and has a more reactive surface. But as a 

whole we believe that precipitated ZnS could serve as a model for other sulphides, that 

are not so well suited for spectroscopy. 

1.2. F L O T A T I O N 

As mentioned earlier flotation is a process that involves surface reactions. 

The method of flotation was developed at the beginning of this century and it has since 

then become the single most important method of mineral separation. Initially designed 

for sulphide ores, the method has now expanded to include oxides, such as hematite 

and non-metallic ores, such as fluorite and fine coal. The tonnage of the materials 

floated in the world exceeds 1000 million tonnes per year. The efficiency and 

selectivity of the flotation process have made possible the beneficence of low-grade 

and complex ore bodies. 

The overall principle of flotation is the selective hydrophobation of valuable minerals 

by the action of certain surface active molecules, so called collectors. Air bubbles, 

stabilised by frothers, will float the hydrophobic particles while the hydrophilic ones 

will remain in the suspension (Fig. 3). Several reagents are added to the flotation pulp, 

to be selectively adsorbed at the mineral/water interface. The reagents are required to 

accentuate the difference in surface and chemical properties of the minerals. 

Depressants are reagents added to prevent flotation of unwanted minerals and 

activators are used to promote collector adsorption onto a valuable mineral. Both 

types of reagents are generally referred to as flotation modifiers. Furthermore frothers 

are added to the pulp to aid in the formation and stabilisation of air-induced flotation 

froths. 

Xanthates are the most commonly used collectors in sulphide mineral flotation [5]. 

They are derivatives of carbonic acid where two of the oxygen atoms have been 

substituted by sulphur atoms and one hydrogen atom by an alkyl group. Thus, a 

general formula for a xanthate ion is R-O-C-S ~2 where R denotes an alkyl group. 
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Hg. 3. Flotation cell. Fig. 3B. Dextrin 

By varying the length and geometry of the carbon chain one can design a xanthate 

molecule with desired characteristics with respect to selectivity and power. On the 

whole one can say that a shorter carbon chain increases the selectivity while a longer 

carbon chain gives a more powerful collector. Thus, for the selective flotation of Cu-

Zn, Pb-Zn and Cu-Pb-Zn sulphides one uses ethyl xanthate. Propyl and butyl xanthates 

are more powerful but less selective collectors for these sulphides. The latter xanthates 

are also used for Au, Ag, Co, Ni , Sb sulphides and pyrite. For bulk flotation of 

sulphides amyl and hexyl xanthates are used. These are the most powerful but least 

selective ones [6]. In this study we have chosen to investigate the reactions of 

amylxanthate. 

I f the flotability of two minerals are too similar, inorganic depressors such as sodium 

cyanide, zinc sulphate, and permanganates can assist in their separation. Organic 

depressors are large molecules usually with a molar mass above 10,000 g/mole. They 

include polysaccharides, polyglycol ethers and polyphenols. They are thought to act 

through their large number of hydrated polar groups [7]. We have chosen to study the 

reactions of dextrin (Fig. 3B). 
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1.3. S U R F A C E REACTIONS 

Since surface reactions play such a crucial role in many industrial processes (e.g. 

flotation) as well as in many environmentally important processes (e.g. acidification of 

natural waters) an understanding of those reactions is urgent in today's society. 

Acidic and alkaline sites at the ZnS surface 

The understanding of surface complexation (sorption) at the oxide/water interface has 

been greatly developed during the past decades [8-10]. This understanding has 

recently been extended to sulphide minerals [11-13]. Rönngren et al. have proposed a 

surface complexation model for ZnS, which revealed the ion exchange and acid-base 

properties of hydrous ZnS [12]. The ZnS surface will contain both OH and SH groups 

that are formed in a dissociative adsorption of water: 

=SZn-OH2 -> =SZnOH (1) 

=ZnS =ZnSH 

Depending on pH, the surface groups can undergo various hydrolysis reactions: 

+ H + + H + + H + 

=SZnOH =SZnOH -» =SZnOH 2

+ -> =SH + Z n 2 + + H 2 0 (2) 

=ZnS" <r- =ZnSH <- =ZnSH <r- =SH 

- H + - H + - H + 

So, at low pH the dominating surface species will be =SH which changes to =SZnOH 

at high pH. There is also an ion exchange Z n 2 + / H + at low pH. I f air gets in contact 

with the ZnS, the alkaline site may change to sSZnOHC02 [14]: 

=SZnOH + C0 2(aq) -> =SZnOHC0 2 (3) 

=ZnS" =ZnS" 

It is of great importance to understand that the surface that the flotation chemicals 

interact with is not a static one, but changes depending on the circumstances. 
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1.4. SPECTROSCOPY 

Spectroscopy is the study of the interactions between matter and electromagnetic 

radiation. There are numerous various kinds of spectroscopy but here will only be 

discussed applications of optical spectroscopy i.e. IR, Raman and UV/Vis. 

1.4.1. IR Spectroscopy 

Scientific infrared spectroscopy emerged at the end of the last century. However, the 

difficulties in building good instruments did not give much hope for the infrared 

technique to become a major analytical method. After 1945, when the servo amplifiers 

were invented, commercial infrared spectrometers have become available and the 

technique has become a recognised analytical method in all the branches of chemistry. 

The Michelson type interferometer and the Fourier Transform together with modern 

computers have further increased the versatility and accuracy of the IR spectrometer 

[15]. 

The infrared region of the electromagnetic spectrum extends from the red end of the 

visible spectrum out in the invisible region. The region includes radiation at 

wavenumbers between 14000 and 20 cm" 1. The most interesting part of the spectrum 

ranges from 4000 to 200 cm" 1 (the mid-IR region). Atoms or atomic groups in 

molecules are in continuos motion with respect to each other. Infrared spectrometry 

involves the twisting, bending, rotating and vibrational motions of atoms in a 

molecule. In a spectrometer the molecules are struck with a whole range of infrared 

frequencies. Only certain parts of the spectrum can be absorbed by the molecules and 

these frequencies match the frequencies of the molecules' vibrations. These frequencies 

are uniquely characteristic of the functional groups comprising the molecules and of 

the overall configuration of the atoms as well. The absorbed frequencies depend on the 

frequency at which the molecule is vibrating, while the intensity of the absorption 

depends on the effectiveness with which the infrared photon is transferred to the 

molecule, which in turn depends on the change in dipolar moment that is the result of 

molecular vibration. 

1.4.2. F T - I R Spectroscopy 

The traditional prism and grating dispersive spectrophotometers have several 

disadvantages amongst which the slow scanning speed, low signal to noise ratio (S/N) 

and difficulties in measuring low transmittance values are the most pronounced. In 

addition the sensitivity at low wavenumbers is often poor and it is not possible to get 

high resolution over a wide frequency range. 
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The Fourier Transform Spectrometer doesn't suffer from any of these drawbacks. In 

this instrument light of all wavelengths strikes the Michelson interferometer (Fig 4) 

where a beamsplitter, ideally, divides the light in two equally intense beams. One beam 

is reflected to a fixed mirror where it is again reflected back to the beamsplitter. The 

other beam passes the beamsplitter and is reflected in a moveable mirror which is 

controlled by a laser beam. When the two beams once again reach the beamsplitter half 

of the light is reflected back to the source and the other half is reflected to the sample 

and then to a detector. The recombined beams can either interfere constructively or 

destructively depending on the phase difference of the two optical paths. The resulting 

interferogram is defined as a relationship between the energy and the path difference. 

To get a spectrum, which is the amount of transmitted energy as a function of 

wavenurnber, the interferogram is Fourier transformed using the Cooley-Tuckey 

algorithm. 

The major advantages with FT-IR are [16]: 

1. Felgett's advantage concerns the speed at which spectra can be acquired and the 

signal to noise ratio. Since all frequencies are measured at the same time, one 
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Spectrum can be recorded at the same time that it takes to record one resolution 

element on a dispersive instrument. The S/N ratio will be improved by the square root 

of the number of resolution elements being examined. 

2. The Jacquinot advantage concerns the amount of energy that is let through. The 

energy is determined only by the size of the mirrors in the interferometer, as no 

entrance or exit slits are used. 

3. The Connes advantage concerns the stability in the frequency readings. Because a 

laser is used to control the position of the moving mirror the accuracy of the frequency 

readings is much improved. 

1.4.2.1. Detectors and Sources in FT-IR 

In an infrared detector the energy of the radiation is changed to electrical energy which 

can then be processed to generate a spectrum. The two most common types of 

detectors are thermal detectors and selective detectors. One of the thermal type is the 

pyroelectric detector which consists of a thin pyroelectric crystal such as triglycine 

sulphate (TGS) or deuterated triglycine sulphate (DTGS). The pyroelectric detector 

operates at room temperature. Being a thermal device, it possesses essentially flat 

wavelength response ranging from the near infrared through the far infrared. It can 

handle signal frequencies of up to several thousand Hertz and hence is well suited for 

Fourier transform infrared spectrometers. The TGS detector is rather insensitive but 

covers the whole mid-TR range. 

Since infrared light is heat radiation, any hot source is an emitter of IR. There are three 

criteria that should be taken into account when the material and design of the source 

are chosen; the total energy radiated should be as great as possible, the material should 

be as close as possible to a black body and finally the dimensions of the source should 

be small and with the highest possible surface brightness. 

1.4.2.2. Sampling Techniques in FT-IR 

Various techniques are used to obtain infrared spectra from solid samples. Depending 

on the nature of the sample or what frequency range that is expected to be of greatest 

interest and possible water content, one can choose among four methods. 

Mulls can me made by mixing a few milligrams of the finely ground sample with a 

small amount of mineral oil to get a thick paste. The paste is then evenly spread 

between two IR-transmitting windows. 

Potassium Bromide Disks are made by mixing a few milligrams of very finely ground 

sample with 50 to 100 parts of dry KBr powder and pressing the mixture to a disk in a 

hydraulic press. An advantage with this method over mull methods is that KBr has no 
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absorption bands above 400 cm" . One disadvantage is that KBr is hygroscopic which 

can result in water bands in the spectrum. 

Attenuated Total Reflection (ATR) works according to Fig. 5. The TR beam is totally 

reflected within a transparent crystal (typically ZnSe or KRS-5). The sample, which 

may be solid or a solution, is in contact with this crystal surface. Since the infrared 

data are collected from the reflected and not the transmitted light, samples that are 

opaque can be investigated. It is also possible to obtain spectra from water-containing 

pastes since the path through the water is very short (~ lum). 

Fig. 5. Experimental arrangement for ATR spectroscopy. 

In the Diffuse Reflectance (DRIFT) technique a small amount (1-5 %) of the finely 

ground sample is diluted with dry KBr powder and placed in a small container where 

source radiation strikes it and is diffusely reflected in various directions. This radiation 

is collected and measured by the spectrometer. The spectrum is ratioed against a 

reference spectrum of pure powdered KBr. The spectrum is often processed by a 

computer using a function /(Roo) derived by Kubelka and Munk, which changes the 

reflectance spectrum into one resembling a linear absorbance spectrum: 

j w j - f l d y l . * ( 4 ) ( 5 ) 

2R„ s Rx( reference) 

Here R^ is the reflectance of a thick scattering layer, k the molar extinction coefficient 

and s a scattering coefficient which is a function of particle size. This technique is 

sensitive to the particle size and it demands the size to be uniformly distributed. 

DRIFT is a simple technique but is normally not used for quantitative measurements 

[17]. I f multivariate calibration is used the technique can also offer quantitative 

estimations [18]. 
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1.4.3. Raman Scattering 

Raman scattering was first predicted by A. Smekal in 1923 and experimentally 

observed by Sir CW. Raman five years later. The Raman spectroscopy lived in 

relative obscurity until the development of lasers and modem computers and the 

"rediscovery" of the Fourier Transform (FT). FT-Raman spectroscopy has allowed the 

sampling of spectra in a fast and reproducible way and has become an increasingly 

important method for the determination of the composition, structure and properties 

of substances [19]. 

Raman spectra are related to infrared spectra but they have a quite different origin and 

therefore they can provide complementary information about molecular structure. 

When monochromatic light is scattered by molecules, a small fraction of the scattered 

light is observed to have a different frequency from that of the irradiating light; this is 

known as the Raman effect. It arises when a beam of intense monochromatic light 

passes through a sample that contains molecules that can undergo a change in 

molecular polarisability as they vibrate. The vast majority of the collisions between the 

photons and the molecules of the samples are elastic (Rayleigh scattering) and hence 

their energies are not changed. They produce a strong band in the spectrum at Av= 0 

cm - 1 , corresponding to the excitation wavelength, and is removed by filters. The 

dipole moment that is induced by the electric field oscillates at the same frequency as 

the passing electromagnetic wave, so that the molecule acts as a source, sending out 

radiation of that frequency in all directions. As the electromagnetic wave passes, the 

polarised molecule ceases to oscillate and returns to its original ground level in a very 

short time (approximately 10" 1 2 sec). A small portion of the excited molecules (10~6 

or less) may undergo a change in polarisability during one of the normal vibrational 

modes. This provides the basis of the Raman effect. Usually the incident radiation, v Q 

is absorbed by a molecule in the lowest vibrational state. I f the molecule re-emits by 

returning, not to the original vibrational state, but to an excited vibrational level, V j , 

the emitted radiation is of lower frequency (v o -Vj) than the incident radiation. The 

difference in frequency is equal to a natural vibration frequency of the molecule's 

ground electronic state. The lines connected with these shifts are called Stokes lines 

and correspond to various vibrations in the molecule. A few of the molecules will 

initially absorb radiation while they are in an excited vibrational state and will decay to 

a lower energy level, so that their Raman scattered light will have a higher frequency 

than the incident radiation. The lines connected with these lines are called anti-Stokes 

lines. These lines are not as strong as the Stokes lines since fewer molecules are in an 

excited stage, according to the Boltzmann distribution [20,21]. 
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1.4.3.1. Detectors and Lasers in Raman 

One reason that Raman spectroscopy hasn't been widely accepted is the problems with 

coloured samples and fluorescence. These problems are connected with the use of 

visible lasers since coloured samples absorb the source radiation and even very weak 

fluorescence is much stronger than the Raman scatter. These problems have by large 

been overcome by the development of near infrared (NIR) laser sources. In this 

investigation a Nd:YAG (Neodyrnium : Yttrium Aluminium Garnet) laser emitting at 

1064 nm has been used. However, two other problems arise with the 1064 nm laser, 

namely that of iron-containing samples and that of loss in the Raman intensity. Iron has 

an electronic transition corresponding to that wavelength and the radiation will be 

consumed by the iron leaving only noise in the spectrum. Raman scattering intensity is 

inversely proportional to the forth power of the laser wavelength [22]. Thus one will 

loose significantly in Raman intensity by using long-wave lasers. 

There are two detectors in common use with NIR FT-Raman instrumentation: 

Germanium (Ge) and Indium Gallium Arsenide (InGaAs). In this study an InGaAs 

detector was used. It is sensitive in the near infrared and may be used at either room 

temperature or at liquid nitrogen temperature (77 K). At liquid nitrogen temperature 

the sensitivity of the detector is improved and the inherent detector noise reduced; 

however, the working range of the detector is also reduced from 3600 cm"1 below the 

laser wavenurnber to 3000 cm"1 below [23]. 

1.4.4. UV/Vis Spectroscopy 

A UV/Vis spectrometer consists of five parts essential parts; a source, a sample 

holder, a wavelength selector, a signal transducer and a signal processor and readout 

(Fig. 6). The wavelength selector is either a filter or a monochromator. The Czerney-

Turner monochromator consists of entrance and exit slits, two concave mirrors and a 

grating (Fig. 7). 

1.4.4.1. Detectors and Sources in UV/Vis Spectroscopy 

Photon detectors are used for measurement of ultraviolet, visible and near-infrared 

radiation. There are several types available. Among them are the Vacuum Phototube 

and the Photomultiplier tube. The Silicon Diode detector which was used in this study 

consists of a reverse-biased junction formed on a silicon chip (Fig. 8). 

The reverse bias creates a depletion layer which makes the conductance at the junction 

almost zero. When photons strike the chip, holes and electrons are formed in the 
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FIG. 6. Schematic of the Perkin Elmer Lamda 2S UV/Vis Spectrometer. 

DL=Deuterium lamp, HL=Tungsten/halogen lamp, Pl=Movable planar 

mirror, T2=Toroidal mirror, FW=Filter wheel, ESl=Entry slit, ES2=Exit 

slit, S3=Spherical mirror, BS=J3eamsplitter, P4 and P5=Planar mirrors. 
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Fig. 8. Schematic of a silicon diode 

depletion layer and these provide a current proportional to the radiant power. This 

detector works in the range 190 to 1100 nm [24]. 

For molecular absorption measurements a continuous source with a power that is 

constant over the spectrum is required. 

Deuterium and Hydrogen Lamps produce a continuous spectrum in the ultraviolet 

range. They work by exciting the gas molecules which is followed by dissociation into 

atoms and the release of an ultraviolet photon. 

Tungsten Filament Lamps which were used in this study are the most common 

sources in the visible and near-infrared region. A normal tungsten lamp is effective in 

the wavelength region 350-2500 nm. The lower limit is because of the glass that 

houses the filament. Tungsten/halogen Lamps must be made with a quartz envelope 

because of the higher working temperature (-3500 K) but this also extends the output 

range well into the ultraviolet [25]. 

1.4.4.2. Concentration Measurements in UV/Vis Spectroscopy 

When a beam of parallel radiation that passes through a solution of an absorbing 

species the power of the beam is changed from P 0 to P at the passage. The 

transmittance T of the solution can then be expressed as: 

(6) T = -T 
P 
o 

which is often written as: 

%T = — 1 0 0 
P 
o 

The absorbance A of a solution is defined as: 

(7) 
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A = - l o g T = l o g ^ (8) 

The absorbance is directly proportional to the path length b and the concentration c of 

the absorbing species: 

A=abc (9) 

where a is a constant called the absorptivity. I f c is expressed in moles/dm and b in 

cm, the absorptivity is called the molar absorptivity s: 

A=ebc (10) 

where e has the units dm 3mor 1cm" 1. When the beam passes through the cell and the 

solution, reflection will occur at the air/wall and wall/solution interfaces. Therefore the 

power of the beam that has passed through the solution being analysed is compared to 

the power of a beam that has passed through an identical cell containing only the 

solvent. The absorbance of the analyte can then be expressed as: 

A = Jog j k s E L . s l o g l o . (11) 

^solution 

Equations 9 and 11 are statements of Beer's law and combined they give: 

log^-=ebc=A (12) 

This way concentration calculations can be made from absorbance readings. 

R E S E A R C H O B J E C T I V E AND S C O P E 

The aim of the present work has been to use DRIFT, FT-Raman and UvTVis 

measurements to obtain information about the identity, bonding structure and 

conditions for formation of surface complexes in sulphide minerals. Precipitated ZnS 

was chosen because we believe that it could serve as a model substance for native 

sulphides that are not so suited for spectroscopic studies. The reactions of one well-

known collector, potassium amyl xanthate, one potential collector, thionalide and one 

depressor, dextrin was studied. Thionalide is a complexing agent that reacts with a 

number of metals that precipitate with sulphide [26-28] and could act as a model 

substance even if it should not find use in practical flotation. Dextrin and related 

compounds will probably grow in popularity as depressors since the environmental 

hazards connected with them are limited compared to the traditional inorganic 

depressors. The study aimed to throw some light, not only on the structural changes 

that take place in the adsorbate molecules but also on the possible changes in the 

adsorbent itself. 
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E X P E R I M E N T A L 

3.1. PRECIPITATION OF ZnS 

Colloidal ZnS was prepared by adding 100 m M Na2S solution to a 100 mM Zn(N0 3 ) 2 

solution. The amounts were chosen to obtain either a precipitate with an excess of zinc 

ions, an excess of sulphide ions or a stoichiometric composition of the two ions. To 

obtain a stoichiometric mixture, sulphide solution was added until a pH of 8.6 (which 

is the p H z p c of ZnS [22]) was reached. The specific surface area of the precipitated 

zinc sulphide was measured by the BET method [29] and amounted to 115.0 m 2/g, 

based on two measurements. 

3.2. PREPARATION OF K A X SOLUTIONS 

The potassium amyl xanthate (KAX) was provided by Hoechst and proved to be 100 

% pure when tested spectrophotometrically at 301 nm for the s-value. The KAX was 

dissolved to obtain concentrations between 0.1 and 100 mM. 

The pH-values were adjusted with dilute HCIO4 and NaOH solutions. 

3.3. PREPARATION OF THIONALIDE SOLUTIONS 

The thionalide was provided by Riedel-de Haén and was of rninimum 99 % purity. 

Either 0.10 or 0.010 g of thionalide was dissolved in a small amount of 2.0 M NaOH 

and diluted with distilled water to get 100 ml. The pH-values were adjusted with dilute 

HCl after the thionalide solution had been added to the ZnS suspension. 

3.4. PREPARATION OF D E X T R I N SOLUTIONS 

The dextrin which had a water content of 5.24 wt-% was provided by Aldrich-Chemie 

GmbH & Co KG. Fresh solutions were made for every experiment by heating the 

chemical to 100 °C for 30 minutes, cooling on a water bath and diluting to proper 

concentration. 

3.5. G E N E R A L CONDITIONS AND PROCEDURES 

All chemicals used in these tests were of analytical grade if not specifically stated 

otherwise. All the solutions were made in an ionic medium with an ionic strength of 

0.10 M . 

The temperature was kept at 25 °C (thermostated room) except in the temperature 

dependence experiments. 
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For the various tests the concentration of the adsorbate and the composition of the 

ZnS surface were varied. The collector or depressor solution was added to the ZnS 

suspension and the pH was adjusted with dilute HCl or NaOH. The suspension was 

allowed to equilibrate for a certain time while stirring with a magnetic stirrer. No other 

measures were taken, to prevent contact with the air, than that the reaction flasks were 

equipped with stoppers. Then the suspension was centrifuged (or filtrated; paper I and 

Jl) and the supernatant was tested for pH and in some cases for residual concentration 

of adsorbate. The solid phase was washed with distilled water and in some cases with 

50 wt-% acetone, centrifuged and dried in an evacuated dessicator or at 60 °C. Finally 

DRIFT and FT-Raman spectra were recorded on the solid phase. 

3.6. F T - I R MEASUREMENTS (DRIFT) 

The DRIFT experiments were performed on a Perkin Elmer FT-IR 1760X 

Spectrometer or a Perkin Elmer System 2000 Spectrometer. 

Samples of 5% ZnS mixed with KBr were placed in a small container, where they 

were struck by source radiation which they diffusely reflected in various directions. 

This radiation was measured with a TGS detector against a reference spectrum of pure 

powdered KBr. Typically 32 scans were accumulated at 4 cm" 1 resolution. 

3.7. FT-RAMAN MEASUREMENTS 

All the Raman experiments were performed on a Perkin Elmer NIR FT-Raman 1700 X 

Spectrometer. 

The samples were excited with 100 mW of unpolarised, intensity-stabilised (0.1% rms) 

1064 nm radiation from a Spectron SL 301 series Nd:YAG laser, and the scattered 

light collected with 180° backscattering geometry optics. The InGaAs detector and 

integral preamplifier were, in some experiments (paper I and I I ) , cooled to 77 K 

(liquid nitrogen) as this yields a fourfold gain in signal-to-noise performance. The 

interference filters used to reject light at the excitation wavelength allowed collection 

of scattered light with a Raman shift greater than -200 cm - 1 . The mirror drive speed 

was 0.1 cm/s and 100 scans were accumulated at 4 cm"1 resolution. The Raman 

spectra presented in paper I and JJ have been corrected for instrumental response as a 

function of wavelength. This was done primarily to avoid gross misinterpretation of 

relative peak heights. The correlation method used was that of Petty et al. [30]. The 

emission source in this procedure was an electric tube furnace loaded with crushed 

ceramics, at a temperature of 1373 ± 5 K (integral thermocouple rated at 1550 K). 
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3.8. UV/VIS MEASUREMENTS 

All the UV/Vis experiments were performed on a Perkin Elmer Lambda 2S LTvTVis 

spectrometer. The monochromator was a holographic grating with 1053 lines/mm and 

the source was a Tungsten/halogen lamp. A Silicon Photo-diode was used as detector 

and the samples were measured in dual beam mode. 

3.8.1. Measurement of Residual K A X Concentration 

0.1 g of ZnS was added to flasks containing 30 ml of 5 mM potassium amylxanthate, 

each with a different pH. After 60 minutes the residual xanthate concentration was 

measured spectrophotometrically at 301 nm. 

3.8.2. Measurement of Residual Dextrin Concentration 

The method of Dubois et al. [31] was used. Phenol was distilled twice and dissolved in 

distilled water to obtain a concentration of 80 wt-%. This solution proved to be stable 

and did not show any colour after 6 months. 500 uL of the sample was diluted to 1000 

uL with distilled water and 100 jllL of the phenol solution and 5.0 ml of concentrated 

sulphuric acid (95.5 %) was added. The test tube was shaken and allowed to cool 

down to room temperature. Thereafter the absorbance was measured at 496 nm. 

3.9. B E T MEASUREMENTS 

The BET measurements were performed on a Micromeretics ASAP 2000 and the 

method of Braunauer et al. [29] was used. 

R E S U L T S AND D I S C U S S I O N 

The formed surface species are not expected to amount to more than one monolayer, 

so therefore the absorption bands originating from them are expected to be weak 

compared to the ones from the bulk. However, if the particles are small, the increased 

surface to volume ratio will allow identification of the surface species. 

4.1. A C I D I C AND A L K A L I N E SITES AT T H E ZnS/WATER I N T E R F A C E 

(PAPER I) 

The ZnS surface can undergo various reactions depending on stoichiometry and pH. If 

the surface is stoichiometric and the sample is in contact with air, both acidic and 

alkaline sites will be present, depending on the pH: 
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=Zn + H 2 0 + C 0 2 -> =ZnOHC0 2 

=S =SH 
(13) 

This pH dependence is clearly demonstrated in Fig. 9. I f the pH is low, more ==SH, 

indicated by the stronger band around 2500 cm - 1(v(SH)), will be formed through an 

ion exchange reaction: 

=ZnSH + 2 H + -» =ZnSH + H 2 0 + C 0 2 + Z n 2 + (14) 

=SZnOHC0 2 =SH 

At high pH =ZnOHC0 2 , indicated by the bands around 1475 cm"1 and 1375 cm"1, is 

formed (in paper I these vibrations have been assigned to the =ZnOHC0 2 as a whole, 

but in paper IV a more thorough assignment has been made where the high frequency 

band is assigned to hydroxyl groups and the low frequency band to carbonate groups). 

CM-1 

Fig. 9. FT-IR spectra of samples with a stoichiometric surface composition. 
pH-values: A=4.2; B=7.2; C=11.0andD=11.8 
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I f the surfaces exhibits excess of sulphide ions, =SH can be identified at all pH's (the 

2500 cm - 1 band becomes more pronounced when the pH is low) but =ZnOHC0 2 can 

be identified only in spectra of the most alkaline samples (Fig. 10). The alkaline site is 

produced through an ion exchange reaction OH"/HS" and a subsequent adsorption of 

C 0 2 : 

=ZnSH + 2 OH" -4 =ZnOH + HS' + H 2 0 (15) 

sSH =S-

=ZnOH + C 0 2 -» =ZnOHC0 2 (16) 

=s- =s-

CM- 1 

Fig. 10. FT-IR spectra of samples made with excess S . 
pH-values: A=2.7; B=9.2; C=9.8 and D=10.2 
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I f the samples are made with an excess of Z n 2 + , the absorption bands from the 

ZnOHC0 2 entity is present in the spectra of the most alkaline samples (Fig 11): 

=SZnOH + 2 C 0 2 -» sSZnOHC0 2 (17) 

=ZnOH =ZnOHC0 2 

Due to the cover of Z n 2 + ions at the surface very small amounts of SH groups are 

formed and they are also easily oxidised because the Z n 2 + ions in solution will raise the 

redox level. 
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4.2. SORPTION OF AMYLXANTHATE IONS (PAPER II) 

Effect offAJTJiQi and pH on the acidic site 

At high [ A X " ] t o t and a low pH the absorption band at 2419 cm"1, due to the S-H 

stretching vibration is strong (Fig. 12). It is of course expected that a more acidic 

solution will produce more ==SH. The effect of A X - on the acidic site can be explained 

by ion exchange H v Z n . When zinc ions leave the surface to form Zn(AX) 2 

precipitate, a new sulphur site is formed which adsorbs protons: 

=SZnOHC0 2 + 2 AX" + 2 H + - » =SH + C 0 2 + H 2 0 + Zn(AX) 2 (18) 

=SH =SH 

An ATR spectrum of a 50 mM KAX-solution at pH = 4.4 (fig 13C) shows no sign of 

SH, so that group definitely originates from the ZnS surface. Furthermore, 

amylxanthic acid is reported to have a pKa-value of 1.72 [32], which rules out the 

possibility of the SH group belonging to xanthic acid. 

Effect c / /AX"7 t o t and pH on the alkaline site 

In a closed system the alkaline site will be =ZnOH [11,12], but when the system is 

open to air, as in this investigation as well as in practical flotation, the alkaline site will 

change to =ZnOHC0 2 [14]. Xanthate competes with HCOJ for the zinc sites: 

=ZnOHC0 2 + AX" -» =ZnAX + HCO" (19) 

As demonstrated in Fig. 12 the absorption bands at 1457-1375 cm"1, corresponding to 

the alkaline site, are more pronounced at high pH and low total KAX concentrations. 

The absorption bands of the alkaline site are in about the same position as some of the 

vibrations in the hydrocarbon chain of the xanthate ion. However, the shape of the 

bands are quite different, so a distinction between them is possible to make. 

Effect ofpH and /AX"7tot o n t r T e adsorbed amount ofAXT 

The amount of adsorbed xanthate can be judged from the intensities of the absorption 

bands at 1048 cm"1 (CS2), 1460, 2931 and 2957 cm"1 (the hydrocarbon chain). As 

expected, more xanthate is sorbed when the initial concentration of xanthate is high 

(Figs. 12,14). The higher sorption at low pH may have two explanations: Protons will 

react with the alkaline site, creating new zinc sites that can adsorb xanthate ions: 

=ZnOHC0 2 + H + -> =ZnOH 2

+ + C0 2(aq) (20) 
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1 , , 

3 7 5 0 3 0 0 0 2 0 0 0 1 S 0 0 

Fig. 12. FT-IR spectra of samples with varying pH. A-D with 10 mM, E-H at 
100 mM total KAX concentration. pH-values: A=10.9; B=8.8; C=6.3; 
D=5.6; E=9.8; F=8.5; G=7.3 and H=7.0. The ordinate scale is identical 
for all spectra. 
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and the enhanced ion exchange process H + /Zn at low pH will promote precipitation 

o f Z n ( A X ) 2 . 

Sorption Mechanism 

A comparison between the IR-spectra of the samples (Figs. 12) and the IR-spectrum 

of the Zn(AX) 2 reference (Fig. 13A) shows wavenumber shifts for the bands at 1044, 

1132 and 1208. The corresponding Raman spectra (Figs. 14,13B) show shifts for the 

bands at 1043 and 1131 cm - 1 . Several authors consider these shifts to be an evidence 

for chemisorption of xanthate. However, the strong absorption bands can not be due 

to one monolayer. Most probably precipitation is also involved. The monolayer 

capacity of ZnS with a surface area of 115 nrrVg can be estimated to 0.66 mmoles/g 

while the sorption capacity is about 1.5 mmoles/g (see paper I I for details). This 

indicates that xanthate is either adsorbed in a second layer or more likely precipitated. 

A calculation using the SOLGASWATER program also shows that precipitation takes 

place at slightly alkaline to acidic conditions. 
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3 7 5 0 3 0 0 0 2 0 0 0 
CM-1 

950 

Fig. 13. FT-IR (A) and FT-Raman spectrum of Zn(AX)2(s) precipitated in the 
presence of ZnS. C=ATR spectrum of a 50 mM KAX solution at pH=4.40 
soaked into a filterpaper (the spectrum of the wet filterpaper is subtracted) 
The ordinate scale is arbitrary. 
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CM-1 

Fig. 14. FT-Raman spectra of samples with varying total KAX concentration. 
A-D at pH=9.66±0.15, E-H at pH=6.65±0.35. KAX concentrations: 
A,E=0.1 mM; B,F=1.0mM; C,G=10.0 mM and D,H=100 mM; 
The ordinate scale is identical for all spectra. 
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4.3. ADSORPTION OF THIONALIDE (PAPER III) 

Thionalide is a well-known chelating agent that reacts with a number of metals that 

precipitate with sulphide [26-28]. It can exist in keto and enol form (Fig. 15) but 

spectral evidence indicate that the former is predominating. 

Fig. 15. The keto (left) and enol (right) forms of thionalide. 

Adsorption Mechanism 

According to the Raman spectra in Fig. 16 substantial changes take place when 

thionalide is adsorbed at the surface of ZnS. The bands at 2577 cm"1 (SH) and 1678, 

1649 cm"1 (amide-I i.e. mostly C=0) disappear indicating that these groups are 

directly involved in complexation. The amide-II band (mostly 8(NH)) at 1565 cm"1 is 

shifted down about 18 cm"1 when the hydrogen bond between NH and CO is 

weakened as the carbonyl oxygen becomes bonded to a zinc atom. A tentative reaction 

mechanism is: 

R R 

=SH N N - H - :sSH X N - H 

H=ZnOH + 0=6 =Zn—0-6® + H 2 0 + OH" (21) 

=SH / j =SH 

=ZnOH H S-CH 2 =Zn—S-CH 2 

This reaction mechanism is supported by the fact that there is a rise in pH by 0.2 units. 

I f each thionalide molecule were to produce one free hydroxide ion, the pH would of 

course increase much more but this is obstructed by the buffering capacity of the 

surface. 
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Fig. 16. FT-Raman spectra of A) Thionalide and B) Thionalide adsorbed at the 
surface of ZnS at pH=8.7 

The positive charge on the adsorbed species could be resonance stabilised to some 

extent: 

R R x 

=SH ^ N - H =SH ØN-H 

=Zn—O-Ce <=> =Zn—O-cf (22) 

=SH j =SH I 

The degree of resonance stabilisation is probably low since the amide-m band at 1302 

cm"1, that involves the C-N stretching vibration, has increased its frequency only 

marginally. 

Thionalide is adsorbed over the whole pH range that was investigated. To rule out the 

possibility that, what is supposed to be adsorption is nothing but precipitation of zinc 

thionalidate, the spectrum and conditions for formation of that compound was 

investigated. A precipitate is formed only during slightly acidic (pH=6.6) and alkaline 
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conditions and the spectrum of the precipitate (Fig. 17) differs markedly from that of 

the adsorbed species. This proves that thionalide really forms an adsorbate at the 

surface of zinc sulphide. 

Amount of Adsorbed Thionalide 

By calculating the ratio of the intensities of the very strong 1385 c m - 1 Raman line, due 

to the symmetric deformation of C-H in the benzene rings and the band at 257 cm - 1 , 

due to lattice vibrations in ZnS, one can get a fair comparison of the adsorbed amount 

at various conditions. These calculations reveal that adsorption is favoured in the 

alkaline range which is expected since the SH group in thionalide will be deprotonated 

during such conditions. The surface composition does not seem to play any important 

role which is surprising especially in the case where the surface has an excess of 

sulphide ions. This shows that thionalide is a very potent complexing agent and that it 

manages to compete with the sulphide ions for the zinc sites: 
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=ZnSH 0=C 

=SH + -» 

=ZnS~ H S-CHo 

=zn—o-ce 

=SH 

=Zn—S-CH 2 

+ 2 HS" (23) 

The strength of the bonds that are formed is also demonstrated by the fact that 

washing with acetone does not seem to reduce the amount of thionalide at the surface. 

4.4. ADSORPTION O F D E X T R I N (PAPER TV) 

Amount of Adsorbed Dextrin 

The adsorption capacity at pH=9.7 is - 1 mg dextrin/m2 and it increases with pH at 

least up to pH=l 1. Liu and Laskowski [33-35] have reported that hydroxylation of the 

mineral surface is necessary for adsorption to take place. At high pH an ion exchange 

could occur at the surface, especially if the sulphide is oxidised to a more soluble 

sulphur species, thereby steadily increasing the amount of hydroxide at the surface: 

=ZnOH + OH" -» =ZnOH + HS" (24) 

=ZnSH =ZnOH 

Between 15 and 35 °C there is a slight decrease in adsorption density with increasing 

temperature. This is expected since the large dextrin molecule will find it harder to 

stay at the surface when thermal motion is increased. 

Adsorption Mechanism 

I f one deconvolutes the spectra (Fig. 18), a weak band at 3683 cm" 1, originating from 

stretching of the "free" OH groups, can be seen in the untreated ZnS. This band 

becomes weaker as the dextrin concentration is increased. This indicates that the OH 

groups have either become H-bonded or that the surface OH groups are lost upon 

complexation. 

According to Fig. 19 the bands due to the a-linkage (1150 cm"1) and the C(l)-H 

group (1079 cm"1 and 853 cm"1) remain. This indicates that adsorption implies no 

hydrolysis of the dextrin molecule and that conformational change is negligible. 

A l l bands connected with the C H 2 group are affected by complexation. The 2928 cm"1 

band has almost disappeared, while the frequency of the band at 1028 cm"1 has been 

lowered by 8 wavenumbers. The intensities of the C-O-H bands at 1336 cm"1 and 

931 cm"1 are considerably reduced. The changes in the C H 2 and C-O-H bands 

indicate that all the hydroxyl groups are involved in complexation. 
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Fig. 18. DRIFT spectra of ZnS with various amounts of adsorbed dextrin at 
pH=9.7. a) Dextrin, b) 756 lig/m 2 c) 560 ug/m2 d) 414 p:g/m2 

e) 204 ug/m 2 f ) 68 ixg/m2 and g) ZnS 
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In a separate test it was shown that zinc hydroxide has the ability to adsorb dextrin. 

Since no precipitation occurs when dextrin is mixed with zinc ions at low pH, it seems 

that hydroxyl groups at the surface are essential for a binding to develop. A 

mechanism where two hydroxyls react with one zinc site would require the release of a 

proton. Since titration shows that the pH does not drop upon complexation, a 

mechanism where each hydroxyl reacts with one zinc site is proposed according to the 

outline below (only the reactions of the hydroxyl groups at C(2) and C(3) are shown): 

/ / 
=Zn-OH HO—C =Zn-0—C 

=S- + I =S" I + 2 H 2 0 (25) 

=Zn-OH HO—C =Zn-0—C 

•sr : ^ * r ^ 
=Zn-C0 3 =Zn-C0 3 

C O N C L U S I O N S AND F U T U R E P L A N S 

In colloidal zinc sulphide, the acidic site is =SH. The alkaline site can be denoted = 

ZnOHC02, provided the sample has had contact with air. The formation and 

disappearance of these groups, depending on pH and surface composition, can be 

observed with vibrational spectroscopy. 

More amyl xanthate is sorbed at high initial xanthate concentrations. The sorption of 

xanthate occurs via two mechanisms: Adsorption where the xanthate ion competes 

with H C O 3 " and precipitation of Zn(AX) 2 which are both favoured by low pH. 

More SH groups are present at the ZnS surface when Zn(AX) 2 is precipitated, 

because more sulphide sites are produced through the ion exchange Z n 2 + / H + . 

Thionalide is adsorbed at the ZnS surface via the mercapto and carbonyl groups. 

Adsorption is favoured in the alkaline range but takes place also at low pH. On the 

other hand precipitation of zinc thionalidate does not occur in acidic solution. An 

excess of S2" at the ZnS surface does not hinder adsorption, indicating that thionalide 

manages to compete with the sulphide ions for the zinc sites. 

At pH=9.7 ZnS can adsorb ~1 mg dextrin/m2. Adsorption is favoured by a high pH 

and a low temperature. Al l the hydroxyl groups of the dextrin molecule are involved in 

complexation. 

It is obvious that vibrational spectroscopy is a powerful instrument in the study of 

surface reactions of ZnS. 
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Many spectroscopic investigations of surface reactions suffer from the same dilemma 

as this work do; they deal with water suspensions but the measurements are performed 

on dried samples. One can never be sure that the spectral changes that are observed is 

not a result of the drying process. This enigma is of course very difficult to overcome 

with the DRIFT technique. The ATR technique could work a little more satisfactorily 

but the spectra obtained with that technique are often of poor quality. More promising 

is the Raman technique. We have already started tests to run Raman spectra on 

suspensions but so far the water has interfered far to much. In the future we will try to 

reduce the water content of the suspension to a minimum and also try to find 

adsorbate molecules that give a signal strong enough to be interpreted. 
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The surface complexes of colloidal ZnS have been studied 
using FT-IR and FT-Raman techniques. The absorption bands 
at 2500 and 1475-1375 cm - 1 , which are identified as the S-H 
bond and the Z n - O H C 0 2 entity, respectively, can be observed 
under varied conditions of sample stoichiometry and pH. The 
correlation between surface spectra and the complexation model 
is evaluated. The relation between the intensities of FT-IR and 
FT-Raman spectra and particle size is discussed. © 1995 Academic 

Press, Inc. 

INTRODUCTION 

Aqueous metal ions and surfactants can be adsorbed onto 
the surfaces of various minerals, thereby changing their sur
face properties. Understanding of surface complexation 
(sorption) at the oxide/water interface has been greatly de
veloped during the past decades (2-4). This understanding 
has recently been extended to sulfide minerals (5-7). Sulfide 
minerals are normally recovered by the flotation process. In 
this process an organic collector is attached to the surface of 
the mineral. The affinity of metal sulfides for collectors is 
pH-dependent. Sphalerite is a common mineral recovered 
by flotation. With a deeper knowledge about the processes 
which occur at the mineral/water interface, the activation 
of sphalerite by metal ions could be better understood. 

Rönngren et al. have proposed a surface complexation 
model for ZnS, which revealed the ion exchange and acid-
base properties of hydrous zinc sulfide (6). According to this 
model the dominating species at the ZnS surface at acidic 
pH is =ZnSH, which changes to = Z n O H at alkaline pH. 
If these statements are correct, it should be possible to con
firm them by F T - I R and FT-Raman spectroscopy. 

Compared to traditional techniques in solution chemistry, 
for instance Potentiometrie and spectroscopic titrations, IR 
and Raman techniques have the advantage of being able to 
provide information about the identity of surface complexes 
and about their bonding structures. However, the surface 

' To whom correspondence should be addressed. 

monolayer species with bond lengths at the nanometer level 
may be difficult to detect with vibration spectroscopy, es
pecially for opaque minerals. Nevertheless, if IR transmitting 
materials are used, vibration spectra of adsorbed species may 
be recorded. ZnS is a well-known IR transmitting material 
at wavenumbers 5000-710 c m - 1 (1). The spectra of species 
at the ZnS /water interface may provide fundamental infor
mation about surface reactions. In combination with the data 
obtained from Potentiometrie titrations about surface com
plexation, the reaction models may be further confirmed. 

Spectra of compounds containing S-H bonds have been 
reported (8-10). The spectra of surface S-H and Zn-OH 
bonds should resemble those in the bulk. Since the domi
nating species on the surface changes gradually with pH, 
special attention is paid to the pH dependence of sample 
spectra. The identification of acidic and alkaline sites at the 
surface is the first step to confirm the surface reactions. 

The particle size is also of great significance in IR and 
Raman measurements. The inorganic surface bond length 
is normally a few angstroms. If the particle size is too big, 
the submonolayer of adsorbed inorganics is too small in 
comparison and will therefore induce a very weak signal. If 
the particle size could be reduced to « 1 0 0 Å, the signal from 
the submonolayer adsorbate would be proportionally in
creased. Therefore we have chosen to perform our measure
ments on synthetic precipitates of ZnS with a particle size 
of a few hundred angstroms. 

Although this study is focused on ZnS, it is hoped that it 
can throw some light on the surface complexation of other 
sulfide minerals. 

FT-IR and FT-Raman measurements of xanthate adsorp
tion at the surface of aqueous ZnS under different pH and 
stoichiometric conditions are now being performed and will 
be discussed in a forthcoming paper. 

EXPERIMENTAL 

All the chemicals in this study were reagent pure. The pH 
of the suspensions was adjusted with dilute H C I O 4 and 
NaOH solutions. 
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Sample Conditioning 

Three sets of experiments were performed, each with a 
different stoichiometry of synthetic zinc sulfide. ZnS precip
itates were made by adding either equal, double, or half stoi
chiometric amounts of sodium sulfide (100 mM) to 20 ml 
of zinc chloride (100 mM) in dark brown flasks with stop
pers. The suspensions were stirred with a magnetic stirrer 
for 18 h. The pH values of the suspensions were 8.6, 12.2, 
and 5.5, respectively. Then the samples were vacuum filtered 
(0.2 nm) and rinsed with deionized water several times. To 
the filtered samples was added 50 cm 0.1 A/NaCIO,* medium 
solution in order to keep the ionic strength constant and to 
imitate the conditions used in the corresponding titrations. 
After the pH was adjusted, the samples were stirred at 25°C 
for another 18 h to attain equilibrium. The pH was once 
again recorded and the suspensions were refiltered and rinsed 
several times with deionized water. Finally, the precipitates 
were dried in an evacuated desiccator for 12 h. 

In order to obtain a reference spectrum (Fig. 1) showing 
the Zn-OH bending mode, zinc hydroxide was precipitated 
by adding a crystal of solid sodium hydroxide to 100 ml of 
a 100 m M zinc chloride solution followed by filtration, rins
ing, and vacuum-drying of the precipitate. 

When Zn(OH) 2 is precipitated, the alkalinity of the so
lution will enhance dissolution of carbon dioxide from the 
air. This will lead to formation of a mixed precipitate rep
resented as xZn(OH) 2 • yZnC0 3 . It is also inevitable that 

carbon dioxide will absorb onto the surfaces during sample 
preparation. 

Instrumentation 

A Perkin-Elmer FT-IR 1760 X spectrometer and a Per-
kin-Elmer NIR FT-Raman 1700 X spectrometer were used 
in this study. 

FT-IR Measurements (DRIFT) 

Samples of 5% ZnS mixed with KBr were placed in a 
small container, where they were struck by source radiation 
which they diffusely reflected in various directions. This ra
diation was measured with a TGS detector against a reference 
spectrum of pure powdered KBr. Typically 32 scans were 
accumulated at 4 c m - 1 resolution. 

FT-Raman Measurements 

The samples were excited with 600 mW of unpolarized, 
intensity-stabilized (0.1% rms) 1064 nm radiation from a 
Spectron SL 301 Series Nd:YAG laser, and the scattered 
light was collected with 180° backscattering geometry optics. 
The InGaAs detector and integral preamplifier were cooled 
to 77 K (liquid nitrogen) as this yields a fourfold gain in 
signal-to-noise performance. The interference filters used to 
reject light at the excitation wavelength allowed collection 
of scattered light with a Raman shift greater than ~200 c m - 1 . 
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FIG. 1. FT-IR spectrum of xZn(OH) • yZnCO,. The precipitate was made by adding one crystal of NaOH(s) to 100 ml of 100 mM ZnCl2(aq). 
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T A B L E 1 
Assignment of Absorption Bands According to Literature 

and Experimental Data (Wavenumbers in cm"1) 

FT-IR FT-Raman 

Vibration Exp. Ref. Exp. Ref. 

OH stretch 3405-3419 3600-3200(12) 
S-H stretch 2501-2424 2541" (10) 2555-2459 2554-2521 (8) 

2591*(10) 
2633-2619"(9) 

" 3 (C0 2 ) 2360-2340 2349(13) 
» . ( H 2 0 ) 2031 -2130(15) 
HOH bend 1625 1650(12) 
Zn-OHCO, 1485-1375 1481-1378 

(this work) 
»3 (SOI2) 1122-1009 1104 (14) 
"4 (SOI2) 657-630 630 (14) 

" H2S in solid nitrogen matrix. 
*H2S(g). 

The mirror drive speed was 0.1 cm/s and 100 scans were 
accumulated at 4 c m - 1 resolution. The Raman spectra pre
sented in this paper have been corrected for instrumental 
response as a function of wavelength. This was done pri
marily to avoid gross misinterpretation of relative peak 
heights. The correlation method used was that of Petty et al. 

(11). The emission source in this procedure was an electric 
tube furnace loaded with crushed ceramics, at a temperature 
of 1373 ± 5 K (integral thermocouple rated at 1550 K ) . 

RESULTS AND DISCUSSION 

The absorption bands arising from monolayer species are 
expected to be very weak but due to the small particle size 
they appear to be strong enough to be interpreted and as
signed to certain vibrations. 

All the spectra have strong bands at 3400 and 1650 c m - 1 , 
due to the O - H stretch and H - O - H bend in the water in 
the crystal structure. It is clear that such water exists even 
after 12 h of drying under vacuum. 

The broad absorption band at 1475-1375 c m - 1 originates 
from = Z n O H C 0 2 . This has been shown by obtaining a 
spectrum of a mixed precipitate, xZn(OH) 2 • yZnC0 3 

(Fig. 1). 
The bands at 2360 and 2340 c m - 1 which appear in some 

spectra are due to the C 0 2 in the air. 
The band at 2031 cm"' is an association (combination) 

band of water. Lutz et al. (15) have assigned it to the tran
sition v2 + VR, where v2 is the bending mode and vR is a 
librational mode. 

Assignments of the absorption bands that occur in the 
spectra and their positions according to literature are listed 
in Table 1. 
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FIG. 2. FT-IR spectra of stoichiometric samples. pH values: A = 4.2; B = 7.2; C = 11.0; D = 11.8. 
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FIG. 3. FT-Raman spectra of stoichiometric samples. pH values: A = 4.2; B = 7.2; C = 11.0; D = 11.8. 

faj Stoichiometric Samples 

In contact with water the ZnS surface will be hydrated 
(6). If carbon dioxide is present, = Z n O H C 0 2 is formed: 

= Z n + H 2 0 + C 0 2 

5=S 

s Z n O H C 0 2 

= S H 
t l] 

(see Figs. 2 and 3). The broad absorption band at 1475-
1375 c m - 1 due to = Z n O H C 0 2 bend is present in spectra 
of the alkaline samples but is absent in acidic or neutral 
samples. 

The absorption bands at 2502 and 2424 c m - 1 due to the 
S-H stretch can be seen even in spectra of alkaline samples 
if the pH is not higher than 10 (the piva = 10.28 for = S H 
(6)); the bands grow stronger as the pH is lowered. In the 
Raman spectra the bands at 2555 and 2459 c m - 1 are rec
ognized only in the acidic sample. This indicates that, as 
proposed by Rönngren et al. (6), an ion exchange will take 
place during acidic conditions and thereby increase the 
number of = S — H sites: 

sZnSH + 2 H + 

sSZnOH 

s Z n S H + H 2 0 + Z n 2 

= S H . 
[2] 

The bands at 1100-1000 c m - 1 and 630 c m - 1 are due to 
oxidation products. The nature and oxidation state of these 

sulfur species are not known. In the assignment (Table 1) 
of these bands they are compared with sulfate even if sulfate 
would be too soluble to stay on the surface. The presence of 
two values for the S-H stretch indicates that there are two 
kinds of S - H groups. They can be represented as = Z n - S H 
and 

= Z n 

>SH 

= Z n 

The former is an adsorbed group, in closer contact with the 
solution; it is therefore more easily oxidized. The latter be
longs to the bulk, signifying a certain protection against ox
idation: 

= Z n S H 

= S H + ( 0 ) -

= Z n S H 

= S H 

= Z n S x O y 

= S H 

=ZnS. x O y 

= S H 

[3] 

(b) Samples Made with Excess S2 

The vibration arising from the S-H stretching mode can 
be seen in all IR and Raman spectra (see Figs. 4 and 5). 
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Since the surface was originally covered by sulfide ions it is 
expected that contact with water will produce S-H groups 
at most of the sites. Even in the most alkaline sample (pH 
10.2) some of the sulfur sites are expected to be protonated: 

=ZnS" 

+ H 2 0 — = S + O H ' 

= Z n S H . 
[4] 

The vibration origination from = Z n O H C 0 2 can be seen 
in the most alkaline samples. If the pH is high enough some 
O H " will manage to compete with HS~ for the Zn-sites, 
thereby producing the = Z n - O H group which will be 
changed to = Z n O H C 0 2 when C 0 2 is adsorbed: 

= S 

=ZnSH + O H " + C 0 2 

HZnS" 

=ZnOHC0 2 + HS" 

sSH 

sZnS". 

[5] 

The excess sulfide ions will cover the mineral surface and 
prevent oxidation of ZnS in alkaline solutions. When the 
pH is low some H + will react with S 2 ~ to produce H 2S(g): 

=ZnSH + 2 H + 

sSZnSH 

= S H + H 2 S(g) + Zn 

= S H . 

2+ 

[6] 

The evolution of H 2 S(g) may result in oxidation of some of 
the = S — H groups. Other S-H groups are more protected 
and thereby not affected: 

sSH + ( 0 ) - * = S H 

=ZnSH =ZnS^O y . 
[7] 

(c) Samples Made with Excess of Zn 2+ 

At high pH = Z n O H C 0 2 will be formed (see Figs. 6 and 
7): 

= S Z n + + O H - + 2 C 0 2 

= Z n O H 

= S Z n O H C 0 2 

= Z n O H C 0 2 . 
[8] 

At lower pH an ion exchange reaction will take place between 
surface Z n 2 + ions and H + in solution: 

sZnSZn + + 3H + 

sSZnOHC0 2 

= Z n S H + 2 Z n 2 + + H 2 0 

= S H + CO, . 
[9] 

Due to the excess of Z n 2 + in the solution, the redox level is 
higher and most of the S - H groups that are formed through 
ion exchange reaction will be oxidized. The Raman spectra 
show that even under these conditions some S-H groups still 
exist (nothing can be found in the IR spectra): 

(.0 

CM" 1 

FIG. 6. FT-IR spectra of samples made with excess of Zn 2 + . pH values: A = 4.0; B = 4.5; C = 8.8. 
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2710.0 2380.0 
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FIG. 7. FT-Raman spectra of samples made with excess of Zn 2 + . pH values: A = 4.0; B = 4.5; C = 8.8. 

= Z n S H 

s=SH + ( 0 ) - * 

= Z n S H 

= S H 

=ZnS^O y 

xO„ + 2 H 2 0 

^ZnS^Oy 

= S H . 

Vibration spectroscopy is a useful tool for the evaluation 
of surface reactions on ZnS, provided that the particle size 

[10] is small enough. 

R E F E R E N C E S 

CONCLUSIONS 

At varied pH's, S - H and Z n O H C 0 2 groups can be de
tected by vibration spectroscopy. The S - H bands appear at 
2501-2422 c m - 1 ( F T - I R ) and 2555-2459 c m - 1 (FT-Ra
man). The band with Z n O H C 0 2 is found at 1475-1375 
c m - 1 ( F T - I R ) . 

In stoichiometric samples the ^ S H group can be identified 
over a broad pH range. The signal from the S - H stretch 
becomes stronger with decreasing pH. Under alkaline con
ditions the = Z n O H C 0 2 group appears. 

Also, in samples made with excess of S 2 _ the s^SH group 
exists at all pH values. At the highest pH values the 
= Z n O H C 0 2 group is detected. 

In samples made with excess of Z n 2 + the s=SH group can 
be detected only in the Raman spectra of the acidic samples. 
At higher pH values the = Z n O H C 0 2 group exists. 

Oxidation of some ^ S H groups, leading to the formation 
of some not very soluble sulfur species on the mineral surface, 
is detected in all samples except for the alkaline one with 
excess of Z n 2 + . 
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ABSTRACT 

Sorption of amyl xanthate onto colloidal ZnS has been studied, using FT-IR and FT-Raman techniques. 
The effects of pH and initial concentration of xanthate on the adsorbed amount and on the distribution of 
acidic and alkaline sites are evaluated. Two different models for the sorption are suggested. The first one 
involves an ion exchange between Z n 2 + and H + and a subsequent precipitation of solid zinc amylxanthate: 

^SZnOH + 2H+ + 2 AX" -> sSH + Zn(AX) 2(s) + H 2 0 (1) 

=ZnSH =ZnSH 

The second one involves the ion exchange between HCC>3~and AX" followed by adsorption of xanthate 
at the zinc site: 

=SZnOHC0 2 + AX" -> ^SZnAX + HC0 3 " (2) 

^ZnSH =ZnSH 

Both reactions induce increased sorption at lower pH. A low pH will enhance the ion exchange between 
Z n 2 + and H + , which will result in precipitation of zinc amyl xanthate. This statement is supported by 
SOLGASWATER calculations and by spectral evidence. At low pH the formation of C0 2 (g) will force 
reaction (2) to the right, implying higher adsorption. 

INTRODUCTION 

The complexation of xanthate type collectors at the surface of sulphide minerals plays an important role in 
the flotation process. However, the interpretation of flotation mechanisms suffers from the complexity of 
surface complexation. The identification of the formed surface species is a central research topic in 
flotation chemistry. With the development of powerful surface analytical instruments, like FT-IR and FT-
Raman spectrometers, one has gained a useful tool for the studies of reactions at the mineral/water 
interface. As presented in a previous paper,1 the absorption bands originating from =SH and =ZnOHC0 2 
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were identified in the spectra of colloidal zinc sulphide, which provided basic evidence for the surface 
acid/base properties of the compound. These sites are formed according to the reactions: 

=SH <-> sS" + H+ (3) 

and 

=ZnOHC0 2 + H + <-» =ZnOH2+ + C0 2(aq) (4) 

and will consequently be referred to as the acidic and the alkaline site, respectively. The presence of 
xanthate ions in a flotation system will probably dramatically influence the surface acid-base properties of 
zinc sulphide. The aims of this work are to investigate the nature of the complexes that are formed at the 
surface of metal sulphides in the presence of xanthate ions and consequently induce mineral floatability 
and to describe how xanthate ions affect the complexation at the zinc sulphide/water interface. The 
understanding of the adsorption mechanisms of xanthate ions at the surface of zinc sulphide will not only 
offer an explanation to sphalerite complexation itself, but may also throw some light on xanthate 
complexation at the surface of other sulphide minerals, that are not so well suited for IR studies due to their 
opaqueness. As well known, short carbon chain xanthates can be only weakly adsorbed at the surface of 
zinc sulphide. Therefore we have chosen to work with amyl xanthate, which is a common collector for 
sphalerite. 

IR studies of xanthate at the surface of sulphide minerals, pioneered by Little and Leja, 2 Little et al.?A 
Leja et al.5 and Poling and Leja, 6 has been the subject of many investigations. Cases and his collaborates 
have made great contributions to the understanding of the interaction between potassium amylxanthate and 
galena7"11 or pyrite1 2J3 i n relation to flotation. They regard the adsorption on galena to be a two stage 
process. The grinding conditions (pH, wet or dry) are considered to have a great influence on the formed 
surface species. Depending on the conditions dixanthogen, stoichiometric lead xanthate, non-stoichiometric 
lead xanthate or monocoordinated xanthate is found to be the dominating species. For pyrite they have 
found that ferric xanthate is formed if iron is present (through the use of iron rods at the grinding) while 
dixantogen dominates if no iron is present. Due to the works by Ray et al.,14 Mattes and Pauleickhoff1 5.1 6  

and Colthup and Porter Powell 1 7 the vibrational modes of xanthates have been evaluated. However still 
new progress is being made, most recently by Persson,18 Ihs et al.W and Woods et al.20 who have detected 
chemisorbed xanthate at metal sulphide, gold electrode, and metal surfaces respectively. 

Compared to the abundant IR studies on xanthate-sulphide surface complexes, Raman studies are rear. 
In this investigation the emphasis is laid on the combination of IR and Raman in the study of surface 
reactions. The effect of amyl xanthate ions on the acidic and alkaline sites of colloidal zinc sulphide as a 
function of pH and initial xanthate concentration is discussed as well as the reaction model for sorption of 
xanthate. 

EXPERIMENTAL 

All the chemicals in this study were reagent pure. The potassium amyl xanthate (KAX) was provided by 
Hoechst and proved to be almost 100 % pure when tested specrrophotometrically at 226 and 301 nm for the 
e-value. The pH's of the suspensions were adjusted with dilute HCIO4 and NaOH solutions. 
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Sample Conditioning 

Four sets of experiments were performed, each with different total concentration of amyl xanthate (0.1, 1, 
10, and 100 mM). 

The ZnS precipitates were made by adding sodium sulfide solution (100 mM) to 20 ml of zinc nitrate 
solution (100 mM) until a pH of 8.6 was obtained (the p H z p c of ZnS is 8.63°). The B E T surface area of the 
formed zinc sulphide was 115.0 m2/g, based on two measurements. The suspensions were vacuum filtered 
(0.2 pm) and rinsed several times with deionized water and then transferred to flasks with 40 ml of KAX 
solutions with 0.10 M NaC104. The pH's were adjusted and the suspensions were stirred for 18 h, 
whereafter pH's were measured, the suspensions were rinsed with 40 ml of destilled water and filtered and 
dried. Finally FT-IR and FT-Raman spectra of the samples were recorded. 

A reference sample was made by adding 40 ml 0.065 M Zn(N03)2-solution and C.8 g K A X to 1.0 g of 
ZnS, filtering the suspension and finally drying the solid phase in a dessicator. 

Instrumentation 

A Perkin-Elmer FT-IR 1760 X spectrometer and a Perkin-Elmer NIR FT-Raman 1700 X spectrometer 
were used in this study. 

The UVspectra were recorded on a Perkin-Elmer Lamda 2S UV/VIS spectrometer. 

The BET-measurements were made with a Micromeretics ASAP 2000. 

FT-IR Measurements (DRIFT) 

Samples of 5% ZnS mixed with KBr were placed in a small container, where they were struck by source 
radiation which was diffusely reflected in various directions. This radiation was measured with a TGS 
detector against a reference spectrum of pure powdered KBr. Typically 32 scans were accumulated at 4 
cm - 1 resolution. 

FT-Raman Measurements 

The samples were excited with 100 mW of unpolarised, intensity-stabilized (0.1% rms) 1064 nm radiation 
from a Spectron SL 301 series Nd:YAG laser, and the scattered light collected with 180° backscattering 
geometry optics. The InGaAs detector and integral preamplifier were cooled to 77 K (liquid nitrogen), as 
this yields a fourfold gain in signal-to-noise performance. The interference filters, used to reject light at the 
excitation wavelength, allowed collection of scattered light with a Raman shift greater than ~200 cm-1. The 
mirror drive speed was 0.1 cm/s and 100 scans were accumulated at 4 cnr 1 resolution. The Raman spectra 
presented in this paper have been corrected for instrumental response as a function of wavelength. This was 
done primarily to avoid gross misinterpretation of relative peak heights. The correlation method used was 
that of Petty et a/ . 2 1 The emission source in this procedure was an electric tube furnace loaded with crushed 
ceramics, at a temperature of 1373 ± 5 K (integral thermocouple rated at 1550 K). 
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RESULTS 

The absorption bands are often highly coupled 1 7' 1 8^ 2 and it is therefore not always possible to assign them 
to a specific vibration. In Table I the vibrations, giving the greatest contributions to the absorption bands, 
are presented. 

Table I: Vibrations giving Greatest Contribution to Absorption Bands 

Wavenumber; Cm~l Assignment Reference 

1045 v a(CS 2) 3,17,22 

1133 v(COC) 3,17 

1204 v(COC) 3,17 

1370-1460 =ZnOHC02 1 

1379 8s(CH3),co(CH2) 17 

1458 8 s(CH2),8a(CH3) 17 

1614 8(HOH) 23 

2045,2093 v 2(H 20)+vR(H 20)- 24 

2343+2362 v 3 (C0 2 ) 25 

2419 v(SH) 1,26,27 

2859 v s(CH 2) 17 

2871 v s(CH 3) 17 

2931 v a(CH 2) 17 

2957 v a(CH 3) 17 

3370 V(OH) 23 

Effect of the Total KAX Concentration and pH on the Acidic Site 

Figure 1 shows IR-spectra of amyl xanthate sorbed on ZnS at four different total concentrations of KAX 
(0.1, 1, 10 and 100 mM). A-D at pH = 9.66 ± 0.15 and E-H at pH = 6.65 ± 0.35. A pervading feature is that 
the absorption band originating from the S-H stretch increases in intensity when the initial KAX 
concentration is raised and the pH is lowered. 

At pH = 9.66 ± 0.14, the weak band at 2419 cm-l, due to the S-H stretch 1^6.27 appears only in the 
spectrum of the 100 mM sample. At pH = 6.65 ±0.35 it is relatively strong in the spectrum of the 100 mM 
sample and weaker in the spectrum 'of the 10 mM sample. Figures 2 and 3 show the IR-spectra of amyl 
xanthate sorbed on ZnS at varying pH and at four different K A X concentrations (3 A-D = 10 mM, 3 E-H = 
100 mM, 5 A-C = 0.1 mM and 5 D-F = 1.0 mM). The vibration from the SH bond is highly pH dependent. 
At the highest K A X concentration (100 mM) the intensity is clearly decreasing when pH is raised but it 
exists even at pH = 9.8. At 10 mM the S-H stretch can be detected at pH<8.8. At 1.0 mM it appears as a 
very weak band only in the spectrum of the most acidic sample (pH = 6.7) but it doesn't exist in the spectra 
of the 0.1 mM samples. 
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Figure 1: FT-IR spectra of samples with varying total KAX concentration. A-D at pH = 9.66 ±0.15. E-H at pH = 6.65 
± 0.35. KAX concentrations: A = 0.1 mM, B = 1.0 mM, C = 10.0 mM, D = 100 mM, E = 0.1 mM, F = 1.0 
mM, G = 10.0 mM and H = 100 mM. The ordinate scale is identical for all spectra. 
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The IR-bands at 1446 and 1375 cm"1, due to vibrations in the ZnOHCC>2 entity1 are present only at high 
pH and low initial K A X concentrations. According to Fig. 1 they are medium strong at the lowest KAX 
concentrations at pH = 9.66 ± 0.15. At the same pH they arc becoming weaker at 10 mM and disappear at 
100 mM. At the highest K A X concentrations the bands at 1460 and 1379 cnr 1 , originating from vibrations 
in the hydrocarbon chain appear. Although these bands and the =ZnOHC02 bands are obtained in about 
the same position they can easily be distinguished from each other due to the different shapes. As can be 
seen in Fig. 3 the =ZnOHCC>2 bands are medium strong at low total KAX concentrations (0.1 or 1.0 mM) 
and high pH (9.5 or 8.2) but disappear when pH was lower. 

Effect OfpH and the Total KAX Concentration on the Amount of Sorbed Xanthate 

It is obvious that more xanthate has reacted at low pH and high total K A X concentration. Figure 4 shows 
Raman-spectra of amyl xanthate sorbed on ZnS with four different total concentrations of K A X (0.1, 1.0, 
10 and 100 mM). A-D at pH = 9.66 ± 0.15 and E-H at pH = 6.65 ± 0.35 (Fig. 1 shows the corresponding 
IR-spectra). Xanthate can be detected in the IR-spectra (the bands at around 2900, 1460, 1379 and 1216-
1048 cnr 1 ) only at the two highest concentrations. 

Among the Raman spectra, only the 100 mM samples show any xanthate (the bands at 1448, 1126 and 
1054 cm - 1). Figure 5 demonstrates the Raman-spectra of amyl xanthate sorbed on ZnS at varying pH and at 
two different K A X concentrations (A-D = 10 mM and E-H = 100 mM). The corresponding IR-spectra are 
shown in Fig. 2. At a total KAX concentration of 100 mM the IR-spectra show strong bands at pH=7.0, 
that become continuously weaker when pH is raised. The corresponding Raman-spectra exhibit strong 
absorption bands at pH=7.0 and 7.3 but very weak ones for pH=8.5 and 9.8. At 10 mM only the spectra of 
the two most acidic samples exhibit any xanthate vibrations. 

Comparison with the Vibration Spectrum of Zn(AX)2(s) 

A comparison of the IR-spectrum obtained of the Zn(AX)2 reference (Fig. 6A) with the spectra of the 
samples (Figs. 1 and 2) shows that the band at 1044 cm"1 (mostly v a (CS 2 )

 1 7 ^ 2 ) is shifted up by 4 
wavenumbers and has no splitting. The band at 1132 cm-1 (mostly v(COC) 1 7 ) is shifted down by 6 
wavenumbers and the band at 1208 cm - 1 (mostly v ( C O C ) 1 7 ) is shifted up by 8 cm-1. 

A comparison between the corresponding Raman spectra (Figs. 6B and 4 and 5 respectively) reveals 
that the absorption band at 1043 cm-1 is shifted up by 12 wavenumbers, while the band at 1131 crrr1 is 
shifted down by 5 wavenumbers. The band at 1207 cm-' in Zn(AX)2 is lost in the spectra of the samples. 

The Water Bands 

The IR absorption bands at 1614 cm"1, due to the HOH bend 2 3 and at around 3370 cm"1, due to the OH 
stretch 2 3 in water, are virtually unaffected by variation in KAX concentration and pH. 

The broad bands at around 2045 cnr 1 that exist in all the spectra of alkaline samples and at 2093 cm-1 in 
the spectra of the most "acidic" samples made with an initial "KAX concentration of 100 mM are 
association (combination) bands of water. Lutz et al. 2 4 have assigned them to the transition V2 + VR where 
V2 is the bending mode and VR is a librational mode. 
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Figure 2: FT-IR spectra of samples with varying pH. A-D at 10 mM, E-H at 100 mM total K A X concentration. pH-
values: A = 10.9, B = 8.8, C = 6.3, D = 5.6, E = 9.8, F = 8.5, G = 7.3 and H = 7.0. The ordinate scale is 
identical for all spectra. 
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Figure 4: FT-Raman spectra of samples with varying total K A X concentration. A-D at pH = 9.66 ±0.15. E-H at pH = 
6.65 + 0.35. KAX concentrations: A = 0.1 mM, B = 1.0 mM, C = 10.0 mM, D = 100 mM, E = 0.1 mM, F = 
1.0 mM, G = 10.0 mM and H = 100 mM. The ordinate scale is identical for all spectra. 
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Figure 6: FT-IR (A) and FT-Raman (B) spectra of Zn(AX) 2(s) precipitated in the presence of ZnS(s). C = ATR-

spectrum of a 50 mM KAX-solution at pH = 4.40 soaked into a filterpaper (the spectrum of the wet 

filterpaper is subtracted). The ordinate scale is arbitrary. 
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DISCUSSION 

Effect of AX'] and pH on the Acidic Site 

In contact with water the sulphur sites are protonated 29,30,31 (reaction 5). Furthermore more SH-bonds will 
be produced at low pH according to the ion exchange reaction (6): 

=Zn + H 2 0 -> ^ZnOH (5) 

=S =SH 

=SZnOH + 2H+ -» =SH + H 2 0 + Zn2+ (6) 

=SH =SH 

This ion exchange mechanism offers an explanation to the stronger SH-bands at higher K A X 
concentrations. When zinc ions are leaving the surface and Zn(AX) 2(s) precipitate is formed, new 
protonated sulphur sites are exposed: 

=SZnOH + 2 A X ~ + 2 H + ^ =SH + H 2 0 + Zn(AX) 2(s) (7) 

=SH =SH 

Hence, precipitation of Zn(AX) 2 will result in a higher abundance of SH-bonds at the mineral surface. , 

Majima32 reported the pK a for amyl xanthic acid to be 1.72. Therefore it's not likely that the SH group 
originates from xanthic acid. It can also be seen in the ATR spectrum (Fig. 6) of a 50 mM KAX-solution at 
pH = 4.4, that no absorption bands exist in the 2400-2500 cm-i region (the bands at 2340 and 2360 cm^are 
due to carbon dioxide in the air). 

Effect of Total KAX Concentration and pH on the Alkaline Site 

Rönngren et a / . 3 0 and Sun et al.29 have discussed the conditions for formation of Brönstedt alkaline sites at 
aqueous ZnS surfaces in accordance with Potentiometrie titrations. They concluded the alkaline site to be = 
ZnOH. This is probably correct if the experimental set-up is closed and no C 0 2 can enter the system. 
Recently we have shown the existence of alkaline sites using FT-IR spectroscopic methods l . However, in 
that case and in this work, as in real flotation, the system is exposed to air which will inevitably lead to 
dissolution of C 0 2 . The nature of the alkaline site will include a mixture of carbonate and hydroxide, 
which can be denoted =ZnOHC0 2 . Of course this site will be even more pronounced at higher pH. In the 
presence of amyl xanthate competition for the zinc sites between-AX'and HCO^ will take place, leading 
to desorption of HCO3: 

sZnOHC0 2 + A X ~ -» sZnAX + HCO J (8) 
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Effect ofpH on the Amount of Sorbed Xanthate 

At low pH protons will react with the alkaline sites to produce carbon dioxide and water and thereby create 
new zinc sites that can adsorb xanthate ions: 

=ZnOHC0 2 + H+ -> =ZnOH2+ + C0 2(aq) (9) 

Because of the ion exchange H + / Z n 2 + that is discussed earlier, a lower pH also leads to an enhanced 
precipitation of Zn(AX) 2 . 

Sorption Mechanism 

It is not clear whether the dominating sorption mechanism is precipitation or adsorption. Persson18 and 
Valli et al.22 have discussed the shifts in wavenumbers for the xanthate functional group on sorption onto 
sulphide mineral surfaces. They have found similar shifts as we have and assigned these changes to 
adsorption of what they call "type 2" where the xanthate is bidentate or bridgingly co-ordinated to the zinc 
sites. Ihs et al.19 and Woods et ai.20 have studied adsorption of ethyl xanthate on to gold and have found an 
upward wavenumber shift for the band around 1200 cm-1, which they consider to be typical for 
chemisorption of xanthate. Hence, the wavenumber shifts in our spectra indicate that chemisorption is 
involved. . . 

pH 
Figure 7: Sorption curve for amylxanthate on colloidal ZnS, showing the sorption capacity of 1.0 g as a function of 

pH. 

However, the very intense absorption bands cannot possibly originate from vibrations in an adsorbed 
monolayer alone. There has to be some contribution from other species e.g. precipitated Zn(AX) 2 as well. 
The increase in intensity of the SH-bands at high total K A X concentrations indicate that precipitation is 
involved, especially at low pH and high total K A X concentrations. 
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The key questions are: What is the adsorption capacity in the system? How much Z n 2 + can be released 
from the mineral surface? 

The concentration of Zn sites can be estimated using the following equation:33 

^surf^^T^W (mol/dm3) (10) 

where S = 115 is the specific surface area of the solid (m2/g), tif= 2 is the number of surface Zn per unit 
cell 30, ns = 1 is the number of zinc sites per ZnS, is Avogadro's constant, and v = 1.58-10"28 is the 
volume of the unit cell (m3). Then Zn s u r f is 1.3 mmoles/g ZnS. 

Even with the xanthates standing upright at the surface it is impossible to attach a xanthate ion at every 
surface zinc site, due to the size of the xanthate ion. 

The monolayer capacity, Q m may be estimated according to the following equation:7 

Q m = ^ ~ S (mol/g) ' (11) 
A I\A 

where A' = 2.88T0-!9 3 4 is the cross-sectional area of the adsorbent (m2), is Avogadro's constant and S 
= 115 is the specific surface area (m2/g). According to that calculation the monolayer capacity will amount 
to 0.66 mmoles/g ZnS. This value is about half of the value for Zn s u rf, so there might be many inactive zinc 
sites. 

In a separate test the capacity for sorption by the precipitated ZnS was evaluated. 0.1 g of ZnS was 
added to flasks containing 30 ml of 5 mM KAX, each at a different pH. After 60 minutes the residual K A X 
concentration was measured spectrophotometrically at 301 nm. As can be seen from Fig. 7 colloidal ZnS 
can withdraw ~1.5 mmoles of amylxanthate/g ZnS from solution. This figure is to be compared to the 
estimations of the monolayer capacity of 0.66 mmoles and the number of zinc sites (1.3 mmoles). So there 
is a substantial amount of zinc sites that are unoccupied by xanthate and at the same time, more than a 
monolayer of xanthate has reacted. Some of the excess xanthate may have been adsorbed in a second layer 
but a precipitation of Zn(AX) 2 is even more plausible. The steep slope of the sorption curve in Fig. 7 also 
indicates that precipitation is involved. 

The surface zinc ions with no xanthate co-ordinated may leave the surface and, on accumulation near to 
it, form solid zinc xanthate which, adsorbs to the surface. 

Some doubts could be raised if the concentration of Z n 2 + is sufficient for Zn(AX) 2 precipitation. 
Therefore a calculation with the SOLGASWATER program was undertaken. The matrix used for the 
calculation is presented in Table II and the result of the calculations in Fig. 8. As can be seen in Fig. 8 
Zn(AX) 2 is precipitated if the pH is lower than ~9.5. However, adsorption of xanthate is not taken into 
account, since we lack a constant for that reaction. 

We have found no dixanthogen, which is consistent with the works of Leja 3 and others. 
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TC/mM for Z n 2 + = 0.00 
TC/mM for sSZn = 1.00 
TC/mM for AX" = 10.0 
TC/mM for S 2" = 0.00 

pH 

Figure 8: The result of the SOLGASWATER calculations in the Z n 2 + , H + , =SZn, AX~and S2 _system. The matrix 
used is presented in Table II. 

Table II. Matrix used for S O L G A S W A T E R Calculations in the Z n 2 + , H + , =SZn, AX'and S2"System 

Species Log Kj Stoichiometry Matrix Ref. 

Z « 2 + =5Z/7 AX~ S2- Charge 

Zn2+ 0.00 1.0 0.0 0.0 0.0 0.0 0.0 35 

H+ 0.00 0.0 1.0 0.0 0.0 0.0 0.0 35 

=SZn 0.00 0.0 0.0 1.0 0.0 0.0 0.0 35 

A X - 0.00 0.0 0.0 0.0 1.0 0.0 0.0 35 

S2- 0.00 0.0 0.0 0.0 0.0 1.0 0.0 35 

=SH 2 
9.59 -1.0 2.0 1.0 0.0 0.0 0.0 30 

HSZnH + 6.91 0.0 1.0 1.0 0.0 0.0 1.0 30 

^SZnOH" -10.28 0.0 -1.0 1.0 0.0 0.0 -1.0 30 
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Species Log Kf Stoichiometry Matrix Ref. 

Z« 2 + sSZw AX" S2- Charge 

OH" -14.00 0.0 -1.0 0.0 0.0 0.0 0.0 35 

HAX 1.70 0.0 1.0 0.0 1.0 0.0 0.0 35 

Z n O H + -9.00 1.0 -1.0 0.0 0.0 0.0 0.0 35 

Zn(OH)2(aq) -16.90 1.0 -2.0 0.0 0.0 0.0 0.0 35 

Z n ( O H V -28.40 1.0 -3.0 0.0 0.0 0.0 0.0 35 

Zn(OH) 42- -41.20 1.0 -4.0 0.0 0.0 0.0 0.0 35 

Zn20H3+ -9.00 2.0 -1.0 0.0 0.0 0.0 0.0 35 

H S - 13.93 0.0 1.0 0.0 0.0 1.0 0.0 35 

H 2 S 20.93 0.0 2.0 0.0 0.0 1.0 0.0 35 

Zn(OH) 2(s) -11.76 1.0 -2.0 0.0 0.0 0.0 0.0 35 

Zn(AX)2(s) 11.80 1.0 0.0 0.0 2.0 0.0 0.0 36 

ZnS(s) 25.00 • 1.0 0.0 0.0 0.0 1.0 0.0 35 

The Water Bands 

Sorption of.xanthate doesn't seem to interfere with the bound water since the absorption bands connected 
with water posses about the same intensity regardless of pH and total K A X concentration. 

CONCLUSIONS 

More xanthate is sorbed at low pH and high total K A X concentrations. At these conditions, the formation 
of SH-groups indicates that zinc ions have been dissolved from the zinc sulphide surface, exposing new 
sulphur sites, at which protons can be adsorbed and precipitation of Zn(AX)2(s) is formed. 

The disappearance of the =SZnOHC02-groups at high total K A X concentrations and high pH indicates 

that xanthate ions are adsorbed at the alkaline sites, replacing HCOg . 

The sorption process does not influence surface bound water. 
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Abstract 

Adsorption of thionalide onto colloidal ZnS has been studied with vibrational 

spectroscopic methods. Adsorption is favoured by a high pH but occurs also in the 

acidic range. The surface stoichiometry of ZnS does not seem to influence the 

adsorbed amount. A mechanism for the adsorption, where the carbonyl and the 

mercapto groups of thionalide are involved, is proposed. Thionalide forms precipitate 

with zinc ions only during neutral and alkaline conditions. The spectrum of zinc 

thionalidate differs from the spectrum of thionalide adsorbed onto zinc sulphide. 
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Introduction 

For the concentration of sulphide ores, several different collectors have been tested, 

including various xanthates and dithiophosphates and thionocarbamate [1]. Even if 

they have often proved to be very potent they frequently exhibit poor selectivity and 

adhere to many different metal sulphides. 

To find new, potential collectors for sphalerite, a search among the compounds that 

2+ 

are known to form complexes with Zn ions could prove to be a useful strategy. 

Among these compounds, thionalide seems interesting. This compound is a chelating 

agent that reacts with a number of metals that precipitate with sulphide [2,3,4]. 

Chastowska et al. [5] have investigated the reactions of a number of metal ions. They 

adsorbed thionalide onto a plastic carrier (Bio-Beads SM-7) followed by adsorption of 

various metal ions. Adsorption was strongly pH dependent (e.g. Z n ^ + could be 

adsorbed at a pH between 5 and 9). They also found that certain metals could be 

adsorbed only in a low oxidation state. Furthermore thionalide is interesting because it, 

in addition NH, C=0 and SH functional groups, has a hydrophobic part with two 

benzene rings. 

To design new, selective reagents, an understanding of the adsorption mechanism at 

the surface is essential. There is also a need to know at what conditions the 

presumptive collector reacts with the surface. The present investigation aims at 

studying some of the chemical characteristics that could qualify thionalide for use as a 

collector for sphalerite. 

Even if thionalide, for various practical reasons, would prove to be devoid of some of 

the desired characteristics as a collector, one can hopefully gain some understanding of 

how related, and maybe more suited, compounds would react. 
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EXPERIMENTAL 

Material 

The thionalide used was supplied by Riedel-de Haén AG and was of minimum 99% 

purity. A l l other chemicals were reagent pure. 

Zinc sulphide precipitate 

Zinc nitrate solutions were mixed with sodium sulphide solutions to give precipitates 

with either stoichiometric composition or with excess of zinc ions or sulphide ions at 

the surface. To ensure a stoichiometric composition, sulphide ions were added until a 

pH of 8.6, which is the p H p z p c for ZnS [6], was reached. The precipitates with excess 

of ions at the surface were made by using double amounts of either ion. The 

suspensions were stirred for 60 minutes at 25°C (thermostated room), centrifuged for 

15 minutes at 4000 rpm, decanted, washed with deionized water and centrifuged 

again. Each sample contained 2.0 mmoles of ZnS. The BET surface area was 115 

m 2/g. 

Thionalide solutions 

Thionalide (N-(naphtalenyl)mercapto acetamide) exists in two tautomeric forms; keto 

and enol (Fig. 1). The missing Raman line at around 3300 cm"*, expected from the N -

H stretching vibration only shows that this vibrating entity is a very weak Raman 

scatterer. The presence of the infrared band at 3290 cm"* (Fig. 2) and the positions 

and intensities of the other bands connected with amides show that the keto form is 

dominating in thionalide. Also other amides (e.g. acetanilide) show very weak N-H 

stretching lines in their Raman spectra. 

Bhandari et al. [7] have proposed a structure for N-phenyl mercapto acetamide where 

the NH group has an intramolecular trans hydrogen bond to the sulphur atom. An 

intramolecular hydrogen bond between NH and the carbonyl group is not probable 
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since it would lead to a four-membered ring with bond angles near 90°. The rigidity of 

such a ring would prevent the atoms from coming close enough for the formation of a 

hydrogen bond. Pilipenko and Melnikova [8] investigated thionalide in the solid state 

and found that it forms linear chains with intermolecular hydrogen bonds between NH 

and OC, a result that was also obtained by Zuppiroli et al. [9] for N-methyl mercapto 

acetamide. It is possible that some molecules have mframolecular trans NH—S while 

others have mtermolecular NH—OC hydrogen bonds. 

Thionalide was dissolved in a small amount of 2.0 M NaOH and diluted with water to 

obtain a concentration of either 0.10 or 0.010 g/100 ml solution. 

Sample Conditioning 

30 ml of thionalide solution was added to the precipitate, pH was adjusted and the 

suspension was stirred for 60 minutes. The suspension was then centrifuged and 

washed with either water or 50% acetone [10] and dried in an evacuated dessicator. 

Precipitates of zinc thionalidate were made by mixing thionalide solution (0.10 g/100 

ml) with an excess of zinc ions at various pH values and then washing the product 

with water. 

Instrumentation 

To obtain the infrared spectra a Perkin-Elmer 2000 spectrometer was used and for the 

Raman spectra a Perkin-Elmer NIR FT-Raman 1700 X spectrometer. 

FT-IR Measurements 

FT-IR measurements were performed using an accessory for diffuse reflectance 

(DRIFT). To obtain a DRIFT spectrum, small amounts of the sample (5 wt-%) were 

mixed with pulverised, spectroscopic grade KBr. The mixture was poured into the 

sampling cup and levelled off with a clean spatula. The diffusely scattered radiation 
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was measured with a TGS detector and DRIFT spectra calculated using a single beam 

spectrum of KBr as reference. 100 scans were accumulated at 4 cm"* resolution. 

FT-Raman measurements 

The samples were excited with 20 mW of unpolarized intensity-stabilised (0.1 % rms) 

1064 nm radiation from a Spectron SL 301 Series Nd:YAG laser, and the scattered 

light was collected with 180° backscattering geometry optics. The interference filters 

used to reject light at the excitation wavelength allowed collection of scattered light 

with a Raman shift greater than ~ 200 cm"*. The mirror drive speed was 0.1 cm/s and 

100 scans were accumulated at 4 cm"* resolution. 

Results and Discussion 

Adsorption Mechanism 

The spectrum of Thionalide 

Both the Raman (Fig. 2), and in particular the infrared spectrum (Fig. 3) recorded on 

thionalide are rather complicated. In this paper we only assign the lines/bands that are 

expected to be influenced by the complexation. The amide-I bands which are due 

mostly to v(C=0) [7,8,9] are found at 1678 cm"1 and 1649 cm"*. The amide-II band 

(60% 8(N-H) + v(C-N)) is positioned at 1565 cm"1 in the Raman spectrum and at 

1559 cm"1 in the DRIFT spectrum. The amide-III band (40% v(C-N) + 30% o(N-H)) 

is found at 1302 cm"1. The very strong Raman line at 1393 cm"1 originates from a 

symmetric bending motion in the benzene rings. Bands connected with the CH2 group 

are found at 2940 cm"1 (v a(C-H)) and 1415 cm"1 (5(CH 2). The latter band is usually 

found at higher wavenumbers but the proximity to the carbonyl group will decrease 

the frequency considerably [11]. Assignment of the most important lines/bands are 

displayed in Table 2 and 3. 
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Spectrum of Thionalide adsorbed onto ZnS 

The band at 2577 cm"1 due to the stretching of the S-H bond disappears when 

thionalide is adsorbed, indicating that this group is deprotonated when the sulphur 

atoms become involved in bonding to the zinc atoms at the surface. 

Simultaneously the amide-I bands at 1678 cm"1 and 1649 cm"1 (mostly due to v(C=0) 

disappear. This indicates that the carbonyl group is involved in the surface 

complexation. 

The amide-n band at 1565 cm"1 (1559 cm"1 in IR) due to 8(N-H) (60 %) and v(C-N) 

is shifted about 18 cm"1 to lower frequency. The decreased nucleophilic ability of the 

oxygen atom when it becomes bonded to a zinc atom will weaken the hydrogen bond 

between NH and OC and therefore contribute to a decreased frequency of 8(N-H). 

In the DRIFT spectrum of adsorbed thionalide there is a strong, broad band at 3316 

cm" 1. In pure thionalide the N-H stretching vibration is observed at 3290 cm - 1 . The 

frequency shift can partly be due to the disappearance of the NH—OC hydrogen bond 

but since the frequency of this band lies between the frequencies of the O-H stretching 

in water and the N-H stretching in pure thionalide it is affected by the overlapping of 

these bands. 

The bands connected with the CH2 group are affected upon complexation. The line at 

2940 cm"1, due to asymmetric stretching of C-H is considerably weakened in the 

Raman spectrum and its frequency has decreased about 10 cm" 1. The corresponding 

infrared band is hardly detectable. The 1415 cm"1 line (1424 cm"1 in IR), due to 

deformation of the CH2CO group [11] has disappeared. One would expect this line to 

increase in frequency when the carbonyl group takes part in complexation. Possibly it 

has moved to 1435 cm - 1 where it overlaps the original weak line. 

The peak position of the amide-m band (v(C-N) 40%, o(N-H) 30%) at 1302 cm"1 is 

nearly the same but the halfwidth is considerably larger. 
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On the basis of our spectral findings above, we suggest the following tentative reaction 

mechanism for the complexation: 

=SH N - H - =SH N - H 

=ZnOH + 0 = C / -> =Zn—O-C© + H 2 0 + OH" (1) 

=SH =SH 

=ZnOH H S - C H 2 =Zn—S-CH 2 

This reaction mechanism is supported by the fact that there is a rise in pH by 0.2 units. 

I f each thionalide molecule were to produce one free hydroxide ion, the pH would of 

course increase much more but this is obstructed by the buffering capacity of the 

surface: 

=ZnOH + OH" -» =ZnOH + H 2 0 (2) 

=SH =S" 

The positive charge on the adsorbed species could be resonance stabilised to some 

extent: 

R N R x 

=SH 7 N - H =SH ©N-H 

=Zn—O-C© <=> =Zn—O-C* (3) 

sSH =SH 

=Zn—S-CH 2 =Zn—S-CH 2 

The degree of resonance stabilisation is probably low since the amide-ffl band, that 

involves the C-N stretching vibration, has increased its frequency only marginally. 
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Spectrum of Zinc Thionalidate 

To rule out the possibility that, what is supposed to be adsorption is nothing but 

precipitation of zinc thionalidate, the spectrum and conditions for formation of that 

compound was investigated. At low pH (1.4 and 3.5) no precipitation of zinc 

thionalidate occurs. At an equilibrium pH of 6.55 a precipitate is formed. The fact that 

a precipitate is formed with zinc ions proves that the zinc sites of ZnS are involved in 

complexation. At first the Raman spectrum of the precipitate (Fig. 4) looks very much 

like the spectrum of thionalide (Fig. 2) that is adsorbed onto ZnS. However, compared 

to the adsorbed species the C-H asymmetric stretching band has moved down 20 

wavenumbers and is observed at 2910 cm"* and the amide-HI vibration has increased 

in frequency to 1317 cm"1. In addition the absorption pattern in the amide-II region is 

clearly different. This indicates that thionalide really forms an adsorbate at the surface 

of zinc sulphide. 

Adsorbed amount of Thionalide 

The tests in this investigation have been of a semi-quantitative nature. The 257 cm" * 

line in the Raman spectra, due to lattice vibrations in ZnS, can be considered to be 

virtually constant in intensity since the amount of ZnS does not vary and since the 

radiation penetrates deep into the bulk. By calculating the ratio of the intensities of the 

very strong 1385 cm"* Raman line, due to the symmetric deformation of C-H in the 

benzene rings and the band at 257 cm"*, due to lattice vibrations in ZnS, one can get a 

fair comparison of the adsorbed amount at various conditions. These calculations are 

presented in Table 1. 

Effect of concentration on the adsorbed amount 

The concentration of Zn sites can be estimated using the following equation [12]: 
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where S = 115 is the specific surface area of the solid (m z/g), ny = 2 is the number of 

surface Zn per unit cell [6], ns = 1 is the number of zinc sites per ZnS, is the 

Avogadro constant, and v = 1.58-10'^ is the volume of the unit cell (m^). The 2 

mmoles of ZnS in each sample would then carry about 0.25 mmoles of surface zinc 

sites. Since the amount of thionalide in each sample is either 0.014 or 0.0014 mmoles, 

the surface is not saturated and a higher concentration should yield stronger bands 

from the adsorbate. From Table 1 it is obvious that more thionalide is adsorbed at high 

initial concentration (0.10 wt-%) than at low (0.010 wt-%). 

Effect of washing medium 

It is also evident that washing with 50 vol-% acetone after the wash with water has 

only marginal effect on the amount of thionalide at the surface. This proves that strong 

chemical bonds, probably covalent, have developed between thionalide and the ZnS 

surface. 

Effect of pH 

According to Table 1 thionalide can be adsorbed onto ZnS over the whole pH range, 

the adsorbed amount increases with increasing pH at least up to pH = 10. At high pH 

the S-H group in thionalide will be deprotonated and therefore more prone to take 

part in complexation to the zinc sites even i f the surface is negatively charged. 

Effect of Surface Composition 

The composition of the reaction mixture when ZnS is precipitated seems to have very 

little effect on the adsorbed amount. The fact that a surface covered with zinc ions 

does not adsorb more than a stoichiometric surface is quite understandable since the 
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thionalide concentration is the limiting factor in this case. It is more surprising that a 

surface that is covered with sulphide ions exhibits about the same adsorption capacity 

as a stoichiometric surface, since the sulphide ions are expected to constitute a 

hindrance for the thionalide molecules. This only proves that thionalide is a very potent 

complexing agent and that it manages to compete with the sulphide ions for the zinc 

sites: 

=ZnSH 0 = C 7 =Zn—O-C© 

=SH + -> =SH + 2 HS" (5) 
=ZnS_ H S-CH 2 =Zn—S-CH 2 

Conclusions 

Adsorption of thionalide takes place over the whole pH range but is favoured in the 

alkaline range. The thionalide molecule is so tightly bound to the surface that it does 

not come off after washing with a mixture of acetone and water (1:1). The 

independence of surface stoichiometry indicates that thionalide manages to compete 

with the sulphide ions for the zinc sites. Thionalide utilises the carbonyl and mercapto 

groups when it is complexated to the zinc sites. The spectrum of precipitated zinc 

thionalidate differs from the adsorbed species. 
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Legends to Figures 

FIG. 1. The keto (left) and enol (right) forms of thionalide. 

FIG. 2. FT-Raman spectra of A) Thionalide and B) Thionalide adsorbed at the surface 

of ZnS atpH=8.7 

FIG. 3. DRIFT spectrum of A) Thionalide and B) Thionalide adsorbed at the surface 

of ZnS atpH=8.7 

FIG. 4. FT-Raman spectrum of Zinc Thionalidate precipitated at pH=6.6 
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Table 1. Relative amounts of adsorbed thionalide expressed as the ratio of the 

intensities of the Raman lines at 1385 cm"1 and 257 cm"1. 

Thionalide Washing Compo pH Intensity Intensity Ratio 
cone. % medium sition 1385 cm" 1 257 cm" 1 

0.1 Water Stoich. 1.36 5.28 1.62 3.26 
0.1 Water Stoich. 8.66 3.47 1.01 3.44 
0.01 Water Stoich. 2.46 0.53 0.98 0.54 
0.01 Water Stoich. 6.22 0.56 0.88 0.64 
0.01 Water Stoich. 10.11 0.47 0.66 0.71 
0.01 Acetone Stoich. 2.46 0.79 1.48 0.53 
0.01 Acetone Stoich. 6.22 0.70 1.15 0.61 
0.01 Acetone Stoich. 10.11 0.52 0.74 0.70 
0.01 Water Exc. Z n 2 + 3.69 0.48 0.92 0.52 
0.01 Water Exc. Z n 2 + 10.39 0.40 0.61 0.66 
0.01 Water Exc. S2" 4.69 0.57 1.01 0.56 
0.01 Water Exc. S2" 10.47 0.51 0.67 0.76 

Table 2. Assignment of Raman shifts in pure thionalide and thionalide adsorbed onto 
ZnS. Wavenumbers in cm"1. (br=broad). 

Wavenumber Assignment 
Pure Adsorbed 
Thionalide Thionalide 

— 3272br v(N-H) 
2940 2932 v a(C-H) 
2577 — v(S-H) 
1678 — Amide-I 
1649 — Amide-I 
1565 1546 Amide-n 
1415 1435? 8(CH2CO) 
1393 1385 SS(C-H) 
1302 1304br Amide-Ill 
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Table 3. Assignment of infrared bands in pure thionalide and thionalide adsorbed onto 
ZnS. Wavenumbers in cm - 1 . (vw=very weak, br=broad) 

Wavenumber Assignment 
Pure Adsorbed 
Thionalide Thionalide 

3290 3316br v(N-H) 

2940 — v a(C-H) 
2577 — v(S-H) 
1678 — Amide-I 
1647 1646vw Amide-I 
1559 1542 Amide-I! 
1424 1435? 8(CH2CO) 

1393 1394 5S(C-H) 
1300 1299br Amide-Ill 
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Abstract 

The interaction of dextrin with colloidal ZnS has been investigated through adsorption 

studies and FT-IR spectroscopy in the 4000-400 cm - 1 range. The adsorption capacity 

is estimated to be around 1 mg/m2. Maximum adsorption is found to be constant 

below pH ~ 7 and to increase with pH at least up to pH = 11. The adsorption density 

decreases with increasing temperature, indicating an exothermic reaction enthalpy. 

80 % of maximum adsorption is achieved within 3 minutes after addition of the 

dextrin. Based upon FT-IR studies and titration data, an adsorption mechanism is 

proposed. 
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Introduction 

Various inorganic ions (e.g. dichromate, cyanide, ferrocyanide and sulphite) have been 

widely used as depressants in the selective flotation of mixed sulphide ores [1]. 

However, with the growing consciousness of the environmental hazards connected 

with such ions, a need for a non-toxic and biodegradable alternative has emerged. 

Polysaccharides conform to these demands and have been successfully used in many 

plants for a long time. Several investigators have studied the adsorption of 

polysaccharides onto a variety of hydroxides, oxides and sulphides [2,3,4,5,6] as well 

as onto graphite [7]. However, no publication on the adsorption of dextrin onto zinc 

sulphide has appeared. Zinc sulphide is a compound that is well suited for fundamental 

studies of adsorption since it does not oxidise very easily and precipitated ZnS is 

especially convenient to use for vibration spectroscopic experiments inasmuch as it is 

IR-transparent, white and has a huge specific surface area compared to ground, native 

minerals. 

Experimental 

Material 

The dextrin [CAS Number 9004-53-9) used was supplied by Aldrich-Chemie GmbH & 

Co KG. with an average molecular weight of 6500 g/mol based on gel permeation 

chromatography. The water content was 5.24 % (amount driven off after 48 hours at 

130 °C). A l l other chemicals were of analytical grade. 

Sample Conditioning 

All experiments, except the temperature dependence tests, were performed at 25 °C 

(thermostated room). 

ZnS was precipitated by mixing 0.10 M ZnC^ and 0.10 M Na2S solutions. 0.10 M 

NaCl was used as ionic medium throughout this investigation (the NaN0 3 that was 
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first used, was soon replaced by NaCl since the nitrate ions were found to interfere 

heavily with the spectrophotometric determination of dextrin). To ensure a 

stoichiometric precipitate the volumes of the reactants were chosen so that the pH of 

the suspension became 8.6, which is the p H p Z p C of ZnS [8]. In all experiments, except 

the kinetic tests, the suspension was stirred vigorously while aliquots of 50 ml were 

withdrawn with a pipette and transferred to the reaction vessels. Since the particles are 

small it is assumed that they are evenly distributed throughout the suspension and 

hence each aliquot will contain 0.50 g of ZnS. 

Fresh dextrin solutions were made prior to each experiment to minimise the risk of 

microbial interference. Dextrin was dissolved in distilled water and heated to 100°C 

for 30 min while stirring. The solutions were allowed to cool on a water bath and then 

diluted to obtain the appropriate concentration. 

Certain volumes of the dextrin solution were added to the ZnS suspensions, which 

were stirred for 30 minutes and then were centrifuged for 10 minutes at 4000 rpm. In 

the kinetic tests 2 ml aliquots of the well-stirred suspension were withdrawn with a 

syringe and immediately injected through a 0.45 urn filter (Schleicher & Schuell). 

The supematants were tested for pH and, spectrophotometrically, for dextrin at 496 

nm according to the method described by Dubois et al. [9]. FT-IR spectra were 

recorded on the solid phases after drying at 60°C. 

Spectroscopic Measurements 

A Perkin Elmer FT-IR 1760 X spectrometer and a Perkin Elmer Lamda 2S UV/Vis 

spectrometer were used in this study. 

FT-IR measurements were performed using an accessory for diffuse reflectance 

(DRIFT). To obtain a DRIFT spectrum, small amounts of the sample (5 wt-%) were 

mixed with pulverised KBr. The mixture was poured into the sampling cup and 
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levelled off with a clean spatula. The diffusely scattered radiation was measured with a 

TGS detector and DRIFT spectra calculated using a single beam spectrum of KBr as 

reference. 100 scans were accumulated at 4 cm"1 resolution. 

Results and Discussion 

Adsorption Capacity 

The concentration of surface zinc sites can be estimated using the following equation 

[10]: 

~ S-nf-n, 
Znsurf = M - d ( m 0 l / g ) (2) 

where 5=115 m 2/g is the specific surface area of the solid , «y = 2 is the number of 

surface Zn per unit cell [8], ns = 1 is the number of zinc sites per ZnS, NA is the 

Avogadro constant, and v = 1.58-10"28 m 3 is the volume of the unit cell . Then Z n s u r f 

is 1.31-10 mole/g which corresponds to 1.14-10 mole zinc sites/m . 

The adsorption capacity of dextrin onto ZnS was evaluated at pH = 9.7. The results 

are presented in Fig. 1. The graph resembles that of a Langmuir-type of adsorption. 

Such an isotherm can be represented in a linear form: 

D 1 D 
- = + (1) 
m m K m o o 

where D is the residual concentration of dextrin in solution, m is the quantity of 

dextrin adsorbed, m Q is the maximum adsorption capacity and K is the equilibrium 

constant. Such an equation should yield a straight Une (Fig. 2). The value of m Q  

(0.9 mg/m2) is obtained from that graph. 

With an average molar weight of 6500 g/mole for the dextrin molecule the adsorption 

capacity is 1.45-10"7 mole dextrin/m2 or 0.011 mole dextrin/mole Z n s u r f . A molar 
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weight of 6500 g/mol yields 40 monomers (each with a molar weight of 162 g/mol) 

per molecule. So, around 0.4 monomers are bound to each surface zinc. Liu and 

Laskowski [2] proposed a mechanism for adsorption of dextrin onto lead hydroxide 

where only the hydroxides at C(2) and C(3) were utilised. If one assumes that the 

monomers use only those hydroxyl groups, it is tempting to think that all of the 

approximately 40 monomers in the dextrin molecule take part in bonding and that each 

is bonded to two zinc sites via the two hydroxyl groups at C-2 and C-3, thereby 

reaching a monomer/zinc ratio of 0.5. However, it is not likely that such large 

molecules can distribute themselves so effectively that almost no zinc is unoccupied 

and that they would not constitute a steric hindrance to each other. A more plausible 

interpretation is that many zinc sites are unoccupied and that the dextrin molecule is 

not adsorbed in a monolayer only. Spectral evidence also supports a mechanism where 

the monomers can become attached via any of their three hydroxyl groups. 

pH Dependence 

According to Fig. 3 the adsorption density is independent of pH in slightly acidic and 

neutral suspensions. In the alkaline range there is an increase in adsorption with 

increasing pH. Liu and Laskowski [2,3,4] have reported that adsorption of dextrin 

onto metal hydroxides and oxides, as well as onto galena and chalcopyrite, increases 

with pH up to the isoelectric point (IEP) and then decreases. Afenya [7] found a slight 

increase in the adsorption of starch onto graphite with increasing pH and similar 

results have been reported by Iwasaki [11] for adsorption onto hematite and by Liu et 

al [5] for adsorption of dextrin onto salt-type minerals. On the other hand Wie and 

Fuerstenau [12] found no pH dependence for adsorption on molybdenite. According 

to Liu the higher adsorption at higher pH is due to hydroxylation of the surface and 

the decrease above the IEP is because of electrostatic repulsion between the negatively 

charged surface and the likewise negative dextrin. For ZnS, no decrease at high pH 
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can be discerned. The absent decrease at high pH can be explained by the charged 

groups on dextrin not being directed towards the surface and by the much more 

reactive surface in the precipitated ZnS compared to native minerals. At high pH an 

ion exchange could take place at the surface, especially i f the sulphide is oxidised to a 

more soluble sulphur species, thereby steadily increasing the amount of hydroxide at 

the surface: 

=ZnOH + OH" - 4 =ZnOH + HS" (3) 

=ZnSH =ZnOH 

Temperature Dependence 

According to Fig. 4 the adsorption density decreases slightly as the temperature is 

increased. Between 15 and 35 °C there is a linear decrease with a slope of 

-1.3 p.g/m 2 o C. It is only natural that the very bulky dextrin molecule will find it 

harder to adhere to the surface when the thermal motion is increased. However, a 

negative reaction enthalpy is in sharp contrast to what Subramanian and Natarajan 

[13] found for adsorption of oxidised starch onto hematite, where the temperature 

dependence was the opposite. 

The findings of Subramanian and Natarajan can only be explained as an entropy effect. 

A gain in entropy is most likely to appear when the hydrogen bonded water molecules 

at the particle surfaces are expelled into the solution as the starch molecule becomes 

bonded to the hematite surface. There is no reason to believe that this should not be 

the case for adsorption of dextrin onto ZnS as well. There are also spectral indications 

that water is lost from the starch molecule when it becomes adsorbed; only the lower 

of the two combination bands at 2150 cm"* and 2064 cm"* in dextrin remains after 

adsorption and the H-O-H bend at 1643 cm"* in dextrin is replaced by a 

corresponding band at 1627 cm"* originating from water in the ZnS structure (Fig. 6). 
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Thus, dextrin adsorption onto ZnS is favoured both by the exothermicity of the 

reaction and the gain in entropy. 

Reaction Kinetics 

The adsorption seems to be a fairly fast, but not instantaneous, reaction. According to 

Fig. 5 80% of the process is completed 3 minutes after the addition of dextrin and 

equilibrium is obtained within half an hour. These results are in agreement with the 

findings of Afenya [7]. Usually adsorption of small molecules is a very fast process, 

but in the case of macromolecules, such as dextrin, the time for attaining equilibrium is 

prolonged, probably because the molecules, due to their size, constitute a steric 

hindrance to each other. 

Adsorption Mechanism 

The ZnS surface 

In contact with water the ZnS surface will be hydrated, with acidic and alkaline sites. 

At high pH deprotonation of the acidic sites will take place [8]. I f air is present, CO2 

will react with some of the alkaline sites and a surface with carbonate will develop: 

=Zn-OH 

=S" 

=Zn-OH (4) 

=S" 

=Zn-C0 3 

In a previous paper [14] we have assigned the absorption bands at 1468 cm - 1 and 

1372 cm"1 to vibrations from =ZnOHCC>2 without assigning specific normal modes as 

responsible for the bands. Nakamoto et al. [15] have investigated dimers of the 

hydrogen carbonate ion where the two monomers are hydrogen bonded to each other: 
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By calculation they predicted a strong band at 1460 c m - 1 arising from 8(OHO) and 

another strong band at 1354 cm"* mostly due to v(C-O). We have therefore assigned 

the 1468 cm"1 band to a bending motion of hydrogen bonded hydroxyl groups and the 

1372 cm - 1 band to asymmetric stretching of carbonate groups. So, at the surface one 

can identify the following features: "Free" (not hydrogen bonded) OH-groups, 

characterised by the OH stretch at 3683 cm"* (Fig. 7), OH-groups that are strongly 

hydrogen bonded to carbonate or sulphur, characterised by the OH deformation 

vibration at 1468 cm"1 and carbonate groups, characterised by the asymmetric C-0 

stretch at 1372 cm"1 (Fig. 6). The most important absorption bands in ZnS at alkaline 

pH are displayed in Table 1. 

Changes in the spectrum of ZnS. 

I f one deconvolves the spectra (Fig. 7), a weak band at 3683 cm"1, originating from 

stretching of the "free" OH groups, can be seen in the untreated ZnS. This band 

becomes weaker as the dextrin concentration is increased. Also, the broad 1147 cm"1 

band due to deformation of the same groups is replaced by a much sharper band from 

dextrin in about the same position (Fig. 6). This indicates that the OH groups have 

either become H-bonded or that the surface OH groups are lost upon complexation. 

The strong, broad band at 1468 cm"1 in ZnS, originating from the deformation of the 

hydrogen bonded O-H groups, is replaced by a band at 1457 cm"1 from dextrin while 

the band at 1372 cm"1 due to v(C-O) is not affected, indicating that the hydroxyl 

group is involved in complexation but not the carbonate group. 
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Dextrin 

Dextrin is a polymer that is formed when starch is heated under acidic conditions. It 

consists of glucopyranose units that are linked together with a-1,4 and a-1,6 bonds. 

The molecule is smaller and more highly branched than starch. It has two secondary 

OH groups and one primary (Fig. 8). 

Many research groups have investigated the infrared and Raman spectra of 

carbohydrates. Their findings are, in several cases, in harmony but there is also 

controversy about some of the bands. Assignments of the absorption bands are rather 

straightforward in the high frequency region but below 1500 cm' 1 almost all vibrations 

are coupled in a complex way and none of the modes are due to just one normal mode 

[16]. Apart from vibrations arising from the hydroxyl groups and the glycosidic 

linkage, there are also contributions from the C-C, C-0 and C-H bonds (Fig. 6). 

Most authors agree that the band at 1456 cm"1 is due to deformation of the C H 2 

group [6,17,18,19,20] and that the band at 1336 cm"1 originates from bending of 

C-O-H groups. To the latter band, some authors also propose contribution from 

twisting of the C H 2 group [6,20,21]. 

The band at 1150 cm"1 was assigned as predominantly a ring vibrational mode, 

including C-0 + C-C stretch and also C-O-H + C-C-H bending (Cael et al. [20]), 

while Sekkal et al. [17], who specifically investigated the glycosidic linkages of 

oligomers of amylose, assigned it to the antisymmetric a(l->4) stretching mode. 

The 1079 cm"1 band is assigned to the bending motion of the C(l ) -H group (Corbett 

et al. [18] and Vasko et al. [19]) and the absorption band at 1028 cm"1 is due to 

twisting of the C H 2 group [6,13,17,19]. 

The absorption band at 931 cm"1 involves the bending of the C-O-H groups [19,21]. 

Several investigators seem to agree that the 853 cm"1 band originates from C(l)-H 

bending (a-conFiguration) [18,19,20,21] and some of them also advocate a 

contribution from C H 2 deformation [18,20,21]. 
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Assignments of the absorption bands are displayed in Table 2. 

The spectrum of dextrin adsorbed onto ZnS 

According to Fig. 6 the bands due to the a-linkage (1150 cm"1) and the C(l)-H group 

i i 

(1079 cm and 853 cm ) remain. The latter band is seemingly reduced in intensity 

because it is less resolved due to the underlying 866 cm - 1 band in ZnS, but it is 

obvious that it has become stronger than the 931 cm"1 band. This mdicates that 

adsorption implies no hydrolysis of the dextrin molecule and that conformational 

change is negligible. 

Al l bands connected with the C H 2 group are affected by complexation. The 2928 cm"1 

band has almost disappeared, while the frequency of the band at 1028 cm"1 has been 

lowered by 8 wavenumbers. The intensities of the C-O-H bands at 1336 cm"1 and 

931 cm"1 are considerably reduced. The changes in the C H 2 and C-O-H bands indicate 

that all the hydroxyl groups are involved in complexation. In a separate test it was 

shown that zinc hydroxide has the ability to adsorb dextrin. Since no precipitation 

occurs when dextrin is mixed with zinc ions at low pH, it seems that hydroxyl groups 

at the surface are essential for a binding to develop. A mechanism where two 

hydroxyls react with one zinc site would require the release of a proton. Since titration 

shows that the pH does not drop upon complexation, a mechanism where each 

hydroxyl reacts with one zinc site is proposed according to the outline below (only the 

reactions of the hydroxyl groups at C(2) and C(3) are shown): 

=Zn-OH 
/ 

HO—C 
/ 

=Zn-0—C 

+ =s- I 

=Zn-0—C 

=Zn-C0 3 

+ 2 H 2 0 (6) 
HO—C 

\ 
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Conclusions 

The adsorption capacity at pH=9.7 is around 1 mg dextrin/m2 ZnS, and increases with 

increasing pH. The absence of a decrease in adsorption at very high pH is explained 

with an increased amount of hydroxide at the surface due to ion exchange between 

OH" and HS". 

There is a slight decrease in adsorption with increasing temperature indicating a 

negative reaction enthalpy but there is probably also a gain in entropy since water 

molecules are released from the double layer as well as from the dextrin molecule 

when dextrin is adsorbed. 

80% of the process is completed within 3 minutes and equilibrium is obtained within 

half an hour. 

Hydroxide at the surface is essential for adsorption. A reaction mechanism where any 

of the three hydroxyl groups on C(2), C(3) and C(6) can react with a zinc site is 

proposed. The dextrin molecule does not seem to undergo hydrolysis or changes in 

configuration during complexation. 

12 



Legends to Figures 

Fig. 1 Adsorption isotherm of dextrin on colloidal ZnS at pH=9.7. 

Fig. 2 Linearised plot of Langmuir adsorption isotherm for the adsorption of dextrin 

onto ZnS at pH=9.7. 

Fig. 3. Adsorption of dextrin onto ZnS as a function of pH. 

Fig. 4. Adsorption of dextrin onto ZnS as a function of temperature. 

Fig. 5. Adsorption of dextrin onto ZnS as a function of time. 

Fig. 6. DRIFT spectra of a) ZnS b) ZnS with adsorbed dextrin (353 |Lig/m2) 

c) dextrin. Al l samples at pH=9.7 

Fig. 7. DRIFT spectra of ZnS with various amounts of adsorbed dextrin at pH=9.7. 

a) dextrin b) 756 u.g/m2 c) 560 u.g/m2 d) 414 |ig/m 2 e) 204 [ig/m 2 

f ) 68 ug/m 2 g) ZnS. 

Fig. 8. Part of a dextrin molecule showing a-1,4 and a-1,6 glycosidic linkages. 
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Table 1. Assignment of Absorption Bands in ZnS at high pH. Wavenumbers in cm" 1 . 

Wavenumber Assignment 
3683 v(O-H), "free" 

3430 v(O-H) H-bonded 

2092 Comb, band: (8(H-0-H) 
+ hindered rotation [23] 

1631 5(H-0-H) 
1468 5(0-H), strongly H-bonded 
1372 v(C-O), carbonate 

Table 2. Assignment of Absorption Bands in Dextrin. Wavenumbers in c m . 

Wavenumber Assignment 

3322 v(O-H) H-bonded 

2928 v(C-H) in C H 2 

2150,2064 Comb, band: (S(H-O-H) 
+ hindered rotation [23] 

1643 o(H-O-H) 
1455 5(CH 2) 
1336 5(C-0-H) 

1150 v a(a-C(l)-0-C(4)) 
1079 8(C(1)-H) 
1028 CH 2 twist 
931 5(C-0-H) 
853 8(C(1)-H), a-conFiguration 

14 
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