Evaluation of Contact Angle on Pyrite Surface
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Summary
In the present paper, the contact angle measurements using six different xanthate solutions and distilled water were studied on twelve
polished pyrite surfaces using sessile drop method. The 10% solutions of three potassium and three sodium xanthates were used. The pyrite
samples from six countries and ten different deposits were utilized. The chemical composition of pyrites was studied using EDX microanaly-
sis which proved that pyrite samples were not heterogenic. No relation or dependence between the contact angle and the chemical composi-
tion (i.e., Fe:S ratios) was found. The average values of contact angles measured using potassium and sodium xanthates were lower than the
values of contact angle measured using distilled water. From these measurements can be concluded, that the pyrite samples are favourably
wetted by either potassium or sodium xanthates than distilled water in flotation environment. The comparison of potassium and sodium
xanthates showed better suitability of the potassium xanthates for the possible pyrite flotation (lower contact angle was measured on eight
out of twelve samples for potasium xanthates). Pyrite samples Sokolov, Jachymov and Kutna Hora showed the lowest average contact angle
values from all xanthates using potassium amyl xanthate (PAX) with average values of 34,80° 42,94° and 31,01° respectively. The sodium
xanthates would be more appropriate for the Navajun 2 and 3, Jachymov Sadon, and Norilsk pyrite samples. Very small differences in
average contact angle values were obtained when potassium/sodium ethyl and isobutyl xanthates were compared. The minimum average
values of contact angle for six out of twelve samples and for five out of eight samples in hydrothermal deposits were measured using ethyl
xanthates what makes them the most suitable collectors for the pyrite samples from hydrothermal deposits and for pyrites in general. Even
smaller variation in the results was showed using isobutyl xanthates with the highest average values of contact angle what makes them not

suitable as the collectors for pyrite samples used in this study. The average value of contact angle measured using SIBX was 58,50°.
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Introduction

Pyrite originates under different conditions and is
the most widely occurring sulphide mineral [1]. It is also
present in different ore deposit formations where it often
represents a gangue mineral [2]. The pyrite/aqueous inter-
action is very important in extractive metallurgy, e.g. gold
leaching from complex sulfide ores, sulfide mineral separa-
tion, coal preparation, geochemistry as well as in acid mine
drainage [3]. In such procedures various agents are needed
to improve the separation process of minerals. Xanthates
are commonly used as pyrite collectors in the froth flotation
[4] [5] [6] and [7]. The separation process is affected not
only by the flotation agents but by the surface properties of
pyrite as well [8].

Wettability of the mineral surface is one of the most
important properties in the separation process [9]. The
wettability of mineral surface is expressed by a physical
parameter called contact angle, which is the measure of hy-
drophobicity/hydrophilicity [10]. The contact angle is ex-
plained as a balance of forces on a three phase contact line
[11] and it is shown in Figure 1.

This relationship was first recognised by Young [12]
and, therefore is known as the Young’s equation (Eq.1).

YS/V= YS/l+yl/V - Cos 9y (1)

The difference between hydrophobic and hydrophilic
mineral surface characteristics can be expressed by a con-
tact angle value. The surfaces with the contact angle of
90°6 and higher are considered hydrophobic and the sur-

faces with the contact angle lower than 90°6 are considered
hydrophilic. In general the lower contact angle, the better
wetting [13]. The contact angle can be measured using dif-
ferent methods, nevertheless sessile drop method and cap-
tive bubble method are the most frequently used ones for
the mineral surfaces [14].

Materials and methods

A list of used pyrites with the genesis of ore-deposits,
the occurrence of accompanied elements and a country of
origin are given in Table 1.

Mineral pyrite samples were acquired from the Geo-
logical Pavilion of Prof. F. Posepny, VSB — TU Ostrava,
Czech Republic. All samples were of high purity. Large
pieces were cut into smaller sizes. The chemical analysis of
pyrite samples is given in Table 2.

Xanthates samples: Potassium Amyl (PAX), Potassium
Ethyl (PEX), Sodium Isobutyl (SIBX) and Sodium Isopro-
pyl (SIPX) were provided by Cheminova, Denmark. Potas-
sium Isobutyl (PIBX) and Sodium Ethyl (SEX) xanthates
were purchased from Hoechst, Germany. All potassium and
sodium xanthates used were of analytical grade. The 10%
xanthates solutions and distilled water were applied during
contact angle measurements.

Contact angle measurements were carried out using
the Attension Theta tensiometer Biolin Scientific Oy (Fin-
land). The sessile drop method was used in all experiments.
The size of the liquid droplet was maintained constant at
SuL. The contact angles on both sides of the droplets were
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Tab. 1 Genesis of ore-deposits
Tab. 1 Pochodzenie zt6z rudy

Genesis of deposit Formation Deposit Country of origin
Pb-Zn-Cu (+Ag) Kutna Hora Czech Republic
Ni-Co-As-Bi (+U) Jachymov Czech Republic
Hydrothermal Fe-CuxHg+Ni,Co,Ag Kokava, Slovakia
Pb-Zn (+Ag) Sadon Russian Federation
Au Guizhou Peoples Republic of China
Marl of cretaceous age Navajun (1,2,3) | Spain
Sedimentary
Sediments of carboniferous age, coal Sokolov Czech Republic
Talc Hnusta Slovakia
Metasomatic
Magnesite-talc Obersdorf Austria
Magmatic Ni-Cu-Pd + Pt Norilsk Russian Federation

Tab. 2 Elemental composition of pyrite samples
Tab. 2 Sktad pierwiastkéw w probee pirytu

Fe|S‘C‘O’Na‘AI’Si’Ca Zn Mg|Pb‘As
Sample
Wt [%]
Pyrite” 46,60 | 53,40
Kutna hora 40,10 | 45,89 2,56 895 | 028 | 020 [ 0,30 | 0,37 | 1,35
Jachymov 4113 | 41,21 2,58 7.79 0,51 328 | 1,39 | 0,72 | 1,37
Kokava 44,20 | 52,24 1,82 | 035 1,40
Sadon 42,62 | 4599 6,26 3,81 0,27 | 0,29 | 0,76
Guizhou 44,81 | 53,84 1,35
Navajun 1 44,93 | 53,84 123
Navajun 2 45,03 | 54,97
Navajun 3 46,10 | 53,90
Sokolov 46,59 | 53,41
Hnusta 42,03 | 36,22 | 10,67 | 3,52 | 0,21 1,07 0,74 | 555
Oberdorf 43,34 | 52,74 2,73 0,42 0,16 0,61
Norilsk 44,88 | 45,75 9,37

Tab. 3 Average values of contact angle
Tab. 3 Srednie warto$ci kata zwilzania

SIBX ‘ SEX ‘ SIPX PIBX ‘ PAX ‘ PEX H.0

Sample
Average contact angle [°]

Navajun 1 54,51 49,01 57,17 50,95 56,07 37,60 71,27
Navajun 2 56,88 37,93 54,68 52,63 53,19 43,01 68,77
Navajun 3 54,33 34,27 50,32 51,10 46,27 39,36 69,88
Sokolov 61,18 53,98 65,33 55,70 34,80 42,58 85,80
Hnusta 65,57 67,07 62,53 66,71 67,91 49,59 81,93
Oberdorf 62,35 71,85 67,84 57,61 58,04 59,12 84,77
Kokava 54,16 51,58 58,74 52,36 54,45 43,03 82,22
Jachymov 51,87 45,35 48,27 56,72 42,94 49,78 81,47
Sadon 61,70 54,87 41,75 66,56 54,18 68,44 74,92
Norilsk 64,30 66,49 57,94 70,15 74,77 72,21 86,94
Kutna Hora 55,93 62,97 51,02 56,48 31,01 39,09 85,47
Guizhou 59,27 62,17 54,87 57,34 59,93 46,04 80,21
AVERAGE 58,50 54,97 55,87 57,86 52,80 49,15 79,47
STD 4,49 11,83 742 6,50 12,59 11,53 6,55
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calculated and the average value of six measurements was
used. All measurements were carried out at a temperature
of 2542°C.

Samples from Sokolov, Kutna Hora, Kokava, Oberdorf
and Guizhou were at first casted into mounting epoxy resin.
The rest of the samples were used as received (bulk miner-
als) from the Geological Pavilion. Samples were polished
on a rotating abrasive paper with the grit size of 600, 800,
1200 and 2500 (number of grains per inch) under running
water using LaboPol-21 grinder Struers (USA). The final
polishing was done on a fine textile polishing cloth using
aluminium paste and Phoenix 3000, Buehler (USA). Then
the samples were washed thoroughly with distilled water.

A microanalysis of all pyrite samples was performed
using SEM/EDX (scanning electrone microscopy and en-
ergy-dispersive X-ray microanalysis) on Fei Quanta 650
FEG (FEI, USA).
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Results and discussion
Microanalysis

The microanalysis of pyrite samples was conducted
prior to contact angle measurements in order to find some
differences in the chemical composition. It is well known,
that the contact angle is affected by heterogeneity of min-
erals [15]. To avoid that, a surface area on a pure mineral
pyrite grain with an approximate size of 5x5 mm was se-
lected for the contact angle measurements on each sample.
Nevertheless pyrite samples were obtained from different
deposits, with a different genesis and they were associat-
ed with different minerals. Figure 2 shows the images of
selected pyrite grains. Figure 2a shows an impregnation of
galena and talc on pyrite, Figure 2b displays the phosphate
and rare earth grains on grooved surface of pyrite crystals,
whereas Figure 2c shows a lightly grooved surface of pyrite
crystal with an inclusion of calcite. The grey areas in Figure
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Fig. 1 Key concept of contact angle [8]
Rys. 1 Koncepcja kata zwilzania 8]

Fig. 2 Microanalysis of selected pyrite grains: Hnusta (a), Guizhou (b), Navajun (c), Jachymov (d)
Rys. 2 Mikroanaliza wybranych ziaren pirytu: Hnusta (a), Guizhou (b), Navajun (c), Jachymov (d)

Inzynieria Mineralna — LIPIEC-GRUDZIEN <2014> JULY-DECEMBER — Journal of the Polish Mineral Engineering Society

121



2d represent pyrite, the slightly lighter grey areas represent
pyrhotine, the dark grains represent calcium siderite, and
finally the small white grains represent sphalerite.

Contact angle measurements

The standard deviation and average values of contact
angle for all xanthates solutions and water for each pyrite
sample are shown in Table 3.

As it can be seen, a wide range of contact angle values
was obtained using different agents. Sulphides may show a
different value of contact angle within the individual grains
which is probably caused by heterogeneity of particles
[16]. The pyrite samples that were used in this study were
not heterogenic (on selected spots where contact angle was
measured) as it was confirmed by the microanalysis tests
using EDX method.

However, the contact angle values that were measured
using distilled water for different pyrite samples varied
from 68,77° to 86,94°. No relation or dependence between

the contact angle and the genesis of the deposit, or different
chemical composition (i.e., Fe:S ratios) were found. The
differences must be caused by the other factors. To com-
pare all measured values of contact angle, the standard
methodology based on the anomaly threshold determina-
tion ( x+2STD) was used. All presented results met this
criterion.

Results divided into two different groups (potassium
and sodium xanthates) are shown in Figures 3 and 4. It
seems that potassium and sodium xanthates react with dif-
ferent pyrite samples almost in the same way.

The dfferences in the average values of contact angle
using potassium xanthates were observed for the Sokolov,
Jachymov and Kutna Hora samples. These samples showed
the lowest average values of contact angle of 34,80° and
42,94° using PAX, and the lowest measured value of 31,01°
from all xanthates, respectively. Very small differences in
the average values of contact angle were measuered for
the Oberdorf sample using potassium xanthates; the val-

Contact angle [7]
[ =L
L=J = L=J L=J
L L
1
1]
1

[
(=1
I

1T

LA T ) 4
vqo:{“‘é‘* ;,\*?

l;\
G \*“‘9 Sy

80 - BFEX 20 - BEFEBX
OPAX i OPAX L
70 A - T0 A —
OFEX OFEX
60 - - 60 - _

Contact angle [°]
o (5% [*5] - Ln
L= =] L= = L= L=
D ——
I T
1
T
T
1
T

I oo P

. -::‘ .Q;\\ \'}0 S Q:’ '\“jv-‘ T o t;} '¥’ o "Q\-Q
&L S S E & P GV
‘-@" é%q ,"I_\'b‘i ':'j} \a\ D@ ~ x‘t'ab ‘.{\ &Q\ G&

Fig. 3: Average value of contact angle - potassium xanthates
Rys. 3 Srednia warto$¢ kata zwilzania — ksantogenian potasu

Fig. 4 Average value of contact angle - sodium xanthates
Rys. 4 Srednia wartos¢ dla kata zwilzania — ksantogenian sodu
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Fig. 5 Average value of contact angle - ethyl xanthates
Rys. 5 Srednia warto$¢ kata zwilzania — ksantogenian etylowy

Fig. 6 Average value of contact angle - isobutyl xanthates
Rys. 6 Srednia warto$¢ kata zwilzania
— ksantogenian izobutylowy
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Fig. 7 Average values of contact angle using xanthates and water

Rys. 7 Srednia wartos¢ kata zwilzania z uzyciem ksantogenianéw i wody

ues were in the range of 1,6°. However, they are still in
very good agreement with the lowest standard error range
of 0,7 — 1,6° reported in literature [17]. Other authors have
published the results with even higher standard errors in
the range from +2° up to +5° [9] [11] and [18]. The best
result of the average values of contact angle of 57,61° was
obtained using PIBX for the Oberdorf sample. This result is
the only one which proved that isobutyl xanthate (either so-
dium or potassium) is suitable collector for the pyrite sam-
ple. In general, the highest average values of contact angles
using xanthates were measured for the Norilsk sample in
general. The contact angle that was measured using SIPX
was 57,94° which is the highest average value of contact
angle still suitable for possible flotation. Best result that
was obtained using SIPX was also observed for the Sadon
sample, the contact angle value of 41,75° was obtained.

The differences in contact angle values were even
smaller when potassium/sodium ethyl and especially
isobutyl xanthates were compered. The results are shown
in Figures 5 and 6.

Potassium ethyl xanthate had lower average values of
contact angle than sodium ethyl xanthate. Big differences
in the average value of contact angle were measured us-
ing PEX and SEX for the Hnusta, Oberdorf, Kutna Hora
and Guizhou samples. The value of average contact angle
varied by 17,48° for these samples. The minimum average
values of contact angle were measured using PEX for the
Hnusta (49,59°) and Guizhou (46,04°) samples. The differ-
ences in average values of contact angle were much smaller
for the remaining measurements.

The minimum average values of contact angle of
37,93° and 34,27° was measured using SEX for the Nava-
jun 2 and 3 samples, respectively. Ethyl xanthates seem to
be the most suitable collectors for the pyrite samples from
hydrothermal deposits as well as for pyrites in general.
The minimum average values of contact angle for six out
of twelve samples and for five out of eight samples in hy-
drothermal deposits were measured using ethyl xanthates.
A very small variation in the results was observed using
isobutyl xanthates for contact angle measurements. Both
potassium and sodium xanthates showed the highest aver-
age values of contact angle and based on these results it can
be concluded that they are not suitable collectors for the
pyrite samples that were used in this study.

As previously mentioned, the lower the contact angle

value, the greater the wettability of the mineral surface
[19]. The comparison of average values of contact angle
indicates that the contact angles measured using potassi-
um and sodium xanthates are lower in all cases than the
average values of contact angle measured using water (Fig-
ure 7).

The results confirmed that the pyrite samples are fa-
vourably wetted by either pottasium or sodium xanthates
in water (flotation) environment. The comparison of potas-
sium and sodium xanthates showed that, in general, potas-
sium xanthates exhibited better results and they are more
suitable for possible pyrite flotation. A lower contact angle
was measured using potassium xanthates in eight measure-
ments out of 12. The use of sodium xanthates would be
more appropriate for the Navajun 2 and 3, Jachymov Sa-
don, and Norilsk pyrite samples. Based on the results of
contact angle measurements SIBX is not suitable collector;
even the average value of contact angle measured using
xanthate was 58,50°.

Therefore, the results obtained in this study can be used
to predict the most suitable xanthate for various pyrite sam-
ples in the flotation process. On the other hand the results
do not explain the mechanism of adsorption of xanthates on
pyrite surfaces. That has been the subject of other studies
[20] [21].

Conclusion

The contact angle of the pyrite samples obtained from
various deposits and with a different genesis using xan-
thates and water were studied. The sessile drop method
was used. No dependence of contact angle on chemical
composition was found. Based on the contact angle mea-
surements, pyrite samples were preferentially wetted by the
xanthates (either pottasium or sodium) in water (flotation)
environment. In general, the potassium xanthates were
more suitable. When ethyl and isobutyl xanthates were
compared, ethyl xanthates seemed to be the most suitable
collectors for pyrites, especially for pyrites from hydrother-
mal deposits. The highest average values of contact angle
with a very small variation were obtained using isobutyl
xanthates, which were not suitable for possible pyrite flo-
tation except for the Oberdorf pyrite sample. However, the
theory still cannot explain a number of phenomena ob-
served in the pyrite/xanthate flotation system. Only moder-
ate numbers of studies have been devoted to the evaluation
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of the pyrite-xanthate flotation system and even less to the
utilization of xanthates for the measurement of the contact
angle of pyrite surface.
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Wyznaczanie kgta zwilzania na powierzchni pirytu

W pracy tej badano pomiary kgta zwilzania z uzyciem trzech roznych roztworéw ksantatui wody destylowanej na dwunastu polerowanych
powierzchniach pirytu za pomocg metody osadzania kropli. Uzyty zostal 10% roztwdr trzech ksantatéw potasu i trzech ksantatéw sodu.
Wykorzystane zostaly probki pirytu z szesciu paristw i dziesigciu réznych depozytow. Sktad chemiczny pirytéw byl zbadany za pomocg
mikroanalizy EDX, ktéra udowodnita, ze probki pirytu nie byly heterogeniczne. Nie znaleziono zZadnej relacji lub zaleznosci migdzy kgtem
zwilzania i sktadem chemicznym (np. stosunku Fe:S). Srednie wartosci kgta zwilzania zmierzone z uzyciem ksantatéw potasu i sodu
byly nizsze niz wartosci kgta zwilzania zmierzone z uzyciem wody destylowanej. Z pomiaréw tych mozna wnioskowac, ze probki pirytu
sq latwiej zwilzane za pomocg ksantatéow potasu lub sodu niz za pomocg wody destylowanej w srodowisku flotacyjnym. Poréwnanie
ksantatéw potasu i sodu wykazalo lepszq przydatnos¢ ksantatu potasu w mozliwej flotacji pirytu (nizszy kgt zwilzania zostal zmierzony
w oSmiu z dwunastu probek dla ksantatu potasu). Probki pirytu Sokolov, Jachymov i Kutna Hora wykazaly najnizsze srednie wartosci
kgta zwilzania ze wszystkich ksantatow z uzyciem potasowego amylu ksantatu (PAX) ze Srednimi wartosciami odpowiednio 34,80°, 42,94°
i 1,01° Ksantaty sodu mogg by¢ bardziej odpowiednie dla prébek pirytu Navajun 2 i 3, JachymovSadon i Norilsk. Bardzo male réznice
w wartosciach sSrednich kqta zwilzania zostaly uzyskane gry potasowy lub sodowy etyl i izobutyl ksantatu byly porownywane. Minimalne
Srednie wartosci kgta zwilzania dla szesciu z dwunastu probek i na pigciu z oSmiu probek z depozytéw hydrotermalnych byly zmierzone
z uzyciem etylu ksantatu co czyni je najbardziej odpowiednimi kolektorami dla probek pirytu z depozytéw hydrotermalnych i pirytéw
w ogole. Jeszcze mniejsze wahania wynikéw wykazano uzywajgc izobutylu ksantatow lecz uzyskano najwyzsze Srednie wartosci kqgta
zwilzania co czyni je niewtasciwymi kolektorami dla prébek pirytu uzytych w tym badaniu. Srednia wartos¢ kgta zwilzania zmierzonego
z uzyciem SIBX wynosita 58,50°.

Stowa kluczowe: kgt zwilzania, piryty, ksantogeniany potasu i sodu, metoda osadzonej kropli
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