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Abstract: This paper presents results of a contact-angle study performed to revisiting the chemistry and kinetics of sphal-
erite activation with Cu(II) on the light of the contact angle technique. Sphalerite (ZnS) activation is conducted with the 
aim of developing a cuprous sulfide layer with chemical affinity toward thiol-type collectors. This is achieved by manipu-
lating the concentration of Cu(II), the conditioning time and the pH of the flotation slurry. The chemistry of the reaction 
consists of the reduction of Cu(II) to Cu(I) while copper replaces zinc from the external layers of the mineral crystal, to 
form a cupric sulfide (CuS) which spontaneously transforms to cuprous sulfide (Cu2S) and polysulfide (Sn

2-), rendering 
the activated sphalerite hydrophobic. The activation process follows a second-order kinetics in which the apparent control-
ling step is the adsorption of Cu(II) on the unreacted mineral surface. 
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INTRODUCTION 

Chemistry of Sphalerite Activation 

 The major source of metallic zinc is in the form of a sul-
fide mineral termed sphalerite. Sphalerite is concentrated by 
froth flotation where it is separated from both non-sulfide 
gangue (e.g., silica) and sulfide-gangue (e.g., pyrite) due to 
the hydrophobic properties which is achieved by activation 
with copper and reaction with thiol-type collectors. Sphaler-
ite activation with Cu(II) has been extensively studied and to 
date it has been established that it exists according to the 
following ionic exchange mechanisms [1, 2]. 
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 The Cu(II) of the cupric sulfide CuS reduces to Cu(I) 
oxidizing the sulfide to polysulfide (an hydrophobic species), 
according to the following equation [2]: 

  2
222 nSSCuneCuSn

 (2a)
 

 An alternative stochiometry, which does not require the 
participation of an electron-donor reaction, is: 

622410 SCuSCuCuS   (2b) 

where Cu2S6 , the copper polysulfide that is probably ob-
tained [1, 9], is responsible for the hydrophobic character of 
Cu(II) activated sphalerite. 
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 The new surface displays “natural” hydrophobicity owing 
to the presence of the polysulfide, as well as chemical affin-
ity towards thiol-type collectors as xanthate (alkyl dithiocar-
bonate) due to the presence of Cu(I) sulfide.  

Modeling the Activation Kinetics 

 The kinetics of activation has been studied by several 
researchers, and currently there is agreement in the two stage 
nature of the activation reaction: the first, which is limited to 
the formation of few monolayers, depending on the charac-
teristics of the activating solution such as copper concentra-
tion and pH, variables that control the mass transfer rate in 
the liquid phase, while during the second stage, the reaction 
occurs with a decreasing rate and last as long as the solid and 
solution are in contact [3]. Based on experimental observa-
tions, there is agreement in the sense that the chemical reac-
tion is not the rate controlling step of the kinetics; otherwise, 
the kinetics would apparently be of zero order and would not 
depend on either copper concentration or availability of non-
reacted surface on sphalerite particles. It has been claimed 
that one of the models that better describes sphalerite activa-
tion with copper, considers that copper adsorption on the 
mineral surface is the rate controlling step (i.e., the chemical 
reaction is fast [3]). This implies that in acid or slightly acid 
solutions where the cation Cu2+ is the predominant Cu(II) 
species, the reaction rate must be proportional to both the 
concentration of the adsorbing species (i.e., Cu2+) and to the 
fraction of mineral surface that has not reacted (i.e., has not 
adsorbed Cu2+). The following second order equation repre-
sents this situation: 

surfaceZnCu
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where A is the amount of Cu2+ adsorbed on the sphalerite 
surface, [Cu2+] is the concentration of Cu2+ in the solution, 
and [Zn]surface is the “concentration” of Zn sites in the sphal-
erite external layers that undergo ionic exchange, and that 
have not been replaced by Cu ions at time t.  

 A mass balance of Cu(II) allows to express [Cu2+] with 
the following equation: 

ACuCu o   ][][ 22  (4) 

where [Cu2+]o is the initial concentration of copper in the 
solution. 

 Similarly, [Zn]surface can be expressed as follows: 

AAZn surface  ][  (5) 

where A is the maximum amount of Cu2+ that may be ad-
sorbed on the sphalerite external layers. 

 By solving equations (3) to (5), the kinetic model pro-
posed by Finkelstein [3] is obtained: 
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 Where k is the rate constant. 

 The experimental methodology used in this work is based 
on the contact angle that the hydrophobised mineral im-
mersed in an aqueous solution establishes with an air bubble. 
To convert contact angle to Cu2+ adsorption, it is postulated 
that there is a linear relationship between the rate of devel-
opment of the contact angle (dθ/dt) and the rate of adsorption 
of Cu2+ on the sphalerite surface (i.e., dA/dt): 

dt

dA

dt

d



 (7) 

 Equation (7) states that the rate at which the contact angle 
increases is proportional to the rate at which Cu2+ chemi-
sorbs on the mineral surface; since the chemical reaction is 
not the rate limiting step [3], the rate of hydrophobization is 
given by the adsorption rate. 

 In turn, the “concentration” of Zn sites remaining in the 
unreacted upper layers of the mineral may be given by: 

)(][   surfaceZn  (8)  

where θ and θ are the contact angles at time t and t (the 
maximum angle that is experimentally achieved), respec-
tively. At time zero,  (equals to zero) corresponds to a 
maximum concentration of zinc sites on the surface of 
sphalerite, while at infinite time,  (= ) corresponds to a 
zinc depleted surface. 

 Equation (3) simplifies to [Cu2+]  [Cu2+]o since A, the 
amount of Cu2+ adsorbed at time t, may be considered negli-
gible compared to the initial copper concentration used. 

 Finally, Equations (3) to (5) are solved incorporating the 
above considerations, to give: 
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 The objective of this work is to investigate the role of 
copper activation on the development of the hydrophobic 
character of sphalerite as well as the chemistry and kinetics 
of the process. Of particular concern is the role of pH since it 
defines the nature of the activating copper species. Knowl-
edge of the activation kinetics is used to assist in the design-
ing of the conditioning stage of zinc flotation circuits, in 
order to allow for sufficient residence time of the flotation 
pulp to achieve the desired sphalerite activation. 

EXPERIMENTAL PART 

Minerals and Reagents 

 The sphalerite crystals used in this work were obtained 
from the Bismark mining district (Ascensión, Chih., Méxi-
co). The mineral was characterized by X-ray diffraction and 
atomic absorption spectrometry. The sphalerite contained 
about 59.1% Zn, 29.1% S, 5.7% Fe in solid solution and 
around 6% insoluble. Cupric sulfate pentahydrate 
(CuSO45H2O) reagent grade was used to activate sphalerite. 
To regulate the pH, 1 N solutions of NaOH and HNO3 re-
agent grade were used. 

Contact Angle Measurement Technique 

 The techniques to measure contact angle on mineral sur-
faces may be divided into two groups: those applicable to 
flat and smooth surfaces (e.g., the captive bubble method), 
and those used for particulate materials (e.g., capillary pene-
tration method). The most popular method for measuring 
contact angle is the captive bubble, mainly due to the sim-
plicity of the technique, whose main advantages are: only 
very small quantities of liquid are required and solid surfaces 
as small as a few square millimeters can be used [4]. 

 To perform the contact angle experiments reported in this 
paper, the sphalerite crystals were manually selected and 
mounted in metallographic resin; the samples were ground 
and polished according to the technique reported in the lit-
erature [4]. This technique consists of grinding and polishing 
the crystal with silicon carbide paper (No. 80 to 800) under 
deionized and deoxygenated water to avoid contamination 
and oxidation of the mineral surface as much as possible. 
After polishing, the sample was placed in an ultrasonic bath 
in order to remove abrasives remaining on the mineral sur-
face; it is important to note that this stage of sample prepara-
tion was conducted prior to each test in order to renew the 
mineral surface. Once the mineral sample preparation fin-
ished, the conditioning was carried out with the changing 
residential time and chemical conditions of interest (copper 
concentration and pH), which approximately simulated the 
conditions of industrial sphalerite flotation circuits. Upon 
completion of the conditioning process, the sample was 
transferred to an acrylic box containing 10-3 M NaNO3 aque-
ous solution at pH 9, where the crystal was contacted with an 
air bubble of diameter about 1 mm, produced with a Hamil-
ton digital syringe (Mod. 705RN), immediately proceeding 
to take the photographs of the contact of the three phases 
(see Fig. 1). The photographs were finally analyzed with the 
help of an image analysis program (Image-Pro 5.1) to obtain 
the contact angle. The experiments were performed in tripli-
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cate and therefore, the value reported is the average of the 
three measurements, while the error bars delimit the 99% 
confidence interval of the t-student distribution. 

RESULTS AND DISCUSSION 

 The activation of sphalerite involves the reaction between 
the copper adsorbed on its surface and the sulphide of the 
mineral lattice, and may occur by two distinct mechanisms, 
depending on the pH of the solution, ionic exchange and 
superficial precipitation. Sphalerite activation was evaluated 
at pH 5.4, where the predominant species is Cu2+, and at pH 
9, where the predominant species is Cu(OH)2, as shown in 
the species distribution diagram of Fig. (2). For both the cas-
es copper concentration was varied between 0 and 50 mg/L, 
while conditioning time was varied from 0 to 25 min for pH 
5.4 and from 0 to 60 min for pH 9. 

Sphalerite Activation with Cu2+ 
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Fig. (1). Photograph that illustrates the methodology used to esti-
mate the slope to the circle in the point of the three-phase contact 
(x). 

 Fig. (3). presents the effect of copper concentration on 
the contact angle developed by sphalerite at pH 5.4 for two 
conditioning times, 5 and 15 min. It is observed that both 
copper concentration and conditioning time play important 
roles in the development of hydrophobic properties by sphal-
erite owing to the formation of hydrophobic species on its 
surface, namely, a polysulfide or elemental sulfur, according 
to the mechanisms described by Equations (1) and (2). This 
phenomenon may be thermodynamically modeled consider-
ing metastable conditions for the oxidation of the sulfide [5] 
by means of available software (HSC Chemistry v. 6.0).  
Fig. (4) shows the results obtained when 1 g of ZnS is con-
tacted with 1 liter of an aqueous solution at 30°C, containing 
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Fig. (3). Effect of Cu2+ concentration and conditioning time on the 
contact angle of sphalerite. The tests were carried out at 30ºC, natu-
ral pH (5.4) and 10-3 M NaNO3 ionic strength; the contact angle 
was measured at pH 10. The dotted lines were obtained with Equa-
tion (9), developed in this work. 
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Fig. (4). Species distribution diagram for the activation of ZnS with 
Cu(II) at 30°C, when considering a solution relatively free of dis-
solved oxygen and the metastable products of the oxidation of sul-
phide [5]. HSC Chemistry v. 5.11. 
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Fig. (2). Species distribution diagram of the Cu(II)-H2O system at 
25°C for a Cu(II) concentration of 50 mg/L, showing the predomi-
nance of Cu2+ at pH below 6 and the predominance of Cu(OH)2 
above this pH (HSC Chemistry v. 5.11). 
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50 mg L-1 of copper and 1 mg L-1 of dissolved oxygen (i.e., 
relatively free of dissolved oxygen). The figure shows that at 
pH 5.4, the major copper sulfide is covellite (CuS) and that 
cuprous sulfide (Cu2S) and minor amounts of elemental sul-
fur (S) are also present. As expected, zinc is displaced from 
the mineral by copper and remains in solution as the cation 
Zn2+.  
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Fig. (6). Effect of Cu (II) concentration as Cu(OH)2, on the contact 
angle of sphalerite as a function of conditioning time. The tests 
were carried out at 30ºC, pH 9 and 10-3 M NaNO3 ionic strength. 

 Fig. (5) presents the effect of conditioning time on the 
contact angle achieved when using a concentration of 50 mg 
L-1 of Cu2+. The results show that contact angle increases as 
time increases, approaching a maximum value that may be 
dictated by the chemical equilibrium and that most probably 
corresponds to  of Equation (9). By fitting the experimen-
tal results in Fig.(3 and 5) to Equation (9) making use of the 
least squares method, the value of k and  that give the best 
fit are obtained as 0.0017 L mg-1 min-1 and 36°, respectively. 
The dotted lines in the figures correspond to Equation (9) 
with the above values of k and . A fairly good correlation 
between the experimental data and the equation is observed, 
which suggests that the activating reaction obeys a second 
order kinetics. 

 Additionally, the figures show that apparently the activa-
tion takes place in two steps which depend on the concentra-
tion of copper in solution, the available sphalerite surface to 
exchange ions and time. Similar results have been reported 
in the literature [6, 7], indicating that in the first stage, that 
occurs in the first five minutes, the kinetics depends on the 
pH and copper concentration, while during the second stage, 
controlled by lattice diffusion, the kinetics is substantially 
slower.  

Sphalerite Activation with Cu(OH)2 

 Fig. (6) presents the effect of Cu(II) concentration (as 
Cu(OH)2) on the contact angle of sphalerite conditioned 15 
min at pH 9. As observed in Fig. (4), at this pH the major 
copper sulfide is chalcocite (Cu2S) with minor amounts of 
covellite (CuS). The zinc replaced by copper from the min-

eral lattice is present as hydroxide (Zn(OH)2) and therefore, 
may counteract the hydrophobic character of the surface. 
Fig. (6) shows that contact angles of zero degree are ob-
served for copper concentrations of 20 mg L-1 and below; 
when larger concentrations are used, the contact angle in-
creases linearly up to a value of about 28° for 50 mg L-1 of 
Cu(II). The results reveal that the kinetics of the activation 
reaction of sphalerite with Cu(OH)2 is slower probably due 
to the low activity of the Cu(II) species in solution, which 
are, the ones adsorbing on the mineral surface to exchange 
with the zinc, which is released to the solution according to 
the following reactions [8]: 
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Fig. (7). Effect of conditioning time on the development of the 
hydrophobic character of sphalerite activated with 5 mg/L Cu(II) in 
the form of Cu(OH)2. The dotted line was obtained with Equation 
(9). 

0

10

20

30

40

50

0 5 10 15 20 25 30

C
on

ta
ct

 a
n

gl
e 

(d
eg

re
es

)

Conditioning time (min)

Sphalerite + Cu(II) 

 

Fig. (5). Effect of conditioning time on the development of the 
hydrophobic properties of sphalerite. The tests were carried out at 
30°C and 10-3 M NaNO3. Conditioning was performed at natural 
pH (5.4), and the contact angle was measured at pH 10. The dotted 
line was obtained with Equation (9). 
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 Fig. (7) presents contact angles measured with 5 mg L-1 
copper concentration and conditioning times of 15, 30 and 
60 minutes, clearly showing that hydrophobicity increases 
with time due to copper incorporation into the mineral lattice 
and the corresponding oxidation of the sulfide (S2-) to disul-
phide (S2

2-) and elemental sulfur (S). The dotted line is ob-
tained by using Equation (9) with the values of k and  pre-
sented above. As noted in the figure, the equation describes 
well the experimental data (R2= 0.97), even though the pa-
rameters of the equation were obtained with data gather un-
der slightly acid conditions where Cu2+ is the predominant 
copper species, while the data in Fig. (7) was obtained at pH 
9, where the predominant copper species is the precipitated 
hydroxide. 

CONCLUSIONS 

 Based on the results obtained in the present work, the 
following conclusions can be drawn. 

 Sphalerite develops natural hydrophobicity upon activa-
tion due to the reduction that Cu(II) undergoes when replaces 
Zn from the external layers of the mineral lattice, which is 
accompanied by the oxidation of the sulphide (S2-) of the 
mineral lattice to a polysulfide (Sn

2-) and elemental sulfur 
(S).  

 The activation kinetics appears to obey the second order 
model reported by Finkelstein (1997), which states that the 
rate of adsorption (i.e., hydrophobization) depends on both 
copper concentration in the solution and availability of zinc 
sites on the external layers of the mineral lattice. 

 The kinetics of the activation reaction is favored when 
slightly acid conditions are used due to Cu2+ being the pre-
dominant copper species, although the model developed is 
capable of describing qualitatively the kinetics of the process 

carried out under slightly alkaline conditions (pH 9), where 
the predominant copper species is the solid hydroxide. 
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