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and E.J. GUTIÉRREZ-CASTAÑEDA

Adsorption of commercial xanthate derivatives on copper sulfide mineral (covellite, CuS) was
studied by kinetics and isotherm adsorption experiments. The adsorption of xanthate
derivatives was confirmed by FTIR (Fourier transform infrared spectroscopy) and XPS
(X-ray photoelectron spectroscopy) results. Experiments were performed with two different
xanthate derivatives, C-4410 (O-pentyl S-2-propenyl ester) and C-4940 (isobutyl xanthogen
ethyl formate), on individual doses of 0.05 g of powdered covellite. It was found that the
equilibrium times at pH 2, 4, and 6 were different for both xanthate derivatives. The shortest
times were achieved at pH 2 and 4. The results suggest that C-4110 can be used as collector in a
wide range of pH, while C-4940 is limited to lower pH values. Pseudo first- and pseudo
second-order kinetics models were thus applied to the experimental data for pH 2. The
information obtained from the kinetics models combined with XPS allowed proposing the
adsorption mechanism for the covellite-xanthate derivative pair. The adsorption takes place
through a non-covalent interaction for C-4410 and chemisorption process for C-4940. The
best-fitting isotherm models for C-4410 and C-4940 adsorption were Redlich–Peterson and
Freundlich, respectively, which yield a maximum adsorption capacity of 57.07 mg g�1 for
C-4410 and 44.62 mg g�1 for C-4940.
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I. INTRODUCTION

CURRENTLY, the mining and metallurgical indus-
tries are interested not only in optimization of conven-
tional methods of minerals concentration from natural
deposits, but also in investigating new alternatives that
allow to recover valuable species from other sources,
such as leaching residues. Most of these wastes are
generated at extremely acid conditions, which make it
difficult to use xanthates for metal separation by
flotation process. The generation of these insoluble
residues is common in all types of metallurgical com-
plexes such as those from the zinc production by
hydrometallurgical processes (leaching with H2SO4),
which represent an economically attractive product for
their treatment, when the production of these wastes is a
function of the metallic content of the concentrates used
in the leaching stages. Dutrizac[1] characterized a typical
zinc concentrate used in a electrolytic plant, where
amounts of Ag, Pb, and Cu were about 250 ppm, 0.56
wt pct, and 0.76 wt pct, respectively. Scott and Dien-
stbach[2] reported that in the case of a zinc refining plant,
5 ton of residues were produced for every 100 ton of
calcine fed to the circuit. Residues contain several
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metallic species with economical value such as Ag, Pb,
Cu, Zn, among others. These species are present in
different phases, mainly as sulfides (Ag2S, (Ag, Cu)2S,
CuS, Cu2S, ZnS), sulfates (PbSO4), and oxides
(ZnxFe3�xO4).

[3]

The concentration of copper by flotation processes
requires the use of several reagents, added to the process
to increase efficiency. Among the many types of collec-
tors used in the flotation process, xanthogen formates
and xanthic esters constitute a very important category.
Xanthogen formates are synthetized by reacting xan-
thate with alkyl chloroformate, whose alkyl groups can
vary with the chain length.[4] They have the capability of
increasing the flotation of copper, zinc, and others
metallic sulfides, due to their higher stability in acidic
and basic media.[5] Ackerman et al.[4] found that
xanthogens are more stable and effective for copper
sulfide adsorption at a range of pH 5.0 to 10.0; however,
adsorption at pH lower than 5.0 has not been reported
in the literature.[6] Stability at a lower pH becomes very
important considering the fact that it is not necessary to
neutralize the acid residues of the leaching process, in
contrast they can also be used for the recovery of metals
by flotation.[7] Additionally, the affinity between S and
O atoms of xanthate derivatives and Cu atoms from
minerals is stronger than in the case of others collectors
such as xanthates.

However, there is no information available in the
literature regarding the influence of the structure of
xanthate derivatives on their interactions with minerals,
interactions established through an adsorption process
specifically. The surface adsorption of mineral collectors
is significant in flotation and concentration processes
because the interfacial region of this biphasic system is
governed by many interactions that involve several
variables such as pH, adsorbent dose, temperature, or
structure of collector molecules.[8] Molecular and min-
eral surface characteristics determine the interaction
forces responsible for the adsorption and their effect on
solid–liquid interfacial properties such as surface charge
and hydrophobicity.[9] Therefore, it is important to
understand the mechanism and characteristics of xan-
thate derivatives adsorption of sulfide minerals, because
adsorption interactions may improve the selective sep-
aration of metals from the mineral and give a better
understanding of the main mechanism between collector
and mineral. Furthermore, the adsorption method
provides information about contact time and maximum
adsorption capacity, and while these type of studies have
been conducted for xanthate collectors, they have not
yet been carried out for compounds derived from
xanthate.[10]

Nowadays, xanthate compounds are used as collec-
tors in the flotation concentration process of valuable
species. Some xanthate derivatives, such as xanthogen
formates and xanthic esters have a high stability in acid
medium and therefore, they can be considered as
promising candidates not only to replace conventional
collectors, but also to be used in concentration processes
that involve highly acidic pH working conditions. There
have been reported some investigations related to the
interaction of xanthogens with mineral sulfides;

however, the efficiency of these collectors has been only
examined at neutral and basic pH conditions.[1] Several
hypotheses have been proposed to describe the possible
mechanisms of the interaction between xanthogens and
minerals; however, they have not been supported with
experimental results. The XPS technique is a powerful
tool that allows validating the hypotheses that other
authors have proposed regarding the adsorption mech-
anisms. Besides the facility to establish the bases of the
mechanism, it is also possible to determine with preci-
sion and accuracy the interactions between the minerals
and the organic groups of the collectors. It may settle
the bases for future work to modify the surface of
minerals or even to modify the structure of the collectors
in order to improve the percentages of recovery, either
from metals present in ores or in other sources such as
acid leaching residues.
In the present research, isobutyl xanthogen ethyl

formate and O-pentyl S-2-propenyl ester were used to
investigate their interactions with copper sulfide min-
eral, in order to determine the mineral affinity. The
influence of functional groups and chain length of two
xanthate derivatives in the adsorption mechanism was
evaluated through kinetics and adsorption experiments,
being the adsorption process of collectors analyzed by
FTIR and XPS techniques.

II. EXPERIMENTAL SECTION

A. Reagents and Instruments

Isobutyl xanthogen ethyl formate (C-4940) and
O-pentyl S-2-propenyl ester (C-4410), with purities
higher than 90 pct, were used as collectors in the present
work. The molecular structures of the studied collectors
are represented as in Figure 1.
Collectors were obtained from SNF FlominTM mining

reagent suppliers. Synthetic copper sulfide (CuS) was
used as a stand-in for the mineral covellite and was
acquired from Sigma-Aldrich Company (99 pct purity).
Phases were identified by X-ray diffraction (XRD) in

a 2h range of 0 to 90 deg, using a Bruker D8 Advance

Fig. 1—Molecular structure of collectors: (a) C-4940 and (b) C-4410.
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X-ray diffractometer; equipped with a CuK radiation
source and SOL-X solid-state detector.

Analysis included 2h steps with a counting time of 0.3
seconds. Mineral phase identification was made with the
ICDDPDF-2/4 database using the Diffrac. EVA V4.2.1
diffraction software. Fourier Transform Infrared Spec-
troscopy technique (FTIR) was used to analyze the two
xanthate derivatives and the mineral before and after
adsorption, to characterize the surface interactions
between them. It was recorded in the 4000 to 400
cm�1 region with a Thermo Scientific Nicolet iS10
infrared spectrophotometer.

The experiments for the pH at the point of zero
charge (pHpzc) were carried out according to Blanco-
Flores et al.[11] using a Thermo Scientific Orion Star
A325 pHmeter. The UV/Vis technique was used to
quantify the xanthate derivatives adsorbed on mineral
surface at 284 and 274 nm for C-4410 and C-4940,
respectively. The UV/Vis spectrum was obtained in a
Thermo Scientific Genesys 10S UV/Vis spectropho-
tometer. The wide and narrow spectra of XPS were
acquired using a JEOL JPS-9200, equipped with a Mg
X-ray source (1253.6 eV) at 200 W, an area of analysis
of 3 mm2, a pass energy of 15 eV, and a vacuum of the
order of 7.5 9 10�9 Torr for all samples. The spectra
were analyzed using the SpecsurfTM software included
with the instrument; all spectra were charge corrected
using the adventitious carbon signal (C1s) at 284.5 eV.
The Shirley method was used for the background
subtraction, whereas curve fitting employed the Gaus-
s–Lorentz method.

B. Kinetic Adsorption Experiments

Kinetic adsorption experiments were performed for
determination of the time required for the mineral
surface hydrophobization. The experimental set-up
required batch experiments, at an initial xanthate
derivative concentration of 20 mg g�1, adding a dose
of covellite and 35 mL of xanthate derivative solution.
The mixture was blended at room temperature at 400
rpm using a magnetic stirrer. The covellite was then
separated by filtration to determine the fraction of
non-adsorbed xanthate derivatives in each experiment.

To study the effect of covellite dose on adsorption of
both xanthate derivatives, the values of doses for the
different experiments were 10, 30, 50, 70, 90, 100, and
300 mg. To study the effect of pH in the xanthate
derivative solutions, pH was adjusted from 2 to 6 using
0.1 mol L�1 HCl and 0.1 mol L�1 NaOH solutions. All
experiments were carried out at room temperature and
were performed in duplicate for C-4410 and C-4940
xanthate derivatives.

C. Isothermal Adsorption Experiments

One dose of covellite was put in contact with 35 mL of
solution at different initial concentrations of xanthate
derivatives ranging from 5 to 45 mg L�1 for any time
period above to equilibrium time, obtained from the
kinetic experiments at room temperature determined
separately for both xanthate derivatives. The mixture

was afterwards filtered to determine the non-adsorbed
amount of xanthate derivatives. These experiments were
performed by duplicate.
For all experiments of kinetic and isothermal adsorp-

tion, the pH solution values were measured before and
after the process with an Orion 3-Star pH meter
equipped with a Thermo Ultra-Sure flow electrode,
which has a reading pH range of 0 to 14 ± 0.01 at a
maximum temperature of 100 �C. The adsorbed amount
of xanthate derivatives (q) at time (mg g�1) was
determined from Eq. [1]:

q ¼ ðCi � CtÞ
m

� V; ½1�

where Ci (mg L�1) is the initial xanthate derivative
concentration, Ct (mg L�1) is the concentration of the
solution at time t, V (L) is the volume of xanthate
derivative solution, and m (g) is the dose of covellite.

III. RESULTS AND DISCUSSIONS

A. Evaluation of Xanthate Derivatives Stability
in Aqueous Solution

To evaluate the stability of the xanthate derivatives
used in this investigation, several samples of the
collectors were placed in aqueous solution at different
conditions of pH and time. The residual concentration
was determined by UV/Vis spectrometry.
Both collectors obeys the Beer�s law, showing linear-

ity until concentrations of about 70 mg L�1. Likewise,
the wavelengths of maximum absorption were 284 and
274 nm for collectors C-4410 and C-4940, respectively.
As it is observed in Figure 2, the intensity of C-4410
collector is almost constant in the evaluated pH range (2
to 6). Additional signals that indicate the existence of
other species were not observed under the investigated
conditions, even at higher pH values (8 and 10). On the

Fig. 2—Evaluation of stability in aqueous solution of collector
C-4410, [C-4410] = 30 mg L�1, T = 25 �C, as a function of: (a)
pH; (b) contact time with water.
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other hand, according to Figure 2(b), the C-4410
collector shows a slight degradation after 25 min in
aqueous solution, being much longer than the accept-
able time of pulp conditioning in a typical flotation
process (5 minutes). Likewise, prolonged conditioning
times could have negative effects on the flotation
process. A similar behavior was found in the case of
C-4940 collector under the same conditions (Figure 2),
but for higher pH values (8 and 10) were observed two
spectroscopically distinct species present at 226 and 301
nm, which indicate the instability of C-4940 collector at
higher pH values. According to Fairthorne,[12] these two
species can be assigned to the basic and acidic form of
the collector.

B. Characterization

Figure 3 shows the XRD pattern corresponding to
synthetic copper sulfide (covellite). As can be seen, the
main reflections of this phase are in agreement with
PDF 00-006-0464, which confirms the information
provided by suppliers of the synthetic mineral. Addi-
tional signals of other phases are not observed in the
XRD pattern confirming the presence of a pure phase.

The FTIR spectra obtained from the pure xanthate
derivative, copper sulfide, and xanthate derivative +
copper sulfide at pH 2 are shown in Figures 4(a) and (b);
the main bands of absorption are included in this figure.
Spectrums of C-4410, copper sulfide without treatment,
and C-4410 + copper sulfide are presented Figure 4(a).
The most intense signals that appear at 1050 and 1208
cm�1 are related to the asymmetric and symmetric
stretching of the C-O-C bond, respectively, of the ester
functional group. The weakest signals observed at 920,
985, and 1464 cm�1 belong to the stretching of the C-S
bond, in addition, the signal at � 736 cm�1 is related to
the stretching of the C-S-C bond. At 1638 cm�1, it is
possible to observe the stretching of the C=C from the
propenyl group, while signals observed at 2960, 1377,

and 1464 cm�1 belong to the stretching of the C-H,
-CH2-, and -CH3 bonds.

[13]

The spectrum of C-4940 is shown in Figure 4(b), in
this case, the most intense signals observed at 1745 and
1025 cm�1 are related to the C=O bond from the
formate group. Signals at 1127 and 1265 cm�1 relate to
the asymmetrical and symmetrical stretching of the
C-O-C bond, respectively, and the weak signal at 774
cm�1 is due to the stretching of the O-(C=O)- group
(formate). Signals at 2965, 1468, and 1375 cm�1 are
characteristic vibration modes from the C-H, -CH2-,
and -CH3 bonds, respectively.

[13]

In the case of the copper sulfide spectrums, there are
no intense signals due to the fact that this compound
does not absorb in the range of 4000 to 500 cm�1, the
CuS signals can only be observed at values less than 400
cm�1.[14]

Regarding the copper sulfide spectrums treated with
xanthate derivatives at pH 2 presented in Figure 5
(approach of the zones marked in Figures 2(a) and (b),
it can be observed that the main signals of the collector
are slightly shifted. This indicates that the adsorption of
xanthate derivative on the copper sulfide surface has
occurred. These absorption bands are related with the
-O-C(=S)-, C=S y –O-C=O groups and correspond to
the adsorption sites on the copper sulfide surface. In the
case of C-4410 + CuS (Figure 5(a)), the bands observed
at 920, 1058, and 1212 cm�1 correspond to the principal
signals observed in the spectrum of pure C-4410
(Figure 4(a)). While the signals in the spectrum of
C-4940 + CuS (Figure 5(b)) at 845, 960, 1030, 1130,
1265, and 1745 cm�1 correspond to principal signals
observed in the spectrum of pure C-4940 (Fig. 4(b)).
Additional signals are observed and they are related to
the Cu-O interaction on the copper sulfide surface. In
both spectrums of xanthate derivative + CuS, it is
possible to observe signals at � 2165, 2110, 2040, 1982,
and 1700 cm�1 that correspond to the C-O interaction
with Cu2+ cations.[13,15] Additionally, the strong band
at � 1520 cm�1 along with other signals with low
intensity are probably related to precipitation of CuCO3

on the surface of the treated copper sulfide, and the
unidentified signals are related with other C-O interac-
tions, which is consisting with the results of Busca.[15]

XPS studies on copper sulfide conducted before and
after adsorption process for C-4410 and C-4940 collec-
tors revealed that the mineral interacted with both
collectors through C=S and C=O functional groups.
Covellite was identified by the Cu 2p3/2 spectrum at
934.84 eV. The presence of two peaks at 159.92 and
161.63 eV is attributed to CuS, and S2�, and S2

2� bonds,
respectively (Figures 6(a) and (b)). This is consistent
with the complex structure of covellite.[16]

The XPS results of C-4410 adsorption by covellite
show that Cu atoms are preferentially bonding to –S
sites although the interaction Cu�O could have also
taken place (Figures 7(b) and (c)). The latter interaction
is clearly recorded in the signals of the O 1s spectrum
(Figure 7(d)), where a signal corresponding to C-O
groups is also registered.[17] These interactions are
complemented by the signals in the C 1s spectrum[18]

Fig. 3—X-ray pattern corresponding to synthetic copper sulfide.
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that shows the interactions between the groups consti-
tuting C-4410 (Figure 7(a)).

In the case of C-4940 adsorption, the spectra are
similar to those of C-4410 adsorption, with the main
difference related to the presence of two functional
groups -C=S and -C=O,[19] necessary to achieve Cu
interaction (Figures 8(a) through (d)).

These results suggest a mechanism of interaction
between covellite and xanthogen when the adsorption
took place.

C. Kinetic Adsorption Experiments

1. Effect of covellite dose
The dose of covellite selected for adsorption experi-

ments was 0.05 g (Figure 9). With a higher amount, the
adsorption of C-4940 and C-4410 collectors may
decrease due to a mass transfer resistance increase or
because the fine powder could agglomerate causing the
reduction of surface area and blockage of the adsorption
sites.[20] Besides, the hydrophobicity of the mineral may
be reduced.

2. Effect of pH of the xanthate derivative solutions
The equilibrium time for each adsorption process was

different. The obtained equilibrium times at pH 2, 4, and
6 were for C-4410 12, 12, and 20 minutes; and for
C-4940 were 9, 12, and 30 minutes, respectively. The
shortest time was achieved for C-4410 adsorption at pH
2 and 4. For C-4940 adsorption, the shortest time was
achieved at pH 2 followed by pH 4. The adsorption at
pH 6 for C-4410 and C-4940 required more time,
probably due to the hindrance a higher pH creates for
the molecule to reach the adsorption sites. In general
terms, the obtained equilibrium times are in accordance
with the conditioning times for a typical flotation
process.[21]

The adsorbed amount of xanthate derivative for the
different pH values also showed significant differences
(Figures 10(a) and (b)). For both xanthate derivatives,
the adsorption increases with time from the initial
contact between mineral and xanthate derivative solu-
tions. This is very important since flotation is the next
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Fig. 4—FTIR spectrums of pure xanthate derivative and copper sulfide before and after adsorption: (a) C-4410 and (b) C-4940; pH 2, (xanthate
derivative) = 30 mg L�1, and contact time t = 5 min.

Fig. 5—FTIR spectrums of xanthate derivative + CuS (approach of
the areas marked in Figs. 4(a) and (b): (a) C-4410 and (b) C-4940.
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stage in the metal recovery process and it requires a
lower contact time between mineral and collector. In
Figure 10(a), the adsorption of C-4410 shows a
marked difference between the three values of pH,
being higher at pH 6. This behavior is in concordance
with the findings reported by other authors. They
stated that xanthogens are effective as copper sulfides
collectors in a wide range of pH values from 5 to
10.5.[22] In contrast, the C-4940 adsorption process is
favored at pH 2 (Figure 10(b)), although the differ-
ence is small at pH 6 for a longer contact time. This is
probably due to the presence of carboxylic groups in
C-4940 that improve adsorption since these functional
groups act as alternative sites for bonding with the
covellite.

Therefore, the C-4410 xanthogen can be used as a
collector in a wide range of pH but C-4940 xanthic ester
is limited to less acidic pH according to the UV/Vis
results. However, the equilibrium time at pH 2 and 4 in
all experiments was similar. The subsequent flotation
process could be carried out at the same contact time
but the use of a particular collector will depend on the
pH of medium.

Since the main objective of the present research was to
assess the effectiveness of collectors at acidic pH, they
were used the experimental data for pH 2 in the
subsequent steps. Thus, the pseudo first- and pseudo
second-order kinetic non-linear models[23] were applied
to experimental data for pH 2 for C-4410 and C-4940
adsorption (Table II).
The pseudo first-order model is commonly used for

homogeneous sorbents and physical adsorption, where
the adsorption rate is proportional to the solute con-
centration. The experimental kinetic data could be
adjusted to the following Eq. [2]:

qt ¼ qeð1� ektÞ; ½2�

where qt and qe are the amounts of collector adsorbed
(mg g�1) in the equilibrium and at time t (minutes),
respectively, and k (min�1) is the adsorption rate con-
stant of the pseudo first-order model.
The pseudo second-order model can be represented by

Eq. [3], where the rate-limiting step is the surface
adsorption that includes chemisorption, involving
valence forces through the sharing or exchange of
electrons between covellite and xanthate derivatives.

qt ¼
q2etk2

1þ qetk2
; ½3�

where qt and qe are the amounts of collector adsorbed
(mg g�1) in the equilibrium and at time t (min), respec-
tively, and k2 (g mg�1 min�1) is the adsorption con-
stant of pseudo first-order rate constant. The obtained
kinetic model parameters for C-4410 and C-4940
adsorption onto covellite are shown in Table II.
qeexp and qecal values are similar for the pseudo

first-order model, and the statistic parameters values
had a better fit for the pseudo first-order model results.
Both aspects indicate that experimental data have a
slightly better fitted for the pseudo first-order model
than pseudo second-order model for C-4410 adsorption.
Therefore, the C-4410 adsorption probably takes place
through a non-covalent interaction process that involves
electrostatic and van der Waals (Cu-p electron) interac-
tions (Figure 11). Since pHzpc (6.05) is higher than pH
solutions after C-4410 adsorption (pHf 2.12), the surface
is positively charged and electrostatic interactions are
present.
The best fit for C-4940 adsorption was achieved for

the pseudo second-order model, which means that the
interaction was through a chemisorption process. This is
consistent with the results obtained from the compar-
ison between covellite pHzpc and pHf (2.17) for the
C-4940 adsorption process, because the surface is
charged positively. Moudgil et al.,[24] consider the
electrostatic interaction to be less important for flotation
purposes (Figure 11). Therefore, the adsorption of
C-4410 is less feasible than C-4940 for later stages of
flotation minerals. The information obtained from the
kinetic models allowed to propose the mechanism of the
covellite-collectors interaction (Figure 11), which is in
agreement with the results obtained from XPS analyses

Fig. 6—XPS spectrum of covellite before adsorption: (a) Cu 2p3/2

and (b) S 2p.
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of covellite, and C-4410 and C-4940 adsorption on
mineral (Figures 6 through 8).

D. Isotherm Adsorption Experiments

The experimental data obtained from the isotherms
were used to apply Langmuir, Freundlich, Lang-
muir–Freundlich, Temkin, Redlich–Peterson, and
Dubinin–Radushkevich non-linear models.[25,26] These
isotherm models are the most frequently used for
liquid/solid adsorption systems (see Table I).

The better-fit models for C-4410 and C-4940 adsorp-
tion were Redlich–Peterson and Freundlich model,
respectively (Table II). However, the value of brC-4410
is closer and describes an isotherm similar to that of the
Freundlich model.[30] The value of 1/n for both adsorp-
tion processes (0.40 and 0.37, respectively) was between
0 and 1 indicating favorable processes. The heterogene-
ity was higher for C-4940 than C-4410 adsorption, prob-
ably related to the different functional groups on the
C-4940 xanthic ester molecule (Figure 10), mean-
ing that for C-4940, the adsorption preferentially
occurred on heterogeneous surfaces. From the
Temkin constant (B) a factor (b) was obtained
related to adsorbent–adsorbate interactions. The

C-4410-covellite interaction (244.62) was lower than
C-4940-covellite (313.53) interaction.[31]

The maximum adsorption capacity was 57.07 and
44.62 mg g�1 for C-4410 and C-4940, respectively. Such
values could be explained as derived from the dimen-
sions of the xanthate derivative molecules. The C-4410
molecule (14.49 9 5.51 Å) is smaller than the C-4940
molecule (14.38 9 7.18 Å) and this could favor the
existence of a steric impediment between large molecule
and the distributions of adsorption sites. The values of
‘‘br’’ parameters from Redlich–Peterson model confirm
this idea.[23] Therefore, both selected organic com-
pounds are potential collectors for copper recovery in
an acid flotation process.

E. Microflotation Tests

Microflotation tests with synthetic copper sulfide were
not possible to carry out since the particle size is
extremely fine, therefore it was decided to conduct
microflotation tests with a natural massive sample of Cu
mineral. The sample was obtained from the Santa Maria
de la Paz mine localized in San Luis Potosi, Mexico.
Elemental chemical analysis show high copper and iron
contents, 40.4 and 12.3 wt pct, respectively. According

Fig. 7—XPS spectra of covellite after xanthate derivative: (a) C 1s, (b) S 2p, (c) Cu 2p3/2, and (d) O 1s.
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to results of XRD, the sample is mainly constituted for
chalcopyrite and bornite, and to a lesser extent for
covellite. The mineral sample was grounded using a
porcelain mortar and then sieved; the particle size used
for microflotation tests was the one retained in the 325
mesh. For every microflotation test, 100 mL of

deionized water, 1 g of Cu mineral, and the collector
solution needed to adjust a concentration of [C-4410] =
20 mg L�1, were simultaneously added. The pulp was
conditioned for 5 minutes and pH was kept constant.
The pulp was then transferred to a Hallimond tube,

bubbling pure N2 at a flow of 8 mL min�1. After 1
minute of bubbling, the products were collected by
filtration, dried, and weighed for later determination of
Cu. It was determined via atomic absorption spec-
troscopy in a PerkinElmer AAnalyst 200 spectrometer.
Results of the microflotation tests are presented in
Figure 12.
Considering that C-4410 collector showed higher

stability in a wide range of pH, based on the UV/Vis
analysis, there are only presented the results obtained
for this collector. Figure 12 shows the recovery of Cu at
pH values of 2, 4, 6, 8, and 10. As can be seen, at pH 2,
the collector exhibits a Cu recovery of 53 pct; with
increments in pH, the recovery increases up to at pH 10
it is about 84.01 pct. In general, it is observed that the
collector C-4410 has an excellent response in both acidic
and alkaline medium. Although the recovery for pH 2
can be considered as acceptable, it is possible to improve

Fig. 8—XPS spectrum of covellite after xanthate derivative (a) C 1s, (b) Cu 2p3/2, (c) O 1s, and (d) S 2p.

Fig. 9—Dose of covellite for C-4940 and C4410 adsorption.
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the efficiency by varying the flotation variables. This
observation is consisting with the data reported by
Ackerman et al.,[32] who obtained similar results using
isopropyl xanthogen ethyl formate in the flotation of
copper sulfides (chalcopyrite, chalcocite, bornite, and
covellite) at different pH conditions (5.5 to 10.5).

IV. CONCLUSIONS

The collectors C-4940 and C-4410 have functional
groups distinguished by their marked affinity for the Cu
contained in the covellite. The adsorption of both
xanthate derivatives was confirmed by FTIR and XPS
analyses. XPS results indicate the actuality of Cu-S
interaction in C-4410 adsorption, and Cu-S and Cu-O
interaction in C-4940 adsorption. The equilibrium time
for each adsorption process was different. The adsorp-
tion of the C-4410 collector showed a marked difference
between three values of pH being higher at pH 6. In
contrast, the C-4940 adsorption process is favored at pH
2 but the difference is small at pH 6 for a longer contact
time. The C-4410 xanthogen can be used as collector in a
wider range of pH but C-4940 is limited at acidic pH.
The C-4410 adsorption process occurs through non-co-
valent interaction processes that involve electrostatic
and van der Waals interactions, while the C-4940
adsorption was achieved through a chemisorption pro-
cess. The better-fit isotherm adsorption models for
C-4410 and C-4940 adsorption processes were
Redlich–Peterson and Freundlich model, respectively.
For C-4940, the adsorption process occurs on hetero-
geneous surfaces. The maximum adsorption capacities
were 57.07 and 44.62 mg g�1 for C-4410 and C-4940,
respectively.

Fig. 10—Kinetic adsorption on covellite mineral for different pH
values: (a) C-4410 and (b) C-4940 xanthate derivative solutions.

Fig. 11—Mechanisms of interaction for covellite mineral and xanthate derivative collectors.
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