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Terpenic oil (TO) is commonly used as a flotation frother for the selective separation of sulfide minerals. As a frother, most reports
have mainly focused on its effect on froth stability and froth entrainment, whereas its influence on the floatability of sulfide
minerals has received little attention. In this work, the influence of TO on the flotation behavior of sphalerite was investigated
by using microflotation tests, contact angle and zeta potential measurements, and FT-IR and SEM-EDS analyses.
Microflotation tests conducted in a modified Hallimond tube indicated that compared with the collector potassium butyl
xanthate (KBX), the flotation recovery of sphalerite was significantly increased when TO was added to the pulp, but the
recovery of Cu-activated sphalerite with the addition of TO was lower than that with the addition of KBX. Contact angle
measurements demonstrated that the contact angle of sphalerite was distinctly increased by the addition of TO, but the contact
angle of sphalerite treated with TO was lower than that treated with KBX after Cu activation. Zeta potential measurements
demonstrated that the zeta potential of sphalerite particles was slightly decreased when treated with TO, and the isoelectric
point (IEP) was decreased from 3.3 to 3.1 due to the interaction of TO with sphalerite particles. FT-IR and SEM-EDS
confirmed that TO could be adsorbed on the sphalerite surface on the formation of the oil film due to its low solubility,
thereby increasing the surface hydrophobicity of the sphalerite. In addition, the TO absorbed on the surface acts as a bridging
role and promotes the hydrophobic agglomeration of sphalerite particles. These results suggest that except for froth
entrainment, the influence of TO on the flotation behavior of sphalerite may be another reason for the misreporting of
sphalerite in concentrates.

1. Introduction

In the mineral processing industry, froth flotation is the
most common technology for the selective separation of
valuable minerals from gangue minerals [1, 2]. In froth flo-
tation, the hydrophobic mineral particles can adhere to air
bubbles dispersed in the pulp and transfer from the pulp
region to the froth layer, while the hydrophilic mineral par-
ticles remain in the pulp and are collected in the tailings.
These air bubbles dispersed in the pulp region play an
important role in froth flotation [3–7]. Generally, the finer
the air bubbles are, the higher the flotation separation effi-

ciency is. Therefore, to generate finer and more stable air
bubbles in the pulp, a surfactant called the frother usually
needs to be added to the pulp prior to flotation separation
[8, 9]. Organic reagents such as methyl isobutyl carbinol
(MIBC), polypropylene glycol methyl ether (DF-200), and
polypropylene glycol (PPG) are widely used as flotation
frothers [10–12]. As a surfactant, the foaming ability of a
frother is usually determined by its molecular structure,
which commonly consists of nonpolar hydrocarbyl and
polar groups (-OH, -COOH, -C=O, -OSO2, and -SO2OH).
In the pulp, the frother molecule can be oriented at the
gas-liquid interface with the nonpolar hydrocarbyl inserted
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in the gas phase and polar groups inserted in the water
phase. The interfacial tension of the gas-liquid interface is
significantly decreased by the addition of the frother, which
can prolong the dwell time of bubbles and prevent bubbles
from bursting [13, 14].

At present, most literatures on the flotation frother
have mainly focused on its effect on froth entrainment
and froth phase stability. Froth entrainment is a common
phenomenon in mineral flotation and has a negative effect
on the selectivity of flotation separation; the undesired
mineral particles are transferred to the froth phase and
concentrates. The froth entrainment caused by air bubbles
is illustrated in Figure 1 [5, 15–17]. Many studies have
indicated that the degree of entrainment is controlled by
various factors, such as water recovery, solids percentage,
gas flow rate, and froth height. Among these factors,
water recovery is considered the most important factor
affecting the entrainment degree, which is directly related
to the molecular structure of the frother. An increase in
the recovery of water usually results in the increasing
number of undesired mineral particles in concentrates,
which leads to a decrease in the grade of concentrates
[18]. Froth entrainment is regarded as the predominant
reason for the misreporting of the undesired mineral par-
ticles in concentrates.

Terpenic oil (TO), a mixture of terpene alcohol (TA) and
nonpolar oil, is widely used as a flotation frother in China
because of excellent foaming performance and low cost.
TO is mainly obtained from the hydration reaction of tur-
pentine, which is derived from pine wood distillation or
byproducts of the chemical industry [19–21]. TA, with a
content of 80% to 85%, is the predominant component in
TO that acts as a frother. The molecular structure of TA is
shown in Figure 2 [22].

In industrial flotation operation, more stable and finer
air bubbles can be obtained by the addition of TO. How-
ever, it is found that the type of frother has an important
effect on the selective flotation of sulfide minerals. Usually,
a higher grade of concentrates was obtained when using
MIBC instead of TO as the flotation frother, which can
be attributed to the different entrainment degrees of both
[23, 24]. Therefore, more attention was paid to the influ-
ence of TO on froth entrainment; the influence of TO
on the floatability of sulfide minerals is commonly
ignored. In our flotation tests, an obvious phenomenon
was observed for the microflotation of sphalerite. The
recovery rate of sphalerite was significantly improved
when the frother TO was added to the pulp, even without
the addition of an activator or collector. In our flotation
tests, the sphalerite particles floated by the froth entrain-
ment can be excluded because a modified Hallimond flota-
tion tube was used. Therefore, we speculated that the
frother TO may interact with the sphalerite surface, lead-
ing to an increase in the flotation recovery of sphalerite.
The objective of this study was to investigate the influence
of frother TO on the flotation behavior of sphalerite, and
the results may be helpful for explaining the misreporting
of sphalerite in concentrates other than that caused by
froth entrainment.

2. Materials and Methods

2.1. Materials. The highly mineralized sphalerite samples
used in this work were obtained from Huize Lead & Zinc
Mines, Yunnan Province, China. After crushing the samples
with a hammer and manually removing gangue minerals,
the samples were dry-ground in a porcelain ball mill and
dry-screened using nylon sieves to obtain the desired particle
size. The samples were then sealed in a polyethylene bag and
stored in a refrigerator at a temperature of -5.0°C to prevent
surface oxidation [7]. The chemical composition and X-ray
diffraction analysis of the sphalerite samples are given in
Table 1 and Figure 3, respectively. These results indicate that
the sphalerite samples used in this study were of high purity.

The frother TO and the collector potassium butyl xan-
thate (KBX), both of industrial purity, were used in this
study. For comparison, TA (the predominant component
in TO) of analytical purity was purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd., China. In addi-
tion, HCl and NaOH of analytical purity from Tianjin No.
3 Chemical Reagent Factory were used as the pH regulator.
Deionized water having a resistivity of 18.25 MΩ cm−1

was used in all the tests.

2.2. Microflotation. Microflotation tests were conducted in a
modified Hallimond flotation tube (shown in Figure 4) with
an inner diameter of 1.5 cm. By using the modified flotation
tube, any froth entrainment was prevented because only one
N2 bubble could pass through the flotation tube at a time.
Therefore, the change in the flotation recovery of the min-
eral could be attributed to the influence of TO when TO
was added to the pulp. For each flotation test, 2.0 g of a
sphalerite sample of size -0.074mm to +0.048mm was used.
First, the sphalerite sample was mixed with 20mL of deion-
ized water in a 50mL beaker, and the pH of the suspension
was adjusted to the specified pH using 0.01mol/L HCl or
NaOH solutions. Next, reagents at the specified dosage were
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Figure 1: Schematic of froth entrainment in flotation.
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Figure 2: Molecular structure of TA.
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added and conditioned for 3min. After conditioning, the
pulp was quickly transferred to the flotation tube and floated
for 5min at an N2 flow rate of 0.005 dm3/min (86 bubbles/
min). Finally, the floated and nonfloated sphalerite particles
were collected, filtered, dried at 40°C, and weighed to calcu-
late the recovery. The calculation method for recovery of

sphalerite is shown as follows:

Recovery = mass of the floatedminerals
mass of the floated and nonfloatedminerals × 100%:

ð1Þ

All experiments were repeated three times under the
same conditions, and the recovery value reported in this
study is the average value.

2.3. Analysis Techniques

2.3.1. Contact Angle Measurements. Contact angle measure-
ments were performed to investigate the influence of TO on
the surface hydrophobicity of sphalerite. Measurements
were carried out at room temperature (25°C and 67% rela-
tive humidity) by using a JY-82-type contact angle analyzer
manufactured by Chengde Test Factory, China. The highly
mineralized sphalerite sample was cut to obtain a measured
area of 1:2 cm × 1:2 cm. Before measurement, the working
surface was created by polishing the surface with Al2O3
sandpaper. After polishing and washing with deionized
water, the surface was treated with the solution for 3min
and dried for further measurement. Subsequently, a micro-
syringe was used to drop 5μL of deionized water onto the
surface, and the contact angles on both sides of the droplet
were measured. Each sample was measured three times,
and the value reported in this work is the average value.

2.3.2. Zeta Potential Measurements. The zeta potentials of
sphalerite with and without the addition of TO or TA were
measured using a zeta potential analyzer (Malvern Zetasizer
Nano ZS90, Malvern Panalytical Ltd., Britain). The sphaler-
ite samples were ground to a particle size of less than
0.010mm. The mineral suspension was prepared by adding
0.2 g of sphalerite samples to the 20mL deionized water,
and the pH of the suspension was adjusted by using
0.01mol/L HCl and NaOH solutions. Then, the given dosage
of TO or TA was added to the suspension and conditioned
for 2min. After conditioning, 5.0mL of the suspension was
quickly transferred to the sample cell of the apparatus by
using a syringe and subjected to zeta potential measurement.
All tests were repeated three times with the same conditions,
and the maximum standard deviation for the three measure-
ments was within ±2.0mV.

2.3.3. FT-IR Spectrum. The FT-IR spectra of sphalerite were
analyzed using a Nicolet Avatar 330 FT-IR spectrometer
(Thermo Fisher Scientific Inc., USA). A sphalerite sample
with a particle size of -0.010mm was first conditioned with
a specified dosage of TO or TA for 3min. After condition-
ing, the pulp was filtered and dried under vacuum at 30°C.
The solid particles were then mixed with KBr. After flaking,
the samples were subjected to FT-IR analysis. A wavelength
range of 4000–400 cm-1 was employed in the FT-IR analysis.

2.3.4. SEM-EDS. Scanning electron microscopy equipped
with an energy-dispersive spectrometer (SEM-EDS,
Quanta-200, FEI Company, USA) was employed to investi-
gate the hydrophobic agglomeration of sphalerite particles.

Table 1: Chemical compositions of sphalerite used in this study.

Elements Zn Fe S Pb SiO2

Sphalerite 64.18 1.16 34.21 0.13 0.32
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Figure 3: X-ray diffraction spectrum of sphalerite.

N2

Magnetic stirrer

The floated particles
Air bubble

Rubber plug

Airflow
controller

Figure 4: Schematic of the Hallimond tube used in the flotation
tests.
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First, the sphalerite sample with particle sizes of -0.074mm
to +0.048mm was cleaned for 5min using an ultrasonic
cleaner to remove any fine particles adhering to the sphaler-
ite surface. Subsequently, the sphalerite sample was mixed
with 20mL of deionized water, and TO was added to the
pulp and conditioned for 3min. Then, the sample was fil-
tered and dried at room temperature (25°C). Finally, the
sample was subjected to SEM-EDS analysis.

3. Results and Discussion

3.1. Effects of TO on the Flotation of Sphalerite. The effects of
TO on the flotation behavior of sphalerite and Cu-activated
sphalerite as a function of pH are shown in Figure 5. For

comparison, the flotation behavior of sphalerite with KBX
as a collector is also shown in Figure 5.

As shown in Figure 5(a), the flotation recovery of sphal-
erite without activation by CuSO4 was less than 10% at all
the studied pH ranges, and the flotation recovery declined
with increasing pH. When 10mg/L KBX was added to the
pulp, the flotation recovery of sphalerite increased slightly
in the acidic pH range of 2.0 to 4.0, owing to the poor
response of KBX to the unactivated sphalerite surface. How-
ever, when 10mg/L TO was added to the pulp, the flotation
recovery of sphalerite was significantly increased at the pH
ranges of 2.0 to 10.0 compared with the addition of 10mg/
L KBX or no reagents. The maximum recovery value of
55.2% was achieved at pH of 2.0, and then, the recovery
gradually decreased with increasing pH. Overall, the flota-
tion recovery of sphalerite with the addition of TO was
remarkably higher than that with the addition of KBX or
no reagents.

Figure 5(b) presents the flotation behavior of sphalerite
activated by CuSO4 with the presence of KBX or TO in
the pulp. For both KBX and TO, the flotation recovery
of sphalerite displays a pronounced increase with the acti-
vation of CuSO4. The recovery of sphalerite with the addi-
tion of KBX was distinctly higher than that with the
addition of TO at all the studied pH ranges, indicating
that KBX plays a predominant role in the floatability of
Cu-activated sphalerite. With increasing pH, only a slight
decline in recovery was observed with the addition of
TO. In addition, the flotation recovery of sphalerite with
both KBX and TO was remarkably higher than that
obtained by the addition of KBX or TO alone, which indi-
cated that there was a synergistic effect between KBX and
TO on the sphalerite surface. These results indicate that
TO has a noteworthy influence on the flotation behavior
of sphalerite.

The effect of the TO dosage on the recovery of sphalerite
as a function of pH is shown in Figure 6.
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Figure 5: Effect of TO on the flotation behavior of sphalerite: (a) without activation by CuSO4 and (b) activated by 10mg/L CuSO4.
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Figure 6 shows that the flotation recovery of sphalerite
was remarkably increased with increasing dosages of TO in
the pulp. At pH ranges from 2.0 to 10.0, the greater the
TO dosage, the greater the recovery of sphalerite. However,
the recovery of sphalerite gradually decreased with the
increase in pH.

TO, as a mixture of TA and nonpolar oil, has been
widely used as a flotation frother in Chinese mineral pro-
cessing plants. The effect of nonpolar oils such as kerosene
and diesel oil on the floatability of sulfide minerals has been
discussed in some studies and applied in early oil flotation.
The selectivity and collecting ability of nonpolar oil as a col-
lector are insufficient because of its lower solubility and
selectivity [25]. TA is a type of surfactant and the predomi-
nant component in TO, but its effect on the flotation behav-
ior of sulfide minerals has received little attention. To further
investigate the effect of TO on the flotation behavior of
sphalerite, TO was replaced with an analytical-purity TA.
The influence of TA on the flotation behavior of sphalerite
as a function of pH is shown in Figure 7.

As shown in Figure 7, the recovery tendency of sphalerite
with the addition of TA was similar to that obtained with the
addition of TO, which suggested that TA also has an influence
similar to that of TO on the flotation behavior of sphalerite.
This result demonstrates that, except for the nonpolar oil in
TO, the predominant component TA of TO also has an
important influence on the flotation behavior of sphalerite.

In our microflotation tests, the flotation recovery of
sphalerite was lower than that reported by Fornasiero and
Ralston, which can be attributed to the different methods
used in the microflotation tests [26]. In the study by Forna-
siero and Ralston, a flotation machine was used in which the
froth entrainment was remarkable and unpreventable. How-
ever, in this work, the froth entrainment was prevented
because of the utilization of a modified Hallimond tube,
and the increase in the recovery of sphalerite with the addi-
tion of TO can be ascribed to the influence of TO on the sur-
face hydrophilicity/hydrophobicity of sphalerite.

3.2. Contact Angle Measurement. The results from the
microflotation tests indicate that the flotation recovery of
sphalerite significantly increased with the presence of TO
in the pulp. Usually, the flotation behavior of minerals is rel-
evant to the surface hydrophilicity/hydrophobicity, which
can be reflected by the contact angle. In this work, the con-
tact angle of sphalerite treated with different flotation
reagents was measured using the method described by Xie
et al. [27]. The results are presented in Figure 8.

The contact angle of natural sphalerite at a pH of 7.3 was
68.71°, which is closed to the value reported by Subrahma-
nyam et al. [28]. After treatment with 10mg/L TO, the con-
tact angle of sphalerite was increased from 68.71° to 76.82°,
indicating that the hydrophobicity of sphalerite was
enhanced by the addition of TO. Similar results were
observed when TO was replaced with TA. In addition, the
contact angle of sphalerite was 70.15° when it was treated
with 10mg/L KBX, which was not significantly different
from that of natural sphalerite (68.71°) and lower than the
contact angle of sphalerite treated with TO or TA. After acti-
vation by CuSO4, the contact angle of sphalerite was
increased from 68.71° to 71.03°. The contact angle of sphal-
erite was further increased from 68.71° to 84.20° and 85.08°,
respectively, when treated with 10mg/L TO and TA, indicat-
ing that the hydrophobicity of Cu-activated sphalerite was
also significantly improved by the addition of TA or TO.
However, the contact angle of Cu-activated sphalerite with
the addition of KBX was 89.73°, which is greater than the
contact angle with the addition of TO or TA. These
results indicate that KBX plays a predominant role in
the hydrophobicity of sphalerite when activated by
CuSO4. Meanwhile, the measured contact angle of Cu-
activated sphalerite with the addition of both KBX and
TO was 93.52°, which is greater than that treated with
Cu+KBX, Cu+TO, or Cu+TA, indicating that there was
a synergistic effect between KBX and TO on the Cu-
activated sphalerite surface. This is in good agreement
with the microflotation results.
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Figure 7: Effect of TA on the flotation behavior of sphalerite.
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3.3. Zeta Potential. Contact angle measurements illustrate
that the surface hydrophobicity of sphalerite was remarkably
improved by treatment with TO or TA, indicating that there
is an interaction between sphalerite and TO. The alteration
of the mineral surface charge is an important reference for
revealing the interactions between the mineral particle and
the flotation reagent. In this work, the zeta potential was
employed to investigate the changes in electrical properties
of mineral surfaces. The zeta potential of sphalerite with
the addition of TO or TA as a function of pH is shown in
Figure 9.

For sphalerite, the zeta potential was decreased with
increasing pH with the absence of TO or TA in the suspen-
sion. The isoelectric point (IEP) of sphalerite without other
reagents was approximately 3.3, which is similar to the value
reported by Laskowski et al. and Deng et al. [21, 29]. With-
out the addition of reagents, the ions determining the electri-
cal property of the sphalerite surface were principally
protons and hydroxyl ions. However, the zeta potential of
sphalerite at the pH ranges of 3.0 to 12.0 was further
decreased when TO or TA was present in the suspension.
The IEP of sphalerite was also decreased from 3.3 to 3.1.
This finding indicated that TO or TA was adsorbed onto
the mineral surface, but the zeta potential of sphalerite does
not change significantly due to the low solubility and the
nonionic nature of TO or TA. In addition, the alteration ten-
dencies of the zeta potential with the addition of TO or TA
are almost identical.

3.4. FT-IR Spectrum. Microflotation and contact angle mea-
surements demonstrated that the recovery and hydropho-
bicity of sphalerite were significantly improved with the
presence of TO or TA in the pulp. To further investigate
the interaction between TO and the sphalerite surface, the
FT-IR spectra of sphalerite treated with TA or TO were mea-
sured, and the results are shown in Figure 10.

In the FT-IR spectrum of TA, the absorption peak at
3414.93 cm-1 is attributed to the stretching vibration of
-OH, which represents the characteristic absorption peak
of TA. The peaks at 2965.51 cm-1 and 2925.06 cm-1 are
ascribed to the asymmetric and symmetric stretching vibra-
tions of -CH, respectively. The peak at 1643.79 cm-1 is due to
the stretching vibration of the -C=C- of cyclohexene. The
peak at 1441.71 cm-1 can be identified as the bending vibra-
tion of CH. For TO, the positions of the characteristic
absorption peaks in the FT-IR spectrum are almost identical
to those of TA, which suggests that the primary component
of TO is TA. Only a few differences were detected in the FT-
IR spectrum of TO, which could be attributed to the influ-
ence of nonpolar oil in TO. In the FT-IR spectrum of sphal-
erite, the absorption peak at 1635.45 cm-1 represents the
bending vibration of -OH adsorbed on the sphalerite sur-
face, which is derived from the adsorption of Zn-hydroxyl
complexes on the sphalerite surface. The peak at
610.84 cm-1 can be identified as the stretching vibration of
Zn-S [30, 31]. After treatment with TA, however, a broad
peak at 3458.90 cm-1 was detected on the sphalerite surface,
which represents the stretching vibration of -OH in TA. The
results indicate that part of the TA in the pulp can adsorb on
the sphalerite surface through the interaction between the
polar group -OH of TA and the sphalerite surface; the sim-
ilar results were found in the FT-IR spectrum of sphalerite
treated with TO. However, no new absorption peak was
found on the sphalerite surface when TA or TO interacted
with the sphalerite surface, which indicates that no new
compounds were formed and that the adsorption of TA or
TO on the sphalerite surface may only be physical adsorp-
tion. The physical adsorption of flotation reagents on a min-
eral surface is usually weak and unstable.

3.5. SEM-EDS. During the microflotation of sphalerite, the
agglomeration was observed when TO or TA was added to
the pulp. The agglomeration of mineral particles is caused
by the hydrophobic interactions between the mineral parti-
cles, and the agglomeration can be enhanced by an increase
in surface hydrophobicity [32]. In this study, the
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agglomeration of sphalerite particles in the presence of TO
was investigated using SEM-EDS. SEM-EDS images are
shown in Figure 11.

Figure 11 shows that without the addition of TO, most of
the sphalerite particles were naturally dispersed and only a
few fine particles adhered to each other due to the hydro-
phobic interaction between the mineral particles. Song
et al. suggested that under the specified pH conditions, com-
mon sulfide minerals such as galena, chalcopyrite, and
sphalerite can produce hydrophobic agglomeration due to
their hydrophobic interactions [33]. In addition, SEM-EDS
indicates that without the addition of TO, the element com-
position on the sphalerite surface is mainly Zn, S, and Fe,
which is basically consistent with the results from the chem-
ical composition of Table 1. However, more agglomerations
of sphalerite particles with a large size were observed with
the addition of 10mg/L TO compared without the addition
of TO, which indicated that the hydrophobic agglomeration
of sphalerite particles was significantly promoted due to the
influence of TO. Furthermore, it was observed that part of
the sphalerite surface was covered by fine sphalerite particles
due to the influence of TO. Besides, the carbon peak with an
atomic concentration of 1.87% in Figure 11(b) was detected
on the sphalerite surface after the addition of TO. The car-
bon elements detected on the sphalerite surface were derived

from TO because no reagents were added during the condi-
tioning stage, which suggests that TO can be adsorbed on
the sphalerite surface.

Zhang et al. reported that nonpolar oil promotes the
hydrophobic agglomeration of sulfide mineral particles by
the formation of oil films on mineral surfaces, and the adhe-
sion forces between mineral particles involved in
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Figure 11: SEM-EDS images of sphalerite treated with TO: (a) without the addition of TO; (b) with the addition of 10mg/L TO.
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Figure 12: Diagrammatic sketch of the influence of TO on the
flotation of sphalerite.
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hydrophobic agglomeration were increased by the nonpolar
oil [34]. Considering the results from FT-IR and SEM-EDS,
it can be concluded that due to the low solubility of TO in
the water phase, the adsorption of TO on the sphalerite sur-
face was achieved by the formation of an oil film on the sur-
face. Therefore, the surface hydrophobicity and flotation
recovery of sphalerite were improved. At the same time,
the hydrophobic agglomeration of sphalerite particles was
significantly promoted because of the bridging role of TO.
The influence of TO on the flotation of sphalerite is illus-
trated in Figure 12.

Therefore, we can infer that except for the role of froth
entrainment, the influence of the frother TO on the flotation
behavior of sphalerite may be another important factor
affecting the misreporting of sphalerite in concentrates dur-
ing the selective separation of galena from sphalerite.

4. Conclusions

TO, as the most common flotation frother in China, not only
has excellent foaming ability but also has an important influ-
ence on the floatability of sphalerite. Compared with KBX,
the flotation recovery of the unactivated sphalerite signifi-
cantly increased with the addition of TO in the pulp; the
higher the dosage of TO, the higher the recovery of sphaler-
ite. When activated by CuSO4, the recovery of sphalerite was
also enhanced by the addition of TO, but the increase in the
recovery of sphalerite with the addition of TO was lower
than that with the addition of KBX. TA, the predominant
component of TO, was responsible for the increase in the
recovery of sphalerite. The surface hydrophobicity of sphal-
erite and Cu-activated sphalerite was remarkably enhanced
by the addition of TO or TA to the pulp, thereby enhancing
the flotation recovery. In addition, TO could also be
adsorbed on the sphalerite surface in the formation of the
oil film due to the low solubility in the pulp, and the agglom-
eration of sphalerite particles was significantly enhanced due
to the bridging role of TO adsorbed on the sphalerite
surface.
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