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Abstract: Lime (CaO) and sodium humate (NaHA) were used as the combined depressant for arsenopyrite pre-treated
by CuSO, and butyl xanthate. Micro-flotation tests show that the combined depressant CaO and NaHA achieved the
selective depression of arsenopyrite. Closed-circuit lab-scale test results indicate that the synergistic effect of
CaO+NaHA achieved a satisfactory flotation separation of sphalerite and arsenopyrite, for which the Zn grade and
recovery of Zn concentrate were 51.21% and 92.21%, respectively. Contact angle measurements, adsorption amount
measurements and X-ray photoelectron spectroscopy analysis indicate that the dissolved calcium species (mainly as
Ca’") were adsorbed on the mineral surfaces, thereby promoting NaHA adsorption. Moreover, the surface of the
arsenopyrite absorbed more amount of calcium species and NaHA than that of the sphalerite, thereby accounting for the
strong hydrophilic surface of arsenopyrite. The adsorption of NaHA on arsenopyrite was mainly chemical adsorption
through its carboxyl groups and Ca atoms, whereas that on sphalerite surface was relatively weak.
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effective  method  [8—10].
development of high-efficient
depressant for arsenopyrite is of great significance
for improving resource utilization, subsequent
smelting processes and environmental pollution
reduction.

Therefore,  the
1 Introduction and non-toxic

Arsenopyrite (FeAsS) is a most common
As-bearing mineral that often closely coexists with
other sulphide minerals in poly-metallic ores [1,2].

In flotation system, arsenopyrite floats along with
other sulphide minerals into the concentrate and
reduces its quality [3]. Any arsenic in the
concentrate is harmful, because its presence will
worsen the subsequent smelting process of the
concentrate and causes hazards to the environment
and human beings [4-7]. The removal of
arsenopyrite during mineral processing is more
economical than that during metallurgical
processing, and the flotation separation of
arsenopyrite and other sulphides is the most

Generally, in industrial flotation plant practice,
two types of ores, namely, poly-metallic sulphide
ores and tin-containing poly-metallic sulphide
ores, need to remove arsenopyrite [11—14]. For the
beneficiation of poly-metallic sulphide ores, some
depressants, including inorganic compounds (CaO,
the combined FeCl+NH4,Cl, KMnQO,; Na,SOs;,
NaCN, Ky[Fe(CN)s] and H,0,) [8,15—17], and
organic compounds (dextrin, NaHA, tannin and
calcium lignosulfonate) [5,18,19], have been widely
used and have shown excellent inhibiting effect on
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arsenopyrite. Despite some reports regarding the
use of the above-mentioned depressants in sequential
flotation of poly-metallic sulphide ores, few
attempts have been made to depress arsenopyrite in
bulk concentrate of tin-containing poly-metallic
sulphide ores.

A mining area of tin-containing poly-metallic
sulphide ore, which is located in Inner Mongolia,
China, has the cassiterite resources of 6x10*t
(average tin grade of 1.0%). The valuable metals of
the ore include tin, zinc, tungsten, to a less extent,
molybdenum and bismuth. The content of harmful
impurity arsenic is high, assaying 2.46%. Therefore,
the control of the As content in each concentrate is
the focus and difficulty of the mineral processing.
To minimize the impact of sulphide minerals on the
beneficiation of cassiterite, the sulphide minerals
must be floated in advance. According to different
floatabilities of the sulphide minerals, the principle
flowsheet can be determined as “Preferential
flotation of Mo/Bi—Bulk flotation of Zn/As—
Flotation separation of Zn and As—Gravity of
Sn/WO3;”. To ensure the maximum flotation
recovery, sphalerite and arsenopyrite are firstly
floated with excessive dosage of CuSO,4 and BX in
the bulk flotation stage. After pre-treatment by
CuSO, and BX, the two minerals show extremely
similar flotation behaviours, and their flotation
separation without depressant is impossible.
However, reports on the use of effective and
environmentally friendly depressants for arseno-
pyrite in bulk Zn—As concentrate are scarce [18,20].
Moreover, the selective depression mechanism is
still unclear.

In this work, according to the results of
preliminary exploratory tests, the combination of
CaO and NaHA expressed a good inhibiting effect
on arsenopyrite and is selective for sphalerite.
However, the fundamental study and their
applications in the laboratory- and industrial-scale
tests are limited. Therefore, this work mainly aims
to investigate the selective inhibiting effect of the
combined depressant CaO and NaHA on the two
minerals after bulk flotation in theoretic and actual
applications. Flotation experiments, contact angle
measurements, adsorption amount measurements
and X-ray photoelectron spectroscopy (XPS)
analysis were conducted to explore the flotation
behaviours of the two minerals and the possible
depression mechanism.

2 Experimental

2.1 Materials

Pure samples of sphalerite and arsenopyrite
used in this work were purchased from the Hunan
and Yunnan Provinces, China, respectively. The
lump samples were firstly crushed with a hammer
to obtain small block, and then the proportion with
high purity was carefully handpicked and ground in
a laboratory ceramic ball mill. Secondly, the ground
samples were dry sieved using the standard sieves
(38 and 74 pm). The products with the particle
fraction of 38—74 um were used for micro-flotation
experiments, adsorption amount measurements and
XPS analysis. Samples with the particle fraction
of <38 um were further ground to below 2 pm for
chemical analysis and X-ray diffraction (XRD)
analysis. Chemical analysis results are shown in
Table 1. According to Table 1, the sphalerite and
arsenopyrite samples used in this study were of
96.34% purity and 97.13% purity, respectively.
Figures 1(a) and (b) show the XRD patterns of
sphalerite and arsenopyrite, respectively. As shown
in Fig. 1, the two samples were of extremely high
purity.

Table 1 Chemical analysis results of sphalerite and
arsenopyrite (wt.%)

Sample Zn Fe S Pb  Cu SiO,
6234 0.57 2851 036 0.04 426

Sphalerite
Sample Fe As S Pb Zn  SiO,
Arsenopyrite 35.83 44.69 14.88 0.06 0.05 2.22

The tin-containing poly-metallic ore samples
used in the laboratory-scale tests were obtained
from Inner Mongolia, China. The chemical analysis
results show that the samples contained 1.51% Sn,
2.64% Zn, 2.46% As, 1.89% S, 3.64% F, 0.19%
WO;, 0.02% Mo, 0.009% Bi, 0.025% Pb, 74.74%
Si0,, 6.01% AlOs, 1.55% CaO, 0.98% K,O and
0.44% Na,O (mass fraction). The main metal
minerals and the corresponding mass fractions were
cassiterite (1.4%), sphalerite (3.6%), arsenopyrite
(1.0%) and wolframite (0.17%). The main gangue
minerals and the corresponding mass fractions were
quartz and feldspar (70.1%) and mica (10.5%).

The flotation reagents used in this work were
pH adjuster hydrochloric acid (HCl) and sodium
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hydroxide (NaOH), activator copper sulphate
(CuSQ,), collector sodium butyl xanthate (BX) and
ethyl thiocarbamate (DDTC), frother methyl
isobutyl carbinol (MIBC), depressant lime (CaO)
and sodium humate (NaHA). CuSO, and NaHA
were purchased from Tianjin Kemion Chemical
Reagent Co., Ltd., China. MIBC and CaO were
supplied by Aladdin Reagent Co., Ltd., Shanghai,
China. HCl and NaOH were supplied by BSQ
Chemistry Technique, Shanghai, China. They
were of analytical grade with extremely high purity
of >99%. Industrial grade BX and DDTC were
received from Zhuzhou Flotation Reagent Factory
in Hunan Province, China. The concentrations of
HCI and NaOH were 2 and 1 mol/L, respectively.
The resistivity of the distilled (DI) water (Arium
Mini, Sartorius, Germany) was over 16.0 MQ-cm.

2.2 Micro-flotation experiments

Micro-flotation experiments were carried out
by a XFG flotation machine (40 mL plexiglass cell,
Jinlin Exploration Machinery Plant, Changchun,
China) at the agitating speed of 1602 r/min. For
each test, 2.0 g of sample was firstly cleaned by
ultrasonic treatment for 5 min and then dispersed
into a 40 mL plexiglass cell that contained 35 mL of
DI water. After stirring for 1 min, HCl or NaOH
was added and stirred for 2 min. Subsequently,
the flotation reagents were added into the flotation
pulp in order, and each flotation reagent was added
at a certain time interval. The addition order and the
reaction time for each reagent are shown in
Fig. 2(b). Flotation was carried out for 2 min, and
the concentrate (flotation foam) was manually
scraped and collected. Subsequently, the concentrate
and tailing were oven-dried and weighed for

recovery calculation.

For the artificial mixed minerals tests,
sphalerite and arsenopyrite were manually mixed
according to the mass ratio of 1:1, and then the
appropriate flotation reagents were added. The
reagent addition sequence and the corresponding
reaction time were consistent with those of
micro-flotation tests. The collected products were
oven-dried, weighed and prepared for metal grade
analysis, and the recovery was calculated according
to the yield and metal grade.

2.3 Laboratory-scale flotation tests

Based on the properties of the raw ore
mentioned in Section 2.1, the raw ore contains
many valuable metals, including tin, zinc,
molybdenum, bismuth and tungsten. According to
the quality standard of tin concentrate, both zinc
and arsenic contents in tin concentrate should
be strictly controlled below 2%. Therefore,
considering the subsequent recovery of cassiterite
and wolframite, the sulphide minerals must be
removed in advance. The flowsheet of the principle
process is shown in Fig. 2(a).

A total of 1.0 kg of the sample was ground
with a wet ball mill to achieve a 58% passing of
74 um. The flotation tests were carried out using
self-aerated XDF—63 flotation machine (Jilin
Exploring Machinery Plant, Jilin, China). The
Zn—As bulk flotation was firstly carried out to
obtain Zn—As bulk concentrate from the tailing of
Mo—Bi flotation process, wherein reagents CuSQy,
BX and MIBC were added. Next, the Zn—As bulk
concentrate was separated (with 0.75 L effective
volume for rougher—scavenger flotation and 0.5 L
for cleaner flotation). The impeller speed was kept
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Fig. 1 XRD patterns of sphalerite (a) and arsenopyrite (b)
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Fig. 2 Flowsheet of principle process (a), micro-flotation experiments (b) and closed-circuit lab-scale flotation tests (c)

constant at 1992 r/min. The desired flotation
reagents were sequentially added into the flotation
slurry at 2 min interval, and the flotation time of
each operation was different and determined
according to the actual flotation phenomenon. The
foam product was automatically collected by a froth
scarper device. Figure 2(c) presents the flowsheet of
closed-circuit lab-scale flotation tests. Finally, the
recovery was calculated according to the yield of
the collected products and the metal grade analyzed
by chemical analysis.

2.4 Contact angle measurements

The hydrophilicity and hydrophobicity of the
mineral surface can be characterized by the change
in the contact angle. Firstly, a lump mineral sample
with a smooth surface polished by sandpapers was
placed in a beaker with 35 mL DI water followed
by the pH adjustment with 2 min interval.
Subsequently, the sample was conditioned with the
desired reagent(s), repeatedly washed with DI water
and dried with N,. The contact angle of the mineral
surface was measured by a JY—82 automatic video
contact angle meter (Chende Dingsheng Testing
Machine Testing Equipment Co., Ltd.). The mineral
sample was placed on the stage of the equipment,

and then a drop of DI water was placed on the
mineral surface. Thereafter, a set of microscopic
images were taken, and the best view was selected
and measured for the three-phase contact angle.

2.5 Adsorption amount measurements

For each adsorption amount measurement,
2.0g of mineral sample was placed into the
flotation cell with 35 mL DI water, the desired
amount of flotation reagents were added into the
flotation pulp, and the additive order and the
conditioning time were consistent with those of
micro-flotation experiments. After the interaction
process, the suspensions were allowed to settle for
2 min, and then the supernatant liquid was
centrifuged at 9000 r/min for 20 min. Finally, the
residual concentration of calcium ions in the
supernatant was measured by inductively
coupled plasma optical emission spectrometry
(SPECTROBLUE FMX28, ICP-OES system of
Germany), and the residual amount of total organic
carbon (TOC) in the supernatant was determined by
a TOC-LCPH analyzer (Shimadzu, Kyoto, Japan).
The amount of flotation reagents adsorbed on the
mineral surface (/) was calculated by the difference
between the initial and the residual concentrations,
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as shown below:

— (Co — C)V
mS

r

where V' is the volume of the flotation slurry (mL);
Cy and C are the initial and residual concentrations
of the flotation reagent (mg/L), respectively; m is
the mass of the mineral sample (g); S is the special
surface area of the mineral sample (m?/g).

2.6 XPS analysis

The instrument of ESCALAB 250Xi (Thermo
Fisher Scientific Inc, USA) with a monochromatic
Al K, ray source at 1486.6eV was used for
XPS analysis. The narrow scanning spectra were
performed using a pass energy of 20 eV and an
energy scan step size of 0.1 eV, and the pressure of
the analysis chamber was below 1x107'Pa. The
binding energy of C ls at 248.6 eV was used
for calibration. The prepared procedure of the
samples was consistent with that of micro-flotation
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experiments, and the treated samples were filtered,
rinsed three times with DI water and oven-dried for
testing. The data were collected and analyzed by
Avantage 5.954 software.

3 Results and discussion

3.1 Micro-flotation results

Figure 3(a) shows the recoveries of sphalerite
and arsenopyrite as a function of NaHA dosage
with 5x10~° mol/L CuSO, and 1x10™* mol/L BX at
pH 6.5. Apparently, both minerals had good
floatabilities after the treatment of CuSO, and
BX, and their recoveries were approximately 90%.
When NaHA was added as depressant, the
recoveries of both minerals remained at a high level
(above 70%) with increasing NaHA dosage from 0
to 1000 mg/L. This phenomenon indicates that the
flotation separation of the minerals was impossible
when using NaHA as single depressant. Figure 3(b)
represents the relationship between pH and the
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Fig. 3 Recoveries of sphalerite and arsenopyrite in the presence of 5x10™> mol/L CuSO4, 1x10™* mol/L BX and 10 mg/L
MIBC as function of NaHA dosage (a), pH value (b), pH value in the presence of NaHA (c), and NaHA dosage in the

presence of CaO (d)
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floatabilities of the two minerals in the presence of
NaOH and CaO, respectively. In the presence of
NaOH or CaO, both minerals had good
floatabilities, and their recoveries were above 80%
at pH 6.5—12. Apparently, separating them using
NaOH or CaO as single depressant is difficult.
Figure 3(c) shows the relationship between pH and
the floatabilities of the two minerals in presence of
the mixed depressant NaOH+NaHA and CaO+
NaHA, respectively. When the mixed depressant
NaOH+NaHA was added, the recoveries of both
minerals were above 80% at pH 6.5—-12. However,
after the addition of CaO+NaHA, in the pH range
of 6.5-9.5, the recovery of arsenopyrite remained at
a high level. When pH was larger than 9.5, the
recovery of arsenopyrite dropped significantly. The
recovery of sphalerite remained constant at
approximately 90% in the whole tested pH range.
This result suggests that the two minerals could be
separated using CaO+NaHA as the mixed
depressant at pH 11-12. Figure 3(d) shows the
floatabilities of the two minerals as a function of
NaHA dosage in the presence of CaO at pH 11.5.
As the NaHA dosage continued to increase, the
recovery of sphalerite did not change greatly, but
the recovery of arsenopyrite decreased significantly.
When the dosage of NaHA was increased to
300 mg/L, sphalerite still had an excellent
floatability of 87.87%, whilst the recovery of
arsenopyrite was only 10.14%. This finding
indicates that the flotation separation of the two
minerals can be achieved by the addition of the
combination of CaO+NaHA. These findings also
indicated that the inhibiting effect of NaHA on
arsenopyrite was largely promoted in the presence
of calcium species dissolved by CaO.

To investigate the actual inhibiting effect of the
combined depressant CaO+NaHA on arsenopyrite,
artificial mixed mineral tests were carried out, and
the results are shown in Fig. 4. In presence of
depressant CaO+NaHA, the Zn and As grades of Zn
concentrate were 59.12% and 2.05%, respectively.
The large increase in the Zn grade of Zn
concentrate (from 31.05% (feed) to 59.12%)
suggests that the depressant CaO+NaHA had an
excellent inhibiting effect on arsenopyrite.
Moreover, 95.45% Zn was recovered, and only
4.62% As (the impurities) was floated into the Zn
concentrate. This finding indicates that the
combined depressant has minimal effect on the
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Fig. 4 Results of flotation separation of artificial mixed
minerals

floatability of sphalerite. The results demonstrate
that the mixed depressant CaO+NaHA can achieve
satisfactory flotation separation of sphalerite and
arsenopyrite.

3.2 Laboratory-scale flotation results

Laboratory-scale flotation tests were further
used to verify the inhibiting effect of the combined
depressant CaO/NaHA on the flotation separation
of real run-of-mine sample, and the closed-circuit
flotation tests were carried out on tin-containing
poly-metallic ore samples. Results of the closed-
circuit flotation tests in the presence of different
depressants are presented in Table 2. As shown in
Table 2, when CaO (2000 g/t) or NaHA (2000 g/t)
was added, the Zn grades in Zn concentrates were
32.21% and 30.53%, respectively, and the
corresponding Zn recoveries were 94.34% and
92.21%, respectively. However, 75.90% and
81.63% of As metals floated and entered Zn
concentrates, indicating that the flotation separation
of sphalerite and arsenopyrite was not achieved
using CaO or NaHA as single depressant. As
expected, the addition of the combined CaO+NaHA
((1900+100) g/t) showed excellent inhibiting effect
towards arsenopyrite and strong selectivity towards
sphalerite. The Zn concentrate was obtained, with
Zn and As grades of 51.21% and 2.15%,
respectively, and the Zn recovery was 92.21%,
thereby demonstrating a favourable separating
results. The results also suggested that the
combination of CaO+NaHA was superior to each of
them alone in the flotation separation of the Zn—As
bulk concentrate.
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Depressant Doszi%e/ Product O?erating Grade/% Operating recovery/%
(gt)) yield/% Zn As Zn As

Zn concentrate 83.85 32.21 22.15 94.34 75.90

CaO 2000 Tailing 16.15 10.04 36.52 5.66 24.10
Zn—As bulk concentrate 100.00 28.63 24.47 100.00 100.00

Zn concentrate 86.23 30.53 23.27 92.21 81.63

NaHA 2000 Tailing 13.77 16.15 32.78 7.79 18.37
Zn—As bulk concentrate 100.00 28.55 24.58 100.00 100.00

Zn concentrate 51.10 51.21 2.15 92.21 4.47

CaO+NaHA  1900+100 Tailing 48.90 4.52 48.06 7.79 95.53
Zn—As bulk concentrate 100.00 28.38 24.60 100.00 100.00

3.3 Contact angle

The floatability of the mineral is directly
characterized by the hydrophilicity and hydro-
phobicity of the mineral surface, which can be
quantified by the changes in the three-phase contact
angle. The contact angle of sphalerite under the
conditioning of different flotation reagents is shown
in Fig. 5. The NaHA dosage was 300 mg/L, and the
pH value was fixed at 11.5. Figure 5(a) shows that
the contact angle of natural sphalerite was 37.77°,
thereby indicating the strong hydrophilicity of
natural sphalerite surface. After the interaction with
CuSO, and BX (Fig. 5(b)), the contact angle of
sphalerite surface sharply increased from 37.77° to
96.50°, suggesting the formation of hydrophobic
layer of dixanthogen (X;) and cuprous xanthate
(CuX) on sphalerite surface, and the significant
enhancement of the floatability of sphalerite [21—24].
The contact angles were slightly declined to 88.62°
and 87.17° with the addition of CaO (Fig. 5(c)) and
NaHA (Fig. 5(d)) as single depressant, respectively,
implying that the addition of CaO or NaHA had
minimal effect on the hydrophobicity of the
sphalerite surface. From Fig. 5(e), in the presence
of the combination of CaO+NaHA, the slight
decrease in contact angle (from 96.50° to 80.92°)
was observed, indicating that the hydrophobicity of
sphalerite surface did not change greatly. This
finding suggested that the depressant CaO+NaHA
had minimal effect on the contact angle of
sphalerite. ~Moreover, under this condition,
sphalerite still exhibited good floatability.

The contact angles of arsenopyrite with and
without treatment with different flotation reagents

are shown in Fig. 6. As shown in Fig. 6(a), the
contact angle of arsenopyrite was 64.34°,
suggesting that natural arsenopyrite surface had a
certain degree of hydrophilicity. After the treatment
with CuSO, and BX (Fig. 6(b)), the hydrophobicity
of the arsenopyrite surface was largely improved,
and the contact angle increased to 92.44°, indicating
the formation hydrophobic layer of dixanthogen
(X;) and cuprous xanthate (CuX) on the
arsenopyrite surface; thus, the floatability of
arsenopyrite was dramatically increased [23]. After
the addition of CaO (Fig. 6(c)) or NaHA (Fig. 6(d))
as single depressant, the contact angles of arseno-
pyrite slightly decreased to 82.11° and 82.46°,
respectively, implying that the hydrophobicity and
floatability of arsenopyrite were still good.
However, the addition of the combined depressant
CaO+NaHA greatly decreased the contact angle to
48.15°, suggesting that the combined CaO+NaHA
had a strong inhibiting effect on arsenopyrite.
Therefore, the floatability of arsenopyrite in the
presence of the combined CaO+NaHA was poor.
The above results were in good agreement with
those of flotation tests, in which the combined
depressant CaO+NaHA selectively reduced the
floatability of arsenopyrite but not sphalerite.

3.4 Adsorption amount

From the above results, the inhibiting effect of
NaHA on arsenopyrite can be largely promoted in
the presence of the dissolved calcium species. The
addition of CaO introduced large number of
calcium-containing species into the flotation system,
and according to the calcium species distribution
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(2) (b) (©)
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Fig. 5 Contact angles of sphalerite (a), sphalerite+CuSO4+BX (b), sphalerite+CuSO,4+BX+CaO (c), sphalerite+CuSO,4+

BX+NaHA (d), and sphalerite+CuSO,+BX+CaO+NaHA (e)

(d) (e)

Fig. 6 Contact angles of arsenopyrite (a), arsenopyrite+tCuSO4+BX (b), arsenopyritetCuSO4+BX+CaO (c),
arsenopyritetCuSO,+BX+NaHA (d), and arsenopyrite+CuSO,+BX+CaO+NaHA (e)

diagram as a function of pH, Ca*" existed as the
most dominant calcium species in aqueous solution
in pH range of 6—12 [24-26]. To quantitatively
analyze the amounts of Ca®" and NaHA adsorbed on
the two mineral surfaces, CaCl, was used to
simulate CaO and introduce calcium-species in
slurry.  The adsorption
measurements are shown in Fig. 7. As shown in
Fig. 7(a), the adsorption amount of Ca*" increased
with increasing the CaCl, dosage on both mineral
surfaces. However, the adsorption amount of Ca®’
on arsenopyrite surface was obviously much higher
than that of sphalerite within the whole tested
dosage of 10—150 mg/L, suggesting that the Ca*"
adsorption was selective. From Fig. 7(b), in the
absence of CaCl,, the adsorption amount of NaHA
on both mineral surfaces gradually increased with
the NaHA dosage, and the maximum adsorption
amounts of NaHA on sphalerite and arsenopyrite
surfaces were 2.67 and 3.29 mg/m’, respectively.
However, in the presence of CaCl,, the maximum
adsorption amount of NaHA on sphalerite surface
slightly increased to 6.03 mg/m’, whereas that on
arsenopyrite surface dramatically increased to
15.85 mg/m®>. This finding indicates that the
addition of Ca’" promotes the adsorption of NaHA
on both mineral surfaces, but the NaHA adsorption
amount on arsenopyrite surface is much higher.
These results further highlight the synergistic effect
between calcium-species and NaHA, and indicate
much great affinity of NaHA towards arsenopyrite
compared with sphalerite in the absence and
presence of CaO. Therefore, the synergistic
effect of CaO and NaHA provides a good selective
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separation of sphalerite and arsenopyrite, which is
consistent with flotation tests and contact angle
measurements.

3.5 XPS spectra
To further understand the deeper inhibiting
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mechanism between the combined depressant Table 3 depicts the molar fractions and their shifts
and the two minerals, XPS analysis was used (D-value) of the surface elements of the two
to investigate the type and molar fraction of the minerals before and after treatment with flotation
surface species on the mineral surfaces [27,28]. reagents. Table 4 shows the binding energies and

Table 3 Molar fractions and shifts (D-value) of surface elements of two minerals before and after treatment with
flotation reagents

Molar fraction/%
Item
Cls Ols S2p Cu?2p Ca?2p N ls Fe 2p As 3d
1# Aspy+Cu*"+BX 30.69 3340  10.00 1.57 - - 10.60  13.74
2" Aspy +Cu* +BX+CaO 31.83 3056  10.59 2.11 1.14 - 10.60  13.16
3* Aspy+Cu*' +BX+NaHA 3339 3187  9.81 1.36 - 0.81 9.93 12.83
4" Aspy+Cu>+BX+CaO+NaHA  43.51  28.61 8.13 2.09 1.03 0.85 6.22 9.57
D-value (3"and 1%) 270 -153 —0.19 -0.21 - 0.81 -0.67 091
D-value (4" and 2% 11.68 -195 -246 —0.02 —0.11 0.85 -438  -3.59
Molar fraction/%
Item
Cls O 1ls S 2p Cu 2p Ca2p N 1s Zn2p
5" Sp+Cu*+BX 23.31 9.35 36.50 9.81 - - 21.04
6" Sp+Cu* +BX+Ca0 24.92 12.10 32.92 9.98 0.12 - 19.96
7* Sp+Cu* +BX+NaHA 26.64 7.41 35.35 10.63 - 0.63 19.35
8% Sp+Cu’"+BX+CaO+ NaHA 32.01 10.66 31.09 9.66 0.35 1.05 15.18
D-value (7" and 5%) 3.33 -1.94 -1.15 0.82 - 0.63 -1.69
D-value (8" and 6") 7.09 —1.44 -1.83 -0.32 0.23 1.05 -4.78

Aspy: Arsenopyrite; Sp: Sphalerite

Table 4 Binding energies and chemical shifts (D) of surface elements of two minerals before and after treatment with
flotation reagents

ltem Binding energy/eV
Cls O ls S 2p Cu2p Ca2p N 1s Fe2p As 3d
1” Aspy+Cu*"+BX 248.8  531.10 162.46 93231 - - 707.32  41.57
2" Aspy+Cu’ +BX+CaO 248.8 53099 16236 93231 34735 - 707.24 4143
3" Aspy+Cu* +BX+NaHA 248.8 53126 162.59 93242 - 399.79 707.48  41.63
4" Aspy+Cu’ +BX+CaO+NaHA 248.8  531.10 16246 93236 347.47 399.86 707.26 4149
D-value (3" and 17) - 0.16 0.13 0.11 - - 0.16 0.06
D-value (4" and 27) - 0.11 0.10 0.05 0.12 - 0.02 0.06
Binding energy/eV
Item
Cls O1s S2p Cu?2p Ca?2p N 1s Zn2p
5" Sp+Cu*+BX 248.8 532.51 161.60 932.49 - - 1021.64
6" Sp+Cu*"+BX+CaO 248.8 532.43 161.69 932.40 348.57 - 1021.59
7" Sp+Cu**+BX+ NaHA 248.8 532.38 161.63 932.51 - 404.88 1021.62
8" Sp+Cu*+BX+CaO+NaHA 248.8 532.13 161.70 932.48 347.95 404.87 1021.61
D-value (7" and 5% - -0.13 0.03 0.02 - - -0.02

D-value (8" and 6% - -0.30 0.01 0.08 -0.62 - 0.02
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the chemical shifts (D-value) of the surface
elements of the two minerals before and after
treatment with flotation reagents. For sphalerite
treated with NaHA alone, as shown in Table 3
(D-value for 7" and 5%), the molar fraction of C 1s
on sphalerite was only increased by 3.33%. From
Table 4 (D-value for 7% and 5%), minimal changes in
the binding energies of S 2p, Cu 2p and Zn 2p were
observed (0.03, 0.02 and —0.02 eV, respectively),
and those were within the scanning step of 0.1 eV.
This finding indicated that the depressant NaHA
was weakly adsorbed on sphalerite surface. After
the addition of the combined depressant CaO+
NaHA, the C content increased by 7.09% (Table 3,
D-value for 8" and 6"). Thus, the increment value of
C content originated from the carbon chain of
NaHA after the addition of CaO was 3.76%, and
the binding energy of Ca 2p shifted by —0.62 eV
(Table 4, D-value for 8" and 6"). This result
suggested that the presence of CaO promoted the
adsorption of NaHA on sphalerite surface, and
NaHA might mainly interact with sphalerite surface
through Ca atoms.

After the treatment by depressant NaHA,
according to Table 3 (D-value for 3" and 1%), for
arsenopyrite, the C content only increased by 2.70%.
Moreover, the addition of single NaHA shifted the
binding energies of S 2p, Cu 2p, Fe 2p and As 3d by
0.13, 0.11, 0.16 and 0.06 eV, respectively, as shown
in Table 4 (D-value for 3* and 1%), suggesting that
NaHA was chemically adsorbed on arsenopyrite
surface. The addition of CaO+NaHA increased the
C content on arsenopyrite by 11.68% (Table 3,
D-value for 4° and 2%). Therefore, the increment
value of C content originated from the carbon chain
of NaHA after the addition of CaO was 8.98%, and
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the shifts of the binding energies of S 2p and Ca 2p
were 0.10 and 0.12 eV (Table 4, D-value for 4" and
2%), respectively. The results indicate that CaO also
promotes the adsorption of depressant NaHA on
arsenopyrite surface, and NaHA might mainly
interact with arsenopyrite surface through S and Ca
atoms.

The high-resolution spectra and peak fitting of
C 1s of the two minerals were presented to reveal
the specific changes in the chemical environment of
the mineral surfaces with and without the addition
of different flotation reagents, as shown in
Figs. 8—10. From the comparison of Figs. 8(a), 9(a)
and 10(a), for sphalerite, the chemical state of the C
element did not change much before and after the
addition of the depressants. In Fig. 8(a), for original
sphalerite (pre-treated by CuSO4 and BX), after
peak was separated and fitted, three characteristic
peaks appeared at 284.80, 286.39 and 288.63 eV,
which were attributed to C—C/C—H, C—O and
S—C=S, respectively [11,29,30]. Regardless of
the absence (Fig.9(a)) or the presence of CaO
(Fig. 10(a)), after the treatment of NaHA, three
characteristic peaks appeared at the positions with
similar binding energies, and no new peaks were
observed. The results indicate that NaHA is weakly
adsorbed on sphalerite surface in the absence and
presence of CaO.

For original arsenopyrite (pre-treated by
CuSO, and BX), from Fig. 8(b), after peak was
separated and fitted, Peak 1 (284.80 eV), Peak 2
(286.47 V) and Peak 3 (288.63 eV) were observed
and could be assigned to C—C/C—H, C—O0O and
S—C==S, respectively [11,29,30]. In Fig. 9(b), the
chemical state of C element did not change much
after the addition of NaHA as single depressant,
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Fig. 8 Fitting peaks of C 1s of sphalerite (a) and arsenopyrite (b)
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Fig. 9 Fitting peaks of C 1s of sphalerite (a) and arsenopyrite (b) in the presence of NaHA
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Fig. 10 Fitting peaks of C 1s of sphalerite (a) and arsenopyrite (b) in the presence of combination of CaO+NaHA

three peaks were also found at the similar positions
at 284.80 (C—C/C—H), 286.42 (C—O) and
288.63eV (S— C=S) [11,29,30], respectively,
suggesting that single NaHA had a weak effect on
arsenopyrite surface. However, when the combined
depressant CaO+NaHA was added, in addition to
the above three similar fitting peaks appeared, after
the separation and fitting of the peak, a new fitting
peak at 290.05 eV (O—C==0) was observed. As
we all know, the carboxyl groups in NaHA structure
gave it a strong ability of complexation with heavy
metals [31-33]. Therefore, the new fitting peak
may be attributed to the chemical interaction
between the carboxyl groups (—COOH) in the
molecular structure of NaHA and Ca atoms on
arsenopyrite surface. The results further verify that
the adsorption of NaHA on arsenopyrite surface is
enhanced and promoted by the addition of CaO.
Under this condition, the depressant NaHA had
much stronger adsorption on the surface of
arsenopyrite than that on the surface of sphalerite.

This finding was in good agreement with those
of flotation experiments, adsorption amount and
contact angle measurements.

4 Adsorption model

Many carboxylic and phenolic groups exist in
the molecular structure of NaHA. In the flotation
system, NaHA has a hydrophilic character, the
capability of complexation with heavy metals and
mineral surface adsorption [34]. Therefore, NaHA
can be used as depressant in the field of mineral
processing to promote separation of different
minerals. Results of flotation tests showed that a
combined inhibiting effect of CaO+NaHA was
more effective than that of individual and combined
depressant NaOH+NaHA. Moreover, the combined
depressant CaO+NaHA had a much great
inhibiting effect on arsenopyrite compared
with that on sphalerite at pH 11-12. All the
surface measurements, including contact angle and
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Fig. 11 Schematic diagram on mechanism of flotation separation of sphalerite and arsenopyrite

adsorption amount measurements, and XPS
analysis, indicated that the combined CaO+NaHA
depressant was selectively adsorbed on arsenopyrite
thus selectively enhanced the
hydrophilicity of arsenopyrite. The dissolved
calcium species (mainly as Ca*") were considerably
adsorbed on the arsenopyrite surface, which
promoted NaHA adsorption. According to the
results in the measurements, the schematic diagram
on the mechanism of the flotation separation of
sphalerite and arsenopyrite is proposed and shown
in Fig. 11.

surface and

5 Conclusions

(1) Micro-flotation results showed that when
the NaHA dosage was 300 mg/L, sphalerite still had
an excellent floatability of 87.87%, whilst the
recovery of arsenopyrite was only 10.14% at pH
11.5. Results of artificial mixed minerals indicated
that the Zn grade of Zn concentrate was largely
increased compared with the feed ore (from 31.05%
to 59.12%) using CaO+NaHA as the combined
depressant, and the Zn recovery was 95.45%.
Laboratory-scale tests further verified that the
combined CaO/NaHA could act better than each of
them alone, good indexes of flotation separation
with a Zn grade of 51.21% and a Zn recovery of
92.21% were obtained at the CaO+NaHA dosage of
(1900+100) g/t.

(2) Adsorption amount measurements showed
that the surface of arsenopyrite adsorbed more
amount of Ca” and NaHA than that of the
sphalerite, and the pre-deposited Ca-species on

arsenopyrite surface largely promoted NaHA
adsorption, thereby resulting in the strong
hydrophilicity of its surface, as demonstrated by the
results of the contact angle tests.

(3) XPS analysis further verified that the
dissolved Ca species were considerably adsorbed
on the arsenopyrite surface, which promoted NaHA
adsorption. It also provided the evidence that the
chemical adsorption of NaHA mainly occurred
through its carboxyl groups and the Ca atoms on
arsenopyrite surface.
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