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Adsorption properties of ammonium dibutyl dithiophosphate on argentite
and sphalerite surface in pulp containing silver and zinc ions
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Abstract: The flotation separation of argentite from sphalerite using ammonium dibutyl dithiophosphate (ADD) was
studied. Molecular simulation (MS) calculation shows that ADD is chemisorbed on argentite and sphalerite surface in the
form of S—P bond. The ADD adsorption on argentite and sphalerite surface in Ag" system was revealed by ICP, Zeta
potential and XPS analyses. It is shown that the dissolved Ag” from argentite surface can be absorbed on sphalerite surface
in the form of silver hydroxide, and AgOH hydrophilic colloid prevents the adsorption of ADD on sphalerite surface. The
ADD adsorption on argentite and sphalerite surface in the pulp containing silver and zinc ions was revealed by adsorption
capacity and surface wettability analyses. It is shown that the combined Zn(OH), and AgOH hydrophilic colloid leads to
greater ADD adsorption capacity on argentite surface and stronger surface hydrophobicity than sphalerite. Flotation tests
demonstrate that ADD enables efficient separation of argentite from sphalerite in the pulp containing silver and zinc ions.
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1 Introduction

Lead and zinc are widely used in chemical
metallurgy, alloy materials and military construction,
etc. They have strong sulfur affinity and mostly exist
in the form of sulfides, such as galena and
sphalerite [1]. Meanwhile, lead and zinc elements are
often associated with silver element in geological
mineralization processes [2]. Silver element is
sulfurophilic and ferrophilic, which makes silver
widely distribute in non-ferrous metal deposits. Now
numerous associated silver—lead—zinc deposits and
independent silver deposits with complex genetic

types have been formed [3]. There are nearly 200
species silver-bearing minerals on the earth, but only
12 kinds of silver resources can be developed and
have recovery value, among which the main silver
ore is argentite [4]. The full optimization of
associated silver ore utilization is essential in order
to effectively meet the demands of sustained
economic growth in China.

At present, most of silver resources in China
exist in small associated or symbiotic silver mines
with fine particle size and low grade, which makes it
difficult to comprehensively utilize [5]. In order to
better recover silver-bearing minerals, researchers
have carried out a lot of related work. For example,
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JIANG and LI [6] found that the independent silver
ores including argentite, freibergite and polybasite
existed in the silver-bearing lead—zinc mine in Inner
Mongolia (China). With a sulfide ore containing
479.5 g/t silver, which mainly exists in the form of
argentite, WANG et al [7] obtained silver grade of
4787.31 g/t and silver recovery of 87.97% through
flotation experiments. CHEN et al [8] used
ultrasonic pretreatment technology to recover silver
from zinc oxide leaching residue, and it was found
that ultrasonic pretreatment can obviously improve
recovery of silver-containing minerals. JIANG [9]
found that the combined lead middle ore regrinding
with inhibiting pyrite under low alkali conditions
could further improve the silver recovery in lead
concentrate. Therefore, it is of great significance to
strengthen the recovery of co-associated silver ore
resources with the feasible beneficiation technology.

The application and mechanism analysis of
reagents in flotation recovery of silver resources are
mainly conducted for associated silver ores [10—13].
For example, WANG et al [14] used a chelating
collector containing nitrogen functional groups to
separate the silver-bearing galena and sphalerite,
and the recovery of galena could reach 82% when
chelating collector was used. ZHANG et al [15]
believed that the — CSS atoms in carrageenan
xanthate can be adsorbed to sphalerite surface
through active zinc atoms, and realized the
separation of silver-bearing galena and sphalerite.
QIN [16] found that EMBI, PMBI and BMBI were
chemically adsorbed on the associated silver
minerals surface through —SH and —NH. Micro-
flotation experiments showed that the combination
of KMnO4sand CCS could effectively separate
silver-bearing galena and sphalerite [17]. FENG
et al [18] believed that PBTCA formed C—O—Zn
or P—O—Zn bond through carboxyl group and
phosphonic acid group complex with Zn site on
sphalerite surface, which strongly inhibited
sphalerite and had almost no effect on galena, thus
achieving flotation separation of silver-bearing
galena and sphalerite. Nowadays, the analysis was
mainly focused on the galena and sphalerite in silver-
bearing lead—zinc ores, and the mechanism of
chemical action of independent silver minerals such
as argentite, light red silver and stephanite was less
systematically studied. Therefore, it was imperative
to study the matching and adaptation behavior of

independent silver minerals and flotation reagents
directly.

The selective collector used in this study
was ADD ((C4sHyO),PSSNH4). To investigate the
enrichment difference of argentite and sphalerite by
ADD, potential depressants such as ZnSO4 and Ag*
were employed in both pure mineral flotation tests
and actual ore flotation tests. Furthermore, a
comprehensive analysis combining DFT simulation,
zeta potential measurements, adsorption studies,
contact angle measurements, and XPS tests was
conducted to elucidate the potential adsorption
mechanism of ADD. The flotation separation of
sphalerite and argentite is an innovative technique,
providing a valuable reference for the recovery of
silver metal from silver-bearing lead—zinc sulfide
ores. This method not only facilitates the efficient
separation of silver and zinc but also enhances the
enrichment of silver in lead concentrate.

2 Experimental

2.1 Materials and reagents

The pure mineral samples of argentite and
sphalerite used in the experiment were produced in
Henan Province and Hunan Province in China,
respectively. After undergoing a series of procedures
including crushing (Rotary crusher), dry grinding
(Zirconia ball mill), and screening (Taylor standard
sieve), flotation testing was conducted on the
mineral particles with size of 0.037—0.074 mm.
The X-ray diffraction (XRD) patterns of Fig. 1(a)
revealed that the characteristic peaks corresponded
to argentite. The XRD pattern depicted in Fig. 1(b)
exclusively exhibited distinctive peaks associated
with sphalerite, while no characteristic peaks of
other substances were observed. As shown in
Table 1, the Ag mass fraction was 78.88%, with a
argentite purity was 90.56%; the Zn mass fraction
was 64.97%, with a sphalerite purity of 96.83%.

The actual ores of polymetallic silver-bearing
lead—zinc sulfide was taken from Hunan Province,
China. The results of multi-element analysis of
the actual ores and the contents of silver-bearing
minerals are shown in Table 2 and Table 3. It can be
seen from Table 3 that the main silver-bearing
mineral was argentite in the actual ores.

Analytical-grade AgNO; was used as the Ag"
sources. Ammonium dibutyl dithiophosphate was
used as the collector, the analytical grade zinc sulfate
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Fig. 1 X-ray diffraction patterns of (a) argentite and
(b) sphalerite samples

Table 1 Analysis of main chemical constituents of
argentite and sphalerite samples

Elemental content/wt.%

Sample Purity/wt.%
Ag Zn
Argentite ~ 78.88 12.87 90.56
Sphalerite 6497 3191 96.83

Table 2 Results of multi-element analysis of actual ores
(wt.%)

Pb Zn S Si0, MgO ALO; As Ag*
0.84 1.71 449 561 132 691 028 69.11
*Unit: g/t

Table 3 Contents of silver-bearing minerals (wt.%)

Argentite Polybasite Silver—tennatite
85.15 2.62 4.39
Electrum  Silver-bearing galena Others
1.18 5.77 0.89

was utilized as the sphalerite depressant, and MIBC
served as the flotation frother. The pH of the
artificially mixed pulp was adjusted using analytical
NaOH and HCI. Ultrapure water was employed in all
experiments.

2.2 Molecular simulation (MS) calculation method

The crystal structure of the mineral used in the
experiment was obtained from The Materials Project
database and optimized for selected crystal cells.
Surface models were created by cutting sphalerite
(110) and argentite (100). 3x3x2 supercell model
was established using these cut crystals, with a
vacuum layer of 20 A to prevent mutual influence of
spatially repeated crystal structures. Both adsorption
simulation and geometric optimization were
conducted using Materials Studio software, while
density functional theory (DFT) calculations were
performed with the CASTEP module. Non-spin
polarization was considered during structure
optimization, with GGA-PBE as the electron
exchange correlation function and Brillouin region
sampled by £ point of 3x3x2 grid. The plane wave
base set energy cutoff value was chosen as 550 eV,
tolerance set to be 1x107°eV/atom, maximum
displacement at 5x1073 A, max force at 0.03 eV/A,
and max stress at 0.05 GPa. The adsorption binding
energy (£,) is calculated as follows:

E=E.—EFE. (1)

where the total energy of the collector and the
mineral is represented by Es., Es represents the
energy of the exposed surface of the mineral, and E.
represents the energy of the collector. The adsorption
energy (F,) directly characterizes the stability of
interaction between reagents and mineral surfaces.
The more negative the adsorption energy value, the
greater the binding stability of the reagent to the
mineral, thereby enhancing its selectivity towards
the mineral.

2.3 Inductively coupled plasma (ICP) analysis
The concentration of metal ions in mineral
flotation pulp solution was determined by Optima
8300DV ICP spectrometer. 2 g mineral sample was
mixed with deionized water using a magnetic stirrer.
Subsequently, the supernatant was recovered to
determine the concentration of silver ions. Then,
appropriate amount of supernatant was mixed with
sphalerite powder to re-evaluate the silver ion
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concentration. This process was repeated three times
and the average was determined.

2.4 Zeta potential measurement

Malvern Zetasizer Nano ZS90 potentiometric
analyzer was utilized for the measurement. Each
sample was subjected to ultrafine grinding prior to
preparation. Subsequently, 15 pm powder sample
was placed within a beaker containing 40 mL of
0.01 mol/L KCI reagent as the background solution,
followed by blending for 10 min using a magnetic
mixer. Thereafter, 5 mL aliquot of the suspension
was withdrawn for zeta potential determination. This
measurement was replicated three times to calculate
the average.

2.5 X-ray photoelectron spectroscopy measurement

Refined XPS analysis was conducted using the
Thermo Scientific K, system, utilizing Model 250X.
The diffraction analysis was executed within an
energy range of 20 eV. The mineral samples prepared
for testing adhered to the protocols established for
the single mineral flotation experiment. Following
sample preparation, four washes with ultrapure water
were performed, and subsequently, the samples were
filtered and vacuum-dried at a low temperature
(35—45 °C). Prior to XPS examination, the solid
samples were pulverized and homogenized to ensure
the uniformity.

2.6 Adsorption measurement

The adsorption capacity was quantitatively
assessed via ultraviolet spectrophotometry, utilizing
full spectrum scanning with the Elementar TOCII
instrument (manufactured by FElementar Co.,
Langenselbold, Germany) for the ADD reagent.
In the sample preparation process, a copper ion
chromogenic agent and an extraction method were
employed. Subsequently, the organic phase was
transferred to a quartz cuvette for the determination
of the UV spectrum. The distinct absorption peak of
ammonium dibutyl dithiophosphate (ADD) in the
ultraviolet spectrum is located at 435 nm. Triplicate
measurements were conducted for each test, and the
results were subjected to statistical averaging.

2.7 Contact angle measurement

The mineral bulk with the smallest crack
and plane was selected for the contact angle
measurement. The samples were thoroughly polished

using 13 um polishing disc on Tegramin—25
polishing machine and then air-dried. The sample
was analyzed using the JY—82C analyzer to detect
and compare the contact angles generated by the
ultra-pure water droplets and various reagents on the
surface of the mineral sample. The experiment was
repeated three times, expressed as average values.

2.8 Flotation experiments

The flotation test was conducted using the
XFDIV 3.0 hanging flotation machine. The massive
ore underwent crushing and homogenization
processes. The 1000 g portion of silver-bearing
polymetallic lead—zinc sulfide was extracted from
the homogenized ore sample and placed into a ball
mill for fine grinding. Subsequently, the finely
ground sample was transferred to 3 L flotation cell
where pH regulator, depressant, collector, and
frother were sequentially added (as depicted in
Fig.2). The pure mineral flotation test was
performed using the XFGII2 type hanging tank
flotation machine. In each test, 2 g of argentite and
sphalerite were taken and subjected to ultrasonic
cleaning in an ultra-pure water-filled beaker for
3 min to remove any oxide layer on the mineral
surface. The cleaned mineral sample was then placed
into 40 mL micro-flotation cell with the spindle
speed of the flotation machine adjusted to
1840 r/min. Both foam concentrate products and
tank products were filtered at room temperature
under vacuum conditions before being dried and
weighed accordingly. The formula used to calculate
mineral recovery (¢) in the flotation test is as follows:

e=m/(m+m2)*100% 2)

where m; and m, represent masses of foam
concentrate product and tailings product, respectively.

Minerals

> pH regulator, 3 min

> Inhibitor zinc sulfate, 3 min
> Collector ADD, 3 min

> MIBC, 2 min

Micro-flotation 3 min

/

Concentrates Tailings

Fig. 2 Flowsheet of microflotation experiment
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3 Results and discussion

3.1 MS calculation of ADD adsorption on

argentite and sphalerite

According to the principles of DFT theory, the
CASTEP module can be utilized to analyze the
adsorption model and energy of flotation reagent
molecules on mineral surfaces. MS was used
to elucidate the adsorption mechanism of four
methylamine cations on three Fe(Il/IlI)—kaolinite
surfaces and the microscopic effects of Mg(Il)
doping amount on the hydration characteristics
of kaolinite surface were explored [19,20]. LIAO
et al [21] employed DFT calculations to demonstrate
the chemisorption interaction between SBX
molecules and chlorite as well as pyrite. The
differences in the sulfidization mechanism of
cerussite and smithsonite were comparatively
studied by DFT method [22]. The selective
adsorption difference of ADD on argentite and
sphalerite was analyzed through X-ray diffraction
and DFT adsorption energy
calculation [23]. The optimized structures of ADD,

measurement

Front view

¢ S atom

¢ Agatom

argentite, and sphalerite are depicted in Fig. 3. The
adsorption of ADD on the (100) surface of argentite
and the (110) surface of sphalerite is illustrated in
Fig. 4. Table 4 presents the adsorption energy values
for argentite and sphalerite following their
interaction with ADD.

The energies of argentite and sphalerite are
—112001.0465 and —63660.2806 eV, respectively,
and the energy of ADD is —3139.8336 eV. It could be
seen from Fig. 4 and Table 4 that ADD interacts with
argentite and sphalerite to form S—P bonds, and
the bond lengths with argentite and sphalerite are
2.490-2.510 A and 2.328-2.329 A, respectively.
The bond lengths of adsorption bonds are shorter
than the sum of their respective ionic radii,
indicating that ADD molecules exist on argentite
and sphalerite through chemisorption. When the
adsorption of ADD on the surfaces of argentite
and sphalerite reaches equilibrium, the adsorption
energies on argentite and sphalerite surface are
—1.794 and —0.422 eV, respectively. The more
negative adsorption energy of ADD on argentite
surface compared to that on sphalerite indicates
higher adsorption stability for ADD on argentite.

Side view
¢ H atom

¢ S atom
O atom
¢ Patom

e Catom

Front view Side view

Top view

© S atom

© Zn atom

(b) Structure of sphalerite (110) surface

Fig. 3 Crystal structure of (a) ADD, (b) argentite and (c) sphalerite
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Fig. 4 ADD adsorbted on (a) argentite (100) surface, and (b) sphalerite (110) surface

Table 4 Adsorption energy and bond length of argentite
and sphalerite after interaction with ADD

Sample Total Adsorption Bond

P energy/eV energy/eV  length/A
Argentite  —115142.6743 —1.7941 2.490-2.510
Sphalerite  —66800.5363 —0.4220 2.328-2.329
3.2 Ag" contents in varied pulp and ionic

hydrolyzed component analysis

It is demonstrated that the presence of metal
ions in pulp exerts an influence on the floatability of
sphalerite through the mechanisms of substitution,
adsorption, and coating [24]. The mixed pulp
solution of argentite and sphalerite contains
primarily silver ions and zinc ions. Silver ions
can activate the surface of sphalerite through
lattice substitution and surface adsorption, which
significantly impacts the adsorption behavior of
collector molecules on the sphalerite surface [25].
Hence, it is imperative to conduct an analysis on the
variation of silver ions within the pulp. Throughout
the experiment, a synthetic mixture of argentite and
sphalerite (consisting of 1.5 g argentite and 0.5 g
sphalerite) was utilized in a ratio of 3:1. In the
ADD concentration system of 6x10°mol/L, an
investigation was conducted on the composition and
state of various silver ions in a mixed pulp, with
magnetic stirring performed within a time range of
10-30 min. The distribution of Ag" content in
different pulps is illustrated in Fig. 5. In the alkaline
pulp solution, the main silver ionic hydrolyzed
components are divided into AgOH, Ag,O and
Ag(OH),, and the reaction equation is as follows:

5
L o4r
o
=
a3l
E 3
a.
.g
52}
=] —+—15¢g argentlte
IS —— 1.5 g argentite + ADD
fen 1 —— 1.5 g argentite + 1.5 g sphalerite
< —v— 1.5 g argentite + 1.5 g sphalerite +
ADD
O 1 1 1 1 1 1

0 5 10 15 20 25 30
Stirring time/min

Fig. 5 Ag' contents at different stirring time for various

mixed pulp

Ag+OH —AgOH 3)
2AgOH— Ag,0+H,0 “4)
AgOH+OH — Ag(OH), 5)

The stirring time, as depicted in Fig. 5, not
only signifies the duration of interaction between
minerals and reagents but also characterizes the
propensity for Ag" dissolution from the surface of
argentite. (1) The Ag" content within the slurry
solution exhibits a significant increase during the
initial 15 min, accompanied by an extended stirring
time. However, once surpassing a stirring time of
20 min, the Ag" content within the pulp system
tends to stabilize. (2) When 0.5 g of sphalerite is
introduced to argentite, the concentration of Ag" in
the pulp significantly decreases from 4.7 to 3.3 ug/L,
indicating that the missing Ag" ions are adsorbed
onto the surface of sphalerite. (3) The concentration
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of silver ions decreases from 4.7 to 4.2 pg/L after the
addition of ADD to the pulp, indicating that the
adsorption of ADD on the surface of the argentite
can mitigate the dissolution of Ag" on its surface.
(4) When ADD is added to the argentite and
sphalerite mixed pulp, the Ag" contents increase
slightly from 3.3 to 3.5 pug/L after the stirring time
over 10 min, indicating that ADD and Ag" have
competitive adsorption, and ADD hinders the
adsorption of Ag" on the surface of sphalerite.

3.3 Zeta potential

The modification of local ion concentration in
the solution and the adsorption of reagent molecules
onto the surface of mineral particles can alter the
potential difference between the mineral surface and
the solution [26,27]. The coexistence of argentite and
sphalerite pulp makes it easier for dissolved silver
ions to adsorb to the surface of sphalerite, with the
concentration of ADD of 6x10°mol/L, and the
concentration of Ag* of 4x1073 mg/L.

The zeta potentials of argentite and sphalerite in
Ag" and ADD systems at various pH values are
illustrated in Fig. 6. The determination of zeta
potential in ultra-pure water reveals that the presence
of Ag" ions induces a negative shift in the zeta
potential of argentite across different pH ranges,
while the zeta potential of sphalerite experiences a
positive shift. This observation suggests that Ag"
particles can be adsorbed onto the surface of
sphalerite. Compared with the zeta potential of
argentite and sphalerite in the Ag" systems at
different pH levels, a negative shift of argentite and
sphalerite occurs upon the addition of ADD, which
indicates that ADD can be adsorbed on the argentite
and sphalerite surfaces, and when the pulp pH was 8,

—=— Argentite

—e— Argentite+ Ag*

—— Argentite+ ADD+Ag*
—v— Sphalerite

—— Sphalerite + Ag*
Sphalerite+ ADD+Ag*

Zeta potential/mV
o
S

0T =107 mg/L

Capp=6x10mg/L ;
L 1 L 1 L 1 1
5 6 7 8 9 10 11
pH

Fig. 6 Zeta potential of argentite and sphalerite

the surface potential of argentite decreases from
—33.19 to —38.28 mv (a decrease of —5.09 mV),
while the surface potential of sphalerite decreases
from —26.35 to —27.30 mV (a decrease of —0.95 mV).
Hence, it can be inferred that the presence of
Ag" on the surface of sphalerite may lead to its
adsorption, thereby impeding the adsorption of
ADD. Consequently, the adsorption capacity of
ADD on argentite surfaces is significantly higher
compared to that on sphalerite surfaces.

3.4 XPS analysis of Ag* and ADD on sphalerite
surface

The measurement of adsorption capacity can
directly reflect the affinity between metal ions and
reagent molecules with the mineral particle surface.
LAN et al [28] used XPS detection to analyze the
adsorption of gallic acid on the surface of apatite
and dolomite. LIU et al [29] found that hydrogen
peroxide can promote the surface of galena to
produce more hydrophilic hydroxide through XPS
detection. In this work, XPS analysis was utilized to
further examine the alterations in chemical states of
surface elements with sphalerite and argentite by
ADD adsorption, with the Ag" concentration of
4x107°mg/L, and the ADD concentration of
6x10°mol/L.

The scanning XPS spectra of argentite and
sphalerite before and after the action of ADD reagent
are presented in Fig. 7. As depicted in Fig. 7(a), after
the reaction of argentite with ADD, it is evident that
a characteristic P 2p peak emerges, representing
the phosphorus element of ADD molecule. This
observation signifies the robust adsorption capability
of ADD on argentite surface. Characteristic peaks of
Zn 2p, S 2p, and C 1s appear, as depicted in Fig. 7(b).
Following the reaction between sphalerite and Ag”,
the spectrum reveals the Ag 3d characteristic peak,
indicating that Ag" is adsorbed onto sphalerite
surface. After the reaction of sphalerite with Ag"
and ADD, the emergence of a characteristic P 2p
peak happens, while the Ag 3d characteristic peak
diminishes, indicating competitive adsorption
between ADD and Ag’, and ADD hinders the
adsorption of Ag" on sphalerite surface. This is
consistent with the analyses of Ag" contents at
different stirring time for various mixed pulp.
Meanwhile, the extended Ag 3d and P 2p scanning
spectra are shown in Fig. 8.
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Fig. 7 XPS survey scan spectra of (a) argentite and (b) sphalerite samples before and after adding ADD

— Sphalerite (@) (b)
— Sphalerite+ Ag* —— Sphalerite
— Sphalerite+ADD+Ag*Ag 3d —— Sphalerite+Ag*

:368.6%2 —— Sphalerite+ ADD+Ag"

P2p
128.08
Ag3din Ag* (Ag,0)
380 376 372 368 364 360 135 130 125 120
Binding energy/eV Binding energy/eV

Fig. 8 (a) Ag 3d and (b) P 2p XPS scan spectra of sphalerite sample before and after adding Ag* and ADD

The changes in the relative content of
corresponding elements on argentite and sphalerite
surface before and after ADD reaction are illustrated
in Table 5 and Table 6, respectively. Following the
ADD reaction, there is a significant increase of
15.89% in the relative content of P 2p on argentite,
whereas only a marginal increase of 1.37% is
observed on sphalerite, indicating that the amount of
ADD adsorbed on argentite surface is obviously
greater than that on sphalerite surface, and the
hydroxide of silver prevents the adsorption of ADD
on sphalerite surface. Meanwhile, after adding ADD,
the content of Ag 3d on sphalerite surface decreases
by 0.06%, indicating that there is competitive
adsorption between ADD and Ag".

Table 5 Argentite binding energy and Ag 3d/P 2p contents
before and after adding ADD

Binding energy/eV Content/%
Sample
Ag3d P2p Ag3d P2p
Argentite 367.38 - 1889 -
Argentite + ADD  367.41 13757  20.16 15.89

Table 6 Sphalerite binding energy and Ag3d/P2p
contents before and after adding Ag" and ADD

Binding Content/%
Sample energy/eV
Ag3d P2p Ag3d P2p
Sphalerite - - - -
Sphalerite + Ag* 369.08 - 011 -

Sphalerite + ADD + Ag" 369.88 128.08 0.05 1.37

3.5 Adsorption capacity of ADD and wettability

on argentite and sphalerite surface

The wvariation in adsorption capacity among
mineral surface flotation reagents indicates the
selectivity of these reagents towards different
minerals, and this selectivity ultimately manifests in
the recovery of diverse minerals through flotation.
TAN et al [30] found that sodium diethyl
dithiocarbamate was strongly adsorbed on the
surface of galena, and the separation of galena and
sphalerite can be realized by adding zinc sulfate after
the addition of sodium diethyl dithiocarbamate.
CHENG et al [31] believed that the hydrophobic
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products of ADD adsorbed on galena surface were
mainly elemental sulfur and collector metal salt.
In this adsorption capacity measurement, pulp
concentration was 10 g/L, Ag" concentration was
4x103mg/L, ZnSO4 concentration was 6x10 mol/L,
and ADD concentration was 6x107¢mol/L.

The adsorption effect of ADD on the argentite and
sphalerite surface is illustrated in Fig. 9 with the
coexistence of Ag” and ZnSOs. As depicted in Fig. 9,
with the pH value increasing from 5 to 8, the
adsorption capacity of ADD on argentite surface
rises from 0.33 to 0.82 mg/g. Subsequently, with a
further increase in pH to 11, the adsorption capacity
of ADD decreases to 0.48 mg/g. When Ag" and
ZnSO4 are added to the pulp, ADD adsorption
capacity on argentite surface decreases slightly,
and the maximum adsorption capacity decreases
from 0.82 to 0.80 mg/g. The adsorption of ADD on
sphalerite surface increases from 0.32 to 0.73 mg/g
as the pH rises from 5 to 8. However, with further
increase in pH to 11, the adsorption capacity of
ADD decreases to 0.45 mg/g. When Ag"and ZnSO4
are added to pulp, ADD adsorption capacity on
sphalerite surface decreases significantly, and the
maximum adsorption value decreases from 0.73 to
0.27 mg/g. The above analyses show that when Ag"
and ZnSO4 are added to the pulp, the adsorption
capacity of ADD on argentite surface has little
change, but the adsorption capacity of ADD on
sphalerite surface significantly decreases.

The contact angle is inversely proportional to
the hydrophilicity of the mineral surface [27]. It is
mentioned that testing of contact angle requires the
solid to possess an ideally smooth surface, and
variations in surface roughness and uniformity can
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Fig. 9 ADD adsorption on argentite and sphalerite surface

with coexistence of Ag" and ZnSO4

impact the test results [32,33]. In this contact angle
measurement, the pH of pulp was 8.0, Ag"
concentration was 4x107> mg/L, ZnSO4 concentration
was 6x107°mol/L, and ADD concentration was
6x10°mol/L.

The contact angles of argentite and sphalerite in
ultrapure water, Ag"* + ADD and ZnSO4+ Ag*"+ ADD
systems are presented in Fig. 10. The contact angles
of argentite and sphalerite in ultrapure water are
measured as 66.7° and 64.7°, respectively, indicating
a comparable natural hydrophilicity between
molybdenite and sphalerite. After adding Ag"+ ADD,
the contact angle of argentite and sphalerite are
increased to 89.2° and 65.1°, respectively. It is
indicated that the adsorption capacity of ADD on
the argentite surface is higher than that of
sphalerite, maybe due to the competitive adsorption
of AgOH hydrophilic colloid and ADD on sphalerite
surface, and AgOH hydrophilic colloid preventing

66.7°

-

89.2° 87.8°

A"

64.7°

Argentite + Ag" + ADD
65.1°

Sphalerite + Ag* + ADD Sphalerite + ZnSO, + Ag" + ADD

Argentite + ZnSO, + Ag" + ADD
47.9°

P ——

Fig. 10 Contact angle of argentite and sphalerite after interaction with ADD, Ag" and ZnSQO4
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the adsorption of ADD on sphalerite surface. After
adding ZnSO4 + Ag" + ADD, the contact angle of
argentite and sphalerite are increased to 87.8° and
47.9°, respectively. It is indicated the adsorption
of Zn(OH), and AgOH hydrophilic colloid on
sphalerite surface is strong, which prevents the
adsorption of ADD on sphalerite surface. But the
adsorption of Zn(OH), and AgOH hydrophilic
colloid on argentite surface is weak, and hence more
ADD molecules are adsorbed on argentite surface.

3.6 Flotation results
3.6.1 Effects of pulp pH on argentite and sphalerite
recovery

Pulp pH is a very important parameter in the
flotation separation of argentite and sphalerite. The
pH of the slurry can affect the existing forms of metal
ions and the surface -electrical properties of
minerals [34]. The floatability of argentite is found
to be superior in a weak alkaline environment with a
pH range of 9-10, while it exhibits a significant
reduction in floatability when exposed to strong
alkaline conditions with a pH exceeding 11 [35]. The
findings of various studies have demonstrated
that the pH wvalue has the capability to alter
the electrochemical environment within the pulp,
thereby exerting an influence on the floatability of
galena and sphalerite [36]. In order to realize the
secondary recovery of lead and zinc resources in
sulfur concentrate, DENG et al [37] used lime to
adjust the pH value of pulp and obtained a sulfur
concentrate with the sum of lead and zinc grade of
0.98%. The flotation recovery rates of argentite and
sphalerite are depicted in Fig. 11, with the addition
concentration set at 6x10°mol/L ADD and
1x10"°mol/L MIBC.

The analysis of Fig. 11 reveals the following
findings: argentite and sphalerite demonstrate
distinct flotation recovery trends in response to
varying pH conditions. As the pH value increases
from 2.0 to 8.0, the recovery rate of argentite
gradually rises, reaching a maximum of 82.36%.
However, when the alkaline slurry system reaches
a pH of 12, the recovery rate of argentite slowly
declines to 48.38%. This indicates that both highly
acidic and highly alkaline conditions are unfavorable
for argentite flotation. Conversely, the recovery rate
of sphalerite exhibits a continuous increase as the pH
level is elevated from 2 to 12, with a gradual ascent
observed within pH range of 8—12. Consequently, it

can be determined that the optimal pH value for
subsequent separation of argentite and sphalerite is
8.0.

(=]

—=— Argenite
—e— Sphalerite

Recovery/%
oY )Y
o O

2 4 6 8 10 12
pH

Fig. 11 Effect of pulp pH on recovery of argentite and
sphalerite

3.6.2 Effects of adding ZnSO4 + Ag" and ADD on
argentite and sphalerite recovery

The hydrolysis of ZnSOys in an alkaline solution
results in the formation of zinc hydroxide [Zn(OH):].
These hydrophilic colloidal species are subsequently
adsorbed onto the surface of sphalerite, making it
a highly effective inhibitor for sphalerite [38]. Ag"
can be chemically adsorbed on sphalerite surface
by Ag—S bond [39]. In this work, the flotation
recoveries of argentite and sphalerite are presented
in Fig. 12, where the pulp pH value was 8.0, MIBC
concentration was 1x10°mol/L, Ag" concentration
was 4x102mg/L, ZnSOs concentration was
6x107°mol/L, and the varied ADD concentration
was set in the test.

The results presented in Fig. 12 can be inferred
as follows: (1) The maximum recovery of argentite
reaches 84.36% when the ADD concentration is
6x10"°mol/L. (2) After the addition of Ag"+ ADD,
there is minimal alteration in the recovery of
argentite, whereas a noticeable decrease is observed
in the recovery of sphalerite. This phenomenon can
be attributed to the hydrophilic colloid AgOH
hindering the adsorption of ADD on the surface of
sphalerite. (3) After adding ZnSO4+ Ag"+ ADD, the
recovery of argentite has a slight decline, while the
recovery of sphalerite has decreased significantly.
The results demonstrate that the adsorption capacity
of ADD on the argentite surface remains nearly
unchanged, whereas a significant decrease in the
adsorption capacity of ADD on the sphalerite surface
is observed. This could potentially be attributed to
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the hydrophilic colloids AgOH and Zn(OH),
hindering the adsorption of ADD onto the sphalerite
surface.
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Fig. 12 Effect of ADD with Ag" and ZnSO4 on argentite
and sphalerite recovery

3.6.3 Effects of ADD adsorption on Ag recovery of
mixed minerals and actual ores

The artificial mixed ore flotation test was
conducted to further wvalidate the differential
selective adsorption of argentite and sphalerite by
ADD before and after the addition of ZnSO4+ Ag".
As depicted in Table 7, when only ADD is
introduced, the concentrate product exhibits an Ag
grade of 53.76% with a recovery rate of 72.65%.
When ADD + ZnSO4 + Ag" are combined, there is
a slight increase in the recovery of silver, reaching
75.78%. Additionally, there is a significant
enhancement in the silver grade, which rises to
64.17%. Therefore, the artificial mixed flotation
results demonstrate that the adsorption capacity of
ADD on the surface of argentite significantly
surpasses that of sphalerite. Moreover, ADD
exhibits superior performance in facilitating the
flotation separation between argentite and sphalerite
in ZnSO4+ Ag" system.

In order to verify the flotation separation effect
of ADD on argentite and sphalerite in the ZnSO4 +
Ag" system, collector ADD and ethyl xanthate (EX)
were chosen for conducting actual polymetallic
silver-bearing lead—zinc sulfide flotation experiment.
The experimental results are presented in Table 8. It
is evident that the flotation separation efficiency of
ADD on argentite and sphalerite in the ZnSO4+ Ag*
system surpasses that of EX, enabling the recovery
of lead concentrate with an impressive Ag grade of
1982.91 g/t and a remarkable Ag recovery rate of
70.87%. The actual flotation results of the ores have

demonstrated that ADD can achieve a favorable
recovery of silver in polymetallic silver-bearing
lead—zinc sulfide.

Table 7 Flotation results of mixed minerals

.\ . Ag Ag
0,
Condition  Product  Yield/% erade/% recovery/%

Concentrate 52.85  53.76 72.65

Adding -
ADD Tailing 47.15  22.69 27.35
Feed 100.00 39.11 100.00
Adding Concentrate 46.22  64.17 75.78

ADD + .
ZnSO4+ Tailing 53.78  17.63 24.22
Ag" Feed 100.00 39.14 100.00

1 g argentite: 1 g sphalerite; pH=8.0; CAg=4x10>mg/L; Cznso~=
5x10°mol/L; Capp= 6x10~*mol/L; Cmc=1x10"¢ mol/L)

Table 8 Flotation results of actual ores

Yield/ Aggrade/ Ag

Condition Product o, (2t reccz;lery/
0

Lead concentrate 2.47  1982.81 70.87

60 g/t Zinc concentrate  3.09  120.22 5.38
ADD Tailing 9444 1739  23.75
Actual ore 100.00  69.11 100.00

Lead concentrate 2.69  1801.75  70.13

60 g/t Zinc concentrate  3.35  133.13 6.45
EX Tailing 93.96 1722 2342
Actual ore 100.00 69.11  100.00

500 g actual ores; pH=8.5; wag=12 g/t; wznso,=400 g/t; wapp=
60 g/t; wex=60 g/t

In order to visually illustrate the adsorption
morphology and trends of argentite and sphalerite
surfaces before and after addition of ZnSO4+ Ag*, a
model depicting the interaction between various
reagents and mineral micro-surfaces is constructed,
as shown in Fig. 13. After the addition of ADD +
Ag"+ ZnSOs, a large amount of Zn(OH), and AgOH
hydrophilic colloid particles are adsorbed onto the
sphalerite surface, while almost no hydrophilic
colloidal particles are adsorbed onto the argentite
surface. These Zn(OH), and AgOH hydrophilic
colloid particles hinder the adsorption of ADD on the
sphalerite surface, resulting in a significantly higher
adsorption capacity of ADD on the argentite surface.
This observation suggests that in Ag" and ZnSO4
system, ADD can effectively achieve flotation
separation between argentite and sphalerite.
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Fig. 13 Schematic illustration of ADD adsorption on argentite and sphalerite surface

4 Conclusions

(1) ADD is chemisorbed on argentite and
sphalerite surface by S—P bond, and the adsorption
energy between ADD and argentite is stronger than
that between ADD and sphalerite.

(2) In ADD + Ag" system, the dissolved Ag"
from argentite surface can be absorbed on sphalerite
surface in the form of silver hydroxide, and AgOH
hydrophilic colloid can prevent the adsorption of
ADD on sphalerite surface; in ADD + ZnSOs + Ag*
system, Zn(OH), and AgOH hydrophilic colloid can
prevent the adsorption of ADD on sphalerite surface,
and thereby the adsorption capacity of ADD on
argentite surface is much greater than that of
sphalerite.

(3) In the flotation experiment of artificial
mixed minerals, the concentrate with Ag grade of
64.17% and Ag recovery of 75.78% are obtained.
In the flotation experiment of actual ores, lead
concentrate with Ag grade of 1982.91 g/t and Ag
recovery of 70.87% can be obtained. Therefore, it
can be found that ADD can achieve efficient flotation
separation of argentite from sphalerite in ZnSO, +
Ag" system.

(4) Flotation separation of sphalerite and
argentite is an innovative technique, and it can
provide a valuable reference for the recovery of
silver metal from silver-bearing lead—zinc sulfide
ores.
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