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Abstract: The activation properties of ammonium oxalate on the flotation of pyrite and arsenopyrite in the lime system were studied in this
work.  Single  mineral  flotation  tests  showed  that  the  ammonium  oxalate  strongly  activated  pyrite  in  high  alkalinity  and  high  Ca2+ system,
whereas arsenopyrite was almost unaffected. In mineral mixtures tests, the recovery difference between pyrite and arsenopyrite after adding
ammonium oxalate is more than 85%. After ammonium oxalate and ethyl xanthate treatment, the hydrophobicity of pyrite increased signific-
antly,  and  the  contact  angle  increased  from 66.62°  to  75.15°  and  then  to  81.21°.  After  ammonium oxalate  treatment,  the  amount  of  ethyl
xanthate adsorption on the pyrite surface significantly increased and was much greater than that on the arsenopyrite surface. Zeta potential
measurements showed that after activation by ammonium oxalate, there was a shift in the zeta potential of pyrite to more negative values by
adding xanthate. X-ray photoelectron spectroscopy test showed that after ammonium oxalate treatment, the O 1s content on the surface of pyr-
ite decreased from 44.03% to 26.18%, and the S 2p content increased from 14.01% to 27.26%, which confirmed that the ammonium oxalate-
treated pyrite surface was more hydrophobic than the untreated surface. Therefore, ammonium oxalate may be used as a selective activator of
pyrite in the lime system, which achieves an efficient flotation separation of S–As sulfide ores under high alkalinity and high Ca2+ concentra-
tion conditions.
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 1. Introduction

Pyrite  (FeS2)  is  the  most  widely  distributed  sulfide  mi
neral,  often  associated  with  metal  sulfide  minerals  such  as
lead, zinc, and copper [1–2]. Arsenic-bearing sulfide miner-
als such as arsenopyrite (FeAsS) are usually associated with
pyrite in metal sulfide minerals [3]. Froth flotation is the most
widely used and most effective method for the mineral pro-
cessing of metal sulfide minerals. In order to enhance the dif-
ference  of  mineral  surface  characteristics  of  polymetallic
sulfide ores and effectively separate each objective minerals,
many collectors, modifiers, depressants, or frothers are used
for mineral flotation separation. Lime (in the form of CaO, or
Ca(OH)2) has been widely used as a depressant of pyrite and
arsenopyrite  in  polymetallic  sulphide ores  flotation because
of its wide range of sources,  low price,  and high efficiency
[4–5]. The flotation separation of pyrite and arsenopyrite in
high  alkalinity  and  high  Ca2+ ion  concentration  pulp  is  the
most representative, typical, and difficult in separating com-
plex  polymetallic  sulfide  ores.  The  effective  separation  of

pyrite and arsenopyrite helps to make full use of S and Fe re-
sources  in  pyrite  and avoid  the  harm of  arsenic  to  the  sub-
sequent smelting and processing of pyrite concentrate [6].

The surface adsorption, oxidation, and floatability of pyr-
ite and arsenopyrite in a high-alkaline lime system are very
resemble.  There  are  hydrophilic  components  such  as  CaO,
CaSO4, Ca(OH)2, and Fe(OH)3 on the surface of pyrite or ar-
senopyrite by lime as depressant [7–8]. In order to separate
pyrite and arsenopyrite minerals from the lime system, activ-
ators  are  usually  used  to  moderately  activate  pyrite  and  ar-
senopyrite  in  flotation  [8].  Sulfuric  acid  is  the  most  widely
used activator for the flotation of pyrite and arsenopyrite in
the  lime  system.  However,  sulfuric  acid  consumption  is
large, the selectivity of activation is low, and the dilution of
concentrated  sulfuric  acid  is  inconvenient.  The  reaction
between  sulfuric  acid  and  pyrite  in  pulp  will  dilute  and  re-
lease highly toxic hydrogen sulfide gas, deteriorate the pro-
duction  and operation  environment,  and there  are  great  po-
tential  safety  hazards  [9].  The  tailings  treated  with  sulfuric
acid will also produce a large amount of acid wastewater, ser- 
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iously damaging the ecological environment [10]. Therefore,
it is necessary to study the selective activation of pyrite un-
der alkaline conditions.

Ammonium  salts  have  been  studied  as  activators  for  a
long  time.  It  has  been  found  that  ammonium  salts  such  as
NH4NO3, (NH4)2SO4, NH4F, (NH4)2CO3, and NH4Cl can im-
prove  the  recovery  of  pyrite  [11–12].  Some  concentrators
have  adopted  ammonium sulfate  and  ammonium bicarbon-
ate to activate pyrite in lime pulp systems. Ammonium salt
can activate pyrite in high alkaline and high Ca2+ concentra-
tion pulp, mainly because ammonium salt can appropriately
decrease the pH value of pulp, dissociate the hydrophilic ox-
ide film on the mineral surface, and catalyze the formation of
double  xanthate.  However,  there  are  few studies  on  the  se-
lectivity of pyrite and arsenopyrite in the process of ammoni-
um salt activation.

Ammonium oxalate ((NH4)2C2O4) is prepared by the reac-
tion of ammonia and oxalic acid. It is cheap, has a wide range
of sources, and is non-toxic and harmless. Oxalate ions have
a  stronger  ability  to  complexation  with  calcium  ions  than
sulfate and carbonate. In the high alkaline and high calcium
concentration  pulp  system,  the  difference  of  physical  and
chemical properties between pyrite and arsenopyrite is great-
er than the original difference of surface properties between
pyrite and arsenopyrite. This makes it possible for ammoni-
um oxalate to activate pyrite from arsenopyrite selectively.

In this work, micro-flotation tests and open circuit verific-
ation  tests  of  actual  ore  were  performed  to  separate  pyrite
from arsenopyrite using ammonium oxalate as a selective ac-
tivator in a high-alkaline lime system. The interaction mech-
anism between ammonium oxalate and pyrite in the lime sys-

tem  was  investigated  through  contact  angle  measurements,
surface adsorption experiments, zeta potential measurements,
and X-ray photoelectron spectroscopy (XPS) studies.

 2. Experimental
 2.1. Materials

Pyrite  and  arsenopyrite  with  high  purity  were  obtained
from  Yunnan  province,  China.  High-grade  and  appropriate
pyrite  and  arsenopyrite  specimen  sizes  were  acquired  by
manual selection, crushed, dry ground, and dry screened. The
particle size of −75+45 µm was used for flotation tests, sur-
face-adsorption  measurements,  and  XPS  measurements.  A
minerals sample (<5 µm) was used for zeta potential meas-
urements.  The  polished  lump  ore  was  used  for  the  contact
angle measurement. Moreover, an As-bearing pyrite tailings
(China  Tin  Mining  Co.,  Ltd.)  containing  27.48wt%  sulfur
and 2.07wt% arsenic  was  used  in  the  open  circuit  verifica-
tion  test. Fig.  1 shows  the  X-ray  diffraction  (XRD)  phase
analysis of the pure pyrite and arsenopyrite by using the MDI
Jade 6.0 Package. The chemical multi-element analysis res-
ults of both pyrite and arsenopyrite are listed in Table 1. It is
seen that there are only minute quantity gangue minerals in
both samples,  which can be used for  pure mineral  flotation
and mechanism investigation.

Analytically pure ammonium oxalate was employed as an
activator.  Analytically pure lime was used as a pH adjuster
and depressant. Potassium ethyl xanthate (PEX) and pine oil,
which  was  of  industrial  purity,  were  used  as  collector  and
frother. In addition, pure deionized water with a resistivity of
18.3 MΩ·cm was used in all experiments.
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Fig. 1.    XRD patterns of the purified pyrite and arsenopyrite and their standard PDF cards.
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 2.2. Flotation tests

 2.2.1. Micro-flotation tests
An RK/FGC 5-35 trough-type flotation machine was used

for  micro-flotation  tests.  In  the  micro-flotation  tests,  2  g  of
pure mineral samples were treated with an ultrasonic cleaner
for 5 min to remove the oxidized components from the min-
eral surface, and the supernatant was removed. The mineral
sample was mixed with 30 mL deionized water and added to

the flotation cell at 1600 r/min. The pulp’s pH was measured
by a pH meter (PHS-3C, Wincom, China). Fig.  2(a) shows
that  after  ultrasonic  cleaning  and  flotation  machine  stirring
for 1min, add lime, ammonium oxalate (if need), PEX, and
pine oil to the pulp in sequence. After 3 min of flotation, the
floating and sunken materials were collected and dried, then
the  recovery  was  calculated  from  the  weight  of  the  dried
products. Three tests were repeated, and the average was ob-
tained.
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Fig. 2.    Flowsheet of the micro-flotation test for (a) a single mineral and (b) the mineral mixture.
 

Mixed pyrite–arsenopyrite flotation separation tests were
carried out to verify the selective activation performance of
ammonium oxalate in the lime system. As shown in Fig. 2(b),
the flotation reagent system of the mineral mixture (1 g pyr-
ite  and  1  g  arsenopyrite)  flotation  was  consistent  with  the
single-mineral flotation. The flotation recovery of pyrite and
arsenopyrite is calculated by the yield and element grade of
the froth and sink products. The flotation recovery of pyrite
and arsenopyrite recovery was calculated from chemical as-
says of the sulfur and arsenic of the concentrate and tailings.
 2.2.2. Actual ore flotation tests

An  open-circuit  ore  flotation  test  was  conducted  on  an
XFG-0.5 L single-trough flotation machine to verify whether
the ammonium oxalate can be used as a selective activator in
industrial production. Fig. 3 shows the flowsheet of the open-
circuit ore flotation test. After the test, the recovery was cal-
culated by the product grades assessed by the chemical ana-
lysis. The As-bearing pyrite tailings were produced from the
previous  flotation  separation  of  cassiterite,  galena,  and
sphalerite.

 2.3. Contact angle measurements

The contact angle can characterize the surface wettability
of pyrite and arsenopyrite. The massive mineral was cut into
a  cube  (1.0  cm × 1.0  cm × 0.2  cm)  and polished.  For  pol-
ished  pyrite  and  arsenopyrite,  the  following  test  steps  were
continuously  carried  out:  (1)  the  polished  pyrite  and  arsen-
opyrite samples were soaked in alkaline lime solution at pH
value of 11 for 3 min; (2) add 4 × 10−3 mol/L ammonium ox-
alate to the lime solution system and reacted for 3 min; (3) fi-
nally, add 1 × 10−4 mol/L PEX for 3 min. JY-82B video con-

tact angle tester was used to measure the contact angles of de-
ionized water drops on the surface of pyrite and arsenopyrite
under  different  treatment  conditions.  Then the  shape  of  the
deionized  water  drops  under  different  treatment  conditions
was photographed by the CCD camera system, and the con-
tact  angle  values  were  obtained  by  measuring  the  angle  or
height. Repeat the measurement three times for each test, and
calculate its average value and standard deviation.

 2.4. Adsorption capacity test

In this experiment, the concentration of PEX in pulp with
different  ammonium  oxalate  concentration  treatments  was
determined by ultraviolet–visible spectrophotometer, then the

Table 1.    Multi-element analyses of pyrite and arsenopyrite wt%

Components Fe S As SiO2 MgO CaO Al2O3

Pyrite 46.04 52.44 — 0.52 0.21 0.45 0.23
Arsenopyrite 34.16 19.05 45.18 0.79 0.05 0.06 0.13
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Fig. 3.    Flowsheet of the actual ore flotation.
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adsorption concentration of PEX on pyrite and arsenopyrite
can be calculated. Approximately 2 g of samples were taken
each  time  for  adsorption  experiments.  Firstly,  the  mineral
was cleaned by ultrasound and mixed with 30 mL deionized
water on the magnetic stirrer. Then the pulp was adjusted to
pH value of 11 with lime. After that, different concentrations
of ammonium oxalate and 1 × 10−4 mol/L PEX were added to
the pulp successively and acted for 3 min. Finally, the mix-
ture  was  filtered  and  centrifuged,  and  5  mL of  supernatant
was  taken  for  testing.  Each  experiment  was  repeated  three
times to calculate the average values and the standard devi-
ations.

The  calculation  formula  of  adsorption  capacity  was  de-
scribed as following:

ΓM =
(C0−C)V

m
(1)

where ΓM is  the  adsorption  concentration  of  ethyl  xanthate
(mol/g), C0 is  the  initial  concentration  of  ethyl  xanthate  in
pulp (mol/L), C is the residual concentration of ethyl xanthate
in  pulp  (mol/L), V is  the  volume of  pulp  (L),  and m is  the
mass of mineral (g).

 2.5. Zeta potential measurements

The zeta potential of the pyrite and arsenopyrite samples
was  measured  by  a  Zetasizer  Nano  Zs  90  (Malvern  Instru-
ments  Co.,  Malvern,  UK).  The  purified  mineral  particles
were ground in an agate planetary ball mill until the particle
size was less than 5 µm, weighed 20 mg each time, and put in
a 40 mL electrolyte solution containing 1 × 10−3 mol/L po-
tassium  chloride.  A  magnetic  stirrer  dispersed  the  mineral
particles in the pulp, and the pulp was adjusted according to
the same agent dosage as the flotation test.  Adjust  the pulp
pH  with  the  supernatant  of  limewater,  then  the  pulp  was
settled for 5 min, and the supernatant of the refined particle
suspension  was  used  for  zeta  potential  measurement.  Zeta
potential  was  measured  three  times,  and  the  average  value
and standard deviation were calculated as the final result.

 2.6. XPS analysis

The  X-ray  photoelectron  spectroscopy  was  recorded  us-
ing  a  scanning  XPS  microprobe  system  (PHI  5000  Versa
Probe  II,  ULVAC-PHI,  Japan).  The  chemical  composition
and  the  concentration  variation  of  element  content  on  the
pyrite  and  arsenopyrite  surface  before  and  after  interaction
with 4 × 10−3 mol/L ammonium oxalate in lime solution at
pH  value  of  11  were  measured.  The  pulp  was  stirred  in  a
magnetic  stirrer  according to  the  surface  adsorption experi-
ments. The powder samples were filtered and separated, then
put into the vacuum drying oven for drying. The dried sample
was  subjected  to  200  W  monochromatic  Al  Kα radiation
(1486.7 eV). First, the XPS took comprehensive survey scans
and detailed scans of the C 1s, O 1s, Fe 2p, S 2p, and As 3d
(only arsenopyrite samples) regions. The MultiPak software
processed  the  measured  data,  and  the  spectrum  was  calib-
rated concerning the C 1s peak at 284.8 eV. The narrow-scan
spectra  of  the  samples  were  fitted  via  the  Gauss–Lorentz
method.

 3. Results and discussion
 3.1. Flotation tests

 3.1.1. Single mineral flotation
Fig. 4 shows the variation of pyrite and arsenopyrite flota-

tion recovery as a function of ammonium oxalate concentra-
tion  in  the  lime  system  at  pH  value  of  11  and  an  ethyl
xanthate’s concentration of 1 × 10−4 mol/L. Without the addi-
tion  of  ammonium  oxalate,  the  flotation  recovery  of  pyrite
and arsenopyrite was lower than 10% by lime as depressant.
Low  recoveries  of  both  pyrite  and  arsenopyrite  were  ob-
tained  using  lime as  depressant  and  pH adjuster,  indicating
that  both  minerals  have  poor  floatability  after  adding  lime.
When  the  concentration  of  ammonium  oxalate  increased
from 0 to 4 × 10−3 mol/L, the recovery of pyrite obviously in-
creased  from  6.32%  to  87.29%,  while  that  of  arsenopyrite
was only mildly affected. At the same time, the pulp pH was
always  maintained  at  low  alkalinity  conditions.  When  the
concentration of ammonium oxalate was higher than 4 × 10−3

mol/L, the recovery of arsenopyrite showed an upward trend,
indicating that ammonium oxalate will also slightly activate
arsenopyrite  at  high  concentration.  Thus,  it  was  concluded
that  adding  ammonium oxalate  could  significantly  increase
the ethyl xanthate-induced flotation differences of pyrite and
arsenopyrite in the lime system. This is explained that pyrite
is more easily activated under the same conditions.
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ate concentration.
 
 3.1.2. Mineral mixture flotation tests

In  order  to  verify  the  selective  activation  of  ammonium
oxalate  on  pyrite,  the  flotation  separation  test  of  the
pyrite–arsenopyrite  mixture  was  carried  out.  According  to
single mineral flotation results, three different concentrations
of ammonium oxalate were selected for the separation test of
the mineral mixture. The yield, grade, and flotation recovery
of S concentrate and As concentrate in the mineral mixture
system are shown in Table 2. When the concentration of am-
monium oxalate increased from 3 to 5 × 10−3 mol/L, the re-
covery of pyrite in S concentrate increased from 86.86% to
91.80%.  In  comparison,  the  recovery  of  arsenopyrite  in  S
concentrate  only  increased  from 3.74% to  10.74%,  and  the
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floatability of arsenopyrite remains at a very low level. The
separation test results of the mineral mixture showed that am-
monium oxalate could selectively activate pyrite. The differ-
ence in flotation recovery is more than 85% under the optim-
um conditions. Therefore, ammonium oxalate could be an ef-
fective  pyrite  activator  in  the  flotation  separation  of  pyrite
from arsenopyrite under a high alkalinity system.
 3.1.3. Actual ore flotation tests

The  flotation  separation  test  of  as-bearing  pyrite  tailings
was carried out with ammonium oxalate as an activator. After
open-circuit  flotation  (Table  3),  the  pyrite  concentrate  pro-
duced contains 53.46wt% S and 0.61wt% As, indicating that
the recovery of S in pyrite concentrate is 63.97%, and that of
As is  9.70%. Meanwhile,  the tailings contained 8.40wt% S
and 2.86wt% As, suggesting a recovery of 69.65% As in tail-
ings. The results indicated that an effective separation of pyr-
ite and arsenopyrite could be achieved with ammonium oxal-
ate as an activator.

 3.2. Contact angle analysis

The contact angle can directly reflect the wettability of the
mineral  surface  [13–14].  In  order  to  investigate  the  activa-
tion characteristics of ammonium oxalate, the contact angle
of pyrite and arsenopyrite under different chemical treatment

conditions  were  measured,  and  the  results  are  presented  in
Figs. 5 and 6. The contact angles of the polished pyrite and
arsenopyrite  were  79.33°and  77.31°,  respectively.  It  shows
that  pyrite  and  arsenopyrite  have  natural  hydrophobicity.
Then adding samples in alkaline lime solution at pH value of
11 for 5 min, the contact angles of pyrite and arsenopyrite de-
creased  by  12.71°and  17.15°,  respectively.  This  change  in-
dicated that both pyrite and arsenopyrite formed hydrophilic
surfaces under the highly alkaline lime system. After adding
ammonium oxalate, the contact angle of pyrite increased by
12.33°,  while  that  of  arsenopyrite  decreased  by  0.64°.  The
results show that adding ammonium oxalate can clean the hy-
drophilic  film  on  the  surface  of  pyrite  treated  by  lime  to
change the pyrite surface’s wettability significantly, but has
no significant effect  on arsenopyrite.  Finally,  with a further
introduction  of  PEX,  the  contact  angle  of  pyrite  increased
from 75.15° to 81.21°, and the contact angle of arsenopyrite
only  increased  from  59.52°  to  62.41°.  This  result  indicates
that  xanthate  can  be  effectively  adsorbed  on  the  surface  of
pyrite after activation by ammonium oxalate. The difference
in  contact  angle  between  pyrite  and  arsenopyrite  reached
19.80°  in  the  flotation system,  indicating that  pyrite  can be
effectively separated from arsenopyrite.

Table 2.    Selective flotation results for the mixture of pyrite and arsenopyrite

(NH4)C2O4 concentration /
(10−3 mol·L−1) Products Yield / %

Grade / wt% Recovery / %
S As FeS2 FeAsS

3
S Concentrate 45.30 47.38   1.86 86.86   3.74

As Concentrate 54.70 25.24 39.67 13.14 96.26

4
S Concentrate 47.64 47.43   2.21 90.61   4.67

As Concentrate 52.36 24.21 41.03   9.39 95.33

5
S Concentrate 51.27 46.80   4.72 91.80 10.74

As Concentrate 48.73 23.14 41.29   8.20 89.26

Table 3.    Result of the open-circuit flotation

Product Yield / %
Grade / wt% Recovery / %

S As S As
Pyrite concentrate 32.88 53.46 0.61 63.97 9.70

Middling Ⅰ 7.46 44.46 2.08 12.08 7.51
Middling Ⅱ 9.30 25.31 2.92 8.57 13.14

Tailing 50.35 8.40 2.86 15.39 69.65
Feed 100.00 27.48 2.07 100.00 100.00

 

Pyrite

Pyrite + lime

Pyrite + lime + (NH4)2C2O4

Pyrite + lime + (NH4)2C2O4 + PEX

Arsenopyrite

Arsenopyrite + lime

Arsenopyrite + lime + (NH4)2C2O4

Arsenopyrite + lime + (NH4)2C2O4 + PEX

Fig. 5.    Photograph of contact angle of pyrite and arsenopyrite after treating with different conditions.
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 3.3. Adsorption capacity test

The  sulfide  mineral  floatability  of  the  xanthate-induced
flotation system mainly depends on the adsorption capacity
of xanthate on the mineral surface [15−16]. Therefore, the ef-
fect of ammonium oxalate on the adsorption of PEX on the
surface of pyrite and arsenopyrite in the lime system largely
determines the flotation separation of pyrite and arsenopyrite.
Therefore, the amount of PEX absorbed by pyrite and arsen-
opyrite  at  different  activator  concentrations  was  measured,
and the results were presented in Fig. 7. The surface adsorp-
tion measurements  were performed at  1  × 10−4 mol/L PEX
and pH value of 11.

Without  the  addition  of  ammonium  oxalate,  the  adsorp-
tion amounts of xanthate on the surface of pyrite and arsen-
opyrite  maintained  a  low  level.  When  the  concentration  of
ammonium oxalate increased from 0 to 5 × 10−3 mol/L, the
adsorption amounts of  xanthate at  the surface of  pyrite  and
arsenopyrite increased from 1.20 × 10−7 to 1.79 × 10−6 mol/g
and  from  4.67  ×  10−8 to  2.07  ×  10−7 mol/g,  respectively.
Moreover,  this  further  confirmed  that  ammonium  oxalate

could selectively activate pyrite and significantly increase the
floatability  difference  between  pyrite  and  arsenopyrite
particles. These results are consistent with flotation tests and
contact angle measurements.

 3.4. Zeta potential analysis

The  electrical  double  layer  determines  the  adsorption  of
flotation reagents  on the  minerals–water  interface.  Zeta  po-
tential  measurements  can  be  used  to  test  the  electro-kinetic
changes in different flotation reagent systems [17–18]. Fig. 8
showed the pyrite and arsenopyrite’s zeta potential treated or
untreated with PEX as a function of ammonium oxalate con-
centration in the lime system.
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Pyrite is expected to have a negative surface charge in al-
kaline  conditions.  However,  under  high  alkalinity  and  high
Ca2+ concentration,  many  hydrophilic  CaOH+ species  and
Ca2+ are adsorbed onto the negatively charged pyrite surface,
resulting in a significant increase in the zeta potential on the
pyrite surface [4,19–20]. As shown in Fig. 8, when ammoni-
um oxalate was not added to the pulp, the surface potential of
pyrite closed to zero, and when the collector was added, the
zeta  potential  did  not  change,  indicating  that  the  surface  of
pyrite in the high alkaline and high calcium system could not
adsorb  PEX.  With  the  addition  of  ammonium  oxalate,  the
surface  potential  of  pyrite  decreased  dramatically,  illustrat-
ing that ammonium oxalate can effectively remove Ca2+ and
its hydroxyl compounds on the surface of pyrite. After the ac-
tivation of ammonium oxalate, continue to add PEX, the sur-
face potential of pyrite was further decreased, indicating that
the collector can be effectively adsorbed on the surface of ac-
tivated pyrite.

However, the electronegative character of arsenopyrite de-
creased slightly after the addition of ammonium oxalate, in-
dicating that the activation characteristic of ammonium oxal-
ate on arsenopyrite was weak. Furthermore,  the zeta poten-
tial  of  arsenopyrite  showed  no  apparent  change  before  and
after interacting with PEX over the entire test concentration
range,  illustrating  that  PEX  was  hardly  adsorbed  on  arsen-
opyrite  surfaces.  This  result  further  proves  that  ammonium
oxalate  can  selectively  activate  pyrite  from  arsenopyrite  in
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high alkalinity and high Ca2+ concentration system.

 3.5. XPS analysis

The changes in the elemental content and surface proper-
ties of pyrite and arsenopyrite in the lime system before and
after being activated by ammonium oxalate in the lime sys-
tem  were  analyzed  by  XPS.  The  survey  scan  XPS  spectra
measured the atomic concentrations of C 1s, O 1s, S 2p, Ca
2p, Fe 2p, and As 3d (arsenopyrite samples). Simultaneously,
the  pyrite  and  arsenopyrite  surface’s  element  composition
and  binding  energy  before  and  after  the  activation  of  am-
monium  oxalate  were  investigated  by  the  high-resolution
XPS  spectra.  Therefore,  these  analyses  can  further  explore
the mechanism of  ammonium oxalate  on the pyrite  and ar-
senopyrite’s surface.

The  XPS  peak  intensity  integration  method  determined
the  surface  atomic  concentration  of  pyrite  and  arsenopyrite
before and after interaction with ammonium oxalate in lime
system, as shown in Fig. 9 and Table 4. Compared with pyr-
ite treated with lime, the atomic concentration of S increased
from 14.01% to 27.26%, and the atomic concentration of O
decreased from 44.03% to 26.18% after 4 × 10−3 mol/L am-
monium oxalate  treatment,  and the  atomic concentration of

Ca on the surface of pyrite was removed. In contrast, the rel-
ative contents of S and O on the surface of arsenopyrite did
not  change  significantly  before  and  after  the  action  of  am-
monium oxalate.  This  observation suggests  that  both  pyrite
and  arsenopyrite  produced  hydrophilic  surfaces  in  the  lime
system.  The  addition  of  ammonium oxalate  can  selectively
remove the hydrophilic hydroxide and oxide on the surface of
pyrite but has no noticeable effect on the hydrophilic film on
the surface of arsenopyrite.

To further investigate surface chemical species formation
on pyrite and arsenopyrite before and after the action of am-
monium  oxalate,  the  Multi-Pak  software  (version  9.3.0.3)
was used for the peak fitting and separation of O 1s, S 2p, Fe
2p, and As 3d (arsenopyrite samples only) peaks in the high-
resolution XPS spectra, and the binding energies and the rel-
ative contents on pyrite and arsenopyrite surface before and
after  ammonium oxalate  treatment  were  analyzed. Figs.  10
and 11 and Tables 5 and 6 present the spectral peak deconvo-
lution results and the corresponding data, respectively.

Fig. 10 shows the fitted peaks for high-resolution spectra
of O 1s, S 2p, and Fe 2p of pyrite before and after ammoni-
um oxalate treatment in the lime system. The semi-quantitat-
ive results of peak fitting parameters and elements are shown

Table 4.    Atomic concentration of pyrite and arsenopyrite with and without the addition of 4 × 10−3 mol/L ammonium oxalate in
the lime system

Sample
Atomic concentration / %

C 1s O 1s S 2p Ca 2p Fe 2p As 3d
Pyrite-untreated 37.70 44.03 14.01 0.50 3.76 —
Pyrite-treated 39.14 26.18 27.26 — 7.42 —

Arsenopyrite-untreated 32.75 45.47 4.18 1.48 8.20 7.92
Arsenopyrite-treated 42.23 39.96 4.29 — 5.49 8.03
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in Table 5.

SO2−
4

The  O  1s  spectra  of  the  pyrite  were  composed  of  three
characteristic peaks, the peak at (530.0 ± 0.1) eV correspond-
ing  to  O2− from FeO,  Fe2O3,  CaO,  and Fe3O4 [21–22].  The
presence  of  Fe(III)–O  peak  in  the  Fe  2p  spectrum  and  the
presence of  in the S 2p spectrum suggest the possible
hydroxide  and  sulfate  phases  at  (531.9  ±  0.1)  eV  [23–27].
The binding energy at  (533.5 ± 0.3)  eV is  attributed to  ad-
sorbed  water  [28].  After  ammonium  oxalate  treatment,  the
relative content of O2− on the surface of pyrite decreased from
47.61% to 20.72%, indicating that the hydrophilic oxide lay-
er formed by the action of highly alkaline lime on the surface
of pyrite has been effectively cleaned.

S2−
2

SO2−
4

SO2−
4

S2−
2

The  S  2p  spectra  of  the  pyrite  were  composed  of  four
components.  Each  component  corresponded  to  a  pair  of  S
2p3/2 and S 2p1/2 peaks.  The S 2p3/2 component occurring at
binding energies of 161.62 and 161.82 eV are attributable to
the mono-sulfide (S2−) species [29]. Similarly, the peaks oc-
curring at 162.76 eV is attributable to the disulfide ( ) spe-
cies  [30].  The  elemental  sulfur  (S0)  species  formed  on  the
pyrite  surface occur  at  164.70–164.90 eV,  and the sulphate
( ) species was found at the higher binding energy of 168
eV [31]. In the lime system, the sum of S0 and  species
was  24.18%,  revealing  that  oxidation  had  occurred  on  the
surface of pyrite,  which reduces the xanthate-induced float-
ability of pyrite. After the action of ammonium oxalate, the
sulphate content on the surface of pyrite decreased evidently,
and the content of bulk disulfide  species increased from
53.26%  to  76.32%,  indicating  that  the  oxidation  degree  of
pyrite  treated  with  ammonium  oxalate  decreased  signific-
antly, and the original hydrophobic surface of sulfide ore was
exposed.

For Fe 2p spectra of pyrite, the prominent peak near 706.2
and  707.4  eV  were  assigned  to  Fe(II)–S2,  and  the  peak  at
709.05 eV representing Fe(Ⅲ)–S [25,31–32]. Peaks located
at  the  high  binding  energy  (711  and  713  eV)  represent  ex-
tensive  oxidized  iron  products  such  as  FeOOH  and  Fe2O3

[33–34].  On the surface of pyrite treated with lime, at  least

75% of Fe exists as iron oxide or iron hydroxide, reflecting
the nature that the Fe site in pyrite is easy to oxidize. In the
lime system, pyrite activated by ammonium oxalate exposed
a  large  number  of  fresh  surfaces.  The  oxidized  iron  de-
creased to less than 20%, and the content of Fe(II)–S2 in bulk
pyrite  increased to 74.27%. The results  show that  the addi-
tion  of  ammonium  oxalate  desorbs  the  hydrophilic  com-
pounds  containing  iron  covered  on  the  surface  of  pyrite.  A
new hydrophobic surface is formed on the mineral surface.

SO2−
4

S2−
n

SO2−
4

Fig.  11 shows  the  high-resolution  XPS  spectra  and  the
spectral peak deconvolution results of O 1s, S 2p, Fe 2p, and
As 3d on the arsenopyrite’s surface with and without the ad-
dition of ammonium oxalate, and Table 6 presents the corres-
ponding data of semi-quantitative results of peak fitting para-
meters  and  elements.  For  O  1s  spectra  of  arsenopyrite,  the
prominent  peak was best  fitted with three components near
530.0,  531.2,  and  532.6  eV,  corresponding  to  O2－ ,
OH－/ , and adsorbed water, respectively [21–24]. The S
2p3/2 component  occurring  at  binding  energies  of  (161.9  ±
0.1) eV is attributable to the mono-sulfide species [35]. Sim-
ilarly, the peaks occurring at (163.9 ± 0.1) and (168.0 ± 0.1)
eV  are  attributable  to  the  polysulfide  ( )  and  sulphate
( ),  respectively  [36].  The  binding  energies  of  Fe  2p3/2

spectra  near  707.4,  711.0,  and    712.7  eV correspond to  the
Fe(II)  of  FeAsS,  Fe(III)–AsS,  and  Fe(III)–OH  species,  re-
spectively  [36–38].The  intense  peak  at  (41.5  ±  0.1)  eV be-
longs  to  As(−1)  in  arsenopyrite  [39].  Additional  peaks  at
binding  energies  of  (43.8  ±  0.1)  and  (45.3  ±  0.1)  eV  were
probably from As(III)–O and As(V)–O species [38–40].

S2−
n

SO2−
4

Compared with before and after the action of ammonium
oxalate, the species composition of O and Fe on the surface
of  arsenopyrite  changed very slightly,  and the Fe on arsen-
opyrite’s  surface  was  still  Fe(Ⅲ).  Incredibly,  S  on  the  sur-
face of arsenopyrite was further oxidized after the action of
ammonium  oxalate.  The  content  of  polysulfide  ( )  in-
creased from 17.36% to 28.73%, and the content of sulphate
( ) increased from 24.37% to 28.04%. Meanwhile, As on
the arsenopyrite’s surface was further oxidized, and the con-
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tent of As(Ⅴ) increased from 63.81% to 68.14%. This part of
As(Ⅴ) is mainly iron arsenate. The iron arsenate and iron ox-
ide formed after the oxidation of arsenopyrite surface under-
go ligand exchange in the mode of bidentate binuclear inner-
sphere complex [41–42]. This structure is very stable on the
surface  of  arsenopyrite  and  is  difficult  to  interact  with  am-
monium  oxalate.  The  results  show  that  adding  ammonium
oxalate did not clean the hydrophilic oxide film on the arsen-
opyrite surface and further increased the oxidation degree of
the arsenopyrite surface. The XPS results showed that the ad-

dition of ammonium oxalate could selectively remove the hy-
drophilic and stable oxide film on the surface of pyrite in the
lime system. The XPS analysis further confirmed the previ-
ous  results  of  the  flotation  test,  contact  angle  analysis,  sur-
face  adsorption  measurements  analysis,  and  zeta  potential
analysis.

Based on the above data analysis results, a model is pro-
posed to explain the selective activation of pyrite by adding
(NH4)2C2O4 in the lime system during the pyrite–arsenopyr-
ite flotation separation process (Fig. 12).
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Table 5.    Peak fit parameters (binding energies (BE), full peak width at half maximum (FWHM), and peak areas) of O 1s, S 2p,
and Fe 2p on the pyrite surfaces

Peaks
Pyrite + lime Pyrite + lime + ((NH4)2C2O4)

BE / eV FWHM / eV Area fraction / % BE / eV FWHM / eV Area fraction / %

O 1s
530.24 1.88 47.61 530.38 1.88 20.72
531.82 1.88 46.58 531.96 1.88 74.73
533.25 1.88 5.81 533.75 1.88 4.55

S 2p

161.62 0.97 22.56 161.82 0.97 6.85
162.76 0.88 53.26 162.76 0.88 76.32
164.90 1.15 7.14 164.70 1.15 8.16
168.42 1.24 17.04 168.78 1.24 8.67

Fe 2p

706.21 0.90 4.41 709.05 1.90 6.26
707.43 0.93 19.71 707.46 0.93 74.27
711.10 2.75 67.08 711.15 2.75 16.89
712.89 1.80 8.79 713.08 1.80 2.58

Table 6.    Peak fit parameters (binding energies (BE), full peak width at half maximum (FWHM), and peak areas) of O 1s, S 2p, Fe
2p, and As 3d on the arsenopyrite surfaces

Peaks
Arsenopyrite + lime Arsenopyrite + lime + ((NH4)2C2O4)

BE / eV FWHM / eV Area fraction / % BE / eV FWHM / eV Area fraction / %

O 1s
529.92 1.92 23.64 530.06 1.92 20.18
531.15 1.92 60.28 531.27 1.92 65.20
532.54 1.92 16.08 532.62 1.92 14.62

S 2p
161.94 1.70 58.27 161.90 1.70 43.23
163.94 1.70 17.36 163.86 1.70 28.73
167.93 1.70 24.37 168.03 1.70 28.04

Fe 2p
707.27 0.71 2.83 707.49 0.71 2.48
710.96 2.23 61.46 711.17 2.00 60.70
712.60 2.31 35.71 712.87 2.31 36.82

As 3d
41.46 1.70 16.65 41.57 1.70 12.36
43.73 1.60 19.54 43.76 1.60 19.50
45.29 2.01 63.81 45.31 2.06 68.14
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 4. Conclusions

In this work, ammonium oxalate was used in the flotation
separation  of  pyrite  and  arsenopyrite  separation  in  the  lime
system. The interaction mechanism between ammonium ox-
alate and pyrite or arsenopyrite was analyzed by the contact
angle, adsorption experiments, zeta potential measurements,
and XPS analysis. The following conclusions are obtained.

(1) All flotation experiments revealed that pyrite could be
selectively  separated  from  arsenopyrite  in  the  lime  system
with ammonium oxalate as the activator.

(2) The pyrite’s PEX adsorption capacity and zeta poten-
tial  change  were  much  greater  than  arsenopyrite  after  am-
monium oxalate treatment in the lime system.

(3)  The  contact  angle  analysis  and  XPS  analysis  results
show apparent  differences  in  the  oxidation  products  on  the
surface of pyrite and arsenopyrite in the lime system and the
arsenate on the surface of arsenopyrite is difficult to remove
by ammonium oxalate effectively. In contrast, the hydrophil-
ic  oxide  film formed  on  the  surface  of  pyrite  is  effectively
cleaned by ammonium oxalate.

In summary,  a  novel  activator  for  flotation separation of
pyrite from arsenopyrite in the lime system was developed in
this study.
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