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Abstract: Environmentally friendly flotation reagent, polyaspartic acid (PAPA), was tested as a potential selective 
depressant in the flotation separation of chalcopyrite and Cu-activated sphalerite. The depression mechanism of PAPA 
was revealed by contact angle measurements, Zeta potential measurements, Fourier transform infrared spectroscopy 
(FT-IR) analysis and inductively coupled plasma (ICP) measurement. The micro-flotation tests with single minerals 
showed that PAPA selectively depressed Cu-activated sphalerite, while chalcopyrite remained floatable. Moreover, a 
concentrate containing 31.40% Cu with a recovery of 92.43% was obtained in flotation tests of artificially mixed 
minerals. Results of contact angle measurements, Zeta potential measurements and FT-IR spectrum revealed that PAPA 
exerted a much stronger adsorption on Cu-activated sphalerite surface than on chalcopyrite surface, preventing the 
further adsorption of sodium diethyl dithiocarbamate (DDTC) on its surface. ICP measurements indicated that PAPA 
had an excellent complexing ability with Cu2+ in flotation pulp, weakening the activation of Cu species on sphalerite 
surface and producing selective depression. 
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1 Introduction 
 

Chalcopyrite (CuFeS2) and sphalerite (ZnS) 
are the main copper and zinc minerals found in 
complex sulfide ores, and they are closely related to 
economic development. Chalcopyrite always 
co-exists with sphalerite to form complex Cu−Zn 
sulfide ore. With the continuous development and 
utilization of copper-bearing resources, copper ores 
which are very difficult to treat, due to fine 
dissemination of chalcopyrite, complex mineralogy, 
or both, respond very poor to the flotation 
separation. Conventionally, the Cu−Zn sulfide ore 
is processed by differential flotation, in which 
sphalerite is selectively inhibited during 
chalcopyrite flotation [1−3]. Sphalerite is naturally 
hydrophilic and has poor floatability, and the 
adsorption of the short chain collectors on 

sphalerite surface is weak [4−6]. Because the 
minerals are finely disseminated and intimately 
associated with the gangue, they must be initially 
liberated before flotation separation can be 
undertaken. During the grinding and flotation 
process, unavoidable copper ions, generated by the 
dissolution of oxidized chalcopyrite and secondary 
copper sulfide ore, always increase the floatability 
of sphalerite by unwanted activation [7]. As a  
result, the increase of sphalerite in Cu concentrates 
declines the copper grade and lowers the zinc 
recovery. Therefore, to selectively depress the 
flotation of Cu-activated sphalerite, copper industry 
needs an effective depressant. 

In conventional Cu−Zn flotation separation 
system, inorganic depressants, including cyanide, 
zinc sulfate, sulfur oxides, etc, have been widely 
used for sphalerite depression [8−10]. Cyanide has 
an excellent depressing effect towards sphalerite; 
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however, cyanide is toxic, and the use of it has 
raised concerns on environment [11]. Zinc sulfate 
and sulfur oxides also have some shortcomings, 
such as poor inhibition performance and large 
dosage [12]. Organic inhibitors, on the other hand, 
have advantages of lower dosage, better selectivity 
and lower pollution. They are environmentally 
friendly reagents and have been received more and 
more attentions. FENG et al [13,14] studied the 
flotation separation of chalcopyrite and sphalerite in 
the presence of locust bean gum. However, the 
chalcopyrite recovery was declined to 70% when 
the dosage of locust bean gum exceeded 400 kg/t, 
and the solubility of locust bean gum was poor   
at room temperature. LIU et al [15,16] and QIN   
et al [17] found that sodium dimethyl dithiocar- 
bamate (SDD or DMDC) was effective to depress 
Cu-activated sphalerite/marmatite using butyl 
xanthate as collector at pH 9.0. However, when 
DMDC dosage was larger than 1×10−5 mol/L, the 
recovery of chalcopyrite began to decrease. 
Obviously, the optimal DMDC concentration range 
was very narrow, which limited its industrial 
application. HUANG et al [18] found that the 
addition of chitosan caused the Cu-coated sphalerite 
to be inhibited while galena could be floated at  
pH 4.0. During the flotation process of real ores, 
depression of pyrite is essential in sulphide mineral 
flotation. Flotation is carried out in an alkaline 
medium, but the alkaline pH conditions are not 
conductive to the depression of chitosan on 
sphalerite. Hence, it is imperative to develop and 
choose a natural, non-toxic, bio-degradable Zn 
depressants for the flotation separation of 
Cu-activated sphalerite from chalcopyrite. 

Polyaspartic acid (PAPA), a kind of 
polycarboxylic acids, is a new type of green water 
treatment reagent. Figure 1 shows the chemical 
structure of PAPA [19]. As presented in Fig. 1, there 
are a large number of carboxyl groups and hydroxyl 
groups in PAPA molecular structure, and the 

carboxyl groups can easily chelate with heavy metal 
ions. Thus, PAPA shows an excellent scale and 
corrosion inhibition performance [20,21]. Therefore, 
PAPA is widely used as dispersant and scale 
inhibitor in water treatment. In mineral flotation 
system, DONG et al [22] studied the selective 
adsorption of sodium polyacrylate (PAAS) on 
calcite surface in apatite flotation. In the fluorite 
flotation, polyaspartate (PASP) was used to depress 
calcite [19,23]. However, little research has been 
reported on the depressing effect of PAPA in the 
flotation separation of sulfide mineral flotation, and 
it is still unclear if PAPA can depress sphalerite 
during chalcopyrite flotation. 

In this study, the flotation separation of 
sphalerite from chalcopyrite using depressant PAPA 
and collector DDTC was studied. The flotation 
behaviors of the two minerals in the absence and 
presence of reagents were investigated by 
micro-flotation experiments. The experiment of 
manually-mixed minerals was carried out to verify 
the efficiency of actual separating effect of 
sphalerite from chalcopyrite. Additionally, solution 
chemical calculation of PAPA solution was 
employed to investigate the relationship between 
minerals flotation behavior and solution 
components. ICP measurements were used to 
examine the complexing ability of PAPA with metal 
ions in solution. Moreover, the depression 
mechanism of PAPA on chalcopyrite and sphalerite 
was also investigated using contact angle 
measurements, Zeta potential experiments and 
FT-IR analysis. 

 
2 Experimental 
 
2.1 Materials 

Pure mineral samples of chalcopyrite and 
sphalerite used in this study were respectively 
obtained from Hubei and Hunan Province,    
China. First, raw ores with good crystallinity were  

 

 

Fig. 1 Molecular structure of PAPA [19] 
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handpicked to obtain high purity samples. Then, the 
selected samples were crushed, dry-ground and 
dry-sieved to collect the maximum amount of 
38−74 μm size fraction for micro-flotation 
experiments. The samples of <38 μm size fraction 
were further ground to achieve <2 μm for Zeta 
potential measurements, FT-IR analysis, chemical 
multi-element analysis and X-ray diffraction (XRD) 
analysis. 

Table 1 gives the chemical analysis results of 
the samples. From Table 1, the chalcopyrite and 
sphalerite samples contained 34.14% Cu and 
65.42% Zn, respectively, indicating that the 
chalcopyrite and sphalerite were 98.78% and 
97.50% pure, respectively. Figure 2 shows the XRD 
patterns of the analyzed studied mineral samples. 
As shown in Fig. 2, both minerals showed high 
purity. 

The polyaspartic acid (PAPA, analytical  
grade) was employed as the depressant and was 
purchased from Shandong Taihe Water Treatment 
Technologies Co., Ltd., China. The collectors of 
sodium diethyl dithiocarbamate (DDTC, industry 
grade) and frother terpineol oil (industry grade) 
were purchased from Mingzhu Flotation Reagents 
Factory in Hunan Province, China. Copper sulfate 
(CuSO4, activator) and zinc sulfate (ZnSO4) were 
purchased from Tianjin Yongda Chemical Reagent 
Co., Ltd., China. Stock solutions of hydrochloric 

acid (HCl) and sodium hydroxide (NaOH) were 
prepared for pH adjustment. All the chemical 
reagents utilized in this study, except for DDTC and 
terpenic oil, were of analytical grade. Deionized  
(DI) water with the resistivity over 18.0 MΩꞏcm 
was used for all experiments. 

 
2.2 Micro-flotation experiments 

All the micro-flotation experiments were 
performed using laboratory XFG series flotation 
machine (Jilin Exploration Equipment, Changchun, 
China) with a flotation cell (effective volume 
40 mL). The spindle speed of the flotation machine 
was fixed at 1690 r/min. The procedure of 
micro-flotation was as follows. First, 2.0 g 
(38−74 μm) of the sample was pre-cleaned for 
5 min by ultrasonic treatment and then mixed with 
35 mL DI water in flotation cell. After stirring for 
1 min and adjusting pH value for 2 min, the 
activator CuSO4, the depressant PAPA, the collector 
DDTC and the frother terpineol oil were added to 
the mineral suspension in sequence, and the 
conditioning time of flotation reagents was 2 min, 
2 min, 2 min and 1 min, respectively, as shown in 
Fig. 3. Finally, the concentrates and tailings    
were separately collected, dried and then weighted, 
and the recovery was calculated using Eq. (1).  
Each experiment was repeated three times and 
averaged. 

 
Table 1 Chemical analysis results of two mineral samples  

Sample 
Content/wt.% 

Fe Cu Zn S Si Al Ca 

Chalcopyrite 30.78 34.14 0.336 29.29 0.994 0.271 0.399 

Sphalerite 0.81 − 65.42 25.93 2.21 0.527 − 

 

 

Fig. 2 XRD patterns of chalcopyrite (a) and sphalerite (b) 
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100%
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m m
  


                        (1) 

where ε represents flotation recovery (%); m1 and 
m2 represent masses (g) of concentrates and tailings, 
respectively. 

For the flotation separation of artificial mixed 
minerals, 1.0 g chalcopyrite and 1.0 g sphalerite 
were mixed into manually mixed minerals. After 
the artificially mixed minerals were stirred for    
1 min, then the desired concentration of flotation 
reagents was added, and the addition sequence and 
reaction time were consistent with those of single 
mineral flotation experiments. The concentrates and 
tailings were separately weighed and the yield 
(wt.%) was calculated. Flotation recovery was 
calculated according to the yields of the two 
products and the metal grade assessed by chemical 
analysis. 
 

 

Fig. 3 Flowsheet of micro-flotation experiments 

 
2.3 Contact angle measurements 

Contact angle measurements were employed to 
evaluate the wettability of mineral surfaces before 
and after interaction with flotation reagents. First, a 
lump of pure mineral with high purity and good 
crystallization was selected, cut and ground to 
obtain a suitable size (approximately 2.0 cm × 
2.0 cm × 1.0 cm). In order to minimize the effect of 
surface roughness on contact angle measurement, 
after being cut and ground, the prepared sample was 
further sequentially polished by Wuxi brand 
sandpaper, from coarse to fine. Sessile drop method 
was utilized to determine the contact angle of DI 
water on the prepared sample surface, and JY−82C 
automatic video contact angle meter (Dingsheng 

Tester) was used in this work. The prepared sample 
was mixed with 35 mL DI water, agitated and 
reacted with a desired concentration of flotation 
reagents in a beaker, then removed by a tweezer and 
repeatedly rinsed three times with DI water, dried 
by nitrogen, and put on the stage of the instrument. 
During each measurement, a suitable and stable DI 
water drop was deposited on the sample surface, 
and the contact angle was measured by capturing 
the microscopic image between the drop and the 
prepared mineral surface. 
 
2.4 Zeta potential measurements 

Zeta potential analyzer (Malvern Instruments, 
UK) was utilized to analyze the Zeta potential of 
mineral samples in the absence and present of the 
desired amount of flotation reagents. For each test, 
20 mg (<2 μm) sample was added to a beaker with 
35 mL KCl supporting electrolyte solution 
(1×10−3 mol/L), and agitated for 1 min. Following 
the pH adjustment with NaOH or HCl with a 
stirring time of 2 min, the flotation reagent(s) 
was/were added, and the addition sequence, 
reaction time and the concentration of the reagents 
were consistent with those of the micro-flotation 
tests. The slurry was stood for about 10 min to settle 
large particles. Finally, the suspension containing 
fine mineral particles was pipetted out by a transfer 
pipette for Zeta potential measurements. 

 
2.5 FT-IR analysis 

Infrared spectral (IR) analyses of mineral 
samples in absence and presence flotation reagents 
were recorded by IRAffinity−1 spectrometer 
(Shimadzu Corporation, Kyoto, Japan). The IR 
spectra were detected by using KBr tableting 
methods in transmission mode, and the wave 
number was in the range from 4000 to 400 cm−1. 
1.0 g (<2 μm) of the sample and 35 mL DI water 
were mixed in a beaker, and agitated for 2 min by a 
magnetic stirrer to thoroughly disperse the mineral 
particles in DI water. The preparation methods of 
the mineral samples in the presence of flotation 
reagents were consistent with those of micro- 
flotation experiments. After the reaction was 
completed, the suspension was filtered. Finally, the 
treated samples were washed three times with DI 
water and dried in a vacuum desiccator prior to IR 
spectral measurements. 
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2.6 ICP measurements 
ICP measurements were employed to 

investigate the chelating ability of PAPA with metal 
ions, and the concentration of copper ions and zinc 
ions was determined by the residual concentration 
method. 0.2 g of CuSO4ꞏ5H2O (or ZnSO4ꞏ7H2O) 
was mixed with 20 mL DI water in a beaker to 
prepare simulated copper ion solution (or zinc ion 
solution). Six parts of copper ion solution (or zinc 
ion solution) at the same concentration were 
prepared according to the same configuration 
method. Subsequently, PAPA solutions at six given 
concentrations (5, 10, 20, 40, 60 and 80 mg/mL) 
were respectively added to each of the above six 
beakers. Afterwards, the solutions were evenly 
agitated and stood for about 20 min. Next, the 
suspensions were filtered, and 2 mL of the filtrate 
was pipetted out and diluted to 5000 mL in a  
beaker. Then, the diluted solution was measured for 
Cu2+ (Zn2+) concentration using inductive coupled 
plasma (ICP; Thermo Scientific; iCAP 6500). The 
removal rates of Cu2+ (Zn2+) in solution were 
calculated as 

0 1

0

100%
C C

R
C


                          (2) 

where R is removal rate of metal ions (%); C0 and 
C1 are concentrations (mg/L) of metal ion 
concentration before and after interaction with 
PAPA, respectively. 
 
3 Results and discussion 
 
3.1 Microflotation with single minerals 

Figure 4(a) shows the flotation recovery of 
chalcopyrite and sphalerite as a function of pH. In 
this study, CuSO4 was added to simulate the 
unwanted activation. In the absence of CuSO4, the 
recovery of sphalerite slightly declined with an 
increase in the pH range from 3 to 11.5. The highest 
recovery of sphalerite in the presence of DDTC 
alone was only 30.39% at pH 5. This indicated that 
sphalerite had inferior floatability on its own. In the 
presence of 3.5×10−5 mol/L CuSO4, DDTC had a 
good collecting ability for both minerals. The 
recovery of chalcopyrite was over 95% within the 
tested pH range, while sphalerite recovery 
maintained almost constant at around 94% with 
increasing pH and subsequently decreased from 
92.59% to 59.92% with further increase in pH from 

 

 

Fig. 4 Flotation recovery of chalcopyrite and sphalerite 

as function of pH (a) and PAPA concentration (b) 

(C(CuSO4)=3.5×10−5 mol/L, C(DDTC)=3×10−5 mol/L, 

and C(MIBC)=10 mg/L) 

 
9.0 to 11.5. Under alkaline pH conditions, sphalerite 
recovery gradually decreased when DDTC was 
used as collector. The main reasons were possibly 
listed as follows. On one hand, when pH was below 
9.0, the ions on mineral surface may be cationic, 
and the mineral surface was positively charged. 
Under high alkaline pH conditions, the anions may 
be positioned on the sphalerite surface, and it was 
difficult for anionic collector DDTC to adsorb on its 
surface [17]. On the other hand, because of the 
hydrolysis of Zn released from sphalerite, various 
hydroxy complexes were formed, under the studied 
pH range (9.0−11.5), and the main zinc species of 
Zn in the aqueous solutions were Zn(OH)2(aq), 

3Zn(OH)  and 2
4Zn(OH)  . The hydroxides 

wrapped on the sphalerite surface, which increased 
the hydrophilicity of the surface and reduced the 
floatability [24]. Those results demonstrated that 
the flotation separation of chalcopyrite and 
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Cu-activated sphalerite was impossible without  
the addition of a depressant. After the addition of 
PAPA prior to DDTC, Cu-activated sphalerite 
dramatically decreased from 93.22% to the 
minimum of 29.59% with the increase of pH from 3 
to 9 and subsequently slightly increased to 49.78% 
with further increase in pH to 12.0. In contrast, 
PAPA had little effect on the floatability of 
chalcopyrite. The large floatability difference 
between chalcopyrite and Cu-activated sphalerite in 
the presence of PAPA presented the possibility of 
flotation separation of the two minerals. Figure 4(b) 
shows the effect of PAPA concentration on the 
flotation recovery of chalcopyrite and Cu-activated 
sphalerite. From Fig. 4(b), in the absence of the 
depressant PAPA, the recovery of both minerals 
were above 90% at pH 9.0, and the flotation 
separation of the two minerals was difficult in this 
case. Sphalerite recovery was sharply depressed by 
PAPA, with its recovery significantly decreasing 
from 92.91% to 19.91% with 16 mg/L of PAPA. 
However, the floatability of chalcopyrite was not 
influenced, remaining at around 95% in the whole 
tested PAPA dosage. Under these conditions,    
the flotation separation of chalcopyrite from 
Cu-activated sphalerite could be achieved by 
flotation. 
 
3.2 Microflotation with mixed minerals 

To further verify the actual depressing effect of 
PAPA on sphalerite during chalcopyrite flotation, 
the flotation separation of artificially mixed binary 
minerals (mass ratio of 1:1) was carried out, and the 
results are given in Table 2. According to Table 2, 
when the depressant PAPA was not added, the Cu 
grade and Zn grade in Cu concentrate were 15.51% 
and 29.55%, respectively, which were similar with 
the Cu grade and Zn grade of 15.13% and 33.21% 

of the feed sample. Moreover, the Cu recovery and 
Zn recovery in Cu concentrate were 92.60% and 
80.37%, respectively. This indicated that the 
flotation separation of the two minerals was 
insignificant. However, when 16 mg/L PAPA was 
added, the Cu grade in Cu concentrate significantly 
increased from 15.51% to 31.40%, with the Cu 
recovery of 92.43%. Obviously, the copper 
recovery basically unchanged (maintained at about 
92%) in the presence of depressant PAPA. 
Therefore, by adding PAPA as depressant, the 
copper grade could be greatly increased without 
affecting the Cu recovery. This indicated that PAPA 
had an excellent depressing effect on sphalerite 
during chalcopyrite flotation, which was in good 
agreement with the results of micro-flotation results 
(single minerals). 

 
3.3 Contact angle  

The wettability of the mineral surfaces 
characterized by contact angle is a direct indicative 
of the hydrophilic and hydrophobic properties of 
mineral surfaces. Figure 5 shows the contact angles 
of chalcopyrite and sphalerite before and after 
treatment with different flotation reagents. The 
PAPA concentration was 16 mg/L, and the pH was 
fixed at 9.0. Figure 5 showed that the contact angle 
of natural chalcopyrite was 66.44°. After the 
treatment with PAPA, the contact angle of treated 
chalcopyrite surface was 65.98°, which was not 
much changed compared with that of the natural 
chalcopyrite (66.44°). This indicated that the 
hydrophobicity and floatability of the chalcopyrite 
were still good using PAPA as depressant. In the 
presence of depressant PAPA and collector DDTC, 
the contact angle was 69.62°. This slight increase  
in the contact angle implied that the addition of 
PAPA had little effect on the hydrophobicity of the 

 
Table 2 Results of flotation separation of artificially mixed minerals 

Concentration of depressant 
PAPA/(mgꞏL−1) 

Product Yield/wt.%
Grade/%  Recovery/% 

Cu Zn  Cu Zn 

0 

Cu concentrate 90.33 15.51 29.55  92.60 80.37 

Zn concentrate 9.67 11.58 67.40  7.40 19.63 

Feed 100.00 15.13 33.21  100.00 100.00 

16 

Cu concentrate 44.45 31.40 3.98  92.43 5.33 

Zn concentrate 55.55 2.06 56.60  7.57 94.67 

Feed 100.00 15.10 33.21  100.00 100.00 
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Fig. 5 Contact angles of chalcopyrite and sphalerite in 

the absence and presence of different flotation reagents 

(C(CuSO4)=3.5×10−5 mol/L, C(DDTC)=3×10−5 mol/L): 

1−Chalcopyrite; 2−Sphalerite; 3−Cu-activated sphalerite; 

4−Chalcopyrite + PAPA; 5−Cu-activated sphalerite + 

PAPA; 6−Chalcopyrite + PAPA+ DDTC; 7−Cu-activated 

sphalerite + PAPA+ DDTC 

 
chalcopyrite surface in the present of collector 
DDTC. Therefore, under these conditions, 
chalcopyrite still had a good floatability. 

The contact angle of natural sphalerite was 
27.82°. After the addition of activator CuSO4, the 
contact angle of sphalerite surface significantly 
increased from 27.82° to 55.15°, indicating that the 
hydrophobicity and floatability of sphalerite were 
largely enhanced by adding activator CuSO4. In the 
presence of depressant PAPA, the measured contact 
angle of Cu-activated sphalerite declined from 
55.15° to 36.87°, implying that the hydrophobicity 
and floatability of the Cu-activated sphalerite 
surface were obviously reduced after the treatment 
with PAPA. After the addition of depressant PAPA 
and then collector DDTC, the measured contact 
angle of Cu-activated sphalerite slightly increased 
to 41.85°. Under this condition, the contact angle of 
Cu-activated sphalerite (41.85°) and the contact 
angle of Cu-activated sphalerite treated by PAPA 
(36.87°) were not much different. These results 
indicated that further adsorption of DDTC on 
Cu-activated sphalerite surface was prevented by 
pre-adsorption of PAPA, but the adsorption of 
DDTC on chalcopyrite pre-treated by PAPA was 
almost not influenced. This was in good agreement 
with the micro-flotation results, in which the 
depressant PAPA selectively decreased the 
floatability of Cu-activated sphalerite. 

3.4 Zeta potential 
The adsorption of flotation reagents on mineral 

surfaces can change the electro-kinetic properties of 
minerals, thus influencing their floatability [25−27]. 
Zeta potentials of chalcopyrite and sphalerite as a 
function of pH in the absence and presence of 
flotation reagents are shown in Fig. 6. According 
Fig. 6, the isoelectric point (IEP) of chalcopyrite 
was at around pH 2.5, and Cu-activated sphalerite 
was negatively charged in entire experimental pH 
range, which was agreed well with previous 
literature reports [28,29]. From Fig. 6(b), in the 
presence of activator CuSO4 alone, the Zeta 
potentials of sphalerite steadily decreased from 
−33.89 to −38.75 mV with the increase of pH from 
2 to 6 and subsequently increased to the maximum 
of −31.29 mV with further increase in pH to 10, and 
then declined with pH increasing after reaching a 
maximum. The increase of the Zeta potential of 
sphalerite at pH 6−10 was attributed to the 
adsorption of positive copper hydrolyzed products 
(Cu(OH)+ and Cu2(OH)2

2+) on sphalerite surface,  
 

 

Fig. 6 Zeta potential of chalcopyrite (a) and sphalerite (b) 

as function of pH before and after treatment with 

flotation reagents 
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whereas the decline of Zeta potential at pH>10 was 
resulted from the adsorption and precipitation of 
negative copper hydrolyzed products (Cu(OH)3

−) on 
its surface [30]. 

According to Fig. 6, after being treated with 
DDTC alone, the Zeta potential of chalcopyrite and 
Cu-activated sphalerite decreased by approximately 
6 and 7 mV due to the adsorption of negatively 
charged DDTC species on the two mineral surfaces. 
After the addition with PAPA alone, the Zeta 
potentials of both minerals moved to the negative 
direction, indicating that the negatively charged 
species in PAPA solution were adsorbed on the two 
mineral surfaces [19]. For Cu-activated sphalerite, 
the addition of PAPA caused the decrease of 
8.85−21.08 mV at pH of 4−10 (Fig. 6(b)) compared 
to a decrease of 7.58−8.16 mV for chalcopyrite 
(Fig. 6(a)), implying the much stronger affinity of 
PAPA towards Cu-activated sphalerite. And the 
subsequent addition of DDTC further decreased the 
Zeta potentials of PAPA treated chalcopyrite by 
around 6 mV while that of PAPA adsorbed 
Cu-activated sphalerite decreased by only about 
1 mV. The results indicated that the adsorption of 
PAPA was much stronger on the surface of 
Cu-activated sphalerite than on the surface of 
chalcopyrite. Moreover, the PAPA adsorbed on 
Cu-activated sphalerite inhibited the further 
adsorption of the collector DDTC and thus caused 
the pyrite depression. However, due to the weak 
adsorption of PAPA, chalcopyrite surface adsorbed 
a great amount of the collector DDTC, which 
maintained its floatability even in the present of the 
depressant PAPA. These results were consistent 
with those of the micro-flotation experiments and 
contact angle measurements. 
 
3.5 FT-IR analysis result 

In order to investigate the interaction 
mechanism of depressant PAPA on mineral surfaces, 
IR spectra of both minerals before and after 
interaction with PAPA at pH 9.0 are shown in Fig. 7. 
The IR spectrum of PAPA is shown in Fig. 8.    
As shown in Fig. 8, for PAPA, the adsorption  
peaks at 1401 and 1592 cm−1 were attributed to the 
symmetric and antisymmetric stretching vibrations 
by C=O vibration couplings of —COO− of PAPA, 
respectively. The adsorption band at 1639 cm−1 was 
assigned to the characteristic peak of amide group 
(C=O vibration adsorption peak). And adsorption 

 

 
Fig. 7 IR spectra of chalcopyrite (a) and sphalerite (b) 

before and after treatment with PAPA 

 

 

Fig. 8 FT-IR spectrum of PAPA 

 
band at 3408 cm−1 was the characteristic adsorption 
peak of VNH [31,32]. Combined with the relative 
molecular mass of PAPA, it could be inferred that 
PAPA was carboxylate polymer with small 
molecule [19]. These results are in good agreement 
with previous studies. 

As depicted in Fig. 7(a), with the addition of 
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PAPA, compared with the IR spectrum of untreated 
chalcopyrite, no new characteristic peak appeared, 
and the adsorption band shifted from 1573 to 
1584 cm−1, which was caused by the adsorption 
peak of —COO− group in PAPA at 1592 cm−1. The 
results demonstrated the adsorption of PAPA on 
chalcopyrite surface. In contrast, from Fig. 7(b), 
after the interaction between sphalerite and PAPA, 
main characteristic peaks of PAPA corresponding to 
C=O vibration adsorption peak of amide group in 
PAPA (1706 and 1745 cm−1) and C=O vibration 
couplings of —COO− group in PAPA (1427 and 
1554 cm−1) appeared. 

To summarize, after the addition of PAPA, no 
new characteristic adsorption peaks were observed 
on chalcopyrite surface. But several new and 
pronounced characteristic adsorption peaks were 
observed on sphalerite surface. These results 
closely followed the results of Zeta potential 
measurements and indicated that the adsorption of 
PAPA on sphalerite surface was much stronger than 
that on chalcopyrite surface. 
 

3.6 ICP result 
According to relevant literatures [33,34], the 

chemical structure of PAPA contains several 
carboxyl groups (as shown in Fig. 1), which renders 
its hydrophilic characteristics, the ability of 
complexation with heavy metal ions and adsorption 
on mineral surfaces. To study the chelating ability 
of PAPA with metal ions, the removal rate of metal 
ions as a function of PAPA concentration was 
measured, and the results are shown in Fig. 9. As 
indicated, the removal rate of Cu2+ was much 
greater than that of Zn2+ under the same PAPA 
 

 
Fig. 9 Removal rates of copper and zinc ions as function 

of PAPA concentration 

concentration. After the addition of PAPA, removal 
rate of Cu2+ dramatically increased from 25.67% to 
the maximum of 71.53% with the increase of PAPA 
dosage from 5 to 20 mg/L and subsequently 
decreased to the minimum of 1.02% at the PAPA 
dosage of 80 mg/L. And the removal rate of Zn2+ 
was much lower than that of Cu2+ and was less than 
25%, indicating that the complexing ability of 
PAPA with Zn2+ was relatively weak. The results 
indicated that PAPA could weaken the unwanted 
activation of Cu2+ on sphalerite surface and thus 
induced selective depression. 
 

3.7 Solution chemical calculation of components 
of PAPA solution 
In order to further clarify the adsorption 

mechanism of PAPA on mineral surfaces, solution 
chemical calculation of the dissolved species of 
PAPA was carried out. According to previous 
literatures [18,35], PAPA can be treated as a 
molecular model with four acid structure units 
(COCHCH2COOHNH), and thus, the total relative 
molecular mass is 460. Therefore, only the 
dissociation of H is considered in carboxyl groups, 
and the model can be simplified as H4L [34]. The 
reaction formulas and the corresponding reaction 
constants are given in Table 3. And the species 
distribution diagram of PAPA is shown in Fig. 10. 
As shown in Fig. 10, the dominant component in 
PAPA solution was L4− at pH 9.0. And the possible 
chelation reactions between L4− and M2+ (Cu2+/Zn2+) 
are given in Eqs. (3) and (4). Therefore, at tested 
pH value of 9.0, anionic species L4− of PAPA could 
complex with unwanted Cu2+ in flotation pulp to 
form CuL2− and Cu2L, weakening the activation of 
Cu2+ on sphalerite surface and producing selective 
depression. On the other hand, in our previous 
study [20], a stronger interaction occurred between 
the combined depressant polyaspartic acid/zinc 
sulfate (PZ) and Cu-activated marmatite surface 
through the copper atoms. As well known, the 
inhibitory effect of zinc sulfate on sphalerite surface 
was mainly due to the precipitation of hydrophilic 
zinc hydroxide on its surface in alkaline pH   
range [20]. Therefore, the interaction between 
negatively charged L4− of PAPA and Cu atoms on 
Cu-activated sphalerite surface was probably 
considered to promote the adsorption of PAPA. 
 
L4−+M2+=ML2−                                          (3) 
L4−+2M2+=M2L                           (4) 
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Table 3 Reactions and corresponding reaction constants 

Reaction Equation 
Reaction constant 

(lg K) [35] 

H++L4−=HL3− 
3

1 4

[HL ]

[H ][L ]
K



   5.40 

H++HL3−=H2L
2− 

2
2

1 3

[H L ]

[H ][HL ]
K



   4.22 

H++H2L
2−=H3L

− 3
1 2

2

[H L ]

[H ][H L ]
K



   3.66 

H++H3L
−=H4L 

4
1

3

[H L]

[H ][H L ]
K    2.27 

 

 

Fig. 10 Species distribution diagram of PAPA solution 

 
4 Conclusions 
 

(1) Within the pH range of 9.0−10.5, the 
flotation separation of chalcopyrite from 
Cu-activated sphalerite could be achieved in the 
presence of PAPA as depressant (16 mg/L) and 
DDTC as collector (3×10−5 mol/L). From artificially 
mixed mineral experiments, after the addition of 
16 mg/L PAPA, the Cu grade in Cu concentrate was 
significantly improved from 15.51% to 31.40% 
compared to that obtained in the absence of PAPA 
at pH 9.0, while the Cu recovery was not changed 
much and maintained at around 92%, indicating 
that PAPA was an effective and selective depressant 
for Cu-activated sphalerite during chalcopyrite 
flotation. 

(2) FT-IR analysis and Zeta potential 
measurements indicated the much stronger affinity 
of PAPA towards Cu-activated sphalerite surface, 
resulting in a more hydrophilic surface. Moreover, 
the addition of PAPA could largely prevent the 
further adsorption of DDTC on the Cu-activated 
sphalerite surface but exert little effect on the 

DDTC adsorption on the chalcopyrite surface, as 
presented by the results of the contact angle 
measurements. 

(3) ICP analysis indicated that PAPA could 
complex with copper ions in flotation slurry, 
weakening the accidental activation of copper ions 
on sphalerite surface, and thus, resulted in the 
selective inhibition for Cu-activated sphalerite. 
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聚天冬氨酸在黄铜矿浮选体系中对 

铜离子活化后的闪锌矿的选择性抑制作用 
 

魏 茜，焦 芬，董留洋，刘学端，覃文庆 

 

中南大学 资源加工与生物工程学院，长沙 410083 

 

摘  要：采用环保型的浮选药剂聚天冬氨酸(PAPA)作抑制剂，进行黄铜矿和铜活化后闪锌矿的浮选分离。通过接

触角测试、动电位测试、红外光谱分析和电感耦合等离子体发射光谱测试，研究 PAPA 对闪锌矿的选择性抑制机

理。单矿物浮选试验结果表明，PAPA 能选择性抑制铜活化后的闪锌矿，但黄铜矿仍能保持好的可浮性。人工混

合矿浮选试验获得铜精矿中铜品位为 31.40%，铜回收率为 92.43%。接触角测试、动电位试验和红外光谱分析表

明，PAPA 在铜活化后的闪锌矿表面吸附更强；另外，PAPA 的存在能阻止铜活化后的闪锌矿表面捕收剂二乙基二

硫代氨基甲酸钠(DDTC)的进一步吸附。电感耦合等离子体发射光谱测试结果表明，PAPA 对铜离子有较强的络合

能力，能减弱闪锌矿表面铜离子的活化，从而产生选择性抑制。 

关键词：黄铜矿；闪锌矿；浮选分离；抑制剂；聚天冬氨酸 
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