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Abstract: The flotabilities of chalcopyrite and galena with sodium humate (HA) and ammonium persulfate (APS) as the depressant 
were studied by flotation test, adsorption measurement and infrared spectroscopic analysis. Single mineral flotation test shows that 
the slurry oxidation environment and the proper oxidation of galena surface are prerequisites for the depression of galena by sodium 
humate. The closed-circuit flotation test of copper/lead bulk concentrate shows that the grade and recovery of Cu reach 30.47% and 
89.16% respectively and those of Pb reach 2.06% and1.58% respectively in copper concentrate, and the grade and recovery of Pb 
reach 50.34% and 98.42% and those of Cu reach 1.45% and 10.84% respectively in lead concentrate with HA and APS. The selective 
depression effect of HA and APS is more obvious than that of potassium dichromate. The results of FTIR analysis and adsorption 
measurements indicate that the adsorption of sodium humate on the fresh surface of galena is negligible, while after oxidation, 
sodium humate can be chemically adsorbed on the surface of galena. According to the theory of solubility product, the sodium 
humate can display the oxidation product PbSO4, after then, adsorb on the surface of lead chemically to produce inhibitory effect. 
Thus, it can be seen that the combination of HA and APS is an efficient non-toxic reagent to achieve cleaning separation copper/lead 
bulk concentrate by flotation. The combination of HA and APS is an efficient non-toxic reagent to achieve cleaning for copper/lead 
bulk concentrate by flotation. 
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1 Introduction 
 

Chalcopyrite always coexists with other sulphide 
minerals, such as zinc and lead sulphide minerals [1]. 
Generally, two kinds of basic methods are commonly 
used for the separation of copper/lead minerals [2,3], 
such as copper depression with lead flotation and lead 
depression with copper flotation. Some reagents such as 
sodium cyanide for the depression of chalcopyrite and 
sodium dichromate for the depression of galena are 
employed [4]. Although only small amount of this kind 
of reagents were used, they caused serious environmental 
pollution [5]. So, some other environmentally friendly 
methods of depression are preferred. 

According to the recent studies, the organic 
depressants have attracted a considerable amount of 
attention. In the laboratory and commercial processes, 

dextrin [6], starch [7], CMC [8] and ferrochrome 
lignosulfonate (FCLS) [9] have been used in the 
separation of chalcopyrite and galena. These kinds of 
reagents are nontoxic, biodegradable and relatively 
inexpensive compared with the widely used inorganic 
depressants. 

Sodium humate is the sodium salt of humic acid and 
can be extracted from leonardite which is complicated, 
naturally forming organic compounds with high relative 
molecular mass. CHEN et al [10] indicate that sodium 
humate can be used as pyrite depressant in the separation 
of chalcopyrite and pyrite at lower pH values. The 
studies on the flotation behavior of pyrite and 
arsenopyrite in the xanthate and sodium humate systems 
showed that the sodium humate can depress arsenopyrite 
well [11,12].  

There have been some studies on the separation   
of actual copper/lead ore with sodium humate as the  
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depressant of galena [12,13], while the mechanism is still 
unclear and the depressing effect is uncertain. The aim of 
this work is to determine the depression mechanism of 
galena with sodium humate as the inhibitor, and put 
forward an environmentally friendly way for the 
separation of copper/lead minerals. The floatabilities of 
chalcopyrite and galena in the presence and absence of 
the depressants were studied. The adsorption 
measurement and infrared spectroscopic analysis were 
conducted to investigate the interaction between reagents 
and minerals. 

 
2 Experimental 
 
2.1 Materials and reagents 

Galena and chalcopyrite samples were obtained 
from Bainiuchang Mine in Yunnan Province, China. The 
samples were purified by hand sorting, and the X-ray 
powder diffraction data confirmed the high purity of the 
samples. The chemical analysis revealed that the galena 
content (mass fraction) of the sample was 96.5% and the 
chalcopyrite content was 94.9%. The samples were 
respectively dry-ground in a porcelain ball mill and dry- 
screened to obtain particles with size range of 38−74 μm 
for the single mineral flotation and adsorption 
measurements. The fraction of particles with size larger 
than 74 μm was reground to the desired size fraction. A 
small part of particles with size less than 38 μm was 
further comminuted using agate mortar to 2 μm for 
infrared spectroscopic analysis, whereas the fraction of 
particles ranging in 38−74 μm was used. The ground 
products were stored separately in sealed glass bottles 
with nitrogen protection against further surface 
oxidation. 

The sample of copper/lead bulk concentrate was 
obtained from the mineral processing plant of 
Bainiuchang, and the chemical compositions (mass 
fraction) are 9.60% Cu and 36.76% Pb. 

Industrial grade butyl xanthate (BX, purity>85%) 
and methyl isobutyl carbinol (MIBC) were respectively 
used as the collector and frother, which were provided by 
Zhuzhou Flotation Reagents Factory in Hunan Province, 
China. Chemical grade sodium humate and sodium 
persulfate were obtained from Tianjin Guangfu Fine 
Chemical Research Institute (Tianjin, China). The 
solutions of all the reagents were prepared using distilled 
water. The dilute solutions of sodium hydroxide and 
hydrochloric acid were used as pH modifier. 
 
2.2 Flotation tests 

Flotation tests of single minerals were carried out in 
the micro-flotation cell with an effective volume of about 
40 mL and the flowsheet is shown in Fig. 1. A 2.0 g 
mineral sample (38−74 μm size fraction) was used in 

each experiment and was cleaned ultrasonically prior to 
the tests. After agitation for 1 min, the pH of the pulp 
was firstly adjusted to a desired value by adding pH 
modifier. Then, the ammonium persulfate (APS) and/or 
(HA) sodium humate solution (adjust to neutral pH by 
H2SO4 in order to avoid the pH fluctuation) was added to 
the cell. Five minutes later, the samples were conditioned 
with xanthate for 2 min. After that, MIBC was added to 
the slurry. The flotation time was set to 2 min in all of the 
single-mineral experiments. 
 

 
Fig. 1 Flowsheet of flotation tests on single minerals 
 

The closed-circuit flotation test of copper/lead bulk 
concentrate was achieved in an XFG single-trough 
flotation machine with effective volumes of 0.25, 0.5, 
0.75 and 1.0 L. The flowsheet is shown in Fig. 2. 
 
2.3 Adsorption tests 

The adsorption of HA on chalcopyrite and galena 
both in the absence and presence of different 
concentrations of APS at pH=6.5 was determined by 
measuring the residual concentration with total organic 
carbon analyzer. SHIMADZU total organic carbon 
analyzer of Japanese (TOC-L) was used in the test. 

2.0 g mineral sample of 38−74 μm size fraction was 
cleaned by ultrasonic and then repulped with 50 mL 
distilled water at desired pH. After addition of the 
desired reagents, the solution was agitated with the 
identical condition as described in flotation test. Then, 
the pulp was centrifuged by centrifugation at 9000 r/min 
for 10 min using a high speed refrigerated centrifuge. 
The supernatants were withdrawn for the analysis of 
residual HA concentrations. The adsorption amount was 
calculated from the difference between initial and 
residual concentrations of the solution. 
 
2.4 FTIR studies 

The infrared spectra of galena, HA, the oxidized 
product of galena by APS, and the interaction products of 
unoxidized/oxidized galena with HA were obtained using 
Shimadzu IR Affinity−1 spectrometer. 

Samples with size of 2 μm were prepared in the 
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Fig. 2 Flowsheet of closed-circuit flotation test of copper/lead bulk concentrate 
 
same way used in micro-flotation tests. 1.0 g sample was 
settled in 20 mL reagent solution at pH 6.5 and agitated 
for 30 min, filtrated and flushed 3 times with the 
corresponding pH buffer solution. The treated sample 
was dried in a vacuum desiccator for infrared 
spectrometry. 
 
3 Results and discussion 
 
3.1 Flotation tests of single mineral 
3.1.1 Flotation of chalcopyrite and galena under different 

pH conditions without depressant 
In this experiment, the pH of the pulp was adjusted 

with NaOH or HCl, and the BX and MIBC were used as 
the collector and frother, respectively. No depressant was 
added. The relationship between mineral floatability  
and pH value was determined (see Fig. 3). The results  
 

 
Fig. 3 Effects of pH value on recovery rate of chalcopyrite and 
galena with BX as collector (c(BX)=1×10−4 mol/L, ρ(MIBC)= 
10 mg/L) 

indicate that chalcopyrite and galena are easy-floating 
minerals with BX as collector in the whole pH ranges. 
However, the floatability of galena decreases rapidly 
when the pH value is higher than 9. 
3.1.2 Flotation of chalcopyrite and galena with HA as 

depressant 
The effects of HA on the flotation recoveries of 

chalcopyrite and galena at pH 6.5 were determined (see 
Fig. 4). The results indicate that with the increase of HA 
concentration from 0 to 75 mg/L, the floatabilities of the 
both minerals remained relatively constant, while as the 
concentration increases higher than 75 mg/L, the 
floatabilities decrease rapidly. However, the floatability 
difference between chalcopyrite and galena is very small, 
so it is impossible to achieve the separation purpose of 
copper/lead minerals. 

 

 
Fig. 4 Effects of HA dosage on recovery rates of chalcopyrite 
and galena with BX as collector (c(BX)=1×10−4 mol/L, 
ρ(MIBC)=10 mg/L, pH=6.5) 
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Several investigations [12,13] have confirmed that 
HA was a selective depressant of galena, but in those 
studies, redox conditions of the slurry were not taken 
into consideration. 
3.1.3 Flotation of chalcopyrite and galena with APS as 

depressant 
Sodium persulfate is often used as a strong oxidant. 

In the separation of copper/lead minerals by flotation, 
APS can be used as the depressant of galena. The effects 
of APS on the recovery rates of chalcopyrite and galena 
at pulp pH=6.5 were determined (see Fig. 5). The results 
indicate that with the increase of APS concentration from 
0 to 200 mg/L, the floatabilities of both minerals remain 
relatively constant. It is impossible to achieve the 
separation purpose of copper/lead minerals by increasing 
the concentration of APS. 
 

 
Fig. 5 Effects of APS dosage on recovery rates of chalcopyrite 
and galena with BX as collector (c(BX)=1×10−4 mol/L, 
ρ(MIBC)=10 mg/L, pH=6.5) 
 
3.1.4 Flotation of chalcopyrite and galena with HA+APS 

as depressant 
The addition of single depressant did not reach the 

purpose of the selective separation of copper/lead 
minerals. So, HA and APS were used together to study 
their synergistic effects on the separation of copper/lead 
minerals. The pulp pH was adjusted to 6.5 with HCl, and 
then HA and APS were added by the mass ratio of 1:1 
and held for 5 min. The results (see Fig. 6) indicate that 
in the full range of the reagent concentration studied, 
with the increasing dosage of depressants, the floatability 
of chalcopyrite decreases slightly, while the floatability 
of galena decreases sharply. When the reagent 
concentration was above 30 mg/L (m(HA):m(APS)=1:1), 
the galena was hardly floatable, while the floatability of 
chalcopyrite remains relatively constant. With the 
synergistic effect of HA and APS, the floatability 
differences of the two minerals were enough to achieve 
the purpose of copper/lead separation. 

In order to find out the mechanism of the synergistic 

effect, in the following studies, APS concentration 
remains constant at 5 mg/L and HA concentration 
gradually increases. With the increasing dosage of HA, 
the floatability of galena firstly decreases slightly, and 
then remains relatively constant in the range of     
5−30 mg/L (see Fig. 7). The results indicate that the 
proper oxidation of galena is a prerequisite for the 
depression of galena by HA. 
 

 
Fig. 6 Effects of HA+APS (mass ration, 1:1) dosage on 
recovery rates of chalcopyrite and galena with BX as collector 
(c(BX)=1×10−4 mol/L, ρ(MIBC)=10 mg/L, pH=6.5) 
 

 
Fig. 7 Effects of HA dosage on recovery rates of chalcopyrite 
and galena with BX as collector (ρ(APS)=5 mg/L, c(BX)= 
1×10−4 mol/L, ρ(MIBC)=10 mg/L, pH=6.5) 
 
3.1.5 Separation of artificial mixed minerals 

Chalcopyrite and galena were mixed in mass ratio 
of 1:2, and chemical compositions were 10.87% Cu and 
55.72% Pb. 3 g mixed minerals were used in each 
experiment. HCl was added to obtain the desired pulp pH 
value of 6.5 and then the slurry was treated in the 
following order (see Fig. 1): depressant (HA 30 mg/L, 
APS 50 mg/L), collector (BX 2×10−5 mol/L) and frother 
(MIBC 10 mg/L). The flotation time was set to 2 min. 
The products and tailing were weighted separately after 
filtration and drying, and then analyzed for copper and 
lead separation (see Table 1). 
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Table 1 Results of copper/lead separation test of artificial 
mixed minerals by HA+APS 

Mass fraction/%  Recovery rate/% 
Product 

Cu Pb  Cu Pb 

Cu concentrate 28.51 12.95  90.42 8.01 

Pb concentrate 1.59 78.22  9.58 91.99 

 
3.2 Closed-circuit flotation test in laboratory 

The copper/lead bulk concentrate obtained from 
Bainiuchang Mineral Processing Plant, China, was tested 
in closed-circuit in site to avoid the change of mineral 
floatability in transit. Two schemes were employed by 
contrast test: 1) Depression of lead by sodium 
dichromate; 2) Depression of lead by HA+APS. H2SO4 
was used to adjust the pulp pH, in the first scheme, 
pH=7.5 and in the second scheme, pH=6.5. The flotation 
flowsheet and reagent regime are shown in Fig. 2, and 
the results are shown in Table 2. The results illustrate that 
the recovery rates of chalcopyrite obtained by the two 
separation schemes have little difference. However, a 
decrease of the Pb content and increase of the Cu content 
in the corresponding concentrates were observed. It is 
because that galena in the bulk concentrate was 
selectively depressed in the presence of sodium   
humate [10]. 

 
Table 2 Results of copper/lead separation test of artificial 
mixed minerals by HA+APS 

Mass 
fraction/% 

Recovery 
rate/% Depressant 

Dosage of 
reagent/ 
(g·t−1) 

Product 
Cu Pb Cu Pb

Cu 
concentrate 30.47 2.06 89.16 1.58

Pb 
concentrate 1.45 50.34 10.84 98.42

HA+ 
APS 

HA 1500 
APS 600 

Cu/Pb bulk 9.61 36.76 100 100

Cu 
concentrate 21.13 1.95 87.59 2.11

Pb 
concentrate 1.98 59.80 12.41 97.89

Potassium 
dichromate 890 

Cu/Pb bulk 9.60 36.78 100 100

 
3.3 Flotation mechanism discussion 

The aforementioned flotation tests indicate that the 
usage of single depressant (HA or APS) could hardly 
separate chalcopyrite and galena, but the mixed 
depressant (HA+APS) was highly selective in the 
separation of chalcopyrite and galena, and the proper 
oxidation of galena surface was a prerequisite for the 
depression of galena by HA. In this work, the solubility 
analysis, adsorption tests and the IR spectra were 
introduced to investigate their interactions. 

Figure 8 illustrates the adsorption amount of HA on 
galena and chalcopyrite at different HA concentrations in 
the absence of APS. The results indicate that the 
adsorption of HA on galena and chalcopyrite increases 
slightly as the concentration of HA increases. The 
adsorption amount of HA on the galena is higher than 
that on the chalcopyrite. 
 

 
Fig. 8 Adsorption of HA onto chalcopyrite and galena at 
different HA concentrations and pH=6.5 
 

Figure 9 illustrates the adsorption amount of HA on 
galena and chalcopyrite at different APS concentrations. 
The adsorption amount of HA on galena increases 
substantially as the concentration of APS increases. 
While, the adsorption of HA on chalcopyrite remains 
relatively constant and is independent of the APS 
concentration. 
 

 
Fig. 9 Effects of APS concentration on adsorption of HA on 
chalcopyrite and galena with 20 mg/L HA, pH=6.5 
 

The results of the absorption measurement agree 
well with the flotation test, and it is confirmed that the 
slurry oxidation environment is essential for the 
depression of galena by HA. 

Table 3 lists the negative logarithm of the solubility 
product constant (Ksp) of the main lead compounds [14]. 
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ZHUANG et al [15] had tested the apparent stability 
constant (Ks) of lead−humic acid complexes. When the 
pH is 6.5, the Ks is 10.65−12.3. The Ksp of PbS is 27.5, 
which is far greater than the Ks of PbnHA2. However, the 
Ksp of PbSO4 is less than the Ks of Pbn(HA)2. According 
to Taggart’s chemical reaction hypothesis [16], HA tends 
to react with PbSO4, which is the oxidation product of 
galena, to form Pbn(HA)2, while it can hardly react with 
PbS. 
 
Table 3 Negative logarithm of solubility product constant (Ksp) 
of main lead compounds 

Species Ksp 

PbS 27.5 

PbCO3 13.13 

Pb(OH)2 14.93 

PbSO4 6.2 

PbCrO4 12.55 

 
Infrared spectroscopy [17] was used to identify the 

surface species resulting from interactions between the 
galena and HA both before and after being oxidized by 
APS. The infrared spectrum shows only the 600−4000 
cm−1 region, since this area includes most of the 
characteristic bands of HA. Figure 10 shows the infrared 
spectra of HA. It is illustrated that spectra have 
stretching vibration bands of —CH3 and —CH2— at 
2929.87 and 2875.86 cm−1, respectively, C=C at 
1575.84 cm−1, vibration bands of —C—O— at 1107.14 
and 1035.77 cm−1. 
 

 
Fig. 10 Infrared spectrum of HA 
 

Figure 11 shows the spectra obtained from galena 
before (Fig. 11(a)) and after (Fig. 11(b)) being oxidized 
by APS. The characteristic bands at 1168.86 to 1039.63 
cm−1 were observed when galena was conditioned with 
APS, suggesting the oxidation product on galena surface 
was PbSO4, and the following reaction might be 
happened. 

 

 

Fig. 11 Infrared spectra of galena (a), galena after being 
oxidized by APS (b) and HA conditioned with APS oxidized 
galena (c) 
 
PbS+4S2O8

2−+4H2O=PbSO4+8HSO4
−                  (1) 

 
The spectra for the oxidized galena conditioned 

with HA were shown in Fig. 11(c). For the oxidized 
galena, characteristic bands of HA at 2929.87, 2875.86, 
1575.84, 1107.14 and 1035.77 cm−1 were observed, 
suggesting the adsorption of HA on galena. The bands at 
1575.84, 1107.14 and 1035.77 cm−1 turned to 1568.86, 
1099.43 and 1043.49 cm−1, respectively, which indicated 
that sodium humate was chemically adsorbed on the 
surface of galena as the following chemical equation: 
 
nPbSO4+2HAn−=Pbn(HA)2+nSO4

2−               (2) 
 
4 Conclusions 
 

1) The mixed depressant HA+APS is highly 
selective in the separation of chalcopyrite and galena 
compared with single depressant (HA or APS). The 
proper oxidation of galena surface is a prerequisite for 
the depression of galena by HA. 

2) The closed-circuit flotation test of copper/lead 
bulk concentrate showed that grade and recovery of Cu 
in copper concentrate are 30.47% and 89.16%, those of 
Pb are 2.06% and 1.58%, respectively; the grade and 
recovery of Pb in lead concentrate are 50.34% and 
98.42%, those of Cu are 1.45% and 10.84%, respectively, 
using sodium humate (HA) and sodium persulfate (APS) 
as the depressants. 

3) The adsorption measurement and infrared 
spectroscopic analysis indicated that the slurry oxidation 
environment and the proper oxidation of galena surface 
are prerequisites for the adsorption of HA on galena. HA 
can be hardly adsorbed on the fresh surface of galena, 
while after oxidation, it can be chemically adsorbed on 
the surface of galena. 

4) The combination of HA and APS can be used as 
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an efficient non-toxic reagent for the depressant of 
galena in cleaning separation for copper/lead bulk 
concentrate by flotation. 
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腐殖酸钠和过硫酸铵组合抑制剂 
浮选分离黄铜矿和方铅矿 
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摘  要：采用浮选实验、吸附量测量以及红外光谱分析等方法研究腐殖酸钠和过硫酸铵对黄铜矿和方铅矿浮选行

为的影响和机理。单矿物浮选实验表明，表面适当氧化是方铅矿受到腐蚀酸钠抑制的先决条件。以腐殖酸钠和过

硫酸铵为方铅矿抑制剂的铜铅混合精矿闭路实验可以得到铜品位和回收率分别为 30.47%和 89.16%，铅品位和回

收率分别为 2.06%和 1.58%的铜精矿，以及铅品位和回收率分别为 50.34% 和 98.42%，铜品位和回收率分别为

1.45% 和 10.84%的铅精矿的抑制效果优于重铬酸钾。吸附量和红外光谱测试表明，腐殖酸钠虽然基本不会在新

鲜的方铅矿表面发生吸附，但是能大量吸附在适当氧化后的方铅矿表面。根据溶度积理论，方铅矿表面氧化后生

成 PbSO4，腐殖酸钠与其发生置换反应后能以化学吸附的方式吸附在氧化后的方铅矿表面，从而产生抑制效果。

腐殖酸钠和过硫酸铵组合抑制剂是铜铅混合精矿清洁分离的有效方法。 

关键词：黄铜矿；方铅矿；腐殖酸钠；过硫酸铵；浮选 

 (Edited by Yun-bin HE) 
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