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Abstract: The effect of metal-inorganic complex depressant composed of aluminum sulfate and sodium silicate (AlSS) 
on the flotation separation of scheelite and calcite was studied. Zeta potential and adsorption measurements confirmed 
that the negatively charged colloidal particles composed of Al(OH)4

− and SiOm(OH) n
4−2m−n tended to be adsorbed on 

calcite surface, inhibiting the adsorption of sodium oleate (NaOL), while the adsorption of negatively charged colloidal 
particles on scheelite surface was relatively low, which resulted in the great adsorption capacity of NaOL on scheelite. 
The contact angle measurements showed that the hydrophobicity of scheelite was significantly better than that of calcite 
in the NaOL+AlSS solution. XPS measurement results indicated the adsorption of Al and Si on the calcite surface rather 
than on the scheelite surface. Compared to adding water glass (sodium silicate, SS) only, the depression effect on calcite 
was significantly enhanced by the combination of AlSS, while scheelite flotation was hardly affected. Scheelite 
concentrate with WO3 grade of 68.34% and WO3 recovery of 83.14% could be obtained from mixed scheelite and 
calcite ores by adding AlSS. 
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1 Introduction 
 

Scheelite is rich in resources and has a low 
grade. It generally coexists with other calcareous 
gangue minerals [1]. The difficulty in the scheelite 
flotation is the separation of scheelite from calcium- 
bearing gangue minerals. For example, calcite   
and scheelite contain Ca2+ and active sites on the 
mineral surface, which have similar surface 
properties and chemical reactivity with the reagents, 
especially with the most frequently used fatty acid 
collectors [2−5]. MARINAKIS and KELSALL [6] 
believed that the dissolved ions from the scheelite 

surface have the same properties on the surface of 
calcite and fluorite, which are absorbed on the 
surface of scheelite in solution, which results in the 
low flotation efficiency of scheelite. Therefore, the 
selective inhibition of calcite is crucial in the 
beneficiation of scheelite. 

The existing studies on scheelite flotation 
mainly focused on evaluating the performance and 
mechanism of new collectors, regulators, and 
inhibitors [7,8]. The high-efficiency collector [9−11] 
and inhibitor [12,13] can effectively separate the 
scheelite from calcite. However, the high-quality 
scheelite resources were gradually exhausted and 
tended to be fine, poor, and miscellaneous because 
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of their continuous exploitation. The development 
of a single high-performance reagent had a limited 
effect on improving the recovery and grade of 
scheelite, while the combination of reagents had 
some greater advantages [14−16]. AI et al [17] used 
sodium silicate as an inhibitor and GYR + 
salicylaldoxime as a combined collector to separate 
scheelite from calcite and fluorite. They deduced 
that the WO3 grade and the WO3 recovery were 
62.34% and 73.78%, respectively. FENG et al [18] 
studied the effect of the sodium oleate and 
polyether combined collector and inhibitor sodium 
alginate on the flotation separation of scheelite from 
calcite. Their results showed that compared with the 
conventional collector sodium oleate, the combined 
collector sodium oleate and polyether can improve 
the flotation recovery of scheelite and reduce that of 
calcite. 

Due to the increase of calcium-bearing gangue 
components in scheelite ore, the effective inhibition 
of calcium-bearing gangue minerals has gradually 
become the key to improving the grade of scheelite 
concentrate [19−22]. CHEN et al [23−25] used 
dextran sulfate sodium, sodium alginate and 
calcium lignosulfonate as depressants to separate 
scheelite from calcite and fluorite, and showed that 
a single depressant can selectively inhibit the 
flotation of calcite and fluorite. Camphor leaves 
were directly extracted as depressants using simple 
physical methods. It was deduced through a 
flotation experiment that the camphor leaf extract 
(CLE) has a strong depression effect on calcite  
and a minimal effect on scheelite [16]. WANG    
et al [26] used sulfonated naphthalene-formaldehyde 
condensate (SNF) as a depressant to separate 
scheelite from calcite. The results of their micro- 
flotation experiments showed that SNF has a 
stronger depressant performance on calcite than 
water glass. ZHOU et al [27] believed that the 
development of combination reagents and the study 
of the properties and mechanism of reaction are still 
the main research directions in fluorite flotation. 
The combined application of ferric ions (Fe3+) and 
the small molecular organic chelating tartaric acid 
(TA) can efficiently perform the flotation separation 
of scheelite from calcite [28]. However, there exist 
few studies on the combined depressants of sodium 
silicate and Al3+ for the calcium-bearing gangue 
associated with scheelite flotation. 

In this study, a metal-inorganic complex 

depressant, which is an efficient recipe of 
depressants composed of aluminum sulfate and 
water glass sodium silicate (AlSS), was adopted for 
the flotation separation of scheelite from calcite. 
The inhibition effect of AlSS on scheelite and 
calcite in the micro-flotation experiments and 
artificial experiments was studied. The underlying 
flotation separation mechanism was analyzed by 
zeta potential, adsorption, contact angle, and X-ray 
photoelectron spectroscopy (XPS) measurements. 
This study has a guiding significance for the scheelite 
flotation process and a reference significance for 
other mineral flotation separation processes. 
 
2 Experimental 
 
2.1 Materials and reagents 

Pure minerals of scheelite and calcite used in 
the experiments were obtained from Henan 
Province, China. After a series of crushing (Jaw 
crusher), dry grinding (Ceramic ball mill), and 
screening (Standard sieve), minerals with particle 
sizes from 0.037 to 0.074 mm were used for 
flotation experiments. According to the X-ray 
diffraction patterns of scheelite and calcite shown  
in Fig. 1, there were not other characteristic peaks, 
 

 
Fig. 1 XRD patterns of scheelite (a) and calcite (b) 
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which proved the high purity of the samples. As 
shown in Table 1, the content of WO3 was 79.41% 
with a scheelite purity above 95%, and the content 
of CaCO3 was above 98%. 
 
Table 1 Chemical contents of scheelite and calcite 
samples 

Mineral 
Content/wt.% 

CaO WO3 CaCO3 SiO2 
Scheelite 16.68 79.41  3.91 
Calcite   98.07 1.93 

 
Sodium oleate (abbreviation NaOL), 

aluminum sulfate (Al2(SO4)3) and water glass 
(Na2SiO35H2O) used in the experiments were of 
analytical grade. NaOH and HCl solutions were 
used to adjust the pH of the slurry. Deionized water 
was used in all the experimental procedures. The 
flotation test lasted from February to April, and 
Na2SiO35H2O dissolved normally in the room 
temperature range of 4−27 °C after ultrasonic 
treatment. The metal-inorganic complex depressant 
of AlSS was prepared in advance. AlSS was 
prepared by mixing Al2(SO4)3 and Na2SiO35H2O in 
a mass ratio of 1:3 without special instructions. For 
example, if the concentration of AlSS is 40 mg/L, 
the concentration of Al2(SO4)3 will be 10 mg/L,  
and the concentration of Na2SiO35H2O will be 
30 mg/L. 
 
2.2 Zeta potential measurements 

The zeta potential measurements were carried 
out in a Malvern Zetasizer Nano ZS90 instrument 
(Malvern, London, England) equipped with a 
rectangular electrophoresis cell. The samples used 
for zeta potential measurement were specially 
ground to be less than 0.02 mm. Before 
measurement, 30 mg of the single mineral powder 
was added to 40 mL of KCl aqueous solution 
(0.01 mol/L) and conditioned by magnetic stirring, 
during which reagents were added to the pulp. The 
concentrations of the reagents added in the zeta 
potential measurements were consistent with those 
in the flotation test. After standing for 20 min, the 
upper clear supernatant was used for zeta potential 
measurement. The measurement temperature was 
maintained at 25 °C, and the final result was the 
average of the three experiments. The average was 
the final result, and the error bar was the standard 
deviation. 

2.3 Contact angle measurements 
The contact angle measurements were 

implemented with a JY−82C contact angle meter. 
The samples used for contact angle measurement 
were specially treated. Prior to any comminution 
process, mineral sample blocks were picked and cut 
into rectangular parallelepipeds, which were then 
fixed with resin and finally polished with a 
polishing machine. Before each sample was tested 
for contact angle, the surface had been polished 
from coarse to fine until smooth. The mineral 
surface was polished one after another on the 
grinder by polishing paper with roughnesses of 350, 
150, 75, 38, 18, 13, and 6.5 μm. In addition, 
polished surfaces needed to be repeatedly washed 
with deionized water to remove surface 
contaminants. After the surface was naturally 
air-dried, a drop of deionized water or flotation 
reagent solution was dropped on the mineral surface, 
and the contact angle was measured with a contact 
angle meter. Specifically, five contact angle tests 
were carried out on the same sample at different 
surface positions, and the maximum and minimum 
values are eliminated. Then, the other 3 groups of 
test data were calculated to obtain the average 
value. 
 
2.4 Adsorption measurements 

The adsorption amount of NaOL in the 
experiments was measured with an Elementar 
TOCII instrument (Elementar Co., Langenselbold, 
Germany), and the adsorption amount of Al3+ in  
the experiments was confirmed with inductively 
coupled plasma-optical emission spectrometry 
(ICP-OES, Thermo Scientific, Waltham, MA, USA). 
For each measurement, 2 g of pure mineral and 
35 mL of deionized water were added to a Plexiglas 
cell (40 mL), and flotation reagents were added 
when the pulp was stirred. After the adsorption was 
completed, the pulp volume was fixed to 50 mL, 
solid‒liquid separation was carried out by 
centrifugation, and finally, the supernatant was 
taken for measurement. 
 
2.5 XPS measurements 

X-ray photoelectron spectrometer (Thermo 
Fischer, ESCALAB Xi+) was used for testing. The 
excitation source is an Al Kα ray (hv=1486.6 eV). 
The working voltage was 12.5 kV, and the filament 
current was 16 mA, according to samples of the 
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case for signal accumulation. The test passing 
energy was 100 eV in the full spectrum and 20 eV 
in the narrow spectrum, with a step size of 0.05 eV 
and a stay time of 40−50 ms. All binding energies 
were calibrated using the characteristic C 1s carbon 
peak (C 1s, 284.80 eV). The samples used for XPS 
measurement were prepared in the same way as 
flotation experiments, except that the concentrate 
after the final filtration needed to be flushed with 
deionized water three times. 
 
2.6 Flotation tests 

Flotation tests consisted of single mineral 
experiments and artificial mixed mineral 
experiments. Flotation experiments were carried out 
in an XFG flotation machine at a spindle speed of 
1920 r/min. For each single mineral flotation 
experiment, 2 g of pure mineral and 35 mL of 
deionized water were added to the flotation cell 
with a capacity of 40 mL. For artificially mixed 
mineral flotation experiments, 2 g of the mixed 
mineral consisted of 1 g scheelite and 1 g calcite. 
The flotation experiments were carried out 
according to the flowsheet shown in Fig. 2. 
 

 
Fig. 2 Flowsheet of microflotation experiment 
 

After artificial scraping, filtering, drying and 
weighing, the concentrates and tailings were 
collected for recovery and grade measurements. 
The grades of concentrate and tailings of artificial 
mixed ore were measured by chemical titration 
analysis. Each experiment was repeated three times. 
The average was the final result, and the error bar 
was the standard deviation. 
 
3 Results and discussion 
 
3.1 Zeta potential 

The total potential difference between the 
mineral surface and solution can be defined as the 

surface potential, which is mainly determined by 
the concentration of localized ions in the solution. 
The dissolution of ions [29] and the adsorption of 
reagent molecules [13] on the surface of the mineral 
will result in changing the mineral surface electrical 
properties. Therefore, zeta potential measurements 
were performed to uncover the possible interaction 
mechanism between the flotation reagents and 
minerals. 

After adding AlSS to scheelite and calcite 
solution, when the pH increased, the main forms of 
SS in the solution were SiOm(OH)n

4−2m−n, which 
included Si(OH)4, SiO(OH)3

− and SiO2(OH)2
2−, while 

those of Al2(SO4)3 were Alm(OH)n
3m−n, which 

included Al3+, Al(OH)2+, Al(OH)2
+, Al(OH)3 and 

Al(OH)4
−. Figures 3(a) and (b) show the species 

distribution diagrams of Al3+ and SS, respectively [7]. 
Because the AlSS was preconfigured, it was 
considered that the positively charged Al3+, 
Al(OH)2+, Al(OH)2

+, and Al(OH)3 colloidal particles, 
as well as the negatively charged Al(OH)4

− and 
SiOm(OH)n

4−2m−n colloidal particles will form 
negatively charged mixed colloidal particles and then 
adsorb on the mineral surface. 
 

 
Fig. 3 Species distribution diagrams of Al3+ (a) and SS (b) 
as function of pH [7] 
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Figure 4 presents the influence of the pH on 
the zeta potential of scheelite and calcite in the SS, 
AlSS, NaOL, and AlSS+NaOL systems. It can be 
seen from Figs. 4(a) and (b) that, compared with the 
zeta potential of scheelite and calcite in deionized 
water, the addition of SS led to a negative shift   
in the studied pH range, which indicated that 
negatively charged SS colloidal particles were 
adsorbed on the scheelite and calcite surfaces. 
Within the pH range of the measurements, the 
addition of AlSS led to a negligible negative shift of 
scheelite (less than 2 mV), and the reduction in the 
surface potential of calcite was more obvious. This 
phenomenon may be because the negatively 
charged scheelite surface had difficulty in adsorbing 
negatively charged AlSS colloidal particles through 
electrostatic attraction, while the positively charged 
calcite surface can adsorb negatively charged AlSS 
colloidal particles through electrostatic attraction. 
The addition of NaOL led to an obvious negative 
shift of scheelite and calcite. However, in the 
presence of NaOL and AlSS, the zeta potential of 
scheelite significantly decreased, while that of 
calcite only decreased by 2−3 mV compared with 
that of AlSS. NaOL was an anionic collector. Hence, 
 

 
Fig. 4 Effect of pH on zeta potential of scheelite (a) and 
calcite (b) in SS, AlSS, NaOL and AlSS+NaOL systems 

the change in the surface potential of scheelite and 
calcite in the AlSS+NaOL systems proved that a 
large amount of NaOL was adsorbed on the 
scheelite surface while only a small amount of 
NaOL was adsorbed on the calcite surface. 

The above test results showed that when AlSS 
was used as an inhibitor, the optimal pH value of 
the scheelite and calcite flotation separation was 9.0. 
In addition, it can be seen from the red dotted line 
(pH=9.0) in Fig. 4 that the negative charge on the 
scheelite surface was −17.84 mV and the positive 
charge on the calcite surface was 4.49 mV after 
adding deionized water, while the negative charge 
on the scheelite surface was −34.47 mV and the 
negative charge on the calcite surface was 
−15.29 mV after adding AlSS and NaOL. The 
surfaces of scheelite and calcite were charged, and 
the electrostatic interaction energy (VE) can be 
generated between the particles. VE is expressed as  

( ) ( )
2 2a 1 2 1 2

E 1 2 2 2
1 2 1 2

π 2
=

( )
ε R R ψ ψ

V ψ ψ
R R ψ ψ
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+ +
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 −  −    −  

+
-

-
   

 (1) 

 
where ψ1 and ψ2 are the surface charges of scheelite 
and calcite, respectively; εa is the dielectric constant 
of water; R1 and R2 are the radii of scheelite and 
calcite, respectively; κ−1 is the double electric layer 
thickness; H is the distance between scheelite and 
calcite. 

It can be seen from Eq. (1) that when the 
surfaces of the scheelite and calcite particles had 
opposite charges, VE was negative, which was 
stated as the mutual attraction energy. When there 
was a homogenous charge on the surface of the 
scheelite and calcite particles, VE was positive, 
which was stated as mutual repulsion energy. 
Therefore, the mutual attraction energy between the 
scheelite and calcite particles translated into mutual 
repulsion energy under the reaction of the AlSS 
metal-inorganic complex depressant, and the value 
of the mutual attraction energy was less than that of 
the mutual repulsion energy. This result indicated 
that the effect of the heterogeneous coagulation 
between scheelite and calcite was weakened. 

 
3.2 Adsorption capacity 

The common flotation reagent adsorptions 
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include the ion adsorption, ion exchange adsorption, 
molecular adsorption, and electrostatic adsorption. 
FU et al [30] showed that the adsorption of Pb-BHA 
on the surface of scheelite and calcite resulted in a 
positive shift of the zeta potential on the surface of 
the two minerals, and therefore the adsorption of 
Pb-BHA was considered as electrostatic adsorption. 

The adsorption quantities of NaOL and Al3+ on 
the mineral surface were calculated as shown in 
Eqs. (2) and (3), respectively: 
 

01 1
1

( )= c c VΓ
m
−

  
                       (2) 

 
02 2

2
( )= c c VΓ

m
−

  
                        (3) 

 
where Γ1 and Γ2 represent the concentrations of 
NaOL and Al3+ adsorbed on the sample surface, 
respectively; c01 and c02 are the initial NaOL and 
Al3+ dosages, respectively; c1 and c2 denote the 
residual NaOL and Al3+ dosages in the pulp, 
respectively; V and m are the volume of the solution 
and the mass of the minerals, respectively. 

Figure 5 shows the amount of NaOL collector 
adsorbed on the scheelite and calcite surfaces as a 
function of the SS and AlSS depressant 
concentrations. It can be seen from Fig. 5 that 
without the addition of depressants (cSS/AlSS= 
0 mg/L), the amounts of NaOL adsorbed on the 
scheelite and calcite surfaces were 1.045 and 
1.085 mg/g, respectively. When the concentration 
of the SS depressant increased, the adsorption of 
NaOL on the scheelite surface continued to 
decrease until reaching 0.882 mg/g (cSS=120 mg/L). 
However, the magnitude of the variation was 
insignificant, which indicates that the SS depressant 
has little effect on the scheelite flotation. In addition, 
the adsorption of NaOL on the calcite surface 
gradually decreased from 1.085 mg/g (cSS=0 mg/L) 
to 0.518 mg/g (cSS=120 mg/L). When NaOL was 
added with AlSS to scheelite and calcite, the 
adsorption of NaOL on the scheelite surface 
continued to decrease from 1.037 mg/g (cAlSS= 
0 mg/L) to 0.847 mg/g (cAlSS=100 mg/L), which 
indicates that the adsorption of NaOL on the 
scheelite surface still shows an inapparent change 
with the increase of the AlSS concentration. 
However, the amount of NaOL adsorbed on the 
calcite surface sharply decreased with the increase 
of the AlSS concentration, and the adsorption 
amount decreased from 1.074 mg/g (cAlSS=0 mg/L) 

to 0.157 mg/g (cAlSS=100 mg/L). The change in the 
adsorption amount of the NaOL collector on the 
scheelite and calcite surface also explained why the 
recovery of scheelite did not change much and the 
recovery of calcite significantly decreased when 
AlSS was used as a depressant, which verified the 
correctness of the flotation test. 

There was competitive adsorption between the 
depressants and collectors on mineral surfaces [31]. 
Figure 6 presents the amount of Al3+ adsorbed on 
the scheelite and calcite surface as a function of the 
AlSS concentration. It can be seen from Fig. 6 that 
when the AlSS concentration increased, the amount 
of Al3+ adsorbed on the scheelite surface increased 
from 0 mg/g (cAlSS=0 mg/L) to 0.119 mg/g (cAlSS= 
100 mg/L), and the amount of Al3+ adsorbed on the 
calcite surface increased from 0 mg/g (cAlSS= 
0 mg/L) to 0.392 mg/g (cAlSS=100 mg/L). The 
results showed that the adsorption capacities of 
NaOL and AlSS on the scheelite and calcite 
surfaces were inversely proportional, indicating that  
 

 
Fig. 5 Adsorption capacity of NaOL on surface of 
scheelite and calcite as function of SS and AlSS 
depressant concentrations 
 

 

Fig. 6 Adsorption capacity of Al3+ on surface of scheelite 
and calcite as function of AlSS concentration 
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competitive adsorption existed between NaOL and 
AlSS on the scheelite and calcite surfaces. 
 
3.3 Contact angle 

Contact angle measurements were performed 
in most of the studies on the exploration of mineral 
wettability and floatability. The contact angle value 
was proportional to the hydrophobicity of the 
mineral surface, and when the contact angle value 
was larger, it was easier to separate by flotation [20]. 
It has been mentioned that the wettability and 
contact angle of the crystalline solid surfaces are 
mainly affected by the surface roughness and 
composition heterogeneity [32,33]. Therefore, to 
reduce or eliminate the influence of the surface 
roughness on the measurement results, the surface 
of commonly exposed samples in this study was 
successively polished with alumina polishing liquid 
with different particle sizes after fine grinding. In 
particular, to ensure the high measurement accuracy, 
five contact angle tests were conducted on the same 
sample at different surface positions, and the 
maximum and minimum values were eliminated. 
The other three groups of test data were then 
calculated to obtain the average value. 

Table 2 shows the contact angles of scheelite 
and calcite in the deionized water, AlSS and AlSS + 
NaOL systems. It can be seen from Table 2 that the 
contact angles of scheelite and calcite were 
respectively 31.43° and 42.27° in the deionized 
water, which indicated that the hydrophobicity of 
calcite was stronger than that of scheelite. After 
adding 100 mg/L of AlSS, the contact angles of 
scheelite and calcite were reduced to 27.92°    
and 31.76°, respectively. This indicated that     
the adsorption of AlSS on the scheelite and   
calcite surfaces weakened their hydrophobicity. In  
the AlSS + NaOL system, the contact angles of 
scheelite and calcite were respectively 73.31°   
and 33.62°, which indicated that more NaOL was  
 
Table 2 Contact angles of scheelite and calcite in 
different test systems (pH=9.0, c(NaOL)=0.3 mmol/L, 
and c(AlSS)=100 mg/L) 

Test system 
Contact angle/(°) 

Scheelite Calcite 

Deionized water 31.43 42.27 

AlSS 27.92 31.76 

AlSS+NaOL 73.31 33.62 

adsorbed on the scheelite surface and a good 
floatability of scheelite in this system was generated, 
while less NaOL was adsorbed on the calcite 
surface and led to a poor floatability of calcite. The 
contact angle results were also consistent with the 
flotation results, which verified the correctness of 
the flotation test. 
 
3.4 XPS results 

The adsorption of flotation reagents on the 
surfaces of scheelite and calcite was detected    
by adsorption measurements. In addition, XPS 
analyses were conducted to confirm the interaction 
mechanism between the scheelite, calcite and 
flotation reagents. The XPS allows to analyze the 
relative contents of various components on the 
mineral surface and the chemical states of metal 
elements. Hence, XPS measurements were 
performed to analyze scheelite and calcite before 
and after AlSS treatment. 

Figure 7 shows the survey scan XPS spectra of 
scheelite/calcite before and after AlSS treatment. It 
can be seen from Fig.7(a) that no new characteristic 
peak appeared on the surface of scheelite after 
being treated by the AlSS metal-inorganic complex 
depressant, which indicated that there was no 
adsorption of AlSS on the surface of scheelite. It 
can be seen from Fig. 7(b) that the Si 2p peak and 
Al 2p peak appeared in the spectrum of calcite after 
treatment with the AlSS metal-inorganic complex 
depressant, which demonstrated the adsorption of 
AlSS on the calcite surface. 

This can also be confirmed by the change in 
the element content on the surface of calcite. It can 
be seen from Table 3 that the molar fractions of 
Si 2p and Al 2p on the calcite surface respectively 
reached 0.44% and 0.60% after treatment with AlSS. 
This also indicates the adsorption of AlSS on the 
calcite surface. 

For a chemical reaction, the change in the 
binding energy of metal elements on the mineral 
surface will be higher than 0.2 eV [31]. Therefore, 
the change in the binding energy in the range of 
almost 0.2 eV may be caused by detection error. 
Figure 8 shows the precise scan of W 4f peaks and 
Ca 2p peaks on the scheelite and calcite surfaces 
before and after being treated by AlSS. It can be seen 
from Figs. 8(a) and (b) that the peak shifts for W 4f 
and Ca 2p are very small (less than 0.2 eV),    
and therefore it can be inferred that the chemical 
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Fig. 7 Survey scan XPS spectra of scheelite (a) and 
calcite (b) before and after AlSS treatment 
 
Table 3 Molar fractions and shifts of elements on calcite 
surface 

Element 
Molar fraction/% 

Shift/% 
Calcite Calcite + AlSS 

Ca 2p 17.97 17.18 −0.79 

O 1s 49.42 47.03 −2.39 

C 1s 32.61 34.75 2.14 

Si 2p 0 0.44 0.44 

Al 2p 0 0.60 0.60 

 
environment of the scheelite surface was not 
changed by the addition of AlSS. It can be observed 
from Fig. 8(c) that after being treated with AlSS, 
the binding energies of Ca 2s and Ca 2p ranged 
from 350.98 to 350.58 eV and from 347.48 to 
346.98 eV, respectively. Because the changes in the 
binding energies of Ca 2s and Ca 2p on the calcite 
surface after AlSS treatment were respectively 0.4 
and 0.5 eV, it can be inferred that the adsorption of 
AlSS led to a change in the chemical environment 
on the calcite surface. 

 

 
Fig. 8 W and Ca XPS spectra of scheelite (a, b) and 
calcite (c) before and after AlSS treatment 
 
3.5 Flotation results 

NaOL and SS are the most common flotation 
reagents for scheelite and calcite flotation 
separation [13]. Al2(SO4)3 is also a common 
flotation reagent that is used as a regulator or 
flocculant. The flotation recoveries of scheelite and 
calcite in the presence of NaOL, SS and Al2(SO4)3 
are presented in Fig. 9. 

The following conclusions can be drawn from 
Fig. 9: (1) When the NaOL collector was separately 
added, scheelite showed high flotation performance 
over the whole pH range, especially for a pH of 9.0. 
Calcite had good floatability and NaOL had poor  
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Fig. 9 Flotation recoveries of scheelite and calcite in the 
presence of NaOL, SS and Al2(SO4)3 

 
selectivity to calcite. (2) When NaOL was added to 
SS, SS had a stronger inhibition effect on calcite 
than on scheelite. Because the flotation recovery of 
calcite was still very high, it was clear that the 
flotation separation of scheelite and calcite was still 
very difficult by using the SS inhibitor alone.     
(3) When NaOL was added with Al2(SO4)3, the 
added Al3+ reacted with the NaOL collector to form 
Al(OL)3, which consumed part of the collector. 
Therefore, the flotation recoveries of scheelite and 
calcite were both reduced to a certain extent, and 
that of calcite was reduced more obviously. This 
result indicated that the flotation separation of 
scheelite from calcite was still not feasible in the 
presence of Al2(SO4)3. 

Compared with the single addition of 
inhibitors, the combined inhibitors can significantly 
enhance the selective inhibition of gangue minerals 
and improve the index of scheelite, which has wide 
application prospects [34]. Figure 10 shows the 
flotation recovery of scheelite and calcite in the 
presence of the AlSS combined inhibitor under 
different pH values and AlSS concentrations. 
Figure 10(a) shows that the flotation recovery of 
scheelite increased from the minimum value of 
60.48% to the maximum value of 78.96% as the pH 
increased from 5.0 to 9.0, and then slowly 
decreased to 72.08% at pH 11.8. In the pH range of 
5.0−11.0, the calcite flotation recovery slowly 
increased from 26.48% to 33.26%, and decreased  
to 29.14% as the pH continued to increase. 
Figure 10(b) shows that when the AlSS 
concentration increased from 0 to 120 mg/L at a pH 
of 9.0, the flotation recovery of scheelite slowly 
decreased from 84.32% to 77.76% and then slightly 

increased to 78.01%, while the flotation recovery of 
calcite sharply decreased from 97.02% to 32.33% 
and then slightly increased to 33.21% (cAlSS= 
120 mg/L). It was clear that the AlSS metal- 
inorganic complex depressant had good selectivity 
for the flotation recovery of scheelite and calcite. 
 

 
Fig. 10 Effect of pH (a) and concentration of AlSS (b) on 
flotation recoveries of scheelite and calcite 
 

For the application of combined inhibitors,  
the mass ratio had a significant effect on the 
performance of the combined treatment [35]. 
Figure 11 shows the flotation recoveries of scheelite 
and calcite under different mass ratios of Al2(SO4)3 
to SS. It can be seen from Fig. 11 that the flotation 
recovery of scheelite slightly fluctuated, and the 
general trend was increasing with the increase of 
the mass ratio of Al2(SO4)3 to SS, while the 
flotation recovery of calcite irregularly fluctuated. 
When the mass ratio of Al2(SO4)3 to SS was equal 
to 1:3, the flotation recovery difference between 
scheelite and calcite was the largest (reaching 
45.93%), and that of scheelite was 78.26%, which 
was very close to the maximum recovery of 78.31%. 
After comprehensive consideration, the mass ratio 
of Al3+ to SS was chosen to be 1:3 during the 
following study. 
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Fig. 11 Effect of mass ratio of Al2(SO4)3 to SS on 
flotation recovery of scheelite and calcite 
 

The results of the microflotation test showed 
that the AlSS metal-inorganic complex depressant 
had good selectivity for the flotation separation of 
scheelite and calcite. Therefore, an artificial mixed 
mineral flotation test was conducted to further study 
the performance of AlSS. It can be seen from 
Table 4 that when only the NaOL collector was 
added, the grade and recovery of WO3 were 38.43% 
and 86.98%, respectively. When NaOL was added 
with SS, the flotation recovery of WO3 remained 
86.96%, while the grade of WO3 increased by  
9.88% and reached 48.31%. When NaOL was 
added with AlSS, the flotation recovery of WO3 
slightly decreased to 83.14%, while the grade of 
WO3 sharply increased to 68.34%. Therefore, the 
AlSS metal-inorganic complex depressant also 
demonstrated sensational selectivity for the 
flotation separation of scheelite from calcite during 
artificial mixed minerals. 

To more clearly observe the adsorption of SS, 
NaOL and AlSS on the scheelite and calcite 
surfaces, a schematic was drawn (Fig. 12). In the 
presence of SS and NaOL, a large amount of NaOL 
was adsorbed on both the scheelite surface and 
calcite surface. Moreover, more SS was adsorbed 
on the surface of calcite than on the surface of 
scheelite. In the presence of AlSS and NaOL, a 
large amount of NaOL was adsorbed on the 
scheelite surface. In addition, a small amount of 
NaOL and a large amount of AlSS were adsorbed 
on the calcite surface. This result indicated that 
scheelite had good floatability, and the floatability 
of calcite became very poor after adding AlSS. This 
may be because AlSS was adsorbed on the calcite 
surface by chemical reaction, which resulted in 

competitive adsorption with NaOL. 
 
Table 4 Flotation results of mixed minerals at pH=9.0 

Reagent Product Yield/% 
WO3 

grade/ 
% 

WO3 
recovery/ 

% 

NaOL 
(0.3 mmol/L) 

Concentrate 88.79 38.43 86.98 
Tailing 11.21 45.56 13.02 
Feed 100.00 39.23 100.00 

NaOL 
(0.3 mmol/L)+ 

SS 
(100 mg/L) 

Concentrate 70.68 48.31 86.96 
Tailing 29.32 17.48 13.04 
Feed 100.00 39.31 100.00 

NaOL 
(0.3 mmol/L)+ 

AlSS 
(100 mg/L) 

Concentrate 47.68 68.34 83.14 
Tailing 52.32 12.63 16.86 
Feed 100.00 39.19 100.00 

 

 
Fig. 12 Schematic illustration for adsorption of SS, 
NaOL and AlSS on scheelite and calcite surfaces 
 
4 Conclusions 
 

(1) Compared with scheelite, the depressant 
AlSS is more inclined to adsorb on the calcite 
surface, reducing the adsorption capacity of the 
collector NaOL on the calcite surface and its 
floatability. There exists competitive adsorption on 
calcite between colloidal particles of AlSS and 
NaOL. 

(2) The colloidal particles composed of 
Alm(OH)n

3m−n and SiOm(OH)n
4−2m−n tended to adsorb 

on the calcite surface through chemical reaction, 
achieving the purpose of selective inhibition of 
calcite. Alm(OH)n

3m−n and SiOm(OH)n
4−2m−n may form 

a new silica−aluminum compound. 
(3) The flotation separation of scheelite and 

calcite can be realized under the optimum 
conditions of pH 9.0, NaOL concentration of 
0.3 mmol/L, and AlSS concentration of 100 mg/L; 
meanwhile, scheelite concentrate with WO3 grade 
of 68.34% and WO3 recovery of 83.14% was 
obtained from mixed scheelite and calcite ores. 
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摘  要：研究由硫酸铝和水玻璃硅酸钠(AlSS)组成的金属无机复合抑制剂对白钨矿与方解石浮选分离的影响。Zeta

电位和吸附量测定结果表明，由 Al(OH)4
−和 SiOm(OH)n4−2m−n 组成的负电荷胶体颗粒倾向于吸附在方解石表面，抑

制油酸钠(NaOL)的吸附，而负电荷胶体颗粒在白钨矿表面的吸附量较低，导致 NaOL 在白钨矿表面的吸附量较大。

接触角测量结果表明，白钨矿在 NaOL+AlSS 溶液中的疏水性明显优于方解石。XPS 测试结果表明，Al 和 Si 在方

解石表面有吸附，而在白钨矿表面没有吸附。与只添加水玻璃 (硅酸钠，SS)相比，AlSS 对方解石的抑制作用明

显增强，对白钨矿浮选几乎没有影响。在白钨矿与方解石混合矿中添加 AlSS，可获得 WO3 品位为 68.34%、WO3

回收率为 83.14%的白钨矿精矿。 

关键词：白钨矿；方解石；分离强化；油酸钠；金属无机复合抑制剂 
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