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Abstract: The flotation and adsorption behaviors of dodecyltrimethylammonium chloride(DTAC) and cetyltrimethylammonium 
chloride(CTAC) on diaspore and kaolinite were studied. Solution depletion methods were used to determine adsorption isotherms. 
Fluorescence probe test along with Zeta potential measurement was also conducted for further investigation into the adsorption of 
quaternary amines at the mineral−water interface. The results show that the flotation recovery of kaolinite decreases with an increase 
in pH when DTAC and CTAC are used as collectors, while diaspore is on the contrary. As the carbon chain length of the collectors 
increases, the flotation recoveries of minerals increase. However, the increment rate of kaolinite is significantly lower than that of 
diaspore. In the low surfactant concentration range, the cationic surfactants adsorb readily on diaspore surfaces just due to 
electrostatic interactions. As for kaolinite surfaces, ion exchange process also exists. With a further increase in surfactant 
concentration, the adsorption was ascribed to the hydrophobic association of chain−chain interactions. Micro-polarity of mineral 
surfaces study shows that CTAC has a better hydrophobic characteristic than DTAC. Larger aggregates are formed with CTAC on 
diaspore than on kaolinite in the same solution concentration. The results also indicate that the chain length of cationic surfactants 
has a greater influence on the adsorption of diaspore than on kaolinite, which is consistent with the flotation result. 
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1 Introduction 
 

Diasporic-bauxite is a major source for 
aluminumoxide production in China, which is 
characterized by its low mass ratio of Al2O3 to SiO2 [1]. 
Diaspore is valuable mineral and aluminosilicate 
minerals are predominant gangues, such as pyrophyllite, 
illite, kaolinite and chlorite. This kind of bauxite ores 
cannot be treated economically by Bayer’s process 
unless the mass ratio of Al2O3 to SiO2 in the ores is 
improved higher than 10. Many researches show that the 
high quality material for Bayer’s process can be provided 
by flotation to desilica for the diasporic-bauxites [2−3]. 

In China, reverse flotation has been proved to be an 
efficient method for bauxite desilication [4]. Numerous 
researchers [5−6] have focused on the flotation solution 
chemistry of aluminosilicates minerals and the 
relationship between crystal structure and flotation. 
Efforts have been made to develop new and efficient 

collectors [7]. It has been known that the effect of 
reverse flotation to desilicon depends on the adsorption 
of cationic surfactants selectively on aluminosilicaes and 
diaspore surface. Adsorption of cationic surfactants on 
charged mineral oxides has been studied extensively [8]. 
It is generally accepted that cationic surfactant absords 
readily due to electrostatic interactions on oppositely 
charged surfaces in a low concentration range. With an 
increase in surfactant concentration, the adsorption 
increases sharply. With a further increase in surfactant 
concentration, the adsorption runs to saturation. But in 
the case of clay minerals, adsorption of cationic 
surfactants on clay minerals is attributed to ion exchange 
[9−10]. 

In this work, the difference of flotation behaviors of 
diaspore and kaolinite with the cationic surfactants 
dodecyltrimethylammonium chloride (DTAC) and 
cetyltrimethylammonium chloride (CTAC) was 
discussed. Adsorption mechanisms of quaternary 
ammonium cationic collectors on diaspore and kaolinite  
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were investigated by Zeta potential measurement and 
adsorption isotherm study. Micro-polarity was further 
investigated by pyrene fluorescence probe technique. 
This study focused on elucidating the influence of 
surfactant chain lengths on the adsorption of quaternary 
ammonium on diaspore and kaolinite. The interaction 
between cationic surfactants and mineral surfaces was 
determined. 
 
2 Experimental 
 
2.1 Materials and chemicals 

Kaolinite and diaspore were obtained from 
Xiaoguan in Henan province, China and Xiaoyi in 
Shanxi province, China, respectively. The samples were 
hand-picked, ground by porcelain mill and screened to 
size smaller than 0.098 mm. Chemical composition 
analysis and X-ray diffractometry (XRD) were used to 
study the characteristics of chemical and mineral 
compositions. The results showed that the purity of 
diaspore and kaolinite were about 90%. The surface 
areas for diaspore and kaolinite were 1.26 and 16.54 
m2/g, respectively. 

DTAC and CTAC of analytical quality from 
Nanjing Robiot Co., Ltd were used as collectors. Pyrene 
from Sigma-Aldrich (Shanghai) Trading Co., Ltd., China 
was recrystallized twice by anhydrous ethanol. Aqueous 
solution of analytical pure KNO3 was used as 
background electrolyte solution. Solutions of HCl and 
NaOH were used to adjust the pH of the system. Double 
distilled water was used in all tests. 
 
2.2 Flotation 

Mineral particles (3 g) were placed in a plexiglass 
cell (40 mL), and then filled with distilled water. pH 
regulators were added to adjust the desired pH. After 
adding desired amount of reagents, the suspension was 
agitated for 3 min. The flotation was conducted for 6 min. 
The froth products and tails were weighed respectively 
after filtration and drying, and the recovery was 
calculated based on the mass of the products, ruling out 
the effect of impurities. 
 
2.3 Zeta-potential measurements 

A suspension containing 0.1% (mass fraction) 
mineral particles gournd to <5 μm in an agate mortar was 
prepared in 1 mmol/L KCl solution, then conditioned by 
magnetic stirring apparatus for 5 min. After settling for 
10 min, the supernatant of dilute fine particle suspension 
was taken for Zeta potential measurement. 

The Zeta-potentials were measured using a Coulter 
Delsa 440sx Zeta potential analyzer (USA) equipped 
with a rectangular electrophoresis cell. The conductivity 
and pH of the suspension were monitored continuously 

during the measurement and the environmental 
temperature was maintained at 22 °C. 
 
2.4 Adsorption measurement by solution depletion 

method 
Appropriate volumes of dry volumetric flasks were 

prepared, each containing a certain amount of diaspore. 
Desired amount of reagent solution was added to each 
flask. The flasks were then stoppered and shaken at the 
same stirring rate for 2 h and the system was kept at   
22 °C. When the equilibrium was reached, the solid 
particles were separated by centrifugation at 12 000 
r/min for 20 min. The supernatant solution was analyzed 
by two-phase titration method [11−12]. The amount of 
collector adsorbed on the diaspore particles was 
calculated as [13]: 
 
Γ=(C0−C)V/(mA)                             (1) 
 
where C0 and C are the initial and supernatant 
concentrations, respectively; V is the solution volume; m 
is the amount of the particles per sample; A is the particle 
specific surface area. 
 
2.5 Fluorescence emission spectroscopy 

Samples for fluorescence emission spectroscopy 
were prepared by mixing pyrene stock solution with 
surfactant and mineral pulp, and allowed to stand for 2 h 
to equilibrate. The pyrene steady-state emission spectra 
in the suspension was obtained by using a Hitach 
F−4500 fluorescence spectrophotometer. The excitation 
wave length of pyrene was 335 nm. The pyrene stock 
solution was prepared by dissolving pyrene in hot water 
until saturation, then cooled to 25 °C and filtered. The 
concentration of pyrene in the solution was determined 
to be 6.53×10−7 mol/L [14]. 
 
3 Results and discussion 
 
3.1 Flotation 

Flotation tests are conducted to determine the 
collecting properties of DTAC and CTAC to kaolinite 
and diaspore. Tests with 0.2 mmol/L collectors are 
performed to investigate the effect of pH on flotation. 
Similarly to other oxidized ores, a gradual increase in the 
recovery for diaspore with increasing pH is observed in 
the recovery—pH curves (Fig. 1). When the pH reaches 
about 5.0, the recovery of diaspore with CTAC is up to 
90%, while it is just about 70% with DTAC. Apparently, 
CTAC is more efficient than DTAC in the pH range 
from 1.52 to 11.19. The case of kaolinite is opposite, 
namely, the flotation recovery of kaolinite decreases with 
the increase in pH. It is obviously that the flotation 
behavior of kaolinite is different from the other oxides 
and silicates. So, it is believed that the anomalous 
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behavior is related to the kaolinite crystal structure [15]. 
At the same time, as the carbon chain of collector 
increases, the recovery of kaolinite increases, but the 
increase rate is significantly lower than that of diaspore. 
 

 
Fig. 1 Flotation recoveries of kaolinite and diaspore as function 
of pulp pH 
 

As shown in Fig. 2, the DTAC and CTAC cationic 
collectors display a similar flotation rule. The 
recovery−collector dosage curves of diaspore obtained at 
pH=5 (Fig. 2) show that with increasing collector dosage, 
there is a sharp increase in the recovery of diaspore in the 
low concentration range between 0.01 and 0.2 mmol/L. 
When the concentrations of the two solutions are 
between 0.2 and 0.5 mmol/L, further increase in recovery 
becomes slow. When the concentration is above      
0.6 mmol/L, a flat horizontal is presented and the 
recovery reaches the maximum value. 
 

 
Fig. 2 Flotation recoveries of kaolinite and diaspore as function 
of collector dosage 
 

This discrepancy could be attributed to the length of 
carbon chain. There have been many studies focused on 
the flotation mechanism of cationic collectors, finding 
that the adsorption characteristic is relevant to mineral 
surface charge potential. It is expected that for pulp pH 

value above the point of zero charge (PZC) of mineral, 
there exists an electrostatic attraction between the 
negative charged surfaces and the cationic collectors. 
 
3.2 Zeta potential 

The adsorption of collectors in the flotation of 
oxides is controlled by the electrical double layer on the 
mineral/water surface. When the mineral surface is 
charged oppositely, anionic or cationic collectors are 
adsorbed to the diaspore physically. Diaspore, a type of 
oxides, forms hydroxylated surface when it contacts with 
water. Adsorption of OH− or dissociation of H+ from the 
surface hydroxyls can account for the surface charge on 
the diaspore as [16−17]: 

         (2) 

Kaolinite has two kinds of different crystal planes, 
one is the basal planes (001), the other is the edge 
surfaces (010) and (110). The basal planes are 
permanently negative charged, which is attributable to 
isomorphous substitution of lattice elements. Si4+ and 
Al3+ can be replaced by Al3+ ions and Mg2+/Fe2+, 
respectively. This permanent negative charge is 
pH-independent [18]. In the case of the edges, the charge 
is pH-dependent, which can be described using the 
traditional model for oxides as:  

          
Adjusting the pH value of the system can change 

the adsorption of collectors on the diaspore surfaces. 
Thus, the PZC of the mineral is the most important 
property of a mineral in such systems [19]. 

In order to investigate the effects of pH on Zeta 
potential with different collectors, the Zeta potential is 
studied in the absence and presence of DTAC and CTAC 
as a function of pH, the result is shown in Fig. 3. The 
PZC of diaspore is obtained in aqueous solution of 
pH=6.2 above which the negative Zeta potential 
increases in magnitude. In the presence of DTAC and 
CTAC, the Zeta potential and PZC of diaspore shift 
towards the positive direction. It is indicated that the 
cationic collector molecules have been adsorbed onto the 
diaspore surfaces with negative charge by electrostatic 
force. However, collectors have also been adsorbed onto 
the diaspore surfaces even when the diaspore surface is 
positively charged at pH below PZC, which might result 
from the hydrogen bonding interaction [19]. The CTAC 
has apparently stronger electrostatic interaction with the 
diaspore than DTAC. It is demonstrated the chain length 
is of critical importance in determining the adsorption 
behaviour of a surfactant on diaspore. 

(3)
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Fig. 3 Zeta potential of diaspore as function of pH 
 

However, in the case of kaolinite, the flotation 
recovery decreases with the increase in pH. Kaolinite 
exhibits better floatability in acidic solution than in 
alkaline solution. This anomalous flotation behavior of 
kaolinite cannot be explained from electrokinetic 
measurements. 
 
3.3 Adsorption isotherm 

Adsorption isotherm is the traditional method for 
investigating surfactant adsorption phenomena [20]. The 
measured adsorption isotherms of DTAC and CTAC on 
diaspore are depicted in Fig. 4, with adsorbed amount as 
a function of equilibrium concentration (Ce). Figure 4 
shows that the amount of adsorbed surfactants is in the 
order of CTAC>DTAC, their critical micelle 
concentrations (CMC) are 1.1×10−3 and 1.6×10−2 mol/L, 
respectively. When the equilibrium concentrations of 
CTAC reach the corresponding CMC value, adsorption 
equilibrium is achieved. But the CMC of DTAC is too 
high to have hemimicelle formation occurring at a higher 
solution concentration. 
 

 
Fig. 4 Adsorption isotherm of quaternary ammonium salts on 
diaspore surface when pH=5−6 

This is consistent with the common observation that 
the adsorption of ionic surfactants on oxide ore follows 
the mechanism model, electrostatic adsorption− 
hydrophobic association−adsorption equilibrium. 

It is suggested in Fig. 4 that adsorption mechanism 
of cationic collectors on oxide minerals can be divided 
into four stages. In the first stage, cationic surfactants are 
electrostatically adsorbed to the surface of minerals. The 
surface adsorption is determined mainly by the surface 
charge. In the second stage, the mineral surface charge 
has been neutralised, and a first plateau is presented. But 
the solution activity of the surfactant is not sufficient to 
lead to any form of aggregation at the interface, thus, 
surfactants are still adsorbed as monomers. The abrupt 
increase in adsorption at the CMC denotes the onset of 
the third stage. In this stage, the solution surfactant 
concentration is sufficient to lead to hydrophobic 
interactions between monomers. The fourth stage occurs 
above the CMC, the formation of aggregates fully forms 
and the saturation levels of surface coverage reach [20]. 

Figure 5 shows the adsorption isotherms of DTAC 
and CTAC on kaolinite at pH=5. It can be seen that the 
shapes of both the isotherms are essentially the same. In 
the low surfactant concentration range, the adsorbed 
amount increases greatly with the concentration of 
cationic surfactants. The CTAC adsorbed is more than 
DTAC. The adsorption isotherms of DTAC and CTAC 
on kaolinite are different from those of DTAC and CTAC 
on diaspore. 
 

 
Fig. 5 Isotherm of adsorption of quaternary ammonium salts on 
kaolinite when pH=5−6 
 

The adsorption curve shape is the same as cationic 
surfactants on the montmorillonite [21], and the cation 
exchange presents in the adsorption of cationic 
surfactants on the clay mineral surfaces [22]. The 
adsorption of DTAC and CTAC cationic collector on the 
kaolinite surface can be divided into two stages. In the 
low surfactant concentration range, the cationic 
surfactants adsorb readily on kaolinite surfaces due to 
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electrostatic interactions and ion exchange. With further 
increase in surfactant concentration, the adsorption is 
ascribed to the hydrophobic association of chain−chain 
interactions through van der Waals forces. 

The study on adsorption isotherm shows the 
adsorption of cationic surfactants on mineral is 
electrostatic adsorption and hydrophobic interactions. 
Ion exchange plays a dominant role in adsorption of the 
cationic surfactants on kaolinite surfaces. When other 
factors are in the same situation, the adsorption amounts 
of DTAC and CTAC on kaolinite are greatly more than 
those on diaspore. The study also highlights the 
significance of the chain length of quaternary ammonium 
salts. As the carbon chain length of a surfactant molecule 
is increased, the absorbed amount of surfactants on 
mineral surface increases obviously. To our knowledge, 
surfactants with longer carbon chains have a much 
greater driving force for aggregation, which dramatically 
reduces the solution CMC. All these lead to the different 
flotation recoveries of diaspore and kaolinite with DTAC 
and CTAC. 
 
3.4 Micro-polarity 

A typical emission spectrum has five peaks at 373, 
379, 384, 390 and 397 nm, respectively, as shown in  
Fig. 6. The intensity ratio of the third to the first vibronic 
peaks I3/I1 is sensitive to the local environment of pyrene. 
The value of I3/I1 in hydrophobic environments is higher 
than that in a hydrophilic environment. The values of 
I3/I1 are 0.5−0.6 in water, 0.8−0.9 in surfactant micelles 
and >1 in nonpolar solvents, respectively. Since this ratio 
can be used to characterize the polarity of environments, 
it is termed the polarity parameter [23−25]. 
 

 
Fig. 6 Fluorescence emission spectrum of pyrene in aqueous 
solution 
 

Figure 7 shows I3/I1 on diaspore surface as a 
function of the concentration of DTAC and CTAC. When 
diaspore interacts with DTAC, I3/I1 increases gradually 
with increasing DTAC concentration. When the 

concentration is up to 2×10−2 mol/L, I3/I1 is still less than 
0.75. That is to say, the diaspore surface is polar 
environment and micelles does not form on the diaspore 
surface in DTAC solution. It can be concluded that 
DTAC as a collector displays a poor collecting ability to 
the diaspore. In CTAC solution, as its concentration 
increases, I3/I1 on diaspore surface increases sharply. Up 
to a certain concentration, a platform appears and I3/I1 is 
about 0.95. In this way, CTAC on diaspore surface forms 
micelle, resulting in a superior collecting ability to the 
diaspore of CTAC than DTAC. It is consistent with the 
flotation result. 
 

 
Fig. 7 Relationship between I3/I1 on diaspore surface and 
concentration of quaternary ammonium salts when pH=5−6 (C0 
is initial concentration) 
 

Figure 8 shows the relationship between I3/I1 on 
kaolinite surface and the concentration of DTAC and 
CTAC. With increasing concentration of DTAC, I3/I1 
changes little in the DTAC solution. DTAC on the 
kaolinite surface does not form micelles. In CTAC 
solution, as its concentration is increased, I3/I1 increases 
to its maximum value of 0.85, which does not meet 
non-polar environment. The micelle is relatively smaller
  

 
Fig. 8 Relationship between I3/I1 on kaolinite surface and 
concentration of quaternary ammonium salts when pH=5−6 
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on kaolinite surface than on diaspore surface in CTAC 
solution. That is to say, when the CTAC is used as 
collector, the floatability of diaspore is better than 
kaolinite. Larger aggregates are formed with CTAC on 
diaspore than kaolinite in the same solution 
concentration. 
 
4 Conclusions 
 

1) When DTAC and CTAC are used as collectors, 
the flotation recovery of diaspore increases with the 
increase in pH. But the flotation recovery of kaolinite 
decreases with the increase in pH. 

2) The PZC of diaspore in aqueous solution is 
obtained at pH=6.2. In the presence of DTAC and CTAC, 
the Zeta potential and PZC of diaspore shift towards the 
positive direction. But the anomalous flotation behavior 
of kaolinite cannot be explained from electrokinetic 
considerations. 

3) In the low surfactant concentration range, the 
adsorption of cationic collectors is driven by electrostatic 
interaction on diaspore, while the cationic surfactants 
adsorb readily on kaolinite surfaces due to electrostatic 
interactions and ion exchange. With further increase in 
surfactant concentration, the adsorption is ascribed to the 
hydrophobic association of chain−chain interactions 
through van der Waals forces. 

4) Micro-polarity study shows that in the mineral 
pulp, CTAC has a better hydrophobic characteristic than 
DTAC. With the same CTAC solution concentration, 
larger aggregates are formed on diaspore than on 
kaolinite. 
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季铵型阳离子捕收剂在一水硬铝石和高岭石 

表面的吸附机理 
 

蒋 昊，徐龙华，胡岳华，王淀佐，李长凯，孟 玮，王兴杰 
 

中南大学 资源加工与生物工程学院，长沙 410083 

 
摘  要：研究十二烷基三甲基氯化铵(DTAC)和十六烷基三甲基氯化铵(CTAC)对一水硬铝石和高岭石的浮选行为。

通过残余浓度法测定吸附等温线，荧光探针法和 Zeta 电位测试方法研究季铵型阳离子捕收剂在矿物表面的吸附机

理。浮选结果表明：将 DTAC 和 CTAC 作为捕收剂，一水硬铝石的浮选回收率随着 pH 的增大而增加，而高岭石

的浮选回收率随着 pH 的增大反而下降。当捕收剂的碳链增长时，矿物浮选回收率提高，但高岭石的增加幅度小

于一水硬铝石的。在低浓度范围内，阳离子表面活性剂通过静电作用吸附在一水硬铝石表面，而对于高岭石，还

存在离子交换作用。当浓度增大时，阳离子表面活性剂通过碳链间疏水缔合作用在两种矿物表面进一步吸附。矿

物表面微极性研究表明：CTAC 的疏水性比 DTAC 强，相同溶液浓度下 CTAC 在一水硬铝石表面能形成比在高岭

石表面更大的胶团，这也说明阳离子表面活性剂碳链的增长对一水硬铝石吸附的影响要大，与浮选结果相吻合。 

关键词：一水硬铝石；高岭石；DTAC；CTAC；浮选；吸附；离子交换；微极性 
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