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Coal is a sedimentary organic mineral formed by 
the long-term physical and chemical conversion of 
plant material and is a mixture of various polymeric 
compounds and minerals1–3). The distribution and form 
of microscopic components, pore structure, and min-
eral composition in coal have a significant impact on 
its wettability4). The types and quantities of oxygen-
containing functional groups on the coal surface, coal 
rock composition, oxidation degree, and coal quality 
characteristics affect the hydrophilicity and hydropho-
bicity of the coal surface, determining the difficulty and 
efficiency of fine coal sorting. Studying its properties 
is the foundation for achieving effective sorting and 
quality improvement5–7).

The chemical structure of coal is relatively complex. 
After years of research, scientists have summarized vari-
ous structural models, which facilitate people’s in-depth 
study of coal properties and promote the efficient puri-
fication and utilization of coal. However, they all show 
certain limitations. According to experimental research, 
the organic matter of coal can be roughly divided into 
three parts: (i) condensed aromatic layer, (ii) intermedi-
ate structures and bridging functional groups of aliphatic 
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hydrocarbons and fatty rings and (iii) intermediate struc-
tures and bridging bonds of heteroatoms8–10).

Low-rank coal (LRC) slurry has a low degree of meta-
morphism, with a large number of oxygen-containing 
polar groups (–OH, >C=O, –COOH or –O) distributed 
on the surface, as well as heterogeneous structures and 
anisotropic surfaces11–13). An extensive practice has 
shown that conventional flotation of LRC generally 
uses water-insoluble oil collectors, which are difficult 
to spread on the surface of LRC and have low flotation 
efficiency. In order to achieve ideal flotation results, the 
amount of collector has to be significantly increased, 
and the corresponding production cost will reach tens 
or even hundreds of times that of conventional costs, 
bringing a heavy economic burden to enterprises14).

The commonly used coal flotation agents have poor 
flotation performance in LRC. With the increasing 
emphasis on the quality utilization of LRC in China, 
scientists have begun to study agents and methods to 
improve the floatability of LRC, and have made phased 
breakthroughs. In terms of agent research, there are 
mainly surfactants, combination collectors, microemul-
sion collectors, and nanoparticle collectors15–17).

Froth flotation is important as it can enhance the 
flotation response of fine particles of LRC, allowing for 
coarse particles to be separated by gravity beneficia-
tion technology. Abundant oxygen-containing functional 
groups cover the surfaces of LRC particles, which limits 
the expected high recovery rate of LRC when using the 
hydrocarbon oil collectors that are used in the traditional 
froth flotation method. Therefore, a variety of surfactant 
reagents, either alone or mixed with oil collectors, had 
been investigated to improve the flotation performance 
of LRC. Using 3-ethyl-3-hexanol and didodecyldime-
thylammonium bromide (DDAB), which are regarded 
as emulsifiers and surface modifiers, respectively, can 
increase the hydrophobic groups and zeta potentials of 
the surfaces of LRC particles, which played an important 
role in the flotation results of LRC18–21). Xia et al.22) found 
that mixing hydrocarbon oil (dodecane) with candle soot 
to create a novel flotation collector could enhance the 
surface aerophilicity and flotation response of LRC par-
ticles. Moreover, interfacial interactions between a tra-
ditional collector (dodecane) and LRC particles can be 
enhanced by adding oleic acid (which is a surfactant), 
though this can reduce the wetting speed of dodecane 
spreading on solid particle surfaces. Furthermore, Niu 
et al.23) demonstrated that using sodium cocoyl glycinate 
(an amino acid surfactant) as a promoter could achieve 
better flotation results in the LRC flotation process. 
Meanwhile, an alcoholic reagent, 3-phenyl-1-propanol, 
has also been proposed as a new collector that could be 
beneficial for LRC flotation. It contains hydroxyl and 
carbonyl groups. Fe2+ ion had also been associated with 
oleic acid as a collector. In LRC flotation, the addition 
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of Fe2+ can enhance the surface hydrophobicity of LRC. 
The sequence in which collectors such as dodecane 
and n-valeric acid are added plays a major role in the 
flotation performance of LRC. Addition of oxygenated 
functional groups to flotation reagent molecules could 
help to markedly enhance the flotation performances 
of oxidized LRC coals. Therefore, the performances 
of triethanolamine oleic acid monoester (TOAM) and 
3-ethyl-3-hexanol have been studied as flotation collec-
tors or surfactants.

Experimental

Materials
LRC samples were gathered from Coal Cleaning 

Industry of Neimenggu, China. To control for the surface 
heterogeneity effect of the LRC samples on the flota-
tion results, large lumps of coal (less than 50 mm) with 
low densities (less than 1.3 g/cm3) were separated using 
a heavy medium separator. Then, the low-density coal 
lumps underwent manual crushing, grinding, screening, 
and well mixing processes. The following tests were then 
conducted to ensure that the particle size fraction was 
less than 0.500 mm. The final coal sample had a low 
moisture content (1.70%) and its ash content was only 
4.20%. The volatile matter and fixed carbon content were 
30.68% and 63.22%, respectively. 

The LRC was difficult to be floated due to its surface 
containing a lot of oxygen-containing functional groups, 
which resulted in the low flotation recovery. Therefore, 
the key point of the research was how to improve flotation 
yield of LRC. So, the LRC sample with the ash content 
(only 4.20%) was considered in the flotation measure-
ments. Furthermore, this implied that there were few 
hydrophilic mineral particles on the LRC surface and 
the flotation concentrate grade of LRC can be ignored 
although the samples did not really represent what actu-
ally the LRC is.

Kerosene, analytical grade TOAM, and 3-ethyl-3-hex-
anol purchased from Tianjin Biochemical Co., Ltd. were 
used as flotation collectors.

Methods

Flotation test
To study the flotation kinetics of LRC with different 

kinds of collectors, the flotation process was conducted in 
a 1.5 L XFD flotation cell. Before the flotation reagents 
were added, LRC particles (60 g/L flotation concentra-
tion) were pre-wetted in the XFD flotation cell for 3 min, 
with the impeller speed being fixed at 1800 rpm. LRC 
was difficult to be floated due to its surface containing 
a lot of oxygen-containing functional groups. Moreover, 
based on the review of previous studies, it can be found 
that if the flotation concentration of LRC was high (more 
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than 60 g/L), it would be hard for the flotation collec-
tor to fully contact with the LRC particles. Finally, this 
resulted in the relatively lower flotation yield of LRC. 
Thus, the 60 g/L flotation concentration was conducted 
in our flotation research.

Following the prewetting procedure, the flotation col-
lector was added to the XFD flotation cell, either alone 
or mixed with another flotation reagent (mass ratio of 
1:1) and agitated for 3 min. Finally, the 2-octanol frother 
was added (dosage 80 g/t) and the mixture was agitated 
for another 1 min. The dosages of the flotation collectors 
(kerosene, TOAM, and 3-ethyl-3-hexanol), added either 
alone or mixed, were fixed at 2.0, 2.5, 3.0 and 3.5 kg/t, 
respectively. As LRC with a low ash content was used 
in this study, only the matter recovery was considered. 
It was determined based on the flotation yield from the 
flotation concentration, using equation (1):

Matter recovery, % = 100 Mc/Mf              (1)

where Mc and Mf are the mass of the flotation concen-
trate, %, and the mass of the feed, %, respectively.

LRC particle-bubble attachment tests 
The surface hydrophobicity of mineral particles can 

be determined using induction time measurements. 
However, it was found that during the induction time 
test process, under the same induction time, LRC par-
ticles with distinct hydrophobic degrees can adhere to 
air bubbles but the number of LRC particles adhered 
can vary greatly. The hydrophobicity differences in LRC 
particles cannot be distinguished by induction time 
alone. Thus, the LRC particle-bubble attachment tests 
were used to explore the distinct hydrophobic degrees 
of LRC particles pretreated by different flotation col-
lectors. Here, therefore, the PBAI test was conducted 
to evaluate the adhesion potential of LRC particles to 
a single bubble.

Results and discussion 

Flotation recovery analysis 
The flotation results of LRC when mixed with sepa-

rate flotation collectors or individual flotation reagents 
are shown in Figs. 1–4. The cumulative flotation yield 
accelerated with increasing dosage regarding the flo-
tation reagents. At a flotation dosage of 3.5 kg/t, the 
highest flotation recovery (62.52%) was achieved using 
TOAM, while the lowest flotation recovery (28.29%) was 
obtained with 3-ethyl-3-hexanol. The flotation recovery 
from the collector kerosene was 33.30%. The collect-
ing ability of TOAM was much stronger than those of 
kerosene or 3-ethyl-3-hexanol. Furthermore, the col-
lector 3-ethyl-3-hexanol is usually used as a frother or 
surfactant agent. Its collector ability was shown here 
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to be relatively low regarding flotation. Thus, low-level 
flotation recovery was obtained when using the collector 
3-ethyl-3-hexanol.

Flotation rate analysis
Depending on the flotation responses of LRC parti-

cles when using mixtures of different flotation collectors 
or single flotation reagents, the entire micro-flotation 

recovery vs. time result with a first-order flotation kinetic 
equation (2):

                          
(2)

where R
max

 is the maximum possible flotation recovery, 
R is the flotation recovery of mineral particles, and t is 
the flotation time.

The kinetic equation fitting processes were analyzed 
using the least squares method and the Solver function 
of Microsoft Excel. The reciprocal of fitting results of 
the rate constant vs. collector dosage with mixtures of 

Fig. 1. Time series plot of mass recovery, % Fig. 2. Contour plot of mass recovery, %

Fig. 3. 3D Scatterplot of mass recovery, % Fig. 4. Marginal plot of mass recovery, %
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flotation collectors or separate flotation reagents are 
illustrated in Fig. 5, respectively. It is generally known 

entering the flotation concentrate at a faster rate. In 

that coal particles are being gathered at a greater speed. 

67.11 to 25.70 s when the dosage increased from 2.0 to 

when the dosage of 3-ethyl-3-hexanol was extended. 

stayed inevitably at the medium level, declining from 
95.24 to 52.33 s. The surface hydrophobicity of LRC 
particles was highly enhanced and more rapidly col-
lected from flotation pulp when TOAM was adopted, 

-
agents

consistent with the flotation responses demonstrated. 
The LRC surfaces were covered by the hydrophobic end 
of TOAM through van der Waals forces, which oriented 
the water phase. The hydrophilic functional groups of 
hydroxyl (–OH) and carbonyl (C=O) in TOAM, mean-
while, adsorbed onto the surfaces of LRC particles 
through the formation of hydrogen bonds, consistent 
with the FTIR and XPS analyses.

LRC particle-bubble attachment results
In our previous investigation, it was found that under 

the same induction time test environment, mineral par-
ticles with distinct hydrophobic degrees could adhere to 
air bubbles but the number of mineral particles adhered 
could vary greatly. Currently, therefore, it was not pos-
sible to use the induction time index to characterize dif-
ferences in the hydrophobicity of solid particle surfaces. 
The results of PBAI test were shown in Fig. 6. 

Based on image analysis software, the PBAI con-
sequences of LRC when using different mixtures of 
flotation collectors or individual flotation reagents 
were illustrated in Fig. 7. When the attachment time 
increased from 10 to 150 ms, the highest PBAI value 
was obtained when using TOAM (it increased from 0.39 
to 0.79). The PBAI values obtained when using kero-
sene and 3-ethyl-3-hexanol were similar. They increased 
from 0.11 and 0.12 to 0.39 and 0.48, respectively. The 
collecting ability of TOAM was much stronger than 
those of kerosene and 3-ethyl-3-hexanol, consistent with 
the flotation results. Moreover, the minimum PBAI value 
obtained using TOAM (0.39, for an attachment time 
of 10 ms) was similar to the maximum PBAI values 
obtained using kerosene and 3-ethyl-3-hexanol (0.39 
and 0.49, respectively). The TAOM needed less attach-
ment time between LRC particles and flotation bubbles 
and the coal particles could be quickly floated into 
concentrated froth (while LRC particles were being 
adsorbed by TOAM). Therefore, this would prevent the 
cracks and holes covering the surfaces of LRC particles 
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from being easily concealed or filled up with water dur-
ing flotation, thereby enhancing the flotation rate and 
response of LRC. The PBAI analysis results of LRC par-
ticles obtained by using mixtures of different flotation 
collectors were shown in Fig. 8. When the attachment 
time was less than 100 ms, the PBAI value obtained 
by using a mixture of kerosene and TOAM was lower 
than those from 3-ethyl-3-hexanol mixed with either 
kerosene or TOAM. However, when the attachment time 
was more than 100 ms, the PBAI value obtained by 
mixing kerosene with TOAM was higher than those of 
3-ethyl-3-hexanol mixed with either kerosene or TOAM. 
The highest PBAI value was obtained for kerosene 
mixed with TOAM (0.84). The maximum PBAI values 
for 3-ethyl-3-hexanol mixed with kerosene and TOAM 
were 0.69 and 0.61, respectively. The effect of kerosene 
mixed with TOAM on the flotation performance of LRC 
was apparent when the attachment time was relatively 
long (more than 100 ms). Though kerosene mixed with 
TOAM as a flotation collector could increase the flo-
tation recovery to a maximum value of 84.25%, this 
required a longer attachment time to achieve mineral-
ized adhesion between LRC particles and air bubbles.

Fig. 6. Images displaying the adhesion of LRC particles to bubble surface: (a) 
collector kerosene; (b) collector 3-ethyl-3-hexanol; (c) collector TOAM in group 
(A); (d) collector kerosene mixed with 3-ethyl-3-hexanol; (e) collector kerosene 
mixed with TOAM; (f) collector 3-ethyl-3-hexanol mixed with TOAM in group (B)

-
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Conclusions

The effects of mixed collectors on the flotation kinet-
ics of LRC particles were studied by flotation measure-
ments and PBAI test. As the surfaces of LRC particles 
were influenced by the adsorption of hydroxyl groups 
in TOAM, the FTIR peak of the hydroxyl group on LRC 
surfaces shifted remarkably. The collection potential was 
increased markedly by the usage of TOAM mixed with 
kerosene. The flotation recovery increased to a maxi-
mum value of 84.26%, with the highest flotation recovery 
obtained using TOAM alone being only 62.52%. The 
addition kerosene mixed with TOAM had an apparent 
effect on the flotation performance of LRC. For attach-
ment times longer than 100 ms, the highest PBAI value 
(0.86) was obtained when kerosene was mixed with 
TOAM.
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