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A review of literature has shown that oxidation and the use of various oxidizing agents and 
changes occurring during these processes (Pietrzak & Wachowska, 2003; Grzybek et al., 2004; 
Pietrzak & Wachowska, 2004). The main aim of this study was to determine the effects of oxida-
tion of bituminous coal on its floatability and surface properties. The experiments of air-/water 
oxidiation process were conducted. FTIR, SEM and flotation tests have been employed in our 
research works. The results are compared for fresh and air- and water- oxidized coal. Throughout 
this paper, a recommendation is proposed for the better store of coal in order to avoid the decrease 
in the hydrophobicity and floatability of bituminous coal.

2. Experimental method and procedure

2.1. Materials

Fresh bituminous coal bulks (ash content of 7.37%) were obtained from Xuzhou Jiahe Coal 
Preparation Plant in Jiangsu Pr  ovince of China  . The elemental analysis of raw coal is shown in 
Table 1. Fresh coal samples were crushed and sieved to pass 0.5 mm sieve. Then, coal samples 
were classified into three parts. The first part was stored in a pocket by nitrogen protection for 
th e fresh coal samples. The second part was oxidized in the room (inside) for obtaining the air-
oxidized coal samples. The third part was oxidized in the tubs (filled with water and coal fines, 
in a condition of pulp) for obtaining the water-oxidized coal samples. The oxidation temp erature 
was room temperature about 20~25°C. The oxidation times were 20 and 80 days. 

TABLE 1

The elemental analysis of raw coal

Cdaf
(%)

Hdaf
(%)

Odaf
(%)

Ndaf
(%)

S (t, daf )
(%)

85.6 5.9 7.2 1.1 0.2
Cdaf, Hdaf, Odaf, Ndaf and S(t, daf) are the element (C, H, O, N and S) contents on a dry-ash-free basis.

  2.2. FTIR Measurement

The FTIR spectras of fresh, air-oxidized and water-oxidized coals were obtained with KBr 
pellets prepared with various coal samples. For the FTIR analyses, a Perkin Elmer Spectrum 
2000 model spectrometer was used while the spectra were obtained at 2 cm–1 resolution which 
is between 4000 and 400 cm–1. 

2.3. SEM Measurements

The FEI Quanta 250 SEM was used to analyze the surface morphology of fresh, air-oxidized 
and water-oxidized coals. The magnification was fixed at 10000. The three coal samples were 
prepared by the surface cleaning using absolute ethyl alcohol. After the surface cleaning processes, 
the coal samples were dried in air. Before the SEM measurements, the three coal samples were 
sputter-coated with gold layer.







228

processes. In addition, the water-oxidized coal surface shows more  holes and scaly slices than 
the air-oxidized coal surface with the same oxidation periods. These slices may be crispy and 
easy to be scraped off during the conditioning and flotation of coal fines in the flotation pulp. 
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Fig. 2. SEM pictures of fresh, air-oxidized and water-oxidized coals

During the oxidation processes,   the organic materials are oxidized by oxygen while   the 
inorganic materials are usually not oxidized. The  organic materials can be oxidized and a part of 
organic materials can be oxidized to gas components (CO and CO2) and water (Xia & Yang, 2014; 
Xia et al., 2014). As a result, the content of organic materials on coal surface is reduced after the 
oxidation processes. The   in organic materials remain on the coal surface like  the scales and chips. 

However, the water-oxidized process may produce more scales and chips on the coal sur-
face than the air-oxidized processes because the coal was  immersed in the water (tap water) in 
the tubs. There are  many  calcium and magnesium ions in the tap water and these calcium and 
magnesium may be  deposited and adsorbed on the coal surface.  The deposited calcium and 
magnesium makes the coal surface  more hydrophilic. Furthermore,  the coal may have an ion 
exchange with the water because the   organic and inorganic materials may be soaked and some 
organic and inorganic materials may be released from the coal surface into the water.  More holes 
are produced after the water-oxidation process compared with the air-oxidation process. These 
holes will be filled up with the water in the flotation pulp and these water-filled holes make the 
coal surface more hydrophilic and difficult to be attached by air bubbles (Laskowski, 1994; Myint 
et al., 2013). 
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The surface morphology of coal was greatly changed by the water-oxidized processes while 
the air-oxidized process changes the surface morphology, only lightly. The changes in the surface 
morphology of coal during the water-oxidized processes should have a greater effect on the coal 
floatability than the changes in the functional group compontion of the surface expressed by HI 
value of coal during the water-oxidized processes. The detailed analysis will be discussed in 
Section 3.3.

3.3. Flotation results

Figure 3 illustrates combustible matter recoveries of fresh, air-oxidized and water-oxidized 
coals at the various collector dosages. The combustible matter recovery increases with the 
increasing of collector dosage. However, Figure 3 gives us an insight that the   combustible mat-
ter recovery of water-oxidized coal is much lower than that of air-oxidized coal with the same 
oxidation periods, which has not been sufficiently investigated in the coal flotation science and 
does not agree with the changes in HI values in Section 3.1. The  combustible matter recovery of 
fresh coal is the highest while that of water-oxidized coal (80 days) is the lowest. The combustible 
matter recovery of air-oxidized coal is much higher than that of water-oxidized coal. 

Fig. 3. Combustible matter recoveries of fresh, air-oxidized and water-oxidized coals 
at various collector dosages

It seems that the air-oxidized process have a milder effect on the coal floatability, while 
water-oxidized processes have a greater effect on the coal floatability. The combustible matter 
recovery of air-oxidized coal (20 days) is similar to that of air-oxidized coal (80 days). How-
ever, the combustible matter recovery of water-oxidized coal (20 days) is much higher than that 
of water-oxidized coal (80 days). The flotation performance of water-oxidized coal (80 days) 
is deteriorated much more than that of water-oxidized coal (20 days). It indicates that the coal 
floatability will be greatly reduced in the water-oxidation environment if the oxidation period 
is so long. 
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Figure 3 also indicates an interesting phenomenon that the difference in the combustible 
matter recovery between fresh, air-oxidized and water-oxidized coals becomes much smaller at 
the high collector dosages. It means that  a higher collector dosage can recover the oxidized coal 
effectively (Tao et al., 2002). In the absence of collectors, the flotation is achieved only by the 
natural floatability. However, the natural floatability of coal should be greatly reduced after air-/
water-oxidized processes. Therefore, the collectors can promote the floatability of oxidized coal 
and the collector dosage is the most important parameter which determines the effective flotation 
of oxidized coal as it is well known.

As shown in Figure 1 and Table 1, both air-oxidation and water-oxidation processes can 
produce many oxygen functional groups (considered as primary hydrophilic groups) on coal 
surface which makes coal surface more hydrophilic. According to the  calculation of Hydrophi-
licity Index values, the air-oxidation processes should have a greater effect on the decrease of 
hydrophobicity than the water-oxidation processes because the Hydrophilicity Index values of 
air-oxidized coals are much higher than those of water-oxidized coals. However, the floatability 
of air-oxidized coal is higher than that of water-oxidized coal, according to the flotation results 
as shown in Figure 3. It is contradiction if based on Table 1 and Figure 3. However, it becomes 
reasonable if we built a relationship between Figure 2 and Figure 3. SEM pictures show that the 
water-oxidation processes change the surface  morphology of coal greater than the air-oxidation 
processes. More holes are produced after the water-oxidation processes compared with the 
air-oxidation processes. The holes will be filled up with the water in the flotation pulp and the 
water-filled holes will make the coal surface more hydrophilic and difficult to be attached by air 
bubbles. In addition, the deposited calcium and magnesium from the water makes the coal surface 
more  hydrophilic. Therefore, the increased number of holes and chips on the water-oxidized coal 
surface reduce the coal floatability greatly. The floatability of coal should be determined by both 
the  HI value (chemical composition) and the surface morphology of coal.  In this investigation, it 
was found that the changes in the surface morphology of coal particles reduced the floatability 
of coal particles greater than the changes in the HI values of coal particles.

Fig. 4. Concentrate ash contents of fresh, air-oxidized and water-oxidized coals at various 
collector dosages
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