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Abstract: Low-rank coals are difficult to float using common hydrocarbon oily collectors, such as
dodecane and diesel. In this investigation, a mixture of dodecane and n-valeraldehyde was used as a
collector to enhance low-rank coal flotation. The changes of the contact angle and surface functional
groups of low-rank coal were measured before and after different collectors” adsorption to indicate its
absorption mechanism. Surface tension of different collectors was also measured to identify its
spreading performance. The results showed that the flotation performance using the mixture as a
collector was much better than that using dodecane or n-valeraldehyde solely. When used the mixture
of dodecane and n-valeraldehyde as collector, dodecane primarily covers the hydrophobic sites while
n-valeraldehyde primarily covered the hydrophilic sites by hydrogen bond promoting adsorption of
dodecane at these sites. There existed synergistic effect between dodecane and n-valeraldehyde.
Additionally, n-valeraldehyde can reduce the surface tensions to improve the spreading performance
of mixed collector on low-rank coal surface. The improvement both in adsorption and spreading was
responsible for the enhancement of low-rank coal flotation by using the mixture.

Keywords: mixed collector, oxygen-containing functional groups, adsorption mechanism, low-rank coal,
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1. Introduction

Coal flotation is a progress in which fine coal particles are separated selectively from associated minerals
in water slurries by attaching to rising air bubbles. Coal rank has a great effect on the flotation of fine
coals (Tian et al., 2017). It is generally known that low-rank coals are difficult to float using common
hydrocarbon oily collectors, such as dodecane and diesel. This is mainly due to the surface of low-rank
coal has many oxygen-containing functional groups that are hydrophilic (such as hydroxyl, carboxyl,
methoxyl, and carbonyl). Hydrophilic functional groups can be bonded with water by hydrogen bonds.
As a result, the hydration film on the surface of low-rank coal is very thick. This thick hydration film
prevents the adsorption of the collectors on the coal surface as well as the attachment of coal particles
on the bubbles (Xia et al., 2015).

In recent years, the flotation performances were improved by using surfactant to finish the surface
modification of coal. Harris et al. (1995) pointed out that nonionic surfactant tetrahydrofuran is an
effective collector for lignite flotation. Jia et al. (2000) used Tetrahydrofuran (THF) esters [C4H7O-CH2-
OOC-R] to improve the floatability of low-rank/oxidized coals on the basis of Harris” paper (Harris et
al., 1995). They found that the reagents containing oxygen functional groups and benzene rings were
better collectors for low-rank coals. Bustamante and Woods (Bustamante et al., 1984) showed that the
hydrophobicity of composite grains, which consisted of coals and surfactants, was decided by the
adsorption of cationic dodecyl ammonium. As a whole, the surfactants can enhance flotation
performance, but the process of synthesizing surfactants is difficult and expensive, which is not suitable
for industrial production. In addition, it is necessary to emphasize that the benzene ring containing the
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pharmaceutical will pollute the environment.

Mixed collectors have also been proven to be more effective, have a lower cost, and use a fewer
dosage in many industrial applications (Gao et al., 2015; Mcfadzean et al., 2012). In previous researches,
Drzymala et al. (2005) applied a mixture of 4-dodecylphenol (DDP) and hexadecane (HXD) as a new
collector for the removal of unburned carbon from fly ash. Xia et al. (2015) successfully investigated a
mixture of 4-dodecylphenol (DDP) and dodecane to improve the performance of lignite in the flotation.
Using the mixture of DDP and dodecane as the collector, the dodecane primarily covered the
hydrophobic sites on the lignite surface while the DDP primarily covered the hydrophilic sites on the
lignite surface. In order to improve the flotation efficiency of low-rank coal, Tian et al. (2017) used
mixtures of diesel oil (hydrocarbon) and oxygenated chemicals (aldehyde, ketone, and carboxylic acid)
as non-conventional flotation reagents. The results indicated that the reagents containing oxygen-
functional groups, with their increased bonding energy, were much better collectors than diesel oil for
the flotation of low-rank coals. These mixed collectors can be prepared only by simple blend. The raw
materials are common chemical products which have mature, fast and easier access trading market.
And these flotation reagents are common organic oil collectors. The organic polar oxygen-containing
functional groups mainly include carboxyl, hydroxyl, keto, aldehyde, ether etc. Low-rank coal collectors
usually contain one or more organic compounds corresponding to these groups.

It was common sense that polar groups of the collector can interact with the oxygenated functional
groups on the coal surface by hydrogen bonding, thereby improving the flotability of low-rank coals or
oxidized coals (Jia et al., 2000; Jia et al., 2002). The aldehyde group is one of the organic polar oxygen-
containing functional groups. There is no hydrogen bond and association phenomenon between the
aldehyde groups. And aldehydes can be dissolved in organic solvents very well. However, collector
containing aldehyde group for the flotation of low-rank coals has not been systematically used and
studied.

In this investigation, a mixture of dodecane and n-valeraldehyde as collector was conducted in the
flotation of low-rank coal. Throughout this article, some measurements, such as XRD, XPS, FTIR and
contact angle measurement, were used to indicate the properties of low-rank coal and make
explanations for flotation responses. The mechanism of improvements in the flotation performance of
low-rank coal using the mixture of Dodecane and n-valeraldehyde was fully discussed.

2. Experiments and methods
2.1. Samples and reagents preparation

The low-rank clean coal sample with size >13 mm was obtained from the Shangwan coal preparation
plant located in the city of Ordos, China. First, the clean coal was broken to size<<6mm then separated
by a heavy liquid with density of 1.36 gcm?. The heavy liquid was prepared by mixing ZnCl, (31%
w/w) with deionized water. The float product was washed with deionized water. Second, the float
product, i.e., ultra-low ash coal, was dried for 3 h at 70 °C, and dry-ground by a porcelain ball mill
(QHJM-2) for 10 min at 200 rpm, 45% filling rate (Zou et al., 2016), the ash content was 2.75%.

The dodecane and n-valeraldehyde were provided by Aladdin biochemical technology co. LTD of
Shanghai, China. The mixture of dodecane and n-valeraldehyde used in this investigation was obtained
by mixing dodecane and n-valeraldehyde in a 1:1 proportion. The constitutional formulas of dodecane
and n-valeraldehyde are shown in Fig. 1.
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Fig. 1. The constitutional formulas of dodecane and n-valeraldehyde

2.2. The physicochemical properties of coal samples

For the indication of surface properties of the ultra-low ash coal, the size distribution analysis of coal
samples was conducted on a laser particle size analyzer (Microtrac S3500, America). X-ray diffraction
has been used extensively for determining mineral composition analysis, and mineral matter generally
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represents a significant proportion of coal composition (XRD, Germany). The coal surfaces functional
groups were identified using XPS. The XPS experiment was conducted at room temperature in an ultra-
high vacuum (UHV) system with the surface analysis system (ESCALAB 250Xi, America). The base
pressure of the analysis chamber during the measurement was lower than 1.0 x 10-9 mbar. Al Ka
radiation from a monochromatized X-ray source was used for XPS, and for all analyses, the take-off
angle of the photoelectrons was 90° and the spot size was 900 um. The spectra of survey scan were
recorded with the pass energy of 100 eV; the energy step size was 1.00 eV. High-resolution spectra were
recorded with the pass energy of 20 eV, and the energy step size was 0.05 eV. The data processing (peak
fitting) was performed with XPS Peak fit software. The binding energies were corrected by setting the
C1s hydrocarbon peak at 284.6 eV (Tian et al., 2017).

2.3. Flotation tests

The dodecane, n-valeraldehyde, and the mixture were used as collectors separately. 2-Octanol was used
as a frother. The flotation procedure was designed as follows, the flotation tests were conducted in a 0.5
dm3 XFD flotation cell using 30 g of coal. The impeller speed of the flotation machine was 1900 rpm and
the airflow rate was 4.2 dm3/min. The collector dosage varied from 0.6, 1, 2, 3, 4 and 5 kg/Mg. The
frother dosage (0.3 kg/Mg) was kept constant. For each test, the pulp was first agitated in the flotation
cell for 2 min, after which the collector was added and agitated for an additional 3-min period. The
frother was then added and the pulp was conditioned for 30 seconds. Flotation products were collected
at an interval period of 4 min. Flotation concentrate was analyzed by index: clean coal of flotation yield.

2.4. Contact angle measurements

Contact angle (0) is a measurable quantity that can reflect wettability of mineral surfaces. Low water
contact angles indicate hydrophilicity, whereas higher angles are measured on surfaces that are more
hydrophobic (less hydrophilic) in nature (Crawford R ] and Mainwaring D E, 2001). The ultra-low ash
coal was conditioned with different collectors (dosage of 5 kg/Mg) for 3 min. After the conditioning
processes, the coal samples were filtered and dried at a low temperature of 40°C. Four ultra-low ash
coal samples were obtained as follows: (1) original ultra-low ash coal, (2) ultra-low ash coal conditioned
with dodecane, (3) ultra-low ash coal conditioned with n-valeraldehyde, and (4) ultra-low ash coal
conditioned with a mixture of n-valeraldehyde and dodecane. For contact angle measurements, four
processed ultra-low ash coal samples were firstly pressed into the plates, then the plates of coal were
measured using water contact angle analyzer (DSA100, Germany), such as a water droplet on the
surface of coal plate in air.

2.5. Fourier transformation infrared spectroscopy (FTIR) measurements

Four ultra-low ash coal samples as the same as the contact angle measurements, FTIR spectrums of the
coal samples were obtained with KBr pellets, prepared with four different coal samples and analytical
grade KBr. A Perkin Elmer Spectrum 2000 model spectrometer was used for the FTIR analyses, and the
spectrum was obtained at 2 cm—1 resolution between 4000 and 400 cm—1.

1.6. Surface tension measurements

An automatic surface tension meter (K100, Germany) was used to measure the surface tension of the
test solution. To make the measurements feasible, the solution only contained tap water and the
flotation collectors (dodecane, n-valeraldehyde, and the mixture) used in the flotation tests, the surface
tension of water is used as a contrast at the same time. The concentrations of the reagents were also the
same as the contact angle measurements.

3. Results and discussion

3.1. The characterization of coal

Fig. 2 shows the particle size fractions. The ground ultra-low ash coal contains 94.86% particles below
125 pm, which indicating that the coal sample can be used as a flotation feed. X-ray diffraction pattern
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shows that the main gangue minerals in coal sample are quartz and kaolinite in Fig. 3, but the content
of gangue minerals are rare. Thus, these minerals have little negative effect on flotation performance
when using polar reagents as collectors.
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Fig. 2. Size distribution of coal sample

The C1s peaks are fitted as shown in Fig. 4, and the relative contents of carbon forms on the surface
of low-rank coal are presented in Table 1. It is well known that C-C and C-H groups are the primary
hydrophobic functional groups, while C-O, C=0, and O=C-C groups are the primary hydrophilic
functional groups on the coal surface (Bolat et al., 1998; Wang et al., 2013). The XPS results showed that
there were many hydrophilic functional groups, such as C-O-C (19.04%), C-O (7.91%), and C=0 (2.47 %),
on the surface of the coal. The ratio of hydrophobic functional groups to hydrophilic functional groups
usually determines the hydrophobicity of the coal surface. Apparently, hydrophilic functional groups
were more on the surface of low-rank coal. This indicates that the surface of low-rank coal will be
covered by a thick hydration shell when the coal is prewet because these hydrophilic functional groups
can be bonded with the water by hydrogen bond. Thus, it is hard to float low-rank coal in the presence
of traditional collectors. Under this condition, collector containing polar groups may be more suitable
for low-rank coal flotation because these polar groups in collector may be able to be bonded with polar
groups on the coal surface, thereby enhancing the hydrophobicity of low-rank coal.
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Fig. 3. Cls peaks of low-rank coal
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Fig. 4. Cls peaks of low-rank coal

Table 1. Relative contents of carbon forms on low-rank coal surface

Types C-C/C-H C-O-C C-O C=0
Contents (%) 70.58 19.04 7.91 2.47

3.2. Flotation results

The flotation responses of low-rank coal using different collectors are shown in Fig. 5, the results given
in the Fig. present that the flotation clean coal yield increases with the increase of the collector dosage.
The flotation clean coal yield is highest when uses the mixed collector at the same dosage. It is also
found that the flotation clean coal yield using n-valeraldehyde as collector is a little higher than that
using dodecane as the collector. The flotation clean coal yield at the mixture dosage of 3 kg/Mg is about
90%, while using dodecane as the collector is 56% and n-valeraldehyde is 59%, which is much higher
than that using n-valeraldehyde or dodecane as a solo collector. And the flotation clean coal yield even
at the mixture dosage of 5 kg/Mg is about 97%. The mixture of n-valeraldehyde and dodecane as the
collector enhances the flotation recovery of ultra-low ash coal and shows a good separation performance
of coal.
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Fig. 5. Flotation results using different collectors
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3.3. Contact angle results

The contact angle of raw coal is 60.2° by measurement, which is low and also directly illustrate poor
floatability of low-rank coal. Fig. 6 shows the contact angles of coal sample after conditioning with
different collectors. The result shows that after conditioned with mixed collector, the contact angle of
coal is higher than that conditioned with a solo collector (n-valeraldehyde or dodecane), and the contact
angle of the original coal sample conditioned without collectors is the smallest. As a result, the coal
surface hydrophobicity is enhanced using the mixture of dodecane and n-valeraldehyde as collector, in
other words, the contact angle of conditioning with mixed collector is 20.7° larger than the original coal
sample.
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Fig. 6. Contact angles of coal slime after conditioning with different collectors

3.4. FTIR analysis

As shown in Fig. 7, FTIR spectrums of ultra-low ash coal before and after conditioning with different
collectors are presented. The functional groups corresponding to appropriate peaks in the coal samples
as follows (Hong et al., 2001; Cinar 2009), the absorption peak at 3500 cm™ to 3000 cm™? represents the
intramolecular hydroxyl (-OH), the absorption peak at 1700 cm™ to 1600 cm™ represents the group of
carbonyl (C=0) or carboxyl (COOH), and the characteristic absorption peaks at approximately 1184 cm-
1 are the stretching vibration of carbonyl. These analyses indicate that the existence of hydrophilic
functional groups (C-OH, C=0, COOH) is the material causing poor flotation of low rank coal.
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Fig. 7. FTIR spectrums of low-rank coal before and after conditioning with collectors: (1) original ultra-low ash
coal, (2) ultra-low ash coal conditioned with dodecane, (3) ultra-low ash coal conditioned with n-valeraldehyde,
(4) ultra-low ash coal conditioned with a mixture of n-valeraldehyde and dodecane
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It can be clearly seen that the peaks for the hydrophilic groups in coal are weakened due to the
conditioning with collector from the Fig. 7. However, it should be observed that the peak areas of the
hydrophilic groups are decreased by the conditioning with a solo collector (n-valeraldehyde or
dodecane), and the peak areas of hydrophilic groups by the conditioning with dodecane are a little more
than by the conditioning with n-valeraldehyde. It indicates that a solo collector (n-valeraldehyde or
dodecane) can increase the floatability of low-rank coal, and n-valeraldehyde is better than dodecane.
However, the peak areas of the hydrophilic groups are little decreased by the conditioning with a solo
collector (n-valeraldehyde or dodecane) while greatly decreased by the conditioning with a mixture of
n-valeraldehyde and dodecane, and the floatability of low-rank coal is enhanced a lot. Because the
surface of coal consists of inherently hydrophilic areas and sites containing oxygenated moieties, such
as carboxyl, carbonyl, phenolic, and ester group (Xing, Y et al., 2016). Therefore, the mechanism of
interaction between the mixed collector and the coal surface appears to be through the polar group of
the n-valeraldehyde interacting with the oxygenated functional group on the coal surface by hydrogen
bond (Jia et al., 2000). Dodecane primarily covers the hydrophobic sites while n-valeraldehyde primarily
covers the hydrophilic sites (Xia et al., 2015) by hydrogen bond promoting adsorption of dodecane at
these sites, that is, there existed synergistic effect between dodecane and n-valeraldehyde. Thus, the
flotation performance is improved, and the interaction mechanism is illustrated schematically in Fig. 8.

LOW-RANK COAL

Fig. 8. Schematic representation of interaction between surfactant molecules and coal surface

It is worth noting that the ultra-low ash coal with rare gangue minerals was used in our study. The
gangue minerals had little negative effect on flotation performance when using polar reagents as
collectors, so we just considered the interaction between reagent functional groups and coal surface sites.
The interaction between reagents and gangue minerals should also be considered in the future
industrial applications. We can eliminate the effect as much as possible by adjusting the proportion of
the mixed collector, or we can achieve better dispersion of coal and its associated clays by adjusting the
pH value (Kelebek et al., 2008).

3.5. Surface property of flotation solution analysis

The effects of collectors on the surface tension of the flotation solution and water as the contrast sample
of the surface tension are shown in Fig. 8. Tap water had a surface tension of 73.5mN/m, the order of
the surface tension in the three types of collectors was the mixture of n-valeraldehyde and dodecane
(49.1mN/m) < n-valeraldehyde (50.7mN/m) < dodecane (58.4mN/m). The decrease of surface tension
facilitates the spreading of collector oils, increase the probability of collector-coal particle collision and
ultimately improve flotation performance. In other words, the lower the surface tension of a flotation
solution, the better the flotation performance. The lower surface tension values for the mixed collector
than that of dodecane and n-valeraldehyde solely, the fact that mixed collector has a lower surface
tension value implied that the mixed collector should spread faster on solid surfaces immersed in water
than dodecane or n-valeraldehyde, and the mixture showed a good separation performance of flotation
test. That's probably because the n-valeraldehyde can adsorb on the interface between the dodecane
and water phases and, consequently, decrease the interfacial tension of dodecane with water (Ding L P,
2010). That is to say, n-valeraldehyde as a accelerator, it can reduce the interfacial tension of dodecane
with water, therefore, the surface tension of the flotation solution containing the mixture of dodecane
and n-valeraldehyde is least. And the interaction schematic diagram between mixed collector and low-
rank coal surface is shown in Fig. 10. These results are also in very good agreement with the flotation
test results.
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Fig. 10. The interaction schematic diagram between mixed collectors and low-rank coal surfaces

4. Conclusions

In the present study, the physical and chemical properties of coal sample were characterized by size
distribution, XRD, XPS, and water contact angle measurements. XPS results showed that there were
many hydrophilic functional groups including C-O-C (19.04%), C-O (7.91%), and C=0 (2.47%) on the
surface of low-rank coal and the contact angle of raw coal was 60.2°. These measurement results
revealed poor flotability of low-rank coal.

The flotation results showed that better flotation performance was obtained using the mixture of n-
valeraldehyde and dodecane as collector. The coal contact angle after mixed collector adsorption was
higher than that after solo collector adsorption. FTIR results showed that the peak areas of the
hydrophilic groups were little decreased by a solo collector while the peak areas of hydrophilic groups
were greatly decreased by a mixture of n-valeraldehyde and dodecane. When used the mixture of
dodecane and n-valeraldehyde as collector, dodecane primarily covered the hydrophobic sites while n-
valeraldehyde primarily covered the hydrophilic sites by hydrogen bond promoting adsorption of
dodecane at these sites. There existed synergistic effect between dodecane and n-valeraldehyde. On the
other hand, the order of the surface tension for these collectors was the mixture of n-valeraldehyde and
dodecane (49.1mN/m) < n-valeraldehyde (50.7mN/m) < dodecane (58.4mN/m). It indicated that n-
valeraldehyde could reduce the surface tensions to improve the spreading performance mixed collector
on low-rank coal surface. Therefore, the improvement both in adsorption and spreading was
responsible for the enhancement of low-rank coal flotation by using the mixed collector.
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