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Abstract

:

The rheologic properties of a three-phase coal froth are critical to understanding the interfacial properties that are associated with its stability. Due to the fragile nature of froth, oscillatory rheology was used to make sure that the froths were not damaged during measurement. To reveal the relationship between a coal froth’s rheology and its stability, oscillatory rheology was used in this study. The viscoelastic behaviors of coal froths were analyzed, which illustrated that the storage modulus (G′) of a coal froth is larger than its loss modulus (G″), showing that coal froth is solid-like. The complex viscosity of the coal froths decreased with an increase in angular frequency, meaning that coal froth is shear-thinning. The dependence of froth rheology on ionic strength was investigated, which showed that an increase in ionic strength led to an enhancement of the storage modulus G′, as well as a decrease in tanδ (G″/G′). The coal froths tended to be more rigid and viscous with an increase in ionic strength. The mechanism of the effect of ionic strength on froth rheology was explored using electrical double layers, cryo-SEM, and particle fractions. As the ionic strength increased, the thickness of the electrical double layer decreased, which strengthened the interaction between the particles in the froth; in addition, the solid fraction in the froth increased with an increase in the ionic strength, so the value of G′ and the froth’s stability both increased.
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1. Introduction


Flotation is widely used in particle purification and separation processes for mineral processing [1]. During flotation, particles collide with bubbles, and hydrophobic particles stay on the bubbles to be separated as froth [1,2,3]. Coal froth is a type of three-phase viscoelastic material comprising water, gas, and coal particles. Its rheological behavior is critical in flotation as well as dewatering processes [4,5]. Froth mobility and stability are two characteristics of froth in flotation which are influenced by froth rheology. The stability and viscosity of coal froth are also critical to dewatering efficiency. The stability of coal froth is affected by particle size and hydrophobicity [6]. The degree of oxidation of coal is related to its hydrophobicity since hydrophilic sites are generated on the surface of the oxidated coal [7]. Froths generated with fine coal particles with moderate hydrophobicity have the best stability [6,8]. A high level of froth stability has a negative impact on the filtration and dewatering of flotation concentrates [9,10,11]. An investigation of froth rheology is beneficial to understanding the mechanism of froth stability, which is critical to improving the situation of the flotation process caused by stable froths.



Rheology reveals information about the flow behaviors of liquids as well as the deformation behaviors of solids [12]. As viscoelastic materials, coal froths have viscous and elastic behaviors simultaneously. A flow rheology test measures the shear stress when the shear rate is controlled, when the apparent viscosity can be determined [13,14,15,16]; however, coal froths would collapse during this test [12]. Oscillatory rheology, which is also called a dynamic test, is performed by applying a small sinusoidal strain (or stress) and measuring the resulting stress (or strain) [17]. The storage/elastic modulus (G′) and loss/viscous modulus (G″) are two parameters to quantify the viscoelastic response, which are measurements of the energy stored and the energy dissipated per cycle of deformation, respectively [18]. Compared with the flow rheology test, the main advantage of the oscillatory test is that it is a non-destructive technique when the experiment is carried out in the linear viscoelastic (LVE) region [17]. In addition, it can provide interfacial information on samples [19].



Due to the advantages of oscillatory rheology, it has been used on froth [20,21,22]. The rheological properties of the coal froth were compared with those of coal slurry, which illustrated that the particle interaction in froth is greater than in slurry [23]. The rheology of coal froth with the entrainment of kaolinite was also investigated, and the kaolinite affected the rheological properties of the coal froth by modifying the Plateau border [24]. In some mineral-processing plants, seawater is used in the flotation process owing to the shortage of fresh water, so its ionic strength would affect the properties of the froth. A previous study compared the effect of ionic strength on the stability of coal froth and coal slurry and associated the froth’s rheological properties with its settling performance [25]; however, the effect of ionic strength on the rheological and interfacial properties of coal froth needs further investigation.



In this study, oscillatory rheology was used to investigate the viscoelastic properties of ultra-stable coal froths generated via flotation, including amplitude sweeps, frequency sweeps, and time-dependent sweeps in the LVE region. In addition, the effect of ionic strength on the rheology of the froths, especially the storage modulus G′, was studied systematically to investigate the effect of ionic strength on the interfacial properties of the froths. Electrical double layers and particle fractions in the froth were calculated to interpretate the influence of ionic strength on the froth’s rheology and stability. Cryo-SEM was used to observe the particle state in froths generated in water with different ionic strengths.




2. Materials and Methods


2.1. Materials


The coal sample was obtained from New South Wales, Australia. Crushed coal particles were ground in a laboratory in a stainless-steel rod mill, after which they were sieved to obtain −38 μm particles. After combustion in a Muffle at 1000 °C for 6 h, the ash content of the raw coal particles was determined to be 13.6%. The contact angle of the coal particles was 82° ± 0.2°, which was measured using a Sigma 700/701 force tensiometer (Biolin Scientific, Gothenburg, Sweden). The particle size distribution of the coal particles (Figure 1) was measured using a Malvern Mastersizer 3000 with a Hydro EV (Malvern Instrument Ltd., Malvern, UK). Around 80% of the coal particles were smaller than 40.1 µm, and particles with a size of around 27 µm comprised the largest proportion. DF-250 and industry-grade diesel were used as the frother and the collector in the coal flotation, respectively.



Deionized water and three different kinds of saline water were utilized in the experiments. All information about the four solutions is presented in Table 1. The ionic strengths were calculated as follows via Equation (1) [26]:


  I =   1   2     ∑  i = 1   n      c   i     z   i   2      



(1)




where ci is the concentration of ions in the solution, and zi is the charge number of the ions. The pH values of the different solutions were all adjusted to 7.0 using a 0.1 mol/L HCl solution.



Hydrogen chloride (HCl) was purchased from Chem-Supply Pty Ltd., Shanghai, China. Calcium chloride dihydrate (CaCl2·2H2O), calcium sulfate dihydrate (CaSO4·2H2O), potassium chloride (KCl), sodium bicarbonate (NaHCO3), magnesium sulfate heptahydrate (MgSO4·7H2O), magnesium carbonate hydroxide pentahydrate (4MgCO3·Mg(OH)2·5H2O), sodium sulfate (Na2SO4), and sodium chloride (NaCl) were purchased from Chem-Supply Pty Ltd.; these were the reagents used to make the saline water.




2.2. Oscillatory Rheology Measurement


To obtain rheology measurements, coal froth was generated in a cup on a rheometer to avoid any modification during a transfer process. First, 5.0 g of coal particles and 100 mL of water were added to a rheometer cup with an outer diameter of 6.00 cm diameter, an inner diameter of 5.85 cm, and a height of 10.00 cm. After the coal particles were stirred well in the water, 0.005 mL of diesel and 0.5 mL of DF-250 (10% v/v) were added and stirred using the vane for 30 s at a speed of 100 rad/s. The froth was then generated at an air flow rate of 1.0 L/min. The air flow and stirrer were stopped when the coal froth measured 4 cm in height. The vane was moved into the froth to perform the rheology measurement. The gap between the vane and the bottom of cup was set at 100 mm.



Rheology measurements were carried out using a TA Discovery HR-1 Rheometer (TA Instruments Ltd., New Castle, DE, USA). All the rheology measurements were performed at 25 °C. The rheometer was used to conduct oscillatory tests, including an amplitude sweep, frequency sweep, and time-dependent sweep. The amplitude sweep was carried on at an angular frequency of 2 rad/s, and the strain range was from 0.01% to 1%. The frequency sweep was performed at a strain of 0.03%, with an angular frequency ranging from 0.4 rad/s to 10 rad/s. The time-dependent sweep was carried out at a strain of 0.03% and an angular frequency of 2 rad/s. To maintain quality control, each rheology measurement was repeated three times to ensure its repeatability and that the G′ error was less than 10%.




2.3. Zeta Potential Measurements


The zeta potential of the coal particles was measured using a Zeta-Probe Analyser developed by Colloidal Dynamics (Ponte Vedra Beach, FL, USA). This technique was based on the measurement of ultrasonic waves generated by the moving charged particles. An MHz voltage was applied to a pair of electrodes that were in contact with the suspension. The electrically charged particles moved back and forth between the electrodes, and an ultrasonic wave was generated. The zeta potential of the coal particles was obtained by measuring the ultrasonic wave. For each measurement, 5 g of coal particles was added into 250 mL of water. The slurry was stirred at 300 rpm for 5 min before the measurement. The pH of each coal suspension was adjusted to 7 by adding a 1 wt% HCl or NaOH solution. Each measurement was repeated 5 times, and the average value was reported.




2.4. Solid Fraction Measurement


Froth products were obtained via batch flotation. Flotation was performed in a 1.5 L batch flotation cell with 30.0 g of coal particles and 1.5 L of saline water at an agitation speed of 1000 rpm. After the slurry was stirred for 10 min, 0.01 mL of diesel was added. After being stirred for 1 min, 2.0 mL of DF-250 (10% v/v) was added to the slurry. The coal froth was prepared using an air flow rate of 3.0 L/min and was collected every 10 s for 30 s.



The mass of each coal froth (m1) was measured right after it was collected from flotation, and then the froth was filtrated and placed in an oven for 4 h at 90 °C. The mass of the dried coal particles (m2) was measured, and the solid fraction was the ratio between m2 and m1.




2.5. Cryo-SEM


Cryo-SEM was performed on a JSM-7100F Scanning Electron Microscope (JEOL Ltd., Peabody, MA, USA) with a CRYO ALTO 2500 (JEOL Ltd., Akishima, Japan). At first, the coal froths were stuck to the holder, which was a conical holder with a diameter of 5.0 mm and a depth of 2.0 mm; then, the coal froth was rapidly plunged into a liquid nitrogen slush. The frozen coal froth was transferred under a vacuum, and the sample was placed in a prep chamber and transferred onto a cold stage. After it was fractured and sublimated, the sample was coated as required in the prep chamber. At last, the holder was transferred to an SEM cold stage, and then the sample was imaged, and the data were recorded. The temperatures in the prep chamber and SEM stage were both −145 °C, and the temperature in the anti-contaminator was −195 °C. The use of liquid-N2-cooled anti-contaminators in the chamber ensured that the experimental vacuum pressure achieved was most probably considerably lower pressure than this value [27]. The coal froths were coated with platinum. The coating time was 120 s, and the sample was coated twice. A charging-free mode was used during imaging. The acceleration voltage was 2.00 kV, and the spot size was 1.00 mm. The working distance was 6.00 mm.





3. Results


3.1. Oscillatory Rheological Properties of Coal Froths


To test the stability of the coal froths, the time-dependent behavior of each coal froth was investigated. As shown in Figure 2, in the first 20 min, the storage (G′) and loss (G″) moduli increased with time, but the rates decreased gradually. After 20 min, the changes in G′ and G″ were small. The value of G′ was larger than that of G″, and the difference between the values of G′ and G″ became larger with time, which illustrated that with the drainage of the water, the rigidity of the froth increased and the froths became increasingly solid-like. When the coal froths were generated, drainage, bubble collapse, and bubble coalescence occurred, and the structures of the coal froths were modified during this process [28]. The drainage of water compacted bubbles. Additionally, the air volume fraction and solid fraction were enhanced during the process. After 20 min, the drainage, bubble collapse, and bubble coalescence were in a steady state. The rheological properties of the coal froths were also in a steady state after 20 min. Amplitude sweeps and frequency sweeps were both conducted after 20 min since the coal froths were generated.



In the amplitude sweeps, the storage modulus G′ showed a constant plateau value at a low level of shear strain in the linear viscoelastic (LVE) region. When the amplitude was over a yield point, the storage G′ and loss G″ moduli changed along with the shear strain as a power law in the nonlinear (NL) region [12,22]. When shear strain was applied, the coal froths deformed, and elastic stress was generated to balance the applied strain. When the external shear strain was smaller than the yield point, the deformation of the sample was reversible, and the froth could restore to its original state after the external force was removed. However, when the shear strain was larger than the yield point, the froths slid along each other, leading to the dissipation of energy. In this way, the deformation was irreversible, and the froth could not restore to its original state even when the external force was removed. The rheological behavior of the coal froths can be explained by the generalized Maxwell model [12]. A single Maxwell model was composed of a spring that represented the elastic part and a dashpot that represented the viscous part. When a force was applied in the model, the spring part displayed an immediate deformation, and when the deformation was greater than certain value, the dashpot part deformed. If the force was removed, the spring would restore immediately and completely; however, the dashpot would remain unchanged. A generalized Maxwell model was composed of several single Maxwell elements which were connected in parallel. Since the coal froths were polydispersed, an individual Maxwell element represented a froth with a specific bubble size and solid fraction.



Figure 3 presented the typical results of an amplitude sweep of the coal froths. It displays the qualitative dependence of the viscoelastic moduli (storage and loss moduli) on the shear strain. As shown in Figure 3, in the LVE region, the storage modulus G′ was much larger than the loss modulus G″, meaning that the elastic behavior dominated the viscous behavior, and the sample exhibited a certain rigidity. For the storage and loss moduli, plateaus were observed in the LVE region. However, in the NL region, all of them decreased as a power law. When reversing the oscillation strain from 1% to 0.01%, the values of G′ and G″ were both smaller than when the oscillation strain ranged from 0.01% to 1%. When we created strain ranging from 0.01% to 1%, the coal froths demonstrated reversible deformation in the LVE region; however, when the strain was greater than the yield stain (0.06%), the coal froths were irreversibly deformed, so the froth rheology would not restore even when the strain occurred in the LVE region.



The interactions between the coal particles in froth included electrostatic interactions, van der Waals interactions, and other interactions such as hydration and hydrophobic interactions [29]. These forces could connect particles together but could be broken when the external force was strong enough. The coal particles and bubbles could move and glide along each other even under a low shear force when friction and energy dissipation were generated. Figure 4 shows the results of frequency sweeps of the coal froths. With an increase in the angular frequency ω, the storage modulus G′ became larger; otherwise, the loss modulus G″ became smaller, namely, tanδ (tanδ = G″/G′) decreased. The complex viscosity η* also decreased as the angular frequency increased, which illustrates that the coal froth is a shear-thinning material. With an increase in the angular frequency, more energy was required deform the froths, and less energy was dissipated, illustrating that the froths became more inflexible and rigid. As a result, the storage modulus G′ became dominant [12].




3.2. Effect of Ionic Strength on Froth Rheology


Coal particles have negatively charged surfaces which must be balanced locally by counterions in the adjacent solution to maintain overall electroneutrality [30]. The region adjacent to a charged surface is classically treated as a double layer [31]. When charged coal particles approach each other, their surface-induced electric potential fields and associated diffuse layers interact, creating a repulsive force that can overcome the attractive van der Waals force and keep the particles separated [32]. The ionic strength can affect the force between the particles by modifying the electrical double layer [33].



The rheological properties of the coal froths were investigated in samples of water with different ionic strengths. Figure 5a presents the dependence of the storage modulus G′, measured in the linear region, on the ionic strength. With an increase in the ionic strength, G′L enhanced but G″L decreased, which meant that the force needed to deform the froth increased and the energy loss during the restoration of the froth decreased. In addition, the complex viscosity η* and tanδ of the coal froths in water samples of different ionic strengths at an angular frequency of 1 rad/s were compared (Figure 5b). Obviously, the higher the ionic strength was, the more viscous the froth was. In addition, tanδ decreased with an increase in the ionic strength, meaning that the froths became more elastic and more solid-like with an increase in the ionic strength.



The effect of ionic strength on the electrical double layer can be explained via the Debye length (κ−1), which is the distance at which a charged particle shows an electrostatic effect, as shown in Equation (2) [34]:


    k   − 1   =    ε   ε   0     k   B   T   2   N   A     e   2   I     



(2)




where ε is the permittivity of the water, ε0 is the permittivity of free space, kB is the Boltzmann constant, T is the absolute temperature, e is the Coulomb electronic charge, and NA is Avogadro’s number; the electrical double layer k−1 decreases inversely as the square root of the ionic strength I−1/2 [35].



The thickness of the diffuse double layer reduced with an increase in the ionic strength. With an increase in the ionic strength, the ions screened charges on the surfaces of the coal particles. As shown in Figure 6a, the Zeta potential of the coal particles increased with an increase in the ionic strength, which illustrates that the negative charges on the coal particles decreased. The coal surface was negatively charged, and the counter ions in the diffusive layer were cations. With an increase in the salinity of the water, an increasing number of cations in the diffusive layer entered the Stern layer, reducing the thickness of the electrical double layer and neutralizing the surface charge [36]. The electrostatic repulsion between coal particles whose surface charges were neutralized would be reduced. Additionally, the hydrophobic attraction increased with the increasing ionic strength [31]. Thereby, the increase in particle attraction led to particle aggregation. The consequence of particle aggregation was an increase in viscosity (Figure 5b); as a result, the drainage of the froths became slow [37]. Froth stability would be improved by retarding drainage [38]. The storage modulus G′ qualitatively indicated the froth stability, so an increase in the froth stability caused by the ionic strength would explain the increase in G′ in Figure 5a.



To verify the aggregation of the particles, a cryo-SEM analysis of the coal froths was performed. Cryo-scanning electron microscopy (cryo-SEM) involves the rapid freezing and maintaining of the sample at an ultra-low temperature so that detailed surface imaging can be conducted with a scanning electron beam. Cryo-SEM provides information on air and water spaces, which remedies the shortage that a water sample cannot perform in a traditional SEM [27,39]. Cryo-SEM can provide information on the aggregation of coal particles in the froth. Figure 7 shows the cryo-SEM results for coal froths made from water samples with different ionic strengths. It displays the different states of particle aggregation. The single particles in coal froths made from deionized water and type I saline water can be observed clearly. A large electrostatic repulsion between the coal particles was needed to separate them when they were in deionized water and type I saline water. Along with an increase in ionic strength, the boundaries between the particles became increasingly blurred, which was caused by the compression of the electrical double layers and the neutralization of the negative charges on the surfaces of the coal particles. The hydrophobic attractive force between the particles became dominant when the coal particles were in type II and III water, which led to the aggregation of the particles [40,41].





4. Discussion


As the main character of the froth’s structure, solid loading was critical to the froth’s stability [42]. In this study, the solid fraction Φ was employed to evaluate the number of particles loaded in the froth, which was defined as the ratio of the mass of the solid coal particles to the total mass of the coal froths. The solid fractions of coal froths made from water samples with different ionic strengths were measured. As shown in Figure 6b, the solid fraction in the froth increased with the ionic strength. Coal particles coated on the air–water interface acted as armor for the froth, which increased the froth’s stability. With an increase in the ionic strength, more particles were attached on the bubbles’ surfaces, and the particle interaction increased, so the armoring effect of the particles on the froth became stronger.



The effect of ionic strength on the structure of the coal froth is illustrated in Figure 8. With an increase in the ionic strength, the surface charges on the surfaces of the coal particles were neutralized, so the dominate force between the coal particles in the froth changed from an electrostatic repulsive force to a hydrophobic attractive force. The decrease in the electrical double layer promoted the interaction of particles on lamellae, which resulted in an increase in the armor thickness of the froth. As a result, the energy needed to deform the froth (value of G′), as well as the froth’s stability, increased with the ionic strength.




5. Conclusions


The oscillatory rheological properties of three-phase coal froths were investigated in this study, showing that the coal froths were shear-thinning viscoelastic materials whose elastic modulus (G′) dominated their viscous modulus (G″). The particle interactions in the froths were strong, and the energy needed to deform the froths was high. The rheological properties of the coal froths generated from samples of water with different ionic strengths were compared. The elastic modulus G′L and complex viscosity η* increased, and the viscous modulus G″L and tanδ decreased with the ionic strength. The value of G′ represented the froth’s stability, and the froth’s stability also increased with the ionic strength. An increased ionic strength neutralized the negative charges on the surfaces of the coal particles, and the dominant particle interaction changed from an electrostatic repulsive force to a hydrophobic attractive force, which led to the aggregation of coal particles on the surfaces of bubbles, which was verified via Cryo-SEM, so the particle fraction in the coal froth also increased with the ionic strength. As the result, the number of particles attached to the lamellae in the froth increased with a stronger attraction, which explains the increase in the froth’s G′ value and froth stability with the ionic strength well.
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Figure 1. The size distribution of the coal particles. The cumulative volume and volume density are shown as black solid and red dashed curves, respectively. The size of 80% particles was indicted by the black dash line. 
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Figure 2. The results of time-dependent sweeps of the coal froths made from type I water. Storage G′ (■) and loss G″ (▲) moduli were plotted as functions of time. The angular frequency was 2 rad/s, and the oscillatory strain was 0.3%. The dotted line indicates the time at which subsequent amplitude and frequency sweeps were performed. 
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Figure 3. The results of the amplitude sweeps of the coal froths made from type I saline water. G′ (■, □) and G″ (▲, △) were plotted as functions of the oscillation strain amplitude. The curves comprising solid symbols (■, ▲) are the results measured from 0.01% to 1%, and the curves comprising hollow symbols (□, △) are the results measured from 1% to 0.01%. The vertical dash line separates the linear and nonlinear regions. The angular frequency was 2 rad/s. 
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Figure 4. The results of frequency sweeps of the coal froths made from type I saline water. The storage modulus G′ (■), loss modulus G″ (▲), and complex viscosity η* (◆) were plotted as functions of the angular frequency. The oscillatory strain was 0.3%. 
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Figure 5. (a) The dependence of the storage modulus G′L (■) and loss modulus G″L (▲) on the ionic strength. The values of G′L and G″L were the average of the G′ and G″ values in the linear region of the amplitude sweeps, respectively. The angular frequency was 2 rad/s. (b) The distribution of tanδ (tanδ = G″/G′) (▼) and complex viscosity η* (◆) measured at angular frequency ω = 1 rad/s for the four different types of water. The shear strain was 0.03%. 
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Figure 6. (a) The Zeta potential for coal particles in different water samples at a pH of 7; (b) the distribution of the solid fraction for the four different types of water. 
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Figure 7. Cryo-SEM of coal froths made from deionized (a), type I saline (b), type II saline (c), and type III saline (d) water. The scale bar is 5 µm. 
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Figure 8. The effect of ionic strength on the structure of the coal froth. 
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Table 1. The compositions of the four kinds of water used in this study. The units of concentration of the ions and the ionic strength are both mmol/L.
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	Type
	Ca2+
	Mg2+
	Na+
	K+
	HCO3−
	SO42−
	Cl−
	Ionic Strength





	DI water
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00



	Saline water I
	2.25
	4.90
	33.17
	0.37
	9.58
	11.72
	14.81
	66.70



	Saline water II
	4.50
	9.79
	66.34
	0.74
	19.16
	23.44
	29.62
	109.95



	Saline water III
	9.00
	19.58
	132.69
	1.49
	38.33
	46.88
	59.24
	269.80
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