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Abstract

:

This study investigated the influence of bulk nanobubbles (NBs) on the flocculation and filtration behavior of kaolin suspensions treated with cationic polyacrylamide (CPAM). Traditionally, flocculation relies on bridging mechanisms by polymers like CPAM. The present work examines the possibility of combining NBs with CPAM to achieve more efficient kaolin separation. The settling behavior of kaolin suspensions with and without bulk nanobubbles was compared. The results with 2 mL CPAM and 300 s settling time revealed that bulk NBs significantly enhanced flocculation efficiency, with supernatant zone height reductions exceeding 50% compared to CPAM alone, indicating a faster settling rate resulting from bulk NBs. This improvement in the settling rate is attributed to NBs’ ability to reduce inter-particle repulsion (as evidenced by a shift in zeta potential from −20 mV to −10 mV) and bridge kaolin particles, complementing the action of CPAM. Additionally, the study demonstrated that bulk NBs improved dewatering characteristics by lowering the medium resistance and specific cake resistance during filtration. These findings pave the way for the utilization of bulk NBs as a novel and efficient strategy for kaolin separation in mineral processing, potentially leading to reduced processing times and lower operational costs.
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1. Introduction


Clay minerals, such as kaolin, montmorillonite, and illite, are commonly found in the flotation tailings of mineral processing plants [1,2]. Their fine particle size and strong electronegativity make them stable colloids, hindering aggregation and settling [3,4]. Coagulation–flocculation, a well-established physico-chemical method in industries, destabilizes these dispersed particles [5,6]. This method works by reducing electrostatic interaction energy, often achieved by adding salt ions, as explained by DLVO theory [7,8].



Efficient flocculants are crucial for clay settling as they promote the formation of large flocs [9]. Synthetic polymers such as cationic (CPAM), anionic (APAM), and nonionic polyacrylamide (NPAM) are commonly used flocculants in wastewater treatment of mineral processing and papermaking. While these polymers effectively form large and strong clay flocs, compared to APAM and NPAM, CPAM can produce a faster sedimentation rate of coal slurry [10]. The cationic polymer flocculants have the dual functions of aggregation and flocculation. The effectiveness of CPAM is attributed to the high charge density, the large molecular weight, and the long molecular chain [11]. Compared with natural polymers, these synthetic polymers are non-biodegradable, expensive, and can sometimes cause health hazards [12,13]. Recent research focuses on developing environmentally friendly alternatives like starch, chitosan, pomegranate seed powder, and cellulose due to their biodegradability and renewability [14,15,16,17,18,19,20]. However, compared to synthetic polymer flocculants, natural flocculants exhibit poorer stability, poorer bridging performance, and high required therapeutic dose [21,22,23]. To further improve the effectiveness of natural flocculants, physical or chemical modifications like gelatinization, etherification, esterification, and grafting have been used to create environmentally friendly starch-modified flocculants [24,25,26]. Compared to unmodified flocculants, starch-modified flocculants have a macromolecule network with excellent properties from both starch and acrylamide, leading to wider molecular chains, good thermal stability, and improved flocculation performance for wastewater treatment [27,28].



Flocculant addition generally enhances floc formation through charge neutralization, bridging effects, or a combination of both, ultimately improving kaolin dewatering performance [29,30]. There is a close relationship between flocculation and filtration processes. Generally, the larger the floc formed, the faster the floc settling rate. However, excessively large flocs can trap a large amount of water in the filter cake, leading to a deterioration of the filtration effect [31]. Pre-treatments like ultrasonic and hydrodynamic cavitation can further promote dewatering. The experimental results showed that with an increase in the treatment time of ultrasonic and hydrodynamic cavitation, the viscosity of flocculants decreases gradually and a flocculant mixture system with multimolecular weight is formed. These modified flocculants have been shown to create smaller and tighter flocs, reducing total dewatering resistance, and increasing filter cake porosity [22,31,32].



Nanobubbles (NBs) possess unique physicochemical properties, including large specific surface area, low terminal velocity, and long lifetimes, making them attractive for enhancing mineral flotation [33,34]. It is important to note that some of the literature defines NBs as both micro-scale and nano-scale bubbles [35,36,37]. Furthermore, there are two types of NBs used in mineral flotation: bulk and surface NBs [38,39,40,41]. Diniz, et al. [42] reported that bulk NBs can reduce the filtration time of a quartz suspension due to their enhancement effect on the hydrophobized quartz (using a dodecyl-ether-amine before filtration tests).



Researchers have observed the attachment of hydrophilic particles to bulk nanobubbles [43,44,45,46]. This attachment can lead to a more porous coagulation type in the early stages of the flocculation of kaolinite suspensions [45]. Hydrophobic forces, repulsive van der Waals, hydrogen bonds, and electrical double-layer (EDL) forces may contribute to the attachment between a hydrophilic solid and a bubble [47,48,49]. In conclusion, the presence of bulk NBs can promote the formation of flocs and the filtration of kaolin. However, the influence of bulk NBs on the kaolin flocculation and filtration processes in the presence of flocculants is yet to be investigated further.



However, there is a lack of literature on the application of bulk NBs in flocculation and cake filtration involving kaolin. Meanwhile, there is no study on the effect of bulk NBs on the flocculation, sedimentation, and dewatering processes of hydrophilic minerals, mainly clay minerals. This study aims to address this gap by evaluating the effects of CPAM concentrations on flocculation and dewatering performance with and without bulk NBs. The floc size, turbidity, zeta potential, and low-field nuclear magnetic resonance measurements were used to understand the mechanism of bulk NBs on kaolin filtration and dewatering characteristics. Furthermore, the findings of this research could contribute to the development of more efficient and environmentally friendly methods for clay processing in mineral processing plants.




2. Materials and Methods


2.1. Materials


The kaolin sample (d50: 2.32 μm) was purchased from the Hongtu Mining Company (Zhaoqing, China). CPAM ([-CH2CH(CONH2)-]X, 1200 million g/mol) was obtained from Tianjin Zhiyuan Chemical Reagent Co., Ltd. (Tianjin, China).




2.2. Experimental Procedure


2.2.1. Preparation of Bulk NBs


The bulk NBs were generated using a GWN micro-nanobubble preparation machine (GWN-0.31, Gongyuan Environment company, Wuxi, China). The machine was set to an airflow rate of 60 mL/min and a preparation time of 10 min. To eliminate any unstable microbubbles, the milky solution was left for 10 min. A similar procedure for obtaining bulk nanobubble water can be found in the literature [40]. The size of the bulk nanobubbles was determined using nanoparticle tracking analysis (Nanosight-NS300, Malvern Panalytical Ltd., Malvern, UK), which varied between 50 to 200 nm. The bubble concentration was measured to be 3.1 × 108 mL−1.




2.2.2. Flocculation and Dewatering Tests


To prepare 0.1% w/v concentration CPAM solutions for flocculation and dewatering tests, ultrapure water and bulk nanobubble water were used, respectively. Ultrapure water with a conductivity of about 18.2 MΩ⋅cm was produced using the Easy-2-15 (Heal Force, Shanghai, China) water purification system and was employed for all experimental tests. Five grams of kaolin particles were dispersed in 250 mL of pure water or bulk nanobubble water using a magnetic stirrer at 1000 r/min for 4 min. The kaolin suspension was then treated with different volumes of CPAM solution (0.5–12 mL) and stirred for 2 min. The kaolin suspension was transferred to a 250 mL graduated cylinder for flocculation studies, and the height of the clarification zone was recorded after the cylinder was turned over five times.



A Buchner funnel-type vacuum filtration unit was used for the dewatering studies. The kaolin suspension was filtered through a Buchner funnel, and the filtrate volume was measured in a graduated cylinder at regular intervals. The pore-size distribution of the filter cake was further analyzed using a low-field nuclear magnetic resonance (NMRC12-010V, Niumag Corporation, Suzhou, China).



Filtration rate, cake permeability, and specific cake resistance were calculated using the integrated form of Darcy’s equation under conditions of constant pressure and cake permeability [50]. The equation is given as follows:


   t V  =   α μ c   2  A 2  Δ P   V +    R m  μ    A 2  Δ P    



(1)




where t and V represent the filtration time and filtrate volume, respectively, and c, μ, α, and ΔP are the slurry concentration (0.002 kg/m3), absolute viscosity of water (0.001 Ns/m2), filter cake area (0.0104 m2), and differential pressure (0.100 N/m2), respectively.





2.3. Analytical Methods


2.3.1. Zeta Potential Measurement


A Brookhaven Zeta Plus Zeta potential meter (Zeta Plus, Brookhaven, Holtsville, NY, USA) was used to carry out the zeta potential measurement as per standard procedures. A sample with a solid concentration of 0.02% was introduced into a 100 mL beaker. The supernatant from the kaolin suspension, following a settlement period of 2 min, was utilized for the measurement of zeta potential. Each experiment was repeated five times, and the average was considered the final value.




2.3.2. Polarizing Microscopy Observation


A polarizing microscope (Sunny Optical-Instrument, Yuyao, China) was utilized to observe the flocs after the settlement process. A small quantity of the sample was removed from the graduated cylinder and placed on a dry glass slide, which was then examined under the polarizing microscope. In the zeta potential test, the pH was adjusted using sodium hydroxide and hydrochloric acid. The pH of the solution in polarizing microscopy observation remained unchanged and was approximately 6.8, which is the pH of pure water. Details of the zeta potential measurement and polarizing microscopy observation can be found in the literature [33,51].




2.3.3. DLVO Theory Calculation Process


To calculate the DLVO interactions, the zeta potential values under the flocculant dosage of 6 mL and the kaolin particle size of 2.32 μm (d50) were used. The equations for van der Waals potential energy (EA), electrostatic potential energy (EE), and the total potential energy (ET) are as follows [52,53]:


   E T  =  E W  +  E E  ,  



(2)




where ET is the total interaction energy, EW is the van der Waals interaction, EE is the electrical double-layer interaction. The specific calculation process for each of these interactions is described in detail.



The van der Waals interaction (EW) is calculated according to Equation (3):


   E W  = −    A  132    R 1   R 2    6 H (  R 1   R 2  )   ,  



(3)




where H represents the distance between two spherical particles, R1 and R2 represent the radius of fine and coarse particles, and A132 is the Hamaker constant of the minerals 1 and 2 in the medium 3.


   A  132   ≈ (    A  11     −    A  33     ) (    A  22     −    A  33     ) ,  



(4)




where A11, A22, and A33 are the Hamaker constants for mineral 1, mineral 2, and water (4.0 × 10−20 J) [54] in a vacuum, respectively. The Hamaker constant of kaolinite (A132) in water is 4.68 × 10−21 J.



The electrical double-layer interaction (EE) is calculated using Equation (5):


   E E  =   π ε  ε 0   R 1   R 2     R 1  +  R 2    (  φ 1 2  +  φ 2 2  )     2  φ 1   φ 1     φ 1 2  +  φ 2 2    ln     1 + exp ( − κ H )   1 − exp ( − κ H )     + ln   1 − exp ( − 2 κ H )     ,  



(5)




where ε0 is the absolute dielectric constant in a vacuum (8.854 × 10−12 F/m), ε is the relative dielectric constant of the dispersion medium (for water, 78.5 F/m), κ is the Debye constant, φ1 and φ2 are the surface potential of mineral 1 and mineral 2 that are usually replaced by the zeta potential ξ. The Debye constant is considered as 3.33 × 108 m−1 for the electric double-layer interaction calculation [53]. The zeta potential values of the kaolin suspension in the absence and presence of bulk NBs were −7.90 and −4.69 mV, respectively.






3. Results


3.1. Flocculation Performance


The effects of bulk NBs on the height of the supernatant and the settling rates of the kaolin suspension at different CPAM dosages are illustrated in Figure 1. As can be observed in Figure 1, the height of the supernatant increases substantially with an increase in flocculant dosage, indicating a faster settling rate. The slope of the curve in Figure 1 is used to calculate the settlement velocity. The settling rate is the slope obtained by fitting a straight line. The increase in the settling rate with an increase in CPAM dosage is attributed to the increase in floc size due to the bridging effect of flocculants and bulk NBs. As the dosage of flocculant increases, more flocculant molecules connect free kaolin particles through adsorption bridging to form large aggregates [4,55]. However, it is important to note that an excessively high dosage of flocculant can weaken flocculation performance due to intermolecular interactions [25,56].



As can be seen from Figure 2, the presence of bulk NBs results in a significant increase in the settling rate compared to that of without bulk NBs. The floc images under different flocculant dosages in the presence and absence of bulk NBs are given in Figure 3. The use of more kaolin particles to form larger flocs through the bridging effect with the help of bulk NBs can enhance the settling performance. This can be observed in the images of flocs under different CPAM concentrations in the absence and presence of bulk NBs (Figure 3). It is observed that bulk NBs lead to the formation of larger flocs compared to their absence.



The zeta potentials of kaolin particles in the absence and presence of bulk NBs are shown in Figure 4. The presence of bulk NBs in the CPAM solution preparation decreases the absolute value of the zeta potential of kaolin particles compared to the CPAM solution without bulk NBs. This decrease in zeta potential is beneficial in reducing the repulsive force between colloidal particles, facilitating the instability of the colloidal system and promoting particle aggregation [57]. The DLVO interaction energy calculation results are presented in Figure 5. A negative value of the interaction energy stands for the attraction force between particles, while a positive value represents a repulsive force. The presence of bulk NBs has no impact on van der Waals interaction energy (EW) due to the same Hamaker constants used in the study. However, the presence of bulk NBs significantly decreases the electrostatic interaction energy (EE), resulting in a significant decrease in the total interaction energy (ET) between kaolin particles. Therefore, the presence of bulk NBs in CPAM solution contributes to the occurrence of the flocculation of kaolin particles by increasing the attraction interaction energy between kaolin particles.




3.2. Dewatering Performance


The moisture contents of filter cake for different flocculant dosages with and without bulk NBs are shown in Figure 6. As the flocculant dosage increases, the moisture content of the filter cake rises for both cases both with and without NBs. This occurs because an increased flocculant dosage leads to the capture of excess water in the filter cake, resulting in a higher water content [58,59]. Moreover, a higher flocculant dosage leads to more flocculant molecules remaining in the water, which obstructs the pores within the filter cake and filter medium [22,60].



When the CPAM dosage is minimal, the presence of NBs does not significantly lower the moisture content of the filter cake. Under conditions of reduced flocculant dosage, the negative effect of NBs on the moisture content of the filter cake might be attributed to the floc structure formed by free NBs and kaolin particles. The results of sedimentation tests indicate that the presence of bulk NBs can lead to the formation of sediment with significantly lower density. This can be explained by the formation of flocs having edge-to-edge contacts stabilized by gas bubbles [44,45]. The production of long-range edge-to-edge (EE) attractive forces is attributed to the presence of bulk NBs. These forces aid in the formation of a more porous coagulation structure, mainly characterized by EE particle configurations. This structure is more open than the structure with edge-to-face (EF) and face-to-face contacts, which are more compact [45,61]. The excess water is trapped within the smaller flocs formed due to the presence of bulk NBs, leading to the formation of these clay flocs.



However, when the CPAM dosage is greater than 4 mL, the presence of bulk NBs is beneficial for reducing the moisture content of the filter cake. The enhanced dewatering performance of bulk NBs can be attributed to their interaction with CPAM. As illustrated in Figure 3, the presence of bulk NBs results in larger floc sizes compared to their absence. Similarly, as seen in Figure 7, the presence of bulk NBs leads to the formation of less compact structures than when they are absent. This enhanced dispersion performance of the CPAM solution containing bulk NBs can be beneficial for the flocculation process of fine kaolin particles.



It is important to note that a relatively low dosage of CPAM can achieve a significant reduction in the absolute value of the zeta potential (Figure 4). This is due to the unique crystal structure of kaolinite, which has a point of zero charge (PZC) near pH 7 [62]. The surface charge of bulk NBs, which is approximately –20 to –35 mV, can be attributed to the adsorption of free radicals at the gas/liquid interface [40,63]. As a result, the coexistence of NBs with CPAM can cause a greater number of kaolin particles to flocculate leading to a reduction in the absolute value of the zeta potential.



A straight line is formed when plotting t/V against V, and the intercept on the y-axis indicates the value of medium resistance (Rm). Moreover, the slope of the line is utilized to calculate the specific cake resistance (α). There is a positive correlation between the slope and specific cake resistance (α) [22]. The plots of t/V versus V data in the absence and presence of bulk NBs under 6 mL CPAM dosage are given in Figure 8. The corresponding values of Rm and α are listed in Table 1. The fitting model’s accuracy can be evaluated by the determination coefficient (R2), which is greater than 0.80, indicating the practicality of the fitting result [64,65,66,67]. As demonstrated in Figure 8 and Table 1, the presence of bulk NBs in CPAM solutions can reduce the medium resistance from 4.0 × 10−8 to 3.6 × 10−8 and the specific cake resistance from 8.3 × 10−9 to 7.6 × 10−9 compared to the absence of bulk NBs.



The enhancement in the dewatering characteristics due to bulk NBs can be attributed to the higher flocculation efficiency. With the presence of bulk NBs, a larger number of kaolin particles contribute to the formation of flocs, increasing in floc size. The enlarged floc size enables an increase in the free water content between kaolin particles [68,69]. According to previous research [43,44,45], the presence of nanobubbles can promote the formation of aggregates between kaolin particles, which is beneficial for capturing more free and fine kaolin particles. As a result, the presence of nanobubbles leads to fewer free fine particles in the settled kaolin supernatant. This is because the presence of bulk nanobubbles results in fewer free kaolin particles, which can reduce the occurrence of pore blockage in the filter medium and thus lower the filtration resistance of the medium.



Figure 9 shows the comparative distribution curves of the transverse relaxation time of filter cakes, both in the absence and presence of bulk NBs, under a dosage of 6 mL CPAM. The filter cake exhibits a sharp independent peak around 100 ms, indicating that the water in the filter cake formed by kaolin filtration mainly exists in the form of free water. This is consistent with the experimental results of Feng, et al. [70]. Furthermore, the presence of bulk NBs can decrease the free water content compared to that of without bulk NBs. The presence of bulk NBs could potentially facilitate the formation of fine pores, thereby enhancing the dewatering efficiency.



The flocculation and filtration of kaolin are very complex processes. This article provides preliminary evidence that the presence of bulk nanobubbles can act as a flocculant to a certain extent, which is beneficial for the flocculation and filtration of kaolin. Further research is needed in the future to investigate the effects of bulk nanobubbles on the flocculation kinetics of kaolin and the formation of filter cake pores during the filtration process.





4. Conclusions


This study is the first to investigate the impact of bulk NBs and flocculants on the flocculation and filtration characteristics of kaolin. The primary way in which bulk NBs affect the filtration process of kaolin is through the dispersion characteristics of CPAM. The study’s main findings are as follows: (1) Bulk NBs can increase the settling rate by forming larger flocs, which reduces the electrostatic double-layer repulsion force; (2) With the appropriate CPAM dosage, bulk NBs can decrease the moisture content of the filter cake by forming looser structures and larger flocs, leading to a reduction in the filter cake’s strength; (3) Bulk NBs can enhance the filtration characteristics of kaolin by decreasing the medium resistance (from 4.0 × 10−8 to 3.6 × 10−8) and the specific cake resistance (from 8.3 × 10−9 to 7.6 × 10−9), and by promoting the formation of fine pores in the filter cake. It is important to note that interactions between NBs, kaolin particles, and CPAM molecules can occur. Further research is needed to comprehensively study these interactions and to investigate the effects of bulk NBs on the flocculation, sedimentation, and filtration processes of kaolin in the future.
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Figure 1. Effects of bulk NBs on supernatants’ heights and settling rates of kaolin suspension under different CPAM dosages: (a) 0.5 and 2 mL CPAM; (b) 6, 10, and 12 mL CPAM. 
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Figure 2. Settling rates of kaolin suspension under different CPAM dosages. 
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Figure 3. The floc images under different flocculant dosages in the absence and presence of bulk NBs. 
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Figure 4. Zeta potentials of kaolin particles in the absence and presence of bulk NBs. 
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Figure 5. EDLVO interaction energy calculation results in the absence and presence of bulk NBs. 
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Figure 6. Filter cake moisture contents with different flocculant dosages in the absence and presence of bulk NBs. 
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Figure 7. Images of CPAM solution prepared by lyophilization of the absence (a) and presence (b) of bulk NBs. 
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Figure 8. Plots of t/V versus V data in the absence and presence of bulk NBs under 6 mL CPAM dosage. 
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Figure 9. Comparisons of distribution curves of transverse relaxation time of filter cakes in the absence and presence of bulk NBs under 6 mL CPAM dosage. 
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Table 1. The calculated results of Rm and α using Equation (1) in the absence and presence of bulk NBs.
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	Condition
	Fitting Equation
	α (m/kg)
	Rm (m−1)
	R2





	Without bulk NBs
	y = 0.0037x + 0.7695
	4.0 × 10−8
	8.3 × 10−9
	0.8642



	With bulk NBs
	y = 0.0034x + 0.7002
	3.6 × 10−8
	7.6 × 10−9
	0.8835
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