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In the two-step flocculation process, shear has a significant impact on the rheological properties of the flocculating slurry. In this study, the orthogonal experiments of two-step flocculation process for fine iron tailings were designed. Based on the change of shear ratio, different shear rates and shear time were designed, the yield stress, plastic viscosity and maximum packing fraction of the flocculated suspension in each group were measured and calculated with a rheometer. The result of range and variance analysis shows the shear rate in the primary broken phase was the biggest factor affecting the yield stress and plastic viscosity of the flocculated slurry in two-step flocculation process. When the shear rate increased from 100 s-1 to 400 s-1, the yield stress and the plastic viscosity of the flocculated slurry increased by 7.14% and 21.30%, respectively. When the shear rate changed from 400 s-1 to 800 s-1, they decreased by 23.27% and 33.17%, respectively. Since the shear ratio in a two-step flocculation process is also related to both shear action and floc structure parameter, the shear ratio was introduced into the first-order reversible kinetic rate equation. Through establishing the relationship between the shear ratio and the floc structural parameter of flocculating suspension, a theoretical model of the shear-dependent maximum packing fraction was established. The measured values and theoretical calculated values of the maximum packing fraction in two-step flocculation experiments were in good agreement and the error was within 5%. Last but not least, the internal mechanism of the theoretical model was discussed from the microscopic point of view.
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1 INTRODUCTION
In the field of mineral processing, pipeline transportation and water treatment, solid-liquid suspensions are frequently encountered. In order to properly handle the suspensions, it is important to understand the diverse suspension behavior and then obtain the required rheological properties. Rheological properties, especially maximum packing fraction, depend on the nature of the suspension constituents, the interactions among these suspension constituents and the external forces in the processing (Jiao et al., 2022). Therefore, it is necessary to understand how the factors affect rheological properties during processing, predict the key rheological parameters of suspensions, such as maximum packing fraction, and even put forward reasonable suggestions for processing. Great progress both in theoretical analysis and experimental measurements has been made (Xue et al., 2016), but it still needs a complete explanation for the suspension rheological properties.
For flocculating suspensions, shear is a key factor affecting rheological properties mainly through changing the floc network structure and the particle size distribution. On one hand, shear can induce the formation or re-aggregation of floc network structure and then the particle sizes increase, which leads to the increase of rheological properties of suspensions (Fan et al., 2020; Wu et al., 2022). On the other hand, shear can also disrupt the floc network structure when it exceeds the shear resistance of the structure and then the rheological properties will decrease (Farrokhpay, 2012; Ishigami et al., 2022). In order to study the effect of shear on flocculating suspensions, it is important to select reasonable shear parameters (Clark, 2016; Zhang et al., 2022). Studies on the shear rate and the shear time have always been concerned. For example, Webster et al. (Webster et al., 2019) ‘s research on the dehydration of oil sand tailings shows that shear rate adversely affected the water release and compressibility of tailings. Pang, Zheng and Jiang (He et al., 2018) thought that the first-stage shear rate, second-stage shear rate, shear time, and the interactive action all have a significant effect on sludge dewatering. In short, shear rate and shear time both play essential roles in the process of coagulation-flocculation.
Based on the effect of shear on flocculating suspensions, researchers have established many theoretical models to calculate the suspension rheology, but the models of highly-concentrated suspensions had been inaccurate until the focus was put on the maximum packing fraction. The maximum packing fraction is closely related to the floc network structure (Kumar, 2017; Kusuma, 2017; Sudduth, 2018) and the particle size distribution (Mwasame et al., 2016; Wang et al., 2022) which are both easily changed by shear. Therefore, it is feasible to calculate the maximum packing fraction by establishing the relationship between the floc network structure and shear (O'Neill et al., 2017). However, some of the existing models are empirical equations, while other theoretical ones are not easy to be used in practice. It may have drawbacks on a deeper understanding on the rheological properties of flocculating suspensions, especially the suspensions with a complex processing, such as the two-step flocculating suspensions. In the study of the two-step flocculation process, it is urgent to analyze the influence of shear action at different phases on the rheological parameters of the flocculating slurry, and it is also necessary to establish corresponding theoretical models.
Therefore, a series of two-step flocculation experiments of fine iron tailings will be designed in the study. Based on the change of shear ratio, referring to the ratio of the shear disruption and the shear re-aggregation, shear disruption in the broken phase and shear re-aggregation in the secondary flocculation phase will be designed with different shear rates and shear time. The yield stress, plastic viscosity and maximum packing fraction of the flocculated suspension in each group were measured and calculated with a rheometer. According to the orthogonal experiments scheme of two-step flocculation process for fine iron tailings, the range and variance analysis of the experimental results were carried out to explore the influence of different factors on the rheological parameters of flocculated slurry. Through introducing the shear ratio into the first-order reversible kinetic rate equation and establishing the relationship between the shear ratio and the floc structural parameter of flocculating suspension, a theoretical model of the shear-dependent maximum packing fraction will be established. The measured values and theoretical calculated values of the maximum packing fraction in two-step flocculation experiments will be compared to verify the theoretical model. Last but not least, the internal mechanism of the theoretical model will be discussed from the microscopic point of view to explain the effect of shear on the maximum packing fraction and rheological properties of flocculation suspension.
2 MATERIALS AND METHODS
2.1 Materials
In this study, the tailings were a type of iron tailings supplied by ArcelorMittal USA, a steel and mining company operating in the United States. The particle size distribution result was measured by the Malvern Mastersizer 2000 Laser Dffraction Particle Size Analyser (Figure 1). The volume fraction of tailings with particle size less than 20μm, 37μm and 74 μm was 55.66%, 76.43% and 94.58%, respectively.
[image: Figure 1]FIGURE 1 | Particle size distribution of tailings.
Two kinds of commercial flocculants were supplied by SNF. The anionic polyacrylamide, 923VHM, and the cationic polyacrylamide, 4800SSH. Both of them have high molecular weight and good water solubility. All materials are commercially available. Their basic physical and chemical properties are reported in Table 1.
TABLE 1 | Basic physical and chemical properties of flocculants.
[image: Table 1]2.2 Suspension preparation and experimental apparatus
Through previous experiments, the optimal flocculant combination was selected (923VHM and 4800SSH). The anionic polyacrylamide, 923VHM, was used as the primary flocculant and the cationic polyacrylamide, 4800SSH, was used as the second flocculant. Stock solutions for the two kinds of flocculants were prepared at a concentration of 0.1% solids (w/v %), to be used within 7 days from mixing. To prevent mineral impurities from affecting test results, deionized water was used in all water-based tests.
In this study, a rheometer (Thermo Haake VT 550, Germany) was used. The cup and bob fixture of the rheometer was a concentric cylinder geometry of which the radius of the fixed outer cylinder and the rotatable inner cylinder was 21.00 mm and 20.04 mm, respectively, so there was a gap between the cup and bob fixture to minimize non-Newtonian shear rate effects, particle bridging across the shear surfaces, and the magnitude of wall slip errors. The rheometer was used to provide both shear disruption and shear re-aggregation in the two-step flocculation tests. It was also used to measure rheological property of the suspension.
2.3 Methods and procedures
In this study, a two-step flocculation experiment included four phases, primary flocculation phase, primary broken phase, secondary flocculation phase, and rheology test phase, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | A scheme of the two-step flocculation process.
Firstly, in the primary flocculation phase, the slurry of 15% solids (w/v %) was prepared in a 1 L beaker using 150 g tailings and 850 mL deionized water. The slurry was homogenized by agitating at a rotational speed of 600 rpm for 30 s, and at 280 rpm for 10 min. Subsequently, 3 mL of the primary flocculant stock solution (corresponding to the polymer optimum dosage of 20 g/t, determined from previous experiments) was added to the slurry and then agitation was ceased immediately to avoid breaking flocs. Allow the slurry to stand for 5 min and remove the supernatant.
Secondly, in the primary broken phase, 34 mL of the primary flocculated underflow was stirred in the rheometer measuring cup, at a constant shear rate (shear rate G1) for a desired period (shear time T1), as shown in Table 2, during which the rheometer was only used as a shear disruption device. The rheometer temperature was fixed at 23 °C by the Poly science 9,100 constant temperature circulator.
TABLE 2 | Orthogonal design of shear parameters in two-step flocculation process.
[image: Table 2]Then, in the secondary flocculation phase, 1 mL of the secondary flocculant stock solution with the concentration of 0.1% was added to the suspension in the cup and the slurry was stirred at a constant shear rate (shear rate G2) for a desired period (shear time T2), as shown in Table 2, during which the rheometer was only used as a shear mixing device.
Finally, in the rheology test phase, the rheological properties of flocculating sus-pension in each test were measured by the rheometer with the increase of shear rate from 0 to 300 s−1 and the decrease from 300 s−1 to 0 within 120 s. Based on the Bingham model, the viscosity of suspension was obtained, and the maximum packing fraction was calculated according to the relationship between viscosity and the maximum packing fraction.
In order to study the rheological properties of slurry for fine iron tailings in the two-step flocculation process, four factors were selected to carry out the orthogonal experiments to test the yield stress and plastic viscosity of the tailings, using L16 (44) orthogonal experimental table. The four factors were the shear rate in the primary broken phase (G1), the shear time in the primary broken phase (T1), the shear rate in the secondary flocculation phase (G2) and the shear time in the secondary flocculation phase (T2). The information of four factors and four levels and the design scheme of orthogonal experiment are shown in Table 2.
In the process of determining the levels for each factor, based on practical engineering cases of tailings flocculation dewatering and discharge sedimentation, the reasonable levels of each factor was selected, which maybe can provide reference for practical engineering applications. In addition, in order to distinguish shear failure and shear coagulation, the shear rate in the primary broken phase (G1) was significantly higher than that in the secondary flocculation phase (G2), and the shear time of the two phases was basically the same. In order to protect the floc structure formed in the two-step flocculation process, the design of shear ratio should not be too large. In this study, only the shear ratio in the range of 0–100 was considered.
3 RESULTS
3.1 Analysis of experimental results
According to the above experimental design method, the yield stress and the plastic viscosity of experimental tailing slurry were measured by rheometer. The curves of the yield stress and the plastic viscosity of the experimental tailing slurry with four factors and four levels are drawn in Figure 3. The influence of different factors on the rheological parameters of the flocculated slurry in the two-step flocculation process was analyzed.
[image: Figure 3]FIGURE 3 | The change of rheological properties at different levels of the four factors. (A) the change of yield stress. (B) the change of plastic viscosity
The shear rate in the primary broken phase had a significant effect on the yield stress and plastic viscosity of flocculated slurry in the two-step flocculation process. With the increase of shear rate (G1), the rheological parameters first increased and then decreased. From the range analysis, it can be seen that when the shear rate changed from A1 (100 s-1) to A3 (400 s-1), the yield stress and the plastic viscosity of the flocculated slurry increased by 7.14% and 21.30%, respectively. When the shear rate changed from A3 (400 s-1) to A4 (800 s-1), the yield stress and the plastic viscosity of the flocculated slurry decreased by 23.27% and 33.17%, respectively.
With the increase of shear time (T1), the rheological parameters gradually decreased. When the shear time changed from B1 (30s) to B4 (300s), the yield stress and the plastic viscosity of the flocculated slurry decreased by 6.40% and 10.13%, respectively.
With the increase of shear rate (G2), the rheological parameters first increased and then decreased. From the range analysis, it can be seen that when the shear rate changed from C1 (10 s-1) to C3 (40 s-1), the yield stress and the plastic viscosity of the flocculated slurry increased by 11.96% and 17.63%, respectively. When the shear rate changed from C3 (40 s-1) to C4 (80 s-1), the yield stress and the plastic viscosity of the flocculated slurry decreased by 1.66% and 3.18%, respectively.
With the increase of shear time (T2), the rheological parameters gradually increased. When the shear time changed from D1 (30s) to D4 (300s), the yield stress and the plastic viscosity of the flocculated slurry increased by 4.87% and 10.16%, respectively.
According to the orthogonal experimental design table, the range and variance analysis of the rheological properties of the flocculated slurry in the two-step flocculation process were carried out, and the results are shown in Table 3. From the range results of yield stress of flocculated slurry, it can be seen that the ranking of influence degree on yield stress was the shear rate in the primary broken phase (G1), the shear rate in the secondary flocculation phase (G2), the shear time in the primary broken phase (T1) and the shear time in the secondary flocculation phase (T2). Similarly, the ranking of influence degree on plastic viscosity was the shear rate in the primary broken phase (G1), the shear rate in the secondary flocculation phase (G2), the shear time in the primary broken phase (T1), and the shear time in the secondary flocculation phase (T2).
TABLE 3 | Analysis of range and variance of experimental results.
[image: Table 3]Obviously, the shear rate in the primary broken phase (G1) was the biggest factor affecting the yield stress and plastic viscosity of the flocculated slurry in two-step flocculation process. The influence degree of each factor can be clearly obtained through range analysis, but the error size generated in the experiment cannot be estimated. Therefore, the variance analysis was also carried out. From the results of variance analysis, it can be concluded that the influence ranking of different factors on the rheological parameters of flocculated slurry in two-step flocculation process was consistent with the results of range analysis.
3.2 Development of a theoretical model of maximum packing fraction
The maximum packing fraction of flocculating suspension is an important rheological parameter. The determination of maximum packing fraction dependents on shear action and floc structure parameter, which can describe the non-Newtonian effects over the entire concentration range for flocculating suspension. In this study, the two-step flocculation process was analyzed from the perspective of flocculation kinetics. Through establishing the relationship between shear and floc structural parameter, a theoretical model of the shear-dependent maximum packing fraction was established.
The basic assumptions in the process of establishing the theoretical model were.
(1) Shear breakage and shear flocculation occurred at different phases;
(2) The shear action during the primary broken phase was only used for shear breakage;
(3) The shear action during the secondary flocculation phase was only used for shear flocculation.
3.2.1. Establishment of a theoretical model
According to the principle of flocculation kinetics, the relationship between the maximum packing fraction and floc structure parameters under any condition was in accordance with the following Formula 1.
[image: image]
By integrating Formula 1, the mathematical relationship of the maximum packing fraction and floc structural parameter in the two-step flocculation process was obtained.
[image: image]
Here is the shear-dependent maximum packing fraction and λ is a structural parameter that represents the state of suspension aggregation when suspension architecture reaches the dynamic equilibrium. λ = 0 means the suspension architecture is in a solid-like state, while λ = 1 means the suspension architecture is in a liquid -like state. ϕm,0 and ϕm,ꝏ are limiting maximum packing fraction that respectively correspond to λ = 0 and λ = 1.
In the two-step flocculation process, shear can change the maximum packing fraction by changing the floc network structure of suspension. Therefore, in order to establish the relationship between the floc structure parameter, λ, and the shear force, the reversible kinetic rate equation (Formula 3) was used to describe the relationship between the aggregation state of the flocculated slurry and the relevant force balance.
[image: image]
Here l/kA and 1/kS are the rate coefficients for aggregation and disaggregation of suspension structure, respectively. α and β are the aggregation kinetic order and the disaggregation kinetic order in the rate equation, respectively.
It is noted that the change of the aggregation kinetic order and the disaggregation kinetic order in the rate equation “does not significantly affect the resultant relation in the equilibrium state” (Flatt and Bowen, 2010). Therefore, it was assumed that both the aggregation kinetic order and the disaggregation kinetic order are equal to 1 (α = β = 1).
In the process of the two-step flocculation, the dynamic equilibrium depends on the balance between the floc structure disruption and the broken flocs re-aggregation. It is worth noting that both of these two effects need to be completed over a period of time. In many studies of flocculation (Choi and Schowalter, 2015; Yang et al., 2020), the product of shear rate and shear time is usually used as a key parameter affecting the flocculation effect. Therefore, in this study, the product of shear rate G1 and shear time T1 in the primary broken phase was used as an index of the shear disruption degree of the primary floc network structure, while the product of shear rate G2 and shear time T2 in the secondary flocculation phase was used as an index of the shear re-aggregation degree of the broken flocs.
Through establishing the relationship between l/kA and 1/kS for a two-step flocculation process, Formula 4 was obtained. p was a model fitting parameter that reflected the respond of the aggregation state of the suspension to the two shear effects.
[image: image]
On the basis of the definition of shear ratio, referred to the ratio of the product of shear rate and shear time in the primary broken phase and that in the secondary flocculation phase, indicating the difference between shear disruption and the shear re-aggregation.
[image: image]
Combining Formula 2, 3, 4 and 5, the relationship between shear and floc structural parameter was established and Formula 6 was obtained, that is, a theoretical model of the shear-dependent maximum packing fraction was established.
[image: image]
3.2.2 Verification of the theoretical model
According to the orthogonal experiment results of rheological parameters in two-step flocculation process, the shear ratio was calculated according to Formula 5. The curves of yield stress and plastic viscosity with shear ratio are shown in Figure 4.
[image: Figure 4]FIGURE 4 | Variation of rheological parameters of flocculated slurry with shear ratio in the two-step flocculation process. (A) the change of yield stress. (B) the change of plastic viscosity.
As shown in Figure 4, with the increase of shear ratio, the yield stress of flocculated slurry in the two-step flocculation process decreased slightly and basically remained within the range of 40–50Pa. The plastic viscosity of flocculated slurry decreased slightly and basically remained within the range of 1.5–2.0 Pas.
Through comprehensive analysis of the change of rheological parameters of flocculated slurry, the yield stress and plastic viscosity of flocculated slurry both showed a downward trend with the increase of shear ratio.
This may be because when the shear ratio was small, with the appropriate increase of the shear ratio, the size distribution of the floc fragments generated in the primary broken phase was more uniform. The broken flocs were more inclined to form a more compact structure in the secondary flocculation phase. However, under the condition of a certain solids content of tailings, it resulted in poor structural integrity. Therefore, the rheological parameters slightly decreased. Due to the limit of this change, the rheological parameters remained basically unchanged when the shear action was large.
In order to further explain this phenomenon, the maximum packing fraction of the flocculated slurry in the two-step flocculation process was further calculated, and the change rule of the maximum packing fraction with the shear ratio was analyzed in combination with the theoretical model of the shear-dependent maximum packing fraction was established.
As shown in Figure 5, the measured values of maximum packing fraction were consistent with the theoretical curve. It proved the rationality of Formula 6 and three parameters in Formula(6 were also calculated, [image: image], [image: image] and p = 0.57. The coincidence degree was high (R2 = 0.895). Therefore, the relationship between the maximum packing fraction and the shear ratio is shown in Formula 7.
[image: image]
[image: Figure 5]FIGURE 5 | Comparison between measured values and theoretical curve of maximum packing fraction.
From the curve of the maximum packing fraction, it can be seen that when shear ratio was small, with the increase of shear action, more uniform broken flocs tended to form a denser structure, resulting in an increase of the maximum packing fraction. under the condition of a certain solids content of tailings, the integrity of the slurry was worse, leading to a decrease in rheological parameters.
4 DISCUSSION
Based on the principle of flocculation, the effect of shear ratio on the maximum packing fraction and rheological properties of suspensions in the two-step flocculation process was further explained.
When the shear ratio was small, the floc network showed large fragment breakage in the primary broken phase (Yang et al., 2019). In the secondary flocculation phase, large broken flocs tended to form a loose structure. Therefore, the maximum packing fraction was still small, but the integrity of secondary floc structure forms certain rheological characteristics of flocculated tailings suspension.
With the appropriate increase of the shear ratio, the size distribution of the floc fragments generated during the primary broken phase was more uniform. In the secondary flocculation phase, the broken flocs were more inclined to form a more compact structure. However, under the condition of a certain solids content of tailings, more binding sites remained in the compact structure, resulting in poor structural integrity. Therefore, the maximum packing fraction of the flocculated slurry increased but the rheological parameters decreased in the two-step flocculation process.
When the shear ratio was large, the improvement of broken flocs size distribution had basically reached the limit by increasing the shear action in the primary broken phase. Therefore, the maximum packing fraction and rheological parameters of the flocculated slurry in the two-step flocculation process had little change.
In addition, the limitation of the research results lies in the fact that this study only used one type of tailings sample and optimized the selection and dosage of flocculants. Quantitative results may not be applicable to other tailings, but the idea of establishing a theoretical model may be applicable to other situations; In this study, the range of shear ratio (0–100) cannot cover all situations, and the shear ratio in actual engineering may be larger. Therefore, it is necessary to study the possible changes in existing results under different types of tailings and larger shear ratios in the future.
5 CONCLUSION
In this study, the orthogonal experiments of two-step flocculation process for fine iron tailings were designed. Based on the change of shear ratio, different shear rates and shear time were designed to analyze the change rule of the rheological parameters and the maximum packing fraction.
The result of range and variance analysis shows the shear rate in the primary broken phase was the biggest factor affecting the yield stress and plastic viscosity of the flocculated slurry in two-step flocculation process. When the shear rate increased from 100 s-1 to 400 s-1, the yield stress and the plastic viscosity of the flocculated slurry increased by 7.14% and 21.30%, respectively. When the shear rate changed from 400 s-1 to 800 s-1, they decreased by 23.27% and 33.17%, respectively.
The shear ratio was introduced into the first-order reversible kinetic rate equation. Through establishing the relationship between the shear ratio and the floc structural parameter of flocculating suspension, a theoretical model of the shear-dependent maximum packing fraction was established.
The measured values and theoretical calculated values of the maximum packing fraction in two-step flocculation experiments were in good agreement and the error was within 5%. Last but not least, the internal mechanism of the theoretical model was discussed from the microscopic point of view.
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