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Abstract: Ultrafine tailing sand was a solid waste generated by the ore dressing process, which seriously 
affects the efficient large-scale production of mining enterprises due to its fine particle size and slow 
settling speed. In response to the difficulty of settling and concentration of ultrafine tailings, two kinds 
of technology for strengthening sedimentation and concentration of tailings were proposed in this 
paper, namely process strengthening and structure strengthening. In the process strengthening 
approach, a novel flocculant CF, exhibits optimal sedimentation performance at a concentration of 45% 
and a dosage of 120 mg/L, achieving a maximum sedimentation velocity of 2.93 mm/s. In the structural 
enhancement approach, a new deep cone concentrator was designed, which, at a feed rate of 400 
mL/min and a scraper rotation speed of 5 rpm, results in a bottom flow concentration of 70.53% after 
30 min of sedimentation, demonstrating superior sedimentation concentration performance. The type 
and content of water in the tailing sand were investigated using Nuclear Magnetic Resonance (NMR), 
and adsorbed water, pore water and free water were mainly present in the tailing sand, and the active 
water content in the tailing sand decreased significantly and migrated to more stable water as the 
settling proceeded. 
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1. Introduction 

Ultra-fine tailings possess characteristics such as small particle size, high moisture content, and low 
sedimentation rates. This results in a higher water retention rate in the tailings and a reduced 
efficiency in dry tailings disposal, significantly impacting the subsequent treatment of the tailings 
if not addressed with effective processing methods. If the sedimentation rate of solid particles in 
the tailings was slow, it can result in a significant presence of solid particles and harmful substances 
in the clarified water, thereby impacting the feasibility of water reuse (Ahmad and Genuchten, 2024; 
Wen, 2024). At the same time, the slow settling rate of tailings can adversely affect the production 
efficiency of enterprises, significantly hindering the large-scale operations of mining companies 
and thereby reducing their profitability (Tang et al., 2023; Deng et al., 2023; Kundu et al., 2023). 
Therefore, a practical strategy to attain a win-win scenario for both commercial and social benefits 
is to optimize the settling and concentration processing of tailings using scientifically proven 
techniques. 

Increasing particle size and altering the intricate force field influencing particle sedimentation 
can improve the settling velocity of particles, according to Stokes' theory of free settling. 
Consequently, to accelerate the settling rate of tailings, common strategies include the addition of 
flocculants to encourage the aggregation of fine particles into larger flocs that can precipitate from 
the liquid, as well as the adjustment of thickener design to facilitate the dewatering of particles 
being compressed at the base of the thickener cone, subsequently increasing the solid content in the 
underflow (Que et al., 2022; Guo et al., 2024). Increasing the particle diameter and altering the 
composite force field of sedimentation are effective strategies for enhancing the settlement velocity 
of tailings sand (Zhang et al., 2024). To accelerate the sedimentation rate of tailings sand, it was 
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common to employ the addition of flocculants to modify the particle size, thereby improving the 
settling velocity of the particles. Han et al. investigated the impact of different flocculants on the 
settling characteristics of ultrafine tailings, specifically addressing issues such as slow 
sedimentation rates. The findings indicated that the addition of the anionic flocculant AZ9020 
resulted in larger floc sizes with a denser structure and a maximized fractal dimension, enabling 
rapid sedimentation from the slurry (Han et al., 2022). Li et al. conducted single-factor experiments 
and response surface methodology to accelerate the sedimentation of ultrafine tailings at SijiaYing. 
The results showed that when the dosage of flocculant FMC was 215 mL/t, the structure of flocs 
formed was tighter and stronger, and the flocculant FMC could be effective cost to improve the 
treatment efficiency of tailings water. The flocculant solution's concentration, the slurry density, 
and the types and dosages of flocculants all have significant effects on how well tailings settle (Li 
et al., 2024). Consequently, Peng et al. investigated the flocculation and settling behavior of all-
tailings, finding that Flocculant C exhibited the most effective flocculation. The optimal dosage was 
determined to be 25 g/t, with a flocculant solution concentration of 0.3% and a slurry density of 
15%, resulting in the highest settling velocity and maximum treatment capacity per unit area for 
the tailings. Polyacrylamide has a good effect on flocculation and sedimentation (Peng et al., 2015). 
Consequently, Gao et al. investigated the flocculation sedimentation characteristics of full tailings 
under various conditions, including temperature, slurry concentration, type and dosage of 
flocculants, and the pH of the slurry. The results revealed that a temperature of 25℃, a slurry 
concentration of 20%, the flocculant being anionic polyacrylamide, a dosage of 20 g/t, and a slurry pH 
of 6 produced the best results in terms of sedimentation rate and supernatant clarity. Prior to filtration, 
a thickener was employed to concentrate the concentrate and dewater the tailings. The main purpose of 
dewatering tailings by thickener was to obtain low turbidity water, so as to realize water recycling and 
store tailings with low water content in tailings pond (Gao et al., 2019) . In order to optimize process 
technology operations, it was essential to concentrate the material when the slurry concentration was 
low, particularly when the operational conditions require a higher concentration (Landman et al., 1988). 
As a result, one of the most important pieces of dewatering machinery in the manufacturing of mineral 
processing was the thickener. To address the issue of low tailings discharge concentration and large 
particle size in mineral processing plants, Yao et al. conducted a study on tailings discharge and 
concentration techniques. The results indicated that after employing classification machines to separate 
some of the larger particles from the tailings, concentration equipment could elevate the tailings 
discharge concentration to over 35%. This approach not only reduced the transportation costs associated 
with tailings but also extended the operational lifespan of tailings storage facilities, thereby enhancing 
their safety factor (Yao et al., 2023). Zhang et al. employed a non-ionic flocculant with a molecular 
weight of 12×106 to enhance the sedimentation and concentration of tailings within a thickener. The 
findings demonstrated that the flocculant's settling rate was proportional to its dosage, thereby resulting 
in an underflow concentration that peaked at 40 g/t (Zhang et al., 2023). The application of thickening 
machines contributes significantly to the enhancement of tailings sedimentation performance. Tan 
conducted laboratory deep cone thickening experiments, revealed that a higher fine particle content in 
the tailings correlates with a slower sedimentation efficiency (Tan, 2020). Flocculants can aggregate fine 
particles into larger flocs, facilitated their rapid settling from the slurry. Furthermore, when the feed 
concentration reached 25%, the maximum underflow concentration can be achieved (Liu et al., 2022). 
Current research primarily focuses on the types, dosage, and feed concentration of flocculants in 
relation to the sedimentation performance of tailings. However, there is limited investigation into the 
synthesis of novel agents and the enhancement of sedimentation and concentration processes through 
innovative equipment. 

This study synthesizes novel flocculants and conducts experiments on the concentration and dosage 
of these flocculants to enhance the sedimentation of ultra-fine tailings. Based on the characteristics of 
the ultra-fine tailings, a new type of deep cone concentrator was designed to investigate the impact of 
its structure on sedimentation and concentration performance. Based on the difference of water locking 
capacity of floc network structure, the migration and transformation behavior of water in tailing sand 
was investigated, and two mechanisms to strengthen the performance of ultrafine tailing sand 
settlement and concentration were carried out, so as to provide theoretical basis for ultrafine tailing 
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sand settlement and concentration. 

2. Materials and methods 

2.1. Materials   

2.1.1. Particle size composition 

The test sample was made up of ultrafine tailings from a Hebei mineral processing facility. The particle 
size distribution of the sample was analyzed using a Mastersizer 2000 laser particle size analyzer. The 
particle size of the tailings was determined by the volume-weighted average particle size method，and 
the results are presented in Fig. 1. 

Based on Fig. 1, it was evident that the tailing sand samples contain more fine-grained grades, with 
a content of 38.93% for particles -10 µm, 57.86% for those -20 µm, and a mere 0.8% for particles +100 µm. 
The D50 of the sample was determined to be 16.63 µm, and the mean particle size was calculated at 
25.00 µm, indicating that the sample consisted of fine particles, classifying it as ultrafine tailings. 

 
Fig. 1. Particle size distribution of ultrafine iron tailings 

2.1.2. Chemical multielement 

The settling, concentration, and dewatering properties of the tailings slurry were all significantly 
influenced by the chemical makeup of the ultrafine tailings. The test samples were reduced for sampling, 
and three representative samples were taken and tested using a ZSX Primus II X-ray fluorescence 
spectrometer, and the difference of detection results was small. The average value of the three sets of 
data was calculated for the multi-element chemical analysis of fine-grained iron tailings, with results 
presented in Table 1. 

Table 1. Chemical element analysis of overflow superfine tailings % 

SiO2 Fe2O3 CaO Al2O3 MgO K2O Na2O TiO2 P2O5 SO3 MnO ZnO 
60.13 14.21 9.14 7.21 3.88 2.45 1.12 0.63 0.6 0.47 0.12 0.04 

The main constituents of the ultrafine tailings were SiO2, Fe2O3, CaO, and Al2O3, as shown in Table 1. 
SiO2 was the most prevalent at 60.13%, followed by Fe2O3 at 14.21%, and a number of oxides were 
detected at concentrations lower than 5%. 

2.1.3. Mineral composition 

The mineral composition of the tailings was analyzed using a D/MAX2500PC X-ray diffractometer. The 
test parameters were set to 40 kV and 100 mA, with a scanning range of 10° to 80°, a step size of 0.02°, 
and a scanning speed of 10° per minute. The results of the X-ray diffraction (XRD) analysis are presented 
in Fig. 2 Minerals include Quartz, Anorthite, Montmorillonite, Kaolinite, Chlorite, Hematite, Amphibole, 
and Magnetite were the principal constituents of the tailings samples. Quartz hasd the highest 
concentration of them, included clay minerals such Montmorillonite and Kaolinite. These elements 
impaired tailings sedimentation performance. 
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Fig. 2. XRD analysis of overflow superfine tailings 

2.2. Flocculant preparation 

The ferric trichloride solution derived from the industrial waste acid cleaning fluid was amalgamated 
with the industrial polymeric aluminium chloride in a proportion of 1:4 and introduced into a beaker. 
Deionized water was successively incorporated and agitated until complete dissolution. The 
experimental temperature was scrupulously regulated using a constant-temperature water bath, 
enabling the polymerization process to ensue at a maturation temperature of 40 ℃ for 8h until the 
reaction reached its conclusion. To create the flocculant, the resulting polymerized product was then 
uniformly mixed after being allowed to naturally cool to ambient temperature, and this flocculant was 
named CF flocculant. XRD analysis of CF flocculant showed that the main phase compositions in the 
flocculant CF were (Fe0.86Al0.14)2O3, AlCl3.2Al(OH)3!6H2O, Al13Cl15(OH)24!37.5H2O, Al5Cl3(OH)12!7.5H2O, 
Al2Fe2O6, and Fe3(S04)2(OH)3!2H2O. Numerous unknown peaks appear in the product, indicating that it 
is complex and amorphous. 

           
Fig. 2. Flocculant CF: (a) flocculant CF picture; (b) XRD of flocculant CF 

2.3. Design of new deep cone thickener 

Utilized the principle of gravitational settling, solid particulates were compelled to descend due to 
gravitational forces, whereas the clarified liquid phase ascended towards the surface. Specifically 
designed to address the granular distribution, slurry characteristics, and sedimentation properties of 
ultrafine tailings, the novel deep-cone thickener increased the tailings' vertical settling duration and 
optimized the slurry's residence time on the inclined plane. This was achieved by strategically adjusting 
the inclination angle and the height of the thickening chamber, which in turn, markedly improved the 
concentration of the underflow. The schematic representation of the novel deep-cone thickener was 
illustrated in Fig. 3, with its crucial parameters detailed in Table 2. 
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Fig. 3. New Deep Cone Thickener 

Table 2. Main parameters of new deep cone thickener 

Name D1/mm D2/mm H1/mm H2/mm H3/mm H4/mm α/° β/° 

Parameter 120 80 130 100 160 30 40 60 

2.4. Test method 

The structure-enhanced sedimentation test, designed to simulate the dynamic flocculation process 
subsequent to the entry of tailings into the concentrator and their interaction with flocculants was 
utilized. Solid concentration within the clarified, interference, and compression zones was employed as 
metrics for evaluation. In the experiment, the concentration of flocculant CF was determined to be 45% 
by static flocculation and sedimentation test, with a slurry concentration of 4.5%, which was used to 
establish the best parameters of sedimentation and concentration. 

 
Fig. 4. Structure strengthening settlement test device diagram 
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3. Results and discussion 

3.1 Dynamic characteristics of process-enhanced settlement 

3.1.1. Effect of flocculant concentration on sedimentation and concentration of ultrafine iron tailings 

The optimal sedimentation effect of the flocculant on ultrafine iron tailings was identified, leading to an 
investigation of the sedimentation performance of ultrafine iron tailings at flocculant CF concentrations 
ranging from 20% to 50%. The study aimed to determine the impact of varying concentrations of 
flocculant CF on the sedimentation characteristics of ultrafine iron tailings, with the findings being 
crucial for establishing the most effective flocculation and thickening parameters.  

The settling velocity of ultrafine iron tailings sand progressively increased as the flocculant CF 
concentration rised, as seen in Fig. 6. The settling velocity at the initial settling moment progressively 
rised from 1.4 mm/s at 20% concentration to 2.25 mm/s at 45% concentration. When flocculant CF 
concentration reached 50%, the settling velocity dropped from 2.25 mm/s to 2.13 mm/s. The greatest 
settlement velocity was 2.78 mm/s during the settlement process when the settlement period was 90 s. 
It was discerned that the settling velocity precipitously increased at the onset of the sedimentation 
process, subsequently declined gradually, and ultimately stabilized after approximately 300 s. Further 
analysis revealed that at a CF concentration of 45%, the maximum sedimentation velocity was recorded 
at 2.78 mm/s. This discovery confirmed that the ideal concentration of flocculant CF was kept at 45%, 
so that ultrafine tailings had the best flocculation and sedimentation performance. 

 
Fig. 6. Effect of CF concentration on settling velocity of tailings 

3.1.2. Effect of flocculant dosage on sedimentation and concentration of ultrafine iron tailings 

The sedimentation performance of ultrafine iron tailings was investigated at a flocculant CF 
concentration of 45%, with dosages ranging from 30 to 180 mg/L. The results were depicted in Fig. 7. 

The settling velocity of tailings sand particles increased during the settling procedure and then 
reduced when the flocculant CF dosage raise, as displayed in Fig. 7. When flocculant CF dosage was 
less than 120 mg/L, the settling speed of ultrafine tailings increased as flocculant CF dosage increased 
at the same settling time. At a starting concentration of 30 mg/L, the settling velocity progressively 
rosed from 0.8 mm/s to 2.47 mm/s. After reaching its maximum value of 2.93 mm/s at a settling 
duration of 90 s, the settling velocity progressively declined. When the flocculant CF dosage was higher 
than 120 mg/L, the settling speed fell as the flocculant CF dosage increased. At a starting concentration 
of 120 mg/L, the settling velocity progressively dropped from 2.47 mm/s to 1.57 mm/s. The settling 
velocity steadily dropped from 2.93 mm/s at 120 mg/L to 2.1 mm/s after 90 s of settling. This 
phenomenon was attributed to the fact that at dosages surpassing 120 mg/L, the flocculant CF caused 
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an overabundance of Fe3+ and Al3+ to be released, leading to a reversal of the slurry's ζ potential to a 
positive value due to the predominant presence of cations. The flocculation efficiency and the settling 
velocity consequently decreased as a result of the positively charged mineral particles' repulsive 
interactions with the flocculant's Fe3+ and Al3+ ions, which ultimately resulted in the formation of 
smaller flocs or fewer aggregates. The data presented led to the conclusion that the sedimentation 
velocity reached a maximum of 2.93 mm/s at a flocculant CF dosage of 120 mg/L. Considering 
sedimentation velocity and turbidity, the optimal concentration of flocculant CF was determined to be 
45%, where the flocculation and sedimentation effect on ultra-fine tailings was most efficacious. 

  
 . 7. Effect of CF dosage on settling velocity of tailings 

3.2 Dynamic characteristics of reinforced settlement of structure 

3.2.1. Influence of thickener structure on sedimentation and concentration effect of ultrafine iron tailings 

The settling performance of the tailings was found to vary across different sedimentation zones. An 
analysis of the solid concentrations within the settling zone, interference zone, and concentration zone 
of a novel deep cone thickener revealed significant differences in concentrations across these distinct 
sedimentation areas, as depicted in Fig.8. 

The solid concentration in the setting zone rapidly decreased from 18.07% at 2 min to gradually 
flattening out as the settling time increased, depicted in Fig. 8. After settling for 40 min, the solid 
concentration was 0.005%. After 2 min, the solid concentration in the interference zone dropped from 
27.68% to 0.42%, and after 40 min of settling, it was just 0.01%. The solid concentration in the 
concentration zone rised dramatically, from 17.20% at 2 min to 63.34% in a short period of time, in 
contrast to the setting zone and interference zone. The solid concentration in the concentration zone 
varies less when the settling time was longer than 30 min. 

At the commencement of sedimentation, that is, at the 2 min mark, the interference zone was found 
to harbor the highest solid concentration, succeeded by the setting zone, while the concentration zone 
registered the lowest. Throughout the sedimentation process, the solid concentration in the interference 
zone consistently exceeded that of the setting zone, suggested that the interference zone plays a pivotal 
role in the aggregation of sedimenting particles. This was attributed to particles transitioning from the 
setting zone and residing within the interference zone, consequently elevating its solid concentration. 
After a sedimentation period of 40 min, the concentration zone was observed to exhibit the highest solid 
concentration, followed by the interference zone and then the setting zone. Furthermore, it was clear 
that during the sedimentation process, the concentration zone's solid concentration stayed higher than 
the interference zone's. This was indicative of particles aggregating and settling in the concentration 
zone subsequent to their passage through the interference zone, culminating in a heightened solid 
concentration within the concentration zone. 
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 . 8. Solids concentration in different settlement regions 

3.2.2. Effect of feeding speed on sedimentation and concentration of ultrafine iron tailings 

The sedimentation concentration of ultrafine iron tailings sand was shown to be considerably influenced 
by the slurry's feed rate. The effect of different feed rates on the mass concentration of suspended solids 
in the overflow and the bottom flow concentration was thus investigated. Tests monitoring the 
sedimentation concentration were performed at feed rates of 200 mL/min, 400 mL/min, 600 mL/min, 
800 mL/min, and 1000 mL/min, with the bottom flow concentration findings demonstrated in Fig.9. 

 
Fig. 9. Effect of feeding speed on underflow concentration 

The bottom flow concentration of ultrafine iron tailings sand was observed to increment gradually 
with the elongation of sedimentation time, as illustrated in Fig. 9. A significant rise in concentration was 
noted during the interval from 20 to 30 min of sedimentation, with scant variation occurring subsequent 
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to 30 min. After 20 min of settling, the bottom flow concentration quickly rised from 61.34% to 68.2% at 
a feed rate of 200 mL/min. At a feed rate of 400 mL/min, the underflow concentration was observed to 
increased from 60.97% to 67.41%. When the feed rate was elevated to 600 mL/min, the underflow 
concentration increased from 60.55% to 67.15%. At a higher feed rate of 800 mL/min, the underflow 
concentration augmented from 60.18% to 65.83%. Ultimately, at the maximum feed rate of 1000 mL/min, 
the underflow concentration was tracked to shift from 59.85% to 65.25%. Therefore, it was clear that 
when the feed rate increased, the underflow concentration generally tended to decrease, achieving its 
peak of 67.25% at a feed rate of 200 mL/min and after 30 min of sedimentation. 

3.2.3. Effect of scraper speed on sedimentation and concentration of ultrafine iron tailings 

The scraper speed of the concentrator was identified to influence the mixing efficiency of tailings sand 
with the flocculant, consequently affecting the sedimentation concentration of fine iron tailings sand. 
As a result, an analysis was conducted to determine how scraper speed affected the concentration of 
suspended materials in the overflow as well as the concentration in the underflow. Experiments 
pertaining to sedimentation concentration with tailings sand were conducted at scraper speeds of 0 rpm, 
2 rpm, 5 rpm, 8 rpm, and 10 rpm. The outcomes pertaining to underflow concentration were depicted 
in Fig. 10. 

 
Fig. 10. Influence of scraper speed on underflow concentration 

As depicted in Fig. 10, when the scraper rotating speed was set at 0 rpm, the underflow concentration 
was observed to increased from 56.34% to 65.35%. At a scraper speed of 2 rpm, the underflow 
concentration was found to elevate from 60.97% to 67.41%. At a scraper speed of 5 rpm, the underflow 
concentration demonstrated a significant increase from 63.27% to 72.91%. At 8 rpm, the underflow 
concentration rose from 62.65% to 72.42%. Upon raising the scraper speed to 10 rpm, the underflow 
concentration was noted to expand from 61.25% to 72.18%. Hence, it was observed that the underflow 
concentration generally increased initially with the increment of scraper speed and subsequently 
decreased. The maximum underflow concentration was achieved at a scraper speed of 5 rpm, reaching 
70.53% after 30 min of sedimentation. 

3.3 Water migration and transformation behavior of tailings 

3.3.1. Moisture types in tailings 

Free water and bound water were the two types of moisture that were present inside the floc structure 
as the tailings particles settled and then gathered to form the floc structure. Depending on the types of 
moisture present inside the flocs, the moisture in the tailings was further separated into four distinct 
groups in this article. 
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① Free water: This sort of moisture, often referred to as interstitial water, was characterized by the 
absence of interaction forces with tailings particles or flocs. It could be separated from solids by 
intermittent sedimentation. 

 
Fig. 11. Distribution of floc free water 

② Pore water: A critical component of bound water, was discovered within the floc structure's voids. 
When exposed to gravitational or shear pressures, the floc structure's integrity was disrupted, allowing 
pore water to be released. 

 
Fig. 12 Pore Water Distribution of Floccules 

③ Adsorbed water: This moisture was found to be present on the surface of the tailings particles, 
where it adhered or adsorbs. It also showed a strong surface interaction with the tailings. The tailings 
of metal ore, which frequently had a small number of ultrafine particles smaller than 20µm, had a large 
surface area and were colloidal in the slurry, which allowed for "self-flocculation" and resulted in a 
significant amount of surface water becoming adsorbent. It was commonly noted that the removal of 
surface water with gravitational thickening techniques was challenging. 

 
Fig. 13. Distribution of flocs adsorbed water 
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④ Combined water: This kind of moisture was produced when solid particle surfaces interacted 
with chemical bonds. To liberate the bound water, methods like thermal chemical degradation were 
usually needed. 

 
Fig. 14. Distribution of flocs bound water 

It demonstrated how the sedimentation and flocculation processes raised the level of flocculation 
between the tailings particles, which eventually led to the formation of flocs. When the quantity of flocs 
rose, their better adsorptive bridging resulted in the formation of a floc structure in the sediment layer. 
Due to the retention of pore water in the interior gaps and interstitial water in the spaces between the 
flocs, respectively, a direct connection between the moisture within the flocs and their structure was 
established. 

3.3.2. Effect of flocculant on water migration during tailings sedimentation 

It was possible to investigate the moisture migration patterns of the tailings during sedimentation at 
intervals of 1, 5, and 10 min by using nuclear magnetic resonance to detect the transverse relaxation 
time T2 distribution of water in the tailings, both with and without the addition of flocculants. The 
findings of this study were exhibited in Fig. 15. 

     
                      (a)without CF                                                                               (b) with CF 

Fig. 15. Distribution of water T2 spectra with and without CF at different sedimentation times 

Fig. 15 showed that regardless of the addition of the flocculant CF, the tailings sand had three unique 
relaxation peaks at different sedimentation times. Peaks ①, ②, and ③ represented distinct water states, 
corresponded to different states of water. When the T2 value was less than 1 ms, the water was classed 
as adsorbed water; when it was between 1 and 100 ms, it was classified as pore water; and when it 
exceeded 100 ms, it was defined as free water. A lower T2 value showed a smaller degree of freedom for 
the water molecules, meaning tighter environmental limitations and decreased mobility. As a result, the 
three peaks in the T2 spectrum were identified as adsorbed water, pore water, and free water, with the 
integral values of the curves reflecting the peak areas. Variations in peak area indicated the migration 
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and transformation of adsorbed, pore, and free water within the tailings sand. And indicated that in 
both the presence and absence of the flocculant CF, the areas of the three relaxation peaks reduced with 
increasing sedimentation time, indicating a decrease in the content of each water type. This implied that 
as time passed, the active moisture inside the tailings sand shifted toward a more stable form. Fig. 15(a) 
showed that when no flocculant CF was applied, Peak ① had the biggest area, indicating that adsorbed 
water was the dominant type during sedimentation, followed by pore water, and free water was the 
least prevalent. The settling process, which lasted from 1 to 5 and 10 min, resulted in a reduction of the 
adsorbed water, pore water, and free water. This was because the hydration reaction, which took place 
after the tailings sand particles came into contact with water, changed the non-chemically bound water 
into chemically bound water. Since this was not detectable by NMR, the quantity of the water could not 
be quantitatively described. Fig. 15(b) showed that adding flocculant CF did not significantly change 
the peak area of peak ①, indicating that the tailings sand was still dominated by adsorbed water during 
the settlement process. The area of peak ② and peak ③ also decreased, and as the settling time 
increased, the area of peak ② and peak ③ decreased more significantly, indicating a decrease in the 
content of pore water and free water in the floc structure in tailings sand. Following the addition of the 
flocculant CF, Fig. 15 showed that the amounts of free water and pore water in the tailings sand changed. 
This helped to facilitate the movement and transformation of the free water and pore water in the 
tailings. When the flocculant CF was not applied, the tailings sand particles mostly produce flocs via 
"self-flocculation," and the floc net formed by this "self-flocculation" had poor water locking properties. 
After adding the flocculant CF, the electric double layer and adsorption bridging allowed tailings sand 
particles to form flocs with larger particle sizes and more compact structures, increasing the conversion 
of free water into more stable pore water in flocs. 

Table 3. Relaxation peak area of tailings T2 spectrum with and without CF 

Time/min 
①	Peak ②	Peak ③	Peak 

without CF with CF without CF with CF without CF with CF 
1 37.65 34.56 1.36 1.23 0.64 0.54 
5 34.72 31.43 1.12 1.06 0.53 0.42 
10 33.29 30.58 0.97 0.87 0.39 0.28 

As demonstrated in Table 3, the peak area of the tailings sand ① peak without flocculant CF 
decreased from 37.65 to 34.72 and 33.29, indicating a drop of 7.78% and 4.12%, respectively. The peak 
area of ② peak reduced from 1.36 to 1.12 and 0.97, with a decrease of 17.65% and 13.39%, respectively. 
The peak area of ③ peak decreased from 0.64 to 0.53 and 0.39, with decrease rates of 17.18% and 26.42%. 
The peak area of the ① peak of tailings sand treated with flocculant CF dropped from 34.56 to 31.43 
and 30.58, respectively, with decrease rates of 9.06% and 2.70%. The ② peak area declined from 1.23 to 
1.06 and 0.87, respectively, by 13.82% and 17.92%. The ③ peak area decreased from 0.54 to 0.42 and 
0.28, respectively, by 22.22% and 33.33%. The overall water content of tailings reduced from 34.65% 
without flocculant CF to 31.73% after 10 min of settling, representing an 8.43% decrease. 
3.3.3. Effect of thickener structure on water migration during tailings settlement 

The water movement law of tailings in the clarifying zone, interference zone, and concentration zone 
when settled in thickener was investigated. Fig. 16 depicted the distribution of water in tailings with 
transverse relaxation time T2. 

It can be seen from Fig. 16 that there were three relaxation peaks in the three settling areas of setting 
zone, interference zone and concentration zone at different settling times. Adsorbed water, pore water, 
and free water were represented by the three peaks, which ran from left to right. The peak area is shown 
by the curve's integral value, and the migration and transformation of adsorbed, pore, and free water 
in tailings was represented by the change in peak area. Fig. 16 showed that the three relaxation peak 
areas of tailings in setting zone, interference zone, and concentration zone all showed a decreasing trend, 
and the water content of each type was the highest in setting zone, followed by interference zone, and 
the lowest in concentration zone, indicating that with the progress of settlement, the active water 
content in tailings reaches the concentration zone, which decreases and migrates to more stable water. 
Fig. 16(a)  showed  that  the  peak area of ① peak in the setting zone was the largest, while ② peak and  
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                               (a) settling for 10min                                                             (b) settling for 30min 

Fig. 16. Distribution of water T2 spectra at different sedimentation times in different settlement regions  

③ peak were smaller after 10 min of settling. This indicated that the water of the tailings in the setting 
zone was primarily adsorbed water, followed by pore water content and free water content. In 
comparison to the setting zone, the peak areas of ① peak, ② peak, and ③ peak in the interference 
region were decreasing, indicating that the active moisture of tailings is reduced following initial 
settlement and compression. As shown in Fig. 16(b), the setting zone's ① peak had the biggest peak 
area, whereas the ② and ③ peaks had lesser areas. This indicated that the water of tailings in the 
subsidence area is primarily adsorbed water, followed by pore water content and free water content. 
Peak areas of ① peak, ② peak, and ③ peak in the interference zone and concentration zone were 
further reduced. Tailings sand was settled and compressed for a long time, and active moisture was 
greatly reduced. This promoted the transformation of free water into more stable pore water in flocs. 
To summarize, the areas of the three peaks of tailings sand decreased as it settled for 10 min to 30 min. 
The water in tailings sand was turned into stable water during settlement, and the water content varies 
throughout three areas: setting zone, interference zone, and concentration zone. The concentration area 
had the lowest water content and was also the most stable. 

When tailings were settled, the relaxation peak areas of the T2 spectrum in three areas were 
investigated. Table 4 exhibited results. 

Table 4. Relaxation peak area of tailing T2 spectrum in three different regions 

Setting zone 
①Peak ②Peak ③Peak 

Setting 
10min 

Setting 
30min 

Setting 
10min 

Setting 
30min 

Setting 
10min 

Setting 
30min 

Settling zone 37.41 35.35 1.62 1.11 0.76 0.33 
Interference zone 32.98 31.58 1.37 0.82 0.59 0.20 

Concentration one 30.01 27.12 1.08 0.53 0.42 0.08 

After 10 min of settling, ① peak was measured to be 37.41, ② peak was 1.62, and ③ peak was 0.76 
in the setting zone. In the interference zone, ① peak was measured to be 32.98, ② peak was 1.37, and 
③ peak was 0.59. The measurements of the ①, ②, and ③ peaks in the concentration zone were 30.01, 
1.08, and 0.42, respectively. The area of peak ① was 35.35, ② peak was 1.11, and ③ peak was 0.33 in 
the setting zone after 30 minutes of settling. In the interference zone, ① peak was 31.58, ② peak was 
0.82, and ③ peak was 0.20. In the concentration zone, ① peak was 27.12, ② peak was 0.53, and ③ 
peak was 0.08. The zone of ① peak in the setting zone, the interference zone, and the concentration 
zone decreased by 5.51%, 4.24%, and 9.63%, respectively; the ② peak decreased by 31.48%, 40.16%, and 
50.93%; and the ③ peak decreased by 56.58%, 66.10%, and 80.95%, respectively. After 30 min settling 
time, the total water content, which included free water, adsorbed water, and pore water, was measured 
to have fallen from 31.51% at 10 min to 27.73%, a reduction of 12.00%. 
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3.4 Strengthening mechanism 

3.4.1. Mechanism of flocculant reinforcement 

It was commonly known that adding flocculant can improve the sedimentation of ultrafine iron tailings. 
The sedimentation performance was significantly improved and the particle size of the tailings floc 
increased significantly with the addition of flocculant. Therefore, further investigation into the 
mechanism by which flocculant CF enhances tailings sedimentation was carried out. 

3.4.1.1. Floc structure analysis 

A scanning electron microscope was used to evaluate the flocculant CF, the flocs combined with the floc, 
and the created ultrafine iron tailings. The results appeared in Fig. 17. 

 
                                               (a) Ultrafine tailings                                                  (b) Flocculant CF 

 
(c) Flocculation after adding flocculant 

Fig. 17. Scanning electron microscope images of flocs 

The ultrafine iron tailings were found to have generally flat surfaces, prominent and smooth grain 
edges, and an irregular form, as illustrated in Fig. 17. Spherical particles known as flocculant CF 
interacted to create a dense structure. It was observed that the polymer flocculant and superfine iron 
tailings combined to form a compact floc network structure upon the addition of flocculant CF. This 
finding suggested that flocculant CF had a strong bridging effect that was adsorptive. It was discovered 
that different sections of these polymer flocculants adhered to tailings particles, and the longer chains 
increased the sites of contact with the particles. As a result, more particles were able to be adsorbed, 
which sped up the sedimentation process by forming flocs with long particle sizes, high densities, and 
compact structures. 

3.4.1.2. Analysis of the infrared spectrum 

Fourier transform infrared spectroscopy was used to investigate the ultra-fine iron tailings, flocculant, 
flocculant CF, and flocs supplemented with flocculant. The results were displayed in Fig. 18. 
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Fig. 18. Fourier transform infrared spectrum 

Fig. 18 clearly showed the locations of the absorption peaks for flocculant CF, which were 3415  
cm-1, 2984 cm-1, 2060 cm-1, 1616 cm-1, 1490 cm-1, 1398 cm-1, 1173 cm-1, and 617 cm-1. The stretching 
vibration peaks of hydroxyl groups were responsible for the strong absorption peaks at 3415 cm-1 and 
2984 cm-1. The wide absorption peaks formed by the superposition of Fe-OH, Al-OH, and coordination 
water H-OH indicate that flocculant CF contains a large number of hydroxyl groups, with Fe and Al 
being primarily bonded together by hydroxyl groups. The coordinated water molecules and -OH 
groups linked to Fe and Al ions were detected by the absorption peak at 2060 cm-1. The stretching 
vibration of Al-OH-Al was identified as the absorption band between 1616 and 1398 cm-1, the stretching 
vibration of Fe-OH-Fe was identified as the peak at 1173 cm-1, and the bending vibration of metal 
hydroxyl groups on the molecular surface was identified as the peak at 617 cm-1. These findings revealed 
that the flocculant CF sample contained both aluminum and iron polymers that were linked together 
by hydroxyl groups, and both aluminum and iron in the product are polymerized (Meng et al., 2022; 
Zou et al., 2022). Fig. 18 observations showed that the addition of flocculant CF significantly changed 
the spectral bands of iron tailings. Approximately 3415 cm-1, 2984 cm-1, 2060 cm-1, 1616 cm-1, 1490 cm-1, 
1398 cm-1, 1173 cm-1, and 617 cm-1 were identified as the spectral bands associated with flocculant CF. 
As a result, it was assumed that the flocculant CF was adsorbed onto the tailings of iron. Strong intra- 
or intermolecular hydrogen bonding within flocculant CF was proposed as a means of improving 
flocculation efficiency and, consequently, tailings settling efficiency. 

3.4.1.3. Analysis of zeta potential 

The zeta potential, a critical parameter for characterizing the stability of a dispersion system, was used 
to evaluate the repulsive and attractive interactions between the particles in the solution. The addition 
of flocculant caused a considerable shift in the zeta potential on the surface of the pulp's ultrafine iron 
tailings particles. The findings of an experiment into how the addition of flocculant CF affected the zeta 
potential on the tailings particle surface were displayed in Fig. 19. 

Tailings sand had a zeta potential of -18.7 mV before flocculant CF was added, as seen in Fig. 19, 
which indicates that the particles were negatively charged. The absolute value of the zeta potential on 
the surface of the tailings sand particle reduced quickly when flocculant CF was added, but it then 
stabilized as the flocculant dosage was raised. According to this observation, flocculant CF, which 
mainly acts through adsorption and electric neutralization in the flocculation and settlement processes 
of tailings sand, upsets the stability of the tailings mortar system. The zeta potential was found to drop 
quickly and approach the zero potential point when the flocculant CF dosage was less than or equal to 
120 mg/L. As a result, there was less of the phenomenon known as like-charge repulsion among ore 
particles. This caused the ore particles to aggregate into floc sediments, which further increased the pace 
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of sedimentation. The zeta potential was observed to remain largely stable when flocculant CF was 
added in dosages higher than 120 mg/L. Zeta potential consistency suggested that 120 mg/L had been 
determined to be the ideal dosage. The largest flocs and best settling performance of the tailings sand 
particles were produced at this dosage, when the flocculant's ability to promote flocculation reached its 
peak. Consequently, it was observed that upon dissolution in water, flocculant CF augmented the 
charge density of Fe3+ and Al3+ within the solution. The flocculant molecules, possessing lengthy chains 
with positive active groups, facilitated electric neutralization with the negatively charged tailings 
particles. The flocculation and sedimentation effectiveness of the tailings particles was further 
strengthened by this improvement in neutralization. 

 
Fig. 19. Zeta potential on the surface of tailings particles 

3.4.2. Structural strengthening mechanism 

Four components were developed for a new type of deep cone thickener: a small cylinder, a tiny cone, 
a large cylinder, and a giant cylinder. A variable-sloped cone was added into this thickener. The first 
big cone had an angle of sixty degrees, while the second little cone had an angle of forty-five degrees. 
A conical inclined plate was used to guarantee that the clear water area remained at a specific height 
and to improve the settling time. This successfully expanded the settling area and reduced the ore 
particles' settling distance. At the same time, a higher secondary sedimentation tank was created to give 
the depth of the compressed layer required for the manufacturing of high-concentration pulp and to 
attain a higher concentration underflow (Chen et al., 2022). Two cross-shaped rake frames were 
mounted on a vertical shaft in the middle of the thickening, and scraper plates were placed underneath 
the rake frames. Using a feeding mechanism, the thickening's functioning involved introducing the 
diluted slurry that needed concentration from the upper section of the tank body into the thickener, 
where it precipitated. After that, the concentrated slurry that had precipitated was removed as an 
underflow from the tank body's bottom drain, and the clarified water was permitted to overflow from 
the tank body's upper rim (Olcay et al.,2024). A series of operations, including continuous feeding, 
underflow discharge, and overflow, defined the thickener's continuous operation. The feed went 
through a settling process inside the tank after entering the tank body. When the concentration was very 
thin, the particles first settled freely through a suspension settlement area. The concentration then 
gradually rose in order to aid in the settling of interference. After passing through a transition area, the 
particles arrived at the concentration area, which had a noticeably high pulp concentration. As a result, 
four unique zones were identified in the deep cone thickener, which are listed from top to bottom as the 
clear setting zone, interference zone, transition zone, and concentration zone (Li and Van, 2023).  

The coarser ore particles sank at the bottom of the thickener first, while the finer particles produced 
a  turbid  liquid  during  the  settling  of  suspensions  containing  tailings particles of different sizes. An  
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Fig. 20. Collision between particles and container wall 

examination of the tailings particles' effects inside the thickener showed that buoyant force, wall 
friction,inertial force, and a combined force were the main factors affecting the particles inside the 
container. The particles were directed downward and settled in the concentration area when a 
significant combined force was applied to them, as demonstrated in Fig. 20. On the other hand, when 
the combined force was small, it drove the particles upward, which caused the fine tailings particles to 
create turbid liquid and the settling velocity to drop (Jiao et al., 2021; Li et al., 2022). The addition of 
flocculant caused the tailings particles to flocculate, which made it easier for the smaller ore particles to 
settle after the bigger ore particles co-settled. Consequently, the amount of transparent liquid in the 
uppermost layer increased progressively, and the pulp within the container started to exhibit 
stratification over time. The setting zone, the transition zone, the interference zone, and the 
concentration zone were the four distinct zones that were separated from top to bottom in this 
stratification (Jiao et al., 2022). The majority of the particles in the thickener moved downward, first via 
the transition zone, then the interference zone, and ultimately into the compression zone. The pulp's 
solid particles gradually descended to the concentration tank's bottom. Subsequently, they were scraped 
into the discharge hopper located at the tank's center by the scraper situated below the rake frame and 
were evacuated by the sand pump. The circular overflow tank, which was located at the upper part of 
the tank, funneled out the top layer of clean water. The pulp's solid particles sedimented in the direction 
of the thickener's base, where they were then removed by the sand pump and scraped off by the scraper 
located under the rake frame. The pure water from the top layer was released using the circular overflow 
tank, which is located in the upper part of the tank. The pulp's solid particles slowly accumulated at the 
thickener's base, where they were then removed by the sand pump and scraped off by the scraper that 
ran underneath the rake frame. The pure water from the upper layer was routed out through the circular 
overflow tank positioned in the upper half of the tank. 

Because of the interference zone's specific inclination angle, some mineral particles that were added 
to the thickener from the center were directed from the interference zone into the transition zone, where 
they eventually settled into the concentration zone. Meanwhile, other mineral particles stayed in the 
interference zone and continued to contribute to the thickening phenomenon. The particles were first 
concentrated inside the interference zone during this phase. 

A coordinate system, shown in Fig. 21, was developed in order to more precisely define the 
movement process of tailings particles on the inclined plane of the interference zone. The diameter of 
the tailings particle was denoted as R0, the included angle between the inclined plane and the horizontal 
plane as α, and the velocity of the water flow falling straight down was u0. Two components of the 
water flow velocity were identified: u1, which ran parallel to the inclined plane, and u2, which ran 
perpendicular to it. The downward direction parallel to the inclined plane was found to be the positive 
direction of the X-axis, and the origin was defined as the point at which the tailings particles met the 
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inclined plane during their descent. Throughout the settling process, tailings particles continued to 
accumulate on the slanted surface, which promoted primary thickening. The particles moved from the 
interference zone to the transition zone when they were affected by the scraper. The transition zone's 
elevated location gave the particles enough time to settle before they were compressed and concentrated 
in the concentration zone, which produced the fine tailings particle settling and concentration. 

 
Fig. 21. Coordinate model diagram of particles in the oblique plane of the interference region 

4. Conclusions 

(1) When the slurry concentration was 4.5%, the feeding speed was 400 mL/min and the rotating speed 
of scraper was 5 rpm, the underflow concentration was 70.53% when settling for 30 min, and the 
settling and concentration performance was the best. 

(2) Through the electric double layer and adsorption bridging effect, the addition of flocculant CF 
during the strengthening process resulted in the development of flocs with bigger particle sizes and 
more compact structures. This made it easier for the flocs to transform free water into pore water 
that was more stable. After the flocculant was added, the total moisture content, which includes free 
water, adsorbed water, and pore water, was seen to decrease by 8.43%, from 34.65% to 31.73% in the 
flocculant-free condition.  

(3) In the process of structural strengthening, a new type of deep cone concentrator was used. When the 
tailings sand settled for 30 min, the total moisture content of the tailings sand decreased from 31.51% 
at 10 minutes to 27.73%. 
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