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Abstract

Highly efficient flocculation and settling of tailings slurry is crucial for achieving high-
concentration and low-cost backfill. Aiming to address the problem of the poor solid-liquid
separation effect of superfine tailings slurry, this article improves its flocculation and
settling effect by optimizing parameters. The flocculation and settling test was designed
and carried out by the response surface method (RSM), with tailings slurry concentration
(TSC), unit consumption of flocculant (UCF), and concentration of flocculant solution (CFS)
as the influencing factors. The flocculation and settling effect was characterized by the
underflow concentration (UC), settling velocity (5V), and mean chord length of floc (MCLF).
A response surface regression model was established based on the test results to analyze the
impact patterns of various factors and their interactions. Multi-objective optimization via
the desirability function (DF) yielded optimal parameters: a TSC of 19%, a UCF of 16 g /1,
and a CFS of 0.4%. Furthermore, experimental verification revealed that the relative error
between the results and predicted values was within 3%. This indicates that optimizing
flocculation and settling parameters has guiding significance for improving the thickening
efficiency of superfine tailings, which will help optimize the tailings thickening process
and reduce filling costs in mines.

Keywords: superfine tailings; flocculation and settling; response surface method;
desirability function; multi-objective optimization

1. Introduction

Mining is a traditional, rough industry. Compared with other industries, its work-
ing environment is poor, and if not handled properly, it can cause serious damage to the
ecological environment. A large amount of solid waste, including waste rock and tailings,
is generated during the mining and processing of mineral resources. If the bulk of the
tailings generated during processing is improperly handled, it will not only occupy land
and pollute the environment but can also lead to safety issues. Therefore, determining
how to correctly dispose and utilize tailings is crucial for the green and sustainable devel-
opment of mines [1,2]. At present, tailings cemented backfill is one of the most common
and effective methods used to treat tailings in mines across the globe. However, due to
the low concentration of tailings slurry discharged from the concentrator, direct filling
increases the water dewatering and also has an impact on the filling effect. Therefore, the
flocculation and settling of tailings slurry is key to preparing high-concentration filling
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slurry [3,4]. A flocculant is typically added to improve the settling velocity and effect
of tailings slurry in mines [5]. Extensive research has been performed to investigate the
preparation of high-concentration filling slurry via flocculation and settling of tailings.
Such studies focus on the influence of flocculant type and unit consumption, as well as the
tailings’ chemical composition, mass concentration, pH, and particle size on the flocculation
settling velocity and underflow concentration of the tailings [6-11]. Genetic algorithms
and neural networks have also been employed to optimize the flocculation parameters of
tailings [12-14]. However, research on the properties of tailing flocs is limited. The size of
the flocs is a critical influencing factor that can effectively characterize the flocculation and
settling effect [15,16]. The majority of existing work investigates the influence of flocculant
type and unit consumption, flocculant solution mass concentration (referred to as flocculant
concentration), tailings slurry mass concentration (referred to as slurry concentration), etc.,
on the flocculation and settling of tailings. However, there is a lack of systematic research
on the influence of multi-factor interaction, parameter optimization, and mechanism of
tailings flocculation settling, especially for superfine tailings. Therefore, based on existing
research, the current paper employs the response surface method to explore the influence of
numerous factors and their corresponding interactions on the flocculation and settling effect
of superfine tailings, including settling velocity, underflow concentration, and floc size.
The satisfaction criterion is used to optimize the flocculation and settling parameters of the
tailings, thus achieving the optimal flocculation and settling effect while minimizing costs
and providing a reference for optimizing the mine superfine tailings thickening process.

2. Test Materials and Methods
2.1. Materials

The test materials of this study mainly include tailings, flocculants, and water.

2.1.1. Tailings

The tailings were obtained from the Shahe Zhongguan Iron Mine of Hebei Iron &
Steel Group in Xingtai City, Hebei Province, China. The moisture content of the samples
was approximately 15%. Following drying, the density was measured by the pycnometer
method, and the loose bulk density and tamped bulk density were measured by the
graduated cylinder method. The physical property test results of tailings are shown in
Table 1. The chemical composition of tailings was determined using an X-ray fluorescence
spectrometer (XRF), and the results are shown in Table 2. The particle size distribution
(PSD) of tailings was analyzed by a Malvern 3000 laser particle size analyzer; the result is
shown in Figure 1. The proportions of particles —74 um and —20 um in the tailings samples
are approximately 88.36% and 59.85%, respectively. Combined with other characteristic
particle size indicators, the samples contained superfine tailings [17,18].

Table 1. Test results of physical properties of tailings.

. . . Loose Bulk Tamped Bulk . .
.m-3 o
Physical Properties Density/(t-m—3) Density/(t-m~3) Density/% Void Fraction/%
Test result 2.95 1.59 2.08 46.10

Table 2. Test results of the main chemical components of tailings.

Chemical Composition

CaO SiOZ Fe203 MgO A1203 NazO Kzo P205 Other

Content/ %

35.88 34.52 10.60 6.28 4.87 0.66 0.52 0.29 6.38
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Figure 1. The PSD of the tailings samples.

2.1.2. Flocculant

Polyacrylamide (PAM) flocculants, obtained from Beijing Tongyuan, China, were used
in the experiments. The samples included three types: Anionic polyacrylamide (APAM)
with a relative molecular weight of 15 million (APAM-1500), Cationic polyacrylamide
(CPAM) with an ionic degree of 60 (CPAM-60), and Non-ionic polyacrylamide (NPAM)
with a relative molecular weight of 10 million (NPAM-1000).

2.1.3. Water

To ensure consistency with the tailings thickening conditions at the mine site, the tests
utilized mill process water with a pH of 7.96.

2.2. Test Method for Tailings Flocculation and Settling
2.2.1. Process of Flocculation and Settling Test for Tailings Slurry

The tailings flocculation and settling test was conducted in accordance with the
Chinese national standard GB/T 51450-2022 Technical Standard for Metal and Non-metal
Mine Filling Engineering [19]. The main steps include the following: (a) Preparation of the
flocculant solution and tailings slurry. The prepared tailings slurry was then poured into
a graduated cylinder and stirred up and down 10 times by a perforated rubber stirrer to
prevent the tailings from settling before adding the flocculant. (b) For flocculation settling
of tailings slurry, the flocculant was added with a pipette, then, the mixture was stirred
up and down 5 times with a perforated rubber stirrer to mix the flocculant and tailings
slurry evenly, and then was allowed to stand. In contrast, natural settling required no
flocculant and involved only mixing and standing. (c) Immediately after the tailings slurry
and flocculant were stirred and mixed, timing was started with a stopwatch, then the clear
interface between the supernatant and slurry was observed, and the clear interface height
(CIH) was read and recorded at the target time point (e.g., 0, 5, 10, 15s ... 40, 50, 60, 120 s
..., 24 h) through the coordinate paper on the graduated cylinder. After standing for 24
h, the supernatant above the tailings slurry was discharged by siphoning, and the UC of
the tailings slurry was determined by drying. A static settling curve was drawn based on
the recorded data. The SV of the tailings slurry was calculated by performing regression
analysis of the uniform section in the settling curve. The test process is shown in Figure 2.
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Figure 2. The process of flocculation and settling test: (a) preparation of flocculant solution and
tailings slurry; (b) add flocculant to the tailings slurry and stir to mix evenly; (c) standing and settling
of tailings slurry; (d) observe and record the CIH, and measure the UC.

2.2.2. Measurement Method for MCLF

Meanwhile, during the flocculation and settling process, Focused Beam Reflection
Measurement (FBRM G600L, METTLER TOLEDO, Greifensee, Switzerland) was used to
measure the floc size [15]. FBRM technology is an in situ and real-time particle charac-
terization technique. Its working principle is to scan a fixed speed circular path on the
outer surface of a sapphire window with a focused laser beam generated by a rotating
optical prism in FBRM. The laser beam encounters suspended flocs on the window surface,
producing backscattered laser which is detected by the sensor inside the probe. The chord
length of the floc can be calculated by multiplying the time delay between laser emission
and reflection by the scanning speed [15,20,21]. The FBRM test device and the principle
of chord length testing are shown in Figure 3 [20,21]. The experiment was conducted in a
beaker using a GZ120-S cantilever mechanical stirrer to rapidly mix and prepare tailings
slurry at 300 rpm. After stirring for 3 min, the flocculant solution was injected using a
pipette, and the mixing speed was then reduced to 150 rpm. At the same time, the FBRM
probe was placed in the beaker for monitoring. The measurement data were processed
by applying the Marco channel and the length-weighted average method in the FBRM
software to obtain the weighted mean chord length of floc (referred to as the mean chord
length of floc, MCLF).
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Figure 3. Schematic diagram of the FRBM test device and chord length test principle.

2.3. Flocculant Selection Test

The type of flocculant has a significant impact on the flocculation and settling effect
of tailings slurry. To identify the suitable flocculants, the control variable method was
employed by keeping the test parameters such as TSC, UCFE, and CFS constant. Meanwhile,
the flocculation and settling effects of three flocculant types (APAM-1500, CPAM-60, and
NPAM-1000) were compared with natural static settling. The flocculant selection is deter-
mined by the SV, the clarity of the supernatant, and the cost analysis. The experimental
scheme and results of the UC test are shown in Table 3.

Table 3. Experimental results of flocculation and settling of the three flocculant types.

Type TSC */% UCF/(g-t—1) CFS */% UC */%
APAM-1500 77.86
CPAM-60 20 15 0.2 67.39
NPAM-1000 75.62

*TSC, CFS, and UC all refer to the corresponding mass concentrations; the same below.

2.4. Experiment Design and Optimization Methods

RSM is an optimization method that integrates experimental design and mathemat-
ical modeling. By testing representative local points, a functional relationship is fit be-
tween factors and results in the global range. In order to optimize each factor, RSM deter-
mines a response surface function Y = f(x) that is infinitely close to the mapping function
y =f(x). More specifically, the Box-Behnken experimental design is implemented, and a
response surface model is derived as shown in Equation (1) [22,23]. However, multiple
responses cannot be optimized simultaneously. In order to overcome this limitation, a
multi-objective optimization algorithm based on satisfaction criteria can be used [24-26].
In DF optimization, individual desirability functions must first be established based on the
regression models of each response surface, as expressed in Equation (2a, b), to calculate
the satisfaction of each response quantity accordingly. The weighted geometric average
multi-objective optimization function of each single desirability function, that is, the overall
desirability function D, is subsequently determined [26,27], as shown in Equation (2c).

=

n— n

1 n
2
a;ix; + 2 2 AjjXiXj + Z a;x; + dag 1
i=1i=1 i=1

<
I

Il
—_



Minerals 2025, 15, 1216 6 of 15
0 if y; < L;
I\S .
dy) =4 (#=%) i Li<y<H (22)
1 if y; > H;
0 if yi > H;
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dy) =14 (=) i Li<sy<H, (2)
1 if y; < Lj
1

k Yo,
D= (H d(]/i)e’) Lo (20)
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where ag, a;, a;;, and a;; are the regression coefficients for the constant term, linear terms,
quadratic terms, and interaction terms, respectively. d(y;) is the desirability function of the
i-th response surface; y; is the i-th response value; L; and H; are the i-th lower and upper
limits of the response value, respectively; s is a parameter that determines how closely the
response should approach the target value and is set as 1 for the convenience of calculations;
and k and e; represent the number and weight of the response, respectively, where the latter
reflects the importance of the response. Equation (2a) is applicable to response quantities
with larger response values and a higher desirability degree; Equation (2b) is applicable to
response quantities with smaller response values and a higher desirability degree.

In summary, the response surface desirability function multi-objective optimization
method (RSM-DF) begins by designing and conducting a limited number of experiments
according to the influence factors and level range determined through the preliminary
exploratory test, after which a response surface regression model is established based on
the test results. The influence of a single factor and the multi-factor interactions on the
response are evaluated, and the satisfaction function is employed to convert each response
value into a number between 0 and 1.

The flocculation and settling effects of tailings slurry are greatly affected by TSC,
UCEF, CFS, and the interaction among them [19,20]. The optimization of the flocculation
conditions can not only effectively improve the flocculation and settling effect, but can
also reduce costs. Thus, we investigated the TSC (x;), the UCF (x;), the CFS (x3) and
their interactions with the UC (y1), SV (y2), and MCLF (y3), and determined their optimal
proportions. Previous research has determined the flocculation effect to be optimized for
TSC, UCF, and CFS values ranging from 15% to 25%, 10 g-’c’1 to 20 g-t’l, and 0.1% to 0.4%,
respectively [28]. Based on this, a three-factor test was designed across three levels using
the Box-Behnken framework in Design-Expert. Table 4 provides details of the test scheme.

Table 4. Response variable factors and variables.

Code Level
Influence Factor Code Value
-1 0 1
TSC/% X1 15 20 25
UCF/g-t7! x) 10 15 20
CFS/% X3 0.1 0.2 0.4
3. Results

3.1. Flocculant Selection

The tests were performed in accordance with the flocculation and settling test method
in Section 2.2 and the scheme in Table 3. The settling curves of the tailings slurry for
different flocculants and the natural static settling curve are shown in Figure 4.
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Figure 4. Settling curves of the tailings slurry under different flocculants.

It can be seen from Figure 4 that the natural static settling velocity of the tailings
slurry is extremely slow. Following the addition of the flocculant, a clear interface rapidly
forms, and the settling velocity exhibits a marked increase. The APAM-1500 and CPAM-
60 flocculants demonstrate the highest and lowest settling velocities, respectively. The
cost analysis of flocculants reveals that the prices of APAM-1500, CPAM-60, and NPAM-
1000 are RMB 13/kg, RMB 25/kg, and RMB 16/kg, respectively. Thus, the unit price
of CPAM-60 is higher than that of the other two flocculants, and there is no advantage
in flocculation performance. In addition, based on the configuration of the flocculant
solution process, at the same concentrations of anionic and nonionic solution, APAM-1500
requires 1 h to form a homogeneous solution, while NPAM-1000 requires 2 h. Therefore,
considering flocculation types, costs, and preparation process, the APAM-1500 flocculant is
considered optimal.

3.2. Flocculation and Settling Test Results

According to the test method and design, the flocculation and settling test was per-
formed, and the SV, UC, and floc size (MCLF) were determined. The test results are shown
in Table 5.

Table 5. Experimental design and results.

Code Value Test Results Prediction Results

No. TSC UCF CFS ucC SV MCLF ucC SV MCLF
x1/% xp/g-t~1 x3/% y1/% y2/mm-s—1  y3/um y1/% y2/mm-s~1  ys/um

1 0 1 1 77.15 3.96 123.00 78.56 3.97 123.61
2 0 0 0 75.66 3.28 116.61 76.62 3.26 116.50
3 -1 1 0 69.78 3.17 115.42 70.81 3.24 110.93
4 0 -1 1 77.67 2.96 113.11 78.38 3.02 112.82
5 1 1 0 73.23 1.46 88.90 71.21 1.49 89.20
6 0 1 -1 76.27 4.15 124.63 73.76 4.08 123.61
7 —1 -1 0 70.74 2.21 103.14 69.73 2.18 102.80
8 1 0 -1 75.77 1.56 91.22 76.68 1.61 90.63
9 0 0 0 75.66 3.28 116.61 76.62 3.26 116.52
10 -1 0 -1 73.88 3.42 118.01 73.96 3.46 119.41
11 0 0 0 75.66 3.28 116.60 76.62 3.26 116.53
12 -1 0 1 75.88 3.57 119.52 75.37 3.49 121.72

13 1 -1 0 73.99 0.53 53.63 73.55 0.51 55.31
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Table 5. Cont.
Code Value Test Results Prediction Results
No TSC UCF CFS uC SV MCLF ucC SV MCLF
x1/% xp/g-t~1 x3/% y1/% y2/mm-s—1  y3/um y1/% y2/mm-s~1  ys/um
14 1 0 1 78.96 1.87 97.42 75.99 1.83 96.62
15 0 0 0 75.66 3.28 116.60 76.62 3.26 116.54
16 0 -1 -1 75.73 2.82 111.41 73.55 2.81 111.31
17 0 0 0 75.66 3.28 116.64 76.62 3.26 116.50

4. Discussion
4.1. Establishment and Significance Analysis of RSM Model

Design-Expert was applied to perform multiple regression fitting on the experimental
results to establish the RSM model, as shown in Equations (3)—(5). The prediction results of
the model are shown in Table 5. In order to validate the reliability of the response surface
model determined in this paper, we performed variance analysis, and the results are shown
in Table 6. The F values of each model are calculated as 43.92, 200, and 21.28, respectively,
all of which exceed F g5 (3,9) = 3.86 and p < 0.001, indicating a significant regression effect
of each model. The corresponding correlation coefficients R? are all close to 1, at 0.926,
0.996, and 0.965, respectively. Figure 5 depicts the (x, y, z) relative error three-dimensional
scatter diagram derived using the relative error between the test and predicted values of y;,
Y2, and y3. It should be noted that the error scatter is projected on each plane. The relative
error in each plane projection ranges within 0%-3%, with the exception of several outliers.
This indicates the strong fitting effect of each model.

y1 = 28.72+3.61x; + 1.89x7 — 54.10x3 + 2 x 10 3x x5 + 0.397x1x3

3

—0.353x,x3 — 0.086x% — 0.063x3 + 116.28x3 (R? = 0.926) ®)

yp = —14.82 4 1.66x1 + 0.48x; — 9.71x3 + 2 x 10~ 4x1x2 + 0.053x1x3 @
—0.110xpx3 — 0.046x7 — 0.011x3 + 21.28x3 (R? = 0.996)

y3 = —121.42 4 23.32x7 + 6.35x3 — 205.0x3 + 0.23x1x2 + 1.57x1x3 5)

—1.10xpx3 — 0.76x3 — 0.30x3 + 393.33x% (R? = 0.965)

@ Error scatter

. L .
Projection point
°

Figure 5. Three-dimensional relative error diagram of the response surface model.
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Table 6. Analysis of variance using the regression model of the different response surfaces.
Sum of Squares Mean Square F Value p-Value Prob > F
Source
n Y2 Y3 4 Y2 Y3 Y1 Y2 Y3 Y1 Y2 Y3
Model 82.15 15.13 47.61 9.13 1.68 5.29 43.92 200 21.28 <1074 <107* 3x 1074
X1 17.02 6.06 19.5 17.02 6.06 19.5 81.92 721 78.42 <1074 <104 <10~
X2 0.36 224 6.25 0.36 224 6.25 1.74 266 25.13 <1074 <1074 <104
X3 8.02 0.02 0.08 8.02 0.02 0.08 38.59 2.50 0.31 4x 1074 3x107* <107*
x12 19.53 5.60 15.8 19.53 5.60 15.08 93.99 667 60.65 <1074 <1074 1x10*
X2 10.4 0.35 2.32 10.4 0.35 2.32 50.02 41.13 9.34 2x 1074 0.0004 0.0184
x32 28.82 0.97 3.30 28.82 0.97 3.30 138.7 115 12.36 <1074 <107 0.0083
X1x2 0.01 1x 1074 1.32 0.01 1x 1074 1.32 0.05 0.01 532 5x 1074 0.9162 0.8326
X1X3 0.35 6 x 1073 0.06 0.35 6 x 1073 0.06 1.70 0.76 0.22 0.6518 0.8418 2x 107
X2X3 0.28 0.03 0.03 0.28 0.03 0.03 1.35 3.24 0.11 0.2831 8x 107 0.7504
Residual 1.45 0.06 1.74 0.21 8 x 1073 0.25
Pure 0 0 0 0 0 0
Error

4.2. Effects and Mechanistic Analysis of Factors and Their Interactions on Flocculation and
Settling Indicators

4.2.1. Effect of Factors and Their Interactions on the Flocculation and Settling Indicators

The experimental results and variance analysis of the response surface regression
models reveal that the flocculation and settling indicators are not only affected by single
factors but also by the factor interactions. In particular, a single factor has a significant
impact on each flocculation and settling indicator. Additionally, the UC, SV and MCLF
are, respectively, affected by the interaction between the TSC and UCF, UCF and CFS,
and TSC and CFS. The influence patterns were analyzed, and the results are shown in
Figures 6 and 7. It should be noted that when analyzing the effect of a single factor or an
interaction on the flocculation and settling indicators, the other factors were fixed at the

0 coding level.
i —— UCF
78} 4 —A—CFS
! O
= 2ol £ sk
576 el
-} = 5
74 S
i L
21 I B PR B |
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
Code value Code value
- —@— UCF
130 - —a— CFS
glzo -
=pil] =
U =
S 100 |-
90 =
L P R B B
-1.0 —0.5 0.0 0.5 1.0
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Figure 6. Effect of single factors on the response: (a) UC; (b) SV; (c)MCLE.
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Figure 7. Effect of factor interactions on the response: (a) effect of TSC-UCF interaction on UC;
(b) effect of UCE-CFS interaction on SV; (c) effect of TSC-CFS interaction on MCLE.

Figure 6 shows that the UC, SV, and MCLF initially increase and then decrease with
increasing TSC. The flocculation and settling effect of tailings is gradually enhanced with
increasing TSC. Furthermore, as the TSC approaches the optimal concentration, the UC,
SV, and floc structure all increase progressively. At this stage, the floc structure, strength,
and spacing of tailings are relatively appropriate, allowing the flocs to be easily disrupted.
Slurry viscosity remains low, facilitating the release of water trapped both between and
within the flocs. When the TSC exceeds the optimal concentration, the interaction force
between the tailings particles is enhanced and the viscosity is also greatly increased, making
it more difficult to remove water. Thus, the change in UC becomes less noticeable, while
the SV decreases significantly. The high concentration also reduces particle spacing, which
enhances shear effects and restricts further floc growth, resulting in smaller flocs [29]. The
UC exhibits an initially increasing and then decreasing trend with rising UCF. In addition,
the SV and MCLF increase with the UCEF, but the rate of increase gradually slows and
eventually levels off. This is because the added flocculant enhances inter-floc adhesion
and promotes bridging, leading to the formation of large and dense flocs that accelerate
sedimentation. However, excessive flocculants can alter the surface properties of flocs,
compromising the thickening and dewatering of the tailings slurry [30]. The UC, SV, and
MCLF initially increase with rising CFS but subsequently decline. This is because at a
higher CFS level, the increase in slurry viscosity hinders the uniform dispersion of the
flocculant, resulting in weakened flocculation and sedimentation effects. However, with a
further increase in CFS, the increased flocculant content per unit volume overcomes this
hindrance, thereby improving flocculation and settling [31].

Meanwhile, Figure 7 shows that at low TSC, the UCF has a pronounced effect on UC,
which initially increases and then decreases with rising UCFE. In contrast, this influence is
diminished at high TSC. This occurs because the ample inter-particle spacing at low TSC
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allows increased UCF to effectively promote floc formation. However, at high TSC, the
particles themselves are prone to collision, and the gain effect of UCF is limited [29,30].
At low CFS, the increase in UCF has a more significant effect on the improvement of SV;
however, the effect of UCF on SV is weakened at high CFS. This is because the flocculant
disperses more effectively at low CFS, enabling optimal bridging. In contrast, a high
CFS can cause localized over-flocculation, which forms unstable settling structures and
thereby mitigates the effectiveness of additional UCF [29-31]. The MCLF exhibits a trend
of first decreasing and then increasing with the rising CFS, and this effect is attenuated at
higher TSC. This is because as the CFS increases, the dispersion of the flocculant gradually
deteriorates and the bridging efficiency decreases, leading to smaller flocs. However, when
the CFS exceeds a critical value, localized over-flocculation forms larger flocs. Meanwhile,
at high TSC, the particles become denser and impose a stronger shear that restricts floc
growth, resulting in a reduction in floc size [29,30].

4.2.2. Exploration of Flocculation and Settling Mechanism of Superfine Tailings

Based on the flocculation and settling test, and the analysis of influencing factors and
influencing laws, this study explored the mechanism of flocculation and settling process
of superfine tailings under the action of flocculants. The flocculation and settling is an
extremely complex physicochemical process, which is currently widely categorized into
three primary types: (a) charge neutralization, (b) bridging flocculation, and (c) enmesh-
ment and sweep flocculation [32,33]. The appropriate flocculant captures and aggregates
fine particles, followed by adsorption by high-molecular chains and neutralization in the
tailings slurry. The flocs formed by the bridging are interlocked and linked to a network
structure, which has a sweeping effect on suspended particles during their settling process,
further enhancing the settling effect [20,34]. As the flocs continue to grow and accelerate
the sedimentation of tailings, the water between the flocs is constantly squeezed out, and
the underflow concentration keeps increasing, achieving solid-liquid separation [35]. The
flocculation and settling process of superfine tailings is shown in Figure 8.

(a) Neutralization load (b) Bridging i (©

Superfine tailings particles ﬂ\. Tailings flocs

> Flocculant polymer chain ) Settleable tailings flocs

SR

Figure 8. Schematic diagram of the flocculation and settling process of superfine tailings.

4.3. Verification and Predictive Analysis of RSM Models

To evaluate the universality and prediction accuracy of the established RSM model,
validation experiments were carried out based on reliability analysis. The experimental
design scope was set according to the multi-objective optimization ratio determined by
Design-Expert, namely, a TSC of 19.58%, a UCF of 15.98 g/t, and a CFS of 0.4%. A
comparison between the test results and the model prediction results is shown in Table 7.
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No Factors UC y1/% SV y/mm.s—1 MCLF y3/pm
TSC/% /IthC_Fl (/Z:;S TR PR RE/% TR PR RE/% TR PR RE/%
N o

Vi 17 14 0.3 75.44 74.60 1.12 3.59 3.53 1.58 119.11 11751 1.36
V, 17 12 0.2 72.60 73.59 1.34 3.19 3.15 1.36 113.99 112.73 1.12
V3 19.58 15.98 04 79.95 78.99 1.22 4.24 4.20 0.87 125.40 126.85 1.14
Vy 21 16 0.1 76.59 77.41 1.06 3.92 3.86 1.43 121.91 120.19 1.43
Vs 21 18 0.4 77.02 78.73 222 4.09 4.08 0.24 123.8 123.38 0.34

Notes: TR, PR, and RE are test value, prediction value, and relative error, respectively.

The comparison between test values and model prediction values revealed relative
errors of less than 3%. This demonstrates that the established RSM model possesses high
accuracy and reliable predictive capability, making it suitable for optimizing and predicting
the flocculation sedimentation parameters of superfine tailings.

4.4. Multi-Objective Desirability Optimization of Flocculation and Settling Parameters

To obtain the optimal flocculation and settling effect, the ratios of the TSC, UCF, and
CFS were optimized using a desirability function. Since higher values of UC, SV, and
MCLF are more desirable, a single desirability function is established based on the response
surface regression model described in Equation (2a), as shown in Equation (6a, c). The
desirability of each response is first quantified, and their weighted geometric average
is then calculated to form a composite function, termed the overall desirability, which
serves as the multi-objective optimization function [21,26,36]. Each response weight was
set equal to 1 (e; = ey = e3 = 1; Equation (7)). Figures 9 and 10 illustrate the individual and
interactive effects of the factors on the overall desirability of the flocculation and settling
effect, respectively. The overall desirability of the flocculation and settling effect initially
increases and then decreases with rising TSC, peaking between 19% and 20%. The same
trend is observed for UCF, reaching a maximum at approximately 16 g/t. In contrast, the
desirability decreases with increasing CFS, peaking at approximately 0.4%. The 16th set
(TSC=19%; UCF=16 g/t; CFS= 0.4%) achieved an overall desirability of 0.994, identifying it
as the optimum. This close agreement with the optimal ratio generated by Design-Expert
(TSC=19.58%; UCF=15.98 g/t; CFS=0.4%) further verifies the model's accuracy.

0 if y1 < 69.78
diy) =4 A8 if 69.78 <y, <7896 (6a)
1 if y1 > 78.96
0 if  y, <053
dyp) = ¢ 202 if 053 <y <415 (6b)
1 if yp > 415
0 if y3 < 53.6
dlys) = ¢ L2238 if 536 <y; < 1246 (6¢)
1 if y3 > 124.6
1
— 1
k e Eei Y
D= (]]d(y)" = [d(y1) x d(y2) x d(y3)]3 )
i=1
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Figure 9. Overall desirability of the flocculation and settling effect under a single factor.
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Figure 10. Overall desirability of the flocculation and settling effect under all factors.

A comprehensive analysis shows that the established RSM model has high reliability.
Meanwhile, the model is used to predict the overall optimal ratio, corresponding to UC,
SC, and MCLF values of 78.71%, 4.26 mm/s, and 127.8 um, respectively. Compared to
the current thickening parameters of Zhongguan Iron Mine, the optimization not only
reduces the flocculant consumption from 25 g/t to 16 g/t, but also increases the underflow
concentration from about 75% to about 78%. The optimized parameters provide a practical
guideline for flocculation and settling of superfine tailings at the Zhongguan Iron Mine,
while also informing the optimization of thickening processes in similar mines.

5. Conclusions

To address the poor solid-liquid separation effect of superfine tailings, this study
optimized the flocculation and settling parameters in order to improve the flocculation
and settling effect. The response surface method was implemented to design and perform
experiments related to the impacts of the TSC, UCE, CFS, and their interactions on the
UG, SV, and MCLE. The response surface regression models of UC, SV, and MCLF were
established based on 17 test group results, and their statistical significance and predictive
accuracy were analyzed and experimentally validated. Subsequently, the desirability
function method was used to establish the single-factor desirability function and the
overall desirability function. The optimal flocculation and settling parameters and the
corresponding responses were determined as follows: a TSC of 19%, a UCF of 16 g/t, and
a CFS of 0.4%, corresponding to UC, SV, and MCLF values of 78.71%, 4.26 mm/s, and
127.8 um, respectively. The determined optimal parameters can be directly applicable for
improving the tailings thickening efficiency at Zhongguan Iron Mine. More importantly,
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the proposed models can provide valuable information for the optimization of thickening
processes in similar mines.
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