
Research Article
Optimization of Flocculation and Sedimentation Parameters of
Total Tailing Filling Material Based on Response Surface Method

Gang Li ,1,2 Dengpan Qiao ,1 and Jincheng Xie1

1College of Land and Resources Engineering, Kunming University of Science and Technology, Kunming, 650000 Yunnan, China
2Guizhou Coal Mine Design Research Institute Co., Ltd, Guiyang, 550000 Guizhou, China

Correspondence should be addressed to Dengpan Qiao; 20030033@kust.edu.cn

Received 23 December 2021; Revised 25 January 2022; Accepted 19 February 2022; Published 28 March 2022

Academic Editor: Awais Ahmed

Copyright © 2022 Gang Li et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Using sulfide ore and oxide ore tailings of a tin mine in Yunnan as rawmaterials, 17 groups of flocculation settling tests were designed by
Box-Behnken in Design-Expert software, and the settling velocity and underflow concentration of mixed tailings with sulfur/oxygen ratio
of 5 : 5 were studied. The effects of volume concentration, flocculant unit consumption, and flocculant concentration on settling velocity
and underflow concentration were explored, and the optimal parameters of settling velocity and underflow concentration were obtained.
Results. The best mixing parameters of mixed tailings are volume concentration of 17.66%, flocculant unit consumption of 39.589 g/t, and
flocculant concentration of 0.195%. At this time, the settling speed is 2.231mm/s and the underflow concentration is 65.289%. The
flocculation settling velocity under this parameter condition was tested, and the experimental results were consistent with the
predicted results of the model. This surface method can be used to design the flocculation and settlement test of mine tailings, which
has certain guiding significance for the selection of parameters in actual production of mines.

1. Introduction

With the continuous development of social economy, peo-
ple’s demand for mineral resources is higher and higher.
The deepening of resources and the large-scale stacking of
solid waste have become the difficult problems facing the
development of mining industry. Filling method is widely
used as a clean and efficient mining method, which can solve
the stacking of surface tailing waste [1–3].

The filling method needs to make tailings and other solid
wastes into slurry and transport them to the goaf. The thicken-
ing and dehydration of tailings is the premise of the filling
pulping process. The traditional tailing dewatering method is
natural sedimentation, which can improve the sedimentation
efficiency by increasing the sedimentation area. However, with
the progress of beneficiation technology, the particle size of
tailings becomes smaller and smaller, and the tailings become
finer and finer. There are some problems in the use of natural
sedimentation, such as serious fine particle overflow and slow
sedimentation speed [4]. Adding flocculant to the tailing
slurry can improve the settling velocity of tailings and reduce

the overflow concentration [5]. Therefore, many scholars have
carried out a lot of research work on the process of flocculation
sedimentation. By studying the settling velocity of muddy liq-
uid surface, based on the settling time, unit consumption of
flocculant, and settling velocity of muddy liquid surface, the
action mechanism of unit consumption of flocculant in differ-
ent settling stages was obtained [6]. The law of multifactor
flocculation and sedimentation is studied, and the important
factors affecting flocculation and sedimentation are selected
by the Design-Expert software, and the parameters are opti-
mized [7]. Through the static flocculation sedimentation test
of total tailings, the solid fluxmodel of total tailing flocculation
sedimentation is established, and the influence law of different
feeding speed on sedimentation in the process of dynamic
flocculation sedimentation is explored [8]. The support vector
machine (SVM) regression prediction model is established,
and the model parameters are optimized by genetic algorithm
to predict the settlement velocity [9]. A simple regression
model of sedimentation rate was obtained by fitting the static
flocculation sedimentation test according to the feed concen-
tration and unit consumption of flocculant [10].
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It can be seen from the above reference that a series of
tests are needed to determine the parameters of flocculation
and sedimentation. Summarize the rules from the experi-
ment, and finally determine the addition range of parame-
ters. The surface response method has some advantages in
this process. The test scheme can be designed by determin-
ing the variation range of independent variables, and the
overall test can be simplified, and at the same time, the opti-
mization scheme within the variation range of independent
variables can be obtained.

In this paper, aiming at the two kinds of tailings of sul-
fide ore and oxide ore of a tin mine, the indoor static floccu-
lation sedimentation test of sulfide ore tailings, oxide ore
tailings, and three mixed tailings with different sulfur oxygen
ratio are carried out to study the influence of different parti-
cle size composition of tailings on the sedimentation rate.
For the mixed tailings with sulfur oxygen ratio of 5 : 5, the
response surface method is used to design the test, explore
the influence law of various parameters on flocculation sed-
imentation effect, and optimize the feeding parameters.

2. Experimental Materials

2.1. Basic Physical Parameters of Total Tailings. There are
mainly two kinds of tailings of a tin mine in Yunnan: oxi-
dized ore tailings and sulfide ore tailings. Specific parameters
are shown in Table 1.

As shown in Table 1, the apparent density of sulfide tail-
ings is 3042 kg/m3. The apparent density of oxidized tailings
is 2861 kg/m3. The density of sulfide tailings is higher. The
loose density of sulfide tailings is 1365 kg/m3. The loose den-
sity of oxidized tailings is 1245 kg/m3. The stacking com-
pactness of sulfide tailings is 0.449, and the porosity is
0.551. The stacking compactness of oxidized tailings is
0.435, and the porosity is 0.565. In terms of loose density,
packing compactness, and porosity, they are relatively close.

From Table 2, showing the mineral composition analy-
sis, it can be seen that the main components of the tailings
are calcite and mica, accounting for 40–50% and 23–35%,
respectively. The chemical properties of the tailings are rela-
tively stable, and there is no chemical reaction with water.

2.2. Tailing Grading. The two kinds of tailings are obviously
different in appearance, gradation, and basic physical
parameters. The grading analysis of two kinds of tailings is
carried out. The detailed results of tailings grading are
shown in Figure 1.

It can be seen from the figure that the tailings of sulfide ore
are mainly distributed below -500 mesh, accounting for
40.87%. The average particle size of sulfide tailings is 84μm.
The median particle size was 40μm. The particle size of 60%
tailings is 53μm. Oxidized tailings are mainly distributed
below -500 mesh, accounting for 46.11%, and the median par-
ticle size is 31μm. 60% of oxidized ores is below 40μm. The
average particle size and median particle size of oxidized ore
tailings are smaller than sulfide ore tailings, which shows that
in morphology, oxidized ore tailings are finer than sulfide ore
tailings. Both kinds of tailings are distributed below -500
mesh. Generally speaking, the particle size of the two filling

tailings is too fine [11, 12]. If natural settlement is adopted, it
will cause problems such as too slow speed, insufficient under-
flow concentration, and high overflow concentration. There-
fore, it is necessary to adopt flocculation settlement method
to improve the settlement effect of tailings and realize stable
sand discharge of sand bin.

3. Flocculation Sedimentation Mechanism

The polymer flocculant aggregates the particles through
“bridging action” to form flocculation groups [13, 14]. The
action mechanism is that some active groups in the molecules
are adsorbed on the surface of the particles, the rest extend
into the solution to form unstable molecules, and the particles
with vacancies on other surfaces contact these extended parts
to form aggregates, so as to complete the “bridging” between
the particles. If the flocculant is excessive and the polymer
active group completely wraps the particles, there is no other
vacancy on the particle surface for the extended active group
to contact, and the bridging action will not be completed.
Therefore, the addition amount of flocculant has a reasonable
range, and the larger the flocculant is, the better the floccula-
tion effect is. Different flocculant types will produce different
effects. Polymer flocculants can be generally divided into
anionic, cationic, and nonionic types. Because different types
of flocculants have different molecular composition and floc-
culation structure, and their action forms and effects are sig-
nificantly different in solution environments with different
pH values and different charges, the polymer flocculant
rt301 with polyacrylamide model is selected for flocculation
sedimentation test in this test.

4. Flocculation Sedimentation Test of
Mixed Tailings

4.1. Experimental Design. In order to study the interaction
between flocculant and tailing slurry sedimentation velocity
and underflow concentration, a tailing flocculation sedimen-
tation test was designed. Considering that in the actual

Table 1: Basic physical parameters of sulfide ores.

Type
Apparent
density/
(kg/m3)

Loose
density/
(kg/m3)

Packing
compactness

Porosity

Sulfide ores 3042 1365 0.449 0.551

Oxidized
ores

2861 1245 0.435 0.565

Table 2: Analysis results of mineral composition of tailings.

Mineral
name

Mineral content of
sulfide ores (%)

Mineral content of
oxidized ores (%)

Calcite 40–50 35–40

Mica 25–35 25–40

Fluorite 5–10 5–10

Dolomite 5–10 5–15

Amphibole 1–5 5-10
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production and application of the mine, sulfide tailings and
oxidized tailings will be mixed and discharged in the propor-
tion of 5 : 5 in most cases. The volume concentration range
of the mixed slurry discharged by the concentrator is 15%-
21%. Most research results believe that the main influencing
factors of flocculation sedimentation are slurry volume con-
centration, flocculant unit consumption, and flocculant solu-
tion concentration. Therefore, based on the above
conditions, the volume concentration of test slurry is
designed to be 15%~21%, the unit consumption of flocculant
is 20~60 g/T, and the flocculant concentration is 0.1~0.3%.

Response surface method [15, 16] can intuitively opti-
mize the feeding parameters and predict and analyze the
objectives. It can not only conduct single-factor analysis
but also consider the impact of parameter interaction on
the objectives. The volume concentration X1 of tailing
slurry, unit consumption X2 of flocculant, and flocculant
concentration X3 were selected as independent variables,
and the sedimentation velocity Y1 and underflow concentra-
tion Y2 were selected as response values. Box-Behnken in the
Design-Expert software is used to design the test scheme of
three factors and three levels and analyze the influence law
of the interaction of various variables on sedimentation
velocity and underflow concentration. The levels of various
factors are shown in Table 3.

4.2. Test Result. In the settlement test, the settlement velocity
of solid particles in the slurry is mainly determined by
observing the position of the solid-liquid interface, as shown
in the figure. The settling velocity and underflow concentra-
tion of solid particles are calculated by recording the height
and time of solid-liquid interface.

Figure 2 shows the settlement process of tailings with the
passage of time. With the passage of time, the height of set-
tlement interface is getting lower and lower. The settlement

speed of tailings can be calculated by reading the height of
settlement interface.

The specific test scheme and results are shown in
Table 4. The multiple regression equations of response value,
sedimentation velocity (Y1), and underflow concentration
(Y2) are obtained by multiple fitting of the test results with
design expert:

Y1 = −0:63 + 0:35X1 + 0:02X2 + 1:94X3 − 1:25
× 10−4X1X2 − 0:067X1X3 − 7:5 × 10−3X2X3
− 0:012X2

1 − 2:19 × 10−4X2
2 − 1:525X2

3,
ð1Þ

Y2 = 7:197 + 4:07X1 + 0:48X2 + 47:42X3 − 1:125
× 10−3X1X2 + 1:09X1X3 − 0:18X2X3 − 0:096X2

1
− 5:34 × 10−3X2

2 − 149:9X2
3:

ð2Þ

During the experiment, the experimental concentration,
flocculant unit consumption and flocculant concentration
can be determined. However, the granularity of tailings in
each experiment has a small amount of uncertainty. There-
fore, under the same experimental conditions, there will be
some differences in the experimental results, but these
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Figure 1: Grain size composition of full tailings.

Table 3: Factors and levels of response surface methodology.

Independent variable
Horizontal
coding

-1 0 1

Volume concentration (X1)/(%) 15 18 21

Unit consumption of flocculant (X2)/(g/t) 20 40 60

Flocculant solution concentration (X3)/(%) 0.1 0.2 0.3
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differences are very small, and there will be no serious devi-
ation from the correctness of the experimental results.

4.3. Reliability Test of Regression Model Based on Response
Surface Method. The model reliability of multiple regression
equations of sedimentation velocity (Y1) and underflow con-
centration (Y2) is tested. Figure 3 shows the comparison
between the predicted values of the sedimentation velocity
and underflow concentration model and the test values. It
can be seen from Figure 3 that the test values are evenly dis-
tributed on the fitting line and both sides. It can be seen that

the error between the two is small, which proves that the
sedimentation velocity and underflow concentration model
are reliable.

Goodness of fit (R2) represents the difference between
the measured value and the regression value, and the value
is between 0 and 1. The closer R2 is to 1, the higher the reli-
ability of the model is. The R2 values of sedimentation veloc-
ity and underflow concentration are 0.998 and 0.99,
respectively, which are close to 1, which means that the
model is very reliable. The p value of the model represents
the significance of each factor, and the p value less than
0.05 represents the significance of the model. The p values
of the regression models of sedimentation velocity and
underflow concentration are less than 0.0001, and the resid-
uals of the two regression models are not significant, which
represent that the model is very significant.

5. Influence of Response Surface Parameters on
Flocculation Sedimentation

5.1. Effect of Single Factor of Response Surface Parameters on
Flocculation Settlement of Mixed Tailings. It can be seen
from Figure 4 that the influence law of various factors on
flocculation sedimentation is as follows:

(1) Keeping the unit consumption of flocculant and floc-
culant concentration unchanged, with the increase of
volume concentration, the sedimentation rate gradu-
ally decreases and the impact is more intense. The
underflow concentration first gradually increases
and then tends to be flat, which indicates that the
impact of the continuous increase of the initial feed
volume concentration on the underflow concentra-
tion is decreasing

(2) Keep the volume concentration and flocculant con-
centration unchanged. With the increase of

0 S 250 S 500 S 750 S 1000 S

Figure 2: Schematic diagram of settlement test.

Table 4: Response surface test design and results.

Number
Code value Actual value

Predicted
value

X1 X2 X3 Y1 Y2 Y1 Y2
1 0 0 0 2.21 65.76 2.20 65.58

2 -1 0 1 2.38 60.66 2.37 60.47

3 1 0 -1 1.81 65.12 1.82 65.31

4 0 0 0 2.18 65.38 2.20 65.58

5 -1 1 0 2.28 60.41 2.28 60.28

6 0 -1 1 2.11 62.12 2.11 62.26

7 0 -1 -1 2.12 61.88 2.12 61.56

8 0 0 0 2.19 65.81 2.20 65.58

9 1 -1 0 1.74 64.89 1.73 65.02

10 1 0 1 1.74 66.22 1.74 65.95

11 0 1 1 2.04 61.29 2.04 61.61

12 -1 0 -1 2.37 60.87 2.37 61.14

13 1 1 0 1.68 65.01 1.68 64.96

14 0 1 -1 2.11 62.49 2.11 62.35

15 0 0 0 2.22 65.75 2.20 65.58

16 0 0 0 2.19 65.19 2.20 65.58

17 -1 -1 0 2.31 60.02 2.31 60.07
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flocculant unit consumption, the sedimentation
velocity and underflow concentration increase first
and then decrease and reach the maximum in the
range of 37-41 g/T. This shows that if the unit
consumption of flocculant exceeds the optimal
action range, the sedimentation effect will become
worse. This is because the fine tailings adsorb a
large number of flocculating molecules to produce
too much floc water, which will worsen the driv-
ing effect of coarse particles on fine particles.
The steric effect of a large number of polymer
adsorption membranes makes the tailing particles

repel each other; the siltation layer occupying the
bottom space hinders the downward sedimenta-
tion of particles and worsens the compaction
and dehydration process in the later stage, and
too much flocculation structure reduces the
underflow concentration

(3) Keep the volume concentration and unit consump-
tion of flocculant unchanged. With the increase of
flocculant concentration, the sedimentation velocity
changes little, and the underflow concentration
increases first and then decreases, reaching the max-
imum at about 0.2%.
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Table 5: Variance analysis of settlement velocity model.

Source Sum of square df Mean square F value p value

Model 0.7995 9 0.0888 495.5 <0.0001 Significant

A-volume concentration 0.7021 1 0.7021 3916.17 <0.0001
B-unit consumption of flocculant 0.0036 1 0.0036 20.15 0.0028

C-flocculant solution concentration 0.0025 1 0.0025 13.67 0.0077

AB 0.0002 1 0.0002 21.25 0.2996

AC 0.0016 1 0.0016 8.92 0.0203

BC 0.0009 1 0.0009 5.02 0.06

A2 0.0489 1 0.0489 272.66 <0.0001
B2 0.0324 1 0.0324 180.84 <0.0001
C2 0.001 1 0.001 5.46 0.0521

Residual 0.0013 7 0.0002

Lack of fit 0.0002 3 0.0001 0.216 0.8807 Not significant

Table 6: Analysis of variance of underflow concentration model.

Source Sum of square df Mean square F value p value

Model 82.37 9 9.15 78.59 <0.0001 Significant

A-volume concentration 46.46 1 46.46 399.01 <0.0001
B-unit consumption of flocculant 0.0105 1 0.0105 0.0903 0.7726

C-Flocculant solution concentration 0.0006 1 0.0006 0.0053 0.9442

AB 0.0182 1 0.0182 15.33 0.7042

AC 0.429 1 0.429 3.68 0.0964

BC 0.5184 1 0.5184 4.45 0.0728

A2 3.12 1 3.12 26.84 0.0013

B2 19.17 1 19.17 164.66 <0.0001
C2 9.46 1 9.46 81.25 <0.0001
Residual 0.8152 7 0.1165

Lack of fit 0.5089 3 0.1696 2.22 0.2288 Not significant

60

21
20

19
18

A: Volume concentration (%)

A: Volume concentration (%)
B: Unit consumption of flo

cculant (g/t)

B: Unit consumption of flocculant (g/t)
17

16
15 60

50
40

30
20

U
nd

er
flo

w
 co

nc
en

tr
at

io
n 

(%
)

62

64

66

68 2.4

2.2

2

1.8

1.6

15
16

17
18

19
20

21 20
30

40
50

60

Se
ttl

in
g 

ve
lo

ci
ty

 (m
m

/s
)

Figure 5: Interaction analysis of response surface factors.
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5.2. Effect of Interaction of Response Surface Parameters on
Flocculation and Sedimentation of Mixed Tailings. From
the variance analysis of sedimentation rate and underflow
concentration (as shown in Tables 5 and 6), it can be seen
that the F value of volume concentration and flocculant unit
consumption AB is the largest, which means that the inter-
action between them has the most significant impact on
the flocculation and sedimentation of mixed tailings. Keep
the flocculant concentration unchanged at 0.2%. Analyze
the impact of volume concentration and flocculant unit con-
sumption on sedimentation rate and underflow concentra-
tion, as shown in Figure 5. It can be seen from the figure
that the sedimentation rate and underflow concentration
are affected by the unit consumption of flocculant, and both
increase first and then decrease. The best unit consumption
of flocculant is in the range of 37-41 g/T. The increase of vol-
ume concentration makes the sedimentation velocity gradu-
ally smaller. The volume concentration increases from 15%
to 18%, the velocity decrease range is about 7.9%, the volume
concentration increases from 18% to 21%, and the velocity
decrease range is about 18.36%, which indicates that the
influence on the sedimentation velocity becomes more and
more intense with the continuous increase of volume con-
centration. The underflow concentration increases with the
increase of volume concentration, the volume concentration
increases from 15% to 18%, the increase range of underflow
concentration is about 5.2%, while the volume concentration
increases from 18% to 21%, and the increase range of under-
flow concentration is about 1.8%, which indicates that the
influence on underflow concentration decreases with the
increase of volume concentration. With the increase of vol-
ume concentration, the influence of unit consumption of
flocculant on sedimentation velocity and underflow concen-
tration is decreasing, which proves that the influence of vol-
ume concentration on sedimentation effect is greater than
that of unit consumption of flocculant.

5.3. Parameter Optimization. The Design-Expert software is
used to optimize the results of flocculation sedimentation
test. The underflow concentration and sedimentation veloc-
ity are the largest. The best parameters calculated by the
model are feed volume concentration 17.66%, flocculant unit
consumption 39.589 g/t, and flocculant concentration
0.195%. The sedimentation velocity is 2.231mm/s, and
underflow concentration is 65.289%. Taking the volume
concentration of 17.7%, the unit consumption of flocculant
39 g/T, and the flocculant concentration of 0.2% as the actual
test parameters, a flocculation and sedimentation test was
designed.

The settling velocity is 2.247mm/s, and the underflow
concentration is 65.77%, which is basically consistent with
the optimization results. The test results prove the correct-
ness of the optimization model.

6. Conclusion

In this paper, the slurry flocculation sedimentation tests
under different slurry volume concentration, flocculant unit
consumption, and flocculant solution concentration are

designed, and the test results are analyzed and studied by
response surface method. The following conclusions are
drawn:

(1) The effect of flocculation and sedimentation is not
only affected by single factors, but also by the inter-
action between factors, especially the interaction of
volume concentration and unit consumption of
flocculant

(2) Based on the research results of response surface
method, the optimal mixing parameters of mixed
ore tail mortar with sulfur oxygen ratio of 5 : 5 are
predicted. The volume concentration is 17.66%, the
unit consumption of flocculant is 39.589 g/t, the floc-
culant concentration is 0.195%, the settlement veloc-
ity is 2.231mm/s, and the underflow concentration is
65.289%
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