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Abstract: A series of laboratory investigations are conducted to analyze the effect of flocculant type on the spatial morphology and micro-
structural characteristics of flocs during the flocculation and settling of tailings. Four flocculant types (i.e., ZYZ, JYC-2, ZYD, and JYC-1) are
considered in this study. The fractal characteristics and internal structures of tailings flocs with different flocculant types and settlement heights
are analyzed by conducting scanning electron microscopy and X-ray micro-computed tomography scanning experiments based on the fractal
theory. Results show that unclassified tailings flocs are irregular clusters with fractal characteristics, and the flocculation effect of the four floc-
culant types has the following trend: ZYZ > JYC-2 > ZYD > JYC-1. The size and average grayscale value of tailings flocs decrease with the
increase in settlement height. The average grayscale values at the top and bottom are 144 and 103, respectively. The settlement height remark-
ably affects the pore distribution pattern, as reflected in the constructed three-dimensional pore model of tailings flocs. The top part of flocs has
relatively good penetration, whereas the bottom part of flocs has mostly dispersed pores. The number of pores increases exponentially with the
increase in settlement height. By contrast, the size of pores initially increases and subsequently decreases with the increase in settlement height.
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1. Introduction

The filling mining method has been widely used in vari-
ous mines because of the increase in people’s environmental
awareness [1-4]. Flocculation and settling technologies for
tailings filling slurry in mines are important [5—7]. Floccu-
lants are added to a dispersed tailings solution to cause tail-
ings particles in water to aggregate into large tailings flocs
through charge adsorption and consequently induce bridging
and cross-linking [8—12], which further cause the tailings to
aggregate into large tailings flocs, thereby improving the
particle settling rate [13—17].

The mechanisms of action of flocculation and settling
have been the focus of numerous studies. Eswaraiah et al.
[18] showed that sedimentation speed is repeatedly im-
proved by flocculants. Anionic flocculants are more effect-
ive than cationic and neutral flocculants in increasing the set-
tling speed of slurries. Wu et al. [19] determined that the rel-
ative flocculation rate initially increases and subsequently de-
creases with the increase in pH, flocculant unit consumption,
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and shear rate; conversely, the relative flocculation rate
gradually decreases with the increase in solid volume frac-
tion of the slurry. Researchers [20-21] demonstrated that set-
tling velocity is negatively correlated with feed concentra-
tion at a certain unit consumption, whereas limit concentra-
tion is positively correlated with feed concentration. Dwari
et al. [22] observed that the ionicity and molecular weight of
the flocculants have a significant effect on the tailings set-
tling properties. Bian et al. [23] investigated the dynamic
flocculation settlement of unclassified tailings and showed
that sedimentation speed is positively correlated with the
flocculant unit consumption, feeding speed, and mass frac-
tion of the slurry.

Flocculated flocs are characterized by complex structures
with different sizes, shapes, and voidages [24]. Fractal di-
mension is an important parameter used to measure flocs
[25-27]. Liu et al. [28] observed that the fractal dimension of
flocs formed by coal particles with small particle sizes is
large, and these flocs are compact. Niu et al. [29] showed that
the average particle size of flocs is positively related to their
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fractal dimension. Flocs formed with waxy corn starch have a
large fractal dimension, dense structure, fast settling speed,
and good flocculation effect. Xu and Dong [30] determined
that the fractal dimension of flocs is distributed in a certain
range, not a single value, under high shear conditions. Jiao
et al. [31] showed that pore structures have obvious fractal
characteristics, and the dimension of the pore box at the bot-
tom of the bed is relatively small. As the bed height increases,
the fractal dimension gradually increases.

X-ray micro-computed tomography (LCT) has been de-
veloped and widely used in the mining industry. X-ray com-
puted tomography (CT) with nondestructive imaging is used
to detect the internal structure of materials and reconstruct
high-resolution images [32]. The complex geometry and in-
ternal texture of the material are characterized and analyzed
by X-ray uCT [33]. Wang et al. [34] developed a feature-
based segmentation algorithm and provided an accurate CT
image processing method for microstructural analysis. Other
scholars also used scanning electron microscopy (SEM) to
examine the microstructure of flocs. Sharma ef al. [35] ana-
lyzed the microstructure of flocs using cryo-SEM and ob-
served the stabilization of kaolinite microflocs in the web
formed by polymer chains. Zhang et al. [36] determined that
the flocs formed by PTC1.0 had the best filtration property
and were compact using SEM analysis.

Scholars all around the world have conducted consider-
able research on flocculation and settling but relatively few
studies of the microstructure of flocs. In this study, the mi-
crostructure of unclassified tailings flocs is examined through
experimental methods, such as SEM and puCT scanning, and
the spatial morphology characteristics of flocs are analyzed
based on the fractal theory to evaluate the effects of floccula-
tion settlement of different flocculant types. The tailings floc
in the best flocculant is selected, and its spatial morphology
characteristics, grayscale characteristics, and pore structures
are assessed to characterize the structure of the entire tailings
floc in the microscale and provide a scientific basis for the se-
lection of the appropriate flocculant. To provide intentional
reference values for research on unclassified tailings flocs,
the relationship between the settlement height and the quant-
ity and size of pores was also analyzed from the microscopic
point of view.

2. Experimental
2.1. Materials

The tested gold tailings used in this study are from a Shan-
dong (China) gold mine. The tailings are manually sieved
and scanned with a laser particle size analyzer to determine
their particle size distribution, as shown in Fig. 1. The particle
size distribution of the tailings indicates that approximately
62v0l% of fine particles have tailings of less than 38 pm and
approximately 51vol% of fine particles have tailings of less
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Fig. 1. Particle size distribution curve of the tailings.

than 20 pm.

The tailings density is 2.65 g/cm’. Energy-dispersive
spectroscopy point analysis is performed to analyze the
chemical characteristics of the tailings, and the distribution
map of each element is obtained, as shown in Fig. 2. The res-
ults show that the phase composition of the tailings sand is
relatively simple, that is, mainly composed of quartz and
mica. These two substances cannot be easily dissolved in wa-
ter and dissociated into a single substance. Moreover, these
two substances slightly affect the fluidity of the tailings
filling slurry and the strength of the filling body. In contrast
to the concentration distribution of the main elements, the
concentration distribution of calcium and iron is low, indicat-
ing that the tailings contain calcium and iron inclusions.

Four flocculant types, that is, ZYZ, ZYD, JYC-1, and
JYC-2, are mainly used in the experiment. Their basic prop-
erties are listed in Table 1. All of them are anionic floccu-
lants mainly composed of polyacrylamide, with the molecu-
lar formula of (C;HsNO),. The main chain of polyacrylamide
contains a large number of amide groups. The four floccu-
lant types have similar chemical compositions but different
production qualities, which result in different performance
levels.

2.2. Experimental plan

Unclassified tailings are dispersed in a solution with a
mass concentration of 15wt% and poured into a 1 L measur-
ing cylinder. Then, 0.1wt% flocculant solution is prepared
and added dropwise to the measuring cylinder using a drop-
per. The single consumption of the flocculant is 15 g/t. The
slurry is fully mixed in the measuring cylinder using a stirrer.
The stirrer is removed, and the mixture is left to stand for 10
min. Afterward, the floc is gently extracted with a long
pipette [37], placed dropwise on a cut filter paper, and dried
naturally for 24 h to prepare a sample for SEM. The four
flocculant types were used to prepare the solution, and the
experimental samples were obtained according to the previ-
ously presented steps. Fig. 3 shows the schematic diagram of
the sampling location.
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Fig. 2. Distribution of each element in the tailings.

Table 1. Basic properties of the flocculants

Flocculant Solid content / wt% Molecular weight / (10° u) Charge density / wt% Soluble in water
VAV >90 16-18 20-30 Yes
ZYD >88 16-18 22.5-27.5 Yes
JYC-1 >88 16 20-30 Yes
JYC-2 >90 18 22.5-27.5 Yes
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-~ ~-» Location 2

-~ ~-» Location 3

Fig. 3. Schematic of sampling using an electron microscope.

This procedure is repeated to prepare a sample for X-ray
three-dimensional scanning by rapidly freezing the sample
with liquid nitrogen and processing with a freeze dryer.

2.3. Experimental equipment

Carl Zeiss’ tungsten filament SEM EVO 18 (as shown in
Fig. 4) is used in the experiment, with an image size of 1000

x 750 px and an acceleration voltage of 20 kV. Before the
test is performed, the samples are sprayed with carbon and
held in place with conductive adhesive. After the samples are
placed in a vacuum chamber for evacuation, SEM is conduc-
ted to analyze the microstructure of each sample at different
magnifications.

A Nano Voxel 3502E model high-resolution X-ray (unCT)
three-dimensional scanning imaging system (as shown in
Fig. 5) is utilized in the X-ray three-dimensional scanning ex-
periment, with a scanning resolution of 10 um.

3. Results and discussion

3.1. Fractal theory characteristic of the flocculant SEM
images

JYC-1, JYC-2, ZYZ, and ZYD are examined through
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Fig. 4. Carl Zeiss’ tungsten filament SEM EVO 18 used in the
experiment.

SEM at 5000% magnification (Fig. 6). Black denotes pores,
and other colors denote the floc and its structure.

Fractal geometry is a kind of geometry characterized by
self-similarity, that is, irregular, fractured, or fragmented ap-
pearance. Scholars have conducted considerable research on
aggregates formed by flocculation at high shear rates
[38—40]. In this study, the flocs are not sheared to control for
a single variable, which is a good approach to compare the
effects of flocculants. Therefore, the fractal box dimension is
used to characterize the fractal characteristics of flocs. N (N =
1,2, 3, ...) squares with side length r are taken to divide the
image. The divided areas do not coincide, and the area con-
taining the flocs is recorded as N(r). Therefore, Eq. (1) is de-
rived as follows:

N =1/r" (M
Eq. (2) is derived after the logarithm is obtained, as fol-
lows:

o o6

Fig. 6. SEM images of tailings flocculation with different flocculants.
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Fig. 5. High-resolution X-ray three-dimensional scanning
imaging system.
IgN(r
po l2No ®
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where D is the fractal dimension.

In SEM-based quantitative analysis, image binarization is
important because it is the basis for conducting fractal ana-
lysis. Binarization, also known as threshold segmentation, is
the process of setting the pixels of an image to 0 or 255,
presenting the entire image with a clear black and white ef-
fect, and classifying each pixel. If M x N is the SEM image
and f(x, y) is the pixel grayscale value at the position of line (x
— 1) and row (y — 1) in the image, where 0 <x <M, 0 <y <N,
X,y € integral number, then the principle of grayscale image
binarization can be expressed as follows [41]:

fan={y =T 3)

0,else

where 7 is the threshold. After binarization, all of the pixels
of the image are only black and white. Binarization reduces
the amount of data in an image; thus, the target object can be
prominently outlined (Fig. 7). The binary images shown in
Fig. 7 are obtained after the SEM images shown in Fig. 6 are
binarized.

Fractal analysis is performed on the binary images of the

-~
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four flocculant types, and the fractal characteristic curve is
shown in Fig. 8. Under the action of Brownian movement
and turbulence, unclassified tailings flocs make the tailings
particles collide and combine with the flocculant. The suc-
cessful fitting of the fractal characteristic curve indicates that
unclassified tailings flocs are an irregular cluster with fractal
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Fig. 7. Binary images of tailings flocculation with different flocculants.
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characteristics. After different flocculants are added to the
tailings, flocculation settlement occurs. The fractal dimen-
sion is used as a quantitative control parameter to character-
ize the flocculation structure and evaluate the flocculation ef-
fect. The fractal dimensions are 1.816, 1.827,1.832, and 1.825.

The relationship between flocculant type and fractal di-
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Fig. 8. Fractal characteristic curves of flocs: (a) JYC-1; (b) JYC-2; (¢) ZYZ; (d) ZYD.
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mension is plotted in Fig. 9. The fractal dimension of the
flocculation structure of ZYZ is the largest among the floccu-
lant samples. This result indicates that the tighter the floc is,
the larger the molecular weight of the flocculant. This char-
acteristic is beneficial to the rapid settlement of water. The
smaller the distance between the particles inside the floc is,
the greater the difference between the density of the floc and
the density of the liquid and the greater the settling velocity.
Therefore, the flocculation effect is good. According to the
fractal theory, the ZYZ flocculant has the best flocculation
and settling effects on gold mine tailings. The order of the
four flocculant types for gold mine tailings is ZYZ >JYC-2 >
ZYD > JYC-1.
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Fig. 9. Relationship between flocculant type and fractal di-
mension.

3.2. Spatial morphology analysis of ZYZ flocculant tail-
ings floc

The flocs from the top, middle, and bottom of the ZYZ
flocculant are magnified 5000x by SEM. The SEM image is
in grayscale. However, the human eye has limited ability to
distinguish grayscale levels and its nuances. According to the
Weber—Fechner law, the visual resolution of the human eye
is significantly affected by the color vision and visual con-
trast of the image. Therefore, the contrast of the grayscale
SEM image can be expanded, and the color category can be
increased to enhance the visual difference of the combined
SEM image, thereby highlighting the subtle differences.

Pseudo-color enhancement technology is used to disguise
grayscale or black-and-white images as color maps. In this
process, each grayscale of the image is converted into a point
in the color space according to a certain functional relation-
ship, so that the image has different grayscales. Thus, the hu-
man eye can easily recognize different colors and the pur-
pose of image enhancement can be achieved.

Fig. 10 shows the SEM images after processing with the
pseudo-color enhancement technology. The grayscale values
are sequentially defined as red, yellow, green, white, cyan,
blue, and others. Some areas are extracted, and the grayscale
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value is converted into a three-dimensional figure.

Figs. 10(a)—10(c) show the SEM images of different set-
tlement heights of the sampling locations illustrated in Fig. 3.
At location 1 (top), the size of the floc is large, and most of
the flocs greater than 20 um have a concentrated distribution.
Large pores greater than 10 um are also present. At location 2
(middle), the floc size is evenly distributed between 15 and
20 pum, and the pore size is significantly reduced. At location
3 (bottom), the floc size is less than 15 pm, and small flocs
exist. Small pores increase in size and are evenly distributed
around the flocs. As the settlement height decreases, the size
of the tailings floc decreases. During the flocculation and set-
tling of tailings flocs, large flocs settle and become dehyd-
rated into small flocs.

3.3. Grayscale characteristic analysis of the tailings floc
inZYZ

The grayscale value refers to the dark range of the image,
where the white and black values are 255 and 0, respectively.
In the original SEM image, black corresponds to the pores
between flocculation structures, and the floc entities show
different degrees of white. The grayscale characteristics of
the tailings floc in ZYZ are analyzed as follows. The gray-
scale analysis is performed for the same position of the SEM
images of different locations of the flocculation settlement
(Fig. 11).

Figs. 11(a)—11(c) are extracted from the top, middle, and
bottom of the ZYZ flocculant tailings settlement, respect-
ively. The curve illustrated in the figure shows the distribu-
tion of the grayscale value at the horizontal red line. The
grayscale value can intuitively indicate the difference
between pores and solids. Fig. 11(a) illustrates that the top
grayscale value of the floc is greater than 250. Only one pore
has a grayscale value of less than 50. The average grayscale
value is 144. Fig. 11(b) shows the conditions in the middle
part. The grayscale value of the floc is preferably approxim-
ately 200, and three pores have a grayscale value of less than
50. The average grayscale value of the middle part is 109. In
Fig. 11(c), the grayscale value at the bottom is significantly
less than 200, and the grayscale value of most pores is less
than 50. The average grayscale value is 103. The average
grayscale value of the floc decreases with the decrease in set-
tlement height (Fig. 11). This finding indicates that the tail-
ings flocs at the top have a high water content; thus, the floc
appears bright white. During flocculation settlement, the in-
ternal water of the flocs is continuously exported, and the
color of the flocs gradually darkens. Therefore, the grayscale
value gradually decreases.

3.4. Microscopic characterization of the pore structure of
ZYZ flocculant tailings floc

3.4.1. Three-dimensional pore model
Three-dimensional reconstruction is performed by im-
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Fig. 10. SEM images of tailings flocculation of the ZYZ flocculant: (a) location 1; (b) location 2; (c) location 3.

porting the pCT data files to be reconstructed, constructing a
three-dimensional data set, and adjusting the reconstruction
parameters. The reconstructed image is shown in Fig. 12. The
blue part denotes the pores, and the red part denotes the floc
entities. The pores and floc entities are separated through
threshold segmentation. The pores are extracted separately to
establish a three-dimensional pore model, and the height of
the reconstructed model is 10 mm.
3.4.2. Characteristics of the spatial distribution of pores in
tailings floc

Pore slices with settlement heights of 10, 8, 6, 4, 2, and 0
mm are taken according to the reconstructed structure to ana-
lyze the effect of sample settlement height on pore distribu-
tion (Fig. 13). The pore distribution of the sample shows dif-
ferent characteristics as the settlement height varies. The
pores at the bottom of the sample (0 mm) are loose. As the
settlement height increases, the pores of the sample gradu-
ally increase. The settlement height of the sample remark-

ably affects the pores. The interpenetration between the pores
at the bottom of the sample is relatively poor in a scattered
distribution, and most of them are independent pores. At the
top of the sample, the pores are distributed on a flat surface,
and the penetration between them is relatively good.
3.4.3. Quantitative analysis of the settlement height and the
quantity and size of pores

In the study of the thickening mechanism of unclassified
tailings, the floc size affects the settling rate, and the addition
of flocculant improves the efficiency of solid—liquid separa-
tion. The microscopic structure is the main reason that un-
classified tailings become dense. Therefore, ZYZ is ex-
amined through pCT scanning to obtain the slice image data.
The relationship between the settlement height and the num-
ber and size of pores is determined by extracting the pore
data of each layer.

Fig. 14 shows the relationship between number of pores
and settlement height. The number of pores gradually in-
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Fig. 12. Three-dimensional pore model of the ZYZ flocculant
tailings floc.

creases with the increase in settlement height. Thus, the num-
ber of pores is exponentially related to the settlement height.
The correlation coefficient R* = 0.987 indicates that the expo-
nential function has a high correlation, and the exponential
a+bx+cx’

equation relation is y = e , wWhere a, b, and ¢ are con-
stants (@ =7.222, b=-0.013, ¢ = 0.009). As flocculation set-

-
30 40
Distance / um

Grayscale value characteristic curve of flocs: (a) location 1; (b) location 2; (c¢) location 3.

tlement continues to occur, the tailings flocs are deposited at
the bottom; thus, the number of pores is gradually reduced.
Approximately 2700 and 1400 pores are detected at the top
and bottom, respectively.

Fig. 15 shows the relationship between pore size and set-
tlement height. The difference is approximately 4 um, indic-
ating that the overall change in pore size is nonsignificant.
The size of the top pore of the floc is small, indicating that
the size of the top floc is large. As the settlement height
increases, the overall trend of the size of the floc initially
increases and subsequently decreases. After nonlinear fitting
is performed, R* = 0.848, and the degree of fitting is high.
The pore size and settlement height satisfy the following
nonlinear  formula:  y =y, +(A/w) X Vx./xxBessel il
(2 \/M/w) x e(%=9/) where y, = 10.872, x, = 7.407, w =
2.552,4=121.129, and Bessel il is the Bessel function.
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Fig. 13. Microscopic characteristics of pores at different heights: (a) Z =10 mm; (b) Z=8 mm; (¢) Z=6 mm; (d) Z=4 mm; (e) Z=

2 mm; (f) Z=0 mm.
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Fig. 14.  Relationship between settlement height and pore
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4. Conclusions

Through a series of indoor experiments, namely, physical
property experiments, laser particle size analysis, SEM, nCT
scanning, fractal analysis, and three-dimensional reconstruc-
tion of the obtained data, the following conclusions are
drawn.

(1) The fractal analysis of the SEM image indicates that
the fractal dimension of the flocculation structure of ZYZ is
the largest among the flocculant samples. This result indic-
ates that the more compact the floc is, the greater the differ-
ence between floc density and liquid density, the greater the
settling velocity, and the better the flocculation effect. The
flocculation effect of the four flocculant types has the follow-
ing trend: ZYZ >JYC-2>ZYD >JYC-1.

(2) The spatial shape of the floc is analyzed by rendering
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Fig. 15. Relationship between settlement height and pore size.

the SEM image into color through the pseudo-color enhance-
ment technology. For the tailings floc in the ZYZ flocculant,
the floc size decreases continuously, and the average gray-
scale value of the floc decreases with the decrease in settle-
ment height.

(3) A three-dimensional pore model of the sample is con-
structed. The results indicate that settlement height remark-
ably affects pores. The interpenetration between the pores at
the bottom of the sample is relatively poor in a scattered dis-
tribution, whereas the interpenetration between the pores at
the top of the sample is better.

(4) As settlement height increases, the number of pores
gradually increases. The number of pores is exponentially re-
lated to the settlement height. The difference in pore size is
approximately 4 pm, indicating that the overall pore size is
not considerably changed. As the settlement height increases,
the pore size initially increases and subsequently decreases.
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