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ABSTRACT

High stability and low settling rate of phosphate fines in water suspensions encountered the dry area-
located mines with serious environmental and technical challenges. The best suggestion for these mines
is paste thickener installation for dewatering. In this research, the novel procedure has been proposed
for evaluating the potential of paste thickeners in dewatering mining tailings. The case study is Esfordi
phosphate complex (Iran). Initially, the selection criteria of a proper flocculant (environmental effects,
price, particle settling rate, turbidity of overflow water, and underflow water content) were evaluated for
current consuming flocculant (A-27) and 12 other ionic and nonionic flocculants. Then, flocculation
performance was ranked based on the type and concentration, applying multiple criteria decision-
making (MCDM) techniques of ORESTE, MAPPAC, and ELECTRE. Subsequently, the pilot-scale tests were
performed for the selected flocculants and the operational conditions were evaluated for the maximum
underflow solid content of 70 wt.%. The results of the present research showed that installation and
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application of this type of thickener could be effective for the case study.

1. Introduction

The problems associated with phosphatic clay management
have encouraged the researchers to find economical and prac-
tical methods for dewatering and consolidating. These meth-
ods were documented in the literature (Boshoff, Morkel and
Naude 2018; El-Shall and Zhang 2004; Garmsiri and Nosrati
2019; Gnandi et al. 2005; Kong and Orazem 2014; Ozacar and
Ayhan Sengil 2003; Scheiner and Smelley 1985).

Although, storing phosphate tailings in clay ponds has
been the most common method for disposal but now
a more effective approach is followed by the industries to
cover issues including a huge amount of water loss, occupying
large pieces of land, and the possibility of environmental
disasters (Besra, Sengupta and Roy 1998; Rulyov, Dontsova
and Korolyov 2005; Tao, Parekh and Honaker 2008).

According to a research carried out for dewatering disposal
in Esfordi phosphate complex (Iran), the lowest cost method
for tailings disposal considering environmental conditions of
the area is reported to be tailings dewatering by paste thick-
eners and transferring the slurry by capable pumps to the
dam. Consequently, replacing conventional thickeners with
paste thickeners (also known as deep cone thickeners) was
chosen as an effective practical approach. Considering the
importance of the subject, this research was conducted in
two parts to investigate the feasibility of using paste thickener
for the complex.

The first step to achieve optimum dewatering results is
choosing the type and concentration of the flocculant in
batch scale experiments. These flocking agents depending on
the type and consuming dosage significantly influence particle
settling rate, turbidity of overflow water, and underflow water
content. Although, they can impose both operational cost and
environmental effects on the mineral processing industry. In
this research, the mentioned criteria were evaluated for the
current flocculant of the complex (A-27) and 12 other ionic
and nonionic flocculants. Obviously, an effective flocculant
was identified with low consuming dosage, high particle set-
tling rate, low turbidity of overflow water, and low underflow
water content. Therefore, given the multiplicity of conflicting
criteria and necessity of choosing the effective type and con-
centration of flocculants, multiple criteria decision-making
(MCDM) techniques were applied in this study. MCDM tech-
niques used in the mining research were mainly focused on its
environmental effects and less on mineral processing.
A summary of this research is given in Table 1.

In this research, to determine the type and concentration
of the flocculant with respect to five criteria, MCDM techni-
ques of ORESTE, MAPPAC, and ELECTRE (supplementary
file) were applied for the first time in mineral processing field.
The validation of ranking results was carried out using the
three techniques. Precise selection of type and concentration
of flocculant improves the results of subsequent pilot settling
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Table 1. Summary of the environment and mineral processing research using MCDM techniques.

Evaluation
Field Subject technique Reference
Environment Environmental evaluation for sustainable development of coal mining in Qijiang, Western China AHP Si et al. (2010)
Proposing a fuzzy decision support system for design of post-mining regions restoration and Fuzzy Bielecka and KrolKorczak
application of that system for decision making concerning the direction of revitalization in an (2010)
open-cast mining institution in Poland
Proposing an integrated model in the framework of strengths, weaknesses, opportunities, and TOPSIS and Azimi et al. (2011)
threats (SWOT) for ranking the strategies of Iranian mining sector ANP
Development of a new model for geo-environmental impact assessment of mining, using Fuzzy and Huang, Li and Wang
a fuzzy synthetic ranking method AHP (2012)
Evaluation and ranking the sustainable water management in operating stage for six coal AHP, Fuzzy Zhang et al. (2013)
mines located in Australia TOPSIS
Identification the impacts of waste dumps generated from underground coal mining on the ~ AHP Adibee, Osanloo and
environment, describing the application of waste characterization for predicting environmental Rahmanpour (2013)
impacts over the site and also determining the preferred post-mining land use for the dumps
Geological environmental impact assessment of coal mining subsidence area in China Fuzzy Xu, Zhao and Li (2014)
Negative environmental impacts assessment of exploitation from gravel and sand deposits in AHP and Sobczyk, Kowalska and
Poland in order to protect regions in the European Union Leopold Sobczyk (2014)
Matrix
Risk assessment and ranking of polluting metals in copper mine sediments FDAHP and Hayaty et al. (2014)
TOPSIS
Human health and safety risks management in underground coal mines for controlling Fuzzy TOPSIS  Mahdevari, Shahriar and
measurements and support decision making Esfahanipour (2014)
Development of a sustainable development framework for mining industries to assess the AHP Shen, Muduli and Barve
relative importance of different green supply chain management criteria (2015)
Mineral processing Selection of mineral processing plant location at the Sangan iron ore mine (phase 1) based on AHP Safari et al. (2010)
distance from the mine, access to heavy machinery transport, the amount of excavation
required for grading, bed mixture capacity, belt conveyor length, distance from the tailings
dam, distance from the waste dumps and surface water diversion requirements
Selection of the best primary crusher for Golegohar Iron Mine in Iran based on criteria such as  AHP Rahimdel and Ataei
capacity, feed size, product size, rock compressive strength, abrasion index and mobility of (2014)
crusher
Selection of collector and its dose rate in the flotation of lead-zinc sulfide ore TOPSIS Kostovic and Gligoric

Selection of alunite processing method based on 14 technical, economic and environmental

analyzing criteria

(2015)
Alizadeh, Salari Rad and
Bazzazi (2016)

DAHP & Fuzzy
TOPSIS

experiments and enhances the capability of paste thickener for
this complex. The novel procedure proposed in this research
can be considered as a basis for evaluating the potential of
paste thickeners in dewatering of mining tailings.

2. Materials and methods
2.1. Ore sample

The ore sample was received from Esfordi phosphate complex
taken from the entrance launder of pulp to the thickener. The
ore was filtered and dried. Characterization of the sample by
X-ray powder diffraction (XRD) revealed that hematite,
quartz, and fluorapatite were major phases, while, chlorite,
talc, hornblendes, calcite, orthoclase, and dolomite were
minor phases. Particle size distribution was measured by
a particle size analyzer (Fritsch, “ANALYSETT 227).
Accordingly, arithmetic and geometric mean diameters of
the particles were calculated as 10.7 ym and 6.5 um, respec-
tively, indicating the obstacle in settling. The natural settling
rate of ore was obtained as 0.0066 cm/min.

2.2. Flocculants

Flocculation occurs by polymer bridging, charge compensa-
tion or neutralization, polymer surface complex formation
and depletion, and/or by a combination of these mechanisms
(Mpofu, Addai-Mensah and Ralston 2004; Mpofu, Mensah
and Ralston 2003; Onen, Beyazyuz and Yel 2017). This

process causes an increase in the settling rate, the improve-
ment of overflow clarity and the increase in the thickener
capacity by decreasing particle residence time. Polymers are
widely used flocculants that can be synthesized in various
molecular masses and ionic forms (Gregory and Barany
2011; Kim and Palamino 2009). Consumed flocculants in
this research were cationic (DHMW, EHMW, GHMW, and
BHMW), anionic (A-26, A-27, A-100, A-110, A-130, A-150,
X0, and X1), and nonionic (N-100). A-27 (Isfahan Copolymer
Co., Iran) is the current consuming flocculant in the Esfordi
phosphate complex.

2.3. Settling experiments

Settling experiments were conducted in a graduated cylinder
with a capacity of 1000 ml and 35 cm of height. A 5% w/v
slurry was provided for each settling experiment similar to the
current solid percentage of the industrial thickener set. The
normal pH of the slurry was measured as 7.9. Then, floccu-
lants with the concentrations of 2, 4, 5, and 7 g/t were added
and were mixed well by moving a mixer up and down
equipped with a net-like circular plate at a slow rate. To
calculate the settling rate, bed height changes were recorded
as a function of time. After conducting settling experiment,
overflow water was completely rejected and underflow was
weighed, and then was subjected to a vacuum filter for
a specified time. Water content was calculated based on the
ratio of water weight of underflow to the whole weight of



underflow. A WTW 655 IR turbidity meter was exploited to
measure the turbidity of overflow water. The results of batch
scale settling experiments for settling rate, turbidity, and water
content are presented in Figures S-1, S-2, and S-3, respec-
tively, in the supplementary file.

Settling experiments were carried out using a pilot-scale
paste thickener, schematic diagram and dimensions of
which is shown in Figure la. This thickener was con-
structed by colorless Plexiglas to monitor the exact settling
behavior, characterizing different zones including clear
water, hindered settling, and compression and also deter-
mining pulp solid content profile in the zones.
Furthermore, it contributes in evaluating the paste flow
behavior from underflow and the effects of operational
variables such as bed height and residence time on under-
flow solid content. Some sampling faucets with determined
distances were embedded on the thickener wall. This thick-
ener is fed with a height adjustable feed well designated for
mixing the pulp with flocculant prior to introducing the
settling part (Figure 1b). The height adjustability of the feed
well avoids short circuiting and interference of overflow
clear water with introducing pulp.

Pilot settling experiments were performed in both con-
tinuous and non-continuous state. In the non-continuous
state, pulp and flocculant solution were introduced to the
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thickener at 3 m height through the feed well, where the
thickener was filled with water. Then, bed line height was
measured at different times, until it reached up to
3 m height from the bottom of settling column. In the
continuous state, the thickener was fed using the non-
continuous state to reach the desired level. Then, feeding
process continued for 5 h to achieve steady state, in other
words, to have the same rate of solid content in both
feeding and underflow.

2.4. Slump test

The slump test is used extensively by the engineers to estimate
the yield stress and viscosity of paste (Tao, Parekh and Honaker
2008). This test was carried out using a PVC cylinder with
height to diameter ratio of 1:1 under different conditions.
First, paste with solid contents of 65%, 70%, and 75% was
prepared using a mixture containing 5 g/t A-130 flocculant,
solid sample and water. The cylinder was placed on a smooth
surface and prepared pastes with different solid contents were
added until it was filled. Then, the cylinder was taken upward
slowly and the paste was let to flow.

As shown in Figure 2, the difference between the initial
and final heights (center point of collapsed paste) was mea-
sured as a slump.

(b)

ooo: Jem
|

19cm

130cm

Scm

Figure 1. Schematic diagram and dimensions of the designed paste thickener (a) and feed well (b).
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Figure 2. The measurement method of slump.

By measuring the density of produced pastes, yield stress
(1) could be calculated as in Eq. (1) (Tao, Parekh and
Honaker 2008):

T=<O.S—O.S\/§>prgxh (1)

where S is the difference between initial and final height (m), H is
the initial height (m), g is gravitational acceleration (m/s?), and P
is paste density (kg/m”).

3. Results and discussion
3.1. Selection of flocculant type and concentration

In this research, the current flocculant used in the plant
(A-27) and 12 other ionic and nonionic flocculants were
evaluated with respect to the above criteria. Then, flocculants
were ranked according to the type and concentration using
MCDM techniques of ORESTE, MAPPAC, and ELECTRE.

Regarding the calculations in MCDM techniques, the for-
mation of decision matrix (R) is the first step. In this matrix,
the element assigned to alternative i and criterion j is repre-
sented by r;; so, this element indicates the characteristic of
alternative i in the viewpoint of criteria j. 13 flocculants in 4
concentration levels were considered as the alternatives in the
study defined as Al to A52. Environmental effects of floccu-
lants based on the consumption dosage (g/t), flocculant price
(cent), particle settling rate (cm/min), turbidity of overflow
water (NTU), and underflow water content (%) were evalu-
ated as criteria defined as X1 to X5, respectively. Among all
criteria, solely a decrease in the settling rate had a positive
effect. The concentrations of flocculants were chosen as the
value representing environmental effect for each alternative.
Decision matrix was formed (Eq. (S-29)) with respect to
alternative values for each criterion, as presented in the sup-
plementary file. Due to the large volume of calculations and
the large number of tables, only a few of them are presented
in the following.

In the following, relative importance of criteria was deter-
mined according to experts’ experience. For this purpose, 10
experts’ opinions were collected using the ranking method
where terms such as the least importance, less importance,
mean importance, high importance, and the highest impor-
tance were assigned to 1, 2, 3, 4, and 5, respectively. The

average of experts’ opinions was determined for the final
weight, and then was normalized. In fact, the final weight is
the ratio of the average of experts’ opinion for each criterion
to sum of experts’ opinion averages for five criteria.
Accordingly, the weights of 0.12, 0.26, 0.37, 0.09, and 0.16
were assigned to criteria of X1, X2, X3, X4, and X5,
respectively.

3.1.1. Calculation stages in ORESTE technique
3.1.1.1. Primary ranking of alternatives. First, two prefer-
ence structures were proposed for a set of criteria and alter-
natives in the decision matrix. The weights determined by the
experts were applied to create the preference structure for
criteria, and the second preference structure on the alterna-
tives was similarly set based on each criterion. Then, Besson’s
average ranking method was applied to the initial ranking of
criteria and alternatives set (Eq. (2)).

X3 X2 X5 X1 X4
Al 52 12,5 17 7 51
A2 | 44 1 1 7 30
b A3 | 45 35 365 7 37 @)
A50 | 15 385 39 46 15
A51 165 48 48 46 3

A52 11 465 50 46 4

3.1.1.2. Calculation of alternatives distances. In this study,
direct linear estimation method was used to estimate distances
in which the corresponding matrix is presented as shown in
Eq. (3).

X3 X2 X5 X1 X4
Al |41.273 9935 13.518 5.882 40.491
A2 [34923 1.651 2410 5.882 23.848
A3 | 35717 2941 28975 5.882 29.391
A50 | 11.907 30.559 30.959 36.518 12.051
A51 | 13.097 38.099 38.101 36.518 4.236
A52 8.733 36.908 39.688 36.518 4.555

3.1.1.3. Global ranking of distances. In this step, first, the
prior results were ranked by Besson’s average ranking
method to achieve global ranks (R(my)). Then, R(m) with
value equal to the sum of R(m;) was calculated for each
alternative (Eq. (4)).
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Table 3. Alternatives ranking in MAPPAC technique.

Rank Alt. Rank Alt. Rank Alt. Rank Alt. Rank Alt. Rank Alt. Rank Alt. Rank Alt.
1 A28 14 A6 26 A18 38 A31 1 A28 1" A20 23 A42 33 Ad6
2 A35 15 A30 27 A32 39 A50 2 A15 A25 24 A4 34 A33
3 A15 16 A45 28 A49 40 A46 A35 12 A39 25 A38 35 A52
4 A4 17 A5 29 A9 41 A43 A4l 13 A5 A44 36 A43
5 A2 18 A25 30 A37 42 A8 3 A2 14 A6 26 A45 37 A27
6 A9 19 A20 A4 43 A52 4 A9 15 A30 27 A18 A51
7 A7 20 A39 31 Al 44 A51 5 A7 16 A49 28 A19 38 A8
8 A22 21 A24 32 A29 45 A14 A22 17 A17 29 A32 39 Al
9 A12 22 A3 33 A42 46 A27 6 A48 18 A37 30 A23 40 A14
10 A48 23 A26 34 A23 47 A21 7 A13 19 A3 A31 A34
1" A13 24 A17 35 A33 48 A40 8 A12 20 A26 31 A29 A40
12 ATl 25 A16 36 A36 49 A34 9 A10 21 A24 A50 4 A21
13 A10 26 A44 37 A38 50 A47 10 A1 22 A16 32 A36 42 A47
X3 X2 X5 X1 X4 |R(m) 3.1.2.3. Alternatives ranking in MAPPAC technique. After
Al | 258 615 79 33 257 | 688.5 determination of preference matrix, alternatives were ranked
A2 [214 25 55 33 146 | 401 as shown in Table 3.
A3 | 217 8.5 1835 33 187 | 629
R — 4
A50 | 70 191.5 194 228 72 | 7555 3.1.3. Calculation stages in ELECTRE technique
ASL (77.5 242 243 228 17.5| 808 3.1.3.1. Normalization. Considering the presence of positive
A52 | 54 2365 249 228 19 | 7865 and negative criteria in the decision matrix, the measured

Finally, ranking of alternatives was performed according to
R(m) results as shown in Table 2. In ORESTE technique,
a better ranking is given to the alternative with smaller R(m).

3.1.2. Calculation steps in MAPPAC technique

3.1.2.1. Determination of normalized decision matrix, C. In
the first step of ranking, using these technique ideal values of
5, 2.86, 13.34, 321.9, and 5.76 and base values of 0, 0, 2.99, 0,
and 0 were given to criteria of X1 to X5, respectively. After
determination of ideal and base values, normalized decision
matrix was calculated and presented as shown in Eq. (5).

X1 X2 X3 X4 X5
Al | 1.00000 0.82606 0.00000 0.09599 0.49306
A2 | 1.00000 1.00000 0.43285 0.77254 1.00000
A3 | 1.00000 0.94879 0.42899 0.53433 0.31944
A50 | 0.00000 0.42955 0.76618 0.90861 0.29688
A51| 0.00000 0.23130 0.73430 0.98223 0.18576
A52] 0.00000 0.29738 0.80193 0.96925 0.10938

©)

3.1.2.2. Determination of preference matrix. After normal-
ization of decision matrix for each K;, a value matrix was
created and was used to determine the value of u (vy) for
each vij, such that 0 < u(vyj)<1. The base preference (priority)
criteria, 7, (we,wf), between each alternative of w. and wg
according to each alternative of k; and kj, were calculated
using Eq. (S-9). The result of preference matrix is presented

by Eq. (6).

Al A2 A3 A50 A51 A52 From above
Al 0.000 0.000 0.164 0.464 0.498 0.493 50
A2 1.000 0.000 1.000 0.664 0.686 0.666 2
A3 0.836 0.000 0.000 0.533 0.585 0.579 25
A50 0.536 0.336 0.467 0.000 0.879 0.604 38
A51 0.502 0.314 0415 0.121 0.000 0.283 44
A52 0.507 0.334 0421 ... 0.396 0.717 0.000 42
From below| 44 1 21 L. 34 46 42

values related to negative criteria should be reversed prior to
normalization. Therefore, bigger values in decision matrix
indicate more desirability of the criteria. Eq. (7) shows the
normalized decision matrix (Np) using Euclidean norm.

0.057
0.057
0.057

0.073
0.035
0.046

0.043 0.3
0.109 0.079
0.108 0.157

0.137
0.124
0.142
Np = (7)
0.142
0.145
0.147

0.035
0.011
0.015

0.159
0.154
0.164

0.2 0.161
0.2 0.205
0.2 0.19

3.1.3.2. Formation of weighted normalized matrix. Eq. (8)
shows the weighted normalized matrix obtained by the multi-
plication of the weighted normalized matrix and diagonal
matrix of criteria weights.

0.007 0.019 0.016 0.027 0.022
0.007 0.009 0.04 0.007 0.02
0.007 0.012 0.04 0.014 0.023
V=1 ... (8)
0.024 0.042 0.059 0.003 0.023
0.024 0.053 0.057 0.001 0.023
0.024 0.05 0.061 0.001 0.024
3.1.3.3. Formation of concordance and discordance

matrixes. After determination of concordance and discor-
dance sets, related matrixes were determined using Egs.
(S-5) and (S-6), respectively. Concordance and discordance
matrixes are given in Eqgs. (9) and (10), respectively.

- 0 0.6 054 0.54 0.54
088 — 088 054 054 0.54
0.72 0 — ... 054 054 0.54
=\... .. . .. . o
046 046 046 ... — 079 0.42
046 0.46 0.46 009 — 025
046 0.46 0.46 046 0.63 —
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- 1 1 ... 1 1 1
0 -0 0.564 0.379  0.507
0029 1 — 0.627 0.411  0.553
NI=| ... ... .. (10)
053 1 1 - 0.189 0.261
083 1 1 ... 1 - 1
0683 1 1 ... 1 0.1 -

3.1.3.4. Formation of effective concordance and discordance
matrixes. In this step, the threshold values of I (0.483) and
NI (0.698) were calculated using Egs. (S-22) and (S-25),
respectively. Then, the effective concordance matrix (F)
using Eqs. (S-8) and (S-9), and the effective discordance
matrix (G) using Egs. (S-26) and (S-27) were calculated as
presented in Eqs. (11) and (12), respectively. The value of 1 in
matrix F and also the value of 0 in matrix G indicates that
their corresponding element values in matrix I and NI are
bigger than the related threshold.

- 0 0 1 1
1 - 1 1 1 1
1 0 - 1 1
F= (11)
0 0 O 1 0
0 0 O 0o — 0
0 0 O 0 1 -
- 0 0 0
1 1 1 1 1
1 0 - 1 1 1
G= (12)
1 0 0 1 1
0 0 0 -
1 0 0 0 1

3.1.3.5. Formation of effective general matrix. The effective
whole (general) matrix is given in Eq. (13), which is the
product of concordance matrix multiplied by discordance
matrix.

Al A2 A3 A50 A51 A52
Al - 0 0 0 0 0
A2 1 — 1 1 1 1
A3 1 0 - 1 1 1
A50 0 0 0 ... - 1 0
A51 0 0 0o ... 0 - 0
A52 0 0 0o ... 0 1 -

3.1.3.6. Alternatives ranking in ELECTRE technique. In
ELECTRE technique, an alternative is favorable and prefer-
ence when the column and row of effective general matrix has
a maximum value of 0 or 1, respectively. In this study, each
alternative score was determined by the summation of ele-
ments of each row, and preference alternatives were chosen
according to the obtained scores. Table 4 shows the ranking of
alternatives.

3.1.4. Final alternatives ranking

All three techniques of ORESTE, MAPPAC, and ELECTRE
were used in alternatives ranking to validate the results. The
comparative evaluation of the results showed that alternatives
28 and 35 allocated the best ranks among the others using all

Table 4. Alternatives ranking in ELECTRE technique.

Rank Alt. Sc. Rank Alt. Sc. Rank Alt. Sc. Rank Alt. Sc
1 A28 47 13 A20 20 19 A31 10 23 A50 5
2 A35 43 A25 20 20 A4 9 24 A45 3
3 A5 4 A39 20 A23 9 A52 3
4 A2 40 14 A3 17 A29 9 25 Al 2
5 A48 38 A6 17 A30 9 A14 2
6 A12 34 A1 17 A36 9 A27 2
7 A13 33 A37 17 A38 9 A51 2
8 A22 32 15 A49 15 Ad2 9 26 A34 1
9 A4l 31 16 A24 14 21 A33 7 27 A8 0
10 A9 30 17 A17 13 22 A19 6 A21 0
1 A7 28 A26 13 Ad4d 6 Ad0 O
12 A5 24 18 A6 12 23 A32 5 Ad3 0
13 A10 20 19 A18 10 Ad6 5 Ad7 0

Table 5. Final ranking of alternatives based on averaging from ranking results of
all three techniques.

Rank Min Alt.

Rank Min Alt. Rank Min Alt. Rank Min Alt.

1 1.00 A28 14 1367 A5 27 2200 A45 40 31.00 A50
2 2,00 A35 15 1400 A6 28 2400 A18 41 3167 Al

3 267 A15 16 1400 A25 29 2433 A44 42 3200 A46
4 367 A2 17 1433 A20 30 2467 A4 43 3400 A52
5 500 A41 18 15.00 A39 31 2533 A42 44 3467 A43
6 633 A9 19 16,67 A30 32 2633 A32 45 3533 A51
7 7.00 A22 20 1833 A3 33 2633 A19 46 3567 A8
8 7.00 A48 21 1933 A17 34 2733 A38 47 36.00 A27
9 733 A7 22 1933 A24 35 2767 A29 48 36.67 Al4
10 767 A12 23 19.67 A49 36 28.00 A23 49 3833 A21
1 833 A13 24 20.00 A26 37 29.00 A31 50 3833 A34
12 1133 A10 25 2067 A37 38 2933 A36 51 3833 A40
13 1200 A1l 26 2167 Al6 39 3000 A33 52 39.67 A47

techniques, respectively. The best results in settling experi-
ments were concluded for studied criteria using 5 g/t of A-130
and N-100 flocculants. Regarding the results of ranking dif-
ference for other alternatives and also for common ranking
between them, the arithmetic average was carried out for
ranking results of alternatives ranking (Table 5). As shown
in Table 5, the current consuming flocculant in the complex
(A-27) at concentrations of 2, 4, 5, and 7 g/t placed in ranks of
9, 17, 39, and 42, respectively.

3.2. Evaluation of pilot settling experiments for
non-continuous feeding

Settling flux is calculated using Eq. (14), which is a common
criterion to select optimum feed solid content in the thick-
ener. In thickener designing, the feed solid content with the
highest settling flux is selected for implementation. The set-
tling flux is calculated from Eq. (14):

Gs=U(c)x C (14)

where Gs is settling flux (t/h/m?), U(c) is pulp settling rate
(m/h), and C is pulp concentration (t/m>).

Pilot settling experiments were done using N-100, A-130,
and A-27 at a dosage of 5 g/t and settling flux of 2.0, 1.8, and
1.6 (t/h/m?). Figure 3 shows the changes in bed height as
a function of time. As shown in Figure 3, while using A-130,
N-100, and A-27 flocculants, 3-m height bed was set in 32, 40,
and 46 min, respectively. These results are in good agreement
with bench scale settling experiments. Based on Eq. (S-29)
presented in supplementary file, settling rates obtained in
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Figure 3. Effect of the chosen flocculants on bed height in non-continuous
feeding.
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Figure 4. Effect of bed height on underflow solid content in non-continuous
feeding (flocculant: A-130).

regard to their flocculant agents are in the following order:
A-130 > N-100 > A-27.

Due to higher settling rate of 5 g/t A-130 flocculant, pilot
settling experiment was performed at settling flux of 2 t/h/m>.
In this experiment, a 5 wt.% pulp was introduced at 3 m of
height to the thickener and by adjusting bed height at 1 and
2 m, sampling from underflow was performed within 1, 2, 3,
5, 7, and 9 h. Figure 4 shows the effect of bed height on
underflow solid content.

The flocs generated from mixing the pulp with flocculant
solution in hindered settling zone were gradually contracted
through hydrostatic pressure of higher zones as well as the
pressure of settling particles layers. As illustrated in Figure 4,
the contraction is maximized after 5 h and the most changes
of underflow solid content occur in the time range of 1 to 3
h. Besides, by increasing bed height from 1 to 2 m, pressure
on layers increases in hindered settling zone. Therefore,
underflow solid content clearly increases as a result of
water releasing from flocs. In this research, the maximum
underflow solid content was achieved at bed height of 1 and
2 m by 58% and 70%, respectively, denoting successful per-
formance of pilot-scale paste thickener in dewatering of
Esfordi phosphate tailing.
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Table 6. The solid percentage of samples in continuous feeding.

Height (m)
Time (h) 0.0 0.5 1.0 1.5 2.0 2.25
0 69.3 60.4 53.8 30.7 7.8 0
1 70.2 64.7 54.0 31.2 9.5 0
2 69.0 61.0 53.6 30.3 10.1 0
3 70.3 63.1 52.9 32.0 9.9 0
4 70.6 62.3 54.5 31.8 11.0 0
5 71.2 62.4 54.3 322 10.5 0
Average 70.1 62.3 53.9 314 9.8 0
Variance 0.6 2.0 03 0.5 1.0 0

3.3. Evaluation of pilot settling experiments in
continuous feeding

Under optimum conditions obtained from pilot settling
experiments in non-continuous feeding (flocculant of A-130,
at a dosage of 5 g/t, bed height of 2 m, time of 5 h, and settling
flux of 2 (t/h/m2)), pilot settling experiment was carried out
in continuous feeding at 3 m of feeding height for 5
h. Sampling was performed at 1 h intervals from all faucets.
The solid percentage in different times and bed heights is
given in Table 6.

The results of average solid percentages at different heights
(Table 6) indicated that the increase in the solid percentage
occurs at 1 to 2 m of height from underflow discharge as
a result of the compression process. Within 1 to 2 m of
distance from underflow discharge, the increase in the solid
percentage rate changes with slower pace due to the declined
water content in flocs.

Totally, the basis of particle settling in thickeners is the
simple model represented in Figure 5, in which it is divided
into three distinct zones including clarification, hindered set-
tling, and compression zones vertically.

The three determined zones can be defined for pilot thick-
ener based on the profile given in Figure 5. The clarification
zone is located at 2.25 to 4.0 m of height. The height range
between 1.0 and 2.25 m from underflow discharge is allocated
to hinder settling. Figure 6 shows the changes in the solid
percentage in this zone.

Clarification Zone

t 444
F iy

Hindered Settling Zone

Inlet

Sediment Interface

Compression Zone

Figure 5. Schematic of the settling zones in a thickener.
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Figure 7. Changes of the solid percentage in the zone of compression settling
(0.0 to 1.0 m).

Compression zone (paste formation) is located at 0.0 to
1.0 m of height from the bottom of settling column. The
compression zone could be separated into two parts. In the
first part, pulp turns into a high concentration slurry (0.5 to
1.0 m). The second part of compression zone is related to the
height ranging from 0.0 to 0.5 m from discharge. Figure 7
shows the changes of the solid percentage in this zone. The
compression zone is the fundamental difference between con-
ventional and paste thickeners evacuating the maximum water
to change the high concentration pulp into a paste.

3.4. Evaluation of yield stress

The paste has a solid-like behavior as concentration is one of
its characteristics. Unlike the pulp which principally is liquid
and is formed in the shape of its container, paste shape is
usually constructed based on its concentration. Pressure is
required to flow the paste. This pressure is a rheological
terminology recognized as yield stress, which is a unique
feature of non-Newtonian fluids.

Within compression process in industrial thickeners, by
increasing solid concentration the yield stress increases, conse-
quently paste flow turns into a difficult task. Therefore, regard-
ing the paste thickeners, the increase in the underflow solid
content is not the sole criterion for choosing variables

400
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Underflow solid content (%)

Figure 8. Yield stress as a function of paste solid percentage.

conditions. As discussed earlier, the increase in the solid percen-
tage and yield stress results in a need for higher driving force for
rakes leading to the disruption in pump performance to trans-
port paste to the tailings dam.

The slump test is carried out to estimate the yield stress,
flow, and competency of paste for disposal. In this research,
after measuring the paste slump produced by 5 g/t of A-130
flocculant, yield stress was calculated by Eq. (1). Figure 8
shows the changes in yield stress as a function of paste solid
percentage. As shown in Figure 8, yield stress increased sig-
nificantly. For yield stress, the change is calculated as 250 Pa
with the increase in the solid percentage from 65% to 75%.

The results of a study showed that (Wills 2011), the yield
stress of 175 to 300 Pa along with a solid percentage of
70-75% is suitable for paste flow and transportation purposes.
Hence, design, construction, and implementation of a paste
thickener were feasible in the Esfordi phosphate complex.

4. Conclusion

Regarding the feasibility of applying paste thickeners for
mineral processing units, in this research a novel procedure
was presented for assessment of this equipment in dewater-
ing of phosphate tailings. Firstly, three various MCDM
techniques including ORESTE, MAPPAC, and ELECTRE
were applied to choose type and concentration of proper
flocculants for a paste thickener according to environmental
effects of flocculants, flocculant price, particle settling rate,
turbidity of overflow water, and underflow water content.
The results showed that the first (A-130, 5 g/t) and second
(N-100, 5 g/t) ranks are similar for all three techniques
indicating validated results. It is highly recommended to
use A-130 and N-100 instead of A-27 for further experi-
ments in designing the paste thickener. The results of
experiments for measuring bed height in non-continuous
feeding state revealed that A-130, N-100, and A-27 floccu-
lants require fewer times to form bed height at 3 m of
height from underflow discharge. In case of A-130 floccu-
lant (5 g/t), the results indicated that, 70% of underflow
solid percentage was obtained at 2 m of height, at 5 h of
residence time, and settling flux of 2 (t/h/m?). Under these
conditions for continuous feeding state, clarification,



hindered settling, and compression zones were determined
at 2.25-4.0, 1.0-2.25, and 0.0-1.0 m, respectively. Finally,
according to the slump test results, the yield stress between
175 and 300 Pa indicates that the paste can flow and be
transported by the pumps. The results of the research are
promising for solving some environmental effects and lack
of water for the Esfordi phosphate plant in case of employ-
ing a paste thickener.
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