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Abstract: Red mud is a kind of industrial waste residue produced in the process of alumina production, which has strong suspension and
is difficult to precipitate and filter. This study compared the effects of 4 kinds of filter aids, including CaCl2, polymerized ferrous sulfate
(PFS), steel slag (SS), and Portland cement (PC), on the filtration rate, filter cake moisture content, and Na2O content of red mud slurry.
At a dosage of 10 g·L‒1, the filtration effects were in the following order: PFS > CaCl2 > SS > PC. Under the combination of 5 g·L‒1 SS
and 5 g·L‒1 PC, the better filtration effect was achieved with a filtration time of 205.17 s, which was reduced by 58.52% compared to the
original red mud. The combined use of SS and PC exhibits better advantages in terms of cost and filtration effect. This study provides a
data foundation for the rapid filtration of red mud slurry. The use of SS and PC as filter aids for red mud holds broad application pro-
spects.

Keywords: red mud; filter aid; liquid–solid separation; interface regulation

 

 1. Introduction

Red mud is  an  insoluble  strong alkaline  waste  produced
by  fine  grinding  and  strong  alkali  dissolution  of  bauxite  at
high temperature in the process of alumina production [1‒3].
China is a major producer of alumina, and also the world’s
largest producer of red mud. In recent years, while alumina
production  has  been  increasing [4‒5],  the  grade  of  bauxite
has been decreasing. This has resulted in a growing amount
of red mud produced for every ton of alumina, with accumu-
lated  stockpiles  of  red  mud estimated  to  reach  hundreds  of
millions of tons [6‒7]. Common storage methods for red mud
in China mainly include wet storage and dry storage. Due to
its strong alkalinity, fine particle size and complex composi-
tion, red mud can cause very serious environmental harm if
not  treated  properly.  This  may  lead  to  pollution  of  ecosys-
tems such as soil  and groundwater [8‒11],  thereby present-
ing a significant challenge for the disposal of red mud.

In the Bayer process for alumina production, to minimize
the adhesion loss of Al2O3 and Na2O, red mud needs to un-
dergo  multiple  washings,  sedimentations,  and  filtrations  to
remove  free  alkali  and  achieve  alkali  solution  circulation.
This process aims to enhance the quality of alumina products
and  production  efficiency.  The  sedimentation  and  filtration
processes for red mud are intricate and time-consuming. To

prevent secondary reaction losses of alumina, it is essential to
rapidly  accomplish  the  solid–liquid  separation  of  red  mud.
However,  the  red  mud  contains  a  large  number  of  fine
particles  after  high-pressure  leaching,  with  the  particle  size
mainly distributed between 0.1 μm and 100 μm, resulting in
poor settling performance [12‒13].  Kumar and Kumar [14]
determined the characteristic particle sizes (D10, D50, D90) of
red  mud  to  be  0.37,  1.57,  and  56.88  μm,  indicating  an  ex-
tremely  fine  particle  size  distribution and a  high content  of
fine particles. The abundance of fine particles makes it diffi-
cult to achieve effective separation through mechanical filtra-
tion,  often  leading  to  clogging  of  filtration  equipment  and
slow filtration rates. Red mud is an alkaline slurry with a pH
typically ranging from 10 to 12 [15]. At high pH levels, the
particles in red mud generally carry a negative surface charge
and exhibit strong electrostatic repulsion [16‒17], which ad-
versely  affects  settling  and  filtration  processes [18].  These
properties such as the fine particle size and strong alkalinity
result in red mud having a high degree of suspension, mak-
ing natural settling difficult and posing challenges for solid-
liquid separation. The high specific surface area of red mud
leads to strong adsorption [13], resulting in a higher moisture
content  in  the  filter  cake  after  filtration.  This  also  presents
significant challenges for other production operations. There-
fore, it is important to strengthen the liquid-solid separation 
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process of red mud slurry, promote the rapid dehydration of
red mud, and realize the lye circulation.

Generally, liquid-solid separation and washing with a va-
cuum filter are required for the bottom stream of the final set-
tlement of red mud. At present, the research on this filtration
process  mainly  focuses  on  the  development  and  improve-
ment of special  filters  for red mud. Additionally,  it  is  diffi-
cult to implement changes to large equipment in established
industrial workshops, and equipment replacement is expens-
ive. In contrast,  the use of filter aids improves the filtration
rate of the system and reduces the water content of the filter
cake [19]. It is a simple and easy treatment with low invest-
ment and quick results, capable of automated operation. Fil-
ter aids are broadly classified into two basic types: medium-
based aids (commonly referred to as filter aids in the chemic-
al  industry) and chemical  filter  aids.  The latter  category in-
cludes  surfactant  dewatering  aids  and  flocculant  filter  aids
[20]. By altering the physicochemical properties of particles
in  suspension [21‒22],  filter  aids  promote  the  aggregation,
settling, and separation of suspended solids. This leads to im-
proved  pore  distribution  and  connectivity  within  the  filter
cake. It facilitates the interception and separation of particles,
thereby accelerating filtration speed and enhancing filtration
performance.  They  can  enhance  filtration  and  dewatering
performance with relatively low investment [23], without the
need to alter existing processes. Common medium-based fil-
ter aids include materials like silica gel, activated carbon, di-
atomaceous earth,  and cellulose,  most  of  which are used in
wastewater treatment. Medium-based filter aids mainly rely
on the mechanical retention of particles to achieve filtration.
Essakhraoui et  al. [24] showed excellent  filtration perform-
ance by using cellulose-based filter aid as a molten sulfur fil-
ter aid, which could reduce the amount of filter aid by one-
third and effectively avoid the pollution of impurities.

Chemical filter aids have the capability to improve filtra-
tion efficiency and reduce filter cake moisture content. Floc-
culant  filter  aids  can  be  categorized  into  natural  and  artifi-
cially  synthesized,  and  are  extensively  applied  in  various
fields including water treatment, mining, and metallurgy. Tan
and Lu [25] found that using polyaluminum chloride as a fil-
ter  aid  to  modulate  the  coal  slurry  interface  could  signific-
antly improve the filtration rate and reduce the filtration time
by 8.43 min compared with the blank test. Wang et al. [26]
found that the new filter aid significantly improved the dewa-
tering effect of coal preparation products by compressing the
double  electric  layer  and  changing  the  surface  hydrophobi-
city. Yan et al. [27] found that using poly(o-phenylenediam-
ine)/poly  dimethyl  diallyl  ammonium  chloride  (POPD/
PDADMAC) composite filter aid significantly improved the
dewatering  effect  of  coal  slime,  and  under  the  best  experi-
mental conditions, the filtration time was reduced from 83 to
53 s and the water content was decreased from 37.75wt% to
30.75wt%. Zhang et al. [28] found that sulfuric acid filter aid
could  compress  the  double  electric  layer  on  the  surface  of
hematite  concentrate  particles  to  form  larger  particles,  thus
improving  the  filtration  performance  of  fine  hematite  con-
centrate. Salamatov et al. [29] revealed that the use of poly-
acrylamide-based polymeric flocculants had a positive effect

on the thickening process of red mud, but failed to promote
the filtration of the red mud. Zeng et al. [15] studied the syn-
ergistic  effect  of  surfactants,  lime,  and  polyacrylamide
(PAM) on the settling and dewatering of red mud. By neut-
ralizing surface charges and adjusting surface wettability, the
dewatering settling performance of red mud was improved,
reducing the moisture content from 52.33wt% to 47.18wt%,
and achieving a settling rate of 1.596 m‧h−1. Patil and Thorat
[30] investigated the  effect  of  different  filtration equipment
on the filtration of red mud and found that hyperbaric steam
pressure  filtration  can  obtain  a  cake  with  >75wt%  solids.
Wang et  al. [31] used  the  waste  sand  generated  in  slurry
shield construction instead of lime as a filter aid to dehydrate
the  waste  slurry  generated  in  slurry  shield  tunneling  con-
struction  more  economically,  which  is  a  new environment-
ally friendly and economic way. In summary, chemical filter
aids have been well studied for the treatment of fine particles
that are difficult to filter, but few studies have been reported
on the use of low-cost solid wastes to assist red mud filtra-
tion.

This study focuses on the filtration process of red mud. In
the preliminary exploration experiment, 4 filter aids were se-
lected from 12 filter aids including medium-based filter aids
and  chemical  filter  aids.  In  this  paper,  CaCl2,  polymerized
ferrous  sulfate  (PFS),  steel  slag  (SS),  and  Portland  cement
(PC)  were  studied  and  compared  in  detail.  The  reaction
mechanism of the filter aid on the red mud filtration was ana-
lyzed  by  particle  size  determination,  Zeta  potential,  optical
microscopy  and  Fourier  transform  infrared  spectroscopy
(FTIR). Considering both the cost and environmental impact
of  the filter  aids,  a  combination of  preferred filter  aids  was
identified  to  further  enhance  filtration  efficiency  and  pro-
mote  material  recycling.  An  inorganic  filter  aid  was  de-
veloped using solid waste as a base material. It is low-cost,
requires  minimal  usage,  and  achieves  effective  results,
without  impacting  the  composistion  of  red  mud  or  sub-
sequent  production.  This  innovation  significantly  reduces
costs and minimizes the impact on the aluminum oxide pro-
duction process, leading to a substantial reduction in red mud
filtration time, which is a novel and promising approach.

 2. Experimental
 2.1. Materials

The red mud used in this experiment was obtained from an
alumina production enterprise in Shandong Province, China
(C0).  Additionally,  the  Bayer  red  mud  samples  from  other
plants are labeled as follows: C1 from Shandong Xinfa Alu-
minum  Plant,  China,  C2  from  an  Aluminum  Plant  in
Guizhou  Province,  China,  C3  from  an  aluminum  plant  in
Guangxi  Province,  China,  and  C4  from  Guangxi  Pingguo
Aluminum Plant, China. The samples were finely ground to a
particle size less than 74 μm and then dried in an oven. The
main  chemical  components  are  shown  in Table  1.  CaCl2

(purity ＞ 99%) used in the experiment was from Sinopharm
Group  Chemical  Reagents  Co.,  LTD.,  PFS  (Fe  content  ≥
21wt%)  was  from  Shanghai  Maclin  Biochemical  Techno-
logy Co., LTD., SS (300 mesh) came from a steel smelter in
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Hubei Province, China, and PC (300 mesh) came from Hen-
an Tianrui Group, China. The chemical compositions of SS
and  PC  are  shown  in Table  1.  The  SS  contains  relatively
higher mass fractions of CaO and Fe2O3. In contrast, the PC
has a CaO content as high as 64.43wt%, while its Fe2O3 con-
tent is relatively low.

As  shown  in Fig.  1(a),  raw  red  mud  primarily  contains
phases  such  as  Hematite  (Fe2O3),  Gibbsite  (Al(OH)3),
Boehmite  (γ-AlOOH),  Carnegieite  (NaAlSiO4),  Anatase
(TiO2),  Natrolite  (Na2Al2Si3O10·2H2O)  and  Quartz  (SiO2).
Based on the Mineral Liberation Analyzer (MLA), a backs-
cattered electron image (BSE) (Fig. 1(b)) and corresponding
energy spectrum image (Fig. 1(c)) were obtained to compre-
hensively  analyze  the  phase  distribution  of  red  mud.  Non-
clay minerals such as iron oxides in red mud are enveloped
and  aggregated  under  the  influence  of  clay  minerals.  The
presence of clay minerals and impurities leads to a sharp in-
crease  in  the  content  of  fine  particles.  The  viscosity  of  red
mud slurry increases, posing challenges to the difficulty of li-
quid-solid separation.

 2.2. Experimental process

At the beginning of  the experiment,  16.67 g of  red mud
and 50 mL of water were added to a 200 mL beaker accord-
ing  to  the  liquid-solid  ratio  of  3:1.  Then it  was  placed in  a
constant  temperature  digital  water  bath  to  stir  and  heat  for
30 min while maintaining a temperature of 60°C and a stir-

ring speed of 300 r‧min−1 to obtain red mud slurry. The ini-
tial pH was around 12.

During  the  experiment,  a  blank  experiment  was  carried
out without filter aid as a control group. It has been determ-
ined that the filtration time for the control group was 494.67
s,  with moisture  content  of  40.06wt% and Na2O content  of
6.88wt%. Then, 4 kinds of filter aids were added to the pulp
at the dosage of 1, 5, and 10 g‧L−1, respectively, for parallel
testing. The mixture was then stirred for 3 min. After stirring,
the red mud slurry was promptly poured into the funnel for
filtration. The circulating water multi-purpose vacuum pump
was used to maintain constant pressure filtration. The filtrate
was put into a 100 mL measuring cylinder in the filter bottle
to record the filtration time. The time required for every 5 mL
of filtrate to pass through was recorded until the filtration was
completed. After that,  the wet weight of the filter cake was
recorded and the dry weight was recorded by drying. Finally,
the  sample  was  tested  for  Na2O  content.  The  main  experi-
mental  process  is  depicted  in Fig.  2.  The  specific  experi-
mental conditions are designed in Table 2.

 2.3. Characterization methods

Experimental  equipment  includes  a  circulating  water
multi-purpose  vacuum  pump,  constant-temperature  digital
display water bath, oven, 80-mm Buchner funnel, 1000-mL
suction filtration bottle, 100-mL measuring cylinder, beaker,
and  electronic  balance.  The  experimental  water  used  is  tap

 

Table 1.    The main chemical compositions of experimental material wt%

Material
Composition
Al2O3 SiO2 CaO Fe2O3 Na2O TiO2 Others

C0 20.53 13.11   1.36 40.07 16.24 6.76 1.93
C1 21.30 15.92   1.97 32.88 19.03 7.39 1.51
C2 19.71 16.70 14.14 29.43 11.45 4.46 4.11
C3 18.61 12.27 17.29 28.45 11.93 8.20 3.25
C4 25.28   6.28   3.65 51.65   4.91 6.08 2.15

SS
Al2O3 SiO2 CaO Fe2O3 MnO MgO Others
  2.04 13.33 44.13 26.36   4.57 5.21 4.36

PC
Al2O3 SiO2 CaO Fe2O3 SO3 MgO Others
  4.86 16.31 64.43   2.98   4.75 3.73 2.94
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Fig. 1.    (a) X-ray powder diffraction pattern of red mud; (b) BSE image; (c) phase distribution map.
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water.  The  chemical  composition  of  the  red  mud  was  ana-
lyzed  using  an  X-ray  fluorescence  spectrometer  (Axios
mAX, PANalytical, Netherlands). The red mud sample was
subjected  to  phase  analysis  using  an  X-ray  diffractometer
(XRD) with a scanning range from −3° to 162°, Cu Kα radi-
ation (PANalytical, Germany). The model of the instrument
used to detect the particle size distribution of the experiment-
al sample is Mastersizer 2000 with Hydro2000M (Malvern,
UK), and the scan speed for sample measurement is 1000 s−1.
The Zeta potential  analyzer used in the experiment was the
model Malvern Zetasizer Nano ZS (Mal ZEN3600/nano ZS,
UK). The effect of filter aids on the agglomeration behavior
of red mud slurry was observed with a DM RXP polarized
light  microscope  (Leica,  Germany).  FTIR  (Thermo  Fisher

Scientific  Nicolet  iS20,  USA)  was  used  to  characterize  the
structural changes of SS and PC before and after hydrolysis
under alkaline conditions.  The elemental  content  of  SS and
PC dissolved under alkaline conditions was detected by in-
ductively  coupled  plasma  optical  emission  spectrometer
(ICP-OES, Spectro Blue SOP).

 2.4. Technological concept

Fig. 3 illustrates the diagram of the technological concept.
Through the preliminary basic research, macroscopic experi-
ment and effect analysis have been completed. Subsequently,
the combination and optimization are carried out. Following
this  approach,  4  potential  filter  aids  were  initially  screened
including CaCl2, PFS, SS, and PC. To identify low-cost and
highly effective filter aids for red mud dewatering, comparat-
ive experiments were conducted on the types and quantities
of these filter aids. The impact of different categories of filter
aids on red mud filtration performance was evaluated based
on indicators such as red mud filtration time, filter cake alka-
linity,  and moisture content.  Combination experiments with
different  ratios of  the selected filter  aids were conducted to
investigate  the  synergistic  effects  of  different  types  and
quantities  of  filter  aids  on  red  mud  filtration.  The  reaction
mechanism of the filter aid to promote agglomeration of red

 

Fig. 2.    Main process diagram of the filtration experiment.

 

Table 2.    The experimental design matching parameter table

No. Red mud Weight of red mud / wt% Type of filter aid Dosage of filter aid / (g‧L−1) T / °C Liquid–solid ratio
1 C0 16.67 — — 60 3:1
2 C0 16.67 CaCl2 1 60 3:1
3 C0 16.67 CaCl2 5 60 3:1
4 C0 16.67 CaCl2 10 60 3:1
5 C0 16.67 PFS 1 60 3:1
6 C0 16.67 PFS 5 60 3:1
7 C0 16.67 PFS 10 60 3:1
8 C0 16.67 SS 1 60 3:1
9 C0 16.67 SS 5 60 3:1

10 C0 16.67 SS 10 60 3:1
11 C0 16.67 PC 1 60 3:1
12 C0 16.67 PC 5 60 3:1
13 C0 16.67 PC 10 60 3:1
14 C0 16.67 SS + CaCl2 9 + 1 60 3:1
15 C0 16.67 PC + CaCl2 9 + 1 60 3:1
16 C0 16.67 SS + PC 5 + 5 50 3:1
17 C0 20.00 SS + PC 5 + 5 60 2.5:1
18 C0 16.67 SS + PC 5 + 5 60 3:1
19 C0 12.50 SS + PC 5 + 5 60 4:1
20 C0 16.67 SS + PC 5 + 5 70 3:1
21 C1 16.67 SS + PC 5 + 5 60 3:1
22 C1 16.67 SS + PC 5 + 5 60 3:1
23 C2 16.67 SS + PC 5 + 5 60 3:1
24 C2 16.67 SS + PC 5 + 5 60 3:1
25 C3 16.67 SS + PC 5 + 5 60 3:1
26 C3 16.67 SS + PC 5 + 5 60 3:1
27 C4 16.67 SS + PC 5 + 5 60 3:1
28 C4 16.67 SS + PC 5 + 5 60 3:1
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mud slurry was analyzed by particle size determination, Zeta
potential, optical microscopy and FTIR. In order to verify the
performance of filter aid under different working conditions,
validation tests were carried out under different temperature
and liquid-solid ratios. In order to verify the universality of
filter aid, experiments were carried out on red mud from dif-
ferent sources. The study concluded with the development of
an efficient and fast dewatering filter aid for red mud slurries.
This opens up a new avenue for the development of red mud
filter aids based on solid waste materials.

 3. Results and discussion
 3.1. Impact  of  various  filter  aids  on  the  filtration  effi-
ciency of red mud

Fig.  4(a)  indicates  that  the  use  of  CaCl2 can  effectively
shorten the filtration time. The filtration effect at a dosage of
10 g‧L−1 is significantly better than at 1 and 5 g‧L−1. The fil-
tration time was 269.98 s (1 g‧L−1), 294.49 s (5 g‧L−1), and
192.63 s (10 g‧L−1), which is 54.58%, 59.53%, and 38.94%
of the filtration time without filter aid (494.67 s). The mois-
ture content of the filter cake was 37.53wt%, 37.48wt%, and
38.87wt%,  respectively,  which  is  2.53wt%,  2.58wt%,  and
1.19wt% lower than that of the blank group (Fig. 4(b)). Due
to the strong hydration ability of Ca2+, the surface hydration
film  of  red  mud  particles  is  relatively  thick,  resulting  in  a
higher moisture content in the filter cake. The Na2O content
was  6.37wt%,  6.19wt%,  and  6.14wt%,  respectively,  show-
ing obvious reduction. Particles in red mud typically carry a
negative charge, resulting in a repulsive effect between them.
This  makes  it  difficult  for  red  mud  to  aggregate  and  settle
[32].  Ca2+ can  react  with  colloidal  particles  or  suspended
solids  in  solution,  altering  their  surface  charge  and  thereby
forming  larger  flocs [33‒34].  These  flocs  increase  the  size

and density of the particles, promoting their aggregation and
settling. This improves the filtration efficiency. The interac-
tion between Ca2+ and red mud particles neutralizes the sur-
face  charge,  reducing  the  repulsive  force  between  particles
(Fig. 4(c)). It is conducive to the aggregation and settling of
red  mud  particles,  thereby  enhancing  the  filter  aid  effect.
Fig.  4(d) indicates that the filter aid effect of PFS followed
the  order  of  10  g‧L−1 (189.43  s)  >  5  g‧L−1 (226.42  s)  >
1 g‧L−1 (341.15 s). The filtration time is accordingly 38.29%,
45.77%, and 68.97% of the time taken without the addition of
a filter aid, respectively. The filter aid effect is quite signific-
ant at dosages of 5 and 10 g‧L−1.  However, the cake mois-
ture content increased with the dosage, measuring 35.50wt%,
37.88wt%,  and  40.52wt%  respectively.  The  Na2O  content
was reduced noticeably, measuring 6.52wt%, 6.31wt%, and
6.10wt% (Fig. 4(e)). PFS ([Fe2(OH)n(SO4)3−n/2]m (n < 2, m >
10)) [35] is a commonly used cationic inorganic polymer fil-
ter aid employed in water treatment processes for the remov-
al of suspended solids and turbidity. The filter aid capability
of  PFS  arised  from  its  functions  in  charge  neutralization,
compression  of  the  double  electric  layer,  and  reduction  of
colloid Zeta potential [36]. PFS solution contains many poly-
meric iron complexes. These complexes can reduce the neg-
ative charge on the surface of red mud particles, decrease the
mutual repulsion between particles, and cause the particles to
bind together and facilitate particle aggregation and settling
(Fig. 4(f)). Additionally, its porous structure and coagulation
bridging action can improve the cake structure and promote
the filtration process.

Fig.  4(g)  indicates  that  at  three  different  dosages,  the
filtering rate of red mud slurry with SS is relatively fast. The
filtration time decreased from 494.67 to 253.39, 244.77, and
236.16 s, which is 51.22%, 49.48%, and 47.74% of the blank
group. The moisture content of the filter cake was 37.11wt%,
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37.82wt%, and 36.24wt%, which is 2.95wt%, 2.24wt%, and
3.82wt% lower compared to the blank group (Fig. 4(h)). The
main  components  of  SS  are  oxides  of  calcium,  iron,  mag-
nesium, and silicon. Previous experiments [15] have demon-
strated that CaO can effectively neutralize the surface anions
of red mud particles, compress the double electric layer, re-
duce  the  hydration  film,  and  improve  filtration  efficiency.
Additionally,  the  surface  of  SS  exhibits  certain  adsorption
activity,  which can enhance the liquid-solid separation effi-
ciency  by  adsorbing  certain  substances  in  the  solution
through physical  and chemical  adsorption [37].  As  a  cheap
industrial waste, the reuse of SS as a filter aid to improve the
filtration efficiency of red mud reflects the concept of “using
waste  to  treat  waste”.  The use  of  SS can also  reduce  some
costs.  Moreover,  it  reduces  the  impact  on  subsequent  pro-
cesses due to its composition being similar to red mud, show-
ing promising application prospects.  As shown in Fig.  4(i),
the addition of PC reduced the filtration time from 494.67 s to
414.27, 280.07, and 268.79 s, which is 83.75%, 56.62%, and
54.34% of the blank group. The reduction in filtration time is
significant  at  PC dosages  of  5  and 10 g‧L−1.  The moisture
contents  of  the  filter  cake  at  the  three  dosages  were
37.32wt%,  38.84wt%,  and  39.07wt%,  respectively,  which
were 2.74wt%, 1.22wt%, and 0.99wt% lower than the blank
group (Fig. 4(j)). Due to the increased filtration rate, the cor-
responding filter cake moisture content is also higher. PC is
primarily  composed  of  CaO,  SiO2,  Fe2O3,  and  Al2O3 [38],
which is similar in composition to SS.

CaCl2 and PFS exhibit the best filtration effects with filtra-

tion  time  of  192.63  and  189.43  s  at  a  dosage  of  10  g‧L−1.
Compared to the blank experiment group, the filtration time
was reduced by 61.06% and 61.71%. However, they are rel-
atively expensive leading to higher production costs. SS and
PC follow  with  filtration  time  of  236.16  and  268.79  s  at  a
dosage of 10 g‧L−1. These two filter aid systems were able to
reduce the filtration time of red mud by 52.26% and 45.66%.

 3.2. Filter aids compounding experiment

In order to further improve the filtration efficiency of red
mud,  the preferred filter  aid is  combined and configured to
promote the synergy between minerals. The results in Fig. 5
show  the  filtration  time  for  different  filter  aids:  CaCl2

(10 g‧L−1), SS (10 g‧L−1), PC (10 g‧L−1), SS (5 g‧L−1) + PC
(5 g‧L−1), SS (9 g‧L−1) + CaCl2 (1 g‧L−1), and PC (9 g‧L−1) +
CaCl2 (1  g‧L−1).  When  compounding  9  g‧L−1 of  SS  with
1 g‧L−1 of CaCl2, the filtration time is 248.12 s, and the filtra-
tion  time  is  shortened  by  49.84%.  Similarly,  when  com-
pounding 9 g‧L−1 of PC with 1 g‧L−1 of CaCl2, the filtration
time was 245.65 s, and the filtration time was shortened by
50.34%. Surprisingly, when compounding 5 g‧L−1 of SS with
5  g‧L−1 of  PC,  the  filtration  time  was  205.17  s,  which  is
58.52% shorter  than  the  filtration  time  of  the  raw red  mud
slurry. This is superior to using SS or PC alone as filter aids,
and  the  compounding  effect  is  close  to  the  best  effect
achieved  with  CaCl2.  Both  SS  and  PC  are  relatively  inex-
pensive,  yet  their  combination  can  achieve  filtration  results
comparable to using CaCl2 alone as a filter aid. SS as an in-
dustrial solid waste comes at a low cost, while PC is a widely
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used cementing material. This significantly reduces produc-
tion costs. Moreover, the chemical composition of SS and PC
closely resembles that of red mud, ensuring no impact on the
composition  of  sodium  aluminate  solution  and  minimizing
effects on the quality and production cycle of aluminum ox-
ide products.
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 3.3. Influence of  different single factor conditions on fil-
tration effect of red mud

To investigate the working conditions in actual industrial
production,  the  effects  of  single-factor  conditions,  such  as
temperature and liquid–solid ratio, on the filtration perform-
ance  of  red  mud  slurry  after  multiple  countercurrent  wash-
ings were investigated. Under the condition of SS + PC com-
bination (dosage of 5 g‧L−1 + 5 g‧L−1), filtration experiments
were conducted on C0, with the results presented in Fig. 6.

Under the condition of the liquid–solid ratio of 3:1 (Fig.
6(a)), the filtration time decreases with increasing temperat-
ure, though the reduction is relatively small. Specifically, the
filtration  time  is  234.16  s  at  50°C,  205.17  s  at  60°C,  and
186.79 s at 70°C. This trend indicates that higher temperat-
ures reduce liquid viscosity and enhance liquid flow, thereby
facilitating  the  filtration  process [39].  Additionally,  as  tem-
perature  increases,  the  compressibility  of  the  sample  de-
creases [40],  resulting  in  reduced  compactness  of  the  filter

cake, which further benefits the dewatering process.
At  the  fixed  red  mud  slurry  temperature  of  60°C  (Fig.

6(b)), filtration becomes difficult at lower liquid-solid ratios
due to the higher viscosity and strong suspension properties
of the slurry. When the liquid–solid ratio reaches 4, the num-
ber of particles decreases,  allowing the particles to disperse
more  easily  in  the  liquid,  significantly  improving  filtration
and dewatering efficiency. However, the higher liquid–solid
ratio leads to a significant increase in the moisture content of
the filter cake, making it a burden for subsequent processing.
In summary, the effect of temperature on red mud filtration
time is minor, with a 20°C increase in temperature reducing
filtration  time  by  20.23%.  In  contrast,  increasing  the
liquid–solid  ratio  from  2.5  to  4  reduces  filtration  time  by
29.98%.  However,  maintaining  higher  temperatures  entails
increased energy consumption, and a higher liquid–solid ra-
tio leads to greater water usage. Therefore, it is necessary to
comprehensively consider the addition of filter aids and the
single-factor conditions for filtration based on actual site con-
ditions  and  the  observed  trends.  This  approach  maximizes
filtration efficiency and minimizes the cost of red mud filtra-
tion. In this experiment, the temperature of 60°C and the li-
quid–solid ratio of 3 were selected as the best experimental
conditions.

 3.4. Applicability verification of different red mud filtra-
tion

In order to further verify the universality of SS + PC as the
filter  aid,  red mud from 4 different  regions  was selected to
comprehensively evaluate the filtration effect.  Filtration ex-
periments  were  conducted  using  SS  +  PC  combination
(5 g‧L−1 + 5 g‧L−1) as described in Section 2.2, with results
presented in Fig.7. Under the influence of SS + PC, the filtra-
tion  time  for  all  red  mud  samples  significantly  decreased.
Specifically, the filtration time for C1 reduced from 284.51 to
166.47 s, C2 from 109.49 to 71.14 s, C3 from 121.89 to 96.91
s, and C4 from 526.70 to 245.76 s. Notably, C1 and C4 ex-
hibited  relatively  longer  initial  filtration  times,  indicating
greater  filtration  difficulty,  while  SS  +  PC  markedly  im-
proved their filtration efficiency. In contrast, C2 and C3 had
shorter initial filtration times, suggesting easier filtration, and
thus the improvement by SS + PC was less pronounced. This
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variation  in  filtration  behavior  can  be  attributed  to  differ-
ences in the chemical composition of the red mud samples.
Specifically,  higher  CaO  content  enhances  filtration  effi-
ciency through the action of Ca2+. The experimental findings
demonstrate that SS + PC exhibits good universality across
different red mud systems, suggesting its broader applicabil-
ity in various red mud systems.

 3.5. Agglomeration behavior and reaction mechanism

 3.5.1. Variation of particle size
The effects of CaCl2, PFS, SS, PC, and SS + PC on the red

mud particle size were measured at 3wt% (relative red mud
solid phase content), respectively. Fig. 8 shows the analysis
results of particle size changes. Table 3 provides correspond-
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Fig.  8.     Volume  fraction  and  cumulative  content  curve  for  each  particle  size  of  red  mud:  (a)  red  mud;  (b)  after  adding  CaCl2;
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ing data results for specific surface area, surface area average
particle size, and volume average particle size.

The particle size distribution of red mud is fine, with 90%
of the particles being smaller than 29.526 μm. The content of
particles in the range of 0.1‒1 μm is 65.44wt%, while that in
the  range  of  1‒100  μm is  31.62wt%.  The  addition  of  filter
aids results in an increase in the average particle size of red
mud  particles,  a  decrease  in  the  number  of  particles  in  the
range of 0.1‒1 μm, and an increase in the number of particles
in the range of 1‒100 μm. The volume average particle size
(Dv) increases from 10.922 to 15.576 μm (adding SS), 13.086
μm (adding PC), 13.583 μm (adding CaCl2), and 14.252 μm
(adding PFS). Fedorova et al. [41] found that when a certain
amount of flocculant was added to treat red mud, the content
of particles in the range of 45‒100 μm reached 70wt%, indic-
ating that the distribution of slurry particle size can reflect the
flocculation effect from the side. In this experiment, as shown
in Fig.  8,  the  content  of  red  mud  particles  in  the  range  of
45‒100  μm  after  treatment  with  filter  aids  was
8.98vol%(CaCl2),  7.78vol%  (PFS),  7.19vol%  (SS),  and
7.88vol% (PC), respectively, which was significantly higher
than the 4.40wt% of the raw red mud. Obviously, the volume
average  particle  size  of  the  slurry  increases  to  122.329  μm
when SS and PC are used in combination. Furthermore, the
specific surface area of the particles decreases from 25.80 to
1.49  m2·g−1.  Compared with  other  filter  aids,  the  combined
configuration  of  SS  and  PC  significantly  increases  the
particle  content  in  the  range  of  45‒100  μm,  and  there  are
mineral aggregates at the 1000 μm scale. The increase in the
volume average particle sizes of red mud particles and the re-
duction in the number of fine particles indicate that the addi-
tion of inorganic filter aids promotes the aggregation of fine
particles. The formation of larger particles accelerates the li-
quid-solid separation process, improves the filter cake struc-
ture, and consequently reduces filtration time. That is, the re-
duction of fine particles and the increase of volume average
particle size can improve the filtration rate [42].
 3.5.2. Microscopic morphology

Fig.  9 shows  the  optical  microscope  images  at  different
magnifications after addition of SS (10 g‧L−1), PC (10 g‧L−1)
and SS + PC combination (5 g‧L−1 + 5 g‧L−1). As shown in
Fig. 9(a), the raw red mud has a uniform particle distribution
with  a  high  number  of  fine  particles.  Part  of  the  small
particles  are  aggregated  to  form  large  loosely  structured
particles, and the overall state is stable. After the addition of
SS (Fig. 9(b)), it can be observed that significant agglomera-
tion occurred between the red mud particles. Small particles

bond to each other to form aggregates. Some of the aggreg-
ates are in contact with each other to form lumpy loose bod-
ies. It can be clearly observed that the gaps between the block
aggregates  are  significantly  increased.  After  the  addition of
PC  (Fig.9(c)),  the  red  mud  particles  formed  flocculent  ag-
gregates,  and  the  number  of  fine  particles  decreased.  This
result is similar to the particle size variation of red mud in the
SS system. Under the synergistic effect of the composite fil-
ter  aids  (Fig.  9(d)),  the  agglomeration  behavior  of  the  red
mud was further enhanced, and the network-like agglomera-
tion structure was gradually formed. At a scale of 25 μm, it
can be observed that the agglomerates are clustered together
by medium agglomerates of different particle sizes and mor-
phologies. Meanwhile, loose mineral particles can be further
found adhering around large agglomerates or between pores.
This suggests that the minerals are in contact with each other
by some kind of action behavior.

 

Table 3.    The specific surface area, surface area average particle size (Ds), and volume average particle size (Dv) of red mud and
red mud after adding filter aid

Category Specific surface area / (m2·g−1) Ds / μm Dv / μm
Red mud 25.80 0.233 10.922
Red mud after adding CaCl2 4.25 1.412 13.583
Red mud after adding PFS 4.25 1.411 14.252
Red mud after adding SS 19.40 0.309 15.576
Red mud after adding PC 4.21 1.424 13.086
Red mud after adding SS + PC 1.49 4.032 122.329
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Fig. 9.    Microscopic morphology: (a) original red mud slurry;
(b)  red  mud  slurry  after  adding  SS;  (c)  red  mud  slurry  after
adding PC; (d) red mud slurry after adding SS + PC.
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 3.5.3. Reaction behavior and agglomeration mechanism
Fig. 10(a) presents the results of the Zeta potential testing.

The  Zeta  potential  of  red  mud without  any  added  filtration
aid is about −41 mV. In different kinds of filter aid systems,
the overall trend of Zeta potential changes on the surface of
red mud particles was similar. The addition of CaCl2 and PFS
resulted in a more pronounced decrease in the absolute value
of  the  Zeta  potential  on  the  surface  of  red  mud.  With  the

gradual increase in dosage, the surface of red mud is posit-
ively charged. This indicates that their ability to neutralize the
negative charge is significantly stronger than that of SS and
PC. However, in the combined configuration of SS and PC,
the  red  mud  surface  potential  increased  from  about −41  to
−10  mV.  This  suggests  that  SS  and  PC  can  also  have
the effect of neutralizing the negative charge of the red mud
surface.
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Fig. 10.    (a) Zeta potential diagram; (b) elemental distribution of SS and PC after hydrolysis in alkali  solution; (c) Fourier-trans-
form infrared spectra of SS and PC after hydrolysis in alkali solution; (d) mechanism diagram of agglomeration.
 

Fig. 10(b) shows the elemental distribution of SS and PC
after dissolution in an alkaline environment. The polyvalent
metal ions dissolved in the two filter aid systems are mainly
Ca2+,  Mg2+,  and  Fe3+/Fe2+.  Among  them,  the  dissolution  of
Ca2+ is predominant, with the dissolution amount being about
14.4 mg·L−1 for SS and 702.5 mg·L−1 for PC. The dissolved
Ca2+ neutralizes the surface potential of the red mud and re-
duces the charge density, which leads to a decrease in elec-
trostatic repulsion. Therefore, it is easier for small particles to
be converted into large aggregates by electrostatic attraction
[43]. This result is consistent with the experimental phenom-
ena in sections 3.5.1 and 3.5.2.

CO2−
3

Fig.10(c) shows the FTIR spectra of SS and PC before and
after  hydrolysis  in  an  alkaline  environment.  The  1420.50
cm−1 and 875.55 cm−1 in the raw SS are  antisymmetric
stretching  vibration  and  out-of-plane  bending  vibration  in

CO2−
3

CO2−
3

CaCO3 [44].  The  characteristic  peak  at  515.32  cm−1 is  the
bending vibration of the Si‒O‒Si bond in calcium silicate gel
(C‒S‒H) [45]. After the hydrolysis of the SS, the absorption
bands of  at 1430.53 and 875.22 cm−1 were enhanced,
indicating  that  the  free  calcium  oxide  dissolved  in  the  al-
kaline  environment  to  form  Ca(OH)2 [46],  which  then  re-
acted with CO2 in the air to form CaCO3. A new O‒H bond
stretching vibration at  3421.22 cm−1 suggests that  some de-
gree of hydration has occurred in the SS [47]. Additionally,
the intensity of the characteristic peak of the Si‒O‒Si bond at
515.64  cm−1 increased,  suggesting  that  the  hydrolysis  pro-
cess  increased  the  C‒S‒H  generation.  The  1417.21  and
874.95  cm−1 in  the  raw  PC  are  the  antisymmetric
stretching vibration in CaCO3. 912.04 and 1102.04 cm−1 are
the  asymmetric  and  symmetric  stretching  vibration  of  the
Si‒O  bond;  521.87  cm−1 is  the  vibration  peak  of  the  Si‒O
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CO2−
3

bond in hydrated calcium silicate gel (C‒S‒H) [48]. After hy-
drolysis  of  PC,  the  antisymmetric  stretching  vibration  of

 in  CaCO3 appeared  and  strengthened  in  the  higher
band  of  1431.80  cm−1.  The  vibration  peak  intensity  of  the
Si‒O bond at 921.60 and 521.34 cm−1 increased. This indic-
ates that PC and SS are similar in an alkaline environment,
accompanied by the dissolution of Ca2+ and the formation of
C‒S‒H.  The  C‒S‒H  gel  has  a  large  specific  surface  area,
strong surface activity, and a dense three-dimensional mesh
structure [49], which is capable of wrapping the dispersed red
mud to form large particles. As shown in Fig. 10(d), SS and
PC  reduced  the  surface  charge  of  red  mud  and  formed  a
C‒S‒H cross-linked network. The agglomeration of red mud
was promoted by the synergistic effect of the two behaviors.

 3.6. Economic assessment

$

The combination and utilization of the respective charac-
teristics  of  SS and PC synergistically  improve the  filtration
speed  and  stability  to  achieve  the  best  filtration  effect.  The
advantages of using solid waste as a filter aid can be further
demonstrated by cost estimates in combination with industri-
al  red  mud filtration  configurations.  Under  optimal  process
conditions, filtering 1 ton of red mud was used as the unit of
cost estimation, as shown in Table 4. CaCl2 and PFS are able
to reduce the filtration time by 61%‒62%, but the treatment
cost for 1 ton of red mud is about 3 $ or more. The combina-
tion of SS and PC reduces the filtration time by 58.52% and
the  treatment  cost  for  1  ton  of  red  mud  is  about  0.5‒1 .
Therefore, under the condition of similar filtration time, the
combination of  SS and PC can highlight  the  larger  advant-
ages  in  terms  of  operating  costs.  Therefore,  this  work  re-
search provides a reference for the industrial treatment of mi-
crofine-grained red mud.
 
 

Table 4.     Cost comparison of filter aids for filtering 1 ton of
red mud

Filter aids $Price / ( ·t−1) Dosage / t $Cost / 
CaCl2 285‒300 0.030 8.55‒9.00
PFS 100‒255 0.030 3.00‒7.65
SS 5‒10 0.030 0.15‒0.30
PC 28‒60 0.030 0.84‒1.80
SS + PC — 0.015 + 0.015 0.50‒1.05

Note: Refer to Alibaba Mall for raw material prices (alibaba.
com).
 

 4. Conclusions

The  research  investigated  filter  aids  impact  on  filtration
time, addressing the issues of high cost associated with exist-
ing organic coagulants used in the red mud solid–liquid sep-
aration process,  which negatively affects the quality of alu-
mina products. This study fills the gap for low-cost, efficient,
and fast-dehydrating inorganic filter aids for red mud slurry.
The following conclusions are based on these studies.

(1) Four inorganic filter aids were identified that signific-

antly improved the filtration rate of red mud: CaCl2, PFS, SS,
and PC. Compared to the filtration time without  any added
filter  aids,  these  filter  aids  reduced  the  filtration  time  by
61.06%, 61.71%, 52.26%, and 45.66%, respectively.

(2) Using SS (5 g‧L−1) + PC (5 g‧L−1) as the filter aid for
red  mud  filtration  yielded  excellent  overall  results.  Com-
pared to direct red mud filtration, the filtration time was re-
duced  by  58.52%,  indicating  a  significant  improvement  in
filtration efficiency.

(3) SS and PC can reduce the surface charge of red mud
particles, in addition, the formation of C‒S‒H and the cross-
linking between the particles, promote the agglomeration of
red mud particles and accelerate the filtration speed.

(4)  The  use  of  SS  +  PC  as  the  filter  aid  embodies  the
concept of “using waste to treat waste”, achieving the recyc-
ling  of  resources  and  reducing  environmental  pollution.  At
the same time, it has great advantages in operating costs.

Currently, the application of filter aids is relatively limited,
showing  effectiveness  primarily  in  red  mud  filtration,  with
minimal  use  in  other  difficult-to-filter  slurries.  Future  re-
search will explore the application of these filter aids in other
difficult-to-filter systems to expand their scope and promote
resource reuse. At the same time, attention should be given to
potential adverse effects that may arise in different difficult-
to-filter systems.
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