A

A4
This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

http://pubs.acs.org/journal/acsodf

Preparation and Application of Polyaluminum Ferric Sulfate from
Red Mud: Behaviors of Leaching, Polymerizing, and Coagulation

Wang Li,* Panpan Zhang, and Xiaobo Zhu*

Cite This: ACS Omega 2024, 9, 2468-2479 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations

ABSTRACT: Red mud is a solid waste containing valuable
components, such as aluminum and iron. This paper aims to
recover aluminum and iron from red mud by acid leaching and
prepare polyaluminum ferric sulfate (PAFS) to apply for the
turbidity reduction treatment of coal slurry water. The behaviors of
leaching, polymerizing, and coagulation were analyzed by leaching
thermodynamics and advanced micro-detection methods. More
than 90% of aluminum and 60% of iron in red mud were dissolved
into the leaching solution by using 50% sulfuric acid (v/v) with 7
mL/g at 100 °C for 2 h, where the crystal lattice of cancrinite was
significantly destroyed to promote the dissolution of aluminum.
The low polymerization (Al + Fe),, medium polymerization (Al +
Fe)y, and high polymerization (Al + Fe). could be generated in
PAFS by adjusting the basicity of the leaching solution with 0.7—0.9. The removal efficiency of turbidity of wastewater could reach
more than 95% by using PAFS at 25 mg/L in the pH range of 6.0—7.0. The turbidity reduction mechanism included not only the
electric neutralization of (Al + Fe), but also the adsorption of (Al + Fe), and the entrapment effect of (Al + Fe).. This current study
contributes to the future development of red mud based on flocculants containing aluminum and iron for wastewater treatment.
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1. INTRODUCTION safe effluent.”” The addition of flocculants is a key step in the
wastewater treatment process, among which inorganic

Red mud is the residue of aluminum smelting from bauxite,
flocculants have been widely used due to their simple

which has a strong alkalinity.' The weathering of red mud

particles in the exposed environment easily causes air pollution. preparation and convenient use.”'’ So far, many researchers
Furthermore, the strong alkalinity of red mud will erode the have proposed a variety of inorganic polymer flocculants, such
building surface, alkalize the soil, and affect the planting. The as polyaluminum chloride, polyaluminum sulfate, polyalumi-
red mud dump can produce strong alkaline leachate, which can num phosphate, polyaluminum ferric silicate (PAFSi),
also harm people and animals near the dump.” Therefore, polyaluminum silicate, and other inorganic polymer floccu-
many researchers have used red mud, fly ash, and coal gangue lants, as well as polyaluminum composite flocculants doped
to prepare geopolymers and roadbed materials and achieved with organic polymers.'' ™' With the development of the
some good application results.”* However, it is worth noting times, many researchers began to prepare the flocculant of PAF
that the red mud contains many available chemical by using some solid wastes.*™>* The principle of this method
components such as aluminum, iron, and scandium, in which is to extract the iron, aluminum, and silicon into a leaching
the content of aluminum and iron accounts for 40—60% of the solution from the solid wastes, and then, the leaching solution
total amount.™ Efficient recovery of aluminum and iron from could react and polymerize under certain conditions. The
red mud is an important way for its comprehensive utilization investigations have achieved great success; for example, Ding et

of “reduction, recycling, and harmlessness”. At present, the
extraction of aluminum and iron from red mud mainly involves
magnetization roasting-magnetic separation for the recovery of
iron and alkali roasting-alkali leaching for the recovery of
aluminum. However, the comprehensive recovery of aluminum
and iron and the preparation of aluminum—iron inorganic
flocculants have certain research significance.

The deterioration of water quality is becoming more and
more serious with rapid economic growth. The traditional
process of wastewater treatment cannot ensure a qualified and

al. studied the preparation of high-efficiency coagulant
PAFCaC with coal gangue as a raw material, which was used
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Figure 1. Main chemical composition (a) and mineral composition (b) of red mud.

to treat industrial wastewater. Compared with the traditional
aluminum sulfate coagulant, it had the advantages of a lower
dosa g no toxicity, and good floc sedimentation perform-
ance.”” Gao et al. prepared a new coagulant of PAFSi with fly
ash and pyrite slag to treat the wastewater of carton factory and
domestic sewage. The treatment effect of COD was better than
that of commercially available coagulants of PAC and PEC.**
Regarding the preparation of flocculants with red mud, some
scholars have proposed that the red mud was leached with
hydrochloric acid, sulfuric acid, etc. Then, the aging and drying
of the acid-leaching solution were carrled out to prepare the
polymeric aluminum—iron flocculant.”*® The flocculant has
been applied to the removal of turbidity, such as kaolin, in
which a good removal rate of more than 85% was achieved.
However, the dissolution performance differences of alumi-
num, iron, and other components in the leaching, as well as the
polymerization migration behavior, can significantly affect the
morphology and application effect of the aluminum—iron
flocculant. Furthermore, the reduction mechanism of turbidity
on wastewater using the aluminum-—iron flocculant was still
unclear.

Therefore, comprehensive experiments and theoretical
analysis were carried out to study the leaching of aluminum
and iron from red mud with sulfuric acid. Instruments such as
infrared spectroscopy and scanning electron microscopy
(SEM) were used to elucidate the micromorphology and
migration behavior of aluminum—iron polymerization prod-
ucts. Zeta potential and SEM were used to analyze the action
mechanism of the aluminum-—iron flocculant in the coagu-
lation process of coal slurry wastewater. This investigation will
provide some new ideas for the efficient recovery of aluminum
and iron from red mud. Furthermore, the study can promote
the controllable preparation of PAFS based on red mud and its
efficient coagulation application for wastewater treatment.

2. MATERIALS AND METHODS

2.1. Materials. The red mud sample was collected from the
Henan Province, and its chemical composition and phase
analysis were detected with inductively coupled plasma-atomic
emission spectrometry (ICP-AES) and X-ray diffraction
(XRD), respectively (see Figure 1).

Figure 1 shows that the red mud sample contained a large
amount of AL,O; (28.13%), SiO, (24.95%), CaO (16.1%), and
Fe,0; (13.52%), which was similar to that of red mud
described in the literature.”” The aluminum and iron had a
high content and an important recycling value. In addition, the
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content of Na,O (9.44%) was also high as a typical strong
alkaline solid waste. Aluminum and sodium were mainly
present in cancrinite; however, iron was mainly present in
hematite, and calcium mainly existed in cancrinite and calcite.
The crystal lattice of these minerals was usually stable and
difficult to destroy, so acid leaching was needed to destroy the
crystal lattice and dissolve aluminum and iron.””

The reagents including H,SO, and NaOH with analytical
grade were used in this study. The deionized water was
prepared for the aqueous solutions and standard solutions.

2.2. Preparation of PAFS. A red mud of 50 g was mixed
into the sulfuric acid solution with different concentrations
(i.e., 10, 20, 30, 40, and 50%) at different liquid-to-solid ratios
(ie, 3,5, 7,9, and 11 mL/g) in a beaker. Then, the ore pulp
was stirred at different leaching temperatures (i.e., 40, 60, 80,
100, and 120 °C) for a period of time (i.e., 0.5, 1, 1.5, 2, and
2.5 h). The acid-leaching solution was obtained after stirring
by solid—liquid separation with a suction filter. Next, a NaOH
solution of 3 mol/L was extremely slowly added into the acid
leaching solution to obtain different basicities (i.e., 0.3, 0.5, 0.7,
0.9, and 1.1). The flocculant of PAFS was obtained by stirring
for 1 h. The degree of polymerization increased with aging for
24 h at 25 °C. Finally, the thick liquid flocculant was dried
three times at 60 °C to obtain the powder of PAFS.

2.3. Application of PAFS. The experiments were carried
out on a magnetic stirrer (ZNCL-TS, YUHUA Scientific
Instrument, Gongyi, China). The slime water of 100 mL was
poured into a beaker, and then some PAFS (i.e, 5, 10, 15, 20,
25, 30, 35, and 40 mg/L) was added into the beaker. The
mixture was adjusted to the pH value (ie, 2, 3,4, 5, 6,7, 8,9,
and 10) and stirred at 300 rpm for 2 min. Then, the mixture
was coagulated slowly at 80 rpm for 8 min and settled for 10
min. The turbidimeter (WGZ-1A, LICHEN Scientific Instru-
ment, Shanghai, China) was used to measure the residual
turbidity of water samples. Also, the chrominance of water
samples was determined by a UV spectrophotometer (UV-
1700, Macy, Shanghai, China).

2.4. Analysis Methods. 2.4.1. Chemical Properties and
Micromorphology of PAFS. The pH values of the solution
were measured by a pH meter (PHS-3C, YOKE Scientific
Instrument, Shanghai, China). The concentrations of Fe’" and
AP* were determined by a UV spectrophotometer (UV-1700,
Macy, Shanghai, China). The phase compositions of products
were confirmed by XRD (Smart Lab (9 kW), Japan). The
functional groups of products were characterized by an FT-IR
spectrophotometer (FT-IR, PerkinElmer Frontier, USA). The
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Figure 2. Parameter influence of sulfuric acid leaching to extract aluminum and iron from red mud: (a) sulfuric acid concentration, (b) liquid-to-

solid ratio, (c) leaching temperature, and (d) reaction time.

morphologies of the products and the composition of the
corresponding test position were investigated by SEM coupled
with energy-dispersive X-ray spectroscopy (SEM-EDS, Metlin
Compact, Germany).

2.4.2. Species Distribution Analysis of Al and Fe. The
method of Ferron complexation-timed spectrophotometry was
applied to distinguish the aqueous species of Al and Fe. The
amounts of the Al—Ferron complex and Fe—Ferron complex
were determined with the visible light absorbance at 370 and
597 nm, respectively. The monomer (Al,) and polymer (Al,)
were analyzed by visible light absorption at 390 nm for 1 and
120 min, respectively. Al, and Al, were subtracted from the
known total aluminum concentration to obtain the precipitated
species (Al.). The species of Fe(III) were determined with the
similar method above at a visible light absorbance of 597 nm.

3. RESULTS AND DISCUSSION

3.1. Recovery of Al and Fe from Red Mud with H,SO,.
3.1.1. Influence of Leaching Parameters. The effects of
leaching parameters on the recovery of aluminum and iron
from red mud were studied (see Figure 2).

Figure 2a indicates that the change of the acid concentration
significantly affected the leaching effect of aluminum and iron.
The recovery of Al and Fe showed first increasing and then
flattening out with an increase of sulfuric acid concentration.
The recovery of Al was from 44 to 92% with increasing sulfuric
acid concentration from 10 to 40%. The aluminum in red mud
mainly existed in cancrinite, which belonged to a silicate
aluminate mineral. The increase of sulfuric acid concentration
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was beneficial for destroying the mineral lattice of cancrinite,
which could promote the effective progress of the acid—base
reaction and improve the leaching efficiency of aluminum.””*’
Under the same conditions, the recovery of Fe only increased
from 7 to 34%. The iron in red mud mainly existed in
hematite, where its lattice energy was large and its reaction
activity was poor, resulting in the low leaching efficiency.
Therefore, a suitable sulfuric acid concentration of 50% was
chosen. Figure 2b shows that the effect of the liquid/solid ratio
(L/S) on the recovery of Al could be divided into two stages.
The first stage was an L/S ratio of 3—7, where the recovery of
Al increased from 57% to over 92%. The L/S ratio could affect
the contact between the two phases, where an increase of L/S
would promote the diffusion of the liquid phase toward the
interior of the particles and accelerate the destruction of the
lattice of red mud minerals.”’ The second stage was an L/S
ratio of 7—11, in which the recovery growth trend of Al was
slight. The leaching trend of Fe was similar to that of Al, but its
highest recovery still did not exceed 60%. The viscosity of the
reaction system decreased with an increase of L/S, where the
mass transfer resistance reduced and the recovery of Al and Fe
increased.”” While the L/S ratio was greater than 9, a further
increase of L/S could lead to a decrease of the hydrogen ion
concentration. The decrease of activity and reaction rate
resulted in a slight decrease in the recovery of Al and Fe;
therefore, an L/S ratio of 7 mL/g was more appropriate. Figure
2c shows that the leaching temperature can significantly affect
the recovery of Al and Fe. The recovery of Al and Fe first
increased and then tended to flatten out with an increase of the
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Figure 3. XRD phase of the leaching residue with different sulfuric acid concentrations (a) and leaching temperatures (b).

leaching temperature. The recovery of Al increased from 40 to
92% with increasing temperature from 40 to 100 °C, whereas
the recovery of Fe increased from 8 to 50%. The increase of
leaching temperature could increase the reactivity of sulfuric
acid and accelerate the destruction of the mineral lattice and
the reaction rate.” It was conducive to the diffusion of reaction
molecules and chemical reactions. According to the perspective
of leaching kinetics, the diffusion of the sulfuric acid solution
into the red mud particles was also accelerated with increasing
temperature.” Therefore, a suitable leaching temperature of
100 °C was chosen. Figure 2d shows that the influence of time
on the recovery of Al and Fe was different. The recovery of Al
increased from 78 to 92% with increasing time from 0.5 to 2 h,
while the recovery of Fe increased from 33 to 55%. It indicates
that the aluminum-bearing mineral cancrinite in red mud
reacted violently in a short time (30 min), resulting in a high
recovery of Al. Reaction time was the guarantee for ensuring
the full progress of chemical reactions and reaching the
equilibrium state. Especially for the two-phase stirring
reactions between solid and liquid, it needed to take a certain
time to complete the corresponding physical and chemical
reactions.”® The leaching process of hematite needed a long
time, which may be related to the poor solubility of hematite in
sulfuric acid.” Therefore, a leaching time of 2 h was suitable.

3.1.2. Changes in the Morphology, Composition, and
Phase of Leaching Residues. The above research indicates
that sulfuric acid concentration and temperature were the main
factors in the recovery of Al and Fe. Therefore, the phase
changes and microscopic morphology changes of the leaching
residue under different concentrations of sulfuric acid and
temperatures were analyzed. The results are shown in Figures 3
and 4, respectively.

Figure 3 shows that the phase diffraction peaks in the
original red mud disappeared or weakened and that some new
phase diffraction peaks appeared in the leaching residue. It
indicates that a series of reactions occurred during the acid-
leaching process. The diffraction peaks of calcite, hematite, and
cancrinite all existed in the leaching residue with 10% sulfuric
acid (Figure 3a), indicating that iron, aluminum, calcium, and
other oxides do not react completely with sulfuric acid. The
diffraction peak of gypsum was formed in the leaching residue
with 10% sulfuric acid, where the low concentration of sulfuric
acid and high water content in the leaching system led to the
crystallization formation of gypsum with water. The diffraction
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peaks of calcite, hematite, and cancrinite gradually decreased
until the diffraction peaks of calcite disappeared with
increasing sulfuric acid concentration. The diffraction peaks
of anhydrite were obvious, which indicates that the calcium
carbonate has almost all reacted with sulfuric acid to generate
calcium sulfate. The diffraction peak of cancrinite was
weakened, while the diffraction peak of quartz was obvious.
It indicates that the mineral lattice of cancrinite was damaged,
in which the oxides of aluminum, calcium, and sodium reacted
with sulfuric acid, but the dioxide of silicon did not react and
remained in the leaching residue. The diffraction peak of
hematite was weakened to a certain extent, which indicates that
the oxide of iron could insufficiently react with sulfuric acid.
Due to the weak reactivity between hematite and sulfuric acid,
the leaching process required higher temperature and pressure
conditions to fully react. However, it was more easily soluble in
hydrochloric acid solution systems according to the literature.”
The phase analysis results at different acid-leaching temper-
atures (Figure 3b) show that the phase diffraction peaks in the
original red mud gradually decreased or even disappeared with
increasing temperature, but the diffraction peaks of anhydrite
and quartz in the leaching residue were significant. The
leaching temperature was crucial for improving the reaction
activity of sulfuric acid and its diffusion into the mineral
particles. The increase of the leaching temperature could cause
the leaching agent to damage the mineral lattice and promote
chemical reactions.”

Figure 4 shows that the red mud was mainly composed of
granular and layered particles with the structures embedded in
each other, in which the surface of the red mud particles was
relatively dense. After acid leaching by sulfuric acid with
different concentrations (10, 30, and 50%) and leaching
temperatures (40, 60, 80, and 100 °C), the original sheet-like
structure of red mud decreased or even disappeared, while
more small loose particles were generated. Furthermore, the
irregular cluster substances in the original red mud almost
disappeared, and the main part was composed of divergent
rod-shaped and small particles. It indicates that the main
structure of red mud was severely corroded and the surface was
heavily etched in the acid-leaching process. The morphology
changes of the leaching residue of red mud were consistent
with those of different solid materials with acid leaching in
existing literature. While the acid concentration, leaching

https://doi.org/10.1021/acsomega.3c07013
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Figure 4. SEM analysis of red mud and the acid-leaching residue: (a) red mud, (b) leaching residue with 10% sulfuric acid, (c) leaching residue
with 30% sulfuric acid, (d) leaching residue with 50% sulfuric acid, (e) leaching residue at 40 °C, (f) leaching residue at 60 °C, (g) leaching residue

at 80 °C, and (h) leaching residue at 100 °C.

temperature, and leaching time increased, the particles of the

leaching residue became smaller and dispersed.*®
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According to the element content analysis (Figure 4) and

EDS spectrum (Figure S5), the main components of the
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Figure S. EDS analysis of red mud and the acid-leaching residue.

leaching residue were calcium and silicon. The scattered
distribution of aluminum indicated a low content in the
leaching residue, which shows that the sulfuric acid leaching
process has an obvious effect on the leaching efficiency of
aluminum. The distribution of silicon and calcium was both
abundant in the leaching residue, indicating that calcium and
silicon of red mud were not dissolved into the sulfuric acid
solution.

3.2. Polymerization of Al and Fe in Acid-Leaching
Solution. In the preliminary research process, it was found
that the polymerization temperature, time, basicity, and
aluminum—iron molar ratio could affect the preparation of
aluminum—iron flocculants. The basicity was a key factor,
which could change the concentration of hydroxyl ions in the
solution system, thereby affecting the polymerization effect of
aluminum ions, iron ions, and hydroxyl groups.”” Finally, the
flocculation effect of the flocculant product could also be
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affected. Therefore, an investigation on the effect of basicity on
the polymerization morphology of aluminum and iron as well
as the microstructure of the flocculant product was carried out.

3.2.1. Dynamic Changes of pH and Species Distribution
of Al and Fe. The dynamic change of the polymerization pH
value and the species distribution of Al and Fe in PAFS were
studied with different basicities (B = 0.3, 0.5, 0.7, 0.9, and 1.1),
and the results are shown in Figure 6.

Figure 6a shows that the pH value decreased slightly with an
increase of time at a basicity of 0.3. It was due to the low
hydrolysis degree of AI** and Fe’* with OH™ under the
condition of low basicity. The mononuclear hydroxyl complex
ions of Al and Fe were generated with a basicity range of 0.5—
0.9, and the polynuclear hydroxyl complex ions with an
oligomerization degree also existed in the mixed solution.’®
The hydroxyl complex ions had good complexation ability to
Al and Fe, resulting in further hydrolysis and polymerization.

https://doi.org/10.1021/acsomega.3c07013
ACS Omega 2024, 9, 2468—2479


https://pubs.acs.org/doi/10.1021/acsomega.3c07013?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07013?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07013?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07013?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
3.6
(b) N &
L (a) & B=03 e B=05—4—B=07 v B=09 ¢ B=11 100 -A]"M*’ 100 -Fc.-FchEFc‘
. N -
3‘3 L * " A\
S
+ * ¥
80 80+
30 ¥
ki :
S
g ’ v 5 <60 60
- v 1\ &
R 2
= e ‘40 40
240" e
b, A — 4 i
e 20 20+
= | —— & —
21+ »
1
1 1 1 1 1 0
0 10 20 30 40 50 60 B=0.3 B=0.5 B=0.7 B=0.9 B=1.1 B=0.3 B=0.5 B=0.7 B=0.9 B=1.1
Time (min)

Figure 6. Distribution patterns of aluminum and iron in flocculants with different basicities. (a) Dynamic change of the polymerization pH value.

(b) Species distribution of Al and Fe.
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Therefore, the high polymers of Al/Fe were very easy to form,
which could greatly reduce the pH value.”” The polymer-
ization speed was accelerated with a basicity of 0.9, in which
the hydrolysis-saturated state of AI** and Fe** quickly reached
and the polymerization mostly existed with the medium and
high polymers of Al and Fe. At this time, the complex ability of
OH™ was weakened, and the pH value slightly decreased.”
Figure 6b shows that the content of Al, and Al decreased and
increased, respectively, with an increase of basicity. At the same
time, the content of the middle polymer decreased with the
increase of alkalinity, where the complex ability of polynuclear
hydroxyl complex ions to OH™ was stronger than that of
mononuclear hydroxyl complex ions.”” Therefore, the
conversion trend of Al,/Fey to precipitated Al /Fe, was more
obvious with an increase in the basicity. In addition, the
content of medium and polymer in the species distribution of
Fe(III) was always higher than that of AI(II) under the same
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conditions, which was due to the stronger competitiveness to
OH™ of Fe’" than that of AI**. OH™ played a crucial bridging
role in the formation of aluminum and iron polymers, which
served as a bridge connecting aluminum and iron ions.” In
addition, compared to iron ions, aluminum ions needed to
polymerize with OH™ at a higher pH value, which was closely
related to the form of aluminum and iron ions in solution.*’

3.2.2. Structure and Characterization of Polymers. The
FT-IR spectra and SEM analysis of PAFS with different
basicities are shown in Figure 7.

The absorption peak of 3000—3700 cm™" was produced by
stretching, mainly provided by coordination water at low
basicity. Two strong hydroxyl stretching vibration peaks of
Fe—OH and Al-OH existed in the band of 3600—3390 cm™*
with an increase of basicity."' The result indicates that the
hydrolysis degree of Fe** and AI** could be obvious with an
increase of basicity. The peak was caused by the stretching
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vibration of Fe—OH—Al at 2537 cm™" close to the broadband results.” The surface of the aggregate was rough, and the pores
peak of 3000—3700 cm ™', which could correspond to the cross were small at a low basicity. The aggregates and the surface
copolymer of iron and aluminum.'® The absorption peak at became compact and flat, and the pores increased with a
1634—1672 cm™"' was attributed to the bending vibration of basicity of 0.7. However, the aggregate had more pores with a
H—-OH in bound water. Many absorption peaks existed at basicity of 1.1, in which the surface became uneven and some
950—1300 cm™!, which should be the absorption peak of disordered crystals grew. The formation of iron hydroxide and
SO,~."**"" There were two strong absorption peaks with the aluminum hydroxide was precipitated due to the excessive
peak of Fe—OH—Fe at 1100 cm ™" and the peak of Al-OH—AI hydroxyl groups as the alkalinity increased.*® Overall, the
at 1150 cm™, respectively.*” The positions of the two peaks formed PAFS mostly exhibited a chain network structure with
were similar and belonged to the bending vibration of Me— many pores at a basicity of 0.7, in which the chain network
OH on the molecular surface.*’ It shows that both hydroxyl- structure of PAFS extended and interlaced in different
linked polymeric iron and hydroxyl-bridged polymeric directions. A more complex three-dimensional structure was
aluminum existed in PAFS. In addition, a vibration absorption formed in PAFS due to the mutual folding and interlacing of
peak of Fe—OH-—Al also existed. The in-plane bending molecular chains. This three-dimensional structure increased
vibration peaks of Al-OH—AI (716 cm™') and Fe—OH-Fe the specific surface area and porosity and enhanced the
(606 cm™") existed in PAFS. The absorption peak intensities of adsorption bridging effect. In the flocculation and purification
Al-OH—-AI and Fe—OH—Fe increased with an increase of the process of wastewater, it could adsorb colloidal particles in
basicity from 0.3 to 1.1. However, the absorption peak wastewater to form flocculation precipitation and achieve the
intensity of Al-OH—AI changed more at 1147 and 716 cm™". effect of purifying water.”’
It indicates that the hydrolysis of Fe** was carried out at a low 3.2.3. Application of PAFS. PAFS prepared with different
basicity, while the hydrolysis degree of AI** was low at the basicities have different treatment capacities for turbidity and
same condition.™ chroma of wastewater (slime water). The removal efficiency of
The result of SEM shows that the samples of PAFS generally turbidity and chroma of wastewater by using PAFS with
existed as a formless material. The molecular density of PAFS different basicities was studied (see Figure 8).
increased, and the structure became more compact with an The changing trend of the removal efficiency on turbidity
increase of basicity, which was in accordance with the previous and chroma of wastewater was similar to an increase in
2475 https://doi.org/10.1021/acsomega.3c07013
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Figure 10. SEM patterns of coal slurry particles and flocculent particles.

basicity. The removal efficiency of turbidity and chroma was
the highest (95 and 94%) with a basicity of 0.7—0.9. By
analyzing the morphological distribution of Al and Fe with
different basicities (see Figure 6), there were more oligomers
with low basicities (0.3—0.5) in PAFS. The species of (Al +
Fe), played a dominant role under the lower alkalinity
conditions. The proportion of polymers formed by aluminum
ions and iron ions was relatively small, and most of them
existed in the form of ions.*® Therefore, the removal efficiency
of the turbidity was low. The content of medium and high
polymers was more with a basicity of 0.7—0.9, in which the
species of (Al + Fe). was dominant, and the removal effect was
more obvious. The treatment capacity of wastewater would
decrease due to the low content of (Al + Fe), with high
alkalization.” A decrease in both turbidity and chromaticity
removal efficiencies of the wastewater existed with a basicity of
1.1. It is because a large number of hydroxyl groups in the
polymer were generated with high alkalinity. The excessive
hydroxyl groups led to the formation of aluminum hydroxide
and iron hydroxide precipitates, which could reduce the
flocculation performance and stability of PAFS.* Therefore,
the acid leaching solution of red mud was adjusted to a basicity
of 0.7, which was aged and polymerized to prepare PAFS for
subsequent wastewater treatment.

The significant effects of flocculants on wastewater treat-
ment were the dosage of the flocculants and the pH value of
the wastewater treatment system. The effects of PAFS addition
and pH value of the coagulation system on the turbidity
removal rate and zeta potential of wastewater were studied at
25 °C for 20 min (see Figure 9).

Figure 9a indicates that the removal effect of turbidity first
increased and then decreased with an increase of PAFS dosage
from 5 to 40 mg/L. The optimal dosage of the removal range
was from 20 to 30 mg/L, and the removal rate of turbidity was
from 92.1 to 95.4%. While the dosage was not within this
range, the coagulation effect rapidly decreased, and the
turbidity removal rate was even lower than 20%. Furthermore,
the dosage of PAFS had a significant effect on the zeta
potential. The zeta potential gradually increased with an
increase of dosage.”’ The zeta potential reached a limit value of
—17.2 mV with a PAFS dosage of 30 mg/L, which was
gradually stabilized and did not reach the isoelectric point. The
coagulation effect of the slime water gradually increased as the
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zeta potential of the system was very low, at which point the
optimal coagulation area appeared. It indicates that the electric
neutralization effect was not the only factor affecting the
removal of the turbidity of the slime water by using PAFS.
Although PAFS had a large number of positive charges with a
low dosage, its effect was negligible relative to the negative
electricity of the slime water.” So, the enhancement of the
coagulation effect may be the effect of other coagulation
mechanisms. Al; and Fe,, in PAFS formed a special molecular
structure, which could adsorb the colloidal particles from coal
slime water to grow flocs. Then, the flocs could form larger
flocs through the mechanical mesh trapping and sweeping of
Al and Fe_. This inference could also be confirmed by the
change in zeta potential, while the dosage continued to
increase.”” The removal effect of turbidity continued to be at a
high level for a period of time, while the zeta potential reached
stability. However, while the dosage continued to increase
(more than 30 mg/L), the removal rate of the turbidity rapidly
decreased. It indicates that electroneutralization was not the
only action mechanism.>* Figure 9b shows that the coagulation
effect of PAFS in removing the turbidity of coal slurry water
was greatly affected by the pH value of the system. The
removal effect of turbidity under acidic conditions was better
compared with alkaline conditions at the same dosage, in
which the removal rate of turbidity was more than 80% at pH
values of 2.0—7.0. The coagulation effect was slightly lower
with pH 2.0—4.0 than with pH 4.0—7.0. The floc charge
changed from positive to negative with a continuing increase of
the pH value. The floc charge has reached —32.6 mV at a pH
of 7.0, in which the turbidity removal effect of coal slurry water
was good and maintained at more than 80% during the change.
The turbidity removal rate rapidly decreased to below 20%,
and the charge of the floc decreased to below —35 mV at a pH
of more than 7.0. The zeta potential gradually reached the
isoelectric point, and the coagulation effect reached the
optimal value at pH values of 3.0—4.0. This is because the
flocs gradually exhibited negative charge, and the prepared
PAFS remained relatively stable with a continuous increase of
pH value.” The network floc particles with high positive
charge aggregates still played a dominant role in adsorption,
neutralization, and network capture, so the macroscopic
performance showed good coagulation (above 90%). The
pH value could affect the hydrolysis polymerization behavior of
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Figure 11. Preparation of PASF from red mud and its application to reducing turbidity.

PAFS flocculant, which resulted in changes in the forms of Al of ions. By regulating the basicity of the acid-leaching solution,
and Fey. The forms of Aly and Fe,, were relatively stable under a yellow flocculant of PASF was obtained after aging and
weakly acidic conditions and maintained their original high- drying at an appropriate temperature, where aluminum, iron,
charge and molecular-weight forms. Therefore, the effects of and hydroxyl groups could form different degrees of polymer-
charge neutralization, adsorption, network capture, and ization of Al, Aly, Al, Fe,, Fe, and Fe . The good coagulation
sweeping were fully exerted to achieve better removal of effect of slime wastewater was obtained with the flocculant of
turbidity in coal slurry water. The partial hydrolysis of Al, and PASF. There were certain oligomers (Al, and Fe,) in PASF,
Fe, was inevitable under alkaline conditions (a pH of more where the high valence cation charge could compress the
than 7.0) and resulted in the formation of AI(OH); and double electric layer of small negatively charged particles in the
Fe(OH);. The coal slurry colloidal particles could not bind slime wastewater through electric neutralization. Then, a large
with AI(OH); and Fe(OH);, so the coagulation effect rapidly number of hydroxyl groups were present in the intermediate
decreased without the electric neutralization and destabiliza- polymers (Al, and Fe,) of PASF, which could adsorb the small
tion.* particles to gradually grow. Finally, the mechanical trapping

PAFS was prepared from an acid-leaching solution of red effect of high polymers (Al and Fe_) in PASF could entrain the
mud with a basicity of 0.7. The slime water was flocculated floc and form larger flocs to achieve a good reduction effect of
with a dosage of 30 mg/L and a pH value of 7.0 at 25 °C for 20 turbidity. The mechanism of preparing PASF from red mud
min. The coal slurry particles and flocculent particles after and its application in reducing turbidity in coal slurry
flocculation were comparatively analyzed by SEM (Figure 10). wastewater are shown in Figure 11.

Figure 10 shows that the coal slurry particles in the coal
slurry water were very small and did not adhere to each other. 4. CONCLUSIONS

The flocs showed mutual folding and interlocking to form a In this study, the appropriate utilization of red mud based on
surface after flocculation with PASF. The flocs exhibit an PASF preparation and application was determined with sulfuric
irregular shape with a large number of fine particles adhering to acid leaching, polymerization, and coagulation of coal slurry
the surface compared to the SEM of PASF in Figure 7. water. More than 90% aluminum and 60% iron could be
Furthermore, the interior of the flocs was also filled with a large leached from red mud under the conditions of a sulfuric acid
number of fine particles. Therefore, PASF could adsorb the concentration of 50%, a liquid-to-solid ratio of 7 mL/g, a
colloidal particles in wastewater during the flocculation and leaching temperature of 100 °C, and a leaching time of 2 h.
purification processes of coal slurry water. The mechanical The minerals such as cancrinite, calcite, and hematite in the
trapping could also be formed to further flocculate fine red mud could be significantly destroyed to promote the
particles and achieve the effect of purifying water, which was dissolution of aluminum and iron. The acid-leaching solution
consistent with the previous studies.”” To sum up, the crystal was polymerized by adjusting its basicity to 0.7—0.9 to form
lattice of cancrinite containing aluminum and hematite PAFS, in which the molecular density of PAFS increased and
containing iron in red mud was destroyed by sulfuric acid the structure became more compact with an increase of
leaching, in which the main components of aluminum and iron basicity. The removal efficiency of turbidity and chroma could
were mostly into the sulfuric acid-leaching solution in the form reach more than 95% by using PAFS with 25 mg/L in the pH
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range of 6.0—7.0. The reduction of turbidity with PAFS was
affected by not only the electric neutralization of low polymer
(Al + Fe), but also the adsorption of middle polymer (Al +
Fe), and the entrapment of high polymer (Al + Fe). This
study provided the technical support and theoretical basis for
the further efficient preparation and application of aluminum
iron flocculants from red mud.
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