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A novel method for synthesizing poly-silicate aluminum sulfate coagulant (PSAS) using a silica-alumina sol
was reported. Herein, two modalities (nSiO,/nNa,O: 1.11 and 3.27) of self-made water glasses were used as
the silica source for synthesizing the sol precursor. Then, the PSAS; 1; and PSASs»7 with different basicity
were obtained by controlling the Al molar ratio of precursor to aluminum sulfate. The results showed
that the PSAS;1; coagulant prepared with low modulus water glass (LMWS, 1.11) has low turbidity and
good stability. Using low modulus water glass, the effect of the Al molar ratio of precursor to aluminum
sulfate on the basicity and stability of PSAS;1; with AUSi of 20 and the effect of the molar ratio of
aluminum to silicon on the basicity and stability of PSAS; ;; were studied, respectively. Based on XRD and
Fourier infrared (FTIR) characterization of the sol precursor and PSAS; 1, the synthesis mechanism of
PSAS by the silica-alumina sol method was discussed. Al species distribution of PSAS; ;; was determined
using the Al-Ferron timed spectrophotometric method. Moreover, the performance of PSAS;y;
coagulant was examined, regarding its efficiency towards color removal of Congo red. The results
showed that PSAS, 1; coagulant with Al/Si of 20 and Al molar ratio of 1/12 exhibits excellent performance,
and the color removal rate reached 98.6% at an initial pH of 11 and coagulant dosage of 40 mg L™!
(AL mg LY. Finally, the PSAS coagulant mechanism was discussed in detail through infrared
characterization, 2’Al NMR, Raman, morphology and mapping of the flocs.
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adsorption, oxidation, coagulation and flocculation (CF) have been
reported.”® Biological methods are effective in reducing the

1. Introduction
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Synthetic dyes are a necessity in various significant industries
such as the paper, fiber, leather as well as textile industries for
their colour-giving properties.* Currently, more than 7000 types
of synthetic dyes have been reported. It is estimated that 7 x 10°
to 1 x 10° tonnes of various colourings are manufactured from
about 100 000 commercially accessible dyes each year.>?
However, during the production and use of dyes, approximately
10% of the dyes are released into the ecosystem as wastewater.
Synthetic dyes, as the common pollutant in wastewater, are often
toxic and carcinogenic, posing a great threat to the survival of
terrestrial and marine life. Dyeing wastewater is characterized by
deep color, high toxicity, high chemical oxygen demand (COD) and
biochemical oxygen demand (BOD) values, complex composition,
large discharge, wide distribution, and difficult degradation.*®
Therefore, treatment of dye wastewater has been widely concerned.
Several methods include biological approach, sedimentation,
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chemical oxygen demand (COD) required for wastewater treat-
ment, however, non-completely decolorize. Oxidation methods are
complex, and it often needs to be used in combination with other
methods. The adsorption method is difficult to apply in industry
because of the difficulty of regenerating the adsorbent and the
long adsorption time. CF methods are widely recognized and
widely used because of its simple operation, large processing
capacity and low investment cost.'***

For coagulation process, the coagulant with excellent
performance is the core technology and research concerns.
With the improvement of human living standards, conventional
coagulation, such as aluminum and iron salts, can no longer
meet the demand due to their high dosage and high residual
metal concentration. They are gradually replaced by organic
and inorganic polymer coagulants developed in recent years.
Organic polymer coagulant is very variety and excellent perfor-
mance. However, due to the high price and non-completely
eliminating toxicity, it is mainly used as coagulation auxilia-
ries. Inorganic polymer flocculants have stronger electrical
neutralization and net flutter bridging functions than tradi-
tional coagulation. They are also rapidly developed and used
because of their cost-effective.'*** The use of iron-base inor-
ganic polymer coagulants is far inferior to that of aluminum

© 2021 The Author(s). Published by the Royal Society of Chemistry
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inorganic polymer coagulants owing to low adjustable basicity
and deep color of wastewater treated. So, aluminum inorganic
polymer coagulants, such as polymeric aluminum chloride
(PAC), poly-silicate aluminum chloride (PSAC), poly-silicate
aluminum sulfate (PSAS) and poly-silicate aluminum ferric
sulfate (PSAF) etc., have good performance in the coagulation of
various wastewaters. Among of Si-containing coagulants, the
introduction of silicic acid can enhance the coagulation
bridging ability and complement the deficiency of original
molecular weight and particle size. So, those coagulation has
received particular attention.'*

Usually, coexisting anions in the hydrolyzed aluminum
solution are an important factor affecting the coagulation effect
of aluminum-based coagulants, while affect the Al species
distribution and structure of the coagulants. Coordination
affinity of OH™ to AI’" is far greater than other anions such as
Cl, NO;~ and SO,*> . The order of coordination affinity
between anion and AI** is: SO,>~ > CI~ > NO,~. Therefore,
compared with PSAC, PSAS has a lower content of Al in the form
of monomer or dimer (i.e., Al,), while the content of polymers
(Alp) and Al(OH)z;-solid (Al is higher.**** Meanwhile, the
source of aluminum sulfate is more extensive than that of
aluminum chloride, and it has reliable industrial production
and is cheaper. Therefore, PSAS has higher research value than
PSAC. Qiu et al., reported that banknote printing wastewater
was treated using poly-silicate ferro-aluminum sulfate (PSFA).
The maximal colour removal efficiency of 98% and COD
removal efficiency of 85% could be achieved at the optimal
dosage of 30.33 g L™".* The treatment of arsenic-containing
wastewater by using PSFA and PSAS coagulants was reported
by Li et al. The removal efficiency of arsenic was 98% and 93%
respectively, when the molar ratio of (Fe** + AI**)/SiO, was 2 : 1
and 1 : 1 using PSFA coagulant.” In another study, polysilicate
aluminum magnesium (PSAM) and cationic polyacrylamide
(cPAM) were stepwise used for drinking water treatment. Under
suitable conditions, the removal efficiency was over 98% for
turbidity and color, respectively.”* To the best of the author's
limited knowledge, the synthesis of PSAS is mainly divided into
compound method and copolymerization two methods."** The
treatment of oil-contaminated water using the poly-silicate
aluminum ferric sulfate prepared by compound method was
reported by You et al.?® Compound method needs to obtain
a poly-silicate acid solution in advance. In the compounding
method, poly-silicate acid was prepared and used immediately
to prevent the solution from gelation and thus loss of coagu-
lation performance, its polymerization degree is difficult to
control, as well insufficient combination of silicon and
aluminum.* Copolymerization method firstly mix sodium sili-
cate and aluminum sulfate, and then alkalize and polymerize by
using alkaline substances such as sodium aluminate, sodium
carbonate or sodium hydroxide to obtain PSAS. Although the
copolymerization method can avoid this phenomenon, silicon
is easy to precipitate during the alkalization polymerization
process. Moreover, the polymerization process requires strong
agitation ie. high speed shear force.”” Therefore, to overcome
the drawbacks of the above methods, this work proposes a sol
precursor method for the preparation of PSAS.
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Inspired by the preparation of zeolite from silica alumina
sol, this research proposes a novel method for preparing PSAS
from silica alumina sol. Herein, two modulus water glass
extracted from bauxite reaction residue was used as silica
source” and mixed it with sodium aluminate to prepare sol
precursor. Then, the PSAS;;; and PSAS;,, with different
basicity were obtained by controlling Al molar ratio of precursor
to aluminum sulfate. Later, a detailed study of synthesis of
PSAS; 11 by using low modulus water glass was carried out,
including the Al molar ratio of precursor to aluminum sulfate
and the silica-aluminum ratio in PSAS,; ;;. The process and
mechanism of the preparation of PSAS;;; are discussed in
detail based on the XRD and FTIR characterization of the
precursor and PSAS. Moreover, the removal mechanism of
Congo red was discussed by Al species analysis and flocs
(combination of Congo red and PSAS, ;; coagulant) infrared
analysis.

2. Materials and methods

2.1 Preparation of poly-silicate aluminum sulfate by sol
method

2.1.1 Preparation of sol precursor. Sodium aluminate
(chemically pure, Al,O3 = 41.0%, Sinopharm Chemical Reagent
Co., Ltd) was dissolved in quantitative deionized water, and
then added a small amount of stabilizer. The above mixed
liquid was boiled and cooled to room temperature to obtain
a clarified sodium aluminate solution (1 mol L™"). Then, two
kinds of modulus water glass (modulus 3.27 and SiO, content
27.3 wt%, modulus 1.11 and SiO, content 6.5 wt%) are diluted
to 5 wt% solution (silica concentration), respectively. Silica
aluminum sol precursors were obtained by mixing sodium
aluminate solution and water glass. They are labeled as
precursor, 1, and precursors ,-, respectively.

2.1.2 Preparation of PSAS coagulant. Here, a brief process
of preparation PSAS using sol precursor is shown in Fig. 1. First,
aluminum sulfate octahydrate (analytical purity = 99.0%,
Sinopharm Chemical Reagent Co., Ltd) was dissolved in
deionized water to prepare 0.8 mol L' Al,(SO), solution.
Second, at a stirring rate of 500 rpm, different doses of
precursors were slowly added to the aluminum sulfate solution
to form a translucent suspension, and then it was stirred for
0.5 h at room temperature. The suspension was heated to 75 °C
for digestion. Finally, after polymerization for 2 h and cooling to
room temperature, the PSAS solutions were obtained. In the
above preparation of PSAS, the effect of aluminum molar ratio

Tyndall effect

L] Sw

“ AL(SO4); soluti

(1) Sol precursor ?) Polym}a;i/zation

(a) (b)
(3) PSAS coagulant

Fig. 1 PSAS preparation process diagram.
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of precursor to aluminum sulfate on coagulation stability was
investigated by using two precursors (1.11 and 3.27), marked as
PSAS; 11 and PSAS;,,. Due to the better stability of PSAS; 14
coagulant synthesized by low modulus water glass, the
precursor; 11 was used to study the effect of the Al molar ratio of
precursor to aluminum sulfate on the stability and basicity of
PSAS, 11 prepared with Al/Si of 20. Liquid PSAS was vacuum-
dried at 50 °C, and then grounding to powder samples for
structural analysis.

2.2 Analysis and methods

2.2.1 Characterization of poly-silicate aluminum sulfate
solid powder. Coagulant solid powder was determined by using
D/MAX-RB X-ray diffractometer (Rigaku, Japan) with Cu K-
radiation in the 26 range of 10-80° at a scan rate of
10° min~". The morphology of the precursor, coagulants and
combination of dye and coagulant were examined by JSM-
6360LV scanning electron microscope (SEM), respectively.
Infrared spectra of precursor sol, coagulants and combination
of dye and coagulant were measured via a Fourier-transform
infrared (FTIR) spectrometer (Nissan Hitachi, 270-30) by using
the potassium bromide pellet method. >’Al NMR spectra were
taken under the resonance frequency of 10 kHz.

2.2.2 Ferron method to test Al species distribution.
Aluminum species distribution in PSAS was measured by using
Al-Ferron timed spectrophotometric method,*® which is based
on the different reaction time of aluminum species with the
Ferron reagent (8-hydroxyl-7-iodoquinoline-5-sulphonic acid).
Because of complexes of Al with Ferron reagent have maximum
absorption at a wavelength of 370 nm, hence, different species
of aluminum (i.e. Al, - monomers, Al, - polymers and Al. -
Al(OH); or solids) would be calculated via absorbance
measurements at this wavelength. The absorbance 4, and A of
Al, and Al;, components are converted to the corresponding
concentrations of C, and C} according to the aluminum stan-
dard curve relationship eqn (1)-(3). Then:

Al, = CJ/Cr x 100% (1)
Aly = Gy/Cr x 100% )
Al =1 — (Al, + Aly) 3)

where Cr is the total aluminum concentration of the sample, Cr
in the PSAS was measured by using 2 mol L™ nitric acids to
decompose the polymer into monomers.

2.2.3 Jar test and calculation of the color removal effi-
ciency. Synthetic dyeing wastewater was prepared by adding
designated amounts of Congo red in deionized water. The
absorbance fitting curve of Congo red dye standard solution is
shown in Fig. S3.1 The absorbance of Congo red at A;,ax varies
linearly with the concentration. Therefore, the concentration
change of the dye can calculate based on the absorbance. The
performance testing of coagulant was carried out with
100 mg L' simulated dyeing wastewater. Comparability and
reliability of each data set are ensured by the use of six league
electric blenders. The initial pH of dyeing wastewater was
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properly adjusted by using H,SO, or NaOH solutions of
appropriate concentrations in the range of 1-0.01 mol L™". In
briefly, the coagulation process was described. 250 mL dye
wastewater was poured into 500 mL drying beaker and placed
into the stirring device. After adding the PSAS, the dye waste-
water was stirred rapidly at 300 rpm for 2 min, and then slowly
stirred at 60 rpm for 10 min. The water samples were collected
at 2 cm under the surface of water after settling for 20 min, and
further measured the final absorbance. Color removal efficiency
(n%) would allow the calculation according to the eqn (4):

n% = (A() — A,)/AO x 100 (4)

Where A, is the initial absorbance of the dyeing wastewater, A, is
the absorbance of supernatant at the corresponding settling
time (¢) after the coagulation run. It should be noted that the
dosage of coagulant was calculated as mg Al per L for PSAS
coagulants.

3. Results and discussion
3.1 The structure and morphology of the precursor

XRD pattern of the sol precursor; ;; solid powder is shown in
Fig. 2(a). The precursor has no obvious diffraction peaks, which
indicate that the precursors,,; is no long-range crystalline
order. In the sol formed by the combination of sodium alumi-
nate and sodium silicate, silicon is preferentially combined
with silicon or aluminum to form a Si-O-Si or Al-O-Si tetra-
hedral structure. The colloids formed during this process are
almost the same as those formed before zeolite trans-
crystallization, so the colloidal particles show no long-range
crystalline order structure.” Meanwhile, it can be seen from
Fig. 2(c) that the precursor is formed by agglomeration of
regular-shaped particles. Fig. 2(d) shows the energy spectra of
the relevant elements in the precursors. Oxygen is the most
abundant element in the precursor. In addition, the aluminum
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Fig. 2 Precursor characterization; (a) XRD diffraction pattern, (b) FTIR
spectra and (c) SEM images (d) EDS pattern.
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content is greater than that of silicon, which facilitates the
adequate combination of aluminum and silicon. PSAS coagu-
lants prepared by using this precursor may have good
performance.

Fig. 2(b) presents the FT-IR spectra of sol precursor, ;1. The
peak at 3430.58 cm™ ' can be attributed to the intermolecular
association of the stretching vibration of -OH.”® The stronger
absorption band located at 976 cm ™" is associated with alumi-
nosilicate skeleton vibration.*” This indicates that sodium sili-
cate and sodium aluminate do form soluble silica-aluminum
colloids. The characteristic peak at 1655.85 cm ' is the
stretching vibration of water absorbed. The peak at about
948 cm™ ' corresponds to the symmetric stretching vibrational
structure of Si-O-Al. The peaks at 603-605 and 459-460 cm ™"
are associated with the single bond vibrations of Si-O and Al-O,
respectively. Two peaks at 723.48 cm ' and 632 cm ' are
attributed to the antisymmetric bending and stretching vibra-
tions of Al-OH, respectively.

3.2 Stability and basicity of PSAS coagulants

3.2.1 Effects of the Al molar ratio of precursor to aluminum
sulfate on the basicity and stability of PSAS. Fig. 3(a) shows the
influence of the Al molar ratio of precursor to aluminum sulfate
on the PSAS coagulant basicity by using two modalities of water
glass as silica source. The basicity of PSAS increases signifi-
cantly with the increasing Al molar ratio. In the case that the
precursor does not contain sodium aluminate, the basicity of
coagulant prepared with high modulus water glass is higher
than that of coagulant prepared with low modulus water glass.
The basicity of the PSAS product prepared using a water glass
with a modulus of 3.27 was 7.9%, while the basicity of the PSAS
prepared using a water glass with a modulus of 1.11 was 13.7%.
The reason for this result is the high alkali content in the low
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Fig. 3 Effect of the Al molar ratio on the PSAS basicity (a) and on the
PSAS solution turbidity (b) and (c) effect of the Al molar ratio on the
basicity of PSAS; 11 (Al/Si of 20); (d) effect of the ratio of the ratio of
aluminum to silica on the basicity of PSAS; 1, (Al molar ratio of 1/12).
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modulus water glass. However, when using precursors prepared
from sodium aluminate containing, it is interesting that the
basicity of PSAS;,, coagulants is higher than that of PSAS, ;.
This is attributed to the fact that low modulus water glass has
more mononuclear silicon. The NaAlO, available in the
precursor for controlling the basicity of PSAS is reduced due to
the sufficient combination of aluminum and silicon. So its
basicity is slightly lower than PSAS; ,, coagulant. Compared to
PSAS; 7, PSAS; 11 is less prone to gelation and has a smaller
molecular weight. The variation of turbidity is consistent with
this conclusion. Therefore, it is advisable to use low modulus
water glass to synthesize PSAS coagulant.

As shown in Fig. 3(b), the turbidity of PSAS coagulant
increases with the increase in basicity.”® Especially, the turbidity
increases significantly when the high modulus water glass is
used. In terms of amorphous silica dissolved in strong alkali to
form water glass, usually, there are three important areas in the
amorphous silicon concentration pH diagram: (1) the insoluble
domain is the precipitation zone of amorphous silicon; (2) the
multimeric domain where silicon polyanions are stable; and (3)
the monomeric domain where mononuclear Si species [Si(OH),,
SiO(OH);~, and SiO,(OH),>”] prevail thermodynamically.*
Silica is mainly stabilized in water glasses (3.27) as polyanions
and mononuclear. In contrast, a small amount of Si polyions is
present in the low modulus water glass.

Table 1 presents the physical properties of PSAS coagulant.
PSAS; ,; coagulant is very unstable and usually shows signifi-
cant gelation after 2-3 days of storage at ambient temperature.
Due to the poor stability, we did not consider subsequent dye
performance tests on this material. However, the obtained PSAS; 14
coagulant is a clear colloidal solution with good stability, and its
stability is enhanced significantly. Meanwhile, the PSAS, ;; coag-
ulant solution has Tyndall effect as showing in Fig. S1.f

Above-mentioned PSAS; q4, its basicity and ratio of Al/Si
increase with the increase in the Al molar ratio of precursor to
aluminum sulfate. Therefore, it is difficult to determine
whether it is the aluminum to silicon ratio or the salinity that
affects the performance of PSAS;;; coagulant. Therefore,
PSAS; 11 coagulants with aluminum-silica ratio of 20 were
synthesized. Variation of coagulant basicity is shown in
Fig. 2(c). It can be seen from Fig. 3(c) that the basicity of PSAS; 1,
coagulant is linearly increasing in relation to the aluminum

Table 1 Influence of the Al molar ratio of precursor to aluminum
sulfate on the pH and stability of the synthesized PSAS

nAl(precursor]/nAl(aluminum sulfate) 0 1/12 2/12 3/12 4/12
Al/Si(PSAS; »7) 20 21.6 23.3 24.8 26.7
Al/Si(PSAS, ;) 20 21.6 23.3 24.8 26.7
Al/Si(PSAS, 1) 20 20 20 20 20

Gel (day) (PSAS;.,) 30 2 3 3 3

Gel (day) (PSAS; 11) 60 23 34 Ungelled Ungelled
Gel (day) (PSAS;.41, Al/Si0of 20) 60 20 75  Ungelled Ungelled
pH value (PSAS; ,,) 2.53 3.15 3.16 3.19 3.25

pH value (PSAS; 1) 2.86 3.28 3.33 3.34 3.36

pH value (PSAS, 1,, Al/Si of 20) 2.86 3.29 3.38 3.45 3.47

RSC Adv, 2021, 11, 38208-38218 | 38211


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra06343j

Open Access Article. Published on 29 November 2021. Downloaded on 1/22/2026 6:22:38 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

molar ratio of the precursor to aluminum sulfate. Therefore, the
PSAS with different basicity prepared by precursor has obvious
advantages, example controllable basicity. The physical prop-
erties of PSAS; ;; with aluminum to silica ratio of 20 are shown
in Table 1.

3.2.2 Influence of the ratio of silica and aluminum in
PSAS; 11 coagulant on the basicity and stability. From the
subsequent performance experiments, it can be seen that the
aluminum to silicon ratio as well as the basicity have different
degrees of influence on the coagulant performance. Moreover,
the synthesized PSAS,;;; with Al molar ratio of 1/12 exhibits
excellent performance in subsequent performance experiments.
And the performance of PSAS, ;; with an Al/Si of 20 is slightly
higher than that of PSAS, ;; with an Al/Si ratio of 21.6, indi-
cating that a proper reduction of the Al/Si ratio in the coagulant
is beneficial to improve the performance of the coagulant.
Factors affecting the performance of the coagulant will be dis-
cussed in detail later. So, under Al molar ratio of 12 conditions,
the PSAS;;; coagulants with different Al/Si were further
synthesized. The effect of aluminum-silicon ratio on the
basicity of PSAS; ;; is shown in Fig. 3(d).

The pH and gel time data for PSAS, ;; solution are given in
Table 2. The results showed that the pH value and basicity of
PSAS, 1, increased with the decrease of aluminum to silicon.
Increase of PSAS basicity means that hydroxyl groups are
consumed during the polymerization process of aluminum
sulfate. If the hydroxyl group is provided by water causing the
coagulant basicity increases, the pH of the solution will inevi-
tably decrease. However, the interpretation is contrary to the
experimental results. Since the precursors have the same Al
content, the increased alkalinity of the coagulant could only be
caused by the water glass.

3.3 Analysis of the structure and morphology of PSAS
coagulant

3.3.1 XRD analysis of PSAS, ;; powder. The XRD pattern of
PSAS; ;; powder samples (Al/Si ratio of 20) are presented in
Fig. S2.T The weak NaAl(SO,),-6H,0 diffraction peak appears in
PSAS, 1, at the Al molar ratio of 1/12. When the molar ratio of
aluminum can be increased to 3/12, the main crystalline phase
of PSAS; 1, is sodium aluminum sulfate hexahydrate. This result
indicates that the basicity of PSAS increases with the increase of
aluminum molar ratio. Meanwhile, aluminum sulfate exhibits
easy loss of crystalline water. PSAS is a polymeric inorganic
polymer whose molecular weight increases with the degree of
polymerization. Its molecular weight varies from several
hundreds to hundreds of thousands."” Therefore, it has no long-

Table 2 Influence of the ratio of aluminum to silicon in PSAS; 11 on the
pH value and stability

Al/Si 25/1 20/1 15/1 12/1 10/1
pH value (PSAS; ;1) 3.11 3.15 3.24 3.29 3.31
Gel time (day) 30 20 16 14 10

38212 | RSC Adv, 2021, 11, 38208-38218
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Fig. 4 SEM images of different Al molar ratio of PSAS;1; powder
sample with an Al/Si ratio of 20, (a) 0, (b) 1/12, (c) 2/12, (d) 3/12 and (e)
4/12.

range crystalline order structure, which is consistent with other
literature reported.**

3.3.2 PSAS,;; powder morphology and FTIR analysis.
Fig. 4(a)-(e) shows the microscopic morphology of the PSAS; ;4
powder sample with different Al molar ratio. It is known from the
figure that PSAS; 1; coagulant is composed of irregular block. As
the basicity increases, the coagulant powder sample is manifested
as a dehydration, which was consistent with the XRD results.

FTIR analysis of the PSAS, ;; powder samples with Al/Si ratio
of 20 is shown in Fig. 5. Comparison with the precursor IR
shows that some of the functional groups in the coagulant
undergo obvious changes. The aluminosilicate skeleton peak of
the alkaline intermediate located at 976 cm™" was not signifi-
cantly observed in the PSAS, indicating involvement of silica-
aluminosols in the polymerization of the PSAS, the result that
we expected. The stretching vibration of Si-O-Al bond is
obvious at the peak of 948 cm ™. The peaks at 603-605 cm ™~ are
associated with Si-O bonds. Peaks of 723.48 cm™ " and 632 cm ™"
are the tensile and bending vibrations of AI-OH in sodium
aluminate, respectively. However, this structure was not detec-
ted in PSAS, indicating that sodium aluminate was completely
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Fig. 5 IR spectra of PSAS; 11 coagulants.
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involved in the polymerization reaction of PSAS. A broader peak
appears at 3061 cm ™', which is characteristic of the C-O-H in
stabilizers.** The peak at 1103.79 cm ™' is the stretching vibra-
tion of the Al-OH-Al structure. -OH- group combined with
different metal produces a slight shift in the position of the
characteristic peak of this structure.*

3.3.3 Discussion on PSAS reaction takes place. First,
sodium aluminate was mixed with a small amount of clarifying
agent then dissolved in deionized water. The solution was boiled
and then cooled to room temperature. The reaction occurs in this
process is shown in eqn (5). The second step is the synthesis of Si—
Al sol precursor. That is, sodium silicate was mixed with sodium
aluminate to form an alkaline colloid. The structure of this colloid
is similar to the structure of zeolite before crystallization trans-
formation.* Precursor synthesis reaction is presented in eqn (6). In
the third step, when the milky white solute precursor is slowly
added dropwise to the aluminum sulfate solution, the solute
precursor undergoes rapid dissolution and then participates in the
PSAS polymerization reaction. Then, the clear aluminum sulfate
solution gradually becomes translucent. After boil digesting
process, the translucent PSAS solution gradually was obtained.*>*
The reaction of the precursor with aluminum sulfate for preparing
PSAS is shown in eqn (7).

NaAlO, + 2H,0 = Na* + AI(OH),~ (5)

XNaz[stiO4] + 2NaA1(OH)4 - Na20 . A1203 . Xsi02 . 2H20
+ 2xNaOH (6)

Na,0-ALO;- xSi05-2H,0 + NaAl(OH), + Aly(SO,)- 18H,0
+ NaOH — Al,(OH),(SO4).(Si0)AH:0),  (7)

The molecular formula of PSAS: Al,(OH),(SO,4).(Si0,)4(H20).,
wherein, @ = 1.0, b = 0.75-2.0, ¢ = 0.3-1.12, d = 0.005-0.1, ¢ > 4,
x = 2.0-4. According to the above reactions, the schematic of
preparing PSAS from the precursor is shown in Fig. 6.

3.3.4 Characteristics of Al species distribution in liquid
PSAS; ;;- Based on the different reaction time of aluminum
species with the Ferron reagent, the Al species in coagulant
would allow divided into three types: Al,, Al, and Al.. Al, refers
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to the mononuclear aluminum hydroxy complex (Al’**, A[(OH)*",
Al(OH)," and Al(OH),) and the primary polymer (Al,(OH),*,
Al,(OH)5" and Al;(OH)g", etc.). The reaction of this complex with
Ferron reagent is usually completed within 1 minute. Al,, stands
for the polynuclear hydroxyl complex of aluminum, generally
refers to the oligomers of aluminum (Al4(OH);,%, Al;(OH);¢>*
and Alg(OH),,"") and middle polymers (Al;5(OH);, ",
Al;304(OH),,”" and Al,). This part of Al is the active ingredient
of the coagulant, which usually completes its reaction with
Ferron within 120 minutes. The remaining aluminum-
containing part (Al.) hardly reacts with Ferron's reagent. It's
usually considered as the hydrolysis polymerized macromole-
cules of aluminum (Al;5(OH)36”" and Als,, etc.), colloidal mole-
cules and precipitates (Al(OH);), etc.> The Al-Ferron timed
spectrophotometric curve not only reflects the difficulty of the
reaction of different aluminum species with Ferron, but also
roughly reflects the polymerization degree of the coagulant.

The complex reaction of PSAS; ;; and Ferron over time is
shown in Fig. 7. With the increase of the aluminum molar ratio
(precursor/aluminum sulfate), the basicity of PSAS, ;; coagu-
lants gradually increases. This reflects the slow complexation
reaction of Al and Ferron reagents. The PSAS; ;-0 solution
showed the largest absorbance value, indicating the fastest
complex reaction of Al and Ferron reagents. This result indi-
cates that PSAS; ;;-0/12 has the most mononuclear hydrox-
yaluminum complexes and primary aggregates. Polynuclear
hydroxyl complexes of aluminum in PSAS; ;,-1/12 and PSAS; 4;-
4/12 flocculants increased significantly. Especially, the result is
more obvious when the basicity of the PSAS increases to more
than 50%. Table S1t presents the Al species specific distribution
of examined PSAS; ;; coagulants. Knowable, Al species in the
coagulants prepared by sol method are mainly Al, and Aly,. This
result is attributable to the fact that the sol precursor first
dissolves in aluminum sulfate and then polymerizes.

0404 PSAS | -0

0.38

PSAS,  -1/12

&) B ! ) ) )
o o ¢ 8§ 8§
m’“‘“' 100400 ©@ ‘9\ 9+t 00
v o © ¢ o
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¢ & 8
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Fig. 6 Schematic synthesis of sol precursor and PSAS.
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3.4 Decolorization performance of liquid PSAS, ;; on Congo
red dye wastewater

3.4.1 Effect of PSAS, 1, on the decollation rate of dyeing
wastewater. The coagulation performance test of PSAS; ;; was
studied using 100 mg L™ " Congo red dye simulated wastewater.
With coagulant dose of 4 mg L™ " and initial pH of 7.0, perfor-
mance of PSAS; 1, coagulants prepared with different Al molar
ratio of precursor to aluminum sulfate was evaluated in
Fig. 8(a). The worst decolorization rate of PSAS; ;; prepared by
the sol precursor without sodium aluminate was 74.68%. Since
the precursor do not contain sodium aluminate and thus do not
form silica-alumina sol, this leads to poor removal results. As Al
molar ratio of precursor to aluminum sulfate increases, the
basicity of PSAS; ;; coagulant gradually increases but the silicon
content gradually decreases, and its performance first increases
and then decreases. The overall performance was better than
that of PSAS, ;, prepared by precursor without the addition of
sodium aluminate. The results imply that the sol method is
beneficial to improve coagulant performance. Meanwhile, at the
given conditions, PSAS; ;; (Al molar ratio of 12, Al/Si of 21.6)
coagulant showed high coagulation performance with 87.32%
color removal rate.

To clearly understand the reasons for the decline in coagu-
lant performance, another group of PSAS, ;; coagulant with Al/
Si of 20 prepared by different Al molar ratio was used. Fig. 8(b)
shows the effect of coagulants with different Al molar ratios on
the decolorization of dyeing wastewater. The same trend was
observed compared to the above results. From the comparison
of Fig. 8(a) and (b), the performance of PSAS; ;; (Al molar ratio
of 12, Al/Si of 20) is improved, with decolorization rate of 89.9%,
compared to PSAS; ;; (Al molar ratio of 12, Al/Si of 21.6). So,
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Fig. 8 (a) The effect of the coagulant with the initial ratio of Al-Si of 20
on the removal of dye wastewater, (b) effect of constant Al-Si ratio of
20 with different basic degrees on performance of coagulant, (c) the
effect of aluminum-silica ratio on the performance of coagulant. (d)
The effects of the solution pH and the coagulant (PSAS; 1,-1/12) dose
on performance.
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Fig. 9 Flocs (a) SEM image, (b)-(f) elemental mapping and (g) EDS
pattern.

a certain degree of Al to Si ratio reduction can effectively
improve the performance of coagulants. However, at the given
condition (Al/Si of 20), the increase of coagulant basicity is not
conducive to the decolorization of dyeing wastewater. It is not
difficult to find the best performance of the PSAS coagulant
prepared by using the Al molar ratio of 1/12. From the analysis
of aluminum species distribution in PSAS;;; (Al/Si of 20),
increasing the basicity of coagulant caused the increase of Aly,
so the performance of coagulant increased. However, when Al
molar ratio is greater than 1/12, Al. increases, so the perfor-
mance of coagulant shows a decreasing trend. Therefore, the
suitable molar ratio of Al for the synthesis of PSAS, ;; coagulant
is 1/12.

Fig. 8(c) shows the effect of different aluminum to silicon
ratio of PSAS,;; coagulants on the decolorization of dye
wastewater. According to the performance test results, it can be
seen that the decolorization ability of PSAS; ;; increases first
and then decreases as the ratio of aluminum to silicon
decreases. Suitable aluminum to silicon ratio of coagulants is
between 15 and 20. The smaller the Al to Si ratio, the more
pronounced the colloidal material observed in the coagulant,
especially at an Al to Si ratio of 10. This result leads to a decrease
in coagulant performance. Summarizing, PSAS; 1,-1/12 coagu-
lant with Al to Si ratio of 20 has the most excellent coagulation
performance.

Well knows, coagulation is a physic-chemical process, which
is highly dependent on solution pH, especially in the case of
aluminum-based coagulants.**** So, in subsequent perfor-
mance tests, we focus on PSAS; ;4 (Al molar ratio of 12, Al/Si of
20) coagulant. The effects of the starting pH of the solution and
the coagulant dose on the color removal rate are provided in
Fig. 8(d). With below a dose of 8 mg L, the suitable working
pH of PSAS; 1, coagulant is 9. At a relatively lower dosage of
4 mg L', the color removal efficiency of the coagulant of
PSAS; 11 can reach 91.9%. However, with the increase of the
dosage, the suitable working pH value of the coagulant
increases. The suitable pH for dyeing wastewater treatment was

© 2021 The Author(s). Published by the Royal Society of Chemistry
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11 when the coagulant dose exceeded 20 mg L™'. In particular,
PSAS; 1, shows excellent performance with color removal rate of
98.6% at the coagulant dosage of 40 mg L™ '. Moreover, the
coagulation performance of PSAS; ;, is compared against some
coagulants reported references in Table S2.1°**° This result
clearly shows that as-prepared coagulant has high coagulation
performance.

Moreover, the wastewater pH treated by coagulant was
measured. With coagulant dosage of 4-8 mg L ™" and dyeing
wastewater initial pH value of 3-9, the pH of the final treated
solution is less than 5.0. However, working pH of 11, the pH
value of the treated solutions are all greater than 10. When the
coagulant dose was increased to 20 mg L', the pH of the
treated solution decreased to below 6. Therefore, PSAS has
a significant color removal rate for dyeing wastewater when the
solution treated is acidic. A reasonable explanation that this
result is relates to the Al species. Dissolved aluminum species
Al(OH),” > 6.8 can lead to the diminishing of AI(OH); precipi-
tates,” resulting in lower color uptake.

3.4.2 SEM and FTIR analysis of floc. The Congo red dye
wastewater was treated with PSAS; ;; coagulant (Al molar ratio
of 1/12, Al/Si of 20) and left for 24 h. After pouring off the
supernatant, the residual solid-liquid mixture was vacuum
dried at 50 °C for 48 h to obtain the desired flocculent. In order
not to affect the floc structure analysis, flocs obtained at a lower
dose of 20 mg L™ and the dyeing wastewater initial pH of 11
was used to the relevant tests. The microstructure of flocculent
powder was observed by SEM electron microscopy as shown in
Fig. 9(a). The flocs produced by the combination of PSAS; ;; and
Congo red were mostly composed of flaky masses. This result
indicates that the coagulant is tightly bound to Congo red in
Fig. 9(b)-(f), resulting flocs are easy to settle.

Fig. 10 shows the FTIR spectra of Congo red dye and floc-
culent. Black line is the transmittance curve of Congo red. The
peak at 1128.97 cm™ ' is the characteristic peak of R-SO;-

Congo red
3
3
g
8 PSAS, | +Congo red
E
w»n
=
[~ -
- S
= 3
3 88
- ::c:
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm’)

Fig. 10 FTIR spectrum of Congo red dye and floc (Congo red and
PSAS; 11).
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Fig. 11 27Al NMR spectra for PSAS; 1; coagulant and floc.

structure. The peaks at 640 and 616 cm ™" are characteristic of
C-H stretching vibrations of a disubstituted aromatic
compound. After coagulant combined with the dye, the result of
the infrared spectrum of the floc is shown in the red curve.
Comparing the two curves, the intensity of the characteristic
peak of R-SO;— structure at 1128.97 cm ' is significantly
weakened. The two R-SO;- groups were joined by Al, or Al to
form the R-SO;-Al,-SO;-R or R-SO;-Al,-SO;-R structures
resulting in a decrease in the intensity of the characteristic peak
of the R-SO;- structure. Suggesting that PSAS; ;; mainly reacts
chemically with this structure, which is consistent with litera-
ture reports.>®

3.4.3 Typical >’Al NMR spectrum and Raman spectrum of
PSAS; 1, coagulant and floc. The black curve in Fig. 11 shows the
type of Al in the PSAS,;; coagulant. A resonance signal is
observed in the spectra, at the chemical shift of about 0 ppm
near, which is induced by the octahedral Al, and Al,. Zhang
et al. showed that the response of Al,; was weaker for basicity
below 33.3%. This response signal gradually decreases with the
increase of silicon content until it disappears.*® So, the corre-
sponding signal of Al;; was not found at 63 ppm. From the red
curve, it can be seen that PSAS; ;; undergoes hydrolysis reaction
in the coagulation process. Polymers of aluminum bind directly
to the dye molecules thus enabling the decolorization of dye
wastewater.

Fig. S41 showed the Raman spectra of PSAS, 1, coagulant and
floc. One typical feature is the result of scattering presentation
of Al,SO,. The whole Raman spectral curve is not flat, which is
caused by the no long-range crystalline order of polymers. In the
red curve, the Raman shift is at 1442-1380 cm ™" for the -N=N-
and aromatic ring conjugated structure.** The peak of R-O-
SO,- structure was found at about 1156 cm *. The results
indicate that the polymer of aluminum interacts with the
sulfonic acid group in Congo red. This result is consistent with
FTIR.
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Fig. 12 Illustration of Congo red removal mechanism; (a) molecular
structure of Congo red (D: subportion of Congo red without the
ionizable group) and (b) charge neutralization between the anionic
Congo red moiety and monomeric and polymeric metal ions (M,"*/
M™): (c) interparticle bridging between Al-pollutant complexes and
anion.

3.4.4 Congo red removal mechanism. Fig. 12 illustrates the
decolorization mechanism of PSAS; ;; coagulant. After dissolv-
ing in water, Congo red is easily ionized to form sodium cation
and organic anion. At suitable pH, the appropriate amount of
coagulant is added to the dye wastewater. In this case, Al, (AI*",
Al(OH)," and Al(OH)**) and Aly, are hydrolyzed. The hydrolysis
product of Al, and Al or Al, and Al are directly combined with
Congo red without sodium ions (Fig. 12(b)). Al. would be
considered as little or almost no effect on decolorization
behavior. The chemical reactions that charge neutralization
occurs among anionic Congo red moiety, monomeric and
polymeric metal ions are definitely happening. Two anionic
Congo red moiety are bound to each other by positively charged
aluminum polymer diaspora as shown in Fig. 12(c). The final
coagulation process is accomplished by bridging mechanism.*®

4. Conclusions

(1) Silica-alumina sol precursor was successfully used to
synthesize poly-silicate aluminum sulfate coagulant. The
prepared PSAS;,; coagulant exhibits poor stability and high
turbidity, with significant gelation typically occurring after 2-3
days of storage at ambient temperature. This makes it unsuit-
able for further testing and analysis. However, the PSAS; 1,
coagulant solution prepared by low modulus (1.11) water glass
had the advantages of low turbidity and good stability. With
aluminum-silica ratio of 20 and the Al molar ratio (precursors
to aluminum sulfate) of 3/12 or more, as-prepared PSAS; 1,
coagulant had the long-term stability, no gel for several months.
Therefore, it is of obvious practical significance to carry out
further research on PSAS, ;; coagulant.

(2) Al species distribution analysis of PSAS; ;; shown that the
initial aggregation state Al (Al,) is gradually changes to Al (Al
and Al in the polymerization states and solids, with the
increase of basicity.

(3) PSAS; 1, coagulant prepared with an aluminum-silica
ratio of 20 and Al molar ratio of 1/12 between precursor to
aluminum sulfate had good performance for dyeing wastewater

38216 | RSC Adv, 2021, 11, 38208-38218
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treatment, and the color removal rate reached 98.6%, at solu-
tion initial pH of 11 and coagulant dosage of 40 mg L.

(4) The decolorization mechanism of PSAS,;,; coagulant
suggested, charge neutralization reactions occur between the
anionic Congo red molecules and the monomeric and poly-
meric metal ions. Two anionic Congo red molecules are bound
together by positively charged aluminum polymers, thus
completing the removal of the dye through a bridging process.
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