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Herein, the color-removal effectiveness of nine different structured dyes was compared using self-

synthesized poly-silicon aluminum sulfate (PSAS) and six commercial coagulants, namely aluminum

sulfate (Alum), polymerized ferric sulfate (PFS), magnesium sulfate (MgSO,), polymerized aluminum

chloride (PAC),

poly-dimethyl-diallyl-ammonium chloride

(PAMDAAC) and anionic-polyacrylamide

(APAM). The inorganic polymer coagulants (PAC and PSAS) showed different advantages in the

coagulation process. In particular, the latter was adaptable to a wide pH range and exhibited high

decolorization ability for most dyes. The color-removal rate of five dyes (two direct dyes, one disperse
dye and two acid blue dyes) reached over 90% at a pH of 11. The decolorization efficiencies of reactive
black 5 and reactive blue 21 dyes were relatively poor at 40.87% and 75%, respectively. However, none of
the seven coagulants could achieve a satisfactory effect on the cationic dyes with stable structures. Most

non-cationic dyes have the R-SOs~ group, which could combine with the Al polymer or A" in the

coagulant to achieve varying degrees of dye removal. These findings were further supported by FTIR
analysis. Zeta-potential analysis indicated that the decolorization of dye wastewater using PSAS was
based on a charge neutralization process. Further, four kinds of auxiliaries were used to remove basic
dyes. Among them, phosphomolybdic acid (PMoA) showed good performance. With a dosage of
100 mg L' PMoA and 50 mg L™' PSAS, the decolorization rate of rhodamine B (https://
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www.chembk.com/en/chem/Rhodamine B) reached 94.2%. Finally, the nine pure dyes were mixed in

a 1:1 ratio to prepare mixed-dye wastewater with a total concentration of 100 mg L. The removal rate

DOI: 10.1039/d5ra06377a

rsc.li/rsc-advances

1. Introduction

Synthetic dyes are widely used in the textile, paper, tanning,
pharmaceutical, plastic, and food-processing industries
because of their coloring properties, production ease and high
production speed.* Based on available data, various pigments
used commercially in dyes have reached 700 000 tons per year.”
Notably, a significant portion (10-15%) of dyes ultimately end
up in wastewater due to process inefficiencies. This effluent
possesses typical characteristics such as deep coloration, high
organic load, complex composition, significant chemical
oxygen demand (COD), and low biodegradability, thereby
rendering it a notoriously difficult category of hazardous
industrial wastewater to treat.* Synthetic dyes are one of the
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was 25.3% using PSAS. However, in the presence of PMoA, the removal rate reached 92.5%. Therefore,
the combined PMoA and PSAS technology can also achieve desirable results for treating such wastewater.

most common sources of pollution in wastewater, as they are
toxic and carcinogenic, thereby posing a significant threat to
human health and the survival of terrestrial and marine life.*
Therefore, an efficient, non-toxic, and low-cost technique is
essential for treating dye wastewater.’

The treatment of textile wastewater is notably challenging,
primarily due to the substantial variability in dye types used and
the inherent stability of many dyestuffs against photo-
degradation and oxidation. This has posed a significant chal-
lenge to the adsorption and degradation treatment technology
of dyes. Thus, a reasonable choice of technology based on the
difficulties of this technique is exceedingly necessary. Various
methods have been developed to remove dyestuffs from textile
wastewater, employing physical, biological, and chemical
processes, among others.® These processes are subdivided into
the following technologies: adsorption,” photo-catalytic degra-
dation,® ion exchange,” membrane technology," biological-
chemical processes,’ aerobic and anaerobic processes,*
oxidation and Fenton processes® and coagulation-floccula-
tion."* Due to the strong adsorption of activated sludge on

© 2026 The Author(s). Published by the Royal Society of Chemistry
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dyes, the conventional biological treatment process is largely
effective in treating suspended matter, BOD and color.
However, the use of this process is limited by its long treatment
time, the large required operating space, and the toxicity and
recalcitrance of dyes.'® Adsorbents have a high color removal
rate and strong regeneration capacity.”'”'* However, consid-
ering the amount of sludge generated and the high cost of
adsorbent recovery, alternative methods are often considered.
Electrochemical advanced oxidation, which is based on the
oxidation of OH radicals, is effective for treating unsaturated
and saturated compounds.” Its disadvantages include low
stability and high operating costs. However, flocculation and
coagulation are not only relatively mature technologies but have
few rivals in terms of treatment capacity and timeliness.

The complexity of actual industrial textile wastewater is
unimaginable. Usually, its treatment process is a hybrid/
combination process. Coagulation is part of the combined
treatment process; its importance as a pre-treatment technology
for water treatment cannot be overstated.?® Moreover, the core
of the coagulation technology is the research and use of coag-
ulants. Various types of coagulants have been developed and
used, such as common aluminum and iron salts, PAC, PFS,
PSAS, and organic coagulants.** However, there is an absence of
a systematic evaluation and comparison of the performance of
different types of coagulants for the treatment of various types
of dye wastewater. Here, we compare the color removal perfor-
mance of a homemade PSAS coagulant using the sol method
with six widely commercially available agents (Al,(SO,)s, PFS,
MgSO,, PAC, PAMDAAC and APAM). Seven coagulants are
studied for the decolorization treatment of nine dyes. The nine
dyes are of five types: direct, disperse, reactive, acid and cationic
dyes (basic dyes). Among them, the cationic dyes contain very
complex aromatic groups that are difficult to biodegrade and
remove. Most of the current coagulation methods for removing
basic dyes require organic coagulants. Felix Mcyotto's study
shows that the color removal rate of alkaline crystalline violet
using the anionic coagulant polyacrylamide is only 5.3%.>* Khai
Ern Lee et al. have employed an aluminum sulfate-aloe vera
hybrid coagulant to remove methylene blue, achieving
a maximum removal efficiency of 70%.* However, their color
removal effect is also unsatisfactory. Yang has used Ca** in
calcium dodecyl sulfate to generate tiny precipitates with
methylene blue, which are then removed by flocculation with
microbial flocculant GA1.>* The color removal rate of the dyes
reaches up to 98.6%. However, the method also has its limita-
tions, especially its unclear effectiveness for other types of dye
treatment. In summary, one thing is confirmed: flocculation
and coagulation techniques are still generally accepted and
widely used today. The effective treatment of basic dyes has
historically been a challenge. It is even more difficult to treat
mixed dyestuffs (mixed-dye wastewater of the 5 types of dye
mentioned above). There is an urgent need for a universal
technology to treat mixed-dye wastewater.

Here, nine types of dye wastewater are treated using the PSAS
coagulant synthesized by the sol method (pre-synthesized
inorganic polymer coagulant). A comparative study with the
performance of other coagulants is also conducted.
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Subsequently, a suitable auxiliary is selected for the treatment
of the basic dye wastewater. Infrared and zeta-potential are
utilized to analyze the coagulation mechanism of PSAS on the
dye wastewater. Finally, the PSAS coagulant and additives are
used to treat the mixed dye wastewater, and the desired results
are obtained.

2. Materials and methods
2.1 Materials

The nine dyes used in this experiment were Congo red dye
(direct red 28), direct lake blue-5B, disperse red 167, acid red 27,
acid blue 93, reactive black 5, reactive blue 21, basic violet 10,
and basic blue 9. The main chromophore of the dyes and the
maximum absorption wavelength are shown in Table 1.

The seven coagulants used for the experiments were self-
synthesized poly-silicate aluminum sulfate (PSAS), aluminum
sulfate (Alum), polymerized ferric sulfate (PFS), magnesium
sulfate (MgSO,), polymerized aluminum chloride (PAC), poly-
dimethyl-diallyl-ammonium chloride (PAMDAAC), and anionic
polyacrylamide (APAM). In the subsequent decolorization
experiments, the dosages of coagulants PSAS, PFS, PAC, and
MgSO, were calculated and expressed based on the mass of
their respective key metallic elements: aluminum (Al), iron (Fe),
and magnesium (Mg), in milligrams per liter (mg L™"). Further,
PAMD and APAM were counted in mg L™ '. The four auxiliary
decolorizers were kaolin (KC), starch (SC), ammonium molyb-
date (AMo) and phosphomolybdic acid hydrate (PMoA), which
were purchased from Sinopharm Chemical Reagent Co., Ltd.

2.2 Experimental procedure

2.2.1 Preparation of the PSAS coagulant. Here is a brief
description of the synthesis of the PSAS coagulant by the sol
method. Small amounts of a stabilizer and sodium aluminate
were mixed and dissolved in quantitative deionized water. After
boiling the above mixed liquid and cooling to ambient
temperature, a clarified solution (1 mol L") was obtained.
Then, the solution was diluted to 5 wt% (SiO, wt%) water glass
solution, which was added to sodium aluminate to obtain
a silica aluminum sol precursor. Then, the precursor was slowly
added to a 0.8 mol L™" Al,(SO,); solution prepared in advance at
a stirring rate of 500 rpm. The obtained translucent suspension
was stirred for 0.5 h. Thereafter, it was digested at 75 °C for 2 h.
After polymerization for 2 h, a clarified solution of the PSAS
coagulant was successfully obtained.*

2.2.2 Coagulation experiments. By adding 1 g of dye to 10 L
of deionized water and stirring thoroughly, 100 mg L ™" of dye
wastewater was obtained. A classical six-link stirring experiment
was performed by adding 500 mL of the simulated dye waste-
water to a stirring beaker. The initial pH of the dye wastewater
was adjusted to the desired value using 0.1-1 mol L' NaOH
and H,SO, solutions. A specific amount of coagulant was then
added to the stirring beaker; the mixture was stirred rapidly at
300 rpm for 2 min, stirred slowly at 60 rpm for 10 min, and then
allowed to settle for 30 min. Subsequently, water samples were
collected with a dropper at 2 cm below the liquid surface, and
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Table 1 Dye characteristics—chromophoric group and maximum absorbance wavelength

Name of dyes Chromophoric group Amax (NM)
Disperse red 167 Azo 459
Direct red 28 (Congo red) Azo 498
Direct turquoise blue 5B (https://www.chembk.com/en/chem/Direct Turquoise Blue 5B) Azo 600

Acid blue 93 Triarylmethane 630

Acid red 27 Azo 511
Reactive black 5 Azo 620
Reactive blue 21 Phthalocyanine 220

Basic blue 9 (methylthioninium chloride) Xanthene 663.5
Basic violet 10 (rhodamine B) Triarylmethane 553

their absorbance at A,,x was measured. The color removal
efficiency was calculated as follows.

Color removal efficiency 7% = (Cy — Cy)/Cy x 100, (1)

where C, is the initial concentration of the dye wastewater, and
C; is the supernatant concentration in the treated dye test
solutions. Deionized water was used as a blank reference.
2.2.3 Coagulation decolorization of the mixed dyes.
Initially, 1.11 L of each of the nine dyestuffs mentioned above
was taken and mixed to obtain 10 L of mixed-dye wastewater
with a known total concentration of 100 mg L™'. The concen-
tration of each dye in the mixed-dye wastewater was
11.11 mg L™ ", Afterward, 500 mL of the mixed-dye wastewater
was added to a 1000 mL stirring beaker, and then, its pH value
was adjusted with dilute NaOH solution. PMoA (Mo:
100 mg L™ ') was added, followed by the dropwise addition of
the PSAS coagulant (50 mg L™, calculated as Al mg L™"). The
subsequent coagulation experiments employed the same
conditions and methods as described in the preceding section.

2.3 Analysis and testing instruments

The flocs produced by the coagulation of PSAS with dyes were
freeze-dried. The resulting solid powders were analyzed for their
phase composition using a Rigaku TTRIII X-ray diffractometer
manufactured by Rigaku, Japan (XRD test parameters: angles of
10-80°, rate of 10° min~ ). The powder sample morphology was
observed using SEM (JSM-6360LV) technology, which was
manufactured by Nippon Electron Co. The powder samples
were pressed using potassium bromide as the masterbatch, and
their infrared spectra were measured using a Nissan Hitachi
270-30 infrared spectrometer. Zeta potential measurements
were performed using a Zano-ZS potential distribution analyzer,
which was acquired from Malvern Instruments, UK. The
absorbance of the solutions was measured using a UV-vis
spectrophotometer, UV-2450PC. The ICP technique was used
for the determination of elemental phosphorus in wastewater.

3. Results and discussion

3.1 Effect of pH and coagulant type on the color removal rate
of dyes

3.1.1 Effect of the pH and coagulant type on the color
removal rate of azo-structured dyes. For the coagulation process,
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pH is an important factor and usually becomes the focus of
research. For this study, the coagulant dosage is an overdose of
100 mg L~".22 The effects of the initial pH on the coagulation color
removal of azo-structured dye wastewater were studied using seven
different coagulants, as shown in Fig. 1.

Fig. 1(a) and (b) show the removal efficiencies of direct red 28
and direct lake blue 5B, respectively. At a pH of 11, PSAS ach-
ieved 98.4% decolorization of the Congo red dye, which was
slightly less than that of PAC (98.6%). For the removal of direct
lake blue 5B, the color removal efficiencies of these two coag-
ulants were more than 98.7%. It was possible to draw another
obvious conclusion that coagulants containing metal cations
also had a better effect on the removal of direct dyes. Fig. 1(c)
shows the effect of pH and the types of coagulant on the color
removal efficiency of the disperse red 167 dye. At a pH value of
11, PAC had the best decolorization effect of 99.5% for the
disperse dyes, followed by PSAS at 97.35%. The high salinity of
PAC may contribute to its better net puff effect in the treatment
of disperse red. When the initial pH was between 5 and 9, the
performance of aluminum sulfate was lower than that of poly-
merized ferric sulfate. Since polymerized ferric sulfate is an
inorganic polymer, its net fluttering effect is greater than that of
aluminum sulfate. Disperse red 167 is a non-ionic dye; thus, the
removal of this dye is attributed to the wrapping of the mesh
structure after the hydrolysis of the coagulant. As shown in
Fig. 1, PAC and PSAS exhibited higher removal efficiencies in
decolorizing the azo-structured dyes compared to other coagu-
lants. However, PSAS was less affected by the pH of the dye
wastewater than PAC.

3.1.2 Effect of the pH and coagulant type on the color
removal rate of non-azo-structured dyes. The effects of the
initial pH of the dye wastewater and the type of coagulant on the
decolorization of non-azo dyes are shown in Fig. 2.

From Fig. 2(a), it can be seen that PSAS shows better decol-
orization performance for acid blue 93 compared to other
coagulants at a pH value of 11. However, PSAS did not have any
color removal effect on basic violet 10, which had the same
triarylmethane chromogenic group as acid blue 93 (Fig. 2(b)).
The apparent difference in the color removal rate may be
attributed to the auxochrome group. The auxochrome groups
influence the electrical properties of the dye effluent, i.e., the
positive and negative potentials. An interesting phenomenon
could be observed in the decolorization test of alkaline dyes. At
an appropriate pH, the coagulant was added to the dye

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Effect of the pH of the dye wastewater and coagulant type on the color removal rate of the azo-structured dyes; (a) Congo red or direct
red 28, (b) direct lake blue 5B, (c) disperse red 167, (d) acid red 27 and (e) reactive black 5.

wastewater. Following coagulation and sedimentation, wastewater showed a negligible decrease. This result indicated
a substantial amount of flocs was observed to settle at the that the basic violet 10 dye molecules did not undergo a chem-
bottom of the beaker. However, the absorbance of the dye ical reaction with the coagulant. In other words, basic violet 10
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Fig.2 Effect of the initial pH of the dye wastewater and coagulant type on the color removal rate of non-azo-structured dyes; (a) acid blue 93, (b)

basic violet 10, (c) reactive blue 21 and (d) basic blue 9.

lacks a group (such as the NaSO®~ group in acid blue 93) that
interacts with metal cations. The anionic polyacrylamide coag-
ulant proved partially effective for color removal; nevertheless,
its overall performance was limited. Related studies have
demonstrated that the coagulation process of anionic poly-
acrylamide with basic dyes is initiated by charge neutraliza-
tion.”> The aluminum-based coagulants exhibited high color
removal rates for phthalocyanine dyes (reactive blue 21)
(Fig. 2(c)). The result may be attributed to the properties of the
aluminum salts. The color removal results for basic blue 93
were similar to those for basic violet 10 (Fig. 2(d)). The afore-
mentioned experiments were conducted under conditions of
sufficient coagulant dosages. The inorganic polymeric coagu-
lants exhibited superior properties compared to other coagu-
lants. However, the pH adaptability of aluminum chloride for
water treatment was lower than that of PSAS. Therefore, the
coagulation behavior of PSAS was investigated further.

5210 | RSC Adv, 2026, 16, 5206-5219

3.2 Effect of the PSAS coagulant dose on the decolorization
of dye wastewater

Here, the optimal amount of PSAS was determined at the
aforementioned suitable pH. The PSAS coagulant dose varied
from 0 to 200 mg L™, as depicted in Fig. 3. The overall removal
effect of the dye wastewater treatment was less significant at
a coagulant dose of 10 mg L, resulting in low color uptake,
likely due to the dissolved aluminum species. To clearly
understand the coagulation process, it was necessary to analyze
the pH of the supernatant after coagulation. The pH of this
supernatant was approximately 10.5. Partial aluminum
hydroxide precipitates dissolved to produce Al(OH),” at pH >
6.8.>° With the increase in the coagulant dose, the pH of the dye
wastewater showed a decreasing trend. At this stage, the effect
of the PSAS coagulant on color removal became more
pronounced. The color uptake results indicated that the
optimal dose of PSAS was 50 mg L.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.3 Effect of PSAS and additives on the decolorization of the
basic dye wastewater

From the above experiments, it was clear that the six coagulants
were ineffective or unsatisfactory in treating basic dyes (basic
violet 10 and methylene blue). Ion-type analysis was conducted,
revealing that both dyes were cationic in nature. However,
aluminum and iron salt coagulants are also cationic. They have
the same electrical properties as cationic dyes, i.e., positively
charged. The same type of charges repel each other, which is not
conducive to the removal of basic dyes. Based on electrical
properties, anionic polyacrylamide appears to be a good choice.
However, its coagulation effect on basic dyes was unsatisfactory.
In addition, the introduction of organic matter resulted in
chemical oxygen demand (COD) or biochemical oxygen demand
(BOD) for subsequent treatments. Consequently, more
researchers are focusing on auxiliary agents.

In this study, we selected four additives for comparison. The
additives were starch (100 mg L"), kaolin (100 mg L™, calcu-
lated as Al mg L~ '), ammonium molybdate and PMoA (Mo:
100 mg L™1). As shown in Fig. 4(a), the dye wastewater color of
basic violet 10 remained dark when only the other three addi-
tives (excluding PMoA) were added without coagulants. Addi-
tionally, its absorbance did not decrease at all. The color
removal rate of basic violet 10 was 63.9% with PMoA. The use of
this additive also had a significant effect on pH, with an optimal
pH range around 9. However, we added PSAS to observe the
results. The test results showed a satisfactory color removal rate
of 97.1%, as seen in Fig. 4(c). For basic blue 9, both AM and
PMoA demonstrated good color removal performance. This
result was likely due to the action of molybdenum. As shown in
Fig. 4(d), PSAS has a varying effect on the removal of the basic
dye molecules using ammonium molybdate and PMOoA.
However, it was within the acceptable range. In this context,
PSAS acted as an acid to some extent, broadening the pH range
of the additive. Overall, PMoA was a more suitable agent for the
removal of the basic dyes.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The use of PMoA will introduce phosphorus (P) into the
treated wastewater. However, the residual phosphorus content
in the discharged wastewater must meet stringent upper limit
criteria. Therefore, the dosage of PMoA warrants careful
consideration and study. The effect of the PMoA auxiliary dose
on the decolorization rate of basic violet 10 in dye wastewater is
shown in Fig. 5(a). As shown in Fig. 5(a), the color removal rate
of basic violet 10 reached 97.1% at a PMoA auxiliary dose of
100 mg L. However, continuing to increase the PMoA dose did
not significantly change the decolorization effect of basic violet
10. However, the residual phosphorus concentration in the
solution increased significantly with relatively high PMoA
dosages. As shown in Fig. 5(b), at a PMoA dosage of 100 mg L™,
the residual phosphorus concentration in the supernatant after
coagulation was 0.52 mg L', which was less than the 1 mg L ™"
limit. Additionally, the phosphorus content in the wastewater
met the discharge standard for water pollutants in the textile
dyeing and finishing industry (GB4287-2012). The experimental
results presented in Fig. 5 indicate that a PMoA dosage of 100-
200 mg L' is safe and effective.

3.4 Enhanced color removal performance of PSAS for the
mixed dye with PMoA

To determine the universality of the above joint operation process,
we studied the decolorization performance of mixed dyes. The
treatment of mixed-dye wastewater containing anionic, nonionic,
and cationic dyes has rarely been reported. In this study, the nine
dye wastewater mentioned above were mixed in a specific ratio.
The changes in concentration and absorbance are shown in
Fig. 6(a). As shown in Fig. 6(a), the maximum absorption peak of
the mixed dyes was observed at 552-554 nm. The maximum
absorption peak showed a consistent variation with the concen-
tration. The fitted curve between concentration and absorbance is
shown in Fig. 6(b). The R* value of the fitted equation was 0.9983,
indicating a strong linear relationship. This indicated a linear
relationship between absorbance and concentration changes.
Initially, the PSAS coagulant was studied at a dose of 50 mg L.
The result was unsatisfactory, with a decolorization rate of only
25.3%, as indicated by the red line in Fig. 6(c). This was likely due
to the interference of basic dyes with the coagulation effect of
PSAS. However, when PMoA was added to the mixed dyes, the
PSAS coagulant showed a significant color removal effect, with
a removal rate of 92.5%. Furthermore, the chromaticity of the dye
wastewater changed significantly. This is observed in Fig. 6(d). In
the left glass vial shown in Fig. 6(d), it can be seen that the flocs
produced by the mixed dyes and flocculants settle well at the
bottom of the vial. The results demonstrated that the combined
PMOoA and PSAS technique was a highly effective approach for dye
removal.

3.5 Discussion of the coagulation mechanism of PSAS

Currently, zeta potential analysis is an effective method to validate
the theory of charge neutralization in coagulation processes. The
zeta-potential changes during the coagulation process using PSAS
to treat dye wastewater were measured and are shown in Fig. 7. As
shown in Fig. 7(a), the initial zeta potential of the simulated Congo
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red dye wastewater at pH 11 is —13.2 mV. When 25 mg L™" of PSAS
coagulant was added, the zeta potential of the dye wastewater
approached the isoelectric point. This result indicated that the
flocs were not influenced by the charge interactions between them.

Subsequently, floc adsorption, net sweeping, and micelle adsorp-
tion of organic matter may occur. The solution potential gradually
increased with the increase in the dosage of the PSAS coagulant. At
a PSAS coagulant dose of 200 mg L™, the solution potential was
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Fig. 5 (a) Effect of PMoA auxiliary dosage on the decolorization of the basic violet 10-simulated wastewater (with a PSAS coagulant) and (b)
residual concentration of P in the solution after the coagulation of the dye wastewater.
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7.52 mV. Although disperse red dye 167 is a non-ionic dye, the
initial potential was —27.2 mV, as shown by the zeta potential
measurements. The removal of this dye was attributed to electro-
neutralization and net flocculation. Coagulation experiments
demonstrated that the inorganic polymer coagulant outperformed
other coagulants. For acid blue 93, which has a triarylmethane
structure, PSAS flocculates it similarly to direct dyes by binding the
positively charged aluminum polymer to the R-SO;™ structure.” At
an initial pH of 9, the zeta potential of alkaline rose extract B was
—14.33 mV after the addition of 100 mg of PMoA. The subsequent
addition of the PSAS coagulant resulted in an increasingly positive
solution potential as the coagulant dose increased. This coagula-
tion process was also based on the charge-neutralization effect. The
zeta potential test results showed that PSAS had a wide coagulant
potential range from —2.3 mV to 9.58 mV.

Fig. 8 shows the infrared spectra of the flocs obtained after
treating different dye wastewater with the PSAS coagulant. A
comparison before and after coagulation indicated significant
changes in the molecular structure of the dye. In the flocs
treated with Congo red dye, a broad absorption band was clearly
visible at 3344.89 cm . This ~O-H structure was thought to be
related to the Al polymer during the PSAS treatment, as shown
in Fig. 8(a).>” The absorption peak at 1659.85 cm ™' was associ-
ated with the H-O-H stretching vibration of water. The bending
vibration of the R-SO,-O- structure in Congo red dye appeared
at 1128.97 cm ™. In the flocs, the peak of this structure was not
very pronounced, implying that the aluminum polymer was

5214 | RSC Adv, 2026, 16, 5206-5219

Wavenumbers (cm™)

and after the adsorption of (a) direct red 28 (Congo red), (b) disperse red

bound to the structure. Moreover, as shown in Fig. 8(a—c), the
vibrational peaks at 622.6-594.07 cm™ " for the AI-O structure
indicated that the coagulants interacted with non-basic dyes
through oxygen bridge bonds.?® The IR spectra of PMoA, basic
violet 10, and their flocs are shown in Fig. 8(d). The IR spectrum
of the flocs resulted from the superposition of the PMoA and
basic violet 10 spectra. PSAS likely acted as an acid and
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Fig. 9 XRD patterns of the flocs produced by the dyes and the PSAS
coagulant.
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encapsulated the small flocs. The results indicated that PMoA
combined with basic violet 10 to form ionic conjugates, which
were then removed using PSAS.

The XRD diffraction patterns of the flocs produced by the
combination of PSAS and dye molecules are shown in Fig. 9.
Phase analysis indicated that the resulting flocs had no obvious
crystalline phase, which was attributed to the disordered
structure of PSAS. In coagulation, the treatment technology
combines physical and chemical processes. In the first stage,
positively charged polymeric aluminum ions and anionic dyes
with negatively charged groups undergo an electrical neutrali-
zation reaction. At this point, the small flocculent reaches the
isoelectric point. However, the formation of large flocs requires
external forces or their intrinsic motion. Therefore, effective
collisions generated by Brownian motion (perikinetic floccula-
tion) and rapid agitation (orthokinetic flocculation) facilitate
particle aggregation.” The latter mechanism is considered the
primary one. Subsequently, related effects, such as exclusive
adsorption coalescence, floc sweep flocculation, or particle
cluster adsorption flocculation, may be induced.*® This process
leads to the disorderly agglomeration of flocs rather than
orderly growth. Consequently, the flocs exhibited a non-
crystalline structure in the XRD pattern.

Based on the systematic performance comparison and
characterization of flocs, the interaction mechanisms between
PSAS and the different dye groups could be elucidated as
follows. For anionic dyes, the dominant mechanism was charge

View Article Online
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neutralization, followed by specific chemical complexation
between the hydrolysates of PSAS and the sulfonate groups (R-
SO;7) of the dyes,* as evidenced by the zeta potential shift to
the isoelectric point (Fig. 7a and c) and the significant weak-
ening of the S=O0 vibration in their FTIR spectra (Fig. 8a and c).
For the non-ionic disperse dye, removal primarily occurred
through adsorption and sweep flocculation within the amor-
phous Al(OH); precipitates formed at a high pH,** as supported
by the charge neutralization observed in Fig. 7(b). In contrast,
cationic (basic) dyes were not removed by PSAS alone due to
electrostatic repulsion between the positively charged dye
molecules and PSAS hydrolysates.*® This critical limitation was
overcome by the synergistic PM0OA-PSAS system, which oper-
ated via a two-step mechanism: first, the anionic PMoA com-
plexed with the cationic dye through electrostatic attraction;**
second, the resulting negatively charged complex was effectively
neutralized and enmeshed by PSAS. This synergistic pathway
was confirmed by the successful decolorization (Fig. 4c and d),
the evolution of the zeta potential (Fig. 7d), and the uniform
distribution of Mo and P elements in the flocs (Fig. 11).
Therefore, the coagulation mechanism of PSAS was not singular
but involved electrostatic neutralization, chemical complexa-
tion, or physical enmeshment. The dominant mechanism was
dictated by the ionic nature and functional groups of the target
dye. The microstructure of the flocculent powder produced by
combining PSAS with Congo red, disperse red 167, acid blue 93,
and basic violet 10 (with PMoA) was observed using SEM

Fig.10 SEMimages of the flocs produced by the dyes and PSAS coagulant: (a) direct red 28 (Congo red), (b) disperse red 167, (c) acid blue 93 and

(d) PMoA-basic violet 10 (rhodamine B).
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Fig. 11 SEM image of the flocs produced by the mixed dyes and PSAS coagulant, (a) and (b) SEM images; (c—j) elemental mappings: Na, C, O, Al

Si, S, Mo, and P; and (k) EDS patterns.

technology, as shown in Fig. 10. The flocs of PSAS bound to dyes
were primarily composed of flakes and blocks. The floc sizes
ranged from 10 um to 100 um, with a generally large overall
particle size. The relatively dense binding and large particles of
the flocs facilitated rapid settling, which was advantageous for
the PSAS treatment of dye wastewater.

The microscopic morphology of the flocs produced by
treating mixed dye wastewater is shown in Fig. 11. A noteworthy
result was that the addition of PMoA did not reduce the size of
the formed flocs. Therefore, PMoA is feasible as an auxiliary
agent for the treatment of mixed dyes. Elemental mapping

5216 | RSC Adv, 2026, 16, 5206-5219

analysis was further performed to understand the process of
combined PSAS and PMoA treatment of mixed dyes, as shown in
Fig. 11c—j. The figure showed that elements C, S, Al, O, Mo, P,
and Si were uniformly distributed on the surface of the floc.
Fig. 11k shows the energy spectrum of the mixed dye flocs,
indicating that Mo and S produce the strongest energy peaks,
resulting from the superposition of their energies. The content
of the corresponding elements is given in the small inset of
Fig. 11k. The finding implied that the dye molecules, PMoA, and
PSAS were held tightly together, promoting effective removal.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Scheme of the mechanism of the coagulation process that occurred using PSAS with PMoA.

To clearly comprehend the mechanism of using PSAS coagu-
lation and PMoA in the treatment of mixed dyes, a detailed
coagulation process is shown in Fig. 12. Based on the above
potential analysis, both anionic and nonionic dye (disperse red
167) wastewater showed a negative charge at a pH of 11. First,
charge neutralization played a dominant role. Specifically, the
positively charged PSAS formed an electrically neutral polymer
with the negatively charged dye. At this stage, the coagulation
process involved rapid mixing. The perikinetic coagulation effect
induced by the rapid mixing was greater than the orthokinetic
effect.” The flocs aggregated through bonding and other effects.
To prevent large particles from breaking up, the coagulation
process involved slow stirring to ensure an adequate reaction
(charge neutralization between the dye molecules and PSAS
coagulant). In this process, floc sweep coagulation and particle
cluster adsorption coagulation further increased the floc size.”” For
cationic dyes, since PMoA was added to the mixed dye before
PSAS, the cationic dyes preferentially bonded to PMoA. However,
the overall process remained essentially the same. Relevant liter-
ature indicates that PMoA has a strong negative charge under
acidic conditions.*® Subsequently, gravity settling-Brownian
motion or adsorption-gravity settling occurred in succession
during the settling process, effectively removing the dye
wastewater.

4. Conclusions

In summary, inorganic polymer coagulants, specifically PAC and
PSAS, exhibited superior performances in comparative decolor-
ization studies involving seven coagulants and nine dyes. Notably,
the PSAS coagulant demonstrated effectiveness within a pH range
of 5-11, with optimal color removal observed at a pH of 11. Effi-
cient decolorization rates of 98.4%, 97.2%, 96.8%, 95.44%, and
91.39% were demonstrated for Congo red, disperse red 167, direct
lake blue 5B, acid blue 93, and acid red 27, respectively. However,
the decolorization rates for reactive black 5 and reactive blue 21
were relatively poor (40.87% and 75%, respectively). In contrast,
for the removal of alkaline dyes, phosphomolybdic acid (PMoA)

© 2026 The Author(s). Published by the Royal Society of Chemistry

stood out as the most effective auxiliary agent. The removal effi-
ciency of basic violet 10 reached 94.2% at a pH of 9, with a dosage
of 100 mg L ™" for PMoA and 50 mg L~ (in terms of Al mg L) for
the PSAS coagulant. Moreover, the residual phosphorus content in
the solution was 0.52 mg L™, which is below the 1 mg L™" stan-
dard specified by China's textile dyeing and finishing industry
water pollutant discharge regulation (GB4287-2012). The initial
color removal rate for the mixed wastewater (nine dyes) using PSAS
was only 25.3%, but this was substantially enhanced to 92.5%
upon the addition of PMoA as an auxiliary agent. Further confir-
mation of the coagulant mechanism of PSAS for dye wastewater
treatment was obtained through zeta-potential characterization,
revealing a primary charge-neutralizing action. The analysis of the
flocs produced by PSAS interacting with dyes showed that the
positively charged Al polymer interacted with the negatively
charged R-SO;™ group.
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