
Facile synthesis of composite polyferric magnesium–silicate–sulfate coagulant with
enhanced performance in water and wastewater
Xiangtao Huo, Rongxia Chai, Lizheng Gou, Mei Zhang, and Min Guo

Cite this article as:

Xiangtao  Huo,  Rongxia  Chai,  Lizheng  Gou,  Mei  Zhang,  and  Min  Guo,  Facile  synthesis  of  composite  polyferric

magnesium–silicate–sulfate coagulant with enhanced performance in water and wastewater,  Int.  J.  Miner.  Metall.  Mater.,
31(2024), No. 3, pp. 574-584. https://doi.org/10.1007/s12613-023-2704-8

View the article online at SpringerLink or IJMMM Webpage.

Articles you may be interested in

Yang Hu, Chun-bao Sun, and Jue Kou, Exfoliation of poly(ethylene glycol)-intercalated graphite oxide composite in water

without sonication, Int. J. Miner. Metall. Mater., 27(2020), No. 6, pp. 840-845. https://doi.org/10.1007/s12613-019-1932-4

Ping-chao Ke, Zhi-hong Liu, and Lin Li, Synthesis, characterization, and property test of crystalline polyferric sulfate adsorbent

used in treatment of contaminated water with a high As(III) content, Int. J. Miner. Metall. Mater., 25(2018), No. 10, pp. 1217-

1225. https://doi.org/10.1007/s12613-018-1674-8

Youness Rakhila, Abdellah Elmchaouri, Allal Mestari, Sophia Korili, Meriem Abouri, and Antonio Gil, Adsorption recovery of

Ag(I) and Au(III) from an electronics industry wastewater on a clay mineral composite, Int. J. Miner. Metall. Mater., 26(2019),

No. 6, pp. 673-680. https://doi.org/10.1007/s12613-019-1777-x

Fabiane Carvalho Ballotin, Mayra Nascimento, Sara Silveira Vieira, Alexandre Carvalho Bertoli, Ottávio Carmignano, Ana Paula

de Carvalho Teixeira, and Rochel Montero Lago, Natural Mg silicates with different structures and morphologies: Reaction with

K  to  produce  K2MgSiO4  catalyst  for  biodiesel  production,  Int.  J.  Miner.  Metall.  Mater.,  27(2020),  No.  1,  pp.  46-54.

https://doi.org/10.1007/s12613-019-1891-9

He-fei Zhao, Hong-ying Yang, Lin-lin Tong, Qin Zhang, and Ye Kong, Biooxidationthiosulfate leaching of refractory gold

concentrate, Int. J. Miner. Metall. Mater., 27(2020), No. 8, pp. 1075-1082. https://doi.org/10.1007/s12613-020-1964-9

Meng-ting Duan, Meng-rong Wu, Kai Xue, Zheng-xu Bian, Jing Shi, Xing-mei Guo, Fu Cao, Jun-hao Zhang, Qing-hong Kong,

and Feng Zhang, Preparation of CoO/SnO2@NC/S composite as high-stability cathode material for lithium-sulfur batteries, Int. J.
Miner. Metall. Mater., 28(2021), No. 10, pp. 1647-1655. https://doi.org/10.1007/s12613-021-2315-1

 IJMMM WeChat QQ author group

http://ijmmm.ustb.edu.cn/
https://doi.org/10.1007/s12613-023-2704-8
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-023-2704-8
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-019-1932-4
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-019-1932-4
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-018-1674-8
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-018-1674-8
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-019-1777-x
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-019-1777-x
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-019-1891-9
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-019-1891-9
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-019-1891-9
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-019-1891-9
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-019-1891-9
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-020-1964-9
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-020-1964-9
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-021-2315-1
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-021-2315-1
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Abstract: The coagulation process is a widely applied technology in water and wastewater treatment. Novel composite polyferric mag-
nesium–silicate–sulfate (PFMS) coagulants were synthesized using Na2SiO3·9H2O, Fe2(SO4)3, and MgSO4 as raw materials in this paper.
The effects of aging time, Fe:Si:Mg, and OH:M molar ratios (M represents the metal ions) on the coagulation performance of the as-pre-
pared PFMS were systematically investigated to obtain optimum coagulants. The results showed that PFMS coagulant exhibited good co-
agulation properties in the treatment of simulated humic acid–kaolin surface water and reactive dye wastewater. When the molar ratio was
controlled at Fe:Si:Mg = 2:2:1 and OH:M = 0.32, the obtained PFMS presented excellent stability and a high coagulation efficiency. The
removal efficiency of ultraviolet UV254 was 99.81%, and the residual turbidity of the surface water reached 0.56 NTU at a dosage of 30
mg·L–1. After standing the coagulant for 120 d in the laboratory, the removal efficiency of UV254 and residual turbidity of the surface wa-
ter were 88.12% and 0.68 NTU, respectively,  which accord with the surface water treatment requirements.  In addition, the coagulation
performance in the treatment of reactive dye wastewater was greatly improved by combining the advantages of magnesium and iron salts.
Compared with polyferric silicate–sulfate (PFS) and polymagnesium silicate–sulfate (PMS), the PFMS coagulant played a better decolor-
ization role within the pH range of 7–13.

Keywords: polyferric–magnesium–silicate–sulfate; composite coagulants; water and wastewater; excellent stability; high coagulation ef-
ficiency; decolorization

  

1. Introduction

Coagulation process, an important part of water treatment,
has been widely used in water supply and wastewater treat-
ment for the removal of colloidal particles and dissolved or-
ganics  [1–6].  The  quality  of  the  above  process  directly  af-
fects the effect and cost of subsequent treatment of wastewa-
ter.  With  increasingly  serious  environmental  pollution  and
strict  water  quality  standards  [7–8],  conventional  coagula-
tion technology fails to meet the demands for water quality
and safety. Therefore, the development of novel and efficient
flocculants has consistently been a key research object in the
field of water treatment and environmental protection [9–10].
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Traditional coagulants including Al2(SO4)3 [11], Fe2(SO4)3

[12],  AlCl3 [13],  and  FeCl3 [14]  can  hydrolyze  rapidly  and
form high-charge intermediate products, such as Al2(OH) ,
Al3(OH) ,  Fe2(OH) ,  and  Fe3(OH) .  However,  the  co-
agulants are easy to destabilize colloids by adsorbing on the
surfaces.  Iron  salt  flocculants  are  highly  corrosive  to  the
equipment  during  the  treatment  process,  and  residual  Fe3+

ions  are  usually  darker  compared  with  other  ions.  Mean-
while, the applications of aluminum salt flocculants are lim-
ited due to the toxicity of aluminum ions [15]. Given the syn-
ergetic effects of hybrid compositions, scholars have conduc-

ted a  number of  studies  on the combination of  metal-based
complex  cationic  materials  with  anionic  groups  (including
Na2SiO3, NaH2PO4, H3PO4, etc) [16–19]. The low-molecular-
weight metal salt flocculants are gradually being replaced by
inorganic polymer flocculants, which mainly contain alumin-
um- and iron-based inorganic polymer flocculants, polysilic-
ate flocculants, and magnesium salt flocculants [20–26]. For
instance,  Tolkou et al.  [27]  combined polyaluminum chlor-
ide  with  ferric  species  and  polysilicic  acid  (PS)  to  prepare
composite polyaluminum–ferric silicate–chloride coagulants
using  two  polymerization  techniques,  namely,  the  copoly-
merization  process  and  composite  polymerization  method.
The  former  is  more  effective  than  the  latter.  Specifically,
composite polymerization and copolymerization are conven-
tional  methods  for  the  preparation  of  polysilicate  complex
coagulants.  The  former  involves  the  polymerization  of  PS
and hydroxylated metal salts, and the latter refers to the hy-
droxylation of mixture of metal salts and PS [28]. The coagu-
lants are essential for the hydroxylation of Si and metal ions,
and the  structures  and coagulation performances  can be  in-
fluenced by preparation methods. For instance, the polyferric
aluminum–silica–sulfate  coagulant  prepared  by  composite
polymerization showed better performances in the removal of
turbidity,  COD,  and  chroma  than  polyaluminum  chloride 
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[29]. In a study on the reaction mode between Si and Fe in
polysilicic ferric (PSF) coagulant prepared by copolymeriza-
tion, PSF contained some complex compounds, and its char-
acteristics  were  largely  affected  by  the  reaction  time  and
Si/Fe ratio [30]. The polyferric silicate–chloride synthesized
by  copolymerization  showed  three- and  two-dimensional
growth  of  Fe  species  at  low and  high  Si/Fe  ratios,  respect-
ively [31]. The polyferric silicate sulfate coagulants prepared
by copolymerization had a higher coagulation efficiency than
those prepared by composite polymerization [28]. Therefore,
the  preparation  of  polysilicate  complex  coagulants  by  co-
polymerization  has  been  the  more  popular  option  [32–34].
Chen et al. [35] conducted a detailed study on the character-
ization  and  coagulation  performance  of  polyferric  alumin-
um–silicate–sulfate. The results indicated that the adsorption/
bridge formation mechanism was predominant at  a low co-
agulant dosage, and adsorption/charge neutralization became
more  important  under  high  coagulant  dosages.  Although
widespread attention has been paid to Al–Fe composite co-
agulants, other novel coagulants have been developed due to
the potential side effects of aluminum salts on human health
[33,36–39].  Zhu et al.  [40]  created  a  polymeric  zinc–iron–
phosphate coagulant by introducing zinc and PO  to an iron
solution. The prepared coagulant effectively removed the dis-
solved  organic  nitrogen,  which  can  be  characterized  by  a
dense convex–concave packing structure. Wei et al. [38] pre-
pared a polysilicate–magnesium using different acids as me-
dia.  The  polysilicate–magnesium–sulfate  presented  a  com-
pact gel network structure with an efficient coagulation per-
formance in dyeing wastewater treatment. In addition, the re-
moval  of  impurities  or  pollutants  can  be  enhanced  in  the
presence of magnesium salt [41–42]. Moreover, magnesium
can neutralize  the  remaining  color  of  iron  salt  and  broaden
the pH range of coagulants simultaneously, as magnesium is
more effective at high pH [43–44]. Meanwhile, a few studies
reported  the  preparation  of  polyferric–magnesium–silicate–
sulfate (PFMS) coagulant, and many problems remain to be
solved.

This work was designed to investigate the synthesis, char-
acterization,  and coagulation properties  of  PFMS to  fill  the
gap in the literature. Given that the research on the prepara-
tion of PFMS coagulant is in its infancy, PFMS deserves re-
search attention due to the synergetic effect of this compon-
ent in a single material. The effects of aging time, molar ratio
of Fe, Si, and Mg (Fe:Si:Mg), and molar ratio of OH and M
(OH:M) (M represents  the  metal  ions)  on the  structure  and
coagulation  properties  of  the  as-prepared  PFMS  were  sys-
tematically  investigated  to  obtain  an  optimized  preparation
condition.  In  addition,  the  coagulation  efficiency  of  PFMS
coagulants was evaluated in the treatment of simulated hum-
ic acid–kaolin suspension and reactive dye wastewater. Com-
pared  with  polyferric  silicate–sulfate  (PFS)  and  polymag-
nesium silicate–sulfate (PMS), the coagulation mechanism of
PFMS was analyzed, which enriched the basic theory of in-
organic composite coagulant application. 

2. Experimental 

2.1. Materials

Na2SiO3·9H2O,  MgSO4·7H2O,  and  Fe2(SO4)3·H2O  were
purchased from the Sinopharm Chemical Reagent Co., Ltd.
Humic acid (FA ≥ 90%) and kaolin (CP) came from Shang-
hai  Aladdin  Biochemical  Technology  Co.,  Ltd.  H2SO4

(98%), and NaOH were provided by Beijing Chemical Fact-
ory. 

2.2. Preparation of the PFMS coagulant

PFMS  was  prepared  via  a  copolymerization  approach
[45–46]  (Fig.  1).  First,  0.40  mol·L–1 (as  Si)  Na2SiO3·9H2O
solution  was  dripped slowly into  2.32 mol·L–1 H2SO4 solu-
tion at a stirring rate of 200 r·min–1 under an ambient condi-
tion.  Subsequently,  1.0  mol·L–1 NaOH  was  added  to  the
above solution and mixed under magnetic agitation for 1.5 h
to adjust the pH to 2.0. The PS solution was obtained [38].
Second,  based  on  the  predetermined  Fe:Si:Mg,  certain
amounts of Fe2(SO4)3 (0.26 mol·L–1) and MgSO4 (0.10 mol·L–1)
solution were added to the newly prepared PS under magnet-
ic  stirring.  Then,  1.0  mol·L–1 NaHCO3 solution was slowly
added  to  the  mixed  solution  to  achieve  the  predetermined
OH:M, and the stirring speed was increased to 280 r·min–1 to
avoid precipitation. Finally, the formed PFMS solution was
stirred at 200 r·min–1 for 3 h and then aged for 3 d to com-
plete the preparation process. In addition, PFS was obtained
through adding diluted iron sulfate to fresh polysilicate solu-
tion at molar ratio of Fe:Si = 1:1, and the molar ratio of OH
and Fe (rOH:Fe) was adjusted to 0.32 using a sodium bicarbon-
ate  solution.  The PMS was obtained via  the addition of  di-
luted magnesium sulfate to the fresh polysilicate solution at
molar ratio of Mg:Si = 2:1, and the rOH:Fe was adjusted to 0.32
by a sodium bicarbonate solution. 

2.3. Characterization of PFMS coagulant

The liquid PFMS was dried in a drying oven at 50°C to
 

0.40 mol·L–1 Na2SiO3·9H2O

2.32 mol·L–1 H2SO4

1.0 mol·L–1 NaOH

0.26 mol·L–1 Fe2(SO4)3

0.10 mol·L–1 MgSO4

1.0 mol·L–1 NaHCO3

pH = 2.0

Aging for 1.5 h

Polysilicic acid

Agitation and mixture

Aging for 3 d

PFMS

Fig. 1.    Flow chart of PFMS coagulant synthesis process.
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obtain  the  ground  powder,  and  X-ray  diffraction  (XRD,
TTR3,  Rigaku,  Japan),  Fourier  transform  infrared  spectro-
meter (FT-IR, Avater360, Nicolet, USA), and scanning elec-
tron  microscope  (SEM,  Supra-55,  Zeiss,  Germany)  were
used to characterize the structure and morphology of the co-
agulants.  The  particle  size  and  zeta  (ζ)  potential  measure-
ments were analyzed using a Zetasizer Nano ZS90 analyzer
(Malvern). The particle size (volume distribution) of broken
flocs was determined by an LMS-30 size distribution analyz-
er. The concentration of metal ions in the solution was detec-
ted by inductively coupled plasma atomic emission spectro-
scopy (ICP-OES, OPTIMA 7000DV, America). 

2.4. Coagulation experiments

In our experiment, a six-paddle jar tester (HJ-6B, China)

with six cylinders (100 mL) was used to visualize the depos-
ition  behavior  of  the  samples.  Two  water  samples  were
treated: (1) a typical humic acid–kaolin synthetic surface wa-
ter  containing  50  mg·L–1 kaolin  and  10  mg·L–1 humic  acid
and  (2)  reactive  dye  wastewater  with  50  mg·L–1 reactive
black dye. Tables 1 and 2 summarize the general water qual-
ity of the raw water. First,  each cylinder was filled with 50
mL  of  model  wastewater.  After  the  addition  of  different
dosages of coagulants, the suspension was rapidly mixed at
220 r·min–1 for 2 min to achieve uniform dispersion. At this
point, 10 mL samples were removed to measure the zeta (ζ)
potential. Subsequently, the suspension was stirred slowly at
60 r·min–1 for 6 min and then placed for 10 min to sink the
precipitation.

  
Table 1.    Typical properties of humic acid–kaolin synthetic surface water

pH Turbidity / NTU Zeta potential / mV Absorbance at UV254

7.8–7.95 58–60 −20.5–−20.2 0.084–0.086
 
 
 

Table 2.    Reactive black dye characterization

Type Molecular structure λmax, dye / nm

Azo 616

 
A supernatant sample (2.0 cm below the surface) was col-

lected to measure the residual turbidity with a 2100Q Turbi-
meter (HACH, America). Meanwhile, the surface water was
filtered through a 0.45 μm filter to measure the UV254 with a
TU-1901  spectrophotometer.  The  UV254 removal  efficiency
was calculated using Eq. (1):

UV254 removal efficiency =
A0−A

A0
×100% (1)

where A0 is  the  initial  absorbance  value  of  the  raw  water
tested at 254 nm, and A is the absorbance value of samples
collected after the coagulation treatment.

In addition, the decoloration removal efficiency was cal-
culated following Eq. (2):

Decolaration removal efficiency =
A′−A

A′
×100% (2)

where A'  is  the  initial  absorbance  value  of  the  raw  water
tested at λmax, dye. 

3. Results and discussion 

3.1. Effect of Fe:Si:Mg on the structure and morphology
of PFMS

Fig.  2 exhibits  the XRD spectra  of  the as-prepared PFS,
PMS,  and  PFMS  samples  with  different  Fe:Si:Mg.  The
formed PFS and PFMS samples  possessed large  and broad

peaks  at  30°,  which  indicates  an  amorphous  structure  with
fuzzy crystal traces. In addition, no characteristic diffraction
peaks of Fe2(SO4)3,  MgSO4,  and SiO2 were observed in the
PFMS  samples.  This  characteristic  demonstrated  that  these
materials were not mechanically mixed [28,34,46]. Different
from PFS and PFMS, the PMS product presented a limited
diffraction crystal pattern of SiO2. The corresponding valence
bond structures were further determined by FT-IR analysis.

Fig. 3 displays the FT-IR spectra of the as-prepared PFS,
PMS, and PFMS with different Fe:Si:Mg. All spectra presen-
ted absorption peaks at 3500–3340 and 1662–1647 cm−1. The
former was associated with the intermolecular stretching vi-
bration of –OH, and the  latter  corresponded to  the  bending
vibration  of  adsorbed  and  crystallized  water  [47].  For
PFMS(6:2:1), the intensities of the two peaks were the largest as
the high proportion of iron led to a great degree of iron hy-
drolysis. The adsorption peak of Fe–O–Fe was also observed
at 1215 cm−1 in PFMS(6:2:1) and PFMS(4:2:1). However, the peak
vanished and was superimposed at approximately 1149–1131
 

20 40 60 80

PFMS(2:2:1)

PFMS(1:2:2)

PFMS(4:2:1)

PFMS

PFS

(6:2:1)
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 / 
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Fig.  2.     XRD patterns  of  the  PFS,  PMS,  and  PFMS samples
with different Fe:Si:Mg.

576 Int. J. Miner. Metall. Mater. , Vol. 31 , No. 3 , Mar. 2024



cm−1,  which  was  related  to  the  asymmetric  Si–O–Si  or
Fe–O–Fe stretching vibrations [31,48]. Such a phenomenon
indicates that the oxygen-bridged polymerization degree in-
creased accordingly and replaced a part of the Fe–O–Fe. The
peak at 1053–1046 and 988–969 cm−1can be assigned to the
asymmetric  stretching  vibration  of  Fe–O–Fe  and  stretching
vibration of the Fe–O–Si bonds, respectively. In addition, the
peak at 798 cm−1 was attributed to the tetrahedron connection
of Si–O–Si, and those at 667 cm−1 might have been caused by
the  bending  vibration  of  Fe–OH.  Moreover,  two  peaks  at
606–598 and 475–461 cm−1 corresponded to the bending vi-
brations of Si–O and Fe–O, respectively [31].

The  above  results  indicated  the  formation  of  a  polymer
with a large network structure, and the bonds observed were
further  hydrolyzed  during  the  coagulation  process,  which
produced  hydroxy  complexes  of  polycore  silicon  and  iron-
containing polysilicon portions [46]. These dissolved hydro-
lyzed polymeric products reacted with colloids to accelerate
the colloidal particles and cause their destabilization and co-
agulation. Furthermore, no new chemical bonds appeared in
the  PMS  coagulant.  This  phenomenon  suggests  that  Mg2+

was excluded from the polymerization process. Instead, they
were  embedded  in  a  large  network  of  iron  and  silicon  by
electrostatic  forces  as  free  ions,  which  was  consistent  with
the reported result [49].

The  morphological  performance  of  the  as-prepared  co-
agulants was an important parameter for their visual analysis.

Fig. 4 shows the SEM images of coagulants PFS, PMS, and
PFMS with different Fe:Si:Mg. Fig. 4(a)–(b) shows the clus-
tering units of PFS were long and tree-like and showed three-
dimensional,  iteratively  extending  structural  features,  and
PMS  displayed  irregularly  shaped  blocks  of  varying  sizes.
Compared with the above two coagulants,  the surface mor-
phology of PFMS changed remarkably. The PFMS(6:2:1) and
PFMS(4:2:1) presented  an  evident  blocky  body  structure,  as
shown in Fig.  4(c)–(d).  Furthermore,  as  the  contents  of  PS
and magnesium increased, the PFMS(1:2:2) formed a compact
gel network structure, which showed a schistose aggregation
distribution (Fig. 4(e)). Meanwhile, the PFMS(2:2:1) sample re-
vealed the coexistence of a lumpy and flaky structure, and the
hydrolysates  of  the  metal  salt  and PS aggregated to  form a
product with a large polymerization state (Fig. 4(f)). 

3.2. Effect of OH:M on the structure and chemical bonds
of PFMS

XRD  pattern  and  FT-IR  spectra  show  the  effect  of  the
OH:M ratio  on the structure and chemical  bonds of  the as-
prepared  PFMS,  respectively.  As  displayed  in Fig.  5,  all
samples presented a distinct bulge at 2θ = 30° regardless of
the OH:M, indicating the amorphous structure of all samples.
Moreover,  as  the  ratio  increased,  the  high  and  wide  bulges
gradually  flattened,  and  the  specific  complex  morphology
was further verified through the chemical bond structure. Fig.
6 depicts the FT-IR spectra of PFMS samples prepared with
different rOH:M. Accordingly, the position of the characteristic
absorption peak of the functional groups in the sample was
independent  of rOH:M.  However,  as  the rOH:M increased from
0.18  to  0.40,  the  intensity  of  the  characteristic  absorption
peak increased substantially, which confirmed the increased
polymerization degree of the product and the strong bonding
reaction between functional groups. The content of OH− was
positively  correlated  with  the  polymerization  degree  of  hy-
droxyl polymers to a certain extent. In addition, the increase
in the OH:M led to the hydrolysis and precipitation of iron,
which affected the effective composition of the flocculant. 

3.3. Coagulation performance of PFMS in the treatment
of humic acid–kaolin synthetic surface water
 

3.3.1. Effect  of  Fe:Si:Mg  and  dosage  of  PFMS  on  the  co-
agulation properties and dominant mechanism in the coagu-
lation process

The  chemical  structure  and  morphology  of  PFMS  with
different Fe:Si:Mg were analyzed, and the actual coagulation
effect of the beaker experiment was used to obtain the optim-
al ratio of coagulants. Fig. 7(a)–(b) shows the results of the
coagulation experiment on the treatment of humic acid–kaol-
in synthetic surface water based on residual turbidity and re-
moval  humic  acid  rate,  respectively.  Compared  with  PFS,
PFMS(4:2:1) and  PFMS(2:2:1) exhibited  better  coagulation  per-
formances under a wide coagulation dose. For PFMS(2:2:1), the
residual turbidity was 0.56 NTU, and the removal efficiency
of UV254 was 99.81% at a dosage of 30 mg·L–1. However, the
PFMS(1:2:2) was the most ineffective composite coagulant for
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the  removal  of  solid  suspensions  or  organic  humic  acid.
Moreover, as the removal efficiency of PMS for turbidity and
humic acid was less than 50%, it was not displayed in the fig-
ure.  According  to  the  Schulze–Hardy  rule,  the  coagulation
capacity can be enhanced when the valence of active counter
ions  increases  [50].  Thus,  the  main  destabilizing  effect  on
colloids  depended on Fe3+ and its  hydrolysis  product  rather
than  Mg2+.  However,  the  iron  content  should  not  be  ex-
tremely  high  given  that  the  brown  precipitate  occured  in

PFMS(6:2:1) after 25 d.
Moreover, as the amount of coagulant increased from 9 to

50 mg·L–1, the zeta potential of colloidal particles increased
from −12  to −2  mV,  which  demonstrated  the  enhanced
destabilizing  capability  of  these  composite  coagulants,  as
shown in Fig.  7(c).  Nevertheless,  the zeta potential  of  vari-
ous  proportional  coagulants  did  not  reach  their  isoelectric
points. This finding demonstrated that except for the charge
neutralization,  adsorption  bridging  and  entrapment  effect
played important role in the coagulation treatment process. 

3.3.2. Effect of OH:M on the coagulation properties and ef-
fluent pH

2−
4

Fig. 8(a)–(b) presents when the dosage was 40 mg·L–1, the
PFMS with nOH:nM = 0.32 was the most effective sample with
high UV254 removal efficiency of 97.61% and low turbidity
of 0.36 NTU. However, when the dosage was 9 mg·L–1, the
PFMS with OH:M = 0.18 exhibited the low UV254 removal
efficiency  of  44.04%  and  high  turbidity  of  3.2  NTU.  This
phenomenon can be attributed to the increased content of hy-
droxy  complex  and  silicon  polymer,  which  converted
Fe2(SO4)3, MgSO4, and H2SiO  from low-molecular-weight
monomer to polymer compound with high molecular weight,
with the increase in the OH:M. The addition of appropriate
amounts of NaOH and NaHCO3 during the preparation can
further promote polymerization, and this process can be ex-
pressed by some simplified reactions (3)–(7) (the dimeric, tri-
meric, and polynuclear hydrolysis products of Fe and Si can
also react with each other).

More importantly, given that the effluent pH of the treated
water should meet the surface water treatment standards, the
effluent pH at different OH:M were tested (Fig. 8(c)). When
the molar ratio of OH:M was greater than 0.18, the pH of the
effluent  ranged  between  6.5–8.5,  which  satisfies  the  spe-
cified effluent requirements for drinking water sources. 

3.3.3. Effect of aging time on the particle size distribution of
the PFMS coagulant and the stability of the prepared coagu-
lant

Fig. 9 displays the colloidal particle size distribution of the
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as-prepared  PFMS  at  different  aging  time.  With  prolonged
aging, the particle size increased gradually from 0.7–0.9, 5–7,
to  100–350  nm.  Furthermore,  the  particle  size  distribution
changed from multipeak (0.7–0.9, 5–7, and 106–142 nm) to

single-peak  distribution  (100–350  nm),  which  suggests  a
more uniform distribution of particle size. It was speculated
that particles size of 0.7–0.9 nm may be involved in the spon-
taneous hydrolysis process of Fe3+, and those size of 5–7 nm
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should be assigned to the initial formation of a silicon poly-
mer  [51].  With  the  extension  in  aging  time,  the  hydrolytic
polymerization process continued, and the oligomers gradu-
ally  aggregated and grew based on the specific  interactions
depicted  in  reactions  (3)–(10).  As  Fe–OH–SO4 and
Mg–OH–SO4 were  formed  during  the  reaction  process,  the
formation of Fe–Mg–Si–OH–SO4 was also possible.

Fe(OH)2++Si2O3(OH)2−
4 → FeOHSi2O3(OH)4 (3)

Fe2(SO4)3+mOH−→ Fe2(OH)m (SO4)3+
(3−m)/2+

(3+m)/2SO2−
4 (4)

nFe2(OH)m(SO4)(3−m)/2→
[
Fe2(OH)m(SO4)(3−m)/2

]
n

(5)

MgSO4+mOH−→Mg(OH)m(SO4)(2−m)/2+m/2SO2−
4 (6)

nMg(OH)m(SO4)(2−m)/2→
[
Mg(OH)m(SO4)(2−m)/2

]
n

(7)

H5SiO+4 → H4SiO4→ H3SiO−4 → H2SiO2−
4 (8)

mH3SiO−4 → SimO2m−1(OH)m−
m+2+ (m−1)H2O (9)

2Fe2(SO4)3+MgSO4+3mOH−→
Fe2Mg(OH)2m(SO4)4+

2−m+Fe2(OH)m(SO4)5−m
0.5 +

(m+4.5)SO2−
4 (10)

Fig. 9(d)–(e) shows that when the aging time was over 3 d,
the polymerization reactions were completed as the particle
size of the coagulants hardly changed. Furthermore, after re-
taining the PFMS for a long period (120 d), the coagulant re-
mained without precipitation, which is beneficial for its prac-
tical use in the treatment of humic acid–kaolin synthetic sur-
face water.

The fair stability of the new coagulant should be ensured
after placing it for a long time. Otherwise, it cannot be con-
ductive in the actual water treatment. Hence, the stability of
the  as-prepared  samples  (Fe:Si:Mg  =  2:2:1  and  OH:M  =
0.32) was tested at room temperature (Fig. 10). After aging
for 120 d, the residual turbidity was 0.49 NTU at a dosage of

20 mg·L–1, and the UV254 removal efficiency was 88.12% at a
dosage of 50 mg·L–1. After aging for 120 d, the residual tur-
bidity was independent of the increased setting time, and the
residual  UV254 changed slightly.  We speculated that  the net
trapping  and  sweeping  effect  of  the  macromolecular  hy-
droxyl complex maintained the efficient removal of the solid
suspension.  However,  these  effects  reduced  the  formation
possibility  of  M–humic  colloids,  as  depicted  in  reactions
(11)–(12). In addition, the vacant orbital outside the nucleus
of Mg2+ can accept the lone-pair electrons of oxygen on the
hydroxyl group surface of PS molecules, iron polymers, and
iron silicate complexes [52]. Therefore, the addition of mag-
nesium dispersed the electron cloud density of the hydroxyl
group and prevented the formation process of silica gel and
iron  hydroxide  precipitate,  which  improved  the  stability  of
the products.

(11)

(12)
Based  on  the  above  analysis,  the  optimum  preparation

conditions  of  the  PFMS  coagulants  were  as  follows:
Fe:Si:Mg  =  2:2:1,  OH:M  =  0.25,  and  aging  for  3  d.  At  a
dosage  of  30  mg·L–1,  the  removal  efficiency for  UV254 and
the  residual  turbidity  were  99.81% and 0.56 NTU, respect-
ively. In addition, the PFMS coagulant reduced the residual
iron content and dispersed the hydroxyl electron cloud dens-
ity  in  the  solution,  which  ensured  a  stable  removal  effect
within 120 d. 

3.3.4. Effect of Fe:Si:Mg on floc strength and size analysis
The  strength  and  size  of  flocs  formed  by  composite  co-

agulants directly determine the final precipitation separation
effect  on  the  water  treatment  process.  In  general,  flocs  are
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disintegrated  into  small  clumps  under  high  shear  forces.
Thus, flocs must remain sufficiently strong to avoid this phe-
nomenon.  Otherwise,  most  of  the  microflocs  (particle  size
less than 5 µm) are difficult to remove during the precipita-
tion process, which causes water turbidity again. To discuss
the strength and size of flocs, we investigated the particle size
distribution  characteristics  of  microflocs  of  self-made  PFS
(for comparison reasons) and PFMS under the same prepara-
tion conditions (Fig. 11). The agitator speed was controlled at
2580  r·min–1,  and  the  circulating  pump  speed  was  3000
r·min–1 to ensure the maximum breakage of flocs.

The  volume  density  of  microflocs  below 5  μm in  water
samples treated with PFMS(2:2:1) was remarkably less than that
of  the  PFS.  Furthermore,  the  broken  flocs  of  PFS  and
PFMS(2:2:1) had average particle sizes of 19.6 and 32.2 μm, re-
spectively. This result suggests that the introduction of Mg2+

increased the average size of flocs. Palmer et al. [53] pointed
out  that  Mg2+ is  conducive  to  pulling  certain  parts  of  indi-
vidual polymer chains together via the internal crosslinking
of  charge  neutralization  and  humic  acid,  which  forces  the
molecule  to  form  a  compact  structure  and  enhances  floc
strength.  In  addition,  some  authors  [54–55]  reported  that
divalent cations, such as Mg2+ and Ca2+, tend to react with or-
ganic materials to form a highly dense floc structure through
chemical precipitation. All these results demonstrate that the
introduction of magnesium improves the strength of the floc
structure.

Fig. 12 shows the coagulation mechanism of PFMS. Spe-
cifically,  the  inorganic  suspended  solids  and  colloidal
particles in natural water mainly originated from clay miner-
als in the soil, and 50%–90% of organic pollutants came from
humic acids, which usually possess negative charges on their

4+
2

5+
4

7+
9

surfaces. When PFMS was added to water, various hydroxyl
complex  ions  were  generated,  such  as  Fe-based  ions  of
Fe2(OH) ,  Fe3(OH) ,  and  Fe6O(OH) ,  and  Mg-based
ions, including Mg2+ and MgOH+, which resulted in the rapid
compression of the double layer of colloidal particles in the
water. Then, the negative charge on the surface was neutral-
ized.  When  the  electromotive  potential  of  the  colloid  de-
creased  to  0,  the  colloidal  particles  were  destabilized.
Moreover,  in  the  flocculation  treatment  process,  except  for
charge neutralization, adsorption bridging, net trapping, and
sweeping played important roles.

In  addition,  during  the  polymerization  process  of  silicic
acid,  its  silicon–oxygen  tetrahedral  structure  was  intercon-
nected  and  extended  in  space.  In  addition,  iron  interacted
with  the  hydroxide  and  oxygen  ions  in  the  silicon–oxygen
tetrahedral  to  form  a  new  chain-like  structure  containing
bonds, such as Si–O–Si, Fe–O–Fe, and Si–O–Fe. When the
flocculant was added to the water, the destabilized particles
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5+
4

7+
9

were adsorbed and aggregated to form large flocs due to van
der  Waals  forces  and  hydrogen  bonding.  The  PFMS  ob-
tained under the optimal preparation conditions had a relat-
ively  strong  polymerization  degree  to  form  long  molecular
chains  with  strong  extensibility  in  solutions,  which  greatly
enhanced their bridging and coagulation capabilities. In addi-
tion, with prolonged aging, the particle size of PFMS gradu-
ally increased, and the molecular weight increased, forming a
large  number  of  multinuclear  hydroxyl  complexes,  such  as
Fe3(OH)  and  Fe6O(OH) .  During  the  precipitation  pro-
cess,  colloidal  particles  in the water  were involved in these
hydroxide precipitates and removed. 

3.4. Coagulation  performance  of  optimal  PFMS(2:2:1) in
the treatment of reactive dye wastewater

The optimum coagulant obtained in the treatment of simu-
lated humic acid–kaolin suspension was applied in the treat-
ment of simulated reactive black dye wastewater to assess its

decolorization effect on industrial  wastewater.  Reactive azo
dyes are the most problematic pollutants of textile wastewa-
ter, and they can cause mutations in humans and are toxic to
aquatic life due to the aromatic amines formed by the break-
down of azo bonds [56–57]. Therefore, the coagulation per-
formance of the optimal PFMS(2:2:1) coagulant was investig-
ated using the most commonly used reactive black dye.

The influence of coagulant dosage and raw water pH were
discussed.  Based  on  the  preliminary  experiments  in Fig.
13(a), the dose was set as 80 mg·L–1. Fig. 13(b) shows the pH
played a vital role in decolorization efficiency. In the range of
pH  =  7–10,  the  decolorization  rate  of  PFS  was  approxim-
ately 75%, while the decolorization rate of PMS were 15%
and 45%. Notably, the addition of PFS coagulant increased
the  chroma  of  wastewater  at  pH  =  11–13.  Meanwhile,  the
PFMS  coagulant  caused  the  desirable  decolorization  at  the
pH range of 7–13.
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Ksp = [Mg2+][OH−]

At  pH of  7–10,  the  decolorization  mechanism of  PFMS
was possibly due to the dilution of the water sample and the
increase  in  pH,  which  can  cause  the  transformation  of  the
Fe–Si  polymers  and  production  of  various  hydrolytic
products to absorb negatively charged dye molecules. Then,
an adherent bridge and catching-sweeping network formed to
promote destabilized dispersions and form considerably lar-
ger  flocs.  Under  a  notably  high  pH,  Mg(OH)2 precipitates
gradually  formed.  The  solubility  of  Mg(OH)2 is  given:

, where Ksp is the dissociation constant of
hydroxide [25]. The formed Mg(OH)2 precipitate provided a
large adsorptive surface area and a positive electrostatic sur-
face charge. The anionic groups in the dye molecule, such as
–SO3H, –COOH, –OH,  and –NH2,  were  easily  used  as  ad-
sorption  points  on  the  Mg(OH)2 surface,  and  their  positive
electrostatic surface charge enabled them to act as powerful
and  efficient  coagulants  without  other  byproducts  or  single
molecules. This finding means that PFMS removed the dye
molecules by adsorption, and these molecules can be identi-
fied by the unchanged waveform of the visible spectrum and
the position of the maximum absorption peak before and after
coagulant  addition  (Fig.  12).  In  addition,  the  actual  wastes
collected from textile and dyestuff plants usually have a pH

of approximately 12.0, and some common coagulants cannot
be  used to  treat  such high-alkalinity  wastes  [34].  However,
the  PFMS  coagulant  greatly  combines  the  advantages  of
magnesium and iron salts  to  compensate  for  the mentioned
deficiencies.

Based  on  the  above  discussions,  the  as-prepared  PFMS
with high coagulation properties were obtained at the molar
ratio of Fe:Si:Mg = 2:2:1 and OH:M = 0.32. 

4. Conclusions

The PFMS coagulants were successfully synthesized and
applied to humic acid–kaolin synthetic surface water and re-
active  black  dye  wastewater.  The  molar  ratio  of  Fe:Si:Mg
and OH:M had remarkable effect on the microstructure and
coagulation  properties  of  the  as-obtained  PFMS.  Under  the
optimum values of Fe:Si:Mg = 2:2:1 and OH:M = 0.32, the
as-synthesized  PFMS  possessed  an  excellent  coagulation
performance. The removal efficiency of UV254 was as high as
99.81%, and the turbidity of the surface water reached a low
value of 0.56 NTU. After 120 d, the PFMS remained stable
and  showed  remarkable  coagulation  properties.  During  the
coagulation treatment process, charge neutralization, adsorp-
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tion bridging, and entrapment effects played equally import-
ant  roles.  Furthermore,  PFMS  exhibited  a  high  decoloriza-
tion  efficiency  of  98.87%  at  pH  =  12,  indicating  the  good
performance  in  the  treatment  of  reactive  dye  wastewater.
Compared  with  PFS  and  PMS,  the  PFMS  coagulant  en-
hanced the decolorization efficiency over a wide pH range by
combining the advantages of PS, magnesium, and iron salts. 
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