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Algae and algae organic matter (AOM) are not the sole pollutants in algae-polluted water. Other pollutants
such as colloidal particles and natural organic matter should be simultaneously removed and might
influence the treatment of algae and AOM. A new polymeric zinc—ferric—silicate—sulfate (PZFSiS)
coagulant was prepared, and the relationship between its structure and performance in the treatment of
humic acid (HA)/algae-polluted water was discussed. PZFSiS coagulants prepared under different
conditions had different distributions of Fe(m) species. The coagulant possessing the highest Fe, content
was able to treat turbidity and HA well. As a copolymer of Fe(), Zn(1) and Si(iv), PZFSiS had a positive

charge in water and thus neutralized the negative surface charges of pollutants. The adsorption of
Received 6th January 2017 hydroxyl polymer formed by Fe/Zn during the hydrolysi tributed to th L of i
Accepted 24th March 2017 ydroxyl polymer formed by Fe/Zn during the hydrolysis process contributed to the removal of organic
matter. The dosage of PZFSiS and pH significantly influenced pollutant removal. Colloidal particles in the

DOI-10.1039/c7ra002329 water competed with the organic matter, markedly decreasing the removal efficiency of organic matter
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1 Introduction

The excessive reproduction of algae has become an urgent
environmental problem.' The treatment of algae and the
organic pollutants generated by algae has attracted a lot of
attention in recent years.>* However, other pollutants in algae-
polluted water, such as colloidal particles and natural organic
matter (NOM), should also be treated. These pollutants might
also influence algae removal and thus should be further
studied. Coagulation is an important step in the traditional
drinking water treatment process.® It is mainly used to treat the
suspended solids and colloidal particles in the water.>®
Although coagulation can efficiently remove algae or NOM from
water in some cases,>® algae organic matter and the hydrophilic
NOM are usually difficult to treat.”® For instance, traditional
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aluminum (Al)-based and iron (Fe)-based coagulants have been
widely applied in water treatment.>»® Their coagulation
performances are sometimes unacceptable for the removal of
algae organic matter in the treatment of algae-polluted
water.*”' In addition, the residual metal ions in the treated
water might change the color of the water or cause Alzheimer's
disease.*'* The stability of Fe-based coagulants is poor.**> Thus,
multiple-metal composite coagulants such as Al-Fe composite
coagulants have been prepared to overcome these weak-
nesses.">"* It has been reported that polyaluminium ferric sili-
cate chloride coagulant performed more efficiently than
polyaluminium in removing turbidity, organic matter and total
phosphate, and the stability of polyaluminium ferric silicate
chloride coagulant was better.** Zinc (Zn) chloride and zinc
composite coagulants have been used in wastewater treatment
for their better coagulation performance and non-toxicity
compared to traditional coagulants.**>'®* However, there is no
information about the preparation of Zn composite coagulants
with Fe and Si. Little attention has been paid to the treatment of
humic acid (HA)/algae-polluted water by Zn-Fe-Si composite
coagulants.

In this paper, a new inorganic composite coagulant, poly-
meric zinc-ferric-silicate-sulfate (PZFSiS), was prepared. The
distribution of Fe(um) species was measured to evaluate the
coagulation efficiency. The structure and morphology of floc-
culants were characterized by X-ray diffraction (XRD), Fourier

This journal is © The Royal Society of Chemistry 2017


http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra00232g&domain=pdf&date_stamp=2017-04-04
http://orcid.org/0000-0002-9992-7783
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra00232g
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007032

Open Access Article. Published on 04 April 2017. Downloaded on 7/24/2025 10:04:02 PM.

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

(cc)

Paper

transform-infrared spectroscopy (FT-IR), ultraviolet (UV) spec-
troscopy and scanning electron microscopy (SEM) to analyze the
preparation mechanism and the relationship between the
characteristics of PZFSiS and its coagulation performance. In
the treatment of HA/algae-polluted water, the effects of PZFSiS
dosage on the removal rates of pollutants were evaluated to
represent the coagulation efficiency of PZFSiS. Other coagula-
tion conditions such as water pH, temperature and turbidity
were also considered in the treatment. In addition, the perfor-
mance of PZFSiS was compared with the performances of some
commercial coagulants, and their coagulation mechanisms
were discussed.

2 Materials and methods
2.1 Materials

All chemical reagents used in this study were analytical-grade
chemicals. Deionized water was used to make all the reagent
solutions. The glassware and other labware were washed and
dried prior to use.

2.2 Preparation of PZFSiS coagulant

First, a certain amount of sodium silicate (Na,SiO;-9H,0) was
dissolved in water, and sulfuric acid (H,SO,) was added to
adjust the pH to 1.5. A polysilicic acid (PSA) solution was
prepared after heating at 25 °C for 60 min, and its concentration
was 0.1024 mol L' as SiO,.”” Second, a certain amount of
ferrous sulfate (FeSO,-7H,0) was acidified by H,SO,. After
mixing for 20 min, sodium chlorate (NaClO;) was added into
the reaction vessel. Then, zinc sulfate (ZnSO,) with a pre-
determined Zn/Fe molar ratio was added and mixed with the
other chemical reagents. Third, PSA with a pre-determined Si/Fe
molar ratio was added into the liquid mixture containing Zn
and Fe. The mixture were heated at 70 °C for 1 h and stirred
until a homogeneous liquid mixture was obtained. Then,
sodium bicarbonate (NaHCOj3) powder was added to the above
homogeneous liquid mixture to adjust the r value (r = OH/Fe
molar ratio in the range of 0.2-0.7). Finally, PZFSiS was
prepared after aging for 24 h at room temperature (25 °C).

2.3 Characterization methods

2.3.1 Ferron assay. The distribution of Fe(ur) species in
PZFSiS, which influences the coagulation efficiency, was
measured by the Fe-ferron timed spectrophotometric method
based on the reaction times of hydrolysis product of iron with
ferron reagent (8-hydroxy-7-iodoquinoline-5-sulfonic acid;
Sinopharm Chemical Reagent Co., Ltd., China)."® The Fe(m)
species were mainly divided into three categories as follows:
Fe,, which reacted with ferron reagent within 60 s; Fey,, which

Table 1 Water quality of the water sample
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reacted with ferron reagent within 180 min; and Fe., which
required much more time to react with ferron reagent or did not
react with ferron reagent at all. Fe. was obtained by subtracting
Fe, and Fe,, from the total iron content.*®

2.3.2 X-ray diffraction. A liquid sample of PZFSiS was
placed in a vacuum oven and dried at about 50 °C. The resulting
fine powder was ground and sieved using a 400-mesh screen.
The sample was analyzed using a D/MAX-1200 X-ray diffrac-
tometer (Rigaku Corporation, Japan) with the following
measurement conditions: Cu-Ka diffraction (A = 0.15418 nm),
voltage = 40 kV, current = 40 mA, scan rate = 2° min .

2.3.3 IR spectra. The powder XRD sample was mixed with
potassium bromide and analyzed using a 550 Series II IR
spectrometer (Mettler Toledo instrument Co., Ltd., Switzerland)
covering the wave numbers from 4000 to 400 cm ™" with 2 cm ™"
resolution.

2.3.4 UV scanning spectra. A liquid sample was scanned by
a TU-1900 ultraviolet/visible (UV/vis) spectrophotometer (Pur-
kinje General Instrument Co., Ltd., China) in the range of
absorbance values from 190 to 900 nm with a 1 cm quartz cell.

2.3.5 Scanning electron microscopy. The surface
morphology of solid PZFSiS was observed using a VEGA II LMU
SEM instrument (TES-CAN Company, Czech).

2.4 Water sample

A stock solution of HA was prepared by dissolving 0.5 g of HA in
0.01 mol L™' NaOH solution under continuous stirring for
24 h." After that, the solution was filtered through a 0.45 um
membrane and stored at 4 °C.

Kaolin powder was first sieved through a 200-mesh sifter and
then mixed with deionized water under continuous stirring for
24 h to make the stock suspension of kaolin.*®

The algae (Microcystis aeruginosa) were cultivated in BG11
medium at 25 °C and algae-polluted water was treated by
coagulation at the stationary phase of algae.

The water sample was prepared by mixing a certain amount
of HA stock solution, the stock suspension of kaolin and algae-
polluted water. The pH of the water sample was adjusted to 7.2
+ 0.2 with HCI (0.1 mol L™ ") and NaOH (0.1 mol L™ '). The water
quality indices of the water sample are shown in Table 1.

2.5 Coagulation tests

Coagulation tests were carried out using a ZR4-6 six-paddle
gang stirrer (Shenzhen Zhongrun Water Industry Technology
and Development Co., Ltd, China). A certain dosage of coagu-
lant (in Fe mass, mg L™ ") was added into the water sample. The
water was then mixed at a high speed of 300 rpm for 1 min and
then at a low speed of 40 rpm for 10 min. After that, the water
was allowed to settle for 30 min. The turbidity and UV,s, values

pH Temperature (°C) Turbidity (NTU)

U V254

Chlorophyll a (ug L™ Zeta potential (mV)

7.2 £0.2 25+2 16.6 = 0.5
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of the treated water were measured using a 2100P turbidity
meter (HACH, USA) and a TU-1900 UV/vis spectrophotometer.
The chlorophyll a concentration was measured based on exist-
ing protocols.”* The removal rates of turbidity, organic matter
and algae were calculated using eqn (1):

R = (1 — TJIT) x 100%, (1)

where R is the removal rate of turbidity, organic matter or algae,
and T; and T are the initial and final turbidity, UV,s, and
chlorophyll a concentration, respectively. Zeta potential was
measured using a ZS90 Malvern potential analyzer (Malvern,
UK). The residual iron concentration in the treated water was
measured as well.®

3 Results and discussion
3.1 Distribution of Fe(m) species in PZFSiS

3.1.1 Effect of OH/Fe molar ratio on the distribution of
Fe(m) species. The r value of PZFSiS has an impact on its
distribution of Fe(u) species (Fig. 1). For r = 0.2, the Fe, content
is dominant compared to the Fe, and Fe. contents. The Fe,.
content apparently increases when r is increased to 0.5, 0.6 and
0.7. This implies that monomeric Fe transforms quickly into
small/middle-polymeric Fe and continuously transforms to
high/insoluble-polymeric Fe at high r via the process of hydro-
lysis and polymerization of Fe(m). At moderate r (0.3 and 0.4),
the mutual transformations of Fe,, Fe,, and Fe. are obvious, and
the highest Fe,, content is obtained at r = 0.3. Fey, has been
reported to play an important role in coagulation, and the high
Fey, content resulted in excellent coagulation performance in
water treatment.'®?* This finding was further confirmed in this
study (the specific water sample and coagulation condition were
described in the ESIt). PZFSiS samples with different r values
show different performances in water treatment (Fig. S1t). The
best removal rate of HA and lowest residual turbidity were ob-
tained at r = 0.3.

U e, [ Fep R e

0.7 ZAlITEN X_.
0] ZAMEN \
o ZAlIIN N\
z o4 i \/
0.3 /4 \ \—u
0.2 / }& N\

Fig. 1 Distributions of Fe(i) species under different OH/Fe molar

ratios.
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3.1.2 Effect of Si/Fe molar ratio on the distribution of Fe(u)
species. The effect of the Si/Fe molar ratio on the distribution of
Fe(m) species was evaluated at the same r value of 0.3. It should
be noted that the Si/Fe molar ratio slightly affects the Fe,
content. Fey, content increases with increasing Si/Fe molar ratio
at the range of 1/3 to 1/6 (Fig. 2). After that, Fe,, content
decreases when the Si/Fe molar ratio is 1/7 or 1/8. However, the
Fe. content shows the opposite trend. The coagulation tests (the
relative coagulation test method is described in the ESIT) indi-
cated that PZFSiS containing more Fey is beneficial for the
removal of turbidity and HA from water (Fig. S21).

3.2 Characterization

PZFSiS used to analysis its structure and characteristics was
prepared at the OH/Fe molar ratio of 0.3, the Si/Fe molar ratio of
1/6 and Zn/Fe molar ratio of 1/9.

3.2.1 X-ray diffraction analysis. The XRD pattern of PZFSiS
was compared with the simulated patterns from the Inorganic
Crystal Database using MDI Jade 6.0 software (Fig. 3). The XRD
pattern of polymeric ferric sulfate (PFS) was used for compar-
ison (Fig. S31). The results indicate that diffractive crystals such
as Fe,(S0,)3, ZnSOy4, ZnO, Fe,03, Fe(OH);, Fe;0,4 and SiO, were
not observed. Some new compounds were formed at 26 values of
9.7°, 10.1°, 10.9°, 14.5°, 25.5° and 29.2°. This implies that
PZFSiS is a composite of compounds containing Zn, Fe, Si and
other ions rather than a simple mixture of the raw materials.

3.2.2 Infrared spectroscopy analysis. The absorption peaks
of PZFSiS and PFS in the infrared spectra were similar; a few
absorption peaks of PZFSiS exhibited slight shifts (Fig. 4). The
copolymers formed by Fe and Zn are assumed to be bonded
primarily through hydroxyl groups. Thus, the absorption peaks
of PZFSiS and PFS were consistent. The strong absorption peaks
at 3446 and 3413 cm ™ originate from -OH stretching vibrations
in PZFSiS and PFS, respectively.”® The wide peak and the pres-
ence of a shoulder in the spectrum of PFS indicate that the -OH
chemical environments in PZFSiS and PFS are not exactly the
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Fig. 2 Distributions of Fe() species under different Si/Fe molar ratios.
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Fig. 3 XRD pattern of PZFSIS.

same. The absorption peak at 1637 cm™ ' corresponds to the

bending vibration caused by the -OH group contained in the
sample.>* The peak at 1230 cm™' belongs to the stretching
vibration of Fe-O-Fe/Zn-O-Zn.>® The peak at 1143 cm ™' is
characteristic of the absorption of SO,>~ and HSO,> . The
stretching vibration of Fe-0/Zn-0 is detected at 1069 cm™*. The
bending vibration bands of Si-O-Fe/Si-O-Zn and Si-OH-Zn/Si-
OH-Fe are found at 995 and 602 cm ™" (ref. 23). These results
indicate the existence of links among Fe, Zn and Si via -O- or
-OH and confirm that PZFSiS is a composite coagulant of Zn, Fe
and Si.

3.2.3 Ultraviolet spectroscopy analysis. In the UV/vis spec-
trum of PZFSiS (Fig. 5), the peaks at around 205 and 335 nm are
attributed to Fe(OH)*" and Fe,(OH),"", respectively. The peaks
at 340-380 nm are related to middle-polymeric Fe species such
as Fe3(OH),*", Feo(OH)1,*" and Fe,(OH);,”". The peaks at 440~
480 nm are attributed to other high-polymeric Fe species.”®
Moreover, it is found that some peaks are noticeably shifted
when the Si/Fe molar ratio is large, further demonstrating the
interaction between Fe and Si. Si has been reported to react with
metal ions to form Fe-O-Si and Zn-O-Si chains when the Si/Fe
ratio is high. Conversely, most Si reacts with itself to form Si-O-

20
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Fig. 5 UV/vis spectra of PZFSiS.

Si at lower Si/Fe ratios.” The absorption peaks reflect these
interactions among Fe, Zn, Si and O.

3.2.4 Surface morphology of PZFSiS. The amorphous
morphology of PZFSiS was investigated by SEM (Fig. 6). The
surface of PZFSiS appeared as compact and irregular bulk
clusters. PZFSiS with the structure of bulk clusters could easily
absorb organic matter and form big flocs with inorganic/
organic pollutants. As a comparison, PFS exhibits a cube-
shaped and loose structure (Fig. S4t). It is speculated that
introducing Zn into PZFSiS changes the molecular structure of
the coagulant and makes the coagulant more compact.

3.3 Application of PZFSiS in the treatment of humic acid/
algae-polluted water

3.3.1 Influence of PZFSiS dosage. In the treatment of HA/
algae-polluted water, PZFSiS possesses better performance for
the removal of algae and turbidity compared to for organic
matter (including AOM and HA) in water (Fig. 7). Although the
removal rates of pollutants all first increase and then decrease
with increasing PZFSiS dosage, the removal rates of algae and
turbidity are higher than 80% at the dosage of 5 mg L', while
the values are only about 55% for the removal of organic matter.
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Fig. 4 FT-IR spectra of PZFSiS and PFS.
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Fig. 6 SEM images of PZFSiS.
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Fig. 7 Effects of PZFSiS dosage on the removal rates of pollutants
from HA/algae-polluted water and the residual iron concentrations in
the treated water.

These results indicate that it is easier to remove colloidal
particles and algae than organic matter. In addition, adding
excessive PZFSiS will reverse the surface charges of pollutants
and reduce the removal efficiency. A similar conclusion has
been reached in other studies."*** The residual iron concen-
trations are always below 0.3 mg L' in the optimal dosage
range of 20 to 25 mg L™ ". The taste and appearance of drinking
water will usually be affected by high iron concentrations.>”

For comparison, PFS and polyacrylamide (PAM) were applied
in the treatment of HA/algae-polluted water under the same
coagulation conditions. Their removal efficiencies of pollutants
were obviously lower than those of PZFSiS, especially for PAM,
which had a removal rate of organic matter below 60%
(Fig. S5). It is speculated that charge neutralization and
entrapment might play important roles in the treatment of HA/
algae-polluted water. PAM might interact with some AOMs,
impeding flocculation.

3.3.2 Influence of water pH. The pH of water always influ-
ences the coagulation performance significantly.'® It has been
reported that organic matter can be better treated under acidic
condition than under neutral and alkaline conditions.”®
However, in this study, the optimal pH for the treatment of HA/

19860 | RSC Adv., 2017, 7, 19856-19862

algae-polluted water was between 6 and 9. In this pH range,
charge neutralization and entrapment of PZFSiS were enhanced
(Fig. 8). It was also speculated that organic matter was removed
with algae and colloidal particles via coprecipitation since the
best removal rates of turbidity and organic matter were reached
simultaneously. It has been confirmed that the highest removal
rate of organic matter by Zn-Fe composite coagulant was ob-
tained under alkaline conditions.?**® Under acidic condition,
the removal rates of algae and organic matter were often low.
But algae treatment was almost the same in all pH range for
extracellular polymeric substance of algae weakened the effect
of pH.*" Iron precipitation would form at neutral and slightly
alkaline pH in the treated water. It results that the residual iron
concentrations are always below 0.3 mg L™"

3.3.3 Influence of water temperature. During coagulation,
the temperature will affect the removal efficiency of pollutant.
In most cases, the hydrolysis of the coagulant is impeded, and
molecular movement is slowed at low temperature, leading to
a decrease in coagulation efficiency.**** In this study, temper-
ature had little effect on the treatment of HA/algae-polluted
water by PZFSiS (Fig. 9). The removal rates of turbidity and

100 T T 2.0
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i——é 2
)
80 - T 1.6 5
9 1 3
=~ 60- 1.2 S
| 8
s 3
> 404 0.8 o
g —A— Removal rate of turbidity 3
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14 —— Removal rate of organic matter g
20 A —J— Residual iron concentration 0.4 5
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Fig. 8 Effect of water pH on the removal rates of pollutants from HA/
algae-polluted water and the residual iron concentration in the treated
water.
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Fig. 9 Effect of water temperature on the removal rates of pollutants
from HA/algae-polluted water and the residual iron concentrations in
the treated water.

algae reached about 90% in the temperature range of 5-30 °C.
The removal rate of organic matter exhibited a small increase at
the temperature of 20 °C. Thus, PZFSiS shows potential for
water treatment at low temperatures.

3.3.4 Influence of water turbidity. The turbidity increased
from 15 to 45 NTU by increasing the kaolin concentration in the
HA/algae-polluted water. It has been reported that pollutants
are hardly removed by coagulation at low turbidity due to the
poor flocculation characteristics.®® Moderate turbidity will
benefit the removal of colloidal particles and organic matter
removal from water via coagulation as colloidal particles easily
aggregate to form large and dense flocs.'*'® It was found that the
increase in colloidal particles did not markedly influence their
removal and algae removal at different turbidities (Fig. S67).
This implies favorable charge neutralization and the bridging of
PZFSiS during water treatment. However, increasing water
turbidity significantly reduced the removal efficiency of organic
matter (Fig. 10). The increased amount of colloidal particles will
compete with organic matter in coagulation, although some
organic matter would be removed with the colloidal particles via
coprecipitation. In addition, it might suggest that the colloidal
particles are “easily treated pollutants” that preferentially react
with the coagulant, further reducing the reaction probability
between organic matter and PZFSiS.

3.4 Coagulation mechanisms in the treatment of humic-
acid/algae-polluted water by coagulation

Zeta potential is an important indicator of the stability of
colloidal dispersions. Colloids with high zeta potentials are
electrically stabilized, while colloids with low zeta potentials
tend to coagulate in water due to Brownian motion. Zeta
potential slowly increased with increasing dosage of PZFSiS
(Fig. 11). More PZFSiS is required to make the zeta potential of
the solution approach zero. It has been argued that the best
coagulation performance is achieved near at a zeta potential
near zero, when charge neutralization is the main coagulation
mechanism.”® However, in this study, the highest removal effi-
ciencies were obtained at potentials below zero, indicating that

This journal is © The Royal Society of Chemistry 2017
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Fig. 10 Effect of water turbidity on the removal rate of organic matter
in HA/algae-polluted water.
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Fig. 11 Zeta potential of HA/algae-polluted water after treatment with
PZFSiS.

charge neutralization was not the only coagulation mechanism.
The bridging of polymeric iron/zinc, the adsorption of hydroxyl
polymer/metal precipitation and the entrapment of flocs also
contributed to pollutant removal.

4 Conclusions

In this study, a novel composite coagulant, PZFSiS, was
prepared. Different distributions of Fe(u) species in PZFSiS
were found at different OH/Fe and Si/Fe molar ratios. The
highest Fe,, content obtained at » = 0.3 and Si/Fe = 1/6 resulted
in the best performance for the removal of turbidity and HA.
The XRD, FT-IR and UV results confirmed that PZFSiS was
prepared via the copolymerization of Fe(m), Zn(u) and Si(wv). The
composite coagulant possessed the structure of Fe-O-Fe, Zn-O-
Zn, Si-O-Si, Si-O-Fe, Si-O-Zn, Si-OH-Fe and Si-OH-Zn. The
structures of PZFSiS contributed to its acceptable performance
in the treatment of HA/algae-polluted water. The type and
dosage of coagulant obviously influenced pollutant removal,
especially organic matter removal. In water treatment, the
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coagulation efficiency of PZFSiS was higher than those of PFS
and PAM. Moderate PZFSiS dosage increased the coagulation
efficiency. Neutral or slightly alkaline pH was benefit for
pollutant removal. PZFSiS was able to be potentially applied in
water treatment at low temperature. The colloidal particles in
the water competed with organic matter for coagulation, and
increasing the amount of colloidal particles significantly
reduced the removal efficiency of organic matter. Charge
neutralization was not the only coagulation mechanism in the
water treatment. The bridging of polymeric iron/zinc, the
adsorption of hydroxyl polymer/metal precipitation and the
entrapment of flocs played important roles in pollutant
removal.

Abbreviations

PZFSiS Polymeric zinc-ferric-silicate-sulfate
AOM Algae organic matter

NOM Natural organic matter

HA Humic acid

XRD X-ray diffraction

FT-IR Fourier transform-infrared spectroscopy
uv Ultraviolet

SEM Scanning electron microscopy
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