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ABSTRACT

Fly ash-silicon-ferric coagulant prepared with fly ash extract and K2FeO4 by co-polymerization
is a new kind of inorganic polymer coagulant for lead wastewater treatment. Basicity and pH
value, as important parameters, played a vital role in the preparation and polymerization of
fly ash-silicon-ferric coagulant. In this experiment, fly ash-silicon-ferric coagulants were
prepared with different basicities, pH values and molar ratios of Si/FeO2�

4 . The objective of
this work is to study the influence of basicity, pH and molar ratio of Si/FeO2�

4 on physico-
chemical properties and surface morphology of fly ash-silicon-ferric coagulant, and to research
the influence of dosage and pH in raw water on the coagulation performance as well. To do
so, scanning electron microscope and X-ray diffraction analyses were used to investigate the
surface properties and morphology of flocs in coagulation based on the fractal dimension.
Transmission electron microscope and infra-red spectroscopy were used to characterize the
structure of fly ash-silicon-ferric coagulants. Results showed that the coagulant possessed
branches shape structure. The comparison of coagulation efficiencies for turbidity, color, and
Pb2+ was investigated by batch experiments. The results showed that the removal efficiencies
of turbidity, color, and Pb2+ by fly ash-silicon-ferric coagulant were excellent in a lower
dosage. The good coagulation efficiencies were 96% for Pb2+ removal, 98% for turbidity
removal, and 90.5% for color removal.
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1. Introduction

Many types of complex coagulants are used in the
wastewater treatment, such as poly aluminum chlo-
ride, polymeric phosphorus aluminum chloride, and
so on. Their flocculation is better than that of a single
aluminum salt coagulant [1–5]. But long-term experi-
ments have proved that rudimental aluminum had
latent toxicity which limited the development of

aluminum-based coagulants [6], so more researchers
paid their attention to the iron-based coagulants [7–9].
Adding the iron salt, as the coupling of metal ions, to
the poly-silicate, researchers obtain ploy-ferric-silicic
coagulants, such as the PFSC and PFSS [10,11]. This
kind of coagulant possess the function of electricity of
ion salt and bridge network capture of activated silicic
acid, at the same time it has well performance in
removing turbidity and organics [12,13]. The PFSC is a
kind of ferrosilicon coagulant developed in early 90s
of the last century.
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This study aims to investigate the use of fly ash
extract for preparation of fly ash-silicon-ferric coagu-
lant and treatment performance of lead wastewater.
Using the transmission electron microscope (TEM)
and infra-red (IR) analysis, the structure and spectra
of coagulants prepared with different basicities and
pH are analyzed to investigate the coagulation mecha-
nism. After characterization of fly ash-silicon-ferric
coagulants, the effects of dosage and pH on coagula-
tion behavior are also studied by jar tests. Surface
morphology and mineral identification of flocs in
coagulation are characterized based on the fractal
dimension. The results from the jar tests are compared
to determine the best parameters.

2. Materials and methods

In this work, the reaction mode between Si and Fe
qualitatively was studied using X-ray diffraction,
ultra-violet/visible absorption (UVA) scanning, TEM,
and IR, in which molar ration of Si/FeO2�

4 and the
reaction time was focused on. pH values were
measured during the preparation of fly ash-silicon-
ferric coagulant to reveal the relationship between
characteristics and coagulation performance of the
coagulant.

2.1. Preparation of fly ash-silicon-ferric coagulant

In this work, NaOH is analytical reagent diluted to
1.8 mol/L with deionized water before use. Then, it
was introduced into fly ashes while stirring with
magnetic stirring apparatus at 60˚C. The fly ash
extract was prepared after 10 h. H2SO4 used for the
preparation of fly ash-silicon-ferric coagulant was also
analytical reagent and was diluted to 20% with
deionized water. The silicic acid was prepared with
20% H2SO4 and fly ash extract at room temperature
(25˚C).

In this respect, two approaches, copolymerization
and composite algorithm, to the preparation of fly
ash-silicon-ferric coagulant have been developed. The
final pH value of the silicic acid prepared with 20%
H2SO4 and fly ash extract was adjusted about 1.4 to
get good polymerization. PS solution was obtained
after 1.5 h of polymerization. K2FeO4 was dissolved in
PS solution at Si/FeO2�

4 molar ratio of 3.5 at 45˚C
stirring with magnetic stirrer to obtain fly ash-silicon-
ferric coagulant. Fly ash-silicon-ferric coagulant
samples were taken out at different aging times, the
coagulant samples dilution with different molar ratios
of Si/FeO2�

4 (FASF2.0, FASF3.5, and FASF5.0 repre-
senting Si/FeO2�

4 2.0, 3.5, and 5.0, respectively) at

different reaction times were produced. The properties
of coagulant were: density 1.50–1.56 g/cm3, pH
2.0–2.5, and turbidity 11.5–13.6 NTU.

2.2. Coagulation procedures

The raw water used in this study was made by
lead nitrate (chemical grade) and surface water. The
physico-chemical parameters of the raw water are
summarized in Table 1.

To determine the influence of coagulation effi-
ciency, experiments were carried out in 1.0 L Plexiglas
beakers using a six paddle stirrer (JJ-4A agitator)
according to the standard jar test. The coagulation
procedure consisted of a rapid mix at 240 rpm for 1
min during coagulant addition, and 70 rpm for 8min.
Then, the flocs were allowed to settle for 15min prior
to water quality analysis.

2.3. Analytical methods

Turbidity were measured with a turbidimeter
(HACH 2100Q, USA), pH was adjusted using an ORP
instrument (HANNA, Italy). Color concentration was
determined by a color analyzer (HI93727, HANNA,
Italy). At the same time, Pb2+ measurements were per-
formed by an atomic absorption (TAS-990AFG,
China).

Liquid fly ash-silicon-ferric coagulant at the final
reaction stage (as defined in the Results) was dried in
an oven at 45˚C (controlled exactly) for more than
12 h, then the powder samples were analyzed with
D/max-rB X-ray diffractionmeter (Rigaku Corporation,
Japan).

The solution of fly ash-silicon-ferric coagulant at
different reaction times diluted by 400 times was
scanned from 190 to 700 nm with UV-2552 spectropho-
tometer (Shimadzu, Japan).

The conductivity of fly ash-silicon-ferric coagulant
was measured using DDS-11A digital conductivity
with platinum black electrodes (Shanghai, China).

The species distribution and transformation of iron in
fly ash-silicon-ferric coagulant was studied by means of
Fe-Ferron complexation timed spectrophotometry.

TEM was carried out to identify the structure of the
fly ash-silicon-ferric coagulant and to elucidate

Table 1
Characteristics of raw water

Temperature (˚C) 25
Turbidity (NTU) 260
Color 800
Pb2+/(mg/L) 20
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whether basicity and pH had an effect on the structure
and morphology of coagulants, using a transmission
electron microscope (JEM-2010, Japan). Fly ash-silicon-
ferric coagulants were also characterized by IR spectral
analysis using an IR spectrometer (Nicolet 380, Ameri-
can). The spectra were taken from thin KBr pellets. The
results of infra-red spectrometry of the physical struc-
ture and coagulation mechanics analysis are favorable.
Prior to scanning electron microscope (SEM) analysis,
flocs of coagulation were dried for further identifica-
tion. The morphologies of flocs were obtained using a
scanning electron microscope (S-2500, Hitachi, Japan).
To obtain the relation between the fractal dimension
and floc properties, flocs of coagulation were character-
ized using an X-ray diffractometer (D8 Advance, Bru-
ker-AXS Company, Germany).

3. Results and discussion

3.1. X-ray diffraction

Fig. 1 shows that the diffractive crystals spectra
such as Fe2O3, Fe(OH)3, Fe3O4, and SiO2 could not be
observed in FASF2.0 and FASF3.5, which indicated

that such materials as Fe3+ and PS were combined
with the polymerization to form a new compound
which was not included in the gallery. As can be seen
from Fig. 1(c), more crystalline substances coexisted in
FASF5.0 than in FASF2.0 and FASF3.5 suggesting that
much more co-polymerized crystal-line of Al and Fe
and many other ions were formed. Therefore, it could
be suggested that some new kind of crystal com-
pounds or some new crystal matters which do not
give a standard formula maybe have been formed in
fly ash-silicon-ferric coagulant. A possible reason for
this was considered the higher molecular weight of fly
ash-silicon-ferric coagulant molecules including three
metals of Al, Fe, and the different characteristic
groups, which induce hydrogen bonding, resulting in
the formation of larger and amorphous chemical spe-
cies during polymerization.

3.2. UVA scanning spectra

Influence of reaction time and Si/FeO2�
4 ratios was

studied. The UVA spectra of fly ash-silicon-ferric coag-
ulant samples taken from different reaction time and
Si/FeO2�

4 ratios are shown in Fig. 2.

Fig. 1. X-ray diffractive analysis of crystal structure for fly ash-silicon-ferric coagulant with various Si/FeO2�
4 ratios: (a)

FASF2.0; (b) FASF3.5; and (c) FASF5.0.
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As revealed in Fig. 2, the characteristic peak at dif-
ferent reaction stages had an evident different change
trend. At the initial stage, the absorbance decreased
with increasing Si/FeO2�

4 ratio due to easy hydrolysis
of Fe3+ at a higher Si/FeO2�

4 ratio, indicating that the
amount of species which hydrolyzes easily increased
with increasing the Si/FeO2�

4 ratio. At the final stage,
the absorbance increased with increasing the
Si/FeO2�

4 ratio due to the difficult hydrolysis of Fe3+

at a higher Si/FeO2�
4 ratio, which demonstrated that

the amount of species which hydrolyzed easily
decreased with increasing the Si/FeO2�

4 ratio. It was
shown that the gelation rate of fly ash-silicon-ferric
coagulant during the preparation increased with
decreasing the Si/FeO2�

4 ratio in the experimental
phenomena.

3.3. Conductivity of fly ash-silicon-ferric coagulant

Influence of aging time and Si/FeO2�
4 ratios on

conductivity in the preparation process of fly ash-
silicon-ferric coagulant is shown in Fig. 3. The conduc-
tivity was mainly analyzed according to the influence
of Si/FeO2�

4 ratios on the aging time change.

Fig. 3 displays the impact of aging time on
conductivity change at different Si/FeO2�

4 ratios. The
conductivity increased with increasing the Si/FeO2�

4

ratio when aging time was 1 day. It was indicated that
Fe3+ hydrolyzed into high ions except the other react-
ing with PS. Furthermore, the conductivity decreased
with increasing the aging time and rapid decline at
the initial stage. The charge number was reduced in

Fig. 2. Influence of Si/FeO2�
4 ratio on UVA spectra of fly ash-silicon-ferric coagulant at different reaction stages. (a) Initial

reaction stage and (b) final reaction stage.

Fig. 3. Influence of Si/FeO2�
4 ratio on conductivity of fly

ash-silicon-ferric coagulant at different aging times.
Fig. 5. Fe-Ferron timed complexation spectrophotometry
work curve.

Fig. 4. Fe-Ferron timed complexation spectrophotometry
standard curve.
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the solution of fly ash-silicon-ferric coagulant at the
initial stage of the aging time. At the final stage of the
aging time, the conductivity decreased slowly because
the reaction rate slowed down in the polymerization
of Fe3+ and PS.

3.4. Fe-Ferron complexation timed spectrophotometry

Fe-Ferron timed complexation spectrophotometry
standard curve was drawn using the acid standard
solution of iron (Fig. 4). Combined with the standard
curve and the Fe-Ferron timed complexation spectro-
photometry work curve (Fig. 5), can be quantitatively
calculated the mole percents of Fea, Feb, and Fec in the
fly ash-silicon-ferric coagulant samples [14].

Fig. 6. The species distribution of iron in fly ash-silicon-fer-
ric coagulant with different Si/FeO2�

4 ratios.

Fig. 7. Coagulation efficiency of different parameters on turbidity, color, and Pb2+ removal.
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Fig. 8. The fractal SEM structure photos and XRD spectrum at different dosages (a = 2.10mg/L; b = 4.50mg/L; c = 6.00mg/L;
and d = 8.07mg/L).
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Fig. 9. The fractal SEM structure photos and XRD spectrum in different pH values (a) pH 7.5; (b) pH 8.5; (c) pH 9.5; and
(d) pH 10.
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According to the different hydrolysis of iron with
ferron at different rates, the form of iron can be
divided into three parts (Fea, Feb, and Fec, respec-
tively). Fea refers to the iron whose reaction with fer-
ron is instantaneous. Feb refers to the polymer of iron
in low degree of polymerization. Fec refers to the poly-
mer of iron in high degree of polymerization. FeT
refers to the sum total of various forms of iron.

As seen from Fig. 6, mole percent of Fea changed
little with increasing the Si/FeO2�

4 ratio, its value
decreased slowly. While mole percent of Feb decreased
greatly, its range decreased faster with increasing the
Si/FeO2�

4 ratio. Contrary to the change trend of Feb, the
mole percent of Fec showed a rising trend. It suggests
that the species of iron in fly ash-silicon-ferric coagulant
change from Fea and Feb to Fec. The results showed that
the species of iron changed from lower polymer to
higher polymer with increasing the Si/FeO2�

4 ratio.

3.5. Performance of fly ash-silicon-ferric coagulant in lead
water treatment

The influences of basicity, dosage, and pH on the
coagulation procedures were investigated. As impor-
tant parameters, basicity, dosage, and pH had a great
effect on the flocculation efficiency of fly ash-silicon-

ferric coagulant. Fig. 7 illustrates the flocculation effi-
ciency at different parameters.

Fig. 7 shows that color, turbidity, and Pb2+

removal rate tend to increase in varying degrees with
the salt-basicity increase. The salt-basicity is the main
influencing factor resulting in the morphological
changes of iron hydrolysis. Salt-basicity had greater
influence on the color removal rate. The removal rate
of turbidity and Pb2+ was higher than 90% at different
salt-basicities. Thus, salt-basicity of the fly ash-silicon-
ferric coagulant affects mainly the removal of color,
and it has an important influence on the stability of
coagulant.

The removal rate of color had a significant upward
trend with the increase of the coagulant dosage. But
color removal rate was stabilized when the dosage
was about to 4.5 mg/L. When the dosage of coagulant
continued to increase, the color removal rate was on a
downward trend. The removal efficiency of turbidity
and Pb2+ was more than 95%, and removal rates were
very stable under different coagulant dosages. It was
clear that fly ash-silicon-ferric coagulant had a supe-
rior coagulation in lead water treatment under a low
dosage.

Color, turbidity, and Pb2+ removal rates all tended
to increase in varying degrees with the increase of pH
in raw water. The extent of increasing removal of Pb2+

Fig. 10. Impact of basicity on the microstructure of coagulant.
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was the largest. As an important parameter, pH had a
great effect on Pb2+ removal. Therefore, fly ash-silicon-
ferric coagulant could effectively remove Pb2+ from
raw water at suitable pH.

3.6. Relationship between the fractal dimension and flocs
surface microstructure

There was a direct relevancy between flocs of fly
ash-silicon-ferric coagulant and Pb2+ removal. Owing
to the different coagulant dosages with different pHs,
the removal rates of Pb2+ differed greatly. The SEM
(4,000×) and IR analysis of flocs which were obtained
at different coagulant dosages are shown in Fig. 8,
and the SEM (4,000×) and IR analysis of flocs which
were obtained as different pHs in raw water are
shown in Fig. 9.

XRD patterns (Fig. 8) show that there were many
compounds containing Si, Fe, and Pb in the flocs. As
shown in Fig. 8, the first two wave peaks of XRD
pattern were lower when the coagulant dosage was

2.10 mg/L. Numerous small clusters of floc surface
morphology are shown in the SEM photograph. It can
be seen that floc surface structure loosened and the
fractal dimension was smaller when the Pb2+ removal
rate was low. The clusters of floc would reduce and
floc surface structure became dense with the increase
of the dosage. The fractal dimensions reached
maximum when the dosage was 4.5 mg/L. But, there
was a reverse trend for floc surface structure when the
dosage increased continuously, and the Pb2+ removal
rate was lower.

SEM photographs (Fig. 9) show that the floc
surface morphology at different pHs was different
under the same coagulant dosage. The pH value had
an obvious influence on the surface morphology and
the structure of flocs. In terms of fly ash-silicon-ferric
coagulant, higher pH was favorable to the hydrolysis
of poly ferric, and then aggregation clusters were
formed. The floc surface structure became dense and
the fractal dimension increased with the increase of
pH in raw water from 7.5 to 9.5. Compared with

Fig. 11. Impact of Si/FeO2�
4 on the microstructure of coagulant.
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different pH values, better cluster of floc structure was
formed which contributed to good coagulation
performance.

In order to assure the relationship between the
fractal dimension and flocs SEM structure, the test
was conducted with the flocs. SEM photographs, and
XRD measuring after flocs drying revealed that the
flocs structure was most regular and meticulous; the
fractal dimension was the biggest at optimum coagula-
tion conditions. Analyzing the relationship between
the fractal dimension of flocs and the lead removal, a
good correlation between them can be seen. The
degree of coagulation and the treatment effect was
reflected by measuring the fractal dimension and SEM
structure.

3.7. Effect of basicity and Si/FeO2�
4 on microstructure of

fly ash-silicon-ferric coagulant

The basicity and Si/FeO2�
4 of coagulant was

measured by TEM (magnifies 10,000 diameters) to

determine the ability for the microstructure of coagu-
lant as presented in Figs. 10 and 11.

TEM photographs (Fig. 10) show that the sample
did not form an obvious crystal and branching struc-
ture, and the branch chain was short and discontinu-
ous at low salt-basicity. With the salt-basicity increase,
the sample gradually revealed a branched structure.
When the salt-basicity was 11.5%, the coagulant
sample had a continuous branched structure, but the
structure was rare. The figure shows that salt-basicity
relates to the branched structure of the coagulant.

As shown in Fig. 11, the branching shape of the
coagulant structures had a certain disparity at differ-
ent Si/FeO2�

4 ratios. When the Si/FeO2�
4 was 2.0,

there was some branch-shaped structure, but the
branched structure was not obvious. With the
increase of Si/FeO2�

4 , the group of branches became
more clear and the diameter tended to reduce. It
could be seen from Fig. 11 that the morphology and
structure of the coagulants were different at different
Si/FeO2�

4 ratios. Furthermore, with the continuous

Fig. 12. Infrared spectrum of coagulant with different Si/FeO2�
4 .
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increase of the Si/FeO2�
4 ratio, many short and small

branches appeared. The results show that a higher
polymer was formed in the polymerizing process.

3.8. Effect of Si/FeO2�
4 on IR structure of fly ash-silicon-

ferric coagulant

IR spectrometry plays an important role in the
research of polymer for chemical property, stereo
structure, sequential state, and so on. The infra-red
absorption spectra of fly ash-silicon-ferric coagulants
with different Si/FeO2�

4 were recorded (Fig. 12).
As shown in Fig. 12, fly ash-silicon-ferric coagu-

lants with different Si/FeO2�
4 were somewhat similar.

The spectrum showed that the OH− groups stretching
vibration absorption peak was at 3,650–3,200 cm−1, so
it could make sure the presence of the OH− groups.
The peak around 940 cm−1 was attributed to the
Si–O–Al or Si–O–Fe bands [15,16]. 1,650 cm−1

expressed the bending vibration absorption peak of
the absorbed water, coordinated water, and crystal
water. There were absorption peaks at around 1,099
cm−1 wave number attributed to the asymmetric
stretching vibration of Fe–OH–Fe or Al–OH–Al
[15,16]. The peak around 1,162 cm−1 was the Si–O
groups stretching vibration absorption peak. And the
band located at 1,399 cm−1 was attributed to the
goethite FeOOH. The peak around 970 cm−1 denoted
the Si–O–Fe band. It indicated that the coagulant was
complex according on the Si–O–Fe–O–Fe–O–Si band.
Nearby 470–620 cm−1, was the main Fe–O groups
stretching vibration absorption peak. With the
decrease of the Si/FeO2�

4 molar ratio, the order of the
Si–O–Fe absorption peak intensity was 3.5 > 2 > 5.

4. Conclusions

This investigation showed flocs of fly ash-silicon-
ferric coagulants with different dosage and pH,
different characterization on surface structure, micro-
structure, coagulation performance.

It showed that the factors affecting the removal of
color, turbidity, and Pb2+ effects are hydrolysis prod-
ucts of iron in the fly ash-silicon-ferric coagulant. The
removal of color, turbidity, and Pb2+ is influenced
mainly by the hydroxyl complex.

There was an obvious difference in the surface
morphology and the absorption peak of flocs prepared
with different coagulant dosages and pH in raw water
by SEM image and XRD analysis.

Compounding the fly ash extract and potassium
ferrate, the hydrolyzate products were influenced by
the salt-basicity and Si/FeO2�

4 ratio. The coagulant

morphology was observed by using the transmission
electron microscopy; it could get some more intuitive
information. The results showed that different salt-
basicities and Si/FeO2�

4 ratios could have some impact
on the coagulant morphology. The increase of the salt-
basicity helped to improve the degree of polymeriza-
tion and promoted the branch chain structure forma-
tion. The Si/FeO2�

4 ratio was the determining factor
for the density of branch chain structure and the size
of the twig diameter.

Fly ash-silicon-ferric coagulant is found to be
essentially a complex compound of Si, Al, Fe, and
other ions, instead of a simple mixture of raw
materials. The qualitative investigation of the reaction
mode between Si and Fe in fly ash-silicon-ferric
coagulant provides a certain theoretical basis for
developing more effective and stable coagulants. In
addition, much clearer understanding about the effect
of Si/FeO2�

4 ratio on the species transformation has
been obtained.
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