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Abstract−The process of coagulation-flocculation is increasingly applied in wastewater treatment. And the polymer-
ized inorganic coagulants are widely used among these coagulation-flocculation processes. However, conventional
coagulants using sulfates or chlorides as counter anion may give rise to corrosion. The purpose of this study was to
synthesize PFC coagulants in which acetate is used as counter anion. The influences on the preparation of PFC were
optimized. The synthesis was done at the optimum conditions, such as temperature of 60 oC, the Fe/CH3COOH molar
ratio of 1 : 4.0 and reaction time of 6 h, respectively. The prepared PFC coagulants were characterized by Fourier trans-
form infrared (FTIR) spectrophotometry and scanning electron microscopy (SEM). PFC was found to mainly form
complexation polymeric species and present more cluster and lamellar structure. A series of jar tests were carried out to
study the coagulation performance of PFC and PFS in phosphate-kaolin synthetic water treatment. Results showed that
the coagulation performance of PFC was more efficient than PFS’s in terms of the phosphorus removal efficiency and
the residual turbidity. Due to using acetate as counter anion to iron, PFC is less harmful to the processes of water treat-
ment and equipment than that of the conventional coagulants applied chlorides or sulfates. Therefore, PFC is a promis-
ing coagulant in the process of corrosion sensitive applications and the process of wastewater containing phosphorus
treatment.
Keywords: Poly-ferric-acetate, Coagulation Performance, Phosphorus, Wastewater Treatment

INTRODUCTION

With the development of urbanization, industrialization and agri-
culture, many nutrients of phosphorus are discharged into water,
posing a serious threat to the aquatic ecosystem. Even though phos-
phorus is a beneficial element in the ecosystem, the excess phos-
phorus in fresh water body will cause eutrophication [1]. Especially,
compounds of phosphorus can be assimilated by algae and plants
and then lead to blooms of algae and plants. Consequently, the
balance of organisms and quality of the water are damaged. Owing
to the environmental problem of eutrophication, many countries
have developed more stringent regulations on the phosphorus dis-
charge limits in effluents [2,3]. Therefore, the removal of phospho-
rus has been studied for decades [4-7]. To reduce the concentration
of phosphorus in wastewater, physical, chemical and biological
processes have been developed [5,7-9]. Among these, coagulation-
flocculation (CF) is one of the most vital and common chemical
treatment processes used in wastewater treatment plant due to its
simple operation, low capital cost and environmental impact [10,11].

Many studies have been developed to improve the performance
of the coagulation-flocculation process [12-16]. One of the general
coagulants used in the coagulation/flocculation process is the Al
and Fe-based coagulants. Although aluminum-based coagulants
are widely used, iron-based coagulants are favorable options in

many applications. A major drawback of aluminum applications is
their potential contribution to Alzheimer’s disease [17]. Thus the
processes of water treatment using iron based coagulants have been
extensively studied lately [11,18-23]. The coagulation performance
of the most common iron salts, namely prehydrolyzed polyferric
sulphates and polyferric chlorides have been widely studied in var-
ious wastewater treatment. Except for the most common coagu-
lants, some new iron-based coagulants are synthesized, for example,
polyferric silicate sulfate (PFSiS) [24].

The iron-based coagulants used in the process of water treat-
ment are mostly sulfates and chlorides. These counter anions may
produce different problems in different applications. For example,
chloride may give rise to corrosion. Not only steel constructions
but also concrete and aluminum are corroded. Except for chloride,
sulfate may also cause corrosion on various materials [25]. Acetate
may be an alternative to these counter anions because it is less cor-
rosive than chloride or sulfate.

We used the anion of acetic acid, acetate [CH3COO−] to replace
the harmful counter SO4

2− and Cl− that are commonly used in iron-
based coagulants. A novel composite coagulant polyferric-acetate
was prepared by using FeSO4·7H2O and acetic acid. First, the Fe/
CH3COOH molar ratio (n), preparation temperature and reac-
tion time on coagulation performance were studied systematically.
Second, its structure was analyzed with Fourier transform infrared
(FTIR) spectrophotometer, and its surface morphology was inves-
tigated with scanning electron microscopy (SEM). Finally, the influ-
ences such as the coagulant dosage, the initial wastewater pH and
the settling time on the coagulation performance of PFC were also
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studied in terms of the residual turbidity and the phosphorus re-
moval efficiency. And then the coagulation performance of PFC
was compared with common coagulant, namely PFS.

MATERIALS AND METHODS

1. Preparation of Coagulant
All reagents used for the preparation of PFC were analytical

reagent. Deionized water was used to prepare all working solutions.
The coagulant samples of PFC were synthesized at suitable tem-
perature. First, the pre-determined amount of acetic acid solution,
varying with the Fe/CH3COOH molar ratio (n), was slowly added
to FeSO4 solution under agitation. The n values in this study were
selected in the range of 1 : 4.5-1 : 2.5. Then, the liquid mixture was
placed in an electro thermostatic water bath (Jintan Langbo Instru-
ment manufacturing Co. Ltd., China). According to the amount of
Fe2+, the calculated potassium chlorate was gradually added into
the reaction vessel and oxidate the Fe(II) to Fe(III). Temperature
was varied in the range of 40 oC-70 oC for optimization purpose. A
new liquid mixture was formed and kept in electro thermostatic
water bath at a pre-determined temperature for reaction time. Finally,
PFC was obtained.
2. Structure and Morphology

The liquid samples of PFC and PFS were dried in an oven at
50 oC for several days and then ground into powder. The powders
of PFC and PFS were analyzed by using potassium bromide (KBr)
pellet with the Nicolet-380 FTIR Spectrophotometer. The spectra
varied in the range of 4,000-400 cm−1. Then the surface morphol-
ogy of the coagulants was observed using a scanning electron micro-
scope (SEM). The SEM and EDX analysis was performed using
model SU1510, with an X-ray detector of energy dispersion.
3. Wastewater Preparation and Chemical Analysis

The predetermined amount of kaolin (chemically pure) was dis-
solved in deionized water to obtain 0.2 g/L kaolin solution, and
then the proper amount of potassium dihydrogen phosphate was
added to this suspension. The main characteristics of the synthetic
wastewater are shown in Table 1. According to [26,27], the total

phosphorus (TP) concentration was determined by using ammo-
nium molybdate spectrophotometric method. The turbidity was
determined by spectrophotometric method. The concentration of
TP and the turbidity in the water sample were measured by using
a model 722E spectrophotometer (Shanghai Yuanxi Instrument
Ltd., China). As shown in Fig. 1, the absorbance in the water sam-
ple varied linearly with the TP concentration and turbidity. The
coefficients of determination (R2) values were 0.9999. The linear-
ity in both cases confirms the validity of the methods. In the case
of higher TP concentrations and turbidity, the samples were first
diluted before the determination of concentration and turbidity in
a similar manner.
4. Jar Test Procedure

Coagulation-flocculation experiments were carried out using
synthetic wastewater containing phosphorus in 500 mL beakers.
The jar tests were conducted using stirring apparatus (Model RH-
6, Changzhou Renhe Instrument factory, China). After adding the
coagulant into the water samples, rapid mixing at 250 rpm was
applied for 2 min; the mixing speed was lowered to 60 rpm for a
duration of 15 min. Then after 20 min of quiescent settling, water
samples were collected from 2 cm under the water surface for TP
concentration and turbidity measurement. Note that the coagu-
lant dosage was calculated as mg Fe/L.
5. Calculation of the Phosphorus Removal Efficiency

The phosphorus removal efficiency (RP%) was calculated in
Eq. (1)

(1)

where C0 is the initial TP concentration of the synthetic wastewa-

RP %( )  = 
C0 − Ct

C0
---------------- 100×

Fig. 1. Plot of TP concentration and turbidity versus absorbance.

Table 1. Characteristics of the synthetic wastewater
Parameter Unit Value
pH - 7.76
Turbidity NTU 291.70
Total phosphorus concentration mg/L 5.06
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ter; Ct is the TP concentration of the water sample collected at the
end of a predetermined settling time (t) after the coagulation run.

RESULTS AND DISCUSSION

1. Preparation of PFC
In the preparation of PFC, there are many experimental param-

eters affecting the coagulant-flocculation performance of PFC. To
obtain the optimum experimental parameters, the different exper-
iment parameters, such as Fe/CH3COOH molar ratios (n), tem-
perature, and reaction time, were varied.
1-1. Effect of the Temperature

To investigate the effect of temperature, the reaction time and
Fe/CH3COOH molar ratio were kept constant at 5.0 h and 1 : 4.5,
respectively, while the temperature was varied between 40 oC-70 oC.
Fig. 2 shows the effect of the temperature on the coagulation per-
formance of PFC. The residual turbidity was observed to decrease
with an increase in the temperature in the range of 40 oC-60 oC.
Subsequently, the residual turbidity increased slightly while increas-
ing the temperature from 60 oC to 70 oC. The efficiencies of phos-
phorus removal increased as the temperature increased at the
beginning, but showed a decreasing trend afterwards. Generally, at
higher temperature, the extent of the polymerization formed by the
hydrolyzing Fe(III) was greater, leading to stronger charge neutral-
ization and adsorption-bridging capacity of PFC, thus improving
coagulation-flocculation performance. However, the hydrolyzation
and sedimentation of Fe3+ will become strong if the temperature is
too high, which causes the coagulation performance of PFC to be-
come bad. This explains the fact that the trend of the phosphorus
removal efficiency curve increases at the beginning and decreases
afterwards; the trend of residual turbidity curve decreases at the
beginning and increases afterwards. Furthermore, much energy is
needed for preparing PFC with the increase of temperature, which
will prevent the industrial preparation of PFC. Consequently, 60 oC
was chosen as the optimum temperature of PFC preparation.
1-2. Effect of the Reaction Time

To determine the effect of reaction time, the temperature and
Fe/CH3COOH molar ratio were kept constant at 60 oC and 1 : 4.5,

respectively, while the reaction time was varied. Fig. 3 shows the
effect of the reaction time on the coagulation performance of PFC.
The residual turbidity decreased with increase of reaction time, fol-
lowed by a slight increase. When it comes to the phosphorus re-
moval efficiency curve, there is increase in the phosphorus removal
efficiency at the beginning but an unobvious trend of increase
afterwards. The residual turbidity decreases and the phosphorus
removal efficiency increases at the beginning, indicating that the
basicity (B) of PFC increases as the reaction time increases. Gener-
ally, the higher B is, the more polymerization extent formed by the
hydrolyzing Fe(III) is, which will lead to a increase in charge neu-
tralizing and adsorption-bridging capacity of PFC, thus improv-
ing the coagulation performance. As time elapses, the B of PFC
increases above the B limits, which causes the hydrolyzation and
sedimentation of Fe3+ in the coagulant of PFC to increase. This
explains the fact that the residual turbidity increases slightly and
the phosphorus removal efficiency has no obvious increase after-
wards. Therefore, 6.0 h was chosen as the optimum reaction time.
1-3. Effect of the Fe/CH3COOH Molar Ratio (n)

To discover the effect of Fe/CH3COOH molar ratio, the tem-

Fig. 3. Effect of reaction time on the coagulation performance of
PFC.

Fig. 4. Effect of the Fe/CH3COOH molar ratio on the coagulation
performance of PFC.

Fig. 2. Effect of temperature on the coagulation performance of
PFC.
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perature and reaction time were kept constant at 60 oC and 6 h,
respectively, while the Fe/CH3COOH molar ratio was varied. Fig.
4 shows effect of the Fe/CH3COOH molar ratio on the coagula-
tion performance of PFC. The results show that the residual tur-
bidity decreases with the decrease of the Fe/CH3COOH molar ratio
(from 1 :2.5 to 1 :4.0) and increases subsequently. As far as the phos-
phorus removal efficiency is concerned, the phosphorus removal
efficiency increases with the decrease of the Fe/CH3COOH molar
ratio (from from 1 :2.5 to 1 :4.0) and slightly decreases subsequently.
The main reasons are as follows: the low value of the Fe/CH3COOH
molar ratio leads to a high concentration of CH3COOH, which
increases the H+ in the solution and thus limits the basicity (B) at a
suitable range of B. However, the concentration of CH3COOH is
too low; B is too high and even extends beyond the B limit, result-
ing in an increase in hydrolyzation and sedimentation of Fe3+,
which worsens the coagulation performance of PFC. On the con-
trary, the concentration of CH3COOH is too high, and B may
become low, which causes the hydrolyzation of Fe(III) to become
more difficult and less polymerization extent of PFC to form, thus
worsening the coagulation performance. Therefore, 1 : 4.0 was con-
sidered as the optimum Fe/CH3COOH molar ratio.
2. Structure and Morphology
2-1. FT-IR Spectroscopy

Fig. 5 shows the FT-IR spectra of the PFC and PFS. The peaks
at the range of 3,500-3,200 cm−1 for both PFC and PFS (3,429 cm−1

for PFC and 3,381 cm−1 for PFS) are assigned to the intermolecu-
lar association stretching vibration of -OH [28]. The medium peaks
at range of 1,640-1,632 cm−1 (1,636 cm−1 for PFC and 1,634 cm−1

for PFS) can be attributed to the bending vibration of water [29].
And this indicates that PFC and PFS may contain structural and
adsorbed water. In addition, the peaks at 535, 472 cm−1 for PFC
and 466, 598 cm−1 for PFS are related to the stretching vibration of
Fe-O, respectively [30]. There is a significant difference in the spec-
tra of PFC and PFS. The peak at 1,130 cm−1 is assigned to the SO4

2−

stretching vibration [12], which is only presented in PFS. The peaks
at 2,922, 2,855 cm−1 for PFC are assigned to the C-H stretching
vibration in the methyl. The peak at 1,423 cm−1 can be attributed
to the bending vibration of C-H in the methyl. And this indicates

that PFC contains structural methyl. The PFC curve shows the
presence of absorption at peaks of 1,018 and 874 cm−1, indicating
the presence of C-C stretching vibration. The peak at 665 cm−1 for
PFC is related to the structure of -COO.

Fig. 5. Infrared spectrum: (a) PFC and (b) PFS.
Fig. 6. SEM images and EDX analysis: (a) SEM images and (b) EDX

analysis.
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2-2. SEM and EDX Results
The surface morphology of PFC and PFS was investigated by

applying scanning electron microscopy (SEM). Fig. 6(a) shows the
SEM photographs of PFC and PFS. It can be seen that the surface
of PFC is formed more cluster and lamellar than PFS’s surface
which is smooth. The molecular cluster and lamellar structure of
PFC are connected to promotion of the adsorption and bridging
ability of PFC. Fig. 6(b) shows the EDX spectrum of PFC and PFS,
respectively. As determined by EDX, the element of C is presented
in PFC. It shows that major elements of PFC are C, Fe, O, S, and
of PFS are Fe, O, S.
3. Evaluation of PFC

To evaluate the coagulation performance of PFC which was pre-
pared at optimum conditions, it was applied in the treatment of
synthetic wastewater and compared with conventional coagulant
of PFS.
3-1. Effect of Coagulant Dosage on the Phosphorus Removal Effi-
ciency and the Residual Turbidity

Fig. 7 shows the effect of coagulant dosage on the phosphorus
removal efficiency and the residual turbidity in the treatment of syn-
thetic wastewater. As shown in Fig. 7(a), PFC and PFS achieve the

lowest residual turbidity 5.3 and 15.2 NTU at the coagulant dos-
age of 24 and 20 mg/L, respectively, while the residual turbidity de-
creases with increase of the coagulant dosage at the beginning and
increases afterwards. Fig. 7(b) indicates that both the phosphorus
removal efficiency curves reveal an increasing trend with increase
of coagulant dosage. Subsequently, as the coagulant increases, the
phosphorus removal efficiency decreases in both curves. Logically,
it is true, the higher coagulant dosage, the stronger charge neutral-
ization and adsorption-bridging ability of PFC and PFS. However,
with the dosages further increased, PFC and PFS coagulants will
produce more flocs with positive charges. It leads to the result that
the redundant flocs with positive charges can be adhered to the
surface of aggregates. This may be the reason for the high residual
turbidity and low phosphorus removal efficiency in the latter part
of coagulant dosage range due to charge repulsion among the par-
ticles with similar charges. There is an apparent lower residual tur-
bidity and higher phosphorus removal efficiency of PFC than that
of PFS within the coagulant dosage range. SEM images show that
PFC’s structure is more cluster and lamellar than PFS’s, which is
more helpful in neutralizing charge and forming bridge-aggrega-
tion among the colloidal particles in synthetic wastewater.

Fig. 7. Effect of coagulant dosage. (a) the residual turbidity of water
samples and (b) the phosphorus removal efficiency of water
samples. The other operation conditions were initial synthetic
wastewater pH=7.76, the settling time=20 min.

Fig. 8. Effect of initial synthetic wastewater pH. (a) the residual tur-
bidity of water samples and (b) the phosphorus removal effi-
ciency of water samples. The other operation conditions were
the PFC dosage=24 mg/L, the PFS dosage=20 mg/L, the set-
tling time=20 min.
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3-2. Effect of Initial Synthetic Wastewater pH on the Phosphorus
Removal Efficiency and the Residual Turbidity

Fig. 8 shows the effects of initial synthetic wastewater pH on the
phosphorus removal efficiency and the residual turbidity in the
treatment of synthetic wastewater. The value of pH is adjusted by
applying 0.1 mol/L NaOH and 0.1 mol/L HCl. In both cases, the
residual turbidity decreases and the phosphorus removal efficiency
increases as the pH increases from 6 to 8. However, the residual
turbidity increases slightly and the phosphorus removal efficiency
decreases with increase of the pH from 8 to 11. The main reasons
are as follows: OH− increases with pH increasing, more ferrite poly-
mers are produced due to OH− reacts with the Fe species, and the
higher ability of the bridging flocculation is enhanced. At the same
time, the colloids particle charges are reduced because of the charge
neutralization increasing, which may enhance the destabilization
of the colloidal particles in wastewater. However, at higher pH, the
coagulant will be susceptible to hydrolysis, which can inhibit the
bridging flocculation. Therefore, the coagulation performance can
reach maximum at an optimum pH value. At optimal pH value in
the range of 7-9, PFC can reach the minimum residual turbidity

of 5.3 NTU, and the maximum phosphorus removal efficiency is
96.1%; whereas PFS can only reach the residual turbidity of 11.7
NTU, and the highest phosphorus removal efficiency was 92.2%.
3-3. Effect of Settling Time on the Phosphorus Removal Efficiency
and the Residual Turbidity

Fig. 9 shows the effect of settling time on the phosphorus re-
moval efficiency and the residual turbidity in the treatment of syn-
thetic wastewater. The flocs hydrolyzed by PFC settle quickly, the
phosphorus removal efficiency achieves over 94%, and the resid-
ual turbidity can reach 12.0 NTU at settling time of 5 min, in com-
parison with 35 min for PFS. The main reason is that PFC samples
have more strongly and tightly the charge neutralization and bridge-
flocculation of amongst flocs than PFS. Additionally, the structure
and the surface morphology of PFC coagulant have been influ-
enced by the CH3COO−, which is more advantageous to coagu-
late colloidal particles and form bridging-aggregation among flocs
in synthetic wastewater. Thus, the coagulation performance of
PFC has better efficiency than that of PFS. It is also clearly noticed
that the residual turbidity and the phosphorus removal efficiency
for PFC and PFS has slightly decreasing and increasing tendency
after settling 20 min.

CONCLUSIONS

A novel poly-ferric-acetate coagulant was prepared using
CH3COOH as acidification reagent. The various factors which
influence the preparation of PFC were optimized. Optimum con-
ditions for the synthesis were established as follows: temperature of
60 oC, the Fe/CH3COOH molar ratio of 1 : 4.0 and a reaction time
of 6 h. The structure and coagulation performance of the PFC
coagulant were investigated and compared with the conventional
coagulant PFS. According to the FTIR results, polymeric complexes
were formed. SEM images show that the structure of PFC had more
clusters and was more lamellar than the structure of PFS. And
then the PFC abilities of coagulating colloidal particles and form-
ing bridge-aggregation among flocs were greatly improved, which
led to the better coagulation performance compared with PFS. At
optimal pH value in the range of 7-9, PFC can reach the highest
phosphorus removal efficiency 96.1% and the lowest residual tur-
bidity 5.3 NTU at the best dosage of 24 mg/L, whereas PFS can
only reach the highest phosphorus removal efficiency 92.2% and
the lowest residual turbidity 11.7 NTU at the best coagulant dos-
age of 20 mg/L. Moreover, the acetate as a counter anion to iron is
less harmful to the processes of water treatment and equipment
than that of the conventional coagulants applied chlorides or sul-
fates. Therefore, PFC is a promising coagulant in the process of
corrosion sensitive applications and the process of wastewater con-
taining phosphorus treatment. Another potential application is
that PFC is also used in process of wastewater treatment before
biological treatment because the carbon from PFC can be used by
denitrification bacteria for its nutrition.
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