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ABSTRACT

Fly ash-based polymeric aluminum ferric chloride (PAFC) was prepared from fly ash
leached with acid; the PAFC was used as a coagulant to treat coal-washing wastewater. The
effects of pH, reaction temperature, and reaction time on coagulant performance were
investigated, with optimal conditions determined using response surface methodology. The
coagulation mechanism of PAFC was explored by comparing its performance with commer-
cially available polyaluminum chloride (PAC), using scanning electron microscopy and
infrared spectroscopy analyses. Results showed that the optimum PAFC preparation condi-
tions were at a pH of 3.60, a reaction temperature of 92˚C, and a reaction time of 2.30 h.
Under these conditions, the removal of suspended solids and chemical oxygen demand in
treated coal-washing wastewater reached efficiencies of over 81 and 70%, respectively. This
means that the prepared PAFC is an effective coal-washing wastewater treatment technique,
combining the advantages of polyaluminum and polyferric coagulants.

Keywords: PAFC coagulant; Fly ash; Coal-washing wastewater; COD; SS; Response surface
methodology

1. Introduction

Wet coal cleaning requires a lot of water, which
retains high concentrations of fine particles after the
cleaning process, resulting in increased turbidity and
coloring of the wastewater [1,2]. This water is typically
referred to as coal-washing wastewater. The surface
charge and small particle size (<1 mm) of the particles
in the water allow them to avoid significant gravita-
tional sedimentation rates, causing the formation of

stable colloidal suspensions [3,4]. In China, a consider-
able amount of raw coal consists of young and high
mud coal; the wastewater generated from this coal has
higher concentrations of smaller particles with
strongly negative surface charges. This results in a
stable colloidal system that is difficult to treat [2].
Developing a chemically non-invasive and low-cost
coagulant could surmount these problems and help
meet stringent environmental regulations related to
the quality of coal-washing wastewater.

A new type of ferro-aluminum composite coagu-
lant, polymeric aluminum ferric chloride (PAFC),

*Corresponding author.

1944-3994/1944-3986 � 2015 Balaban Desalination Publications. All rights reserved.

Desalination and Water Treatment 57 (2016) 18260–18274

Augustwww.deswater.com

doi: 10.1080/19443994.2015.1089420

mailto:ylyanlong@126.com
mailto:wangyufei0003@163.com
mailto:lijian5220@163.com
mailto:1076535211@qq.com
mailto:592412517@qq.com
mailto:1524679747@qq.com
http://dx.doi.org/10.1080/19443994.2015.1089420


combines the advantages of polyaluminum and poly-
ferric coagulants while overcoming the disadvantages
of polyaluminum chloride (PAC, copious aluminum
residue after treatment) and polyferric chloride (PFC,
poor stability) [5,6]. Copolymerization of aluminum
and iron can increase polymerization and branching
of the formed polymers, while adding Al3+ and Fe3+

ions can also increase the polymer charge. These
conditions lead to enhanced adsorption and charge
neutralization, considerably improving sweep coagula-
tion effects in wastewater pollutants [7]. Moreover,
some research indicates that there is little residual Al
and Fe in the aquatic solution after treatment [5,7]. As
a result, PAFC has attracted significant attention in
the water treatment field, with the significant potential
for use in industrial water treatment [8,9].

Fly ash (FA) is a solid waste residue produced
from coal combustion in coal-fired power plants; the
ash is composed of small, light particles that are kept
airborne by the wind when released into the environ-
ment [10]. If coal fly ash is directly discharged into the
environment, it may cause serious environmental
harm by polluting water, the atmosphere, and soil
[11]. Some researchers have noted that fly ash is an
ideal raw material for the preparation of PAFC,
because it is rich in iron oxides and aluminum at an
appropriate weight ratio [12,13]. Therefore, fly ash
could be converted into a valuable PAFC coagulant
for wastewater treatment, reducing operational costs,
while improving solid waste disposal [14].

However, despite abundant research into inorganic
polymer coagulant preparation, the primary raw
materials used in industry are bauxite and calcium
aluminate; these are both used for PAC, the most
widespread coagulant. Fly ash has not been explored
as a raw material at an industrial level, because its
composition is very complex and quite variable, mak-
ing it difficult to control leachate elements [15].
Developing techniques to prepare PAFC using fly ash
may result in coagulants that are cost-effective and
offer excellent performance. This would also offer a
new way to recycle fly ash.

Accordingly, for this study, fly ash-based PAFC
coagulants were prepared using the acid leaching of
fly ash to facilitate coal-washing wastewater treat-
ment. The effects of pH, reaction temperature, and
reaction time on coagulation efficiency were studied.
The optimum conditions for preparing PAFC coagu-
lants were also determined using response surface
methodology (RSM). The PAFC coagulation mecha-
nism was determined by comparing the coagulation
performance of PAFC with commercially available
PAC coagulants.

2. Materials and methods

2.1. Materials

Fly ash and coal-washing wastewater samples
were obtained from a coal washing plant and a power
plant in Yulin, Shaanxi province of China, respec-
tively. This area is one of the world’s seven largest
coalfields. Table 1 lists the chemical properties of the
fly ash, determined using X-ray fluorescence spec-
troscopy. Table 2 lists the characteristics of the coal-
washing wastewater sample. Analytical reagent grade
hydrogen peroxide (H2O2) and sodium hydroxide
(NaOH) were purchased from Chemicals Ltd (Xi’an,
China); commercially available polyaluminum chloride
(PAC) was purchased from Chemicals Products Co.,
Ltd (Zhengzhou, China).

2.2. Preparation of PAFC

Previous research [16] was used as the basis for
PAFC coagulant preparation, with the addition of 10%
H2O2 to an acid-leached filtrate of fly ash under opti-
mum conditions (using an orthogonal test). This
enabled the complete oxidation of Fe2+ to Fe3+, fol-
lowed by the addition of the remaining materials, as
shown in Fig. 1. The stirring speed was maintained
and the reaction was heated under reflux. Once the
target temperature was attained, sequential drops of
2 M NaOH solution were added to adjust the mixture
pH. The mixture was stirred for a set time, naturally
cooled to room temperature, aged for 24 h, and then
dried at 105˚C to yield the desired powdered PAFC
coagulant. To prepare samples for analyses, the PAFC
solution was adsorbed onto a copper net, and then
dried at room temperature.

2.3. Treatment of coal-washing wastewater using PAFC

PAFC coagulant tests in coal-washing wastewater
samples were conducted according to the national
standard regulations on wastewater treatment with
PAC [17]. The experimental procedure was as follows:

For the mixing step, 500 mL of coal-washing
wastewater sample was rapidly stirred at 500 rpm and
room temperature in a glass beaker. A defined amount
of the prepared powdered PAFC coagulant
(0.22 g L−1) was then added while stirring at a con-
stant speed for 5 min. The amount of coagulant was
driven by previous research, which showed that this
is the level at which the coagulant can dissolve com-
pletely in the coal wastewater. For the coagulation
step, the mixing speed was adjusted to 60 rpm and
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the mixture was stirred for 30 min to facilitate the
reaction.

To facilitate sedimentation, stirring was stopped
and the mixture was allowed to stand for 30 min.
Then, 10 mL of supernatant was collected to analyze
chemical oxygen demand (COD) and the amount of
suspended solids (SS) present. Additionally, to study
treatment effects, the formation time, shape, size, and
sedimentation of the flocs were carefully observed and
recorded.

2.4. Analytical methods

A scanning electron microscope (Philips-FEI Model
Quanta 200, USA) and FT-IR Spectrophotometer
(IRPrestige-21, SHIMADZU, Japan) were used to
characterize the structure of the prepared PAFC and
the purchased PAC.

The pH of the effluent was monitored with a pH
meter (pHS-3C, China), and standard methods were
used to measure the COD and SS content of the
wastewater before and after the treatment [18,19].
COD was determined using potassium dichromate as
the oxidant; the free potassium dichromate was
titrated with a standard ferrous ammonium sulfate
solution. The SS content was determined as the ratio
of the mass of residue on the filter paper to the vol-
ume of filtered wastewater. The removal efficiencies R
of COD and SS (RCOD and RSS) at time t were calcu-
lated as follows:

R ¼ c0 � ct
c0

� 100% (1)

In this expression, c0 (mg L−1) is the initial COD or SS
value of the non-treated wastewater and ct (mg L−1) is
the COD or SS value measured in the effluent at time
t (min).

3. Results and discussion

3.1. Factors influencing PAFC coagulant preparation

Many factors influence PAFC preparation; pH,
reaction temperature, and reaction time were selected
as the most important factors based on theoretical
analyses and several exploratory experiments. Varying
the amount of aluminum and iron can also signifi-
cantly influence PAFC performance. However, we did
not consider these parameters, because fly ash was
used as the source of aluminum and ferrum.

3.1.1. Effect of pH on PAFC performance

Fig. 2 shows the effect that PAFC (0.22 g L−1) had
on a 500-mL coal-washing wastewater sample when
the coagulant was prepared at 90˚C, the pH was
adjusted to different experiment levels using drops of

Table 1
Chemical composition of fly ash

Composition SiO2 Al2O3 Fe2O3 CaO TiO2 Na2O SO3 Losson ignition

wt% 45.51 21.38 19.36 3.24 0.74 1.32 0.97 1.96

Table 2
Characteristics of coal-washing wastewater sample

Property Value

Density 1.138 g cm−1

pH 4.72
CODa 7,480 mg L−1

Kinematic viscosity 0.045 cm2 s−1

Color Aterrimus
Conductivity 944 μS cm−1

SSb 12,445 mg L−1

Zeta potential −0.063 V

aCOD denotes chemical oxygen demand.
bSS denotes suspended solids.

Fig. 1. Experimental setup.
Notes: (1) pH meter, (2) three-neck round-bottom flask, (3)
dropping funnel, (4) reflux condenser, and (5) magnetic
stirring apparatus.
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aqueous NaOH, the mixture was stirred at a constant
temperature for 2 h, and then the mixture was allowed
to stabilize under static conditions. Increasing the pH
initially improved the COD and SS removal efficien-
cies; as the pH continued to increase, removal efficien-
cies decreased again. The optimum pH was 3. The
prepared PAFC has Al3+ and Fe3+ intermediates after
hydrolysis, polymerization, and precipitation. These
steps can be influenced by the pH value and the con-
centration of Al3+ and Fe3+ [5,20,21].

This indicates that after the addition of NaOH, the
Al3+ and Fe3+ in the acid-leached fly ash solution are
hydrolyzed with coordinated water. The metals then
undergo polycondensation to form a polynuclear
coordinated polymer; as such, the basicity of the
PAFC coagulants changes during preparation [20].
Basicity represents the number of hydroxyl groups
polymerized with Al3+ and Fe3+ in the molecular
structure; these groups directly influence properties
such as the degree of polymerization, amount of
charge, and the effect and stability of the coagulation.
The basicity B of the PAFC coagulant is defined as
B = [OH]/[AlT + FeT], where [OH] is the amount of
hydroxyl groups, driven by the amount of NaOH
added to the solution during PAFC preparation. The
parameter [AlT + FeT] represents the total equivalent
concentration of aluminum and ferrum in the acid-
leached solution [5–7].

Based on this equation, the basicity of the PAFC
coagulant and abundance of hydroxyl groups
increases with increasing pH. This indicates that a
higher pH value should increase the treatment
performance. However, when the pH exceeded 3, the
coagulation effect decreased, consistent with other
studies [8,22–24]. This may be due to the higher

polymerization rate of the leached Fe3+ ions,
compared with Al3+. This higher rate results in the
migration of Fe3+ from high polymeric hydroxy com-
plex ions with high valence to high polymeric coag-
ulation products with low valence [25]. Hence, in
subsequent experiments, the pH was maintained at 3.

3.1.2. Effect of reaction temperature on PAFC
performance

Fig. 3 shows the effect of the reaction temperature
on PAFC (0.22 g L−1) performance when applied to a
500-mL coal-washing wastewater sample at a pH of 3.

As Fig. 3 shows, the COD and SS removal efficien-
cies were improved by increasing reaction tempera-
tures during PAFC preparation. The polymerization of
Al3+ and Fe3+ during PAFC preparation are endother-
mic processes. Thus, higher temperatures benefit the
polymerization reaction, and accelerate the generation
of the mono polymer, leading to improved coagulation
effects [5,6,26]. However, temperatures above 90˚C
result in an increased chain transfer rate, kt, that is
higher than the chain growth rate, kp. This contributes
to a relatively stable coagulation from the product
[27]. Furthermore, maintaining high operating tem-
peratures is inconvenient and can incur higher costs.
Thus, 90˚C was selected as the optimal reaction
temperature.

3.1.3. Effect of reaction time on PAFC performance

Fig. 4 shows the effect of reaction time on coagula-
tion performance. A 500-mL coal-washing wastewater
sample, and a PAFC concentration of 0.22 g L−1 were

Fig. 2. Effect of pH value on PAFC performance
(preparation conditions of PAFC: reaction temperature of
90˚C, reaction time of 2 h).

Fig. 3. Effect of reaction temperature on PAFC
performance (preparation conditions of PAFC: pH of 3,
reaction time of 2 h).
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used; the reaction temperature was 90˚C, and the pH
was held at 3.

Reaction time is an important parameter in the
reaction process, as it influences coagulation ability
and production capacity. As Fig. 4 shows, the COD
and SS removal efficiencies, which indicate PAFC
coagulation performance, were relatively low when
the reaction time was too short. When the reaction
time is too short, heat absorption is insufficient; as
such, polymerization of the prepared PAFC is limited.
Extending the reaction time allows sufficient time for
polymerization, improving the coagulation effect of
the PAFC in the coal-washing wastewater. Stable COD
and SS removal efficiencies after 2.5 h indicated the
completion of the polymerization process. After this
time point, extending the reaction time further would
waste power resources without improving production
efficiency. Therefore, selecting the best reaction time is
key to achieving optimal polymerization and
maintaining reasonable energy consumption and
production costs.

In summary, the pH, reaction temperature, and
reaction time used to prepare PAFC coagulants influ-
enced the resulting coagulation effect in coal-washing
wastewater samples to different degrees. However,
these “single-factor experiments,” where only one fac-
tor is adjusted while the others are kept constant, are
not sufficient to effectively determine optimum condi-
tions for PAFC coagulant preparation.

3.2. Optimizing PAFC preparation conditions using RSM

RSM is a modeling method used to determine the
contribution and interaction of factors on the target
response value to support optimization [28–31]. Based

on the experimental results above, Design Expert soft-
ware and RSM Box–Behnken Design were used to fur-
ther study the effects of pH, reaction temperature, and
reaction time on the COD and SS removal efficiencies.
PAFC preparation conditions were as follows: the pH
ranged from 2 to 4, reaction temperatures ranged from
70 to 110˚C, and reaction time ranged from 0.5 to
3.5 h. Table 3 shows the factors and their levels. The
coagulants prepared under these different conditions
were aged for 24 h and dried at 105˚C. A 500-mL
coal-washing wastewater sample and PAFC amount
of 0.22 g L−1 were used.

3.2.1. Response surface models and regression
significance tests

Table 3 shows the RSM design, which was a three-
level experiment with three variables. Table 4 shows
the experimental design and analysis results. Pre-
dicted values were estimated by the software using
regression analysis, based on the experimental data.
The relative error was calculated as the ratio of abso-
lute error to the actual value; the absolute error was
calculated as the difference between the actual value
and the predicted value. Table 4 shows that the differ-
ence between the predicted value and actual value
was always less than 5%. Fig. 5 compares the actual
and predicted values; the actual value distribution
was fitted to the predicted value distribution. These
results illustrate that the model is appropriate for
determining the optimum conditions for preparing
PAFC.

Second-degree polynomial regression fitting was
applied to the experimental data in Table 4, using
ANOVA in Design Expert. The RSM regression coeffi-
cients and variance analyses are shown in Tables 5
and 6, respectively. F and p are defined in the table
footnotes. The p-values of less than 0.05 for the associ-
ated model item or regression indicate a statistically
significant model result; a “lack of fit” reflected a dis-
crepancy between the actual value and the modeled
value. The model can only be used to simulate the
experiment if the “lack of fit” value is more than 0.1

Fig. 4. Effect of reaction time on PAFC performance
(preparation conditions of PAFC: reaction temperature of
90˚C, pH of 3, reaction time of 2 h).

Table 3
Coding of test factors and levels

Factor

Level

−1 0 1

A (pH) 2 3 4
B (Temperature, ˚C) 70 90 110
C (Time, h) 0.5 2 3.5
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[32]. F-values indicating a “lack of fit” describe data
variation around the fitted model. If the model does
not fit the data well, this is significant [33].

The SS and COD removal efficiency regression
models generated p-values of 0.1026 and 0.1667
(Table 4), respectively; the F-statistic was statistically
insignificant but the “lack of fit” was not obvious,
implying a correlation between the variables and

process responses. Additionally, following simulated
regression equations for SS and COD removal efficien-
cies, we found that A, B, C, AC, A2, B2, and C2 in the
regression equation for SS removal efficiency and A,
B, C, AC, BC, A2, B2, and C2 in the regression equation
for COD were significantly influenced. The second-
degree polynomial regression equations for SS and
COD removal efficiencies are as follows:

Table 4
Response surface design and test results

No.
Factors

SS removal efficiency (%)

Relative error (%)

COD removal efficiency (%)

Relative error (%)A B C Actual value Predicted value Actual value Predicted value

1 −1 −1 0 59.47 58.93 0.91 49.51 48.62 1.80
2 1 −1 0 65.8 65.50 0.46 54.1 53.91 0.35
3 −1 1 0 64.8 65.10 −0.47 58.7 58.89 −0.32
4 1 1 0 70.8 71.34 −0.77 60.8 61.69 −1.47
5 −1 0 −1 51.7 50.97 1.40 46.2 46.10 0.21
6 1 0 −1 62.9 61.93 1.54 55 54.20 1.45
7 −1 0 1 69.15 70.12 −1.40 61.5 62.30 −1.30
8 1 0 1 71.24 71.97 −1.02 62.2 62.30 −0.15
9 0 −1 −1 40.23 41.50 −3.16 30.75 31.74 −3.22
10 0 1 −1 47.82 48.24 −0.88 44.1 44.01 0.21
11 0 −1 1 57.24 56.82 0.74 47.03 47.12 −0.20
12 0 1 1 63.37 62.10 2.00 53.9 52.91 1.83
13 0 0 0 82.5 81.70 0.96 70.3 70.42 −0.17
14 0 0 0 81.98 81.70 0.34 69.45 70.42 −1.39
15 0 0 0 81.33 81.70 −0.46 71.5 70.42 1.52
16 0 0 0 82.15 81.70 0.54 70.13 70.42 −0.41
17 0 0 0 80.56 81.70 −1.42 70.7 70.42 0.40

Fig. 5. Relationship between the actual and predicted.
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SS %ð Þ ¼ 81:70þ 3:20Aþ 3:01Bþ 7:29C� 0:083AB

� 2:28AC� 0:37BC� 2:45A2 � 14:03B2

� 15:50C2 (2)

COD %ð Þ ¼ 70:42þ 2:02Aþ 4:51Bþ 6:07C� 0:62AB

� 2:02AC� 1:62BC� 1:18A2 � 13:46B2

� 13:01C2

(3)

The correlation index R2, represents the degree of
fit of the regression equation [34,35], with values of
0.9963 and 0.9966 for SS and COD removal efficien-
cies, respectively. This means that 99.63% of the SS
removal efficiency variation and 99.66% of the COD
removal efficiency variation can be explained by the
model. The model was statistically significant, with a
high degree of fit. Therefore, based on SS and COD
removal efficiencies, the optimized conditions for
PAFC coagulant preparation can be predicted within a
suitable range [36].

Table 5
Regression Coefficients and Significance Test of SS Removal Efficiency

Item Coefficient estimates Standard deviation Average sum Mean square Fa pb Significancec

Model 2,615.53 290.61 211.07 <0.0001 S
Lack of fit 7.28 2.43 4.12 0.1026 N
Intercept 81.70 0.52
A 3.20 0.41 82.05 82.05 59.59 0.0001 S
B 3.00 0.41 72.30 72.30 52.51 0.0002 N
C 7.29 0.41 425.59 425.59 309.10 <0.0001 S
AB −0.08 0.59 0.03 0.027 0.020 0.8921 N
AC −2.28 0.59 20.75 20.75 15.07 0.0060 S
BC −0.37 0.59 0.53 0.53 0.39 0.5536 N
A2 −2.45 0.57 25.31 25.31 18.39 0.0036 S
B2 −14.03 0.57 829.34 829.34 602.33 <0.0001 S
C2 −15.50 0.57 1,012.17 1,012.17 735.12 <0.0001 S
R2 0.9963

aF denotes the ratio of the mean square deviation of regression to the mean square of error.
bp denotes the associated probability of F.
cS denotes that the effect of an item is significant; N denotes that the effect of an item is non-significant.

Table 6
Regression coefficients and significance test of COD removal efficiency

Item Coefficient estimates Standard deviation Average sum Mean square Fa pb Significancec

Model 2,106.49 234.05 227.02 <0.0001 S
Lack of fit 4.93 1.64 2.88 0.1667 N
Intercept 70.42 0.45
A 2.02 0.36 32.76 32.76 31.78 0.0008 S
B 4.51 0.36 162.99 162.99 158.10 <0.0001 S
C 6.07 0.36 295.00 295.00 286.14 <0.0001 S
AB −0.62 0.51 1.55 1.55 1.50 0.2598 N
AC −2.03 0.51 16.40 16.40 15.91 0.0053 S
BC −1.62 0.51 10.50 10.50 10.18 0.0153 S
A2 −1.18 0.49 5.86 5.86 5.68 0.0487 S
B2 −13.46 0.49 762.74 762.74 739.83 <0.0001 S
C2 −13.01 0.49 712.87 712.87 691.45 <0.0001 S
R2 0.9966

aF denotes the ratio of the mean square deviation of regression to the mean square of error.
bp denotes the associated probability of F.
cS denotes that the effect of an item is significant; N denotes that the effect of an item is non-significant.
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3.2.2. Response surface analysis

To determine optimum conditions for PAFC
coagulant preparation, three-dimensional response
surface and contour plots were drawn, based on the
influence of the two factors from the model equations
of the SS and COD removal efficiencies (as shown in
Figs. 6–8). The plots were used to determine the fac-
tors and their combined effects on SS and COD
removal efficiencies.

The response surface graph in Fig. 6 shows that
the pH and reaction temperature significantly influ-
enced SS and COD removal efficiencies; there was an

initial increase, followed by a decrease. When the pH
exceeded 3.5, the SS and COD removal efficiencies did
not change considerably. However, removal efficien-
cies sharply declined when the reaction temperature
rose above 95˚C. Therefore, we can conclude that the
effect of the reaction temperature and the combined
effect of temperature and pH are statistically signifi-
cant. The contour analysis in Fig. 6 indicates the corre-
sponding optimal conditions. The oval zone indicates
that the optimal pH range is 2.5–4 and the optimal
reaction temperature is 85–105˚C; these levels corre-
spond to SS and COD removal efficiencies of 78.91

Fig. 6. DESIGN-EXPERT plot of SS and COD removal showing the effect of pH and reaction temperature. (a and c)
Contour and (b and d) response surface plots.
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and 67.75%, respectively. Additionally, variations in
the COD and SS removal efficiencies were similar.
This indicates that the COD of the coal-washing
wastewater sample was linked to the superfine SS.

Fig. 7 shows the interactive effects of pH and
reaction time on the SS and COD removal efficien-
cies. The response surface graph shows that pH
influenced the SS and COD removal efficiencies less
than reaction time. However, SS and COD removal
efficiencies continued to increase with an increase in
the pH. The effect of reaction time was also signifi-
cant. The SS and COD removal efficiencies first
increased, then decreased once the reaction time
exceeded 2.75 h. The combined effects of pH and
reaction time on SS and COD removal efficiencies
were also significant. Analyzing contour lines showed
that the optimal COD removal efficiency occurred
within a pH range of 2.5–4.0; the optimum SS
removal efficiency occurred within a pH range of
2.0–4.0. The optimum reaction time was 1.5–3.0 h for
both factors.

Based on results to this point, it was determined
that the effects of the “single-factor experiments”
were, and SS and COD could be removed simultane-
ously. Therefore, the crimson oval zone (with a pH
range of 2.5–4.0 and a reaction time of 1.5–3.0 h) was
identified as the optimal area. Within this area, the SS
and COD removal efficiencies reached 77.92 and
67.41%, respectively.

Fig. 8 presents the interactive effects of reaction
temperature and time on SS and COD removal effi-
ciency. Both reaction temperature and time signifi-
cantly influenced removal efficiency; as reaction
temperature and reaction time increased, SS and COD
removal efficiencies first increased, and then
decreased. The most distinct decrease in efficiency
occurred when the temperature ranged 95–100˚C and
the reaction time was 2.75 h. A contour line analysis
was used to identify an optimal region for SS and
COD removal efficiency. The resulting red zone is
bounded by a reaction temperature range of 80–105˚C
and reaction time range of 1.25–3.25 h. Within this
area, the SS and COD removal efficiencies were 75.84
and 64.82%, respectively.

A lighter red hue was observed when compared
with the results in Figs. 6 and 7, and the area is
spherical rather than elliptical. This indicates that the
combined effects generated within this region were
weaker than those displayed in Figs. 6 and 7. The
shape of the contour line reflects the intensity of the
combined effect; an ellipse indicates a relatively strong
combined effect, whereas a circle suggests a relatively
weak one [37].

3.2.3. Verification

Design Expert software was used for the model
optimization analysis to determine the best PAFC
preparation conditions to generate the highest SS and
COD removal efficiencies. The optimum conditions
were when the pH was 3.60; the reaction temperature
was 92.47˚C; and the reaction time was 2.28 h. The
corresponding SS and COD removal efficiencies were
83.45 and 71.93%, respectively. These data were
obtained from the first derivation of the regression
equations (Eqs. (2) and (3)).

Model validity was assessed experimentally. A
500-mL coal-washing wastewater sample was treated
with PAFC coagulants (0.22 g L−1) prepared at a pH
of 3.60, at a temperature of 92˚C, and with a reaction
time of 2.30 h. Table 7 shows experimental results; the
experiment was conducted in triplicate. As observed,
SS and COD removal efficiencies exceeded 81 and
70%, respectively; the difference between relative error
and predicted value was no more than 3% [32]. This
indicates that the model can be effectively used to pre-
dict the success of different preparations of PAFC
coagulants.

3.3. Mechanistic comparison between PAFC and PAC

PAC is currently the most widely inorganic poly-
mer coagulant [38]. However, problems exist with this
composite, including the need for large dosages, mini-
mal effects, small and dense coagulants, slow sedi-
mentation rates, and residual aluminum in water. As
a composite coagulant, PAFC combines PAC and the
aggregated state of iron, merging the advantages of
aluminum and iron coagulants. PAFC can increase
molecular structures, and improve electrical neutral-
ization, adsorption bridging, and sedimentation func-
tions in the wastewater treatment process.
Accordingly, it is important to compare the properties
and structures of PAC and PAFC.

3.3.1. Coagulation effect

To study the PAFC coagulating mechanism, differ-
ent doses of experimentally prepared PAFC and com-
mercially available PAC were used to treat separate
500-mL coal-washing wastewater samples (Fig. 9).

As Fig. 9 shows, PAFC and PAC significantly deter-
mined the coagulation effect. As coagulant dosages
increased, the SS and COD removal efficiencies
increased rapidly, then decreased sharply after attain-
ing maximum efficiency. Adding PAFC and PAC neu-
tralizes the surface charge of the coal-washing
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wastewater colloids, disrupting the colloidal stability
needed to generate flocculating constituents.

If the coagulant dose is too low, the colloid surface
charge cannot be neutralized, resulting in reduced SS
and COD removal efficiencies. In contrast, excessively
high coagulant dosages waste resources and generate
negative charges on the colloid surface. Hence, estab-
lishing an optimal coagulant dosage is vital to maxi-
mize coagulation effects in coal-washing wastewater
treatment processes.

Using PAFC coagulants yielded higher SS and
COD removal efficiencies than using PAC coagulants.
Additionally, flocculation time, the sizes of the formed

flocs, and sedimentation rate were better with PAFC
than with PAC. Because PAFC combines the advan-
tages of PAC and polyferric sulfate inorganic polymer
coagulants, it has broader application prospects and
achieves higher performance.

3.3.2. Scanning electron microscopy (SEM) analysis

The morphology and structure of the PAC and
PAFC coagulants were observed using scanning elec-
tron microscopy (SEM); Fig. 10 displays the results.

The commercially available PAC particles are rela-
tively large and loosely assembled; whereas PAFC

Fig. 7. DESIGN-EXPERT plot of SS and COD removal showing the effect of pH and reaction time. (a and c) Contour and
(b and d) response surface plots.
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particles are smaller and closely assembled with
numerous crevices. This indicates that PAFC has a
larger density than PAC. When compared with

commercially available PAC, the prepared PAFC had
a larger specific surface area. This likely improved the
level of contact with coal slurry particles when

Fig. 8. DESIGN-EXPERT plot of SS and COD removal showing the effect of reaction temperature and reaction time.
(a and c) contour and (b and d) response surface plots.

Table 7
Comparison of the SS and COD removal efficiencies obtained from the model and determined experimentally

Experiment no.

SS removal efficiency (%)

Relative error (%)

COD removal efficiency (%)

Relative error (%)Predicted value Actual value Predicted value Actual value

1 83.45 81.86 1.91 71.93 70.64 1.80
2 81.40 2.46 70.24 2.35
3 81.14 2.77 70.15 2.47
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treating the coal-washing wastewater sample. Both
PAFC and PAC have a net structure that can assemble
smaller particles in the wastewater treatment process,
according to the coagulation mechanism. Hence, the
formed coagulant from PAFC was large enough to
adsorb and trap the pollutants. As such, a high sedi-
mentation rate was obtained and the treatment effect
was relatively good.

3.3.3. FT-IR spectra analysis

To confirm the presence of polyaluminum and
polyferric sulfate in PAFC and to assess the
differences between PAFC and commercially available

PAC, samples were dried at 105˚C and ground prior
to FT-IR analysis. Potassium bromide was used as the
parent material. Fig. 11 shows the FT-IR spectra of the
PAC and PAFC coagulants.

Comparing the spectra in Fig. 11 revealed that the
commercially available PAC and the prepared PAFC
featured similar structures. PAC displayed a broad
band at 3,400 cm−1, attributed to adsorbed water mole-
cules. An absorption peak at 1,650 cm−1 indicates the
presence of coordinated water molecules and OH
groups that were connected to the aluminum ion.
PAFC spectra also displayed the above-mentioned
peaks at the corresponding wave numbers; the peak
areas were relatively large, indicating numerous

Fig. 9. SS and COD removal efficiencies as a function of PAC and PAFC dosage (flocculation conditions: pHi of 4.72,
room temperature of 25 ± 2˚C, flocculation time of 30 min).

Fig. 10. SEM images of (a) PAC and (b) PAFC flocculant.
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hydroxyl groups and coordinated water in the pre-
pared PAFC. The adsorption peak at 1,080 cm−1 was
used as the reference peak to evaluate the extent of
coagulant polymerization. The PAC sample displayed
a stretching vibration in the Al–OH–Al plane of the
polymer; the prepared PAFC displayed stretching
vibrations in both the Al–OH–Al and Fe–OH–Fe
planes of the polymer. This suggests that the prepared
PAFC is structurally similar to the commercially avail-
able PAC; a hydrolytic copolymer is formed upon
bonding with the hydroxyl with a relatively high
degree of polymerization [7].

Further comparing these two types of coagulants
revealed that only the bending vibrating peak in the
Al–OH–Al plane occurred at 980 cm−1 for PAC. In con-
trast, PAFC displayed bending vibrating peaks in both
the Al–OH–Al plane at 980 cm−1 and the Fe–OH–Fe
plane at 867 cm−1. Moreover, PAC only displayed the
integral bending vibrating peak of Al–OH–Al at
624 cm−1, whereas PAFC also displayed the integral
bending vibrating peak of Fe–OH–Fe. This illustrates
that both, the polymer with the hydroxyl group con-
nected to the aluminum, and the polymer with the
hydroxyl group connected to iron, exist in PAFC.
Furthermore, a new type of polymer was formed,
which differs from the polymer resulting from simply
mixing the aluminum and ferrum salts [7]. The excel-
lent polymerization between aluminum and ferrum
from fly ash enabled highly efficient PAFC coagulants
for treating coal-washing wastewater.

4. Conclusion

PAFC coagulants were prepared from acid-lea-
ched fly ash filtrate, and used to treat coal-washing
wastewater. Experiments studied the effects of pH,

reaction temperature, and reaction time on PAFC
coagulation efficiencies. Optimum conditions for the
preparation of PAFC coagulants were also deter-
mined using RSM. Comparing the morphology,
chemical structure, and coagulation performance of
the prepared PAFC and commercially available PAC
coagulants showed that the prepared PAFC coagu-
lants matched the combined performances of both
the PAC and polyferric sulfate components. There-
fore, using fly ash-based PAFC is at least as feasible
as using conventional coagulants in coal-washing
wastewater treatment plants. Using PAFC may
reduce the consumption of primary raw materials,
including bauxite and calcium aluminate, and sup-
port the environment by solving solid waste disposal
problems.
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