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a b s t r a c t 
A new composite coagulant, polymeric aluminum ferric silicate (PAFSi), was prepared for the 
pre-treatment of oil-containing wastewater. The structure and morphology of PAFSi were investigated 
through X-ray diffraction, Fourier transform infrared spectroscopy, and scanning electron microscopy. 
Results revealed that PAFSi is a new complex multi-hydroxyl polymeric coagulant rather than a sim-
ple mixture of raw materials. Response surface method was applied to optimize the preparation pro-
cess. Optimization performance was evaluated according to flocculation efficiency. The flocculation 
efficiency of PAFSi was determined by measuring the reduction in oil and chemical oxygen demand 
(COD). In addition, the parameters that affect flocculation efficiency, such as coagulant dosage and 
oily wastewater initial pH, were examined. Compared with polymeric aluminum ferric sulfate (PAFS), 
PAFSi exhibited superior flocculation performance, with maximum oil removal efficiency of 96.9% 
and maximum COD removal efficiency of 95.4% at a dosage of 25 mg·L–1 and pH of 7. PAFSi exhibited 
better flocculation ability than PAFS.

Keywords:  Composite coagulant; Coagulation; Response surface methodology; Oily wastewater; 
Oil removal

1. Introduction

Industrial development has increased the consumption
of oil. A large amount of oily wastewater is discharged into 
rivers and oceans because of the high cost and ineffective 
management of oily wastewater treatment; as a result, envi-
ronmental contamination occurs [1]. Oily wastewater orig-
inates from numerous sources, and large amounts of oily 
wastewater are produced during oil production, oil refining, 
oil storage, transportation and petrochemical activities, and 
fuel consumption [2]. The pollution prevention equipment for 

machinery space bilges of ships has elicited much attention 
because of the increasing demand for marine environmental 
protection. Oily bilge water from ships includes soiled and 
machine washing wastewater. Ships as maritime trade trans-
port vessels bring economic development, but they inevi-
tably affect the marine environment [3]. The oil pollution 
caused by ships to the marine environment is particularly 
serious and has become an important issue worldwide [4]. 
Oil pollution by ships occurs in the form of illegal discharge 
of oily pollutants during operation. With its characteristics 
of extensive sources, complex components, and poor biode-
gradability, oily wastewater causes much harm to ecosys-
tems and the water environment [5]. Ineffective oil pollution 
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control can result in long-term negative effects on the marine 
environment. Currently, many measures are adopted to 
deal with oily bilge water and satisfy the requirements of 
MEPC.107(49), which was established by the International 
Maritime Organization.

The high oil content, chemical oxygen demand (COD), 
and turbidity as well as the complex components of oily waste-
water make reaching the discharge standard at a low cost 
difficult [6]. Currently, the methods for treating oily waste-
water, such as flotation [7], flocculation [8], electrochemical 
method [9], membrane separation [10], biological method 
[11], and physical chemical treatment [12], are developing 
rapidly. However, these methods have limitations, such as 
high cost, low oil removal efficiency, and easy corrosion of 
equipment [13]. The method of flocculation–coagulation has 
been widely utilized for the pre-treatment of oily wastewater 
because of its fast reaction, short settling time, high removal 
efficiency of oil content, and simple operation [14]. When 
coagulants are dosed into oily wastewater, fine oil drops and 
colloidal suspensions destabilize, collide, flocculate, and then 
aggregate into large flocs through charge neutralization and 
adsorption bridging. Ultimately, aggregated flocs are sepa-
rated by gravity precipitation to achieve solid–liquid separa-
tion and oil removal [15,16].

In practical applications, the selection of an appropriate 
coagulant for the treatment of oil wastewater plays a cru-
cial role in oil removal efficiency [17]. Inorganic polymer 
coagulants, such as polyaluminum chloride and polymeric 
ferric sulfate, have better flocculation efficiency, lower dos-
age, and less sludge flocs than inorganic coagulants with a 
low molecular weight, such as aluminum sulfate and ferric 
chloride. Meanwhile, organic polymer flocculants are often 
used as flocculation additives because of their high cost [18]. 
Most oily wastewater treatment stations use polyaluminum 
chloride and polymeric ferric sulfate as coagulants because of 
their good coagulation performance. However, these prod-
ucts have high dosage, slow sedimentation rate, and poor 
purification effect [19]. Considerable interest has been pro-
vided to the development and potential use of polysilicate 
with the capacity for flocculation [20]. Polysilicate as a coag-
ulant is an excellent inorganic polymer coagulant compared 
with traditional inorganic coagulants in many aspects, such 
as large flocs, rapid settlement, wide applicable pH range, 
and low cost [21,22]. Meanwhile, the composite reactions of 
certain highly charged metal ions (iron and aluminum) and 
polysilicate can improve its charge neutralization capacity 
and absorption bridging ability, thus increasing its floccula-
tion property [23,24].

In this study, polymeric aluminum ferric silicate (PAFSi) 
was prepared for the pre-treatment of oily wastewater. To 
optimize the preparation condition, Si/Fe, Al/Fe, OH/Fe, 
and pH, which may affect residual oil concentration, were 
investigated. Response surface methodology (RSM) was 
employed to investigate the mutual effect and obtain the 
optimum preparation conditions. PAFSi was then character-
ized through X-ray diffraction (XRD) analysis, Fourier trans-
form infrared (FTIR) spectroscopy, and scanning electron 
microscopy (SEM) to investigate its structural characteris-
tics. The effects of coagulant dosage and oily wastewater 
initial pH on flocculation performance were systematically 
evaluated.

2. Experimental setup

2.1. Materials

All reagents used in this study were of analytical grade, 
except for ferrous sulfate (FeSO4·7H2O), which was of 
 technical grade. All aqueous and standard solutions were 
prepared with deionized water. All reagents were purchased 
from Nanjing SHENGJIANQUAN Chemical Glassware 
Instrument Co., Ltd (Nanjing, China). All reagents were used 
in the experiment without further purification.

2.2. Preparation of PAFSi

A series of PAFSi were prepared in the laboratory. First, 
50–70 g of FeSO4·7H2O was oxidized with sodium chlorate 
and gradually stirred in a beaker until a homogeneous liq-
uid mixture was obtained. A measured amount of Al2(SO4)3 
(Al/Fe = 0.5:1 – 1.5:1) solution was added to the reaction ves-
sel to prepare a new liquid mixture containing aluminum and 
iron. The new liquid mixture was then stirred gradually for 
30 min in a thermostatic water bath at a temperature of 70°C 
to improve the hydrolysis and polymerization reactions. 
Second, a measured amount of polysilicic acid with Si/Fe = 
1:1 – 1:8 was added to the aluminum–iron solution. Third, 
Na2CO3 was added to the aluminum–iron solution with 
polysilicic acid to obtain the desired r value (r is the OH/Fe 
molar ratio) and improve its stability. PAFSi was obtained 
after stirring for 120 min in a thermostatic water bath.

2.3. Characterizations of PAFSi

The powder of PAFSi was characterized through XRD 
to determine the crystalline phases; a D/Max-3C X-ray dif-
fractometer (ARL X’TRA, America) was used in the range 
of 10°–80° (2θ) and at a scan rate of 4°/min. FTIR spectra 
were obtained with a 550 Series II infrared spectrometer 
(Bruker Company, Switzerland) through the potassium bro-
mide disc technique. SEM of the PAFSi was conducted with 
a VEGA II LMU SEM system (TES-CAN Company, Czech 
Republic). The fractal dimension was the linear correlation 
of the logarithm of projected area (A) and the characteristic 
length (L), and the fractal dimension can be calculated from 
reference [25].

2.4. Coagulation tests and optimization design of the preparation 
process 

The simulated oil-containing wastewater was pre-
pared with oil and surfactant according to the method in 
MEPC.107(49). The original water quality of the simulated 
oil-containing wastewater was 10,670 mg·L–1 COD, 2,548 mg/L 
oil, and pH of 7. The oil content of the wastewater was mea-
sured according to the petroleum and natural gas industry 
standard (SY/T0530-93) of People’s Republic of China. Oil con-
tent as a function of absorbance at 256 nm can be expressed by 
the standard equation y = 0.29185x – 0.0563 (R2 = 0.9999). Oil 
content was calculated via the standard equation.

All coagulation experiments were conducted in 1.0 L glass 
beakers and with a program-controlled jar-test apparatus 
(ZR4-6, Zhongrun Water Industry Technology Development 
Co., Ltd., China) operating at room temperature. The pH of 
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the simulated oil-containing wastewater was adjusted with 
HCl (0.1 mol·L–1) or NaOH (0.1 mol·L–1). The dosage of PAFSi 
was 30 mg/L in the four-factor Box–Behnken design. All the 
dosages of different coagulants are calculated by their dry 
weight in the flocculation tests. Before the rapid stirring phase, 
a measured amount of coagulant was pipetted into the waste-
water sample (1.0 L). The wastewater samples were mixed 
rapidly at 350 rpm for 3 min after dosing, followed by slow 
stirring at 80 rpm for 5 min and sedimentation for 15 min. 
After sedimentation, supernatant samples were collected 2 cm 
below the water surface of the wastewater samples to measure 
oil content, turbidity (2100Q turbidimeter, Hach, USA), and 
COD (DR/5000 UV spectrophotometer, Hach, USA).

To obtain the optimum preparation process, RSM was 
utilized to optimize the preparation process through per-
formance optimization evaluation. Three significant levels 
of coagulant properties that affect coagulation–flocculation 
efficiency were selected for the statistical method and Box–
Behnken experimental designs to investigate the mutual 
influence of factors on flocculation efficiency [26]. The exper-
imental results indicating the significant levels are shown in 
Table 1. Factor levels were selected in such a manner that the 
upper level corresponds to +1, the lower level to –1, and the 
basic level to 0.

To decide the optimum preparation conditions, establish 
a model for the preparation of PAFSi, and investigate the 
effect of coagulant components on coagulation performance, 
four significant levels for the preparation process factors were 
selected for the statistical method and Box–Behnken experi-
mental designs. The mutual influence of the impact factors 
on residual oil concentration was investigated. The experi-
mental results were analyzed with a professional software, 
Design-Expert V8.0, which employs the quadratic equation 
model to show the effects of factors in terms of linear, qua-
dratic, and cross-product terms [27]:
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where Y, f, β0, βi, xi, βii, βij, and ε represent the dependent 
variables (residual oil concentration), number of variables, 
constant term, coefficients of the linear parameters, vari-
ables, coefficients of the quadratic parameters, coefficients of 
the interaction parameters, and residual associated with the 
experiments, respectively. Table 1 presents the experimental 
ranges and levels of the independent test variables. Residual 
oil concentration was selected as the response value (depen-
dent variable). The investigation was conducted through 29 
experimental runs, as presented in Table 2.

3. Results and discussion

3.1. XRD spectrum

As revealed by the XRD patterns in Fig. 1, the main char-
acteristic diffraction peaks distributed in 2θ = 10°–40° inidi-
cate a Keggin structure [28,29]. Similar Al13 structures were 
formed in PAFSi. As shown in Fig. 1, the crystallinity of poly-
meric aluminum ferric silicate (PAFS) was higher than that of 
PAFSi in the range of 2θ = 10°–30°. However, the crystallinity 
of PAFSi was higher than that of PAFS in the range of 2θ = 
30°–40°. The introduction of Si obviously enhanced the struc-
ture of PAFSi toward amorphous state aggregation. Al and 
Fe ions were complexed by activated silicic acid to form com-
plex composite polymers. Meanwhile, different hydroxyls at 
exposed terminated groups of polysilicates reacted with Al3+, 
Fe3+, and their hydrolysis products to inhibit the autopoly-
merization of silicate molecules and prevent the formation of 
polysilicic acid gel. These reactions can improve the molecu-
lar weight and stability of PAFi to some extent. Moreover, the 
addition of silicic acid changed the manner of accumulation 
and crystallization of the original polymeric ferric sulfate and 
facilitated the formation of a new multi-hydroxyl polymer. 
Compared with polymeric ferric sulfate, PAFSi had better 
stability during long-term storage.

3.2. FTIR spectrum

Fig. 2 shows the FTIR spectrum of PAFS and PAFSi. The 
absorption band observed at 3,387 and 3,601 cm–1 originated 
from the strong stretching vibration of hydroxyl groups, 
including hydroxyl groups in polysilicic acid and hydroxyl 
groups attached to Al and Fe. The Fe and Al ions reacted with 
polysilicic acid to form a polyhydroxy-containing alumina–
silica (iron–silica) composite polymer [30]. The absorption 
peak at 1,632 cm–1 was mainly attributed to Al–O and Fe–O 
bonds. The absorption peaks at 1,150–1,270 cm–1 represented 
the bending vibration of coordinated water and crystal water 
in the structure of Al–OH–Al and Fe–OH–Fe. The bending 
vibration absorption peak of Fe–O–Si and Al–O–Si appeared 
at 1,018 cm–1. The absorption peak at 618 cm–1 was attributed 
to the stretching vibration of Al(Fe)–OH(Si–OH) [31]. 
Compared with the IR spectra of PAFS, those of PAFSi had 
many new chemical bonds, indicating that silicic acid was 
involved in the polymerization reaction to prepare PAFSi. 
FTIR analysis demonstrated that the activated silicate reacted 
with iron and aluminum ions to form PAFSi. 

3.3. SEM results

Fig. 3 shows the SEM photographs of PAFS and PAFSi. 
In the size range of 100 µm, PAFS was significantly larger 
than PAFSi. In the size range of 20 µm, they presented a 
different structure. PAFS presented a compact gel network 
structure (Fig. 3(a)), whereas PAFSi presented a branched 
and flake structure shown in Fig. 3(b). Compared with that 
of PAFS, the structure of PAFSi was more compact and flaky. 
This result indicates that the structure had a large specific 
surface area, and its absorption and bridging effect for desta-
bilizing colloidal particles was strengthened. The differences 
between PAFS and PAFSi in terms of structure were due to 
the introduction of silicic acid in the preparation process. 

Table 1 
Experimental ranges and levels of the independent test variables

Variables Ranges and levels
–1 0 +1

Si/Fe (X1) 1:1 1:4 1:8
Al/Fe (X2) 0.5:1 1:1 1.5:1
OH–/Fe (X3) 0.1 0.3 0.5
pH (X4) 0.5 2 3.5
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Table 2 
Four-factor Box–Behnken design and value of the response function [η]

Run 
order

Coded variables Residual oil concentration 
(mg·L–1)

Oil removal 
rate 
(%)

Residual COD 
concentration 
(mg·L–1)

COD 
removal rate 
(%)

Residual 
turbidity

X1 X2 X3 X4 Actual value Predicted value

1 1 1 0 0 389.2 387.6 84.73 994.8 90.68% 903
2 0 0 0 0 274.9 277.3 89.21 717.9 93.27% 543
3 0 0 0 0 277.4 277.3 89.11 719.8 93.25% 545
4 –1 1 0 0 150.1 148.1 94.11 191.1 98.21% 81.1
5 0 0 0 0 278.5 277.2 89.07 716.4 93.29% 542
6 0 1 0 –1 380.2 383 85.08 954.2 91.06% 118.4
7 0 0 1 1 248.3 244.8 90.26 1,666 84.39% 1,440
8 1 0 0 –1 465.1 463.3 81.75 1,205 88.71% 173
9 –1 –1 0 0 285.3 282.7 88.80 688.5 93.55% 393
10 0 0 –1 –1 299.6 298.9 88.24 1,109.5 89.60% 437
11 –1 0 0 –1 370.4 369.4 85.46 489.5 95.41% 228
12 0 1 0 1 309.4 311.8 87.86 947.6 91.12% 148.4
13 0 –1 0 –1 366.2 368.9 85.63 1,068.5 89.99% 191
14 0 1 1 0 278.4 278.4 89.07 889.2 91.67% 435
15 –1 0 1 0 248.2 250.4 90.26 798.5 92.52% 206
16 1 –1 0 0 300.1 297.9 88.22 898.5 91.58% 375
17 1 0 1 0 396.2 398.7 84.45 1,087.6 89.81% 228
18 –1 0 –1 0 288.1 290.8 88.69 809.2 92.42% 218
19 1 0 –1 0 394.2 397.2 84.53 1,109.3 89.60% 248
20 0 –1 0 1 368.4 370.8 85.54 1,079.9 89.88% 307
21 0 0 0 0 278.5 277.3 89.07 718.4 93.27% 548
22 1 0 0 1 462.1 462.1 81.86 1,178 88.96% 163
23 0 0 0 0 277.1 277.3 89.12 719.2 93.26% 544
24 0 –1 –1 0 321.4 320.4 87.43 1,102.3 89.67% 217
25 0 –1 1 0 289.3 289.9 88.65 912.4 91.45% 448
26 0 1 –1 0 288.5 286.8 88.68 890.9 91.65% 423
27 0 0 –1 1 550.5 548.2 78.39 1,489.3 86.04% 1,033
28 0 0 1 –1 565.3 563.4 77.81 1,298.4 87.83% 484
29 –1 0 0 1 300.4 301.2 88.21 478.3 95.52% 218

 

 
Fig. 1. XRD spectrum of PAFS and PAFSi.

 

 
Fig. 2. FTIR spectrum of PAFS and PAFSi.
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The flake structure of PAFSi resulted in improved stability in 
the case of long storage time. A linear correlation between the 
logarithm of perimeter (L) and area (A) was observed from 
the results of fractal dimension calculated using Image-Pro 
Plus 6.0 software. The average fractal dimensions of PAFS 
and PAFSi were 1.38 and 1.47, respectively. The discrepancy 
in fractal dimensions was due to the structure of PAFS and 
PAFSi; PAFSi with higher fractal dimensions had better floc-
culation ability [32,33].

3.4. Model fitting

Through RSM, Box–Behnken experimental designs were 
selected for the optimization and modeling of P(AM-DAC-BA) 
preparation, with X1, X2, X3, and X4 representing Si/Fe, Al/Fe, 
OH–/Fe, and pH, respectively. The experimental ranges and 
levels of the independent test variables are shown in Table 
1. Twenty-nine observed responses (Table 2) were utilized to 
calculate the model with the Box–Behnken method. From the 
experimental data, quadratic regression models were estab-
lished with Design Expert V8.0.6, as shown in Eq. 2:

Resi dual oil concentration = +277.28 + 63.70 X1 – 11.24 – 9.72 
X3 – 17.31 X4 + 56.07 X1X2 + 10.47 X1X3 + 16.75 X1X4 + 5.50 
X2X3 – 18.25 X2X4 – 141.97 X3X4 + 21.08 X1

2 – 19.28 X2
2 + 

35.91 X3
2 + 100.64 X4

2 (2)

The adequacy of the models was investigated through 
analysis of variance (ANOVA), and the results are shown in 
Table 3. The F value of the model was 2,064.6, and the p value 
was less than 0.0001. These values indicate that the model is 
significant. The determination coefficient value, R2 = 0.9950, 
indicated that the sample variation was 99.50% for residual 

oil concentration. This result is attributed to the independent 
variables; meanwhile, only 0.50% of the total variations were 
not explained by the model. Hence, a strong correlation exists 
between the predicted and observed values. Furthermore, 
a relatively low value of the coefficient of variation, CV = 
0.84%, was obtained. This low value reveals the good preci-
sion and reliability of the performed experiments [34]. The 
above investigation shows that the model is adequate for the 
prediction of residual oil concentration.

3.5. Mutual effect of parameters

The purpose of this experiment is to observe the integrated 
effects of Si/Fe, Al/Fe, OH–/Fe, and pH on residual oil con-
centration through the Box–Behnken statistical method. The 
experimental runs are presented in Table 2, which also shows 
oil removal rate, residual COD concentration, COD removal 
rate, and residual turbidity. Table 2 shows that the oil removal 
rate was in the range of 77.81%–94.11%. This range indicates 
that PAFSi had good flocculation ability for the removal of 
oil. Meanwhile, the removal rate of COD was in the range of 
84.39%–98.21%. The highest COD removal rate was 98.21% 
at experimental run 4, with a residual COD concentration of 
191.1 mg·L–1 and residual turbidity of 81.1 NTU. The experi-
mental results in Table 2 show that PAFSi has good floccula-
tion efficiency in removing COD and oil from oily wastewater.

To investigate the various factors and their mutual effects 
on residual oil concentration flocculated by PAFSi, response 
surface plots were utilized to display the response as a func-
tion of two factors. By keeping the remaining two factors con-
stant, 2D response surface contours were plotted to analyze 
the mutual effect of operational variables. The response sur-
face contour plots are shown in Fig. 4.

Fig. 3. SEM photographs of (a) PAFS and (b) PAFSi.
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Fig. 4(a) shows the residual oil concentration as a function 
of Si/Fe and Al/Fe. Fig. 4(b) shows the residual oil concen-
tration as a function of Si/Fe and OH–/Fe (basicity). Fig. 4(c) 
shows the residual oil concentration as a function of Si/Fe 
and pH. Figs. 4(b) and 4(c) present the mutual effect of Si/Fe, 
Al/Fe, OH–/Fe (basicity), and pH on the residual oil concentra-
tion. A decrease in Si/Fe resulted in a decrease in the residual 
oil concentration, especially with pH and OH–/Fe (basicity) 
in the range of –0.5–0.5. Fig. 4(d) shows residual oil concen-
tration as a function of OH–/Fe (basicity) and pH. Fig. 4(e) 
shows residual oil concentration as a function of Al/Fe and 
pH. Fig. 1(f) shows residual oil concentration as a function of 
OH–/Fe (basicity) and pH. An optimum circular region was 
observed within the mutual influence of two factors (Si/Fe 
and basicity; Si/Fe and pH), which were at –1.25–2.75 and 
0.2–0.4 for pH and OH–/Fe (basicity), respectively.

The mutual effect of Si/Fe, Al/Fe, OH–/Fe (basicity), and 
pH within the investigated range demonstrated a positive role 
in enhancing flocculation efficiency [35]. The response opti-
mizer in the Design Expert V8.0 software was used to search 
for an optimum preparation condition of PAFSi. In theory, the 
best condition for residual oil concentration is Si/Fe of 1:1.36, 
Al/Fe of 1:7.92, OH–/Fe (basicity) of 0.34, and pH of 2.38. 

3.6. Confirmation of the experimental results

To confirm the validity of the statistical experimental 
strategies, additional confirmation experiments were con-
ducted in duplicate. The selected conditions for Si/Fe, Al/Fe, 
OH–/Fe, and pH are listed in Table 4, along with the predicted 
and measured results. The table shows that the measured 
residual oil concentration was close to the values predicted 
with the regression model. This result indicates the suitabil-
ity of the fitted polynomial models with respect to the exper-
imental data. Data were confirmed to be significant by using 
this modeling regression method. Thus, PAFSi is effective in 
predicting residual oil concentration [36].

3.7. Effect of dosage on the removal of COD and oil

Figs. 5(a) and (b) show the effects of PAFSi and PAFS 
dosage on the flocculation efficiency of oily wastewater, 

respectively. Fig. 5(a) shows the effect of PAFSi and PAFS 
on the removal of COD. As the coagulant dosage increased 
from 10 to 35 mg·L–1, a decrease was observed in the level 
of residual COD concentration, and thus, an increase in the 
level of COD removal efficiency. When the coagulant dosage 
was more than 35 mg·L–1, the COD removal rate appeared 
to be stable at 95.4% and 87.8% for PAFSi and PAFS, respec-
tively. Fig. 5(b) shows that oil removal efficiency increased 
along with coagulant dosage. Oil removal efficiency reached 
95.0% and 82.2% at coagulant dosages of 25 and 35 mg·L–1 for 
PAFSi and PAFS, respectively. Meanwhile, when the dosage 
was more than 25 and 35 mg·L–1 for PAFSi and PAFS, respec-
tively, the removal rate of oil began to achieve the maximum 
values of residual oil concentration of 127.4 and 453.4 mg·L–1, 
respectively. The comparison of COD and oil removal ability 
shown in Fig. 5 demonstrates that PAFSi had better floccula-
tion performance than PAFS. Therefore, the optimal dosage 
of PAFSi for high concentration oil-containing wastewater 
treatment was determined to be 25 mg·L–1. 

The coagulant was dissolved in water to form a large num-
ber of positively charged colloidal alumina–silica–iron-based 
polymers [37]. The dissolved coagulants quickly destroyed 
the stability of the original colloidal systems and neutralized 
the negatively charged oil droplets dispersed in the waste-
water effectively [38]. Furthermore, the chain-type structure 
formed PAFS, which could adsorb and bridge the suspended 
colloid particles and the oil drops, thus aggregating them into 
large flocs. Hence, the oil drops and suspended colloid parti-
cles were easy to precipitate and remove from the water in the 
form of flocs by using PAFSi [39]. As shown in Fig. 6, PAFSi 
exhibited excellent purification performance for the treatment 
of high-concentration oil-containing wastewater. The zeta 
potential of wastewater was often used as a tool to investigate 
the charge neutralization performance of different inorganic 
coagulants. We have conducted several additional experi-
ments. The zeta potentials of PAFSi at 20 and 40 mg/L were 
–22.3 and –14.6 mV, respectively. While the zeta potentials of 
PAFS at 20 and 40 mg/L were –25.0 and –21.2 mV, respectively. 
The zeta potential obtained by PAFSi was significantly higher 
than those obtained by PAFS, indicating PAFSi better charge 
neutralization performance than PAFS.

Table 3 
ANOVA results for response parameters

Source Sum of squares Degrees of freedom Mean square F value p value 

Model 230,552 14 16,468.0 2,064.6 <0.0001
Si/Fe 48,692.3 1 48,692.3 6,104.6 <0.0001
Al/Fe 1,516.5 1 1,516.5 190.1 <0.0001
OH–/Fe 1,133.0 1 1,133.0 142.0 <0.0001
pH 3,595.0 1 3,594.9 450.7 <0.0001
Residual 111.7 14 8.0
Lack of fit 103.0 10 10.3 4.7 0.0735
Pure error 8.7 4 2.2
Total 230,663.7 28
R2 0.9950
R2 adjusted 0.9990
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3.8. Effect of pH on the removal of COD and oil

Fig. 7 shows the effect of pH on the flocculation efficiency 
of oily wastewater. As shown in Fig. 7(a), the increase in pH 
from 4 to 7 increased the COD removal efficiency. However, 
when the pH value was in the range of 7–10, the COD removal 

rate began to decrease. The maximum COD removal rates 
were 95.4% and 87.9% for PAFSi and PAFS at pH 7, respec-
tively. Fig. 7(b) shows the effect of pH on oil removal. With 
the increase in pH, the removal rate of oil increased slightly 
and then decreased sharply for both PAFSi and PAFS. The 
maximum removal rates of oil by PAFSi and PAFS at pH 7 

Table 4 
Measured and calculated values for confirmation experiments

Run Si/Fe 
(X1)

Al/Fe 
(X2)

OH–/Fe 
(X3)

pH 
(X4)

Residual oil concentration (mg·L–1)
Measured Calculated

30 0.98 –1 –1 –0.78 263.6 274.8
31 1 –0.97 –1 0.77 265.8 278.3
32 0.98 –1 –0.96 –0.83 266.7 276.8
33 1 –0.96 –1 –0.83 271.5 279.1

(a)

(c)

(e) (f )

(d)

(b)

Fig. 4. Mutual effect of Si/Fe, Al/Fe, OH–/Fe (basicity) and pH on residual oil concentration: (a) Mutual effect of Si/Fe and Al/Fe, (b) 
Mutual effect of Si/Fe and basicity, (c) Mutual effect of Si/Fe and pH, (d) Mutual effect of Al/Fe and basicity, (e) Mutual effect of Al/Fe 
and pH, (f) Mutual effect of basicity and pH. 
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were 96.9% and 82.1%, respectively, with residual oil concen-
tration of 77.6 and 455.9 mg·L–1, respectively. As illustrated in 
Fig. 7(b), pH 6–8 was the optimal pH range for oil removal 
by PAFSi, indicating that PAFSi had a larger efficiency range 
than PAFS. Therefore, the optimum pH value to maximize 
the performance of coagulation by PAFSi was 6–8.

As pH increased, COD and oil removal increased initially 
and then decreased after pH 7. The best flocculation effect 
was obtained at pH 7. When pH was low, some coagulants 
were hydrolyzed into Al3+ and Fe3+ by H+, resulting in the 
decrease in the flocculation–coagulation efficiency of PAFSi 
[40,41]. Meanwhile, a large amount of H+ in the wastewater 
caused the suspended colloid particles to become positively 
charged, which led to the re-stabilization of suspended col-
loid particles [42]. When pH was high, OH– was conducive 
to reacting with PAFSi to form Fe(OH)3 precipitate, thus 
reducing the effectiveness of PAFSi [43]. The large amount 
of OH– led to the surface of suspended colloid particles being 
seriously negatively charged. Consequently, the dosage of 
PAFSi was insufficient to neutralize the negatively charged 
surface of suspended colloid particles and thus led to low 
flocculation–coagulation efficiency [44].

4. Conclusions

The preparation and characterization of PAFSi for the 
treatment of high-concentration oil-containing wastewater 
were systematically investigated. The main conclusions from 
this study are as follows:

• The XRD spectrum proved that the addition of silicic acid 
changed the manner of accumulation and crystalliza-
tion of the original polymeric ferric sulfate; this change 

Fig. 5. Effect of dosage on flocculation efficiency of oil wastewater: 
(a) Effect of dosage on COD removal, (b) Effect of dosage on oil 
removal.

(a) (b)

Fig. 6. Photographs of flocculation result of oil wastewater: 
(a) before flocculation and (b) after flocculation.

Fig. 7. Effect of pH on flocculation efficiency of oil wastewater: 
(a) Effect of dosage on COD removal, (b) Effect of dosage on oil 
removal.
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resulted in the formation of a new multi-hydroxyl poly-
mer with good stability in long-term storage. FTIR analy-
sis indicated that several possible chemical bonds, such as 
–OH, Fe–OH, Al–OH, Fe–O–Si, and Al–O–Si, were intro-
duced in PAFSi. These bonds resulted in a new composite 
coagulant with highly charged polyhydroxy complexes. 
The results of SEM showed that PAFS presented branched 
and flake structures with high fractal dimensions.

• RSM was utilized to optimize the process and evaluate the 
interactions and effects of the four main influential fac-
tors, namely Si/Fe, Al/Fe, OH-/Fe, and pH, on treatment 
efficiency in terms of residual oil concentration. An opti-
mal condition of Si/Fe of 1:1.36, Al/Fe of 1:7.92, OH-/Fe of 
1.09:1, and pH of 2.38 was obtained from the optimization 
procedure. The confirmation experiments demonstrated 
that RSM was effective in modeling and optimizing the 
preparation procedure. This method was evaluated by 
the coagulation–flocculation process for the treatment of 
high-concentration oil-containing wastewater. 

• The coagulation–flocculation tests demonstrated that 
PAFSi exhibited better flocculation ability to remove COD 
and oil than PAFS. The maximum oil removal efficiency 
of PAFSi could reach 96.9% at a dosage of 25 mg·L–1 and 
pH of 7.
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