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Introduction

China has abundant heavy oil resources, with an annual output of more than 30 million 
tons of heavy oil, and more than 100 millionm3 of heavy oil wastewater. In general, heavy 
oil wastewater is reinjected underground, after preliminary physical and chemical treatment 
(including oil-water separation, flotation, and filtration) [1]. Owing to a water content of 90%, 
a large amount of heavy oil wastewater (nearly 2×108m3/a in China) is partially or completely 
discharged into the surface water after secondary treatment [2]. For a long time, only the 
non-polar oil in the water was controlled by the government, and little attention was paid 
to the production of dissolved organic matter in the water. Heavy oil wastewater is rich in 
soluble refractory organics such as petroleum hydrocarbons, aromatic hydrocarbons, aniline, 
nitrobenzene, phenols, and their derivatives [3-5]. These substances are highly toxic and 
have microbial activity. Discharge of wastewater into the environment can lead to a series of 
environmental problems, including water, soil, and even atmospheric pollution [6-9]. 

As one of the most effective heavy oil wastewater treatment methods [10-13], the 
flocculation method has advantages of high treatment efficiency and low corrosion effects 
on equipment [14-17]. In this study, the effluent from an oilfield wastewater treatment plant 
was used as an experimental object. The effluent included Poly Aluminum Chloride (PAC), 
Poly Aluminum Ferric Chloride (PAFC), Poly Aluminum Silicate (PSAF), and Poly Ferric 
Sulfate (PFS). The removal effects of four different flocculants on the dissolved pollutants in 
heavy oil wastewater were investigated, along with the mechanisms of flocculation [18-22]. 
At the same time, the characteristics of the flocs were investigated, and the complexation 
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Abstract

Heavy oil wastewater is characterized by small oil-water density difference, serious emulsification, poor 
biodegradability, high salinity, a high-water temperature, and high viscosity, making the handling of 
heavy oil wastewater quite difficult. Based on the investigation of the on-site water quality and original 
treatment of an oilfield, the main approaches to heavy oil wastewater treatment have difficulty in meeting 
the required standards. In this study, raw water is pre-flocculated. The results show that treatment with 
aluminum poly aluminum sulphate as the flocculant has the best effect, and the chemical oxygen demand 
(COD) removal rate can reach 66% when the dosage of poly aluminum sulphate is 500mg/L. The dosage is 
further verified by its zeta potential, and the COD removal rate is the highest. The coagulation mechanism 
of poly aluminum ferric sulfate is also analyzed. The three-dimensional fluorescence spectrum of the 
supernatant treated by coagulation under different pH conditions indicates that the organic matter 
in the water sample is mainly fulvic acid in the ultraviolet range, and a small amount of protein. The 
complexation mechanism of poly aluminum ferric sulfate to dissolved organic matter (DOM) in raw water 
was verified by analyzing the characteristics of the flocs.

Keywords: Heavy oil sewage; Dissolved organic matter; Flocculation; Zeta potential; Three-dimensional 
fluorescence spectrum
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mechanisms of flocculants on dissolved organic matter (DOM) in 
raw water were verified. Through the pretreatment research on 
flocculation, the dissolved pollutants in the experimental water 
were effectively removed, and the load of the subsequent treatment 

process was reduced. This research achieved good experimental 
results; the effluent of the heavy oil sewage treatment workshop 
was upgraded to the level of the standard, and the improvement has 
a demonstrable effect.

Experimental Materials and Methods

Experimental instruments and materials
Table 1: Basic water quality indicators for experimental water.

Parameter Parameter 
Value Parameter Parameter 

Value Parameter Parameter 
Value

pH 8.05 Total alkalinity (mg/L, Based 
on CaCO3) 454.7 PO4

3-(mg/L) 0.34

Conductivity(ms/cm) 4.5 Silicon content(mg/L) 124 Chemical oxygen demand (CODCr) 
(mg/L) 212

Salinity(mg/L) 3500 Cl-(mg/L) 1736 Biochemical oxygen demand 
(BOD5) (mg/L) 40.8

Total hardness (mg/L, based 
on CaCO3) 870 NH3-N(mg/L) 28 Oil content(mg/L) 5.86

Total iron(mg/L) 8.8 TN (mg/L) 34.3 Total organic carbon (TOC)(mg/L) 68

IC (mg/L) 34.7 SO4
2-(mg/L) 128.5   

Experimental Instruments: HORIBA MAX Fluorescence 
Spectrophotometer, American Horticulture Group; Nicolet 5700 
Smart Fourier Infrared Spectrometer, Thermo Nicolet, USA; Maerlen 
Zetasizer Nano Z Zeta Potentiometer, Malvern Tester, UK; Vario EL 
III Element Analyzer, Elementar, Germany; HITACHI S-4800 field 
emission scanning electron microscope, Hitachi, Japan; BRUKER 
QX QUANTAX400 energy spectrum analyzer, Bruker, Germany. 
Experimental materials: The experimental water was taken from 
an oilfield wastewater treatment plant. The basic water quality 
indicators are shown in Table 1. The reagents used were analytical-
grade reagents.

Experiment and analysis method

The COD was measured by the potassium dichromate method. 
The fluorescence spectrum was measured by a HORIBA MAX 
fluorescence spectrophotometer. The photomultiplier voltage was 
700V, the instrument light source was a 150W xenon lamp, the 
monochromator was diffraction grating, and the excitation and 
emission slit widths were both 5nm the excitation wavelength 
scanning range was 220-400nm, and the emission wavelength 
scanning range was 280-550nm. The infrared spectrum 
was measured by a Nicolet 5700 intelligent Fourier infrared 
spectrometer. The water sample was dried in a desiccator. A 
measured weight of 300mg of chromatographically pure KBr 
was placed into a quartz crucible and ground into a blank. The 
background value of the blank sample was determined by infrared 
spectroscopy, and the residual solid after drying was a small 
amount. After adding 300mg of chromatographically pure KBr, it 
was evenly pressed and compressed. The time-wavenumber range 
was selected from 400 to 4000cm-1, to detect the infrared spectral 
characteristics of each component. The Zeta potential analysis was 

performed using a Maerlen Zetasizer Nano Z tester. Water was 
used as the dispersed phase during the test. The pH of the solution 
was not required to be tested before the test. An LC-10ATVP gel 
chromatography instrument (Shimadzu, Japan) employed 0.45µm 
membrane filtration before sample testing and used ultrapure 
water for the measurement. The reaction column was selected 
from the TSK G4000PWXL column, manufactured by the Toshiba 
Corporation of Japan.

The column temperature was set to 40℃, and the flow rate 
was 0.05ml/min. The detector was a differential refractive index 
detector (RID), and the reference material was sodium polystyrene 
sulfonate. The molecular weights were determined as 106, 194, 
615, 1500, 3930, 12140, 23520, 62100, 116300, 454000, 895000, 
and 125800Da. The obtained materials were analyzed by the Vario 
EL III elemental analyzer to determine levels of C, H, O, N, and S. 
The elemental composition was determined by a scanning electron 
microscope (SEM), i.e., a HITACHI S-4800 and an energy spectrum 
analyzer (EDS), i.e., a BRUKER QX QUANTAX400.

Result and Discussion

Coagulant screening

Five settlements were set in beakers; 200ml of water alone, and 
200ml of water mixed with 500mg/L PAC, 500mg/L PAFC (poly 
aluminum chloride iron), 500mg/L PSAF (iron), and 500mg/L PFS, 
respectively. They were stirred at a speed of 120r/min, i.e., a quick 
stir, for 60s. Then, they were slowly stirred for 10min at a speed of 
40r/min. For precipitation, they were left to stand for 30min, and 
then the supernatant was analyzed. The results are shown in Figure 
1.
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Figure 1:  Comparison of treatment effects of 
different coagulant sedimentation.

It can be seen from Figure 1 that after the same concentration 
of flocculant is added to the settled effluent, the respective 
abilities to remove COD from the solution, from large to small 
are: PFS>PAC>PSAF>PAFC, all of which are cationic mixed. The 
coagulant, which acts on the negatively charged colloidal particles 
in the water, mainly functions as an electric neutralization and 
bridging element. This can be seen from the change in the zeta 
potential of the supernatant after coagulant treatment (Table 

2), in which PFS and PAC are added. After adding PAFC, the zeta 
potential is positive, indicating that the three agents are excessive. 
The absolute value of the zeta potential of the supernatant treated 
by PFS is the largest, indicating that the PFS is more excessive than 
the other coagulants, causing the colloidal particles in the solution 
to be adsorbed. After adding more PFS, the organic matter in the 
water is further adsorbed, i.e., PFS can remove even more organic 
matter.

Figure 2:   Effect of the dosage of Poly Ferric Sulfate 
(PFS).

Table 2: Flocculation treatment of water enthalpy potential for raw water and Poly Aluminum Chloride (PAC), Poly 

Aluminum Ferric Chloride (PAFC), Poly Aluminum Silicate (PSAF), and Poly Ferric Sulfate (PFS).

Working Condition Raw Water PAC PAFC PSAF PFS

Zeta potential(mv) -12.6 12.9 7.4 -10.5 13.1

Table 2 Flocculation treatment of water enthalpy potential 
for raw water and Poly Aluminum Chloride (PAC), Poly Aluminum 
Ferric Chloride (PAFC), Poly Aluminum Silicate (PSAF), and Poly 
Ferric Sulfate (PFS)

A large number of studies on PFS were conducted by Japanese 
scholars in the 1970s. They proposed that the chemical formula of 
PFS can be expressed as: [Fe2(OH)n(SO4) 3-n/2]m, where n=0.5-
1.0 and m=f(n). It is believed that [Fe(H2O)6]3+, Fe2(H2O)7

3+, and 
Fe3(H2O)2

3+ are the main hydrolyzed forms of PFS in solution. Taiwan 
scholar Cheng et al. [23] studied PFS and found that PFS formed 
a large and dense Fe(OH)3 colloid during coagulation, which was 
compared with other coagulants for turbidity, color, and organic 
matter. The removal rate was higher, and the residual components 
in the supernatant were lower.

Effect of poly ferric sulfate dosage

In the experiment, 100, 200, 300, 400, and 500mg/L of PFS were 
added to a beaker containing 100mL of settled water, respectively. 
The mixture was stirred for 60s at 120r/min, and then was slowly 
stirred for 30min at 40r/min. The precipitate was allowed to stand 
for half an hour, and the supernatant was taken for analysis. The 
analysis results are shown in Figure 2.

It can be seen from Figure 2 that the COD removal rate increases 
when the PFS dosage is less than 200mg/L. When the dosage 
increases to 200mg/L, the COD removal rate reaches the highest 
value. When the PFS dosage exceeds 200mg/L, the COD removal 
rate appears to decrease with the increase of dosage, owing to 

excessive dosage. The colloid in the sewage appeared to stabilize 
again. It can be seen from Figure 3 that as the PFS dosage increases, 
the supernatant zeta potential changes from a negative value to 
a positive value. This is caused by the neutralization effect of the 
PFS on the DOM in the sedimentation effluent when the dosage is 
greater than 200mg. Following that, the absolute value of the zeta 
potential increases, causing the repulsion between the charged 
colloids to increase. Then, re-stabilization occurs when the dosage 
is increased to 500mg/L, which is basically consistent with the 
change of the COD.

Figure 3:  The zeta potential of the supernatant 
under different dosages of PFS.
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Effect of pH on flocculation performance of poly ferric 
sulfate

To study the effects of pH on the flocculation performance of 
PFS, the initial pH of each of the three beakers containing 100mL 
of settled water was adjusted to 6.00, 7.00, and 8.00 with 2% 
Hydrochloric Acid (HCl) and 2% Sodium Hydroxide (NaOH), 
respectively. Then, 200mg/L of PFS was added and stirred at a 
rate of 120r/min for 60s, followed by slowly stirring at 40r/min 
for 30min. The precipitate was allowed to stand for half an hour, 
and the supernatant was taken for analysis. The results are shown 
in Table 3. Table 3 Basic water quality indicators of different pH 
coagulation supernatants

Table 3: Basic water quality indicators of different pH 

coagulation supernatants.

pH CODCr (mg/L) TOC (mg/L)

6 80.2 16.8

7 96.4 19.6

8 88.6 18.6

Cheng et al. [23] studied the removal of DOM by PFS coagulation 
precipitation. Their study showed that when PFS is added to a DOM 
solution, the hydrolysis of the PFS component and the negatively 
charged DOM will occur simultaneously. A neutralization-based 
complexation reaction also occurs, and the two reactions will 
compete for the PFS component in the solution. The specific 
reactions are as follows:

Hydrolysis reaction:

[ ]

[ ]{ }{ }

(3m x y/n)n(3m x)n
m x m x y/nn n

y(3m x)n
1 1 m x n

Fe (OH) yOH Fe (OH)

R k Fe (OH) OH

− − +− + −
+

− + −

 + →  

=1.1.1. 

Complexation reaction:
[ ] [ ][ ]

[ ]{ }{ }

(3m x)n (3m x)n zz
m x m xn n

(3m x)n z
2 2 m x n

Fe (OH) R Fe (OH) R

R k Fe (OH) R

− + − − +−

− + −

+ → −

=

Combined with the change of the zeta potential of the floc 
and Equations 1 and 2, it can be inferred that when the raw water 
is pH=6.00, the organic matter in the PFS coagulation water is 
mainly carried out by the electric neutralization mechanism. The 
same appears true for water with pH=7.0 and pH=8.00. Similarly, 
under neutral or alkaline conditions, the PFS added to the water 
rapidly hydrolyzes and forms colloidal precipitates, reducing the 
electrical neutralization ability of the PFS. However, the adsorption 
complexation of colloidal precipitates (flocculating flocculation) 
becomes the main mechanism of coagulation and ensures the 
removal of DOM by PFS coagulation and sedimentation under the 
pH condition.

Three-dimensional fluorescence analysis of coagulated 
supernatant

Figure 4 Three-dimensional fluorescence spectra of 
coagulation supernatants under different pH conditions; (a) 

pH=6.00, (b) pH=7.00, (c) pH=8.00. Figure 4 shows the three-
dimensional fluorescence spectra of the coagulation supernatant 
under different pH conditions. By comparison, it can be found that 
the fluorescence peaks of the coagulated supernatants under the 
three pH conditions are basically the same. The organic substances 
in the water samples are mainly in the ultraviolet range. For fulvic 
acid and a small amount of protein, the fluorescence peak intensity 
of the supernatant is lower than the fluorescence peak intensity 
at pH=8.00 when pH=6.00, because the humus is an acidic group 
containing a carboxyl functional group and a phenolic functional 
group. A porous polymer material having a flexible structure. In 
general, as the pH changes, the acidic groups in the structure of the 
organic macromolecule and the configuration of the molecule itself 
undergo some changes. Studies have shown that humic molecules 
exhibit a linear stretch structure in neutral and alkaline pH 
conditions, and a curly agglomerated state in acidic pH conditions. 
When the humus is linearly stretched, more fluorophores are 
exposed to the solution, enhancing the fluorescence intensity [24]. 
When the structure is curled and agglomerated, the fluorescence 
intensity is weakened.

Figure 4:  

Floc characteristics study

Figure 5:  Comparison of infrared spectra of 
each component after sedimentation of effluent 
into Ferric Sulfate; (a) Sedimentation effluent, (b) 
Supernatant lyophil and (c) Sediment.
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Fourier infrared spectroscopy: The solid powder sample 
obtained by the lyophilization of the supernatant and the sediment 
after the treatment with the ferric sulfate was tested to obtain the 
Fourier infrared spectrum, which was then compared with the 
Fourier infrared spectrum of a material obtained by freeze-drying 
the raw water. The result is shown in Figure 5.

It can be seen from Figure 5 that at 1141.3cm-1, the infrared 
spectra of the supernatant and the sediment are sharper than that 
of the raw water. This is caused by hydration, i.e., the additional 
residual moisture in the freeze-dried raw water. In addition, the 
infrared spectrum of the sediment has a peak at 3169cm-1 as 
compared to the raw water freeze-dried product, owing to the 
hydroxyl stretching vibration of the iron hydroxy complex.

Scanning electron microscope - energy spectrum analyzer 
(SEM-EDS) analysis: The SEM-EDS was tested on the solid powder 
sample after the raw water and the ferric sulfate treatment, and the 
supernatant was freeze-dried. The results are shown in Figure 6. 
It can be seen from Figure 6 that both the raw water and the PFS-
treated supernatant lyophile include fluffy and porous structures 
(which are DOM), whereas the sediment is hard, and the needles 

are covered with a fluffy piece. According to a study by Shilpi 
Verma [25], this is because PFS mainly removes organic matter in 
an aqueous solution by adsorption-complexation-coil flocculation 
under this condition, which is consistent with the above-mentioned 
analysis of the PFS complexation mechanism.

 Table 4 shows the results of EDS analysis of the raw water, 
supernatant, and sediment dry matter. It can be seen from Table 4 
that the elemental compositions of the raw water and supernatant 
are basically the same, and the percentages of the components 
are not significantly different, indicating that the residual organic 
and inorganic substances in the supernatant are of the same type. 
The C mass percentage in the sediment is increased from 6.32% 
to 18.56%, indicating that after adding the PFS, the organic matter 
in the raw water is enriched in the sediment by flocculation. The 
percentage of Fe in the sediment is 8.65%, which is not observed 
in the raw water and the supernatant. This indicates that the Fe 
and organic matter did work, further verifying the complexation 
mechanism of PFS to DOM in raw water. Table 4 Results of Energy 
Spectrum Analyzer (EDS) analysis of raw water, supernatant, and 
sediment dry matter

Figure 6:  Comparison of Scanning Electron Microscope (SEM) images of the components after the sedimentation 
of effluent into the Poly Ferric Sulfate; (a) Settled effluent, (b) Supernatant lyophile and (c) Sediment.

Table 4: Results of Energy Spectrum Analyzer (EDS) analysis of raw water, supernatant, and sediment dry matter.

Elemental Composition Ratio (wt%)

 C O S Si Fe Na Ca Mg K Cl Al

Raw water 6.32 16.5 0.84 1.72 - 20.12 4.26 2.22 0.49 46.5 -

Supernatant 7.5 24.34 1.42 1.33 - 21.53 2.72 2.83 0.76 37.3 0.25

Sediment 18.56 22.09 1.91 1.21 8.65 16.97 2.17 1.89 - 26.55 -

Note: Means not detected.

Conclusion

A. A flocculation method can effectively remove dissolved 
pollutants in the heavy oil sewage as a pretreatment. When 
aluminum poly sulfate is used as the flocculant, the treatment effect 
is optimum, and when the dosage of poly aluminum sulphate is 

500mg/L, the COD removal rate can reach 66%.

B. This study examined the hydrolysis and complexation 
reactions and the zeta potential of the floc. When the raw water 
is pH=6.00, the organic matter in the PFS coagulation water is 
mainly carried out by the electric neutralization mechanism, and 
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the same occurs for the water samples at pH=7.0 and pH=8.00. The 
organic matter in the PFS coagulation water is mainly carried out 
by adsorption complexation, ensuring the removal of the DOM by 
PFS coagulation and sedimentation under the pH condition.

The soluble pollutants observed in the heavy oil wastewater 
are mainly fulvic acid and a small amount of protein (in the 
ultraviolet range). By characterization of the SEM-EDS data of the 
imaginary body, the lyophilized supernatant of the raw water and 
the PFS-treated supernatant appears as a fluffy, porous structure, 
i.e., as DOM, whereas the sediment exhibits a hard, needle-like 
shape covered with a fluffy sheet. The percentage of C mass in 
the sediment increased from 6.32% to 18.56%, indicating that 
the organic matter in the raw water was enriched in the sediment 
by flocculation after the addition of PFS. The percentage of Fe in 
the sediment was 8.65%, which further verified the results. The 
complexation mechanism of PFS on DOM in raw water.
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