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When the process of extraction of oil from an offshore oilfield enters the advanced stages, the water
content in the extracted fluid can be above 90%. The water quality is complex with many types of pol-
lutants and highly emulsified water. Therefore, a key consideration in the production process of offshore
oilfields is the efficient and economical treatment of the oil-containing produced water to make it
suitable for discharge and recover oil pollutants. In this study, we developed a hydrophilic and hydro-
phobic combined fiber coalescence separator with composite fiber shapes using fiber induction and X/Q-
weaving. The separator is designed based on experimental observations of the mechanism of structure
coalescence in the physical oil removal method. A pilot test was performed on an oil exploration platform
in the Bohai Sea. At the designed flow rate, the separator reduced the total concentration of petroleum in
the produced water from 2000 to 3000 mg/L to below 60 mg/L, with an average oil removal efficiency of
98.24%. Furthermore, it effectively reduced the number of organic compounds present in the water from
120 to 17 and removed 70% of the SS. The test results show that the proposed device can be used fr
produced-water treatment on offshore platforms.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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1. Introduction

The ocean is an important replacement area for land resources.
In addition, the green and sustainable development of marine oil
and gas resources is important to ensure national energy security
(Sarah, 2020; Lu et al., 2019). Produced oily water forms the largest
proportion of by-product in the process of offshore oil exploitation.
Meanwhile, the efficient separation of produced water is highly
significant for marine environmental protection and platforms to
explore the potential capacity (Liu et al., 2008). Owing to the in-
fluence of geological conditions, production periods, and field
conditions, produced water is generally characterized by a large
volume, a complex composition, and variation in water quality
(Utvik, 1999), as described below:

(1) High oil content. The produced water contains over
3000 mg/L of oil.

(2) High emulsification. The particle size of certain emulsified oil
droplets is less than 5 um, and the crude oil/condensate is
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mixed thoroughly with water during the production process.
Therefore, the produced water contains a variety of alkanes,
naphthenic hydrocarbons, aromatic hydrocarbons, and other
types of complex petroleum organic matter.

(3) High content of suspended matter (SS). The produced water
contains various solid particles such as clay, paraffin, mud,
sand, and insoluble organic matter. These cause scaling and
corrosion in the gathering and transportation pipelines and
the water injection systems (Xiao et al., 2019).

(4) High degree of mineralization. Because of the different strata
conditions and the oil-well mining cycle, produced water
contains several minerals. Their concentrations range from
thousands to hundreds of thousands of ppm. In addition,
produced water contains a variety of ions such as cations of
metals including potassium, calcium, sodium, magnesium,
and iron, and chloride, sulfur, sulfate, and carbonate anions.
These ions have a strong corrosive effect on equipment and
pipelines, and cause salt scale formation.

Furthermore, if the produced crude oil has a higher density than
at a level of 0.92 g/cm?> and a higher viscosity than 100 mPa s, the
separation of produced water becomes more difficult. Chemical
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flooding, polymer flooding, alkali—surfactant—polymer (ASP)
flooding, and other enhanced oil recovery methods also result in
the production of several agents and polymers in production water
(Soheila and Sadrpoor, 2020; Gavrielatos et al., 2016). This further
increases the complexity of its treatment. In general, the key to
produced water separation is the separation of petroleum organic
matter and SS under the interference of external factors.

However, existing oil-water separation technologies have
various disadvantages such as complex processes, high cost, large
land requirements, low separation accuracy, and short component
life. The above requirements for produced water separation cannot
be satisfied, which limits the development of the entire industry.
Thus, it is necessary to develop more economical and efficient
deep-oil removal technologies to ensure the continued growth and
development of marine oil fields while reducing their environ-
mental impact.

1.1. Traditional offshore oil—water separation technologies

In traditional oil—water separation methods, the oil present in
water is classified and processed based on the size of oil droplets
(Bande et al., 2016). This is shown in Table 1.

Traditional oil—water separation methods include physical,
chemical, physicochemical, microbial, and electrochemical
methods (Ma, 2016). The water treatment technologies used in
oilfields in China are different owing to the variations in water
quality and the complexities of the platform.

The most economical and effective two-phase separation
methods to treat the different forms of oily wastewater are gravity
separation and coalescence. In general, emulsified oil and oil-in-
water are often present in sewage, and are the most difficult to
treat (Yuliya et al., 2019; Lu et al., 20164, b, c). Their high oil content,
small oil-droplet size, and uniform distribution are the focus of
several studies.

Membrane treatment technology and biological treatment
technology have been researched extensively in recent years.
Membrane treatment technology has the advantages of selective
separation, non-occurrence of phase transformation, and high
separation accuracy (Federico et al., 2020). However, it is generally
expensive and requires a large area. Biological treatment technol-
ogy can completely degrade pollutants without pollutant transfer
and secondary pollution. However, it requires a long treatment
cycle, which makes it unsuitable for continuous industrial pro-
duction (Benito et al., 1998). Although both the technologies have
received significant attention in recent years and have been used in
several sewage treatment systems, these cannot be used to treat
emulsified oil in industrial production owing to their many
limitations.

2. Combined fiber coalescence technique for produced water
treatment

This study is aimed at addressing the drawbacks of existing oil-
water separation technologies by using the combined fiber coa-
lescence (CFC) technique for produced-water treatment.

As shown in Fig. 1, the experimental set-up consists of a

Table 1
Distribution of oil-droplet size and treatment methods.
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microfluidic jet that produces oil droplets, and high-speed cameras
that record the microscopic interactions between the oil droplets
and fibers as well as the process of collision, adhesion, coalescence,
and migration of the oil droplets during the oil—water separation
process (Milinkumar et al., 2020; Kang et al., 2012; Wang et al.,
2018; Lu et al., 20164, b, c; Lu et al., 2016a,b,c, 2016a,b,c). The ob-
servations revealed many differences in the oil and water separa-
tion process based on the location of droplet coalescence and fiber
wettability.

Lu et al. (2021) studied the action of droplets at liquid—liquid
and liquid—solid interfaces. They observed the occurrence of
physical demulsification during the flow owing to the cross-linking
of the hydrophilic and hydrophobic fibers. Lu et al. (2019) studied
the relationship between the polar adhesion of hydrophilic and
hydrophobic fibers and the shear force of flow field. Based on the
above research, we developed an innovative technical concept of a
combined weave of hydrophilic and hydrophobic fibers (Wang
et al., 2020). Furthermore, a new physical separation method for
hydrophilic and hydrophobic fibers using an “X/Q-type” weave
structure was developed (Yang et al., 2014, 2015).

PTFE, 316L, and PP hydrophilic and hydrophobic materials were
selected according to the contact angles of oil drops and water
drops on the material surface, as shown in Fig. 2. Table 2 presents
the characteristic sizes of the fibrous materials. The fibers listed in
the table were used for Q weaving (the proportion involved in in-
dustrial secret) to form fiber modules.

Considering the droplet distribution characteristics of the highly
emulsified oil-bearing production wastewater, we developed a new
technique called the CFC technique for micro-droplet demulsifica-
tion separation and large-droplet rapid sedimentation separation.
We also designed equipment based on this technique (Zeng et al.,
2016). It adequately satisfies the requirements for the advanced
standard treatment of oily production wastewater. More specif-
ically, it achieves a high degree of emulsification, high concentra-
tion of suspended solids, high salinity, and high viscosity (Liu et al.,
2019) notwithstanding variations in the feed characteristics and
flow rate in offshore platforms. In addition, it displays desirable
characteristics such as a high oil removal efficiency, strong anti-
pollution capability, strong adaptability to pressure fluctuation,
marginal pressure drop, long life, and compact structure (Hua et al.,
2007; Wu, 1986).

The highly efficient water-separation equipment developed in
this study was installed on the Bohai oilfield platform, and a pilot
test was performed.

3. Pilot test
3.1. Platform produced-water treatment process

The test platform uses a traditional produced-water flow pro-
cess, as shown in Fig. 3. The subsea well fluid is treated successively
through the Christmas tree, production separator (Ma et al., 2019),
inclined plate separator, gas flotation separator, and walnut shell
separator. The oil phase is then transferred to the oil storage tank
and eventually transported by marine pipes to the floating pro-
duction storage and offloading (FPSO) unit for unified treatment.

SI. No. Classification Particle size range Handling method

1 Oil slick > 150 pm Gravity settling

2 Dispersed oil 15—150 pm Hydrocyclone separation

3 Emulsified 1-15 pm Coalescence, air flotation, and electric field separation
4 Dissolved oil <1pm Adsorption, membrane, and chemical means
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Process of droplets collision,
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Fig. 1. Process of droplet collision, adhesion, and coalescence.
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Fig. 2. Fiber weaving module materials used.

Table 2
Characteristic sizes of the fibrous materials.

Weaving material

PP fiber PTFE fiber Stainless steel fiber
Characteristic size, pm 20 52 120
Specific gravity 0.92 2.2 7.98
Specific surface area, m?g~! 217 x 10° 349 x 10* 4.18 x 10°

Once the water phase attains the prescribed treatment standard, it
is injected back into the ground by the water injection wellhead.
This completes the production and injection cycle.

For the pilot test, the inclined plate separator and gas flotation
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separator were replaced with the test device (Yang et al., 2019). The
water phase outlet of the production separator is connected to the
feed port and that of the test device is connected to the walnut shell
filter. In addition, the oil phase outlet of the test device is connected
to the sewage tank for further processing in the FPSO.

3.2. Water composition analysis

The CFC separator was designed after analyzing the water
quality at the water phase outlet of the production separator. The
results of the water quality analysis are shown in Table 3. The main
parameters that affected the treatment process were the petroleum
content, SS concentration, and particle-size distribution.
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1-Christmas tree; 2-Production separator; 3-Inclined plate separator; 4-Gas flotation separator; 5-Walnut shell separator;
6-water injection pump; 7-The water injection well head; 8-Oil storage tank; 9-Floating production storage and offloading;
10-Combined fiber coalescence separator

Fig. 3. Process flow diagram of produced-water treatment.

Table 3 Table 4
Parameters of production separator outlet. Zwitterions content at water phase outlet of production separator.
Project Content Unit Determined contents mg/L mmol/L mmol/%
Oil 2247 mg/L Na* 210547 91.54 47.47
SS 217 mg/L K* 29.01 0.74 0.38
Mean 7.315 pm Mg 46.34 1.93 1.01
Median 6.688 pm Ca** 87.96 2.20 1.14
D75 8.964 pwm Total 2268.78 96.41 50.00
D90 9.703 pum Cr 3341.62 95.47 45.57
S03 12.53 0.13 0.06
HCO3 532.41 8.73 417
COo5™ 24.81 0.41 0.20
The oil content at the water phase outlet of the production Total 3911.37 104.74 50.00

separator was 2247 mg/L. The concentration of suspended solids
was 217 mg/L, and 90% of the SS particle had sizes below 9.703 pum.

The corrosive effect of ions present in the produced water was
considered in addition to the concentration and particle size of SS.
Water samples were tested for cations and anions, and the results
are shown in Table 4. The content of chloride ions at the outlet of
the water phase of the production separator was 3341.62 mg/L. This
indicates that it was highly corrosive.

These test results indicate that the produced-water quality is
relatively complex, with several pollutants, large concentrations of
SS, small oil-droplet size, and high degree of emulsification.
Consequently, the separation of petroleum pollutants from the
water is highly difficult.

3.3. Test equipment and separation principle

The weave proportion of the hydrophilic—hydrophobic com-
posite fiber module was specially adjusted considering the
produced-water quality. With the dimensions of the fiber module
maintained constant, the density of the internal components was
increased by adding titanium alloy fibers with a diameter of 100 um
and increasing the number of PTFE fibers and PP fibers to two times.
Meanwhile, the “Q-type” weave structure results in fiber modules
with gaps of over 100 um, whereby suspended particles with size
less than 100 pm could pass through. This significantly reduces the
likelihood of blockage of the gaps in the fiber modules and im-
proves the corrosion resistance and adaptive performance of the
internal components.

The fiber module was used as the core inner part of the CFC
separator. Compared with the traditional gas flotation separator,
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the CFC separator reduces the pressure drop by 0.2 MPa. This also
enables the device to effectively remove oil and suspensions. The
device was installed on the middle deck of the platform and con-
nected in series to the water phase outlet of the production sepa-
rator and tested for 17 days.

Fig. 4 shows a schematic diagram of the test device. The device
consists of 11 parts. The produced water successively flows through
each inner part of the device owing to self-pressure. The fluid di-
rector regulates the direction of produced water flow. The rectifying
distributor enables a uniform distribution of the feed across the
cross-section, thereby reducing the amplification effect caused by
poor liquid distribution. The process of coalescence in a fibrous bed
is divided into four main steps: (1) collision, the approach of a
droplet toward a fiber or toward a droplet attached to a fiber; (2)
adhesion, the adhesion of a droplet to a fiber or to a droplet
attached to a fiber; (3) coalescence-the attachment of a droplet to a
fiber or to a droplet already attached to a fiber; and (4) release, the
release of an enlarged droplet from the surface of a fiber (Hazlett
et al, 1969). This process is consistent with the phenomenon
photographed in Fig. 1. The corrugated rapid settling module
(which is incorporated with a corrugated structure with holes)
increases the droplet floating speed and improves the separation
efficiency.

During this process, the emulsified oil droplets in the water
gradually coalesce, fuse, and grow into an oil slick that is larger than
150 um. At an operating temperature of 70 °C, the viscosity of the
oil exceeds 100 mPa s. Thereby, a large amount of SS would be
captured and removed with the oil phase. The separated oil phase
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Fig. 4. Schematic diagram of combined fiber coalescence separator: (1) Inlet (2) Fluid director (3) Rectifying distributor (4) Oil drop coarse-grained module (5) Combined fiber
module (6) Corrugated rapid settling module (7) Liquid level meter (8) Oil outlet (9) Qil pocket (10) Shell (11) Water outlet.

enters the oil ladle owing to gravity, and the separated water enters
the next stage for further separation.

The CFC separator uses a modular design, involves a simple
operation, and requires a small floor space. The specific equipment
parameters are shown in Table S1.

3.4. Analytical detection method

The content of petroleum in the produced water was tested
according to HJ 637-2018 “Water Quality; Determination of Petro-
leum and Animal and Plant Oils; Infrared Spectrophotometry.” The
concentration of SS in the produced water was tested according to
GB 11901-89 “Water Quality; Determination of Suspended Matter;
Gravimetric Method.”

The following reagents were used: (1) perchloroethylene from
Shanghai Titan, (2) anhydrous sodium sulfate from Shanghai Titan,
(3) anhydrous magnesium silicate from Shanghai Titan, and (4) CN-
CA filter membrane from Yue Cheng laboratory. These were
analytically pure.

The following instruments were used: (1) InfraCal 2 ATR-SP
water oil detector, (2) full glass microporous membrane filter, and
(3) gas chromatography—mass spectrometer (GC-MS).

4. Results and discussion
4.1. Oil-water separation performance

The test device was operated continuously for 17 days, and the
oil content in the water at the inlet and outlet of the CFC separator
was recorded. The separation efficiency E was used to evaluate the
oil—water separation performance of the separator. It is defined as
shown in Equation (1):

g =S~ Cour , 1003
IN

(1)

where Cpy indicates the petroleum content in the produced water at
the inlet of the device in mg/L, and Coyr indicates the petroleum
content in the produced water at the outlet of the device in mg/L.

Four samples were extracted from the inlet and outlet of the CFC
separator on each day of the test period. This resulted in a total of
68 water samples. The petroleum content in each sample was
measured. These data as well as the oil—water separator efficiency
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are shown in Fig. 5. The total concentration of petroleum in the
produced water decreased from 2000 to 3000 mg/L to less than
60 mg/L after treatment in the CFC separator. The average oil
removal efficiency was 98.24%. The oil content in the water at the
inlet of the device increased substantially towards the end of the
test period. However, the oil removal efficiency was unaffected.

4.2. Analysis of organic matter in water

The organic composition of the produced water was analyzed by
performing a GC-MS test on water samples extracted from the inlet
and outlet of the separator. The results are shown in Figure S1.

The peak number and peak height indicate that the amount and
types of organic matter in the water were reduced substantially by
the treatment in the separator.

The organic matter in the water phase at the inlet and outlet of
the separator was classified and categorized as shown in Fig. 6. The
red bars represent the inlet water phase of the separator, with a
total of 120 organic compounds of 13 types. The blue bars represent
the water phase at the outlet of the separator, with a total of 17
organic compounds, of 9 different types. The number atop each bar
is the number of organic compounds of a given type contained in
the sample. After treatment in the separator, there were 103 fewer
organic compounds in the water. Of these, alcohols, furans, acids,
toxoflavins, esters, anhydrides, and other substances were removed
together with the oil phase. However, magnesium acetylacetone,
aldehyde, benzene, ketone, naphthalene, and phenols still existed
in the outlet water phase and were the main pollutants. Hydro-
carbons accounted for the largest proportion of the pollutants.
However, the number of organics was reduced from 26 species to 6.
As the contents of isobutyl fennel and indene were negligible
before separation, these are represented as part of the other
organics.

The separation efficiency of the equipment can be reverified by
comparing the HC and benzene class accounted for before and after
separation. Among all the pollutants, HC (C9-C21) has the largest
density difference with water, and its solubility in water is relatively
low. Therefore, the reduction is the largest after the combined fiber
demulsification.

4.3. Solid—liquid separation performance

In addition to the oil content, the concentration of suspended
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Fig. 6. Organic matter in water at the inlet and outlet of CFC separator.

solids at the inlet and outlet of the CFC separator was tested. The
separation performance was evaluated by the separation effect E,
which is defined as shown in Eq. (2):

SSiv — SSout

E= SSIv

x 100% 2)

where SS;y indicates the concentration of suspended solids in the
produced water at the inlet of the device in mg/L, and SSpyr in-
dicates the concentration of suspended solids in the produced
water at the outlet of the device in mg/L.

A set of water samples were tested every day during the test
period. The results are shown in Fig. 7. The concentration of sus-
pended solids in the produced water at the inlet and outlet of the
device was 200—260 mg/L and 60—70 mg/L, respectively. The
average removal rate of suspended solids by the separator was
approximately 70%. Thus, the CFC separator can remove both oil
and solid suspensions to a large extent.
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4.4. Development prospects

Fig. 8 shows a sample extracted during the test period. The pilot
test results clearly indicate that the CFC separator can treat complex
produced water with high SS and oil content. The oil—water sep-
aration efficiency was above 98%, 103 types of organic pollutants
were removed, and the SS separation efficiency was 70%. The device
was stable, and the overall pressure drop was less than 50 kPa.
Furthermore, the device uses physical methods to separate oil and
water, without requiring chemicals. The amount of chemicals used
by the CFC separator was approximately 50% lesser than that used
by the existing produced-water treatment process. Thus, the CFC
separator can potentially replace the existing inclined plate
degreaser and gas flotation separator and offers many economic
benefits and good development prospects.

5. Conclusion

Produced water from the offshore oilfield was successfully
treated by replacing the inclined plate degreaser and gas flotation
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Fig. 8. (a) Separator inlet water (b) Separator outlet water (c¢) Separator outlet oil.

separator with a CFC separator. A 17-day pilot test indicated that
the proposed device can maximize the platform's processing ca-
pacity while saving platform space. Moreover, it was observed to be
superior to the traditional produced-water treatment processes
used on offshore platforms. Thus, the CFC technique is of sub-
stantial importance for the development of offshore oilfields.
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