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Abstract
The COD value is the main control index of sewage standard. The method of
three-dimensional electrocatalytic oxidation is studied for deep treatment of
oilfield sewage. The oxidation mechanism and the structure of the three-dimensional electrode reactor are analyzed and optimized. A series of single
factor experimental results show that each control parameter has different influences on COD removal rate in the process of oxidative degradation. Based
on the experimental study of electrode materials, electrode filled particles,
electrolysis current and resident time of sewage, when the system condition
are DSA electrode-F plate, the electrode particles of activated carbons:glass
beads:quartz sands = 5:2:2, the electrolysis current of 6 A and the retention
time of 50 min, the sewage by oxidized treatment meets the discharge standard of COD ≤ 50 mg·L−1. The SEM result analysis of DSA electrode-F plate
before and after using for a period of time shows the electrode material is stable, and no dissolution and corrosion occur. The UV-Vis absorption spectroscopy analysis of water samples in the wavelength range of 200 - 600 nm
shows pollutants in sewage are degraded into small molecules, and refractory
organic pollutants are effectively removed.

Keywords
Three-Dimensional Electrochemical Reactor, Oilfield Sewage, DSA Electrode,
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1. Introduction
In the process of high efficient oil recovery by polymer injection in oil field,
some sewage needs treatment to meet the discharge COD (chemical oxygen deDOI: 10.4236/ojogas.2017.22005 April 26, 2017
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mand) standards. The composition of this oily sewage is complex, and the sewage contains residual agents, residual trace oil, residual polymers and so on [1]
from various technical measures. Using conventional sewage treatment technology is difficult to achieve national and local control standards. Advanced oxidation deep treatment technology is an important method to meet the sewage discharge standard, and electrochemical catalytic oxidation [2] [3] [4] is fast and efficient in COD removal, strong in the control process, and easy to use with other
unit process. It can deal with both inorganic and organic pollutants without the
addition of REDOX agents and secondary pollution, and it is an environmentally
friendly green water treatment technology. The basic principle of three-dimensional electrode [5] [6] in COD treatment is electric catalytic REDOX reaction.
The particles are respectively brought into positive and negative charges by electrostatic induction under the action of electric field between the main electrodes,
then each particle becomes an independent electrode, and electrochemical
REDOX reaction takes place at the surface of each particle at the same time to
make the organic pollutants degraded. Compared with the conventional twodimensional electrode reactor, the three-dimensional electrode has an increase
in the surface area of the working electrode, a decline in the migration distance
of the reactants, a high mass transfer and reaction speed, a high current and
time-space efficiency, and a great improvement in treatment effect. The authors
fabricate a PFR (plug flow reactor) fixed-bed three-dimensional electrode reactor, the study object is import oily sewage from the biochemical unit in an oilfield sewage treatment system. The sewage contains trace oil and some polymer
with high salinity; it contains little pollutants for surface water such as ammonia
nitrogen. The feasibility of continuous treatment of oilfield sewage by electrochemical oxidation is studied, and the main effect factors such as electrode materials, electrode particles, electrolysis current and resident time of sewage on the
COD control treatment of oilfield sewage are systematically studied to determine
process control parameters for advanced treatment of oilfield sewage.

2. Experimental Section
2.1. Experimental Instruments and Chemicals
Dionex-ICS2100 ion chromatograph, Agilent 5975C Chromatography-Mass
Spectrometer, DR1010 COD tester (HACH COMPANY, U.S.A.) and HACHCOD preformed tube agent (15 - 150 mg∙L−1), Hitachi-SU8010 scanning electron
microscope (SEM), WYK-60V DC stabilized power supply, UV-2450 UV-Vis
spectrophotometer (Shimadzu), ZD-3A automatic potentiometric tester (Jiangsu
Jintan), CH-II mini continuous sewage treatment equipment, Electrochemical
homemade PFR reactor. Water quality analysis in accordance with DB21/16272008 “Wastewater Integrated Discharge Standard”, SY/T5523-2016 “oilfield water analysis methods”.

2.2. Water Quality Analysis
The experimental water samples are taken from the outlet of Physicochemical
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treatment process, and the content of Cl− is 5436.34 mg·L−1. The results are
shown in Table 1.

2.3. Experimental Process
Three-dimensional electrode reactor designed to dual electrodes is mainly made
up of electrolyzer, electrodes, filler particles, power, sampling port shown in
Figure 1. It is made of Plexiglas into sealed container whose length × width ×
height is 260 mm × 250 mm × 256 mm and effective treatment volume is 4 L.
The reticular titanium whose surface is made into inert electrode material by the
different ruthenium and iridium oxides is used as dual electrodes with the specification of 120 × 120 mm. Rod-like activated carbons (after pretreatment of saturated adsorption) are filled between the positive and negative electrode plates
with a certain amount of insulative particles of quartz sand and glass beads [7]
[8] as the mass ratio of activated carbon:glass beads:quartz sand =5:2:2 and the
surface/volume ratio of 3/10 (cm2∙L−1). The flowing state of it is similar to that of
PFR reactor.

2.4. Principle and Method of Three-Dimensional Electrode
Reaction
The treatment effect of two-dimensional electrode in a limited time can not meet
the requirements, therefore, the problem such as the small surface/volume ratio
and the low efficiency needs to be solved. The three-dimensional electrode is directly filled with the particle electrode between the dual electrodes, and each
particles become the independent third electrode which greatly increase the
reaction area of the reactor, so that the electrochemical reaction spreads from
Table 1. Parameters of oilfield sewage water quality (mg·L−1).
Parameters

salinity

CL−1

CODcr

polymer

oil

NH3-N

chromaticity color

SS

pH

Conductivity/μ∙s∙cm−1

Results

9374.34

5436.34

230 - 342

89.5

12.2

33.65

18

12

7.05

16.82

power supply
+
60mm

60mm

60mm

Cathode

Anode

water out
level control

particle electrode
dosing pump

Figure 1. Electrochemical experimental device process.
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the electrode surface to the whole three-dimensional space. It improves mass
transfer effect, and further improves the electrochemical reaction efficiency, the
structure of the three-dimensional electrode is shown in Figure 2. The reaction
mechanism is still the electrochemical degradation reaction [9] [10], active
oxides are produced in the reaction process to form a dynamic process of adsorption-electrolysis-desorption. The existence of electrode particles improves
specific surface area and adsorption capacity of the electrodes, electrode particles
are charged due to induction in the electric field, so both sides of electrode particle present positive and negative poles to form a number of micro-electrolysis
cells, then the electrochemical oxidation and reduction reaction occurs. It
shortens the mass transfer distance, and improves the current efficiency and
time-space efficiency, and rapidly decomposes pollutants in water.
Anodic reaction: ∙OH radicals are produced at a suitable anode potential.
H 2 O → ⋅OH + H + + e
2Cl− → Cl2 + 2e
4OH − → 2H 2 O + O 2 + 4e

The precipitated chlorine reacts immediately with the OH− produced on the
cathode to form a hypochlorous acid active intermediate.
Cl− + 2OH − — 2e → ClO − + H 2 O

Cl− follows the cycle of Cl− → Cl2 → OCl− → Cl− in the role of electrons,
the appropriate number of charge transfer only needs to be provided in theory,
effective residual chlorine oxidants will be produced in the solution, and play the
role of oxidation.
Cathode reaction: hydrogen will be dissolved out on the cathode and produce
OH − ions.
2H 2 O + 2e → 2OH − + H 2

Trace amounts of produced gas has the function of air floatation that oil and
part of organics in the sewage can be suspended to the water surface in order to
achieve the rapid purification of oily sewage.

Power

+
Filled particles
out water

Figure 2. Principle of three-dimensional electrode reactor.
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Input a certain amount of sewage by CH-II micro-continuous sewage treatment device to make particle electrodes completely immersed in sewage. Threedimensional electrocatalytic oxidation experiments are carried out under different reaction conditions, then take samples to analyze from the experimental
procedure after electrolysis for a certain time, Use the WYK-60V DC power
supply with automatic inverted pole control, and the steady-state output current
can be adjusted according to the experimental requirement. The output current
in the experiment can be adjusted and controlled at the range of 2 - 8 A. The
resident time of sewage is controlled by setting the displacement of the experimental pump to control the steady-state operation. The resident time of sewage
in the experiment is controlled within 20 - 60 min. The analysis of water quality
index is carried out according to “Water and wastewater monitoring and analysis method” (end 4).

3. Results and Discussions
3.1. The Effect of Electrode Filled Particles
1) Activated carbon
Activated carbon is mostly used as electrode filled particles in three-dimensional electrode system. Good adsorption capacity of activated carbon greatly
improves the utilization of anodic oxidation products, and then it can significantly reduce energy consumption, in addition, activated carbon has a strong
ability to adapt the changes of water quality, water temperature and water volume, and saturated adsorbed activated carbon can be can be reused after regeneration. Pour the sewage into an electrolytic cell filled with activated carbon
overnight before electrolysis to eliminate the effects of adsorption on COD.
Activated carbon filled electrode electrolysis is the combined process of adsorption and electrochemical, when reaching the equilibrium of the adsorption,
desorption and electrolysis, the reaction removal rate will be stabilized. Use activated carbon as the main filler to design three-dimensional electrode, when the
current is 5 A, COD values at different electrolysis time are shown in Figure 3.
The experimental result shows that when the current is 5 A and the electrolysis

Figure 3. Changes of COD value at 5 A.
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time is 50 min, using activated carbon as electrode filled particles COD value is
reduced from 340 mg·L−1 to 159.8 mg·L−1, and the COD removal rate is 53%, and
it still can not meet the index of less than 50 mg·L−1. Current of the three-dimensional electrode can be divided into three parts: the reaction current, bypass
current, short circuit current. To improve the efficiency of the electrode reaction, the effective reaction current on the electrode should be increased, and the
bypass current and short circuit current should be minimized. Electrode filled
particles mixed with a certain percentage of insulating particles in the three-dimensional electrode can improve the contact station of each other to make more
particles isolated from each other, and then the short-circuit current between
particles can be effectively reduced corresponding to increasing the Faraday
current, and reaction efficiency is improved. Therefore, activated carbon mixed
with a certain amount of other particles as electrode filled particles is designed to
improve the efficiency of the reaction.
2) Modified particles
Use different particle filling methods [7] [11] [12] respectively as follows: 1)
glass beads + activated carbon (The mass ratio is about 1:3), 2) glass beads + activated carbon + activated carbon coated by Cellulose acetate (Coating method:
Weigh 10 g cellulose acetate, and make it dissolved in 1000 g glacial acetic acid,
and 50% activated carbons are immersed in them, after 1 hour, take it out and
make it dried out naturally in air. and then repeatedly wash it with tap water until the washing water is neutral, and then make it dried out naturally in air). 3)
activated carbons + glass beads + quartz sands (The mass ratio is about 5:2:2),
Take 200 g of quartz sand, glass beads and activated carbon, and mix evenly to
fill in the two plates directly to form three-dimensional electrode. The electrochemical degradation experiments are carried out at the output current of 2 A.
The COD values at different resident times are shown in Figure 4.
Filling method 1: when using the filling method of glass beads + activated
carbon with the current of 2 A and the electrolysis time of 50 min, the COD value of the sewage is 106.9 mg·L−1, and the removal rate of COD is up to 60.77%.

Figure 4. Changes of COD value under different particle filling methods.
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The removal rate of COD in the sewage is still lower than that of activated carbon alone in the case of reducing electrolysis current, indicating that the addition of glass beads can effectively improve the contact state between the activated
carbon particles and improve the charge transfer in the reaction to improve
reaction efficiency.
Filling method 2: The use of cellulose acetate on activated carbon coating to
further improve the contact state between the activated carbon particles. Use the
filling method of glass beads + activated carbon + activated carbon coated by
Cellulose acetate to do three-dimensional electrolysis, and the COD value of sewage increases with the increasing of electrolysis time. The reason may be cellulose acetate itself is a polymer material, and membrane breaks down into decomposition in the process of electrolysis, so COD value does not fall but increase.
Filling method 3: Since the particle diameter of the glass beads is large, the effect is limited on improving the contact state between the activated carbon particles. Small particles of quartz sand (particle diameter of about 4 mm) are used
to further improve the contact between the activated carbon particles. When the
electrolysis time is 50 min the removal rate of COD is above 74%, which indicates that the addition of quartz sand particles further improves the electrolysis
efficiency. The removal rate of the sewage is increased to 80% when the electrochemical treatment time is prolonged to 70 min, and the COD value of the sewage is decreased from 237 mg·L−1 to 50 mg·L−1.

3.2. The Effect of Electrode Material on Treatment
The electrode material types are numerous in electrochemical treatment of COD
in the sewage, here are many correlational researches: IrO2, RuO2, PbO2, SnO2, Pt
electrode, BDD electrode and DSA electrode. Graphite electrode is low in mechanical strength and easy to be lossy, and carbon easily reacts with oxygen into
CO and CO2 resulting in the corrosion of graphite electrode material. Lead ions
of PbO2 electrode has secondary pollution. The service life of SnO2 electrode is
not long. Pt, Au, Ir, Ru and other metal electrodes are expensive and prone to be
oxidized to form an oxide film covering the electrode surface leading to the inactivation of electrode. BDD electrode (boron-doped conductive diamond film
electrode) [13] is of technical constraints, it is very difficult to produce large
areas of BDD film and effectively realize the combination of film and substrate,
the costs of industrial application can not be met. DSA electrode (dimensionally
stable anodes) is a new type of anode material [14], whose base material is titanium and surface uses different oxide coatings by high temperature processing to
improve its electrocatalytic activity, and the chemical composition of the oxide
active coating can be adjusted according to the characteristics of the sewage, and
its chemical composition is mainly transition metal oxides such as RuO2, IrO2,
SnO2, TiO2, PbO2, MnO2, Ta 2O5 and so on. Then add part of other transition
metal oxides to form multiple composite active oxide coating (MMO, Mixed
Metal Oxide). such as RuO2-TiO2, RuO2-IrO2-TiO2, RuO2-IrO2 -TiO2-SnO2
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coating system [8] [9]. The formed electrode has the advantages of high electrocatalytic activity, low working voltage, low energy consumption, strong corrosion resistance, simple production method and easy industrialization and low
price [15] [16] [17] [18]. At the same time, the rare earth doped modification
technology can enhance the electrode adsorption of the target pollutants, extend
the life of the electrode [19] [20], improve catalytic efficiency and so on. In addition, Adding SnO2 into the oxide coating, Sn component can not only reduce the
amount of Ru but also improve the coating morphology and the role of electrocatalytic performance [21].
Based on optimized experimental study [22] [23], the mesh electrode plate is
used in this study. The mesh plate makes the flow pattern of sewage in the reactor change from laminar flow to turbulent flow, and the thickness of the hydraulic boundary layer on the electrode surface is decreased, which enhances convection to improve the mass transfer performance of the reactor [24].
And the effective area of mesh electrode plate increases by 10% than the plate
electrode. 3 × 6 mesh inert metal titanium is used as the base material in the experiment, and the surface is coated with a rare earth doped oxide active coating
(RuO2, IrO2, SnO2) treated at different ratio to form different DSA electrode
plates A/C/D/F/, use particle filling methods 3 to form three-dimensional electrode reactor.
Their COD change trends are shown in Figure 5 at the sewage treated time by
four kinds of electrode materials in the output current of 6 A. The effect of four
kinds of DSA electrode plates on the degradation of COD in sewage are different, and the effect of F electrode plate is the best, the COD of F electrode plate is
degraded to 50 mg·L−1 or less after treated about 25 min. When increasing the
electrolysis time, COD removal rate changes little, Extending electrochemical
treated time for the degradation of residual pollutants is limited, At this time a
large amount of electricity are consumed in the side reaction, in addition, substances adsorbed on the surface of activated carbon electrode material impede
the electron transfer, so residual pollutants can not be further degraded.

Figure 5. Changing trend of COD by different electrode materials at 6 A.
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3.3. The Effect of Electrolysis Current and Resident Time of
Sewage
The effective volume of the PFR electrochemical reactor filled with the threedimensional electrode material is about 3.9 L, and the resident time of the sewage is controlled by adjusting the pump displacement. Set parameters to adjust
the pump displacement as the timing quantitative mode in Table 2 before the
dynamic electrolysis experiment.
Under the condition of voltage regulator and steady flow to control the
output current of 2 - 8 A, use the electrode plate mesh F-plate with the plate
spacing of 60 mm as particle filling methods 3, and the dynamic electrolysis
treatment of 3.9 L oilfield sewage is under the condition of different output
currents, and the experimental results are shown in Figure 6. The effect of
COD removal becomes better with the increasing of output current. The best
effect of COD removal is at the output current of 6 A and 8 A, taking into account the energy consumption, the experimental selection of the appropriate
output current is 6 A.

3.4. SEM Analysis of the Electrode Pates
SEM (scanning electron microscope) analysis is respectively performed on the
positive and negative sides of the F electrode plate before and after the treatment
of sewage (total 21.5 h). Treatment process: spray gold under the protection
treatment of nitrogen atmosphere, test condition: 10.0 kv voltage. Observe
whether there is dissolution and corrosion in the surface of respective electrodes
after used, and the results are shown in Figure 7. The results of SEM (10 μm)
Table 2. Set the pump parameters.
Resident time/min
Flow rate/m·L·min

−1

time/s
Quantitative/m·L

10

15

20 25 30

35

390

260 195 156 130 111.43 97.5

300

300 300 300 300

300

40

300

45

50

55

60

86.67

78.00

70.91

65.00

300

300

300

300

1950 1300 975 780 650 557.15 487.5 433.33 390.00 354.55 325.00

Figure 6. Changing trend of COD at different currents by F-plate.
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shows that the morphology of the used electrode plate samples are similar to that
of the unused electrode plates, and there is no obvious dissolution and corrosion, indicating that the electrode material is stable.

3.5. UV-Vis Absorption Spectra of Water Samples in the Process of
Treatment
Under the optimized experimental conditions: the output current of 6 A, the inertia F mesh electrode plate, the electrode spacing of 6cm, the particle filling
methods 3, and the results of UV-Vis (ultraviolet-visible spectroscopy) absorption spectra of experimental series water samples in the process of the dynamic
electrolytic treatment of 3.9 L oilfield sewage are shown in Figure 8 below.
There are three characteristic absorption bands of the polymer sewage in the
range of 200 - 350 nm before treatment, respectively, the main absorption peak
band 1 (200 - 220 nm), the shoulder absorption band 2 (230 - 250 nm), the main
absorption peak band 3 (280 - 310 nm). The main absorption peak 1 may be
caused by the conjugated structure of molecules and unsaturated ketones; The
shoulder absorption band 2 may be caused by a benzene ring and its derivatives,

Figure 7. (a) SEM analysis of the unused electrode plate (8.7 × 5 mm), (b) SEM analysis of the positive side of used electrode plate
(8.4 × 5 mm), (c) SEM analysis of the negative side of used electrode plate (9.3 × 5 mm).

Figure 8. UV-Vis absorption spectra of experimental series water samples.
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they are mainly non-biodegradable substances; The main absorption band 3 may
be a small molecule substances such as a carbonyl compound. The peak of the
main absorption peak band 1 after electrolysis shows little change, indicating that
the conjugated structure molecules and unsaturated ketones cannot be removed by
electrolysis. The peak of the shoulder absorption band 2 after the electrolysis disappears, indicating that part of non-biodegradable substances in sewage are effectively removed and the biodegradability of the sewage after electrolysis is improved. As the electrolysis time increases, the peak value of the main absorption
peak band 3 also increases, indicating that continuous small molecules such as
carbonyl compounds are formed with the process of electrolysis, mainly because
the benzene ring and its derivatives such macro molecular pollutants are continuously degraded into small molecules with the process of electrolysis.

3.6. Analysis of Organic Pollutants in Sewage before and after
Treatment
The components and contents of organics in the extracted sewage before and after electrochemical treatment are analyzed by GC-MS. The analytical results are
shown in Table 3 and Table 4 after spectral library search matching to determine the composition and content of organic pollutants in sewage before and
after electrochemical treatment.
It can be seen from Table 3 that the contents of 10 kinds of aromatic oganics
such as naphthalene, phenanthrene, thiophene, biphenyl, furan, flexor, pyrene,
fluorene triaryl steroidal and other (C27 - C29) oganics in sewage are significantly
reduced by electrochemical treatment, and the total concentration is decreased
from 126.0 μg·L−1 to 3.5523 μg·L−1, the total removal rate is up to 97.181% after
electrochemical treatment. Electrochemical removal efficiency of triaryl steroids
and other (C27 - C29) organics are the best, and no triaryl steroids and other (C27 C29) organics was detected in the electrochemically treated sewage. The aromatic
hydrocarbon with lowest removal efficiency is biphenyl organics, and the
removal rate is 84.35%. Therefore, the electrochemical advanced treatment
Table 3. Content comparison of aromatic organic pollutants before and after treatment.
organics

Content before
Treatment, μg·L −1

Content after
Treatment, μg·L −1

removal rate, %

Naphthalene organics

18.29757

1.17654365

93.57

Phenanthrene organics

36.53337

0.7828346

97.86

Thiophene organics

5.425285

0.09409868

98.27

Biphenyl organic

2.168746

0.33940281

84.35

Furan organics

1.88387

0.218927

88.38

Flexor organics

11.41856

0.10654461

99.06

Pyrene class organics

4.27308

0.28938901

93.23

Fluorene organics

8.21153

0.54451162

93.37

Triaryl steroidal organics

14.90434

0

100

Other (C27 - C29) oganics

22.88323

0

100
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technology can significantly reduce the types and contents of aromatic organic
pollutants in sewage.
It can be seen from Table 4 that the content and type of straight chain organics in the sewage are significantly increased after electrochemical treatment, the
total concentration of straight chain organics is increased from 4.52 μg·L−1 to
20.04 μg·L−1, and the number of straight chain organics is increased by 9 from
C14 - C30 to C14 - C39. A large amount of active free radicals may be produced
during the electrochemical treatment process, resulting in the degradation of
aromatic organics in the sewage. The content of generated straight chain hydrocarbons or molecular fragments increases with the decreasing in the types and
content of aromatic organics in the aqueous solution. The concentration and
types of straight chain organics in aqueous solution increase markedly, it shows
an opposite trend with the decreasing in the types and content of aromatic pollutants in Table 3.
As can be seen from Table 5, COD value in sewage after electrochemical
treatment is 48 mg·L−1, the COD removal rate was 78.76% and reached the national and local control standard, and most of the aromatic organics are degraded.

4. Conclusions
1) Inert metal titanium is used as the base material with a rare earth doped oxide
Table 4. Content comparison of straight-chain organics before and after treatment
(μg·L−1).
Organics

Content before
treatment

Content after
treatment

Organics

Content before
treatment

Content after
treatment

nC14

0.107400

0.153109

nC27

0.190169

1.766051

nC15

0.162113

0.567409

nC28

0.158458

1.370132

nC16

0.159961

1.136367

nC29

0.130488

1.124547

nC17

0.308547

0.996596

nC30

0.112438

0.845981

nC18

0.225241

0.460175

nC31

0.000000

0.652024

nC19

0.317780

0.331687

nC32

0.000000

0.462830

nC20

0.252048

0.269583

nC33

0.000000

0.297049

nC21

0.309844

0.418337

nC34

0.000000

0.266371

nC22

0.338604

0.573476

nC35

0.000000

0.257588

nC23

0.342846

0.862588

nC36

0.000000

0.320263

nC24

0.842989

1.218675

nC37

0.000000

0.144088

nC25

0.316929

1.692987

nC38

0.000000

0.143039

nC26

0.245617

1.908709

nC39

0.000000

1.766051

Table 5. COD value in sewage before and after electrochemical treatment (mg·L−1).
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active coating (RuO2, IrO2, SnO2) to form mesh DSA electrode-F plate in the
PFR three-dimensional electrode reactor filled with activated carbons, glass
beads and quartz sands as the electrode particles (The mass ratio is correspondingly about 5:2:2).
2) The control parameters of the electrochemical reactor are as follows: the
output current of 6 A, the electrolysis time of 50 min. The main pollutants in oilfield sewage can be degraded rapidly, and the COD is less than 50 mg·L−1 after
treatment.
3) The results of SEM show there is no obvious dissolution and corrosion, indicating that the electrode material is stable.
4) The results of UV-Vis absorption spectra show non-biodegradable pollutants in sewage are effectively removed.
5) 10 kinds of aromatic oganics such as naphthalene in sewage can be efficiently degraded by electrochemical treatment, and the total removal rate is up
to 97.181%. The content and type of straight chain organics in the sewage are
significantly increased after electrochemical treatment, the total concentration of
straight chain organics is increased from 4.52 μg·L−1 to 20.04 μg·L−1. COD in sewage mainly comes from all kinds of aromatic organics. After electrochemical
treatment, the total COD in polymer flooding filtered sewage is only 48 mg·L−1,
which reaches the discharge control standard.
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