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Abstract: At present, methods for treating tertiary oil recovery wastewater via electro-coagulation are still in their early stage of development. In this study, a device for electro-coagulation wastewater treatment was built and tested in an oil field. The effects that the initial pH value, electrode type, and connection mode have on the coagulation and separation effect were assessed by measuring the mass fraction and turbidity of oil. The results have shown that when the electro-coagulation method is used, the effectiveness of the treatment can be significantly increased in neutral pH conditions (pH = 7), in acidic conditions, and in alkaline conditions. Compared to an Al electrode, the floc that is produced by an Fe electrode is smaller; thus, it does not easily coagulate and settle in a short time. Using the oil removal rate, turbidity removal rate and energy consumption as a basis to assess the performances, the results have demonstrated that the combined aluminum alloy iron composite electrode should be used as electrolytic electrode.
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1  Introduction

In recent years, development of electrocoagulation technology has attracted significant research attention because of its high efficiency, and it has been increasingly and widely used in many industrial applications such as electroplating, pulp, food, printing and dyeing, wastewater treatment, landfill leachate, and other fields [1–3]. Numerous studies have proven that electrocoagulation can quickly reduce turbidity, chemical oxygen demand (COD), and biochemical oxygen demand (BOD); moreover, it can also aid in effective removal of heavy metal ions, suspended solids, and other pollutants. Electrocoagulation offers unique advantages compared to the traditional flocculation method. Specifically, in electrocoagulation, the functions of flocculation, air flotation, and redox reaction occur simultaneously; moreover, addition of chemicals is not required, and secondary pollution is avoided. The electrocoagulation device and its operation are relatively simple, the floor area is small, and the process can easily achieve automation [4,5].

The application prospects of electrocoagulation technology have attracted tremendous research attention at the global scale. For instance, Bensadok et al. [6] used the batch method and studied the electrocoagulation process. They measured COD, turbidity, and pH in circulating liquid. Karhu et al. [7] conducted experimental research on water circulation treatment in the intermittent mode using a horizontal flow electrode configuration. They evaluated the effect of an electrocoagulation demulsifier by measuring COD, total organic carbon, total surface charge, and turbidity. Mohora et al. [8] proposed a new continuous treatment electrocoagulation method using a bipolar aluminum electrode to remove arsenic from groundwater. Al-Shannag et al. [9] used a carbon steel electrode to remove Cu2+, Ni2+, Zn2+, and Cr3+ from electroplating wastewater via electrocoagulation. Guvenc et al. [10] used electrocoagulation to reduce the COD content in papermaking wastewater and to remove phenol and Ca2+. Bazrafshan et al. [11] found that electrocoagulation could be used to reduce COD in actual textile wastewater by more than 93.1%, and dye removal of more than 98.6% was achieved. Zheng et al. [12] developed a method to determine Faradaic power consumption as a function of current density and estimated the energy consumption per unit coagulant dose for electrocoagulation reactors that were operated over a wide range of conditions. Liu et al. [13] developed a multiple-stage treatment process by employing electrocoagulation with biogas pumping to simultaneously reclaim anaerobic digestion effluent and to clean biogas. The experimental results showed that the removal efficiencies of total solids, COD, total nitrogen, and total phosphorus were 30%, 81%, 37%, and 99.9%, respectively. Qi et al. [14] reported an integrated electrocoagulation process that was based on horizontal bipolar electrodes and investigated the pollutant removal efficiency and energy consumption in different configurations of a two-dimensional electrocoagulation system.

The above-mentioned literature studies indicate that many scholars have systematically studied the electrocoagulation mechanism, potential applications, and technical improvements. However, the research and application of electrocoagulation in polymer-containing wastewater treatment have not been carried out extensively. Moreover, the pH value of wastewater, and electrode material of the electrocoagulation device affect its performance in wastewater treatment. The study and optimization of these factors are expected to improve the treatment efficiency. However, to date, systematic experimental study on the treatment of polymer-containing wastewater in oil fields has never been reported. Therefore, treatment of polymer-containing wastewater via electrocoagulation is studied to provide a theoretical basis for optimizing the process. In this study, an electrocoagulation device that is close to field application was established and used in the research of the system. The effects of the initial pH value, electrode type, and connection mode on the performance of oilfield wastewater treatment via electrocoagulation were studied.

2  Experimental Principle and Method

2.1 Principle and Experimental Scheme

Electrocoagulation can remove pollutants through many different specific ways. Schematic illustration of electrocoagulation process is shown in Fig. 1. Metal ions that are produced by sacrificial anode dissolution are hydrolyzed and polymerized in water to form a series of polynuclear hydrolysates. These new hydrolysates are flocculants with high activity and strong adsorption capacity [15–17]. At the same time, tiny bubbles are generated on the cathode via electrolysis. When these bubbles float to the surface of water, they adhere to pollutants, such as colloidal particles and emulsified oil. Thus, pollutants float to the surface of water and can effectively be removed. The bubbles that are generated in electrolysis are much smaller than those generated via ordinary pressurized air flotation, and they float particularly well in acidic medium (the cathode produces new ecological hydrogen with strong reducibility, and this can reduce the content of heavy metal ions and organic matter). Moreover, under the action of current, some organic compounds in raw water are oxidized into low-molecular weight organic compounds and can even be directly oxidized into carbon dioxide and water. The new hydrogen that is produced at the cathode has strong reduction ability and can degrade pollutants via reduction processes.
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Figure 1: Schematic illustration of electrocoagulation process

In this study, a wastewater treatment system that contains polymers was established. The experimental system is mainly composed of a reaction tank, an electrode plate, a direct current (DC) power supply, a magnetic stirrer, and the polymer-containing sewage. The reaction tank with an effective volume of 2.4 L and dimensions of 320 mm × 120 mm × 150 mm, is made of plexiglass. The effective volume of treated wastewater is 2000 mL, and the wall thickness is 15 mm. Parallel vertical grooves are arranged on the inner wall of the reaction tank to facilitate the placement of electrodes. The electrodes are made of pure aluminum with thickness of 3 mm. According to the experimental requirements, the spacing of plates can range from 5 to 100 mm. A DC power supply is used to control the voltage and current. The output voltage is controlled to be in the range of 0–40 V, and the output current is controlled to be in the range of 0–10 A. A magnetic mixer is used to achieve the basic purpose of mixing the liquid in the container. The principle of magnetic field is stirring the liquid in the container with the help of the magnetic field, accompanied by the heating temperature control system, it can heat and control the sample temperature according to the specific experimental requirements, maintain the temperature conditions required by the experimental conditions, and ensure that the liquid mixing meets the experimental requirements.

2.2 Sewage Configuration and Test

Simulated polymer-containing wastewater was prepared according to the characteristics of oilfield tertiary oil recovery wastewater. Sodium dodecylbenzene sulfonate, oil, and anionic polyacrylamide were added to water to prepare the simulated sewage. After shearing and stirring with a high-speed shear device, the liquid was poured into a separating funnel and left to stand for 24 h, in order to separate the liquid into a surface oil film and an oily water layer. The lower layer of the prepared solution was used as the simulated sewage. To improve the conductivity, sodium chloride was added, and sulfuric acid and sodium hydroxide were used to adjust the pH of the simulated sewage to a specific level. To ensure the consistency with the on-site sewage, the initial oil content and polymer concentration were controlled to be 600 and 300 mg L−1, respectively.

In this study, two parameters, namely, the oil removal rate and turbidity reduction rate were used to evaluate the effectiveness of electrocoagulation process. The measurement and analysis methods are as follows:

(1)   Oil content measurement

The oil content in the polymer-containing wastewater was determined by ultraviolet (UV) spectrophotometry. Notably, the oil contains aromatic compounds with conjugated bonds and benzene rings and have characteristic absorption in the UV region [18,19]. Therefore, the content of oil can be determined by measuring the concentration of conjugated double bonds. The standard curve of oil content is shown in Fig. 2.
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Figure 2: Standard curve of oil content

(2)   Turbidity measurement

Turbidity refers to the degree of obstruction of suspended solids in a liquid with respect to the propagation of light. It can be measured using a turbidimeter in NTU (which is the turbidity measurement unit) [20–22]. The main instruments and specific models that were used in the experiment are listed in Table 1.
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In the experiment, each working condition was repeated three times. Every time when a sewage sample was taken, the oil content and turbidity were tested. The results are presented by using the method of averaging the results.

3  Analysis of Factors That Influence Wastewater Treatment via Electrocoagulation

3.1 Effects of pH Value

The initial pH of the polymer-containing wastewater significantly impacted the electrocoagulation process. Different values of initial pH led to different hydrolysates at the electrode. Moreover, the corresponding stability of different types of flocculants was different, and this affected the final quality of the treated water. To study the effects of the initial pH of polymer-containing wastewater on oil and turbidity removal, the pH of simulated polymer-containing wastewater was adjusted to acidic, neutral, and alkaline conditions, respectively. Other experimental conditions were consistent with the experimental conditions: distance between electrodes was 1.8 cm, magnetic stirring speed was 550 rpm, current density was 4.5 mA m2, experimental electrode was aluminum electrode, concentration of polymers in sewage is 800 mg/L. The change curves for the oil removal rate and turbidity data that were obtained under the experimental conditions of different values of initial pH (pH = 5, 6, 7, 8, 9) are shown in Figs. 3 and 4, respectively.
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Figure 3: Oil removal rates at different pH values
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Figure 4: Turbidity removal rates at different pH values

The figure illustrates that the treatment effects in 6–8 min in acidic and neutral conditions is better, the oil removal rate and turbidity removal rate increase sharply, and each of them then settle to a stable state. With longer treatment time, a change in the oil removal rate is no longer obvious. Compared to acidic and neutral conditions, an obvious oil removal effect in the early stage of the treatment process in alkaline conditions is observed. However, the oil removal rate is slightly lower than that in acidic and neutral conditions. Under alkaline conditions, the purification process did not reach a 100% stable state in the entire experiment. In general, the effect of electrocoagulation is the best under neutral conditions followed by acidic conditions, and it was the worst in alkaline conditions.

3.2 Effects of Electrode Type

Aluminum (Al) and iron (Fe), which are common soluble metal elements, were also studied as anode and cathode materials, respectively. Comparative analysis of the electrocoagulation effects observed when these materials were used as electrodes is shown in Figs. 5 and 6. The trends of oil removal effect and turbidity removal effect are similar.
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Figure 5: Oil removal rate with different electrode types
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Figure 6: Turbidity removal rate with different electrode types

The water samples were treated for 3, 6, 9, and 12 min, respectively. The color of the treated water samples changed from green to light green after 3 min of electrolysis, and became dark green after 10 min of electrolysis. After standing for 1 h, the electrolyte turned yellow. This result is mainly attributed to the oxidation of Fe2+ ions in the electrolyte to Fe3+ by oxygen in the air. After standing for 12 h, the upper part of the electrolyte was clear, and the flocs settled to the bottom of the container.

Compared with the water sample treated with an aluminum electrode, the floc that was produced by the iron electrode was smaller, and thus, it did not easily coagulate and precipitate in a short time. This is not conducive to the rapid treatment of oily wastewater. In a similar study, Kaliniichuk et al. [23] used aluminum and stainless-steel plates to conduct a matching test of electrocoagulation treatment of organic substances in ship bottom wastewater. They showed that when an aluminum plate was used as the anode and cathode in an electrocoagulation treatment system, higher sewage treatment efficiency could be achieved via electrolysis. Moreover, when an iron electrode was used as the anode and cathode in an electrocoagulation treatment system, chromaticity was easily produced in the electrolysis process, and this was not found to be conducive to sewage treatment in accordance with standards.

3.3 Influences of Electrode Connection Mode

Theoretically, conductive substances (copper, iron, aluminum, zinc, etc.) can be used as electrodes to treat wastewater. However, wastewaters with different quality need to meet different treatment standards, and the compositions of waters with different quality can be very different. Therefore, to achieve the desired treatment objective, it is very important to select an appropriate electrode and its connection mode. In this study, iron, aluminum, and iron-combined aluminum alloy electrodes were used in electrolytic cells. The turbidity removal rate, and energy consumption were considered to select the best electrode connection mode.

There are three electrode connection modes: single-stage type, double-stage (multi-stage) type, and combined type. The single-stage type refers to liquid in an electrolytic cell. All the electrodes are connected to a power supply in the multi-stage connection, which is relatively simple. In an electrolytic cell, only the electrode plates on both sides are, respectively, connected to the positive and negative poles of the power supply, and other electrode plates do not need to be connected with the power supply. The combined type is a connection mode that is between the single-stage type and multi-stage type. A schematic illustration of the electrode connection modes is shown in Fig. 7. The test conditions are as follows: pH of wastewater samples was 6, plate spacing was 2 cm, current intensity was 4 mA m2, and electrolysis time was 60 min. The experimental results are shown in Fig. 8.
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Figure 7: Schematic illustration of different electrode-connection methods
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Figure 8: Relationships between the connection mode and the electrode, removal rate, and voltage

In Fig. 8, the numbers 1, 2, and 3 represent the iron electrode, aluminum electrode, and aluminum alloy iron composite electrode, respectively; the letters a, b, and c represent the single-stage type, combined type, and double-stage (multi-stage) type, respectively. Based on the comparative analysis, the following conclusions can be drawn:

(1)   The energy consumption of the single-stage type is significantly lower than that of the double-stage type and combined type. Among all the connection modes of the single-stage type, the energy consumption was the smallest when iron was used as the electrode plate. However, the oil removal rate and turbidity removal rate were very low.

(2)   The turbidity removal rates of the combined type and double-stage type were significantly higher than that of the single-stage type. However, the energy consumption of the double-stage type was significantly higher than that of the combined type. Therefore, from a comprehensive consideration of these two aspects, it is determined that the connection mode of the combined type is better than those of the other two types.

(3)   The oil removal rates of the combined type and double-stage type were significantly higher than that of the single-stage type. However, considering the turbidity removal rate and energy consumption, the combined type was the best.

(4)   In terms of the color of the treated water sample, the water sample treated with an aluminum electrode was colorless; however, the color of the treated water sample was slightly yellow as a result of the dissolution of iron ions in the wastewater treatment process with the iron electrode and aluminum alloy iron composite electrode. This is also the reason why the turbidity removal rate of the water sample that was treated with an aluminum electrode was the highest.

(5)   For the combined connection mode, the aluminum alloy iron composite electrode exhibited the highest oil removal rate. The aluminum electrode showed the highest turbidity removal, but it was only a little higher than that of the aluminum alloy with iron glue as the electrode plate. In terms of energy consumption, there was not much difference in the energy consumption values of the three electrodes. Therefore, from these three aspects, the treatment effect of the aluminum alloy iron composite electrode as a soluble electrode was found to be the best.

Based on the above-mentioned points, the combined aluminum alloy iron composite electrode was selected as the electrolytic electrode for the electrocoagulation treatment of oilfield-produced water.

4  Conclusions

In this study, a set of electrocoagulation treatment devices that are similar to the field application was built to study the treatment of tertiary oil recovery wastewater via electrocoagulation. The effects of initial pH and electrode type (aluminum and iron) on the wastewater treatment performance of the electrocoagulation device were studied by single factor analysis.

The pH value significantly impacts the treatment effect. The best treatment environment is neutral conditions, followed by acidic conditions, and then alkaline conditions.

Aluminum and iron were used as anode and cathode materials, respectively, and different combination schemes were used to treat tertiary oil recovery wastewater. Compared with the aluminum electrode, the floc that was produced by the iron electrode electrocoagulation treatment was smaller, which did not easily coagulate and precipitate in a short time. Thus, the iron electrode is not conducive to the rapid treatment of wastewater.

According to the comparative analysis of the oil removal rate, turbidity removal rate, and energy consumption, the combined aluminum alloy iron composite electrode is selected as the electrolytic electrode for the treatment of simulated oilfield-produced water via electrocoagulation.
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Table 1: The main instruments and models

Instrument Model Manufacturer

Ultraviolet Lambda35 Platinum Emer mstruments

spectrophotometer

Magnetic stirrer DF-1 Jintan Zhongda Instrument Factory, China

DC-regulated power WYJ-0-15 V/10A Shanghai Quanli Electric Appliance Co., Ltd. (China)

supply (15A)X2

Electronic balance JA2103N Shanghai Minqiao Precision Scientific Instrument Co.,
Ltd. (China)

Drying box 101 Zhongxing Weiye Instrument Co., Ltd. (China)

Conductivity meter DDS-307 Shanghai Honglan Instrument Factory, China

High turbidity meter WZS-185 Shanghai Jingke Leici, China
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